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V1.1 SSIMPLE INVERTING AMPLIFIERS
CHARACTERIZATION OF AMPLIFIERS

We shall characterize the amplifiers of this Chapter by the following
aspects:

Large Signal Voltage Transfer Characteristics

Maximum Signal Swing Limits
Small Signal Midband Performance

Gan
Input resistance

Output resistance

Small Signal Frequency Response

Other Considerations

Noise
Power
Etc.
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VI.1.1 - CMOS INVERTERS
Types

Vb
Veae2
| - B
M2 M2 Mz
——o o —%,
— + + *
M1 M1 M1
bl 1£_Vou1. +°_|l£_ Vour | VIN _|E Vout
VIN VIN
1 - S '
Active Current — Push-pull
Load Source i nverl?er

Inverter Inverter
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ACTIVE LOAD INVERTER - VOLTAGE TRANSFER CURVE

CMOS Active Load Inverter

VDD 30DC5.0
5V
L V|N=5/_
1.0 A a5 ] W, _ 15um
: / L L, 3um
ol yays M2
~ | / / VIN=4V
[ ———o
E 06l / _— Wy — 15um +
=4 Vin=3.5V Ly 3um

N
N
\\
2

: /
[ +°_| Vout
ool / V=25V EAI
“1 V=1V oy VIN

v =3V
1
W 2y
! 1] viy=1.5V -
0 : B
( 1 2 v 3 4 5 -
ouT 5T
4 \
3 \
Vour |

SPICE Input File:

VIN 10DC 0.0

M12100MNMOSL W=15U L=3U

M2 2233 MPMOSL W=15U L=3U

MODEL MNMOS1 NMOS VT0O=0.75 KP=25U LAMBDA=0.01 GAMMA=0.8 PHI=0.6
MODEL MPMOS1 PMOS VTO=-0.75 KP=8U LAMBDA=0.02 GAMMA=0.4 PHI=0.6
DCVIN050.1

OP

PRINT DC V(2)

PROBE

END
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Active Load CMOS Inverter Output Swing Limits

M aximum: _ 1 Voo
vin=0 O ip=0 O vgpo=|V12l —ifm2
ID
0 |vout(max) = Vpp ~ [V1pl ' °Vour
Minimum: vivo—i[, M1
Assume V| = Vpp, M1 active, v
M2 saturated, and V11 = V1o = V. >
_ 0 Vbs1“C
ML ip =Bldves1—VT)IVbsi—— 5 1
B (Vout—Vs9)?M
=B1{Vpp—Vss V1) (VoutVss)- > 3
B P2 B2
M2 ip= _(VGS‘VT)2 = ?(VDD‘VOUT‘VT)2 = 7(V0UT+VT_VDD)2
B2 2
ip = 5(Vout~VsstVsstV1-Vpp)
B
=5 Hvout~Vs9~(Vpp~Vss V)
Define VOUTI =VouTt ~ VSS and VX = VDD - VSS B VT
_ 3 . (Vout)?
0  ip=B1¥xVout- —3% (M1)
B2
ip=%FouT ~ VxF (M2)
Equate currents -
B> VouT'?0
SHouT 2 - 2VyVouT' + Vx2E= Bl%/xVOUT —2 T
BZ 2 2 12
or _@OUT ~ 2Vxvout' * Vx“H= 2VxVouT ~Vour
D+Bmv 2 - 2V EJL+BZBV +BZV2 0
By Vour® = 2Vx L+ 8 vour'+ Vi
0 [32/[31 O

VouT'? ~ 2VxVout' + EFTOAE Vy2=0
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. [ B2/B1
J Vout = Vxg # \/ 1+[32/51 1= Vx %1 m@

Vop ~ Vss— V1

\Y; min.) =V -V -
ouT( ) DD T 1+ Bolby
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| nterpretation of VOUT(min.)

1

_ O
VouTt(min) = (Vbp _VSS_VT)%- - H*Vss

E 1+[3_21E

VDD = —VSS =5V
Vi=1V
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Active Load Inverters
Small Signal Characteristics

Model:
SV
: S2=B2
D1=D2=G2
Ml_'?' Gl(_?_ ¥ %
VouT j . . Vou Vin Om1Vi Fds1 & dm2Vou ls2 Vout
9|_—| Vin Om1Vi lds1
- o °
V'N_ ) ° X SI=BT °

Small Signal Voltage Gain

Vout = ~BIm1Vin * Im2VoutH ds1 Il Fds2H

Vout _ “9m1 _"9m1
Vin 9ds1 * 9ds2 T 9m?2 Im2

m _ D<N'DDN1L2D _ EIJNC)DDN]_Lzﬂ
Vin Ko Walin HpomValan
W]_/Ll \m

If WL, = 20, then Vim = —6.67 using the parameters of Table 3.1-2

Small Signal Output Resistance

. 1 1
Ods1 ¥ 9ds2 ¥ Im2  Im2

Fout
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High Gain CMOS Inverters

— Vo ——— Vo

J I

p——————o VouT VIN o——+ $—oVourt

V66=_| liMZ 4| ':MZ

ViN o——] ’:Ml B ':Ml

—— Vss —— Vss
Inverter with current source load Push-pull, inverter
M2 |
VIN=Vgg M1
ViN=VDD
8V s
.8V D
6V
s 6V oo

A ‘\ .
SSHAIT I H G 5VSS C .5Vpp VoD

Large signal transfer characteristics of inverter with a current source and
push pull inverter
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High Gain, CMOS Inverter

Large Signal Transfer Characteristics

Vout
A

c . Vop VouT =Vin + | V12|

VouT =Vin - \VTl\

A=A" BB c

M1 non-sat.
M2 sat.

