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The value of Vi is equal to Vpg(sat) and is given in Eq. 3.1-3 as
Vmin = Vo — Vr (5.3-5)

The output resistance of the current sink for V. > Vyyy is equal to 1/g4 of
the small signal model parameters of the MOS (see Table 3.1-3) and is

1 1
R = — =
° 8ds ’\llol

(5.3-6)

Equations 5.3-4 through 5.3-6 also hold for the MOS current source using the
characterization of Fig. 5.3-3b.

Figure 5.3-5b shows the I -V characteristics of the circuit of Fig. 5.3-5a with
Vog =20V, W =50pu,L =10pu,Vr =075V, K =24u AV, yy =
0.8VY2,1=0.01V~'and»=0.6V. Withthese values, Vyyn = 1.25V,I, = 94uA,
and R, = 1.064 MQ. A SPICE simulation for Fig. 5.3-5b gives Vyn =
1.2V, 1, =97 pA, and R, = 1.079 MQ.

The BJT and MOS current source/sinks are reasonable approximations of
the ideal for limited values of voltage. While the output resistance of both are
similar, the BJT has a much smaller value of Vyn. In many cases, the output
resistance of the simple BJT or MOS current source/sinks is not sufficiently
large. Of course, R, can be increased by decreasing /, but other methods
exist which allow R, to be increased without decreasing I,. Two methods will
be investigated. The first uses negative feedback and the second uses positive
feedback.

Consider the BJT current sink of Fig. 5.3-6a, which has a resistor R
connected between the emitter and ground. The output resistance seen at the
terminals across which V is defined will be called R,. R, is defined as a ratio of

—

fo C +
—AMW—

\\'4

(b)

FIGURE 5.3-6
(a) Increasing the output resistance of the BJT current source/sink by negative feedback, (b) Small

signal model of a.
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AV over Al. Assume that an increase in AV causes an increase in AI. However,
the Al increase causes a AV increase resulting in a AVgg decrease. The AVgg
decrease will cause a decrease in I opposing the assumed increase in Al . The
feedback is negative series, which will cause the value of R, to be larger than
R, with R = 0 by approximately the value of the feedback loop gain.

The dc current /¢ can be found by iteratively solving the voltage loop equa-
tion consisting of Vg, Vg, and the drop across R. The small signal model of the
circuit of Fig. 5.3-6a (see Fig. 3.3-8) is shown in Fig. 5.3-6b. AV and
Al are the small signal values of V and I, respectively. Analysis of this circuit
gives

AV
Al

If R = 0, Eq. 5.3-7 reduces to r,. The magnitude of the feedback loop
gain is given by the second term in the brackets. As R becomes large, Eq. 5.3-7
approaches r,(1 + Bg), which means that the output resistance of the circuit of
Fig. 5.3-6a with R = 0 can be increased by a factor of up to 1 + B for large
values of R.

Figure 5.3-7a shows this principle applied to the MOS current sink. 7, can
be found from the large signal model and letting Vs = I R. In the MOS case,
the value of Vpg is not zero, so the small signal model is that shown in Fig. 5.3-
7b. The output resistance of the circuit of Fig. 5.3-7b is

AV

Ro= 5 = rall + (gm + gmo + 8aR] = ra(1 + guR)  (5.3-8)

R, = =ro[l + (gm + 80)(rx || R)] (3.3-7)

where gm > gmb > £4s- In the MOS case, the magnitude of the feedback loop
gain is g R and continues to increase as R increases which helps to compensate
for the fact that the g, in Eq. 5.3-8 is typically less than the g, in Eq. 5.3-7.
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FIGURE 5.3-7
(a) Increasing the output resistance of the MOS current sink by negative feedback, (b) Small signal
model of a.
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FIGURE 5.3-8
Practical implementation of: (@) Fig. 5.3-6a, (b) Fig. 5.3-7a.

An implementation of the circuits of Figs. 5.3-6a and 5.3-7a is shown in
the circuits of Figs. 5.3-8a and 5.3-8b, respectively. The output current is the
same as given in Egs. 5.3-1 and 5.3-4. The output resistance of the circuit of
Fig. 5.3-8a can be found by replacing R in Eq. 5.3-7 by the output resistance of
Ql, r, to give

Ro =roll + (gm + 8a2)(ra2 || ron)] (5.3-9)

Similarly, Eq. 5.3-8 can be used to find the output resistance of the circuit
of Fig. 5.3-8b resulting in

Ro = rgoll + (gm2 + gmb2 + &ds2)7ds1] (5.3-10)

Assuming that Q1 and Q2 of Fig. 5.3-8a are identical to the BJT used in Fig. 5.3-
4b, we find that gp = 8.456 mS, ro; = rop = 913 kQ, and r,, = 11.826 k).
Substituting into Eq. 5.3-9 gives an output resistance of 91.05 M{). The increase
of R, from 0.913 M} to 91.05 M(Q is an increase of almost | + Br. Assuming that
M1 and M2 of Fig. 5.3-8b are identical with the MOS device used in Fig. 5.3-5a
gives a g = 152.6 uS and g451 = g4s2 = 0.97 uS ignoring for the moment g py.
Substituting these values into Eq. 5.3-10 and neglecting g gives an output
resistance of 171.9 MQ).

While the values of R, have been significantly increased for both the BJT
and MOSFET current source/sinks, the value of VN has also been increased.
The design of Vg, in Fig. 5.3-8a or Vgg; in Fig. 5.3-8b is crucial to achieving
the minimum value of V. Fig. 5.3-9a shows the circuit of Fig. 5.3-8a biased
for the minimum value of Vyyn which is equal to 2V g(sat). Therefore, if both
transistors are identical, then Vgg; = Vggy will give the same current assuming
large Bg. Thus Vg, should be designed to equal
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FIGURE 5.3-9
Minimum VN design of: (a) Fig. 5.3-8a, (b) Fig. 5.3-8b.

VB2 = Vcei(sat) + Vppg (5.3-11)

to achieve the minimum value of Vyyn. A similar consideration holds for the
MOSFETs of Fig. 5.3-8b, which are redrawn in Fig. 5.3-9b. In this analysis
we must include the effects of the bulk—source voltage on M2. To have the
same current in both M2 and M1 implies that the following relationship must
be true

Vasi = V11 = Vgs2 — V2 (5.3-12)
Therefore Vg, of Fig. 5.3-8b is

Vge2 = Vpsi(sat) + Vgsy = Vpsi(sat) + Vggr — Vi + V2 (5.3-13)

With this value of Vg, the minimum value of Vi will be 2(Vgg) — V).

Figures 5.3-10a and b are the results of SPICE simulation of the cir-
cuits of Figs. 5.3-9a and b using the same model parameters as for the previous
simulation and with Vgpy; = 0.4 V and Vg, = (1.25 + 2.0 —-0.75 + 1.218) =
3.718 V. It is seen that Vyy for the BIT current sink of Fig. 5.3-9a is approxi-
mately 0.4 V. The output resistance is too large to be determined with any ac-
curacy from the plots of Fig. 5.3-10a and b. Figure 5.3-10b shows that Vyyn for
the MOS current sink of Fig. 5.3-9b is about 1.8 V. The advantage of BJTs
over MOSFETs with regard to signal swing is very apparent in the circuits
studied above.

