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ABSTRACT-

"Frequency selective amplifiers with high selectivity and
good desensitivity may be realized in silicon integrated circuit
form by making use of the frequency translation principle. The
amplifiers thus realized have a numﬁer of desirable properties
which distinguish them from selective amplifiers based on other
active-RC techniques. In particular, the gain, bandwidth and
center frequency are virtually independent and consequently,
the passband of the amplifier may be made very narrow without
impairing its sensitivity.

The system consists of two identical channels, éach of

~ which contain two analog multipliers, to perforn the frequency

translation, and a lowpass filter whose passband is translated
up to the center frequency of the system. The outputs of the
two channels are summed in an amplifier to form the required
ovtput,and a local oscillator, whose frequency becomes the
center frequency of the syétem; provides the signal needed for
the frequency translation. Previously reported realizations of -
this éystem used periodic switches, instead of analog nult-
ipliers, to perform frequency translation, but such real-
izations suffer from a number of disadvantages with respect to
frequency range and noise performance. The realizations
reported !lere have bcen made possible by the developa=nt of

an integrated bipolar transistor analog multiplier with a wide

frequency range of operation and well-defined trausier
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characteristics. Yhe characterization of this multiplier is
described in detail.

The design of and performance of the selective amplitfier
in integrated form is developed on the basis of the chuaract-
eristics of the individual functional blocks and particularv
attention is paid to the sensitivity aspects of its pertor-
nmance. It is shown that the use of an overall negative-
feedbzck loop results in the reduvction of the tenmperature
sensitivity of most performance parameters, and a method is
described for compensating balance-drift of the analog
mvltipliers. A very low drift sensitivit& is thereby obtained.
In cases where the long timejgonstants of the lowpass stagesl
are beyond the range of simple monolithic resistance- )
capacitance combinations, alternative realizations vsing hybrid
construction or monolithic multiplied-capacitance techniques
are described.

Three prototype amplifiers, using integrated funciional
blocks have been constructed and their measured performances
svpport the theoretical predictions. One of the reélizations,
using a negative teedback loop, achieves a stable Q ot 600

at a 1.6 Mc/s center frequency.
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CHAPTER 1. INTRODUCTION

1.1 The integrated selective amplifier problem.

The problem of realizing stable, highly selective bandpass
characteristics in electronic circuits, without using inductors
or electromechanical elements is a familiar one and many
possible solutions have been suggested. Although there are
many instances in éiscrete—component circuitry where RC selec-
tive amplifiers are useful, the challenge, in recent years, of
realizing a wide variety of electronic functions in semi-
conductor integrated circuits has motivated increased activity

in this area. Numerous solutions have been proposed, which are

both conmpatible with the limitations of integrated circuits and

also gxploit their virtues; and although none is attractive in
all regpects, these prorosals represent significant progress.
There are three categories into which selective amplifier
schemes may be divided; namely, |
(2) 1linear, active RC circuits,
(b) active RC circuits incorporating one or more nonlinear
elements*, and

(c) electromechanical systeums.

* For the purposes of this classificution, the analog —ulti-
plier is regnrded as a nonlinear element, although it may
perform "linear nultiplication”.



Class (b) contains the frequency translation systems which
are the main subject of this thesis and which will be intro-
duced in Chap. 2. Classes (a) and (c) are considered bdbriefly
here and the reader is also referred to the broud survey
presented by Newelll, with the caution tihat this field is
changing quite rapidly.

1.2 Linear active RC circuits.

The largest class of integrated selective amplifiers is,
in terms of research activity, the linear active RC fype. In
treating these circuits it is convenient to make a distinction
between those which contain one or more explicit feedbuack
paths, and those which contain elements such as the negative-
immittance—convertor2(NIC). It is possible, though not always
convenient, to model the implicit feedback mechanisms of the

second type in such a way as to conform with those of the

first. But regardless of the circuit model used, these

circuits may be treated together in terms of a complex frequ-
ency-plane display of their Laplace-transformed transfer
characteristics, i.e. the s-plane. In this way, most of the
essential properties of such circuits are made -obvious,

The main goal in a selective amplifier design can be
stated, in terms of the s-plane, as the realization of a
system transfer function containing pairs of complex conjugite
poles, which lie close to the imaginary axis in the left hnlf

vlane and whose positions in the plane are stable with res:ieoct
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to changes in all sensitive parameters of the circuit.
Passive RC networks huave transfer functions containing real
negative poles and may have real or complex conjugate zeros.
Combinations of these networks with linear active elements and
feedback loops are then used.to generate transfer functions
with the required complex-conjugate poles. Of the two aspects
of this problem - that of obtaining poles in the desired
rositions and that of stabilizing their positions - the latter
is generally the more difficult.

The block diagrams of lFig. L.l (a) and (b) show two
typical iinear active RC systems: a single-loop feedback
tvpe and a negativé—immittance—conVerter type. In the first,
the forward path consists of two active, frequency-independent
gain blocks A, and A, with a passive RC network N, . 'he
feedback path contains a second RC network N2. In the second
circuvit, an NIC is placed bétween two passive RC two-ports Yi
and YZ' The }ntefaction between these networks through the
NIC may be arranged to provide complex conjugate poles.

We now consider the four typical root-locus plots presented
in tig. 1.2. "These represent the variation of transfexr function
pole positions for a given circuit as a suitable gain parameter
is varied. In general, they may be produced by either of the
two schemes given above.

The first exaumple, (a), is typical of a potentially
unstable circuit, for example, an RC oscillator adjusted
below the threshold of oscillation. Since the conplex jpole

rair may be set arbitrarily close to the imuginury axis, very
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high selectivity is possible. However, the pole positions

in such a case are usually very sensitive to active and puassive
device parameter cﬁanges. Case (b) is a special case repres-
enting a transition between potentially unstable and uncondit-
ionilly stable systems. The presence of any excess phase-

shift in such a circuit will distort the locus from the ideal-
ized straight line shown and, depending on its sign, will

raise or lower the selectivity. This, again is a very sensitive
arrangement.

Cases (c) and (d) provide similar control over pole
rositions, but also enable the sensitivity to be reduvced. ' The
zeros shown are complex "phantom" zeros which are introduced
in the feedback path of a circuit, e.g. N, of Fig. l.1(a),
but do not appear in the closed-loop transfer function.3
These zeros stabilize the position of the complex pole pairs
for large loor gains and reduce their dependence on active
device parameters. The (c) case suffers from two
disadvantages, however. For high selectivity applications,
the realization of complex zeros with small real parts |
requires careful adjustment of the network which produces
them and their positions are, of course, sensitive to passive
parameter values.4:5 In addition, the large loop-gains reqﬁired
for high selectivity place heavy demands on the forward-p:«th
amplifier. PFinally, case (4) provides a method for the
simultaneous optimization of selectivity and sensitivity. This
propexrty is obtained by incorporating into a system sufficiently

many degrees of freedo:r, in the form of extra feedback and
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feedforward loops.s' A portion of the root-locus lies closer to
the imaginary axis than the complex conjugate zeros and the
closed-loop poles afe rlaced at points in this region where the
first-order sgnsitivity of their positions is zero. Sensitivity

6,7 are, at present,

resvlts reported for this technique
considerable better than those obtuined with other RC schemes.
To summurize these comments, the characteristics of the
linear active RC circuits are that they are relatively simple
in terms of component requirements and may, in most cases, be
realized in monolithic integrated form. It is sometimes
advantageous, however, to resort to hybrid construction so that
precision thin-film resistors and capacitors may be vsed for
critical components. The tuning of these circuits is difficult
because their gain, bandwidth and center frequency, as well as
their respective sensitivities, are usually inter-related. The
realization of Q-values above 50 with good desensitivity has
been shown by many workers to be very difficult, but the limit-

ations existing at very high center frequencies have not been

thoroughly invesfigated.

l.3 Electromechanical systems.

The use of electromechanical resonant elements in selective
amplifiers precludes conventional monolithic constguction, but
raises a number of attractive possibilities, For example,'
studies of the "sandwich" structure, in which a resonant quartsz

plate is mounied on a stack of quartz wafers, each one quarter
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wavelength thick at the resonunt frequenqyl, have shown that‘
this structure enables.filters to be rigidly attached to
substrates without introducing significant damping. Another
approach, which is based on the principle of energy trapuiing,
makes use of the surface-loading produced by evaporated metal
electrodes on a quartz wafer. These confine resonant modes to
the regions of the electrodes, thereby enabling a number of
filter elements to be formed in a single wafer.l’8
Piezoelectric elements such as these are not useful at very
low frequencies, however, becauvse the elastic wavelengths
require physical dimensions to be much larger than those
normally encountered in microcircuits.

Another device which is currently being studied is the

9210 ppis is basically

resonant gate field-effect transistor.
a métal—oxide—silicon transistor (MOS?) without the conventional
gate electrode. The gate in this cuse is a beam of tungsten

or electro-formed gold which is cantilever-mounted at one or
both ends so that it stands a small distance above' the oxide
surface. A svitable signal applied between the gate and

channel excites a resonance in the beam by electrostatic force.
The motion of the beam, in turn, modulates the channel
conductivity by charge induction, thus providing a feedback
path., At present these devices require large polarizing |

voltdges and exhibit rather poor selectivity, but an

improvement in performance may be expected.
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CHAPTER 2, THE FREQUENCY TRANSLATION FILTER

2,1 Principle of operation.

Frequency translation is a very fundamental and long-
established techni:ue in communication systems, and the
historical develoriicnt of ideas which led to the superhetero-

11 is also respon-

dyne feceiver and the synchronous detector
sible for th: technique to be described here. This technique
differs from the superhetérodyne and synchronous detector in
some respects, however. The "image-freéuency" phenomenon is
absent, in comparisbn_with the former, and in the second case
the necessity for maintaining a phase relation between the
input frequency ahd local oscillator signal -~ a characteristic
of the synchronous detector - is absent in the frequency
translation filter.

A two-channel frequency translation filter was described

by Barber 12

in 1947 .and system considered here is the same

in principle. ZEarly proposals such as this one, however,
suggested no efficient way in which the frequency translations
could be performed, and it is therefore a primary purrose

of this thesis to consider this question., During recent years,

the theory of time-varying networks has seen considerable

development and a particular member of this class, the periodic



switch 13, is of interest here because it provides one of the

9.

prossible ways of perforhing the required type of frequency
translution.l4 In 1960, Franks and Sandbergl5 presented a

theory of the general frequency translation filter shown

schematically in Fig. 2.1. This consists of N identical

channels, each of which contains two ideal analog multipliers

M, to perform the frequency translation, and a real, time-

invariant, linear network with a time-domain impulse respolnse %

h(t). The multipliers are driven at their second inputs

by periodic signals p(t) and q(t) as shown. The period of o

these signals is T = 2ﬂ7&%, wherea)o becomnes the center

frequency of the filter passband. The p and q inputs are

shifted in p&ase between adjacent channels by an amount

T= T/N, ‘
In general, p and q are not sinusoidal and it has been

shown 15 that if they are decompdsed into complex Fovurier

components, , ,
' , ' +@ §
p(t) = %] Pmexp(jmomt) |
m=-00 i
+00 (201) ;
a(t) = 5] Quexp(JjuLnt) |
N==w '
the system transfer function F(s) is given by
o0
F(s) =N 3 P_QH(s-jre)) (2.2)

N=-®

where H(s) =’£,E1(t)~) and s is the complex frequency variabdble.
From (2.7) we see that the system transfer Tunciion
consists of a spectral array of images of the basic transfer

function H(s), centered on those harmonics of Q% for which
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‘P-nQn is non-zero. This is illustrated by Fig. 2.2, in whi¢h
| P(jo)] is plotted up to the fourth harmonic of W,, for a given
H(jw). The particular casc of this general system which concerns
us here is the case where l(s) is a lowpass function and the
input and output of the system are band-limited so that a
simple bandpass chafacteristic F(s) = H(s-jab) + H(S+JA5) is
obtained. 1In this form, the system has been studied by a
number of workers who huve used periodically switched gates to
approximate the multiplying p:ocess.ls_ls'
These periodic switching realizations suffer from a
. number of practical disadvantages, although they satisfy tﬁe
tﬁedretical requirements as outlined above. In the first
place, the finite switching speed of the gates has been found
to 1limit the center frequency of the system to values of
100 ke¢/s or less. Furthermore, the transients produced by
these gates contribute significantly to noise in the system.
A minimvm of three channels is necessary to realize‘the
required bandpass function and the circuitry needed for the
generation of the appropriate gate-drive waveforms is exten-
sive. Since periodic gating is equivalent to analog multip-
lication with a pulse train, we see that this techniQue
produces images of the passband at harmonics of the desired
center frequency. (See Fig. 2.2.) It is therefore necessary
to incorporate exfensive filtering circuitry.
The frequency translation filter could be synthesized in
a-more direct way if the driving functions p and g were pure
sinusoids and the analog multipliers could be realized in

practice. In order to do this, an integrated analog multivlier
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has been developed and is described in Chap. 3. The éystem
which has thus been realized is the pficiple subject of this
thesis., It will be seen that the behavior of this system
conforms more closely with the theoretical model described
above and greatly reduces the problems associated with the
periodic switching realizations. At the same time, the
characteristic advantages of the frequency translation filter
are retained; namely, the virtual independence of gain, band-
width and centér frequency. This independence enables stable,
highly selective bandpass systems to be realized in integrated

circuvit form.

