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PRACTICE PROBLEMS FOR CMOS ANALOG CIRCUIT DESIGN, 2"°
EDITION

TECHNOLOGY
Problem 1 — (044430E3P5)

The following questions pertain to a standard npn BJT process.

a.) Give the relative doping levels of the emitter, base and collector for the vertical npn
transistor.

Emitter doping >> base doping > collector doping

b.) Give the relative doping levels of the emitter, base and collector for the lateral pnp
transistor.

Emitter doping = Collector doping > base doping

c.) How is on vertical npn BJT electrically isolated from another?
By reverse biasing the collector-substrate pn junction
What is the purpose of the n* buried layer?

To reduce the value of the collector bulk resistance, RC.

d.) Why is a p* diffusion region used to contact the base?

To form an ohmic contact, otherwise a schottky diode is formed between the metal
and the base region.

e.) What dimension is important for high 8 and f,?
Small base width — the distance from the emitter to the collector

f.) Of the parasitic bulk resistances (RE, RB, and RC) for a vertical npn transistor, which is
usually the largest? Smallest?

RC is the largest andRE is the smallest
g.)  Of the depletion capacitors (Cgg, Cpe, and Crg) for a vertical npn transistor, which is
usually the largest? Smallest?

(:,Q is largest and C BE is the smallest

h.) Of the parasitic bulk resistances (RE, RB, and RC) for a lateral pnp transistor, which is
usually the largest? Smallest?

RB is the largest and RE is the smallest
1.) Of the depletion capacitors (Cgg, Cpc, and Cpgg) for a lateral pnp transistor, which is
usually the largest? Smallest?

C BS is the largest and C BE is the smallest



Practice Problems (5/27/07) Page 2

LAYOUT AND PARASITICS

Problem 1 (044430E3P1)

A top view of a npn lateral BJT built in a typical p-well CMOS technology is shown. The metal
connections have been left out for purposes of clarity. a.) Using the information from the table
on the following page, carefully sketch a cross-section along the indicated line A-A’. Show only
the structures that are diffused into the substrate and none of the structures above the substrate.
b.) Find the zero-bias depletion capacitors Cp, ., Cp, and Cp using the information on the

previous page. c.) If the resistivity of the polysilicon used is 12.5x10"% Q-cm, what is its
thickness?
a.) See plot below.
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/ uE - N Ea 5.28fF + 14.4fF
= 19.7fF
Cpeo = 0.33fF/um?(18%pm?2-

\ 82um?)+0.9fF/pum(4x 18m+4x8
pm)

e

CbsO =
0.2fF/um?(900m?)

+1.6fF/um(120pm)
= 180fF + 192fF
= 372fF

A ———
—

o
]
&

=
=
g
=
]

c.) % = 25€2/sq.

o 12.5x10%
S T=725Q=""25Q

T=0.5um

(¢}

= . .
t ]
O the €roSS+S 100, CXpanatnc verticalr $Caic X

Each square is 1 pum on the side Su04E3S1




Practice Problems (5/27/07) Page 3

Some process parameters for a typical p-well CMOS process.

Physical feature sizes

T, (gate oxide thickness) 500 +100 A
Total lateral diffusion

n-channel 0.45 +0.15 pum

p-channel 0.6 +0.3 pum
Diffusion depth

n*t diffusion 0.45 +0.15 um

pt diffusion 0.6 +0.3 um

p -well 3.0 +30% um

Capacitances
C,, (gate oxide capacitance, n- and p-channel) 0.7 +0.1 fF/pum?
n* diffusion to p-well (junction, bottom) 0.33 +0.17 fF/pum?
n* diffusion to p-well (junction, sidewall) 0.9 +0.45 fF/uym
pt diffusion to substrate (junction, bottom) 0.38 +0.12 fF/pum?
n* diffusion to substrate (junction, sidewall) 1.0 +0.5 fF/um
p-well to substrate (junction, bottom) 0.2 +0.1 fF/pm?
p-well sidewall (junction, sidewall) 1.6 +1.0 fF/pym
Resistances

Substrate 25 +20% Q-cm
p-well 5000 +2500 Q/sq.
n*t diffusion 35 +25 Q/sq.
pt diffusion 80 +55 Q/sq.
Poly 25 +25% Q/sq.

Metal 1 contact to p* or n* (2um x 2um) 4 Q
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Problem 2 — (044430E3P3)

Page 4

A CMOS inverter is shown along with the top view of the circuit layout assuming a p-well
CMOS technology. If this inverter is driving and identical inverter with the same layout, find
magnitude of the pole at the output of the first inverter (v,) and the input of the second inverter
which is equal to the reciprocal product of the sum of all capacitances connected to this node and
the output resistance which is assumed to be 1MQ. Express this pole magnitude in Hz. Use the
table below to calculate the capacitances.

Type P-Channel N-Channel  Units
CGSO 220 x10-12 220 x10-12 F/m
CGDO 220 x10-12 220 x10-12 F/m
CGBO 700 x 10-12 700 x 10-12  F/m
CJ 560 x 106 770 x 106  F/m2
CJSW 350 x 1012 380 x 10-12  F/m
MJ 0.5 0.5

MJSW  0.35 0.38

Based on an oxide thickness of 140 A or
Cox=24.7 x 104 F/m2

nt

p* Metal

Vin O—
(2.5V)

Poly

+5V

p-well n-substrate

+5V

—| M4

_|

Vout

(2.5V)
M3

= SuO4E3P3A

B

L1l
J

1l Il

X

2C;=Coq1 + Coup + Cpg1 + Cpp + Co3+ Copy + Coz + Coyy

Cou1 =

4

4

Next, we must find the area and perimeter of each drain.
AD1=AD3= 60um2 & PD1 =PD3 = 32um

AD2 = AD4 = 120pm2 & PD2 = PD4 = 52um

4

C, g3 = 220x10712-10x1076 = 2.2fF

Cyar = Cyqp = 220x10712:20x10°0 = 4.4(F

SuO4E3P3B



Practice Problems (5/27/07) Page 5

Problem 2 — (044430E3P3) Continued

c - CIADL  CJSW:-PDI _770x10'6-60x10'12+380x10'12-32x10'6
bdl =/ 2.5V \m3 ( 2.5V \misw ( 2.5v>o_5 ( 2.5v)o_38
(“ 2|¢FI) " 2loF] 103 03

Cpg1 = Cpga = 22.75fF + 7.10fF = 29.84fF

Co = CIAD2 _ _ CISW-PD2 _560x10'6-120x10'12+350x10'12-52x10'6
bd2 = 2.5V)MJ ( 2.5V)MJSW - ( 2.5v>o_5 ( 2.5v)o_35
(“ 2/0e] * 2ol 707 07

de2 = de4 = 31.43fF + 10.69fF = 42.12fF
Cys3 = Coar + 0.67(Cop WyrLy) = 2.2F + 0.67(24.7x1074x20x10712) = 35.13(F

Cysa = Cygn +0.67(Cop Wy Ly) = 4.4F +0.67(24.7x104x40x10712) = 70.2(F

Now,
2C; = 2.2{F + 4.41F + 29.841F + 42.12fF + 35.13{F + 70.2fF + 2.2fF + 4.4fF

= 190.45fF.

1 1
_ 6_ _ 6 _ _
Ipl = (zcl,)lo =7190.45x10- 15100 = 5.25x10 Ipl =835.7kHz
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Problem 3 — (004430E2P3)

A simple first-order filter shown is to be built with a polysilicon Rpoly

resistor and a MOS capacitor. The polysilicon resistor has a sheet +
resistance of 50Q/sqg. + 30% and is 5um wide. The MOS capacitor is

Page 6

Vout

Vin
2fF/um2 + 10%. The -3dB frequency of the lowpass filter is 1MHz. S CMO{I:

(a.) Choose the size of the resistor (the number of squares, N) to =
minimize the total area of the filter including both the resistor and the

= FOOE2P2

capacitor. Find the area of the resistor and the capacitor in umz and their values. (b.) Using the
worst-case tolerance of the resistor and capacitor, find the maximum and minimum -3dB

frequencies.
Solution

(a)
Value of R =50€2/sg.xXN sg. = 50N Q

Value of C = 2fF/um2xAc um2 = 2Ac fF
Areaof C = Ac

Area of R = AR = 25um2xN = 25N pm2
Total Area = AT = (25N + Ac) pm2

We know that the RC product is given as

1
RC = = (50N)(2A~x10-15) = NA~x10-13
o106 - CON(AC )=NAC
1
Ac=—"——
C = onx10-7N
1 dAT 1
Thus, AT =25N+———— - g =S =
T 27x10-7N dN 27x10-7N 2

1
- N=——=——= =252 = AR =252x25um?2 =6308um2 and Ac = 6308um?2
\/507x10-7 N -

Also, Rpoly.= R = 252x50Q = 12.6kQ and Cpj0s = 6308um2x2fF/um2 = 12.6pF
(b.)

. _ 1 _
. _ 1 _
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Problem 4 - (004430E3P1)

A layout of a NMOS transistor is shown below. (a.) Find the values of E§erpal
RD, and RS in the schematic shown if the sheet resistance of the n* is re;n
35 Q/sq. and the resistance of a single contact is 1Q. (b.) Find the g, (. D> Cagp
values of Cgp and Cgg assuming the transistor is cutoff and the drain 5, .. h_
and source are at ground potential if CJ and CJSW for an NMOS o— =
transistor are 770x10-6 F/m2 and 380x10-12F/m. Assume the capacitors h_
are lumped and appear on the source/drain side of the bulk resistors in Rs< Cgs -
part (a.). (c.) What is the W and L of this transistor? (d.) If the overlap External
capacitor/unit length is 220x10-12F/m, what is Cgp? Source °FooE2P1Y
Blue Black Red White White
n+ Metal Poly Contact p-substrate

External External

Drain Source

| |

External

Gate

Each square is Im x 1m Fig. FOOE2P1A

Solution

(a.) The area between the edge of the contacts to the polysilicon is 5um by 22um. This
represents a bulk resistance of (5/22)x35 Q/sq. = 7.95Q. Adding 5 contacts in parallel gives RD
= RS = 7.95Q+0.2€2 = 8.15Q.

(b.) The area or the source and drain are equal and are 9um by 22um or 198um2. The perimeter
of the source and drain are 2(9um+22um) or 62um. Therefore,

Cgp = Cgs = 770x10-6F/m2 x198x10-12m2 + 380x10-12F/m x 62x10-6m
Cpp.= Cpg = 152fF + 24fF = 176fF

(c.) The W =22um and the L =2um.
(d.) The overlap capacitor is

Cep.= 220x10-12F/m x 22x10-5m = 4.8fF
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Problem 5 - (006412E1P1)

This problem concerns the influences of the physical implementations of BJT and MOS
transistors on their small-signal electrical performance, namely, the transconductance parameter,

Om:

(a.) The layouts below are for an NPN bipolar transistor and an NMOS field-effect transistor. It
is desired to increase the transconductance, g,,, by a factor of two. Show how to do this by

changing the shape of only one geometry (i.e. rectangle) for each of the transistors. The
resolution of any changes is restricted to 1um. First describe in words how you would do this,
then illustrate the changes on the layouts below. Use red ink on the layouts below to indicate the
changes you would make. Identify which terminal is collector, base and emitter for the BJT and
drain, gate and source for the MOSFET.

. Each square is}

n+ emitter. p+isolation Metal  p base n-epitaxial O Ium x lum | —
R 0 1 A =
i NN N N N N 0 | B u ]
:::\ TTTT] [T T T T T T T T T T T T TITTITTIT] 0 | 1 b X ]
T[] T T 11 IEEEEEEEEEEEEEEEEEE [ [ [ | L] | - ||
FHO\H ot - | HH H i . §us
N\ g8 A | H « fus
=N\ - I - sEepl=e - ° !
:Z:\ HE TTTTTT TTTTT] ] ]
S NN\ EE EEEEE] |EmEEm num ° -
555 NN N mnm ° -
SR 0 | B u
| | NN - :: :: S :
| Each square is]] C E Bl | FF u
Jumx lum 1] | | NN
SO0E1S1 n-substrate
Solution
| |
.. C S . . .
The g, of a BJT is given as g, = Vt—vtexp(VBE/Vt). Noting that I is proportional to

the emitter area tells us that the way to double g, is to double the emitter area as shown.

2Ky'Wip
The g, of the MOSFET is given as — L - 9 Can only be doubled by

quadrupling the Wi/L ratio. Since there is not enough room to make W 4 times larger, we make
L four times smaller as shown.

(b.) If the dc currents in both NPN BJT and NMOS MOSFET are equal and 100uA, find the
WI/L ratio of the MOSFET that will make the small-signal transconductance of the MOSFET
equal to the BJT. Assume that the large signal parameters for these transistors are 3, = 100, V=

0.026V, K\’ = 100uA/V2 and V1 = 0.7V (ignore the bulk effect and assume that V, = o and Ay

=0).
Solution

To make the transconductances equal means that

2Ky'Wip e w b 10t
L TV, TLT2Ky'V, 10 7= 147
t N Vi 104.0.026

©
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CURRENT MIRRORS

Problem 1 — (044430E3P2)

A CMOS 1:1 current mirror layout is shown. Assuming both transistors are in saturation and
that Vg1 = Vpgp. a.) If I, = 100uA, the value of /,,,, should be 100xA. Due to the layout, find

Use the information in the table for a typical CMOS process on the front

the actual value of /.

page of this exam and assume that K’ = 100y A/V?2 and Vr=0.5V. b.) How would you improve
the error caused by the layout?

[
2

IIn loyr

:||__| nchiffust
1:1

SUO4E3P2A

a.) We can see from the layout

that the source bulk resistances gt psior

are not equal. Designating these

resistors as Rg for M1 and R,

for M2, we can find the values as RDD
follows. One square is lum x 1um Su04E3P2

Rg; = 35€/sq.(0.5 +0.5 + 1
+0.2) =77Q and Rg, = 35Q/5q.(0.5 + 0.2) = 24.5Q

Therefore the current mirror can be modeled as,
Thus,

Jim tour| 21004A
200pA/VZ5 T V1 + 100RA(TTR)
R TV e T
Vest Vaes2 = 00RAIVES + Vit 245 loyr

Rg Rgp Assuming the V’s cancel, gives

JT_ Su04E3S2 Or

IOUT+ 258145‘\’[0[]7* -0.026129 =0

b.) Move the GRD contacts and metal to the left 10 microns so that Rg; = Rgp.
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Problem 2 — (044430E3P4)

Four different layouts for a CMOS 1:2 current mirror are shown. a.) Show how to connect the
n* regions and the poly regions to form the current in mirror in each layout. Label the IN, OUT,
and GRD nodes. (Just draw a line from the region to wherever to indicate the connection.) b.)
Which of the four layouts has the most accurate current gain? Why? c.) Which of the four
layouts is has the least accurate current gain from physical parasitic considerations? Why?

a.) See below.

