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OPTIMUM DESIGN OF INTEGRATED VARIABLE-GAIN AMPLIFIERS

ABSTRACT

The design of en integrated wideband varisble-gain emplifier
with meximum dynamic range 1is approached by'considering all possible
bipolar transistor configurations that realiie this function.

Three configurations are shown to be basic in that all others
can be derived from them, and these three are analysed for
distortion and noise performance. ‘A generalized analysis shows
the importance of tramsistor base resistance in determining

distortion and noise in all three circuits.

On the basis of these analyses, one configuration is shown to
yield maximum dynemic range and this configuration is then
used as the basis for the development of a new circui£ called
the improved agc amplifier. This circuit gives the highest
dynemic range that can be achieved with bipolar tremsistors if
given limits of distortion and noise are not to be exceeded
ovér fhe whole dynamic range; The circuit consists of a
quadruple of transistors driven by an input pair. A unique
biasing scheme allows & considerable reduction in distortion
and noise together with a significant increase in bandwidth
compared with conventional circuits. In addition, high frequency

feedthrough is minimized.

Using transistors with base resistences of 1058 and 65

(double base) and unity-gain frequency of 210 MHz, the improved



iit

age umplifier is showx;x' to yield a dynamic range of 33 dB at 70
MHiz for a signnl-to-noise ratio of 40 dB (Af = 4.5 MHz). This
is only 1.5 dB below the calculated value but approximetely 20 dB
better than the performance that can be achieved using existing
circuits and the same devices, The bandwidth obtained is

120 MHz and is limited by feedthrough at 31 dB attenuation.

Willy M.C. Sansen
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Variable-gain amplifiers are used as autopetic-gain-
control amplifiers or as electronically programmasble attenuators.
In the former case, the dc signal that controls the éain of
the amplifier is derived from the output signal such that for
any input signal level the amplitude of the output signal is
kept constant. In the latter case, the amplitude of the outpuf

signal is set directly by the dc control signal.

A useful figure of merit for a variable-gain amplifier is
its dynamic range over a given frequency range. This is
defined as the ratio of the maximum to minimum signal that
can be handled ﬁithin specific limits of distortion and noise.
Distortion is thus examined for most variable-gain circuits
‘at low frequencies in Chapter 2 and at high frequencies in
Chapter 3. Approximative expressions are presented that
describe distortion well under low-distortion conditions.

They are derived from power-series expansions at low frequencies
and from Volterra-series expansions at high frequencies. Ample
computational and experimental justification is included.

Noise is stﬁdied in Chapter 4. The noise exhibited by the
variable-gain circuits is represented by snslytical expressions
which have been verified by means of computer-aided analysis
programs. This study has thus made possible the prediction

of the distortion and noise performance of most variable-gain

emplifiers at both low and high frequencies.



The analyses described above have made possible the optimum
design of an integrated variable-gain amplifier. Considerations
are restricted to balanced circuit configurations because of
the resulting cancellation of even-order distortion. Input and
output ports are differential. Input and output impedances
are independent of emplifier gain. In order to reduce the
noise contribution from following stages, the maximum gain is
larger than unity and is typically about 15 dB. This autometically
excludes varioloss circuits. No additional pre or post amplifiers
are included since they only shift the gain range without
affecting the dynamic range. Finally the circuit realization
performs over a wide fréquency range and is integrated by
standard six-mask processing. No lateral-pnp transistors

appear in the signal path.

Three basic veriable-gain configurations are first
jdentified and investigated. They are designated by the agce
amplifier [ 3] , the multiplier [2 ] and Gilbert's quad | 1] .
Applying the results of Chapters 2,3 and i, they are optimized
for dynamic range and compa;ed with one another in Chapter 5.

This results in the design ;nd realization of an improved
varieble-gain amplifier in integrated form. Its performanée
is predicted and verified experimentally by means of two different

integrated circuit realizations.

In Chapter 6, the integration process is presented in



detail., The improved variable-gain amplifier is biased such

that its performance can be optimized depending on its application.
Specisl attention is paid to the lasyout and characterization

of the ihtegrated transistors. Accurate measurement of base
resistance, unity-gain frequency and junction capacitances:

has been investigated. In particular, the circle-diagram

method used to estimate the value of base resistance has been
revised and a new technique, the phase-cancellation method,

has been developed [ 8 ] .

Finaelly, a summary of the results and conclusions

is given in Chapter T.
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. ANALYSIS OF DISTORTION IN VARIABLE-GAIN AMPLIFIERS

AT IOW FREQUEKCIES.




2.1 INTRODUCTION

In this chapter, all possible variable-gain amplifiers within
the specifications already given, are analyzed and compared for
low frequepcy'distortipn. The simplest circuit ;onsists of a
single transistor. This is followed by a discussion of the
various configurations possible, using a differentiel pair.
Finally, using the results, the three most useful configurations
are discussed. These consist of tramsistor quads and are
designated as the age amplifier (3], the multiplier [2] and Gilbert's

variable-gain qusd [1].

Before discussing these circuits in detail, the definitions
of distortion are first reviewed and the relationships between

the various kinds of distortion are shown.

2.2 INTRODUCTION TO DISTORTION

At low frequencies the output y(t) of an amplifier can

be expressed in terms of its input u(t) by a power series
y(8) =ayp u(t) + ey (u(t) P 4oy e)P + ... v (21)

Coefficient a) represents the linear gain of the smplifier,

vhereas coefficients 8, 83 «eoo represent its distortion.

Applying a cosine wave of frequency w and amplitude V at

the input of that emplifier yields output components at all mmltiples



of w .. The nth harmonic distortion (HD ) is defined as

the ratio of the component at frequency nw to the one at the
fundemental w . It is obtained by trigonometric manipulation [5].
Under low-distortion conditions only second and third-order
distortion components are considered. Expression (2.1)

becoﬁes then

a

y(¢) = (al+% a3V2)Vcoswt + -2-—2- Vz'cos 2 wt

a Lo
+ '53 v3 cos 3 wt + soe eee (202)

Odd-order distortion thus modifies the signel component at the
fundemental frequency. This can be neglected however under

low-distortion conditions. Harmonic distortion is then specified

by a '
1l 2
D, = 3 2 v veo (243)
and
a
= 1 3
@3 = 'E al V2 o (20)‘)
It is very important to mote that ED2 is proportionsl to V
and HD, to V2 . ILow-distortion conditions apply for values

3
of V where this holds true.

Phase inversion of the input signal changes the sign
of the fundamental and third-order component but not of the second-
order component. ] This is exploited in & balanced circuit, to
which two input signals of opposite phase but equal smplitude
are applied. The difference of the output signals does not

contein even-order distortion if no imbalance is caused by mismatch,



If coefficients ey end & have the seme sign, the third-

harmonic component adds in phase with the fundaemental such that

the resultant waveform looks expanded [5]. If ag and a;

have opposite signs, the output waveform appears to be compressed.
Obviously compression and expansion can cancel each other,

which gives rise to & null in third-order distortion.

Applying the sum of two cosine waves of frequencies wq
and Wy and bqth of eamplitude V at the input, gives rise to

output signal components at all combinations of w and

12 Y2
thelr multiples. Under low-distortion conditions, the number

of terms [5] can be reduced to the ones caused by coefficients

a, and 83 only. They are mapped versus frequency in Fig. 2.1l.

Second-order intermodulation distortion (ma) is then defined
by the ratio of the component at frequency Wy + Wy to the one

at w, or w Under low-distortion conditiouns

1 2°

M, = v | oo (2.5)

2

W I

and by comparison with (2.3)
IMa = 2 HD2 . ces (2-6)

Third-order intermodulation distortion (IMB) can be detected
lt wo and 2(92: wy

v, 2% ;3 V2 eee (2.7)

at the frequencies 2w and is given by

such that

IM3 =3 HD3 ° coe (2.8)
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At low frequencies, there is thus one to one correspondence between

harmonic and intermodulation distortion [5].

There are severel other ways to describe the distortion caused
by coefficients a5 » a3 soes , such as cross-moduletion distortion,
triple beat, etc. There is nevertheless always a constant

relationship of type (2.6) aend (2.8) among them [5, 18].

2.3 GAIN CONTROL IN A SINGLE TRANSISTOR

In e bipolar transistor, the ac collector current ic depends
on the ac base emitter voltage A by an exponential relationship

of the form

Voo + V
_ E Vi
Ic + ic = ICS exp ( VT ) eoe (2.9)

in which IC‘ is the dec collector current,
Ics is the collector saturation current,

v is the dc base emitter voltage,

BE
and p = kT/q = 26V at 302° K.
For small vy the exponential can be expanded in vy and (2.9)
becomes | 2
| 1 Y1 1,
ic = gmvil""éV'T"'g(-v;) + oo 000(2010)

The first-drder coefficient &, » given by
I
= =L
g = Vg eee (2411)

is the small-signal transconductance of the transistor.

Consequently, gain can be varied by changing Ic .



Comparison of (2.10) with (2.1) shows that the distortion

is given by (2.5) and (2.7)
v

- & Ap
M, 2 Vg oo (2212)
and 2 ,
1L (ip ) (2.13)
IHS = ‘8 %TE eee 03
in which vip is the peak value of input signal vy As
an example, one percent IMé is reached for 0.37 mﬂhns input

voltage; one percent IM3 for 5.2 vaMS'

Series base and emitter resistences in the transistor
linearize the exponential Ic - VﬁE relationship and thus
reduce the distortion [13, lh] as shown in the next Section.
This corresponds however with a reduction in available gein-
variation. In the limit of very high series resistance, the
trensistor is current-driven and gein variaticn is possible only
as far as current gain 8 depends on collector current Ic . The
distortion given by (2.12) and (2.13) is then negligible with

respect to distortion caused by the dependence of § on Ic [6 ] .

2.4 THE EFFECT OF KEGATIVE FEEDBACK ON DISTORTION

The application of negative feedback around the amplifier
characterized by transfer coefficient a, (Figure 2.2.a) gives
rise to a new power series of the form of (2.1) in which

u(t) = v(t) - £y(t) eee (2.14)
where f represents the transfer function of the feedback
network. This is equivalent to the amplifier represented in
Figure 2.2.b; its output y(t) is related to its input v(t) by

a power series expansion similar to (2.1) with coefficients
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v(it) . u(t) y(t)
+z 8) 5 855 835 oo o -
A f e
()
v(t) y(t)
by, by, by, eee [
(v)

Figure 2.2

Application of Negative Feedback with Transfer Function f around

an Amplifier with Power Series Coefficients &, (a) Equivalent

to an Amplifier with an Input v(t) = u(t) + fy(t) and with

Coefficients b, instead of a, (v).
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b, instead of ay and

i
(1) Ly
1 8 y(e)
b, = 3 XX (2015)
v(t) =0
The application of (2.15) on (2.1) with (2.1%) yields
81
bi = 1 + T eeoe (2016)
a
b2 = 2 3 XX (2017)
(1+ %) .
a, (L+T)-2¢ ag
by = 3 - eeo (2.18)
) (L+7T)
in which the loopgain T 1s given by
T = fa e (2019)

1

The third-order distortion is again given by (2.’4) after
replacing 83 and a, respectively by 'b3 and bl . The
output signal given by (2.16) is (1 + fa; ) times smaller
than without feedback. For the same output signal smplitude,

IM3 £ is thus given by
2
o 2 '
msf=%[§i (1+'r)-a(§f)ml g ) e (2:20)

In a similar way,for equal output signal amplitude as without feedback

2 v

IMaf = -a-i T+ 7% ese (2.21)
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The first term in (2.20) represents third-order distortion,
which is also present without feedback. The second one is
due to second-order interaction around the feedback loop.
Third-order distortion cancels completely for specific conditions
of a; , 8, '33 end f. This mull has been studied and
observed abundently [ 13, 14, 17 ] but is too sharp to be of
great practical interest. It is important to note, however,
that for high loopgain, IM3 P is negative and thus always
represents compression distortion. For negligible a, or
low T , the type of distortion depends on the relative signs of

a. and a

3 1°

At low frequencies, base and emitter resistance can always
be lumped together in one single base or emitter resistance [2, 8] .
Inserting emitter resistance RE in one single transistor gives

& loopgain
T = ghy ‘ eee (2.22)

with g given by (2.11). The distortion is then found from

(2.10) and (2.20) and is given by

2
v
%fz%(ri%ﬁ)(l-ﬂ) ...(2.23)

and

1 i
%r = .é. l + T v LX X (202h)
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As an example, a transistor with B = 100 and having a base
resistence of 120 Q is biesed at 5 mA collector current; its
loopgain is thus 0.23.  One percent IMj, 1s reached for 8.7 mVpyo
input signal and the output signal currvent iz the same as without
base fesistance; Adding 1.4 Q emitter resistunce cancels IM.3 ?
completely. Adding another 1 {2 or more causes IM3 P to be

one percent or less.

2.5 GATN CONTROL IN A BASE-DRIVEN PAIR

Even-order distortion generated in a single transistor
can be balanced out completely by applying input signal vy
between the bases of a matched pair (Figure 2.3)e ‘The gain

is then varied by changing common emitter current I’E'

Assuming beta much larger than unity, the signal output

current is given by

= 1 =
icz - IE ( v - 2 ) (XX (2.25.3)
1 + exp -v—i-
T
or also,
- -1 1 |
ica = = 2 IE tanh ( 2 vT ) . ece (2025.b)

The expressions for iCl are the same as for 102 , but with

a mimus sign in front of vy e

(2.25) can be expanded as a power series in ir:L and becores

Under low-distortion conditions



cc
R, 341 %
L < c1 , Ry 3 Hce
[
ol (o,
? Q,
7T\
L
O
—_—
- vm
Fi e 2.

Base-Driven Variable-Gain Pair.

16
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1 = - % 1 -3 L) & .o oo (2426)
c2 28 1 [ 12V ]
in wvhich
.:EE__ ' . (2 27)
&n sz ‘ *°

No second-order distortion is present. Third-order distortion
is compression distortion end is given by
v 2 :
1
IH3 = "]'.3 (—%ﬁ ) XX (2028)
As an exemple, one percent 1143 is reached at T.l WVons input

signal, which is |2 times higher then for a single transistor.

In practice, mismatch between both transistors ceauses some
D(2 . Therefore, a differential output (Figure 2,3) is usually

preferred for its improved rejection of even-order distortion.

As for a single tramsistor, the presence of base and emitter
resistance causes negative feedback, which reduces output
distortion in exchange for available gain variation. For
emitter resistances RE in each transistor, the residmal

distortion is derived from (2.20) and (2.26) and is given by

1 .2 1
me = 'E ip ‘——'—1 + ngE XX (2.29)
in which iP is the fractional currentswing, which is given by
i = % ;1 T—;—l—— ; g 1is given by (2.27). Note that
P T &g

for the same current swing as without feedback, the input signal

voltage is increased by factor (1 + gmBE)°
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The base-driven pair is thus able to suppress even-order
distortion, but merely decreases the odd-order distortion present
in a single transistor. Better performance can be achieved
by applying the signal input as a current via the current source

of the differential pair.

2.6 GAIN CONTROL IN AN EMITTER-DRIVEN PAIR

Interchanging the positions of the ac input signal and the
dc gein-control signal in the pair of Figure 2.3 results in
the emitter-driven pair shown in Figure 2.4. Input current
IE (1 +1) » in which 1 represents the fractional signal level,
feeds both transistors in parallel. Conmtrol voltage Vy
determines what fraction of the input current flows in each

transistor.

The signal output current 1 is derived from (2.25) for

c2
B >>1 and no series emitter resistence, and is given by
il i IE
= —B —E - b
o = T exps ©F —3 (L-tamhy) ese (2.30)
in which ‘
Vs
I o) = -v-— (XX} (2‘31)
T
iC2
The normalized attenuation it is plotted versus b
E

in Figure 2.5. For large negative b , all current flows in
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Figure 2.k

Emitter-Driven Variable-Gain Palr
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Q2 and thus maximum gain is achieved. For zero control voltage,
the input is divided egqually over both transiators.and the currept
gain drops 6 dB. .For large positive b , the relative
attenuation in dB increases linearly with a slope of 8.7 dB_

per unit b (102 decreases by a decade -for an increment of

60 mV in vy ) until the output signal is lost in noise.

Since the signal output current 102 in (2.30) is linear
in the input current i , no distortion occurs. .The emitter
driven pair is thus by far superior to the base driven pair in
this respect. However, the input signal needs to be available
as a current. The required voltage-current conversion is
usually achieved by transistors with large emitter degeneration.

As a result, the distortion actually present in i is never

ce
zero, but can be made very low at the expense of circuit gain.
This trade-off will be illustrated in the.design of an age

amplifier in Chapter 5.

[

Whereas the presence of base and emitter resistance improves
the distortion performance of a single transistor and of a
base-driven pair, it has a deteriorating effect for the emitter-

driven pairk [3 ] +» Inclusion of base resistances Ty and

Tpo in the transistors of Figure 2.4 gives the circuit equations
1 1
I, @+ ‘31) + I, (4 7 ) = Iz (1+1) oo (2.32.0)
I Tpqa I ) U §
Cl _ 1 Bl C1 _ _B2 C2
I = exp D - v ( B B ) ese (20320b)
c2 T 1 2
in which I end I,, represent total collector current.

Cl
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Equation (2.32.b) is nonlinear if the voltage drops across the

base resistances are different.

Elimination of I,, in (2.32.a) and (2.32.b) gives

C I, (1 + 1)

Igp = —E - vee (2.33)
. c2
l+exp[b-rl(l+i)-'f—('rl+r2)]

E

in which

Tu, L T
r, = 2_E o Bl ey J=12 oo (2.34)
J B,V r ’

J T T

Equation (2.33) is nonlinear in 1 . This equation
is solved poinmt by point for a simusoidal input and a Fourier
analysis 19: taken of the output waveform. This is executed
by program NOLIBE given in Appendix A.l. The first-order
ac component |al| (102) is plotted versus b in Figure 2.5.
The shape of the curve is the same as without base resistance .
However, at high values of b, the curve is shifted in horizontal

direction over a distance which equals Ty e

The absolute value of the third order component a3 is the

same for both collector currents and is represented in Figure
2.5. The relative third-order intermodulation distortion for

the emitter-driven pair is then given by

e
IM3P = % la1| (102) ’ L 4 (2035)




Control Voltage b 22

-3 -2 -1 0 1 2 3

Figgre 2. i .

i

Relative attenuation I%g versus normalized Control Voltage b
E

for the Emitter-driven Pair without base-or emitter resistances;

the sbsolute values of the linear components of the collector

signal currents are |al\ (iCl) and |al |(102) ; the absolute value

of the third-order compbnent is la3‘.
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end is also plotted versus b in Figure 2.5. ©Eoth m3p and

D&zp are plotted versus relative attemuation in Figure 2.6.

At maximum gein, tremsistor Q, (Figure 2.h) 18 off and
Q, behaves as a current-driven common-base stege. Because
of the assumption that B is approximately independent of
current., no distortion occurse Tndeed, in (2.33) the exponential

term is negligible and Ic2 is linear in i.

When both transistors carry the same currents, the exponential
term in (2.33) equals unity. The relative attenuation is 6 dB
apnd no distortion is present. For high atteauation, 102
is very small, whereas b is positive and large compared with

Vip o Expression (2.35) can then be simplified to

I, = Ig (L+ 1) exp (-b + rl) exp (rli) ves (2.36)
The distortion in the attenuated output current is thus caused
by the ac voltage drop across the base resistance of the

current carrying trensistor, which is represented by exp (rli)
in (2.36). Expending exp (rli) in a power series in 1 yields

the upper limits of the distortion.
r

145
mzpn = rlip T_rl.'-l. coe (2037)
and r
2 l"‘% |
m3m = % (rlip) 1+ rl soe (2038)

in which 1 D is the peak value of i . The values given in

(2.37) and (2,38) are represented also in Figure 2.6, They



Attenuation ( dB )

2k

Distortion(dB)

0

Figure 2.6.

ZI'.M.2 and IM3 distortion for the Emitter-driven Pair (Appendix B.1);

computed; - - - approximated

ry = 0.385 and ip = 0.25 ;

(2.37, 2.38); O measured; given by TIME and CANCER.
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agree very well with the ones obtained by numericel computation.

