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Figure 6.1-19 shows the simulation of the circuit of Fig. 6.1-18a when V¢ =
—Veg =5V, Vgpy = 4.25 V, and the transistors have the parameters of Table
6.1-2. In the simulation both the pnp and npn transistors have an emitter area of
500 p? and V, = 0.0259 V. The current in the inverter is also shown in Fig. 6.1-
19. Using the model parameters of Table 6.1-2 and assuming that Vo is —5 V
gives I,; = 1.67 mA, which is close to the 1.61 mA indicated in Fig. 6.1-19.

It should be noted that the transition region is very narrow and the slope is
large, indicating a large small signal gain. The small signal voltage gain in the
transition region can be found by equating the current in Q1 to the current in Q2,
resulting in

Vin — V, ' V -V,
I exp IN = EE (1 n OU;AFN EE
Vec =V Vec = V ,
Iy exp Zcc 'BB2) [y, rec— Your (6.1-69)
Vi Varp

Differentiating Eq. 6.1-69 with respect to Vy and using Eq. 6.1-3 gives the small
signal voltage gain as

aV —(1/V
A, = ourt| _ (1/vy) 6.1-70)
oVinlg (UVarn) + (1Vapp)
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FIGURE 6.1-19
Voltage transfer curve of Fig. 6.1-18a.
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TABLE 6.1-2

Typical BJT model parameters

Parameter NPN PNP Units

Js 6 x 10716 6 x 10716 A/mil?
9.3 x 10719 9.3 x 10719 Alp?

I'; (Emitter area = 0.37 0.37 fA

500 p?)

Br 100 50 A/A

Br 0.43 1 A/A

Var 200 50 Volts

Var 20 10 Volts

T5 0.4 20 ns

G 0.5 0.5 pF

G 0.5 0.5 pf

¢ 0.55 0.55 Volts

V, = 0.0259 V at room temperature (300°K )

Equation 6.1-70 shows that the voltage gain of the BJT inverter in Fig. 6.1-18
is large and is independent of bias current. Using the parameters of Table 6.1-2
gives a small signal voltage gain of —1544. The large gain is typical of BJT
inverters using current sink/source loads.

The small signal model of the circuit of Fig. 6.1-18 is shown in Fig. 6.1-20.
The small signal model parameters shown are related to the large signal model
parameters in Table 3.2-4. The ac voltage gain can easily be shown to be

A = Yow _ _ —8m _ —Ic1/Vy) _ —(1/Vy)
" vin 8ot 82 Uc/Vam) + (Uca/Vare)  (1/Vapn) + (1/Vzpp)
(6.1-71)

which is identical to Eq. 6.1-70 and where I¢; = Ico = I¢q. The principle that
the gain can be calculated from the large signal or small signal model is again
verified. In the case of the BIT inverter, the small signal input resistance is not
infinity and is found as

Fin = Pl (6.1-72)
O
+ +
V., "m Im1 Yin ro1§ ’02§ Vit
T o N
FIGURE 6.1-20

Small signal, midband model for Fig. 6.1-18 a or b.



410  vLsI DESIGN TECHNIQUES FOR ANALOG AND DIGITAL CIRCUITS

The output resistance of Fig. 6.1-18 is

1 1
8o1 + 82 IoQU(1/VarN) + (1/Vzpp)]

The frequency response of the voltage-driven BJT inverter can be found by
inserting the parasitic capacitances of the BJT inverter in the small signal model
of Fig. 6.1-8. Assume that Q1 is a vertical NPN and that Q2 is a lateral PNP. Fig.
3.3-11, Fig. 3.3-12, and Table 3.3-5 result in Fig. 6.1-21 where Cgg + Cpc = C5,
and Ccg = C,. Therefore, the capacitances of Fig. 6.1-8 become

(6.1-73)

Fout =

€= GCgg = Cpy (6.1-74)

G, = Cepz + Ces1 = Cuo + Cesi (6.1-75)
and

G = Cep1 = Cu (6.1-76)

The upper —3 dB frequency is given by Eq. 6.1-22 as

8o1 T 82
W34 = 6.1-77
M7 Cup + Cur + Cosi ( )
The upper —3 dB frequency for a current-driven inverter is given by Eq. 6.1-29
as

- 8m1(8o1 + 802)
gmlcyl

In many cases, the output of the inverter sees a load capacitance which must be
incorporated into C; of Eq. 6.1-75.

The noise performance of the BJT inverter can be found in a similar manner
as for the MOS inverters. Figure 6.1-22 shows a model suitable for calculating
the noise. The noise sources will be assumed to be noise-voltage spectral density
sources. The form of these sources is determined by the type of noise the designer
is interested in analyzing. The noise spectral density of the output of Fig. 6.1-18
is found by superimposing the influence of Syn; and Syn» to get

W.3dB (6 1-78)

S
Sour = SvniA2 + SVNlAg(ﬂ (6.1-79)
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FIGURE 6.1-21
Small signal, high-frequency model for Fig. 6.1-18 a or b.
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Voo
Vn2
——oVour

FIGURE 6.1-22
Model for noise calculations of Fig. 6.1-18a.

The equivalent noise-voltage spectral density at the input of the BJT can be found
by dividing Eq. 6.1-79 by A2. The result is

2
Svnz

SvNi

Em2

8mi1

Seq = Svmi|1 + (6.1-80)

It is seen that the BJT inverter noise performance is the same form as that of the
MOS inverter given by Eq. 6.1-43. When the form of the noise-voltage spectral
density of the BJT is known, then Eq. 6.1-80 can be used to predict the noise
performance. The current noise spectral densities of the BJT are given as

Sic = 2gI¢ (V */Hz) (6.1-81)
and
Kgl ¥

Sw = |29l + (V %/Hz) (6.1-82)

where I ¢ and I g are dc currents of the transistor, K is the 1/f noise constant, and
AF is an exponent. Eq. 6.1-81 is the shot noise at the collector and Eq. 6.1-82
consists of both shot and 1/f noise at the base. These noise spectral densities are
assumed to be uncorrelated.

The BJT inverters of Fig. 6.1-18 are identical in their small signal
performance. An example follows to illustrate the small signal performance of
the BJT inverter of Fig. 6.1-18.

Example 6.1-4. AC performance of the BJT inverter of Fig. 6.1-18a. Find
the small signal performance of the BJT inverter of Fig. 6.1-18a using the model
parameters of Table 6.1-2. Assume Vgps =4.25 V, V=259 mV, Vec = —Vgp =
5V, and that the inverter is biased so that V, is at 0 V. Assume that the emitter
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areas of both transistors are 500 p? and the collector-substrate area of Q1 is 50 u X
100 . If the shot noise spectral density of Eq. 6.1-81 is dominant find the equivalent
input-noise-voltage spectral density.

