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4.1 CONSTANT-CURRENT STAGES 179 

Since R2 is proportional to the logarithm of the current ratio, a high degree ofcurrent mismatch can be obtained without requiring extremely high resistorvalues. For example, letting R2 = 20 k.O, one obtains a 100: 1 ratio between thetwo currents, with Iref = 1 mA and [z = 10 µA. An added advantage of the constant-current circuit of Figure 4.8 is that theoutput cunent /2 is relatively independent of the supply voltage, that is,
Ii = VT ln(Vcc - VaE) 

R2 Ral2 
(4.30)

Thus, for Irer � /2 , the output current varies as the logarithm of the supplyvoltage. Such a low-value constant-current stage is particularly useful for bi­asing the input stage of an operational amplifier where it can set quiescent currentlevels relatively independently of supply voltage changes. However, it should benoted that in Eq. (4.30), VT is directly proportional to temperature. Thus, /2 would also exhibit a strong temperature dependence, depending on the tem­perature coefficient of R2 and VT. The output resistance of the low-cunent constant-current stage can be easily calculated from the simplified hybrid-1r model of Figure 2.10. Assuming that thetransconductance gm2 of Q2 is low enough such that gm2R2 � /3, one can showthat< 1> 

(4.31)
Thus, the output resistance Rout depends strongly on the value of the voltage dropacross R2 • In the cunent source configuration of Figure 4.8, /2R2 is limited toseveral hundred millivolts for practical current ratios, which limits the maximumvalue of R0u1 to approximately 10r0 • In many applications, a large number of low-value constant-current stages canbe driven from a single current reference, as shown in Figure 4. 9. Since each

FIGURE 4.9. Driving a multiple number of low-value current sources from a single reference. 
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180 BIAS CIRCUITS 

of the current outputs operates at much lower current levels than Iref, the base 
currents of Q, throught QN have a negligible effect in calculating the output 
currents. Each of the output currents can be set to its nominal value by calcu­
lating the value of the emitter resistor corresponding to it. 

Wilson Current Mirror<2> 

The f3 dependence and the low output impedance of the basic current mirror can 
be greatly improved by using the so-called Wilson current mirror configuration 
shown in Figure 4.10. In this configuration, the base current of Q2 , which is 
extracted from the reference current lrer, is resupplied back to the base of the 
reference transistor Q1, thus keeping the current levels in Q1 and Q2 unaffected 
by the base current changes. The V8E drop across Q3 sets the bias level for Q1, 

which in tum sets the current level in Q3 . It can be shown by straightforward 
nodal analysis that the output current /2 is related to the reference current Irer as 

(4.32) 

Note that the additional terms within the parentheses represent the third-order 
errors due to the base current mismatches, and reduce to zero if the transistor f3 
are matched. If the transistor /3 are matched to better than ±20%, the difference 
between /2 and Iref is less than 0.5% for a typical /3 value of 200. 

Further insight can be gained into the operation of the improved constant­
current stage of Figure 4.10 by treating it as a special case of the shunt-series 
feedback, with a unity feedback connection in the shunt branch. This corre­
sponds to the unity current feedback condition from the emitter of Q2 back to the 

+Vee

FIGURE 4.10. Wilson current mirror. 
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4.1 CONSTANT-CURRENT STAGES 181 

base of Q1• As a consequence of this feedback arrangement, the output imped­
ance of the current mirror stage is greatly increased. By using the hybrid-1r 
model, the output resistance of the Wilson current mirror can be calculated to 
be<3l

(4.33) 

One basic drawback of the Wilson current mirror is that it cannot be easily 
extended to a multiple number of outputs from a single Iref without upsetting the 
base current cancellation feature given in Eq. (4.32). This problem can be 
overcome by the modified circuit shown in Figure 4. 11 , by splitting the output 
transistor Q2 into two matched transistors Q2A and Qw. Then the base current 
cancellation feature is retained, but two matched output currents are provided, 
where 

(4.34) 

Cascode-Connected Current Mirrors 

In many applications where a high output impedance is very desirable, it may 
be advantageous to cascode or "stack" two current mirrors together, as shown 

+Vee

FIGURE 4.11. Wilson current mirror with multiple outputs. 
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+Vee

BIAS CIRCUITS 

FIGURE 4.12. Cascade-connected current mirror with 

high output impedance. 

in Figure 4.12. In such a configuration, assuming that all the transistors are wellmatched, the output current /2 is related to the reference current lref as 
I2 = Ire, ( I - ; ) (4.35)

In this configuration, transistor Q28 serves as a constant-current source in serieswith the emitter of Q2A and forces the output resistance Rout to be 
(4.36)

In a typical small-signal npn transistor, where r
0 = 100 kO at h = 1 mA, with{3 = 200, this results in Rout = 20 MO. In certain applications where not one but a multiple number of high­impedance outputs are required, the multiple-output cascode · current mirrorcircuit of Figure 4 .13 can be used. In this configuration, Q0 sets the current levelsin the lower sets of current source transistors, with QB providing the base currentcompensation. QA provides the base current compensation for the upper set ofcurrent source transistors. Since QA and QB are a set of Darlington, or common

collector, transistors, they can share the same isolation pocket. The output currents /1 through IN are related to the reference current by amodified version of Eq. ( 4 .19) as 
I 1 = I, = · · · = IN 

= Ire
, ( I - 2(N/3; I)) (4.37)

The output resistance of each of the outputs will still be that of the basic cascodecurrent mirror, that is, Rout = f3ro . 

EX-1014 0141 
Kangxi Communication Technologies (Shanghai) Co., Ltd. v. Skyworks Solutions, Inc.



4.2 pnp CURRENT SOURCES 183 

+Vee

FIGURE 4.13. Cascode-connected current mirror with multiple outputs and base current compensation. 

4.2. pnp CURRENT SOURCES 

In principle, all of the npn current mirror or constant-current stage configurations 
discussed in the previous section apply to the pnp transistors, with the appropri­
ate polarity reversal of the currents and the bias voltages. However, in practice, 
these stages suffer somewhat from the three basic shortcomings of the lateral pnp 
transistor, which are the following: 

1. Low value of {3. (Typically, {3 is in the range of I 0-50 for lateral pnp
devices.)

2. Low output resistance. (Since the base region of the lateral pnp transistor
is lighter doped than its collector, the collector-base depletion region
extends mostly into the base region, resulting in excessive base width
modulation and a relatively low Early voltage, VA = 50 V.)

3. Limited current-handling capability. (For practical lateral pnp transistor
geometries, {3 falls off rapidly for le in excess of 50-100 µ.,A.)

