EE 330
Lecture 33

* High Gain Amplifiers
 Current Sources and Mirrors



Fall 2024 Exam Schedule

Exam 1 Friday Sept 27
Exam 2 Friday October 25
Exam 3 Friday Nov 22

Final Exam Monday Dec 16 12:00 - 2:00 PM



Review From Previous Lecture
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BJT

,

Basic Amplifier Application Gain Table
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(not two-port models for the four structures)

Can use these equations only when small signal circuit is EXACTLY like that shown !!



Summary of Missing Material from Lecture 32

Start Here:



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:CG cascade)
Darlington (special CC:CE or CD:CS cascade)

Will be discussed later

2

The first 4 are most popular



Basic Amplifier Characteristics Summary

CE/CS "

Large inverting gain

Moderate input impedance

Moderate (or high) output impedance

Widely used as the basic high gain inverting amplifier

Gain very close to +1 (little less)

High input impedance for BJT (high for MOS)
Low output impedance

Widely used as a buffer

Large noninverting gain

Low input impedance

Moderate (or high) output impedance

Used more as current amplifier or, in conjunction with CD/CS to form
two-stage cascode

Reasonably accurate but somewhat small gain (resistor ratio)
High input impedance

Moderate output impedance

Used when more accurate gain is required



Cascaded Amplifiers

Rs

AVAVAVA R — e Vour
fywéiD STAGE 1 STAGE 2 STAGE n %RL

Source é ' Load

« Amplifier cascading widely used to enhance gain
« Amplifier cascading widely used to enhance other characteristics

and/or alter functionality as well
e.g. (Rn, BW, Power, R, Linearity, Impedance Conversion.. )



Cascaded Amplifier Analysis and Operation

Adjacent Stage Coupling Only

R
f\fi{\ﬁ " .o Vaut
Vi @j) STAGE 1 STAGE 2 STAGE n % R,
Source J7 ' Load
+ Systematic Methods of Analysis/Design will be Developed
One or more couplings of nonadjacent stages
‘ Nonadjacent Stage Coupling ‘
Re L | |
W — 'R Voot
:yw@b STAGE 1 STAGE 2 STAGE n %RL
Source J; Load

* Less Common
* Analysis Generally Much More Involved, Use Basic Circuit Analysis Methods



Repeat from earlier discussions on amplifiers

Cascaded Amplifier Analysis and Operation

Case 1: All stages Unilateral

+ + + + ‘vOUt
R0X1 A 02‘v3 R0X2
Uin V; Rix Ayvo11 V> = Ru1 V5 Rix2 v V4 RL

1 ]

_( Rix1 jAvm[ RL1/Rix2 ]Avoz[ R ]
Vn \Rix1tRs R 1//Rix2*+Rox1 R +Rox2

Accounts for all loading between stages !

>
<
|
<
o
=
|



Cascaded Amplifier Analysis and Operation

Case 2: One or more stages are not unilateral
» Standard two-port cascade

Two-Port Model 1 Two-Port Model 2 Two-Port Model 3
RoZ Ro3

Rs Rin1 Ros v, Rin2 23 Rin

Viq Vo3 Vour

é Avo1?11

Avo3V3

Avo2V12

Avorl21

Analysis by creating new two-port of entire amplifier quite tedious because of the reverse-gain elements

» Right-to-left nested R,,,A/kx approach

RinX'AVoX Model RinX'AV Model Rmx-A\/ Model

Rs ‘v’l ‘U2 (v3 Vout i
+ Avix Axls Avaxls %
RL= 0

P
y ‘U1 Rin1X Rin2X Rin3X

R, includes effects of all loading

* Ay is the voltage ratio from input to output of a stage

*  Ayx's include all loading
« Can not change any loading without recalculating everthing!




Example 1:

Determine the voltage gain of the following circuit in terms of the small-
signal parameters of the transistors. Assume Q, and Q, are operating in
the Forward Active region and C,...C, are large.

In this form, does not look “EXACTLY” like any of the basic amplifiers !