Solution. We begin by finding the dc current in Q1 and Q2. The dc current can be
found from Eq. 6.1-68;

0.75 }
*P 10.0259

Next we calculate the small signal parameters for Q1 and Q2. Using the
formulas of Table 3.3-4 gives

5
+_
! 50

I = (0.37fA) =153 mA

_Ic _ 1.53mA _
8ml = V. o 00259 0.059 S
_ ICl _ 1.53 mA _
8o1 = —VAFN = "0 7.67 uS
and
_ lcz _ 1.53 mA _
82 = Ve 50 30.7 uS
Equations 6.1-70 and 6.1-71 give
—0.059 x 108
'S Ter+a07 o ¥
Equation 6.1-72 gives
BF 100
mn=rm;=—=———=1.695Q
T ST e 0.0598
Equation 6.1-73 gives
106
Fout = 767 + 3_0'7 = 26.06 k)

Next we must calculate the value of capacitances that determine the frequency
behavior. Assuming Vi is approximately 0.7 V gives Vg, = 4.3 V. From Eq. 3.1-
19 with n = 0.5, we find that Ccg; = 0.168 pF. Similarly, for Q2 we have Vg, =
4.25 V, giving Ccpy; = 0.169 pF. It is customary to estimate Cgg; of Table 3.3-5 as
2Cie0, or 1 pF. With 7; from Table 6.1-2 equal to 0.4 ns, Eq. 3.3-32 gives Cap; as
23.6 pF. Table 2C.4 gives the zero-bias collector-substrate capacitance of 0.79 pF.
Since the collector-substrate has a back bias of 5V, Ccs; = 0.335 pF. Thus,

Cu1 = Ccp1 = 0.168 pF
Cr1 = Cgg; + Cap; = 24.6 pF
Ccsi = 0.335 pF
and
Cuo = Ccpz2 = 0.169 pF
Equation 6.1-77 for the voltage driven inverter gives

o = 7.67 uS + 30.7 uS
2% ™ 0.168 pF + 0.169 pF + 0.335 pF

= 57.1 Mrps or 9.09 MHz
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Equation 6.1-78 for the current driven inverter gives

o 8m(Bo +ge) _ 590 uS(7.67 + 30.7) uS
B gmiCut 0.059(0.168 pF)

= 2.28 Mrps = 363 kHz

From Eq. 6.1-81, the collector shot-noise spectral density is
Sic = 4.9 X 1072 A*Hz

Dividing by g2 gives the equivalent noise voltage spectral density at the base for
both transistors as

Svg = 4.9 X 107%2/0.059 = 1.405 X 107" V¥/Hz

Eq. 6.1-80 gives the equivalent input noise voltage spectral density as
0.53 nV/VHz.

The small signal analysis and design of inverting amplifiers has been
addressed in Section 6.1. It was shown that these amplifiers consist of a voltage-
controlled current sink/source and a load. In the case of the CMOS push-pull
inverting amplifier, the load was also a voltage-controlled current source. It was
seen that the voltage transfer curves of inverting amplifiers have three distinct
operating regions. These regions are where the input is low and the output is
high, where the input is high and the output low, and a region between these two
called the transition region. Because the ac gain is proportional to the slope of the
voltage transfer curve, the high gain inverting amplifier should be biased in the
region with the steepest slope, which is the transition region. It was shown that
in the transition region, the transistors are all operating in their normal regions of
operation: the saturation region for the MOSFET and the forward-active region for
the BJT. Therefore, the small signal model for the normal-region operation was
used to predict the performance of the inverters considered in this section. The
performance variables include the small signal voltage gain, the input resistance,
the output resistance, the —3 dB bandwidth, and noise.

The inverter or inverting amplifier is a basic gain block and should be well
understood before the following sections are studied. An example follows on how
the designer approaches the implementation of an amplifier using an inverting
amplifier. This example will show some of the tradeoffs that can be made based
on the considerations presented in this section. It will also show some of the
limitations of the inverter and why we miust consider other types of amplifiers.

Example 6.1-5. Assume that you are to design an inverting amplifier with gain
equal to or greater than —100, using power supplies of 2.5 V, having a power
dissipation less than 1 mW, and using a dc value for both input and output voltages
of 0 V. Select among the inverting amplifiers presented in this section. Assume
that Tables 3.1-2 and 6.1-2 represent the model parameters of the MOS or BIT,
respectively.

Solution. The first consideration is selection of one of the inverter architectures that
have been discussed. From the specifications we note that the dc voltage across the
voltage-controlled current sink/source will be 2.5 V. This is too much voltage to
put across the base-emitter of a BJT, so we are restricted to MOS implementations.
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Although only one of the MOS inverters was shown to have zero input dc voltage
(the inverter of Fig. 6.1-15a), all could be biased with the input and output at 0
V if the W/L ratios were designed correctly. Thus, since the gain is large and we
have no other specifications to suggest otherwise, let us select the CMOS push-pull
inverter of Fig. 6.1-15a because it has the largest gain for similar dc current.

The dc current through the inverter will be selected to meet the power supply
specification. It is seen that for power supplies of +2.5 V, any current less than
200 uA will give a power dissipation less than 1 mW. Let us arbitrarily choose a
dc current of 100 uA. The next step is to find the W,/L; ratio that will give this
current for a gate-source voltage of 2.5 V. Using the large signal equation in the
saturation region, we get

W, _ 214 _ 2(100) —12.59 =S

L, Ki(Vgst — Vi) 2(1 + AnVas)  (24)(1.75)2(1.05) ' 2
Solving for W,/L, using the same approach gives

Wy _ 214 _ 2(100) _742~1_5

Ly Ko(Vip— | Ve D21 + ApVa)  (8)(1.75)%(1.1) ' 2

Putting these values into Eq. 6.1-59 gives a small signal voltage gain of —73.
Unfortunately, we now face the type of problem that a designer will encounter
many times. The design meets two of the three specifications. If we are restricted
to inverting amplifiers, what can be done to meet all of the specifications? One
might be tempted to lower the current since it was shown that the ac gain was
inversely proportional to the square of the dc current. However, this relationship
only holds when everything else, such as W/L values, remains constant. If we
attempt this approach, the requirement that Vgs; = 2.5 V will cause the W/L values
to change, resulting in the same gain as before. If the preceding formulas for
WIL are substituted into Eq. 6.1-59, it will be seen that Vs must be changed to
produce the correct gain. Unfortunately, this implies changing the power supplies,
which is probably beyond the control of the designer. None of the other MOS
configurations will meet all three specifications for the same reason that the push-
pull CMOS inverter fails. One must turn to other architectures or change the
specifications. This example will be reconsidered in the next section.

