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INTRODUCTION

General Considerations of Output Amplifiers
Requirements: 4 Voo
1.) Provide sufficient output power in the form of f1 v l ¥

voltage or current. v | four
2.) Avoid signal distortion. 7 b .
3.) Be efficient ﬁﬁ;ﬁjﬁ bep Mz our
4.) Provide protection from abnormal conditions Class A

(short circuit, over temperature, etc.) = il
Types of Output Amplifiers: ;é /\ /\ /
1.) Class A amplifiers T S, >
2.) Source followers Class‘./ B =7
3.) Push-pull amplifiers 1 Q(ll N\ four
4.) Substrate BJT amplifiers £ — —
5.) Amplifiers using negative zlass Biz/\/ \V

shunt feedback I/\’ g /\/iour

Fig. 5.5-005
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Output Current Requirements for an Output Amplifier
Consider the current requirements placed by the load on the output amplifier:

vqQur Lax due to Ry,
Output ZO_UZ Inax due to Cr, R
°~| Amplifier T o [ > 1
CL I Ry Your
= = Ijpax due to Ry, 070422-01
Result:
lioyT! > CL"SR
, vouT(peak)
lioyT! > — RL

Fortunately, the maximum current for the resistor and capacitor do not occur at the same
time.
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Output Resistance Requirements for an Qutput Amplifier

In order to avoid attenuation of the amplifier voltage signal, the output resistance of the
amplifier must be less than the load resistance.

voA()

Ry
() = t
vour(?) R +R voa()

out

Volts

Output

VIN Amplifier p

070422-02

To avoid attenuation of the amplifier voltage signal, R,;,; << R]..
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Separation of the Amplifier Bias from the Load Resistance

Unfortunately, when a low load resistance is connected to the output of an amplifier, the
bias conditions can be changed.

VpD Loss of bias
current

1%
B4ll| / through R;,
Y  Your
VIN IQ
o—i R

. — 070422-03
Solution:

1.) Use a coupling capacitance for singled-ended power supplies.
2.) Redefine the output analog ground as (Vpp/2).

3.) Use dc coupling for split power supplies.

Vpp Vpp Vpp
Vapi Vapi Vapi
Your Your OV—|__— VYour
vV IN 1, Q 1% IN 1, Q 1% IN 1, Q
o—i Ry o—j Ry o—i Ry
) ) 0.5Vpp Vg " or0422:04
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CLASS A AMPLIFIERS

Current source load inverter

A Class A circuit has
current flow in the MOSFETSs
during the entire period of a
sinusoidal signal.

Characteristics of Class A
amplifiers:

e Unsymmetrical sinking and
sourcing

i
Vpp+Vssl ‘I?

R, dominates
8 the load line

‘4IQ R 4Q R— >our
Vss Vbp

Fig.5.5-1
e Linear
* Poor efficiency
vouT(peak)? vour(peak)?
o PRL 2RL 2R, vouT(peak))n
Efficiency =pg 1= Vpp-Vss)lp = VDD -Vss

(VbD-Vss)| =
(VDD -Vss)™ 2R

Maximum efficiency occurs when voyr(peak) = Vpp = IVgsl which gives 25%.
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Optimum Value of Load Resistor
Depending on the value of Ry, the signal swing can be symmetrical or asymmetrical.

(This ignores the limitations of the transistor.)

R iD1
Smaller Rj—» 4

Vpp+ Vsl Mini.mum Ry, .for
TR, maximum swing
Larger Ry,
o arg
: 0 VD]
«—AgR—«—oR[—> VDS
Vss 0 VDD Fig. 040-03
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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'

o_.
+

T 'IIIv
Vin gm1Vin ds1 Tds2 -~ out

°F1g 552

——r-

The small-signal Voltage gain is:
Vout ~&ml
n = &ds1+8ds2+GL
The small-signal frequency response includes:
A zero at

_ &ml
¢ = Cyd1
and a pole at

~ -(gds1t8ds2+GL)
P = Cyd1+Cgd2+Chd1+Chd2+CL
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Example 210-1 - Design of a Simple Class-A Output Stage
Assume that Ky'=2Kp’=100uA/V2, Vyy = 0.5V and Vp = -0.5V. Design the W/L ratios
of M1 and M2 so that a voltage swing of =1V and a slew rate of =1 V/us is achieved if Ry
=1 kQ and Cr, = 1000 pF. Assume Vpp =1Vggl =2V and Vgg2 =0V.Let L=1 um and
assume that Cygq = 100fF. Find the voltage gain and roots of this output amplifier.
g

Solution
Let us first consider the effects of Ry, and C| .

iouT(peak) = x1V/1kQ = +1000yA and  C|-SR = 10-9-106 = 1000x A
Since the current for C;, and Ry, occur at different times, choose a bias current of 1mA.

