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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.
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Quick Ampilifier Design

By inspection DC bias (v, =v =

-cm

l for Q1 & Q2 is common mode:
1
! 1 I ,===5mA
Rc1 C E
CL 1k8hm L 1|<R8ﬁm ;:’;z .2
v, -y Neglecting 7
|/'

—Vee

I —
L 1, 1= 12v V==V 3:=—0.7V

L Q1 Ret Re2 Q2  Sa— I.=1;=5mA

:[’[ 100 Ohm 100 Ohm Rb2 L

- Rb1 A0 — — — — —
@vi—dm/ 2 10kohm 7y T < 10 k Ohm G)vi—dm/ z VRC SV VCI VCC VRC v

v 710 mA
Veg=Ve=Vi=11V
deal current source, Single-ended volt?ge gainsw.r.t.v_ /2
Le.r = Vi em and v (for Q1 side):
TA — vcl—dm N_RC:—IO A :vc]—cmN_ RC —O
v Vl:Vl dm/2 RE v vcm 21"0
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Differential- Mode AC Gain Results

4:vi—dm/2

| o<,

“Scope” output B at collector
of Q1,i.e. vg=v__ ..

Input voltage V4= V:=V;_an!2
0.14V  arg(0f) atf=1kH:z.

pea

Output voltage v,=v_,
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A 0
1.33V arg (180°).
T T T2 7.4894 = Tz-T1 342 . 2619 pR= peak
Lh| 141.2299 mV A -48.59722 mV Mg |[-289 . 8771 mY
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’ _VB_Vc]—dm__l.33V_ 95
v—dm]_ _ T T ¢
1 v, 0.14V
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Common Mode AC Results

i pscilloscope

VB_ Vcl cm

A NN

.
VARVERVERVER

al | ~|

Ti 269 F912 = T2 2.8758 m=s T2-T1 2.5852 m=s
il -1.z998 WA -1.4@827 - -7.9884 mV
WB1 £&65 . 2E52 pW “WH2 6469 . B&13 pW WH2-WE1 3.8848 pW

—Time base Trigger Channel & — Channel B

[0.20rm=/ div = | Edge 2 [1 w/Div = [ 1 mviDiw ]| Reduce |

H position | 0,00 ﬂ Lewel 0.00 ' position | 0,00 ﬂ Y position | 0,00 ﬂ m

KE b2 | A suto | B Bx EH o o] EH o o] save

“Scope” output B at collector
of Q1,i.e. v,=v_,  =0V.

Input voltage v, ,=v,__,
0.14V arg((r)atf=1kH:.

peak

Since / is an ideal current

source r,=© =>4 .=0.
No common mode signal
current(i =0=>i =0)

cm e-cm
c] cm — O V peak

—9.5|

— | =00

CMRR~20log,,
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Common Mode AC Results - Il "% . .t

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

/VA:V —cm é
Vg el—cm . =
A Comparing ac base and

i pscilloscope

4lx

emitter voltages to ground
‘/ forQ1,i.e. Vi_on , Voo -

Vir—em— Vel—em™ 1.4 Vpeak
=V be—cm =0 Vpeak
&l | -]

[ 5es 7917 o Tz Z 8750 ns T2-TI 2 5652 ns

il | -1.5958 v | -1 4877 U Vi | -7 9884 ny

wBl | -1.3338 WBZ | -1 4877 U VBZAVB] | -2 9884 ny Slnce i = (). we eXpeCt
— Time base Trigger Channel & — Channel B e-cm !
[0.20m s divs =l | Bdge EE x| [500 e D 2 1 weDiw =] | Peduce | _ O V . ”
el Ve mre @ | e ek O

base voltage appears at

emitter.
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Common Mode Results - Add r to Model

Rc1 Rc2
1 K Ohm 1 kK Ohm — Ve
— 12V
. @1 Ret Re2 Q2 ] ]
100 Ohm 100 Ohm Rb?2 L
+ Rb1 A —
s — 12V
- ! o
10 mA
‘ OmA <00 k¢0hm
. L. v—dml ~ R _
V. insert finite r V; E
-cm 4]
L to model non-ideal Vel—em R -1 0.005
_ ] - ~ - —_— .
current source v—cm v 2 r 200
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Common Mode Results - Add Finite r

