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5.0 INTRODUCTION

This chapter introduces various integrated circuit building blocks, which form the
first step in integrated circuit design. Figures 5.0-1 and 5.0-2 illustrate the circuit
diagrams of a BJT op amp and a CMOS op amp. Although such circuits will
not be covered until Chapter 6, they are useful in illustrating how the various
building blocks are combined to form more complex circuits. There are two
important observations to make concerning these two figures. The first is that
circuit design is remarkably similar for different technologies. The architecture
of both op amps is identical although the performance may not be identical. This
fact will permit circuit design ideas developed in one technology to be applicable
to a new technology. The second observation is that some components in each op
amp perform more than one function. For example, Q3 (M3) serves as an active
resistor load but also serves as part of a current mirror. This characteristic of
circuits makes it difficult to distinguish the function of a component in a circuit.

In this chapter, some of the building blocks of Figs. 5.0-1 and 5.0-2 will
be discussed. These blocks include switches (not shown on Figs. 5.0-1 or 5.0-
2), active resistors, current sinks and sources, current mirrors, and voltage and
current references. These blocks, along with passive resistors and capacitors, will
form the lowest level of the design hierarchy. The next level of hierarchy takes the
blocks of this chapter and implements more complex circuits such as amplifiers or
comparators. Chapters 6 and 7 address analog and digital circuits, respectively,
implemented from the building blocks of this chapter. Chapters 8 and 9 address
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BJT op amp illustrating the various components.
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FIGURE 5.0-2
CMOS op amp illustrating the various components.
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TABLE 5.0-1
Design hierarchy of Chapters 5 through 9

Design Analog Digital
hierarchy design design
Systems Chapter 8 Chapter 9
Basic circuits Chapter 6 Chapter 7
Building blocks Chapter 5 —

the use of these analog and digital circuits to perform analog and digital signal
processing functions, respectively. The hierarchical relationships of this material
are illustrated in Table 5.0-1.

Throughout this chapter, several key concepts are introduced. These con-
cepts include both techniques and principles. How to use both positive and nega-
tive feedback in order to improve some aspect of the performance of the building
blocks will be shown. The important principle of matched devices that is key
to integrated circuit design will be presented and illustrated. Techniques such as
how to make a mismatch analysis or how to attain the zero sensitivity of a circuit
to some parameter will be described. These principles and techniques should be
understood by the reader since they are invariant and applicable regardless of the
technology. The summary will include a review of these important principles and
techniques.

5.1 SWITCHES

Although the switch is not one of the components illustrated in Fig. 5.0-1 or Fig.
5.0-2, it will be considered first because of its simplicity and importance. The
switch finds many applications in integrated circuit design. In analog circuits, the
switch is used to implement such useful functions as the switched simulation of
a resistor in Sec. 5.2. The switch is also useful for multiplexing, modulation,
autozeroing and a number of other applications. The switch is used as a trans-
mission gate in digital circuits and adds a dimension of flexibility not found in
standard logic circuits. The objective of this section is to study the characteristics
of switches that are compatible with integrated circuits.

Figure 5.1-1a illustrates a model of the ideal voltage-controlled switch.
Terminals A and(B) represent the switch terminals, and terminal ©is the control-
ling terminal. Ideally, the voltage at Vi has two states. In one state, the switch
is open (off) and in the other state the switch is closed (on). In the on state, the
ideal switch presents a short circuit between terminals (A and(B). In the off state,
the ideal switch presents an open circuit between terminals A and(B).

Unfortunately, practical switch implementations only approximate the model
given in Fig. 5.1-1a. Figure 5.1-1b is a model of the switch that includes some
of the more important nonideal characteristics. Roy is a resistance that represents
the small but finite resistance between terminals A and(B) when the switch is on.
Rorr represents the large but not infinite resistance between terminals @ and (B
when the switch is off. In many applications it will be desirable to have Roy as
small as possible and Rogp as large as possible.
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FIGURE 5.1-1
Models of the switch: (a) Ideal, () Nonideal.

Another practical characteristic of the switch is given by Vs and / opr shown
in Fig. 5.1-1b. The voltage that exists between terminals@ and(®) when the switch
is on but the current through it is zero is approximately the offset voltage and
is modeled by an independent voltage source of Vpg. Similarly, the current that
flows between terminals @ and B when the switch is off but the voltage across
the switch terminals is zero is approximately the offset current and is modeled
by an independent current source of / opr. The polarities of the offset current and
voltage are not known and have arbitrarily been assigned in Fig. 5.1-1b.

Figure 5.1-1b also shows some of the parasitic capacitances that exist between
the various switch terminals and to ground. Ca@ and Cg@ will be particularly
important when considering the influence of the controlling voltage on the switch
performance. There are many other nonideal characteristics of the switch such
as linearity, commutation time, noise, etc. that are not modeled by Fig. 5.1-1b.

The graphical characterization of a switch shown in Fig. 5.1-2 is useful
in determining how well the switch can be implemented by a bipolar or MOS
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FIGURE 5.1-2
Graphical characteristics of a controlled switch.

transistor. Vg@ = Vg — Vi@ is the voltage across the switch, and I@ is the current
into the terminal & and Ig the current out of terminal B of the switch. When
Ve = Ve(ON), ideally Vg @ = 0 and I (/@) can have any value. In the on state,
the ideal switch is a short circuit. When Vg = Vo (OFF), Ig = Ig = 0 and Vg @
can have any value and is identical to an open circuit. Vig;, Vo2, and Vg s are
values of Vg that cause the switch to be between its on and off states. Normally
Ve(OFF) < Vigy < Viga < Vigs < Vg (ON).

Now consider the bipolar transistor as an implementation of the switch
as shown in Fig. 5.1-3a, where Va@ = Vcg, Ig = Ic, and Vo = Vp. The
right-hand side of these equalities refers to the transistor, whereas the left-hand
side refers to the switch in Fig. 5.1-1 or 5.1-2. Typical BIT characteristics are
shown in Fig. 5.1-3b with Vg = O(Vg = 0). Several shortcomings of the BJT
switch realization are immediately apparent in Fig. 5.1-3b. The first is that the
origin of the characteristics for /@ = 0 is not zero. Thus Vog of Fig. 5.1-1 is
approximately 16 mV. The second is the nonlinearity of the various curves for a
constant Vi@. This would severely limit the dynamic range of the switch. Lastly,
the switch characteristics are not symmetrical in the first and third quadrants.
Another problem, which is not apparent from Fig. 5.1-3b, is that the BJT requires
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FIGURE 5.1-3
(a) Bipolar transistor as a switch, (b) Graphical characteristics of a where V@ = Vcg, I@ =Ic,
and Vi@ = Vp. Note that Vg = 0.

a small current flowing in the controlling terminal, causing the current flowing
in terminal A to be different from that flowing out of terminal B.

Figure 5.1-4b shows the graphical characteristics of the MOS transistor of
Fig. 5.1-4a, where V@@ = Vps, Ig = Ip, and Vi@ = V. Again, the right-
hand side of these inequalities refers to the MOS transistor while the left-hand
side refers to the switch in Fig. 5.1-1 or 5.1-2. Comparison of Figs. 5.1-2,
5.1-3b, and 5.1-4b strongly suggests that the MOS transistor is a much better
switch realization.

Figure 5.1-5 shows a MOS transistor that will be used as a switch. It
will be important to consider the influence of the bulk voltage on the switch
operation. The performance of this realization can be determined by comparing
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(a) MOS transistor as a switch, (b) Graphical characteristics of @ where V@@ = Vps» 1@ =Ip,
and Vi = V. Note that Vg =0.

Fig. 5.1-1b with the large signal model for the MOS transistor. We see that
terminals @ or(B) can either be the drain or source of the MOS transistor. The on
resistance is seen to consist of the series combination of Rp, Rs, and whatever
channel resistance exists. An expression for the on channel resistance can be found
as follows. In the on state of the switch, the voltage across the switch should be
small, and Vgs should be large. Therefore, the MOS device is assumed to be in
the ohmic region. Furthermore, let us assume that the channel length modulation
effects can be ignored. From Sec. 3.1, the drain current is given by

I = S 2Vas = V) Vs - Vi) G5.1-1)
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FIGURE 5.1-§
MOS transistor used as a switch.

if Vpg is less than Vg — V1 but greater than zero. (Vg becomes Vgp if Vpg
is negative.) Assuming that there is no offset voltage, the large signal channel
resistance when Vg > Vi is

1 |

T 9Ip/dVps (K 'W/LY(Vgs — V1 — Vps)

Figure 5.1-6 illustrates Eq. 5.1-2 for very small values of Vpg. When Vgs < Vr
and Vpg = 0, Roy is infinite. For large Vpg, the curves of Fig. 5.1-6 will start to
decrease in slope (see Fig. 3.1-2) for increasing Vps. A plot of Roy as a function
of Vgs/ V1 is shown in Fig. 5.1-7 for small Vpg using the parameters indicated for
various values of W/L. A lower value of Roy is achieved for larger values of W/L.

When the switch is off, Vgg is less than or equal to V1 and the transistor
is always in the cutoff region. Rogr is ideally infinite. A typical value is in
the range of 10'% (). Because of this large value, the leakage current from drain
and source to substrate is a more important parameter than Ropgr. This leakage
current is a combination of the subthreshold current, the surface leakage current,
and the package leakage current. Typically this leakage current is in the 10 pA
range at room temperature and doubles for every 10°C increase. The resistances

Ron (5.1-2)
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FIGURE 5.1-6
Ilustration of the on state of a switch. Vgg/V is increasing in equal increments.
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Nlustration of the Ry characteristics of an MOS transistor with W/L as a parameter.

representing this leakage current are called Rg and Rg and are connected from
@ and® to ground in Fig. 5.1-1 and are on the order of 10'° Q). Unfortunately,
Rp and R prevent the designer from achieving Rogg of 1012 Q).

The offset voltage of the MOS device is zero and does not influence the
switch performance. The capacitors Ca, Cg, Cac, and Cpc of Fig. 5.1-1b corre-
spond directly to the capacitors Cgp, Cgs, Cgp, and Cgs of the MOS transistor
of Fig. 5.1-4a. The maximum commutation rate of the MOS switch is deter-
mined primarily by the capacitors of Fig. 5.1-1b and the external resistances.
Commutation rates for CMOS switches of 20 MHz are typical depending upon
the load capacitance.

One important aspect of the switch is the range of voltages on the switch
terminals compared to the control voltage. In the n-channel MOS transistor we
see that the gate voltage must be considerably larger than either the drain or
source voltage to insure that the MOS transistor is on. Typically the bulk is
taken to the most negative potential for the n-channel MOS switch. The problem
can be illustrated as follows. Suppose that the on voltage of the gate is the
positive power supply Vpp. With the bulk connected to ground this should keep
the MOS switch on until the signal on the switch terminals (which should be
approximately identical at the source and drain) approaches Vpp — V. As the
signal approaches Vpp — V1, the switch begins to turn off. This often introduces
an undesired nonlinear distortion in the transmission of analog signals. Typical
voltages used for an n-channel MOS switch are shown in Fig. 5.1-8, where the
switch is connected between two circuits and the power supplies are =5 V.
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Application of an n-channel MOS transistor as a switch with typical terminal voltages indicated.

