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Figure 6.3-5a is simplified in Fig. 6.3-5b, where symmetry between M1 and M2
has been assumed, which implies gm1 = gm2 and vg = —Vvg = vg. Also the
controlled sources, gm3Vgs3 and gmavgss, have been replaced with their equivalent
resistances of 1/g3 and 1/g 4, respectively. If the current contributions of r g
and r4¢ to the sources of M1 and M2 and the drain of M5 can be ignored, then
the controlled sources, gn1via/2, can be rerouted in the model of Fig. 6.3-5¢ to
show that point A is in fact an ac ground. Therefore, all the model to the left of
the vertical dotted line can be ignored. The final form of the small signal model
is shown in Fig. 6.3-5d. The calculations for v4; and v4, are independent of each
other and are given as '

4, = ~8m _ —8m _ —1 K&(WI/LI)}“
Y Via  2(8m3 t &ast t+ &as3) 28m3 2 [ Kp(W3/L3)
(6.3-22)
and
A, =t gmi _&m _1 K&(Wl/Ll)]”z
Y Via  2(8m4 t 8as2 t+ 8dsa)  28ma . 2L Kp(W4/Ly)
(6.3-23)

Comparing Eq. 6.3-22 or 6.3-23 with Eq. 6.3-20 shows that the small -signal
analysis agrees with the large signal analysis. The differential voltage gain is
given as ' :

A Vod Va1 " Va2 Eml _ Eml _ _8ml (6.3-24)

4T v Vid 28m3  28ma &m3
if M3 and M4 are also matched so that g3 = gma-

The dc differential input resistance, riq, is that resistance seen by the input
voltage source, viq. In this case, rj4 is infinite. The single-ended output resistance
comprises those resistances seen looking back into the output terminals of Fig.
6.3-5d. These resistances are

1 1
r = ~ — (6.3-25)
oul 8m3 t 8ds1 T 8ds3  &m3
and
1 1
Touz = = (6.3-26)

gms t 8ds2 t 8ds4 &ma

The differential output resistance, roq, is equal to the ac resistance seen between
the drains of M1 and M2 and can be written as

1 1 2
Tod = Foutl + Toup = — + — =~ — (6.3-27)
8m3 Em4 8m3

It is assumed in the above calculations that all the transistors of the differential
amplifier are operating in the saturation region. We shall shortly examine the
voltage ranges at the input and output over which this condition holds.
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The voltage gain of the differential amplifier considered in Fig. 6.3-4a can
be increased using current sources as loads. This differential amplifier is shown
in Fig. 6.3-4b. The previous small signal analysis holds if we let g.;3 = gg = 0.
The small signal performance is summarized as

Vd1 —&ml
Avgs1 =Ay1=— = ——— (6.3-28)
@l T v 2(8ds1 + 8as3)
: Va2 - &ml v :
A =Ap=—= """ 6.3-29
vas2 2T ve 2(8as2 + gass) ( )
Avag _Yod _ _ T8m _ _ TEm2 (6.3-30)
Y Via  8dst T 8ds3  8ds2 T &ds4
1 v
Foul =———————— (6.3-31)
: 8dst T 8ds3
1
Fowg =——————— (6.3-32)
8ds2 + 8ds4
and
2
Fog = —— (6.3-33)
8ds1 T &ds3

It is seen that this differential amplifier has a performance that is 1dentlcal
to the current-source-load sinking inverter of Fig. 6.1-11b.

Another configuration of the load for a differential amplifier is shown in Fig.
6.3-4¢. This method uses a current mirror to form the load devices. The advantage
of this configuration is that the differential output signal is converted to a single-
ended output signal with no extra components required. In this circuit, the output
voltage or current is taken from the drains of M2 and M4. The operation of this
circuit is as follows. If a differential voltage, Vip, is applied between the gates
as defined in Eq. 6.3-21, then half is applied to the gate-source of M1 and half
to the gate-source of M2. The result is to increase /p; and decrease I, by equal
increments, AI. The Al increase Ip; is mirrored through M3-M4 as an increase
in Ips of AL As a consequence of the Al increase in I'p4 and the Al decrease
in Ip,y, the output must sink a current of 2A7. Therefore, the transconductance
of the circuit of Fig. 6.3-4¢, I,/ V4, is equal to that of a single transistor. This
differential amplifier is a very useful circuit and will be used further in analog
integrated circuit design.

The small signal analysis of the circuit of Fig. 6.3-4c requires a modification
of the model of Fig. 6.3-5. The model suitable for small signal analysis of the
circuit of Fig. 6.3-4¢ is shown in Fig. 6.3-6. The small signal, differential-in,
differential-out voltage gain (4,44) is

Vout 1 Emi18m4 1
ot _ 4= = + , 6.3-34
Vid vad = 5| 8mt 8dst + &m3 t+ gdss)(gd'sz + gds4) ( )
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FIGURE 6.3-6

Small signal model for Fig. 6.3-4c.

If we assume that M3 and M4 are matched, then g3 = gm4, and since gn3 is
much larger than either g4 or g4s3, Eq. 6.3-34 can be simplified to

Ajgg = —SmL (6.3-35)
8ds2 t &dsa

Substituting for the small signal parameters of Eq. 6.3-35 with the relationships
specified in Table 3.1-3 gives

4o AKTsWYLYVE 2 (K'Wl)m
YT + Ass (A2 + Ag)\ IssL;

Again we note the dependence of the small signal performance on 7 g¢'/? similar
to that of the inverter. Assuming that W,/L; = 1 and that /s = 10 uA, the small
signal, differential-in, differential-out voltage gain of the circuit of Fig. 6.3-4c is
103. The differential-in, single-ended out voltage gain is equal to half the value
of Eq. 6.3-36, although in the case of Fig. 6.3-4c¢ this voltage is not available as
it would be for the differential amplifiers of Fig. 6.3-4a and b. The small signal
output resistance is found from Fig. 6.3-6 as

1 2 1
gisp + 8asa (A + Aglss  Alss

(6.3-36)

(6.3-37)

Tout =

Of course, the small signal, low-frequency input resistance of the MOSFET
differential amplifier is infinity.