The second method of increasing the value of R, of a simple current
source/sink uses positive feedback. Figure 5.3-11a shows the concept of this
technique. I, and R, represent the current source or sink of Figs. 5.3-44a or 5.3-5a.
The amplifier A of Fig. 5.3-11a is an ideal voltage-controlled, voltage source
controlled by V. The battery V, is used to permit a dc voltage drop across the
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FIGURE 5.3-11
(a) Concept of using positive feedback to increase R, (b) ac model of a.

current sink/source. Figure 5.3-11b shows the ac model of the circuit of Fig. 5.3-
11a. The output resistance can easily be found as

Rou = % 1 IioA
If A is slightly less than unity then (1 — A) ! is a large number causing Ry to
be much greater than R,. This technique is called bootstrapping and has many
uses.

While this technique works better with depletion devices (e.g., can make
V, in Fig. 5.3-11a with a depletion device), we shall first show how to apply
bootstrapping to BIT and enhancement MOS transistors. Figure 5.3-12a shows
how the current source of Fig. 5.3-4a can be bootstrapped by Q2. Because the ac
voltage gain from the base of Q2 to the emitter of Q2 is always less than one, then
the ac voltage at the emitter of Q1 follows the ac voltage at the collector of Q1.
Consequently, there is very little ac change in voltage from the collector to emitter
of Q1 thus boosting the output resistance value. The resistor R is necessary to
allow the emitter of Q1 to follow its collector. Note that as the voltage V changes
that all of this change is across R, and the current necessary to create this voltage
comes from Q2. I, is approximately equal to /.

The value of Vggy can be zero without influencing the circuit because Q1 is
in the forward active region when Vcg; = Vggy. Unfortunately, the resistance R
keeps the bootstrapped current sink from having a low Vyn. As Vg approaches
Ve (sat), Q2 turns off. The voltage across R will be /1R = IR until Q1 goes
into saturation. As a result

(5.3-14)

Vmin = Veg(sat) + I,R (5.3-15)

If R is small and Vgg, negative (Vcgj(sat) — Vggy), a very low value of Viyn
with high R, could be achieved.
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Figure 5.3-12b gives the small signal model of Fig. 5.3-12a where the
£m2Vbe2 has been simplified by source reduction. From this model the ac output
resistance can be calculated as

v rﬂ'lerol + 1/gm2||R
R0=IT

1
B =|rz2 ([ ra + —— R} 1+ gmR
Il — gmaR/I(1 + gmR) m2 ” ol gm2 ” [ gm2R]
(5.3-16)

Unfortunately, r,, tends to work against obtaining large values of ac output
resistance using the BJT bootstrapped current sink.

Figure 5.3-13a shows a MOS implementation of the bootstrapped current
sink. The MOS version does not suffer the r ., effects of the BJT version. The
minimum value of Vyy is given as

VMmin = Vpsi(sat.) + IR 5.3-17)

and is achievable only when Vgsy < Vpg(sat.) — V. The bulk-source influence
in M1 and M2 must also be considered in the design of Fig. 5.3-13a. The small
signal model of the MOS bootstrapped current sink in Fig. 5.3-13b can be used
to find the output resistance given as

rast + 1Vgm H R

R. =
° 1 — gmR/I(1 + gmR)

v
i

1
= (rdsl + — || R| (1 + gmR) (5.3-18)
Em2

It can be seen that the value of R, of Fig. 5.3-5a can be increased by approxi-
mately (1 + gmoR).
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FIGURE 5.3-12
(a) BJT bootstrapped current sink, (b) ac model of a.
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FIGURE 5.3-13
(a) MOS bootstrapped current sink, (b) ac model of a.

For depletion devices the dc polarity of Vpg and Vs can be opposite.
Examples are the depletion-mode MOSFET, the JFET, and the GaAs MESFET.
Let us consider the n-channel depletion MOSFET as an example. Figure
5.3-14a shows that a depletion MOSFET current sink can be obtained by
simply connecting the gate to the source. The /-V characteristics are shown in
Fig. 5.3-14b, where Vp is the pinch-off voltage and I, is the drain-source
current with Vgs = 0. The bootstrapping principle can be applied to the deple-
tion MOSFET very conveniently, as shown in Fig. 5.3-15a4. In this circuit,
M2 bootstraps the channel resistance rg, of M1, causing the output resistance
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FIGURE 5.3-14
(a) n-channel, JFET current sink, (b) I-V characteristics of a.
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of this current source to be increased. Fig. 5.3-15b gives the small signal model
of Fig. 5.3-15a. The small signal output resistance is given as

rast + (1/gm) || ras
= |rgs1 t
1 = (gmara2)/(1 + gmaras2) | 8m2

|| ras2| (1 + gmaras2)
(5.3-19)

Vv
1

Unfortunately, the minimum value of Vi is not small and is at least equal
to | V1 |. Without the flexibility of bias voltages, the geometries of M1 and M2
will have to be adjusted to account for the fact that Vg1 # Vgsa.

A MOS current source/sink that outperforms any of the previous current
source/sinks considered so far in the area of high R, and low Vyyy is shown in
Fig. 5.3-16a> and is called a regulated cascode current sink. The output current is
given by Eq. 5.3-4. The ac output resistance of M1 can be increased by stabilizing
its drain-source voltage. In the regulated cascode current sink, the gate voltage
of M2, which is the same as the drain—source voltage of M1, is regulated by
a feedback loop consisting of M2 and M4 as an amplifier and M3 as a voltage
follower. If all transistors operate in saturation and if the bulk effects are ignored,
the ac output resistance can be found as

R = rgg| —Sm28md (5.3-20)
84s3(8as2 T &4)

where g4 is the output conductance of the /4 current source. It is seen that the
output resistance is higher than any MOS circuit considered so far. If I, =2 uA,
and I = 94 uA; then g; = 0.02 uS, g = 0.02 uS, g = 21.9 uS, ryq
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FIGURE 5.3-15
(a) Bootstrapped JFET current source, (b) Small signal model of a.
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FIGURE 5.3-16
(a) Regulated cascode current sink, (») Simulation results of Fig. 5.3-16a.

=1.064 MQ, g3 = 150.2 uS, and g43 = 0.94 uS. Thus, the calculated value
of R, is 93.08 GQ!

The circuit of Fig. 5.3-16a even works with a somewhat reduced R, per-
formance when the drain—source voltage across M3 is lowered to the point where
it starts to operate in the ohmic region. The gate voltage of M3 may be driven by
the feedback loop almost up to Vpp, causing the Vpg drop across M3 to stay
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small. Thus, the minimum value of VN is given approximately by Vgs2 and is

written as
21,L,
V =V = [———=+V 5.3-21
MIN Gs2 = | KLW, T2 ( )

Figure 5.3-16b is a simulated output of the circuit of Fig. 5.3-16a whenI,=2 pA
and all transistors are identical with W = 50 w and L = 10 u using the model
parameters previously employed. For the conditions stated above, the minimum
value of Vyn is 0.93 V. The current of Fig. 5.3-16b is slightly less than the
anticipated 94 pA because the value of Vgsy, 0.93 V, is less than the 1.25 V
required to keep M1 in saturation. Using Eq. 3 of Table 3.1-1 gives I, = 87.6 uA,
which matches well with Fig. 5.3-16b. Similar considerations could be used to
develop a high-performance BJT current-sink.

