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INSTRUCTIONS

Read the Instructions to know how you can better use this work. Know how it is organized and which
navigation tools are available. See how you can complement the study with the simulation of some of
the circuits presented here.

INDEX )

See the table of contents of this work. The table is organized through a pop down menu revealed when
you place the cursor over the titles. Through the Index you can directly access each one of the sections
and exercises of this work.

ANNEXES =

The main text of this work is enhanced with several complementary texts, in order to help the reader
about matters not directly studied here. These are matters which are supposed to be studied before or
later. Through the main text there are several links to these texts but you can also access them through
the table of Annexes, organized in a similar way as the main Index.

1. Introduction

Operational amplifiers (OpAmps) with negative feedback allow highly versatile realisations, in
particular highly stabilised gain amplifiers. In fact, today’s amplifiers are mostly utilised with feedback.
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Take the example depicted in fig. 1. This inverting amplifier has a R
voltage gain, v, /v;, very approximately equal to —R, / R;. To make R AAAN
this quantity a reasonable approximation it is simply required a very MP@%M_; v,

high open loop gain (i.e., 4 >> Ry / R, although it may vary
significantly), a high input resistance (R; A >> R)), and a small
output resistance (R, << R)). (Note: A, R; and R, are the OpAmp o

equivalent model parameters)

fig. 1 - Inverting montage

Taking the basic BJTs or FETs amplifying configurations as reference, a natural question arises: How to
realise an amplifier to attain such goals (i.e., that shows sufficiently high gain, high input resistance, and

small output resistance)?

From the set of basic single transistor amplifiers, the
BJT’s common emitter (CE) topology [or FET’s
common source (CS)] is the configuration that
simultaneously allows the highest voltage gain with
a R; not too small.

Thus, the amplifier above could be realised with a
single transistor as indicated in fig. 2.

Resistors R, and R; define the gain. By direct
analysis, it can easily be shown that the gain is given
by vy /v @ -9,1 (verify it as an exercise), which is
reasonably close to - Ry /R; = - 10.

10k
R,=100k

AW Fo #=200

R;=10k Jc=0.67mA

i
fig. 2 - Common emitter configuration

Nevertheless, it is notorious that the CE configuration, by itself, does not bring together the conditions

to a satisfactory OpAmp characteristics.

For example, it does not implement a differential input (consequently, the CE amplifier does not allow
the non-inverting imp lementation), it has a relatively small input resistance and a high output resistance

(R; @ r and R, @ 100 KW // 10 kW).
p

09/30/2008 11:14 PM



Multistage Differential Amplifiers http://paginas.fe.up.pt/% 7Efff/e Book/MDA/MDA.html

Inserting a resistor between the emitter terminal and ground will boost the input resistance. Yet, this
procedure reduces the gain (and increases the output resistance, although marginally). Alternatively,
FETs can be used at the input - at the cost of lower g, and consequently lower gains. Nonetheless, no
juggling will confer a symmetrical differential input to the CE topology.

The solution resorts to a composed implementation (with more than one transistor) to obtain a
differential input called the differential pair.

Note, however, that other Op Amp characteristics should be searched for, such as: very high gain, high
input and low output resistance, low voltage and current offsets. Simultaneously, one should not loose
site for other characteristic improvements, such as band width and maximum slew-rate.

2. Differential pair

Consider fig 3 setting where a differential pair is

implemented with two BJTs. Re Re

If, vg; =vpr =vcy (common mode voltage), the Yo ) ) Yoo
voltages vc; and v, will not change even when vy ,_w cr # o&‘

varies (within certain limits set by the need to keep T

: o 1 T2
the transistors in active mode).
On the other hand, if vg; ! vp), the voltages v and Y& M.ﬂw - i VB2
v will no longer be equal. 7
Thus, we may say that the differential pair (ideally)
responds to differential signals (i.e., the input

. . fig. 3 — Bipolar differential pai
voltage difference) and rejects the common mode, g iporal CHICTEntial patt

1.e., does not react to identical signals at both inputs.

2.1. Current variation

4 0f 73 09/30/2008 11:14 PM
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2.1.1. BJT

The total emitter current is kept constant by the current source I. Therefore, when the input differential
voltage vp = vpy — vp; changes in time, some of the current of a given transistor will be transferred to

http://paginas.fe.up.pt/% 7Efff/eBook/MDA/MDA.html

the other. This change in transistor current with input differential variation can be observed in fig. 4.

The expression for the current can be
found to be:

. ad

In2 = 1+ 2077
The differential pair operation is
approximately  linear  for  small
differential input  voltages. This

corresponds to a region in the graph
where the exponential exhibits an
approximate linear behaviour. In fact, it
can be shown that for
vp=Vr @ 25mV, the gain changes
about 20%.

ic

alf
1

05

VEI-VE2
Vr

4 -2 0 2 4
fig. 4 — BJT differential pair currents

On the other hand, a =100 mV input differential voltage is enough for almost all the current to be drawn

by one of the transistors.

2.1.2. FET

50f 73
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The basic schematic is similar to a bipolar Vo
differential pair and is shown in fig 5 (JFET
example).
ple) Rp Rp
The analysis is very similar to the differential ] \JsY

bipolar case. Having in mind that:

YD1
o—4
2
ves LN I R S
whu = MHH%M. 1- . .
Vo Ipr 1p
naming Viz = Ve ~Va - m+u m+u -
and making  ip *ipy =7 T ! T
we get: pus pus
fig. 5 — JFET differential pair
ipa uMH# ! h.b% Hm?ﬂu
2 -2Vp
This current changes as a function of v;4 FET:ldss =2mA; Vp =-2¥;1d = 1 mA

and is shown in figz 6. The FET’s 1
wMSEQQmEcmoQ ﬁ this example is also 05 // \\l
shown on the graph.

| grap | 06 VA
The main remarks, relatively to the 04

bipolar differential pair, are, on one hand, . \ /
0.2
the larger v;; value spread, and, on the
N 0 \ — /

15 12 08 06 03 0 03 06 09 12 15

other hand, the smaller characteristics
slope around the origin.

fig. 6 — JFET diferential pair currents

The MOSFET differential pair analysis (see fig. 7, where it is shown a MOSFET differential pair with
enhancement MOSFETS — channel n) is not only similar to a JFET, but also the same conclusions are
driven.

6 0f 73 09/30/2008 11:14 PM
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Voo
In fact, the MOSFET current function is the same
of the JFET, however is commonly written in a - Rp Rp
different form as: o I YD2

however with a different form:

in=K(vgs—V;) QN_—H.? HNH__HQ
>

Consequently, the current versus v, is the same,
e_gm

7 % 7
fig. 7— MOSFET differential pair

ima= mw 2K7 | 24

2.2. Small signal operation

Take the BJT differential pair as reference. If around vp = 0 we find:

wa..ﬁw _.w.n . nNM €m ﬁm.
— ==+ we get i, =—2%=g,%
dvpl o Ve . © Wy 2 om0

An alternative point of view to get the same result is to observe fig. 8 schematic for small signals.

The input differential resistance is R;g =2 r , because looking into the base of any transistor we see

p
r +(1+b)re=2r
p p

7 of 73
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Having in mind, for example, that:

¥ Y
<nHHI%Q d %HI%Q'&.NS

2r, 2
for the three possible outputs the following differential gains result:
v 1
Ap =2 =-—g.Re
Vi 2
Vo 1
Ap =2 =—g,Re
Vi 2
<0 B <h —
Az = H 2 = ~Emfe
Vd

This last gain corresponds to an amplifier with differential signals
both at the input and output (fig. 9).

There is another way to look into this problem:

If we consider the amplifier as an ideal differential amp lifier (where
essentially the common mode gain is null), according to fig. 10
circuit, the response to a signal v; can be analysed with the base of
T, connected to ground: The collector of T, does not influence T;.
This last transistor is in common emitter configuration with an
emitter resistance Rgp equal to rey = 1/gy2. Then, the gain is
approximately :

A=- %Q = %Q > — Em M&Q
»&N +._\W¥H ,_\,Niw +._\NKH 2
However, if the other output is intended, it is enough to think that

both collector currents (signal) are necessarily equal, and,
consequently, the gain will be symmetric of the indicated above.

http://paginas.fe.up.pt/% 7Efff/eBook/MDA/MDA.html

¥d

vd 2rg

Vo2
Re

b

fig. 8 — Small signal operation

¥d Yod

fig. 9 — Differential input and
output amplifier
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Nonetheless, it is called the attention upon the fact that this fig. 10 — Alterative method for
configuration corresponds to a variant of a circuit known as MMWMMMN@ the difitrential

cascode that it will be studied ahead.

Exercise 1: If in fig. 3 schematic, emitter resistors are inserted, as observed in fig. 11,
find the gain and the differential input resistance.

