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Chapter 1 Homewor k Solutions

1.1-1 Using Eq. (1) of Sec 1.1, give the base-10 value for the 5-bit binary number 11010
(bg b3 b bq bg ordering).

From Eq. (1) of Sec 1.1 we have

N
-1 -2 -3 N _ i
by 270+ b 22 4 by 3 27 4 etk by 2T =) 2"
i=1
11 0 1 O
-1 -2 -3 -4 S5_~,=, 2 4 U
1x2-+1x2+0%x2°+1x27+0x%x2 _2+4+8+16+32

_16+8+0+2+0 26 13
B 32 ~ 32716

1.1-2 Processthe sinusoid in Fig. P1.2 through an analog sample and hold. The sample
points are given at each integer value of t/T.
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FigureP1.1-2

1.1-3 Digitize the sinusoid given in Fig. P1.2 according to Eg. (1) in Sec. 1.1 using a
four-bit digitizer.
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The figureillustrates the digitized result. At severa placesin the waveform, the digitized
value must resolve a sampled value that lies equally between two digital values. The
resulting digitized value could be either of the two values asillustrated in the list below.

Sample Time | 4-bit Output

1000

1100

1110

1111 or 1110

1101

1010

0110

0011

0010 or 0001

0010

P O0NOO R WNIEFO

o

0101

H
H

1000

1.1-4 Usethe nodal equation method to find v /vi, of Fig. P1.4.
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FigureP1.1-4
Node A:
0=Gy(vy-Vip) + G3(vy) + Gylvy - Vo)
V1(Gy + Gy + G3) - Gy(Voy) = Ga(vip)
Node B:
0=Gy(Vourva) *+ Imalvy) + Ga( Vo)
V1(Oma - Go) *+ Vout (G2 + Gy = 0
G1tG, +G3  Gyvij
_ -G, O
You™ 1 G+G,+G; -G,
I -Gy, Gyt Gy
Vout Gy (G, - 9m)

Vin

- G165y #G1 G+ Gy Gy + GG+ G3 G+ Gy gy

1.1-5 Usethe mesh equation method to find v /vi, of Fig. P1.4.

FigureP1.1-5

0=-vi, +Ry(ig+ip+ i)+ Raliy
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0=-Vin+ Ry(ia* ip + 1g) + Ro(ip + 1) + Vour
| _ Vout

c R4
ibzgmvlzgmiaR3

. . Vout .
0='Vin"' Rl P gm'aR3+ R4 + R3'a

. . Vout . Vout
0= Vint Rl('a"' gm'aR3 + R4] + RZ( gm'aRS + R4j * Vout

R
. 1
Vin=ia (Rt Rg+ g Ry Ry) + Vout?4

. R+ Ryt Ry
Vinz'a(Rl"'gm Rl R3+ m RZ R3)+ Vout R4

RitR3+ 9y R Rg v,

n
_ Rit9mRiRs+ R Ry v
Vout = ’ Ryt Ry + 0y Ry Ry R/ Ry

RitOmR Re+9nRo Ry (Ri+ Ryt Ry /Ry

_ Vin Rg Ry (1-gm Ry)
= 2 >
(Ri+R3 +9m Ry Ry) (Ry + Ry + Ry - (R + 9mRy Ry + 9y Ry Ry)

Vout

_ VinRs Ry (1-gmRy)
You ™ RyR, +RiRy+ RiR3+ RRg + ReRy + 9 R Ry Ry

Vout RsRy (1-gmRo)
Vin  RiRo FRIRy+ RiRg+ RoRs + ReRy + gm R Rg Ry

n

1.1-6 Use the source rearrangement and substitution concepts to simplify the circuit
shown in Fig. P1.6 and solve for i /i;, by making chain-type calculations only.
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Figure P1.1-6
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R+Ry-r,'IN

_ T R1/R3
R+ R1 “Tm

1.1-7 Find v,/vy and v4/iq of Fig. PL.7.
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i Im(V1-Vo)
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Figure P1.1-7

Vo
v, 9m (v1- Vo) R

V2(1+ngL)=ngLV1

V2 _ Im RL
Vi B 1+ngL
Vo =i R

substituting for v, yields:

i1RL_ ngL
Vi B 1+ngL

vi R(1+gyR)
il_ ngL

Vi_ 1
il_RL+ gm

1.1-8 Usethe circuit-reduction technique to solve for v, /v, of Fig. P1.8.



CMOS Analog Circuit Design (2™ Ed.) Homework Solutions : 9/20/2002

Av(vin - Vl)
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Figure P1.1-8a
Multiply Rq by (A, + 1)
A\/VII'I
<
© L °
+ +
Vin % Vq R, % \Y
_ RADT o
o o

Figure P1.1-8b

'AvVin RZ

Vour = 'R, + Ry (A, +1)

Vout 'Av RZ

Vin - RZ + Rl(Av+ 1)
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'Av
R
Vout_ 'Av+1 2
Vin - RZ
A, +1t R

AsA,, approaches infinity,

Vo Ro
Vin Rl

1.1-9 Use the Miller smplification concept to solve for vy /Vj, of Fig. A-3 (see
Appendix A).

Ry Rs
O
M W :
+ * /\ rm'a
Vin () R % Vi <> v
A ia 2 ) |b +, out
_ o

Figure P1.1-9a (Figure A-3 Mesh analysis.)
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Ry
'mR, Rs
22= rm - RZ
= +1 —+1
RZ rm
Ry
VWA o
+
+ /\ rmla
5 T )ad 3n R
o

Figure P1.1-9b

Vin (Ro 1 29) (1)

'a= (R, [1Z) + Ry (R,
Vout ='rmia

_Vinm (R 12y 1
Vour = (R, [[Z) + Ry |R,

Vou Tm(RollZy) (lj

Vin - (RollZ) +Ry (R,
Vout Tm R3

Vi - (R1R2 +RRy+ Ryrp, + R2R3)

1.1-10 Find vgijn of Fig. A-12 and compare with the results of Example A-1.

Figure P1.1-10
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v =i (R || Rlz)

Vout = "9mV1 R3 = "Om R3 iin (Rl ” Rz)

Vout
Om Ra(Ry |l Rz)
' R
__ 2
R2 S 1+ 9m R3
)
1+9,Rs
R IR, = 1+ g, R)R +R,
1+ Om R3
RiRy

RilR =TT+ g Ry R, + R,

Vout _ “Om R1 RoRs

~ Ryt Ryt Rt g RyRg

lin

TheA.l-1resaultis:
Vou | RiRg-gmRi RRs
R+ Ry+ Ryt g RiRy

lin

if g,Ro>>1 then the results are the same.

10

1.1-11 Use the Miller simplification technique described in Appendix A to solve for the
output resistance, Vy/i,, of Fig. P1.4. Calculate the output resistance not using the Miller

simplification and compare your results.

W W

Vi

‘”t<> Rs % vy OV1 <$> R, %

FigurePl.1-11a
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Z, with Miller

K= “Om R4

_ 'R29mR4 _ R29mR4
C OmRe-1 1+g Ry

Zy

2
Om RZ R4
1+9,Ry

2
(1+ng4) R4"'ng2R4
1+9,Ry

Zo=RyllZ;=

2
_ _ ng2R4
Zo=RyllZy= R, + 0 R, (R, + R)

Zg without Miller

RylIRg % vy OrVa <+> R, %

FigurePP1.1-11b
. VT
. VT
Vl [1+gm(R1 ” R3)] :(R]_ ” R3) |T+_ﬁ4

~ (RyIIRy (ir Ry +- )
D Vi="R,T+9, R, 1Ry

11
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vr (R [[Ry)
(2 VI=RIR.+R
1 IR+ Ry

Equate (1) and (2)

vi (R IRy B (R IRy) (i Ry - vy)
RiIR3+ R, ™ Ry[1+9,(RyIIRy)]

Vr iT Ry- Vv
RiIIR3+ Ry, 7 Ry[1+0,(RyIIRy)]

. Ry (Rt Ry[IR3)

RRyR,
RRR +5 o
4R YR +R,
ImRRL Rs+ Ry Ry
Ry+ Ry+ R;+Rs

Zy=

Ry Ry (R +Ry) +RiRgRy
207 R, *R) R, + Ry + RiRy + 6, RiRs Ry

L R, R, R, + RyRy Ry + RiRsR,
0" R R+ Ry Ry + ReRy + RiRy + RiRg + 9 RiRg Ry

1.1-12 Consider an ideal voltage amplifier with a voltage gain of A, = 0.99. A resistance

R =50 kQ is connected from the output back to the input. Find the input resistance
of this circuit by applying the Miller simplification concept.
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FigureP1.1-12

R
Rin=T1-K

K=0.99

50KQ 50KQ
Rn=71-009 = 001 -°MegQ

13
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Chapter 2 Homework Solutions

Problem 2.1-1
List the five basic MOS fabrication processing steps and give the purpose or function of
each step.

Oxidation: Combining oxygen and silicon to form silicondioxide (SiO,).
Resulting SIO, formed by oxidation is used as an isolation barrier (e.g., between
gate polysilicon and the underlying channel) and as a dielectric (e.g., between two
plates of a capacitor).

Diffusion: Movement of impurity atoms from one location to another (e.g., from
the silicon surface to the bulk to form a diffused well region).

lon Implantation: Firing ions into an undoped region for the purpose of doping it
to a desired concentration level. Specific doping profiles are achievable with ion
implantation which cannot be achieved by diffusion alone.

Deposition: Depositing various films on to the wafer. Used to deposit dielectrics
which cannot be grown because of the type of underlying material. Deposition
methods are used to lay down polysilicon, metal, and the dielectric between them.

Etching: Removal of material sensitive to the etch process. For example, etching
is used to eliminate unwanted polysilicon after it has been laid out by deposition.

Problem 2.1-2
What is the difference between positive and negative photoresist and how is photoresist
used?

Positive: Exposed resist changes chemically so that it can dissolve upon exposure
to light. Unexposed regions remain intact.

Negative: Unexposed resist changes chemicaly so that it can dissolve upon
exposure to light. Exposed regions remain intact.

Photoresist is used as a masking layer which is paterned appropriately so that
certain underlying regions are exposed to the etching process while those regions
covered by photoresist are resistant to etching.

Problem 2.1-3

[llustrate the impact on source and drain diffusions of a 7° angle off perpendicular ion
implant. Assume that the thickness of polysilicon is 8000 A and that out diffusion from
point of ion impact is0.07 zm.
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0 lon implantation
[l Polysilicon
Gate
@
Implanted ions Polysilicon After ion implantation
Gate
y
(b)
Polysilicon After diffusion
Gate
£ N N
No overlap of o
gate to diffusion Polysilicon Significant overlap of

polysilicon to gate

Gate ‘”

k:

Implanted ions
diffused

(©

Figure P2.1-3
Problem 2.1-4
What is the function of silicon nitride in the CMOS fabrication process described in
Section 2.1
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The primary purpose of silicon nitride is to provide a barrier to oxygen so that when
deposited and patterned on top of silicon, silicon dioxide does not form below where the
silicon nitride exists.

Problem 2.1-5

Give typical thickness for the field oxide (FOX), thin oxide (TOX), n* or p*, p-well, and
metal 1 in units of zm.

FOX:~1m

TOX: ~0.014 tm for an 0.8 1m process

N+/p+: ~0.2 um

Well: ~ 1.2 ym

Meta 1. ~ 0.5 um

Problem 2.2-1
Repeat Example 2.2-1 if the applied voltageis-2 V.

Np =5 x 1015/cm3. Np = 1020/cm3

= n = 0.9168
=g 2 1.6x10°19 (1.45x1010)2j

kT, [NANDJ _1.381x10-23x300 . £5x1015x1020

_ {ngi(%_VD)NAT/ 2 [ZX11.7>8.854><10'14 (0.9168 +2.0) 5x1015

2
= = -12
"~ | qNo(Na + Np) 1.6x10-19%1020 ( 5x1015 + 1020 T 43.5x104m

_ {2855(% - VD)NDT/ 2 _ [2><11.7>8.854><10‘14 (0.9168 +2.0) 102
p —_— pum—

1/2
0
dNA(Na + Np) 1.6x10-19x5x1015 ( 5x1015 + 1020) } =-0.869 pm

Xd =Xy~ Xp = 0 +0.869 pm = 0.869 um

/i { £59NAND Tz
197 dvp ~ | 2(Na + Np) (%)

1/2
x10-14x1.6x10-19x5x1015%x1x1020
11.758.854x10-14x1.6x10-19x5x1015x1x 10 } _213fF

= -3 -3
Cjo = 1x10-3x1x10 l: 2(5%x1015+1x1020) (0.917)
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Cio 21.3fF
(1'E] (1'0.917

Problem 2.2-2
Develop Eq. (2.2-9) using Egs. (2.2-1), (2.2-7), and (2.2-8).

Eq. 2.2-1
Xd =%~ %p
Eq. 2.2-7
_ {255.-(% - vD)NATf2
N1 dNp(Na + Np)
Eq. 2.2-8

- {255.-(% - vD)NDTf2
P~ | dNa(Na+ Np)

12
i {255.-(% - VN7 + 284(% —vD)NS}
- dNa Np (Na + Np)

265N+ N2)

12
%= (%~ V)2 LNA Np (Na + ND)]

Assuming that 2Na Np << (Na + Np)2
Then

12

- 2%-(NA+ND>2}
X=1% "V | dNA Np (Na + Np)

_ 12
2&5(Na+ Np)
— (i —y 2|3V )

X4 = (%~ Vp) | aNaNp }

Problem 2.2-3
Redevelop Egs. (2.2-7) and (2.2-8) if the impurity concentration of a pn junction is given
by Fig. 2.2-2 rather than the step junction of Fig. 2.2-1(b).
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Referring to Figure P2.2-3

A4

Figure P2.2-3

Using Poisson’ s equation in one dimension

X

>
o

|
gV

©

gax, when Xp < X< Xp

oty

ax
£

>y
X
Sl B

ga o
2£x +Cl

dx ~

av_

E(X) = -
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E(xp) =E(Xp) =0

then
o—g'élxpm1
_ 9@
Ci1=- 2¢%p

_ga 9@ _ % 2
B = 2£X2 2e%0 T 2¢ <X2 - Xp)

The voltage across the junction is given as

Xn Xn
V=- JE(x)dx: —g%f(xz- xs) dx

%o *p

Xn

Since-xp:x

53 2 2
__ga 3 £ 4 £|_ _Qa
V“zi‘s*’%*sxp}‘ Xz[ t 1+ J‘ 2¢ p(s)
_ _2a 3
V= 3¢

V represents the barrier potential acrossthe junction, ¢, — Vp. Therefore
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y, _ 202 3
%~Vb= 3¢ Xp

3e\"° 13
Xp:'xn:(z_qa) (%~Vo)

Problem 2.2-4
Plot the normalized reverse current, iga/ir, versus the reverse voltage vy of a silicon pn
diodewhichhasBV =12V and n = 6.

ke
iR |1-(vg/BW)"

12

10

|RA/|R

Figure P2.2-4

Problem 2.2-5
What is the breakdown voltage of a pn junction with Ny = Np = 1016/cm3?
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&(NaA+Np) -

BV L 20NaND max

11.7x8.854x1014 (1016 + 1016)
2x1.6x1019x1016 x1016

BV [J (3x10%)? = 58.27 volts

Problem 2.2-6
What change in vp of a silicon pn diode will cause an increase of 10 (an order of
magnitude) in the forward diode current?

vV vV
ip= Is{exp (V[:j - 1} Llgexp (V[:j

Il ex m ex m
10i, sPV, Pl (le— szj

— = = = ex
D (VD2 Yoo TPl M
s EXp V, exp Vi

Vb1~ Vp2
10 =exp (T
t

V; In(10) =vp4- Vpo

25.9mV x 2.303=59.6 MV =Vp;- Vp,

Vp1- Vpo = 99.6 mV

Problem 2.3-1

Explain in your own words why the magnitude of the threshold voltage in Eq. (2.3-19)
increases as the magnitude of the source-bulk voltage increases (The source-bulk pn
diode remains reversed biased.)

Considering an n-channel device, as the gate voltage increases relative to the bulk,
the region under the gate will begin to invert. What happens near the source? If the
source is at the same potential as the bulk, then the region adjacent to the edge of
the source inverts as the rest of the bulk region under the gate inverts. However, if
the source is at a higher potential than the bulk, then a greater gate voltage is
required to overcome the electric field induced by the source. While a portion of
the region under the gate still inverts, there is no path of current flow to the source
because the gate voltage is not large enough to invert right at the source edge. Once
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the gate is greater than the source and increasing, then the region adjacent to the
source can begin to invert and thus provide a current path into the channel.

Problem 2.3-2
If Vg =2V, find the value of Vy for the n-channel transistor of Ex. 2.3-1.

2¢ =-0.940
y=0577
Vo = 0.306

V1= Vo + y(V 26 + vl - \/|-2¢2))

V7 =0.306 + 0.577(3/|0.940 + 2| —~/]0.940]) = 0.736 volts
V1 =0.736 volts

Problem 2.3-3
Re-derive Eq. (2.3-27) given that V7 is not constant in Eq. (2.3-22) but rather varies
linearly with v(y) according to the following equation.

Vr=Vyo+a vly) <<correction to book

L VDs VDs
Jioty = [WirQ) )= | Wit Conlvas — o) ~ V) )
0 0 0

V)= Vro + av(y)

Vbs
oL = | Wi Calves — V) - Vro - av(y)] dv(y)
0
Vbs
oL = Wi Cor | [Ves~ Vro=y) (1.+ &)] dty)
0]
vy 2]

ip L =WihCox | (Ves= Vro)Wy) —(1+3) —
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2
Wi Coy Vbs
ID=""_ (Ves— Vo) Vos—(1+a) —

Problem 2.3-4

If the mobility of an electron is 500 cm?/(V[S) and the mobility of a holeis 200 cm?/(V[S),
compare the performance of an n-channel with a p-channel transistor. In particular,
consider the value of the transconductance parameter and speed of the MOS transistor.

Since K’ = uCpy, the transconductance of an n-channel transistor will be 2.5 time greater
than the transconductance of a p-channel transistor. Remember that mobility will degrade
as afunction of terminal conditions so transconductance will degrade as well. The speed
of a circuit is determined in a large part by the capacitance at the terminals and the
transconductance. When terminal capacitances are equal for an n-channel and p-channel
transistor of the same dimensions, the higher transconductance of the n-channel resultsin
afaster circuit.

Problem 2.3-5
Using Ex. 2.3-1 as a starting point, calculate the difference in threshold voltage between
two devices whose gate-oxide is different by 5% (i.e., ty, = 210 A).

bstrate) = —-0.0259 | [—3)( 1010 }— 0.377V
@-(substrate) = -0. n 145 x 1010|=

cte) = 00250 In| 22101 _ 0 sgav
%(gate) = 0.0259In| 77 == 510 | = 0

As = @ (substrate) — g-(gate) = -0.940 V.

3.9x8.854 x 1014
210 x 108

=1.644 x 10°" Flcm?

Cox = &oxltox =

12
Quo= - (2x16%10%9 % 11.7 x 8.854 x 10 x 2 x 0.377 x 3 x 10%6)

= - 8.66 x 108 C/cm2.
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-8.66 x 10°8
%0 _ - =-0.5268V

Cox  1.644 x 10

Qss 10"x1.60x10%°

-3
- =973x10°V
Cox 1.644 x 10°"

V1o=-0.940 + 0.754 + 0.5268 - 9.73x 103 = 0.331V

1/2
[2 x 1.6x 101 x 11.7 x 8.854 x 1074 x 3 x 10%° ]

— =0.607 V2
1.644 x 10

y:

Problem 2.3-6
Repeat Ex. 2.3-1 using Ny = 7 x 1016 cm3, gate doping, Np = 1 x 1019 cm-3,

bstrate) = —-0.0259 | [—7)( 1010 }— 0.3986 V
#(substrate) = -0.02591n| 7 8" 1010 | = 0

cte) = 00250 In| X101 _ 0 5oy
a(gate) = 0.02591n) 77\ 010 | = 0

Ris = @(substrate) — ¢-(gate) = -0.9256 V.

_ ~39x8.854x 1014
Cox = €oxltox = 200 x 108

=1.727 x 107" Flem?

12
Quo= - (2x16%10%9 % 11.7 x 8854 x 10 x 2 x 0.3986 x 7 x 106)
=-13.6 x 108 C/cmZ.

~13.6 x 10°8
gbo = —~=-0.7875V
ox  1.727 % 10

11



CMOS Analog Circuit Design (2™ Ed.) Homework Solutions: 9/21/2002 12

Qss 10'°x 1.60 x 10°°

-3
- =93x10°V
Cox 1.727 x 10°"

V1g=-0.9256 + 0.797 + 0.7875 — 9.3 x 103 = 0.6496 V

1/2
[2 x 1.6 %1019 x 11.7 x 8.854 x 1014 x 7 x 1016 ]
1.727 x 10”7

y = =0.882 V12

Problem 2.4-1

Given the component tolerances in Table 2.4-1, design the simple lowpass filter
illustrated in Fig P2.4-1 to minimize the variation in pole frequency over all process
variations. Pole frequency should be designed to a nominal value of IMHz. You must
choose the appropriate capacitor and resistor type. Explain your reasoning. Calculate the
variation of pole frequency over process using the design you have chosen.

R
o—AM o
Vin C =< Vout
o o)
FigureP2.4.1

- To minimize distortion, we would choose minimum voltage coefficient for
resistor and capacitor.

- To minimize variation, we choose components with the lowest tolerance.

The obvious choice for the resistor is Polysilicon. The obvious choice for the capacitor is
the MOS capacitor. Thus we have the following:

We want w 545=2mx106 = 1/RC
C=22fFum2to 2.7 fF/um2 ; R=200/0 to40Q/Q

Nominal values are
C=245fFum2; R=30Q/Q



CMOS Analog Circuit Design (2™ Ed.) Homework Solutions: 9/21/2002

In order to minimize total area used, you can do the following:

Set resistor width to 5um (choosing a different width is OK).
Define:
N = the number of squares for the resistor
A = areafor the capacitor.
Then:
R=Nx30
C=AcxC (useC toavoid confusion)
We want:

1
RC=

211X106

Total area= A= Nx25+A

1.59x106
Atot = 25xN + N
To minimize area, set

0Atot 1.59x106
aN - 25 - NZ -

N =252 = A =6308 um?

Nominal valuesfor R and C:
R=756kQ ; C=15.45pF

Minimum values for R and C:
R=5.04kQ ; C=13.88pF

Maximum values for R and C:

R=10.08kQ ; C=17.03 pF

1
Max polefrequency =55 & oaky (13.88pF)

= 2.275MHz

| ) 1
Min pole frequency = 5 10.08k) (17.03pF)

= 927 kHz

Problem 2.4-2

13
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List two sources of error that can make the actual capacitor, fabricated using a CMOS
process, differ from its designed value.

Sources of error are:
- Variationsin oxide thickness between the capacitor plates
- Dimensiona variations of the plates due to the tolerance in
- Etch
- Mask
- Registration error (between layers)

Problem 2.4-3
What is the purpose of the n* implantation in the capacitor of Fig. 2.4-1(a)?

The implant is required to form a diffusion with a doping similar to that of the drain and
source. As the voltage across the capacitor varies, depleting the bottom plate of carriers
causes the capacitor to have a voltage coefficient which can have a bad effect on analog
performance. With a highly-doped diffusion below the top plate, voltage coefficient is
minimized.

Problem 2.4-4

Consider the circuit in Fig. P2.4-4. Resistor Ry is an n-well resistor with a nominal value of
10 kQ when the voltage at both terminals is 3 V. The input voltage, v, is a sine wave with an
amplitude of 2 VPP and a dc component of 3 V. Under these conditions, the value of Ry is given
as

R1 = Rnom [1 + K(\_’m%our_ﬂ

where Rhom is 10K and the coefficient K is the voltage coefficient of an n-well resistor
and has a value of 10K ppm/V. Resistor Ry is an ideal resistor with a value of 10 kQ.
Derive a time-domain expression for vy Assume that there are no fregquency
dependencies.

TBD

Problem 2.4-5
Repeat problem 21 using a P+ diffused resistor for R;. Assume that a P+ resistor’'s
voltage coefficient is 200 ppm/V. The n-well inwhich R1 lies, istied to a5 volt supply.

TBD
Problem 2.4-6

Consider problem 2.4-5 again but assume that the n-well in which R1 lies is not
connected to a5 volt supply, but rather is connected as shown in Fig. P2.4-6.
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Ry
o MA o
n-well
o o p- substrate  n-well p+ diffusion
Figure P2.4-6

Voltage effects a resistor’s value when the voltage between any point along the current
path in the resistor and the material in which it lies. The voltage difference causes a
depletion region to form in the resistor, thus increasing its resistance. This idea is

illustrated in the diagram below.

p+ diffusion
Vi | VDD
1 + 4— I
! : ¢ +
Vy OVolts
) VDD —

Voltage difference n-wdl
causes depletion region
narrowing the current path

In order to keep the depletion region from varying along the direction of the current path,
the potential of the material below the p+ diffusion (n-well in this case) must vary in the
same way as the potential of the p+ diffusion. Thisisaccomplished by causing current to
flow in the underlying material (n-well) in parallel with the current in the p+ diffusion as

illustrated bel ow.

R+
o
Rn-weII
p+ diffusion
v AV V
1 p+ X
. . — |p+ VDD
4_
AV wll k/ [
n-well
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Itiseasy t_o see that ?f Avp+ =AVwedl thenVy, =0. Thusby r_;\tt_achi ng the n-well ir_l
parallel with the desired current path, the effects of voltage coefficient of the p+ material
areeliminated. Thereis asecond-order effect due to the fact that the n-well resistor will
have a voltage coefficient due to the underlying material (p- substrate) tied to ground.
Even with this non-ideal effect, significant improvement is achieved by this method.

Problem 2.5-1
Assume vp = 0.7 V and find the fractional temperature coefficient of I and vp.

1dls 3 1Veo 3 1 1205
IsdT - T T v, ~300"300 00250~ 01651

=1.942 x 1073

dvp _ {Veo 1.942 x 10°3 VD} v [1.205 - o.q | 3x0.0259
aT - T T = 300 300

1 dvp 1.942x 103
wdl — 07

=2.775% 1073

Problem 2.5-2

Plot the noise voltage as a function of the frequency if the thermal noise is 100 nV/A[Hz
and the junction of the 1/f and thermal noise (the 1/f noise corner) is 10,000 Hz.

10 uVv//Hz -
noise 1 WVI/Hz 1
voltage
100 nV//Hz -
1Hz 10Hz 100Hz 1kHz 10kHz 100kHz
frequency
Problem 2.6-1

Given the polysilicon resistor in Fig. P2.6-1 with a resistivity of p = 8x104 Q-cm,
calculate the resistance of the structure. Consider only the resistance between contact
edges. p5=50 Q/ I

Fix problem: Eliminate. os=50 Q/ O becauseit conflictswith p=8x104 Q-cm
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ro A _ 8x104 x 3x104
~WT — 1x104 x 8000x10°8

=30Q

Problem 2.6-2
Given that you wish to match two transistors having a W/L of 100pum/0.8um each.
Sketch the layout of these two transistors to achieve the best possible matching.

Best matching is achieved using the following principles:
- unit matching
- common centroid
- photolithographic invariance

Metal 2 ___ — S—

‘D )| 0 Vial
0.8 um Vi
FNEINCNENEONCINCIN N
25 um
CINILINLINLINLINILINIL N LN
S i e
=R n m O
o Metal 2
Figure P2.6-2
Problem 2.6-3

Assume that the edge variation of the top plate of a capacitor is 0.05um and that capacitor
top plates are to be laid out as squares. It is desired to match two equal capacitors to an
accuracy of 0.1%. Assume that there is no variation in oxide thickness. How large would
the capacitors have to be to achieve this matching accuracy?

Since capacitance is dominated by the area component, ignore the perimeter (fringe)
component in thisanalysis. The unitsin the analysis that follows is micrometers.

C =Cppgea (0 0.05)?

where d is one (both) sides of the square capacitor.

Ci  (d+ 0052
L @0 oy
C,~ (d-005)
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Ci1  (d+0.05)?2
200087 ) o
C,” (d-0.05)

d?+0.1d + 0.05% = 1.001(d2 - 0.1d + 0.052 )

Solving this quadratic yields

d=200.1

Problem 2.6-4

Show that a circular geometry minimizes perimeter-to-area ratio for a given area

requirement. In your proof, compare against rectangle and square.

Acircle=Ttr
— 2
Asquare = d

if Asquare = Acircle

then

_dn
T="r

Pcircle a 2d\/1_1 _\/71

= = <1
Psquare 4d 2
CQerimeter . Peircle . , : :
Ideally, C =0, so since = <1, the impact of perimeter on a circle is less
area Square

than on a sguare.

Problem 2.6-5
Show analytically how the Yiannoulos-path technique illustrated in Fig. 2.6-5 maintains a
constant area-to-perimeter ratio with non-integer ratios.

Areaof oneunitis;
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Tota area=N x A,
Total periphery = 2(N + 1)
Crotal =Ka XN xA+Kpx2(N +1)

where K, and Kp represent area and perimeter capacitance (per unit area and per unit
length) respectively.

Consider two capacitors with different numbers of units but drawn following the template
shown in Fig. 2.6-5(a). Their ratio would be

One unit ]

Figure P2.6-5 (a)

Cl KAXleAu+KPx2(N1+1)
C2_ KAXNZXAU+KPX2(N2+1)

Theratio of the area and peripheral components by themselves are

(ﬂ _KaxNi Ay Ny
Coarea  KaxNox Ay Ny

Cl _KPXZ(N1+1) _N1+1
Colper  Kpx2(Np+1) = Np+1

N,+1 N
N2+1¢ N, unlessN;= N,

Therefore, the structure in Fig. P2.6-5(a) cannot achieve constant area to perimeter ratio.
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Consider Fig. P2.6-5(b).

One unit

Figure P2.6-5 (b)

Tota area= (N +1) x A,

Total periphery = 2(N + 1) (as before)

Notice what has happened. By adding the extra unit area, two peripheral units are
eliminated but two additional ones are added resulting in no change in total periphery.
However, one additional area has been added. Thus

Cl KAX(N1+1)XAU+KPXZ(N1+1)
Co ™ Kpx(Ny+1) xAy+Kpx2(Ny+1)

Theratio of the area and peripheral components by themselves are

Cl _KAX(N1+1)XAU_N1+1
Cojarea Kax(No+1)xA,~ Ny+1

Cl _KPXZ(N1+1) _N1+1
Colper  Kpx2(Np+1) = Np+1

N +1 Ny+1
Ny +1- Ny+1 '
Problem 2.6-6

Design an optimal layout of a matched pair of transistors whose W/L are 8um/1um. The
matching should be photolithographic invariant as well as common centroid.
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b Vial

lpum

|
h

2um

N e 1

Figure P2.6-6

Problem 2.6-7
Figure P2.6-7 illustrates various ways to implement the layout of a resistor divider.

Choose the layout that BEST achieves the goal of a 2:1 ratio. Explain why the other
choices are not optimal.
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Figure P2.6-7

Option A suffers the following:
- Orientation of the 2R resistor is partly orthogonal to the 1R resistor. Matched resistors should
have the same orientation.
- Resistors do not have the appropriate etch compensating (dummy) resistors. Dummy stripes
should surround all active resistors.

Option B suffers the following:
- Resistors do not have the appropriate etch compensating (dummy) resistors. Dummy stripes
should surround all active resistors.
- Resistors do not share a common centroid as they should.

Option C suffers the following:
- Resistors do not share a common centroid as they should.
- Uncertainty isintroduced with the additional notch at the contact head.

Option D suffers the following:
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- Resistors do not have the appropriate etch compensating (dummy) resistors. Dummy stripes
should surround all active resistors.

Option E suffers the following:

- Nothing

Option F suffers the following:
- Violates the unit-matching principle

- Resistors do not have the appropriate etch compensating (dummy) resistors. Dummy stripes

should surround all active resistors.

- Resistors do not share acommon centroid as they should.

Unit Matching Etch Comp. Orientation Common

Centroid
(@ Yes No No Yes
(b) Yes No Yes No
(c) Yes Yes Yes No
(d) Yes No Yes Yes
(e) Yes Yes Yes Yes
() No No Yes No

Clearly, option (e) is the best choice.
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Chapter 3 Homework Solutions

Problem 3.1-1
Sketch to scale the output characteristics of an enhancement n-channel device if V= 0.7
volt and Ip = 500 /A when Vgg =5V in saturation. Choose values of Vgg =1, 2, 3, 4,

and 5 V. Assume that the channel modulation parameter is zero.
6.00E-04

5.00E-04

L 3

4.00E-04

lbs 3.00E-04 -

2.00E-04

1.00E-04

0.00E+00

L 4

Problem 3.1-2

Sketch to scale the output characteristics of an enhancement p-channel device if V4 =-0.7
volt and I = -500 LA when Vgg = -1, -2, -3, -4, and -6 V. Assume that the channel
modulation parameter is zero.

0.00E+00

<*

-1.00E-04

-2.00E-04

|
DS _3.00E-04 7S

-4.00E-04

-5.00E-04

*

-6.00E-04
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Problem 3.1-3
In Table 3.1-2, why is )6 greater than J for an-well, CMOS technology?
The expression for yis:

_\J2&qNsuB

- Cx

Because y is a function of substrate doping, a higher doping resultsin alarger value for vy.
In general, for an nwell process, the well has a greater doping concentration than the
substrate and therefore devices in the well will have alarger y.

Problem 3.1-4
A large-signal model for the MOSFET which features symmetry for the drain and source
isgiven as

ip=K va{[(VGs— V192 u(vgs — V19l — [(Vep — Vrp)? U(vep - VTD)]}

where u(x) is 1 if x is greater than or equal to zero and O if x is less than zero (step
function) and V1 is the threshold voltage evaluated from the gate to X where X is either S
(Source) or D (Drain). Sketch this model in the form of iy versus vpgfor a constant value
of Vgs (Vgs > VTg) and identify the saturated and nonsaturated regions. Be sure to extend
this sketch for both positive and negative values of vps Repeat the sketch of iy versus
vpgfor a constant value of vgp (Vgp > Vp)- Assume that both Vg and Vyp are positive.

K'(WIL)(Vgs V19?2
y
VGs
< » <« >
Ve < > < >
constant Vep-V1p>0 Vep-V1p<0
4

-K'(WIL)(Vgp-V1p)?
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Problem 3.1-5

Equation (3.1-12) and Eg. (3.1-18) describe the MOS model in nonsaturation and
saturation region, respectively. These equations do not agree at the point of transition
between saturation and nonsaturation regions. For hand calculations, this is not an issue,
but for computer analysis, it is. How would you change Eq. (3.1-18) so that it would
agree with Eq. (3.1-12) at vpg = Vpg(sat)?

. W VDS

ip=K f[(VGS‘ Vi) - }VDS (3.1-12)
) . W 2

ip =K' 5 (Vgs= V1)* (1 + Avpg),  0<(vgs— V1) <Vps (3.1-18)

What happens to Eq. 3.1-12 at the point where saturation occurs?

t
ip=K va[(ves ~ V) - VDSZ(%I )} vDs(sat)

Vps (sat)=Vvgs— VT

then

w Vs ()
Ip =K' 7| (Vs = V) vos(sat) ==

, ‘W (Vos— V)2
ip=K' 1| (Ves= V1) (Vves— VD) -— 5

i 2
: W (vas- VD2 w|(Vgs— V1)
'D:Kf_(VGS_VT)Z— > =KT|I— 2

. ‘W (Vos~ V1)2
=K1 |7 %2

which is not equal to EQ.(3.1-18) because of the channel-length modulation term.

Since Eq. (3.1-18) is valid only during saturation when vpg > vpgsat) we can subtract
Vpg(sat) from the v g in the channel-length modulation term. Doing this results in the
following modification of Eq. (3.1-18).
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, W
ip=K' 5 (Vgs—V?[ 1+ (Vps - Vpgsa)| . 0<(vVas—Vr)Svps

When vpg = Vpg(sat) , this expression agrees with the non-saturation equation at the

point of transition into saturation. Beyond saturation, channel-length modulation is
applied to the differencein vpgand vpyq(sat) .

Problem 3.2-1

Using the values of Tables 3.1-1 and 3.2-1, calculate the values of CGB, CGS, and CGD
for a MOS device which hasa W of 5 ym and an L of 1 xm for al three regions of
operation.

We will need LD in these calculations. LD can be approximated from the value given for
CGSOin Table 3.2-1.

_220x 1012

=247 %104 189 %107

LD

Off
Cap = Co + 2C5 = Copy(West) (Letr) + 2CGBO(Lgff)

West = 5 um
Legs = 1 4m - 2x89 nm = 822 x 1079
Cap = 24.7 x 1074 x (5x 10°6)( 822 x 109) + 2x700 x 10-12x822 x 109

Cog=113x1015F

Cos = Cq UCox(LD)(Wetr) = CGSO(Wetf)
Cas=(220x1012) (5x106) =1.1x 1015
Cop = Co UCo(LD)(Wetr) = CGDO(Wegf)

Cop = (220 x 1012) (5% 106)= 1.1 x 1015

Saturation
Cop = 2C5 = CGBO (L)
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Cgg = 700 x 1012 (822 x 109) =575 x 10718
Cis= CGSO(Wetf) + 0.67C o Wesr) (L etf)
Cgs=220x 1012 x 5% 100 +0.67 x 24.7 x 104 x 822 x 109 x 5 x 106
Cas = 7.868 x 1015
Cob = C3 L Cox(LD)(Wetr) = CGDO(Wef)
Cap = CGDO(Wigs) = 220 x 1012 x 5x 106 = 1.1 x 1015
Nonsaturated
Cap = 2C5 = CGBO (Lg)
Cag = CGBO (L) = 700 x 1012 x 822 x 109 = 574 x 10°18
Cis= (CGSO + 0.5CyLgff) Wegt
Cas=(220x 1012 +05x 24.7 x 104 x 822 x 109 x 5x 106 = 6.18 x 1015
Cop = (CGDO + 0.5C gy L gff) Wt

Cop =(220x 1012 +05x 247 x 104 x 822 x 109 x 5x 106 =6.18 x 1015

Problem 3.2-2
Find Cgy at Vgx =0V and 0.75 V of Fig. P3.7 assuming the values of Table 3.2-1 apply

to the MOS device where FC = 0.5 and PB = 1 V. Assume the device is n-channd and
repeat for a p-channel device.

Change problem to read: “|Vgx |=0V and 0.75 V (with the junction always reverse
biased)...”

Active Area

[ [ Metal
™~ Y.

~ 1

Polysilicon

Figure P3.2-2
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AX =16x106x20x106=32x 10712
PX =2x1.6x 106 +2.0x2.0x106=7.2x10°

NMOS case:
(C)(AX) (CISW)(PX)

B8 S

770 x 106)(3.2x 1012) (380 x 1012)( 7.2 x 106
Cox = ( )(O X ) N ( O)( (2% ) _ 5.2 x 1015
() ()

PMQOS case:
_ (560 x 10°9)(3.2x 1012 , (350 1012(7.2x10%)

Cgx E o MBW " 4.31x 10715
- -

|vex | = 0.75 volts reverse biased

NMQOS case:
(CYAX) . _(CISW)(PX)

IR

Cax = (770x 109)(3.2x 10%2) (380 x 101)(7.2 x 10)
- [

. - 2464 % 101> 2736 x 101
BX~  1.323 1.237

= 407 x 10

PMOS case:
_ (560 x 106)(3.2x 1013 , (350 1012)( 7.2 x 10°6)

[1 B (%ﬂ ” [1 _ (%ﬂ 0.35

o 179 1015 , 252 1015
BX™ 1323 1.216

=3.425 x 10°15
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Problem 3.2-3

Calculate the value of Cgg, Cgg and Cgp for an n-channel device with alength of 1 xm
and awidth of 5 gm. AssumeVp =2V, Vg=24V,andVg=05V and let Vg =0 V.
Use model parameters from Tables 3.1-1, 3.1-2, and 3.2-1.

_220x 1012

=247 x 104 189 %107

LD

Leff=L-2xLD=1x100-2x89x109=822x 10

Vr=Vro+ YN 2@+ ves —2lgl
Vr=0.7+0.4[/0.7+05 —+/0.7] =0.803
Ves— VW =2.4-0.5-0.803=1.096 < vps thus saturation region

Ce = CGBO X L = 700 x 10712 x 822 x 10 = 0.575 fF

Cis= CGSO(Wegf) + 0.67Cou(Wetr) (Lef)

Cgs=220x 1012 x5x 100 +0.67 x 24.7 x 104 x 822 x 109 x 5 x 106
Cas = 7.868 x 1015

Cap = C3 UCox(LD)(Wetf) = CGDO(Wetr)

Cap = CGDO(Wgg) =220 x 1012 x 5x 106 =11 x 1015

Problem 3.3-1

Calculate the transfer function vgt(S)/vin(s) for the circuit shown in Fig. P3.3-1. The
WI/L of M1 is 2um/0.8um and the W/L of M2 is 4um/4um. Note that this is a small-
signa analysis and the input voltage has a dc value of 2 volts.
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5Volts
WL = 2/0.8 I
R

¥ L o

M1
J_ WIL = 4/4 +
W M2

+
Vin= Vg + 1MV ’—1_[—‘ u Vin = Vg + 1MV Cypo ] o
A A\ M2
<& )

Figure P3.3-1 Figure P3.3-1b

=

<
11
<

Vout(s) UCy2 _ 1
VIN(S Ry +*VUSCy, SCyRyi*1l

V11 = Vo + VI V2lgl + v — 2l

V71 =0.7+0.4[1/0.7+2.0 —-+/0.7] =1.02

) 1
RM1 = KWLy, (Ve - Vig)

= 1.837kQ

Cpiz = Wiyp X Lyyp X Coy =4 x 100 x 4 x 106 x 24.7 x 104 = 39.52 x 10°15

Ry1Cmz = 1.837 kQ x 39.52 x 1015 = 72,6 x 1012

Vout(s) 1
VIN(S) S
1377x109 "1

Problem 3.3-2

Design a low-pass filter patterened after the circuit in Fig. P3.3-1 that achieves a -3dB
frequency of 100 KHz.

1
S/RC 100,000

There is more than one answer to this problem because there are two free parameters.
Use the resistance from Problem 3.3-1.
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Ry = 1837kQ

1
Crmz = 271%x1.837x 103x1 x 10°

= 866.4 pF

Choose W= L
Cpiz = Wiyp X Lyp X Cox = v\/f,I2 x 24.7 x 1074 = 866.4 x 1012
W, = 350.8 x 109

Wy, =592 x 10

Problem 3.3-3
Repeat Examples 3.3-1 and 3.3-2 if the W/L ratio is 100 £m/10 zm.
Problem correction: AssumeA = 0.01.

Repeat of Example 3.3-1

N-Channel Device

Om = /(2K'VV/L)|ID|

gy, =/ 2x110 x 10°6 x10 x 50 x 10°6 = 332 x 10°6

- /4
Smbs = 9m 2(2] g + Vi) 12

0.4
5=40.4x 10

— -0 — ~--r 000
Omps = 332 % 10750 742.07

Ods = ID/]

Ogs = 50 x 106 x 0,01 = 500 x 109

P-Channel Device

Om = \/CKWL)|Ip|
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Oy =\/2X50 x 106 x10 x 50 x 10°6 = 224 x 106

_ Y
Imbs = Im 22| + Vi) V2

0.57
O~ -6
2(0.8+2.012 = 38.2x10

s = 224 x 106
9ds = ID A

Ogs = 50 x 106 x 0.01 = 500 x 107

Repeat of Example 3.3-2

N-Channel Device
Om=/AVps = 110x 106 x 10x 1=1.1 x 103

_ BWbs _ 110x 10 x0.4 x1x 10
mbs” 2@l + V)2 T 2074912

=134 x 10

V1= Vro+ yIN2l@l +ves —\2l¢l]

Vr=07+04[+0.7+20 -~/0.7] =1.02

Ogs = AVas— V1 - Vpg = 10x110x 106 (5-1.02 - 1) =3.28 x 103

P-Channel Device
Om=BVps =50 x 10 x 10x 1 =500 x 106

_ BWbs _ 50 x 10 x0.57 x1x 10
mbsT 2Qlg [+ V2T 2(08+2)12

=85.2x 106

V1l = Vol + VTN 2lg] + vas =/ 2lgl]

V7|=0.7 +057[/0.8+ 2.0 —~/0.8] = 1.144
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Ogs = AVas— V1 - Vpg) = 10 x50 x 106 (5 - 1.144- 1) = 1.428 x 103

Problem 3.3-4

Find the complete small-signal model for an n-channel transistor with the drain at 4V,
gateat 4V, source at 2 V, and the bulk at 0 V. Assume the model parameters from Tables
3.1-1,3.1-2, and 3.2-1, and WL =10 pm/1 zm.

V1= Vo + Y2l + v — V2l
V-|-=0.7+0.4[ 07+20 —\/0.7] =1.02

K'W 2 110 x 106 x10
b= (Ves~Vr) (1+Avpg= 5 (2- 1.02)%(1 +0.4x2) =570 % 106

Om = /(2K'VV/L)|ID|

Oy =/ 2x110 x 106 x10 x 570 x 106 = 1.12 x 103

- /4
Smbs = 9m 2(2] g + Vi) 12

0.4 )
W: 136 x 10

Orps = 1.12 x 10°3
%s= Ip A

Ogs = 570 x 106 x 0.04 = 22.8 x 109

_220x 1012

= 207 x 10419 107

LD

Leff =L -2xLD=1x100-2x89x109=822x 107

Ce = CGBO X L = 700 x 10712 x 822 x 100 = 0.575 fF

Cis = CGSO(Wgit) + 0.67C o (Wes) (Lesf)
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Cas=220x 1012 x 10 x 106 +0.67 x 24.7 x 104 x 822 x 109 x 10 x 106
Cgs=158x 1015

CGD = CGDO(Weff)
Cop = CGDO(Wig) =220 x 1012 x 10 x 106 =22 x 1015

Problem 3.3-5

Consider the circuit in Fig P3.3-5. It is a parallel connection of n mosfet transistors.
Each transistor has the same length, L, but each transistor can have a different width, W.
Derive an expression for Wand L for asingle transistor that replaces, and is equivalent to,
the multiple paralld transistors.

The expression for drain current in saturation is:

K'W 2
D=7 (Ves~ V1) (Q+Avpy

For multiple transistors with the same drain, gate, and source voltage, the drain current
can be expressed simply as

2
Ibgiy = (va), (Ves~Vr) (1+Avpy

Thedrain current in each transistor is additive to the total current, thus

IprotaL) = (Ves ™ Vr) i (1+Avpy [Z(%]l }

Since the lengths are the same, we have

1 2
Iprotal) = (Ves~Vr) (A +Avpg {Z\Nl }

Problem 3.3-6

Consider the circuit in Fig P3.3-6. It is a series connection of n mosfet transistors. Each
transistor has the same width, W, but each transistor can have a different length, L.
Derive an expression for Wand L for asingle transistor that replaces, and is equivalent to,
the multiple paralel transistors. When using the ssmple model, you must ignore body
effect.

Error in problem statement : replace “parallel” with “series’
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M1 l_

Figure P3.3-6

Assume that all devices are in the non-saturation region.

Consider the case for two transistors in series asillustrated bel ow.

V2
M2 |—
v, *
M1 [

Thedrain currentin M1is

2
. _K'W Vbs
1= T{(VGS_ V1) Vbs - 7}

2
Vi

| v
i1=/4; VonVI_E

where

M3

2
v
11=4;| (Ves= V1) V1 - ?} =4 |:(VG ~Vpvi- 31}

13
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Von= VG — VT
V1 =Von-— Vo -

2 2 21 21
V1:2V0n_2V0n VOH_E _71

Thedrain currentin M2 is

| (vo - Vl)T

12=5;| (Vo —Vvi=Vr)(V2 —va) =5

_ (2=’
i2:,32_(Von_V1)(V2_V1)_%}

K 2 2
. Vi V2
i2=p5, VonVZ_VonVl"‘E_E

Substitue the earlier expression for v; and equate the drain currents (drain currents must
be equal)

2
[ ——'81'82 {V Vv —2}
2 ,81+,32 on V2 2
The expression for the current in M3 is

2
Vo

2
V.
i3 :,831:(VGS_VT) V2 _E}:ﬁg{ Von V2 _EZ}

The drain current in M3 must be equivalent to the drain current in M1 and M2, thus

’8_:31:32_i+i'1_ Ly N L, V*
STUB+L B B) (KW KW,
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Since the widths are equal and the transconductances are equal

1
By= K'W(Ll +L,)

This analysis is easily extended to address any number of transistors (repeat the analysis
with M3 and another transistor in series with it—two at atime)

i
LequivaLent = 2 L
0

Problem 3.5-1
Calculate the value for Vg for n MOS transistor in weak inversion assuming that fs and
fn can be approximated to be unity (1.0).

Assume (from Level 1 parameters):

GAMMA = 0.4
PHI = 0.7

COX =24.7 x 104 F/m?
Vg = 0

NFS=7x10® (m?2) fromTable3.4-1

Von = VT + faSt
where

) E{“ qxNFS GAMMA x f (PHI + V) Y2 + f (PHI +vSB)}

fast

q COX 2(PHI +vgp)
if
fo=fn=1

KT qx NFS GAMMA x (PHI +vgg)V2 + (PHI +vgp)
fast = E{l” cox * 2(PHI +Veg) }

1.6x1019x7x 101 04 x (0.7 +0)Y2+ (0.7 + 0)}

fast = 0.0259{1+ i iod 207 70
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fast = 0.0259 (1 + .453 + 0.739) = 56.77 x 10°3

Von = Vq + fast =0.0259 + 56.77 x 103 = 82.67 x 10°3

Problem 3.5-2
Develop an expression for the small signal transconductance of a MOS device operating
in weak inversion using the large signal expression of Eq. (3.5-5).
. W VGs
'p U oo &P Tkyg)

_0'_D_V_V( L) ( VGs j o
9m=Ves L \n(kT/g)) DO &P (nkT/ig)) = n(kTig)

Problem 3.5-3

Another way to approximate the transition from strong inversion to weak inversion is to
find the current at which the weak-inversion transconductance and the strong-inversion
transconductance are equal. Using this method and the approximation for drain current in
weak inversion (Eg. (3.5-5)), derive an expression for drain current at the transition
between strong and weak inversion.

Wi_1 Ves '
m=L (W)' Do &P ( n(kT/q)j =~ /KWL,
2(_ 1 ¥ 2 2Vgs j |
(%IJ ( n(kT/q)) 'po &P ( n(kT/q)) ~ (GKWL)Ip
1 lbo 2Vgs
L Wj (%]J (n(kT/q)j P n(kTra)

1 Ves Vas

'D:(WJ'DO (Wf P Un(kia) X@'DO exp(n(fT/q)j

I_(le ( 1 jz Ves .l
D~ 2k') 'po n(kT/g)) P n(kTIg)) ™ 'D

VGs ) Ip

2
2K'[n(KT/g)] = Ipg eXp(n(kT/q) = WL
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Ip = 2K'va (n(KT/G)]

Problem 3.6-1

Consider the circuit illustrated in Fig. P3.6-1. (a) Write a SPICE netlist that describes
this circuit. (b) Repeat part (a) with M2 being 2um/1um and it is intended that M3 and
M2 are ratio matched, 1:2.

Part (a)

Problem 3.6-1 (a)

0 nch W1lu L=1u
4 pch w=1lu L=1u
4 pch w=1lu L=1u
k

nlO0dc 1
Vdd 4 0 dc 5

. MODEL nch NMOS VTO=0.7 KP=110U GAMMA=0.4 LAMBDA=0.04 PHI =0.7
. MODEL pch PMOS VTO=-0.7 KP=50U GAMVA=0.57 LAMBDA=0.05 PHI =0. 8

Problem 3.6-1 (b)

0 nch W1lu L=1u

4 pch w=1lu L=1u M2
4 pch w=1lu L=1u

k

nlO0dc 1
Vdd 4 0 dc 5

. MODEL nch NMOS VTO=0.7 KP=110U GAMMA=0.4 LAMBDA=0.04 PHI =0.7
. MODEL pch PMOS VTO=-0.7 KP=50U GAMVA=0.57 LAMBDA=0.05 PHI =0. 8

Problem 3.6-2

Use SPICE to perform the following analyses on the circuit shown in Fig. P3.6-1: (a) Plot
VouT versus vy for the nominal parameter set shown. (b) Separately, vary K' and V1 by
+10% and repeat part (a)—four simulations.

Parameter N-Channel P-Channel  Units
VT 0.7 -0.7 Vv
K' 110 50 LAIN2
| 0.04 0.05 v-1
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WIL = 1w/1p :Il—@—|l:W/L =1W/1p

Vout

—o

@)
VIN @
R =50k % o—|l: WIL = 1w/1p
M1

<

Figure P3.6-1

m 3. 6-2

0 nch W1u L=1u
4 pch w=1lu L=1u
4
k

3
o

pch w=1u L=1u

MODEL nch NMOS VTO=0.7 KP=110U LAMBDA=0. 04
MODEL pch PMOS VTO=-0.7 KP=50U LAMBDA=0. 05

MODEL nch NMOS VTO=0. 77 KP=110U LAMBDA=0. 04
MODEL pch PMOS VTO=-0.7 KP=50U LAMBDA=0. 05

MODEL nch NMOS VTO=0.7 KP=110U LAMBDA=0. 04
MODEL pch PMOS VTO=-0.77 KP=50U LAMBDA=0. 05

MODEL nch NMOS VTO=0.7 KP=121U LAMBDA=0. 04
MODEL pch PMOS VTO=-0.7 KP=50U LAMBDA=0. 05

>(-->(-->(- >(-->(-->(- >(-->(-->(- 39-59-*5-3&%%5

. MODEL nch NMOS VTO=0.7 KP=110U LAMBDA=0. 04
. MODEL pch PMOS VTO=-0.7 KP=55U LAMBDA=0. 05
.dc vin 05 .1

. probe

.end
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ouT

Problem 3.6-3

Use SPICE to plot i as afunction of vo when i1 has values of 10, 20, 30, 40, 50, 60, and
70 LA for Fig. P3.6-3. The maximum value of vo is5 V. Use the model parameters of V1
=0.7V and K' =110 A/V2 and A = 0.01 V-1, Repeat with 1 = 0.04 V-1,

o . —O
||1 |2| +

Vo

WIL = 10pm/2pm :||_—|l: WIL = 10um/2um

M1 M2 -
Figure P3.6-3
p3.6-3
ML1 1 O Onch | =2u w= 10u
M2 1 0 Onch | =2u w= 10u
110 1DCO
Vi3 0DCO

VI23 2DCO

. MODEL nch NMOS VTO=0.7 KP=110U LAMBDA=0.01 GAMVA = 0.4 PH = 0.7
* MODEL nch NMOS VTO=0.7 KP=110U LAMBDA=0.04 GAMMA = 0.4 PH = 0.7
.dc V1 05 .1 11 10u 80u 10u

. END
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Lambda = 0.01
80UA |-
|2= 70UA A
= 60UA -~
60uA | o— G o— G o
|2 S 2
® 1= 40uA, - .
40uA |2= 30uA
= 20UA
© @ © @ L
10uA + 2= 10uA
| | | | |
0 1 2 3 4 5
Vo
Lambda = 0.04
8OUA -
1= T0UA o ° )
60UA -+ o © _ N o ©
| ] 4= 60UA o )
2 2 14=50uA _ 6 © '
° T 1,= 40UA o S °
40uA -+ . o—1 °
|1= 30UA N o o S
° " 14=20uA . e e
ai © —0— -
10VA — § 1= 10uA _ o o
| | | | |
0 1 2 3 4 5
Vo
Problem 3.6-4

Use SPICE to plot ip as afunction of vpgfor valuesof vog=1, 2, 3, 4and 5V for an n-
channel transistor with V=1V, K' = 110 ,uA/V2, and | = 0.04 V-1. Show how SPICE
can be used to generate and plot these curves ssmultaneously asillustrated by Fig. 3.1-3.

p3. 6-4
ML 2 3 0 Onch | =1u w= 5u
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GS 3 0 DCO
DS 4 0 DCO

IDS4 2 DCO

. MODEL nch NMOS VTO=1 KP=110U LAMBDA=0.01 GAMMA = 0.4 PH = 0.7
.dc VDSO0 5.1 VG 05 1

. END

<<<
B w
88

Problem 3.6-5
Repeat Example 3.6-1 if the transistor of Fig. 3.6-5 is a PMOS having the model

parameters given in Table 3.1-2.

p3.6-5

VIDS5 2DCO

VGS 3 0 DCO

VDS 5 0 DC O

ML2 3 0 Opch | =1u w=5u

. MODEL pch PMOS VTO=-0.7 KP=50U LAMBDA=0.051 GAMVA = 0.57 PH = 0.8
.dc VDS O -5 -.1VGSO0 -5 -1

. END
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OmA

Ips

-2mA

VGS= '5
-3mA |
I | | | |
-5 -4 -3 -2 -1
Vps

Problem 3.6-6

Repeat Examples 3.6-2 through 3.6-4 for the circuit of Fig. 3.6-2 if R1 =200 KQ.

VouTt
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AC Analysis

vdb(2)

Frequency

vp(2)

Frequency

Transient Analysis



24

CMOS Analog Circuit Design (2™ Ed.) Homework Solutions: 9/21/2002

V(2

6us

4us

2us
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Chapter 4 Homework Solutions

Problem 4.1-1

Using SPICE, generate a set of parametric |-V curves similar to Fig. 4.1-3 for atransistor
withaW/L = 10/1. Use model parameters from Table 3.1-2.

10.0
Vg=5V
Vg=4V -~
N
_ V;L
50| Ve =3V
AN Vg=2V
I (mA) \\
Vg=1V
IS
00| —H—5—wo = o g =
[
-2.5 0.0 25
V1 (volts)
FigureP4.1-1
Problem 4.1-2

The circuit shown in Fig. P4.1-2 illustrates a single-channel MOS resistor with a W/L of
2um/1pm. Using Table 3.1-2 model parameters, calculate the small-signal on resistance
of the MOS transistor at various values for Vgand fill in the table below.
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Figure P4.1-2

The equation for threshold voltage with absolute values so that it can be applied to n-
channel or p-channel transistors without confusion.

V1 I Mo |+ M2+ veal —~/2]

1 L L
ron = =7 = hen Vh= 0
ON ~ g p/0Vps KW(Vgd — V7l - Vpg)  KW(Vgd - V1) (w ps= 0)

For n-channel device,

VTO =07
y=04
2l@|=0.7

The table below shows the value of Vzgand Vg for each value of Vg

Vg (volts) Vs (volts) Vgg (volts)
0.0 5 0
1.0
2.0
3.0
4.0
5.0

OFRLNWM
OO wWNBE

Using Vg =0, caculate VT

V7= Vo |+ M2+ Vsl ~+[21]] = 0.7+ 0.4[+/0.7+00 -07] =07
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Calculater g
1 L 1
"ON =31 5/0Vps - KW(Nad - Nql- Vpd) 110 x 2(5-0.7-0) ~ 1007 &2
Repeat for Vg=1
V1|=0.7+0.4[1/0.7+1.0 —~/0.7] =0.887
T L = 1 = 1460 Q
"ON = 15/0Vps ~ K'W(Vsd = V1= Vpd) ~ 1104 % 2(4 - 0.887-0) ~
Repeat for Vg =2
IV1|=0.7 +0.4[/0.7+2.0 —+/0.7] =1.023
T L = 1 = 2299 Q
"ON = 915/0Vps ~ K'W(Vsd = V1= Vpd) ~ 1104x 2(3-1.023-0) ~
Repeat for Vg =3
Vy]|=0.7+04[~/0.7+30 -/0.7] =1.135
1 L 1
"ON = 51/0Vps - KW(Nad - Nql- Vpd) ~ 110 x 22 - 1.135-0) 2223 ¢
Repeat for Vg=4
Vy|=0.7+04[~/0.7+4.0 -/0.7] =1.233
1 L 1
=-19549 Q

"ON = 15/0Vps ~ K'W(Vsd = V1l = Vpd) ~ 110 % 2(1 - 1.233 - 0)
The negative sign means that the device is off due to the fact that Vg < V1
Thus

ron = infinity

Repeat for Vg=5
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V1= 0.7+ 0.4[[0.7 + 5.0 —+/0.7] =1.320

1 L 1
TON = 91 5/aVps ~ KW(Vsd — V1l = IVpd) ~ 1104 % 2(0 - 1.320 - 0)

=-3442 Q

The negative sign means that the device is off due to the fact that Vgg< V1

Thus
ron = infinity
Summary:
Vg (volts) R (ohms)

0.0 1057
1.0 1460
2.0 2299
3.0 5253
4.0 infinity
5.0 infinity

Problem 4.1-3

The circuit shown in Fig. P4.1-3 illustrates a single-channel MOS resistor with a W/L of
4um/1um. Using Table 3.1-2 model parameters, calculate the small-signal on resistance
of the MOS transistor at various values for Vg and fill in the table below. Note that the

most positive supply voltageis 5 volts.

5Volts

Figure P4.1-3

The equation for threshold voltage with absolute values so that it can be applied to n-
channel or p-channel transistors without confusion.

V1 I Vo |+ Y21l + Vel — /2]
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1 L
r = = f
ON = 9Ip/dVps ~ K'W(Vgd = V1l = Vpd)

For p-channel device,
V10| =0.7
K' =50u
y=057
2|g| = 0.8

The table below shows the value of Vas and Vg for each value of Vg

Vg (volts) Vs (volts) Vgs(volts)

0.0
1.0
2.0
3.0
4.0
5.0

ab~rwWNEFO
OFRDNWMOG

Using Vg =5, calculate VT

VT |= V1o | + y[\/2|q¢| + Vgl - \/2|¢;:ﬂ = 0.7 +057[~/0.8+0.0 —-/0.8] =0.7
Calculater g

fonN =75 D/évDS “KW(Ved —L|vT| “Npd) ~ 50ux 4(51— 0.7-0) - 1163€Q
Repeat for Vg=4
V1|=0.7 + 0.57[1/0.8 + 1.0 —~/0.8] =0.955
L L L = 16420

TON = 310/aVps - KW(Vgd = N+l - Vpg) ~ 501 % 4(4 - 0.955 - 0)

Repeat for Vg =3

VT |=0.7 +057[1/0.8 + 2.0 —~/0.8] =1.144
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1 L 1
"ON = B1/0Vps - KW(Vad - Vyl- Vpg) ~ 50ux 43 - 1.144-0) - 20948
Repeat for Vg=2
V1 |=0.7 +0.4[~/0.8 + 3.0 —~/0.8] =1.301
1 L 1
foN = K = =7145Q
0lp/oVps~ K'W(Vgd — V¢l = Vpg) ~ 501 x 4(2 - 1.301 - 0)
Repeat for Vg=1
V1 |=0.7 +0.57[1/0.8 + 4.0 —+/0.8] =1.439
1 L 1
FON = 3 Javee— K = =-11390 Q
p/0Vps KW(Vgd ~ V7= Vpg)  S0xx 4(1-1.439-0)
The negative sign means that the device is off due to the fact that Vg < V1
Thus
ron = infinity
Repeat for Vg=0
V1 |=0.7 +0.57[/0.8+ 5.0 —~/0.8] =1.563
T
1 L 1
=3199 Q

TON = 91 5/aVps ~ K'W(Vgd — V1= IVpd) ~ 504 % 4(0 - 1.563 - 0)
The negative sign means that the device is off due to the fact that Vg < V1
Thus

ron = infinity

Summary:
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Vg (volts) R (ohms)
0.0 infinity
1.0 infinity
2.0 7145
3.0 2694
4.0 1642
5.0 1163

Problem 4.1-4

The circuit shown in Fig. P4.3 illustrates a complementary MOS resistor with an n-
channel W/L of 2um/1um and a p-channel W/L of 4um/1um. Using Table 3.1-2 model
parameters, calculate the small-signal on resistance of the complementary MOS resistor
at various values for Vg and fill in the table below. Note that the most positive supply

voltageis 5 volts.

=00
—
+
VS
FigureP4.3
Summary for n-channel device from Problem 4.1-2:

Vg (volts) R (ohms)
0.0 1057
1.0 1460
2.0 2299
3.0 5253
4.0 infinity
5.0 infinity

Summary for p-channel device from Problem 4.1-3:
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Vg (volts) R (ohms)
0.0 infinity
1.0 infinity
2.0 7145
3.0 2694
4.0 1642
5.0 1163

Table showing both and their parallel combination:

Vg (volts) R (ohms), n-channel R (ohms), p-channel R (ohms), parallel
0.0 1057 infinity 1057
1.0 1460 infinity 1460
2.0 2299 7145 1739
3.0 5253 2694 1781
4.0 infinity 1642 1642
5.0 infinity 1163 1163
Problem 4.1-5

For the circuit in Figure P4.1-5(a) assume that there are NO capacitance parasitics
associated with M1. The voltage source vi, is a small-signal value whereas voltage

source V. has a dc value of 3 volts. Design M1 to achieve the frequency response
shown in Figure P4.1-5(b).
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5Volts

|

v 1

M1

2pF :\ Vout

NN

(@
0dB
-6dB
) -12dB
Vout'Vin

-18dB
-24dB

N N N N N N N

I I I I T I T

= = = = = = =

wow g & 8 8

N =1

(b)

FigureP4.4

f(-3 dB) = 20 MHz, thusw = 401tM rad/s
Note that since no dc current flows through the transistor, the dc value of the drain-source

voltageis zero.
- 1 _ L _ L
ON = 0Ip/0Vps ~ KW(IVgd ~ V1l = IVpg) ~ K'W(Vgd — V1)

Then

1 KW(Vgd - IV+))
RC - LC =40 1t Mrad/s
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W _ Cx40m x100
L K'(Ved = V4D

Caculate VT due to the back bias.

V1 :V-I-0+y(’\/|2(pr|+|vbs| -«/|2cpf|):o.7+o.4<\/o.7+3.o -\/W):l.135

W 40m %108 x 2x1012
L 110x106 (2 - 1.135)

Problem 4.1-6

Using the result of Problem 4, calculate the frequency response resulting from changing
the gate voltage of M1 to 4.5 volts. Draw a Bode diagram of the resulting frequency
response.

1 L L
r = = T = |
ON = 91p/0Vps ™ KW(Vgd ~ V1l = Vpg) ~ K'W(Vd — V1)

Calculate VT due to the back bias (same as previous problem).

Vo =V-|-0+y(\/|2(pf|+ Vid A/ |2cpf|)=o.7+o.4(\/o.7+3.o —\/W>= 1135

1 L
r = = |
ON = 01p/0Vpg ™ K'W(Vgd = IV4)

1

foN = 6 ==09434 Q
110 x 10™° x 2.64(4.5 - 3 - 1.135)

1 1
ronC 9434 x 103 x 2 x 1012

(-3 dB) = = 53x 10° rad/s

f(-3dB) = 8.44 x 106 Hz
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0dB

-6dB

I -12 dB
Vout'Vin

-18 dB

-24dB

N N N N N N N
I I I I I I I
= = = = = = =
2 Y 8 R & 8 8
N —
8.44 MHz
Figure P4.1-6

Problem 4.1-7

Consider the circuit shown in Fig. P4.1-7 Assume that the slow regime of charge
injection is valid for this circuit. Initially, the charge on C4 is zero. Calculate vyt a

time t; after ¢ pulse occurs. Assume that CGS0O and CGDO are both 5 fF. C4=30 fF.
Y ou cannot ignore body effect. L = 1.0 umand W =5.0 um.

5V
JT\
ov !

ty

pal
+ M1 | .
20 A C1 Vout
Figure P4.1-7

CHANGE PROBLEM:
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Use model parametersfrom Table 3.1-2 and 3.2-1 asrequired

U=5x108

The equation for the low regimeis given as

C
W.-CGDO+ —2™ | 0 w. cabo
Verror = C, 28 + C, (Vs+Vr-WL)

and

Vg=2.0volts
V| =0.0volts
Vriscalculated below

The source of the transistor is at 2.0 volts, so the threshold for the switch must be
calculated with a back-gate bias of 2.0 volts.

Vi =Vo+ y(\ [P@] + Mg =~/ |2<pf|) =07+ 0.4(\/0.7 +20 - o.7> =1.023
Vr = 1.023

Cenanng =W X L X Cgy =5x 100 x 1x 100 x 24.7 x104 =12.35 x10-15F
Vyr =V - Vg-V;=5-2-1.023=1.98

Verify slow regime:

BVorr 110 x106x301
2CL  2x30x1015

C
W-CGDO+% mUC. w.CcGDo
Verror = CL 20 + CL (Vs+Vr—-VL)

12.35 x10' 15
5 x10°0 x 220 x10°12 + ==0——

30 x10°15

=7.17 x 109 >> 5 x 108 thus dow regime

Verror =
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x 5 x108 x 30 x10°15 5 x 106 . 220 x10712
X/\/ﬂ 5 x10° x 30 x10 +5><O 0 x (2+1.023-0)=0.223

2x110 %1076 30 x10°15

Vou'[(tl) =20- Verror =2.0-0.223=1.777

Problem 4.1-8
In Problem 4.1-7, how long must ¢; remain high for C; to charge up to 99% of the
desired final value (2.0 volts)?

1 L
r = = |
ON = alp/oVps ~ K'W(Vgd - V1)

1

Fon = =972.30Q
ON " 5x110x 106 x (3 - 1.135)

royC1 =9723x30x 1015=29.2ps
Vo) C; =2x( 1-e¥RC) =0.99x20

e/RCy =001

t=-RCIn(0.01) = 134.3 ps

Problem 4.1-9

In Problem 4.1-7, the charge feedthrough could be reduced by reducing the size of M 1.
What impact does reducing the size (W/L) of M1 have on the requirements on the width
of the ¢, pulse width?

The width of @ must increase since a decrease in size (and thus feedthrough) increases
resistance and thus the time required to charge the capacitor to the desired final value.

Problem 4.1-10

Considering charge feedthrough due to slow regime only, will reducing the magnitude of
the ¢, pulse impact the resulting charge feedthrough? What impact does reducing the

magnitude of the @, pulse have on the accuracy of the voltage transfer to the output?
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Reducing the magnitude does not effect the result of feedthrough in the slow regime
because all of the charge except residua channel charge (at the point where the device
turns off) returns to the voltage source. Decreasing the magnitude does effect the
accuracy because the time required to charge the capacitor is increased due to higher
resistance when the deviceison.

Problem 4.1-11

Repeat Example 4.1-1 with the following conditions. Calculate the effect of charge
feedthrough on the circuit shown in Fig. 4.1-9 where Vg = 1.5 volts, C; = 150 fF, W/L =

1.6pm/0.8um, and Vg is given for two cases illustrated below. The fall time is 0.1ns
instead of 8ns.

Case 1: 0.1nsfall time

Vi =Vyg+ y(« [ + Npd =/ |2<pf|) =0.7+ 0.4(\/0.7 +15 —W) = 0.959

VHT=VH-Vs—-V7 =5-15-0.959 =2541

BVorr _ 2x110 x10°6 x 2.5412
2CL 2 x 150 x10°15

= 4.735 x 10° << 50 x 109 thus fast mode

Cenannal =W X L X Cgy = 1.6 x 106 x 0.8 x 100 x 24.7 x104 =3.162 x10715F

C
W.CGDO + —54 BVir| wicopo
Verror = CL VHT - 6U CL + CL

(Vs+Vr-W)

-15
16 x 10°6 x 220 x 1012 4 316210~

-6 3
Ve = osqq . 220x100x2541° |
150 x10715 6x50 x109 x150 x10715

, 16x 1076 x.220 x 10712

150 1015 (L5+0.96-0)

Verror = (12.89 x 10°3) (2.46) + 1.267 x 10°3 = 32.98 x 103

Vout(tl) = 2.0 = Verror = 2.0 —32.98 x 1073 = 1.967
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Case 2: 8nsfall time

Vo =V-|-0+y(\/|2(pf|+|vbs| -«/|2cpf|)=o.7+o.4(\/o.7+1.5 -\/W>=o.959

VHT=VH - Vs—- VT =5-15-0.959 =2541

Vg = Vy - Ut

=4 =—_ —-=625x10°
8 x 107

BV, _ 2x110 x10°6 x 6.457
2CL 2 x 150 x1071°

= 4.735 x 109 >> 625 x 10 thus slow regime

C
W.CGDO+ —2™€ | 0 w. cabo
Verror = C, 28 + C, (Vs+Vr-WL)

and

Vs=15volts

V| =0.0volts
Cenannal =W X L X Cgy = 1.6 x 106 x 0.8 x 106 x 24.7 x104 = 3.162 x10715F
C
W CGDO + —2HE [7YC w-ceDo
Verror = + Vs+ VT -V,
error CL 2,3 CL ( S T L)

-1
12,, 3162 X10

1.6 x10°6 x 220 x10
150 x10°15

Verror =

Error!

Vou'[(tl) =20- Verror =2.0-0.0163=1.984

15
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Problem 4.1-12

Figure P4.1-12 illustrates a circuit that contains a charge-cancellation scheme. Design
the size of M2 to minimize the effects of charge feedthrough. Assume slow regime.

5V
JT\
ov !

il @1
+ M1 M2 | .
20 A C1 out
FigureP4.1-12

When U is small, the expression for the charge feedthrough due to M1 in the slow regime
can be approximated as

C

channel
v _ W-CGDO+—— ”UCL+W-CGDOV NVERY
error — CL 2,8 CL ( S T L )
W .- CGDO
Verror U CL (Vs+VT-V)

Because M2 is driven by the inversion of ¢, , charge is injected in the opposite direction
from that of M1. The charge injected is due to the overlap capacitance and due to the
channel capacitance. The overlap capacitance from the drain or sourceis ssmply

Cover|ap =W . CGDO

Because both the drain and the source are involved, the charge injected from both must
be added.

Capacitance due to the channel once M2 channel invertsis simply
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Cchanne =W - L - Cox

Consider the voltage on C; due to charge injected from the overlap and the channel
separately.

The error voltage due to overlap is approximated to be

2-W-CGDO
Verror_overlap U CL (Vs+V1-W)

Notice the factor of “2” to account for the overlap from the drain and the source.
The error voltage due to the channel is approximated to be

Cchannel

Verror_channel 0 C (5-Vs-V7)
L

where the “5” comes from the maximum value of a .

If V| is zero, then the total error voltage due to M2 alone is approximately

2-W, - CGDO C
2 channel
Verror_ M2 U CL (Vs+ V1) + CL (5-Vs-V7)

Since the error voltage due to M2 is in the opposite direction to that due to M1 then to
minimize the overall effect due to charge injection, the error due to M1 and M2 should be
made equal. Therefore

W, - CGDO 2 -W, - CGDO Cehannd
— g (Vs*Vr)=—— o (Vs+Vr)+— o (5- Vs~ V)

(W, - CGDO) (Vs+V7) = (2 - W, - CGDO) (Vs + V1) + Copannet w2 (5~ Vs = V)
(W, - CGDO) (Vs+ V1) = (2 - W, - CGDO) (Vs + V1) + Wy L,Cqy (5 — V= V7)

CGDO (Vs + VT )

W1:2W2+

L,Cox (5-Vs—Vr )j

W1 = W2(2 * T CGDO (Vs + V1)
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-1
L,Cox (56— Vs=Vr) )

W= Wl(z * 7 CGDO (Vs + V1)

Design L, to be the minimum allowed device length and calculate Ws.

Problem 4.3-1

Figure P4.3-1 illustrates a source-degenerated current source. Using Table 3.1-2 model
parameters cal cul ate the output resistance at the given current bias.

Figure P4.3-1

The small-signal model of this circuit is shown below

gmvgs
r ds
gmbsvbs
+

r Vs

+ O

First calculate dc terminal conditions.
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Ip =10 pA
Vs=IpxR=10x 106 x 100 x 103 = 1 volt
Vs=Vgg

Vout
Nout = m =1 +TIgs+ [(Om + Imbg)dsl” U (Oml a9l

O~ J@KWL)I| = /2% 110x10°6 x2/1 x 10x10°6 = 66.3 x10°6

4 B 04 _ 6
s = O 221z + Vg2 - 003107 507 + 1y = 101710

0gs Olp A = 10x10°6 x 0.04 = 400x10°°

thus
Fout = 100 x 103 + 2.5x106 + [(66.3 100 + 10.17x1076) 2.5x106] 100 x 103 = 21.7x10°
Fout = 21.7x10°

Problem 4.3-2

Calculate the minimum output voltage required to keep device in saturation in Problem
4.3-1.

The minimum voltage across drain and source while remaining in saturation is Vo
/ZID 2 x 10 x10°6 10
Von = \/2x110x106 = 110 =0.302

The minimum drain voltageis

Vp(min) = Vgmin) + Vo = 1 + 0.302 = 1.302

Problem 4.3-3
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Using the cascode circuit shown in Fig. P4.3-3, design the W/L of M1 to achieve the

same output resistance as the circuit in Fig. P4.3-1. Ignore body effect.

10 pA
<_
—— 0o
+
2/1
Voo g M2
o—] <
] Vout
_|_ M1
—’

v

FigureP4.3-3

_1
'DSL ™ gy
L~ 100kQ

Om

1
- = ] — -6 -0
Ot = o0 kg L 2K(WIL)1p = \/2x 110x10°6 x 10x10°6 [(WIL),;

) 4
L)1~ \W2x 110x106 x 10x106) ~ 22

From the previous problem,

Orp = 66.3 X106

I g = 2.5%10°

Note that the terminal conditions of M2 must change in order to support the larger gate

voltage required on M1. Thiswill be addressed in the next problem.

Problem 4.3-4

Calculate the minimum output voltage required to keep device in saturation in Problem

4.3-3. Compare thisresult with that of Problem 4.3-2. Which circuit is a better choicein

most cases?
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First calculate the gate voltage of M1

2l5
_ A _20p _
Vea = "\ K (V\//L) PVIEN o (w2 YO =27

From Problem 4.3-2, Vo = 0.302

Therefore, the minimum output voltage to keep devices in saturation is

Vo (Min) = Vg + Vo = 2.7 + 302 = 3.02

In for the circuit in problem 4.3-2, the minimum output voltage is lower than the circuit
in 4.3-3 and is thus generally a better choice.

Problem 4.3-5

Calculate the output resistance and the minimum output voltage, while maintaining all
devices in saturation, for the circuit shown in Fig. P4.3-5. Assume that |7 is actually

10pA. Simulate this circuit using SPICE LEVEL 3 model (Table 3.4-1) and determine
the actual output current, Ioyt. Use Table 3.1-2 for device model information.