To illustrate the influence of the switches on the circuit, consider the use
of a switch to charge an integrated capacitor, as shown in Fig. 5.1-9. Ml is a
MOS transistor used as a switch, and ¢, is called the clock. The on resistance
of the switches can become important during the charge transfer phase of this
circuit. For example, when ¢; goes high, M1 connects C to the voltage source
Vin. The equivalent circuit at this time is shown in Fig. 5.1-10. It is seen that
C, will charge to Vi, with the time constant of RonCy. For successful operation
RonC) << T, where T is the time ¢, is high. The value of Roy is not constant
during the charging of C; because the value of Vgs decreases as the capacitor
charges. The assumption that Roy is constant avoids the solution of nonlinear
differential equations necessary for the exact solution.

The maximum acceptable value of Rox will determine required values for
W and L of M1. Typical values of C; are less than 20 pF because the area
required to implement larger capacitors would be too large to be practical. If
the time ¢, is high is T = 10 us and C; = 20 pF, then Ron must be less than
0.5 MQ. Since small capacitors are used, switches with a large Ron can still
perform satisfactorily. As a result, the MOS devices used for switching typically
use minimum geometries. For a clock of 10 V, the MOS device of Fig. 5.1-7 with
W =L and V;, = 5 V gives Ron of approximately 6 k{}, which is sufficiently
small to transfer the charge in the desired time. The minimum size switches will
also help to reduce parasitic capacitances.

04

M1

FIGURE 5.1-9
An application of a MOS switch.
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FIGURE 5.1-10
Model for the on state of the switch in Fig. 5.1-9.

The off state of the switch has little influence upon the performance of the
circuit in Fig. 5.1-9 except for the leakage current. Figure 5.1-11 shows two
cases where the leakage current can create serious problems. Figure 5.1-11a is
a sample-and-hold circuit. If Cy is not large enough, then in the hold mode,
where the MOS switch is off, the leakage current can charge or discharge Cy by
a significant amount. Figure 5.1-115 shows an integrator. The leakage current
can cause the circuit to integrate in a continuous mode, which can lead to large
values of dc offset unless there is an external feedback path from Vouyr back
to the inverting input of the operational amplifier. This feedback must contain
resistors and may go through other dc circuits before returning to the input. If the
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FIGURE 5.1-11

Examples of the influence of / gpg: (a) Sample-and-hold circuit, (b) Integrator. Switch is off in both
cases.
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gate voltage of an MOS switch is equal to or less than the lowest source/drain
potential, /o is negligible.

One of the most serious limitations of switches is the clock feedthrough
that can occur between the switch control signal and the switch terminals. This
coupling occurs through the parasitic capacitors of the switch, namely Cac and
Cpc of Fig. 5.1-1b. Figure 5.1-12 shows the parasitic capacitances associated
with the MOS switch of Fig. 5.1-9. Since the clock (gate) signal must make very
large transitions, this signal can easily couple to the source and drain through Cgs
or Cgp, respectively. The effects of clock feedthrough can be observed in Fig.
5.1-13 by following the sequence of events occurring when ¢, is high. Assume
that Cgs and Cgp are 2 fF, C; = 1 pF, V;, = 5 V and V¢, is initially zero.
The clock waveform is shown in Fig. 5.1-13 and has finite rise and fall times
for purposes of explanation. Following the convention that the lowest potential
determines the source of an MOS transistor, the source will be the side connected
to the capacitor. During the time #y to t, the switch is off and the clock feeds
through Cgp and Cgg. The feedthrough via Cgp has no effect because of the
voltage source V. However, the feedthrough via Cgs will change the voltage
across Cy. Assuming the switch turns on at 7, and connects C; to Vy,, any further
feedthrough has no effect, again because the voltage source V;, is connected to
Cy. The problem occurs when the switch turns off. From 7 to ¢, the switch is still
on so that any feedthrough is unimportant. However, from t4 to ¢5 the switch is
off, and feedthrough occurs from the clock to C). As a result, the voltage across
V1 is decreased below Vi, by an amount AV, given as

AVe = (qi—GScGS)(V“‘ + V) = 0.002V;, (5.1-3)

If Vin is 5V, then a feedthrough of —10 mV to C; occurs during the ¢, phase
period. This feedthrough results in an offset, which can be a very serious problem.
Furthermore, the offset is dependent upon the signal level, which will cause a non-
linear offset. In general, the feedthrough will be dependent upon the switch config-
uration, the size of the switch, and the size of the capacitors in the circuit.

The situation concerning feedthrough is often not as bad as implied. For
example, once C| has been charged to V;, (minus AV¢;) it will typically be
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FIGURE 5.1-12
Illustration of the parasitics associated with the
B switch of Fig. 5.1-9.
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FIGURE 5.1-13
Ilustration of switch feedthrough and the ¢, waveform.

connected by some other switch (M2 in Fig. 5.1-13) to some other circuit. As
M2 turns from off to on, there will be a positive feedthrough from ¢, on to C;
via the parasitic capacitance of M2. If the source of M2 is the terminal connected
to Cy, then the net feedthrough should approximately cancel if M1 and M2 are
identical. The problem is that the potential of the right-hand side of M2 is usually
ground, making that side the drain and causing the positive feedthrough to be
AV (due to M2) = (KCGEE)VT (5.1-4)
which is less than that of Eq. 5.1-3 if V;, # 0.
It is possible to partially cancel some of the feedthrough effects using the
technique illustrated in Fig. 5.1-14. Here a dummy MOS transistor, MD, with
source and drain both attached to the signal line and the gate attached to the

0 ©
Switch Dummy
transistor\ J_ transistor\ J_
Signal | FIGURE 5.1-14
'gnaliN€ _ _ The use of a dummy transistor

M1 MD to cancel clock feedthrough.
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inverse clock, is used to apply an opposing clock feedthrough due to M1. The area
of MD can be designed to provide minimum clock feedthrough. Unfortunately,
this method never completely removes the feedthrough, and in some cases may
worsen it. Also, it is necessary to generate an inverted clock, which is applied
to the dummy switch. In some cases, the dummy switch is a transistor with the
gate attached to the source of M1, and the source and drain of the dummy switch
connected to the inverse clock. This avoids charge pumping of the substrate,
which can defeat the purpose of the dummy switch. Clock feedthrough can be
reduced by using the largest circuit capacitors possible, using minimum geometry
switches, and keeping the clock swings as small as possible. Typically, these
solutions will create problems in other areas, requiring a compromise to be made.

Some of the problems associated with single-channel MOS switches can be
avoided with the CMOS switch shown in Fig. 5.1-15. Using CMOS technology, a
switch is usually constructed by paralleling p-channel and n-channel enhancement
transistors; therefore, when ¢ is low (¢ is high) both transistors are off, creating
an effective open circuit. When ¢ is high (¢ is low) both transistors are on, giving
a low-impedance state. The on resistance of the CMOS switch can be lower than
1 kQ while the off leakage current is in the 1 pA range. The bulk potentials of
the p-channel (Vp) and the n-channel devices (Vgy) are taken to the highest and
lowest potentials, respectively. It is also possible to apply the clocks to the bulks
of the MOS devices to improve their switching characteristics.

The CMOS switch has two advantages over the single-channel MOS switch.
The first advantage is that the dynamic analog signal range in the on state is
greatly increased. The second is that since the n-channel and p-channel devices
are in parallel and require opposing clock signals, the feedthrough due to the
clock will be diminished through cancellation.

The increased signal amplitude of the analog signal can be seen to be a direct
result of using complementary devices. When one of the transistors is being turned
off because of a large analog signal on the drain and source, this large analog
signal will be causing the other transistor to be fully on. As a consequence, both
transistors of Fig. 5.1-15 are on for analog signal amplitudes less than the clock
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FIGURE 5.1-15
A CMOS switch.
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magnitude, and at least one of the transistors is on for analog signal amplitudes
equal to the magnitude of the clock signal.

The feedthrough cancellation of the CMOS switch in Fig. 5.1-15 is not
complete for two reasons. One is that the feedthrough capacitances of the n-
channel device are not necessarily equal to the feedthrough capacitances of the
p-channel device. The second reason is that the turn-on delay of each type of
transistor is not equal, and so the channel conductances do not necessarily track
each other during turn-on and turn-off.

CMOS switches are generally used in place of single-channel switches when
the technology permits. Although the CMOS switches have larger parasitics than
single-channel switches, these parasitics can be minimized through the use of
circuit techniques that will be illustrated in Chapter 8. The clock circuitry for
CMOS switches is more complex because of the requirement for a complementary
clock. The configuration of Fig. 5.1-15 is often called a transmission gate.

One must be careful in using switches where the power supply voltages
are small. If | Vpp — Vg | is less than 5 V, it will become necessary to use a
CMOS technology with twin wells so that the bulk potentials can be switched
as shown in Fig. 5.1-16 in order to achieve low values of on resistance. It is

VeonTRoL 0—— T
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analog M3 M4 analog
signal _| '_ signal
o——¢ +——0
input I_J M5 output
-v
M2
147
VeonTROL 0— T

_T_high state _T_low state

TT M M1
analog analog analog -V analog
signal o——¢ +—0 signal signal o——¢ $— signal
input output input +V output
3 I '
M2 M2

low stateT high stateT

(b) (c)

FIGURE 5.1-16
A twin-well CMOS switch with control circuitry: (a) Circuit, (b) On state, (c) Off state.
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assumed that Veontror and VeontroL are generated from the clock waveform.
When Veontrow 18 high, the transmission gate is on. The equivalent circuit in this
condition is shown in Fig. 5.1-16b. Here we see that the n-channel gate is taken
to the high state and the p-channel gate is in the low state. Also the substrates
have been connected together by means of the switches M3, M4, and M5. M3
and M4 are off while M5 is on. This helps to keep the switch on resistance
from being a function of the analog signal potential. When VconTrOL 1S low, the
transmission gate is off and has the equivalent circuit shown in Fig. 5.1-16¢. The
bulks of the n- and p-channel device terminals have been taken to —V and +V ,
respectively, since M3 and M4 are on and M5 is off. This insures that the off
state will be maintained since Vgg is strongly reverse-biased and causes a large
Vr.

If | Vpp — Vss | is less than 4 V, switches can only be used if a clock signal
of 5 V or higher can be obtained. One can either apply external clocks or use a
voltage doubler to provide an on-chip voltage which is higher than | Vpp — Vs |.

In this section we have seen that the MOS transistor makes a good switch
realization for integrated circuits. They require small area, dissipate very little
power, and provide reasonable values of Ron and Ropp for most applications.
This section has also illustrated the importance of the terminal voltages on the
behavior of the MOS transistor. The incorporation of a good realization of a
switch into the basic building blocks will produce some interesting and useful
circuits and systems which will be studied in the following material.

5.2 ACTIVE RESISTORS

In Chapters 2 and 3, the implementation of a resistance and a capacitance by
IC technologies was discussed. The passive components including resistors and
capacitors are very important in analog signal processing. Typically the gain of an
amplifier is determined by ratios of resistors or capacitors while the time constant
of a filter is determined by the product of resistors and capacitors. Thus, the
performance of many analog systems can be directly related to their resistive and
capacitive passive components.

