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CHAPTER 5 - CMOS AMPLIFIERS

Chapter Outline
5.1 Inverters

5.2 Differential Amplifiers
53  Cascode Amplifiers

54  Current Amplifiers

5.5  Output Amplifiers

5.6  High-Gain Architectures

Goal

To develop an understanding of the amplifier building blocks used in CMOS analog circuit design.

Design Hierarchy

Functional blocks or circuits
(Perform a complex function)

i1

Blocks or circuits
Chapter 5 I:» (Combination of primitives, independent)

v 1

Sub-blocks or subcircuits
(A primitive, not independent)

Fig. 5.0-1
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Illustration of Hierarchy in Analog Circuits for an Op Amp

Operational Amplifier

Biasing Input Second Output
Circuits Differential Gain Stage
Amplifier Stage
Current Current Current Source Current Inverter Current Source Current
Source Mirrors  Sink Coupled Pair Mirror Load Sink Load Follower Sink Load

Fig. 5.0-2
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SECTION 5.1 - CMOS INVERTING AMPLIFIERS

Characterization of Amplifiers

Amplifiers will be characterized by the following properties:
» Large-signal voltage transfer characteristics
¢ Large-signal voltage swing limitations
* Small-signal, frequency independent performance
- Gain
- Input resistance
- Output resistance
¢ Small-signal, frequency response
* Other properties
- Noise
- Power dissipation

- Etc.
L Chapter 5 - Amplifiers (5/30/01) © P.E. Allen, 2001 —/
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Inverters

The inverting amplifier is an amplifier which amplifies and inverts the input signal. The inverting
amplifier generally has the source on ac ground or the common-source configuration.

Various types of inverting CMOS amplifieIS'

| 1 1
i M2 i i
i M2 i :V M2 |
vour' V| vour I VOUTE Dl VOUT'VIN Dl vour
i !
Ml | Ml
1
1
i
i
i

|
!
| i
: J_— Current ! Push-
1
i
i

Active . Active Depletion
NMOS LoadI PMOS Load NMOS Load!  Source Load pull
Inverter : Inverter : Inverter Inverter Inverter

Fig. 5.1-1
We will consider:
¢ Active PMOS Load Inverter (active load inverter)
¢ Current Source Load Inverter
* Push-pull Inverter
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Yoltage Transfer Characteristic of the Active Load Inverter

VIN=5.0V viN=4.5V
01gv— \//VIN‘ OV

E v,N—3 5V

oV

Page 5.1-3 e

The boundary between active and saturation operation for M1 is
Vps12Vesi - Vv ™ Vour2viy- 0.7V

Chapter 5 - Amplifiers (5/30/01)

5 Fig.5.12
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Large-Signal Voltage Swing Limits of the Active Load Inverter

Maximum output voltage, v ,7{max):

| VOUT(maX) = VDD - lVTP' |
(ignores subthreshold current influence on the MOSFET)

Minimum output voltage, v 7{min):
Assume that M1 is nonsaturated and that Vi =1Vl =V

Vpsi 2 Vesi - Vv = Vour 2 Vv - 0.7V
The current through M1 is

2
Vps1

(our)?
] Bi [(VDD VT)(VOUT)—%)

ip=Bi|(vgs1 = V)vpsi —

and the current through M2 is

B

. 2 /]
ip=7 Wsg2— V)2 =7 (Vpp—vour — V)2 =73 our+ Vr— Vpp)?

Equating these currents gives the minimum vy as,

VDD — VT

Vour(min) = Vpp — Vp— m
2/ 01

L Chapter 5 - Amplifiers (5/30/01)
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Small-Signal Midband Performance of the Active Load Inverter
The development of the small-signal model for the active load inverter is shown below:

Vbp
S2=B2
M2 8m2Vgs2 R
b out
[ + i «
VIN : Vin 8m1Vgsl Vout : Vin X Vout
Ml 8m1Vin rdsl ¢ &m2Vour rds2
_ 5 5 5 ’o)

S1=B1 =

Sum the currents at the output node to get,
8m1Vin t 8ds1Vour T 8m2Vour T 8ds2Vour = 0

Solving for the voltage gain, v, /v;,, gives

Vout —8ml gmi (KnWiLp)l/2
Vin ~ 8dst + 8as2+8m2~  8m2~  \K'PLiW2
The small-signal output resistance can also be found from the above by letting v;;, = 0 to get,

1 1

R = =
U™ g1+ 8ds2 + 8m2 ~ 8m2

Page 5.1-5 e

Fig. 5.1-3
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N
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Frequency Response of the Active Load Inverter

Incorporation of the parasitic capacitors into the small-signal model (x is connected to v,,,):

45)5)

T4
L Vouw  § I\ T %
- Vin &mVin R C Vout
, W o Cor]
o, O

Vin 0'_|
= = Fig. 5.1-4
If we assume the input voltage has a small source resistance, then we can write the following:
dB
S A
Vou(s) ~8nRou [l i le : *— 20log10(8mRour)
Vin(s) ~ 1- S :

P1 ! <l » lo
T > 1
where 0dB pil=®3dB "\ g1/
1 w Fig. 5.1-4A

Em = 8m1> pP1= Rout(Cout+CM) 5 and
Em.
Z] = CM

and
R, =[8ast + 8asa + &2l "= 18y, Cy=Cpp» and C,,=Cpgi+ Coppp + Cop + Cp

If Ip;| < z;, then the -3dB frequency is approximately equal to [R,,,(C,,,+Cyp1 L.

Page 5.1-6
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Example 5.1-1 - Performance of an Active Resistor-Load Inverter

Calculate the output-voltage swing limits for Vpp = 5 volts, the small-signal gain, the output resistance,
and the -3 dB frequency of active load inverter if (Wy/Ly) is 2 pm/1 um and Wy/L, = 1 pm/1 pm, Cgy =
100fF, Cpq1 = 200fF, Cpyp = 100fF, Cygsp = 200fF, C; = 1 pF, and Ip; = Ip> = 100pA, using the parameters

in Table 3.1-2.
Solution
From the above results we find that:
voyr(max) = 4.3 volts

voyr(min) = 0.418 volts

Small-signal voltage gain = -1.92V/V

R,,;=9.17 kQ including g, and g4, and 10 k€ ignoring g, and g4
z; =2.10x10° rads/sec

p1 =-64.1x10° rads/sec.

Thus, the -3 dB frequency is 10.2 MHz.

Chapter 5 - Amplifiers (5/30/01)
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Voltage Transfer Characteristic of the Current Source Inverter

viN=5.0V vin=4.5V
A VINEAOV

005 T

Page 5.1-8 e

vour

Regions of operation for the transistors:

Mi:
M2:

-0.7v

Vsp ZVsar -Vl = Vipp-vour 2Vpp-Vee - Vil

Vpsi 2Ves1 -V ™ Vour 2Viv

2 -

L Chapter 5 - Amplifiers (5/30/01)
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Large-Signal Voltage Swing Limits of the Current Source Load Inverter

Maximum output voltage, v 7{max):

| vour (max) = Vpp |

Minimum output voltage, v 7{min):

Assume that M1 is nonsaturated. The minimum output voltage is,

Page 5.1-9 e

vOUT(min) =

) 2\ (Voo — Vee — IVl
VOUT(mln) = (VDD - VT]) 1- 1- E VDD — VTI

/

This result assumes that vyy is taken to Vpp.
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Small-Signal Midband Performance of the Current Source L.oad Inverter
Small-Signal Model:
Vbp
S2=B2
M2 R
Vi — Ip out
o2 = Pllvour G o
L + + + +
" VIN Vi 8m1Vgsl Vout = Vi v,
°_| Mi fn e f)m fn 8mlVin Ydsl rds2 i)m
) o o
= S1=B1=G2 -+ = Fig. 5.1-5B
Midband Performance:
Vout —8ml 2K,N‘/VI 1/2 -1 1 m d R 1 1
—= = <«—/= I an = =
Vin ~ 8as1 T 8as2 LIp A+ A, \/ID out = g+ 8a2 ~ Ip(A + Ay)
loglA,l
A
Amux T
Amax - :
10 |
A{ﬁ‘f)x - Weak T . Strorfg >
mnversion: mversion
Amax x 1 1 1 1 T
1000 >/D
0.luA  1puA  10uA  100uA 1mA  10mA
Fig. 5.1-6
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Frequency Response of the Current Source Load Inverter

Fig. 5.1-4
If we assume the input voltage has a small source resistance, then we can write the following:

S
Voud(s) _ _ngaut (1 i le

Vo =S
D1
1 gm
where &n=&ml> D1 =R—Z(Cout+CM) , and z;= q
1
and Ry, =g ""rg o and  Cpp=Com+ Cpa1 + Cpar + C. Cpy=Cya

Therefore, if Ip{l<lz;l, then the —3 dB frequency response can be expressed as

8ds1 t 8ds2
Oagp =~ O =
-3dB 7 Cogt + Coar + Cpq1 + Cpan + Cp,

Incorporation of the parasitic capacitors into the small-signal model (x is connected to V):

Chapter 5 - Amplifiers (5/30/01) © P.E. Allen, 2001 —/
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Example 5.1-2 - Performance of a Current-Sink Inverter

. V. =
Solution GGl -

To attain the output signal-swing limitations, we treat Fig. 5.1-7

we get

110 1y 3-0.7
voyr(max)’ =5V and v,y(min)’ = (5-0.7 50 5 15:0.07) |=0.74V

In terms of the current sink CMOS inverter, these limits are subtracted from 5V to get
voyr(max) = 4.26V and v oy (min) =0V.

Ky W, 110-1
Ip="2L, (Voe1-Ven?* = 21 (3-0.7)2 =291pA

VoulVin= —92VIV, Ry, = 38.1kQ, and f34p =278 MHz.

