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Introduction

Single-transistor Stages

Common Source Common Drain Common Gate
Voo fout
fout — Rt —
- VeraVid D . o ARG t R
VeraVid D lvout
L L 1
Transconductance Source follower Cascode
amplifier
Aloyt= G - AViy AVoue= AVin Alpyr= Alin
Rout = ! Rin = !
s Gms
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Elementary Gain Cells

Elementary Voltage-gain Cells

X y DC Transfer Characteristic ~ Small-signal Transfer Function
DD
R, Vout |Av|
(includes Gg4s and Gq) 4 A
Voo [Avol 7
%
0@
o—— Vout ’ZO
|
4
* >V, 1 >
JT_ i (log)
A - 1
A, =" =—xL=——forw > w,
1+w— Stw,c ST

c

= where 4, = —G, R is the DC gain, w, =

Ru(C, 1) the cut-off frequency and
1

Gm . .
Wy === Cores the unity-gain frequency

= The input admittance Y}, is given by

Yin = SCin + sCr(1 — A,) = s(Cin + C5) + (—sCrAy)
—
=T
for w>w,
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Elementary Gain Cells

Gain Cell with Resistive Load

Va,
Voo Vou=Voo =R (Vi)

Voo 7]
I
Vout
Vv

out-min

|Av0max|

*Vin
= The DC gain is given by
~— 3|
s [AVou Gm Gm . Gm nv
[Avol = Tint =GRy = T, Rplp = T, (Vop — Voue) With T, issat "

nUr

= which is maximum for highest G,,, /I, (WI) and highest R; and current, hence lowest output
voltage that still keeps the transistor in saturation V.t min = Vpssat

VDD
nUr
= ForVpp = 1.6V andnU; = 40 mV, we have |4,,| < 40
= The input-referred noise is dominated by the transistor if [A,4]| > 1

= For thermal noise we have

__ VYneq
Rneq G

m

|Av0| <

With Vpeq = ¥ + ——= = ¥y, fOr [Apol = GR, > 1
GmRL

" P F I © C. Enz | 2025 Fundamentals of Analog & Mixed Signal VLSI Design Slide 5




Elementary Gain Cells

Gain Cell with Diode-connected Load

P
" L s
12=I;;Iout=0 E !
=17 ! ! l “ M1 leaves
Vout 234 : . saturation
o—i M t 1
oy s s e
= | =Vout I =Vin
Voo V1o
= Small-signal voltage gain assuming M, is in saturation
( .
V Region M1 M2
pin; _ N2 Vpssat2 M1, M2 in SI (2) |
Boni 1y Vpssarn 1 Sllin Sl sat
Gin1
Ayl ==—==4 1 |ny] 1y Vpssara 2 Slsat Sl sat
G 2 =2 M1 in WI and M2 in SI (3
m2 U |28, ny  2Ug in Wland M2 in I (3) 3 Wisat Slsat
% =1 M1, M2 in WI (4) 4 Wilsat WI sat
\ 1

= Maximum for case (3) for which |A,¢| < Vpp/(2U7) (30.8 for Vpp = 1.6 V)

= Equivalent input-referred noise
Rpeq = Rpp + 222 = Ry, for |Ayg| » 1
0
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Elementary Gain Cells

Gain Cell with Current Source Load

VDD VOUt

M1 and M2

/ in saturation
2

1

|
VD D

:Vout ;Vin
= Small-signal voltage gain assuming M, and M, in saturation
’2[31 2V .
VM = M1 in SI . 1 1 1
|Avol = ﬁ = ml mVpssan with =t
dsi ds2 VM Ml ll‘l WI M M1 M?2
nyUr

= Equivalent input-referred thermal noise

2
Gm2
Rneq = Rpp + (i> (Rp2 + Ry3)

Gml
= Contribution of M, and M; minimized with M, in Sl and M, in WI
2
2nUr
Rneq = Rp1 + (V > (Rp2 + Ry3)
DSsat?2
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Elementary Gain Cells