Arnother important characteristic of the MOS differential amplifier is the
input common-mode voltage range, defined earlier. For our purposes, we will
assume that the input common-mode range is defined by the input voltage range
over which both M1 and M2 remain in saturation. Let us consider the input
common-mode voltage range of Fig. 6.3-4c. Assume that Vg; = Vi, and that
M1 is on the threshold of saturation when Vpg; = V. We may write Vg, as

Voot = Vop — Vspz = Va1 = Vpbp — Vsazs — Vai (6.3-38)
or
2|2
Vbe1 = Vpp — B, —| Vros|— Vai (6.3-39)
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where Vo3 implies that M3 is unaffected by the bulk potential. If Vpg; is set
equal to — V7, then we can solve for the maximum input voltage, Vg;(max), as

1/2
1
ﬁ) ~| Vros| + Vg (6.3-40)

B3

As Vg approaches Vs, M1 will be in the saturation region and close to cutoff.
Therefore, it makes more sense to relate Vg (min) to Vg when MS is no longer
in saturation. Solving for the drain-gate voltage of M5 gives

Voes = Vo1 — Vast — Ve (6.3-41)

Set Vpgs = —Vros to get

Vgi(max) = Vpp —

2155
B

The large signal swing limitations of the output are also of interest. In
this case, the swing limitations will be based on keeping both M2 and M4 in
saturation. When Vg, is taken above Vg,, the output voltage, Vouyr, increases.
The drain-gate voltage of M4 is given as

1

2 + Vo1 — Vros (6.3-42)

VGl(min) = VGG +

Vpea = Vb — Vsps — Vour = Vb — Vsas — Vour (6.3-43)

M4 is at the edge of saturation when Vpgs = —| VT04|. Using this relationship
and the value for Vgps used in Egs. 6.3-38 and 6.3-39 gives the maximum output
voltage as

Jgs1V2
—) —| Vros| +| Vros|=Vpp -

B3

25|12
Vour(max) = Vpp — —S)

B3
(6.3-44)

The minimum output voltage is found by determining when M2 is at the edge of
saturation. The minimum output voltage for Fig. 6.3-4c is

Vour(min) = Vg — V2 (6.3-45)

Figure 6.3-7a shows a differential amplifier similar to Fig. 6.3-4c. The simu-
lated voltage transfer characteristic corresponding to the W/L values given in the
schematic is shown in Fig. 6.3-7b. The influence of Vg, upon Voyr (min) is
illustrated in this figure. The input and output signal limits of the differential
amplifiers in Fig. 6.3-4a and b can be found in a similar manner.

The small signal common-mode gain of the differential amplifier can be
found by connecting both inputs together and applying a single-ended input
voltage. The small signal model for the differential amplifier of Fig. 6.3-4b is
shown in Fig. 6.3-8a. If we assume that M1 and M2 are matched, then the model
simplifies to that shown in Fig. 6.3-8b. To find the common-mode gain, we wish
to solve for vy, in terms of vc. If the current contribution through rg4s; and rgs
can be neglected, then the voltage across 745 can be written as

Vs = 2gm1TdssVe (6.3-46)
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FIGURE 6.3-7

(@) n-channel input differential amplifier, (b) Simulation of voltage transfer curve for Vg, = -1, 0,
and 1V (Vpp = S5V, Vss = -5V, Ky = 2K: = 28 pA/V, Vr = £0.7V,and Ay = Ap =
0.01 vV hH.
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FIGURE 6.3-8
(a) Small signal model of Fig. 6.3-4b for common mode operation, (b) Simplified version of (a).

Using the relationship that vgs = vg — vs, We may write

1

= ——v, 6.3-47
1+ 28mirdss ( )

vgs
The voltage, vg;, can be found by the superposition of the two sources, vgs.
The problem is considerably simplified if we ignore rgs; and r 45 . Therefore, the
voltage gain, vg,/v., can be expressed as

Va2 ~8milds3

—“ =A== .3-

Ve ¢ 1 + 2gmi7ass (6.:3-48)
The common-mode voltage gain of the circuit of Fig. 6.3-4a can be found in a
similar manner. However, the preceding method does not work for the differential
amplifier of Fig. 6.3-4¢ because there is no point at which the single-ended output
is available. In practice, Fig. 6.3-4¢ will exhibit a nonzero common-mode gain
because of the fact that M1 and M2, and M3 and M4 are not perfectly matched.
The mismatch effect for the differential amplifiers of Fig. 6.3-4a and Fig. 6.3-
4b may dominate the actual common-mode gain.
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The common-mode rejection ratio can be found by using the definition given
earlier in this section. For the differential amplifier of Fig. 6.3-4b, the CMRR is
found to be

|Avasl _ gas3(1 + 2gmirass)

CMRR = =
|Ayc| 8ds2 t &dsa

(6.3-49)

If g42 = 8ds3 = 8asa, then the CMRR of Fig. 6.3-4b becomes approximately
equal to gm;rgss. It is desirable to have the CMRR as large as possible, which
suggests that if r4s or g, can be increased, the differential amplifier will have
a greater ability to reject the common-mode signal in favor of the differential-
mode signal.

6.3.2 BJT Differential Amplifiers

The preceding concepts concerning the differential amplifier can also be applied
to bipolar technology. Figure 6.3-9 shows a general bipolar differential amplifier
configuration similar to that of Fig. 6.3-1 for MOS technology. We will briefly
illustrate some of the large signal and small signal properties of the BJT differen-
tial amplifier. Under the assumption that Q1 and Q2 are operating in the forward
active region and that the Early voltage effects are negligible, it follows from
Egs. 3.3-10 and 3.3-11 that the large signal characteristics can be found from
the following relationships:

] 1 1
Vipo = V1 — VB2 = Vee1 = Vez = Vi lnkl_(szll) -V ln(l_z = Vi ln(l—z;
(6.3-50)
] [ Ve
Active Active
load load

FIGURE 6.3-9
A general configuration for a BJT differential amplifier.
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Igg = — + — (6.3-51)
ap aF
where we have assumed that Q1 and Q2 are matched (Is; =I5 and ap; = ap =
ar), and V, = kT/q. Solving for I ¢, and I, results in the following.
aFIEE

Ier = 1+ exp(-VIDiV,) 6.3-52)

— arl gp
oo = T exp (VW) (6.3:53)

From these two equations, it follows as in the MOS case that I¢; and I, are
independent of the common mode excitation and the characteristics of the active
load. Figure 6.3-10 shows a plot of the normalized collector current of Q1 and
Q2 as a function of Vip/V;. The range of linear operation is seen to be limited
to | Vip |= 2V, or approximately =50 mV at room temperature.