IN ouT ouT ouT
N oo T oV |
31X KN 3K KX X 31X KX 3 XX
5 MI| M2 10 11 ] 11 5 g g 11
le__l T 31 X X 3N XX KX 3 MK 3IIX X
M e M2 m2Al | M IM2B
—GRD GRD Layout 1 Layout 2 GRD
Contacts IN ouT IOUT IN I ouT
X
Poly—»t . 3| 5] i31 3 > > 2
R X R||e|=]||= MM 3| HE| 3[HKX
5 11 = |
n+ diffdsion | ee| 3[ew| 3[ex
M2A MTMzBORD T
Su04E354 Layout 3 Layout ?

b.) Layout 4 is the most accurate because it uses a common centroid geometry, all gates are
oriented in the same direction and it uses the replication principle.

c.) Layout 3 is the least accurate due to physical parasitics. The bulk source resistors of M1 and

M2A are different than M2B. Also, the bulk-drain capacitors of M1 and M2B are different than
M2A.
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DIFFERENTIAL AMPLIFIERS

Problem 1 - (046412E3P4)
A differential CMOS amplifier using depletion mode

input devices is shown. Assume that the normal M
b 10um/1 me

MOSFETSs parameters are Ky’ =110V/uA*, Vpy = VBiasp £
0.7V, Ay =0.04V-! and for the PMOS transistors are Vout

ou
Kp’ =110V/uA?, Vyp = 0.7V, Ap=0.04V-!. For the M2
depletion mode NMOS transistors, the parameters are O | 100um/Ium
the same as the normal NMOS except that V= -
0.5V. (a.) What is the maximum input common- v M5 | ] 100uA

+ 9 BiasN

mode voltage, V., (max)? (b.) What is the minimum /;' 100um/1um

input common-mode voltage, V;.,,"(min)? (c.) What 1 S02FEPS

value of Vpp, gives an ICMR =0.5Vp?

Solution

(a.) lcm*'(max) VDD — VSD3(sat) — VDSl(sat) + VGSI(SO”A)

. B 2ip
ip=3 Vgsi- Vr)* — Ves1= N B+ Vri=Vpsi(sa) + Vpy

213
View™*(max) = Vpp = Vsps(sat) + V= Vpp ="\ B + Vri

View(max) = Vpp, - 0.3015 - 0.5 = Vpy, = 0.8015

(b) Vicm'(min) = VDss(Sat) + VGSI(SO”A) = VDss(Sat) + VDSl(sat) + VTI

Viem (min) = — +7\/ B, + Vi1 =0.1348 +0.0953 - 0.5 = -0.2698V

(c.) ICMR =V, *(max) - V,.,, (min) = Vpp —0.8015 + 0.2698 =V, —0.5317

VDD -0.5317 = O‘SVDD - VDD = 2(05317) = 1.063V



Practice Problems (5/27/07) Page 12

Problem 2 - (036412E1P3)

Find the numerical values of all roots and the midband
gain of the transfer function v,,/v;, of the differential

amplifier shown. Assume that K’ = IIOyA/Vz, Vin =
0.7V, and Ay = 0.04V-l. The values of Cgs = 0.2pF
and C od = 20fF.

Solution

A small-signal model appropriate for this circuit is
shown.

1mA

P == SO3E1P4
Vin CgsJ_ ng Cr Vout -
2 - /I\gm 1Vgs1 Fdsl /I\ 2

Fig. so3E1s4
Summing the currents at the output nodes gives,

8m1Vgs1 + chd(vout'vin) +(8as1 + GpVour +5CL Vs =0

(Note: we are ignoring the fact that v, and v;, should be divided by two since it makes no
difference in the results and is easier to write.) Replacing v, by v;, gives

-(&m1 - chd)vin =[(gas1 + Gp) +5CL + scgd] Vout

chd

Vout '(gml 'chd) ( “8ml ) I- Em

Vin =~ S(Cp+ Cog) + (8a51 + G) = \8ys1 + G CrL+Ceq

§ 8ds1 T GL

8Em. 8as + GL
MGB = - g,,1(rglIR;), Zero = Ced and  Pole =- —ng +C,

1 25
=4/2-110-100-500 = 3316.7uS and  ry = ;) =3004A = 50 k€2

MGB = -3.3167mS-(10k€II50kL2) = -27.64 V/V

3.3167x1073

Zero =" 0x100 = 1.658x10!! radians/sec.

-1
Pole = 1.02x10712(10kQII50kQ) ~
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Problem 3 - (026412FE3)

A current mirror load, CMOS differential amplifier is
shown. The current in M5 is 100yA. Assume the
parameters of the NMOS transistors are Ky’

=110V/uA?, Vpy = 0.7V, Ay =0.04V-! and for the
PMOS transistors are Kp’ =110V/uA2, Vyp=0.7V, Ap

=0.04V-1. (a.) Find the small-signal output resistance
and voltage gain if the W/L ratio of M1 and M2 is
100um/1uym. (b.) If the W/L ratio of M3 and M4 is

50pm/1um and C,, = 24.7x10"*F/m?, and the effective
output capacitance is 1pF, find all roots of this

amplifier (ignore the influence of C gd4)' (c.) What is Vs SO2FEP3
the —3dB frequency in Hertz?
Solution
The small-signal model suitable for this problem is shown below.
Gl G2 D1=G3=D3=G4 D2=D4
o-Vid+o o
+ + * o J_ +
Vst Ves2 12 =y, Vour
VesN/ 8M3<s o VN\/ 7ds2S rasa o C2
S _gml 8s 1 gm2Vgs2 gmaV1 s 5

C; = 2(0.667)(50x10712m?2)(24.7x10*F/m?) = 0.1647pF  g,,;3 =\[2-50-50-50 = 500uS

Ima9m1Y
_ _ | Zm4<ml " gsl
Vout = OmaV1 - ngVgsz)ZOUI - ( O3 +SCq B mZVgsz)Zout

_ 1 ('gmlvin) i Im2Vin ( 1 )

C, 2 2 SCL+0ds219dsa
s +1
gm3
Cq Cq
S—+2 S +1
_ Om3 ( 1 ) h _ 2gm3 ( 1 )
~Ond | C, SCot0gsatOuss) 2 omd| T C; $Co+0ds2t0dsa/ N
s—+1 s—+
gm3 gm3
The small-signal ourput resistance and voltage gain is,
1 108

Rout = g10+0gss 50 (0.05+0.04) ~ 222KE2A4 = -Om1Rout

En1 = &1 =N2110-100-50 = 1.049mS = A, = -g,1R,,, = (1.049)(222) = -233V/V

9m3 5004 9 9
The roots are, p;=- C, ~ 0.T647pF = -3.036x10°rps, z; = 2p| = -6.072x10°rps,

8ds2*8s4 1 6 4.504x10°
and p,=- C, =-222kQ-1pF = -4.504x10° rps = fi34g = o =717kHz
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Problem 4 - (056412E2P2)

The CMOS equivalent of a 741 op amp input stage is shown. If the transistor model parameters
are Ky’ = 300uA/V2, Vo = 0.5V, Ay =0.02V-! and Kp’ = T0uA/V?, Vip = 0.5V, Ap = 0.04V"!

find the numerical values of R;, G

m1> and R, for this input stage if all W/L’s of every transistor

are 10.

Solution Vob

The small-signal model for this

problem is shown. First find the M\9;.] }——I—L[:JMS

small-signal model parameters:

g1 = &m =\2-300-10-15
=300uS

8&m3 = &ma =N270-10-15 =145uS

Fast = Tgs2 = Tass = Tdse =
50/15uA = 3.33MQ and 1,3 =

Fgss = 25/154A = 1.67MQ
Summing currents: &]45 1\[/;8‘ I SOSE2P3
Vss )
Vas3 Vgs3 B 8m3Vgs3

gmlvgs1+rds1 +rds3 T8m3Vgs3

300vgs1+0.3vg1+0.6vg3+145v,3 =0
+ M1

300.3vgs1+145.6vgs3 =0 — M

Vesl = '0'485Vgs3 2 M3 I__l_D 8m1Vgsl

Vgs3  Tds3 lid3

+

Voltage loop through M1 and M3: Tid3l

0.581vig = Vgsl ~ Vgs3 = '1'485vgs3 S05E2S3

= Va3 =-0337vy

g3 = -8m3Vgs3 = 0.337-145uSv;; = 48.82uS v;,;

G1Vig = Gzt igg) = 97.65uS v;y 5Gl =97.65uS Ry=2
Ouput resistance:

Rol = rds6”[(1/gm2)gm4rds4] = 333MQ”0807MQ = M
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OUTPUT AMPLIFIERS

Problem 1 (056412E1P1)

An emitter follower, push-pull output stage is shown.
Assume that By = Bp = 100, V, = 25mV, and [; =
10fA. 100uA( y

a.) If the emitter areas of Q1 and Q2 are 1Oym2, find
the emitter area of Q3 and Q4 so that the collector Rin Q2\
current in Q3 and Q4 is ImA when vy =voyr=0. '4

+2V

R out

e

vout

Q4

b.) What is the +peak output voltage of this amplifier? + \{
Assume the 100yA sources can have a minimum VIN Ql /
voltage across them of 0.2V. - 100pF| 100€2

S X ¥\

o}
st

c.) What is the +slew rate of this amplifier in V/us?

d.) What is the small-signal input and output resistance
of this amplifier when v;y = voyr = 07 (Do not SOSEIP1

include the load resistance in the output resistance.)
Solution

Iei? I3’ I3l
a) Vep1+Vper = VepatVeps — T 15,=T I, — I3 =1u="1, =10y

s Apy=Agy = 10Ag, = 100um?
b.) Ve = £#(100uA)(1+f,)R; = £1004A-101-100Q = +1.01V

. . 10.ImA
Check to make sure this answer is okay. Vgpy =V, In\"7ofA /= 0.691V

- Maximum swing is 2-0.691-0.2 = 1.109V so V.4 = £L.01V

<10.1mA>
c.)xSR = T00pF / = 101V/us

d.) Small signal model:
Q 1
=2\g, 7w+ R1(1+5,)

100pA 1
8m2 =725mV =250Q

lgm2 T4

Bib3 s05E1S1

ImA 1
Gt =T5MV =750 Ry =0.5[250+25(101)] + 101(100) = 11.487kQ

[ 1 1/gm2]
Ry =05(g —+T4g, | =0.5125 +(250/101)] = 13.37Q
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Problem 2 (056412E1P2)
Find the value for the small-signal output 2.5V
M2

resistance R,,,; ignoring R; and the value of the |

small-signal input resistance for the amplifier
shown. Let the dc currents through M1 and M2 Ri= | R2=

be 500uA, Wy/L; = 100um/lum and W,/L, = Rin 10k@ | 10kQ | Row

200pm/1ym. Assume the parameters of the

NMOS transistors are KN’:IIOV/yAz, Vin = vin Ry
0.7V, and for the PMOS transistors are |
Kp'=50V/uA2, Vyp = -0.7V. Ignore ryy and = Il:lMl
7 iso- SOSE1P2 -2.5V
Solution

Calculating the small-signal parameters gives,

g =\2-110-500-100 = 3.316mS, g,,» =V2-50-500-200 = 3.162m$S

The small-signal model is given as,

Ry

; .
AV, =
+ 1 + 4¢:_
Vi (\ ll ng Vit :\ 'I L
-’ Em1VgsN/ 8m2Vgs -t

SO5SE1S2

For R sum the currents at the output (with the LH v, =0) to get,

our

. 1 Em1t8m2 E 1 Em18m2 -1
Iy =V|R+R,t~ 2 = Row=7, =[R+R,t~ 2 =308Q

For R;,, remove the RH v, and write a loop equation at the input to get,
v, =i R+ Rp) + (i, - 8m1Vgs— gm2vgs)RL =R+ Ry + Rp) — (g1 + gm2)vgs

But vgs = v, - i; Ry which gives,

Vi Ri+Ry +Rp + (@m1+8m)RIR1  201kQ+(3.316+3.162)(1)(100kQ)
Rip=7, = T+ (g m+&m)RL = T+ (3.316+3.162)(1)

R, =113,5kQ

1k€Q2

Page 16

vout
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Problem 3 — (056412E3P1)

A simple amplifier consisting of two cascaded Vv Vv

CMOS inverters is shown. By using one transistor DD DD

(either NMOS or PMOS) and ideal current sources

and batteries as necessary, show how you would M2 |—| M4 R

reduce the output resistance to as small as possible. ~ ng
I_{ Vout

Estimate the output resistance of your circuit +
assuming that all transistors (those in the amplifier v, I_{ M1 %M

and the one you use) have the same value of g,, 3

and r;,. Further assume, that the CMOS inverters — —
- = SOSE3P2

are operating in class AB.
Solution

There are two possibilities which will be examined below.

out

M3 Vout + M3 Vout
Ml | v, Vin —||: Ml —||:

- - - M5 =

H 14
(9 iE

SO5E3S2A _T__ SO5E3S2B

R, (no fb.) = 0.5r R,/ (no tb.) = 1/g,,

Loop gain = 1- g, 74 Loop gain =2 g,,(r4/3) =0.667 g, 4
O.Sl”ds L Ugm 3

Routb) =7 5 = =72g Roudtb) =0667g,, 14 = 2gm2rds

Therefore, the solution on the right has a low resistance by the amount of 3/g,, 7 4.
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Problem 4 — (056412FE3)

A source follower, push-pull output stage is
shown. Assume the parameters of the

NMOS transistors are KN’=110V/ptA2, Vin 100uA *
= 0.7V, A4,=0.04V-! and for the PMOS
transistors are K ’=50V/ptA2, Vip =-0.7V, R: R

§ P TP n sz I——lE out
Ap=0.05V~".
a) If W/L, = WolL, = 10, find the Wy/Ly  + J_ %
and W,/L, so that the drain current in M3 "y Ml:l|——|r__M3 vouUT
and M4 is 1mA when v;y =voyr=0. - 100pF| 100£2

+2V

b.) What is the +peak output voltage of this
amplifier? Assume the 1004 A sources can
have a minimum voltage across them of
0.2V. 2V SOSFEP3

c.) What is the +slew rate of this amplifier
in V/us?

d.) What is the small-signal input and output resistance of this amplifier when vy = vy = 0?7
(Do not include the load resistance in the output resistance.)

Solution

a.) With vy = voyr = 0, the W/L ratios of M3 and M4 are given by the current ratios. Thus,
W3/Ly = Wy/Ly = 100.

b.) The current limit due to 1mA is £1V. Check to see if voltage limit is less.