10 A |

M4 :“Ii'l‘_’ V
v =

5/1 5/1

Figure P4.3-5

First calculate node voltages and currents.
Assume a near perfect current mirror so that the current in all devicesis 10 pA.

Calculate node voltages.

/ 2 x 10 x106 20
VG$ V(_;3— + V- T= \/5)(110)(106 + 0.7 = 550 + 0.7 =0.891
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VSBZ = VG3 =0.891

Vpsi = Va3 + Vass — Vo because all devices are matched.

o = O 0~/ @KWIL) 15| = A/2x 110x10°6 x5/1 x 10x10°6 = 104.9 x10°6

o % _ s 04 ) .
Ombs2 “Imbsa = Im2 2(2|¢x| + Vag) V2~ 104.9 x10 2(0.7 + 0.891) 12 = 16.63x10

Vo

ut
Tog  Tdst tlas2* [(Om2 + Imbs2) ds2] Tdst

r =
out io

Ods1 = Jgsp Olp A = 10x10°6 x 0.04 = 400x10°°

1
Fie =g = — = 2.5x106
dsl ~'ds2 gds

Fout = Tdst + M2 + [( G + Omp)T g2l Tt = 2.5%10%+ 2.5x100

Fout = 2.5%106+ 2.5x10° + [(104.9 x10°6 + 16.63x10°6) 2.5x109] 2.5x106

d) IBIAS

Fout = 764x106
Spice Simulation

®
10pA | iout
. v «—
VPLUS () ® M2 ©)
- 5/1
P e |
® m1|@ ’ VvOUT
M3 :“__'l: _<>
5/1 5/1

v

Spice simulation circuit

Probl em 4. 3-5

Mt 4 4 3 0 nch w=5u |=1u
M3 3 3 0 0 nch wsbu | =1u
M 241 0 nch w=5u | =1u
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m. 1 3 0 0 nch w=5u | =1u
ibias 5 4 10u

vplus 5 0 5

vout 2 0 3

. op
.nobdel nch NMOS

+ LEVEL = 3
+ VTO = 0.70
+ UO = 660
+ TOX = 1. 40E- 08
+ NSUB = 3E+16
+ XJ = 2.0e-7
+ LD = 1. 6E-08
+ NFS = 7e+11
+ VMAX = 1. 8e5
+ DELTA = 2. 40
+ ETA = 0.1
+ KAPPA = 0. 15
+ THETA = 0.1
+ CGDO = 2. 20E- 10
+ CGSO = 2. 20E- 10
+ CGBO = 7. 00E- 10
+ M = 0.50
+ CISW = 3. 50E- 10
+ MISW = 0. 38
. nmodel pch PMOS

+ LEVEL = 3
+ VTO = -0.70
+ UO = 210
+ TOX = 1. 40E- 08
+ NSUB = 6. 00el6
+ XJ = 2.0e-7
+ LD = 1.5E-08
+ NFS = 6E+11
+ VMAX = 2.00e5
+ DELTA = 1.25
+ ETA = 0.1
+ KAPPA = 2.5
+ THETA = 0.1
+ CGDO = 2. 20E- 10
+ CGSO = 2. 20E- 10
+ CGBO = 7. 00E- 10
+ M = 0.50

.end

DC Operating Point Analysis, 27 deg C

Fri Aug 30 23:00: 34 2002
. 0157e- 005
. 0000e- 005
. 0000e+000
. 5259e- 001
. 0000e+000
.1511e-001
. 7609e+000
. 0000e+000

\Y
\
\Y

GQRAWNRFRPOL|IL
g
UL 00 WO O K-

< << << < ™7

Problem 4.3-6
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Calculate the output resistance, and the minimum output voltage, while maintaining all
devices in saturation, for the circuit shown in Fig. P4.3-6. Assume that |yt is actually

10pA. Simulate this circuit using SPICE Level 3 model (Table 3.4-1) and determine the
actual output current, |o7 . Use Table 3.1-2 for device model information.

10 pA | 10 pA | iyt
4_
+
M2
M4 :I: :l: 41
V,
11 ouT
M1
ws J——L,
41 4n
- °

Figure P4.3-6

First calculate node voltages and currents.
Assume a near perfect current mirror so that the current in all devicesis 10 microamps.

Calculate node voltages.

/2ID 2 x 10 x106 20

Ves4 VG4_ + V- T= /\/ 1% 110 X]_O6 + 0.7 = 110 +0.7 =1.126
/ 2 x 10 x106 [ 20

VG$ V(_;3— + V- T= \/4)(110)(106 + 0.7 = 440 + 0.7 =0.913

VGS of M2 must be solved taking into account the back-bias voltage and its effect on
threshold voltage. The following equations relate to M2 terminals (subscripts dropped
for smplicity)

Ves=Ve ~Vs= \/2i7D +VTo+V('\/I2<PrI+VSB —\/IZCPrI)

Noting that the bulk terminal is ground we get

Ve~ Vg="\ /%D +VTo+v(\/I2<pf| Vg —4/ I2<pr|)
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Vg - Vs—"\ /%D - Vro+v+/lR#| = v(\/IZCPrHVs )

Vg - \/2%3 — V1o +Y+/l2®| —Vg= V(\HZ(PH'"VS )
A=Vg= v(\/|2<Pr|+Vs)

where

[2ip
A=V - B = V1o + YA/ 2%

(A-V? = 2 (j20¢] + v
A2 - 2AVs+ Vg= V2(|2<Pr|+Vs>

Va-Ve(2a+y) + A2 yeg| ) = 0

Now solving numerically:

2 20
A=Vg -1\ /7[) - Vro+ Y[R = 11261\ |20 — 0.7+04/07 = 05475

vé ~V5[2(0.5475) +0.42] + 0.54752 - 0.4%(0.7) = 0

V- Vg (1.255) + 01877 = 0

Vs= 0.1736

2ip 20
Von ="\ | 5 =N [org =02132

Vout (min) = Von+ Vs= 0.2132 + 0.1736 = 0.3868

Small signal calculation of output resistance:

Ot = Orrp 04/ @KW1 = /2% 110x10°6 x4/1 x 10x10°6 = 93.81 x10°6
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0.4
— -6 - -6
= 9381 X106 5 50 e = 20.07X10

_ Y
Imos2 = 92 22| | + V) V2

Vo

Fout = ~ Mdst T lds2 ¥ [(Om2 + Ombs2)T ds2l Tds1

41 = Oy O1p A = 10x10°® x 0.04 = 400x10°

1
Fgel =g = o = 2.5x106
dsl ' ds2 Jds

Fout = Tdst + Mds2 + [(Om2 + Ombs2)Mds2] st = 2.5x100+ 2.5x10°
Fout = 2.5%106+ 2.5x10° + [(93.81 x10°6 + 20.07x10°6) 2.5x109] 2.5x106

Fout = 717x10°
Spice Simulation

® IBIAS2
dDIBIASl dD
10 pA | 10 pA | iyt

R v v «—
VPLUS () ® V2 @

) M4 :I: :l: 4n

" 9 M1 @ +<> VOUT
M3 -
:14/1 4/l1:

v

Spice simulation cir cuit

Probl em 4. 3-6

Mt 3 3 0 0 nch w=1u | =1u
M3 4 40 0 nch w=4u | =1u
M 2 310 nch w=4u | =1u
m 1 4 0 0 nch w=4u | =1u
ibiasl 5 3 10u

ibias2 5 4 10u

vplus 5 0 5

vout 2 0 3

26
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.model nch NMOS

+ LEVEL = 3

+ VTO = 0.70

+ UO = 660

+ TOX = 1. 40E- 08

+ NSUB = 3E+16

+ XJ = 2.0e-7

+ LD = 1. 6E-08

+ NFS = 7e+11

+ VMAX = 1.8e5

+ DELTA = 2.40

+ ETA = 0.1

+ KAPPA = 0. 15

+ THETA = 0.1

+ CGDO = 2. 20E-10

+ CGSO = 2. 20E-10

+ CGBO = 7.00E- 10

+ M = 0.50

+ CISW = 3. 50E-10

+ MISW = 0. 38

. nmodel pch PMOS

+ LEVEL = 3

+ VTO = -0.70

+ UO = 210

+ TOX = 1. 40E- 08

+ NSUB = 6. 00el6

+ XJ = 2.0e-7

+ LD = 1.5E-08

+ NFS = 6E+11

+ VMAX = 2.00e5

+ DELTA = 1.25

+ ETA = 0.1

+ KAPPA = 2.5

+ THETA = 0.1

+ CGDO = 2. 20E-10

+ CGSO = 2. 20E-10

+ CGBO = 7. 00E- 10

+ M = 0.50

. end

Probl em 4. 3-6
DC Operating Point Analysis, 27 deg C
Mon Sep 02 16:24:37 2002
>>> fi(vout) = -8.1815e-006

i (vplus) = -2.0000e-005
v(0) = 0. 0000e+000
v(1) = 3.2664e-001
v(2) = 3.0000e+000
v(3) = 1.1450e+000
v(4) = 8.4156e-001
v(5) = 5.0000e+000

Problem 4.3-7

Design M3 and M4 of Fig. P4.3-7 so that the output characteristics are identical to the
circuit shownin Fig. P4.3-6. It isdesired that |51 isideally 10pA.
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5pA |

1

28

i ouT
<—
—0

+

4/1

ouT

Figure

P4.3-7

By comparison with the circuit in P4.3-6, the output transistors are identical but the bias
currents are halved. In order to achieve the same gate voltages on M1 and M2, the W/L
of M3 and M4 must be half of those in Fig P4.3-6. Thisisillustrated in the following

equations.

%5
Ves= K'(WIL) + V7

2(5
Vs (SHA) = A /W(Vﬁt + V1= Vgs (10pA) =

2(5pA) _ 2(10pA)
K' (W L)5u A K'(WIL) 10uA
SUA 10pA

(WL)spn = (WL)10n

(WL)joua  10pA _ )
(WiD)gys ~ BuA ~

(WL)1gun = 2(WIL)5,
Thusfor Fig. 4.3-7
(WL), =1/2

(WL); =21

Problem 4.3-8

2(10pA)

K' (W/L)louA tVr
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For the circuit shown in Fig. P4.3-8, determine |7 by simulating it using SPICE Level

3 model (Table 3.4-1). Use Table 3.1-2 for device model information. Compare the
results with the SPICE results from Problem 4.3-6.

10 pA | lOpAl iUt
v v <
©°
M2
I — I
M4:j| Tt |[: 4/1 )
" m ouT
M3 M1
41 41
- ’
Figure P4.3-8
o o ©"
* IBIASL *
10 pA 10 pA i
+ ! @ L
VPLUS (::) ® Vo @
- M5
I — I
M4:j| Tt I[: 41
11 +
® M1 @ () VOUT
MS:jF__ |[: -
41 41

Spice simulation cir cuit

Probl em 4. 3-8

Mo 4 36 0 nch w=4u |=1u
Mt 3 3 00 nch w=1u | =1u
M3 6 4 00 nch w=4u | =1u
M 2 310 nch w=4u | =1u
m 14 0 0 nch w=4u | =1u
ibiasl 5 3 10u

ibias2 5 4 10u

vplus 5 0 5

vout 2 0 3



CMOS Analog Circuit Design (2™ Ed.) Homework Solutions: 9/21/2002 30

. op
. model nch NMOS

+ LEVEL = 3
+ VTO = 0.70
+ UO = 660
+ TOX = 1. 40E-08
+ NSUB = 3E+16
+ XJ = 2.0e-7
+ LD = 1. 6E-08
+ NFS = 7e+11
+ VMAX = 1. 8eb
+ DELTA = 2.40
+ ETA = 0.1
+ KAPPA = 0. 15
+ THETA = 0.1
+ CGDO = 2.20E-10
+ CGSO = 2.20E-10
+ CE&BO = 7.00E-10
+ M = 0.50
+ CISW = 3.50E-10
+ MISW = 0. 38
. model pch PMOS

+ LEVEL = 3
+ VTO = -0.70
+ UO = 210
+ TOX = 1. 40E- 08
+ NSUB = 6. 00el6
+ XJ = 2.0e-7
+ LD = 1.5E-08
+ NFS = 6E+11
+ VMAX = 2.00e5
+ DELTA = 1.25
+ ETA = 0.1
+ KAPPA = 2.5
+ THETA = 0.1
+ CGDO = 2. 20E-10
+ CGSO = 2.20E-10
+ CGEBO = 7.00E-10
+ M = 0.50

Probl em 4. 3-8
DC Operating Point Analysis, 27 deg C

Mon Sep 02 18:01:39 2002
. 0233e- 005
. 0000e- 005
. 0000e+000
. 0942e- 001
. 0000e+000
. 1450e+000
. 6342e- 001
. 0000e+000
. 4681e- 001

W mnnn
NUOIOOFRWWON P

NN~ O

Notice that the output current is more accurate than that simulated in problem 4.3-6. This
is because M3 and M1 have more closely matched terminal conditions.

Problem 4.4-1
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Consider the ssimple current mirror illustrated in Fig. P4.20. Over process, the absolute

variations of physical parameters are as follows:

Width variation +/- 5%
Length variation +/- 5%
K’ variation +/- 5%
VT variation +/- 5mV

Assuming that the drain voltages are identical, what is the minimum and maximum

output current measured over the process variations given above.

20 pA | | io
v v
31 31
+ | M1 M2 | 4
| |
Vbsi :II + 'l: Vo2
Ves
FigureP4.4-1

: W 2
ip= K1 (Ves—Vr)

and

25
Ves= \/kwip) VT

Thus, combining these expressions for the circuit in Fig. P4.4-1,

. , 2
o= Kz(%]JZ (Vo2 — V12)

2
(W [2x20x10°6

Minimum and Maximum occurs under the following conditions

K'y K WL | (WL, | v

io(min) Max Min Max Min Min

Max
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i o(max) Min Max Min Max Max Min
Substituting in the expression for drain current yields:

K'y K' (WL); | (WL), | Vg V12
27.82 u 1155 104.5 u 3.316 2.714 0.695 0.705
56.93 1 1045 1155 2.714 3.316 0.705 0.695
Problem 4.4-2

Consider the circuit in Fig. P4.21 where a single MOS diode (M2) drives two current
mirrors (M1 and M3). A signal (vg g) Is present at the drain of M3 (due to other circuitry

not shown). What is the effect of vgjg on the signal at the drain of M1, vyt ? Derive

the transfer function vgig(s)/ vout(s)-

You must take into account the gate-drain

capacitance of M3 but you can ignore the gate-drain capacitance of M1. Given that
Igias=10pA, WI/L of al transistors is 2um/1um, and using the data from Table 3.1-2 and
Table 3.2-1, calculate voyr for vgig =100mV at IMHz.

ans (V)
4—-“ M2 :Il_

ouT M1

s (1)

s (1)

_|l__> M3

<~

Figure P4.4-2

The small-signal model for Fig. 4.4-2is

IK\\+
—/

sig
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ngS

—t
. Ve Vout
ml-g
9713Vos3 Y90 r
Vag \ g 3 Cos1*Cgs2 L

ngS
| [
[\

+ 9m1Vg1
O z Co4n
Vg

gl

VouT

z
Vo1~ Vs g{ Z+ 1/scgd3j

Z Vg
— _ 89
VouT = “Om1 M1 Vg1 = Om1 "1 ( Z + UsC, dJ
Vour _ . S Cgas
Veig 9m1 "1 S (CyaztCgs1tCye) + I
Vout(W)| oot W Cygz
Vg (@) | ~ Fm1 2, 2
9 \/[w (CguztCgs1tCqe2)l ™ + Gy

The transfer function has the following poles and zeros.

- (e
Up = Cgaz* Cyst + Cyeo

91
ng3

&y

1 1
17 iy T 0.04x 10 x 106

=25x 106

Oy =~ [2K' (WIL)ip = \/2 x 110 x 106 x 2x 10 x 106 = 66.33 x 1076
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2
Cgsi= “3Cox*WxL+CGSOxW=329F+044F=373F

ng3 =CGSO x W= 0.44 fF

Substituting numerical values yields:

VouT(®)

OUT 2| — 66.33 x 106 x 2.5 x 106 x

Vsig ((JL))

5 ( 6.28 x 106 x 0.44 x 1015 }
\/ [6.28 x 106 (0.44 x 10°15+ 3,73 x 1015+ 3.73 x 1015)]2 + (66.33 x 1076)2

VouT(®)

T | = 6.91x 1073 at 0= 6.28 Mrps

Vsig ((*))

For vsg = 100 mV

VouT = Veg ¥ 6:91 % 103 =100 x 1073 x 6,91 x 103 = 691 pv

Problem 4.5-1
Show that the sensitivity of the reference circuit shown in Fig. 4.5-2(b) is unity.

Pe 2 _A 2
2 [VDD_VREF_|VTP|} =2 [ VREF_VTN}

:BP 1/2
(K] (VDD = Vrer 7| Ve I) = ( VRer ‘VTN)
12

(7) (VDD - V1P I) VTN

N
1/2
1+ (%Zj
When;

Bp =bBn V1P| =VIN

VREF =

then
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_Vop
VREF = 7>

OVrer

=77
aVDD o

Use asmall-signal model to simplify analysis.

VbD

% 9mn

VREF
3
Figure P4.5-1
OVRer _ VReF
Vpp  VbD
OVeer U9y P

Npp Yo+ U9mp ~ G *+ Orp

OVrer _ NEZ o 1
NVop (26 1p*+1[26y I "o+l

VREF
S _(Mj[mj_(ﬂ)_l
oVpp ) \Vrer) \1/2

Problem 4.5-2

35
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Fig P4.5-2 illustrates a reference circuit that provides an interesting reference voltage
output. Derive a symbolic expression fo Vrer .

X0

M3 :II__ll: "

4/1

5volts

4/1

M1 :I'——'l:MZ Veer

v

Fig. P4.5-2

Vest * Ves3 ~ Vosa = VRer

Vrer = Voni * V11 Vons + V13~ Vong ~ Vs
V14= V13

Vont = Vonz

Vona = 2Vons

Vrer = 2Vont * V11 F V13~ 2Vone ~ V13 = V1
Vrer = V11

Problem 4.5-3

Figure P4.5-3 illustrates a current reference. The W/L of M1 and M2 is 100/1. The
resistor is made from n-well and its nominal value is 400kQ at 25 °C. Using Table 3.1-2
and an n-well resistor with a sheet resistivity of 1kQ/sq. £ 40% and temperature
coefficient of 8000 ppm/°C, calculate the total variation of output current seen over
process, temperature of 0 to 70 °C, and supply voltage variation of £ 10%. Assume that
the temperature coefficient of the threshold voltage is—2.3 mV/°C.
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5volts

R % | IOUt
v

M1 :||——| M2
Fig. P4.5-3
2lRer
IReF = R

1. [2rer VoD~ V7

R B R ReF

2l
ZEF = (V -Iger B

1
REF R2 ZIREF (VR +,8) V2 =0

2 A _2
lrer ~ 2ReEF (R * R2™
vy 1.1
IREF = R tae R
_ Vop - 1 2(VDD Vo, 1
|ReF = R 2 * R T ER

Ry (25°C) = 500kQ x (1 - 0.4) = 300kQ
Ry (25°C) = 500kQ x (1 + 0.4) = 700kQ

R(T) = R(Tg) X (1 + TCXAT)

37
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Ryin(0°C) = Rin(25 C) x (1 +8000x10°6 x -25) = 300 x 0.8 = 240kQ
Riex(70 °C) = Ry (25 C) X (1 + 8000x10°6 x 45) = 700 x 1.36 = 952kQ
Vy(min) (25°C) = 0.7 - 0.15 = 0.55

V(max) (25°C) = 0.7 +0.15 = 0.85

V(miny (70°C) = 0.55 — 45 x 0.0023 = 0.4465

V(max) (0°C) = 0.85 + 25 x 0.0023 = 0.9075

K’ (maxy (25°C) = 110 x 10° x 1.1 = 121 x 10°°

K’ (min) (25°C) = 110 x 10° x 0.9.= 99 x 10°°
' o l -15
K'(T) =K' (Tp) x Ty

6 (343 15 6
K'(min) (70°C) =99 x 10 ~ x (2_98) =80.17 x 10

, 6 (273)1° 6
K’ (max) (0°cc) =121 x 10 ™ x 208 =138x10

Minimum and Maximum occurs under the following conditions

K' Vr Vpp |R
|gep(min) | Max Max Min | Max
Irep(max) | Min Min Max | Min
K' Vp Vpp | R
lrermin) | 017 x 1078 | 09075 |45 | 952K
lrer(ma) | 138 x 1076 | 04465 |55 | 240K

38
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Plugging in these minimums and maximums yields the following over process and
temperature:

| rer(min) = 3.81 x 1070

IREF(max) =213 x 10-6

Problem 4.5-4

Figure 4.5-4 illustrates a current reference circuit. Assume that M3 and M4 are identical
in size. The sizes of M1 and M2 are different. Derive a symbolic expression for the
output current oy .

M4 :II——|I: M3

M2

w | |

¥[ L

[, e

Fig. P45-4
Assume that M3 and M4 make a perfect current mirror, as does M2 and M5.

VG&_VGS].-I_IR: 0

V1 +Vont ~ V12 = Vone = IR

2iD 2ID
IR= Voni ~ Vone = K(WL); ~ \/K(WL),
P ([ [
IR = K’ (WL); —\/ (WL),
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_ 1. /%b 1 1
=R\« win), ~\/ WL),

Problem 4.5-5

Find the small-signal output resistance of Fig. 4.5-3(b) and Fig. 4.5-4(b).

VbD VbD
L % R || % R
v v
+ R]_ + Rl
VREF VREF
Ro Ry
Figure 4.5-3(b) Figure 4.5-4(b)

<_

V.
ImVn o
R2

40
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Part a:
A L
IR + Ry

. Vi (th Vi
iy = IR, T Ry R ) OVt e

. 1 +(1)+ Im ("7l Ry) .
| :V T ——— — T — —
t— r,T|| R +R, R r”||R1 + R, o

ﬁ_{ Rr, (r IR+ Ry)
it_

i 1
't 9m
Part b
V, Vi Vi

Rro+ 1y (r IR+ Ry) +Rry 9y (r IRy + R(r | Ry + RZ)}
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if R2 >> R1 then

Problem 4.5-6

Using the reference circuit illustrated in Fig. 4.5-3(b), design a voltage reference having
Vrer=2.5 when Vpp=5.0. Assume that Is =1 fA and B=100. Evaluate the sensitivity of
VRer with respect to Vpp.

REF

A4

Figure4.5-3 (b)

IR=25
Choose R=250kQ, | = 10pA

|:|1+ IE
chooselg = 1A, andlq = QA

With 3=100, base current isinsignificant and will be ignored.



CMOS Analog Circuit Design (2™ Ed.) Homework Solutions: 9/21/2002 43

2.5 2.5

I1‘R1+ R2_9“A Ri+ Ry
Ry + Ry = 277.8kQ
Vrer =11 Ro+ Vi

_ Mj
25=9 A Ry +0.0259 x |n(1fA

Ry = 218.1kQ

Ry = 59.64 kQ

Vo = Vrer Ru
EB~ R+ R,

. RtRy (RFRy Vbp ~ VRer
Vrer=Ves" R, T R, M7 Rig

VREF

g - (aVREFj [VDDJ _ (VDD) v Rls ( 1 j (Rf’ sz

VDD

Vbp 1 Rit Ry
S = (V j Vi ( R
REF) ' \Vbp ~ VRer 1

VDD

VREF
5 1\(277.8
S = (2_5j 0.0259 (2.5) (59.64) = 0.0965

VbD

Problem 4.6-1

An improved bandgap reference generator isillustrated in Fig. P4.6-1. Assume that the
devices M1 through M5 are identical in W/L. Further assume that the area ratio for the
bipolar transistorsis 10:1. Design the components to achieve an output reference voltage
of 1.262 V. Assume that the amplifier is ideal. What advantage, if any, is there in
stacking the bipolar transistors?
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DD

M1 M2 M3 M4

opamp polarity

corrected

+

QZa Qla

Tt
T

_I:Q3

M5

R,
VREF

Figure P4.6-1

VREF | 1ro = Voo * Vip (¥~ @) = 1.262 @ 300K

KVio=Veo = Veeo t Vio (¥~ a)

R Voo~ Veeo * Vio (V= 9)
K=|5(In(10) =
(le 1o Vio
KT (1
Ve = q In(gj
AVge
TR A

0.0259 In(10
1= %HA—E =59.64 kQ
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_ 1.205- 0.53 + 0.0259(2.2) _ (R
K= 00059 =28.26 kQ = [RJ In (10)

R, = 732kQ

Stacking bipolar transistors reduces sensitivity to amplifier offset.
Problem 4.6-2

In an attempt to reduce the noise output of the reference circuit shown in Fig. P4.6-1, a
capacitor is placed on the gate of M5. Where should the other side of the capacitor be
connected and why?

The other end of the capacitor should be connected to Vpp. At high frequencies, the
capacitor is a small-signal short circuit. Therefore, high-frequency noise on Vpp aso
appears at the gate of M5 and thus is not amplified by M5. If on the other hand, the
capacitor was connected to ground, noise on Vpp would appear as vgs of M5 and thus be
amplified to the output.

Problem 4.6-3
In qualitative terms, explain the effect of low Betafor the bipolar transistorsin
Fig. P4.6-1?

In our analysis, we assume that

_1 A(Vee/ V)
lg=1ge\"BE "t

but in redity, thisisthe expression for Ic .
If B islarge, then the approximation is warranted, but if not, the performance will deviate

from theideal.

Problem 4.6-4
Consider the circuit shown in Fig. P4.6-4. It is a variation of the circuit shown in Fig.
P4.6-1. What is the purpose of the circuit made up of M6-M9 and Q4?

This circuit performs base-current compensation so that none of the base currents in Qup
and Qg flow into Q14 and Q.4 respectively.

Problem 4.6-5

Extend Example 4.6-1 to the design of a temperature-independent current based upon the
circuit shown in Fig. 4.6-4. The temperature coefficient of the resistor, Ry, is +1500

ppm/°C.
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opamp polarity

46

% Ry % Ry corrected
I M1
L | [
v T—
N
Q, _ Q
it o
~ M~
Figure P4.6-5
Ael}
— |=10
G

Vg =07 ,R, =Ry , V;=26mV , TC, = 1500 ppm/°C

Vgo=1205,y=32 , a=1,Ty=27°C

Sincethe amp forcesV ¥ =V 7, thenl, =1,

v,
REF
IRer =14+ 2115 R "+ 213

ORer  a (VRer N
aT " oT R, )T aT N
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OVrer a

V Ry~ VRer 37

0 l REF] __oT oT
oTl Ry |~ 2
4 R,
oR,

o1 = ot (Ra

OVRer Vio) Veeo = Veo (- Wy
To To

+ R, TC,AT) =R, TCy

+
oT Ty

Orer 1 | (Vo) Veeo~Veo (@~ WVio| Vrer 2K\ In(10
+ + - TC,+ J

T Ry To To Ty Ry Ry

R R
== In[ﬂj =—=-In(10)
1 (A 1
R,
choose R - 10 then K = 23.03
1

| _AVee kT[In(10) A
1R Tq| R H

thus

R, =29.93kQ , and R, = 299.3kQ

assume that VREr = 1.262 and solvefor Ry

Rl B
Ry=35 V,In(10) L (Voo Veeo) + (V=)Vyg =K Vig+ Ve TCy TOJ

R, =250x 103 x 0.153=3825Q
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VRer 1.262
'REF=T4+ 21;= 4x 106+ 5552 =3339x 106

48
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CHAPTER 5§ - HOMEWORK SOLUTIONS
Problem 5.1-01

Assume that M2 in Fig. 5.1-2 is replaced by a 10k€2 resistor. Use the graphical technique
illustrated in this figure to obtain a voltage transfer function of M1 with a 10kQ load
resistor. What is the maximum and minimum output voltages if the input is taken from
0V to 5V?

Solution

A computer generated plot of this problem is shown below.

5 T T T T T T T T T T T T T T T ' T T T
: +5V
41 10k 7
A Vout
L f Ve M
S L Tum
ER L
S [ -
2 =
L .
: R:
0 [ L L L L L L L L L L L L L L L L L L L
0 1 2 3 4 5
Vin(V) Fig. $5.1-01

The maximum output is obviously equal to SV. The minimum output requires the
following calculation assuming that M1 is in the active region.

“ 5 5- Vout
110x10 '2[(5'0‘7)V0ut_ O‘SVOW 1= 10k€Q2
> S‘Vout 2

4.3 Vout = Vour = 2.22 - Vout — 9.5 Vour T 4.504=0

This gives,
Vyy (min) = 4.25+4.2945 = 0.5V
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Problem 5.1-02

Using the large-signal model parameters of Table 3.1-2, use
Egs. (1) and (5) to calculate the values of v, ,{max) and

voy7{min). Compare with the results shown on Fig. 5.1-2 on
the voltage transfer function curve.

Solution

From Eq. (5.1-1), V,,,,(max) can be calculated as

out

(max) =V,,, —|V,| =43V

From Eq. (5.1-5), V,,,,(min) can be calculated as

Veur(min) =Vpp —=Vp — (VDD—_VT)
B
Bl
Dut(mln) 5-0.7- (5 _07) =0.183V
I+ (50)(1)
(110)(5)

Problem 5.1-03

What value of 3,/f, will give a voltage swing of 70% of V,,
if Vis 20% of V5?7 What is the small-signal voltage gain

corresponding to this value of 3,/f3,?

Solution
Given V7 =0.2Vpp and (V,,, (max)—V,,, (min))=0.7Vpp
From Eq. (5.1-1) and (5.1-5)

Vpp =Vr)

Vour (max) =V, (min) =

1+[3—2
\ B

(Vpp —0.2Vpp)

8 2
or, O'7VDD = (1+ﬁ% )2(7]
1
1+ ﬁ—z
\ B
The small-signal voltage gain can be given by A =-

o—

Page 5-2

JWZ Ium

Lp, Ium
M2 lD

Ml
VOUT

W1 _2um
Li lum
" = Fig. $5.1-02

" = Fig. $5.1-03

By

@:—E:-mwv
g \ B,

m2
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Problem 5.1-04

What value of V, ~will give a current in the active load 5V
inverter of 100uA if W /L; = Sum/lum and W,/L, = Ws _2um
2um/1pym? For this value of V', , what is the small-signal ~lum
voltage gain and output resistance?
Solution
vour

Assuming M is operated in saturation °+_| Sum

(w((v, -v,)’ VIN | L; T lum

Iy =Ky | —— —  Fig. $5.1-04

2
or, 100u=(110 u)(s){@} -V, =1.303V

K L
The small-signal gain can be givenby A = B ( N) (E) (—) =-2.345 V/V
82 \ (KP) LJ\W ),
1
The output resistance can be given by R, =— =71.07kQ
gm2

Problem 5.1-05
Repeat Ex. 5.1-1 if the drain current in M1 and M2 is S0pA.

Solution
From Egs. (5.1-1) and (5.1-5) we get
voyr(max) = 4.3V
5-0.7
1+ (50-1/1102)

voyz(min) = 5 — 0.7 0418

<

From Eq. (5.1-7) we get,
Vout 8m1 148.3
Vin = Sas1+8asa+8ma — 2.0 + 2.5+ 70.71 ==LIT2ZVINV
From Eq. (5.1-8) we get,
Rour = ; = 1! = 13.296 kQ
out = g 1+840+t8&my ~ 2.0+ 2.5+ 70.71 T 22222882
The zero is at,

2= Coqy = 05fF =2.966x10"" rads/sec — 47.2 GHz

in

he pole is at,
- = . = : F
Pl =-034 = R, (Cbd1+Crip+Con+Cr) ~ (13.296kQ)(1.0225pF)

=73.555x10° rads/sec. — 11.71 MHz
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Problem 5.1-06

Assume that W/L ratios of Fig. P5.1-6 are W /L =
2um/Ium and W /L, = W4/Ly = W,/L, = "
lum/1pm. Find the dc value of V, that will give a

dc current in M1 of 110pA. Calculate the small :I |__|r__
signal voltage gain and output resistance of Fig. M2 M M4
P5.1-6 using the parameters of Table 3.1-2. 1 +

Solution o—|, vour ( * ) 100pA

Assuming all transistors are in saturation and ideal L=
current mirroring Figure P5.1-6

. :K&(%)]((wn - VTYJ

2
o, HOHZ(”O#)(Z)(M} - V,=1IV

2

The small-signal voltage gain can be given by

S __ J&(Kj(i) [’—) = -6.95 VIV
gm2 KP L 1 W 2 ID2

where, I, =1,, =100 uA, and I,,, =10 LA.

A

I

14

The output resistance can be given by

R :L: 31.6 kQ

out —

gm2
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Problem 5.1-07

Find the small-signal voltage gain and the -3dB frequency in Hertz for the active-load
inverter, the current source inverter and the push-pull inverter if W; = 2um, L = 1um,
W, = 1um, L, = Iuym and the dc current is 50pA. Assume that ngl = 4fF, C, ;, = 10fF,
ngz = 4fF, Cy,4, = 10fF and C; = 1pF.

1 1
i : VbD
M2 i v +] | M2 i M2
I GG2—]
ol vour | T Pllvour + vin] )| vour
1 — 1
1 1
VIN l VIN i
M1 ! M1 ! M1
1 1
Active i Current ' PushJT—
PMOS Load ! Source Load i pull
Inverter | Inverter H Inverter

Figure 5.1-1 Various types of inverting CMOS amplifiers.
Solution
1. Active load inverter
The output resistance can be given by

R, =1 - : ! = 14.14kQ
8 20300 )

The total output capacitance can be given by

Cout = CL + Cg‘yz + de2 + ngl + del = 1029 F
The -3 dB frequency can be given by
1
S =7—7—=—=109MHz

2nR C

out out

2. Current-source inverter
The output resistance can be given by

R, = ! = ! =22222kQ
8us T 8us2 ID(;{N + A’P)

The total output capacitance can be given by
Coi =C,+Cpyy +Cpyy +C, +C,,;= 1.028 pF

out

The -3 dB frequency can be given by

1
= =0.697MH
Fain == 0OV MILZ

out out
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Problem 5.1-07 - Continued
3. Push-pull inverter
The output resistance can be given by
1 1
R, = = =222.22 kQ
8ot 8a Ip(Ay+4)

The total output capacitance can be given by

Cou =C,+Cpyy +Cpyy +C, +C,, ;= 1.028 pF
The -3 dB frequency can be given by

1

f_3dB = mz 0.697 MHz
Problem 5.1-08
What is the small-signal voltage gain of a current-sink 5V
inverter with Wy =2um, L{ = 1um, Wo =L, =1 um at I, W5 _2um
=0.1, 5 and 100 4A? Assume that the parameters of the ";|__| L Ium
devices are given by Table 3.1-2. 25V = wp lID

= o
1. Ip=0.1u4 = Ml +
| vour
"onV, (25)26m) VIN | Ly~ lpm
gml gml )
A =— =— =-1709 V/V
(gdx1+gds2) ID()‘N"')‘P)

2. IDZS‘LLA

(WY,
g = \/ZKP(IJ I, =31.62=31.62 pS
1

gml gml
A =- =— =-7027 V/V
(gdx1+gds2) ID()‘N +)‘P)
3. Ip =100 uA
(W
8 = '\/ZKP(TJIIDI =141.42 us
A = bm — — 3 VY7,

' (gdsl+gds2) ) ID()‘N"')‘P)
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Problem 5.1-09

A CMOS amplifier is shown. Assume M1 and M2 operate in
the saturation region. a.) What value of Vg gives 100pA
through M1 and M2? b.) What is the DC value of viN? c.)
What is the small signal voltage gain, voui/Vin, for this
amplifier? d.) What is the -3dB frequency in Hz of this
amplifier if Cgq = Cgq = 5fF, Cps = Cpq = 30fF, and Cr, =
S00fF?

Solution

a) Ve =Vr2 +Visar

F21

V.=V 4+ |—~22—=205V
GG T2 \“‘ KN(W/L)2 el Vo
Fo21
b) V. =V -V . — |—2—=3406V
) in DD T1 \“‘ KP (W/L)l
Q) A =-o=__ Sm____ jag5V/V
Vin (gdsl +gd52)
(gdsl +gd.r2)

d) flap= =2.51 MHz.

27 (C o+ Coay + Coy + Coan +C, )

Page 5-7
VbD
M1
vin 00— Sum/1pm
—O Vour

M2
oI e/ tm

Ve =

léigure I;S. 1-9
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Problem 5.1-10

A current-source load amplifier is shown. (a.) If Cppy 4Vbp
=Cgpp = 100F, Cipy =Cgpp = S0IF, Cioy = Cosp =
100fF, and C; = 1pF, find the -3dB frequency in Hertz. M3:I| |r__M2

(b.) If Boltzmann’s constant is 1.38x10723 Joules/°K, find c
the equivalent input thermal noise voltage of this amplifier C; 100pA i I L

at room temperature (ignore bulk effects, n=0).

Vout

All W/L's
equal 10

Solutions Vin

(a.) The -3dB frequency is equivalent to the magnitude of

the output pole which is given as -
Fig. P5.1-10

1 1 1 1
®3gp =R _C — WhereR,, = ¢ Lo =T00RA(0.04+0.05) = 95106 = 111k

out ~out

Cour = Coar*Cpai+CogntCpgp+Cp = 0.05 + 0.05 + 0.1+ 0.1 +1 pF = 1.3pF

1
S W3g3 =0.111MQ-1.3pF = 6.923x100 rads/sec. — f3qg = 1.102 MHz

(b.) The noise voltage at the output can be written as

) ) 8mi1 ) 8m2
€ = €1 + + € +
8ds178ds2 8ds178ds2

Reflecting this noise voltage back to the input gives the equivalent input noise as,

8kT
Em2 n2 Em2 3gm2 Em2
2_ 2 _ 2 —ome 2 g 4 2me
“ni = nl [1 {gmlﬂ 1ﬂ_ m |1 (8 1} SKT |7 Cn (1+gm1
3gml
where
20K w1 20K W2
8m1 = =469uS, g, = =316uS,
8kT  8-1.38x10°23-300 7o
and =2.354x10"" V</Hz

=32, 3-469x10°°

=2.354x10717-1.6738 = 3.94x107"VZ/Hz — e . = 6.277nVAHz
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Problem 5.1-11

Six inverters are shown. Assume that Ky'= 2Kp' and that Ay = Ap, and that the dc bias
current through each inverter is equal. Qualitatively select, without using extensive
calculations, which inverter(s) has/have (a.) the largest ac small signal voltage gain, (b.)
the lowest ac small signal voltage gain, (c.) the highest ac output resistance, and (d.) the
lowest ac output resistance. Assume all devices are in saturation.

Vbbp
M2
VIN VIN VIN
l: o—[“ M2 —M2 l'_'Mz o—|r__M2
vour vour vour V — vour YouT
| 5 M2 our _J__VBP_O L 5
VIN VIN Ml = l:Ml
o—|l:M1 o—[ M1 w1+
Ml -T
Circuit 1 Circuit2  Circuit 3 J_— Circuit 4 Circuit 5 Circuit 6
Figure P5.1-11
Solution
Circuit 1 Circuit 2 Circuit 3 Circuit 4 Circuit 5 Circuit 6
8 |82 gp 8mp EmN=N2 gp 8mp EmN=N2 gp 8mp
1 1 1 1 1 1
BOMZ‘ "8 mNt8mbN "8 mPt&mbp EmpP EmN 8dsNt8dsp 8dsNt8dsp
~ 0.707 0.707 = =
“8mptEmbp T 8mp 1 1
8asP(1+V2) | ggep(1432)
|Gainl | __8mpP Emp \/5 1 V28up | __8mp__
EmP*8mbP | 8mP+EmbP 2 [8asp(14V2) | 8asp(142)

(a.) Circuit 5 has the highest gain.

(b.) Circuit 4 has the lowest gain (assuming normal values of g,,,/g,,.»)-

(c.) Circuits 5 and 6 have the highest output resistance.
(d.) Circuit 1 has the lowest output resistance.
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Problem 5.1-12

Derive the expression given in Eq. (5.1-29) for the CMOS

push-pull inverter of Fig. 5.1-8. If Coyy = Cogp = 5F, Cppyy

= Cpp = 50fF, C; = 10 pF, and I}, = 200 pA, find the

small-signal voltage gain and the —3 dB frequency if W,/L,
= W,/L, = 5 of the CMOS push-pull inverter of Fig. 5.1-8.  +

‘E

Solution VIN

\

[ (w (W |
Emer =8m 182 = \/2]D L\/KN(TJ + KP(TJ J
1 2
Thus, the small-signal gain becomes
L (w
()
2 L) |
L
The total capacitance at the output node is
__8Bow  _
f—3dB =——2— =1283.36 kHz.

The effective transconductance can be given by
The output conductance can be given by
Gour = Qa1 + &as2)=1p (A + 1)
A, =— Emeff
Eout
(W
“[1)
A =— L
L ()
For Ip =200 44
A, =-43.63=-43.63 VIV
Crot =(Con + Coar + Cpat + Cpyp + C,) = 1011 pF.
Thus, the -3 dB frequency is
27Z.Ctotal

71

Page 5-10

J W7 _2um

1%2_1um
D

VOUT
Wi _ Ipym

L;  lum

Fig.P5.1-12

Eq. (5.1-29)
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Problem 5.1-13

For the active-resistor load inverter, the current-source load inverter, and the push-pull
inverter compare the active channel area assuming the length is 1um if the gain is to be

—1000 at a current of I, = 0.1 uA and the PMOS transistor has a W/L of 1.

1 1
i : VbD
M2 i v +] | M2 i M2
I GG2—]
ol vour | T Pllvour + vin] )| vour
1 — 1
1 1
VIN i VIN i
M1 ! M1 ! M1
1 1
Active i Current ' PushJT—
PMOS Load ! Source Load i pull
Inverter | Inverter H Inverter

Figure 5.1-1 Various types of inverting CMOS amplifiers.

Soluton
Given, Ip =10 u4,and 4, =-100 V/V
a) Active-resistor load inverter

Ky /L 14
Av E_gil N 100 = M N L—l = 4546
Em2 KP(D !

Active area = 4546-1 + 5-1 = 4551 gmz

b) Current-source load inverter
2Ky 7 /L W,
(gas1 +&ds2) Ip(y +24, ) !
Active area = 3.64-1 + 5-1 = 8,64 um?

¢) Push-pull inverter
(€m1 + &m2) N 1OO:\/ZK]’\;(W/L)l+2K1’3(1/1) W,

AV

=_ — 7. =155
(gdsl+gdS2) ]D(A,l-l-lz)z Ly

Active area = 1.55-1 + 5-1 = 4,55 ym?
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Problem 5.1-14

For the CMOS push-pull inverter shown, find the small signal Vbp
voltage gain, Ay, the output resistance, Ry, and the -3dB
frequency, f.3qp if Ip = 200pA, W1/Lj = Wo/Lp = 5, Cgqy = I M2
Cgd2 = 5fF, Cpq1 = Cpgz = 30fF, and Cr = 10pF. VIV o—l VOUT
Solution
The small-signal model for this problem is shown below. —i[, Ml
lout Vss

O— =i Fig. P5.1-14

Vin gml"ln@ Fds1 % gm2"ln® "dSZ% C ::.:. Vout
out :
5 ;
Fig. S5.1- 14

Summing the currents at the output (ignoring the capacitors) gives,
8m1Vin + 8ds1Vour + 8m2Vin + 8ds2Vour =0

Solving for the voltage gain gives,

\/ I \/ = \/ \/ "
Your _ 8m1* 8m2 27, IpKn+ \| 27, 1pKp \/7 T, Kv+ \| T,KP

Vin ~ 8dsit8ds2 Ip(An+Ap) A Ap

You _, _ \/ 2 \5:110x10°6 +V5-50x10°6
A, =-

Vi 200x107 0.05 + 0.04 =-(100)(0.436) = - 43.63V/V

m
A, =-43.63V/V

The output resistance is found by setting v;, = 0 and solving for v, /i ;.

R,,; 1s simply expressed as,

Rou = gdsflr 842~ ID(/1N1+ Ap) ~ 200x10°0 (10.05+o.o4) =33.55kQ
R,,; = 55.55kQ
From Eq. (5.1-26) we can solve for the —3dB frequency as
8ds1 + 8ds2 1

. = = =
3BT Copt + Cop + Cogt + Coap + €L~ Ry Coat + Cogn + Cpgr + Cpgn + Cp)

1 1
= =~ — 6
= 55.55x1073( 5fF + 5fF + 30fF + 30fF + 10pF ) ~ 55.55x103-10x10712 ~ 1.8x10° rad/s

Wgp = 1.8x100 rad/s — fayp = 286.5 kHz
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Problem 5.2-01

Use the parameters of Table 3.1-2 to calculate the small-signal, differential-in,
differential-out transconductance g,,;, and voltage gain A, for the n-channel input,

differential amplifier when Igg = 100 uA and W{/L; = W5/Ly, = W3/Ly = Wy/L, = 1
assuming that all channel lengths are equal and have a value of 1um. Repeat if W{/L; =
W2/L2 = 10W3/L3 = 10W4/L4 =10.

Solution

Referring to Fig. 5.2-5 and given that

s (2044

Differential-in differential-out transconductance is given by

/T
gmd :gml gm2 \‘K (L) SS = 1048 S
‘ 1
Small-signal voltage gain is given by

gm2 2g1712
A = = =23.31 V/V
(gds2+gds4) Iss(ﬂz"')ﬁ)

o ()2 ) -l

gmd :gml :ng = 3314 S

A=—2Sm __3682V/V
(gdsz +gds4>
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Problem 5.2-02

Repeat the previous problem for the p-channel input, differential amplifier.

Solution

Referring to Fig. 5.2-7 and given that

o [£)-2)42) 21

Differential-in differential-out transconductance is given by

A
8nd = 8 = &z = K(L) I, =70.71pS
1

\

Small-signal voltage gain is given by

gm2 2gm2
A = = =157 V/V
(gds2 + gds4 ss()? + A )

o (2]-{2) ) ) e

8a = &m = &y =223.6 S

A =—5m _ 2484VIV
(gdsz +gds4>

Problem 5.2-03

Develop the expressions for V;~(max) and V;~(min) for the p-channel input differential
amplifier of Fig. 5.2-7.

Solution

The maximum input common-mode input is given by

Vic max) =Vpp ~ (/71 |+ Visan +Vaasars )

| I, 21,
or Viema) =V, —[lVTJ* &), J KW 1), ]

The minimum input common-mode input is given by

Vic(min) =Vgs = Vri|+Vr3 +Vasar

1

DD

or, V,C(mm) VSS |VT1|+VT3+ W
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Problem 5.2-04

Find the maximum input common mode voltage, v;~(max) and the minimum input

common mode voltage, v;~(min) of the n-channel input, differential amplifier of Fig. 5.2-
5. Assume all transistors have a W/L of 10pum/Ipum, are in saturation and /gg = 10pA.

What is the input common mode voltage range for this amplifier?
Solution

The maximum input common-mode input is given by

Vicmax)=Vpp +Vr1 =Vr3 =Vsars

.

or, V_ (max)=V, +V,. -V .- |—35 =486V
IC( ) DD T1 T3 \“‘ KP (W/L)3 L ¥

The minimum input common-mode input is given by

Vic(min) =Vgs + V71 +Vasan +Visars

or V. (min) =V, + V. + Iss + 2 s
. BUTNK(W/L), K (WL,

So, the input common-mode range becomes

ICMR =V,.(max) —V,.(min)=3.93 V

Problem 5.2-05

Find the small signal voltage gain, v /v;, of the circuit in the previous problem if v, = v,

- v,. If a 10pF capacitor is connected to the output to ground, what is the -3dB frequency

for V; (j@)/V\(jw) in Hertz? (Neglect any device capacitance.)

Solution

Small-signal voltage gain is given by

gm2 2g1712
A = = =233.1 V/V
(gds2+gds4) Iss(ﬂz"')ﬁ)

The -3 dB frequency is given by

Sasam = (gdsz +gd34) = ISS(AQ i 14) =7.16 kHz.

2nC, 4rC,
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Problem 5.2-06

For the CMOS differential amplifier of Fig. 5.2-5, find the small signal voltage gain,
Vout!Vin, and the output resistance, Ry, if Igg = 10uA, Vpp=2.5V and v;, = Vos1-Ves2: If

the gates of M1 and M2 are connected together, find the minimum and maximum
common mode input voltage if all transistors must remain in saturation (ignore bulk
effects).
Solution

Small-signal model for calculations:

lout
o+ Vin O
+
Vasl Vgs2
# # Vout
m1Vgsl
- gms : rds%rdﬁ%grﬁ% gm2\/'gs2: ¢ ”ds2$ rdy%
© Fig. S5.2- 06

Rour=4g 5+ gds4 =004+ 0.05)5pA =2.22 MQ

8m18m3
Vour = (1 + 831 Vesl — gm2vgs2)R0ut = (gmlvgsl - ngVgSZ)Rout = 8miRourVin

Vout

V. = Em1Rout = &maRous » Em1= 8m2 = N2-110-5-2) uS =46.9 uS

mn

Vout

= 46.9uS-2.22MQ = 104.1 V/V

in

Common mode input range:

(25
Viem(max) = Vpp — Vegz + Vpy = 2.5 - { 50—,2+0.7j+ 0.7=25-0.3162=2.184V

2-10 2-5
Vicm(min) = 0+VDSS(Sat)+VG51=\/1 10-2 {\/1 10.2+0.7) =0.3015+0.9132
=12147V
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Problem 5.2-07

Find the value of the unloaded differential-transconductance gain, g,,,, and the unloaded
differential-voltage gain, A,, for the p-channel input differential amplifier of Fig. 5.2-7

when Igg = 10 microamperes and /g = 1 microampere. Use the transistor parameters of
Table 3.1-2.

Solution
Assuming all transistors have W/L = 1

a) Given, Ig¢ =10 u4

(W 8md 28,4
8 =K (—j I, =22.36 uS A = 2 = = =49.69 V/V
! "\L 1 » (gds2+gds4) Iss(ﬂz"')ﬁ)

b) Given, Igg =1 ud

(W 8md 28,4
8 = K (—j[ =7.07 uS A = 2 = = =157.11 V/V
! "\L 1 o (gds2+gds4) Iss(ﬂz"')ﬁ)

Problem 5.2-08

What is the slew rate of the differential amplifier in the previous problem if a 100 pF
capacitor is attached to the output?

Solution
Slew rate can be given as
1
SR =55

Cr
For Igg =10 y4 and C; =100 pF
1
SRz% =0.1 V/us

L

For Igg =1 p4 and Cy =100 pF

1
SR = % =0.01 V/us

L
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Problem 5.2-09

Assume that the current mirror of Fig. 5.2-5 has an output current that is 5% larger than
the input current. Find the small signal common-mode voltage gain assuming that /¢ is
100pA and the W/L ratios are 2um/Ipm for M1, M2 and M5 and 1um/1um for M3 and
M4.

Solution
Given that

]D4 = (105)[D3 or, [DZ = (IOS)IDI
This mismatch in currents in the differential input pair will result in an input offset
voltage.

Now, Ipj+Ipy=Igg
So,
Ip; =(0.49)Igg and Iy = (0.51)1 g
To calculate the common-mode voltage gain, let us assume a small signal voltage
v, applied to both the gates of the differential input pair.
The small-signal output current i,,, is given by
lout = (iD4 _iD2)
where,

, 0.5g,
lD4 E( = gm4 }s
ng

ipy = (0.5 455 Vs
So,

iout = (iD4 - iDZ) = (Osgdvﬁ)[% - )Vx
m3

The output conductance can be given as

Cout = Lds4 as My and M5 form a cascode structure.

% :iO_Mt: 8ss (@_1}
" 8our zgdx4 8.3 s

or Vo _ 8us [gﬂ_lj

Thus,

vs _2gds4 gm3
Vour _ Iss(ﬂs)[ J“Iﬂ }
or, =——= | -1
Vs ISS()%) \ 1Ips
or, e —0.02 V/V
v

s

Thus, the small-signal common-mode gain is approximately 0.02 V/V
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Problem 5.2-10

Use the parameters of Table 3.1-2 to calculate the differential-in-to-single-ended-output
voltage gain of Fig. 5.2-9. Assume that /¢ is 50 microamperes.

Solution
Let, the aspect ratio of all the transistors be 1.

The small-signal differential-in single-ended out voltage gain is given by
(W

A — gml — “‘ KN ( 4)1
"2 4K, (W

gm3 \ P ( 4)3

Problem 5.2-11

=0.74 V/V

Perform a small-signal analysis of Fig. 5.2-10 that does not ignore r; ;. Compare your
results with Eq. (5.2-27).

Solution
Referring to Fig. 5.2-10
Applying KVL

(v, = (v =v,) )

Vic - vgsl = (gmlvgsl)zrdSS +L r erdSS
dsl

Or, Vgsl %dsl + 2745 (1+gmlrdsl )}+ Vo (2Vd55): Vie (rdsl +2rds5) (D

Also, applying KCL

~ (v, (v =v0))

- = gmlvgsl +
(%gmfi * rd53) L rdSI
Vie =V, 1+ 7,
or, Vesl = { ic o( 8m3"ds1 )} )

(+ gm1rast)

Putting Eq. (2) in Eq. (1), and assuming g,,,171 >>1

{Vic ) (1 + &m3tdst )}

(2rd55 (1 + &m1tds1 ))+ Vo (2rds5 ): Vie (rdsl + 2rds5 )

(1 + &m1"dsl )
Or, —Vo (gm3rdsl )ZrdSS = Vieldsl
Vo 1

or, T
Vie (gm3 2’”dSS )
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Problem 5.2-12

Find the expressions for the maximum and minimum input voltages, v;j(max) and
vi1(min) for the n-channel differential amplifier with enhancement loads shown in Fig.
5.2-9.

Solution

VGl (min) = Vi + Vdsatl + VdsatS

or, Vi (min) =Vp; + \/ - Iss + ,2[SS
Ky@w/L)y \Ky@/L)s

Vo1(max) =Vpp +Vr1 =V +Vgsars

Iss

or, VGl (max) = VDD + VTl - VT3 + |
Kp(W/L),
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Problem 5.2-13

If all the devices in the differential amplifier of Fig. 5.2-9 are saturated, find the worst-
case input offset voltage, Vg, if [Vy] = 1+ 0.01 volts and §; = 105 £ 5 x 107

amperes/volt2, Assume that

B1=P=10B3=10p,

and
ABi AB, ABs ABy
B B B B

Carefully state any assumptions that you make in working this problem.

Solution

Referring to the figure

Vst =Vr1 +Visan

2[Dl
or, VGSI = VTI + —ﬁ
1

Vesa =Vra +Visar2
2l py

B2

The input-offset voltage can de defined as

\/2101 ~ \/2101
B B2

Considering the transistors M3 and M4, mismatches in these two transistors would

or, VGS2 = VT2 +

Vos|=Vaes1 —Vesz|

or,  [os|=Vr1-Vr2|t+

cause an offset voltage between the output nodes. But, if it is assumed that this offset
voltage between the output nodes is small as compared to the drain-to-source voltages of
the transistors M| and M, , then

Vpsi1 =Vps2

Thus, it is assumed here that
Ipy=Ipy =1

So, the input-offset voltage becomes

21 |21
Br \ B2
Assuming /=50 14, the worst-case input offset voltage can be given by

250p) | 2(50p) |
0.95(10 11) \s‘1.05(10u)J

Vos|=Vr1 —Vr2|+

V5| = (1.01-0.99) {\

or, Vos(max) =0.18 V



CMOS Analog Circuit Design (2" Ed.) — Homework Solutions Page 5-22

Problem 5.2-14

Repeat Example 5.2-1 for a p-channel input, differential amplifier.

Solution

The best way to do this problem is to use the equations for the n-channel, source-coupled
pair with opposite type transistor parameters and then subtract the result from 5V.

Eq. (5.2-15) gives

2-50uA
Vic(max) =4 — ( 99uA/V 21 +0.85 |+ 0.55=4-1.855+ 0.55 = 2.695 volts

Subtracting from 5V gives
Vic(min) =5 —2.695 = 2.305 V
and Eq. (5.2-17) gives

. [_2.50uA B B
Vie(min) =0+ 0.2 + { Topa/y2s H085 |=02+ 1517 = 1717 volts

Subtracting from 5 V gives,
Vic(max)=5-1.717=3.282 V

Therefore, the worst-case input common-mode range is 0.978V with a nominal 5V power
supply.
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Problem 5.2-15

Five different CMOS differential amplifier circuits are shown in Fig. P5.12-15. Use the
intuitive approach of finding the small signal current caused by the application of a small
signal input, v;,, and write by inspection the approximate small signal output resistance,

Rz, seen looking back into each amplifier and the approximate small signal, differential
voltage gain, v,,/vin,. Your answers should be in terms of g,;; and g4, 1 = 1 through 8.
(If you have to work out the details by small signal model analysis, this problem will take

too much time.)
VbD
ﬂT pnY e N e T
M7 +M8 M7 M7| M8 M7 | M8

ﬂq pﬁ

M7| | M8 M8
VoL B o O
VOUT == VOUT VoUT M5 | M6| vouyr |M5]| M6| vour
—o —o —o —o —o
M3:] T [:M4
M1 M1 M1 M1 M1 v i
BNT-
J;;\,_”—_' M2 ’;;V_i[——» M2 J;;v_”—_' M2 +°_”—_> M2 +°_i[——> M2
S I~ —o— I~ -o— I~ -o— I~ -o—4 |
Iss Iss Iss Iss Iss
Circuit 1 Circuit2 =  Circuit3 Circuit 4 Circuit 5
Figure P5.2-15
Solution
: : o Em2
Assume g, | = g, > otherwise multiply the gain of circuits 1 and 2 by T
m m
Circuit R, VourVin
1 1 Em18m2 _ 0.5g m2
8ds2t8msT8.dss (€1 18m2) (88t 8mat8uss) ~ 8asat8mat8uss
, . N 8m18m2 038
8ds2t8ds8 (81182 (8o t8us8) ~ 8asat8uss
; Em1t8m2
3 84ds2184ss 2(8 45018 458)
4 1 — Em6 (gm1+gm2)°gm6
8ds68ds8 ~ 8ds68ds8TEm6S8 ds2 2(8,,68ds2+8 4568 dss)
8ds2t g,
s Ema8meé (gm1+gm2)gm4gm6
8ds28m68 dsa 8 m68 dsa8 ds8 2(8.4528m68 dsa t8m68 dsa8ss)
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Problem 5.2-16

If the equivalent input-noise voltage of each transistor of the differential amplifier of Fig.
5.2-5 is 1nVAHz find the equivalent input noise voltage for this amplifier if W{/L; =
WolLy = 2 um/1 um, W3/Ly = Wy/Ly = 1 um/1 um and Igg = 50 uA. What is the
equivalent output noise current under these conditions?

Solution

From Equation. (5.2-39)

2
2_2+2+gn13(2+2)
eeq =€, T€n €,3 7€y

ml

2
or, ¢ =2e2{1+(%j ]=2.455e2
“ " gml !

Given

e, =1nV/ \/E
Thus,

€0y = 1.567 nVAHz

The equivalent output noise current is given by

2 2 2
lto = Emleq

or, i,=164fANHz
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Problem 5.2-17

Use the small-signal model of the differential amplifier using a current mirror load given
in Fig. 5.2-8(a) and solve for the ac voltage at the sources of M1 and M2 when a
differential input signal, v, ;, is applied. What is the reason that this voltage is not zero?

Solution
Neglecting the current source i3 in the figure, let us assume that
Yid
2
Applying nodal analysis, we will get the following three equations

Vgl = Vg2 =

(@1 + &as1 Vst =8&mlVgl + (g3 + 8as1 V03 (D

(@m2 + Zas2 W51 = Em2Vga t (2as2 + &asa Wour (2)
(gml T 8m2 T &ds1 + 8ds2 — 8ds5 )Vsl = 8mlVgl + Em2Vg2 +84s1VDp3 T &ds2Vour (3)

. _ _ Vid

Now, assuming g, >> gs> &m1 = &m2 » &ds1 = 8ds2» A vy =—vgp = ES

vyl = 8ds1VD3 T &ds2Vout

o =
(gml T 8m2 t8ds1 +8ds2 _gdSS)
1% + \%

o, vy = 8ds1VD3 T Eds2Vout

Qg +28451 — 2dss)

Substituting from Equations (1) and (2), we get

gml[O.ZS —gdﬂ)
gm3

Va = Via
8
(0-75&"1 + gdsl(Q’ - lj_ gdsS]
gm3

The value of v is non-zero because the loads (M3 and M4) seen by the input transistors
(M1 and M2) at their drains are different.
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Problem 5.2-18
The circuit shown Fig. P5.2-18 +1.5V
called a folded-current mirror A
differential amplifier and is Ij I‘_J
useful for low values of power |
supply. Assume that all W/L ~ M9 M8| Mo M7 0 Vout
values of each transistor is 100. T
V1

a.) Find the maximum input =M1 M2 102
common mode voltage,

vic(max) and the minimum Q) M3_ 4 M4
input common mode voltage, MIC:IT—I_' M5 :I II
L

100pA

vic(min). Keep all transistors

in saturation for this problem.

b.) What is the input common

mode voltage range, [CMR?

c.) Find the small signal voltage gain, vo/Vip, if vip = v1 - V2.

d.) If a 10 pF capacitor is connected to the output to ground, what is the -3dB frequency
for Vo(jw)/Vin(jw) in Hertz? (Neglect any device capacitance.)

Solution

. / 200
a.) vi(max) = Vpp - Vpse(sat) + Vin=1.5 - 30-100 *+ 07=15-02+0.7
| vi(max) =2V |

. 2-100 2-50
vi(min) = 0 + Vpgs(sat) + Vgs1(S0pA) = \/170-100 + 110-100 + 0.7

=0.1348 + 0953 + 0.7 = 0.9302V = | v1(min) = O.9302V|

Fig. P5.2-18

b.) | ICMR = vj(max) - vi(min) = 1.0698V |

c.) Using intuitive analysis approach gives:

. Vin) Vin) “n

d1=8mi{ 2" ) = 1d3=-8ml| 2 | = 1d4=2ml| 2
Also,

| Vin .

1g2=-gm2| 3 |- - Vout= -Rout(id2 + 1d4)

1 Vout Zml
2ds2t8ds4+8ds7 = Vin ~ 2ds2+8ds4+8ds7

gm1 =V2-50-110-100 = 1049uS, gds» = gas4 = 0.04-50 = 2pS

However, Ryt = rgsollrgsallrgs7 =

and gds7 = 0.05-100 = 5puS
Vout 1049
Vin = 1 = 149.8V/V
1 7x10-6

d) ®.3dB =R T0pF = Tox10-12 = 0-7%100 — .. [ F3a8 = 111.4kHz
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Problem 5.2-19

Find an expression for the
equivalent input noise voltage

of Fig. P5.2-18, Veq2 , in terms I:L—l-bllj II‘_J
of the small signal model M9 Mg M6 M7 0 Yout

parameters and the individual
equivalent input noise voltages, o~ M1 M2 [+o

2
vniZ , of each of the <>
Haf M4
transistors (i = 1 through 7). l MIC_—_IT—I—| M5 M3:| II
£

Assume M1 and M2, M3 and
M4, and M6 and M7 are

matched.
Fig. P5.2-18
Solution
Equivalent noise circuit:
VoD
Moot
) M6| - en72 M7 O Vout
2 7N\
V] €nl ”
o—®—| M1 ij_“—@—o
en22 en32 en42
MadHCORHGOHE M
Vss S99FES6

—2 —2 —2 —2 —2 — —2
€ out = (€17 € nl+ &yy” € 12+ 8p3° € 13+ Epa” € ndt 8,50 € n6+ Eme> € 1R

—2

?2 € out ?21+?2+{8m1)2(—2+—2)+8 ml (—2 —2)

eq = = é€n n2 € n3t e n4 € n6t € n7
(gmlRout)2 8m3 8Emé6

If M1 through M2 are matched then g, | = g,,; and we get

—2 2 Em1 2
€ eq —4en1+2[g jzem

moé

out
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Problem 5.2-20

Find the small signal transfer fVDD
function V5(s)/V,,(s) of Fig. P5.2-
20, where V, = V,-V,, for the M5:| |——|r__M6 M7:||——| r__M8

capacitors shown in algebraic

form (in terms of the small signal V3 O:I__ EE C2><C3 EE __EO v4
model parameters and C 1 1 c
capacitance). Evaluate the low- :I: i i 4:':

frequency gain and all zeros and Vi = i M2 M3 A - %)
poles if I =200uA and C; = C, =

Solution Vaias—[_ M9
Small-signal model:L
Yiy,=0:(G,, = -

lA ( out gdSl + gdSS) Flg P52-20

0.5g,,1Vin +5Cv3

+ GouV3 + &msVe = 0

. O-ng3
2ig=0: sCyve + &meVe = 0.58,,,3v, =0 - Vg = —SCZ * 86 Ve

B

A B
1 .
1% 3Vi
gm; in Ci V3 Cr== | V6 gr; in
Ydsl  tds5 T_ 8msve | 8m6 [Tas3[ rase [ —

From the first equation we get,

O-ng3
v3(sC1 + Gy + &8s —SCZ * 86 Vi, +0.58,1vi, =0

Solving for v gives,

v ( 0.5gm1 Iscz + 85+ gm6) Vi 8ml

SCI + Gout SC2+gm6 When s = 0, Vin :gdsl + 8455

Vin

gy =\ 2:50pA-110x10°6-10 = 331.641S, g,,p="\/2-50pA-50x10°6-10 = 223.6p1S,

1 1
TdsN = (0.04-50x10°0 ~ 0.5MQ, and ryp = 0.0550x100 = 0.4MQ
V3
Vo = 8&mN Ry =-(331.6)(0.5110.4) = -73.69 V/V

in
Poles are at,

Ll b bradss & SO 23O 6
pl_RoutCI_zz.ZZkQ-lpF_A P2=Cy, = 1pF =-223.6 x10° rad/s

~(8mst 8m6)  -(223.6uS + 223.6uS
Azeroisat, z; = mC2 = = ( a 1pF b5) = -447.2 x100 rad/s
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Problem 5.2-21

For the differential-in, differential-out amplifier of Fig. 5.2-13, assume that all W/L
values are equal and that each transistor has approximately the same current flowing
through it. If all transistors are in the saturation region, find an algebraic expression for

the voltage gain, v outlvin’ and the differential output resistance, R, ., where Vout = V3V4

and v;, =v;-v,. R  1is the resistance seen between the output terminals.

Solution
Vout :(V3_V4):_ Eml
Vin (Vl -2 ) (gdsl + &ds3 )

Vout _ 2K;V @/A}

or, =
Vin Tppas Gy + 23 )

Considering differential output voltage swing, the output resistance can be given by

1 1
Rour = +
(gas1 + as3)  (2ds2 + &asa)

2 2

or, Rour =

(gas1 + 2as3)  Ipras Py +13)
Problem 5.2-22

Derive the maximum and minimum input common mode voltage for Fig. 5.2-15
assuming all transistors remain in saturation. What is the minimum power supply
voltage, V), that will give zero common input voltage range?

Solution

The minimum input common-mode voltage is given by

VIC (min) = VT 1t Vdsatl + VdsatS

The maximum input common-mode voltage is given by
Vicmax) =Vpp + V11 =Visars

Assuming all the Vg, voltages to be the same, the minimum supply voltage for zero
input common mode can be given by

Vic(max)—V;-(min) =0
or, Voo +V11 —Vasars)= V11 +Vasant +Vasars ) =0

or, Vpp = 3V(sat)
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Problem 5.2-23

Find the slew rate, SR, of the differential amplifier shown
where the output is differential (ignore common-mode

stability problems). Repeat this analysis if the two current 0.5] 0.5]
sources, 0.5/, are replaced by resistors of R;. 1SS 0 0 S

%))

Solution
a.) Slew rate of the differential output amplifier with | |
constant current source loads.

Under large signal swing conditions, the maximum
current that can be carried by each of the two transistors 0 Iss
My and M, is Igg. Due to the presence of constant
current sources as loads, the maximum charging or Vg
discharging current through C; would be 0.5/gg. Thus,

S

the slew rate can be given by Fig. P5.2-23
Iss.
SR=32¢,

b.) Slew rate of the differential output amplifier with resistive loads.

In presence of resistive loads, the maximum charging or discharging current through
C would be /gg . Thus, the slew rate can be given by

SR:C—L
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Problem 5.2-24

If all the devices in the differential amplifier shown in Fig. 5.2-5 are saturated, find the
worst-case input-offset voltage Vg using the parameters of Table 3.1-2. Assume that
10(Wy/Ly = 10(W3/Ly) = Wy/Ly, = Wi/L; = 10 um/10 pum. State and justify any
assumptions used in working this problem.

Solution

The offset voltage between the input terminals is given by
Vos|=Vas1 —Vas2|
The drain current equations are

Ip) = %(VGSI v P

Ipy = ﬁz—z(VGsz V¥

B 2Ip  [2Ip,
072 VTI)"'\/ B, \/ 5,

Mismatches would cause I, # Ip,. But, to simplify the problem, it can be assumed that

or,  |Vos|=Vas1 —Vasa|=

Ip1 =1py =0.51gg. Under this assumption and considering the mismatches in V7 and
B only, the worst-case input-offset voltage (from Table 3.1-2) can be given by

1 1
Vos|=(03+ |55 — |25
0983 1.18
Assuming
[SS = 100 ‘uA

1004 1001 048V

V.[=03 - B
Vos| +\/0.9(110;1)(10/10) \/1.1(110u)(10/1o) o
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Problem 5.3-01

Calculate the small-signal voltage gain for the cascode

amplifier of Fig. 5.3-2 assuming that the dc value of v, is J W3 _2um
selected to keep all transistors in saturation. Compare this ";|__| L3 = 1um
value with the slope of the voltage transfer function given 5 3y — Ip
in this figure. l M2 —?_
Solution . — W2 _ 2um
il — Ly Ium
The small-signal voltage gain can be approximated as 34V— v
L | ouT
4, =-5m o~ Wi _2um
8ds3 + M L; o Ium
; VIN | _
or, A4, =- M = Fig.P5.3-2
Ip3A3

Ip is calculated from M3 as,

Kp'W,
Ip="2, (VSG3 IVrph? =50-(2.7-0.7) uA = 200pA

2KNWY/Ly) [ 2502
A, = Iph? - \2000.050.05 =20V

From the transfer characteristics, the small-signal gain is approximately -10 V/V.

2
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Problem 5.3-02

Show how to derive Eq. (5.3-6) from Egs. (5.3-3) through (5.3-5). Hint: Assume that
VooV is greater than vy, and express Eq. (5.3-4) as iy = B,(V560-Vm)Vvpgy- Solve

for v as vpgy + vpgp and simplify accordingly.

Solution

From Egs. (5.3-3) through (5.3-5)
Ip1=B1Wpp =V Vast
Iy = BrWVeea —Vast =V Wour —Vast)

Ip3 =0.583Upp ~Vags ~Vrs|)
Assuming, when V;, is taken to V' pp, the magnitudes of ¥, and V,,,, are small.

Equating /p; =1p3
Bipp ~Vr1 Vas = 0583 Wpp — Vo3 — Vrs |)2
0585 Voo ~Vess - Vrs |)2

or, Vas1 = (D
) BiVpp —Vr1)
Equating Ip; =1p»>
BiVop —VriVas = B2WVeca —Vast Vo Wou —Vast)
or, Vop V11 Vast = Vo2 =Vra Xous —Vast)
Vo VG2~ V-
o, Vdsl — out( GG2 T2) (2)

Voo +V662 =Vr1 =Vr2)
From Egs. (1) and (2), the minimum output voltage is given by

+ |
Vry) (VGGz‘VTz)J

Vous (Min) = %(VDD V663~ ‘VT 3‘) I_( .
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Problem 5.2-03

Redrive Eq. (5.3-6) accounting for the channel modulation where pertinent.

Solution

From Egs. (5.3-3) through (5.3-5)

Ipr=BiVpp —Vr1 Vas

Ipy =B VG2 —Vast =Vr2 Wour —Vas)

I3 =053 pp ~ V63 — V73|V (+ A3 pp —Vour))
Assuming, when V;, is taken to V' pp, the magnitudes of ¥, and V,,,, are small.
Equating /p; = 1p3

BiVpp —Vr1 Vasi =0.583Vpp —Vaas - Vrs |)2 A+23Vpp —Vour )

_0.583 Voo —Vees - Vrs |)2 A+ pp =Vour))

or, Vas1 = (D
) BiVpp —Vr1)
Equating /p; =1p>
BiVop —VriVasi = B2 Vo2 —Vast Vo Wou —Vas1)
or, Vop V11 Vast = Vo2 =Vra XWous —Vast)
Vo Voo = V.
o, Vdsl — out( GG2 T2) (2)

Vpp +V662 —Vr1 —Vr2)

From Egs. (1) and (2), assuming Vpp —V,,; =Vpp, the minimum output voltage is
given by

| + |
L(VDD V1) (Ve ‘Vrz)J

(14 AVp)

Viour (Min) = 2%1 (VDD ~Ve63~ ‘VT 3‘)
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Problem 5.3-04
Show that the small signal input resistance looking in the source VDD
of M2 of the cascode amplifier of Fig. 5.3-1 is equal to r, if the
simple current source, M3 is replaced by a cascode current
source. VGG4a
. —Ir__ Mg
Solution
The effective resistance of the cascoded PMOS transistors is VgG3
o _| M3
represented by Rp3 and it is given by
RD3
Rp3 = &m3Tds3Tds4 T__

Referring to the small-signal model in the figure

[ (V _V)T Vv
GG2
1
V=l 8pavat xrdz J|RD3 —|l__, M2 .
S
T_ S2

(U +gmarus2 Rp3 Vin

o e (Rp3 +7452) & ll: M1
(1)

Now 1

+ (Vx_vl)+ Vx

Fds2 Tdsl

Ix = &m2Vx

Iy =(8m2 + &ds2 + &ds1)Vx — &ds2V1
Iy = 8&m2Vx ~ &ds2V1
Replacing v; from Eq. (1) and assuming Rp3 >> 7447

lgm2 Rp3 + 7452 )- gmaRp3 ]

iy =vy

Rp3
% R
Or’ RS2 = _x = L
Iy  gm2"ds2
Ron = Em3Vds3Vds4 _
or, 2 =——"—"=r

Em27ds2
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Problem 5.3-05

Show how by adding a dc current source from V,, VDD
®

to the drain of M1 in Fig. 5.3-1 that the small-
signal voltage gain can be increased. Derive an
expression similar to that of Eq. (11) in terms of V@lr_— M3
Ip; and I, where I, is the current of the added

dc current source. If Ipy, = 10 uA, what value for <¢> Ip4

this current source would increase the voltage gain
by a factor of 10. How is the output resistance
affected?

VeG2 |,
Solution —[_ M2
Assuming all the transistors are in saturation
Vin
Ip1=1Ips+1Ip4 — M
Av = _ gml
8ds3 .
7 Fig. S5.3-05
2KN(LJI(ID2 +1p4) vss
or, A,=-

2 2
155925

is the gain in absence of the current source I pgq

The small-signal voltage gain can be increased by making /p4 >>1Ip>. In order to
achieve

A
Y =10 - 10 = 1+—ID4

Ayo Ipo

or, 1D4 =991D2 =990 ‘ILA
The output resistance can be given by

Rous = lgmarasaras | 7as3 ]

The value of 7, decreases due to increased current through M7, thus decreasing the
overall output resistance.
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Problem 5.3-06

Assume that the dc current in each transistor in
Fig. P5.3-6 is 100pA. If all transistor have a W/L
of 10um/1um, find the small signal voltage gain,
Vv, Vin @0d the small signal output resistance,
Rout’

Solution

if all transistors are in the saturated region.

This circuit is a folded cascode amplifier. The
small signal analysis is best done by the
schematic analysis approach. In words, v,

creates a current flowing into the drain of M1 of
&m1Vin- This current flows through M4 from

drain to source back around to M1. The output

voltage is simply this current times R, . The

details are:

Vout = 8m lRoutvin

Page 5-37

4 +5V

EL

V%—I l:Ml VN1 _.|M6

Vpo— :M4 Rout

TI-O Vout

Vn2—{| M5

R 1 = 745608 5T s ML g 17 g0 l17 4 3)(8 a5

The various small signal parameters are:

Fig. P5.3-6

g,y =\2-110-100-10 =469yS, g, »=2-50-100-10 =316.2S

25V 20V
TdsN = T00pA = 0.25MQ and r;p= TOOuA = 0.2MQ

o Ry, = 29.31MQII0.0667MC2)(63.2) = 29.31MQII4.216MQ = 3.686M(2

R, = 3.686MQ

vout

Vin

=-(469uS)(3.686MQ2) = -1,729 V/V
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Problem 5.3-07

Six versions of a cascode amplifier are shown below. Assume that K'y = 2K'p, Ap = 2Ap,
all W/L ratios of all devices are equal, and that all bias currents in each device are equal.
Identify which circuit or circuits have the following characteristics: (a.) highest small
signal voltage gain, (b.) lowest small signal voltage gain, (c.) the highest output
resistance, (d.) the lowest output resistance, (e.) the lowest power dissipation, (f.) the
highest V,,(max), (g.) the lowest V,,; (max), (h.) the highest V,,; (min), (i.) the lowest
Vour (min), and (j.) the highest -3dB frequency.