Thus, in choosing the appropriate pnp current mirror configuration, these three 
basic limitations associated with the lateral pnp transistors must be kept in mind. 
On the other hand, the availability of the lateral pnp transistor in a multiple­
collector configuration (see Fig. 2.27) provides some unique advantages, partic­
ularly in terms of device interconnection and layout. Figure 4.14a shows the 
basic pnp current mirror. Since Q 1 and Q2 both share a common emitter and a 
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+Vee +Vee

(a) (bl 

FIGURE 4.14. Basic pnp current mirror; (a) Circuit diagram; (b) actual implementation using split­

collector lateral pnp transistor. 

common base region, their combination can be replaced by a split-collector pnp 

transistor Q 12 , as shown in Figure 4.14b;·which has the device layout of Figure 
2.27a. 

As discussed earlier in Chapter 2, the collector currents in multiple-collector 
lateral pnp transistor split in proportion to the· collector periphery facing the 
emitter. This allows the designer to control the ratio of the reference current Irer 
to the output current /2 by controlling the periphery ratio of the two collectors, 

Base 
and 

Collector C1 

Emitter 

Collector 
C2 

Base 

p-type
isolation

Collector 
C1 

FIGURE 4.15. Current scaling by controlling the collector periphery ratio of a split-collector lateral pnp

transistor. 
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+Vee +Vee

⇒ 

ilref 

(a) 

FIGURE 4.16. Base current compensated pnp current mirror: (a) Circuit diagram; (b) actual imple­

mentation. 

as shown in Figure 4.15. Assuming that the two collectors C 1 and C2 have a 
periphery ratio of 1 : N between them, then by following the basic current mirror 
equation [Eq. (4.6)], one can relate the output current to the reference current 
as 

( 1 +
N) 

/2 = Nfref 1 - /3 (4.38) 

It should be noted that since the pnp transistor f3 is relatively low, the error term 
in parentheses in Eq. (4.38) can be significant for large values of N. For 
example, for N = 5 and /3 = 20, the output current/2 may be as much as 50% 
below its ideal value of Iref· 

The current mismatches due to low f3 can be reduced significantly by using 
the pnp equivalent of the base current compensated current mirror shown in 
Figure 4.16. In this case, the compensating transistor Q0 is normally designed 
as a substrate pnp transistor (see Fig. 2.29) with Q 1 and Q2 made up of the 
split-collector pnp transistor Q 12, as shown in Figure 4.16b. 

Figure 4.17 shows the other pnp current mirror configurations which are 
direct derivatives of the npn current mirrors discussed in the previous section. 
Another convenient pnp current mirror configuration is the multiple-output Wil­
son current source configuration shown in Figure 4.18, which can be designed 
with only two split-collector pnp transistors. 

One of the major limiiations of pnp current sources is the limited current­
handling capability of the lateral pnp transistor. This can be solved by con­
necting an npn transistor to the output port to form a composite pnp transistor, 
similar to that shown in Figure 2.28. Such a transistor basically has the current­
handling capability of the npn transistor and the polarity of the pnp transistor. 
If a controlled-/3 npn transistor (see Fig. 4.3) is used in place of the normal npn

transistor, the outputcurrent level can be accurately controlled. Figure 4.19 
demonstrates a circuit configuration which utilizes these principles. In the cir­
cuit, Q 1 and Q2 from the basic current mirror. The collector current /2 of 
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(a) (b) 

i fret 

(c) 

FIGURE 4.17. Other pnp current mirror configurations: (a) Resistor-biased current mirror; (b) low­
current current mirror; (c) Wilson current mirror, 

+Vee +Vee

⇒ 

FIGURE 4.18. Multiple-output Wilson current source using split-collector pnp transistors. (Note: For 
symmetrical split collectors, Iv. = Im = l,.r/2.) 
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r--- ----
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FIGURE 4.19. High-current pnp current source with composite controlled-/1 npn transistor. 

transistor Q2 is further amplified by the controlled-/3 npn transistor made up of
Q3 and Q4. 

Assuming that Q3 and Q4 , have respective emitter areas A3 and A4 , the output 
current Iout is related to /2 as 

Io., = I� ( I + 1:) (4.39) 

Since /2 is related to Irer by the basic current mirror equation [Eq. (4.6)] for the 
matched pair of pnp transistors Q 1 and Q2 , the overall current transfer equation 
becomes 

(4.40) 

where /3p is the current gain of the pnp transistors Q 1 or Q2 • In this manner, 
accurate current ratios can be maintained while providing a high output drive 
current. 

4.3. VOLTAGE-CONTROLLED CURRENT SOURCES 

All of the npn or pnp current mirror circuits discussed so far can be used in
practice as voltage-controlled current sources simply by varying the voltage 
applied across the resistor R 1 which determines the reference current Irer• For 
example, in Figure 4.1, if the supply voltage Vee was replaced by the control 
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voltage Ve, then the output current /2 can be related to Ve as 

I ~ I 
_ Ve - Va£ 

2 ~ ref -

Ri 

BIAS CIRCUITS 

(4.41) 

where V8E is the base-emitter drop of the diode connected transistor Q1 of 
Figure 4.1. 

In practice, the control characteristics given by Eq. (4.41) are not very useful 
because of the dependence of the output current on V8E as well as Ve. This V8E

dependence can introduce a very strong temperature drift to the output current, 
particularly at low values of Ve, approaching VaE • This effect is even more 
pronounced in the base current compensated current source of Figure 4.5 or in 
the Wilson current mirror of Figure 4.10, where the collector of the current­
setting transistor Q 1 is clamped at not one but two V8E above ground. 

Figure 4.20a shows a simple two-transistor voltage-controlled constant­
current stage which overcomes this problem. In the circuit, the V8E dependence 
of the output current is virtually eliminated by effectively canceling the V8E

drops of Q1 and Q2 . Assuming that the VaEI and V8E2 associated with Q1 and Q2

are approximately equal, the voltage level VA at the emitter of Q2 can be written 
as 

(4.42) 

where VaEt and V8E2 are the base-emitter drops of the corresponding transistors. 
For convenience, in Figure 4.20 VA and Ve are measured with reference to the 
positive supply, rather than ground. Assuming that the base current of Q, is 

+Vee

+ 

r 
Ve 

! 

+Vee

+ 

i Io 

V;1 R1 

(a) (b) 

t/1 

FIGURE 4.20. Voltage-controlled current source stages. 

t/2 

EX-1014 0147 
Kangxi Communication Technologies (Shanghai) Co., Ltd. v. Skyworks Solutions, Inc.



4.4 SUPPLY-INDEPENDENT BIASING 189 

negligible, the output current /2 is related to the other two branch currents as 

/2 = lo - 11 

However, since 10 is set by the voltage drop across R1 as 

lo= 
VA= Ve 
R1 R1 

the output current then becomes proportional to the control voltage as 

Ve 12 = Ri - 11

where / 1 is a constant bias current. 

(4.43)

(4.44) 

(4.45) 

Figure 4. 20b shows the complementary equivalent of the same voltage­
controlled constant-current stage. However, in this case, the input stage is a pnp
transistor, and care must be taken in neglecting its base current. The voltage­
controlled current source circuits of Figure 4.20 are useful building blocks in the 
design of voltage-controlled oscillators or automatic gain control circuits. 