V2> V2 1V1d
Vob - Vout > Voo - Vas - Vi
Vout <Ves + Vi

M2 non-sat. \

M2 sat.

Vout = Ve + |V

2V oo
F=F / Vec =0
A AIN

2Vpp .4Vpp .6Vpp .8Vpp Vb

Vss 8Vss 6Vss AVss ».2Vss

Vps1>Vest - V11 Vss .
Vout - Vss>Vin - Vss- V1 I J K'
Vout > Vin - V11

Advantages.

1. High gain.
2. Large output signal swing.
3. Large current sink and source capability in push pull inverter.
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CMOS Inverter Characteristics

Circuit:

— Df.z

VIN o— +——o VouT

H':Ml

PSPI CE Characteristics:

M2 linear

I
I
| Currentin |
M1or M2
2 | 100 pA
I
|_
8 0 VIN + ‘VT:i CMOS inverter DC current and sweep 0 uA
VIN1
> VDD 2 0DC5.0
VSS540DC-5.0 V2

M12144MNMOSL W=3U L=3U f
M22133MPMOSL W=9U L=3U

.MODEL MNMOS1 NMOS VT0O=0.75 KP=25U
+LAMBDA=0.01 GAMMA=0.8 PHI=0.6

MODEL MPMOSL PMOS VTO=-0.75 KP=8U
+LAMBDA=0.02 GAMMA=0.4 PHI=0.6
DCVIN-50500.1

PRINT DC V(2) ID(M1)

\PROBE

END

M1
o | of M2 linear

M1 linear

VIN - \VTﬂ
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Current Source Inverter - Output Swing Limits

VouT(max.) = VDD

Vg o—| ':MZ

ViN o—]| ':Ml

J |

—°Vourt

N R VSS

Vout(min) = Vop~V11-(Vpp~Vss—VT1) \/1 -

EBZDWDD_VGG_VTZS
l%\/DD_VSS_VTl 0

CMOS Push - Pull Inverter - Output Swing Limits

VouT(max.) = VDD

VouT(min.) = Vss

VIN o——

—i=

g

— Vb

M2

J |

———©° Vourt

M1
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High Gain, CMOS Inverters

Small Signal Characteristics

Mode

Vin Om1Vin INds1 Om2Vin <‘> I'ds2 Vout

Small Signal Voltage Gain:

[e]
o

VouT = “EIm1Vin * 9m2VinHds1 Il fds2H

OR
Vour “FIm1*Om2H dog5\ "NLg N "PLlad ¢ .
Vin  Mgs1 + 9ds2H AL+ Az _\/G
Set gp = 0 for the current source inverter
. Wy Wp
Assume that ip = 1 A and '—_1 = L_z , using the values of Table
3.1-2 gives
Vout _ : _
Vi, o -328 for the push-pull inverter (L=10 um)

=-194 for the current source inverter (L=10 um)

Small Signal Output Resistance:

1

Fout = ——————
OUt™ gys1 + Ods2
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High Gain, CMOS Inverters

Dependence of Gain upon Bias Current

log |Ay
A
1000 | |
I
I
100 |
weak |
inversion
I
10 ~ strong _
' inversion
I
1 | 1 ] ] 1 > | D
0.1pA  1pA 10pA 100pA  1000pA

Limit is the subthreshold current where square law characteristic
turns into an exponential characteristic.

Assume that the level where subthreshold effects begin is
approximately 0.1pA, the maximum gains of the CMOS inverters become:

The CMOS inverters become:

Push-Pull: -1036 5
Current source load: -615 0O

W
Current sink load: -422 {H g

=1, L=10 ym
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Frequency Response of CMOS Inverters

General Configuration

X =vgyt; Active Load CMOS Inverter (g, = Om1)
X=Vgg; CMOS Inverter with a Current Source Load (g, =

gml)
X=v)y; CMOS Push Pull Inverter (Jy = 9m1 + Im2)

. Vpb
G52=
- CCI;ID1
Xo—1~ | M2 Cgp; ° I °
Cepo— + +
' I — 1
p J_ VI n OmVin R § CT Vout
Cep1— — Cgp1 I CL -
[} O
v, — [ m1= =

(@) (b)
(a) General configuration of an inverter illustrating parasitic capacitances.
(b) Small signal model of (a)
Cgp1 and Cgpo are overlap capacitances
Cgp1 and Cpgp, arethe bulk-drain capacitances
C, isthe load capacitance seen by the inverter

Frequency Response

Vour ~gmRwi(1-97) ool oy, Om
V|N - % + Q)la ' 1 RC CGD].
= L (9po = O for push pull and current source inverters)
Jds1+0gso*Omp om2 - o PP