The performance of a current-sink CMOS inverter is to be KDD
examined. The current-sink inverter is shown in Fig. 5.1-7. Assume that VsG1
Wl =2 um, Ll =1 um, Wz =1 um, L2 = l,um, VDD =5 VOltS, VGG] VIN 0—_| Ml
= 3 volts, and the parameters of Table 3.1-2 describe M1 and M2. Use In l
the capacitor values of Example 5.1-1 (Cgq; = Cggp). Calculate the your
output-swing limits and the small-signal performance. +[Ik M2

as a current source CMOS inverter with PMOS parameters for the Figure 5.1-7 Current sink CMOS inverter.
NMOS and NMOS parameters for the PMOS and use NMOS equations. Using a prime notation to designate
the results of the current source CMOS inverter which exchanges the PMOS and NMOS model parameters,

To find the small signal performance, we must first calculate the dc current. The dc current, I, is

L Chapter 5 - Amplifiers (5/30/01) © P.E. Allen, 2001 ——/
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VYoltage Transfer Characteristic of the Push-Pull Inverter

vIN—S OV\IIy—4 ‘5(\11/[]\]—4 oV KVIN:3'5V
1.0 Froro—— : e
VANV
0.8 N IV
: / / 200 XV s ov
VIN=2. NS 4 VIN=5
ok LG —
< 0. ==
Wy
S 1

Page 5.1-13ﬁ

@

Note
the rail-

to-rail
output

voltage
swing

I| |J|

K:

Regions of operation for M1 and M2:
MI: vy 2vesi - Vi = voyr2 vy - 0.7V

M2: vops 2 Ve Vil = Vop-vour2 Vop ViVl = vour <

Chapter 5 - Amplifiers (5/30/01)

vy + 0.7V

5 Fig.5.1-8
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Small-Signal Performance of the Push-Pull Amplifier

Page 5.1-14—\

Small-signal analysis gives the following results:

KNWLy) + K p(WolLy)
_\/(Z/ID){\/ : /111+/\l/2 _—

Vout

—(8m1 +8m)
Vin N -

8ds1 T 8ds2
1
8ds1 + 8ds2
gm1+gm2 gml+gm2

Cy ~ CoartCon

out —

=

and

_ —(8as1 + 8ds2)
PUZ= Cogt + Con+ Cpay + Cpn + Co.
If z; > Ip|l, then

8ds1 T 8ds2
a1t Cont Cog1 + Con + Cp,

W3q = C,

L Chapter 5 - Amplifiers (5/30/01)

5V
CM
— et
M2
00— D Vin  8mlVin Tds1 8m2Vin rds2
+ Ml +
Vin I Vout
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Example 5.1-3 - Performance of a Push-Pull Inverter

The performance of a push-pull CMOS inverter is to be examined. Assume that Wy = 1 um, L = 1
um, Wp =2 um, L, = 1um, Vpp =5 volts, and use the parameters of Table 3.1-2 to model M1 and M2. Use
the capacitor values of Example 5.1-1 (Cgqy = Cggp). Calculate the output-swing limits and the small-signal
performance assuming that /5, = Iy, = 300pA.

Solution

The output swing is seen to be from OV to 5V. In order to find the small signal performance, we will
make the important assumption that both transistors are operating in the saturation region. Therefore:

Vour -257uS - 245uS
vi, = 12uS + 15pS =-18.6V/V

Ry = 37kQ

and
21 =399 MHz
L Chapter 5 - Amplifiers (5/30/01) © P.E. Allen, 2001 —/
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Noise Analysis of Inverting Amplifiers

Noise model:

Vbp Noise Vbp Noise

Approach:

1.) Assume a mean-square input-voltage-noise spectral density enz in series with the gate of each MOSFET.

(This step assumes that the MOSFET is the common source configuration.)

2.) Calculate the output-voltage-noise spectral density, eom2 (Assume all sources are additive).

3.) Refer the output-voltage-noise spectral density back to the input to get equivalent input noise eeqz .

4.) Substitute the type of noise source, 1/f or thermal.

L Chapter 5 - Amplifiers (5/30/01) © P.E. Allen, 2001 ——/
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Noise Analysis of the Active Load Inverter

1.) See model to the right. Vpp ~ Noise Vpp  Noise
) P S 5 Free 4 »~ Free
—, 5 (8mL N | MOSFETs | MOSFETs
2) e, "= e, g T oen M2 M2;

: eoutz : : eoutz
o 2-", 2 (g m )| n2 | Ceq 1
3. = 1+, ino—( : =y } ino—( : =t |
) ee(i enl gmljz enl Vln [ __-: v"’[ | - ___:
Up to this point, the type of noise is not = = Fig. 5.1-10
defined.
1/f Noise

— KF B
Substituting enz = —sz WLEK = fW_L , into the above gives,
ox

R Bl 1/2 Ksz Ll 172
eqap =\WL,| |1H\&B L
To minimize 1/f noise, 1.) Make L,>>L, 2.) increase the value of W and 3.) choose M1 as a PMOS.

Thermal Noise

o 8kT . .
Substituting en2 =3g into the above gives,
m

_ { 8KT(1 +1,) [ WoLiK's 1/2}}1/2
€ vy =\ 302K, (WIL), 112 )| 1 (WK

To minimize thermal noise, maximize the gain of the inverter.

Chapter 5 - Amplifiers (5/30/01) © P.E. Allen, 2001 —/
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Noise Analysis of the Active Load Inverter - Continued

it was assumed that the gain was unity. To verify

When calculating the contribution of enzz to eom2 ,

this assumption consider the following model:

enn?
O
O + +

Vgs2  8m2Vgs2 rdsl1 "ds2% Cour
o o
Fig. 5.1-11

We can show that,

e

2
out [ 8217 42) }2

e 2 L1+ 8m(rallrgs)

L Chapter 5 - Amplifiers (5/30/01) © P.E. Allen, 2001 —/
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Noise Analysis of the Current Source Load Inverting Amplifier

Model:
Noise \%5)5) Noise
» Free R S » Free
' MOSFETs | 2: MOSFETs

eour?

=  Fig.5.1-12.

The output-voltage-noise spectral density of this inverter can be written as,
2 27, 2 27, 2
Cout = (gmlrout) €n1 + (ngrout) )

or

2 e
P n (ngrout) 2 2 1+ [ngJZ n2
e = e e = e — | —=
nl 2 *n2 nl 2
“ (gmlroul 8m1 €1

This result is identical with the active load inverter.

Thus the noise performance of the two circuits are equivalent although the small-signal voltage gain is
significantly different.

™
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Noise Analysis of the Push-Pull Amplifier
Model:

Vbp Noise
e __|__ Free

'MOSFET
M2| s

Vin

eout®

Fig. 5.1-13.

The equivalent input-voltage-noise spectral density of the push-pull inverter can be found as

8m1 €nl 2 Em2 €n2 2

e, = +
“ 8m1 +gm2 8m1 +gm2

If the two transconductances are balanced (g,,,; = g;,2), then the noise contribution of each device is divided
by two.
The total noise contribution can only be reduced by reducing the noise contribution of each device.

(Basically, both M1 and M2 act like the “load” transistor and “input” transistor, so there is no defined input
transistor that can cause the noise of the load transistor to be insignificant.)

™
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Summary of CMOS Inverting Amplifiers

Page 5.1-21—\

] Equivalent,
Inverter AC Voltage AC Output Bandwidth (CGB=0) input-referred,mean-
Gain Resistance -
square noise voltage

p-channel
active load -gml 1 gm?2 e 24 o2 Em2
inverter gm2 Zm2 CBDI*CGsI+CGs2+Cap2 M 2| 8mi
n—channel
active load -gml 1 gm2+gmb2 e 24 o2 Em2
inverter gm2+gmb2 gm2+gmb2 CBD1+CGD1+CGS2+CBS2 nl "2 &mi
Current
source load -gml 1 gds1+2ds2 24 2 Em2
inverter  ggij+gds2  &ds1*2ds2  CppeCgpi+cpozcppz M 02 (Emi
n-channel
depletion -gml 1 gmb2+8ds1+2ds2 e 24 o2 Em2
load ~ gmb2 gmb2+8ds1+8ds2  Cpp+CGD1+CGS2+CBD2 nl n2 {8y
inverter
Push-Pull  -(gm1+gm?2) 1 8ds1*8ds2 'e_gml i e_g 2 ’

- m
Inverter gds1+eds2 gds1+gds2 CBDI+CGDI+CGS2+CBD2 >_n_\_]gm]+gm7 +_ngm1+gm7]

Inverting configurations we did not examine.

Chapter 5 - Amplifiers (5/30/01)
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SECTION 5.2 - DIFFERENTIAL AMPLIFIERS

What is a Differential Amplifier?

average or common mode value of the two voltages.
Symbol for a differential amplifier:

vour

= Fig. 5.2-1A

Differential and common mode voltages:

The common-mode input voltage, v;¢, is the average value of v; and v,

V1+V2
VID=V]1 -V and Vic= T = Vi =V1C+0'5V1D and Vo =ViC -
Vl + V2
Vour =AypVip £ AyeVic = Ayp(Vy - Vo) £ Aye\ T2
+  where

rour App = differential-mode voltage gain

O
Fig. 5.2-1B

Ay = common-mode voltage gain

L Chapter 5 - Amplifiers (5/30/01)

A differential amplifier is an amplifier that amplifies the difference between two voltages and rejects the

vy and v, are called single-ended voltages. They are voltages referenced to ac ground.
The differential-mode input voltage, v;p), is the voltage difference between v and v;.

Page 5.2-1 —\
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)
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Differential Amplifier Definitions

¢ Common mode rejection rato (CMRR)

Ayp

CMRR = |7

CMRR is a measure of how well the differential amplifier rejects the common-mode input voltage in
favor of the differential-input voltage.

* Input common-mode range (ICMR)

The input common-mode range is the range of common-mode voltages over which the differential
amplifier continues to sense and amplify the difference signal with the same gain.

Typically, the ICMR is defined by the common-mode voltage range over which all MOSFETSs remain
in the saturation region.

* Output offset voltage (Vyg(out))

The output offset voltage is the voltage which appears at the output of the differential amplifier when
the input terminals are connected together.

* Input offset voltage (V5(in) = Vo)

The input offset voltage is equal to the output offset voltage divided by the differential voltage gain.
Vos(out)

VOS - A VD

Chapter 5 - Amplifiers (5/30/01) © P.E. Allen, 2001 —/
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Transconductance Characteristic of the Differential Amplifier

Consider the following n-channel differential amplifier (sometimes called a source-coupled pair):

4 Vbp

lipt ipa||
vor MU Lim2 v
N +
v v VGS2
lIBias ID GS1

M4 M3 lISS .
| | -

I 1 = VBulk

Fig. 5.2-2

Where should bulk be connected? Consider a p-well, CMOS technology,

D1 G1 SI S2 G2 D2 \45%)

Fig. 5.2-3

1.) Bulks connected to the sources: No modulation of V; but large common mode parasitic capacitance.
2.) Bulks connected to ground: Smaller common mode parasitic capacitors, but modulation of V7.