Differentiating Eq. 6.3-52 gives the differential-in, single-ended transcon-
ductance as

_ a]:I EE 1
2Vt 1 + cosh (V]D/Vt)

8m = (6.3-54)

If Vip is set to zero, we obtain

—oagplgg
Vin = 0) = ——== 3-
gm(Vp = 0) 4V, (6.3-55)
The differential-in, differential-out transconductance (gmnq) is found by multiply-
ing the expressions given in Egs. 6.3-54 and 6.3-55 by 2.
The large signal limits for the input and output of the BJT differential am-
plifier are found in a similar manner as for the MOS differential amplifier. The

Ic/ (oF leg)

FIGURE 6.3-10
Large signal transconductance characteristics of the BJT differential amplifier.
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objective again is to keep the BIT devices in the forward active region of opera-
tion, that is, the BE junction forward-biased and the BC junction reverse-biased.

Figure 6.3-11 shows the BJT differential amplifier that is topologically
identical to the MOS differential amplifier of Fig. 6.3-4c. Assume that Vg; = V.
The highest value of Vg, is equal to

Vpi(max) = Ve — Vggs — Vega(sat) + VﬁEz =Vee—02V (6.3-56)
This relationship was developed under the conditions where Q1 is saturated. The
lowest value of Vg, is given by.

Vpi1(min) = Vgg; + Vgs(sat) + Vgg = Vgg + 0.8 V (6.3-57)
The output voltage of the circuit of Fig. 6.3-11 is limited to the range between
Vo(max) = Ve — Vepg(sat) = Ve — 0.2 V (6.3-58)
and
Vo(min) = Vg, — 0.5V (6.3-59)

where Vg, is the dc potential connected to the base of Q2.

Figure 6.3-12a shows a model suitable for small signal differential input
excitation of the circuit of Fig. 6.3-11 neglecting r, and the frequency-dependent
parameters of the model. If Q1 and Q2 are matched, we can assume thatr . =7, =
Tz, 8ml = &m2, and v = —Vpep. Neglecting the contribution of current through
ro1 and rq into their common node allows the simplification of the small signal
model to that shown in Fig. 6.3-12b. Since there is no ac current flowing through
r'os, it may be neglected. Also, we have replaced the current source, gy,3Vpes, by
a resistor of 1/g 3 since w3 is the voltage across this source. The final simplified
small signal model for the BJT differential amplifier shown in Fig. 6.3-11 is given
in Fig. 6.3-12¢. The differential-out, differential-in voltage gain is

Vee
05741504

lea
les ‘ _JOUT

‘ — Vour
'

I ycz

VB1°'—| Q1 Q2 |r—<> Vi
+ +

FIGURE 6.3-11 :
—— Vee Practical version of the BJT differential amplifier.
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FIGURE 6.3-12
Small signal model for the BJT differential amplifier of Fig. 6.3-11: (a) Complete small signal
model, (b) Simplification of (a), (¢) Final small signal model.

Yo 1 gm18md H 1 }
=A + 6.3-60
va Tl T g+ g + gnallgo2 + 8os ( )

If we assume that Q3 and Q4 are matched, then g3 = gma, and since gp3 is
larger than g 3 or g4, Eq. 6.3-60 can be simplified to

&ml _ 1
82+t 804 (VIVam) + (Vi/Varp)

Avgg = (6.3-61)

where Van and Vap are the Early voltages defined for the npn and pnp bipolar
junction transistors. The small signal, differential-in, differential-out voltage gain
of Fig. 6.3-11 is seen to be equal in magnitude to the BJT inverter of Sec. 6.1
(see Eq. 6.1-71). The small signal output resistance of the circuit of Fig. 6.3-11
is found as

M s+ 8os  (Uca/Van) + Uca/Vare)  Tee(Varn + Varp)
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The differential input resistance of the circuit of Fig. 6.3-11 can be expressed as

rid = 2]“”1 = ﬁFVt = gﬂ
Ic Igg

A BJT differential amplifier topologically identical to the MOS differential
amplifier of Fig. 6.3-4b is shown in the circuit of Fig. 6.3-13. A biasing scheme
using Q6, Rgjas, and Q7 is illustrated. It can be shown that the differential-in,
single-ended-out voltage gain is given by

(6.3-63)

Avgs = Yer _ T 8miToi’03 (6.3-64)
Vid Tol t 7o3

The common-mode voltage gain of Fig. 6.3-13 can be found by use of the small

signal model shown in Fig. 6.3-14q. If we assume that Q1 and Q2 are matched and

neglect the contribution of currents through r,; and r,,, we obtain the following

relationships between v and vpe.

Ve

Vbe = 6.3-65
be 1+ 2(gml + gﬂl)rOS ( )

The voltage at the collector of Q1 may be written as
Ve1 = —8mi1’ o3 (6.3-66)

where we have neglected r,; and r;. Combining Egs. 6.3-65 and 6.3-66 gives
the common-mode voltage gain, A,., for Fig. 6.3-13 as follows.

—8mi1’ 03 —8m1”7 03
A, = = (6.3-67)
L+ 2gm1 + 8a)Tos L+ 28miTos

The common-mode gain for the BJT differential amplifier of Fig. 6.3-11 is
theoretically zero because the only output node is differential, similar to Fig.
6.3-4c. Mismatch effects will the common-mode gain to be nonzero.

Q6 3 Q4
Ver Vea
Fans S
BIAS & Vay 0 Q1 Q2 oV,
Vae _ Vaea
FIGURE 6.3-13

~ BJT differential amplifier using

Q7 Qs current-source active loads and
v illustrating one possible bias
EE method.
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FIGURE 6.3-14
(@) Small signal model of Fig. 6.3-13 for common-mode operation, (b) Simplified version of (a).

The low-frequency CMRR for Fig. 6.3-13 can be found from Eqs. 6.3-64
and 6.3-67 and is expressed as

|Avds| - ro1(1 + gmi7os) _ 1 + gmiTos

CMRR = ==
|AvC| 2ror + ro3) 4

(6.3-68)

It is seen that as g, or rs increases, the CMRR will increase. The CMRR can
be increased using a current sink with an output resistance greater than rs.