Gain, Bandwidth and Gain-bandwidth Product

) ¢ VDD |A((’))|dB
Iy A
|Adc|dB

———O |

|

o— = C, l Vout :

Ving |
T 0 | > o (log)

0c 0y
= The small-signal voltage gain (or transfer function) is given by

a MWour _ Adc — _G_m : — % :
A, £ Win 14 with A4, = o the DC gainand w,. = c, the bandwidth

= w,, Is the unity gain frequency which for |4,.| > 1 is equal to
wy = |Age| - we = i—f:for [Age| » 1
= which corresponds to the gain-bandwidth product
GBW = %= |Ag| - BW = T for |Age| > 1

= |tis the most |mportant feature of a transconductance amplifier
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Elementary Gain Cells

CMOS Inverter as a Gain Cell

Vout
Voo T
=Vout E E Lo =Vin
pob ol
= DC gain for M, and M, in saturation ol
( Vi _ AR
— M1, M2 in WI AN G
nUT A 1
y |_Gml+sz_< | A\VaE
vol = = b Y :
Gass + Gasz | Vo (1250 2Pz )y oy g Y,
k\/E n n; Voo
= where
1 1 1 1 1 1
— = +—and-=—+—
VM VM1 Vme n  n; Ny
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Elementary Gain Cells

CMOS Inverter as a Gain Cell

VDD
= Small-signal DC gain: Ao = —

Gm1+tGm2
Gdsl"'Gdsz

= Transconductance: G, = Gp1 + G
L, " Input-referred noise:
R = Gim1 - Rn1 + Gz - Ryo _ Rna
ned (Gml + sz)z 2

= Maximum DC gain

= Maximum transconductance at given current I,,

= Minimum input-referred white noise at given current I,

= [ntrinsically class AB

= Linear transconductor in Sl and saturation (for 8, /n, = B,/n,)
= BUT poor intrinsic PSRR (6 dB)!
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Source follower

Source Follower

Vo Vo
A A
Vb —> —
. M saturated - . M saturated.
o—| M1I (2 constqnt)’ 0, constapt)"
V, l2 | | &
M |V
v
Io=0
- ; > \/I
= M, in common substrate = In case M, in separate well connected
= For M, and M, saturated and to its source )
Gas1, Gas K Gy < Gpsy Ay = =1
; G.. 1 : 1+G/Gpa
vo = = < Wi
Grmet T4 with

G = Ggs1 + Gasp + (G + Ga2)

= where G,.;; and G4, are the
differential conductance of the
junctions attached to the output node

= The small-signal voltage gain is
smaller than unity
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Cascode stage

Cascode Gain Stage — Output Noise

? VDD In2
b @
A/out Gds2
'—‘_0 ''''''''''
Gms2' AV,
Vb2°_||: M; mez 182 A{out

1 AVo M ol ‘
= Gyt | AV,
AV + Vb1o—|[l@ Cor é = Gds1 l S2 |
A 4
Jf- v -

. G
= Qutput noise current Loyt = Iy + 2221,
Gmsz

2
= Qutput noise conductance Grout = Gnp + (gd—“) Gro

ms2

= where Gni = Vni Gmi + G5 WlnLl

= The noise of M, is fed directly to the output whereas the noise from M, is divided
by the gain G52/ Gas1

» If G451 = 0 the noise current I,,, circulates in the cascode transistor M2 and
never reaches the output
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Cascode stage

Cascode Gain Stage — Principle

Vbp
g/b Folded cascode

Vb2°_||: M; Vint V1 o—1_ My p—o Vi
AVout

VD D

Ibn

1.
AVin+ V1 H[l@ Cp1 ‘
T

- Al
= Equivalent transconductance  Gyeq = ﬁ“t‘ = Goq
M IAVout=0
" O t ~ GdSl
utput conductance Goyr = e
ms2/Yds2
i AV, G G
= Voltage gain A, 2 - O}tt‘ ~ _ Gm1 Gmsz
Vin Iar,, =0 Gas1  Gdsz

= The voltage gain is equivalent to the cascade of two CS stages i.e. (G,,,/G 45)*