4.4. SUPPLY-INDEPENDENT BIASING 

The constant-current stages described in Sections 4.1 and 4.2 require the gener­
ation of a reference current Iref, which is then reproduced at the output. As shown 
in the case of the simple current mirror of Figure 4.1, lref is normally derived by 
connecting a current-setting resistor R 1 directly to the supply voltage. This 
results in a supply dependence of the output current /2 given as 

I _ I _ Vee - VaE
2 - ref -

Ri 

Vee 
=-

R1 
(4.46) 

In many applications, this supply dependence is not desirable and alternate 
bias solutions must be found. In this section, some of these alternate approaches 
shall be examined. 

Using V eE as Reference 

The supply dependence of output current can be greatly reduced by using the 
transistor base-emitter voltage VaE as a reference to generate the output current. 
Figure 4.21 shows two such biasing schemes. In the circuitof Figure 4.21a, the 
diodes D 1 and D2 , are formed by diode-connected transistors. Assuming that the 
voltage drops across D 1 and D2 are each equal to VaE, the base voltage of Q2 is 
fixed at 2VaE, and the voltage drop across R2 is equal to VaE• Neglecting the base 
current of Q2 , this results in an output current 

VaE 
=-

R2 
(4.47) 
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190 BIAS CIRCUITS 

+Vee +Vee

+ 

VsE 

(a) (b) 

FIGURE 4.21. Supply-independent current bias sources using VeE ·as reference. 

The circuit of Figure 4.21b also works in a similar manner. The grounded-emitter transistor Q 1 forces a net voltage drop of VaEi to appear across R2.Neglecting the base current of Q2, this again results in an output current expres­sion similar to that of Eq. ( 4 .4 7). The bias circuits of Figure 4.21 are not completely independent of the· supplyvoltage, since the current /1 , which sets the V8E drops is dependent on the supplyvoltage. Using Eq. (2.5) of Chapter 2, which relates the VaE drop to the currentthrough the diode, one can write for the case of Figure 4.21, or Eq. (4..47),
Vn• = Vr lnG;) (4.48)

where ls is the reverse saturation current of diodes D 1 and D2 of Figure 4.21aor the transistor Q1 of Figure 4.21b. The current /1 is in tum set by the supplyvoltage as 
Vee - 2VaE Vee 

/1 - ::::::: --
R1 R1 

(4.49)
Thus, taking into account the current dependence of VaE, Eq. (4.47) can bewritten as 

Vr (Vee)lout =
R 

In RI 
. 2 I S 

which shows a logarithmic dependence on the supply voltage. 
(4.50)

A common problem associated with the VaE-referenced current sources is thestrong temperature dependence of VaE, which is of the order of -3000 ppm/°C.If the resistor R2 of Figure 4.21 is a base-diffused resistor, it would introduce anadditional temperature coefficient of = + 2000 ppm/°C into the denominator ofEq. (4.47) which would result in a total temperature coefficient of lout on theorder of -5000 ppm/°C. This would result in approximately 50% reduction inthe value of I0u, over a 100°C temperature change. 
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4.4 SUPPL ¥-INDEPENDENT BIASING 191 

An alternate approach to supply insensitive biasing is the low-current current 
source of Figure 4.8, discussed earlier. As indicated by Eq. (4.30), this circuit 
also exhibits a logarithmic dependence on the supply voltage, where 

12 

= Vr In( Vee)
R2 Ri/2 

(4.51) 

However, since Vr(= kTlq) exhibits a positive temperature coefficient of ap­
proximately + 3000 ppm/°C at room temperature, its temperature drift can be 
compensated, in part, by the temperature coefficient of R2 . Assuming that R2 is 
a diffused resistor with a temperature coefficient of approximately + 2000 
ppm/°C, the resulting temperature coefficient of / 2 in Eq. ( 4. 51) is on the order 
of + 1000 ppm/°C. This is a significant improvement over the simple 
V8E-referenced bias circuits of Figure 4.21. 

Self-Biasing References 

The power supply dependence can be greately improved by using so-called 
self-biased or boot-strapped current references. Instead of generating the refer­
ence current by connecting a resistor to the supply voltage, the reference current 
can be made to depend on the output current of the current source. This is done 
by sensing the output current by means of a current mirror and forcing the 
reference current to be equal to it. Figure 4.22 shows the application of this 
technique to the V8E-referenced current source shown in Fig. 4.21b. 

Assuming that the effects of finite base currents and the finite output conduc­
tances are negligible, the operation of the circuit can be analyzed as follows: Q 1 , 

FIGURE 4.22. Self-biasing Vee reference.° > 

+Vee
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Q2 , and R2 function as described in Figure 4.21b, and set the collector current 
/2 of Q2. This current is then sensed by the current mirror transistors Q5 and Q4 , 

and the reference current /1 is forced to equal fi. The operating point of the circuit 
is determined by two constraints: (1) /2 must show a logarithmic dependence on 
/1 as given by Eqs. (4.47) and (4.48). (2) Ii must equal /1 as dictated by the 
current mirror transistors Q4 and Q5 . The operating point of the circuit which 
satisfies these conditions can be graphically determined as the intersection of the 
two curves shown in Figure 4.23. The intersection of the two curves, point D,

determines the desired operation of the circuit. Once the current level /2 is set, 
it can be reflected to the outputs of the circuit as the output current lout through 
the pnp or the npn current mirrors, as shown in Figure 4.22. 

In most of the self-biased circuits of the type described, there are not one but 
two stable operating points. The second operating point, which is not desirable, 
normally occurs at zero current state. In other words, the circuit will be perfectly 
stable if all the currents are zero. This can be seen from the graphic solution of 
Figure 4.23, as well as by examining the circuit of Figure 4.22. For example, 
if Q1 was nonconducting, its VBE would be zero, thus the voltage across R2 would 
be zero, resulting in /2 = 0, which would cause /1 to be zero. This problem, 
which is common to self-biased circuits using internal feedback, is often referred 
to as the startup problem. This problem can be avoided by eliminating the 
undesired zero-current state. In its simplest form, this can be done by supplying 
a very small amount of startup current Ix to node A in Figure 4.22 by means of 
a high-value resistor Rx, connected to the supply voltage, as shown by dashed 
lines. If the startup current is chosen such that Ix � 11 , it has a negligible effect 
on circuit operation. 

The circuit of Figure 4.22 is shown in its simplest form to illustrate the 
principle of self-biasing circuits. If desired, the output of the circuit can be 
greatly improved by using Wilson current mirrors or cascoded current mirrors. 
Many varieties of self-biased references, or their startup circuits, have been 
developed. These are well covered in the literature. <4l 

Desired 

/ operating point 

/ 

Undesired 
operating point 

-=---------------------11

FIGURE 4.23. Graphic solution for operating point of circuit of Figure 4.22. 

