ELEC-E3510 Basics of IC Design

Lecture 4:
Differential amplifier and
Current sources



Operational amplifier
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Differential amplifier



Source-coupled pair

Assume M1 and M2 are equal and in saturation
W
KC, A

|D = k(sz _VT )2 k= 5 L

Current and voltage equations:

|1 + |2 = |SS
Vin = VGSl - szz

< |1 = k(VGSI - VT )2
\lz = k(vesz - VT )2

Solve I and I,

| =~ [3s _Yin , Vin Output difference current
1
20V 2 V2
2 g 2l
L N AR Bl=l; =1, =KV, ===V,
2 2 2

2

—

VIN VG
o

™




when V_ =0 thenl =1, ==

in
with large input voltages

saturation: =0

or =0, I, =I

either | =]

1 SS/ |2

All bias current flows through M, (or M,) and M, (or M;) are closed

Input saturation voltage

with small input voltage i.e.

V, << [
k

21
= Algy, zk\/m/%
=\/2k'|ss Vi,
Aloyr =8m1 * Vi

s _ \/7
== ZvDslsATll\/Il




Gain of source-coupled pair

C.—/ Rp R, — O]
Voo — Vp
Vlnlo_l __: 2 :__ |_°V|n2
M, [ M,
ISS
VSS

Assume V, =V, ,-V, , is small and assign

in Vin
le 7]3 |n2__7
| V. | Al
|zi+ i=i+_
VT AR, T,
I Y
2 ™2 2 2
gm1=gm2=gm

No signal current flows into tail current source

= "virtual ground”
Small signal gain with load resistor R,
AVoyr =LR, =1,R,
= (|1 _IZ)RL
=81 VinR\
Solve for gain
AVOUT
V

n

d A0 = = gmlRL



AC analysis c== [Jn=r[] ==

\ V
RA CGD _é)l 02 CGD &'
- | -
i V. | II
C.—/ R, R, —C, > —_’1 |:;| |:;|
o, Vln O
CGS ng Opbs CDB CDB Ops - m— CGS
Voo — Vo .
Il‘ g A 4 |2 —
leo_l U I_o Vi, It is adequate to study only left or right half circuit
Rs
2
lss V; ” i
7‘” p— p— VOl
0
VSS CG Opbs CDB gL C|_
No current flow into tail current source I, = “virtual ground” V,, = A(s)ﬁ
Vin Vin 2
Assign Voi="" and Vi =—7"
2 2 Vin
Al Voo = A(S) _7
M1 drives current ? into virtual ground
Al Vour = Vo1 = Vo, = Vour = A(S)Vm

M2 draws current ? from virtual ground




Small signal analysis

R
2 Ce
Single stage amplifier analysis v H | | o
Yin — — —_
Gain transferfunction p) = | V1 T - Vo1
I I
8m1 _SCGD O
Als)= -
( ) (1 + sCGSRS)(gDS +g + sCL) CGS Jpbs CDB OL C|_
. A(s)
Gain: Zero: soqs
gml
A, =-— ,— Bm I
8. +8, C.. 40dB _
P, CBW lpl
Poles: Unity gain bandwidth: 0 > f
D =-— Lt (in fig. p;=p, and p,=p;,)
in C R <I“A(S) . G ,
= GBW = Emt o LN
_ gDS +gL CL
Ppp=—"7—" o
C, 90°

(assume p<<p,,)

-180° |-




Common-mode and signal ranges

vDSl,SAT

VDS3,SAT

Assume source-coupled pair not saturated

R

|
Voo = Vee = Voo —R, =

2

Vin,CI\/I - VT1,2 = VDSl,SAT + Vs1,2
Vin,CI\/I - vGSl,Z = Vin,CI\/I - (VDSLSAT + VTl,Z)
= V51,2
\V = lS_S

DS3,5AT "

3

V — lS_S =V

DS1,5AT — = Vps2sAT

~

2

1



Output signal range:

max{ OUT}=

mlﬂ{ OUT} mCl\/I

AV

ouT

=\

DD

-V

in,CM

-V

T1

T1

Input common-mode range:

maximum common-mode level:

Vin,CI\/I,I\/IAX =V = Vo = Vo =V,
Vin,CI\/I,l\/IAX =Vop = VoL + Vg =V,
minimum common-mode level:
Vin,CI\/I,l\/IIN — Vas1 = VDS3,SAT + Vs
Vin,Cl\/I,I\/IIN = Vs + VDS3 sat T Vss
= VDSl,SAT + Vo, + VD53 sat T

DD

DD

-2
|
Rﬂ?"'vn
+V

SS



Differential to single-ended conversion

1 |
Coa—= 1

M,
|
4 oyt Vourt
—P lo]
| |
2 —Cis

Differential to single-ended conversion can be
performed with a current mirror load M5 and M,
Assume a small input signal

Al = |1 _|2 = gmAVin

N

2
s =4l
2
Assume equal transistors M5 and M,
Vass = Vesa

:>|4=|3=|1

Il

|2

Current equation at output
lour =1a =1, =1, -1,
. + Al 1 = Al
2 2
= Al

lOUT = gmAvin




Current equations at nodes A and B

Vio
(A) 1 ® 7 =

vin !
(B) _gm2(_?) _gm4vA = (gDSZ + 8os4 +sC LB)VB

Ca =Ca+Cpgy and Cp' =Cp+Cpp

Eliminate V, and assign V_, =V,

i — Vout — 1 gm3 + gm4 + gDSl + gD53
Vin Vin 2 gm3 + gDSl + gDSS
1+s—%#
° 2gm3 gml
1+ Sci 8psy t 8pss t+ SC'LB
gm3

Em3 = 8ma and Bmz > Bps1/80s3

_<gm3 *+8ps1 T 8pss T SC'LA)

1+s—A
out _ 2gm3 gml
Vin 1+ Sci 8psa + Bpsa T SC'LB
ng
gml

A(s)z ‘
gDsz + gDS4 + SC LB

Cia = Cgsa+Cpp3+Cass

Eps4

D Im*9ps3 ImaVa é I:I R.=

— Ci = C +Cpps

Cep1 At Va Vg CGD2
° H || °
vo L VS
2 2
o, V O
Css1 gml—zm 9ps1 Cpg1 | Cpez 9ps2 gmz—”:l Csso
g ﬁ(s)
gain:(s=0) =A, = mi 80dB |
gDSZ + gDS4
poles: p, = iﬂ 40d8
A + (P2
_ 8os2 T Boss 0 ! >
B :
CLB
ng3
zero: z=-—md
'l 1 *) Ip| LN
GBW = Ent 90°
C LB
-180° .




Common-mode and signal ranges

V

inCM VT1

= VDSl,SAT + V51
V V

in,CM -

= vin,Cl\/I - (VDSLSAT +

Vss
VDSl,SAT = VDSZ,SAT =
V51 = \/52

VDSl,SAT
GS1
Vi,)

VDD
_____________ VDS4,SAT
‘/‘M Vouroc
———————————— Vin,Cl\/I - VTz
=V, +V
I VDSZ’SAT DS2,SAT 52
Vin,Cl\/I - Vesz
= Vinem — (VDSZ,SAT + VTZ )
VDSS,SAT
Vss
— lSS —
VDS4,S/—\T - 2k - VDS3,S/—\T
4
v s
DS5,SAT -



Output signal range:

Max VOUT}= vDD - VDS4 SAT

mln{ OUT}

AV

ouT

=V

DD

-V

m CI\/I

DS4,SAT

Tl

-V

in,CM

-V

T1

Input common-mode range:

maximum common-mode level:
V.