= The difference is that this gain in the case of the two CS stages requires twice the
bias current used in the cascode stage
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Cascode stage

Cascode Gain Cell

Voltage gains (log)

. Gm 'Gms A - .
Direct cascode Folded cascode GG AVo /AV,
Voo * Vop

=R Gz / Gaso \ AV, IAVS
Mz] p—— /
v ve ‘ Gt / G
Y o Th lv" Div - AVe/AV,
L G / Gy —— T ............................ \T—‘
Gc'GdSZ GdsZ
GmsZ
= Small-signal analysis assuming G,,,s» > G4, Yields
AV, AV, AV. ., AV G AV, G
A, =—"2=—2.2with—=2=—"2agnd = = - —Z&
AV; AVs AV; AV Gas2+G AV; GC'I'—mSZ

= whereG £ G, +Ggpand G, £ Gyo1 + G471 + Gs»

" (g4, G are the small-signal conductances of the source and drain junctions
respectively
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Cascode stage

Cascode Gain Stage - Input Noise

? Voo Ino
b N
Alout Gds2
.
Gms2' AV
Vb2°_||: M; mS2<D 52 A{out

<

1 AVout Im o
= Gyt | AV,
AVin+Vb1°—||:l@ Co1 @ = ds1l S2 |
\
J__ ¢

= |nput-referred thermal noise

an Ynl Yn2 Gczi 1
Ry en = (L + ) = W|th Nth = —r— K1
N2Yn1 Gmi1Gms2

= |nput-referred fllcker noise

2
~ _Pn__ ~ __Pn : ~ [_Gds1 Wil
Ro 1 = f Wil (1 T nﬂ) Wil with n, = ( ) WLy

ny Gm1

= The noise of the cascode transistor can be neglected (at low frequency)
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Cascode stage

Cascode Gain Stage — Effect of Parasitic Capacitance

% hoe lt(l):;!“
] Aloyt Gas2
Vb2°—||: M.
1.__|_ AVout
Avin+Vb1°_||:lM1 T Co1 v Gus1Gas2/ Gms2 , > O
+ ' ©, Wp (log)

= At high frequency the cascode node 1 is shorted to the ac ground and the
increasing the output admittance above w,,

= The cascode effect is therefore lost at high frequency (w,, < w) due to the
parasitic capacitance at node 1 €y,

1+jw/w, {Gout w K w,

Yout — Gout .

1+jw/w, |Gasz wWp K
. Gasy G G G
= With Goye = 222 KL Gy, 0, = =2 and w), = 22
ms2 Cp1 Cp1
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Cascode stage

Cascode Gain Stage — Effect of Parasitic Capacitance

’ il Hicly
—_(i — (log)
Gas2 1 fin
Gurea AV
A m‘32<D s2 A/‘out
ln1 J ' ‘
Cp1 ] §§ Ggs1 | AVs2 an
)\ 1 Gds1/ GmsZ \\ > o
1 O)Z O)p (lOQ)

= At high frequency the cascode node 1 is shorted to the ac ground and the noise of
the cascode transistor M, starts to dominate above w,,

= The output noise is given by
Gnout = |Hn1(w)|2 ) Gnl + |Hn2 (w)lz ) an

= with Hnl(w) = and Hn1(0)) _ Gis1 1+Hjw/w,

= The noise of the cascode transistor M, can only be neglected below w, =
Gdsl/Cpl
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Cascode stage

Regulated Cascode — Output Conductance and Gain

* * Vbp
é/bz élm Al
Alout G AV% %G AV .
out ¢———o m2 2 ms2’ 1 5§ G
2 :E M2 2 )i AVout
M ]: 1 AVout szlég G %Gms AVy  Gui'AVig G _glA\A
AVin+ V4 °L||:| My )t v
v 1
L
. A AIOut ~
= Equivalent transconductance  Gyeq = % = (1
in AVout=0
G G
= Qutput conductance Gour = Gasq Gf;z G::
: AV, G G G
= Voltage gain A, £ A‘;’f‘t‘ =~ — Gml : sz -sz
in Alyy =0 ds1 ds2 ds2
|

which is equivalent to the cascade of three CS gain stages i.e. (G,,,/G4s)>

E. Sackinger and W. Guggenbuhl, “A high-swing, high-impedance MOS cascode circuit,” JSSC, pp. 289-298, 1990.

EPT[ oo e 2025
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Cascode stage