In this section, we have examined methods of implementing current
source/sinks. It was seen that a current source/sink can be characterized by its
current, small signal output resistance, R,, and its minimum voltage drop, Vmn.
It was shown how negative and positive feedback could be used to increase the
value of R,. Because these techniques increased Vy it was necessary to consider
how to minimize this characteristic. Methods of implementing the bias supplies
will be considered in the next several sections. A regulated cascode MOS current
sink was introduced that had superior performance to all previous MOS current
sink realizations. A comparison of the various current sinks considered in this
section is given in Table 5.3-1. The current sources have similar characteristics.

TABLE 5.3-1
Comparison of current sinks
Current Minimum
sink Figure Ro VMIN
Simple
BIT 5.3-4a % Ve(sat)
Simple 1
MOS 5.3-5a ro = Veer — V1
Al
Cascade
BJT 5.3-9a roall + gm(ra2 |l ron)l 2V ce(sat)
Cascade
MOS 5.3-9 raoll + (gm2 + mbs2)Tas1] 2(Voer — Vi)
Bootstrapped
BIT 5.3-12a l(rﬂg || ror) +| — R) (1 + gme) Vee(sat) +I,R
m2
Bootstrapped 1
MOS 5.3-13a resi + —| R) (1 + gmR) Vps(sat) +I,R
Regulated
Em28m3 21 1L2

cascoded 5.3-16a rgg| ————————— - +V

d'l( 8us3(8as2 + 84) KiW, B
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5.4 CURRENT MIRRORS/AMPLIFIERS

In the previous section we considered the subject of current sources and sinks
where the objective was to implement the ideal /-V characteristics of Fig. 5.3-1b.
A dc voltage source was used to bias the implementation of the current sources or
sinks. This section considers similar circuits, with the exception that the current
source or sink is biased by a dc current rather than a dc voltage.

The circuits of this section are distinct from those of the last in that they use
the principle of matched devices. This section will begin by applying the principle
of matched devices to bipolar and then to MOSFET circuits resulting in current
mirrors/amplifiers. It will also be shown how to analyze so-called matched circuits
when they are not matched. Because the matching principle is much like looking
into a mirror, the circuits of this section are called current mirrors. The term
current amplifier is also used for current mirrors when an input current change
creates an output current change.

One of the advantages of integrated circuits over discrete components is the
ability to practically match components without trimming. This matching feature
is used in this section to provide a very versatile and useful block called the current
mirror. Before considering the current mirror, let us introduce the principles of
matched devices. Consider initially two npn bipolar junction transistors. If the
Early voltage effects are neglected, it follows from Eq. 3.3-13 that the large signal
collector currents in the active region with the base-emitter junction forward-
biased and the base-collector junction reverse-biased are given as

9VBE1
Iey =1 ZBEL) _ g 4-
c s1€Xp Vt 1eXP( T (5.4-1)
and
VBE2 q9VBE2
= I —_— = I —_— 4-
Ic S2€Xp v, ) szexp( T ) (5.4-2)
where from Eq. 3.3-6 and Eq. 3.3-7 of Chapter 3,
y—
gn;D,A;
Isi=———,i=1,2 (5.4-3)
S Omi(Ven)

The parameters of Eq. 5.4-3 have been defined in Chapter 3. Solving for Vgg,
and Vpg, gives

1
Ve = V; In Cl) (5.4-4)
Is;
and
1
Veez = ViIn cz) (5.4-5)
Is;

Now if the base and emitter of QI are connected to the base and emitter of Q2
and a source of base current exists, then the following relationship between I ¢,
and I, results.
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2_ .
Iey _Isi _ qniDa4) « Zp2(Vera) _ A10m2(Vem)
Ieo Iso  Qsi(Ves)  gn?D,A,  A2081(Vesi)

(5.4-6)

If the transistors are matched and if Vepy = Venz, A1 = A, and Qp; = Ora,
then I ¢; = I ¢z, which illustrates the principle of matched devices. This principle
is very important and will be used both in biasing and small signal design of
integrated circuits.

The application of the matching principle to implement a simple bipolar
current sink is shown in Fig: 5.4-1. In this circuit, the base and the collector of
Q1 are physically connected together for two reasons. The first is to provide a
source of base current for both Q1 and Q2. The second is to keep Vg small so
that R, essentially defines the current /1. The reader can note that Ve, Ry and
the base-collector connected transistor Q1 actually implement Vgg of the current
sink of Fig. 5.3-4a.

The above results will now be used to calculate the ratio of /¢, to In.
Initially, the emitter areas of Q1 and Q2 will be assumed to be equal and the
Early voltage will be neglected so that differences in Vcpy and Vcpy can be
ignored. If the bases of Q1 and Q2 and the emitters of Q1 and Q2 are physically
connected together, then the matching principle gives

Icy = Iy : (5.4-7)

However,
Icy =Iw —1Ip —Ip2 (5.4-8)
and
Vee =V
Iy = —<£——FH (5.4-9)
R,
Vee

|
I leo=1
|$ c2=lout

/

B2 +
;:‘I:QZ Vee2=Vout

VBe2

FIGURE 5.4-1
A simple bipolar current mirror.
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Using the relationship, /¢ = Bglp and assuming Ig; = Ig; = Ip and Bp; =
Bp, = Bp, gives

__In  _ _ Vcec— Ve
1+ (2Br) Ryl + (2/BR)]

It should be noted that as Sg approaches infinity, /¢, approaches I .

In the considerations above, the Early voltage was neglected which turns
out to be a poor assumption in some applications. If the Early voltage, Vf
is included in the large signal expressions for the collector current, Equations
5.4-1 and 5.4-2 are modified as

I (5.4-10)

%
Ic = 15(1 + V—CE exp (5.4-11)

E)
AF

,V(

Using the matched transistor principle, we can solve for the ratio of I¢; to
Icy as

Ica _ Iso[l + (Vepa/Var)] _ 1 + (Veea/Var) _ 1+ (Veea/Vap)
Ici  Isi[1 + (Vcei/Vap)l 1 + (Veel/Vap) 1+ (Veei/Var)

Note that even though the transistors are matched, /¢, is not necessarily equal to
Ic). As an example, assume that Vegy = 10 V, Vg = 0.6 V and Vg = 100
V. The ratio of I3 to I¢; is 1.093. It should be apparent that the Early voltage
effects cannot be neglected in some practical applications. Although a 9%. error
is somewhat discouraging, alternative configurations will be developed which
significantly reduce this error in matched devices.