EX-1014 0151 
Kangxi Communication Technologies (Shanghai) Co., Ltd. v. Skyworks Solutions, Inc.



4.5 VOLTAGE SOURCES 193 

It must be emphasized once more that when designing self-biased circuits it 
is extremely important to examine the possible operating points of the circuit to 
avoid startup instability problems. 

4.5. VOLTAGE SOURCES 

In a variety of circuit applications, it is necessary to establish a low-impedance 
point within the circuit which can serve as an internal voltage supply. Ideally, 
such a voltage reference point is required to have both a very low ac impedance 
and a very stable de voltage level which is insensitive to power supply and 
temperature variations. In most applications, however, only one of these two 
requirements, that is, either the low impedance or the de voltage stability, is of 
prime importance. The circuits which primarily fulfill the low-impedance re­
quirements are known as voltage sources, whereas those specifically designed to 
provide a constant voltage, independent of the supply or the temperature 
changes, are called voltage references. 

The voltage source stages are normally used to provide independent bias 
levels within the circuit. In such an application, the low ac impedance of the 
voltage source is necessary to buffer or decouple adjacent gain stages. An 
example of such an application is the use of voltage source stages to form a 
common bias point for the inputs of a differential gain stage. Figure 4.24 shows 
some of the practical voltage source configurations often used in IC design. In 
the circuit of Figure 4.24a, the low output impedance of an emitter-follower 
stage is used to simulate a low-impedance voltage source with an output voltage 

+Vee
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t/1 
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I 
..L 

-

(a) 
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t/1 
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Vz 

-

(b) 

-

+ 
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(c) 

+Vee

!In

(d) 

FIGURE 4.24. Practical voltage source configurations: (a) Common-collector stage; (b) temperature­

compensated Zener diode; (c) temperature-compensated Zener diode with buffered output; (d) diode 
string. 
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level Vi given as 

(4.52) 

Note that in this configuration the diode D1 in the bias string is used to partially 
offset the de value and the temperature dependence of the VaE drop across Q 1 • 

The load Zi represents the rest of the circuitry biased by the current through Q 1 • 

Using the hybrd-7T model for the transistor (see Fig. 2.10), the resistance level 
Ro looking into the emitter of Q 1 can be expressed as 

Ro
= VT

+ 
R1R2

/1 f3(R1 + R2) 
(4.53) 

Due to the resistive bias string in Figure 4.24a, the values of the bias voltage 
VA and the output voltage Vi are both dependent on the supply voltage Vee • This 
dependence can be avoided using the bias circuits of Figure 4.24b, c, or d. In 
each of these circuits, the impedance level looking into the bias terminal is low 
enough for most applications to eliminate the need for an additional emitter­
follower stage. In many applications, the current source /1 may also be replaced 
by a resistor connected between + Vee and VA. 

The circuits of Figure 4.24b and c both provide an output voltage level 

(4.54) 

where Vz is the breakdown voltage of the Zener diode. The forward-biased diode 
D1 of Figure 4.24b provides partial compensation for the positive temperature 
coefficient of Vz. In a monolithic structure, the combination of Dz and D1 can 
be conveniently designed as a single transistor structure with two separate 
emitters, as shown in Figure 3.10. The impedance level measured looking into 
the output terminal is 

VT Rout = Rz + ft (4.55) 

where Rz is the dynamic resistance of the base-emitter breakdown diode. For 
typical integrated device structures, Rz is in the range of 40-100 n.

The circuit of Figure 4.24c also provides an output voltage level equal to 
Vz + VaE by impressing a voltage drop equal to VaE across the bias resistor Rn. 
In this case, Q 1 serves as an active gain stage and automatically adjusts its 
current / ct to maintain the output voltage level constant. The output impedance 
of the circuit is approximately the same as that given by Eq. (4.55). However, 
since the current In through the Zener diode is maintained constant, independent 
of supply voltage changes, the sensitivity of VA to supply voltage variations is 
greatly reduced. 

Since the base-emitter breakdown voltage is set by the IC fabrication process, 
the values of VA available from the circuits of Figure 4. 24b and c are restricted 
to be within the 6.5-8-V range. 
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Figure 4.24d shows how a number of diodes, or diode-connected transistors, 
can be cascaded in series to simulate a low-impedance output voltage VA, where 

(4.56) 

and an output resistance level of 
nVr 

Rout = Ji (4.57) 

where n is the number of diodes in the string. Such a voltage source has a strong 
negative temperature coefficient, given as 

avA = 
n avBE = _ 2n mV/OC 

aT aT 
(4.58) 

Since each diode in the string requires a separate collector pocket, a string 
involving large numbers of diodes may occupy a significant portion of the chip 
area. In many applications, an alternate solution to the diode string is the 
so-called V8E-multiplier circuit shown in Figure 4.25. Such a circuit can produce 
an output voltage that is an arbitrary multiple of the transistor base-emitter drop. 
In the circuit of Figure 4.25a, the voltage drop across R2 is constrained to be 
equal to the transistor V8E . Assuming that the base current of Q 1 is negligible, 
the current through R2 is the same as that through R 1 • Therefore, the output de 
level can readily be related to the transistor V8E as

R1 

hi 
+ 

R2 VsE 

v, = I,(R, + R,) = v.e(i + ::) (4.59) 

+ Vee

ko 
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Q 1 in active 
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(1 + {�)vsE VA 
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FIGURE 4.25. The V0E-multiplier circuit: (a) Circuit connection; (b) output level as a function of bias 

current I 
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Note that, as long as loR2 > VBE, the transistor is in its active region, and due 
to the shunt feedback provided by R 1 , the transistor current / 1 automatically 
adjusts itself to maintain Ii and VA relatively independent of the supply voltage 
or current. The corresponding current-voltage characteristics of the V BE­
multiplier circuit are shown in Figure 4.25b. 

In most applications, the circuit of Figure 4.25a provides a convenient substi­
tute for a diode string, particularly when a large number of diodes or a noninteger 
multiple of VBE are required. Using the hybrid-1r model, the output resistance of 
the VBE multiplier can be readily calculated as 

R 
_ R1 R1 + R2o--+---

/3 gnft2 
(4.60) 

where gm = ( = /1/Vr) is the transconductance of Q 1 • For most applications, the 
value of R0 is in the range of 50-200 n.

Figure 4.26 shows a modified version of the basic shunt feedback circuit 
which is useful for obtaining high-value voltage sources without requiring high­
voltage Zener diodes. Assuming that Dz is the reverse-biased base-emitter diode 
with a break-down voltage Vz, the voltage level at the output terminal can be 
expressed as 

V, - (Vz + V8e)(l + ;:) (4.61) 

provided that loR.2 > Vz + VBE so that Q 1 is in its active region. The circuit of 
Figure 4.26 is particularly useful for high-voltage integrated circuits, where it 
can be used as a high-value voltage source, or it can be substituted for a 
high-voltage avalanche diode, for overvoltage protection in circuits prone to 
high-voltage transients. 