Experiments have been performed on an emitter~driven pair
using CA 3018 as matched transistors. The experimental set-
up is described in Appendix B.l. The transistor model is
obtained by the procedure given in Chapter 6. In particular,
an accurate value for the base resistance is required. This
had lead to a review and comperison of several existing methods
such as the circle-diagram method. Also, fast eetimation of
bvase resistance has been made possible by a new method : the

phase-cancellation method [8 ]

All experimental work is initiated by determining under
vhat values of :I.p 1ov-distortion conditione apply. This is
done by verifying the slope of D(2 and m3 versus 1P
as shown in Figure 2.T. Deviation from a straight line indicates
high level distortion. For a given value of ry this verification
is carried out at high attenuation and thus at maximum distortion.
Under the conditions of Figure 2.7 nearly full current swing
is allowed. Another characteristic of low level distortion
is the strict validity of (2.6) and (2.8). This has been

verified extensively.

The experimental data are also represented in Figure 2.6,
They agree well with the results from exact computations and

the values predicted by (2.37) and (2.38).
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Figure 2.7

High Attenuation Distortion of Emitter-driven Pair (rl = 0.385)

versus Fract. Current Swing 1i_ ; computed; O measured.




27

Finally, the reeu;ts given by the computer-aided circuit analysis
progrems TIME [10] end  CANCER [11] are added in Pigure 2.6.
They are obtained by perform:}ng a Fourier analysis on the

transient solution for a sinusoidal input waveform.

The base resistances Ty 3 are equivalent to emitter
resistances with value rBJ /(L +8 J) and thus cause negative
feedback. As pointed out in Section 2.4, third-order distortion
cancels for sPec:lﬁc amounts of feedback. This is clearly
illustrated in Figure 2.5. The ebsolute distortion components
I a3 l are labeléd with the sign that they have in the power
series expansion of 102 in 1 ; a, is assumed to be positive.
For large positive b ,a3 is positj.ve and thus m3P is
expansion distortion. Expension distortion is converted to
compression distortion by a null and vice-versa. Since mlls
in third-order distortion correspop.d with 1n1’1e¢tion points in

the trensfer characterictic, they can be predicted by applying

3
a1
ge 0 eee (2039)
i
1=0

on (2.33). The solution of (2.39) then gives the values of b

at which a null occurs. This problem can be simplified by
I
dropping 1 out of the denominator and using 1 - 2 <2 .

IE]'

I
instead of exp [ - _%z (rl + ra) ] . This gives about
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'+

b = - 2,45 which is quite close to the experimental result

+ .
b = - 2,3, For practical purposes, however, and especially
in variable-gain emplifiers, these nulls are too sharp and thus

not considered further.

It is possible to compensate for base resistance distortion
by maeking the resistive voltage drops in (2.32.b) equal. Thus,

if base (or emitter) resistances or beta's can be provided such thet

m’. f—g = .-I-c—2 co® (2.1‘.0)
T By I .

no distortion occurs. Although this is quite feasible for
fixed collector currents by scaling the emitter areas or by
adding resistance on the low current side, it is inpractical for
variable current circuits and thus not further explored. Any
reduction of § at low currents causes a reduction in meximum

distortion however.

The excellent properties of an emitter-driven pair are
realized in three commonly known transistor-quads : the
automatic-gain-control (age) amplifier [3 ] , the multiplier [2 ]

and Gilbert's varisble-gain quad [1 l °

2.7 THE . AGC_AMPLIFIER

The agc amplifier consists of two emitter-driven pairs in
parallel (Figure 2.8), such that an output can be taken in

differential mode. As explained in Section 2.2, even-order
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Figure 2.8

Varieble-Gain Quad based on Signel Swmmation (AGC Amplifier).



disb®ortion 18 cancelled, but the fundamental and odd-order
components add. The maximum value of expansion distortion
caused by the quad Q,3 ’ Qh ’ QS and Q6 is thus given by

(2.38) with r_ instead of r. where

3 1

r
g = BE e (2.01)
3 28,9
3T
Actually, transistors Q3 and Q'6 are matched and are designed

for low values of rp /B3 Q end Q.5 form a matched pair also.

The input signal is differential in order to‘improve
the common mode rejection if current source IEE 1s non-
ideal. A base-driven pair with emitter resistors RE is used
as a differentiasl current source. The compression distortion
caused in pair Q, , Q, is thus given by (2.29) with Iee
instead of IE . Arbitrary increasing of BE decreases the
distortion, but also the maximum differential voltage gain,

which is given by

"L

AV, max = ZVT ‘ . 'YX} (2.1'2)
[ R
et ig

Consequently, a trade-off is to be made in the choiceof emitier

resistance RE o Also note thet the signal exparsion in the quad

can be compensated by the compression in the peir. All this
is examined further with respect to the design of an agc

emplifier in Chapter 5.

30
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On the other hand, there is an additionel source of signal
compression which has not been mentioned hitherto. The
differential current source msy be non-ideal such that its
output resistance only has a finite value R. . The distortion

S

caused by R, is calculated for amn emitter-driven pair (Figure

8
2.4) under high attemmation conditions. Nearly all the
current of the pair flows then in transistor Ql wﬁich thus
acts as a current-driven common-base stage. As a result,
the emitter voltage and the impedance level at the common
emitter point are only determined by Q’l o« Transistor Q2

acts then as a voltage-driven common-base stage.

The ac model for the emitter-driven pair with shunt

resistance RS

of both transistors are described by power series which are

is shown in Figure 2.9. The transfer functions

similar to (2.,10) and given by

N CIRNE TCT AR
Cl P 2 VT VT :

and

e, e e[ LoD 1z . (2.4k)
ca ™ “E|Vp 2V €'V, ] ses \&°

S Ccl %S- . PR (2.’45)

Replacing 1i,, in (2.45) by (2.43) ellows us to expand v in
iCl as given by
v =

2 3
Pl 18 + 92 is + P3 is ece (20);6)
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Figure 2.9.

Ac Model of Emitter-Driven Pair (Figure 2.4) with Non-

ideal Current Source.
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which, after substitution in (a.hh) yields the power series

expansion
= e 3
lap by i+ by dg * b3 ig eos (2.47)
1
with b = -
1 IE
R S
2 Rs'.l'.E 132
Vv, v
1 T 1 T
= . - o emm——— m——— i R —
'b3 3 RSI'E IE3 £ S>>IE

For the agc emplifier (Figure 2.8) the additional third-order

distortion is then found by replacing IE by IEE / 2, and is

given by |
2V

‘ T 2
IK3 = m ip ‘l ose (2.‘38)

An éxperimental set-up of an agc amplifier is described
in Appendix B.2. ‘The experimental data for IM3 are identical
to the data for the emitter-driven pair and therefore not
repeated. Matching was sufficient to reduce m2 at least

to 20 4B below n43 under all cirzcumstances.

The additional compression distortion given by (2.48) has been
verified experimentally by connecting resistors of 100 Q@ from
the common emitter points to ac ground. Since IEE is 10 mA
(2.48) predicts 1.3% for ip = 0.5. 'This value agrees well

vith the measured reduction (1.4%) in expansion distortion.



2.8 THE MULTIPLIER

In the agec amplifier of Figure 2.8 the collector currents
of Q3 and Q6 are not used. On the contrary, in the age
quad of Figure 2.10, the collectors of Q3 end Q6 are Joined
to the ones of the complementary transistor in the other pair.
For zero control voltage VB all collector signal currents are
equal and the signal output voltage Vo is thus zero. For
a large value of VB the amplifier reaches its maximm gein,

vhich is given by (2.42). When control voltage vy is
replaced by an ac signal voltege, the quad is the well-known

multiplier l2] .

The mechanisms of distortion in the multiplier are exactly
the seme aé in the age amp'lifier., However, the components
are combined in a different way and thus the results for
relative distortion are different. .ﬁaisi is illustrated in
Figure 2.5. The linear components of Q3 and Q’h are
represented by the curves denoted by I all (102) and ,lall (iCl)
respectively. The current components of pair Qs, 6 behave
in the same way as the ones of pair Qh,3 but they all have
oppositelpolarity. The relative distortion level for the
mzlfiplier IH3m is then proportional to the ratio I e l / Ial |
and is plotted versus b in Figure 2.5 and versus relative
attenuation in Figure 2.11. Maximum gain is achieved for high

Vg Iall i.s constant but l a3 | .decreases witl} Vp and thus
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Figure 2.ll.

IM3 Distortion versus Attenuation for the Multiplier with r1 = 0.35

and AEE,= 0.5; —— computed for matched transistors; 0 measured.




n(3n decreases with the seme slope as 'aB I does. Attenuation
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18 obtained by direct cancellation of |oy| (1gy) and lal | (10,)

but ‘ 33 I cancels in the same way such that aroumd zero \7B :msn

reaches a constant value m3m .

This distortion is expansion

distortion and has a lower value than the peak of compression

distortion (Figure 2.11) that occurs et lower attenuation

levels.

extends over a wider attenunation range and is therefore

However, this constant amount of distortion Ill.jm

predicted by power series considerations.

Second-order

distortion is cencelled by taking a differential output and

therefore not mentioned further.

Assuming a very small value of b in (2.33) yields a

powver series expansion of Ica in i1 with coefficients

=

[)> B o

i

4

]
“.=>-|°‘ oo’ o
H
|
(1)
L -]

L )

from which, after comperison with (2.38)

m E~%m3pm .

A multiplier used as an age amplifier thus exhibits actually

;.. (2.49)

eoe (2050)

10 dB less distortion than the so-called agc amplifier itself.

However, if the multiplier is not fully compenséted [2 ] for

offset voltages and mismatch in beta and base resistance, then

I a3 | cancels at a different value of V_ thean ‘al | does.

B

This results in an infinite value for IM3m (Figure 2.12) at

an attenuation level determined by the degree of mismatch.

This is illustrated in Figure 2.1l for a multiplier using
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Figure 2.l2.

The effect of mismatch on IM3m distortion in a Multiplier.
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CA 3045 as qued. Base resistance is added to make distortion
measurement easier. The exparimental set-up is described in
Appendix B.3. Without compensation only 25 3B attemuation is
availa‘bie. Thus a multiplier has superior distortion performance
compared ﬁth the agc amplifier, provided full four potentiometer

compensation [2] is applied.

2.9 GILEERT'S VARIABLE-GAIN QUAD

The variable-gein quad shown in Figure 2.13 is based on
Gilbert's wide band amplifier technique [ 1] « The input
signal is converted into a_current and predistorted by transistors
Q3 and Qh in order to cancel the distortion generated in
base-driven pair QS, 6 ° This predistortion principle is also

applied in high-performance multipliers [ 2] .

The gain Av is controlled by the ratio of pair currents
I, end I, as shown in Figure 2.1k. However, distortion
is absent only if [1]

ri - ro = 0 XX (2.51)

in which T, and: r, are defined as in (2.34) for pair
Q and Q; ¢ respectively. Condition (2.51) is fulfilled
for only one value of gain Av « 'Thus for lower and higher
gain values, distortion occurs (Pigure 2.14). ‘This is |
found from the nonlinear equation describing the qued [2 l ’

which is given by



ccl _ cce

Lo
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Voltage Gain Av and IMB, Distortion versus Peair Current Ratio

k = IEQ/IEl for Gilbert's variable-gein quad using CA 30L45; ——

computed; - - - approximated (2.54); O measured.
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1+4 = (1+1) °"Pf e (2.52)

° 1+4 +2 (exp F-1)

with F = ir -i r . Using (2.52) output current
swing io can be expressed in terms of input current swing
i as given.hy

1, = 1+ 25243 . cee (2053)
Ideally, no second-order distortion is present, even from a
single-ended output. Residual second-order distortion, due
to device imbalances, can be further reduced by taking a
differential output (Figure 2.13). The third-order distortion
is given by

™ = g' (r, - ) 1§ ces (2454)

Values from (2.54) together with results obtained hy
direct computations with (2.52) by meens of program NOLIBE
(Appendix Al), are represented in Figure 2.1l4 and Figure 2.15.
Experimental data using CA 3045 are taken with the circuit

described in Appendix B.t and are added in Figure 2.15. For

E2
Thus the output signal exhibits compression distortion. For

high gain I is larger than IE1 and IMS is negative.
low gein, expansion distortion prevails. For a matched quad
with ideal current sources Q1 2 distortion cancels when
$
IEl exactly equals IE2 « However, due to mismatck and
additional compression distortion in Ql 2 the zero distortion
2 .

point is usuelly observed at a value of IEl which is higher
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3

using CA 30L5; r

1,2 mex

= 0.35 and ip = 0.5; — computed; - - -

approximated (2.54); O measured.
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than the one of IE2 . 'This is illustrated in Figure 2.15.
The null in distortion occurs at a lower gain than predicted.
Also the measured distortion levels deviate from the predicted

ones in opposite sense.

Another source of extra compression distortion is the
presence of shunt resistances 'RS at the inter-connection
lines betweenlboth_pairs. The amount of distortion is
obtained by a similar technique as the one leading to (2.&8)0

It is given by

Vo
m3 = R L, ese (255)

for high RS under low gein conditions.

The comparison of (2.54) and (2.38) shows that the meximum
distortion in Gilbert's quad is usually higher then in the
sgc emplifier. The null in the distortion of Gilbgrt's
quad is wider however, because (2.5“) is linear in voltage
drop r , whereas (2.38) is quadratic. Gilbert's quad is
thus qnite‘attractive for a moderate attenuation range around

the distortion null.



ANALYSIS OF DISTORTION IN HIGH-PERFORMANCE VARTABLE-GAIN

AMPLIFIERS AT HIGH FREQUENCIES.
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3.1 INTRODUCTION

From Chapter 2, three varfablé-gain amplifiers have evolved
which are superior in performance to other configurations in
the class of amplifiers considered here. However, fhe analysis
was restricted to low frequencies where charge storage is un-
importent. In this chapter, the high-frequency distortion
is analyzed and compared for the three high-performance variable-
gain emplifiers. The agc amplifier is shown to provide a
higher dynemic range, but Gilbert's quad is superior if a small

attenuation range is acceptable.

Frequency dependent distortion can be calculated by solving
the differential equetions that describe the nonlineerity.
However, little insight is provided as to the reiative contributions
of transistor and circuit parameters. In this study,
Volterra-series expansions [7 ] are used to indicate the dominant
distortion pareameters. These parameters are shown to be
invaiuable in the comparison of high-frequency distortion for

all quads considered.

The high-frequency attenuation in all quads is limited by
direct signal feedthrough along the junction capacitances.
An estimate is given of the value of this attenuation limit,

followed by computational and experimental verification.

3.2 HIGH FREQUENCY DISTORTION IN THE AGC AMPLIFIER AND

MULTIPLIER.
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. 3e2.1 HIGH FREQUERCY DISTORTION IN THE EMITTER-DRIVEN
PAIR AT HIGH COLLECTOR CURKENTS ( fo constent)

At high frequencies, charge storage becomes 1ﬁportanx.
Initially, the collector current is assumed to be high such
that the device fT is constant and given by

S S '
fT = 2nr e (301)

where t is the base transit time. Also, the frequency is

high enough to neglect recmbination current in the base.

Then
I = T —.—dIc | (XX (3.2.3)
B 4qt
Ve
Ic = Ics exp(-v-;) XX (3.20b)

vhere IB ’ Ic and VBE are total values for base current,

collector current and base-emitter voltage respectively.

The circuit equations for the emitter-driven pair (Figure
2.4) are then given by

4

d
1+ g lg*t Qr )l =Tg 1+ 1) o (3:3:2)
I ax ax
cL _ 1 cL c2
Too [b Vo P "1 & "~ Tme T2 EE )] vee (3:3.D)

Equation (3.3.3) shows that both collector c¢urrents roll off
at their common-base cut-off frequency, which is about f&-‘
.Equation (3.3.b) describes the nonlinearity. As for low frequencies,

this is caused by the difference in voltage drop across the
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base resistances. However, these voltage drops are now time

differentials so that the distortion is frequency dependent.

Eliminating I.. in (3.3.a) and (3.3.b) gives a nonlinear

Cl
differential equation of the first order. This equation has
been solved directly by a fourth-order Runge-Kutte method and
a Fourier analysis has been taken of the output waveform.

This is executed by computer program NONLIN giver in Appendix
A.2. The amount of distortion at one specific frequency is

plotted in Figure 3.1. Frequency is normalized as given by

_ r..I T
B= wr 3; E or r, %E vith fg = ?? . ere (3.4)

As for low frequencies, diétortion due to the presence of base
resistance 1s zero at full gein and at half that gain. For
high attenuation, distortion becomes maximum. This maximum
value can be predicted by an analytical expression derived as

follows.

In (3.3.a) and (3.3.Db) I,, is neglected with respect to

I The ac part of I, is then found from (3.3.a) and

(03 Cl
given in the frequency domain by

i

‘1 = T T IvE e (305)
Vip £
in which 4 = end thus yB = wr, or = . The ac part
r.1 1l ¢
BL'E T
of collector current I can then be represented by a Volterra

c2
series of the form [ 7]

iap = IE exp (-b) [ H (Bl)oi + 32(31,32)012 + H3(Bl,32,33)oi3

+ aee ] eee (346)
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in vhich H, ( » Byyeeos B ) are the i th-order Volterra
Kernels operating on input signal 1 . The first factor
in (3.6) is common to all Kernels and therefore taken out.
The Kernels are obtained by substituting (3.5) and (3.6) in

(3¢3.b) and they ere given by

1+ JBl
B (B) = 7555,
JB
3, 7 <)
He (31,32) = (i T W(l + J‘y‘ﬂ X N} (307)
3B, 3B, (1 1——3)

H (B,B,,B;) = AT J.YBl) (1 ¥ 3-,32) T+ 3vBg) °

The harmonic distortion components (which at high frequencies
are not necessarily related 1’l:o the intermodulation products by
a constant ratio as given by (2.6) and (2.8) are derived from
(3.7) and given by

i B 1+ (8/2)° M2

= ud cee (38

HD2 5 L+ 7232)1/2 ( L+ 32 ) (3 )
42 5 . 1/2

Wy = g N 3:232 (= . %1)—) . eee (349)

Hamon:lé distortion as predicted by the above equation is
plotted versus frequency in Figure 3.2 and as asymptotes in
Figure 3.1. Experimental results taken agaein with the circuit
configuration described in Appendix B.l are represented in

Figure 3.1 and Figure 3.2.
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HD2 and H?i distortion for the Emitter-driven Pair (Appendix B.1);
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0 measured ; given by TIME and CANCER.
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In Figure 3.1, the agreement is satisfactory except at high
attenuation, where the distortion becomes excessively large
and the attenustion itself reaches a limited value. Both effects
are caused by signal feedthrough along the junction capacitances
c and C of output tremsistor Q, (Figure 2.4). A

JE2 Jea
detailed analysis is given in Section 3.5.

The méasured values of the maximum distortion plotted
versus frequency in Figure 3.2 agree well with the computed ones
and the values obtained by Volterra-series approximation. At
low fréquencies, however, the experimental data deviates from
the other valueﬁ because base recombination has been neglected.
The measurements thus follow the low-frequency approximations
given by (2.37) end (2.38). The cross-over frequency is
found by comperison of (3.9) and (2.38) and equals fB given
by (3.b).

Data given by the computer simmlation programs TIME [10]
and CANCER [11] are represented in Figure 3.1 and Figure

3.2, They compare favorably with the other data.

3.2,2 HIGH FREQUERCY DISTORTION IN THE EMITTER-DRIVEN PAIR
AT IOW COLLECTOR CURRENTS.

At low collector currents, emitter base junction capacitance
becomes non-negligible. This capacitence can be modelled

by assuming a current dependent base transit time r for the



peir transistors. Expression (3.2.a) then becomes

ax - av.
C BB
IB = T at + CJE at xx (3.10)
Vg
if CJE is voltage independent. From (3.2.b) T C
VT dIC
= —= and i, , the ac portion of I. is then given by
Ic at B B
A/ at
pin 1 C
i = (7 +C,, = ) eee (3011)
B JBE I dat
Q1+ 15/1g

vhere ic and IQ are respectively the ac and quiescent

components of I, . Expanding (1 + 1C/IQ) "l in a power

series ylelds

2 2
d 1 7. di T d1i
C 1l C 2 C
g "o m T2 & T3 ®w® T eee (3.12)
in which
1-0 = T + ‘I‘J
T = - :1
1 IE
\'/
T = —J-—-T T
2 12
B
] \'f
and T = _ln:—-! °
J IE

Initially, base resistance is neglected and C JE is still
voltage independent. Both collector currents in the emitter-
driven pair then contain the same amount of fractional distortion.

The seme amount of distortion is also present in the collector

53



current of one single emitter-driven transistor. As a
consequence, the distortion caused by the presence of constant
Junction capacitances in an emitter-driven peir is independent
of the attenuation level and can easily be calculateQ by

considering only one single emitter-driven transistor.