Regulated Cascode — Noise

* * Vbp

é/bZ élm AI nout
& - : -O—
out _Alfio GmZAV% %GmSZ-AV,I EE Gd , érﬁ
= s!
[ 2 1

2 i M2 -

—I I_ AV In3 Jd Gm3.AV1 4 In1
Ms | ! Ut AV, = Guss Gus1 2 AVs

AVin+Vyy °L||:| M; ¢

\4

iI—e
L

L

= |nput-referred thermal noise Rnth_ Y1 (14 1) = Yn1

m m1

. GZ%..G3 G2
= with Nen = Ynz _ Gdsa ds?é + Yn3 ds1_ ¢ 1
Yn1 Gmi1Gm2Gns Yn1 Gmi1Gma3

= |nput-referred flicker noise Ry r = pr,’ILl ' (1 + 77fl) = pr,?Ll

2 2
. G G Wi L G W+ L
- Wlth nfl ~ ( ds1 dsB) 1L1 +( dsl) 141
Gm1 Gmz) WLy Gm1/) Wsl3

= can be made n¢; < 1 assuming M,, M, and M; have about the gate area
= The noise of the cascode and CS transistors can be neglected (at low frequency)
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Cascode stage

Gain Boosting — Principle

' Vbp
élb Alout .
. 0 ou

AIout Gm2 AV m52 A\/1 =

out $———o = Gis2

Vb2°_+A 2 I: M, AVout

> 1"AV; X

|_ 1 AVout _A.Av1l<> lAVZ m in Gue1 -glAV1

AVip+ Vi °L||:LM1 T \
\ 4 =
L

= The regulated cascode is a particular case of the gain boosting technique

: Al
= Equivalent transconductance  Gyeq = A;f‘t‘ = (Gq fOrA > n,
M IAVout=0
Gds
= Qutput conductance Gout = Ggs1 G— ZforA > n,
m2
: AV, G G
= Voltage gain Ay £ 5 "“t‘ ~ L. M2, AforA > n,
Vin Alyy =0 Gas1 Gasz

= which correspond to the regulated cascode if A = G,,,;5/G 453, but G, Can be
made much smaller and A,, much larger for a larger amplifier gain A

K. Bultand G. J. G. M. Geelen, “A fast-settling CMOS op amp for SC circuits with 90-dB DC gain,” JSSC, vol. 25, no. 6, pp. 1379-1384, 1990.
K.Bultand G. J. G. M. Geelen, “The CMOS gain-boosting technique,” Analog Integrated Circuits and Signal Processing, vol. 1, no. 2, pp. 119-135, 1991
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Cascode stage

Low-voltage Cascode Bias — Strong Inversion

o——||:

I‘V

L

/
aw
[

]

M11VD1

o—

= Assuming all transistors are biased in strong inversion and in saturation

IDk — nkﬂk (Vpk - VSk)Z fOI’k — 1,2,3

2

= Choosing 5 such that V; = Vp4 and equating I, Ip, and I5 results in

-2 —2
— m3 L ~( L L — __Vpm
Ps = <\/n1ﬁ1 " \/;> - <\/; " \/;> and Vez =Ves = 1577,
= With the following particular cases

ﬁ3 = %and sz — 2Vp1 fOl' ﬁz — ﬁl
Bz = 1 and Vp, = Vpq for 5, > B4
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Cascode stage