= Vm CMMAX — VDD - VDS3,SAT - ‘VT3‘ + VTl

minimum common-mode level:

Vin,Cl\/I,l\/IIN - VGSl = \/DSS sar T Vss
Vin,CI\/I,l\/IIN = VDSl,SAT + V + VDSS SAT Vss

in,CMMAX — VTl = VDD - V653 = VDD - VDS3,SAT -

14



Common-mode rejection ratio (CMRR)

15



Common-mode rejection

- I[deal tail current source with infinite 1
source impedance blocks the common aL = a.
mode signal A -

- common mode signal is transferred to the
output when curren source impedance is Viq 9 (Vi 1-V) Jos Jos 9 (Virr V) Vi,

finite.
L | < E | L
- V Jo -

assume equal transistors M1 and M2
B =8m1 =8m2 8. =8 =8n

Bos = Bos1 = Bos2

current equations at nodes A, Band C solve forV_, and V,
A vog +(v ~V)g, +g (V. ~V)=0 v 8880 8 Vi ~ Vi )+ 8.8, (8 8 Vi
o o m n ol
B Vo 8 + (Voz _v)gDS + gm(\/inZ _V)= 0 (gL 8o IZgL(gD * gm)+ 8o (gL 8o )'

C (v —-V,, )gDS - gm(\/inl - v)+ Vg, + (V -V, )gDS - (sz - V)gm =0 Vo, == ngm((ggD:ggri)z(:n(zg_ \jngl);'fogg?g(g;;gs )sz
L D L D m o L D/




Differential mode signal gain:

AV, =V . =V

in inl in
AVoyr = Voun —
Vv

_ outl —
Adiff -

\Y

out2 __

2

\Y

out2

28,8, (8, + 805 )+ 88,8, +80s)

V

inl
8m

8Lt 8ps

=

V

in2

(g +80s )28, (80 +8,,)+ 8. (8, +805)]

Common-mode signal gain:

out2

gmgo

_ Vinl + Vin2
in,cm 2
Vout m T VOUtl * v
’ 2
Voutl + VoutZ
2
A =
o Vinl + Vin2
2
"8
2(g, +8os)

28, (g, + 205 )+ 8, (8 +805)

Common-mode signal rejection:

Adiff

CMRR =

cm

=142

i gm + gDS ~ 2gm
go gL + gDS go

assumeg,_>>g.,8.

assumeg,_ >>g..,8,

17



CMRR frequency response

Add capacitors in parallel of g, and g,

8L Y. =8 +SCL
8o VYo =8, *+5C,
Assume single pole approximation

8
A - — m
diff (S) gL +gDS +SCL

g, +sC,

A -
nlo) 2(g, +80s +5C, )

Common-mode rejection

28
g, +sC,

CMRR =

o——0

Vini gm(Vinl-V)$ |:| Jps Jps |:|

29 |  CMRR

CL

D
g = g
A

°V01 V02°

|

I
O
i

Y

90

V< ng ::CLO

n|Lo 4
[e] (]

gm(vinZ'V)

Vin2



Common-mode rejection with current mirror loading

With finite current source impedance

gm gm g S
Adiff = 1D : |:2(gdsl +gm1)+go(1+L)]

2gm4

mi18m 84s

Acm == - : z(gdsl + gml )+ go 1 + =
D 28 .,

D = (8us + 81t NBueBr +281ms (B + 8ot )|+ 80 (8 +8roa N8t +80)
assumeg_ >>g..,8, =

A, = _ Bm
gds4 + gdsl
— - gogdsl
- 2gm4 (gds4 + gdsl )
— CMRR = 28m8rs _ 15048
gogdsl
= CMRRincreasedwithfactor Bma _ 100-1000

gdsl



Current sources

20



Operational amplifier
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(2nd stage)

Differential amplifier

Current
biasing

(1st stage)
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e =

Output impedance:

_ _ 1
Rout = bs2 = 8ps2

CMOS current mirror

Same gate voltage:
Vs = Ves2

Transistors in saturation:

, = kz(szz =V )2

W
“COX(L)
=>k = i

| 2

= k1 (VGSI = V; )2 }

Same type of transistors (NMQS)