Take thus a trénsistor with constant base-emitter capacitance

C This capacitancelactually represents the base emitter

JE°
Junction capacitance of two tramsistors plus any parasitic
capacitance CE shunting the current source of the pair.
The ac part of collector current 1c can be represented
by a Volterra-series expansion. The Kernels are obtained

using (3.2.b) and (3.12) and are given by

1
B (5) = 13 "o 51

J = l 1 . sece .
n2(31,92) (1 + 7 s) (1+75(s) +8 ) ) (3.13)

B3 (81,82,8 ) = "1 (Bl 8p ¥ 8183 T B8 )
3 A 23
(L+758)" (1+ 7y (8) +8,) ) (L+ 7y (5,+8,%83) )

7o 5y

(1+ 7g8)° (1+ 75 (8 + 8, * 8) )

The third-order harmonic distortion is then given by
2 2

TJ 8 XX (301h)
HD, = -E[(T+fs) (1 +27,8) (1 +3748) 1‘“3’0"]
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in which ip is the fractional current swing. ‘I’t;e second term
in (3.116) , which is due to second-order interaction, is alweys
dominent. Thus the distortion is compression distortion, although
the phase §hiﬁ'. between fundemental and third-order component

is not zero. The distortion is given by

12

v .
E, = 2 T:? (2 Cyg * Cg) w vee (3.15)

for frequencies below fT/B . This has been verified for the

age emplifier (Figure 2,8) as presented in the next section.

3.3.3 HIGH FREQUENCY DISTORTION FOR THE AGC AMPLIFIER
AND THE MULFIPLIER.

The HD, distortion for the egc emplifier (Figure 2.8) is
the seme as for the emitter-driven peir and the calculation
is therefore not repeated. For a matched transistor pair,
HD2 distortion is reduced to a value which is usually less

than HD3 . HD2 distortion is thus of little importance.

The effect of constant capacitance has been examined by
connecting capacities of 33 pF at the common emitter points
of the quad built with CA 3045 (Appendix B.2), For I, =k mA,
15 = 0.7 ‘and a total constant capacitance of about 46 pF,
expression (3.15) predicts a reduction in distortion of 0.7%
at 30 MHz. Actuelly, the HD3 distortion decreased from 4.9%
to 4.5%. This shows that the distortion caused by base

resistance and constant capacitence is not exactly opposite in
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phase so that a vector difference has to be taken. Also, the
distortion introduced by the presence of constant capacitance
is small and thus only important under very low distortion

conditions.

The addition of base resistance in series with ch
reduces slightly the effective value of CJE and thus decreases
the value given in (3.15)s It is shown now thet the voltage
dependence of CJE also reduces this distortion value.

Capacitance CJE dependsvén the ac base emitter voltage v

as given by
c
EO
cJE = va 1/n\ eoe (3016)
(1 -2+

g B
vhere n)E is the base-emitter junction potential. Coefficient

n equals 3 for a linearly graded junction. Expression

(3.16) can be expanded in a power series in v as given by

CJE (v) = o (L-c, v+e ¥ - c3 v+ cos) eoe (3.17)

1 2
. D 1/n
in which ey = CJEO( r.—v-—)
E. 'EE
o - 12
1 n !DE - VﬁE
¢, = n+1l 1

0

]
B
+
)
=]
+
N
| oud

and



As mentioned before, the amount of distortion in the pair dume

to C is the seme as that in a single tramsistor with

JB
emitter drive current i . This current 15 related to the

collector current ic and base current 13 as given by

i = i -1 ese (3018)

c B

<

V. dv
i [7 gme T+CJE (V)‘ a ° 'y (3019)
Current i, can be expanded as a Volterra-series in v .

B

Current i. 1s expanded in v as given by (2.10). As a

c
result (3.18) yields a Volterra-series expansion of 10 in 1
with the Kernels given by

H (s,) = 1 eoe (3420)

[:'l_\f‘,sl - gy (et 52)] &

Ha (81) 82) =

(Bg * & 8 >
€n Em | "
Hy (81,82,53) = -6—-v-§— - H l -6——v-§— * &g (sl + 8y + 83)]

o

- K, [— + 28,8, (sl B, + 8y 83 + B 53)

._34

-3
+ 31% 8, + 28,8, () + 82)”/(%* & 5

in which g = T &y + o
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T

A
& = 3 b, o
I
& 3 (;vz'; * 5 <o)

For moderately high frequencies the third-order distortion is
approximately given by (n = 3)

C.w \'/

1 0 T

HD. e == (1 + —— ) vee (3.21)
3012 g Dg - Vee

if c:.E is dominant with respect to the charge storage

capacitence (i.e. low I, ). This distortion is compression
distortion caused by the voltage dependence of CJE vhereas

the first one is due to the presence of CJE itself. The
voltage dependence of 033 has thus usually a negligible effect

on the distortion.

Ina mnitiplier, matching at high frequencies is usually
sufficient to make ED2 distortion smaller than HD3 distortion
but, as at low frequencies, mismatch causes excessive distortion
even at moderate attenuation levels (Figure 2,11). Since
mismatch becomes worse at high frequencies, the useful attenuation
range is even lower. A multiplier is thus not attractive at

all as a low distortion agc quad at high frequencies.

3.3 HIGH FREQUENCY DISTORTION IN GILEERT'S QUAD

In Gilbert's variable-gain quad (Figure 2.13) the high
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frequency output current is given by the same equation (2.52) a8

at low ffequencies but now with

ai
_p 8 _ 5 0O
F = B, 3% B, &% ces (3.22)
where Bi and Bb are defined as in (3.h) for pair QB,h and
QS 6 respectively; it is assumed that fT is constent and
H

given by (3.1). This nonlinear differential equation can

be solved using the same computer program NONLIN (Appendix A.2)

as in Section 3.2.1. The results obtained are shown in Figure
3.3. This graph has the same shape as the one at low frequencies

(Figure 2.15) but now the distortion values are higher.

An approximative value of HD3 distortion can also be
found by means of a Volterra-series expansion.v Signal output
current io is then represented by a Volterra-series. Its

Kernels are found from the nonlineer equation and are given by

1+ 2153-
H) (Bys By) = B,
l + e
B, (Bli, By s Byyo 320) = 0 | eee (3.23)

and
=3 - B
HB(Bli’Blo’Bai’Bao’B31’B3o) Z (ByysByy By - By By By, By,)
- 8, (B, - K B))

The third-order distortion is thus'approximately given by

HD, = ER (3, - B) ces (3e24)
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Figure 3.3.

High frequency HD3 Distortion versus Attenuation for Gilbert's quad

using CA 3045 (Appendix Bh)j B, + B, = 4 (49 MHz) and 1p = 045;

computed; approximated (3.2h); 0 measured.
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for moderately high frequencies. This result is also repreéented

in Figure 3e30

Experimental data are taken with the circuit described
in Appendix B.4. The compression distortion generated in
the current sources causes & shift downwards in the atﬁenuation
level at which the null occurs. Thus, for low attenuation,
this additional compression distortion adds to the compression
distortion due to ohmic base resistance; at high attenmuation

it subtracts.
13

The presence of constant junction-capacitance C IE and
parasitic capacitance at the emitters of pair Q5,‘6 has a similar
effect as in the age amplifier. A small amount of compression
distortion, vhich causes the shift in the mull (Figure 3.3)

is thus due to this effect.

3H THE ATTERUATION LIMIT AT EIGH FREQUERCIES

For the emitter-driven peir (Figure 2.4) under high
attenuation conditions, the 8n current generator of tramsistor
Q2 is nearly zero. At high frequencies, two sources of signal
feedthrough to the input cen then be distinguished. Assume
that the collectors of both transistors are fed from the seme
pover supply line, having a finite impedance Z, « The lowest

S

output signal level v that can be reached is then Zsi » where

i is the ac input current. Using separate supply lines
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usually solves this feedthrough problem. The other one is
treated next.

At high attenuation, input current i <flows entirely
in trensistor Q, (Figure 2.4) and develops voltage v, &t the
emitter. This voltage is applied to transistor Q2 which can
be_modelled, by a second-order high-paess filter as shown in
Figure 3.4. The output current i, then determines the

maximum attenuation range AR , which is defined by

AR = Ti; : oo (3 025)
L
Emitter voltage v, 1is generated by driving current i

i
into the common-base stage formed by transistor Ql o Thus
r

vy is giveg by 1+ _;1_3, f_f _
v = ir D ‘_T—- eoe (3026)
i D £
1+ T
T
r
in vhich r. = = + 2 . -Parasitic capacitance Cp

D & 1+8
is initially neglected. For high frequencies below f‘.l' ) (3.25)
cah be approximated by
£ ~ anl
Ivj_‘ ~ 1 rB?,I, end arg (vi)—90 -P, ees (3.27)
where Py is a small phase shift to represent the fact that

 arg (vi) becomes smaller than 90° at lower frequencies.

Output current iL is generated by voltage source vy

and is given by
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coe (3.28)

-1
vhere w, = (r13 CJE +TyC, +Rp c, )

2 -1 |
and wg = (r]3 R, C SE C, )" . For frequencies lower than

wl/a expression (3.28) can be simplified to approximately
2 (o]
‘iLl'a‘ vy@© Ty CJE c, end erg (iL)= 180" - p, cos (3.2?)

vhere p, indicates that arg(iL) becomes smaller then 180° at

higher frequencies.

The attenuation range is found from (3.25), (3.27) eand
(3.29) and is given by

) 4
|ARP|= - I T end  arg (aR,)= - 210° + p, + Dy .
:o:'B CJE Cuw A

eee (3430)

Consequently, the product rg c JE Cu rather than only bcp

hes to be minimized, if a high attenuation range is required.

Capacitanée C, represents the collector-base junction

[
capacitence and any other parasitic capacitance shunting base

and collector.

Expression (3.30) has been verified by means of measurements
on the age emplifier (circuit in Appendix B.2) and by use of
circuit analysis program TIME [ 10] . This is shown in Figure
3.5, In the appropriate frequency range (3+30) predicts the

maximum attenuation fairly well. At higher frequencies, the
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Figure 3.4

Incremental Model of Emitter-Driven Pair at High Attenuation.
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Figgre 3 . S .

Attenuation limit versus Frequency for the Age Amplifier (Appendix

B.2); - - - limited by noise; — approximated (3.30); O measured ;

& given by TIME.
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transistors Ql and Q2 cannot be treated independently. Also,
parasitic capacitances such as Cp and other phase effects
become important. At lower frequencies (3.30) becomes very

high and signal detection is limited by noise.

In order to illustrate the effect of signal feedthrough
on distortion, consider the emitter-driven pair at high
attenuation levels (Figure 3.4). At moderately high attenuation

levels feedthrough signal i, 1s negligible with respect to

L
signal 1m from the &y, current generator of Q2 o« The

distortion caused by base resistance thus prevails.

For a higher attenuation i, becomes comparable in

L
magnitude with im but is excessively distorted due to the
exponential IC - VBE relationship of Ql and also because

1. 1is obtained from a high-pass filter. Signals 1 end 1

L L
are represented in Figure 3.6 for Py * Py = 45°,  1¢ P to, =
90°, i, end i would have opposite polerity. The fundemental

components in im and i. would cancel and cause infinite

L
relative distortion. For p, + p, = 45° only partial cancellation
occurs and thus the distortion is higher than expecSed. This is
also true for the age quade Only odd-order distortion occurs
(Figure 3.6) but with higher magnitude than expected. In

Figure 3.6, both the resultant waveforms for the pair and the

quad have been computed by TIME [ 10] » but have also been

observed on the scope screen as shown in Figure 3.7. This data

is teken for the pair and the qued described respectively in
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e e e
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+ py = bs°,

1

Figure 3.6.

and Feedthrough Signal iL are of equal amplitude, computed
by TIME[ 10] for p

Output waveforms of Pair and Agec Quad when Current Source Signal
m

i
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PAIR
upper trace  : 100 mV/div
lower trace ¢ 5 mV/div
QUAD
upper trace : 100 mV/div
lower trace ¢ 2 mV/div

Figgre 3 ol

Photographs of Input (upper trace) snd Output (lower trace)Waveforms

of Peir and Age Quad observed on scope screen for the circuits of

Appendix B.l and Appendix B.2 &t 180 MHz.
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Appendix B.l and B.2 at 60 MHz.

When _Q2 is turned off completely, the output signal
consists uniquely of i# and differs in'phase from 1m as
given by (3.30). The distortion is now lower (mo cancellation
in fuhdamental components cean occuf) and entirely dué to the

‘exponential input characteristic of the conducting transistors.

For Gilbert's quad (Figure 2.13) the ac half circuit model
under high attenuation is obtained by interchanging the position -
of ry
frequencies, (3.29) can be replaced by

| Iir.l” vy C v erg (1) = 90° P eee (3.31)

Using (3.25), (3.27) and (3.31) the attenuation renge is then

and Cyp in Q, (Figure 3.4). For moderstely high

given by
wT o
IARGI = . 5~ arg (ARG) » =180 + Py * Ppees (3.32)
pBY
This is less than in the agc amplifier for frequencies below
1
CsE B
not suitable for high sttenuation ranges due to its excessive

. As pointed out before however, Gilbert's qued is

distortion caused by base resistance.
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ANALYSIS OF NOISE IN HIGH-PERFORMANCE VARIABLE-GAIN AMPLIFIERS
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h.1 INTRODUCTION

For a given output signal level, the gain of a variable-
gein emplifier is maximum when the emplitude of the input signal
is minimum. The lower limit of the amplitude of the input

signal is thus established by the noise generated in the emplifier.

At low frequencies, the amount of noise is predicted by
hend calculations for the agec amplifier, the multiplier and
Gilbert's quad. For each case, the dominant noise sources
are isolated and their noise contribution at the output is given
by a simple expression. It has thus become possible to predict
the noise performence of all variable-gain emplifiers considered
in this study. These results, obtained for low frequencies,
are verified by means of the circuit analysis program CANCER l 11] .
First-order approximations aided by extensive use of the same

program extend the noise analysis towerds high frequencies.

This chapter is initiated by a review of the noise model
of a transistor and the definitions of noise temperature, noise
resistance and noise figufe. The effect of bias resistors
and of emitter degeneration on noise performance is examined
next. This is followed by the noise analysis of an emitter
follower with noisy load, the common base stage, base-driven
pair, the cascode amplifier and finglly the emitter-driven
pair at several attenuation levels. This leads directly to

the analysis and comparison of the noise behavior of the agce
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amplifier, the multiplier and Gilbert's quad.

4,2 CHARACTERIZATION OF NOISE IN A SINGLE TRANSISTOR

In a transistor the following two types of noise are
considered : the thermal noise power d(v%) geﬁerated in the
base resistance I, and the shot noise powsrs d(i%) and
d(ica) céused by the dc current flow in the base (IB) and

collector (IC) respectively. They are given by [15]'

d(v%) = LkT ry af eoe (4e1)
d(ig) = 2q IB af ceo (""02)
and a(15) = 2qIgar ; vee (4e3)

kT/ﬁ = 26 mV at 302°K and q = 1.610-19 C; df 1is the
frequency band over which the noise power is to be taken.
Flicker noise is not considered, since only higher frequencies

are of interest.

These noise sources can be lumped into an equivalent
noise voltage source d(vi) and an equivalent noise current

source d(if) at the input of the transistor model (Figure h.1).

They ére given by d(iz)
a?) = a(f) +—5 cor (bob)
€n
2
and d(if) = d(ig) + d(ic) eoo (L4e5)

|6 (30) 12
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Figure U.1.

Equivalent Noise Model of Transistor in Common-Emitter Configuration.
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B8
in wvhich B (Jw ){ = . The eguivalent

1+jw/w8

noise sources are correlated because d(ig) contributes to

both of them. Interaction of the two sources will thus yleld

a non-negligible noise component.

When a signal source with source resistance RS is
connected to an emplifier with power gain G (Figure 4.2.8)
then the output signal power So is related to the input

signal power Si by

S = G S, XX (ho6)

(o) i
This is also true for the source noise power Ni if the amplifier

is noiseless and thus

' =
No , G Ni .

ees (boT)
However, teking into account the equivalent input noise power
of the amplifier N, (Figure 4.2.b), the total output noise

power becomes

N = N+GN
o

o G ©F G(N1 + NG) ceo (U.8)

The noise figure of en asmplifier is the ratio of the input
signal- to-noise ratio to the output signal-to-noise ratio. It

is thus given by

5
N N
F = 4 = l+‘ﬁg XX (h09)
i

Oz| Om
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The Definitions of Input Signal and Noise Power Si and N1

and Output Signal and Noise Power S° and No when an Input

Signal with Source-resistance Rs is amplified by an Amplifier

6

with Power Gain G and Equivalent Input Noise Power Contribution N..

G




It indicates how much the signal-to-noise ratio of a signal
source with resistance RS has been lowered by amplifying this
signal with a noisy amplifier. The noise temperature :N

is defined as the absolute temperature that the source RS
would have to take in order to generate the seme N = with a

noiseless amplifier. Therefore, 25 is given by

Ne
TN = T — Xyl (ll'-J.O)
S K
i
vhere T. is the absolute temperature of the source resistance.

S
The noise resistance RN is defined as the valuve for RS

that would generate the same No agein with a noisless amplifiers:

R, - ngf . vee (ho11)

The noise contribution of the amplifier NG _can thus be
described by eny of these three parameters since they are
inter-related by

F-1 = .B_E = il‘; cos (4e12)

Rg Tg

For a variable-gain amplifier, the noise figure is not
a useful measure because N, in (4.9) depends on the gain of
the amplifier. Therefore, the output signal-to-noise ratio
SO/No is used for a given source resistance. For a wide-
band amplifier, noise is usually specified as spot noise.
This means that the noise is measured over & narrow bandwidth
Af to which the ambunt of noise is directly proportional.

Variation of noise power with frequency is thus easily dealt with
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if Af is small.

k.3 KOISE PERFORMANCE OF ELEMENTARY TRANSISTOR CONFIGURATIONS

To obtain a better insight into the noise behavior of the
emitter-driven pair and'the queds, the noise analysis is reviewed
for several single-transistor configurations, the base-driven
pair and the cascode. In all cases, the equivalent input noise
sources are calculated. This is done by consecutively open and
short circuiting the input terminals and calculating the output

noise power.

h.3.1 SINGLE TRANSISTOR WITH BIAS RESISTORS [15 ]

All bias resistors of a transistor in the common emitter
configuration can be lumped into one resistance RS in series
with the base lead or info one shunt resistance RE; from
base to ground. Series resistance RS adds s néise voltage
source d(vR: ) of the form (k.1). Thus the equivalent noise

sources can be teken out in front of R; by modifying (4.%) into

a(vay) = a(v?) + d(vR: ) + K a(1?) vee(4.13)

whereas (4.5) remains unchanged. Shunt resistance RH adds

a current noise source d(iﬁn) vhich is derived from (4.l) and
given by d(va )
a6 ) - Ry L kT af

Ry = R% or Ry cee (ll..lh)
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In order to move the equivalent noise source in front of the
bies resistor Ry, (k.4) remains unchanged but (k.5) changes
2
into a(v¥)
' a(1,,°) = a(1,?) + a1 2) + — ves (K.15)

B R

As can be seen from the above equations, low series resistance
(RS in (4.13) ) end high shunt resistance (RH in (4.15) ) hardly

affect the noise performance of a transistor.

h,3.2 EMITTER DEGENERATION

For the equivalent input noise sources, a resistance RE
in the emitter leed has the seme effect as a geries resistance

Rg 1in the base lead. The equivalent noise voltage source

d(vig) is thus given by (4.13) with Ry replacing Ry 3

d(vfE ) = d(vf), +a(ve) + gg a(if) . oo (Be16)

Rg

The equivalent noise current source is still given by (4.5).

The noise figure for a tramsistor ( 8>> 1) in the common-
emitter configuration with emitter resistor RE is thus found
from (4.9) and given by |
, 2

hkw(ng*rRB)dﬂ(r" + &) (20 I af)
+ T - ‘g- . Xy’ (hol?)
4 kP RS ar

F =1

If source resistance RS is smaller than about [261} (RE + rB)] 1/ 2

(4.17) cen be simplified to
+

Rg

r .
F = 1+ B [ e (‘4.18)




An emitter follower with emitter resistor RE and source
resistance Rs' has the same noise figure as given by (4.18).
However, thé emitter follower only has a voltage gain of about
unity such that the equivalent input‘noise voltage of the next
stage is refefred back unattenuated to the input of the emitter
follower. In Figure 4.3, an emitter follower is shown with
a8 "noisy load." This means that at the emitter of the emitter
follower, noise is contributed by RL and also by the next stage.
This noise power is given by da(v ) in Figure 4.3.a or by
d.(:i.L) in Figure 4.3.b such that d(v ) = RL d(iL) However,
this noise power can be referred back to the input (figure 4.3.c)

so that the equivalentlinput noise voltage sburcevbecomes

a(vi) = a(viy) + (g [d(vL) + B2 (a(12) + a(1d) ) ]

eoe (4.19)
instead of only d(va) given by (4.16). Usually the terms
in Ri are negligible, but the contribution of d(v%) cen be
quite significent.

