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where Vry is the theeshold voltage of both transistors.
From the circuit, we see that

Visi+ Fa= VT = V7 (10.51)
Therefore,
(WL, N (W/L),
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Finally, the load current, for A4 = 0, 15 given by

Wy (1 .
Jijne (‘E) (Emct,t)(lfm - Vrl? (1053)

Since the designer has control over the width-to-length ratios of the tran-
sistors. there is considerable flexibility in the design of MOSFET current
SOUICES.

&0

Design Example 10.7 Objective: Design a MOSFET cusrent source {o meet
specified current values.

Consider the current source in Figure 10,17, with transistor parameters {4,C,, =
WAV, Vry =1V, and A =0. Let ¥* =5V and ¥~ = 0. Design the circuit such
that fprp = 0.25mA and fp = 0.10mA,

Solution; 1f we choose Vg to be fairly small, yel preater than Fry, then M wil
cemain biased in the saturation region over a fairly large range of Fpyo values. Let
Fos: = 1.85V. Then, from Equation (10.53), we can write

(%) =7 ° =(0{)2)3-:3[; ”2=6.92
R (ju,,c,_r)(vm—vm;’ Sl

The reference current is
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The value of Ve 15
Vg_s} =(l"+ == V“) = VGSI =5~135= 3[5\"
Then, since fagr = Kol Vess — Vra) we have

W { 32
(I) rd - 00?12 Isﬂ T
} (3 ”nCn*)(VG-S.* - VY GHIEN e

Comment: In this design. the output transistor remains biased in the saturation region
for

V.DS > Vﬂs[siﬂ] = I'J,:;S = VTJ’\!' =185-1=08%V

Design Pointer:  As with most design problems, there 15 not a unique solution. The
general design criterion was that M. was biased in the saturation region over & wide
range of Fpen values. Letling Vggr = 1.85V was somewhat arbitrary. If Fggy were
smaller, the width-to-length ratios of M| and #f; would need to be larger. Larger values
of Vg would result in smaller widih-to-lengih ratios,

The value of b4 13 the difference between the bias voltage and Vg If Vg
becomes too large. the rato (W /L), will become unreasonably small {much less than [).
Two or more transistors in series can be used in place of My (o divide the voltage in
order to provide reasonable W/ L ratios (see Problem 10.49)

Problem-Soiving Technique: MOSEET Current-Source Clreuit

1. Analyze the reference side of the circuit Lo determine gate-to-source
voltages. Using these gate-to-source voltages, determine the bias cuerent
in terms of the reference currenl.

2. To find the output resistance of the current source circut, ptace a test
voltage at the output node and analyze the small-signal equivalent circuit,
Keep in mind that the refer¢nce current 15 2 constant, which may make
some of the gate voltages consiant or at ac ground.

Test Your Understanding

10.11 Consider the MOSFET current source in Figure 10.17, with '™ = 10V and
F~ =0. The transistor patameters ate; Fry = 18V, %#»Cm =20 uA;‘VE. and L=
001 V™' The transistor widih-to-length ratios are: (W/Liy = 3. (W/L), =12, and
(W /L), = 6 Determine: (a) Ipgp. (b) fo at Vpgy =2V, and (¢} Iy al Vpu =6V,
(Ans. {a) frep = 1.13mA (b) [, = 0355 mA (c) I, = 0.5T6mA}

10.42 Consider the circuit shown in Figare 10.18. The transistor parameiers are.
Vi =2V, K, =K =025 mA/V?, K3 =010 mA/¥?, and A = 0. Determine fusr
and Ip. {MNote: All transistors fabeled M, are identical) (Ans. fpgep = 1.35mA, o=
4.04mA)

D10.43 For the circuil shown in Figure 1017, F¥ = 10V and ¥~ =0, and the
transistor parameters are: Fey =2V, 13;:.,1 Coe = 2 pA ,l"iu«'zr and A =@, Design the circuit
such that frer = 0.5mA and Jp = 0.2mA, and M; remains biased in the saturatien
region for Vps = 1 V. (Ans, (W/L), = 10, (W/L), =25, (W/L), = I}
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Figure10.18 Figure for Exercise 10.12
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10.2.2  Multi-MOSFET Current-Source Circuits
Cascode Current Mirror

In MOSFET current-source circuits, the oulput resistance is 4 measure of the
stability with respect to changes in the output voleage. This output resistance
can be inereased by modilying the circuit, as shown in Figure 10.19, which is a
cascode current mirror. The reference current 15 established by including
anolher MOSFET in the reference branch of the circuit as was done in the
basic two-transistor current misror. Assuming all transistors are identical, then
I = Irpr-

To determince the output resistance at the drain of M,, we use the small-
signal equivalent circuit. Since fygp 15 @ constant, the gate voltages 10 M, and
M, and hence to M3 and M. are constant. This 15 equivalent to an ac shorl
circuit, The ac equivalent circuit for calculating the output resistance is shown
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Figure 10.19 MOSFET cascode current mirmor
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in Figure 10.20(a). The small-signal equivalent circuit is given in Figure
10.20(b). The small-signal resistance looking into the drain of M, is rp;.

Eaa | I
jJ (v
Ko g

(a) ()

Figure 10,20 Equivalent circuits of the MOSFET cascode current mirror for determining
oulput resistance

Writing a KCL equation, in phasor form, at the output node, we have
Fo—(-Veuad

'{_t = Em l"’gﬂ- + . £ (]0»,5‘”
You
Also,
Ve = —1itoz (10.55)
Substituting Equation {10.55) into (10.54), we obtain
3 V.
‘rx +£)':f\ +gmr921.r =— []0-5‘6)
Fo4 Fod
The cutput resistance is then
¥
Ra = ?_t =Fo + ro:(l + B s (10-5?}
X

Nomnally, g,.F.4 3> 1, which implies that the output resistance of this cascode
configeration is much larger than that of the basic Iwo-transislor current
SOUTCE.

Example 10.8 Objctive: Compare the output resistance of the cascode
MOSFET current scurce to that of the two-transistor cusrent source.

Consider the two-transistor current source in Figure 10,17 and the cascode current
source in Figure 19.19. Assume /pgr = fg = 100 pA in both circuiis, A = 0.91 vt for all
transistors, and g, = 0.5mASV.

Solution: The output resistance of the two-transistor current source is, from Equation
(10.48)

! 1
T Mpgr | (0.0060.10)

’ = | M1
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For the cascode circuit, we have r; = ry = | M. Therefore, the output resistance of
the cascede circuit is, from Equation (10.57),

Ry = roa+ 1l + Boah = L+ (D14 (0.5 x 107)10%)
or

R, = 502 MQ

Comment: The output resistance of the cascode current source is substantially larger
than that of the basic two-transistor circwt. Since &l « 1/R,, the load current in the
cascode circuit is more stable against variations in output voltage,

Design Pointer: Achieving the outpu resistance of 302 M$ assumes the transistors
are ideal. In fact, small leakage currents will begin to be a [actor in actual output
resistance values, so a value of 502 M may not be achieved in reality.

Test Your Understanding

10.14 Inthe MOSFET cascode current source shown in Figure 10.19, zl] transistors
are identical. with parameters: Vpy =1V, K, = 80pA/VE and 4 =002V~ Lel
frer = 20pA. The circuit is biased at ¥+ =5V and V'~ = —5V. Determine: (a) Vg5
of ench trangistor, (b) the lowest possible vollage value ¥py, and (¢} the output resis-
tance £, (Ans. (2) Fys = L3V (B) Vpadmin) = =30V (c) R, = 505 ML)

‘Wilson Current Mirror

Two additional multi-MOSFET current sources are shown in Figures 10.21(a}
and 10.21(b). The circuit in Figure 10.21{a) is the Wilson carrent source, Note

¥
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Figure 10.21 (2} MOSFET Wilson current source and (b) modified MOSFET Wiison current
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that the Fog values of M, and M, are not equal. Since A is not zero, the ratio
fo/ Iner is slightly different from the aspect ratios. This problem is solved in the
modified Wilson current source, shown in Figure 10.21(b), which includes tran-
sistor M. For a constant reference current, the drain-to-source voltages of M.
M,, and M, are held constant. The primary advantage of these circuits is the
increase in output resistance. which further stabilizes the load current.

Test Your Understanding

10.18 For the traasistors in the MOSFET Wilson carrent source in Figure 10.21{2),
the parameters are: Fry =LV, L =0, and K, =2K, =K, = 0.15mA/V. IT fpgr =
200pA. determing Ty and ¥ for each transistor. {Ans. Fgg = Feyy = 215V,
f,j =0.10mA, VG'SS = 1.82 V]

10.16 Al transistors in the MOSFET modified Witson current source in Figure
10.21{b} are identical. The parameters are; Fry =1V, K, =0.2 mA/Y, and A = 0. |
Jppp = 250 uA, determine [ and Vi for each transistor. (Ans. Jp = Tpge = 250 pA.
Vo = 212 V)

Wide-Swing Current Mirror

1 we consider the cascode current mirror in Figure 10.17, we can determine the
minimum véalue of Fpsa. which will infAuence the maximum symmetrical swing
of the voltage in the load circuit being biased. The gate voltage of M, is

Vea = ¥~ + Fasn + Vas: (10.58)
The minimum ¥py is then

Vpa(min) = Vi = Vigs + Vpsa(sat) (10.59)
Assuming matched transistors, Fgey = Vger = Vo = Vgs. We then find

Vpa(min) = V™ + (Vs + Vpsa(sat)) (10.60)

[n considering the simple two-transistor current mirror, the minimum output
voltage is

Volminy = V7~ + Fps(sat) (10.61}

If, for example, Vs =0.75V and Vpy =050V, then from Equation
(1060}, ¥Vpi(min) = 1.0V above ¥~_ and from Equation (10.61), Vy(min) is
only 0.25V above V™. For bias voltages in the range of +3.5 V, this additional
required voitage across the output of the cascode current mirror ¢an have &
significant effect on the output of the load circuit.

One current mirror circuil that do¢s not limit the output voltage swing as
severely as the cascode circuit, bul retains the high output resistance, is shown
in Figure 10.22. Width-to-length ratios of the transisiors are shown. Otherwise,
the transistors are assumed to be identical.

The transistor pair M, and M, acts Jike a single diode-connected transistor
in creating the gate voltage for Af;. By including My, the drain-to-source
voltage of M, is reduced and is matched to the drain-to-source voltage of
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Figure10.22 A wide-swing MOSFET cascode current mirror

M,. Since M is one-Tourth the size of M — M and since all drain currents are
equal, we have

Vgss — Vend = V55— Vin) (10.62)

where Ve corresponds to the gate-to-source voltage of M| — M,.
The voltage at the gate of M| is

Vi = Vss = (Vass = Vo) + Viw (10.63)
The minimum cutput veltage at the drain of M is

Vdminy = Vi — Fgo + Fpgi(sat)

5 ; (10.64)
=[Vgss — ¥y + Vanl = Vosi + (Vgs — Virw)

or
Vpi(min) = Vggs — Viw = A Vgs — Vo) = 2V pgi{sat) {10.65)

If we have Fgg =075V and Vyy = 0.5V, then Fp (min) = 0.50V, which is
one-haif the value for the cascode circuil. At the sarne iime, the high output
resistance is maintained.

Discussion: In the ideal circuit design in Figure 10.22, the transistors My and
M, are biased exactly al the transition peint between the saturation and non-
saturation regions. The analysis has neglected the body effect, so threshokd
voltages will not be exactly equal. n an actual circuit design, therefore, the
size of M, will be made slightly smaller to ensure transistors are biased in the
saturation region. This design change then means that the minimum output
voltage increases by perhaps 0.1 to 0.15V.

10.2.3 Bias-Independent Current Source

1n all of the current mirror circuits considered up 1o this point (both BJT and
MOSFET), the reference current is a function of the applied supply voltages.
This implies that the load current is also a function of the supply vollages. In
most cases, the supply voltage dependence is undesirable. Circuit designs exist
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in which the load currents are essentially independent of the bias. One such
MOSFET circuit is shown in Figure 10.23. The width-io-length ratios are
given.

Since the PMOS devices are matched, the currents fp; and Ip, must be
equal. Equating the currents in M| and M,, we find

k, {W kAW -
Ip = Eﬂ (I)I{VGS! —V¥=ip= f (I)szus:z — Fry)™ (1066

H”'J'_ E} -

"Dll

o=

Figure 10.23 Bias-independent MOSFET current rmirror

Also
Vos: = Visi — IR (10.67)

Substituting Equation (10.67) into Equation (10.66) and solving for R, we
obtain

R=

.
(1 gy 1068

vKailpi (Wil)y

This value of resistance R will establish the drain currents fp) = fp;. These
currents establish the gate-to-source voltage across M| and source-to-gate
voltage across M;. These voltages, in turn, can be applied to M; and M, to
establish load currents I, and fp).

The currents fp; and Jp; are independent of the supply voltages V'™ and
V'~ aslong as M, and M, are biased in the saturation region. As the difference.
K¥* — ¥, increases, the values of Vps, and Fgpy Increase but the currents
remain essentially constant.

Similar bipolar bias-independent current mirror designs exist, but will not
be covered here. & 5 SR :
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10.24 JFET Current Sources

Current sources are also fundamental elements in JFET integrated circuits. The
simplest method of forming a current source is to connect the gate and source
terminals of a depletion-mode JFET, as shown in Figure 10.24 for an n-
channel device. The device will remam biased in the saturation region as
long as

Pps = vps(sat) = vgg — Ve = |Vp| (10.69)
In the saturation region, the current is
- 2
ip = n’nss(i = %) (14 Avps) = Toss(1 + Mos) (10.70)
P

The output resistance looking into the drain is, from Equation (10.70),
{(10.71)

This expression for the cutput resistance of a JFET current source is the
sdme as that of the MOSFET current source.

Figure 10.24 Depletion-
mode JFET connected as a
curnent source

Example 10.9 Objective: Determine the currents and voltages in a simple JFET
circuit biased with a constanl-current soucce.

Consider the ¢ircuit shown in Figure 10.25. The (ransistor parameters are: fpgg, =
2MA. fpxir = 1mA, Vpo = Ve = —1.5V, and Ay = b = 0.05V~". Determine the
minimum values of Fg and ¥} such that {; is based in the saturation region. What
15 the value of [?

Solution: In order for ¢ to remain biased in the saluration region, we must have
vps = el = 1.53¥, rom Equation (10.69). The minimum value of Vy is then
Veimin) — P~ = ype(min} = 1.5V
or
Vimimy=1.5+V =15+ (-5 =-35V
From Equation (10,70}, the cutput current is
ip = Iy = Ipssi(] +dvps) = (D1 + (0.05K1.5)] = 108 mA

As a first approximation in caiculating the minimum vale of ¥, we neglect the
effect of A in transistor §,. Then, assuming {, is biased in the saturation region, we
have

2
i = | — oGS
o= ipss ___VH

or
s YGs1 :
1408 = E(I e (_1_5))
which vields
vy = 04OV
We see that

vos1 = =040V = V; = Vs = ¥} - (=1.9)

Ve=5V
RP
Vo
&
V) O
— Vg
1T,
L2
1]
YV ==5Y

Figure10.25 The dc
enuivalent circuit of simple
JFET amplifier Liased with
JFET current source
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or

V,=-=-390V

Comment: Since @, is an n-channel device, the voltage at the gate is negative with
respect 1o the sonrce.

Figure 10.26 JFET
cascode current source

The cutput resistance of a JFET current source can be increased by using a
cascode configuration. A simple JFET cascode current source with two n-
channel depletion-mode devices is shown in Figure 10.26. The current~voltage
relationship, assuming Oy and (%, are identical, is given by

ip= fg_gs“ + JLVDS|) = !;_}55(] —%) (l + .:\1»'032) (1“72)
P

From the circuit, we see that vgg = —vpg). We define

Vos = vpsi + vos2 (10.73(a)}
so that

vps: = Vps — Yps (10.73(b}}
From Equation {10.72), we obtain

2
¥
{1+ kvpg) = (i + —f,%) [1 +A(¥ps — vpsi)] (10.74)

For a given application, the value of Vps will usually be known, and the
value of vpg can then be determined. The load current iy can then be calcu-
lated by using Equation (10.72).

We can determine the output resisiance by using the small-signal equiva-
lent circuit of the composite two-transistor configuration, as shown in Figure
10.27(a), which includes the phasor variables. Since the gate and source of O,
are connected together, the small-signal voltage ¥V, is zero, which means that

V‘_ R.= L
e =T AN
G: —— r [t—
© — I
1
+ "-I ]
j X
V“: & Yoz 5 " Tor
BmVer2 Y gs2

oy

g
e L=
G D v, -
) 4
+ r
Ver2 ol
vj.tl =0 <|' ful
gm"’gxl +
' e

(a) (b}

Figure 10.27 (a) Equivalent circult, using phasor notation, of the JFET cascode current
sourcs for determining culput resistance and (b) final contiguration
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the dependent current source g, Y, is zero. This corresponds to an open
circuit. Figure 10.27(b) shows the final configuration.

The analysis is the same as for the MOSFET cascode circuit in Figure
10.17. Writing a KCL equation at the output node, we have

V., —(=V
I.T = Em V,es! +%ﬂ{1 (1015]‘
a2
Noting that
Vgsl‘ = -y (10.76)

Equation (10.75) becomes

V.
I, = _(gmrﬂl)!.\' tie——
Fa

(r—‘) & 19.77)

Yo2
The output resistance 15 then
Ve
R, = T =Fo1 + ok Emlorfor = iy + rol(l + gm’ol!) {1078)
X

From Equation (10.78), we see that the output resistance relationship for
the JFET cascode current source has the same form as that of the MOSFET
cascode current source.

611

Test Your Understanding

*40.17 Consider the JFET circuit in Figure 10.25. The transistor parameters are:
Ipssy = 0.5MA, Ipger =0.8mA, Fp = Vp=—2V, and &y =iy = 0.15V"". Deter-
mine the minimum values of V5 and F; such that @, is biased in the saturatien region.
What is the value of [,? What is the output impedance looking into the drain of 0,7
(Ans. Fo(min) = =3V, I, =0.65mA, Fimin)=-32V, r, = LO9kR)

*40.18 The JFET cascode circuit in Figure 10.26 has idenlical transistors, with
patameters fpgs =2mA, Vp=—2V, and A =01V If ¥pg=vps +vps2 =3V,
determine: {3) vpgp. Vos: Yps2, and ip, and (b) the ouwiput impedance R,. (Ans.
(@) bpg = 0212V, vgey = =022V, 1ps; = 279V, ip, = 2.04mA (b) R, = 54.8kR)

10.3 CIRCUITS WITH ACTIVE LOADS

In bipolar amplifiers, such as that shown in Figure 10.28, the small-signal
voltage gain is directly proportional to the collector resistor Re. To increase
the gain, we need to increase the value of R¢. Typically, circuit parameters are
le =0.5mA, Ve = 10V, and Rq = 10k§2. However, if we increase Rc, we
would also have to increase the supply voitage Ve if we want to maintain the
same collector current and collector—emitter voltage. In practice, there is a
limited range of values of R¢ and V¢ that are reasonable.

To get around this limitation, we need a load device that will pass a curreni
of 0.5mA at a voltage of 5V, but which will resist a change in current better
than a 10kS2 resistor. This load device can be a transistor, which will also
occupy less area in an mtegrated circuit, another advantage in using transistors
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- e

Figura 10.28 Bipolar common-emitier circuit

in place of resistors. In addition, active loads produce a much larger smali-
signal gain than discrete resistors, as discussed in Chapter 4.

[n Chapter 6, we introduced NMOS enhancement load and depletion load
devices in MOSFET amplifiers. This was an introduction to active load
devices. In this section, we consider the dc analysis of a bipolar active load
in a simple BJT circuit and then the dc analysis of a MOSFET active load. Our
discussion will include the voltage gains of these active load circuits. The smali-
signal analysis of active load circuits is covered in the next section.

The discussion of actave loads here ¢an be considered an introduction. The
use of active loads with differential amplifiers is considered in detail in the next
chapter.

10.3.1  DC Analysis: BJT Active Load Circuit

Consider the circuit shown in Figure 10.29. The elements R, ¢, and {, form
the active load circuit, and ¢, is referred to as the active load device for driver
transistor (. The combination of Ry, 0, and Q, forms the pnp version of the
two-transistor current micror. For the dc analysis of this circuit, we will use the
dc symbols for the currents and voltages. The objective of this analysis 15 to

v 0 vesn l Rerl L

-

Figure 10.28 Sivple BJT amphfiar with active load, showing curments and voltages
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obtain the voltage transfer function ¥, versus V.
The B-E voltage of Qy is the dc input voltage V; therefore, the collector
current in @ is

] V

feg = IS'O[EVH Vr](l + _C.E‘}) (10.79)
Vawy

where [y, is the reverse-saturation current, ¥z is the thermal voltage, and V 4y

is the Early voltage of the npn transistor. Similarly, the cellector current in 05

is

Iey = Igy[e"® ”’](1 +—V£“) (10.80)
Var

where F p is the Early voltage of the pap transistors.
If we neglect base currents, then

Iy = ey = I [eVen’ "r](l + @) (10.81)
Var
Assuming (), and {J; are identical, then /) = I and the Early voliages of
the pap transistors are equal. Also note that ¥ gy = Vg = Vg, We can also
assume that Vg <« Vey and Ve « V4p. Combining equations, we find the
output voliage is given as

VanVar [I o fm‘f’“m] " Vv

Vo = -~
Van +Vep frer Ven +Vap

(V" = Vega) (10.82)

Equation (10.82) is valid as long as @, and () remain biased in the forward-
active region, which means that the output voltage must remain in the range

Vemisat) < Vo < (V' = Vecatsat)) (10.83)

A sketch of ¥, versus VP is shown in Figure 10.30. If the circuit is to be
used as a small-signal amplifier, a Q-point must be established, as indicated in
the figure, for maximum symmetrical swing. Because of the exponential input
voltage function, as given in Equation (10.82), the input voltage range over
which both (@ and (> remain in their active regions is very small. A sinusoidal
variation in the input voltage produces a sinusoidal variation in the output
voltage as shown in the figure.