6.2 IMPROVING THE PERFORMANCE
OF INVERTING AMPLIFIERS (CASCODE
AMPLIFIERS)

A very useful amplifier called the inverting amplifier was introduced in Section
6.1. The inverting amplifier is intended to invert and amplify small signals. The
objective of this section is to take a closer look at the performance of inverting
amplifiers. By doing so, we will see areas where the small signal performance can
be improved or design constraints eliminated. Some of the topics not addressed in
the last section include controlling or designing the frequency response, achieving
higher gain, and decoupling the ac and dc design constraints. These topics
seriously limit the performance of the inverters of the previous section. For
example, if the inverter is current-driven, the bandwidth is severely reduced from
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the bandwidth of the voltage-driven inverter. In many of the MOS inverters, an
ac gain larger than —100 would be difficult to achieve. Example 6.1-5 illustrated
the problems that develop between ac and dc specifications. In that example, we
saw that it was impossible to satisfy all the design requirements simultaneously.

Let us first examine how the designer can control the frequency response of
an inverting amplifier. Assume that the source can be represented by a Thevenin
or Norton form having a source resistance of R;. If the voltage amplifier of
Fig. 6.1-8 is voltage-driven, then R; = 0 and the —3 dB bandwidth is given from
Eq. 6.1-22 as '

w3(Rs = 0) = —cziz G (6.2-1)

where R; is the resistance of the input source. If Ry is large, then the amplifier is
current-driven. If this amplifier is current-driven, we have shown in Egs. 6.1-27

and 6.1-28 that the poles are widely spaced and the —3 dB bandwidth is from
Eq. 6.1-29 '

w3an(Rs # 0) ~ £182 (6.2-2)
gmC3

Since g, is typically much greater than g, the bandwidth of the current-driven
inverter is less than the voltage-driven inverter. A useful heuristic viewpoint of
the current-driven inverter is shown in Fig. 6.2-1 for the inverting amplifier of the
circuit of Fig. 6.1-11b. In many circuits, the poles can be closely approximated
by the reciprocal product of the resistance and capacitance to ground at a node.
In this circuit there are two poles. p; is associated with the input and p, with
the output of the inverter. Typically, R, is the output of another inverter and is
approximately equal to the 7, of a MOSFET. The resistances associated with each
pole are approximately the same in most cases. However, because of the Miller
effect, the Cypq; capacitance is reflected in parallel with the gate and source of
M1, causing p; normally to be much less than p,. The objective of the following
discussion is to show how to obtain current-driven inverters that have bandwidths
approximately equal to those of voltage-driven inverters.

—T Voo

fa—

VBpo—-I M2 p, (high resistance point)

p, (high resistance point) F—o V,

M1
.
In Ry

I L FIGURE 6.2-1
- - Py << P2 Current-driven CMOS inverter.
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6.2.1 Current-Driven CMOS Cascode Amplifier

Consider Fig. 6.2-2, where the voltage-controlled current sink of Fig. 6.1-3a has
been implemented by the architecture of Fig 5.3-8b rather than the architecture
of Fig. 5.3-5a. As in Sec. 6.1, the input is at the gate of M1. The gates of
M2 and M3 are biased by the dc voltages Vgp and Ven, respectively. M3 is
called the cascode transistor and has a very important influence on the frequency
performance. Figure 6.2-3a shows the small signal model for Fig. 6.2-2. Note
that since the source of M3 is not on Vgg, bulk effects must be included. The
small signal model can be redrawn as illustrated in Fig. 6.2-3b. An important
observation is the influence of M3 on the resistance seen by the drain of M1.

This resistance has been reduced from a level of 1/g, in the circuit of Fig. 6.1-
115 to a level of less than 1/gn3 (gm3 refers to the sum of g3 and gnp3). The
midband, small signal voltage gain from V; to V, is approx1mately —8m1/&ums-

Considerable mathematical manipulations can be avoided in finding the poles of
the circuit of Fig. 6.2-2 if we assume that rag is approximately infinity. This
results in the approximate circuit shown in Fig. 6.2-3¢, where the notation of
Fig. 6.1-8 has been used for the left-hand part of the circuit. In this case, we can
use Egs. 6.1-27 and 6.1-28 to find the poles of the left-hand part of the circuit.

Using the equivalent expressions given in Fig. 6.2-3c gives the poles of Fig.

6.2-2 as

GG, G+G  gmG| _

pi(cascode) = —
82 81 8182
—&1
— (6.2-3)
C1 + G[1 + (gm1/8m3)]
pa(cascode) ~ —8m3[C1 + G + C3(gm1/8m3)] 6.2-4)

GG + GG + GG

T Voo

]

M2 P, (high resistance point)

Vout

o——I

p4 (high resistance point
with reducedc)

I Ny

R, FIGURE 6.2-2
L v Current-driven cascode inverting
- 8s amplifier (Vps, = 0).

L

le— P, (low resistance point)

Y=L
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FIGURE 6.2-3
(a) Small signal model of Fig. 6.2-2, (b) Equivalent model of (a), (¢) Model if ry; is assumed
infinite.

The output pole associated with Cy is

p3(cascode) = -1 (6.2-5)

Cs
Comparing Egs. 6.2-3 and 6.2-4 with Eqs. 6.1-27 and 6.1-28 shows that the
influence of the cascode transistor (M3) is to bring the input pole back to
the value it would have if C; were zero (—g,/C; as seen from Fig. 6.2-3¢).
The higher inverter pole corresponding to Eq. 6.1-28 and now given by Eq.
6.2-4, has not been influenced very much by the cascode transistor. Looking at
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these results and assuming that all capacitors have approximately the same value
within a factor of 5, that g.,; = gn3, and that R; is less than or equal to r,, we
see that

| pi(cascode) |=~| p3(cascode) |<| p2(cascode) | (6.2-6)

6.2.2 Voltage-Driven CMOS Cascode Amplifier

The low-frequency voltage gain of the voltage-driven cascode amplifier can be
found from the equivalent circuit of Fig. 6.2-3, by replacing I, with a voltage
source and noting that Vi, =~ V;. The nodal equations at nodes A and B,
disregarding the capacitors, can be found as

(gas1 + 8ds3 + €m3 + gmbs3) Vo — 8ds3Vour = —gm1V1 (6.2-7)
—(84s3 + &m3 + &mbs3) V2 + (8as2 + £ds3) Vour = 0 (6.2-8)

Solving for Vo, /V, gives

Vou _ Vou _ gmi1(8m3 + gmbs3 t gus3) ~ _&ml
Vi Vin  8as18ds2 T 8as18as3 t 84528453 + £52(8m3 + &mbs3) 8ds2
(6.2-9)

This gain should be compared with that of Eq. 6.1-50 for the current-source-load
sinking inverter of Fig. 6.1-11b. Because of the cascode influence of M3 on the
output resistance of M1, g4 (r4;) is no longer important. Thus, under similar
conditions, the cascode CMOS inverter should have an ac gain approximately
twice that of the simple CMOS inverter of Fig. 6.1-115.

