Pe[] []_ ESE319 Introduction to Microelectronics

Quick Review

Balance op.
Ro, =R, =R,
l Ry =Ry, =R,
§RCJ gchz — Vce RE] B REZ - RE
QI =Q2
a ™
L, Q1 Q2 ] .
§R L A —— " —— 1332 V /2 —
A Bl N idnd “——
Vi-dm/Z '~::'_.2:' B RE] (l REZ -::_;_':u — Vee
—_ I —
V.
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Pe[][] ESE319 Introduction to Microelectronics

Quick Review

DM AC - Sm. Sig. ",

l 1'~.--c|'.'lr"r 2 ll‘::‘l“-f
eer, TebR. v

Balanced circuit

;-f_-g."m ’{j.""l‘" Tl
i
2 'l V 2 B | '
T£¢;;RE -""\:;l-:f.'li'+ (14' - .a{f:-u':lil
g - T —r
Db i,
[, e
i T| ;Mu M Caw /2
LR, SR B g
P O )
1, Wil
I ¢f- ~e-chm
~g-cdm LF
]

RB{ > L m?— B -
]_" ‘ "'_J —Vee
= F Wr =

_.'F¢iR':_ v . ¢fR( p—
OB DPlbon ——
N e |

— “}"‘ill ;, I;“ '
"':_: a ] ed ::R . ; . ";_: L]
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Quick Review
_ Ti=dm )
Differential mode (balanced) Fin—am =5 =(B+1)2(r,+Ry)
hi—am
Y Viez_dm A RC' A - P”_Jm e RE'
— dmI— == A, T v—dm
v— dm Vi v—dml 2“‘F+RE] pr—dﬂ-r re+ RE
- |L':'r—.!'u;' - ‘r{*—I_HE
Common mode (balanced) P = TR =(B+1)( 5 +r,)
! 1, W "
A, = L*'“””:J.r_j m_i A, =——=0|iff Balanced
V— O v—om2 . : ?,
IL’!'r—.!'ui' 2" i Vicem
Vo R. AR, [ifUnbalanced due to
‘.‘1 o — a—aom e ‘“‘-n____ R R
e PI' o 2}‘“ RE' Ci * £l !
Single-ended-output (balanced) Differential-output
A, s o CMRR=w i.ff. Balanced 1

¥ . — i - F
LMRH——‘ . ﬁ:::ZU log,, p— CMRR=2010g, (2 — J
v—cmi, 2 e E fﬂ.-i-RﬂﬂRc.ch.
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Differential Amplifier Design

 Design with ideal current source bias.

» Differential and common mode gain results

« Add finite output resistance to current source.

* Replace ideal current source with current mirror.

2008 Kenneth R. Laker updated KRL 280ct11 4
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Quick Amplifier Design

By inspection DC bias (v, , =v =

-cm

OkOhm ") <« —Vee

l for Q1 & Q2 is common mode;
1
1 R Il R [, . =—=5mA
CL 1k DChm L 1K 0(;1m — Ve . 2
7 BN 4 T™Y  Neglecting I : ;
0 C
a1 R, R, a » “« ]C=]E=5mA=>VRc=R—=5V
R 100 Ohm 100 Oh 1 ¢
@V,-dm@é B L s e 1Dkghm ®vi-dm/z o VrESV SV EV = V=TV

L ey 1 o L T2V V,=—V=—0.7V
v 710 m4

Ver=Ve—=V =77V

deal current source. Single-ended voltlage gainsw.rt. v _ /2

lLe.r = Viem and v (for Q1 side):
- vc]—dm _RC vcl—cm RC
A = ~ =—10 Av_cm = ~— =0

vt vl=vl dm/2 RE : vcm 27"0

2008 Kenneth R. Laker updated KRL 280ct11 5
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Differential- Mode AC Gain Results

4=V'—d1

1

VB = vc]—dm

SO ONK

| o<,

“Scope” output B at collector
of Q1, i.e. V=V, 4.