Low-voltage Cascode Bias — Weak Inversion

VD2

\4

il

I‘

Vb2

v

= Assuming all transistors are biased in
weak inversion and in saturation

2 / Iy /
Jw g
] [ M =

Ms

/

My |—2

I\mlvm D] v °_{1M¢VD1 Ve

v
e

= Voltage source V required to have B3 resulting in
Vp1 = 4 to 6U; can be realized as Vo U &
shown on the right with r = Yr i ;
3
VR = UT - In (1 + 2 &) " EXamp|e
B 5 _ s
= Requires very large B,/ 05 Bs  PBs

(

= (Can use additional degree of freedom
to set Vp; < Vjy by choosing 8, >

Pa
1+2&)

—= = 8resultsinVp; = 5U7

I:PFI © C. Enz | 2025
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Cascode stage

Pseudo-cascode or “Poor Man’s Cascode” (1/2)

o I le:Vsz
Vary v

= M, and M, have the same gate voltage and thus V5, < Vp144: Which means that
M, is biased in the linear region (G,,q41 > 0)

= Assuming M, in saturation and G,,,s» > G441, G4s2, the output conductance is
given

e % — G Gas1 t+ Gmai ~ G Gas1 + Gmaz
out AVO asz Gmsz + Gmdl + Gdsl + Gdsz T Gmsz + Gmd1

= Since M1 and M2 share the same gate voltage, there is a relation between G,,,41
and G,,,5, (See next slide)
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Cascode stage

Pseudo-cascade or “Poor Man’s Cascode” (2/2)

QA
Cox ] Gmd1 =Gm32
B B where G, 44 is the drain
BL transconductance of M,
1 |
B2
~ > \/
Vb1=Ve2 Ve

Since M, and M, share the same gate voltage, we have
Gmadi _ Gms2 or G B

— P1
ﬂl - ﬂZ mdl — BZ ’ GmSZ
The output conductance then writes

Gdsl + Gmsz 181/,82
Gmsz(l + .31/,32)

= G,y Can be reduced by making M, much wider than M, and decreasing 5; making M,
longer than M, which allows to assume that 5, >> [, resulting in

~ G B
Gout = Gdsz ’ (G:;lz + .3_2)

= Note that the first term actually corresponds to the normal cascode
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Current mirrors

Current Mirrors Principle

lo Y/ ¢/ YN
My My ‘V
Mo J——1F [i = My
. .
VG VS
v v common substrate

= Assuming that the output conductance can be neglected and all transistors are in
saturation, the various output currents are given by

( 1 lf Mk — MO
Ik _ Ispeck _ Bi _ < % if m and n transistors in || fork=1-+N
Ig Ispeco Bo w

Wk any value (but less precision)

k 0

= Keep Ly /Ly = 1exceptfor L > Lyin
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Current mirrors

Large Current Ratios

i Ll Ll :\_1 |

= For implementing large ratios use a combination of series/parallel transistors all in
the same substrate (well)

= Example forI,/I; = 16
= Less precise than parallel-only transistors (due to channel-length modulation)
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Current mirrors

Design Criteria — Precision and Bandwidth

I1I "/2=B'I1

My —— M
1] C[ ? For long-channel:
Vp —Vs SI
T Vbssat E{ Wy W

The precision on the currents is limited by the transistor matching

G\ 1 G\’ G nv : ol

— 2 2 — 2 2 i — DSsat

UAII_D = |osp + (ﬁ) Oavee = T A T (f) Ajy.., With f = o Wi
D B -

nur

The speed is limited by the parasitic capacitance C at the gate node

The small-signal current gain transfer function is given by
Al
Al =

C
where G, X W - Vpgeqr @and C o< W and hence w, X Vpesqt

Matching and speed are therefore maximized in strong inversion by maximizing
VDSsat
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Current mirrors

Design Criteria — Noise

= Below the cut-off frequency w,, the output current noise PSD is given by
Slout = BZ(SIin +5; ) + 67312 (Svn1 + Svnz) +5i

ln1 ln2
_ _ P _
21; 2BI; 2
= InSl,wehave G,,; = ——, Gy = “—and ¥,,; = ¥n2 = n-and hence
16 I nVpssat 16 %}/_DSsat 3
—_ n _ n
Sin1 _kT?V andSinz _kT?V
DSsat DSsat