C= CGD1+CGSZ+CBD1+CBD2+CL (Active load inverter)
C= CGD1+CGD2+CBD1+CBD2+CL (Current source & push-pull inverter)
ifgh,R>>1
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Frequency Response of CMOS Inverters

Dependence of Frequency Response on Bias Current -

When g,,» Z0  (active load inverter):

2K'V—v Ip
-1 or w = L ~ \/I
Om?2 -3dB C D
When g, =0  (push pull and current source inverter):
R= L o w —O\l-”\z)lD ~ |
"1+ Ap BT C >

Example:

Find the —3dB frequency for the CMOS inverter using a current
source load and the CMOS push pull inverter assuming that ip = 1pA,

Cep1=Cep2=0-2pF and Cpp;=Cgp,=0.5pF

) ) W4 W,
Using the parameters of Table 3.1-2 and assuming that '—_1 =1 =1
2

Gives,
For the active load CMOS inverter,

g
0548 =~ = 3.124x106 rads/sec or 512KHz

For the push pull or current source CMOS inverter,

Ogd1 + O
0.gp <22 c 082 14.3x108 rads/sec or 2.27 KHz
g
2= = = 29155 Mrads/sec or 4.64 MHz
GD1

The reason for the difference is the higher output resistance of the
push pull or current source CMOS inverters
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NOISE IN MOS INVERTERS

Noise Calculation

ﬁ RL
Rs

M— . | 1 LR
. Lo O = O

onN
N

: : : : : 2
We wish to determine the equivalent input noise voltage, v, as shown
below:

Comments:
1.) 1/f noise has been ignored.

2.) Resistors are noise-free, they are used to show topological aspects.
Can repeat the noise analysis for the resistors if desired.
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Noisein an Active Load | nverter

 —Vm
&
O ERr S - v
ut — il 2
¢ oVouT ViN=0 %D
Vin o—O—":Ml 2 _
2 > Cout _ 2 B2 72
v Vss S = mlg_enl %D *n2
EngD
__ _ O 0.2 [
2 _ 2 %thgmz%merﬁ M
e~ 3T Han 02 [
[] [ &1 [T

Sec 32, Eq(15)

Uf noise: eﬁ =% ; B=constant for a process

Sec. 3.3, Eq (6)

_ A [2ZK'W
Om = L Ip

DK, 2 L]
G
o 2.2, P oLz Pmo Bp 0 dWly
% i 0 ONp mAWalaog By
2K | [ |:|
m
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Noisein An Active Load Inverter - (Cont'd)

Suppose the noise isthermal - Sec. 3.2, EQ,(13)

2 _8kT(1+n)
®n T T 3g,
7 8T 0 Omp?m(1+N2)9m1 @

+ [3 ([
3Im1 O E9m12%1+n 1D9m2m

2 8kT(1+ny) (1+rl 2)%P L H/Z E
%0 = T 3g,, (1+n1)HN L H E
1

| S —

| N —

or

To minimize thermal noise -

1. Maximize gain E?rlg

2K Wy

2. Increase gm1= L, D

Page VI.1-18
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Noise in Other Types of Inverters

Current Source Load Inverter -> same as active load inverter

Push-Pull Inverter-
——— VoD

o
—O—[we

VN o— e———oVout

S

— L Ve
1

Fout =
OUt ™ gys1 + Ogds2

eout = Omifoun? 1 + (Om2lou)? €

Vout = ~(Om1 + Im2)outVin

2
2 .
@* e %@ H, eee Bc"H
2 _ 20 enlszD 5K \By 2 ]
eq ~ n1 - ngDZ en1|:| WL gD
E 5 4 9m2D E E p Wals
0 Smin E KNWILZE E

L : 2
To minimize noise - Reduce e, and &,
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SUMMARY OF MOS INVERTERS
. Equivalent
AC Voltage AC Output Bandwidth (C~r=0 . '
Inverter Type Gain Resistance width (Cgp=0) input-referred mean-
sguare hoise voltage
p-channel
active load -Om1 1 Im2 VT(gll) V2.
sinking . g Crm1tCrcq+CrcntC N1 gm n2
Vertor Im?2 m2 BD1"“GS1"~GS2"~BD2
n-channel
?rt]'lz’i?]'oad “Om1 1 Im2*Imb2 V2 1(8&) 2,
PN +
inveﬂe% Im2+gmb2 I9m2*9mb2  Cgp1*CeD1*Ces2tCRD2 m2
Current
Souree |oad “Om1 1 Is1+9ds2 V2 1(3&)2 2,
— +
. eng 9ds19ds2 9ds1*9ds2  Cp1*Cep1*Ces2*CBD2 m2
Push-Pull - + 1 + o 2 (5
inverter (9m1*9m2) Ot C +ng31 Ji?sz e V210m1 V220m2
Jds179ds2 9ds1*9ds2 BD1"~GD1"~GS2"~BD2 \Om1tOm2/ \Om1tOm2
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KEY MOSFET RELATIONSHIP USEFUL FOR DESIGN

Assume MOSFET isin saturation.

