EE 330
Lecture 34

Layout of Current Mirrors
Common-Centroid Layouts
High Gain Amplifiers

Cascode Amplifiers
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Fall 2025 Exam Schedule

Exam 1 Friday Sept 26
Exam 2 Friday October 24
Exam 3 Friday Nov 21

Final Exam Monday Dec 15 12:00 - 2:00 PM
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Review From Previous Lecture

CE/CS

Basic Amplifier Application Gain Table

(for low-frequency operation)

BJT

CC/CD
MOS

CB/CG

CEwWRE/CSWRS

BJT

MOS

-ImRc
AV IcQR
caRc 2lpgR
,T _% lcqRe 2IpqRE IcaRc 2IpaRc
EB IcaRe + 2IpaRe *+ Ve Vi Ves
R frr m+BRe o e
in BVt o0 V B
L 5 Vi V,
g Yt , BRe =BRe 0 M EB B[I‘+RE BRe o0
o lca 2pq ca
-1
R Im Rc Rc
Rout Ve Ve
lca 2pq

(not two-port models for the four structures)

Can use these equations only when small signal circuit is EXACTLY like that shown !!
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Review From Previous Lecture

Current Sources/Mirrors

Will show circuit in red behaves as a current source

VCC Current Source
| | V?C |_1>
o — '
R 0 g
3 R Vi Q
— |
|Ol i 1 lo} ir

R and Qg simply generate voltage Vyy in previous circuit

But sensitivity of I, is much smaller than using voltage source for generating Vyx
6 of 89



Review From Previous Lecture

Current Sources/Mirrors
i  out

Qo Q;
Aeo Acs

V

npn Current Mirror

If the base currents are neglected

=] 2E
out N
_AEO_

« Output current linearly dependent on |,

- Small-signal and large-signal relationships the same since linear
« Serves as a current amplifier

« Widely used circuit

But |,, must be positive ! 7 of 89



Review From Previous Lecture

Current Sources/Mirrors

IBS win iout¢ MIBS

QO Q1 M= A
EO
AEO AE1

npn current mirror amplifier

i = h
out N
_AEO _

Amplifies both positive and negative currents (provided i>-lgs)

_@t

Current amplifiers are easy to build !!

Current gain can be accurately controlled with appropriate layout I! . . .4



Review From Previous Lecture

n-channel current mirror current amplifier

IBSQV"] iout¢j> |V”BS

M:M.h
W, L,
M, M,
Wi,L4 ;l}__”jwﬁ_z
N
o [wL ],
out W L in
| 1 =2

Amplifies both positive and negative currents
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Review From Previous Lectur

urrent Sources/Mirrors

multiple sourcing and sinking current outputs

Vb
Mp0j| [« Mot e Mo |lt M _I W Lo
Woo,Lpo | lI—Wp1,Lp1 ll_ Wo2,Lp2 | Wom,Lom ij_ L—pj.Wpo MIO
I ll [ ] o o l
p1 p2 I
leO l pm

Mo :|| I~ Mno ||J Mp1 ||J My oo I~ Mnk
Wo,Lo | | n0sLno ”'jwm,l—m ”-jwnz,an | Wi Lnk

m and k may be different
Often M=1 10 of 89



Review From Previous Lecture

Current Sources/Mirrors Summary

WOUT

Qo Q;
AEo Ag1

<~
npn Current Mirror

| — h |
out IN
_AEO _

ling

Mo

Wo,Lo

I

.

%

Uout
M;

Wi L4

n-channel Current Mirror

out

_W1 LO_

Current mirror gain can be accurately controlled !

_WO L1 ) N

Layout is important to get accurate gain (for both MOS and BJT)
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Layout of Current Mirrors

Example with M = 2

~1

W,

]

|

-----------------

Standard layout

Gate area after fabrication depicted:

AL and AW can be positive or negative

AW |

M M
W1,L11 ?ﬂ W2,2L2

M= |:VV2 1i|
VV1 L2

M{Wz +2AW L, +2AL}

W, +2AW L, +2AL

M{2W1+2AW.L1+2AL}£2

W, +2AW L, +2AL

12 of 89



Layout of Current Mirrors

Example with M = 2

Standard layout

Better Layout

g

M{W ﬂ

Wi L,
2W, +2AW .L1 +2AL .9
W, +2AW L, +2AL

2W, +4AW . L, +2AL
W, +2AW L, +2AL

13 of 89



Layout of Current Mirrors

Example with M = 2

_| 2W,; +4AW . L, +2AL

-----------------------------------------------

But this analysis was based upon
: ¥ : | . .assumption of matching of process
B TN SN 5|  parameters