2.2 A prototype selective amplifier.

The system to be described here is shown schematically in

Fig. 2.3 and is a special case of the general filter of Fig. 2.1,

Note that only two channels afe used, in contrast to the
minimum of three for the switching version, and the reason for
using two will become apparent from (2.5) below. Each channel
consists of two analog multipliers, assumed linear in the
initial analysis, and a lowpass filter H with a bandwidth«)b.
A local oscillator provides a sinusoidal signal at a frequency
W, which is separated into two quadrature components by an
RC phase-shift network and applied to the multipliers as shown.
The two channels have identical transfer functions in the ideal
case. Yhe outputs of the two channels are sunmed at the input
of an amplifier A which incorporutes a sisple highrass Tilter

to attenu:te undesired low-Irequency conponents and a simple
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notch ilter to attenuate the small amount of second harmonic
distortion produced, in practice, by the output multipliers. .

Each of the analog multipliefs is characterized by two
transfer coefficients P and Q which are defined as follo&s. If
the two inputs to a multiplier are x and y, the output is defined
as 2Pxy + Qx so that P is the transfer coefficient for the
rroduct term and Q gives the magnitude of the direct transfer of
input x. In an ideal multiplier Q is zero, but in the tyve of
multiplier to be used it is non-zero. Expressions for ¥ and Q
in terms of circuit parameters are given in (3.15) and (3.26),
In the following, these coefficients are given subscripts to
identify them with a given multiplier, e.g. F,,, Q.4 are the
coefficients of multlpller M al’

To illustrate the operation of the system, we consider a
simple input signal vi = Vim sinw&t and use the signal and

phasing notation of Fig. 2.3. ‘'he output of Mai is thus found

to be:

[coq(fd w )t - cos(w ”‘i)t] +Q q1n(ot (2.3)

Va1 al im al im

Iftoi is close to¢J° and the bandwidth of'H(jo),L%, is much less
thantoo, the high-frequency terms in (2.3) are attenuated to

a negligible level, leaving:

Voo T [j(tu -0 )} P,V 1mcos(l«)o-&)i‘)t (2.4)

The corresponding signal in channel (b) is of the suamc form but
90° out ot pnnse. VWhen these two signals are ajpplia2d to their

respective outrut multipliers and the outputs ure swumed, the
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resultant signal is:

V3 2 Vi {Par Pl [ (=g 0] + Ty P, [5G0 -0, )]} sinw b
4V P Pl [ (=0 )] = Py 21, [dCk, -0, )]} sin(20_-u, )t
TR (PR T
(2.5)

T'he low-frequency sinusoidal term F[(wo - wi)ﬁl is rewmoved by
the highpass'network in the summing amplirier. The coerricient
of thg second term is zero if the transier functions of the
two channels are exactly matched and under these conditions the
system response is given by the tirst term only.

If (2.5) is now recalculated without assuming that the
high-frequency terms in (2.3) are negligible, the following

genéral system transfer function K(s) is obtained:
K(s) = 2AP1P2EB(s-jkb) + H(s+juoﬂ (2.6)

where K(s) is defined to include the summing amplifier gain
A andvhas been simplified by thec assumptions: Pal = Pbl = Pl’
= P

P b2 = P2 and Ha = Hb = H, This expression is seen to be

a2
analogovs to (2.2) for the case F_,Q,=0 for all n A +1,-1,

If we consider a2 simple example in which H(s) = Ho/(spl+l),
K(s) becomes a transfer function with a complex conjugate role
pair at s = -P; ol ja%iand a real zero at s = =Py The response
of this system is therefore a conventional second-order bandpass
function, with a bandwidth of 2pl and a center frequency'wo.
In the following cnapters the analysis and design of this

system zre examined in detail, with particular reference to its
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realization in integruted circuvit form., The individuul
functional blocks, i.e. analog mvltipliers, lowpuss stuges,
oscillator phase—shift network and swmiming amplifier nre
treated separately. The results obtained are then used to
characterize the performance of the system when realized with

real, rather than ideal components.
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CHAPTiR 3,.° THE ANALOG MULTIFLIE

3.1 Choice of circuit.

Four analog multipliers are used in the frequency-
translation filter and it is desirable that tﬁese should be
simple in terms of component and fabrication requirements.

The choice of a suitable circuit, therefore, depends partly on
this factor‘and also on how closely its operation conforms to
the transfer characteristic defined above in Sec. 2.2. That is,
if x and y are the two inputs, the output shouvld contuain a
term klxy, where kl is constant over a wide range of
frequencies and signal levels. This defines linear multiplic-
ation. For this application, the presence of additional terms
of the form k2x and k3y is permissible, since these terms nay
be separated or cancelled in the system; but terms proportional
to x2 or yg'are undesirable, Two familiar semiconductor
devices have suitable properties for analog multiplication:

the field-effect transistor (FET), in which the channel
conductance is a function of both gate and drain voltage below
pinch-off, and the bipolar transistor (BJT) in which the truns-

conductance is a function of emitter current.* Circuits using

*¥ There ure other devices such as the four-terminal transistor
and the Hall-effect plate wnich possess the multiplying property,
but these are not suitable for this application since they

- cannot be renlized sinmply in diffused monolithic circuits.
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these devices are now examined in the light of the above
criteria.
Applications of the FET multiplier have been described in

19,20

the literature in terms of the circvit shown in Fig. 3.1.

One input is applied as a differential signal (VGl - VGZ)
between the‘two gate electrodes and Phe other as a differential
drain volt.ge (VDl - VD2)°* The common sovrce current is .
sampled by the small resistor RS to provide the output siynal
V_. Below pinch-off, the drain current of an FET is approx-

0
imated by%l

Ip= G(Vp + Vg - vD/2)vD (3.1)

where G is a constant parameter, VP is the pinch-off voltage
and the gate and drain voltages are measured with respect to
the source. Using this expression and denoting by the

subscripts 1 and 2 the parameters of Ql and Q2, we find;
Vo/Bg = 6y (Vg =V ) (Vp=Vpp)  + (V) =Vpp ) (6 Vpy =G Vpp)

+ (V=Y (6 =6V, =1 (V3 =V)2(6,=6,)/2  (3.2)

In terms of the notation introduced at the beginning of this
section, we identify the first term as klxy, the sum of the
second and third as kzx, (note that k2 is dependent on VGZ)
and the fourth term as the undesired distortion term x2. A

more accurcte characterization of the device reveals snall

¥ An alternative mode of operation in waich the second inrut
is applied as a differential drain current has also been con-

- sidered, but lesads to a similar result to the one derived here.
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higher-order distortion terms as well., To minimize the distor-
tion, therefore, the characteristics of the two devices should
be closely matched, i.e. Gl = Gy Vpy = Vpo. It has also
been shown 19 that second-order distortion terms are reduced by
minimizing the ratio (VGl G2)/(VP1+VP2)

A consideration of these factors, together with the
performance data reported in Refi 19 and the present difficulty
of fabricating high-frequency integrated FET puairs with closely
matched parameters, has led to the development of a bipolar
transistor multiplier for this application. The characteris-
tics of this circuit are described in the following sections
and the reasons for preferring it (e.g., low distortion, a
well-defined transfer function and operation at high frequen-
cies ) will become apparent. It is possible, nevertheless,
that the objections to the FET scheme may be overcome in the

future.

3.2 The bipolar transistor multiplier: low-frequency
characterization.

The bipolar transistor analog multiplier, shown schemat-

ically in Fig. 3.2, is seen to resemble closely the conven-

tional differential pair configuration. Both (npn) transistors

and their associated resistors are assumed to be fabricated by
adjacent diffusions in a single‘silicon chip. The two input
signals are the differential base voltage Vl and the emitter
sigﬁal current Ie, while the output is taken as the gdifferen-

tial collector voltage Vo. To bias the two transistors in
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their linear operating regions, a dc emitter currens IE is
also supplied. In this representation, the resistors RBl and
RB2 have values which include both the source resistance and
the internal base resistance of the transistors.

For these conditions of source and load, two gain

parameters are defined: the emitter-to-collector current

b
I

of the transistors Ql and Q2. It is assumed that these are

gain a. and the base-to-collector current guin ag for each

constant over the operating current range of the circuit.

e b
I and a; are equal,

In terms of more familiar parameters, a
respectively, to the # and « of the transistors for the special
case of short-circuit collector load. The frequency dependence
of these parameters limits the frequency range of operation

of the multiplier and, as will be seen below, the dominant
effect is due to ai. Since this section is concerned with
low~frequency characterization, it will be assumed that all
signal frequencies are such that these parameters take their

de values,

At this pbint, a2 subscript convention is defined which is
used throvghout the remainder of this chapter: all paranmeters
of Ql are labelled with a subscript 1 and those of Q2 with 2.
The absence of a subscript implies either a parameter which is
not identified with a particular device, or one which is
averiaged between the two sides.

We now postulaté that the I-V characteristics of the

emitter-base junctions are given by the simple diode law:

I, = I, exp (qVBE/kT ) (3.3)
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in which IEo is a parameter relnted to the emitter saturation

current. From Fig. 3.2 we note that:

Vepa ~ Vee2 = Vi * IpoRpe - ImBp (3.42)
_ v g et Imfm
-1 e e
312 %11 ‘ (3.4v)

and thus, from (3.3) amd (3.4a):

Igp = Ipgo = IEélexp(qVBEl/kT)[l = exp{~(Vy+Ip,Rpo-T, 1 Ry -0)a/k)
(3.5)

where 6 is defined by exp(q6/kT) = IEoZ/IEol' At the collector

node, the output voltage V, is related to the differential

emitter current by:

_ ) _ b b
Vo = Rpilen = Rpplop = apByylp - 8roRipIps  (3.6)

Therefore, from (3.5), (3.6) and the continuity relation:

IE1+IE2=IE+Ie, the following is obtained:

Vy = apyRp (Il L-exp [~ (Vi +TpoRpp- Iy Ry - @ - #)a/x)
o SI1ITL1YE e’ -
vl+exp [—(Vl+IB2RB2— Ip Ry - ©)a/xT]

(3.7)

where @ is defined by exp(q@/kT) = a;ZRL2/af3RLl‘

The exponents in the numerator and denominator of (3.7)
differ only by the parameter @ which is a measure of the load
and gain imbalance between the two transistors. If these
quantities are closely m-otched, @, and therefore the difference

between tne two exgponents, becomes small so that (3.7) may be

+
N
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rewrittien as:

— ~ D ny
v, = aIlRLl(IE+Ie)bdnh(qVi/2kT) (3.8)

in which Vi is the effective input voltage to the multiplier.

It is defined as:

s | Vi = Vy + IppRpy = IRy -0 - P (3.9)

o that it takes into account the voltage drop across the
RB's and also represents as an equivalent input offsct voltage
(e+@) the total effect of imbalance in the circuit.

If the argument of the tanh function in (3.8) is small
compared with 1, the function may be approximated by the first
term of its power series expunsion. Thus, (3.5) becomes:

~ b
Vo = aIRL(IE+Ie)(q/2kT)Vi (3.10)
in whiéh ag and RL are mean values for Ql and Q2. This last
approximation is correct to within 5% for lViLS 20 mV and to
10% for |Vi|5.28 nV. TFrom (3.10) we see th=zt the circuit
forms the analog product between the effective input voltage
'
Vi
contains a term proportional to IEVi’ in which IE is constant,

and the emitter signal current Ie' In addition, the outputl

The presence of the latter term, however, does not constitute
a problem in this application.
e To bring out more clearly the relation between Vl and Vi,

(3.4b), (3.6) and (3.10) are used to obtain:

4 b i _
(T 41, )Ry | = arRp(I+I ) (a/2kT) (V) -6-F) .
. (3.11)

———
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Idenlly, *the coefficient of Vo on the left side should be close
to unity.and the following design constraint is_therefore

imposed:

a? q
e o (l.t!:+Ie )RB{(]‘ (3.12)
uI 2%

In practice this coefficient is greater than unity and contains
a time-varying component arising out of the sinusoidal nature
of Ie‘ (Ie is the locnl oscillator input when the multiplier
is used in the selective amplifier). Typical numericnl vilues

of the circuit parameters, taken from the realization of Chap. 6,

are:
a? = 0.98, af = 50, q/2kT = 19.2 V71 (at T = 300°K),
RB = 100 ohmn, RL = 1,400 ohm, IE = 4 mA, Ie = 2 mA pk-pk.