4e3.3 COMMON BASE STAGE

It is readily shown that the equivalent input noise generators
for a transistor in common emitter and in common base configuration
are the seme and thus given by (l.k4) end (4.5). 1In 4.3.2, it

has been shown that the equivalent noise voltage is greatly
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Figgre h . 3 .

Emitter Follower with Load RL . Noise Contributed by RL and

Following Stages Snot shown! is regresented by gguivalent Noise

Voltage Source d(ii) in (a) or by Equivalent Noise Current Source

d(ii) in (b) or can be taken into account by the Equivalent Input

Noise Voltage Source d(ng).




increased when the voltage gain is unity. In a common base
amplifier, the current gain is unity. Thus the noise current
d(ii) due to the load and the next stage edds to the

equivalent input noise sources, which are then given by (132>1)

d(ign) = a(1f) + d(ig) o)
‘ d(i ) ose °
d("gn) d("f) * 2
&n

Thus the emitter follower and the common base stage have in
common that they are unable to shield the noise of their load

from their input.

b3 BASE-DRIVEN PAIR (FIGURE 2.32

Initiallj assume that the current source is noiseless.
Since the noise currents in both pair transistors are the same
(it 6=$>1) and both caused by the noise sources in both transistors,
the noise output from a differential output is twice that from
a single-ended outpute Taking a differential input or e single-
ended input does not change the result as long as the source
resistance from one base to the other 1s the same. Thus,
changing from a balanced to an unbelanced output configuration
without modifying RL reduces both the gain and also the RMS
noise voltage by a factor of two. The output signal-to-noise

ratio thus remains the same and so does the noise figure.
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For a single-ended input and ocutput, the equivalent input
noise sources are rgadily obteined from Section 4.3.2. One
pair transistor is assumed to have'as emitter resistance the
noisy common-base input resistance of the other tramsistor.

If noise contributions from the collector loads and following
stages are neglected, then the equivalent inpuf noise generators
are obtained from (4.5) and (4.19) in which resistors Ry

and RL are noiseless and giveﬂ by

g = o
2,
T
anﬂ = emmm— e
R
The noise generators are then given by (h.5) end
2
‘ 2V,
a(v3,) = 2 a(v?) + (-i:!) a(1%) vee (k.21)

In general, the current source itself delivers noise power
d(igs) to the pair. This does not affect the noise from a
differential cutput,but for a single-ended output one fourth
of d(igs) i1s to be added to the output noise power. The equivalent

input noise generators are then given hy-

ov,, 2 |
a(vay) = 2 \a(ﬁ) * ) [a(xf) + % a(15y) ”
(i) ver (be22)
CS

2 2
a(1s,.) = a(iy) +
(BD i ,h32



be3.5 CASCODE AMPLIFIER

The equivalent input noise generatom for transistor Ql
in the cascode (Figure l.h.a) are denoted by d(vi) and
d(ii) and are given by (4.4) and (h.S); d(vg) and d(ig)
are the ones for Q2 + The equivalent input noise genersators

for the cascade are then given by

d(vg) = d(v) + B a@1?)

P (k.23)
* 2 00 023

a(1s)

2y _ 2 P

d(:lc) = d(i) * =35

2v, r
P Bl
where Rl = —I—- + 1+Bl .

Roise generator d(vg) does not contributesignificantly end
the contribution of d(ig) in (4.23) is usually negligible.
A cascode thus has about the same noise performance as a single

transistor.

Po introduce the noise analysis of an emitter-driven pair,
the equivalent input noise generators aere calculated for a
cascode with a noisy load R, shunting Q, (Figure 4.k.b).
They are given by

2
) d(v)+R2 (1+§g) [ d( )‘l"d(V) (12)]
1 RC Rc
eoe (ko2h)
a(15) = a(1d) + (1 + 2) [d(v AR a(é)]
C
where R, = L S :_Bf 3 and d(vg) represents the
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(a) Cascode; (b) Cascode with Noisy Shunt Load Ry e
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noise power associated with resistance Rc o It B2;>9>RC
the contributions from d(ig) and d(vg) are usually negligible

so that (4.24) can be approximated by
2

) R
a(v3y) = a(vd) + (-ﬁi) avy
eos (4e25)
| 2 2 avg
d(iCR) - d(il) + ;é_
(v

The contribution of the noise sources of Q2 increases when
Rc beeomgs smaller and for RC = Rl » both Ql and Q2
add equel noise powers. This is the case of an emitter-driven

pair (Figure 4.5) with zero control voltage V, o

L.h ROISE PERFORMANCE OF THE EMITTER-DRIVEN PAIR, THE

AGC AMPLIFIER AND THE MULTIPLIER

The equivalent input noise sources of the emitter-driven
pair, represented in Figure 4.5, depend on the circuit gain
and are thus not a useful measure of noise. Therefore, the
output noise power Nb and the output signal-to-noise ratio
SO/No are used insteed. In Chapter 5, it is shown that this
choice of noise parameters is most suitable for the design of

low-noise variable-gain emplifiers.

At maximum gain, transistors Q3 and Q (Figure 4.5)
form a cascade. The output noise power d(ig) is thus

entirely due to transistor Ql e It is calculated in Section
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Emitter-Driven Pair.




4.3.2 and given by

2
1) ver (4.26)

a(?) = a(d) - 5

(Rf%)

with d(vg) - d(vf) + d(ng) + d(vgs) + (Ré + Rg) a(12);

d(vf) and @(ii) are given by (4.4) and (4.5) respectively;

\
d(v2 ) end d(v2

Bg fs

Ry end R, . In most cases (4.26) can be simplified to

) represent the thermal noise in resistors

d(ig) .z 4 xT (rB + Ry ; RS) ar . e (ha2)

(Rp%)

When the gain is reduced, only a fraction of the noise power
given by (4.27) reaches the output. If the relative voltage
gain is denoted by x then the noise contribution at the output

due to Ql is given by

a1)? = 2fa@d eee (8.28)
1 ,

and is plotted versus x in Figure 4.6. However, the pair

transistors Q2 and themselves now also coatribute output

3
noise power. This is obtained by comsidering Q3 as an emitter
follower with a noisy load consisting of the common-base input
resistance of Q2 o The output noise generated by the pair is

then given by
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Figure 4.6.

Noise contributions of the dominent noise source in the Age Am lifier,

plotted versus Signal Attenuation x . For the Emitter-driven Pair,

the curves have to be shifted down by 3 dB, — computed; O measured

for trensistors CA 3045 (Appendix B.2).




Y

a(v,) + alvy,)® + B (a(12)) + aaf,) )

2
d(i )p = eoe (h.29)
o 2
(Ry + Ry)
with d(veia), d(v13)2 , d(iia)a and <1(f113)2 give% by (4.b)
I .
and (h.5) for Q, end Q; as indicated end R, IEJ + =3 3,

for § = 2,3. This can be written explicitly in terms of the

attenuation level x by taking

gz = *x1g
and 182 = (1 - X) IE . eoe (l‘030)
For high attemuation ( x <4),(4.29) can be simplified to
o y ry
d(:lo) = 2ql;x (—~ IE x + 1l)af eee (le31)
px 1‘
Vo 28 VT
if &= < Ig< —— . For x = 4 itself the output noise
B B .
is given by o
kT r
2 p &
d(:lo)p% = —= (-‘-,;) - eee (4.32)

which is about 6 4B lower than predicted by (4.31). The two
terms of d(ig) are plotted versus attenmuation x in Figure

h.6. At low attenuation, the first term of (4.31) which represents
the thermal noise generated in both base resistances r., is

B
dominaent. At high attenuation, the collector current Ic3 shot
noise of Q3 dominates. The curves ‘are obtained from noise
computations by CANCER [ 11 ] for the pair described in Appendix
B.l. For high attemuation, however, they corresbond precisely

with the asymptotic expressions given above.
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The last component in output noise power is contributed by
load resistance RL and is given by

o b kT af ' :
d'(io) T — : XY (h~33)
L R
which is also represented in Figure k,6. The total output
noise power is the sum of the noise powers given in (L.28),
(4.31) and (4.33) and is represented in Figure 4.6 by a dotted
line. At any given attenuation level x the relative values
of IE » Ty

are dominent. The noise output power caused by Ty

on the value of the qued current IE given by (h.32) , whereas

end RL mainly determine which noise sources

depends

the noige op.tput pover due to RL is constant. They are

equal for IE given by

\'/
\’ T
1 = 2\y2 _— . XX (ho3h)
EBL
By, =5
Thus in the case of Figure 4.6 Iz > Iggy » The shot moise

due to Ic3 is negligible, except for very low IE o

The noise output power of.the age quad is twice that of
the emitter-driven pair and is thus also represented in Figure

4.6 by shifting the curves up by 3 dB.

If the pair is used as an automatic-gain control circuit
with constant output signal, then the § o/no characteristic is
exactly the inverse of the N o characteristic shown in Figure
4,6. For the age quad, the output signal-to-noise ratio is

3 dB be_tter than for the pair if the amplitude of the signal
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current is the same in all pairs.

For the multiplier, used as a variable-geain circuit, the
contributions from the dominant noise sources are plotted versus
attenuation in Figure 4.7. PFactor x wvhich represents the
current division in the pair, is included to illustrate how
the graphs of Figure 4.7 are derived from those in Figure L.6.

As for the agc quad, the multiplier at maximum gain makes use

of the excellent noise behavior of a cascode. However, whereas
for the age quad the rp noise peeks only for x = % (Figure h.6),
the rp noise for the multiplier extends over nearly the whole
attenuation range (Figure h.?); For 1p< I given by (k.3h4),

r,, noise is dominated by RL noise. The age qued and the

B
multiplier then exhibit the seme output noise level independent

of attenmuation level.

The multiplier used as an age smplifier delivers a constant
output signal. ‘The output signal-to-noise ratio is then obtained
by inverting the graph of Figure 4.7. This leads to the
' surprising result that S O/N o is minimum at high sttenuation
and thus at high input signal levels, which is the inverse of

the result for the agc quad.

It can thus be concluded that in noise performance the
mltiplier is inferior to the age quad since the noise peak due
to base resistence in the quead extends over all high attemuation

levels in the multiplier.
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At high frequencies, the noise contributions from RL’

Q eand I in Figure 4.6 and 4.7 remain constent, but the

C3

noise output voltage due to r_ decreases with a slope of

B
20 dB/dec above the -3 dB frequency defined by B = 1. This

is illustrated in Figure 4,8. The noise contributions from

Rt » T and Ic3 are plotted versus attenuation at low frequencies
and at one high frequency. The noise from Ty has decreased
significantly, except at high frequencies. The noise due to

RL and Ic3 remain approximately unchanged. The curves

were computed by CANCER [11 I for the agc pair described in

Appendix B.1.

It can be concluded that in a first-order analysis, noise
generation at high frequencies is less import than at low

frequencies and therefore need not be considered further.

4.5 GILBERT'S VARIABLE-GAIN QUAD

The currents IEl and IE2 in Gilvert's quad (Figure 2.13)
are usually [h ] provided by a pair vith total current I ,
delivered by transistor QE » such that

IEE = IEl + IEa . ece (ho35)

The eircuit gain is then determined by the current ratio

kK = 132/131 as shown in Figure 2.1h.
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For a differential output no noise is contributed from
the current source transistors carrying 131 ’ IE2 and IEE .
However, if a single-ended output is teken, transistor QE ’
which carries the total current IEE , does contribute noise
to the output. If d(ig)E represente the output noise of

Q’E , the noise contribution at the load RI. is given by

2
avB) = 3 () BaEd)y . ver (8.36)

The output noise power of the quad is twice that of the
differential circuit, which then consists of tramnsistors Ql ’
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RE is given by

and Q’S . The output noise component due to Ql including

a(ve), + (Rs[2)2 a(1, )2 2

a(v?), = x° veo (4.37)

( 2V,
+——
® 1
in vhich d(vf)l includes the effect of R as given by (4.16).

The output noise components due to Q3 and Q5 are given by

a(v2); [( E"’) (a(d)y + a(¥d)g ) + x° a(1) ] B .. (4.38)

For (4.37) end (%.38) it is assumed that k < 8. Comparison
of (4.36), (4.37) and(k.38) shows that the noise source given
by the first term in (4.38) is dominent if
2 | rg 132

Vp

Since IE2 = I Tli-rk , this dominant component for the complete

k<

eee (Be39)

quad can be written as



2
: 2
a(vd) = (Tp) (%15‘-;) 16 XT (rgy + rpc) df  .ee (beMO)

and is plotted versus k in Figure 4.9. Also, since current

division k 1is related to attenuation x by

x = —E—E—-i 3 eoe U-hll»l)

the valuesof the dominant output noise components can also

be plotted versus attenuation as shown in Figure 4,10, The
output noise due to collector current shot noise in transistors
Q,3 and Q5 is also shown in Figure 4.9 and 4.10. However,

for moderate current levels, they are less important then the
thermsl noise generated by the base resistances of the four

quad transistors. The output noise voltage due to rp reaches
its peak value for high velues of k or for Xx = 1l as given

by (b.40). It is 2\[2 times higher then the ry noise pesk
for the age quad (obtained from (4.32) ), if the base resistances
r

B
the noise peek for the agc quad occurs at 6 dB attenuation and

and the qued current IEE are assumed to be equal. However ,

for Gilbert's quad at O dB so thgﬁ rp ‘noise for Gilbert's
quad is only V? times higher than for the age qued, if

the relative ati;.enuation is high and the seame in both quads.
Also, the absolute voltage gein in Gilbert's quad':ls. RE IR/VT

times higher than in the age qued.

As for the agc quad, the relative importance of the noise
due to rp and RL depends on the value of the quad current

I Since the Ty noise peek in Gilbert's quad equals 2 V 2

m L]
times the noise peak in the agc qued, the current IEE at which
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Figure 4.9.

Dominant output noise components in Gilbert's variable-gain

quad versus current division k , computed by CANCER [11]

for the circuit described in Appendix Boko
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Dominant output noise components versus attenuation for

Gilbert's quad, derived from the curves of Figure 4.9.

99



maximm Ty noise equals RL noise, is thus 2 \[2 times

lower for Gilbert's quad than for the agc quad (given by
(4.34) ).

At high frequencies, the noise contribution of the base
resistences decreases so that the collector current shot
noise becomes relatively more important. The change of noise
level et high frequencies for Gilbert's quad is thus very

similar to the age quad and therefore not considered.
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5.1 INTRODUCTIOR

The aim of this study is the realization of a variable-
gain quad with maximum dynemic range-bandwidth product for a
given type of tramsistor. In order to compare the three
basic quads (i.e. the agc amplifier, the multiplier and
Gilbert's quad) the dynemic range is optimized for each of these
in turn. The dynamicvrange of an age circuit is completely
characterized if its dynemic range is known for all values of
Vv, » Thus, the amplitude of the signal output voltage v
and the quad current IEE are selected for maximum dynemic
range (DR) . ‘The corresponding velues of Vo s Igg end
DR are then expressed in terms of transistor paremeters

and collector load RL .

In ordef to achieve a flat transfer characteristic over a
wide frequency range, the quad current IEE should be such
that the quad presents a constant resistance to the input
signal current. Since this is usually different from
the optimum current for dynamic renge, a compromise is to be
made between the value of IEE that gives the highest dynemic

range and the value that gives the widest bandwidth.

All basic quads employ a base-driven pair with emitter
degeneration as the input stage. In order not to degrade
the performence of the quad, the input pair should thus

exhibit an even wider frequency range than the quad itself.
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Also, noise end distortion csused by the input pair should be
lower than that contributed by the quad. It is shown that
the current in the input pair IP and the emitter resistor
RE can be chosen such that these conditions are fulfilled.
Moreover, at low frequencies, the distortion of the pair can

cancel the distortion of the quad under some conditions.

The agc emplifier is selected as the most suiteble
variable-gain quad for a high dynamic range over a wide
frequency band. For optimum performance, the qued 1is biased
at current IEE and the pair at IP which i.s usually higher
than IEE o The improved age amplifier thus employs bleeder
resistances R]3 to make up for the difference IQ between

I, and I

P EE °
have been realized to illustrate the adventages of optimum

One discrete and two integrated circuits

operating point operation.

Pt Bttt bdbmednr s AR el Smmassd

5.2 - OPTIMUM DYNAMIC RANGE OF THE AGC AMPLIFIER

In the agc amplifier, represented in Figure 2.8, the amplitude
of the output signai voltage is determined by the voltage
gain AV , which is controlled by dc voltage VB , and by
the fractional current swing ip , which is caused by input
voltage vy o The emplitude of the output voltage which is
obtained for maximum Av and unity current swing ip is the

highest encountered. It is given by



1
EE ML
. \/ 2

and is represented by point A in Figure 5.l. Any output voltage

see (5.1)

lower than v oM can Be obtained by reducing eithei' Av or
1p or both. In Figure 5.1, all combinations of Av and ip
that yield identical Ve are represented by the straight
line BC . At point B, Av ‘is maximum, whereas at point C,
ip equals unity. For all poélnts on line BC , prqduct Av i

P
is thus constant and given by

v
= ‘L oe °
A, i = S o eoe (502)
where Av’ nax 15 8iven by (2.42) end Vou Y (51)e Maximum
gain A is achieved for all points on line AB . Lines
v, max

parallel to AB thus represent constant - Av lines, where the

value of AV is decreasing towards point C.

The potential dynemic range DR, 1s then defined as the
ratio of maximum to minimum current swing i D or voltege gain

Av over line segment BC . It is thus given by

v

DRP = 20 10810 'v%'n dB soe (503)

vhere v, 1is given by (5.1).

Distortion and noise limit the potential dynamic range by
the dB quantities DRD and DRN respectively. The resultant
dynamic range is then given by

DR = DR, - DRD - DRN coe (5ok)
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At low frequencies, the distortion in the agc amplifier consists
meinly of third-order distortion given by (2.38) which is also
plotted versus 1p in Figure' Sele It is assumed that the
attenuation is high enough to reach the maximum distortion
region. For a given maximum distortion 4, the reduction in
dynamic range DRD is read directly on the graph of Figure

5.1 or is calculated from (2.38) and given by

r
= _B__EE
DRD = 20 log,, VB% 267, | eee (5.5)

As an example, take IEE = 10 mA, rg = 100Qand 8 = 100.
For 1% IM3 at low frequencies, the reduction in dynemic

range DRD only equals l.4 dB, and 1l.h 4B for 0.1% IM3 .

The noise output of the agc amplifier consists mainly of
noise due to thé four base resistgnces Ty of the qued and the
two collector loads R; o In Section L.k, it is. shown that
the noise generated by RL is dominant if the quad current
Ige 1is lover then Ip, , which is given by (4.34). The
noise output voltage is then constant with respéct to Av

and is given by

v

oR, = VSk‘I'RLAf . ees (546)

For a required signal to noise ratio n , the minimum output

voltage that can be chosen is thus given by

om

v =. n VORL . eoe (57)

106



Hovever, since the potential dynamic range decresses with
increasing \A as given by (5.3), the resultant dynemic range
is meximm when v_ equals v itself. This meximum
dynemic range DRM then eciuals the poténtial dynamic range

DRy, and is found by substituting (5.1) in (5.3)s It is

gliven by
1 “EE
DRy, = 20 logy, V—2= = eeo (5.8)

om

The substitution of v, given by (5.7) in (5.8) yields

I
EE
D = 20 log
" 10 hn\,kTRLAf

Expression (5.8) shows that the product of DR, and Vv _

eee (549)

is only dependent on RL and IEE o Dynamic range can thus
be exchanged for output voltage o and thus also for output
signal-to-noise }.'atio n . For the resultant dynemic range,

the value of DRD still has to be subtracted from (5.9)e

For a given value of n, (5.7) yields the value of Vo
at wvhich DR is meximm. For lower values of Vo 2 the
specification of n cannot be met. For higher values of Vo2
the dynamic range decreases because the potential dynamic

range decreases.

Usually,quad current IEE is larger than IEBL so that
the noise peak caused by the base resistance rB is greater
than the noise due to RL . The noise curves of Figure 4,6

can then be approximated as follows. For X > 0.5, the noise

107



108

due to ry is constant and equal to the peek noise found from

(4.32) and given by

' 1
v = —E'E—‘R-L V kKPr. A . X (5.10)
oB VT B

| This aﬁproximation ignores the low-noise behavior of the quad
at maximum gain. However, this low-nolse region is of no
practical use if a wide range of gain values 1is considered.
For x <0.5 the output noise voltage can be approximated by

Vo rB = h X VOB soe (5011)

where VoB is given by (5.10). These asymptotic epproximations ere
derived from Figure 4.6, and are represented in Figure 5.2.