+Vee

ii, +
VA = (Vz + Vse)(l + ;�) 

FIGURE 4.26. Circuit for simulating high-voltage breakdown diode. 
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+ Vee +Vee

R1 /1 
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FIGURE 4.27. Multiple voltage sources biased from same reference voltage: (a) Discrete design; (b) 

its monolithic counterpart using multiple-emitter npn transistors. 

In providing low-impedance bias points within the circuit, the emitter­
follower stage is the most commonly used buffer circuit. Since many emitter­
follower stages can share the same isolation pocket, they require a minimum 
amount of chip area. In some analog circuit applications, it is necessary to 
provide multiple voltage sources which are biased from the same reference 
voltage, but are buffered from each other such that the ac signals in one source 
would be relatively isolated from those in the other. In conventional circuit 

. design using discrete devices, this can be done using two separate emitter­
follower stages, as shown in Figure 4.27a. However, using the design and layout 
advantages of monolithic circuits, the same circuit can be designed using a 
multiple-emitter transistor (see Fig. 2.21), as shown in Figure 4.27b, with a 
minimum increase in chip area. 

4.6. DC LEVEL-SHIFT STAGES 

Since large-value coupling capacitors are not available in monolithic circuits, all 
broadband gain stages need to be de coupled. This means that the output de level 
of a gain stage should be compatible with the de level at the input of the next 
stage. In an npn common-emitter gain stage, the output de level is always higher 
than the de level of the input. Therefore, if a number of such gain stages are 
cascaded, the output de level rapidly builds up toward the positive supply 
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voltage. This in tum limits the amplitude and the linearity of the available output 
swing. Ideally, such a de level buildup can be avoided by using complementary 
pnp-npn gain stages. However, the pnp transistors available in monolithic form 
have relatively poor frequency response and current gain characteristics. 

If an analog integrated circuit is comprised of a cascade of npn gain stages, 
this positive de level buildup can be overcome by using a level-shift stage 
between each gain stage to shift the output de level toward the negative supply 
with minimum attenuation of the ac signal. In general, such a stage also serves 
as a unilateral buffer between successive gain stages. Therefore, it is required 
to have a high input impedance and a relatively low output impedance to prevent 
interstage loading. Figure 4.28 shows some practical de level-shift stages for 
monolithic circuit applications. In each case, a common-collector stage is used 
at the input to avoid loading the output of the gain stage connected to Vi. 

The resistive level-shift stage of Figure 4.28a provides a simple means of 
shifting the input level Vi to a more negative de level V2 , where 

(4.62) 

The main drawback of the resistive level-shift stage is attenuation of the ac signal 
along with the de level shift. The ac voltage gain Av for the resistive level-shift 

Dz 

(a) (c) (d) 

FIGURE 4.28. Some practical de level-shift stages: (a) Resistive; (b) Zener diode; (c) diode string; 
(d) VeE multiplier.
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stage is less than unity, and is given as 

R2 
Av=---< 1

R1 + R2 

199 

(4.63) 

Thus, as the value of R2 is decreased to improved the net de level shift from Vi

to V2 , the ac gain of the stage deteriorates rapidly. The output impedance of such 
a stage is also relatively high, being equal to the shunt combination of R1 and 
R2. 

The Zener diode level-shift stage of Figure 4.28b provides an alternate means 
of shifting the de level by the amount 

(4.64) 

where Vz is the breakdown voltage of the Zener diode Dz. The reverse break­
down characteristic of the base-emitter junction is used to form the Zener diode 
(i.e., Vz = 6-9 V). If the bulk resistance of Dz is negligible compared to R2, 
the voltage gain for the stage is approximately unity. The two main disadvan­
tages of the Zener diode level-shift stage are the limitations on the values of V2 

available in integrated circuits and the excess noise generated by the breakdown 
diode Dz. Therefore, such a level-shift scheme is not suitable for low-level ac 
signals or for circuits operating with relatively low supply voltages, such as 
Vee< 10 V. 

The diode string level-shift stage of Figure 4.28c provides a net de level shift 
Vi - V2 given as 

(4.65) 

where n is the number of diodes in the string. Normally, the diodes D 1 through 
D,, would be formed by diode-corinect�d transistors. Assuming that the dynamic 
impedance of the diodes is negligible compared to R2, the voltage gain of the 
stage is approximately unity. The output impedance R0 f9r the circuit is quite 
low, given as 

(4.66) 

where VT is the thermal voltage. The diode string level-shift stage has two 
disadvantages: ( 1) Since each diode requires a separate isolation pocket, such a 
stage may take up a sizable chip area and have appreciable shunt capacitance to 
the substrate. (2) The output de level shows a strong temperature dependence 
due to the change of the diode voltage V8E with temperature. 

The circuit of Figure 4.28d is often used as a substitute for the diode string 
level-shift stage. In this circuit, the diode chain is replaced by the V8E-multiplier 
stage described in Figure 4. 25. The net de level change across the stage is 

Vi - V, = VBE ( 2 + ;:) (4.67) 
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Assuming that f3 > > 1, the net voltage gain across the stage can be expressed 

as 

Av = 

R3R2gm

= 1.0 
1 + R3R2gm

(4.68) 

where gm is the transconductance of Q2. Similarly, the output resistance R0 for 
the stage can be calculated to be 

R1 
Ro = R3 

R2gm

(4.69) 

The main disadvantages of the level-shift circuits of Figure 4.28c and dare 
the temperature dependence of V2 due to the VaE change with temperature. 

Another commonly used level-shift stage is the resistor and current source 
combination shown in Figure 4.29. Since the dynamic output resistance of the 
current source is much higher than R 1, the voltage gain of the stage is very close 
to unity. However, the output de level is shifted toward negative supply ( or 
ground) by the amount 

(4.70) 

This type of level-shift stage is susceptible to capacitive loading at node A in 
Figure 4.29, which would limit its frequency response. This capacitive loading 
is mainly due to the collector-substrate capacitance of the npn transistor which 
forms the current source /0 • Therefore, in the layout of the circuit, care must be 
taken to minimize the collector area of this transistor. 

pnp Level-Shift Stages 

In spite of its relatively poor gain and frequency response, lateral pnp transistors 
still find a number of applications as gain or level-shift stages. In general, their 

+ Vee

FIGURE 4.29. Level-shift stage using resistor and cur­
rent source combination. 
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applications are limited to low-frequency circuits, where the low fr of the lateral 
pnp transistor ( =5 MHz) does not present a problem. 

The low-gain characteristics of the lateral pnp transistor can be improved by 
combining with an npn transistor to form a so-called composite pnp transistor, 
as described in Chapter 2 (see Fig. 2.28). Figure 4.30 shows the use of such a 
composite pnp transistor as both a level-shift and a gain stage. 