%+ Dscilloscope

4lx

T2

Ii 59 2ol
i -1.3998
“WH1 6. 262

L
W WG
mby WHZ

B. 8888 =

—-249.7917 pns=s

— Time base

[0.20ms/ div

Trigger

=l | Blg= B %]

Channel &

[500 v D

# position | 0.00 ﬂ Lewel 0.00 2 f position
-F‘ﬂﬁ I@-ﬂ% EH o oc
CMRR~20log,,(—— 2>\ 66dB
0.005

r,=100k (2

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

1.4V  arg(0°)atf=1kH:.

pea

cl—cm

Output voltage vy=v
0.007V  arg (180°).

peak

_—0.007

1.4
A,_, ,=—9.5 (unchanged)

=—0.005

V— cm]
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Simulation with Current Mirror

| [,=1mA 1 Matched 2N2222 BJTs
1 1 .

ot Rt 12 L e v | (Q1,02,Q3and Q4)

1";““"_11 5y Heen 23 3erghn{;_1;$’ es~1m4

1 Q1 Re1 Re2 Q2 ] -

100 Ohm 100 Ohm Rb2 L .
én K Ol — Vg WA— j%m K Ohm 1 v R, =233k (2
il L I ;~1mA | — 12V

Q3§ 51Q4

V.. el Al 4 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 300ct09 8



Pe[] [] ESE319 Introduction to Microelectronics

Simulation with Current Mirror - Il

i Oscilloscope

qlx

kN |
T 369 7917 s T2 2.87508 ms T2-T1 2.50852 ms
il -1.4881 W WA -1.41&8 W R R -15.8782 mW
“WH1 4. 7068 mW “wBZ &.7811 mW WHZ-WB1 75 . 8423 gV
—Time baze Trigger Channel A& — Channel B
Bige M % [500 riv/ Div 3 | [SmviDiv Z] | Reduce |
iti Lerel 0.00 B ¥ position | 0,00 21 | ¥ position | 0,00 ﬂ Rewverse
S pao B 8| E1] | M 0| 0] B o oo save

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

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

pea

Output voltage v,=v_, .,

7 mVpeakarg(]cS’Oo).
A~ —0.007_ 4 005
1.4

1 kHz common mode results
almost exactly same as
those for» =100 & 2 model.
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IC]NS]MAL

100 Ohm 100 Ohm

Rb1
1

L
o [~ 10m4

0 k Ohm 0 k Ohm

2.33 K Ohm

Rref —

o

_ VCC_ VBE4_ VEE

Rref

~10mA

Simulation with Current Mirror - Il

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

>1.,=1.,~5mA

R,,=233kQ

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

2008 Kenneth R. Laker updated KRL 300ct09

10



Pe[] [] ESE319 Introduction to Microelectronics

Simulation with Current Mirror - Il

Ui Oscilloscope

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

pea
Output voltage vz=v., .,
60 mVpeak arg (180°).

AV—Cm] N_O.O43
Common mode output now

about /0X its previous value
with 0.5 mA. collector cur-

| 2| rent.

TL [ zas ocos 4. T2 0. 0E6E = TiTl [-248.9583 ms

w ] Why? Early effect!
—Time base Trigger Channel & — Channel B " i
[0, 20rnsd div 2l | Bdge B x| [500 vy D = || 50 miviDiv =] | Reduce | V )
¥ position ||:|_|:||:| ﬂ Lewel 0.00 = ans'rtiu:un||:|_|:||:| ﬂ Yp-:ug'rtinn||:|_|:||:| ﬂ Rewerse r f— ~ 10 k Q
RE i | 26 | Ao BB/ Ea| | B0 oc] EH o oc| save o T

C
y —0.06 0.043 10 times the current means
v—eml 14 — Y. 1/10 the value of I"O!
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Slmulatlon with Current Mirror - Bode Plots

X
| _ Phase | Save
/ — “wiartical — Horizaorital
EA i | EE
F| 0de =1 |Fla0 = [MHz[E
I]-100 dB =k = |kHz &
fBN9.7M]{Z -24.19dE
: == 9. 704hiHz=
Y G In [,; G Out [,;

Smdcurrent: 4 (4B)