6.3.3 Frequency Response of Differential
Amplifiers

The next subject of this section will be the frequency response of the differential
amplifier. Figure 6.3-15a shows a frequency-dependent model of the differential-
mode operation of either the MOS or BIJT differential amplifier shown in Fig.
6.3-4b or 6.3-13, respectively. This model is suitable for finding v4;/v;q Or v4/v;4.
For the MOS differential amplifier of Fig. 6.3-4b, R, is given in terms of Fig.
6.3-4b as

Ry = r4s||rass (6.3-69)
and C; is given by
G = ngl + ng3 + Cap1 + Capz + L (6.3-70)



450  vLsI DESIGN TECHNIQUES FOR ANALOG AND DIGITAL CIRCUITS

+
Vid -4
Qm1('—2) Ry § Cl~ Y
o
(a)
-0
+ +
v Vi —_—
Im1 ( g) R1 § C1 ;: 7] Im1 ( g) Rz Cz TN Vo
Imad”1
- °
(b)

FIGURE 6.3-15
Frequency-dependent models for: (a) Differential amplifiers of Fig. 6.3-4b and Fig. 6.3-13, (b)
Differential amplifiers of Fig. 6.3-4c and Fig. 6.3-11.

where C, is the load capacitance attached to the junction of the drains of M1 and
M3. If the output voltage is taken at v4;, then the subscripts 1 and 3 of Egs. 6.3-
69 and 6.3-70 should be replaced by 2 and 4, respectively.

For the BJT differential amplifier of Fig. 6.3-13, the values of R; and
C, are

Ry = rolllres (6.3-71)
and
C = Cy.l + Ces1 + Cess + Cl-'-3 + G (6.3-72)
The same comment regarding subscript interchange holds for the BJT differential
amplifier of Fig. 6.3-13.

The differential-mode frequency response of the circuit of Fig. 6.3-15a can
be written as

Aygs(D)w;  Aygoon

Ayas(s) = st s+ (6.3-73)
where
Ayg0 = —gmiR1 (6.3-74)
and
1
w; = R.C, (6.3-75)

For a MOS differential amplifier with Iss = 100 uA, A =0.01 V ~!, Cg, = 100
fFg, Cy = 0.2 pF, Cyg = 50 pF, and G, = 0.5 pF, we find that R; =1 MQ
and C; = 0.8 pF. The —3 dB frequency of this MOS differential amplifier is 199
kHz. If Igg = 100 pA, Vapny = 100 V, Vapp = 50 V, C, = 1 pF, Ccs = 1 pF,
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and Ci, = 5 pF, then R, and C; are 0.667 M} and 9 pF, respectively. This gives

a —3 dB frequency of 26.5 kHz for the BJT differential amplifier.

The differential-mode frequency response of the MOS differential amplifier
of Fig. 6.3-4c and the BJT differential amplifier of Fig. 6.3-11 can be found from
the small signal model given in Fig. 6.3-15b. For the MOS version, R;, R;, G,

and C, can be written as

1 1
Ry =—|rgsil|rass = —
&m3 Em’

Ry =rgs||7asa

C =Cga1 + Cg3 + Coga + Goa1 + Gz
and

G =Cur + Cgaa + Goaz + Goas + CL
For the BJT differential amplifier, R, R,, C;, and C; are
Ry =L|’ro3llrﬂ3||rﬂ4“ro] - L
gm3 8m3

Ry =rl|ros

Ci =Cu1 + Ccs1 + Crz + Crg + Cesa
and

G =Cp_2 + Cesp + C#A + Cess + CL

The frequency response for Fig. 6.3-15b can be written as

Vo _gm1R2w2[ 8m4R1w1]
A =Y - 1+ =
VdS(S) Vid 2(S + 0)2) s + (]
—gmBowfs + o1 + gmaRD] A, 40l(s/0f) + 1]
2(s + w))(s + @) [(s/oy + D][(s/wy) + 1]
where
Aygso = —0.5gm1R2(1 + gmaRy)
oL
'"RiC
o] =(1 + gn4R)w;
and

S

(6.3-76)

(6.3-77)
(6.3-78)

(6.3-79)

(6.3-80)

(6.3-81)
(6.3-82)

(6.3-83)

(6.3-84)

(6.3-85)
(6.3-86)

(6.3-87)

(6.3-88)
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It is of interest to note that the configuration of Fig. 6.3-15b introduces an extra
pole-zero pair. The zero is in the left-hand plane and is equal to (1 + gmaR})
times the pole. Since R, is approximately equal to the value of 1/gy3, the value
of the zero is approximately twice that of the pole (called a doubler). In most
cases, the effect of w; and w; approximately cancel each other out. Assume that
K& = 2K} =25 pA/VZ, all W/L ratios are unity Cy = 100 fF, and /55 = 100 pA.
The MOS parameters used earlier permit the calculation of R;, R;, Ci, and C; as
19.6 k), 1 M(), 0.35 pF, and 0.8 pF, respectively. This leads to a low-frequency
gain magnitude of 100 and a —3 dB frequency of 199 kHz. If the current gain
of the BJTs is Bg = 100, C, = 5 pF, and Igg = 100 nA, using the previous
parameters permits the calculation of Ry, R», Ci, and C; for the BIT differential
amplifier as 490 €}, 0.67 M(2, 13 pF, and 9 pF, respectively. This gives a low-
frequency gain magnitude of 1340 and a —3 dB frequency of 26.4 kHz.