Input voltage Va=Vi=Vi-un!2
0.14V  arg (0°) atf=1kHz.

pea

Output voltage Vz=V._un

1]
0]
1.33V arg (180°).

T 2 4Rz T2 7.4894 = Tz-T1 342 . 2619 pR= eak

Lh| 141.2299 mV A -48.59722 mV Mg |[-289 . 8771 mY p

WH1 -1.3284 WH2 545 5777 mV WH2-WH1 1.974m .
— Time base Trigger Channel A — Channel B Measu red galn.
[0 Z0mse div 2| Edge  EE % [100 miviDiv =1 | [1 w/Div =] | Reducs |
Hposition | 0.00 a Lewel 0,00 = W position | 0.00 a ¥ position | 0.00 a m
Nl b5 | A0 ao BV B[Ee] | |EM o DC] EH o ot save

A' _ Ve _ Vei—dm __1°33V_ 05
v—dml ™ .

v, 12 014V

2008 Kenneth R. Laker updated KRL 280ct11
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Common Mode AC Results

x|
1| “Scope” output B at collector

V=V V5= Vei—on of Q1’ .e. VB=Vcl—cm=0V'

A

i pscilloscope

ARTANE ARAN [
\ 014 V;?eak al"g (OO) atf: 1 kHZ
\/ \/ \/ \/ \ Since / is an ideal current

source r,=o© =>4 =0,

b ]
I I - _VB_vc]—dm_ OV _
T1 269 P17 = T 2.8758 ms T2-T1 2.5852 m= Av—cm]_ - - _0
il -1.39%3 | A -1.48272 \ St -7.9884 my v V 0.14 V
WB1 &85 . 2553 pW WBE 669 . 8613 pW BB 2,888 pV A 1—cm
—Time base Trigger Channel & — Channel B
[0. 20ms/ div =l | Edge  EE % [ 1 w/Div = [ mviDiv Z] | Reduce |
K position | 0.00 ﬂ Lewel 0.00 = ' position | 0.00 ﬂ Y position | 0.00 ﬂ Rewverse
K b/~ | ~6 | Ao | B Ext | EH 0| oc) EH 0| oc) Save

‘Av—dm1|

CMRR=201log,, =20log,,

| v—cm1|
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s

Pe[][] ESE319 Introduction to Microelectronics

UNIVERSITY of PENNSYLVANIA

Common Mode AC Results - Il .= . "2

i
b1 ¢ . . l .
i l ¢ 132 lEe‘?—cm
el-c

o
i-cm

R
el—cm

/ Comparing ac base and

i pscilloscope

4lx

emitter voltages to ground
J for Q1,0.€. Voiceom » Ver—om -

Vii—em=Vel—em™— 1.4 Vpeak
:vbe—cm_o Vpeak
] | o

Tl eas 2o IS oy | IERIRT Ty Since i = (), we expect

B -1.35998 W -1.4877 Y BE-VE1 -7 . 9@a4 my e-cm
T e Vie-en™ 0V peai  1.€. @l
}{.p-:-si‘tiu:-n 0.00 ﬂ Lewel 0.00 e ¥ position | 0,00 ﬂ ¥ position | 0,00 ﬂ Reverse base VOIta e a ears at
REl e | am | Ao |BY B Bx | ES o oc) EH o oc| Save | g pp

emitter.
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Common Mode Results - Add r, to Model

RC RC
1K Ohm 1 kK Ohm — Vcc
— 12V
Q1 R E QZI\J R —
100 Ohm 100 Ohm B
v, /2 ~w.o /2 =
@ éﬂkﬂhm 10 kK Ohm <+> idn’ <L \ree Theory
L — 12V
! ]0mA Yo A' vcl—dmN_RC__lo
100 kK Ohm v—dml ~ R
7‘ Vi E
Ver R, -1
Av cml —— — =—0.005
insert finite Vi_em 2r, 200
- to model non- |deal A,
current source CMRR=20log,, =66dB
v—cml
2008 Kenneth R. Laker updated KRL 280ct11 9
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4lx