Wi 2(0out+lQ) 4000  3um

L1 = kn’(VppHVssl -VTn)2 ~ 100-(3.5)2 7~ 1um

and
W) 2lout” 2000  18um
L2 ™ Kp’ (Vpp-Voea- VT2~ 50:(1.5)2~ THm
The small-signal performance is Ay =-0.775 V/V.
The roots are, zero = gm1/Cgd1 = 1.23GHz and pole = 1/(R.C) = -159.15 kHz
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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,
Vin(w) = V), sin(wr)
The output of an amplifier with distortion will be
Vourlw) = a1Vp sin (wr) + axVp sin 2wt) ++ « « + a,V)p 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
az

HD2=a

Total harmonic distortion (THD) is defined as the square root of the ratio of the sum of al

of the second and higher harmonics to the magnitude of the first or fundamental

2 2 2
[a2+ a3+« « <+ an]l/?

ai

Thus, THD can be expressed as  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
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Class-A Source Follower

The class-A source follower has lower output resistance and less attenuation of the
amplifier voltage signal.

N-Channel Source Follower Voltage transfer curve:
with current sink bias:

vour
V V VDD ‘E 77777777777777777
DD DD Vop-Von1 |-----------+ ¥~ Triode
VIN Mi _’-___'VDD_VG(
—|VSS louT VGsi
ovOUT ‘_ﬂ =VH\/
Vbp-Von1+VGsi
M3 |_4 % /
— L— IoR1<IVssl+Vonn
Vss *lVSS = Fig. 040-01 QRLETSSTTO
IVssl+Vono
Max1mum.0utput voltage sv&flngsz' Vgl Fig. 040-0;
voyr(min) = Vgg - Vopp (if Ry is large)
or voyr(min) = -IgRy (if Ry, is small)
vour(max) =Vpp - Von1 (ifviy>Vpp)  or  voyr(max) = Vpp - Vg
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Output Voltage Swing of the Follower
The previous results do not include the bulk effect on Vi of Vg1

Therefore,
V11 = V101 + YIN2I9F! -vBs-\2I9F!] = VT01+AvSB = VT01+717/vOUT(Max)-Vsg

vout(max)-Vss = Vpp-Vss-Voni-VT1 = Vop-Vss-Voni-Vior-yinvour(max)-Vsg
Define voyt(max)-Vss=voyt (max)

which gives the quadratic,
vour'(max)+y\vout (max)-(Vpp-Vss -Von1-V101)=0
Solving the quadratic gives,

"N n > 112+ 4(Vpp-Vss-Von1-Vror)
vout (max) = 7~ - 3:7712+4(Vpp-Vss-Voni-Vror) + 4

If VDD = 25V, YN = 0.4V1/2, VTN1= 0.7V, and VONI = O.ZV, then VOUT’(maX) =3.661V
and

vouT(max) = 3.661-2.5 = 0.8661V
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Maximum Sourcing and Sinking Currents for the Source Follower
Maximum Sourcing Current (into a short circuit):

VbD
We assume that the transistors are in saturation and
VDD =-Vsg=2.5V , thus Io VIN
) K W, )
IouT(sourcing) =57~ [Vbp - vour- Vril*=Ig
M3 |

where v is assumed to be equal to Vpp.

If W1/L1 =10 and if voyr = OV, then Vss VSS = Fig.040-01
V1 =108V = Igpyrequal to 1.11 mA.

However, as voyr increases above 0V, the current rapidly decreases.

Maximum Sinking Current:

For the current sink load, the sinking current is limited by the bias current.

IouyT(sinking) = I

Efficiency of the Class A, source follower:
Same as the Class A, common source which is 25% maximum efficiency
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Small Signal Performance of the Source Follower
Small-signal model: ;s

..........

..........

Vour 8m
Vin = 8ds1 + 8ds2 + §m1 + &mbs1+GL = gm1 + gmbs1+GL = 1 +gm1RL
If Vpp =-Vgg=2.5V, Vour =0V, Wi/L; = 10um/1 um, W,/L, = Tum/1 um,
and Ip = 500 uA, then:
For the current sink load follower (Rf, = o):

Vout , , Vout
Vin = 0.869V/V, if the bulk effect were ignored, then Vin = 0.963V/V

For a finite load, Ry, = 1000L2:

m—O 512V/V
Vin =
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Small Signal Performance of the Source Follower - Continued
The output resistance is:

1
8m1 t 8mbs1 t 8ds1 T 8ds2
For the current sink load follower:
Royt = 8309

The frequency response of the source follower:
Vout(s) (&gm1 + sC1)
Vin($) = &ds1 + &ds2 + &m1 + &mbs1 + GL + s(C1 + (2)
where
(1 = capacitances connected between the input and output = Cgsy