6.3.4 Noise Performance of Differential
Amplifiers

The last consideration of this section deals with the noise performance of the dif-
ferential amplifier. Because of the similarity in small signal performance between
the differential amplifier and the inverting amplifier, we expect the noise perfor-
mance to be similar. Let us consider the noise analysis of Fig. 6.3-4c and Fig.
6.3-11. The noise models for each of these circuits are shown in Fig. 6.3-16.
The noise of Iss and I gg is neglected because they are common-mode inputs and
have a much smaller influence on the output noise. A dc battery, V,y, has been
connected to the output through which an output-noise-current spectral density
flows. It can be shown for both amplifiers that

5 =2 2 —2 —2
=gV + 820Vt 85V s + 824V (6.3-89)

This result is developed by using superposition techniques. The equivalent input-
noise-voltage spectral density can be found by dividing Eq. 6.3-89 by gfnl to get

2
(Svns + Svwa) (6.3-90)

Seq = Svn1 + Svnz +

ml

where gmi = gm2 and g3 = gma has been assumed. Assuming that Syn; =
Svnz2 and Syns = Svyng gives

Seq = 2SvN1 (6.3-91)

2
L+ (@) Svna
gm1) | SvNi

Although the type of noise has not been identified, in general the noise will be
reduced if g3 = gmi-

The differential amplifier is a very useful building block which will be
used in analog circuits that follow. The differential amplifier is an excellent choice
as an input stage for several reasons. It allows the application of difference sig-
nals and rejects the common mode signals. This means that an unwanted singal
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FIGURE 6.3-16
(a) Noise model for the CMOS differential amplifier of Fig. 6.3-4c. (b) Noise model for the BIT
differential amplifier of Fig. 6.3-11.

present at both inputs will be rejected. The large input common-mode range
allows the ac performance to be independent of the dc input voltage. A third
advantage is that larger output signal swings can be obtained differentially. This
is important as the trend to reduce power supplies makes it difficult to have
sufficient dynamic range. Table 6.3-1 summarizes the performance of the diffe-
rential amplifiers presented in this section.
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TABLE 6.3-1 _
Comparison of small signal voltage gains for the differ-

ential amplifiers of Sec. 6.3

Differential-in, Differential-in,
Differential single-ended-out - differential-out
amplifier Figure voltage gain, A, . voltage gain, A,
MOS active load ~ 6.3-4¢  2mb - Smt
2gm3 gm3
~ 8m 8ml
MOS current 6.3-4b —om — &éml
source load ' 2(8as2 + asa) 8ds2 t 8usa -
MOS current | 6.3-4c —8m _
mirror load 8ds2 t Basa
BIT current 6311  —Sm_ -~
mirror load 802 t 8o4
g mi1 gmi
BJT current 6.3-13 — —om
source load 2(go1 + 803) 8ot T 8a3

6.4 OUTPUT AMPLIFIERS

In many applications, the output load of a circuit can significantly influence the
performance of the circuit. The output load generally consists of a load resistor,
Ry, in parallel with a load capacitor, Cp. If Ry is small or if (q, is large, the
previous amplifiers may not be able to meet the output signal requirements.
The objective of an output amplifier is to provide a large output voltage swing
across the load. The requirements of the output amplifier can be divided into
static requirements and dynamic requirements. The static requirement can be
stated as the ability to maintain a dc voltage somewhere between the power
supply limits across a specified load resistor. This implies that the output stage
should have a low Thevenin output resistance and should be efficient in order to
avoid large power dissipation in the amplifier. The dynamic requirement is the
ability to charge or discharge a large capacitance at a specified voltage rate. This
requirement is often associated with slew rate or the maximum output voltage
rate of an analog circuit. The dynamic requirement does not require a low output
resistance but does demand high currents to achieve the desired slew rate.

There are two distinct approaches to implementing output stages. These
approaches depend on whether or not feedback is used. We will first consider the
approach that does not use feedback. The first nonfeedback output amplifier type
consists of the inverting amplifiers of Sec. 6.1. We will examine the large signal
performance of these amplifiers to determine their suitability as output amplifiers.
Figures 6.1-11a, 6.1-11b, 6.1-11c, and 6.1-18a represent the inverting amplifiers
we will consider. In Sec. 6.1 we analyzed the small signal performance. Since
the output amplifier is likely to have large output voltage swings, let us first
consider the limitations of the output stage.
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6.4.1 Output Amplifiers without Feedback

A conservative approach to characterize the output signal swings of MOS ampli-
fiers is to assume that all devices must be in saturation. This constrains the oper-
ation to the transition region of the voltage transfer function of the amplifier.
Figures 6.1-12 and 6.1-14 show that the resulting output range is not as large as
that which could be achieved if some of the devices are allowed to operate in the
active or ohmic region.

Consider the output swing limits of Fig. 6.1-11a. We assume that Vi
can have values between Vpp and Vss. (This aggressive assumption partially
compensates for the conservative approach of assuming all devices are saturated.)
When Viy = Vss, M1 is off and the maximum output voltage is

Vour(max) = Vpp— | Vrp | (6.4-1)

When Viy = Vpp, M1 is on and in fact is in the ohmic region because Vps; will
be small. The current in M2 which is in the saturation region is
Ip = %(Vscz“ | Ve )2 = %(VDD — Vour— | Ve )? =

B2 (Voo = Voot | Vi P 642

The current in M1 is

|4 %)Sl
Ipi =B1|(Vest — Vin) Vs — >

. (6.4-3)

Vv — Vss)?

=p1|(Vpp — Vss = Vin) (Vour — Vss) — (O_UTZ—SS)_

Equating Eq. 6.4-2 to Eq. 6.4-3 and solving for Voyr gives
i Vop — Vss — V1
Vour(min) = Vpp ~ V1 - . (6.4-4)
1+ (B2/B1)

where it has been assumed that V = Vo= | Vp |. Using the model parameters
and voltages specified in Fig. 6.1-12 the above equations give a Voyr(max) of
4.25 V and a Voyr(min) of —4.52 V. If we used the saturation constraint, the
lower voltage limit would be higher (approximately —2.8 V).

The MOS inverting amplifier of Fig. 6.1-11c has approximately the same
large signal behavior, with one exception. Because the source of M2 is not
connected to the bulk, Vr, will be larger than normal, causing the maximum
value of Voyr to be less, as seen from Eq. 6.4-1.

The MOS inverting amplifier of Fig. 6.1-11b has a higher ac gain than the
previous two amplifiers. It can be seen that when Viy = Vss, M1 is off and Voyr
is at Vpp. Therefore,

Vour(max) = Vpp ' (6.4-5)
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Using the approach outlined by Eqs. 6.4-2 and 6.4-3 we can show that

Vour(min) = (Vpp — Vss — V1n) -
B2

1_‘/1_ B1

if Vix = Vpp. Evaluating these limits under the conditions given in Fig. 6.1-14,
we get Voyr(max) = 5 V and Voyr(min) = —4.97 V, which agree with the
results of Fig. 6.1-14. '

The maximum output swing of the BJT inverting amplifier of Fig. 6.1-18a
can be found in a similar manner. When Vi = Vgg, Q1 is off and Vgyr is at
Vcc. Therefore,

2

Vobp — Vgg2— | V-
oo ~ Vo= | Vrp | +Vss (6.4-6)

Vop — Vss — Vin

Vour(max) = Ve (6.4-7)
When Vi is increased so that Q1 becomes saturated, then Vgyr is equal to
Vour(min) = Vss + Vegi(sat) = Vgs + 0.2V (6.4-8)

It is seen that the BJT inverting amplifiers generally have a larger output swing
than the MOS inverting amplifiers.