The mean value of the coefficient of Vo in (3.11) is found to
be 1.16 and may be made closer to uaity by the reduction of IE
and RB' The parameters @ and @ measure the mismatch between the
two sides of the multiplier which results from random variations
in integrated circvit processing. For an exitreme case of 20
mismatch between all respective circuit parameters we find,
from the definitions following (3.5) and (3.7): @, § = %* 4.5 mV.
In the following calculations it will be assumed that
(3.12) is satisfied by design and the low-frequency transfer
function given by (3.11) is now vsed to charactcrize the oper-
ation of the multiplier in the selective amplifier.
When vsed as an input mvltiplier, the circuit is nssumed
to have a differential base input signal v, = Vimsin(®&t+V) + Vr’

where Vr is an 2xternally applied dc offset used for balancing.
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The emitter current signal is Ie = Iemsinagt. From (3.9)
and condition (3.12) the erffecctive input voltnge is:

v!

§ = Visintegbet) + V- (049) (3.13)

Substitution into (3.11) gives:

V= Po{Vyeon (-0 1o=y]-vy cos [(w +iy Maf]+2 [¥ - (0+p]] sing,b)

+Q0{Vimsin(k&t+qj + Vr -(e+¢)} . (3.14)

in which Po and Qo are low-frequency values of the transfer
coefficients defined previously in Sec., 2.2. They are

evalvated as:

b b c
Po = aIRL(qum/4kT) and Qo = aIRL(qIE/2kT) (3.15)

Continving with the numerical example cited above, we obtain
Po‘! 14 =and Qo ~ 56, liore accurate values, which take (3.12)
intq account are Po = 12.1 and Qo = 48,

When vsed as an output multiprlier, the circuit has the
same emitter current input but the base signal is at the
differency frequency (kB-“ﬁ)‘ However, the values of Po and
Qo are the same as in (3.1%9).

The terms in (3.14) which are proportional to (Vr-Q—p)
are unwanted output components arising out of imbalance in
the multiplier. If, at a given tenmperature, the nmultivlier
is balanced by sebiing Vr = @+, 1t is then inprortons to know

how this balance point changes with temnperature. To calculate
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this we assume that Vr may vary with temperature but that
the ratios IEOZ/IEOI and a?QRLQ/aglRLl’ which define @ and P,
are constant with temperature. This is reasonable in view
of the earlier statement that the transistors and their loads
are fabricuted together on the same silicon chip. The
following partial derivative, theretore, gives the balunce-
point sensitivity Sg, expressed in terms of an equivaieht

input driit voltage;

V., v

1l
T 1 9 B r r
S, = 5= 55l (V=00 )] = (V~0-p)r—— S(al1 R ) + £ - L
(3.16)

An analogous expression is found for the output components
proportional to Po.

A case of particular interest here is where 15 is
produced by a constant voltage source in series with a dit'fused
resistor. It is apparent that, since IE then has an equal
and oprocite coefficient to the diftused resistor, the product
IERL is virtually constent with temperature. Also, the
coefficient of ag is very small, so that the the first tern
in (3.16) is negligible in this case. Furthermore, if we
assunme that Vr is constant with temperature and that it

22

takes a typical value of 3 mV, the drift sensitivity is

approxinately Sg Z 10 pV/OC. Eqn. (3.16) is used in Chnp. 5§
to determine the drift charactersitics of the total system.
In ccnclusion, we note a2 second-order effect which

arises out of irtnl-.nce in the multivliers. If (3.8) is

represented as w ¥ k tanh(v+u) , where v is the signal input
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and u is the dc imbalance term, this may be expanded as

w = k[(v+u) - %T(v+u)3 + ......]
= k[v(l—%u2+ vee) 4+ u(l—%v2+.4«r..] (3.17)

Because even powers of sinusoidal terms contiin dc components,
it may be scen from the sccond term in this expression that
the output of the multiplier contains a de component which
varies with even powers of the input amplitude. Thus, the
balance point of the multipliers is sensitive to signal level,
Fortunately, it has been found experimentally that this effect
becomes important only near the overload point of the circuit,
i.e. Vl of the order 20 mV. The reduction of this effect

is largely a function of the high degree of parameter matching

attainable in monolithic structures.

3.3 High-frequency characterization.

The frequency dependence of the multiplier trapsfer
function, which is due to chargé—storage'effects in the
transistors, results in a reduction of the coefficients P and
Q at high frequencies, as well as a phase-shift which is not
predicted by the characterization of the previous section.

As a qualitative indication of the effect of frequency, we note
that a$

I
the coefficient of VO in (3.11), leading to a reduction in

decreases at high frequencies and that this increases

ovtput. This argument is not sufficiently accurate, however
2 . 1 H

and the following characterization is develored.
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In both the input and output multipliers the local
oscillator signal is applied at fhe emitter, while at the
bases the inputbt siganl is at “i for the input multipliers and
at the differency frequency (a5 -cni) for the output mult-
ipliers. The input multiplier case is treated first, and the
calculations are simplified someWhat by assuming initially
that Wi = Wy i.e. the input signal is in the center of the
passband.

The base-to-collector current goin is represented by a

single dominant-pole approximation:

a3(0)
e ~ I
aI(s) = 5—:-§T; (3.18)

in which s is the complex frequency variable =nd To may be
measured or calcuvlated from the hybrid-pi model, for Ql

(or Q2) loaded by R;. With the multiplier exactly balanced,
i.e. V; -~ 9 - g =0, (3.11) is rewritten in the form:

V, = adR (I+I )(a/2x0)[V; - V Ry/Rial(s)}  (3.19)

in which the relations given by (3.4b) and (3.6) h:.ve again
been used. From (3.18), l/a?(s) is now interpreted as a
differential operz:tor in the time domain and the lnst factor
in (3.19) becomes: V, - V Ry/Ria%(0) - T RS-[v /R.a%(0)) .
However, if condition (3.12) is satisfied, the second term
in this expression is negligible, leuving only the inyut
voltage and the tine-derendent term.

To simplifv the resuvlting form of (3.19), the following
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paruameters are defined:
Wt =7
aPRy (a/2KT)I,
Iem/IE
W T Ry/Rias(0) = x

it
=

(3.20)

where it is seen that x is the normalized input and local
oscillator frequency variable, With these substitutions,
(3.19) reduvces to:

av
V, = M() + psin?)(V, sin® - X ) (3.21)

dt
which can be rearranged into the standard form of a first-

order differential equation with variable coefficients:

y' + P(t)y = Q(t) (3.22)

This equation has an exact solution22given by :
y = exp(- SPpnrat) [0+ [Fa(trexp(- [EP(e)ratiat] (3.23)

However, in this problem, the form of the integrundé is such
that the solution cannot be obtained in closed form. There-
fore an apprbximate method of solution is sougit.

The output voltage is first approximated by the series

‘ Vo =a  + alsinT + azsingt + blcost + b2cos21' (3.24)

This is substituted into (3.21) and coefficients are compared.
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The following system of equationsfresults:

'd " h 4 N B N
1 0 0 -iMpx O 70 T U
0 1 -Mpx  -Mx 0 aq MV,
0O 4Mpx 1 0 -2Mx ay | = o ! | (3.25)
0 Mx 0 1 -Mpx by 0
| O 0 2ux dMpx 1] | by | \-%Mpviq

We are interested here in the output at the difference frequen&y
(wo—a&),which is the dc term a since.we have assumed that |
W=y o Its value is obtained by & Cramer's rule solution

of (3.25) and the result is expressed as the value of the
frequency-dependent transfer coefficient P(Uo) for a down-

‘conversion from “o t0~dc:

P(w,) = P, - (5+3 1 + (Mx) (4+P /°) (3.96) -
5P Y(1ix)° + (ux)*(4- 3P +§P ,

Since this function varles only 910w1y with frequency over
“the range of 1nterest it also represents the down-conversion :
- transfer coefficient for input-frequencies slightly different'
from Wy e . |
For the up-conversion mode, where the multiplier is =
used at the output of a channel, the calculation is repeated§ 
The rathér unexpected result is that the corresponding transfer
coefficient is identical with (3.26). |

As a check on the accﬁracy of this appfoximate solutibn, {
an analog computer solution of the multiplier eqﬁatidn haé. f?h

been performed. To set this up,Ait is.neceqsary to make the

following minor approximation: (1+P81nt)“1 (l-fsinf) for

. e e B g 8 b R o be
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P<«l. If is made small, it is seen from (3.26) that the
frequency dependence of the transfer coefficient becomes
insensitive to the value of‘o, so that the making of this
approximation is justified. Accordingly, (3.21) is re-

arranged and integrated to produce:

v, o~ T j'g [Mvimsin'c - Vo(l- s;’m“t’)] at (3.27)

The computer schematic for solving this is shown in PFig. 3.3.
The driving function psint is formed in the two integrators
and inverting amplifier at the top of the diagram, the computation
is 'dme in the second and third rows, while the last row forms
the time-average of Vo. Since this average is analogous to
2, in the previous calculation, a plot of its variation
with Mx gives the required dependence of P(Ub)‘

In Fig. 3.4 the solutions for P(@%) obtained by these
two methods are plotted as a function of the normalized
frequency lix, for p= 0.25. In comparing the two curves it is
seen. that the approximate analytical solution gives a slightly
optimistic prediction of the frequency range for constaht
P(h%), but is sufficently accurate to provide a first-order
description.

If P(”b) is recalculated for a base input of V cosa%t

im
and denoted by P(wb,ﬁ/2), it is found that P(wo,ﬂyz) = MxP(wb).
Therefore, for a general phase angle o, between the base

signal at&% and the emitter signal attoo, it follows that

the transfer coefficient is:

P(wo,d) = P(&%)(cosd + Mxsing) - (3.28)
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and the condition for this to be a maximum for a given Mx
is that « = arctan(Mx). This result may be expressed as
follows. At high frequencies there is a phase-shift in the
multiplier owing to the base current flowing in RB‘ In the
case where Wy =Wy the signal at the "internal® basé nodes
of Q1 and Q2 lags the extérnal base signal Vl by the phase
angle of ,as givén. If this phase-shift is large, the multi-
plier ceases to operate correctly in the system. By comparing
this phase data with the anplitude data of Fig. 3.4, we see
that both effects becone impdrtant at similar frequencies.
From these considerations, therefore, an upper frequency
limit for correct multiplier operation is set at Mx = 0.2.

This condition is now related to the circuit parameters.

From (3.20), Mx = 0.2 corresponds to

A 0.4 -——-——-a;(O) (3.29)
= . m .29
° longB

where &y = angE/kT. As a numerical example we take the

following case:

1/21T = 3.0 Mc/s, a‘;(O) = 50, I, = 4 mA, R, = 50 ohn.

E B
Substitution in (3.25) gives, for the maximum frequency,

7.5 Mc/s.*

3.4 Design considerations.

For correct multiplier operation, the transistors shoulad
be operated in an emitter current range where their current

gains are not current-dependent. To ensure this, the amplitude

* The upper frequency limit for the multipliers of Chap.6
is approximately 1.6 lic/s.
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of the emitter signal current Iem should be somewhat less
than the bias current IE’ although, if it is too small,
trinsfer gain is sacrificed unnecessarily. A good compromise
is obtained for I = 0.25I,. To minimize the contr%butibn
of the IBRB terms in the transfer function, the cmitter current
‘should be high enough to optimize the de current gain of the
transistors but not so high as to violate inequality (3.12).
For similar reasons, RB should be minimized. Since To increases
with collector load, because of the collector-base feedback
capacitance, the ac impedance of the load should be small.
For the case of the inpuf multiplier, this may be attained
simply by incorporating the lowpass network into the load so
that a large shunt capacitance dominates.(See Fig. 4.1).

The emitter current sources may be realized by common-
emitter transistor stages or, as is the case here, by resistors.
It is sufficient that these resistors have a conductance
which is a tenth ( or less) of the &n of the transistors.

