
442 Chapter g Cascode Stages and Current Mirrors

Figure 9.22 Concept of current mirror. )

The bandgap circuit by itself does not solve all of our problems! An integrated
circuit may incorporate hundreds of current sources, e.g., as the load impedance d{
cE or cS stages to achieve a high gain. Unfortunately, the complexity of the bandgap
prohibits its use for each current source in a large integrated circuit.

Let us summarize our thoughts thus far. In order to avoid supply and temperature
dependence, a bandgap reference can provide a "golden current" while requiring a
few tens of devices. we must therefore seek a method of "copying" the golden crrrrJnt
without duplicating the entire bandgap circuitry. Current mirrors serve this purpos€.

Figure 9.22 conceptually illustrates our goal here. The golden current generated
by a bandgap reference is "read" by the cuffent mirror and a copy having the same
characteristicsasthose oflppvisproduced.Forexample,Iropy:IpBpot2lnnp.

9.2.2 Bipolar Current Mirror

Since the current source generatin g I-0, inFig.9.22 mustbe implemented as a bipolar
or MOS transistor, we surmise that the current mirror resembles the topology shouu
in Fig. 9.23(a), where 01 operates in the forward active region and the black box
guarantees lcop! : IpBp regardless of temperature or transistor characteristics. (The
MOS counterpart is similar.)

How should the black box of Fig. 9.23(a) be realized? The black box generatex
an output voltage, Vx(:76s), such thatQl carries a current equal to IREF:

where the Early effect is neglected. Thus, the black box satisfies the following rela-
tionship:

151exp 3 : hur,
vT

Vx : Vrt"'#

(e.861

(e.87!

(c)(b)(aJ

Figure 9,23 (a) conceptual illustration of current copying, (b) voltage proportional to
natural logarithm of current, (c) bipolar current mirror.
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We must therefore seek a circuit whose output voltage is proportional to the natural

logarithm of its input, i.e., the inverse function of bipolar transistor characteristics.

Fortunately, a single diode-connected device satisfies (9.87). Neglecting the base-

current in Fig. 9.23(b), we have

where 15.p6p denotes the reverse saturation current of Qaap.In other words, Vt : Vx

if Is,p6p - 151, i.e., 1f Qnsr is identical toQr

Figure 9.23(c) consolidates our thoughts, displaying the current mirror circuitry'

we say Q 1 "mirrors" or copies the current flowing throu ghQnae. For now' we neglect

the base currents. From one perspective, Qppp takes the natural logarithm of lppp

and Qy takes the exponential of Vy, thereby yielding I,opr :1aEp. From another

perspective, sinceQazr andQt have equal base-emitter voltages, we can write

Io*
Vt:  Vr ln ;3,

IS.REF

cVt
IRep : Is.aan exP 

f i

I topy: trt"*p!
vT

'1strrcopf :  ; - rREF,IS,REF

(e.88)

(e.8e)

(e.e0)

(e.e1)

and hence

which reducesto l,oor: IREp if Qane andQl are identical. This holds even though

V7 and 15 var] with temperature. Note that Vy does vary with temperature but in

such a way that 1.oo, does not.

An electrical engineering student who is excited by the concept of the current

mirror constructs the circuit but forgets to tie the base of Qnrp to its collector
(Fi1.9.2q. Explain what haPPens.

tcopy ?

Figure 9.24

Solution The circuit provides no path for the base currents of the transistors. More funda-

mentally, the base-emitter voltage of the devices is not defined. The lack of the

base currents translates to lroo, - 0.

Exercise What is the region of operation of QpBp?
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Realizing the mistake in the above circuit, the student makes the modification
shown in Fig. 9.25, hoping that the battery ft provides the base currents and
defines the base-emitter voltage of Qnsp andey Explain what happens.

/ ner I copy ?
'copy 

?

QRrr

(e.e2)

T'""
rner g

I.--|\ |
\./ O"r, )-l

+ Fyx vx
- -J-

:
Fi.qur* $.31i

Solution While Q1 now carries a finite current, the biasing of Q1 ilno different from that in
Fig.9.2l; i.e.,

Icopy :  I r t  
""p2,vT

which is a function of temperature If Vy is constant. The student has forsotten that
a diode-connected device is necessary here to ensure thatVy remains proportional
Io ln(Ipee l15.p6p).

Exercise Suppose I/x is slightly greater than the necessary value,vTrn(Ippel15.pse). In wha:
region does Qpsp operate?

