CHAPTER 3

Biasing and Amplifiers
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Syllabus

— Elementary gain stages (ch. 7, ch. 9, and ch. 10)
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Vision

* An important part of a designer’s job is to use proper
approximations so as to create a simple mental picture of a
complicated circuit.

* The intuition thus gained makes it possible to formulate the
behavior of most circuits by inspection rather than by lengthy
calculations
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Basic Concepts

* The input-output characteristic of an amplifier is generally a
nonlinear function

y(t) = ay +a,x(t)+o,x* () +--+a,x"(t) x, <x<Xx,
* For a sufficiently narrow range of x
y(@) = a,+ax(t), «a,: operationg point, ¢, : small signal gain

* As x(t) increases in magnitude, higher order terms manifest
themselves, leading to nonlinear distortion.

* Input-output characteristic of a nonlinear system

Y
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Analog Design Octagon

* Analog design octagon

Noise -+——» Linearity

/ * - £
V- P

Power .-~ "V Gain
Dissipation N LT “"1"
h " b - 1 ¢

o - - - ";y\. A
Input/Output -~~~ ~_ " + Supply
Impedance e X b Voltage

Fy w- M
\ /! Voltage /
SFIEEd i )
Swings
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Elementary Gain Stages

e Current Source and Biasing
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Current Sources

Current sink Current source
X X Voo Voo
‘*L{ E é % =
1 = Y Y
An NMOS serves as a current An PMOS serves as a current
source with one terminal tied source with one terminal tied
to ground to V)

Currents remain independent of V' or Vy if A= 0 (assume saturation)
Not operating as current source

Vv,
Y PD o VX and VY directly changes VGS
Vo[, M, * Small signal impedance only 1/gm

= X Only the drain terminal can be used!!!
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“Copy” the Golden Current

Vee

copy = n] REF

Iner (W)
From the

bandgap reference

Y /copy

Current Mirror

> The motivation behind a current mirror is to sense the current
from a “golden current source” and duplicate this “golden current”:
to other locations.
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MOSFET Current Mirror

Voo Voo Voo
|
X M V M M Current
? LM 1 REF X : " REF ':.L 1 error
VGS - - : —t

i W Two ways to look at this:
—u1,C (—j Ve =Vi) =1opr, -Mpgr takes the square root of I, and M,
L squares the result

v 21 -From the two drain currents:
X = W + V- 1 /4 )
ll’lnCox(j ID,REF -~ ll’lncox(_j (VX - VTH)
L), 2 L ) rer W
| w —
L., ==1C ( j (Vy VTH) ( j
copy n-—"ox
2 ‘ copy ( j ]REF9
Channel-length modulation would lead to errors!! L ) rer
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Current Scaling

<Example 9.21> Design a current mirror that produces 7, and 7, from a 0.3mA
reference.

VDD VDD
Vin1 |5 M, Vinz o—|= M,
Vout1 Vout2
0.2 mA /4 0.5 mA I,
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CMOQOS Current Mirror

CS
Stage Follower
Voo
IFJ |
i 1
Vout1 Vout2
)

_l Vin1 Vin2 °—|

I Rer L L L

cS

Follower Stage

= Mger

Voo
Vinz Vina o—
Vout3 Vout4
N
1

ey
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Current Mirror with r,

* Channel length modulation effect results in significant error in
copying currents.

Vop

1 w 1 w
I, =—u,C (fj (VG _VTH)2 (1+1VDSI)9 Iy, =—uC (f} (VG _Vm)2 (1+/1VD82)
1 2

2 ox 2 ox
I, (W/L), 1+ AV,

e As
I,, W/L), 1+ AV,

, forl,; = 1,,, V,s; must be equalto V.

e Use cascode structure to improve the ratio accuracy of current
mirror.
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Cascode Current Mirror

Vop Vb
P
Vop G I RerF G I Rer p
| gut
Vp Ma | | | | |

* V,is chosen such that V, = V,.

Vi=Voss=Vys Vy=Voss +Vys Vi =VosotVy
; (W/L)3:(W/L)2
Ww/L), W/L),’

then V., =V, and V, =V,

e Such accuracy is obtained at the cost of the voltage headroom
consumed by M..
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Cascode Current Mirror

 The minimum allowable voltage at node P vgp

is equal to
v) | REF p

VN Vg = VGSI + VGSO — Vi My I out =1 REF
:(VGSl_VTH)+(VGSO_VTH)+VTH Mo ._.m—¢ JGS‘VTH

N -
X mz Y
+

* The voltage of V=V, +V_, M1_E b

=— Vas =
* For M, to be in saturation region, V, can Voo p
| £ |
be chosen as low as Mgy ot TR

Vb = VGS3 + VDS2

v
X mz :f
* But the output current does not M1_E ‘:'fas-‘f ™

accurately track /. = Vas "=
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Wide-Swing Cascode Current Mirror

To eliminate the accuracy-headroom trade-off.

