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This paper describes a pulse code modulation (PCM) encoder that
employs a delta modulator as the analog-to-digital converter. A lapped
binary shift register and an up-down counter cause della modulation
signals to be converted to a uniformly quantized PCM format. When tap
weights are optimized with respect to a minimum mean square error criterion,
the number of shift register stages necessary to obtain a fized level of output
_ quantizing noise varies inversely with delta modulation sampling rate.
Because the tap weights may be rounded to a modest number of binary
places, the arithmelic operations are simple to implement. A significant
portion of the delta modulation-to-PCM converter may be time shared
among several signals.

I. INTRODUCTION

Although delta modulation (AM) has been the subject of many
theoretical and experimental studies, instances of its praectical ap-
plication are, to date, rare. In commercial systems, the most prominent
digital representation of continuous signals is pulse code modulation
(PCM). Relative to PCM, AM has the advantage of admitting sim-
pler means of analog-to-digital and digital-to-analog conversion.
However, the AM sampling rate is higher than that of PCM and in
many cases the transmission rate is also higher.

Since the discovery of delta modulation in the early 1950°s! * in-
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vestigators have proposed various modifications of the elementary,
single-integration AM system (for example, double integration AM?,
high information AM?, continuous AM*) for the purpose of decreasing
the required sampling rate. Generally, lower rates are achieved by
means of operations on the continuous signals presented to and ap-
pearing in the delta modulator and thus at the expense of equipment
complexity.

In this paper we propose a PCM encoder that incorporates the sim-
ple single-integration delta modulator and a transversal digital filter
that converts the AM sequence to a uniformly quantized PCM se-
quence. For this encoder, we demonstrate an inverse relationship be-
tween the AM sampling rate and the number of digital filter stages
required to achieve a specified level of PCM quantizing noise power.
With this encoder the advantages of AM, in particular the simple
means of analog-to-digital conversion, may be eombined with those
of PCM: a linear representation of the continuous signal and in many
cases a lower transmission rate than that required by simple AM. This
union of AM and PCM is achieved with a digital filter which may be
readily implemented with integrated circuit devices.

In the following sections of this paper, we demonstrate the validity
of a transversal filter as a AM-PCM converter by reference to a
AM-analog-PCM signal processing sequence. We then criticize the
digital filter design method that is based on simulation of the analog
system and we proceed to demonstrate the relevance of a mean square
error design criterion. The associated synthesis method results in a
class of encoders for each output signal-to-noise ratio. Within each
class the required sampling rate is inversely related to the number of
digital filter stages.

II. THE AM SYSTEM

Tig. 1 shows a delta modulator that transforms a continuous input
signal y () to the binary sequence

[bn}:"')b—ljbnjblj"' (1)

in whieh b; may have the value 4+1 or —1. These binary symbols are
generated at r second intervals; we assume that y(¢) is a member of
a class of signals band-limited to W Hz. Thus we can represent y ()
by a sequence of PAM samples generated at the rate of 2W per sec-
ond. In order to simplify the AM-PCM econversion, we constrain the
delta modulator such that its output rate, 1/7, is an integral multiple
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of the PAM rate. The ratio of its input (AM) rate to its output
(PAM) rate is a basic parameter of the AM-PCM converter. This
ratio is the integer

= 1 =
T oW

The other basic parameter is the step size, 3, the gain of the modula-
tor feedback loop. Assume that the linear filter in this loop is an
ideal integrator with impulse response

R

(2)

) =1 for t=0
=0 for t<0 (3)

so that the integrated AM signal, z(f), contains a step of height 4 at
each AM sampling instant and is constant between sampling instants.
R and § determine the inherent quantizing noise of the delta modulator,
and 8, in a practical system, is selected to provide a proper balance
between granular’'' quantizing noise (that predominates for high values
of 8) and slope-overload noise (the predominant form for low values of
8)."*7 In the analysis to follow, assume that no slope overload oceurs;
to make this assumption valid, we specify the parameter & such that
8/7, the maximum slope of the analog signal that may be reconstructed
from {b,}, is four times the rms slope of y(t). If y(¢) is a sample function
of a stationary time series with power density spectrum Y (f), the spec-
trum of the time derivative of y(f) is (2#f)*Y(f), and the parameter 8,
the AM step size as a multiple of rms signal amplitude, is

g =2 =8, )

U " ey dfT

[y

as the “effective frequency width” of the analog input. If f, is ex-
pressed as a constant times T, the cutoff frequency of Y (f), it is
clear that equation (4) is proportional to 71, so that for a given
spectral density function, AR is a constant.

The AM design condition of equation (4) is identical to the one
adopted by van de Weg? in his analysis of the granular quantizing
noise of AM and it is analogous to the “4¢ loading” which is the basis

where we define

Ie (5)
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Fig. 1— Delta modulator.

of Bennett’s analysis of PCM quantizing noise.’® If slope overload
noise as well as granular noise is taken into account, analytic and
simulation studies® 7 indicate that for minimal overall quantizing
noise, the parameter SR [a constant in equation (4)] should increase
with increasing R. For B = 32, equation (4) approximates the opti-
mal step size, but for lower values of R the total quantizing noise in-
herent in {b,} may be reduced if a lower § is accepted. A decrease in
8 reduces the quantity of granular noise in the AM system while in-
creasing the slope overload content.

The analytic work reported in this paper follows Bennett and van
de Weg by constraining the AM parameters to conform to equation
(4) and by assuming that no slope overload occurs, [If () is drawn
from a gaussian random process, the probability that its derivative
exceeds §/r is less than 4 X 1075.]

III. THE AM-PCM CONVERTER

Fig. 2 shows a AM-PCM converter that consists of an analog-to-
PCM encoder operating on the analog signal produced by a AM
receiver. This receiver contains a replica of the delta modulator feed-
back loop and a linear filter that in many analytic studies is con-
sidered to possess an ideal low-pass transfer function. This filter

AM RECEIVER ANALOG—-PCM ENCODER
1 I
QUANTIZER
A A
{ bn} LINEAR | x(t) | unear | G(U) | sampLer | YR
== FILTER ] FILTER L_epe .
=) | h () W
(2¥ LEVELS)

Fig. 2— AM-analog-PCM converter.
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processes the integrated AM signal, z(t), and rejects the portion of its
quantizing noise that lies outside the W Hz bandwidth of the original
analog signal. In Fig. 2, AM signals are accepted by the converter at
r second intervals and PAM samples are presented to the PCM quan-
tizer every 1/2W = Rr seconds. The PAM sample that approximates
Yir = y(jR7) is 9:x = 9l(GR + M)7] in which the delay of the filter
h(-) is assumed to be Mr seconds. This output sample is related to
ib,}, the AM input of Fig. 2, by

Jin = 8 Z gnbm+m—n (6)

n=0

where g, = g(nr) and 8g(-) is the impulse response of the AM
receiver. Thus, g(-) is the convolution of f(-) and A(-).

In the case of single integration AM, f(-) is the unit step function
and g(+) is the unit step response of the filter h(-), that is,

g(t) = [l hlu) du. (7)

Jo

Thus h(-} may be scaled such that

limg, =1
which implies that a number N exists such that equation (6) may be
approximated with arbitrary accuracy by

N-1 o
Jin =26 5_; Guligiar—n + 0 21:\' bigsar—n- (8)
The second term in equation (8) may be realized by an up-down counter
operating on the AM input delayed by Nt seconds. The first term is
the weighted sum of the outputs of a tapped binary shift register. The
structure implied by equation (8) is shown in Fig. 3.

Figure 3 represents a transversal filter with analog coefficients gen-
erating a discrete-time analog output, {#;z}. The required quantization
of {7;z} may be realized by means of the quantization of the filter
coeflicients.* The purpose of the converter implies the digitization of
Tig. 3 and its implementation (with finite-precision arithmetic) as the
entire AM-PCM converter.

*Tn this paper, s PCM encoder is assumed to consist of a sampler and quan-
tizer only. In a transmission system this encoder would be followed by a
“channel encoder” that represents the quantized signal in an appropriate (for
example, binary or multilevel) format.
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Fig. 3 — Digital AM-PCM converter [D(r) denotes a 7 second delay].

3.1 Simulation of the Analog System

If this digital converter is designed to simulate the analog-interface
strueture of Fig. 2, the filter coefficients, g,, may be derived as
samples, separated by r seconds, of the unit step response of the filter
h(-).In order to find N, the required number of coefficients, a number
e 1s chosen to represent the maximum tolerable truncation error. This
error is bounded in the following expression

e 01— g |22 [ |1— g |at ©
n=N T JNr
Because §/r is constant with changing sampling rates the truneation
error requirement implies a constant value of Nr or N/R. Thus the
number of filter stages is proportional to the AM sampling rate when
the design procedure is based in this manner on the simulation of the
analog interface converter. A similar conclusion was reached by
(O'Neal who cmployed a different simulation procedure but found
the number of required filter stages to be N = 10R.{

3.2 Critique of the Analog Simulation Method

The principal goal of the present study is to demonstrate the rela-
tionship between the AM speed (proportional to R) and the digital
filter complexity (indicated by N), required to obtain PCM output
signals of a given quality. As R increases, the difference between

1 O'Neal, J. B., unpublished memorandum relating to the computer simulation,
the results of which are given in Ref. 6.
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the integrated AM signal [x(f) in Fig. 2] and the analog input is
reduced ; this implies that in order to achieve a fixed output fidelity,
the noise rejection requirements of the digital filter may be relaxed.
It would be desirable to represent the reduced performance demands
on the converter as a decrease in its complexity, N. Since the simula-
tion design technique achieves the opposite result we use a minimum
mean square error design which admits the caleulation of optimum
coefficient values for any N and the derivation of the desired trade-off
between AM speed and converter ecomplexity.

3.3 Minimal Mean Square Error Design

The converter in Fig. 3 derives an estimate of y; that is a linear
combination of a finite set of sample values of z(f). Thus we are able
o use the covariance statistics of the sampled data sequences {y;z} =
iy(jR7)} and {x,}] = {z(nr)} to caleulate optimal (with respect to
mean square error) values of the filter coefficients.

We consider the desired PAM sample, 4,z , to be an estimate of y;z
that is based on the statistical evidence of the AM sequence, --- ,
boi, bo, by, -+, bigear, beginning in the indefinite past relative to
t = jRr and terminating with the (R + M)th binary symbol. If M
is negative, the estimation process involves prediction of ¥,z on the
basis of information available (at the delta modulator) prior to t =
jR7. In the case considered here, M will range over nonnegative num-
bers and the estimator will have a lag of M7 seconds.

The linear estimation design problem involves the specification
of the infinite set of cocfficients «, in the estimation formula

FPR+M

.ﬂiiz = Z ﬂ’m—nbn . (10}

n=—x

This problem will be approached by a consideration of the sample
values of z (t), the integrated AM signal:

k
a(t) =8 2, b, for kr =t < (k+ I)r.
Each sample value, x, = x(nr), depends on the entire history of the
AM sequence. The character of xz(f) and its relation to y(f), the
original analog signal, are illustrated in Fig. 4. Except when the
system is in a slope overload condition, x, differs from the analog
signal by no more than two times the step size. Thus,

T — Yol = 2 0. (11)
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Fig. 4 — Analog input, y(¢), and integrated AM signal, z(¢).

Equation (11) and Fig. 4 suggest that z, is closely correlated with
y;r for values of n near jR. Such correlation implies the usefulness
of the N = 2M + 1 samples, Zjp_u, Tig, - - - , Tr4a in the estimation
of 9;r. These N sample values comprise the statistical evidence of the
estimate,

M
Dir = 2 GTin-s - (12)
k=—M

Adoption of equation (12) requires the derivation of only a finite
set of coefficients, a significant improvement over the situation sug-
gested by equation (10). The two estimation procedures are identieal,
however, because the infinite set of a, in equation (10) may be cal-
culated directly from the N values of a; as

=08 2, a —M=nsM

k=—A (13)
M

an=azak=au ‘n>M

k=—M
Thus equation (12) may be rewritten,
M o0
iz = Z anbiR—u + au 2 biR-n ’ (14)
n=—Af n=M+1

which is equivalent to equation (8) with N = 2M + 1 and 8g,.a = @, .
Thus the estimation procedure of equation (12) may be realized by the
structure shown in Fig. 3.

We now consider the mean square estimation error of equation (12)

7= E{(yir — ﬂm)!; (15)
or

M AM M
n = - 2 Z akE{y,-R:l?,-g_kf + Z Z akalE{xiR—kIjR—l} (16)

k=—M k=—=M l=—M
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where E{-} is the expectation operator. The expected values on the
right side of equation (16) are, respectively, the cross-covariance
function of {y;z} and {x,} and the autocovariance function of {z.}.
It has been shown that if ¢ (t) is a member of a stationary ensemble,
the sequence of samples {z,} is also stationary.* Thus we may adopt
the notation

@, = E{yiz%ir-+} (17)
for the cross-covariance which depends only on |k| and

Py = E{Ijg_km,'g_;} (18)
for the autocovariance which is a function only of |u| = |l — k|. Equa-

tion (16) will now be expressed in matrix notation in terms of ® and
A defined as column vectors (N X 1 matrices) with components &,
and a,(—M < k < M) respectively, and in terms of ¢, defined as the
N X N autocovariance matrix with components ¢, = n-.(—M = E,
I = M). Thus we have

=0 —247® + ATYA. (19)

If the mean value of y(t) is zero the coefficients for which » is mini-
mized are given by*®

A*¥ = y7'@ (20)

and the minimal mean square error is
Mmin = a-z - @T‘b-l(p (21)

which is the result of substituting A* in equation (20) for A in equation
(19).

The Appendix shows that when y(f) is a sample function of a sta-
tionary gaussian process the estimation error may be expressed in terms
of the quantizing noise correlation vector @ with components Q,(—M =
k < M), the correlation coefficients of the error samples {y. — .}.
Equation (21) may be approximated by

Tmin =2 Qo — QTY7'Q. (22)
V. ENCODER CHARACTERISTICS

The Appendix gives formulas for the correlation coefficients, r, and
&, associated with the encoding of an analog input signal that is a
member of a stationary gaussian ensemble. These formulas have been
applied to the calculation of filter coefficients [equation (20)] and the
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quantizing noise power [equation (21)] of the PCM samples gen-
erated by optimal linear processing of the AM sequence. In particular,
the relationships among the following three parameters have been
investigated: (i) R, the bandwidth expansion ratio, (it) N, the num-
ber of coefficients, and (i) S = ¢/gum the signal-to-quantizing-noise
ratio.

This signal-to-noise ratio is a function of the spectrum of the
processed signal and of N and R which have been treated as inde-
pendent, variables in the caleulations. In a practical design procedure,
S would be the independent variable, specified according to the system
fidelity criterion. With S fixed, N and R vary inversely; in practice
their values would be selected as a compromise between the objectives
of achieving low AM speed (low E) and a simple converter structure
(low N).

Figure 5 pertains to a system whose gaussian input process has a
flat spectrum band-limited to W Hz. The solid curves show S as a
function of R for various values of N and the broken curve indicates
the result of optimal analog processing of the integrated AM signal.

45 /,
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L |
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Fig. 5 — Performance curves, flat spectrum.
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This curve, the ratio of o® to y.. [see Appendix, equation (42)], is a
bound on the solid curves. It corresponds to the signal-to-noise ratio
of a transversal filter with an unlimited number of stages. The slope
of the broken curve is 30 dB/decade.

The lowest curve in Fig. 5 indicates the signal-to-noise ratio of the
encoder with a digital filter with one coefficient. For B = 16, this coef-
ficient may be set equal to unity with little (less than 0.5 dB) loss in
estimation accuracy. With a unit coefficient, the converter reduces to
an up-down counter alone, and the encoder consists only of a delta
modulator and a counter as shown in Fig. 6. In this case each PCM
output is a sample of the integrated AM signal, z(¢). Sampling this signal
(whose bandwidth is R Hz) at the Nyquist rate of the analog input
results in aliasing of the high frequency noise components of z(f) into
the W Hz signal band of the coded signal. The noise power in the output
of Fig. 6 is the entire mean square error of {z,},

Q = E{(y. — z.)°} = &/3, (23)

so that the signal-to-noise ratio increases with AM speed at the rate of
20 dB/decade.

The effect of setting N = 3, which involves the addition of a 2-stage
tapped binary shift register to Fig. 6 is (for R = 16) a signal-to-noise
ratio improvement of more than 7 dB or a AM speed reduction by a
factor of 2.4 for a fixed value of S. Two additional stages (N = 5)
further increase S8 by 2 dB or reduce the AM speed required for fixed
8§ to less than one-third of that required when only an up-down counter
is employed. Figure 5 demonstrates the manner in which further
(through diminishing) improvements are obtained with the incorpora-
tion of additional coefficients and stages of delay.