A2 2912 i T2 H.@@8aa = Ti-T1 [-269.7917 ns=
Wil -1.3998 Wi hA -]
“wBI1 & . 3282 my WBI WBI-WE1
— Time base Trigger Channel &
[0.20ms/ div 2l | Edge EE x| [500 v D
# position | 0.00 ﬂ Lewel 0.00 ¥ position
KE 5% | A ato B eEx| | M o oc
CMRR~201og 05 )
~66dB
°81010.005

Common Mode Results - Add Finite r

%+ Dscilloscope

r =100k (2

“Scope” output B at collector
of Q1,i.e. vy,=v

cl—cm *

Input voltage v,=v,_,
1.4V  arg(0°)atf=1kHz.

pea

Output voltage vy=v

cl—cm
0.007 Vpea arg (180°).
_—0.007
=—0.005
V— cml 14
A,_, =—9.5 (unchanged)

2008 Kenneth R. Laker updated KRL 280ct11
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Simulation with 1 mA Current Mirror

! Ip=1mA I Matched 2N2222 BJTs

]C3 .

QW%# 1|£J(I:1m lem %y 1|i(lj1m i R ——Vec (Q1 ’NQZ, 23 and Q4)
V=157 poseonm] 12V T~ lmA
- RCI ‘R " | =>[.,=1,~05mA
R h‘\G:':m Ohm 100 %hazﬁ R
10k ohm VW Z10k Ohm 1 v R, =233k
il Llcjmlm/l 1 — 12y
Q3 ] Q4
VBE4j

v Vee=Vipea—V 12—-0.7—(—12V)
%ﬁ 1 ppr= — Rfj 2= 233 mA~1mA

NOTE: - The zero-to-peak ac voltage swing across each R now only 0.5 V''!

2008 Kenneth R. Laker updated KRL 280ct11 11
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Simulation with 1 mA Current Mirror cont.

i Oscilloscope

“Scope” output B at collector
of Q1,i.e. vz=v

cl—cm -

Input voltage v ,=v,

L—cm

1.4V arg(0°)atf=1kH:z.

pea

Output voltage v,=v
7mV  arg(180°).

cl—cm

pea
= ' - —0.007
L]
T [ 569 7917 = Tz Z. G750 m= TE-Ti Z . GEGZ ms A o =—O 005
nind —-1.4881 VY ninE -1.414@3 W WA -15.5782 mV v—cml *
W1 6. 7E40 mV W2 6 .7811 mV B2 FE.E42F gl 14
—Time baze Trigger Channel A& — Channel B
e g8 w  |poomvioy  [|[smvioe | Redwe | 1 kHz common mode results
Lerel 0.00 B ¥ position | 0,00 ﬂ ¥ position | 0.00 ﬂ Rewverse

WA ve 48] | awo N0 G | [ 0| oc) B 0| oc| save | almost exactly same as
those for»_ =100 k £2 model.

2008 Kenneth R. Laker updated KRL 280ct11 12
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Simulation with 10 mA Current Mirror

| IREF=10mAi
IC]NSmAL RC ICZNSI%AL R,
1k Ohm 1 kK Ohm ref ;1\*'205
- V=TV 2.33 kK Ohm
R, R, a2 -
R, | 100 ohm 100 Ohm R, L
10 K Ohmy Vv A—— 10 k Ohm 1 vee
1 L]@NIOI’I’ZA 1 —— 12V
a3 | Q4
BE4
+
GT*DV Vee=V =V
-cm IREF= ccC BE4 EE ~ IOmA
— R
- ref

Matched 2N2222 BJTs
(Q1, Q2, Q3 and Q4).
I;~10mA

=>1.,=1.,~5mA

R =233k

ref

NOTE: - The zero-to-peak ac voltage swing across each R . increased to 5 V!