The capacitor can be implemented as a parallel plate configuration of a con-
ductor-insulator-conductor sandwich. The MOS capacitance uses the thin oxide
of the MOS process as the insulator while the conductors (plates) can be metal,
polysilicon, or a heavily doped semiconductor. The conductor-insulator-conductor
capacitor was found to be a near ideal component, having only the problems of
size and parasitics. For reasonable area usage the value of the conductor-insulator-
conductor capacitor is limited to the 10-20 pF range. Fortunately, in many appli-
cations the influence of the parasitics can be eliminated. Another possible imple-
mentation of the capacitor is the pn junction capacitance. This capacitance exhibits
a strong voltage dependence, which limits its usefulness.

Compared to capacitors, the resistors implemented by IC technologies were
found to be lacking in several areas of performance. The typical sheet resis-
tance was sufficiently small that large values of resistors required large areas. The
higher value of resistance attained with pinched resistors suffered nonlinearity. In
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addition, the tolerance of the resistors, their temperature coefficient, and their
voltage coefficient were all poorer than those of the capacitor. Of course, modifi-
cations to the standard IC technology can result in better resistor implementation.
However, the objective of this section is to investigate ways of emulating a resis-
tor without having the inherent disadvantages using standard IC technologies.

We shall discuss two ways of implementing resistors that have found use in
integrated circuit design. The first method is to use active devices, such as those
introduced in Sec. 3.4, and the second method is to use switched capacitors. The
first method has the advantage of minimizing the area required for resistors, and
the second has the advantage of a resistor whose accuracy is dependent upon the
frequency of a clock and a capacitor. It will be shown that the RC time constant
accuracy of circuits using a switched capacitor resistor simulation is equivalent
to the relative accuracy of the capacitor, which is quite good.

There are two distinct applications of resistors that are important. These
applications are dc resistors and ac resistors. The dc resistor is typically used
to provide a dc voltage drop given a dc current. The ac resistor provides an ac
voltage drop given an ac current. Figure 5.2-1 illustrates the difference, although
in many cases the resistor is used simultaneously as both an ac and dc resistor.
As a dc resistor, Fig. 5.2-1 shows that a dc voltage drop of Vg is produced for a
dc current of /. As an ac resistor, Fig. 5.2-1 shows that an ac voltage of AV
is produced for an ac current of Al . The use of an active element to implement
a dc resistor will be considered first.

Ignoring the substrate terminal for the moment, the MOS and BIJT transistors
are three-terminal devices. Through proper connection of these three terminals,

AIQ IQ _______ [

Va -
Vg FIGURE 5.2-1

The distinction between a dc and an ac
{b) resistor. (a) Resistor, (b) I-V characteristics.
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the active device becomes a two-terminal resistor called an active resistor. The
active resistor can be used in place of a polysilicon or diffused resistor to produce
a dc voltage drop and/or provide a small signal resistance that is linear over a
small range. There are many cases where the area required to obtain a small signal
resistance is more important than the linearity. A small MOS or BJT device can
simulate a resistor in much less area than is required with an equivalent polysilicon
or diffused resistor.

The active resistor can be implemented by simply connecting the gate of
an n- or p-channel enhancement MOS device to the drain, as shown in Fig.
5.2-2a and b. For the n-channel device, the source should be placed at the most
negative power supply voltage, Vs, if possible, to eliminate the bulk effect. The
source of the p-channel device should be taken to the most positive voltage for the
same reason. Since Vg is now equal to Vg, the transconductance curve (Ip vs.
Vgs) of the MOS transistor shown in Fig. 5.2-2¢ characterizes the large signal
behavior of the active resistor. This curve is valid for both the n- and p-channel
enhancement transistors for the polarities shown. It is seen that the resistance
is not linear, which was anticipated. In many circumstances, the signal swing
is very small, and in these cases the active resistor works very well. Since the
connection of the gate to the drain guarantees operation in the saturation region
for V. > V7, the I-V characteristics can be written as

_K'W

[ =Ip=—[(Vgs — V1)? 5.2-1
D oL [(Vgs — V)?] ( )
or
Al 12

V =Vgs = Vps = V1 + 2-2
GS DS T (K’W (5.2-2)

where
K' = poCox (5.2-3)

Vr
(a) (b) () (d)

FIGURE 5.2-2
(a) n-channel enhancement active resistor, (b) p-channel enhancement active resistor, (¢) Voltage—
current characteristics of the MOS active resistor, (d) Small signal model of a or b.
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If either V or [ is defined, then the other variable can be found by using Eq. 5.2-
| or Eq. 5.2-2.

Connecting the gate to the drain means that Vpg controls /p, and therefore
the channel transconductance becomes a channel conductance. The small signal
conductance can be found by differentiating Eq. 5.2-1 with respect to V, resulting
in
9l (AK'W " K'W vy 504
) (V= V) (5.2-4)

Another method of finding the small signal conductance is to use the small signal
model of the MOS transistor of Fig. 3.1-14. The small signal model of the active
resistor valid for either the n- or the p-channel active resistor is shown in Fig.
5.2-2d where rgs = 1/g4s. Assuming vy = 0, 1t is easily seen that the small signal
conductance of these circuits is

1 + gmrds
g = —=mE =g, (5.25)

Fds
where gnrgs is greater than unity. The influence of an ac bulk voltage can be
incorporated into Eq. 5.2-5 using the same model (see Prob. 5.8). In either case,
we note how the value of g depends upon the dc values of V and I (refer
back to Table 3.1-3 in Chapter 3 for the dependence of gp and rg4s upon V
and ).

The bipolar junction transistor can be used to form an active resistor in the
same manner as for the MOS transistor. The circuit of Fig. 5.2-3 is topologically
identical to the MOS circuit of Fig. 5.2-2. When operating in the forward active
region, it follows from Eq. 3.3-10 that the /-V characteristics of the BJT active
resistor can be expressed as

I = Isexp(V/V) (5.2-6)

W fl

(a) (by (©) ()

FIGURE 5.2-3
(@) npn BIT active resistor, (b) pnp BJT active resistor, (c) Voltage-current characteristics of the
BJT active resistor, (d) Small signal model for the BJT active resistor.
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or
V = Vin | — (5.2-7)
S
where
Is = reverse saturation current of the emitter base junction
Vi = (kT)/qg = 0.026 V at room temperature

The small signal conductance of the BJT active resistor can be found by
differentiating Eq. 5.2-6 with respect to V (= Vpgg) to get

_or _ 111
=%y T T,
The small signal model of Fig. 5.2-3d, derived from Fig. 3.3-8, can also be used
to more accurately calculate the small signal conductance and gives

g = hoe + 1+ he (5.2-9)
hie
These small signal model parameters have been defined in Table 3.3-4 of Chapter
3. The dependence of g upon the dc values of the BJT active resistor are indicated
by Table 3.3-4.
Active resistors can be used to produce a dc voltage or to provide a small
signal resistance. An example illustrating the application of the active resistor to
provide a dc voltage follows.

(5.2-8)

Example 5.2-1. Voltage division using active resistors. Figure 5.2-4 shows the
use of an n-channel MOS active resistor and a p-channel MOS active resistor to
provide a dc voltage, V. Find a W/L ratio for M1 and M2 that give Vg, of 1
VifVpp =5V, Vss = -5Vand I = 50 pA. Assume that Voy = +0.75 V,
Vip = —0.75 V, K4 = 2.4 X 107° A/V? and Kp = 0.8 X 1073 A/V2.

Solutions. Both bulks are connected to their respective sources so that the body
effect has no influence. Also since Vpg =0, both transistors are saturated. Since the
currents through both transistors must be the same and Vpg; and Vps, are defined,
we can solve for the W/L ratios of M1 and M2 using Eq. 5.2-1 as 0.15 and 1.18,
respectively.

—_ Voo
l /
- w2

° Vour

o | L

FIGURE 5.2-4
Vss  Use of active resistors to achieve voltage division.
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BJT active resistors can be used to divide voltages in the same manner as
illustrated in the example; however, the voltages across the BJT are limited to
less than 1 V.

The use of active resistors to develop large dc voltages requires large
currents or W/L ratios that are much less than unity. This can be circumvented
by cascading devices as shown in Fig. 5.2-5. The voltages V;, V, and V3 are
given by Eq. 5.2-2, where I is from a known current source. If the voltages are
specified, then the W/L ratio of each device can be determined from Eq. 5.2-2 if
the bulk—source voltage is taken into consideration. If the W/L ratios are given,
then the voltages V through V3 can be calculated starting with V. Using more
than one device to drop the voltage will result in W/L ratios closer to unity and
smaller dc currents.

Example 5.2-2. Replacement of one active resistor by two. An n-channel MOS
active resistor is used to produce a dc voltage drop of 5 V from a 25 uA current.
Assuming that the bulk—source effects can be neglected, (a) find the W/L ratio
of a single active resistor, and (b) find the W/L ratio of two identical n-channel
active resistors in series replacing the single active resistor of (a). Assume that the
MOS parameters of Example 5.2-1 are valid in this example. Compare the gate
area required for both cases.

Solution. For case (a) we get W/L = 1/8.7. If we assume that W has a unit length,
then the gate area required is 8.7 square units. For case (b) we find that the W/L
of one of the transistors is 1/1.47. If W = 1, then L = 1.47 with a gate area of
1.47, two identical active resistors would require 2.94 square units. A savings in
gate area of almost 3 to | results in case (b) compared to case (a). The source and
drain area would reduce this ratio.

FIGURE 5.2-5
Use of cascaded devices to create large voltage drops.
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The second application of a resistor is to provide an ac voltage (or current)
for a given ac current (or voltage). In this presentation, the dc current will be
zero. For a zero dc current, the active resistors of Figs. 5.2-2 and 5.2-3 are
not satisfactory because the value of resistance approaches infinity. The switches
of Figs. 5.1-3 and 5.1-4 make a much better realization of an ac resistor with
the MOS switch being nearly linear and having no dc offset. By controlling the
value of voltage between the gate and source, one can get a linear ac resistance
for values AV upto 1 V.

Example 5.2-3. A MOS switch as an ac resistor. Assume that the circuit of Fig.
5.1-4a is to be used to implement an ac resistor of 2000 £} and that the device
parameters are Vy = 0.75 V, Ky =24 uA/V?, yy =0.8VYI A =0.01V"', and
d=06V.IfW=50pu, L =10pu, Vps =0, and Vgs = —5 V, find the value
of Vgs (=Vo).

Solution. The threshold voltage due to Vgs = —5 V is 2.023 V. Equating 2000 ()
to Eq. 5.1-2 of Sec. 5.1 gives a value of Vgs = 6.19 V. The dotted line in Fig.
5.1-4b corresponds to a resistance of 2000 €. Figure 5.1-4b shows that the 2000
Q resistor is closely approximated by this value of Vgs.

The linearity of the ac resistor in the example is limited for negative
values of Vpg by the effects of Vg and for positive values of Vpg by Vg itself.
The bulk influences the linearity by causing Vy to change. The drain—source
voltage influences the linearity by leaving the ohmic region and entering the
saturation region. Techniques for eliminating both of these effects will now
be considered.