Notice some of the funetions that the transversal filter may be said
to perform. In particular its noise reduction effects may be viewed
as the result of filtering in the frequency domain, of statistical esti-
mation, or of digital interpolation. Viewed as a substitute for the
analog filter in Fig. 2, the transversal filter may be said to reject the
out-of-band components of the error signal, 3 (¢) — x(£). As the num-
ber of stages increases, the filter cutoff becomes sharper and the
output noise power is reduced.”® Considered as an estimator of a
random variable, the filter bases its estimates on an inereasing number
of correlated data as N increases. The quadratic form, @"y@Q, con-
sisting of correlation coefficients, increases with increasing N and
therefore the output noise power given by equation (22) decreases.
Finally, the filter may be viewed as an interpolator. As the number
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Fig. 6 — Encoder structure for N = 1.

of filter stages increases, the AM speed may be decreased and a
proportionally greater step size may be tolerated in the delta modu-
lator. The resolution of the AM signal is thus reduced while the
aceuracy of the PCM output is maintained due to the interpolation
performed by the digital filter between increasingly separated AM
quantization levels.

4.1 Digitization of Coefficient Values

The data of Fig. 5 apply strictly to an analog estimate obtained
with analog coefficients. (“Analog” numbers in this context mean
numbers quantized to the precision of the numerical methods used in
calculating the coefficient values.) In a practical application of the
AM-PCM conversion method, the coefficients would exist in digital
form; in order to investigate this situation, we will consider the effect
of rounding the values of the derived coefficients to a limited number
of binary places.

In the discussion that follows, it will be convenient to divide equa-
tion (14) by § and to consider the estimator of y;z/8, given by

?J- M-1
?R = 52‘_! 'aniﬂ—n + Yar E biR_ﬂ (24)

n=M

in which y; = «;/8. The coefficients of equation (24) are related to
the components of A, the coefficient vector, by the sums

Vo= 2 & —M=nsM. (25)

k==M
In the digitization of the AM—PCM converter, the set of analog
coefficients, y_ar, . . - , Yo, - - - , yar, is Tounded to L binary places by

means of the computation

viL) = 27" X [the greatest integer = 27"y, + 0.5].  (26)

Corresponding to the limited-precision coefficients of equation (26)
is a quantized coefficient vector,

A(L) = [a-x(L), -+~ , ao(L), -, ax(L)]",
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whose components are calculated according to
a_x(L) = v-u(L)
a;(L) = vi(L) —via(L) —M+1=1:= M. @n

The mean square error of the digitized converter may be caleulated
from equation (19),

a(L) = ¢* — 2[A(L)]"PA(L) + [AD)]"VA(L). (28)
For each estimator considered in the derivation of Fig. 5, the signal-
to-noise ratio, o*/y(L), has been computed for L = 1,2, ..., 15

binary places in each coefficient.

Under the assumption that the quantization of coefficients is not
allowed to degrade the signal-to-noise ratio by more than 0.5 dB,
Table I has been obtained. L* in this table is the minimum value of
L for which the inequality

10 log [n(L)/%mia] < 0.5

is valid over all B = 10.

When the coefficients are rounded to L* places according to Table
I, we find in every case that yn(L) = 1 so that equation (24) may
be specified as

-]

R DEAC | SRR D P 29)

2y

8

The second summation in equation (29) is the output of the up-down
counter (which requires no weighting) ; the first summation may be
implemented by means of a tapped binary shift register with 2M = N
— 1 stages.

It is also the case that for n < M, y,(L*) < 1, so that each of
the N — 1 tap weights is a proper binary fraction that may be rep-
resented by L* — 1 bits. The output of the counter ranges over the
set of integers and the tapped shift register serves as an interpolator
so that the resultant PCM output is more finely quantized than the

TasLE I — ErrEcT oF COEFFICIENT ROUND-OFF

Required coefficient accuracy (L*) 1 I 4 4 5 7 8
Number of coefficients (N) 1 ‘ 3 5 9 17 33
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sample values of the integrated AM signal, of which it is a weighted
sum.

4.2 Other Signal Spectra

The data of Fig. 5 relate to the processing of analog input signals
that possess a flat band-limited spectrum. Converter performance
characteristics have also been obtained for analog input signals with
spectral density functions of the general form

_ 2n L
O (=7) “enirr 1=V
R (30)
=0 |[f|>W.

Such spectra result when band limited white noise is processed by a
low-pass RC filter with corner frequency f, = 1/RC.

Corresponding to the examples analyzed by O'Neal, two spectra
conforming to equation (30) have been considered.® In one case the
ratio f./W, of corner frequency to cutoff, is 0.25 and in the other case
this ratio is 0.068. These spectra relate to broadeast television and
Picturephone® visual telephone signals, respectively; the perform-
ance eurves are given in Figs. 7 and 8. The shapes of these two
families of curves are similar to one another; both resemble the
curves in Fig. 5. The principal difference betwen any two correspond-
ing curves is a vertical translation whose magnitude is the squared
ratio, expressed in dB, of the two relevant step sizes.

Thus, for any of the three spectra considered and a given N and
R, the signal-to-noise ratio in dB is approximately the value of S
given in Fig. 5 plus the correction

—10 log [3 1.,’] dB. (31)
(For signals with a flat spectral density function f,* = }.)

For spectra in the form of equation (30), this correction is®

_ 2/ (LY
11.19 — 10 log {mn-, [2x(W/1)] (W) }

= 11.35dB for f./W = 0.25
= 16.89dB for f./W = 0.068.

For speech signal processing, realistic analytic results are more
difficult to obtain. Signal spectra vary from speaker to speaker; the

(32)
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Fig. 7— Performance curves, RC spectrum, f./W = 0.25.

portion of the speech spectrum to be conveyed depends on the ap-
plication. A particularly severe problem arises when a range of signal
levels must be accommodated by the encoder. To treat this problem,
it may be possible to introduce companding to the delta modulator;
but the solution currently favored is the acceptance of a higher AM
sampling rate than would be required if the signal level were fixed
and the introduction of a digital compandor’ to operate on the
uniformly quantized signal produced by the AM-PCM converter.

4.3 A Design Example

This section demonstrates the form of a converter designed to process
the digital representation of analog signals with a band-limited RC
spectrum in which f./W = 0.068. We assume that a PCM signal-to-
noise ratio of at least 41 dB is required, and refer to Fig. 8 to determine
values of N and R for which this requirement may be met. For each value
of N illustrated in Fig. 8, the required R is given in Table II. Thus the
converter in which N = 5 and B = 24 meets the stated objective. Table
I1I gives the optimal coefficients @, , «,, and the limited precision set,
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v;(4), for —2 = 7 = 2. The signal-to-noise ratio associated with the
analog coefficients is 41.9 dB and that associated with the coefficients
rounded to four binary places is 41.8 dB. (When the coefficients are
limited in precision to three binary places, the value of S is reduced to
39.9 dB.)

Figure 9 demonstrates, in the schematic form of Fig. 3, one imple-
mentation of the converter. The indicated arithmetic operations need
be performed only once for every 24 AM inputs accepted by the conver-
ter. These operations consist of modification of the sign of each coef-
ficient (multiplication by =£1), addition of four 3-bit numbers, and
addition of their sum to the counter output. The sign modification and
coefficient addition operations (shown in the broken box) may be per-
formed by a combination of Boolean logic elements with four binary

TABLE II —VaLuEs oF N aND R ForR S = 41 pB v F16. 8

R 67| 20 | 21 | 18 17‘15|
N 1 3 5 9 17133[
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TasLE IIT— ConvERTER COEFFICIENTS, N = D

yild)

% 't aq (binary form)
-2 0.15996 0.15996 0.001
—1 0.22575 0.38571 0.011

0 0.22866 0.61437 0.101
1 0.22575 0.84013 0.111
2 0.15996 1.00009 1.000

inputs and five outputs. Because the logical processor is required to
operate during only one of every 24 basic time intervals of the system,
the possibility exists for it to be shared among other digital signals.

Notice that, in general, for converters in which N = 5, it has been
found that coefficient values may be truncated to four binary places
without unacceptable degradation of converter performance. Further-
more, the coefficients, v;(4), have, in general, the values given in
Table III. Thus, regardless of the spectrum of the analog input and
the sampling rate and step size of the delta modulator, the same
converter structure may be employed to produce a near-maximum
(within 0.5 dB) PCM signal-to-noise ratio. This signal-to-noise ratio
is a funetion primarily of the step size of the delta modulator. Except
in the manner that it determines the step size [through equation
(4)], the precise shape of the spectrum of the input signal has only
a secondary influence on system performance. With regard to the
AM sampling rate, variations in R affect the converter only by vary-
ing the number of AM inputs accepted between the generation of

{bn}

UP- DOWN
D(n DM DM DM COUNTER [

r bjR—z_ Bjr-1 bjr Bir+: I {“_R}

oo | g

|
|
\
> |
\
\
|

| 0.001

TIME SHARED ELEMENTS

Fig. 9 — Converter structure for N = 5.
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PCM outputs. The configuration of the logical processor (arithmetic
unit} is not altered by changes in AM sampling rate.

V. CONCLUSIONS

The PCM encoder deseribed combines the prinecipal advantage of
delta modulation, a simple means of analog-to-digital conversion,
with the advantages of PCM, a linear representation of the coded
signal and often fewer bits per second than are required with AM.
The result of adopting the minimum mean square error criterion, in
the synthesis of the AM—PCM converter, is a family of encoders for
each possible level of output quantizing noise and thus considerable
design flexibility.

The transversal filter in the converter has a particularly simple
configuration. The sequence of signals to be processed is represented
by one bit per sample so that the only required arithmetic operations
are addition and subtraction of prespecified coefficient values. These
coefficients may be rounded to a modest number of binary places and
the digital filter may be considered to be a combination of elementary
Boolean logic elements rather than an arithmetic unit. With the
exception of the up-down counter, the elements of the AM-PCM
converter may be time-shared among several signals.

In addition to being applicable as a general-purpose PCM encoder,
the device deseribed in this paper may be adopted to serve in a digital
communication system which performs local office switching of signals
coded in a AM format and trunk transmission of PCM signals. In
this applieation there would he a AM modem for each analog station
and a limited number of AM-PCM converters for processing trunk
calls. Elements of such a system are shown schematically in Fig. 10.

APPENDIX

AM Signal Statistics, Gaussian Inputst

Expressions have been derived for the matrices required in the ap-
plication of equations (20) and (21) to the determination of filter coef-
ficients and values of noise power under the assumption that y(f), the
input to the delta modulator, is a member of a gaussian ensemble. The
correlation coefficients &, and », are presented in this section and the
following section expresses the AM and PCM quantizing noise char-
acteristics in terms of these correlation characteristics.

The covariance statistics are expressed as functions of the AM step
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ANALOG AM

AM PCM

SWITCHING PCM
MACHINE TRUNKS

AM PCM

.

ANALOG AM

Fig. 10 — An application in which the delta modulator and the AM-PCM
converter are separated.

size, §, its normalized value, 8 = 8/0, and the correlation coefficients of
the analog input,

P = *UIJ(nT}J[ + k)7]}. (33)

These coefficients are samples, taken at r second intervals, of the
autocorrelation function, p(-), of ¥ (). The power density spectrum,
Y (), is the Fourier transform of ¢®p(-).

The cross-covariance of the integrated AM sequence, {x,}, and the
samples of the analog input, {¥z}, is proportional to the autocovari-

ance of {y;}. Thus,
{ Z - [ 2Bk ]}

‘Ijk = pk¢0 . (34)

For the autocovariance of {w,}, we have the more complicated
formulas:

. = 2 J1 &1 20l
"{1 TE ée"""[ G ]}+ et Ew%z""""[' 7 ]}

and in general

Ty =
_ 97!'2’\ 62 = = 1 mtk
r,-p,al+42exp — 5 +Fg§_k[1+( n™]
[ _PE+ m = kap,‘}] ( w(k* + m® + 2mkp,)
-{exp l: 2 — exp| — 28°

for u even
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r, = {1~|—4Zexp[ 2“]} 28 5> ke

18 m=1 k=1 mk

_ {exp [_wz(fc + w‘;‘ﬁﬂ— kap,,)] ~ exp [_W (k* + n;ﬁg+ 2mrcpﬂ)]}

for u odd. (35)

In most cases of practical interest, the AM step size is a fraction of
the rms input signal and the formulas in equations (34) and (35)
may be simplified considerably. All of the single summations in
these formulas involve powers of

)

which for 8 < 0.5 is less than 10-*%, In this event we have the very
accurate approximations

& =g’ and 1o + §°/3. (36)

In the formulas for 7, , there are double sums of the difference of two
exponential terms. When equation (36) applies, the second term is
negligible and the first term has significant values only when the two
indices of summation are equal. We thus have the approximation,

r, & p,ot +25 ;( 1)” Xp[ k—(lﬁz__pﬁ] (37)

which is valid in most cases of practical interest.

A1 Quantizing Noise

A consideration of the statistical properties of the quantizing noise
signals that appear in the analog-AM-PCM encoder provides insight
into the signal processing operations described in this paper. In the
delta modulator, we have the error signal y () — «(£), that is sam-
pled and quantized to produce the AM sequence, {b,}. This is a high
frequency signal with effective bandwidth RW; the filter, h(-), in
the AM-analog receiver of Fig. 2 has the role of rejecting its out-of-
band components. Similarly, the digital AM-PCM converter rejects
an inereasing proportion of the power of the error signal as N, the
number of filter stages, increases. Equation (6) indicates that the
performance of a digital AM-PCM converter with an unlimited num-
ber of stages (N = o) is equivalent to that of the analog-interface
converter of Fig. 2.

The autocovariance coefficients of {y, — .}, the sequence of
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error samples, are

Q: = E'{(y. — To) (Ynsr — Tasr)} = 0'=Pk + 7 — 2%, (38)
Equations (34) and (38) may be combined in the expression

&y - C
®, = 2‘1%,——0'3 (i — Qu = 20 — 1 (re — Qi) (39)

in which we have set
] 212
c=3_142 Zexp[—%;'“]-
a k=1 5

Equation (39) may now be substituted into equation (21) for minimum
mean SqUATe error, f.i,. Appearing in the resulting expression for fmia
are the terms r"¢ "' and ¢~ 'r in which » denotes the column matrix with
components r,(—M = k = M). The two matrix products are transposes
of one another; both are identical to quite simple matrices. Thus,

TTW—I = [Or 0; w0 oy 1,y e 50, 0] = [\l’_lrlr- (40)
When equation (40) is applied, equation (21) may be expressed in
terms of the quantizing noise statistics as

NMmin = (26‘ )(QO Q ‘lb_lQ) (O 1) 0'2, (4:1)

in whieh @ is the error covariance vector and Qn is the total power
in the error signal, {y, — #.}. Thus Q7y @ represents the amount
of noise rejected by a digital filter whose coefficients are given by
equation (20). Because y is positive definite, equation (41) indicates
that such a filter cannot enhance the quantizing noise power of the
system.

As N increases without limit, the mean square error approaches
the quantizing noise power associated with the optimum analog in-
terpolation filter of the AM signals. This quantity may be expressed
in terms of the signal spectra as™

Sm(’:rk)

: ¢ V1 = R

nw*l}ﬂnmin—(zc_l)ﬁQﬂ_%_géQk (@)
R

_Cc =17,
2¢ —1°

' [E*(W))?
o (2C — DY*(JW) + E*(fW)

df (42)
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in which Y*(-) and E*(-) are the power spectral density functions
of {y.}, the sampled analog signal, and {y, — .}, the sampled error
signal, respectively. Thus

YW = 62[1 £2 5 pocos ’g] =1 3% vowg + 20m) @9

and

(W) = Qo +2 3 Q cos - (44)

The sum in equation (42) of @y and the infinite series is the quantiz-
ing noise at the output of an ideal low pass filter with bandwidth W
Hz. The integral represents the additional noise power reduction
that results from an optimal, rather than a flat, filter transfer function.

When the approximations given in equations (36) and (37) are
valid, the correlation coefficients that appear in equations (41) and
(44) may be approximated by

Qo =
(45)

L R L [_Wuﬁz—_@].

g s
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Diode Array Camera Tubes and
X-ray Imaging

By ARTHUR N. CHESTER, THOMAS C. LOOMIS,
and M. M. WEISS

(Manuseript received September 11, 1968)

A modification of the silicon diode array camera tube has been carried
out which permits X-ray tmages to be displayed on a television monitor.
The silicon target, 50 to 150 um thick, serves as the tube’s vacuum window.
Each X-ray photon generates a large number of holes in the silicon sub-
strate. Most of these can be usefully collected, and effective quantum effi-
ciencies over 1000 have been measured. Absolute measurements of the
spectral sensitivity have been made and show good agreement with the-
oretical predictions made using values of hole lifetime and surface re-
combination velocity obtained from optical measurements on the same
target. The stlicon diode array offers a number of inherent advantages in
X-ray imaging compared with the conventional amorphous selenium target.
Among these are greater quantum efficiency, high sensitivity, and tem-
perature stability. The diode array sensitivity greatly exceeds that of film in
this X-ray energy range (5 lo 20 keV). Moreover, because the video signal
current 1s linear as a function of X-ray photon flux over a wide dynamic
range, relative intensities may be compared directly rather than necessitat-
ing densitomeler measurements as does film. The performance of the many
types of X-ray imaging systems in different applications is compared in
some detail.