Example 1:

VDD

A4

Will calculate A, by determining the three ratios (not voltage gains of dependent source):
V V.t Vg Ua

—_out _ “out

Y Vg Up VU,

n

= szAv1Avo



Example 1:

Q Ri//IR; Re//Rg
In R3//R5 %R7
4 CE with R¢
Rin2 ——
4
A =(vout ~ RG//R - |_gﬁ J,
V2 ‘UB R7 &



Example 1:

?)out
Q>
Re//Rs
— R7
One-Port

Rin2

|n2 — BR




Example 1:

Rs ‘UA (UB
Wit o, )
R']//Rzé R
Un ) R//Rs "
v
v
Rin2

A <Vou . _RelR
V2 ‘UB R7



Example 1:

Rs  Va Vs
ANNN— Q4 ]
v ® R1//R% R3//R5§ Ris
Rs U Us
P e N\
Vi @ RillR2 I §R3//R5//Rin2
‘U 4 CE Config
Avi= 5 = =01 (R3//Rs /IR 5)
A Rins B
R .= W §



Example 1:

—

_{Q \_q) E

; R3/R5/R,, <

%Rin1
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Example 1:

R4/IR; =
in1

Vn @

—AA

YV
A =V . RilR, /Ry,
Yo T Rg+R/IR, 1R,



Example 1:

A4
A4
Thus we have
sz(vout ‘vout ‘vB (vA
‘vin (vB (vA q)in
where Vi - Re//Rg

Ys » g, (Ry/RGIR,,)

V.  RJR,/IR..
Rs +R/R, /IR, .

VEee

|n2 — BR

R.

N/

in1 —

71



Formalization of cascade circuit analysis working
from load to input: (when stages are unilateral or not unilateral)

RS ‘v1 (vz {v3 (UOUt

+ Stage 1 Stage 2 ~ || Stage3 T
Q.
y (U‘] Rin1 F\>in2 Rin?z RL

. =

R« includes effects of all loading
Must recalculate if any change in loading
Analysis systematic and rather simple

(UOUT _ ?)1 Q)z ?)3 ?)OUT
?)IN ‘le ‘U1 ?)2 Q)s

This was the approach used in analyzing the previous cascaded amplifier



Review: Small-signal equivalent of a one-port

“Diode-connected transistor”
®

|

“GS - connected transistor”

"

Linear One-Port
Facing Input

g:gm_*_gozgm




Review: Small-signal equivalent of a one-port

“Diode-connected transistor”

“BE - connected transistor”

.

Linear One-Port
Facing Input

.




Example 2. Ay=_=7 Express in terms of small-signal parameters




Example 2: Av—(vLUlt =7 Express in terms of small-signal parameters

\visualize

Vout
Qs
» M
El\/h % ‘{ 4 R.//IRp
V|n &AZ g RBZ//RB’]
J7 Common Source
Common
Collector

Common Source



V
Example 2. Ay=_=7 Express in terms of small-signal parameters

(vin
Gain Calculation in terms of Small-Signal
Parameters v
out
V, ¥
Qs
3
e R.//Rp
(vOUT _ M: o
(vz = Vin EAZ o R32//RB1
J? Common Source
Common
Collector
Common Source
(I) Post '
1 ﬁ Vaint
n(2) ' w',.,\_[ éh Uin (2} :
Y

If r+B(Rg+//Rg2)>>1/9,

ST L=-g, (Ry /R, ][]{gmj

V?)fv?)



Summary of Missing Material from Lecture 32

End Here:



High-gain BJT amplifier

9n -
Ay = G -ImR¢
90 T5C
To make the gain large, it appears that all one needs
to do is make R large !

-lcaRc
Ay = -gmR¢ = St

But V, is fixed at approx 25mV and to keep Q1 in forward
active with large signal swing, 1cqR:<(Vpp - Vee)/2

Vbb — VEE
2V,
Ayl<-2 100
2e25mV

« Gain is practically limited with this supply voltage to around 100

Ay|<
If Vop-Vee =5V,

 And in extreme case, limited to about 200 with this supply voltage with
very small signal swing



High-gain MOS amplifier

VDD

(vout

9n -
Ay = G ="9mRp
90 D
To make the gain large, it appears that all one needs
to do is make R large !

2Ib6Rp
Ay =-gmRp = VQ
EB

But Vg is practically limited to around 100mV and
for good signal swing, I5qRp<(Vpp.Vss)/2

Vpbb — Vss
VEB

If Vpp -Vgs=5V and Vgg=100mV,

5V

=50
100mV

Ay|<

Ay|<

Gain is practically limited with this supply voltage to around 50

Are these fundamental limits on the gain of the BJT and MOS Amplifiers?