Vbp Vb
For M2 to be saturated § §
I ReF I ReF | out
Vb _VTH2 < VX(: VGSI) X X E+
For M1 to be saturated Vo[ M> Vi —+E |
A Mz, Ma g
VGSI - VTHl = VA (: Vb - Vcsz) | | C
M I 1
Thus 5_ 1 My M,

VGS2 + (VGSI _ VTHI) < Vb < VGSI + VTHZ

A solution exist if

VGSZ + (VGSI THI) < VGSI + VTH2 — VGS2 VH2 S VTHl
Let

VGSZ - VGS4 — Vb - VGS2 + (VGSI - VTH]) = VGS4 + (VGS3 - VTH3)
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Voltage-Dependent Current Source

Voltage-dependent current source Adding a load
o0— o) O
+ + + +
V, 4 C*) KV, ‘ Vin ()_ Vi Iy GD KV; R, Vout
— o - ! )

Simple amplifier

M=V, Vin [\ """ /\ Vo

e
Vouw =R, 1, U U ¢ oo
Power dissipation

--------------------- KR,V
I/out = _KRLI/irf Vout [\ /\ - g Speed
- [ J

Noise

<More aspects>
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Input and Output Impedances

Critical role in its capability to interface Microphone Amplifier Speaker
with preceding and following stages N
- D— >—<
* <l|deal voltage amplifier> / Ay =10 \
* Input impedance =« | 2000
e Qutputimpedance=0 1omv /‘\J e i jl[m
<Example 5.1> } °
Signal loss due to R, Signal loss due to R,
— RL
R, +R,,
m() .
- 8 () Vout
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How to Measure Rin and Rout?

For two-terminal devices

All independent sources in the circuit are set to zero
— Voltage source: short
— Current source: open

Apply a voltage source to the two nodes (ports) of interest

Measure the resulting current

Impedance = v /iy

Input Output
i Port Port ;
X X
.: :' ‘.‘ —O :' |‘. :‘7
+ P b +
Vy |—> i Short «—‘ () Vy
I '.“ ".' 0O ‘.‘. ".' I
. R in . R out
“look into” the input port “look into” the output port

(a) (b)
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Biasing

Impedance seen at a node Transistors and circuits must be biased because
(assuming the other node is ground) (1) transistors must operate in the active region,
. (2) their small-signal parameters depend on the

O

bias conditions.

=

R, |4
" .[ GS Bias (dc)
= Value
“look into” the input node -
. t
O
Short T 'p Bias (dc)
1 Rnut Value
- o
“look into” the output node t
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Procedure for Analysis

Superposition principle:
(1) DC analysis (Bias analysis): Compute the operating (quiescent) conditions
(terminal voltages and currents) of each transistor in the absence of signals

a. Determine the region of operation (active or saturation)

b. Determine the small-signal parameters of each device
(2) Small-signal analysis: Study the response of the circuit to small signals and
compute quantities (4,, R, , R, ) in the absence of sources

1n?’

Rule of thumb: 10% variation in the collector current as the upper bond

DC Analysis Small-Signal Analysis
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MOQOS Stage with Biasing

R
Vy=—2_V, . _
4kQ =R, =Ry TRk o Ve =Ves bk
Y R v v +ILR
*ID ‘ R1+R2 DD GS DS

Find I, Vg

Xt I M, 1

w 2
]D _EﬂnCox Z(VGS _I/TH) y
10kQ =R, Rg= 1kQ

Iteration

RZ
2y _y
R+R ™ °®

1 1 w
R_S = Eluncox Z(VGS _VTH)2°

2R RV
VGS :_(Vl _VTH)+\/(V1 _VTH)2 _VTZH +1€1T21€21/1VDD9:_(I/1 _VTH)+\/V12 +2V1 Rlz-l—Df?z _VTH}a

: V, 2V, -V, toensure saturation
HCox - Rs
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Self-Biased MOS Stage

The circuit e <Observations>
— Vpp * M1isin saturation
* VRG=0
=Rp
Rg
Wy IR, +V..+RI, =V,
Ip
_I 1 4 >
M1 ]D :Eﬂncox I[VDD_(RS_I_RD)[D_VTH] )
=Rg i ]
=1 1
- (RS+RD)2112)_2 (VDD_VTH)(RS+RD)+ W ]D+(VDD_VTH)2 =0.
lLll’l O.X:i
i L |
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Elementary Gain Stages

 CMOS Amplifiers (CS, CG, CD, Cascode)
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Common-Source Stage

The circuit Small-signal model
Voo Vino——, °Vout
Rp v, g _vi %H D
I Vout - =
Vo] M, OUt:tult) rSao.?:sed N =