I. INTRODUCTION

The silicon diode array camera tube, developed for Picturephone®
visual telephone service applications,® has proved to be a versatile
device. The possibility of using the diode array target for X-ray
imaging had been discussed on various oceasions, but a particularly
useful step was the realization by E. I. Gordon that, since each X-ray
photon could produce a great number of hole-electron pairs, very
high quantum efficiency might be expected in this application.? Sub-

345



346 THE BELL SYSTEM TECHNICAL JOURNAL, FEBRUARY 1969

sequent measurements bore out this expectation.? * There are many
uses for a practical imaging device with high visual brightness, rang-
ing from medical and biological research applications to production-
line testing of silicon wafer crystal orientation.®

This paper deseribes the modification of the eamera tube for X-ray
imaging and measurements of spectral response obtained with such
a tube. The relevant features of all the various X-ray imaging tech-
niques are compared in the context of specific applications to identify
the particular devices which are most suitable for specific purposes.
This permits a balanced evaluation of the usefulness of the silicon
diode array ecamera tube for X-ray imaging, as well as shedding light
upon other possible imaging systems.

II. DESCRIPTION OF DETECTION SYSTEM

The fundamental unit of the detection system is the diode array
camera tube? developed for the Picturephone visual telephone station
set. Let us start with a brief summary of the operation of this tube,
as it applies to X-ray detection.

The eamera tube target consists of a thin disk of n-type silicon,
typically 0.800 inch in diameter, whose uniform thickness may range
from 0.7 mil up to several mils, depending upon the specific application.

An array of p-n diodes is formed on one side of the silicon disk
by standard photolithography and diffusion. Early versions of the
target used diodes of 8-pm diameter spaced on 20-pm centers, cover-
ing a rectangular area approximately 1 cm on a side. In recent versions
the diode spacing is 15 pm. These dimensions are consistent with speci-
fications for the Picturephone visual telephone set and are not neces-
sarily optimum for X-ray applications.

The target substrate is maintained at a potential of 5 to 10 volts
positive relative to the electron gun eathode by the target bias voltage.
An electron beam is scanned across the diode array, building up a
negative charge on the p-side of the diodes until that surface of the
target is charged down to cathode potential; then additional arriving
electrons are repelled and do not land on the target (these are col-
lected at another electrode, the collector). Under these conditions the
diodes are reverse-biased, and in the absence of light will store their
charge for a long time. The storage time is limited by diode leakage
current. The amount of charge that leaks off between the successive
times that the electron beam accesses a given diode (the frame time)
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is replaced when the electron beam reaches that diode again. The
associated charging current constitutes the video signal. The charg-
ing current observed when the target is not illuminated is called the
dark current.

The detection ability of the diode array arises because the rate at
which the diodes discharge can be greatly accelerated by various
means. For Picturephone visual telephone service applications, an
optical image is focused on the side of the silicon disk opposite the
diodes. Photons create hole-electron pairs in the substrate; the holes
diffuse to the nearest diodes and are swept across the space charge
region, partially discharging the diodes. For X-ray detection, an
X-ray photon is absorbed by a substrate atom, producing a fast
electron carrying most of the original photon energy.® This electron
creates many hole-electron pairs as it decelerates, losing its energy in
a distance of no more than a few pm.” The resulting holes diffuse to
adjacent diodes and discharge them. In either case, a video signal
will be produced when the electron beam accesses those portions of
the target which have been discharged hy exposure to light or X-rays.

In the present work, the diode array was seanned in 275 horizontal
lines; the frame time (the time required to scan all diodes once)
was 1/30 second., The video bandwidth was about 1 MHz, and the
picture was displayed on a TV monitor .

Provision was also made for blanking off the electron beam, al-
lowing only every Nth frame to be read. This technique, described
as “N:1 frame delay,” allows the diodes longer between sweeps to
lose charge in response to X-ray flux; thus within limits it increases
the magnitude of the video signal obtained by increasing the integra-
tion time of the camera tube. This is simply analogous to using a
longer exposure time in photographic work. The result is increased
contrast in the displayed image.

The normal diode leakage current is also integrated; however, the
extra dark current signal that results is not deleterious for storage
times up to =1 see. After a sufficiently long delay all diodes will dis-
charge completely because of leakage, regardless of X-ray signal;
thus excessive frame delay reduces picture contrast. The other un-
desirable feature of excessive frame delay is that moving objects will
blur when frame delay iz too long. In the early stages of the experi-
ment, very long frame delays were subjectively unpleasant to use
because the picture would only be displayed a few times a second,
leading to flicker; however, this effect has now been minimized by
using a long-persistence cathode-ray-tube in the monitor and could
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be eliminated completely by using a storage tube for repetitive dis-
play of the same frame.

The diode array target is ordinarily mounted inside the camera
tube vacuum envelope behind a glass window 0.100 inch thick. Since
that thickness of glass would have introduced excessive attenuation
of X-radiation, for X-ray use the tubes were assembled without mount-
ing a diode array in the tube. The glass window of the tube was re-
placed with a copper plate in which a hole of 34 inch diameter was
drilled. The diode array target was attached to the outside of the
window, covering this hole, with Delta-Bond adhesive,* a high-tem-
perature epoxy with clean vacuum characteristics. The tube was proc-
essed at a temperature of 190°C. Thus the diode array target itself
served as the tube window and had to support the tube vacuum
against atmospheric pressure. The target used in this work had a
mechanically measured thickness ranging from 0.0104 to 0.0109 cm
and a phosphorous diffusion at the back surface to reduce the hole
recombination velocity at the surface. Because of dimpling in the
target, resulting from the pressure difference, and the lack of beveling
around the hole, causing distortion in the electric field between the
last, foeusing element and the target, the electron beam could only
provide uniform sensitivity over an area about 14 inch in diameter
on the target. Other tubes have now been constructed which avoid
target distortion by using a beryllium or mylar window to hold the
vacuum, allowing the target to be mounted inside the tube more or
less conventionally. The usable sensitive area of the target in such
tubes is the size of the entire diode array (1.34 X 1.34 cm in the
present design).

1II. CALIBRATION OF A MONOCHROMATIC HIGH-INTENSITY X-RAY SOURCE

A fluorescence X-ray tube with a copper anode was used to excite
characteristic X-radiation from nine different samples, ranging in
atomic number from vanadium to tellurium, as indicated in Table I.
This radiation passed through a brass collimator 4 inches long with
a %e inch inside diameter, into which brass tubes of smaller inside
diameter could be inserted to provide further collimation. The detec-
tor was positioned so that its window was 2.01 cm from the collimator.
To reduce the energy spread of the resulting radiation an appropriate
absorbing foil was introduced into the output beam, consisting of an
element with a eritical absorption energy just above the Ka lines of

* Wakefield Engineering, Inc., Wakefield, Mass.
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the radiator being used. It was determined by using a proportional
counter with a multichannel pulse-height analyzer that the absorbing
foil removed not only a great deal of X-radiation at lower energies,
but also greatly attenuated the Kg lines produced by the radiator.
Thus the transmitted radiation was essentially monochromatie, con-
gisting only of the K« lines of the radiator being used, and ranged in
energy from 4.95 keV (2.5 A wavelength) to 27.3 keV (0.45 A wave-
length).

Once combinations of radiators and foils had been selected to pro-
vide X-radiation only in narrow speetral ranges, it was necessary to
calibrate the absolute intensity of the output heam. This was done
using a scintillation counter with a Siemens GS-DM ZO/B X-ray
detector. By using a cobalt radiator with varying numbers of 0.003
inch aluminum absorbing foils, it was determined that this detection
system reads 1 percent too low because of counter dead time loss at
a count rate of 300,000 per minute; apertures were therefore chosen
to keep all count rates on the Siemens detector below this level for
the remainder of the measurements.

The detector used for calibration was a General Electric SPG
4 scintillation counter. The counting efficiencies used were calculated
for a Nal crystal of nominal thickness 0.040 inch. Experiments are
under way to establish an accurate experimental efficiency curve for
this detector.® The efficiency of the Siemens detector was determined
by comparison with the GE detector, using a crystal monochromator
souree, and was found to vary from 60.1 percent at vanadium to 88.6
percent at tellurium. The peak efficiency was 90.5 percent for cadmium
Ku; the efficiency was above 79 percent for all the wavelengths sub-
sequently used except the vanadium Ka.

Measurements were then made of the photons per second issuing
from an aperture of diameter 0.020 inch for tube currents of 40, 11,
and ~2 mA, using a full-wave rectified power source, with peak tube
voltages of 40 and 50 kV. Background intensities were subtracted in all
cases. The statistical precision of these measurements was adequate
to give a fractional standard deviation (N=*) of 0.003 or less for each
wavelength.?

In order to provide more X-ray intensity for detection by the silicon
camera tube, a series of apertures of increasing size was used, finally
arriving at an aperture 2.21 mm in diameter. The proportional counter
was used to obtain intensity ratios between various apertures, and
the final value for the intensity using the 2.21-mm aperture relative
to that using the 0.020 inch aperture was determined to be 75.9,
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with a ealculated statistical precision of 3.5 percent. The maximum
calibrated intensity available varied from 110,000 to 577,000 photons
per second, depending upon the X-ray energy, as indicated in Table 1.

The particular combination of aperture, radiators, foil filters, detec-
tor distance, and X-ray source measured thus provides a variable-
energy monochromatic output of known intensity. If the instability
of the power supply-detector combination is taken to be 0.2 percent,
this indicates that the relative intensities available at different ener-
gies are known with a standard deviation of 0.36 percent, and the
absolute intensity at any given wavelength is known with a standard
deviation of 3.5 percent.

IV. MEASURED X~-RAY SPECTRAL RESPONSE AND SENSITIVITY

The camera tube was mounted with its diode array target 2.01 em
from the 2.21-mm aperture and the X-ray beam was chopped at 13
eps using a lead chopper blade. The video signal was synchronously
detected to provide greater measurement accuracy. It was verified
that the video signal obtained did not change when the size of the
scanned area on the diode array was increased. The magnitude of
the 13-cps signal was compared with the video signal measured with
a de meter without chopping the X-ray beam; the rms deviation in
this calibration factor was found to be 3.8 percent. This introduces
an error in the absolute scale of the measurements, in addition to
the 3.5 percent resulting from errors in measuring intensity ratios
using different apertures.

The noise in the synchronous detector signal had an rms value of
0.2 microvolts. An X-ray beam whose intensity was just sufficient
to give a signal on the synchronous detector equal to this noise level,
if directed onto the camera tube without chopping, would have given
a de video current of 0.79 pA. Since video currents of about a nano-
ampere were required to produce a strong image on the monitor with
the beam size used here, many of the X-ray intensities measured
therefore did not produce a visible spot on the monitor. The error
bars indicated in the graphs indicate the range of values represented
by this error of 0.2 microvolts, sinece the 0.36 percent error in the
relative calibration of the X-ray source was too small to affect the
accuracy of these measurements. The overall presumed accuracy of
[(3.5)% + (3.8)]* = 5.2 percent is not indicated in the figures but
should apply to the absolute magnitude of the measurements.

Figure 1 indicates the de response of the diode array camera tube
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Fig. 1 — Video electrons collected by tube No. TN-84 as a function of incident
X-ray energy.

as deduced from the synchronous detector measurements. Since the
number of hole-electron pairs produced when an X-ray photon is
absorbed is a linear function of the available photon energy, it was
felt that it was most meaningful to plot numbers of collected electrons
as a function of photon energy rather than photon wavelength. Figure
1 gives the number of video electrons collected per incident X-ray
photon and per keV of incident X-ray photon energy.

V. DETERMINATION OF TARGET SUBSTRATE PARAMETERS

In order to extract information more indicative of the physical
processes leading to the X-ray detection, some further processing of
this data is necessary. If information ean be extracted about the
intrinsic quantum efficiency of the detection process, then the prac-
tical performance of diode array targets of various thicknesses and
various physical properties can be estimated. In this section the hole
lifetime and surface recombination velocity are determined for the
target used in our experiments.
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One piece of information necessary for this computation is the
absorption coefficient of the diode array target for the various wave-
lengths of X-rays used. This information is well known, and for this
work was taken from a table published by Philips Electronic Instru-
ments.*®

It is also necessary to know the distribution in position of the holes
generated in the silicon when an X-ray photon is absorbed. This is
relatively simple to determine under the assumption that the X-ray
photon upon absorption produces a very fast electron carrying most
of the photon’s energy; this electron then produces many hole-electron
pairs as it loses energy. The rate of production of the fast electrons
decreases exponentially with distance as the X-ray beam is absorbed;
thus the rate of hole production will also have this exponential pro-
file, spread out slightly by the range of the fast electrons in the
silicon substrate. However, an estimate of the range of fast electrons
of the appropriate energy yields values less than 5 percent of the
1/e absorption distance for X-rays in silicon in the energy range
treated here. Thus a hole production rate that decays exponentially
with distance will be assumed in this energy range.

The last piece of information that is needed is the fraction of holes
generated that are collected by the diode and thus lead to a video
signal, for the exponentially decaying hole generation rate previously
obtained. This can be determined fairly well as follows. The absorp-
tion mechanism for photons in the near infrared is primarily hole-
electron pair formation, the photon energy involved being sufficiently
small that only one hole can be produced per photon absorbed.
Moreover, different hole generation geometries can be obtained since
the absorption coefficient of the silicon varies as a function of wave-
length. To duplicate the X-ray absorption depths relevant to the
measurements reported here, it would be necessary to use infrared
light varying in wavelength from 0.87 to 1.11 microns.

However, even though light and X-radiation are chosen having the
same absorption depth in silicon, the hole generation geometry may
differ in the two cases, Unless the absorption coefficient is sufficiently
great that virtually all of the light is absorbed in a single pass
through the target substrate, light will be reflected from the surface
at which the diodes are located, changing the simple exponential
spatial dependence of the hole generation rate to some more compli-
cated form, and making the hole generation geometry different for
the light and the X-rays. Since absorption and optical interference
are known to take place'® in the oxide-resistive overlay region, even
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the reflectivity of the diode surface of the substrate is complicated
and wavelength-dependent.

Crowell and Labuda have developed a recombination-diffusion
model for hole collection in a diode array target which is valid for
light in the visible part of the spectrum, where multiple internal
reflections may be ignored.®* The measured optical collection ef-
ficiency of the diode array target in this wavelength range can be
used to determine sufficiently aceurately the two parameters required
in this model, namely, the hole lifetime in the substrate and the hole
recombination velocity at the illuminated side of the target. Although
the collection efficiency predicted by the model becomes invalid when
applied to infrared light, it is perfectly valid for X-rays of all wave-
lengths, since X-radiation maintains the exponential hole generation
geometry regardless of the absorption of the substrate because the
X-rays are not appreciably reflected at the surfaces of the silicon.
Crowell and Labuda’s collection efficiency model was applied to the
X-ray camera tube to determine the necessary target parameters.

First, measurements were made of the number of video electrons
collected per incident photon for light in the wavelength range 0.46
to 1.15 microns. Since A. J. Chick’s computer calculations of the
collection efficiency predicted by Crowell and Labuda’s theory did
not include the effects of reflection at the silicon-air interface and
the “dead layer"* * at the illuminated side of the silicon target, the
measured collection efficiency was corrected before comparing with
the theoretical eurves.

The measured collection efficiency was first multiplied by a factor,
exp(+eaLg), to eliminate effects resulting from absorption in a “dead
layer” of thickness Ly = 0.2 pm. The absorption coefficient « of
silicon for visible light was taken from published data.** The meas-
ured collection efficiency was further increased by 1/(1 — R) to
correct for reflection at the silicon surface, using published values of
the reflectivity of silicon.® This yielded the open data points shown
in Fig. 2, which represent as accurately as possible the number of
video electrons collected per optical photon passing through the dead
layer into the active region of the substrate.

The reflectivity of the diode array was measured, as deseribed in the
Appendix, to verify that the reflectivity corrections being made were
accurate. If the measured values of reflectivity are used to obtain the
collection efficiency for wavelengths greater than 1 pm in Fig. 2, the
two solid data points are obtained. However, Crowell and Labuda’s
theory neglects internal reflections. Thus the corrected values of col-
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Tig. 2—The data points represent measured values of collection efficiency
for tube No. TN-84, corrected for reflectivity and dead layer absorption as
discussed in the text. The solid data points use measured values of reflectivity
rather than published values. The solid curve gives the predictions of Labuda’s
theory, which is expected to be valid only at wavelengths shorter than =~0.93um
because of its neglect of internal reflections.

lection efficiency shown in Fig. 2 may be used only at sufficiently short
wavelengths such that the exponential hole profile within the substrate
caused by the incident photons is not distorted by internal reflection
from the diode surface of the target. To keep the intensity of light
arriving at the diodes below 5 percent of that entering the target, the
target thickness must be about three times the 1/e absorption depth.
In the present target, with thickness of about 0.0107 c¢m, this requires
considering in Fig. 2 only those wavelengths shorter than ~0.93 um.
The predictions of Crowell and Labuda's theory were then ecal-
culated for various values of hole lifetime » and surface recombina-
tion velocity S. The depletion layer depth was taken to be 5 pm, a
typical value for the conditions of vidicon operation (substrate resis-
tivity 10 ohm-em, target voltage 5-10 volts) ** The theoretical pre-
dietions were compared with the experimental data as follows.
Computed collection efficiency curves were drawn for a large num-
ber of values of S, ranging from 50 to 1000 em per second, with =
ranging from 5 psee to 10 msec, These ranges of values were known
from previous work to include any values of the parameters which
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might be encountered. The values of the collection efficiency at 0.50
pm wavelength and at its maximum were found to give good dis-
crimination between the curves, and the values of 8(em/sec), r(psec)
selected for further ecomparison were: (50, 11), (70, 12), (100, 12),
(100, 13), (140, 13), and (140, 14). The rms deviations of these
curves from the measured values (with oscillatory behavior removed
as discussed in the Appendix) were calculated for wavelengths 0.50,
0.65, 0.80, and 0.90 pm, and the maximum value. Only one curve
was found to agree within one averaged deviation at as many as four
of these points; moreover, at the remaining point it was still only
1.35 averaged derivations away from the measured value.

