
Chapter 10

Determine the following for the circuits of Figure 10-3(a) and l0-3(b) below:
a) Output current and output resistance of the current-mirror shown in Figure 10-3(a).
b) The-resistance R and output resistance R, of the current-mirror shown in Figure 10-

3(b). Assume Ve: 125 Y. ,
rVcc: lOY

:1.5 mA

Figure 10-3(a): Basic current-mirror Figure 10-3(b): Basic current-mirror
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Answers: a) Io:3.66 mA, Ro:34 kO b) R: 6.2k{2,  rR,:83.3 kC)

10.2.2 Wilson Current-Mirror

A circuit diagram of a Wilson current-mirror and its equivalent with negative supply is
shown in Figures l0-a(a) and (b) below:
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(a) Wilson current-mirror
with positive supply

4.7 kO

(b) Wilson current-mirror
with negative supply
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X'igure 10-4: Circuit diagram of a Wilson current-mirror
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Chapter 10

Applying the KVL around the path from Vsg to ground results in the following:

Vcc: In;.;r.x ft+ Vnn* Vnzz

Rearranging the variables and solving for lpnp, we obtain the following:

It,r iiiiiiiili,,.iiltti..i.. 
=_::i 

iiiii,

Assuming Qr:Qz:Qt and applyingthe KCL at the collector node of Q2results in the
following equation:

IB: Igz * 2Is

(10-4)

(l 0-5)

(10-7)

(10-8)

(r0-e)

(10-10)

(10- l  t )

( l  0-12)

Since Qr and Qz arc biased in parallel by having their base and emitter terminals tied
together, let Ier: IE2: In, Ict: Ic2: Ig, and IH: Is2: Ie.

Substitutin gfor Ig and ftin terms of hinEquation 16-S resutts in the following:

r,, = 4- r, +z+ = r,( -f-.+) = r,( Pi2\
pr,1"- '  B*r- ' r [p+1- B*l)- 'n lpt+tJ (10-6)

Substituting for ft3 in terms of Is, we obtain the following:

Applying the KCL at the collector node of p1 and substituting for 16,in terms of 1r results
in the following equation:

,^=Pu=,,(##)

r nsr = I,  + I  u, =4-r, * r r( .9*?.\
f  +1- E'  -  El(B *t) '  )

Factoring out h and taking the common denominator, we obtain the following:

rnnp=,,(*#_)

Substitntingfor Ie in terms of 1',3 results in the following:

rc = r^^ - B r-. = ! "(+2./"]= F(F+?),.
' - 'c3 

B+t" ' -  /* t [ f+r 'E)-  (B+1y"

Io = (F+2) = F+2
111tntr  

@+D+r+l  @+D+1
BP

To obtain the ratio of Ioto IpBp,wa can simply multiply Equation l0-10 with the inverse
of Equation 10-9, as follows:

Io __F(F+2)Ir .  ( f  +r) '
Iu,  (F+D' I rB@+\+ B+2

Canceling out the common terms in the denominator and the numerator and dividing both
by Bresults in the following:

Dividing both the numerator and the denominator by Q! + 2) results in the following:
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where

.2
I *---:--

f '+2f

Io

Iu,

f  --- =Vcc 
-ZVBE 

- 
(12 - 1'4) V = ? ?55 m"A.FEF- 

R 
-  

47lrd,  
- - .LJ-

R
R,=Lr =100x60ko=6MO

unru

Determine the reference current lanr,the output current Io, andthe output resistance for
the Wilson current-mirror current source of Figure l0-5.
Assume f = 160 and Va = 160 V. 

*Vgg : 15 y

Let us now determine the bias current and the output resistance of the Wilson current
miror of Figure 104. Assume Ve= 135 V and B:200. Then,

Figure 10-5:
Wilson current-mirror
current source

Answers: IRap:2.89 mA,

Io:2.89 mA, Rr:4.4 MO

ol,-*ft,,

For example, if B = 100, I o = 0.9998 I psp, and if p : 200, I o : 0.99995 I rce.

The output resistance Ro of the Wilson current mirror.* i. shown to be approximately

!r",*Ii"nis l times higher than the output resistance of the basic current mirror.
2 " '  2

* ( lo-17)
gfit

(10-13)

(10-14)

(10-15)

(10-16)
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Chapter 10

Summary of Equations for the Analysis of Basic and Wilson Current-Mirrors

Design the following current sources for an output current of 4 mA, and determine its
output resistance if Vcc: 16 V, B : 160, and Vt: 160 V.

a) Basic current-mirror current source
b) Wilson current-mirror current source Lr,

Figure 10-6(a): Basic current-mirror Figure 10-6(b) : Wilson current-mirror

Basic current-mirror:

r  -Vr,  -V*
LREF - 

R

Wilson current-mirror :

r _vcc -2vBE
IREF -  

R

Io_ B = 1
Io,  (F+2) '*4

B'
Io: (l + 2/ Bz)Ipsp:lREr

RVA
Ro:lro fo =-

"  2" Io

Io B_:_:
Iu, F +2 .2

l+-
B

Io: ( l  + 2/ B)IREF= Inar

Ro:lo
V,'" =t

+Vcc

+Vcc

Answers: a) .R:3.9 kCl, Ro:40 kO,
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Chapter 10