=
©
c
—
>
O
<
S
{\
|
3
<
S
I
|
oQ
e
o

_ V.
to Gate Vou = —& R in

Discussion

g, =+2u,C, (WIL)I,,

For M, to remain in saturation:
VDD _RD[D > VGS - VTH’

v — _\/2/’lncox _]DRD7 RDID < VDD o (VGS o VTH )'

Voltage gain limited by V,!!
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Input and Output Impedances

Small-signal model

Vin® % % °Vout in ’
v g vy =HRp _
1 m Rout Y
- Av — _ngD

Channel-length modulation included

I'x
.II_+ - v__gm( L||r0)
E égmh %ro %RD +évx R, =
-1 T T R, =R I7
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CS Stage with Current-Source Load

Use PMOS as current source Small-signal model

........................... o

: Vv, : V, l\ /

E DD E DD = v, = 0
Voe—] M, E> ¥1 =0 Im2"'1 %roz g% =0

-------------------------- l||—+

’ °Vout Vout

vinD_II'_j-M1 Alleviate the Vino— ror 4 ==8u |l 75,)
headroom problem M, ||

- T T R, = s
Use NMOS as current source Vop weone
with PMOS CS Stage

Vino—l M2
*—° Vout A, =-g,,, ”’”02)-
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CS Stage with Degeneration

The circuit Small-signal model
Voo Vin°—+ °Vout
Rp Vs g vy Hho
Vout = R
R VvV, =-g,V
Vino—[, M, v, =V, +g, VR s Vou = TEnNTD
. - Vour _ _ gnlp _ R,
s V= Vin 1+g,Rg 1 ,
-— 1 + ngS ot RS
- Em
Output impedance
ix VvV, = _iXRS
il & t+ Ly =8V =iy =&, (FiyRy) =iy + &1 Ry
V4 ng1 ro Vx vy +g, i R)+i, R, =v,,
- VX
B —=1r,(1+g,Rs)+ Ry
RS Lx

=(l+g,7,)Rs+1, = guloRs +1,.
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Formulate Gain by Inspection

* Magnitude of gain as the resistance seen at the drain node divided
by the total resistance in the source path

Vinc’—l
_1‘_\ A - RD
Im " 1/g +R
Hs gm+ S
.}
H3+g—m
Yoo Voo
HD RD
Vout Vout R
Vin o[ M, Vin o[, M, A = D
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CS Core with Biasing

CS with biasing With signal source resistance  With bypass capacitor

= R, | R, &y Rin :Rl | Rz»

1% ) 1
Rot RllR, = 1, L RIR,

En " R, +R R

ngD'
» Degeneration is used to stabilize bias point, and a bypass capacitor

. can be used to obtain a larger small-signal voltage gain at the

frequency of interest.
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Common-Gate Stage

The circuit Voo Tradeoff of gain and headroom!
_g AV|=Rp Vpp— IpRp > Vy — Vg for M, stays in saturation

VOUt gmA VRD

M, VY, Output Sensed
at Drain

Input Applied / _
to Source A, =8, Rp.

<Example 7.12> A mlcrophone with dc level of zero drives a CG stage biased at 7,

= 0.5mA. If W/L=50, 4,C,.= 100 pA/V2, V= 0.5V, and V), = 1.8V, determine the
maximum allowable value of R, and hence the maximum voltage gain. Neglect channel-

length modulation V.o LR, SV,~V, e
1
Ip =5 4,C, (VGS Vi) m) R, <2.71kQ. /\/ -
1 W=V =047 VessesaMae Vout I

m) Vs = 0.947V. m g, =(447Q)
=) 4 <6.06.
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Input and Output Impedances

Input impedance Output impedance
J:_ + .|:_ +
= g vy =hp " vy g_vi
— v, =—V ; ;
i Iy g —_ X = i
Vx ;. by =78 Rin:La \Z =0 Rout :RD’ A[ :.i:l
— — gva’ gm ls
out _ _out vX
1 in VX vin
in vz’n‘ R
1+g R __&nf'p
1+ngS
__ R
T
—+ Ry
Em

Same as degenerated CS!!
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Generalized CG Behavior

T Voo { Rout
o
=Rp
V,
™ Vout Rs ro ::II
M1 :"—Wv—' Vb M. =
Rg 1

I/0 impedances since there is no potential drop across it ( at low
frequencies).