Vbbp
= — ——
VIN — VIN — VIN
- - "
e fr
vour Your vour vyour vour vour
—0 —O —0 —0O —0 —0
o 1
VIN VIN VIN
R = e B TR
VN ——h =|—>| A =|—>| A =|—>| Il—_>|
Circuit 1 Circuit 2 Circuit 3 J: Circuit 4 Circuit 5 Circuit 6
Figure P5.3-7
Solution
Circuit 1 Circuit 2 Circuit 3 Circuit 4 Circuit 5 Circuit 6
Em EmN EmpP EmN EmpP \/EgmN \/Egmp
ROW =TdsP = TVdsN R* R* =TdsP = TVdsN
R*= (ng'rdst)”(gmN'rdsNz) Note that 8mN = \/5 EmpP and TdsN = 2rdsP

e.) Circuit 3 has the highest gain.

f.) Circuit 1 has the lowest gain.

g.) Circuits 3 and 4 have the highest output resistance.
h.) Circuits 1 and 5 have the lowest output resistance.
1.) Circuits 1-4 have the lowest power dissipation.

j.) Circuits 1 and 5 have the highest V,,, (max).

k.) Circuit 4 has the worst (lowest) V,, (max).

l.) Circuits 2 and 6 have the best (lowest) V,,(min).
m.) Circuit 3 has the worst (highest) V,,(min).

n.) Circuits 1 and 5 have the highest —3dB frequency because of lowest R ;.
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Problem 5.3-08

All W/L ratios of each transistor in the
amplifier shown in Fig. P5.3-8 are 10pum/1pm.
Find the numerical value of the small signal
voltage gain, v,,/vin, and the output resistance,

Rout-

Solution
The output resistance can be given as

Royr = [gm2rds2rdsl H gm3rds3rds4]
Neglecting body effects

8ml = &m2 =469 uS
gm3 = &ma =316 uS

Sds1 = &as2 =4 uS
8ds3 = 8dsa =5 US

Thus, R, =[29.31M ||12.64M |
or, R, = 8.838 MQ

The small-signal voltage gain is given as

You — ¢ R =-4142 VIV
.

in

V
*DD

Page 5-39

M8

M7

100uA |

M6

M5,

Vin

|_

M4

M2

M1

—
Figure P5.3-8

1—
| M3 Rour

Vout
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Problem 5.3-09
Use the Miller simplification described in Appendix A on the capacitor C, of Fig. 5.3-

5(b) and derive an expression for the pole, p,, assuming that the reactance of C, at the
frequency of interest is greater than R;. Compare your result with Eq. (5.3-32).

Py Vout
o
<¢> R; Ci==< gy Vi * C3 ~C, Ay —= %R3
Vi /Rq § (1-Ay)C, gm1V1 (Ay-1)
SC2<<R3
o Vout
b
v l
R, L €L ==C R3
Vin/R; § “Taane, T V1 Y ’ T %
Fig. $5.3-09
Solution
Given that in the frequency of interest, the reactance of C, is greater than 1/R,
1
or, 2nfC, >> —
2 R3
Referring to the figure
Vin(5)
Vi(s) = 1 ‘| (1)
Ry~ +s(C +(1+A,))C
SLRI ( 1 2)J
where, A =g, R,
Also, VO(S) — _gle](S) = _gm]Vl(s)
( 1 sC,
—+sC,
R3
o, V)= a9 ] @)
—+5C; |Ry| —+s(C +(1+A))C
(Rs s SLRl S( l ( V) Z)J

The dominant pole in Eq. (2) can be expressed as
-1 -1

PER(AC,+C) R(AC)

-1
or, P1=g,1R1R;Cy
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Problem 5.3-10

Consider the current-source load inverter of Fig. 5.1-5 and the simple cascode amplifier
of Fig. 5.3-1. If the W/L ratio for M2 is 1 um/1 um and for M1 is 3 um/1 um of Fig. 5.1-
5,and W3/Ly =1 um/1 um, W,/L, = W{/L| =3 um/1 um for Fig. 5.3-1, compare the
minimum output-voltage swing, voyr(min) of both amplifiers if V550 =0V and V553 =

2.5 V when VDD = _VSS =5V.

Solution

a)

b)

Current source load inverter

When V;

mn
M is in saturation. Thus,

BiVpp —Vss = Vi XV ous (min) = Vg )= 0.58, Vsgr — Vra |)2

0.58, Vsga - Vra |)2
BiVpp —Vss —Vr1)
Assuming, Vggp =5 V

or, Vo (min) =

+ VSS

V,u(min) = -4.85 V
Simple cascode amplifier

Vour (min) = Vss +Vasant +Vasar2

=Vpp, it can be assumed that M operates in the triode region and

or, Vo (min) =Veg + ,ZID 1 + ,21D 2
KyWw/Ly \KyW/L),

Now,
Ips = [32_3(VDD ~Ve63—rs |)2 =81 u4

Thus, V,,(min)=-3.6V
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Problem 5.3-11

Use nodal analysis techniques on the cascode amplifier of Fig. 5.3-6(b) to find v ,/v;,.
Verify the result with Eq. (5.3-37) of Sec. 5.3.

Solution
Nodal analysis of cascode amplifier
Applying KCL
Em1Vin + Lds1V1 + EmaVl + Emps2V1 = Las2 Vour = V1)

or, EmVin +(&as1 ¥ &m2 + &mbs2 T &ds2)V1 = &ds2Vout

Vout = Em1Vi
or, v = (gds2 out — 8ml m) (1)

(&ds1 + &m2 + &mbs2 *+ &ds2)

Again, applying KCL

Sasava + 8as3 Vg —Vous ¥ &mava + Emps3va =0

8ds3 )

or, V4 = Vout
(gm3 + 8ds3 T 8ds4 T 8mbs3 )

Also,
(gm3 T &mbs3 )V4 + 8453 (V4 ~Vout )+ (ng + & mbs2 )Vl +8ds2 (Vl ~Vout )= 0

or, (gm3 T 8&mbs3 T 8ds3 )V4 + (ng T &mbs2 T &ds2 )Vl = (gdS3 + 8454 )Vout (3)

Using Egs. (1) through (3) and neglecting body effect, it can be shown that

4. = ~8m1Em28m3
)=
(gm3gds1gds2 +gm2gds3gds4)
or, A, = —Eml
8ds18ds2 | 8ds38ds4
Em2 Em3
— 2K (W /L
or, A4, = / )1 Eq. (5.3-37)

Mo L Mk

Ip ’ .
V2K 07/L),  2K307 /L),
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Problem 5.3-12

Find the numerical value of the small signal
voltage gain, v,/v;,, for the circuit of Fig.
P5.3-12. Assume that all devices are saturated
and use the parameters of Table 3.1-2. Assume
that the dc voltage drop across M7 keeps M1 in
saturation.

Solution
Ipy =1p, =20 uA

I,, =220 pA

Now,
g, =440 uS and r,, =113.64 kQ
8,, =132.67 uS and r,, =1.25 kQ
I, =1 MQ

Thus,
R, = [rdx3 Il ngrdszrdsl]

or, R, =[MI188M]=950kQ

So,

Av = _gmlRout = M

Page 5-43
2 VDD
6 M5 M4 M3
41 || II— II— 1" an
4/1 401 "/,
u
M2
|, 4/1
M7 )
—||: 1/1
Vin Nl_l
@20@ o—[, 41
—
Fig. P5.3-12
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Problem 5.3-13

A cascoded differential amplifier is shown in Vpp
Fig. P5.3-13.

Page 5-44

(a) Assume all transistors are in saturation MIZ:I' t M7 'I: MS

and find an algebraic expression for the small ‘17
signal voltage gain, Vout/Vin.
(b) Sketch how would you implement Vgjas? MI1 :Il |I:
(Use a minimum number of transistors.)

(c.) Suppose that I7+Ig# I9. What would be %_
+0—

the effect on this circuit and how would you IG)
solve it? Show a schematic of your solution.
You should have roughly the same gain and

V1n

v
M6

Vout

+
—_— VBlas

M2 7]

the same output resistance. |—_I_|
Solution M1o|:_| vIo

a) The effective transconductance is
given by Vss
_8m Fig. P5.3-13
gm eff = 2

The output resistance of the cascoded output is given by

[ |
| 1 |

| 82854 +gds6gds8 |

8ma gmﬁ
Thus, the small-signal voltage gain is given by

1
0.5g,, |

r

|

" 8as28.asa gdsﬁgds8 |

L 8ma

b) The magnitude of V,, . should be at least V, +V, ..
is shown in Fig. 6.5-1(b) of the text.

A

One way to implement V¢

c) If the currents were not equal, the voltages at the drains of M3-M5 and M4-M6
will near Vp, or near the sources of M1 and M2. Either, M5-M8 or M1-M4 will
not be saturated. The best way to solve this problem is through the use of
common mode feedback. This is illustrated in Fig. 5.2-15 of the text.
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Problem 5.3-14
Design a cascode CMOS amplifier using Fig. 5.3-7 for the following specifications. Vp
=35V, Py < 0.5mW, I1A | 2 100V/V, vom(rnax) =3.5V, VOUT(min) = 1.5V, and slew

rate of greater than 5V/us for a SpF capacitor load. Verify your design by simulation.
Solution

1.) The slew rate should be at least 5 V/us driving a 5 pF load. So, the load current
should be at least 25 pA.
Let,

Ipy =1p, =1y =25 pA

2.) The maximum output voltage swing should be at least 3.5 V
Let, V,,=15V

21
(V) - 2 g
L 3 KPVdsat3

So, let us choose
(7)-(7) -
L) \L)

3.) The small-signal voltage gain should be at least 100

Av = _gmlrds3
2
A 1
or, (E) — w —2.84
L) 2K,

So, let us choose

-

V,..=039V

S

4.) The minimum output voltage swing should be greater than 1.5 V
Vout (mln) = Vdsatl + Vdth

at2 = Vout (mln) - Vd

satl
w 21

or, (—j =—22—=0.37
L 2 KNVdsatZ

So, let us choose

(7]~

5.) The bias voltage V,;, can be calculated as

Veor =Vri Vi ¥ Vigur =176 V

or, V., =111V

S

6.) The power dissipation is given by

P, =1,V,, =0.125 mW

diss
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Problem 5.4-01

Assume that i = Ai(ip_in) of the current ) Ry
amplifier shown in Fig. P5.4-1. Findv, /v, i . M
and compare with Eq. (5.4-3). —Ri S io
Solution + ip AT o,
Referring to the figure, i, =0. Vs = Current

A urren
So, i, =Ali, ~i,)=—Ai, = Amplifier

Figure P5.4-1
Now, v, =iR,
v, =—hR,

. V. ]
or, v, = (ll —ln)R2 - v, :(Ié” +A_0]R2
! .

|(Vm (_voRzﬂ Vo _ %

’ | Zin N 772 - 2 =""1_ Eq. (5.4-3
or v, LRI A JRz v, (l+ 1A) q. ( )

Problem 5.4-02

The simple current mirror of Fig. 5.4-3 is to be used as a current amplifier. If the W/L of
M1 is Tpm/1pm, design the W/L ratio of M2 to give a gain of 10. If the value of I is

100uA, find the input and output resistance assuming the current sources /; and I, are
ideal. What is the actual value of the current gain when the input current is S0pA?

Solution

The current gain can be expressed as
(w/L),

- (wiL)
For A, =10, W, =10 ym and L, =1 um.
If 7, =100 pA, then I, =1000 pA.

The input resistance is

1
R, =— = 6.74kQ
gml
The output resistance is
1
R =25kQ

out ANIDZ =228
When [, =50 pA, then 7, =500 pA and the current gain ( A,) 1s still 10.
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Problem 5.4-03

The capacitances of M1 and M2 in Fig. P.4-3
are CgslngS2:20fF, nglngdz =5fF, and

Cp1=Cppp=10fF. Find the low frequency out
current gain, i, /i, , the input resistance seen
by i;;,, the output resistance looking into the 5um Ry=
drain of M2, and the -3dB frequency in Hz. tm
Solution -
+
lin 8ml 8dsl Vi C1 =< Tiout
g gm1V1

S99E2S3

(a.) Small-signal model is shown.

Note that
C1=Cra1 + Cga+ Comr + C

S

1 = SSfF,

W,
Smi=8mo = \J 2Ky 1, =V2T105:100 = 3328

and
8451 = Ayl = 0.04-100uA = 4uS

in®

i
The current gainis, i, = gmz(_gmﬁgdsﬁsq)

The low frequency current gain is

Em2 332
A0 =g L —=335=0988=  [A0)=0.988
1 1
Rin = gm1+gdsl = 336}15 =2.796kQ = Rin =2796Q

Rout = 1/gds2 = 1/gdsl = 250kQ = Rout = 250k€2

8m1*8ds1  332uS+4uS 0
®3p=""C, = 55F =0.1IxI0 = f34p = 973MHz
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Problem 5.4-04

Derive an expression for the small-signal
input resistance of the current amplifier

of Fig. 5.4-5(a). Assume that the current C*) I
sink, I, has a small signal resistance of 12 <¢>

I ;4 in your derivation.

VDD

Solution Ix — v
. . M
Referring to the figure + 3 |-Yea3
Vs3 = Vx @9 M1:|= Il:MZ
gm3 - rds4
Vol =Vg3 = —— Ve
g (gds3 T 8ds4 ) ¢ hd
Iy =ig) +ig3
or, Iy = Em1Vgl T &m3Vx
. Em3
or, Ix =8ml - Vy T &m3Vx

(gds3 +gds4)

R.o=x = (953 + 2dsa)
17/ -
Iy Em18m3
Problem 5.4-05

Show how to make the current accuracy of Fig. 5.4-5(a) better by modifying the circuit
so that Vo = Voo

or,

Solution

Referring to the figure, M3-M6 form a VbD
differential amplifier. If it is assumed that the small-
signal gain of this differential amplifier is large <$ M

5

enough, then the bias voltages at the gates of M3 and
M4 would almost be equal (because in presence of |
large gain, the differential input ports would act as null
ports). Thus, the drain bias voltages of M1 and M2
would almost be identical causing very good —
mirroring.
Iti . . M1:|' l:M
t is also important to note that the bias voltage I 2
at the drain of M4 could be very large as gate bias I3
voltages for M1 and M2. One can use a PMOS

differential amplifier in place of the shown NMOS
differential amplifier to overcome this problem.

@

M3 My
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Problem 5.4-06

Show how to use the improved high-swing current mirror of Sec. 4.4 to implement Fig.
5.4-7(a). Design the current amplifier so that the input resistance is 1k€2 and the dc bias

current flowing into the input is 100pA (when no input current signal is applied) and the
dc voltage at the input is 1.0V.

Solution
The high-swing cascode current *VDD
mirror, constitut-ing the (J) (J)
transistors M1 through M4, is
shown in the figure. The overall ; ! * i1-i2 2 ! * i

1 out
figure shows a differential current o —> A — )
amplifier. To design the high- l_2> liz .

. . = i
swing cascode current mirror, it is M3l M4 M7| M3 l 1-12
desired that - = —, ] ¥

= ek l—_»
bl 7%l
ON
or (Kj —(Kj =455
L ) L) — Fig. S5.4-06

Let us assume

(2)-f2) -

Then, ignoring bulk effects
Vs = Vs Vs T Vg =11V
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Problem 5.4-07

Show how to use the regulated cascode mirror of Sec. 4.4 to implement a single-ended
input current amplifier. Calculate an algebraic expression for the small signal input and
output resistance of your current amplifier.

Solution
iout i
<« Ix
°
Vg3 +
) Vgs3=(-gm1rds1)Vs3 9Im3Vgs3 rds3
lin
- M _ °
Vs3 @)
X
'Vl4:]| r D
ds2
na

1

Referring to the figure, the current gain of the regulated cascode mirror can be expressed
as

i, (W/L),

A — out

i, (win),

The input resistance is given by

1
R =—

gm4

The output resistance can be calculated as follows:
Vg3 = _(gmlr;lsl)vaﬁ (1)

(Vx - sz)

Now, i = 8niVess T
Fis3

or, ix = _gm?a(gmlrdxl)vﬁ +M (2)
Fas3

Also, v,=ir,, 3)
Using Egs. (2) and (3), it can be shown that

Ve = lx(gmlrdslgm3r;1x3rds2)

\%
—__X _
Or, Rouf - i - (gmlrdslgnlSrdsSr;lsZ)

X
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Problem 5.4-08

Find the exact expression for the small signal
input resistance of the circuit shown when the
output is short-circuited. Assume all transistors
have identical W/L ratios, are in saturation and
ignore the bulk effects. Simplify your expression
by assuming that g,,=100g4s and that all
transistors are identical. Sketch a plot of igy as a
function of ijp.

Solution

A small signal model for this problem is:
gm4vgs4

: D4
I ds4
A"AA%

%in D2=G3=S4

L _

+ \Y

*D3=G4
itCD \A Vgs3§rd52 T+

- T4s3

+

Zm3 Vgs3

O
O

S2=S3
it = (2ds2+2ds4)Vt - EmaVgsd

But, Vgs4 =-gm3rds3Vgs3 - Vit
and
Vgs3 = Vi
it = (2ds2+2dsa)Vt + gma(1+gm3rds3)ve

Thus, Rjy, is

VbbD

Page 5-51

®® @

—

——o

i

Ml

M3

J—

|

l:‘M2
0

Vit 1

1

Rin = 3 = 2462+ 2ds4+8ma + Zm38mdTds3 ~ Zm3Zmalds3

Sketching igy¢ as a function of ij,:

Note that ipg =1 + igyt and ipg +1ip = ip2 =ip1 =1

Therefore, I + iout = I - lln = iout = - lln

Figure P5.4-8

lout

» lin
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Problem 5.4-09

Find the exact small signal expression for R;, for

the circuit in Fig. P5.4-9. Assume Vpc causes the v
current flow through M1 and M2 to be identical. b2
Assume M1 and M2 are identical transistors and

that the small signal rqs of M5 can be ignored (do V10—

not neglect rgg1 and rgg2).

Solution

The small-signal model is shown below.

We may write that,

R.

A
o—i M5
M M2

mn

Vin = Va1 = (ij — gmlvgsl)rdsl + (i ngVgSZ) Tds2

but Vos1 == Vsl and Ves2 = Vg2 = V2

or

SmiVgsl Sm2Ves2
it DI
+ + Tds1 \ T'ds2
v YW

G1=D2

G2=D

Vin( )

Vbp Vbp
I—
B V!

Fig. 5.4-9

*

3=D4

O
+
8m2VdlY' 1ds3(gmaval Y Tds4 5

Fig. $5.4-9

Vin = Lin Tas1 + 8m1Vs1Tds1 + lin Tds2 + 8maVe2lds2 = 8m2Vsalds2

8m3t 8ma
Vin

= lin T'ds1 + lin Tds2 + 8m2Vgards2 = tin (Tas1 + T'ds2) - gm2rds2{ 853 + Susa

(Tas1 + ras2)iin X Vin (rgs1 + ra2)
V. = - L =T =
in . 8m2"ds2(&m3+ &ma) in= i, . 8m2"ds2(&m3+ &ma)
+ +
8ds3 + 8dsa 8ds3 + 8dsa
R Tas1 + Tds2
in = 1+ gl a(8ma+ &ma)as3lI asa

Page 5-

52
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Problem 5.4-10

A CMOS current amplifier is shown.

Find the small signal values of the
mal signa valu l'_'M7
current gain, A; =i, /i, ,input
resistance, R; , and output resistance,
R, ForR, . assume that g,-/g, o1is Lout
equal to g ;.,/8,,5- Use the parameters g | |
of Table 3.1-3. fin Row =
Solution
Since this is a new circuit, use the = M8
small signal model approach. The
model for this problem is given below.
tout = “(8n7V1 + 8mg¥2) S9SFEP6
_ Sw7't 8msa  8m1 . 8mT 4 low o
" 8ms  8me  8ms (ll+l2) ~ 8ms lin 7 i~ iin T
8m2Vin
I 2 r, -2
LN ds2 8m1Vin Lout
il )
Vin 1 %
_ 8m6 |gm7v1Y 8m8V2 Y'rds7 [Tdss
o
S98FES6
1 1 1
Rouw =g 7+8 45 = (500pA)(0.04+0.05) = 455 = 22.2k€2
R, :
lin=8m1Yin * 8m2Vin * gdsl(vin_vl) + gdsZ(vin_VZ)
8as1tl 8asola 8451

8ds1

+
Vin 8ms
o Rip = Ui~ &m1t8mot8us1t8asy > Sm1 ™~ N 2Ky 10-50 = 331718, g401= 21S

8 ="\ 2Kp'10-50 =223.6p8, g ;1= 2.5uS, and g,,5 = 8,

1+0.0112
Thus, | R;, =33174223.6+2+2.5 = 1.8kQ
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Problem 5.4-11

Find the exact algebraic expression (ignoring bulk effects)

. . e 4VDD
for the following characteristics of the amplifier shown.
Express your answers in terms of g, ’s and r;’s in the form
’ . M6 M3
of the ratio of two polynomials. Rout
u
(a.) The small signal voltage gain, A ,=v_ /v, ., and current <l0—i‘;v
gain, A, =i, Ji. G 100uA [«
(b.) The small signal input resistance, R, . M2l
, . Ms:l [ R
The small signal output resistance, R .. — —> mlin
Solution < ©°Vin
(a.) Small-signal model is shown below. Summing currents M4:||——| M1
at the output node gives: >

Em2Vin + gds2(vin_v0ut) = 84s3Vout TFiguI‘e P5_4_-11

Vour 8m218ds2  Tas3T8malds2 ds3
Vin ~ 8ds2t8ds3~  Tasatas3

or

8m2Vgs2 R 8m2Vin

Vgs2 =-Vin
V"/l T'dsl rds2 rds3 Vout ﬁ Vln rdSl rds2 rdS3 Vgut
o ) o 9
S98E2S3

(b.) The input resistance is best done by finding R and putting it in parallel with r ;.

_ _ Vin  Tds2tds3
Vin = (l_ngVin)rdSZ g - R=7"= 1+gm2rds2

R IR ! Tas2 a3 R Tas1(Faso ¥ ag3)
.. =r =r .=
in " "dsl st 148,07 40 =g gt a3t 8mal asa’ dst

Tds2"ds3
(C.) ROH[ = rds2”rds3 = I’ds2+l’ds3
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Problem 5.4-12

Find the exact expression for the small signal input
resistance of the circuit shown. Assume all
transistors have identical W/L ratios, are in

saturation and ignore the bulk effects. Simplify 1 d} 1 d} 1 d} ;
your expression by assuming that g,,=100g4s and iy
that all transistors are identical. Sketch a plot of

1oyt as a function of ijp. lin 4'[__’ M4

—
Solutions o—
A small signal model for this problem is: R, M3 |
" gm4vgs4 Ml:ll A ||: M2
" D2=G3=54 < D4 o 4+ o
L :- rds4 —_
-—NVW
+ Vosd Figure P5.4-12
lt <> t VgS3 ds2 +
- Tas3
- gm3vgs3
i $2=83

it = (2ds2+2ds4)Vt - EmaVgsd
But, vgs4 =-gm3rds3Vgs3 - Vi
and

Vgg3 = Vi

S g = (2ds2+8dsa) Ve + gma(1+8m3rds3)ve

Thus, Rjy, is

Vi 1 1
it T gds2+8ds4+8m4 + Em3ZmA4lds3 = Zm38m4Tds3

Rin =

Sketching gyt as a function of ij,:
Note that ips = I + iou and ip4 + ijn = ip2 = ip1 =1 Tout

Therefore, I + iout = I - lln = iout = - lln 1

» lin
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Problem 5.5-01

Use the values of Table 3.1-2 and design the W/L ratios of M1 and M2 of Fig. 5.5-1 so
that a voltage swing of +3 volts and a slew rate of 5 volts/us is achieved if R; = 10 kQ

and C; = 1 nF. Assume that V,, = —Vg¢ =5 volts and V5, =2 volts.

Solution
K,(W 2
I, = TP(ZJZ(VDD e _|VT2|)
For positive swing of the output voltage, the slew rate should be at least +5 V/us.

s =102

C
Thus, 1, =1I,,=SR(C,)=5 mA

out

Now, (Kj =— 215, 5 - (Ej = 38/1
L), KP(VDD_VGGZ_|VT2|) L),

Also, for the output voltage to swing to +3 V, the load current into R, will be 0.3 mA.
Since I,), is greater than 0.3 mA, the output voltage would be greater than +3 V.

For negative output voltage swing
1. =SR(C,)=5mA

out

I, =-I, +1,,=10 mA

or, (Ej _ 21, . N (E) =2.1=3/1
Ly K (VDD_VSS_VTI) L,

In

N

For V ,(min)=-3 V, [ , =-0.3 mA. Since [, >-I , +1,,, the output will be able to

swing down to -3 V.
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Problem 5.5-02

Find the W/L of M1 for the source follower of Fig. 5.5-3a when Vpp=-V¢¢=5V, Vour

=1V, and W,/L, = 1 that will source 1 mA of output current. Use the parameters of

Table 3.1-2.
Solution
Given, V ,=1Vand Vi, =-5V

So, Vi, =6V

2\ L
Thus, 1, =1,,+1,=255mA

out

K, (W 2
Ip, :_N(_j (VGSZ _VTz) - Ip, =1.55 mA
2

Due to body effects, the threshold voltage of M, can be given by

Vi =Veo 7, Y Vou = Vs = 1.68 V
21
Now, (KJ =— ol - =8.6/1
L) Ky(Vop =V, =Vy)

out

Problem 5.5-03

Find the small-signal voltage gain and output resistance of the source follower of Fig.
5.5-3b. Assume that Vpp=-Ve¢=5V, Vour =1V, I =50 uA, and the W/L ratios of

both M1 and M2 are 20 um/10 um. Use the parameters of Table 3.1-2 where pertinent.

Solution

The small-signal voltage gain is given by

Av — gml
(gml + gdsl + gdsZ)

Vi =Veo Yy Vou — Vs - Vi =1 68 V

(W

Em = 2KN(_j I, - gm =148 pS
\ L)

8ag T 8ar =45 1S

A =0943 V/V

The output resistance is given by
1

(gml + gdsl + gdsZ)

out

37k

)
)
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Problem 5.5-04

An output amplifier is shown. Assume that vjy can +2.5V
vary from -2.5V to +2.5V. Let Kp’ = 50pA/V2, Vip
=-0.7V, and A1p = 0.05V-1. Ignore bulk effects. 200uA

a.) Find the maximum value of voyr, voyr(max). o VOUT

b.) Find the minimum value of voyr, voyr(min). VIN ¢ 300/1 ==50pF<10kQ
c.) Find the positive slew rate, SRt when voyr = 0V I
in volts/microseconds.

v
-2.5V
d.) Find the negative slew rate, SR- when voyr = 0V
in volts/microseconds.

e.) Find the small signal output resistance (excluding the 10k€2 resistor) when vpyr =
0OVv.

Solution
When vy = +2.5V, the transistor is shut off and vy yr(max) = 200uA-10k€2 =
+2V

When v,y =-2.5V, the transistor is in saturation (drain = gate) and the minimum
output voltage under steady-state is,

50-300 5
vour = -10kQ(I-200pA) = -10kQ | =5 —(v7+2.5-0.7)2 - 200uA
Your = —75(V0UT+1.8)2 +2 - VOUT2+3.6133V0UT +3.21333=0
3.61333 . \/(3.61333)2 -4-3.21333

vour=- 2 2 =-1.80667 + 0.22519
It can be shown that the correct choice is g@min) =-1.80667 + 0.22519 = -1.5815V
200uA
c.) The positive slew rate is SR+ = W}% =+4V/us - SR+ = +4V/us

d.) The negative slew rate is found as follows. With v =0V, the drain current is
I =7.5mA/V2(2.5-0.7)2 = 24.3mA
Therefore, the sourcing current is 24.3mA-0.2mA = 24.1mA which gives a negative slew

24.1mA
rate of SR = S0pF =" 482V/us — SR =-482V/us

e.) The output resistance, R

our 18 approximately equal to 1/g,,. Therefore,

1 / L 1
Rour = gm_ N 2KplpW ~[250.200-300 _ 408.2Q - Ry = 408Q
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Problem 5.5-05

An output amplifier is shown. Assume that

vN can vary from -2.5V to +2.5V. Ignore
bulk effects. Use the parameters shown
VIN o——]

below.
a.) Find the maximum value of voyr,

vour(max). J_ O vour
b.) F1.nd the minimum value of voyr, 200uA 50pF< 10kQ
voyr(min).

c.) Find the positive slew rate, SRt when I

vout = 0V in volts/microseconds. 2.5V = =

d.) Find the negative slew rate, SR~ when Figure P5.5-5

vour = 0V in volts/microseconds.
e.) Find the small signal output resistance when voyr = 0V.

Solution

(a.) When vy =2.5V, the transistor shuts off and | v 7(max) = 200uA-10kQ = +2V

(b.) Assume v,y =-2.5V. Therefore, the transistor is in saturation and the minimum

output voltage under steady-state is,

110x10-6-300 )
vour =-10kQ(Ip-200pA) = -10kQ| =5 (voyr+2.5-0.7)#-200pA

or
Vvour =-165vopr+1.8)2+2V = vou? +3.6061 vy +3.228 =0

3.6061 \(3.6061)2 - 4.3.228
vour=-— 2 % 2 =-1.8030 £ 0.1516

It can be shown that the correct choice is vyyr=-1.8030 + 0.1516 =-1.6514V
Thus | voy(min) = -1.6514V

200pA
(c.) The positive slew rate is | SRt = W}% = 4+4V/us

(d.) The negative slew rate is found as follows. With v;;7= 0V, the drain current is

110x10-6-300
Ip=""75 " (2.5-0.7)2 = 53.46mA

Therefore, the sourcing current is 53.46mA - 0.2mA = 53.44mA which gives a negative

53.44mA
slew rate of | SR™ = - T 50pF - 1069V /us

(e.) The output resistance, R,,,,;, is approximately equal to 1/g,,. Therefore,

our

—L—\/ L__ 10° =275.24Q
out = g, — \| 2KIpW = \[2.110-300-200 _ "~

R
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Problem 5.5-06

For the circuit shown in Fig. P5.5-6, find the small signal voltage
gain, vy,/vi, and the small signal output resistance, R,,;. Assume

that the dc value of voyris OV and that the dc current through

M1 and M2 is 200pA.
Solution

(Unfortunately the gate-source voltage is given on the schematic
which causes a conflict with the problem statement of 200pA of
current. We will use the 200pA in the solution.)

The small-signal model for this problem is shown below.

lout
+ Vgs] - ﬂo
+ +
rasi> ras > Vout
| 8m1VgslY &mbl1Vbsl 5
Fig. $5.5-6

663.3uS(0.4
gm1 =V2:110-200-10 pS = 663.30S, g, = 2—0\/%5)= 55.57u8,

8ds1 = 8ds2 = 0.04-200uA = 8uS
Summing currents at the output,
Vour8ds1 + 8ds2) = 8m1Vgs1 T 8mb1Vbs1 = 8m1Vin = 8m1Vour ~ 8mb1Vout

Vout 8ml 663.3
= E8m1 T 8mb1 + 8ds1 T 8ds2 ~663.3+5557+8+8 ~ 7709026 VIV

Vout 1 1
out = iout = E8m1 T 8mb1 + 8ds1 T 8ds2 ~663.3+5557+8+8 ~ L

(@)
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Problem 5.5-07

Develop an expression for the efficiency of the source follower of Fig. 5.5-3b in terms of
the maximum symmetrical peak-output voltage swing. Ignore the effects of the bulk-
source voltage. What is the maximum possible efficiency?

Solution

Efficiency (1) is expressed as

V,u(peak)’
P, 2R,

nmax - -

Psup ply (VDD - Vss )I 0

The maximum output voltage swing is

(max) =V, =V,

0M[

The minimum output voltage swing is
out (mln) VSS

Assuming symmetrical maximum positive and negative output swings
out (peak) VDD V

The quiescent current can be expressed as

(V,,,(max) - V,,, (min))

fo= 2R,
or, IQ — (VDD _2‘;55 _VTI)
Thus, "
( V. (peak)’ ]
n = 2R, (VDD Tl)z
- (VDD _VSS)I ( Vss) V 1)

Assuming V,, =-V, =5V gives N, =20%
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Problem 5.5-08

Find the pole and zero location of the source followers of Fig. 5.5-3a and Fig. 5.5-3b if

Cos1 = Coqp = 5tF and Cpygy = Cpyp = 30fF and Cp = 1 pF. Assume the device parameters

of Table 3.1-2, I, = 100 uA, Wi/L| = W5/L, = 10 um/10 um, and Vg =5 volts.

Solution

QD _ T ‘Vout

CL
T %RL2=(9m2+9d52+9L)_1

a.) Referring to the figure

The location of the zero of the follower is given by

¢=—5u1= 14,9 GHz
gsl
The location of the pole of the follower is given by

_ _(gml + 8,0t 8ug T 8 +gL)
(C +Con +Cyy +de2+CL)

gsl gs2

=-140.8 MHz

b.) Referring to the figure

The location of the zero of the follower is given by

z="8m _ 149 GHz
c., —=°

gsl

The location of the pole of the follower is given by

_ + +g,,+
p= (gml gdsl gd32 gL) = %

(Cu+ €y +Coy +Cip +C,)

gsl gs2
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Problem 5.5-09

Six versions of a source follower are shown below. Assume that K'y = 2K'p, Ap = 2N,
all W/L ratios of all devices are equal, and that all bias currents in each device are equal.
Neglect bulk effects in this problem and assume no external load resistor. Identify which
circuit or circuits have the following characteristics: (a.) highest small-signal voltage
gain, (b.) lowest small-signal voltage gain, (c.) the highest output resistance, (d.) the
lowest output resistance, (e.) the highest v,,(max) and (f.) the lowest v,,(max).

T, VoD

Vin M M2 Vin I\E I—{l\l/i_i Vin REVBP;T—'Mz
Vout Vout Vout Vout Vout Vout
—o —o —o —o

M2 Vin M1 Vin M2 Vin M1

o N NN~ T
M2 mi| BN Vg
Circuit 1  Circuit2  Circuit3  Circuit4  Circuit5  Circuit 6
FSO02E1P1

Solution

(a.) and (b.) - Voltage gain.

The voltage gain is found as:

where Gy, is the load conductance. Therefore we get:

Circuit | 1 |

Small signal model: b 2
Vout gm Vin Gre Vout
Vin ~ gm+GL _ 8mVin\l/€mVYout }

o 0

I 4 5 | 6
Vout ZmN gmP gmN gmP gmN gmP
Vin ZmN*TEmN [ EmP+EmP | EmN1TEmP | EmPtEmN | EmN+2dsN+TEdsP | EmP+&dsN+EdsP
But gmN = \/5 gmp and ggsN = 0.5g4sp, therefore
Circuit | 1 | 2 3 | 4 5 | 6
Vout 1 ‘ 1 105858 |0.4142 gmp gmP
Vin 2 2 ng+(gdsP+gdsN)/\/§ gmP+&dsPt8dsN

| Thus, circuit 5 has the highest gain and circuit 4 the lowest gain |

(c.) and (d.) - Output resistance.
The denominators of the first table show the following:

| Ckt.6 has the highest output resistance and Ckt. 1 the lowest output resistance. |

(e.) Assuming no current has to be provided by the output, circuits 2, 4, and 6 can pull

the output to Vpp. .- | Circuits 2, 4 and 6 have the highest output swing. |

(f.) Assuming no current has to be provided by the output, circuits 1, 3, and 5 can pull

the output to ground. .. | Circuits 1, 3 and 5 have lowest output swing. |

Summary

(a.) Ckt. 5 has the highest voltage gain
(b.) Ckt. 4 has the lowest voltage gain
(c.) Ckt. 6 has the highest output resistance

(d.) Ckt. 1 has the lowest output resistance
(e.) Ckts. 2,4 and 6 have the highest output
(f.) Ckts. 1,3 and 5 have the lowest output
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Problem 5.5-10

Show that a class B, push-pull amplifier has a VoD
maximum efficiency of 78.5% for a sinusoidal
signal Ml
gnal.
Solution ";l__| +
. . . ) VBias — —Vss
Referring to the figure, assuming there is no = " iouT
cross-over distortion, the efficiency can be given N Vai |+ =~ = sour
as —.

> T'—|E—_|: R

V. (peak)’ M2| —='DD
n — 2RL v - -
V. . (peak) Vss  Fig. $5.5-10A
(VD _VSS) -
TR,

For maximum efficiency, it can be assumed Vin
that the output swing is symmetrical and the

peak output voltage can be given by

AN
Vout (peak) = VDD = _VSS \/ \/

Voo
2R Vout
Thus, n = L V2 Vout(peak)
(- L) AN
L >
or, 1 =%: 78.5% \/ \/

id'lA

Vout(peak)/RL

idzT

/\

~+

v

t

'Vout(peak)/RLl \/ \/
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Problem 5.5-11

Assume the parameters of Table 3.1-2 are valid VoD

for the transistors of Fig. 5.5-5a. Design Vp; s SO M1

that M1 and M2 are working in class-B

operation, i.e., M1 starts to turn on when M2 VBias+;_L_| _+] /s

starts to turn off. = l— ;

Soluti VIN . + — QJ»T
olution VBias — VOoUT

Vosi = (Vm + Vs — Vouz) T__lE_—E RL

Vosa = (Vm — Vs — Vout) T_ —

VSs  Fig. $5.5-10A

In Class B operation, when M, starts to turn on
and M, starts to turn off, the drain currents can be written as

IDI = ID2 + Iout
K, (W K,(W 2 V.
or, TN(ZJI(VGSI _VT1)2 = Tp(fl(vscz _|VT2|) + RLI

Assuming, when V, =0, V=0, we get

K, (W K,(W
TN(ZJI(VBIAS - Vrl)2 = TP(Tl (VBIAS _|VT2|)2

or VBIAS_VTI ]: \/&(Kj (Aj
VBIAS_|VT2| ' KN L 2 w 1

or, BIAS — |’ ‘q
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Problem 5.5-12

Find an expression for the maximum and minimum output voltage swing for Fig. 5.5-5a.

Solution

To calculate the maximum output voltage swing, it can be assumed that the input is taken
to V. Thus,

Vosi =V = (VDD + Vs =V, (max) — VTI)
and, Vg = (VDD Vo (maX))

So, Vs — (VGS1 - VTl) = (VBIAS - VTl)

Thus, if V¢ 2V, Vi 2 (Vs —V;,) and M, will be in saturation.

Now, 1, =1,
K, (W » V. (max)
or, TN(ZJI(VDD Vs = Vou (max) — VT]) = R—L
or, V, . (max) = (VDD + Vs — VTl) +Y
1 “‘ 1 2(VDD + VBIAS B VTI)

where, Y = RLK}\,(W/L)I _,\ (RLKIIV(W/L)I)Z (RLK}V(W/L)])

To calculate the minimum output voltage swing

Iy, =-1,
K, (W . Vi (M
or, TP(Tl (Vss - VBIAS ~Vou (min) + |VT2|)2 = ](gern)
or, V,.(min) = (Vss —Vius + |VT2|) -Z
1 ‘\“‘ 1 2(Vss ~ Vs + |VT2|)

where, Z = R, (W), —\ (RLK}(W/L)z)Z - (RLK;,(W/L)z)
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Problem 5.5-13

Repeat the previous problem for Fig. Vbbb
5.5-8.
Solution ﬂ__l M2
Assuming M, operate in 'triode region Vrry — ioUT
when V, =V, the maximum output = —
: VIN T ovouT
voltage swing can be calculated as Vipl =
follows: ==
Lma—=r 3
ID2 = Iour

or,
Figure 5.5-8 Push-pull inverting CMOS amplifier.

V . (max)
R

L

(W
Kp(f) (Vss —Vop + Vs + |VT2|)(VW (max) — VDD) _
2

VDD

or, V. (max) = |-
| 1

| |
A E ).

Assuming M, operate in triode region when V,

. = Vpp, the minimum output voltage
swing can be calculated as follows:

I, =-1

D1 out

(W ) -V, (min)
or, KN(Z) (_Vss +Voo = Vir — Vrl)(vout (min) — VSS) = R
|

L

VS S

or, V. (min) = |-

p——

| 1

)
fm——

L—
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Problem 5.5-14

Given the push-pull inverting CMOS amplifier shown in Fig. 5.5-14, show how short-
circuit protection can be added to this amplifier. Note that Ry could be replaced with an

active load if desired.

Solution

VbD

1

VbD
—_
Mz Mg
O——' M3
i VOUt VSS

Disc

Vss

The current source /gc in the figure represents the short circuit current whose value can

be set as desired. The current through the transistors M2 and M3 need to be regulated for
short circuit protection. The currents carried by M2 and M3 are mirrored into M4 and M9
respectively. When the current tends to increase in M2, the current in M4 would also
increase. This would tend to increase the voltage at the drain of M5, but it will decrease
the current in M5. Since the current carried by M4 and M5 are same, the gate bias of M4
as well as M2 cannot increase beyond a point where they both carry the maximum limit
of the current as set by the short circuit current source. Similarly, the diode-connected
transistor M9 would limit the gate bias of M3, thus limiting the output sinking current.



CMOS Analog Circuit Design (2" Ed.) — Homework Solutions Page 5-69

Problem 5.5-15

If R| = R, of Fig. 5.5-12, find an expression for the small-signal output resistance R,,,;.
Repeat including the influence of R; on the output resistance.

Solution
VbD
Rl A

V=V =773V,
77 (R+R,)

or, V=V, =0.5v,
— tieo
idl = O'nglvx R
1 R) iy
and, i, =0.5g,,v, l Wy /( VY T —
L R ’
Now, I, =1;*1 - 1 \Y . V)
S s G o (%

or, ix :OS(gm1 +gn12)vx

So, the output resistance becomes —

R, == 2

- ix - (gml + gm2)

In presence of load (RL), the output resistance will become

out

: )U[RL]

(gml + gmz

:
7

The presence of the load resistance (RL) will tend to decrease the output resistance.
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Problem 5.5-16

Page 5-70

Develop a table that expresses the dependence of the small-signal voltage gain, output
resistance, and the dominant pole as a function of dc drain current for the differential
amplifier of Fig. 5.2-1, the cascode amplifier of Fig. 5.3-1, the high-output-resistance
cascode of Fig. 5.3-6, the inverter of Fig. 5.5-1, and the source follower of Fig. 5.5-3b.

Solution
Differential Cascode High-Gain Inverting Source
Amplifier Amplifier Cascode Amplifer Follower
Amp.
Vbp Vbp
M4
M| Vo] e
o —° M3 Vo=, l
Circuit 2 VoG T vvour
M2 VIN ’ Fig. 5.5-3(b,
Vout Voo <_| 0—| M1 ©
Vin M =
= = FieSs205 _i_ 4 _i_ Figure 5.1-1
’ Figure 5.;—] Fig. 5.3-6(a)
[ - [ !
A, . 2/1 I;\/VLV 2Ky'W, See E3lc;.)(5.3 . _2/1 ]2(?,‘2/ Error!
D~| - 2] D
NP \N LilpAp P
Gain o< I,
R, 1 1 1 1 1
ou o< o< o< T 11 [ o<
Ip Ip Ip1? Ip \Ip
1. .
Ipy! =<Ip =<Ip o< Ip' < Ip o< Ip
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Problem 5.6-01
Propose an implementation of the VCCS of Fig. 5.6-2(b).

Solution

A VDD

M3:| |——||‘_'M4

FigS5.6-01

Problem 5.6-02
Propose an implementation of the VCVS of Fig. 5.6-3(b).

Page 5-71

Solution
4 VDD
M3:||——||:M4
e

2_”:\ Ml M2_ [ ——o0
Vi

M5,

i L7

VBias:
L L £

FigS5.6-02
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Problem 5.6-03
Propose an implementation of the CCCS of Fig. 5.6-4(b).

VbD DD VDD
®  ©=0

Solution

lo

i

° ) B
12 2
o— — l i1-i
1| M2 M3 | M4
4 F[
=
Fig. $5.6-03

Problem 5.6-04
Propose an implementation of the CCVS of Fig. 5.6-5(b).

Solution
VbD DD VDD ~DD
No oo
I,
: T e
i )
C_> <+— l ll 12 _OVO
1| M2 M3 | M4
4 L
J__ ivBias_ L

Fig. $5.6-04
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CHAPTER 6 - HOMEWORK SOLUTIONS

Problem 6.1-01

Use the null port concept to find the voltage transfer o T
function of the noninverting voltage amplifier shown in +

+

Fig. P6.1-1.

Solution Iv\/\’ Vout

Vin Ry
Let, V1 and V2 be the voltages at the non-inverting and Rl%
inverting terminals respectively. Using the Null-port o
concept and assuming that the lower negative rail is at
ground

Figure P6.1-1

VI =V2 = Vi

Applying KCL
(vout -V2 ) _ (V2 ) N (Vout ~Vin ): (Vin )
Ry Ry R, Ry

Vout _ Rz
Vin 1

Problem 6.1-02

Show that if the voltage gain of an op amp approaches infinity that the differential input
becomes a null port. Assume that the output is returned to the input by means of negative
feedback.

Solution

. . . R R
Referring to the figure, in V\j\« o , ’\/\/(i/ .
the presence of negative ¥ Vout
series feedback, the |,
differential input can be Vi §Rin AyVi
written as -

Vin = Vs = Four ; % s

v

and, VYour = AyVin out

So, Vin = Vs — fAVip
or,

For a finite value of the negative feedback factor ) , if the value of open-loop differential

gain 4y ) tends to become infinite, then the value of the differential input voltage Win )
would tend to become zero and become a null port.
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Problem 6.1-03

Show that the controlled source of Fig. 6.1-5 designated as vj/CMRR is in fact a suitable
model for the common-mode behavior of the op amp.

V]
CMRR

AN /\V"

2T~ +\J—

Vos i2 Cld

T T
V1 o

Riem 2 Ip

Rlcm

out Vout

Ideal Op Amp

Figure 6.1-5 A model for a nonideal op amp showing some of the nonideal
linear characteristics.

Solution
Referring to the figure, considering only the source representing the common-mode
behavior, V1 /CMRR , the following analysis is carried out

The common-mode input, Vem |, is given by
Vem =V1 =WV2

Thus, the differential input is
V1

Vid =V~ V2 +CMEF

or, Vid =y
The output voltage is given by

Vour = AvaVid
and, the common-mode rejection ratio is given by

CMRR =

cm
where, Ava and 4em are the differential and common-mode gains respectively.
Thus,
v

Vour = AvaVia = (CMRRXAcm {CMIRR_J

or, Vour = Aem M1 N Vout = Aem Vem

This expression proves that the source V1 /CMRR

of the op amp.

represents the common-mode behavior
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Problem 6.1-04

Show how to incorporate the PSRR effects of the op amp into the model of the nonideal
effects of the op amp given in Fig. 6.1-5.

Solution

Referring to the figure, the sources (V4q / P SRR™ ) and (vss / PSRR™ ) would model the
positive PSRR and negative PSRR respectively.

Vdd -
CMRR PSRR* Ricm 182 v
O, ;
Vos _ss @ 2 Cid i R.d% :D—Wv—“%“
PSRR ’I‘
Vio Ideal Op Amp
Ricm < Ig1

Problem 6.1-05

Replace the current mirror load of Fig. 6.1-8 with two separate current mirror and show
how to recombine these currents in an output stage to get a push-pull output. How can you
increase the gain of the configuration equivalent to a two-stage op amp?

Solution

Referring to the figure, if the aspect ratios of M3 through M6 are same and that of M7 and
MBS are equal, then the small-signal gain of this configuration becomes equivalent to a two-
stage op amp. The small-signal gain of this configuration is given by

4 = ng(gm6+gm5) ]

(gdSZ + Zds4 xgds6 + gds8)

VDD

s M3 M{_’]}T —" ™6

_ Vout

— ™ M2<L_1|_.+ o—0

M7jl Il__. Mg

VBIAS —|[: M5

Vss



CMOS Analog Circuit Design (2" Ed.) — Homework Solutions Page 6-4

Problem 6.1-06

Replace the I—/ stage of Fig. 6.1-9 with a current mirror load. How would you increase
the gain of this configuration to make it equivalent to a two-stage op amp?

Solution

In the figure, the transistor M4 is a diode-connected transistor.

| E E VoD
Vi | i i
R YE | e
! ! | M12|MI3|:
+ 0— r__Ml sz | e o | M
Yin )i 1 M10 Mudi_gour
Vias . M8 (= fg
i MS5 | i i
Vel ] i Me | |
e
! i ; ' Vss
VI -1 -V Fig. $6.1-6

The gain in the above circuit is already at the level of a two-stage op amp. The gain could
easily be increased by making the W/L ratio of M7 to M4 and M6 to M5 greater than one.
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Problem 6.2-01

Develop the expression for the dominant pole in Eq. (6.2-10) and the output pole in Eq.
(6.2-11) from the transfer function of Eq. (6.2-9).

Solution

The transfer function is given by Equation (6.2-9). Assuming the dominant pole and the
output pole are wide apart, the dominant pole, 71, can be calculated as the root of the
polynomial

1+ iR, (C; +Cc )+ Ry (Cp +C )+ gmuR1 Ry Ce f1=0

where, the effect due to the 52 term is neglected assuming the dominant pole is a low
frequency pole.
-1

R (Cr+Ce + Ry (Cpp +C )+ g Ri Ry Ce &

Considering the most dominant term
-1

g R RyCc ¥

To compute the output pole (which is assumed to be at high frequency), the polynomial

P1

P1

. 2 .
with the $ and § terms are considered.

lY{Rl (€ +Ce )+ Ry €y +Co Y+ gmurRiRCe s R Ry (C1Cpp + CCe +CCyy )}J= 0

. — W (Cr+Cc )+ Ry Crp+Co + gmuRi Ry Ce &

or, F
W Ry (CiCy +CCe+CcCpp )y
_—&muRIRyCc s
or, P2 = ¢ ——
Wi Ry Cclyr )y
—&mil §

Py =
or, —{C—}—H
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Problem 6.2-02

Fig. 6.2-7 uses asymptotic plots to illustrate the difference between an uncompensated and
compensated op amp. What is the approximate value of the real phase margin using the
actual curves and not the asymptotic approximations?

Solution
Assume that the open-loop gain can be expressed as
'AVO

S0

(Pl * )\GB *

The magnitude and phase shift of the open-loop gain can be expressed as,

| L(jo)l = \/@HVO ,_(G%)ZH

Arg[L(jw)] = +180° - tan"!(w/p;) - tan"! (a/GB)
At frequencies near GB, we can simplify these expression as,
GB

(&

Arg[L(jow)] = £180° - 90° - tan" ! (a/GB) = 90° - tan"!(w/GB)

The unity gain frequency is found as,

L(jw) = )where p; is the dominant pole

| L(jow)l =

GB
600
=1 —  (0y/GB)*+ (wy/GB)*1=0
Wo
GB| t1
(0y/GB)? = 0.5 + 0.5\/1+4 = 0.6180 —  ®, =0.7862GB

The phase margin becomes,
Arg[L(jwy)] = 90° - tan”!(@w,/GB) = 90° - tan"1(0.7862)
=90° - 38.173° =51.83°

. The actual phase margin is 51.83° compared to 45° estimated from the Bode plot.
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Problem 6.2-03
Derive the relationship for GB given in Eq. (6.2-17) of Sec. 6.2.

Solution

The small signal voltage gains of the two stages can be given by
Ay = gmiRy
Ayy =gmaRy

And, the overall small-signal voltage gain is given by
Ay = g RrgmaRy

Assuming the dominant pole is much smaller than the output pole, and the Gain-bandwidth
frequency is smaller than the output pole, the overall transfer function of the op amp can be

approximated by a single dominant pole, 71 .

A
A, ()= "
1+ S_
D1
h p= !
where, 1 =
i RIRCc ¢
. A
or, 4,(jo)= Vw
1+ ]_
P1

It can be seen that at @ = 4, P1 | |Av (I‘O)|= 1
So, the Gain-bandwidth frequency, ?GB , is given by

8m
W =A, P, = C_l
C
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Problem 6.2-04

For an op amp model with two poles and one RHP zero, prove that if the zero is 10 times

larger than GB, then in order to achieve a 45° phase margin, the second pole must be
placed at least 1.22 times higher than GB.

Solution
Given, z =10(GB)

The transfer function is given by

Av(l— S_J
Av(s): :

1+ 1+S_J

D1 P2

The phase margin, PM, can be written as

PM =180°—| tan! G_B +tan ! Gi +tan_1(G_Bj
P1 V2] z

or, 45°=180°—{90° +tan! ﬁ +5.7° N tan~! Gi =39.3°
P2 P2

7, =122(GB)

or,

Problem 6.2-05

For an op amp model with three poles and no zero, prove that if the highest pole is 10 times

GB, then in order to achieve 60° phase margin, the second pole must be placed at least 2.2
times GB.

Solution

The transfer function is given by

Av
1+S_ 1+s_ 1+S_
P P2 P3

The phase margin, PM, can be written as

Pm =180°—| tan~!| 98 |1 tan!| 98 |4 tan~!| OB
P1 29) P3

o 60°=180°=90°+tan”!| TP liso | an | 9B |- 2430
’ P2 P2

7> = 2.2(GB)

A,(s) =

or,
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Problem 6.2-06
Derive the relationships given in Egs. (6.2-34) through (6.2-37) in Sec. 6.2.
Solution

The transfer function is given by Equations (6.2-32) through (6.2-36). Now, the
denominator of Equation (6.2-32) cannot be factorized readily. So, the roots of this
polynomial can be determined intuitively. The zero can be calculated as

{1— C_C—RZCC }:0
Emlil

-1

CC(RZ - %m[lJ

The dominant pole, 71, is given by
1+ siR; (C;+Ce Ry Cpp +C )+ gmuR1 Ry Ce + Rz Ce =0

or, z=

2 . . .
where, the effect due to the S and higher order terms are neglected assuming the dominant
pole is a low frequency pole.

P1

-1
W Cr+Ce )+ Ry (Cpp +Cc )+ gmuRiRyCe + Rz Cc x
Considering the most dominant term
B -1
Cmi R Ry Ce 5
To compute the output pole (which is assumed to be at high frequency), the polynomial

2
with the $ and § terms from Equations (6.2-34) and (6.2-35) are considered.
_ WG +Co )+ Ry (Cpp +C )+ &R R Ce +RzCc

P1

or, P2 = ¢ 3
W R \CrCp +CCo+CeCpp )& RzCo R Cp +RypCpp )y
_—8muRiRyCcy
or, P2 = ¢ ——
Wi R Celyp )y
b, = —&mil I
or, —{C'_}—[[

2 3
To compute the third pole, P4 , the polynomial with the 5 and ® terms from Equations
(6.2-35) and (6.2-36) are considered.

_ W R Gl + G Ce+ CoCy HRzCe\B Cp + Ky Cpp )y

or, p
K RKpKzCCpCeo
Py = ERUYR/ASY /e |
or, =
KKy KzCCpCe
——1
P4 =

or, R—C’—Z 7
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Problem 6.2-07

Physically explain why the RHP zero occurs in the Miller compensation scheme illustrated
in the op amp of Fig. 6.2-8. Why does the RHP zero have a stronger influence on a CMOS
op amp than on a similar type BJT op amp?

Solution
Referring to the figure and considering the VDD
transistor Mg , there are two paths from the Zﬁ
input (gate) to the output (drain): inverting
and non-inverting.
The signal current in the inverting path is | M
given by Ir__ 6

liny = &mé Vg6

i.

The signal current in the non-inverting path C T nv
is given by Vq I ?

. °

Ynon—inv = (Vg6 —Vour }Cc I ir;rT—inv T
The zero is created when Vout

liny = Inon—iny and four =0
or, Em6Vg6 = (vg6 —Vour JCc

Vout _ (—gme +sCc)
v sCe

or,
g6

Thus, the RHP zero is given by the numerator (=8me6 +5Cc) |

The RHP zero has a stronger (degrading) influence in MOS than in BJT as
&m,MOS < &m,BJT

and, the RHP zero is closer to the Gain-bandwidth frequency thus decreasing the phase
margin.
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Problem 6.2-08

A two-stage, Miller-compensated CMOS op amp has a RHP zero at 20GB, a dominant
pole due to the Miller compensation, a second pole at p, and a mirror pole at -3GB. (a) If

GB is IMHz, find the location of p, corresponding to a 45° phase margin. (b) Assume
that in part (a) that |p,| = 2GB and a nulling resistor is used to cancel p,. What is the new

phase margin assuming that GB = 1IMHz? (c) Using the conditions of (b), what is the
phase margin if C; is increased by a factor of 4?

Solution
a.) Since the magnitude of the op amp is unity at GB, then let ® = GB to evaluate the

, o .. (GB) (GB 4(GB 4(GB
Phase margin= PM = 180° - tan |p1| - tan |P2| - tan |p3| - tan 121

But, p1 = GB/A, p3 =-3GB and z; = -20GB which gives

phase.
GB
PM = 45° = 180° - tan"1(A,) - tan-! ool | - tan-1(0.33)- tan-1(0.05)
GB GB
45° = 90° - tan-! ool | - tan-1(0.33)- tan-1(0.05) = 90° - tan"! ool | - 18.26° - 2.86°

GB GB
tan-1 )= 45° - 18.26° - 2.86° =23.48° — T = tan(23.84°) = 0.442

p2 =-2.26:GB = -14.2x100 rads/sec

b.) The only roots now are p; and p3. Thus,

PM = 180° - 90° - tan-1(0.33) = 90° - 18.3° = 71.7°

c.) In this case, z1 is at -2GB and pp moves to -0.5GB. Thus the phase margin is now,

PM = 90° - tan"1(2) + tan-1(0.5) - tan-1(0.33) = 90°-63.43°+26.57°-18.3° = 34.4°
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Problem 6.2-09
Derive Eq. (6.2-53).
Solution
Ce
o -A I ( O O O +o
ImiVi A4
* Ci7~ R|% Vout

Vi

; _T_ O O o) o_

Referring to the figL;e, applying KCL

(—Avi(s) - vom(s))sCC =g .v.(5) +(SC” + RL}””’(S)

11

1
or, (SAC, + g, )vi(s) = {sc,, o sC,. } (s)

11

Vo (S) (SACC + gmll)
or, =—
v,(s) (

1

1
sCy, +R+sCCJ

S+ ngI
Vout (S) - _ ACC ACC

or,
v.(s) (c.+c,) [H 1 j

Rll (CC + CII)
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Problem 6.2-10

For the two-stage op amp of Fig. 6.2-8, find W/L{, W¢/L¢, and C,. if GB = 1 MHz, |p,| =
5 GB, z=3 GB and C; = C, = 20 pF. Use the parameter values of Table 3.1-2 and

consider only the two-pole model of the op amp. The bias current in M5 is 40 yA and in

M7 is 320 uA.
Solution
Given

GB =1 MHz. Vbp

R

z=3GB M3 M4 C.

C, =C,=20 pF ) \ |

g o G /1 Vout
Now, p, =<2 - 0—|l:M1 Mz:])~‘ == |
2 Vin — C2

or, + o I_/,« —_ I

g,c =028.3uS +— [ M7 =

° VBias I_’l M5 l:

or, .

w 86 Vss
) Tk =12.33|  Figure 6.2-8 A two-stage op amp with various parasitic and
- L circuit capacitances shown.

RHP zero is given by
gm()
I=—""
CC

or, |C.=816=333pF
g

Finally, Gain-bandwidth is given by

GB=5m
CC

or, g =209.4 uS

W 2
or, (—) = Sm__ -9
L 1 2KNID1




CMOS Analog Circuit Design (2" Ed.) — Homework Solutions Page 6-14

Problem 6.2-11

In Flg 62-13, assume that RI: 150 kQ, RII: 100 kQ, Emll = 500 ‘LLS, C[: 1 pF, CHZ 5

pF, and C_ = 30 pF. Find the value of R, and the locations of all roots for (a) the case

where the zero is moved to infinity and (b) the case where the zero cancels the next highest
pole.

Solution
(a.) Zero at infinity.

1 1
Rz =11 = 500S

R,= 2kQ
Check pole due to R,.
- 2 500x106 79.58 MH
P4 = RZCI_ 2kQ-1pF =- X 1ps or . z
The pole at p, is
—8miCe —8mil  -500uS

= = = = 100x106 15.9 MH
P2 CiCy+C.Cr+C.Cpy Crr 5pF x10® rps or z

Therefore, p, is the next highest pole.
(b.) Zero at p,.

CctCp 30+5) 1
RZ = Cc (1/gm11) =1 30 SOOMS = 2.33kQ
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Problem 6.3-01

Express all of the relationships given in Eqgs. (6.3-1) through (6.3-9) of Sec. 6.3 in terms
of the large-signal model parameters and the dc values of drain current.

Solution
I5
SR=__ _
o (6.3-1)
2Ky 0 1),
Ay == (6.3-2)
\/Il ()‘P + Z’N ;
Ay =- 2Kp U L) (6.3-3)
I(p + Ay )
Ky @ L)1
GB = RN L (6.3-4)
Cc
_PE W )l
P2 =- o) (6.3-5)
L JzK;J(W /L)6I6
1 o (6.3-6)
Positive CMR
Vip(max)="Vpp — > — {703 (max) + V7| (min) 6.3-7
,K_T_Zp o [703 { (6.3-7)
Negative CMR
V. (min)= Ve + 5 5 (max)
in =Vss Tl 6.3-8
\/KN(W ) \/KN(W ) (O
21
Vps(sat) =\ | —2= (6.3-9)

B
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Problem 6.3-02
Develop the relationship given in step 5 of Table 6.3-2.

Solution
Referring to the figure, 3 is generated at the drain of M3 .

Resistance looking into the drain of M3 is given by
1 1

Ry = =
(g3 +8ds3 + &dsl ) &m3

The total capacitance at the drain of M3 is given by
Crir =Cgs3 +Cgsa + Cpaz + Cpgr + Cgqr J22C 43

Thus, the pole at the drain of M3 is given by

-1
P3=
Ry Cryy
—&m3
or, P3= ———
2Cos

>10GB | then the contribution due to this pole on the phase margin is less

Em3
Now, if
2Co

than 5-70, 1.e., this pole can be neglected.

Problem 6.3-03

Show that the relationship between the W/L ratios of Fig. 6.3-1 which guarantees that
VSG4 = VSG6 is given by S6/S4 = 2(57/55) where Si = Wi/Li‘

Solution
Let us assume that

VsGa =Vsae (1)
or, Vra tVasas =Vre +Visae —  Vra=Vre

% % 21 4 21 6
So, dsat4 =V dsat6 N =

Kp (Wf)4 \IKP (W f')6
W L )s W Lk _ 207

or, (WF)‘J—Z— Oy el
Since, YGS5 =VGS7 | we have

\W/L)6 \W/“h
\W/L)4 4 /L)5
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Problem 6.3-04

Draw a schematic of the op amp similar to Fig. 6.3-1 but using p-channel input devices.
Assuming that same bias currents flow in each circuit, list all characteristics of these two
circuits that might be different and tell which is better or worse than the other and by what
amount (if possible).

Solution
In working this problem we shall assume that Ky'>Kp’.

+5V
M‘L”_——IT l‘—J M4 }\Fj_ VBias-¢E
=

o[, Ml M2_ | Vout 12 Y Vout
=8 _I__.l —0
> M2

+5V

\Y
o o—| Ml [
-
v M7 ;l:
-5V -5V
Circuit 1 Circuit 2 Fig. S6.3-04
Characteristic Circuit 1 Circuit 2

Noise Worse but not by much because | Better but degraded by the lower

the first stage gain is higher. first stage gain
Phase margin Poorer (g,,; larger but g,,,; is Better

smaller)
Gainbandwidth Larger (GB = g,,/C,) Smaller
Viem(max.) Larger Smaller
Viem(min.) Smaller Larger
Sourcing output Large Constrained
current
Sinking output Constrained Large
current




CMOS Analog Circuit Design (2" Ed.) — Homework Solutions Page 6-18

Problem 6.3-05

Use the op amp designed in Ex. 6.3-1 and assume that the input transistors, M1 and M2
have their bulks connected to -2.5V. How will this influence the performance of the op
amp designed in Ex. 6.3-1? Use the W/L values of Ex. 6.3-1 for this problem. Wherever
the performance is changed, calculate the new value of performance and compare with the
old.

Solution

Referring to the design in Example. 6.3-1, it can be shown that the threshold voltages of
the input transistors M1 and M are increased due to body effect Vas #0)

Ves1t =Vgs2 =—Vpss
Let us assume that ¥ pss =1 V. Then,

Ve =Vra=Vro+ vy (B0 Vsa - (£9)
or, Vr=Vr2=08vy

Assuming that the bias currents in the various branches remain the same, the small-signal
&m and &ds values will remain the same. Considering all the performance specifications
of the op amp, only the ICMR will be effected.

The maximum input common-mode voltage can be given by

3

STy

or, Vip(max)=2.5+0.55-(0.89+0.15) -0.2=1.81 vy

Vip (max)=Vpp + V7 (min) — V3 (max)—

The original value of Vin (MaX) wag 2 V.

The minimum input common-mode voltage can be given by

21
V., (min) = Vg + Vp (max) + \/ 21 \/ 3
K

e i e )

or, Vip(min)=-2.5+0.89+0.15+03+035=-0.81 v

The original value of Vin (Min) yag 1 V.

The new value of ICMR is 2.62 V as compared to 3 V.
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Problem 6.3-06
Repeat Ex. 6.3-1 for a p-

Vbbp

op amp. Choose the same

channel input, two-stage VI;_ias |<J M5
|
- T

currents for the first-stage

63—1 Vin

'°_|I:M1

Solution

and second-stage as in Ex. 1© I_+
Mz__’l)J

I M6

Following the steps
of Ex. 6.3-1 we have the

M3
following: :I —

M4
—

C,. = 3pF, Is = 30pA,

30 x 10-0

)2 =
(WIL)3 (110x1070)[2.5 — 2 — .85

+0.55]2

Vss Fig$S6.3-06

=6.82%W3=W4=7

Next, we find that g, | = (5x100)2m)(3x10712) = 94.251S which gives

2

Em1” (94.25)2

(W/L) = WLy =2k T =7250-15

Calculating Vgps(sat) we get

=5.92

—> W1= W2 = 6Hm

Vies = (—1) — (=2.5) ’\/M 85 = 0.203V
bS5 = ' 50x1076.3 T

2(30 X 10-6)
(50 X 10-6)(0.203)2

(WIL)s = =29.1

Next, we find g, 4 = 150uS which gives

8mé6 942.5
S¢ =984 Sd =750 =434=43

The output stage current is,

(942.5 x 10-6)2
Is =2)(110 x 10-6)(43)

93pA

=O3uA

-

-

(W/L)7 = (W/L){mj =29(93/30) = 89.9

Ws =29

:

4 W7 = 90}111’1’1

The gain and power dissipation are identical with that in Ex. 6.3-1.
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Problem 6.3-07

For the p-channel input, CMOS op amp of Fig. P6.3-7, calculate the open-loop, low-
frequency differential gain, the output resistance, the power consumption, the power-
supply rejection ratio at DC, the input common-mode range, the output-voltage swing, the
slew rate, the common-mode rejection ratio, and the unity-gain bandwidth for a load
capacitance of 20 pF. Assume the model parameters of Table 3.1-2. Design the W/L ratios
of M9 and MI10 to give a resistance of 1/g, ¢ and use the simulation program SPICE to find

the phase margin and the 1% settling time for no load and for a 20 pF load.

Solution

Bias current calculation:

121
Vis +Vons + I Ry =Vyy =V or, Vit | - =5-IR. (1)
\ 3K, :
Solving for /s quadratically gives, Iy = 36uA, I5 =_36pA, and I7 = 60uA
/4
Using the formula, &, = _[2.K / T] and &4 =M we get,
ng :6O:u’S . gdsZ = 09‘u“S . gds4 = 072‘U“S (2)
8o =303US | gy =3US | 84y =2.4US 3)

Small-signal open-loop gain:

The small-signal voltage gain can be expressed as,

Ap=_ "5 =237 a4 A,=__5" =-67
(Qu> T &uss) (St &asr)

Thus, total open-loop gain is, A,=A,1-A,p =2489V/V 3)
Output resistance:

R, = ! =185KQ (5)

gdsG + gds7

Power dissipation:

P, =536+36+60)ul =660umw (6)
ICMR:

Vm,max =25-V;, —Vonm —Vons = 0.51V (7)

Viemin = =25 =V Vi3 + Voys =221 (8)
Output voltage swing:

0,max :2'5_VON7 :18”/ (9)

Slew Rate:
1

SR= "5 =6V /us
(opmn

C

Slew rate under no load condition can be given as
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Problem 6.3-7 - Continued

In presence of a load capacitor of 20 pF, slew rate would be,
5 I }
SR = mln[cc, Cr

CMRR:

Under perfectly balanced condition where /;, =1, , if a small signal common-mode

variation occurs at the two input terminals, the small signal currents f; =7, =i; =i, and the

differential output current at node (7) is zero. So, ideally, common-mode gain would be
zero and the value for CMRR would be infinity.

GBW:

Let us design M9 and M10 first. Both these transistors would operate in triode region and
will carry zero dc current. Thus, Vio =Vaao =0 . The equation of drain current in triode
region is given as,

/4
I, =K' L—(VGS =V )VDS .
The on resistance of the MOS transistor in triode region of operation would be,
/4
Roy =K' L—(VGS _VT) .

It is intended to make the effective resistance of M9 and M 10 equal to .

mé

(W . (W0
So, K9\ Ty | (VGso-V19) + K10\ Ty | (VGs107V710) = 8me (1)
Vi =V ==2.54V, +V,, =151

Thus,
Voso =4V and Vesio =1

Putting the appropriate values in (11), we can solve for the aspect ratios of M9 and M10.
One of the solutions could be,

Woy 1 Wig
K ’9(5) =7 and K ’10(m) = very small (12)
The dominant pole could be calculated as,
p = Bus Y8l 16xp:
Zrn. A4, C.
And the load pole would be,
— " 8w _
Py = 2 ==28MHZ. g5 320 pF load.
T.C,

It can be noted that in this problem, the product of the open-loop gain and the
dominant pole is approximately equal to the load pole. Thus, the gain bandwidth is
approximately equal to 2.8 MHz and the phase margin would be close to 45 degrees.
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Problem 6.3-08

Design the values of W and L for each transistor of the CMOS op amp in Fig. P6.3-8 to
achieve a differential voltage gain of 4000. Assume that K’y = 110 uA/V2, K'p = 50

UAINZ, Vi = =Vrp = 0.7 V, and 1y = Ap = 0.01 V-1, Also, assume that the minimum
device dimension is 2 um and choose the smallest devices possible. Design C. and R, to

give GB = 1 MHz and to eliminate the influence of the RHP zero. How much load
capacitance should this op amp be capable of driving without suffering a degradation in the

phase margin? What is the slew rate of this op amp? Assume Vpp = —Vgg = 2.5V and Rg
=100 k€.

Solution

Given
A4, =4000 yyv GB=1 MHz and 21 =0
For 15 =50 uA , let us assume Iy =40 pA

Thus, Vess =1 v

_ 213 _16 um
o L) KN(VGS8_VT8)Z_2_W
W\ _S5(W) _20 wn
W _40 um
and, \ L "7

Also, let us assume that Vsgz =Vsga =15 v

R e S
or, = = =
L)y (L KP(VSGS_FT3|)L Z° o

The aspect ratio of M6 can be calculated as

e

or, gm6 = 245 ‘Ub

l —~
In order to eliminate the RHP zero X2 = T =4 KQ
m

Now, '
4 = 28 m1 &m6

\ a
15[7(2,}) +/1N)L
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Problem 6.3-08 - Continued

A5 (Ap + Ay Y
Or, gml -
2gm6
or, &m =16 uS
2
or, |) = 8m N [Zl =0.00145
L KyIs L

Let us assume a more realistic value as

ERCRE

This will give
g1 =742 1S and 4, = 9090 vy

Eml
Cc=2_"1=742
Now, “C CE pF

The phase margin can be approximated as

PM =180° | tan~! G_B +tan ! Gi}
P1 P2

Considering the worst-case phase margin to be 60 degrees
60°=180°| 90°+tan~!| __ 98
P (min)
or, pp (min)=1.732GB =1.732 MHz.

g
or, Cr(max)=_°" =1415 ;p

P> (min)

Page 6-23
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Problem 6.3-09

Use the electrical model parameters of the previous problem to design W3, L3, Wy, Ly,
Ws, Ls, C,, and R, of Fig. P6.3-8 if the dc currents are increased by a factor of two and if

W, =L; =W, =L, =2 um to obtain a low-frequency, differential-voltage gain of 5000

and a GB of 1 MHz. All devices should be in saturation under normal operating conditions
and the effect of the RHP should be canceled. How much load capacitance should this op
amp be able to drive before suffering a degradation in the phase margin? What is the slew
rate of this op amp?

Solution
Given

W, =L =W,=L,=2 um
Referring to the solution of P6.3-8

g, =104.8 us
gml
, C.==%=105 pF
or c GB P
Also,
ALl +
8= il +2) =190.8 uS
2gml
(Ej _ 8us T2 Hm
L) K, 2 MHm
and, Z_ 55 24 KQ

In

U(J 12wz

Assuming Vs =1

(W j 21, 40 Hm
— | =— c=—

L Js KN(VGSS _VTS) 2 Hm
Slew rate can be expressed as

1
SR=—=1V/us
c u

2 am
2 fm

C
Considering the worst-case phase margin to be 60 degrees

60°=180°—| 90°+ tan~!| B
D5 (min)

or.  P2(min)=1.732GB=1.732 \p,.

_8me
p,(min)

or, C, (max) = =110 pF
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Problem 6.3-10
For the op amp shown in Fig. 4+2.5V

Page 6-25

P6.3-10, assume all transistors are 10/1  10/1
operating in the saturation region
and find (a.) the dc value of Is, I, 1/ 1:]"' M3:I|__|I:M4

10/1

SR o5 V7
\|

and I, (b.) the low frequency I
differential voltage gain, A, 40), Sl

/1
(c.) the GB in Hz, (d.) the O—’\—|| M1 M2<—-I Cc=5pF
positive and negative slew rates, Vin 10/1 T0/1 I l

(e.) the power dissipation, and (f.) +o
the phase margin assuming that the I 51
open-loop unity gain is IMHz. | | = M5 |
1/1 jZ/ 1 10/1
-2.5V
Solution Figure P6.3-10
(a.)

214 21
sv_'\/K T+0.7+ \/K T+07 = 3.6= \/_(\/_ \/—):>18—1075|JA

Ig = 10.750A, I5 = 21g = 21.5pA, and I, = 10Ig = 107.5pA

() A0) = &,,1 (g2 17 134) 816 (T 56117 57)

g1 = \2Ky10Ig = 153848 ,  g,c = \2KpI10L, = 32794

25
a2 =T0.75 = 2-33MQ,

20 20 25
rds4— 10 75 = 1 86MQ rds6 = 107 5 O 186MQ and rds7 = 107 5 0 233MQ

A (0) = (153.8uS)(1.034MQ)(327.9uS)(0.1034MQ) = 5395 V/V

) | g = fml 133888 o) o radians/sec = 4.90MH
C. = Cc = 5pF = . radians/sec = 4. Z
Is  21.5pA
(d.) Dueto C,: ISRI:C_: SpF =4.3 V/us
Irls  86uA
Due to C;: ISRl ="¢>=30pF=43V/us . [ SRI=4.3V/ps ]

(e.) | Power Dissipation = 5(Ig+Is+15) = 5(139.75pA) = 0.699mW

GB GB GB
(f.) Phase margin = 180° - tan'l(wv(o)) - tan'l(gj - tan‘l(T)

8mé6 Em6
Py = CLL= 16.395x106 rads/sec and z = CLC= 65.6x10° rads/sec

' 6.28 1(6:28
Phase margin = 90° - tan"! 16395 |- tan™'| g5 |= 63.6°
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Problem 6.3-11 +5V

A simple @Mos op amp is shown. gse 2/IL_,“_ _”._Jm Il\ﬁ”._Jm
the following model parameters and find Mg | vl

the numerical value of the small signal M} 10nA |_||_.l%ut
differential voltage gain, Voui/Vin, output 20uA G) ¢;—||:4/1 M2 hO“ASpF 00uA
resistance, Roy¢, the dominant pole, pi, -0— —| 4/1 4 H
the unity-gainbandwidth, GB, the slew . :I M7 I Mo I M|5: o
rate, SR, and the dc power dissipation. |
K\'=24uA/N?, Kp' = 8pAIV?, Vi = - Y

Vip = 0.75V, Ay = 0.01V! and A, =

0.02v-1.

Solution

Small signal differential voltage gain: By intuitive analysis methods,
Yol -0.5gm1 Vout ~8m4 Vout 0.5gm18m4

Vin = gdsl + 2ds3 ™ Vol Tgdsa +2ds5 7 Vin . (2ds1+2ds3)(2dsd+2ds5)
gml = KI\IL% = 4242410 x10°6 = 43.82S
gds1 = ANIp1 = 0.01-10pA = 0.1puS,  g4s3 = ApIp3 = 0.02-10uA = 0.2uS
gmd = % =4/2-8-10-100 x10°6 = 126.5uS

2ds4 = ApIpg = 0.02-100pA = 2uS,  g4s5 = ANIps = 0.01-100pA = 1uS

Vout 0.5-43.82-126.5
Vin = (0.1+0.2)(1+2) = 3,079V/V

Output resistance:
1 106
Rout = goatgas = T2 = 333k0
Dominant pole, p;:
1 1 106
|p1| = R]C] where R] = 2ds1+Eds3 =0.1+02 = 3.33MQ

_emi ) _ (1265
and C; =C.(1+Ay2)=5pH 1 + Tasat2dss =5|1+73 =215.8pF

106
o Ip1l=3337 758 = 1.391 rads/sec — | Ipil = 1,391 rads/sec = 221Hz |

_ 0.5-gm1 B 0.5-43.82x10°

GB C. 1012 =4.382Mrads/s | GB=4.382 Mrads/sec=0.697MHz |
Ipe 10uA
SR = &= 3o = 2V/ps [Paiss = 10V(140pA) = [.4mW |
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Problem 6.3-12

On a log-log plot with the vertical axis having a range of 10-3 to 10+3 and the horizontal
axis having a range of 1 uA to 100 uA, plot the low-frequency gain A,,(0), the unity-gain
bandwidth GB, the power dissipation Py;, the slew rate SR, the output resistance Ry,
the magnitude of the dominant pole |p;|, and the magnitude of the RHP zero z, all

normalized to their respective values at Iz =1 UA as a function of Iz from 1 yA to 100 uA
for the standard two-stage CMOS op amp. Assume the current in M5 is k;/p and the
output current (M6) is k,/p.