High-gain amplifier

Un Qq

E»
_|_
Vout Vi e S 0 Ve
Vour _

Fundamentally a different circuit
Current source is biasing Q;
This gain is very large !

Too good to be true !
Need better model of BJT and MOS device (but we already have it) !

Vo



But are current sources really available?

—

VDD
Keysight
| Current Source ?7?? ,
B Technologies...
V
ouT $2,882.00
Voltage Source
Vin Qq J
v Did you discuss current sources in EE 2017
EE

Did you have any current sources in the EE 201 laboratory?

Did you have any current sources in the EE 230 laboratory?

Do current sources really exist?



\

\
A
N

High-gain amplifier

Al

%( Ni)((\( W .

Vour

f Vour
UnN Q4 U Vse & 9n ImUse Jdo

NS

AV _ 'gm
do
-lca _ Var

V pu—
VilcoVar W

Ay = VaE . 200V 00
Vi ~ 25mV

This gain is very large (but realistic) !
And no design parameters affect the gain

But how can we make a current source?



High-gain amplifier

Vour

Same gain with both npn and pnp transistors

How can we build the ideal current source?

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



High-gain amplifier

Same gain with both npn and pnp transistors

Will now focus on creating current sources and then return
to using these current sources to build high gain amplifiers.



Simple Current Sources .

a “sinking” current source

Vin Q4
Vbes Vbes Vb
llx | Vee
Vi 4& " LOAD
VDCS
4 |
X
_MCoxW 2
IX‘gli((VXX'VT)

Since |y is independent of Vg, acts as an ideal current source with this model)
Termed a “sinking” current source since current is pulled out of the load

If Vy is available, each dc current source requires only one additional

transistor !
Have several methods for generating Vyy from Vy (see HW problems)

But how good is this current “sink™?
And may not have both MOS and Bipolar devices in most processes!
But for the npn high-gain amplifier considered need a sourcing current



Simple Current Sources

a “sourcing” current source Vour
Vin Q4
Vb Vb Vbp
VEE
Vvy AH;J —_— I Ix
VDCS
I
Ve [ v LOAD
_HCoxW 2
Ix= (Vop-Vyy +Vrp )

Since |y is independent of Vg, acts as an ideal current source with this model)
Termed a “sourcing” current source since pushed into the load

If Vyy is available, each dc current source requires only one additional
transistor !

Have several methods for generating V. from V5 (see HW problems)

But how good is this current “source”?

And may not have both MOS and Bipolar devices in most processes!



Simple Current Sources .

a “sinking” current source

Vour

Vi Q;
VDD
| V.
Vees Veces -
¢ Ix i Ix LOAD
V |:(> VXX VCCS
XX V
|X= JsAEe t

Since |y is independent of Vg, acts as an ideal current source with tis model)
Termed a “sinking” current source since current is pulled out of the load

If Vy is available, each dc current source requires only one additional
transistor !

Have several methods for generating Vyy from Vp (see HW problems)

But for the npn high-gain amplifier considered need a sourcing current

But how good is this current “sink™?



Simple Current Sources

a “sourcing” current source Vour

Vin Q4
Vbp

Voo Vbp Vee
Vob-Vxx ™
Ve 7 Ix=JsAge Y
CCS

| Veos| 1%

Veos | | X LOAD

~
Since |y is independent of Vg, acts as an ideal current source with this model)

Termed a “sourcing” current source since pushed into the load

If Vy is available, each dc current source requires only one additional
transistor !
Current highly sensitive to Vyy if generated with dc voltage source

Have several methods for generating Vyy from Vg (see HW problems)

But how good is this current “source”?



