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Differential Amplifiers



Introduction

* The function of differential amplifier Is to amplify the

difference of two signals.

 The need for differential amplifier in many physical
measurements arises where response from d.c to many
megahertz is required. It is also the basic input stage of an

Integrated amplifier.



Block diagram of differential amplifier

j_ I Differential

sz_ | : Amplifier !




R.

-V,

Fig. Basic configuration of a differential amplifier



« The output signal in a differential amplifier is proportional to the

difference between the two input signals.

Voo (Vi—V,)
Where,
V& V,—Two inputsignals

V,— Single ended output



Differential Gain (Aj):
VO = Ad (Vl_vz)

Where, A, is the constant of proportionality.
A, 1s the gain with which differential amplifier amplifies the difference

of two Input signals.

Hence it is known as ‘differential gain of the differential amplifier’.
V
A, =—2% =_8
d mRC

V1-V2= Difference of two voltage



Common Mode Gain (A4

An average of the two input signals is called common mode

signal denoted as V.. _ Vi +V,

Hence, the differential amplifier also produces the output

voltage proportional to common mode signals.

Vo=AcV;
Where A.=-R. /R, Is the common mode gain.
Therefore, there exists some finite output for V; =V, due to common

mode gain Ac.
Hence the total output of any differential amplifier can be given as,

Vo: Ad Vd + Ach



mmon M Rejection Rati MRR):

 The ability of a differential amplifier to reject a common mode signal is
defined by a ratio called ‘Common Mode Rejection Ratio’ denoted as
CMRR.

« CMRR is defined as the ratio of the differential voltage gain A, to

common mode gain A.and is expresses indB.

CMRR = Ad/Ac = &_R,

CMRR = 20log|—=|dD




Input and Output Resistances:

Diff. mode input resistance:

R.=2Tle

Diff. mode output resistance:

R,=Rc //To



Differential Amplifier using FETs:

Vi Vi
<
-

Rpp = =

ol ,nl
b—C L
O <>
I | Ql Q I

Ad = - ngD
Ac= - RD/ Rss
CMRR = Ad/Ac=¢ _R_



» |dentical transistors.

» Circuit elements are symmetric about the mid-plane.

» ldentical bias voltages at Q1 & Q2 gates (V1= Vo ).

» Signal voltages & currents are different because v; # vs.

_ Vb o Ypp
Load Rp: resistor, current-
mirror, active load, ... =~ ———s &, 2 % Ry
EE> Q1 & Q2 are in CS-like
i i | configuration (input at
— 'Ii o1 Q2 :‘I, o V) the gate, output at the
drain) but with sources
connected to each other.

Rss: Bias resistor, current > 3 Ry

source (current-mirror)

o For now, we keep track of “two” output, v,; and v,s, because there
are several ways to configure “one” output from this circuit.



Since VG].: VGZZVG

and

Also:

VSl :Vsz =V S

VGSl = VGS 2 :VGS
Vov 1= Vov 2= Vov

ID 1= ID 2:ID

VDSl - VDS 2= VDS

Om1=Om2=0n

Fai="To2=1,

Vb ¢ o Vpp
lID IDl
Rr)% % Rp
VD»—«: o——-ovr)

Vg Vg
0—1': Qi Q2 :Il—o
Ve
ID ‘b ID
%
2IDl Rss

.



Differential Amplifier — Gain

Voep =V —V | l
gsl 1 3 = R, ‘f:z R,
Vgs2 =Vo— V3 ) Ql ) ) Q2
1 0—l ; 1 0 L —
+ EmYesl &m
- <
Vas b = <: fo v,
Node Voltage Method: - <> . s <> ’
1 )| I\
. Vo, Vg —V ‘
Node Uop1: Yol Yol V3 +gm(V1_V9 iy ;
R |
D 0 %R\\
Node vpz: Yoz TYe2 Vs g (u-v) =0 )
Rp I =
Vv Vo—V V,—V,
Nodewvs: % +78 To24+ ™8 Fol _ g (v, —vy)—g,(V,—Vs)=0
Rss Fo I

Above three equations should be solved to find v,;, v,2 and vs (lengthy calculations)

» Because the circuit is symmetric, differential/common-mode
method is the preferred method to solve this circuit (and we

can use fundamental configuration formulas).




