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3.4-BJT DIFFERENTIAL AMPLIFIERS
INTRODUCTION

Objective

The objective of this presentation is:

1.) Define and characterize the differential amplifier
2.) Show the large-signal and small-signal performance
3.) Show alternate implementations of the differential amplifier
Qutline

» Characterization and definitions

Large-signal transconductance

Large-signal voltage transfer

Small-signal performance

» Other characteristics of the differential amplifier

e Summary
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CHARACTERIZATION AND DEFINITIONS

What is a Differential Amplifier?

A differential amplifier is an amplifier that amplifies the difference between two voltages and rejects
the average or common mode value of the two voltages.

Symbol for a differential amplifier:
o +
+ ol 0

© *4 Rg 52-1A
Differential and common mode voltages:
v, and v, are called single-ended voltages. They are voltages referenced to ac ground.
The differential-mode input voltage, v, ), is the voltage difference between v; and v;.
The common-mode input voltage, v;, isthe average value of v; and v,
V{+V,
O vip=vi-vp, and vie=—F— 0 v=vc+05yy ad v;=v;c-05v,p

[V, + Vo[

Vout = AvpVio £ AvcVic T A (Vi - V) 2 Avc 5
T where

vout Ayp = differential-mode voltage gain

O -
=  Fig.52.18 Ay = common-mode voltage gain
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Differential Amplifier Definitions
» Common mode rejection rato (CMRR)

]
CMRR = VP8

Aren

CMRR is a measure of how well the differential amplifier rejects the common-mode input voltage in
favor of the differential-input voltage.

* Input common-mode range (ICMR)

The input common-mode range is the range of common-mode voltages over which the differential
amplifier continues to sense and amplify the difference signal with the same gain.

Typicaly, the ICMR is defined by the common-mode voltage range over which all MOSFETs
remain in the saturation region and all BJTs remain in the active region.

 Output offset voltage (Vg(out))

The output offset voltage is the voltage which appears at the output of the differential amplifier
when the input terminals are connected together.

* Input offset voltage (V4(in) = V)
The input offset voltage is equal to the output offset voltage divided by the differential voltage gain.
Vg(out)

Vos= A,
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LARGE-SIGNAL TRANSCONDUCTANCE
Transconductance Characteristic of the Differential Amplifier

Consider the following NPN-BJT differential amplifier (sometimes called an emitter-coupled pair):

ic1li Elicz

VEE BJTDAOL
Large-Signal Analysis:
1.) Input loop eq.: Viz-VBe1 * VBE2 - VI2=Vi1-Vi2- VBEL * VBE2 = VID - VBEL * VBE2 = 0
2) Foward-active regi v, 1nacis d v, 1nac2s
.) Foward-active region: Vpe1= Vi ING—O an Vpeo= Vi ING—O
€J BEL™ Vt'q4 BE2~ Vi aszm
ic1 Vi1-Vi20 . VpO
3) Iflg =1 then T = expo—y 0= expiy T
lc2 OVt O ovtO
: : o 1 . :
4.) Nodal current equation at the emitters: -(ig1tip) = lgg = aF (ic1 +ico)
. o aplee . aplep
5.) Combining the above equations gives. i = and igp=
GV|ipU VipQ
1+ expty, 1+ expty o
OVt O ovto
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Transconductance Characteristic of the Differential Amplifier - Continued

Plotting the collect current as a function of v,p:
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Transconductance:
o agl agl I
g = Cl| _ FIEE _YFEE_'C1 whenV ~ = 0
MTNp Q7O Bvpm 4Vy 2V D
(l+exply, —0 Vy
0 OVt M
_dc2 | -OFlgg _Oplge -leo when Ve = 0
Im2 =5 QT vpm  4Vi 2V D~
Cl-+exply, 1 Vy
0 OVt M
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Assume load resistors as shown:

= Relicoricy)

Substituting in the previous expressions and
using hyperbolic trig identities gives

3VipU
Vop = aFlgeRc tany 0

[llustration —
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U Vob =Vo1-Vo2 = VeciciRe - Vee ticoRe

VOLTAGE TRANSFER CHARACTERISTICS
Large-Signal Voltage Transfer Function

05 |

VoD

ofleeRc 0 -

05 |
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Emitter Degeneration of the BJT Differential Amplifier

[

4 Vce

iml

Increases the range over which the emitter-coupled pair behaves as a linear amplifier with lower gain at
the cost of lower gain.

Increasing
Re

Im(PC) =G5~ 2V, + Relgg 1+ Relgel2V;
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viy( ) VBEL YBE2 (" Yviz L .05
- _ _RE:O
- RE % %t - Ly mm
-1
BJTDAOS
lEE
VEE
L Vip - (Reip/agF)g Vip - (Reip/apF)g
We know that, ID=Ic1-Ic2= aFIEE tanhE v %: gl O v 0
Solving for iy gives ip =i oo = OFTEEViD
D ’ D=IC17'C27 2V, + Relgg
dip (oaFlgp)  (aplgp)/2Vy
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SMALL-SIGNAL PERFORMANCE
Differential and Common-mode Small-Signal Perfor mance

The small-signal performance of a differential amplifier can be separated into a differential mode and
common mode analysis. This separation allows us to take advantage of the following ssimplifications.