Before developing the configurations which eliminate the Early voltage
effects, let us consider what happens if the transistors are not exactly matched.
Assume that A, Qp and ap( =B¢/(1 + Bg) are not matched and are given by

(5.4-12)

A=A + (AA/2) (5.4-13)
A, = A~ (AA/2) (5.4-14)
Qs = QO + (AQR/2) (5.4-15)
QOp> = Qs — (AQg/2) (5.4-16)
ap = o + (Aagp/2) - ~ (5.4-17)
and .
ap; = ap — (Aap/2) (5.4-18)

where A, Op and af are the nominal values and corresponding parameters AA,
AQg and Aag are the differences between the two values. /¢; may be expressed
from Eq. 5.4-8 and Eq. 3.3-12 as

QF]
Ici = aplin — —.3
F2

I (5.4-19)

Substituting Eq. 5.4-19 into Eq. 5.4-6 with Vg = Vg, results in

(A2081/A1082) 2F N =
1 + (ari1A2081/Br2A1082)

BI )aﬂ aply  (5.4-20)

Iy = 4,0
AQm2
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where it has been assumed that

ap1A2081
AQB2
Substituting Eqs. 5.4-13 through 5.4-18 into Eq. 5.4-20 results in

(1 — AA/2A) (1 + AQp/2Q3) (1 + Aag/2ag) (1 — Aag/2ap)

(5.4-21)

Ter =1 :
@ " (1 + AA/24) (1 - AQ3/205)
(5.4-22)
which can be approximated for small AA, AQg and Aag by,
AA  AQg AaF]
Io=Inl—-— + ==+ — 4-
2 IN[ A Os ar (5.4-23)

It can be shown that

Als 84 AQg
= A A (5.4-24)

so that Eq. 5.4-23 can be written as
(5.4-25)

If a 5% mismatch for /5 and a 10% mismatch for B¢ (which is a 0.1% mismatch
in af for B¢ = 100) is assumed, then Eq. 5.4-25 shows that the variation for the
ratio of I, to Iy is 0.949 to 1.051, or about *£5%.

The simulated performance of the simple BJT current mirror is shown in
Fig. 5.4-2. The transistors have been assumed to be equal and have the model
parameters of Bg = 200, Br = 0.43, I = 0.4 fA, Vor = 200 V and Vg =
70 V. An ideal current mirror would have horizontal curves whose value of
I c2(Ioyut) Would be exactly equal to I¢;(/n) independent of Vour. As in the
previous section, a measure of the “horizontalness” of the curves is given by the
small signal resistance or conductance looking back into Q2 from the collector to
ground. We shall designate this resistance or conductance as 7oy OF 8oy In the
circuit of Fig. 5.4-1, roy is simply r,; which was derived in Chapter 3 as

Tout =To2 = EI/AF (5.4-26)
C2

The small signal output resistance of the current mirror will be important in
determining its performance.

When B is not large it can cause current ratio errors which may total a
few percent, as indicated in Eq. 5.4-10. Since BE is not accurately controlled
at processing, the BF effects are unacceptably large in some applications. Figure
5.4-3 shows a configuration which reduces the effect of B upon the current ratio
of Q1 and Q2. Transistor Q3 requires less current by a factor of Bf from Iy in
order to provide the base currents for Q1 and Q2. Neglecting mismatch effects
and Early voltage effects, it can be shown that
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FIGURE 5.4-2
I-V characteristics of the simple bipolar current mirror of Fig. 5.4-1.
I
1o Ll (5.4-27)

T 1+ 2/[Br(1 + Bp)]

Comparing Egs. 5.4-10 and 5.4-27 shows that the transistor Q3 has reduced
the Bf effects by about a factor of B, which is quite significant. It is also
observed that two base-emitter drops rather than the single drop in Eq. 5.4-9 are
subtracted from Ve to find the voltage drop across R; which determines 7qy.
This implies that for small values of V¢, Iy will be less well defined in the
circuit of Fig. 5.4-3 than it was in the circuit of Fig. 5.4-1.

+¥e

3

m*gn

leq *

1

Iga
_1[\/33

1 B2
Q-;l_tll\/koz

FIGURE 5.4-3

A circuit reducing the influence of B¢ on the current mirror of
Fig. 5.4-1.
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(«) Bipolar cascode current mirror, (b) Simulated performance of the BJT cascode current mirror.

Two methods of reducing Early voltage effects will now be considered.
One is to constrain Vg and Vegy of Fig. 5.4-1 to be equal, and the other
uses negative feedback. The first method is illustrated by the cascode current
mirror shown in Fig. 5.4-4a. Since the value of Vg3 is approximately equal to
VgEs, then Veg) (V) is approximately equal to Ve, thereby eliminating the
Early effect from Eq. 5.4-12. Although the effect of the Early voltage has been
eliminated on the ratio of I > to I¢; of the cascode current mirror, one may ask
about the effect of the Early voltage on Q4. Fortunately, Q4 is operating with
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FIGURE 5.4-5
(a) Small signal model of Fig. 5.4-4a, (b) Simplified small signal model of a.

the base terminal at ac ground, which reduces the effect of the Early voltage by
about a factor of 8g. The I-V characteristics of the cascode current mirror are
shown in Fig. 5.4-4b. The improvement of the cascode current mirror over the
simple current mirror can be quantified by comparing the ac output impedances of
the two circuits. The small signal model for the cascode current mirror is shown in
Fig. 5.4-5a, where the frequency-independent, hybrid-pi model of Fig. 3.3-12
and the assumption that (1/gy;) and (1/gmy3) are much less than r 5 or r 4 have
been used. A simplified form of this model is shown in Fig. 5.4-5b. The small
signal output resistance can be found by noting that

i(;ut = gmaV4 t+ (Vour + va)/Tos (5.4-28)
and

. * r
v = o |l red) = ~ion g (5.4-29)
m4% 0.

Substituting Eq. 5.4-29 into 5.4-28 gives

Vout ro(l + gm4ro4) }
— =rull + 5.4-30
e O T Tl + Gmarorl Beo)] (.4-30)

Finally, the small signal output resistance is found by combining the resistance
represented by Eq. 5.4-30 and r 4 in parallel to give

ro2(1 + gmaros)
roall + (gmaro2/ Bra)l

We see that the cascode current mirror does indeed have a small signal resistance,
which is approximately B times the small signal resistance of the simple current
MIITor.

The emitter areas of Q1 and Q2 should be as large as possible for best
matching. All other transistors can have minimum area.

_ Vout

rout_l-— =r/.4.4||ro4
out

I +

] = Braros  (5.4-31)
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A second method of increasing the small signal output resistance uses
negative feedback and is shown in Fig. 5.4-6a. This circuit is called the Wilson
current mirror.* The Wilson current mirror uses negative current-shunt feedback
to stabilize the ratio of I c3 to Iy and to increase r4y,. The operation of the circuit
is explained by assuming that Iy is constant and that an incremental increase in
VcEs causes an increase in /¢3. This increase in /c3 causes Vpgz and Vgg; to
increase. The Vg, increase causes an increase in /¢;. However, since Iy stays
constant, an increase in /¢ means a decrease in /g3, which causes a decrease in
I c3 counteracting the original increase in /¢3 caused by a change in Vg3, The
feedback loop consists of Q3 (as a voltage follower), Q1 and Q2 (as a current
mirror), and Q1-R (as an inverting voltage amplifier). The loop gain of the circuit
is seen to be approximately B¢/2, so that the small signal output resistance will
be comparable to that of the cascode current mirror. Figure 5.4-6b illustrates the
I-V characteristics of the Wilson current mirror of Fig. 5.4-6a. It can be shown
that

Ioyr = In| 1 — 2 (5.4-32)

BZ + Br + 2

Fou can be calculated from the small signal equivalent circuit of Fig.
5.4-6a shown in Fig. 5.4-7. The value of R.q defined in Fig. 5.4-7 can be found
to be

-3 + R’ R’ 1
Req = ﬁ = r 3 ; = ; = — (54'33)
l 1 +gm1R 1 +gm1R 8ml
Using Eq. 5.4-33 allows us to express rqy, as (see Prob. 5.27).
) 1
poy = Yo r03[1 + gmiBF3 } + - ra3Bm (5.4-34)
Lout gm + 8&m2l  gmi + gm 2

It is apparent from Eq. 5.4-34 that r, has been improved over the simple current
mirror of Fig. 5.4-1 by a factor of B,/2. The small signal output resistance of
current mirrors can be further increased by the use of special techniques.’