Before addressing the issue of how a current source is
designed, will consider another circuit that uses current source
biasing

The Basic Differential Amplifier

V, n
V
+ Av(Vz-V1) ouT
V1—— L
If A, is large

>

Operational Amplifier (Op Amp)




Example: Determine the voltage gain of the
following circuit

VDD

'VEE

Since symmetric when V=0 Otth

. ()
ig
—
| E) ' % R
= _ EE V, ct R
IC1Q - ICZQ - 2 n Vge1 >9mt Om1VsE1 €1 GmoVse2

Eml = 8m2 = A\,

IEE \
2V,

Ve



Example: Determine the voltage gain of the
following circuit

o Vout -
5, | ==
Uin %Qm @S%fvsm RC1% % Rer ngQ)BEZ@ 9ﬂ2%‘;:52 l
N
Ve
‘vE (gzrl +g7r1) = gﬂl(le +gm1 ((UIN _?)E)_i_gmz (_(UE) (UE (giz'l + g72'2 + gml + gmz) = ‘UIN (gml * gﬂ-l)
Vour =—Re1&, (‘vnv _{UE)
g&mtE&:
V, = (80 *&2) Uy
(gm T 872 T &mi +gm2)
. _ (gm1 + gm)
(UOUT - Rclgmlq)nv |:1 (g,,l n g, _|_gm1 +gm2)

gﬂl +g7r2 +gm1 +gm2 _(gml +g7rl)}

V,,r =—R V
our Clgml [N|: (giz'l +g7z’2 +gm1 +gm2)



Example: Determine the voltage gain of the
following circuit

Vout ?)OUT2 -
| -
+ R E +
Unn Y G ®9m1‘vBE1 “ % % Rer 9m2@BE2® Im2 < Vge2
NS
Ve

gﬂl +g7r2 +gm1 +gm2 _(gml +g7rl)}

V,,r =—R V
ot Clgml [N|: (girl +g7z’2 +gm1 +gm2)

- Em
(UOUT = _RClgmlquN Lg -I—ig ):l
ml m?2

—R
?)OUT ~ |: Clgml i|‘vIN

2
R.g.
(UOUTz = [Clzl} ?)]N



Differential amplifier Voo

‘UOUTI

‘UOUT2

Qq

>
m

|
>
N

Vint

= { Rc12gm1 } ((lel o ‘lez )

[ RClzgml } (?)INI B (UIN2 )

Very useful circuit
This is a basic Op Amp

Uses a current source and Vpy for biasing (no biasing resistors or caps!)
But — needs a dc current source !!!!

Vin2

-Vee

112




Simple Current Sources

VDCS VDCS
o™
SN} 4 —
) X
|x
CSs

Vp
V4 bCS
CoxW 5 HCoxW
|X=“ gi( (VXX'VT) IX oL VDD VYY+VTp

But how good are these current sources?



Model of dc Current Source

“Reasonable dc Current Source”

Vi |Rs

lx

Current
Source

LARGE
SIGNAL

lvx independent of V, and t, Rglarge

Small-signal model of dc
current source (since one-port)

{1

—>
1 Current
Source
V, R
- SMALL
SIGNAL

want R, large

|deal dc Current Source

Current
Source

LARGE
SIGNAL

lyx independent of V, and t

(1

—>
1+ Current
v, Source
- SMALL
SIGNAL
R|N =00



Current Sources/Mirrors

Will show circuit in red behaves as a current source

Vee
| | Current Source
Vee ¥
® | +_> '
R @) ©
— R Vi ilcg
loy i — ]

R and Q, simply generate voltage Vyy in previous circuit
But sensitivity of I, is much smaller than using voltage source for generating Vyy



Current Sources/Mirrors

| 0 R
R -C% If the base currents are neglected
O
-




Current Sources/Mirrors

Vee-0.6V
VCC |0 ~ ( CCR )
|
| | If the base currents are neglected
2 _
R o| Vi lo=JsAgoe ¥
— >
- VBE1
IOl l 1 h=JsAgse y
QO v Q 1 since Vgg,=Vgg,
Aeo XX Ag1 |~ AE1 |- (AE1 j Ve — 0.6V
é ' Ag, ° Ag R

Note I, is not a function of V,

Behaves as a current sink! So is ideal with this model !!

And does not require an additional dc voltage source !!!




