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14.1 The foundations of output
buffers
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In the low frequency, the output
voltage 1s not dropped, but the
cut-off frequency 1s lowered for

the large C, . \l

The low R, (1.e. low gain amplifier) 1s required for the voltage
output, 1.e. the output stage of voltage amplifier should be buffered.
3



Required characteristic for the
analog buffer amplifiers

Low output resistance (The low voltage gain 1s
acceptable.)

Wide output swing (The source follower has a practical
problem.)

High Slew Rate (SR)
Small distortion (1.e. good linearity)
High power conversion efficiency (PEC)

P L
PSupply SUPply power



Class of the amplifier operation

Configuration | Class | Bias current | Linearity | Output swing | Output resistance
Common A Large Good Wide Medium
SOUIce AB | Small Good Wide Medium
B Zero Not good | Wide Medium
Source A Large Good Narrow Low
follower AB | Small Good Narrow Low
B Zero Good Narrow Low

The class AB and class B amplifiers are called the push-pull amplifier.
The common gate amplifier cannot be used as a output buffer because
of the large output impedance.



Evaluation of the distortion

Input signal vy = Vpsin(at)

Distorted output signal v,y = @V, sin(awt) +a,V, smQ2et) +---+a,V, sin(nwr)

1-th Harmonic Distortion (HD)

HD, =% (55.11)

1
a,

Total Harmonic Distortion (THD)

\/af+a32+af+---+a2
THD = -

a,



Class-A CS amplifier and Inverter
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Class-B and AB CS amplifier
(Push-Pull Amplifier)

Low = Ipg; +1
Ips;

270 S

s Distortion

Class-B amplifier

DS2

Zero quiescent current

"Lyt = Ips; + Ipgz

____________

rd ,") % §£11a11 quiescent current I,

. Negligible distortion

Class-AB amplifier



PCE of class-A amplifier

v (amplitude)

2
( 72 )
P .
PCE(%) — 100 R — 100 RL _ 100( vout (Cln”lplllude))z
Supply (VDD -VSS)I, VDD —VSS

T

If the GND potential is (VDD + VSS)/2 and the full
swing 1s VSS to VDD, I, = (VDD-VSS)/2R;

Maximum voltage amplitude (Rail-to-rail) of class-A amplifier v
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out _max

V




PCE of class-B amplifier
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The PCE of the class-B amplifier 1s higher
then the class-A amplifier, because of no
quiescent current. The class-AB amplifier is
often designed to attain the PCE around 70%.
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14.2 Class-A CS amplifier



Circuit configuration

+— VDD
VBiasgci I
M2 | — " Vo
Ry == C;
Vip o—— liD81 %

M1

| 1
it &8 (4 +ﬂ‘2)]Q

Output resistance 7ow =
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Output current swing

Ips; = IQ» Iy =0

[out :[Q_]DSI 1121 /
Maximum sink current
out (mln) ] DSl (maX) \\\‘ /
B IQ“ “““““““ iE
= — {(VDD VSS) - VTn)2 \\Load line
Ry I
| Lo,
Maximum source current Voo 0 /}DD Vour

(max) =1, (min)
<1, o Ipgi =0, Ly =g

Oth
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SR (Slew Rate)

—+— VDD
VBias —CI I
M?2 | - out )
L v [Q
R = C,
L
Vin o— lIDSI 1}
M1
VSS Q = CL ) Vvout
d av,,
The R, 1s approximately infinite,— 7? =/ =C, ” L

SR = dI/OUf (maX) — ]out (maX) _ ]Q

dt C, C,
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Voltage gain

’——————————————,— ———————————————

7’ \ N
C , \ 1 l \
: Igldl gmi1° Vin : \ ! : :
o : ® | ® | ¢ ® T : ® ——O
I I I
: : : ' |
(R - by 4=
: R
2 I 1 . 2
(o, ; ® ® | ® I. ® ] | ® ; O
‘e P ,' ‘e !
M1 M2 Load
Cas =Cap1 T Capp T Cng
Vour — & — &

In the low frequency, =7 | =
Vi Loy 8 T 8un + G,
Vast Vas2 RL

(Practically, the C 4 and Cy; generate a zero and a pole.)