2008 Kenneth R. Laker updated KRL 280ct11
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Simulation with 10 mA Current Mirror cont.

Ui Oscilloscope

Input voltage v,=v,_,,
1.4V  arg(0°)atf=1kH:z.

pea
Output voltage v;=v,, ..,

60 m Vpeak arg (180°).
A . ,~—0.043

Common mode output now
about 70X its previous value
with 0.5 mA. collector cur-
rent.

| |+
Ii 240 A0 4 T2 H.868688 = T2-T1 [-248.9583 ps=
Sl -1.4@8a5 Rriiri A
“B1 1. 24612 mW WHZ WBZ-WET
—Time base Trigger Channel & — Channel B
[0.20rm=/ dins = | Edge A = (500 rs D s =] | [60 rivsDiv ]| Reducs |
¥ position | 0.00 ﬂ Lenwel 0.00 = Y position | 0.00 ﬂ Y position | 0.00 ﬂ m
K b | A sto B8 Ee] | JEM o oo EH o| o] save
—0.06
A ~ =—0.043
v—cml 1 4 :
L]

Why? r has decreased!

V4

r,=—=~10k (2
]C

10 times the current means

1/10 the value of ro!

2008 Kenneth R. Laker updated KRL 280ct11
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Slmulatlon with 1 mA & 70 mA CMs - Bode Plots

| [N Phase | save |
/ — wiertical — Horzontal ———————————————
IEE L I un
F| 0de 2 |IF |40 =1 [MHzE
I|-100 dE 2 1 =1 |kHz £
| fB~9.7Mf[Z - = W
TP IR & h & & ou &
SmA current: 4, .. + 3 dB frequency
x|

Av—cm](dB)(f_ 1 kHZ)’\’zO loglo(ﬁ

| _ Phaze | Save

— wiartical — Horzontal ————————————
EA w| | EE
F| ode =1 |F[40 = |MHzE=

I|-100 dE = e = [kHz &
fp~1.9Mfiz SR (i
PR DU f h & 5 0w
0.5mA current: 4, .. + 3 dB frequency

r~10kQ (1, = 10 mA)

REF 0.06

)=—27.3dB
A, otas) f=9.7 MHz)=—242dB (+ 3dB)

|
Sa~

2rr.C.
theo S5 B(1mA) r(lOmA) 10k
fB 10md)  Vo(1ma) 100k

S stimy _1.9MHz _
f (IOmA) 9.7MHZ

~100kQ (I, = 1 mA)

A o =1 R~ 2010g (220 )=—4648

=0.1

simulation

A, oiap)( f=1.9 MHz)=—43.2dB (+ 3dB)

2008 Kenneth R. Laker updated KRL 280ct11
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Comparison of 1 mA & 10 mA CM Results

[ per=1mA V=50V [ o, =10mA V=50V
1
1 L REF
VRC]N ];EF RCI_OSV VRC] 2 RC]_SV
A
~ =100 %k Q rON =10k Q2
To 112 REF/2
—Re;  —0.007 _ —Ro;  —0.06
_ _ A = ~ =—0.043
Av—cm] 27'0 1 4 0005 v—cml 2’/,0 14
7 ,~1.9 MHz f3~9.7TMHz
A, ==95 Ay g ==9.5

2008 Kenneth R. Laker updated KRL 280ct11 16
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Simulations with Parasitic Caps

< Bode Plotter x|

| _ Phase | Save

— wiartical — Hofzontal —————————
E | | EA
F| odE = [Fl40 S |MHz[E

1 3~ 645 Hz PRI [coev e —
UUSUUUUURURURURURURURURY BUVSURRORIRRIR cn - - ox o
Av—cml(dB)<f=1kHZ)N2010g10<%)=_46dB
— Av—cm](dB)(f=645kHZ)=_432dB

Results with 2 pF capacitance added from collector-to-base of mirror
transistor in the *7, =1_ = 0.5 m4 amplifier” emitter return path.