Generally, with the addition of active devices, the equivalent input noise
increases. It is of interest to determine the influence of M3 on the noise per-
formance of the cascode CMOS inverter. Figure 6.2-4a shows a model appro-
priate for calculating the noise of the voltage-driven cascode CMOS inverter.
Superposition is used to find the contribution of each noise source to the output.
The contribution of V3 requires particular attention. Figure 6.2-4b gives the
small signal model that can be used to find the contribution of V3. Writing
nodal equations gives

(8as1 + &ds3 T &m3 t 8mb3) Vs — 843Vour = gm3V s (6.2-10a)

—(8as3 + &m3 T 8mb3) Va + (8as2 + 8453) Vour = — Vs (6.2-10b)

Solving for Vou/ V3 gives

Vout —8ds18m3

Vis  8as18as2 + 8as18as3 + 8as28ass + 8as(8ms + mps)

—845s18m3 (6.2-11)
8as2(&m3 + &mb3)
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G3 _ S3 D3
_ — Vour + Vosa - ‘@' +
y L M3 Im3Vgs3
o : : I DI VSS Vns faat _@ fas2 Voul

7, Y-

—L—Vss
@) (b)

FIGURE 6.2-4
(@) Model for calculating the noise performance of the cascode CMOS inverter, (b)) Model for
calculating the noise of M3.

We note that under most normal circumstances, the gain of Eq. 6.2-11 will be
less than unity. The reason for this is the large resistance (r45;) from the source
to ground of M3. The total output-noise-voltage spectral density can be found as

2

Sout = (g Svni + |5 Svne + Svws (6.2-12)

8ds2

ds2

The equivalent input-noise-voltage spectral density is found by dividing Eq.
6.2-12 by the square of the small signal, frequency independent voltage gain

(8m1/8ds2)? to get

SVNZ (6.2-13)

Seq. = Svn1 + SVN3 =~ Svn1 t+ £z

ml

, 2
Bl | §ung + | B2

8 ml 8ml
It is of interest to note that for all practical purposes, the addition of the cascode
transistor, M3, does not influence the noise performance.

6.2.3 Improving the Gain of the CMOS
Cascode Amplifier

The second performance limitation that was found particularly in the MOS invert-
ing amplifiers of Fig. 6.1-11 was a small voltage gain. The ac voltage gain of
the inverting amplifier was found to be gn, times the output resistance of the
amplifier. One can increase g, Or oy to increase the gain. If one could increase
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the current in the transconductance transistor but not in the load transistor, then
the gain would increase by the square root of this current increase. Consider the
cascode CMOS inverter illustrated in Fig. 6.2-5a where a dc current source of
value 7, has been connected between Vpp and the drain of M1. Because of the
low resistance at the point where the current source is attached between M1 and
M3, the small signal voltage gain is still given by Eq. 6.2-9. The injection of /,
will increase only g, as shown below.

0.5 0.5

2K Wi Ip;
LiIpyAp;

A, =~ —“8ml _

2K4LW, )"'5( I,
= —_— 1+ — (6.2-14)
8ds2 LilpAp Ipp

The first product in the rightmost part of Eq. 6.2-14 is the normal gain of the
cascode CMOS inverter. The second product in the rightmost part of Eq. 6.2-14
is the amount by which the gain is increased by the injection of the dc current
I,. If the value of 1, is 15 times I, the gain enhancement is 4. Unfortunately,
the square root factor restricts this method to small gain increases.

Fig. 6.2-5b shows a method of reducing the gain of the cascode CMOS
inverter. It may seem strange to reduce the gain, but many times the gain needs
to be reduced. In this case, Eq. 6.2-14 is written as

’ 0.5 ’ 0.5 0.
A ~ g_"i _ ZKNW11D1 =[ 2KNW1 [1 _ _I_O___ > (6 2_15)
" gan LiIpsAp LilpApy Ipy ‘
Voo __ViD
¢102 ‘Ioz
[ / -
Vep °—{ M2 C‘) ° Ve °—| M2
—o Vour —— Vour

Ven o—] -~ Vs Ven o— Vs
* ID1
o S CENO?

Vss Vss

@) (b)

FIGURE 6.2-5
Modification of the ac gain by changing g,: (a) Gain enhancement, (b) Gain reduction.
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We note that I, cannot be larger than Ip,. The dc current control methods
proposed in Fig. 6.2-5 for adjusting the dc gain of the CMOS inverter work
primarily because of the low resistance seen at the source of M3.

The addition of a fourth transistor to achieve the cascode CMOS inverter of
Fig. 6.2-6 is probably the best method of significantly increasing the ac gain of
the CMOS current-source-load inverter. The effect of M4 is to cascode the current
source M2 and to boost its output resistance seen by M1 and M3 by roughly a
factor of gmarqss. This causes the output resistance of the inverter to increase the
gain. An easy way to calculate the ac gain is to take advantage of previous work.
The output resistance of the circuit of Fig. 6.2-6 can be calculated using the result
of Eq. 5.3-10. This resistance is the parallel combination of two cascoded current
sinks/sources and is expressed as

Tout =

1

(8a51843) (€ as1 + 8as3 + &um3 + 8mb3) + (84s28asa) [(8as2 + Gaisa + 8ma + Gmba)
1

(84s184s3/8m3) + (8as28dsa/gma)

Multiplying 7oy by —gm1 gives the ac small signal voltage gain of the circuit of
Fig. 6.2-6 as

(6.2-16)

A, =~ —Emigm38 md (6.2-17)
8ds18ma8ds3 t £ds28 m3& dss
— Voo
e
Vap1 M2
| M4
Vep2 -———— Vop
]

—=° VOUT

fe———— Vs

M1

111

Vin

FIGURE 6.2-6
—— Va5 Fully cascoded current-sinking inverter.
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It can be seen by comparing Eq. 6.1-50 with Eq. 6.2-17 that the ac voltage gain of
the current-source-load inverter has been increased by a factor of approximately
gmro/2 assuming gu3 = gm4 in Eq. 6.2-17. An example will illustrate some of
the preceding concepts:

Example 6.2-1. Improving the performance of a CMOS inverting amplifier.

