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R,=0 (6.3)
Chapter 6 64
I, =0 (6.5)

OPERATIONAL AMPLIFIERS

6.1.2 Application

6.1.2.1 Inverting Amplifier

For the inverting amplifier shown in Fig. 6.2, apply the ideal equations listed above to get:
6.1 Ideal Op Amps

6.1.1 Model

=gy === 6.6
I, = Ig, R R (6.6)
As we have learned earlier, any amplifier can be modelled as an equivalent two-port network
shown in Fig. 6.1. Therefore,
- R 6.7
Vo =—g:Vi (6.7)
Ry
_ _ . AW
Vin >— V0
Fig. 6.1 Two-port equivalent circuit of a n operational amplifier y +

) ) Fig. 6.2 An inverting amplifier using an ideal op amp
For an ideal op amp, we would like to have and thus can assume that:

A, = o (6.1)
6.1.2.2 Non-Inverting Amplifier

R, = (6.2) For the non-inverting amplifier shown in Fig. 6.3, with the input current being zero, the output
voltage can be found by voltage divider.
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Vy(t) = -Ridvm(t)du V,(t = 0) (6.17)
| C
—c> +I I
R
\/4\/\/\/‘ Rl

+
<

Fig. 6.5 An implementation of an integrator using an ideal op amp

6.2 Case Study

As a case study, let us do a complete analysis on a real commercial product, 741 op amp,
whose complete schematic and simplified schematic are shown in Figs. 6.6 and 6.7, respectively.

6.2.1 Qualitative Description
6.2.1.1 Input Stage
The input stage consists of transistos-@g and has the following features:
a) High input resistance and high output resistance
b) Level shift to achieve large output swing
c) Differential-to-single-ended conversion
d) Protection of @and Q from junction breakdown by series connection witha@d Q
6.2.1.2 Gain Stage
The transistors @, Q,7, and Qzgform the gain stage, which has:

a) High input resistance and thus minimum loading effect

b) Large voltage gain
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Fig. 6.6 A complete schematic diagram of 741 op amp

6.2.1.3 Output Stage

The output stage is composed of£2, Q14, Q18 Q19 Q20 and Q3, with the following
characteristics:

a) A class-AB output stage
b) High input resistance and low output resistance
¢) High power efficiency
6.2.2 DC Analysis
The dc analysis is much simpler with the following assumptions:
a) The dc output voltage is zero (by some external feedback network)

b) The Early effect of the transistors is negligibly

¢) The current gain of npn transistors is large, but that of pnp transistors is small.
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Fig. 6.12 Schematic to calculate small-signal parameters for the output stage
A=1 (6.40)
Reg, = I, + (Bpnp + 1)2K (6.41)
Reg = gy + Ty, + Reg [l o, (6.42)
Ri, =, + (Bonp+ 1)Req, = 9.1MQ (6.43)
Req = B‘dm +rg,+ R_%Du o, (6.44)
B
Rout = % =210 (6.45)

14
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6.2.3.4 Complete Analysis

The overall small-signal parameters of the whole op amp can be found by combining all the
stages together as shown in Fig. 6.13, from which:

Rpy=47 0
-0
+ + + +
. PIx R, = .
W " 357w P""""'é g ™ :111 ma\J "
\ o -
.-_‘—
Gz o

Fig. 6.13 Equivalent circuit to calculate small-signal parameters for the whole op amp

A, = Gy, (R, I R,)Gr (R, IIR,) = 324, 000 (6.46)
Rn =R, =2.7MQ (6.47)
Rout = Rout+ Rs = 48Q (6.48)

Note that as one gets familiar with the small-signal analysis, it would be much faster to do
everything together without dividing the op amp into different stages.

6.3 Basic Topology for 2-Stage BJT Op Amp

For relatively small load (small capacitive load or large resistive load), it may not be necessary
to include an output stage. For example, two-stage op amplifiers are widely used for on-chip
amplification.