The values determined by selecting this curve as the best fit were
7 = 12(«0.5) psec and S = 70(—10, +15) em per second. This is shown
as the solid curve in Fig. 2. The uncertainties quoted assume a probable
error of half the interval to the next closest values of S or r examined.
These values are consistent with the values = = 10 psee, S = 50 em per
second found by Buck, Casey, Dalton, and Yamin in similar diode array
targets."* The hole diffusion coefficient D in silicon has been taken
as 10 em® per second ™.

VI. CALCULATED SPECTRAL RESPONSE OF DIODE ARRAY TARGETS

Using the values determined above for the hole lifetime and surface
recombination velocity, a predicted X-ray quantum efficiency may be
calculated for comparison with the measured values in Fig. 1. This
is done for a variety of target thicknesses to provide an estimate of
how the collection efficiency would be expected to change with target
thickness, sinee it would be desirable for many applications to extend
the spectral response to higher X-ray photon energies.

First, an upper limit to the number of video electrons collected
per incident photon may be calculated, which will ultimately limit
the performance of any silicon diode array target which does not
incorporate heavier elements in substantial quantities. This is ob-
tained by assuming that the holes produced by every X-ray quantum
absorbed in the target are all collected, so that the limitation on
quantum efficiency at low energies is the smaller energy per photon
available for making hole-electron pairs, and at higher energies is the
lack of absorption of these X-ray photons by silicon. Specifically,
the fraction of X-ray photons absorbed by the target is obtained
using published X-ray absorption coefficients for silicon.*® It is then
assumed that each 3.50 eV of energy in an absorbed photon leads



X-RAY IMAGING 357

to a video electron. Such a caleulation is consistent with a model
which assumes that virtually all of the photon energy is transferred
to an electron upon absorption; this fast electron produces hole-
electron pairs as it decelerates (expending for each pair the value
3.50eV),** all of the resulting holes are collected.

Sueh a caleulation leads to the collection efficiency curves in Fig.
3, which give an upper limit to the quantum efficiency that could
be anticipated using any target principally composed of silicon. The
rise in collection efficiency in the 100 keV range occurs because the
absorption coefficient of silicon, which drops approximately as E-*
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Fig. 3 — Maximum number of holes that could be generated per X-ray photon
incident upon silicon targets having the indicated thickness, as a function of
X-ray energy.
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for X-ray energies in the range 2 to 30 keV, drops less rapidly at
higher energies, falling at a rate slower than 1/E above 85 keV. This
slower drop is more than compensated for by the greater energy
available per photon which, of course, rises linearly with E. How-
ever, since this increased absorption occurs from Compton scattering
rather than the photoelectric effect,® it may be less efficient at pro-
ducing hole-electron pairs.

The additional information, provided by the values + = 12 psec
and S = 70 em per second obtained in the previous section, permit
more specific calculations to be made for the conventional type of
diode array target having a “dead layer” of thickness 0.2 pm, with
holes generated in the substrate either diffusing to a diode and being
collected, recombining in the volume, or diffusing to the illuminated
side of the target and recombining with electrons without leading to
a video signal. The depletion layer thickness will again be assumed
to be 5 pm.

The ecalculation is made using Crowell and Labuba’s collection
efficiency theory, corrected for the presence of the dead layer, again
assuming that every 3.50 eV of absorbed X-ray energy leads to the
production of a hole. A computer program by A. J. Chick using this
theory leads to the curves in Fig. 4, which predicts the actual X-ray
collection efficiency that should be observed using silicon diode array
targets of various thicknesses, with the substrate parameters taken
to be 7 = 12 usee, S = 70 em per second.

Notice that the target thickness yielding the greatest collection effi-
ciency is about one hole diffusion length Ly in thickness, since Lp =
(Dr)* &~ 4 mils. The experimental points indicated in Fig. 4 for tube
No. TN-84, with target thickness 4 mils, are ~20 percent lower than
the caleulated values. This discrepancy may arise from error in estimat-
ing the dead layer thickness, lack of accurate experimental calibration
of the X-ray source, and neglect of excess recombination® in the
theoretical treatment. Other contributing factors may be electrons lost
by photoermssmn at either surface of the target and a =5 percent
uncertainty in the mechanical measurement of the target thickness.

One final curve of some interest is the quotient of the theoretical
predictions of Figs. 4 and 3. Since Fig. 3 gives essentially the total
number of holes generated per incident photon and Fig. 4 gives the
number of electrons collected per incident photon, the quotient of
these values is the fraction of generated holes which are usefully
collected by the diodes. This number, referred to here as the “geome-
trical efficiency” of the target, depends only upon the geometry of
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Fig. 4 —Collection efficiency for X rays as a function of X-ray energy,
predicted by theory. Values measured for tube No. TN-84 are indicated.

the collection: absorption coeflicient, substrate parameters, and target
geometry. It is shown in Fig. 5 as a function of absorption coefficient,
and the values presented apply to both X-ray detection and visible
light detection, so long as the exponential hole generation geometry
is maintained. Corresponding X-ray energies and optieal wavelengths
are indicated in the figure. As expected, the geometrical efficiency
asymptotes to its maximum wvalue when the absorption coefficient
becomes so small that the hole generation is essentially uniform
throughout the target volume.

VII. COMPARATIVE EVALUATION OF VARIOUS X-RAY IMAGING TECHNIQUES

The X-ray imaging devices known to the authors may be classified
into the following categories:
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ponential hole generation.

(1) Film—Film may be directly sensitive to X-radiation or make
use of a phosphor screen placed in close contact with the film.

(#7) Direct fluoroscopy—A fluorescent screen is viewed directly by
a dark-adapted observer.

(it1) Image-intensified fluoroscopy—Systems in this category seem
to have the common feature that image amplification occurs without
dissecting the image sequentially. A conventional technique of this
type uses a fluorescent screen in intimate contact with a photoemitter,
taking the emitted electrons by electron focusing and minification to
produce a brighter image on a cathodoluminiscent phosphor screen,
which in turn may be viewed directly or imaged with a television
system first. In this category would fall direct photoemission by
X-rays, with later electron imaging. Another modification would
replace the electron imaging stage by a solid-state image intensifier.

() Flying spot tubes—A collimated X-ray beam is periodically
scanned across an object to be examined, and a detector of high
counting efficiency collects essentially all photons penetrating the
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object. Although this is strictly speaking not an imaging system, it
gerves the same function for certain applications (for example, med-
ical and radiographic) and therefore is to be considered competitive
for such applications.

(v) Scanned-image camera tubes—These systems use sequential
image dissection with subsequent electronic amplification. The tubes
that have been constructed of this type use an electron beam to scan
a photosensitive surface, usually a photoconductor. The diode array
camera tube is in this category.

Qualitative comparisons among some of these systems have been
given in the past.®*-*¢ The present discussion will be more quantitative
and relate to specific practical applications.

7.1 Microscopy

The resolution element d is defined so that the modulation transfer
function of the system is 50 percent at a spatial frequency of 1/2d
line pairs per unit distance. The resolution obtainable with standard
X-ray film is about a pwm,® ** and films of finer grain are avail-
able. Although film does not permit real-time viewing, it is still the
most convenient choice for many applications, and can be used for
motion studies by using a movie camera or a rotating film drum. The
resolution of fluoroscopic sereens ranges from 0.4 to 0.7 mm;?* 29 3385
these are inappropriate for very fine imaging.

In scanned-image camera tubes a practical limitation likely to be
encountered is bandwidth and electron beam spot size. Bandwidth is
not too severe a limitation upon resolution, since it only limits the
number of resolution elements in the picture (for a fixed frame time)
rather than their size. Thus, finer detail may be observed at the
sacrifice of viewing a smaller area of the image.

The limitation on electron beam spot size is more basic but again
tradeoffs can be made. From Pierce®® the current density at a picture
element, assuming an ideal lens, is

jspul = jon!.hud.a(l + ‘I’) E!il"l.2 a. (1)
In this equation,
¢ = eV/iT, (2)

with V the target potential with respect to the cathode and T the
cathode temperature. # is the maximum angle with respect to the target
normal which the paths of arriving electrons make, and joaods i8 the
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emission current density at the cathode. For an approximate calcula-
tion one may take ¥V = 1 volt, and kT'/e =~ 0.1 volt, so that 1 + ® =~ 10.
In practical devices an appropriate value is sin # = 0.1. The current
density available from a CPC cathode (a typical choice for diode array
camera tubes) as measured by MaceNair i8 joumese = 2.5 A/em*™ this
cannot be bettered by more than about a factor of four, and then only
at the expnse of operating lifetime.”” Thus a practical limitation is

Japot = Tmax/d” A2 0.25 A/em’. (3)
For example, in tubes now available the maximum beam current is
about imex = 6 pA, giving a minimum spot size of d =50 pm, which
agrees approximately with experience.®®

In an electron beam scanned device, therefore, a spot size d = 5
um, according to these considerations, permits only the relatively
small amount of beam current im,,. = 60 nA; because of secondary
electron emission, the maximum signal current available is still less.
Practical difficulties in design, because of nonideal imaging, may make
such small spot sizes hard to achieve. Thus, dynamic range must be
sacrificed to get very high resolution with such a device.

The problem of lateral diffusion of carriers is particularly trouble-
some in connection with high resolution camera tubes. In the case
of a diode array device there is virtually no electric field in the target
substrate and carriers simply diffuse to the diodes. For an S = 0 sur-
face'® and lower energy X-rays, with the carriers generated near the
surface, the carriers will, on the average, diffuse laterally a distance
equal to the thickness ¢ of the target while they diffuse an equal dis-
tance t to the depletion region of the diode. This lateral spread would
give a picture element of approximate size d = 2t. This will only be
slightly reduced (to perhaps 1.5¢) for X-rays of higher energy, even
when a finite surface recombination velocity is taken into account.
Since the minimum thickness for a self-supported target is about 10
pm at present, the attainable resolution for such a target is only
about 15-20 pm. Higher resolution would probably suggest a thinner
target, mounted on a beryllium entrance window. Similar considera-
tions apply to other possible target materials, such as amorphous
selenium,* PbO, or CdS (See Refs. 39 and 40, 21 and 41, and 21,
respectively). However, these latter materials are not generally
fabricated to be self-supported as is the diode array target.

Another effect that can be of some importance in determining the

* Westinghouse Type WX-5129 X-Ray Vidicon, Westinghouse Electric Cor-
poration, Electronic Tube Division, Elmira, N. Y.
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resolution arises from the nature of the primary photoprocess. Since
a single fast photoelectron is produced when an X-ray quantum is
absorbed, and since the velocity of that electron may have any di-
rection with respect to the direction of photon incidence, the finite
range of that electron’s energy loss means that carriers are produced
approximately throughout a sphere whose radius is the range of the
hot electron in the substrate. The resolution element d will be taken
to the diameter of that sphere. For example, in silicon an approximate
value is’

d = 0.028[E(keV)]"** pm. (4)

This formula is quoted as having validity in the range 2 to 20 keV.’
Since a similar formula given for the range of electrons in aluminum
(only one less in atomic number than silicon) yields a value for range
of 32.3 pm at 100 keV, not too far different from the measured value
~55 pm,* it is reasonable to expect that the expression for silicon also
retains validity to higher energies than 20 keV. This would indicate,
in the case of silicon, a picture element of size d = 3.9 um at 20 keV,
increasing to 23.8 um at 60 keV. The range for electrons would be
expected to be smaller*” for heavier target materials such as selenium,
CdS, or PbO.

Finally, it is also possible that such effects as generation of see-
ondary X-radiation and Compton scattering could impair resolution,
especially at energies above 50 keV; these might have to be con-
sidered in the design of a very high-resolution eamera tube.

The X-ray camera tube in its present form has an estimated resolu-
tion of about 25 ym. Depending upon the energy and intensity of the
X-rays to be detected, the foregoing discussion indicates that this
probably cannot be reduced to less than 5 or 10 um in a camera tube
of this type.

7.2 Medical Applications

For medical imaging applications it is desirable to have a large
sensitive area (at least 6”, preferably 127 in diameter)s* 4. 4 and
good video response to high energy X-rays, a typieal effective X-ray
energy being 60 keV. The former constraint does not apply to dental
work. In addition, it is particularly necessary to minimize the dose to
the patient by making effective use of as many incident X-ray photons
as possible.

Film meets all these requirements most effectively when only a
single picture needs to be made and when development time is not a
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consideration. However, it is not practical for motion studies because
of the inconvenience of sequentially exposing such large areas on suc-
cessive frames of film,

Although direct fluoroscopy is very efficient in producing an optical
image from the incident X-radiation, the eye is an inefficient gatherer
of light and thus loses much of the advantage gained by the high
quantum efficiency of the fluorescent screen.”*”** Although the fraction
{ of usefully absorbed photons may be as high as 0.65, so that the
majority of the incident X-ray photons are effective in producing
visible quanta, each incident X-ray photon leads only to = 107 optical
photons at the retina of the eye, so the effective f of the system must
be taken to be this much smaller value.*”**** Since this fraction f deter-
mines the amount of information transmitted by the detected photons, as
pointed out by Rose,*® for an f of 107 the statistical fluctuations in
the detected signal are so great that only one-thousandth of the in-
formation contained in the incident photon flux is transmitted through
the detection system.

When an image intensifier is used, the number of quanta per pic-
ture element never falls below the number originally usefully ab-
sorbed; the various stages of transmitting the picture information
in the image intensifier system only act to increase the number of
quanta per picture element, and even with the inefficiency of the
eye’s optics the number of photons reaching the retina is typieally
still an order of magnitude higher than the number of X-ray photons
usefully absorbed.?? Values of f for an image intensifier system could
be as high as ~0.65, depending upon X-ray photon energy, since the
primary photoprocess uses this fraction of incident photons in direct
fluoroscopy. However, in practice, thinner fluorescent screens are used
in order to improve the resolving power of the system. Depending
upon the energy of X-rays and the resolution required, values of
f from 0.01 to 0.55 (but usually below 0.1) have been reported in these
systems.?s 24 20, 46,47 A ygeful compromise providing better resolution
than direct fluoroscopy but still having a much higher effective f
might be estimated to have f = 0.1.

Notice that with f = 0.1 only one photon in ten is detected. Thus
even though the image intensifier display exhibits genuine quantum
noise, it should be possible to reduce the dose to the patient a factor
of ten without impairing the picture quality.

In addition to the present work, the usefulness of the silicon diode
array camera tube for detecting X-rays in this energy range (=060 keV)
has been demonstrated by Harpster and Jacoby.** To compute the
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efficiency of the silicon tube and other photoconductive camera tubes
(using PbO, CdS, and Se targets), it is first necessary to discuss some
aspects of camera tubes using photoconducting targets. It has been
shown, for example by Rose’*** and by Redington,” that the require-
ments of short response time (low “lag”), low dark current, and high
photoconductive gain (referred to here as the geometrical efficiency g)
cannot be simultaneously satisfied using ohmic contacts. The only
way to keep g fairly large consistently with the other requirements is
to use “blocking” contacts. Since these do not inject additional carriers
from the electrodes the dark current can thus be kept acceptably low.

When a blocking contact is used, there is a depletion region ad-
jacent to the contact, across which appears the voltage drop which is
applied to the target. Carriers generated in this region are efficiently
collected because of the electric field present, but carriers generated
outside this region must diffuse to the depletion region before recom-
bining if they are to be collected. Although the width of the depletion
region can be widened by increasing the target voltage, in practice it
is not generally possible to extend the depletion region throughout the
target thickness because earrier injection will occur at higher voltages.
This carrier injection inereases dark current, and makes the contact
effectively ohmic rather than blocking. Thus, although contacts to
amorphous selenium X-ray vidicon targets are blocking in nature,
the width of the depletion region is sufficiently small that most car-
riers are collected by diffusion rather than by being swept through a
region by an electric field. This would explain why the optimum tar-
get thickness reported by Smith*® was approximately equal to the
carrier diffusion length, and is also consistent with depletion layer
thicknesses diseussed by Rose** and van den Broek.®

Since blocking contacts have been achieved in PbO,*® amorphous
selenium,* and CdS,” it is certainly possible to construct X-ray
camera tubes, using such target materials, in which carriers are col-
lected by diffusion to the electrodes, although the fabrication of the
contacts may give some practical difficulty. Therefore such camera
tubes can be easily compared with the silicon diode array tube since
the method of carrier collection is similar and the same restraints
that apply to the silicon tube (limited target thickness to prevent
lateral diffusion of ecarriers and consequent resolution loss, and to
prevent loss of carriers by volume recombination before collection)
will also apply to these tubes.