Half-Circuit Concept:

L 6 +Vod -

VEE YWEE  BJTDAOG
Note: The half-circuit concept is valid as long as the resistance seen looking into each emitter is the same.

VEEY VEE
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SMALL-SIGNAL PERFORMANCE
Differential and Common-mode Small-Signal Perfor mance

The small-signal performance of a differential amplifier can be separated into a differential mode and
common mode analysis. This separation allows us to take advantage of the following ssimplifications.

Half-Circuit Concept:

L 6 +Vod -

VEE YWEE  BJTDAOG
Note: The half-circuit concept is valid as long as the resistance seen looking into each emitter is the same.

VEEY VEE
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Small-Signal, Common Mode Performance of the BJT Differential Amplifier
Circuit and small-signal model:

Vee
RC% Rin Ri)ut
N S v + PL I
lc1 l V-gl MmSVn gmv ro
+ + Qli E» e RC% Vout
Vic Vbel | = 2Rg
== 5 o
T2 @REE BJTDAOS
VEeY VEE
Half-circuit performance:
O Bo2Reg O Vo1 Bo1Rc
Rint = ' (1+Bo1)2ReE, Roura=To E]H 2REE+rmS+ 2Regllr 7y » and Vie . Tgt(1+Bo1) 2Reg
Common mode performance:
't Bo)2Ree 5 o O, Por?Ree O R 4 Voo PorRe
¢ 2 ' Roc™To I oRegrr " 2Reelm a4y 7= - 1 (T Bo) 2Ree

where gy = gmas ' = e and Bo1= Bop-
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Common Mode Rejection Ratio (CMRR)

The common mode regjection ratio is a measure of the differential amplifier’s ability to reject the common
mode signal and amplify the differential mode signal.

" / gmiRc R
dmt! DVo1/Vigl 2 EERNEE
CMRR = G5 0= 0= =~ gmiRee = 5y —
Aem 5’01/ Vic Bo1Rc 9m1"EE 2Vy
Fm+(1+B801)2Ree

Thus, the larger the input transconductance or Rgg, the larger the common mode rejection ratio.
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OTHER CHARACTERISTICS OF THE DIFFERENTIAL AMPLIFIER

Input Common Mode Voltage Range

The input common mode voltage range (ICMR) is the range of common mode input voltages over which
the differential amplifier amplifies the differential signal without significant change.

Consider the following:

V, V,
CC* CC*
+
Rc IEEch Rc
e lEE lee lee
Q1 £ 2 Zl 2 Q1 £ 2 Zl 2
. —_VCEe(sat) T . — VCE(sat) T
Vig(max) Veedl” VBEZ  vig(min) Veedl” VBE?
K K |
- I = 3 |v'EE
VBias l EE VBias Q l+
Q3 VcE(sat)
Vee VEE BJTDAO3
Maximum Input Common Mode Voltage: Minimum Input Common Mode Voltage:

Vie(Mmax) = Ve - 0.51ggRe -Vee1(Sat)+Veer  Vig(min) = Veg+Vegs(Sat)+Vees
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Slew Rate of the BJT Differential Amplifier

Slew rate is a voltage rate limit due to the fact that the current available to charge a capacitor is constant.
dVC |C

Slew rate = SR_F:E

where i and v are the current through and voltage across a capacitor C.

A differential amplifier that has a capacitive load will experience slew rate which is seen as follows:

$Vcc aVee
|EEl
VoD <lc_g, 2 vop =0 y
L Situation at ver +pf- TC2
A =0 A\
D Q1 Q2
V|2>>O Vil<<0
155 — lEE
VEE EE BJTDA09A
Note that the current in Q1 is 0 and Q2 is |gg. Therefore, the initial value of i is icg= 0.5lgg - ics
Ico lco . Ovc1 QVop
If we define the slew rate across C; as SR = =Gy , then icg = 0.58R-Cq fc e~ =05
I i I SR-C O CsO | 0.5l I
0 Rexe G e, U RD s 2%:E 0 [ SR = Eaaac, = CiC
(0] (0] 0o 0 U olJ 0 “¥s 0 s
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SUMMARY

A differential amplifier amplifies the difference signal between two voltages and rejects the common
mode signal

» The transconductance characteristics of the BJT differential amplifier switches from all of the current in
one side to the other side within £100mV

» The large-signal differential voltage transfer function has the form of hyperbolic tangent

» Emitter degeneration increases the range over which the differential amplifier behaves as a linear
amplifier

» The half circuit concept is very useful for analyzing the small-signal differential and common mode
performance

e The maximum and minimum input common mode range is:
Vic(max) = Ve - 0.51ggRe -Vegs (sat)+Vgey
Vic(min) = Veg+vees(sat)+Vpgr

» Thedifferential amplifier has a slew rate limit of IEE/Ceq where Ceq IS the capacitance seen to ground
from either collector.
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