The input multiplier bases may be driven by a single-ended
signal source without appreciably affeéfing théir operation,
provided that a capacitor is used for dc isolation. This
capacitor also attenuates and low-frequency components which
may be passed by the lowpass stage, As noted in Sec. 3.2,
it is normally necessary to prévide a dc offset adjustment
either at the input or output of the input multipliers for

balancing each channel. Practical circuits are given in Chap.6.
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Figure 3.1 Balanced analog mulfirlier uqing field-

effect transistors.
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Figure 3.3 Analog computer schematic for solving:

v, = (/) Jg (g eint - (1-psinT)) dt.
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CHATTER 4., LINE:R CIRCUITRY,

4.1. The lowpass stage.

Both channels of the system contain lowpass amplitying
stoges which, ideally, have equal characteristics. As we
have seen, the passbund of the system is an image of fthese
lowpass characteristics. In principle, therefore, any
desired bandpass characteristic can be obtained by designing
these stages for the corresponding lowpass function. The
realization of very narrow-band tfilters is consequently only
derendent on the availability of suitably long time constants.
A restriction is made in this analysis to lowpass transfer
funcfions g£iven by two real poles, since these provide
svfficient tlexibility for most design goals of interest here
to be met,

With the exception of the means by which its long RC
time constants are realized, the design of the lowpass stage
rresents no special problems. ‘“'he value of the midband guin
can influence the dynamic range of the system and this ractor
is treated in Sec. 5.l below. At this point it is sutticient
10 know that the midband gain should lie in range 0.5 to 5 For

typric=l circuvits, and that this can bte obtioined with one, or
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rerhaps two, gain stages, The range for linecar amplification
should be larger than the dynamic ronge of the multipliers, so
that it does not limit the recponse of the system., Furthermore,
the valuve of the gain should not be strongly dependent on
trunsistor parameters such astso which have a &ide producfion
tolerance. A configuration which may be simply designed to
meet these requirements is shown in Fig. 4.1 and its midband
gain is:

Rl+rx+ﬁb(Re+l/gm) R2

RC+Rl+rx+ﬁb(Re+l/gm) .Re+1/gm+rxﬁao (4.1)

H(0) <

where r_, & and‘ﬁo are averaged hybrid-pi parumeters of Ql and

X n

Q2. Note the total collector load on the input multirlier is
now RL = RC"[?l+rx+f%(Re+l/5m] and that R2 is opproximntely |
the source resistance for the output multipliers. R2 should
therefore be small. The RlCl networks attenuate the common-
mode signal from the input multipliers as well as high-
frequency difference coiponents, so that this stage need not
have a large common-mode rejection ratio.

" A practical upper 1linit on monolithic junction or MOS
capacitors is 400 pF. for conventional diffused resistors
the limit is about 10 kn,24 The product of these maximun values
corresponds to a lowpass bandwidth of the order 50 kc/s.
Therefore, a simple monolithic realization of the lowpass
filter is convenient for bandwidths greuter than this figure,

but for swmaller bandwidths it is necessary to resort to other

reszlizations,
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One possible method is a hybrid construction using
subminiature ceramic capacitors which are now available, or
even external dapacitors of conventional dimensions if size is
not a consideration. Besides simplicity, the use of ceramic
capacitors is also advantageous from the viewpoint of sensit-
ivity. Buse-diffvsed resistors have temperature coefficients
of the order +2000 ppm/0024 and if these are used with MOS
or junction capacitors which are almost constant with temp-
erature, the bandwidth of the system will have the sanme
temperature coefficient as the resistors. Ceramic capacitors,
however, have controllable coefficients. They can be fabricated
with a coefficient which is equul and opposite to that of the
resistors, thus resulting in a net desensitivity of the system-
bandwidth.

An alternative approuach to the long time-constant problem
is provided by the liller-eifect multiplication of a capacit-
ance when it is placed in the negative feedback path of a
linear amplifier. A simple form of a multiplied-capacitance
circuvit, which may be realized in monolithic form, is shown in
Fig. 4.2. The capacitance Cl may be MOS or junction-type N
#lthough the former is normally preferzble froim a linearity
viewpoint. Using a first-order model of the transistor, the
low-frequency input capacitance CB rresented at port B in

this circuit is given approximately by:

Cp = Cy(1 + g Ry) (4.2)
where €n = qIC/kT. At high frequencies, where the reacsance
of Cl Qppro.nciies RL’ this value decreases towurds Cl.
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A multiplied capacitance also appeurs in shunt at port C

and in this cuse its low-frequency value is approximately:

R

CC = Cl(l + ﬁo.RBl+rﬁ+rx
where r; = ﬂo/gm. Again, this value decreases at high
frequencies with the decrease in base—to—coilector current
gain.

Both ports therefore present multiplied capacitance values
which eni:ble RC time constants to be réalized which are a
factor of ten or more larger than their sinple monolithic
counterparts. The maximwa voltage swing which may be applied
at port B is of the order 10 to 50 mV, whereas port C may
accoiodate signals of sevéral volts. The noise level in the
second case 1is correspondingly higher, howeﬁer, and the dynamic
ranges at the two ports are approximately the snme. The choice
of which port to use is therfore made on the basis of signal
level. This circuit nhas been used in a realization of the
frequency translation filter using a port C entry. (See Chap.6.)

There are a number of limitations with this simple A
multiplication circuit. The frequency at which the capacitance
value starts to decrease is often too low to obtain a buandpass
characteristic with good skirt selectivity. Also, the
.capacitance value is either f  dependent (at port C) or En
dependent (at port B) and is therefore not accurately defined.
For these reasons, the more involved circuit of PFig. 4.3 has
been developed. It is seen to be busically a balanced

shunt-series feedback pair. The current gain froa the base
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of Ql to the collector of 02 and the corresponding guain from
Q4 to Q3 are both stabilized by the feedback applied through
the resistors RF‘ Because of the balanced configufatioh, the
signal collector current in Q3 is equal but oppostite in
phase to that in Q, so that the current gain 13/11, as
marked, has the 180°-phase—shift needed for capacitance
multiplication.

The low-frequency input capacitance at port B for

this circuit is given by:

Cy = c,(1 - i3/il) -t Cy(1 + RF/RE) (4.4)

The approximation which defines CB in terms of a stable
resistance ratio is valid only if the loop-gain AL for the
feedback paths through RF is high, i.e.

woe . 1L Poala(Rytlieg,) 1 (4.5)
L ol Rl+rﬁl R2+F52(RE+l/gm2) RF

with the additional constraints: RE>$l/gm2, R1>ﬁ%l/gml' In
these expression, subscripts 1 and 2 have been used to iden-
tify the hybrid-pi parameters of Ql and Q2, respectively.

An experimental discrete-component prototype of the circuit

of Fig. 4.3 has been constructed with the following parameter

values:
RF = 2,700 ohn, C, = 150 pF, VCC = +15 V, I, = 2 mA (per

transistor)
The measured perforuance is: 13/11 = 22 (cf. RF/Rv = 27) with
a -3 dB cut-ofi frecuency of 8 iic/s. The port 3 cupucitunce

C, is 3,500 pF up to at least 3 lic/s. The maximun signal-to-

B
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noice ratio at port B is 60 dB.
One of the multiplied-capacitance blocks may’be used to
replace each of the capacitors in the lowpass filter. For
a simpler realization, the block may be modified by adding
a second capacitor between the collector of Q2 and the base
of Q4. Each block may then replace a balanced pair of

cupdcitors by using the collector of Q2 as the second entry.

4.2 The summing anmplifier.

A convenient means of swaming the outputs of the two
channels is to use small common collector loads for the two
output multipliers as is illustrated in Fig. 6.5. The
sumined .output is applied to an anplifier which performs four
functions in the system, namely, to provide a balanced-to-
single-ended transition in the signal, to raise the system
gain to the desired level, to attenuate low-frequency signals
which are transmitted directly by the output'multipliers
and, finally, to atfenuate any second harmonic component of
the local oscillator signal. The balanced-to-single-ended
transition may be realizedvin several ways and a convenient
method here is to take the output signal from one collector
of a balanced stage with a high common-mode rejection.

This transition is not ideal at high frequencies, because of
parasitic capacitances which couple a portion of the comaon-
mode signal into the outyut. This signal may be cancelled

very sinply, in practice, by 2 small adjustment of the balance

controls in each channel so that an equal and opposite
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differential signal is produced by the output multipliers,

For a typical narrow-band selective amplifier, the band-
width of the lowpass stages is more than a decade below the
center frequency. Therefore, by ac coupling two or more of
the summing amplifier stages, the low-frequency components
transmitted from the lowpass stages are easily removed.

The amount of second and higher-order harmonic distortion
in the output depends partly on the purity of the local
oscillator signal and can ndt, therefore, be predicted
exactly. In practical realizations, thﬁs distortion has been

found to be less than 10% of full output without filtering,

-and a notch filter which attenuates the second harmonic by

20 dB relative to the first reduces this distortion to a
negligible level. Fig. 4.4 shows a simple active RC notch
filter which meets these requirements. Its transfer function

is given approximately by:

R

T . U :
v, (0¥ g 220 2 | (4.6)

and for correct operation, the following design relations
shovld be satisfied: R,C; = 172w, R, = 3(Re+1/gm). For
center frequencies of 1 Mc/s.or more, the capacitance values
in the summing amplifier are such that the whole circuit may

be realized simply in monolithic form.

4.3 The phase-shift network

In principle, it is better to obtain the 90° phase-shift
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between the oscillator inputs fo the two channels by means
of a lag-type network, since a phuase lead is normally accom-
panicd by an increase in the harmonic content of the local
oscillator signal - because of the magnitude response of a
phase-lead network. A network which is simple and provides

a 90° phase-shift is shown in'Fig.4.5. Its transfer function

is:
vz(. _ 1
v, (39) = . .
1 1+ (R #,)/Ry+J W[RyCq (1+R,/Ry)+C o (R +R, )| ~6°RyR,C1C,
(4.7)

The condition for 90° phase-shift is:@ﬁRichlCQ = l+(Rl+R2)/R3.
This may be set exactly in practice by making any one of the
five elements adjustable over a small range, e.g. 02.

If the phase-shift is set correctly at a given temperature
and frequeﬁcy, it is then sensitive to changes in these
quantities and the sensitivity is computed as follows.

Assuming that all resistors have the same temperature coef-
ficient, and that the coefficients of the two capacitors are
also equal to each other, we define a variable ¥ =¢»oRlCl. v
The transfer function (4.6) is now written as 1/(A+jB) in

which A = O for a 90° phase-shift. If & small change AP in

P causes a change £ in the phase-shift, these changes may be

shown to be related by:

£ _ l_géﬁﬁil (4.8)
by BC (@)

where £ is measured in radians. This is the general sensitivity

- relation for this network and may be interpreted for a
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particular case as follows.
1 o = R3 and C, = C, in (4.7). The condition
for A = 0 is V=3 and B = 4/3, and from (4.8), €/a% = ,057.

Let R, = R
A resistance change of 2000 ppm/oc therefore produces a

phase change of 0.057 x 2 x 3 x 10™3 rad/°Cc, i.e. 0.0114 deg/°C.
From the definition of ¥, it then follows that the phase
sensitivity to a given fractional change in frequency or capac-
itance is the same. This result is used in Sec 5.2 where

its effect on systen performance is evaluated.

Finally, we note that the magnitude of the transfer fuanct~
ion (4.7) is a strong function of frequency, as for other
similar phase-shift networks, so that the main consequence of
a shift in the local oscillator frequency is not a phiuse
effect, but a change in the amplitude of the drive to one of
the channels, causing a gain imbalance. To correct for this
effect and to compensate for any other cause of gain imzbalance,
a rotentiometer-type adjustment may be included. Fig. 6.5

stows a practical realization of the phase-shiit network.

for



—

45.

|
SR
2 |
|
—0 | L e
Vcczl
SR, |
|
l
oytput mult.

Bl

[ ¥

—

9

Figure

4.3

Two-stage capacitance multiplier,



46.

cC

' RS 3R,
EQA— o
- .2 ') V2
A i

vy 171
et ol
1 ' IT' Re
Figure 4.4 Active RC notch filter.
Ry

A o Ovz

B,
Vi
o & . O

Figure 4.5 90° phase-lag network.



4’1

CHAFTBR 5., SYSTHM }<RIFORIANCE,

g

In this chapter the results obtained to this point are
vsed to examine the ways in which the pertormance of a pract-
jcal system ditffers from the ideualized model prescnted in
Chap. 2. PFarticular attention:is padid to the sensitivity ot
variovs system parameters with temperature and a section is
included in which the ettects ol negative feedback on perform-

ance are treated.