~ Repeat Example 6.1-2 for the circuit of Fig. 6.2-6 with the following changes.
Let all W/L ratios be 10 u/10 u and let Vgp; = 3V, Vgp, = 1V, and Vpy =
—1 V. Assume that the values of capacitances still hold, although the widths of the
transistors have changed.

Solution. The current can be found from knowing the voltages across M2. Ignore
the drain voltage for the moment. The current is

8
Ip = 5(2 -0.75)% = 6.25 pA

Ignoring the bulk effects on M4 and equating drain currents, it follows that Vgss =
Vgs2. Therefore, the source of M4 or drain of M2 is at 3 V. Using the fact that
V2 = 2 V allows the recalculation of I 4, including the channel modulation as

Io = 6.25 pA[l + (0.02)(2)] = 6.625 uA
Assuming that Ve =~ 2 V gives Vpy:
V1s = 0.75 + 0.4[(2.6) — 0.6]°° = 1.085 V

This value of V4 gives Vg =2.372 V or Vg, = 1.628 V. We could iterate toward
a closer solution, but these results are sufficient. Assuming that the dc value of the
output is at 0 V, both M2 and M4 are in saturation.

The dc value of Viy can be found assuming 74 = 6.625 uA, to get

2(6.625)
24

Therefore, the quiescent value of Vi, is -3.507 V. Ignoring the bulk effect on M3
gives Vg = Vi = 1.493 V so that V4, = V3 = —2.493 V. Using this value to
calculate the threshold voltage of M3 including bulk effects gives

Vo3 = 0.75 + 0.8(3.093 — 0.6)%° = 1.537 V

This value of V3 gives Vg3 = 2.280 V. Subtracting this value from —1 V gives
Var = —3.280 V or V4 = 1.720 V. We see that both M1 and M3 are also in
saturation. As above, we could continue to iterate, but these values are sufficient
for this example.

The small signal parameters are found from Table 3.1-3 as

gmi =8&m3 = [2(24)(6.626)1°° uS = 17.83 uS
8ast =8as3 = 0.0663 uS 7

_0.8(17.83 uS)
mb3 = 51720 + 0.6)05

gm =8mas = [2(8)(6.626)1°° uS = 10.3 uS
8ds2 =8ass = 0.1325 uS

0.5
J =1493V

Ve = 0.75 +

= 4.683 uS
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and

_0.4(10.3 uS)
Bmb4 =2(1.628 + 0.6)05

Putting these values in Eq. 6.2-15 yields an output resistance of 601 MQ.
Multiplying by —gm; gives an ac voltage gain of —10,716. This gain has been
increased over that of Example 6.1-2 for two reasons. The first is the addition of
M3 and M4, and the second is the fact that the current is approximately one-half
that of the previous example.

Assuming that the dominant pole is the one associated with the output, the
—3 dB bandwidth can be found as

1

©3d8 = 601 M Ceps + Cpss + Cops + Cops)
' 1

601 MQ(4.73 + 30.93 + 2.1 + 16.04)pF

= 1.380 uS

= 30.93 rps or 4.92KHz

This extremely low bandwidth is a consequence of the high output resistance. The
noise-voltage spectral density of the inverter in Fig. 6.2-6 can be found as

Seq. = (100 nV/ \/-I:I—z)[l +(10.31/17.83)2]°° = 115.5 nV/+/Hz

The noise performance is seen to be essentially identical to that of the CMOS
inverting amplifier of Example 6.1-2.

One of the purposes of this section is to expand the degrees of design
freedom for the inverting voltage amplifier. Example 6.1-5 of the preceding
section depicted a case where not all of the design specifications could be met.
It is appropriate to reconsider this example to show how the ideas of this section
permit the specifications of Example 6.1-5 to be satisfied. The following example
gives the details.

Example 6.2-2. The objective of this example is to show how to meet all of the
specifications of Example 6.1-5 using the information introduced in this section.
Recall that the design was to achieve a small signal voltage gain greater than —100
using +2.5 V power supplies and a dissipation less than 1 mW. The amplifier is
also to be designed so that the dc value of input and output is 0 V.

Solutions. Tt was seen in Example 6.1-5 that MOS devices had to be used in order to
allow a 2.5 V drop on the input device between the gate (base) and source (emitter).
Unfortunately, the dc voltages defined the W/L ratios, resulting in a voltage gain
of —73.

We will again choose MOS devices for the same reason. If we insert cascode
devices in the design of Example 6.1-5, two problems will result. The first is
that very little output voltage swing is possible if all transistors are to. be kept in
saturation. The second is that the gain will be much larger than —100. A better
compromise is shown in Fig. 6.2-7a. A single n-channel transistor serves as the
voltage-controlled current sink (M1) which is the input device and a cascoded current
source (M2 and M3) is the load. It is importan_t for the reader to understand the
motivation for this choice. If we assume the same dc current level as in Example
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PSPICE INPUT FILE FOR FIG. 6.2.78
. WIDTH OUT = 80
VIN 1 0 DC 0.06
VDD 3 0 DC 25
2.0V |- VSS 4 0 DC -25
VGG2 6 0 DC 1.0
VGG3 7 0 DC 0.0
M1 2144 NMOS! W=250 L=10U
1.0V | M2 5633 PMOS! W=440U L=10U _ _
' M32753 PMOSI W=790U L=10U
. MODEL NMOS1 NMOS VTO = 0.75 KP = 24U
+GAMMA = 0.8 LAMBDA = 0.01 PHI = 0.6
. MODEL PMOS1 PMOS VTO = —0.75 KP = 8U
Vour 0.0V | .+ GAMMA = 0.4 LAMBDA = 0.02 PHI =0.6. _
.DCVIN -25 25 0.05
.PRINT DC V (2)
LTFV(2) VIN
PROBE
-1.0V |- -END - e
2.0V | -
-3.0v I i i 1 ]
-3.0v 2.0V -1.0v 0.0v 1.0V 2.0v 3.0v
VN
(b)
FIGURE 6.2-7

(a) Circuit for Example 6.2-2, (b) Simulation results.
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6.1-5, then an inverter such as that of Fig. 6.1-115 would have a gain of —g,/
(gas1 + gas2), which for 100 A of bias current gives

A, = —gmi _ —109.5 uS - —365

8ast T 8as2 1S +2uS

Because we are not using the push-pull configuration, the gain is one-half of —73.
Next, we note that if we can use a cascode (M3) in the load, then the effective
g4s2 in this expression becomes much less than gg4;. Thus, the ac gain will be
approximately —109.5, which exceeds the —100 gain specification. Note that this
would not have worked if the input device (M1) were p-channel and the load devices
(M2 and M3) were n-channel. Because the gate voltage of M2 is under our control
(not required to be 0 V), we can carefully design the dc voltages associated with
M2 and M3 to provide as much signal swing as possible and still keep these devices
in saturation.