Since the composite pnp transistor is a feedback circuit made up of two 
devices, it exhibits a two-pole rolloff in its frequency response and is prone to 
oscillations. In practical applications, this problem can be avoided by connecting 
a resistor Rx between the base and the emitter of Q2 to reduce the overall current 
gain of the combined Q 1 and Q2 and to have Q 1 operate at a slightly higher 
current level than just the base current of Q2 • As a rule of thumb, the current Ix

through Rx is chosen to be = 10% of /1 • This is done by choosing Rx such that 

(4.71) 

Normally, Rx is designed as a noncritical pinch resistor. 
The output de voltage of the composite pnp level-shift stage of Figure 4. 30 

is given as 

(4.72) 

Similarly, the small-signal ac voltage gain Av of the circuit can be expressed as 

+ Vee

Av =

R2 
R1 

(4.73) 

FIGURE 4.30. Level-shift stage using composite pnp

configuration. 
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Figure 4. 31 shows other commonly used level-shift stages comprised of 
pnp-npn transistors. The circuit of Figure 4.31a is derived from the voltage­
controlled current source circuit described earlier (see Fig. 4.20). It provides an 
output voltage level V2 given as 

R2 Vi = l2R2 =

Ri 
(Vee - V, - I,R, ) (4.74) 

where /1 is a constant-current source. The ac gain can be evaluated by differ­
entiating Eq. (4.74) 

Av =

R2 
R1 

(4.75) 

In the circuit of Figure 4.31b, the lateral pnp transistor is operated in its 
common-base configuration in order to enhance its frequency capability. The 
output voltage level V2 is equal to 

( 

_ _ apR2 Vi - <Xpl1R2 - R, (Yi - vbias - 2VBE) (4.76)

where aP 
is the common-base current gain of Q2 . The ac voltage gain of the 

circuit is 

R2 R2 
Av = <Xp R1 

+ 2/gm = aP R,

where gm (= /1 /VT) is the transconductance of Q 1 or Q2 • 

+Vee +Vee
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V2 
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V2 

FIGURE 4.31. Other commonly used pnp-npn level-shift stages. 

(4 . 77) 

EX-1014 0161 
Kangxi Communication Technologies (Shanghai) Co., Ltd. v. Skyworks Solutions, Inc.



4.6 DC LEVEL-SHIFT STAGES 203 

The circuit of Figure 4. 31 b offers the best frequency performance among the 
pnp-npn level-shift stages discussed so far. However, it has two disadvantages: 
it requires a low-impedance bias source Vbias, and its gain and level-shift charac­
teristics depend on a

p
, which may vary between 0.8 and 0.98 in practical lateral 

pnp devices. 
pnp current mirrors are also suitable for de level shifting, provided that the 

frequency requirements are relatively low (i.e.,< 1 MHz). They are particularly 
suitable for level shifting in differential gain stages. Figure 4.32 shows their 
application in a different gain stage. The circuit of Figure 4.32a is a basic 
differential gain stage with a voltage gain of Ri !RE, and with an output common­
mode voltage (Vou1)cM, close to the power supply, where 

(4. 78) 

In the level-shifted version of the same circuit (see Fig. 4.32b), the pnp current 
mirrors, made up of D3 , Q3 and D4 , Q4 , reflect the output current toward ground 
(or negative supply) so that the voltage gain remains unchanged, but the output 
common-mode voltage now becomes 

(4.79) 

In the actual implementation of the design, D3, Q3 and D4, Q4 would each be 
designed as split-collector pnp transistors to conserve chip area. 
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FIGURE 4.32. Differential level shifting using pnp current mirrors: (a) Basic differential stage; (b) its 

modified version with current mirror level shifting. 
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4.7. TEMPERATURE-INDEPENDENT BIASING 

In the design of various analog circuits, such as DI A converters, voltage regu­
lators, or low-drift amplifiers, it is necessary to establish a temperature­
independent bias reference within the circuit. This stable bias reference can be 
either a current or a voltage. In most applications, voltage rather than current 
references are preferred since they are easier to interface with the rest of the 
circuitry. 

In the case of a voltage reference, unlike the case of voltage sources, the main 
emphasis is not on low output impedance but on the temperature stability of the 
voltage level. Temperature stability requirements on a voltage reference are 
typically < 100 ppm/DC. In many cases, by careful design and compensation 
even this figure can be significantly improved to be within the range of 20--40 
ppm/DC. 

Typical temperature coefficients of monolithic components are in the range 
of a few thousand ppm/DC or more. However, by makin·g use of the matching 
and tracking characteristics of monolithic components, and their close thermal 
coupling on the chip, it is possible to compensate the thermal drifts to a few parts 
per million. The basic principle of temperature compensation used in monolithic 
IC design is very simple. One starts with a predictable temperature drift, then 
finds another predictable temperature source of opposite polarity which can be 
scaled by a temperature-independent scale factor. Then, by proper circuit de­
sign, the effects of the two opposite-polarity drifts are made to cancel, resulting 
in a nominally zero temperature coefficient voltage level. 

Among the monolithic components, there are three basic temperature drift 
sources which are reasonably predictable and repeatable: 

1. The temperature dependence of the base-emitter drop V BE which shows
a strong negative temperature coefficient, typically on the order of -2
mV/DC.

2. The temperature dependence of the V8E difference Li V8E , which is propor­
tional to the absolute temperature, through the thermal voltage VT [see Eq
(4.28)) and, thus, exhibits a positive temperature coefficient.

3. The temperature drift of the base-emitter Zener diode V2, which is
inherently low and positive in polarity (typically on the order of +200 to
+ 500 ppm/DC.

In designing temperature-compensated bias references, one achieves the re­
quired compensation by scaling one or more of these drift sources and sub­
tracting them from each other. 

The temperature coefficient of the monolithic resistors (with the exception of 
thin-film resistors) is too high and too nonlinear to be used for any predictable 
temperature compensation. However, the resistor ratios show excellent tracking 
over temperature, with the temperature coefficient of the resistor ratio being on 
the order of ±5-+20 ppm/DC for well-matched resistors. Thus, monolithic 
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resistors are suitable for generating temperature-insensitive scale factors, when 
used in a ratio rather than in an absolute-value form. 