5.1 Dynamic Range.

The maximum allowed input signal to the system is
determined partly by overload considerutions and puartly by a
second-order effect urising out of any wsymmetry in -the input
multipliers, which was descritved in Sec. 3.2. It was noted
that a consequence of this asymmetry is the production of a
dc signal in the.lowpass stage whose amplitude varies as the
square or higher order of fhe input voltage. This causes a
spurious output signal, at the local oscillator frequency,
which appears irrespective of whether the input signal is
within the passband of the system or not. However, it was
2lz0 woted in Sec. 3.2 ftnat for the integratea nmultivliers

used in ti:tis system, the asymmetry effect is only ingortunt

.
JRR Y
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ne:.r overload levels in the circuit. On the basis of exper-
imental measurements and the calculation of Sec. 3.2, the
overload level Tor these nultipliers is set at 20 mV sine-
wave amplitude (40 mV pk-pk) and we require that the total
input signal amplitude be greater than this.

The minimum detectable signal is set by noise and drift
considerations and, in the following treatment, both of these

effects are included. In contrast to conventional anplifiers,

an appreciable amount of the noise at the output of this system

is contributed by the output'stages. This results from the
fact that the narrow bandwidth of the lowpass stage limits the
noise transmitted from the input multipliers, whereas the
output multipliers are followed by a wideband amplifier.’

We now proceecd with é noise characterization of one
channel in the system. |

For a single common-emitter stage with a short-circuit
collector load, it has been shown25 that the equivalent input
noise power due to both the transistor and the source resist-
ance Rs may be represented'by an equivalent noise resistance

Rnl at the input.* Its approximate valuve is:

Ry T (Rgor )(142/@) + 1/2g, + (em/2f,) (Ry+r, ) [1+ (@70, 1))
(5.1)

where‘c.)nc> > 1;/lpo ig the noise Qorner frequency which is

typically greater than 5 Mc/s. It is assumed in the

cizlculations below that all freguencies of interest are below

¥ This expression does not include contributions due to
1/f noise. :
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“%uf This expression is first applied to the input multiplier
where a nuvmber of simplifications are possible. The short-
circuit cufrcnt gain{% is first replaced by ai corresponaing to
the source and load on this stuge. Then, by a previous

_definition, R+r = R'B and by condition (3.12), ngB/a§<<l
so that the last term in (5.1) may be neglected. Also, we
note that ai>>l. Pinally, since this stage does not have the
emitter grounded, a noise term due to the emitter supply
resistor RE should be added. Thus (5.1) becomes:

~
Rnl_ Ry + 1/2,5:m + Ry (5.2)

The question of the noise bandwidth now arises. If the
noise spectrum is "white" and the input multiplier is followed
by a lowpass stage with bandwidth fb’ the following spectral
regions are transmitted through the system: (0 to fb) and
(fo - fb) to (fo + fb). The former range is transmitted by
the coefficient Q and the latter by a frequency translation
throvgh P. (See (3.15) ). Phe mean squrre noise voltage at
the output of the input multiplier Vgn, which is represented

as a noise voltage source in series with the load, is therefore:

w'ign o 4kT Rnl(Qi + 2P§)fb (5.3)

For an estimate of a typical value we use the numerical
example already introduced in which Pl = 14, Q, = 56,

RB = 100 ohn, 8y = 0.16 mho, and RE = 300 ohm. From (5.2),

R . ™ 400 otn end for a typical £, = 10% ¢/s, (5.3) yields

nl
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V5 ¥ 200 (pv)@
2n : * _
The lowpuss stage hus an equivalent input noise resistunce
Rn2’ which is approximately the sum of its .emitter resistance
and the loazd resistance RL of the input multiplier. The total
‘mean square noise at the output of the lowbass stage is there-

fore approximately:

-2 o 2
Vin T axr(r, 12 (Ql+2 ) + u2x ;f (5.4)

where H is the voltage guin of.the lowpass stage and the noise
source, again, appears in series with load on this stage.,

The output multipliér is followed by tihe swmming umplifier
whose bandwidth s becomes the effective noise bandw1oth of

the output. The output noise duve to the ovtput nulflpller alone

-2 . .
v4n is therefore:

-2 ~

2 2. :
Vin 4kTRn3(Q2 + 2P5)f (5.5)

where Rn3 is the corresyonding input noise resistance.

The summation of all these noise components is represented by

Vgn.at the output of the channel and is given by

A\

=2

- 2,2
IR (Y S AT

2 .2
PoR o}, + Rpy(Q5+2P35)f )
(5.6)

Again, typical values are calculeted for the numerical case
above, with the following additional data taken from the

circvits of Chuyp, 63 ¥y = 2.2, Q, = 8.8, H = 0.5, T, =

= 470(}1‘-!)2, l.e. 22 pV r.a,.s,

5 me . —2
5x107 ¢/s. Tihc re=ult is vSn
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and when the output of the 2 éhannels is swmed, the mean
square output noise voltage is approximutely 1000 (FV)2.

An cxpression Tor tﬁe total thermal drift in one channel
is now derived, using the relations(3.14) and (3.16) of Chap.
3. Sturting witn the input multiplier; which has an exfernal
dc offset input-VPl,.wg have -shown that the total equivalent
imbalance voltage at the input is (vrl -8y - ﬂl). This
produces-a dc differential voltage Ql'(Vrl -6, - ﬁl) at the
output of this stage and, in turn, produces a de input
HQl(ilrl -0, - £,) to the output multiplier.* The total
effective input offset at the output multiplier, including the
effect of its own_imbalance is, therefore, HQl(Vri—Ql—ﬂl)-Gz—ﬂg.
This offset produces, at the outﬁut of the channel, a spurious
signal at the lbcal oscilintor frequéncy which cannot be
filtered from the true output at the input frequency. Its

amplitude Vd is

Vg = 2P2[I{Q1(Vrl -0 = f) -6 - ,02] (5.7) .

This can be set to zero at a given tempernture, but not, in
general, over a range of temperature.
The temperature coefficient of Vd is found by a differ-

entiation analogous to that leading to (3.16), with V rl held

constant.
v vy oY 2P,
a 1 aH 13 1
& = ¢" g7 - S HQV +2PRHQ) (V0,81 ) (F 57 + § 5T < T
(c‘

) 5.8)
in which Y = IemRL for both stages. _

* Tt hus heen assuamed here that the lowpass stuge does not
utrodvcg an additional dc offset. A more general relation in
which such an effect =may be included is given in Sec. 5.4.



When the ovtputs of the two channels are summed, the
respecfive imbalance output signals are in quadrature and, in
the worst;caée, both have equal magnitudes so that the total
output imbalance signal has a temperature coefficicnt:/?(évd/bT).

To complete the dynamic ronge specification, we now
consider the the upper limit on the signal level, This
calculation is much simpler than the previous two. As the
signal level increases, either the input multiplier overloads
before the output multiplier, or vice-versa. ( The lowpass
stage and summing amplifier aie designed so that they do not
limit the dynamic fange;) The factor that determines which
stage overloads first is.tﬁe midband gain of the.lowpass stage
H. To show this, let the input voltage which overloads the
input multiplier be.Vlu and the corresponding overload input
to the output multiplier be V2u. If the output signal from
the two channels at the overload point is V3u' we may write,
at the center frequency of the filter:

if PyHVy. Vouo (5.92)
(5.90)

PlHPZVIu

= P2V2u if Plelu'v

2u*
In the special case where PlHVlu = V2u’ both expressions are
identical and this can easily be shown to be the condition

for maximum output signal; Therefore, to optimize the dynamic
range of the amplifier, the gain of the lowpass stage is
chosen to satisfy, at least approximately, this condition.

These three results are now combined in two systen

specifications: the maximua dynamic range (LiDR) and the
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thermal drift sensitivity sg, whose definitions are:
MDR = V2. /2¥2_  in dB - (5.102)
T 3w T 5n * *
T ' :
Sa. =V2(Vy/AT)/Vy, in ppm/°C (5.100)

The numerical'example begun above is co.ipleted with the
calculation of these quantities. For V2u = Vlu = 20 mV,
we find, from (5.9b): V3u = 44 mV. From above, 2V§n‘= 1000 (pV)?
so that MDR & 58 dB. Typical measure values are 50 dB.
Finally, (5.8) and (5.10b) are used to obtain Sg 2 23,000 ppm/°cC.
Because a worst case has been assumgd here, typical sensitiv- '
ities are a factor of two or more smaller than this and a
method for reducing the drift sensitivity by a further factor

of 20 is described in Sec. 5.4}

5.2 Sensitivity and distortion.

Sensitivity in its broadest sense includes the variation
of system performance due to all changqs in ambieht conditions
such as temperature, radiation flux, external supply voltage
as well as internal variations due to aging. Of these, the
effects of temperature are the most predictable and, in
integrated circuits, are usually the most important.. Therefore,
the treatment of sensitivity is restricted to temperature
effects, though the extension of these results to other
sensitivities is not difficult. The four basic aspects of
system performance are: gain, bandwidth, center fregquency and
distortion. As already noted, it is an important property

of the frequency-translation technique that these quantities
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may be treated independently.
The center-frequency sensitivity is almost purelj a
function of the type of local oscillator, since any loading
interaction between the local oscillator and the rest of the
system may be minimized by good design. If an integrated

26, 21 is used, recent results indicate that

local oscillator
frequency sensitivities as low as 100 ppm/OC may be obtained,
by. using similar compensation techniques to those in active

RC filters? |

The bandwidth sensitivity, which is essentially the
sensitivity of the RC time-constants in the lowpass stages,
has been commented on in Sec. 4.3, for the system without
feedback, and the effects of feedback are noted in Sec 5.3.

In general, the sensitivity is a function of the types of
elements used in the RC networks, and not of the bandwidth
itself.

In the signal path of the system there are at least tour
amplitying stages, as well as the passive networks, and the net
midband'gain sensifivity is related to the individual sensit-
ivities of these stages. At room temperature (300°%) the‘ao

6 of

of a transistor has a typical temperature coetficient
+6000 ppm/oc, while the temperature coefticient of &n is

-3300 ppm/oc. The multiplier stages have &n dependent transfer
tunctions which thus have negative coefficients, but the gain
of the linear stages tends to be more g, dependent, resulting,

in a positive coefficient., At the center frequency, the

overall syatem guin is, from (2.6), K(Uo)bz PlH(O)PEA y



and its temperature coefficient S& is:

., 2 SR o
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for Pl = P2. Since the algebraic sum of thé terms in this
expression may be set, by design, to zero over a finite
temperature range, net gain desensitivity may be obtained.
Note, however, that for a complete specification of the
gain sensitivity, it is necessary to know the temperature
variation of the local oscillator drive amplitude Iem’ and
this is a function of the type of local oscillator used.

We now consider the sensitivity aspects of distortion.
Becauvse the band-limiting filter in the sunming amplifier
removes frequency components which are well outside the
passband of the system, we may restrict the treatment to
distortion terms whosé frequencies are close to the center
frequency. These can result from three tyres of imperfection
in the system: a difference between the transfer functions of
the two channels (channel mismatch), a phase-shift between
channels which is not exactly 90°, and.imbalance in the
multipliers. The first two add to the output a distortion
component at the frequency (QGB - wi)'while the last introdvces
a component at wo.‘ The sensitivity of multiplier balance has
already been derived in Sec. 5.1.

The channel nismatch sensitivity is conveniently obtained
by defining a parameter ¥ = Fua b(O)PbZ/PalH (O)PaZ’ using
the notation of'Chap. 2. The ratio of the channel misnatch

distortion component amplitude at (2&% - ah) to the outuut at
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Wy is denoted D and is obtained by substituting in (2.5),

giving:
l -¥
Dy = T5v (5.11)
In general ¥ has a sensitivity Sg = 9¥/dT, which arises out of

a small differential gain sensitivity between the two channels.
The temperature sensitivity of distortion due to channel

mismatch is, therefore,

T. = dDSy (5.12)

The description of phase-shift effects is similarly
treated by recalculating (2.5) for the case where the local
oscillator input to the two channels is IemSin“Bt and

Ie cos(wot+£), respectively. The distortion ratio dve to the

m
phase error is denoted Dc and is thus found to be:

De = Sinc (5013)

From this we see fhdt a phase error of 1° produces‘an output
at (2&%-aﬁ) whose amplitude is 1.8% of the true output at W, .
The temperature sensitivity of € has been described in Sec.
4,3 and is derived from (4.8). The temperature sensitivity of

distortion due to phase error is thus’:
st = psT | (5.14)
T
where S, = AT,

To conclude this section we consider the influence which

the results obtuined may have on the design of the systen. The
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magnitude of the drift sensitivity described in Sec. 5.1 is
unpredictable becﬁuse it depends on the degrce of matching
between transistor pairs obtained during fabrication., At the
present state-of-the-art, this is a random parameter. In
almost all cases, however, the degree of matching does lie
within known limits and the numerical example‘which was
calcvlated from (5.105) ié a worst case with respect to these
limits, Beyond this, the performance of the system may be
optimized by choosing the lowpass stage gain in accordance with
the condition given, and by inéorporating drift compensation
s described below,

The distortion sensitivities to channel gain mismatch Dm
and %o phase-shift DS are fundamental and invariant quantities
for a system without feedback., It is shown below, however,
that they may be reduced by the use of feedback. The temp-
erature sensitivity of channel gain match 83 may be minimized
Aby tight thermal coupling between stages, but its actunl value
is virtually unpredictable. Typical measured values are given

in Chapter 6. On the other hand, SE has been calculated and
may be minimized by time-constant compensation.