This drops the amplifier A, + 3 dB frequency from 1.9 MHz to about 645 kH-!

m1(dB)

2008 Kenneth R. Laker updated KRL 280ct11 17
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! [ = 1mA x|
R R ; | O e | save |
1k Ohm ref _—__:’;f‘, g / —Sdartical — Horizanital
23.3 k Ohm : Ea | Em Lo
R R , 5 . 3 (¢ e
RB c::m OEI;m 100 ghﬁz B | | l -13;33 SRE TD = r:IHHa =
e | T  fp3a4pH: s [EEE
a3 }/'Q4 T I:; In I:; f; Ot f;
e b
0.007
% Av—cm](dB)(f= 1 kHZ) 20 lOg10< 1 4 ) _46dB
V. .
-cm

1 A, orias) (S =334kHz)=—43.2dB

Results with 2 pF capacitance added from base-to-emitter of mirror transistor.

This drops the amplifier Av_cm](dB) +3 dB frequency from 1.9 MHz to about 334 kHz!

RECALL: 2 pF is about the capacitance between 2 rows of Protoboard pins!

2008 Kenneth R. Laker updated KRL 280ct11
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Simulations with Parasitic Caps - cont.

X
I [ per=1mA
RC : | =R  Phaze | Save |
1k Ohm R —Vcc 5 — “wiartical — Horzortal ———————————————
ref —q3y : : :
23.3 k Ohm : / E o EE U
a1 RE RE a2 ) —__r FI 0 dE : FI4|:| : MHE:
RB 100 Ohm 100 Ohm | | 100 8 L BEk:H
ko 2 pF v || [, ~234lkH: o | EEE U
= QSFL % = l—{m SUTITTRUUTUTI DU h o
|2 pF
0.007
%v.
i-cm

A, pitan) [ =234 kHz)=—43.2 dB

Drops amplifier A, . break frequency from 1.9 MHz to about 234 kH=!

2008 Kenneth R. Laker updated KRL 280ct11 19
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Simulate the 5 mA Design with 2 pF Parasitics

i Bode Plotter

x]
_ | DR rhese | save |
R 1 vee — nizrtical = —Hl:-rizc-ntalun—
2.33r|if0hm" 12v / FE.;E;J = F: —_— MHz[E
Tl Foasu | = B
' = Vee SO I P o .
Q4
Av—cm](dB)<f= 1 kHZ)N_27dB
Av—cml(d3)<f=2'5 MHZ)=_24.2dB
1 Parasitic caps drop amplifier Av_cm(dB) break
3dB common mode bandwidth with 2 pF frequency from 9.7 MHz to about 2.5 MHz!

base-emitter and base collector capacitances.

]REF=10mA [REF=1WlA
. 5 2.5MHz 234 kHz
g\leasc‘)i:tn.]OXthe bandwidth as the /7, . = / m4 Av,_cm1<d3>(f=1kHZ) 2748 —46dB
Av—dm](dB)(f= 1 kHz) +204dB +204B

2008 Kenneth R. Laker updated KRL 280ct11
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Observations

1). For best common mode rejection use small collector currents
.e. increase r .

2). For best 4 bandwidth use large collector currents, i.e. decrease r .

3). Minimize parasitic capacitance around mirror transistor to increase
common mode rejection bandwidth.

4). Since no differential mode current flows through the mirror
transistor (Q3, i.e. r ), it should have no effect on differential mode

performance.

5). Observations 1) and 2) force a trade-off in selecting the bias current.