Figure 5.2-6 shows how to eliminate the influence of Vpg upon the ac
resistor realization.! The principle employed is to use two identical devices biased

+0
Ve ——— w1 Wm/ WDZ "
+
2 —
i s - g
G1 I i 4 ~
4 Vss —_—
M2 ——'C
_|_+
-0
S1 \ l s2
FIGURE 5.2-6

Configuration to eliminate the effects of Vg in the ac resistor implementation of Figure 5.1-4q.
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so that the influences of Vpg cancel. Using Eq. 3 of Table 3.1-1 to obtain
expressions for I'p; and Ip) gives

w - 12)51
Ip = KI(J(ZTI) (Ves1 — Vi) Vpst — >
w [ V2DS]
Wy B
= KN =] |(Vbs1 + Ve — V1) Vbps1 — (5.2-10)
L, 2
-k Vst + (Ve = Vi)V
N( L ) 2 c 11) VDSs1
and
L Wai V2DSZ
Ip; = KN fzg) (Vgs2 = V12) Vpsz — >
| (5.2-11)
' W V|2352
= K\ L—; (Ve — V1) Vps2 — >

Noting that Vps; = Vpsy =V and assuming matched transistors allows the current
I to be expressed as

2K\W

I =Ipy +1Ipy = (Ve = V1)Vps (5.2-12)

Thus the value of ac resistance found by differentiating Eq. 5.2-12 with respect
to [ is
- dVps _ |
©oal 2K (WIL)(Ve — V)

(5.2-13)

In the development of Eq. 5.2-13, it has been assumed that the transistors remain
in the ohmic region or that Vpg is less than Vgg — V1. This assumption places
the following constraint on the value of V for Eq. 5.2-13 to be valid.

V < (Ve — Vp) (5.2-14)

Therefore, a larger value of V¢ will lead to a larger range of V. While the
linearity range has been increased, the dependence upon Vpg through Vr is still
present and must be eliminated to achieve a wide linearity range.

In many applications, resistors are used differentially in pairs. In these cases
it is possible to achieve an increase in linearity and to eventually even cancel the
bulk effects. A method of canceling the effects of Vpg will be discussed first.
Figure 5.2-7a shows a pair of ac resistors used in a differential configuration.?
Note that a differential signal (V) is applied to the left-hand side of the resistors
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I
I

> ac/2 - 'm_r'
Vio A oV Vio ‘ o Vo
I, . I — Ve
ac/2 -
Vi " AW oV ~Vio | | oVe

(@) (b)

FIGURE 5.2-7
(a) Differential ac resistor configuration, (b) Single-MOS implementation of a.

while the right-hand side is at the same potential (although not physically
connected). Again Eq. 3 of Table 3.1-1 can be used to write

KW 1
I = 12 (Ve = Vo= V)(Vy = V) — E(Vl - Vz)z} (5.2-15)
and
KW 1
—1, = IZ (Ve +Vi=Vp)(Vy + V) — §(V2 + Vl)z} (5.2-16)

Adding Eqgs. 5.2-15 and 5.2-16 gives

KW

I -1, = NL (Ve — V)2V, (5.2-17)

Defining r,. as

2V,
= — 5.2-1
Tac I, -1, ( 8)
gives
1

(5.2-19)

Tee T (KAWIL) (Ve — V)

Therefore, Fig. 5.2-7a simulates a resistor r,. which is independent of V| or V;
as long as

[ Vi=Vy| =V <Ve—-Vq (5.2-20)

Figures 5.2-8a and b show the /-V characteristics of the resistors of Figs. 5.2-
6 and 5.2-7b using n-channel transistors having W = 50 u, L = 10 p and model
parameters of Vr = 0.75 V, K = 24 uA/V?, y = 0.8 V2 Ay = 0.01 V7L,
and ¢y = 0.6 V. The characteristics of Fig. 5.2-8a and b are almost identical and
considerably more linear than Fig. 5.1-4b. For large values of V, the linearity
range increases, as predicted by Eq. 5.2-20.
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6V,
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4V
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W=50pn
L=10p"
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FIGURE 5.2-8
I-V characteristics of: (a) Parallet MOS resistor, (b) A single-MOS differential resistor. (Note that

the actual voltage across Fig. 5.2-7 is 2V.)
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A double-MOS, differential configuration, shown in Fig. 5.2-9a, not only
linearizes the ac resistor but removes the influence of the bulk-source voltage.?
The relationship for the ac resistance can be obtained by assuming all of the
devices are matched and in the ohmic region. Using Eq. 3 of Table 3.1-1 to

solve for /| and I, results in the following.

’

KyW
I =[D1+1D3:NT

KWW
L

+

and

7

K
Iy =1Ip; +1D4=NT

KW
+_
L

Using Eqgs. 5.2-21 and 5.2-22 to find 7| — I, gives

KW
Iy ~1,= I (Ver = Ve (V) — V)
Vei
Ipy M1 Iy
Vo —= 11 L v
Ip2 —Vss
I
e Tac/2 _L_v M2
Vi o AAMN— oVs
l2 r
Vs Aol % T me
/ [}
D4 —Vss 2

(a) (b)

FIGURE 5.2-9
(a) Differential ac resistor configuration, (b) Double-MOS implementation of a.

1
(%rvrvmw—m—;w—wﬂ

1
(wrvrvmw—w—;w—wﬂ

(5.2-21)

i
WQ—W—VMW—VQ—?W“VN}

1
wa~w—wm@4®—;w—wﬂ

(5.2-22)

(5.2-23)
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rqc can be found as

Vi—-V 1
Faoe = ——2 = — (5.2-24)
Iy -1, (KNW/L)(Vc1 — V)
Because all devices have been assumed to be in the ohmic region, Eq. 5.2-24
only holds when

Vi, Vo =min [V — V1, Ve — V1l (5.2-25)

Figure 5.2-10 is a simulation of Fig. 5.2-9b when V¢ =7V, V3 = 0, Vg =
—5 V and using the same device parameters as have been used for Figs.
5.1-4 and 5.2-7. It is of interest to compare the ac resistor realizations of Figs.
5.1-4, 5.2-6, 5.2-7b and 5.2-9b. Of all the realizations, the double-
MOSFET differential resistor of Fig. 5.2-9b is superior in linearity. However, the
double-MOSFET differential resistor is really a transresistance in that the vol-
tages and currents are at different terminals. This restricts the double-
MOSFET differential resistance to transresistance applications that are found in
differential-in, differential-out op amps. The parallel MOS resistor of Fig.
5.2-6 and the single-MOSFET differential resistor of Fig. 5.2-7b are true
resistor realizations that have approximately the same linearity. However,
the parallel MOS resistor is a true floating resistor realization while the single
MOSFET differential resistor must have a differential signal with reference

3.0mA T T T T T
‘ ‘ . V=2V
. . . . 4
20 mA ........................ . M . —
. . . . 78V,
5V
1.0mA - 4
6V
L=l 00mAF - - -~ A E
LOomAL”" A .
: : : VBS= -5 V-
Vz=0V
. . . Vo =7V
-3.0 mA ] 1 1 o1
-3.0 -2.0 -1.0 0.0 1.0 2.0 3.0

FIGURE 5.2-10
I-V characteristics of a double-MOS differential resistor.
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to V, of Fig. 5.2-7b. The performances of the ac resistor realizations that have
been presented are summarized in Table 5.2-1.

A second approach to realizing ac resistors uses switches and capacitors.
This approach is discrete-time and is often called the switched capacitor (SC)
realization. If the clock rate is high enough, combinations of switches and capac-
itors can implement a resistor that is dependent only on the clock frequency and
the capacitor. Four combinations of switches and capacitors will be considered.

The first approach to resistor simulation is called the parallel switched
capacitor realization and is shown in Fig. 5.2-11a. It will be shown that under
certain conditions, namely those found in a sampled data system, that the switched
capacitor of Fig. 5.2-11a is an approximate realization of the resistor of Fig.
5.2-11b. Figure 5.2-11c shows the clock waveforms that control the opening and
closing of the switches in Fig. 5.2-11a. Let us assume that V; and V,
are two independent dc voltage sources. This assumption represents no loss of gener-
ality since the conditions for a sampled data system state that the “signals,”
V, and V,, are sampled at a rate that is sufficiently high that any change in
V) or V; during a sampling period can be ignored.

Under steady state conditions, we can express the charge flow in the direc-
tion of I, over a time period from tg to to + T as

to+T
gi(to + T) = f I(t)dt (5.2-26)
fo
However, this charge flow in the direction of I, during the time period from ¢
to tg + T can be broken into two parts. The first part is the charge flowing from
to to T/2 and is given as

T T

ql(fo + E) = C[Vl(f() + 5) it Vz(lo)} = C(V; - V2) (52-27)
TABLE 5.2-1
Summary of R,. realization characteristics
AC resistance Figure Linearity How Restrictions
realization controlled
Single Gate voltage
MOSFET 5.14 Poor W/L Veuk < min( Vs, Vp)
Parallel Vc V< VC - VT
MOSFET 5.2-6 Good W/L VBULK < mln( Vs, VD)
Single-MOSFET [ Vi=Va|<Ve—Vq
differential 5.2-7a Good Ve Veuk < =V,
resistor WI/L Differential around V;
Double-MOSFET Vl’ V2 < mm( VCI - VTv VCZ - VT)
differential 5.2-9a Good (VCI - ch) VBULK < mm( Vl N Vz)

resistor W/L Transresistance only




BASIC INTEGRATED CIRCUIT BUILDING BLOCKS 315
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+— » t—t, (a) Parallel switched capacitor resis-
0 I T 8T 27 §&T 3T tor realization, (») A continuous
2 2 2 resistor, (¢) Clock waveforms for
(©) the switches of a.

The second part is the charge flowing from 7/2 to T and is given as

qi(to + T) — fh(fo + %) =0

Therefore, Eq. 5.2-26 can be written as,

to+T
qi(to + T) = C(V = V) = j I(t)dt (5.2-28)
o
Dividing both sides of Eq. 5.2-28 by T results in

C(Vi-V) _ ij"’”

T T I1(t) = I(aver) (5.2-29)

fo
Now let us find the average current, /(aver), flowing into the left-hand side of
the continuous resistor of Fig. 5.2-11b. This value is given as
Vi—V,

R

Ii(aver) =1, = (5.2-30)
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Equating Eqgs. 5.2-29 and 5.2-30 results in

Rl !
C Cf clock
where f ok = U/T is the frequency of the clock signals ¢; and ¢,.
Therefore, we have shown that the switched capacitor circuit of Fig. 5.2-
11a simulates the continuous resistor of Fig. 5.2-11b. We see that the switched
capacitor resistor realization is dependent upon the capacitor C and the period
or the frequency of the clock. The following example illustrates that very large
resistors can be realized with a small amount of silicon area using switched
capacitors.

(5.2-31)

Example 5.2-4. Switched capacitor resistor realization. If a 1 M() resistor is to
be realized using the SC technique of Fig. 5.2-11 with a clock frequency of 100
kHz find the value of the capacitor and its area assuming that the capacitor is a
polysilicon-to-polysilicon type. Compare this area to that required for a polysilicon
resistor of the same value.

Solution. Equation 5.2-31 shows that the capacitance is 10 pF. Assuming a capac-
itance per unit area of 0.2 pF/mil® gives an area of 50 mils?. Using a polysilicon
resistor with a sheet resistivity of 25 Q/square requires an area of 3600 mils? using a
minimum width of 0.3 mils. In addition to the capacitor area, the switched capacitor
resistor realization requires two minimum-size MOS devices as the switches.