Rour =

(2 = Cps1 +Chd2 +Cgd2(or Cgs2) + CL

gmi gm1+GL
2=-"0y and  p=-"C1+C,

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 AMPLIFIERS
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)

vour(peak)®
R B PRy B 2Ry, _ZVOUT(Peak)
. E iclency = py,np = 2vour(peak)) =2 Vpp -Vss

1
(VbD -VSS)[Q)
Maximum efficiency occurs when v yr(peak) =Vpp and is 78.5%

aRy

e (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 (R7, = 1k€2):

C ] C = D
2VE 1 1mA 2VE —e’ —“— ImA
r VGl ”_:,— - ] r VGl \ —’__.' iD1 e ]
& 4. D1 - 4 F LT . ]
oV e e Joma VR o — e OmA
C LT 1N ] C - e ]
-1VE /' Vout VG2 1 -1VE = Vout \VGZ
= %], A ] L ~
E |7 ip2 ] g -7 Nipy .” ]
C ] L D2 .- ]
2VEC o ]-lmA  2VE—( ]-1mA
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. 060-0:
Comments:

* Note that voyr cannot reach the extreme values of Vpp and Vgg

* Ipyrt(max) and Iy (max) is always less than Vpp/Ry, or Vss/Ry,
* For vpoyr =0V, there is quiescent current flowing in M1 and M2 for Class AB
* Note that there is significant distortion at vy =0V for the Class B push-pull follower
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Small-Signal Performance of the Push-Pull Follower

Model:
Vgsl
@ @% 1% @ @%2% Rp %Cz ..... Vout
8m1Vgs1\/ 8mbs1Vbsl 8m2Vgs2\/ 8mbs2Vbs
VgAl
Cy ::;Ilvout
8m1Vin \Y8m1Vout YEmbs1VourY " ds1 [ 8m2VinN/Em2Vout Y Embs2VourY ' ds2
J Fig. 060-03
Vout 8m1 t 8m2
Vin = 8ds1+8ds28m1+8mbs1+8m2+8mbs2+GL
1 .
Rour = 8ds118ds2t8m18mbs18m2t8mbs2 (does not include Ry )

If Vpp = -Vss = 2.5V, Vout = OV, Ip1 = Ip2 = 500p A, and W/L = 20um/2um, Ay = 0.787
(RL=00) and Rout = 448Q.
A zero and pole are located at
-(8m1+8m2) -(84ds1+8ds2+8m1+8mbs18m2+8mbs2+GL)
1= C pP= Ci+C )

These roots will be at high frequencies 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
ViR =
VIN O +T oVoUT
ViRl = l
' MIC) I
= — Fig. 060-04

Comments:
* The batteries VTRr1 and VTR2 are necessary to control the bias current in M1 and M2.

* The efficiency is the same as the push-pull, source follower.
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Ilustration of Class B and Class AB Push-Pull, Inverting Amplifier

Output current and voltage characteristics of the push-pull, inverting amplifier (Rf, =
1kQ):

. 4 "———— £ .0" I =
2V R ———+=92mA 2VE— RISt 2mA
g 1 ipe - \ oot o Vol ]
1V E- \¢” i —YL ImA 1V o 4 ImA
L ip1 R 0] L D1 0N \ ]
[ e N ,x’ D1 ]
OV > A OmA OV f—tda - — OmA
2 | e wE e D2 ] 1mA
-1V: 4," R -lmA - z D3 % \ YOUT :- m
r . P \ E \4 o e T / 1
2VE = — 2mA -2V e ——1-2mA
-2V -1v ov IAY 2V -2V -1v ov v 2V
VIN VIN
Class B, push-pull, inverting amplifier. Class AB, push-pull, inverting amplifier. Fig.060-06

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

* Note that voyr cannot reach the extreme values of Vpp and Vgg

* Joyrt(max) and Ipyr-(max) is always less than Vpp/Ry or Vgs/Ry,
* For voyr =0V, there is quiescent current flowing in M1 and M2 for Class AB
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Practical Implementation of the Push-Pull, Common Source Amplifier — Method 1

VIN

-
o 1]

i Vss Fig. 060-05

Vg3 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 Vpp or Vgg (assuming
Vg3 and Vggg are not dependent on Vpp and Vsg).