Finally, the gain sensitivity as given by (5.10) is
controllable; since the system possesses a number of Jdegrees of
freedom in tais respect. It is possible, in principle, to
calculate the individual gain sensifivities, bult in practice’
this calculation is very difficult. (Consider, for exanple the
differentiation of (4.1) witn respect to all sencitive
parameters, ) Computer studies und experimental measurements

are more realistic apjroaches to this problem, Hevertheless,
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the sensitivity of the systom gain may be reduced to a low
level sinmply by reducing its € und/ao dependence and may be

reduced even further by the usc of feedback,

5.3 Negative feedback.

Becuuse of the nonlinear processes in this system, one
cannot assuvme, a priori, that the application of negative
feedback will improve its performance. However, it is shown
here that such a technigque does result in an improvement of
most performance parameters. There is a variety of possible
ways in which feedback may be applied, for instance, as local
loops around the summing amplifier and lowpass stages, as a
local.loop around the lowpass stage-output multiplier cascade
or as a single overall loop between input and output. All
these possibilities have been investigated and the conclusion
reached is that the last apprroach is to be preferred.

This feedback system is shown schematically in Fig. 5.1.
The feedback network U is shunt-connected between the input
bases and the output collector of the system. (Fig. 6.7
contains a more detailei diagram of the feedback connection),
It is a simple RC highpass network with an assumed zero-phase,
flat magnitude response to all frequencies within the passband
of the systen.

On the basis of the cheracterization of the forward puth,
it is proposed that the output voltage without feedback'VB
contains the desired frequency cdmponent at 5 in addition to

small distortion components at W, and wa_oi' The first tern
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is found, from (2.6) to be KVimsinaﬁt. "The second is due to
thermal drift, for which an expression is given in (5.7), and

is represented as the sum of two components Vd sincﬁt and

a

\ cosdgt from the reSpéctive channels. The other distortion

db
term, resulting from channel mismatch and phase error is

found from (5.,11) and (5.13). The summation of these terms is

thercfore:

v, = I\Vim[sina:i‘t + Dmsin(Zoo-%)'t + De'c:os(2c~’0--¢.3ri )t—_‘

3

+V asinqbt + decos&5t (5.15)

d

When the feedback loop is closed, the magnitudes of these

terms are modified in a rather complex way, because of the

interaction between the various frequency components. An
approximate solution is obtained, however, if the distortion
terms are small relative to the true output, by comparing
coefficients of like frequency components around the loop. It
is also assuined here that reverse transmission through the
feedback network is negligible and that the feedback subtract-
ion at the input is ideal. For convenience, a coefficient
w=(l+Ka)"l is defined and the input voltage under closed-loop
conditions is set at V{m, = Vim/w so that distortion may be
comparei at the same output level, The closed-loop output

voltage thus obtained, vg, is

.1 ~r et 3 3. . sy - . a -1,
Vj hVim[Sln&ib + qu51A(2£5 &a)t + chco~(2aé Jl)ﬂ

. =
+ deaslnh%f+ debcosa%ﬁ (5.16)
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This resvlt is a standard one in the respect that it shows the
reduction and consequent desensitization of the midband gain
and distortion level by the factor (1+UK)-1. The systen with
feedback is therefore characterized by a transfer function
K' = K/(1+KU), and channel mismatch sensitivity D'm =ADm/(1+KU)
and a phase error sensitivity Dé = Di/(l+KU).

It appears, at first sight, that the drift sensitivity is

also improved but there is another afiect which nullifies this

'improvement. It may be seen from (5.8) and (5.16) that the

closed-loop imbalance coefficient is J?(Bvd/aT)/(l+KU).
However, the maximum output signal V3u is also reduced to
V3u/(l+KU). To see this, we recall that for the system with-
out fee.back, the maximum input signal vlu is independent of
whether the input frequenéy is within the system passband or .
not. For this system with feedback, however, the overload
oint is frequency sensitive. Consider a signal of anplitude
Vl aptlied to the input bases. If its frequency is within
the passband, the effective base drive is reduced by the
feedback to Vl/(l+KU).’ If, on the other hand, its frequency
is well outside the passband, the loop-gain of the system is
close to zero in magnitude and therefore the effective input
voltage is approximately equal to the applied voltage Vl.
Consequently, the system is more prone to overload for signal
frequencies outside the passband and the maximum input signal
must now be defined at some outband frequency. .It thus has a
value Vlu/(l+KU). Similarly, the éutput overload level is now
V3u/(l+KU) and the arift senzitivity Sg, as defined by

(5.10b), is unchanged by the addition of feedback. In addition,
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we note that the lowpass stage gain must be increased by the
Tfactor (14KU) in order to sutisfy the maximum dynamic range
condition derived from (5.9). By an analogous argument, the
MDR is also unchanged by the use of feedbuck. (Sce (H.10a).)

The experimental results reﬁorted in Chap. 6 confirm
these predictions.

The effect of feedback on the bandwidth of the systenm is
treated as follows. The transfer function of the lowpass
stage, which has been assumed to have two pegative-real poles,
is represented as:

HoP1Pp

H(s) = (5.17)
(s-p; ) (s-p,)

From the general system transfer function as given in (2.6),

we may write the open-loop transfer function K(s) as:

2[82 - S(Pl+p2) + (PlPQ"Qg)]
J6,=Py Hs=Jw =P, ) (s+]ly =Py ) (s+]Jiw -Dy)

K(s) =24 P)PyH r=

(5.18)

which has the desired two complex conjugate pole pairs. When
the feedback. network U, which is initially assumed to con-
tribute no additional natural frequencies to the transfer
function, is added and the feedback loop is closed, the closed-
loop pole pesitions may be calculated by a fairly tedious
manipulation of (5.18). The resuvlt is that the four poles have

rositions given by:

Py +F
172 + 1 2 . + .,
p; = —m— - 5\//(pl+p2) - 4plp2(l+kOU) - 3&%(5.19)

-
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where Ko=2Alu}bHo. The function KOU is fecognized as the
midband loop-gain in conventional feedbuck theory and the pole
positions given by (5.19) may be plotted in root locus fora
with KOU as the parameter., Yhis plot is shown in Fig. 5.2.

It may be seen from this plot that a variety of pole
configurations may be obtained merely by choosing the loop-
gain appropriutely. In particular, a second-order Butterworth
response'is obtained for (1+KOU) = (pl+p2)2/2plp2 and a pair
of coincident conjugate poles for (l+K°U) = (pl+p2)2/4plp2.

In the practical system there are, in addition to the
dominant poles calcultated here, a number of n5n~dominant yoles
which contribute an excess phase-shift to the midbund loop-gain,
As a consejuence, the root-locus is perturbed, as shown by the
dotted lines in Fig. Y.2 ﬁnd the frequency response of the
system is skewed about the center frejuency. The r.gnitude of
this eftect may ve estimated in the particular case ol the
above second-order system as 1ollows: The transfer function
K(s) is assumed to be narrow-band, i.e. ]pl,, |p2|<<wb, and
a transformed frequency variable s' = s = ja% is introduced.
Equétion (5.18) may then be rewritten in the aprroximate form:

Koplp2

(s - p, (s’ - py) (5.20)

K(s') <

This expression is next modified to iqclude an excess rhase-
shift g at the center frequencycoo, by nultiplying it with
exe(ig)e ‘ . The closed-loop poles of the system transfer
function, in *er+s of the s'-rlane, are now fornd fro- the

zeros of (1 + K(s')U exng) wnd are given by:



": . . 630

4 ; M . . - |51
B b &(Pl+p2) + %(Lz-m2)“ [cos(iarctan 3) - 331n(§xrcungﬂﬂ
(5.21)
where L =(pl+p2)2~4plp2(l+KoUco§{) and M=4plp2K0Usin§.
Thesc poles may now be transformed into the original s-plane

with the result:

P4+D
1 ~ 1 2 i—~:m—lfkos(~nrctani) + 391n(aarctanzﬂ & AN
P,+p - -
and l2 2 (L M )< POR(EdrCtan) jsin(2 arctan 8 w

(5.2?)

This calculution shows that the result of an excess phiose-
shift is a change in both the center frequency and bandwidth
of the closed-loop transfer function. This effect may be
minimized in practice by the introduction o} a simple RC
network into either the forward or feedback path which is
adjusted to cancel the excess phase-shift.within the narrow
passband of the system.

To illustrate these results, a numerical ex:imple taken
from the feedback system of Chap. 6. is presented (See Fig. 6.7).
The open-loop, lowpass stage poles are at: p; = 24 x 10% secT!
and Po= -1 x.lO3 seofl The midband loop-guin KOU is 8.0 with
an estimated excess phase-shift of 30° at the center Irequency.

8 and

Equation (5.21) is now evalvated with L = 4.1 x 10
H=6.4x lO8 with the resvlt:

s' ® (0.80 - 30.66) x 104, -(3.3+j0.66) x 104 sec.

The corresponding bandwidth (:t a center frequency of 1.6 hic/s)

is 2.5 ke/s, which conpares well with the meusured value of

e -
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2.56 ke/s. ‘The corresponding shift in center frequency is
approximately 1.4 ke/s., i.e. 0.09%;

Finally, we note that the system bandwidth is sensitive
to loop-gain, in the feedbuck case, as well as to the open-
loor role positions. This may be advantageous in some
circumstances because it introduces an extra degreé of freedom
in designing for a desensitized responseS; In prnctiée,
howevef, moderate desensitivity mauy be obtuined if the

sensitivities of the open-loop pole positions and the midband

loop-gain are individually rinimized.

5.4 Drift Compensation.

At the expense of further adjustments in the system, the
drift sensitivity may'be reduced by direct conmpensation. In
the original system, provision is made for a single dc offset
adjustient at the input nmultiplier of each channel (See Sec.
3.4). Vie now provide two gdjustments in each chinnel, one at
the input multiplier and one at the output multiplier. For a
givén channel we denote these by vrl and vr?’ respectively,
Equation (5.7), which was derived for the single-offset case,

is now rewritten as:
Vg = 2P, [HQ, (V,1-0,-81) + V, ,-6,-0,] (5.23)
For balance, this expression should be zero, & condition

which may be set by a range of coibinations of the two

independent variables Vrl and Vr2' The tenmperature coefficient

-



of V; is found, as in (5.8), to be:
' v .
d ady 27 1¥H ~ 13¥Y
~ = g a7 ~ TpVpotlQy V) + 2PHQy (Vi -0y -A) (7 o7+ ¥ 57
(5.24)

where, again, Y = I RL for both stuges.,

em

By setting Vg = de/bT = 0, (5.23) and (5.24) becone two
simultaneous equations in Vrl and Vr2 which provide for the
simultaneous balancing of the channel and the minimization of
its thermal drift sensitivity. This condition is set in
priactice by trial and error adjustments over a temperature
range. The adjustments converge rapidly to a minimum

sensitivity condition which gives typical values of

Sg = 500 ppm/°C.
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Figure 5.1 Schematic of single-loop negative feedback

systen.

Figure 5.2 Root-locus plot for second-order filter
with negative feedback showing ideal case
(solid line) and excess phase case (dotted).
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CHAPTER 6. AXPERIMBNTAL STUDIES .

6.1 Inteprated circuit design and fabrication.

With the exception of NIiOS capacitors, if required and a
small number of adjustable components, all circuitry for the
frequency-translation filter may be formed in monolithic.
silicon chips. The trdnsistors are all double-diffused npn
types and the resistors, which lie in the range 30 ohm to 3,000
ohm are formed simultaneously with the base diffusion of the
transistors. The components are interconnecfed by convent-
ional aluﬁinum metallization and the dies are gold-bonded to
T0-5 headers. A standard processing schedule, which is
compatitle with the capabilities of this labo*atory, has been
developed and is given in Appendix 1. Yields obtained with
this process are typically 85% in terms of individual tran-
sistors for the small quantities which have been fabricated.
Representative parameters of transistors within the integrafed
circvits are'given in Table 6.1 and are comparable with those
of commercial units, exceyt for their high saturation resist-
ance.ré, which is due to the absence of a "buried" diffusion
layer beneath the epitaxial 1ayer28.