= The output noise is then
2
16 BI; 2BI; pl 1 1
S, =B2S, +(1+BkTr——%L +< ‘") 4kT—< + )
fout fin 3 Vpssat  \M Vpssat f\WiL, WL,

= The output current noise is therefore minimized by maximizing V pgs4¢ OF
equivalently the inversion factor IC since Vpgeqr = 2Ur - VIC
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Current mirrors

Current Mirrors Design Procedure

Select maximum IC or Vpsq,: COmMpatible with requirements on
» White noise PSD (avoid B > 1 for minimum noise)
» Speed
» Relative contribution of AV to precision
Knowing the current I, calculate the W /L ratio from
w I | 21

L ISPeC':' e I . (.VDSsa,t)2 - nuCoxngSat
specO 2U

Use the second degree of freedom by selecting one of the following
» L = L, for maximum speed

» L large enough for large modulation voltage V;, (small output conductance)
» WL large enough for ensuring required precision and/or limiting 1/f noise
» L or W minimum for minimum area

Some specs may not be compatible if I and Vp¢q,4+ (Or IC) are imposed
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Current mirrors

Low-voltage Current Mirror

= Same local substrate

lo bias lo
y ‘ | ot = M2 and M3 in saturation (Vps > Vpseqt)
2 |
/ e .
input {itpm = M1 inlinear region (V; < Vpsear < Vi)
V1 M1 —— M3
ve

= Assuming I; + Iy > 0 (eventually I; > I,) it can easily be shown that

_ B3(By + B2) B3
~ T pp,  otph

= |n case all transistors are made identical 5; = 8, = 3 and
I; =21, + 1,

= |f transistor M2 is made much larger than the other 8, > ; = 3 and
I; =1+ 1

= ], can be subtracted from I to getI,,,; = I;
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I3




Current mirrors

Cascode Current Mirror

By symmetry, Vp, = V5, and hence
VGZ - VTO

Voua  Vpo = Vo D Vpssara = Vpy = -

Loss of about V1 voltage across Vs
v voltage of M,

= Reduce output conductance of current mirror due to channel length modulation
(G 45) and junction small-signal conductance at the drain (G)

= Assuming V_ is large enough for biasing M, in saturation and assuming that all
other transistors are biased in saturation, the output conductance is given by
dlout GdsS Gdsz
= =G G G Gg3) - =@

= Multiple cascode can be used by stacking additional transistors, but output
conductance is ultimately limited by G 45

= The bias voltage V. can be generated as shown on the right schematic but not
appropriate for low-voltage
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Current mirrors

Low-voltage Cascode Current Mirror

lin loutY
My

V o M I M
° .l: |: ° Vout

= The above circuit saves some voltage but requires an additional current branch to
generate the bias voltage V,

= The bias circuits of the cascode gain stages can be used to generate the bias
voltage V,, and bias M, and M, at the edge of saturation for maximum output
voltage swing
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Outline

= |ntroduction

= Elementary gain cells (common-source stages)
= Source follower (common-drain stages)

= (Cascode stage (common-gate stages)

= Current mirrors

= Differential pair

= Current references
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Differential pair

Differential Pair - Weak Inversion

1.0 1.0
I I 0.8} 0.9
Vi 0.6} | 0.8
V‘“l 0.4] ! {07
[}
° 0.2} ; 10.6
Viz 2, 2 00 : s £ iy (Ieft axis)
-~ | T —— g (right axis)
: -0.2} ! 10.4
Iod 2 11 — 12 -04¢ : 10.3
[}
Zlb = 11 + 12 -0.6} v i 0.2
[}
Vid L Vil — ViZ -0. 8/ /,.' : 10.1
-1.0 - g - - - : - 90
L Vin + Vi =20 -15 -10 -05 00 05 10 15 2
Vie = 2 Vid

= |n weak inversion, the normalized differential output current is given by

. a loa _ . i s _Vid
loa = 5, = tanh(v;y) withv;; £ nUT
= and the normalized transconductance by
Gm I
A G— = 1 — tanh?(v;y) With G0 2 G, (0) = #
mo T