If the technology is n-well CMOS, there is no choice. The bulks must be connected to ground.

L Chapter 5 - Amplifiers (5/30/01) © P.E. Allen, 2001 —/
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Transconductance Characteristic of the Differential Amplifier - Continued

Defining equations:

2ip Y172 (2ipp\1/2 ’ '
Vip=Vesi~Ves:=\"B | T\ B and Iss=ip) +ipy
Solution:
2 4 2 4 \1p
Iss Iss|Pvip PPvip 12 . ﬁ IS_S Bvip Bvip
and lpy = 27— ISS - 12
4 55

iDl:T-'-T ISS - 4125

which are valid for v, < (214/B)1/2.

Illustration of the result:

SR

i vID

>

1414 2.0 (IsslB)0S gy 504

20 -1 .4I114
Differentiating ipy; (or ipy) with respect to v, and setting V;p =0V gives
di Ky IgsWy\1/2 o .
—ar._ (half the g, of an inverting amplifier)

B, (Vip = 0) = (Blss/4)12 2( L,
© P.E. Allen, 2001 —/

_dip,
Em = dVID
L Chapter 5 - Amplifiers (5/30/01)
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CMOS Analog Circuit Design

Voltage Transfer Characteristic of the Differential Amplifier
In order to obtain the voltage transfer characteristic, a load for the differential amplifier must be defined.

We will select a current mirror load as illustrated below.

2um
1um Ipm

Fig. 5.2-5

Note that output signal to ground is equivalent to the differential output signal due to the current mirror.
The short-circuit, transconductance is given as
K‘IISSWIJI/Z

digyr
Em = dVID (VID = 0) = (,BISS)I/Z = [ L1

© P.E. Allen, 2001 —/
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Yoltage Transfer Function of the Differential Amplifer with a Current Mirror Load

5 - T T T z -
A ﬁazt/ac‘u’ve— ;

L M4 saturated ]

Z 3F 1
S Tt ]
E ) E Vic =2V ]
R 4F .
A R B )} ________ M2 saturated 3
1E M2 active
— | 1

0] 0.5 0 05 i

vip (Volts) Fig. 5.2-6

Regions of operation of the transistors:
M2 is saturated when,

Vps2Z Vesr Vv = VourVsi 2 Vic0-5vip-Vsi-Viy = Vour2 Vie Vi
where we have assumed that the region of transition for M2 is close to v,, = 0V.
M4 is saturated when,

Vspa 2 Vsga = Vel = Vppvour 2 Vsaa Vel = vour < Vop-Vscat!Vrpl

The regions of operations shown on the voltage transfer function assume /g = 100pA.

A /2-50
Note: Vggq ="\J502 HVypl =1+ 1Vl = vopp<5-1-0740.7=4V

Chapter 5 - Amplifiers (5/30/01) © P.E. Allen, 2001 —/
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Differential Amplifier Using p-channel Input MOSFETSs

Vbp

VBias—
= VsG1 “VsG2
O—+| |+—o
2 i +
|imioug
O
- - °
Vol llm ip4 v
M3 |__| M4 vourt

1 r— 1l

~ Fig.5.2-7
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Input Common Mode Range (ICMR)

Vbp
ICMR is found by setting v;p, = 0 and varying v; until one of 2um 2um
. . . Ium Ipum
the transistors leaves the saturation region. M3 |—— M4
Highest Common Mode Voltage lim lim io_q

Path from G1 through M1 and M3 to Vppy:
V,c(max) =V, (max) =V ;,(max)
=V -Vse3 -Vpsi(5at) +Vg,
or
Victmax) = Vpp - Vggs + Vi
Path from G2 through M2 and M4 to Vpp:

Vic(max)’ =V, -Vop,(sat) -Viye(sat) +Ve,

=Vpp -Vspa(sat) + Vi,

| Vicmax) =V, - Vegs + Viny |

Lowest Common Mode Voltage

| Vic(min) = Vj,g5(sat) + Vis; = Vipgs(sat) + Vg, |

where we have assumed that V¢ = V55 during changes in the input common mode voltage.
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Example 5.2-1 - Calculation of the Worst-Case Input Common-Mode Range of the n-Channel Input,
Differential Amplifier

Assume that Vpp varies from 4 to 6 volts and that Vgg = 0, and use the values of Table 3.1-2 under

worst-case conditions to calculate the input common-mode range of n-channel input differential amplifier with
a current mirror load. Assume that Igg is 100 uA, W{/Ly = Wy/Ly =5, W3/Ly = Wy/Ly = 1, and Vpgs(sat) =
0.2 V. Include worst-case variation in K' in calculations.

Solution

If Vpp varies 5 1 volts, then the upper common-mode voltage is,

2:50
Vjc(max) = 4 — (\ /m*m;—l + 0.85) +0.55=4-234+0.55=2.21 volts

The lower common-mode voltage is,

2500A
Vi (min) =0+ 0.2 + (’\ /WA/V% +0.85]= 0.2 + 1.30 = 1.50 volts

which gives a worst-case input common-mode range of 0.71 volts with a nominal 5-volt power supply.

Reducing Vpp by several volts more will result in a worst-case common-mode range of zero. We have
assumed in this example that all bulk-source voltages are zero.
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Small-Signal Analysis of the Differential-Mode of the Differential Amplifier
A requirement for differential-mode operation is that the differential amplifier is perfectly balanced'.

25 ) T ¥ S,
M3 |——| M4 i D1=G3=D3= i
L T R AR ISV
o R iT HE
lDl lD2 + v B . i
Vgl gZC e Tds i3 T Vout
Ml M2 b 3 s gm2Ves2 Tdsa P
Vout S4 °
I G2 =G3=D3= ; D2=D4 i”"’
58 B S via % = =
VBtm + + : :
Vgsl Vgs2 : ::::. Vout
i :g’mlvgsl ] : 952 Tds2Y Tds4
S - -
S1=S2=S3=S4 FlgA 5.8

Differential Transconductance:
Assume that the output of the differential amplifier is an ac short.

., 8m18m3'p
lout =7 + gm3lp Vos1 — 8m2Vgs2 = 8m1Vgsl — 8m2Vgs2 = 8mdVid

where g1 = 8m2 = &md- T'p1 = rdsl I rqs3 and i'oy designates the output current into a short circuit.

"It can be shown that the current mirror causes this requirement to be invalid because the drain loads are not matched. However, we will continue to use
the assumption regardless. See Problem 5.2-16.
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Small-Signal Analysis of the Differential-Mode of the Differential Amplifier - Continued

Fout = = Fallrges

8ds2 T 8as4

Differential Voltage Gain:
Vout 8md

YT Vid ~ 8as2 t 8dsa

If we assume that all transistors are in saturation and replace the small signal parameters of g,, and r,, in terms

of their large-signal model equivalents, we achieve
Vour (K'tIssWi/L)12 2 [K"1W1]1/2 1

A= T Qo+ 25y = o+ 2\ Tsshy ) = T
Vout .
Note that the small-signal gain is inversely proportional ~ Vin 1+— Stong Inversion —»
to the square root of the bias current! Weak
Example: «plovers-
on 1
If Wi/L{ = 2um/1um and Igg = 50pA (10pA), then 1: — > 102(/Bias)
= I
A,(n-channel) = 46.6V/V (104.23V/V)) ALAOTS
A, (p-channel) = 31.4V/V (70.27V/V)
1 1
0.444MQ (2.22MQ)

14 = - ——
U oot Qas 25HA0.09V]
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Common Mode Analysis for the Current Mirror Load Differential Amplifier

The current mirror load differential amplifier is not a good example for common mode analysis because the
current mirror rejects the common mode signal.

= Fig. 5.2-8A

) V];riaT| H M5 _T_

mode Output output due to output due to

Total common { Common mode} [Common mode}
duetov;, | LMI-M3-Mé4path) L M2 path

Therefore
* The common mode output voltage should ideally be zero.
¢ Any voltage that exists at the output is due to mismatches in the gain between the two different paths.
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Small-Signal Analysis of the Common-Mode of the Differential Amplifier

The common-mode gain of the differential amplifier with a current mirror load is ideally zero.
To illustrate the common-mode gain, we need a different type of load so we will consider the following:

Vbbb Vbp Vbp

Differential-mode circuit General circuit Common-mode circuit

Fig. 5.2-9
Differential-Mode Analysis:
Yo 8mi
Vi~ 28m3
and
VL2~ + Em2
Via B 2gm4

Note that these voltage gains are half of the active load inverter voltage gain.
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Small-Signal Analysis of the Common-Mode of the Differential Amplifier - Continued

Common-Mode Analysis:

A

O Fig. 52-10
Assume that r;; is large and can be ignored (greatly simplifies the analysis).
Ves1 = VglVsl =Vie - 2gmlrds5vgsl
Solving for v, gives
V.

ic
ng] T+ 2gmlrd55

The single-ended output voltage, v,,, as a function of v;. can be written as

ol
Vol gmlrasll(1/g,,3)] (8n1/8m3) 8dss
Vie = L4287 L1428 s 28m3
Common-Mode Rejection Ratio (CMRR):
|vol/vidl gml/zgm3
B Ivol/vlcl gds5/2g 3 = 8mi1'dss

CMRR =

How could you easily increase the CMRR of this differential amplifier?
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Frequency Response of the Differential Amplifer (Differential Mode)

Back to the current mirror load differential amplifier:

l
Gl G2 D1=G3=D3=G4 D2=D4 foug
o+ Vid -0
+ + ’3T
E» Vesl  Ves2 Vout
s gmiVesl Cl | gmaves? rds29" rds4

VBias =

M Sl S2=S83=54 Fig. 5.2- 10B
+

Ignore the zeros that occur due to C. od1» Coan and Coyy
C1=Cog1 + Cpg1 + Cpg3 + Co3 + Cop. - C2=Cpp + Cpyg + Cop + €, and C3=Cygyy

If C5 = 0, then we can write

V(g S sms ) v ) b _ 8ds2 t 8ds4
oulls) T 852+ 8asa |\ &m3 + 5C) g1 = Vo2 || ) where @ =76,
8m3  8ds2t 8ds4
If we further assume that ~7—>>—"—
1 2
then the frequency response of the differential amplifier reduces to
Vour(s) 8 )
‘;l;t(s) = ( a2 j_llgd 4) ( g wzj (A more detailed analysis will be made later)
1 S, AL
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An Intuitive Method of Small Signal Analysis

Small signal analysis is used so often in analog circuit design that it becomes desirable to find faster ways of
performing this important analysis.