Figure 4.33a shows a simple voltage reference circuit which makes use of the 
opposite-polarity drift between the Zener voltage V2 and the forward diode 
voltage VBE• <5> The base-emitter avalanche diode Dz is supplied by a constant
current / 1 and provides a bias voltage V2 with a positive temperature coefficient 
(typically = + 3 m V /°C). The temperature dependence of the V BE drop across Q 1 
and D I results in a temperature coefficient of about + 7 m V at the cathode of D 1• 

Similarly, the thermal variation of the voltage drop across D2 creates a tem­
perature coefficient of = -2 m V 1°C at the anode of D2 . Thus, by tapping the 
resistor string R 1 and R2 , connecting these two points of opposite temperature 
drift, a voltage reference Vrer can be made to have a nominally zero temperature 
coefficient. The voltage level of Vrer is given as 

V 
_ R2Vz + VBE(R, - 2R2) 

rer -
R 1 + R2

(4.80) 

The temperature coefficient of Vrer can be nominally set to zero by setting the 
resistor ratio as ' 

+Vee

A---

+ 

Vz Dz 

(a) 

+Vee
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+ 

Vz Dz 

(b) 

(4.81) 

Vref 

FIGURE 4.33. Simple voltage reference circuit: (a) Basic circuit; (b) its self-biased version. 
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For typical values of av21aT and iJV8E/aT associated with IC components, the 
nominal value of Vr�r for a zero temperature coefficient is in the range of 1. 7-2.5 
V. Figure 4.33b shows a self-biased version of the same circuit, which can
generate the supply-independent constant current /1 internally by means of the
pnp current mirrors Q2 and Q3 • A word of caution is in order, however, regarding
the circuit of Figure 4.33b. It is a self-biased circuit; therefore, it l!lay require
startup circuitry which will inject an initial startup current to node A in the circuit
to avoid the zero-current stable stage (see Figs. 4.22 and 4.23).

Stable voltage references with temperature coefficients on the order of ± 30 
to ±50 ppm/°C have been reported using the basic circuit technique shown in 
Figure 4.33.<5> 

The basic disadvantages of the Zener-referenced bias circuits of the type 
shown in Figure 4.33 are that they require a relatively high value of power 
supply (typically > 10 V) and introduce substantial noise into the circuit, due 
to the avalanche breakdown within the diode, as well as exhibiting some long­
term drift of the Zener voltage Vz. However, in the more recent designs, the 
long-term drift problems have been largely eliminated by using buried-Zener 
structures (see Fig. 3 .11), which confine the breakdown to the subsurface region 
of silicon. 

Band-Gap Reference Circuits 

The high supply voltage and the Zener noise problems associated with the 
Zener-biased reference circuit can be avoided by using the so-called band-gap 
reference circuit. Such a reference circuit operates on the principle of compen­
sating the negative temperature drift of V8E with the positive temperature 
coefficient of the thermal voltage VT . Its principle of operation is illustrated, 
symbolically, in Figure 4.34. First, we generate a known negative temperature 
drift due to V8E; next, we produce a positive temperature drift due to the thermal 
voltage VT = kT lq; and finally, we sc�le the latter with a constant (i.e., 
temperature-independent scale factor K) �d subtract it from the former to obtain 
nominally zero temperature dependence. In the simplified model of Figure 4.34, 
the output voltage V0u1 is given as 

(4.82) 

Since each of the two terms in the above equation exhibits opposite-polarity 
temperature drifts, it should be possible, at least in theory, to make V0u1 nomi­
nally independent of temperature. This, in summary, is the principle of a band­
gap reference. The temperature-stabilized output de level, where aV0uif iJT is 
nominally equal to zero, comes about at an output voltage level on the order of 
+ 1.25 V. One can show mathematically that this voltage level is very nearly
equal to the band-gap voltage of silicon. <6> The name band-gap reference is
derived from this relationship.

Figure 4 .. 35 shows a simple implementation of the band-gap reference con­
cept. In this circuit, Q 1 and Q2 operate as a low-current bias stage, as shown in 
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FIGURE 4.34. Symbolic model for illustrating the principle of operation of a band-gap reference. 0 > 
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FIGURE 4.35. Simple band-gap reference circuit. 
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208 BIAS CIRCUITS 

Figure 4.8. The voltage across R3 is equal to the VBE difference between Q 1 and 

Q2, that is, 

I,R, = Ves1 - v •• , = VT lnG;) = av •• (4.83) 

Assuming f3 >> 1, the net voltage drop V2 across R2 can be written as 

v, = :: av •• = vT:: lnG;) (4.84) 

The output voltage Vref is then equal· to the base-emitter drop of Q3 plus the 
voltage drop V2 , that is, 

Vrer = Vos + VT:: In(�;) (4.85) 

Assuming that the ratio 1 1/12 can be kept relatively insensitive to temperature, 

Eq. (4.85) is the same form as Eq. (4.82), and the first-order temperature 
dependence of Vref can be reduced to zero. Practical voltage reference circuits 
with temperature coefficients in the range of 30-60 ppm/°C can be obtained in . 

this manner. 
The main drawback of the basic band-gap reference circuit of Figure 4.35 is 

the difficulty of maintaining the current ratio / 1//2 independent of temperature. 
Figure 4.36 shows two alternate circuit approaches which largely overcome this 
problem at the expense of added circuit complexity, that is, by using a high-gain 
operational amplifier in a feedback loop. 

Ra 

+ Vee

V,et 

� w 

FIGURE 4.36. Alternate configurations for band-gap voltage reference circuits. 
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In the circuit of Figure 4.36a, the emitter area of Q2 is made to be n times that
of Q1• The output voltage can be expressed as 

Vref = VBEI + (/1 + f2)R1 (4.86) 

Assuming that the collector resistors RA and R8 are identical, the collector 
currents of Q 1 and Q2 are forced to be equal in order to set the differential voltage
at the input of the operational amplifier equal to zero. This in turn forces /1 to 
be equal to Ii, and the voltage drop across R2 is equal to the L\ VsE between Q 1 

and Q2• Thus, Eq. (4.86) can be rewritten as 

2R1 
Vref = VBEI + -

R 
Vr ln(n) 

. 2 
(4.87) 

which is of the form given by Eq. (4.82). In practical applications, the emitter 
area ratio n is usually taken as 2, that is, Q2 is made to have twice the emitter
area of Q1. 

The circuit of Figure 4. 36b also operates on a similar principle. (I) Since the
differential voltage at the input of the operational amplifier has to be zero, the 
currents / 1 and /2 are forced to have the ratio 

11 R2 
12 R1 

(4.88) 

Assuming that Q 1 and Q2 are well matched and neglecting the effect of base 
currents, the difference in their base-emitter voltages can be expressed as 

Voe, - Voe, = ,w •• = Vr lnG:) = Vr In(;:) (4.89) 

Note that this differential voltage L\ V8.e appears directly across resistor R3 , that 
is, 

V -JR 
_I1R2R3 

BE - 2 3 - R1 
(4.90) 

The output voltage Vrer is equal to VBEI plus the voltage drop across R1 ,

(4.91) 

Substituting the results of Eqs. (4.89) and (4.90) into Eq. (4.91), one obtains 

V rer = Voe, + V r ;: In(;:) (4.92) 

which is again of the same form as the basic band-gap reference equation [Eq. 
(4.82)]. 