. _KW ~ [ @b
1.) 'D=T(VGS_VT)2 o Ves= \|Kw/L - V7

2ip . KW
2) vps(sa) = "\ /7w ©F  ip(sal) = 5 Vpg(sat)?

IZIDKW KW
3) gm = L or gm = T (VGS - VT)
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V1.2 - DIFFERENTIAL AMPLIFIERS

Definition of a Differential Amplifier

Vi o0—m——»| +
Differential
Amplifier > oVouT
V2o 00— -
V1 +VoQ
Vout =Avp(V1~V2) £AycE—5 o
Differential voltage gain = Ayp (100)
Common mode voltage gain = Ay ¢ (1)
Common mode rejection ratio = Aﬂ (1000)
Avc
_ V og(out)
Input offset voltage = V g(in) = W (2-10mV)

Common mode input range = Vcyr~~ (Vsst2V<Vecmr<Vpp—2V)

Power supply rejection ratio (PSRR)
Noise



Allen and Holberg - CMOS Analog Circuit Design Page V1.2-2

VI.2-1 - CMOS DIFFERENTIAL AMPLIFIERS

N-Channel Input Pair Differential Amplifier

Vb
M3j |——| M4 |
ID3* |D4J louT Vour
iD1¢ iD2
VG1°_.|.—| ’:Ml MZI‘ |+—cVG2
VGs1 Ve
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P-Channel Input Pair Differential Amplifier

Vb
o))
+ +

VGs1 VGs2
Vero—| [ M1 M2 | |—oVa2

JiDlziD3 'Dzl iouT

—_—

——— —oVouT

MSZ‘ F—— ':M4
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Large Signal Analysis of CMOS Differential Amplifiers
J iD1 iD2 l
M1 M2
% 7

VGs1 _ VGs2
=
(1)- Vip =Vgs1 ~Ves2 = B N B

(2). lss=ip1 *+ip2
Solving for ipq and ip, gives,

2
- fdsso dsso B B2vip
@ ioa= 15 B0\ [ -

And




Allen and Holberg - CMOS Analog Circuit Design

Page V1.2-5

Transconductance Characteristics of the Differential Amplifier

Circuit

9u/3u

Simulation Results

140uA

Vpp =5V

i

3u/3u
-

9u/3u

| vour 50K§

lim

3u/3u:_|
|

lioz
v

3u/3u :‘ }

| ': W3y

120uA

100uA

80uA
60uA

40uA

20uA

OuA

-5V

-3V

3V

a
<
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Voltage Transfer Curve of n-channel Differential Amplifier

Vbp

9u/3u |_—| ': 9u/3u 00 §

— VouTt

v+o— [ 3wau 3u3u_ | ——ov-

aua_]| | [ awa

[

1
=

Output Voltage

-5 -3 -1 1 3
Positive Input Voltage
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Voltage Transfer Curve for a p-channel Differential Amplifier

9u/3u:‘ | | ':9u/3u

v+ o—| ':Qu/fiu 9u/3uj |—o V-

— o VouT
50kQ
3u/3u:_’ —— ':3u/3u %
Vss
5
3 v-=1V
\ v- =0V

Q v-=-1V
g
o
>
5
o
5 -1
O

-3

-5

-5 1 3

Positive Input Voltage
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COMMON MODE INPUT RANGE

P-Channel Input Pair Differential Amplifier

Vb

- ——|'E5Vsos

VsG1 VsG2

Lowest common mode input voltage at gate of M1(M2)
VGi(min) = Vss t VGs3 * Vsp1 ~ VsG1

for saturation, the minimum value of vgn =Vvggg = V11l
Therefore, Vgy(min) = Vss + Vess ~ Vil

Iss
or, Va1(min) = Vss+ "\ B V1o~ IVril

VG1(max) = VDD ~ Vsps ~VsG1 = Vpp ~ Vsps B V11l
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COMMON MODE RANGE-CONT'D

Example

Assume that Vpp variesfrom 8 to 12 volts and that Vg = 0. Using

the values of Table 3.1-2, find the common mode range for worst case
conditions. Assume that Igg = 100pA, W4/L1 = Woll, = 5, Wyllg =

Wy/L, = 1, and vgpg = 0.2V. Include the worst case value of K' in the
calculations.

If Vpp varies 10 + 2V, then we get

'ss
Veimax) = VDD ~VsD5 ~ V14l

=8-0.2- \, (; -1.2=6.6-1.67 =499V
S
Veiming = \/; + V103~ V11l

100
xX18.7 +12-08=04+231=271V

Therefore, the input common mode range of the p-channel input
differential amplifier is from 2.71V to 4.99V
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8V

4.99v
Input Common Mode Range = 2.22V

2.71V

ov
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CMOS DIFFERENTIAL AMPLIFIER
Small Signal Differential Mode Gain
N-Channel input differential amplifier -