There are several other types of switched capacitor realizations of resistors.
Figure 5.2-12 shows a realization called a series switched capacitor resistor, which
results in a resistance given by Eq. 5.2-31. Figure 5.2-13 illustrates a series-
parallel switched capacitor realization. It can be shown (see Prob. 5.15) that the
equivalent resistance of the series-parallel switched capacitor resistor realization
is

T 1
R = = (5.2-32)
Ci+ G (G + C)fclock
It o1 02 -l

FIGURE 5.2-12
Series switched capacitor realization of a continuous resistor.
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FIGURE 5.2-13
Series-parallel switched capacitor realization of a continuous resistance.

Figure 5.2-14 shows a switched capacitor resistor realization called the
bilinear realization. The equivalent resistance of the bilinear switched capacitor
resistance realization is (see Prob. 5.16)

R=L = —
4C 4Cf clock
Table 5.2-2 summarizes the four switched capacitor resistor realizations discussed
here.

This section has focused on the realization of dc and ac resistors using
methods compatible with the standard IC technologies. It is discovered the MOS
technology offers many more opportunities in this area. The reader will see all
of these resistor realizations used along with other components in the following
material. The most important concepts presented are the methods by which the
dependence of drain current on the drain-source and bulk-source voltages can
be reduced and the method by which resistors can be simulated by switches

(5.2-33)

o4 b2

FIGURE 5.2-14
Bilinear switched capacitor realization of a continuous resistance.
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TABLE 5.2-2
Summary of switched capacitor resistance realizations
SC resistor Equivalent Type of
realization Figure resistance resistance
Parallel 5.2-11a T/IC Transresistance
Series 5.2-12 T/IC Resistance
or transresistance
T

Series-parallel 5.2-13 G+ G Transresistance

- T .
Bilinear 5.2-14 ic Transresistance

or resistance

and capacitors. Because the resistors realized by switched capacitor circuits are
inversely proportional to capacitance, the effective RC time constants become
proportional to capacitor ratios. The result is that time constants can be accurately
realized using capacitors and switched capacitor resistor realizations.

5.3 CURRENT SOURCES AND SINKS

In this section we consider the realization of current sinks and sources that use
standard bipolar or MOS devices. An ideal current source is a two-terminal
element whose current is constant for any voltage across the source. The voltage
across a current source depends upon the external circuitry. Figures 5.3-1a and b
give the schematic symbol and the -V characteristics of a current source whose
value is I,. Most current source applications require one of their terminals to be
common with the most positive or the most negative dc voltage in the circuit. This
leads to the two possible configurations illustrated in Fig. 5.3-2. Vp and Vy are
the most positive and most negative dc voltages, respectively. The configuration
of Fig. 5.3-2a will be referred to as a current sink. The configuration of Fig.
5.3-2b will be called a current source even though we have used this notation
for the general current source of Fig. 5.3-1. These two categories will become
important in the practical considerations of implementing current sources/sinks. A
third category is the floating current source, where neither terminal is connected
to Vp or Vy.

. FIGURE 5.3-1

- -V (a) Schematic symbol for a current
source, (b) I-V characteristics of an
(a) (b) ideal current source.
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circuit

circuit

P
(a) (b)

FIGURE 5.3-2
(a) A current sink, (b) A current source.

In most current source/sink realizations, the ideal curve of Fig. 5.3-1b is
only approximated over a limited range of the voltage V. Also the current is rarely
bidirectional. The resulting /-V characteristics of a practical current source/sink
realization are shown in Fig. 5.3-3. It is seen that there is a minimum voltage,
Vmin, below which the current source/sink will not be a good approximation
to I,. Further, it is seen that even in the region where the current source/sink
is a reasonably good approximation to /,, the actual source/sink deviates by a
resistance R,, which represents the parallel resistance of the current source/sink
and ideally is infinite. Thus, the two major aspects by which a current source/sink
is characterized are Vyn and R,.

Figure 5.3-4a shows a BJT realization of a current sink. Vgp is a battery
used to bias QI. It follows that for V' > Vg (sat) the current value is given by
the following relation.

v - »
I, = Isexp —?ﬁ) (5.3-1)
Vi

Ve (sat) is the collector-emitter voltage where Q1 .enters the forward saturation
region. : o

A 1™ v 17 /\= Vp—V
W VN e W ' Vun W

@ )

FIGURE 5.3-3 »
Practical I-V characteristics for: (a) A current sink, (b) A current source.
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FIGURE 5.34
(a) BJT current sink, (b) I-V characteristics of a.

The region from V = 0 to V = Vn corresponds to the forward saturation
region of Q1. As a result Vyn is approximated by
VMmN = VcE (sat) (5.3-2)

which is normally around 0.2 V (see Table 3.3-2). For V > VMmN, the slope of
the current is proportional to g,, where the small signal output conductance is
given in Table 3.3-4. Thus, the output resistance of the current sink, R,, is

Ry=— =— (5.3-3)
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Equations 5.3-1 through 5.3-3 also hold for the current source as characterized
by Fig. 5.3-3b.

Figure 5.3-4b shows the /-V characteristics of the circuit of Fig. 5.3-4a
with Vgg = 0.7 V, Is = 0.4 fA, B = 100, and Vg = 200 V. With these
values Vyn should be approximately 0.2 V, I, = 219 uA, and R, = 913 k(} for
V. =25.9 mV. A SPICE simulation for the circuit of Fig. 5.3-4b gives Vyyn =0.2
V, 1, =220 uA, and R, = 889 k(D.

Figure 5.3-5a shows a MOS realization of a current sink. From Eq. 3.1-5,
if A = 0, the value of I, is given as

I = X (Voo = V1) (5.3-4)

100 A T T

80uA

60 A

40pA

20pAL [

OuA : .' .‘ .'
o0V 1.0V 20V 3.0V 40V 50V
V= Vps

(b)

FIGURE 5.3-§
(a) MOS current sink, (b) I-V characteristics of a.
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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.

! Al
- D -
— 5 °
+ +
Tgs

ImVgs ImbsVbs
I E S AV

Voo ——— R% R
T N

@) (b)

<

—0

ol

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




326 visi DESIGN TECHNIQUES FOR ANALOG AND DIGITAL CIRCUITS

300 A

250 A

200pA - ( :

T

150 A

100pA -

S0puA

OnA

ooV

10V

20V 3.0V 40V

@

50V

100 A

80uA

60pA

T

40pA

201 A

OuA

o.ov

FIGURE 5.3-10

1.0V

20V 3.0V 40V
V.

)

Simulation of: (a) Fig. 5.3-9a (b) Fig. 5.3-9b.
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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).

— Ve

b ¢
)

+ +

VEE2 — VBB1 ——

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

ol

|
|
|
|
|
|
|
|

- Vi
@ (b)

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

Voo

M2 fist
A ©
L

T4so
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M1 Gm2 Ima2" v
v

__| +

—0

(b)

by!
——T——Vss

@)

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




332  vLsIDESIGN TECHNIQUES FOR ANALOG AND DIGITAL CIRCUITS

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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200pA T T T T
‘ Iy =175pA
150 n A
150uA -
125 KA
100 pnA
lour 100pA —
75pnA
50pA
50uA
25 A
OpA ! ! | L
ooV 1.0V 20V 3.0V 40V 50V
Vour
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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FIGURE 5.4-4

(«) 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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(a) Wilson BJT current mirror, (b) Simulated performance of the Wilson BJT current mirror of a.
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FIGURE 5.4-7
Small signal model for the Wilson current mirror of Fig. 5.4-6a.

341



342  vLsi DESIGN TECHNIQUES FOR ANALOG AND DIGITAL CIRCUITS

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)




350 vLsI DESIGN TECHNIQUES FOR ANALOG AND DIGITAL CIRCUITS

Ly,
ll Iin .
! Tout

-
< +
+ +
V3 & Tds3 Vs & Tdsa
- ImaV3 _ ImalVa+v4—V2) | Imbd/2
Vout

+ +
vy Va < Tds2
_ ImiV1 _ Ima¥1
1 -

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
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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)
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Substituting Eq. 5.5-12 into Eq. 5.5-10 and dividing by Vggr gives
VRer —3Vi —Vgo Vi [1JR)

(R T )
If Vregp = 0.7 V and the TCg of R is 1500 ppm/°C, the TCg(Vgrgr) of Fig.
5.5-1b at room temperature (300°K) is

TCr(Vger) = —2776 ppm/°C — 56 ppm/°C = —2832 ppm/°C (5.5-14)

TCr(Vrer) = (5.5-13)

Vrerl VREF

It is seen that this voltage reference has a large temperature coefficient for a
voltage reference.

Figure 5.5-1c shows how MOS technology can be used to implement a
voltage reference similar to the simple BJT voltage reference of Fig. 5.5-1b.
Since the drain and gate are physically connected, the device is in saturation for
Vgs = Vr and Vger can be expressed as

2(Vpp — VRer)

Veer = Vo +
REF = 7T RKG(W/L)

(5.5-15)

As before, an iterative method is used to solve for Vggg. If Vpp =10V, V1 =0.75
V, K§ =24 uA/V2,W/L = 10, and R = 100 k(Q, then iterative methods give a
Vrer of 1.972 V. If Vpp is greater than Vggg, then

2Vpp
== V + —_— .5-
Veer = Vr \ RKL(W/L) (5.5-16)

Using Eq. 5.5-16 with these parameters and values gives Vggr = 2.085. The
sensitivity of the circuit of Fig. 5.5-1c with respect to Vpp can be found for the
case where Vpp >> Vggr as

0.
S Vrer — > (5.5-17)

" 4 Vo JREGWI2VopL

Using the above parameters and values gives a sensitivity of Vggp with respect
to Vpp of 0.274. The sensitivity of the circuit of Fig. 5.5-1c¢ is larger than the
circuit of Fig. 5.5-1b because the power supply in the BIT case is in the argument
of the logarithm, while in the MOS case it is within the argument of the square
root. Since the logarithm is a weaker function than the square root, the sensitivity
of the BJT voltage reference is smaller than the MOS voltage reference.

In order to analyze the temperature dependence, the temperature dependence
of the MOS transistor must be characterized. The primary temperature-dependent
parameters of the MOS device are XK' (mobility) and V1. Their temperature
dependence will be modeled as

T 1.5

K\ = Kfo To

(5.5-18)

and
Vi = Vo — T — Tp) (5.5-19)
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where Ko and Vg are the values of K and Vr at Tp and « is approximately
2.3 mV/°C. Assuming R, Ky, and V1 are temperature-dependent and differenti-
ating Egs. 5.5-16, 5.5-18, and 5.5-19 gives

IVegr Ve 1 [ 2Vpp (10Ry 1 [ 2Vpp 1 9K%
oT IT 2 KNR(W/L)(R&T) 2 KNR(W/L)KN oT

(5.5-20)
IKN LS5,
5T T KX (5.5-21)
and
aVr _
5T a (5.5-22)

Substituting Eqs. 5.5-21 and 5.5-22 into Eq. 5.5-20 and dividing by Vggr gives

-1 1 | 2Vpp (1R LS5
= — |+ = | ———|—— - = .5-
TCr(Vrer) = G| @ % 3\ KKR(W/L)\RGT T ) (5.3-23)

Using the values above with VREF = 2.085 V and assummg that TCr(R) = 1500
ppm/°C the fractional temperature coefficient becomes

TCg(VRrep) = [0 0023 - 0. 0016] = —336 ppm/°C (5.5-24)

2. 085

While the TCg(Vger) of Fig. 5.5-1c is almost 10 times less than that of Fig.
5.5-1b, this is due to the selection of the resistor and the particular manner in
which the temperature-dependent variables combine to give the overall tempera-
ture dependence.