Differential Amplifier — Common Mode (1)

| Common Mode: Set v;= 0 (or set v;=+ v.and vy=+ v,.) |

Vb o Vb

l la l 2

R R
Because of summery of x- ) ) ?
the circuit and input signals™: LS

o2
o=

Vo1 =Vo2 and 1y = lg, =l e o—| | QI Qljl—o %

id <ig
We can solve for v,; by node voltage method 2idl Rss
but there is a simpler and more elegant way.

*If you do not see this, set v; = vy = v, in node equations of the previous slide, subtract the
first two equations to get v,1 = v, . Ohm’s law on Rpthen gives iy1 = 149 =14



Differential Amplifier — Common Mode (2)

» Because of the symmetry, the common-mode circuit breaks into two
identical “half-circuits”.

* V., is grounded for signal



Differential Amplifier — Common Mode (3)

| » The common-mode circuit breaks into two identical half-circuits. |

Vop ¢ o Vpp Vob ¢ ¢ Vop
Rp % % Rp Rp % % Rp
Vol Vo2 ol Vyo
p—2 D2 o o4

G &—l'__' Ql Q2 :|I—° % ‘

CS Amplifiers with Rs

Vor_Voo —_ OmRp
Ve Vg 1+ 20, Rss+Rp /1,




Differential Amplifier — Differential  Mode (1)

I Differential Mode: Set v, = 0 (or set v;=—vy/2 and vy =+ vy /2) I

1

Vg1 = —0.9Vg— V3 J 4
Rp = = Ry
2 =
Vgs 2= +0.5V4—V; Ql Q2
-(J.S\d o 5 lv o ¢ o 0.5v,
z ol ol
+ EmYest EmVgs2 +
Node Voltage Method: el <l> = 3% <¢>
. Vg, Vg —V ' '
Node vyy: Yol Y17 Y3 O (—0.5V4—V3) =0 ! . S !
RD I’0 I
Node vgy: Yo24 Yoo =¥s 4 ¢ (10 Byy—v5) =0 = Rss
R, 1, |
Vi | Va—Vyp, V5—V _
Nodevy: S 428 7024+ 73 "ol _ g (—0.5V4—V;)—Qm(+0.5V4—V;) =0
Rss r, I,
f1,1) (2 9 |
Node v, + Node v, : |_+_ tV +V )1 2+ ng ng_ 0 Only possible solution:

\RD ro) i ” \'(-)

< Vou +Ve,=0 = Vv, =V,
|/1+2—2g l/3:0 m) [ 1= Vo2

Node vy  ——lv_+V,, )_|_ = V;=0
r




Differential Amplifier — Differential  Mode (2)

|V3 - O and VOl — _V02 — id].: _id 2 |

Vb ¢ o Vpp Vbp ¢ o Vpp
T ld ldl T Ld ldl
RD% % Rp Rn% % Rp
Yol Vo2 Vol Vo2
*—O o—e p—O e
_”'5"d +(‘).5vd - ().5\'d + ().5\/d
e R ) o e |-
Us — Us =0
e I SR . [ 'Y
Ld ld = Vi
Rgs -
0} i
Ve CS Amplifier
Vg1 Vyy
° :_gm(ro”RD) | > :_gm(ro“RD)
—-0.5v, +0.5v,

» Because of the symmetry, the differential-mode circuit also breaks into two
identical half-circuits.




Concept of “Half Circuit”

» For a symmetric circuit, differential- and common-mode
analysis can be performed using “half-circuits.”

Vbp 9 o Vop
Rp % % Rp
V«)I vul
—0 Ol
Common Mode % 'l: - - :Il Y Differential Mode
Voo o e Vpp Vb o o Vpp
Rn% % Rp % R g Rl)% % Rp
VI y \'n‘.‘ = vo 1 vl)l
O l o9 VSS ®* 0 o9
3




Common-Mode “Half Circuit”

Common Mode circuit

)
s T | Vs = Vs 5
<
2R : . 2R
Rss Rbbé lld Zdl“; th
~Vss =V &=V

Common Mode Half-circuit
1. Currents about symmetry line are equal.

2. Voltages about the symmetry line are equal (e.g., U,1 = U,2)

3. No current crosses the symmetry line.




Differential-Mode “Half Circuit”

Differential Mode circuit

Vi Y Vv .
D 9 o VDU T
DI ) pD ¢ Ty d

‘().5\"d L *().SV'd = U.S\'d
o— Ql Q2 ||_° o——i Ql

<I
-
¥ Rss

—Vss

Differential Mode Half-circuit
1. Currents about the symmetry line are equal in value and opposite in sign.