SN i o N
e L L] Iin=“0 >0 (Vgso0~Vro )2
) 2L0
>
Better Layout _MCoyW 2
y ot = (Vas1=Vr1)
2L, )

Even with this better layout, the current ratio will not be 2 if
gradient effects such as those depicted here are shown

And both magnitude and direction of gradient effects are a

random variable which will vary across a die 14 of 89



Centroid and Common Centroid

X Denotes Geometric Centroid
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Centroid and Common Centroid

Geometric Centroids of Channel

Two Transistors:

M,

M,

Two Parts of One Transistor:

M,

16 of 89



Centroid and Common Centroid

Two Transistors each with two parts:

M,

M,

17 of 89



Centroid and Common Centroid

Common Centroid for Ideally Matched Devices

Two Transistors each with two parts:

M.

M,
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Centroid and Common Centroid

Common Centroid for Matched Devices

Two Transistors each with two parts:

M, M. M; M,

19 of 89




Centroid and Common Centroid

W, L _

Common Centroid for Ratioed Devices M= WL 2
1 2
Two Transistors with different effective widths:
M, M, M,
X

20 of 89



Gradient

y
Threshold voltage
dependent upon position

VTH(X’y)

— Significant changes in threshold voltage
can occur due to gradient effects

— This can seriously degrade matching in
X  matching-critical circuits

— Gradients in key parameters (V1y, MCox)
usually nearly linear

 If the threshold voltage of a transistor changes with position, it can be
reasonably accurately modeled with an “equivalent” threshold voltage

« Forlinear gradient, Vyeq=V1u(Xe, Ye)

X - (XC’YC) 21 of 89



Layout of Current Mirrors

Example with M = 2

Standard layout

] [ [ a
M= 2W, +4AW L + 2AL
W, +2AW L + 2AL
. | ]
Better Layout
| _| 2W, +4AW L +2AL
ol | ol = W, +2AW L+2AL
* This is termed a common-centroid layout
O O O

22 of 89
Even Better Layout



Layout of Matching-Critical Circuits

Example with M = 2

X

[

[

O

O O -

X X

O - O
Better Layout

Common-centroid Layout

Theorem: Linear gradient mismatch eliminated with common-

centroid layout !
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Common-Centroid Layouts

1
| | I | II\:|/| | ] | M1 Mz
1
M, X M,
X
O O O
2W, L
M= Te=1|=2 M
K | ([
viel 2V L]
2W, L,

Individual transistors in matching-critical circuits often decomposed into multiple
parallel unary devices connected in parallel and placed with common centroid

Common-Centroid layout approach widely used to minimize

(ideally cancel) linear gradient effects in matching-critical circuits

Applications extend well beyond current mirrors

More than 2 devices can share a common centroid

24 of 89



Current Sources/Mirrors

Jw PR Jun
0 Qi Q Qn
Wi,Ln Aco f/‘ kﬂ Ae1 kﬁ Ae2 kﬂ Aen

J !

If |, is practically generated (it can be), now
have available a large number of accurate
current sources or sinks that can be used for
biasing and for other purposes on chip !

25 of 89



High-gain amplifier

Will now return to discussion of high
gain amplifiers

Vour

ViN Qq

26 of 89



High-gain amplifier

lg

Vour

Ay = -8000

Why are we interested in high-gain amplifiers?

« High gain amplifiers typically have some very undesirable properties

Nonlinear, gain highly dependent upon process variations
and temperature, frequency response poor, noisy, ....

« So we can build feedback amplifiers !!

27 of 89



High-gain amplifier

Ay = -8000

- How can we build the current source?

What is the small-signal model of an actual current source?

28 of 89



How can we build current source (or sink)?

3 of many ways shown for bipolar process

29 of 89



How can we build current source (or sink)?

Note: All are small-signal one-ports and equivalent to a resistor Rg 7

30 of 89



Basic Current Sources and Sinks
Consider as an example:

Bipolar Mirror-Based Current Sink . Bipolar Mirror-Based Current Source

C ., | o ;
r Vee | |
: : : Vee !
| ! D i Y
| I | CcC
RS, I B
: : o Aco : A — I
: ! e |x i !