The axis of relative attenuation x is shown in line EC

in Figure 5.2. Since x = 'Av/Av,w the relation between

x end 1 1s found from (5.2) and given by

v
Xel = ‘;,"o_ (X X (5012)
e oM

which also equals the inverse of the potential dynemic range
(not in aB). Thus point B always coincides with x = 1 and
for different values of v o ? point B shifts over the. ip
exis. The noise curves are related directly to the x-axis
and move accordingly as point B moves. This is illustrated
in Figure 5.3 for two different values of Vo Besides
Ty and RL noise, the noise curves in Figure 5.2 also represent
noise due to Ic3 (see Figure 4.6), which can be important at

low current levels.
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For x > 0.5 the output noise VoB is constant.
Consequently, all conclusions stated for a constant noise level
are still valid. For a given output signal-to-noise ratio n
(nl in Figure 5.2), ‘the minimum value of output signal v _

: (v0 in Figure 5.2) is given by (5.7) with Vop instead of
voRL' .

decreases beceuse DR; , given by (5+3), decreases and the

However, for higher values of v the dynemic range

signal-to-noise ratio becomes larger than o, . As a result,

the maximum dynemic range DRM occurs at Vom itself. For

v°>, Vom the dynemic range DR is plotted versus Vo in

Figure 5.4 In this region DR is limited by the potential

dynamic range,except at Vo = Vom ? vhere DRM is also limited

by the peak Ty noise voB .

The value of DRM is again equal to DRP and is thus

found by replacing v bty n vV p in (5.8)s It is given by

Vop

D = 20 log
" 10 o Varr, at

This value of DRM is independent of IEE because both VoM

ees (5.13)

and v.p &re proportional to IEE « Also, DFLM is independent
of RL . For a glven type of transistor, the maximm dynsmic

ra.ngé is thus unambiguously determined by (5.13).

If the emplitude of the output signal A/ is now reduced

to values below v om ? the dynemic range is limited again by
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r‘.B noise but now this noise is dependent on ip as given by
(5.11) and (5.12). This is shown in Figure 5.2 for signal-

to noise ratio n, , which is the same as before (but v, 1s
lower thaﬁ before). For this value of n , the conditions
represented by line segment ED on line BC are thus too noisy
and an amount of DRN of the potentiél dynamic range DRP is
lost. The value of DRN is given by the value of ip at
which the noise limit is exceeded. It is fourd by substitution

of x out of (5.11) in (5.12), after replacing v by

ory
vO/n2 , and is given by !
DRN = 20 log,, b, <2 cee (5.14)
)

The substitution of (5.14) and (5.3) in (5.4) yields a value
of dynemic renge DR, which is independent of Vv (Figure 5.4)
because both DRP and DRN decrease with vo « Also, DRc

is always 12 dB (factor 4) lower than DR, glven by (5.13).

If the emplitude of output signal voltage is reduced
mrthe_r , the dynamic range is limited by noise due to RL
or IC3 , whichever is higher. In Figure 5.2 noise due to
RL is essumed to be higher. For the same value of n as
before, (-n3 in Figure 5.2), the minimum value of A that
meets this specification is agein given by (5.7). ‘At this
point, the curve in Figure 5.4 falls to zero becsuse v

o
canhot be reduced without changing n.



However, if noise due to Ic3 is higher than RL noise,
v, can be reduced still further for the same value of n
(nh in Figure 5.2) as before. Since noise due to 103
only decresses with a slope of 10 dB/decade, the dynamic
‘range decreases with a slope of 20 dB/decade (Figure S.l).
This is found from the same expressions (5.11) and' (5.12).
In this region, both the values of DR and Vo have become

low and thus no more attention is paid to IC3 noise.

From Figure 5.4, it can thus be concluded that for output
voltages lower than Voc ? which is four times larger than

Vom ? 2 dynemic range of at least DRc can be obtained.

Héwever, the maximum dynemic range is 12 dB higher and is

reached at Vom itself. The values of DBM at different
current levels I‘EE are plotted in Figure 5.5. For values
of I, lower than I (k.34) , R, noise is dominant and

DR, increases with I, as given by (5.9)s For high values

EE
of IEE , however, Ty noise dominates and Dl-'tM is independent

of I Also, this value of DR, , vhich is given by (5.13)

EE °
is the highest value that can be obtained for the given

type of tramnsistors and a specific value of n ard is therefore
designeted by DRMM « In the above example ry = 100 @

end for A f = 4.5 MHz, the product n DR, equals 82.5 4B.
Thus, for an output signal-to-noise ratio n = hO dB, the

maximum dynemic range is 42.5 dB. The value of v_ , at
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which DRMM is available, does depend on IEE and RL o For
example, if R = 500Q and I, = 4 mA, the maximm noise
due to rp 1is given by (5.10) and equals Vg 0.105 mVpyes

and thus for n = 100 , Vem = 10.5 vaNS'

For high values of IEE , the optimum output voltage Vom
becomes large, but distortion begins to limit the dynamic range
as given by (5.5)s This is also shown in Figure 5.5. The
optimum value of IEE is thus obtained at the edge of the

noise limited region, which is designated by IEElo at low

frequencies. This value of I, 1is found from (5.5) by

equating DRD to 3 dB. For example, Ipp, oqua1s 12 ma

for d = 0.01 (1% m3) and rB/ﬂ = 1Q.

At high frequencies, the reduction in dynemic range due
to distortion DRD increases. Comparison of (2-38) and (3-9)
suggests an increment of 20 logl0 }2 to (5+5) which results
. B
in a reduction of either the resultant dynamic range DRM or

the optimum value of IEE by the same amount (see Figure 5¢5)e

For example, if f = 6 MHz, DR, decreases by 20 aB at 60 MHz,

B
but the DRM of 42,5 dB can be maintained if the qued current

becomes IEE i = 0.1 1

EElo ©°F 1.2 mA.
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In a first-order analysis, the noise output at high frequencies

remains constant over the frequency range of interest. Therefore,

the reduction in dynamic range due to noise is not changed for high

frequencies.
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Finelly, the small-signal bandwidth over which the age
quad maintains its dynamic range is examined., At high gein
(point B in Figure 5.1) the output trensistors behave as current
driven common base stages at currents close to Im/2 o The
cut-off frequency is thus about fT o ﬁowever, under maxinmm
attenuation conditions, the output transistors exhibit a capacitive
input impedance consisting meinly of their junctlion capacitances
cJE and CJC . They are driven however by a current source
shunted by the inductive input impedances of the other peir
transistors. Pesking can thus occur. In the limit at‘ very
high frequencies, the input resistance approaches rp apd the
upper limit of the dominant time constant is given by

rg = 7y (Cip* ch) . eos (5.15)
The bandwidth is also limited by the output time constant
To = RLCCS . . XX (5016)

The higher value of (5.15) and (5.16) thus Getermines the
bandwidth of the quad. For a given dynamic range, however, this
bandwidth can be severely reduced by direct signal feedthrough,
as indicated in Chepter 3.

53 OPTIMUM DYNAMIC RANGE OF THE MULTIPLIER

For dynamic range comsideretions, the mmltiplier behaves
very much in the seme way as the agc amplifier. The dynemic
range is limited by distortion when the attemuation is high.

As given by (2.50), the maximum distortion is found to be only
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one third of the maximm distortion exhibited by the age amplifier.
If the reduction in dynemic range due to distortion DRD for

the age amplifier is larger them 2.4 dB, the value of DRD

for the multiplier is thus 2,4 dB less. Otherwise, the dynamic
range of the multiplier ia not limited by distortion. ~ In the
above exemple, DRD = l.4t dB for the agc amplifier and zero

for the miltiplier if d = 1% ; however, if d = O.1% , these

numbers become 1l.4 dB and 9.0 dB.

The dynamic range of the multiplier is glso limited by noise,
which is due mainly to the base resistances ry and the collector
loads RL o It is assumed that the Ta noise versus attenuation
(Figure 4.7) is constant and given by its maximm velue. This
holds true only if the dynamic range is higher than about 20 d4B.
The constant noise level is thus given by v in (5.10) or

v in (5.6), whichever is larger. The maximum dyneamic

o
ra:ge DRM is then obtained for an output signal voltage

Vom ? vhich is n +times higher than the maximum noise level.
The value of DR, is given by (568)s ‘The dynemic range of
both the multiplier and the age amplifier are thus limited by
noise in exactly the‘ same way. In the example, the dynamic
range of the pultiplier is thus 1.4 dB larger than for the age

amplifier, because the multiplier has lower distortion.

The dynemic range of the multiplier, however, is most

severely limited by the high distortion due to mismatch (Section
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2-8). It is thus quite possible thet, instead of reducing DRD ,
a significant mreése in DRD is obtained. The agc amplifier
is thus definitely superior to the multiplier if low distortion
is required over a large dynsmic range. The maltiplier
nevertheless exhibits a unique property, which makes it quite
attractivefor use in dc-coupled circuitry. Its de output

level ié constant and independent of the ac gain of the circuit.
This is not true for the age amplifier and Gilbert's quad, which

thus require a differential output emplifier to achieve this

property.

The multiplier is also superior to the age emplifier with
respect to the small-signal frequency response. At high gain,
both circuits have the seame wide ;bandwidth. At low gain, the
bandwidth of the agc amplifier has decreased significantly,
whereas for the multiplier, the bandwidth is about the same as
at high gain, because the dc current is still one half of its

value under high gain conditions.

5k OPTIMUM DYNAMIC RANGE OF GILEERT'S VARIABLE-GAIN QUAD

The dynamic range of Gilbert's quad shown in Figure 2.13
is optimized in a similar way as for the age amplifier. The
distortion and the noise characteristics versus attemuation.

have the same shape as the curves for the agc amplifier.
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Again it is assumed that quad current IEE , which is the
sum of pair currents IEl end IE2 s is constant., The circuit
gain Av is then controlled by the ratio k of current ZIEE2

to Iy, , as it is shown in Figure 2.1k,

For a given output voltage v o ? the values of the maximum
output voltage VoM and the potgntial dynemic range DRP are
the same as for the agc amplifier and are thus given by (5.1)
and (5.3) respectively. As shown in Figure 2,15, the maximum
distortion is encountered st both high attenuation and also at
high gain. Under high gain conditions, however, the noise
output voltage is maximum also (Figure L4.10) such that the
reduction in dynemic renge due to noise (DNR) will probably
mask the reduction in dynamic range due to distortion(DND).
This may not be true at high frequencies where DRD 1increases
without an increase in DRN. In this analysis, however, it is
assumed that noise only limits the dynamic range at low attenuation

and distortion at high attenuation.

The maximum IM3 distortion at low frequencies is given by
(2.54)s For a given upper limit in distortion 4 , the reduction

in dynamic range due to distortion DRD dis then given by

T,
- \’ V B 1EE
DRD = 20 log, Eg 6T, ces (5417)

vhich is usually larger than the value of DRD for the agc
emplifier, which is given by (5.53. In the above exeample,
DRD equals 8.6 dB for 1% 1143 and 18.6 dB for 0.1% J:M3 .
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As for the two other quads, the noise output of Gilbert's
qued consists mainly of noise due to the four quad base resistances
Ty and the two collector loads RL « Using the output
pnoise characteristic of Figure 4,10, the graph of dynamic
range DR versus output voltage Yo is obtained using exactly
the seme procedure as for the age amplifier and is represented
in Mgure 5.6. For purposes of comparison, the DR-v
characteris‘hic of the agc emplifier which is given in Figure

5.3, is also represented in Figure 5.6.

For high values of output voltage Vo the dynamic rénge
DR of the both circuits is limited by the potential dynamic
range DR.P and is thus the same, At Vom the DR is also
limited by the meximmm r, noise. Since for Gilbert's qued

B
the maximim Ty noise voltage is 9 dB higher, the value of
v, at which this noise level is reached is thus 2 \/2 times
higher than Vom and is designated by Vom * For lower
values of Vo 2 the potential dynamic range DRP decreases
at the same rate as the reduction in dynamic range due to
noise DRN decreases and thus the resultant DR remains
constant. However, DR for the age amplifiei' is 3 dB higher
then for Gilbert's quad. . If \A is reduced further, noise
due to RL mekes the realization of signal-to-noise ratio n
impossible and DR goes to zero. It can thus be concluded
that for the same values of IEE » Tg and n , the meximm

dynemic range DRM in Gilberts quad is 9 dB lower than in the
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age emplifier. Also, it occurs at VomG which is 2V2

times higher than, Vom *

As for the age amplifier, the maximum dynamic range DRM
of Gilbert's quad is independent of I, end Rp (Figure 5.5).
At low values of IEE however, the value of DRM decreases
becsuse R; 'noise becomes important at a value of Ig = IEBL/Z\[E:
At values of IEE above IEElo’ distortion reduces DRM o
The value Ige 18 obtained from (5.17) by equating DRD to
3 dB. For the data of the‘exgmple IEElo = 25 mA, For this
example, the DRM of the age qusad is thus always higher than

for Gilbert's~quaﬁ.

At high frequencies, the distortion generated by Gilbert's
quad increases with frequency, but at a lower rate than in the
age amplifier. Since at low frequencies the distortion in Gilbert's
qued is higher than in the'agc amplifier, there exists a cross-
over ffequency above which Gilvert's quad presents less distortion.
However, this cross-over point may be masked by signal feedthrough

which is more severe in Gilbert's qued (Section 3.5).

The small-signal bandwidth of Gilbert's quad under higﬁ-
attenuation conditions is determined by the frequency response
of the output tramsistors Qg end Qg in Figure 2.13. The
collector current in these transistors is low and their input

impedance consists mainly of Jjunction capacitances CJE and CJC .



The dominant time constant is then given by

r (.J;.Y.'!
i 2 T

+r.) (C.o +C,0) ees (5.18)
g B JE V3¢

vhere rp, CJE and CJC all refer to the output tramsistors.

Under high-gain conditions, the collector current in the input

transistors is low and the -3 dB frequency of the output pair
is only fb . The maximum bandwidth for the quad is obtained
when pair currents IEl and IE2 are comparable in magnitude,

The =3 dB frequency is then given by

I g
El El
f z (o= + = ) ¢ oo (5.19)
o] IE2 Vi T
which can be quite close to fT itself. As for both other

quads however, the output time constent given by (5.16) mey be

dominant.

5.5 THE CHOICE OF QUAD CURRENT IEE .

For & given type of transistor, only the values of RL and
IEE affect the optimum perfoimance of a quad. The required
bandwidth determines the value of RL so that IEE is the only

design parameter.

As it is shown in Sections 5.2 and 5.3, the meximum dynamic
range is obtained for a whole range of values of IEE and
output voltage Vo However, signal feedthrough limits the

dynamic range that can be reached at high frequencies. Also,

124
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when IEE is low at high frequencies, the distortion in the
quad is nb longer due only to base resistance s but rather

to Junction capecitance C JE anﬁ my tend to cancel at g spec;ﬁc
value of I, . Very lov values of L., also reduce the
small-signal bandwidth. On'the other hand, high values of IEE
cause peaking in the transfer characteristic. The choice of
the value of Ig, thus depends on many factors which are now

described in more detail.

At high frequencies and for low value of IEE , the distortion
due to base resistance becomes small compared with the distortion
caused by junction capacitance C JE ° Comparison of (3.9) and
(3415) shows that both emounts of third-order distortion ere
equal at the value of Im given by

Vo

Im' = VE; .1:; . eee (5.20)

at freduency fT/g for g >3 Actua'lly, since these types

of distortion have opposite polarity, fhey cancel at cur:ent

IEJ e This null is sharp however, and disappears at higher
frequencies due to changing phase conditions. Using values of
IEE higher than IFJ and taking into account only the distortion
due to rB will give a worst-case result. As an exeample,

take g = 3 ; (5.20) gives I = 08mA for r, = 80Q.

B
When the quad is biased at the current I, given by [ 8]
2V,

T
IEG = r

B

eoe (5421)
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then the paeirs present resistive input impedances (with velue
ré) to the signel currents. The trensfer characteristic

versus frequency is thus flat with fréquency to fT
then equals the frequency given by (5.15). For values of

, which
IEE which are much higher than IEG , the current carrying
transistors have an inductive input impedance and the transfer
characteristic exhibits peaking. This is illustrated in

Figure 5.7 for an agc amplifier using CA 3045 as qued transistors.
The input trensistors Q, and Q, (Figure 2.8) are high frequency
transistors with large emitter resistors RE in order to

jgolate the performence of the quad ficm that of the input pair.
The curves are teken for constant control voltage VB « For

e high value of Iy, peeking occurs (Figure 5.T.a) which is

not present for low iEE (Figure 5.7.b). However, the direct
signal feedthrough, which to a first -order ie independent of the
amplitude of the ac input current, limits the dynemic range more

at the low current than at the high current. This reduction

is mainly due to the difference in the value of Ty for these

two currents and the second-order effects indicated in Section

3.4, If values of L, higher then Iy, ere selected, parasitic
" capacitances such as collector-substrate capacitance CCS and

and the input capacitance of the following output amplifier

always compensate the resultant peaking to some extent.

Note that the value of Ip. , which equals 0.65 mA for rg = goq,

is always smaller than the value of IEJ .
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For the agc amplifier, a lower limit to the value of IEE
is thus provided by IEBL and IEJ o An upper limit is reached
when base resistance distortion starts reducing the dynamic range
(IEEhi in Figure 5.5) and when peaking becomes too great to be

compenseated by parasitic capacitances.

5¢6 THE INPUT VOLTAGE-CURRENT CONVERSION

Both the agec amplifier and the multiplier employ an input
peir with emitter-degeneration in order to convert the input
signal voltage to a differential current drive. Gilbert's qued
also uses this voltage-current conversion but the current in
the pair is not necessarily constant. For a given type of
transistor, the pair current IP and resistances RE completely
characterize the performance of the input peir. In order not
to degrade the dynemic range of the quad over any portion of the band-
width, the‘vélues of IP end RE have to satisfy certain conditions

vhich are now investigated.

The input pair is actually a base-driven pair with degeneration
resistors RE o At low frequencies the feedback caused
by Ry reduces the distortion as given by (2.29). However,
since the distortion in the input pair and the quad have opposite
polarity, distortion cancellation can occur. If the current in
the pair is the same as in the quad (IP = IEE)’ the conditidns

for the values of I, and Ry are found by comperison of (2.29)
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with‘(2.38). For the transistor paremeters of the above example
end Ip = 8 mA, the distortion nulls for Ry = k0Q. Since

this null is very sharp, and also disappears at high frequencies,
it is not of great practical use. Therefore, the currents IEE

and I. are selected independently. This is a significant

P
deviation from the usual biasing of differential pairs. In Chapter
6 a biasing technigue is described that allows a different current
in the quad from that in the input pair.. The performance of the
quad can then be optimized without interfering with the optimum
current level in the input pair. The values of IP and IEE

are selected such that the maximum distortion d is not exceeded

in the qued or tﬁe,input peir independently. For the above
example,it is found from (2.38) that Iy, has to be lower than
10.6 mA to limit the low frequency distortion to 1% m3 (1p =1).
Since the fractionél current swing in the pair is then given by

ip = IEE/IP (if Igp < IP), it is found from (2.38) and (2.29) that
IP has to be larger than IPE given by

1/3

2 )
B8, .o (5.22)

Teg = V‘I'(3 2
RgTp
vhich equals 12 mA for RE =T0Q . Notée that IPE is independent
of d because IEE and thus also the current swing in the pair

both decrease with smaller values of maximum distortion 4.

The output noise of the quad is mainly due to base resistances

Tpy and Tpo and is maximum when the currents in all quad transistors



130

are equal. In Section 5.2 and Section 5.3, the dynamic range has

been optimized for this source of noise. The output noise which

is contributed by the input pair will not affect the above analysis
as long as tﬁe noise generated in the quad is dominant. This

holds true if IEE is larger than IEN , glven by

-1
> B *p3 * Bp
I, = (== +35=) vee (5.23)
EN IP VT rBl + rBe

where rB3 is the base resistance of the input pair transistors.

Source resistances are included in the corresponding base resistances.

P

(5.23) yields Iy

smaller than any of the base resistances, (5.23) gives as worst-

For I, = 2.8 ma, Ry =T0Q, Tp),3 = 80 2 and Top = 1200 ,

= 0.26 mA. Since the value of RE is usually

case-value IEN = VT/RE which equals 0.37 mA in this example.