The advantage of the circuits of Figure 4.36 over that of Figure 4.35 is the 
added degree of stability, since the internal current levels and their ratios are well 
controlled. Their disadvantage is the need for additional resistors, which need 
to be perfectly matched, and the need for a stable high-gain feedback amplifier. 
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4.8. STABILIZATION OF CHIP TEMPERATURE 

The close thermal coupling between the integrated components on a monolithic 
chip allows the circuit designer an added degree of freedom in controlling the 
thermal environment of the IC chip. Because of the small thermal capacity of the 
chip, the entire chip can be maintained at a constant elevated temperature within 
the IC package. This can be done by incorporating a heating element, along with 
a temperature sensor-controller circuit, on the same IC chip, alongside the 
circuit to be stabilized. This temperature sensor-controller unit is basically a 
temperature regulator whose function is to maintain the IC chip at a constant 
elevated temperature with minimum dependence on ambient variations. In other 
words, the IC package can serve as a miniature temperature chamber, where the 
IC chip itself is both the heating and the temperature-regulating element. Since 
the thermal capacity of the IC chip is relatively small, such a stabilization 
scheme can often be achieved without requiring excessive amounts of power 
dissipation. <S> 

Figure 4.37 shows a functional block diagram of a temperature 
sensor-controller circuit for stabilizing tlie substrate temperature. All the neces­
sary circuit elements to form such a temperature regulating system are readily 
available in the form of integrated components. The predictable temperature 
dependence of the transistor VaE can be utilized as the temperature-sensing 
element, and a power transistor can be used as the heating element. In order to 
minimize the thermal gradients through the chip, the circuit to be stabilized is 
laid out symmetrically with respect to the heating and sensing elements, and the 
most critical components, such as the input stage of a high-gain amplifier, are 
placed equidistant from the heating element and located nearest to the sensor. 
The threshold level of the heater unit is set such that the heater is operative over 

IC chip 
Circuit 
to be 

stabilized 

Thermal feedback 
path 

-----, 

Temperature 
sensor 

I 

Heating 
element 

FIGURE 4.37. Block diagram for substrate temperature stabilization of an IC chip. 
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4.8 STABILIZATION OF CHIP TEMPERATURE 211 

the entire temperature range of interest and keeps the chip temperature at a 
relatively constant level, above the highest ambient temperature to be encoun­
tered. 

The most important application of temperature-controlled substrate circuits is 
in the design of precision voltage reference circuits or in very-low-drift differ­
ential amplifiers. For example, if the temperature of the chip can be stabilized 
to ±5°C over an ambient temperature change of from -55°C to +125°C, an 
inherently stable voltage reference, which exhibits ±40-ppm ctrift per degree 
celsius change of chip temperature, can appear to be stable to +2-ppm/°C 
change of ambient temperature. 

Using this technique, voltage reference circuits with temperature drifts 
of< 1 ppm/°C have been developed as successful commercial products.<9 .

io
)

Figure 4.38 shows a practical design example to illustrate the principle of 
operation of a temperature-stabilized integrated circuit. For illustrative pur­
poses, the circuit to be stabilized is assumed to be a voltage reference. In. the 
circuit, the diodes D 1 and D2, which have a temperature-dependent voltage drop 
VBE(T), serve as the temperature-sensing elements and generate a temperature­
sensitive control voltage Vo, where 

(4.93) 

This voltage drives a differential amplifier which activates the heater transistor 
Qo , 

Voltage 
reference 

to be 
stabilized 

-

FIGURE 4.38. 
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Simplified example of chip temperature stabilization for precision volt�ge reference. 
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The diode voltage drop makes an excellent temperature sensor, since it varies 
very linearly with temperature T, and is given as 

(4.94) 

where VBE(T0) is the nominal diode.drop at the reference temperature, which is 
usually taken as +25°C. For base-emitter diodes, the temperature coefficient 'Yo 
is = -2 mV/°

C. 
· In most applications, the chip temperature Tc is normally chosen to be

25-50°C higher than the highest operating ambient temperature. Once Tc is
chosen, one would then choose the resistor divider ratio in Eq. (4.93) to have
V0 = 0 at T = Tc . Thus, the heater will be turned on until the chip temperature
reaches Tc, and then would stabilize itself at a power dissipation level sufficient
to maintain the chip temperature at a steady-state value very close to Tc. The
current-limiting resistor Rsc, at the collector of the heater transistor, is used to
minimize the surge current transients when the heater transistor is first turned on.

The accuracy of the temperature sensor-controller circuit to maintain the chip
temperature at or very near Tc over wipe changes of ambient temperature is
determined by the amplifier gain K. The total power dissipation required, as well
as the thermal time constants of the system, are determined by the thermal
properties of the IC package. To avoid excessive power dissipation, a thermally
insulated package structure is normally used.

At this point, a note of caution is also in order. The temperature 
sensor-controller circuit of Figure 4.38 is a closed-loop feedback system and, 
thus, may have stability problems, particularly if the amplifier gain K is set too 
high. 

Although circuits with stabilized substrate temperatures are useful in special 
circuit applications requiring an unusually high degree of precision, their general 
acceptance has been somewhat limited due to the following reasons: 

1. Relatively high power dissipation (typically on the order of 500 mW or
more).

2. Need for special packaging with good thermal insulation, in order to
minimize power dissipation.

3. Relatively large surge currents and long time constants (typically on the
order of 5-10 secs) needed for the initial warm-up time when the power
is first applied.

As mentioned in the beginning of this chapter, the excellent matching of inte­
grated components, as well as the close thermal coupling between them, pro­
vides the IC designer with a diverse set of design techniques. With imaginative 
application of these unique circuit techniques, some of which are outlined in this 
chapter, it is possible to design monolithic analog circuits which offer superior 
performance characteristics over their discrete counterparts. 
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CHAPTER FIVE 

BASIC GAIN STAGES 

The choice of input and output gain stages is among the most critical steps in 
analog IC design. This chapter will examine some of the basic gain stages very 
commonly utilized in analog integrated circuits. These gain stages serve as 
building blocks or subcircuits in almost all of the different classes of analog 
integrated circuits discussed in the later chapters. 

The differential amplifier is one of the most widely used classes of gain stages 
in analog IC design. The first part of this chapter covers the subject of differential 
gain stages, with particular emphasis on the use of active devices as "active 
loads." The current mirror subcircuit, which was covered as a biasing element 
in Chapter 4, is now utilized as a dynamic load to obtain very high voltage gains 
from a single-stage amplifier. The second part of the chapter deals with output 
stages. These are the gain blocks or subcircuits designed to provide large signal 
swings into an output load, with minimum signal distortion or standby ·power 
requirements. 

The analyses and design examples presented in this chapter are limited to 
bipolar technology. However, most of the design criteria and circuit properties 
are readily applicable to MOS devices, which will be covered in the next 
chapter. 

5.l. DIFFERENTIAL GAIN STAGES 

Differential amplifiers represent a broad class of circuits whose basic function 
is to amplify the difference between two input signals. For this reason, they are 
also referred to as difference amplifiers. The bias levels and the gain character­
istics of a differential stage, by and large, depend on the symmetry between the 
two branches of the circuit. <1.2> This balanced nature of the differential amplifier 
makes it ideal as a gain block for integrated circuits, since close matching is 
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