I | I | |
! 0 | Jl X o o ! %

I |
- Qo Qs 'R |
: AEO r/ : \ﬁ AE1 Lo :
| I :
I

: ) l '
l I : . :
| Biasing | ' Biasing |
| Circuit L _Circuit _

Biasing circuit uses same V. as amplifier and no other independent sources 310f 89



High-gain amplifier

Consider as an example:

Vee
Voo
Aes Qg
lg 5 Qg Ao
Vour -
[ Vout i Ix
ViN Qq
R
ViN Qq
Vee %7
AV

 Bias circuitry for biasing circuit requires only a single independent dc voltage
source, resistor, and BJT !
« Incremental overhead for each additional current output is only one transistor, Qg

32 of 89




High-gain amplifier
Consider as an example:

Vb Vee

AV ~ —8000 Agg Qo
| Qg Ago
Vour <

How can we build the current source?

—> What is the small-signal model of an actual current source?

33 of 89



Basic Current Sources and Sinks

DC Models of Basic Bipolar Sinks and Sources

Basic Bipolar Current Sinks | Basic Bipolar Current Sources
i'x Vee Ve
i Vyy |
Vixx Ix Vxx : x Vix
J7 |x= JsAEe Vi E ¢ Ix Ix=JgpAge Vi

R Vee Vee
I |
W "
Ix R } I = prccéo.av
o Vec-0.6V
J7 Ix = B nT R

» Very practical methods for biasing the BJTs (or MOSFETSs) can be used
» Current Mirrors often used for generating sourcing and sinking currents
« Can think of biasing transistors with V,, and V. in these current sources 340f89



Basic Current Sources and Sinks

Small-signal Model of BJT Current Sinks and Sources

35 of 89



Basic Current Sources and Sinks

Small-signal Model of BJT Current Sinks and Sources

Small-signal BE-Connected
(Not Diode Connected !)

Vee > I ImUse Jdo 9o

36 of 89



Basic Current Sources and Sinks

Small-signal Model of BJT Current Sinks and Sources
Qo Q
R R;

Rout %

37 of 89



Basic Current Sources and Sinks

Small-signal Model of BJT Current Sinks and Sources

Vb

R
B wx
Q1 Q>

Small-signal of Q,
A4 Diode connected

_I_
Rp \\g_nlﬂ ; Vee % G2 Om2Vse > o2 o2

Small-signal model of all other BJT Sinks and Sources introduced
so far are the same

38 of 89



Basic Current Sources and Sinks

Small-signal Model of MOS Current Sinks and Sources

g
oo E

N

‘vGS gm(vGS gO o

Small-signal model of all other MOS Sinks and Sources introduced thus
far are the same 39 of 89



High-gain bipolar amplifier

VOUT

VEE
Vee
Voy L&
Vour
ViN Qq
Vee

Vour

Un Qq AV _ -gm

A, = 9m1 . “9m1
v ~ 2
Jo1 1+ 902 gm

of 89




High-gain amplifier

Voo Recall: m =1 = Vae ~ 8000 Vee
s 9 Yo Vt Vyy
VOUT
Vour
V|N Q1 VIN Q1
Vee VEe
gO 29 01
= —-3000 — 4000

 Nonideal current source decreased the gain by a factor of 2

« But the voltage gain is still quite large (-4000)
Can the gain be made even larger? 41 of 89



High-gain amplifier
Can the gain be made even larger?
The Cascode Configuration

VXX i

Q.

e
Qq

T

JQZ

Vi

42
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The Cascode Amplifier (consider npn BJT version)

Vee

lg

Vout

Vi Q

Q1
U j

Vss

« Actually a cascade of a CE stage followed by a CB stage but usually
viewed as a “single-stage” structure

« Cascode structure is widely used

43 of 89



Basic Amplifier Structures @

Common Emitter/Common Source

Common Collector/Common Drain

. Common Base/Common Gate

Common Emitter with R/ Common Source with Rg

B~ wh =

. Cascode (actually CE:CB or CS:CD cascade)
. Darlington (special CE:CE or CS:CS cascade)

|

The first 4 are most popular
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Ix

T o
Vs %an D Im2V2 %goz

Cf V4 %Q v Im1V %901

N

Standard Form for Amplifier Two-Port
(Vx*V2)902+Vogm2=Ix } o
W V,=iRy t AR,

V1 9m1-V2 (901+9m2) = Ix D S g miR A,
Observing V,=V,, and eliminating V, between these two equations, we obtain