10.2.3 MOSFET Gurrent-Mirror Gurrent Sources

Basic MOSFET Gurrent-Mirror

The basic MOSFET current-mirror can be achieved with t'wo MOSFETs connected in a
similar fashion as the basic BJT current-mirror, as shown in Figure 10-7 below:

*Voo: l2Y

lw,
Y

4.7ldz

1,,

Io

Ip

D

I
Qr & Qz:
K:20 nAJY'
I / t :2Y

D

Qt

Figure 10-7: Circuit diagram of a basic MOSFET current-mirror current source

Since Z6s1 eeuals Ycn, Ior equals Im, andbecause there is no gate cuffent, Ipps eQurals I'.

Vcst: Vcsz: Vcs

Ip1 = Ip2: Ip

Iwr: Io: Io
According to KVL, the supply voltage Vppmnst equal the sum of voltage drops along the
path to ground; that is,

Vno:IpxR*Ycs
Solving for Io in the above equation results in the following: (10-18)

(10-1e)

Io can also be determined as follows:

In = K(Vcs- I/)'
Equating the above two equations for Ipwe obtain the following:

V_V
Io =T: K(Vos- I/,)t

Yoo- ir: ffi(vcs- v,)2

Voo* VGS: KR(Itci -2VcsVt + tt?\ (10-20)

Further algebraic manipulation and separation of variables yields the following second
order equation in terms of the variable Vcs and other known circuit parameters:

KRVGSZ +(1- 2KRV,)V^, +(KRV, '  -Yoo)=o

408
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Ghapter 10

The above equation is in the form of the following general quadratic equation:

'4yj *.,66s +rfu:,0

which has the following general solution:

where,

(r0-22)

(10-23)

(r0-24)

,l'' b;,,xn:;v3,,- l,t/i"l
After Vcsis determined with the above equations, Io i,anbe determined with Equation
l0-19, but first we need to determine the parameters a, b, c, andthen v6s and,Io.
a= KR:20nNY2 x 4.7 kCl:94

b : | - 2KRII/,F I - Q x 20 mNY2 x 4.7 k0x 2 V) : -375

c : KRY? - lVoo | : 20 mANz x 4.7 kd) x 4Y2 - 12 : 364

Ves =
+ 37 5 +,,!ll s' - (4* 94x 364)= 2.32Y

2x94
I2V -2.32V =2.06 mA = zmA

4.7 kA'o=ry=
fwe : Ip: Io:2 mA

Assuming v,q= 120 v, the output resistance is determined as follows:

R^ = r^ -vn - l2ov = 6o ke
Io 2mA

Determine tbe Io and Ro for the basic current-mirror as shown below:

*Yon: 15 V
Qr & Q2:
K= 20mNYz
Vt:2Y
I/,q: l20Y

Answers:

Io:2.48 mA, Ro = 48 kC)
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Gascode Gurrent-Mirror Gurrent Source

A substantially higher output resistance can be achieved with another MOSFET current
source called cascode current mirror, shown in Figure l0-8.

*Yoo= 16 V

All MOSFETS:
K:20 mAN2
V1=2Y

Ve: l20Y

Figure 10{: Circuit diagram of acascode current-mirror current source

Each MOSFET pair in the above diagram represents a basic current mirror. Hence, all
drain currents are equal to lp6p, and thus all gate-to-source voltages will be the same

Vc$= Ycn: Vc$= Vcse: Vcs
Iu: Ioz= ID3: Ip,4 : Ipgp: Io

According to KVL, the supply voltage Zao must equal the sum of voltage drops along the
pathto ground

VoD: InR + 2Vcs (r0-25)

(10-26)

Solving for loin the above equafion leads to the drain current

The dain current Ip canalso be determined from EquationT'2l
Io: K(Vcs- V)'

Equating the above two equations for Io andfurther algebraic manipulation and
separation of variables yields the following second-order equation in terms of the variable
Vcs and other known circuit parametem:

KRYcs2 +2Q- ff iV,)V;, +(KRV,' 'Voo) =0

The above equation is in the form of the following general quadratic equation:

I
IIo Io I
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oi+bq+
: :a: :1: : : t : t  ,  : : ' ' :a: . . . . . .  . . . :  .  . t - . - : r : . . .

which has the following general solution:

c=Al (10-28)

(r0-2e)

where,

o: rnl'i ,&.= Z1t,;,,rcq 1411)'

After the Vcs is determined with the above equations, Ip canbe determined with Equation
10-26, but first we need to determine the parameters a, b, and c, andthen V6s and Io.
o:  KR:20 mA/Vz x 4.7 kQ:94
b : 2(l - KRlVtl) : 2U - Q0 mANz x 4.7 kQ x 2 Y)l: -374
c: KRV? - lVnnl: (20 mAN2 x 4.7 kit x 4V2)- 16 : 360