T T2
vd
ﬂ Answer
fig. 11 — Differential pair with emitter resistances Solution

A small signal analysis can also be done taking the equivalence between the differential pair and the CE
configuration.

Even assuming that the biasing source is not ideal (see fig. 12), in rigorous terms and in differential
operation, i.e., vg; = vg/2 and vpy = - v4 /2, the common node at the emitters can be represented by a
virtual ground, where a transistor “gets” a + v, /2 signal and the other a - v /2. Thus, each transistor is
equivalent to a CE configuration with a grounded emitter, as shown in fig. 13.

90f 73 09/30/2008 11:14 PM



Multistage Differential Amplifiers

http://paginas.fe.up.pt/% 7Efff/eBook/MDA/MDA.html

From fig. 13 we get:

Vel _ T. T
=-g R 1 2
v /0 Emfie
or, if transistor’s r, cannot be 1 oﬁQ
ignored: ¥d T
R 5 1 W Re
v !
- INET&Q.&. \Qv
val2 Vireid i

fig. 12 — Non ideal biasing source fig. 13 — Equivalent CE montage

Since Ag; = vep /vq it results:

1

An = |Mm§ﬁmmb§b

A similar analysis can be performed on a FET differential pair. The sole relevant difference is the linear
operation span which is significantly bigger in a FET differential pair. It may reach some volts while a
bipolar pair is restricted around £ 25 mV.

and, naturally, Ap=-Aq; e Agg=2 Agy;.

Thus, we get:

k@nﬁ. = E = - |W.w3»ﬂhu , Lmnww = E = |mw3»&h. and

Vi 2 Viz 2 Vig

2

If it is not possible to ignore r,, we have to change Rp by the parallel Rp /7.

2.3. Common mode operation

100f 73

The common mode operation is illustrated in fig. 14.

Due to symmetry and to the equality vp; = vp), half circuit analysis is sufficient, as shown in fig. 15
(note that, for common mode signals, resistor R can be substituted by two 2R resistors, in parallel,
which allows us the analysis of each transistor in separate).

09/30/2008 11:14 PM
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If Rc « 7y, we get:

fig. 14 — Common mode operation

aRe & — Re and by analogy

Vins

r,+2R 2R

The common mode rejection ratio is, by definition,

Ay

CMRR =20 log [-2

A

¢

such that, for each unique output (v¢; or vp), we get

http://paginas.fe.up.pt/% 7Efff/eBook/MDA/MDA.html

Y1
YA
Ty w Re
2R
77
fig. 15 — Common mode equivalent

CE montage

v R V,—V
kmnwu c2 ml|0. and Lmnmﬂ cl anO

Vg 2R Vg

CMRR = 20 log |g,,R|.
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For the differential output CMRR =¥, obviously
except the case where the symmetry is not perfect. Re Re

Verity that, for example, if Rc; =Rc and e veo
Rco> =Rc + D Rc, we get:

%Q mlv

x—C T4 T2
Fig. 16 illustrates a common mode input resistance You v -
definition. AU
Considering only half-circuit, the resistance seen by R i
vemis 2 Ricar -
mr Lu

fig. 16 — Common mode input resistance

Exercise 2: Show that

Rias mWQ (6+1) &ir’2

and explain why in this context (where R is generally very high) it makes sense not to

forgetr , in general ignored for being very high.
m

Solution

2.4. Operation with arbitrary input voltages

12 0f 73 09/30/2008 11:14 PM
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It is convenient at this stage to (re)introduce the input signals ¥y

decomposition issue, vp; and vp), into two new variables:

vp=vp;—vprand vy = (vpy +vp2)/2 (fig 17). VE1

Evidently, this conveys into vg; = vy + vp /2 and vgr = vey — v YD Ya
/2. Let v; and v be the signal components of vp; and vp,. In general, V52

the differential pair input voltages, v; and v, corresponds neither to

a differential nor to a common mode. fig. 17 — Tnput signals

From what was said above, we have:

V) +v
Vg =WV —Va and ﬂnﬁ”%
The output can be expressed as v, = 47 v; + Ayv) as long as the signals magnitude is such that linear
operation can be considered, which can further be manipulated into: v,=4:v; + A, Vom

We will have then Ag= (A; —A42)2 and Ay, = A7+ A).

Rewriting v,, expression we get:

1
ﬂ\Q = Lmh.ﬁh. ﬁuT@ ﬁnx& ”.m.nmﬁnm M+| ﬁnx&
kmnm Vg Qherﬁmhﬂ Va

(where CMRR is expressed in non-logarithmic form) which then shows that, if the CMRR is sufficiently
high, the output signal depends solely on the input differential component.

Because the desirable operation is precisely this, the term

1 v,

CMRR v,

constitutes the error of the differential circuit model.

2.5. Other non-ideal characteristics

13 0f 73

09/30/2008 11:14 PM



Multistage Differential Amplifiers http://paginas.fe.up.pt/% 7Efff/e Book/MDA/MDA.html

2.5.1. Input offset voltage

If the differential pair is perfectly symmetric, with the output voltage taken between the two collectors
(or two drains) and connecting both inputs to the ground, then v = 0. Because perfect symmetry is

impossible, in fact vp ! 0 is verified.

Thus, an input offset voltage can be defined as:

The asymmetry can result from the load resistor and/or, transistor characteristics dissimilitude. If the
load resistors differ by DR (or DRp), that is, if

manmolﬁ or mgmnmblbwb

. 5 ‘ >
AR
results for the BJT pair: Vos|=Vr ~ c
c

Veao =V, AR
and for a MOSFET pair: 5| = Q,ww : 2 D
D

The relevant transistor characteristics responsible for input offset voltage, are the reverse saturation
current /g for the BJT case, and the K factor (or /pgs) and the threshold voltage V; (or Vp) for FETs

case.

Thus, for a BJT pair, the offset result is:

AT
_v‘%_ =Vr m|m
5
and for a MOSFET pair:
Vs = ﬁ% and V,s=AV, respectively.

14 of 73 09/30/2008 11:14 PM
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2.5.2. Bias current and input offset current

Given its very small values, input currents are non-relevant for the FETs differential pairs.
Consequently we will only consider the case of a BJT differential pair.

In a symmetric pair, the input currents at rest are equal to:

If2
Ig=igp=——7o
SR
This common value is called the input bias current (/g). Due to the inevitable input asymmetry, the bias
currents are in fact different. This difference is called input offset current.

momm_ma LB_

In particular, if transistor gains b differ by Db, the offset is:
Ap

_m&‘_nmm —

I

Up to here we have indicated a symbolic current source to bias the differential pair. It maters now to
see how can that current source be realised.

Discrete circuits are going to be distinguished from integrated current source circuits.

3. Bias circuits for differential pairs

3.1. Discrete circuits

150f 73
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A discrete component typical constant current source (CCS) _
realisation is illustrated in fig. 18 for a BJT case. R

A practical example will allow us an easier router to evaluate and

. o T — A o
project CCS circuit. 3

We will assume Vg =12V and —Vgg=-12 V, and that /- =1 mA
is needed. Suppose that the transistor has a b =100 and Rs R

V,4=100V. T
-VeE

Taking Vp=-8 V, for Ir @ 1 mA, results R3 = 3.3 kW.

fig. 18 — Discrete differential pair

Then, assuming /p @ 0, we get: bias circuit
R _4 and R=5R
Ri+R, 24
Choosing a current at R; and R as being approximately 10% of /¢, (so that /5 can be neglected) we get:
2% _0im4 then R,=40kW and R;=200KkW.
Ri+R,

Exercise 3: Find the source output resistance, R, having in mind the value of r, and that
the transistor has an emitter resistor R3.

Answer

Solution

3.2. Integrated circuits

The resistor values required by the previous setting are impractical for integrated circuits. On the other
hand, good matching transistors are easy and economic to fabricate. Furthermore, integrated circuits
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using exclusively M OS technology (in particular CM OS) really excuse the use of resistors.

This way, a common technique utilised in integrated circuits to realise
CCS is the current mirror. The basic current mirror with MOSFET is "
shown in fig. 19. v ) {reF |

If both transistors are exactly matched, and since Vg is the same for
both transistors, their currents will be equal. In fact, taking into account Ty H_ _ ._ _ —H._.N
the channel length modulation, this equality is only wverified if
Vps2 = Vpsi = Vgs. This way, the mirror’s output resistance, 7,2, is a

quality parameter.

: -Vss
If both threshold voltages are the same, but different K factors are used, fig. 19— MOSFET basic
then current mirror

mmmwuﬁ?‘omlﬂum and mou%\mﬁ\Q|Num

results in:

This expression shows that ratios different from the unit transfer current /o / Irgr ratio are attained by
a simple actuation over the transistors’ geometry.