The previous considerations emphasized the ability to have large output
voltage swings. However, no load was considered, so the results just given
are appropriate for large resistance loads. Of perhaps more importance is the
signal swing for small values of load resistance. Unfortunately, this is difficult
to analyze. Instead, let us examine the ability to source or sink current when
the output swings are small. Once again we consider the inverting amplifiers.
Figures 6.4-1a and b show MOS and BJT amplifiers using a current-source
load sometimes called a “pull-up”. It will be assumed that current flows in both
output devices during the entire swing of the output voltage. This is called Class

-1 Vec

VBB2 C'—IZJZ

—1 Yoo

lout

Iz

RE3

—— Vss

@)

FIGURE 6.4-1
Class A output amplifiers: (¢) Common-source configuration, (b)) Common-emitter configuration.
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A operation. Let us first consider the static performance (the ability to source
and sink currents at a dc output voltage for which the output devices are both in
saturation or forward active region).

The maximum source current, / Jyp, that can be obtained from the circuit
of Fig. 6.4-1a occurs when M1 is off and M2 is saturated, is given as

KpW )
Iour = 2PT22[VDD —Voaz— | V2 ] (6.4-9)

It is important to note that as long as M2 is saturated this current always flows
in M2 regardless of the value of Viy. The maximum sinking current, I oy, for
Fig. 6.4-1a occurs when M1 is saturated and Viy = Vpp and is given as

KGW,

Ioyr = 'I(VDD ~ Vss = Vo2 =1 dur (6.4-10)

It should be observed that I g;;r must also include 7 i because of the Class A
nature of the biasing. Fortunately, the current-sinking capability of M1 can easily
exceed I gy because the gate-source voltage of M1 can be very large.

If Vour approaches Vgg, then M1 will pass from the saturation to the ohmic
region where Vpg; < Vgs; — V1. If aload resistance R, is connected to the output,
Vpsi is small, and Viy = Vpp, then Eq. 6.4-10 for the ohmic region becomes

KW,
L,

Ip = (Vop — Vss — Vo) (—1 gurRL — Vss) (6.4-11)

Since Ip; is the sum of I & and I oyyp, we can solve for 7 oy as

. —K&(W1/L)(Vpp — Vss — V) Vss — I Syp
out 1 + KL(W1/Ly)(Vpp — Vss — Vr)RL

(6.4-12)

When Voyr approaches Vpp, 1 0+UT will become dependent on Ry and have
a smaller value than that of Eq. 6.4-9. Figure 6.4-2 shows a plot of the output
voltage of the circuit of Fig. 6.1-11b as a function of the input for a 1 k() load
resistor. Note that the W/L values have been increased to provide more current
sinking and sourcing capability. Using the parameter values given in Fig. 6.4-
2, I&yr is 202 pA and I gyp is 2.53 mA. When multiplied by 1 kQ, these
currents give the maximum output voltages. It is seen that the sinking current
is approximately 10 times the sourcing current. The sourcing current could be
increased by decreasing the gate voltage on M2 or increasing W,/L,. In either
case, the bias current that flows would increase, causing the power dissipation in
the inverter to increase. It should be noted that the load resistance of 1 k{} has
caused the inverter voltage gain to be less than unity.

The small signal output resistance of the inverting voltage amplifier is a
measure of how the ac gain will be influenced by the presence of a small load
resistance. For example, consider the MOS inverter of Fig. 6.1-115 with the
parameters given in Fig. 6.4-2, where Ry = 1 k). Using Eq. 6.1-50, we find
that at Vour = 0 V the ac voltage gain should be —36.3, assuming that Ry is
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FIGURE 6.4-2

Simulation of Fig. 6.4-1a.

infinite. The output resistance under these conditions is found from Eq. 6.1-52
as rou = 165 k). When loaded with Ry, the new ac gain is given as
Ry )

A=A ———
Y vRL+rout

(6.4-13)

where A, is the ac voltage gain for Ry = « and A, is the gain for a finite Ry . In
this case, A, is equal to —36.3(1/166) = —0.22. This value compares favorably
with the simulated result of Fig. 6.4-2 at Voyr = 0 V. Consequently, another
desirable characteristic of an output amplifier is to have a small value of rgy; SO
that the small signal voltage gain predicted by Eq. 6.4-13 is not reduced.

The maximum source/sink output currents and the ac output resistance
characterize the static performance of the output amplifier. These two measures
are related by the quiescent bias current (/gjas) of the amplifier. For example,
suppose we want to sustain +4 V across a 10 k() load resistance. This would
require an Ipjas of at least 400 uA (assuming M1 is off). With a 400 nA bias
current, the small signal output resistance is 125 k{) if A is 0.01 V~L. Because
of the large, small signal output resistance, the output of the common-source
configuration is best modelled by a controlled current source in parallel with the
125k} output resistance.

Under dynamic conditions, the output sinking/sourcing current needed to
charge or discharge C;. may be greater than that required to maintain a given dc
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voltage across Ry . It is assumed in the following analysis that the output voltage
is in the range where both output transistors are in saturation. The current required
to charge a capacitor C at a rate of dVoyr/dt is given by

dVour ]

6.4-14
ar ( )

[ Tour | =CL

If the desired rate of rise is 10 V/us and C; is 50 pF, then the bias current must
be at least 500 uA. This consideration is valid for Voyr = 0. As the output
voltage deviates from O V, the current available for charging Cp is reduced by
the current necessary to sustain a nonzero value of Voyr across Ry.