Solution o)
¢ HLJM6
Sml
GB = C, i ‘\/IBias "
/1
Pyiss = (VppHVgsh(I+K1+Kp) iy < Ipjgg _v%u,
K IIBias
SR="¢ . IBjgs |
I .
. 1 1 2 Blasv
t= o< I .
ou 2MKyIp;,s 'Bias {[1‘\,[7
Fig. 6.3-04D
IBias?
Ip1|=gm[1R1]RHCC°C B’] latg (XIBZ'ClSl.5 103 | |
Bias Piss and SR P1
Emil 102 —
Izl == o< & [Ip:
C c Bias 101 4
Ilustration of the 1 bias dependence — GB and 7
0
Plot is done for normalized bias current. 10
10-1
AO and Rout
10-2
10-3
1 10 100
IBias Fig. 160-05

IBias(ref)
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Problem 6.3-13

Develop the
expression similar to
Eq. (6.3-32) for the
W/L ratio of M6A in |— M1
Fig. P6.3-13 that will M _|1\|;7;

cause the right-half

Vbp

¥
[
S

plane zero to cancel M N }l: MO6A
the output pole. [t4M6B
Repeat Ex. 6.3-2 ol ‘_I'l I
using the circuit of - l: Ml M2 / 0 Vout
Fig. P6.3-13 using ;. | Ce 1
the values of the Cr
transistors in Ex. to IJ :I:
6.3-1. - ™7 L
VBias s M8] M9
Vss
Solution Figure P6.3-13 Nulling resistor implemented by a MOS diode.
1 1
RZ — —_ -
Suon 2K, (W/L),, 1,
Now, z =p,
or _1 = _gm6A - _1 — _gmGA
Ce (Rz _l/gméA) G, Ce (l/gméB _l/gméA) C,
2
1
(m} _(W _[gj )
L 6A L 6A I7 CC
Referring to Example 6.3-1
%4 %4
(TlA: T6:94 and, 1821921102111:15 ‘LlA
From Equation (1)
(Kj =31.7=32
L 6B
or, 8nep =218 uS
gmGA :945 ‘LLS
1
R, = =4.59 KQ
gm6B
-1
3= =—15 MHz.

Ce (Rz - l/gméA )

—8nea
=—22 =—_15 MHz.
P C

L
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Problem 6.3-14

Use the intuitive approach presented in Sec. 5.2 to calculate the small-signal differential
voltage gain of the two-stage op amp of Fig. 6.3-1.

Solution

Referring to the figure, the small-signal currents in the first stage can be given by

in

laa =l =11 = —8m )

in

2

and, i, =8,,

in

2

So, Lyt =lgy — gy = _(gml +gm2)

Or’ ioull = _(gml)vin
The small-signal output conductance of the first stage is
8out = 8as2 T 8usa
Thus, the small-signal gain of the first stage becomes
— -8 ml
) (gdsZ + gdx4)

Considering the second gain stage, the gain can be given by

_g mb6
(8(156 + gdﬂ)
Thus, the overall small-signal voltage gain becomes

v2

gmlgm6

A =AA,=
‘ s (gds2 + gds4)(gdx6 + gdﬂ)
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Problem 6.3-15

A CMOS op amp capable of operating from 1.5V power supply is shown. All device
lengths are 1um and are to operate in the saturation region. Design all of the W values of
every transistor of this op amp to meet the following specifications.

Slew rate = +10V/us Vout(max) = 1.25V Vout(min) = 0.75V
Vic(min) =1V Vjc(max) =2V GB = 10MHz

Phase margin = 60° when the output pole = 2GB and the RHP zero = 10GB.
Keep the mirror pole > 10GB (Cox = 0.5fF/um?).

Your design should meet or exceed these specifications. Ignore bulk effects in this
problem and summarize your W values to the nearest micron, the value of C.(pF), and

I(uA) in the following table. Use the following model parameters: K, '=24uA/V 2 K p =
8UA/V2, Vi = - Vopp = 075V, Ay, = 0.01V- and A, = 0.02V1.
+1.5V

A

MgL:LTE 151 15 CcllllJM7

liks lf,“if,j” Yoou el T

ICD MSjT—l—ilf__MS :I_"l"l—_-M4 [ome
1

Solution
1.) p2=2GB = gme/CL=2gm1/Cc and z=10GB = gne=10gm1. .. [Cc = CL/5 = 2pF

2) I=C¢SR = (2x10-11)-107 = 20pA .-

3.) GB =gn1/Cc = gmi = 20mx106-2x10-12 = 40mx106 = 125.67uS
Wi Wo  gmi? (125.67x1076)2
Li =Lz T2KN(72) = 2.24x106.10x106

4.) Vjc(min) = Vpgs(sat.)+Vgs1(10uA) = 1V—-Vpgs(sat.) = 1- \,% -0.75 = 0.0908

220
24-(0.0908)2
5.) Vjc(max) = Vpp-Vspii(sat)+VTN = 1.5-Vgpi1(sat)+0.75 = 2V—->Vgpq(sat) = 0.25V

2-1.51 2:30
Vspii(sat) < \|gp.S{ - S = Wi 2 025728 - 120 —

W11=W22120um

=329 = |W1 = Wy = 33um

2-1
Vbss(sat) = 0.0908 =\ |gs; — Ws= =201.9um |Ws5 =202um |
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Problem 6.3-15 - Continued
6.) Choose S3(S4) by satisfying Vjc(max) specification then check mirror pole.

Vic(max) = Vgs3(20pA) + VN — Vgs3(20pA) =1.25V 2 \’% +0.75V
2-20
S3=54= 05204
7.) Check mirror pole (p3 = gm3/CMirror)-

gm3 gm3 \2-24-6.67-20x10-6

P3 = CMimor = 2:0.667-W3-L3-Cox = 2.0.667-6.67-0.5x10-15
which is much greater than 10GB (0.0628x10%). Therefore, W3 and W4 are OK.
8.) gme = 10gm1 = 1256.7uS

a.) g€me6 = \/2KN8610I = Wg=164.5um

2-101I
b.) Vout(min) = 0.5 = Vpgg(sat) = 0.5 = KnSe = Wg = 66.67um

Therefore, use | We = 165um |

=6.67 = |W3:W4:7pm|

= 17.98x10°

4
Note: For proper mirroring, S4 = s S = 8.25um which is close enough to 7um.

9.) Use the Vyy(max) specification to design W7.

2-200pA
Vout(max) = 0.25V = Vpg7(sat) = _le 065,

gy > — A W- = 300
72 8x106(0.252 [ W7 = 800um |

10.) Now to achieve the proper currents from the current source I gives,

S7
Sog=S10=17p =80 > | Wo =Wjo=80um |

and

1.5-S7
Si1=S12="70 =120 > W1 = W2 = 120um. We saw in step 5 that Wy

and W12 had to be greater than 120um to satisfy Vic(max). .. | Wi1=W2=120um |
11.) Pgigs = 151-1.5V = 300pA-1.5V = 450uW

C. | 1 [WI=W2[W3=W4 [W5=W8| W6 | W7 [WO=WI0 [WII=WI2 | Pgiss

2pF | 20uA | 33um 7um 202um | 165um | 800um |  80um 120um 450uW
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Problem 6.3-16

A CMOS circuit used as an output buffer for an OTA is shown. Find the value of the small
signal output resistance, Ry, and from this value estimate the -3dB bandwidth if a SOpF
capacitor is attached to the output. What is the maximum and minimum output voltage if a
1k resistor is attached to the output? What is the quiescent power dissipation of this

circuit? Use the following model parameters: K N’=24pA/V2, Kp' = SUA/VZ, Vin=-Vrp
=0.75V, Ay =0.01V-! and 1, = 0.02V-1.

Vpp=2.5V Vin )
@ FJMS M7 —Ogl
M9 _|| | +—| 16/1

. 1.5v 1
M8 _|H 0@4 M1 ® @ . &

Vs =-2.5V
Figure P6.3-16

Solution

Considering the Miller compensation path, the value of the nulling resistor implemented by
M,,is given by

1
R, =— (1)
’ Ky (W/L)lo(VDD — V0= VTIO)
The zero created at the output is given by
-1
z = (2)

Ce (Rz - l/gm6)
a.) When the output swings high, the voltage at the source of M,, goes low assuming the
compensation capacitor tends to get short-circuited. Thus, (VDD Vo —Vm) increases
causing a decrease in the value of R,. Also, as the voltage at the gate of M, goes down,
the current in M decreases causing a decrease in value of g, .. Referring to Equation (2), a

decrease in both R, and g,, would tend to place the zero in the right half plane and it
would degrade the phase margin causing the op amp to oscillate.

b.) When the output swings low, the voltage at the gate of M, and the source of M, goes
up. This decreases (VDD Vo —Vm) causing an increase in R,. Also, as the voltage at the

gate of M increases, the current through M| increases causing and increase in g, .. Thus,

from Equation (2), an increase in R, and g, , would create a LHP zero which would make
the op amp more stable.
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Problem 6.4-01

Sketch the asymptotic frequency response of PSRR* and PSRR- of the two-stage op amp
designed in Example 6.3-1.

Solution
Referring to Example 6.3-1, for the positive PSRR, the poles and zeros are

- Hz.
4,(0)Gy

P1

z1 =GB =5 MHz.

zy =py =15 MHz.
For the negative PSRR, the poles and zeros are
GB
- 68X

m1
z1 =GB =5 MHz.

71.6 KHz.

zp =py =15 MHz.

The magnitude of the positive and negative PSRR is shown below.

80 IR A IR DL
- ~ [ PSRR"
60 |
g |
Z 40
(9] o
ho]
2 i 4
= 20 PSRR
N =
= i
0 =
20 L

10 100 1000 104 10° 10® 107 108
Frequency (Hz)
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Problem 6.4-02

Find the low frequency PSRR
and all roots of the positive and

?+1.5V

et performance i the o o [ign 1oy 00/
- 100/1
- : 1/1 M3 [ M4
stage op amp of Fig. P6.3-9. :I"l :I r__ M6 )
I3 l ) | g
Cl25pF
- o—n—|| Ml M2 | c¢=oP
Vin 1071 w1 b Izopp
+ A Py
— 151 =
M8_|| M5 7
1/1 2/1 10/1
Solution 15V
Referring to the figure Figure P6.3-10
213 213
Vpp—Vss =Vrg+Vrg + +
Ky W /L)g Kp(W /L)9

or, Iy =60 ud
Now,
Sm =3633 US  g40 =24 US  gau =3 US  gume =T746 1S 246 =30 S

and  8ds7 =24 US
Ay =673 ang Ay =143

For the positive PSRR, the low frequency PSRR is
4,(00Gy

8ds6

PSRR™T = =1737

and poles and zeros are
_ UGB R

1 =6.66 gy, 71 =GB=11.6 MHz and 22 =P2=62 MHz
14

P
For the negative PSRR, the low frequency PSRR is given by

A4, (0)Gyy

PSRR™ = =2171

8ds7

and the poles and zeros are
CBLT 1724
Eml

P = KHz, 21 =GB =116 Myyand 22 =P2=62 MHz
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Problem 6.4-03

Repeat the analysis of the positive PSRR of Fig. 6.4-2 if the Miller compensation circuitry
of Fig. 6.2-15(a) is used. Compare the low frequency magnitude and roots with those of
the positive PSRR for Fig. 6.4-2.

Solution
TBD
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Problem 6.4-04

In Fig. P6.4-4, find vout/vgmun 4 and identify the low-frequency gain and the roots. This

represents the case where a noisy ac ground can influence the noise performance of the
two-stage op amp.

:Il_—||: —|r__ M6 — Vbp
M4

M3 T

A )\

1%
r'l: M1 MZII :JECL Vground
77

Figure P6.4-4

Solution

A

v
Let, v, =-v, = %‘"m and, v be the small-signal ac voltage at the drain of M..
Applying nodal analysis

(gm2<v0ur - Vs) + 8,5V T 8up (Vdd - Vs) —&uVs 1 8u (Vl —Vs ))rdSS =Vs

(ngV(mt + gds2vdd + gmivsx)

or, v,= . (1)
Now,

(ng(vout - Vs) + 840 (Vdd - Vs) +8.1Vs t 8uss (Vdd - Vl)) = (gdsl(vl - VS) +5Ce (Vl - Vout))
or, (gm2 +s5C, )vom + (gds2 + gdsS)vdd = (gds1 + 8,5t sCC)vl 2)
Also,

(SCC (Vl - vout) + gm7vss) = (gdsé (vout - Vdd) + gds7 (vaul - vss) + SCLvaur + gm6(vl - vdd ))
Using v, =-v_, we get

(gm6 — 87T 8use — gdﬂ)vdd = (gdSG 8yt S(Cc +C, ))vout + (gm6 - SCC)V1(3)

Using Equations (2) and (3) gives the low frequency PSRR as

-1
v r 28,8t —|

out

vgruuml B LGI (gds6 —8us1 gm7)J
The zero is

G, (gdm ~8as7 gm7)
CC(GI 86 = 8m7 T 8ass gds7)
The two poles are same as given by the zeros of Equation (6.4-14) in the text.

le_
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Problem 6.4-05
Repeat the analysis of Fig.
6.4-2 and Fig. 6.4-4 for the +

p-channel input, two-stage VRias
op amp shown in Fig. P6.4- - It M5 'r__M7

Vbp

Solution
TBD

|—||:M1 Mz'_’ll—_L_

o Vout

Vss
Figure P6.4-5
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Problem 6.5-01

Assume that in Fig. 6.5-1(a) that the currents in M1 and M2 are 50uA and the W/L values
of the NMOS transistors are 10 and of the PMOS transistors are 5. What is the value of
Vpias that will cause the drain-source voltage of M1 and M2 to be equal to V ; (sat)? Design

the value of R. to keep the source-drain voltage of M3 and M4 equal to V,(sat). Find an
expression for the small-signal voltage gain of v /v, for Fig. 6.5-1(a).

Solution

Veias =Vr mc1 +Visar, mc1 +Vsar m1

21 21
or, Vs =Vr,mc1+ ! + !
(W (W
K N . Ky T
o
Ignoring bulk effects
Vpias = 1.3V
Now,

Ve.c3 =Vr,c3 tVasar,c3 +Visarz
Vs =Vr3+Vasar
And, R=Vg.c3 Ve =Visar,c3

)

or, R= ———~ =12.65kQ
xf7]
| s

L
The output impedance is given by

Rour = lgm.caras,.catasa W lem.caras.c2ras2 |
R, =19.38 MQ

The small-signal voltage gain is given by
Ay = -gm,c2Rour = -6248 VIV
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Problem 6.5-02

If the W/L values of M1, M2, MC1 and MC2 in Fig. 6.5-1(b) are 10 and the currents in
M1 and M2 are 50pA, find the W/L values of MB1 through MBS that will cause the drain-
source voltage of M1 and M2 to be equal to V,(sat). Assume that MB3 = MB4 and the

current through MBS is SuA. What will be the current flowing through M5?
Solution
Let, Ips =5 uA

Vr,Bs +Visar,B5 = Vr,c1 +Visar,c1 + Vasan

I R 20, 21,
S \IKN@V/L)BS \/KN@V/L)CI \/KMW p)

Ignoring bulk effects, and assuming /1 =50 4

WY 1
L Jgs 4

The aspect ratios of the transistors MB1 through MB4 can be chosen (assumed) to be 1.
The total current through M5 is 110 pA.

Problem 6.5-03

In Fig. 6.5-1(a), find the small-signal impedance to ac ground looking into the sources of
MC2 and MC4 assuming there is no capacitance attached to the output. Assume the
capacitance to ground at these nodes is 0.2pF. What is the value of the poles at the sources
of MC3 and MC47? Repeat if a capacitor of 10pF is attached to the output.

Solution
Let, 1 and CL be the capacitances at the source of MC2 (and MC4) and the output

respectively. The impedance looking between the drain of M4 and Vdd (ac ground), Zs |

be
1

(8asa T SC1)

The impedance looking between the drain of MC4 and Vdd (ac ground), Zc4 | be

1
ZC4=v-(g =T -
S
ds4 1)8ds,C4 +SCL
Em,C4

7y =

Thus, the impedance looking between the source of MC2 and Vdd (ac ground), Zs,C2 ,
can be expressed as

ras,c2 24
Zscr=| _© JH

| 1+ 8&m,c2%ds,c2
.
SCIJ

Zcy
or, Zs.c2= |
| &m,C27ds,C2
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Problem 6.5-03 —_Continued

V4 = ! “
or, S,C2 —
’ +sCy)

Zm, 2 \&dsa +5C1 )25 c4 L Ema FL"‘SClJ

Em,C48ds,C2 8ds,C2
_ 1
or, Zsc2=
Em,C28ds4 8ds,C4 +s Em,C2 Cp+ 1+gm,C2gds,C4 |
Em,C48ds,C2 8ds,C2 8m,C48ds,C2

Similarly, the impedance looking from the source of MC4 to ac ground, Zs,c4 , can be
expressed as

1

Zs.c4 =
Em,C48ds28ds,C2 +S[gm,C4 CL+[1+ Em,C48ds,C2 }le

Em,C28ds,C4 8ds,C4 8m,C28ds,C4

Referring to problem 6.5-3, we have
gm,C4 =8ma = 158.1 [JS

Em,Cc2 =8&m2 =3317 uS
8ds,C4 = 8dsa =2.5 US
8ds,C2 = 8ds2 =2 1S

When €L =0
! |
Zg o = / N Q
6.6 x107° +sQ.72 xlO_l“j
1
ZS,C4 = Va N
_0.76><10_° +SQ.27 xlO_u)

When €1 =10 pF

1
NI

Zs,c2 = Vi ~
T |86X10 0 +s1659%10 7))

1
Zsc4 = / N\ Q
| 0.76X10 ¢ +5632.7x10 1)
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Problem 6.5-04

Repeat Example 6.5-1 to find new values of W and W, which will give a voltage gain of
10,000.

Solution

From Example 6.5-1

Rout :25 MQ
Thus, for 4, = 10,000
A
gml = ——=400 us
Rout
WY (W) _ gm _145
or, — | = =] = —
L L) 2Kyl 1

Problem 6.5-05

Find the differential-voltage gain of Fig. 6.5-1(a) where the output is taken at the drains of
MC2 and MC4, WI/LI = W2/L2 =10 ,umll um, WCI/LCI = Wcz/ch = Wc3/Lc3 =
Wea/Log =1 um/1 um, W3/Ly = Wy/Ly = 1 um/1 pum, and Is5 = 100 pA. Use the model
parameters of Table 3.1-2 . Ignore the bulk effects.

Solution
I5=100 uA
gml = &ma =331.67 uS
gm,c2 =104.8 usS
8m,c4 =707 US
Tds,c4 = Tdsa =400 KQ
Tds,c2 =Tds2 =500 KQ
The output impedance is given by

Rowr =18m.c27as,c2vas2 M [8m.cavas,cavasa ]

or,  Rour =126.2M ||| [11.3M |=7.9MQ

So.  [A ==g,2Rou = 2620V /V
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Problem 6.5-06

A CMOS op amp that uses a 5V power supply is shown. All transistor lengths are
Ium and operate in the saturation region. Design all of the W values of every transistor of
this op amp to meet the following specifications. Use the following model parameters:

KN’:IIOHA/VZ, KP’:SOMA/VZ, VTN:0.7V, VTP:-O.7V, AN:0.04V'1 and A,PZO.OSV'I.

Slew rate = +10V/us Vout(max) =4V Vout(min) = 1V

Vijc(min) = 1.5V Vic(max) =4V GB = 10MHz

Your design should meet or exceed these specifications. Ignore bulk effects and
summarize your W values to the nearest micron, the bias current, I5(uA), the power

dissipation, the differential voltage gain, A, and Vpp and Vg, in the following table.
Assume that V},;,,, is whatever value necessary to give /5.

WI1=W2 | W3=W4=W6 | Wo=w10 | W5 |Ls(MA) A Vep | Ven | Pdiss
—W7=W8 |=WI1

89.75 40 18.2 13.75] 250pA | 17,338V/V | 3.3V | 1.7V | 2.5mW

fVDD =5V

M8 ——[Tm3 M4 J—[T M
Vppo—| M7

vzo—|| Ml M2 ||—Ov1
ll o
9

f

[ <—

Vout
VBms_'l: %55 VBN o—] "Mll:I:ZSpF
Mo_| [, M10™
I SO1FEP2

Solution
Since W3 =W4 =W6 =W7 =W8 and W9 =W10 =W11, then I5 is the current available to
charge the 25pF load capacitor. Therefore,

dvouyr
Is = C—g— =25pF(10V/us) = 250uA

Note that normally, 11y = Iy = 125uA. However, for the following calculations we will
use I or 1 equal to 250pA for the following v 7(max/min) calculations.

215 215
vourmax) =4V = 0.5="\|g (W6/L6) = \ Kp(W6/L6)
W6=W7=40=W3=W4=W8
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Problem 6.5-07

Verify Egs. (6.5-4) through (6.5-8) of Sec. 6.5 for the two-stage op amp of Fig. 6.5-3
having a cascode second stage. If the second stage bias current is 50 pHA and Wg/Lg

=Wce/Lcg = We7/Le7 = W7/L7 = 1 um/1 um, what is the output resistance of this
amplifier using the parameters of Table 3.1-2?

Solution

From intuitive analysis, it can be shown that

Avl == gml

(gdx2 + gdx4)

For the second gain stage, the output resistance of the cascode stage can be given by
R, = [gm,cards,csrdsa] I [gm,C7rdx,C7rds7]
or, Av2 = _gm6R11

gmlgm6
Thus, A =A,A,=
o (gd.v2 +gdx4){[gm,Cﬁrds,C6rdx6] I [gm,C7,;tv,C7rds7]}

For, I, =50 uA

R, =[11.3M]1I[26.2M] = 7.9MQ
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Problem 6.5-08

Verity Egs. (6.5-9) through (6.5-11) of Sec. 6.5 assuming that M3 = M4 = M6 = M8 and
M9 =M10 =MI11 =M12 and give an expression for the overall differential-voltage gain of
Fig. 6.5-4.

Solution

Solving the circuit intuitively

The effective transconductance of the first stage

2 _8m
ml 2

The effective conductance of the first stage
gl = gm3

The effective transconductance of the second stage

ngI = (gm() + gmll)
The effective conductance of the second stage

_ 8u68us7 | Sasni8astz

8n
8m7 8mi2
Now,
Avl == gml
2gm3
A _ (gmﬁ + gmll)
=TT 1
8as68.ds7 " 8as118as12
gm7 gm12
+
or, A — gml(gm6 gmll)

v

rgds6gds7 n gdsngdﬂz—'
gm7 gle

2gm3
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Problem 6.5-09

An internally-
compensated, cascode

op amp is shown in M10
Fig. P6.5.-9. (a) :Il |l<_— r_—
Derive an expression —I_ M8
for the common-mode M5 M6
input range. (b) Find 60/ IO:I
W]/Ll, Wz/Lz, W3/L3, MI1 II‘_ It
and Wy/L, when Igjag M'? M4 \CIC
is 80 tA and the input l IBigs A J_ 0 Vout
CMR is —3.5 V t0 3.5 _ 0—|l:Ml M%—-I c,
V. Use K'y=25 Vin :I:
,LLA/Vz,K'I,:ll *to =
HA/V2 and [V =0.8 | i IR0 |
0 1.0 V. 60/10:| —5— M9
M12 30/10
Solution Vgg=-5V
The minimum input Figure P6.5-9
common-mode voltage can be given by
V,,(min) = Vo +Vp, (max) =V = Vi
I )

V., (min) =V +V, (max) — \/ X ( (1)

7 — '
The maximum input common-mode voltage can be given by

V,,(max) =V, +V,,(min) = [V, s(max)| =V, = Vs

sat3

| T
(ma) = Vo # ¥y min) =|Vrmal = Gy Ty Ko ),

V. (2)

The input common-mode range is given by
|ICMR =V, (max)-V, (min)|
which can be derived from Equations (1) and (2).

Given 1, =40 uA, V, (min)=-2.5 Vand (W/L), =3, from Equation (1)

)]s
L) \L) 10um

Also, for I, =40 pA, V, (max)=3.5 V and assuming (W / L)5 = 6, from Equation (2)

GEEEET
L) (L), 10 um
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Problem 6.5-10

Develop an expression for

the small-signal differential- M10
voltage gain and output — — M8

resistance of the cascode op
amp of Fig. P6.5-9. M5 M6
60/ 10:]
MIT e |
= 1 C
M3 M4 ) IC O Vour
lIBias /1 J_
Solution -o—{| Ml M2 CL
The output resistance of the Vin :I:
first gain stage is to l =
I7

Routl =156 | | |
So, 60/10r__]. 5 ,[_le9
M12 30/1‘(_)1

Ayt ==8miRourt =—&m1%ds6 Vss=-5V
Figure P6.5-9

The output resistance of the second gain stage is
1

Rourr =
@dsS + &ds59 )
So,
Em8

Av2 :_ngRout2 ==
(g as8 +gds9)

The overall small-signal gain is

Av :AleVZ
4 = Eml Em8
or, v
8ds6\&ds8 T 859 )
- SKNKP(W/L)l(WIL)S
or, v >
17[9(3,13 +/,LN)41P

The small-signal output resistance is given by
|

Rout =Rour2 =
(Cas8 T 80 )
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Problem 6.5-11

Verify the upper input common mode range of Ex. 6.5-2, step 6.) for the actual value of §;
= §, of 40.

Solution

The maximum input common-mode voltage is given by
Vin(max)="Vpp + Vi (min) = {'73(max) |- Vgsar3
215

or,  Vip(max)="Vpp +Vri(min) - r3(max) |- W /L)
P 3

or, V. (max) =198V

Problem 6.5-12

Repeat Example 6.5-2 if the differential input pair are PMOS transistors (i.e. all NMOS
transistors become PMOS and all PMOS transistors become NMOS and the power supplies
are reversed).

VbD

VBIAS J
' —[_Mi3

I M5 M
L‘ mjl I Mg

e 5 v
+ i R, Vout
1.
M1 4} J.[: M12 I
Ma_]| i
Yo e Mis ——| , M1
Vss - i -
Solution
To satisfy the slew rate
lg=17 =115 =11; =250 pA and let 15 =100 p4

The maximum output voltage is 1.5 V

Visate =Vdsar1 =0-5 v SN P =97 =39 =519 =40

Similarly, considering the minimum output voltage as —1.5 V
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Problem 6.5-12 - Continued

Vasan1 = Vasar12 =05 V - 511 =812 =814 =815 =18.2

The value of R1 and R2 can be calculated as

V V
Rl _ VdsatlT _ 2 KQ and, R2 _ dsatl2 =2 KQ
Ig Iis
Now,
2 A S
gml = Em3 4y and, k= i: 2.5 and RH =11 MQ
kR (gm6 + ng) Sy
2gm3GB

Thus, &m =107.9 uS Also, &ml = 149 uS
k(gm6 + Zm8 )
So, let us choose &m1 =149 uS | - 5] =S, =44

But for this value of S1 =382 =44 from the expression of maximum input common-

mode voltage, we will get Vasars = 0-025 V which is too small. So let us choose
S$1=8,=20

This, from the expression of Vin (MaX) | will give S5 = 27.7

Or S13 =1.2585=34.6] 4nq. [P =2.553=40
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Problem 6.5-13

A CMOS op amp that uses a 5V
power supply is shown. All
transistor lengths are Ium and
operate in the saturation region.
Design all of the W values of
every transistor of this op amp
to meet the  following
specifications: Slew rate =
+10V/ps, Vou(max) = 4V,
Vout(min) = 1V, Vjc(min) =
1.5V, Vjc(max) =4V and GB =
10MHz.

Your design should
meet or exceed these
specifications. Ignore bulk
effects and summarize your W
values to the nearest micron, the —
bias current, Is(uA), the power Figure P6.5-13

dissipation, the differential
voltage gain, A, p and Vpp and Van in the table shown.

Solution
1.) Is=Cy-SR = 250pA

2 GB-C; = 20mx106-25pF = 1,570.8uS W _ A570x109)2
) 8m1 = GB-Cp:=20mx106-25pF = 1,570.8uS = T 7= "o 106~

2 o5 = 40 d I, of 250uA
K’(Vpg(sat))? = 50025 = (assumed Iy o u

3.) W3=W4=W6=W7=W8 =

Wworst case)
4) Wo=W10=W11 = 2lp = 2250 = 18 (assumed I, of 250pA worst case)
K’(VDS(sat))2 110-0.25 D
5.) Viem(min) = Vpgs(sat) + Vg1 = Vpgs(sat) = 1.5 - (0.159+0.7) = 0.6411V
2Up 2-250

T K'(Vpg(sa)?2 — 110:0.64112

6.) A y=8miRouwr  &mn =704uS, ryn=0.2MQ, g,,p =707uS, r N =0.16MQ
Ry = 8N TasNA &mp: Tasp? = 28.14MQ||18.1MQ = 11MQ
A,y=157TmS-11MQ = 17,329V/V

7.) Vgp=5-Vpgp(sat) + Vsgp(sat) = 5-0.5+0.5+0.7 = 3.3V

Vgn = Vpsp(sat) + Vggp(sat) = 0.5+0.540.7 = 1.7V

8.) Pis = 5(250uA + 250pA) = 2.5mW

W5 11

W1=W2 [ W3=W4=W6 |W9=W10 W5 [L;(nA) [A,, Vgp | Vgn | Paiss
=w7=W8 =W11

90 40 18 11 [ 250uA | 17,324V/V | 3.3V [ 1.7V | 2.5mW
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Problem 6.5-14

Repeat Example 6.5-3 if the differential input pair are PMOS transistors (i.e. all NMOS
transistors become PMOS and all PMOS transistors become NMOS and the power supplies
are reversed).

VbD

\ 4 \ 4 L 4
VBIAS ,J
| I[‘_‘ M1

+ M Ve [~ Mo
T M
R
Ry 2 Vout
L.
Mg
M3 - {[_ENW I

Solution
Given, Vour Max)=2 v 5 Vo =Visan1 =025 y

Considering worst-case peak sourcing current of 125 pA
dg =09 =019 =011 =V

Considering worst-case peak sinking current of 125 pA
I5=125 pA npql7=25 pA
Qg =97 =Jd13=17.3

And, Q4 =935 =J14 = 30.

V 4
Rl _ VdsatT _ 2 KO and R2 _ " dsat9 =2 KO
T T

From gain-bandwidth
Z
Sy =8, = GBYCL _9
Kply
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Problem 6.5-14 - Continued

Considering Vj, (max)=1 Vv
Visar3 =043 V - 53 =21.6
The minimum input common-mode voltage is
Vip (min) = Vg = Py (min) - Vysgrs = 2.8V
Finally, [S12 =1.2583 =27

The small-signal gain is

_ (2+k)

- mngRH

v

i = Roleas + gass)
(gm7rds7)

where, Rg =55 MQ

Page 6-51

gmi =028.3 US g7 =347 US  gas7 =3 MS | gds4 =5 MUS [ 8asp =2.5 US

So, k=396
RH =12 ZWQ

or, A, =4364 v
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Problem 6.5-15
This problem deals +3V

with the op amp M3 M4
shown in Fig. M14|:l' I\ r_J
P6.5-15. All T ' ll -

device lengths are

Ium, the slew rate MI5
is £10V/us, the GB :I|—|

is I0MHz, the l lo.51 10.51 lI 11
maximum output 1 <>

voltage is +2V, the " o—||: Ml g1 M9 ©out
minimum output Il ) o_r\—||:| M2 ‘—]j[ — _||: 10pF

voltage is -2V, and l I
I

the input common

mode range is from M13 l]{/' -
-1V to +2V. Mi12 i 5 M10_J——[, Ml11
Design all W values

of all transistors in 3V
this op amp. Your .
design must meet or Figure P6.5-15

exceed the specifications. When calculating the maximum or minimum output voltages,
divide the voltage drop across series transistors equally. Ignore bulk effects in this
problem. When you have completed your design, find the value of the small signal
differential voltage gain, Ayq = Vout/Vid, Where viq = vi-v2 and the small signal output
resistance, Ryyt.

Solution
1.) The slew rate will specify /. I=C-SR=10"11.107 = 10* = 100pA.
2.) Use GB to define W{ and W,.
GB = gcﬂ — gy =GB-C=2nx107-10"11 = 628uS
&m1” (628)2

~ W1 =2K(0.5) =2-110-50 =3385 = W; =W, =36um

3.) Design W5 to give V+2V )y bias for M6 and M7. Vo = 0.5V will meet the desired
maximum output voltage specification. Therefore,

’ 21
VSGIS = VONIS + IVT' = 2(05V) + |VT| — VON]S =1V= KPW15

21 2-100 4 W 4
= = = m = = m

4.) Design W3, Wy Wgand W5 to have a saturation voltage of 0.5V with 1.5I current.
2(1.5H  2-150
KpVon?  50.0.52 — = = =

Wiy =Wy =We =W, =
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Problem 6.5-15 — Continued

5.) Next design Wg, Wg Wjgand Wy to meet the minimum output voltage specification.

Note that we have not taken advantage of smallest minimum output voltage because a

normal cascode current mirror is used which has a minimum voltage across it of Vp +

2Vopn- Therefore, setting Vy+ 2V =1V gives Vo = 0.15V. Using worst case

current, we choose 1.51. Therefore,

We =Wo =Wyo =Wy =2 20— )i o Wy =W =W =Wy, =
$ETOETIOZTI = ko von?  110:0.152 T T SR =RI0 =21

121pym

6.) Check the maximum ICM voltage.
Vie(max) = Vpp + Vgps(sat) + Vyy =3V - 0.5+ 0.7 = 3.2V which exceeds spec.

7.) Use the minimum ICM voltage to design Ws.

, 2-50
Vic(min) = VSS + VDss(Sat) + VGSI =-3+ VDss(Sat) + ( m+07) =-1V
21

KN VDss(Sat)z
AISO, let W12 =W13 =W5 = Kﬁﬂ£ﬂ§ = 14gm

VDss(Sat) =1.141 — W5 = = 139}11’1’1 = 14pm

8.) W4 1s designed as
I14 I
Wig=Ws T; = 24um 7357 = 16pm = Wig=16pm
Now, calculate the op amp small-signal performance.

Rous = Tas118m9" dsoV18m7 as7(ras2lr asa)
25V
8m9 = \[2KNIW9 = 1632}18, g9 = T'dgsll = m = OZSMQ,

20V 25V
8m7 = \’2KP'I‘W7 = 490“8, rge7 = m = 02MQ, rgpp = SO]JA =0.5MQ
20V
rast =ToopA =01333MQ & Ry, = 102MQI|1031MQ = 9.3682MQ

2+k 102MQ
A= (m) gmlRout, k= (rgs2\\r gs4) 87" as7 =9.888, gy = \/KN'I'WI = 629uS

A,z =(0.5459)(629uS)(9.3682MQ) = 3,217V/IV = A,;=321TVIV
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Problem 6.5-16

The small signal resistances looking into the sources of M6 and M7 of Fig. P6.5-15 will be
different based on what we learned for the cascode amplifier of Chapter 5. Assume that the
capacitance from each of these nodes (sources of M6 and M7) are identical and determine
the influence of these poles on the small-signal differential frequency response.

Solution
The resistance looking from the output to Vss is
Rp9 = gmoTds97ds11
The resistance looking at the source of M7 is
rge7 + R

(1 +8m77ds7 )

v 7,
or, RB = (gm9 ds9 dsll) (1)
(gm7rds7)

1 1
The resistance looking from the drain of M8 to V is Rpg = ——+
Em8  &ml0

The resistance looking at the source of M6 is
(ase + Rpg) 1
Ry= (_ys —» Rg=_ )
L+ 82 me6rds6 Emb6
The poles at the sources of M6 and M7 are

_ 1 _gm6 g =— 1 - 1
R C T and P TT o T T

n

Pq=

Both of these poles will appear as output poles in the overall voltage transfer function.

Problem 6.6-01

How large could the offset voltage in Fig. 6.6-1 be before this method of measuring the
open-loop response would be useless if the open-loop gain is 5000 V/V and the power
supplies are +2.5V?

Solution

Given, VDD =Vss =3 v, and 4v = 3000 vy

Therefore, the offset voltage should be less than
V. < Vpp —Vss )

v

or, Vos <1 mv
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Problem 6.6-02

Develop the closed-loop frequency response for op amp circuit shown which is used to
measure the open-loop frequency reasponse. Sketch the closed-loop frequency response of
the magnitude of V,,/V;, if the low frequency gain is 4000 V/V, the GB = 1IMHz, R =

10MQ, and C = 10pF. (Ignore R; and Cy)

i
—Vbp
VIN © \ VOOUT -
_ . . 1
/ _4'_ f: i -
‘ Crv~RLZ: =Vss
‘T" L L)
-L -L.
i SO1E2P2

Solution

The open-loop transfer function of the op amp is,

GB 21tx100
Ay(s) = s +(GB/A (0)) = s +500m

The closed-loop transfer function of the op amp can be expressed as,

-1/sC -1/RC
vour = AV | RA(175s0) Pout +VIN | =AVS)| | 53(T/RC) PouT +VIN

VoUT -[s +(1/RC)]A,(s) -[s +(1/RC)] -(s+0.01)
vin — 8 +(I/RC)+A (s)/RC =5 +(1/RC) =5 +0.01
v AV(S) +1/RC AV(S) +0.01

Substituting, A,(s) gives,

Vour -21x106s -27x 104 2nx106s -2nx104  -2mx106(s +0.01)
VIN ~ (s4+0.01)(s+500m)+2mx 104 ~ s2+500ms +2mx 104 (s+41.07)(s+1529.72)

The magnitude of the closed-loop frequency response is plotted below.

C iAo N
60 N
/M i \
o
> B /
:0:; 40 - Vout(w)
=N Vaity |\
201 - NC
= f N\
O = -
220 L

0.00 0.1 10 1000 10 10/
Radian Frequency (radians/sec) SO01E2S2
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Problem 6.6-03

Show how to modify Fig. 6.6-6 in order to measure the open-loop frequency response of
the op amp under test and describe the procedure to be followed.

Solution

From the figure, let us change the Vsgr associated with the top op amp. Change in this
voltage would cause a change in V7 at the input of the DUT.
Let, for VSET1

Yourl
V =
11 AV
And, for VSET2
Yout2
v =
12 AV
= Vot =Vou2) _ 1000 Count =Vour2) _ 100 Mour

or, v x
(Vll -Vn ) (Vosl ~Vos2 ) Vos

Thus, by measuring the values of AVour and AVes while changing YSET can help in
finding the value of the open-loop gain.

Problem 6.6-04

A circuit is shown which is used to - 100k€2
measure the CMRR and PSRR of an Vs O— /\/\/\’ -
op amp. Prove that the CMRR can be + v
given as %1001(9 icm
1000 v; —
CMRR =——— ~ A
oS
Solution

The definition of the common-mode
rejection ratio is

Vout
A V.
vd id
CMRR = =
Acm Vout S99FEP7
1%

icm
However, in the above circuit the value of v out is the same so that we get
Viem

Vid

CMRR =

Butv,;=v; and Vs = IOOOvi = IOOOvid = Via = 1000

Substituting in the previous expression gives, CMRR = =
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Problem 6.6-05

Sketch a circuit configuration suitable for simulating the following op amp characteristics:
(a) slew rate, (b) transient response, (c) input CMR, (d) output voltage swing. Repeat for
the measurement of the above op amp characteristics. What changes are made and why?

Solution
VDD
Vin
° +
Vout
® o
Vss
—=q SR
Slew rate, Transient response, and ICMR measurements
VbD
Vin
. +
Vout
g
Vss
—q R

Output voltage swing measurement

The measurement of ICMR, Slew rate, and large-signal transient response can be
measured using the buffer configuration as shown in the figure. The input applied is a rail-
to-rail step signal, which can be used to measure the maximum and minimum input swing,
the slew rate, rise and settling time. The same configuration can be used to measure the
performance in simulation. This buffer configuration can also be used to measure the small-
signal transient performance. The applied input should be a small signal applied over the
nominal input common-mode bias voltage, and it can be used to measure the overshoot.

The maximum and minimum output voltage swing can be measured using the open-loop
configuration of the op amp as shown in the figure. The input applied is a rail-to-rail step
signal, which will overdrive the output to its maximum and minimum swing voltage levels.
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Problem 6.6-06

Using two identical op amps, show how to use SPICE in order to obtain a voltage which is
proportional to CMRR rather than the inverse relationship given in Sec. 6.6.

Solution
TBD
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Problem 6.6-07
Repeat the above problem for PSRR.

Solution
TBD
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Problem 6.6-08

Use SPICE to simulate the op amp of Example 6.5-2. The differential-frequency response,
power dissipation, phase margin, common-mode input range, output-voltage range, slew
rate, and settling time are to be simulated with a load capacitance of 20 pF. Use the model
parameters of Table 3.1-2.

Solution
TBD
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Problem 6.6-09

Use SPICE to simulate the op amp of Example 6.5-3. The differential frequency response,
power dissipation, phase margin, input common-mode range, output-voltage range, slew
rate, and settling time are to be simulated with a load capacitance of 20pF. Use the model
parameters of Table 3.1-2.

Solution

Figure 6.5-7 (b)

The following is the SPICE source file for figure 6.5-7.

* Problem 6.6-9 SPICE simulation

%

*Voltage gain and phase margin
*VDD 30 DC 2.5

*VSS 04 DC 2.5

*VIN 300 DC 0 AC 1.0
*EIN+ 103001
*EIN-20300-1

*QOutput voltage swing
*VDD 30 DC 2.5

*VSS 04 DC 2.5
*VIN+400DC O AC 1.0
*VIN-200

*Regl 40 1 10K

*Reg2 5 1 100K
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Problem 6.6-09 - Continued

*ICMR

*VDD 3 0DC 2.5

*VSS 04 DC 2.5
*VIN+ 1 0DCOAC 1.0

*PSRR+
*VDD30DC25AC1.0
*VSS 04 DC 2.5
*PSRR-

VDD 30DC 2.5
VSS04DC25AC1.0
VIN+10DCO

*Slew Rate
*VDD 30DC 2.5
*VSS 04 DC 2.5

Page 6-62

*VIN+ 1 0 PWL(0 -1 10N -1 20N 1 2U 1 2.0001U -1 4U -1 4.0001U 1 6U 1 6.0001u

+-18U -18.0001U 1 10U 1)

*General
*X1123450PAMP

*Unity gain configuration
X1153450PAMP

SUBCKT OPAMP 12345

M1 8164 NPN W=35.9u L=1u
M29 264 NPN W=35.9u L=1u

M3 674 4 NPN W=20u L=1u

M4 8 11 3 3 PNP W=80u L=1u

M59 11 3 3 PNP W=80u L=1u

M6 13 12 8 8 PNP W=80u L=1u
M75 1299 PNP W=80u L=1u

M8 14 13 15 4 NPN W=36.36u L=1u
M9 5 13 16 4 NPN W=36.36u L=1u
M10 15 14 4 4 NPN W=36.36u L=1u
M11 16 14 4 4 NPN W=36.36u L=1u
M12 1274 4 NPN W=25u L=1u
MI13 111210 10 PNP W=80u L=1u
M14 1011 3 3 PNP W=80u L=1u

R1 11 122K

R2 13 14 2K

VBIAS 07 1.29

.MODEL NPN NMOS VTO=0.70 KP=110U GAMMA=0.4 LAMBDA=0.04 PHI=0.7
.MODEL PNP PMOS VTO=-0.7 KP=50U GAMMA=0.57 LAMBDA=0.05 PHI=0.8

.ENDS

*Load cap
CL 5 0 20PF

.OP
.OPTION GMIN=1le-6
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Problem 6.6-09 - Continued

.DC VIN+-2.52.50.1
.PRINT DC V(5)

.TRAN

0.05u 10u

.PRINT TRAN V(5) V(1)
ACDEC 101 I00OMEG
.PRINT AC VDB(5) VP(5)
.PROBE

.END

The simulation results are shown.
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2a

. ' ° _h\\

o
: : \ 487M, 287 .967m )
Voltage gain @ 65d8, Phase margin 98 degree ///
o n “xﬁéx\\; .
{17.5B5M, -89.967)
._.
-1848 T T

1.8Hz 188Hz 18KHz 1 BNHZ 188MHz

o YDBE{S) = VYP{S)

Frequency
Result 1. Voltage gain and phase margin
2.5Y
{208 493m, 2.3938)
Output voltage swing range @ 4.6Y
av
{108, BBBm, -2.2658)
-2.5Y T

-368mY a.mY Saamy

o ¥{S)

VIN+
Result 2. Output voltag

e swing range
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Problem 6.6-09 - Continued

2.5Y
{2.3433,2.2
-2.5Y
o v{5)
4a8uR {-1.1791,248.056u )
ICMR @ v3.5Y
SEL>>
BH L T T T T
-3.avy -2.avy -1.a8vy a.ay 1.8Y 2.8y 3.8Y
o 10{X1.M3}
VIN+
Result 3. Input common-mode range
ad — |
. 35de
-488d
o VP{S)
-88
|PSRR+| : 85dB.
SEL>>
-1268 T T T
1.8Hz 186Hz 18KHz 1.8MHz 188MHz
o YDB{S )
Frequency

Result 4. Positive power supply rejection ratio
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Problem 6.6-09 - Continued

ad
-186d
o VP{5)
-49
|PSRR-| : S6dB
SEL>>
_89 T T T
1.8Hz 188H=z 18KHz 1.8MHz 188MHz
o VDE{S)
Frequency
Result 5. Negative power supply rejection ratio
2.8vy
{4.1030u,477.273m) = o !
{6.95%2u,192.463m}
{4.8522u,-191.888m ) |
av . S {6.1016u,-454.546m ) -
SR+ : 13VY/us, SR- : 13%/us
o a—0
_2 -6"-" T T T
3.5us 4.8us S.8us 6.8us 7.8us

oV{1) m¥{5)
Time

Result 6. Slew rate
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Problem 6.6-09 - Continued

1.2v
n/’ .n\ =0 m:ll
{4.3761u4,9385.545m )

By - v
{3'998?"—1 -0084 ) Settling time : 377.6nsec
o

-1.2v T T T T T
3.9us 4.0us 4.2us 4.4us 4 .6us 4.8us S.8us

ov{l) my{5)
Time

Result 7. Settling time

From the output file of the SPICE simulation, total power dissipation is 6mW. The
following is a part of the output file.

NODE VOLTAGE NODE VOLTAGE NODE VOLTAGE NODE VOLTAGE

( 1) -1.0000 ( 3) 2.5000 ( 4) -2.5000 ( 5) -1.0004
(X1.6) -2.0477 (X1.7) -1.2900 ( X1.8) 1.5876 (X1.9) 1.5874
(X1.10) 1.7094 (X1.11) 1.3594 (X1.12) .5508 (X1.13) -.9291
(X1.14) -1.4451 (X1.15) -2.0731 (X1.16) -2.0706

VOLTAGE SOURCE CURRENTS
NAME CURRENT

VDD -1.218E-03
VSS -1.218E-03
VIN+ 0.000E+00
X1.VBIAS  0.000E+00

TOTAL POWER DISSIPATION 6.09E-03 WATTS
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Problem 6.6-10

A possible scheme for simulating the CMRR
of an op amp is shown. Find the value of

V,utlVi, and show that it is approximately |V,
equal to 1/CMRR. What problems might - >_V0”’
+

result in the actual implementation of this —©

circuit to measure CMRR? Vi

Solution -

The model for this circuit is shown. We can S02E2P4

write that v,

(o,
Vour =Avd(V1-V2) + AcpVem
=-AvqVour + AemVem v Avd(V1-V2) é

1

Thus,

Vout(1+Avd) =AcmVem N AcmVem é

S02E2S4A L
VOlzlt Acm Acm 1 )

ch = 1+Avd = Avd = CMRR

or

The potential problem with this method is that PSRR™ is not equal to PSRR™. This can be
seen by moving the V., through the power supplies so it appears as power supply ripple

as shown below. This method depends on the fact that the positive and negative power
supply ripple will cancel each other.

Vo
baly
Vi

Vss
= +< )_'I- -
S02E2S4B
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Problem 6.6-11

Explain why the positive overshoot of the simulated positive step response of the op amp
shown in Fig. 6.6-20(b) is smaller than the negative overshoot for the negative step
response. Use the op amp values given in Ex. 6.3-1 and the information given in Tables
6.6-1 and 6.6-3.

Solution

Consider the following circuit and waveform:
Vpp=2.5V

A
4”‘__ 94/1 0.1V~

M6 li6

iCce }

|
T 71 OVout > !

C 1
95UA l :I: CL
— -0.1V
+ | -
VBias — l: M7 (_)ﬁ L:S_ (_)ﬁ ];S_
R
Vgs=-2.5V Fig. 6.6-22

During the rise time, i~; = C;(dv,,/dt )= 10pF(0.2V/0.1ps) = 20uA and i = 3pf(2V/ps)
= 6uA
. Ig=95uA + 20uA + 6pA = 12IpA = g, = 1066uS (nominal was 942.5uS)
During the fall time, i, = C;(-dv,, /dt )= 10pF(-0.2V/0.1ps) = -20pA
and i, = -3pf(2V/ps) = -6uA
5o i =95uA - 20uA - 6uA = 69uA = 8me = 805uS
The dominant pole is p; = (Rg,,6R;,C c)’1 where R; = 0.694MQ, R;; = 122.5kQ
and C_. = 3pF.
-~ p1(95uA) = 4,160 rads/sec, p;(121pA) = 3,678 rads/sec, and p(69uA) = 4,870 rads/sec.

Thus, the phase margin is less during the fall time than the rise time.



CMOS Analog Circuit Design (2" Ed.) — Homework Solutions Page 6-69

Problem 6.7-01

Develop a macromodel for the op amp of Fig. 6.1-2 which models the low frequency gain
A,(0), the unity-gain bandwidth GB, the output resistance R, and the output-voltage

swing limits Vg and Vg;. Your macromodel should be compatible with SPICE and

should contain only resistors, capacitors, controlled sources, independent sources, and
diodes.

Solution
TBD
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Problem 6.7-02

Develop a macromodel for the op amp of Fig. 6.1-2 that models the low-frequency gain
A,(0), the unity-gain bandwidth GB, the output resistance R, and the slew rate SR.
Your macromodel should be compatible with SPICE and should contain only resistors,
capacitors, controlled sources, independent sources, and diodes.

Solution
TBD
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Problem 6.7-03

Develop a macromodel for the op amp shown in Fig. P6.7-3 that has the following
properties:

s
vd(O)(_ - 1) 10,
2) Avls) = Z] vO
(_ + 1X ) Flgure P6.7-3

where Ayq(0) = 104,21 = 100 rads/sec., p; = 102 rads/sec, and p, = 107 rads/sec.
b.) Rjq = IMQ.

c.) Ry =100Q.

d.) CMRR(0) = 80dB.

Show a schematic diagram of your macromodel and identify the elements that define the
model parameters Ay4(0), z1, p1, P2, Rid» Ro, and CMRR(0). Your macromodel should
have a minimum number of nodes.

Solution

The following macromodel is used to solve this problem.

O"WN—_
0.5R;y = A0 c
vd( )(Vl VZ) 2 :l:
O"WAN—_

0.5R;; =

®
vd(O) J_ Vs Vi V2
Flg. S6.7-03 — — — — —
Verifying the macromodel by solvmg for V3 gives,
Ry YV kA,4(0)
V3 = V5 + 0. 5(V1+V2) = SR2C2+1 RZ _(Vl V2) + Vlcm

Ayq(0) Vid A, 4(0)
=\5R,Cot1 | sR1C1+1 - KVid|* View= TSR Ci+ D) (sR,Co+1) (1hsR1C1-R)Vig +
icm
Choose R; = 10kQ — C;=1pF, R, = 1Q — C;=0.1yF, R, = 100Q, and R;; = IMQ and

solve for k. (note that the polarity of k was defined in the above macromodel to make k
positive).

1 1 6 2L 4
1-ksR{C1-k=0 — I=RG 7-1] = 10°=10%(-1) — k=10

With these choices, the transconductance values of all controlled sources are unity except
for the ones connected to the output node, node 3.
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Problem 6.7-04

Develop a macromodel suitable for SPICE of a differential, current amplifier of Fig. P6.7-4
having the following specifications:

iout = Ai(s)[ij - i2]

where
Rin R
GB 106 L ‘ out
MO $+®a - s+ °L Current ZQU,T|
Rin1 = Rjp2 = 10Q ol . Amplifier
Rout = 100k Rip 12
and Figure P6.7-4

Max|digyt/dtl = 10A/ps.

Your macromodel may use only passive components, dependent and independent sources,
and diodes (i.e., no switches). Give a schematic for your macromodel and relate each
component to the parameters of the macromodel. (The parameters are in bold.) Minimize
the number of nodes where possible.

Solution

A realization is shown below along with the pertinent relationships.

C
ﬁ 104 1v12i ! D2

Fig. S6.7-04
. dveg .
ic1="gr C1 — Lsg=10"C; Choose C| = 0.1yF = Isp=1A
_L 1107
Therefore, grey =100 = Ri=Tg0.¢; =7,z = 100kQ — R, = 100kQ

Note that the voltage rate limit becomes a current rate limit because iyt = vg 7
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CHAPTER 7 - HOMEWORK SOLUTIONS
Problem 7.1-01

Assume that Vpp = -Vgg and 117 and Ipq in Fig. 7.1-2 are 100uA. Design W g/L;g and
Wio/Lig to get Vggis = Vigsi9 = 1.5V. Design Wy /Ly; and Wyy/Lyy so that the
quiescent current in M21 and M22 is also 100uA.

Solution

Assuming Vpp =—-Vss =2.5 V,andV, =0 v

Due to bulk effects,
Ve =Vro +7(«P¢ +Vsp — 1P‘I))
Thus, V719 =0.89 v, and r/TIS |: 095 v

Now,

213

Vscig = [/ﬂs I+ Fm

or. (K] =135
L jg
19
And, Vsci9=Vri9 +
K0 s

v (1) o
L jqg

Since Yo =0 v, V721 =1.08 v and FTZZ |= 123 vy

—

21

Vsg21 =Vra1 + W
N 21

WJ ~103
21

or,

22

And, VsG22=[T22|" W
P 22

v =55
o KT h
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Problem 7.1-02
Calculate the value of V4 and Vp in Fig. 7.1-2 and therefore the value of V.

Solution
The first trip point ¥4 is defined as the input for which M5 trips (or turns on). If it is
assumed that the small-signal gain of the inverters (M1 —M3 and My — M4 ) is large, then

it can be assumed that M5 will trip when M1 —M 3 are in saturation.
Thus,

Va=Vgs1 =V + ‘,ﬁ—3(VSG3 —Ir3 p -  V4=09V
1 =

Similarly, it can be assumed that M¢ will trip when M2 —M 4 are in saturation.
Thus,

Ve =Vgsy =V + ,g%(Vsm - ]’T4 P

or, V4=10V

So,

S
I
=<
|
<
I
o
<

=
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Problem 7.1-03

Assume that K'NZ 47 ,UA/VZ, K’P =17 MA/VZ, VTN =0.7 V, VTP =-09 V, W= 0.85

V12 yp=0.25 V172, 2|¢g| = 0.62 V, Ay = 0.05 V-1, and Ap = 0.04 V-1. Use SPICE to
simulate Fig. 7.1-2 and obtain the simulated equivalent of Fig. 7.1-3.

Solution
TBD
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Problem 7.1-04

Use SPICE to plot the total harmonic distortion (THD) of the output stage of Fig. 7.1-5 as

a function of the RMS output voltage at 1 kHz for an input-stage bias current of 20 uA.
Use the SPICE model parameters given in the previous problem.

Solution
TBD
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Problem 7.1-05

An MOS output stage is shown in Fig. P7.1-5. Draw a
small-signal model and calculate the ac voltage gain at low
frequency. Assume that bulk effects can be neglected.

Solution M2 I:ll |r__ M6

. . Vout
Referring to the figure +—oO

Vgs2 = Vour , and Vgs1 =Vin

Applying nodal analysis 4|l:M5

"
(gdSZ + &ds1 )Vgs4 +&mVin + &€m2Vour =0 (1) lg—ll:‘ Ml

And, 8m4Vgs4 + (gm3 + 8ds4 )"out =0 )

Vss
From Equations (1) and (2)
Vout _ —8Em18ms Figure P7.1-5

Vi (@m2gma —gm3 + gasa Ngas1 + &as2))

o
+

Vgsl—Vln vgs4 T'ds4 1/g 3 Vout = Vgsd
. 8mlVgslY Tdsi[ Tds2 [gmaves?Y - &maVgsd " i
)

Fig. S7.1-05A

Problem 7.1-06

Find the value of the small-signal output resistance of Fig. 7.1-9 if the W values of M1 and
M2 are increased from 10um to 10um. Use the model parameters of Table 3.1-2. What is
the -3dB frequency of this buffer if C; = 10pF?

Solution
The loop-gain of the negative feedback loop is given by
IG=— &m28me+ &ms)
28m4\&as6 + &ds7)
LG =-164

or,
The output resistance can be expressed as

R = (gds6 + 8457 )_1
out —TG

or,  Rou =673 Q

The -3 dB frequency point is

f— ;d
B - n_c,_

or, f_3dB =236 MHz
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Problem 7.1-07

A CMOS circuit used as an output buffer for an OTA is shown. Find the value of the small
signal output resistance, R,,;, and from this value estimate the -3dB bandwidth if a 50pF
capacitor is attached to the output. What is the maximum and minimum output voltage if a
1kQ resistor is attached to the output? What is the quiescent power dissipation of this

circuit? Use the following model parameters: KN’=110pA/V2, Kp = 50uA/V2, Vin =
Vyp=0.7V, Ay = 0.04V-! and 1, = 0.05V"L.

Solution

Use feedback concepts to calculate the output resistance, R,

RO

Rowr =1L
where R,, is the output resistance with the feedback open and LG is the loop gain.

R 1 ! 107 22.22kQ

0~ 8as6t8dsT — ()'N+2‘P)I6 =0.09-500 — :
The loop gain is,
Vour’ 1[ 8m28m6 gmlgm9:|
LG = Vout 2 Em4 * 8m7 0

81 = 8o = V2-110-50-10 = 331.67S, g3 = &ma = V2-50-50-10 = 223.6pS,

2me =V2-50-100-500 = 2236pS and g,,,7 =\/2-110-500-100 = 3316.7uS

Vour:  1[-331.67-2236 -331.67-3316.7
LG=5 ==-37 2236 * 33167 =368V
R,  22.22kQ
Rour=TLG =T+73.68 =294.5Q
1 1

_ - = 10.81MH
J3B=50 R SOpF ~ 21-294.5-50pF -0 IMHz

To get the maximum swing, we must check two limits. First, the saturation voltages of M6
and M7.

2-1000 2-1000
Vds6(sat) =\/50-100 = 0.6325V and Vds7(sat) = 110-100 = 0.4264V

Second, the maximum current available to the 1kQQ resistor is +1mA which means that the
output swing can only be +1V. Therefore, maximum/minimum output = +1V.

Pics = 6V(650pA) = 3.9mW
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Problem 7.1-08

What type of BJT is available with a bulk CMOS p-well technology? A bulk CMOS n-well
technology?

Solution
In a bulk CMOS p-well technology, n-p-n BJTs (both substrate and lateral) are available.
In a bulk CMOS n-well technology, p-n-p BJTs (both substrate and lateral) are available.

Problem 7.1-09

Assume that Q10 of Fig. 7.1-11 is connected directly to the drains of M6 and M7 and that
M8 and M9 are not present. Give an expression for the small-signal output resistance and
compare this with Eq. (9). If the current in Q10-M11 is 500uA, the current in M6 and M7
is 100uA, and 35 = 100, use the parameters of Table 3.1-2 assuming Ium channel lengths

and calculate this resistance at room temperature.

Solution
vdd
—|l‘_‘ M7
Cc
|/ K Q10
Vout
S el V3
l: RL TCL
I[__, M11
Vss
The output resistance is
! 1
Ry = +

gmo U+PrNgise +8as7)
From Equation (7.1-9)
1

Ryt = +
gmo U+DPr)8mo
Here, N
gm0 =19-23 ;5 and 8as6 t 8ds7 =9 WS
Thus, R,,,=1152Q
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Problem 7.1-10

Find the dominant roots of the MOS follower and the BJT follower for the buffered, class-
A op amp of Ex. 7.1-2. Use the capacitances of Table 3.2-1. Compare these root
locations with the fact that GB = 5SMHz? Assume the capacitances of the BJT are C, =

10pf and C,, = IpF.

Solution

The model of just the output buffer of Ex. 7.1-2 is shown.

. Vbp ¥
100pnA Cp' \
1 l 00 llOOOuA Vi
146/1 10uA
Vi Vo V'-Vl) T 10(V1-V, )
O—|[: 10/1 M1l gmo(Vi gm10( 0
M9 lg()uA A CL Ry = rassllraso Ry = rgs111re10lIRL
N 1467 IOOpF 500Q C1 = Cgag+Cpag+Cygs9+Cpso+Cpio  C2=CL

Fig. $7.1-10

The nodal equations can be written as,
8moVi = (&mo+ G1 +8r10 +5Cr10 +5CDHV1 = (8r10 + 5Cr10)Vo
0=-(gmn10+8r10+5Ca10V1 + @m0+ G2 + &x10 + $Cr10 + sC)V,
Solving for V,/V; gives,

8m9(&m10+ &x10+ SCr10)
(gﬂ'lo + SCﬂlo)(gm9+ Gl + G2 + SCI + SCZ) + (gm10+ Gz+ SC2)(gm9+ Gl + SCl)

Vo  8m9(8miot gn10+ sCr10)

Vi =

ap + saq + S aj
where

ap = 8m9&x10 + 8710G1 + 871062 + &m9€m10 + 8m10G1 + 8m9G2 + GG
a1 = &m9Cr10+G1Cx10+G2C 710+87110C 178 110C2+8m10C1+G2C1+81m9C2+G 1 Co
ay = Cr19Cy + Cr10C2 + €1

The numerical value of the small signal parameters are:

ImA
8m10 =25.9mv = 38.6mS, Gy =2mS, gz10 = 386uS, g9 = ¥2:50-10-90 =

300uS, G| = g5 + 8450 = 0.05-100uA + 0.05-90uA = 9.5uS
C2 = IOOpF, CTL’IO = 10pF, C1 = Cgs9 + Cbs9 + deg + ngg + C,u]()

C

259 = Cop +0.667C,, WoLg = (220x10712)(10x1076)

+0.667(24.7x104)(10x10°12) = 18.7fF



CMOS Analog Circuit Design (2" Ed.) — Homework Solutions Page 7-9

Problem 7.1-10 — Continued

Cps9 = 560x100(30x10712)+350x10712(26x10°0) = 25.9fF
(Assumed area=3umx10um = 30um and perimeter is 3um+10um+3um+10um = 26um)

Cpgg = 560x1070(438x10712)+350x10712(298x1070) = 349fF
Cyas = Cpy = (220x10712)(146x10°0) = 32.1fF
. Cy = 18.7fF + 25.9fF + 349fF + 32.1fF + 1000fF = 1.43pF

(We have ignored any reverse bias influence on pn junction capacitors.)

The dominant terms of ag a1, and ap based on these values are shown in boldface above.

Vo Em9(&m10+ &x10t SCri0)
V. =
i 8mogm10t 8710G2+5(G2Cr10+8 7210C2+8m10C1+8m9C2)+5>CoCrig
Vo E8m98m10
= 8m9gm10+ &x10G2
.\ sCr10
Em10

G2Cn1o+gmocz+gm10c 1+8m9C2)  ,_ CaCmg
1+ s +

8m98m10+ 81002 > 8m9gm10+ 871062
Assuming negative real axis roots widely spaced gives,

1 ~(8m98m10* 8710G2) __1.235x10°°
P1="a = GyCrio*+8210C2+8m10C1+8moC2 =~ " | 465 x10-13

=-84.3 x10° rads/sec.

= -13.4MHz

(G2Cﬂ:10+gﬂ:10C2+gm10C1+gm9C2) 1.465 x10°13
C2Crio0 =7 100x10°12-10x 10712

c‘|m

pP2=-

=-146.5 x10° rads/sec. — -23.32MHz

_ 8mio  38.6x10°
57 Cho T 1o x10712 T

= -3.86 x10° rads/sec. — -614MHz

We see that neither p; or p, is greater than 10GB if GB = SMHz so they will deteriorate the
phase margin of the amplifier of Ex. 7.1-2.
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Problem 7.1-11

Given the op
amp in Fig. P7.1-
11, find the
quiescent currents
flowing in the op 10 :I|——|l: 10 4|r__ 14 12MA
amp, the small- C‘ 20uA 2 M3 M4 2 M6 2
signal voltage l Q1
gain, ignoring any 60UA 60MA1
loading produced M1

M2 Q2
by the output - o—|l: 87 87 :“_‘ 40uAl

stage and the Vin 200uAl —O Vout
small-signal MO

output resistance. M8|* o |

, 2 M5, v 120uA — fud DS
Assume K'y =25 5« o 12 & M7 Ly 5
HA/N? and K'p = 12
10 uA/V2 and A = All W/L values in microns Vs

0.04 V-1 for both Figure P7.1-11 - Solution
types of MOSFETs. Assume the the BJT has a current gain of S = 100.

SIFS

Solution
The quiescent currents flowing in the op amp are shown on the above schematic.

The small-signal model parameters for the MOSFETS are:

gl = &my = V225460 = 109.5uS and g6 = \2-10-7-40 = 74.8S

25x106 25x106
T2 =Tasa =~ 60 = 0-4167TMQ, 14 =raq =730 ~ = 0.625MQ

25x100 2%10-6
and rg0 =300 = 0.125MQ  For the two BJT’s,g,,1 = m =7.7uS,
101 200x10-6 101
=TS = 1308MQ, gyp =7 S0 5 =77mS  and rpp = 77,g = 13.08k02

The small-signal voltage gain is A, = g,,1Ry &,6R 1 Apyfr Where
R;=0.4167TMQ[|0.4167M€2 0.2083MQ and R; = 0.625MQ110.615MQ = 0.3125MQ.

4 (+Bp)%r 459 10120.125MQ
bulf = (4B p+(1+Bp)rgol  1.3MQ+101[13.08kQ+101-0.125MQ]

=0.998

A, =109.5pS-0.2083MQ2-74.8uS-0.3125M€Q-0.998 = 532.2V/V

(ra R/ (1+Bp)+r (0.3125MQ+1.208MQ)/101+13.08kQ2
Rout:rdsglll: g o Z |~ 0.125MQ o
F

=0.125MQII288 = 287.4€2
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Problem 7.2-1
Find the GB of a two-stage op amp using Miller compensation using a nulling resistor that
has 60° phase margin where the second pole is -10x10° rads/sec and two higher poles both

at -100x10° rads/sec. Assume that the RHP zero is used to cancel the second pole and that
the load capacitance stays constant. If the input transconductance is SO0uA/V, what is the
value of C,.?

Solution

The resulting higher-order poles are two at -100x10° radians/sec. The resulting phase
margin expression is,

GB GB
PM = 180° - tan"1(4,(0)) - 2tan'1(—j =90° - 2tan'1(—) = 60°

107 107
. o -1 @ @ o
. 30° =2tan (107j - (lo7j:tan(15 )=0.2679
GB = 2.679x107 = 2221 _00x100 o ceoF
= 2:6/9x107="¢_ - ¢ 06.79x107 _ —222BE

Problem 7.2-02

For an op amp where the second pole is smaller than any larger poles by a factor of 10, we
can set the second pole at 2.2GB to get 60° phase margin. Use the pole locations
determined in Example 7.2-2 and find the constant multiplying GB if pg for 60° phase

margin.

Solution

Referring to Example (7.2-2)

P6 =—0.966 Grad/sec
P4 =—1.346 Grad/sec
pp =—1.346 Grad/sec
P ==3.149 Grad/sec
P9 ==3.149 Grad/sec
P10 =35 Grad/sec

For a phase margin of 600, the contributions due to all the poles on the phase margin can
be given as

tan~! G_B +2tan”! Gi+2tan_1 Gi+tan_1 GB 1 300
Pe P4 pg P1o

Solving for the value of gain-bandwidth, we get
GB=0.23ps =35 MHZ



CMOS Analog Circuit Design (2" Ed.) — Homework Solutions Page 7-12

Problem 7.2-03
What will be the phase margin of Ex. 7.2-2 if C; = 10pF?

Solution
The value of the output resistance from Example (7.2-2) is
R, =194 MQ

Thus, the dominant pole is

-1

P = =8.2 KHz.

Rout CL
The gain-bandwidth is given by
GB=A4,(0)p; =(7464)(8.2K) =61 MHz.

Considering the location of the various poles from Example (7.2-2), the phase margin
becomes

PM =180° - 900—{'[%_1 G_B +2tan ! Gi +2tan ! Gi + tan ! Gi}
Po P4 Ps3 P10

or, PM=180°-po°—$1.7°+32°+14°+6.2°

PM =16°

or,
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Problem 7.2-04

Use the technique of Ex. 7.2-2 to extend the GB of the cascode op amp of Ex. 6.5-2 as
much as possible that will maintain 60° phase margin. What is the minimum value of C

for the maximum GB?

Solution

Assuming all channel lengths to be 1 m | the total capacitance at the source of M7 is
C7 :Cgs7 +de7 +ng6+de6 N C7 =75+51+9+51=186 fF

g7 =707 1S
Thus, the pole at the source of M7 is

g
ps7=-"2L=~605 MHz.
Cy
The total capacitance at the source of M12 is

C12 =Cg312 +de12 +ng11 +de11 N C12 =34+294+4+29=96 (F

gmiz =707 uS
Thus, the pole at the source of M12 is
g
P12 =— 222 =—1170 Mpy.
Ci2

The total capacitance at the drain of M4 is
C4 :Cgs4 +Cgs6 +de4 +ng2 +de2 - C4 =43+75+21+3+19=161 fF

g4 =283 1S
Thus, the pole at the drain of M4 is
Em4a
pps == =280 Mg,
4

The total capacitance at the drain of M8 is
ngng8+de8 +Cgs10 +Cgs12 N C8=9+51+34+34=128 fF

Ry + 1 =34 KQ
Emlo

Thus, the pole at the drain of M8 is
1
Pps=-— =366 MH;.

1
Rz + Cg
Eml10

For a phase margin of 600, we have

PM =180°— 900—{tam_1 GB +tan~! GB +tan~! Gi+tam_1 Gi}
Ps7 Ps12 Pp4 PpDs

Solving the above equation '

Thus, 71 =739 KHz, and C; 2 1.54 pF
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Problem 7.2-05

For the voltage amplifier using a current mirror shown in Fig. 7.2-11, design the currents
in M1, M2, M5 and M6 and the W/L ratios to give an output resistance which is at least
IMQ and an input resistance which is less than 1k€2. (This would allow a voltage gain of -

10 to be achieved using R; = 10k€2 and R, = IMQ.

Solution
1

U e T 8anz)
ds6 1+ 8ds2

Let, Ip=1¢=10 ud

R

or, Roy = ! =1.1 MQ
@ds6 +gds2)
Given, R =10 KQ R, =1000 KQ  and 4, =-10
R4y
A, =—
And, T R )
I 1
Ay =2=_
Thus, 0 ™ 9
or, [2216:10,“’4 and[1215:90 IJA
gml
|74
=56
or, Tl ,and TJZ
/4 w
= =56
and, and
7} =03 a7 |
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Problem 7.2-06

In Ex. 7.2-3, calculate the value of the input pole of the current amplifier and compare with
the magnitude of the output pole.

Solution
Assuming all channel lengths to be 1 tm .
In this prob]em, AO =0.1 , S2 =20 , Sl =200 , 12 =100 [JA , and I] =1000 UA
gm = 6.63 mS
Eml
The input capacitance is

Cin = ngS + Cpgs + Cgs3 + Cgs4 +ng3 + ng4
or, C;, =44+253+375+38+44+4.4="758 {F

The input pole is given by

1
Pin =~ =—4606 MHz which is compared to 50 MHz for the output pole.

in“-in
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Problem 7.2-07

Add a second input to the voltage amplifier of Fig. 7.2-12 using another R; resistor
connected from this input to the input of the current amplifier. Using the configuration of
Fig. P7.2-7, calculate the input resistance, output resistance, and -3dB frequency of this
circuit. Assume the values for Fig. 7.2-12 as developed in Ex. 7.2-3 but let the twoR;
resistors each be 1000€2.

Solution
R1
ANV
Vin R‘I Vout
AN -Ay
V R
A Ay Yout

% R1/(1-Ay) % Ry(Ay-1)/Ay

Referring to the figure, the Miller resistance, Ry | between the input and the output can be
broken as shown.

Here, Ri=1 KQ Ry =110 KQ ,nqR3 =03 KQ

The input resistance can be written as

S o R

or, R;,=1076€Q
The output resistance can be written as
Rout = : I vl - R, =636 Q
Eml12 Ay, our — =——===

The —3 dB frequency, the pole created at the drains of M4 and M6, is given by

where, Rz =110 K& , and CO =105 pF

So, f'3dB =13.87 MHz.
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Problem 7.2-08

Replace Ry in Fig. 7.2-12 with a differential amplifier using a current mirror load. Design
the differential transconductance, g,,,, so that it is equal to 1/R;.

Solution

Vdd

M15 Z———[ M16
ﬁr_— Mg
1 RZ
MW
Vin M
T e b e
M3 :]}
VBIAS
%[_—, M7 My :]l—
Vss
Referring to the figure, the output current of the input transconductor, 1 , is given by
I = gmi3Vin
v

- _ Vin
Comparing with the expression /1 = R we get

1
Eml13

R =
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Problem 7.3-01

Compare the differential output op amps of Fig. 7.3-3, 7.3-5, 7.3-6, 7.3-7, 7.3-8 and 7.3-
10 from the viewpoint of (a.) noise, (b.) PSRR, (c.) ICMR [V,.(max) and V;.(min)], (d.)
OCMR [V,)max) and V,(min)], (e.) SR assuming all input differential currents are

identical, and (f.) power dissipation if all current of the input differential amplifiers are
identical and power supplies are equal.

Solution

Assume that all differential amplifiers have the same bias current of /.

Vbp
Mfll_,_'}i L_'.'IMIS MM;: }ﬁMS
Mé6 M13
MﬁLﬂ'ﬁ L"I :FJM7
Vo2 R
Vo2 Vil Vi2 v,
> o—[M1 M2 o !
Mgr": 7 I"’| I"’|M8 %1\226 M3 |—1—|l:M12
BN
Vss Ms‘.__:'r i — I:jM9
Figure 7.3-3 Two-stage, Miller, differential-in, differential-out op amp. Mlor—ﬁ |<-|= T-Bm =|->|M11
M17
Vss
Figure 7.3-5 Ditferential output, folded-cascode op amp.
Vop
Vap
MSL:]W—{ M4 Vb
Mi3_]t M6
M4Ly M20 IMs ]
M7k T‘ 1 M14 MlL'I' L —4 i M13
o B e | e e
Vit i ) Moo, L'IMI?FJW —["wmis
o[, M1 M2, |Fo r RI 1 [:
1 Ml1
vil vi2
Ce R. Ce .
M9 Mio +odfs M Mlzl M8 _)( O_“:m A V. _)( X!
VL!N MI18
Vss | | I | — [ m17
Figurc 7.3-6 Two-stage, Miller, differential-in, differential-out op amp Mxr‘" M3|"II _I;_(/BI";:I I"’|M9 "’l
with a push-pull output stage. T~

Vss
Figure 7.3-7 Two-stage, differential output, folded-cascode op amp.

Vbp Vbp
T e L L I
" M5 s M6 ! aall — M255)
i |+ M26 Jr |
M2l | M20 Ly I“'_|
M13 |} " M24
il L — vil Vi
MY |— [ 10 Mi ;] .
i o—j| M1 M2|p—ovip 9 . M2]] M2 R r'l:M”
vl o[RSy Ry — oL o ven
MI 13 M20
Mis_| | —{Mi6 misI— 2, Vit
¥ ;J A —|[fM18 " 16
M23 Bias M27 | éMU Mg
T i 28+ T e
wis J— nz e G O e s
i Pyt ! wsby g b
I Vss
Vs Figure 7.3-10 Class AB, differential output op amp using a cross-coupled

S differential input stage.
Figure 7.3-8 Unfolded cascode op amp with differential-outputs. P ¢
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Problem 7.3-01 — Continued
Fig. 7.3-3 | Fig. 7.3-5 Fig. 7.3-6 | Fig. 7.3-7 | Fig. 7.3-8 Fig. 7.3-10
Noise | Good Poor Good Poor Okay Poor
PSRR Poor Good Poor Good Good Good
ICMR
Viemax) | Vpp-Von | VpptV7r Vop-Von | VootVr | Vop-Vov | Vbp-Von
Vss+ Vss+ Vss+ Vss+ Vss+ Vss+
Vic(min) 2V0N+VT 2V0N+VT 2V0N+VT 2V0N+VT 2V0N+VT 3V0N+2VT
OCMR
Vop-Von | Vop2Von | Vop-Von | Vop-Von | Vbp2Von | VDp-2Von
Vo(max) VSS+ VON V55+2 VON V55+ VON V55+ VON V55+2 VON V55+2 VON
V,(min)
SR I4s/C, I¢s/Cp I4¢/C,. I¢s/Cr I¢s/Cp I¢s/Cp

Problem 7.3-02

Prove that the load seen by the differential outputs of the op amps in Fig. 7.3-4 are
identical. What would be the single-ended equivalent loads if C; was replaced with a
resistor, R;?

Solution

Vin

Vin

>

o CLT Vod

L

+

_ 2C| 1/
> I\
Vod L
+3 | ( =
I\
+ 2CL
- 2C
oS I\
> Vod ‘l_
b | (
s 1§
+ 2CL _L
RL/2
S - WAV——7
=
— AMA—t
RL/2

Referring to the figure, when a capacitive load of CL is driven differentially, the load

capacitor can be broken into two capacitors in series, each with a magnitude of 2CL . The
mid point of the connection of these two capacitors is ac ground as the output signal swings
differentially. In case of a resistive load u's , 1t can be broken into two resistive loads in

series, each resistor being

Ry /2
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Problem 7.3-03

Two differential output op amps are shown in Fig. P7.3-3. (a.) Show how to compensate
these op amps. (b.) If all dc currents through all transistors is S0uA and all W/L values
are 10um/1um, use the parameters of Table 3.1-2 and find the differential-in, differential-
out small-signal voltage gain.

N Vbb Vbp
e ]
Ii_M3 T
+ 0— Mll—{
Vin [: Ce
- o_r\_i M2
iy [FVE
VBias F>|
Vgs Vss
(a.) (b.) Fig. $7.3-3
Solution

a) The compensation of both the op amps are shown in the figure.
b) The small-signal voltage gain of Figure P7.3-3(a) is given by
4 = Em18mo6
y=
(as1 +8as3 N&as6 + &ds9)

4 = (B32u )224u)

or v

’ 4.5u)4.5u)
or, A,=3673 VNV

The small-signal voltage gain of Figure P7.3-3(b) is given by

4 = Em1&m6 +8&m9)

14

8as1 +8ds3 N8as6 + &ds9)

4 B32p)5560)

or, VW_)_-H-N

or, A, =9117 VIV
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Problem 7.3-04

Comparatively evaluate the performance of the two differential output op amps of Fig.
P7.3-3 with the differential output op amps of Fig. 7.3-3, 7.3-5, 7.3-6, 7.3-7, 7.3-8 and
7.3-10. Include the differential-in, differential-out voltage gain, the noise, and the PSRR.