If bloeking contacts can be maintained at sufficiently high voltages
that the depletion region can be extended through the target thick-
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ness, the sensitivity will be much greater than estimated here. Such
contacts were apparently not obtained in the work reported by Smith
on amorphous selenium targets.® In the case of PbO films, the au-
thors are not aware of X-ray measurements reported in sufficient de-
tail to determine the mechanism of carrier collection.

The applicability of various camera tube targets to medical X-ray
detection can be assessed under the assumption that the generated
carriers diffuse to the target surface and are collected there. The targets
will be assumed to be as thick as possible so that as much of the incident
radiation as possible can be used. Specifically, the target thickness will
be taken to be ten times the diffusion length for minority carriers in
the particular substrate being considered. This is as thick as can be
allowed if each absorbed photon is to produce at least several collectable
carriers, since e '’ &~ 10™* and since a 60 keV photon produces around
10* earriers in each of these materials. In any case, this manner of
choosing the thickness is sufficiently general to provide some sort of
meaningful comparison, particularly since the geometrical efficiency
¢ should be similar for all four types of targets, as discussed in connec-
tion with Table III. A comparison of these types of camera tubes
appears in Table 1I.

According to results obtained in Section 7.1, the resolution of such
camera tubes would be expected to be better than the 0.4 mm obtain-
able with fluoreseent sereens, since such screens are subject to lateral

TapLe II— ComparisoN oF CamMERA Tusrs For
MEDICAL APPLICATIONS

X-ray Photon Energy
Substrate Material Diffusion Target
Length Thickness 40 keV 60 keV
pm pm
a, pm™1 f o, pm~! f

PbO (tetragonal) 1.2* 12 0.01327 0.147 | 0.004921 | 0.0573
Se (amorphous) 101 100 0.00365§ 0.306 | 0.00115§ | 0.109
CdS (n-type) 6.49 64 0.00703 1 0.362 | 0.002561 | 0.151
Si (n-type) 110|| 1100 0.000176§ | 0.176 | 0.00008§ | 0.084

* See Ref. 56.

T See Ref. 57.

1 See Ref. 40, p. 352.

§ See Ref. 10.

€ Reported values differ by about a factor of two, but the value given here is
typical. It is obtained from the equation L = (Dr)'* using a hole diffusion constant
D = 027 cm?/sec and hole lifetime » = 1.5 psec. These values are given by
1. Broser, Physics and Chemisiry of II-VI Compounds, ed. M. Aven and J. S, Prener,
New York: John Wiley and Sons—Interscience, 1967, p. 520.

|| Caleulated from measurements reported in Fig. 2 of this paper.
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light scattering. The values of absorption coefficient « for X-rays, as
indicated, are given in inverse pm. The fraction of photons usefully
detected is taken to be simply f = 1 — exp(—et) for thickness f.

The table indicates that only using CdS in a scanned image tube
offers hope of improvement in usahle fraction f over conventional opti-
cal image-intensifier systems as long as carrier collection depends
upon diffusion. Its combination of high density and ease of fabrication
makes it a possible candidate for medical applications. A silicon target
has not only the disadvantage of a lower f, but the problems con-
nected with a higher dark eurrent, as discussed in the following sec-
tion.

However, the very best imaging device for medical applications re-
mains the final possibility considered here, the flying spot X-ray sys-
tem. Although the production of X-radiation by such a system is
necessarily very inefficient, about 90 percent of the photons trans-
mitted by the patient can be detected with certainty, and thus this
system is to be preferred if cutting the dose to the patient is the prin-
cipal consideration. However, the practical difficulties of producing
sufficient X-ray intensity in a scanned X-ray beam seem to still re-
main an essential limitation to the method. Discussions of this sys-
tem appear in Refs. 23, 27, and 54.

7.3 X-Ray Diffraction and Other Applications

The type of application toward which this section is oriented is the
case of an X-ray image of limited intensity which is to be detected as
conveniently as possible. A typical application in mind here is that
of Laue diffraction work. Another, usually applicable to higher en-
ergy X-radiation, is industrial radiography.

As in the case of many other applications, film is useful but not
always the optimum detector. Its variable exposure time gives it
effectively a very wide dynamic range, but it is highly nonlinear
(gamma # 1)* and relative intensities cannot be easily measured.”®
The desire to see a picture more rapidly, either by reducing exposure
time or eliminating the developing process, or both, provides motiva-
tion to consider other imaging systems. Moreover, the increased sensi-
tivity provided by alternate systems for low energy X-radiation may
permit imaging in cases where the required film exposure time would
lead to excessive fogging.

Image intensifier systems have been used in the past in such applica-
tions as Laue diffraction work, to allow continuous monitoring of the
diffraction pattern as a crystal is oriented.”'**"*” The inherent limita-
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tion in these systems is their limited resolution of d ~ 0.4 mm, owing
in part to lateral scattering of light.*

Scanned-image tubes can improve upon resolution, permitting ori-
entation of very small erystals (requiring more highly collimated
beams) or more accurate measurement of larger erystals than would
be possible with an image intensifier system. Because of unity gamma,
relative intensities at a given X-ray energy may be measured elec-
tronically. In addition, the integration time during which the image
is being accumulated in the charge pattern on the target can be varied
electronically, corresponding to varying the exposure time when us-
ing film.

There are several ways in which seanned-image camera tubes may
be compared. The points of comparison are charge storage time, sen-
sitivity, and convenience. Since, in a tube without electron multipli-
cation, amplifier noise usually dominates, comparison of sensitivity
also constitutes an evaluation of signal-to-noise ratio or picture
quality.

The difference between the applications currently under discussion
and medical applications is that rather than there being a limitation
upon total number of photons incident upon the viewed object, there
is instead a limitation upon the total photon flux rate available to
illuminate it. Thus the number of incident photons per picture element
is proportional to the integration time r; which is used to accumulate
the picture. Since the signal increases linearly with 7, but the noise
inereases no faster than the square root of r,, it is advantageous to use
the longest integration time that is consistent with linear system response
and operator convenience. If changes in the image are to be observed,
for example changes in a Laue pattern as a crystal is oriented, it is
probably desirable that the integration time not exceed ~~1 second,
and frequently preferable to make it even less, say 0.1 second.

Since the integration time may be arbitrarily increased without
changing frame time by frame delay, as described in Section II, the
maximum integration time that can be used is determined simply by
the duration of time for which charge can be stored on a picture
element. In the case of a photoconducting camera tube this time
constant can be very long. Charge storage times longer than 2 min-
utes have been reported for tubes with amorphous selenium targets,*
and similarly long storage times should apply to photoconductors with
such high dark resistivities as PbO" and CdS.

In a diode array target, the dark leakage current determines the
charge storage time. For tube No. TN-84, it was found that the dark
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current was a linear function of the quantity (Vy — 1.5 volts) over
the range 1.5 < V, < 5 volts. It will be assumed that an appropriate
model for the effect of the dark current is therefore a resistance R
connected across the diode capacitance C. Because of the nature of the
photo-process, absorbed photons may be represented by a current
generator. The electron beam is represented by a battery of voltage
V = Vy — 1.5 and a switch whose momentary closure represents the
scan of the electron beam across the diode in question. The current
through the battery is the video current. This extremely simple equiv-
alent eircuit is shown in Fig. 6.

Consider the following experiment: The electron beam is blanked
off at ¢ = 0, just after reading a frame, and after a time r a source of
optical or X-ray photons is flashed briefly on. This source is con-
fined to a limited area of the target so that both light and dark sig-
nals are available for comparison. Now after an additional time T
during which there is no photon source and still no electron beam, the
electron beam is again turned on and allowed to scan. As the electron
beam sweeps the target, the integrated current flowing to both those
regions without photon input and those with photon input is measured.
The difference in these quantities will be called the signal amplitude.

In terms of the equivalent circuit, consider that the cireuit rep-
resents a diode or picture element. Some fraction p of a frame time
prior to ¢ = 0, the switch was briefly closed and the capacitor ac-
quired the battery potential. Then at time = the current generator
furnished a unit pulse of charge. Then after time T plus an additional
(1—p) frame times, the switch was briefly closed again and the
charge passing from the battery to charge the capacitor was meas-
ured. This constitutes a measurement of the video signal plus ac-
cumulated dark current. The experiment is also repeated, but with-
out the current generator pulse, to measure only the accumulated

DIODE ELEaCTRON
CAPACITANCE EAM
— O J-
A . TV
e £
PHOTOCARRIERS LEAKAGE
GENERATED DARK
RESISTANCE

Fig. 6 — Equivalent circuit for one picture element in a diode array camera tube.



370 THE BELL SYSTEM TECHNICAL JOURNAL, FEBRUARY 1969

dark current. The difference of these two measurements is again the
signal amplitude.

The reader may determine by a simple circuit analysis that T is
varied the signal amplitude changes in proportion of exp(—T7/RC).
Thus by varying the frame delay time T it is possible the charge
storage time r, = RC of the circuit.

Such an experiment was carried out with the tube just described,
No. TN-84, and it was found that the signal amplitude did decay ex-
ponentially as a function of the frame delay time T'. The only departure
from exponential decay occurred at very long delays and was found to
be caused by there being insufficient beam current available to com-
pletely charge down the target after such a long-time loss of charge.
The results were that the charge storage time was 0.184 =+ 0.027 seconds
at 27.5°C, inereasing to 1.197 = 0.341 seconds in the range 7 to 11°C.
Since this target did not have diodes with low leakage currents, showing
instead the relatively large dark current of 70 nA/em® at 32°C, other
diode array targets should have even longer charge storage times.
Charge storage times as long as &85 seconds seem to be possible with
better targets (this assumes a cooled target with dark current 0.1 nA/em®
and a typical diode capacitance value of 2000 pF/em?). Storage times
longer than about a minute are probably not needed in sequential
imaging applications, since film is a convenient medium for such long
exposure times.

The result is that for typical sequential imaging applications both
the silicon diode array and potential X-ray photoconductive target
materials (selenium, CdS, and PbhO) have sufficiently long charge
storage times to be used. The next point taken for comparison be-
tween different camera tubes will be sensitivity.

As before, camera tubes will be compared assuming blocking con-
tacts, but only a relatively thin depletion region, so that carriers must
diffuse to an electrode for collection. To compare sensitivity, it will
be assumed that the photosensitive target material is chosen to have
the thickness of one ecarrier diffusion length to insure high collection
efficiency. In the case of silicon this implies a target thickness of
0.004 inch, which does lead to the very greatest sensitivity in the
predicted curves of Fig. 4. For selenium this gives a target thickness
of 10p, which agrees with the optimum target thickness reported by
Smith.*® The same assumptions will be made about CdS and PbO for
this comparison. Obviously the question of optimum target thickness
depends upon not only the bulk and surface properties of the mate-
rials, but upon the energy of X-rays which it is desired to detect, and
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the comparison here can only be qualitative. Nevertheless, it is in-
structive to consider how the sensitivities of various types of camera
tubes would compare for use in the lower energy region such as that
appropriate for crystal diffraction studies; these assumptions offer
a simple and unbiased means for evaluation.

Another piece of information needed is the average energy, AE,
required to free a carrier. Measured values are available for PbO,
CdS, and silicon, but aparently not in the case of selenium. These
energies typically seem to be roughly proportional to the band gap
energy in the material, as shown in Table IIT and discussed some-
what in Ref. 57. Thus a value of AE for selenium is estimated that is
consistent with the other values and tends to be optimistic in its pre-
dictions of sensitivity (that is, the value of AE is as small as would
be consistent with other values in the table). The typical energies for
these applications are taken to be 10 keV and 25 keV for this com-

TasLE III — CompaRrIsoN oF CameErA TuBEs For
Low-ExErRGY IMAGING

PbO Se Cds Si
Substrate Material Tetragonal Amorphous n-type n-type

Absorption discontinuities between | 13.03-15.86 12.65 26.712 none

5 and 30 keV* Les Kgeo Kea
Target thickness t, um( = diffusion
length) { 1.2 10 6.4 110

Car‘l}ier production energy, AE, in

e
Ratio of AE to band gap#
Absorption coef. @, (um)™:1 |

8t ~0.7§ =8.31 3.5]|
48 3.19 3.46 3.18

E = 10 keV 0.1117 0.0226 0.0496 0.00804

E = 25 keV 0.0465 0.0134 0.00431 | 0.000576
f=1—exp(—at):

E = 10 keV 0.125 0.202 0.272 0.586

E = 25 keV 0.054 0.126 0.027 0.060
Geometrical efficiency g - 0.80** - 0.887f
Relative response, 8 = {E/AE:

E = 10 keV 156 302 328 1680

E = 25 keV 169 470 81 4928

*EH azrgdbaok of Chemistry and Physics, 48th ed., Chemical Rubber Company,
. E-125.

1 See Table II for references.

i See Ref. 57.

§ Estimated to make the ratio of AE to band-gap the same as for silicon, which
constitutes an optimistic estimate for the purpose of estimating the overall sensitivity.

9 The average of the values 7.3 and 9.3 quoted by Lappe (Ref. 57).

|| See Ref. 19.

Band gap energies are from R. H. Bube, Photeconductivily of Solids, New York:

John Wiley & Sons, 1960, pp. 233-234.

** For target thickness 0.001”. See Ref. 39.

tt From Fig. 6 of this article, with ¢ = 0.004” and E = 10 and 25 keV.
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parison, and the usable fraction of the incident photons f = 1 —
exp(—at) can be calculated in terms of the absorption coefficient «
and the thickness ¢ of the target, as shown in Table III.

The relevant target parameter that determines the size of the
video signal is the product 5f. Since 5 is the number of video electrons
collected per usefully absorbed X-ray photon, and since each photon
produces a number of carriers equal to E/AE, it follows that

7 = gE/AE. (5)

In this equation, g is the geometrical efficiency, the same quantity
discussed in connection with Fig. 4, which was defined as the frac-
tion of free carriers generated which lead to video current. Since the
target, thickness has been taken equal to the carrier diffusion length,
the geometrical efficiency will be quite high, as may be determined
from Fig. 4. Table III shows typical values for g for silicon and
selenium. Because of the choice of target thicknesses, it is appropriate
to assume that the geometrical efficiency will be close to unity for
all the target materials here considered. Therefore, instead of compar-
ing relative sensitivities on the basis of yf = ¢fE/AE, a meaningful
comparison of sensitivity can be made by simply comparing the
quantity

S = jE/AE. (6)

Thus a comparison of sensitivity between various secanned camera
tubes for low-energy imaging can be made in a semiquantitative way
by comparing a single sensitivity number S at the X-ray energies of
interest. This has been done in the last two lines of Table III for
X-ray energies of 10 and 25 keV.

The PbO target performs poorly because of its extremely short
carrier diffusion length, necessitating a very thin target. At 25 keV
selenium is the most sensitive, followed closely by silicon; at 10 keV
silicon is by far the most sensitive (selenium has less than 20 percent
of its sensitivity). To emphasize the sensitivity of silicon, notice that
X-ray imaging in the 10 keV range has been carried out with a silicon
diode array with sensitivity approximately equal to that of Polaroid
film (ASA 3000) using a standard cassette with internal fluorescent
sereen,

If it is possible to extend the depletion region to greater depths,
then increased target thicknesses may be possible without loss of
geometrical efficiency. In such a case the sensitivity of any of these
possible camera tubes could be greatly increased. In the case of silicon
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this could be done by reducing the substrate resistivity, providing that
this did not also lead to increased dark current. With the other target
materials this could be accomplished by fabricating effective block-
ing contacts which could remain blocking up to sufficiently high volt-
ages to extend the depletion region, or by making good p-n junctions
in material of low resistivity. The most progress along these lines has
probably been made with PbO targets, although the published ob-
gervations concerning X-ray detection with PbO camera tubes seem
to be too sparse to permit detailed comparisons with the silicon
camera tube.

A further point for comparison that is relevant is the uniformity
of sensitivity over the energy range that it is desired to operate. For
the materials discussed here, Table III shows the positions of any
absorption discontinuities occurring in the range 5 to 30 keV. Since
the absorption of the elements in question changes by a large factor
(2 to 5) at the energies indicated, the presence of absorption discon-
tinuities is reflected in a great difference in the sensitivity of the
camera tube on either side of these energies. This can be an incon-
venience, both because of the unfamiliar appearance it may give to
familiar Laue diffraction patterns and because of the great variation
in threshold sensitivities when X-ray flux intensities are to be meas-
ured. From this standpoint, both PbO and selenium seem undesirable
for low-energy imaging. CdS is better, having only a discontinuity at
26.712 keV, but silicon is eclearly the target material least contami-
nated with unwelcome discontinuities in absorption. In fact, silicon
has no such discontinuities above 1.838 keV, which is too low in en-
ergy for open-air diffraction work anyway.