2-1mA
Visa(ImA) =\/T70-700 + 0.7 = 0.426 + 0.7 = 1.126V

V,,(max) =2 —0.2 - 1.126 = 0.674V

2-1lmA
Veszs(1ImA) ="\/30:700 + 0.7 =0.632 + 0.7 = 1.332V

V,,(min) =2 -0.2 - 1.332 = 0.467V

c.) The slew rate is

1mA
+SR = T00pF = 0V/us

1
out = 8m3 + 8ma

d) R, =©. R nq =N2-110-1000-100 4S = 4.69mS

1000
83 =\2:50-1000-100 4S =3.162mS R, =3 762 + 460 = 127

)
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Problem S - (046412E1P1)

A push-pull follower is shown with a 500€2 load. M1 +1.5V
Assume that the MOSFETSs have the following model
+
parameters: . Ky’ = 100§A/V2, V= 0.5V, and Kp’ = 0.7V—
S0uA/N?, Vyp = -0.5V. Ignore the bulk effects and VI '| vour
+
assume A = 0. 07V— _
a.) Find the small signal voltage gain and the output _T—| —_— 50092
resistance (not including R;) for the conditions of part SO4EIPI M2

a.) if the dc current in M1 and M2 is 100 A.
b.) What is the output voltage when v,y = 0.5V?

Solution

a.) The small-signal model is given as shown 2_ ?,_

where g,,; =\[2ZKy(W/L)Ip; =V2-100-50-100  vjy @ @ 5%6;% Vour
gm1 = 1mS$, g,» =2:50-100-100 = Im$S o o

Summing currents at the output node gives,

gml(vin ~Vour) + gm2(vin “Vour) = GLVour

gm1Win-Vour) 8m2(Vin-Vour)  s04E1S1

Vout Em1t Em2 1+1 1 1
Vin = 81+ 8 +GCy = 1+1+2 =0.5V/V and R, =g "Sro =7mS

N
(@)

00

b.) Under the condition of v,y = 0.5V, the gate voltages are
V1= 0.5V+0.7V = 1.2V and  V5=0.5V-0.7V =-0.2V

We know that the output voltage can be expressed as V= (I1-15)0.5k2 where Ijand/, are the
dc currents in M1 and M2.

Next we need to make an assumption about the operating region of the two transistors. Let us
assume that M1 is saturated and M2 is cutoff. Therefore, I, =0 and

I; = 0.5(100)(50)[1.2-V o 7 — 0.5)1* (uA) = 2.5(0.7-Voyp)? (mA)
Vour = (I1)0.5kQ = 1.25(0.7-Voyp)* — 0.8Voyr = 0.49 = L4Voyr+ Vour
The resulting quadratic, VOUT2 —22Voyr+0.49 =0 gives

Vour = 1.19+0.5V2.22-4(0.49) = 1.1 + 0.5(2.880) = 1.120.845 = 0.252V

Check the regions of M1 and M2.
M1: VDSl =1.5-0.252 = 1.25V >VGSl_VTN: 1.2-0.5=0.7 .. M1 is saturated.

M2: Vgip =0.252 = (-0.2) = 0.452 < IVppl = 0.5 .. M2 is cutoff
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Problem 6 - (046412FE1)

An output stage is shown. Assume the parameters of
the NMOS transistors are Ky’=110uA2/V, Vqy =

0.7V, A\=0.04V-l, the PMOS transistors are
Kp’=50V/uA2, Vip = -0.7V, Ap=0.05V-1 and the
lateral npn BJT has a current gain of g = 50 and V; =
25mV. Find the small-signal output resistance (not
including R|), the small-signal voltage gain (ignore
the bulk effect on M1), and the large signal slew rate
(plus and minus) if a 10pF capacitor is connected to

Page 20
(gDD AVDD
v 10uA
50uA |:
Vin Vout

M1 —
sooual ¥ Re=
10pF 100€2

Vss v Vss — —

FO4FES1A
the output.
Solution
Model parameters:
M1: gy = V2:40-10-50 = 0.2mS
1
Q2:gm2 = Szg(r)no =20mSandr,, = ZS—mS = 2.55kQ
Small-signal model:
_lb, _T2t(19m1)  2.55K+5K 1480
o— t+Vgs- /\N\/ o out — 1+p - 51 — 23034
+ + I + _
Vi Ve . % Vout _ (Vout|( b |(Vgs
@ s m{@ RL % ot ] 0
° ° in gs’/ \Vin
SO4FES| 1
= (ORI L [+ 1+ AR
Vout { 9mi(@+ARI] )} 02mS101100Q  1.20 0.403VIV
Vi \1+gmilrot(1+p)R.]) ~ 1+0.2mS(2.55kQ+5.1kQ) =~ 2.53 = =
Slew rates:
50pA(51) - 50uA
+ - —
SR™ = 10pF =205 V/us
__500pA
SR™ = 10pF -50 V/us
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Problem 7 - (036412E1P1)

Find an algebraic expression for the voltage gain, v,,/v;,,

and the output resistance, R of the source follower

our
shown in terms of the small-signal model parameters, g,
and R; (ignore rg). If the bias current is ImA find the
numerical value of the voltage gain and the output
resistance. Assume that Ky’ = 110pA/V2, Vpy = 0.7V,

and Kp’ = S0uA/VZ, Vyp =-0.7V.
Solution

A small-signal model for this circuit is shown below
neglecting r; of the transistors.

MI
100/1
i’_ll: 00/

Vin

1

Page 21
+3Va
11 A 10071
M2 | M3 Widths and

lengths are
R,,; 1n microns.

O

@ A

Also, Vgs3 =+ gmlvgsl(l/gm2)

o— o ----,
+ + :
8m1Vgsl L ; _ , Gy
Vin 8m3Vgs3 * RL%vom ! f :n i Em1 gsl 8m3 gs3 LYout
+ .-
gm< V&s3 E
o - O mmnnt (
Fig. SO3E1S1 8m1Vgsl = 8m3 \~

( 8m3
8m1Vgsl 1+

()

Vout Eml +gm2

Vin = ( @)
gmi\l+g )+ GL

%) = GLVour - 81 Vin = Vour) (1 +

gml)

A%

+
Vout R;=
. 50Q
SO3E1PI

Summing currents at the output node gives,

&2 Vgs1 + GLVour

@)
8 = GrVour

Setting v;,, = 0 and applying i, and solving for v, and ignoring R; gives,

. gml)
1t = 8m3Vgs3 T 8m1Vour = 8m3 (gm2 Vour t 8m1Vour
Yout 1
i = Rour = ( gm3)
8ml 1+ Em2

Note that the ImA splits between M1(M2) and M3 in a ratio of 1 to 100. Therefore, I =1Ip, =

9.9uA and I3 = 990.14A.

. g =\2-110-100-9.9 = 466.714S, g,» =\2-50-1-9.9= 31.47uS

and g,,3 =\2110-100:990.1 = 3146.7S

Vout 466.71-101 47.137
v, = 466.71-101 + 1/50 = 47.137 + 20 = 0702 V/V
1000

Rour = 47137 = 21.2Q
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Problem 8 - (036412E1P3)

a) For the emitter follower output stage shown below, find the value
of R, for maximum efficiency and find the value of that efficiency.
Vee==V=2.5V, Vi(sat)=0.2V, R, =10k€2, Vy(on)=0.7V. +

b) A load capacitor of 100pF is attached to the output voltage. If the
input voltage suddenly drops from 2.5V to -2.5V, explain what
happens at the output and accurately sketch the output voltage as a
function of time, specifying its initial and final values and times.

Solution Veg

The Ig for maximum efficiency is found as,

-

L

)=230uA
R, = (M) =7.826kQ
IQ

P, (max) = (W}(%} = 0.5(2.3V)(0.23mA) = 0.2645mW

Psupply = 2Vcclg = 2(2.5)(0.23mA) = 1.15mW

T’ = PL(max) = l 1_ VCE(_WZ) =23%
P 4 Vee

supply

Page 22

Fig. 040-09

b) The output would slew under such condition. The current will be limited by the bias current:

Slew rate=0.23mA/100pF=2.3V/us

Vout 178
A .(ous
1.8V

-2.3V




Practice Problems (5/27/07) Page 23

Problem 9 - (026412E1P1)

Six versions of a source follower 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. 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
vour{max) and (f.) the lowest v, {(max).

T VoD
p, Ml My o, Ml I_{Mz py M|y, 2o M2
o— o—|l: l: =
Vout Vout Vout Vout Vout Vout
—o0 —oO —oO —o0
M2| oy, MI Vin M2| oy, M
e e e
M2 mi| BN=F Vg
Circuit 1  Circuit2  Circuit3  Circuit4  Circuit5  Circuit 6
FSO02E1P1
Solution
o— o
(a.) and (b.) - Voltage gain. Small signal model: + +
. ~ Yout gm Vin v Gre Vout
The voltage gain is found as: . = = om+GL _ 8mVin\/gmVout )
where G, is the load conductance. Therefore we get: ° °
Circuit | 1 | 2 | 3 4 | 5 | 6
Vout ZmN gmP ZmN gmP ZmN gmP
Vin ZmN*TEmN [ EmP+E€mP | EmNtTEmP | EmPTEmN | EmN+8dsN+EdsP | EmPtE8dsN+2dsP
But gmNn = \2 gmp and ggsN = 0.5g4sp, therefore
Circuit | 1 | 2 | 3 | 4 5 | 6
Vour | 1 1 105858 |0.4142 gmp gmp
vin | 2 | 2 ZmPHEdsPH2dsNIN2 | SmP+EdsPHEIN

| 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:

| Circuit 6 has the highest output resistance and circuit 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 and 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 and 3 and 5 have lowest output swing. |

Summary

(a.) Ckt. 5 has the highest voltage gain (d.) Ckt. 1 has the lowest output resistance
(b.) Ckt. 4 has the lowest voltage gain (e.) Ckts. 2,4 and 6 have the highest output
(c.) Ckt. 6 has the highest output resistance (f.) Ckts. 1,3 and 5 have the lowest output
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Problem 10 - (026412E1P2)

An output stage using both MOSFETs and a BJT is shown. +2V
Assume the transistor parameters are K,,’ = 110ptA/V2, Vo

-1 ) 2 10 |__| 10
= 0.7V, and AN = 0.04V~" for the NMOS; Kp' = S0uA/V<, 7 1
V. =-0.7V, and A, = 0.05V"! for the PMOS and fir = 100,  [M3] M4 K
V,=0.025V, and I, = 10fA for the NPN BJT. (a.) If v;, can C; 100uA out,
vary between +2V, what is the maximum positive and b M1(10 M2
negative value of i,,, when R; = 0Q7? (b.) If v;, can vary o 1 l:
between +2V, what is the maximum and minimum output
voltage when R; = 100Q? oV SO2EIP2"
Solution

(a.) The maximum i,,, occurs when v;, = -2V. All of the 100xA through M4 is base current
giving a maximum i, = (1+$)100uA =10.ImA — i, (max)=10.1mA

The maximum -i,,, occurs when v;, = +3V. Since V¢ =2V and V¢ -Vy= 3.3V, M2 is in the
triode region. Under these conditions, we assume M1 absorbs all of the 100yA of M4 and
therefore the BJT is off and maximum —i,, is,
Ky'W
iy (max) =" [(Vgso-Vpvps — 0.5vps?] = 110-10[3.3-2 - 0.5(2)*] = 5.06mA ..

—i,(max) = -5.06mA

(b.) There are 2 possible answers for the maximum v The current limited max. v, is

out:

Max. v ouMax)R; = 10.1mA-0.1kQ2 = 1.01V

out = !

The voltage limited v, (max) is,

2-100 <10mA>
Max. v, = 2V = Vgpy(sat) — Vpp(10.1mA) = 2-\ /50570 —0.0251In\TofA
=2-0.6325-0.6908 = 0.6768V - Max. v,,; = 0.6768V

For the maximum — v,,, we see that the V¢, = 4V which strongly suggests that M2 will be in
the triode region. Equating the current in the 100€2 resistor with that in M2 gives,
2-VDS KN'W
100 = L (Vas2Vpvps—0.5vps’]

0.02-0.01v g = 1.1x10[3.3v )¢ - 0.5v) 6?1 — vpe? —24.782v )¢ +36.36 =0
Vpg = +12.391£10.8247 — v o= 1.5662V

Max. -v -2V+1.5662V = -0.4338V

out =
. .. . 11010 )
The current through M2 under this condition is —5.7  (1.5662V)“ = 1.349mA

It can be shown that if M2 remains saturated that Max. — v, = I-100Q2 = -0.1815V
So our assumption that M2 was in the triode region is valid.
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Problem 10 - (016412E2P3)

A CMOS circuit used as an output buffer for an Vbp =3V
OTA is shown. Find the value of the small
signal output resistance, R, and from this value 10/ 1:] == r__l()/ 110/ 1__’I|——| r__IOO/ 1
estimate the -3dB bandwidth if a S0pF capacitor M8 | M3 lSOA M4 (M6 lSOOA
is attached to the output. What is the maximum
and minimum output voltage if a 1k resistor is M1 M2 Rout
attached to the output? What is the quiescent o—p—] 10/1 [F——e=—=+—o
power dissipation of this circuit? Use the ¥+ l 50A +
following model parameters: K, =110uA/VZ, Vin M5 S00A l Vout
g p N U >

, ) o [Mo] ¢l [0a M7|
Kp' = S0uA/N?, Vpy = -Vop = 07V, Ay = im/l—-l: g\ Il__,lOO/li
0.04V-! and A, = 0.05V1. ' VBias '
Solution W/L values in microns Vgg=-3V SO1E2S3

Use feedback concepts to calculate the output
resistance, Rt

RO
Rout =116
where R, is the output resistance with the feedback open and LG is the loop gain.

R = 1 _ 1 106
O 0gs6tdds7  (AntAp)lg  0.09-500
The loop gain is,
Vout 1[9m29m6 gmlng]
LG = =-3 + R
Vout 2 Oms Om7 0

Ot = Omp = V2:110-50-10 = 331.67S, gz = g = \/2:50-50-10 = 223.61S,
Ome =\/2:50-100-500 = 2236pS and gy =\2-110-500-100 = 3316.7uS

=22.22kQ

Voul _ 1[:38167:2236 , -331.67.3316.7] _
LG = Vout 2 2236 331.67 =-73.68V/IV
R = Ro  22.22kQ 20450
o =TLG ~ 1+73.68 ~ 2O
1 1

308 = 2R, 50pF - 27294 .5.50pF ~ +0:81MHz

To get the maximum swing, we must check two limits. First, the saturation voltages of M6 and
M7.