2. Voltages about the symmetry line are equal in value and opposite in sign.

3. Voltage at the summery line is zero




Constructing “Half Circuits”

Viop ¢ o Vo Voo ¢ o Vob
<,
=

RD% %RD Rné éRD

v 1 1 ‘07 ‘)l VOZ
—o-WA——
*—0 o—=9 '
v R /2 R /2 v,

Step 1:

Divide ALL elements that cross the symmetry line (e.g., R;) and/or
are located on the symmetry line (current source) such that we
have a symmetric circuit (only wires should cross the symmetry
line, nothing should be located on the symmetry line!)




Constructing “Half Circuit”— Common Mode

el

=Viss

Step 2: Common Mode Half-circuit

- VSS d

3. No current crosses the symmetry line.

1. Currents about symmetry line are equal (e.g., ij1 = 142).

2. Voltages about the symmetry line are equal (e.g., v,1 = U,9).




Constructing “Half Circuit”— Differential Mode

Step 3: Differential Mode Half-Circuit
1. Currents about symmetry line are equal but opposite sign (e.g., ig1 = —142)

2. Voltages about the symmetry line are equal but opposite sign (e.g., v, = —U,2)

3. Voltage on the symmetry line is zero.

Vb Voo Vop ¢ Ypp Vb ¢
< -
Rng %Rn Rp 2 %Rh Rn%
h | \nl' \'ul.d Vo2 | ' ‘ul.d
MV — Mo oW AW o MW— l
y R,/2 R,/ R,/ R,/2 R,/
Y . 2 2 - 05v : - L1 05v, - 05v .
o | 1 I © o— I | © — | -
_Q Q Q Q. 0

|
-
Z
/\
P 2
5“ 3
|
< =
ra
)
o - -
./
y |
/
) e
< by
w
v

Vol,d — _Vo 2.d




“Half-Circuit” works only If the
circuit is symmetric |

> Half circuits for common-mode and differential mode are different.

> Bias circuit is similar to Half circuit for common mode.

» Not all difference amplifiers are symmetric. Look at the load
carefully!

» We can still use half circuit concept if the deviation from prefect
symmetry is small (i.e., if one transistor has Bpand the other Ry

+ ARD with ARD <<RD).
o However, we need to solve BOTH half-circuits (see slide 30)




Why are Differential Amplifiers popular?

» They are much less sensitive to noise (CMRR >>1).

» Biasing: Relatively easy direct coupling of stages:

o Biasing resistor (Rgg) does not affect the differential gain
(and does not need a by-pass capacitor).

o No need for precise biasing of the gate in ICs
o DC amplifiers (no coupling/bypass capacitors).
> ..




Why Is a large CMRR useful?

» A major goal in circuit design is to minimize the noise level (or improve
signal-to-noise ratio). Noise comes from many sources (thermal, EM, ...)

» A regular amplifier “amplifies” both signal and noise.

Source

\Y I V1= VsigtVnoise I

I Vo= A- Vi= A- Vsig + A- Vhoise

» However, if the signal is applied between two inputs and we use a
difference amplifier with a large CMRR, the signal is amplified a lot more
than the noise which improves the signal to noise ratio.*

Source

vV Vi= _O-5Vsig + Vhoise & Vo= +O-5Vsig *+ Vhoise

V= Vo — V; =V & V.=V, ice

Ad

Vo= Ad' Vyq+ AC‘ V= Ad’ Vsig + W "V oise

* Assuming that noise levels are similar to both inputs.



Comparing a differential amplifier
two iIdentical CS amplifiers (perfectly

Differential Amplifier

Two CS Amplifiers

matched)
@ | )

- V.

o Vpp

= %
+

o—e Vo2

@ |




Comparison of a differential amplifier with two
Identical CS amplifiers — Differential Mode

Differential amplifier Two CS amplifiers
Vi T Vi Voo Vo Vo Vo
Rp = ékl Rn% EERI Rn% EERI)
| - Yod Identical |
< o—4¢ "odd B = oy o o—d

Vord = —gp, (1 [IRp) (—0.5vy)

Vozd = —0m (o [IRp) (+0.5vy)
Voa=Vo24—Vord = Im (ro||Rp vy
Adg=Vos! Vg= =0 (1L]|IRp)

» Uo1,d» Uos,d» Uodr and differential gain, A, are identical.