Solution
TBD
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Problem 7.3-05

Fig. P7.3-5 shows a differential-in, differential-out op amp. Develop an expression for the
small-signal, differential-in, differential-out voltage gain and the small-signal output
resistance.

Vbp
M8:I|7 __’I}—I I—!l: —|r__ M6
CI'CI M3 M4 %‘ p
A ] —2
+ o[ Ml Mz:l}—‘ .
Vin
- C N -
M\ 7T\ O
= M9 = M5 |
+ — T [ M7
VBias > > l:
Vss

Figure P7.3-5

Solution

The small-signal differential voltage gain can be found by simply connecting the sources of
M1 and M2 to ac ground and solving for the single-ended output assuming the full input is
applied single-ended.

A _ 8m1 8m8 R _ 1 1
vdd = g3\ 84581 8ds9 out = | g4s8+84s9 T 8ds6™8dsT




CMOS Analog Circuit Design (2" Ed.) — Homework Solutions Page 7-23

Problem 7.3-06

Use the common-mode output stabilization circuit of Fig. 7.3-13 to stabilize the differential
output op amp of Fig. 7.3-3 to ground assuming that the power supplies are split around
ground (Vpp = Vgl). Design a correction circuit that will function properly.

Solution
VDD
Vo1 Vo2 M3 Vgp I“TM 4—T
M1 M> TO Mg —il_ 1 I_M12
‘ 9
VBN = J._'1'V|10
+ U >
Voem—
b e S LA
-
Vss
Vbp
+
" Vep M6
o 0 —
n Cc R, M3 M4 R, Cc

- Voto—p— (A~ AW =
Vit o—|l: M1 MZ:II—OVIZ

mo | v = M> [, ms

Vss

Referring to the figure of the common-mode stabilizing circuit, the common-mode voltage
at the output nodes v, and v, will be held close to the common-mode voltage V., due to
negative feedback. If these two output nodes swing differential, the drain of M5 will not
change and thus, the common-mode feedback circuit is non-functional. When the common-
mode voltage at these two output nodes tend to change in the same direction, the negative
feedback loop of M1-M5-M6-M7-M9 and M2-M5-M6-M8-M10 will reduce the variations
at v,y and vy, respectively.
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Problem 7.3-07

(a.) If all transistors in Fig. 7.3-12 have a dc current of 50puA and a W/L of 10um/1um,
find the gain of the common mode feedback loop. (b.) If the output of this amplifier is
cascoded, then repeat part (a.).

Solution

Vbp

+
"lf MI0 A Vep X M11j|—

MO— O e
(ch R, M3 M4 R, C, Vo

Vil O—II__> M1 M2:I|—0Vi2

M9:|I . IK M> Il:MS

Vss
Figure 7.3-12 Two-stage, Miller, differential-in, differential-out op amp
with common-mode stabilization.

The loop gain of the common-mode feedback loop is,

. 8m10 gmil
CMFB Loop gain = Qa0 = 8ml0Tds9 OF e T = 8mi17dss
2Kp’'WIp
With I, = 50pA and W/L = 10um/1pm, g,,10 = —71 = -\/2.5().1().5())

= 223.6pS,
LB _osma d _L 2 _p4MO
YisN _ANID _SOMA = V. an rdSP_ZPID _SO]JA =VU.

CMFB Loop gain = —g,,1074s9 = -223.6(0.5) = -111.8V/V

If the output is cascoded, the gain becomes,

8m10
CMFB Loop gain with cascoding = —_g;n 5 gm(cascode)r i(cascode)
A)

=-gmiol[7 459 gm(cascode)r y(cascode)lll[g,, 77457 (Fasi0llras101}

2Ky Wi,

gmPp= N\ = \/2:110-10-50) = 331.67uS

= -(223.6)[(0.5-331.67-0.5)11(223.6)(0.4)(0.2)] = 223.6(14.7) = -3,290 V/V
CMFB Loop gain with cascoding = -3.290V/V
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Problem 7.3-08

Show how to use the common feedback circuit of Fig. 5.2-15 to stabilize the common
mode output voltage of Fig. 7.3-5. What would be the approximate gain of the common
mode feedback loop (in terms of g, and ;) and how would you compensate the common

mode feedback loop?

Solution

_7_.1 ?
MCs M4L
|

Y
T — 5
MC3 MCq
R1 M E
4 6 — —[_M7
M M
Ri Vit 1 %
Rem1
'Vo1
Vo2 [:‘M
; Rcm2 © LM
: Mg ——= I Mo
Vicn= VB2—= Vg ==
- M1 0 B1 —
mMcz r__}% T i[_af\/ln
L1
Vss
Referring to the figure, the loop gain of the common-mode feedback loop can be given by
|LG| — gm,Cng4
2¢ {gdszlgdxé n 8as88ds10 }
m,C5
Ema 810

The compensation of the common-mode feedback loop can be done using the output load
capacitor (single-ended load capacitors to ac ground). The dominant pole of this loop
would be caused at the output nodes by the large output resistance given by

1
R()l/tt =
{gmgm " 84588 dsi0 }
gm4 gml()

Considering the differential output load capacitance to be Cr

common-mode feedback loop can be expressed as
.
Rout (2 CL )

The other poles, at the source and drain of MC3, and the source of M6, can be assumed to
be large as these nodes are low impedance nodes.

, the dominant pole of the

b=
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Problem 7.4-01

Calculate the gain, GB, SR and P j;, for the folded cascode op amp of Fig. 6.5-7b if Vpp
=-Vg¢= 1.5V, the current in the differential amplifier pair is 50nA each and the current in

the sources, M4 and M5, is 150nA. Assume the transistors are all 10um/1um, the load
capacitor is 2pF and that ny is 2.5 for NMOS and 1.5 for PMOS.

Cascode

Current
Mirror

\% \%
& SS (b)

Figure 6.5-7 (a) Simplified version of an N-channel input, folded cascode op amp.
(b) Practical version (a).

Solution
Ip 50nA 1

Em1=8m2 = nl(kT/q) = 2.5.25.9mV = 0.772}15 and Tas1 = Vg2 = ID/IN =500MQ
Ip 150nA 1

Ema=8m5 = I’l](kT/q) =1.5259mV = 3861}18 and Tgsd = Vgss = E = 133MQ
Ip 100nA 1

8m6=8m7 = nl(kT/q) = 1.5-25.9mV = 2.574}15 and a6 = Tds5 = ID/IN =200MQ

Ip 100nA

8m8=8m9 = 8m10= 8m11 = n (kI/q) = 2.5-25.0mV = 1-544uS
1
and 748 = 1459 =Tas10=Tas11 = 7 — = 250MQ
‘ DAN
Gain: A,0) = g,,1Rour
Rout = Tds1 1gm9rd59II[gm7rds7(rds5llrd52)] = 96.5GQII34.23GQ = 25.269GQ2

A,(0) = 0.772uS-25.269GQ2 = 19,508 VIV
GB = g,,1/C, = 386krads/sec = 61.43kHz (this assumes all other poles are greater than

GB which is the case if C; makes Rp approximately the same as Ry at ® = GB.)

SR = 100nA/2pF = 0.05V/us Piss = 3V-(3-150nA) =1.354W



CMOS Analog Circuit Design (2" Ed.) — Homework Solutions Page 7-27

Problem 7.4-02

Calculate the gain, GB, SR and P, for the op amp of Fig. 7.4-3 where I5 = 100nA, all
transistor widths (M1-M11) are 10um and lengths 1um, and Vpp =-Vgg=1.5V. If the

saturation voltage is 0.1V, design the W/L values of M12-M15 that achieves maximum and
minimum output swing assuming the transistors M12 and M 15 have 50nA. Assume that
Ipp =2nA, n, =1.5,n,=2.5and V; = 25mV.

Solution
(Solution incomplete)

The small-signal gain can be expressed as

& |( 20 |
Av = 2 : L( : Jgnﬂ +gm6JRout
ng gm9
or, A =g R

out

The output resistance is given by

_ |_ ngO —l |_ gml 1 —|
Rgut - I‘gdsl()gdfﬁ J Lgdsl 1gdx7 J
or, Rout = 96 GQ

Thus,
A =g R =73846 VIV
Assuming C, =1 pF
The dominant pole is
1
=— =1.66 Hz.
="k ¢c ‘

out =~ c¢

Thus, the gain-bandwidth becomes
GB=A,0)p, =122.5 KHz.
The power dissipation is 0.9 uWw.

1
Veoro = Vs + Visario +1,V, In| —2—— [=0.236 V
SG10 dsat6 dsat10 p ‘{(W/L)IOIDOJ

1
VGSll = Vdmﬂ + Vdsatll + nn‘/t I{W) = 026 V
11- DO
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Problem 7.4-03
Derive Eq. (17). If A =2, at what value of v;,/nV, will i, = 5I5 or 51} if b=1?

Solution

Start with the following relationships:

i] +i2 =15 +A(i2—i1) Eq (15)
i Vin
and = exp(n_vt) Eq. (16)

Defining i,,, = b(i, - i1) solve for i, and I;.
Vi Vi
i+ exp(nl_";t) =I5 + Ai exp(n’—‘?t) - Ay

I5

v.
or i1[(1+A) +(1-A) exp(_nlvnt)] =I5 - 1= Vo
(14A) +(1-A) ex W)
t

Similarly for iy,

Vin
15 exp th

(I+A) +(1-A) exp(%)

Vin
I5 | exp nv, 1

1=

lour =Dlip - 11) = lpyy =(in-11) = Vin Eq.
(1+A) +(1-A) eXP(n_VJ
A7)
o . Vin .
Setting i,,,,, = 515 and solving for nv, gives,
V; V; V; V;
5[3- exp(nl_"}t)] = exp(nl_‘?t) -1 — 16=6 exp(nl_‘?t) — exp(nl—";t] =

2.667

Vin
n_Vt: In(2.667) = 0.9808
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Problem 7.4-04

Design the current boosting mirror of Fig. 7.4-6a to achieve 100uA output when M2 is
saturated. Assume that i; = 10pA and W;/L| = 10. Find W,/L, and the value of V¢,

where i = 10pA.

Solution
Given, S| =10, I} =10 pA, and /; = 100 pA when M2 is saturated. Thus,

And, Ve =Vian =0.135V
Now, in the active region of operation for M2
0 v2 ]
I = K83 ViV =5 |

[ v2
or, 104 =(100 u)100{0.13sv e —% J

or, Vds =TmV
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Problem 7.4-05

In the op amp of Fig. 7.4-7, the current boosting idea illustrated in Fig. 7.4-6 suffers from
the problem that as the gate of M15 or M16 is increased to achieve current boosting, the
gate-source drop of these transistors increases and prevents the vpg of the boosting
transistor (M11 and M12) from reaching saturation. Show how to solve this problem and
confirm your solution with simulation.

Solution
TBD
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Problem 7.5-01

For the transistor amplifier in Fig. P7.5-1, what is the equivalent input-

noise voltage due to thermal noise? Assume the transistor has a dc Vop

drain current of 20 uA, W/L = 150 um/10 um, K'y = 25 uA/V2, and R

Rp is 100 Kilohms. b

Solution l 20uA
gm =122 1S |

and’ AV E—ngD =-12.2

The equivalent input thermal noise is
2 _8KT N 4KTRp,

e =
“ 3gm sz

Figure P7.5-1

or, €2, =1021x107"% ¥2/ 1z

or, Veq(rms) = 10nV/\/H:Z

Problem 7.5-02

Repeat Ex. 7.5-1 with W; = W, = 500um and L; = L, = 0.5um to decrease the noise by a
factor of 10.

Solution
$1 =500/0.5  S3=100/20
Flicker noise
By =736x10722 (vmP  .nq  Bp =2.02x1072% (Vm)

Bp _ 8.08x10713

el = V?/Hz
WL J
> ol [KvBy (L Y >, 1.624x10712
So €oq =2ep |1+ N Coq = V< /Hz
’ KpBp | L3 f
Thermal noise .
2 = S5 _0.49%1077 2 1z
3gml
K NIV5L
el =2eq |1+ [ N3 o, 2o, =1.08x107"7 v2/H;
KpW Ls

The corner frequency, Je =104 gy,

Considering a 100 KHz. Bandwidth '
Vg (rms) =1.624x107"* n{0° }1.08x107"40° ) v,  (ms) =445 uv
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Problem 7.5-03

Page 7-32

Interchange all n-channel and p-channel transistors in Fig. 7.5-1 and using the W/L values
designed in Example 7.5-1, find the input equivalent 1/f noise, the input equivalent thermal
noise, the noise corner frequency and the rms noise in a 1Hz to 100kHz bandwidth.

Solution

The flicker noise is
By =736x10722 (Vm}  and

2 _ By _736x10712

"G A

’ 2
2 2 K pB L
So, eeq=2en1 1+ PoP | 2L -
KNBN L3

The thermal noise is
2 8KT
€nl =
3 gml

e V2 Hz

=1.05x107'7 V2, H

eeq

Bp =2.02x10722 (VmY

-12
2 _1472x10 2

2 2 KpW3Ly
Coqg =2ep |1+ |~ | - 2 =242x10-17 V3/Hz
KW Ls 1

The corner frequency is f,. = 608 KHz.
Considering a 100 KHz. Bandwidth

V2, (rms) = 14.72x10712 In(10%) + 2.42x10°7 In(10%) — V,, (rms) = 13.1 nV/A[Hz
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Problem 7.5-04

Find the input equivalent rms noise voltage of the op amp designed in Ex. 6.3-1 of a
bandwidth of 1Hz to 100kHz.

Solution

The input referred noise is given by

2 2
egq = 26,%1 + g_m3 26,%3 + ! 6%6
Eml Avl

3= 7 V</Hz
12
2 _215x1072 Ly
!
A4, =—68.5
-10
Thus, ¢y = V2 1z

Thermal noise
e =1.11x1071% p2 /1,

e, =7395x10717 y2/ 2
e2e =1.17x107V7 2/ gz

or.  €bg=5.58x10710 y2/ 7

The corner frequency is

Considering a 100 KHz bandwidth
2 _ -10 5 —16 S
Vg (rms) =4.9x1071% 1n{0> ) 5.58x1071° (0> ) SV, (rms) = 75.5 yVIA[Hz
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Problem 7.5-05

Find the equivalent rms noise voltage of the op amp designed in Example 6.5-2 over a
bandwidth of 1Hz to 100kHz. Use the values for KF of Example 7.5-1.

Solution

The circuit for this VbD
amplifier is

shown. , |
o M4t ) s
The W/L ratios in
microns are:
I A |
S =5y =121 Ve M g [
.2

S3 =584 =16/1 ito
R Ry r

—
S5=1/1 Ry M2 MO L
S5 =8.75/1 eeg : A vz
Se=S7="Sg= [
Si4 =Sp5 = 40/1

14 15 " I

So=S810=511= VBias
Siy=18.2/1 -

Find the short

=

5 4—" T | Ml11
T M13

¥ L
=

Vss Fig. $7.5-05

2
circuit noise current at the output, i, due to each noise-contributing transistor in the

circuit (we will not includeM7, M9, M12 and M 14 because they are cascodes and their
effective g, is small. The result is,

2

2 8m3
P 2,2 | —= 2,2 2,2 2,2
Ly = 2gmlen1[g 23] +28mgen3 + 28mgens + + 28116010

m

where we have assumed that g,,1=8,2, £13=8m4> &m6=8ms> and &,,10=8,,11 and

2
€n1=€n2> €n3=€n4, €ne=€yg, and e,19=¢,11. Dividing i by the transconductance gain

eq = 7| n3 ng n10
T gh8nslgns gt 8 8181

The values of the various parameters are:
8m1 = 251pS, g,,,3 = 282.5uS, g,,,8 = 707uS, and g,,11 = 707uS.

gives

2 2 2
e e e
2 A2 n3 n8 nl0
eoqg =2€51| 1 + 1.266] =+ —5+
enl enl enl
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Problem 7.5-05 — Continued
1/f Noise:

Using the results of Ex. 7.5-1 we get By = 7.36x10'22(V-m)2 and B, = 2.02)(10‘22(V-m)2

, By 736x1022 _6.133x10‘11V2/H
EWILL T proxi012 T T ‘

ers  BpfWiLy  BpWili 20212
o2 ~BNFWiLy =By Wsly =736:16 =0.2058
n

e BpfWiLi BpWL 20212
o2 ~BNFWsLy =By Wsls =736-40 =0.0823
n

eyt0 _ ByfWiLy  BpWiLy 12
2 _BN'f'Wl()Ll() _BN'W3L3 = 18.2 = 0.6593

€nl

, ., 6133x10° 1 6.133x10°!1
Coq = ZT [1+1.266(0.2058+0.0823+0.6593)] = 2 — 5 2.1995

5 21995x10°10
¢2g =" F  ViHz

Thermal noise:

8kT  8-1.38x10723.300

— — — -17 y2
=g = agsiaige = 43981077 VAHz
2 2 2
€3 8ml 251 e ¢y10 8m1 251
enzl = 2m3 = 282 .4 =(0.8888 and en21 = enzl =gm8 = 707 = 0.0.355

The corner frequency is f, = 2.698x10710/2.66x1016 = 1.01x10° Hz. Therefore in a 1Hz
to 100kHz band, the noise is 1/f. Solving for the rms value gives,

100,000

5 2.698x10-10 0
Veg (oms) = J=—7——df = 2.698x10"1[In(100,000) — In(1)]

1
=3.1062x10"2 V2(rms)

Veq(rms) = 55.73uV(rms)
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Problem 7.6-01

If the W and L of all transistor in Fig. 7.6-3 are 100um and 1um, respectively, find the
lowest supply voltage that gives a zero value of /ICMR if the dc current in M5 is 100uA.

Solution
_ w
15 =100 ,uA,and (T):IOO

V,c(max) =V, , +V, (min) -V,

sat3

and, V,(min)=V,  +V, (max)+V,

sat 5
The input common-mode range is
ICMR =V,.(max) —V,.(min)
For ICMR=0
Voo =V,

satl

+ VdsatS + deazS + VTI (max) - VTl (mln)

L2102l 21,
Voo = e i o Tl
VKyS, \K,Ss  \K,S,

or, +V;(max) -V, (min) — Vpp=0.671V

Problem 7.6-02

Repeat Problem 1 if M1 and M2 are natural MOSFETs with a V; = 0.1V and the other
MOSEFET parameters are given in Table 3.1-2.

Solution
Vi =0.1 I: =100 Wi _
71 =YLV, 15 UA, and A =100

Let, the variation in the threshold voltage be t20%
or, AVp1=10.02 y

Vic(max) =V,, +V, (min)-V,_ .
and, V, . (min)=V,  +V, (max)+V, .
The input common-mode range is

ICMR =V,.(max) —V,.(min)
For ICMR=0

Voo = Vasan T Vasars T Vagars + Vi (max) =V, (min)

21 2 21
or, V,,= |——+ |——+ |——+V, (max) -V, (min) > Vpp=0411V
VKLS,  \VKyS, VK, ==
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Problem 7.6-03

Repeat Problem 1 if M1 and M2 are depletion MOSFETs with a V; = -1V and the other
MOSEFET parameters are given in Table 3.1-2.

Solution

W
Vi =—1V.Is=100 1A and (szloo

Let, the variation in the threshold voltage be  20%
or, AVTI =m0.2 V

V,c(max) =V, +V, (min) -V,

sat3

and, V, . (min)=V, +V, (max)+V,

sat5
The input common-mode range is
ICMR =V,.(max) —V,.(min)
For ICMR=0
Vop =V,

S

ot T Vasars ¥ Visarz + Vi (max) =V, (min)

Lo |2 21,
Vi = e e T '
VEYS,  VKySs  VK,S;

or, +V,,(max) -V, (min) = Vpp=0.711' V

Problem 7.6-04

Find the values of Vonn and Vonp of Fig. 7.6-4 if the W and L values of all transistors are
10um and 1pm, respectively and the bias currents in MN5 and MP5 are 100pA each.

Solution

Vonn =V jeus N5 +Vn1 (max)+ Viges v

or, Vonn=0.426+0.85+0.302 S Vym=1578V

Let us assume that VoD = 2.5 v

Vonp =Vpp =Vasar,pt =Vasar,ps = [T.o1MN)| 5y, = 0.57

<
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Problem 7.6-05

Two n-channel source-coupled pairs, one using regular transistors and the other with
depletion transistors having a V; = -1Vare connected with their gates common and the

sources taken to individual current sinks. The transistors are modeled by Table 3.1-2
except the threshold is -1V for the depeletion transistors. Design the combined source-
coupled pairs to achieve rail-to-rail for a OV to 2V power supply. Try to keep the
equivalent input transconductance constant over the /ICMR. Show how to recombine the
drain currents from each source-coupled pair in order to drive a second-stage single-ended.

Solution

Considering the differential amplifier consisting of M1-M5, the range of the input common
mode can be given by

Vie (max) =V, +V;, — Visars and Vie (min) = Vs ¥ Vi1 + Vigan T Vigars (D

Now, considering the differential amplifier consisting of MD1-MDJ3, the range of the input
common mode can be given by

Vie(max) =V,, +V, , -V,

S

wpsy and Ve (min) =V +Vp Vo 0+ Ve, s (2)

Let us assume that the saturation voltage (V,_,
andlet V,, =2V

Then, from Equation (1), for the transistors M1-M5
Vic(max)=2.6 V and V. (min)=09V

From Equation (2), for the transistors MD1-MD5
Vie(max) =0.9 V and  V;(min)=-0.8 V

) of each of the transistors is equal to 0.1 V,

Since, the common-mode input range of both stages overlap, they can be joined as shown
in the figure and will provide a constant g,,, across the rail-to-rail input range of 0-2 V.
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Problem 7.6-06

Show how to create current mirrors by appropriately modifying the circuits in Sec. 4.4 that
will have excellent matching and a Vyn(in) = Vo and Vyn(out) = Von

Solution

Vbp Vbp

HOH OO OBENIOEOIRLOZORO)

lin

Lout
— <2 — <2
- — o

f::_ll—% M4 [: M7 f\r__ll—% M4 I[‘—’ M
M6 M6:]|——|[_‘WM5
Ml 4——“ I[:MZ Ml :]| {
MSTF__II— 132@ 4|[%M2
T

= Fig. 7.6-13A

Problem 7.6-07

Show how to modify Fig. 7.6-16 to compensate for the temperature range to the left of
where the two characteristics cross.

Solution
TBD
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Problem 7.6-08

For the op amp of Ex. 7.6-1, find the output and higher order poles and increase the GB as
much as possible and still maintain 60° phase margin. Assume that L1+L2+L3 = 2um in
order to calculate the bulk-source/drain depletion capacitors (assume zero voltage bias).
What is the new value of GB and the value of C.?

Solution

Referring to the Figure 7.6-17 and Example 7.6-1, the dominant pole is caused at the drain
of M9. The second pole ( p,) is caused at the output by the load capacitor. The magnitude
of this pole is given by

_gml4
=—2==-20 MHz.
12 C

L

To increase the gain bandwidth, let us design the nulling resistor (R,) in such a way that
the LHP zero created by this resistor will cancel the load pole. The value of C, =2 pF.

Thus, R, =—+ =477 KQ
8mas  27C.p,

We can see that the pole at the source of M6 is

ps =—1.2 GHz.
The third pole ( p,) at the output is caused by the nulling resistor and is given by

-1
p,=———=—-101 MHz.
© 2mR,C,,

In order to maintain a phase margin of 60°, the gain bandwidth can be calculated as

tan"'(@j: 30° — GB =58 MHz.
Ps

L L

Considering the minimum input common-mode range

or, g, =(GB)C =729 M5 N (ﬂj :(ﬂj —241.6
1 2

w
Vs =022V - (—) =175
‘ L)

Considering the maximum input common-mode range

2)-2)-e

Rest of the transistor sizes are the same as calculated in Example 7.6-1. But, the small-
signal voltage gain is 18,000 V/V
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Problem 7.6-09

Replace M8 and M9 of Fig. 7.6-17 with a high swing cascode current mirror of Fig. 4.3-7
and repeat Ex. 7.6-1.

Solution

Referring to the figure and Example 7.6-1

W 14
Vess =15V — Visas =08V — (—j Z(—) =0.57=1
L 8 L 9
Let us assume V,,,, =2 V. Then,
w w
Vdsatl7 =05V - (_) +(—) =145
L 17 L 18
The output resistance seen at the drain of M7 is
1
Routl = = 50 MQ
Jgdsmgdﬂ + gds7(gdx4 + gd‘vz)l
L gm18 gm7 J

Thus, the overall small-signal gain becomes 2.8 x 10° V/V.

The gain bandwidth is 10 MHz. The load pole is at 20 MHz. Referring to the figure, the
extra pole that would affect the phase margin the most is created at the source of M18. The
resistance seen at the source of M 18 can be given by

rlrdsIS St L—I

+
8as7 (gds4 + gdsZ)J
(1+gm18rds18)

[r] — Ry, =[844K]11[1.25M] =504 KQ

[
|
The pole at the source of M18 is
-1 1
Pis = D= ;
" RaslCuas + Coas +Cao + Co) " (504K)(9x107)

gs18

=-35 MHz

It can be seen that this pole p,, would degrade the phase margin by 16°. Thus to maintain a
60° phase margin with a gain bandwidth of 10 MHz, let us use nulling resistor
compensation to cancel this pole. The value of R, can be given by

1

8mas 27C.py

RZ

The pole due to the introduction of R, is

-1
R,C

Z " gsl4

=—-157 MHz

Py =

This pole is large enough to affect the phase margin. Though the pole at the source of M18
has been eliminated using the nulling resistor compensation technique, the pole at the
source of M7 could be dominant enough to degrade the phase margin.
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CHAPTER 8 - HOMEWORK SOLUTIONS
Problem 8.1-01

Give the equivalent figures for Figs. 8.1-2, 8.1-4, 8.1-6 and 8.1-9 for an inverting

comparator.

Solution

The figures for the inverting comparator are shown below.

T Vo TVO T Vo
Yon | VoH VoH
viL ViH AVK ViH
VpVn - - v,;-vn Vos Vp';/n
VoL VoL r VoL
- Vo
VoH
Tt
% _'I VoL
A

Vin

ViH

ViL
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Problem 8.1-02

Use the macromodel techniques of Sec. 6.6 to model a comparator having a dc gain of
10,000 V/V, and offset voltage of 10mV, Vg =1V, Vo = 0V, a dominant pole at -1000

radians/sec. and a slew rate of 1V/us. Verify your macromodel by using it to simulate Ex.
8.1-1.

Solution
TBD
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Problem 8.1-03

Draw the first-order time response of an inverting comparator with a 20 s propagation
delay. The input is described by the following equation

Vip =0 fort <5 us
Vin = 5(1 =5 tis) for 5 us<t<7 us
Vin = 10 for t>7 us

Solution
The input and the output response of the inverting comparator are shown in the figure.

A
VO
VoH
0.5(VoH+VoL)?
VoL R
t
A
Vin
Vig=10
05(ViH+vi) ¢
Vj=0 t
—o »
5 6 7
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Problem 8.1-04

Repeat Ex. 8.1-1 if the pole of the comparator is -103 radians/sec rather than -103
radians/sec.

Solution

The pole location is

o, =-100 Krad/s

k=_Vin___10m 5
Vip(min)  0.1m

The propagation delay is given by

1 2k
tp=_—In
0. \2k-1

or, tp :501 ns (1)
Considering the maximum slew rate, the propagation delay can be expressed as

. Vou VoL
p T e—
2SR

or, Iy = 500 pg )

From Equations (1) and (2), the propagation delay is
1, =500 ns

Problem 8.1-05

What value of V;, in Ex. 8.1-1 will give a slewing response?

Solution

The comparator will start to slew when the propagation delay of the comparator is
dominated by its maximum slew rate (and not by the comparator’s small-signal propagation
delay).

Vo =Vor 1 ( 2k
2SR o, \ZF=T

2k o.Vouw —Vor)
; Th—1 7SR

Solving for k, we get
k >1000.5

or, Vi, > 100.05 mV
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Problem 8.2-01
Repeat Ex. 8.2-1 for the two-stage comparator of Fig. 8.2-5.

Solution

The output swing levels are

21,

Bs W pp — Ve (min) - Wrp }2 |

Vor =Vop ~Vpp —Vge(min) - [re 1= \/‘

or, Vog =2.5- (2.5 -0-07)1- |- 2(234)
(50)38)(2.5-0-0.7) |

or, VOH: 243V

The minimum input resolution is

. Vor =V,
Vin (miny = 2222

v

Eml1Em2
L= Sm&m2  _ 3300
1116(A‘P +)~N)l

or, V;,(min) = 1.5 mV

and,

The pole locations are

8ds2 + 8ds4
pL="""¢, = 1074 MHz

8ds6 t 8ds7
P2="_¢; = 0.67 MHz
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Problem 8.2-02

If the poles of a two-stage comparator are both equal to -107 radians/sec., find the
maximum slope and the time it occurs if the magnitude of the input step is 10V;,(min) and

Vor -Vor, = 1V. What must be the SR of this comparator to avoid slewing?

Solution

The response to a step response to the above comparator can be written as,

Yout
Vour =1 —en—t,en where v, = A0V, and t, = tp;

To find the maximum slope, differentiate twice and set to zero.

av,,.’

d(;:t =en+teln-eln=teln
s

2 o em+en=0 = (1-t)emn=0 = t,(max)=tp; =1

n
IL L

t,(max) = lsec and #(max) = ol = 107 =0.1ys
dv, . (max) dv, .’ (max)
—H G =c1=03679 Visee o —Hg—— =3.679V/us
dv gy, (Max) dv ;s (max)
— 4 = 10(V0H—V0L)-T = 36.79V/us

*. Therefore, the slew rate of the comparator should be greater than 36.79V/us to avoid
slewing.
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Problem 8.2-03

Repeat Ex. 8.2-3 if p; = -5x100 radians/sec. and p, = 10x10° radians/sec.

Solution

Given p; =—5 Mrad/s, and p2 =—10 Mrad/s

SO, I’I’l:p_2:2

P1
When Vi, =10m
Vin 1
= —:15576 and, t, = :358 ns
7, (min) I 2
When Vin =100m  (assuming no slewing)
Vin 1
=___~_=15576 and, fp= ——~11.3 pg
Vin (min) p1 ik
When Vin =1 (assuming no slewing)
Vi 1
= M __=1557.6 and, [p = =3.58 pg

7, (mim) W Za
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Problem 8.2-04

For Fig. 8.2-5, find all of the possible initial states listed in Table 8.2-1 of the first stage
output voltage and the comparator output voltage.

Solution

Condition: Vg1 > Vg2, 11 <Igs,15 >0
2.1315< V¥, <2.5 andVyy =—2.5

Condition: Vg1 >> V2,11 = 155,15 =0
Vo1 =2.5 and Vy2 =-2.5

Condition: Vg1 <Vg2,11 >0,15 <Igg

0.123
Vary <V, 1 <Veor +0.3 V., =25-
SZ 01 SZ s and 02 (2-5—V01 _0.7)
Condition: V61 <<Vg2,11 = 0,15 =1Igg
VOI =-2.5 , and V02 =247
Condition: VG2 >Va1.11 > 0,15 <Igg
0.123
Var <V 1< Ver +0.3 V., =2.5-
52 <Vo1<Vs2 ,and Vo2 =7 =07)

Condition: Y62 >>VG1,11=0,15 = Igg
Vo1 =-2.5 _and Vi, =2.47

Condition: V62 <Vg1,11 <Iss,1» >0
21315 <V <2.5 _angVos ==2.5
Condition: V62 <<Vg1.11 =1ss.15 =0

Vo1 =2.5 and Vo2 =-2.5

Problem 8.2-05

Calculate the trip voltage for the comparator shown in Fig. 8.2-4. Use the parameters given

in Table 3.1-2. Also, (W/L), = 100 and (W/L); = 10. Vgj45= 1V, Vge =0V, and Vpp, =
4V,

Solution

Given, VBIAS =1 , VDD =4 , VSS =0 , 57 =100 , andS’] =10
The trip point is given by

S
Vire =Vpp — f/T6 |~ \/K N7 Voias —Vss —Vr7)

KpSs

or, Virp =189y
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Problem 8.2-06

Using Problem 8.2-5, compute the worst-case variations of the trip voltage assuming a
+10% variation on VT, K', VDD’ and VBIAS'

Solution
The trip point is given by
Virr =Vpp —F16 |~ \/—(VBJAS Vss =Vr7)
P 6

The maximum trip point can be given by

9K v S
VTRP (max) = I‘IVDD -09 [/T6 |> WNS';(OQVB[AS - VSS —1.1VT7)
A PR6

or, VTRp(maX) =322V

The minimum trip point can be given by

. KnS
Vrrp (min)=0.9Vpp —1.1f76 |- \/09—]\]5_7(1 Waias —Vss —0.977)
KpSe

or, VTRp(min) =039V

Problem 8.2-07

Sketch the output response of the circuit in Problem 5, given a step input that goes from 4
to 1 volts. Assume a 10 pF capacitive load. Also assume the input has been at 4 volts for a
very long time. What is the delay time from the step input to when the output changes
logical (CMOS) states?

Solution

Let us assume VOH =3 V and
VOL =0 Vv 5

Vout

The trip point of the second stage is 4
3.965 V.

When the input makes a transition
from4 Vtol, 254

=02p )(3965 ) 264
30u

Lrol =

_ 2.5)
nsand! f.out = (10p)m—106.8

L NN

e time >
ns T T+133.2ns

Thus, the total propagation delay is 133.2 ns. This is also the time it takes to change the
output logical states.
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Problem 8.2-08
Repeat Ex. 8.2-5 with v(;; constant and the waveform of Fig. 8.2-6 applied to v;;.

Solution

Output fall time, 7,

The initial states are v,; = -2.5V and v,,;, = 2.5V. The reasoning for v, is
interesting and should be understood. When V5| = -2.5V and V5, = OV, the current in
M1 is zero. This means the current is also zero in M4. Therefore, v,; goes very negative

and as M2 acts like a switch with Vg =0. Since the only current for M3 comes through
M2 and from Cy, the voltage across M3 eventually collapses and /3 becomes zero which

causes v, = -2.5V.

From Example 8.2-5, the trip point of the second stage is 1.465V, therefore the rise
time of the first stage is,

1.465+2.5
t,1 = 0.2pF T30pA )" 26.4ns

The fall time of the second stage is found in Example 8.2-5 and is 7 = 53.4ns. The total
output fall time is

t, =1, +1p=79.8ns

Output rise time, ?,:

The initial states for this analysis are v,; = 2.5V and v, =-2.5V.
The input stage fall time is,

2.5-1.465
tfl = 0.2pF 30]JA = 6.9ns

The output stage rise time is found by determining the best guess for V4. Since
Ve 1s going from 1.465 to —2.5V, let us approximate V¢ as

Ve = 0.5(1.465-2.5) = -0.5175 =  Vggg = 2.5-(-0.5175) = 3.0175V

1 Weg
o Ig= jKP'(E)(VSGé-IVTPI)Z = 0.5-50x106-38(3.0175-0.7)2 = 5102uA

to = 5P"(5102p/2&-5234pA) = 2.6ns
The total output rise time is,
. =1+ 10 =9.5108
The propagation time delay of the comparator is,
="t +1,=44.7ns
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Problem 8.2-09

Repeat Ex. 8.3-5 using the two-stage op amp designed in Ex. 6.3-1 if the compensation
capacitor is removed.

Solution
Let us assume the initial states as
VG2 =25V

Vo1 =25V
Vour =—=2.5V
and, C;=02 pF
For the rising edge of the input, V62 =2.5 v

21
Virr2 = Voo _(|VT6|+\/K;D;6 } - Virp2 =1.6 v
(0.9V)
Thus) =(0.2 =6

The minimum value of VGé6 is

Voo =VGs2 =-1v

Average value of VG6 is

—-1+1.6
Ve = =03 vy
K pSe
I = V e — PZ I, =5.2875

6= 25
(5 C) o236

So, | Ir.our :(Sp)—m)—

Thus, total propagation delay for the rising input is [[pl = 8.36 g
For the falling edge of the input, Vea =25y
_ 1.6-(=25))
to =0.2p) o 273 g
2.5)

L ou = 6p) ) <1316
and, | “f.ou (gsm ns
Thus, total propagation delay for the falling input is p2 = 158.9 g

The average propagation delay is 83.63 ns.
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Problem 8.2-10
Repeat Ex. 8.2-6 if the propagation time is 7, = 25ns.

Solution

Given, I =25 ns
Let, m=1k=10
1

L T

=12.65 Mrad/s

Ig=1,=_P2C1_ __950 1y

MVP + /IN )
WJ __ s =120
or, — | = =
L 6 KP (Vdsat6j
w 2]7
and, T) = =55
7 KN (Vdsat7j

Now, Av2 =444  and for 4y =4000 e have 4,1 =90.11

In order to satisfy the propagation delay from the first stage, let us assume

[ 1= 40 /JA
The corresponding propagation delay of the first stage becomes

= CrWon =VoL) _ |,
p T ns

Now, &m =AuAp +Ay )y
or.  &mi =3244 us

w w
= =12
or Tl ( 77]2

AlSO, V[C (m1n) =-1.25 V, and VGSI =0.946 V.

ThUS, Vdsats = 0304 V

WJ ~16
or, TS

Assuming a V53 = 1.2V gives,

Ws Wy 40 A
Ly = Ly = 5012-0.72

Page 8-12
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Problem 8.2-11

Design a comparator given the following requirements: Py <2 mW, Vpp =3V, Vgg=0

V Cload = 3 PF, fprop < 1 ps, input CMR = 1.5 - 2.5 V, A,y > 2200, and output voltage
swing within 1.5 volts of either rail. Use Tables 3.1-2 and 3.3-1 with the following
exceptions: A =0.04 for a 5 um device length.

Solution
The ICMR is given as 1.5-2.5 V. Let us assume that

wy (W)Y _ _
LRI

Considering the minimum input common-mode range

Vic(min) =Vgg +Vry(max)+V g en +Vgsars

w
or, Visars =0.35 v - [L_l =4.5

Considering the maximum input common-mode range

Vic(max) =Vpp +Vr(min) — V3 (max) — Ve,

w w
V =0.2 | =l _| =15
or, dsat5 Vv - {L ]3 [L ]4

/4
Letusassume(r) =31.5 gnd 17 =210 pA
7

From proper mirroring of the bias currents, we get

W) =210
=

The value of Cgs6 =348 {F. Thus, let us assume €7 =0-5 pF.

The small-signal gain for this comparator is 8189 V/V.
The total power dissipation is 0.81 mW.
The trip point of the second stage is

Virp2 =2.1 y

For the rising edge of the input, referring to the procedure in Example 8.2-5, the
propagation delay can be calculated as

Lot =15 g, Irour =24 ng, and the total propagation delay ‘71 =174 ns
For the falling edge of the input, the propagation delay can be found as
frol =33 pg If.out =214 1g and the total propagation delay ‘72 = 2%% ns

The average propagation delay is 36.9 ns, which is well below 1000 ns.
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Problem 8.3-01

Assume that the dc current in M5 of Fig. 8.3-1 is 100uA. If Wg/Lg = 5(Wy/Ly) and
Wio/L1o = S(W5/L3), what is the propagation time delay of this comparator if C; = 10pF
and VDD = 'VSS =2V?

Solution
The quiescent bias currents are

lg=17 =250 ud
Under large-signal swing conditions, the maximum sourcing and sinking currents are

Ig(max) =500 uA
I7(max) =500 uA

Thus, the propagation delay can be given by

_c 0.50pp —Vss)
=Cp

p I

0.5(2)
t, =010 A

or, p ( p)(SOO/,l)

=20n

or,

|72]

Ip
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Problem 8.3-02

If the folded-cascode op amp shown having a small-signal voltage gain of 7464V/V is used
as a comparator, find the dominant pole if C; = S5pF. If the input step is 10mV, determine

whether the response is linear or slewing and find the propagation delay time. Assume the
parameters of the NMOS transistors are Kx’=110V/uA2, V= 0.7V, Ay=0.04V-! and for

the PMOS transistors are Kp’=110V/uA2, Vyp = 0.7V, 1p=0.04V-1,

4 2.5V
VBias I‘J 80um/ 1um]

M}—U 1250A M3|v 12514

; T J M7
11 12 | 80Um/1“mlr__80unlllllm

SO02FEP1

Solution

Vog and V; can be found from many approaches. The easiest is simply to assume
that Vg and Vg are 2.5V and -2.5V, respectively. However, no matter what the input,
the values of Vyy and V5, will be in the following range,

(VDD_2VON)< VOH < VDD and VDD < VOH < (VSS+2VON)

The reasoning is as follows, suppose V;,, >0. This gives I;>I, which gives I¢</; which
gives Ig<I;. V,,, will increase until /7 equals Ig. The only way this can happen is for M5
and M7 to leave saturation. The same reasoning holds for V;,, <0.

Therefore assuming that Vg and Vg are 2.5V and 2.5V, respectively, we get

. 5V 10mV
Vip(min) = 7727 = 0.67mV. — k=067mv = 1493
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Problem 8.3-02 — Continued

The folded-cascode op amp as a comparator can be modeled by a single dominant pole.
This pole is found as,

1
P1=R, T, Where Rout= 8,97 459 s 117" a7 a2l 455)]

8mo=\2-75-110-36 =771pS, g,0=8751,=75%1076-0.04 = 3uS, g, ,=50x10"6(0.04)=2uS

€m7=N275-50-80 =775, g,,,5=125x10"6.0.05 = 6.25pS, g,,,,;=50x10"6(0.05)=3.75uS

1 1
8m9'ds9"ds11= (771HS)(ﬁ) (ﬁ) = 85.67TMQ

1 11
8m7" as1T 52 as5= (775HS)(3 7508 szs 182515 ) =25.05MQ,

R,y = 85.67MQ[25.05MQ = 19.4MQ

1 1
The dominant pole is found as, p; =R,..C, = 19 4x 1055 F = 10,318 rps
A4x p

The time constant is 7; = 96.9us.

For a dominant pole system, the step response is, v, () = Avd(l—e"/ mv.,,
The slope is the largest at t = 0. Evaluating this slope gives,

Dour  Avd C Avd 7464
= ? e”TV. Fort =0, the slope is ? Vin = 96.9us (10mV) = 0.77V/us

, _ I3 100puA
The slew rate of this op amp/comparator is SR = C,="5pF = 20V/us

Therefore, the comparator does not slew and its propagation delay time is found from the
linear response as,

2k 2-14.93
tp= 10|37 | = 96.9us:Inf 577937 | =( 96.9us)(0.0341) = 3.3us
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Problem 8.3-03

Find the open loop gain of Fig. 8.3-3 if the two-stage op amp is the same as Ex. 6.3-1
without the compensation and W;o/Lig = 10(Wg/Lg)= 100(W¢/Lg), WolLg =
(Kp /KN )(WglLg), Wi1/L11 = (Kp/Kpn)(W;o/L1o) and the quiescent current in M8 and
M9 is 100pA and in M10 and M11 is 500uA. What is the propagation time delay if Cj; =
100pF and the step input is large enough to cause slewing?

VbD
i A M8 w0
M3 | M4
e
-o—{| M1 M2 | o Vout
:ii l: IJ :I ‘ J_CH
s ol L
) Vss

Figure 8.3-3 Increasing the capacitive drive of a two-stage, open-loop comparator.
Solution

From Ex. 6.3-1, we know that the small-signal gain to the input of the M8-M9 inverter is
7696 V/V. The gain of the M8-M9 and M10-M11 push-pull inverters are given as,

A 3 8m8 t 8mo9 d A _ Em10t 8&m12
v8.9 = "g 8 + 8459 " vIOIT = "8 ys10 + 8ds12

Since Wg/Lg = 94 then Wg/Lg = 940 and Wo/Lg = (50/110)940 = 427.
NOW, g8 = &mo = V2-50-940-100 pS = 3,066uS, g5 = 0.04-100uS = 4uS and g 0 =
0.05-100uS = 5uS.

3,066 + 3,066
Av&g = - 445 =-681.3V/V

Since Wy/Lg = 94W, (/Lo = 9400 and W, /L, = (50/110)9400 = 4270,

NOW, €10 = &mi2 = ¥2-50-9400-500 pS = 21.68mS, g4510 = 0.04-500uS = 20uS and
2459 = 0.05-500uS = 25pS.
21.68x2x103 , 9
S AV1011 = T 30595 — =-963.5 V/V = Total gain = 7696-681-963 = 5.052x 10
VN
AV, KpWio
t,=C— where I =W(VSG10—IVTPI)2 = 235x103(5-0.7)% = 4.345A

_ -12 2.5V _ -12
. tp— 100x10 4.345A =57.5 x10 SeC.
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Problem 8.3-04

Fig. P8.3-4 shows a circuit
called a clamped comparator. Vbp

Use the parameters of Table 3.1- M5 M6
2 and calculate the gain of this 4 :II L \_Il‘_‘ 1
comparator. What is the positive 4 — —' 4

and negative slew rate of this MI11
comparator if the load
capacitance is 5 pF?

Solution 2OHA<+> v Mi ﬁ/’z
LQ0iUtion 10 10 |_OV1

TN
4+~
=] ¥
|« T
z_—'—]—f

A \
NS SN
1
ST ¥
J> < l\)lo-l;

I;=20 pd 2 2
Iy =1,=10 uA M10 M7 M9
J Fr—. %
Is=1¢ =5 2 2
s=1g =5 pd 2 :
So, I3=14=5 Vss
Is =80 ud Fig. P8.3-4

The small-signal voltage gain is

_ Em28m8
2gm4 (gdS8 + &ds9 )

1%

or, 4, =83 vy
The negative slew rate is
Iy
SR =- C, = -16V/us
To calculate the positive slew rate

. max
VsGg (min) = f/T4 |+ 4
KpSq

. [T
Vg (min)= 0.7+ =1.25
or sy Y

So. Ilg(max)=242 pA

Ig(max)
or, SR *= C, =48.4V/us
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Problem 8.4-01

If the comparator used in Fig. 8.4-1 has a dominant pole at 104 radians/sec and a gain of
103, how long does it take C4 to charge to 99% of its final value, V5g? What is the final
value that the capacitor, C4, will charge to if left in the configuration of Fig. 8.4-1(b) for
a long time?

Solution | VOUT

—O

The output voltage for the circuit shown can be expressed as,

_ +
A, (0) Caz =<
vom(s>=<-vosvom<s>>( S] VOSQ Az
1+ = -

Ipil
This can be solved for the transfer V,,,,(s)/V g as follows,

4,(0)
14+ —
Vout(S) *pyl A(0) A, (0)Ipql
Vos(s) = A 0) = s s +(1+ A,00)) Ipql
1+ —— 1+ A (0)+ [ Y
1+ P
Assuming V¢(s) is a step function then,
Vos Av(o)lpll Av(O)VOS l 1
Voul($) = -5 |5+(1+ A,(0) Ip{1)= " T+A,(0) [s - s+(1+AV(O)Ip1I)}
Taking the inverse Laplace transform gives,
A, (0)Vpg
Vour) = - T3A(0) [ 1 - e tH+AvOlp1in
Let v,,() =-0.99V ¢ and solve for the time 7.
1000V g .
vom(t) = —O.99VOS =-"1000+1 [1- ¢-1001-10 T]

1001 99
1-T000'T00 = 0-0090 = ¢- 10011047 — 110.99 = ¢1001-104T

T =0.9990x10-7 In(110.99) = 0.47us

1000V g
As t— 0, v, (D) = -To00+1 = 0:999V0s
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Problem 8.4-02

Use the circuit of Fig. 8.4-9 and design a hysteresis characteristic that has Vygp~ = 0V and
VTRP+ =1Vif VOH =2V and VOL =0V. Let Rl = 100kQ.

Solution

Given, Vp,, =1V
Vip =0V
Voy =2V
Vo, =0V

and, R =100 KQ

R +R R
Now, VTJIr?P :( ]R 2)’REF __IVOL
2

R +R
or, [IR—zz)VREF =1 (D

R +R R
Also, Vi, :[]R—z}/REF - _1V0H
2

R +R R
or, ( 1 2}/REF =12
R, R,

From Equation (1)

L
R2
or, R,=2R =200 KQ

2
and, V.. = 3 \%
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Problem 8.4-03

Repeat Problem 8.4-2 for Fig. 8.4-10.

Solution

Given, Vp,, =1V

and,

Now,

or,

Also,

or,

or,

Viep =0V
V,, =2V
V,, =0V
R =100 KQ

Vip =| K2 4| _Re
TRP R1+R2 OL W REF

Vrer =0 v

R R
Vinp = 2 + 2
TRP (Rl s ]VOH (Rl TRy | REF

Rl :R2 :100 KQ

Problem 8.4-04

Page 8-21

Assume that all transistors in Fig. 8.4-11 are operating in the saturation mode. What is the
gain of the positive feedback loop, M6-M7 using the W/L values and currents of Ex. 8.4-

27

Solution

The loop-gain in the positive feedback loop can be expressed as

Now,

So,
And,

So,

|LG| _ 8n68m7
(gm4 t8uus T 8ut gds6)(gm3 18y tT8ust gds7)

$=5,=85=5,=10,and S, =5, =2
I,=20 uA

13=% UA, and Iéz% UA

8ne =91.3 US

8,7 =913 us

gm3 :183 »u'S
g, =183 us

ILGl =22.6
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Problem 8.4-05

Repeat Ex. 8.4-1 to design Vypp*t =- Vypp = 0.5V.

Solution

Given, V7gp =0.5 V
Virp =—0.5 v
Vo =2 V
VoL =2 V

Now, Virp = ( R—z}/OL +[R—2JVREF
Ri+Ry Ri+Ry

or,  ~03= ( R I—?Rz }_2) +[ Rllisz }REF

Also, Virp = ( Rllisz JVOH + ( %)VREF

or, 0= [ I3 Ij-sz }2) ’ (Rl Iisz ]VREF

Solving Equations (1) and (2), we get
Ry =3R) andVrer =0 v

Page 8-22
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Problem 8.4-06
Repeat Ex. 8.4-2 if i5 = 50uA. Confirm using a simulator.

Solution

I5=50 ud

Sl =S2=5, S6 :S7 ZIO,andS3:S4 =2
To calculate the positive trip point

Iy = 56ﬁ=8.33 A

Iy=1Is—1;=50-833=41.67 pd
VGSI = VTI + _,_211 =(0.874 VvV
Ky Sy

VGSZ = VTZ + 212 =1.089 AV
KNS

or, V';RP = VGSZ - VGS] =0.215V

Based on a similar analysis, the negative trip point will be

I4=?=8.33 A

I, =41.67 ud
Visy = 0.874 v
Vesi =1.089 v

Vrrp = Vis2 — Vs =-0215V

Page 8-23
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Problem 8.5-01

List the advantages and disadvantages of the switched capacitor comparator of Fig. 8.5-1
over an open-loop comparator having the same gain and frequency response.

Solution
Advantages Disadvantages
Fig. 8.5-1 Can remove input offset voltage Requires switches
Positive terminal on ground Charge feedthrough
climinates need for good ICMR Must be stable in autozero mode
Open-loop Stability not of concern Requires good ICMR
Comparator Continuous time operation Can’t remove input offset voltage

Problem 8.5-02

If the current and W/L values of the two latches in Fig. 8.5-3 are identical, which latch will
be faster? Why?

Solution

The closed loop gain of the NMOS latch can be given by

2 5
(e PP
8ds Ay

The closed loop gain of the PMOS latch can be given by

, :(gm T: PR @ )
P 2as Bz

It can be seen that

A
Vi =3.4375
vp

Thus, the NMOS latch would be faster (as it has larger small-signal loop gain).
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Problem 8.5-03

Repeat Ex. 8.5-1 if Avout = O'SV(VOH'VOL)'

Solution

The propagation delay of the latch can be expressed as

AV
tp =1 In| out
AVip

where, Tz, =108 pg

Vou —Vor
t,=7; In 2L~
or, p L “( 2AV;,

When AV, =0.01Voy —Vor)

g1 Lo YoL
p= L 24V,

When AV =0.1Von —Vor)

=422 ns

Problem 8.5-04
Repeat Ex. 8.5-1 if the dc latch current is SOpA.

Solution
8&m =332 uS

8ds =2 U
So, the latch gain is
A4, =166 vy
The latch time constant is given by

1, =067C,, |7 - 43

2K N1

ns
When, Vin =0-01(Vor —Vor)

Vou-Vor
=1L ln(W)= 188 ns

When, Vin =V-1Von =Vor)

Vou-Vor
=7 In————|=176.
=1 n( 24V, ) 6.8 ns

Page 8-25
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Problem 8.5-05

Redevelop the expression for AV, /AV; for the

4 VDD
circuit of Fig. P8.5-5 where Av,,, =v,, - v, and
AVi=vj - vpp. M3 M4
Solution Vol Vo
o

Referring to the figure and applying nodal
analysis vito—|| . M1 M2 |Fovi
gmlVil + &ds1Vol + &m3Vo2 T 8ds3Vo1 =0

or,

Vit +(as1 + €453 Vo1 +€m3Ver =0 (D)

IBias

Similarly, applying nodal analysis Figure-PS. 5.5

gmavio +(Qds2 +&dsa Vo2 + Emaver =0 )
Subtracting Equation (2) from Equation (1), we get

g Wil =vin )= (~&m3 + 8ast + &as3 NVo2 —Vor)

or,
(VOZ _Vol): Eml T
Vit—vi2)  &m3+8as1 +8as3) gmavo)
rds3 § f f 9myVol g rds4
L Vo1 Vo2 4
o+ +0
9ImqViq Imovia
m5Vi
Vi * érdﬂ * 2 :% rds2 Vi2

.

Problem 8.5-06
Compare the dynamic latch of Fig. 8.5-8 with the NMOS and PMOS latches of Fig. 8.5-3.

Solution

Advantages Disadvantages

Fig. 8.5-3 Work with smaller power supply Class A output — can’t source and
sink with the same current-slow

Fig. 8.5-8 Push-pull is good for sinking and | Needs larger power supply
sourcing a lot of current -fast
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Problem 8.5-07

Use the worst case values of the transistor parameters in Table 3.1-2 and calculate the
worst case voltage offset for the NMOS latch of Fig. 8.5-3(a).

Solution

The offset voltage can be expressed as

Vos |5 Vo2 =Vor|= V1 +Vasart =Vr2 = Vasarz |

_
21 21

o, fos|=|2AVr+ L - |22
K18 K>S,

Assuming, [j =12 =10 pd  and $ =S, =10

_ M0 [ 20|
pos - | 2015+ / y ]

0.9(1101)(10) [ I(TT0w)(10)

or, Pos|F03l4y

Problem 8.6-01

Assume an op amp has a low frequency gain of 1000 V/V and a dominant pole at -104
radians/sec. Compare the -3dB bandwidths of the configurations in Fig. P8.6-1(a) and (b)
using this op amp.

Solution

Given, 4,(0)=1000 ,and P1 = 10 Krad/s

Thus, the gain-bandwidth frequency is
GB=A4,(0)p; =10 Myrad/s

a) The closed-loop gain is (-25). Thus, the -3 dB bandwidth becomes

GB
W_348 = 2-5-:400 Krad/s

b) The closed-loop gain of each gain stage is (-5). Thus, the -3 dB bandwidth
becomes
GB
®_34p = T:zooo Krad/s

There would be two poles at 2 Mrad/s at the output; each being created by a single
gain stage.
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Problem 8.6-02

What is the gain and -3dB bandwidth (in Hz) of Fig.
P8.6-2 if C; = 1pF? Ignore reverse bias voltage

effects on the pn junctions and assume the bulk-

source and bulk-drain areas are given by W x5um. % __’I l‘_‘ 21
Solution M3 M4
CL
| {

vS
A, =8m = TN 66 vy
gm3 KPS3

A3V

Ml - I + M2

The single-ended output resistance is $—| 410 o 410 ’:I

R = L 14.14 KQ Vin

gm3 . . é
The pole frequency at the output is given by
1 S0puA
P =
R,(2€, + €+ Cops + C G T

or, p = ! Fig. P8.6-2

- R(2¢, +C,,)

or, D =-5.15 MHz e f—3dB =5.15 MHz
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Problem 8.6-03

What is the gain and -3dB bandwidth (in Hz) of Fig. P8.6-3 if C; = 1pF? Ignore reverse

bias voltage effects on the pn junctions and assume the bulk-source and bulk-drain areas
are given by W x5um. The W/L ratios for M1 and M2 are 10um/lpm and for the
remaining PMOS transistors the W/L ratios are all 2um/1pm.

4 3V
M7L:] M5 L:] [:J M6 [:JMS
M3| M4
Cr
[l
_VI\ +
20;1A<D ro— M1 ™ M2 }—‘ CD 201A
o [:, ;—]
2
50uA
il I il
Fig. P8.6-3

Solution

A small-signal model which Vout

A
can be used to solve this J_ I\ J_
blem is sh . ; ) ;
proplem1s s OWI'l gmzvm c, R, L R, Cs gmzvm
The voltage gain and the T T
—3dB bandwidth can be

S8.6-3
expressed as,

Vout 1
Vin = 8mRo and @348 =7C,305C,)2R,

The various values in the above relationships are:

gm = \2-Kn(W/L)Ip; = V2-110-10-25 pS = 234.5u8

1
R, =g Wrgailragllrass. 8ms=N2-Kp(Wi/LIp3 =V2:50-2:5 pS = 31.62uS

1 1 1
rast =0.0425pA = IMQ. 7453 =005 5pA = 4MQand ry55 =5 04200A = 0-8MQ
- R, =31.623kQIITMQII4MQII0.8MQ= 29.31kCQ2
Co = Cgs3+de1+de3+de5 Cgs3 = CGSO'W5+0.67~COX-W5-L5
= 220x10-12F/m-2x10-m+0.67-24.7x10-4F/m?2-2x10-12m?2 = 3.73(F
Cpa1 = CJ-AS+CJISW-PS =770x10-9F/m2-50x10-12m2 + 380x10-12F/m-30x10-6m
= 38.5fF + 11.4fF = 49.9{F
Cpg3 =Cpgs = 560x10-6F/m2-10x10-12m?2 + 350x10-12F/m-14x10-6m = 10.5fF

1
. C,=74.6(F - —16.445x106rads/
Co 7 “3dBY(1 073pF)58.62kQ xIradsisee

Finally, fag=2.62MHz  and A, = 6.873V/V
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Problem 8.6-04

Assume that a comparator consists of an amplifier cascaded with a latch. Assume the

amplifier has a gain of 5V/V and a -3dB bandwidth of 1/7;, where 7; is the latch time

constant and is equal to 10ns. Find the propagation time delay for the overall configuration
if the applied input voltage is 0.05(Vyg-Vr) and the voltage applied to the latch from the

amplifier is (a) AV; = 0.05(Vpgy-Vor), (b) AV; = 0.1(Voy-Vor), (¢) AV; = 0.15(Voy-
Vor) and (d) AV; = 0.2(Voy-Vor). Assume that the latch is enabled as soon as the output

of the amplifier is equal to 0.05(Vpg-Vr). From your results, what value of AV; would
give minimum propagation time delay?

Solution
A,(0)
STL+1

The transfer function of the amplifier is A(s) =

The output voltage of the amplifier is v, (7) = A, (0)[1-e/TL]AV
Let AV; = x-(Voy-Vor), therefore the delay of the amplifier can be found as

X(VOH_VOL) = AV(O)[l-e'tl/TL]O.OS(VOH-VOL) = 5[l—e'fl/TL]O.OS(VOH—VOL)
or

1
x=025[1-etV/L] — =1 ln(m)
The delay of the latch can be found as
Vor-VoL 1
=1 In ZX(VOH'VOL Y= 1 In 2%

The propagation time delay of the comparator can be expressed in terms of x as,

1 1 L
Ip=h+i =17 l”(l —4x) + T ln(ﬂ) = ln(2x—8x2)

Thus,
x=0.05=1/20 = T, =11 + 1p = 2.23ns+2.30ns = 25.26ns
x=0.1=1/10 = T, =11+ 1 =5.1Ins+16.09ns = 21.20ns
x=0.15 = T, =11+ 1p =9.16ns+12.04ns = 21.20ns
x=02=1/5 = T, =11 + 15 = 16.09ns+9.16ns = 25.26ns

Note that differentiating 7, with respect to x and setting to zero gives
Xpin = 1/8 = 0.125

Therefore, minimum delay of 20.08ns is achieved when x = 1/8.
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Problem 8.6-05

Assume that a comparator consists of two identical amplifiers cascaded with a latch.
Assume the amplifier has the characteristics given in the previous problem. What would be
the normalized propagation time delay if the applied input voltage is 0.05(Vyg-V ;) and

the voltage applied to the latch is AV; = 0.1(Voy-Vor)?

Solution

. . A,(0) 5
The transfer function of the amplifiers is A, (s) = =
sTp+1 sTp+1

The output voltage of the amplifiers is

25
V(s = u?  005(Von-Vor) 125(Von-VouTa b c
o) = )2 s T s T st T s+
a b c
or H(s) =

sG+(1T))2 =S skl T (s+(1/m)))?

Solving for a, b, and ¢, by partial fraction expansion gives

| |
a=sH(s)g= 12 c=[s+UT>H(S) = 1/q, =7

df1 5 1
and %[;: als+(1/t)1= + bls+(1/7)] + C} = g =2als+(l/7p)] +b

Let s=-1/1; to get b = -7;2

Vo(s) = 125(Vou-Vor| = - — 7
o) =1.BVor VoL 5 - L) ™ sn(im) 2

Taking the inverse Laplace transform gives,

t
Vo(t) = 125(V0H—V0L)\i1 e /TL - T—e-t/TLi|
L

Setting v,(t) = 0.05(Vpgy-Vor) and solving for the amplifier delay, ¢, gives

I 1.25 1.25 4 5!
—=] T2+ 12 = =[n 1.041667| 1+ —
TL ) T 1L

Solving iteratively gives t1/7;, = 0.313 = t1 =3.13ns
The latch delay time, 7, is found as

VouV.
= rLln(Zxo‘ﬁf,O;‘ﬁm)j = 10ns [n(5) = 16.095ns

Lecomparator =11 + 12 = %
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Problem 8.6-06

Repeat Problem 5 if there are three identical amplifiers cascaded with a latch. What would
be the normalized propagation time delay if the applied input voltage is 0.05(Vyg-Vr) and

the voltage applied to the latch is AV; = 0.2(Voy-Vor)?

Solution

The combined transfer function of the three, cascaded amplifier stage can be given as

3
A(s) =

In response to a step input, the output response of the three, cascaded amplifier stages can
be approximated as

v, () =A, (1-3¢)

Vo

The normalized propagation delay of the three, cascaded amplifier stages can be given by

The normalized propagation delay of the latch can be given by

, V. -V,

When v, =O.05(V0H —VOL), and v , =O.1(V0H —VOL), the total normalized propagation
delay is

(=1, +1,=1115+1.609 =2.724

When v, :O.OS(VOH —VOL), and v, =0.2(V0H —VOL), the total normalized propagation
delay is

t,=t,+t,,=1.131+0.916 =2.047
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Problem 8.6-07

A comparator consists of an amplifier cascaded with a latch as shown in Figure P8.6-7.
The amplifier has a voltage gain of 10 V/V and f.33g = 100 MHz and the latch has a time

constant of 10 ns. The maximum and minimum voltage swings of the amplifier and latch
are Vog and V. When should the latch be enabled after the application of a step input

to the amplifier of 0.05(Vpy — Vr) to get minimum overall propagation time delay? What
is the value of the minimum propagation time delay? It may be useful to recall that the

o . Vou-VYor :
propagation time delay of the latch is given as 7, = 7; Inl 2y where v;; is the
latch input (AV; of the text).

Vip = O.OS(VOH—VOL)E ifi Voa E

in N . Amplifier / Latch ' Vout
) o—— A,(0)=10V/V ~ t=10ns [+°
=0 E f-3gg=100MHz vif L E
S Comparator T ______ i
Enable SO02FEP2
Solution ,.': -
The solution is based on the figure shown. Amplifier —»-"" /
A .7 '
We note that, Vou
Voa(t) = 10[1-e-®@-3dB7]0.05(Voy-Vor)-
. . Vou-V,
If we define the input voltage to the latch as, *Vor-Vor)
vir=xVou-VYor)
VoL >
then we can solve for #{ and #, as follows: n SO1E3S1

x(Vog-Vor) = 10[1-e®3dB1110.05(Vp-Vor) — x = 0.5[1-¢-®3dB11]

This gives,

o ()
t=——In\T3y¢
1 w_SdB”1—2x

From the propagation time delay of the latch we get,
Vou-Vor 1
=1y In 2vil =1 In ox

(L L diy . n
tp=t1+t2=a)-3dB In\Toa5 |+t in|5x] — Zx =0 gives X=1 o =0.4313

10ns
2r

n=

1+2
In (1+27) = 1.592ns-1.9856 = 3.16ns and #, = 10ns ln( -

T
) = 1.477ns

1, =11 +1p=3.16ns + 1.477ns = 4.637ns
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CHAPTER 9 - HOMEWORK SOLUTIONS

Problem 9.1-01

Develop the equivalent resistance expression in Table 9.1-1 for the series switched
capacitor resistor emulation circuit.

Solution
The series switched capacitor is shown for reference purposes. ¢1 ¢2
The average current flowing into the left-hand port can be b —
written as, V(1) C g_/ v, (1)
T 172 T 5 5
1 1
i\(average) =7 Jidt =7| Si,(ndt + i@ty
0 0 172
or in terms of charge,
172 T
i,(average) =Tl qul(t) + % qu,(t) = 2.() -Tq](T/Z)
0 T/2

By following through the sequence of switching, we see that,
q1(T72) =0 and q(T) = Clv|(T) - vy(T)]
Clvi(T) -w(T)]  C[Vy - V;]

ij(average) = T = T

The average current of a series resistance, R, can be expressed as
_ [V - V>l
ij(average) =R

Equating the average currents gives

R=5
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Problem 9.1-02

Develop the equivalent resistance expression for the bilinear switched capacitor
resistor equivalent circuit shown below assuming that the clock frequency is much larger

than the frequency of the signal.
C
+ +
w (1) I@ } vy (1)

2

(o]
ol

Solution

¢, phase, 0<z<0.5T: ¢, phase, 0.57<i<T:

S o O

Vi \%) + + +

C D C
z y V1 V2 A2 v2
— SOOH6P1A 3 S 3 O
= OTO C O
- JT_ SOOH6P1B

T
i 2 2 2 4C
iy, =7Jiyd=7 [ idt =7 [ dg(t) = F2C(0-v,y) = 7 (v,-v,)
0 0.5T 0.5T
Grv) T T
eq = iqy =4C = R,, =4C

Problem 9.1-03

What is the accuracy of a time constant implemented with a resistor and capacitor having a
tolerance of 10% and 5%, respectively. What is the accuracy of a time constant
implemented by a switched capacitor resistor emulation and a capacitor if the tolerances of
the capacitors are 5% and the relative tolerance is 0.5%. Assume that the clock frequency
is perfectly accurate.

Solution

Continuous time accuracy:

drc dR, dC
R C =10%+5% = 15%
Tc 1

Discrete-time accuracy:

dr dC d
ng =0.5%
TD ] c




CMOS Analog Circuit Design (2" Ed.) — Homework Solutions Page 9-3

Problem 9.1-04
Repeat Example 9.1-3 using a series switched capacitor resistor emulation.

Solution
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Problem 9.1-05

Find the z-domain transfer function for the circuit shown in Fig. 9.1- H
+ o +

5. Let ¢ = C,/C;y and find an expression for the discrete time

frequency response following the methods of Ex. 9.1-4. Design (find vy, Vout
) a first-order, highpass circuit having a -3dB frequency of 1kHz 01\ C2

following the methods of Ex. 9.1-5. Assume that the clock 5_|_/|:<5
frequency is 100kHz. Plot the frequency response for the resulting .

discrete time circuit and compare with a first-order, highpass, Figure P9.1-5
continuous time circuit.

Solution
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Problem 9.2-01

Fig. P9.2-1 shows two inverting summing amplifiers. Compare the closed-loop frequency
response of these two summing amplifiers if the op amp is modeled by A, ,(0) = 10,000

and GB = 1MHz.

R R Vo R R Vo
vio—AAN o VioAAN o
R R
v20-AAN- v20-AAMH
R
v30-AAA~

(@) (b.)

Figure P9.2-1 (a.) 2-input inverting summer. (b.) 3-input inverting summer.
Solution
A model for calculating the closed-loop frequency response is shown.

Solving for the output voltage,

R R
Vour=-A ((n+2)RV0ut + (n+2)RVl)

AR AR
Vour | 1+ T+2)R | = -+ 2R V1

A 1
|4 “(n+2 n+2 Ay(0) A0, GB
‘?i”: ( A) =7 T~ We know that A(s) = ‘ 5~ . 3 == 3
1+ 2 At ao 1+ E
a
Substituting gives,
1 GB
Vout n+2 n+2 A W34
Vi T s 1 = GB ~ %o
' GEt w2 St ST 0

GB
03gg=77> and A,=-1

Forn=1,f35g=GB/3=0.33MHz and forn =2, f33g = GB/4 = 0.250MHz
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Problem 9.2-02

Two switched-capacitor summing amplifiers are shown. Find the value of the —3dB
frequency of the closed-loop frequency response, v,/v{, with the remaining inputs shorted,

of these two summing amplifiers if the op amp is modeled by A,,;(0) = 10,000 and GB =
IMHz.

ot e
no—| (= no—{f
+ +

J: V3O__| HJT: SO02E2P3A

Solution %] ?/ ?/ Vour
A model for calculating the closed-loop frequency response is 91§ A °
shown. J_
Solving for the output voltage, n= 1n§ ) +V’ AV
C SO02E2S3 = —
Vour =-A (_(n+2)CV0ut + _(n+2)CV1)
AC AC
Vour | 1+ 32)C | = “m+2)C"1
A 1
|4 “(n+2 n+2 Ay0) A 0)w, GB
V= ( A_)=L T Weknow that A(s) = =5 = ===
I+757%2 A+ 2 1+w
a
Substituting gives,
1 GB
Vour n+2 n+2 A @34
Vims 17 GB P05t
GB™T n+2 St n+2n -3dB

GB
0W3gp=77> and A,=-1

For n = l,f@ =GB/3=0.33MHz and forn= 2,[@ = GB/4 =0.250MHz
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Problem 9.2-03

Find the z-domain transfer function for H¢¢(z) for 01
the switched capacitor circuit shown. 01
Solution o &)
, Cq 2
In phase ¢, the circuit is simply a charge Vin ( | S Vout
amplifier whose transfer function is given as
Hee(z)— 0(1:t —-C_ =
Vin(Z) 2

Problem 9.2-04
Verify the transresistance of Fig. 9.2-6a.

Solution

Positive transresistance realization:

Vi (I) Vi
Ry = ir(t) ~ ir(average)

If we assume v,() is = constant over one period of the clock, then we can write
L 4,(T) - q,(TI2)  Cv (D) - Cv(T12) ¢,
ir(average) =T f ir(H)dt = T = T =T
12
Substituting this expression into the one above shows that | Ry = T/C
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Problem 9.2-05

The switched capacitor circuit shown C, C
uses a two-phase, nonoverlapping o1 I ”2 d)}
clock. (1.) Find the z-domain | 1] )

0 Vout

expression for Ho¢(z). (2.) If C; =
10C,, plot the magnitude and phase vj, b SO/
response of the switched capacitor
circuit from 0 Hz to the clock frequency >
(fc). Assume that the op amp is ideal = - =

for this problem. +

¢

—

Solution —

(1.) This circuit is a noninverting p 0, p o p 0, p o , 0, , o} , t
amplifier with a minimum number of {d 3 \51 {d 1 {d d 1 N N 3 T
n_

! 3 1 1 1 3
switches. n > n > n n+2 n+ n+2

91:t=@m-DT Figure P9.2-5

vé (n-1)=vj (n-1) and v @n-1)=0

O:t=(1-0.5)T

e Cl o Cl o
Voo (10.5) = - [ vE (1)) = 5 v6, (1)

Cy
VOitl (Z) = C_2Z -172 Vl’(;,l (Z) — Hoe(z) = C—zz -1/2 — 1OZ:-]/2

(2.) Ho¢(OT) = 10e70T/2 = 10e722c = 10e7™/fc

Plotting this transfer function gives,

|[Hoe(e/wT)

< —-—— ===

Phase of Hoe(ejwT)
A
0° -

Q0% - mmm e

r===-fF=-=-=p=-===

180°F === mm e mm e

Fig. $9.2-05
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Problem 9.2-06

Find Ho¢(z) (=V 5 (2)/V{ (2)) of the switched capacitor

Page 9-9

—%

Vin o Cy Vout
circuit shown in Fig. P9.2-6. Replace z by ¢/@T and 1 '_*H I'_@

identify the magnitude and phase response of this 0
circuit. Assume Cy1 = Cp. Sketch the magnitude and _l_
phase response on a linear-linear plot from f=0 to f=f,. — —
What is the magnitude and phase at f'= 0.5f.? S D2 01 b2 01 02,
\y 3 \y \y 1 Ny \y 1 Ny 'T
n-3n-1 n-5; n n+y; n+l
Soluti 2 2 2
oten Figure P9.2-6
@1, t=(n-1)T: @y, t=(n-0.5)T:
Circuit: Circuit:
e 3
Voul(n‘ 2)T c VOZt(n_ S)T e 1
.0 OT IV E 0 % - + vout(n‘Z)T
zn(f‘\ |)_ Vout(n-1)T - o
o
L c Vin(n-1T !

Vin(n-1)T

— — SO01E2S4A

Writing the output,
C

+
J_—_ SO1E2S4B

€
Voru(n-0.5)) = v i (n-1.5)) + g, v (n-1)) = V5,(2)) = Ve (2) + oA 703V (2))

Vo2 (C1/C)z 03
Vo 1!

. H(9) =

(C1/C2)e'j60T/2 eJoT/2 (CI/CZ)

Replacing z by /T gives H¢(e/@T) =

(C/C)) T Cy T2

leeiOT % joT/2 = LjoT/2_p-joT

I
HO¢(el2m1f)
1

0.5
1

HO(oj 0T = — here i h
(e/oT) 2jsin(Tl2) X7 J0Cof sin(@T12) (note there is no phase error)
. Je e
If Cy = Cy, then H**(e/ 1) = ——— —————
e j27f sin(mflf,)
Sketch of frequency response:
IHO®(ejwT)| ffe
A
L e N e A B
L A T 12m
S0 S . 0 T Y
’ 1 o I I I I I IR | I
X I R R
O | [ | | | | | [ | |

0 0.1 02 03 04 05 0.6 0.7 08 09 1.0 Je -90°.
SO01E254C

» f Phase shift is a constant



CMOS Analog Circuit Design (2" Ed.) — Homework Solutions Page 9-10

Problem 9.2-07

(a.) Find H%(z) for the switched

capacitor circuit shown. Ignore the fact Cy

that the op amp is open loop during the I\ \
02

¢, phase and assume that the output is

sampled during ¢, and held during ¢,. Vi / [/ )
Note that some switches are shared \ I
between the two switched capacitors. 02

(b.) Sketch the magnitude and phase of J_ |
the sampled data frequency response - - - F9TE2P5

from O to the clock frequency in Hertz. N [0) N 01 N [09) L0
LV T LV LVJ LVl t”

Solution: n-15 n-1 n05 n n+05
6,(n-0.5):

During this phase, the 10C capacitor is charged to v, °(n-0.5) and the output is sampled
and held.

¢2(”): IOC\ C Vout(”)
. / I l
Model for calculating v €(n), =
g out Vln?n 0. 5)
S Vo) =10v, °(n-0.5)
F97E2S5
Since the output is sampled and held during the

next phase period, we can write

e(n) = 1Ovin0(n_o_5) N VoutO(Z) = IOZ'IVino(Z)

Vout (n+0 5) = Vout

or | H°?(z) = 10z}

b.)
Magnitude Phase
A A
1 : ° —>
0 0% ARe
0 AN 1510 '

0 fe FO7E2S5A
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Problem 9.2-08

In the circuit shown, the capacitor C1 has been o

charged to a voltage of Vi, (vip>0). Assuming i @)

that Cp is uncharged, find an expression for the [ |l o Vo
[

output voltage, Voyu, after the ¢p clock is +
applied. Assume that rise and fall times of the ¢ Vipn== C, )
clock are slow enough so that the channel of the +
NMOS transistor switch tracks the gate voltage.

The on and off voltages of ¢; are 10V and 0V, = =

respectively. Evaluate the dc offset at the output Figure P9.2-8
if the various parameters for this problem are Vr

= 1V, Cgs = Cgd = 100fF, C; = 5pF, and C; = IpF.

Solution

Since the problem does not give the value of V;,, or the slope of the gate voltage, we shall

assume that the contribution to the feedthrough due to the channel can be neglected.
Therefore, the output voltage after the switch opens up can be expressed as,

Cy Coq 1 1

L __"gd = -
Vo=-Ty Vin- (ng ¥ Cl)(VT) =-5Vip - TT =-5Vin - 11
The dc offsetis 1/11V or 91mV.

A closer look at the problem reveals 02 4)1
that there will also be feedthrough during the _T_
turn-on part of the ¢; clock which should be I ( o

considered. However, if we are going to J_
consider this then we should also consider Ci
how C; was charged. It is most likely the :l:

complete circuit looks like the one shown.