The basic BJT current mirror configuration is shown in fig. 20, +Vee
where:

7o Vee— Ve
REF R T o

Assuming T 2 Ty, neglecting the effects of b and r,, and since

VBEl = VBE2, results Ip = IRpF .

09/30/2008 11:14 PM
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fig. 20 — BJT basic current
mirror

If the effect of b is taken into account, it is easily verified that:

Io, 1
legp 142118

which shows that the error is made smaller with bigger b.

Simultaneously, when used as a CCS the circuit’s output resistance is only r,, a value that can be
insufficiently high. Hence, the modifications usually made to the basic current mirror aim to overcome
the limitations resulting from finite b and 7,,.

The use of an extra transistor (T3, in fig. 21) or the use of Wilson and Widlar configurations, shown in
figs. 22 and 23 respectively, are ways to improve the referred characteristics.

+Vee & +Vee +Vee

R IREF mﬁo R ﬁ.@q W,TQ R |1ses 7o

|

T T2 T B T2 Vo PE? R

e
fig. 21 — Base current compensation fig. 22 — Wilson’s mirror fig. 23 — Widlar’s source

current mirror
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Exercise 4: Find I, and/or R, for the following configurations:
a) fig. 21
b) fig. 22
c) fig. 23.

Answer

Solution

The current mirrors output resistance made with M OS can also be increased using Wilson or cascode
configurations.

4. Improving the bandwidth

19 0f 73

Recall that the amplifier bandwidth refers to the frequency range within which the gain remains almost
constant. We call (lower and upper) cut-off frequencies to those range limits. The criterion utilised to
define these frequencies corresponds to the measure of the point where the maximum gain decreases by
3 dB, i.e., about 30% gain value decrease (3 dB means halving the electric power, which from the
voltage point of view corresponds to 1/ ,f2 @ 0.707).

At the lower limit, i.e., at low frequencies, capacitive coupling utilisation is responsible for the gain. So,
when direct coupling is used, such as with integrated Op Amps, usually there is no gain decrease at low
frequencies, accordingly the lower cut-off frequency is zero.

However, at high frequencies, due to transistor’s intrinsic capacitive effect the gain decrease is
unavoidable. Otherwise infinite frequencies would imply electrons (or other carriers, such as holes in p
type semiconductors) infinite accelerations, and therefore infinite forces would be present, which are

09/30/2008 11:14 PM
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obviously impossible in Nature. The upper cut-off frequency depends not only on the transistors
characteristics and quiescent point but as well on the chosen circuit configuration.

Then, in a direct coup ling amp lifier, the bandwidth coincides with the upper cut-off frequency.

4.1. CE configuration bandwidth

20 0f 73

The CE behaviour at high frequencies is of special interest to study the differential pair, because, as we
have seen before, the differential pair is somehow equivalent to a CE montage. From the three basic
configurations, it is precisely the CE that has the smallest bandwidth, i.e., it has the smallest upper
cut-off frequency.

The reason for this poorer behaviour at high frequencies can easily be found through a simplified
analysis of the high frequency equivalent circuit of fig. 24, where r, was ignored and, for the sake of
simplicity, we have also omitted the base biasing mesh.

fig. 24 - CE high frequency equivalent circuit

Exercise 5: Verify through the equivalent circuit nodal analysis that the gain expression
is:

<

o _| _ R Te ﬁlﬁ.mﬁwh._gm.iw
i YR, T4 SR|C, +(1+ 2R )C, [+ RoC |+ 2R RC,C,

Vs
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where R—r (iR -
Notice the following points:

e the first factor (inside parenthesis) is the MF gain, which in the model at analysis,
can be obtained making s = 0;

e  the expression has a zero at s =g, /C (notice that, indeed, at that frequency,
m

vo = 0, since the current in C , ie, s C v , equals g, v thus there is no
m m p p

current in Rc — see text),
e ifwereckon that the denominator form is

1 1 1
1-s| —+— |+8°

oy o anan

we easily conclude that the first pole is essentially equal to the inverse of the
coefficient of s, once the second one is much higher.

Solution

Part of the answer, indicated in Exercise 5, can be obtained in a simplified manner with the help of

Miller’s theorem to the C  capacitor, considering the midband gain value (4 ).

m
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_k_ .qu m«n& =~ .‘*&.q

Indeed, observing fig. 25, one can notice that the gain, in v

. . . . . ®_ O 1
spite decreasing with frequency, little differs from the F
midband value in the vicinity of the first pole. Therefore,
this value can be used to give an approximate value of the
first pole frequency. On the other hand, it should be clear
that it is an absurd to use the midband value for higher

frequencies. Dy Vo
fig. 25 — Midband gain and first pole

Thus, the resulting schematic (fig. 26) is valid only to determine the bandwidth (Wy @ W), and not
the frequency response in total. Besides, it is notorious that the zero disappears in this analysis.

From fig. 26 we get

C=Cl1-K) , ©=cC, TW and  g=YeoYe
v, v,

The K value is easily obtained: o . . — oV

¥
K= IWEWQ Ve s Qﬂ Qm + — QN .WQ
En Ve
Since it is a large negative value, Ld Lﬁ
bzl 7777

results:

fig. 26 — HF equivalent circuit ofthe CE montage simplified by
application of Miller’s theorem

QH = mwxhﬂﬁwﬁ‘b and QM = Qﬁ

Then, the time constants associated with both independent capacitors are:

0 =RIC, +gmRcC,) and  t,=R.C, with R=r /iR,

09/30/2008 11:14 PM
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and corresponding poles ay = — and @, = —
(3] ﬁ.w

Since in general, wW; << W», the band limit may be considered coincident with w; :

1
R HQN + NSWQQ%L

e.wu.mbu..g”

On the other hand, the middle-frequency gain approximation used does not allow the identification of
W as the second pole of the original circuit.

A more accurate estimation for the first pole and also for the second one can be obtained, although more

onerously, using the time constants method.

Note, as reference, that C and C have typical values in the order of tens and unities of pF,
p m
respectively. Besides the fact that C is small, its actual contribution is large because the capacitor
m
value is multiplied by the configuration gain. This is known as the Miller multiplicative effect.

Let us make a reference to the zero. In fig. 24 schematic, the output voltage is annulled when the C
m

capacitor current is equal to the current source current, i.e., when the current in R is zero. Then,

(Ve |<LmQun SV = muw|§

s

This is the frequency of the zero, which coincides with the calculated value in Exercise 5. However, one
should note that, given the capacitor values and assuming g, in the order of 100 mA/V, the zero will be
situated at a frequency much higher than the poles. At the present point this does not seem of great

09/30/2008 11:14 PM



Multistage Differential Amplifiers

http://paginas.fe.up.pt/% 7Efff/eBook/MDA/MDA.html

importance however, attention should be called upon the fact that the zero is located on the right hand
side of the S plane (it is real and positive). Unexpectedly, this zero introduces a phase delay and not a
delay advance. In this perspective behaves as a pole on the left hand side of the S plane.

In the common base and common collector configurations the Miller multiplicative effect does not exist.
The last has the C capacitor between two nodes with slightly less than one positive gain, and the

b
former has both capacitors to ground: the Miller effect is then out of the question. In this way, both

configurations present much higher upper cut-off frequencies. It is known that in a given configuration
the gain bandwidth product is approximately constant - if the gain increases the bandwidth diminishes.
From all considered configurations, only the CE configuration shows both bigger than one current and
voltage gains. The CC configuration has unit voltage gain and BC has a unit current gain. Thus, in a
certain way, it is “natural” that the existence of two large gains make the bandwidth diminish.

From this analysis results a relatively poor high frequency behaviour for the CE configuration (thus,
also for the differential pair), which needs to be improved.

One configuration with a CE equivalent voltage gain but larger bandwidth is the cascode pair.

4.2. CE-CB Cascode pair

24 of 73

Fig. 27 (a) represents a biasing scheme for the cascode pair and in (b) the equivalent circuit for signals,
where Rp=R; // R).
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fig. 27 - CE-CB cascode pair; (a) bias circuit; (b) small signal equivalent circuit

R . . .
W 2 iei= 12 ic2

Low frequency analysis of fig. 27 schematic gives:

X . 2 . 2 Vi ~
v,=—Rpigp=—aRpiy=-a"Rpi, =-a m_uwl =—0g,Rev; 2 -2, Rov;

e

which insights that an equivalent CE v, /v; gain can be built with an equal transistor biased at the same
DC operating point.

However a difference is in favour of the cascode configuration.

In fact, a large Rc is adopted when a large gain is needed. If Rc is sufficiently large, the r, >> R¢
approximation may no longer be acceptable. Then for a CE we should consider:
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\._e = INEH\Q ._‘....%QU

If Rc >> r,, the maximum gain is given by — g, 7.