1
9111
and Vool |:go1+902 02 1t9m2 :| v |:gm’| (902 *t9m2 ):|
X~Ixe “VIN ¢

902 (901*9m2) Jo2 (9m2+901) 03 of69

@Cascode Configuration

Ix

VIN=lq @




Cascode Configuration

Ix

Vx
+ |
V, ™2 ?gmz\@ doz

_|_
V|N V1 Ll <%gm1v1 %901

Vy=ly o {901”902 t9m2tIm2 }'VI . {gm (902+9m2 )}
902 (901*9m2) 902 (Im2*901)

1

911
It thus follows for the npn bipolar structure that it is unilateral and

A ___{9nﬂ(902+9m2)}N_{gnmng}
VCC™

Vin=ly e

docc

NV

5 Avecs

Vout

902 (9rr2+901) d029mr2 -
Un U, Jnce

Gocc { 902 (901*9m2) } - {gozgnz } _
901+902 +9m2+9m2 Im2 J7

g9ncc = 9m1

64
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Cascode Configuration @
VCC
G ’ Vout

~ 1902912
AR o

Avee = _{9m19m2 }
902912

e 9ncc = 9m1
[\& 1
‘Ule -----------------------------------------------------------------------------------
Im1 Im1
A ~-| =B lz—-| =P
Vs vee {902 } LJOJ
d01
docc =g
0CC B

» Voltage gain is a factor of B larger than that of the CE amplifier with current source load
- Output impedance is a factor of 8 larger than that of the CE amplifier 65 of 89



Cascode Configuration @

Avyce = {gmﬁ} = {gm}ﬁ
do2 do1

g
gocc::%

In the MPOP domain:

Avce = -| 9m1 (=] 2VAF 3 = [~8000]100
901 Vi

Avce = —800,000

This gain is very large and only requires two transistors!

What happens to the gain if a transistor-level

current source is used for I5?
66 of 89



Cascode Configuration

Vout

67 of 89



Cascode Configuration

N
Vour

Vout

Q;

Q1
U f

68 of 89



High-gain amplifier comparisons

v Jocc
o ——AAAA Vour
_|_
N VY, >Gncc +5 Avcc?s Jo3
UnN
NS

It thus follows that

_ docc
Av=Aycc { }
do3*t9occ

But  gocc™ 9o1/B = 9os/B

N g _A
Ay = AVCC{ OCC} - Avce
Jdo3 B

This is a dramatic reduction in gain compared to what the ideal current
source biasing provided 69 of 89




Cascode Configuration

N g A
Ay = Avce { 0CC } VCC
Jdo3 B

Vout

But recall

g
Avce = —L;;ﬂﬂ

Thus A, = {gmq

"7

Jo1
In the MPOP domain:

Ay, =~ — Ve | __|Var ~ _8000
V = IC/Q =
L AF

» This is still a factor of 2 better than that of the CE amplifier with transistor current
source | po,, .. ~_| 9m1
VeE 2901
* It only requires one additional transistor
 But its not nearly as good as the gain the cascode circuit seemed to provide

t
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Cascode Configuration Comparisons

VDD

Vee
° Vour g VYY Q2
_9m
Vin Qq AV - go VOUT
V Q
Y ; 1 A\, =~ “Om1 _ “Im1
EE V o —_—
vie 901+902 2901

Vout

12

Ay =-|_ 9m1 _[%}
901"'903 903

VSS
Gain limited by output impedance of current scource !!

Can we design a better current source?
In particular, one with a higher output impedance? 71 of89



Better current sources

Need a higher output impedance than g,

The output impedance of the cascode
circuit itself was very large !

9o
docc ==
0CC 8

Can a current source be built
with the cascode circuit ?

72 of 89



\

/S
AN

Cascode current sources
i i

5%«% N'sx(&« ,,@E

o ot @
Ix
o 0= e

Vss Vss
VCC VCC VDD
™ <
Vey M
YY . ¢ Ix VYY . 1
VXX Q2 VXX i M2
n P
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Cascode current sources

s

Q,
Vxx

VYY Q 1

VSS

VDD

v
v

....