VbD
M4

M3 —— [*

[————° Vout

Vee—i ': M5
Vss
Exact small signal model -
D1=G3=D3=G4 fds1 lds2
S1=S2 —
célwid_(%z \ gm1Vgsl Om2vgs2 D2=D4 o
+ + + ] +_ +
1
Vgi Vg2 g_ms§ §Vgs4 l’d35§ v31=‘vsz =0 §rds4 Vout
rd53 /I gm4V934
o= — — — II _ S
S3 Vgsj_:-VgszD Vg =V =0 A
Simplified small signal model using symmetry -
D1=G3=D3=G4 .
1. Q2 \\ D2=D4 5
B3 ; ‘ °
Om1Vgsl Om2vgs2 l4s2 OmaVgsa
1
Fas3 Mdsi dst
S1=52=S3=-%4

Vgsl = 0'5Vid and VgsZ = —0.5Vid
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CMOS DIFFERENTIAL AMPLIFIER

Unloaded Differential Transconductance Gain
(R =0)

. _ _ 9m19ma(rgst |l Tasa) ~
lout = “9maVgss ~ Im2Vgs2 = 1 + Om3("gst Il Tds3) Vgs1 ~ 9m2Vgs2

If 9m3(rgst I 'as3) >> 1 93 = 9ma » @d Oy = Om2 = Img» then
lout = 9m1Vgs1 ~ Im2Vgs2 = Imd(Vgst ~ Vgs2) = ImdVid

. Kn'Wiss
lout = 9mdVid= \J— [ Vid

Unloaded Differential VVoltage Gain

or

(RL = )
O 2 KW
Out " ggsp +dgsa '9 " (AN +Ap) \/ Ik T'd
Example

If all WI/L ratios are 3um/3pum and | gg = 10pA, then

Img(N-channel) = 4/(17x10-6)(10x10-6) =13 pA/V
Omg(P-channel) = +/(8x10-6)(10x10-6) =8.9 uA/V

and
Vout . (13106
Vig (N-channel) = (0.01+0.02)10x106 86.67
Vout _ 2(89x106)
Vg (P-ohamnel) =16 570.02)10x106 - 2033
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INTUITIVE SMALL SIGNAL ANALY SIS OF MOSFET CIRCUITS

Principle: Consider only small changes superimposed on the dc conditions.

Technique: Identify the transistor(s) that convert input voltage to current
(these transistors are called the active devices). Trace the currents to
where they flow into the resistance seen from a given node and multiply
this resistance times the currents to find the voltage at this node.

Example - Differential Amplifier
Vbp

Im1Vin ¢ ‘gmlvin
2 o 2
M3 |__| ':M4 R
e——o0V,
gml"in‘ Tgmzvin ouT
2 2
— M1 M2 :_‘ -
V; .

out

Current flowing into the output node (drains of M2 and M4) is
Im1Vin ~ Im2Vin

lout=—>5  +7>
Output resistance, Rt, seen at thisnode is
1
Rout = las2llfasa = Jgo+Idsa

Therefore, the open circuit voltage gain is

Vout  9m1it9m2 = 9m1 9m2
Vin  2(9g2?9dsa)  9d2t9dss 942t 9dsa
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CMOS DIFFERENTIAL AMPLIFIER

Common Mode Gain

The differential amplifier that uses a current mirror load should
theoretically have zero common mode gain.

For example:
Vb
M1-M3-M4
M3~ ': M4
—o VouTt
V(_;1o—| ’:Ml M2 |—°VG2
M1-M2

Vss

T otal Common [T 0Common mode [ rCommon mode[
[J mode output [] = - output dueto o - Houtput dueto
0 duetovic [J (M1-M3-M4pahd HM1-M2path O

Therefore, the common mode gain will approach zero and is
nonzero because of mismatches in the gain between the two paths.
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CMOS DIFFERENTIAL AMPLIFIER

Consider the following differential amplifier -

Page VI.2-15

Vb
MBj | | ':M4
Voio ¢ ¢ oVo2
Vico—] ’:Ml M2 | F———Vic
Vees — [ M5
Vss
Use of symmetry to ssmplify gain calculations -
Vb
MBj | | ':M4
Voio ¢ ¢ oVo2
Vico—| ':Ml M2 | ———Vic
Veeo—] ':%XMS %XMS :‘ ——Veo
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CMOS DIFFERENTIAL AMPLIFIER

Small signal model -

Imbs1Vbsl

+
I’d33§ Vo1
Om3Vo1

o
+

+
Vic=Vg1 2rds5§\, sl§\

( Om1+Ombst) Vs
| —

e S
Om1+0Ombs1

fds3 Om3

o

§ Vo1

o

Writing nodal equations -

H0.59ds * 9ds1 t Imbs1HVs1 ~

Has1HVo1 = 9m1Vic

Page VI1.2-16

~

gml"'gmbs:l) Vs1

v
AMN—e

lds1

<<—

9m1Vgl

“Hds1 * 9m1 * ImbsiHVo1 t HWds1 T 9ds3 T 9m3HYo1 = “9m1Vic

\Y

. ol .
Solving for — qives,
g Vic g

or

Vol ~0.50m199s5

Vi Hds3tIm3H0-99ds * Im1 t Imbs1 + 9ds1Ht 0-99ds19dss5
Vor  “059m19dss  ~9dss

Vic ng@ml * Ombs1H " 20m3
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COMMON MODE REJECTION RATIO (CMRR)

Differential mode gain Avd
Common mode gain  — A

CMRR =

For the previous example,

[gmlg
m30 2(9m1 + 9 29
ICMRR| = _ m1l mbs1) - ml
] Im19ds5 i Yds5 Yds5

! []
EngE}@ml + gmbsl%

Therefore, current sinks/sources with a larger output resistance(ryss)
will increase the CMRR.