To examine what takes place with the o ) ) ?l. o,
cascode configuration, let us determine :
G, and R, relatively to the equivalent
model of fig. 27 (a) and represented in fig. R = 4 G v R Re
28 La m
Calculating G, gives: fig. 28 - Cascode pair equivalent circuit

: 2 2

I 1.2 (2298 (22| (24 -

wamla = -4 — = — £ “||”|9m§“|m§
Vi v, =0 Yy Vi Vi Te

To calculate R,, fig. 29 is used.
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fig. 29 - Evaluation of output resistance R,; (a) Deactivating the independent sources; (b) Circuit simplification

A deactivation condition was imposed to the independent sources in fig. 29 (a), which annuls the fonte

gm1Vv current source. Given that r,; >>r , then the parallel is approximately » . Finally,
pl p2 p2

applying the Thévenin’s theorem results in fig. 29 (b) schematic, where the output resistance can

immediately be found to be:

%b = hM.TH.Q.T.:\amm;%\.b

where it was considered r, = r,; = r,> (equal transistors with the same operating point). Then for the
voltage gain we get:

A =G, (R, Re)=-g, (87,1 Re)
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Hence the maximum gain value will be — g,,, b r,, , which is considerably larger than the common emitter
gain.

As mentioned above, the cascode bandwidth is larger than the equivalent common emitter. Let us check
why with a simplified qualitative analysis.

The cascode second stage is a common base amplifier, which frequency response is very good. So, it is
the first stage, a common emitter, that will primarily condition the high frequency response. The CE

lower cut off frequency results from the Miller multiplicative effect over the C  capacitor. However,
ml

because the first stage load is the second stage low input resistance (r,), the Miller multip licative factor
will be solely:

1-K=1-(-g,r)=1+1=2

This way, the upper cut-off frequency of the circuit will be considerably larger than the upper cut-off
frequency of a CE.

4.3. CE-CB complementary cascode

28 of 73

Fig. 30 (a) represents the biasing scheme of a complementary cascode pair and in (b) the equivalent
circuit for signal analysis.
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(a) ®)

fig. 30 - CE-CB complementary cascode; (a) Bias circuit; (b) Small signal equivalent circuit

This configuration utilizes a npn and pnp transistors, which signals equivalent model is the same as last
configuration (the non-complementary transistor cascode). Hence, the schematic of figs. 28 e 29 apply
here.

Recall the fact that nothing changes in terms of signal functionality whichever the transistor is pnp or
npn. The sole change relates with the need for a dc current to source the collector of T and the emitter
of T, simultaneously. The change to the signal circuit parameters is minimal and negligible since the
resistance associated with the current source is generally much larger than r,» with which will be in
parallel to ground. However it may happen that /r; ! Ig> which can lead to different parameters for
both transistors.

Regarding everything else, all the reminding signal analysis is then still valid.

This configuration presents another advantage of great interest to the multistage amplifiers architecture,
such as the case of OpAmps: the displacement level between the input and output, observed in the
canonical cascode, can be annulled. In fact, this last presents a displacement level of:

Vega|+Pem| - while the complementary cascode is solely: = [ags| + [ g
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4.4. CC-CB complementary cascode

. . .- : : foy=1ig ico
This configuration utilizes a npn and pnp transistors, which T, ¥,

signals equivalent model is represented in fig. 31. ¥ +—
n q p g i _M._.A VA

Assuming transistors with identical characteristics, biased Rc
at the same static operating point, the analysis leads to:

. . v, g
v, =Rpig=aRpi,) =aRp w|~ = qﬁ Re vy fig. 31 — CC-CB complementary cascode —
Te small signal equivalent circuit
then 4 = mlsma ,  that is, the gain is positive (non-inverting circuit) with half a value of the

2
CE-CB cascode gain.

However, note that in compensation the input resistance doubles the CE-CB cascode input resistance
value: R, =2r,

Let us calculate now the maximum gain possible. The G, calculation is trivial and leads to:

&
G =5om.
"2
Fig 32 will be utilised for the R, calculation. Two essential steps to find the output resistance of fig, 31
circuit, using the circuit transformations method, are represented in fig. 32. It is assumed that the source
resistance, Ry, is negligible in face to » . If this is not true, » needs to be replaced by Ry +r

pl pl pl
which will result in a slightly larger output resistance. Thus, the value found bellow should be faced as a

lower limit of a more general output resistance value.
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_; Ve
=poi
Qn”w.m.m
)

fig. 32 - Evaluation of output resistance R,; (a) Deactivating the independent sources;
(b) Circuit simplification

Exercise 6: Find the output resistance, R, , using the traditional method to calculate a
resistance between two nodes.

Solution

Under these conditions the maximum gain will be 4, = g, r,, which is equivalent to the common emitter
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gain.
Concerning bandwidth, one might evaluate it in a | Cet
simple way. Note that capacitor C  is connected _ v

ml 9: HN 0

l “ “+ 0
to the ground, as wellas C  and C  (see fig. 33). o Yl T K
1 Re
p2 m?2
On the other hand, capacitor C  connects two Q.E.:ﬁ Cez \Ld Cpz
pr A AEE AR AR A

nodes with a gain that can easily be found to be Y. fig. 33 — Capacities in the CC-CB montage

This gain is independent of frequency and means that the Miller’s theorem can be applied rigorously,
i.e., without the usual restriction that results from the approximation to the midband gain. In this way,
the following fig. 34 schematic results.

R. . by et e
i ~1 €2 nm . oo
WS
Cuit Vel EnVxl Vg2 8n V=2 | Cpz
Vs Cet + re2 + R
—_ -Cer | Cr2
- a2 b il
Vool 77 Ve Vsl

fig. 34 — CC-CB montage equivalent circuit applying Miller’s theorem to C ;
p

Since - C  and C  annul each other, the circuit only presents two independent capacitances, which
pl p2
time constants are:

C
n=C, +—=|(R, i2r,) and r2=CuRe
1 i 2 5 T

Which corresponding poles will be dominant or, at least, which will have the lowest frequency, is
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dependent on circuit parameters. However, it is notorious that any of them occur at a higher frequency
than the common emitter and even higher than the CE-CB configuration.

One might reach this conclusion qualitatively. In reality, the CC-CB configuration is made of two
stages, both with very good high frequency responses. In particular, the first stage, a common collector,
has a upper cut-off frequency larger than the low-gain common emitter, such as the case of the CE-CB
cascode. Equally the second stage is a common base with a very high cut-off frequency.

4.5. Cascode differential pair

The good frequency response properties found in a complementary cascode are utilized in the
differential pair cascode, which schematic can be seen in fig. 35. This configuration is used as an input
stage, e.g, in the 741 Op Amp.

-

o

(a) )

fig. 35 - Differential cascode pair; (a) Simplified bias circuit; (b) Small signal equivalent circuit
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To find the voltage gain note that:

v
<Q“|.mﬁww.a”|Q%Qu@“|9%ﬁ%”|ﬂ|§%ﬁﬁk ﬁ?@ﬂ k@d"l%»ﬂﬁ

and from which we conclude that the gain is half of that one found in a simple differential pair. On the
other hand the input resistance is double: R, =47,

The use of a cascode differential pair improves the general characteristics of the pair, although it seems
to reduce the gain. Note, however, that the maximum gain limit is the same of a simple differential pair.

This discussion about the gain raises a question about the gain allowed by the differential pair and if it
is sufficient to attain the typical values presented by a general purpose OpAmp.

5. Maximising the differential pair voltage gain

Consider the simple differential pair with single output (fig. 36) as Srw

reference. Re W W Re

The open circuit differential gain, as seen before is:
g I:é P %
n N » M

HN%H%Q.&.\QU

The use of large value passive resistors are not practical so, in
general, Rc << r,, then: \Lw\

[u?

. EmR
Ayz=iml

5 fig. 36 — Evaluation of'the basic

differential pair gain

5.1. Differential pair with a simple active load
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5.2. Differential pair with current mirror active load

350f73

The gain can be considerably increased if an active load is used
instead of a passive one, i.e., a current source setup with output
resistance R, , which, as seen before, can be several times larger

than r, (fig 37).

The analysis leads to a gain value of:

Thus, for example, if R, = 4 r,, we get:

A= m%a.mi

A larger value for the gain can be obtained if a current mirror is

used as load, like fig. 38 shows.

The mirror effect leads to:

kmnm = mwxﬁ\hm .Q_w.abu

and if r,> = ry4 = 1, cOmes: Ay = Em .. which is larger than
N (=]

what can be found with a simple active load.

This value can be further improved using a mirror with higher

output resistance (fig. 39).
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i
R,
—7

L —

vi vi
&n 2 2

g

o, .