We must now address two important questions. First, how do we make additiona.
copies of Ippp to feed different parts of an integrated circuit? Second, how do u';
obtain different values for these copies, e.g., 2Ipsp, Slnap, etc.? considering th;
topology in Fig. 9 .22(c), we recogniz e that Vy can serve as the base-emitter uoltug-
of multiple transistors, thus arriving at the circuit shown in Fig. 9.26(a). The circui:
is often drawn as in Fig. 9.26(b) for simplicity. Here, transistoi Q1 carries a curren:
Iropy,1, given by

which, along with (9.87), yields

The key point here is that multiple copies of I plp can be generated with minima-
additional complexity because Ip6p and,Qa6p themselves need not be duplicated.

Equation (9.94) readily answers the second question as well: If 15 ; (x the emir-
ter area otQi) is chosen tobe n times 15,psp (x the emitter areu of eapp). ther
Iropv,j :nInsr' we say the copies are "scaled" with respectto lp6p. Recall fror:
Chapter 4 that this is equivalent to placing n unit transistors in parallel. Figure 9.26(c
depicts an example where QrQs are identical toennp,providing l,opy:3lanp.

Iropy, j  :  t r ,1"*pb
vT

I,opy.j : jLrour.
IS.R-EF

(e.el

(9.91
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'copy3

(al

lRer

tbt  .  
(c)

Fisure 9.26 (a) Multiple copies of a reference current, (b) simplifled drawing of (a),

(c) combining output currents to generate larger copies.

A multistage amplifler incorporates two current sources of values 0.75 mA and

0.5 mA. Using a bandgap reference curent of 0 .25 mA,design the required current

sources. Neglect the effect of the base current for now.

Solution Figure 9.27 illlstrates the circuit. Here, all transistors are identical to ensure proper

scaling of lp6p.

Figure 9.27

Exercise Repeat the above example if the bandgap reference current is 0.1 mA.

The use of multiple transistors in parallel provides an accurate means of scaling

the reference in current mirrors. But, how do we create fractions of lppp? This is

accomplished by realizingQnnp itself as multiple parallel transistors. Exemplified by

the circuit in Fig. 9.28, the idea is to begin with a larger 15,45p (: 31s here) so that

l "oo,  = 3lpEp
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I ner

vcc

0.25 mA

@sEp1 Qqsp2 @ps63

Figure 9.28 Copying a fraction of a reference current.

a unit transistor,Ql, can generate a smaller current. Repeating the expressions l:
(9.89) and (9.90), we have

V-
IRzp :3Is exp 

fi

Icopy : Is e*PY!

Icopy : 
!r*r.

and hence

(e.e5

(e.e6

(9.9t ,

-
f f i I t isdesiredtogeneratetwocurrentSequalto50pAand500pcAfromareference
fff of 200 pA. Design the current mirror circuit.

Solution To produce the smaller current, we must employ four unit transistors for ep6p such
that each carries 50 prA. A unit transistor thus generates 50 prA (Fig. 9.29). The
current of 500 ptA requires 10 unit transistors, denoted by 10A6 for simplicity.

lRep

vcc

0.2 mA

x01
/copy1

AE

I copyz

lOAE

Figure 9.29

Exercise Repeat the above example for a reference current of 150 pA.

Effect of Base Current We have thus far neglected the base current drawn from
node X in Fig. 9.26(a) by all transistors, an effect leading to a signiflcant error as the

Q2
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I 
"opy

nAe

Figure 9.30 Error due to base currents.

number of copies (i.e., the total copied current) increases. The error arises because

a fraction of Ipsp flows through the bases rather than through the collectot ofQpBp.

We analyze the error with the aid of the diagram shown in Fig. 9.30, where AB and

nAB denote one unit transistor and n unit transistors, respectively. Our objective is

to calculate I,oor,recognizingthatQpBp andQl still have equal base-emitter voltages

and hence carry currents with a ratio of n. Thus, the base currents of Ql andQpBp

can be expressed as

,o:?
t lrop, I
IB.REF: 

p 
. i

(e.e8)

(e.ee)

(e.100)

(e.101)

Writing a KCL at X therefore yields

Inrp: Ic,nep++
p

which, since 16,p6p : I"opy lrt,leads to

r , I"oo'
; -p

nI nnrT_r copy

t  +|@+D

For a large B and moderate n, the second term in the denominator is much less
than unity and I"o* x nI aep. However, as the copied current (c< n ) increases, so does
the error in l"oor.