— Fig. $9.2-08

When ¢, is turned off, the voltage
across Cj is,

Cod
V(¢ off) = Vi, - (ng + Cl) VintVr) = Viy -

When ¢;turns on, the voltage across Cj is,
Cea 1
——gd —
Vei(¢r on) = V(9 off) +(C T+ Cl)(VT) =Vin =TT Vin ~TT+ 1T = Vin - TT Vi
Finally, when ¢;turns off, the voltage across Cj is,

Cod
Vci(9y off) =-5V(9; on) '(ng+ Cl)(VT) =5Vin =TT Vin-TT =TT Vin - T1

The dc offset is still the same as above.
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Problem 9.2-09

A switched-capacitor amplifier _/(l)

is shown. What is the o1 ORI va(t)
maximum clock frequency that e ¢

would permit the ideal output 4 C

voltage to be reached to within -
1% if the op amp has a dc gain vi(®) ( /0 /0

of 10,000 and a single dominant = +
pole at -100 rads/sec.? Assume

ideal switches. = = = -

Figure P9.2-9

Solution

Model at =07 for the ¢, phase:

I ( A °

104 106 - + *

where A == =~ Vi v, Avi Vo
100 +1 + ? 'E)

if @ >> 100. 59.2-12
Vils) V,(s)
Vo(s) =AVi(s) =Al+—3 - —3 - Vo) 1+ 5| =75Vi(a)
4 1 L
2 2 0.5x100
VoW =A@ ="T T Vil ="y T Vil =005 06 1@
2 A 2 106 2
0.5x106 Vi| A B
o) = L‘{—'T} =5 *570.5x106
s+0.5x100 s+0.5x100
0.5x100 I 0.5x100 [
A = S+0.5X106V1 =0 = Vl and B = s V1 s=0.5x106 = 'Vl

V(1) = Vl[l_e—0.5x106t]
Let t = T correspond to v,(T) = 0.99V;

0.99V; = V{[1-e-0-5x106T) 5 100 = ¢0.5x106T

In(100) = 0.5x106T — T = 2x1061n(100) = 9.21ps

Assuming a square wave, 7 would be half the period so the minimum clock frequency
would be

2
Jetoer(min) =7 = 54.287kHz
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Problem 9.2-10
The switched capacitor circuit in Fig. 9.2-9 is an amplifier that avoids shorting the output
of the op amp to ground during the ¢; phase period. Use the clock scheme shown along

with the timing and find the z-domain transfer function, H°°(z). Sketch the magnitude and
phase shift of this amplifier from zero frequency to the clock frequency, f,..

Fig. P9.2-13
Solution

91 (n-1) < HT < (n-0.5)

o o o o
vm-1)=v, (n-1) and v,(n-1)=v  (¢n-1)

0,: (n-0.5) < T < (n)

C C
e o 1 o 2 o

vV, 1-0.5) =v,  (n-1)+ _C2 v, (n-1) - _C2 V1)

or

C
e 1 o
Vou(1-0.5) = _C2 Viy(n-1)

0,:(m) < YT < (n+0.5)

0 e Cl 0 0 -1 Cl o 00 Cl -1

Substitituting z™! by e7@7 gives
HOO(ej(DT) — % eJoT
2
The magnitude and phase response is given below.

MagAnitUde Phase Shift
Ci/Cy
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Problem 9.2-11

(a.) Give a schematic drawing of a switched capacitor realization of a voltage amplifier

having a gain of H°° = +10V/V using a two-phase nonoverlapping clock. Assume that the
input is sampled on the ¢; and held during ¢,. Use op amps, capacitors, and switches with

¢, or ¢, indicating the phase the switch is closed.

(b.) Give a schematic of the circuit in (a.) that reduces the number of switches to a
minimum number with the circuit working correctly. Assume the op amp is ideal.

(c.) Convert the circuit of (a.) to a differential implementation using the

differential-in, differential-out op amp shown in Fig. P9.2-11. o—1-F
o—1+=
Solution Figure P9.2-11

F97E2S4 el
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Problem 9.3-01
Over what frequency range will the integrator of Ex. 9.3-1 have a +1° phase error?

Solution

Assuming the integrator frequency response can be represented as shown below.

IVout(jw‘)‘/ Vin(o)l Arg[V,,(jo)/ Vi (jo)]
\
: 1804 104 40
A, (0) dBH>x= == Eo () vd(0) 100,
| . 135}
Eq.{(1) . | A0 p
0Bl Op=GB_  90°["1" 10
0 ZA%)@I S 1 L0gip® 450 f-i-fbeeh e -/ I/OGB
vd | ° E E <
0 ®r GB 108 10
Ayq(0)
Eq. (2)—N\%

The integrator phase error on the low side of the useful band is given as,

wr, Wy
_ o _ | —_— — 10 — —_
Error = 90° - tan (COI/Avd(O)J 1 - ay, 57.29 Avd(o)

The integrator phase error on the high side of the useful band is given as,

1 ()3, o GB
Error = tan™\ =5 g |=1 - O =357.29

If A,,0), @y, and GB are given, the useful range is from @y to wy.
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Problem 9.3-02

Show how Eq. (9.3-12) is developed from

Fig. 9.3-4(b.).

Solution
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Problem 9.3-03

Find the H*(joT) transfer function for the ver(t) @ Voo y
inverting integrator of Fig. 9.3-4b and compare § /ZS | + I ( - - )I 3"
with the H*“(jwT) transfer function. kcl k 54 G
Solution ¢1 S2 ¢] S3
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Problem 9.3-04

An inverting, switched-capacitor integrator
is shown. If the gain of the op amp is A,, ¢1/
find the z-domain transfer function of this
integrator. Identify the ideal part of the
transfer function and the part due to the «, C,—==
rar ; : ey 1
finite op amp gain, A,. Find an expression
for the excess phase due to A,.

Solution - = =
Let us use charge conservation to solve the Figure P9.3-4
problem.
szcz(nT) = C2VC2[(I’Z-1)T] - Cl [Vin (I’l—l)T+ VO(nT)/AO]
or
Cy O(Z)
Verld) =2 Weal@) - oo Vi - o4
4 . V,(2) C
Ver@Il- 27 1 =-0 77V, (2) - O‘A_ where o = (A
-0 z‘l OVA
VCZ(Z) = Z_ Vin(@) - 77 V,(2)
v, (z) ~az! -0/A, O(Z) 1- !
Vo) =V - =71 Vil - T Vo2 - )
I-z 1— Z
1 o 1-7z7! 1
Vo@ 1- 278 + -+ 34— |=-az Vi)
H() Vo(2) o 77! o 7! 1
97 Vinl2) l+o-z70 \1- 77! l+o - 77!
-z + — 3 — l+ ————

+
0 A,(1-z7h
The first bracket is the ideal term and the second bracket is the term due to A,,.

To evaluate the excess phase due to A, we replace z by P

. 1 1
H(OT) = lvo-z1 (1+0) /0T G OT/2
1+ Ao(l_z-l) + Ao(eja)T/Z_ e-ja)T/Z) + Ao(eja)T/Z_ e-ja)T/2)
1
( 1+a Y cos(wT/2) + jsin(wT/2)\  j ( cos(0T/2) + jsin(@T/2)
I- J\2A I sin(wT72) ) T 24, k sin(wT72) ]
o
) 1 e B Ecot(wTQ)
= o — Arg[H(¢?")] = -tan —2+a
1+ A - 2A cot(wT/2) 1+ Ao
. Excess phase = —tan'l[ o con@T2) } = —tan'l[ z } = - z
2A,+4 + 2« 24, tan(w172) 24, tan(wT72)



CMOS Analog Circuit Design (2" Ed.) — Homework Solutions Page 9-19

Problem 9.3-05

For the switched—capacitor circuit shown Ci

find V y7{2) as a function of Vl(z) ) o

[|
) [ ) [
1 /02 /O
Vz(z) , and V3(z) assuming the clock is a

two-phase, nonoverlapping clock.
Assume that the clock frequency is much
greater than the signal bandwidth and find — — — —
an approximate expression for V,,(s) in

terms of Vi(s), Va(s), and V3(s). Assume 4 ®, o 4 ¢ 4 O £l P ja ¢ a

. 3 \1 1 \ T 1 N N 3 T
that the inputs are sampled and held where n- n-1 n-5 n n+—2 n+l n+-2 >
necessary. SOE2P4
Solution

v (n-1)
- +

@1, t=n-DT: Model:
+ C + +
v %n-1) ! v Jn-1) or(1-1)
= — SO2E2S4A = =z
65, 1= (n-0.5T:  Model: V(1) -v3(n-1) V gg-1)
ol [ ACEERE VA N
C . | \ s
e o —_
Vour m-0.5) =v,,; (n-1) - V2 (n-0.5) (n 0. 5) Om(n -0.5)
G, G,
-G V1 (=D + o v3 (n-1) - S02E284B =
@, t=m)T:
C C C

1 1 1
Vo (M) = v, (n-1) - C_zv(’i (n—O 5) + C_v‘f (n—l) - C_vg (n—l)
Vout (2) = Vg (n-1) - 7 S—Vi (@) +2 Cz Vi@-z C2 V3 (@)
Replacing V5 (z) by z709V3 (z) gives

Cl Cl Cl
Vour (@ = 271V (n-1) - Z'lc_2 V3 (2) + Z'IC_Z Vi () - z‘1C—2 V3 (2)
1
VO(I;I (2)=- i? ['W (2) + Vg (z) + Vg (2)]

Replacing 1- z7! by sT and z'! by 1 gives,
1
Vour () =- 57 [-V] () + V5§ (5) + V5 ()]

1
Vi (8) = 57V () - VG (s) - V§ ()]
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Problem 9.3-06

The switched capacitor circuit shown uses a two-phase, nonoverlapping clock. (1.) Find

the z-domain expression for Ho°(z). (2.) Replace z by eJ®T and plot the magnitude and
phase of this switched capacitor circuit from 0 Hz to the clock frequency, f., if C; = C3 and
Cp = C4. Assume that the op amps are ideal for this problem. (3.) What is the
multiplicative magnitude error and additive phase error at f./2?

ST

/l ¢2(: q)l /l ¢2 /| q)l (: ¢2 /| (I)l /l ¢2 :L
n15 n-1 n05 n n+0.5 n+1 n+15 r

SO02FEP1
Solution
(1.) ¢ (n-1=<t/T<n-0.5):
gl (n-1) = Cyvj(n-1) and  g&(n-1) = Cyv2(n-1)

¢ (n-0.5<t/T<n):
aH(n-0.5) = gSn-1) + g&(n-1)  and  g&(n-0.5) = Cyv,54(n-0.5)
01 (n<t/T<n+0.5):

&%) = g% (n-0.5) = g&(n-1) + ¢S (n-1)

Cy Cy
v (n) =vS(n-1) + C_zvion(”'l) - Vo) =7V + C, V(z)

GG
VA =T Vak)

Also, g&(n)=Czvyi(n) and  géy(n) = q¢4(n-0.5) - g&(n)
3
4éa(m) = gé4n-1) - g = Va2 =7'V5@ -7, Va@

-(C5/Cyz!
Voul(2) = 1 V;,)Q(Z)

(Cy/CT 1) (C1ICy Vour  (€1C3\_z
Vout(z) [ -1 ]( -1 ) n(Z) = H,y(2) = V,'n -(C2C4)(Z-1)2
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Problem 9.3-06 — Continued

. 1C3\ /o7 C1G3 1 C1C3 1
. bWOQﬂwT)=— - — . ‘ —
Cr,Cy (e/OT _1)2 CrCy (eI OT/2 _ -jT/2)2 CrCy (2] sin(wT/2))?
_ (C&Cé) (wT/2) 2_ -Cy wl/2 Cs wl/2
GGy JjoT sin(wT/2) _'jaﬂtb sin(wI72) J\jwTC4 sin(wI72)

(D01 {2 | _(@T12) 2_ -0, \2( (0T/2) \2
“jo \ jo \sin(wT/2)] " \jo ) | sin(wT/2)

If Cl = C3 and C2 = C4, W, = CI/(TCZ)’ and @, = C3/(TC4)

The frequency response is plotted below.

|H00(ej(1)T)|
A

0 ' . > f
0 Jo . 0.5 Jedo  fe
Phase of |H0(&/T)|
I Phase
0% . > f
0.5f- £
SO02FES1
" i (wT/2) \2 (w2) \2 = > 467
- Ahemagnitude error =\ "5 o12) ) T sin(w2)) ~ 4 TF

Phase error = (°
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Problem 9.3-07

Find HO°(z) (=V ) (z) /V (z) ) of the switched capacitor circuit shown. Replace z by ejot

and identify the magnitude and phase response of this circuit. Assume C1/Cyp = 1/25.
Sketch the exact magnitude and phase response on a linear-linear plot from f=0 to f=f.
What is the magnitude and phase at f = 0.5f.? Assume that the op amp is ideal.

Solutions
¢y; (n-0.5)<t/T <n
At t =0 we have the following model:

We can write,

G
Vot (1-0.3) = ¥, (n-1) - vy, (n-1)

C
e e 0 1 o
Butv,, (m)=v,, 105 =v,  (n-1)- C_zvin (n-1)
¢
C (o~
o o 1 o 2
Vout(z) = Z_1V0ut(z) - C_zz_lvin(z) - H99(z) = m
. C( ejol \ejoIl2  C;  gjoll2 C, eJjoT2 wT
HOo(ef0T) = - | ——F—— = - — o1 _evolP  of
Cy l_e-]a)TJ ejoT/2 (653 eJOT/12_ o-joT/2 G 2j sin(wT/2) " ol

Cy wl/2 JaTh o, wl/2 T
|7 jcyar fsin@r2) L€ ) T jo ksin@r2) L)

oT Zﬂfc
For f=0.5f. we get 5= 22f,

o /50 /2
|H (e/”)|=( T2 ) sin(m/2)

T Cy /4
7 and @, =C,T =35 /¢
1

n. .
=355 =0.06283 and Arg[H°(e/™)] = +90°-90° = (F

5 2
Plots:
1 I 100
g 08 l 50 \
= [ i
P :\ / S 0
S 04 : \ / g’)
[ -50
02 F :
0 100 L \

e

0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
e e Prob. 9.3-7
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Problem 9.3-08

The switched capacitor circuit shown o,

uses a two-phase, nonoverlapping v
clock. (1.) Find the z-domain C

expression for H®¢(z). (2.) If Cp = 10, ¢, Cy o,

VIN
frequency (®¢). Assume that the op

amp is ideal for this problem. It may
be useful to remember that Eulers —

0.2nCq, plot the magnitude and phase I—/—o—/ ——oO VOUT
response of the switched capacitor
circuit from O rps to the clock o, o,

formula is e*JX = cos(x)%jsin(x).

Solution L

Q=0T /) 0. /1 ¢ /) ¢2/ ¢1 02 /1 ¢

The capacitor, C;, simply holds the I\l'j, N 1\1! \'n n—H o+l n -|§> T

voltage, v5(n-1.5) and C, = OV. 2 2
Figure P9.3-8

G 1 =(m-0.9)T

The model for this phase is given. v”?,_(ln /1_5) Vout (n 0.5)

The equation for this phase can be written as, + | \
Cl C] ve 05
vou(n-0.5) = - vi5(n-05) + Tovig(n-1.5) " (n-0.5)
F1g 59.3-08

Converting to the z—domain gives, -

Cy

V@) = T TV + T VD) > Vi) = c2 Via@ + T, c2 Vi@

V oui(2) Cy Vouli®) Cy . e ©T/2

—— == (17! - ——— =H(jo) =- 7 (1-e70T)x—

Ve c, (- Ve (o) =-7, ( ) ol

5 (el@T2_ o-joT/2 . 10 joT (sin(wT72)\ .
Hee( - - = =T[i2si T/2)] e @12 — — -joT2

(jw) ( ol ﬂ[] sin(wT/2)] e 7 2 T2 e

sin(lwl/2)) .
H(jw) —Jff(w)ewm

Plotting gives,
5 A

4 2t/

98]
T
1
1
1
1
!
~d
1
|

\®]

Magnitude

—

|
I
I
I
I
I
I
I
I
V. I
I
I
I
I
I
I
I
|
1

(LA - Fig. $9.308A
0 0.1 05fc 7 ig. S9.3-08
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Problem 9.3-09

—_—n

Find the z-domain transfer function, H°°(z), for (02 q)l:l_
the circuit shown. Assume that C, = C3 = C4 = Vo(t) 01 [0%)
Cs. Also, assume that the input is sampled L

= C
during ¢; and held through ¢,. Next, let the G2y = \3 Vour(t)
clock frequency be much greater than the signal /

/1
vin(t) C
frequency and find an expression for H?°(jw). moHl |—
What kind of circuit is this?

Solution B

“¢2 aq)] hY q)z.\ q)]\‘t
¢: n-1<(¢/T)<n-0.5 w3 a1 ol n ol T

N "2 . "2 2
vy’ (n-0.5) = v, °(n-0.5) F97FEP2
C G,
Vol (1-0.5) = 'C_3 v;,0(n-0.5) 'C_3 v,1(n-0.5) =v,  f(n-1)
_@2: n—05<(l/T)Sn
Cy C, C,
v,16(n) =v,,°(n-0.5) - C_Svome(n) and v, “(n)= 'C_3 v,1¢(n) - C_3Vine(”)
C, Cy C,
Vot (n) = - C_3 v,1°(n-0.5) - C_Svome(n) - C_3vine(n)
0,: n<(¢/T)<n+0.5
C C2 G &)
vy (n+0.5) = - C_3Vin0(”+0'5) - 01°(n+0.5) — V, °(2) = V L0 (2) - C3V010(Z)
Cy
but, v ,°(n+0.5)=v_ ,%n)=v,,°n-0.5) + C_Svomo(n-O.S)
Vo’ @ =2V, °@ - T Vou" @ = Vo "Rl =0V, )
Substituting into the above expression for V,, °(z) gives
C C2 Cy 1 -C,/Cy
Voud @) = T3 Vi) + (cs - -1] o ® = H0= o, T
1
(C3C5)
Ci[1z Ci[1-(1-sT) C1
If CyC4 = C3Cs. then |H(2) = T, [ } — HO(s) = T[T} o7
(This is a lot easier with z-domain models.)
Jjo Jjo G

H°°(jw) zC3/_C1T = w—D where o, = TCI

This circuit is a noninverting switched capacitor differentiator.
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Problem 9.4-01
Repeat Ex. 9.4-1 for the positive switched capacitor transresistance circuit of Fig. 9.4-3.

Solution
TBD
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Problem 9.4-02

Use the z-domain models to verify Egs. (9.2-19) and (9.2-23) of Sec. 9.2 for Fig. 9.2-
4(b.).

Solution
TBD
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Problem 9.4-03

Repeat Ex. 9.4-5 assuming that the op amp is ideal (gain = o). Compare with the results
of Ex. 9.4-5 (Hint: use Fig. 9.4-8b).

Solution
TBD
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Problem 9.4-04

Repeat Ex. 9.4-5 assuming the op amp gain is 100V/V. Compare with the results of Ex.
9.4-5.

Solution
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Problem 9.4-05
Repeat Ex. 9.4-5 for the inverting switched capacitor integrator in Fig. 9.3-4(b).

V ¢ K?II() ¢ Vout

Solution
The z-domain model for this circuit is shown below.

IOk SJ?

-4

e

o—{&l

A C, 2nf; 2m(10kHz) =
O =R,C,= C, =  C,=7f. = T00kHz =3 =0.62832

. Let C, = IF and C, = 0.62832F

SPICE Input File
Problem 9.4-5 Solution
R24 2 51.592

X43PC2 4 343 DELAY
G43434301
R35351.0

X56PC256 56 DELAY
G56565601

R4646 1.0

X36NC2 3636 DELAY
G36633601

X45NC2 4 545 DELAY
G45544501

EODD 6040 1E6
EVEN 5030 1E6
SUBCKT DELAY 123
ED40121
TD4030ZO=1K TD=5U
RDO 30 1K

.ENDS DELAY

AC LIN 99 1K 99K
PRINT AC V(6) VP(6) V(5) VP(5)
.PROBE

.END

+<
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Problem 9.4-05 - Continued
Plot of the results is below.

5

LI L
b

W

Magnitude
[\9]
nssamen=t]

H%%ejoT)l and IH (ejoT) / ]

/,/“
\

E \NM_""_ ___________ — Ideal ]
0 : Pl ettt
0 20 40 60 80 100
Frequency (kHz)
200
150 F —
C o joT
00f | AR ECDl 3
B 50 F
= -
g0 Arg[H{eoT))
A-100
150 _—
'2000 20 40 60 80 100
Frequency (kHz)

Solution 9.4-5
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Problem 9.5-01

Develop Eq. (9.5-6) for the inverting low pass circuit obtained from Fig. 9.1-5(a.) by
reversing the phases of the leftmost two switches. Verify Eq. (9.5-7).

Solution
TBD
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Problem 9.5-02

Use SPICE to simulate the results of Ex. 9.5-1.

Solution

The SPICE model for this problem is given as

Page 9-32

The SPICE input file is:
PROBLEM 9.5-2 SOLUTION

Fig. $9.5-02

VIN 1 0 DC 0 AC 1 20
R10C1 1 0 1.592

X10PC1 1 0 10 DELAY

G10 1 0 10 0 0.6283 15

X14NC1 1 4 14 DELAY

10

Gl4 4 1 14 0 0.6283
R40C1 4 0 1.592

X40PCl 4 0 40 DELAY 5
G40 4 0 40 0 0.6283
X43PC2 4 3 43 DELAY

G43 4 3 43 0 1
R35 3 5 1.0
X56PC2 5 6 56 DELAY

)

Maginitde dB

G56 5 6 56 0 1
R46 4 6 1.0

10

X36NC2 3 6 36 DELAY
G36 6 3 36 0 1
X45NC2 4 5 45 DELAY

Continuous__p,

G45 5 4 45 0 1 -15

*R35C2 3 5 15.9155

Time Circuit 1

R46C2 4 6 15.9155

EVEN 6 0 4 0 1E6

EODD 5 0 3 0 1lE6
R S R R b
.SUBCKT DELAY 1 2 3

ED 40121

TD 4 0 3 0 zZO=1K TD=5U
RDO 3 0 1K

.ENDS DELAY
AXKRKRKRK KKK KK KKk * Kk Kk kK
LAC LIN 1000 1 100K
.PRINT AC V(6) VP (6)
. PROBE

.END

—_
]

V(5) VP(5) VDB (5)

100

VDB (6)

1000

10%

Frequency (Hz)

Fig. S9.5-02A
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Problem 9.5-03

Repeat Ex. 9.5-1 for a first-order, lowpass circuit with a low frequency gain of +1 and a -
3dB frequency of SkHz.

Solution
TBD




CMOS Analog Circuit Design (2" Ed.) — Homework Solutions Page 9-34

Problem 9.5-04

Design a switched capacitor realization for a first-order , lowpass circuit with a low
frequency gain of -10 and a -3dB frequency of 1kHz using a clock of 100kHz.

Solution
TBD
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Problem 9.5-05

Design a switched capacitor realization for a first-order , highpass circuit with a high
frequency gain of -10 and a -3dB frequency of 1kHz using a clock of 100kHz.

Solution
TBD
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Problem 9.5-06

Repeat Ex. 9.5-2 for a treble boost circuit having 0dB gain from dc to 1kHz and an
increase of gain at +20dB/dec. from 1kHz to 10kHz with a gain of +20dB from 10kHz and
above (the mirror of the response of Fig. 9.5-7 around 1kHz).

Solution
TBD
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Problem 9.5-07

C
The switched capacitor circuit ){3
shown uses a  two-phase, Cy C,
nonoverlapping clock. (1.) Find \[| \[ V%ut
T T ¢

H©°(z). (2.) Plot the magnitude
and phase response of the switched Vin J_
capacitor circuit from O rps to the - =

clock frequency (®¢). Assume that __

the op amp is ideal for this X

problem. It may be useful to % [ o1 [ %2 [ ¢1 »1/T
remember that Eulers formula is 32 21 12 n n+1/2

e*iX = cos(x)xjsin(x).

yd
the z-domain expression for N ¢y /1 (093 ¢2)
0] qul

Figure P9.5-7

$r, (n-0.5)<t/T<(n):

Solution V3(n-1)
From the equivalent circuit shown, we can write,
C C

61, (n-1D)<H/T<(n-0.5): 1%
v(ﬁ(n—l)
Fig. S9.5-7A
5 g =2 e el S
V2(n-0.5) = V2(l’l—1) - C3 Vz(l’l-O.S) + CS vl(n_l)

(65}
| {
I\
But, v5(n) =v5(n-0.5) = Ci _O"'_l F v5(n-0.5)
o C2 0 Cl 0 H —O
v3(n-1) 'C_3V2(”)+C_3V1(”'1) - ~
. . (0]
which gives, vi(n-1) >
C C + J__ +

2 1

Vso(2) = Z_IVZ(Z) - C_3 Vo(2) + C_3Z_1V1(Z) — = g.59.5-7B
Va(2) (C1/Cy)7 ! , (C1/Cy)edOT
Vi = H7(@) = | - HO%GON = —

1 1 +(Cy/C3) -7 1+ (Cy/Cy) - €V®

. 0.2 . sinT

|Ho9(e/OT)) = and Arg[H?(e/®T)] = - T - tan—l(ll—)
(1.1- coswT)? + sin2wT Ad-cos@T

Replace wT by 2xf/f, and plot as a function of f/f.. to get the following plots.
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Problem 9.5-08

Page 9-38

The switched capacitor circuit shown uses a two-phase, nonoverlapping clock. (a.) Find

the z-domain expression for H°°(z). (b.) Use your expression for H°°(z) to design the

values of C; and C, to achieve a realization to
10,000
H(s) = 531000

if the clock frequency is 100kHz and C5 = 10pF. Assume that the op amp is ideal.

Solution

(a.) Converting the problem i

summing integrator gives:

9y (n-1.5)<¢/T<(n-1)

vy (n-1.5) = vf;(n-l.S) Veo(n-1.5) = 0 :

and v5(n-1.5) =v . (n-1.5)

out

gjz: (n-1)<t/T<(n-0.5)

The eq. circuit at t = 0+ is shown.

Vouln-1) =
Cl 0 CZ 0
C_3Vin(”'1'5) - C_3v0m(n—0.

¢,: (n-0.5)<1/T<(n)
C

0 e 1
Vouin-0.5) =v,  (n-1)= C_3

into a C3 \=I10PF Vout
O
y l ¢2 1
2 ¢1
C2 T
\ )
+ 1 2] /I
q)l 4)1 "
vm (n 3/2) Cy Cs vgu;(n—i/Z)
—|: Vout (n-1)

5) + v, (n-1.5) Vou(n-1) ¢,

O

C

2
Vin(-1.5) = T 0u(105) + Vi (n-1.5)

C

C

. .. 1 2
Transforming to the z-domain gives, Vozt(z) = z'1C_3 V;(z) - C_3V02t(z) + z‘lVOZt(z)

Solving for H?°(z) gives, |H%°(z) =

0
Vout(z) Z_l Cl

¢

= ]
Vo o GtCyCx

= 2(C,+Cy) - C;

(b.) Assume that f<<f,.and let z = 1+sT. Substituting into the above gives

¢,

¢,

c,/ C,

HO%(s) = TasTH[C 4 C31 -C3 =

Co#Cy-CatsT(Cy+Cy) =

Equating this result with the H(s) in the problem statement gives

Cs

C
. =10, 1+7-=T000
c, =Y 1, = 1000 =

C,=C3/99=10pF/99=0.101pF

and

C,=10C,=1.01pF

ST(C,+C3)ICy + 1
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Problem 9.5-09

Find H°°(z) of the switched _I 1

capacitor circuit shown. | / :l_
Replace z by &®T and identify C1=10pF 0, =

the magnitude and phase [0} b2 o, 0

1
response of this circuit. I__/ _._/)_| —e—ov4t)
+
%,

Solution

¢y, (n-0.5)<t/T<(n): vin 02 /01 J__

With the ¢, switches closed, L |_ L =
the model is shown below. - - - +

vg(n O 5) —_

- I\ ¢ ¢1 (I)z ¢1 q)zlq)l/ >4
\I 1 \l \| T \
Vl(nl) n\l L none %n+\1 i3 T
Fig. S9.5-9A .

Figure P9.5-9

The output is given as,

Cl C3 C2 0
V5(1-0.5) =+ = v{(n-1) PR
3 A I\
01, (n)</T<(n+0.5): V5 (n-0.5)
The model for this case is shown. The output is written " Fig. $9.5-9B
as,
N 3. GG, G,
vi(n) = +C2 v3(n-0.5) = +C2'C3 vi(n-1) = C, vi(n-1)
Cl % 02 (Z) Cl
Vi@=7V{@ - ———=H(2)= gz'!
3 V9@ 2
: Cq :
|Ho?(/OT)| = c,= 10 and |lArg[H?°(/?T)] = -@T

Comment: Note that this configuration is an amplifier that avoids taking the output of the
op amp to zero when the feedback capacitor is shorted out. Therefore, slew rate limitation
of the op amp is avoided.



CMOS Analog Circuit Design (2" Ed.) — Homework Solutions Page 9-40

Problem 9.5-10

The switched capacitor circuit C, =1000pF C4 =1000pF
shown is used to realize an | |

audio bass-boost circuit. Find [ [
: Vour(el®T) Ci Cs
oT) = ——= (0)) (0p) o) 0,
D=5, (@or) 4 _4—oVou(®
assuming that fc >> fgional. If + o, /o
Cy =C4 = 1000pF and f; = . 01 /0 1 1
10kHz, find the value of C; Vir(V / J_ J_
and C3 to implement the B - -
following transfer function. — — = -
S +
Vou(s) 100 * 1 e
Vin®) =105 =
10 + <: q)z/: ¢1<: ¢2<: ¢1<: ¢2/: ¢1<: =7t
Solution n- % n-1 o1l n+% n+l n+% T
Write the circuit as the _
following summing integrator Figure P9.5-10
and replacing with z-domain models gives:
Vin y €1
v A Cy Vin(z)
& 5o - w oz Voul2)
(0)) d2 Vin(2) 1o outZ
o— C 4(1-z-1)
01/ 01 D 1
4 L Vout(2)
o— (3

Vour ) C:3 -
¢2ﬁ! 2™ =
01/ 01
+ L
Summing currents gives,

Co(1-z V() + C 1V, (2) + C3V,,(2) + C(1-2HV, () = 0

Transforming to the s-domain by 1-z"! = -sT gives,
sTC, V., (5)+CV, (s)+ C3V, (s)+sTCyV, (s)=0

sT CZ s
Vo(8)  (sT Co+Cy c,\ ¢ ! 00 +1
L HE) =T :'(ST C4+C3]:{ C3) sTC, |19
o+l 10 *1
C C, Cy

Therefore, T3= 10, T_C2= 100 and T_C4= 10

100C,  100-1000pF
Ci= f. = 10,000 = 10pF | and | C; = 1pF
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Problem 9.6-01

Combine Figs. 9.6-2a and 9.6-2b to form a continuous time biquad circuit. Replace the
negative resistor with an inverting op amp and find the s-domain frequency response.
Compare your answer with Eq. (9.6-1).

Solution
TBD
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Problem 9.6-02

(a.) Use the low-Q switched capacitor biquad circuit shown to design the capacitor ratios
of a lowpass second-order filter with a pole frequency of 1kHz, Q = 5 and a gain at dc of
-10 if the clock frequency is 100kHz. What is the total capacitance in terms of C,?

(b.) Find the clock frequency, f,, that keeps all capacitor ratios less than 10:1. What is the
total capacitance in terms of C,, for this case?

\1 e
0,C1 /| 1 - . 0L
! C C e C/-\a6 2 C 2 e-
Vin(2) %11 L Vi) o 9sC2 2 Vour(2)
\ \] pd \1 | Vour
© () /|__{2 O /1 () 11 °
o1\ %)
L L
o4 Co
RN = \ e —
—l—_q)l /1 o3Co (Dl:l—
- |
|

K, T

: 0
Design Egs: oy :7, o =losl=o,T, oz=K,, o,=KT, and Os="0

o

o, T

Solution
-100,2
(a) H(s)= - = K,=100,2, K;=K,=0, ®,=2000%, and 0 =5
s2 + Ugs + 0.’
10w,°T o, T
oy = > = IOO)OT, a2=la5I= o,T, (x3=oc4=0, and a6=j= 5
(0]
2nf,

T
o,T= T =700 = 0.06283 =

o = 0.6283, a,=lasl 0.06283, 2g=0.01256

1

1 1 ]
0.06283 * 2 + 0.01256 * 0.06283 = 115.45C,

Total capacitance = 5783 +

(0]

(b) 57=0.1 =| /. = 20, =

4000m = 12.566kHz

Now, o =5, o, = laisl = 0.5, and ag = 0.1

1
Total capacitance =5 + 5 +

1 1
1+Q—1+ﬁ+1=21cu
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Problem 9.6-03

A Tow-Thomas continuous time filter is shown. Give a discrete-time realization of this
filter using strays-insensitive integrators. If the clock frequency is much greater than the
filter frequencies, find the coefficients, a; and b;, of the following z-domain transfer
function in terms of the capacitors of the discrete-time realization.

ag + ajz-! + arz2

H@) = bo + byz-! + byz-2

Solution

The development of a AN

discrete-time

realization of the Tow-

Thomas continuous R Ry &)

time filter is shown to AMN—T MV

the right. /1
Vout

Using z-domain —O

analysis, we can solve
for the desired transfer
function and find the

coefficients. {1
S
Vin Cr4 = () Cr2 %)
°~¢9—19"¢2 F’dm)-(j% v
¢ /91 o1 /91
V() = — - = = yo. T T T Figs9.63
1-z2
CRra CRI Cr3 CRz/Cz
|: C z Vm(z) <V Vour(2) +°C, ¢ 1VZ(Z)} and V(z) =- 1V0ut(z)
1 [Cr4 C CroCr3 z‘l ]
Vourz) = 1 - Z—l |: Cy Z ly Vin(2) - Z Vout(z) + CC 1 -1 out(2)

CRri C 2CR3 CR4

vou,<z)[<1-z-1>2- T U-ah+ g - )}—zl(l o
Vin(Z)

CRr4
Vour(2) (Z_l ") Ci
H@) =7y 7y = o, Cri Cgri , CraCrz | CgroCg3 2

-1 ; ;
1+ 2Z + Z + Cl - Cl Z + C1C2 Z - C1C2
Equating coefficients gives,
Cra CRr4 CRi Cr1  CroCr3 CroCr3
ap = Oal Cl ,a2=—C_1,b0=1+C_1,b1=2— Cl + CICZ andb2 l—FF C1C2
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Problem 9.6-04

Find the z-domain transfer function H(z) = Vgu(z)/Vin(z) in the form of

arz2 + ajz + ap

&) = 22 + b1z + bo

for the switched capacitor circuit shown below. Evaluate the a;'s and bj's in terms of the

capacitors. Next, assume that ®T << 1 and find H(s). What type of second-order circuit is
this?

1
%)m_

Figure P9.6-4

Solution

7\ C1 C, Cy 1\C3
Vi(z2) = (Z-_ljavm(z) (z l)CA Vour(2) - CA Voulz) and V,,(z) = ( jCA Vi(2)

Where V(z) is the output of the first integrator. If o5 = C1/Cy, azg = C3/Cp, 0pp =
C5/Cy, and oy p = C4/C4 then we can write the following.

o O AZ
Vour2) = [Z'_?N: l-A Vin(2) - z—l Vout(Z) 0‘4Avout(z)i|

0rp03BZ O3B 054AZ:| 01A03B2

Vout(z)[l +

+ 7 Vin(2)
(z-1)2 zl @12 "
HE) Vour(2) -0 AO3BZ -0 AO3BZ
Z = . = =
Vin(2) D oppao5pz+E-1)apoys |22 H(0pA0aR+0aR0A-2)7 +(1-03p04 )

If wT= sT<<1, then z = 1 unless there are terms like (z-1) in which case z-1 = sT.
Therefore,

a1 A03B CCs 1
Hs) -0 A0SR T2 CaCp 72
S) = = =
S2T2+ST063BOC4A+O£2AO{3B 2+ 03ROy A 2 C3C4 1 C2C3
ST+S

T+062AOC3B § +SCBCA T + CACB
This circuit is a second-order bandpass transfer function.
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Problem 9.6-05
Find the z-domain transfer function H(z) = Vgu(z)/Vin(z) in the form of

arz2 + ajz + ao}

H(z) = -
@ l:ZZ + bz + by

for the switched capacitor circuit shown below. Evaluate the aj's and bj's in terms
of the capacitors. Next, assume that ®T << 1 and find H(s). What type of circuit is this?

|
C ¢ @) C
D I % q)/2_,, I o Vour
N [ ”CA [ [
Vin /01 p Vi /07 / 01
i A i B o
= = 5 = L= =
ﬁs ! /02
/01 ! /01
-4 -4
Solution

For the output voltage of the first integrator, V 5, we can write,

-Ci(z Cs(z Cy
Va=11(VA.Vin,Vou) = T | 2T | Vin - Ty | 2.1 | Vout- Tx Vout
Similarily for the output voltage of the second integrator, V¢, we can write,
Cr1 Cs
Vout =2(VA.Vin) = @ 71 VA - @ Vin

Combining equations gives,

-z (CoCs z (C1C 1 GGy &
Vout:(Z_1)2 CaCp | Yout- (z-12\CaCg ) Vin~7-T|CaCg Vout - Cg Vin

z (C2Cs 1 (CoCy z (C1Cy C_3
Vouf 1 + (z-1)2 CaCp | * z-1|CACgR )| = - (z-1)2 CaCp )™ Cp Vin

CrCy CoCs Cs CiCy

Vom[(z-l)2 + (z-l)(m) + z(mﬂ = -[(2-1)2 Cg+ z{mﬂ Vin
[C_3 2, (S1C2  Cs C_s}
Vout(2) 1Cg* +(CACB -2 CB)Z + Cp apz2+ajz+ag
Vi@ = (Co(Ca+Cs) ) (i CoC4a ] 224biz+bg
7Z< + CACB - +\1 _CACB
Thus,

CiCy 2C3 Cr(C4+Cs) CoCy

ap=C3/Cp, A1=CACp -~ Cg > agp=C3/Cp, b= T CaCp - 2 and bg=1- CaCp
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Problem 9.6-06

Find the z-domain transfer function H(z) = Vgu(z)/Vin(z) in the form of

2
arz“ + a1z + ag
H(z) = —[ > }
z= + bjz + by
for the switched capacitor circuit shown below. Evaluate the aj's and bj's in terms of the

capacitors. Next, assume that ®T << 1 and find H(s). What type of circuit is this? What
is the pole frequency, ® , and pole Q?

s
AL/(M d2
C== D

Vout

ﬁ e TSP
T 11 r

tx

&

~1-

Solution

( jZ T Vout(? - (E) Vout(?)

Vi,
vV Az (G z C\ z
2T= E_l[ (5) Z1 Vi - (5) 2T Vou® - (B) Voul®]

AG z AC AE Vou(®)
“BD (Z—1)2 Vln( z) - BD( 1)2 Vout(z) BD z-1

AE 1 AC z AG z
Out(Z)\:1 + BD Z- 1 + BD (Z 1)2i| “BD ( 1)2 Vln(Z)

AG AG
Vou(@) - BD z L Youl® “BD ?
Vin@ = AC Vin@ =, (AE AC AE
R P z2+(ﬁ+ﬁ-2)z (1- @)
AG AE AC AE

Thus, | a;-=ag=0.a, = gp. b; = BE+ BD - 2. and by =1- §p
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Problem 9.6-07

The switched capacitor circuit shown below realizes the following z-domain transfer
function

2
arz< + ayz + ap
H(z) =-
@) (bzzz + b1z + 1)
where

ag+aj+as 1-(bp/b2) 1+b1+by ]
Ce=as/by, C5=(az-ag)/br(C3, CFW’ C4:C—3 and C>C3 = b, - Design

a switched capacitor realization for the function
-106
524+ 100s + 100

where the clock frequency is 10 kHz. Use the bilinear transformation, s =
2/T)[(z-1)/(z+1)], to map H(s) to H(z). Choose C, = C3 and assume that Ca = Cg = 1.

H(s) =

[|

C, Il o,

cs (1) Cy iﬂz

= n :
Cl q) CA C3 C
R e e T .
+
Vin /o1 /0 b /05 /o _
= - = = C|6(C1) — — _
|

Figure P9.6-7
Solution

Apply the bilinear transformation

2(z-1 z -1
| — — 4 =
S—T(le)—leo (le)

to H(s) to get,
Ho) = -100
4x108 (sz +200X104(ZZ+;11 a 106(%)2
-100(z242z+1)

- 4x108(z2-2z+1)+2x100(22-1)+100(z2+2z+1)

_ -(10z242x100z+100)
" (4x10842x100+100)72+(-8x108+2x100)7+(4x108-2x100+100)
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Problem 9.6-07 - Continued

_ -(1002242x100z+109) _ -(0.00250622+0.005013z+0.002506)
"~ 4.03x10%22-7.98x108z+3.99x108 1.01002522-2.0000z+1
Now equating to the coefficients,

ay 0.002506 dy-ay
Co =D, =T.010025 = 0:002481, C5 =73 ¢ =0,

1+b+by  14(-2)+1.010025
C)C3=""p, =" 1010005  =0009925 = C,=C;=0.099627

agtbi+by  0.002506+0.005013+0.002506

C\="5,C; = 1.010025-0.0099627 = 0.099633

1+(by/b,) 1-(1/1.010025)
C4=7"C; =7 0099627 = 0099627

C,=0.099633, C,=C3=0.099627, C4,=0.099627, C5=0, C¢= 0.002481

Cyd Coin = 1/0.002625 = 403.06

Normalize all capacitors by 0.002625 to get
ZCM = [(403.6)2+(37.953)2+37.953+37.955+1] = 958.9CH
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Problem 9.7-01

Find the minimum order of a Butterworth and Chebyshev filter approximation to a filter
with the specifications of Tpp = -3dB, Tep= -40dB, and 2, =2.0.

Solution

For the Butterworth approximation, use Eq. (9.7-7) and for the Chebyshev approximation

use Eq. (9.7-12), both with € = 1. The results are shown below.

N | Tgg(dB) = -10logo(1+2%N) | Tgp(dB) = -10log ;[ 1+cosh*(Ncosh™12)]
1 -6.99 dB -6.99 dB

2 -12.30 dB -16.99 dB

3 -18.13 dB -28.31 dB

4 -24.10 dB -39.74 dB

5 -30.11 dB -51.17 dB

6 -36.12 dB

7 -42.14 dB

The minimum order for the Butterworth is 7 while the minimum order for the Chebyshev 1

5 and in many cases 4 would work.

Page 9-49
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Problem 9.7-02

Find the transfer function of a fifth-order, Butterworth filter approximation expressed as
products of first- and second-order terms. Find the pole frequency, w, and the Q for each
second-order term.

Solution
From Table 9.7-1 we get,
1
" (541)(s240.61804s+1)(s2+1.847765+1)

T(s)
The pole frequency and Q for a general second order term of (s2+a1s+l) is

1
w, =1and Q =4

For both second order terms, the pole frequency is 1 radian/sec.
For the first second-order term, the O = 1.61804.
For the second, second-order term, the O = 0.541196.
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Problem 9.7-03

Redesign the second stage of Ex. 9.7-5 using the high-Q biquad and find the total
capacitance required for this stage. Compare with the example.

Solution

0.9883
T o(s.) = —0.9941 = 5.557
n2n) = 0.1789s, + 0.9883 = 0=09941 and 05 =5.55

For the lowpass high-Q biquad, K] =K, =0 = 03, =0 =0 and K= 0,2

Wpp
Ohy = |OC52| = a)nZTn = 09941T =0.3123
0 22T
0y =—— = w,,T, =0.3123
W2
1
Olyp = Q =0.1800
Schematic of the second-stage:
)\ et
022Cpp ! \¢11_
(XﬁCQ (0%)
/1
e a12C12 Cia ¢ 025C22 Cx €
Yin(2) Y IR L P e Y Your(2)
) /1 05} /1 1 \ll \ oy [
o\ 01\ ) 01
L L L L

Figure S9.7-03

Total capacitance is:

2(0.3123) 1 1
C=|1+ 0.1880 + 0.1800 +|1 + m =10.027+4.202 = 14'229CH

Note that this value is 17.32 when a low-Q stage is used.
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Problem 9.7-04

Design a cascaded, switched capacitor, Sth-order, lowpass filter using the cascaded
approach based on the following lowpass, normalized prototype transfer function.
1

H, (s )=
ipnSn) (s, +1)(s,2+0.61804s, +1)(s,>+1.61804s,+1)

The passband of the filter is to 1000Hz. Use a clock frequency of 100kHz and design each
stage giving the capacitor ratios as a function of the integrating capacitor (the unswitched
feedback capacitor around the op amp), the maximum capacitor ratio, and the units of
normalized capacitance, C,. Give a schematic of your realization connecting your lowest Q
stages first. Use SPICE to plot the frequency response (magnitude and phase) of your
design and the ideal continuous time filter.

Solution
Stage 1, First-Order Stage (Use Fig. 9.5-1):
Ti(sp) = A1/%1 = 1 = o =0 and o =T,
(suTal0ry) +1 — Sutl =2l 2= n
wpg 20007
oqy =01 =T, =77~ =T00,000 = 0.06283
Cmax 1

1
Coin —0.06283 =15.92  and  2C=2+7706283 =19.92C,

Stage 2, Second-order Stage (Use Low-Q Lowpass Biquad):
1
5,2+1.61804s +1
From the low-Q biquad relationships, K} =K, =0 = o3, =0yr=0

@, T, 0.06283

T5(s,) = ,» = 1 rad/sec and O, = 0.61804

Ohy = |0652| = a)nTn =0.06283 and Ogo = Q2 =061804 = 0.1017
Cmax 1
C,, = 0.1017 =2:837
1 1 0.1017
and  XC=\2 + 7506283 |*|0.06283 * 0.06283 * 1| =36.45C,

Stage 3, Second-order Stage (Use Low-Q Lowpass Biquad):
T5(s,) = ,» = 1 rad/sec and 0, = 1.6180

5,2+0.61804s,+1

From the low-Q biquad relationships, K} =K, =0 = o33=0y3=0
®,T, 0.06283

Oh3 = |0653| = a)nTn =0.06283 and Ogo = Q2 =1.6180 = 0.0391
Cmax 1
C,in = 0.0301 =23.59

1 1 0.06283
and  XC=\2 + 506283 |*+|0.0391 + 0.0391 *+1]|=46.10C,
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Problem 9.7-04 — Continued

Schematic:
21C11

o11Cr

0€12C 12

0(62C22 [/ OC226122

v@n
—5 6%, ¢ %
(0)) ¢1
L L

052Cp = 1 Cr /(bz_-!_

o %?D

(x63(?23 | /(123(723

o13Cy

Fig. $9.7-4A

SPICE File:

*** HW9 PROBLEM2 (Problem 9.7-4)
*** Node 21 and 22 are outputs
VIN 1 0 DC 0 AC 1

* k% STAGEl * k%

XNC11l 1 2 3 4 NC1
XUSCP11l 3 4 5 6 USCP
XPC21 5 6 3 4 PC1

XAMP11 3 4 5 6 AMP

* x % STAGEZ * *x %

XPC1l2 5 6 7 8 PC1
XUSCP1l2 7 8 9 10 USCP
XpC22 7 8 13 14 PC1
XAMP12 7 8 9 10 AMP
XNC52 9 10 11 12 NC1
XUSCP22 11 12 13 14 USCP
XPC62 11 12 13 14 PpC2
XAMP22 11 12 13 14 AMP

* k% STAGE3 * k%

XPC13 13 14 15 16 PC1l
XPC23 15 16 21 22 PC1
XUSCP43 15 16 21 22 USCP1
XUSCP13 15 16 17 18 USCP
XAMP13 15 16 17 18 AMP
XNC53 17 18 19 20 NC1
XUSCP23 19 20 21 22 USCP
XAMP23 19 20 21 22 AMP
*** SUB CIRCUITS ***
.SUBCKT DELAY 1 2 3

ED 4 01 2 1

TD 4 0 3 0 ZO=1K TD=5US
RDO 3 0 1K

.ENDS DELAY

a53C3 == 1\ Co3 /d)z =

* kK

3
¢3;r+ ¢2 ¢1 ¢2 Vout
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Problem 9.7-05

Repeat Problem 9.7-3 for a Sth-order, highpass filter having the same passband frequency.
Use SPICE to plot the frequency response (magnitude and phase) of your design and the
ideal continuous time filter.

Solution
TBD
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Problem 9.7-06

Repeat Problem 9.7-3 for a Sth-order, bandpass filter having center frequency of 1000Hz
and a -3dB bandwidth of 500Hz. Use SPICE to plot the frequency response (magnitude
and phase) of your design and the ideal continuous time filter.

Solution
TBD
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Problem 9.7-07

Design a switched capacitor 6th-order, bandpass filter using the cascaded approach and
based on the following lowpass, normalized prototype transfer function.

H =
o) = s, 2425 42)

The center frequency of the bandpass filter is to be 1000Hz with a bandwidth of 100Hz.
Use a clock frequency of 100kHz. Design each stage given the capacitor ratios as a
function of the integrating capacitor (the unswitched feedback capacitor around the op
amp), the maximum capacitor ratio and the units of normalized capacitance, C,. Give a

schematic of your realization connecting your lowest Q stages first. Use SPICE to plot the
frequency response (magnitude and phase) of your design and the ideal continuous time
filter.

Solution
TBD
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Problem 9.7-08

Design a switched capacitor, third-order, highpass filter based on the lowpass normalized
prototype transfer function of Problem 9.7-7. The cutoff frequency (fpp), is to be

1000Hz. Design each stage given the capacitor ratios as a function of the integrating
capacitor (the unswitched feedback capacitor around the op amp), the maximum capacitor
ratio and the units of normalized capacitance, C,. Give a schematic of your realization

connecting your lowest Q stages first. Use SPICE to plot the frequency response
(magnitude and phase) of your design and the ideal continuous time filter.

Solution
TBD
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Problem 9.7-09

Design a switched capacitor, third-order, highpass filter based on the following
lowpass, normalized prototype transfer function.

0.5(s, >+4)
H =
o) = s 2425, 42)

The cutoff frequency (fpp), is to be 1000Hz. Use a clock frequency of 100kHz. Design

each stage given the capacitor ratios as a function of the integrating capacitor (the
unswitched feedback capacitor around the op amp), the maximum capacitor ratio and the
units of normalized capacitance, C,. Give a schematic of your realization connecting your

lowest Q stages first. Use the low-Q biquad given below for the second-order stage. The
approximate s-domain transfer function for the low-Q biquad is,

S 064 005
1 0r35,2 + T+

Tn2
Hee(sn) -
SnOC6 062065
5,2 + T, + 72
onCq
\ yd
1 ¢\¢1__l_
e o1Cyq C e 0sC —= 062 C 2 e
Vin(z) ! Vi (Z) S 2 V. t(Z)
yd \ \ | \ | pd \ | ou
o ) /I__{z 1 °‘{1 1 % 1 0
o1\ )
i 1
o4 Co
AN = \ 1 e —
L T sy o L
i

Low Q, switched capacitor, biquad realization.
Solution

Perform a normalized lowpass to normalized highpass transformation:

1
0.5|—5 +4
S 0.55,,(4s,2+1) (sn I 5,2+40.25 J

thn(sn)= 1 1 2 = 2y s, +1 2
s_”I_z . _+2] (5, D(1+25,#25,2) ~ ST ) s, 245,40.5

Sn

First-order stage design:

Equating currents at the inverting input of the op \ | 921C11
amp gives, ) ) “) )
e e e C ¢2 ¢1 q)l ¢2
o1 (1-zHV, (@) + a1V, (@) + (1-z DV, (2)=0 il L L,
‘o)
Solving for the H¢¢(z) tranfer function gives, * I ~ ! IC 11
Vin

- J__ +
SO1E3S1A



CMOS Analog Circuit Design (2" Ed.) — Homework Solutions Page 9-59

Problem 9.7-09 - Continued

e e
Vol(z) '0511(1'2_1) Vol(sn) -0 15,1, -0 15,
Hee(z) = p | = ) ) N Hee(sn) = B = T =
V) 0y + (1-z271) Ve (s) o 1+s,T, - 93
nt T

n
Equating with the normalized highpass transfer function gives,

wpg 20007
a1 =i and Oh1 = Tn = fc = 100’000 =0.06283

2
2C,=0.06283 +1=32.832C,
Next, consider the second-order stage design:

5,2+0.25
Equating Hé¢(s) with m gives,

, 20007 T,?
033 =1, 04p =0, ajp050 = 0.25T,,%, 0t2=T,, = 100,000 = 0:06823 and app 57 =5~

Tn ®pp 20007
Let a5 = 055, then @y = 055 = V2 A2f. A2 100,000
C 2
Tn2 ‘\/ETn

Therefore, o, = @— 7 =0.02221

0.04443 1 0.06283 2
EC, =1+ 72221 *+ 002221+ \1+ 0.04443 *+ 0.04443 || =48.025+47.4287

Total £C,, = 32.832 + 48.025 + 47.429 = 127.84C,  Cypa/ Copiy = 1/0.02221 = 45.025

= 0.04443

Filter schematic:

y | 21C11
Jorki Jo/
. b2 /iy o1/ &2
11C11
\| JT‘\|J; Vol
Nl e,
Vin ]
A J__+
022C12
\| A~
A T \q’l_—l—
el o Ce vig onGETUE™ G "Ny
T o‘ﬁ\/l % 1 ©
01 o1\ ) ¢1K
L L += L |
L 03222
- I( —  SOIE3SIB
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Problem 9.7-09 — Continued

1234
916

DELAY

0 0.06283
DELAY

0 0.06283
DELAY

0 0.06283
916

916

1234
328

.SUBCKT USCP 1 2 3 4

.SUBCKT NC1
RNC1 1 0 15.
XNC1 1 0 10
GNC1 1 0 10
XNC2 1 4 14
GNC2 4 1 14
XNC3 4 0 40
GNC3 4 0 40
RNC2 4 0 15.
.ENDS NC1
.SUBCKT PC1
RPC1 2 4 15.
.ENDS PC1
.SUBCKT PC2
RPC1 2 4 9.8
.ENDS PC2

R1 1 31

R2 2 41
XUsCl 1 2 12
GUSC1 1 2 12
XUsCcz2 1 4 14
GUSC2 4 1 14
XUSC3 3 2 32
GUSC3 2 3 32
XUsC4 3 4 34
GUSC4 3 4 34
.ENDS USCP

DELAY
01
DELAY
01
DELAY
01
DELAY
01

.SUBCKT USCP1 1 2 3 4

R1 1 3 1.618
R2 2 4 1.618
XUsCl 1 2 12
GUSC1 1 2 12
XUsCz2 1 4 14
GUSC2 4 1 14
XUSC3 3 2 32
GUSC3 2 3 32
XUsC4 3 4 34
GUSC4 3 4 34
.ENDS USCP1
.SUBCKT AMP

EODD 0 3 1 O
EVEN 0 4 2 O
.ENDS AMP
***x ANALYSIS
.AC DEC 1000
.PROBE

.END

1

1
DELAY
0 0.6180
DELAY
0 0.6180
DELAY
0 0.6180
DELAY
0 0.6180

1234
1E6
1E6

* x K

10 99K

Page 9-60
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Problem 9.7-10

Write the minimum set of state equations for each of the circuits shown below. Use
voltage analogs of current (R=1€2). The state equations should be in the form of the state
variable equal to other state variables, including itself.

1 Vin Vl 12
@) Vl = Sncln [ROn ) ROn ) VZ :| Ron

1 Lo 2
. SNASENN
V2 = SnLZI’l (Vl - Vom) Vin J_ R4}’l

Cln t
1 |: Vo Vout Vl :| - T 3”T Vou

Solution

Vour =5,C3,1 V2"~ Ran = Rom Fig. S9.7-10A
1
Sul1pn + SnCin + —> ( 2
Vo h
S Vin Lopn & Copn Vout
n S R3n _
ﬂ[ Vv 1% ] S9.7-10 >
_ _ Fig. $9.7-10B
Sn2 + 1 1 out '8 7
Sn
1 Vout Copn , Vout
Vour = T |\VI''R 2 VIR
4n ) + 1 4n
$pCopn + Sulopn "

The simplest way to work this one is make the following transformation (see pp.
228-230 of Switched Capacitor Circuits, P.E. Allen and E.S. Sanchez, Van
Nostrand Reinhold,1984).

Lon Rop V1 —»
ROn _ YYY\__ [YYY\ 'e)
Loy, +
+ I ( e C1n+C2n C2n+C3n
Vin vV DV' % Vout
(D T & oedw O au
°© CintCop ContCsy -
Fig. $9.7-10C o
Vo 1 [Vm Vi v } Con v
1= sn(Cln + C2n) ROn ) ROn A C1n+ C2n out

1
Vy = S,La, (V1 - Vout)

1 Vout C2n
Vout - Sn(CZn + C3n) V2 ) RSn C2n+ C3n Vout
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Problem 9.7-11

Page 9-62

Give a continuous time and switched capacitor implementation of the following state
equations. Use minimum number of components and show the values of the capacitors

and the phasing of each switch (¢ and ¢,). Give capacitor values in terms of the

parameters of the state equations and £2,, and f.. for the switched capacitor implementations.

1
L) Vi=gg[-o1V1+02V2-03V3)

S
2.) Vi =52T[ -01V1+0Vy - OL3V3]
1

. Vi =3SK[ -1V + OL2V2] + 03V3
Solution
1.)
—~G o
Vi Ri=1/0y o1
52 R R Ro=l/op v, = al
C=K 01 = oyT
| Vi D 02 ay=—"
o} K
V3 R3=1/03 0_62 F @Q="F
° o1 /01 a3 = 231
Fig. $9.7-11A = L L K
2.)
C=1 R=1 R Vl Cl]C C= 1 V]
| ( | (
A W\l W\l 0_62 F'{y Ay / O
qul q_>2/ 01
R v, =@l o1 L/ i
R3= — R=1 T% O_{l F L | q) B
V3 1og——AANN— R|=1/0yy D (o = T,C Co1 T C:\
Va R R R=liol C=1|vy, v _=aCl g %"
—O O_/¢2 F
or /o179 01
L Ll 1L
- = Fig.S9.7-11B air=oqT, a=0T, az=03Ty,
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Problem 9.7-11 - Continued

3.)
cC ¢ aC C
RV VA M VAN A
wrlummiwrsh
: [ c
VID vi =1 _ouTy
01 o = 977K
0)) 0Ty
Vs JT—azc 2="k
—%, a3= a3
o1 /01
L L

Fig. §9.7-11C
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filter shown.
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Find a switched capacitor, realization of
the low-pass normalized RLC ladder Ry,=1Q Li,=1H L3,=2H
The cutoff frequency of AT FYTT 2
the low-pass filter is 1000Hz and the . C J_ Ry
Give the Vin(sn) 2n " < Vour(sn)

clock frequency is 100kHz.
value of all capacitors in terms of the
integrating capacitor of each stage and
show the correct phasing of switches.
What is the C,,,,,/C

= ZFT ZIQ
o

Figure P9.7-12
and the total units of capacitance for this filter? Use SPICE to plot

min

the frequency response (magnitude and phase) of your design and the ideal continuous time

filter.

Solution

The state equations are:

1 RIIR,, , R ( Vl'Ron
Vs =11R0n+SL1n11+V2% 11= SLln VS - R -V2 Vl = SLlnsz - R -Va
1
11— 13 = SC2nV2 - V]’ -V3’ = SRC2nV2 - V2 = m(vl’ _VS’)
1 , R R4n o
Va=sly, I3+ 3Ry, — B=—(Va-B3Ry) — V' =7 —\Va- "R V3
Ry, Ry
But, Vo =3R4, = V3 g — V3’ = Ry Vour = |Vour = sLs, V2 -Vour)
Normalized realizations:
(04 C ' ’ 1_ ’
‘és—{ )1Il : ({ . )I Vg Vit =57, o Vs - 021V - 031 V2]
1 2
o Comparing with the first state equation:
vy Lol o R RT, R, 120007
0—{ I— T =7.. = O|=T. =F[. =
2¢ n In inJeLin 105-1
1 -
Vs -+ 03104 o1 =50 =0.0628 =
% I_ 031 Rop Ron'Qn
0 o1\ =7 = 77— =0 =0.0628
1 1 T, =L, — ®I=7FL oy =0.
L L Fig. $9.7-12B " " i
. o12Cr Cy R ,
AT R ¥ Va =5 lenaVy - 03Vl
¢2\ Comparing with the second state equation:
Vou = 022C2 @y _ 1 L 9
O—{z T, = RCy, =~ %12 = RCy, ~ RfCyy =
0 O\ = 1-20007

Fig. $9.7-12C  1.2-10°

015 = /100 = 0.0314 = oy,
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Problem 9.7-12 — Continued

‘/02_/ 06\1|3C3 P \C? Vour Vour = slTn Lo3V2 - 023Vl
] T/ o Comparing with the third state equation:
% 3 1
Vout J— 023C3 T, =Rua,ls,
I_ T, Q, 120007
¢1 1\ 013 = RyuL3y - RynfeLan - 1-10°

J_— J_— Fig. S9.7-12D
013 = 750 = 0.0628 = ct3

Connect the above three circuits together to get the resulting filter.

The C,,,/C,,;, = 1/0;> =31.83. The units of capacitances normalized to each integrating

capacitor is 3 + (1/0.0628) = 18.91 for the first stage, 2 + (1/0.0314) = 33.83 for the
second stage and 2 + (1/0.0628) = 17.91for the third stage. The total units of capacitance
for this filter is 70.66 units.

The SPICE simulation file for this filter is shown below.
SPICE File for Problem 9.7-12
*** Node 13 and 14 are Switched Cap outputs
**% Node 23 is RLC ladder network output
VIN 1 0 DC 0 AC 1
*x*% V1' STAGE ***
XNC11 1 2 3 4 NC1
XPC21 9 10 3 4 PC1
XPC31 5 6 3 4 PC1
XUSCP1 3 4 5 6 USCP
XAMP1 3 4 5 6 AMP
**xx Y2 STAGE ***
XNC12 5 6 7 8 NC2
XPC22 13 14 7 8 PC2
XUSCP2 7 8 9 10 USCP
XAMP2 7 8 9 10 AMP
*** YVOUT STAGE ***
XNC13 9 10 11 12 NC1
XPC23 13 14 11 12 PpC1l
XUSCP3 11 12 13 14 USCP
XAMP3 11 12 13 14 AMP
*** RLC LADDER NETWORK **=*
R1 1 21 50
L1l 21 22 7.9577E-3
C2 22 0 6.3662E-6
L3 22 23 7.9577E-3
R2 23 0 50
R I I I I b b b b b b A I b b b b b b b I b 4
**%* SUB CIRCUITS ***
.SUBCKT DELAY 1 2 3
ED 40121
D 4 0 3 0 ZO=1K TD=5US
RDO 3 0 1K
.ENDS DELAY
.SUBCKT NC1 1 2 3 4
RNC1 1 0 15.9155
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Problem 9.7-12 — Continued

XNC1 1 0 10 DELAY

GNC1 1 0 10 0 0.062832

XNC2 1 4 14 DELAY

GNC2 4 1 14 0 0.062832

XNC3 4 0 40 DELAY

GNC3 4 0 40 0 0.062832

RNC2 4 0 15.9155

.ENDS NC1

.SUBCKT NC2 1 2 3 4

RNC1 1 0 31.831

XNC1 1 0 10 DELAY

GNC1 1 0 10 0 0.031416

XNC2 1 4 14 DELAY

GNC2 4 1 14 0 0.031416

XNC3 4 0 40 DELAY

GNC3 4 0 40 0 0.031416

RNC2 4 0 31.831

.ENDS NC2

.SUBCKT PC1 1 2 3 4

RPC1 2 4 15.9155

.ENDS PC1

.SUBCKT PC2 1 2 3 4 0 T T T T
RPC1 2 4 31.831 - e

.ENDS PC2 220 F

.SUBCKT USCP 1 2 3 4 -

R1 1 31 B

R2 2 4 1 -40

XUSCl 1 2 12 DELAY =) - \

GUSC1 1 2 12 0 1 o -60 i

XUSC2 1 4 14 DELAY b= - N Switched  |;
GUSC2 4 1 14 0 1 = . \\\kCapachof_47-
XUSC3 3 2 32 DELAY an -80 F ]
GUSC3 2 3 32 01 S i AR ]
XUSC4 3 4 34 DELAY -100 s

GUSC4 3 4 34 0 1 X Continuous®s
.ENDS USCP - Time AN
.SUBCKT AMP 1 2 3 4 -120 - 3
EODD 0 3 1 0 1E6 -

EVEN 0 4 2 0 1E6 -140 L M M ———
-ENDS AMP 100 1000 10k 100k

*%% ANALYSIS ***
.AC DEC 100 10 199K
.PRINT AC VDB (13) VDB(14) VDB(23) VP(13) VP(l4) VP (23)
.END

Frequency (Hz)
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Problem 9.7-13

Design a switched capacitor realization L —

of the low-pass prototype filter shown 2004 O
in Fig. 9.7-13 assuming a clock QLin=12H R +
frequency of 100 kHz. The passband V;, (s,) G = ::_12121 Vout(Sn)
frequency is 1000Hz. Express each 2F -
capacitor in terms of the integrating 5
capacitor C. Be sure to show the Fig. S9.7-13A

phasing of the switches using ¢ and ¢» notation. What is the total capacitance in terms of
a unit capacitance, Cy? What is Cpax/Cmin? Use SPICE to plot the frequency response
(magnitude and phase) of your design and the ideal continuous time filter.

Solution

The state equations are:

, R VllRon
Vin=1Rop+sLip 14V - Vi'= sLy, Vin - R “Vour

Vout 1 ,
I - R, =5Co,Vour — Vour = sRCznkVI R, Vour)
The normalized realizations for these equations are:
. o C C ' D) L B
Y 3 )lll : 5+ Il 4! Vi =57, [011Vin - 001V1 - 031 Voul
2
o Comparing with the first state equation:
\ 4
vl = 21cl i R _RT, RQ, 120007
¢2¢1 I_ 1 T, ~ Ly, - = Ly, ~felin ™= 105.-\/5
JT— 031C1 ap = 0.04443 = O0h1
VOMI /
¢2 I_ 031 R R ,Q
¢] ¢1\ - = ll - Or1 = ] L = =
L 1 ) Ty Ly, 317 feLyy 11
= - Fig. $9.7-13B  (0.04443
. 012C C 1 :
‘Q_/q,l )1}2 ’ 51 )IZ Vour Vour = 5T, [012V1" - 022V o]
2
0y Comparing with the second state equation:
Vour L 0y o1 1 L2
% I_ Ty ~RCyy 2= RCy, = RfCoy ~
01 o\ = 1-20007

Fig. S9.7-13C 1. 105‘\/5
Oip = 0.04443 = Oh»

Connect the above two circuits together to get the resulting filter.
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Problem 9.7-13 — Continued

The C,,,/C,;,, = 1/0;o =22.508. The units of capacitances normalized to each integrating

capacitor is 3 + (1/0.04443) = 25.51 for the first stage and 2 + (1/0.0314) = 24.51 for the
second stage. The total units of capacitance for this filter is 50.158 units.

The SPICE simulation file for this filter is shown below.
SPICE File for Problem 9.7-13
*** Node 9 and 10 are Switched Cap outputs
**% Node 22 is RLC ladder network output
VIN 1 0 DC 0 AC 1
**xx Y1' STAGE **x*
XNC11 1 2 3 4 NC1
XPC21 5 6 3 4 PC1
XPC31 9 10 3 4 PC1
XUSCP1 3 4 5 6 USCP
XAMP1 3 4 5 6 AMP
*** VOUT STAGE ***
XNC12 5 6 7 8 NC2
XPC22 9 10 7 8 PC2
XUSCP2 7 8 9 10 USCP
XAMP2 7 8 9 10 AMP
*** RLC LADDER NETWORK ***
R1 1 21 50
L1 21 22 11.254E-3
C2 22 0 4.50158E-6
R2 22 0 50
R I I I I b b b b b b A i 2 b b b b b b b I b 4
*** SUB CIRCUITS ***
.SUBCKT DELAY 1 2 3
ED 40121
D 4 0 3 0 ZO=1K TD=5US

RDO 3 0 1K

.ENDS DELAY

.SUBCKT NC1 1 2 3 4
RNC1 1 0 22.5079

XNC1 1 0 10 DELAY
GNC1 1 0 10 0 0.04443
XNC2 1 4 14 DELAY
GNC2 4 1 14 0 0.04443
XNC3 4 0 40 DELAY
GNC3 4 0 40 0 0.04443
RNC2 4 0 22.5079
.ENDS NC1

.SUBCKT NC2 1 2 3 4
RNC1 1 0 22.5079

XNC1 1 0 10 DELAY
GNC1 1 0 10 0 0.04443
XNC2 1 4 14 DELAY
GNC2 4 1 14 0 0.04443
XNC3 4 0 40 DELAY
GNC3 4 0 40 0 0.04443
RNC2 4 0 22.5079
.ENDS NC2

.SUBCKT PC1 1 2 3 4
RPC1 2 4 22.5079
.ENDS PC1

.SUBCKT PC2 1 2 3 4
RPC1 2 4 22.5079
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Problem 9.7-13

.ENDS PC2

.SUBCKT USCP 1 2 3 4
R1 1 31

R2 2 41

XUSC1
GUSC1
XUsC2
GUSC2
XUSC3
GUSC3
XUsc4
GUSC4
.ENDS

.SUBCKT AMP 1 2 3 4

A B WD E NN

n

12
12
14
14
32
32
34
34

DELAY
01
DELAY
01
DELAY
01
DELAY
01

EODD 0 3 1 0 1E6
EVEN 0 4 2 0 1E6

.ENDS AMP

**x*x ANALYSIS ***
.AC DEC 20 10 199K

.PRINT AC VDB (9)

.END

Magnitude dB

-60

-80

-100

VDB (10)

VDB (23)

VP (9) VP(10) VP

(23)

Switched
Capacitor

Continuous™..

I1me

100

1000

10k

Frequency (Hz)

Page 9-69

100k

Fig. $9.7-13D
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Problem 9.7-14

Design a switched capacitor realization of the low-pass prototype filter shown
assuming a clock frequency of 100 kHz. The passband frequency is 1000Hz. Express
each capacitor in terms of the integrating capacitor C. Be sure to show the phasing of the
switches using ¢ and ¢ notation. What is the total capacitance in terms of a unit
capacitance, Cy? What is Cax/Cin?

Solution

First normalize T by €, =20007 to get T,, =€2,7 = 20007 /100,000 = 0.06283
The state equations are:

1 Roy
Vin = Up+sC,,VDRo, + Vi = Vi=gRoC, [Vin -Vi- Tvz}
and
sLy, R3, ) , R R3, ,
Vl =12SL2n +12R3n —> V] ="R +TV2 — V2 =SL2n V] - TVz
Since V,’ =V,,,;, we can write
R [, R
Vout=sL2n Vi- R Vou
Realization of the first state equation:
C C
e MO 1
01 A I To2T /1 °Vi Vi(2) =( Zn-lj[allvin' 01 Vy - 031Vl
2
. L a0y Let z,, = 1+s,T,, to get
2 - 1 ,
02 == L Vi) =5 T 1001 Vin(sp) -021V2 (s,) -031 V1 (s,)]
01 )
RT Q 20007
J—a C . — n — n — —
Vl q) -- 3|: S0 _ROnCln = fccln —\/5 105 =0.0444
/o /

Jd_n fl SO1E3S2B Since, R = Ry, then @) = o31 = 071 = 0.4444

Realization of the second state equation:

op2C Ca y= L ’
Vi . ﬁ 2 s \|2 Vo —g/out Vour(2) :( Zn'lj [a2Vy - 095V ]

¢y 0T 71
Jq_)z Let z,, = 1+s,T,, to get
' L (X C 1 ’
Vs - 2252 Vour(s) = 5 1012V1(sn) -022V5 (5]
2 |
01 1 Ol = - = = 0.0444
L 2T Ly, T feloy V2 105 '

SO01E3S2C

QIQ =0hy = 0.4444
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Problem 9.7-14 — Continued
C

max

Cpuin — 0.0444 =22.508

= [(22.508+3) + (22.508+2)]C,, = 50.0158C,

Page 9-71

¢1:|T_

Vout
O

Realization:
\
/|
Y w Yhes
/ :l_ 71
v, Cu | 25. 508Cu ¢z T Gu | 25508C, /%2
i~ \ \
SwimeC el V¢y /|_'fz 1
o /o1 L /o /o
4 L L

-+

SO1E3S2D
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Problem 9.7-15

Design a switched capacitor realization of the low-pass prototype filter shown below
assuming a clock frequency of 100 kHz. The passband frequency is 1000Hz. Express
each capacitor in terms of the integrating capacitor C. Be sure to show the phasing of the

switches using ¢1 and ¢ notation. What is the total capacitance in terms of a unit
capacitance, Cy? What is largest Cyax/Cmin? Use SPICE to plot the frequency response
(magnitude and phase) of your design and the ideal continuous time filter.

Solution
The state equations are:

1 R
Vin=SL1n11+V2 — Il:SLln (Vin—Vz) — Vl’ =SL1n (Vln - Vz)

1 1
Vz = SCZn (Il —13) — V2 = SRCZn (Vl’ —V3’) —

L (. R
V2:SRC2n kvl -EVZJ

1 R4n
I3 = sLs,, Va-Vou) — Vour =3R4y — Vour = sLs,, (Vo - Vour)

The normalized realizations for these equations are:

1
Vin 1€ “ vy Vi =7 [0 Vi - p1 Vo]
o—=" Ve e\ | 1 =T, L&11Vin - ®21V2
T TRt I T1° 8
(o) Comparing with the first state equation:
L
o =4 ) R RT, R, 120007
) I_ T, ~ Ly, — % “ Ly T felin T 103.0.5
Ui O\ =
L L Figs9risB 01 =0.125664 = oy,
. 012C C L ,
4 \1|2 ° ya \|2 Vgut Vour = sT, o2V - 2 Voul
N/ 0T /I o ‘
¢2\ Comparing with the second state equation:
Vour <L 02, O 1 L2
0_{2 Tn _RC2n% alz_RCZn_RfCCZn_
91 O\ = 20007

L L Fig. $9.7-15C  103-(4/3)

Oip = 0.047124 = Oho
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Problem 9.7-15 — Continued

Vs ¢ a\1|3C3 P \C|3 ng Vo‘mzsllTn[OfB‘./z - 0‘23Vom]' |
o—¢, A 0y 11 Comparing with the third state equation:
) o3 1
Vou > L 303 Ty = Ranl3y
¢ |—\ . T, Q, 20007
1 01 137 Ry, L3, = RapfeLsn = 105
J_— J_— Fig. $9.7-15D a3 Slcan 10 G2

O3 = 0.041888 = (05X}
Connect the above three circuits together to get the resulting filter.

The C,,,/C,,;, = 1/0y3 = 23.87. The units of capacitances normalized to each integrating

capacitor is 2 + (1/0.126) = 9.936 for the first stage, 2 + (1/0.0471) = 23.231 for the
second stage and 2 + (1/0.0419) = 25.8671for the third stage. The total units of
capacitance for this filter is 59.03 units.

The SPICE simulation file for this filter is shown below.
SPICE File for Problem 9.7-15
*** Node 13 and 14 are Switched Cap outputs
**% Node 22 is RLC ladder network output
VIN 1 0 DC 0 AC 1
*x*% V1' STAGE ***
XNC11 1 2 3 4 NC1
XPC21 9 10 3 4 PC1
XUSCP1 3 4 5 6 USCP
XAMP1 3 4 5 6 AMP
**xx Y2 STAGE ***
XNC12 5 6 7 8 NC2
XPC22 13 14 7 8 PC2
XUSCP2 7 8 9 10 USCP
XAMP2 7 8 9 10 AMP
*** YOUT STAGE ***
XNC13 9 10 11 12 NC3
XpC23 17 18 11 12 PC3
XUSCP3 11 12 13 14 USCP
XAMP3 11 12 13 14 AMP
*** RLC LADDER NETWORK ***
L1 1 21 3.9789E-3
C2 21 0 4.2441E-6
L3 21 22 11.9366E-3
R4 22 0 50
R e I I I b b b b I b b I b b b b b Sb b b O 3
*** SUB CIRCUITS ***
.SUBCKT DELAY 1 2 3
ED 4 01 2 1
™D 4 0 3 0 Z0=1K TD=5US
RDO 3 0 1K
.ENDS DELAY
.SUBCKT NC1 1 2 3 4
RNC1 1 0 7.957729
XNC1 1 0 10 DELAY
GNC1 1 0 10 0 0.125664
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Problem 9.7-15 — Continued
XNC2 1 4 14 DELAY .SUBCKT PC2 1 2 3 4
GNC2 4 1 14 0 0.125664 RPC1 2 4 21.2206
XNC3 4 0 40 DELAY .ENDS PC2
GNC3 4 0 40 0 0.125664 .SUBCKT PC3 1 2 3 4
RNC2 4 0 7.957729 RPC1 2 4 23.8732
.ENDS NC1 .ENDS PC3
.SUBCKT NC2 1 2 3 4 .SUBCKT USCP 1 2 3 4
RNC1 1 0 21.2206 RI 1 31
XNC1 1 0 10 DELAY R2 2 4 1
GNC1 1 0 10 0 0.047124 XUSC1 1 2 12 DELAY
XNC2 1 4 14 DELAY GUSC1 1 2 12 0 1
GNC2 4 1 14 0 0.047124 XUSC2 1 4 14 DELAY
XNC3 4 0 40 DELAY GUSC2 4 1 14 0 1
GNC3 4 0 40 0 0.047124 XUSC3 3 2 32 DELAY
RNC2 4 0 21.2206 GUSC3 2 3 32 0 1
.ENDS NC2 XUSC4 3 4 34 DELAY
.SUBCKT NC3 1 2 3 4 GUSC4 3 4 34 0 1
RNC1 1 0 23.8732 .ENDS USCP
XNC1 1 0 10 DELAY .SUBCKT AMP 1 2 3 4
GNC1 1 0 10 0 0.041888 EODD 0 3 1 0 1E6
XNC2 1 4 14 DELAY EVEN 0 4 2 0 1E6
GNC2 4 1 14 0.041888 .ENDS AMP
XNC3 4 0 40 DELAY *x% ANALYSIS ***
GNC3 4 0 40 0.041888 .AC DEC 20 10 200K
RNC2 4 0 23.8732 .PRINT AC VDB(13) VDB(14) VDB (22)
.ENDS NC3 +VP (13) VP(14) VP(22)
.SUBCKT PC1 1 2 3 4 .END
RPC1 2 4 7.957729
.ENDS PC1
20 ——T T ——T T ——T T
Or \\\ ]
-20
/M B \
B [
S 40
= R 1
: .
% Sw1tcl?ed_>
= - Capacitor [/
-80 N
- Cf)r tlnuoﬁ,‘k ]
-100 Time \-,
L l,\ 4
: N
-120 T T T T e . |
100 1000 10k 100k
Frequency (Hz) Fig. $9.7-15E
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Problem 9.7-16

Design a switched capacitor realization of the low-pass prototype filter shown below
assuming a clock frequency of 100 kHz. The passband frequency is 1000Hz. Express
each capacitor in terms of the integrating capacitor C (the capacitor connected from op amp

output to inverting input). Be sure to show the phasing of the switches using ¢1 and ¢;

notation. What is the total capacitance in
terms of a unit capacitance, C,? What is
L
largest Cmax/Cmin? Ron=1Q WH )
Solution + —C>12 R +
Normalize T = 1/f; by Qy = 2000 =V1 5{p—==218< Vout
to get Ty, = Q,T. - -
o
State Equations:
Vil’l - Vl 1 Vln Vl
1.) “Roy " sCipV1 + h=> V| = sC1n (ROn Ron -Ip)
RonV2'
sC1nRon (Vin -ViI- TR )
1 RonV2' ,

or | Vi = sCinRon \Vin—Vl— R where V7' =R

_1 1 —
2) =55 (Vi-Vow) =| V2' =35~ (V1 - Vour)

Vout 1 Vout 1 ,
3.) Ip =sCGnVout + R, Ry, — Vout=5Ca sCap I>- Ra, | = Vout = sC3pR KVZ " Rup

Realizations (Assume R = Ry = Ryp):

o1
L

1.)
0, %G1 o C
Vin o_/ } ” on 1
/‘Pz Vi= Zp-1 [0t11Vin - 01120 V2" - 01127 V1]
0, — 1 1Ci p Assume sTj, <<I and let z, = 1+sT}, to get
2 -
V 'o_/ all
’ /q) = Vi(s) = m(vin -Va2'-Vy)
1
_|_CL Th 20007
) 1|1C_1 11 =CRon = 1051 = 0.0628
Vio—
/

<



CMOS Analog Circuit Design (2" Ed.) — Homework Solutions Page 9-76

Problem 9.7-16 — Continued

2.)
1
N o1 ,Co Vo'=7 T [012V1 - 01270 Voutl
Vi o—// H OV Assume sTn <<1 and let z, = 14sT}, to get
b2 Vi(s) = T 2 (Vi- Vou
0, = %12C2
RT, 2000m

L}‘
BT

3)
v, o} 0013(|j3 Vout = 1.1 [013V2' - 0132 Voutl
2 o—~
/ 0 Vou Assume sTn <<1 and let z, = 1+sT} to get
2
0, — 03C3 Vout(s) = STn (V2'- Vour)
Vouto—/

- M2=RGC3n =05,

PN T, 2000m
J__ . = = =0.0628

The total capacitance is 70.65C, where Cy is a unit capacitance. The largest Cax/Cmin
ratio is 31.83.
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Problem 9.7-17

Design a switched capacitor Ro=1Q L1,=1H L3,=2H

realization of the low-pass ¢ AT N o
prototype filter shown below + J_ J_ T
assuming a clock frequency of . (o Con= Can=_1 Rs,= Vioul(s)
200 kHz. The passband " 2F T IF T 1Q
frequency is 1000Hz. Express - 5
each capacitor in terms of the FigS9.7-17

integrating capacitor C  (the
capacitor connected from op amp output to inverting input). Be sure to show the phasing

of the switches using ¢ and 07 notation. What is the total capacitance in terms of a unit
capacitance, Cy? What is largest Cax/Crmin?