Yo
£, in sanrauon
e

V¥ Ve Gany']
and Q-point
I \ gqo_al:l'lv ‘/

K
U Oy in saturation
Ty Epm— 1 ;.'—‘_—\

"

FAY

K

Flgure 10.30 Vorags fransker cheractedisiics of bipolar dincuit with active load
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In addition to the voltage transfer function, we can also consider the load
curve. Figure 10.31 shows the transistor characteristics of the driver transistor
(@, lor several values of B~E or ¥; voltages. Superimposed on these curves is
the load curve, which essentially is the /- versus Vg characteristic of the active
load @, at a constant ¥gp voltage.

The Q-point shown corresponds to a guiescent inpul voltage Vy,. From
the curve, we see that as the input changes between ¥y and ¥y, the @-point
moves up and down the load curve producing a change in output voltage. Also,
as V; increases to Vp,, the driver transistor Q is driven into saturation; as V;
decreases to V', the load transistor Q; is driven into saturation.

fro

= -

Figure 10.31 Driver transisior characteristics and load curve for BJT circuit with active load

10.3.2 Voltage Gain: BJT Active Load Circuit

The small-signal voltage gain of a circuit is the slope of the voltage transfer
function curve at the Q-point. For the bipolar circuit with an active load, the
voliage gain can be found by taking the derivative of Equation (10.82) with
respect to ¥, as follows:

V i .
e L e | U K
As a good approximation, we can write that
Ingr = fpe' T (10.85)
Equation (10.84) then becomes
(%)
=gt w) o 029
Van  Var

The small-signal voltage gain is a function of the Early voltages and the
thermal voltage. The vollage gain, given by Equation (10.86), relates to the
open-circuit condition. When a load is connected to the output, the voltage
gain is degraded, as we will see in the next section.
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Example 1090 Objeciive: Calculate the open-circuit voltage gain of a simple
BJT amplifier with an active load.

Consider the circuit shown in Figure 10.29. The transistor parameters are V,y =
120Vand Fp=80V. Let Vy =0026V.

Solullon: Frem Equation (10.86), the small-signal, open-cireuit voltage gain is
%) _lom)
Vr 0.026 —38.46

A, o T GO O e

Ve "V

Comment: For a circuil with an active load, the magnitude of the small-signal. open-
circuil voltage gain is substantially larger than the resulting gain when a discrete resistor
load is used.

Computer Verilicatlon: The voltage transfer characteristics of the active load circuit
in Figure 10.29 were determined (or a standard 2N3904 transistor as the npa device and
standard 2N3906 transistors as the pnp devices, The circuil was biased at 4V and the
resistor was set at R = 1k£2. The transfer curve is shown in Figure 10.32.

The input transition region, during which both @ and {; remain biased in the
forward-active mode, is indeed very namrow. The slope of the curve, which is the voltage
gain, is found to be —572. The reason for the smaller value compared to the hand
caleulation is that the Early voltages of these standard transistors are smaller than
agsumved in the previous ealculation. The Early voltage of the npn device is 74V and
that of the npn devices is only 18.7V.

Design Pointer:  Fromn the transfer characteristics in Figure 10,32, we can see that, for
this circuit, it would be very difficult to apply the required input voltage to bias both 0,
and (3. in the active region. This particular circuit, therefore, is nol practical as an
amplifier. However, the circuit does demonstrate the basic properties of an active
load. in Chapters 11 and 13, we will see how an active load is applied to actual circuits.

¥o iV)
50

Y60 720
¥, (mv)

Flgure 10.32 Graphical output from & PSpice anatysis, showing veltage iransier
characteristics of bipolar active load cicult
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Test Your Undarstanding

*40.19 A simple BIT amplifier with active load is shown in Figure 10.29. The
transistor parameters are: Isp = Is, = Iy = 1077 A and Py = Vp = 100V, Let V*
= §V. {a} Determine the value of Fgg, such that frgr = 0.3mA. (bj Find the value of
Ri. (c) What value of ¥, will produce Vg = Fgm? (d) Determine the open-circuit,
small-sighal voltage gain. (Ans. (a) Vggp = 0521V (b} R =896k (¢} V; =0.521 V
{d) Ay = —1923)

*40,20 Repeat Exercise 1019 if the transistor parameters are Iy = Iy = I =
5x 1071 A, and if fpgr is 0.1 mA. Verify the results with a PSpice analysis. (Ans.
(2) Veg = 0.557V (b) Ry = 4.4k (¢) ¥; =0.557V {d) Ay = —1923)

10.3.3 DC Analysis: MOSFET Active Load Circuit

Consider the circuit in Figure 10.33. Transistors M, and M, form a PMOS
active load circuit, and A, is the active load device. We will consider the
voltage transfer function of ¥y versus ¥ for this circuit.

5

56
+ 5 +
Vipa M: -—" E’r Vo)

—0 Vg
o
+ V) feee
""IO—'I Ho, VD‘SO
-
=

Figure10.33 Simple MOSFET ampifier with active load, showing currents and voltages

The reference current may be written in the form

Irgr = Ko (Vg + Vem) (1 + 3 Vsp)) (10.87)
The drain current [, is

b = Kpp(Vsg + Ve (1 + A2 Fspn) (10.88)

I we assume that Af, and M, are identical, then A, =1, =2, Vi =
Vips = Vrp, and K, = Kp = K. Combining equations, we find the output
voltage as

_U 45,07 -Vl KV = Vew)'

V, :
@ Ayt A, IreF(Aq + Ap)

(10.8%)
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Equation (10.89) describes the Fg versus V; characteristic of the circuit,
provided that both M, and A{; remain biased in their saturation regions.
Figure 10.34 shows a skeich of the voltage transfer characteristics, If the circuit
is to be used as a small-signal amplifier, then a Q-point must be established, as
indicated on the figure, for maximum symmetrical swing. As before, the input
transition region in which both M, and A, are biased in the saturation region
i$ quite narrow. A sinusoidal variation in the input voltage produces a sinu-
soidal variation in the output voltage as shown in the figure.

Yo

inl
M&lﬂd": Q‘Pﬂ
biased in

— sahuration
region

Figure 10.34 Voltage transler characleristic of MOSFET circuit with atiive load

We can also consider the load curve for this device. Figure 10.35 shows the
transistor characteristics of the driver transistor My for several values of gate-
to-source or ¥; voltages. Superimposed on these curves is the load curve, which
essentially is the I, versus ¥ characteristic of the active load M, at a constant
Voo voliage.

The @-point shown corresponds to a guiescent input voltage Fpg. From
the curve, we see that as the input changes between ¥y and Vi, the Q-point
moves up and down the load curve producing a change in output voltage. Alse,
as ¥y increases to Fp,, the driver transistor My is driven into the nonsaturation

Ip

Figure 10.35  Driver ransistor characteristics and load curve for MOSFET circul! with active
load

617



Part 1T Analog Electronics

region; as ¥, decreases to ¥y, the load transistor A5 is driven into the non-
saturation region.

10.3.4 Voltage Gain: MOSFET Active Load Circuit

The small-signal voltage gain of 8 MOSFET circuit with an active load is also
the slope of the voltage transfer function cusve at the Q-point. Taking the
derivative of Equation (10.89) with respect to V;, we obtain

dVe —2K,(V; — Vin)

A, = -
a¥, frer(ds + A,)

{10.90)

The transconductance of the driver transistor is g, = 2K,(¥V; — Vi)
Since M| and M, are assumed to be identical, then {5 = Ippr. and the small-
signal transistor resistances are r,, = |/, fger and Yop = 1/ApIRer. From
Equation (10.90), the small-signal, open-circuit voltage gain can now be written

__]':&_1_ = —ZmkFon "rﬂp]
et

Fon  Yop

i, (10.91)

In general, the transconductance g, of a MOSFET is less than that of a
BIT; iherefore, the voltage gain of a MOSFET amplifier with an active load s
less than that of a BJT amplifier with an active load, However, the active load
still produces a significant increase in the voltage gain.

10.3.5 Discussion

In considering the BJT circuit with active load (Figure 10.29) and MOSFET
circuit with active load {Figure 10.33), we could have directly considered the
small-signal analysis without the dc analysis. However, 1t 13 important to
understand how narrow the input tramsition width is {(Figure 10.32) such
that the transistors are biased correctly. For this reason, the use of active
loads in discrete circuits is almost impossible. The biasing of the circuit with
an active load depends to a large exient on the use of matched transistors.
Matched transistors can be achieved on an integrated circuit. So in considering
the small-signal apalysis in the next section, we must keep in mind the very
narrow range in which the transistors are biased in the active region.

Test Your Understanding

10.21 Consider the simple MOSFET amplifier with active Joad in Figure 10.33. The
transistor parameters are: Vpy = LV, Vyp = —1V, K, = K, =02mA/V?, and &, =
hy =0.015V™" Let ¥* = 10V and fger = 0.25mA. (a) Find Vsg. (b) What value of
V; will produce ¥ps = Vipy? () Detenmine the open-circuit, small-signal voltage gain.
{Ans. (a) Vs = 212V (b} V, = L0V (¢) 4, = -58.7)

$0.22 Repeat Exercise 10.2) if the transistor parameters are £, = K, = 50 pA,fVl,
and if Jagg is 80 pA. Verify the results with a PSpice analysis {(Ans. (a) Vg = 226V
(b) ¥y = 224V (0) 4, = -51.T)
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10.4 SMALL-SIGNAL ANALYSIS: ACTIVE LOAD CIRCUITS

The small-signal voliage gain of a circuit with an active load can be determined
from the small-signal equivalent circuit. This is probably the easiest and most
direct method of obtaining the gain of such circuits. Again, the dc analysis of
these circuits, as shown in the previous section, clearly demonstrates the nar-
row range of input voltages over which the transistors will remain biased in the
active region. The load curves in Figure 10.31 for the BJT circuit and in Figure
10,35 for the MOSFET circuit also help in visualizing the operation of these
circuits. Even though a small-signal analysis is extremely useful for determining
the voltage gain, we must not lose sight of the physical operation of these
circuits, which is described through the dc analysis. If the BJTs are not biased
in the active region or the MOSFETs are not biased in the saturation region,
the small-signal analysis is not valid.

10.4.1  Small-Signal Analysis: BJT Active Load Circuit

To find the small-signal voltage gain of the BT circuit with an active toad, we
must determine the resistance looking into the collector of the active load
device. Figure 10.36 is the small-signal equivalent circuit of the entire active
load circuit in Figure 10.29, which uses pop transistors. The base, collector,
and emitter terminals of the two transistors are indicated on the figure.

w [ %

t gt
Ta2 Fa2 V2 LT ol
83:".:2 = = E=Vx

L=

z

|
|—"i'c2' e B
)

L""l

R,
VI

-

Flgura 10.36 Small-signat equivalant ¢ircuit of BJT active load circuit

In the (2, portion of the equivalent circuit, there are no independent ac
sources Lo excite any currents or voltages, Therefore, V., = ¥y =0, which
means that the dependent source g, V,; is zero and 1s equivalent to an open
circuil. The resistance looking into the collector of @y is just

R, =r,; (10.92)

We will use this equivalent resistance to calculate the small-signal voltage gain
of the amplifier.

Figure 10.37(a) shows a simple amplifier with an active load and the ow-
put voltage capacitively coupled to passive load R; . The small-signal equiva-
lent circuit, shown in Figure 10.37(b), includes the load resistance R;, the
resistance r,» of the active load, and the output resistance r, of the amplifying
transistor Q. ' :

619
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(a) ()
Flgure 10.37 (a) Simple BJT amplifie with active load and load resistance and (b) small-

signal equivalent cirncull
The output voltage is
Vo =~ —{gnr ’ﬂ'l)(r.o“‘q[. lrs2) (1“.93)

Since ¥y = V,, where V; is the ac input voltage, the smail-signal voltage gain is

Vo -1.1
A== —gm(rolRelro2) = ]—i-g“—] (10.94)
' (— + =+ —-)
ro R re
The small-signal voltage gain can also be written
s REL (10.95)
Lot 8L+ L2

where g, and g, are the output conductances of Qg and (1, and g, is the load
conductance. The transconductance is g = Ic,/ V1, the small-signal conduc-
tances are g, = Ic,/Vain and gy, =fc,/Vap, 2nd the load conductance is
g, = 1/R,. Therefore, Equation (10.95) becomes

_'(ﬁ
|
A,= L (10.96)
(_{E‘L+L+ IC")
Van Ry Far

If the passive load is an open circuit (R; — oo), the small-signal voltage
gain is identical to that determined from the dc analysis as given by Equation
(10.26). If the load resistance Ry is not an open circuit, then the magnitude of
the small-signal voltage gain is reduced.

Example 10.11  oObjective: Calculate the small-signal voltage guin of an amplifier
with an active load and a load resistance R;.
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tor the circuit in Figure 10.37(a), the transistor parameters are V,y = 120V and
Fap=80V.Let Vi = 0006V and I, = 1 mA. Determine the small-signal voltage gain
for load resistances of R, = oo, 100KS, and 10kQ.

Solutlon: For R; = oo, Equation {10.96) reduces to

| 1
B _(V_r) N -(0.026) _
”‘”*(_L+L)‘(¢+L)*“‘3“6
Von * Vapd \1207 80

which 15 the same as that determined for the open-cirenit configuration in Example
10.16.

For R; = L00kQ, the small-signal voltage gain is

-{ _‘_) )
T Ty oo
1207 100 " 80
and for R.‘.’. = 10k, the \‘OItage gam is
‘( l )
A, = 0.026) _ —38.46 _

- (_1_+l+i) T 000833 +0.10 400125
120 "10 " 80

Coattwnatt:  The small-signal voltage gain is a sirong function of the load resistance R,
As the value of R; decreases, the loading effect becomes more severe.

Deasign Pointer: 1i an amplifier with an active load is to drive another amplifier stage,
the loading effect must be taken inte account when the small-signal voltage gain is
determined. Also, the input resistance of the next stage must be large m order to
minimize the loading effect.

621

Technigue: Active Loads

1. Ensure that the active load devices are biased in the forward-active mode.

2. The small-signal analysis of the circuit with an active load then simply
involves considering the output resistance looking into the output of the
active load device as well as the equivalent circuit of the amplifying
transistor.

Test Your Understanding

90.23 For the circnil in Figure 10.37(a), the iransistor parameters are V,y =
Vip=3%0Y. Let I, =08mA. {3) Determine the open-circuit small-signal voltage
gain. {b) Find the value of &; that results in a voltage gain of one-half the open-circuit
value. (Ans. (a) 4, = -1540 (b) & = 50kQ)

10.24 In the circuit shown in Figure 10.37(a), the transistor parameters are ¥y =
120V and V,p = BOV. Let Ir, = 0.5mA and R; = 50k%2. (a) Determine the small-
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signal paramelers gm. #,, and r,. (b) Find the small-signal voltage gain. {Ans.
(3) g = 192MA/V, r, = 240k, r,y = 160k (b} A, = —631)

10.4.2 Small-Signal Analysis: MOSFET Aclive Load Circuit

The small-signal voliage gain of a MOSFET amplifier with an active load can
also be determined from the small-signal equivalent circuit. Figure 10.38 is the
small-signal equivalent circuit of the entire MOSFET active load in Figure
10.33. The signal voltages V,,; and V,,, are zero, since there is no ac excitation
in this part of the circuit. This means that g,V = 0 and

R, =rp (10.97)

Flgure10.38 Small-signal equivalent circuit of the MOSFET active toad circuit

A simple MOSFET amplifier with an active load, and a load resistor R;
capacitively coupled to the output, is shown in Figure 10.39(a). Figure 10.3%b)
shows the small-signal equivalent circuit, in which the load Ry, the active load
resistance r,y, and the output resistance r, of transistor My are included.

(a) b}

Figure 16,39 {a) Simple MOSFET ampkiier with active load and load resistance and
) small-signal ecusivalent clioult :
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The oulput voltage s
Vn = "ngg_c{ru"nRL“ro}!) [10'98)
and since V. =V, where V, is the ac veliage, the small-signal voltage gain is
K ~8
i S R —— "8m
¥ ": gm':rn" .z'.”rn2) go+21 + 2.0
The parameters g, and g,; are the output conductances of M, and M., and g;
is the load conductance. This expression for the small-signal voltage gain of a
MOSFET amplifier with active load is the same as that of the BJT amplifier.
A load resistance R; tends to degrade the gain and to cause a loading
effect, as it did in the bipolar circuit with an active load. However, in MOSFET
amplifiers, the output may be connected 10 the gate of another MOSFET
amplifier in which the effective R, is very large.

(10.99)
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Example 10.12 Objeciive: Calculate the small-signal voltage gain of an NMOS
amphifier with an active load.

For the amplifier shown in Figure 10.39(a) the transistor parameters are: 4, = A, =
001V Vry=IV. and K, = I mA/V" Assume A, and A, are matched and
Iner = 0.5mA, Calculate the small-signal voltage gain for load resisiances of R, = o0
and 100 k2.

Solution: Since M| and M, are matched. then fp = Izpp. and the transconductance is

g = 2K Iger = 2/0100.5) = 1.4l mA;V
The small-signal transistor conductances are

£, =g, = Ager = (0.01)0.5) = 0005 mA/V

For K; = so. Equation (10.99) recduces to

P .
" gt 0.005+0.005
For R, = 100%Q (2, = 0.0l mA/V), the voliage gain is
. - 1.4l

A, = = = = —~70.5
gr} + g,’_ + gaz Gms + 00] + 0005

~141

Comment: The magnitude of the small-signal voliage gain of MOSFET amplifiers
with active loads 1s substantially Jarger than for those with resistive loads, but it is
sull semadler than equivalent bipolar circuits, becavse ol the smalker (ransconductance
for the MOSFET.

10.43 Small-Signal Analysis: Advanced MOSFET Active Load

The active loads considered in the BJT (Figure {0.37) and MOSFET (Figure
10.39(a), circuits correspond to the simple lwo-transistor current mirrors. We
may usc a more advanced current mirror with a high output resistance as an
active load to increase the amplifier gain. Figure 10.40{a) shows a MOSFET
cascode amplifying stage with 2 cascode active load. The small-signai
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Figure 10.40 (a} MOSFET cascode amplifying slage with casoode active load; (b} small-
sighal equivalent circuit

equivalent circuit is shown in Figure 10.40(b), where R, is the effective resis-
tance looking into the drain of M. From our discussion of the cascede current
mirror, we found R,; = £ 3 4 rou(l + gnto3) (Equation (10.57)).

We can assume all transistors are matched so that the currents in all
transistors are equal. Summing currents at Dy, we have

= Vc: —{~V 5
Bm Vg +( w2) =BV e + L—”} (10.100)
Fg) Far
Summing cutrents at the output node¢, we find
vV, V,-(-V,
Yo Bl Fppl ZiVgs=ll (10.101)
Ra}l Fa2 .

Eliminating V,,; from the two equations, noting that ¥y = ¥, and assuming
gm > 1/r,, we find the stpall-signal voltage gain is

VQ‘
e (10.102)

Ra! FaiT

The resistance &,; is approximately R 3 = g,,r030 04, SO the gain can be written
as

A= Tﬁi_t (10.103)

Fodfed  ¥oi¥oz

For the same transistor parameters given in Example 10.12, the small-
signal voltage gain of this circuit would be 39,762! However, a word of warning
is in order. As we mentioned previously, output resistances in the hundreds of
megohm range are ideal and will, in reality, be limited by leakage currents. For
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this reason, a voltage gain of 39,000 in a one-stage amplifier will probably not
be achieved. However, the voltage gain of this amptifier should be substantially
larger than the amplifier wsing a simple active load.

Test Your Understanding

10.28 For the circuit in Figure 10.3%a), the transistor parameters are: i, =i, =
0.02V™", K, = K, =025mA/V), Vry =1V, and Vpp = -1V. Let ¥* =10V and
Irgr = 040mA. (a) Determine Vpp. (b} Find the gpen-circuit small-signal voltage
gain. (¢} Find the value of R, that results in a voltage gain of one-half the open-circuit
value. (Ans. () Vip =2.26V (b) 4, =394 (c) R, = 62.5kQ)

10.28 In the circuit in Figure 10.39(a), the transistor parameters are: K, =
GlmA/VE, K =02ZmA/V:, Vry =1V, Vrp==1V, 1, =001V", and A, =
002V~ Let ¥* =10V, Ipgr = 0.25mA, and R; = |00kQ. (2) Determine the small-
signal parameters g,, (for My), 7oy, and r,,. (b} Find the small-signal voltage gain. (Ans.
(a} g, = O.MEMAV, ry = 400KSZ, ¥,, = 200k (b) 4, = ~25.6)

10.5 SUMMARY

® This chapter addressed the biasing of bipolar and FET circuits with constant-current
sources. The basic bipolar current soutce is the simple two-transistor circuit with a
resistor to establish the reference current. The basic FET current source is also a
simple two-iransistor circuit but includes additional transistors in ihe reference por-
tion of the circmt.