The value of I thus establishes anothef lover limit to the

EN
value of IEE or an upper limit to the value of IP .

For high emitter degeneration (IPRE >2 VT), the -3 dB
frequency of the input pair transfer characteristic is controlled

by the time constant

7. +C RC

ry = (Rgfe + 3 T B3 oo (5.24)

where 7 is the base transit time and CL13 the collector-bsese

3
capacitance of the pair transistors; RC represents the loed of the

input pair and RS its total source resistance. Expression (5.2&)

is valid if the pair current IP is higher than IPC , &lven by

IPC = 2TVT 3323 R LN (5025)
3 "r3'C
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where CJE is the eﬁitter-hase junction capacitance of the pair
transistors. Since the voltage gain of the total circuit is
proportional to RL/RE , the gain-bandwidth product is independent
of the current level. As a conseqnence,gain‘can be exchanged for
bandwidth by selecting the value of RE .« At current levels below

I the cut-off frequency drops with a slope of 20 dB/dec. For

PC
very low IP , as in Gilbert's quad under high gain conditions, RE
no longer produces broadbanding. The dominant time constant for

the input pair is then approximately given by

Ty " (Rg/2 + rp2) (Cypq + Cu3) ees (5.25)

which mey considerably degrade the bandwidth of Gilbert's pair.
For best performence, (5.25) thus establishes a lower limit to the
value of I, . As an example, take Ty = 0.3 ns , CJE3 = 4 pF.

The worst-case value for R, 1is assumed to be zero. The widest

C
bandwidth is then obtained for IP larger than 0.69 mA,

SeT THE IMPROVED AGC AMPLIFIER.

The sbove analysis hes shown that for optimum performance
the bias current for the quad itself has to be lower than that
for the input pair. Indeed, the distortion in the quad due to
base resistance is reduced by decreasing the current levels,
whereas the distortion performance of the input pair improves
by increasing its bias current. Also, a smaller value of emitter

resistance can then be used to maintain a high value of voltage gain.
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The seme trade-off exists for noise and bandwidth considerations.

The current level in the input peir can only be increessed as long

as its noise does not become comparable in megnitude to the noise

of the quad. However, the bandwidth of the input pair significantly
improves for high current levels, vwhereas lower currents cause

less peaking in the trgnéfer characteristic.

The aim of this study is to achieve a maximum product of
bandwidth with dynemic range. For that purpose, the agc amplifier
is selected émong the quads discussed above. It has been shown
that the optimum dypamic range over its total bandwidth can be
obtained provided the input current source is biased at a high
current 1eve1. The age amplifier built in this wey is called the
1mpr6ved age emplifier and is shown in Figure 5.8. The resistances
R, carry current IQ , which is the difference between the pair

B

current IP end the quad current IEE . The biasing scheme is

such that resistance RB is always much larger than the input
impedance of Q3(Q5) or Qh(QG)’ The voltage gain is then approximately
given by

A
v

n

el

eee (5.27)

if REIP > 2 V@ . The value of RL is limited by the output time
constant given by (5.16). However, an output amplifier is used
with very low input impedance. Its transresistance is TO0OQ and

its configuration is given in Appendix C. Thus capacitance CCS
is no longer the dominant bandwidth limitation. In order to achieve

a voltage gain of 15 to 20 4B, the value of RE is obtained from
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(5.27)s For R, =T00Q , (5.27) yields Ry = T0Q for A 10

or 20 dB. For the smplifier of Figure 5.8, the values of the pair
current IP , the quad current IEE
have to be found so that the product of dynemic range DR and

and the output voltage Ve

bandwidth is maximum. The maximum allowable distortion over the
vhole bandwidth is 1% IM? and the signal-to-noige ratio n should

be at least LO dB for Af = 4.5 MHz under sall circumstances.

The improved age emplifier has been realized with discrete
components (CA 3045) and in integrated form (process Pl and P2).
The values of the transistor parameters,‘which are used in the
selection of IEE and vIP , and which are obtained by the
procedures éiven in Chapter 6, are listed in Table 5.1l. The
paremeters which have been used for the example throughout this
Chepter are included. For each type of transistor, the maximum

dynamic range is calculated and also all current values that

are pertinent to the choice of IEE and IP .

Since transistors with single (1B) and double (2B) base
strings are used, two different values of ry are listed.
For noise calculations, their average is teken. Since n = 100,
the maximum dynamic range that can ever be obtained is 43.6 4B
for Pl . At low frequencies, sny value of I, between 0.37 mA
and 2.9 mA allows that maximum to be achieved. For instence,

100 x 1

if I, = 1 mA, the value of Vom is given by G55 2.35 mV,

EE
However, at high frequencies (70 MHz) this maximum dynemic range

of 43.6 can only be achieved if I, < 0.4 mA and thus O.4 mA
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Pl P2 CA 3045 | Example
rélo (2B) 65 580 180 80
Thni (1B) 105 710 180 120
Tho Hrg * rBhi) 85 645 180 100
fin at high I, Mz 210 620 400 530
Cos at -5V oF 3.1 3 3 3
Cu at "’5 v pF 2.1 242 105 007
Cig oF 8 T 5 h
B 22 800 100 100
n. DRy, (5.13) dB 83.6 4.5 80 82.6
Iemio (5.5) mA 2.9 11.8 4,75 10.6
Im1(fT/3) mA 0.40 0.0k | 0.1 0.30
n IEE/VOAI (5.10) s Lo 14.2 25.5 38
L (4.34) mA 0.37 0.13 0.245 | 0.33
£o(|ARp | = 1)

(3.30) MHz 430 14k 350 850

Ine (5.21) mA 0.80 0.09 0.29 0.65

I (e=3) (5.20) mA 0.98 1.10 0.35 0.80

Ipg (5.25) mA 0.60 1.h2 0.65 0.69

Ipg (5.22) mA 21.5 13.6 T.5 12.8
Table 2.1.

The values of Quad Current IEE and Input Pair Current IP

which

are instrumental in the choice of IEE end IP

for the Improved

. Variable-gain Amglifier.
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seems to be the best choice for IEE . This dynamic range is
not yet limited by feedthrough since at TO MHz 48 4B sttenuation
can be obtained (the dynemic renge is zero dB at 430 MHz but
increases at s rate of 60 dB/decade)s For I., = 0.4 mA, the
bandwidth of the quad is rather low. A value of 0.8 mA or
higher would be better. Also, at O.4 mA, distortion due to
Junction capacitance is dominant and may reduce resultant dynamic
range. A value of 0,98 mA or higher is suggested. Choosing

1 mA solves both latter problems but 42.5 dB dynamic range will be
available only up to 70/2.5 = 28 MHz and the optimum output
voltage is now 5.9 mV, If the bandwidth of T0 MHz 1§ required,

only 34.5 dB dynamic range is ottained.

For the input pair, four times 0.6 mA will provide a wide
bandwidth. Since this 1is larger then 0.37 mA, given by (5.23),
the noise from the input pair is negligible. However, in order
to reduce the distortion in the input pair to less than 1%, the
value of I. has to be at least 21.5 mA. This velue can be

P
lowered by increasing RE .

Experimentally (Pl), the maximum dynamic range was found
to be 33 dB at 70 MHz ( Af = L.5 MHz), which occurred at output

signal Vom = 3.5 thMS « 'The current levels were IEE = 1 mA

and IP = 6 mA. The deviation of vom from the predicted

value can be explained by noting that the output noise is reduced
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at high frequencies and thus also Vom * However, the corresponding
increase in dynamic renge is partially cancelled by the relstively
large aﬁount of distortion generated in the input pair. Therefore
the va;l.ue of resultant dynemic range is close to the predicted

one.

Whereas the value of v om is experimentally easy to determine
(n times meximum noise level), the value of I, for optimum
dynamic range is much more cumbersome to find. Fortunately,
experiments have shown that the optimum value of IEE is less
critical then it is suggested by the calculated values given in
Table S5.1. The maximum dynemic range of 35 dB, obtained at
Igg © 1 mA, decreased by 3 4B at the current values Ipp = O.4 mA
and 1.5 mA. As a consequence, an acceptable value of IEE

can be estimated directly from Table 5.1 end need not be further

refined by experiments.

The -3 dB frequency at full gein is limited by the frequency
response of the input pair. Although (5.24) yields only 90 MHz,
the experimental (P1) value was approximately 120 MHz. This
discrepancy is probably due to inaccurate knowledge of the values
of 1’T and Tp Por which average values have been used. At
120 MHz, the feedthrough line (Figure 5.7) was reached at 32 dB
attenuation. Thus frequency £ p = 410 MHz, which compares

favorably with the predicted value of 430 MHZ.
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The performance of the circuits of processes Pl and P2
are compared under the same conditions of quad current IEE
(1 mA) end frequency (70 MHz). The total pair current I,
however, equals 4.5 mA for P2, The meximum dynamlc range was
then obtainéd at 11 mVRMS output signal and was only 27 dB.
This is much less than for process Pl, beceuse the base resistance
is much higher. However, the value of f,, 1s also higher

T
such that this difference is somewhet compensated.

The -3 dB frequency was 160 MHz., This is more than Pl
because of the higher values of fT and RE in the input pair.
Approximately 1 dB peaking was found under high gain conditions,
which is due to the relatively high quad current I, (Figﬁre 5¢T)e

Frequency f_, was found to be 380 MHz, which is much higher than

f
the value given in Table 5.1. This is probably due to the
over-estimation of base resistances. This would also explain
why the dynamic range for process P2 is not very mauch lower than

for Pl as suggested by the ratio of the base resistances in Table 5.l.

Finally, the improved agc amplifier has been realized using
a matched transistor quad CA 3045, The main purpose of this
circuit was to study the smgll-signal frequency response and the
signal feedthrough. Since & high frequency transistor pair
(2N 3423) has been used for the input stage, the dominant time
constant is caused by the £, of the output transistors.

T
In this way, e bendwidth of 220 MHz has been achieved, which is
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more than fT/2 of that device.

Although feedthrough is affected by several transistor
parameters (see (3.30) ), it is mainly determined by the base
resistances and the total collector-base capacitance. For
discrete devices, a considerable amount of paresitic capacitance
is included which affects the feédthrough quite significantly.
This is 1llustrated by comparison of £, obtained with CA 3045

f

and ff obtained in the example (Table 5.1). A low value of

Cu leads to a high value of frequency ff and thus to a high

dynamic range at high frequencies.

Fiﬁall&, it is interesting to compare the performance of
the improved agc amplifier and the age amplifier with equal total
currents. In the agc smplifier, the quad current IEE equals
the peir current IP so that noise and distortion are greatly
enhanced. For process Pl, the worst case reduction in dynamic
range that can occur is then 15.5 dB due to distortion and 15.5 dB
due to noise. The actual reduction depends on the specifications
of maximum distortion and output signal-to-noise ratio. For P1
and d = 1% and n = 4O dB, the dynamic range decreases by
approximately 21 4B, which is qn;te significent. Of this amount,
12 3B is due to noise and 9 dB due to distortion. At low frequencies,

the decrease is only 17 dB, but is entirely due to noise.
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CHAPTER 6.

m INTEGRATED-CIRCUIT REALIZATION OF THE

IMPROVED VARIABLE-GAIN AMPLIFIER.
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6.1 INTRODUCTION

The improved varisble-gein qued is implemented in an
integrated circuit fabricated using regular six~-mask processing.
Two types of npn transistor are used in the signal path. The
first is a small-size transistor and is designed to keep
signal-feedthrodgh as low as possible. The other transistor
has a multiple-base stripe for the purpose of low circuit
noise and distortion. One lateral pnp trensistor is used

for biasinge.

The improved age amplifier is embedded in a dc feedback
loop which allows the adjustment of the current level in the
signel transistors. Since performance is closely related to
this current level, it is thus possible to bias the eircuit for
optimum performance in any type of applicatibn. Precautions
are teken to avoid voltage supply feedthrough when the output
signal 1e§e1 is low. Gain variation with temperature has

been minimized to a first order.

Due to the importence of base resistance'in determining
the distortion, noise and frequency performence of varieble-
gaein amplifiers, considerable effort was mede to characterize
base resistance in bipolar tranmsistors. The circle-diagrem
method has been found to be the most suitable technique to
estimste base resistance ss a function of collector current.

Also, & new technique has evolved, called the phase-cancellation



method, which gi#es an estimate of base resistance from one

single measurement.

The parasitic capacitance of packege and alu;ninum paths
must be accounted for in the determination of the common-
emitter unity-gain frequency fT and the Jjunction capacitances.
This was accomplished by calibrating the measurement equipment
by means of an identical integrated transistor with closed

contact windows.

6.2 TRANSISTOR DESIGN

The ac part of the improved agc amplifier contains two
types of npﬁ transistors with specific requirements._ The
output trensistors Q, and QB (Figure 5.8) have minimum
size in order to keep the collector junction capacitances small.
On the other hand, the collector series resistances also have
to be restricted to low values in‘order to reduce the loss in
gain by voltege division with the load RL o For a minimum
linewidth lu = 10 p the layout chosen for this type of
transistor is shown in Figure 6.lea. The junction depths
and resistivitiés for two different prdcessing procedures
Pl and P2 are given in Table 6.1l. The resistivity of the
epitaxial layer is chosen for best trade-off between collector-
base and collector-substrate capacitance, collector series
resistance and collector-base breakdown voltage [19 ] . The

thickness of the epitaxial layer xEPI is determined by the

k2



143

© 0f = '{ 9ousysp UCTIBTOST ¢ OT = T UIPTA oupl wnmpupy  dud TexegsT (o) {(24) udu 9ssq

-aTqnep (q) mﬁﬁmv udu o92z7sS-TTsUS Aav t 8J03815UBI3 3INOI[O-Pa}BIBIUT JC UOTROI8-980J0 Pus AI}3WOIZ 30BFING

*T1°9 oIndid .
@ @ T (s)
+U . o +U d +U
. . 4
™, w
u u
+U : +u " q
44 +U x
- " =
d _m._ d d =1 ¢ =] < d ﬁ »
L | SRE——— _ I ) } . ! ) | & “ ¥ ) 4 L | 4 ¥ L .} ] _
S " § q 0 cd a 1d o -— q g 0
apTXO0 143, '
x I . ,¥V UOT3098-8801D
T T
] y—

-4 R 0 1 N 1 oy I 1 0 N E P B -+-1-F}-1-1-1-1- ....-!..r-...:-.am-..- 5 H O R




1

Pl P2
P 8UB Qem 8 10
PEPI Qcm 1 1
PEL Q/sq 8 12
PB Q/fsq 70 135
PE Q/sq 2 2.2
0

XSuB " 250 25
XpP1 K 12 10
Xp1, M 3 2.5
XB 7% 3 . 5 106
xg M 2.7 1.2

Table 6.1

Processing Details For Procedures At EeRoLe U.C. Berkeley (r1)

And At Signetics Co

ration, S

ale (P2
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base diffusion depth x (3.5 p in P1 ), the base-collector
space-charge region (2 p at -16 Vin 1l Qem epi) and the
outdiffusion of the Arsenic buried layer into the epitaxial
layer Xpr, * This outdiffusion main]y occurs during the

isolation diffusion of Boron and is approximately given by [ 20 ]

Xy, = Ygpr zis ees (6.1)
where D and D are the diffusion constants for As
end B respectively. At 1200°C it 1s found that approximately
Xpy, = xEPI/h . An epitaxiel leyer thickness of about 10
is thus sufficient but in Pl a thickness of 12 y has been
chosen to allow for thickness uncertainties. During the
isolation diffusion, the Boron also diffuses laterally
underneath the oxide. As a rule of thumb, lateral diffusion
proceeds as fast as vertical diffusion. !ﬁlé_ distance between
the buried layer and the isolation wall 1 i thus has to be
larger than the sum of the side-diffusion lengths of the isolation
wall (121 ) end the buried layer (3p ) If misaligmment up to

5 u is allowed, a safe value is obtained for 11 = 30 .

The outer transistors of the pair Q3 and Q (Pigure 5.8)'
are designed for low base resistance ry and especially for a
low product of base resistance and emitter;base Junction
capacitance C JE ° This product. does not decrease significantly

if more than two base stripes and one emitter are used because
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c‘_jE then increases by the seme ratio as Ty

The surface geometry of this transistor is shown in Figure

decreases.

6.1.b. Decreasing the base resistivity also decreases the

value of rB but increases the value of CjE °

CJE is reduced [ 19, 23 ] but a considerable reduction in

The product
s
8 1is then experienced. This is clearly illustrated by the

values of 8 and r, for both processes Pl and P2 1listed

B
in Table 6.2. The values of CjE are listed in Table 6.3.
For a higher base doping (P1),8 and ry are both lower but C JE

is higher than for process P2 with higher base sheet resistivity,

Product Ty is lower for Pl whereas ratio rB/B, which is

o
important at low frequencies, is lower for P2,

For biasing purposes, lateral pnp transistors are also used,

Because of their low fT

path. For a standard six-mask process, the emitter of the pnp

, they cannot be used in the signal

and the base of the npn are diffused simultaneously. Thus a

p diffusion with high sheet resistivity will cause a high value
of 8 for the npn but a low emitter efficiency and thus a low
value of 8 for the pnp. | Also a narrow lateral base width and
the presence of a buried layer improve the efficiency of the
carrier transport from emitter to collector and thus improve 8 .
However, decreasing the basewidth is limited by side-diffusion
and punch-through. Also the Early voltege V.

E
small. For these reasons, the value of the basewidth has been

becomes very

chosen to be 10p . The layout of the pnp transistor is shown

% The symbol Vﬁ has been chosen because VA refers to the dc control voltage

of the agc amplifier.



P1 P2
1B 2B pnp 1B 2B . pnp
Ig fA 0.60 | 0.60 6.2 | bel k.0 1.25
n 1,00 | 1.00 1.11 | 1.10 | 1,10 | l.11
Vg v 100 | 100 60 20 20 70
8(1ma) 22 | 24 5.5 | 800 | 800 | 0.6
(0.1mA) 10 12 19 800 800 1.7
fT(SmA) MHz 210 | 210 - 625 660 -
£(005mA) Me 135 | 140 L 210 210 | 1.1
Co | 93 9.6 | 10,2 - 8.3 10,8 -
o ms 0.70 | 0.81 - 0.22 | 0.20 -
rp(sma) | @ Th b - 5800 ko -
Taeh Q 105 | 65 - |10 |80 | -
T Q 48 47 - 50 h2 -
Table 6.2

Transistor Parameters For Processes Pl And P2.

4T



Pl

1B 2B 1B 2B
C, (ov) pF 2.12 3.17 2.25 3.07
¢, (-5v) PF | 1.3b 2.18 1.25 1.90
@, -V | 0,56 0.56 0.50 0.48
c JE(o-v) 193 2,25 3.29 1.61 2.05
LI v 0.76 0.7h 0.8h 0.83
Cas(OV) pF .10 4.50 3.73 3.78
Cog(-5V) pF 3.1h 3.41 3.0k 3.10

Teble 6.3

Capacitance Values Of The Transistors of Processes Pl And P2
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in Figure 6.1.c.

6.3 DEIGN OF THE INTEGRATED CIRCUIT

The improved agc amplifier of Figure 5.8 is embedded in
the integrated circuit represented in Figure 6.2. A microphoto-

graph of the circuit is given in Figure 6.3.

The biasing scheme has to satisfy two épecific requirements.

The totel qued current I., , which is the sum of the emitter
currents of Qh ’ QS ) Q’6 and Q7 , mast be stabilized with
respect to transistor pareameters. This must be achieved

even when IEE is small compared with the total pair current

Ip which flows through Q, . Also, the output terminals at
the collectors of Q6 and Q.{ must be isolated from the
collectors of Q, and Qg in order to prevent feedthrough
along thg power supply lines. The design of a bias network

to achieve these objectives is now discussed in detail.

Trensistor Qj, which carries current IP ’ deﬁvers
the quead current IEE and also current I. , which flows through
resisﬁances RBl and R32 « If :Itm is only a fraction of
IQ , any inaccuracy in the determination of IP would cause
considerable variation in the amplitude of current IE "
Therefore, current IEE is sensed by diode-connected transistor
Q8 , which drives Q9 ’ Q'lo and finally Ql « This feedback

loop stabilizes IEE at the value given by

149
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28k
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Figgre 6020
Integrated circult realizstion of the Improved Agc Amplifier. The resistor values are

given for process Pl. For process P2, the resistor values are twice as large.
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Figgre 6 ° 3 °

Microphotograph Of The Iingroved AGC Amplifier In Intgg_iated

Form; The Circuit Dimensions Are 1.18 x 1.48 mm, And The

Reduction 43x.