+ 3 dB frequency

Av—cml(dB)(f_ 1 kHz)~20 log,,

Xl
| [T Phase - save |
— wizrtical — Horizontal
/ m e | Em o
F[ 0dE =1 |F[40 = [MHzEE
I[-100 dE = (1 = aE =
[ 5~1.9 MHz T
.................................................. % h G % o G
0.5md current: 4, .., + 3 dB frequency

r~10kQ (1, = 10 mA)

(%06, 57348

Av—cml(dB)(f:97 MHZ):_242 dB (+ 3dB)

1
J;”znrocoj

theor S5 B(1md) ry o(10m4) _ 10k —01
fB 10mda)  Vo(1ma) 100k

simulation J Blima) _ 1.9 MHz —00
fB<10mA) 9.7 MHz
~100k Q2 (/ e mA)

OOO7>

Av cm1(dB) (f'=1kHz)~201log,,( 14 =—460dB

A, oiian)(f=1.9 MHz)=—43.2 dB (+ 3dB)
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Summary & Comparison

[p=1mA [ =10mA
I 1
V vt Rey=0.5V Ve~ —5— Ry =5V
! pp
roa =100k O Vrer™ > R =5V
Il 2
—Re;  —0.007 RC] —0.06 _
~—— A =—0.043
Av cm] 5 ]/ 14 0005 v— cml 2 I" 14
fp~1.9 MHz f p~9.7T MHz
Ay i =—9.5 Ay g =95
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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
L c )
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 /"YW 10 k Ohm —vee
1 J 1~ imal —12v
Q3 .| [flcu
! ' _R
&)viucm A v—cﬁ'nfﬁ& = 10
E
N R
Av—r:mf - -
2r

Can we beat the r trade-off?

IDEA:
1. Reduce /I toincrease r.
REF 0
V.,
I”ON
.IREF
2. Increase R toincrease IV .
C I RCI
REF
Vieer=Re )

3. Increase RE to retain desired A4

R

Av—dm] — R
E

!

v—dml®

R

A ~ — —
et 2y T2 2V,
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N . Viger 1 REF _ V rer

RESULT:No help!

Va
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Simulations with Parasitic Caps

v X
L vee : | _ Phaze | Save
Rref —qovy — “rtical — Hodzortal ———————————
23.3 kK Ohm : / — —
. 5 F[ odE = | Flao = [mHz]E
% Rp1 | 100 ©hm 100 Ohm 1 I[1ooge [ |11 =] [kH= £
‘10K Oh . : ]
Jrowonm | =i [ y~6AS|iTz <= |G
Qar{ )\‘IQ4 .................................................. f_\, I I:H fi\' |:||_|‘t Ei\'
0.007
* Av—cml(dB)(f_1kHZ)N2010g10<W)__46dB
%v. ’
i-cm

Av—cml(dB)(f:645 kHZ>:_432dB

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

This drops the amplifier Av_cm](dB) + 3 dB frequency from 1.9 MHz to about 645 kH-!
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Simulations with Parasitic Caps - cont.

: [ oer=1mA
Ret RC2 ; | [EEGEERY  Fhase | save
Rref — 19y ertical — Horizortal
23.3 k Ohm | B w | Em

x|

. F[ ode =] |F|40 = [MHzE
I[Hooge B | 1[1 = ihz B
' L vee : - -43.37dB
J_.. —12v : fB~344 jHz = =l 334.0kH=
a4 R PP & n @ & ot @

A, £ =1 HEz)~201og,o(“2 ) =—46 dB

A\ opitan (S =334 kHz)=—43.2 dB

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 kH-!

RECALL: 2 pF'is about the capacitance between 2 rows of Protoboard pins!
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Simulations with Parasitic Caps - cont.

Xl
I [ oer=1mA
Rc1 : | DR Phase | | save |
1k Ohm — Vce : — hiartical — Horzortal ———————————
233K ohm] 2V / - e
: - F| 0dE =] | Fle0 3 [MHzE
Q1 Re e2 Q2 4 N = = : =
Rb1 100 Ohm 100 Bhm | 1 : 100 98 I;?ﬂiﬂ
10 k Ohm 2 OF | —Lvee - f,~234kHz = 7541 kHz
L | 4 pPr_L . 12V : B | [ ZEddkHz ] |
= Q3]\1Li = J—}’l‘q“_ b & h @ & on &
=2pF
y (f=1kHz)~20l0g, (L27)=_464B
- v—cml(dB) f_ z)~= 0810 14 _
®v,
i-cm