Intuitive Analysis (or Schematic Analysis)
Technique:

1.) Identify the transistor(s) that convert the input voltage to current (these transistors are called
transconductance transistors).

2.) Trace the currents to where they flow into an equivalent resistance to ground.
3.) Multiply this resistance by the current to get the voltage at this node to ground.
4.) Repeat this process until the output is reached.

Simple Example:
DD
M2
Vol ngVolT Vout
= = Fig. 5.2-10C
Vo1 = -(&m1Vin) R = Vour =-@mavo)R2— Vour = @m1R18m2R2)Vin

L Chapter 5 - Amplifiers (5/30/01) © P.E. Allen, 2001 —/
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Intuitive Analysis of the Current-Mirror Load Differential Amplifier

VDD

Vout

=T 5
s MS i
VBias;

T 1 T resan

1) il = O.nglvid and i2 = -O.ngzvid

2) i3 = il = O.nglvid
3) i4 = i3 = O.nglvid

: : 1
4.) The resistance at the output node, r,,,;, 1S ¥jl7 o4 OF Sus2 + Susa

Em1Vin Em2Vin Vout 8Em1

= = = . -
8ds2t8dsa ~ 8ds2t8ds4 Vin ~ 8ds2T8ds4

5) o Vo =(0.58,,1Vig+ 0.58,0Vi0 ¥ ous =

L Chapter 5 - Amplifiers (5/30/01) © P.E. Allen, 2001 —/
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Some Concepts to Help Extend the Intuitive Method of Small-Signal Analysis

1.) Approximate the output resistance of any cascode circuit as
Rour = (&mards2)ds1
where M1 is a transistor cascoded by M2.

2.) If there is a resistance, R, in series with the source of the transconductance transistor, let the effective
transconductance be
_8m
Em(eff) = 1+ gmR

Proof:
eff)vi 2eff)vi
gma(eff) ml gm2(eff) lnl Em2Ves2 g
&
M2 + Vgs2 -
+
I:»Vin Tds1
Tds1 - O
Small-signal model
= Fig. 5.2-11A
. Vin
« Vg2 Vg2 " V2 = Vi - (ngrdsl)VgSZ = Vg2 = 1+g,0 ds1
. Em2Vin
Thus’ lout = l+gm2rds1 = ng(eﬂ) vin
L Chapter 5 - Amplifiers (5/30/01) © P.E. Allen, 2001 —/
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Slew Rate of the Differential Amplifier
Slew Rate (SR) = Maximum output-voltage rate (either positive or negative)

dvour
It is caused by the relationship, i = C, . dr - When i/ris a constant, the rate becomes a constant.

Consider the following current-mirror load, differential amplifiers:

VDD
M3 || M4
liD4 ioug
O
N ES
M2 |_$ Cr, +
VGS2 o
- [ [ +
vG2  vour VGl lng llD 4 J_ VG2

M3 —L [ M4 CL T~ vour
by i Ly

- - - = = = = = Fig.5.2-11B
Note that slew rate can only occur when the differential input signal is large enough to cause Igg (Ipp) to flow
through only one of the differential input transistors.

Iss _Ipp .
SR = c,=¢ = If C; = 5pF and I¢g = 10pA, the slew rate is SR = 2V/us.

(For the BJT differential amplifier slewing occurs at £100mV whereas for the MOSFET differential amplifier it
can be +2V or more.)
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Noise Analysis of the Differential Amplifier

Fig. 5.2-11C
Solve for the total output-noise current to get,

72 = 2,2 2,2 2,2 2,
Lo = 8ml €n1 + 8m2 Cn2 + 8m3 €n3 + 8ma Cna

2

This output-noise current can be expressed in terms of an equivalent input noise voltage, eeq2 , given as

T2=g 252
to ml “eq
Equating the above two expressions for the total output-noise current gives,

gm3 2
2 2=05 2452 —_— 2 245 2
eeq =€ e+ (gml [enS T ey :|

1/f Noise (en1 = n2 and i3 = %4 ): Thermal Noise (71 =72 and 3 = 74 ).

— 2Bp K'n By (Ly 16kT [ WiL,K's /2}
ceq) = \|W,L, \J! *\ KB, || L, Ceq(th) = (3[21(‘1(W/L)111]1/2) FLwik,

© P.E. Allen, 2001 —/
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Current-Source Load Differential Amplifier
Gives a truly balanced differential amplifier.

X1

Also, the upper input common-mode range is extended.

However, a problem occurs if I} 23 orif I, # I.

Current Current
A A
I V&)
Iz ! I
0 : »VDS1 () : »VDS1
0 Vps1<Vps(sat) Vbp 0 VSD3<VSD(SGI)/ Vbb
(a) I1>13. (b.) I3>11. Fig. 5.2-13
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A Differential-Output, Differential-Input Amplifier

Probably the best way to solve the current mismatch problem is through the use of common-mode feedback.

Consider the following solution to the previous problem.

Vbp
M4
* IBias wCs I
I I
Common- l ’ 4}0—24
mode feed- j__i, 22| Self-

S| resistances

of M1-M4
+ 3
Vem = M2 |—O
MB F‘_]}
Vs Fig. 5.2-14

Operation:
» Common mode output voltages are sensed at the gates of MC2A and MC2B and compared to V.

* The current in MC3 provides the negative feedback to drive the common mode output voltage to the
desired level.
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Design of a CMOS Differential Amplifier with a Current Mirror Load
Design Considerations:

Constraints Specifications
Power supply Small-signal gain
Technology Frequency response (Cj)

Temperature ICMR
Slew rate (Cy)

Power dissipation

Relationships
Ay =gmRous

w—3dB = 1/R CL

out

Vicmax) = Vpp, - Vegs + Vi

Vss ALA20

Vie(min) = Voo +Ves(sat) + Ve = Vg +Vpes(sat) + Vg,
SR = ISS/CL
P i = (Vpp+VggxAll de currents flowing from Vp,p, or to Vg

)

L Chapter 5 - Amplifiers (5/30/01) © P.E. Allen, 2001 ——/
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Design of a CMOS Differential Amplifier with a Current Mirror Load - Continued
Schematic-wise, the design procedure is illustrated as shown:

Procedure:
1.) Pick Igq to satisfy the slew rate knowing C; or the power
dissipation

2.) Check to see if R, will satisfy the frequency response, if not
change I ¢ or modify circuit

3.) Design W3/Ls (W,/L,) to satisfy the upper ICMR
4.) Design W{/L; (W,/L,) to satisfy the gain

@ 115 Is=SR-Cy, 5.) Design Ws/Ls to satisfy the lower ICMR
0348, Pdiss

+ 6.) Iterate where necessary
VBias M5

Vss ALA20
L Chapter 5 - Amplifiers (5/30/01) © P.E. Allen, 2001 —/
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Example 5 - Design of a MOS Differential Amplifier with a Current Mirror Load

Design the currents and W/L values of the current mirror load MOS differential amplifier to satisfy the
following specifications: Vpp = -Vgg = 2.5V, SR = 10V/us (C;=5pF), f 345 = 100kHz (C;=5pF), a small

signal gain of 100V/V, -1.5VSICMR<2V and P, <1mW. Use the parameters of Kp'=110uA/V2,
Kp'=50uAIVZ, Vo = 0.7V, Vpp = 0.7V, Ay = 0.04V-! and 1p = 0.05V-1.
Solution

1.) To meet the slew rate, g = 50pA. For maximum P ;. Ig¢ < 200uA.
L . 2
2.) f34p of 100kHz implies that R ,,, < 318kQ. This gives R,,,, = m < 318kQ

. ISS > 70].1A ThUS, ple ISS = 1OOHA

2:50uA
3) Vigmax) = Vpp - Vigy + Vi = 2V =25 - Vi3 + 0.7 = Vi3 = L2V =\ [55:a7 2wy + 07
W W2 .
"Ly T Ly T (0527
4) 100VIV = g1 Ry = e —\/z'HOHANZ(WI/LI)—B 315[Wy/L AR Sy
) = EmiTout = g40¥8asa T (0.04+0.05W50pA 1 TLT L T

. 2-50pA
5.) Vie(min) = Vgg +Vpes(sat) + Vgg — -1.5=-2.5 + Vpes(sat) + 1/ TORANV2(184) 0.7
Ws 2gg
Vpss(sa) =03-0222=007771 = T ="\ [goy— a7 =300

We probably should increase W/L; to reduce V;¢; and allow a smaller Ws/Ls. If we choose W/L| = 40,
then Ws/Ls = 9. (Larger than specified gain should be okay.)
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SECTION 5.3 - CASCODE AMPLIFIER

Why Use the Cascode Amplifier?
* Can provide higher output resistance and larger gain if the load is also high resistance.

¢ It reduces the Miller effect when the driving source has a large source resistance.

Vbp

= = % Fig. 5.3-1

The Miller effect causes ngl to be increased by the value of 1 + (v;/v;,,) and appear in parallel with the
gate-source of M1 causing a dominant pole to occur.