- » The output impedance of a CG stage with source resistance is
- identical to that of CS stage with degeneration.
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CG Stage with Biasing

Voo
=R ip
—oO V out _ VX . vout
vin Vin vX
M @
Rs » 1ol __ Rz
V. o—W— FK— =R, R ||(Vg,)+R; ="
c L
1 =R, -~

* R, and R, provide gate bias voltage, and R, provides a path for DC
~ bias current of M, to flow to ground.
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CD Stage: Source Follower

The circuit Simplified circuit

— Voo ;
Vino—l|; M, g
A
Input Applied Vout W °Vout

5 ais it \ Output Sensed  Vin 9_ R llrg

Source follower core

% + J_ gmvl(r0||RL):vout‘
Vin V1 gl'“v‘I ro i Vin =WV +v0ut'

]|
QO
=
(7))
(o)
(oo
q
(2]
(]

— Vout Vour _ g, (1, | R)) _ || R,
ou N ’
v. l+go (r,||R 1
R, in g, (7o [| Rp) — 41, |IR,
= 4 <1
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Two Examples

<Example 7.16> Calculate the voltage gain of the circuit

T Voo : e tallr
Vin°_": M, vin°—'“: ro1 V g1+’”o1 172
Vout i Vout " 1
vb._"-_:LM2 %roz Vo |17, >>g—mlasz1

<Example 7.17> Design a source follower to drive a 50-Q load with a voltage gain
of 0.5 and a power budget of 10mW. Assume 4, C, =100 pA/V2, V;, =0.5V, L =0, and

Vpp = 1.8V. s V5
Vlno_ll_: M1 8V
=2u C (W/L)I
Input Applied / Vout Em \/ 1, C,.( M,
to Gate i \ Output Sensed W/L =360.

= at Source
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Output Resistance

_._Ill _._"'
]
|I|—|t %ro l_IWIF %ro
l S g
%RL R gm
ke out %RL
Ry=—ln IR, ~——|R,.~
gm m

» The output impedance of a source follower is relatively low,
whereas the input impedance is infinite ( at low frequencies); thus,
a good candidate as a buffer.
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Source Follower with Body Effect

e Less-than-unity voltage gain of source follower with body effect
* g,,=0.2g,,gain=1/1.2 = 0.8 even with R. = infinity

T =X
+
V.S v Gggmv, > Vo 4 — /g, .
- - © Vaut ' l/g +1/gb

: “—i%
1T m
m

* Body effect decrease R, of source follower

+gmb

Electronics Il - Chih-Cheng Hsieh



Source Follower with r,

e Source follower with finite channel-length modulation

Vop
. |
Vi, Vi1 X ImV4
Vin — [ My T Vo
Vout -
vy, — 1
M2 iHL e Fg1 Fg2 R_
1
g||7"01 |75, || R,
_ mb
4, 1 1
— 7o |75 [| R, +—
mb gm
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Source Follower Drawback

* \oltage headroom consumption due to level shift.
* Nonlinearity

— Nonlinear dependence of V;, upon the source potential.
— r, of the transistor also changes substantially with V..

* PMOS source follower with no body effect

— ! T
_ °P — N il
l vb_'___.—_l[———._—‘l s
Ve, - - \
M, Y n-well
'__ Vnut n—well\\ vout)/Conta(,ts
I
VII‘I _|E_ ! Vin Tl - l.
M, _L : il

GND

* Higher output impedance using PMOS source follower.
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Source Follower with Biasing

* Features:

* |nput/output coupling capacitors

* RG establishes a dc voltage equal to
VDD at the gate of M1

* RS sets the bias current

—F—°Vout * M1 operatesin saturation
Rs * Input impedance = RG
Vos +1pRs =V = [, = %/’lncox %(VGS _VTH)2 = %/uncox %(VDD — 1R _I/TH)z'
Supply-independent Biasing Bias current varies with supply voltage!
Voo - Vop
c, e c, Ao
Vino— m, c, => Vino— I, c,
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Remember This?

Emitter (source) degeneration “boosts” the output impedance

CS with source degeneration

o; Rout
Vo[ m,
2 B

R,.,=0+g,R)r, + R
=(l+g,7)Rs + 1y,

Voltage drop on degenerated resistor consumes headroom!!
How do we relax this problem??
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MOSFET Cascode Current Source

R
o; out *_ Rout

Vo1 5 m
‘—"-» 1 E> Voo—] M, it = U H V02 o1 T 70, = &iloiTo2
X . intrinsic gain
Vb2 ’—||__1M2 02
Stacking M, atop M, to raise R, o ; Rout ® 9m1 701702
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Short-Circuit Transconductance

Circuit j
G _ out
+ 1 ac m
-_— V.