® One parameter of interest in the curreni source ¢ircuit is the output resistance, which
determines the stability of the bias current. More sophisticated current-source cir-
cuits, such as the Widtar and Wilson circuis in the BJT configuration and the Wilson
and cascode in the FET configuration, have larger output resistance parameters and
increased bias-current stability.

¢ Multitransistor ontput stages, in both bipolar and FET circuits, are used to bias
multiple amplifier stages using a single reference current. These circuits, called current
mirrors, reduce the number of elements required to bias amplifier stages throughout
an [T,

® Both bipolar and MOSFET active load circuits were analyzed. Active loads are
essentially constant current source circuits and replace the discrete collector resistor
and drain resistor. The active loads produce a much larger smali-signal voltage gain
compared 10 discrete resistor citcuits.

CHECKPOINT

After studying this chapter, the reader should have the ability to:

v Analyze and design a simple two-transistor BJT current-source circuit to produce a
given bias current. (Section 10.1)

v Analyze and design more sophisticated BIT current-source circuits, such as the
three-transistor circuit, cascede circuit, Wilson circuit, and Widlar circuit. (Section
10.1)

o’ Analyze the output resistance of the various BJT current-source circuits and design a
BJT current-source circuit to yield 2 specified output resistance. (Section 10.1)
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¢ Analyze and design a basic two-transistor MOSFET current-source circuit with
additional MOSFET devices in the reference portion of the circuit to yield a given
bias current. {Section 10.2)

v Analyze and design more sophisticated MOSFET current-source circuits, such as the
cascode circuit. Wilson circuit, and wide-swing cascode circut. (Section 10.2)

v Analyze the cutpm resistance of the various MOSFET current-source ¢ireuits and
design a MOSFET current-source circuit to yield a specified output resistance,
{Section 10.2)

v Describe the operation and characteristics of a BJT and MOSFET active load
circnit. (Section 10.3)

V' Discuss the reason for the increased small-signal voltage gain when an active load is
used. (Section 10.3)

REVIEW QUESTIONS

1. Sketch the basic BJT two-transistor current source and explain the operation.
Explain the significance of the output resistance of the current-source circuit,

Discuss the effect of mismatched transistors on the characteristics of the BJT two-
transistor currenl source.

wop

Discuss the advantage of the BIT threc-fransistor eurrent source.

What is the primary advantage of a BJT cascode current source?

Sketch a Widlar current source and explain the operation.

Can a piecewise linear model of the transistor be used in the analysis of the Widlar
current sonrce? Why o why not?

8. Discuss the operation and significance of a multiple-output transistor current
mirtor.

9. Sketch the basic MOSFET two-transistor current-source circuit and discuss its
operation.

10. Discuss 1the effect of mismatched trangistors on the charactetistics of the MOSFET
two-transistor current source.

11. Discuss how the reference portion of the circuit can be designed with MOSFETs
only.

12. Skeich a MOSFET cascode current spurce circuit and discuss the advantages of
this design.

13, Discuss the operation of an active load.

el

[4. What is the primary advantage of using an active load?

t5. Sketch the voltage transfer characteristics of a simple amplifier with an active lead
Where should the O-point be placed?

t6. What is the impedance seen looking into a simple active load?
17. What is the advantage of using a cascode aclive load?

PROBLEMS
Section10.1  Bipolar Transistor Current Sources

10.1 Figure P10. [ shows ancther form of a bipolar current source. (a) Neglecting, base
currents, derive the expression for [~ in terms of the circuit, transistor, and diode
parameters. (b) If the transistor B—E and diode voltages are equal, show that, for
R, = R, the expression for [~ reducss to
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e,

CTER,
() For " = —10V and Vgelon) = V¥, =0.7V, design the circutt such that I =1, =
{y = 2mA.

10.2 The transistor parameters for the circuit in Figure 10.2(b) are: Vge{on} = 0.7V,
B=150,and ¥, =c0. Let ¥* =3Vand ¥~ = 0. For Iggr = L mA, determine 7, Ig,
Ig, and Iy

103 (a} For the circuit in Figure 10.2(b). the bias voltages are ¥* =+15Vand V™ =
—I5V. Assume @ and {> are matched, and assume ¥y (on) = 0.7 V. Neglecting base
currents, find R; such that Iggp =75 = 0.5mA. (b) The upper terminal of R, may
instead be cormected to ground potential. Find R, such that fggp = Jg = 0.5mA for
this case. Discuss any advantage of connecting R, 1o ground rather than to the V't
power supply. () Determine the change in /o if R, vanes by £5 percent fxom the design
values of parts (a) and (b).

D104 For the basic two-transistor current source in Figure 10.2(b), the transistor
parameters are: f= 100, Fye{on) =07V, and V¥, =80V. Let ¥ =15V and
=~ =0 {a) Design the circuit such that [y = 2mA when ¥y =07V, (b) What is
the percent change in I, as Vi vares between 0.7V and [0 ¥?

D10.5 Figure PI0.5 shows a basic two-transisior pop current source. The transistor
parametars are: =25, Veplon) =07V, and I, = »c. Design the circuit such that
o = 0.5mA. What is the value of pge?

V-

106 In the circuit in Figure P10.5, the transistor parameters are S =350,
Veg(on) =0.7¥, and ¥, =50V, Let B = 18k Determine [y for: (@) Fgey = 0.7V, Figure P10.1
() Vers =2V, and (c) ¥y =4 V.

Vrz5Y -
T o
t i}
N 2 !'zEFl R '
QI QZ VE.'CZ
l’o , l 4 2 0:
I REF }
""“1 R, ;
' T
= Voz-3V =
Flgure P10.5 Figure P10.7 Figure P10.9

D10.7 Consider the pnp current source in Figure PL0.7, with transistor parameters
p=oo, V=00, and Veglon) = 0.7 V. (a) Design the circuit such that fger = 1mA,
(b} What is the value of I,? (c) What is the maximum value of Re such that (> remains
biased in the forward-active mode?

10.8 The trapsistors in the basic current mirrer in Fipure 10.2(b) have a finite § and an
infinite Early voltage. The B-E area of {0, is n times that of . Derive the expression
for Iy in terms of Fggr, B, and n.

D10.9 The transistor (> shown in Figure P10.9 is equivalent to two transistors in
parallel, each of which is maiched to (). Assumc she transistor parameters are:
Vaelon) =07V, =30, and ¥V, =co. For F* =5V, design the circuil such that
fo = 2mA. What is the value of Zgpp?
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10.10 Using the basic two-transistor topology biased at F*=+5V and ¥V~ = -5V
with npn transistors that have vp; = 0.7 ¥ at 1 mA, design a current source that pro-
vides a bias current of 1.5 mA and a reference current of 0.5 mA. Neglect base currents.

10.11  The values of g for the transistors in Figure P10.11 are very large. (a) If @, is
diode-connected with I} = 0.5mA, determine the collector currents in the other fwo
transistors. (b) Repeat part (a) if - is diode-connected with f; = 0.5mA. (c) Repeat
part {2} if @y is diode-connected with 7; = 0.5mA.

b |k
-

|
r/!Q, o &5
TN

Figure P10.11 Flgure P10.12

1042 <Consider the circuit in Figure P10.52. The transistor parameters are: 8 = 30,
¥ pe(om) = 0.7V, and ¥, = oo, (a) Derive the expression for Jo in terms of fpgp, 6, and
R (b) For & = 10k2and #* = 10V, design the circuit such that Jp = 0.70mA. What
is the value of fpge?

10.13 Al transistors in the N output current mirror in Figure P10.13 are matched,
with 2 finite 8 and V', = co. (a) Derive the expression for each load current in terms of
Tzgr and B. (b) If the circuit parameters are V" =5V and V™ = -5V, and the tran-
sistor parameter is f = 50, determine &; such that each load current is 0.5mA for
N = 5. Assume that Frg(Qz) = Ve(@5) =07V,

Ve

|, T T T

I IS
rl I\ie. I\lch_

I'-l' -
Flgure P10.13

D10.14 Design a pnp versien of the basic three-transistor current source, using a
resistor 10 establish 7ggp. The circuit parameters are F* =35V and ¥~ = —35V, and
the transistors parameters are; ¥gglon) = 0.7V, g = 50, and ¥, = oo. For a load cur-
rent of 0.5mA, what is Jgep?
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D105 Design a pnp version of the Wilsen current source, using a resistor (o establish
Iger. The circuit parameters are ¥ =9V and ¥~ = -9V, and the transistor pa-
rameters are: Vegglon} =07V, =25 and V, =oc If the load current is 0.8 mA,
what is .I'REF?

*10.18 Coensider the Wilson current source in Figure P10.16. The iransistors have a
finite & and an infinite Early voltage. Derive the expression for [ in terms of faer and 8.

D017 For the transistors in the crcuit in Figure P10.t7, the parameters are:
Veglon) = 0.7V, =75, and V, = co. Design the circuit such that /o = 2mA. What
is the value of fpep?

+5V

I

ey
L5y
Figurs P10.17

10.18 Consider the Wilson current source in Figurz 10.8. The reference current is
0.5 mA, and the transistor paramelers are: Fgglon)=0.7V, =80, and ¥, =80V
{a) Determine the output resistance looking into the collector of ;. (b) What is the
change in [, as the output voitage changes by 5V?

D10.19 Design the Widlar current source shown in Figure H1.9 such that Jper = 2 mé
and o = S0pA. Let ¥* = 15V and V™ = 0. The wransistors are matched, and Vy; =
0.7V at [ mA.

10.20 The circuit parameters of the Widlar current source in Figure 10.9 are V™ =
10V, V™ =0,and R = 20k. The B-E voliage is Fy; = 0.7V at | mA. (a) Determine
Igee. (b} Determine Rg such that Iy = 100 pA,

10.29 (a) For the Widlar curtent source in Figure 10.9, find fge, fp, and R, if
R, =100k, Rp=10k, ¥* =45V, and ¥~ = -5V. The transistor parameters
are Fpelon) = 0.7V and ¥, = 30V, (b) Determine the voltage difference ¥ype) — Vpp.

“40.22 Consider the Widlar current source in Problem 10.21. For f =80 and V', =
80V, determine the change in [ corresponding to a 5V change in the output voltage.

*10.23 For the Widlar current source in Figure 10.9, the parameters are: ¥'© =5V,
V™ =0, fngr = 0.75mA, and Ip = 25pA. Assume Vyg =0.7V. If F=80 and V, =
7SV, determine the output resistance looking into the collector of ;. What is the
percent change in [ if V' changes by 3V?

D10.24 Design a Widlar current source to provide a bias curtent of o = 100 sA. The
power supphies ate ¥" = 12V and ¥~ = —12 V. The maximum resistor vahx is 1o be
litnited 10 5k '

:

V-

Figure P10.16
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1048 Consider the Widlar current sousce in Figure 10.9. The circuit parameters are:
F* =10V, F" =10V, R, =40k, and Rp = 12Kk£2. Neglect base currenis and
ASSUTNC VBE] = 0.7V at lmA. Determine IREF‘ fo, VBE‘.‘ and Vm.

10.26 Consider the circuit in Figure P10.26. The transistots are matched. Assume that
base curtents are negligible and that ¥, = oo. Using the current-voltage relationships
given by Equations (10.26(a)) and (i{.26(b)), show that

1
IoRg — Ipge R = Vyln ('%ff‘)

If Rgy = Rex # Dand ¥V 7 oo, explain the advaniage of this circuit over the basic two-
transisior current source in Figure 10.2(b).

*40.27 Consider the circuit in Figure P10.26, with parameters F* =SV, V™~ = —5V,
Ry = 13.6kS, and Ry = Rpx = 5kQ. The trangistor parameters are: B = 50, Vpglon) =
0.7V, and ¥, =75V. (a) Determine the oulput resistance Ry = dVeo/dlp. (b) Compare
this output resistance value (o that obtained when Ry = Ry = 0 and R, = 18.6k%..

*10.28 Consider the circuit in Figore P10.28. Neglect base currents and assume
V= oo. (a) Derive the expression for Iy in terms of fyer and Rg. (b) Determine the
value of Re such that [y = fepp = 100 pA. Assume Vpg = 0.7V at a collector current of
| mA.

e

I e } BN

2 o ;)
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I ™

Figure P10.26 Figure P10.25 Flgurs P10.29

D10.29 Consider the Widlar current source with multiple output transistors, as shown
i Figure P10.29, Assuming Fapdon) = 0.7V, design the circuit such that Jppr =
0.5mA, lpy = 10uA, and fp; = 30pA. What are the values of Vg and Vpg,?

10.30 Assume that alj tratsistors in the circuit in Figure P10.30 are matched and that
B = o (neglect base currents). {a) Derive an expression for I in terms of bias voltages
and resistor values. (b) Show that if R, = R, and {y = fxgr. thenfp = (V7 — V7)/2R;,
‘which means that the currents are independent of Ve, (¢} For F* = +5Vand V™ =
-3V, design the circuit such that fp = .5mA.

1031 Ip the circuit in Figure P'10.31, the transistor parameters are: g = 00, Fy =00,
and Vﬂg =V = 0.7V ai lmA. Let RCI =2k@, Ry = ikq, RCJ = 1k, and
R| =12k02. (a} Determine ;01, fm, and fm. (b) Calculate VCEI! Ve, and Vees.
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Figure P10.30 Figure P10.31

10.32 Consider the crcuit in Fignre P10.31, with transistor parameters: B = o0,
V, =oc, and Vge = Fgg = 0.77 al 1mA. Let R, = 8kQ. (a) Find /oy, foz, and I,
(b) Determine the maximum values of Rey, Ry, and K¢y such that ), ¢,. and ¢
remain biased in the Forward-active region.

*010.93 Consider the circuit in Figure P10.33. The transistor parameiers are: 8 = oo,
¥, = o0, and ¥gp =0.7¥ at | mA. Design the circuit such that the B-E voitages of 0.
4. and (0, are identical to that of @, What are the values of I, I;, and fp,?

Vr=0¥

e |3 By =63k |

Section10.2 FET Current Sources

10.34 Consider the basic two-transistor NMOS current source in Figure [0.16 with
matched transistors. The circuit parameters are: V* =5V, ¥~ = -5V, and fpgr =
200uA, and the transistor parameters are. Fey =1V, K, = 250pA/V?, and A =
0.02V~". Find I, for: @) Vpgy =2V, (b) ¥ps2 = 4V, and (¢) Vpg =6V.

631 :
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10.35 In the two-transistor NMOS current source shown in Figure 10.16, the pa-
rameters are; F* =5V, ¥~ = =5V, and [ggr = 0.5mA. The mansistor parameters
are: Vi =1V, Ky =05mA/V:, and 2, =1, =0 (@) If Vyy; =1V and K,; =
{0.5+ $%)mA/V?, determine the range in values of [y, (b} If K,; = 0.5mA/V? and
Vewg = (1 £ 5%) V, determine the range in values of 7.

10.36 Consider the two-transistor diode-connected circuit in Figure P10.36. Assume
that both transistors are biased in the saturation region, and (hat g, = gp2 = g and
Py = Faa = ¥, Neglect thebody effect, Derive the expression for the output resistance R,

_]:.

Figure P10.36

_|

10.37 Consider the circuit in Figure 10.22 in the text. Assume Jppp = S0pA and
assume transistor parameters of ¥y =08V, (D, Cor = 48pA/V:, A =0, and y = 0.
(a) Find W /L such that Fpsi(sat) = 0.2V. (b) What is Fgss? (c) What is the mummum
voltage al the drain of M, such that all transistors remain biased in the saturation
region?

D10.38 For the circuit in Figure 1017, ¥ = 5V and ¥~ = =5V, and the transistor
parameters are: Vv = 15V, (Pu,Coy = 20 pA/V: and A = 0. Design the circuit such
that fp = 0.25mA, fxep = 0.10mA, and M, remains biased in the saturation region for
Vpﬂ =2V

10.39 The parameters for the cireuit in Figure 10.17 are ¥* =5V and V7 =0, and
the transistor parameters are; Vry = 0.5V, (i, Cor = 18 p#A/V2, and ) =002V
The transistor width-to-length ratics are (W/L}y =35, (W/L) =25, and (W/L)
= |5. Determine: {(a) Igge. (b) fo at Vo =2V, and (¢} Ip at Vpgpy =4V,

10.40 The circuit in Figure P10.40 is a PMOS version of a two-transistor MOS current
mirror. Assume transistor parameters of Vrp = -0.4V, (Y, C, = 204A/V2, and
A =0. The transistor width-to-length ratios are (W/L), =25, (W/L}y = 15, and
(W/L), = 5. (a) Determine lo, fper, V1. and Fser- {b) What is the largest valug of
R such that M, remains biased in the saturation region?

D10.41 The transistors in Figure P10.40 have the same parameters as in Problem 19.40
except for the (W/L) ratios. Design the circuit such that fp = 25 A, Jger = T5pA, and
Vepa(sat) = 0.25V.

*10.42 For the NMOS cascode curtent source in Figure 10.19, the parameters are
Yt =10V, V" = —10V, and Jpgr = 100pA. All transistors are matched, with pa-
rameters Voy = 2V, K, = 1004A/V2, and A= 0.02V™". (a) Determine Iy for Vpy =
—~3V. (b} Determine the change in 7, a5 ¥pq changes from -3V 1o 43V,
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*10.43 Consider the NMOS current source in Figure P10.43. Let Japp = 0.2tnA,
K, =02mA/VE, Voy =1V, and A =0.02¥"!, (All transistors are matched.) Deter-
mine the output resistance looking into the drain of M.

10.44 The transistors in the circuit in Figure P10.44 have parameters Vyy = +0.5V,
Vip=-03V, (é}.uncox = SU“A!‘VI: ({)#pcox = 2{:‘““”"\"2‘ and A, = Ap = 0. The tran-
sistor width-to-length ratios are {W/L), = (W/L), =20, (W/Ly; =5, and {W/L), =
10. Determine Io. ";REF’ and Vpﬂ(sat),

*D10.45 The transistors in the circuit in Figure P10.44 have the same parameters as in
Probiem 10.44 except for the {B//L) ratios. Design the circuit such that f, = S0 pA,
IREF == ]SGI.IA, Vﬂn(sat} = 0.5\7, and VGS'J = VSG‘“

*10.46 A Wilson curzent mirror is shown in Figure 10.21(a}. The parameters are:
F* =58V, V™ = -5V, and Iygr = 80 pA. The transistor parameters are: Vry = | ¥V, K,
= 80pA/V, and A = 002V~ Determine Iy at: {a) Vp3 = -1V, and {b) Vp, = +3V.

*10.47 Repeat Problem 1046 for the medified Wilsen current mirror in Figure
10.21(b).

10.48 Consider the bias-independent current source in Figure 10,23, Assume tran-
sistor parameters of Fry = +0.5V, Vep=-05V, hu,C, = 50 pA/VE, GupCox =
20pA/V, and A, =k, =0. The W/L ratios are given for the M—M, transistors.
{a) Determine R such that fy, = fpy = 50 pA. {b) What is the minimum bias voltage
difference (¥ — ™) that must be applied? (¢) Determine (W /L); and (/L) such
that I;; = 25pA and [y = T5pA,

D10.49 Consider the multitransistor current source in Figure P10.49. The transistor
parameters are: Fry = 1V, (YeaCor = 20pA/V?, and X = 0. Assume M), M,, and M
are identical. Design the cirpuit such that Jppr = 0.1 mA, foy =02 mA, and fp; =
0.3 mA.

10.50 The parameters of the transistors in the circuit in Figure P10.50 are
Vew = 1.2V, Vpp = =12V, G, =40pA/V, (Do = 1BpA/VE, and A, =
Ay =0. The W/L ratios are given in the figure. For R = 200k<2, detentnine /e, /i,
Iz, I3. and .fq,.

1051 Repeal Problem 10.50 if the bias voltages are reduced to ¥* =35V and
P~ = -5V,

7
Ll

Figure P10.43

V=43V

Figure P10.44
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V'=+12V

Vo=-12V

s
§

M3
Figure P10.49 Flgure P10.50

10.52 For the JFET in Figare P10.52, the parameters are: ipgs =2mA, Vp = =2V,
and ) = 0,05 V™!, Determine /, for: (a) Vp=—5V,(b) ¥, =0V, and (¢) ¥ = +5V.

*40.53 A JFET cascode current source is shown in Figure P10.53, The transistor
parameters are: [pes = kmA, Vp= -2V, and A = 0.05 V' Determine Iy, Vpg;, and
Vpgo at: (@) Vp = =3V, (D) Fp =0V, and (&) ¥ = +3V.

B10.84 A JFET circuit is biased with the current source in Figure P10.54. The tran.
sistor parameters are; fpgs = 4mA, ¥p = —4V, and A = 0. Design the circuit such that
I; = 2mA. What is the minimum value of ¥'p such that the transistor is biased in the
saturation region?