The final point for comparison was referred to as “convenience”,
which includes whatever practical considerations may be relevant to
selection of a camera tube for particular applications. A disadvantage
of silicon diode array tubes arises when very long integration times
are required, since some form of target cooling must be supplied to
presently produced targets to obtain integration times much longer
than a second. Although tubes are now being designed incorporating
internal solid-state cooling, it would still be desirable to eliminate
this additional complication. Improvements in target processing will
probably permit integration times as long as ten seconds, even at
room temperature, when targets with lower dark current become
available,

There are other respeets in which the silicon diode array looks more
desirable. Tt can withstand high temperatures without damage (at
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least several hundred degrees Centigrade), whereas an amorphous
selenium target tends to crystallize above 30°C."® Moreover, although
the diode array requires some special techniques for diffusion, the
resulting target is durable and ecan withstand the kind of high tem-
perature bakeout that seems always to be required when producing
vacuum tubes with high reliability and years of life.

Some other general advantages to secanned camera tubes are com-
mon to all the types considered here. The dc level on the television
monitor can be adjusted to provide a threshold signal below which
no image appears, which is useful in removing background noise from
the image. The apparent magnification of the image may be varied
electronically by changing the raster size. Finally, simple electronic
techniques like triggering a time-delay oscilloscope at the beginning
of a frame allow the video signal current to be accurately measured
at any desired locations in the image.

The question of damage resulting from incident X-radiation is still
open. Silicon diode array targets coated with a silicon resistive over-
lay show a slight increase in dark current where they have been ex-
posed to a direct beam from an X-ray tube. No damage at all seems to
occur below a certain X-ray intensity, although this qualitative judg-
ment may not turn out to be genuine when properly measured.
Finally, this damage tends to anneal out when the tube is left warmed
up without incident X-rays for a few hours, although some damage
can still be detected.

These descriptive features have mainly emphasized the silicon diode
array camera tube sinee the authors have very little information on
the practical aspects of the other types of X-ray camera tubes. Com-
mercially available tubes® are of the selenium target variety; they
have relatively short life and cannot withstand high temperatures.
Some information is available in the literature concerning PbO
tubes®t: 41 but apparently not on CdS.

VIII. CONCLUSIONS

The following are the distinguishing features of the silicon diode
array camera tube as applied to X-ray imaging. This device has high
sensitivity and a smooth spectral response in the range 5 to 30 keV.
Electronic zooming can be used to vary picture magnification. Silicon
is easy to work with and clean for vacuum tube use; good fabrication

* Westinghouse Type WX-5129 X-Ray Vidicon, Westinghouse Electric Cor-
poration, Electronic Tube Division, Elmira, N. Y.
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technology has been developed, especially locally. Silicon camera
tubes can be baked out at high temperatures.

Among the less desirable features of the silicon diode array are its
relatively high dark current, requiring not too high an operating tem-
perature, and, for low-intensity detection, requiring cooling of the
target. In addition, for very long charge storage times, cooling would
be necessary. The silicon diode array seems to exhibit some damage
at high X-ray flux rates. It requires competent photolithographic
techniques to fabricate, and for certain applications (such as medical
work) it seems to be less desirable than CdS.

Tuture lines of work will include both improvement of the device
and pursuit of practical applications. Measurements will be made of
the photoemission from the surfaces of silicon diode array targets that
have gone through all the usual special surface processing used to lower
the surface recombination velocity. Tubes will be constructed having
larger sensitive areas, at least 34 inch in diameter, by covering the
silicon disk with diodes and using a beryllium or mylar window to
hold the vacuum instead of the silicon itself. Thicker targets will be
used to increase X-ray absorption, and attempts will be made to
make fully depleted thick targets, making use of lithium drifted
silicon substrates. The possibility of carrier injection from denser ma-
terials deposited on the silicon as an overlay to increase X-ray ab-
gorption will be pursued. Tubes with internal solid-state target cool-
ing, now being assembled and developed, will be tested. In addition,
tubes may be built using internal electron multiplication as well as
target cooling in hopes of carrying out photon counting and pulse
height diserimination of photon energy.

Practical applications to be pursued will include techniques for
X-ray orientation of erystals by conventional Laue techniques and
other approaches. Some preliminary results on crystal orientation,
as well as some simple topographie studies of erystals using the diode
array camera tube, are reported elsewhere.* X-ray imaging will prove
useful in several health physics applications. With proper calibra-
tion of radiation dose rather than photon flux, and beam intensity
profile determinations, this technique will be useful in establishing
dose distributions in X-ray beams to which humans are exposed
either accidentally or intentionally, as in X-ray radiotherapy. Such
measurements are being made by M. M. Weiss. Use of the camera
tube as a magnifying monitor in both X-ray and electron microscopy
is being evaluated, the latter by Fabian Pease. Finally, the possibility
of using denser target materials such as CdS will be considered for
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further pursuing possible applications of the camera tube in medicine
and radiography.
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APPENDIX

Measurements of Silicon Diode Array Target Reflectivity

In Fig. 2 the measured collection efficiency of the camera tube is
shown, as corrected using published values for the reflectivity of
silicon.’® The data points show a certain oscillation in magnitude as
a function of wavelength. To understand this effect more fully, the
reflectivity of the target was measured:

A Bausch & Lomb grating monochromator model No. 33-86-03
with 675 grooves per mm and 3-mm slits was used with a tungsten
source and a Corning No. 2-64 infrared transmitting filter, the latter
serving to remove second-order diffracted rays from the output beam.
An aperture 2 mm in diameter as placed at the exit slit. Light from
the monochromator passed through a 6.4-cm focal length lens and
was reflected from a half-silvered mirror with an angle of incidence
of about 45°, and the image of the 2-mm aperture was formed on the
diode array target. The limiting aperture for this incident light was
an 2-cm diameter aperture placed next to the lens, and the optical
path length from this aperture to the target was 13 em. Thus the
incident light arrived at angles ranging up to tan (1/13) = 4.41°
with respect to the normal to the diode array target. Light reflected
from the target again passed through the half-silvered mirror and
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through another lens, which imaged the surface of the target on a
solar cell. The diameter and placement of this lens were such that
light was accepted leaving the target at any angle up to 14° with
respect to the target normal. The light was chopped at 13 Hz and
synchronously detected.

The reflectivity of the target was determined by comparing the
13-Hz light signal detected in the arrangement just described with
the signal measured when the diode array target was replaced with
a multilayer dielectric mirror. Two such mirrors, kindly loaned by
L. B. Hooker, together furnished a reference reflectivity exceeding
99 percent in the wavelength range 0.85 to 1.5 microns. Care was
taken not to saturate the solar cell during these measurements.

The reflectivity thus measured is plotted in Fig. 7. The data be-
come increasingly less accurate at longer wavelengths because of the
greatly reduced sensitivity of the solar cell at these wavelengths.

Fig. 7 reveals the same sort of oscillations previously observed in
the collection efficiency data points of Fig. 2. Unfortunately it is not
possible to correet the measured collection efficiency data using the
reflectivity of Fig. 7 to verify that all the oscillations in Fig. 2 are
spurious.

There are several reasons for this. First, the spectral width for
the reflectivity measurement was about 100 A, a significant fraction
of the spacing between the reflectivity minima (=700 A), whereas the
measurements of Iig. 2 were made with a considerably narrower
spectral input. Second, since the oscillations presumably arise from
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Tig. 7— Measured reflectivity of the illuminated side of the target mounted
in tube No. TN-84.
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interference between multiple internal reflections in the target, their
magnitudes should be strongly dependent upon the range of deviation
of the incident light from the normal, which was also different in the
two sets of measurements because of the different geometry used (a
Perkin—-Elmer monochromator was used for the collection efficiency
measurements). Moreover, the collection efficiency measurements
were made with the target newly mounted on the tube, but by the
time the reflectivity measurements were made, the target surface had
unavoidably become dirtier. These differences in surface cleanliness
could easily have changed the amount of reflection either internally
or externally at the silicon-air interface enough to change the magnitude
of oscillations in the reflectivity from the values that would have been
measured on a clean surface.

Moreover, it is not even possible to accurately compare the measured
value of reflectivity (27.5 & 1.0 percent) for wavelengths 0.80um <
A < 1.0um with published values of reflectivity, which amount to about
32 percent in this wavelength range.'® It is quite possible that the scat-
tering due to surface contamination was adequate to account for the
discrepaney between the measured and the published values.

However, it is still possible to learn a lot of information from the
reflectivity measurements. First they confirm the periodic behavior
observed in the collection efficiency measurements. The minima in
reflectivity observed at 0.91uym and 0.98um could have arisen from in-
terference between internal reflections in the target. Since the absorp-
tion coefficient is too great for much penetration to occur at these
wavelengths, this would have to be caused by a thin surface layer of
the target having slightly different optical properties from the rest
of the target substrate. Its thickness may be estimated by setting

0.91(n + 1) = 0.98n, 7
from which
n = 13. (8)
This gives an optical thickness for the layer of
1n(0.98) = 6.4um. (9)

Thus these oscillations in the reflectivity could be accounted for by a
layer of thickness ~2um since a typical refractive index for silicon in this
wavelength range is =23.6.° It appears that this thickness of layer
would also account for the oscillation in the collection efficiency dis-
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played in Fig. 2. It is not known whether such a layer could be caused
by impurities or dislocations near the surface.

Since the true magnitude of the oscillation cannot be accurately
known, further remarks refer to Figs. 2 and 7 with the oscillating
features replaced by slowly changing average values.

As previously pointed out, the discrepancy between the measured
value of reflectivity of ~27.5 percent and the published value of 32
percent in the wavelength range 0.85-1.0um probably results from
seattering. Since the factor needed to correct the measured values of
collection efficiency to obtain Fig. 2 should really be 1/T (T = trans-
mission of the silicon surface for entering photons) rather than 1/(1—R),
the measured reflectivity values should really be augmented by the
scattering if they were to be used to obtain Fig. 2. Thus it seems pref-
erable to use the larger value 32 percent, as obtained from the literature,
for this correction, at least for wavelengths shorter than 1.0xm.

For wavelengths beyond 1.0gm, the published values of reflectivity
continue to decrease, approaching 30 percent,'® but the values given
in Tig. 7 rise significantly at longer wavelengths. Since the ahsorption
coefficient of the silicon decreases sharply in this wavelength range,
falling to only 4.24 em™ at 1.11xm,"" the target rapidly becomes virtually
transparent to light as the wavelength increases past 1.0um. Thus the
reflectivity of the target becomes the reflectivity of the front surface,
augmented by the reflectivity of the back surface (measured to be
~40 percent by a similar technique), finally complicated at sufficiently
long wavelengths by multiple internal reflection if the front and back
surfaces of the target are sufficiently parallel. Thus this rise in measured
reflectivity at longer wavelengths is to be expected.
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Approximate Large-Signal Analysis of
IMPATT Oscillators

By J. L. BLUE
(Manuseript received August 11, 1968)

Insight into the large-signal operating characteristics of IM PATT oscil-
lators has been oblained [rom detailed nwmerical caleulations of D. L.
Scharfetter and H. K. Gummel. However, their calculations are relatively
expensive in compuler time. Small-signal analyses of IMPATT diodes
are much less expensive, but give little reliable information about oscillalor
performance.

This paper presenis a model for large-signal analysis of IMPATT
diodes which requires less than 1 percent of the compuler time used by
Scharfetter and Gummel’s method, but still provides a realistic description
of IMPATT oscillators in modes of operation which maintain carrier
velocity saturalion. We show graphical results, based on mumerical com-
putations, which provide information about phase relationships
IMPATT oscillators and improve understanding of the two-frequency
mode of operation.

1. INTRODUCTION

Considerable insight into the large-signal operating characteristics
of IMPATT oscillators has recently been obtained by D. L. Schar-
fetter and H. K. Gummel through numerical calculations involving
a complete modeling of the physical processes taking place in the
diode.* They solve the one-dimensional partial differential equations
for the generation, diffusion, and drift of holes and electrons, as well
as Poisson’s equation and the differential equations for the circuit
in which the diode is embedded. Their analysis, which has led to
improved understanding of IMPATT diodes and insight into new
modes of oseillation, ineludes most of the important physical effects.
Since their model is so detailed and accurate, their analysis is a
large-scale computer project. Even after the computer programs are
debugged, analysis of IMPATT diodes is relatively expensive.

383
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Another possible method is small-signal analysis, which is tractable
numerically and more economical.>* However, small-signal analysis
gives only a limited amount of information about large-signal oseilla-
tion.

An intermediate model has been presented by W. J. Evans.® How-
ever, his simplified large-signal model requires short transit-time in
the drift region. He obtained a single first-order differential equation
for the diode current, and was able to solve analytically for the
(large-signal) diode current and voltage as a function of time. Unfor-
tunately, the restriction to short transit time and his use of other
approximations severely limit the applicability of his results.

This paper presents a model for large-signal analysis of IMPATT
diodes which incorporates most of the important physical processes
in the diodes, but which is more tractable numerically than that of
Scharfetter and Gummel. Because the new model requires far fewer
computer hours than Scharfetter and Gummel’s model, parameter
studies are feasible; because the new model contains more physies
than Evans’ model or the small-signal models, the results are more
reliable and more effects ean be studied.

II. LARGE-SIGNAL IMPATT MODEL

We consider a one-dimensional diode, neglect diffusion, and assume
that the electric field is large enough so that holes and electrons move
at scatter-limited velocities. The latter assumption is essential for
simplifying the calculations, but means that our model is not appli-
cable to some important oscillator modes, such as analyzed by Schar-
fetter, Bartelink, and Johnston.®

The other important simplification is that in Poisson’s equation
we neglect the space charge of the ac component of the particle
current in the avalanche region. The detailed calculations of Schar-
fetter and Gummel show that this is a good approximation for the
classical Read mode of operation and other modes where the width
of the avalanche region remains fairly constant during the oscillation
cycle.” We include the space charge of the de component of the par-
ticle current in the avalanche region, and both ac and de components
of the particle current in the drift region. This says that the shape of
the electric field profile in the avalanche region does not change in
time, although the magnitude of the field does; that is,

Eavnl(x} t) = f(:v) + E(t)' (1)
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This is equivalent to the commonly-made assumption that the particle
current is constant in the avalanche region.> % 7 Given a bias current
and the doping in the diode, we can caleulate f(z) by solving a second-
order differential equation by standard methods.® *

We can treat diodes in which holes and electrons have unequal
scatter-limited velocities and unequal ionization coefficients, although
the model we have chosen for computation assumes the same values
for electrons as for holes. The ionization coefficients may be any
given function of the electric field, such as A exp(—b/E).

Besides the simplifications resulting from our diode model, we
obtain important simplifications by solving directly for a periodic
solution, rather than solving for a transient solution which eventually
becomes periodic. We save computation time both because we elim-
inate solving for the unneeded transient solution, and because we
are able to use more advantageous numerical methods.

Notice that the essential approximations are constant carrier veloci-
ties and equation (1); many combinations of additional approxima-
tions may be made, so that we are describing a whole hierarchy of
IMPATT models. The aproximation of equation (1) can be over-
come by a recursive method of solution, the first step of which is
the subject of this paper. However, for most purposes equation (1)
is sufficiently accurate.

III. IDEALIZED DIODE

In the rest of this paper, we consider a fairly simple model of an
IMPATT diode; we are able to emphasize the essential features of
the method without becoming lost in algebra. (We plan to treat the
most general case in a subsequent article.)

We consider a diode with a uniform electric field [f(x) = 1] in the
avalanche region (of length d,), and one drift region (of length di).
We assume equal hole and electron velocities and ionization coef-
ficients, so that the continuity equations for holes and electrons in
the avalanche region are

ap(x, t)/at = valE()][p(x, t) + nlz, )] — v op(z, 1)/0x
anlz, t)/at = valE@)][p(x, ) + n(z, )] + v on(z, t)/éx.

The importance of the approximations discussed in Section II is
that they enable us to avoid dealing with the hole and electron den-
sities as functions of both space and time. We proceed much as did
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Read” and Evans,® adding the two continuity equations to obtain
an equation involving the particle current density

oI, (x, t)/3t = 2val, — qv* d(p — n)/dx. (2
The total current, particle plus displacement, is
I,() = L(z, t) + € 0E(x, t)/at. (3)

Iy is independent of «; since E in the avalanche region is independ-
ent of z, I,(z, £) is also independent of x. Using this fact, we integrate
equation (2) over the avalanche region. Neglecting reverse saturation
current, we obtain

20l
dn

If we use «(E) = A exp(—b/E), and define E, as the “critical” field
(that field necessary to maintain the de current under static condi-
tions) then «(E,) = 1/d,. We obtain

al,/at =

{deal E()] — 1}.

oL, /ot = 2z [(4dy 55w — 1], )

(Evans linearized the electric field, and used

v E(t
oL /ot = 3 I,,m|: E(c) . 1]-
We retain the more nonlinear version.)

We treat the case in which there is an applied voltage* V() in ex-
cess of that required to maintain the dc reverse bias current density
I,. The avalanche electric field is reduced by the space charge of the
particle current in the drift region; as in Read, we have

B =B+ VoM +a) -2 [ Lo - e @

where Ty = d;/v is the time for particles to pass through the drift
region after leaving the avalanche region. In equation (5) and the
remainder of this paper we specialize to the case d, € d;, as Read and
Evans did.

Equations (4) and (5), together with suitable initial conditions,
may be solved for E(t) and I,(t). The total current, which is equal

*We could equally well treat the case where there is an applied terminal
current Ir(¢). It is only slightly more difficult to embed the diode in a circuit;

then we use Kirchofi’s laws to write V(£) in terms of Ir(¢) and the circuit
parameters, generally as an integral over Ir.
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to the terminal current, may be obtained from equation (3):

1) = 5 av(o/at + %d f L. ©)

The first term is the displacement current and the second is the par-
ticle-induced terminal current, I'r,.