Topologically, such two-stage op amp would consist of an input stage and a gain stage, as can
be seen in Fig. 6.14. For stability, a big compensation capacitor is normally required.
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4 b

Fig. 6.14 A basic topology for a two-stage BJT op amp

6.4 Basic Topology for 2-Stage CMOS Op Amp

A CMOS counterpart of the basic two-stage BJT op amp is shown in Fig. 6.15.
Reference: See handout on “MOS Op Amp DesidA Tutorial Review,” by Gray & Meyer,

IEEE JSSC, December 1982.
The intrinsic small-signal voltage gain (without loading) can be derived to be:

A, = \% = _gmz(roz I ro;)ng(TDB II rgE) O—( gmro)z (6.49)

where:
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Recall that

As a result,

Fig. 6.15 A basic topology for a two-stage CMOS op amp

2l Va 2V,
il = O— = (650)
Info = Voo Vi o~ Vo Vy
dXy7?
V= Loy W:j (6.51)

-1.2
Au 0 ~(Gro)? O —[VZ;_V dj:gg ] (6.52)
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Note thatthe intrinsic voltage gain is independent of the bias currgntfFrom Egs.
(6.49)-(6.52), to achieve high intrinsic gain, it is desirable to have hjglamgd large §, which is
equivalent to have a small §4- V) and large ¥.

Since

V.= |—2b (6.53)
Ves=Vr= e w7D)

a high gain can be obtained by using a small bias current for a given W/L or using a large WI/L for a
given bias current.

To achieve a high ¥, we would want to have longer effective channel length. If we have a
control on the process, a high substrate doping is also preferred.

As will be discussed later, all the solutions mentioned above would result in a degradation of
the amplifier’s frequency response. This is as expected since there is always a trade-off between the
gain and the bandwidth of an op amp.

6.5 Cascode CMOS Op Amp

As mentioned previously, to increase the output impedance and thus the voltage gain of an
amplifier, cascode configuration can be employed. Figure 6.16 shows an example of such a design.

The intrinsic small-signal voltage gain can be derived to be:

A= 8= gu (R, | Roz)%mg o e T Egmn(an IR,) (6.54)
Typically, this can be approximated as:
Ac= 52 =0 (R, R0, (Ro, 1 Ry) (6.55)
where:
Ro, = ro,(1+ ginlo,) (6.56)

Ry, = Fo(1+ Gu.lo) (6.57)
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Fig. 6.16 An implementation of a cascode CMOS op amp

As a result, with the first stage being cascoded, the voltage gain becomes:

Av = _gmz(ro3 ” Iros)gmn(Roa ” Ra,,)(l + gmro) (658)
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which is an increase by a factor of:

A,(cascodg _ 6.59 . - -

A(regulay -9 059 I I

If the second stage is also cascoded, the gain-enhancement factor becomes: M1 Mio Mg
A,(cascodg _ 2 6.60 - - >

A, (regula) ~ [1+ Gnrel (6.60) I I

My, M, Mg
6.6 Folded-Cascode CMOS Op Amp A )
\/ Ro2

With a folded-cascode design as shown in Fig. 6.17, it is possible to implement a single-stage
op amp that can achieve a gain as high as that of a two-stage amplifier.

Reference: See handout on “Design Procedure of Fully Differential Folded Cascode CMOS —{ E"l NEI i— [W R
ol

Op Amp,” by Mallya, et al, IEEE JSSC, December 1989.

M
Typically, the transistors’ aspect ratios W/L's are chosen so that: Me :| | 5 —| |

lo, = Ip, = lp, = 2lp, = 2lp, =2lp, =2lp, (6.61)

The intrinsic small-signal voltage gain can be obtained as:

s

Jl
A =22 =g, (R, IR,) (6.:62) Ms Ma

in

where:
Fig. 6.17 Schematic of a folded-cascode CMOS op amp

Ro, = Fo {1+ Gn (1o, II10)} (6.63)

In addition, because it is a single-stage implementation, the amplifier is unconditionally stable. As a
Ro, = ro,(1+ gnlo,) (6.64) result, there is no need of compensation, and the design can be much smaller and faster than a
conventional two-stage op amp.

Again, with cascode, the gain is increased by a factor of. In order to achieve a rail-to-rail voltage swing at the output, the output transistors can be

q biased by a high-swing current source discussed earlier. Figure 6.18 shows an implementation of such
A(cascodg_, Onlo (6.65) a high-swing folded-cascode design.
A,(regulap

Not only does this folded-cascode design have a high gain but it also has a high frequency
response due to the elimination of Miller effect by the cascode configuration (as will be shown later).
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