Comparison of a differential amplifier with two

Identical CS amplifiers — Common Mode
Differential amplifier Two CS amplifiers

s Voo

Rp

Zr Half-Circuits 2t Ef Res 3
Vs 6 =V 6 =V
Vo= Voo =— ngD \Yj Vol,c Vo2 C— gm (r ”RD)V

°%¢ 1+2g.Rss+Rp /T, °
Voc=Voo,c— Vol,c:0
A=V, /Vv.=0

Voc: Vo 2c Vol,c: O
A.=V,./Vv.=0

| > Up1,c & Vg2, are different! But v,.= 0 and CMMR =oo. I



Comparison of a differential amplifier with two
iIdentical CS amplifiers - Summary

Differential Amplifier

Vop ¢

2

vnl

p——0

o Vpp

2 R

o—9e

'\'u:
%
4 o) S
| q oh‘fll .

Two CS Amplifiers

Vob ¢

o Vop

Rp

Vv
Ad :VLd:_gm (ro”RD) ) Ac:

d

CMRR =

Yoo _g
\"

C

=

V,, v

=29 = g (LIRy) , A=~ =0
A=t =0 (GIRo) A=
CMRR = o0

» For perfectly matched circuits, there is no difference between

a differential amplifier and two identical CS amplifiers.
o But one can never make perfectly matched circuits!




nfigurations of Differential Amplifier:
« The differential amplifier in the difference amplifier stage in the
op-amp, can be used in four configurations.
(i) Dual input, balanced output differential amplifier
(i) Dual input, unbalanced output differential amplifier
(i11) Single input, balanced output differential amplifier

(iv) Single input, unbalanced output differential amplifier

—> Out of these four configurations, the dual input, balanced output is the

basic differential amplifier configuration.



Dual input balanced output

differential amplifier




Dual input unbalanced output

differential amplifier




—_—

~~ =
: _

—

-

Single input balanced output

differential amplifier

V.

I

'
E

1 \V

- O

= -

= _ -
A A A 3

vV Q
'

EE




Single input unbalanced output

differential amplifier




Rc

Rc

+Vcc

Rc

Q1 Q:z

-VEE

+Vcc

-VeE

Re

Rc

| }04-—§—->0

| o<—§—>o



What is a current mirror?

It is a circuit that outputs a constant current that is equal to
another current called “reference current”.

Q1 along with the series
resistance determines the
reference current.

While Q2 is responsible of
delivering the output current or
mirrored current to the load.

Figure 1: Current mirror basic circuit



o

Rl \ IRef Rz | IOutput
Ig1 Ipz

\ GND1

Collector current
is given by this
equation:

Ic=p = Ip

Since the two
transistors are
identical:

IRef= IC+2 IB

Thus makes the
output current:

| Output — | C

Since base current is
small compared to
collector current, we
can assume:

I Output ~ I pet



GATE Questions with Solutions



4. A constant current source using two
matched npn transistors with 8 = 100 and
Vee = 0.6V is shown.
Calculate lout

ekné

Vee
- T12v

(A) 1.5mA (B) 0.2mA
o1 .86n’_\A (D)Z2mA ’
Nings oW ;
Sol. |ref=:¢¢R_BE
12-0.6 _11.4 __
leer = 6K = BK =1.9mA
loutr = B Vot
2+8
100

=153 =1-9mA = 1.86mA Choice (C)




A current mirror shown below, provide

- @1.5mA current with Ve = 12V. Assume

B=150 and Vge = 0.7volts. What is Ri.

(A)925kQ . - (B)7.43kQ

— (C)7.53k0 ~ (D)8.5kQ

~Sol. Iy =lgp =g

P l'
C ﬂ+2 ref
=>'c WVee - Vae) e
[l+2 "Ry
S 5x109190, (12:07)
-1 Ry
11.15
RFWKQ 743KQ Choice (B)



.'/

-~

T

Common Data for Questions Sto 7:

A differential amplifier is shown below has

following specifications. ;
R 1 Rcz - 1 '8KQ'RE —4KQn vcc =10V,- VEE =—10V

B=100and Vee = 0.7 V

| —®+Vce

-VEEe

§. The _em’ittef current Ig is : - O
(A)2.3mA 7 (B)1.16mA =~ -
(C) 1.7mA (D) 0.98mA