Similar conditions hold for the BJT Class A inverting voltage amplifier of
Fig. 6.4-1b. The maximum sourcing current is determined by Q2 and is given as

Voe — Va2
Vi

I5ur = Isp exp (6.4-15)

There is an important distinction between this relationship and the similar one for
the MOS amplifier in Eq. 6.4-9. That difference is that Vg, must be able to sink
from the base of Q2 a current of I Jyr/Br. Typically, Q2 is part of a current
mirror so that I Jr is defined by the input current to the mirror. The maximum
sinking current can be determined as Vyy is increased. As Vpgg;is increased, the
sinking current becomes very large. A more appropriate measure of the sinking
current would be to examine more closely the circuit that is driving the amplifier
of Fig. 6.4-1b. In general, any driver can be characterized by an equivalent
voltage source, Vg, and series resistance, Rs. The maximum sinking current can
be expressed as

_ Vs(max) — Vgg — V
Ioyr = 3 Rs EE BEL I By — 1 Sur (6.4-16)

where Vg(max) is the maximum positive swing of Vg and Vgg; = 0.7 V.
Assuming Vg(max) =~ —2 V and Rs = 10 k() for the conditions of Fig. 6.1-18a
and Fig. 6.1-19, we get I ;r = 1.39 mA and I gyp = 21.6 mA. For a 1 k() load
resistance, the output voltage swing would be from +1.39 V to —5 V. Figure
6.4-3 shows a simulation of the circuit of Fig. 6.4-1b using the same parameters
as for Fig. 6.1-19, except that a load resistance of 1 k{) has been added. We
note that the current in Q1 increases from 0 to 6.6 mA, which is sufficient to
overcome I 7 and to sink 5 mA through Ry, = 1 k(). We also note that the ac
gain has been greatly reduced. The output sinking/sourcing analysis of Fig. 6.4-1b
is similar to that of Fig. 6.4-1a and will not be repeated here.

The small signal output resistance can be used to predict the reduction of
gain using Eq. 6.4-13. For example, the gain for R, = « and output resistance
for the circuit of Fig. 6.4-1b were calculated in Example 6.1-4 for Voyr = 0 V
as —1544 and 26 k(}, respectively. Using Eq. 6.4-13 we predict the new ac gain
(at Voyr = 0 V) as —57. This compares very well with the slope of Fig. 6.4-3
at Vour = 0.
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FIGURE 6.4-3

Simulation of Fig. 6.4-1b.

One of the disadvantages of the Class A inverting amplifiers of Fig.
6.4-1 is that considerable quiescent power is dissipated. It is well known that the
maximum efficiency of the Class A amplifier is 25% for a sinusoidal signal. This
means that under best conditions, for every milliwatt of ac power applied to R, 3
mW are dissipated in the transistors. For example, consider the two amplifiers of
Fig. 6.4-1 with 1 k() load resistances. With the output signal at 0 V, the amplifier
of Fig. 6.4-1a dissipates 2 mW and that of Fig. 6.4-1b dissipates 13.9 mW. The
maximum symmetrical output voltage signal swing is 0.2 V (peak-to-peak) and
1.39 V (peak-to-peak) for Fig. 6.4-1a and b, respectively. Unfortunately, we have
had to take the smaller of the positive or negative signal swing to avoid distortion.
Assuming a sinusoidal output, the maximum power delivered to R; is 0.04 mW
and 1.93 mW, respectively. Correspondingly, the best sinusoidal efficiencies of
the circuit of Fig. 6.4-1a and b are 2% and 13.9%, respectively. It is clear that
the bias currents should be increased to reach the maximum output voltage signal
swings if one wishes to approach more closely the maximum possible efficiency
of 25%.



AMPLIFEERS 461

One advantage of the Class A amplifier is low distortion. This is a result
of operating both MOS transistors in the saturation region or operating both BJT
transistors in the normal active region over most of the output voltage swing.

A second method of implementing an output amplifier without feedback is
the common-source or common-emitter, Class B or Class AB amplifiers. The
circuits of Fig. 6.4-4a and b show MOS and BJT implementations, respectively.
Vg is a floating battery used to establish the proper bias of the devices. The
sinking/sourcing output current capability of such amplifiers is very large and
is limited primarily by the power dissipation capability of the devices. If the
transistors are biased so that no drain or collector current flows when Vyy is zero,
the stage is termed Class B. When V| is positive, the lower device is on and the
upper device is off. When V|y is negative, the lower device is off and the upper
device is on. The maximum possible efficiency of the Class B amplifier for a
sinusoidal output signal is 78.5%, where the efficiency is defined as the ratio of
the signal power dissipated in Ry to the power provided from the power supplies
for sinusoidal input.

The primary advantage of the implementations of Fig. 6.4-4 is that the
maximum sourcing/sinking current is not limited by the bias current. This allows
output amplifiers to have I oy limitations similar to the I Jyp levels of the Class
A output amplifiers. Figure 6.4-5 shows the simnlated output swing capability
for the circuit of Fig. 6.4-4a with Vg = 0, W{/L; = 50 w/10 u, W,/L, =
150 w/10 w, and Ry, = 1 k). This circuit has a maximum sink/source current limit
given by Eq. 6.4-12 of 2.53 mA, resulting in a £2.53 V output signal swing.
These calculations agree well with the simulation results of Fig. 6.4-5. The drain

e VDD -1 VCC

Voutr

—— VEe

FIGURE 6.4-4
Class B and AB output amplifiers: (a) MOS common-source configuration, (b)) BJT common-emitter
configuration.

Vour
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FIGURE 6.4-5

Simulation of Fig. 6.4-4a with V3 = 0 V.

currents in M1 and M2 are also plotted in Fig. 6.4-5. Because both M1 and
M2 are conducting in the region around Vpy = 0, this amplifier is called Class
AB. The results of Fig. 6.4-5 can be used to show that if Vg = 4 V, then the
amplifier will be operating in Class B mode. Figure 6.4-6 shows a simulation
corresponding to that of Fig. 6.4-5 for Vg = 4 V. Several things should be noted.
The first is that M1 is off when M2 is on and vice versa. The second is that Vg
has caused the maximum source and sink currents to be reduced from 2.53 mA
to 1.6 mA. Also note that the transfer function is nonlinear about Viy = 0. This
nonlinearity will introduce distortion in the output signal. A good compromise
for this amplifier would be to go back to Class AB operation by choosing Vg =~ 3 V.