AsS noved in Bec., 6.2 below, the selective anrlifior systen



68.
is divided, for experiumental convenience, into smauller
functional blocks which are Tubrioated separately and mounted
on separate headers. The busic electronic principles of their
desisn have been developed during the course of the previous
chapters and the following points, which relate these
principles to the integrated circuvit parameters are set out:
(2) The maximvm nllowed ci rcuit arew, from pihotograpnhic

1imitations, is a 70 mil squure. For more precise
registrution; howé?cr, this is reduced to a 35 nil square
so that multiple-inage musking may be used*,

(b) The trunsistor geometry is based on a 2 mil square
enitter, with one or two base.contaots, depcnding on the
aren available. The standard geometry is shown in plan
and cross-section in PFig. 6.1.

{c) Pairs of transistors which should be matched with respect
to each other (e.g. the muvltiplier pairs) are formed as
close to each other as possible and care is taken to make
their geometries nearly identical.

(6) The design-center base sheet-resistance is 150 ohm/sq.
Resistors of more than one square are formed as rect-
angular strips 1 mil wide, while small resistors of a
friction of a square are made on squure diffuvsion patt-

erns, with strip contacts.

* YThe multiple-image masking scheme is designed to reduce
errors resulting f§gm the step-and-repeat stage in the photo-
graphic reduction. The full mask aren is divided into four
quadrants in which the isolation, base, emitter and coutact
patterns are vlaced in order. The sume mask is used four tines,
with an aprropriate shirft relative to the wafer ench time, so
1t the patterns retain their corrccet rel:ntive positions,
irrespective of any errors in the step-und-repeant.
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(e) The isolation walls are 1 mil wide, normally, and are
separated froin the circvit elements by no less than 2 mils
on all sides, |
(f) The area of metalization is minimized to reduce siray
capacitance and external connections are brought out to
bonding pads.

Tne three types of functional blocks fabricated for this
system are: the input multiplier, the lowpass gain stoge-
ouvtput multiplier cascade,and a general-purpose two-stage
differential amplifief. The dc voltage levels in these stages
are chosen so that they may be direct-coupled in cascade to
form a system channel. The voltage drop across each stage is
therefore minimized in order that the total system may operate
from a moderate supply voltage. A collector-emitter voltage of
not less than 2.5 volt is maintained for each transistor.

Three experimental versions of the input multiplier have
been fabricated and the best is suown in the photonmicrograyh
and schenatic of Fig. 6.2. The 30 ohm base resistors are
chosen as a compromise between reasonable input impedance level
and the condition given by (3.12). The emitter resistor of
300 ohm supplies a total dc current (IE) of 4 mA to the two
transistors, and the loczl oscillator signal is apvlied at the
coumon-eiitter node E. The 1,400 ohm collector resistors wre
chosen to provide an adequate transfer gain and to nmuintain
a sufficiently high impedance level for the convenient
renlization of the lowp=ss filter., If these resistors are

mide too lirer, “uwover, the lo:.ding interaction with *he
N b ? W
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Lowpnss stage makes the gain of the latter very ﬁo dependent.
As calculated in Sees. 3.2 and 3.3, the transfer coeflficients
are Po = 12.1 and QO = 48 with a maximwn frequency for
correct operation of 1.6 Mc/s. The balance sensitivity S% is,
in a typical c.use, 10 pV/OC. (See Sec. 3.2).

The lowpass .guin stage-output multiplier block is shown
in Figs, 6.3(a) and (b). The output multiplier operates under
tie same dc conditions as the input nmultiplier, though its
emitter svoply resistor is made external, becnuse of the luck
of available space on the circuit die. The lowpass gain stuge
is biased at an emitter current of 5 miA per side und has a
voltage gain of 0.45 (See (4.1).).

The two-stage differential amplifier, shown in Figs.
6.4(2) and (b), was designed originally for capacitance
multiplier studies (See Sec. 4.1). The trahsistors operate
at 2 mA emnitter currents and the resistors are chosen in
nccordance with time-constant requirements. This block is
also used, after fhe removal of some interconnections, to

provide extra gain in the lowpass stapge for feodback studies.,

6.2 System realizations.

As an initial check on the theory of the frequency-
translation filter, a discrete-component realization was
constructed. Heasurements taken on this system confirmed the
predictions for fixeda-parazmeter operation and assisted in the

design of the integrated version. Foor thernsl covplings in
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this prototype, however, did not permit the taking of meaning—~
vl sensitivity resuvlts,.

Three integrated versions of the system, using the
functional blocks described above, have been constructed. The
svmming amplifier in these versions, being peripheral to the
basic operation of the system, is a discrete-component
circuit, althovgh it may also be integrated without difticulty.

The f{irst version was designed to examine tue performance
and sensitivity of the systen without feedbuck, and its civcuit
is shown in Fig. 6.5. The functional blocks in this diagram
are marked as tfollows; input nultiplier: IPi, lowrass
awplifier: LPA, output multiplier: CFM, suvmming amplitier:

SA and phase-shift network: DPS. "The integrated circuit blocks
are shown enclosed by dotted lines., The input signal is applied
through a resistive divider composed of the 3.3 kn series
resistor and the 30 base resistors of the input muwltipliers.
Each channel is direct-coupled and the potentiometers R, --Rv4
provide balance and drift compensation as descrited in Sec. 5.3.
The outputs of the two channels are swimed across the 2200
collector resistors.

The phase-shitt network is dc isolated from the channels
for simplicity, but in an integrated version the blécking
capacitors nay be replaced by breakdown diodas or isolating
transistors., The potentionmeter Rv5 is provided to matcn the
trunérer functions of the two channels (See Sec. 4.3.), and
the local occillintor signnl- ut an arbitrarily chosen frejuency

BN

o 1.5 Jie/e- i zunildliea by an externnd signil generator.
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The swaming amplifier, which is designed according to the
principles of Sec. 4.2, uses & low-Q (<10) LC Tilter to
attenuate the sccond-harmonic components in the output, but a
pure RC tilter is described below tor the third version., The
power-supply divider is conveantional and is 1eplaced in later
versions by a simpier resistive divider. This version or the
systen is designated "A", .

The second version, A', is the same as type A with the
exception that the ceramic capacitors are now replaced hy
multiplied-capacitor blocks, as shown in TFig. 6.6. The band-
width for this version is wider, because of the sualler RC
time-constants, but in other respects the performunce is
similar to that of A.

The third version, shown in Fig. 6.7 2nd designated "B",
incorporates a linear negative feedback loop, which provides
a midband loop-gain KOU = 8. Yhe fﬁnctional bloék notation is
the same as in PFig. 6.5. The feedback loop is connected in
shunt with the 3.3 kf input resistor, as shown, so that a
cuvrrent suwmmation takes place across the 30Q input base
resistors. The forward-path phase-shift is 180°. As noted in
Sec. 5.3, the addition of a feedback loop requires an increase
in the lowpass stage gain and this is provided by an additional
linear gain stage following the input multiplier. The result-
ant voltage gain ot the lowpass stage is 7. No drift conpen-
sation is incorporated in this version.

The phase-snift network is the same as that used for the

"A' system and the revised suaming-anplifier includes the RC
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notch filter of Fig. 4.4 and two additional gain stages. The
output stuges incorporuates a locyal shunt-feedbuack loop to reduce
the ouvtput impedance. |

The measured performance of these versions is set out in
Tuble 6.2 and the frequency-response plot of Fig. 6.8, |

Comparing the results in Table 6.2, we Tirst note the
differencgs in the gain and bandwidth of the systems which have
nerely resulted from design improvements., The gain of the feed-
back version is highei as a result of the additionul stages in
the lowpass aﬁd sviming amplifiers, and its bandwidth has been
reduced below that of systems A and A' to demonstrate the fact
that this may be done without impairing sensitivities. The
bandwidths of systems A and B agree to within 6% of the
calculated valuves, which are 4.9 ke¢/s and 2.5 ke¢/s, respect-
ively (See Sec. 5.3.).

It is seen that the dynamic ranges of A and B are approx-
imately equal.

The power supply sensitivity is expressed as the rntio of
the output signal (dta%) caused by multiplier imbulance, to the
maximum output signal, for a one mV change in supply voltige.

As expected, the application of feedback improves this
sensitivity by about a factor of 10. The changes in the summing
amplifier and lowpass stages between the two designs have
cinanged the sign of the gain sensitivity. It may therefore

be deduced that there exists a compromise design with a very

low sensitivity, = fact winich was predicted from (5.10). The

4

difierence in brndwiath sencitivity is not sigmific:iwt, bociuse
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of the errors inherent in such a measurement, but the improve-
ment in the sensitivity of distortion, both to temperatuvre uand
phice errory; again illustrates the value of feedback in this
system. The temperature sensitivity of distortion, calculated
on the basis of phuase error alone, is approxinately 200 ppm/OC,
so that these results indicate that the dominant cause of the
temperature sensitivity is a difference between the gain
coefficients of the two channels. This is reasonable in view
of the fact that the functional blocks for the two chaunels are
movnted in separate headers.

The center frequency of syﬁtem B may be varied by a few
per cent without appreciabdbly aifecting the distortion level.

Finally, we note u dramatic difference in the multiplier
balance sensitivity. The sensitivity predicted in Sec. 5.1
is 23,000 ppm/OC, which is based on a worst-case assumption.
In both systems, the sensitivity is considerably vetter than
this valve. The theory also predicted that feedbuck shiould
have no effect on this parameter, but system A includes drift
compensation, which is not included in B. This resuvlt there-

fore provides a neasure of the effect of this conmpensation.



Table 6.1

5.

Representative Integrated npn Transistor Parameters

(T=300°K)
Collector breakdown voltage VCBO (V) 30 - 60
Collector leakage current I, (nA) 9 - 15
CBO .

Ch
Emitter breakdown voltage VEBO (V) 7 -8
Fmitter leakage current I.. (nA) 100

_ KBO

at Vv =4V,

EB
Collector output capacitance C, (pF) 6.5

CB
Small-signal parameters at IC = 3 mA, VCF =6V, !
Low-frequency base-collector short-circuit 65
current gain 0*
Short-circuit c-e current gain O dB 150%
frequency ft (Me/s)
Internal c-b feedback capacitance Cy (pT) 5
Collector output resistance r (k) 30
Collector series resistance r} (o) 700
Ohmic base resistance T, (L) 140

| o SN,

e -

'=00

* Based on extrapolation to rs



Table 6.2

Bandpass amplifier performance

Parameter
e

° (ile/s)

Center frequency f

Bandwidth at -3 dB (kc¢/s)

Bandwidth at -30 dB (kc/s)

Effective Q (fo/Bw)

Max. output signal for 5%
distortion (V pk-pk)
Sensitivity of multiplier
balance to power-supply
voltage (ppm/mV)

Tpmn. sege1t1v1ty of gain
K (ppm/~C

Temp. sen31glv1tv of band-
width (ppm/~C)

Temp. e@ns1t1v1ty of distor-
tion. S5 (ppm/ °a)

Multlpller ba%ance dgiit
sensitivity q (ppm/~C

Phase-error sensitivity of
distortion D¢ (%/rad)

Temperature range for

measurementg (OC)

e memeanm e tei e Mt e s sieseaean s

beerae o et mn e o s e @ veme Smme —— . ————

T6.

System B

|
System A |
(without fecdchk)l(with foedback)é
D .
1.52 1.59 ;
4.61% 2.65 :
120 37 i
|
328% 600 '
1.5 2.5
3000 300
+4100 -3000 g
~2000 -3000 !
]
10,000 1000 §
500 10,000
100 v 10
0 - 60 0 - 60

e o e et v —

* For system A', with multiplied capacitors, the bandwidth
and Q are 23 kc/s and 66, respectively..
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Figure 6.3 TFhotomicrograph and schematic of lowpasse
gain stage-output multiplier cascade

Figure ¢,.4 YThotomicrograph and schematic of two-stuge

differentinl amplifTier.
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Figure 6.5 Frototype selective amplifier (System A).
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3 Relative
: response 4B

System A
(multip. cap.)
Q = 66

Systen A
(ceram. cap.)
Q = 328

\

System B
(feedback)
Q = 600
R Q>
~100 ~ fo +100 ke/s

FPigure 6.8 .Measured frequency response of three
prototype amplifiers. (foﬁ!l.5 Me/s.)
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CHAPTER 7. SURKARY AND CONCLUSIONS.