Different dimensions (W/L)
Lk _\LJ
Lk, W
L 2

Inaccuracy due to channel
length modulation when

VDSl * VDSZ



Effect of channel length modulation

= bigL = effectof V,; smaller
Vos1 = Vbsz

=

P N W Pk~ 1O

1+Av

RATIOERROR| ——22 _1 [100%

A 1+ Avyg,

or A =0,02
9 L
8 L
7r .~ A=0,015
6r T
R A=0,01
ab T T e
3 e e e
2t e
1p et

2k 1 I 1 1 L
1 2 3 4
Vbs2-Vps1
[

RATIOERROR(‘Q—l)lOO%

A I

. =1y
: ________________ [| = 5up
I T I| = 1000
S — | = 5000
A P S e R i 1 1 1 I L—p

1 2 3 4 5 6 7 8 9 10



Matching of current mirror

M1 and M2 in saturation

1 W
|D1 = E “Cox (VGS - VTl )2

1

(VGS - VTZ )2

2

]
1 W
Iy = =HCoy [ —
D2 2“’ OX |_

Let’s define:
AID =|D1_|D2 ’ |D =E(|D1+|D2)
W W W W 1(/W W
ANl —|=—1| -] — , —=—||— | +| —
L L/, L/, L 2 L/, L/,
1
AVy =V, =V, , Vs =5(VT1+VT2)
i
=>A|D _ L _5 AV;
ID ﬂ VGS_VT

Matching improves, when V.-V increases!



Source degeneration

S l_Rout

Vout

— o - - o o

Current source

[
:OUt o} | Rout
Om2Vgs2 @ Fds2 |j>vd52
Vout
Vgs2=0 v
Vgs2=-Vr '

DC small signal circuit of current source

-

Voltage equation
Vout = Vdsz + vr

Current equation
1
|out = ngV + VdsZ - = _gmzvr + (V

gs2
r-d52

1 1
= _(gmz + _)vr + Vout _

rdsZ rdsZ
Voltage dropinr
Vr = |outr

r-d52 r-d52

1 1
|out = _(gmz + _)rlout + vout T

Solve r,
\Y

out

| = rout = rdsZ +r+ gmzrdSZr

out

I’-out = ngrdSZr

out -



Cascode Current Source

Vb
DC 1 :
: I -9 >|Vds,sat

SR D | e
R e
| 1 | | V
: M4 : 1 1 I Vout
[ (': 1 IE__ :
I I ]
I L M I
I Vol ol :
I o I
|VGS( _lE": I :
| M3 : | | :
: VSSC | I I ’e)

Biasing  Current source

D2 lout
Im2Vgs2 lds2 > V,
D1 >2 Vout
Fas1 r1> Vi
S1 °

DC small signal circuit of current source

Output resistance:

Vv
_ out
r-out - .
IOU'[
Assume: V. = _0
s =constant= v, =

V., =constant=v_, =V,
Vi, =0

BS2
Voltage equation at output
Vour =Vi TV, V= (iout - gmzvgsz)° fi2 Ves2 =—Va

Vout = Vl + (Iout - ngVgsz) r-dsz = Vl + Ioutrds2 + gmzrdszvl

Vl = Ioutrdsl

Vout = Ioutrdsl + Ioutr—ds2 + gmzrdszrdsllout

Solve r
=r = Vour _ r.+r.+8 r.r
out — Tds1 ds2 gmz ds2'ds1

out

>>1

r.out = gmzr.ds2r-dsl ) gmzrdsz 26



Wilson current source

Output voltage equation:

VDD | )
— |
VOUt - V3 + V2 IDC ° J_: out 0 l_ RL

. |
V3 = r-ds3 (Iout - gm3 (Vl - V2 )) V2 i Vout
. [ |
Vour = lgs3 (Iout —8m3 (Vl -V, ))+ v, :II : V r V
M, M,IL, Mds1 1 OmVy Im2V2 ds2 2
|
|
Insert v, to v, l -- L L | I
_ Vss - -
Vi = T1418m1Vs
Vout = rd53 (Iout + gm3 (rdslgml + 1)\/2 )+ V2
Insert v, to v, , Solve R,
1 R _ Vout =r + (rds3gm3 (rdslgml + 1)+ 1)rd52
r out — . — 'ds3 1
g ds2 r Iout + ngrdSZ
2= 1mz our = 1 — Assume:  8ify >>1
— 4 + gmzrdSZ ) mi dsl
ds2
gmz
83
a ds2 ds2 ¢ = Bmilus1 ds3
Vout - rds3 Iout + gm3 (rdslgml + 1) Iout + Iout o me e o °