The cascode amplifier eliminates this dominant pole by keeping the value of v,/v;, small by making the
value of R, to be approximately 2/g,, 5.
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Large-Signal Characteristics of the Cascode Amplifier
=5.0V vin=4.5V
B

0.5 / T V]N:4.0V M3 W3 Zp.m
; sV i,
0.4f 1 vn=3.0V il
: ] V=
203} VIN=2.5V _-|___ M2 w +2
“r v ] . 2 _ 2im
% S j]]-[‘G S B b 'Ll__| Ly ~ lum
~'0.2F ‘ - e 1vin=2.0V 34V—
e B T m
A 1 D = Wi _2um
0.1 . : D ] V(I:N=1~5V 0+—| L11 = 1ﬁm
- 5 i FN=1.0V VIN
FAB Cl~e, |
D 1 r D\ [}
. 2 T
C L MB3lacti : ]
P :...M3.sataucra11‘1/§d..\ ............ M2 surated 4
[ i Vi
= ML~
b | vmated factive} )L
Fig. 5.3-2
0 1 2 VIN 3 4 5

M1 is saturated when VGG2 - VGS2 > VGSI - VT — VIN < O'S(VGGZ + VTN) where VGSI = VGSZ
M2 is saturated when VDSZ > VGSZ_VTN d vOUT_VDSI > VGGZ_VDSI_VTN d VOUTZ VGGZ_VTN
M3 is saturated when VDD_VOUTZ VDD - VGG3 - |VTP| - VOUTS VGG3 + |VTP|
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Large-Signal Voltage Swing Limits of the Cascode Amplifier
Maximum output voltage, v 7(max):

| vour(max) = Vpp-|

Minimum output voltage, vg7(min):

Referencing all potentials to the negative power supply (ground in this case), we may express the
current through each of the devices, M1 through M3, as

2
. vDs1
ip1=PB1|Vpp=Vrvpsi =3 |= Bi(Vpp = Vri)vpsi

, (vour — vps1)?
ip2 = B2 |(VGe2 = vps1 = Vr2)(vour — vps1) — 5

= B(V6G2 — vpst - Vr2)(our — vpst)
and

_ 3
ip3=7 (Vpp—Vse3 —1Vr3)?

where we have also assumed that both vpg; and voyr are small, and viy = Vpp.
Solving for vy by realizing that ip; = ipy = ip3 and ] = B, we get,

. B 1 1
vourmin) =35 (Voo = Vaes ~ Vil (7 =7 * Vom =V
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Example 5.3-1 - Calculation of the Minimum Output Voltage for the Simple Cascode Amplifier

(a.) Assume the values and parameters used for the cascode configuration plotted in the previous slide on the
voltage transfer function and calculate the value of vy 7(min).

(b.) Find the value of v 7{max) and v 7(min) where all transistors remain in saturation.
Solution
(a.) Using the previous result gives,

voyr(min) = 0.50 volts.

We note that simulation gives a value of about 0.75 volts. If we include the influence of the channel
modulation on M3 in the previous derivation, the calculated value is 0.62 volts which is closer. The difference
is attributable to the assumption that both vp¢; and v 57 are small.

(b.) The largest output voltage for which all transistors of the cascode amplifier are in saturation is given as
voyr(max) = Vpp - Vgps(sat)

and the corresponding minimum output voltage is
Voyr{min) = Vpe(sat) + Vpgeo(sat) .

For the cascode amplifier of Fig. 5.3-2, these limits are 3.0V and 2.7V.

Consequently, the range over which all transistors are saturated is quite small for a 5V power supply.
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Small-Signal Midband Performance of the Cascode Amplifier

Small-signal model:

8 m2"g52— -8m2V1

Page 5,3-5—\

D2=D3

Gl D1=S2
2_ ,t rds2 }l
Vin = K
Fds1 "

Vgsl 8mlVgsl L
5 Y Sl G2=G3 ¥

O

+
) rds3 Vout

o

Gl D1=S2 ’dﬂ

T~

Small- signal model of cascode amphﬁer neglecting the bulk effect on M2.

D2=D3

+

Using nodal analysis, we can write,
[gdsl + 8ds2 + gm2]vl — 8ds2Vout = ~8m1Vin

—[8as2 + &m2Iv1 + (8as2 + &ds3)Vour = 0
Solving for vy, /vy, yields

o—....

\%7 e H-
in gmlVin @ % % ..... V1 gm2Vv1 é> rdy3% C3= ,-:-~. Vout
o

Simplified equwalent model of the above circuit. Flg. 533

The small-signal output resistance is,

Four = [Fast + rasg2 + mards1ras2l\rds3 = rds3

Chapter 5 - Amplifiers (5/30/01)

Vout _ —8m1(8ds2 + &m2) __8m1 2K W,
Vin ~ 8ds18ds2 T 8ds18ds3 t 8ds28ds3 t 8ds3&m2 T 8ds3 LM%
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Small-Signal Analysis of the Cascode Amplifier - Continued

It is of interest to examine the voltage gain of v;/v;,. From the previous nodal equations we can solve for this

Page 5.3-6—\

Why is this gain -2 instead of -1?

Consider the small-signal model looking into the source
of M2:

The voltage loop is written as,
Vo = (i) - 8maVs2)Tas2 + 17ds3
=01 (Fgs2 + T4s3) = 8m2 Tas2Vs2 Solving this

equation for the ratio of v, to i; gives

Vsa  Tas2 * Tas3

Ro=10= T gunran
We see that R, is indeed equal to 2/g, , if r;, = r;5. Thus,if g,
Note that:

ds3 = 0 that Rszz 1/gm2 or Yas3 = Tds2 that RSZ = 2/gm2 or

connected from the drain of the MOSFET to ac ground.

L Chapter 5 - Amplifiers (5/30/01)

gain as,
Vi —8m1(8ds2 + 8as3) (gdﬂ + ga’s3) (—gmj _T28m1 WLy
Vin ~ 8ds18ds2 + 8ds18ds3 T 8ds28ds3 T 8ds38m2 8ds3 8m2 )= 8m2 LW,

If the W/L ratios of M1 and M2 are identical and g, = g43, then v;/v;, is approximately —2.

= g, the voltage gain v/v;, = -2.

Principle: The small-signal resistance looking into the source of a MOSFET depends on the resistance

rds3

Fig. 5.3-4

Tgs3 = gs28m" ds that Ry = rz !

© P.E. Allen, 2001 ——/
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Frequency Response of the Cascode Amplifier

Small-signal model (Rg = 0):

C

1 Tds2
Gl D1=S2 D2=D3
. I T°
vin Vi 1 C v1 v T, C
8&m1Vin rast< gmo 2/|\ 8&m2V1 ds3 3/|\ Vout
o - o

Fig. 5.3-4A
where

Cr =Cgq1; Co=Cpg1 +Cpp+Cggp and C3=Cppp+ Cp3 + Copp + Cog3 + Cp,
The nodal equations now become:

(8m2 + 8as1 + 8as2 + SC1 + 5C)vi — ggs2Vour = —(&m1 — SCDVin
and

—(8as2 + &m2)v1 + (8as2 + &ds3 + SC3)Vour = 0
Solving for V,,(s)/Vin(s) gives,
Vou(s) ( 1 ) [ —(&m1 = 5C1)(8us2 + &m2)
8

Vin(s) = \1 +as + bs?) | 84518452 + 8as3(&m2 + 8as1 + 8ds2)
where
 C3(8as1 + 8asa + 8m2) + C2(8asa + 8as3) + C1(8as2 + 8ds3)
4= 8ds18ds2 T 8ds3(8&m2 + 8ds1 T &us2)
and

- CG3(C1+ Gy)
T 8ds18ds2 T 8ds3(8m2 * 8ds1 t &ds2)

™
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A Simplified Method of Finding an Algebraic Expression for the Two Poles

Assume that a general second-order polynomial can be written as:

P(s)=1 T N B B N
()=T+as+bs?=|1-} 1=} R VIS R 2T
Now if |py| >> |py|, then P(s) can be simplified as

p 1 N

=1 =5 % bip

Therefore we may write p; and p, in terms of a and b as
-1 —a

P1= g and pP2= 7
Applying this to the previous problem gives,

B —[8as18as2 + 8ds3(8m2 + &ds1 + 8ds2)] —8ds3
P1= C3(8451 + 8as2 + 8m2) + Ca(8as2 + 8as3) + C1(8as2 + 8as3) = C3

The nondominant root p, is given as

~ —[C3(8as1 + 8ds2 + 8m2) + C2(8us2 + 8ds3) + C1(8us2 + 8as3)]  —8m2
p2= C3(C; + Cy) Ci+Cy

Assuming that Cy, C,, and Cj are the same order of magnitude, and that g, is greater than g3, then |p{| is
smaller than |p,| (closer to the origin). Therefore the approximation of |p,| >> |p;| is valid.

8ml
Note that there is a right-half plane zero at z| = %

™
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Driving Amplifiers from a High Resistance Source - The Miller Effect

Examine the frequency response of a current-source load inverter driven from a high resistance source:

Vbp
M2 I \
+
Vea2 ;‘L_| v V'" v C V
T out R, > Cy /|\ 1 3 R3 out
vin Ry = Cgsl =Cpd1 + Cpaiz + Coa2
C2=Cyqi R3 =rasillrds2 Fig. 5.3-5
Assuming the input is I, the nodal equations are,
[Gl + S(C] + C2)]V] - SCZVOUt = Iin and (gml - SC2)V] G3 + S(C2 + C3)] out = =0

where
G =G, (=lURy), G3=g4s1 +8as2. C1=GC4
Solving for V,,(s)/Vi,(s) gives
Vout(s) (sCr—gm1)Gy
m(S) G G3+S[G3(C1+C2)+G1 (C2+C3)+gm1 C2]+(C] C2+C1 C3+C2C3)S2

s1> Co=Cyq1 and C3 = Cpg1+Cpgp + Copp

or
Vout(s)  (—8m1 [1=s(Co/gm1)]
Vinls) = [ ] 1+[R(C+C)+R3(Cot+C3)+g,, R 1 R3C31s+(C | Co+C C3+CoC3)R | R352
Assuming that the poles are split allows the use of the previous technique to get,
-1 -1 —8m1C2
P1= Rl(Cl + C2) + R3(C2 + C3) + gm1R1R3C2 = gm1R1R3C2 and P2 = C1C2 + C1C3 + C2C3

The Miller effect has caused the input pole, 1/R|C, to be decreased by a value of g,,,| R3.

How does the Cascode Amplifier Solve the Miller Effect?
The dominant pole of the inverting amplifier with a large source resistance was found to be
-1

pi(inverter) = g 00 X5 +R3(Co+Ca) 1 gm R1R3C

Now if a cascode amplifier is used, R3, can be approximated as 2/g,, of the cascoding transistor (assuming the
drain sees an r to ac ground).