= Although it offers the highest current efficiency G,,,,/(21;), it has the smallest
linear range (= 4nU; = 155 mV)
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Differential pair

Differential Pair — Strong Inversion

1.2

I I 1.0}
0.8}
Vito—| — 0.6}

Vin 0.4}

0.2}
2l
8 00}

)| -0.2}
loa 21, = I Bl
2I, =1, + I, sl
Vig £ Vi1 —V; -1.0 .
Vii + Viy B YO

2

= |n strong inversion, the normalized differential output current is given by

2
) I v; : V; V; V;
loqg 22 =vy - /1 - (—‘d) for [v;q] < V2withv;y £ —4¢—=—"14 _ = .
21y 2 nVpssat N(Vp=Vs) Vg—Vro—nVs

= and the normalized transconductance by

— i,y (left axis)

(S J— g,, (right axis)

A
Vic £

2
Gm _ 274 oo a 21} 21} 21}

2B1p
Im = Gono a—v2, mo = mm N"n T nVossar | n(Vp-Vs) | Vo—Vro-nVs
l

= The linear range (= V, — Vo — nVs) can be extended by increasing the
overdrive voltage V; — V, at the cost of a lower current efficiency
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Differential pair

Differential Pair — In All Modes of Operation

= An expression of the differential input voltage versus the differential output current
that is valid in all modes of operation can be found from
VGk_ZZO_nVS = In qsi + quk and sk — %(w/4idk+1_1) fork =1,2
T

= Normalizing the voltages to 2nU; we get

Vik — Vo — Vs = Qs +5Inqg fork = 1,2
= The differential voltage is obtained by subtracting the above equations resulting in
A ds1
Vig = Vi1 — Vi2 = (Qs1 — Qs2 +%1ni
ds2
= Defining the quiescent inversion coefficient IC,, of each transistor as

Iy

Vig=0 Ispec

IC, & idl‘ =i,
Vig=0

= \We can then write
ds1 = %(\/41Cq(1+iod)+1—1> and g5, = %(\/4lcq(1—iod)+1—1>
= wherei,g 2 1,5/2I) = (I; — 1,)/(21)
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Differential pair

Differential Pair — In All Modes of Operation

e}
.0
<

12
1.0}
0.8}
0.6f
0.4}
0.2
0.0

—0.2f

—0.4f

~06F

~0.8f
~1.0k

IC,=0.01
IC,=0.30
IC,=1.00
IC,=3.00
IC,=10.00
IC,=30.00
IC,=100.00

Weak inversion

Q Q Q Q Q Q

= The normalized differential currenti,; £ I,4/(2I,) can be calculated versus the
differential input voltage v;; £ V;4/(2nU7) in all regions of inversion defined by
the quiescent inversion coefficient IC, = I, /Ispe.

= The above plot illustrates how moving to strong inversion extends the linear range
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Differential pair

Effects of Asymmetries — Input Offset Voltage

The mismatch between the two transistors leads to a difference in the output currents I, and I,
(I, # 0). This current mismatch can be compensated by a differential input voltage which is
defined as the input-referred offset voltage V

Such mismatch can be deterministic and caused by either a structural asymmetry due to
AB /B or An/n or a functional asymmetry due Al /1, (diff. currents imposed in M, and M,)

On top of the deterministic mismatch there is also a random mismatch due to parameter
fluctuation

The standard deviation of the offset voltage due to random mismatch is given by

L\ 1 L \*
b b
O-Vos = GAZVTO + (G ) O-Azﬁ = \/_L AiVTo + (G ) A%g

which is minimum in weak inversion
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Differential pair

Effects of Asymmetries — CM Input Voltage to DM Output Current

Vite 4 —

Vi

Vi °® 21
Yo

= One of the most interesting property of the differential pair is its ability to reject any
input common-mode (CM) voltage V;. = (V;1 + Vi») /2