Instead of solving the initial-value equations for the transient solu-
tion, and extending the solution far enough in time for the limiting
periodic solution to be obtained, it is preferable to solve directly for
only the periodic solution. We assume V (£) to be periodic (not neces-
garily sinusoidal) with period =, and find solutions E(f) and I,(t)
which also have period . Now we need solve only for ¢ in the inter-
val (0, 7). It is more convenient to rewrite equation (4) as an integral
equation; integrating equation (4) from 0 to ¢, we obtain (T, = d;/v)

Lo = Lo ew {2 [ a0y —nary @

We substitute equation (5) for E(t'), and have a single integral
equation for I,(f), which we shall not write explicitly; since
I(t 4+ v) = I,(t), we solve only for 0 = ¢ < 7. Because of its complexity,
it will be solved numerically; for our method to be useful, we must be
able to find numeriecal solutions quickly and reliably. We solve this non-
linear integral equation by a standard iterative method, which converges
quickly and stably.

We divide the interval (0, r) into M intervals, let t, = n+/M, and
solve equation (7) approximately for the M values I,(£,), n = 1, 2,
... ; M. The integrals are evaluated by, for example, the trapezoidal
rule, with integrands evaluated only at times #,. We obtain a system
of M nonlinear equations for the values I, (¢,), which are easily solved
by, for example, the matrix analog of the Newton-Raphson method.
More accurate integration rules than the trapezoidal rule may be
used. They are more complicated to program, but save execution time
because, for a given aceuracy, fewer points need be used.

After the I, (f,) are found, then the I (f,) may be found from equa-
tion (6). Then we Fourier-analyze Ip and V; the ratio of their funda-
mental components is the large-signal admittance at the frequency
v = 1/7. The ac power delivered by the diode also is easily ealculated.

The small-signal admittance can be caleulated analytically. It is

B € 1 — o’/o,
Yo =@ 1o, [E(w) + @'w/wde]



388 THE BELL SYSTEM TECHNICAL JOURNAL, FEBRUARY 1969
where

Hw) = exp (—iwTy) — 1 + 1wl
W (_'ind)z

and

2 2o/ (E i,
wp = =1,

€

This admittance agrees with that of Gilden and Hines, when their
“passive resistance of the inactive zone R,” is neglected.?

IV. RESULTS

We analyze a germanium IMPATT oscillator similar to the one
reported by Swan.®? The results, which are presented graphically, are
meant more as an illustration of typical results obtainable than as a
comprehensive analysis of Swan’s oscillator. In particular, the uniform
avalanche region approximation is inadequate. However, even these
preliminary results can clarify some aspects of IMPATT oscillator
operation.

The diode we analyzed has an avalanche width d, = 1.5 X 10 cm,
a drift width d; = 3.5 X 10~* cm, and a carrier velocity v = 5 X 10°
em per second. The ionization coefficient is «(E) = 5.9 X 10*® em™
exp[—1.2 X 10° (V/em)/E].

Figure 1 shows typical solutions for the ac components of V(£), I,(¢),
and I, (¢). Two cycles are shown; we plot I, instead of I, because the
displacement current component of I, delivers no power. The frequency
is 5 GHz, and the ac voltage amplitude is 10 volts. The avalanche
region particle current is extremely nonsinusoidal, and becomes more so
with increasing ac voltage amplitude. The fundamental component of
I,(f) lags the ac voltage by about 49.5 degrees; this phase angle also
increases with increasing ac voltage, approaching 90 degrees. The phase
is closer to 90 degrees for higher frequencies; this may be attributed to
the lessened effect of drift region space charge on the avalanche region
field. (Read showed that the phase is 90 degrees when the space charge
can be neglected, so that the electric field in the avalanche region is in
phase with the terminal voltage.) The phase will be discussed further in
connection with Fig. 3.

Figure 2 is a complex-plane admittance plot; the de component of
I is fixed at 500 A/em?, and the ac component of V(£) is a pure sine
wave, as it would be if the diode were embedded in a high-Q parallel
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Fig. 1— AC components of V, I,, Ir, at frequency 5 GHz, current density
500 A/em? ae voltage amplitude 10 V. Two cycles shown.

resistance-impedance-capacitance (RLC) eircuit with only one res-
onant frequency. The solid curves are curves of constant ac voltage
amplitude; the dashed lines are curves of constant frequency. For
frequencies about 6 GHz and above, the negative conductance de-
creases with increasing ac voltage amplitude. For lower frequencies,
the negative conductance first inereases, then decreases with increas-
ing ac voltage amplitude. For some low frequencies, for example 4
GHz, the diode has positive small-signal conductance, but negative
large-signal conductance for large enough ac voltage. This type of
behavior agrees with that found at low frequencies by the detailed
caleulations of Scharfetter and Gummel.?

Insight into this type of behavior may be obtained from Fig. 3, which
shows the amplitude and phase (with respect to the ac voltage) of the
fundamental component of I,(). Curves of constant ac voltage ampli-
tude are solid and curves of constant frequeney are dashed. To transform
any point on this plot to a complex admittance plot, one first multiplies
the complex number representing the point by

[exp (—iwT,) — 1]/(—iwTs)

to give the fundamental component of Ir,. (For small «T,, this is
approximately the same as rotating the phase plot point of I, clockwise
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Fig. 2 — Complex-plane plot of diode admittance as a function of frequency
and ac voltage amplitude. AC component of V(¢) = A cos wt. Current density
500 A/cm®

by wT, .) If the resulting point is in the second or third quadrant, then
the diode has negative conductance at that frequency and ac voltage
amplitude. Then the amplitude is divided by the magnitude of the
fundamental component of the ac voltage amplitude; finally the point
is moved directly upwards by ew/(d. + d.) to add in the displacement

current component.
At low frequencies, increased ac voltage amplitude improves the

avalanche current phase considerably; at 4 GHz, where the small-
signal conductance is positive, the improvement is sufficient so that
the approximately 1T, rotation puts the phase plot point into the
third quadrant, and negative conductance results for amplitudes
above about 12 volts.

Figure 4 shows output power in the fundamental, in watts per
square centimeter. Maximum output power is obtained near the fre-
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quency with largest small-signal negative conductance. Efficiency
depends upon the de voltage across the diode, and therefore on the de
electric field in the drift region. The idealized model merely assumes
this field large enough to maintain scatter-limited velocity. A better
lower bound is obtained by ecalculating, at each point in the diode,
the reduction in field resulting from the space charge of the current
pulse drifting away from the avalanche region. Since I is independent
of z,

e dB(z, £)/dt = L,(l) 4+ e dE,...(z, t)/dt — I,({t — x/v).

Integrate from 0 to ¢ and subftract the de component to obtain

i
ABGz, ) = ABwu(® + [ L) — L — z/o)] dt'
<0
Requiring the de field at x to be as least as large as
max [— AE(z, {)]
t

gives the minimum field in the drift region allowable, and thus gives
the minimum drift voltage and maximum efficiency. The maximum
AE is also of interest, since in our model it is assumed that no ava-
lanching takes place in the drift region. If E, is the minimum electric
field for which appreciable avalanche ionization can take place, then
we must require that

max [AE(z, £)] + max [—AE(z, )] < E,

for all z. This limits the allowable ac voltage amplitude. Numerical
results indicate that, for a given current density, the allowable ac
voltage amplitude depends only weakly on the frequency of oscillation
and the shape of the voltage waveform V(). For our sample diode, if
E, =~ 10° volt/cm, 20 volts ac amplitude is, approximately, the limiting
voltage for the simple diode model used. A more general model, with a
nonuniform avalanche region, could partially include avalanche-
broadening, and thus be used to analyze diode modes of operation with
larger ac voltage amplitudes.

Swan, Lee, and Standley recently reported marked improvement
in the performance of an IMPATT oscillator embedded in a micro-
wave circuit resonant at two frequencies, the fundamental and its
second harmonic.® 2 As an aid in understanding their results, in the
rest of this section we present calculations in which V(¢) has the
form V,cos wt 4+ 146V,sin 2wt. (This particular waveform is not the
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optimum form, but is illustrative.) “Best” values of the magnitude
and phase of the second harmonic depend on the frequency and mag-
nitude of the fundamental, the bias current, the particular diode
used, and the standards of performance to be applied to the diode.

Figures 5 to 8 correspond to Figs. 1 to 4; V, is now chosen so that
half the peak-to-peak value of V(t) is 5, 10, 15, or 20 volts. In com-
paring the oscillations resulting from a two-frequency V() with a
one-frequency V (t), we have chosen to compare voltage waveforms
with equal ac peak-to-peak amplitudes, not with equal amplitudes
in the fundamental, because of the ac amplitude limitation discussed
earlier.

Figure 5 shows solutions for the ac components of V(f), 1,(t), and
I,(t); the frequency of the fundamental is 5 GHz, and the maximum ac
voltage is 10 volts. The fundamental component of I,,(t) lags the funda-
mental component of the ac voltage by about 60 degrees instead of
49.5 degrees.

Figure 6 1s a complex-plane admittance plot; for clarity, the lines
of constant ac voltage are omitted, and dots are placed at 0, 5, 10, 15,
and 20 volts. For nonsinusoidal ac voltages, the admittance at the
fundamental can move to the left of the small-signal admittance
line, resulting in a better negative conductance-to-susceptance ratio.
This is especially apparent at 4 GHz; comparison of the 4 GHz, 20
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Fig. 5—AC components of V, I, Ir, at frequency 5 GHz, current density 500
A/em?, ac voltage amplitude 10 V. Two cycles shown.
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Fig. 6 — Complex-plane plot of diode admittance at fundamental frequency
as a function of frequency and maximum ac voltage. AC component of V(i) =
Vacos wt + 3V .sin 2wt. Current density 500 A/em?®.

V points in Figs. 2 and 6 indicates that the addition of a second
harmonic component has improved the diode negative conductance
by a factor of three, and the negative conductance-to-susceptance
ratio by a factor of four.

Figure 7, corresponding to Fig. 3, shows in more detail the phase
improvement obtained with addition of the harmonic component to
the ac voltage.

Figure 8 shows output power in the fundamental. At higher fre-
quencies, maximum output power is less than that shown in Fig. 4.
At 5 GHz, maximum output power is about the same as in Fig. 4,
but oceurs at an improved negative conductance-to-susceptance ratio.
This ratio is important when the diode’s parasitic resistance E,, which
we have neglected, is included, since the power is proportional to
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Fig. 7— Magnitude and phase plot of fundamental component of avalanche
particle current, 7,(¢), as a function of frequency and ac voltage amplitude.
Current density 500 A/em’.

— G/(G* + B?) — R,. At 4 GHz, maximum output power is sub-
stantially better than that shown in Fig. 4. The nonsinusoidal form
of V(t) improves the phase of Ir(¢) sufficiently so that, even though
V(t) contains less of the fundamental, the output power in the fun-
damental remains about the same.
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Fig. 8 — Output power in fundamental vs frequency for various maximum
ac voltages. Current density 500 A/em®.
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V. CONCLUSIONS

We have presented a numerieally tractable method for analyzing
large-signal IMPATT oscillators. It requires less than 1/100 of the
computer time used by Scharfetter and Gummel’s method, but still
provides a realistic description of IMPATT oscillators in modes of
operation which maintain carrier velocity saturation. (One solution
takes about one second of computation time on the GE 645 computer,
if we use 15 time steps per period.) Numerical calculations based on
a simplified version of the model have provided information about
the phase relationships in an IMPATT osecillator and improved un-
derstanding of the two-frequency mode of operation.
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Digital PM Spectra by Transform
Techniques

By LEIF LUNDQUIST
(Manuseript received September 10, 1968)

We derive an expression for the power spectrum of a class of nonstationary
processes with periodicity in the two-dimensional aulocorrelation function
such that R(t, ,t,) = R(t, + T, t, 4+ T). Such a class includes many of the
common digital signals. The method of derivation is based on the double
Fourier transform which relates the spectrum of any signal to its autocor-
relation function. This points to a very simple method of finding digital
spectra.

The resulls are applied to derive the general expression for the power

spectrum of a wave phase modulated with a pulse stream Y, a,g(t — nT).

The only restrictions on the pulse stream are that the a,’s are independent
and have identical probability distributions, and g(f) is integrable and of
finite length.

I. INTRODUCTION

The power spectrum of a signal x(f) can be defined in many ways.
Every definition, however, has to yield some measure of the expected
power at the output of a narrow handpass filter, as a function of the
center frequency of the filter.

If x(t) is deterministic then the square of the magnitude of its
Fourier transform represents energy density as a function of fre-
quency. If the signal has finite length the energy is finite and we can
define the power density to be the energy density divided by the
length of the signal. If the signal has infinite length the energy may
be infinite, but for realizable signals we can still define the power
spectrum by operating on a finite time interval and finding the limit
as the interval approaches infinity. This limit may include a set of
8-functions,

If z(f) is a random signal the direct way of defining the power spectrum

397
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is to find the Fourier transform of a sample function z,(f) on a finite time
interval T, , take the magnitude square, divide by T, , average over all
possible z,(t), and finally take the limit as T, — « .'

If z(t) is stationary, the power spectrum is proportional to the
Fourier transform of the autocorrelation function. This is a very
useful property which often simplifies the task of finding the power
spectrum.

The use of transform techniques can be extended to nonstationary
processes by means of a double Fourier transform.? There is a very
simple relationship between the double Fourier transform of the auto-
correlation function R(f;, £,) of z(f) and the expected energy (or
power) as a function of frequency. Through the proper definitions
this technique includes both stationary and deterministic processes
as special cases.

One would not expect that the term power spectrum would have
much meaning in the general case of nonstationary processes. For
one thing it would require infinite observation time to measure the
spectrum. For some special classes of nonstationary processes we can
talk about power spectra. For instance if the autocorrelation func-
tion is a function of the time difference and only slowly varying with
time we can talk about locally stationary processes.

Another class of signals where power spectrum has a meaning is
where periodicity in R (4, t.) exists. We will study signals for which

R(t,, ) =Rt + T, t. + T). (1)
We will show that for this class of signals the transform technique
can be used to derive a simple expression, equation (26), for the power
spectrum. It is believed that this method of arriving at the power
spectrum is simpler than the direct way used by Anderson and Salz
in their treatment of digital FM spectra.?

Equation (26) is given in such a form that it can easily be used
for many of the common digital signals. It should be especially use-
ful when the digital pulses are overlapping. We apply it to digital
PM which was not included in Ref. 3.

II. GENERAL CONSIDERATIONS
A signal z(¢) has the autocorrelationy

Rt , t) = Elz(t)-z*(t)]. ()

1 The symbol* denotes complex conjugation.
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We definef

Fitgsy (o) = f f_ R(t , 1) exp (—jonks + juok) dbs dly . (3)

Papoulis has derived a number of properties for the transform pair
(see Chapter 12 of Ref. 2).

Define
o) = [ R+ @
and
1 ® —-fwT
W) = ol p(7)e dr. (5)
W(w) is the average energy spectrum and it can be shown that
1
W(w) = 2 TNw, w). (6)
If (£) has infinite length we can define the average power spectrum as
S() = lim @) )
T o=+ T..

where W,(w) is the energy spectrum of z(f) taken over an interval of
length T, .

Combining equations (2), (3), (6), and (7) we have

To/2 To/2
f_ Ble(t) -2*(t)] exp [—julh — b)) dt, dty

R T —To/2 4 =Ty/2
e = o 2T,

()]
If we change the order of integration and expectation and observe
that the double integral is separable and that one integral is the con-

jugate of the other we get
I To/2 ) 2
f x(fe " di ]

al
T To/2
S(&)) - .'I!:E::o 2‘1'I’T, (9)
which is the definition of power spectrum given by Rice.?
A large class of digital signals has the property
R(tl ] t2) = R([l + T: !z + T) (10)

Papoulis has shown that in this case I'(w, , w.) consists of line masses
1 Notice the signs in the exponential.