Yo
(o]
Jro
Vp T Yp
? @ Von
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Figure P10.52 Figure P10.53 Figure P40.54

Section10.3  Actlive Load Circuits

10.85 Consider the simple BJT active load amplifier in Figure 10.29, with transistor
parameters: Fso = 1072 A, Iy, = [ =5 x 107V A, ¥y = 120V, and V4 = 80V. Let
F* =5V, and neglect base currents. (a) Fiad the value of Fgy that will produce
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Iger = | mA, (b) Determine the value of Ry. () What value of F; will produce
Vepa = Vier? (d) Determine the open-circuit small-signal voltage gain

1056 The amplifier shown in Figure P10.56 uses a pnp driver and an npn active load
circuit. The transistor patameters are; fgo =35 x 107 A, I =T = 107124, Py =
120V, and ¥V, =80V. Let " =5V, and neglect base currents. (a) Find the value of
Ve that will produce fpgr = 0.5mA. (b) Deterraine the value of R;. {c) What value of
V; will produce ¥erp = Vepe? (d) Determine the open-circuit small-signal voltage gain.

v
T VE=5¥
1
i a Vic
= e
E
=] VO -
' lRer
Q;}_+—-|:Ql E "
Ver ——I My
1
=
Figure P10.56 Figure P10.57

D10.57 Consider the basic MOSFET amplifier with active load in Figure P10.57,
The transistor parameters are: Fry =1V, Frp=-1V, (é}u,.(.’m = 2UuAjV3.
ety Cop = 10pA/VE, and 2, = 4, = 0.02V"". (a) Design the circuit such that /per =
1o =0.1mA. Assame M, and M, are matched. (W/L); = 5, and the quiescent input
voltage is V;p = 2V, The quiescent output voltage is to be Fpg = 2.5V. (b} Determine
the open-circuit small-signal voltage gain.

1058 For the simple MOSFET amplifier with active load shown in Figure [0.33, the
transistor parameters are: Vpy =1V, Vppy = Vppp==1V, K, =K,=K,=
[00pA/VE, and A, = Ay = A, =002V, Let V" = 10V and fgpr = 100 pA- (a) Find
Fse. (b) What value of ¥; will produce Vps = Vps? (¢) Determine the open-circuit
stnall-signal voltage gain.

Seclion 10.4  Small-Signal Analysis: Active Load Clrcuits

10.58 A BJT amplifier with active load is shown in Figure P10.55. The circuit contains
emitter resistors R and a load resistor R;. (a) Derive the expression [or the output
resistance looking into the collectot of (2. (b) Using the small-signal equivalent circuit,
derive the equation for the simall-signal voltage gain. Express the relationship in a form
similar to Equation {10.94).

10.60 In the circuit in Figure P10.60, the active Joad circuit is replaced by a Wilson
current source, Assume that 8= 30 for all transistors, and that Vy = 120V, ¥V p=
80V, and [gpr = 0.2mA. Determine the open-circuit small-signal voltage gain.

10,61 For the circuit im Figure 10.39(a) the transistor parameters are; K, =
02mA/V2, K, =025mA/NV:, Pry=1V, Vrp=-1V, 4, =002V, and i, =
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0.03V™. Let * = 10V and Jggr = 0.2 mA. (a) Determine the smail-signal parameters
8n(Mg), 7on, and r,,. (b) Determine the open-circuit small-signal voltage gain, (c) Deter-
mine the value of R; that results in a voltage gain of one-half the open-circuit value.

10.62 The parameters of the iransistors in Figure P10.62 are Fyy = +0.8V.
Vrp=—08Y, DuyCoy = 50nA/V:, (i, Cor = 20pA/VE, and A, = A, =002V,
The width-to-length ratios are shown in the figure. The value of ¥4 is such that
fp; = 100 pA, and M; and M, are biased in the saturation region. Find the small-signal
voltage gain A, = v, /v,
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Figure P10.62 Figurs P10.83

$10.63 The parameters of the transistors in Figure P10.63 are Pry = +08V, Vpp =
0.8V, GuaCor = OUA/V?, BityCop = 0pA/V?, and A, =1, =0.00V™", The
width-to-length ratios of if, and M, are 20, and those of A=A, are 40. The vaiue
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of ¥sp is such that fp; = 80 pA, and all transistars are biased in the satutation region.
Determine the smail-signal veitage gain A, = v, /v;.

10.64 A BJT cascode amplifier with a cascode active load is shown in Figure P10.64.
Assume transistor patameters of § =120 and V; = 80 V. The ¥y, voltage is such that
all transistors are biased in the active regton. Determine the small-signal voltage gain
.'!' = l"p,""p

D10.88 Design a bipolar cascode amplifier with a cascode active load similar to that in
Figure P10.64 except the amplifying transistors are to be pnp and the load transistors
are to be npn. Bias the circwit at F* = [0V and incorporate a reference current of
Iper = 200 pA. IM all transistors are matched with =100 and V, =60V, determine
the small-signal voltage gain.

D10.66 Design a MOSFET cascode amplifier with a cascode active load similar to that
shown in Figure P10.63 except that the amplifving transistors ave 10 be PMOS and the
load transistors are to be NMOS. Assume transistor parameters similar to those in
Problem [0.63. Determine the small-signal voltage gain,

...............

COMPUTER SIMULATION PROBLEMS

1087 Consider the Widlar current source in Figure 10.9, with parameters given in
Problem [0.25. Choose appropriate transistor parameters. Connect a 40k resistor
between T and the collector of 3, as a load. Using a PSpice analysis, determine
Irgr, doy Ve, and Vg

10.68 For the circuit in Figure 10.19, the transistor and circuit parameters are given in
Problem 10.42. Connect a separate dc voltage source at the drain of M,. Change the
value of the voltage source such that ¥y, varies between -3V and +3V. From a
computer analysis, determine the chenge in I, as ¥V varies between the two limits.
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10.69 In the circuit in Figure P10.59, the parameters are: ¥+ = 10V, R, =9k, and
Ry =4¥82. The transistor parameters are; § = 100 and Fyp = Vyp = 1IN Y. {a) Using
a computer simulation, plot the voltage transfer characteristics of v versus vy, similar to
those in Figure 10.30, for Ky = oo. What is the voltage gain? (b) Repeal part (a) if
R; = 100k,

10.70 Consider the circuit in Figure P10.60, with parameters V* =35V and Ipgr =
0.5mA. Assurne all transistors are identical, with parameters § = 100 and ¥, = 100 V.
Using a computer analysis, plot the voliage transfer characteristics vy, versus v; over an
appropriale voltage range, and determine the voltage gain.

2 3 10.71 A MOSFET active load circuit is shown in Figure P10.57. The circuit and
: transistor parameters are as described in Problem 10.57. In addition, assume width-
to-length ratios of (W/Ly = (W/L), =5 and (W /L), = 15. Using a computer simula-
tion, plot the voltage transfer characteristics of v, versus v, similar to those shown in
Figure 10.34. What is the voltage gain?

’ ............... DESIGN SROBLEMS e sess

[Note: Each design should be verified with a computer analysis.]

*D10.72 Design a generalized Widlar caerent scurce (Figure P10.26) to provide a bias
current fp = 200 pA. Assume the outpul impedance 15 R, = SMS, and the circuit is
biased at ¥ =9V and ¥~ = ~9V. The transistor parameters are: /s = 107" A and
i V,=120V.

*00.73  Consider a MOSFET current source similar to the one shown in Figure 10.17,
biased at VT =10V and '~ = —10V. The transistor parameters are: (hu,C,. =
0pA/VY, Vyy =2V, and 1 =0. Design the circuit such that I = 150pA and

: Vps(saty =025V flor M,.
*D10.74 Using MOSFETs, design a circuit similar to that shown in Figure 10.15, to
; provide I, = 100 pA, {5 = 150 pA, fp; = 200 gA, and foq = 250 pA. Assumme the tran-

. sistor parameters are: (e, C,y = 20pA/V, LppCox = 10 PASVE Vi = Vppl =2V,
and b =0. Let ¥ = [0V and ¥~ = -10V.

4 et
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Differential and Multistage Amplifiers

11.0 PREVIEW

In this chapter, we introduce a special meultitransistor circuit configuration
called the differential amplifier, or diff-amp. We have encountered a diff-
amp previously in our discussion of op-amp circuits. However, the diff-amp,
in the context of this chapter, is at the basic transistor level.

The diff-amp is a fundamental building block of analog circuits. It 15 the
input stage of virtually every op-amp, and is the basis of a high-speed digital
logic circuit family, called emitter-coupled logic, which will be addressed in
Chapter 17.

Matched or identical transistor characteristics are critical to the design of
the IC diff-amp, as they were in the desigh of current-source circuits. The
design of electronic circuits in this chapter, then, is based on integrated circuit
fabrication. The design of IC diff-amps, in general, incorporates current-source
biasing and active loads that were analyzed in the last chapter. We consider
both BJT and MOSFET differential amplifier designs. At the end of this
chapter, the reader should be able to design both BJT and MOSFET diff-
amps to meet particular specifications.

Basic BICMOS analog circuits are considered. BiCMOS circuits combine
bipolar and MOS transistors on the same semiconductor chip. The advantages
of the MOSFET high input impedance and the bipolar high gain can be uti-
lized in the same circuit.

Up to this point, we have concentrated primarily on the analysis and
design of single-stage amplifiers. However, these circuits have limited gain,
input resistance. and output resistance. Multistage or cascaded-stage amplifiers
can be designed to produce high gain and specified input and output resistance
values. In this chapter, we begin to consider these multistage amplifiers.

11.1  THE DIFFERENTIAL AMPLIFIER

In Chapter 4, we discussed the reasons linear amplifiers are necessary i analog
electronic systems. In Chapters 4 and 6, we analyzed and designed several
configurations of bipolar and MOS transistor amplifiers. In these circuils,
there was one input terminal and one output terminal.

In this chapter, we introduce another basic transistor circuit configuration
called the differential amplifier. This amplifier, also called a diff-amp, is the
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input stage to virtually all op-amps and is probably the most widely used
amplifier building block in analog integrated circuits. Figure 11.1 is a block
diagram of the diff-amp. There are two input terminals and one output ter-
minal. Ideally, the output signal is proportional to only the difference between
the two input signals.

11.2 BASIC BJT DIFFERENTIAL PAIR

In this section, we consider the basic bipolar differemce amplifier or diff-amp.
We introduce the terminology, qualitatively describe the operation of the cir-
cuit, and analyze the dc and small-signal characteristics of the diff-amp.

11.21  Terminology and Qualitative Description

As mentioned, Figure 11.1 is a block diagram of a difference amplifier. {deally,
the output is proporiional only to the difference between the two input signals,
or

l’.,ZAd('i'] - V;} (ll.])

In the ideal case, il v, = r,, the ouipul voltage is zerc. We only obtain a
nonzero output voltage il v, and v, are not equal.
We define the differemtial-mode imput voltage as

Vg = v -y 11.2)
and the common-mede input voltage as

YT ¥y
"rm =_“—~2

(11.3)

These equations show that if v; = vy, the differential-mode input signai is zero
and the common-mode input signal is vy, = v = ¥.

If, for example, ¥, = +10pV and v; = —10 uV, then the differential-mode
voltage is v, = 20pV and the common-mode voltage is v, = 0. However, if
vy = L10pV and v, = 90wV, then the differential-mode input signal is stll
vy = 20pV, but the common-mede input signal is v, = 100V, If each pair
of input voltages were applied to the ideal difference amplifier, the output
voltage in each case would be exactly the same. However, amplifiers are not
ideal, and the common-mode input signal does affect the output. One goal of
the design of differential amplifiers is to minimize the effect of the common-
mode input signal.

Figure 11.2 shows the basic BJT differential-pair configuration. Two iden-
ticat transistors, Q, and ;. whose emitters are connected together, are biased
by a constant-current source Ip, which is connected to a negalive supply
voltage V. The collectors of ¢ and @, are connected through resistors B
to a positive supply voltage ¥*. By design, transistors () and Q- are to remain
biased in the forward-active region. We assume that the two collector resistors
R are equal, and that vg; and vy, are ideal sources, meaning that the output
resistances of these sources are negligibly small.

Since both positive and negative bias voltages are used in the circuit, the
need for toupling capacitors and voltage divider biasing resistors at the inputs
of Q) and O, has becn eliminated. If the input signal voltages vy and vy, in the
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Figure 1.2 Basic BJT differential-pair configuration

circuit shown in Figure 11.2 are both zero, Q0 and , are still biased in the
active region by the current source fp. The common-emitter voltage vg would
be on the order of —0.7V. This circuit, then, is referred to as a de-coupled
differential amplifier, so differences in dc input voltages can be amplified.
Although the diff-amp contains two transistors, it is considered a single-
slage amplifier. The analysis will show that it has characteristics similar to
those of the common-emitter amplifier.

First, we consider the circuit in which the two base terminals are connected
together and a common-mode voliage v, is applied as shown in Figure
H.3(a). The transistors are biased “on” by the constant-current source, and

v-

{a) {b)

Flgure 11.3 Basic diff-amp with applied conmon-mode voltage and (b} basic diff-amp with
applied differential-mode voltage
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the voltage at the common emitters is v = v, — Fyelon). Since @, and @, are
matched or identical, current Jp splits evenly between the two transistors, and

; . f

ff base currents are negligible, then i 2 g and fry ¥ ig,, and
!
ey =V~ EQ'R*” =ve (11.5)

We see from Equaticn (1 1.5) that, for an applied common-mode voliage, I,
splits evenly between O and (@ and the difference between vpy and v, is zero.

Now, if vz, increases by a few millivolts and vpy decteases by the same
amount, or vg = vy /2 and vg = —vy/2, the voltages at the bases of &7 and {5
are no longer equal. Since the emitters are common, this means that the B-E
voltages on ¢, and (); are no longer equal. Since vp increases and vg
decreasss, then vge) > vggs, which means that i) increases by AJ above its
quiescent value and i, decreases by AS below its quiescent value. This is
shown in Figure 11.3(b). A potential difference now exits between the two
collector terminals, We can write

(11.6)

A voltage difference is created between vy and voy when a differential-mode
input voltage is applied.

Example 11.1 Objective: Determine the quiescent collector current and collector-
emitler voltage in a difference amplifier.

Consider the diff-amp in Figure 11.2, with circuit parameters: V™ = 10V, ¥~ =
—~10V, Iy = 1mA, and R¢ = [0ki2 The transistor parameters ate: f = oo ineplect base
currents), V4 = 00, and Fygglon) = 0.7V, Determine ic, and vy fot common-mode
voltages vg = ¥t = veu = 0, -5V, and +5V,

Solutlon: We know that

I
i1 =le = ?‘9 =05mA

therefore,
vy =ver =V =i Re =10 - (0.510) =5V
From v =0, vy = =0.7¥ and
Vopl = Vel — Vg =5 - (=0T =37V
Fot vey = =5V, vy =57V and
Fegl = Vo — Ve =5={=50 = 0TV
Fot vey = +5V, v; =43V and

VegrL =W — v = 5-43=07YV
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Comment As the common-mode voltage varies, the ideal constant current I still
splits evenly between O and 0, bui the collector-emitter voltage varies, which
means that the @-point changes. In this example, if vy Were to increase above 45V,
then ¢, and ¢, would be driven into saturation. This demonstrates that there is a
limited range of applied common-mode voltage over which @, and ¢, will remain
biased in the forward-active mode,

Test Your Undersianding

11.1  Input voltapes vy =2 + 0.005sinwt V and v; = 0.5 — 0,005 sinwt V are applied
to a differential amplifier. Find the differential- and common-mode components of the
input signal. (Ass. ¥y = 1.5+ 00105 ¥, ¥V, = 1.25W)
11.2 For the differential amplifier in Figure 1.2, the parameters are: V' = 10V,
V™= -0V, fp =1mA, and Rc = 10kR2. The transistor parameters are: 8= 200,
aefon} = 0.7V, and V, = oc. Find the voliages vg. vy, and ves, for vi=v =0,
(Ans. vg = 0.7V, vpy =2 = SV)
RD11.3 <Consider the diff-amp in Figure 11.2, with parameters: ¥* = 10V, V™ =
~10V, and f = 2mA. Redesign the circuit such that the common-mode input voltage
is in the range —4 < v, < +4V, while ¢, and (; remain biased in the forward-active
region. (Ans, R, = 6k82)

11.2.2 DC Transfer Characteristics

We can perforin a general analysis of the differential-pair configuration by
using the exponential relationship between collector current and B-E voltage.
To begin, we know that

fn = Isev‘” Fr _ ( llT(l)}
and
fey = It te2/VT (11.7(b))

We assume | and {0, are maiched and are operating at the same temperaiture,
0 the coefficient /g is the same in each expression.

Neglecting base currents and assurming [ is an ideal constant-current
source, we have

J‘Q - f(‘| + fm (11.8)

where iy and i are the total instantaneous currents, which may include the
signal currents. We then have

I = Isfem " 4 gaml"t] (11.9)

Taking the ratios of i¢) to Ig and igz (0 7y, we obtain

f(-] i 1
E - | +el"m"u|)f"'r (lllﬂ(a})
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and

E T 4 e tvea—ran) Fr {11.10(b))

From Figure 11.3(b} we see that
Vegl — ¥YpE2 = Vg (11.11)

where v; is the differential-mode input voltage. Equations (11.10a))} and
{11.10{b}) can then be written in terms of v, as follows:

iy = -‘—-—‘"‘—IQ (11.12(a)}
<Ry :

and
o __IQ {11.12(b))
cz 1 4 etve/¥r :

Equations (11.12(a)y and (11.12(b)) describe the basic current-voltage
characteristics of the differential amplifier. If the differential-mode input
voltage is zero, then the current 7, splits evenly between iy and f¢y, as we
discussed. However, when a differential-mode signal v, is applied, a difference
occurs between i~ and i~ which in turn causes a change in the collector
terminal voltage. This is the fundamental operation of the diff-amp. If a
common-mode signal vey = vy = vp is applied, the bias current [y stll
splits evenly between the (wo transistors.

Figure 11.4 is the normalized plot of the de¢ transfer characteristics for the
differential amplifier. We can make two basic observations. First, the gain of
the differential amplifier is propottional to the slopes of the transfer curves
about the point v; = 0. In order to maintain a linear amplifier, the ¢xcursion of
vs about zero must be kept small.

Ay,
L1 1 e e

1 1
=002 (02 006 D10 wyev

L
0.1t 006

Figure 11.4 Normalized d¢ transfer characienistics for BJT differential amplifier

Second, as the magnitude of v; becomes sufficiently large, essentially all of
current f goes 10 one tramsistor, and the second transistor effectively turns off.
This particular characteristic is used in the emitter-coupied logic (ECL) family
of digital logic circuits, which is discussed in Chapter 17.
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Example 11.2 oObjeciive: Determine the maximum differential-mode input signal
that can be applied and still maintain nearity in the differential arnplifier.

Figure 11.5 shows an expanded view of the normalized i, versus v4 characteristic.
A linear approximation that corresponds 10 the slope at vy = 0 is superimposed on the
curve. Determine v{max) such that the difference between the lincar approximation and
the actual curve is | percent.

\ Alman)

x 1 Actaal

1

/ I
1

o !

1

1

i

0 vylman) vy

Figure 11.5 Expanded view. normaiized iz, versus v, transfer charactetistic

Solution: The actua) expression for ir versus v; is. lrom Equation {11.12(a)),

) i
l{'[(actuﬂl] =!—+€E‘T
The slope at vy =0 is found to be
df-('l P -2 =1 -yl
g =— =TIl 4T — e
=G| ol T (e
or
i
5= {11.13)

where g; is the forward trassconductance, The linear approximation for i versus v; can
be written

I}
- ¢
feq(linear) = DSI’Q +gvy= 0.5!@ + (m)l’d (11.14)
The differential-mode input voltage v, {max) that resulis in a | percent difference
between the ideal lingar curve and the actual curve is found from
f(-I{]inEar) == fc|(acluat}

ic((linear) =001

or
Iy .
[lljf@ + (“—,T)vgimax}} -— T g~ ra(maz)y¥'r

0.51, L, ) {
; Q+(m vy max)

1f we rearrange terms, this expression becomes

1 i
0.99[0.5 + Tﬁ-) v,(max)] =T e

= (.01
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Assuming ¥y = 26mV. and using tnal and error, we find that

vo(max) 2 1EmVY

Comment: The differential-mode input vollage must be held to within £18m¥ in
order for the onipit signal of this difT-amp 10 be within i percent of a linear response,

Test Your Understanding

11.4 Considering the dc transfer characteristics in Figure 11.4, determvine the value
of the differential-mede mput  signal suwch  that i =0.9%,. (Ans. =
- 119.5mV = -120mV})

11.8  Plot the de transfer characieristics in Figure 11.4 using a compuier smulation.

We can now begin to consider the operation of the diff-amp in terms of the
small-signal parameters. Figure 11.6 shows the differential-pair configuration
with an applied differential-mode input signal. Note that the polarity of the
input voliage at Q, is opposite 10 that at (.. The forward-transconductance g,
can be written in terms of the individuai transistor transconductances g,,.. From
Equation (L1.13), we have

Io | 1p/2

§
L : 1115
g! 4VT 1 [;I‘I Egm ( }

il

where (/5/2) is the quiescent collector current in ) and ;. The magmtude of
the small-signal collector current in each transistor is then (g,vy)/2.