ID _vpp -zvGS

+ 37 4 + .,!tl +' - (4, 94 x 360)
=2.35Y

2x94
l6v-4.7V =2.4mA

n 4.7 kQ
IRFE: Io:  Io:2.4mA

The output resistance of the cascode current-mirror can be shown to be as follows:

i)i,s;ri, (10_30)
where,
g^:2K(V6s - V): 2x 20 mAN2(2.35 V - 2V1:14 mS

Assuming V1:120 V, the output resistance is determined as follows:

,^ =L - l2ov = 5o kc)" Io 2.4mA

Ro = g 
^toz 

= 14 mA/V x (50 kO)2 = 35 MO

Summary of Equations for the Analysis of MOSFET Current-Mirrors

MOSFET basic current-mirror:

v |  _ -b+^lY4ot
'o t l r -  

channel-  2t

a: KR,b: |  -  2KRlVt l

c : KRV? - lVool, Innp: ID: Io

1^=voo-vo, .  ,  
Vo

R '  Ko='"=t

MOSFET cascode current-mirror:

rr  |  -b+" lY-4ot
'Gsr =-

"" 
ln - channel 2a

a= KR,b=2( l  -  KRlV, l )

c:  KRV? - lVonl ,  Inrr :  ID: Io
v alr

I o =L#, Ro = g,to2"R

g,:2K(V6s* V)

4tl



Chapter 10

Determine the Io and Ro for the cascode current-mirror of Figure 10-9 below:

lVpp: l8Y

lu,
Y

5.1kC)

V"

I

I
I

All MOSFETS:
K:25 mNY2
Vt= 2.5 Y

Ve: l00Y

Figure 10-9: Circuit diagram of a cascode current-mircor current source

Answers: Vcs:2.8115 V, Io : 2.426 mA, Ro : 26.46M{l

10.3 DIFFERENTIAL AMPLIFIER

The differential amplifier (diff-amp) is an essential component of the operational
amplifier; in fact, the first two stages of an operational amplifier (op-amp) are differential
amplifiers. Thus, before we begin the study of the operational amplifier and its
applications, it would be useful to explore the characteristics, capabilities, and limitations
of the differential amplifier. A differential amplifier is an amplifier with two input
terminals and two output terminals. Its block diagram is shown below:

N
[ \*

lntn_e:y)
H-+
Ui2 t;' Uo2

Figure 10-10: Differential amplifier block diagram
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, 12-0.7 A!o" .= =2.4t t tA
4.7kf,)

To determine the relationship between the Io and Innr,we will apply KCL at the collector
node of Q1, as follows:

IREF: 2h + Is: 2ft * Bft: QB + 2) Ig

The output current 1r, which is the collector current of ez,is the following:

Io: Ic= FIs
Dividing the loby Innrresults in the following ratio:

(10-2)

Assuming that p:200, the above ratio will be 0.9900. That is, the lo,which is the output
current of the current source, will be the following:

Io: 0.99IaBp

Io: 0.99Q.4 mA) :2.376 mA

The output resistance of the current-mirror R, is simply the output resistance of the
transistor ro, which can be determined with the Early voltage Ve of thetransistor and the
output current Io: Ic as follows:

(10-3)

Assuming Ye= 120 v, Ro will be approximately 50 kc). According to the above
equation, the output resistance is inversely related to the output current; that is, the larger
the output current, the smaller the output resistance will be, and vice versa.

The current-mirror of Figure l0-1, which is redrawn in Figure l0-2(a)below, may also be
drawn with a negative supply, as shown in Figure l0-2(b).

+Vgs= l2Y

:1.4mA l.4mA

---+Inar

Io

I

;

Figure 10-2(a): Circuit of a basic
current-mirror with positive supply

-VeE: -12 V

Figure 10-2(b): Circuit of a basic
current-mirror with negative supply
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10.2.1

Ghapter 10

CU RRENT.M IRROR CU RRENT SOURCES

An ideal current source supplies a steady amount of current and has infinite output
resistance. Several types of current sources can be configured with BJTs and FETs;
however, the most popular configurations that are widely used in integrated circuits are
the current-mirror type current sources. We will discuss two types of current-mirrors,
starting with the basic cunent-mirror and then, later in the chapter, the much-improved
version of it, the Wilson curent-mirror.

The Basic BJT Gurrent-Mirror

As shown in Figure 10-1 below, the basic current-mirror ctxrent source comprises a
resistor and two transistors.

*Vcc= l2Y

2IB--+

Ia ----+

Figure 10-1: Circuit diagram of a basic current-mitor current source

The two transistors Qr and Qz are tied together at the base and the emitter, and both are
biased through the same resistor and from the same Vcc. ktother words, the two
transistors are biased in parallel. Hence, assuming that the two transistors are identical,
the base currents in both transistors will be equal, and thus, the collector currents will
also be equal. The reference current through the resistor R, which is labeled 1nzr, and its
relationship to the output current Io cmbe determined as follows:
According to KVL, the supply voltage Ysgmust equal the sum of the voltage drops
around the current path; that is,

Ycc = Qnzrx R) +Ynr

Solving for lpsp results in the following:

I
I Insr
v
4.7 W2

Io

ii;;it;:,W*

++
0.7V 0.7V-
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