Ay onrian)(f =234 kHz)=—43.2 dB

Drops amplifier A, break frequency from 1.9 MHz to about 234 kH-!
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Simulate the 5 mA Design with 2 pF Parasitics

i Bode Plotter

x|
| _ Phaze | Save
: — nizrtical — Horzontal —————
R ref ,;fych, B un EE o
2.33 k Ohm : Fl 10dE = |Flao 2] [MHzE
; 1| -0 dE =R 2 [kHz
L N
: -24.16dE
= E fBNZ.SMHZ = Z. 4 WHz
—Vee :
| = goy W & h & & on &
Q4

AV—Cm](dB)(fzz'S MHZ>:_24.2dB

1 Parasitic caps drop amplifier A, s break
3dB common mode bandwidth with 2 pF

frequency from 9.7 MHz to about 2.5 MH?!
base-emitter and base collector capacitances. Lepr=10mA I ppe=1mA

' : 234 kH.
About /0X the bandwidth as the 7, = 1 m4 Jr o 25MHz  234kH:
design Ay oiap) f=1kHz) =27dB ~ —46dB
| Ay (f=1kHz) +20dB  +20dB
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Observations

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

2). For best 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.
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1k Ohm 1Kk Ohm — Vce
12V
A% = gy A V2
1 v 2
J\ I Q1 Re1 Rezj:l— ‘j
100 Ohm 100 Ohm < Rb2 -
£3) Rb1 VWA A < =
QY j_mk ohm Ty T & : l‘“ konm LV |
1 IE DL [2 = — 12V
~-|J 10 mA

-
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I~

—

I
Ir_'iy; Rel C*l,:; Re2
1k Ohm 1k Ohm — Vee
" v 12V
I Y 2
r T 1. Q1 Re1 Re2 Q2 % ' T
¢ RBI Eu Ohm 100 Ohm < Rb2 1
: 1u k Ohm
210 k Ohm —b_I—q— ——Vee
T 12V
| 1um
I
ICLL Re1 Cﬁ Rc2
1k Ohm — Vco

~1k Ohm =
" v 12V
- v
2 2

[LQ1Ret  RezQ2 1 | 1
b1 | 100 Ohm 100 Ohm RD2 /2
L _"T 210k Ohm vv ;,__WE
Ik ‘ [ 12V

20
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I.
C ‘ Rci C‘_l s Rc? Ir_'l;l, Rc1 c l;; Rc2 |
>1k Ohm *1k Ohm — Ve > 1k Ohm > 1k Ohm — Vec
=12V v . v —12V
V] ﬁ} 1 5 vu G 2
t . @1 Ret Re2 Q2 T—l - . {, Q1 Ret Re2 Q2 ;¢ = *
v ¢*| ; Rbq | 100 Ohm 100 P{wn Rb2 A L 2 ~ *  Rb1 \Eﬂ Ohm 100 Ohm < Rb2 -
i =10 k Ohm —i '""m"“ DV —vee V& S10kohm %y | «— f[wkmm ~Vee
E 0 Ty £ | ' R T2V
|J1umA ' '-i'"mmu -
Vi—Vi qum_() Vam TV VI_V2:2VZ VI?EVZ VZ?E_VZ
I
[ "(cl«L Rt LJRL Rc2
¥l s <1k Ohm 1K Ohm =V
c Re1 ¢ls Re2 \4 - +4 ‘
lﬁi k Ohm J'”"1 k Ohm = e 1 i o " Vs .
[ Q1 Re1 Re2 Q2 r—
e +
v ] Iﬁ L V2 A [ Rb1 | 100 Ohm 100 Ohm Rb2 j /2 L
I F ot Re2 Q2 ¢ ¢ l;u.:vi/Z $ 10k Ohm 2T 1ak0hmh,v :,__we
v l\ * Rby |100 Ohm 100 Ohm [ & Rb2 lT = il L A L T RV
i\ 10k Ohm i : jjﬂ k Ohm o = i‘-l-"lwmﬁ =
1 I M.t 2 = T 12V |
»-|:1umn
-

‘ v, =v,[24+v.[2=v, Qv /2
l v,=v.[2—v.[2=0 )

2008 Kenneth R. Laker updated KRL 300ct09

21