VDD VDD
Rp R .
D ,OUt G :lout — lDl :g
Vout ‘ — .I. v Ve M
ac
Vlno—'l M1 VInO—I M1 — GND
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Voltage Gain of Linear Circuit

<Lemma> The voltage gain of a linear circuit can be expressedas 4, =-G, R,
where R denotes the output resistance of the circuit.

out

A linear circuit can be replaced with its Norton equivalent

Viiii — Vout
. T out *) Ryt :

: Forii i,,can be obtained by shorting the output
: e to ground and computing the short-circuit
g -+ é current vout = _iout out — _vamRout
s Vi : = G =i /v v
' in : m ou n
. - " g ‘ V. GmRout

' = - in

teeemeceesenamaeeanaeeaad Voltage gain can be increased by raising the output impedance!!
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MOS Cascode Amplifier

With ideal current source load With a PMOS cascode current source load
Vbp Vop
I Vb3 ‘—|E’-M4
1
VOUt Vb2 .—II: M3 Ron ~ gm2r02r01
vb1 .—": M2 Rop Rop ~ 8m3l0304-

X Ron —+
Vino_“: M; Vo1 [ M,
= X
Av — _GmRout Vin°_| _-1M1
~ =g+ &,0700 o + 70, ] =
~ =8 ml018m2"02- A, = =g, [(&T02To) | (&3703704)]
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NMOS CAS Amp + PMOS CAS Load

e Cascode as a constant current source with
high output impedance

* The maximum output swing is equal to

4 — VD - VDSI - VDS2 - VSDS - VSD4

out,swing =~

R,, = {|:1+(gm2 +gmb2)r02:|r01 +15,)

| {[1+(gm3 +gmb3)’”03]’”04 + 73 )

A ~-g,, [(gmz’"()z’”m ) | (gm37"03’”04)]

Electronics Il

Vea H [
Vbz'i‘H:

Vo1 [

— Vpp

I
M, ! Cascode
: Current
| Source
M3 I
I

*—

vnut
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Folded Cascode

e A PMOS-NMOS combination.

* The total bias current in this case must be higher to achieve
comparable performance.

|
| | 1
Vop PR D2 é
! | | =
' | |
: | |
| |
Vpop-Rplp[-7-----7 | |
L 1 -_vin

-vil‘l v
Vint  Vpp - Va1l inl Vpp - [V1u1 |
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R, Of Folded-Cascode

R,, :|:1+(gm2 +gmb2)r02:|(r01 | 763) + 7o,
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Elementary Gain Stages

* Differential Amplifiers
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Example 10.1: Audio Amplifier

A student constructs a circuit to amplify the signal produced by a microphone.
Upon applying the result to a speaker, he observes that the amplifier output
contains a strong “humming” noise, a steady low-frequency component. Why?

Two paths to output

+ 0

110V % %
60 Hz

o

How do we -suppress hum?

- »  Increase C,? Too large!!
The current drawn from (1) The amplified version of the microphone signal
the rectified output creates (2) The ripple waveform present on V-
a ripple waveform at twice V =V.-R.lI,,
the ac line frequency (Ch3) " Vour tracks Ve l!
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Remove Effect of Ripple

Modify the amplifier topology such that the output is insensitive to V... How ??
V.=Ve.—R.., BothV

out out

Whatif V

out

Whatif V,

out

and V. are measured respect to ground

is not “referenced” to ground?!
is “referenced” to another point that experiences the supply ripple?

Implement the concept Ripple-free differential output

Ve N Ve g
V

e VX - Avvin + Vr
Ripple Ripple

Rc1 Rcz VY - Vr. RC1 RCZ 3
To Bias $—0 V10~ ToBias v, —v, =4V, . A 4 >
X Y
-+ 01 02 01 02‘?7
_Vin

The difference-between VX- and V', remains free from the ripple!!
The symmetric CE stages provide two output nodes whose
voltage difference remains free from the supply ripple
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Waste vs. Benefit

Apply signal to O,

Vi ~—— Ve v, =Av. +v
Ry Re1 Rca2 Yy = AV, TV,
. To Bias \/\ \/\ To Bias N, —
To Bias ’\I X y =>v,—v, =0.
Q4 Q
T +
Yin "N~ = 2
Wasting current!! 1 Invert one input
Can it provide some amplification? Vee
VX = Avvin + vr
Generation of differential phases Rcq

\/\ l\l Rcz vY = _Avvin + Vr

o]
i r\’ X Y Vy —Vy =24,.
*+Vin Q4 Q, ~Vin
1 Tk S

v 4 .