TNt ™ _\'-.'—.. . V % V PN 10 i 0.7 ;
Sol. 2lg = EE‘RE e

=>|E—-9—8-3mA =1.16mA. Chonce (B)

6. The differentidl mode voltage gain A is
(A)10 (B)8 (C)80° (D)40

Sol. ac emitter resistance is

| V -3
fo = —= 20x10 . 9335

I 1.16x10.
differential mode gain is

Re 1.8x10° _
=—C . =80
Ad 2236

re
(Where Re, =Re, =R¢) Choice (C)




7. What '_is the‘ output Vo if Vi = 30mV and
, Vz = 40mV
(A) 0.8V (B) 5.6Vv (C)2.8v (MO0OV
B \'/o' : - . = 86
V4 _ T
Vo = Ad Via = Ag(V2 — V1) -
= 80(40 — 30)mV

= 800mMmV 4
= 0.8V \ * Choice (A)
8. Consider the following circuit

I'f 15v

150 €2 Re




)

8. Consider,‘ the following circuit
 ° I* 15V

o BN 200 kO R- an




Sol.

The tansistors have [} = 100, Determine
the Input differential resistance R,

v
=2 and the worst

overall voltage gain 7
. I

case common mode rejection ratio if

two collector resistances are accurate
within £ 1%

Each transistor is biased at an emitter
current of 0.5 mA in case of symmetric
feed, here feed is not symmetric but
results will be similar in both cases.

Vr 25mV =500

v fayBligg T8
ol e2 lg  0.5mA

. Input differential resistance can now-

be find as
Rid=2(p+1)(r, +Re)
Where 3 = 100

Re=150Q .

. Rig=2 (100 + 1) (50 + 150)

R = 40,400 Q2

Re=404KQ A

GivenRs = 10K Q

Voltage gain from the signal source to
base Q1 and Q2 is

Ve M, O 080
Vi Rig+Rg 404 + 10

Vo __ 2Re

Via 2(re + Rg)

2 2 x 10

T 2(50 4.150) x 10-3

Re AR

Ao = —<-

Rer Re =5x 10

_Cm=20Iog;3:9;=98.06d8.



9. Forthe clrcuit shown neglecting base wrrena ﬁnd loand ly, Iz, la.

TET
B
U,
£F 5

L,

P




o r—————

thmw

The base currents are neglected i.e p of the transistors are very high.

Applying KVL in 1%t transistor
66—l (10 K) _07-14Klb+6= 0.
11.3=1, (10+ 1.4) K '

11.3
lO = — mA
11.4

|o=1MA 3

Since all transistors are coupled
transistors as they are connected in parallel.

VR°=1.4Kx1m'A=1.4V
Vri = 1.4V =1; x 300
1.4
|1-m—4.67mA
Vro = 1.4V =12 x 400

1o each other, therefore emitter voltages are same in all the

w2
lg = 355 = 35 MA
VR3= 14V = |2 x 500
1.4
I, =—=2.8mA.

500




In an ideal differential amplifier shown in figure, a large value of Rg

P 2. Inideal differential amplifier
Differential mode Gain = - gn Re

Re Re

Common mode gain = Re
| 2Re

Re Vi :
By i Increasing em|tter resistance Value

d.
‘ | and mode gains common mode gain will-be dGCfease
(A) increase both the differential and common - ; |
(B) increase the common-mode gain only and dlfferentlal mode gam does not vafY |

(C) decreases the differential-mode qain only ‘ | | Cho'ce (D)
(D) decreases the common -mode gain only. | |

Vi




For the circuit shown in the following figure,
transistors M1 and M2 are identical NMOS
transistors. Assume that M2 is in
saturation and the outputis unloaded

= Qf\/nn

'!nn e

\n/\;’rﬂk '

The current Ix is related to luias as

(A) Ix = lpias + Is
(B) Ix = Ibias

(C) I«
D o = _ Mowa
) 0. ==l .. ( , v B )

(GATE 2008)

'blas - 's

Given circuit is
current mirror
circuit is equally
divided, Ibias = Ix
Choice : B



In the silicon BJT circuit shown below,
assume that the emitter area of transistor,
Q1 is half that of transistor Q..

|
. Jlxo

Qi Q2
(m=700) N (g=715)

|
é

-10V

The value of current Ip is approximately
' (GATE 2010)

(A) 0.5 mA (B) 2mA

(C)9.3 mA (D) 15mA



A [ 1t

—

i 9.3kN |
. \{\’ﬁ
Q:
&l oop
. N2 l :

-10V

1007
27 g3x10°

1, areaof Q, transistor
. area of Q4 transistor-

=TmA

A
Giventhat Aq, = —2 = lo = 2Ma.