2:1000 _ _ . [2:1000
50.100 - 0-6325V and  Vyg7(sat) = 110-100

Second, the maximum current available to the 1kQ resistor is £1mA which means that the output
swing can only be £1V. Therefore, maximum/minimum output = +1V.
P ;s = 6V(650pA) = 3.9mW

Vysg(sat) = = 0.4264V
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Problem 11 - (016412FEP1)

An output amplifier is shown. Assume that vyy can vary
from -2.5V to +2.5V. Let Kp’ = 50uA/V2, Vip=-0.7V,
and Ap = 0.05V-1. Ignore bulk effects.

a.) Find the maximum value of voyr, voyr(max).

b.) Find the minimum value of voyr, voyr(min).

c.) Find the positive slew rate, SR* when vpoyr = 0V in
volts/microseconds.

d.) Find the negative slew rate, SR- when vpoyr = 0V in
volts/microseconds.

e.) Find the small signal output resistance (excluding the
10k€2 resistor) when voyr = 0V.

Solution

a.) When vjy = +2.5V, the transistor is shut off and voyt(max) = 200pA-10kQ = +2V

b.) When v\ = -2.5V, the transistor is in saturation (drain = gate) and the minimum output
voltage under steady-state is,

VouT = -lOkQ(lD'ZOO}lA) =-10kQ [wéﬂ(VOUT‘FZ.S'O.?)Z - ZOOHA

VouT = -75(VOUT+1.8)2 +2 — VOUT2+3'6133VOUT +3.21333 =0

.61 .61 2-432
VouT = - 3 62333 * \/(3 0 333)2 321333 =-1.80667 + 0.22519

It can be shown that the correct choice is voyr(min) = -1.80667 + 0.22519 = -1.5815V

. . 2
c.) The positive slew rate is SR* = %D%A = +4V/us

— SR* = +4V/us
d.) The negative slew rate is found as follows. With vo7 = 0V, the drain current is
Ip = 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 rate of

__241mA _ S
SR~ = 50pF - 482V/pus — SR~ = - 482V/us

e.) The output resistance, Ry, is approximately equal to 1/g,,,. Therefore,

1 [ L 1
R ~—= = = 408.2Q > R..=408Q
out ~ g 2KplpW ™ 4/2.50.200-300 —out
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SMALL SIGNAL FREQUENCY RESPONSE
Problem 1 (056412E1P3)

Find the midband voltage gain and the —3dB frequency in Hertz for the circuit shown.

R1=1kQ C2 1pF
o
+
V2 R3— Cy= J_

+ I\
C1: 1 R2: C3—
IOPFT 1000 100kQ SpFT 1000 1kQ IOPFT Vour

SO5E1 P3

Solution

The midband voltage gain can be expressed as,

V Vour V2 Vi ( -R

out 2
Vi =V, V|V, =0 )R2+1000)(1):-0-99V/V

Finding the open-circuit, time constants:
RClO: RCIO = Rl = 1kQ - RC10C1 = 10ns
Reoor v

v, = Ryiy + Roli; + T600 + T000 it

Butv,=V| -V, and V| = Ryi,,

) ) 2R1R2it szt
vi= Ryl + Ryl + 71000 - 1000

Vs R1+R2 + 0002R1R2

~— SOSEI1S3

Rc20=7,=" 1+0.001R,
1k€Q+100k€2+200k 2
= 1+100 = 2.98kQ - Rcz0C2 = 2.98ns
RC3O: RC3O = R2 [11k€2 = 0.99kQ2 - Rc30C3 =4.95ns
RC4O: RC4O = R3 = 1kQ - RC4OC4 = 10ns
2T,. = (1042.98+4.95+10)ns = 27.93ns

1
@34 =TT, = 35.8x10° - f34p=23.698 MHz
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Problem 2 - (056412E1P4)
On page 514 of the text, the

: . Vee
statement is made that “the
common base input impedance is Rr
low at low frequencies and Zin Zin Ry

. . . o ° -
becomes‘ ’}nductlye at  high X / °
frequencies”... Find the small-

Ig Vout L

signal input impedance to the
common base amplifier and > o

express the values of the SOSE1P4
equivalent circuit, Ry, Ry, and L in terms of the parameters of the BJT small signal model (ry, r,

o

C,, and B,). Ignore r, and assume that R;>R,.

Solution Zin 1, gmVx
. . . | —
Use the following small signal model for this problem. J_ = -
&r 1 + Cr Vi 'n
It+Zn+ngH:0 —[,=-V_ 8mtZ_ v N
and t_()
VJ‘[ rp rp
V= ‘Vn‘Z_n’”b -V, =-V 1+Zz
- L SO5E1S4
V, ( Z 1y ) -
Zin =T =\T+g,Z,) Where Z;=5C ;31
Now,
r]'[
"o ¥ SCor Al rp(14sCory) +1,  (rp+r)+sCor 1y
Zin= 8w — 148t tsCorp = 14B,+sC o1,
+5C r +1

(rp+ry)  SCof 7 ((rb+rﬂ) sC n"n”b) ((rb+rﬂ) sC n”n”b)
[))0 + [))0 [))0 + [))0 rb [))0 + [))0 rb
1 SCuryp = r, SCprarp % SCl a'p
1+73;+ B, WYY T B, YT B

Ri(Ry+sL) R{(Ry+sL)
Zin=R#Ry+sL~" Ry+sL 1 R>R;

Equating the two expressions for Z;, gives,

(rp+ry) Carap
Rlzl"b,Rzz BO ,andL: BO
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Problem 3 - (056412FE6)

Find the midband voltage gain and the —3dB frequency in Hertz for the circuit shown.

R=1kQ cz 1pF

O
+
C1= Ry= C3— V) R3— C4—J_V
IOpF’|\ 100 100kQ 5pF‘|‘ 100 1kQ 10pF’|‘ out

SOSFEP6

Solution

The midband voltage gain can be expressed as,

V Vour Va Vl -R

lell‘

2
V.=V, V|V (0)(R2+100())(1)——9 9V/V

Finding the open-circuit, time constants:

RClO: RCIO = Rl = 1kQ — RC10C1 = 10ns

Reoor v,
Vi W ] :

=Ryi; +R2[ + 700 + 100
Butv,=V| -V, and V| = Ryi,,

%)
~  SOSEIS3

) ) 2R1R2it szt
vi=Ryi+ Ryl +7 100 - 100

& R1+R2 + 002R1R2
Rco0=7="" 1+0.0IR,

1k€2+100k€Q+2000k Q2
= 1+1000 =2.099kQ — Rcr0Cy =2.1ns

RC3O: RC3O = R2 11002 = 99.9Q - Rc30C3 =0.5ns
RC4O: RC4O = R3 = 1kQ - RC4OC4 = 10ns
= (10+2.14+0.5+10)ns = 22.6ns

1
0308~ 3T~ 44.25x106  —  fa4g=7.04 MHz
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Problem 4 - (046412E1P3)

Find the voltage transfer function of the common-gate amplifier
shown. Identify the numerical values of the small-signal voltage
gain, v,,,/v;,, and the poles and zeros. Assume that Iy, = 500uA,

Ky’ = 100uA/V?, Vo = 0.5V, and Kp’ = S0uA/V2, Vip = 0.5V,
-1

A=0V™, Coe=0.5pF and Cyy = 0.1pF.

Solution

The small signal transconductance is,

gm =2’ Ky (W/L)I, =2:100-10-500 = 1mS

rds:OO

) R 8mVgs
The small signal model s

is,

S04E1S3

The voltage gain can be expressed as follows,

Vout _ (Vout)(k) Vout _ ( RL(l/Sng) )

Vin = Vgs Vil > Vgs =-8m RL+(1/ngd)
Sum currents at the source to get,

V. +V \% -G

m gS & S
Ry +nggs+SCgngs:O - Vin = Gs+gm+ngs
Vout ( ngL )( 1 ) 1
Vin = \1+ ngL SngRL'l'l chs

The various values are,

. &R 110
Voltage gain =7 g R =1+ = SV/

<

-1 -1
- — — 109 rad:
PL=CoR =10 3:10% = -10” radians/sec.

_ _(gm+Gs) _ —10_3+10_3 -4 9 di /
P2=" Co = 0.5x10° 12 = -4x10” radians/sec.
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Problem S - (026412E1P3)
Find the midband voltage gain and the —3dB frequency in Hertz for the circuit shown.
R1=1kQ Co=1pF

Il o

L J_ +

Vv V_l R3= C3= v

T 100\Y/ 10k IOpFT out
O

SO02E1P3

Solution

The midband gain is given as,

4 10kQ) (10kQ
7 = (o) (1) = soorvy

l

100
To find the —3dB frequency requires finding the 3 open-circuit time constants.
Reio!
R = 1kQII10kE2 = 0.9091k€2 — Rc19C1 =0.9091-10ns = 9.09ns
Reoo
V= it RClO + R3(lt+001V1)
= it(RCIO + R3 + 0‘01RC1OR3)

S02E1S3

RC20 = RClO + R3 + 0‘01RC1OR3
=0.9091 + 10(1+0.01-909.1)kQ2 = 101.82k€2
RC2OC2 =101.82-1ns =101.82ns

Reao:
RC3O = 10kQ - RC3OC3 = 10-10ns = 100ns

1
275 =(9.091 + 101.82 + 100)ns = 210.91ns — w-34p =37, = 4.74x100 rad/s

4.74x100
f3ag=" 27  =154.6kHz
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Problem 6 - (026412E1P4)

Find the midband voltage gain and the exact value of the two poles of the voltage transfer
function for the circuit shown. Assume that R; = 1k€2, R; = 10K, g,, = 1mS, C,; = 5pF and

Coq = IpF. Ignore r4.

= SO02E1P4 — -
Solution
The best approach to this problem is a direct analysis.

Small-signal model:

nggs
+
:I:Cgs Icgd Ry V. outD
S02E1S54
1 VinVs
Vour = 8mZrVs  where Zy = SR;C,+1 t] and R, = gV +5CgsV

Solving for V, from the second equation gives,

Vin
Vs =Twg, Ry +sCy R,

Substituting V in the first equation gives,

V.

mn

Vour 1 1
Vour = 8mZL T+g,, Ry +sCy,R; 'V, :gm(sRLng+1)(1+ngl+ngsRI)

(ngL )( 1 ) 1 1 1
= \Tg,, R SR C ot T)| sCaRy =MBG1 I
T+g, R, t 1 1)\ p2
(ngL) <1-10>
. MBG = T+g,R;) = \T+1-1 =5V/V

1 1 o MrgmRy 141 o
P1="RCqq =~ T0Tns = -10° rad/s and p, = - R,Cpy = T3ns = -4x10° rad/s
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COMPENSATION OF OP AMPS

Problem 1 - (056412E2P2)

If a two-stage, Miller compensated CMOS op amp has a RHP zero at 5GB, a dominant pole due
to the Miller compensation, and a second pole at -pp, find the value of the first stage

transconductance (g,;1), the second stage transconductance (g,,11), and the value of the Miller
capacitor, C,, if GB = 10MHz, the load capacitor is 10pF, and the phase margin is to be 50°.
Assume that the unity gain magnitude frequency is GB.

Solution
1.) The phase margin gives p, which will give g11.
o o -1(@) -1 o -1(@) o
180° - 90° - tan Ip,l) - tan" (0.2) = 50 — tan Ip,l) = 28.69

GB  20aMHz 6
| pol =03544 = 0544 = 115.5x10" rads/sec.

We know that,

Emll
| psl =CLL — g =1p,lC; = (115.5x10° rads/sec.)(10pF) = 1.155mS

2.) The Miller capacitor is found from the RHP zero location.

8mll gmil 1.115mS 1.115mS
C. =<1 g C.= 721 = 5GB :10m107:3.55 F

c

3.) Finally, the input stage transconductance is given by,

Eml
GB =Tmc —  gmi=GBC, =Q2ax107)(3.55pF) = 22348
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Problem 2 - (046412E2P1)

A self-compensated op amp has three higher order poles grouped closely around —1x10°
radians/sec. What should be the GB of this op amp in Hz to achieve a 60° phase margin? If the
low frequency gain of the op amp is 80dB, where is the location of the dominant pole, p? If the

output resistance of this amplifier is 10M€2, what is the value of C; that will give this location
for p;? (Ignore any other capacitance at the output for this part of the problem).

Solution

The key to this problem is to assume that the three closely grouped poles around —1x10°
radians/sec. can be approximated as three poles at —1x10° radians/sec. Therefore,

GB GB
Phase margin = PM = 180° - tan‘l(w) -3 tan‘l(w) =60°

where py is a pole at —1x10° radians/sec. Assuming that GB/lp 1l is large then, we can write the
above as,

GB GB GB
180° - 90° - 3 tan‘l(w) =60°— 30°=-3 tan‘l(w) — Jp 1= tan(10°) =0.1763

GB =0.1763Ipyl = 176.3 Mradians/sec. — GB =28.06MHz
80dB — 10,000 which gives

GB 176.3x10° _
Ipql = A ST 0F < 17,630 radians/sec. — Ipl =2.806kHz

The expression for py is

1 1 1
P =R, Cr  ~ CL=Ryulp1= 1763x10%107 =2672pF
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Problem 3 - (036412E2P2)

A two-stage, Miller compensated op amp has the following values: g,,; = 1001, g,,,;; = 1000uS,
C.=2pF, and C; = 10pF.

a.) What value of nulling resistor, R, will cancel the output pole?

b.) If the output capacitance of the first stage is C; = 1pF, what is the phase margin in part a.) if
R, is 5kQ2.

c.) If C; is increased to 20pF and R, = 5k€2, what is the new phase margin?

Solution

1 Emil
a.) The zero is given as z = ﬁ and the output pole is p, = - %C . Equating these two
c

-R
EmiIl 2
roots gives,

R =gmn\ Ce

b.) The pole due to R, is

1 1
D4 =- RZC] = - SkglpF = -2X108 rads/sec.

1(CL+CC) 1 (12
= 1000y3\7> = 0k€2

Also, the GB is

pomt 10045 0 06 rads/
_CC = ZpF = X rads/sec.

The phase margin is,

GB 50
PM =180° - 90° - tan‘l(w) =90° - tan‘1<m> =90° - 14° =76°

(You should assume that z; still cancels p,. If you do assume this, the answer is 71.2°.)

c.) The new phase margin is,

GB 2GB GB
PM =180° - 90° + tan‘l(w) - tan‘l(W) - tan‘l(w)

Emll 1000uS 6
21=-7C, = 10pF = -100x10® rads/sec.

Emll 1000uS 6
P2=-"C, =- 20pF =-50x10° rads/sec.

PM =90° + tan‘1<%> - tarr(%) - tan‘1<%> =90° +43° - 63.43° - 14° = 57.52°
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Problem 4 - (016412E2P2)
The poles and zeros of a Miller compensated, two-stage op amp are shown below.

(@) If the influence of p3 and z; are ignored, what is the GB in MHz of this op amp for 60°
phase margin?

(b.) What is the value of A, (0)? What is the value of C if gp1=01,,=500uS?

(c.) If p, is moved to p3, what is the new GB in MHz for 60° phase margin? What is the new C,
if the input transconductances are the same as in (b.)?