= |deally it fully rejects the CM signal, but due to mismatches and a non-zero
admittance Y, at the common source node, part of the input CM is transformed
into a differential output current
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Differential pair

Effects of Asymmetries — Common Mode Rejection Ratio

= Assuming Y, « G,, (atleast correct at DC where Y, = G,4,), the CM
transadmittance is given by

I Y, Gm1—G AG
Yo 2 24 =0.¢, whereg, =2 - _M2—_—N

= The Common Mode Rejection Ratio CMRR is given by
differential gain G, 2nG,

CMRR — — =
common mode gain Y, Y&,

= Remembering that G,,, = Ip/(nU;) inWland G,,, = /281, /n in Sl, we get

{

(Al An
Gml T sz AGm a Wi
gg — = = < ID n
m G, Gm 1(Alp AB_An\ g
@( Ip B n )

= The causes of G,,, mismatch are
» structural (AB /S, An/n) or
» functional (Al /Ip)
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Outline

= |ntroduction

= Elementary gain cells (common-source stages)
= Source follower (common-drain stages)

= (Cascode stage (common-gate stages)

= Current mirrors

= Differential pair

= Current references
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Current references

Current Generation - The Vittoz Current Reference

= No "puilt-in" current available in silicon
» No way to generate a current that is independent of process parameters
» Should be independent of the supply voltage
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Current references

Current Generation - The Vittoz Current Reference

= M, and M; in weak inversion: = M, and M; in strong inversion:

| Urnk 2(VK - 1)°
R =
fi | if fM3 "R
n limes farger I source o = n? times larger if source of M3

connected to (separate) substrate
_ (sep ) connected to (separate) substrate
= Proportional to absolute

temperature (PTAT) through Uy ) Z;:mz :Iat’::r;irgﬁ;rzat.uge) .
3

= Should be used to bias transistors
operating in strong inversion

= Process dependent through R

= Should be used to bias transistors
operating in weak inversion
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Current references

Current Generation — The Oguey Current Reference

Vbp
Ib¢21_1 r_Iibl4Eﬁb¢2
Msb p—e—4 C|M8

I j
I
| 1/ 1/
Ms | —— Ms=K-M,;
M, My

= Resistor can be replaced by transistor M- in the linear region (Vg < Vp7)

= M,=M,=M;=Mg and M,=M,

= M, and My in strong inversion with 5, = A - B9 (A > 1 to have M, in the linear
region)

M, and M, in weak inversion with f; = K - f;

H. J. Oguey and D. Aebischer, “CMOS Current Reference without Resistance,” JSSC, vol. 32, No. 7, July 1997.
C. C. Enzand E. A. Vittoz in Emerging technologies: Designing Low Power Digital Systems, R. Cavin and W. Liu, Eds. IEEE, 1996.
P. Heim, S. R. Schultz, and M. A. Jabri, Proc. Sixth Australian Conf. on Neural Networks, Sydney, Australia, 1995, pp. 9-12.
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Current references

Current Generation — The Oguey Current Reference

=V remains a PTAT voltage given by Vy = Uy - In K where K = 8, /4
The reference current I, is proportional to I5¢¢7

I = Ispecr <Aan>2 14 |14

2 A
Which for A > 1 simplifies to

Iy = Ispecr (Aln K)?
Since Ispecs = A Ispecy, I I8 also proportional to I¢, .6
Iy = Lspecs * A+ (InK)* for A > 1

= Reference current I, independent of temperature if mobility 4 oc T~% with o = 2
Useful to bias at inversion coefficient IC independently of the process

H. J. Oguey and D. Aebischer, “CMOS Current Reference without Resistance,” JSSC, vol. 32, No. 7, July 1997.

C. C. Enzand E. A. Vittoz in Emerging technologies: Designing Low Power Digital Systems, R. Cavin and W. Liu, Eds. IEEE, 1996.
P. Heim, S. R. Schultz, and M. A. Jabri, Proc. Sixth Australian Conf. on Neural Networks, Sydney, Australia, 1995, pp. 9-12.
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