Figure 11.6 also shows the linear approximations for the collector currents
in teems of the transistor transconductanees g,,,. The slope of i versus v; is the
same magaitude as that of i versus vy, butit has the epposite sign. This is the
reason [or the negative sign in the expression for i versus vy

(R

V-

Figure 11.6 BJT diterential amgpiifier with diterantial-mode input signal
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We can define the output signal voltage as
V. =Y~ V0 (15.16)

When the output is defined as the difference between the two collector voltages,

we have a two-sided outpwt. From Figure 1 1.6, we can write the output voltage
as

¥, = [V+ = .‘}:-2 Rcl == [V+ = jCI‘RC] = l:f(| = f('g)R{: “117(3}]

or

“

, ; __
v, = [(%"’ + g’ﬂ) - (79 - 5”-'2—‘4‘)] Re = g Ry (1L.17(b))

Figure 11.7 shows the a¢ equivalent circuit of the diff-amp configuration,
as well as the signal vollages and currents as functions of the transistor trans-
conductances g,,. Since we are assuming an ideal current source, the output
resistance looking into the current source is infinite (represented by the dashed
line). Using the equivalent circuit in Figure 11.7(a), we find the signal output
voltage 10 be

R (g"';“')RC e ('g;"“)ﬂf = g R.7 (11.18)

which is the same as Equation (11.17(b)).

l {'S-ignal ground) | [S:ignal ground)

Yol Y2 "
LI AL J?’d B Ak X
Tr——
+ + \\_____../ P + [ \-____.,-/ :l
YRR — ]
ld vd
— 0 g 0
| [
(=) ®

Figure 11.7 (a) Equivalent ac circuit, ditf-amp with difierential-mode input signal and two-
sided output voliage and (b) ac equivalent cirouit with ane-sided outpul

The ratio of the output signal voltage to the differential-mode inpwt signal
is called the differential-mode gain, A, which is
v foRe
Ay === R~ =
d vd gm C 2VT
If the output voltage is the differance between the two collector terminal
voliages, then neither side of the output voltage is at ground potential. In many

(1119
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cases, the output voliage 15 taken at one collector terminal with respect to

ground. The resulting voltage output is called a one-sided output. 1f we define

the output to be v, then from Figure 11.7(b), the signal output voltage is
Sm¥d

v, = (T)Rc- (11.20)

The differential gain for the one-sided output is then given by

Yo _gmRe IgRe

Ad:l’d 2 - 4Vr

(11.21)
The differential gain for the one-sided output is one-half that of the two-sided
output. However, as we will see in our discussion on active loads, only a one-
sided output is available.

11.2.3 Small-Signal Equivalent Circuit Analysis

The dc transfer characteristics derived in the last section provide insight inlo
the operation of the differential amplifier. Assuming we are operating in the
linear range, we can also derive the gain and other characteristics of the diff-
amp, using the small-signal equivalent circuit.

Figure 11.8 shows the small-signal equivalent circuit of the bipolar
differential-pair configuration. We assume that the Early voltage is infinite
for the two emitter-pair transistors, and that the coustant-current source is
not ideal but can be represented by a finite output impedance R, Resistances
R; are also included. These represent the output resistance of the signal voltage
sources. All voltages are represented by their phasor components. Since the two
transistors are biased at the same quiescent current, we have

fl STy =My and B =82 S Em

Re Re
Vcl ch
Rg rmn Rg
. An¥a +> +
LY Vi 2 fn Bon'r ) r2 2 Va2 Vi
R,

Figure11.8 Small-signal squivalent circuit, bipolar differential amplifier

Writing a KCL equation at node V,, using phasor notation, we have

V VI VF
I gVt 4 gV + 2= E (11.22(2)
Fx Fa R,
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or
P+ 8 1+8y V.
V, V == 18.22b
() + v 2E) = (11.226)
where g,.r, = 5. From the circuit, we see that
Vi Vo= e
w_VYu-Ve 4 Yu_Va-V.
o ret+ Ry Fr te + Ry
Solving for ¥, and V., and substituting into Equation (11.22(b)), we find
: : l+8 Ve .
VvV — 20— == 11.23
Vo + Vs )(fn +R3) R, { )
Solving for V,, we obtain
Vo= __"_ﬁ'i_lftz_ (11.24)
’ 3 + r]’[ + RB
T L+ AR,
I we consider & one-sided output at the collector of O, then
RelVip— ¥,
V,=Va= —{gnVe)Re = _PRAKir = ) (11.25)

Fe -+ .Rs
Substituting Equation (11.24) into {11.25) and rearranging terms yields

r:r+RJ :
Vb2[1+(1 +ﬁ‘}Ro] - ph!

P +RB
(t +BR,

In an ideal constant-current source, the owtput resistance is R, = oo, and
Equation {11.26]) reduces to

Vo= _BRAVY = V)

V,= _ngf'

(11.26)
2+

= 11.2
=TT £ Ry i
The differential-mode input is
Vi=Va1 = Vi
and the differential-mode gain is
V R
Aj =2 = AR (11.28)

T Vs Ara+ Ry)

which for Ry =0 is identical te Equation (11.21), which was developed from
the voltage transfer characteristics.

Equation {11.26) includes a finite output resistance for the current source.
We can see that when a common-mode signal V,,, = ¥, = ¥, is applied, the
output voltage is no longer zero.

Differential- and common-mode voltages are defined in Equations (11.2}
and (11.3). Using phaser notation, we can solve these equations for Vg and
Vy in terms of V, and V,,,. We obtain

Vi

Vir = Ve + 3

(11.2%(a))



Part 11 Analeg Electronics

and

Viz = Von — % (11.29(h))
Since we are dealing with a linear amplifier, superposition applies. Equations
(11.2%(a}) and (11.29(b}) then simply state that the two input signals can be
written as the sum of 2 differential-mode input signal component and a common-
mode input signal component.

Substituting Equations (11.29(a)) and (11.2%b)) into Equation (11 26) and
rearranging terms results in the following:

V. = ﬁ‘R(‘ R ngC
T 4+ Ry ¢ L, X1 F PR,
r +R3

*Von (11.30)

We can write the output voltage in the general form
V,=AiVa+ AV (11.31)

where A; is the differential-mode gain and A, is the common-mode gain.
Comparing Equations (L1.30) and (11.21), we see thal the differential-mode
gain is

___BRc
Ay = . 1 Rp) (11.32(a))
and the common-mode gain is
= '_ngC
Ao = (1 + BIR, (11.32(b»)
] 20 Te
ry -+ RE

We again observe that the common-mode gain goes to zero for an idea)
current source in which R, = 0. For a nonideal current source, R, is finite and
the common-mode gain is not zero for this case of a one-sided output. A
ponzero common-mode gain implies that the diff-amp is not ideal. We will
see implications of the nonideal effects in later discussions.

Example 11.3 Objectve: Determine the differential- and common-moede gains of
a diff-amp.

Consider the circuit in Figure 11.2, with parameters; VY = [0V, ¥~ = =10V,
J'Q =08mA, and R = |2k2. The transistor parameters are §= 100 and V= o0
Assume the output resistance looking into the constant-cusrent source is R, = 25 k€.
Assume the source resistors Ry are zero. Use a one-sided output at vop.

Solution: From Equaton (11.32(a}). the differential-mode gain is
o _dnRc _logRe _loRe _ @812
ST T T Ty, T4V, T a4(0.026)

From Equation (11 32(b}). the common-mode gain is

(JQRf (OR)12)

2 lr’T _“lizwonze)]

{i +BHgR, ~ l+(101)(0 B~
Vep (0.026)(100)

=923

-0.237
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Comment: The common-mode gain is significantly less than the differential-mode
gain, but it is not zero as determined for the ideal diff-amp with an ideal current source.

63l

Design Example 11.4 Objeclive: Design a dilferential amplifier to meet the
specifications of the following experimental system.

Figure 119 shows a Hall-effect experiment to measure semiconductor material
parameters, A Hall voltage Vg, which is perpendicular to both a current fy and a
magnectic field B,, is lo be measured by using a diff-amp. The range of Vg is
—B = ¥y = +8mV and the desired range of the diff-amp output signal is to be
=08 < Fp < 4+0.8¥Y_The probes thal make conlact to the semiconductor have an effec-
tive resistance of 500 Q, and each probe has an induced 60 Hz signal with a magnitude of
10¢mY. The diff-amp output 60Hz signal 15 1o be no larger than 10mV. Typically,
Fy = 5V, 5o that the quiescent or common-mode voltage of the Hall probes is 2.5V,

Figure 11.9 Experimental arrangement for measuring Hall vollage

Design Approach: For this example, we will use a hipolar diff-amp with the config-
vration shown in Figure 11.6. Assume that transistors are available with g = 100.
Assume bias voltages of £10V and choose a bias curren! of {g =0.5mA.
Solution: Differential-Mode Gain: The differential-mode voltage gain requirement 15
F, 0.8 '
A =-if]_0.003 = 100

The smail-signal parameters are then

_ B¥r _ (10040.026)

R i = 10.4k
" e 0.25
and
lg D25 ,
o e =9.62mA/V
tn =y = oz~ 02mA/
The differential gain is
4 =__._ﬂ_.‘!?_‘-’_
T A+ Ryl
ur
106
100 = UMKe

T 2104 +0.5)
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which means that R~ = 21.8 k2. We may note that the voltage drop across Re under
quiescent conditions is 5.45 V. With a 2.5 V common-mode input voltage, the quiescent
collector-emitier voltages of &4 and {; arc approximately 3.65 Y. The two mput tran-
sistors will then remain in the active region.

Solution; Commoa-Mode Gain: The common-mode voltage gain requirement is

Ve, 10mV
A = 5 = T56my ~ 010
The common-moda gain is given by
[, = g e
e Al + B8R,
|+t
re + Rg
or
_ (9.62)21.8)
010="Za00x,
10.4 + 0.5

which means that B, = 113k, Il we consider a simple two-transistor currenl seurce as
discussed in the Jast chapter, the output resistance is R, =r, = V /Iy, where V¢ is the
Early voltage. With Ip = 0.5 mA, then ¥, = 56.5¥ is the Early voltage requirement.
This specification is not difficult to achieve for most bipolar transistors.

Comguter Simulation Verification: Figure 11.10 shows the circuit used in the com-
puter simulation for this example. The bias current J supplied by the {3 current source
ransistor 1s 0.568mA. A 2.5V common-mode input voliage is apphed, 2 5002 source
{probe) resistance is included. and an 8 mV differential-mode input signal is applied. The
differential output signal voltage measured at the collector of @, is 0.84 V, which is Just
slightly larger than the designed value. The current gains of the standard 2N3904
transistors used in the computer simulation are larger than the values of 100 used m
the hand analysis and design. A common-mode signal voltage of 100mV replaced the
differential-mode signals. The common-made output signal is 7.11mV, which is within
the design specification.

F o1 % 386 X2

IN3OA  2NSOO4

Figure 11.10  Circuit used in the computer simwlation of Design Example 11.4




Chapler 11 Differential and Multistage Amplifiers

653

Test Your Understanding

11.8 In the differential amplifier in Figare 11.11, neglect base currents and assume
Feglon) = 0.7V. Determine vp and vz for common-mode input voltages v =¥, =
Vo o (8) OV, (b} +2.5V, and (¢) —2.5V. {Ans {a} vp = 407V, vpe, =27V
(b} ve =32V, vy = 6.2V (¢} vg = 1.8V, vgey = L2V)

D11.7 Using the diff-amp configusation in Figure 11.2, design the circuis such that
the differential-mode voltage gain at v,; ts +150 and the differential-mode voltage gain
at vey 15 —100. {Ans. For example, if Ip = 1 mA, then Re = 15,6k at collector of {;
and R = 10.4k$} at collector of ()

¥r==35V¥

Figure 11.11 Figura tor Exercize 11.6

11.2.4 Differential- and Common-Mode Gains

For greater insight into the mechanism that causes differential- and commen-
mode gains, we reconsider the diff-amp as pure differential- and common-
mode signals are applied.

Figure 11.12¢a) shows the ac equivalent circuwit of the diff-amp with two
sinusoidal input signals. The two input voltages are 180 degrees out of phase,
so a pure differential-mode signal is being applied to the diff-amp. We sce that
vy + ¥z = 0. From Equation (11.24), the common emitters of 0 and ©;
remain at signal ground. In essence, the circuit behaves like a balanced seesaw.
As the base vollage of (, goes into its positive-half cycle, the base voliage of
Q, is in its negative half-cycle. Then, as the base voltage of @, goes into its
negative half-cycle, the base voliage of 0, is in its positive half-cycle. The signal
current ditections shown in the figure are valid for vy, in its positive hal{-cycle.

Since v, is always at ground potential, we can treat each half of the diff-
amp as a commeon-emitter circuit. Figure 11.12(b) shows the differential half-
circuits, clearly depicting the common-emitter configuration. The different:al-
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E Signal ground Signal ground
e —
' L= L
& Ry g qgﬂ'r:
J Yel vf;_k
iy : \Y
2 ~—__ & (-‘ P
¢ /I oy 1V
Sigral | e = =
gropd = Signal ground =
(®) (b}

Figure11.12 (a) Equwvalent ac circuit, difi-amp with applied sinusoidal differential-mode
inpul signal, and rasulting signal current directions and (b} differential-mode hall-circuits

mode charactenistics of the diff-amp can be determined by analyzing the half-
circuit. In evaluating the small-signal hybrid-nm parameters, we must keep in
minrd that the half-circunt 1s biased a1 1p/2.

Figure 11.13(a) shows the ac equivalent circuil of the diff-amp with a pure
common-mode sinusoidal input signal. In this case, the two input voltages are
in phase. The current source is represented as an ideal source ig in paralle] with
its output resistance Ry. Current , is the time-varying component of the source
current, As the two input signals increase, voltage v, increases and current B
increases. Since this current splits evenly between Oy and ,, each collector
current also increases. The output voltage v, then decreases below its quiescent
value.

As the two input voltages go through the negative half.cycle, all signal
currents shown in the figure reverse direction, and v, increases above its quies-
cent value. Consequently, a common-mode sinusoidal input signal produces a
sinusoidal output voltage, which means that the diff-amp has a nonzero
common-mode voltage gan. If the value of R, increases, the magnitude of i,
decreases for a given common-mode input signal, producing a smaller output
voltage and hence a smaller common-tmode gain.

With an applied common-mode voltage, the circuit shown in Figure
11.13(a) is perfectly symmetrical. The circuit can therzfore be split into the
identical common-mode hall-circuits shown in Figare 11.13(b). The common-
mode charactenistics of the diff-amp can then be determined by analyzing the
half-circuit, which is a common-emitier configuration with an emitter resistor.
Each hall-circuit is biased at fy/2.

The following examples further illustrate the effect of a nonzero common-
mode gain on circuit performance.
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P Signal ground

Vil (4 )

Signai groond
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rasutting signal current direclions and (b} common-moda hal-circuils

Figure11.13 {a} Equivalent ac circuit of diff-amp with common-mods input signal, and

comman-mode signal is applied.

Vo = 200si0 T BV,

Example 11.5 Objective: Determine the output voltage of a chif-amp when only 2

Consider the circuit n Figure 11.2, Use the transslor and citcuit paramelers
described in Example 11.3. Assume the common-mode input signal is v =¥ =
Solullon;

From Example 11.3, the common-mode gain is 4., = —0.237. Since the
differential-mode input signal is Zero, the output signal voltage is

Vo 2= Agpy Ve = —(0.23TX200 sin i} pV = —47.4sin ot 4V
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Comment: When the magnitude of the common-mode gain is less than unity, the

commaon-mode output voltage 1s less than the common-mode input voltage. vet it is
not zero, which would occur in an ideal diff-amp.

Example 11.6 Oblectve: Determine the output of a diff-amp when both differ-
ential- and common-mode signals are applied.

Consider the circuit shown in Figure 11.2. Use the transistor and circuit parameters
described in Example 1.3, Assume that four sets of inputs are applied, as described in
the following table, which also includes the differential- and common-mode voliages.

Differential- and common-

Ingiit Signal (uV) mode input sigmals (uV)
Case | ¥y = 10sin wr vy = 20sin
¥; = —[{sinar Yo =T
Case 2 r = 20sinawr vy = Msin et
r; = —Hhsinaw Vo =1
Case 3 v = 2lsinert vy = 20sinwr
vy = [90sines Vor = 200510 wr
Case 4 v = 220sined ¥y = 40sin wf
vy = 18D sin ou Vg = 200 810 ot

Solutlon: The owput voltage is given by Equation (11.31), as follows:
Vo= Agvy + A Vn

From Example 11.3, the differential- and common-mode gainsare 4; =923 and 4, =
—0.237. The output voltages for the four sets of inpus are:

Outpat signal (mV)
Case 1 vo = L.Bd6 sin o
Case 2 v, = 3.692 sin o
Case 3 v, == |.799 sinar
Case 4 v, = 3.645 sin et

Comment: [n cases | and 2, the common-mode input is zero, and the cutput is direcily
proportional to the differential input signal. Comparing cases | and 3 and cases 2 and 4,
we see that the output voliages are not equai, even though the differential input signals
are the same. This shows that the common-mode signal affects the output. Also, even
though the differential signal is doubled, in cases 4 and 3, the ratio of the output signals
is not 2.0. If a common-mode signal is present, the output is not exactly linear with
respect to the differential input signal.

jop Tochnigue: Diff-Amps with Resistive Loads

1. To determine the differential-mode voltage gain, apply a pure differential-
mode input voltage and use the differential-mode half-circuit in the
analysis.

2. To determine the common-mode voltage gain, apply a pure common-mode

input voltage and use the common-mode half-circuit in the analysis.
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11.25 Common-Mode Rejection Ratio

The ability of a differential amplifier to reject a common-mode signal is
described in terms of the common-mode rejection ratio (CMRR). The
CMRR is 4 figure-of-merit for the diff-amp and is defined as

Ay

CMRR =

(11.33)

L]

For an ideal diff-amp, A.,, = 0 and CMRR = ¢o. Usually, the CMRR is
expressed in decibels, as follows:

CMMR g = 0log |

d
£dn 11.4
Aem ( )

For the diff-amp in Figure 11.2, the one-sided differential- and common-
mode gains are given by Equations (11.32(a)) and (11.32(b)). Using these
equations, we can express the CMRR as

Agl L[ (L+BgR,
‘ :;[H 2 ] (11.38)

e

CMRR =
Ah’!l

VB

The common-mode gain decreases as R, increases. Therefore, we see that the
CMRR increases as R, increases.

Example 11.7 Objectiva: Determine the CMRR of a differential amplifier,
Consider the circuit shown in Figure 11.2, with circuit and transistor paramelers as
given in Example 1.3,

Solution: From the results of Example £1.3, we have 4, =923 and 4, = —0.237,
The CMRR is then

As

CMRR =

o
or, expressed in decibels,

CMRRGB = Zl}log|o(339) =5|.8dB
Comment; For “‘good™ diff-amps, typical values of CMRR are in the range of

80--1004B, The CMRR of the diff-amp in Figure 11.2can be improved by increasing the
current-source output resistance.
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Design Example 11.8 Objective: Design a bipolar current source with the
required output resistance parameter to meet a specified CMRR.,

Consider the diff-amp in Figure 11.2. Use the circuit and transistor parameters
given in Example 11.3. Determine the sequired value of R, for CMRR g =90dB.

Solution: If CMRR,p = 90 dB, then CMRR = 3.16 x 10*. From Equation (11.35),
we have .

NER {l-!-ﬁ}fQRa
CMRR = |- —5[”_?7?_
ar
. I (0D0SIR,
dtex 10" = 3[' +(0.026)(100?]
which yields

R, =203 < 107k = 203 MO

Comment: This output resistance level can be achieved with a Widlar or Wilson
Current source.

Compuler Slmulation Veriiication: A standard two-transistor current source (Figure
10.2) was designed with 2N3904 bipolar transistors. With a bias current of 0.8 mA, the
output resistance of the current source is 93.8 kS which is far below the design require-
ment. Using a modified Widlar current source (Figure PHL.26) with | KS2 emnitter resis-
tors, the output resistance of the current source is 2.22 M2, which is within the design
specification.

Test Your Understanding

*RD11.8 For the diff-amp shown in Figure 11.2, the parameters are F* =15V
and V™ = -5V, Assume § = 200. The range for the common-mode input voltage is
to be -5 < v, < +5V. (a) Redesign the circuit to produce the maximum one-sided
differential-mode gain at v (b) If R, = 100k$ for the current source, determine the
resulting common-mode gain and CMRRyp. (Ans. (a) foftc = 20V, Ay(max) = 192
(b) For g = 0.5mA and Rc = 40KQ, 4, = —0.19% CMRR g = 59.7dB)

*Di4.8 Consider a differential amplifier with the configuration in Figure t1.14,
biased with a modified Widlar current source. Assume transisior parameters of
B =200, V, =125V for () and (0, and ¥, = ca for @, and ;. Design the circuit
such that the common-mode inpul voltage is in the range -5 < v, = +35V, the common-
mode rejection ratio is CMRR,p = 95dB. and the maximuemn differential-mode voltage
gain is achieved. (Ans. Forexample, let /y = 0.5mA and I; = L mA. Then &, = [8.7k%2,
R, =131k, Ry = 0637k, and R = 20K
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+10V

)

-lav

Figure 11.14 Figure for Exercise 11,9

11.26 Differential- and Common-Mode Input Impedances

The input impedance, or resistance, of an amplifier is as important a property
as the voltapge gain. The input resistance determines the loading effect of the
circutt on the signal source. We will look at two input resistances for the
difference amplifier: the differential-mode input resistance, which is the resis-
tance seen by a differential-mode signal source: and the common-mode input
resistance, which is the resistance seen by a common-mode input signal source.