(a3

fig. 37 — Small signal equivalent circuit
for the diferential pair with
single active load

o

fig. 38 — Small signal equivalent circuit
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for
the differential pair with current
mirror active load

A
T3 Ty T3 \? Ty

_ R4 . Ro4
= LAW. =
n.|_A._.a T P ol/._.a T P
vd \ ¥i ,
(a) ®)

fig. 39 - Differential pair with current mirror active load; (a) symmetric Widlar's mirror;
(b) base current compensation current mirror

Hithes vsiagthye WHHRIAS $HARRIRE 5 BNIERE G Srd RifAhnOSaE R R AR SRt RURE F4E5 199 iitkerddsr 3T
wgyeé@mﬂ ‘might only be slightly larger). Since

4 = 2w i fAm) 17,

TEme T <
2 Ve le 2V7
being 7,2 = ro4 = 1y, because R,4 > r,, , then: A > &m ,
then, for example, if we consider V4 = 100 V, comes: < Mw = 2000
2V

For example, if Ry = 4 r, , then:  A; =g,,(0.87,)
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Although it might be raised by a small amount, this value is well bellow the usual tens or hundreds of
thousands gain values characteristics of Op Amps.

Even independently of other considerations, such as the ones relative to the output resistance, it is clear
that a differential pair is insufficient to realize an amplifier with Op Amp like characteristics. A second
stage (at least) is needed to attain the desired gain level.

The second stage needs to have a reasonable large value of gain (at least some tens) and a large input
resistance to avoid gain degradation of the first stage amplifier. A low output resistance, as it is required
by an OpAmp structure, is also desirable. Note however that this stage does not need to have a
differential input.

5.3. One CMOS differential pair with active load

Voo
Fig. 40 shows an example of a CMOS differential pair with %
active load.
| | [
The output dc voltage is, normally, established by the next .

. : o i
stage as can be seen in the Op Amp internal circuits. % ¥,
The circuit is analogous to the bipolar version. Thus, the T. \ﬁ i
current signal is:

—|, T T2
| I vid |
i = EmVid where Em=— w
2 Vas =V, °

: . i

The output voltage is: v, =2i(r 7]
With ry=raa =, = A
fi2 fig. 40 - CMOS diffrential pair with

active load

37 of 73 09/30/2008 11:14 PM



Multistage Differential Amplifiers http://paginas.fe.up.pt/% 7Efff/e Book/MDA/MDA.html

V, s ¥
4 R
id G5 t

the voltage gain comes:

To get high gains, one differential cascode and one cascode current mirror can be used. However, this
lowers the output signal excursion possible.

The use of FETs is specially interesting because of the very high input resistances that is allowed to
get. The offset voltage is in the same order (some milivolts) of the bipolar differential pairs but, the bias
currents at the input are much smaller than what is possible to make with bipolar transistors.

The major FETs inconvenience is the low transconductance and, consequently, the lower larger gain
possible.

Nowadays, integrated Op Amps are fabricated using CM OS technology. The general characteristics are
good and very low power voltages (1 V!) can be used with very low power consumption.

6. High voltage gain and input resistance stages

6.1. The Darlington pair — CC-CC configuration
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Let’s consider the circuit of fig. 41, where the biasing components A
are omitted.

If we suppose that T{ 2 T, and that they are equally biased, let’s —]
compute the voltage gain and input resistance:

raN
)

hﬂ. H.«.a+m.%+6—3ﬂ+€+C%M_H€+Mv\a +Q+.—vm%m
V, =Rpi, =Rp (8 +1)iy = Rp (B +1)i, = Rg

= Rp (B8 +1) i = Rg (B +1) MM|~

fig. 41 - Simplified schematic of
the Darlington pair

<

i (B4 e+ (B+1) R,

2
that leads to A =22= Qw + c Rg

o~ =

If b » 2, we have: 4, ”

1+—= 1+

m %N Wﬁmm

1
mwxpﬁm

and if g, Rg >> 1, we may write the approximate value of 4,: A =1-

which is the same expression we get for the single transistor emitter follower.

But the input resistance, if b >> 1 and Rg >> 11/g,, is: R = 42 Ry much larger than the value b

RpE, that is the approximate value we get for a single transistor.

In the same way, the short-circuit current gain is (b +Cm much larger than (b +1) that the single stage
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Finally, the output resistance is the same in both cases (1/gy,), if the first base is connected to ground.

Probably, the most interesting result is that the two transistor montage can be seen as one only
transistor where the three terminals (B, C, E) are respectively, the first base, both collectors and the

second emitter and displays a large current gain, typically b 2. However, this is not completely true
because in general the two transistors are very different being common that the first is a high b small

signal transistor while the second is a low b power transistor.

6.2. Common Emitter Darlington configuration

40 of 73

In spite of what has just been said, we will admit, for the sake
of that both transistors have the same
characteristics and biasing point. Then, let’s consider the
schematic of fig. 42.

simplicity,

Input resistance:

»ﬂ. = +FQ+C.1M W.hww.a.

Voltage gain:
v, = “Rplig tig) = —Re (Biy + Biyy) =
=B Rp(iy +ig)=~BRoliy +(8+1iy)=
V.
-5+ DR
v AR
and A=2=-2"C-_g R,
vy Br,
We may

mnm

Je
T> W R

77

Vi

Ty

T

fig. 42 - Small signal equivalent circuit of
CE
Darlington configuration

conclude that this circuit has approximately the same voltage gain as a simple CE, but a much
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larger input resistance (b times larger).

However, as the internal ouput resistance is halved (7, / 2), the maximum possible gain is smaller than
what we can get with one only transistor.

Therefore, this circuit has the required characteristics for the intermediate stage of an OpAmp.

However, the high frequency response is deficient. In fact, C of T is subject to a very strong Miller
m

effect.

6.3. CC-CE configuration

Fig. 43 represents the CC-CE circuit and its small signal equivalent. This is very similar to the circuit
we just analysed (the Darlington montage) except for the fact that the two collectors are not connected.

A

¥,

(a) ®)

fig. 43 - CC-EC configuration; (a) simplified schematic; (b) small signal equivalent circuit

Again, for the sake of simplicity, we will admit that T and T» are equal and equally biased.
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hﬂ,ﬂ\h+b@_+.©\ﬁ W\m_w.h

Input resistance:

Voltage gain:
Vo =Ryl =-fBRpip=-8Rpig=
. Vv
=B(B+VRyiy =-f°R; -
»ﬁ.
v .%m
and 4 =t x- Ry =gk
<~. \mw_w.h

This circuit presents the same gain and input resistance as the CE Darlington transistor. However the
maximum voltage gain is twice as large, since the output resistance (r,) is doubled.

Though, the most significant change concerns the bandwidth. As the first stage (CE) has a good high

frequency response, as we have seen before, and the Miller effect upon C  of the second transistor
m

does not limit much since it is charged by the low output resistance of the emitter follower the
frequency behaviour of the circuit is quite good.

This is why this montage is quite common in the intermediate stage of general purpose Op Amps.

We have been referring to the common configurations of general purpose Op Amps. In general they still
have a last stage that should satisfy two requirements: to have a high input resistance not to degrade the
voltage gain of previous stages and have a low output resistance to be able to drive the output load. The
voltage gain does not need to be high, since the two previous stages are able to provide it. Therefore,
these are the characteristics we expect to find in an emitter follower circuit.

7. Output stages
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The basic emitter follower presents the characteristics we have previously referred to as being desirable
for an output stage but has a serious drawback: it has a very low efficiency which is important when
we are dealing with power stages.

In fact, the active devices in this circuit, as in all the others that we have studied so far, are always
active for the whole excursion of the input signal (the whole period, if the signal is periodic): this is
what we call the Class A behaviour (as opposing other situations in which the devices can be cut-off
during part of the period).

Class A has the advantage of presenting the smallest distortion but its maximum efficiency is only 25%,
as we will see later on, although in certain special configurations it can be improved up to 50%.

This low efficiency is very inconvenient for the output stage in power amps once the main power
dissipation is precisely in the output stage.

This is why the output stages are normally projected to work in Class B where the transistors are
active, for a sinusoidal signal, during half period. This enables the efficiency to be increased to a value
close to 78.5% (p/ 4 ~ 100%).

Naturally, a circuit with only one transistor working in class B would increase the distortion in such
way that it would be more or less useless. We will see how to minimize the distortion.

The transistors can still function in other classes of which we shall now refer two:

® Class AB is characterised by keeping the devices active for more than half the period (in
sinusoidal regime).

® In Class C the devices are active for less than half the period. Naturally, distortion is very high
but efficiency can reach more than 90%. Therefore, this is only interesting when applied in
narrow band amp lifiers, that is

43 of 73 09/30/2008 11:14 PM



Multistage Differential Amplifiers

(@ + o)

http://paginas.fe.up.pt/% 7Efff/eBook/MDA/MDA.html

@, — a3y = Bandwidth {{-——-= =Central Frequency

2

Using a load impedance tuned for central frequency, it is possible to reduce distortion
considerably. A typical application of this type of technique is in power radio-frequency

amp lifiers.