In many cases, the mirrored currents are designed not to be equal. This
can be accomplished by making the base-emitter junction areas of the two mirror
transistors unequal. They should be made as large as possible for best matching
ratio accuracy. In Eq. 5.4-6, it can be seen that the ratio of the current in Q1 to
that of Q2 is proportional to the ratio of the areas of the respective base-emitter
Jjunctions. This relationship can be expressed as

A
I = 22y (5.4-35)
A
If the ratio of the currents is much different from unity, this approach can use

significant area and will become less accurate due to the decrease in relative
accuracy of large area ratios.
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The decrease in accuracy can be minimized using a principle called
replication. Simply put, the replication principle states that an improvement in
relative accuracy between two different sized areas occurs when the larger area
is equal to an integer multiple of the smaller area. For example, suppose that
A, =mA | where m is an integer. Improved relative accuracy is achieved when A,
consists of m separate areas of A; connected appropriately. An example illustrates
the replication principle.

Example 5.4-1. Assume that Q1 and Q2 of Fig. 5.4-1 are being used to create
a simple mirror having /c» = 5I¢,. Assume further that A, is a rectangular area
of W, times L,, as shown in Fig. 5.4-8a. Q2 will have two different shapes. The
first is shown in Fig. 5.4-8b and the second in Fig. 5.4-8c. Let L, = L, = L and
W, = W. Compare the ratio matching accuracy of the two layout approaches.

Solution. Assume resolution of any edge is given as
W, =W=AW
W, = 5W + AW
Li=L,=L=*AL
where AW and AL are the uncertainty of W and L. The ratio of A, to A; of Fig.
5.4-8b can be expressed as
3 W+ AW)(L * 5 (AW/W ' ‘
4 _ (5 AW)(L £ AL) (AW/W) ~5+4AW (5.4-36)
Al (W AW)(L £AL) 1= (AW/W) w
Similarly the ratio of A> to A, of Fig. 5.4-8¢ is expressed as
Ay _ S(W=AW)(L £ AL)
A (W AW)(L = AL)
The advantage of the replication principle is shown by the increased relative
accuracy.

=5 ; (5.4-37)

If the ratio of areas is not equal to an integer, the replication principle
can still be used. If in Example 5.4-1 the value of /¢, were 5.5/¢;, the larger
transistor could consist of the replication of A, five times plus an area equal to
0.54,. The designer has the option of making the 0.5A, area the same shape
as the A area or choosing some other shape. The resulting ratio, while not as
accurate as the integer case, will be more accurate than simply ratioing areas. If
the areas represent transistors, the replicated areas are connected by connecting
the collectors, bases and emitters of each replicated transistor.

W1 W2=5W1 W1 . W1 W1 W1 W1
Li|A| Lz Az Li|Ac| LifAg| Li|A]| LA L] A
(@) (b) : ()
FIGURE 5.4-8

(a) Unit area A, (b) Area of A» = 5A|, (c) Area of A, = 54, obtained by replicating A five
times.
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The large area ratio caused by unequal mirror currents can be avoided by
using a resistor in series with the emitter of the lower current transistor, as shown
in Fig. 5.4-9. This current mirror is called the Widlar current mirror® and can
have large current differences with identical base-emitter areas. Note that the
effect of R, will be to increase rqy. If Q1 and Q2 are matched and BF is large,
then the voltage drops around the base-emitter circuits can be written as

VBe1 — VBe2 = I2R2 (5.4-38)
If the V5r effects are neglected, it follows from Eq. 5.4-11 that

1
V, In fﬁ) = IR, (5.4-39)

C2

There are two cases in which Eq. 5.4-39 is used. The first is when /¢, and /|y
are known and R; is to be found. R, may be expressed as

Vi (1IN

Ry, = —In|—

T I \le

For example, if Voc = 5V, Ry = 4.3k and I, = 10 uA, then we find that

Ic; =(5-0.7)/4.3kQ) = 1 mA and R, = 11.97 k) We note that the ratio of I¢;

to I is 100 in this example. The second case, which uses Eq. 5.4-40, occurs

when R, and Iy are known. In this case, an iterative solution is required for / c;.

The effect of R, on ryy is to increase it. It can be shown (see Prob. 5.28) that

rout Of the Widlar current mirror is given as

Fouw = T2 || Ry + ro2[1 + gmaraa || Ra) =rea(1 + gmaR2) (5.4-41)

(5.4-40)

To obtain good ratio accuracies, Q1 and Q2 should have large emitter areas.
Because the output of the current mirrors is a current sink, it is important
to have a small value of Vyyy, which was defined in the previous section. The
same considerations for Vyn and rg, apply to current mirrors. Unfortunately,
the conditions of Vg, = Vcgp in order to eliminate the Early effects may not be

+ VCC

In * R

‘ lea= )our

+
Q1 Q2 \
+ + Vour

Vees Veez -

1 FIGURE 5.4-9

= ‘Widlar BIT current mirror.
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compatible with the conditions for minimum V. For example, to obtain the
minimum value of Vyqy in Fig. 5.4-4a requires that the dc voltage at the base
of Q4 be equal to Vg, (sat) 4+ Vges (see Eq. 5.3-11). However, the voltage at
the base of Q4 in Fig. 5.4-4a is equal to 2V, assuming that all transistors are
identical. A similar conflict between minimum Vgy and large r oy exists for the
Wilson current mirror of Fig. 5.4-6a. In this circuit, the minimum value of VMIN
is Vggy + Vegs(sat).

If one is willing to give up the constraint that Vg, equals Vg, then it may
be possible to achieve a minimum Vyyn design. Figure 5.4-10 shows one possible
approach for the cascode current mitror of Fig. 5.4-4a. It has been assumed that
QI through Q4 are identical transistors each having a base-emitter drop of Vggs.
It can be seen that if VBes = VBr2 — Vego(sat), that Veez = Vega(sat). VBE6 can
be smaller than Vg, by either decreasing the current of Q6 with respect to the
current in Q1 through Q4 or by making the emitter area of Q6 much smaller than
that of Q! through Q4, or both. This can be seen by considering two different
transistors designated as QA and QB. The difference in VB voltages can be
expressed using Eqs. 5.4-4 and 5.4-5 as

AVpg = Vpga — Vees = Vi In I—C—Alﬂ) (5.4-42)

Icp Isa

Unfortunately, if AVgg is much larger than V,, the value of (I calsg)/(I cslsa)
becomes too large to implement. For example, if the area of Q5 and Q6 of Fig.