Differentiai-Mode Input Resistance

The ditfercntial-mode input resistance is the effective resistance between the
two input base terminals when a differential-mode signal is applied. A diff-amp
with a pure differential input signal is shown in Figure 11.15. The applicable
dilferential-mode half-circuits are shown in Figure 11.12(b). For this circuit, we
have

valZ _

ip

e (11.36)

The differentizl-mode input resistance is therefore

- (11.37)
ih

Another common diff-amp configuration uses emitier resistors, as shown
in Figure 11.16. With a pure applied differential-mode voltage, similar differ-
ential-mode half-circuits are applicable to this configuration. We can then use
the resistance reflection rule to find the differential-mode input resistance. We
have
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V+

Signal ground

Figure 1115 EJT differsntial ampliier with differential-made input signal, showing
diffarential Input resistance

e

I?nal ground

V-

Figure11.16 SJT differential amplifier with emitier resistors

vd,’2

T:l‘,,+(l +ﬁ:|.RE “l38}
Therefore,
Ry ==, +(1+ HRe) (11.39)
.

Equation (11.39) implies that differential-mode input resistance increases
significantly when emitter resistors are included. Although the differential-
mode gain decreases when emitter resistors are included, a larger differential-
mode voltage (greater than 18 mV) may be applied and the amplifier remains
lineas.
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Common-Mode input Resistance

Figure 11.17(a) shows a diff-amp with an applied conmon-mode voltage. The
small-signal output resistance R, of the constant-current source is also shown.
The equivalent commen-mode half-circuits are given in Figure 11.13(b). Since
the half-circuits are in parallel, we can write

2R = rp + (1 4+ BX2R,) = (1 + BU2R,) (11.40)

Equation. (11.40) is a first approximation for determining the common-mode
input resistance,

(a) ®)

Figure 11,17 (a) BJT diftarential amplfier with commaon-mode input signal, including finite
current source rasistance and {b) equivalent common-mode hak-circuit

Normally, R, is laige, and R, is typically in the megohm range.
Therefore, the transistor output resistance r, and the base—collector resistance
r, may need Lo be included in the calculation. Figure 11.17(b} shows the more
complete equivalent half-circuit model. For this model, we have

2Riem = rullll + BUZR NI + B)r] {11.4k(a)}

Therelore,

Rom = (%) ﬂm +B)R)

[(1 +,e)(%)] (1L.4)(b)

&6l

Exampla 11.9 Objective: Determine the differential- and common-mode inpui
resistances of a differential amplifier.

Consider the circuit in Figure 11.18, with wransistor parameters § = £00, Kyz(on)} =
0.7V, and ¥V, = 100V. Determine R, and R,,,.
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=iV

Figure11.18 BJT diffarential ampliber for Exampla 11.9

Solution: From the circuit, we find
Iper =0SmA =],
and
h=5L21p/2=025mA
The smali-signal parameters for ¢, and ¢, are then

_ BV (10040.026)
e 10.4kQ

x

and

V, 100
I, = Tc-q; =53E" N0 kR
and the output resistance of Qy is

V, 100
R,_E_-ﬁ_zoom

From Equation (11.37), the differentizl-mode input resistance is
Ryg=12r, = X104) = 208 k&2

From Equation (11.41(b)), neglecting the effect of r,. the common-mode input resis-

tance is
o\ | _ 400
(E)] = (mnlmi(—z )lm—» 10.1MQ

Comment: 1{'a differential-mode input voltage with a peak value of 15mV is applied,
the source must be capable of supplying s current of 15 x 107°/20.8 x 10" = 0.72pA
without any severe loading eflect. However, the input current from a 15mV common-
mode signal would only be approximately .5 nA.

Rl'm = (I + ﬁ)[{Ro)
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Test Your Understanding

11140 If the differentizl-mode gain of a diff-amp is 4y = 60 and the common-mode
gain is A, = 0.5, determine the cutput voltage for input signals of: (a} v, = 0.505sinex'V,
v, =0495sinwrV, and (b) v, = 0.54 0.005sinanV, v, = 0.5 - 0.005sinae V. (Ans.
(@) v, =0.85sinar V(b) v, =0.25 + 0.6 sinar V)

11.91 A differential amplifier is shown in Figure 11.2. The parameters are; V" =
WV, V" =10V, ip = 2mA, and Rg = 5kf2. The owtput resistance of the constant-
current source is R, =50k2, and the transistor parameters are: B =150,
Faglon) = 0.7V, and ¥, = 00. (a) Determine the dc input base currents. (b} Deter-
mine the differential signal input currents if a differential mede input voltage
v; = 10sinermV is applied. (¢) If a2 common-maode input voltage v, =3sinen ¥ is
applied, determine the common-mode signal inpul currents. (Ans. (a} fpy = {p =
662uA (b) I, = 1.28 sinav ph (€} f, = 0.199 sin @i pA)

11.3 BASICFET DIFFERENTIAL PAIR

In this section, we will evaluale the basic FET differential amplifier, concen-
trating on the MOSFET diff-amp. As we did for the bipolar diff-amp, we will
develop the dc transfer characteristics, and determine the differential- and
common-mode gains. The MOSFET with an active load is then considered,

Differential amplifiers using JFETs are also available. Since the analysis is
almost identical to that for the MOSFET diff-amp, we will only briefly con-
sider the JFET differential pair. A few of the problems at the end of this
chapter are based on these circuits.

11.31 DC Transfer Characteristics

Figure 11.19 shows the basic MOSFET differential pair, with matched tran-
sistors Af; and M, biased with a constant current 7. We assume that M, and

Figure 11,19 Basic MOSFET differential pak configuration
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M, are always biased in the saturation region. MOSFET current-source
circuits were discussed in Chapter 10 in Section 10.2.

Like the basic bipolar configuration, the basic MOSFET diff-amp uses
both positive and negative bias voltages, thereby eliminating the need for
coupling capacitors and voltage divider biasing resistors at the gate terminals.
Even with ve; = vga =0, the transistors M, and M, can be biased in the
saturation region by the current source ly. This circuit, then, is also a de-
coupled diff-amp. '

144

-

Example 11.10 Objective: Calculate the dc characterisics of a MOSFET
diff-amp.

Consider the differential amplifier shown in Figure 11.20. The transistor pa-
rameters are: K, = K,» = 0.k mA/V?, K3 = K =0.3mA/V%, and for all transis-
tors, A =0 and Vyy = | V. Determine the maximum range of common-mnode input
voltage.

o] 300 wen 3 r-l_.%‘;a:ﬂ

Y-==10¥

Figure 15.20 MOSFET diffarential ampifier for Example 11.10

Solytlon: The reference current can be determined from

Jis 20 R:"Gs-t

and from
= Kay(Vosa = V)’

Combining these two equations and substituting the parameter values, we obtain
9VEey — 1TWgsa — 11 =0

which yields
Vose =240V and [, =0.587mA

Since M, and M, are identical, we also find
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Io = 0.587 mA
The quiescent drain currents in M| and M, are
Ipy = Ip; = [5/2 2 0.293mA

The gate-to-source veltages are then

I 0.293
Vos = Vo = i?—’—';+ Py =‘,'—0] F1=271V
5 ;

The quiescent vaiues of vgy and vg; are
Yo = ¥g2r = 10— IDIRD = 10— (0293}(16} =51V

The maximum commen-mode input voltage is the value when M| and M, reach the
transition paint, or

Voo = Fpsr = Vosisal = Vg — Frn =271 - 1= 1.7 ¥
Therefore,

rep(max) = vy, = Fpg(sath+ Vg = 531 = LTI 4+ 274
or

vepimax} =631V

The minimum common-mode inpul voltage is the value when M, teaches the
transition point, or

Vopsa = VFpalsaty = Fpee — Vey =24 -1 = |4V
Thetefore,

reyimin) = Vg + Fpguisat) — 10=271 + 14 - 10
ar

Powlmin) = —589¥

Comment: For Lhis circuit the maximum range for the common-mode input voltage is
—-5.8% < Veou = 6.3V,

The de¢ transfer characteristics of the MOSFET differential pair can be
determined from the circuit in Figure 11.19. Neglecting the output resistances
of M, and M, and assuming the two transistors are matched, we can write

ipy = Kulvgst = Vew)Y (11.42(a))
and
ipy = Ky(vgsy ~ Vew) (11.42(b))

Taking the square roots of Equations (11.42(a)) and {11 .42(b)), and subtracting
the lwo equalions, we cbiain

Vior = iz = VK, (t6s1 = ves2) = Ky - g (11.43)

where v = vgy — o1 = Yes1 — Yoz 15 the differential-mode input voltage. If
vy > 0, then vgy > vg and vgsy > vgsr, which implies that ip) > fp,. Since

iD! + jDZ - IQ (Il“)
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then Equation (11.43) becomes
2

(Vior - VIgTiar ) = (Vs va) = Kot (11.45)

when both sides of the equation are squared. After the terms are rearranged,
Equation (11.45) becomes

; ; 1
Vinllg —ip) = EUQ - K,v3) (11.46)
If we square both sides of this equation, we develop the quadratic equation
1 35
i1 = Toipy + 3 (lp = Kuwy) =0 (11.47)

Applying the quadratic formula, rearranging terms, and noting that ip| =
Ip/2 and vy > 0, we obtain '

I, X1 K,
i =2+ 2, /1-(%)@ (11.48)

Using Equation (11.44), we find that

I (KT e
=12 zg-v,j/l—(%)vi (11.49)

The normalized drain currents are

o 2 ]f 2 Vdv ! (2!.9' Va (11.50)
i_m s l —- ’_K" . H — Ka ! 1
_2 lvlzf L l (2Jr )L’d (11.5 )

These equations describe the dc transfer characteristics for this circuit.
They are plotted in Figure 11.21 as a function of a2 normalized differential

input voltage vy//(2p/ K, ).

and

Flgure 11,21 Nomalized d¢ transter characteristics, MOSFET ditferential amphifier
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We can see from Equations (11.50) and (11.51) that, at a specific differ-
entiat input voltage, bias current /;, is switched entirely to one transistor or the
other. This occurs when

alar = ;j? (11.52)
The forward transconductance is defined as the slope of the dc transfer char-

acteristic for the ip, curve. From Figure 11.21, we see that the maximum slope,
ot maximum forward transconductance, occurs at vy = 0, 50 that

(fl’nl

gr(max) = (11.53)

iren ||

Using Equation (11.48), we find that

ﬁ.ﬂf "
gr(max) = f 2‘-’ =§1,— (11.54)

where g, is the transconductance of each transistor. The slope of the ip;
characteristic curve at vy = 0 is the same, except it 15 negative.

We can perform an analysis similar to that in Example 11.2 to determine
the maximum differential-mode input signal that can be applied and sull main-
tain linearity, If we let [ = ImA and K, = ImA/V’, then for differential
input voltages less than 0.34 V, the difference between the lingar approximation
and the actval curve 15 less than 1 percent. The maximum differential input
signal for the MOSFET diff-amp is much larger than for the bipolar diff-amp.
The principal reason is that the gain of the MOSFET diff-amp, as we will see, is
much smaller than the gain of the bipolar diff-amp.

Figure 11.22 is the ac equivalent circuit of the diff-amp configuration,
showing only the differential voltage and signal corrents as a function of the
transistor transconductance g,,. We assume that the output resistance looking
into the current source is infinite. Using this equivalent circuit, we find the one-
sided output voltage at v, as follows:

oz = vy = +(3"5"‘*)RD (11.55)

&

Figure11.22 AC squivalont circuit, MOSFET dilferentied ampitfier

667
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The differential voltage gain is then

v, Emfp K. do
Ay === — .
4= = Vv 7 Ro (11.56)

Example 11.91 Objective: Compare the forward transconductance of a
MOSFET differential pair to that of a bipolar differential pair.

For the MOSFET differential pair, assume K, = 0.5mA/V* and Iz = 1mA. For
the bipolar differential pair, assume [y = | mA,

Solullon: From Equation (11.54), the transconductance of the MOSFET in the differ-
ential pair is

_ 2\/1{ Ty _, [ 5){1)

= [.0mASY
From Equation (11.15), the transconductance of the bipolar transistor in the differential
pair is
.’Q 1
T Vs T 2(0.026)

= 192mA/V

Commant: The transconductance of the bipolar pair is more than an erder of magni-
tude larger than that of the MOSFET pair. Since the differential-mode veltage gain is
directly proportional to the transconductance. the bipolar diff-amp gain is normally
larger than the MOSFET diff-amp gain. We observed this same effect in Chapters 4 and
6, when we discussed the single-stage common-emitter and common-source cireuits.

Test Your Understanding

91.12 Considering the dc transfer characteristics in Figure 11.21, determine the
value of differential-mede input signal such that iy, = 0.904,.

*441.43 For the differential amplifier in Figure 11.20, the parameters are: ¥ = 5V,
F~ = -5V, R =80k, and Rp = 40k. The transistor parameters are A=0and ¥y 7y
= 08V for all transistors, and K,; = K,4 = 100pA/V® and K, = K, = S0pA/V:,

Determine the range of the common-mode input voltage. (Ans. —2.18 = v, < 376 V)
11.44 in the diff-amp in Figure 11.19, the tramsistor parameters are: K, =
1mA/V?, ¥y = 1V, and A = 0. The circuit is biased at [y =2mA, and the drain
resisiors are Rp = 5k, Delermine the maximum forward transconductance g,{max)
and the one-sided differemiial-mode voltage pain A;. (Ans. gy(max) = 1mA/V, 44 = 5)

11.3.2 Differential- and Commeon-Mode Input Impedances

At iow frequencies, the input impedance of a MOSFET is essentially infinite,
which means that both the diffegential- and common-mode input resistances of
a MOSFET diff-amp are infinite. Also, we know that the differential input
resistance of a bipolar pair can be in the low kilohm range. A design trade-off,
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then, would be to use a MOSFET diff-amp with infinite input resistance, and
saerifice the differential-mode voltage gain.

11.3.3  Small-Signal Equivalent Circuit Analysis

We can determine the basic relationships for the differential-mode gain,
common-mode gain, and common-mode rejection ratio from an analysis of
the small-signal equivalent circuit.

Figure 11.23 shows the small-signal equivalent circuit of the MOSFET
differential pair configuration. We assume the transistors are maiched. with A
= () for each transistor, and that the constant-curcent source is represented by a
finite cutput resistance K,. All voltages are represented by their phasor com-
ponents, The two transistors are biased at the same quiescent current, and

Enl = En2 = Em-

V.=VYa

Y

Figure 11.23  Smalk-signal aquivalent circut, MOSFET differentiat armplifiar

Writing a KCL equation at node V,, we have

Vt
Em V_q.rl ¥ &m Vg.ci = ‘_Q_ {1157

o
From the circuit, we see that ¥V, =V, — ¥, and V,n = V> - ¥;. Equation
(11.57) then becomes
V

BV + V=2V )= ‘Eﬁ (11.58)

Solving for ¥, we obtain

V=it (11.59)
2+
£mRo

For a one-sided output at the drain of M;, we have

Vo=V = "(nggﬂ)RD = ~(gmRplV; — Vs) (11.60)
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Substituting Equation (11.59) into (11.60) and rearranging terms yields

V:.(l + 'R ) - ¥
V= ~gnRp En 2o (11.61)

24

EmPo

Based on the relationships between the input voltages V| and 75 and the
differential- and common-mode voltages, as given by Equation (11.29),
Equation (11.61) can be writien

ngD ngD
V. = =t
¢ 2 Vd 1 + ngRo ch (11.62)

The output voltage, in geneeal form, is
Va = AdVd + Acm me (Il.ﬂ}
The transconductance g,, of the MOSFET is

I = Zqu,,!D = V’ZKHIQ

Comparing Equations (11.62) and (11.63), we develop the relationships for the
differential-mode gain,

R [Kd
A= - = 21;;,@(%) =y 29-30 (11.64(2))

and the common-mode gain

4. = '-ngD - MVZKHIQ"RD
"= 1+2,R, 1422k, R,

We again, se¢ that for an ideal current source, the common-mode gain is zero
since R, = c0.

From Equations (I1.64(a)} and (11.64(b)). the common-mode rejection
ratio, CMRR. = |4,/ Ay, is found to be

(11.64(b))

CMRR:IE[I +2,/2K,1g R (11.65)

This demonstrates that the CMRR for the MOSFET diff-amp is also a strong
function of the output resistance of the constant-current source.

Example 11.12 Objectve: Determine the differential-mode voltage gain,
common-mode voltage gain, and CMRR for a MOSFET diff-amp.

Consider a MOSFET dilf-amp with the configuration in Figure 11.20. Assume the
same 1fansistor parameters as given in Example 11.10 ¢xcept assume A = 0.01 v for
Mq.

Solytion: From Example 11.10, we found the bias current to be fp = 0.587mA. The
outpui resistance of the current source is then

| |
R =31, = @onw.sen



Chapter 11 Differential and Multistage Amplifiers

The differential-mode voliage gain is

K.I, [¥0.587
=5y = [T e

and ihe common-mode vollage gain is

o N Ry JXDOSED-(6
T 142 /IKTG R, 1+ 2/(IK058T) - (170)

The common-maoede rejection ratic is then

867
CMRRgp = 2mog.o(m) =45.3dB

Comment: As mentioned carlier, the differential-mode valtage gain ol the MOSFET
diff-amp is considerably less than that of the bipolar diff-amp, since the value of the
MOSFET transcondictance is, in geperal, much smadler than that of the BJT.

L7

The value of the common-mode rejection ratio can be increased by increas-
ing the output resistance of the current source. An increase in the outpul
resistance cun be accomplished by using a more sophisncated current source
circuit. Figure 11.24 shows a MOSFET cascode current mirror that was dis-
cussed in the last chapter. The output resistance, as given by Equation {10.57).
is R, = rus + Fpa(| + guroa). For the parameters of Example 11.12, roy = ry =
170k< and g, = 2, /K, T, = 1L.53mA/V. Then

R, =170+ 170[L +(1.53}170)) = 446 MQ

Figure 11.24 MOSFET cascode current source

Again, using the parameters of Example 11.12, the common-mode voltage
gain of the diff-amp with a cascode current mirror would be

JIKlg Ry JATHO.587) - (16)

T T+2 K05 R, 1+ 2,/H1)0.587) - (44600)

A”” i—1 = —00&]1?9
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50 that the CMRR would be

., 8.67 \

CMRR,p = Lomgm(m) ~937dB
We increased the common-mode rejection ratio dramatically by using the cas-
code current mirror instead of the single two-transistor current source. Note,
however, that the differential-mode voltage gain is unchanged.

To gain an appreciation of the difference in CMRR between 45.3dB and
93.7dB, we can recomsicder the linear scale. For a CMRR 4, = 45.3dB, the
differential gain is a factor of 185 times larger than the common-mode gain,
while for a CMRR 5 = 93.7dB, the differential gain is a factor of 48,436 times
larger than the common-mode gain,

Test Your Understanding

11.48  The diff-amp in Figure 11,19 has a differential gain of 44 = 8. The maximum
current source available is 7o = 4mA, and the maximum drain resistance is Rp = 4kQ.
Determine the required g.(max) and the transistor conductance K. (Ans. ge(max) =
2mAfY, K, = 2mA/VY)

11.18 Consider the differential amplifier in Figure 11.20. The transistor parameters
are given in Example 11.10, except that A = 002V~ for M; and M,. Determine the
differential voltage gain 4, = v,5/v,, the common-mode gain A, = v,3/v.,.. and the
CMRR ;. (Ans. Ay =274, 4., =—~00925, CMRR, = 29.4dB)

1117 The diff-amp in Figure 11.19 is biased at f; = 0.2mA and the transistor
conduction parameter for alf transistors is K, = ll)ﬁpA[Vz. Determine the minimum
output resistance of the current source such that CMRR 5 = 60dB. (Ans. R, = SMQ)

*RD11.18 The dilferential amplifier in Figure 1120 is to be redesigned. The
curcent-source biasing is to be replaced with the caseode current source in Figure
11.24. The reference current is fyge = 100 pA and A for transistors in the current source
circuit is 0.01 V™', The parameters of the differential pair M, and M are the same as
described in Example 11.10. The range of the common-mode input voltage is to be —4 <
Vo < +4 Y. Redesign the diff-amp to achieve the highest possible differential-mode
voltage gain. Determine the values of Ay, A, and CMRR,p.

11.3.4 JFET Differential Amplifier

Figure 11.25 shows a basic JFET differential pair biased with a constant-
current source. If a pure differential-mode input signal is applied such that
vg = +vy/2 and vg = —vy/2, then drain currents fp, and fpy increase and
decrease, respectively, in exactly the same way as in the MOSFET diff-amp.

We can determine the differentialkmode voltage gain by analyzing the
small-signal equivalent circuit. Figure 11.26 shows the equivalent circuit,
with the output resistance of the constant-current source and the small-signal
resistances of () and (» assumed to be infinite. The smail-signal equivalent
circuit of the JFET diff-amp is identical to that of the MOSFET diff-amp in
Figure 11.23 for the case when the current-source output resistance is infinite.
A KCL eqguation at the common-source node, in phasor notation, is
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Figure 11.28 Small-signal equivalent circuit, JFET difterential amplifisr

EnVgst +8mVg2 =0 (11.66(a))
or

Vet = =Fen (11.66(b))
The differential-mode input voltage is

Vis V)= Vy= Vo = Vg = =2V (11.67)

A one-sided output at V,, is given by

Via = —8aVi2Rp = ~&m (—TV") Rp (11.68)

and the differential-mode voltage gain is

- Vo! — ng.D

Ay ==+
The expression for the differential-mode voltage gain for the JFET diff-
amp (Equation (11.69)) is exactly the same as that of the MOSFET diff-amp

{11.69)

673
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(Equation 11.64(a)). If the constant-current source output resistance is finite,
then the JFET difl-amp will also have a nonzero common-mode voltage gain.