Use a transformer " Twice the output!
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Single-ended vs. Differential

Single-ended signals: Differential signals:

measured with respect to measured between two nodes that
the common ground have equal and opposite swings
“carried by one line” “carried by two lines” 5 "CC“

-
-
- 3
[
'

-0

Py
N

Q; b
i -Output
Differential Signal

{\l

\/‘ (|

ad

- + \/\
3 " Input

Illustration

= Differential Signal

V,=V,smat+V,,
V,==V,smawt+V,,

V, and V,: differential signals

Ve the “common-mode (CM) level”
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Differential Pair

Vcc y
j \/\ Vint °_|:Q1 Q2 :l_° Vin2

Differential Signal
Rp Rp

é ' : Output Voo

*~ Input X Y
Differential Signal Viny o— M, M, o Vo

Iy and Ig: tail current source =
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MOSFET Differential Pair

Voo er :
Equilibrium overdrive voltage:
Ao fo 220 1, =(2)uCuWILYVes—Viy)
X Y I,
I:l M 1 M 2 q (VGS TH )equll ﬁ
y + o M, 53
cm ()
= ? Iss
o1 - Iy ) For M, and M, to operate in saturation:
Dl D2 2 ]
Vop—R, 22>V, —V,.
VX . VY _ VDD R Lss DD 2 M TH

Veum could be higher than VDD

> Similar to its bipolar counterpart, MOS differential pair produces
 zero differential output as V,, changes. |
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Input Common-Mode Range

* The tail current source is to suppress the effect of Lo1, 1op
input CM level variations. i

* For proper operation, M1, M2 and M3 should be
operated in saturation region.

. . — -
* IfV., ., rises further, then M1 and M2 will enter the Vo Vi em
triode region.
; Ve &
VGSI + (VGS3 o VTH3) < Vin,CM < min|:VD _RD % + VTHDVDDj|
Vop Vop Ty vr
Rp Rp Rp Rp M T™ in,CM

Vout2 Vout1

X Y
Vin,cm My M 4
P Voo ss

|
Nn- THD
Vb —|im3 i“una
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All in saturation
M; in triode M, ,M, in triode
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Large-Signal Response

VDD

Voo~ Rp!ss

3 N -
0 Vin1— Vin2 0 Vin1— Vin2

(c)
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Small-Signal Response

Vop
Rp= = Rp
X Y
+ AV
Vem L. oM, M, JHo Vem v
P

AL, =g AV les  AVi—AV, =-2g,RAV.
A[DZ :_gmAV = Av :_ngD7

Electronics I - Chih-Cheng Hsieh



Example 10.18

The common source amplifier and the differential pair incorporate equal load
resistors. If the two circuits are designed for the same voltage gain and the same
supply voltage, discuss the choice of (a) transistor dimensions for a given power
budget, (b) power dissipation for given transistor dimensions

V,
Voo e (a) For a given power budget
R R
R 1y, :[SS :2[1)2 :2[1)3
Vinio—o M, M, JH°Vin2 w

gm = \/2/’lncox ZID :

Vino—[5 M, %) - o .
= ), A%,

- L L
(b) For a given dimension
Lgg =21
Pdiff =2F
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Large-Signal Analysis

Voo I, V. -V W W |

R g R IDI - ;S + = 4 2 luncox I{AI']SS _lunCox I(I/ml _V;n2)2 :

D > "'D -

V oV o v _
Oo—e——oO —

out1 out out2 . = ]SS n Vinz inl uC Z 41 —u C K(V v )2 .

D2 2 4 n"ox L SS n-~ox L in2 inl
vin1 O—I M1 M2|:"_o Vin2 _
1 w 4]
I ‘ ]Dl _ID2 - 5 /uncox Z (I/znl - I/an) SSW o (I/znl o V;nZ)z .
SS Iuncox f

Viw =Vt =Voun =—RpUp —1,) For I,-1,,=0

Vi =Vas1 =Via =Vaso @) ViyyVin2 =0
IDl +1D2 = ]SS' (b) (I/znl _ V;nZ)z - 4ISS/(ILlnC0xW/L)
I, =2 pu,C, (WILYV s = Vi )’
21 (C) (I/lnl - V;n2)2 =~ 4ISS/(ILlnCoxW/L) ???‘??
) Vs =V TR
#,Co 7 How should these results be interpreted?
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One Device Is OFF

We assumed that both transistors are on
Determine the input difference that places one transistor at the edge of conduction

Edge of 0o |/
Conduction & |~ SS
+_I My My I_+
Vin _ Vas2
VGSI — VTH Iss
21 —
VGSZ :VTH + | —=."
c
lLl}’l ox L
21
# | inl 1n2 i’
7 K Vout1—Vout2
n ox L

| inl m2 max \/_(VGS VTH)equzl
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Small-Signal Analysis