Vee
A
/|N¢
‘ lour
Q4
Veez  Vees +
- VBE2 v
—| . VYour
01\| |/ Qs Q2 | Veeo
f’l + o+ + k(iat)
Veez  Vaes VBe2

.||_<‘ !

FIGURE 5.4-10
Reduction of Vi of the BIT cascode current mirror of Fig. 5.4-4a.
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5.4-10 is 50 times less than the area of Q1 through Q4, then AVgyg of Eq.
5.4-42 would be approximately 200 mV at room temperature. However, any com-
ponent whose area is 50 times different than another has several disadvantages.
These disadvantages include a large area requirement and poor matching between
devices. The principle behind the Widlar current mirror could be employed to
reduce the current in Q5 and Q6 by placing a resistor in series with the emitter
of Q5. The current ratio required to obtain a AVgg of 200 mV is approximately
2500. This ratio results in a value of R, = 507 k() at room temperature with
ICl = 1 mA.

The BJT current mirrors that have been presented can be characterized from
the viewpoint of accuracy, output resistance, and Vyn. Table 5.4-1 summa-
rizes the performance of the BIT current mirrors considered where Ic; = Ic;.
Additional considerations include the proper sizes to achieve the desired matching
accuracy.

The same principles developed in this section for current mirrors using the
BIJT device also hold true for the MOS device. In many cases, the MOS current
mirrors are simpler in concept because no base current is required. On the other
hand, the bulk effects create limitations not found in BJT mirrors. The matching
principle applied to MOS devices can be developed from the simple current mirror
of Fig. 5.4-11a. Note that for Vpg; = Vi, M1 will always be in saturation since
Vpgi = 0. Assuming that Vps;, is greater than Vgs; — Vr; allows the use of the
saturation model for both devices. Solving for Vgs; — V11 and Vgsy — Vo from
Eq. 4 of Table 3.1-1 gives

1172

VGS] - VTl = (54—43)
K4iWi(1 + AyVpsy) |
and
1/2
VGSZ - VT2 = [ (5.4-44)
KaW)(1 + A2Vps2)
TABLE 5.4-1
Comparison of BJT current mirror performance
BJT Accuracy
current mirror (Ica = Icy) Fout VM
Simple Poor ro = Vae/l, Vce(sat)
Fig. 5.4-1
Cascode Excellent roBF Ve + Vce(sat)
Fig. 5.4-4
Wilson Good %E Vge + Vcg(sat)
Fig. 5.4-6

Modified cascode
Fig. 5.4-10 Good roBr 2V ce(sat)
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Since the bulk-source voltages of M1 and M2 are identical, then V1, and V, are
identical and the following expression results.

Iour _ I;z _ KaWiLy(1 + A2Vpso)
Inv Ipi KfeWaLi(1 + AVps))

(5.4-45)

It can be seen that the channel modulation effect, A, has the same influence
on the MOS current mirror that the Early voltage had on the BJT current mirror.
Because transistor Ws and Ls are found in Eq. 5.4-45, the geometry of the
MOS devices can be used to determine the gain of the current mirror. Figure
5.4-11b gives the simulated /-V characteristics using equal values of W = 50
and L = 10 u and the model parameters of V1 = 0.75 V, K = 24 uA/V?,
w =08VV2 Ay =0.01 V™!, and ¢ = 0.6 V. These characteristics indicate
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FIGURE 5.4-11
(a) Simple MOS current mirror, (b) Simulated performance of a.
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that the channel modulation effect causes an increase in the slope of these curves
preventing ideal current sink performance. A measure of the slope of these curves
is given by the small signal output resistance and in this case is

Vout 1 1

Fout = ~ = rds2 = =
I out Alp,  Algyr

(5.4-46)

This corresponds to an output resistance of 1 M{) when Ioyr = 100 uA. The
value of Vyn for the circuit of Fig. 5.4-11a which occurs when M2 transitions
from the saturation to the active region can be shown to be 1.2 V when Iy =
100 pA.

The matching accuracy of Eq. 5.4-45 can be determined in the same manner
as was done for the BJT current mirror. The ratio of I, to I'p; (/our to I1n) can
be expressed in general as

Iny _ Kto(Ves: = V)?(1 + A2Vpsa)
Ibi  K(Vgst — Vr)2(1 + A1 Vpsi)

where it has been assumed that W,/L, = W/L,. In this discussion, the W /L
ratios are assumed to be ideally matched. Using the following definitions

(5.4-47)

Kl = Kk + (AKL/2) (5.4-48)
Kl = K& — (AKL/2) (5.4-49)
Vi = Vo + (AV/2) (5.4-50)
Vi = Vi — (AVy/2) (5.4-51)
A=A+ (AA/2) (5.4-52)
and
Ay = A — (AA/2) (5.4-53)

Eq. 5.4-47 may be expressed as
Imy _ [K& = (AKR/I )] Vgs — Vr + (AVY/2)PP[1 + AVps — (AAVps/2)]

Ipi  [K& + (AKG/2))[Vgs — Vr — (AVI/2)1[1 + AVps + (AAVps/2)]
(5.4-54)

or as
Iﬂ _ (1 — AKY/ K[ + AV/2(Vgs — VT)]Z(I + AVps — AAVps/2)
Ip (1 + AKWKQ)I — AVE/2(Vgs — V) 13(1 + AVpsg + AAVps/2)
(5.4-55)

Assuming that the differences in Eqs. 5.4-48 through 5.4-53 are small and
that A Vpg is less than unity allows the simplification of Eq. 5.4-55 to

Ip AK AV 2
D2~ - 2N+ ——T | (1-AV 5.4-56
( K\ )( Vs = V1 ( ps) ( )

Ip)
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or

12;1—(AK&)+( 2 )(AVT ~ (AVps)

Ip Ky (Ves/Vr) — 1]} Vr

An example will illustrate these results

AA
T) (5.4-57)

Example 5.4-1. Matching accuracy of a simple MOS mirror. Two MOS devices
are used to implement the current mirror of Fig. 5.4-11a. Suppose that at Iy =
100 A, the various voltages were observed: Vs = Vgs: = 3.6 V and Vpg, = 3.6
V. Assume that the nominal parameters are K = 24 uA/V?, Vi = 0.75 V and
An=0.01V~!, Furthermore, assume that the worst-case deviation about these values
is £5%. Evaluate the deviation of the ratio of Ipy//p; from unity if (W,/L,) =
(W,/L>).

Solution. Substituting into Eq. 5.4-57 gives

;ﬂ =1 —(*0.05) + (0.2598)(*0.05) — (0.036)(*0.05)
DI

=1=0.039

Under these conditions, the analysis of matching accuracy shows that a deviation
of £4% can occur. The value of this deviation will depend upon the operating
conditions. In this example, Vps; was chosen to be equal to Vpsy in order to
eliminate the error due to A.