To suppress the above error, the bipolar current mirror can be modified as illus-
trated in Fig. 9.31. Here, emitter follower Qp is interposed between the collector of

Qpsp and node X, thereby reducing the effect of the base currents by a factor of B.
More specifically, assuming 16,p N IE,p, we can repeat the above analysis by writing

lnep

vcc
I c,r

P Op f"opy

nAe
I 
"opy
nB

AE
l"opy

p
Figure 9.31 Addition of emitter follower to reduce error due to base currents.
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aKCLatX:

Ir 
': 

IcoPl 
l 

lto' 
' !

ppn
obtaining the base current of pp as

(e.10:

(e.ro_:

(e.101

(9.t0,.

(9.1Ctf

Another KCL at node p sives

and hence

T_
-copy

nlarr .

1+ 
o(n + 1)

That is, the error is lowered by a factor of B.

rs.F:  
?( t . : )

IREp:Is,r l Ic,nnp

:?( ' . ; )  . ' f f

-IM

tn 
compute the eftor in l,oor1 and I s6or2 inFig. 9.29 before and after adding a follower.

-I

Solution Noting ,h1t l:?!rr,Ic.opyz, ar'd lc,nzr (the total current flowing through four unittransistors) still retain their nominal ratios (why?), we write aKCL at x:

Innp : rc,nnr .'tf . ry .'nfft

:4l"opy1.'tf 
-Yff.bft

,  I } lpsp
rcopy2:;T

p
With the addition of emitter follower (Fig.9.32),we have at X:

Ir- p: 
Ic.nrr 

* 
Icopyl 

* 
Icopyz

'Lr-  p -  p -  p

- 
4lropyt , Iropyt 70lrooy1-  p -  p-  p
L5Icopyt

p

Thus,

(9.107 r

(9.108 i

(9.109 I

(9.110,

(9.111r

(9.112 r

(9.11,i

r  - -tcopyr -
Inrr

15
/ t ' *__1_V
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'copyt

AE

I copyz

10AE

A KCL at P therefore Yields 
, r5l"opv1
Inrp: 

-trt  

* Ic.nrr

:t l l :Zort * 4lcopyt,
p2

and hence

IropyI

I*py2

Innp
15

a,J--
p '

l0Ipsp

(e.114)

(e.11s)

(e.116)

(e.1.17)
l ' \

4+i l -'p2

*,x&nq:[::;.:, Calculate lropyl If one of the four unit transistors is omitted, i.e., the reference tran-

sistor has an area of 3An.

Consider the common-emitter stage shown in Fig. 9.33(a), where a
current source serves as a load to achieve a high voltage gain. The current source can
be realized as a pnp transistor operating in the active region [Fig. 9'33(b)]. We must
therefore define the bias current of Qzproperly. In analogy with the npn counterpart

(a) (b) (cl

i, . (a) CE stage with current-source load, (b) realization of current sourceby a pnp
device, (c) proper biasing of Q2.

vcc
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of Fig. 9.23(c), we form the pnp current mirror depicted in Fig. 9.33(c). For exampi;
if Qnnr andQ2 are identical and the base currents negligible, thenQ2carries a curren
equal to 1a6p.

Design the circuit of Fig. 9.33(c) for a voltage gain of 100 and a power budget of
2 mW. Assume VA,np, : 5 Y, Va,no - 4 Y, I Rzp : 100 plA, and V6g : 2.5 Y.

From the power budget andVg6:25Y, we obtain a total supply current of
800 pA, of which 100 prA is dedicated to Innp and Qp6p.Thus, e1 and e2 are
biased at a current of 700 p,A, requiring that the (emitter) area of ezbe 7 times
that of Qppp. (For exampLe, Q.aap incorporates one unit device and e l seven unir
devices.)

The voltage gain can be written as

A, : -B*7(rotllroz) .

_ _ 
1 V,q,rprVe,prp

V7 V,q,rp, * V,c,prp

:  -85.5.

(9.118 r

(9.119 r

(9.120,

What happened here?! We sought a gain of 100 but inevitably obtained a value
of 85.5! This is because the gain of the stage is simply given by the Early voltages
and V7, a fundamental constant of the technology and independent of the bias
current. Thus, with the above choice of Early voltages, the circuit's gain cannor
reach 100.

Exercise What Early voltage is necessary for a voltage gain of 100?