.
X A
.
®

u,y
u,y
u,y
a
.....
u,y
u,y
u,y
a

Jocc

e®
*
e®
*
e®
e®
e®
e
e®

902 (901*9m2)

74

901190292 t9Im2 }

of 89



Cascode current sources
)i

a Vee
Vxx ‘ V—[( Q
YY
Vyy
Q o~
1 Vix - Q2
Vss
o

For the BJT cascode current sources

_{ 902(901"'9112) }{9029112} Jdo1
docc~™ =

901190292 +9Im2 dm2 | B

75
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Cascode Configuration

Vour

76 of 89



Cascode Configuration

Vee
Vzz Qs
Vyy Q4
V102
e
1
(U ~
Vss

Ay = 5 Im1 ~_ 5 gng
01,4 901, 903
B 0 s Ty
If B,=B;=P
AV=_ % E
| 901 |2
Vout i
Ay=- [8000_ % ~ —-400,000

This gain is very large and is a factor of 2 below that
obtained with an ideal current source biasing

Although the factor of 2 is not desired, the
performance of this circuit is still very good

This factor of 2 gain reduction is that same as was
observed for the CE amplifier when a transistor-level
current source was used

Biasing voltages V,, and Vg are critical so seldom
used single-ended but good biasing strategies exist
for differential operation 77 of 89



Cascode Configuration Comparisons

Vee

Is

VDD

VOUT

WA Ay = Om
J0
VEE
A= -8,000

Vout

Uin

Vee

Vour
“J m1
/\\/EE
29 01
A= -4,000

U

Vss

Vour

Qq

Vss

Vour

"~y

Ay =

[z}
901

A,= -800,000

B

A
2

do1
A,= -400,000

78 of 89
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High Gain Amplifiers Seldom Used Open Loo

Vour _
AV: gm A =_|:9m1 ~
Vin Qq go 901 2
ve Av=-8,000 ' A,= -400,000
A VouT
UN

Vour = A %, +Voura

If A,=-400,000 and V, increases by 1mV, what would happen at the output?

|Vout | would increase by 400,000 x 1TmV=-400V
79 of 89



The Cascode Amplifier (consider n-ch MOS version)

Om19m?2
AV = -
© { 901902 }

Jo019
e [0
Im2

Same issues for biasing with current
source as for BJT case

With cascode current source for I, gain
only drops by a factor of 2 from value with

ideal current source
82 0of 89



The Cascode Amplifier (consider n-ch MOS version

VDD

Vee Viy— [M
V22 YY 4
D [ Ms
Vout Vs
Vourt —{E Ms
VXX [;Mz Vxx [;Mz (UOUT

xxg{[:'vI2
UnN f {DVH UnN T‘D\m !
Vss Vss Ui E) [':Nh
Vss
-~ |9
Avec :_{ mq Avec Ej{@mgmz}
901 2| 901902

Avee = {9m19m2}
901902

83 of 89



Current Source Summary (BJT)

Basic Cascode
Ix
y X V
VCC CC
Vv _¢ Q Vey Q
Qq Voy Q; Ve 2 YY
Vss _

% Jo1 9o1/B

90 =901 docc = gﬁﬂ

84 of 89



Current Source Summary (MOS)

Basic Cascode

¢ IX VDD

Ve M2
VY\(;HINH Voo XX [; VYY‘E M
Vzz

Vivy M, —[
M,

Vss VYY;{ﬁ M HE
ORI

90 =901 do2

90 =901
Im2 85 of 89
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High Gain Amplifier Comparisons ( n-ch MOS)

Vee Vop
. Voo Vee
Vour I Voo
) —'™m
. Vzz EMz ouT Viy "M,
VN 1 VL{[ M;
Vour M, Vzz M
Vxx Sl
M
Vss Un E 1 Vour

Vour
R

V M

Im1 /Y E) EMZ

AV = -|:—:| Vxx Vv —{[:Mz
901 XX
119 1} Vss

Ay =-—| =ML TE'\’“

V 2 |: 901 {le ‘le [:M1
Im19 Vv
Avce = {M} s Ves

Im1
A = - =
vee [901} Avee ;_1{M}

2| 901902
86 of 89




High Gain Amplifier Comparisons (BJT)

Voo
s Vee Vee
Yo Moy ’ Vour
Vin —1 Qs Vour
Vin Q; Vax -
Vee Q. Vee
_g—m VEe Un

(vO uT

Ay =
gO Vss
~ _l—g m1 Vout
2 901 AV ~ _|:%:|B U
901 Ves
» Single-ended high-gain amplifiers inherently 1 U
difficult to bias (because of the high gain) Ay = {g_r(;} v

« Biasing becomes practical when used in
differential applications 9mn1 |B
* These structures are widely used but usually Ay=-— 9—01 Py

2
with differential inputs 87 of 89
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7 f%y
a“\'» 3
%‘i‘iﬂ’)‘(&“ »@f

Stay Safe and Stay Healthy !
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