A current mirror with higher output resistance than that obtained from the
simple MOS mirror is shown in Fig. 5.4-12a. M3 and M4 keep the values of
Vpsi and Vpgy nearly equal, effectively removing the influence of the channel
modulation effect. M4 increases the output resistance of the mirror using the
principle demonstrated in Fig. 5.3-7a to increase the output resistance of a simple
MOS current sink. Figure 5.4-12a is called an MOS cascode current mirror and
is topologically identical to the BJT cascode current mirror of Fig. 5.4-4a. If the
mismatch effects are neglected, the current gain of the MOS cascode current
mirror is given as

Tour _ (Wy/Ly)
I'n (W(/Ly)

(5.4-58)

Figure 5.4-12b shows the -V characteristics of the circuit of Fig. 5.4-12a when
all Ws are 50 w, all Ls are 10 u, V1 =0.75 V, K = 24 uA/V?, y = 0.8 VY2,
AN = 0.01 V7!, and ¢ = 0.6 V. These characteristics show that the output
resistance of the MOS cascode mirror is significantly greater than the simple
MOS mirror and that the accuracy is good.

The improvement in the slope reduction can be quantified by finding the
small signal output resistance of the circuit of Fig. 5.4-12a. The output resistance
of the MOS cascode current mirror is calculated using the small signal model of
Fig. 5.4-13. First solve for v,y,, which can be written as

Vou = Vi T V2 = rasalionr + gmbav2 = ma(vi + vi —v))1 + v (5.4-59)
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FIGURE 5.4-12
(a) MOS cascode current mirror, (b) Simulated performance of a.
Also,
vy = ras2{iount — &m2V1) (5.4-60)

Since i;, = 0 under smalil signal conditions, then v; and v3 are also zero. Therefore,
substitution of Eq. 5.4-60 into Eq. 5.4-59 results in,

Vout = Toutlrds2 + Tasa + 7as2rasa(8ma + Gmba)] (5.4-61)
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FIGURE 5.4-13
Small signal model of the current mirror of Fig. 5.4-12a.

Solving for the output resistance, ryy, gives
Fou = rdas2 + rasa + rasordasa8ma(1 + m4) (5.4-62)

where 7174 = gmba/gma is defined in Table 3.1-3.

Comparing Eq. 5.4-62 with Eq. 5.4-46 shows that the small signal output
resistance has been increased by a factor of rgugma(1 + 74). The approximate
value of rq, at 100 uA is 155 MQ). The value of Vyn at 100 nA for the MOS
cascode mirror above is approximately 1.6 V, which can be a significant portion
of VOUT- ‘

The MOS version of the Wilson current mirror is shown in Fig. 5.4-14q.
The simulated performance of this current mirror using W{/L; = W,/L, =
W3/L3 = 50 u/10 w and the previous MOS model parameters is shown in Fig.
5.4-14b. Several aspects of the MOS Wilson current mirror are apparent. The
first is that VN represents a large portion of Voyr. The second is that the
curves are much flatter than the simple MOS mirror, indicating an increase in
rou- And thirdly, it can be shown that the linearity (or accuracy) of the MOS
Wilson current mirror is not good for high current levels. This nonlinearity is due
to the difference in Vpg; and Vpg, for larger currents. Since Vpg, is less than
Vpsi, Eq. 5.4-45 shows that the channel modulation effects will cause I, to
be less than Ip, if M1 and M2 are matched. This problem can be alleviated if a
fourth, drain-gate-connected device is connected in series with M1 between the
drain of M1 and the gate of M3.

The output resistance of the MOS Wilson current mirror will quantify the
slope reduction compared with the simple MOS mirror. It can be shown that the
small signal output resistance of the Wilson current mirror is given as (see Prob.
5.31)
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FIGURE 5.4-14
(a) MOS Wilson current mirror, (b) Simulated performance of a.

1+ 1+ +
Fout = rds3 + rds2 r 38 m3( M) + gmil ¢s18msr e , (5.4-63)

1 + gmoras2

The output resistance of Fig. 5.4-14a is found to be comparable with the MOS
cascode mirror of Fig. 5.4-12a. Unfortunately, both of these current mirrors
require at least 2Vt across the input before they behave as described above.
The Widlar current mirror can also be implemented by MOS transistors and
will be left as a problem (see Prob. 5.32). A practical consideration in matching
the devices that are mirroring the current is to keep the channel lengths of both
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devices equal. Since the channel length, L, is susceptible to lateral diffusion and
the channel width is not, then the channel width, W, can be used to achieve
nonunity current gains. Oxide encroachment has been ignored in this consider-
ation. This was illustrated by the principle of replication, which was discussed
earlier in this section.

In all the previous MOS current mirrors, the value of VN became larger
when the output resistance was increased. One circuit that minimizes Vygy and
still increases rgo is shown in Fig. 5.4-154. This circuit is called the MOS
regulated cascode mirror and uses the concept introduced in the regulated cascode

lout

IIN*
Ve
M1 ouT
l
I
200p A T T T T :
' ‘ ) In=175pA
150 pA
150 A
125 A
100 pnA
lout 100p A
75uA
S50pA
50uA
25uA
OuA ] 1 .
0.0V 30V 40V 50V

Vour

(b)

FIGURE 5.4-15
(a) MOS regulated cascode current mirror, (b) Simulated performance of a.
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current sink of Fig. 5.3-16. The regulated cascode consists of M2, M3, and M4.
M1 and M2 form a simple current mirror; however, because of M4, the value of
Vps2 will not be much different than Vpg;, giving good accuracy. M5, M6, and
M7 are used to provide a bias current for M4, which tracks the output current. If
I py did not track I oyt (I p3), then the value of Vs, would not be large enough at
large values of I oyt to keep M2 in saturation. If M2 is not in saturation, then the
ratio of I pp to I'p; will be smaller than what is expected. Figure 5.4-15b shows the
simulated results for the regulated cascode current mirror of Fig. 5.4-15a when
Wl/Ll = Wz/Lz = W3/L3 = W4/L4 = W5/L5 = Wﬁ;’Lg = 50/.L/10 M, W7/L7 =
75 /10 w, and using the model parameters as before, with the addition of Kp =
8uA/VE, Vip=—0.75V, % =04V~2 1, =0.02V~!, and ¢ = 0.6 V. It is
seen that Vi 1s almost identical to that of the simple MOS mirror of Fig. 5.4-
115. In addition, the output resistance is given by Eq. 5.3-20 and is much higher
than any of the other MOS mirrors presented so far. Clearly, Fig. 5.4-15q is a
superior MOS current mirror realization in many respects. If the ratio of /ps to
Iy is decreased below the 0.5 of Fig. 5.4-15b, the value of VN decreases, but
the ratio of /gyt to Iy becomes nonlinear as the currents increase.

Table 5.4-2 summarizes the performance of the MOS current mirrors having
unity gain from the viewpoint of accuracy (linearity), output resistance, and Vyn.
Additional considerations include the size of devices. More ratio accuracy will
be obtained for larger size devices. All of the current mirrors presented in this
section used npn BJTs or n-channel MOSFETs. Opposite-type current mirrors can
be implemented using pnp BJTs or p-channel MOSFETs. The circuits perform in
an identical manner. The parametric expressions for the small signal resistances
are identical in either case.

The important principles developed and used in this section include the
matching principle, the replication principle, and the method by which mis-
matches between similar devices can be calculated. These principles will be
employed where appropriate in the material that follows. The circuits developed
in this section will be very useful in designing more complex analog circuits.
They will find use in dc biasing and as high-resistance ac loads.