We must now address an interesting problem. In the mirror of Fig. 9.23(c). rt
assumed that the golden current flows from V6g to node X, whereas in Fig. 9.33(c
flows from X to ground. How do we generate the latter from the former? It is possib. .
to combine the npn and pnp mirrors for this purpose, as illustrated in Fig. 9.,:-
Assuming for simplicity tharQpspl,Q.u,Qappz, andez are identical and neglecrr-r
the base currents, we observe that Q 7,1 draws a current of lppp fromepsp2, there .
forcing the same current through Qz andQtWe can also create various scalr-
scenarios between Qnnn andQu and between Qarrz ande2. Note that the b.s.
currents introduce a cumulative error as Ipsp is copied onto 1g.74, and 16.7,1onto 1-;

Figure 9.34 Generation of current for pnp devices.
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We wish to bias Q1 and Q2 in Fig. 9.34 at a collector current of 1 mA while
Insp :25 p.A. Choose the scaling factors in the circuit so as to minimize the num-
ber of unit transistors.

Solution For an overall scaling factor of LmA/25 p,A: 40, we can choose either

Ic,u :8lanp

llczl : 5Ic,u

IC,tr :  !0lppp

l lczl : 4Ic,u.

(e.r21.)
(e.122)

(e.123)

(e.124)

An electrical engineering student purchases two nominally identical discrete bipo-
lar transistors and constructs the current mirror shown in Fig. 9'23(c). Unfortu-
nately, I*0, is 30olo higher than Ip6p. Explain why.

It is possible that the two transistors were fabricated in different batches and hence
underwent slightly different processing. Random variations during manufacturing
may lead to changes in the device parameters and even the emitter area' As a
result, the two transistors suffer from significant 15 mismatch. This is why current
mirrors are rarely used in discrete design.

(In each case, the npn and pnp scaling factors can be swapped.) In the former case,

the four transistors in the current mirror cirqritry require 15 units, and in the latter

case, 16 units. Note that we have implicitly dismissed the case 16',,1a : 40Ic,ngn and

Icz: Ic.aap2 as it would necessitate 43 units.

lixercise Calculate the exact value of lcz if B : 5g for all transistors.

Solution

h,xercise How much 1r mismatch results in a30o/" collector current mismatch?

9.2"3 MOS Current Mirror

The developments in Section 9.2.2 can be applied to MOS current mirrors as well.
In particular, drawing the MOS counterpart of Fig. 9.23(a) as in Fig. 9.35(a), we
recognize that the black box must generate yx such that

/q 1?5\

where channel-length modulation is neglected. Thus, the black box must satisfy the
following input (current)/output (voltage) characteristic:

|w,c*(Y),rr, 
-v,o')2 : Inap,

2Innp
/w\p,C^l + |
\L/1

* Vrn. (e.126)
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lRer

Maer

Figure 9.35 (a) Conceptual illustration of copying a current by an NMOS device, (b)
generation of a voltage proportional to square root of current, (c) MOS current mirror.

That is, it must operate as a "square-root" circuit. From Chapter 6, we recall that .
diode-connected MOSFET provides such a characteristic [Fig. 9.35(b)], thus arrivir:
at the NMOS current mirror depicted in Fig. 9.35(c). Aswith the bipolar version, $.
can view the circuit's operation from two perspectives: (1,) Mpse takes the squar;
root of lasp and Ml squares the result; or (2) the drain currents of the two transistori
can be exoressed as

voo

(c)(b)(al

T 'oo
,ner p
i..."""t=.--.....-"
iM^.rHP---l
i IA
i=

l ,
{,

copy

ro nrr : \u,c^(\)  ,u" -vr i l2
z \  L/REF

Icop, : 
)u,c*(Y),rr 

- v,il2 .

where the threshold voltages are assumed equal. It follows that

e\
Icopr:  

# l*ut '

\r )*,,
which reduces Io lror, : IRsr if the two transistors are identical.

(e.72-

(e.r2t

(e.12e

The student working on the circuits in Examples 9.I2 and 9.13 decides to try the
MOS counterpart, thinking that the gate cunent is zero and hence leaving the gates
floating (Fig. 9.36). Explain what happens.

I Rer

Figure 9.36

Maer
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Solution This circuit is not a current mirror because only a diode-connected device can
establish (9.129) and hence a copy current independent of device parameters and
temperature. Since the gates of Mpsp and My are floating, they can assume any
voltage, e.g., an initial condition created at node X when the power supply is turned
on. In other words, Iroo, is very poorly defined.

Is M ppp always off in this circuit?

Generation of additional copies of Ippp with different scaling factors also follows
the principles shown in Fig. 9.26.The following example illustrates these concepts.

An integrated circuit employs the source follower and the common-source stage
shown in Fig .9 .37 (a). Design a current mirror that produces 11 and 12 from a 0.3-mA
reference.