-1 -1
pi(cascode) = B D) b}
Ri(C+Co)+ ( j(C2+C3)+gm1R1( ch Ri(C+Cy)+ [ J(C2+C3)+2R1C2
e S
= Rl(C1+3C2)

Thus we see that p{(cascode) >> p(inverter).
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High Gain and High Output Resistance Cascode Amplifier
If the load of the cascode amplifier is a cascode current source, then both high output resistance and high

voltage gain is achieved.

D2=D3

V6644 °
M3
1%
GG3<_| Vout Em2VIVEmbs2VI Vds2 [ Em3VAN 8mbs3V4AY Vds3
M2
1 D1=S2 D4=S3
\Yeler) <—| I:» g— L + Vout
Vin M Vin Vi S rdst V4 S rass
°_| 8m1Vin
I = = o
= G2=G3=G4=S1=S4 Fig. 5.3-6
The output resistance is,
Fout = [Fasi+rasot8mar ast T2+ [rasa+7asatgmarasarass(14m3)] = (8ot asirasal || [8m3rasarasa)
LS
Tout = My Azly
+

\2K'2(WIL); * [2K'3(W/L)3

Knowing r,, the gain is simply
\2K (WD) I !
Ay ==gmirou = =8 {[8marasirasal Il [marasarassl} = T Tahs

\[2K'»(WIL), - \[2K'3(WIL);

Chapter 5 - Amplifiers (5/30/01) © P.E. Allen, 2001 —/
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Example 5.3-2 - Comparison of the Cascode Amplifier Performance

Calculate the small-signal voltage gain, output resistance, the dominant pole, and the nondominant pole
for the low-gain, cascode amplifier and the high-gain, cascode amplifier. Assume that I, = 200 microamperes,
that all W/L ratios are 2um/1pum, and that the parameters of Table 3.1-2 are valid. The capacitors are assumed
to be: Cyy=3.5{F, Cyy =30 fF, Cppg, = Cpgp, = 24 {F, Cpyp = Cppyp = 12 fF, and C; = 1 pF.

Solution
The low-gain, cascode amplifier has the following small-signal performance:

A,=-37.1V/V

R, = 125kQ

D1 = -84:3/C3 =122 MHz

Do = &/ (C1+Cy) = 605 MHz.

The high-gain, cascode amplifier has the following small-signal performance:

A, =—414VIV
Ry = 140 MQ
p1 = 1R, Cs =108 kHz

Py = &ual(C1+Cy) =579 MHz
(Note that at this frequency, the drain of M2 is shorted to ground by the load capacitance, Cr)

© P.E. Allen, 2001 ——/
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Designing Cascode Amplifiers
Pertinent design equations for the simple cascode amplifier.

vour(max) = Vpp - Vsp3(sat)

v [ 2T
~ KpW DD K p(WalL3)

3
I= 23 (Vpp - Vo3 Vrel)2 ET
M3
ﬂ—_| vour(min) =Vpg(sat) + Vpsa(sat)

= —o° _ / oa [
Kn(Wi/Ly) (| Kn(W2/Lp)

Veer = v
l I ouT

_—-E
— I=_9155 = (SR)-Coys
: v,
Gommon g
0 (4 = &ml _ [2KN(W/Ly)
VT 8ds3 P2

Fig. 5.3-7
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Example 5.3-3 - Design of a Cascode Amplifier

and v, 7{min) = 1.5V. The slew rate with a 10pF load should be 10V/us or greater.

Solution

than 200pA. Let us compromise with a current of 150pA. We will first begin with M3.

W3 21 2:150
L5 = KplVppvous(max)]2 = 50(1)2 = ©

- 21 2-150
From this find V53: Vegs=Vpp - Wrpl - Kp(W4lLy) = 5-1-\|3p6 =3V

Wi AMT (50.0.05)2(150)
Next, L, = 2K, = 210 =273

21 2-150
Vpsi(sah) =\ |x W /L) = \ 110426 = 0-8V
Subtracting this value from 1.5V gives V¢ (sat) = 0.7V.

& _ 21 2150
L, = KnVpsa(sat)2 = 110-0.72 = 5.57
i 21
Finally, Vae2 = Vpsi(sa) +\ | R WLy *+ Vin=08V+07V +0.7V =22V

Page 5.3-14—\

The specifications for a cascode amplifier are V=5V, Py, .= 1mW, A =-50V/V, v, 7{max) = 4V,

The slew rate requires a current greater than 100pA while the power dissipation requires a current less

To design W,/L,, we will first calculate V¢ (sat) and use the v 7(min) specification to define Vg, (sat).
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SECTION 5.4 - CURRENT AMPLIFIERS

What is a Current Amplifier?

* An amplifier that has a defined output-input current relationship
¢ Low input resistance

 High output resistance

Application of current amplifiers:

ls ii i
<_ -
Current urrent
Amplifier Amplifier

S1ngle ended 1nput Differential input.T Fig. 5.4-1

RL

R¢>>R;, and R,, >> R;

Advantages of current amplifiers:

lower power supply voltages.

» Currents are not restricted by the power supply voltages so that wider dynamic ranges are possible with

» -3dB bandwidth of a current amplifier using negative feedback is independent of the closed loop gain.

Chapter 5 - Amplifiers (5/30/01) © P.E. Allen, 2001 —j
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Frequency Response of a Current Amplifier with Current Feedback

Consider the following current amplifier with resistive
negative feedback applied.

Assuming that the small-signal resistance looking into
the current amplifier is much less than R; or R», Ry

+ )
. . Vin Vin ( ) i
o= Ai(ll_l2) = Ai[R_l - lo] " )

Solving for i, gives

Ai vm . R_Z _Ai
]+A - Vout =R210=R1 1+A; Vin

Fig. 5.4-2

4 Vo Ro 1\ R A Ry Ao !
IfA(s) ="y, then 5 "= T |=R,| =R, |T#A 5
@+(1+A0)

@345 = W5(1+4,)

. . . . Amplitude
The unity-gainbandwidth is ® 4
2
R2 Ao R2 R2 Ry
GB:E —1+Ao -a)A(1+A0):R—1(a)AAO):EGBi A,
0dB

Page 5.4-2 —\

(A of ™
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Current Amplifier using the Simple Current Mirror

Lout

lout lin
— i A
T co\
I:» Vin J_ : J_ Ry,
_ 8m1VinN\/Tds1 C1/|\ 8m2Vin\/ Tds2 C3T =0
(o

Currenf Amplifier Fig. 5.4-3
1 1 WilL,

Rin = &mi Rout = ﬂ’llo and Ai = W]/Ll .

Frequency response:
B (81 +8as) B (81 +8as1) B “8mi

PI= C+Cy T CuytCo+ContCopp = CogtCo+Coo+Copy
Note that the bandwidth can be almost doubled by including the resistor, R.
(R removes Cyq from py)

Chapter 5 - Amplifiers (5/30/01) © P.E. Allen, 2001 —j

CMOS Analog Circuit Design Page 5.4-4 —\

N
—

Example 5.4-1- Performance of a Simple Current Mirror as a Current Amplifier

Find the small-signal current gain, A;, the input resistance, R;,, the output resistance, R ,;, and the -3dB
frequency in Hertz for the current amplifier of Fig. 5.4-3(a) if 10/; = I, = 100pA and W,/L, = 10W /L =

10um/Ipm. Assume that Cpyy = 10fF, Cyy = Cy o = 100fF, and C,, = S0fF.

Solution
Ignoring channel modulation and mismatch effects, the small-signal current gain,

W,/L,
A= W,IL, = 10A/A.

The small-signal input resistance, R;,, is approximately 1/g,,; and is
1

1
Rin = \ZKy(1/D)10pA ~ 40948 = 21.3kQ

The small-signal output resistance is equal to

1
R, = k= 250k€.

The -3dB frequency is

46.9uS
® 345 = EOIE = 180.4x10 radians/sec.  — f 345 = 28.7 MHz

L Chapter 5 - Amplifiers (5/30/01) © P.E. Allen, 2001 —J




[— CMOS Analog Circuit Design

Self-Biased Cascode Current Mirror Implementation of a Current Amplifier

Vbp

CurrentTAmpliﬁer Fig. 5.4-4

W,/L,

1
=R+ R Ai= WI/LI

in &ml’ out = Tds28malds4>  and

Chapter 5 - Amplifiers (5/30/01)
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Example 5.4 -2 - Current Amplifier Implemented by the Self-Biased, Cascode Current Mirror

Page 5.4-6—\

give a Vo of 0.1V. Thus R = 1kQ. Find the value of R;,, R ;.
182um/1pum.
Solution

The input resistance requires g,,; which is V/2:110-182-100 = 2mS
R;, = 1000Q + 500Q = 1.5kQ

Ry, = &maldsal 452 = (2001uS)(250kQ)(250kQ) = 125MQ

Because Vg = Vpg,, the small-signal current gain is

W,/L,
A= WL, = 1
Simulation results using the level 1 model for this example give
R;,=1.497kQ

R,, = 164.7MQ

and
A;=1.000 A/A.

L Chapter 5 - Amplifiers (5/30/01)

Assume that I; and I, of the self-biased cascode current mirror are 100uA. R has been designed to
and A; if the W/L ratios of all transistors are

From our knowledge of the cascode configuration, the small signal output resistance should be
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Low-Input Resistance Current Amplifier

M2
o T 0
Current Amplifier

Feedback concept:
Input resistance without feedback = r ;.

L in =
oop gain [g ds1 ) 8ds3
R;,(no fb.) sl

To decrease R;, below 1/g,, requires the use of negative, shunt feedback. Consider the following example.

rds3

im 0
8m3Vgs3
Vin vg53 Vesl
- gmlvgsl rds1

o. -
Fig. 5.4-5

8m1 | 8m3 . .
assuming that the resistances of /| and /5 are very large.

1

+ Rin=T3Toop gain ™ 217 4s18m37ds3

Small signal analysis:

lin = 8m1Vgs1 ~ 8ds1Vgs3

and Vas3 = “Vin

lin = &m1 04837 4s3)Vin + &ds1Vin

Vin Vsl = Vin - (&m3V s3rds3) = Vin(14837453)

= 8m18m3"ds3Vin

= 8m18m3Tds3

1
= Rin =

Chapter 5 - Amplifiers (5/30/01)

Em18m37ds3
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Differential-Input, Current Amplifiers

current amplifier.