Although we are not yet really concerned with signal swing, let us attempt to
bias M2 and M3 to achieve a good result. We begin by picking the voltage across
the source-drain of M2 as 1 V. The gate voltage is selected to keep M2 in saturation
using the following relationship.

Vsp2 > Vsaz — Vel = Vse2 < Vspp + |Vrp| = 1.75 V

If we pick Vggz as 1V, Vg is 1.5 V, which satisfies the constraint. Assuming the
dc current is 100 A gives Wo/L, as

Wy _ 21p _ 2(100) —436~ﬁ

Ly  K¥(Via— | Ve D21 + ApVan)  8(0.75)%(1.02) . 1
The large value of W /L is due to the choices of dc voltages.

With Vi3 = —2.5 V, we calculate | Vi3 | as 1.144 V due to bulk effects.

For M3 to remain in saturation, Vg3 < Vsps + |Vms| or Vpgs < |VT3|. Therefore,
selecting Vggz =0 V gives a maximum positive output voltage of | V3 | or 1.144 V.
This could be increased by increasing Vg3, however with Vggs =0 V no additional
bias supply is required. The negative swing can be found by noting that

Vost > Vgsi — Vin=1.75V

Therefore, the negative swing is limited to 0.75 V. The value of W3/L3 is found
from
W3 2Ip 2(100) 79

Ly K#(Ven— | Vs D21 + ApVpss)  8(1.50 — 0.946)2(1.03) A=

Again, this large value of W/L is due to the small dc voltage drop associated with
M3. If Vggs > 0V, then W3/L; would be even larger, but the positive signal swing
would be increased. Since the output signal swing was not a specification, we will
leave the design as it is. With the given values, the ac resistance of M2 and M3 seen
by M1 is approximately 89 M. The ac gain turns out to be approximately —108,
which meets the specification of Example 6.1-5. Figure 6.2-7b shows the simulation
results of this example. The simulation output file shows that the ac gain is —112.5
and the power dissipation is 0.5 mW. The positive output voltage swing is higher
than anticipated because the gain is not influenced significantly when M3 is in the
triode region. The value of the output is not 0 V when V;; = 0 V because the gain
is too high and the W/L values have not been precisely chosen. It is not worthwhile
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to go back and make this adjustment because the values of the model parameters are
not that well known. The best approach is to get as close as possible (as illustrated)
and assume that external negative feedback will be used to achieve the desired
voltage levels.

6.2.4 The BJT Cascode Amplifier

The principles of increasing the performance of MOS inverting amplifiers covered
in this section can also be applied to BJT inverting amplifiers. In the case of the
BIJT, it is not so important to increase the gain. Therefore, we will focus on
the control of the frequency performance of the BJT inverting amplifier. Figure
6.2-8 shows the use of a cascode BJT (Q3) to reduce the Miller effect of the
capacitance C,; of Q1 when the amplifier is driven by a high-resistance source
(current driver). The circuit of Fig. 6.2-9a shows the small signal model of Fig.
6.2-8. We assume initially that the input to the circuit is a current source /5.
Figure 6.2-9b shows the circuit after rearranging the g3V, transconductance
source. If we assume that ry,; can be ignored, then Fig. 6.2-9c¢ results. This
simplified small signal model allows us to take advantage of the previous results.
The previous development for the MOS version can be used for the BJT. The
equations equivalent to Eqs. 6.2-3 through 6.2-5 for the BJT are

=

G+ G + C+ G + gmCs| "
82 81 8182
—g1 - 8wl
G+ Gl + (gm1/8gm3)]  Cri + Cutll + (gm1/8m3)]

pi(cascode) = —

(6.2-18)

Vee

VBB Q2

——————9° VOUT

VBB3 Q3

&)

k]

— FIGURE 6.2-8
Vee BIT cascoded inverting amplifier.
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FIGURE 6.2-9

(@) Small signal model for Fig. 6.1-8, (b) Equivalent model, (c) Simplified model.

_ —gm3C1 + G + G(gmi/gm3)]
pa(cascode) CiCy + C1Cs + GG

—8m3lCm + C[.Ll + C;Ll(gml[gmB)]

(6.2-19)
C7r1C17'3 + CTI'IC]J.I + C1r3C/.L1
The output pole associated with C, is

ps(cascode) =~ L —-L

6.2-20
Cy C,Lz + Cll-3 ( )
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Normally, C, is greater than C,, so the results simplify to

—8wl

p1(cascode) = (6.2-21)
C‘n’l
and
pa(cascode) ~ —Sm3 (6.3-22)
C‘rr3
From Eqs. 6.2-20 through 6.2-22, we see that
p3(cascode) < p(cascode) < p,(cascode) (6.2-23)

The result is similar to the MOS cascode amplifier. The dominant pole has now
been shifted to the output of the amplifier. Note that the p;, pole of the BJT
cascode amplifier is not as sensitive to the source resistance as was the MOS
cascode amplifier because of the presence of r ;.

The low-frequency gain of the voltage-driven cascode BJT amplifier can
also be found from Fig. 6.2-3 using the proper substitutions for the elements,
which are obtained by comparing Fig. 6.2-3a with Fig. 6.2-9a:

Vou® _ vou _ You _ —gmi(gm3 + 803) _ ~8&m
Vin ) Vin Vi 801802 + 801803 1 802803 1 £028m3 802
(6.2-24)

Comparing this result with Eq. 6.1-71 shows that the influence of the output
conductance of Q1 has been eliminated from the voltage gain. Therefore, by
comparing Eq. 6.1-71 with Eq. 6.2-24 it follows that the small signal voltage
gain of the cascode BJT inverting amplifier should be greater than the gain of a
BIJT current sink inverting amplifier of Fig. 6.1-8 by approximately a factor of
2 if | Varn |=| Varp |. The output resistance is found by the reciprocal sum of
the output conductances of Q3 and Q1. From Egs. 5.3-3 and 5.3-9, the output
resistance of Fig. 6.2-8 is

1
Tout = ro2” ro3ll + (gm3 + 303)(r1r3|| ro)l =rg = V—AIF_P

(6.2-25)

Comparing Fig. 6.2-9¢ with Fig. 6.2-3¢ and assuming that the dominant pole is
equal to ps(cascode), then Eq. 6.2-5 gives the —3 dB bandwidth as

84 802

3dB = L = <, A 6.2-26

w3 = o Coz + Cx ( )

Any capacitance at the output of the BIT cascode inverting amplifier must be

added to C4 in Eq. 6.2-26. The noise performance of the BJT cascode inverting

amplifier is characterized by the previous analysis for the CMOS cascode inverter

amplifier. It can be shown that Eqs. 6.2-12 and 6.2-13 also hold for the BJT

cascode inverting amplifier of Fig. 6.2-8.
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Example 6.2-3. Repeat Example 6.1-4 for the BJT cascode inverting amplifier of
Fig. 6.2-8. Assume that Vgg3 is —2 V.