CMOS Analog Circuit Design © P.E. Allen - 2010
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Practical Implementation of the Push-Pull, Common Source Amplifier — Method 2

4 VoD

M7 ll_ZIb
Vit Ml
M8 M3 M::_] L o
Vin~ E M2
I N{#y—ﬂb D[:‘MIO

YVSs  Fig. 060-055
In steady-state, the current through M5 and M6 is 21,. If Wy/Ly = Wo/Lg and W3/L3 =
Wg/Lg, then the currents in M1 and M2 can be determined by the following relationship:
Wi/Ly W,/L,
W/L7) =16 \W /Ly,
If v;,* goes low, M5 pulls the gates of M1 and M2 high. M4 shuts off causing all of the
current flowing through M5 (21) to flow through M3 shutting off M1. The gate of M2 is

high allowing the buffer to strongly sink current. If v;,~ goes high, M6 pulls the gates of
M1 and M2 low. As before, this shuts off M2 and turns on M1 allowing strong sourcing.

Li=hL =1,
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Additional Methods of Biasing the Push-Pull Common-Source Amplifier

VbD Vbp
Vpp -V7+V
DD -VT7VSat IBias
_|
Vop -VT+2Vsy r__ \%:%) VB1 Your
Your
—o VIN l:
Vr+2 VSaf—|
050423-10 = =
. 3
IN
o—
050423-08 =
CMOS Analog Circuit Design © P.E. Allen - 2010
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BIPOLAR JUNCTION TRANSISTOR OUTPUT AMPLIFIERS
What about the use of BJTs?

Vout Vout

Comments:
Vss

* Can use either p-well CMOS nwell CMOS  Fig.55.64

substrate or lateral
BITs.

* Small-signal output resistance is 1/gm which can easily be less than 1009.
* 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, ig, must be

large. Providing large currents as the voltage gets to extreme values is difficult fo
MOSFET circuits to accomplish.

* If one considers the MOSFET driver, the emitter can only pull to within vgg+VoN of the
power supply rails. This value can be 1V or more.
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Low Output Resistance using BJTs
The output resistance of a class A BJT stage is:

rmi+Rp 1 Rp
Rour="T+pr = gmi * T+BF

Note that the second term must be less than 1/g;,1 in order
to achieve the low output resistance possible.

Consequently, the driver for the BJT should be a MOS
follower as shown:

i rpl+ lgm3 1 1 1

= = + =
out 1+pF gm1 ™ gm3(1+BF) ~ gmi1 .

VIN

We will consider the BJT as an output stage in more detail """
later.
CMOS Analog Circuit Design © P.E. Allen - 2010
Lecture 210 — Output Amplifiers (3/27/10) Page 210-26

USING NEGATIVE FEEDBACK TO REDUCE THE OUTPUT RESISTANCE
Concept
Use negative shunt feedback — Class A implementation:

VoD % «
BP1
, — M7 I M2
" U A VeV ot

070423-01 — = - -

rds1lirds2 1 ,
Rout = T+Loop Gain = 20m2rds =~ 10Q if gm = 500uS and gmrgs = 100.

The actual value of Ryt will be influenced by the value of R, particularly if it is small.
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Push-Pull Implementation

AVpp
Error M2
Amplifier
iout
VIN O ovVouT
Error l
Amplifier CrL Ry,
ol
Fig. 060-07
vVss = £
rdsilrds2
Rout = T+Loop Gain

Comments:
* Can achieve output resistances as low as 10Q.

* If the error amplifiers are not balanced, it is difficult to control the quiescent current in
M1 and M2

* Great linearity because of the strong feedback
* Can be efficient if operated in class B or class AB
* We will consider this circuit in more detail in a later lecture.
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Simple Implementation of Neg., Shunt Feedback to Reduce the Output Resistance
Vbp

—[ M2

Ry | lour
—

Ry
VIN o—/\/\/\,—o—/\/\/\, i OVoUT

CrL Ry,
—| M1 I
Vs = = Fig. 060-08

_ Ry ]( gm1+8&m2 ]
Loop gain ~ (R4 R g 45 1+8452+GL
R rdsillrds2
Ouf‘l Ry }[ gmi+&m2 |

HR1+R)\gus1+8us2+GL)

Let R{ =Ry, R;, =, 1gjqs = 500uA, Wi/L1 = 100pm/1pm and W5/Ly = 200pm/1pm.
Thus, g1 =3.316mS, g2 =3.162mS, r g1 = S0k and r g4 = 40kQ2.

50kQ[l40kQ 22 22kQ _
Rour = (3316+3162] =T+05(143.9) = 3042 (Roys = 542kQif R = 1kQ)
+0.5(725:20
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Boosting the Transconductance of the Source Follower

The following configuration allows the output resistance of the source follower to be
decreased by a factor of K, where K is the current ratio between M4 and M3.

out

Veni
] M2
070423-04

R 1
out = g1 K
CMOS Analog Circuit Design © P.E. Allen - 2010
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SUMMARY
* 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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