Jo C,
p3=200MR  pr=20Mnt \p;=-2Kx | (0, =200Mn
SO01E2P2B

Solution
(a.) The phase margin, PM, can be written as

PM =180 - tan- (GB) tan- (GB) tan- (GB) 90° - tan- (GB) 60°
(2] (2]

Ipal 4]
tan- (IC;BI) 30° —>  GB =0.5774|p,| = 5.774MHz
GB _5.774MHz
(b.) A/0) = |p| —fﬁIE—‘=57WQﬂV
Om1 _Om1 _ 500uS
=GB = CeTGp Tons.774x108 T 138RE

(c.) The phase margin, PM, can be written as

GB GB GB GB
PM =180 - tan- ( ) tan- ( ) tan 1( ) 90° - 3-tan- ( ) 60°
(2] 3] 4] P

tan- (IC;BI) 10° —  GB =0.1763|p,| = 0.01763-100MHz = 17.63MHz

Sml 5004S
¢=GB =2117.63x1006 = 4.314pF




Practice Problems (5/27/07) Page 37

OP AMPS
Problem 1 - (056412E2P1)

The CMOS op amp shown uses a complementary differential input stages to achieve a wider
input voltage common mode range. Assume that all transistors are scaled from a X1 NMOS and
PMOS that have been designed to have a small-signal transconductance of 100xS and a channel
conductance of 1uS at 25uA of current. Give your best estimate of the slew rate (V/us), output
resistance, R, small-signal voltage gain (v,,,/v;;), and the gainbandwidth, GB, in MHz.

VDD
L:] J X1.5 x1’.‘5J X3
M20 |l N — — =
' s w7 Hms W
S0uA| 75uA|| 75uA| | 150u4]
25uA | 25uA
u e M0
Vop-Vr—— SOUA
i =l [20u voUT
+°—1-!__,—1 }%} M12[ [M13
Vid M1 | M2 M3| M4 Vr+ _|__ 5pF
6 LT\ LI\ T\ I 2VDS(Sat) _’ p
25LLA_> v, — N

G 50uA } — l75u’
25uA 75uAl M17

MAL-SOMA M]6) :]l—

|

i

Xfﬂ X1.5
_TL SOSE2S1A

1

Solution

The dc currents for v;; = 0 are shown above. One can show that the maximum amount of current
available to the output capacitor is twice the S0y A current sink/source or 100 A. Therefore, the
slew rate is SR = 100 A/5pF = 20V/us.

The small-signal voltage gain can be written by inspection as (note the M13-M14-M17-M18
combination is used to recover the full differential output of both complementary input stages),

Yout
Vg = (8m1+8&m2)R pus Where g,,1 = g,,0 = 100uS

Rour = [(rasollrgsa)8m117as1 1M gs188m14r as1 M [(rgs3llrgs19)8m157 ds15]
Scaling r, for the currents gives,

r1s0 = 1000kQ/6 = 166.7KQ, r 411 = 1000kQ/5 = 200k,

P18 = Tasid = 'as1o = 1000KQ/3 = 333.3KQ, 7455 = 1000kQ/2 = 500kQ
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Problem 1 (056412E2P1)- Continued
Scaling g, for the currents gives,
gm11 =5 100uS = 223.648, g,,14 =N3 100S= 173uS, g,,15 =2 100uS= 141uS
" Rowr =
[(167111000)(0.224)(200k€)JII[(333)(0.173)(333.3k2)JII[(333111000)(0.173)(500kL2)]
R,,; = 6.390MQII19.18MQII17.62MQ = 3.768M€2

Now,

Vout

Vid

=200uS(3.768MQ2) = 769 V/V

The gainbandwidth is,

8m1t8m2  200uS
B = mCLm = Spﬁ = 40x10° rads/sec or 6.28MHz
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Problem 2 - (056412FES)

A two-stage, BICMOS op amp is shown. For 1.5V
the PMOS transistors, the model parameters
are Kp'=50uA/V2, Vyp = -0.7V and Ap = 10/1:]' (o 'r__ZO/l
0.05V-l.  For the NPN BITs, the model vl vl 1071 1\'/[7
parameters are fr = 100, Vg(sat) = 0.2V, 50uA
V4 =25V, V,=26mV, I, = 10fA and n=1. * vy Com "_Vgut
(a.)‘ Ic}entify‘which 'input is positi‘ve and o"l_l 10/1 10/1 |_02 5};’;
which input is negative. (b.) Find the == M1 N HI_
numerical values of differential voltage gain,
A,(0), GB (in Hertz), the slew rate, SR, and ~ W/L ratios 06
the location of the RHP zero. (c.) Find the 1n microns N
numerical value of the maximum and Q3 Q4
minimum input common mode voltages.

SO1E2P1 -1.5V

Solution
(a.) The plus and minus signs on the schematic show which input is positive and negative.
(b.) The differential voltage gain, A(0), is given as

Om1 Ome
A,(0) = - =g, =\2:50-25-10 = 158.1uS
v(0) Uds2+t90471 96 Yds7t906 9m1 = Gm2 H
1 20 _Va_ 25V e 100uA
lgs2 = Jply = 250A 0.8MQ, 1oy = lc - 250A - IMQ, g6 = V. 26mV - 3846uS
BE 1 20 Va 25V
"6 = g~ 2K Tas7 = 7515 = 100uA - 02M2 8N Tog =7 = 10,4 = 0-25ME
IA,(0)] = [158.1(0.8]1]/0.026)][3846(0.2]0.25)]= 3.888-427.36 = 1,659.6V/V
g .
cB=-mi _1981uS _ 5 oo 106 rads/sec — GB = 5.0325MHz
C 5pF
c p

S0uA
R ="3pF =10V/ps

Ome _ 3.846mS
C. ~ 5pF

RHP zero =

= 769.24x106 rads/sec. (122MHz)

(c.) The maximum input common mode voltage is given as

/ 2 / 2:2
Vicm+ = Vcc-VDSS(Sat) - VSG]. =15- ﬁ -0.7 - ﬁ =0.8-0.447-0.316 =

Viem+ = 0.0367V

25uA
Vigm- = -1.5 + Vggg - Vg = -1.5 + V, |n(1—%’ﬁ) -0.7=-2.2 + 0.5626 = -1.6374V
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Problem 3 - (046412E2P2)
Design the values of W for each of +1V

the transistors of the op amp shown

assuming that the channel lengths of * MIII T I Ir_l_\/l6
all transistors are 1ym. Also design In:

the values of the bias voltages Vpy Bias M5—_’||—4|r__M7

and Vpgp. The transistor model
€
parameters are Ky’ = 3OOyA/V2, Vin +O—"-|l:M1 MS&

=0.5V, and Kp’ = TOuA/N?, Vip=— o_,\_,\_”_—’Mz Vep= U
0.5V. Ignore the bulk effects. Use l
the following constraints among the + M1
transistor widths: VBN —

Wy =W, Wy =Ws, W = 10Wy, Wy :||——|l:M3 iMl%—-“__| [ M12
= IOWS, Wg :Wg, and WlO :WH
=Wy =W)s v SO4E2P2

Nd

#gl

(]
Lo Iy

™~

Round the values of the transistor widths to the nearest integer that meets or exceeds the
specifications. Do not use safety factors or worst case in your design. The op amp specifications
assuming a load capacitance of SpF are:
Viemt=0.75V, V., =-0.25V, GB =200MHz, V,,*=0.5V, V /= -0.5V, SR = 100V/us
Solution
1) SR=100V/us — I, =C;-SR =5x10"12-108 = 500uA — I;=50pA
2. )R% icm +=0.75V — VSG4 = VDD Vlcm + VTN: 1.0-0.75+0.5=0.75V
Vons =0.75-0.5 =025V LE R — e
OoN3 =512 = Eo = Ly = Kn(Vong)? ~ 7000.25)2 = 7 7

3.) GB =200MHz or GB =4007x10° rads/sec.

8mi GB-C;  4007x10%-5x10712
w 2 2
_1 8m1 628
L, =2KxI; =50-300 = 26.32 =27 Wy =W, =27um
4) Vi, =-025V  — Vps3 = Viem Vst - Vss

2:25
Vasi = 30027 +0.5=0.5786V  — Vpg3 =-0.25-0.5786 + 1 =0.1714V

e 20 __ 134212 - Wi=12
"Ly T Kp(Vows)? ~ 30000.1714)2 = 1124 = <. W =12pm
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Problem 3 - (046412E2P2) — Continued
5) V,,t=0.5V

2'1g [2:250
Vspe ="\| Ky We/Lg) = \ 70120 = 0-243V = Vpg =0.256V

W _ 2ls 2250 =108.99 = 109 . Wy = Wo = 109
Ly = Kp(Vong)? ~ 70(0.256)2 = 0077 = 107 - g =Te =5

6) Vout_: -0.5V Let VDSlO = VDSl2 =0.25V

Wio 2l 2250
L1z T Ky(Von1o)? ~ 300(0.25)

7=26.67=27

=

Wio=

1
=
1

=
f

N
E

1

6) VBN = VONlO + V0N12 + VTN+ VSS =0.25V+0.25V+0.5V-1V =0V
‘:/iv;()\/
VBP = VDD - V0N6 - VONS + IVTP =1V -0.25V -0.25V - 0.5V =0V
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Problem 4 - (046412FE2)

A differential-in, differential-out amplifier is
shown that eliminates the need for matching sinks
and sources. 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, /v;

4 Vbp

in
and the differential output resistance, R out where
Vour = V37V4 and Vi =ViVy. R, 18 the resistance - M9A|r—I M9B|7—T MOC,— M9D
seen between the output terminals. VBias '—T ! ' '
Solution = SO4FEP2

Using the schematic approach to small signal
analysis, we apply v, /2 positively to M1 (M2) and negatively to M4 (M3). The resulting ac

currents are shown on the schematic. At node, v;, these currents flow out of a resistance whose

value is r ;4 llr ;s to give v5 as

V3= T \2(8 4511 8455)) Vin T 8451+ 8455

Similarly for v,, we get

( gm2+gm4 ) 8m2Vin Vout gm1+gm2 gm1+gm2
V.= s L, NV. = - = = - = -
47 \28450%84s8)) Vin T 8a50*84s8 Vin 8as1t8ds5 ~  8asaT84s8

The output resistance seen differentially is the sum of the resistances seen to ground which is

1 1
R, = + =r qllr, «+71,;4llr
out ~ 84518455~ 8dsat8dsg ~ "dsldsS T TdsdTds8
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Problem S - (036412E2P1)

A CMOS op amp is shown. All W/L AVDD
values of all transistors are M3 M4 |_1\>/15
10pm/1pm. Assume that Ky’ = :Il_ llj 150

— uAy _IHVapi
110uA/VZ, Kp* = 50uA/NZ, Vg = 1 l—

. _ -1
0.7V, Vrp=-0.7V, Ay =0.04V"", and M6: >Vsp)
Ap=0.05V-!. Find the low frequency
differential voltage gain, v,,,/v;,, the N Ml M2 ?,.
gainbandwidth, GB, the slew rate, SR, . }—‘ M7: FVen
and the power dissipation, P ;. if o MS SpF—~ Vour
VDD = 2V
150uA] , |FVBwnt |

Solution 100uA ! L
The small-signal voltage gain can be All transistor W/Ls ==
expressed as, are 10um/1um Fig. SO3E1P1

Vout

v.

in 8miRour = gm2R0ut>I<

where R ;= (877 as7(" asall as8) M8 meT ase(Tasall 74s5)]

Evaluating the small signal parameters,
Sm1 = &ma = N2-110-10-50 = 331.7uS, 1451 = 140 = (25/50)MQ = 0.5MQ
g6 =2-50-10-100 = 316.24S, r 436 = (20/100)MQ = 0.2MQ
7455 = (20/150)MQ = 0.133MQ, 7,44 = (20/50)MQ = 0.4MQ
g7 =\2-110-10-100 = 46948, r 47 = (25/100)MQ = 0.25MQ
7458 = (25/150)MQ = 0.167MQ
R, ~[469-0.25(0.4110.167)]1I[316.2:0.2(0.5110.133)IMQ
= (13.79616.644)MQ = 4.484MQ

Vout

—= = 331.7-4.484 = 1487 V/V

Vin

8mi  331.7x10°6 6
GB=T, = 354012 = 060.33x10%0— 10.56MHz

1004A  100x10°
SR=""C,  =T5510-12 =20Vius

P s = 2(50uA+50uA+150pA) = 5004 W

* This expression ignores the fact that about half the signal is lost due to the input resistances at
the sources of M6 and M7 are at an r level.
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Problem 6 - (036412E2P3)
For the CMOS op amp shown, +1V
assume the model parameters for the 3
transistors are Ky’ = 110uA/V2, Kp’ @
3 M4 ——{[M
= 50uA/V2, Vo =0.7V, Vip=-0.7V, " /j AR
Ay =0.04V-1 and Ap = 0.05V-1. Let " CC=2pFI (
all ‘transistor‘ lengths be 1um ‘and o—[ M1 M2 |lo
design the widths of every transistor l |
and the dc currents /5 and /5 to satisfy S G ICO ;
the following specifications: 10um :I' = l 'l:M7:|: P
Slew rate = 10V/us Tum ! = ! -
+ICMR = 0.8V - Vv SO3E2P2
ICMR =0V
GB = 10MHz

Phase margin = 60° (g,,,;; = 10g,,,; and Vg54=Vse)
Solution
Slew rate — I5 = SR-C; = 10Vus-10pF = 20uA — W5 =20um (check -ICMR later)
+ICMR —08=1- VSG3 +0.7 — VSG3 =09 — VSD3(sat) =0.2V

Wi Wy 213 210 o
Ly =Ty “Kp(Vgpa(san)? =50(0.2)2 =10 = W3=Wy=10um

Eml 6 “12
GB — ¢ =GB — g, = GB-C,=20mx10%2x10"12 = 407 S

Wi s W W g o
8m ="\ 2KNL, 11 = 8mi” =2KNT T = T, =2K\I, =2-110-10= 717

Wy =W, =7.17um

21
-ICMR — 0=Vsg + Vpgs(sat) - 1 = Vpgs(sat)=1- Vg =1 - Kn(WL/Ly) - Vn

[ 20
Vpss(sat) =1 -\/170-7.177+0.7=1-0.859 =0.141V

Ws 2s 210

60° phase margin — g,,c =10 g,,,; = 4007 uS
400
Also, g,,4 =V2:50-10-10 = 100uS — We="To0 10 =40m = 125.66 ym

86’ (4007)2
Is = 2K (W¢/Lg) = 100-125.66 = 125.664A

15 125.66
W7=WsT, =200 = 125.66um
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Problem 7 - (036412E3P3)

A low-gain, high-bandwidth voltage 4 Vbp
amplifier is shown. Find the low M3 M4] 200pA
frequency voltage gain, v,,/v;,, and the 50 :Il_ _|l<_— 50
unity-gainbandwidth, GB, if the sum of 1 1

the capacitance connected to nodes A

and B is 0.5pF each. Assume that the M1
independent current sources used have °_|| I 1(1)0 100 |}—‘

infinite resistance. The transistor model ‘3{”
(o

parameters are Ky’ =110pA/V2, Vyy =

Vr+ Il
0.7V, Ax=0, Kp’ =50uA/N?, Vp=-0.7V, IOOMA@ 2Von =T
A.PZO.

| All W/L ratios in microns.—— FO3E3P3
Solution

The low frequency voltage gain can be found by inspection as 0.5g,,;R. For those of you not
into “found by inspection” the following small-signal model is useful.