Solutions. Using the results of Example 6.1-4, the current in all transistors is seen
to be approximately 1.53 mA. Using the values calculated in Example 6.1-4 gives
the small signal voltage gain as

_ —gm _ 00595
o = TTag7 MS= 1928

A,

The gain is not increased much due to the fact that g, is approximately four
times go;. The input resistance is still 1659 ) and the output resistance is
13 MQ||32.57 kQ = 32.49 k. The three poles of the current-driven amplifier
are given from Eq. 6.2-20:

p3(cascode) = 91.06 Mrps or 14.5 MHz
from Eq. 6.2-21:
pi(cascode) =~ 23.98 Mrps = 3.817 MHz
and from Eq. 6.2-22:
pa(cascode) =~ 2398 Mrps = 381 MHz

We see that the inequalities of Eq. 6.2-23 are not satisfied in this case. The
low output resistance and the high value of C, compared with C, has caused
pi(cascode) to determine the bandwidth. If we assume a 10 pF load at the output,
then p;(cascode) becomes 2.977 Mrps or 0.474 MHz and ps(cascode) determines
the bandwidth. If the poles are closely grouped, then an approximation to the —3
dB bandwidth is given as

wsa =~ [p} + p3 + p3l"?

It can be seen that the noise is the same as for Example 6.1-4 if we make the
assumption that the contribution of Q3 is negligible. One of the largest differences
between this example and Example 6.1-4 is that the -3dB bandwidth of the current-
driven cascode is approximately 10 times larger.

One of the reasons for introducing the cascode transistors was to enable
a boosting or reduction in gain by current injection or removal from the circuit
of Fig. 6.2-8. Because of the high gain available from BJT amplifiers, these
techniques are less important and will not be considered. We will complete this
section by considering the tremendous gain that can be achieved from the fully
cascoded current-sinking inverter of Fig. 6.2-10. This inverter has an output
resistance given as

Fout = {ro3ll + (gm3 + £03) (P3| For)IHI{7oal L + (gma + goa) (rmal|re) T}
1

Ica/[Vapn(1l + Ben)] + Tca/[Vare(1 + Brp)]
(6.2-27)

~ ro3(1 + Benl|roa(1 + Brp) =
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FIGURE 6.2-10
Vee Fully cascoded BJT push-pull inverting amplifier.

The small signal voltage gain of the circuit of Fig. 6.2-10 is given as

PR —Ic/V
v T T EmiTon T T I IVarn(l + Bon)] + I/ [Varp(1 + Brp)]
| (6.2-28)
Normally I¢c; = Ic3 = I ¢4 s0 Eq. 6.2-28 can be written as
—1/V,
Ay = —gmiTout = : (6.2-29)

V[Varn(1 + Be)1 + V[Vare(1 + Brp)]

Note that the small signal gain of Eq. 6.2-29 is dependent only on the parameters
of the BYT models and therefore is the maximum achievable gain given the BJT
model parameters. If we assume the values given in Table 6.1-2, the voltage
gain of the circuit of Fig. 6.2-10 is —87,420. The reason the gain is so large
is that S output resistance is equal to 2.264 MQ) if the dc currents are 1 mA.
This high output resistance also causes a low bandwidth. If Cus =Cy =02
pF, the -3 dB bandwidth is 1.104 Mrps or 175 kHz if the output resistance is
2.264 M. Typically, the capacitance at the output is more on the order of 10 pF
(an oscillloscope probe is typically 14 pF). This causes the —3 dB bandwidth to
be 6.81 kHz.

It has been shown how the use of additional devices can improve the
small signal performance of the inverting amplifiers covered in Sec. 6.1. The
bandwidth is extended in the case of the current-driven inverter. In addition,
the gain is increased by two means. The first is the injection of dc current into
the transistor acting as a voltage-controlled current sink (or source), and the
second #s the use of the cascode configuration to increase the ac output resistance.
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The additional devices also give an extra degree of design freedom. The tech-
niques presented in this section will be useful in improving or modifying the
performance of more complex amplifiers containing inverting amplifiers.

6.3 DIFFERENTIAL AMPLIFIERS

The differential amplifier has become a very useful circuit because of its com-
patibility with integrated circuit technology, in addition to its ability to amplify
differential signals. Any two signals can be decomposed into a difference-mode
signal, Vp, and a common-mode signal, V. This is illustrated by the following
relations, where V; and V, are two arbitrary input signals.

1%

Vi = —2D + Ve (6.3-1)
1%

V, = —7" + Ve (6.3-2)

It is easy to see that Vp and V¢ are defined as
Vb=Vi=V, (6.3-3)

and

W+

V N
¢ 2

(6.3-4)
The objective of the differential amplifier is to amplify only the difference between
two input signals, regardless of the level of the common-mode signal.

The differential amplifier is characterized by its differential-mode gain and
its common-mode gain. The ratio of the differential-mode gain to the common-
mode gain is called the common-mode rejection ratio (CMRR). 1deally, the CMRR
should be as large as possible. This normally means that the common-mode
gain should be as small as possible. Another characteristic of the differential
amplifier is the input common-mode signal range, which specifies the range of
common-mode values over which the differential amplifier continues to sense
and amplify the differential-mode signal. Yet another characteristic that affects
the performance of the differential amplifier is offset. When the input differential
voltage or the input differential current is zero the output of the differential
amplifier may not be zero. Input offset voltage, Vg, is the magnitude of a
voltage source connected between the inputs of a differential amplifier that would
make the output equal to zero. Typically, the common-mode input voltage is also
given, since the input offset voltage or current may be dependent on its value.
Vos should be treated as a random variable. The input offset current, I g, is the
difference between two current sources applied to the inputs of the differential
amplifier that is required to make the output equal to zero. Iog should also be
treated as a random variable. Both Vo5 and 7 og are dependent on temperature in
most differential amplifiers.
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6.3.1 CMOS Differential Amplifiers

Figure 6.3-1 shows the circuit of a general MOS differential amplifier. The blocks
labeled active load can consist of any of the circuits previously discussed that
will replace resistances. The key aspect of the differential amplifier is the input
source-coupled pair, M1 and M2.