Example

Let all W/L ratios be unity, Igg = 100pA, and use the values of
Table 3.1-2 to find the CMRR of a CMOS differential amplifier.

Om1 = V2X17(UA/V2)x100pA = 58.3uS
Uges = 0.01V-1 x 100pA =1pS
Therefore, |ICMRR| = 116
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CMOS DIFFERENTIAL AMPLIFIERS

Parasitic Capacitances

Vb
M3j‘ I I ';’M4
” Cyda — Cout
—Cv  |——oVout
VG10—| ': M1 MZI‘ I—OVGZ

Cr—

Vss

C+ = tail capacitor (common mode only)
Cpm = mirror capacitor = Cyyq + Cypy + Cysz + Cgan + Cp3
COUT = OUtpUt CapaCitor = de4 + dez + ng2 + CL

Small Signal Mode!

||
o] o °]
+ + 9miVgst + i +
Vgs1= Vgs2—= g
V?d/2 Vigl2 ’ § § g /T l l fi2g losA< ~ == Vour
I 13 Cum| gV | 9m2Vosd ouT
) ) dsl Om3| - g -
6 o

We will examine the frequency response of the differential amplifier
in more detail later.
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SLEW RATE

Slew rate is defined as an output voltage rate limit usually caused by
the current necessary to charge a capacitance.

e i =cvy
€1 =T
For the CMOS differential amplifier shown,

Vb

MS:I I ':lvm

+o—|':M1 M2 |—

lss
Slewrate=q

where C, isthe total capacitance seen from the output node to ground.

If C, = 5pF and | g5 = 10pA, then the SR = 2V/uS
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CMOS DIFFERENTIAL AMPLIFIERS

NOISE

Assumption:

Neglect thermal noise(low frequency) and ignore the thermal noise
sources of ryand rq .

Therefore:

2 g KF g

- i AF = = '28
Ind Coxl—zg ip (AF = 0.8 and KF = 10-45)
or
|2
2 nd 0 KF 0.
Vv = = i~ (AF-1)
nd = gm2 ﬁquCOXZWLH D
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Page VI1.2-21

(D-

Vi
r@-( ':Mi
[
M3

eq3

Vb




Allen and Holberg - CMOS Analog Circuit Design Page VI.2-22

CMOS DIFFERENTIAL AMPLIFIERS

NOISE

Total output noise current is found as,

2 5 2 52 52 5 2
lod = 9m1° V1 T 9m2° V2 T Om3° V3 t Oy V4

Define vﬁeq as the equivalent input noise voltage of the differential

amplifier. Therefore,
2 _ 52
lod = 9m1° Vneq
or

2 2 Um0 2 2 O
Vneq—V +V2+$DDV3+V4E

Where gy1 = 9m2 ad 93 = 9ma

Vbp It is desirable to
increase the
G) | oo transconductance
of M1 and M2 and
decrease the
o transconductance
- of M3 and M4.
| O 41 (Empirical studies
) _lo_ suggest p-channel
devices have less

M3 _ | ——— [_M4 =vour NoIse)
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CMOS DIFFERENTIAL AMPLIFIERS

Minimization of Noise

Vo = Vo + V2 +Egm352%v2 V2 ]
neq eql eq2 % 10 eq3 eqd

In terms of voltage spectral-noise densities we get,

2 2 Om3® 02 O
€y = en1+en2 Wm%g + en4D
Vf noise
Let 2 KF B
e &= 2fCOXWLK' ~ fWL

2 2
assume €y = €y ad e = ey

0 2 Uf U] ZBP DE]]- KN'BNU_]_Q ]
= O + - ]
Ceq (1) SW1L1DD KPBPS:BD 0

1) Since By = 5Bp use PMOS for M1 and M2 with large area.

I—1 . KpBp 1 2 2Bp
AMake <y gy 125 Oha e (U =7\ /Ay,
Thermal Noise
oW
_ D K '5_3
e (th) = K DN]_DD

1) Large value of gy,;.

L
2)|_—1 <1
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V1.3 - CASCODE AMPLIFIERS

VI.3.1-CMOS CASCODE AMPLIFIERS

Objective
Prevent ng of the inverter from loading the previous stage. Gives
very high gain.
Cascode Amplifier Circuit
— Vb
- Miller effect:
VGGZ"_‘ M3
¢ |nverter
Vout Cin= Ganx Cyqy
V o—{ M2
cet - Cascode
Cyan \ Cin= 3Cga1
+ V1 ZD
=20
Vino——| [ M1 V1 Vin T
— 1 Vg

Large Signal Characteristics

When V 5, designed properly,

Vout(min) = Yon1 + Von2
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CASCODE AMPLIFIER-CONTINUED