Implementations:

V)

it

)7

i

8

Fig. 5.4-6

) i 1+12
io=ApipxAicic=Ap - £Ad™

Fig. 5.4-7

L Chapter 5 - Amplifiers (5/30/01)

Definitions for the differential-mode, i7j,, and common-mode, iz, input currents of the differential-input
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Summary

* Current amplifiers have a low input resistance, high output resistance, and a defined output-input current
relationship

* Input resistances less than 1/g,, require feedback

However, all feedback loops have internal poles that cause the benefits of negative feedback to vanish at
high frequencies.

In addition, these feedback loops can have a slow time constant from a pole-zero pair.
* Voltage amplifiers using a current amplifier have high values of gain-bandwidth
* Current amplifiers are useful at low power supplies and for switched current applications

Chapter 5 - Amplifiers (5/30/01) © P.E. Allen, 2001 —j
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SECTION 5.5 - OUTPUT AMPLIFIERS

General Considerations of Output Amplifiers

Requirements:

1.) Provide sufficient output power in the form of voltage or current.

2.) Avoid signal distortion.

3.) Be efficient

4.) Provide protection from abnormal conditions (short circuit, over temperature, etc.)

Types of Output Amplifiers:

1.) Class A amplifiers

2.) Source followers

3.) Push-pull amplifiers

4.) Substrate BJT amplifiers

5.) Amplifiers using negative shunt feedback
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Class A Amplifiers
Current source load inverter:

)
Vpp+Vssl ‘%

R}, dominates
as the load line

<—[QRL—><—[QRLT/Z)D »VYouTr
Fig. 5.5-1

A Class A circuit has current flow in the MOSFETs during the entire period of a sinusoidal signal.
Characteristics of Class A amplifiers:
* Unsymmetrical sinking and sourcing
e Linear
* Poor efficiency
vour(peak)? vour(peak)?
N Py 2R, 2R,
Efficiency = PSunply = Vpp-Vss) I =

~ vour{peak)
(Vpp-Vs)\ ~ | Vpp-Vss
Vpp -Vss)| T 2R,

Maximum efficiency occurs when vy (peak) = Vo = [Vl which gives 25%.

[— CMOS Analog Circuit Design Page S,S-Zﬁ
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Specifying the Performance of a Class A Amplifier

Output resistance:
B 1 B 1
Tout = g g1+ 8as2 = M+ AIp

Current:

¢ Maximum sinking current is,
) K' Wy
Tour=—3r; Vpp -Vss - Vr1)*-Ig
e Maximum sourcing current is,
N K'yWo
Iour="21, (Vpp - Vo2 - V2 <1y
Requirements:
* Wantr,,;<<R;

b |IOUT| > CLSR

vour(peak)
* loyrt> 7R,

The maximum current will be determined by both the current required to provide the necessary slew rate
(Cp) and the current required to provide a voltage across the load resistor (R;).

L Chapter 5 - Amplifiers (5/30/01) © P.E. Allen, 2001 —/
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Small-Signal Performance of the Class A Amplifier

Although we have considered the small-signal performance of the Class A amplifier as the current source load
inverter, let us include the influence of the load.

The modified small-signal model:

o0—- i
+ 1
Vin gml"m@ ’dsl% ”dsZ% % ,,,,, Yout

OFlg 5.5-2

__.-\

The small-signal voltage gain is:

You __ “Eml

Vin — 8ds1+84s2t0L
The small-signal frequency response includes:
A zero at

8ml
¢ TG
and a pole at
(8451+8452+G1L)
P= Coq1+Cotr+Cpa1+Cpar*Cr

Example 5.5-1 - Design of a Simple Class-A Output Stage

Use the values of Table 3.1-2 and design the W/L ratios of M1 and M2 so that a voltage swing of 2 volts and
a slew rate of =1 volt/us is achieved if R; =20 kQ and C;, = 1000 pF. Assume that Vpp = Vgl =3 volts

and Vi = 0 volts. Let the channel lengths be 2 um and assume that C Coar = = 100fF.

Solution

Let us first consider the effects of Ry and C;.

2V
iour(peak) = 59 = +100pA  and C;-SR = 10--106 = 1000pA

Since the slew rate current is so much larger than the current needed to meet the voltage specification across
R;, we can safely assume that all of the current supplied by the inverter is available to charge Cj.
Using a value of £1 mA,

Wy 2lour+lp) 4000 3um

L1 = Ky (VppHVeg -V 110532 2um

and

W, 2Uoyr” 2000 15um
L= Kp' (Vpp-VecaVyph? 50232 2Hm

The small-signal performance of this amplifier is,
A, =-8.21 V/V (includes R; = 20kQ) Four = 50kQ

The roots are,
Zero = ng/ngl = 1.59GHz and Pole = 1/[(R;llr,,,)C;)] = -11.14kHz

Chapter 5 - Amplifiers (5/30/01) © P.E. Allen, 2001 —/
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Broadband Harmonic Distortion

The linearity of an amplifier can be characterized by its influence on a pure sinusoidal input signal.
Assume the input is,
Vinl(w) =V, sin(t)
The output of an amplifier with distortion will be
Vou @) = a1V, sin (@) + a,V,, sin Qax) +- - -+ a,V), sin(nwr)
Harmonic distortion (HD) for the ith harmonic can be defined as the ratio of the magnitude of the ith
harmonic to the magnitude of the fundamental.
For example, second-harmonic distortion would be given as

HDZZZ

Total harmonic distortion (THD) is defined as the square root of the ratio of the sum of all of the second and
higher harmonics to the magnitude of the first or fundamental harmonic.
Thus, THD can be expressed as

2 2 2
[a2+a3+- - -+an]l2

ai

THD =

The distortion of the class A amplifier is good for small signals and becomes poor at maximum output swings
because of the nonlinearity of the voltage transfer curve for large-signal swing

Chapter 5 - Amplifiers (5/30/01) © P.E. Allen, 2001 —/
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Source Follower
Two types of source followers:

Source follower with a MOS diode load. Source Follower with a current-sink load.
Fig. 5.5-3
Large signal considerations:

voyr(min) = Vgg and vourmax) =Vpp -V -Von1 = Vpp - Vri
But, we need to include the bulk effect on V;:

Vr1 = Vo + W20 vps - \219061 = Vi + Wvse = Vior + 1ivour(max) Vs
~ vour(max) -Vgs = Vpp - Vry1- i\vour(max) -Vsg

or putting this equation in quadratic form,

vour(max) -Vgs+ yi\lvoyr(max) -Vgs -(Vpp -Vg1) =0
Solving the quadratic gives, voyr(max) = Vpp + %2 -Vror - %\/y12+ 4(Vpp-Vss-Vo1)
Therefore if Vi = 1Vggl = 2.5V, then vy r(max) = 1.46V

L Chapter 5 - Amplifiers (5/30/01) © P.E. Allen, 2001 ——/
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Maximum Sourcing and Sinking Currents for the Source Follower

Maximum Sourcing Current:
We assume that the transistors are in saturation and Vpp =-Vgg=2.5V , thus

, KW,
Ioy7(sourcing) =72L, [Vop = vour— Vr11?- Ipy

where vy is assumed to be equal to V.
If Wi/Ly =10,voyr =0V and Iy, = 0.5mA, then V| = 1.08V = Iy equal to 0.608 mA.
However, as v rincreases above OV, the current rapidly decreases.
Maximum Sinking Current:
Depends on M2.
* For the MOS diode load, the sinking current is
KW,
Toyg(sinking) = 57— I, our-Vril?  (asvoyr approaches Vi, the current goes to zero)

* For the current sink load, the sinking current is whatever the sink is biased to provide.
KyW,
Ioyr(sinking) =37~ [VGgo- Vi1* = o
Comments:
* The efficiency is the same as the class A amplifier
* The distortion should be better because of the inherent negative feedback of the source follower.

Chapter 5 - Amplifiers (5/30/01) © P.E. Allen, 2001 —/
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Small Signal Performance of the Source Follower

Small-signal model (Set g,,,» = 0 for the current sink load follower) :

V.gvl -
rds1 rds2S Ry, CQ::-I-: Vout

8m1Vgs1 8mbs1Vbsl 8m2Vgs2

v
ot .gil

Tds1 ras2 >R C2::::. Vout
8m1Vin 8m1Vout Y &mbs1Vout
Fig. 5.5-4
Vout Eml 8m1

Vin = 8ds1 + 8ds2 + 8m1 + Emps1 + &m2  &m1 + Embs1 + &m2
If Vpp=-Vgg=2.5V, Vo =0V, W/L; = 10 um/1 pm, Wp/L, = 1 um/1 um, and I, = 500 yA, then
for the MOS diode load follower:

out . Vout
V. =0.682, if the bulk effect were not present, g,,,; =0, then v, = 0.738.

n

For the current sink load follower (g,,,, = 0):

V

out

Vl

Vou
=0.869, if the bulk effect were ignored, then 7, — V =0.963

n
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Small Signal Performance of the Source Follower - Continued

The output resistance (g,,,» = 0 for the current sink load follower) is:
R - 1
our = 81 + 8mbs1 + 8m2 + 8as1 t 8as2
For the MOS diode load follower:
R, =651Q

For the current sink load follower:
R,,; = 830Q

The frequency response of the source follower (g,,» = 0 for the current sink load follower) :

Vout(s) B (gm1 +5Cy)
Vin() ~ 8as1 + 8as2 T 8m1 + &mps1 + &mat GL +5(C1+ C2)

where
C; = capacitances connected between the input and output = Cg
Co = Cpg1 +Cpp +Coplor Coin) + €,
Eml gm*GL
2=-7 and P="C1+Cy

The presence of a LHP zero leads to the possibility that in most cases the pole and zero will provide some
degree of cancellation leading to a broadband response.
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Push-Pull Source Follower

Can both sink and source current and provide a slightly lower output resistance.