Ig
IEE = T -1 . eee (6.1)

where T is the dc loop gein, approximately given by

pok
"

Factor h 1is the current gain realized by transistors 'Q8

T vee (6.2)

and Q, with emitter resistor Ry , and is thus given by the
ratio of 109 to IEE or

I hR, I

1 1 SN R “EE
- = = o em——— exp (—-———) cee (603)
h By Igp *p Vip

in which ISR and ISP are the saturation currents for Q8 and

Q9 respectively; o and $ are the common-base and common-emitter

current gain of pnp transistor Q9 o The value of IEE is

thus determined by current IQ and resistor RR o The value

of current IQ is given by

V.-V, +V_
I C= CC A mon [ X X (60“)

Q Bp1,2

vwhere vBEon equals about 0,7V and VA

the bases of Q6 and Q7. For the resistance values shown

is the voltage at

in Figure 6.2, it is given by

v, 2 L eoe (6.5)

As it is seen from (6.1), (6.2) end (6.3), the value of

IEE is a decreessing function of the value of resistance RR °

When RR is shorted out externally, IC9 reaches its highest

152
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value and IEE its lowest value. Current IEE can be
reduced further by connecting in parallel with Q9 an external
pnp transistor with higher ISP , or by raising the Vi_altage
level at the base of Qlo by means of external resistors.
However, this latter method de-activates the stabilization

of the feedback loop and is thus less attractive then the first

method.

Large values o IEE can be achieved for high values of RB .
Since RR is limited to the velue used in the integrated
circuit, IEE can also be increased by lowering the voltage
levei at the base of Q'lo « This can be done conveniently

by connecting external resistance from this point to ground.

As en example, consider process Pl, For this process,
T = 1200 h and for Vcczlov and IQm3.8mA,IEE=12.5mA
if no external resistors are used end less then 0.l mA if RR
is shorted out. In process P2 , P =1230 h and for vCC =12V

and I. = 2.3 mA, I, = 1.67 mA but 1.06 mA if Ry 1is shorted

Q EE
out. The connection of a 284249 in parallel with Q,9 changed
these currents respectively to T.h mA and less than O.1 mA.

An external resistance of 19.Tk between the collector of Q13
and the base of Qlo also causes I'EE = 0.1 mA without

shunting RR or Q9 .

The feedback loop is decoupled at high frequencies by

bypassing the base of either Q9 or Qlo or Ql with a high
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and is added in the collector lead of Q9 o The other resistance
(4 Q) was diffused together with the emitter n-diffusion and
connects the bases of Qg and Q7 (voltage level V, ) with

the emitter of Qll o

The outﬁut transistors Q6 and Q7 are small-size
transistors, whereas the other transistors of the qued Qh
and QB and also the input transistors have a double base
stripe to minimize base resistance. All other npn transistors
only serve bias purposes and are thus small-size transistors.
Care wes taken to lay out the quad and input peir in as
symetrical and compact a way as possible. Also, the input and
output paths are bonded to leads on opposite sides of the
TO-5 package. The input leads are separated by the ground
(end substrate) lead and the output leads are sepgrated by the

pover supply lead.

6.4 TRANSISTOR CHARACTERIZATIOR

As shown before, the performance of the improved agc
emplifier is mainly limited by transistor parameters such as

base-transit time r , both junction capacitences CJB and CJC ’

the collector-substrate capacitance Ccs and also base and

collector series resistances rB

special effort was taken to characterize these perameters.

and To e Therefore,

The small signal current gain B8 is included for its effect
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quality capacitance. However, bypassing the base of Q9 has
the additioynaliadvantage that common mode signals ceused by

the signal currents in Qh and Qs are prevented from reaching
the output terminals. Alsa, the inclusion of resistance RA
improves the isolation significantly. If the input signal
drive is not differential but applied only to one input terminal,
another bypass capacitor to ground is required at the other input

terminal.

In order to avoid excessive circuit complexity, no effort
was made to make the current levels independent of supply
voltage V..o However, as it is shown by (6.5), arrangements
vere made to keep the voltage level VA
with temperature, because the dc control voltage is applied

approximetely constant

to this point. Actually, the control voltage is applied to
the bases of the outer transistors Q'h and Q’5 because this
point cah then be bypassed to avoid gdd:ltional effective

base resistance. A low resistance to ground for the bases of
Q6 and Q.r is less important. On the contrary, additional
base resistance tends to compensate the distortion at high
attenuation (see Section 2.6). Nevertheless, the output
resistance of Q‘ll » which provides V, , is never high

A
because Q’l.l also delivers the collector current of Q'lo .

In order to make the circuit planar, two cross-unders

have been used. The first (8 k Q) is made from the p-diffusion
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on low frequency distortion. For bias considerations, dc
parameters such as the saturation current Is , the emission
coefficient n and the Early voltage VE are also characterized.
The collector-base reverse bias for all tramsistors is 5V
unless stated otherwise. The results are listed in Tables

6.2 and 603. ‘

6.k.1 SATURATION CURRENT IS AND EMISSION COEFFICIENT n .

The dc collectorcurrent Ic is related to the base-

emitter voltage V... by

BE
V.
BE
Ic = Is exp ( 'Ev';) xxl (6.’")

vhere IS is the spturation current and VT equals 26 mV

at 27.6° C (obtained in mV by dividing the absolute temperature
in % by 11.60); n is the emission coefficient. The results
are obtained for collector currents between 1pA and 100 KA
where 1n Ic is 11_.near in V and temperature effects are

BE
negligible.

6.4.2 EARLY VOLTAGE VE ARD AC CURRENT GAIN B .

The Early voltage V.. is the ratio of the collector

E
current to the slope of the IC - VCE characteristic at that
current. For moderate currents, it is independent of current [12]

and measured on the curve tracer. ‘The ac current gain 1is



also measured on the curve tracer. As expected, the 8 of the
pop transistor peaks at a much lower current then for the npn

transistor.

6.4,3 ~ COMOE-EMITTER UNITY-GAIN FREQUENCY £

This frequency is obtained by measuring f at 100 MHz.
However, the value of i’,“3 for a transistor packaged in a
TO-5 can is lower than for the seame transistor used in the
actual integrated circuit. In order to obtain the real device
fT , these parasistic capacitances are resonated out by a
parallel IC ecircuit across the imput terminals, which is tuned
at 100 MHz. For this purpose a transistor is used with
exactly the same bonding and package as the tramnsistor for which
£,

T
not opened and thus no electrical contact is made.

has to be measured, except that the contect windows are

Plotting :l./fT versus 1/Ic gives a straight line for

low values of I, [16] . 1Its slope is given by

c
Io
7 - 2r ¥y C, eoe (6.5)
vhere C, = C,p+C,, . Extrapolation to the :L/fT axis

yields the effective base transit time 7, which is related

c
to the base transit time r by

Tc = T + rc Cu . eee (606)

157
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Other components in f, [ 16 ] are unimportant if fn 1s not
very large. The results obtained are listed in Table 6.2.
The value of C P is mainly determined by surface geometries
and is thus about the same in both processes. Process P2
makes use of shallower diffusion depths however, and thus

yields a lower value of 7 c*

6.h.4 BASE RESISTANCE.

Throughout this study it has been shown that the base
resistance has a dominant effect on the noise and distortion
performence of varieble-gain emplifiers. Also, it has been
found thatthe optimum choice of current level in the amplifier
mainly depends on the value of the base resistance. - For this
reason,an accurate method of estimating this value is of crucial

importance.

Several methods have been surveyed, but two methods have
been found to be most useful [ 8] . The first one is called
the circle-diagram method. It yields an estimate of base
resistance from the measurement of the common-emitter input
impedance as a function of frequency. This method has
the advantﬁge of averaging a number of data points (at different
frequencies) for better accuracy. It allows high frequency
deviations to be easily detected. Also an estimate of base

resistance can be obtained over a range of collector currents.



This method also ylelds a good estimate of the -3 dB frequency

for the common-emitter gain -fB .

The other method is called the phase-cancellation method.
It gives an estimate of base resistance from the measurement
of the common-base input impedance at the collector current
vhere this impedance is real. It involves only one measurement
at one arbitrary high frequency. Both methods are now bdriefly
examined. Only the aspects which are important for this

study are retained from the general treatment [ 8 ] .

The hybrid-r model of a bipoler tramnsistor i1s represented
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in Figure 6.4.a. The common-emitter input impedance is measured

with a Wayne-Kerr RC bridge at several high frequencies.

Each time,all parasitic capacitances of package and paths

are included to null the bridge. ‘They are thus not represented
in the model of Figure 6.4.a. The measured values of input
1upedanée are plotted in the complex phase and a eircle of

best fit is drawn (Figure 6.4.b). The low frequency real

axis value Ri,lo

Ri,lo 2 Pp + rB + (1 "'ﬂ) rn Xy (6.7)

is then given by

and the high frequency real axis extrapolation of this circle

is approximately given by

Cc
Ri, ni @ Tp [l --2-%; (1+gmrc)] ese (6.8)

with Cp = C + C (1+g rg)e The lover point of the
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circle coincides with frequency fB

N .
fa = D1 r’r CT ] [ X X (609)

Emitter lead inductance and excess phase are not taken into account.

which is given by

?rdm the gbove results the values of rB and 1-E are

obtained as follows. After calculation of gm and measurement

of 8 ,C end r,, the value of r. is found from (6.8)

c B

and the velue of rp is found from (6.7)s Scaling the

circle in frequency gives the value of i"3 + For all npn

transistors, the values of r, are given in table 6.2 for

B
Ic=5mA.

At high frequencies, the distributed nature of the base
resistance causes deviation from the circle (Figure 6.k.b)
This starts about at frequency £. which has been fourd to be

d
usually higher than frequency fB defined by
£
T .
f = - ° [ X X} (6010)
B & T3

For this reason, the circle is fitted to the data only for
frequencies below fB « However, the value of Ty obtained

in this vay 1is useful up to frequencies much higher than fB .

The circle-diagram method becomes increasingly difficult to
use at lower collector currents unless f is quite low, because
the diemeter of the circle becomes large compared to the high

frequency asymptote. For low currents, the other method is used.
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The phase-cancellation method gives the value of base
resistance at one low collector current and proceeds as
follows. The common-base input impedence is measured at one
arbitrary high frequency. The collector cuvrent is then
varied until this impedance has become real. It can be shown
that this occurs at

Vo
ICB = ';; (X Y (6.11)

at which current the input resistance is given by

Rin = . I'B ‘+ I'E soe (6012)

This can be understood by examining the model in Figure 6.k
The impedance consisting of and C, is always capacitive

so that the presence of r_, causes the current generator to

B
look inductive. For high current levels, the current generator
dominates and the input impedance is inductive.‘ For very

low current levels, the current generator has negligible effect
and the input impedance is capacitive. As a result, a current

exists at which the input impedance is purely resistive.

This current is given by (6.11).

The effect of small capacitences is negligible as long
as they do not appear at the emitter lead. For the npn
transistors, the values obtained by the phase-cancellation method
are denoted by erh end are listed in Table 6.2. Since these

" values are obtained at lower currents than the ones given by
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the circle-diagram method, they are higher in value because B

decreases as collector current increases.

6eke5 JUNCTION CAPACITANCES CIE ’ c]C AND cCS'

The bandwidth at low quad currents and the signel feed-
through ere dominated by the junction cepacitances. Prediction
of circuit performance thus relies directly on accurate

knowdedge of these capacitance values.

These capacitances have been meésured by means of a
Boorton capacitance bridge at 100 kHz. The bridge is nulled
with the parasitic capacitances of package and paths corrected.
The results are listed in Table 6.3, It has been found that
the capacitances c 4B and ch depend on their bias voltage
by a one-third law. ICapacitance Ccs obeys a one-half law.
Also, an aluminum path of 50 x 50 K represents about O.4 pF.
Adjacent leads of a T0-5 add about 0.3 pF parasitic capacitance
or about 0.1 pF if the leads are not adjacent, These values
illustrate the importance of accounting for parasitic capacitances

in the messurement of transistor junction capacitances.
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The optimization of the dynemic renge end the bendwidth of
integrated variable-gain amplifiers is {llustrated by the design
of three basic amplifiers which consist of a quedruple of transistors
driven by an input pair. The circuits examined are the age
amplifier [3] , the multiplier [2] and Gilbert's variable-gain
quad [1] . An extensive analysis of distortion and noise in these
quads has shown that the agc amplifier is most suitable for the
realization of a high dynamic range. Mismatch of the transistors
1imits the performance of the mltiplier and the dynemic range of

Gilbert's qued is mainly limited by disf,ortion.

The maximum product of output signal-to-noise ratio and
maximum dynemic range n. DRM that can be achieved with a
given bipolar tramsistor depends only on its base resistance.‘
As a consequence a practical upper 1imit for this product is
found by assuming very small base resistances (20Q ). Fora
frequency band of 4,5 MHz, the product then equals 95 dB. If one
thus requires 40 dB signal-to-noise ratio, 55 dB dynemic range

" is about the best that can be expected from bipolar transistors.

In order to achieve this maximum dynamic range in an integrated
agc emplifier, the current level in the quadruple has to be
sufficiently low so that distortion and noise fall within the

required limits. However, to obtain low distortion over a
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wide bandwidth in the input stage, the current in the input pair
hes to be high. In the improved agc amplifier a dc feedback
loop stabilizes the quad current at a much lower value than the
pair current. Only in this way can the maximum dynemic range

be reached for given transistor parameters.

The maximum dynemic range is obtained only for a very specific
value of output signal amplitude. In some applications however,
a larger output signal is more important thean the maximum dynamic
renge. The current in the quad then has to be increased which
causes a reduction in dynamic range due to bese resistance
noise in the qued. 'Also, if the current level in the input stage
is judged to be too high for power considerations, the current can
' be decressed at the expense of reduced dynamic range due to distortion

in the input pair.

The input pair also limits the frequency response of the
age smplifier. This is only true however if the effect of the
output capacitance can be made negligible by the output amplifier,
as was the case in this work. The current in the quad itself is
usually not so low that it affects the time constent of the input

stage.

The improved age amplifier has been realized in integrated
form using two different processes. For the first one, the
maximum dynamic range was found to be 33 dB at 70 MHz (Af = L.5 MHz )

end was obtained at 3.5 vaMS output signal. This is only 1.5 dB
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Jess than the theoretical velue for at least 40 dB output signal-
to-noise ratio and less than 1% third-order intermodulation distortion.
At this frequency, the dynemic range is mainly limited by feedthrough
and not by distortion. At full gein, the bandwidth was

120 MHz but for 32 dB attenuation and more, the bandwidth

decreased again due to signal feedthrough.

For the second process, the base resistance is much higher
so that only 27 4B dynemic range was obtained. Bandwidth and
signal feedthrough were gimilar to the values obtained for the

first process.

For previous circuits, the total current in the pair vas
the seme as in the quad so that large amounts of distortion and noise
were generated in the quad. For the same total current as in the
improved age smplifier, the agc amplifier shows 12 4B less dynemic
range due to noise and another 9 dB less due to distortion. It
can thus be concluded that different current levels are needed in
quad and pair to achieve the maximum dynemic range possible with

the given transistor parameters.
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Al PROGRAM "ROLIEE."

For a non-linear transfer function F(X) = 0 with derivative
DERF(X) = O , program NOLIEE calculates the harmonic output |
components for a sinusoidal input waveform. Tﬂe nnn-lixiear
equation is solved over NFO points by SUBROUTINE RTNI. The
tabulated output waveform FST(NFO) is then Fourier analysed
(RHAR harmonics) by SUBROUTIRE FORIT. The 1isting is included

for equation (2.32).

A.2 PROGRAM "NONLIN,"

Program NONLIN is similar to program NOLIEE, bﬁt solves a
first-order non-linear differential eguetion instead. The
number of points is again NFO. For each point Z the function
value VALUE st the next point (i.e. at Z + DT) is celculated
by a fourth-order Runge-Kutta method described in SUBRDUTIRE
RKGA (VALUE, Z, DF). Therefore the derivative of the function
VALUE with respect to Z is calculated in SUEROUTINE DUM (VAHJE,Z).

The Fourier Analysis is performed by SUBROUTINE FOURAN.

The listing is given for Equation (3.3). Parameter b in
(3.3) is represented by B, B in (3.4) by A and B in
(3.5) by CURI. Also Iap in (3.3) is trensformed into F by

1 - 1 L VK(B,Z,CURI)
c2 E° l+expF

oo ( &1)
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in order to avoid 1n functions in the equations.

Another example for solving a non-linear differential
equation of the first order is given in program ECURC. This
program yields i as a function of t for the equation

exp (Vcost - B‘%% -M) = 1+1 oo (A2)
\

using the transformation

1+1i = exp (£). eeo (A3)
This program is given because of an additional feature which is
not present in NONLIN., The computational stability of the solution
is verified by comparison of the first and last function values
of one period. Only if they differ less then a given limit is
the Fourier analyeis performed. Otherwise the computation is
extended for snother period. This continues for a limited

number of iterations until stability is obtained.



RUN FORTRAN CUMPII FR VERSION 2.3 Bal

1M
PROGRAM NOL IBE( INPUT,0UTPUT)
10003 COMMON RS ,BE,SIV,B1,82,AINL,AIN2
10003 DIMENSION FNT(SOO),FST(SOO)oSIF(ll)vCOF(ll).ACS(ll)
10003 EXTERNAL FCY
0003 EXTERNAL FCS
10003 DO 150 NKA=1,30
100 05 READ 2014NPOyNHARyNRyRS BEyVEsKBE1yKBE2
10030 IF(NPD.EQ.O0) STOP
10033 PRINT 240 4NPOyNHARyNR yRSyBEoVE9KBEL yKBE2 9 NKA
10061 NE=(NPO-1)/2
100 64 PRINT 204
10067 [END=20
Y0070 TPI=NPO
10071 B1=KBEL
0073 B2=KBE2
100 74 AIN1=(1.+B1)/81
10077 AIN2=(1.+B2)/B2
10101 DO 112 I=1,NPO
10103 FNT(I)=SIN(6.2831853%1/TP0D)
10111 SIV=1.+VE%FNT(I)
o INITIAL GUESS ROOT X
10114 XST=2.%SIV/ {1 . +EXP(BE))
101 21 EPS=1.E~4%XST
o SUBR RTNI
10123 IF(BE)107,107,108
10125 107 CALL RTN:(Y.F.DERG.ch,xsr.ePs.IEND.IER.IT)
10136 FST(I)=Y
10140 GO TO 109 _
10141 108 CALL RTINI(XoF yDERFosFCTsXSTIEPSyIENDJIER,IT)
)01 52 FST(I)=X
10154 109 PRINT 20591 FNT(I)sFST(I)yFyXSTyEPSHIER,IT
10200 112 CONTINUE
o FOURIER ANALYSIS
10203 CALL FORIT(FST,NE yNHARyCOFySIFyIER)
10207 PRINT 210 yNPO,NHAR, IER
10221 NHAS=NHAR +1
10223 DO 120 I=1,NHAS
10225 120 ACS{I)=SQRT{COF(I)*COF(I)+SIF(ID*SIF(I))
10240 DO 130 I=1,NHAS
10241 KI=I-1
10242 ACSR=100.%ACS(T)/ACS{NR+1)
10246 130 PRINT 230,KIoSIF(I),COF(I),ACS(I),ACSR
102 66 150 CONTINUE
10270 201 FORMAT(I3,1241143F6.3,213) _
)02 70 204 FORMAT(SX,#POINT INPUTSINUS OUTPUTSINUS RESULT FUNCT ~INI
: 1T ROOT ERROR LESS THAN ERRORCODE ITER#/)
Y0270 205 FORMAT(5X 9159y2F12.893E16482110)
Y0270 210 FORMAT(1H1,#FOURIER ANALYSIS WITH#,I16,# POINTS#,I16,# HARMONICS
. 1 ERRORCODE#, 14)
10270 230 FORMAT(S5X 31292 HARM SIN=#9E14e59% COS=24E14¢59%2 MAG= #yE14<5,F12.5
1,# PERCENT#)
)0270 240 FORMAT(IHLy#M=#%,14,# NHARS#,13,%# NR=#£,124% RS=#,FB.4y# BE=#,F8.4,%

o 1 VE=#4F8.4¢9% BETALS#, [4y% BETA2=#414920Xy# NUMBER EARD=¢9I4/.