Design example (1)

—+— VDD

VBias H M2

<

out

[ O

Vin O__I M1

—+— VSS

Specification

Output swing =+2.2V

SR 10.0V/us
R, 2kQ
C. 100pF

VDD/VSS 2.5V/-2.5V
VOffset (GND) %

Cy1> Coqp = 351F
Gate length scale factor = lum
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Design example (2)

Output voltage swing = £2.2V, R, = 2kQ,

+2.2V
Output current swing: {,,, = ==+1.ImA
High priority
SR = 1V/us, C; =100pF, SR =1__(max)/C,
[, (max)=100pF -(£10V/us) =x1.0mA
Therefore, the output current swing must be over  Parameters of MOSFETs
4+ ) : :
=+ 1.1mA to attain the required output swing. g | jolh
He\r/eIi)Igfte;, 1;15 (\ljmensigr(l)sv of 1\/(112 \?re detezrr?\i;led. VA(V) 0.78 |-0.86
— 4.9V, Vgjas — VUV, ANA Vggy T =20V, 2
The M2 is able to conducts the current I, a CO?(uA/V ) |98 33
2 AV 0.019 | 0.011
I, = SSUAIVE WL (Um) 5 5y 40.86V)?
2 2um y(V172) 0.4 0.4

=222uA/um-W,(um) >1.1mA
S W, =50um
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Design example (3)

The maximum current sink of M1:
98uA/V? W, (um)

2um
=1.ImA —436uA/um-W,(um) < -1.ImA

;. W,z bum

—1,,(min)=1,—1,,(max)=1.1mA - (5.0V —0.78V)*

The constraint condition for the GND = (VDD + VSS)/2
GND = (2.5V -2.5V)/2=0V I

IDSl

oy~ Ipgi T Ipsy
A 2
156, (OV) = JSuA/V I (um) (2.5V — O.78V)2 A S
2 2um //, I Iy
=72.5uA/um-W,(um) =1.1mA P I I,

SWy=152um o
(If you need to set the GND to 0.) 18




Design example (4)

DC gain at GND potential

g =Ml = 0.019V~"-1.1mA =20.9uS

8ur =1, =0.011V" -1.ImA = 12.1uS

G, = L1 =500uS
R, 2O

- 2B, —\/2 98uA/V’ 6um1 ImA =0.804m$

Gain =~ = ——En = _0'804ms =—-1.51=3.57dB
Vi 8a T84 tGCGp  533uS

Small signal output resistance

rout — 1 — 1 — 303kQ
a1t &y 33.0uS
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Design example (5)

The frequency of pole and zero can be estimated from the
value of Cy1, Conr Cyprs Cypa» Cp, Where usually Cp >> Cyy,

ngza Cab1> Capa-

7, =Sm 0-804m5 _ » 30.10" rad/s = 3.66GHz
ngl 35fF
D = — (84 T 84 1 GL) N — (84 T84 G))
| = ~
ngz +Cp + Gy +C C;
~ —533uS

= = —5.33Mrad/s = —848kHz
100pF

NOTE: We will learn these equations 1n a following chapter in detail.
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14.3 Class-AB CS amplifier



Class-AB amplifier with Floating
DC voltage source

VDD
VBiasl ———[ Ve =l + 2lps sz Floating DC voltage
From FC Amp. ’ ’ P
VBia524C||: - 1 |
Vo & ———=1/J28 1, >—— Zero cancel
[ M6 o Em_ms2 o Emé

v
. - MB2 \ Gp 210 MB
Floating DC = Ce Ve =V + —— Floating DC voltage
| | ° Vout ﬂn
M7

voltage source 1]

" :”_/AVGX | as =1/ 21 ps > Zero cancel
II: m_MB1 7
VBias3 4' |: \
From FC Amp. o Phase compensation
piast L The output voltage swing is limited within
VSS VSS + Vi, +3Agy and VDD - [V, | - 3A4y.

NOTE: FC Amp. = Folded cascade amplifier (See chapter 14). 22



Reduction of the output
resistance with NFB

1 Voltage feedback — Low output impedance

Current feedback — High output impedance

oF

Ul
o Vout

Vout o (_Ave) — ioutRout
Ve — IB | Vout
R

vout out

out NFB — ; = 1+ Ap

out

R
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Shunt negative feedback

Error

Vin O—

, —+— VDD
amplifier i
- &
Ad [ M2 o] o
Vgut |:>V]'n T _ +> Igs1 Ids2 T Vout
+ RL - e ot o]
Ad IRV Em1VGs! gm2VGs2
_ ¢ ¢
Ad(Vout ~Vin _Ad(Vout — Vin
—— VSS
. 1 1
Lowt = 8m1" Ad ) (Vout o vin) + — Vouwr —8m2" (_Ad ) (Vout ~Vin )) + — Vour
Tast Tas2
1 1
:gml.Ad.vout+—vout+gm2.Ad.vout+—vom . fOI' vin :O
rdsl rdsZ
voul‘ 1 .
out = , and Total gain ~ 0dB

