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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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- — Vbs

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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-2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0 1.5 2.0
,
(b)

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
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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.