O O
+
. VB— VB =
8mlVi I D l
e éhn75%5

gm7VA Vout 8m1Vin V_out
FO3E3S3
) 1 8ml{ 1
Vour =1 \-R + P ) \—R +g Vin 8mi =+/2-110-100-50 = 1.048mS
Vout 1 .048
8m7 =+/2-110-25-200 = 1.048m$S N < 100 +7 O48> 51.9 V/V

The approach to the second part of the problem will be to find the poles at A and B. The
resistance to ground at node A is effectively Ry = 1/g,,7 = 1/1.048mS and at node B to ground is

Rp =R =100kS2. However, because of the shunt feedback at node B (and A) with a loop gain of
1, the output resistance is really 50k€2. Therefore,

28m7  2:1.048mS 9
PA="R, = 0.5pF =4.192x10” rads/sec.

and

2 2
PB = RyCp = TOOKQ:-0.5pF = 40x100 rads/sec.

GB = 51.9-40x100 = 2076x10° rads/sec — GB = 330.4 MHz

The gainbandwidth can also be calculated using the principle that GB = g, /C where g, is the
transconductance that converts the input voltage to current (g,,;) and C is the capacitance that
causes the dominant pole (0.5pF). Thus,

GB = 1.048mS/0.5pF = 2096x10° rads/sec =~ —  GB =333.6 MHz
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Problem 8 - (035412FE3)

An internally-compensated, cascode op amp is shown. (a) Derive an expression for the common-
mode input range. (b) Find W|/L;, W,/L,, W5/Ls, and W¢/Lg when Igjag is 80 uA and the input

CMR is -1.25 V to +2 V. Use K'y = 110 pA/V2, K', = 50 pA/V? and IV = 0.6 to 0.8V. (c.)
Develop an expression for the small-signal differential-voltage gain and output resistance of the

cascode op amp.
I:l MI10 lf
| ™ | Mi13

e N S N

MIL e
d N? Ma
*5113_&15

s

to
L
40/1 :]I ] 1 'l:M9

M7 !
MI12 10/1
Vgs=-2.5V SO3FEP3

[ ) I O Vout
CL

<
T
T
)

Solution

(a.) Vicm(min) = VSS + VDS7(sat) + VDSl(sat) + VTl(max)
and
Viem(max) = Vpp - Vgps(sat) - Vs(max) + Vo (min) (we will ignore that M8 and M14

cause a more severe upper ICM limit)
ICMR =V, (max) - V;.,.(min)

| ICMR = (VDD—VSS)+[VDS7(sat)+VD51(sat)+VT1(max)]—[VSDS(sat)+VT5(rnax)—VTl(min)] |

1 . [ 21 w 21 .
(b.) Iy =7 Igjas=20uA  Using Vpg(sat) ="\| g (WjL) and T :Wgwes,

Vpgi(sat) =0.191V—=V, . (min) = -2.5V+0.191V+V ¢ (sat)+0.8V—=V ¢ (sat) = 0.259V
Wi W, 20uA
Iy =T, 1100259221
Viem(max) = 2.0V = 2.5V - Vgps(sat) - 0.6V + 0.8V — Vps(sat) =0.3V
Ws  We  20uA
Ls =T =50032 = 444
(c.) By inspection, we can write:

-

~

. ( 814 )( S8 )
v—('gmlrds2) 8m14t 8ds131 8ds14/ \8ds8t 8ds9
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Problem 9 — (036412FE4)

George P. Burdell has submitted the following input stage as a wide range ICMR stage.
Assuming that the transistor model parameters are Ky’ =110uA/V2, Vpy = 0.7V, 4y=0.04V-1,
Kp’ =50uA/V2, Vyp=-0.7V, Ap=0.05V-!, your job is to check this op amp out. In particular,
what is the upper and lower input common mode voltages, what is the minimum power supply

that gives zero input common mode range, what is the small-signal voltage gain, and compare
this input stage with the classical differential input stage (list advantages and disadvantages).

\%5)5}

—|[:J 2| s0uA <¢

M1]]
M9 |100 | M8
10 = 1 M 10
1 - 1
Vit Vi-
M10[ M5
10 10 10
DL RN ONC !
SOuA ] SUA u SuAT” 50uA
= e
SO3FEP4 The George P. Burdell Approach Classical Approach
Solution

GPB Differential Input Stage:
Viem" = Vpp — Vspa(sat) + Vrq - Vgse(500A) = Vpp — Vspa(sat) + V1 — Vse(sat) — Ve
Viem” = Vpp — Vspa(sat) — Vgss(sat)
Viem = Vpss(sat) + Vgs1(50pA) - Vgse(50pA) = Vpgs(sat) + Vpgy(sat) - Vpsg(sat)

2:50 2:100
VDSl(Sat) = VDS6(Sat) = 110-10 =0.301V, VDSS(Sat) = 110-10 =0.426V,
and Vgps(sat) = 520—5202 =0.301VvV
Vicm+ = gﬁ —0.602V and  Vjey, = 0.426 + 0.301 - 0.301 = 0.426V

Note that Vpgg = Vgsg-Vgs7 = 1.001-0.73 = 0.271 < Vpgg(sat) so that M6 is slightly in the active
region but this is not a problem.
The minimum Vpp is found by letting Viem* = Viem™ Which gives Vpp(min) = 1.028V
Vou  Omi Om2
Vi™- Vi Odsit 9ds3  Yds2t Jdsa

The small-signal voltage gain is A,q =
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Problem 9 — (036412FE4) Continued

Classical Differential Input Stage:

Viem" = Vpp — Vspa(sat) + V11 = Vpp —0.301 + 0.7 = Vpp + 0.4V

Viem™ = Vpss(sat) + Vgs1(50pA) = 1.427V

<

Vpp(min) = 1.027V and the small-signal voltage gain is the same.

Comparison between the two approaches:

Page 48

Characteristic GBP Differential Amplifier Classical Differential
Amplifier
Vicm+ VDD - 0.602Vv VDD + 0.4V
Viem™ 0.426V 1.427V
Vpp(min) 1.028V 1.027v
Piss Vpp(360pA) Vpp(250pA)
Noise Higher Lower
Input Offset VVoltage Larger Smaller
Small-signal gain Same Same

Useable ICMR

Within power supply

Outside of power supply
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Problem 10 - (026412E2P1)

Page 49

The two op amps shown have identical voltages and currents for each transistor. The W/L
values are identical for the transistors with the same number. Assume that K’ = 110uA/V2, Kp’

=50uA/V?, Vi =0.7V, Vyp = -0.7V, Ay = 0.04V-!, and Ap = 0.05V-!. Fill in the blanks in the
table with the entries chosen from the categories of “same”, “lower”, or “higher”.

Vbp N Vbp
| | |l:J VBias2 |I‘J |[lJ
| | M6 - | M7
M5
M3 M4 Ce Vout +0o I_’L
)| T o '
- o[ M1 M2 |H
-o—{| M1 M2 | Cr \Cf Vout
Vin I 71 i ©
+o - = M3 | M4 L
] v | | | M6I
I | | | |
VBiasl ‘_1 M5 [j" [j? =
Vss Vss

N-channel input Op Amp

P-channel input Op Amp  Fig. S02E2P1

Characteristic

N-Channel Input Op Amp

P-Channel Input Op Amp

Small-signal voltage gain

’\/4KN5111KPS6I6 (Same)

’\/4KP5111KNS6I6 (Same)

Small-signal output resistance

(84sn+8asp)! (same)

(84sn+8asp)”!  (same)

Gain-bandwidth

A\ ’ ZKNSlll/CC (hlgher)

'\IZKPSlll/CC (10W€r)

Upper input common mode Vpp -VsgptVry (hi) Vpp -Vspp(sat)-Vesp (l0)
voltage
Lower input common mode | Vgg-Vpgep(sat)-Visey (10) Vss-VosytVrp (hi)
voltage
Maximum positive output voltage™ Lower (I520) Higher (1;=0 if 15=0)
Maximum negative output Higher (1;=0 if 15=0) Lower (I520)
voltage*
Phase Margin — 90° 1(8mN CL) 1(gmp C L)
-tan gmp Co -tan -tan 2N Co -tan
1(g mN) 1(g mP)
EmpP EmN

(Lower) (Higher)
Slew Rate (Assume due to C,.) I5/C,. (same) I5/C,. (same)
Power dissipation (Vpp-Vs9)Us+17) (same) (Vpp-Vs9)Us+17) (same)
Positive (Vpp ) PSRR Lower Higher
Negative (Vgg ) PSRR Higher Lower

* The transistors are not necessarily saturated for this characteristic.
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Problem 11 - (026412E2P2)

For the op amp shown, assume all transistors +1.5V
are operating in the saturation region and find

(a.) the dc value of Ig, I; and I, (b.) the low |:l 101 1071
frequency differential voltage gain, A,4(0), 1 |—| M3

Vo

100/1
{4 }_l:‘m

(c.) the GB in Hz, (d.) the negative slew Igl H
rates, (e.) the power ‘d1ss1pat10n, and (f.) the ) M1 M2 C¢=5pF |
phase margin assuming that the open-loop .. i i

unity gain is 1MHz. Assume the transistor ‘:L”é 10/1 )y I7l :I:ZOpF
parameters are K, = 110uA/V?, V, =07V, Isl L

and Ay = 0.04V-! for the NMOS; Kp’ = Mfli:l_ll e Il__,IM7
50uAINV?, V; =-0.7V, and Ap = 0.05V"! for L "’%2/1 15V ggmz

the PMOS.

Solution

/2-[ / 21
8 8 B 1 1 ) a
(a.) 3V = Kp'l +0.7+ KN'l +0.7 = 1.6 ——\’18 (\/2—5 +\l§ = 18 = 22.8]/!A

[Tg=228uA I5=2lg=457uA and I = 10lg=228)A |

(®.) Ay0) = 81450l gs4)8me(yss!iTas?)

25

8y =\2 Ky 10°Tg = 22448 , g6 =2 Kp 1001, = 151048 , rg, =335 = 1.096ME,
20 20 25

raa =378 = 0.87TM, ryes =275 = 0.088MQ , and rys; = 355 = 0.1096ME .

[A,(0) = (224xS)(0.4872MQ)(1510:S)(0.0488MQ) = 8042 V/V

Sm1_ 224uS .
(c.) | GB= C, = 5pF = 44 8Mradians/sec = 7.13MHz

Is  457uA
(d.) Dueto C.: ISRI =?C ="5pF = 9.14 V/us

-1
75 2084A-45.TuA
Due to C: ISRI="¢ " = EopF T =9.12Vius . [ TSRI=9.12V/js |

(e.) | Power Dissipation = 3(Ig+Ig+1;) = 3(296.4uA) = 0.8839mW |

GB GB GB
(f.) Phase margin = 180° - tan'l(wv(m) - tan'l(z) - tan‘1<7>

8mé6 Emé
Py = Cll_ =75.5x10% rads/sec and z = Clc = 302x10°% rads/sec

Phase margin = 90° - tan'1<%> - tan'l<%> =84°
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Problem 12 - (026412E2P4)
A possible scheme for simulating the CMRR of

an op amp is shown. Find the value of V,,/V ., Va ~
and show that it is approximately equal to |
I/CMRR. What problems might result in the v +
actual implementation of this circuit to measure —

(7
CMRR: S02E2P4
Solution
The model for this circuit is shown. We can write that
%) Vout
Vout = Avd(VI'V2) + Acchm o o
=-AvqVour + AemVem Ayg(V1-Vo) é
Vi
Thus,
_re—
V. (1+A, ) =A =
out vd cm” cm Acchm é
or
S02E2S4A
Vour  Aem Acm 1

V.,= 1A, ~A,; = CMRR

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.

Va
1
Vi

= +< )— |
S02E254B
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Problem 13 - (026412E3P3)

Calculate the small-signal voltage gain, the SR (C;, = 1pF), and the P4 for the op amp shown
where I5 = 100nA and all transistors M1-M11 have a W/L of 10um/1ym and Vpp =-V¢g=1.5V.

If the minimum voltage across the drain-source of M6 and M7 are to be 0.1V, design the W/L
ratios of M12-M15 that give the maximum plus and minus output voltage swing assuming that
transistors M12 and M15 have a current of 50nA. The transistors are working in weak inversion
and are modeled by the large signal model of

W (@)
ip=T Ipoexp nv,

where I = 2nA for PMOS and NMOS and np = 2.5 and ny = 1.5. Assume V, = 26mV and
AN=0.4V-1 and Ap=0.5V-1,

Vbb

M8j|——||'__M3 MZ_’]I 1 1 Ir__M6

M1§_’|I——|J'_m|r_'M10

"2 M1 M2 |—VlO1 —_EO Vout
I—T‘;J I -

IpF
. 1?4& s Il__,M12M15‘—-||__H411 L

1 VBias |
ng [ A A A It M7

Vs S02E3P3

Solution

The small-signal voltage gain, A, is g,,1R,,; (see end of solution) where,

Rour = (rds6gm10rds10)”(rds7gmllrdsll)

With the currents and W/L ratios of transistors M1 through M11 known, we get

50nA 109 9
8m1 =8&m11 =T1.526mV = 1.282uS  and  rye =rye1=0.0450 =0.5x10”Q2

50nA 10° 0
8m10 =2.526mv = 0.769uS and  r46 = 14510 =0.05-50 = 0-4x10°Q

R,,; = (0.4x10%-1.282x1076-0.4x10%)lI( 0.5x10°:0.769x1076-0.5x10%) = 9.924x101°Q

A, =1.282x10-9.924x1010 = 127,726 V/V

100nA
R="TpF =0.1V/us

P iss = 3V(50nA-6) = 0.9 W
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Problem 13 - (026412E3P3) - Continued
Design of the W/L’s of M12 through M15:

To get 50nA in M12 means the W,/L;5 =0.5(Ws/Ls) = Spym/1pym
M15:

Ip 50
Vesi1 =nyVy ln(m) =1.5-0.026 ln<m> =0.0357V

Wis 50nA
VGSlS =0.1+0.0357=0.1357V — L15 = 1357> = O77gm/1gm

2nA'exp<1.5.26

M13 and M 14:

Ip 50
VsGio =npV; ln(m) =2.5-0.026 ln<m> =0.0596V

Wi3 50nA
Vgsi3 =0.1+0.0596=0.1596V — T = 15%) =2.146pm/1ym

2nA'exp<1.5.26

Thus

Wis Wiy

Ly =Ly, = 2.146um/1ym
Comments on the small-signal gain:

It is much easier to use the expression g,,;R,,,; for the small-signal voltage gain. However,
some prefer the following expression,

(gml'ng'gm7 gm2'gm6)
Vour = ng3'gm9 + ng4 out

which is equivalent since g,,,3=8,,8> & 7=8m9> &ma=8me> ANd &,,,1=8m2-
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Problem 14 — (026412FE7)

A CMOS op amp capable of operating from 1.5V power supply is shown. All device lengths are
1pm 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 | Vour(max) = 1.25V Vout(min) = 0.75V
Vic(min) = 1V Vic(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?2).
1.5V
'_’I M1|9— Mll‘l‘ Ml I‘Z‘ r__

MY_| i i M7

7 st s |

T 101

S Tl P e i
: l’ .[: IlOpF
1@ M8:||—4|N1: M3:||——||:M4 =

-+ SO2FEP7
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(#A) in the following

table. Use the following model parameters: KN’=24yA/V2, Kp = SyA/Vz, Von=-Vrp =075V,
Ay =0.01V-1and A, =0.02VL.