Small Signal Model

<‘> ' § Vout
ds3
o ¥

+
Vin <> V1 grdsl @
Om1Vin V\
c -
(gm2+amb52)vl
C lds2
| . W
+ ! + L ! +
! - T 1

O o= wmx |, Fwln) P e—wS
i gT'IlViI"I i ] gm2(1+r]2)V1 i i

Nodal Equations:
(Im1 ~SCDVin + (Im2 + Imbs2 * Jds1 + s + SC1 + SC)V1 ~ (dgs2)Vout =0

~(9ds2 + Im2 * Imbs2)V1 * (dds2 + 9as3 + SC3)Vout = 0
Solving for v i/Vi, gives

. (SC1-9m1)9m2(1+n)
$2(C3C1+C3C)+s{C1+C)(9dsr*9ds3) +Ca9ma(1+N)ErggsaIma(1+n)
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Small Signal Characteristics

Low-frequency Gains:

Vout ~Im1(9ds2 * Im2 * Imbs2)
Vin  9ds19ds2 * 9ds3(Im2 + Imbs2 * 9ds1 + Yds2)

_=Om1 _ \2K'Wy/Ly)lpy
Jds3 A3lp3

Also (see next page),

Vi _ ~20m1
Vin ~ Om2(1+np)

Gain Enhancement:

Vb
Vee2 o } I M4
M3
V —
IN o Vour out _ Om1

Vin  Yds3

Veer o——] l:MZ ’2K'W1

‘\II
12} Jla Vout _ L, V1
But Il = |2 + |4
Vin e—— I:Ml
Vss

I, =241, O x5 Gain enhancement
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Voltage Gain of M1.:

Vi~ “9m
Vin  9m2

?

What is the small signal resistance looking into the source of M2?
Consider the model below:

i /\4
_l> \/
<_)I_— gm2VgsZ

V1= Vs2 Mgs3

rd52

[}

Ve = (i1 + OmaVgea)Tds2 + 117ds3 = Mds2i1 + Im2(~Ve)Tds2 * 117 ds3
or
Vea(1 + Omorgsa) = 11(rgs * rdsa)

Therefore,
V2 Tds2tfds3 fds2*'ds3 1 O N 'ds3d

i1 "1+ dmafds2 9m2fdse 9m2n0 Tds2O
Some limiting cases:

R=

1
rgsg =00 R:g_mZ

2

rds3 = g2 D R= O
and

Fds3
Im2lds2

Therefore, the gain vj, to vy is

rds3 >> rdSZ [ R=

Vi ~Om1(9ds2 * Yds3) _ —20m1 _ —20m1
Vin  (9m2 * Imbs2)9ds3  Im2 + Imbs2 Im2
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CASCODE AMPLIFIER-CONTINUED
High Resistance Driver for the Inverter M1-M2

:71 1.
o Qs+ Gam N | N, |
|

— 1
—= v T
M3

+
+
in¢ R1§ Ci==v1 ng1<> Cs0/— Rs Vout

R1= (043 + 9gst) T R3=(9gs1 + 9ge2) L
C1=Cgs1 t Cpaz t Chas + Cyaz + Cyaa

Co=Cya1r  C3=Chr t Chap t Cyao + C_
Vout(s)
iin(s) -
[] GOmi00 [©Om1
[ 1(538 Sl _%

Page VI1.3-5

Eﬂ“E?l(Cfsz)+R3(CZ+C3)+9m1R1R3C2§+(C1C2+C1¢3+C2C3)R1R352

[]
[]
[]
[]
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Note:
S SO 0l 10 &
dg=1+as+bs?2=( - —ql - =1-s3— + +—
© @L P P D1 P2 PPz

If Ipol>> Ipg| , then

S £ 1 _.a
d(s)~1_p_1+@ or |p1=-3 and [po= b

Using this technique we get,

-1 -1
P1~ R1(C1+C3)+R3(C2+C3)+gmIRIR3C2 = g ;R{R3C,

(Miller effect on C, causes p; to be dominant; Cyy = 9m1R>Cyq1)

_ “OmCo
P2~ CC+C.C3+CCq
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CASCODE AMPLIFIER - CONTINUED

How does the Cascode Amplifier solve this problem?

Vpp
Q M5
Vasso—| B
M 2—o Vout
VGGzo—| P
Md<—]| —
o— 1 i \\
gds3+gds4\ lin ||
4|—> <
— m M1
'_
M3
Vss
ngl )
|
|| AN o,
+ + y
iin C‘) r1§V1 <‘> C ::vé r2 <>C3:: § Vout
- OmV1 - | gma2(1+n)v2 ra i

r1="ro= (9gs3 + dsa)t
Co=Cye + Cap + Cyp1 + Cyaz

-1 1
2= Hds1 ¥ 9m2(1 +1n)H ~ o
C3=Cyd2 * Cap2 + Cyds *+ Caps + CL

0 Gm2 0-1

1
+gdS5D :gdSS

o= F——
3 N9ds1 9ds2 0
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Cascode amplifier with higher gain and output resistance

Vbp

D2

L
VG<33o—| — 7 { ( ~
,\IE 9m2V1<> §> fd32§ <> <> ;
—o Vot Ombs2 Om3Va

Ombs3 V4|  I'ds3

Vout

—
Veeze— =y Gl DI=S2
M2 > ¥ R .
< =las3
Vin o—] = Vin > Vi gfdsl rd%v“
Il Om1Vin \ -
Vss o - 0
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VI.4 - OUTPUT AMPLIFIERS

Requirements

1. Provide sufficient output power in the form of voltage or current.
2. Avoid signal distortion for large signal swings.