The grenter part of this work has been concerned with one
basic ~ay of realizing a frequency selective amplifier charuct-
eristic in integrated circuit form. It has been feen that,
although the frequency translation principle and its
application to this problem is by no meuns new, the way it
has been used in this work hus sone novel’aspects. In
particular, the development of « simple analog multiplier which
can bLe realized in monolithic formhas made possible the design
of a circuit which overcomes many of the disadvuntages
inherent in the switching-type of frequency trunslation filter.

A detailed examination of the system has been présented
and the results of this have led to an understanding oI the
design requirements which must be fulfilled to optimize its
performance with respect to dynamic range and desensitivity.

Throvghout the analysis it has been assumed that the raﬁio
of - the bandwidth of the filter to the center freguency is very
small., This condition is not strictly necessary, however,
though it makes the design‘of most pirts of the circuit some-
wnat easier than in a broadband cuse. A.brouadband filter may
be realized, in geﬁeral, provided that the skirt selectivity of
the low:ss stage issufficent to validate the asswiptions originally
made in the analysis of Sec. 2.2. The most important uses of

the frequency-translation filter, however, are in narrow-band
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applic:itions.,

The experiuental studies, which huve involved the
construction of three prototypes of this system in addition
to the measurcement of component characteristics, have supported
the predictions made by the theory and have provided addait-
ional information on aspects of the performance which could
not be predicted. A high-yield douvble-diffused device proccss-
ing schedule (App. I ) has been developed and has since been
vsed with success Ey a nunber of workers in this laboratory.

The specific conclusions with regard to this selective
anplifier are as follows: The first-order independence
between pain, center frequency and bandwidth is its outstand-
ing rroperty which enables passbands with a wide variety of
characteristics to be realized., Because there is virtually a
one-to—-one correspondence between the lowpass Ffunctions and
the bandpass functions which they generate in the system, it
should be possible to synthesize bandpass functions with
greater accuracy than is possible in linear active RC schemes.
If feedback is used, however, it is necessary that its
effects on the transfer‘fvnction be known precisely. Further-
more, the narrowness of the passhand depends only on the
availability of suitably long time-constants for the lowpass
stage. Tuning of the amplifier is accomplished simply by
varying the local oscillator frequency and this may be done
over a small frequency range without any other adjustment in
the systein, Wider variations in center frequency, however,

st be accompiinied by a readjustment of the phrise-caitft
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network, if distortion is to be minimized. Couparisons-of the
system with and without negutive feedback show that the
improvement of performance with feedback.wéll justifies its
use. |

In the design of the systen it is desirable thut the
circoit be renlized on as few silidon dies as possible, and

that these dies shovldbe mounted in such a way as to obtnin

- very close thermal coupling between them. Thernal tracking is

also enhanced by minimizing the power dissipated in the
components and, since three or more stuges are direct-coupled
in each channel, the voltage drop across each stage should be
minimized. The basic design relations for the individual
functional blocks have been given and it arppe:rs, on the basis
of the parameters’ of typical integrated'circuit comyponents,
that system center frequencies of up to 10 Mce/s nmay be obLituined
without @ifficulty. From the work reported here, it is not
vossible to predict, with any confidence, the ultimute
verformance of the system; but it is certain that a significant
inprovenent in perfbrmance would resuit from the use of a
smaller number of circuvit dies and finer tolerances on circuit
Frocessing. |

The main obstacle to monolithic realizations has been seen
to occur in cases where the center frequency or bandwidth
require the use of long time-constunts in the lowpass und
phase-snift sections. If these time-constants are beyond *he

renge of simple HMOS capacitor-diffused resistor vroducts,

T

der o rnltinlied-capacitance or hybrid construction muy be

»

i
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used,

In conmparing this scheme with the linear active RC class
of selective amplifiers, (in purticular, the circuits described
in Refs. 5 and 6) two notable disadvantages become apparent.

In the first place, the frequency translation system is more
complex, in terms of components, by facfor'of 5 to 10. In
thé second pluce; it requires more adjustments than other types
altouvgh, at the present state-of-the-art in integrated
circuvits, no high-performiance, adjustment-free circuit is
possible. For these reasons it is not realistic to imugine
that this systen is appropriate for the large nunber of. '
"entertainment" and commercial applications whose relatively
modest requirements may be met by simpler circuits. However,
ﬁhis system has properties which are, perhaps, unique in this
area and in more demanding applications such as in intrument-
ation and communications, the special properties of the frequ-

ency translation filter may be used to advantage.'
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AYPENDIX I:  PROCESSING DuTAILS.

The circvits descéribed above are fubricuted in 12 micron
1 ohm-cin n-type epitaxial silicon, commercially grown on «
5 ohm-cm p-tvpe substrate. The processing schedule is given
in Table A.1l and is based on a quantity of data accumulated in
this laboratory as well as information in the 1iterature*30’3l.

Before the first oxidation step, the wafers are cleaned
twice in concentrated suvlphuric acid at 95°C and then rinsed
in 12% hydrofluoric acid at rooim tenperature. Immediately '
before all other furnace steps, except alwninum sintering, the
wafers are again rinsed for 10 sec. in 12% HF. The ‘withdrawal
of wafers from a furnace is always carried out in a dry N2
atmosphere at a slow rate so that the'cooling of the wafer fron
the hot-zone temperature.to room température takes about 2
minutes. This step is believed to minimiZe the concentration

32 i1 the wafer.

of surface-states
The choice of the isolation predeposit and drive-ih
conditions is influenced by two ﬁhenomena which have been
observed after the wafer has been processed at high temp-
eratures. When the boron predeposit is carried out at temp-

er.tures above lOOOOC, the unoxidized silicon fréquently

* Ref. 30 contains a useful bibliography on this subject,
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develops etch-pits which are distributed randomly across the
wafer. These resemble & "criss-cross" puttern of scratches

a few microns in length, aligned in specific crystalographic

. directions. Since halides are known to etch silicon at high

temperutures,33 it is assumed that the traces of iodine,
rroduced py the decomposition of the BI3 doping source in the.
furnace, are responsible. Although etching can be inhibited
by the addition of 1% oxygen to the.furnace gas, the problem
has been avoided in this cuse by performing all predeposits
below 1000°C. The second rhenomenon is the appeanrance of
black irregulur spots, typically Bfﬂacrosé, on the unoxidized
silicon during the isolation drive-in (117500). These spots,
whose exact composition is not known, afe very resistant to
acid etches and are believed to contain boron or nitrogen
coapounds of silicon*, Although their presence does not result
in any detectable degradation of final circuit performance,
they cuan interfere with subsequent masking operations.
Therefore, the exﬁosed silicon is protected during the drive-
in by the growth of an oxide film which is kept very thin to
minimize gettering of the boron.

ATter step 7, the emitter drive-in, contact windows are
opened on the wafer and the transistors are probed. 'At this
stige the base widith is approximutely 2 micron and the typicel
/% range is 8 - 15. The desired base width of 1 micron is
then obtained by 2 series of trimming diffusions during which

the e-b junction is driven down into the wafer at a faster rate

* See note on "voron-7Irilm" in Ref. 33.
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than the ¢-b junction. The trimming procedure consists of a
series of short non-ox1d1zing diffusionq, after each of which
the‘Bo of selected transistors is checked. The trlmming is
continued until a minimum ;3  of 40 ‘is obtained and normally
takes 30 to 60 minutes beyond the}initial drive-in. Bocauee
of uncertainties in junction-depth neasurements, the exacte
base-wid*h is not know, but 1t has. been found that the value

of o obtained by probing provides an. indirect but reliable

measure of this parameter. This is due to the tact that 8 in

these devices is limited by the emitter injectlon etf101ency
which, in turn,'is related to the-base width*, (See Appendix
11).

In the aluminum sintering etep the withdrawal of the

wafers trom the furnace is begun 10 minutes after loading and -

continues over a period of 20 minutes, after which the wafers -

are almost at room temperature. The necessity for such an

annealing process has not been demonstrated conclusively,

however, and some workers consider the speed of withdrawal to .

be uvnimportant. ‘ . ~ .

Representative parameters of blpolar transistors Iabricated '

according to.this schedule have been given above in Table 6.1,

Specimens of these transistors have‘also been angle-lapped andr'.,

. . < : : +
examined with the scanning electron-beam microscope.

Ll . PIETERE
oL R e .
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* An inaependant series of experiments, periormed by W.G
Howazrd in this laboratory, has shown a strong correlation

between 3 and base-width as measured by the sheet resistance of
a large-area base diffusion buried beneath a large-area emitter

dirfusion.
+ These neasurements were carrled out in this laboratory by
N.P McDonald.
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Thotomicrograpyhs show diffusions of good planarity, but
narrow base widths (in the range 0.5-0.7 micron) than those
measvred using the groove-and-stain technique. (approx. 1

micron. )
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Swmmary ol processing steps

Womperaturo Timn and ‘ Sheet NRE%%;OS i

l o ‘atmosphere* resistance’ (mioron)

i ' :(ohm/squnre)l
- _.EA ¢ e e m o s amnd s e 6 < bn o i e e ms e m e £ a b es o <4t @ = oo - meem + e g‘, S e
1150° 30 min wet O, 0.4(oxide)
; 3 min dry N, ' ! :
n'  985° 160 min N /BI,  20-25 ; .
; |
| 1175° 5 min dry N, f
E 5 min dry O >12 :
! 15 hr. dry N, :
- 950° 30 min N,/BI, | 48-52 E
s |
+1175° 10 min wet 0, i
; 110 min dry 0, 150-180  3.6-3.8
* in dry N, ‘ :
; 3 min dry ° i i f
e | |
i i
: 1100° 10 nin wet 02 , §
i 5 min ary N, | 4°C ;
2-5 steps of
1100 15 min dry N, 2.6-3.0
o i
525 30 min dry N2

B ¢ e ion s e sa s tteies me b i b e e e

* All flow

rates:

1l liter/min.

througn DI water at 95°¢C.

+ Lieasurcd

by groove-and-

stein technique,

Viet 02 obtained by passing 02
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ATPIEDIX.  TIT

j -

T DB EITDENCK OF TRARSTISTOR CURRENT GATH OR 6. Su=J1DTiH,

P

The dependence of thetﬂo of a double-diffused trunsistor

) *
on its geonetry and doping levels is given approxinately by.35

. 2
X X<

1 .~ [FXp B )

Bo  PL Yoz v fs t T o BD)
BUpE nB

wherePF und{°B are the mean resistivities of the emitter and

- collector regions, respectively, XB is the buse-width, and
LpE’ LnB are tne mean diffusion lengths of minority carriers in
the emitter and base, respectively. The terns FS and FER are
surface recombination and emitter depletion-layer recombination
terms, respectively. The first term of (A.l) represents the
injgction efficiency limitation on ﬁo and the second, the effect
of buvlk recombination. Calculatiéns based on experimental data
have lec to the conclusion that with the doping levels which
» the process of App. I produces,/So is injection-efficiency
limited Ffor base-widths greater than about 2 micron. For
narrower base-widths, ﬁ% is rrobably surface and bulk limited.
To illustrate this, the following two numerical examvles,

based on exyerimental resvlts, 2re presented:

* For a nore ~ccurate expression, see Ref. 6.



(1)
0@
(2)

93'

Buze: Junction depth XBC = 3.6 micron.
Surface concentration NvB = 5x1018 atom cm-3.
o

(See Ref. 31)

¥aitter: Junction depth Xp. = 1.0 micron,

5)(1019 aton cm-3.

Surface conceniration NqF

Baso-width X 2.6 micron.

B=

Maan buse resistivity p, = 0.1 ohm=cm. (See Ref. 31.)

Hean emitter resistivity/oF = 0.005% ohm-cn,
4
The mean emitter diffusion length is estimated, on the

36

basis of published resvlts as 1 micron,

Svbstituting these values in (A.1) yields the result:

8.

3, <

which is in good agreement with measured values, which
are in the range 5-10.

agse-

The calculation is now repeated for a narrower

width., In this case XCB = 3.6 micron, XEB = 2,6 micron

and X~ = 1 micron. With the same surface concentrations

B

as in (1), the mean resistivities become:

f% =
&

1l ohm-cm .
0.005 ohm-cm

wiiich lead to:
[;o £ 210

Typical measured values in this case are in the runge

35-100, which indicates the dominance of surfwce and bulk

recombination.
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