Current Sources/Mirrors

Vee
|
R
|0i “1 \/ I 1
Qo Q;
AEO VXX AE1
7 Current Sink

* Multiple Outputs Possible
« Can be built for sourcing or sinking currents

» Also useful as a current amplifier
 MOS counterparts work very well and are not plagued by base current



Current Sources/Mirrors

Biasing Circuit

v )14

Current Sink

Two ways to look at this circuit:

* Qg and R bias Q,
* R biases the Q,: Q; block



Current Sources/Mirrors

VCC
\
R
lo} P \/ I 1
Qo Q1
Aeo Ag4

Current Sources are Seldom Available in Basic Laboratories:

Biasing of board-level and discrete electronic circuits is usually done
with voltage sources, resistors, and capacitors

Biasing resistors and capacitors are used very sparingly in MOS circuits
Will show on-chip current sources can be very small

Biasing of on-chip circuits is often done with current sources instead of R's and C’s



Current Sources/Mirrors

.

lo{

;
Qo\i Qq

\
AEOf/‘ > kﬂAa kﬂAEz

.o J“n
Q;
AEn

Kﬂ

N

Multiple-Output Bipolar Current Sink

If the base currents are neglected

e

=1
AEO

lo



Current Sources/Mirrors

ok
o

i

Multiple-Output Bipolar Current Source

If the base currents are neglected

e

=1
AEO

lo



Current Sources/Mirrors
Q\ o e ch

T e

¢|1 . Ju
A H Vxx\A
]

Multiple-Output Bipolar Current Source and Sink Ink =7

o) thno




Ink

Current Sources/Mirrors

o)

Qo)

on\

VDD

~Q, #0y

EpO

Q QnZ

AEp1

thot

AEp2
Ip2 e o o

ton

an

Ao fA

Multiple-Output Bipolar Current Source and Sink
If the base currents are neglected

AEnk
AEO

KﬂAE 1 KﬂAE 2

KﬂAEnn

AEn1

| AEO

G,

AEpn

o

AEpk

_ _AEpO _



Current Sources/Mirrors

Iin¢ ¢ Iout — —
A
QO Q1 Iout = = Iin
AEO AE1 _AEO |
A4

This circuit is termed a “current mirror”

Will re-derive the transfer characteristics of the current mirror assuming I is small
compared to I

Ve \V
In=dsAgee K I JA_eV A
S ' OUT _ Ys/ME1 _ PEq
o I|N Ve =)
_ v V.
lout=JsAg€ ™ JsAge€




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 !



Current Sources/Mirrors

|Bs<éwin iout¢/<b |v”BS

_A
Qo Q; M_A—E1
EO
Ako Aei
N ="
npn current mirror amplifier ‘out .
lour +MIBS —M
iin +IBS

lour TMIgs=M (iin +lgg )

lour TMAps=M (iin +'IBS )

four

L.

m

But Igg +i,, >0 !




Current Sources/Mirrors

IBSQMn iouwj) Mlgs

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 !!



Current Sources/Mirrors
o} ling

JouT ﬂ out
Mo 1
Qo;.i Q1 Wo,Lo :—I}__”iwm
Ako Ag1

%

<
npn Current Mirror n-channel Current Mirror



Current Sources/Mirrors
ind

Uout
M M
WO,LOO :“__”iwm

%

n-channel Current Mirror

C-. W N If process parameters are matched, it follows that
| =H>ox O(V -V )2
in 2LO GSO YTO —W L —_
U CoW > | = —1Z0 ||
| = O A NAVINNRVERS out in
out oL, ( GS1 T1) | _WO |_1 )

« Current mirror gain can be accurately controlled !

« Layout is important to get accurate gain (for both MOS and BJT)



n-channel current mirror current amplifier

IBSCEMn ioutij) Mlgs

M:M.h
W, L,
M, M,
Wi,L4 ;“__”jwﬁ_z
A4
o [wL ],
out W L in
| 1 =2

Amplifies both positive and negative currents



Current Sources/Mirrors

o)

Mo :||
Wo,lo @

Wo,Lo

VDD

L

T1%

.
Wh,La

',

multiple output p-channel current source array

J

e

I ‘ol_



Current 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
llpo l pm

| _| Wai | Lo
“nZ u nk = oW, lo
e oo Mnk

“n‘l
Mo :|| EMo M M |
”_ﬁNno,Lno ”_jwm,Lm ”-jwnz,an | Wk, Lnk

m and k may be different
Often M=1




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)



\
5/'-/.. S
Nj)(((( L

Stay Safe and Stay Healthy !
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