11.4 DIFFERENTIAL AMPLIFIER WITH ACTIVE LOAD

In Chapter 10, we considered an active load in comjunction with a simple
transistor amplifier. Active [oads can also be used in diff-amp circuits to
increase the differential-mode gain.

Active loads are essentially tramsistor current sources used in place of
resistive loads. The transistors in the active load circuit are biased at a O-
point in the forward-active mode as shown in Figure 11.27. A change in col-
lector current 15 induced by the differential-pair, which, in turn, produces a
change in the ¢mitter—collector voltage as shown in the figure. The relation
between the change in current and change in veltage is proportional to the
small-signal output resistance r, of the transistor. The value of r, is, in general,
much larger than that of a discrete resistive load, so the small-signal voltage
gain will be larger with the active load.

fe G-point Ip= constant

Figure 11.27 Cumeni-voliage characteristic of active load device

11.4.1  BJT Ditt-Amp with Active Load

Figure 11.28 shows a differential amplifier with an active ioad. Transistors O,
and O, are the differential pair biased with a constant current fp, and transis-
tors &y and @y form the load circuit. From the collectors of ¢ and @4, we
obtain a one-sided output.

If we assume all transistors are matched, then a pure applied common-
mode voliage means that vg; = vgy = vepy, and current Iy splits evenly between
Q, and Q;. Neglecting base currents, iy = /5 through the current-source circuit
and f; = I, = I = Iy = I,/2 with no load connected at the output.

In actual diff-amp circuits, base currents are not zero. In addition, a sec-
ond amplifier stage is connected at the diff-amp output. Figure 11.29 shows a
diff-amp with an active load circuit, corresponding to a three-transistor current
source, as well as a second amplifying stage. In general, the common—emitter
current gain B is a function of collector cusrent, as was shown in Figure 4.21(c).
However, for simplicity, we assume all transistor current gains are equal, even
though the current level in Qs is much smaller than in the other transistors.
Current J, is the de bias current from the gain stage. Assuming all transistors
sre matched and vy = vp = vcy, current fp splits cvenly and f; = L. To
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Vm =Vow

Gain
skage

VBT VoM g2 = Vo

Figure11.29 EJT diffarential amplifier wih three-transistor active load and second gain
stage

ensute that 0, and Q4 are biased in the forward-active mode, the dc currents
must be balanced, or iy = fi. We see that

L ! .
fes = Ipn + Iy =§+ﬁ (11.70)
Then
Ies o L+ 4

=T BT KT P #.70

if the base currents and Iy are small, then
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Therefore,
fo
{gs = 11.73
BRI+ B) L
For the circuit to be balanced, that is, for [; = F, and Iy = [, we must have
{o
AR SN | 11.74
o=ls=gr 8 (11.74)

Equation (11.74)} implies that the second amplifying stage must be designed
and biased such that the direction of the dc bias current is as shown and is
equal to the result of Equation {11.74). To illustrate this condition, we will
analyze a second amplifying stage using a Darlington pair, later in this chapter.

1142 Small-Signal Analysis of BJT Active Load

Figure 11.30 shows a diff-amp with a three-transistor active load circuit. The
resistance R; represents the small-signal input resistance of the gain stage. A
pure differential-mode input voltage is applied as indicated. The signal voltage
at the base of ¢ produces a signal collector current i) = (g,,v;)/2, where g,, 15
the transistor transconductance for both @, and @,. Assuming the base cur-
rents are negligible, a signal current i3 = 4, is induced in (3, and the current
mirror produces a signal cutrent iy equal to 5. The signal voltage at the base of
(0, produces a signal collector current i, = (g, v;)/2, with the direction shown.
The two signal currents, i and iy, add to produce a signal current in the load
resistance R;. The discussion is a first-order evaluation of the circuit operation.

Figure 11,30 BJT differentiai amplifier with three-transistor active load, showing the signal
currents

From the above discussion, we know the induced currents in Q> and Q4.
To more accurately determine the output voltage, we need to consider the
equivalent small-signal collector—emitter output circuit of the two transistors.
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Figure 11.31(a) shows the small-signal equivalent circuit at the collector nodes
of @, and Q4. The circuit can be rearranged to combine the signal grounds at a
common point, as in Figure 11.31(b). From this figure, we¢ determine that

¥,
vo = 2( 224 )ralrost RL) (11.75)
-
a= "
o
lz:S_m;_g<:i #roz + ‘E"'T“ [ s_";_" tor TR

(a) (b}

Figure 11,31 (a) Small-signal equivalent circuit BJT difterential amplifiar with active joad
and (b) rearrangsment of smail-signal equivalent circuit

and the small-signal differential-mode voltage gain is

Yo

Ag = W = gulTazllr IRy ) (11.76)

Equation (11.76) can be rewritien in the form

Em Em
Ag= = AL
T L1 T g EatGy

We recall that I = IQ,:QV;-, o2 = V,u/l'z. and Fpa = V‘,“/fq The parameters
Zoz+ £os» aNd G, are the corresponding conductances. Assuming I; =iy = Ig 12,
we can write Equation (11.77) in the form

o
2Vr
T, I, |

—

2V 0 * Va4 - f

g (11.78)

This expression of the differential-mode voltage gain of the diff-amp with an
active load is very similar to that obtained in the last chapter for a simple
amplifier with an active load.

&n
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Example 11.13 Cojecttve: Determine the differential-mode gain of a diff-amp
with an active load, taking Joading effects into account.

Consider the diff-amp in Figure 11.30, biased with 7; = 0.20mA. Assume an Early
voltage of F, =100V for all transistors. Determine the open-circuil (R; = o)
differentialmode voltage gain, as well as the differential-mode voltage gain when
Ry = 100kQ.

Solution: From Equation (11.78), the open-circuit voliage gain becomes
A ]
Ag= ] Ve i ]mi = 1923
Ve Vi 1007100
When Ry = 100k£), the voliage gain is

0.0Z x 107}
_ 2(0.026)
T 0.20 x 1077 020 x 10~ L
A100) 2(100) 100 % 19

which can be written

Aa

0.20
i 20.036) B 3.85 oy
4= 7020 0.20 I~ 0.001 +0.001 +001

5100y ¥ 2(100) T 100

An inspection of this last equation shows that the external load factor, 1/R;, dominates
the denominator term and thus has a tremendous influence on the gain.

Comment: The open-circuit differennal-mode voltage gain, for a diff-amp with an
active load, is large. However, a finile load resistance R, causes severe loading eflects,
as shown in this example. A 100k$ load cavsed almost an order of magnitude decrease
in the gain.

The output resistance looking back into the common collector node is
R, = r,;lir,s. To minimize loading effects, we need R, > R,. However, since
R, is generally large for active loads, we may not be able to satisfy this con-
dition. We can determine the severity of the loading effect by comparing R,
and R,.

Test Your Understanding

1149 Consider the diff-amp in Figure 1429, with parameters: ¥7 = 1OV, I~ =
—10¥, and Jp, = 0.5mA. The transistor parameters are: # = 130, Fap(on) = 0.7V, and
¥V, =100V, {a) Find I, such that the circuit is balanced. (b} For the balanced condi-
tion, what are the values of Fiey and Fega, for vy = vy = 07 (Ans. (a) [o = 15.3nA
(b) Veca =0TV, Vg = 10V)

11.80 The dff-arop circuit in Figure 11.30 is biased at fy = 0.5mA. The Lransistor
parameters are: B = 150, Vo=V =125V, and ¥y = ¥V, = 83 V. (3) Determine the
open-circuit (R, = o0) differential-mode voltage gain. (b} Find the difTerential-mode
voltage gain when 8; = 100k2. (c) Find the differential-mode inpat resistance. {d) Find
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the oulput resistance looking back from the load R, (Ans. (a) 4; = 1947 (b} 4; = 644
ic) Ry =31.2k2 (d) R, = 202k

11,24 Consider the diff-amp in Figure 11.28, with parameters V" = 10V, V™
-1V, and Jp =02mA. The transistor parameters are: S=120, Fpg{on)
Veglony =06V, ¥, =V =120V, and Vg = V,, = 80V, Assume the output im-
pedance of the current source is 1 MQ. Determine the differential-mode gain. (Ans,
Ag = 1843)

RD11.22 Redesign the circuit in Figure 11.30 using a Widiar current source and
bias voltages of £5V. The bias current I is to be no less than E00pA and the total
power dissipated in the circuit {including the current-source circuit) is to be no more
than 10 mW. The diff-arp transistor parameters are the same as in Exercise 11.20. The
circuil is to provide a mimimum loading effect when a second stage with an input
resistance of R = 90 k$2 is connected to the diff-amp. Determine the differential-mode
voltage gain for this circuit.

14.23 Consider the diff-amp in Figure 11.28, using the parameters described in
Exercise 11.21. (a) Far a differential-mode input signal, determine the output resistance
R, at the output terminal. (b) Determine the load resistance Ry that would reduce the
differential-mode voltage gain to one-half the open-circuit value. {Ans. (a) R, =
048 MG (b) R, = 0ABME)

i n

619

11.4.3 MOSFET Differential Amplifier with Active Load

We can use an active load in conjunction with a MOSFET differential pair, as
we did for the bipolar differential amplifier. Figure 11.32 shows a MOSFET
dill-amp with an active load. Transistors M, and A, are n-channe! devices and
form the differential pair biased with Iy. The load circuit consists of transistors
M, and M,, both p-channe! devices, connected in a current mirror configura-
tion. A one-sided output is taken from the commeon drains of M, and M,.
When a common-mode voltage of v, = vy = v,,, is applied, the current [, splits

Flgurs 11.32 MOSFET diffsrantial amphfior with active load
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evenly between M| and M, and ip = i = fy/2. There are no gate currents;
therefore, ipy = ip, and ipg = ips.

1f a small differential-mode input voltage v; = v; — v; is applied, then from
Eguation (1148) and (11.49), we can write

i
isi= ?'? i (11.7%(a))
and
I}
ipy = ?Q — iy (11.79(b))

where i, is the signai current. For small values of vy, we have §; = (g,,v4)/2.
Since M, and M, are in series, we see that

, . o
Finally, the carrent mirror consisting of M, and M, produces
Fi
ipa = ipy = 39 + g (11.81)

Figure 11.33 is the ac equivalent circuit of the diff-amp with active lead,
showing the signal currents. The negative sign for ip; in Equation (11.7%(b}}
shows up as a change in current direction in M5, as indicated in the figure.

Figure 11.33 The ac equivalent circuit, MOSFET difforential amplifier with active Joad

Figure 11.34(a) shows the small-signal equivalent circuit at the drain node
of M, and M,. If the output is connected to the pate of another MOSFET,
which is equivalent to an infinite impedance at low frequency, the output
terminal is effectively an open circuit. The circuit can be rearranged by com-
bining the signal grounds at a common point, as shown in Figure 11.34(b).
Then,

v, z(g‘"—z"“)(razur,‘) N (11.82)
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g
e :

——v,

0¥,

S o,
=L a2 Inte T Tok g"';"‘ ‘a2

i I

{s) {b)

Figure 1134 (a) Small-signal equivalent circuit, MOSFET difierential amplifier with active
kad and (b} rearranged smalk-signal equivalent circuit

and the small-signal differential-mode voltage gain is

Ay = :—z = gmlreallros) (11.83)
Equation (11.83) can be rewritten in the form
En Em
Ag = = 11.84
¢ i g l L2+ 8 ( )
For Fod

If we recall that B = ZJ'K,,T— = ..,/EK,,I 8o = J‘IIDQZ = (}»3!&){2, and g4 =
dalpgs = (Xafp)/2, then Equation (11.84) becomes

1/7K0g
T 2 |2 11.3
4 el .rQ 11 T s
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Design Example 11.14 Objective: Design 2 MOSFET diff-amp with the con-
figuration in Figure 11.32 10 meet the specifications of the experimental system in
Example 11.4.

Design Approach: We niced not only to try Lo obtain the necessary differential-mode
gain and minimize the common-mode gain in cur design, but we must also be cognizant
of the swing in the oulpul voliage. In the circuit in Figure 11.32, il the corresponding
PMOS and NMOS transistors are matched, then the quiescent value of Vgpq is equal to
Fs6a = Vsgy. As the signal output voltage increases, the source-to-drain voltage of M,
decreases. The minimum valve of this voltage such that M, remains biased in the
saturation region is Fgpg(min) = Vypy(sath = Vg + Frp. This means that the max-
mum swing in the output voltage is equal to the magnitude of the threshold voltage
of My ln this example, the maximum swing in the output voltage is 0.8V, so that the
magaitude of the threshold voltages of the PMOS devices must be greater than 0.8 V.
Assume that NMOS devices are available with the following parameters: Fry =05V,
Kk, =80pA/V?, and A, = 002V, Assume that PMOS devices are available with the
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following parameters: Frp = ~1.0V, k, = 40pA/V?, and 4, = 0.02 V"', Choose supply
voltages of 25V and choose a bias current of approximately I = 200pA.

Figure 11.35 is the diif-amp and current-source network used for the design n this
example.

l——l"‘ »—I
i |
I =
sy =VF
i—' My My i
MirnakN-XS
Ms My :
¥y H—] |""| Ky __]
I |—| 4 mV |_| -4 mV =0
1 MibreakN. X1 readM- X m
MbealN- X4 - i .
L — ¥,
__|.u‘ 25V - 05 ”3,] z_w ;;,j
T = SV; ¥
: - =
_|
hibreakN-X3 MixeakiN- X2

Flgure 11.35 CMOS differential amplifier and current source network for Example 11.14

Design, Dittarential Amplifier: Differential-Mode Galn: From Equation (11.85), the
differential-mode gain is

PG

e
80 | i
100:= 2\(2(?)(".{7 30 002 +0.02
which yields 2 width-to-lengih ravio of (W /L), =20 for the NMOS dilferential pair.
Since the width-to-length ratios of the other transistors do not directly affect the gain of
the diff-amp, we may arbitrarily choose width-to-length ratios of 10 for all other tran-

sistors except M, and Mg, The W/L ratio of 10 means that the other devices are
reasonably simall and do not lead 1o a large circuit area.

Qar

Deslgn, Current-Source Metwork; For the transistor M, in the current source, we

have
L4 ¥, ¥
fQ='2-'—*'( 61— V¥

or
200 =37°(m)( Vass —0.5)

which means thal the required gate-to-source voltage of A is Vg = 1.21V. We may
choose M, and M to be identical so that the current in the reference portion of the
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circwit is also 200 1A, Assuming that Ms and M, are identical, then each transistor must
have a gate-te-source voltage of

Vass = Voge = (10— 1.21)/2 2 4.4V

The width-10-length of these transistors 15 now found from
kn (W )
=lp=2 | {(VFges — Ven)
Ier = Ig ) (L)_.,{ 655 — Vrw)
or
80 /W 1
WM=— | — 4 -0
00 5 (L)s(‘l 4 — 0.5)

which yields

(W/L)s = (W/L); =033

Computer Simulation Verlfication: The citcuit in Figure 11.35 was used in the com-
puter simulation verification. In the hand design, the finite output resistance (lambda
parameter) was neglected in the de calculations. These parameters became important in
the actual design and in the actual currents developed im the circuit. For (W/L), =
(W/L), =0.75. the reference current is Jggr = 231 pA and the bias current is fp =
208 A,

The differential-mode voltage gain is approximately 102 so that the signal cutput
voltage is 0.82 V for a differential-mode input signal voltage of §mV. The common-
mode output signal is approximately 0.86 mV, which is well within the specified 10mV
maximutn value.

Design Pointer: The body effect has been neglected in this design. In actual integrated
circuils, the differential pair transistors may actually be fabricated within their own p-
type substrale region (for NMOS devices). This p-iype substrate region is then directly
connected 1o the source terminals 50 that the body effect in the NMOS differential pair
devices can be neglected.

11.4.4  MOSFET Diff-Amp with Cascode Active Load

The differential-mode voltage gain is propertional to the output resistance
looking into the active load transistor. The voltage gain can be increased,
therefore, if the output resistance can be increased. An increase in output
resistance can be achieved by using, for example, a cascode active load. This
configuration is shown in Figure 11.36,

The output resistance R, was considered in the last section in the discus-
sion of the cascode current source. As applied e Figure 11.36, the output
resistance is given by

Ry =1y 1ol + Emloa) = Zmloalos (11.86)
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The small-signal differential-mode voltage gain is then

Ay= E—j = Emlrozll R} (11.87)

Example 11.15 oObjective: Calculate the differential-mode voliage gain of a
MOSFET diff-amp with a cascode active load.

Consider the diff-amp shown in Figure 11.36. Assume the circuit and transistor
parameters are the same as in Example 11.14.

PH-

T
w [
—

Figure 11,38 MOSFET diff-amg with cascods active kad

Solutbon: The transistor transconductance is

gm=2/Kodpg = 2/(0.(0.1) = 0.283 mA/V
The output resistance of the individual transistors is

] 1

T e OON@1) 1000 ks = 1 M2

The output resistance of the cascode active load 15 then

R, = 1oy + 7og{] + Emfos} = 1 + (D1 + (0.283K 1000)] = 285 MK
The differential-mode voltage gain is then found as

Ag = gmirsz IR} = (0.283)(1000]285000) = 282

Commant:  Since R, 3 r o, the voltage gain is now essentially equal to 4; = g.ra
which is twice as large as the gain calculated in Example 11.14.
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The differential-mode voltage gain can be further increased by incorporat-
ing a cascode configuration in the differential pair as well as in the active load.
One such example is shown in Figure 11.37. Transistors M; and M, are the
cascode transistors for the differential pair M, and M;. The differential-mode
voltage gain is now

Ay =2 = 2. (Rl Rog)

Yo

where R,y & gnroafae and Ry = g Fosrs. The small-signal differential-mode
voltage gain of this type of amplifier can be on the order of 10,000.

Other types of MOSFET differential amplifiers will be considered in
Chapter 13 when operational amplifier circuits are discussed.

Flgure 11.37 A MOSFET cascode difi-amp with a cascods active load

Test Your Understanding

41.24 A differential amplifier is shown in Figure 11.32. The parameters are: V'
10V, V'~ = 10V, and /p = 0.l mA. The PMOS parameters are: K, = 803A/V, 3,
0015V-', and Vrp=—1V. The NMOS parameters are: K, = 100 pA/VZ, 3,
001V, and Vyy = 1 V. Determine the differential-mode voltage gain 4£; =, /v,.
{Ans. Ay =111

nmnn
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1.5 BICMOS CIRCUITS

Thus far, we have considered two basic amplifier design technologies: the
bipolar technology, which uses npn and pap bipolar junction transistors; and
the MOS technology, which uses NMOS and PMOS field-effect transistors.
We showed that bipolar transistors have a larger transconductance than
MOSFETs biased at the same current levels, and that, in general, bipolar
amplifiers have larger voltage gains. We also showed that MOSFET circuits
have an essentially infinite imput impedance at low frequencies, which implies a
zero input bias current.

These advantages of the two technologies can be esploited by combining
bipolar and MOS transistors in the same integrated circuil. The technology is
called BiCMOS. BiCMOS technology is especially useful in digital circuit
design, but also has applications in analog circuits. In this section, we will
examine basic BICMOS analog circuit configurations.

1151 Basic Amplifier Stages

A bipolar multitransistor circuit previously studied is the Darlington pair con-
figuration. Figure 11.38(a) shows a modified Darlington pair configuration, in
which the bias current Tgag, OF some equivalent element, is used to control the
quiescent current in Q;. This Darlington pair circuit is used to boost the
effective current gain of bipolar transistors. There is no comparable configura-
tion in FET circuits.

{a) h)

Figure11.38 {a) Bipolar Darkington pair configuration and (b} BiICMOS Darlington pair
configuration

A potentially useful BiCMOS circuit is shown in Figure 11.38(b}
Transistor @, in the Daslington pair is replaced with a MOSFET. The advan-
tages of this configuration are an infinite input resistance, and a large trans-
conductance due to the bipolar transistor Q5.

To analyze the circuit, we consider the small-signal equivaleni circuit
shown in Figure 11,39. We assume that r, = co in both transistors.

The output signal current is

I, =gm Vg: + 82V {11.88}
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Figura11.39  Small-signa! equivalent circuif, BICMOS Carlington pair configuration

We see that
Vo=Vt Fy (11.89)
and
Vi = 8o Vol © (11.99)
Combining Equations (11.89) and (11.90) produces
Vi
o = m (11.91)

From Equation (L1.88), the output current can now be written
1, = gm Vg.t + gmz(gmlrar)yg: = oy + gmi*gmlr:r)Vg: (11.92)
Substituting Equation (11.91) into (11.92), we obtain

=m0 4 gmry)
’ (1+ gmlrrr)

where g5, is the composite transconductance. Since g, of the bipolar transistor
is usually at teast an order of magnitude greater than g, of the MOSFET, the
composite transconductance is approximately an order of magnitode larger
than that of the MOSFET alone. We now have the advantages of a large
transconductance and an infinite input resistance.

A bipolar cascode circuit is shown in Figure 11.40{z). a corresponding
BiCMOS configuration is shown in Figure 11.40(b). The output resistance of

Vi=gw- Vi (11.93)

¥

Biss &
in th
{a) (o)

Figure 11.40 {a) Bipolar cascode copfiguration and (b) BICMOS cescoda configuranion
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the cascode circuit is very high, as we saw in Chapter 10. Also, the cascode
amplifier has a wider frequency bandwidth than the common-emitter circuit,
since the input resistance looking into the emitter of O; is very low, thereby
minimizing the Miller multiplication effect. This effect was observed in
Chapter 7.