3. Be efficient.

4. Provide protection from abnormal conditions.

Types of Output Stages

1. Class A amplifier.

2. Source follower.

3. Push-Pull amplifier ( inverting and follower).
4. Substrate BJT.

5. Negative feedback (OP amp and resistive).
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CLASSA AMPLIFIER

Vop

«

Va2 o—| M2

of| Jou

Vino—{ M1 ::CL §RL

Ves — L
KnW,

lou™ =50, (Vb ~ Vss~ V1) 2l
KpW2

lout "= 2, (Voo ~Veez ~ VT2l 2 < oyt

lloutl determined by:

L Ovgy

Llloutl =CL ot =C_ (dew rate)
_ Vou(peak)

2. lgyel = R,

. PR. O Voulpeak) 2
Efficiency = = =

= 0 <25%
supply E(VDD + Vss)g

1 1 :
= = t aly |
Fout Ogs1 + Ogs2 _ 2Mp (typically large)
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SOURCE FOLL OWER
N-Channel Push Pull
—71 VoD —T1— Vo
vino— [, M1 — [, M1
AR T Vour VIN o—— —°Vour
Veso—y [ M2 B VP!
—LVss —LVss

Large Signal Characteristics

VouT = VIN ~ VGs1

Maximum Output Swing Limits

VouT(MAX) =Vpp - V11
(V11 greater than V1 because of vgg)

Single Channel Follower:
VouT(MIN) = Vgg

Push Pull Follower:
VouT(MIN) =Veg + V12l
(VT2 greater than V1 because of vgg)
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SOURCE FOLLOWERS

Small Signal Characteristics
Single Channel Follower (Current source and active load):

C1
- - - —
A Om1Vin | +
Vin < <‘> §rdsl > § M2 ~T C2 Vout
Om1Vout )
Ombs1 Vou Om2Vgs2 |
[ - ‘o)

Small Signal Voltage Transfer Function:

Vout 9m1
Vin  9as1t9ds279m1 7 Imbs1TIm2

where gm2 =0if VGSZ = VGG

Example:

If Vpp= ~Vss =5V, oyt = OV, ip = 100pA, and 1= :%t% ,
then;

Vout 41.23

Vi = TRTRAL2(140. 27284123 ~ 0-4309 when vgs, = VouT

Vout 41.23
Vi, - 1+1+41.23(1+0.2723) - 0-7Plwhenvgsy =Vag

vout
Approximation gives = = 0.786 (dgs1= 9ds2 = 0)

Output Resistance:

1
" Ods179ds2tIm1Imbs1 T Im2

rOUt where gm2 =0 if VGSZ= VGG

rIOUt =10.5 KQ (VGSZ = VOUT) and rOUt = 18.4 KQ (VGSZ = VGG)
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SOURCE FOLLOWERS

Push Pull Source Follower

Modd:
Ci
‘gmlvin y Om2Vin | +
1 1 ==¢C
Vin < gm1V0§> <>gm2V0§'> §rdsl§mg lds2 m T 2 Vout
| -
° o]

Small Signal Voltage Transfer Function:

Vout _ 9m1 * Im2
Vin . 9ds1 T 9ds2 * Im1 * Imbst T Im2 * Imbs2

Example:

If VDD = _VSS =5V, VouT = ov, iD = 100|JA, and \% = %HL:’?I
then,
Vout 41.23 + 28.28 - 0.81
Vi, 1+ 0.5+41.23(1+0.2723) + 28.28(1 + 0.1268)
Output Resistance:

r = L =11.7KQ

OUt " g4s1 * 9ds2 * Im1 * Imbst ¥ Im2 + Imbs2 '
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PUSH-PULL INVERTERING CMOS AMPLIFIER

Concept-
Vop —
M2
+
Vi g
VINo—— o Vout
+
ViR —
ML == =
Veg — |

I mplementation-

Vb

S N | T KPR

—i M2 M4 }—o Veea CL

M7 | —— | wms
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PUSH-PULL SOURCE FOLLOWER

Vbp

|+ M2 [: lout
——

Vir —
- 1
VIN Lm{l‘__ lCL Rz/ "

VGG6_|[: M6

VIN _|[: M3

@)
L
Py

Page VI1.4-7
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USE OF NEGATIVE FEEDBACK TO REDUCE ROUT

Vb

error M2
amplifier

\
T lout
— o Vout

VN ©
IN \

Use of negative feedback to reduce the output resistance of Fig. 6.3-4.

Vb
4| M2
R1 R2 |
out
VIN o /\/\/\, /\/\/\, * o Vout

Use of resistive feedback to decrease the output resistance of Fig.6.3-4.
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V1.5 - SUMMARY

» Analog Amplifier Building Blocks

Inverters - Class A

Push-Pull - Class AB or B

Cascode - Increased bandwidth

Differential - Common mode rejection, good input stage
Output - Low output resistance with minimum distortion