1 + gmzrdSZ 1 + ngrdSZ



o
< > IDC Y IOUT
A 4

ncreasing output impedance

Regulated cascode:

+
A E". M, ImaVesa

|
- -

Vs = Vg, =lour Rpgs

Vi =our =814 Vosa )RDS4 = (|OUT * 8ma (A + 1)\/54 )RDS4
Visa = =AVgy =V, = _(A + 1)\/54

s =AY, _Vs4)= —AV;,

Vour = (IOUT T84 (A + 1)'|OUT "Ross )RDS4 +lour “Ross

Vv
Rour = oL = Ross + Rosa +8a (A + 1)RDS3 "Ross = 8ma (A + 1)RDS3 "Rosq

IOUT

<




Generation of biasing current

Voltage divider: PTAT current reference:

Voo Voo

Vsso : V:s
+ Simple + Supply independent
— Supply varies + Low process dependence
- TEMP dependence + Reduced TEMP coefficient

— Process dependence — More complex (BJT needed)



Voltage Biasing

Transistors in saturation:

W 1
=k1(T)1 GS1 =E“Cox
W
=k2(T) GS2 ‘VTZ‘)Z
2
V =V1 vss
Ves, = Vop = V)
Bias voltage:
W W
p‘p( ) (DD ‘VTPD"' M, (L) (VSS+VTN)
o\ = 2 1




PTAT current reference

Assume that transistors M, and M, are equal
and M; and M,, are equal

M, =M, and M, =M,
Then Ve, = Ve, and
= 1, =1,

Thus the source voltages of M5 and M,, are equal

V53 = vs4 = VBE = lzR

and

Vg is less process and power supply dependent
and depends on absolute temperature T.

(PTAT = proportional to absolute temperature)



Bandgap current reference

Assume equal transistors M; and M, and M5 and M,

- - M, =M, and M, =M,

M3 Li}l___—l E‘r'l M4 _| "IMS then VGS3 =VGS4

o (+£30%) and = |, =1, =|
Thus the source voltages of M; and M, are equal
M; ,——E”————l -- M, Va1 = Vs,
1 P = LR = Vge; = Ve,
I, ¥ P |
Ve, = ViIn| —
R BE1 T lsJ
VB? Vie2
Q, f Q, | | -
Voo, =V In| — n is the relative size of BJTs
AK PNP PNP BEz T nl
=1 n=>5
. _ Vin(n)

o = |

Vs ’ R



CMOS current reference

Assume that M, and M, are equal and i W = W
Vo M, and M, are unequal L ], L ),
T Thenl, =1,
1 1 W W
IE-' Ms 4| --'M;s However, V. = V., if(T) > (T) = V.., < V.,
2 1
? 5 A voltage difference V. is seen over resistor R
vl | = (VGSI _Vesz)
2
R
| M W 1
- - 1 2 1
I , 2 I1=k T (VGSI_VT) K = —HCo
K : L. 2
W >
VGSZ , =k T (Vesz _VT)
2

1 1 1

(WL),

'~ wi), "



Bandgap voltage reference

Voltage equation for the loop:
Veer = Vg +1,R;

AV, =V V.., =R

BE BEL ~ VBE2 23

From the BJT’s current equations:

| |
— a1 _ 2

se1 = Vorp = VN = Veln:
S1 S2

V

1l
_ 1's2
= AV, —VTIn—||
2'S1

VO uT

Voltage equation for R, and R,
V, =V, =IR, =R,

—t Ii=R_2 — AVBE—VTlnRZ IS_Z
, R, R, I,
| _AVBE ﬁmR_Z.IS_Z |S_2_E
2 - - —
R s Rl g
R R.|
VOUT = VBEl + Isz = VBEl + —ZVTlnﬂ
3 R1|51
Vour = Verr +KV;
° AV,
Vout 27 T (1) BE _ —ZmV/OC