7.1. Voltage follower complementary pair

The typical configuration used in OpAmp output stages is a
voltage follower pair that uses complementary transistors,
symmetrically connected.

Each transistor works in class B but the way they are connected
assures that there is a continuous current flow in the load.

Although this configuration may appear with slight differences,
the schematic shown in fig.44 is very typical.

To understand how this circuit works, we will start with an
idealized version for the components.

7.1.1. Ideal situation

44 of 73

Vee &
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Vi
: k',
Y -Vce
fig. 44 — Typical schematic ofthe
voltage
llower complementary
pair
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Let’s consider the circuit depicted in fig. 45 where T and T, are
identical, except for the fact that one is npn and the other pnp.

We shall suppose that the continuous value V; of v;is such that
Vo =0 and that the transfer characteristics of both transistors
are identical (see fig.46).

When v;=0 both transistors are cut-off (i.; =i, =0) and
therefore ip = i,= 0 and vp=v, = 0.

vy

http://paginas.fe.up.pt/% 7Efff/eBook/MDA/MDA.html

i Vce

ﬁ 1

T i
_/ JQV Yo

T

e |

Y-Veeo

R

fig. 45 — Idealized schematic of the

voltage
pair
ic
Since ip =icj —ic2 a current will always flow in the load.
Provided that none of the transistors goes to saturation, the
output will be a replica of the input.
Bearing in  mind  that Ver =Viee — Vo and
~Vegy = Ve Vo,  both voltages will have a sinusoidal
variation identical to v around the mean value V.
Fig. 47 shows the relevant voltage and current waveforms.
transistor
characteristics

follower complementary

_r,\

.. | vBE|

Vr

fig. 46 — Real and ideal

transfer

09/30/2008 11:14 PM



Multistage Differential Amplifiers http://paginas.fe.up.pt/% 7Efff/eBook/MDA/MDA.html

=y i
Vi o | Vim Cl &|§
b R;
i
0 f 0 t
VCEI | Vom
Vee | _ c2 &|s
R
0 f 0 t
“Vce2 | Vom
ﬁ\oo .___. f ...._.. \ h Q &3
, R R
0 t 0 | t

fig. 47 — Voltage and current waveforms ofthe voltage follower complementary pair

It is thus clear that this special configuration will allow, in the ideal case, that the circuit behaves like a
voltage follower, although each transistor is in Class B, being cut-off for half of the cycle. Due to the
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alternate conduction of the transistors, this configuration is also known as push-pull.
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g

7.1.2. Circuit behaviour with real components

For the real circuit the situation is different: it is necessary that vpg gets above a certain value V (about

0.55 V for low power Si transistors) so that the collector current becomes significant.

We shall take, to make the analysis simpler, a piece-wise approximation to the characteristic, as shown

in fig. 48.

49.

Yo
ideal - u\wsoo-sﬂm

Vi

Under these conditions, the transfer characteristic of the follower pair will have a dead zone as in fig.

| v5E |

fig. 49 — Transfer characteristic of the voltage
llower complementary pair

fig. 48 — Piece-wise aproximation to the transfer
characteristic of a transistor
As a consequence, under a sinusoidal regime, the output will not be a sine wave, having a strong

distortion around zero, known as the crossover distortion (fig. 50).
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fig. 50 - Crossover distortion in the voltage follower complementary pair

In order to reduce it, both transistors should be at cut-in for a zero voltage input. To be precise, in this
situation the transistors are in Class AB but so close to class B that the efficiency is only slightly

smaller than in class B.

7.1.3. Compensating the crossover distortion
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There is a number of possible solutions to bias the follower " _

pair at cut-in. One of the more popular and versatile ones is
the so called Vg multiplier (fig. 51). R v )1
If the base current of T3 is much smaller than the current in —/._.._
R; and R), T- |V Yo
w S— |
ﬁ\mmf_/
W\n|m_+mw~\mmu 1+ 8 Ve \W._.m
Ry R, R,
Through the choice of R; and R, we can obtain the desired Yi ! _
value for V.

fig. 51 - Vpr multiplier

Exercise 7: Evaluate the values of Vg and Ic for transistors T; and T> in the circuit of
fig. 51, if you have [=200mA, b =200, I;;=10"% 4, I;;=1,=3"10"1%* 4, and
R;=R)=75kW.

Answer

Solution
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A different version of the Vpgp multiplier, frequent in IC Op Amp

circuits (namely in the very common 741) is depicted in fig. 52.

7.1.4. Understanding the Vg multiplier

We have seen that the role of the Vpr amplifier is to suply the biaising voltage to the output transistor
pair, i.e. the role of a constant voltage source. This role is better played if the resistance seen between
the multiplier terminals is very small. This means that, from a signal point of view, the two bases are

50 of 73

short-circuited.
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v 7

fig. 52 - Another Vg multiplier

Let’s now compute its value for the circuit of fig. 51. The equivalent circuit to compute the resistance

value is given in fig. 53.

R; Ry

W_ﬁ. AR
|
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fig. 53 - Evaluation of'the Vgg multiplier output resistance

The value of the resistance is

m _ mu..fmm.ﬁ__.w.n.
’ ,_+.N§TNM__...._..~,HV

and its evaluation is left as an exercise. With the values given for Exercise 7 the result is R, @ 432 W.

This is a small value when compared with » for transistors T and T».
P

Exercise 8: Compute the value of the resistance seen between the terminals of the Vg
multiplier from fig. 52, if b = 200, Ic4 = 16 mA, Ic3 = 160 mA and R = 40 kW , using
the simplified p model for the transistors.

Answer

Solution

So, it is an acceptable approximation to consider the Vpr multiplier as an ideal constant voltage source
and the voltage follower pair behaves like a simple emitter follower and so its voltage gain 4, @ 1 and
Ri=r +(b+1)R;.

p

In fact, the situation departs from this ideal result mainly because the output stage has frequently to
handle large signals which means that both the voltage gain and the input resistance vary significantly
along the signal swing, because both » and b are a function of the collector current.

p
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However, as the input resistance variation affects the voltage gain of the preceding stage in the inverse
sense, the change of  is fairly compensated; there remains the variation of b but this is normally much

b
less significant.

Cascading the three stages that we have analysed (the differential pair, the high voltage gain stage — e.g.
CC-CE — and the voltage complementary pair, we obtain a complete amplifier that has the necessary
characteristics to build an Op Amp (fig. 54).

fig. 54 - Block diagram of an amplifier of the OpAmp type

However, one of the characteristics that we have only scratched is the input resistance that should be
high for each stage that we analysed. In the following chapter we will go further in this respect.

8. Getting a high input impedance

52 of 73

Let us start by reviewing some basic transistor configurations that can lead to high input impedance.

The BJT CE as well as the FET CG configurations are to be excluded, due to the fact that R; is
inevitably low (@ 1/g,).

In the remaining configurations, when there is the gate of an FET as input terminal, R; is very high but,
due to a smaller g, the FETs, in general, display a smaller gain.

The CC configuration presents a high input resistance but a unit voltage gain. Therefore, whenever we
need a higher voltage gain it is frequently associated to a CE.
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The CE configuration with an emitter resistor has also a higher R; and a moderate voltage gain and it is
sometimes a useful montage when the circuit requirements are not very demanding Among the
configurations we have been seeing to behave as input stages with moderate gain, in the CE
configuration, R; equals r . Having a differential pair increases it to 2 rp and even with a differential

b
cascode it is at most 4 rp . Is this enough?

8.1. The CE input resistance

53 of 73

The value of  is
p

which means that its value depends upon the collector current. If we keep Ic low enough, » can be

p
fairly high.

Let’s take as an example b =200 and /- = 10 mA, and we will have:

. _200x25x107

e " g - S00kQ

If we have a differential pair in which both transistors have the above static values, R;;=1 MW.

We should bear in mind that we have always ignored »m. That can be done if R; is not very large.
However, if we want to have very high voltage gain, R; may be very large and m may have to be

considered. Take the example of fig. 55 to evaluate R;.
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e

_\v Whh R, Iy Ve v BV =10 R;
R; Qr

I

R}
fig. 55 - Evaluation ofthe common emitter input resistance
. AT TR
The value we get is R=r iﬁn +R'; v& —
Em R i
. . . . , .w.h + h&_h
which is left to be obtained as an exercise. In any case rytR'p» z
Emig

because g, R’; is high. Indeed, if for instance Ic = 10 mA, V4= 100V, b =200 and R; is high, close
to 7, gm R’ = 2000.
r, + »ﬂ_h

Then Rzl t—=
Em R i

It can be shown that » 3 b r, and for modern IC BJTs, » @ 10 b r,,.
m m

Taking again, for simplicity, Ry = r,, we get:

o

.\.‘R.T_m_hlgOhww.Q.TN . N
= =207, and so, R=rl20r =r,

Em & ’
mr L WEMQ
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However, for the minimum value of » ,ie.,r =Dbr,, we get:
m m

\.h + R _h

— = 2r, and R, =r l12r, 2067r,

Em R I

We may conclude that when we have a very high gain, the Miller effect over » may reduce the input
m

resistance by an appreciable amount.