Solution
First we must normalize the clock period, T, by € =20007 to get T, =€Q T =Q /f .

The state equations for the bold variables above are:

Rop . Shi . .__R Ro ..

n
1
2) V= SRC,, (Vl ; V3)

R
3) V3 = SL3n (VZ - Vout)

Vout 1 . R
4) I3 =5C4, Vo, + Rs, = Vou= SRCy,, V3 - Rs, Vourt
Realizing each of these four state equations is done as follows:
1
L) Vilz) =7 110 Viy - 012,V - 012,V

Vv o11Cq Ci

oy, | in - YA
Vi(s) = 3T Vi - V2 - Vil or ]¢ e ] o
2
T,R  2000n L
. : 011Cy
oy == = 0.0314 =
=Ty, = g5 -0 1 ¢2ﬁ —
1 01 i
2) Valzy) =7 110 Vi- 0512, V3] v Loy
2 /“ -
O ) Ly
V2(S) = STn [Vl— V3] q)l /(I)l
. _L_w_ 0.0159 JT_ JT_
M1 =RG,, T g5, T v 01 &) 1%
| p)
°~¢1)—) %
(0))
ooy

LER
¢2)4:)|_/¢1 B
SR
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Problem 9.7-17 - Continued

. 1 Vo oc31C3 € |4
3) Vizy) = z, -1 (031 V- 0312,V gyt 01 ) I ¢2 ) I °
JQiz
031 031C3
Vi(s) = T Vo Voul XO_M/)_)
TuR  2000n 00159
“ Ly, T 1052
1 ‘
4.) Vout(zn) = z, - 1 [ogy V3- 0412,V 041C4 Cy 1%
out

oc4 ¢1 ] )l_'@ )I
out(s) [V3 2

]
T 2000 O“f
= 00314 ¢2] ”_

~RCy, ™ 1051 /01

L

The actual filter realization is obtained by
connecting the above four circuits as indicated by their terminal voltages.

Total capacitance:
For each stage, make the smallest capacitor equal to C, and sum capacitors.
Stage 1: 3C +(C/0.0314) =31.8C, + 3C, =34.8C
Stage 2: 2C +(C/0.0159) = 63.7C, +2C, = 65.7C
Stage 3: 2C +(C/0.0159) = 63.7C, + 2C, = 65.7C
Stage 4: 2C +(C /0.0314) =31.8C, +2C = 33.8C
Total capacitance = 200C,,

£ € = <

Cmax
= =637
Cmin
SPICE File:

*** HW9 PROBLEM3 (Problem 9.7-17) **x*

*** Node 17 and 18 are Switched Cap outputs
*** Node 23 is RLC ladder network output
VIN 1 0 DC 0 AC 1

***x y1' STAGE ***

XNC11 1 2 3 4 NC1

XPC21 9 10 3 4 PC1

XPC31 5 6 3 4 pC1

XUSCP1 3 4 5 6 USCP

XAMP1 3 4 5 6 AMP

*x% V2 STAGE ***
XNC12 5 6 7 8 NC2
XPC22 13 14 7 8 PC2
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Problem 9.7-17 — Continued

XUSCP2 7 8 9 10 USCP
XAMP2 7 8 9 10 AMP

* k% V3' STAGE * k%

XNC13 9 10 11 12 NC2
XPC23 17 18 11 12 PC2
XUSCP3 11 12 13 14 USCP
XAMP3 11 12 13 14 AMP

*%% YOUT STAGE ***

XNC14 13 14 15 16 NC1
XPC24 17 18 15 16 PC1
XUSCP4 15 16 17 18 USCP
XAMP4 15 16 17 18 AMP

*%%* RLC LADDER NETWORK ***
R1 1 21 50

Ll 21 22 7.9577E-3

C2 22 0 6.3662E-6

L3 22 23 15.9155E-3

C4 23 0 3.1831E-6

R2 23 0 50

KA AN KAk A AR AN XA KA XA AKXk A XA Xk k k%
*%% SUB CIRCUITS ***
.SUBCKT DELAY 1 2 3

ED 40121

TD 4 0 3 0 ZO=1K TD=2.5US

RDO 3 0 1K

.ENDS DELAY

.SUBCKT NC1 1 2 3 4
RNC1 1 0 31.8269

XNC1 1 0 10 DELAY
GNC1 1 0 10 0 0.03142
XNC2 1 4 14 DELAY
GNC2 4 1 14 0 0.03142
XNC3 4 0 40 DELAY
GNC3 4 0 40 0 0.03142
RNC2 4 0 31.8269
.ENDS NC1

.SUBCKT NC2 1 2 3 4
RNC1 1 0 63.6537

XNC1 1 0 10 DELAY
GNC1 1 0 10 0 0.01571
XNC2 1 4 14 DELAY
GNC2 4 1 14 0 0.01571
XNC3 4 0 40 DELAY
GNC3 4 0 40 0 0.01571
RNC2 4 0 63.6537
.ENDS NC2

.SUBCKT PC1 1 2 3 4
RPC1 2 4 31.8269
.ENDS PC1

.SUBCKT PC2 1 2 3 4
RPC1 2 4 63.6537

.ENDS PC2

.SUBCKT USCP 1 2 3 4
R1 131

R2 2 41

XUSCl 1 2 12 DELAY
GUSC1 1 2 12 01
XUSC2 1 4 14 DELAY
GUSC2 4 1 14 0 1
XUSC3 3 2 32 DELAY
GUSC3 2 3 32 01
XUsC4 3 4 34 DELAY
GUSC4 3 4 34 01
.ENDS USCP

.SUBCKT AMP 1 2 3 4
EODD 0 3 1 0 1E6
EVEN 0 4 2 0 1E6
.ENDS AMP

*xx ANALYSIS ***

.AC DEC 1000 10 199K
. PROBE

.END
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Problem 9.7-18

Use the low-pass, normalized prototype filter of Fig. P9.7-14 to develop a switched-
capacitor, ladder realization for a bandpass filter which has a center frequency of 1000Hz, a
bandwidth of 500Hz, and a clock frequency of 100kHz. Give a schematic diagram
showing all values of capacitances in terms of the integrating capacitor and the phasing of
all switches. Use strays-insensitive integrators. Use SPICE to plot the frequency response
(magnitude and phase) of your design and the ideal continuous time filter.

Solution

) @y 1000
1.) Normalize by s =\gWw |P =300 P = 2P

2.) Transform the normalized circuit to bandpass using the transformation,

1
s=p =+ E 1
= 2Ln 2L
The resulting circuit is shown. RO,”. .IQ _rYY\:l’Ll (zn
3.) The state equations for this bandpass I— +
circuit can be written as follows.

. + R3n
2RC [ Vs <> 1 Vi =< ZIQ%VOW

Vi= 241 R,, (Vll’l Vi)- V2} 2C1n 2C1n -
where V)" =1,-Rand R = 1.
SR sR3,
R3, R3, 2LZn 2Ly,
Vour="R V2'=7R (Vl Vour) = 241 V1i-VYour)
4.) The SC realization of each second—order block is given as,
Vi 03Cj C:
o0— d | (I .
01 (1% 1\ oV
)
1 / N
V2 _O‘4J Gj oG T 02, C;

0 Hbs 3
qul /o1 /o1 %%]ﬁl/m /

Fig. $9.7-18D
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Problem 9.7-18 — Continued
If fe10ck>>f)» then Vi(s) of the above realization can be written as,

s %j, %4
Vi(s) = TV -T Vs where T, = Q,T = o, T
(4] 1'0621' n n
s+ 5
T}’l
5.) Comparing the state equations with the above transfer function gives,
_ 5 o, 2mx103
J= 1or Vll o110 = Tn — o11=01 = Tn = CO,.T :fclock = 105 =0.02%
L _of_2mi0 0.0071
031 =041 =051 = R0n2CIH_2\/§_2\/§x105_ ) T
_ 5 o, 2mx103
J= 2 or Vout: 0200y = Tn — Oy =0y = Tn = CO,.T :fclock = 105 =0.02%
L _of_2mi07 0.0071
03 =042=R 2L, = W2 k105 = T
6.) Filter realization:
| { .
I\ h2
N /
01 E (7 o] =001 J_
(0% o1 =0.02n= 0.0628 -
1 |L Gi=C /01
- _1 = /
0.022214C; 0.022214¢,] *2L
Eq)l- T~
= /¢ 012 = 02 d27]
VOM[ 2
o p =0.02n= 0.0628
Ci=C
/%
O.O%%214C2
I\
/01 /01
+ L

Fig. $9.7-18E
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Problem 9.7-18 — Continued

Page 9-82

7.) To create the SPICE input file, the above figure needs to be expanded which is

done below.
o31Cq C
el

Vin

O—@—H Tt
= op1Cy

e

=

T

Vour J;Otslcl 041Cq %
0_61 H’_l o—°
o /S0 ¢

32C

Vi &)
0—67;!( Sl
2

Vout
o

—— Fig. $9.7-18F

8.) The SPICE simulation file for this filter is shown below.

SPICE File for Problem 9.7-18

*##* Node 13 and 14 are Switched Cap outputs
*#* Node 23 is RLC ladder network output
VIN10DCOAC1

##% V1 STAGE ***

XPC119 10 3 4 PC2
XNC311234NC1

XPC41 56 3 4 PC1

XPC51 13 14 3 4 PC1

XUSCPI 345 6 USCP

XAMPI1 345 6 AMP

##% V2 STAGE **%*

XNC21 567 8 NC2

XUSCP2 7 89 10 USCP

XAMP2 7 8 9 10 AMP

*##% VOUT STAGE ***

XPC12 17 18 11 12 PC2
XNC3256 11 12 NC1

XPC42 13 14 11 12 PC1

XUSCP3 11 12 13 14 USCP
XAMP3 11 12 13 14 AMP

##% V4 STAGE ***

XNC22 13 14 15 16 NC2

XUSCP4 15 16 17 18 USCP
XAMP4 15 16 17 18 AMP

##% RLC LADDER NETWORK ***
RO 121 50

C1 21 0 9.0032E-6

L1 21 02.8135E-3
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Problem 9.7-18 — Continued
L2 2122 22.5079E-3

C2 22 23 1.125395E-6
R3 23050

*#% SUB CIRCUITS ***
SUBCKT DELAY 123
ED40121

TD 4 03 0 ZO=1K TD=5US
RDO 30 1K

.ENDS DELAY
SUBCKTNC11234
RNC1 1 0 45.015816
XNC11010DELAY
GNC1 10100 0.022214
XNC214 14 DELAY
GNC2411400.022214
XNC3 4040 DELAY
GNC3 40400 0.022214
RNC2 4 0 45.015816
.ENDS NC1
SUBCKTNC21234
RNC1 1 0 15.91549
XNC11010DELAY
GNC1 10100 0.062832
XNC214 14 DELAY
GNC241 14 00.062832
XNC3 4040 DELAY
GNC3 40400 0.062832
RNC2 4 0 15.91549

ENDS NC2

.SUBCKT PCl 1 2 3 4 O B T T T T LI I B ) T T T T LI I B ) T T T T LENLE ) |-
RPCI 2 4 45.015816 F :
[ENDS PCI 10k /TN :

SUBCKT PC2 1234
RPC1 2 4 15.91549
ENDS PC2 -20

.SUBCKT USCP 123 4

RI1131

R224 1

XUSCI 12 12 DELAY
GUSC1 121201
XUSC2 1 4 14 DELAY
GUSC2411401
XUSC3 3 2 32 DELAY
GUSC3233201
XUSC4 3 4 34 DELAY
GUSC4343401 -70
.ENDS USCP

SUBCKT AMP 123 4 -80
EODD 0310 1E6 100 1000 10k 100k
EVEN 0420 1E6 Frequency (Hz) Fig. $9.7-18E
.ENDS AMP

##% ANALYSIS ***

.AC DEC 20 100 100K

PRINT AC VDB(17) VDB(18) VDB(23) VP(17) VP(17) VP(23)

END

S~
-

Magnitude dB
E
S S

-50

-60

Switched
Capacitor

Continuous Time—»

/
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Problem 9.7-19

Use the low-pass, normalized MM o
prototype filter of Fig. P9.7-13 to +1 Ro=1Q Lin=12H +
develop a switched-capacitor, ladder v, (s ) Cop= —— R, Voud(Sp)
realization for a bandpass filter which 2F =1Q

has a center frequency of 1000Hz, a - -
bandwidth of 500Hz, and a clock ) °
frequency of 100kHz. Give a Figure P9.7-13

schematic diagram showing all values of capacitances in terms of the integrating capacitor
and the phasing of all switches. Use strays-insensitive integrators. Use SPICE to plot the
frequency response (magnitude and phase) of your design and the ideal continuous time
filter.

Solution
TBD
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Problem 9.7-20

Use the low-pass, normalized prototype filter shown to develop a switched-capacitor,
ladder realization for a bandpass filter which has a center frequency of 1000Hz, a
bandwidth of 100Hz, and a clock frequency of 100kHz. Give a schematic diagram
showing all values of capacitances in terms of the integrating capacitor and the phasing of
all switches. Use strays-insensitive integrators. Use SPICE to plot the frequency response
(magnitude and phase) of your design and the ideal continuous time filter.

Ron Loy,
_10 = —VW—
=1Q =2H Ry _C|2 %
Cip| Can | Rand +
VinsI ) = = = 7~= S Vouls)
IFT IF | 197 Ry R4 1 _
o VioMATMAT=————0,
- + (%)RSC / Ry C; I—
Vo_ Vo 1740 V- 1 +
2= 2= 20 AN~ —o V.
Vi Vi og@24..8 4 1 0
R4C1 RoR3C1C2
- Tow-Thomas—
Bandpass Filter
Solution
The bandpass normalized filter is Ron Lopn  Copn=
shown using the values of f,. = 10 —20H 0.05F
1000 Hz and BW = 100 Hz to V1 i

scale the elements by 10. The
state variables and the input
voltage are shown in bold. Vin(s)

The state equations are:

1.)
V. -V V. VA
in 1 1 in 2
Ry, -~ L+ 6Cu+s Vi 2 R, "R =|R,,
S
Ci. R V.
1bn . in 0.1s .
o Ni=y s |2 ROn)=Sz+O ts+1 V2 Vin)
+ + .
5 ROnClbn lenclbn
2.)
S
V3 V,-V L
2 2 out 2bn . 0.05s
12 =R = L 1 = ) 1 (Vl B Vout) - V2 = 2 + 1 (Vl B Vout)
S520n ¥ 5Cyp, 37 T Ly, Copy
V5
a 0.1V}
3 Vou= ! L 76240.01s + 1

sC + 37, +
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Problem 9.7-20 - Continued

Now we need to design each Tow-Thomas bandpass circuit. If Ry =R; =1Qand C| = C,
= 1F of the Tow-Thomas circuit then the transfer function becomes,

S
Vo Ri
V. =" < Wwherei corresponds to the i-th stage
Vl gee S
7+ R_.4 + 1
1

Therefore the design of each stage is:

Next, denormalizing by 2000% and impedance denormalizing by 10° gives,

where

and

SPICE File:

*** HW9 PROBLEM4 (Problem 9.7-20) ***

*** Node 13 and 14 are Switched Cap outputs
*** Node 23 is RLC ladder network output
VIN 1 0 DC 0 AC 1

***x Y1 STAGE ***

XNC41 1 2 3 4 NC41

XPC411 9 10 3 4 PC41

XPC412 5 6 3 4 PC41

XLOBQ1 3 4 5 6 LQBIQUAD
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Problem 9.7-20 — Continued

*k% V2! STAGE ***
XNC42 5 6 7 8 NC42

XPC421 13 14 7 8 PCA42
XLOBO2 7 8 9 10 LQBIQUAD
*%% VOUT STAGE ***

XNC43 9 10 11 12 NC41
XPC431 13 14 11 12 PC4l
XLOBO3 11 12 13 14 LOBIQUAD
*%* RLC LADDER NETWORK ***
R1 1 21 50

C11 21 0 3.1831E-5

L11 21 0 7.9577E-4

121 21 22 0.1592

C21 22 23 1.5915E-7

C31 23 0 3.1831E-5

131 23 0 7.9577E-4

R2 23 0 50

R IR IR I 2 dh Ib e db Ib b dh db b b db b b S S b b db b 4
*%% SUB CIRCUITS ***
.SUBCKT DELAY 1 2 3

ED 4 0121

TD 4 0 3 0 ZO=1K TD=5US

RDO 3 0 1K

.ENDS DELAY

.SUBCKT NC5 1 2 3 4
RNC1 1 0 15.916

XNC1 1 0 10 DELAY

GNC1 1 0 10 0 0.06283
XNC2 1 4 14 DELAY

GNC2 4 1 14 0 0.06283
XNC3 4 0 40 DELAY

GNC3 4 0 40 0 0.06283
RNC2 4 0 15.916

.ENDS NC5

.SUBCKT NC41 1 2 3 4
RNC1 1 0 159.1596

XNC1 1 0 10 DELAY

GNC1 1 0 10 0 0.006283
XNC2 1 4 14 DELAY

GNC2 4 1 14 0 0.006283
XNC3 4 0 40 DELAY

GNC3 4 0 40 0 0.006283
RNC2 4 0 159.1596
.ENDS NC41

.SUBCKT NC42 1 2 3 4
RNC1 1 0 318.2686

XNC1 1 0 10 DELAY

GNC1 1 0 10 0 0.003142
XNC2 1 4 14 DELAY

GNC2 4 1 14 0 0.003142
XNC3 4 0 40 DELAY

GNC3 4 0 40 0 0.003142
RNC2 4 0 318.2686

.ENDS NC42

Page 9-87
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Problem 9.7-20 — Continued

.SUBCKT PC2 1 2 3 4
RPC1 2 4 15.916
.ENDS PC2

.SUBCKT PC41 1 2 3 4
RPC1 2 4 159.1596
.ENDS PC41

.SUBCKT PC42 1 2 3 4
RPC1 2 4 318.2686

.ENDS PC42

.SUBCKT USCP 1 2 3 4
R1 1 31

R2 2 41

XUSC1l 1 2 12 DELAY
GUsSCl 1 2 12 0 1
XUsSC2 1 4 14 DELAY
GUSC2 4 1 14 0 1
XUSC3 3 2 32 DELAY
GUSC3 2 3 32 01
XUSC4 3 4 34 DELAY
GUSC4 3 4 34 01
.ENDS USCP

.SUBCKT AMP 1 2 3 4
EODD 0 3 1 0 1lE6
EVEN 0 4 2 0 1E6
.ENDS AMP

.SUBCKT LOBIQUAD 5 6 7 8
XpC2 7 8 1 2 PC2
XUSCP1 1 2 3 4 USCP
XAMP1 1 2 3 4 AMP
XNC5 3 4 5 6 NC5
XUSCP2 5 6 7 8 USCP
XAMP2 5 6 7 8 AMP
.ENDS LQOBIQUAD

**xx ANALYSIS ***
.AC DEC 1000 10 99K
. PROBE

.END

Page 9-88
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Problem 9.7-21

Use the low-pass, normalized prototype filter

shown to develop a switched-capacitor,

ladder realization for a bandpass filter which

has a center frequency of 1000Hz, a
bandwidth of 100Hz, and a clock frequency Vin(s)
of 100kHz. Give a schematic diagram "
showing all values of capacitances in terms of

the integrating capacitor and the phasing of all .

switches. Use strays-insensitive integrators. Figure P9.7-21

Use SPICE to plot the frequency response (magnitude and phase) of your design and the
ideal continuous time filter.

Solution
TBD
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Problem 9.7-22

A second-order, lowpass, Sallen and Key
active filter is shown along with the transfer
function in terms of the components of the

filter. R, R, ©

a.) Define n = R3/Rj and m = C4/C; and  V;, o—AAA—LAAN, | K o Vout
let R1 =R and Cp = C. Develop the design C J_ | /—I

equations for Q and w, if K= 1. 4 j_: 1

b.) Use these equations to

design for a second-order, K

loyvpass, Bptterworth anti- Vout RIR3C.Cq

aliasing filter with a V. =

bandpass frequency of "M ) +s[ 1 + 1 + 1 ) K } + 1
10kHz. Let R = R = R3C4 ™ R1C2 ™ R3C2 7 R3C4 | ™ R1R3CC
10k€2 and find the value of

C», R3, and C4.

Solution

a.) The expressions for Q and ®, are

1 (O8N 1 1 1 K
D= R0 M4 Q TR3Cy TRIC; TR3C; “R3Cy

IfK=1,th = —,—1 d L = '\/R3C4 '\/RIC4
=1, then my = RIR3C.Ca an Q= R(C, + R3C, -
R3 Cq
Define n = Ry and m = (&) and let Ry =R and Cy = C. Therefore,

1 1 1
2 = - = =
®o mn(R;Cp)? = @o Ay/mnR;C; ~ 4/mnRC

md | G = v AR = vam (14 )

b.) A normalized Butterworth second-order lowpass function is

Vout 1
Vi, = 52+'\/§s+1 = My = 1 rad/sec and Q = 0.707

1 1
LetRi=R=1QandCo=C=1F. .. Afmn =1 and\2 :1-(1+ H) =1+7

1 1
From the above, n = \/5_1 =2.4142 and m =5 7777 = 0.4142

. R3=2.4142Q and C4 = 0.4142F
Denormalizing by 104Q and 20,0007 (rads/sec) gives
R1 = 10kQ, R3 = 24.142kQ, C; = 1.59nF and C4 = 0.659nF
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Problem 9.7-23

The circuit shown 1is to be
analyzed to determine its

capability to realize a second- Vids) R Vout(s)
order transfer function with O—VW— —O
complex conjugate poles. Find
the transfer function of the circuit
and determine and verify the
answers  to  the following =
questions: Figure P9.7-23

1.) Is the circuit low-pass, bandpass, high-pass, or other?

2.) Find H,, w,, and Q in terms of Ry, C2, R3, and Cy4.

3.) What elements would you adjust to independently tune Q and @,?
Solution

(1/sCy) vy
) Vou=|R+(1isCy V1 =5R;C,+1
R, (1/sC5) SR{CyV ., Vi,
Vi=\RF(55Cy) Vour ¥\ RF(Cy) [Vin = SC,R+1T T 5C,R+1
1 SR 1C2V0ut Vin
Vour = |5R;C,#1 | SCR+1 + SCoR +1
Vo, ulSR3C+1)(sR Cy+ 1) =sRC,V,  + V.
1
R C.C. 2
Vour 1 RR3C,Cy ~ H,w,

Vin = 2R RyCoC4+sRyCy+1

1 —
2,3 )
+ +
SHR,C, T RiRC.Ch 2, (UOJS o,

Filter is low-pass.

1 « /Rlcz
b.) F th i Its, H =1, =————— and O =w_ R,C, = —_—
) From the previous results, H o, R.R, o0, and Q= w, R,C, RiC,

c.) To tune @, but not Q, adjust the product of R R; (C,C,) keeping the ratio R;/R;
(C,/Cy) constant.

To tune Q but not @,, adjust the ratio R/R5 (C,/C,) keeping the product of R;R; (C,Cy)
constant.
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CHAPTER 10 - HOMEWORK SOLUTIONS
Problem 10.1-01

Plot the analog output versus the digital word input for a three-bit D/A converter that has +1
LSB DNL and =1 LSB INL. Assume an arbitrary analog full-scale value.
Solution

Below is a characteristic of a 3-bit DAC. The shaded area is not permitted in order to
maintain =1 LSB INL.

§ T T T T r T T r T 4 1

8 | ! ! ! ! ! | : i

7 | R L L L L L '

8 | ' i o -1LSBEEE 1 ]
o 6 |______ Lo L . DNL &+ . I
& g | D ]
= - Actual 3-bit Characteristic ! \: . .
S S5 |iiiioo S ry—— i-—--n < 1 H——
>t A |
S S — t-+1 LSB----1 U S S ]
= 8 L N\ . { (-ILSB |
&2 blLsE s pemmmot INL i
j% 2 [LDNL | i+ ldeal 3-bit Characteristic 7

8 | ! : ! ! ! ! |

B —1 R S I I Joee

8 | : ! ! ! ! ! |

Q 1 1 : L : L : L : L : L : L

8 000 001 010 011 100 101 110 111

Digital Output Code $10.1-01
Problem 10.1-02

Repeat the above problem for £1.5 LSB DNL and 0.5 LSB integral linearity.
Solution

The shaded area is not permitted in order to maintain £0.5 LSB INL. Note that the DNL
cannot exceed +1 LSB.

§ T T T T r T r T r T r T
8 | ! ! ! ! ! ! '
7 | S I I | -1LSB__ S |
8 | ! ! ! ! DNL\: ]
o 6 | R R L L LN T
& g | N 5
£ s [ Actual 3-bit Characteristic ! . .
o 2 pL______ Lo Qe TN (R R, [ Ao ]
> i L ' +0.5LSB \: i 5 l
= 1 | 1 1
e F———— INL —————— —- - — -~ — Fm———— 4————
£38 | i : P «-05LSB | |
an 3 1 1 1 1
S % [+ILSBTTTI] e U\:IL I ]
£ 2 | _DNL > ___i=—ldeal 3-bit Characteristic __|
8 | ! : ! : : ! |
NI — AN e N I T o]
8 [ ! ! ! ! ! |
Q 1 L : L : L : L : L : L : L
8 000 001 010 011 100 101 110 111

Digital Output Code 510.1-02
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Problem 10.1-03

Repeat Prob. 1, for 0.5 LSB differential linearity and +1.5 LSB integral linearity.

Solution
The shaded area is not permitted in order to maintain +1.5 LSB INL.

3 . :

8 | C ]

VAN B S - —

O [
AR S S -
s 8 | Actual 3-bit Characteristic —
S S oo T p— Em—— N Y,
> 8 [ RN 7
N S— HE— 5LSB
= L +1.5LSB ! INL 1
I D I N e B S S e
s - -bit Characteristic' 1
ERE I S T

8 [ -7 ]

1 }N+O ':r _______

8 | : : ]

Q L M 1 : 1 : 1

8 000 001 010 111

Digital Output Code 510.1-03
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Problem 10.1-04

Page 10-3

The transfer characteristics of an ideal and actual 4-bit digital-analog converter are shown in
Fig. P10.1-4. Find the +INL and +DNL in terms of LSBs. Is the converter monotonic or

not?

16/16
15/16
14/16
13/16
12/16
11/16
10/16

9/16

7/16
6/16
5/16
4/16
3/16
2/16
1/16

Analog Output (Normalized to Full Scale)

+1.5LSB
DNL > T
Actual 4-bit DAC

8/16 characteristic

~

Infinite resolution
DAC characteristic

«—

A

A\ 4

0/16

characteristic

—>

\Ideal 4-bit DAC

3 4'7
A 4

bl 0
b2 0
b3 0
b4 0

— OO O

Solution

OSO=O O

—_——O0 O

OO~ O
—_ O =O

O=—=O

—_——_ O

1
0
0
0

—_O O =
OS—=O-=
—— O =
SO~
—_—_ ==

Digital Input Code

O ===

[ ST N Y

+1LSB
INL

-1.5LSB
INL

™ -2LSB

DNL

S10.1-04

INL: +1LSB, -2.5L.SB, DNL: +1.5LSB, -2LSB, the converter is not monotonic.

Problem 10.1-05

A 1V peak-to-peak sinusoidal signal is applied to an ideal 10 bit DAC which has a Vg of
5V. Find the SNR of the digitized analog output signal.).

Solution

A 1V peak sinusoideal signal is applied to an ideal 10 bit DAC which has a Vppp of 5V.
Find the SNR of the digitized analog output signal.

Solution

The SNR,,,. = 6.02dB/bit x 10bits + 1.76dB = 61.96dB

The maximum output signal is 2.5V peak. Therefore, the 1V peak signal is 7.96dB smaller
to give a SNR of the digitized analog output as 61.96-7.96 = 54dB

. [SNR = 54dB |
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Problem 10.1-06

How much noise voltage in rms volts can a 1V reference voltage have and not cause errors
in a 14-bit D/A converter? What must be the fractional temperature coefficient (ppm/°C) for
the reference voltage of this D/A converter over the temperature range of 0°C to 100°C?

Solution

1 1
The rms equivalent of a 1V reference voltage is ﬁ V. Multiplying by 2? gives

1
Rms noise = —F—=—7=21.6uV(rms) — | Rms noise =21.6uV
a1 = 2LouV(ms) | 1 |

To be within +0.5LSB, the voltage change must be less than or equal to 2713,

AV 215
v T I ) _
<. ppm/C =E= 100C° =2-16,384-100 = 0.3052pppm/C° — | 0.3052ppm/C |

Problem 10.1-07

If the quantization level of an analog-to-digital converter is A, prove that the rms
quantization noise is given as A\f12.
Solution

Assume the quantizer signal appears as follows.

T
1
The rms value of g(x) is Tf qz(x)dx where g(x) = 0.5Ax and T = 2.

. rms value of g(x) =

rms value of g(x) = é/‘\h:Z
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Problem 10.2-01
Find I, in terms of 11, I, I3, and I4 for the circuit shown.

Solution

lour = 1o

I sees R to the rightand R to the left sothat | Iy = 5

Figure P10.2-1

I requires the use of Norton’s theorem to see the results.

lour lour
AAAY AAAY
2R 12(]{) 2R% R%Q’Z(iﬂ% 2R% R%
lour lour
—_— —_—
I (i) I
S10.2-01A
p)
lour =7
I3

Repeating the above process for Ig will give loyr=|loyr = ¥
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Problem 10.2-02

A digital-analog converter uses the binary weighted [ [ L
current sinks shown. b, is the MSB and by, is the g g N g
LSB. bl b2 bN

a.) For each individual current sink, find the ] i i
tolerance in +percent necessary to keep INL less than 5 4 AAYY

+0.5LSB if N =4 assuming all other bits are ideal.

b.) Considering the influence of all current sinks,
what is the worst case tolerances in +percent for each sink?

Solution

I +] 1
a.) AnLSB = 2_N’ therefore each sink must have the accuracy of 0.5 LSB = SN =37 .

+
I 16 +100
Tolerance osz TxlOO% = T% =+6.25%
+1
I I I 1 I 8 +100
1/4: I* =7 1 = 3= Tolerance ofzz TXIOO% = T% =+12.5%

| Similarly, the tolerance of//8 and I/16 are £25% and +50% respectively. |

2i-N
The tolerance of the ith current sink = - x100%

b.) In this case, assume that all errors add for a worst case approach. Let this error be x.
Therefore we can write,

I I L L r r r 1\ I
2+x+4+x+8+x+16+x32+4+8+16+32

I 1 1 1 I 1 1
T+ 7+ +Tg|+#<|7+7+3+78

or

Thus the tolerances of part a.) are all decreased by a factor of 4 to give +1.5625%,
+3.125%, +6.25%, and +12.5% for 1/2, 1/4, I/8, and 1/16, respectively.

1 1 1 1
7= 11.5625%,Z:> 13.125%,§:> +6.25% and 16 = +12.5%

2i-N
The tolerance of the ith current sink = N x100%
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Problem 10.2-03

. . . . bl/ R Ro Vout
A 4-bit, binary weighted, voltage scaling —A\\W ANN——0
digital-to-analog converter is shown. (a.) by Ry
If Ro=7TR/8, R1 = 2R, Ry = 4R, R3 = 8R, /. +<> _193/4\%\/‘
R4 = 16R, and Vps = 0V, sketch the N\ _/4\/\/\/_ y
digital-analog transfer curve on the plot on _194/ Ry |\ SVos
the next page. (b.) If Rg=R, R1 = 2R, R = —WN- =

= 4R, Rz = 8R, R4 = 16R, and Vpg =

(1/15)VgeF, sketch the digital-analog

transfer curve on the plot shown. (c.) If Rg =R, R; = 2R, Ry = 16R/3, R3 = 32R/5, R4 =
16R, and Vs = 0V, sketch the digital-analog transfer curve on the previous transfer curve.
For this case, what is the value of DNL and INL? Is this D/A converter monotonic or
not?

Solutions

z(b 1 by b3 by

b, by by b,
VRep =82 * 4+ + § * E)VREF

(a.) vout=RO[R_l+ E+ R_3+ E

707 7T 7 o
Vour =116 + 24 + 684 + 128 | Vrer = g X ideal characteristic

(b.) The equivalent circuit is given as shown.
R

54+ T+ 7+ T¢ cq- Vout
IR I T T AA—
R
0 >
Vour = R, VeertVos) + Vos
_ +
b, by, by b +
Vom:(TJFT““ g+ E)WREF‘VOS)+ Vos  VREF Vos
+ -
by by by by \16Veer) Vegr L L FOSE2S2B
Vour=\2 ¥ 4t *+ 16 15 J*t715

Gain error of 1/16 and offset of VREF/IS.

b1 b2 b3 b4
(c.) Vom=R0 R_l + R_z + E + E VREF =

16b, 12b, 5b; 2by
:( 37+t 33t 33+ 32)VREF — Used to generate the plot on the next page

b 3 by b
2+ 76+t 32 * 16) VreF

| INL = +0.5LSB and -1.0LSB DNL = +0.5LSB and -1.5LSB |

| This DAC is not monotonic. |
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Problem 10.2-3 - Continued

6, 1 oy __
615

16 Part (b.)

15 -
16

16 -1.5LSB
13

12 DNI, =
16 +0.5/LSB

11 Tdedl Einite 4

1
16 TOTOT T tT

10 Resolutipn T V
16 Charactefristic < Part (a.)

16

16

16

16
16 | INL=
16 vy | 4 ¥

3 ‘4 ™ Eart(c.)
16 1 L]

» |15 \IN =-[1.0LSB
16
oy
16 T

Analog Output Voltage Normalized to Vggr

16

)

OO
—OOO
O—=OO
(a)
—_—OOO—

1 1
0 0
1

1 0 1
Digital Input Code F98E2S2

OO—O
—O—=O
O—=—O
OO
oo~
pt OO bt
OO o et
ok e e et
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Problem 10.2-04

Page 10-9

A 4-bit digital-to-analog converter characteristic using the DAC of Fig. P10.2-3 is shown
in Fig. P10.2-4. (a.) Find the DNL and the INL of this converter. (b.) What are the
values of R, through Ry, that correspond to this input-output characteristic? Find these

values in terms of Ry

16/16
Ideal DAC
15/16 Characteristic
14/16
_13/16 \
L
s 12/16
N
= 11/16 L
I
S 10/16
'§ 9/16
‘é 8/16
g 7/16
Z 6/16
2 5/16
=
< 416 \Actual 4-bit DAC
% 3/16 - characteristic
=
2/16
< \ Ideal 4-bit DAC
1/16 characteristic
0/16
bOO 0O 0OOOO OO 11T 11111
b1 0 O OO 1 1 1 1 0O0O0O0OT1TT11
b2 0 0 1 1 0 01 1 0 O 1 1 O O 1
b330 1 0 10 101 01 01 01 0
Digital Input Code
Figure P10.2-4
Solution
(a.) INL = +0.5LSB and -2.0 LSB, DNL = +0.5LSB and —1.5LSB.
(b.) Note that vy can be written as,
by by by b3
vour = -Ro [E TR, TRt R_J VREF
VREF 5VREF

U Uy WY

32

For 0001, l voyd =—7g - = R4=16R,. For 0010, lvoyd=—735 - = R3=T7 Ry.

3VREF 16 VREF

For 0100, lvoyrl =76~ = Ry=73 Ry. For 1000, | voyrd ="

—> R1=2R0
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Problem 10.2-05

For the DAC of Fig. P10.2-3, design the values of R, through R, in terms of R, to achieve
an ideal 4-bit DAC. What value of input offset voltage, Vg, normalized to Vppp will
cause an error? If the op amp has a differential voltage gain of
106
) =00

at what frequency or rate of conversion will an error in conversion occur due to the
frequency response of the op amp? Assume that the rate of application of digital words to
be converted is equivalent to the application of a sinusoidal signal of equivalent frequency.

Solution

The values of the resistors are Ry = 2R, Ry = 4Ry, R3 = 8Rj, and R4 = 16R,,.

A model for the input offset voltage influence on the DAC is shown. The output voltage is,
YOUT= "R, VREF + ( REo. ) Vos Re R

We see that the largest influence of Vg is when R, _'\/\/% vg ur

is minimum which is R{lIR)lIR5lIR4 = (16/15)R.

15 1
(1 + E) VOS <0.5LSB = 3_2VREF VREF—__ +

X < A A1 |l=7h =
VREF = (32X31) 62=0.01613 L -  Fig. S10.2-05
For the maximum conversion rate, the worst case )
occurs when the loop gain is smallest. The loop gain is given as
REo.
LG =- (m Avd
Which is minimum when Rgp = (16/15)R. The ideal output normalized toVggp is,
voyr{ideal) R 15
VrRer  ~ _(REQ.) - 16

The actual output normalized toVzgp 1is,

AygR 1 15

vour(actual) = R +REQ. - 37 - 37
Veer T AwRpp. T 1 16T s 16
I+ R TR *Reg. Avd T 3T g6t 31

where we have assumed that @ >> 100 rads/sec which gives A, 4(s) = 10%/s.

15 1

voyr(actual) 29
~ Vorr | 21632 = 37 (Actual is always less than ideal)

VREF

An error occurs when
15

3T 29 162 [ ®max 152 (322
=37 7 (_J "1 106 : (ﬁj (ﬁj
\/(wmax

Omax P (1632
106 ) T30

Omax 15 32V 162
e (5327 (1] g 13
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Problem 10.2-05- Continued

Opax < 0.1367x10° rads/sec. = fnax <21.76 kHz

max —

Note that 21.76 kHz is much greater than 15.9 Hz (100 rads/sec.) so that the
approximation used for A, ,(s) is valid.

Problem 10.2-06

An 8-bit current DAC is shown. Assume that the full scale range is 1V. (a.) Find the value
of Iif R = 1kQ. (b.) Assume that all aspects of the DAC are ideal except for the op amp.
If the differential voltage gain of the op amp has a single pole frequency response with a dc

gain of 10°. Find the unity gainbandwidth, GB, in Hz that gives a worst case conversion
time of 2us. (c.) Again assume that all aspects of the DAC are ideal except for the op amp.
The op amp is ideal except for a finite slew rate. Find the minimum slew rate, SR, in V/us
that gives a worst case conversion time of 2ys.

Vout
J— N N l '\/ﬁ/\’ °
=& & && &6
; I I By
2 4 128
= = = — —  FY7EIP3
Solution
(a.) FSR=2I'R=1V = I=1V/2kQ = 500uA | I =500pA |
(b.) Model for part b.
. . R R
I = all bits switched Vout
eq ) o
to the op amp input. Wy ) Wy
—_ v
The worst case occurs leq —  Ieg +Vi AyV; out
when all bits are Q
switched to the op = = — — —
amp.
Rl
- Vout = AVVi = AV[Rqu - Vout] = Vout(1+Av) = AVRqu = Vout =1
Ao+ 1
A,
or Vous) = S_eq_ Assuming a step input gives V  .(s) = SJ— 5
GB + | GB * |

LAV (9] = Vo (0 = RI [T - e GBY p(o)

Error(t) = Rqu - Vou(t) = Error(T) = eOBT= 1281 =1/512 = eGBT=512

If T= 2s, then GB is given as GB = 0.5x106 In(512) = 3.119x10% .. [GB= 0.496MHz |
(c.) Slew Rate:

Want AV/AT = 1V/2ps = 0.5V/ps assuming a AV = 1V. .. | SR =0.5V/ps |
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Problem 10.2-07

What is the necessary relative accuracy of resistor ratios in order for a voltage-scaling DAC
to have a 8-bit resolution?

Solution

Since the voltage scaling DAC has very small DNL errors, let the 8-bit accuracy
requirement be determined by the INL error.

AR

AR 2 1 1
INL =2N-15=<0.5 N R <y v =%

N TN T 25

N —

AR
xR < 0.39%

Problem 10.2-08

If the binary controlled switch b, of Fig. P10.2-3 is closed at ¢ =0, find the time it takes the
output to achieve its final stage (-Vpp/2) by assuming that this time is 4 times the time
constant of this circuit. The differential voltage gain of the op amp is given as

10°
A =55 10 =0+ R
. 0 Vour
Solution
The model show will be used for this solution. y +|R1=2Ro
The transfer function for this problem can be REF—
written as, = — Fig. S10.2-08
RiA,(5)
Vourl$) — (Ro\ _ Ri+Ry
Vin(s) = "Ry RiA ) = 03
1+ R1+R0
1 05— ( 0.667x10° ]
1.5 = Y2 1.5s = 6
—_— —_ s+0.667x10
Avd(s) +1 GB +1
For a step input of magnitude Vpgp, we can write,
0.667x10° '\ VreF 1 1
Vo) = 03 _oft Ly
outls) (s+0.667x106j s S 7 5+0.667x106] ~REF

The inverse Laplace transform gives,
Vourlt) = _()_5[1_6—0.667x106¢]VREF

The time constant of this circuit is 1/(0.667x10°) = 1.5us which means that it will take 6ps
for the DAC to convert the switch change to the output voltage.

.. Time for conversion = 6us.
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Problem 10.2-09

What is the necessary relative accuracy of capacitor ratios in order for a charge-scaling
DAC to have 11-bit resolution?

Solution

Perfect DNL will be impossible to achieve so let us use INL to answer the question and see
what the DNL is based on the INL.

AC

AC 2 1 1
INL=2N1-5 <05 N < S v =%

2N 2N =2048

N —

AC AC
< < 0.0488% The corresponding DNL = (2N-1) = =~ +1LSB
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Problem 10.2-10

For the charge scaling DAC of Fig. 10.2-10, investigate the influence of a load capacitor,
C;, connected in parallel with the terminating capacitor. (a.) Find an expression for v

as a function of C, C;, the digital bits, b;, and Vppp. (b.) What kind of static error does
C; introduce? (c.) What is the largest value of C;/C possible before an error is introduced
in this DAC?

Z32CL -

Solution
CLQLQL
2 4 2 N-2 2 1 2 N-1 '
O
50 SN-1 i\ Terminating
¢2

T ¢2T i Capacitor
VREFo [ J_— L Fig. $10.2-10

b |
+
<
=)
g
~

(a.) Charge conservation gives,

C C C
CTotalVOUT=(bOC oz b by st bN-lzN—l)VREF
where Cpyu =2C + Cy.

C by by b2 bn-i
vour =\2C+ Cp J|bo+ 27+ T+ not v | Veer
1 N(bo b1 Dy by.o bn-1
1+ 2C
Cr\(bo b1 Dy bn.o by-i
(b.) If C; << 2C, then vpyr z(l - 2—)[7+ T+ g+ Tyt —jVREF

which introduces a gain error.

(c.) From the previous result, the error term can be written as,
2(’?0 by by by bN-lj 1 VrEF

5+ 7+ gt 2—_+ ~—~ |\VrEF <7 N =0.5LSB

1
< < 5 b, zz_N when all bits are 1 and N > 1.
2N
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Problem 10.2-11

Express the output of the D/A converter shown in Fig. P10.2-11 during the ¢ period as a
function of the digital bits, bj, the capacitors, and the reference voltage, VrRgp. If the op
amp has an offset of Vg, how is this expression for the output changed? What kind of
error will the op amp offset cause?

N ¢1

c== ZCJ_ 2n—2cJ: 2n—lc_ 2nC

- : _—_ | L ovour
Fn/ by, |bn-l bn.1 Fz/bz | E/ b1

AN
°©
N
S
|

+
VREF
. — 1F1gure sl?jg 11A ZIY;C VOUT
Solution I{ I{ 7o)
Yos=0: VREF ) 0o
Cx
bo=1: vour :'%VREF = Fig. S10.2-11B
i=1
Zbi2”2'iC l.=
o bi
vour =- e VREF - vour =- ~i |VREF
L,
(bo=1)

by =0: Reverse ¢; and ¢, to get,

i=1

E:bi
vour =+ ; RErF |(bo=0)
L.
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Problem 10.2-11 — Continued

Cy onc Vos
Vos # O: I | vt
+
At ¢, we have, VREF
From this circuit, we can write that, -
= = Fig. S10.2-11C
C(VRer -Vos) =2"C(Vgs = Vs —
vour)
or
v =- -
our=-5uc (VreF = Vos
i=1
b;
vour =- i Vrer — Vos) (bp=1)
L
and
1=
b;
vour =+ i Vrer — Vos) (by=0)
L

causes a gain error.

<
QS
o
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Problem 10.2-12
Develop the equivalent circuit of Fig. 10.2-11 from Fig. 10.2-10.

Solution

For each individual capacitor connected only to Vzpr we can write,
£ £ £
Vour = VREF 2C > Vour = VREF 4C » Vour = VREF 8C > +++-

Note that the numerator consists only of the capacitances connected to Vzgp . If these
capacitors sum up to C,,,. then the remaining capacitors must be 2C - C,,. Therefore, we
have,

S$10.2-12
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Problem 10.2-13

If the tolerance of the capacitors in the 8-bit, binary-weighted array shown in Fig. P10.2-
13 is #0.5%, what would be the worst case DNL in units of LSBs and at what transition
does it occur?

T clclcLlelclclcLlce L o

EEYYrr YN

Figure P10.2-13

Solution

The worst case DNL occurs at the transition form 01111111 to 10000000.
+DNL:

Gy

Ideally, vour=3c-C__ + C, Vrep- The worst case is found by assuming that
all of the C,, capacitors are maximu and the 2C-C,,, capacitors are minimum. However, for
the above transition, the maximum, worst case positive step can be written as

1.005 O. 995[ 1
Max. step = vy (10000000) — vo(01111111) = Vgpr =5 - —3 \ T 128
1% 1 |4
= =55 1005 - 0.995(1- 75| =5 [1.005 - 0995(0.9922) Vi
= 0.008887Vpr
An LSB = VREF/256 = 0003906VREF
0.008887

+DNL = 0.003906 - 1=2275-1=1.275LSB

-DNL.:

For this case, let the C,,, capacitors be minimum and the 2C-C,,, capacitors be
maximum. Following the same development as above gives,

. 0.995 1.005( 1
Min. step = vour (10000000) ~ voyOULILILD = Vegr ~ 5 - =7 {1~ T8
VREF 1 VREF
=— [0.995 . 1.005(1- 128)} [0.995 — 1.005(0.9922)]Vgr
= -0001074VREF

-0.001074
-DNL = 0.003906 - 1 =-0.2750-1=-1.275 LSB
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Problem 10.2-14

A binary weighted DAC using a
charge amplifier is shown. At the
beginning of the digital to analog —
conversion, all capacitors are discharged.
If a bit is 1, the capacitor is connected to
Vppp and if the bit is O the capacitor is

connected to ground. +]
a.) Design Cy to get

)

Yourt
® i o)

|

\/[\-) ~1
®
<

|

VREF—

b b b |
L. 2 AL = = FO7E1P2
VOUT=(2 g 2NJVREF' -

b.) Identify the switches by b; where i = 1 is the MSB and i = N is the LSB.

c.) Find the maximum component spread (largest value/smallest value) for the capacitors.
d.) Is this DAC fast or slow? Why?
e.) Can this DAC be nonmonotonic?

f.) If the relative accuracy of the capacitors are 0.2% (regardless of capacitor sizes) what is
the maximum value of N for ideal operation?
Solution

' K‘g \
aQ

a.) Solving for v, gives

c  2c 2N e Ne | which of
Vour = CX+ CX+ e Cy Vepr » therefore |C , = 27YC | which gives
1 L
Your=|,N t o1t o 2)VREF
b.) See schematic for switch identification.

¢.) The maximum component spread is Cy/C which is | Max. component spread = 2N

d.) This DAC should be fast because there are no floating nodes.
e.) Yes, the DAC can be nonmonotonic.

v
f.) Let C, q be all capacitors connected to Vppp. - m: T, -

For the worst case, let C, q be C, gt AC, and C,be C, - AC, which gives
Vout Ceq+ACeq (1+AC L/ ] C_eq (1 +0.002) (ﬁ (501 )
= - C =

VRer = C-AC, 1-acyc, |~ G, (1-0.002 )=~ C, |49
Vout Vout, a ‘ C_ecL+ (501 B 2 &‘L 1
2N 1

2
The largest value of C, /C, is eN-12N. 499 < 2N-1)2N+1) 2N

(Note that N is almost equal to 8.)
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Problem 10.2-15

A binary weighted DAC using The circuit shown is an equivalent for the
operation of a DAC. The op amp differential voltage gain, A (s) is modeled as

Avd(O) ®, GB

A (s) = = .
vd(S) s+,  s+0,

a.) If w, goes to infinity so that A (s) = A, (0), what is the minimum value of A (0) that
will cause a 0.5 LSB error for an 8-bit DAC?

b.) If A /0) is larger than the value found in a.), what is the minimum conversion time for
an 8-bit DAC which gives a +0.5 LSB error if GB = IMhz?

Solution
a.) Model for the circuit: ) I é ) I O Vour
C C ¢ 2 ¢

Vi = (m) VREF (m) Vour VIN Vi -Av;
and B

Vour = -AV; = ‘I‘ =

A
-A A Your 2
- Your="2 Vour 2 VREF = vppp - LA

Setting the actual gain to -1+0.5L.SB gives

054 11 -511 5124 511A A
+054 =\ -22%6)) =312 = -2 =-51-73- = 7=511 =
A = 1022

b.) If A (s) = -GBl/s, then the s-domain transfer function can be written as

VoulS)  -GB/2 -0y 21106
Vegr 5 + GBI2= =

s+ 0y
The time domain output can be written as
Vout(t) = ‘1[1 - e_wHt] VREF
Setting v, (#) = -1£0.5LSB and solving for the time, 7, at which this occurs gives

6.283

1 —
—onT _ — HT _ = =
d+e@l=-1+377 = M =512 = 0,T=n(512) = T=3 "5

or

| T =1.9857us |
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Problem 10.2-16
A charge-scaling DAC is shown in Fig. P10.2-16 that uses a C-2C ladder. All capacitors
are discharged during the ¢, phase. (a.) What value of Cp.is required to make this DAC

work correctly? (b.) Write an expression for v,y during ¢, in terms of the bits, b,, and
the reference voltage, Vppp. (c.) Discuss at least two advantages and two disadvantages
of this DAC compared to other types of DACs.

Solution

-VREF -VREFI2 -VREFI4 -VREFI8

yd
2 12 12 1 o vour
Mﬁ@ﬁ@\@’ﬁk 1%

Cr
VREF I bj)%\ Agj f f )
Fig. $10.2-16

@) [Cr=2C

by bi\Vrer (D2\VrRer (b3\VREF
(b.) VOUT:(T)VREF +(2 5 (_) 4 +(7) 8

by by by b3
VouT =(7+ 7 tg + E)VREF

(c.) Advantages:
1.) Smaller area than binary-weighted DAC.
2.) Better accuracy because the components differ by only 2:1.
3.) Autozeros the offset of the op amp.

Disadvantages:

1.) Has floating nodes and is sensitive to parasitics.
2.) Parasitic capacitances at the floating nodes will deteriorate the accuracy.
3.) Can be nonmonotonic.

4.) Requires a two-phase, non-overlapping clock.
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Problem 10.3-01

The DAC of Fig. 10.3-1 has m = 2 and k = 2. If the divisor has an incorrect value of 2, express
the £/NL and the £DNL in terms of LSBs and determine whether or not the DAC is monotonic.
Repeat if the divisor is 6.

Solution
The general form for the output of this DAC is,

vour b0 b by b
Veer= 2 TA T2k tk

k=2:
vour by b1 by b3
Vepr=2 *3+T 4T
The result is:
BO | Bl B2 | B3 Ideal Actual Ideal DNL Actual DNL | Ideal INL Actual INL
ol o o o 000000 0.00000 - - 0.00000] _ 0.00000)
ol o o 1 006250 0.12500] 0.00000]  1.00000] _ 0.00000] _ 1.00000)
ol o 1| o 0.12500 025000 0.00000] 1.00000] 0.00000] _ 2.00000
ol o 1| 1] 0.18750 037500 0.00000]  1.00000] _ 0.00000] _ 3.00000
ol 1 o o 025000 025000 0.00000] -3.000000 0.00000]  0.00000
ol 1 o 1 031250 037500 0.00000]  1.00000]  0.00000] _ 1.00000
ol 1 1] o 037500 050000 0.00000]  1.00000]  0.00000] _ 2.00000
ol 1 1| 1] 043750 0.62500]  0.00000]  1.00000] _ 0.00000] _ 3.00000
i o o o 050000 050000 0.00000] -3.00000 0.00000] _ 0.00000
[ o o 1 056250 0.62500 0.00000  1.000000 0.00000]  1.00000
i o 1 o 062500 0.75000 0.00000  1.00000] 0.00000]  2.00000
i o 1| 1 068750 087500 0.00000]  1.00000]  0.00000] _ 3.00000
1 o o 075000 0.75000  0.00000 -3.000000 0.00000]  0.00000
i 1 o 1 osi25 0.87500 0.00000  1.00000] 0.00000]  1.00000
i 1| 1| o 087500 1.00000] 0.00000]  1.00000]  0.00000] _ 2.00000
1 1 1] 093750  r.12500  0.00000  1.00000]  0.00000]  3.00000

s INL=+43LSBand 0 LSB. DNL = +1LSB and —3LSB. Nonmontonic because DNL <
1LSB.
=6:
vour by by by b3
Veer=2 *A T2
The result is on the next page:

bl
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Problem 10.3-01 — Continued
BO | B1 | B2 | B3 Ideal Actual Ideal DNL | Actual DNL | Ideal INL Actual INL

of o of of 0.000000 0.00000] - - 0.00000]  0.00000]
o of of 1 0.06250]  0.04167]  0.00000]  -0.33333]  0.00000( -0.33333
o o 1f of 0.125000 0.08333  0.00000] -0.33333]  0.00000] -0.66667
oo of 1f 1 0.18750,  0.12500  0.00000] -0.33333]  0.00000] -1.00000]
oo 1 of of 0.250000 0.25000]  0.00000]  1.00000]  0.00000/  0.00000
oo 1 of 1f 0312500 0.29167]  0.00000] -0.33333]  0.00000] -0.33333
o 1f 1f o  0.37500, 0.33333]  0.00000] -0.33333]  0.00000] -0.66667
o 1f 1f 1 0.43750]  0.37500]  0.00000]  -0.33333]  0.00000]  -1.00000
1 of of o 0.500000 0.500000 0.00000 1.00000[  0.00000  0.00000
11 o of 1f 0.56250 0.54167]  0.00000 -0.33333]  0.00000( -0.33333
| o 1f of 0.625000 0.58333  0.00000] -0.33333]  0.00000] -0.66667
i of 1f 1] 0.68750  0.62500  0.00000( -0.33333[  0.00000[ -1.00000
i1 11 of of 0.750000 0.75000(  0.00000  1.00000  0.00000  0.00000
| 1f o 1 0.81250]  0.79167]  0.00000]  -0.33333]  0.00000(  -0.33333
il 1f 1 o 0.87500  0.83333]  0.00000 -0.33333]  0.00000( -0.66667
i1 1 1f 1 0.937500  0.875000  0.00000 -0.33333]  0.00000[ -1.00000

INL =+0LSB and -1 LSB.

DNL = +1LSB and —0.333L.SB. Montonic because DNL

> -0.333LSB.
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Problem 10.3-02
Repeat Problem 10.3-1 if the divisor is 3 and 5.

Solution
by b by b3\Vggr [bg by by D3
o P (5 P L % B
BO| B1 | B2 | B3 Ideal Actual Ideal DNL [Actual DNL| Ideal INL | Actual INL
O O 0 0 0.00000 0.00000 - - 0.00000 0.00000
o o0 0 1 0.06250 0.08333 0.00000 0.33333 0.00000 0.33333
o o0 1 0 0.12500 0.16667 0.00000 0.33333 0.00000 0.66667
O O 1 1 0.18750 0.25000 0.00000 0.33333 0.00000 1.00000
0f 1 0 0 0.25000 0.25000 0.00000(  -1.00000; 0.00000 0.00000
0f 1 0 1 0.31250 0.33333 0.00000 0.33333 0.00000 0.33333
0f 1 1 0 0.37500 0.41667 0.00000 0.33333 0.00000 0.66667,
0f 1 1 1 0.43750 0.50000 0.00000 0.33333 0.00000 1.00000
1 0 0 0 0.50000 0.50000 0.00000f  -1.00000; 0.00000 0.00000
1 0 0 1 0.56250 0.58333 0.00000 0.33333 0.00000 0.33333
1 0 1 0 0.62500 0.66667 0.00000 0.33333 0.00000 0.66667
1 0 1 1 0.68750 0.75000 0.00000 0.33333 0.00000 1.00000
1 1 0 0 0.75000 0.75000 0.00000f  -1.00000; 0.00000 0.00000
1 1 0 1 0.81250 0.83333 0.00000 0.33333 0.00000 0.33333
1 1 1 0 0.87500 0.91667 0.00000 0.33333 0.00000 0.66667
1 1 1 1 0.93750 1.00000 0.00000 0.33333 0.00000 1.00000

From the above table, INL = +1LSB and —OLSB, DNL = +0.33LSB and —1L.SB. The DAC is
on the threshold of nonmonotonicity.

by bl) (bz bj VREF_[bO by by b3}

k=5: vOUT:(7+ 7 \VRer *\2 + 7 5 5+ 7+ 170+ 20 |VREF

BO| B1 | B2 | B3 Ideal Actual Ideal DNL [Actual DNL| Ideal INL | Actual INL
0f 0 0 0 0.00000 0.00000 - - 0.00000 0.00000
0f 0 0 1 0.06250 0.05000 0.00000f  -0.20000; 0.00000[  -0.20000;
0f 0 1 0 0.12500 0.10000 0.00000f  -0.20000; 0.00000[  -0.40000;
0f 0 1 1 0.18750 0.15000 0.00000f  -0.20000; 0.00000  -0.60000;
0f 1 0 0 0.25000 0.25000 0.00000 0.60000 0.00000 0.00000
0f 1 0 1 0.31250 0.30000 0.00000f  -0.20000; 0.00000[  -0.20000;
0f 1 1 0 0.37500 0.35000 0.00000f  -0.20000; 0.00000f  -0.40000;
0f 1 1 1 0.43750 0.40000 0.00000f  -0.20000; 0.00000]  -0.60000;
1 0 0 0 0.50000 0.50000 0.00000 0.60000 0.00000 0.00000
1 0 0 1 0.56250 0.55000 0.00000f  -0.20000; 0.00000f  -0.20000;
1 0 1 0 0.62500 0.60000 0.00000f  -0.20000; 0.00000[  -0.40000;
1 0 1 1 0.68750 0.65000 0.00000(  -0.20000; 0.00000[  -0.60000;
1 1 0 0 0.75000 0.75000 0.00000 0.60000 0.00000 0.00000
1 1 0 1 0.81250 0.80000 0.00000f  -0.20000; 0.00000[  -0.20000;
1 1 1 0 0.87500 0.85000 0.00000(  -0.20000; 0.00000[  -0.40000;
1 1 1 1 0.93750 0.90000 0.00000f  -0.20000; 0.00000  -0.60000;

From the above table, INL = +0LSB and —0.6LSB, DNL = +0.6LSB and —-0.2LSB. The DAC
1S monotonic.
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Problem 10.3-03

Repeat Problem 1 if the divisor is correct (4) and the V- for the MSB subDAC is 0.75Vpr-
and the Vppp for the LSB subDAC is 1.25V )

Soluiton
The analog output can be written as,

bo b1\3Verer (by b3\5Vrgr [3by 3by 5by 5by
VOUT=(7+ 4_) ( ) =[ g * 16 + 32+ 64 }VREF

T4t 2t 44
BO Bl B2 B3 Ideal Actual Ideal DNL Actual DNL Ideal INL  Actual INL
0 0 0 0 0.00000 0.00000 - - 0.00000 0.00000
0 0 0 1 0.06250 0.07813 0.00000 0.25000 0.00000 0.25000
0 0 1 0 0.12500 0.15625 0.00000 0.25000 0.00000 0.50000
0 0 1 1 0.18750 0.23438 0.00000 0.25000 0.00000 0.75000
0 1 0 0 0.25000 0.18750 0.00000  -1.75000 0.00000 -1.00000
0 1 0 1 0.31250 0.26563 0.00000 0.25000 0.00000 -0.75000
0 1 1 0 0.37500 0.34375 0.00000 0.25000 0.00000 -0.50000
0 1 1 1 0.43750 0.42188 0.00000 0.25000 0.00000 -0.25000
1 0 0 0 0.50000 0.37500 0.00000  -1.75000 0.00000 -2.00000
1 0 0 1 0.56250 0.45313 0.00000 0.25000 0.00000 -1.75000
1 0 1 0 0.62500 0.53125 0.00000 0.25000 0.00000 -1.50000
1 0 1 1 0.68750 0.60938 0.00000 0.25000 0.00000 -1.25000
1 1 0 0 0.75000 0.56250 0.00000  -1.75000 0.00000 -3.00000
1 1 0 1 0.81250 0.64063 0.00000 0.25000 0.00000 -2.75000
1 1 1 0 0.87500 0.71875 0.00000 0.25000 0.00000 -2.50000
1 1 1 1 0.93750 0.79688 0.00000 0.25000 0.00000 -2.25000

From the above table, INL = +0.75LSB and -3LSB, DNL = +0.25LSB and —1.75LSB. The
DAC is not monotonicity.
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Problem 10.3-04

Find the worst case tolerance of x (Ax/x) VREF=1V
in % that will not cause a conversion error
for the DAC shown. Assume that all bi—»| 3-bit
aspects of the DAC are ideal except for x. b i‘f)
(Note: that the divisor is 1/x so that x is b2_> ]Z;I:Ié '_% rour
less than 1.) 3—>
Solution VREF=1V
The tolerance is only influenced by the b -
bits of the LSB DAC. The ideal and 4—>  3-bit .
actual outputs are given as, bs—s{ LSB > oy
b

b, bs b 60— DAC Fig. FO7EIP1

vodidea =x| 5+ 77+ 3

by bs bg
v, ulactual) = (x £ Ax) [7+ T+ y}

- 7 [b_‘* bs b_} 1 __1
. Worst case error = v, (actual) - v, (idea)l < 172" = Ax|5 + 77+ 3 =Y 128

The tolerance is decreased if all LSB bits are 1. Therefore,

A 8 1 1

Ax|Z)=T28 =  AYSTT8=TI
Therefore, the factor x can be expressed as,

11 14 1
X £ A=g+*T2=T12 712

The tolerance of x is expressed as

+Ax  +1

Tolerance of x = —~ = 1= +7.143%
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Problem 10.3-05

Page 10-27

The DAC of Fig. 10.3-2 has m = 3 and k = 3. Find VREF
(a.) the ideal value of the divisor of Vp - designated
as x. (b.) Find the largest value of x that causes a ) 2 bit
1LSB DNL. (c.) Find the smallest value of x that 0 —» +
causes a 2LSB DNL. by MSB _’@_’VOUT
— DAC +A
Solution T
REF
bo b1 by b3 |
a) vour=VRen 2 + T+ 2kt Ik -
‘ ‘ by—s| 2-bit
k = 4 for ideal behavior. LSB >
b3— pac
b.) Letvpoyr =voyr when k # 4. Also note that Fig. $10.3-05
+1LSB = 1/16 when vgyr is normalized to Vppr.
vour -Vour 1
[b_O’ﬁlb_zlﬁ}{b_olll’_zl’i}lLb_zl’iL
2t At 2t 42t 48Tt 6] Tlk4\t2 T 4) =*16
4 4 1 2b2 + b3il
(E_l)(2b2+b3)=ilﬁ F=1i(2b2+b3) = 2b2+b3
4(2by + b3)
k=25, + by 1

Try various combinations of b, and bj:

4
by=0andb3=1 — k=TT =

2, 00
8 8
by=1and b3=0 - k=337 =73.8
12

by=1and by=1 - k=3:1 =46

The smallest, largest value of k that maintains £1L.SBis 6. .. k

(k 1s ideally 4 and the smallest of the maximum values is 6)
c.) For DNL, the worst case occurs from X011 to X100.
voyr(X100)-voy(X011)
VRrEF/16 -

Ll 1y _ 1 2 12
I-\2k ¥4k |=T6%T6 — 4-F% =1£2 -

==+2

~

12
k:m:120r2.4 sok=2.

12
T =3-(x2)
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Problem 10.3-06

Show for the results of Ex. 10.3-2 that the resulting /NL and DNL will be equal to —0.5LSB or
less.

Solution
Consider only the LSBs because the error in the division factor only affects the LSB subDAC.
INL:

The worst case INL occurs when both b3 and b, are on. Therefore,
L Ly6el) (3Y6xl) 62l 5 7
2t 4124 )7\4) 24 |32 =323
] 7 6 1
INL*(max) =V (actual) - V (ideal) =35 - 35 = 35 = +0.5LSB
6

5 -1
INL (max) =V (actual) - V (ideal) =35 - 35 =733 = -0.5LSB
Therefore, the worst case INL is equal to or less than +0.5LSB.
DNL:

The worst case DNL occurs when both bits of the LSB subDAC change from 1 to 0.
This corresponds to a change from 0011 to 0100. If the scaling factor is 7/24 corresponding to
the +1/24 tolerance, then

51 5 8 3
AV =V (0011) -V (0100) =35-7=37-37 =32
1

2 3 2
DNL* =AV,-35=35-33 =37 = +0.5LSB

If the scaling factor is 5/24 corresponding to the -1/24 tolerance, then

7 1 7 8 1
Av, =V (0011) -V (0100) =35-7=332-32 =33

) 2 1 2 -1
DNL :AV0-32=32-32=32=-0.5LSB

Therefore, the worst case DNL is equal to or less than +0.5LSB.
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Problem 10.3-07

A 4-bit, digital-analog converter is shown in Fig. P10.3-7. When a bit is 1, the switch
pertaining to that bit is connected to the op amp negative input terminal, otherwise it is connected
to ground. Identify the switches by the notation by, by, b3, or b4 where b; corresponds to the ith
bit and by is the MSB and b4 is the LSB. Solve for the value of R, which will give proper

digital-analog converter performance.

MSB LSB AN VOgT

o 5 5 5 R

bo= b= by= b3

Io I Izl 131
VREF 2R l 4R 2R 4R
+ _ Ry 4R
_;O Wy V, WAL 10507
Solution
VREF Iy Iy Iy
For this circuit to operate properly, ln =3 ,I1 =75, =7 ,and 3 =g .
. . VREF . . :

To achieve this result, V,, = =2 . The equivalent resistance seen to ground from the right of

R, can be expressed as,

Rpo = 2RI4RII4R) = 2RI2R = R

R VREF
Vi =R¥R, VREP) =%

R, = 3R
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Problem 10.3-08

Assume R1=R5=2R, R)=R¢=4R, R3=R7=8R, R4=Rg=16R and that the op amp is ideal. (a.)
Find the value of Rg and R in terms of R which gives an ideal 8-bit digital-to-analog converter.
(b.) Find the range of values of Rg in terms of R which keeps the INL < +0.5LSB. Assume that
Rip has its ideal value. Clearly state any assumption you make in working this problem. (c.)
Find the range of Rj( in terms of R which keeps the converter monotonic. Assume that Rg has
its ideal value. Clearly state any assumptions you make in working this problem.

Solution

(a.) |[Rg =16R and Rg = R

by by by b3\ R by bs bg by
) vour=VrenZ + T+ T+ T6)*RgVREFZ + T+ B+ T6

The worst case INL occurs when the bits in the MSB subDAC are zero and the bits in the LSB
subDAC are one.

R by bs bg Dby

vour =RgVRer\2 + T+ 3+ 16
) 1

vOUy(ldeal):EVREF(7+ 7+ 3%+ 716

by, bs bg by
)
bs bg 57)(R 1) 1 VREF

by
INL =vpyr - voyr(ideal) :VREF(T T+ %+ T16)|Rg " T6)=127256
R 1 R
512(0.9375)(138 - 16) =1 - Rg = 0.064583 — Rg = 15.4838R

. by bs be by 1 VREF
Also, INL =voyr - voyr(ideal) =Vp F(7+ T+ 37+ E) (R_8 - E): - 37556

=

R 1 R
512(0.9375)(@ - Ej =-1 — Ry = 0.060417 — Rg = 16.5517R

15.4838R < Rg < 16.5517R

(c.) Worst case monotonicity occurs when the bits of the LSB subDAC go from 1 to 0.

VRer(1 1 1 1 VREF (15
vour(LSBs :1):T(7+ I+t g+ E) :T(E)

N—

R (1
vout(b3=1, all others 0) = VREFR_g(E

L R (1N Vger(15 15
Nonmonotonicity = VREFR_9 161>"16 |16 — Rg < Tg R
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Problem 10.3-09

Design a ten-bit, two-stage charge-scaling D/A converter similar to Fig. 10.3-4 using two five-bit
sections with a capacitive attenuator between the stages. Give all capacitances in terms of C,
which is the smallest capacitor of the design.

Solution

The result is shown below.

- T I I T & T I T 1 Ef

[~ 16

REF% | D O D O D W D O D W D W O

)
\|

Fig. $10.3-09
The design of the connecting capacitor, Cg, is done as follows,
c 1 1. 1 _16 1 32 1 31
16=1 1 7 C,T2C=7¢C — (,T2C°2CF2C
C, t2C
2C
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Problem 10.3-10
A two-stage, charge-scaling D/A converter is shown in Fig. P10.3-10. (a.) Design Cy in terms

of C, the unit capacitor, to achieve a 6-bit, two-stage, charge-scaling DAC. (b.) If C; is in error
by ACy, find an expression for voyr7 in terms of Cy, ACy, b; and Vggr. (c.) If the expression
for voyr in part (b.) is given as

6
VREr (.. ,17ACx { 8AC b;26-i
= ° 23 1 + 1 © R —
YouT g ( 100C Zb 10Cx Z 8
i=4
what is the accuracy of Cx necessary to avoid an error using worst case considerations.
(L1
+ vouTt
| | s
C C 2C 4C C 2C 4C -
bsr R R R A
= G 2 T 17
T T 1
(The switch designated by bj is connected to VREF if
' the ith bit is "1" and ground if the ith bit is "0".)
L Fig. $10.3-10
Solution
(a.) The value of ng. must be C. Therefore,
111 17 3C
C =C, +8C - C,=8¢c — |G=77
(b.) The model for the analysis is found by using Thevenin’s equivalent circuits and is ,
2
Cx+ AC :
X x YOUT bi22'l
[ | { 1T V= 7 VREF
8C 7C
+ + i=0
V] vy > .
A D b2
— — vi= ~8 VREF
Fig. $10.3-10B
i=
1 1 1
— 4 ———
8C ™ c+AC, 7C
vour =1 1 1 Vet 1T T 1 Vi
8C T IC T C+aC, 8C T IC T ¢ +aC,
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Problem 10.3-10 — Continued

1 1
— 1
8C ¥ ¢ (1+AC,/C,) ol
vour =| 1 I I Vet | 1 1 Vi
IC + 70+ IC + 0+
8C T 7C T c (1+AC,/C,) 8C T TC T c (1+AC,/C,)
8C AC,
Let C, =77 and C, =€
1 T 1 1
8C T 8C 1+8) =
vour =\ 1~ 1T 71T \|WH T ~ 1T ~ 7/ 1T\|%
8C T 7C * 8C 1+8) gC +7C * @(HS)
1
Assume that 7 = 1-¢ to get,
1+
1.7 7¢ 1 Te 1
§+ 8- 3 7 1-73 7
= + — +
OUTTIL L 7 Te T L L 7 Te M7 L Te || 1 T
§+ 7+ 8- 3 §+ 7+ 8- 3 l+7-3 1+ 7
49¢e 49¢
T- 73 1 711 - 36 1
YOUT =17 4o |VrH | 49g | 178 49e |7 49\ !
8- 7 8- g - 64 - 64
49¢

g Vi 7 (4_94_9( 1_(419_8))
Your =8| T 19¢ Vr"'( 498) =gl +(64- 56 \vr+ L+ 56 )i
- o 1 - 35

- 64 56
2 5
7 Te b 2%t 1 49¢ 25
vour =3\ 1- 6% 7 Verer+ 71 + 35 8 VREF
i=0 =
5
2 .
VeRer( T& . Te bi25—z
VoUT =_{8 - g1 zbizz" + (1 + ?)2_8
i= i=3

(c.) The error due to AC, should be less than +0.5LSB. Worst case is for all bits 1.
17AC, 8A Cx]WREF Veer  VeeF AC

X

- 100C, * "10C,
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Problem 10.3-11

If the op amps in the circuit below have a dc gain of 10% and a dominant pole at 100Hz, at what
clock frequency will the effective number of bits (ENOB) = Tbits assuming that the capacitors
and switches are ideal? Use a worst case approach to this problem and assume that time
responses of the LSB and MSB stages add to give the overall conversion time.

C/8\ |
/1
4 —C e 4 —C e
ST 1 o1 T 01
_fs—_@_l\_ VO] _f __{2_1\.
1
) /2 — ) C/2 |—'—°+
be— ( 2C BT 2C
I I I | voUT
5 C/4 » ” C/4 »
|an's (EE3IS
y =\t % VRer—=|[" b3~ 02
REF|- C/8 + C/8
J%__l F -’\_{él.__l F
e ya A ]
L bsT ] 1 b ]
LSB Array MSB Array FO7FEP3
Solution
The worst case approach assumes that all capacitors are =0 %IC %IC Vour(t)
switched into the op amp input and that both stages can be A A o
modelled approximately as shown. +
With a single pole model for the op amp, it can be shown ;_VREF
that the -3dB frequency is given as follows where C; = C, l FOTFES3
gives the lowest -3dB frequency. - -
GB-C, GB
Wy = m =7 = ntx100 radians/sec
S vOMt(t) = (C]/C2)[1 - e_wH t]VREF
. 1 Veer  Vrer VREF
ENOB of 7 bits = 5 57 =+ 58 Voul D) = Vepr - 58
1 T T 8 8
1-—8:1-e'wH = e®HI =2° = T=—"In2)= ¢ 0.693 = 1.765ps
2 Oy nx10

1
Double this time for 2 stages to T,;, ., =3.53us = | f.;pck = T, . = 283kHz

clock
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Problem 10.3-12

The DAC shown uses two identical, 2-bit DACs to achieve a 4-bit D/A converter. Give an

expression for voyr as a function of VRgr and the bits, by, by, bz, and b4 during the ¢, phase
period. The switches controlled by the bits are closed if the bit is high and open if the bit is low
during the ¢; phase period. If k = 2, express the INL (in terms of a £LL.SB value) and DNL (in
terms of a +L.SB value) and determine whether the converter is monotonic or not. (You may use

the output-input plot on the next page if you wish.)
Solution

During the ¢, phase the DAC can be modeled as:

Yrer. D1C C

—'—_O i \|__Lour by ba) 1 (by by
= 3 3 vour (92) =[(7+ T) TE 2t Tﬂ VREF
YRer. D2C

_I_—Oﬁlét— If k = 2, then

YReF_ b3C| T vour(®2) by by b3 by

() )12 Vegr S2 YAt TR

YRer D4C

—'—_OH |4— SO1E3S3

Input Digital Word Output for k =4 Output for k =2
0000 0 0
0001 1/16 2/16
0010 2/16 4/16
0011 3/16 6/16
0100 4/16 4/16
0101 5/16 6/16
0110 6/16 8/16
0111 7/16 10/16
1000 8/16 8/16
1001 9/16 10/16
1010 10/16 12/16
1011 11/16 14/16
1100 12/16 12/16
1101 13/16 14/16
1110 14/16 16/16
1111 15/16 18/16
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Problem 10.3-12 — Continued

16/16

15/16
14/16 Actual 4-b1t DAC

Characteristic
13/16

12/16 \

11/16
10/16
9/16
8/16
7/16
6/16
5/16
4/16
3/16

2/16
16 \ Ideal 4-bit DAC

characteristic
0/16

bl 0 O
b2 0 0
0
1

Analog Output (Normalized to Full Scale)

b3 0
b4 0

O—OO
—_——_ OO

0 0 0
1 1 1
0 1 1
1 0 1
Digital Input Code SO1E3S3B

SO—=O
OO
—_—_O O
O—=O
it et (O et
SO—r—

The INL is +3LSB and —OLSB.
The DNL is +1LSB and —3LSB.