1

IDI I 2 lLlncox T ( inl m2) —W ( inl zn2 )2 :
C —
/Lll’l ox L
o ISS . . .
Define small signal as: Vi = V| << W Differential inputs and outputs
H,Cox 7 arelinearly proportional
1 41 o w
‘ IDI _I 2 C _( il m2) w = \/luncox _]SS (V;nl m2)
lLlI’l ox T L —_—
L
Small-signal equivalent circuit ="
Vinl _vl = vinZ _VZ " - Vinl — _van vinl — vl
g +8&.,=0. Rp Rp Vp =Viu =V =
+ +
+ +
Vint Vi Im1 V1 Im2"2 V2 Vin2
— P —
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Virtual Ground and Half Circuit

v utl — _ngDv' "I_ _l" v
Vourz = _ngDvin29 RC % 3 RC Vit = Vina

+ by il +
Vin1 V4 ¥) 91 V1 ImaV2 @ Va2 Vin2

1
Av = _gml T
Voutt

| 75 |’"01}-

m3
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Differential Pair with MOS Loads

 Diode load e Current source load
Vpp
o Ma
Vp H= I M,

¥) lgs
A, = _gmN(g;ulD 7oy ||”0P) 4, = _gmN(FON HrOP)
8w [mOVID),
ng ll’lp(W/L)P
Output CM not well defined
Output CM level =V, - Vg, Need CM Feedback circuit
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Differential Pair with MOS Loads

e Addition of current sources e Cascode differential pair
to increase the voltage gain

Vpp
Vba II'" IE
| J - 1
M, Mg
Vo Iﬁfs MBI
Vuut
Vi —H | [,
M, My
—[ My My |—
Vin

1

A, = _gm1[(gm3r03r01) | (gm5r05r07)]

]D(M39 M4) - 0-2% ,

g, (M;, M,) decresed to be 1/5, Gain increased x5
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Finite Tail Impedance

V Vv
cc Re cc
Ac T
Vout2 Vout
I/oull = out?2
. Q2
\J Q
Vem .
V, follows Vi, = P
lee Ree Ve Ve T I V04 lee Reg
= = R, = =
Common mode gain = Mowaw .2 - K
— — — —,
AI/in,CM R + 1 2}aEE + gm
EE
Em Is it serious??

» If the tail current source is not ideal, then when a input CM
voltage is applied, the currents in Q, and Q, and hence output CM
voltage will change.
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Differential Pair w/ Input CM Noise

Ry =0

» As it can be seen, the differential e .
. output voltages for both cases are
. the same. So for small input CM |
noise, the differential pair is not g -

affected.
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MOS Pair with Asymmetric Loads

VDD A[Dl :AIDZ :AID AI/GSI :AVGS2 :AVGS
Roé %RD+ARD AVeyy = AVgs +2A1L R AVys =Alp/g,
vV o—e oV 1
Out1 Outz ‘ AVCM :AID _+2RSS )
Jav L, m,d] &
AV,
v ¥ P =) Al = S
cM ? 1
- — + 2R
— gm
Iss Rss AV, =AV,,—AV,, =AI,R,~Al,(R,+AR,)
= = :_AID.ARD - AVCM ARD‘
1 w o) L-|-212
Iy = 5 1,C,. f Vosi = Vi) g, 55
| /4 out | AR Rgs >> 1/gm AR
I, = Eluncox Z(VGsz V) ‘AVCM a T —- cv-pu o

Electronics Il

; +2Rs Common mode (CM) to 2RSS
" differential mode (DM) conversion
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Common-Mode Rejection Ratio: CMRR

» CMRR defines the ratio of wanted amplified differential input
signal to unwanted converted input common-mode noise that
appears at the output.
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Differential to Single-ended Conversion

Op amp (Ch8) Possible implementation

Ving o—+
Vina - +

Vout

Convert differential input J___
into single-ended output

Differential pair with active load
VCC Vin1 O—

: Q3 Vinz2 ©
— H- _________ o
+
Vin1 O—K Vina  Vout
e
lee ) .
Voltage gain is halved!!
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Qualitative Analysis

Response of input pair to input change
AR,

lE-l-N* IE-—AI R
2 2 v
b

A
Vg e —fa; Qs }— Vem —,

Response of active load to current change

Detailed operation

-Il-—lg<+o

Vee
Q; Q,
AI/g.m?ﬁ N l AI
IE—E+M _E"RL
R

Current mirror carries signal!!

Chih-Cheng Hsieh
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Active Load vs. Static Load

Active Load Static Load

Vee pJ pJ Vee
Q?’HQ“ Yo el
Path 1 3 4

N L—o Vout ¢
Vin1 °—K01 Path 2 :|_° Vin2 Vout Vini O—KQ1 Q; :I—o Vin2
L P
I eg lee

» The load on the left responds to the input signal and enhances the
. single-ended output, whereas the load on the right does not.