As we have seen in previous sections, the battery Vg is necessary for the
push-pull BJT inverting amplifier. The range of values for Vp of the BJT circuit
of Fig. 6.4-4b is

Ve = Vin —0.7< Vg < Ve — Vin (6.4-17)

Similar considerations to those discussed for Fig. 6.4-4a hold for Fig. 6.4-4b.
Class AB and B amplifiers represent a good method of implementing the
output amplifier having the ability to provide *3 V across 1 k() with +5 V
power supplies. Consider now the sizing of M1 and M2 in the circuit of Fig. 6.4-
4a. We can use Eq. 6.4-11 with I'p; = I gy to calculate Wy/L;. Let us assume
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FIGURE 6.4-6

Simulation of Fig. 6.4-4a with Vg = 4 V.

that I 5;;r = 4 mA to anticipate the reduction in 7 gi;r(7 &;p) that will occur when
Vg is non-zero. The results give W,/L; = 180 /10 u. In order to balance the
ability of the amplifier to source and sink current, Wo/L, = (Kn/Kp)(W1/L1), or
Wy/Ly = 540 w/10 . From the results shown in Figs. 6.4-5 and 6.4-6, we will
choose Vg = 3 V. Figure 6.4-7 gives the simulated results. While this design
can provide an output swing of =3 V across 1 k{), it experiences distortion
above *£2.2 V. This distortion is caused by the fact that the transistor sourcing
or sinking the current is entering the ohmic region, and the current increase is
linearly related to the gate voltage rather than to the square of the voltage. This
can be clearly seen by the current results in Fig. 6.4-7. Consider the positive
output voltage swing. The current is being sourced by M2, and at about Vpy = 2
V, which corresponds to Vgoyr = 2.2V, the rate of current increase in M2 falls
off. This circuit is more suitable for =2 V output swings. To achieve a linear
*+3 V output voltage swing, we would have to increase the power supply to =6
V. It should also be noted that the voltage gain turned out to be approximately
—1. Since it is not necessary for the output amplifier to have a large gain, this
is not a problem; however, the voltage gain, —g,1R (= —gmRL), depends on
the value of Ry and may be less than unity.

Although the small signal output resistance of the Class B amplifier is high,
it represents a good solution to the output amplifier, except for the implementation
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FIGURE 6.4-7

Simulation of Fig. 6.4-4a with V3 = 3 V.

of the floating battery, Vy. Figure 6.4-8 shows how the cross-coupling of four
devices can allow the design of Class AB or B operation. The operation (Class AB
or B) is determined by the voltages Vggs and Vggs (Veps and Vgps), which are
used to establish the bias current in the output devices M1 and M2 (Q1 and Q2).
When the input voltage is taken positive, the current in M8 (Q8) increases and the
current in M7 (Q7) decreases. If the operation is Class B, then M7 (Q7) turns off.
As the current in M8 (Q8) increases, it is mirrored as an increasing current in M1
(Q1), which provides the sinking capability for the output current. When Vpy is
decreased, M2 (Q2) can source output current. The output signal swing is limited
to within a V1 value of Vpp or Vss (Vgg of Ve or Vgg).

The frequency response of the inverting amplifiers is generally determined
by the load resistance and the shunt capacitance at the output including the
load capacitance. Since RL(=1/Gy) is typically much less than rqy and G is
typically much larger than the capacitances at the output node of the amplifier,
the bandwidth is given as

8out + GL 1

@38 = Cow + . RLGL

(6.4-18)

which is primarily a function of the loading. If G, = 100 pF and Ry = 1k{},
then the —3 dB bandwidth is 10 Mrps or 1.59 MHz.
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FIGURE 6.4-8

Class B or AB output amplifiers showing implementation of the floating battery for (a) Fig 6.4-4a
and (b) Fig. 6.4-4b.
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6.4.2 Output Amplifiers with Feedback

The second approach to the design of an output amplifier uses the principle of
shunt feedback. Shunt feedback can be shown to reduce the output resistance by
the following relationship
¢y _ _ Tout

Tout = 1 + LG (6.4-19)
where rou is the output resistance without feedback and LG is the loop gain of
the negative feedback loop. The simplest implementation of shunt feedback at the
output is the Class A source follower and emitter follower configurations shown
in Fig. 6.4-9. The follower configuration has both large current gain and low
output resistance. Unfortunately, since the source is the output node, the source
follower of Fig. 6.4-9a is dependent on the body effect, y. The body effect
causes the value of Vy to increase as the output voltage is increased. This creates
a situation where the maximum output voltage of an n-channel source follower
is considerably lower than Vpp — V1o.

The emitter follower is also limited in its ability to obtain large positive
output swing. It turns out that as the output voltage increases, more current is
demanded from Q1. This emitter current is related to the base current by Ig =
(1 + Bp)Ig. As the base voltage approaches V¢, it becomes impossible to
provide sufficient base current to sustain large positive swings. In this case, the
maximum positive swing of the npn emitter follower is limited by the lack of
current-sourcing capability at the peak of the positive swing. In both types of
followers, the maximum negative swing is determined by the bias current sink.
Usually, for appropriate size devices, the maximum negative swing is Vss + Vr
for the MOS follower and Vgg + Vgg for the BJT follower.

One advantage of the follower configuration as an output amplifier is a low
small signal output resistance. This low resistance causes the ac voltage gain (and

T VYo 71— Vec
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.
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FIGURE 6.4-9
(a) Class A source follower, (b) Class A emitter follower.



AMPLIFIERS 467

frequency response) to be less dependent on Ry . The small signal model for the
circuit of Fig. 6.4-9a is shown in Fig. 6.4-10. Figure 6.4-11 shows the small
signal model for the emitter follower of Fig. 6.4-9b. Both of these circuits can be
analyzed using Fig. 6.4-12 along with the appropriate values for the resistances
and capacitances. For the source follower, we have

C1 =Gy (6.4-20a)
Ry =0 (6.4-20b)
G =Cg (6.4-20¢)
-1 -1
Ry =[gmi + gmb1 + gas1 + 8as2 + GL| ~ = [gm1 + GL] (6.4-204d)
and
G=C (6.4-20¢)
For the emitter follower, we have
Cl = C,,,l (6.4—21a)
Ry =rm (6.4-21b)
G =Cn (6.4-21¢)
R3 =[gm + go1 + 82 + GL|  =[gm + GL] (6.4-21d)
and
G=C (6.4-21e)
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FIGURE 6.4-10

(a) Small signal model of Fig. 6.4-9a, (b) Simplified equivalent of (a).