Converter is definitely not monotonic.




CMOS Analog Circuit Design (2" Ed.) — Homework Solutions Page 10-37

Problem 10.3-13

An N-bit DAC consists of a voltage scaling DAC of M-bits and a charge scaling DAC of K-bits
(N=M+K). The accuracy of the resistors in the M-bit voltage scaling DAC is —AR/R. The
accuracy of the binary-weighted capacitors in the charge scaling DAC is —AC/C. Assume for
this problem that /NL and DNL can be expressed generally as,

INL = Accuracy of component x Maximum weighting factor

DNL = Accuracy of the largest component x Corresponding weighting factor

where the weighting factor for the i-tA bit is 2V-1*1,
(a.) If the MSB bits use the M-bit voltage scaling DAC and the LSB bits use the K-bit charge

scaling DAC, express the INL and DNL of the N-bit DAC in terms of M, K, N, AR/R, and
AC/C. (b.) If the MSB bits use the K-bit charge scaling DAC and the LSB bits use the M-bit
voltage scaling DAC, express the INL and DNL of the N-bit DAC in terms of M, K, N, AR/R,
and AC/C.

Solution

(a.) In a M-bit voltage scaling DAC, there are 2M resistors between Vggr and ground. The

2M_pHR
voltage at the bottom of the i-th resistor from the top is v; = A/(I—) Vrer where the iR
2™-DR + iR
resistors are above v; and the 2M_j resistors are below v;. The worst case INL(R) for the voltage

scaling DAC is found at the midpoint where i = 2M-1 and the resistors below are all maximum
positive and the resistors above are all maximum negative. Thus,

2M-L(R+AR) VR VREF AR
OM-I(R+AR) + 2M-1(R-AR) 2 2R

INL(R) = vom-1(actual) - voum-1(ideal) =

2M (AR

AR
or INL(R) = 237 (2R = 2M-1—=LSBs

The worst case DNL(R) for the voltage scaling DAC is found as the maximum step size minus
the ideal step size. Thus,

. (R+AR)Vgpr R +AR
DNL(R) = vmp(actual) - vstep(ldeal) = 2MR - 2MR VREF = % VREF
+AR Vgpp)|2V  +£2N AR AR

or DNL(R) = ( & = +2K 5 LSBs

)MR  pN T oM
Let us now examine the INL(C) and the DNL(C) of a K-bit binary-weighted capacitor array.
The ideal output for the i-th capacitor is given as

c/2i-! VREF ( 2K ] 2K

vourlideal) =5 Vepr = i ? = 7 LSBs
The actual wors-case output for the i-th capacitor is given as
(C£AC)/2! Vrer AC-Veppr 2K 2KAC
+ - =

vOUT(aCtual) = T VREF = 21. * 2iC = 21. 2lC
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Problem 10.3-13 — Continued
Therefore, the INL due to the binary-weighted capacitor array is
26ACc 2KiAC

INL(C) = vgy(actual) - voyr(ideal) = = Sic - +—c  LSBs

o 2K-1AC
The worst case occurs for i = 1 which gives | INL(C) = + C _LSBs

Finally, the worst case DNL due to the binary-weighted capacitor array is found as

2K-1Ac 2K-1AC 2KAC
DNL(C) = voyr(1000....) - voyr(O111...) =—F— +—¢ — =—¢ LSBs

The INL when the MSBs use voltage scaling and the LSBs use charge scaling is,

AR AC
INL = INL(R) + INL(C) = 2M-1—5= 1+ 2N-1—=

where the LSB of the charge scaling DAC is now VREF/2N rather than VREF/2K,
The DNL when the MSBs use voltage scaling and the LSBs use charge scaling is,

AR AC AR AC
DNL = DNL(R) + DNL(C) = 2K + 2K = 2K + &

(b.) Fortunately we can use the above results for the case where the MSBs use the charge-scaling
DAC and the LSBs use the voltage scaling DAC.

For INL(R) the LSB is now Vggp/2N. Therefore,

2N (AR v. AR
INL(R):2—Nkﬁ Vererp = 2" R LSBs

For the INL(C), K is replaced with N to give,
2N-TAC
INL(C) = =+ C _LSBs

For the DNL(R), the LSB is Vp EF/ZN so that the DNL(R) for part (b.) becomes

+AR +AR
DNL(R) = %VREF = TLSBS )

Since the MSB for the chage scaling DAC is now N, the DNL(C) becomes
2NAC
DNL(C)= —¢ LSBs

Combining the above results gives the INL and DNL for the case where the MSBs_use the charge
scaling DAC and the LSBs use the voltage DAC. The result is,

(AR AC
INL = 2N-1 (" + T )LSBs and

AC AR
DNL = (2N-17+ T) LSBs
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Problem 10.3-14

Below are the formulas for /INL and DNL for the case where the MSB and LSB arrays of an
digital-to-analog converter are either voltage or charge scaling. n = m+k, where m is the number
of bits of the MSB array and k is the number of bits of the LSB array and # is the total number of
bits. Find the values of n, m, and k and tell what type of DAC (voltage MSB and charge LSB or

charge MSB and voltage LSB) if AR/R = 1% and AC/C = 0.1% and both the INL and DNL of
the DAC combination should each be 1LSB or less.

DAC Combination INL (LSBs) DNL (LSBs)
MSB voltage (m-bits) - AR . AC ) AR ) AC
LSB charge (k-bits) R 2T PR+
MSB charge (m-bits) . AR . AC AR i AC
LSB voltage (k-bits) A S Aol ® +@-U¢
Solution

MSB voltage, LSB charge:

1 1
= 2’“(@) + 2k-1(m) = 1000 > 10-21 4 2%-1

YR S NI S 100k 4 ok 999 0w s Ak _
1> 2155 |+ 5D\ Too5 | = 100021028+ 251 = Tr=90822% = k=6

Substituting this & into the first equation gives

1000 - 32 | S
— 10 =96822"" = n=7 whichgivesm=1and k =6.

MSB charge, LSB voltage:

1 1
12 2””(@) + 2’“(%) = 1000 > 52" + 2"

1 1
12m+<2”-1>(m) = 10002 10+2"-1 = 991 22" = n=9

Substituting this n into the first equation gives

1000 - 256 S
— 5  =148822" = m=7 which givesn=9 and k = 2.

Therefore, the DAC combination where the MSBs are charge scaling and the LSBs are voltage
scaling gives the most bits when both /NL and DNL are 1LSB. The number of bits is n = 9 with
m = 7 bits of charge scaling for the MSB DAC and k = 2 bits of voltage scaling for the LSB
DAC.
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Problem 10.3-15

The circuit shown is a double-decoder D/A converter. Find an expression for vx in terms of
V1, Vo, and VREF when the ¢ switches are closed. If A=1, B=0, C=1, and D=1, will the
comparator output be high or low if Vanalog = 0.8 VREF?

(o)
\%
P Olc])T

Figure S10.3-15
Solution
At ¢, we have the following equivalent circuit:

Summing the currents to zero gives,

VAnalog o—C| H SCOVAnalog=vx) + SC(-Vi-vy) +
Cy sC ( VReF ;
_ A C/4 Vx 4 \- 4 "~ Vx
v —0 sC
1 |\C/4 +7 (Va-vp=0
+ - or
VREF $SCVanalog - CV1-C16 +C7Z 4 = vy | C+CHTH+T
4+
= — Fig. $10.3-15A
< Va Veer)| 2 2 Y2 Veer
= Cloral \ VAnalog™ Vi+Z - 716 ) F5Vnalog-5V1+70 - 716
Vo Veer 12Veer 12Vepr 4Veer VREF
For ABCD =1011 — VAnalog™ Vl +7 -716 = 16 - 16 +716 -~ 16 > 0

Since v, > 0, the comparator output will be low.
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Problem 10.3-16

A 4-bit, analog-to-digital converter is shown. Clearly explain the operation of this converter for
a complete conversion in a clock period-by-clock period manner, where ¢; and ¢, are non-
overlapping clocks generated from the square ware with a period of T (i.e. ¢1 occurs in O to T/2

and ¢ in T/2 to T, etc.). What will cause errors in the operation of this analog-to-digital
converter?

V 9 C
REE VAnalog O—/ I_

A 1
"= L
4 o1 =
Vil c
2 A v 01
4 % Vi _| I—‘ X o
4
N~ C
D AN
3y N 02 L
16 D V, —"
. Non-overlapping
2 To bit switches
EAYS N\ two-phase clocks
16 D < ‘ABCD 01
MSB LSB
RN S tIEE 1t
Successive approxi- Square wave
mation register and
. control logic 4—J_|_|_|_|_|_|_I_
Figure S10.3-16 —| Tl

Solution

Consider the operation during a ¢;-¢, cycle. The voltage v, can be written in general as,

\% Vv Vo 1
analog Y1 Y2 1
W=T2 -2 t2 =2 (Vanalog -Vi+ Vo)

The operation of the ADC will proceed as follows:
1.) Period 1 (0<t<T):

SAR closes switches A, B, C, and D (1000) to get
1 3 1 1 1
Vx = E(Vanalog -3 VREF + S VREF ): §(Vanalog B EVREF)

If v, >0, then A = 1. Otherwise, A =0 (A =1).
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Problem 10.3-16 — Continued
2.) Period 2 (T <t <27):
a) A=1

SAR closes switches A,B, C, and D (1100) to get

1 1 1 3
Vy = i(vanalog - VREF + T VREF j: E(Vanalog B ZVREF)

b)A=1
SAR closes switches A ,B , C, and D (0100) to get

1 1 1 1 1
Vy = E(Vanalog -2VREF + T VREF j: E(Vanalog B ZVREF)

If v, > 0, the B =1 (X100). Otherwise, B =0 (B =1) (X000).
3.) Period 3 (2T <t <37):

At this point, V|, will not change since A and B are known.

The SAR closes the appropriate A and B switches and C and D (XX10) to get
1

2 1 1
Vy = E(Vanalog -Vi+ 16 VREF ): f(vanalog -Vi+ g VREF )
If v, > 0, then C = 1 (XX10). Otherwise, C =0 (C = 1) (XX00).
4.) Period 4 BT <t<47):
a) D=1
SAR closes switches appropriate Aand B switcheds and C, and D (XX11) to get
1 1
Vy = E(Vanalog -Vi+ 16 VREF )
b)D=1
SAR closes switches appropriate Aand B switcheds and C, and D (XX10) to get
1 3
Vy = E(Vanalog -Vi+ 16 VREF )

If v, >0, then D = 1 (XXX1). Otherwise, D =0 (D = 1) (XXXO0).
Sources of error:

1.) Op amp/comparator — gain, GB, SR, settling time (offset not a problem).
2.) Resistor and capacitor matching.

3.) Switch resistance and feedthrough.

4.) Note parasitic capacitances.

5.) Reference accuracy and stability.
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Problem 10.4-01

What is v in Fig. 10.4-1 after the following sequence of switch closures? Sy, S3, S, S2, S,
S3, SI’ Sz, and Sl?

Solution

The plots for v /Vrpr and v/ Vepr are given below.

vc1/VREF
10‘£ __________________ —_——
e
05 lL | lL .L—EO.625
] O O A N
04— : Iy
0 1 2 3 4 5 6 7 8
ve2!VREF
10‘5 ________________________________
7] SRS
05 | | | | | | — 0.625
025 foocbebof b L
0 1 2 3 4 5 6 7 8
Fig. $10.4-01
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Problem 10.4-02
Repeat the above problem if C; =1.05C;.
Solution
In the sharing phase, we have the following equivalent circuit: c
Vout Vour(l) = "c1Tlc2 + VCZTZQ
| | 1.05 1
C C =205 Vc1+2.05 Ve
+ + =0.5122V e + 0.4878V
Vel Ve
B FigS10.4-02
Sharing Phase (i) | V¢ ()/Vger Veo(DIVREF Voul))/VREF
1 0 0 0
2 1 0 0.5112
3 0 0.5122 0.2498
4 1 0.2498 0.6340

Thus, at the end of the conversion, the output voltage is 0.6340Vg g rather than the ideal value

Problem 10.4-03

For the serial DAC shown, every time

the switch S, opens, it causes the

voltage on C; to be decreased by
10%. How many bits can this DAC

convert before

an  error

occurs

hd

O
) e
£4 Ve

F97E1P4

assuming worst case conditions and

letting Vppr-= 1V? The analog output is taken across C,.

Solution

Worst case is for all 1’s.
1 0.9 0.5 0.45 0.25 0.050 Yes
2 0.9 0.75 0.675 0.125 0.0750 Yes
3 0.9 0.875 0.7875 0.0625 0.0875 No

Error occurs at the third bit.

Note that the approach is to find the ideal value of V(~ at the ith bit and then find the range that

VC2 could have which is J_rVREF/2i"'1 and still not have an error. If the difference between the

magnitude of the ideal value and actual value of V(- exceeds VRgfR/

occur.

2i+1

then an error will
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Problem 10.4-04

For the serial, pipeline DAC of Fig. 10.4-3 find the ideal analog output voltage if Vprr =1V

and the input is 10100110 from the MSB to the LSB. If the attenuation factors of 0.5 become
0.55, what is the analog output for this case?

Solution

Ignoring the delay terms,the output of Fig. 10.4-3 can be written as,
Vout by by b3 by bs b by
Vepr =00+ 7 + T +B +T6+ 32+ 64+ 128

For 10100110 we get,

Vour . 1111 1 1 1
Veppddea) =1-7 +7-3-Tg+37+564- 128

128 64 32 16 8 4 2 1 71
=128 “128 +128 ~128 ~128 * 128 * 128 - 128 =128 = 0.60156

If the attenuation factor is k = 0.55, the output can be re-expressed as,

VREF (actual) = kbg + k?b; + k3by+ k*bs+ Kb+ kKObs+ k'bg+ 88b;

=+0.55 - 0.3025 + 0.1664 — 0.0915 — 0.0503 + 0.0277 + 0.0152 — 0.00837
= 0.3066

Problem 10.4-05

Give an implementation of the pipeline DAC of Fig. 10.4-3 using two-phase, switched capacitor
circuits. Give a complete schematic with the capacitor ratios and switch phasing identified.

Solution

All of the stages can be represented by the following block diagram.

V; = (O.Sv,-+1 + biVREF)Z-l

1
V; 5 Vi
H_éi z-1 —D—Ol

which is a summing sample and hold with weighted inputs. A
possible switched-capacitor realization of the i-th stage (and all
stages) is shown below.

o1

2C

C
Vi+l
0_69_‘ ¢2"_|
(02)

VREF
)_‘ 01 and Oy=0o if bi=1

J_ g ¢x 92 and Qy=01 if b=0

Fig. $10.4-5B

tb;VREF Fig. $10.4-05A

Vi
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Problem 10.4-06

A pipeline DAC is shown. If k; =7/16, k, = 5/7, and k5 = 3/5 write an expression for vy, in
terms of b, (i = 1, 2, 3) and V. Plot the input-output characteristic on the curve shown below
and find the largest +INL and largest +DNL. Is the DAC monotonic or not?

41 vour

k3 ko

8/8 —— .
Digital Word v
i Actual 3-bit DAC ~—» 8 our
/8 I ] 000 0/16
g " - Ideal 3-bit DAC 7 010 5/16
%D +1LSB INL l - 011 8/16
— 4
gt d15LSB DNL 100 7/16
38 + el | v | % -0.5LSBINL 101 10/16
o8 i i 110 12/16
i 111 15/16
1/8
0/8
0 0 0 0 1 1 1 1
0 0 1 1 0 0 1 1
o I o0 1 o0 1 0 1

Digital Input Solution

The output can be written as
vour = ki(b1+ky(by+k3b3))Vppp = [k by + kikyby + kikoksb31Vippr

Using the values given gives

A TY3 TY3Y3 7 S 3
vour=|\T6 P1 + (16 \7 P2 +* (1617 |5 P3|Vrer =|T601 + T6P2 + 1673 | VREF

The values for v for this DAC are shown beside the plot and have been plotted on the output-
input characteristic curve. A summary of the performance is given below.
[ INL: +1LSB, -0.5LSB ~ DNL: +0.5LSB, -1.5LSB DAC is nonmonotonic |
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Problem 10.4-07

Page 10-47

A pipeline digital-analog converter is shown. When b; is 1, the switch is connected to VREF,
otherwise it is connected to ground. Two of the 0.5 gains on the summing junctions are in error.
Carefully sketch the resulting digital-analog transfer characteristic on the plot on the next page
and identify the INL with respect to the infinite resolution characteristic shown and DNL. The
INL and DNL should be measured on the analog axis.

VREF=—

L

Solution

y

1

z! 2

Z-l

8

Z-l

Ignoring the delay terms, we can write the output voltage as,
Your

VREF ~

()

128

48

5 3
g+ by g+ b

30

15

=735601+ 25602 + 75603 + 25603

The performance is summarized in the table below (a plot can be made from the table).

1 3

—_—

Z-l

vVourt

Figure S10.4-7A

30

1
)z =201+ T6b2 + 25603 + 25603

15

BO | Bl | B2 | B3 Ideal Actual Ideal DNL | Actual DNL| Ideal INL | Actual INL
O O O O 0.00000 0.00000 - - 0.0000 0.00000
O O O 1 0.06250 0.05859 0.00000 -0.06250) 0.00000  -0.0625(
o O 1 0] 0.12500 0.11719 0.00000 -0.06250) 0.00000  -0.12500
O O 1 1 0.18750 0.17578 0.00000 -0.0625 0.0000: -0.18750
0f 1 0 O 0.25000 0.18750 0.00000 -0.81250) 0.00000  -1.0000C
0j 1 0 1 0.31250 0.24609 0.00000 -0.06250) 0.00000  -1.0625C
0f 1 1 0] 0.37500 0.30469 0.00000 -0.0625 0.0000: -1.12500
0f 1 1 1 0.43750 0.36328 0.00000 -0.06250) 0.00000  -1.1875C
1 0 O O 0.50000 0.50000 0.00000 1.18750 0.00000 0.00000
1 0 O 1 0.56250 0.55859 0.00000 -0.0625 0.0000: -0.06250
1 0 1 0] 0.62500 0.61719 0.00000 -0.06250) 0.00000  -0.1250C
1 0 1 1 0.68750 0.67578 0.00000 -0.06250) 0.00000  -0.1875(
1 1 0 O 0.75000 0.68750 0.00000 -0.8125 0.0000: -1.00000
1 1 0 1 0.81250 0.74609 0.00000 -0.06250) 0.00000  -1.0625C
1 1 1 0] 0.87500 0.80469 0.00000 -0.06250) 0.00000  -1.12500
1 1 1 1 0.93750 0.86328 0.00000 -0.0625 0.0000: -1.18750

. INL=+0LSBs, -1.1875LSBs and DNL = +1.1875LSBs, -0.8125LSBs
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Problem 10.4-08

Show how Eq. (10.4-2) can be derived from Eq. (10.4-1). Also show in the block diagram of
Fig. 10.4-4 how the initial zeroing of the output can be accomplished.

Solution

Eq. (10.4-1) can be written as

bj 1z bj 127z bipn 1 bi
Vour = ni-1 2i-1 2 _Z 2i—1Zi-1 —Z 2i—1Zi-1

N
N
INTD _bNYL
Rizi L izl
i =0 i=0
where all b; have assumed to be identical as stated in the text.

The summation can be recognized as a geometric series (assuming N — o) to give

L, b b;z!
out = z L 1_} T 1-0.577!

2z

The output can initially be zeroed by adding a third switch to ground at the summing junction.
The S/H will sample the OV and produce V,,,, = 0.
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Problem 10.4-09

Assume that the amplifier with a gain of 0.5 in Fig. 10.4-4 has a gain error of AA. What is the
maximum value AA can be in Example 10.4-2 without causing the conversion to be in error?
Solution

Let the amplifier gain be A. Therefore, we can write the output in general as follows.

Bit from LSB to MSB Vout
1 1
0 A-1
0 AA-1)+1=A2-A-1
1 ATAA-1) = 1]+1=A3-A2-A +1
1 A{A[AA-1) — 1]+ 1} +1=A%-A3-A24+A+1
The ideal outputis V,,,; = % + 0.5LSB LSB = 2V;6EF = VI;SF = Vgg -

Assume Vypp =1V, therefore

4 4342 19 1 38 1
AT -A°-A +A+1$16132:3212

3
The ideal output is 1.18750 and must be between 1.15625 and 1.21875.
Below is a plot of the output as a function of A.

1.25

+0.5 LSB|Limit

12 E _
: / \ -0.5LSB|Limit 1
R e e :

)
!
[S—
s
W
LILILE LA LILBLIL

. Amin Amax :

005 E bl LN
04 4 06 0.8 1
FigS10.4-09

From this plot, we see that A must lie between 0.205 and 0.590 in order to avoid a +0.5LSB
error.

(e}
I
Y

[0.205 <A <0.590 |
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Problem 10.4-10
Repeat Example 10.4-2 for the digital word 10101.

Solution

Let the amplifier gain be A. Therefore, we can write the output in general as follows.

Bit from LSB to MSB Vout
1 1
0 A-1
1 AA-D+1=A2_A +1
0 A[AA-1D) +1]-1=A43-A2+A-1
1 A{AJAA-D +1]1-11+1=A%-A3+A2-A+1
The ideal outputis V= 15 + 0.5LSB LSB = ZLREE V’;fF - ngF

26
Assume Vppp =1V, therefore

4 4342 12 1 22 1
AT-A°-A +A+1S16 *35 =33 £33

The ideal output is 0.6875 and must be between 0.65625 and 0.71875.

Below is a plot of the output as a function of A.

\ /

A
N

VOMt
VREF \ /
0.75
0.5 LSB|Limit ™\ /’ ________
07 E N :
£ _-0.5 LSB|Limit _Tf&; \—/ o Amax
0.65 E el y ]
0 0.2 0.4 0.6 0.8 1
FigS10.4-09

From this plot, we see that A must lie between 0.41 and 0.77 in order to avoid a +0.5LSB error.

[0.41 <A <0.77 |
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Problem 10.4-11

Assume that the iterative algorithmic DAC of Fig. 10.4-4 is to convert the digital word 11001. If
the gain of the 0.5 amplifier is 0.7, at which bit conversion is an error made?

b;=1
+VREF 7!
© 4l Sample vour
9 and O
Vv b;=0 e
REF 2~ | 3 hold
Fig. S10.4-11
Solution
Conversion Bit Ideal Max. Ideal | Min. Ideal | Result for Gain
No. Converted Result =0.7
1 1(LSB) 1 1.5 0.5 1 (OK)
2 0 -(1/2) -0.25 -0.75 -0.30 (OK)
3 0 -(5/4) -1.1250 -1.375 -1.210 (OK)
4 1 (3/8) 0.4375 0.3125 0.1530 (Error)
5 1 (MSB) (19/16) 0.9062 0.8437 -

The max. and min. ideal are found by taking the ideal result and adding and substracting half of

the ideal bit for that conversion number.
We note from the table that the error occurs in the 4" bit conversion.
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Problem 10.4-12

Page 10-52

An iterative, algorithmic DAC is shown in Fig. P10.4-12. Assume that the digital word to be
converted is 10011. If Vppr) =0.9Vprrand Vpppy = -0.8Vprr, at which bit does an error

occur in the conversion of the digital word to an analog output?

Solution

VREF2

ith Bit=0

Sample
and hold

circuit

Ideally, the output of the i-th stage should be,
vour() = 0.5 voyr(i-1) + bVrgr

The i-th LSB is given as

VREF
2i- 1 -

In this problem, the output of i-th stage is given as,
VOUT(i) =0.5 VOUT(i‘l) + 0'9VREF if bi =1

VOUT(i) =0.5 VOU'['(i—l) - O'SVREF if bi =0

The performance is summarized in the following table where v 7(7) is normalized to Vggp.

and

O VoUT

Conversion | 0.5 LSB Bit vour(i) | Max. Ideal | Min. Ideal | Actual
No. Converted | Ideal vour(h) vour(h) vour(h)
1 0.5 1 1 1.5 0.5 0.9
2 0.25 1 1.5 1.75 1.25 1.35
3 0.125 0 -0.25 -0.125 -0.375 -0.125
4 0.0625 0 -1.125 -1.0625 -1.1875 | -0.8625
5 0.03125 1 0.4375 | 0.46875 0.40625 0.46587

An error occurs in the 4™ bit conversion since it lies outside the maximum-minimum ideal
voyr(i). Note the 5" bit is okay.
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Problem 10.5-01

Plot the transfer characteristic of a 3-bit ADC that has the largest possible differential nonlinearity
when the integral nonlinearity is limited to £1LSB. What is the maximum value of the
differential nonlinearity for this case?)

Solution

A plot is given below showing the upper and lower limits for +1 LSB INL. The dark line on the
plot shows part of the ADC characteristics that illustrates that the maximum DNL is +2 LSB.

111 p------ pooone- s e e — P
- : : Ideal 3- blt + ILSB—»
© 110 f------ R U e — fooee- .
o L Idpal 3- b1t Characterlstlc | 4
2 101 p----- e R SR -%— R
= | 1 1 1 1 i
=¥ ! ! ! 4 !
5 100 f------ boooeo- o — e o mmm -
© . +2LSB DNL—> . -2LSB DNL i
E 011 f------ beeee- R LEE—
20 - ! ' '«— Ideal 3- b1t - 1LSB .
2010 f------ ey
001 f==- S oo oo i H——
Wy T %3 2 35 6 7 3
8 8 8 8 8 8 8 8 8

Analog Input Voltage Fig. $10.5-0

[y



CMOS Analog Circuit Design (2" Ed.) — Homework Solutions Page 10-54

Problem 10.5-2

(a.) Find the =INL and +DNL for the 3-bit ADC shown where the INL and DNL is referenced
to the analog input voltage. (Use the terminology: INLA and DNLA.)

(b.) Find the +INL and +DNL for the 3-bit ADC shown where the INL and DNL is referenced
to the digital output code. (Use the terminology: INLD and DNLD.)

(c.) Is this ADC monotonic or not?

- i i Inflmte Resolutlon Characteristic ~—>~" 1
111 p------ r------ T------ q------- o Fo----- r-- '

- Actual 3-bit Characteristic ! i i .
U R B N LT g
@) 101 f------ Lo 1o Jo__4 \ S
= | | | : / «} |+1LSB |
% 100 __'(_)_5_[_“5___D_1_\{l:‘_4 _____ : - :/ h __QZ_V_L_D_ _____
S PN . Y2LSBDNLD -
5 011 I P ;':z‘isyzzvm """ N
A o LB TR ]

DNLA L1 SLSB INLA | | _—

001 f-- —_— - Fo----- ro----- SEREEEEE

- <—Ideal 3 b1t Charactenstlci ! ! ]

Wy 2 3 4 5 6 1 s

8 8 8 8 8 8 8 8 8
Analog Input Voltage

Solutions

(a.) Refer to the characteristics above:

+INLA = 1LSB -INLA = -1.5LSB

+DNLA = +0.5LSB -DNLA = -1LSB
(b.) Refer to the characteristics above:

+INLD =2LSB -INLD = -1LSB

+DNLD = +1LSB -DNLD = -2LSB

(c.) This ADC is not monotonic.
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Problem 10.5-03

Assume that the step response of a sample-and-hold circuit is
vour(t) = V(1 - e EBW)
where V is the magnitude of the input step to the sample-and-hold and BW is the bandwidth of

the sample-and-hold circuit in radians/sec. and is equal to 2ntMradians/sec. Assume a worst case
analysis and find the maximum number of bits this sample-and-hold circuit can resolve if the
sampling frequency is IMHz. (Assume that the sample-and-hold circuit has the entire period to
acquire the sample.)

Solution

To avoid an error, the value of vour(t) should be within £0.5LSB of V. Since VouT is always
less than V/ let us state the requirements as

\%
REF
V- vOUT(T) < N1

T-BW VREF T-BW £ N+1 T-BW
sV -Vil-e ) < - Ve < - 2 < e

oN+1 N+ REF

The worst case value is when V; = V.. Thus,

535.49
Nl < e27=53549 — 2N < —>5— =267.74

N =38

Problem 10.5-04

If the aperture jitter of the clock in an ADC is 200ps and the input signal is a IMHz sinusoid
with a peak-to-peak value of Vpr, what is the number of bits that this ADC can resolve?

Solution
) VREF 2 1
Eq. (10.8-1) gives Ar < N+ 2afV = N+ = 200ps
1 100
2N = = =
2-200ps-aMHz 4007 756
In(756)

n2N)=In(756) =  N="[my =9.63

- N =9bits
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Problem 10.6-01
What is the conversion time in clock periods if the input to Fig. 10.6-2 is 0.25 Vp? Repeat if

v, =07Vppp
Solution
Vi =025VeEpr:
N, = Nrppx0.25 = 0.25Ngpp

. Clock periods = NREF + OZSNREF = IZSNE

vin* = 0'7VREF:
Nout = NREFXO'7 = 0'7NREF

. Clock periods = NREF + O'7NREF = 1'7NREF

Problem 10.6-02

Give a switched capacitor implementation of the positive integrator and the connection of the
input and reference voltage to the integrator via switches 1 and 2 using a two-phase clock.

Solution
KC C
I~ |1 You
. ¢1) A ) TV T °
Vin* 02 01
- «--1 = =
y + i
REF — —
— = Carry Output
= (when high, connect to Vggr)
FS10.6-02

From Chapter 9, it can be shown that,

Vout (l) = Kfvm* dt or -KfVREF dt

depending on the carrier output.
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Problem 10.7-01

If the sampled, analog input applied to an 8-bit successive-approximation converter is 0.7Vggp,

find the output digital word.
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Solution
Bit | Trial Digital Word | DVgpp= 0.7VgEer > | Decoded
bob1babsbsbsbeb7 | by b; b, by by bs by by DVger? | BI
(7+T+?+E+3_2+6_4+W+RJVREF

1| 10000000 0.5Vrgp Yes 1
2| 11000000 0.75Vrpp No 0
31 10100000 0.625Vrzr Yes 1
4| 10110000 0.6875Verp Yes 1
50 10111000 0.71875Vrpr No 0
6 10110100 0.703125Vger No 0
7| 10110010 0.6953125Vppp Yes 1
8§ | 10110011 069921875V Yes 1

The digital wordis 1011001 1
Problem 10.7-02

A 4-bit, successive approximation ADC Clock |

is shown. Assume that VREF =5V. Fll In
in the table below when v;, =3V.

VREF

'4-bit Shift Register!
(Each clock causes a 1 to shuft right.)

B By B3 By

\4 \4 \4 \4

Successive Approximation Register
(If comparator out = 1, keep guess,
if comparator out = 0, change guess.)

Comparator
Vin Output
FO7E2P1
Clock Period | B,B,B,B, D?g‘;%j& V.. Co(r)nlﬁ;ﬁ“’r Dl?)‘;g?m
1 1000 1000 2.5V 1 1000
2 0100 1100 3.75V 0 1000
3 0010 1010 3.125V 0 1000
4 0001 1001 2.8125V 1 1001
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Problem 10.7-03

For the successive approximation ADC shown in Fig. 10.7-7, sketch the voltage across capacitor
C, v¢ep) and Gy (v) of Fig. 10.4-1 if the sampled analog input voltage is 0.6Vppp. Assume

that S2 and S3 closes in one clock period and S1 closes in the following clock period. Also,
assume that one clock period exists between each successive iteration. What is the digital word

out?
V?nc +
S1| Successive
. SZ_ 5 Approx-
< imation
VREF_; S3 S1 - 54 ‘SS R%%s;er
:‘_:| S4
Vel V2
IC1 - JC2 1 “—| control
= 1: 1: = clrcultry

| obo
| ob,
—ob,

—obs
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Actual digital word is 1001.

1 | Guess | vguess | Actual
0|1 0.5 1

1 |11 0.75 1.0

2 101 0.625 100

3 11001 [ 0.5625 [ 1001
Solution

11 12 13 14

15 16

_ ———>yT
17 18 19 20 21 22 23 24 25
Fig. 10.7-03
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Problem 10.7-04
Assume that the input of Example 10.7-1 is 0.8 Vg and find the digital output word to 6 bits.

Solution

by Vi, (0) = 0.8Vegp S by=1
b Vi (1) = 20.8Vrgp) — Vegr = +0.6Vrgr S by=1
by Vi (2) = 200.6Vrgp) — Vegr = +02Vrgr S by=1
by: Viy 3) =2(0.2Vggp) - Vrer =-0.6VRgr -  b3=0
by Vi () = 2(-0.6Vegp) + Vegr = -02Vrgr S by=0
bs: Vi, (5) = 2(-02Vegp) + Vrgp = +0.6Vrgr S bs=1

Digital output word=111001

Problem 10.7-05

Assume that the input of Example 10.7-1 is 0.3215Vr g and find the digital output word to 8
bits.

Solution

bo: Vi, (0) = 03215V = by=1
bi: Vi, (1) = 2(0.3125Vrgr) — Vegr = -0.357VeEr = b =0
by Vi, (2) = 2(-0357Vrep) + Vrpr = +0.286Vrpr = by=1
by Vi, (3) =2(0.286Verrp) — Vrer = -0.428Verr = b3=0
by Vi, (4) = 2(-0.428Vrpp) + Vrpr = +0.144Vppr = by=1
bs: Vi, (5) =2(0.144Vegp) - Vrpr = -0.712Vrpr = bs=0
bg: Vi, (6) = 2(-0.712VrEp) + Vrpr = -0.424Vppr = by=0
by Vi, (7) = 2(-0424Vegp) + Vrpr = +0.152Vrpr = by=1

Digital output word=10101001
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Problem 10.7-06
Repeat Example 10.7-1 for 8 bits if the gain of two amplifiers actually have a gain of 2.1.

Solution
. 1.50

Vin* =500.VrREF =0-3VREF

boZ Vin (0) = O'3VREF — bo =1
bIZ Vin (1) = 21(03VREF )— VREF = -0.37VREF ard bl =0
bz: Vin (2) = 21(_037VREF) + VREF = +0'223VREF — b2 =1
b3: Vin 3) = 21(+0223VREF) - VREF = -05317VREF — b3 =0
b4: Vin (4) = 21(-05317VREF) + VREF = '00634VREF — b4 =0

bs: Vil’l (5) = 21(-00634VREF) + VREF = +086686VREF — bs =1
b6: Vil’l (6) = 21(+086686VREF) - VREF = +0820406VREF — b6 =1

b7: Vin (7) = 21(+0820406VREF) - VREF = +0820406VREF — b6 =1
The ideal digital word for Ex. 10.7-1is 10100110

We see that the amplifier with a gain of 2.1 causes an error in the 8" bit.
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Problem 10.7-07
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Assume that V, * = 0.7V is applied to the pipeline algorithmic ADC of Fig. 10.7-9 with 5

stages. All elements of the converter are ideal except for the multiplier of 2 of the first stage,

given as 2(1+¢€). (a.) What is the smallest magnitude of € that causes an error, assuming that the
comparator offsets, V¢ , are all zero? (b.) Next, assume that the comparator offsets are all

equal and nonzero. What is the smallest magnitude of the comparator offsets, V)¢, that causes

an error, assuming that € is zero?

MSB

Vii’l >ko-

VREFO

Solution

Stage 1

Use the following table to solve this problem.

LSB

Stage N

Stage No. | Bit Converted| V(i) V(i) with &(1)#0 8@)* V(i) with V=0
(MSB—LSB)
1 0.7 0.7 i 0.7
2 1 04| 1.4(1+e)0-1=04+14¢ | 0286 0.4
3 0 0.2120.4+1.4e)-1 = —0.242.8¢| 00714 -0.2
4 1 0.6 | 2(-0.2+2.8¢)+1 = 0.6+5.6¢ | “0-107 0.6
5 1 0.2 -0.0178 0.2

2(0.6+5.66)-1 = 0.2+11.2¢

*g(i) is calculated by setting V(i) with € # 0 to zero.

From the above table we get the following results:

From the fifth column, we see that the minimum lel is 0.0178

(b.) The minimum VQS =+0.2V.
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Problem 10.7-08

The input to a pipeline algorithmic ADC is 1.5V. If the ADC is ideal and V. =5V, find the
digital output word up to 8 bits in order of MSB to LSB. If V- =5.2 and the input is still
1.5V, at what bit does an error occur?

Solution

The iterative relationship of an algorithmic ADC is,

v(i+1) = 2v(i) — blVREF where bi =1if bi

“1” and -1 if b; = “0”.

Ideal case (VREF=5V):
i v(i) b; 2v(i) - b;VREF
1 1.5 1 3-5=-2
2 -2 0 4+5=1
3 1 1 2-5=-3
4 -3 0 -6+5=-1
5 -1 0 -2+5=3
6 3 1 6-5=1
7 1 1 2-5=-3
8 -3 0

Actual case (VRppF=5.2V):
. V(i) b; 2v(i) = biVREF
1 1.5 1 3-52=-2.2
2 -2.2 0 -4.4 +5.2=0.8
3 0.8 1 1.6 -52=-3.6
4 -3.6 0 -1.2+52=-2.0
5 -2.0 0 -4+52=12
6 1.2 1 24-52=-238
7 -2.8 0 -5.6 + 5.2 =-0.6
8 -0.6 0

The error occurs at the 7" bit.
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Problem 10.7-09

If Vin* = 0.1Vpp, find the digital output of an ideal, 4-stage, algorithmic pipeline ADC. Repeat
if the comparators of each stage have a dc voltage offset of 0.1V.

Solution
Ideal:
Stage I Vi—l Vi—l > 0? Bit
1 0.1 Yes 1
2 0.1x2-1.0 = -0.8 No 0
3 -0.8x2+1.0 = -0.6 No 0
4 -0.6x2+1.0 = -0.2 No 0
Offset =0.1V:
Vi = 2Vi-l - bi VREF + 0.1
Stage i Vi Vii1>0? Bit i
1 0.1 Yes 1
2 0.1x2-1.0+0.1 = -0.7 No 0
3 -0.7x2+1.0+0.1 = -0.3 No 0
4 -0.3x2+1.0+0.1 = +0.5 Yes 1

An error will occur in the 4" bit when Vin* = 0.1V r and the offset voltage is 0.1V.

Problem 10.7-10

Continue Example 10.7-3 out to the 10th bit and find the equivalent analog voltage.

Solution

Vin™ = 0.8Vgpr

V,(0) = 200.8Vpgp) = 1.6Vrgp, 1.6 Vigp > Vegr = bp=1
Va(1) = 2(1.6Vrgp -Vrgp) = 1.2VRgp, 1.2 Vepp >Vepr = b1 =1
V,2)=2(12Vegr -Veer ) = 04Vepr, 04 Vegr <Vgpr = by =0
V.(3) = 200.4Vggr + 0) = 0.8Vepp, 0.8 Vigr < Vegr =  b3=0

(Note the ADC repeats at every 4 bits)

V.(4) = 20.8Vggp + 0) = 1.6Vgpp, 1.6 Vigp > Vegr = by=1
Va(3) = 2(1.6Vgrgp -Vepr) = 1.2Vegp, 1.2 Vggp >Vggr = bs=1
Va(6) = 2(1.2Vegp -Vepr) = 0.4Vegp, 04 Vepp <Vggp = b=0
V(7) = 200.4Vggr + 0) = 0.8Vepp, 0.8 Vigr < Vegr =  b7=0

Repeats again.

.. The digital output wordis 1 10011001100........

The analog equivalent is

1

1

0

o 1 1

0 0

1

1

VREF(§+ F+8+T6*+3+ted t Tt 236 + 3512t 1024+ )
= 0.79980469V
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Problem 10.7-11
Repeat Example 10.7-3 if the gain of two amplifier actually has a gain of 2.1.
I _éVREF
_0)4—@1 = =
o Va > VREF = V¢ = VREF
Vip* Vo< VREF = ve=0
Solution
(a.) A=2.0. Assume Vppp=1V.
i v, (D) v (0) > Vegr? b; vp(i)
1 2(0.8)=1.6 Yes 1 0.6
2 2(0.6)=1.2 Yes 1 0.2
3 2(0.2)=0.4 No 0 0.4
4 2(0.4)=0.8 No 0 0.8
5 2(0.8)=1.6 Yes 1 0.6
(b.) A =2.1. Assume Vgpp=1V.
i V(D) va(i) > Vepp? bi V(i)
1 2.1(0.8)=1.68 Yes 1 0.68
2 2.1(0.68)=1.428 Yes 1 0.428
3 2.1(0.428)=0.8988 No 0 0.8988
4 2.1(0.8988)=1.88748 Yes 1 0.88748
5 2.1(0.88748)=1.886371 Yes 1 0.886371

An error occurs in the 4 bit.
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Problem 10.7-12
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An algorithmic ADC is shown below where ¢; and ¢, are nonoverlapping clocks. Note that the

conversion begins by connecting Vin* to the input of the sample and hold during a ¢, phase. The

actual conversion begins with the next phase period, ¢;. The output bit is taken at each

successive ¢, phase. (a.) What is the 8-bit digital output word if Vin* =0.3Vpgg? (b.) What

is the equivalent analog of the digital output word? (c.) What is the largest value of comparator
offset, Vos before an error is caused in part (a.) if Vppp = 1V?

| ( pd
1 NG
61 Vin™ 02 o1
C
0771 ) I LYQ\S_
L SH H= ) Bits
CT~ J_l > Out
- - -
O |.,. Oxve=1: =02 and dy=01 Jle
/ by = VREF ¢, «{VC=0: 02=01 and ¢y=02
1 1 F97FEP5
Solution
(a.) Clock Period Output of S/H ve> 0? | Digital Output
(Normalized to Vpr)
Start 0.3V Yes -
1 (0.32)-1=-0.4V No 0
2 (-0.42) + 1 = 0.2V Yes 1
3 0.22)-1=-0.6V No 0
4 (-0.6-2) + 1 =-0.2V No 0
5 (-0.2-2) + 1 = 0.6V Yes 1
6 (0.6-2) -1 =0.2V Yes 1
7 (0.22) -1 =-0.6V No 0
8 (-0.6:2) + 1 =-0.2V No 0

1

1 1

(c.) Inpart (a.) the output of the S/H never got smaller than +0.2Vp . = £0.2V.
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Problem 10.8-01

Why are only 2V-1 comparators required for a N-bit flash A/D converter? Give a logic diagram
for the digital decoding network of Fig. 10.8-1 which will provide the correct digital output
word.

Solution
(See the solution for Problem 10.22 of the first edition)

Problem 10.8-02

What are the comparator outputs in order of the upper to lower if V*;, is 0.6Vggp for the A/D
converter of Fig. 10.8-1?

Solution

The comparator outputs in order from the upper to lower of Fig. 10.8-1 for V*,, = 0.6 Vg is
1110000.
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Problem 10.8-03

Figure P10.8-3 shows a proposed implementation of the conventional 2-bit flash analog-to-
digital converter (digital encoding circuitry not shown) shown on the left with the circuit on the
right. Find the values of Cy, C», and C3 in terms of C that will accomplish the function of the
conventional 2-bit flash analog-to-digital. Compare the performance of the two approaches from
the viewpoints of comparator offset, speed of conversion, and accuracy of conversion assuming
a CMOS integrated circuit implementation.

7 ! o}

—H

Vv Ve o1 O
|
1
|

W]
U\

;

aqs

LI,_Q o

|‘| S
igddd

= Cs
Figure $10.8-3A Na e L
Solution )
Operation:
o1: v
C I / o1
1 ©
o G ,
VREF — Yoi

Fig. S10.8-03B

vi(@2) = Vin*-VRep)\ C+C; | * | T+C; | Vin™ = Vin™ - VREF| T C;
2N

For the conventional flash ADC, v; = V;,*- 2_N Vgrer- For N =2, we get

2N ¢ i
2_N=C+_C,~ - Ci:(ZT-i)C ForN=2,weget:l=C/3, Cg=C,andC§=3C
ADC Comp. Offset | Conv. Speed | Accuracy Other Aspects
Conv. Flash ADC | < +0.5LSB Fast Poor Equal R’s
Proposed ADC Autozeroed Faster, comp. | Better Unequal C’s, No
1s simpler CMRR problems
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Problem 10.8-04

Two versions of a 2-bit, flash A-D converter are shown in Fig. P10.8-5. Design R, R>, and R3
to make the right-hand version be equivalent to the left-hand version of the 2-bit flash A-D
converter. Compare the performance advantages and disadvantages between the two A-D
converters.

VREF v, VREFVIN®
o A O R V1
R R )
%VREF—> —1 E VVV + E
R = N | bo R = N | bo
2y, cre ? ~VY V2 c o
Z REF—» ) 0 —_— 2 D) 0
1 v D R — D o
4 VREF—» -3 E “AM\AV3 E
R * R e > | R
It
Conventional Flash ADC Proposed Flash ADC

Figure S10.8-04
Solution

For the proposed ADC, the comparators must switch at V;,* = 0.75Vgpp, 0.5Vggr and
0.25Vg g for comparators, 1,2, and 3, respectively.
Ry . (_R . (R
S V1= \ReRy Vin™ - (R+RJVREF =0 - V= (R_leREF — Ry =(4/3)R
Ry . (_R . (R
V2 =\R¥R, Vin™ - (R+R1)VREF =0 = Vy* = (R_z)VREF - Ry=2R

and

R N L (R . _(R
V3 =|\R+R; JVin" - (R+R3)VREF =0 = V= (R3)VREF —  R3=4R
Comparison:
Conventional Flash ADC Proposed Flash ADC
Advantages Less resistor area Insensitive to CM effects
Guaranteed monotonic Positive input grounded
All resistors are equal No high impedance nodes, fast
V;,,* does not supply current
Faster- V;,* directly connected
Disadvantages | Sensitive to CM effects More resistor area
High impedances nodes-only a Can be nonmonotonic
disadvantage if Vppp changes. Resistor spread of 2V
V,,* must supply current
More noise because more resistors
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Problem 10.8-05

Part of a 6-bit, flash ADC is shown. The comparators have a dominant pole at 10° radians/sec, a

dc gain of 10* a slew rate of 3V/us, and a binary output voltage of 1V and OV. Assume that the
conversion time is the time required for the comparator to go from its initial state to halfway to is
final state. What is the maximum conversion rate of this ADC if Vppr = 5V?  Assume the

resistor ladder is ideal.
Solution:

The output of the i-th comparator can be found by taking the inverse Laplace transform of,

A, (vin*'VRij
Voul?) = ((s/103) - 1)' s

v, (D= A, (1 -0 5 V).

to get,

The worst case occurs when

VREF 5

Vi -Vgi =05V ¢p = 7 =12
6

3
4
104

-103T

o 0.5V = 1041 - e10°T)(5/128) — eyl RL

-103T _ 4 6—4—099872 T =103 In(1.00128) = 2.806
or, € =1-50,000 =Y — = n(l. )=2. us

1
Maximum conversion rate = 2.306ps = 0.356x10° samples/second

Check the influence of the slew rate on this answer.

AV
SR =3V/us — E= 3Vius — AV =3V/us(2.806pus) = 8.42V > 1V

Therefore, slew rate does not influence the maximum conversion rate.
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Problem 10.8-06

A flash ADC uses op amps as comparators. The power supply to the op amps is +5V and
ground. Assume that the output swing of the op amp is from ground to +5V. The range of the
analog input signal is from 1V to 4V (Vrgr = 3V). The op amps are ideal except that the
output voltage is given as

vo = 1000 (vig + Vos) + Aem Vem
where v;g is the differential input voltage to the op amp, A, is the common mode gain of the op
amp, V¢, 1s the common mode input voltage to the op amp, and Vg is the dc input offset
voltage of the op amp. (a.) If A, = 1V/V and Vg = 0V, what is the maximum number of bits
that can be converted by the flash ADC assuming everything else is ideal. Use a worst case
approach. (b.) If A.;,;, =0 and Vpg=40mV, what is the maximum number of bits that can be
converted by the flash ADC assuming everything else is ideal. Use a worst case approach.

Solution
(a.) Av, =5V =10004v;£1v_,,
Choose v, =4V as the worst case.

5¢4 9 Veer 3
Avig =T000 =T000 <N+l = yN+1

2N+1 <

1000-3 N 500-3

(b.) Av, = 5V = 1000Av;,+1000-40mV
5-(+1000-40mV)

Av;y= 1000 =5mV —(+40mV) = 45mV (worst case)

3 N 3 ~_ 3000
45mV < N+ - 209 < Bmy = 20 <L .45 = 33.33
N=5

Problem 10.8-07

For the interpolating ADC of Fig. 10.8-3, find the accuracy required for the resistors connected
between V- and ground using a worst case approach. Repeat this analysis for the eight series

interpolating resistors using a worst case approach.

Solution

All of the resistors must have the accuracy of £0.5LSB. This accuracy is found as

AR
INL =2N"1—5=<0.5
If N =3, then

]

AR 1
225 <05 N R <g =125
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Problem 10.8-08

Assume that the input capacitance to the 8 comparators of Fig. 10.8-6 are equal. Calculate the
relative delays from the output of amplifiers A; and A, to each of the 8 comparator inputs.

Solution

Solve by finding the equivalent resistance seen from each comparator, R, (i) This resistance
times the input capacitance, C, to each comparator will be proportional to the delay.

Rey(1) = 0.25R + RIBR = 0.25R + 0.75R = R
Rey(2)=2RI2R =R
Ry (3) = 0.25R + RIBR = 0.25R + 0.75R = R

Re(#) =R
Similarly,

Rey(5) =R
R,;(6) =R
R (=R
Rey(8)=R

Therefore, 7= Req.(i)C are all equal and all delays are equal.

Problem 10.8-09

What number of comparators are needed for a folding and interpolating ADC that has the number
of coarse bits as nl = 3 and the number of fine bits as n2 = 4 and uses an interpolation of 4 on
the fine bits? How many comparators would be needed for an equivalent 7-bit flash ADC?

Solution
nl=3 = 23.1=7
n2=4 = 24.1=15

Therefore, 21 comparators are needed compared with 27-1 = 127 for a 7-bit flash.
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Problem 10.8-10

Give a schematic for a folder having a single-ended output that varies between 1V and 3V, starts
at 1V, ends at 1V and passes through 2V six times.

Solution

See the circuit schematic below.

oV

+VREF
R 20kQ 20kQ
Vv, -
6 )\ | . | o
R 100pA +
VS Vout

. v
R

Vi
R

Vi V2 V3 V4 Vs Ve " VREF Fig.510.8-10
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Problem 10.8-11

A pipeline, ADC is shown in Fig. P10.8-11. Plot the output-input characteristic of this ADC

Express the INL and the DNL in terms of a +LSB and a -LSB value and determine whether the
converter is monotonic or not. (FO3E2P2)

- + -
vinD] | 2-bit l ™ 2-bit | 9 2-bit l > 2-bit |Vour(2)
ADC »| DAC \ ADC »| DAC
l l ; Vour(1) : l l
Vrer1 bo b1 VRER2 VREF3 by b3 VREF4
Solution
Observations:

First stage changes at v;,(1) = (3/16) Vg, (6/16)VrEp, (9/16)Vrpr and (12/16)VyEpr.
by b
Vourlt) =\ 2+ 7 )VREF
3.) Second stage changes at v;,(2) = (3/16)Vggp, (6/16)Vrpr, (9/16)Vepr and (12/16)Viypp.
4) vy (2) = 4[v;,(1) - vy (D] or v, (1) = (1/4) v;,(2) + vy, (1)

Value of v;,,(1) where achange | by | by |vou (1 [vin(2) | b | b3 | Comments
occurs )

0 0 0 0 0 0 0 Starting point
(1/4)x(3/16)=0.75/16 0[O 0 3/16 0 1
(1/4)x(6/16)=1.50/16 0[O 0 6/16 1 0
(1/4)x(9/16)=2.25/16 0| O 0 9/16 1 1

3/16 0 1 4/16 | -4/16 0 0 | Stage 1 switches
(1/4)x(3/16)+(4/16)=4.75/16 0 1 4/16 3/16 0 1
(1/4)x(6/16)+(4/16)=5.50/16 0 1 4/16 6/16 1 0

6/16 1 0 8/16 | -8/16 | O 0 | Stage 1 switches
(1/4)x(3/16)+(8/16)=8.75/16 1 0 8/16 3/16 0 1

9/16 1 1 12/16 | -12/16 | 0 0 | Stage 1 switches

(1/4)x(3/16)+(12/16)=12.75/16 | 1 1 12/16 | 3/16 0 1
(1/4)x(6/16)+(12/16)=13.50/16 | 1 1 12/16 | 6/16 1 0
(1/4)x(9/16)+(12/16)=14.25/16 | 1 1 | 12/16 | 9/16 1 1

Plot is on the next page.
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Problem 10.8-11- Continued
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Analog Input Word

The ADC has missing codes which are 0111, 1010, and 1011

3
Lm.w
725
DT Q
mwm
MZC
+ +0
CEp
MH Q
S]E
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Problem 10.8-12

A pipeline, ADC is shown below. Plot the output-input characteristic of this ADC if Vppr =

and the DNL in terms of a +LSB and a -LSB value and determine whether the converter is
monotonic or not.

vin(D| | 2-bit | > 2-bit | 2T " 2-bit | Voul2)
ADC »| DAC ADC »| DAC
l l l l t  soirepi
Vrer1 D1 b2 VRER2 VREF3 b3 by VREF4
Solution
) 3 6 9 12
The first stage changes when v;,(1) =T VreF: T6 VREF> 16 VREF: a0d TG VREF-

4 8 12 16
The second stage changes when v;,(2) = Tg VreF> 16 VREF: 16 VrREF: and TG VREF-

Therefore,

vi(1) | by by Vour(1) | vin(2) = 4v;,(1)-4v,,,(1) b3 by
0 0 0 0 0 0 0
1/16 0 0 0 4/16 = 1/4 0 1
2/16 0 0 0 8/16 =2/4 1 0
3/16 0 1 3/16 12/16-12/16 =0 0 0
4/16 0 1 3/16 16/16-12/16 = 4/16 0 1
5/16 0 1 3/16 20/16-12/16 = 8/16 1 0
6/16 1 0 6/16 24/16-24/16 =0 0 0
7/16 1 0 6/16 28/16-24/16 = 4/16 0 1
8/16 1 0 6/16 32/16-24/16=8/16 1 0
9/16 1 1 9/16 36/16-36/16 0 0
10/16 1 1 9/16 40/16-36/16 = 4/16 0 1
11/16 1 1 9/16 44/16-36/16 = 8/16 1 0
12/16 1 1 9/16 48/16-36/16 12/16 1 1
13/16 1 1 9/16 52/16-36/16 = 16/16 1 1
14/16 1 1 9/16 56/16-36/16 = 20/16 1 1
15/16 1 1 9/16 60/16-36/16 = 24/16 1 1
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Problem 10.8-12 - Continued
ADC Characteristic Plot:

1111

1110
1101

Ideal Finite Characteristic
1100

+INL=3LSB

1011

1010 X
1001 Actual Finjite glarac teristic “

AN
1000 N

+DNL=1LSB
0111 \\ v

Digital Output Code

0110

0101
0100

0011

0010
0001

0000

o 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
16 16 16 16 16 16 16 16 16 16 16 16 16 16 16 16 16

Analog Input Voltage SO1FESI

From the above plot we see that:
+INL = 3LSB, -INL =0LSB, +DNL = 1LSB and -DNL = OLSB

(Note that we cannot say that the ADC has —1LSB for —-DNL when the ADC saturates.)
The ADC is monotonic.
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Problem 10.8-13
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Repeat Problem 11 if (a.) A =2 and (b.) A =6 and all other values of the ADC are ideal.

Ving D1 | 2-bit
ADC

”| 2-bit |
DAC

v

Vrer1 Do b1 VRER2

Solution
(a.) A = 2. Observations:

Vour(1)

0>

2-bit
ADC

l
Il

VREF3 by b3

\ 4

2-bit
DAC

Vour(2)
>0

VREF4

First stage changes at v;,(1) = (4/16)Vggp, (8/16)VrEp, and (12/16)VieE.

by by

Voul D =2+ 7~ VREF
3.) 2nd stage changes at v;,,(2) = (4/16)Vggr, (8/16)Vepr, and (12/16)VieE.
4.) v (2) = 2[v;,(1) - v, (D] or v;,, (1) = (1/2) v;,(2) + v,,,(1)

Value of v;,,(1) whereachange | by | by | vou (1) | Vvin(2) | by | b3 | Comments
occurs
0 0 0 0 0 0 0 Starting point
(172)x(4/16)=2/16 0] 0 0 4/16 0 1
(1/2)x(8/16)=4/16 0 1 4/16 0 0 0 | Stage 1 switches
(172)x(4/16)+(4/16)=6/16 0 1 4/16 4/16 | O 1
(172)x(8/16)+(4/16)=8/16 1 0 8/16 0 0 0 | Stage 1 switches
(1/2)x(4/16)+(8/16)=10/16 1 0 8/16 4/16 | O 1
(1/2)x(8/16)+(8/16)=12/16 1 1 12/16 0 0 0 | Stage 1 switches
(172)x(4/16)+(12/16)=14/16 1 1 12/16 416 | O 1

With a gain of 2, the second stage sees v;,(2) = 2[v;,,(1) - v, (1)]. v;,,(2) will never exceed
0.25V R before the first stage output brings v;,(2) back to zero. As a consequence, b, is stuck

at zero. The plot is on the next page. It can seen from the plot that INL =+0LSB and -2LSB ,
DNL = +2LSB and —-OLSB. The ADC is monotonic.

(b.)A=6.v;,(2) =6[v;,(1) - v,,(1)] or v;,,(1) = (1/6) v;,(2) + v,,,(1)

Value of v;,,(1) where achange | by | by |[vyu (1) | vin(2) | by | b3 [ Comments
occurs
0 0O 0 0 0 0 Starting point
(1/6)x(4/16)=0.667/16 010 0 4/16 | 0O 1
(1/6)x(8/16) = 1.333/16 010 0 8/16 1 0
(1/6)x(12/16)=2/16 010 0 12/16 | 1 1
4/16 0 1 4/16 0 0 0 | Stage 1 switches

(1/6)x(4/16)+(4/16)=4.667/16 0 1 4/16 4/16 | O 1




Stage 1 switches
Stage 1 switches
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Comments

1

0

1

0

1

+0LSB. The ADC is

b3

1
1
0
1
1
0
0

1
1

by

Vin(2)
8/16
12/16
0
4/16
8/16
12/16
0
4716
8/16
12/16

4/16

4/16

8/16

8/16

8/16

8/16

12/16
12/16
12/16
12/16

Vout( 1)

1
1
0
0
0
0

1
1
1
1

by

0
0

1
1
1
1
1
1
1

It can seen from the plot below that INL =+1LSB and —OLSB, DNL

monotonic.

bo

5.333/16
6/16
8.667/16
9.333/16
10/16
12.667/16
13.333/16
14/16

8/16

(1/6)x(4/16)+(8/16)
12/16
(1/6)x(4/16)+(12/16)

(1/6)x(12/16)+(4/16)
(1/6)x(8/16)+(12/16)

(1/6)x(8/16)+(4/16)

(1/6)x(8/16)+(8/16)
(1/6)x(12/16)+(8/16)
(1/6)x(12/16)+(12/16)

CMOS Analog Circuit Design (2" Ed.) — Homework Solutions
Value of v;,(1) where a change

occurs

Problem 10.8-13 — Continued
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Problem 10.8-14
For the pipeline ADC shown, the reference voltage to the DAC of the first stage is Vppr +

AVppp- If all else is ideal, what is the smallest value of AVy - that will keep the INLA to
within (a.) +0.5LSB and (b.) +1LSB?

Vin(2)
Vis(D] | 2-bit J 1 2bit I " 2-bit | Your(2)
| ADC ADC ,| DAC
l Vour(1) _+_| l
VrRer &  SVREFTAVREF VREF & VREF
by by 4 b3 by 4 F98E2P4

Solution
by b, by by
V(1) =1deal + Error = (7+ T) VrEF ¢(7+ T)AVREF

by b, by by
Vour2) = Vi, (1) - Vi, (1) = Vi, (1) - (7 + T) VREF * (7 + T) AVREF
The second stage switches at Vppr/16, 2Vppn/16, 3Vppp/16, and 4V p/16.
Therefore the LSB is Vppr/16.
(a.) INLA = £0.5LSB

b b2y Ve
2 + 7 AVREr<T3)

When b, and b, are both 1 corresponds to the worst case.

4=Veer =VRpr
AVepr<3 732 = " 24

(b.) INLA = +0.5LSB
by by =VREF
2+ T AVREF< 716

4=Veer =VRpr
AVeer <3 716 = ~ 12
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Problem 10.8-15

A 4-bit ADC consisting of two, 2-bit stages (pipes) is shown. Assume that the 2-bit
ADC’s and the 2-bit DAC function ideally. Also, assume that V.- = 1V. The ideal value of the

scaling factor, k, is 4. Find the maximum and minimum value of & that will not cause an error in
the 4-bit ADC. Express the tolerance of k in terms of a plus and minus percentage.

VREF VREF VREF
2-bit ™ 2-bit 2-bit
(1 >
vin(1) 0 ADC l J| DAC [X” ADC
([ l Vout(l) é) é)
b1 by by by
Solutions

bl b 2
The input to the second ADC is v;,(2) = k[v in(D) - (7 + Tﬂ
If we designate this voltage as v’ (2) when k = 4, then the difference between v;,(2) and v, (2)
must be less than +1/8 or the LSB bits will be in error.

Therefore:

‘ by by |
Vin@) -V D= [k v, (D - k(7 + T -4 v, (D + 4 {7+ T <g

If k =4 + Ak, then

by by by by by b\ 1
4 v, (D+Ak v, ()-4 | 7+7 FAK\ 5 +7 4 v;,,(D+4 | 5+7 || <7
or
by b, 1
Vin(1) - (7+ T)‘ =3 -

b b
) - (F+ 7

Ak

The largest value of is 1/4 for any value of v, (1) from 0 to Vppp.

Therefore,

Ak 1
7<% = Ak < 1/2.

Therefore the tolerance of kis | 7~ =37= §T = *12.5%
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Problem 10.8-16

The pipeline, analog-to-digital converter shown in Fig. P10.8-16 uses two identical, ideal, two-
bit stages to achieve a 4-bit analog-to-digital converter. Assume that the bits, by and bz, have
been mistakenly interchanged inside the second-stage ADC. Plot the output-input characteristics
of the converter, express the INL and DNL in terms of a +L.SB and a -LSB, and determine
whether the converter is monotonic or not.

Solution

Vin(1) by b Vour(1) Vin(2) by b3

0 0 0 0 0 0 0
1/16 0 0 0 1/16 1 0
2/16 0 0 0 2/16 0 1
3/16 0 0 0 3/16 1 1
4/16 0 1 4/16 0 0 0
5/16 0 1 4/16 1/16 1 0
6/16 0 1 4/16 2/16 0 1
7/16 0 1 4/16 3/16 1 1
8/16 1 0 8/16 0 0 0
9/16 1 0 8/16 1/16 1 0
10/16 1 0 8/16 2/16 0 1
11/16 1 0 8/16 3/16 1 1
12/16 1 1 12/16 0 0 0
12/16 1 1 12/16 1/16 1 0
13/16 1 1 12/16 2/16 0 1
14/16 1 1 12/16 3/16 1 1

The plot on the next page shows that the INL = +1LSB and DNL = +1LSB and -2LSB. The
ADC is not monotonic.
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Problem 10.8-16 — Continued
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Problem 10.9-01

A first-order, delta-sigma modulator is shown in Fig. P10.9-1. Find the magnitude of the output
spectral noise with Vijy(z) = 0 and determine the bandwidth of a 10-bit analog-to-digital converter
if the sampling frequency, f, is 10 MHz and k = 1. Repeat for k = 0.5.

Solution

A _ ms value of
V12 qu uantization
noise

+
+ +
VMDO—»%)—» Zl_( —o Vout(2)

Figure P10.9-1

[y

From the block diagram, we can write,

A k
Vou2) = ﬁ +71 [Vin(@) - Vyu(2)]

Solving for Vom(z) gives

KViuD] (21 VA
Vour(2) = 1+k \/— -1 :(Z-1+kj-\/ﬁ if V;,(2)=0

- 0T _1 e OT/2 _ ,-joT/2
HGZ) =777 —  H(T)=— =— , .
z-1+k dOT 14k oJOT2_ p-jOT2  f p-jOT/2
2j sin(wT/2) 2tan(wT/2)

H(/OT) = =
@) 2j sin(wT/2) + k[cos(wT/2) - j cos(wT/2)] (2-k)tan(wT/2) - jk

Find the bandwidth by setting |H(¢/“T)|? = 0.5.
Atan®(wT/2)

|H(e/OT)|2 = =0.5 = 8 tan2(wTR) = (2-k)? tan2(wT/2) + k?
= o 2an2(@r2) + K2 ani(072) = (-0~ tan*(@172)
k2
tan2(wTR)[8 — (2-k)3 =k — wT/2 = tan’! —
8 — (2-k)
2 . _1{ k } of tan! k
(0=Tan T — = san |:—i|
\/8 - (2-k)? \/8 - (2-k)?
For k=1,
1
0.3dB = Zﬁgtan'l[\/f} =0.927x107 rads/sec — 1.476 MHz
For k = 0.5,

0.5
W.34B = Zﬁgtan'l{\/—ig} =0.411x107 rads/sec — 0.654 MHz
8-7

Note that the results are independent of the number of bits because H is the noise transfer
function.
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Problem 10.9-02

The specification for an oversampled analog-to-digital converter is 16-bits with a bandwidth of
100kHz and a sampling frequency of 1I0MHz. (a.) What is the minimum number of loops in a

Sodini modulator using a 1-bit quantizer (A=VRgr/2) that will meet this specification? (b.) If
the Sodini modulator has two loops, what is the minimum number of bits for the quantizer to
meet the specification?

Solution

The general formula for the L-th order Sodini loop is,
A b (@)uo.s
o= 12 \2L+1 \ s

VREF
(a.) A(quantizer) = 0.5Vzpp and an LSB =

216

- Vrer ik 200 Y+05 VREF
no==LSB = 5 5L+t (10,000 =16

or

(O8]

215 7L /1 \1+05
(EJL <1 = L>

E\IZLH

VREF
(b.) A(quantizer) = 7, where b = no. of bits

Veer w2 ( 1 )2.5 - VREF
n, = S
°7 2b 1245 216

50
162
by 2 (RS a0y

=3

S
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Problem 10.9-03

Draw a single-ended switched capacitor realization of everything within the dashed box of the
delta-sigma modulator. Assume that the output of the 1-bit DAC is £0.5V 5. Be sure to show

the phases of the switches (¢; and ¢,).

Quantizer
+
>—o y(n)
il

FO7FEP6

Solution

Note that the inner loop is equal to which is a switched capacitor noninverting integrator.

1-z'1
Therefore a possible realization of the dashed box is shown below.

y(n) =1: Ox=¢2 and Oy=01
Y1) = 0: Gx=01 and dy=02 | T
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Problem 10.9-04

The modulation noise spectral density of a second-order, 1-bit XA modulator is given as

IN(f)| = \/_ 2 smz(mj

where A is the signal level out of the 1-bit quantizer and fg = (1/1) = the sampling frequency and
is I0MHz. Find the signal bandwidth, fg, in Hz if the modulator is to be used in an 18 bit
oversampled ADC. Be sure to state any assumption you use in working this problem.

Solution

The rms noise in the band 0 to fg can be found as,

/B
16A 0]
n2= qu)ﬂdf - — f sindl — lif
4fs
0
o 2 T w 0]
Assume that E = % = 2_]ch <<1 so that sin‘{4 ) = 4f
S S

(@) - e ()

\/?An 1552
no=NT 7 7,

Assume that A = Vppp. For an 18-bit converter, we get

VRerp A 8 Ar? (@)5/2 A

M= T T o8 7 4 \f5) =5

1B)>"2 15 4 1 0555 P
7] < \/8 218 = 18 = 2117x10

/B
f_s <0.005373 — [E =53.74 kHz
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Problem 10.9-05

The noise power in the signal band of zero to f5 of a L-th order, oversampling ADC is
given as

Al (2fp\+05
"o = N2 \2L+1 | /s
where f{ is the sampling frequency.
VREF
and b is the number of bits of the quantizer. Find the minimum oversampling ratio, OSR
(=fJ/fp), for the following cases:

(a.) A 1-bit quantizer, third-order loop, 16 bit oversampled ADC.
(b.) A 2-bit quantizer, third-order loop, 16 bit oversampled ADC.
(c.) A 3-bit quantizer, second-order loop, 16 bit oversampled ADC.

Solution

/s
=Y F=\|7 < z <5< = -7 <

fs
fs
7.= OSR > 55.26
B

VREF 3(2fBT~5 VREF N (fBT-S V42

Veer m3 (sz S Veer (fBT-S V42

I8
_ — | == AL = - -6 —

A

= OSR > 45.33
/B

Veer m3 (ngjﬁ VREF (fB)Z-S \30

/B
— — — —_— —_ —_ -5 —

fs
fs
7.= OSR 2 81.00
B
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Problem 10.9-06

A second-order oversampled modulator is shown below. (a.) Find the noise transfer
function, Y(z)/Q(z). (b.) Assume that the quantizer noise spectral density of a 1-bit X-A
modulator (not necessarily the one shown below) is

2VRer , 2 . [ O
IN()| = \/_ = smz(—j

where f; = 10MHz and is the sampling frequency. Find the maximum signal bandwidth, 13, in
Hz if the 2-A modulator is used in a 16-bit oversampled analog-to-digital converter.

()

1 [¥+

[l
‘Z_IY(Z)

SO1FES2

Solution
1 Y
(@) Y(z):Q<z>+X<z>+z-1Y<z)+(—1 _J[-z-lY(z)- e
-Z 1-z

-1 1

V()= Q@) + X() + 7Y@ - T YO - T YO

Z-l Z-l 1_2Z-1+ Z-2 + Z-l _Z-2+Z-1
Y
Y@ = (10200 + X = | gg = (1212
/B /B
s AVREF® 2 af) . 2Veer® |(#f
(b)  ny’= fIN(f)Ide:%f szn‘{f ]Mz%f(f—}df
O S S
0
7 2fB o4 2 7 2
2n°VRer” (4 270°Veep 2n*Verer” (fB
= = S - ()
2 1B VREF
no="\|T5 VREFnz(f )SS 216

/2 151 0.2775
_ -6
( )S \/ ) 216 S6 = 4234x10

(fs )< (4.234x100)2/5=0.0072 = fp <70.909kHz
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Problem 10.9-07

Find an expression for the output, Y »(2)s in terms of the input, X(z), and the quantization noise

sources, Q(z) and Q5(z), for the multi-stage £-A modulator shown in Fig. P10.9-7. What is

the order of this modulator?

X(2) 4
Oo—>

Solution
First, find Y(z) and Y»(2).

X(z) 1Y)

1
Y(2=01@)+ 7X@ =2V @] =01 + — ~
- 1771 - Iz  TI-z=

Z_l ﬂ -1
Vi)l + T 11 =01(2) + = Y1(2) = (1-27)01(2) + X(2)

1 -1
Y22 = 0,(2) + Tfl[-z'%(z) oY) + lzj [X(2) - z%(@]}

71Xz 7@ 7Y
(1- -1)2-(1_Z—1)2- 1_Z-1

-1
Yz(Z){l S } =0r(2) +
-7

| 1() 4z
Yo(z) = (1-z )Qz(Z)+ @t

-Z

X z Y(Z)
Vo) = (1100 + _Z_(f L

Yo(2) = 27171 (2) + (1-zHY,(2)

=7 1(1-21H0(2) + 71X(2) + (1-71)?0a(2)+ 7 1X(2) - 2717 (2)

1-7

=711z 1H01(2) + 71X(2) + (1-2 1202+ 271X (2) - 7' (1-21)04(2) - 771X(2)

Yo(2) = 21X(2) + (1-27)205(2)

Therefore, the modulator is second-order.
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Problem 10.9-08

Two AX first-order modulators are multiplexed as shown below. AX, provides its 1-bit
quantizer output during clock phase ¢; and AX, provides its 1-bit quantizer output during clock

phase ¢, where ¢; and ¢, are nonoverlapping clocks. The noise, n,, of a general L-loop AX
modulator is

B A nl ﬁ +0.5
o= N2 2L+ \ s
(a.) Assume that the quantization level for each quantizer is A = 0.5V and find the dynamic

range in dB that would result if the clock frequency is 100MHz and the bandwidth of the
resulting ADC is IMHz.

(b.) What would the dynamic range be in dB if the quantizers are 2-bit?

Solution:

(a.) If the AX, modulator outputs a pulse durin and the AX, modulator outputs a pulse
1 P p g0 2 P P

during ¢,, then two samples occur in 10 ns which is effectively an output pulse rate of 200x10°
pulses/sec which corresponds to a sampling rate of 200MHz. Therefore,

iREF n (2-100MHz\1 .5
- — - -6y
Ny 21,12 1,3 ( 200MHz ) 261.8x10 RE]

VrRer  10° . .
. =7618=381972 = | Dynamic Range = 71.64 dB (11.94bits)|

"o

(b.) A two-bit quantizer gives A= Vppr/4.

VeEF © (2-100MHz\| 5
( 300MiL ) = 130.9x10V o

oS W2\
VrRer  10° . .
. =T309 =7.6394 = | Dynamic Range = 77.64 dB (12.94bits) |

o

Because n,, is in rms volts, it is consistent to divide V- by 242 to get

VREF/2\/§ 3819.72
(a.) " = 2\/5 =1350.47 — 62.61 dB

o

VREF/2\/§ 7639.4
(b.) P = 2\/5 =27009 — 68.61 dB

o
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Problem 10.9-09
A first-order, 1-bit, bandpass, AZX
modulator is shown in Fig. P10.9-9. 0(z) = &r
Find the modulation noise spectral N fs
density, N(f), and integrate the square of + +
the magnitude of N(f) over the X(z) O—’@—’ 22 —o Y(z)
bandwidth of interest (f] to fp) and find +[
an expression for the noise power, ny(f), ! 1_ )
in the bandwidth of interest in terms of A 2
and the oversampling factor M where M fep<<foand fy=4f,
= f/(2fg). What is the value of fg for a _ 05 _ 05
14 bit analog-to-digital converter using [ =fo-0-5/B v f2=1o+0.5B
this modulator if the sampling frequency, \‘. L Ly ¢
fs, is 1I0MHz? fifo P "
Solution
(z) i (69)
Y@= Q@) + 5 [X(@) +2 2Y(2)] = Q(z) + 2t a2 Y@= 2)0(2) + X(2)
N@) = Y(z)x(z)=o =(1+90@) - NO=NEH=(1+ e‘z“’T)Q(f)
el OT el OT 4 p-joT 2 cos(wT) A

N === (1 + e20T)Q(f) = . cos(wT) e7OT

el OT el OT el OT o , fs o , fs

f2
n2(f) = leQ‘])Izdf J cosX(T)df = 3f

N1

fz
p)
A2 A2 Arf A? [s 4rf
=ﬁfdf+3_fs COS(fs )df =37, (b f)+ y{ Sln(fs ﬂ
fi i 1
A2 A2 anfr | (474
ffB sin 7, | sin T
A2 Az{ } A2 A?] 4ﬂfo (27 fp
ffB + 2cos f (fz+f1) sin f (fz f1) 37, 37 /B +12ﬂJ_COS sin| —7
A2 A2 (2mfp)| A2 A%l (2nfp
:EfB +—ﬂ cos(7) sin T :EfB “Ton sin| =7,
A2 A2[2nfy 1 (27fp Az A2 7 (2 fp
R E(T JZ S-S P
22 fy v x 2y A
0 =35 () = =5 (7)< 3w
iﬁs OB 0003095 = fi< 2B X 10MHz = 15.47kHz
N 214,\/; e

f[1+ coswT)]df
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Problem 10.9-10

A first-order, 1-bit, bandpass, delta-sigma 0(z) = A
modulator is shown. Find the modulation Jof;
noise spectral density, N(f), and integrate the

square of the magnitude of N(f) over the —o Y(z)
bandwidth of interest (f; to f;) and find an

expression for the noise power, n(f), in the

bandwidth of interest in terms of A and the

oversampling factor M where M = f/(2fp).

What is the value of f5 for a 12 bit analog-to-

digital converter using this modulator if the Tfl f005fB /f2 =fot0.5f  fB<<fo
sampling frequency, f;, is 100MHz? Assume | 4 X >/
that £,=4f, and f<<f,. 0 Jifol2 =T poreis
Solution

To find the noise transfer function, set X(z) = 0 and solve for Y(z). The transfer function for the
dashed box is

0z z! 72
0 =z"(z) - 710 — T =12 - Y2)=00@)+7 5 Y@
2
or Y(Z){l - ﬁj}Q(z) = Y@Il+z2-z21 = [1+z210(2) = Y(2) = [1+z210(z)
eJOTy o joT

N@ = (1+790@) » Ne/®T) = (1+ e D0 =— 57— 0()

2 .
Substituting for Q(f) gives N(f) = o cos(wT) e7@T
f N
fl ! f]
RGE ff IN(HIPdf = f o cos*(wT) 70T df = 3f f [1+c0s2a)T]df
2
h

f

A2f‘ 4n A2 A (Amh) (4f
_3f df+3f fcos( If = 3f (fzf1)+1 sin f -Sll’lT

A2 A2 am\Hhth) | 2 A2fg  A2[  (4nf,\ (27f
=_3fs /B +_127[{2c0s(f1—2 )sm(f )(fzfl)} = 3fSB +71 {cos( 7. }m( fsBj:|
Asz A2 2nfp 1 (27 A 2rx? 2fB3 YA
15" =737, '6n[fs ' E{f_]*'}:’ 1,2 = T{f%(?)m

1 A 6 /3
n, :TWSZ? - TS(E)Z =0.006013 — | fp < 189kHz
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