It should be stressed, however, that this effect is not present in other configurations, namely in the
cascode.

8.2. Decreasing the input resistance of the emitter follower due to the base biasing

55 of 73

resistors

The topic that we will now discuss is not much relevant in R;

integrated OpAmps, where the biasing scheme is normally v

obtained with current sources and current mirrors. In discrete o _17 __|Y T N
circuits, however, circuits are commonly biased through voltage R; Rir ?
dividers. R, Rg

Let’s consider the circuit in fig. 56, where T is a simple transistor
but which, in other circuits, might be a Darlington configuration.
fig. 56 - Follower emitter input resistance

The transistor input resistance, R;7, is Ry=r . +(B+1)R;

and may be very high. For instance, if b =100, Ic=1mA and Rg=10kW, we will have:
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Ry =1MQ
However, the “real” input resistance for the circuit is: R =R\ Ryl Ryp = Ryl Ry

which means that to have R; @ R;7 , we have to choose Rp >> R;r . If, for instance, Rg = 10 MW, R;
and R had to be extremely large and the Thévenin voltage

R
Vag = i
g+1

Ip+Vgp 2110V

would have quite an unusual value!

Let’s now consider the circuit of fig. 57(a) as well as, in fig. 57(b), its small signal equivalent, where
Rp=R; /I R>.

|
o mm. ¥

(@

fig. 57 - Follower emitter with bootstrap efect; (a) simplified schematic;
(b) small signal equivalent
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Applying the Miller’s theorem to R we : A
get the result depicted in fig. 58, where 4, Vi T

1s E.o <o:wmo gain, slightly smaller than R; W R; .‘Mel . Rp W Rp
one, ie., 4, =z1-45. = 1-4, \\\_V

Therefore Ry /(1-4) =R /8  will be o i i

very high and R; @ R;7. fig. 58 - Applying the Miller’s theorem to the fig. 57 (b) schematic

This effect, when 4, ® +1, is known as bootstrap.

It should also be noted that the value of the gain and the input resistor should take into account that the
effective emitter load is not only Rg, but also Rg and R; A, /{4, —1)= -R, /8 . This last value is also

very high and ... negative!

Let’s now recall that when we have the parallel of R, a finite and positive resistance, with R’, which
may vary from -¥ to +¥, its value varies according to fig. 59.
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R/ R'

1 I l 1

| R 2R 3R 4R 5R 6R g

fig. 59 - Variation of'the parallel ofa positive and finite resistance with an arbitrary one

So, as Rg // Rp has normally a moderate value, its parallel with a very high negative resistance is only

slightly larger than Rg / Rp .

We should also note that positive and negative resistance is quite normal if we are talking of dynamic
values or impedance instead of resistance. An infinite impedance is obtained, for instance, with a

parallel resonant L / C circuit, which is an illustration of this if we take Z instead of R.

By bootstrapping the biasing resistors we achieve a very high input resistance, similar to the one we see

at te base of the emitter follower.
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It is interesting to see how far can we go in .
increasing the input resistance. If Rg is the _\V0 ARy
—
i

emitter resistor, we have the circuit of fig. 60.

We can then write
¢ ar ar
Ry =r Hlre +(B+1)Rg]

where it can be seen that » puts a limit to
m

the maximum value of the input resistance.

fig. 60 — Input resistance ofa common collector with
bootstrap effect

From the preceding analysis we can draw a number of conclusions concerning the procedure to adopt to
achieve a high resistance at the differential input of an amplifier with a typical Op Amp structure:

e Using BJTs at the input stage, to achieve a high input resistance we should use very low biasing
currents. In the 741 Op Amp, this value is approximately 10 mA.

® The use of small emitter resistors also increases the input resistance, but it reduces the voltage
gain. However in precision Op Amps, which normally have a second differential amplifier, the use
of emitter resistors is quite common. Another alternative is to use Darlington configurations at
the input but it harms the bandwidth.
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® A similar solution is used in the second
differential ~ stage = of  precision
OpAmps, and it consists of attacking

it with emitter followers with active i2

loads (fig. 61).

This way we get a high input

resistance as well as a broad — next

bandwidth. stage
Y

fig. 61 - Example of a second differential stage used in
precision OpAmps

e Finally, using FETs instead of BJTs
provides a much higher input
resistance and it is common that even
in bipolar technology, to have JFETs
at the input of the Op Amp.

9. Analysis of a typical three stage OpAmp (IMA741)

One of the most typical three stage bipolar OpAmps is certainly the mA741 developed by Fairchild
but produced, today, by a large number of different brands. It is a general-purpose high gain Op Amp,
useful for low frequency applications.

Its internal architecture displays most of the conventional IC stages that we have been studying.

The first stage is a differential pair using complementary cascode montages (T to T4) having as an
active load a npn current mirror with base current compensation (T to T7).
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+o
R Ry
s W 40k
-° 39k

_..ﬁa 8
5k 50k 100 50k v
cC

fig. 62 — Internal schematic ofthe mA741 OpAmp

The CC-CB cascode configuration provides a large bandwidth with small input capacitance.

The input resistance is also higher (approximately the double) than what would result from a simple
differential pair with identical bias currents.The intermediate stage uses a CC-CE montage (T1¢ to T17)
having high input resistance, high gain and a good frequency response. The 30 pF capacitor connected
between input and output of this stage provides, as will be seen later on, a Miller (pole splitting)
compensation, guarantying an unconditional stability.

09/30/2008 11:14 PM



Multistage Differential Amplifiers

62 of 73

http://paginas.fe.up.pt/% 7Efff/eBook/MDA/MDA.html

The output stage has the adequate high input resistance and low output one as well as good current
source and sink capacity.

In this way, the fundamental cell of this stage is the emitter follower complementary pair (T4 to Tpg)
with crossover distortion compensation (T1g, T19 and Rjg). This stage is preceded by another single
transistor CE (T»3) that is used as a buffer between the second and the output stages.

Circuit bias currents are, as usual, provided by a set of current mirror configurations. T11, T12 and Rj
establish the value of the current that is mirrored by Tg. The connection to the base of T3 and T4 and
the Tg-T9 mirror, establish the currents in the differential pair through a feedback loop.

The reference current is also mirrored from T2 to the double collector transistor T 13 which can be seen
as two independent transistors T3 and T13B.

The 741 OpAmp has still a set of extra transistors (T15, T21, T2z and To4) the role of which is to
protect the device from damaging output short circuits.

Terminal A and B are used for offset compensation, by means of a 10 kW potentiometer connected
between A and B and the middle point connected to V..

In the remaining analysis, we will take, for all the transistors (except T21, T22 and T4 that have a three

times larger area), I = 10714A.

The total area of T3 is still the same but split unevenly between the two components: three fourths to
T 13B and the remaining fourth to T 3. Therefore

Is;34=025 10" A and Ig33=0.75 "10"'* A,

Furthermore, we will take, for npn transistors,
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b=200 and V4=125V

and for pnp

b=50 and Vy=50V

Finally both for DC and AC analysis, although we only look at the internal circuit, we will always
admit that a negative feedback loop is closed so that the DC output voltage is essentially zero and all

the transistors are in the active region.

9.1. DC analysis

63 of 73

Let the supply voltages be + 15 V and both inputs connected

to ground.
From fig, 63
Ipgp= % —073ms and I;; =Iggr.

which results in

!
Vam1—Vemo = Ral1p=Vrhn 5

Do

Symmetrically Ic; =Ic> =1 andas by >> 1 we have:

i
NWH”MNM”MSHMNAMM NB.Q MB”MWAM'

B

}

Vee

-- |.W._.o T12

fr3+1pq
—

Tio

b&
\

Rs
39k

I

R4
Sk

,_\:@q

Ta1

ﬁ:

-Vee

Y

fig. 63 - Reference current
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From fig. 64 we may conclude I9 @ Ig @ 2/ Vee A
T, .m._.
and o=l +Ltaore ooy u_ 9
B B .
NQ 7 ﬁ 9
and finally [1; =1, @ I3 =1;,=9.5 mA. !