Solution
1.) p2=2GB = gme/CL=2gm1/C and z=10GB = gme=10gm1. .. |Cc = CL/5 = 2pF|

2.) I=CcSR = (2x10-12)-107 = 20uA .. [T=20uA
3.) GB = gm1/Ce = gm1 = 20mx106-2x10-12 = 40mx10-6 = 125.67uS

Wi Wo  gmi? (125.67x10-6)2
L =T =2Kn(72) =2:24x106-10x106 =329 = | W1 =W, =33um |

/ 2:10
4.) Vic(min) = Vpgs(sat.)+VGs1(10puA) = 1V—Vpgs(sat.) = 1-\[/ 3433 -0.75 = 0.0908

/ 2-1 2:20
Vpss(sat) = 0.0908 = KnSs W5 :m =201.9um [W5=202um
5.) Vjc(max) = Vpp-Vspi11(sat)+VtN = 1.5-Vgp11(sat)+0.75 = 2V—=Vgpi1(sat) = 0.25V

2-1.51 2-30
Vspii(sat) < KpSi S11=W11 zm =120 — W/ =W 22120um
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Problem 14 — (026412FE7) - Continued
6.) Choose S3(S4) by satisfying Vjc(max) specification then check mirror pole.

/ 2-1
Vic(max) = Vgs3(20uA) + VN — Vgs3(20uA) = 1.25V = KnsSs + 0.75V

2:20
83:34:m =6.67 = | W3 =Wy ="Tum |

7.) Check mirror pole (p3 = gm3/CMirror)-

gm3 gm3 \2:24-6.67-20x10-6 0 i :
P3 = Ctirror = 2°0.667W3L3Cox = 20.667-6.67:0.5x10-15 = 17:98x107 which is much

greater than 10GB (0.0628x10%). Therefore, W3 and W4 are OK.
8.) gme = 10gm1 = 1256.7uS
a.) €m6 :'\/ZKNS6IOI = Wg=164.5um

/2-101
b.) Vout(min) =0.5 = Vpgg(sat) =0.5 = KnSe = Wo= 66.67um

Therefore, use | We = 165um|

4
Note: For proper mirroring, S4 =T, Se¢ = 8.254¢m which is close enough to 7um.

9.) Use the Vyyt(max) specification to design W7.

2:200uA
Vout(max) = 0.25V = Vpg7(sat) = m

. 4001 A
- 87237060252 = | W7=2800um |

10.) Now to achieve the proper currents from the current source I gives,

Sy
Sog=S810=70 =80 —= |W9=W10=80]Am|

and

1.5-S7
Si1=S12="795 =120 — W1 = Wj2 = 120um. We saw in step 5 that W and Wy»

had to be greater than 120xm to satisfy Vic(max). .. | Wi1=W2=120um |
11.) Pgiss = 15I:1.5V =300uA-1.5V = 450u'W

Ce | I |Wi=W,y |Wi=W, | Ws=Wg We W7 | Wo=Wio |W11=Wi2 | Pudiss

2pF | 20uA | 33um Tpym 202um | 165um | 800ym | 80um 120um | 450p'W
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Problem 15 - (016412FE2)

A CMOS op amp that uses a 5V power supply is shown. All transistor lengths are 1ym
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: Kx'=110uA/V2,

Kp'=50uA/V2, Vpn=0.7V, Vyp=-0.7V, 2y=0.04V-! and A»=0.05V"!.

Slew rate = +10V/us Vout(max) = 4V Vout(min) = 1V

Vic(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, Ig(#A), the power dissipation, the differential

voltage gain, A 4, and Vpp and V) in the following table. Assume that V;,,  is whatever value

necessary to give /.

WI1=W2 | W3=W4=W6 |Wo=w10 |W5 |Is(nA) Ay Vep | Ven | Puiss
“W7=W8 |=W11

89.75 40 18.2 13.75 | 250uA | 17,338V/V | 3.3V | 1.7V | 2.5mW

fVDD =5V

M8 J——[Tm3 M4 J——[ s

vz o[ M Mz:ll—‘/gva_' l_w

l I | Vout
VBias_'l__.%\fS VBN o—] Mll:l:zspF

M9:|I [, M10™

- 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,

dvouT
dt

Note that normally, 1,5 = lIg = 125pA. However, for the following calculations we will use I or
I10 equal to 250p.A for the following v t(max/min) calculations.

2'5 2'5
Vour(max) =4V = 0.5="\ i =weile) = \/ Kp'(W6ILE)

W6 =W7=40=W3=W4=W8

ls =C = 25pF(10V/ps) = 250pA
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OPEN LOOP COMPARATORS
Problem 1 - (056412FE2)

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; = 5pF. 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 Kp'=110V/uA2, Vpy = 0.7V, Ay=0.04V-! and for the PMOS

transistors are Kp'=50V/uA2, Vyp = -0.7V, Ap=0.05V-1.

+ 2.5V
VBtas I‘J 80um/1 um]
80um/Ium

Mjl wmsl} 52
125uA 1251A

lll llz , IF—Loum/ 1 uml\;[lz_-

80um/Ium

VBias

SO2FEP1

Solution

Vog and V5 can be found from many approaches. The easiest is simply to assume that
Vog and Vp are 2.5V and -2.5V, respectively. However, no matter what the input, the values
of Vg and V; will be in the following range,

(VDD_2V0N)< VOH < VDD and VDD < VOH < (VSS+2V0N)

The reasoning is as follows, suppose V;, >0. This gives I;>I, which gives Is<I; which gives
Iy<I;. V,,, will increase until /; 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 Vo and Vy; are 2.5V and -2.5V, respectively, we get

) 5V 10mV
Viy(min) =774 =0.67mV — k=0.67mv =14.93
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Problem 2 - (036412FE1)

An open-loop comparator has a gain of 10%, a dominant pole of 10 radians/sec., a slew rate of
5V/us and an output swing of 1V. (a.) If V;, = ImV find the propagation delay time of this

comparator (the time for the output to go halfway from one state to the other). (b.) Repeat part
(a.) if V;, = 10mV. (c.) Repeat part (a.) if V;, = 100mV.

Solution

a.) We know that the linear output voltage of a single-pole comparator can be written as,
Vo) = A(1-ePHV,,

which can be solved for the propagation delay time as

< 2k > Vin . WouwVor 1v
1, = TIn\3%_T) where k= V. (min) and V;,(min) = A =702 = 0.1mV

We must first determine if the comparator is linear or slewing. The maximum slope occurs at ¢ =
0 and is given as

vy, (D) av ,,/0)
— = Apy Vi, e = —— = Ap-V;, = 104105106 = 106 = 1V/ps

. The comparator is not slewing and 7, is given as

t, = rlln<%> = 10%(%) =0.513us

b.) We see the maximum slope for the linear response is 10V/us which means that the
comparator is slewing. Slewing at a rate of 5V/us requires 0.1us to go 0.5V. Therefore,

1, = 0.100us
¢.) The answer is the same as b.) namely #, = 0.100us
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Problem 3 - (016412FE3)

The comparator shown has an input

applied as shown. Assuming the pulse [lJ

width is wide enough, calculate the 1071 1071 1001
propagation delay time for this
comparator. Assume that the trip point of

the output is at OV.

Solution
When v;, = -1V, ip; < ipy, which gives

ipg > ip7. Therefore v, (07) = +2.5V.
When v;, switches from -1V to +1V all

of the 50pA flows through M1 and is

mirrored via M3-M8 and M9-M7 and
multiplied by 10 to give i; = 500uA.

070529-01

Thus, the falling propagation delay time

is found as,
) C-AV  25pF-2.5V
tp =70, = 500uA = 125ns

Similarily, when v;, = +1V, v, is at —=2.5V. When v;, switches back to -1V, all of the 50p¢A of
MS5 flows through M2 giving ig = 500xA and i7 =0. The rising propagation delay time is

,_ CAV  25pF25V
tp = i6 = SOO]AA = 125ns

Consequently, the propagation delay time for this comparator is

L, = O.S(I‘,;‘ + t‘,;) = 125ns
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LATCHED COMPARATORS

Problem 1 - (056412FE1)

Page 60

A comparator consists of an amplifier cascaded with a latch as shown below. The amplifier has a
voltage gain of 10V/V and f.34g = 100MHz and the latch has a time constant of 10ns. The

maximum and minimum voltage swings of the amplifier and latch are Vo and Vg . When
should the latch be enabled after the application of a step input to the amplifier of 0.05(Vonu-VoL)

to get minimum overall propagation time delay? What is the value of the minimum propagation
time delay? It may useful to recall that the propagation time delay of the latch is given as th=1

Vou-V
(OST.IOL) where vj; is the latch input (AV; of the text).
|
Vin=0.05(Vor-Vor)" ifi Voa :
in N . Amplifier i Vs Latch ' Vout
4 o—— A,(0)=10V/V ©1=10ns ——o
=0 ! [f:3a=100MHz| L 5
S Comparator___ . ;
Enable SO1E3P1
Solution
The solution is based on the figure shown.
We note that, Amplifier ;/’ ;
Voa(t) = 10[1-e-®-3dB1]0.05(Vop-VoL)- Vou I . i,
If we define the input voltage to the latch as,
Vi = x(Von-VoL)
Vou-V
then we can solve for t; and t, as follows: *Vor-Vor)
x(Von-VoL) = 10[1-e-»-3dB1]0.05(Vop-VoL)
_ . VoL > 1
— X = 0.5[1-e-3dBl] f SOIE3S1
This gives,
=g in (5
1~ w3 M \1-2x
From the propagation time delay of the latch we get,
e (M) BNEY
2= 2Vi| —h 2X
_ _L(L) (;)djg s o _
b=t+hL=0,8 In 120 T 0L In o) T ax =0 gives x=75- = 0.4313
10ns 1+2n
hW="_ In (1+27) = 1.592ns-1.9856 = 3.16ns and t, =10ns In 5, ) = LATns

tp =ty + 1, = 3.16ns+1.477ns = 4.637ns
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Problem 2 - (036412FE2)

Assume the capacitors connected to the drains of M1 and M2 (C; and

VbD

C,) are initially discharged. Express AV, =v, — v, as a function
of the applied input, AV, = v;;-v;, in the time domain assuming AV;, ‘gl
isastep input. If g,,; =g,»=1mS, 8,3 =8,,4=100uS, and C; =C, v
= 1pF, what is the propagation delay time (AV,,,;=10.5(Voy - Vo)D) o
for a step input of AV;, =0.01( Vo - Vor)?

Solution SO3FEP2

Small-signal model:

Vo 1 V02
gm1vgstYy Tds1 Tds3 /I\gm3vgs3 §mavegs2Y T2 Tdsd /I\gm4vgs4

SO3FES2

The nodal equations corresponding two these two circuits are:
8m1Vgs1 t 8ds1Vol T 8d43Vol + sCpvor + 8m3Vgs3 = 0
and
8m2Vgs2 *+ 8ds2Vo2 + 8aaVor + SCoVod + &maVgsa =0
We can write that,
(8as1+ 8ds3+ SC1) Vo1 =- 8m1Vgsl — 8m3Vgs3
and
(8ds2+ 8uasat $C2) Vop =~ 8m1Vgs2 — EmaVgsd
Assuming matching, we get
(Vo2 = Vo1 )(&us1+ 8as3t SC1) = gml(vgsl' vgs2) + gm3(vgs3' vgs4)
or
(Vo2 = Vo1)(&as1* 8as3* SCD = &m1 (Vi1 Vi2) + 8m3(Vo2 — Vo1)
(Vo2 = Vo1)(&us1+ 8as3t SC1- 8m3) = (Vo2 = Vo)(SC1- £13) = 8m1(Vi1- Vid)
Zm1 Smif &m3/C1 \Aviy,
(Vo2 = Vo1) = AV (8) =5C- g 5 AVin($) =5 A5~ (g /CD/) s
[kl ky ] Zmi  8m3/C1 \Avi
AVouls) = C1 AV T 5= (8ma/C DI = 8m3\s - (8,3/CD/ s
Solving for ky and k, gives k; =-(Cy/g,,3) and ky = (C4/g,,3). Thus,
ml{ 1 1)
Vour) = g,,3\s - (,,3/C1) ~ s Ain =
If AVm = 001( VOH - VOL)’ then

0.5(Vorg—Vor) =0.1(Voy - VOL)[elogtp—l] 5= 108, 1

8Eml
AV (1) =g AV [el8m/CD 1]

or

el0®h =6 — t =——In(6) ==~ =19.92ns
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FEEDBACK (THESE PROBLEMS DO NOT CORRESPOND WITH THE TEXT)
Problem 1 - (056412E3P3)

Use Blackmnn’s formula to calculate the small-signal input

resistance, R;,, of the circuit shown. Your answer should be in *

terms of the resistances Ry, Ry, R3, g,,, and ry . Simplify your
answer if g,,r,c >>1. Blackman’s formula is,

R,
_ _~ |1+ RR(port shorted) :Il—l
Rin = Rin(0m=0) | 75" RR(port opened) ©

Solution Rin = R, R,
R;,(8,=0):
Rm(gm:O) = Rlll(rds+ R2 + R3)

RR(port shorted):
RR(0) =
-OmlasR3
RR(port opened):
RR -Omfrgs(R1+ R3)
() Syt R+ Ry + Ry
R, Vs’ Ry Vs’
Therfore, SO05E3S3C
gmrdsR3
Rl(rds+R1+ R3) 1 +rds+ R2 +R3
Ry, = rggt R+ Ry +R; gmrds(R1+ R3)