Efficiency:
Depends on how the transistors are biased.
¢ Class B - one transistor has current flow for only 180° of the sinusoid (half period)
vOUy(peak)2
N PRr 2R,  Your(peak)
.. Efficiency = Pyop - ] {ZVOU {(peak) =5 Vop-Vss
(Vpp-Vsshz) ok

Maximum efficiency occurs when v (peak) =Vpp and is 78.5%

¢ Class AB - each transistor has current flow for more than 180° of the sinusoid.
Maximum efficiency is between 25% and 78.5%
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Illustration of Class B and Class AB Push-Pull, Source Follower
Output current and voltage characteristics of the push-pull, source follower (R, = 1kQ):

2VE v AT A imA 2VE % - -1 ImA
F Gl . F Gl .
W N ’A_,-'—' Ip1 /,f A IV: \A e Ip1 $’/, =
- - %”_ u - Ry -
\% : - / ' OuA OV: - -1 . o= OuA
WP, < TN P RN
_1VE z T Vour il Ve 1V g - )&Vnm o VG2
P Ipa .~ : +7 Mpa
2V Rl -lmA  -2VF— -lmA
-2 -1 0 1 2 2 -1 0 1 2
Vin(V) Vin(V)
Class B, push-pull, source follower Class AB, push-pull, source follower  Fig. 5568
Comments:

* Note that v;p cannot reach the extreme values of Vpp and Vg

* Ioyrt(max) and Iy 7 (max) is always less than Vpp/R; or Vgo/R;

* For vyyr= 0V, there is quiescent current flowing in M1 and M2 for Class AB

» Note that there is significant distortion at vjy =0V for the Class B push-pull follower

Chapter 5 - Amplifiers (5/30/01) © P.E. Allen, 2001 —/

/— CMOS Analog Circuit Design Page 5.5-13 —\

Small-Signal Performance of the Push-Pull Follower

Model:
v
v ol
o e
+ I\
rds1 ras2> R, ng:::: Vout
8m1Vgs1 8mbs1Vbsl m2Vgs2\/ 8mbs2Vbs
v
+ .gfl

R does not include R
out gdsl+gds2+gml+gmbs1+gm2+gmbs2 ( 4 L)

Gai Vout R Em1t8m2
am =-—, = + =
! Vin (&m1+8m2) Rour 8as118ds28m1T8mbs1 T8m2tEmbs2

If Vpp = -Vgg = 2.5V, V,,,, = OV, Iy = Iy = 500uA, and W/L = 20um/2um, A, = 0.787 (R;=e=) and

R, = 448Q.
A zero and pole are located at
“(&m1t8m2) (ga’s1+gds2+gm1+gmbs1+gm2+gmbs2+GL)
= (oN p= C+C,

These roots will be high-frequency because the associated resistances are small.
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Push-Pull, Common Source Amplifiers

Similar to the class A but can operate as class B providing higher efficiency.

Vbp

M2
Vg — iour

= —>
VIN © J_ ovout
ViR = l
_ T"
ss =

MICL

1% — Fig. 5.5-7
Comments:

* The batteries Vg and Vp, are necessary to control the bias current in M1 and M2.

* The efficiency is the same as the push-pull, source follower.

Chapter 5 - Amplifiers (5/30/01) © P.E. Allen, 2001 —/

/— CMOS Analog Circuit Design Page 5.5-15 —\

Practical Implementation of the Push-Pull, Common Source Amplifier

Vbp

VIN vour

Fig. 5.5-8
Va3 and Vg4 can be used to bias this amplifier in class AB or class B operation.

Note, that the bias current in M6 and M8 is not dependent upon Vppy or Vgg (assuming V53 and Vg4 are
not dependent on Vppy and V).
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Illustration of Class B and Class AB Push-Pull, Inverting Amplifier
Output current and voltage characteristics of the push-pull, inverting amplifier (Ry, = 1kQ):

[ Y L 3
2V E N ———t=92mA 2V e == 2mA
- 1 i 47 C S~
1V F o2 —8L ImA 1V \ b 4 YOl 4 1mA
L iD1 T s |2 . ] [ D1 L AN -
C e Ny C N T - D1
0V —# > 4o OmA OV e S OmA
v Ll iy | N A1V o o e ip A
R 7 B S 15} VOUT m
‘ A vour| ‘ B \ N
2V e N e —3-2mA
-2V -1V ov 1v 2V -2V -1v ov v 2V
VIN VIN
Class B, push-pull, inverting amplifier. Class AB, push-pull, inverting amplifier. Fig.5.5-10B

Comments:
* Note that there is significant distortion at vjy =0V for the Class B inverter

* Note that v(;p cannot reach the extreme values of Vppp and Vg
* Ioyrt(max) and /g7 (max) is always less than Vpp/Ry or Veo/R;
* For vyyr= 0V, there is quiescent current flowing in M1 and M2 for Class AB
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What about the use of BJTs?

Vbbp Vbp Vbp

Vout Vout

Vssw L+ =L Vss =
p-well CMOS n-well CMOS Fig. 5.5-8A
Comments:
¢ Can use either substrate or lateral BJTs.

* Small-signal output resistance is 1/g,, which can easily be less than 100Q.

* Unfortunately, only PNP or NPN BJTs are available but not both on a standard CMOS technology.

* In order for the BJT to sink (or source) large currents, the base current, iz, must be large. Providing large
currents as the voltage gets to extreme values is difficult for MOSFET circuits to accomplish.

* If one considers the MOSFET driver, the emitter can only pull to within vgg+V )y of the power supply
rails. This value can be 1V or more.

We will consider the BJT as an output stage in more detail in Sec. 7.1.
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Use of Negative, Shunt Feedback to Reduce the Output Resistance

Concept:
Vbp
M2
Amplifier
A loyr
—
i Oovour
Amplifier Ccr Ry
o
L Fig. 5.5-9
Vss =
rdsids2
Rout = 1+Loop Gain
Comments:

* Can achieve output resistances as low as 10€2.

* If the error amplifiers are not balanced, it is difficult to control the quiescent current in M1 and M2
¢ Qreat linearity because of the strong feedback

* Can be efficient if operated in class B or class AB
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N
—

Simple Implementation of Negative, Shunt Feedback to Reduce the Output Resistance

R
vin —AANA—

L ) Ry 8m1t&m2
0P B4 =R +R, | 45148452+ G-
_ Tasias
out | Ry 8m1*8m2
\R1+R )| 84s1+8452% G
Let Ry =Ry, Ry = oo, Ig;,c = 500uA, and W/L| = 100um/1um and Wy/L, = 200um/1um.
Thus, g,,,; =3.316mS, g,» =3.162mS, r;, = S0kQ and r;,, = 40kQ.

R

50kQ40kQ 22.22kQ ,
Rour = 3316+3162) = 1+0.5(143.9) = J04€ (Rpys = 542KQ if Ry = 1K)
+ 5( 25+20 j
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Summary of Output Amplifiers

» The objectives are to provide output power in form of voltage and/or current.
¢ In addition, the output amplifier should be linear and be efficient.
¢ Low output resistance is required to provide power efficiently to a small load resistance.

* High source/sink currents are required to provide sufficient output voltage rate due to large load
capacitances.

* Types of output amplifiers considered:
Class A amplifier
Source follower
Class B and AB amplifier
Use of BJTs
Negative shunt feedback
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SECTION 5.6 - HIGH-GAIN AMPLIFIER ARCHITECTURES

High-Gain Amplifiers used in Negative Feedback Circuits

Consider the general, single-loop, negative feedback circuit:

Fig. 5.6-1
x = either voltage or current

‘x()
A = 7 =high-gain amplifier

xi =
F = feedback network
Closed-loop gain:
To__A
Ar=%, = T+AF
If AF >> 1, then,
I
S T x, T F
Therefore, to precisely define the closed-loop gain, Ag we only need to make A large and Ar becomes
dependent on F which can be determined by passive elements.
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Types of Amplifiers

The gain of an amplifier is given as

Therefore, since x can be voltage or current, there are four types of amplifiers as summarized below.

Types of Amplifers | Voltage-controlled, | Voltage-controlled, | Current-controlled, | Current-controlled,
current-source voltage-source current-source voltage-source
x; variable* Voltage Voltage Current Current
x,, variable Current Voltage Current Voltage
Desired R; Large Large Small Small
Desired R, Large Small Large Small

Page 5.6-2 ﬁ

* The x; , xg, and xfmust all be the same type of variable, voltage or current.
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Yoltage-Controlled, Current-Source (VCCS) Amplifier

o

o—»
R R E» ;’ Differential Second i 'o,
‘ L _l Amplifier Stage
o—»
vees T

~.

i_ Gor = GmRoRi
Ve T UM T (R + R)(R, + Rp)

This amplifier is sometimes called an operational transconductance amplifier (OTA).
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Yoltage-Controlled, Voltage-Source (VCVS) Amplifier

Page 5,6-4ﬁ

o—>
Ro :- D * ' |Differential Second Output | Vo
0 Ry, Vi .
B Amplifier Stage Stage
- o—»
VCVS Fig. 5.6-3
Vo A ARR,
Vg -V (RS + Ri)(Ro + RL)
This amplifier is normally called an operational amplifier.
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Current-Controlled, Current-Source (CCCS) Amplifier
i’ i() l_l> :"""'"""".
Current : g d i,
. . : i Second 9
] R R i : Differential [ —
's § 2 GwK1) R Ry I:» ' 2, | Amplifier | | Stage
CCCS cces T
Fig. 5.6-4
lo ARsR,
Ig I'"(Rs+ R)(R, + Ry)
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Current-Controlled, Voltage-Source (CCVS) Amplifier

ij ,

0]
i, =Ry =R, ¥ RO, + R

i1

Stage

—
+ R, * Current 5
is Rs< v; R; Ry Vo Ry E» i i Differential —>-
- - —,| Amplifier | : :
CCVS
v RmRSRL
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Output Vo
—o
Stage

Fig. 5.6-5
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SECTION 5.7 - SUMMARY

This chapter presented the following subjects:
5.1 Inverting Amplifiers
Class A (diode load and current sink/source load)
Class AB of B (push-pull)
5.2  Differential Amplifiers
Need good common mode rejection
An excellent input stage for integrated circuit amplifiers
53  Cascode Amplifiers
Useful for controlling the poles of an amplifier
54  Current Amplifiers
Good for low power supplies
5.5  Output Amplifiers
Minimize the output resistance
Maximize the current sinking/sourcing capability
5.6  High-Gain Architectures
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Possible block-level implementations using the blocks of this chapter.
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