Again, the advantage of the BICMOS circuit is the infinite imput resistance
of M. The equivalent resistance looking into the emitter of a bipolar transistor
is much less than the resistance looking into the source of a MOSFET; there-
fore, the frequency response of a BICMOS cascode circuit 15 superior o that of
an all-MOSFET cascode circuit.

11.5.2 Current Sources

In our previous discussions of constant-current sources, we mentioned that
cascode current sources increase the output resistance, as well as the stability
of the bias current. Figure 11.41 shows a bipolar cascode configuration in
which the output resistance is R, = fr,,. The bias current in this circuit is
much more stable against variations in output voltage than the basic two-
transistor current source.

A BiCMOS double cascode constant-current source is shown in Figure
11.42, The small-signal equivalent circuit for determining output resistance is
shown in Figure 11.43(a). The gate voltage to M, and the base voitages to O,
and Q, are constants, equivalent to signal ground. Also, since ¥;; =0, then
EmsVnz = 0, and the equivalent circuit can be rearranged as shown in Figure
1L.43(b).

The output resistance of this circuit is extremely large. A detailed analysis
shows that the output resistance is given approximately by

Rnr = (gmﬁroﬁ}(.ﬁrod) (1194}

The output resistance is increased by a factor (g,.r.6) compared to the bipolar
cascode circuit in Figure 11.41. If a bipolar transistor were to be used in place
of M, then a resistance r,e would be connected across the terminals indicated
by Ve This resistance would effectively eliminate the multiplying constant
(Zms? o), And the output resistance would be essentiaily the same as that of the
cireuit in Figure 11.41. The BiCMOS circuit, then, increases the output resis-
tance compared to an all-bipolar circuit.

11.5.3  BICMOS Differential Amplifier

A basic BiCMOS differential amplifier, with a constant-current source bias and
a bipolar active load, is shown in Figure 11.44, Again, the pnimary advantages
are the infinite input resistance and the zero input bias current. One disadvan-
tage of a MOSFET input stage is a relatively high offset voltage compared to
that of a bipolar input circuit. Offset voltages occur when the differential-pair
input transistors are mismatched. In Chapter 14, we will examine the effect of
offset voltages, as well as nonzero bias currents, in op-amp circuifs.

We will consider additional BICMOS op-amp circuits in Chapter 13, when
we discuss the analysis and design of full op-amp circuits.
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{8) Equivalent circuit for detesmining output impedance of BICMOS double
castode current sourca and (b) rearranged equivalent circut
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Figure 11.44 Basic BICMOS differential ampiifier

Test Your Understanding

41.25 Consider the BsxCMOS Darlingion pair in Figure 11.45. The transistor pa-
rameters are K, =20pA/V:, Vpy=1V, and i=0 for M, and B=100,
Veclon) = 0.7V, and V, =co for Q. Determine the small-signal parameters for
each transistor, as well as the composite transconductance. (Ans. g,y = 4.8uA/V, g.4
=258mAMNY, rp = MK, ry =1y = 00, g5 = LTTmASY)



[
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Figure 11.45  Figura for
Exercise 11.25
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11.28 The reference current in each of the constani-current source circuits shown in
Figures 11.41 and 1142 is Igpr = 0.5mA. All bipolar transistor parameters are § = 150
and ¥, =80V, and all MOSFET parameters are: K, = 500 pA/V2, ¥y = 1V, and
A = 0.0025V"+ Neglecting bipolar base currents, determine the output resistance R,
of each constant-current souvce. {(Ans. For Figure 1141, £, &= 24 MQ; for Figure 11.42,
R, =3R40 M)

11.6  GAINSTAGE AND SIMPLE OUTPUT STAGE

A diff-amp, including those previously discussed, is the input stage of virtualty
all op-amps. The second op-amp stage, or gain stage, is often a Darlington pair
configuration, and the third, or output, stage is normally an emitier follower.

11.6.1  Darlington Pair and Simple Emitter-Follower Output

Figure 1146 shows a BJT diff-amp with a three-transistor active load, a
Darlington pair connected 1o the diff-amp output, and a simple emigter-
follower cutput stage.

The differential-pair transistors are biased with a Widlar curzent source at
a bias current J;. We noted previously that, for the diff-amp dc curremts to be
balanced, we must have

fo
o = igs B0 +8) {(11.95)

From the figure, we see that

Iee 1o

=T +P kgl
In order for fy = fps, we must require that fo; = I, This means that the
emitter resistors of 0y and @, should have the same value. Transistor ¢y,
also acts as an active lead for the Darlington pair gain stage.

Transistor Qg and resistor Ry form the simple emitter-follower output
stage. The emitter-follower amplifier minimizes loading effects because its out-
put resistance is small.

Ideally, when the diff-amp input is a pure common-mode signal, the out-
put v, is zero. The combination of @y and (), allows the dc level to shift. By
slightly changing the bias current f~, we can vary voltages Vg and Vg
such that v, = 0. The small variation of I~ required to achieve the necessary de




Chapter 11 Differential and Multistage Amplifiers

V-

Figure 11.46 BJT difl-amp with three-transistor active load, Darington pair gain stage, and
simpte emitter-follower output stage

level shift will not significantly change the balance between { and g, As we
will see in later chapters, other forms of level shifters could also be used.

11.62 InputiImpedance, Voltage Gain, and Output impedance

The input resistance of the Darlington pair determines the loading effect on the
basic diff-amp. In addition, the gain of the Darlington pair affects the overall
gain of the op-amp circuit, and the output resistance of the emitter lollower
determines any loading effects on the output signai.

Figure 11.47(a) is the ac equivalent circuit of the Darlington pair, where
R, ; is the effective resistance connected between the collector of Q5 and signal

(2) )

Figure 11.47 (a) The ac equivalent chrouil, Darlington pair, and {b) small-signal equivalent
circuit, Darknglon pak

9t



Part 11 Analog Electronics

ground. Figure 11.47(b) shows the simple hybrid-r model of the Darlington
pair. We see that the equivalent circuits for Qg and Q; have been effectively
wrned upside down compared to the transistors in Figure 11.47(a).

Writing a KVL equation around the B-E loop of Q¢ and (7, we have

Vig = Vgt Vs (11.97)
We can also write that

Ve = lpeixe (11.98)
and the KCL equation ts

V v

o M Ve (11.9%(a})

Tr7 Fzb
or

1+
V=t [( rﬁ'ﬂ)] Voo = For(l + By {11.99(h)}

where r 52 = 5. Substituting Equations (11.99(b)) and (11.98) into Equation
(11.97); we obtain

Vi = dnstxs + ruall + BYyg {11.100)
The input resistance is therefore )
¥,
Ri==B=rg+rall +6) (11.101)
"
Assuming /¢y = 1o, the hybrid-w parameters are
V V.
b=t L BT (11.102(a))
Iy 1o

r

, BV _(+B8ry
T e Io

Combining Equations (11.102{a)}, {11.102(b)), and Equation (11.101) vields an
expression for the input resistance, as follows:

g < (LHABYT (L4 BBVT 21+ BIAVs ——"

Ip Io fo
We can determine the small-signal voltage gain of the Darlington pair
circuit by using the small-signal equivalent circuit in Figure [1.47(h). We see
that

(13.102(b})

Vo3 = igRp7 = (Biyr}Rpr = LY + BhigeRys (11.104)
and
hy = %" (11.108)

i
The small-signal voltage gain is therefore

_va _ B+ BRy

A
o L™ R,

(11.166)



Chaprer | Dilferential and Multistage Amplifiers

Substituting Equation (11.103) into (11.106), we find that
Bl +BR; (g
Ar 5 2“ +ﬁ),6Vr = (ZVT RLT (Elll}?}
Ig

In Figure 11.46, we see that resistance R;, is the parallel combination of
the resistance tooking into the collector ol &, and the resistance looking into
the base of (3. From Chapter 10, the resistance looking into the collector of

Q18

Rey = o {1 + o) RE) {(11.108}
where R = rp (| R:. The resistance looking into the base of Oy is
Rig = reg + (1 + BIRy (11.109)

Equations (11.108) and (11.109) indicate that resistances R, and Ryg are
large, which means that the effective resistance R,y is also large.

3

Example 11.16 oObjective: Calculate the input resistance and the smali-signal
voltage pain of a Darfington pair.

Consider the circuit shown in Figore 11.46, with parameters o =fp = 0.2mA,
Frg = I mA, Ry =10k, and Ry = 0.2k$2. Assume 8 = 100 [or all transistors, and the
Early voltage for 0y, is 100V,

Solution: The input resistance, given by Equation (11.103), is

201 + AV _ 2101)(100)X0.026)
o 0.2

R = = 263IMQ

The small-signal voltage gain is a function of Rz7, which in tum is a function of R, and
Rys. We can find that

such that

Ry = 13102 = 0.197kQ
Also

g = lp/Vr =0.2/0.026 = 7.69mA;V
and

ra = ¥Vailo = 100/0.2 = 500 k2
Therefors,

Rt = roni(l + 2  REY = S00[1 + {7.69)(0.197)) = 1.26 MQ
We can determine that
ra = BVr/lcs = (100)0.026)/1 = 2.6kQ
Then
Roa =tz + (1 + HIRq = 2.6 + (101 10) = 2.02MR
Consequently, resistance Ry is
Rir = Rl Reg = 1.264202 = 0.776 MR
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Finally, from Equation (11.10¥7), the small-signal voltage gain is

] 0.2
={=2 = A =
A = (2VT)R” [2(0.026}](??6} 2985

Comment: The input resistance of she Darlinglon pair is in the megohm range, which
shoutd minimize severe loading effects on the diff-amp. In addition, the smail-signal
gain is large becaunse of the active load (@) and the large input resistance of the emitter-
follower output stage.

We can use the results of Chapter 4 10 determine the output resistance of
the emitier follower. The output resistance is

wrzy Frs + 2
R, = 34“ i +ﬁ)) (11.119)

where Z is the equivalent impedance, or resistance, in the base of Qg. In this
case, Z = Ry 1 8.7, where R is the resistance looking into the collector of Q.
Because of the factor (1 + ) in the denominator, the output resistance of the
emitter follower is normally small, as previously determined.

Example 11.17 oObjectiver Calculate the output resistance of the circuit in Figure
1146

Consider the same circuit and transislor parameters described in Example 11.16.
Assume the Early voltage of O+ is 100V,

Solution: From Example | 116, we have that R, = 1.26 M and rpg = 2.6k We
can then determine that

_ Vi _ 100
Rr? - IQ = |}2 = 500kQ
Then,
Z = Ry Ry = 12601500 = 358 kQ2
Therefore.
= fap+ 2 l(2.6+358 _
o= ""l[u + ﬂ)] =N - ) ZEIG

Comment: The oulput resistance is obviously less than A,y and is substantially less
than the equivalent resistance Z ini the base of 0. In a later chapter, we will examine a
Darlington pair emitier-follower cutput stage in which the output resistance is on the
order of 1000,

A BJT diff-amp with an active load can produce a small-signal differential-
mode voltage gain on the order of 10°, and the Darlington pair can aiso
provide a voltage gain on the order of 10°, Since the emitter follower has a
gain of essentially unity, the overall voltage gain of the op-amp circuit is on the
otder of 10°. This value is typical for the low-frequency, open-loop gain of op-
amp circuits.
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Test Your Understanding

*411.27 Consider the Darlington pair and emitter-follower portions of the circuit in
Figure 11.46. The parameters are: [oy = Jp = 0.5mA, fg =2mA, Ry =5k, and
Ry =0.1k82. For ali transistots, the current gain 13 8 = 120, and for @), and (4, the
Early voltage is I, = 120 V. Calculate the input resistance and small-signat voltage gain
of the Darlington pair, and the output resistance of the emitter follower. (Aps. R; =
1.53IMQ, A, =315 R, = 1.14kQ)

11.28 In the circuit in Figure 11.46, the Darlington pair and emittee-follower tran-
sistor parameters are the same as in Exercise 11.27. Determine the effective resistancs
Rir (see Figure 11.47(a)) such that the small-signal voltage gain is 10%. (Ans. Ry =
104 k$h)

11.7 SIMPLIFIED BJT OPERATIONAL AMPLIFIER CIRCUIT

An operational amplifier (op-amp) is a multistage circuit composed of a differ-
ential amplifier input stage, a gain stage, and an output stage. In this section,
we will consider a simplified BIT op-amp circuit.

Although active load devices increase the gain of an amplifier, in this
discussion, we will consider resistive loads, in order to simplify the analysis
and design. For the bipolar circuit, all component values are given; we will
analyze both the dc and ac ctreuit charactenstics.

Figure 11.48 depicts a simple bipolar operational amplifier. The differen-
tial amplifier stage is biased with a Widlar current source. and a one-sided
oulput is connected to the Darlington pair gain stage. An emitter bypass

1
Rz = | R3 = 1

| $9.60 } 5064 \
1 ) 1
1 | 1
! | |
I V=10V 1 ]
! | 1
pmem— = Drifferentis]l Amplifier t Ciain Siape Ouipwt Stage ——w

Figure11.48 Bipolar cparational amplifier circuit
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capacitor Cg is included to increase the small-signal voltage gain. The output
stage is an emitter follower, In general, we want the dc value of the output
voltage 1o be zero when the input voltage is zero. To accomplish this, we need

to insert a de level shifting circuit between the voltage vp; and the output
voltage vp.

Example 11.18 Objactive: Analyze the dc characteristics of the bipoiar op-amp
circuit.

Consider the circuit in Figure 11.43. Neglect base currents and, as a simplification,
_ assume Fprlon} = 0.7V for all transistors except {3 and Gy 1 the Widlar circuit.

Solution: The reference carrent [ is
e 10—0.I?93(—I0) TmA

The bias current /p is determined from
LR =Vr 1n(-‘%)

and is
Ip =04 mA

The collector currents are then
Irn=1ln =02mA

The de voltage at the collector of s i
For=10— 1R =10 —(02}20) =6V

With these circuit parameters, the common-mode mput voltage 15 limited to the range
—9.3 < ren <6V, which will keep all transistors biased in the forward-active mode.
The current g, is determined to be

Vor—2Vsglon) 6-14
Ry T

Since base currents are assuened negligible, the cuerent Jyg is Jps & Jpy.
The dc voltage at the collectors of 0y and @y is then

Vos = 10~ IzsRs = 10 — (0.4X5) = 8V

This shows us that the dc voltage Vg, is midway between the 10V supply voltage and
the de input voltage Vg, = 6 V to (5. This allows a maximum symmetrical swing in the
time-varying voltage at v,.

Transistor O and resistor Ry form the dc voltage level shifting function. Since
Ry = .R;, we have

rm = "Q =04mA
The de voltage at the base of O is found to be
Vas = Vepy — Faglon) — fpeRs = 8~ 0.7~ (0.4)(16.5} = 0.7V

This relationship produces a zero dc output voltage when a zero differential-mode
voltage is applied at the input.
Finally, current Iz is
v =(=10) _10

= - =2mA
Tm R; 5

I =04mA
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Comment: The dc analysis of this simplified op-amp circuit proceeds in much the same
way as in previous examnples. We observe that all transistors are biased in the forward-
active mode,

Example 11.19 Objective: Determine the small-signal differential-mode voltage
gain of the bipolar op-amp circuil.

Consider the circuit in Figure 11.48, with transistor parameters g = 100 and
V=00,

Solution: The overall differential-mode voitage gain can be written

¥ ¥, ¥
et = (725) () 62)
<. P, o

The overall small-signal voltage gain is the product of the individual stage gains ondy if
the load resistance of the following stage is taken into account.

We will rely on previous results to determine the individual voltage gains. The input
resistances to the Darlington pair R; and to the output stage R, are indicated in Figure
11.48. The one-sided differential-mode voltage gain of the diff-amp is given by

¥
An = e %'"(RCHR.-:)
Vg

where R; is the input resistance of the Darlinglon pair, as follows:
Rp=ra+ {1+ P
where
Fra = BV /I = (100)0.026)/04 = 6 5kRR
and
Fos 2 B Vo gy = (100¥(0.026)/0.4 = 650 k2
Therefere,
R = 650 4 (101)(6.5) = 1307 kD2
The transistor transconductance is
oo 0
2Vr  20.026)
The gain of the differential amplifier stage is therefore

=7.70mA/Y

7.70
B ‘%"(RCIIRQ) = (—wz-—)[zcu 1307 = 75.8
Since the toad resistance R 3> R, there i3 no significant loading effect of the second

stage on the diff-amp stage,
From previous results, we know the voltage gain of the Darlington pair is given by

A= (ﬁ)msu&;)

2Vy
whete

Ry =res + (1 +BIRs + rag + (1 + B)RS]
We find that

Fes = BV 3/ ipe = (100)0.026)/0.4 = 6.5k
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and

rrs = BVrifpy = (100X0.026)/2 = 1.3kQ
Therefore

Ry = 6.5+ (101)16.5 + 1.3 +{101X5)] = 52.8MQ

Since R 3> Rs, the output stage does not load down the gain stage, and the small-signal
voltage gain is approximately

(f“‘)s, [2(0 = ﬁ}](sy =385

The combination of (s and O, forms an emitter follower, and the gain of the output
stage is

Ay = vofva =1
The overall small-signal voltage gain is therefore
Ag = Ag - Ay Ay = (75.8)(38.51) = 2918

Comment From our previous discussion, we know that the overall gain can be
increased substantially by uwsing active loads. Yet, the analysis of this simplified circuit
provides some insight into the design of multistage circuits, as well as the overall small-
signal voltage gain of op-amp circuits.

Computer Correlation: A PSpice analysis was performed on the bipolar op-amp
circuit in Figure 11.48. The dc output voltage from this analysis was Fp = -0.333V,
rather than the desired value of zerc. This occurred because the B-E voltages were not
exactly 0.7V, as assumed in the hand analysis. A zero output voltage can be obtained by
slightly adjusting Ry. The differential voltage gain was A, = 2932, which agrees very
well with the hand analysis.

1. Perform the dc analysis of the circuit to determine the small-signal pa-
rameters of the transistors. In most cases BIT base currents can be
neglected. This assumption will normally provide sufficient accuracy for
2 hand analysis.

2. Perform the ac analysis on each siage of the circuit, taking into account the
loading effect of the following stage. (In many cases, previous results of
small-signal analyses can be used directly.)

3. The overall small-signal voltage gain or current gain is the product of the
gains of the individual stages as long as the loading effect of each stage is
taken into account.

Test Your Understanding
*RD11.29 Consider the bipolar op-amp circuit in Figure 11.48. The transistor pa-

rameters are; 8 = 100, Vae(on) = 0.7V (except for Oy and Q), and ¥, = 00. (g) Re-
design the circuit such that /ny = Jo = 0.1 mA, Jpr = SmA, L =g = Igs = 0.6mA,
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Veer = Vepr =8V, Vepg =13V, and v, = 0. (b} Determine the input resistances R
and Ry. {c) Determine the overall differential-mode voltage gain 4, = v, /v . (Ans
(3) Ry=3122kR. Ry =143k2 Ry;=0, Rc=06Tk§l, Ry=117kQ. Rs=B85k%
Re = 583k, and Ry = 2kR (b} Ry = 870kQ, R = 210MR (c) 4; = 11,674}

11.8  DIFF-AMP FREQUENCY RESPONSE

In Chapter 7, we considered the {requency responses of the three basic amphi-
fier configurations. In this section, we will analyze the frequency response of
the differential amplifier. Since the diff-amp is a linear circuit, we can determine
the frequency response due to: (a) a pure differential-mode input signal, (b} a
pure common-mode input signal, and (c) the total or net result, using super-
position.

118.1  Due to Differential-Mode Input Signal

Consider the basic bipolar diff-amp shown in Figure 11.49(a). The input is a
pure differential-mede input signal. We know from Equation {11.24) that the
small-signal voltage v, is at signal ground when a differential-mode input signal
is applied. To determine the requency response, we evaluate the equivalent

{a) {&)

Figure 11.49 (a) BJT differential amplifier with diflerential-mode innut signal and
(b) equivalert common-amitter half-circuit of differential amplifier

common-emiiter half-cizcuit in Figure 11.43(b).
Since the diff-amp is a direct-coupled amplifier, the midband voltage gain
extends to zero frequency. This one-sided midband gain 1s

Vol —_ Fa
=g = —tnhe ) (IL1H1@)
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or

_ —PRc

=k (11 111(b))

v
From the high-frequency common-emitter characteristics determined in
Chapter 7 we know that the upper 3dB frequency is

1
2mra |Rg{(Cr + Cpp)

where Cy, is the equivalent Miller capacitance given by
Cyy =Cyll 4+ guR0) (11.113)

Equation (11.113) implies that, if the value of R is faitly large, the Millex
capacitance will significantly affect the bandwidth of the differential amplifier.

Jr=

(11.112)

11.82 Dueto Common-Mode Input Signal

Figure 11.50(a) shows the basic diff-amp with a pure common-mode input
signal. The circuit is symmetrical, which means that resistors Ry, resistors
Re, and the transistors are effectively n parallel. Figure 11.50(b} is the
small-signal equivalent circuit, with the constant-current source replaced by
its output resistance R, and capacitance C,.

A

(®) {b)

Figure 11.50 {a) BJT differential ampliier with common-mode input signai and (b) small-
signal equivatent circuit, common-mode configuration

We will justify neglecting the transistor parameters C, and C,. The cutput
voltage is

¥, =—(Q8, V,)(%) (11.114)