1+I’ds+R1+R2+R3

I’ds+ R2 + R3 + gml"dsR3 ] l: I’ds+ R2 + R3(1 + gml’ds)
:Rl I’ds+ R1+ R2 +R3 + gml’ds(R1+ R3) :Rl I’ds+ R1+ (R2 +R3)(1 + gml’ds)

RiR3

in~ Ri+ Rg if gmrgs >>1.
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Problem 2 - (056412FE4)
The simplified schematic of a feedback amplifier is 4 Vee
shown. Use the method of feedback analysis to find Ra=
w/vi, Riy = vi/i1, and Ry = vo/ip. Assume that all lng
transistors are matched and that = 100, r; = 5kQ _ R; = Q2
and r, = . ., 10kQ .
Solution VYV KQ, 1 ng_sz Q3 i
Open-loop, quasi-ac model: Vi —A\— 4_3
Small-signal, open-loop model: i R = Rs = R¢ = vy
- 1k€2 % IOkQ% 1k€2 i
2 v Vg SO2FEP5
O
I) Ry= +
Q2 Q3 20kQ
Re= v
+ 1kQ § 0
R4= ? R = Vlf R2=
20kQS10kQ IOkQ < 1kQ
.
Bi, i ib3
:. I'y
|
1
1
1

V 1
Ri = b—sl = rp+ (1+B)(R2||R4) = 5KQ + (101)(1kQ|[20kQ) = 101.19kQ
Vs \ip3'/\ip2'/\ip1'/\ vs'

= (1+8)[R6”(R2+R4)](R5+rn+(l+[-3§FR56||(R2+R4)])(R-§f ?,)(Ri)

=[(101)(954.55)](-8.976)(-66. 67)(1/101 19kQ) = 570.16 VIV
R, 1 Vo' ( +Rs5
f= Ry*Rs ~21 - 0.0476 and Rq -.— = Rgl||(R2+R4)|| 10
Closed-loop quantities are:

Vo __a _ 57016 _
A\/f - Vs - 1+af - 1+2715 20 25 R|f - (1+af)R| 2 848MQ

) = 128.50

Ro _1285Q
Rout = Rof =72, = 28.15 = 45650
v2
Rin = R1+Rif=2.856MQ | and Vi AVfR +R =20.18 VIV
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Problem 3 - (046412E3P3)

A voltage amplifier using feedback around a Ry =200kQ
current amplifier is shown. In this problem
assume all of the NMOS transistors are
identical. Assume that R is greater than the

transistor transconductance and find the input
resistance, R;,, the output resistance, R the

mn’
voltage gain, v,,/v;,, and the gainbandwidth

our

(GB) in Hz. Assume that the output resistance
connected to this voltage amplifier is large.

Solution
R;, = Ry = 10kQ2 SO4E3P3
Voo Yow Vi Vi 200k
Rou = i U= 2R2 = 2R2 Ry = i, = 2 = 100k€2
. Yin You . Yout
lin= R, + Ry and i, = - Ry
Since i;, =i,,, , we get
R*R, = R, -~ R, ="%?R, — 7, = 2R, =-10V/V

The dominant pole is found as,

1
Pdominant= R, ,,,C

out~out

1
=T00KQ-0.1pF = 100x10° rads/sec.

GB = 10-100x10° rads/sec. = 1000x10° rads/sec. = GB = 159.15MHz

Note: This problem can be worked as a feedback problem (which it is) so the results would be
achieved from a shunt-shunt feedback network as follows.

The feedback factor would be f =-1/R, and the amplifier gain would be

Vout .
a="7_=-R, (loopgainis 1)

mn

Therefore the closed loop gain would be

Vout a ﬁ
i, = l+af = 2

The desired voltage gain would be

Vour Vour 1 R
v, = i, R, = 2R, =-10V/

1243 mn

<

The input resistance of the current amplifier is approximately zero, so feedback would give the
correct input and output resistances calculated above.
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Problem 4 - (036412E3P2)
A shunt-shunt feedback amplifier is shown. Use the
methods of feedback analysis to find the numerical
values of vo/vq, v4/iq, and v,/io. Assume that all
transistors are matched and that V= 25mV, g (of the
BJT) =100, ICl = ICZ = lOOHA, and Iy = 0.
Solution i
A simplified ac schematic for 5 # 0 is given as, AN v
ir t Ri=IkQ  R4=10kQ +
— Vi R3= %)
11 ] 1kQ2
1 R4_10k£2 5 =
—
o Ty Ql i S03Q11P1 VEE i
R1=1kQ !
L VIF Ry = WE | -1 -1
. - 10kQ 1k£2 5 © p= o VpViFT0 TRy~ 10kQ
! S03QIISIA
The ope_n-l_oop_ (B =0) simplified ac i, | 41?
schematic is given as, i wQl/ Q2 Q
! R4 =
V1 = = = !
NiZioke| SRe= WSR2
. ) o 10kQ JOkSY 1kQ[ -
The small-signal model for (5 =0) is, ' SO3QIISIB °
ll' 1 iz'
_'r /\ﬁlbl 5
+
i R4 = ibz'l n2 Ry = R3=
1< 10kQ le IOkQ Bip \V/ 10kQ<  1kQ
1
1 SO3Q11$1C

Vo' Ih2 -BR; -Ry 1
i =[] ) () el 2 g

- (1001K]| 10K)( 100-10K)( -10K 1

3

) = (-90.9)(-28.571)(-0.00966)

35K 10K+0.25K 101
v v Rp  -25.087KQ _
Ry=q: =-25087kQ= " == = ey = 7.15kQ
Rin _ 244Q
Rin = Rall(Liging) = 10000[1250 = 244Q, Rin = T3 g = 3509 = 6950
Vi_ _ _ Va _Voli _-751K _
o =Ri+Ripe=1000+70=1070Q " =77 ="1o70 = L0V
V) Rout 909Q
59Q

Rour = R3lIRy = 909 - 7, =T+BR; =3.500 =
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Problem S - (026412E3P1)

Page 66

The simplified schematic of a feedback amplifier is shown. Use the method of feedback analysis
to find V2/V1, Rin = V1/l1, and Ryt = V2/l2. Assume that all transistors are matched and that g,

= 1mA/V and rgs = .

Solution
This feedback circuit is shunt-series. We I’

. . ) — MI
begin with the open-loop, quasi-ac model 3 ]
shown to the right. 3

V‘] M R2=
Ri=< g,=< |50kQ
1kQ2> 110

o

The small-signal, open-loop model is: I

—> /\
el =) T
|; VgSZ VgSl |; 8m1Vgs1
Vgsl Ry=
50k€Q
— +
VgsZ - 'gmlvgisZ B ngVg52R4 o o
S02E3S1C
or
Vv -0 R I -
gs2 m172 50 0 1
= =->=.25 s a=10=(g )(-25)(— = 25A/A
Vgsl 1+ gm2R4 2 Is m2 Im1

I; v s3 R4
E)(_Ig:) = Om3) (m) = (IMANV)(0.5kQ) = 0.5

. af=2505=125

Rout = 50KQ (R4 is outside the feedback loop)

l, a 25 v, 14(-50kQ)

0 —— —
v, 1 (74070) - 12401V

I, Traf - 1#125 - WBZAA
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Problem 6 - (026412E2P2)

Use the Blackman’s formula (see below) to calculate the small-signal i{ﬂ Rour
output resistance of the stacked MOSFET configuration having <_! o)
identical drain-source drops for both transistors. Express your answer +
in terms of all the pertinent small-signal parameters and then simplify Voso

if I/R). A the MOSFET identical. -
your answer if g,,>g;>(1/R). Assume the MOS s are identica I|I|+ |l__,M2

[1 + RR(output port shorted)] Vout
Rour = Rour @=L T ¥ RR(output port open) l:Ml

(You may use small-signal analysis if you wish but this circuit seems %R )

to be one of the rare cases where feedback analysis is more efficient.) VIN
Solution ‘o)
SO02E3P2
2R(r 147 452)
Rout (gm2:O) = 2R”(rds1+ rds2) = 2R+rds1+rds2
RR(port shorted) = ? iput Rout
ras17ds2 ) [,
VrZO—Vszz-gmzvt (I’ds1+l’ds2 <-I+
RR ¢ shorted Em2ds1"ds2 T'ds2
= (port shorted) = Tds1tds2
RR(port open) = ? Vout
( ras2(rgs1+R) )
Vi="-8m2Vt I’ds1+l’ds2+2R
RR(oort 8m2ds2(gs1+R) - S
= =
(port open) =" 4742 +2R S02E3S2
1 Em2Vds1"ds2
4 omedsdse
R 2R(1 45147 42) Fas1Hds2 R( Tas1Hasot 8maldsi?ds2 )
out = 2R+7 414140 8m2as2(as1+R) Tas1H7 g2t 2R+ 80t gs2(Fgs1+R)
I’ds1+l’ds2+2R

Using the assumptions of g,,>g;>(1/R) we can simplify R, as

(8m2”ds1’”ds2)
Rour=2R\"g,oryoR ) = 2Lisi

What is the insight? Well there are two feedback loops, one a series (the normal cascode) and
one a shunt. Apparently they are working against each other and the effective output resistance
is pretty much what it would be if there were two transistors in series without any feedback.
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Problem 7 - (026412FE6)

A voltage follower feedback circuit is shown. For the MOS VD
transistor, I, = 0.5mA, K’ = 180uA/V2, r;, = o, and W/L =

100. Although, the bulk effect, g,,;, should be considered, for +
simplicity ignore the bulk effects in this problem. For the op "ir Vout
amp, assume that R; = IMQ, R, = 10k, and a, = 1000. - Rout
Calculate the input resistance and output resistance using
Blackman’s formula given below.

= Ip

SO02FEP6 Vss

' [1 + RR(output port shorted)]

Solution

Circuit for calculating the return ratios.

Vie Ri Ro Vour Vi Ri Ro Vour
Z \%) | —d - Va — o
+ +
Rin Vi * Rout Rin Vr y * Rout
—_ -« — LV -«
vVt
gmV2 - gmV2

=~ SO2FES6

Input Port:
R;,(a,=0) =R, + (1/g,,), 2, =N2:500-100-180 = 4.243mS

R;,(a,=0) = IMQ + 236Q =~ IMQ

RR(input port shorted):

-ay 8mR;
Viy=-gmR; Vo and Vy =a,V;-g,R; V> —=>V,= I+g,,R; Vi

. Vi -aygmRi 1000-4.243mS-1MQ
RR(input port shorted) = -V, = T+g,,R; = 1+4243mS IMQ_ = -999.8

i

RR(input port open):
RR(input port open) = 0 because V,, =0

[1 + RR(output port shorted)] _
Riy = Ry (@,=0)| T+ RR(outputport open) | = IMQ(14999.8) = 1000.8MQ

Output Port:
R,,(a,=0) =R; li(1/g,,) = 236€2

RR(output port shorted):
RR(output port shorted) = 0 because V, =0
RR(output port open):

Same as the RR for the input port shorted.

[1 + RR(output port shorted)] < 140 >
Rour = Rour (@, =0T+ RR(output port open) 1= Q\17999.3/ = 0.236

)
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NOISE ANALYSIS
Problem 1 — (056412FE7)

Find an expression for the 4 +1.5V
equivalent input noise voltage of I‘J
the circuit in the previous ngi :t II— :r__ ,

—2 out
problem, e o4, in terms of the M3 M6 M7 o
small signal model parameters VI vy
and the individual equivalent 100uA 0—|l:M1 M2:I|—0

—2

input noise voltages, e pnj, of <+>
each of the transistors (i = 1
through 7). Assume M1 and M2, Mlo:l|— |l__>M5 M3:II__|I__>M4
M3 and M4, and M6 and M7 are
matched. =4 SO4FEP3
Solution

Equivalent noise circuit:

Vpp
€n62
- M6| =
e,ﬂ2 M7 O Vout
) A
e
Vi nl Vi
Sor I Tor
e
nzz €n32 en42
i¥olior="
Vss S99FES6
2 —2 — 2 — 2 —2 2— 2
e out = (gm1 e nlt &,n" € n2+ 8,3° € n3+ 84" € nd+ &,6” € n6+ gm7 e n7)R0m
— 2
) € out _2 _2 (gm3)(—2 —2) (gm6)(—2 —2)
€eqg =y R 2= €nltemt € n3+ e n4)+ e not+ e
¢4 (gml out)2 nl n2 Em1 n3 nd n n

If M1 through M2 are matched then g, | = g, , and we get

—2 2 Im3|2— 2 Ome |2— 2
€ eq = 2 € nl 2(gm3) n3 Z(le) € n6
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Problem 2 - (036412E3P4)

For the amplifier shown assume that all transconductances +VDD

are equal. Find (a.) the equivalent input noise voltage in
units of V2/Hz for thermal noise (k = 1.38x10723 J/K), (b.) Mg_’l |__|I:M3 le |__|I:M6
the equivalent input noise voltage in units of V2/Hz for 1/f
noise (By = 8x10722 (V-m)? and Bp = 2x10722 (V-m)?),
Vi vit | Vout
b o—[MIM2|}o |—o
1
and (c.) the noise corner frequency in Hz. Using f7 df =
a
In(b) — In(a), find the rms noise voltage in a bandwidth of MZI}J I‘{l__» M8
1Hz to 100kHz in V(rms).
Solution All g, =300uS and =

o . all W/L=10um/lum  SO3E3P4
The short-circuit noise current as a function of all 8 of the
noise sources in series with the gates can be written as,
2 22 2 2 2 2 2 2 2 2 2 2 2
Lo = gmlen1+ gm2en2+ gm5(6n3+ en5)+ gm6(en4+ en6)+ gm8(6n7+ enS)
The above can be written as,
2

ip =galden+den]

Dividing by gi gives the equivalent input noise voltage as,

¢ 2
2 _ 4 2 2 _ 4,02 _np
eeq—4enN+4enP_4enN 1+€2

nh:
(a.) For thermal noise, en%v = en2P so that
8kT 1.38x10723-300

=2.944x10-16 V2/Hy

2 2
¢q =8 v =83g,y =6473300x10°
(b.) For 1/fnoise,

, By 8x1022 sgxio!! , Bp 2x10%2  2x10°!!
e =FWL=F10x1012=  f and e, p = WL=7110x1012= [
2
5 5 | enp| 32x10°M < g) 40x10°!1 , 4oxioth
eeq=4enN 1+€2N = 7 14+g) = 7 Coq = Vi V</Hz
n
(c.) Equating the above results gives,
40x10°! 16 __4ox10°Mt
7 =2.944x10710 > f =270 516 = L359MHz

Finally, we can find the rms noise by integrating just the 1/f noise from 1Hz to 100kHz.
10°
5 40x10-!! 1 s
Veq(rms) =77 df =40x107" *[In(10°)-In(1)]
1
= 40x10711(11.513) = 4.605x10° V2(rms) — V,,(rms) = 68,V (rms)