Electronics I - Chih-Cheng Hsieh



MOS Diff Pair with Active Load
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Small Signal Analysis

grRemRSTReA R f il W Y Vv, + iy =&V ) on —(ly = &y V2)on + Vo = 0.
’OP”; =  Va Zropi Vout Vim™V2 T Vi T Vino Iy =~y
______________ r_'!___ ool I o+
VTl R — WO . e _
........... ’X q VA +21 rON gmNFON( inl in2) +v0ut - O
* +
Vin 1 9nnY1 =ToN:ifon = Vin2
= M, plT = 1
vOu VOM
The circuit is asymmetric!! t ( || Top) + 2Toy ’
. . " rOP[1+ng( | rOP)] rOP[1+ng( | 70p)]
P is not virtual ground!! Eonp &np
v = Zowvton Vit = Vina)-
.. . -1 t N"ON 1 2
Ly =~y vy ==y (&, | 7op) o o
) v op[l+gmp( || Yop)]
_ Yout. _ Yout : .
op Top Emp Vint — Vin2 ! 25y + 2r oP
: vout
= T ' >>1 ) ~Yow (ro 11 75)
OP[1+ng( || P)] Emplor V.o —v = 8w Uon 1 Top )
mP inl in2

Electronics I Chih-Cheng Hsieh



Designer’s Intuition

 Simulation is essential because the behavior of short-channel
MOSFET can’t be predicted accurately by hand calculations.

* Don’t avoid a simple and intuitive analysis of the circuit and skip

the task of gaining inside, you can’t interpret the simulate results
intelligently.

* Don’t let the computer think for you!

Electronics I - Chih-Cheng Hsieh



	投影片 1
	投影片 2: Syllabus
	投影片 3
	投影片 4: Basic Concepts
	投影片 5: Analog Design Octagon 
	投影片 6: Elementary Gain Stages
	投影片 7: Current Sources
	投影片 8: “Copy” the Golden Current
	投影片 9: MOSFET Current Mirror
	投影片 10: Current Scaling
	投影片 11: CMOS Current Mirror
	投影片 12: Current Mirror with rO
	投影片 13: Cascode Current Mirror
	投影片 14: Cascode Current Mirror
	投影片 15: Wide-Swing Cascode Current Mirror
	投影片 16: Voltage-Dependent Current Source
	投影片 17: Input and Output Impedances
	投影片 18: How to Measure Rin and Rout?
	投影片 19: Biasing
	投影片 20: Procedure for Analysis 
	投影片 21: MOS Stage with Biasing
	投影片 22: Self-Biased MOS Stage
	投影片 23: Elementary Gain Stages
	投影片 24: Common-Source Stage
	投影片 25: Input and Output Impedances
	投影片 26: CS Stage with Current-Source Load
	投影片 27: CS Stage with Degeneration
	投影片 28: Formulate Gain by Inspection
	投影片 29: CS Core with Biasing
	投影片 30: Common-Gate Stage
	投影片 31: Input and Output Impedances
	投影片 32: Generalized CG Behavior
	投影片 33: CG Stage with Biasing
	投影片 34: CD Stage: Source Follower
	投影片 35: Two Examples
	投影片 36: Output Resistance
	投影片 37: Source Follower with Body Effect
	投影片 38: Source Follower with ro
	投影片 39: Source Follower Drawback
	投影片 40: Source Follower with Biasing
	投影片 41: Remember This?
	投影片 42: MOSFET Cascode Current Source
	投影片 43: Short-Circuit Transconductance
	投影片 44: Voltage Gain of Linear Circuit
	投影片 45: MOS Cascode Amplifier
	投影片 46: NMOS CAS Amp + PMOS CAS Load
	投影片 47: Folded Cascode
	投影片 48: Rout of Folded-Cascode
	投影片 49: Elementary Gain Stages
	投影片 50: Example 10.1: Audio Amplifier
	投影片 51: Remove Effect of Ripple
	投影片 52: Waste vs. Benefit
	投影片 53: Single-ended vs. Differential
	投影片 54: Differential Pair
	投影片 55: MOSFET Differential Pair
	投影片 56: Input Common-Mode Range
	投影片 57: Av vs. Vin.CM
	投影片 58: Large-Signal Response
	投影片 59: Small-Signal Response
	投影片 60: Example 10.18
	投影片 61: Large-Signal Analysis
	投影片 62: One Device is OFF
	投影片 63: Small-Signal Analysis
	投影片 64: Virtual Ground and Half Circuit
	投影片 65: Differential Pair with MOS Loads
	投影片 66: Differential Pair with MOS Loads
	投影片 67: Finite Tail Impedance
	投影片 68: Differential Pair w/ Input CM Noise
	投影片 69: MOS Pair with Asymmetric Loads
	投影片 70: Common-Mode Rejection Ratio: CMRR
	投影片 71: Differential to Single-ended Conversion
	投影片 72: Qualitative Analysis
	投影片 73: Active Load vs. Static Load
	投影片 74: MOS Diff Pair with Active Load
	投影片 75: Small Signal Analysis
	投影片 76: Designer’s Intuition