The simple voltage references of Fig. 5.5-1 illustrate the methods by which
more complex references can be characterized. The value of Vggr of Figs.
5.5-1b and 5.5-1c can be increased by cascading active devices or by the method
illustrated in Fig. 5.5-2. It can .be shown that the reference voltages of Fig.
5.5-2a and b are equal to (1 + R,/R;) times the values given in Eqs. 5.5-8 and
5.5-16, respectively.

Current references are also of interest in this section. Figure 5.3- 4a and
Fig. 5.3-5a show examples of simple current references. However, one important
aspect of these two current references is the implementation of Vgp and Vgg.
In most cases Vpp and Vg are implemented using the circuits of Figs. 5.5-1b
and c, respectively. The result is shown in Fig. 5.5-3a and b and is in fact the
simple current mirrors of Sec. 5.4, where Iy is defined by the voltage across
R. Using the relationships of the last section and assuming ideal current mirrors
gives

Vee = V
Ingp = —S——BE = BE (5.5-25)
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Vee Voo

b

(@) (b)
FIGURE 5.5-2 ‘
A method of increasing the value of VRgp for (a) Fig. 5.5-1b, (b) Fig. 5.5-1c.
and .
Vop — V.
Ingp = =20 — (5.5-26)

for Figs. 5.5-3a and 5.5-3b. It is obvious that the sensitivity of /ggr With respect
to power supply is unity for both references if Voc >> Vgg or Vpp >> Vgs.
The temperature coefficient of I ggr for Fig. 5.5-3a can be found by differentiating
Eq. 5.5-25 with respect to temperature and dividing by /ggr. The result is

-1

TCr(Irer) = Tner

ROT

1 4R

+ -— 5.5-

IREF( - 3T)] (5.5-27)

Using the previous results for d Vge/9T yields

Voo + 3V, — vBE} _(10R
RT (R aT )

1
TCg(I rer) = IREF[ (5.5-28)

where it is assumed that V is much less than Ve — Vgg. If Irgr = 100 A, then
Ve = 0.682 V for Is = 0.4 fA. If R = 43k{(Vc = 5V), TCe(R) = 1500
ppm/°C and T = 300 K, then TCg(IrgF) is equal to

TCr(Irgr) = 466 ppm/°C — 1500 ppm/°C = —1034 ppm°C  (5.5-29)

The current reference above has an additional term with an opposite sign in
the expression for TCg(/rgr), wWhich suggests the possibility of achieving a zero
value of TCg(Iggr). Setting Eq. 5.5-28 to zero results in
Vgo + 3V — Vg

T(1/R)(4R/JT)

IRepR = Voo — Vg = (5.5-30)
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FIGURE 5.5-3
(a) A simple BIT current reference,
(b) A simple MOS current reference.

Using the previous values, we can solve for the value of V¢ that will give a zero
TCe(IRer). The result is Ve = 2.018 V. To achieve Iggr = 100 MA, R would
have to be decreased to (2.018 - 0.682)/100 uA =13.36 kQ, which would not
change the zero value of TCg(/Rrgf).

The fractional temperature coefficient of the MOS current reference of Fig.
5.5-3b is found by differentiating Eq. 5.5-26 with respect to temperature and
dividing by IrgF to get the following

—1[dVess | Irer dR}
TCr(/ = + — .5-
Cr(IRer) Teer| ROT R 27T (5.5-31)
Using the results of Eqs. 5.5-20 through 5.5-23 in Eq. 5.5-31 gives
l Ja 1 Vbp 1 dR 3 1 6R
TCe(Irer) = —|— + = [ (=2 - || - [= L] (5.5.
Crllrer) = 7 R RY 2KI'\JR(W/L)(R T 4T) (R aT) ©-5-32)

Assuming that Irgr = 100 nA, K’y = 24 pA/V?, Vin = 0.75V, and W/L = 10

gives Vgg = 1.663 V. If Vpp = 10 V, then R = 83.37 k(). Finally if o = 2/3

mV/°C and TCg(R) = 1500 ppm/°C, the TCE of the circuit of Fig. 5.5-3b is
TCe(Irer) = 216 ppm/°C — 1500 ppm/°C = —1284 ppm/°C (5.5-33)

Again, zero TCF is possible. Setting Eq. 5.5-32 to zero and solving for IggrR
gives

a + \/(VppL)/ (2KRRW)[(1/R)(JR/IT) — (3/4T)]
(1/R)(OR/3T)

IrerR = Vpp — Vgs =
(5.5-34)

Using the above values in Eq. 5.5-34 gives a Vpp =2.863 V for a zero TCr(Iggg).
This lower supply voltage causes R to become 28.63 k(). The above analysis is
only approximate since in calculating the temperature change of Vg, Eq. 5.5-16
rather than Eq. 5.5-15 was used. The chapter problems deal with the exact case.
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J_ A method of obtaining a supply independent source by using Vgg

- to define the current.

So far, the references considered are not representative of stable voltage
or current references. The remainder of the references presented will attempt to
minimize the power supply dependence, the temperature dependence, or both.
To achieve a reduction of the dependence of the current on the supply voltage, a
technique of using the Vg drop of a forward-biased pn junction is used. Such a
circuit is shown in Fig. 5.5-4. Neglecting the base current, it follows from Eq.
3.3-10 that the reference current is expressed as

Veer _ Vi I
1 =—— = —1In{— 5.5-3
REF R, R, n 151) (5.5-35)
It can be shown that
|
TReF t B
S Vee = TeeeRs (5.5-36)

If Iy = 1| mA, Irgr = 100 pA, and Is; =0.4fA, then from Eq. (5.5-35)
R, = 7.42 k(). Therefore, the sensitivity of Irgr to Vc is 0.035. Because the
temperature performance of this current reference is not necessarily good and
because the behavior is similar to that of Fig. 5.5-3a, it will not be pursued in
further detail.

Another approach which uses the concept of generating the current from
Vg is shown in the bootstrap biasing circuit of Fig. 5.5-5a. The operating point
of this circuit can be found by noting that if Q4 and Q5 are matched and if diode
D1 is cutoff then these two devices form a simple unity gain current mirror.
Neglecting base currents we obtain

Ici =12 (5.5-37)
and
Veer = Viln (Ici/ls1) = Ic2R; (5.5-38)
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FIGURE 5.5-5
(@) A bootstrapped current source/sink, (b) Two possible operating points.

A closed form explicit expression for / ¢, obtained by simultaneously solving Egs.
5.5-37 and 5.5-38 in terms of basic functions does not exist. Plotting both
Egs. 5.5-37 and 5.5-38 on a curve of /¢, versus /¢ results in the curve of Fig.
5.5-5b. There are two operating points possible, designated as A and B. The
operating point at A is undesirable since the value of 7 c;(I ggr) is zero. Operation
at the desired operating point, B, is determined by the start-up circuit consisting
of R; and the five diodes. When V¢ is applied to the circuit, current flows
through D, and R,, forcing the circuit to the operating point at B. The value of
IciR, is designed so that when the circuit is operating at B, D is biased off
disconnecting the start up circuit from the bootstrap current source/sink. Once the
bootstrap current source/sink is operating at point B, the value of /ggr Which is
related to I ¢, by the current mirror, Q5-Q6, should be independent of V. I, REF
illustrates how a current sinking reference can be achieved.

The bootstrap current source can also be implemented in MOS technology
as shown in Fig. 5.5-6a. The two equations corresponding to Eq. 5.5-37 and Eq.
5.5-38 are

IDl = ID2 (55-39)
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FIGURE 5.5-6
(a) A CMOS bootstrapped current source/sink, (b) Hlustration of the two possible operating points.

and

L2
Ipy = (V1i/R) + |(2IpiL/KLW,)

/R (5.5-40)
Plotting Eq. 5.5-39 and Eq. 5.5-40 results in the curves shown in Fig. 5.5-6b
where again two operating points are possible. Rg, M7, and M8 are used to start
up the circuit, causing it to operate at point B. The values of Vs, and Vg, are
designed so that M7 will be cutoff if the bootstrap current source/sink is operating
at point B.

Both the BJT and MOS bootstrapped current sources represent good refer-
ences for independence of power supply. However, second-order effects must be
taken into account to achieve a minimum dependence. These second-order effects
include the errors in current mirrors (see Sec. 5.4). Without including the second-
order effects such as current mirror matching, the lower limit of power supply
sensitivity is about 0.01 with these circuits.

In most silicon technologies it is possible to obtain a breakdown diode from
a pn junction that is heavily doped on one side of the junction. In a bipolar
process, a breakdown diode can be obtained by reverse biasing the base—emitter
junction. In a CMOS process, a low voltage breakdown diode results from the

Ip
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overlap of the p* and n* diffusions. The I-V characteristic of a breakdown diode
is shown in Fig. 5.5-7. When the voltage V exceeds the breakdown voltage,
BV , the I-V characteristic becomes nearly vertical. The slope of the breakdown
diode characteristic can be approximated in this region by 1/r, where r, is the ac
impedance of the breakdown diode in the high-conductance region.

A power supply-independent voltage reference using the breakdown diode
is shown in Fig. 5.5-8. The power supply sensitivity can be expressed as

Yee
BV

VREF _ Xfﬁi@ -

Veet| _ (Ve
Vee  Vper dVec )

BV

(—r—) (5.5-41)

Vee rz * rout

where vs and v are the ac changes of Vrgr and Ve and rqy is the output
resistance of the current source. f BV = 6.5V, Voc = 10V, r, = 1000 ) and
Fou = 100 kQ, the power supply sensitivity of Fig. 5.5-8 is 0.0065, which is
the lowest power supply sensitivity of the circuits considered so far. It could be
easily improved by using a current mirror having higher output resistance.

Unfortunately, the breakdown diode typically has a Vggr which is larger
than 5 V. Such references can only be used with higher values of Vpp or Vec.

The temperature coefficient of the breakdown diode depends on the doping
levels and varies from negative values at low values of BV to positive values
at higher values of BV. One must first measure the temperature coefficient
before attempting to minimize the TCg of the breakdown diode used as a voltage
reference.

The TCf of the MOS bootstrapped current source/sink of Fig. 5.5-6a can
be found as

TC. = 1 Vi OR 1 9V IR
F (VT]"‘(IDIL]/KI’QW])I/Z T RoT Vost 0T RoT
(5.5-42)
/
Y
4 [* +
v
<—slopezr—
L 19
)
1 > V
Vg =8V
FIGURE 5.5-7

Current-voltage characteristics of a breakdown diode.
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Vee

Q1 Q2

o FIGURE 5.5-8
J_ Power supply-independent voltage reference using the breakdown
s diode.

where we have assumed that /p; and Ky are independent of temperature. If I,
has been designed such that Vgs; = 1.5 V and the value of the temperature
coefficient of Vris —0.18 mV/°C and the fractional temperature coefficient of R is
+1500 ppm/°C (polysilicon), then the TCf of the MOS bootstrapped current/sink
is

TCr = —110 ppm/°C — 1500 ppm/°C = —1610 ppm/°C

It is interesting to note in this and previous references that R is the major
contributor to temperature variation.