Choice (B)



In the differential amplifier snown in e

figure, the magnitudes of the common-
mode and differential-mode gains are Ao,
and As, respectively. If the resistance Re

is increased, then

RE% f )z,
Nee

' (GATE 2014, Set-2)

(A) Acm iNncreases

(B) common-mode
increases

(C) Ag increases

(D) common-mode
decreases

rejection

rejection

ratio

ratio

Choice : B

If the resistance
Re increases
,then the CMRR
gain improved
because
common mode
gain is small



In the circuit shown, |y = 80 mA and
I2 = 4 mA. Transistors Ty and T, are
identical. Assume that the thermal
voltage Vris 26 mV at 27°C. At 50°C, the
value of the voltage Viz2 = Vi — V2
(inmV) is
Vs

=  (GATE 2015, Set-1)



From the given data

1., =80 mA and I = 4 mA

VT =26 mV at 27°C

At 50°C, the value of the voltage V12
=Vi—Vz2=72

We know

I=1lo {e\’/“\"' —1}, 1= lo I(3\4-'nvr} |

h_ e(V1—-V2)/nvr
I2
T
11600
at T =273 + 50° = 323° K
323

Vy 2= 222  _27.844mV
T~ 71600

We know V1 =

I
V12 = nVr.In (—1—) \V4
>
Letn =1 (NOT given)
Vi = 27.844 x 1073, |n(%)

=83.413 mV Ans: 83.5 to 84.0



8. Consider the constant current shown in
the figure below. Let B represent the

current gain of the transistor
- ?+Vee

Vl’.' lﬁ
. | + Rz

R1 RL

(%)

I

The load current lo through R is

(GATE 2016, Set-1) .

x Vi
(A) lo = (-'5—‘-;—1)1’—'@8—'-(8) lo = (B_Dﬁ)_si

= (B Veef = (B Vet
(Gl (T)'z%‘om (nm) 2R




8. Re draw the given circuit

Vcc+fR J/lE

_. 8 B
PR

lg =Ig +1c =(1+Blig

vr.?q%

Yot _@aplig - -

R
Ic =B
Is =JC

3

i B )V
il - —_— ref
Sna (Hu} R

Choice (B)



The circuit shown in the figure uses matched transistors with a thermal
voltage V; = 25 mV. The base currents of the transistors are negligible. The
value of the resistance R in kQ that is required to provide 1 nA bias current

for the differential amplifier block shown is . (Give the answer up to one
decimal place.)

Giventhat, Iy =1mA, I, =1pnA
Vi=25mV

lg1 =152, =0

_Vryal
R = IC2In(ﬂ;

o—tp I

25x163, 1073
100 In(10—6)

= =5In(1000) = 172.7kQ2



54. The current mirror of figure is designed to provide Ic =05 mMA. V=10V, B =
125. The value of R is kQ

T Ve =10V
Output current I =0.5 mA
Therefore base current Ig = IFC = O‘?zrglA =4 uA =R
Now the current through resistor R is.

IR — IC + IB =0.5 mA+8 ILLA =0.508 mA J L = |
VBEg =0.7V Vee  Vae
Therefore voltage drop across R is 10V-0.7V=9.3V
~R= 23 _ 18.307 kQ

0.508



37. Two perfectly matched silicon transistor are connected as shown in the
figure. Assuming the B of the transistor to be very high and forward voltage
drop to be 0.7 V, Vge = 0.7, the value of current I is

1 k2 D

1.0 mA 2. 3.6 MA 3.4.3mA 4.5.7 mA

This 1s a current mirror circuit, since f3 i1s very large,

lo =10 =1l0o=1p =1 =1 and Ip =
C17C = CT e~ T E By

IBZ =Ip =0

Apply KVL through Q1 from -5V to ground.
IXIK+0.7+0.7=5

. D Is forward biased.
Current passing through diode is

_ 36 _
I—lk—3.6mA