2008 Kenneth R. Laker updated KRL 280ct11 21
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Try Redesign for Reasonable Differential
Mode Voltage Swing & large r,

I.,=1mA=r ~100kQ

I, ~1mA
I,~05md[ 5 1,~05md RREF l
. R, )
i§10k0hm l 1ﬂk(6hm S Rref —__—_—;-';3
ch:'? V < 23.3K Ohm
a1 R R Q2 4
R, | 1kohm 1kghﬂ : R, 1
10k Ohm VT VWY 10k Ohm —Vee
— lfcﬁlmAT— T 12V
Q3 .| [flcu
I ~R
&)viucm A v—cﬁ'nfﬁ& = 10
E
N R
Av—r:mf - -
2r

Can we beat the r trade-off?

IDEA:
1. Reduce IREF to increase r.

VA
I"ON
IREF
2. Increase R toincrease I/ .
C ] RCI
REF
Vieer=Re )
3. Increase R_to reiﬁin desired 4,_un..
' C
Av—dm1=R_
E op.pt
RC — VRCI ]REF — VRCI

A = =
e 2r, I per/2 2V, vV,
RESULT: No help!

2008 Kenneth R. Laker updated KRL 280ct11
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1k Ohm 1Kk Ohm — Vce
12V
A% T V2
1 e 2
J\ 1 Q1Ret  Re2 j}l— i
; 100 Ohm 100 Ohm < Rp2 L
ay Rb1 ek J s =
QY j_mk ohm Ty T & : l‘“ kohm LV |
1 IE 0 | B = — 12V
~-|z 10 mA

-

2008 Kenneth R. Laker updated KRL 280ct11
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—

I
Ir_'iy; Rc C*l,:; Rc2
1k Ohm 1k Ohm — Vee
" v 12V
I ' 2
[ $LQIRet  Re2Q2.t ' 1
© Rpt [100 Ohm 100 Ohm | Rb2 -
: 1u k Ohm
210 k Ohm —b_I—q— ——Vee
T 12V
| 1um
I
ICLL Re1 Cﬁ Rc2
1k Ohm — Veco

1K Ohm e
gz V =12V
v 4 2

[LQ1Ret  RezQ2 1 | 1
b1 | 100 Ohm 100 Ohm RD2 /2
L _"T 10k Ohm .V, ;,__WE
Ik ‘ [ 12V

23
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1 I L i
L £ Rc1 Cil Rc2 ‘lE Rc1 Cys Re2
$1k Ohm S B —Vee >1k Ohm >1k Ohm — Vee
12V 12V
V] li' v "'4 V2 VI P‘ y % V2
p -~ P e .
1 1,01 Ret Re2Q2 [t | ' T 1,.Q1 Ret Re2 Q2 ,/ ] G
| 1 100 Ohm 100 Ohm © 5 Rb2 ]\ L I = 100 Ohm 100 Ohm T Rb2 -
V. (2 i N Pl =10k0hm<$‘1'v~ - 2v.2) 2. - AWA— 5
i >10k Ohm _., ] Nl e A 10 k Ohm _.._I—.,_ y 'l"’"o"“‘ . Vee
1 0 =12V ;ﬁ 1 ' N | 12V
-’1UI!'IA - '.i«"1um -
v, =V, klcmo V=V, Vi—V,=2V, VFV v, FE,
[ "(cl\L Rt °1L<L Rc2
.L | 1k Ohm > 1k Ohm =
Rei € Rc2 V - + '
%: 1k Ohm J’ > 1k Ohm ;:’;; 1 ‘ 5 A vZ
Vv [ I {, @1 Ret Re2 Q2 ] * J L
] if ,4\ Rby | 100 Ohm 100 Ohm [ = Rb2 /2
T, a1 Ret Re2 1 .1 TV /2" Z10konm T 10k Ohm | ”v ::.—Vee
Y l\ Rb1 | 100 Ohm 100 Ohm > Rb2 -~ = L I L G J_— T2V
i c]ﬁ v el 12V |
+/10 mA
L

|
; v,=v,[24+v,/[2=v, @v,/2
l v,=v.[2—v.[2=0

2008 Kenneth R. Laker updated KRL 280ct11 24
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