One approach to reducing the TCg of current references is to try to
use the opposite temperature coefficients of breakdown diodes and pn junction
diodes (diode connected transistors) to cancel the dependence of the source upon
temperature. Figure 5.5-9 shows a voltage reference that has the possibility of
achieving this objective. It is assumed that 7, is sufficiently well-defined so that
Ve = BV can be assumed to be independent of V¢. The reference voltage can
be expressed as

R .
VREF = (L) Vg — 2VBE(—2 + VBE (5.5-43)

R,
R+ Ry R, +R2) (R['l‘Rz)
assuming all Vgg are equal and all diodes are matched.
If Eq. 5.5-43 is differentiated with respect to T and set equal to zero, we
get ‘
_0V/dT _ R,

==1_9 5-
dVee/dT R, (5-3-44)

But if the temperature dependence of the breakdown diode is +3 mV/°C, then
dVp/dT _ +3mV/°C
dVee/dT — —2mV/°C

Therefore, the ratio of R,/R; for zero temperature dependence is 3.5. The value
of Vrer under this constraint is (2/9) Vg or approximately 1.4 V. The voltage
reference of Fig. 5.5-9 should also be relatively independent of Vc.

(5.5-45)
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FIGURE 5.5-9

Use of cancellation between pn diode and breakdown diode
temperature coefficients to obtain a temperature independent
voltage reference.

ol

-

One of the more popular and successful approaches to achieving a voltage
reference, which is independent of both supply and temperature, is the bandgap
voltage reference. The concept behind the bandgap voltage reference is illustrated
in Fig. 5.5-10. A voltage Vygg is generated from a pn junction diode having
a temperature coefficient of —2 mV/°C at room temperature. Also a voltage

;
L

v /

Generator

FIGURE 5.5-10
General concepts of a bandgap voltage reference.
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ViV, = kT/q) is generated that has a temperature coefficient of +0.085 mV/°C
at room temperature. If the V, voltage is multiplied by a constant G and summed
with the Vg voltage, then the output voltage is given as

Vrer = Ve + GV, (5.5-46)

On a first order basis, the value of G would be that which gives a zero value
of temperature coefficient for Vggr. This value of G corresponds to 23.5 and
produces a reference voltage of 1.26 V assuming Vgg is 0.65 V. A more detailed
analysis is necessary to design the bandgap voltage reference so that zero tem-
perature coefficient is achieved over a wide range of temperatures.’

A BIT version of the bandgap voltage reference is shown m Fig. §. 5-11.
This voltage reference is called the Widlar bandgap reference.® As Vcc is
increased from zero, Q1 and Q2 conduct when Vpgg, is approximately 0.7 V.
Since R, is greater than R, Q2 saturates. Further increase of V; (due to increas-
ing V¢c during turn on) causes Q2 to come out of saturation due to R3. The
circuit stabilizes at Vgg3 = Vg (on). Ql, Q2 and R; form a Widlar current
mirror, as was discussed in Sec. 5.4. The current /, can be expressed as

' Vt 11
I, = 1
Y %] R3 n ]2

Equation 5.5-47 shows that the voltage V. in Fig. 5.5-10 is generated by the
difference between two base—emitter drops. The reference voltage of Fig. 5.5-11
can be given as

(5.5-47)

R 1,
VRer = Vg3 + R_z) Viln (12) (5.5-48)
Vee
DL
Q4
ol .
+ +
R, é‘ L RO Ve >
- Q3
|
Q1 Q2 ' Vaer
+
Vae+ Ry ‘,2
_l_ FIGURE 5.5-11

Widlar bandgap voltage reference.
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Comparing (5.5-48) with (5.5-46) shows that

| R> I
G (R3)ln(12) (5.5-49)
If we assume that I,/1, = 10, then at room temperature we must have Ry/R3 =
10.2 to obtain a zero temperature coefficient. Selecting 7, = 1 mA gives I, =0.1
mA and Rj3 is found from Eq. 5.5-47 as 60 (). Thus, R; is 610 Q. If we assume
that Vggz = 0.65 V, then Vggp is equal to 1.26 V. Figure 5.5-12 shows that the
bandgap reference possesses zero temperature coefficient only around a nominal
temperature. Another problem with this circuit is the dependence of I3 on the
supply voltage. Better implementations of the bandgap reference are discussed
below. )

An improved bandgap voltage reference can be developed using an op amp,
as shown in Fig. 5.5-13a and b. The advantage of the op amp is to remove the
dependence of the currents upon the power supply. The method by which this is
done is to force the relationship

I]R] = 12R2 (55-50)

and to replace I,/1, in the argument of the logarithm by R,/R; which is inde-
pendent of supply voltage. The performance of both the circuits is identical and
can be described as follows. The current I, is found by writing a voltage loop
equation around Vpgg;, Vg and R3, resulting in

I, =—VyIn|—= (5.5-51)
" Rs Rils )
The reference voltage can be expressed as
R RyI
Veer = Vagl + IRy = Vg + 2V, ln( 2 32J (5.5-52)
R3 Rl

Vaer(T)
VRer(60°C)

0.995 1 1 1 1 1 1 1 1 ) -
-56 36 -15 5 25 45 65 85 105 125

Temperature (°C)

FIGURE 5.5-12
Illustration of the temperature dependence of the Widlar bandgap voltage reference.
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FIGURE 5.5-13
(a) A bandgap voltage reference using an op amp, (b) An alternate form of (a).

which is of the same form as the expression in Eq. 5.5-46. The areas of the
emitters of transistors Q1 and Q2 are used to scale the argument of the logarithm.
For example, if Agy = 10Ag;, then I's; = 10, and for zero temperature coef-
ficient we find that Ro/R; = 10.2 if Ry/R; = 1.

The bandgap voltage reference of Fig. 5.5-10 can be implemented by either
bipolar or CMOS technology. Q1 and Q2 would be the substrate transistors, which
are available in CMOS technology. For p-well CMOS using an #n ~ substrate, the
BJT is an npn substrate transistor and would be compatible with Fig. 5.5-13b.
For an n-well CMOS technology using a p~ substrate, the circuit of Fig. 5.5-
13a can be used if Q1 and Q2 are replaced by pnp transistors.

Exact cancellation of the dependence of Vggr upon temperature will not be
possible because of component tolerances and second-order effects such as the
nonlinearity of the dependence of Vg on temperature’ which has been neglected.
Problem 5.41 shows that the influence of the op amp offset voltage is multiplied
by (1 + Ry/R;) and can become a significant source of error and temperature
dependence. Offset effects may be reduced by using multiple pn junctions or by
offset canceling techniques.

Q1 and Q2 of Fig. 5.5-13 can be replaced by MOS devices operating in
the weak inversion region if the current levels are small. Such voltage references
use very little power. In the weak inversion region, the I-V characteristics of
the MOS transistor are exponential and can be used to generate V. An equation
describing the MOS transistor in weak inversion is given as (see (Eq. 3.1-32)'°

W - - - -
Ip = —Ipoe Vesl(VnVy) (I/Vt)](l — e Vos'Vy Vas—V)inV, (5.5-53)

L
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where V, = kT/q
n slope factor
Ipo = characteristic current

Eq. 5.5-53 only holds for the weak inversion region where Vps > 3V,. It is
found'! that n is controllable but has a strong temperature dependence. Ipo
is difficult to control and also has a strong temperature dependence. A voltage
reference using the above concepts was proposed by Tsividis and Ulmer!2. While
the reference voltage of this circuit was independent of /o, it was dependent
upon n, which prevented satisfactory reduction of the temperature coefficient.
A CMOS bandgap voltage reference which eliminated the dependence on n is
shown in Fig. 5.5-14. The current mirrors M1-M3 and M2-M4 form a closed
loop with an initial loop gain greater than unity. Therefore, the current in both
branches increases until equilibrium is achieved when the loop gain is reduced
to one by the voltage Vg, across R,. If we assume that M1 through M4 operate
in the weak inversion region and that Vpp is high enough to ensure saturation of
M1 and M4, then Vg, can be expressed as follows where § = W/L
S 1S4

Vri = V, ln(5253) (5.5-54)
Note that Vg, depends only on the thermal voltage and the ratio of the geometry
of the devices and is independent of n. Iy, and /g are related as

Iri _ 83
—_— = = 5.5-55
Is S ( )
Voo
} .
+
R l/m
N Q5
Vee — Vrer
[ +
VR2$ R
_<
I

1 M3 FIGURE 5.5.14

A CMOS bandgap voltage reference
operating in weak inversion with no
dependence on the process parameter .
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Solving for /g gives

Se1 Vy S48,
Ig =|—|—In|— 5.5-56
== (57 " 555, (:>-56)
VREE is given as
Ry S S184
=Vgg + [ER; = Vg + | —=||— |V In|— 5.5-
VREF BE eR BE Rl)(S3) t n(5253) (5.5-57)

An expression for Vgg which emphasizes its temperature dependence is given by'3

T T mkT (T,
Vee(T) = Veo(l — =) + Vppo(=) + —— In|2
Be(7T) Gol To) BEO( To) p H(T

(5.5-58)

where Vo = the extrapolated bandgap voltage of silicon
Veeo = Vpgg of a diode connected transistor at 7 = T,
m = constant dependent on the diode fabrication and temperature
characteristics

It can be shown that the condition for dVgge/dT = 0 is given by

RySe)\. (8154 q9(Vco — VBeo)
1 = + 5-
(R,S3)n(5253) = m (5.5-59)
This results in a reference voltage of
kT
Vrer = Voo + ’"T (5.5-60)

In order to ensure proper operation of the voltage reference described, the follow-
ing precautions must be taken. First, the devices must be in weak inversion even
at the highest temperature of operation. Secondly, leakage currents particularly in
the n-channel devices must be minimized to prevent these currents from becoming
a major source of error at higher temperature. Lastly, the output resistance of the
devices must be large enough to ensure proper operation of the devices as current
mirrors. This can be accomplished by using long devices or by use of the various
current mirrors presented earlier.

This section has introduced the techniques and methods used to design volt-
age and current references that minimize their dependence on power supply and/or
temperature. There are other characteristics of references which are important but
are beyond the scope of the treatment given in this section. One of these is the
noise introduced by the reference. Noise can be reduced by minimizing the num-
ber of devices and using small values of resistance. If MOS devices are used, p-
channel MOS devices generally have less noise and the noise is reduced if the
area of the device is increased.

Another area that was not covered was the creation of a voltage reference
from a current reference and vise versa. At least one resistor will be present in
this conversion process and cause the TCr to be different. These conversions
are best accomplished by using an op amp as a current-to-voltage or voltage-to-
current converter.
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5.6 SUMMARY

Five categories of building blocks have been presented in this chapter. These
categories include switches, active resistors, current sources and sinks, current
mirrors/amplifiers, and voltage and current references. Figures 5.0-1 and 5.0-2
show how these basic building blocks can be used to design or build more complex
circuits. This chapter has paved the way to combine these building blocks with
others to be discussed in the next chapter to form analog circuits.