)0270 END
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SUBROUTINE RT
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NI(XoFyDERFyFCTyXST,EPS,IENDy IERyIT)

o SUBROUTINE RTNI

C ) S RESULTANT ROOT OF EQUATION F{X)=0
C F RESULTANT FUNCTION VALUE AT ROOT X
C ~ DERF RESUTANT VALUE OF DERIVATJVE AT ROOT X
o FCT EXTERNAL SUBROUTINE USED. IT COMPUTES TO GIVEN
o ARGUMENT X FUNCTION VALUE F AND DERIVATIVE DERF
o XST INITIAL GUESS OF ROOT X
Cc EPS " UPPER BOUND ERROR OF X
o 1END MAX NUMBER OF ITERATION STEPS
C 1ER =0 NO ERROR
o IER =1 NO CONVERGENCE AFTER TEND ITERATION STEPS
o 1ER =2 DERF WAS ZERO AT ANY ITERATION STEP

000014 1ER=0 : '

000014 X=XST

000016 TOL=X :

000017 CALL FCT(TOLyF,DERF)

000027 TOLF=100.*EPS

000030 D0 6 I=1,IEND

000032 IF(F)1,7,1

000033 1 IF(DERF)2,8,2

000034 2 DX=F/DERF

000035 X=X-DX

000037 TOL=X

000040 CALL FCT(TOL,yF¢DERF)

000050 TOL=EPS

000050 A=ABS(X)

000052 IF(A-1.)4 %43

000055 3 TOL=TOL¥*A

000057 4 IF(ABS(DX)-TOL)5¢546

000063 5 IF(ABS(F)-TOLF) 7,746

000066 6 CONTINUE

000071 1ER=1

000072 7 IT=1_

~ 000074 RETURN

000075 8 1ER=2

000077 . RETURN

000077 END
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RUN FORTRAN COMPILER VERSION 2.3 Ba.l

SUBROUTINE FCT(XyFyDERT)

000006 COMMON RS ¢BE,SIVyBl,B2,AIN1oAIN2

000006 BEA=(AIN2+(1.+B1)/B2) /2. :

000012 RSB1=RS/(1.+Bl)

000015 EXE=E XP (BE+RSBl*( BEA*X-SIV))

000025 F=X%( AIN2 +AIN1%EXE) =2 « *SIV

000033 DERT=AINL*EXE*(1.+X*BEAXRSBL) +AIN2

000041 RETURN »

000041 END

RUN FORTRAN COMPILER VERSLION 2,3 Bal

SUBROUTINE FCS(Y,GyDERG)

000006 COMMON RS +BEySIV,Bl,82,AINLoAIN2

000006 RSB2=RS/(1.+B2)

000010 BEAY=(AINl+(l.+B2)/Bl)/2.

000015 EXYI=EXP(BE+RSB2*(BEAY*Y-SIV))

000025 G=Y*( AINL +AIN2%EXYI)=2.%SIV

000033 DERG=AIN2*EXYI*(1.+Y*BEAY*RSB2)+AIN1

000041 RETURN

000041

END
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———RUN FORTRAN COMPILER VERSION 2.3 Bal

SUBROUTINE FORIT(FNT,NyMyAyBys IER)

c SUBROUTINE FORIT
o FNT VECTOR OF TABULATED FUNCTION VALUES OF LENGTH 2N+#1
C N DEFINES THE INTERVAL
C M MAXIMUM ORDER OF HARMONICS 7O BE FITTED, '
c A - RESULTANT VECTOR OF FOURIER COSINE COEFF OF LENGTH M+l
C B RESULTANT VECTOR OF FOURIER SINE COEFF OF LENGTH M+l
(o IER O NO ERROR
c IER 1 N NOT EQUAL OR GREATER THAN M

L o IER 2 M LESS THAN O

000011 DIMENSION A(1)B(1),FNT(1)

000011 1 ER=0

000011 20 I1F{M)30,40,40

000013 30 IER=2

000014 RETURN

000015 40 I1F(M-N)60,60,50

000017 50 IER=1

000020 RETURN

000021 60 AN=N

000022 COEF=2./(2.%AN+1.)

000026 CONST=3,1415926%COEF

000027 S1=SIN(CONST)

0000 31 C1=COS(CONST)

000033 C=1.0

000035 $=0.

000035 J=1

000036 FNTZ=FNT(1)

000043 70 U2=0._

000044 U1=0.

000044 [=2%N+1

000047 75 UO=FNT(1)+2.%C*Ul-U2

000055 u2=ul

000056 Ul=U0

000057 I1=1-1. .

000061 IF(I-1)80,80,75

000063 80 A{J)=COEF*(FNTZ+C*U1-U2)

000071 B (J)=COEF*S*U1

000073 IF(J-{(M+1))90,100,100

000076 90 Q=C1%C-S1%S

000102 S=C1%S+S1*C

000104 c=Q

000105 J=J+1

000107 G0 TO 70

000110 100 A(1)=A(1)%*.5

000112 RETURN

000112 END




RUN FORTRAN CCMPILER VEPSICN 203 Bol

175

PRCGRAA MONLIN (INPUT,CUTPUT,TAPE6=0UTPUT)

c DIFF. PAIK NC FuB |
009003 160 FORMAT (1F0,1QHFACTOP A =¢E1144410Xy17THURIVE VULTAGF B =,F1045,10X
1, JCHFACTOR B =y ELl1le4, 10X, 11HAV. VALUE =,E12,5/)
000003 101 FGRMAT (1X;3H N 3 8X,OHVAGNITUDE/)
000603 102 FCRMAT (1Xy13,F1646)
000003 193 FCRMAT (LX,15HINITIAL VALUE =,E13.6410Xs13HF INAL VALUE =,E13.6/)
000C03 104 FORMAT (1X,1RHFEECBACK FACTOR H=yFB43/)
000603 125 FCRMAT (1X,21HINPUT CURRENT AMPL. =,F8. 3,5y EHF/FT =,F9.4/)
000603 CCMMON A(10),B(10),1,J
€0C003 DIMENSION r(1000),C(5667‘?TT§EBT‘§§T€6677KKTTBo) DB(3060)
000003 . CCMMGN H
000003 8(1)=-10.
COC004 B(2)=-50.
000006 A(1)=1D.
00C0C7 Al2)=16466
7000011 A(31=32,
000012 A4)=10G.
600014 A(5)=1664 66
000015 Al6)==2.
060017 H=0
000017 CURT=.01
000021 DT=0.0125€66371%2,
000023 DC 201 J=1,10 |
000C 24 IF (B(J)oLTe(-30e)) STOP
600031 D0 20€ 1=1,10
00C0 323 IF (AlI)eLlTel=14)) GO TG 2
000G 36 X=0e06*A( 1)
000637 Z=C.
0000 40 VALUE=0.5
000042 L=1
000043 DC 202 K=1,75¢
000045 CALL RKGA(VALUEZ,DT)
000047 Z=FLOAT (K)*DT
000051 VK={CURT*ISIN(Z)=X*COS(Z1 1)1 /(1. +X¥%2)
006064 IF(KeEQa50C) XI=(1e+VK)#1a/{1oe+EXP(VALUE))
000074 IF (KeLE.500) GO TO 202
000077 FL)=(1e+VK)/ (1 +EXP{VALUE))
000104 L=L+l
00015 202 CCNTINUE
000116 XF=F(250)
000111 KEY=4
000113 CALL FOURAM(2EC 325051 ,05,KEY,FyCyFI,BB, AR+ CB 105 CHAX)
000127 ARB=ALT)
009121 PRINT 170,A11),8(J),RBE,A0
0001 45 PRINT 103,X1I,XF
000155 PRINT 1C54CURT,X
0001¢€5 PRINT. 111
000171 NC 203 1JK=1,5
000173 COIJKI=CLIIK) *CHAX
000175 203 PRINT 102,1JK,C(IJK)
000207 209 CCNTINUE
000211 201 CCNTINUE
000213 END
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RUN FIRTRAN COMPII ER VERSICN 243 Bal

1]

FUNCTICN DUM(VALUE,2)

cGcocs CCMMION A(17),yB(1N)y 1y d

Gogca5 COMMON H

000005 X=0e06*A(I)

goaoa7 CURI=401

000010 VK={CURTI*(SIN(Z)=X¥COS(Z)))/(1le+Xkx2)

000024 VJI=(A(T)RCURT * (X SIN{ Z)+COS(Z)) )/ (2*(Le+X%%2))
000043 Vd=VJd+VvJ

060044 VE=(A (1) *(1.+VK)*EXPIVALUE) )/ (1, +EXP(VALUE))**2
00C060 VC=VD+VD

000061 RR‘(A(I)*CURI*(COS(Z)+X*SIN(Z)))/((1.+tXP(VALUE))*(1.+X**2))
000104 RR=RR+RR

0001G5 IF (VDolLEea01l) VD=0C,C1

0Co111 DUM--(B(J)+VALUE+VJ-RR)/VD

000117 RETURN

000117 END

" RUN_FORTIRAN. COMPILER_VERSION 2¢3_Bael

t000Cs
000012

000014

000016
000023
000025
000032
0000323

000036

000G 43
000052
000053

c

o NS VP NS . e e e e e S e e e e e e e e et e S I A IR

SUBROUTINE RKGA{VALUE Z,DT)

SUBROUTINE TG SOLVE FIRST ORDER DoE BY RUNGE KUTTA METHOD

DVA=DUM(VALUE ,Z)*DT
- VALUEA=VALUE+LCVA/2,.

1=2+D7/72.
CVB=DUM{VALUEA,Z) *DT
VALUEA=VALUE+DVS/ 2,
DVC=DUM(VALUEA,Z)*DT
VALUEA=VALUE+CVC

Z Z+DT/2e

VALUE VALUE+(CVA+24 *DVB+2 . %DVC+0VD) /64
RETURN
END
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—_RUN FORTRAN COMPIL ER VERSICN 2,3 Bal

SURROUTINE FOURAN(NyM,NINyMAX yKEY yA 9 AMP yANGy ASINy ACOSsDBySUM,CONST

1)
¢000 20 10 FCRMAT (1Hl, 41FFOURIER ANALYSIS CF THE WAVEFORM GIVEN BYy 14,
27TH VALUES//{1Xy1P10E132,5)) :
. 000020 11 FCRMAT (1X, 14, F1547, F10.2y, 3F15,7) :
0000 20 13 FORMAT (21H NGRMALISING CONSTANT, Fl6.8, 10X, 12HDC COMPONENT, F16
2.87)
000020 14 FCRMAT (4H- N,6Xy, 9HVAGNITUDE, 8X, 2HDB, 10X, SHANGLE, 10X,
: 2 GHSINE, 1M"X, G6HCOSINE/)
0000 20 15 FCRMAT (1H1) : ‘ .
0000 29 DIMENSICN A(1000),; AMP(500), ANG(S500), ASIN(E00), ACOS(500),
2 CB(500) : '
0000 2¢ DOUBLE PRECISICN ASINC, ACOSD
000020 1§ =1 .
0000290 P = 3,14159265 / FLOAT(N)*2,
000023 IF (KEY oLE, (1)) IS =2
000027 KEY = TABS(KEY) _
000030 IF (KEY oFEQe 2eCRe KEY oEQe 4) WRITE (64,10) Ny (A(L)y I=1,M)
0000 65 SUM = 0,
000066 DC 100 I=1,M
0000 70 199 SUM = SUM + A(I)
000015 SUM = SUM / FLOAT(N)
000077 CCNST = 0,
000100 DO 101 I=MIN,MAX
00192 ASIND = 0.DO
000165 ACOSD = 0.D0
000107 DC 102 J=1,M
060111 Y = PXFLOAT(MCC{I%*J,N))
000120 ASIND = ASIND + DBLE(A(JI*SIN(Y))
0001 45 102 ACOSD = ACCSD + DBLE(2(J)*COS(Y))
000175 ASIN({I) = ASIND
000201 ACCS(I) = ACOSD
0002C5 AMP(I) = SQRT(ASIN(I)*%2+ ACOS(I)**2)
000216 101 IF (ABRS(AMP(I)) +GTe CONST) CONST = ABS(AMP(1))
000235 IF (KEY +EQe. C) CONST = FLOAT(N)/2.
000249 IF (IS JEQe 2) CONST = SUM*FLOAT(N) /2.
000245 IF (KEY +EQe 3) WRITE(6,15)
000256 . IF (KEY «GTe 2) WRITE(6414)
000270 N0 104 I=MINyMAX
000272 AMP(I) = AMP(I) / CONST
000275 CB(I) = ALOGLO(ABS(AMP{I)))*20.
000305 ANG(I) = ATAN2(=-ASIN(I),ACOS(I))
000320 ASIN(I) = ASIN(I) 7/ CCNST
. 000323 ACGS(I) = ACUS(I) / CCNST
000325 [F (KEY oLTs 3) GU TC 104
600333 WRITE(A,11) I, AMP(I), DB(I)y ANG(I), ASIN(I)y ACOS(I)
000362 154 CCNTINUE ‘ -
0003¢5 CCNST = CCANST /7 FLOAT(N)*2, ' Y
0G037) IF (KEY oEQo ©) CONST =1, -
000372 IF (KEY +LT« 3) GC TO 1cC3
000374 WRITE(6,13) CCNST, SUM
000404 103 RETURN

00G4C5 END
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PTUGRAM CCUCIUTPUT)

000003 COMMAN ACLO) o H(10)9VIL15)y1yJyILS
0000073 DIMENSTUM ((260) 9 FACLL) yFB{11)yFFALLL) +FC(LL)4FCR(11)
000003 AlL)=1,
000004 CTR(EYSTE, T T T
000006 Al3)=1,
200006 A4)=2,
000010 Al5)=5,
009011 AML)==5,
000013 3(1)=2.
000013 Bl2Y=11.
000015 Bl13)=3,
000016 B8(4)=4,
000020 B{5)=2,
000021 Vil)=n,1
000023 V(2)=.5
000024 VA 5 =5 T T
000026 Via)=2,
000027 Vis)=3,
onenal Vi6)=5,
000022 ViT)=7.,
000034 V(g)==2,
0003 T T CAL)=STTT s T e T
000037 NC=%
060040 Ny =49
000041 NT=NPG*C
000043 NK=MT=NPQ
00G045 DT=6.2331352/(NP(*],)
"000051 o 0V 10T T=1,10
000052 IFCALT) oLTL04) STOP
000056 20102 J=1,15%
060060 IF{V(J)eLT.D.) GO TO 101
0Co0A2 7-0.
000062 CVALUE=1. L
000064 =9 i
000064 1L5=0 _
000066 D0 193 K=1,NT
200067 2=%%DT
00CcO72 CALL TKGA(VALUE yZ,0T)
0G00T4 IF(K.EQJNK) XI=FEXP{VALUE)~1.
090102 IFIK.CELNK) GO T 103
000105 L=Lu+l
000106 FILY)=EXP(VALYT )=-1.
000113 IF(ILS.GT.1) 53 TO 1C4
000117 103 CUNTINUE ‘
000122 IFIABS{F(11))=XI).GT.X1/200.) GO TO 104
S TTTTTTC rREPAr B FDYURTEFANALYSTS
000130 M=(NPQ=1)/2
N0013?2 NHA =5
000133 CAVL FOUIT(F o whitiAT yFAyFB, IER)
000137 L=N#Ne]
00Ul4] PUTMY 8Lyl eIl )y Il=1,LY)

000156

21
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In this Appendix, details are given on the measurements

performed on the different circuits described in this work.

B.l THE EMITTER-DRIVEN PAIR.

The data for the emitter-driven pair (Figure 2.4) has been
taken with the transistors CA 3018. The collector has a dc
load of 50 @ and is dc coupled to & 50 Q@ line. The collector
currents are provided by two separate power supplies in order to
avoid feédthrough along the supply line. A high frequency
transistor MT 1061A with large emitter resistor (Figure B.l) is

used as a current source.

The circuit is built on copper clad boaerd to avoid parasitic
inductances, and the input and output 50 @ lines are connected
directly to the circuit without intermediate connectors. The
voltege supplies are provided by double-lead shielded wire,
vwhich is grounded only on the copper clads High quality 0.05>|1F

capacitoré bypass the supply voltages.

As input generators,only Hewlett Packard (H.P.) oscillators
651 B and 608 C have been used for their low output distortion.
For measurement of intermodulstion distortion two identical
oscillators are connected together via 10 dB paths to a 50 Q

pover divider. The output is detected by a wave analyser
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HePe - WA 310 A at low frequencies, or at high frequencies by a
vector voltmeter (H.P, - 8405 A), of which the IF output is
connected to the wave analyser. For measurement of intermodulstion
distortion at high frequencies, a receiver (Communication Electronics
Type 901) is connected to the output via a calibratéd attenuation.

In this way, the receiver always operates at the same input signal

level and need only be calibrated once at each frequency.

Be2 THE AGC AMPLIFIER.

The agc amplifier, represented in Figure 2.8, employs matched
trensistors (CA 3045) in the quad and a high frequency transistor
pair (2N 3423) in the input stege. Large emitter resistance |
(RE = 250 ) are used to isolate the distortion due to the quad
only. The total current IEE equals 10.2 mA and is provided
by the same type of circuit as in Figure B.l. The values of

the voltage supplies are V,, = 8V and Vg = 12 Ve

Since both input and output parts are differential, an ac
coupled balénced-unbalanced transformer is used in both positions
(Figure B.2). The resistances of 100 @ then act respectively
as source or load resistances and VL is the ground or the dc
voltage level in the circuit. '
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AAA

mrio61a (- {€ ) s0e m

0.05uF
ﬂL 1kQ $ 10k0
U
TN
0.05uF
Vi = -6V
Figure B.l

Circuit realization of the Current Source Input Stage for

the Emitter-driven Pair.

( Z-MATCH 50200E )
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1000 3E 1000
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L
Figge B.2.

Balance-unbalance Conversion Circuit.
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Bo3 THE MULTIPLIER.

Since the multiplier, shown in Figure 2.10, is obtained by
merely cross-connecting the collecﬁors of Q3 and Q6 to the collector
loads, the test circuit described in Appendix B.2 has been modified

eccordingly to obtain data for the multiplier.

B.4 GILBERT'S VARIABLE-GAIN QUAD.

Gilbert's variable-gein quad (Figure 2.13) slso uses CA 3045
as the quad and 2N 3423 as input pair. The currents IEl and

IE? are provided by independent current sources of the type
shown in Figure B.l. Both currents can be varied between O
and 4 mA. In all other aspects this circuit is set up as described

in Appendix B.2.

B.S THE IMPROVED AGC AMPLIFIER.

This amplifier, represented in Figure 6.2, is mounted in a
TO-5 can énd set up for measurements as it is shown in Figure
B.3. All capscitances have a value of 0.05 1k F, The balenced-
untalanced conversion is provided by transformers which are
terminated into 50 . They consist of bifilar windings on

two permalloy cores.

For each output terminal a separate output amplifier
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Figure B.3.

Measurement set-ups for the Improved Agc Amplifier fFiggre 6.22

Vg (1ov,8mA) :

RL%:M 2 x ( 2N2857 )
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To00 0.05uF
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T Rg § 2100
m

Figure C.l.
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A AA

Circuit configuration for the 700 Q Transresistance Amplifier.
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(700 Q transresistance) is used. The performance of this amplifier, A

which is represented in Figure B.4, is given in Appendix C.

The output signal of the output amplifier is analysed by
a spectrum snalyser (H.P. - 141 T, 8552 B; 8553 B). For
measurement of intermodulation distortion, a hybrid junction
(ANZAC H-8) is used instead of a power divider to combine the

two input signals without intermodulation distortion.
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APPENDIX C.

THE TRANSRESISTANCE AMPLIFIER.
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The output amplifier (Figure C.l) used with the iﬁpraved
age amplifier has the following properties. Its input and
output impedances are very low beceuse shunt-shunt feedback
is employed. The output capacitance of the improved agc
amplifier, which coﬁsists mainly of collector-substrate capacitance,

then gives a very low time constant which is not dominant.

Shunt-shunt feedback stebilizes a transresistance with
value approximately RF if the loop gain T 1is high. The

loop gain is given by

AL 1

T = eee (Cl)
R TIR. G

where
R I
C r, + RF
For the actuasl circuit of Figure C.l, the current in both transistors
is sbout 4 wA end for B = 100, T = 130 at low frequencies.
For fT = 2 GHz, the breek frequency is approximately 40 MHZ .

The input impedance is given by

R .
= -'E eo e
Zy0 = g (1 + R, C_ s) (c2)

which equals 3.3 Q at low frequencies and approximately 33 @ at
400 MHz. This is sufficient to neutralize the effect of the

output capacitance of the improved agec amplifier.

The bandwidth of the amplifier is limited by the time constent
C;x RF » Where C‘l is the total collector-base capacitance of Ql
( =~ 0.85 pF). This yields 267 MHz for Ry = 7002 but only

210 MHz was obtained experimentally.
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