TABLE 5.4-2
Comparison of MOS current mirror performance
MOS Accuracy
current mirror (I])z = Ipy) Fout Vain

. 1
Simple Poor re = 7 Vps(sat)
Fig. 5.4-11a Al ou
Cascode Good gml § 2Vps(sat)
Fig. 5.4-12a

Eml'y

Wilson Good > Vs + Vps(sat)
Fig. 5.4-14a
Regulated cascode Good gﬁ,rg Vps(sat)

Fig. 5.4-15a
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5.5 VOLTAGE AND CURRENT REFERENCES

In Sec. 5.3, current sinks/sources were presented. These circuits can be used to
create a voltage by applying the current to a resistor. Such circuits represent one
method of achieving a dc voltage or current. However, many applications require
a dc voltage or current that is more stable than the circuits of Sec. 5.3. Circuits
that yield a precise dc voltage or current independent of external influences are
called voltage references or current references. The primary external influences
of concern are power supply and temperature variations. The objective of this
section will be to demonstrate the principles of voltage and current references
that minimize their dependence on power supply and temperature.

In order to characterize the dependence of a reference on power supply
and temperature, the concepts of sensitivity and fractional temperature coefficient
are introduced. Assume that the reference is a voltage designated as Vggr. The
sensitivity of Vrgr to changes in a power supply Vxx is given as

J VREF

SVREF = Lim AVrer/Vrer  Vxx

Y Ave—0 AVyxx/ Vi VREF

(5.5-1)

Eq. 5.5-1 emphasizes how the sensitivity can be calculated. However, once the
sensitivity is known, it can be applied using the following form.

AVger _ ( S vREF)

AVyx
—_— 5.5-2
VREF Vxx ) ( )

Vxx

Eq. 5.5-2 can be interpreted as follows: if the sensitivity of Vrgr with respect
to Vxx is unity then a 10% change in Vxx will cause a 10% change in Vggg.
Obviously, if Vggr is to be independent of Vxx, then the sensitivity of Vggr with
respect to Vxx should approach zero. Sensitivities less than 1/100 are practical
values for a monolithic voltage reference. The above formulation is valid for
current references by simply replacing Vrgr by I rgr.

While the sensmv1ty measure given in Eq. 5.5-1 with Vyx replaced with
the temperature (i.e. S YREF) could be used as a measure of the dependence of
the reference on temperature it is customary to use the concept of fractional
temperature coefficient introduced in Eq. 2.2-5 of Chapter 2. The fractional
temperature coefficient (TCg) of Vggr is defined as

1 0V 1
TCp(Vrer) = @ﬁ = S 7R (5.5-3)

where the relationship between the fractional temperature coefficient of Vggg and
the sensitivity of Vrgr to temperature (7') is also illustrated. The units of TCg
are expressed in terms of parts per million per °C, or ppm/°C. Assuming that a
sensitivity of Vggr with respect to temperature equal to 1/100 is indicative of a
good voltage reference, then at room temperature (7 = 300°K) the fractional tem-
perature coefficient is (1/300) X (1/100) X 1,000,000 = 33.3 ppm/°C. References
with a TCg of less than 50 ppm/°C are considered to be stable with respect to
temperature,
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Figure 5.5-1 shows three simple voltage references which will be more
useful for illustrating the analysis techniques than for implementing a good voltage
reference. Figure 5.5-1a is simply a voltage divider providing a dc voltage
between Vxx and ground. The value of dc voltage is

R,
Vrer = Vxx| ——— 5.5-4
REF XX\ R+ R, ( )
The sensitivity of Vggr with respect to Vxx is found to be
Vxx dV,
§Vrer . XX 7 TREE _ ) (5.5-5)

VX Vger 9Vxx

The fractional temperature coefficient of this simple voltage reference is found
after some algebraic manipulation to be

dRy  JR;
R,0T R OT

1 9V RV
TCr(Vrer) = = (—1 REF)

VrRer 0T Ry Vxx

(5.5-6)

=R (1Cs(R) ~ TCH(RD)
2 Vxx

where the resistors are assumed to be temperature-dependent and Vxx is temper-
ature-independent. Equation 5.5-6 illustrates a very important property of tem-
perature dependence. Note that if the fractional temperature coefficients of R;,
TCr(R;), and of R, TCr(R,), are equal then TCr(Vggr) is zero. Thus, if both
R, and R, are made from identical means, i.e., diffusion, polysilicon, etc., then
temperature independence will be achieved. This result will hold true for ratios
of similar components. It is easy to illustrate the principle from Eqgs. 5.5-4 and

Vx Vee Voo

-0 O
+ +
Ry Vrer Vrer

@) (b)

FIGURE 5.5-1
Simple voltage references: (a) Passive voltage divider, (b) BJT voltage reference and (c) MOS
voltage reference.
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5.5-6. If TCg(R;) is equal to TCe(R;), then the percentage changes are approx-
imately equal. Suppose that R, = 2} and R; = 1 Q). The value of Vggr is Vxx/3.
If the temperature changes so that the resistors experience a 10% increase, they
become R; = 2.2() and R{ = 1.1 (). Substituting these values into Eq. 5.5-4 still
gives Vger of Vxx/3.

Figure 5.5-1b illustrates how a voltage reference can be achieved from a
BIT and a resistor. The reference voltage can be found using the relationship for
the collector current as a function of base-emitter voltage (Eq. 3.3-13 of Sec.
3.3). The result is

Vee — Vrer
RIg
where V, and /s are parameters of the BJT defined in Chapter 3. Because Vggr is

also inside the argument of the natural logarithm, an iterative solution is necessary
to obtain Vrgg. If Ve is much greater than Vygg, then Eq. 5.5-7 simplifies to

VREF = Vt In (55-7)

~ Yee ;
Vrer = V; In ( Rls) (5.5-8)
The sensitivity of Vggr with respect to V¢ can be found by differentiating either
Eq. 5.5-7 or 5.5-8 and substituting into Eq. 5.5-1. Assuming that Ve >>
Vrer (see Prob. 5.34 when this is not true), the sensitivity of the circuit of Fig.
5.5-1b is
VREF ~ 1 _
Svee = In (Vee/RIg) (5.5-9)

If Vec =5V, R =43k and I§ = 0.4 fA, the sensitivity of Vggr with respect to
Ve is 0.0379. If Ve changes by 10%, Vg will change by only 0.379%. Thus,
a second principle emerges concerning low-sensitivity references. If two or more
components which have different large signal voltage—current characteristics are
used to divide voltage, it is possible to achieve sensitivities less than unity.

The temperature behavior of the circuit of Fig. 5.5-1b will be more com-
plex than that of Fig. 5.5-1a because Vi, R, and I all vary with temperature.
Differentiating Eq. 5.5-8 with respect to temperature yields

IVRer _ VRer _

19Is 1R
= el 5.5-1
aT T \IsaT Ra:r) (5:5-10)
Assuming that /g is given as
~V
Is = KT3exp TGO) (5.5-11)
t

where Vgo is the band gap voltage of silicon (1.205 V), which is tempera-
ture independent, allows the derivative of /s with respect to temperature to be
expressed as

als _3Is , IsVeo

— S5-1
aT T T V; (5.5-12)