Yinr o-l

0.2 mA

vinz4lu2

0.5 mA

(a)

voo

M1

Voutl

I Rrr

'tv)
(b)

Solution Following the methods depicted in Figs. 9.28 and 9.29, we select an aspect ratio
of 3(W I L) for the diode-connected device, 2(W I L) for M 1, and 5(W I L) for M 72.
Figure 9.37(b) shows the overall circuit.

Repeat the above example if lp6p: 0.8 mA.

Since MOS devices draw a negligible gate current,b MOS mirrors need not resort
to the technique shown in Fig. 9.31. On the other hand, channel-length modulation in

6In deep-submicron CMOS technologies, the gate oxide thickness is reduced to less than 30 d
leading to "tunneling" and hence noticeable gate current. This effect is beyond the scope of this
book.
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Follower

I ner

Figure 9.38 NMOS and PMOS current mirrors i-n a tvpl"ut circuit.

#.ffi

the current-source transistors does lead to additional errors. Investigated in Probleim
53, this effect mandates circuit modifications that are described in more advanc;l
texts [1].

The idea of combining NMOS and PMOS current mirrors follows the bipo--tri
counterpart depicted in Fig. 9.34.Tt'e circuit of Fig. 9.38 exemplifies these ideas.

CHAPTER SUMMARY
. Stacking a transistor atop another forms a cascode structure, resulting in a hism

output impedance.
r The cascode topology can also be

emitter degeneration.
. The voltage gain of an amplifier can be expressed &s -GaRsy,, where G,,,nt.

notes the short-circuit transconductance of the amplifier. This relationship -r-
dicates that the gain of amplifiers can be maximized by maximing their ourprn
impedance.

r With its high output impedance, a cascode stage can operate as a high-ga:m
amplifier.

r The load of a cascode stage is also realized as a cascode circuit so as to approaflr
an ideal current source.

r Setting the bias currents of analog circuits to well-defined values is difficult. F:r
example, resistive dividers tied to the base or gate of transistors result in suppi-, -
and temperature-dependent currents.

. If Vss or 765 are well-defined, then Is or Ip are not.
e Current mirrors can "copy" a well-deflned reference current numerous ti-n;r

for various blocks in an analog svstem.

considered an extreme case of source :l:

vinq

Vout3
a
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9.2 Current Mirrors &l

(e.84)

(e.85)

9.2.1 Initial Thoughts

The biasing techniques studied for bipolar and MOS ampliflers in Chapters 4 and
6 prove inadequate for high-performance microelectronic circuits. For example, the
bias current of CE and CS stages is a function of the supply voltage-a serious
issue because in practice, this voltage experiences some variation. The rechargeable
battery in a cellphone or laptop computer, for example, gradually loses voltage as it
is discharged, thereby mandating that the circuits operate properly across a range of
supply voltages.

Another critical issue in biasing relates to ambient temperature variations. A
cellphone must maintain its performance at -20C in Finland and +50'C in Saudi
Arabia. To understand how temperature affects the biasing, consider the bipolar
current source shown in Fig. 9.21-(a), where R1 and Rz divide Vcc down to the required
Vss.That is, for a desired current l, we have

(e.83)

where the base current is neglected. But, what happens if the temperature varies?
The left-hand side remains constant if the resistors are made of the same material
and hence vary by the same percentage. The right-hand side, however, contains
two temperature-dependent parameters: V7 : kT /q and 15. Thus, even if the base-
emitter voltage remains constant with temperature, ft does not.

A similar situation arises in CMOS circuits. Illustrated in Fig. 9.21,(b), a MOS
current source biased by means of a resistive divider suffers from dependence on
Vpp and temperature. llere, we can write

Since both the mobility and the threshold voltage vary with temperature, 11 is not
constant even if V55 is.

In summary, the typical biasing schemes introduced in Chapters 4 and 6 fail to
establish a constant collector or drain current if the supply voltage or the ambient
temperature are subject to change. Fortunately, an elegant method of creating supply-
and temperature-independent voltages and currents exists and appears in almost
all microelectronic systems. Called the "bandgap reference circuit" and employing
several tens of devices, this scheme is studied in more advanced books [1].

T voo
+l
T t , '
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= Yesl
|  - -
=

(b)

R1
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R'+Rrvcc:vrrn 
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tt:r2w,C*!fro, -vrr)'

:)*,c*l(#u", -v*)

Figure 9.21 Impractical biasing of (a) bipolar and (b) MOS current sources.