The material discussed in this chapter has provided the opportunity to
describe and illustrate many important principles and concepts that can be used
in other applications. The section on active resistors illustrated methods by which
the drain current dependence on the drain—source and the bulk-source voltage can
be minimized. The use of switches and capacitors to implement a resistor was
presented. Both positive and negative feedback were used to increase the small
signal output resistance of current sources and sinks. Negative series feedback was
used to increase the resistance while positive feedback was used for bootstrapping
a resistor, increasing its effective resistance. The principles of replication and
analyzing mismatched devices were demonstrated in the section describing current
mirrors/amplifiers.

Finally, the last section introduced techniques which reduced the influence
of temperature and power supply variation on the value of a voltage or current
reference. It was shown how the temperature dependence can be reduced to zero
in some cases.
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PROBLEMS

Section 5.1

5.1. What causes the nonsymmetry between the first and third quadrants in Fig. 5.1-4 for
the MOS switch?

5.2. Assume a switch is made from a MOS transistor with equal W and L. If the CMOS
parameters in Table 3.1-2 are applicable to this transistor, what are the highest and
lowest values of voltages that can exist on the source/drain when the bulk is at -5 V
and the gate at 5 V and still keep the switch on and working properly? Define the
switch as on when the switch large signal resistance is 20 k() or less.

5.3. Calculate Rgy for the transistor of Fig. 5.1-5 when Vgg = 5Vpr and W = L for
Vgs =0V, Vpg =0, and for Vgg =5 V. Assume that y=0.8 V"3 and $=0.6 V.

5.4. Find Rgy of an n-channel MOS switch if Vp = Vg=2V, Vg =0Vand Vg =5
V if W = L and the n-channel parameters of Table 3.1-2 are applicable.

5.5. Calculate the voltage feedthrough from the clock of Fig. 5.1-13a to C, of Fig.
5.1-13b (a) if C, is 5 pF and (b) if C, is 1 pF and Cgp = Cgs = 50 fF.

5.6. Use the SPICE computer simulation program to plot the on resistance of the circuit
of Fig. 5.1-15 if W/L = 10 for all transistors. Assume that Vpp = 5 V and that ¢
is 0 V and ¢ is 5 V. Use the parameters of Table 3.1-2 and obtain a plot of Rgn
as a function of the voltage at the switch terminals to ground from O to 5 V. Note that
because the switch is on, that the terminal voltages should be approximately equal.

Section 5.2

5.7. Evaluate the ac and dc resistance of the circuit of Fig. 5.2-2a when V = 2Vt using
the model parameters of Table 3.1-2. Repeat for the circuit of Fig. 5.2-2b. Assume
that the source and bulk are connected together.

5.8. Use the small signal model of Fig. 5.2-2d to rederive Eq. 5.2-5 and include the
bulk effect assuming that Vgg is positive.

5.9. Evaluate the ac and dc resistance of the circuit of Fig. 5.2-3a when V = 0.6 V using
the model parameters of I = 0.4 fA and Bg = 100 at room temperature.

5.10. Repeat Ex. 5.2-1 if V,, istobe —1 V.

5.11. Repeat Ex. 5.2-2 if the bulk—source voltages are not neglected using the bulk

threshold parameter of Table 3.1-2.

5.12. If W/L of M1 and M2 of Fig. 5.2-6 is 5, find the value of V- necessary to realize
an ac resistance of 2000 () using the model parameters of Table 3.1-2. Compare
your results with that of Fig. 5.2-8a.

5.13. If the difference between V¢, and Vy can vary from 1 to 5 V and W/L can
vary from 1 to 10, what range of ac resistance can the double-MOS resistor
implementation of Fig. 5.2-9 realize?

5.14. Use the double-MOS ac resistor configuration of Fig. 5.2-9 to implement the voltage
amplifier shown in Fig. P5.14. The op amp is an ideal, differential-in, differential-
out op amp. Assume that Vo = 5 V and V¢ = 4 V. Use the parameters of Table
3.1-2. ‘

5.15. Use the approach illustrated in the text for the parallel switched capacitor of Fig.
5.2-11 to show that the equivalent resistance of the series—parallel switched capacitor
resistor realization of Fig. 5.2-13 is given by Eq. 5.2-32.

5.16. Use the approach illustrated in the text for the parallel switched capacitor of Fig.
5.2-11 to show that the equivalent resistance of the bilinear switched capacitor
resistor realization of Fig. 5.2-14 is given by Eq. 5.2-33.
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5.17. Figure P5.17 shows an inverting integrator. If R is replaced by the series switched
capacitor realization of Fig. 5.2-12, find an approximation expression for the
transfer function, Va(s)/V(s). What is the accuracy of the integration constant
(1/R, Cy) in terms of the accuracy of the capacitors and the clock frequency?

Section 5.3 ‘

5.18. Assume that the model parameters of the npn transistor of Fig. 5.3-4a are I = 0.4
fA and Vor = 200 V. Find the value of Vgg which will give a current sink of
500 uA. Using the values of Table 3.2-2, VN and the value of the ac output
resistance. , .

5.19. Use the model parameters of Table 3.1-2 for the MOS current sink of Fig.
5.3-5a to find Vg, Vmin, and R, if the current is to be 500 uA.

5.20. Verify Eq. 5.3-8 for the MOS current sink of Fig. 5.3-7. _

5.21. Verify Egs. 5.3-15 and 5.3-16 for the bootstrapped current sink of Fig. 5.3-12.

5.22. Verify Eq. 5.3-19 for the output resistance of Fig. 5.3-15a.

5.23. Discuss a BJT realization of the regulated cascode MOS current sink of Fig. 5.3-
16a. Give a schematic of a possible realization and find the output resistance and
the minimum voltage drop across the current sink.

5.24. Verify Eq. 5.3-20 for the output resistance of Fig. 5.3-16a.

Section 5.4 }

5.25. Consider the circuit of Fig. 5.4-1 as a current amplifier. The input current will
consist of a dc and an ac current. If the dc input current is 1 mA, find the ac input
resistance, the ac output resistance, and the ac current gain (iyy/iy,) if Ig = 0.4
fA, BF = 100, and VAF =200 V.

5.26. Find the ac input resistance of the circuit of Fig. 5.4-3 looking from R, toward the

Vi (s) o—MWWW—

base of Q3 and collector of Q1. Compare this input resistance to that of the circuit
of Fig. 5.4-1.

R
o V5 (s)

1\!&3

- FIGURE P5.17



5.27.
5.28.

5.29.

5.30.

5.31.

5.32.

5.33.
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Verify Eqs. 5.4-33 and 5.4-34 of the BIT Wilson current mirror in Fig. 5.4-6.
Verify the ac output resistance of the BJT Widlar current mirror given in Egq.
5.4-41.

Assume that the output current is 0.5 mA for the BJT current mirrors listed in Table
5.4-1. Assume that the npn BJT parameters are I g = 0.4 fA, B = 100, Vg = 200
V, Vgg(sat) = 0.7 V and Vcg(sat) = 0.2 V. Find the value of 7oy and Vi for
each of the mirrors of Table 5.4-1.

Consider the circuit of Fig. 5.4-11a as a current amplifier. The input current will
consist of a dc and an ac current. If the dc input current is 0.1 mA, find the ac
input resistance, the ac output resistance, and the ac current gain (ioy/iin) using
the model parameters of Table 3.1-2 and assuming that both W/L values are equal.
Verify the ac output resistance of the MOS Wilson current mirror given in Eq. 5.4-
63. ,

Develop a MOS realization of the BJT Widlar current mirror and find an expression
for the output resistance and minimum voltage drop across the output of the mirror.
Assume that the output current is 0.2 mA for the MOS current mirrors listed in Table
5.4-2. Using the model parameters of Table 3.1-2 and assuming all W/L values
are equal, find the value of 74y, and VN for each of the mirrors of Table 5.4-2.

Section 5.5

5.34

5.35.

5.36.

5.37.

5.38.

5.39.

Vas

. Redevelop Eq. 5.5-9 for the sensitivity of Fig. 5.5-1b when V¢ is not much greater

than VREgf.

Use two collector-base connected BJTs in series in place of the single collector—
base connected BJT in the circuit of Fig. 5.5-1b and find an expression for the
sensitivity of Vg with respect to V.

If Vpp = 10 V, W/L = 5, and R = 50 kQ), find the value of VRgF of the cirucit
of Fig. 5.5-1c. Use the model parameters of Table 3.1-2. Assume that the TCf of
R is + 1000 ppm/°C and find the TCg of Vggg.

Assume for the circuit of Fig. 5.5-2a that Voc = 10 V, R, = 2R, = 2MQ, R =
100kQ), and /g = 0.4 fA. Assume also that /gy, << I¢ and find VggF.

Repeat the development leading to Eq. 5.5-34 which gives the conditions for a zero
TCg using Eq. 5.5-15 rather than Eq. 5.5-16. Evaluate the value of Vpp for the
conditions given in the text.

Assume that the voltage Vgs in Fig. P5.39 is independent of temperature. Develop
an expression that will give the value of Vgg necessary to achieve a drain current,

Vo

+

L*

FIGURE P5.39
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5.40.

5.41.

Ip, which will have zero temperature dependence. Assume that the temperature
dependence of the MOS transistor is given by Eqs. 5.5-18 and 5.5-19. Find the
value of Vg and I'p which gives zero temperature dependence at (a) T = 27°C
and (b) T = 200°C.

For the bandgap voltage reference of Fig. P5.40, assume that the emitter area of
QI is 10 times that of Q2, Vggy = 0.7 V, R, = R;, and V, = 0.026 V. Find the
value of R»/R; necessary to give zero temperature coefficient at room temperature.
For this problem assume Vg = 0.

Develop an expression for Vggr for Fig. P5.40 if Vg is not zero. Assume that
R>/R; is 10 and use the conditions of the previous problem to find VRer if Vs is
10 mV.,

Design Problems

5.42

5.43.

5.44.

. Design a switch using MOS technology which when closed will allow an uncharged

10 pF capacitor to be connected to a 5 V dc voltage source. The capacitor should
reach 4.95 V within 10 ns. What is the value of the clock voltage which will meet
this specification? Assume that the MOS technology to be used is defined by Table
3.1-2. Minimize the switch area in order to minimize the clock feedthrough.
Design a voltage divider which will provide 1 V dc from a 5 V dc voltage source.
The temperature coefficient of the 1 V dc should not be larger than that of the 5 V
dc voltage source: The sensitivity of the 1 V dc to changes in the 5 V dc supply
should be less than 0.05. Keep the power dissipation of this voltage divider to less
than 0.1 mW.

Design a current source having a value of 100 #A, output resistance of greater than
1 MQ, and a minimum voltage of at most 1 V. Assume that +5 V power supplies
are available. The design should be complete in the sense that when an external
resistor is connected to it (the other end of the resistor is at —5 V) that 100 wA
flows.




5.45.

5.46.
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Use the current mirror concept to design a differential, current input amplifier which
will provide an output current which is proportional to the difference between two
input currents. Choose the gain control as 10 so that the expression

Loue = 1001, — I2)

is realized. The input resistances of this amplifier should be less than 1 k{2 and the
output resistance should be greater than 1 M{}. Assume that =5 V power supplies
are available.

Design a bandgap voltage reference using the form of Fig. 5.5-13a or 5.5-13b.
Use this bandgap voltage reference to design a dc current reference which doesn’t
deteriorate the temperature characteristics of the bandgap voltage. Assume that +5
V power supplies are available.