2Vgp
—

Transistors T to T4, Tg and Tg establish a negative feedback -- .
loop that stabilises / to a value approximately equal to 179/ 2. In %ﬁ 10

fact, if for some reason / increases, we’ll successively have
1

Ig 1 B Iy 1 andas /g has aconstant value _

Igz = Ip4 l b 1=L,=11=0L=1 l fig. 64 - Bias current of the diffrential pair
The currents in the mirror that loads the differential I3= Mx_\ Vee e Ta=1
pair are I5 @ I5 @ I, as can be seen in fig. 65 and % Igis
disregarding both /p;4 and Ip7. —\ T . —
7
On the other hand: = ﬁx_\ Ve | Vg %n !
N N
s ob—t—=I
I 2f +~\mmm+mwm 5 6
y = —— BB T2
R -
B 3 ~ 7 ,_\ %u !
where R; R; R>
V\MW& ”ﬁ\.w. %”M.—I\_ B.«:H W@mgg Mﬂ ”.—OM—L.LP. * + +
g -Vee
This shows that /57 is indeed very small. fig. 65 - Currents in the mirror
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Vee
Let’s now analyse the second stage (fig. 66). T
-- 13B
Ignoring /p23,
Vee
A fg23
wehave ;7@ I;33 )
andas  Ij34+1;33=1Iger and Isp=3 "Iy, T
TR 16
1138 @ 0.75 Iggr= 550 MA = 117 the result of which is Wq:
Vamy=Vyln A1 = 613 mv
pa7 = Vel 7 Rg W W R;
S0k ¢ + 100
Vama+ Ral
and b@mmm_iF@:na.mfp
50k -Vee

Again, according to our approximations, we have /g;5 << 1. fig. 66 - Currents in the second

stage
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Finally, let’s see the currents in the output stage (fig 67
where, because of their very small value, we ignored the
resistors Rs € R7).

If Ip;4 and Ipyp are approximately zero we will have
D3 @ 0.25 Iggr= 180 mA, and therefore Ipr3=3.6 mA,
which is really much smaller than /;7 =550 mA.

From fig  Vams
o +hp =180l , fg=—
19 T8 19 By 40k

and  [jg =104 sl
weget  Vpmg=Vpln [10° (18- 25V;0,)] and
Vgis=588mV, I;5=165mA, Igjo=147mA and
I19=15.5 mA.

Then Vame =Vrln w =529 mV
s

http://paginas

fe.up.pt/% 7Efff/eBook/MDA/MDA. .html

Vee A
-- Ti3a
g %hm Irer %
+— 7._.3
Tio
+_ Tisg 0V
R % — o
40k
=0251 Nm.m.../—\
.\W._.B
-- T3

\

Ve

Y

fig. 67 - Currents in the output stage

and the potential between the base T14 and of T is Ve =0.588+0.529=1.117V

As v‘mmuvwgbist I and mauum,mouwxg.:b
1514 {50
we can see that 114 =1p=152 mA.

9.2. Small signal analysis
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In the small signal analysis we will evaluate the differential voltage gain, the input differential resistance
as well as the output resistance. To compute the gain we suppose that the OpAmp is loaded with
Ry, =2 kW, since this is the usual situation for the gain specification in the data sheets.

Fig. 68 shows the equivalent circuit for low frequency small signals where the active load effect of the
current mirror, on the differential pair, is represented by a controlled source vy /4 7.

i D1r N_o
_ va /21, _L _ N _Lt

e e R

_ ; R, :
\\WM/{ \x_‘? ML:%& L:m:quE:Sq 138 ﬁnh&i \Lv

fig. 68 — Small signal equivalent circuit ofthe mA741 OpAmp

Let’s also remark that the follower pair is represented by a CC configuration in which the transistor
labelled T 14,20 represents the corresponding set of transistors, which is a fairly accurate approximation.

However, the follower pair has to cope with large signals and therefore its gain varies along the cycle.
Moreover the fact that one of the transistors is an npn while the other is a pnp, is a reason for
asymmetry. Let’s analyse how much the gain may vary:
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2k il 7,
A4z o+ 2k fi

If we have Ic = 5 mA, then ry74 = 25 kW, 420 = 10 kW and r. = 5 W, for both transistors, we get
A7;4=0.997 and  Ayp=0.997

Whilst for Ic = 150 mA, with r,74= 833 kW, r,20 = 333 kW and r, = 167 W, for both transistors, the
result will be

A7;4=0.923 and  Ay)=0.923
As we can see, taking 474 290 @ 1 is still a good approximation.

T3 is an emitter follower that responds only to small signals, but with a varying load. The load may
vary as follows:

Ri20=85kW - Tjo havinga collector current /c = 5 mA
and
Ri14=435kW - T4 with Ic = 150 mA.

ASR,134= 70134 =278 kW, rp23 =278 kW and r.23 = 139 W, we’ll have

o 2TBOTRN Rygan
2139+ 278k278k f Ryq 00
Therefore,
Riz420=85kW  willresultin  Ap3=0.997
while for

Rij4,20=435kW leads to Az3=0.999.
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Again A»3 @ 1 is a good approximation.

The limiting situations are

Riz3 =151 (139+139k//85k) = 2.70 MW
and

Riz3 =51 (139+139k//435k) = 5.40 MW

Let’s take the smallest value that somehow compensates for the unit gain ap proximation.

For T17, that is a CE with emitter resistance configuration,

%& u.___...%n; 3B i »ﬁww
7y +100

A=

where Ro138 = 710138 = 90.9 kKW and re17=45 W.
To compute the resistance R,;7, we need the resistance R, ;4 and, to compute this one, R,4 and R,¢.

To compute R,4, the base node of T3 and T4 is considered as a virtual ground. This is only possible
once the differential gain is being considered.

So, taking into account that gmq4 = 380 mA/V, r =132 kW and Toqg = 5.26
p4
MW,

fig. 69 shows how, by stepwise circuit transformations, we get:

Ros=5M26+5M13+2k57 @ 10.4 MW
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SM26
- A — -
_ m~c _Na
380y (y W > 2k.v=5MI3.j
SM26
|
i
132k W 2k62 W 2K57
) Y
e v = 2K57. ]
77 77

fig. 69 - Evaluation of'the output resistance Ro4

The value of R,s can again be evaluated in the same way. In fact, the base circuit resistance of T, i.e.
the resistance of the external circuit is only 19 W (compute this value as an exercise), which is very
small when compared to rp6 - So, since gms = 380 mA/V, rp6 =526 kW and
=13.2 MW,
it results that

o6

Ros =182 MW.

We can now compute R, 4, which is the output resistance of a CC, with a base resistance R,4 // Ry6 and
rpl6 =309 kW:

2 - 10MA4I18M2 + 309k
16 200 +1

]

=329 k&2

Finally, to compute R,;7, taking into account that

gmi17 =22 mA/V, \U~VH©.O©W<<. and ro17 =227 kW,
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and that the base resistance is ¢ R,;6/ 50k = 19.9 kW, fig. 70 shows how, again by stepwise circuit

transformations, we get:

Ro17=100+157k+227k = 384 kW

227k
e W —-
| R, | R,
200i'= v W . 1k57.y = 157k.i
=200y /28Kk9 227k
—>
i 1
28k9 = | W 100 ’ W 100
i'=v/28k9 v=100i
77 77

fig. 70 - Evaluation of'the output resistance R,77

Therefore Aj7=-493 V/V.

We also want to get the value of

Riz7 = 9k09+201 100 = 29.2 kW

T16 is a CC montage, but as the collector current is very small, will display a high value for ».. We
should make sure that the value doesn’t depart very much from unity:

\me\\_MDru if »ﬂ.wﬂ
Tels + h\QHm.ﬁ_‘mox i wz\uv

Ag =

09/30/2008 11:14 PM



Multistage Differential Amplifiers http://paginas.fe.up.pt/% 7Efff/e Book/MDA/MDA.html

where rol6=1.72 MW and reis = 1.54 kW,
therefore Aj6=0.923.

The input resistance is:

Rizg = 201 [1k54+(7M 72//50k//29k2)] = 4.00 MW

Finally, for the differential pair we have:

1

A = —— (R4 Ryl Ryg)
2r,
where re=2.63 kW (approximately common to T1 — Ty).
It results that A =-474 V/V

and finally
Ag=-474 7 0.923 7 (-493) = -216 000 V/V.
To compute R;; is trivial. Reporting to fig. 68, we can see that
Rig=4(by+1)r.=2.1 MW.

On the other hand, computing R, i.e., the output resistance of the complementary symmetry follower
pair, can only be obtained as an average value. In fact, as the complementary pair works with large
signals the output resistance will depend upon which transistor is conducting as well as upon its
current.

72 of 73 09/30/2008 11:14 PM



Multistage Differential Amplifiers http://paginas.fe.up.pt/% 7Efff/e Book/MDA/MDA.html

If Tyg is supplying the current

+ Rz H{ras * 7o134) +97

R, =rnax
B +1
where Ropg =ro3t E =173k
B+l

As ry181s very small compared to ,734 (278 kW), we will have

Ry =repp+34+27
The value of .29 depends critically on the current.

For Ic =150 mA re=167W

while for Ic=5mA re=15W, as seen above.

Therefore, the value can vary between 66 and 228 W. The data sheets specify the value 75 W.
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