L A& T &02) T 8uat T Lo 24



Simplified class-AB shunt
negative feedback amplifier

¢ — VDD
\j . Hso/z 30/2\:| :f H
VDD Ler= 100uA (¥) 3002 Jp—4-4[_ 50uA 50uA T 30072
| . lI I l | 500uA
DS1 1DS2 I
— 50QuA | !
pp— - 100/2 ]}—><—{[ 100/2
_ ou = |
t | Vin:c | ° Vout
I : |
| 102 | L | :
VSS :lf : | . 5/ jl: 5/2 :

e mm Em s Em s o o == P

e L 10072
100/21:“ | :T\IE[ 500uA
® - /I \ VSS

Ips1 + Ipsy = Iss Vo, T A(ipg,)

Full-differential error amplifier ips1 +ips; =0
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Design example (1)

Specification

' v % VDD
ler= 10uA () Mg\jpilw”: M5 M6 :”)_l_j C w2 Output swing *2.2V
Io| | 12 | | 1, SR 10V/us
LAV R, 20002
Vino ° Vout RL 20kQ
mio ]| e yrres I, l o CL 10pF
L7 o M VDD/VSS  25V/-2.5V
- VSS
HeCEmE e L e
b LI L 5, L AL VOffset Y%
IDSS cM _]DS6 oM = SS ] — BT L 2
s en =Vs e =V; / Lose =V, \/} =V, |+ K1 Gate length scale factor = lum
{ 21 K, 1

1 cm = 9 oM = ﬂ9 71 26



Design example (2)

Output voltage swing = 2.2V, R; = 20kQ,
+
£2.2V +110uA

Output current swing: /,,, =

SR = 10V/us, C; = 10pF, SR =1 (max)/C;
[ (max)=10pF-(£10V/us) =+x100uA

Therefore, the output current swing must be over = 110uA to attain the
output voltage swing required.

I (max)=K I
[, (max) 110uA
g 10uA

The size of M6 and M5 may be given arbitrarily, 1f any other
constraints is not imposed. Say (W/L), = (W/L), =30/2, (W/L), =
(W/L)g = K (W/L)s ¢ = 330/2.

K = 11
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Design example (3)

A class-AB (push-pull) amplifier requires the same gm value between
the p-ch and n-ch devices to avoid the nonlinear distortion.

Em = 21311Q=gm2 :\lzﬂzlg

;B1 :ﬁz

/4 w
1,Cox (fjl = /upCOX (Tl

wY  4,Cox (Wj ~ 33uA/V? 330 _112
L) uCou\L)
w

() -1z
L), \L) 2

Estimation of R, and A,
|

Ay (& +82) + &t T &us2
Ad — I/Rout _gdsl _gds2
gml +gm2

C98uA/V? 2 T 2

<100Q

out
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Design example (4)

112 .1
g =~201, :\/2,311(,”%:\/2-98uA/V2 . 11 g’“‘ =777uS

g =281, :Jzﬂsz% =\/2-33uA/V2 3201112”’ = 774uS

Zas = Al :%K’"%: 001911222 _1 05us
8o =Ml = 1K, % _0.011v"1112%4 _ 6 605us

1/R,, — &1 —&u> 5 1/200~1.05u8—-0.605uS
g1+, - TT7TuS+774uS

A, = =3.22  (Required)

The voltage gain of the differential amplifier 1s described as follows.

—+—VDD ﬁ
A _ gm4 S
d — |
8asa T 8ase T 8&ums M6 :”D—‘— = rds6§ (* . 8m6VGse
s = Ay (&uos + uss + &) D

o o T 1as6=(1/Tas6 + Eme)Vases 29
-VGse



Design example (4)
Zusa = % ~0.019V" IO;A —~0.095uS

M1 112/2
8ass,6 = A ]ﬁ =0.011v" 10uA =0.055uS
2 2 M2 3302
S ,/2@ % = \/ 2-33uA/V2(%j10uA =99.5uS M3 208/2
Csa = Ay (uss T aso T &) 2= 3.22(0.095uS + 0.055uS +99.5uS) = 320uS M4 208/2
N7 M5 3072
- Y ois
Ema = \/zﬂnCOX( I3 l 2 > 320uS M6 30/2
(W] _(W) 104 208 M7a 10/2
L \LJs 2 M7b  10/2
The large W of M 10 and M7 extend the input voltage MS 330/2
range of the differential amplifier. In this design, it 1s MO 112
difficult to meet the given output swing, because of the
M10 20/2

large threshold voltage of MOSFET. Anyway, let's assume
that the size of M10 and M7. Thus, (W/L),,=2(W/L),, =

2(W/L), = 20/2. »