We will first examine the large signal characteristics of the circuit of Fig.
6.3-1. Assume that M1 and M2 are in saturation. Neglecting channel modulation
and assuming Vq; = Vry, it follows that the pertinent relationship describing the
large signal behavior is given as

a1 V2 [ogo 112
Vib = Vo1 = Vaz = Ves1 — Vas: = | —==| - —E] (6.3-5)
B1 B2
and
Iss =Ip1 + Ipy (6.3-6)

where B = K'(W/L). Assuming that 8; = B, = B, substituting Eq. 6.3-6 into
Eq. 6.3-5 and forming a quadratic allows the solution for /p; and Ip; as

1172

i 2
I _!_§§+I_SS.BVID_% (6.3-7)
Pb™ 2 7 2| I Mg '
and
r 2 1172
I _Iss _Iss|BVD BV 6.38)
M2 2| Is 4| ‘
These relationships are valid only for
2] << 112
|V |= [—SS] (6.3-9)
A
T il
Active Active
load load
Vi Vi
ID1 ‘ D1 D2 * IDz
7 o—:i M1 M2 ho Va2
Vast _ _Ves2
"ss
V M5
o °—||: FIGURE 6.3-1
A general MOS differential amplifier

——Vss configuration. Vgs; = Vgs; = 0.
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and for M1 and M2 in saturation. Figure 6.3-2 shows a plot of the normalized
drain current of M1 versus the normalized differential input voltage. The large
signal voltage transfer characteristics of the differential amplifier can be found
by using the results of Eqs. 6.3-7 and 6.3-8 along with the voltage-current
characteristics of the active-load devices.

It is of interest to find the regions where M1 and M2 are in saturation. These
regions can be found by using the definition in Eq. 6.3-3, rewritten as

Vb = Vo1 — Va2 (6.3-10)
If we assume symmetry and no common mode excitation, then

Vip

Vo = =~ (6.3-11)
and
Ve = ~% (6.3-12)
Therefore, M1 is in saturation if
Vb1 2 Vg = Vin = % - Vin (6.3-13)
and M2 is in saturation if
Vo = —% - VN (6.3-14)
L
Iss

: . /B
-z -1 0 1 iz /;V'D

FIGURE 6.3-2
Large signal transconductance characteristic of the MOS differential amplifier.
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One way to illustrate these constraints is to plot Vp; or Vp, as a function of
Vip. Assume that the loads of the circuit of Fig. 6.3-1 are resistors of value Ry .
Figure 6.3-3 shows a plot of V; and Vp, for an arbitrary value of Ry. Equations
6.3-13 and 6.3-14 are plotted in Fig. 6.3-3 to show the regions where M1 and
M2 are saturated. It is seen that the value of Ry will determine how much of the
transfer characteristic is in the saturated region. For example, if IssR;, = Vpp,
most of the transfer characteristic of M1 and M2 will be in the saturation region.

It is of interest to find an expression for the large signal transconductance of
Fig. 6.3-1. Differentiating Eq. 6.3-7 with respect to Vip and setting the quiescent
value of Vp equal to zero gives the differential transconductance of Fig. 6.3-1 as

_ dipy

g _(Bllss)”z_(K'IssW1)”2_(K'ID1W1
. = - — (2 o1

1/2
6.3-
4 4L, 2L, ) (6319

V(D =0

Comparing this result with the expression for g, of a single transistor (see Table
3.1-3) shows that a difference of 2 exists. The reason for this difference is that
only half of the input voltage is applied to M1 or M2 of Fig. 6.3-1, resulting in
half the output current. Correspondingly, the transconductance of Eq. 6.3-15 is
called the differential-in, single-ended output transconductance. The differential-
out transconductance (gmq), can be found by defining a differential output current
Iop as

Iop = Ip1 — I (6.3-16)

D1 =

Eq. 6.3-14

FIGURE 6.3-3
Voltage transfer characteristics of the differential amplifier.
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gmd can be written as

_ dlop
IV Vip=0

K'Isswl)”2 (2K’ID1W1
gmd —=—| ==

12
L, L ) (6.3-17)

=(Bilss)"? = (
This transconductance is exactly equal to the transconductance of the common-
source transistor if I is half of Iss. The presence of Iss in Eqgs. 6.3-15 and
6.3-16 illustrates once more the important property that the dc performance is
controlled by the dc variables.

The output voltage of the differential amplifier depends on how the active
loads of Fig. 6.3-1 are implemented. Assume for the moment that the active
loads are replaced by the n-channel enhancement active resistor of Fig. 5.2-2a,
resulting in the circuit of Fig. 6.3-4a. The single-ended output voltages Vp; and
Vp, are given as
12

21
Vbi = Vpp — Vo3 — | 2 (6.3-18)
B3
and
of o\ 12
Vp2 = Vpp — V4 — (B_lzz) (6.3-19)

where M3 and M4 are saturated. Equations 6.3-7 and 6.3-8 could be substituted
into Eqs. 6.3-18 and 6.3-19 to achieve expressions for the drain voltages of M1
and M2 as a function of Vip. These expressions, however, are complex and will
be reserved for the problems. Instead, the large signal, differential to single-
ended voltage gain will be evaluated at Vip = 0 V. Differentiating Eq. 6.3-18
with respect to Vip and multiplying by Eq. 6.3-17 gives

Vip=0 Bslss 4 2{Bs3
(6.3'20)

aVDl
dlp;

aIDl
aVID

Avds =

This gain should be half that of the MOS inverter in Fig. 6.1-11c¢ since only half
of the input is applied to M1. Comparing Eq. 6.3-20 with Eq. 6.1-34 shows that
this relationship holds if the bulk effects, which have been neglected here, are
ignored. The differential-in to differential-out voltage gain, A,q4q, is equal to the
voltage difference between the drains of M1 and M2 divided by Vip. This gain
is twice A, 4 and thus equal to that of an inverter with an enhancement active-
load resistor (see Eq. 6.1-33 or 6.1-34).

The ac small signal model of the circuit of Fig. 6.3-4a is shown in Fig.
6.3-5a. It has been assumed under differential mode excitation that half of v;q is
applied to the input of each transistor according to the relationship

‘v.
Vgs1 = T Vg2 = 'é—d (6.3-21)
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FIGURE 6.3-4
MOS differential amplifiers: (@) Enhancement active loads, (b) Current source loads, (c) Current
mirror load.
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FIGURE 6.3-5
(a) Small signal model for differential amplifier of Fig. 6.3-4a, (b) Use of symmetry to simplify the
input circuit, (c) Simplification by rerouting the controlled sources gm;via/2, () Final small signal model.