400 THE BELL SYSTEM TECHNICAL JOURNAL, FEBRUARY 1960

in the (w, , w,)-plane. The line mass on v, = w, gives the average power
spectrum S(w) such that

P(Wx ’ wz) = Pr(w1 y ‘-'3:!) + (27")28(“’1) 5(0’1 - Wz) (11)
where T, (w; , w,) has no line masses on w, = w, . From the definition of

T'(w, , wy), equation (3), we get

D ,an) = [ : / Z R 1) exp (—jnts + jots) dby dly . (12)
Let
b=t (13)
lh =t (14)
then
T(w , @) = f: ‘/::R(t—i— T, )

-exp [—jur — jlon — wo)l] drdt.  (15)
We divide the t-axis in intervals of length T and get

-] {g+1)T oo
Ty ) = ):_jf‘T L_ R(t + 7, )
-exp [—jur — J(w — wy)f] dr di. (16)

From equation (10) it follows that we have periodicity in ¢; in each
interval t e {q@T, (g + 1) T} welet

t—t+ qT

and equation (16) becomes

Mo o) = 3 [ [T RG+ 70 e (—jorn)

-exp [—jlw — w)(t + qT)] dr di (17)

or

I'(w, ,ws) = j:to f:’“m R(t + 7, t) exp [—juir — jlo, — wo)t] dr dl

The set of §-functions gives us the line masses mentioned earlier. S(w) is
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the mass on w, = w,, and from equations (18) and (11)

L[
8@) =5 7 f‘_n f,p.: R(t + 7, )e’*" dr dt. (19)

We return to the original variables ¢, and t. which are absolute times.
Using equations (13) and (14) we get

Sw) = ;—T f . f Bt exp [—jelh = W) dhdly . (20)

We segment the ¢,-axis in intervals of length T

sw=57 3 [ [ ruw

g=—o0 V=g

cexp [—jw(t — k)] db: di, . (21)
The kth term of the sum is

(k+1)T
8i(w) = f Rty , 1) exp [—jolty — )] dbdly . (22)
2’JI'T 1=kT ty=0
From the definition of autocorrelation of eguation (2):

Rt , t.) = R*(., 1). (23)
Substitute equation (23) into equation (22) and change the variables
such that
ty, =1, — kT and ¢, —t — kT.
Because R (t;, t.) is periodic as shown by equation (10) it follows
that

(=k+1)T T

Sifw) = 2% T ty==kT ty=0

R*(t; Y tz) exp []‘Cﬂ(t; - !2)] dtz dt, (24.)
or

Si(w) = 8%, (w). (25)
We can then combine terms in equation (21) where g > 0 in pairs and
equation (21) becomes

S(w) = T{f f R, , 1) pr[ Jo(t, — )] dt, dt.

(¢+1)T

+ 2 Re[ f R(t, , &) exp [—je(t — £)] dt dt'oe_l}' (26)

a=1 l:-cT
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III. DIGITAL PHASE MODULATION

Represent the signal by
z(t) = V. cos (w.t + ¢(1)) (27)
where
$(t) = X agt — ). (28)

ne—og

We assume that the a,’s are independent with identical probability
distribution and g(f) is integrable and of finite length such that g(f) = 0
outside the time interval {0, pT'}. Otherwise g(f) is arbitrary.

The Appendix shows by means of transforms that the one sided
spectrum of z(Z) is

2
Se. + @) = g o, 0) 29)
where w is the difference between the actual frequency and the carrier
frequency. I'(w, , w,) is defined by equation (3) with

R(t,, t2) = Elexp [jp(t) — jo(t)]}. (30)

If we substitute equation (28) into equation (30) and use the fact that
the a,’s are independent we get

Bt 1) = TI Elexp ialg(h — nT) — gt — 2D}, (3D)

n=—o

To show that R(t; + T, to + T) = R(ty, ta) let &1 = ¢, + T and
ts = t» + T and reindex such thatn—n -+ 1.

R(tl + Tr “'2 + T)

= T Elexp liaunlglh — nT) — glts — aD}1. (32

n=—cg

Since we assumed identical probability distributions the periodicity
follows.
In order to use equation (26) we now have to evaluate R (¢;, t2) for

0t £w and 0=, =T
Since £ ¢ {0, T}, g(t= — nT) will contribute in the factors when

—p—1=n=s0
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Now t; « {qT, (g + 1)T} and g(t; — nT) will contribute when

—-p—-1)+g¢g=n=gq
In order to determine for which n’s only one will contribute and for
which n’s both will contribute to the factors in equation (31) let us
look at Fig. 1. We see that if ¢ < p then there will be factors where
both contribute. Equation (21) becomes

-p+a

Rt , t) = ]I Efexp [—jag(t: — nT1}

“p+1

IUI E(exp {jalg(t — nT) — g(t. — nT)]})

—p+g+l

T1 Ble ljag(t, — n1))}. )

In the first product we let n = n — p and in the second n - n — p +
q. We also let {; — £; + ¢T and this part of equation (26) becomes

L re{S e [ [ 1T 5o tiaglt + (¢ = i)

a=1 n=1

-E(exp {—jaglt: + (p — n)T1})]

T Blewp Galolts + 0 = wT) = ol + & — g = WTI)

-exp [—jw(t, — )] di, d!"e}' (34)

The first double integral in equation (26) we get from equation (33)
with g = 0. Let n — —mn,

2—,1:1? f:j; ﬁE(eXP {jalg(ty + nT) — gt + nD)]})

n=0
*EXp [_jﬁ.)(tj == t-_a)] dtl dtg . (35)

We have yet to find the terms where p < ¢ £ . If we look at Fig. 1, we
see that

R(t, , &) = H Efexp [—jag(t; — nT)]}

—p+1

- II Ef{exp [jag(t: — aT)]1}.  (36)

—p+g+l
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g(_ta-nT)
e A e 4+—n
-p -p+q © Q
AT S

Fig. 1— Contributions to E(f, ts).

In the first product let n — —n, and in the second let n — —n + ¢, and
finally ¢, — ¢, 4 ¢T. Substituting the result into terms in equation (26)

where ¢ = p we get
2 o0
e [ 5]

iT 1 -/; EE{GXP liag(t + nT)]} ¢ " dt

_ 1|
=.7rl) U i{exp [jag(t + nT)]}e” df}
.{Re [Z e‘il‘.ltu?' — ie—IumT]} (37)
which becomes
1 T p—1 i
TI'T n=0 df ‘
T 2rm 1 (p — DT Sm( 2
Tm.z-ms[m_ ]+ Hcs[ ) ] — 7 (38)
sin -

Substituting equations (35), (34), and (38) into equations (29) and (26)

S, + ) = { [* [ 11 5o tialgts, +n) — o+ 1)

T p—1 2

exp [jag(t+nT)]}e """ dt

- exp [_'j(AJ(tl —_ tg)] d!l dle

n=0

. [(puT
sin (&— o1
1—2. cos [(p = I)NT] ( 2__) + 2R¢{E e"i“':'"

a=1
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fn fﬂ II [E(exp {jag[t, + (¢ — n)T1})

-E(exp {—jaglt: + (p — m)T1})] :Iiﬂexp (jafglty + @ — n)T]

— glt + (p — ¢ — W)T1})] exp [—jw(ty — )] di, dtz}

11 E{exp liag(t + nT)])

n=0

v S|

exp (—j 21;?”) i ‘2 .s( - 2}&)} (39)

A complete evaluation of equation (39) is not attempted here. We
compute S{w, + w) for the case when g(f) is a rectangular pulse of dura-
tion 7 < T, and height 1. We assume that e has r levels which are
equidistant and equally probable such that

(k) k—1 (40)

1IV. EXAMPLE OF PM SPECTRA

Pla®} = 1. (41)

First we rewrite equation (39) with p = 1:

72 T T
S+ 0 = 5 |5 [ [ Bexo titate) - o)

cexp [—jw(t, — t.)] df, di,

2

j;T Ele*'] exp [—jwt] dt ]

(-0}

The expected values in equation (42) will be

E(exp {jalg(t,) — g(t)]})
=13 e o+ E e o — s} @)

k=1 r
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— 1250 (44)

From equations (43) and (44) it follows that

and

Eg'™"] = % z': exp [j(a.,

k=1

[ [ Bew tiala) — o)) exp [—iolt, — 1) b dt

=fE f [(a k:]'a)]g(t)—jwtdt

since we can separate the integrals and because the integral over i,
is the conjugate of the integral over ¢;. Also

(45)

2

‘ LT E[eiuﬂ“)]g—fﬂl‘ dt
S [ o[ e + 25 a) o0 — s a0

k=1

1
'ri‘.

Let us set

[l

Then equation (42) becomes

—3 a)gw - jwz] dt = Fyw) (47)

Lol
oo -2} o

With g(¢) = 1 for £ ¢ {0, 7} and O for ¢t e {r, T} we get (after some
trigonometric manipulations)

)]
1 IES sin 2 J

: 1|
Sl +0) =5 12T | “ar 11—?'_—(;)
2 J_S!ﬂ 5
2

S+ = L [ S ine 1 -

k-]
sin(Zm)|

k=1T

1 o0
+FZ

m=—c0

o 2
...E.., 1":-2"2




DIGITAL PM SPECTRA 407

+ 3z i
wli-g) | T A (1= 3)
sin (3‘) alr — 1) 2mm
— - COS [m-n- + a, + T}a[w - T:l : (49)
sin (3,

The continuous part of the spectrum is independent of «,. Only the
random deviations from a,, and the pulse length determine the con-
tinuous part of the spectrum. The term a, is related to the periodicity
of the signal and consequently the spectrum spikes will be functions
of apg.

There are some interesting special cases of equation (49). If («/r) =
n-2r then the continuous part of the spectrum disappears. We would
expect this because from equation (40) it follows that during each
pulse a phase excursion of a, plus an integer number of 27 is made.
This is the same as modulating with a periodic signal where in one
period we have a,g ().

If - — T all spikes except the carrier spike go to zero; this gives

2 )
- sin (‘iT.) | J' sin (E)
V.| T 2 ‘ 1 2

S+ ) = 5|37 | o7 )
sin

2 2

. o i
| (2)
+ = 8(w) (50)
r . e
sin (2_7') )
which is a familiar result. This is independent of «, because in this
case a, is just a constant phase angle added to the carrier at all times.
It is interesting to note that if @ = n-2m, the carrier spike will also
disappear.

V. CONCLUSION

There is a large class of nonstationary processes which yield sig-
nals with periodicity in the two dimensional autocorrelation function
such that R(& + 7, ta + T) = R (¢, t.). Such a class includes many
of the common digital signals.
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A simple expression has been derived for the power spectrum of
such a signal. It was done by means of the double Fourier transform
which relates the spectrum of any signal to its autocorrelation fune-
tion, For this class of signals the method is very powerful.

The results were applied to get the general expression for the power
o0
spectrum of a wave phase modulated with a pulse stream Y, a.g(t —

nT). The only restrictions on the pulse stream are that the a,’s are
independent and have identical probability distributions and, g(f)
is integrable and of finite length. As an example a rectangular pulse of
length + < T was considered.

The same method can be used for digital FM to arrive at the ex-
pression given by Anderson and Salz.? It can also be shown that the
expression given here for PM goes into the one for FM given in Ref.
3 with the accrued phase per pulse equal to 0. This corresponds to ar
= 0 in Ref. 3, a case which was not treated there. We get this FM
case by substituting

]
o [ o) ar
i}

for g(f) in our equation (39) where w, is a frequency deviation parameter
defined in Ref. 3.

APPENDIX

Carrier Translation

An angle modulated signal is represented by

z(t) = V. cos [wt + ¢(1)]. (51)
The autocorrelation funetion of z(£) is
R.(t,, t) = Elz(ty) -2*(l)] (52)

which becomes

P (exp [n(t + VE{exp i (h) + (1]}

Rz(tl " t!) =
+ exp [—jw.(t + l)]E{exp [—jo(l) — jo(t)]}
+ exp [jw.(th — &)]E{exp [jo(f) — jo(t)]}
+ exp [—jw(t — t)]E{exp [—jp(t) + jo(L)]}). (83)
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The average energy in the two first terms will for most practical cases
of modulation go to zero. To show this we take the double Fourier
transform of the first term

Puon ,00) = 22 Fafexp [jo.( + 1) * Fa(Blexp [i6(8) + (1)
(54

or
Vi o2
Ti(w; ,w) = 7 2m)" 8wy — w.)

8w + w.) * Fo(Efexp [jo(h) + jo(t)]}) (55)

where &, is a double Fourier transform operator and * means convolution
in both ¢, and ¢, . The plus sign in the second §-function comes from the
plus sign in front of w, in the definition of the double Fourier transform
of equation (3). Equation (55) shows that we can find I',(w, , w2) by
first finding

Fo(E {exp [jo(t) + jo(f2)]})

and then move it in the (w, , wy)-plane so that the point (0, 0) falls at
(we, — w.). (See Fig. 2.) To find the average energy we set w, = w, .
We see then, if

Fo(E{exp [jo(t) + jo(t)1})

does not have any significant mass density for frequencies of the order

of w, there will be no contribution from I',(w, , w.) falling on the line

w, = w, . This will be the assumption here, that is, the modulating func-

tions do not produce sidebands as far as w, away from the carrier. Then

it also follows that the second term in equation (53) will not contribute.
Now let us set

Efexp [ip(t) — jo(t)l} = Rt , bo). (56)
Thus
Efexp [—jo(h) + je(t)]} = B*(t , t). (57)
If
1-'(051 ) Wa) = f}—z[R(tt ) ta)] (58)

then from equation (3) it follows

Fo[R*(ly , )] = T(—wz, — w). (59)
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Taking the double Fourier transform of equation (53) then yields

T.(w, ,w) = % 2m)* [8(ws — w.)8(w: — w,) * T(w, , w3)

+ 8w + we) 8ws + w,) * I'(—wy , —w))]. (60)

If we look at Fig. 2 we see that the convolution just means sliding
I'(w, , wg) and I'(—w, , — w,) along the line w, = w, . We want the portion
of T'.(w, , w,) that is located on the line. The sliding process takes the
portions of I'(w; , ws) and I'(—w., — w,) that are already on the line
and moves them to the points (e, , w.) and ( — w. ,—w,), respectively.
Setting w, = w, = @, + w in equation (60) and performing the convolu-
tion we get

Lo + a6+ 0) = 2 [T,0) + T—o, =l (6D

The second part in equation (61) is just the mirror image of the first
and the one-sided spectrum becomes

S, + ) = 22 o, o) 62)
where

D(w , ws) = FalB{exp [jo(t) — jb(t)]})-

wa

(wc.we)

@y

(‘m:'_“'"c)

Tig. 2 — Carrier translation.
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PSK Error Performance with Gaussian
Noise and Interference

By ARNOLD S. ROSENBAUM
(Manuscript received September 13, 1968)

A single, constant amplitude, in-band, additive inferference is included
in the analysis of detecting phase shift keyed signals in gaussian noise. For
coherent detection we give a method applicable to any M-phase system, and
evaluate the symbol error probability for M = 2, 8, and 4. For differential
detection we treat the important cases M = 2, 4, 8, and 16, offering com-
prehensive numerical results for each.

The analysis in each case is based on a single sinusoid with random
phase adding to the noisy phase shift keyed signal. The results are then
interpreted lo include an angle modulation impressed on the continuous
wave interferer. The receiver consists of an ideal phase discriminator with
a perfect slicer. The channel is also assumed ideal in that intersymbol
inlerference 1s not considered.

I. INTRODUCTION

Phase shift keying (psk) is becoming more popular as a modulation
scheme for transmitting digital information. Lately much analysis has
been done for both coherent and differentially coherent detection.
Unfortunately the analyses done to date have generally considered
only two signal degradations: channel anomalies (such as distortion,
gain and delay variations, and so on} and thermally generated noise
modeled by a gaussian random process. This article considers the
effects of a spurious signal, or interference, falling in the band of the
desired signal, as well as gaussian noise. It is understood that both
the noise and the interference additively corrupt the desired signal;
these are the only perturbing factors.

For coherent detection, the phase probability density function for
the received composite of signal, noise, and interference is found.
From this, the theoretical error probability may be evaluated for

413
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any M-phase system. We give comprehensive numerical results for
the important cases, M = 2, 3, 4.

For differential detection we present analysis and results for M = 2,
4, 8, and 16. In the binary case a simple closed form solution was
found which yields both a good approximation and exact bounds to
the actual error probability. The solutions to the multilevel M > 2
differential detection problem, which are exact, required machine
computation of a double integral; complete numerical results are given.

Finally, we draw general comparisons between coherent and dif-
ferential detection error performance as affected by interference.

II. SIGNALS, NOISE, AND INTERFERENCE

A phase shift keyed signal has the form (ignoring any amplitude
function)

s(t) = cos [27f.t + ¢.(1)] €Y

where we choose to normalize the peak signal amplitude to unity.
The digital modulation is carried in the angle of s by ¢,(t), which
assumes discrete values from a set of M equally spaced points in
[0, 2¢] at the sample times T seconds apart. Thus the Nth message
or baud is modulated by
2wk

¢,(NT)=ﬁ, k=01112:"'1M—1 (2)
where each of the M values of k is equally probable.

For a coherent receiver an M-ary symbol is transmitted in one
baud by the value of k. For a differential detection receiver the in-
formation is transmitted by the changes in k (or carrier phase)
between adjacent bauds.

The noise is presumed to originate thermally and is therefore
modeled in the usual fashion by a stationary zero mean gaussian
random process with uniform spectral density. At the output of a
symmetrical bandpass filter the noise voltage may be written as'

n(t) = u(t) cos 2nf,f) — »(t) sin (2nf,1) (3)

where w and v are low-pass, stationary, independent, zero mean gaus-
sian random processes with ensemble averages

MYy = Wy = (") = o, (4)
equal to the noise power.
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In the differential detection analysis we make the further restric-
tion that the noise process autocorrelation vanish at the baud inter-
val, thus

R,.(T) = 0. (5)

This assures the four gaussian random variables

u(t), u(to + 1), v(to), v(lo + T)

to be uncorrelated and hence independent.?

Interference shall consist of a constant amplitude, possibly angle
modulated, sinusoid which lies within the bandwidth of the detector.
It is assumed to originate independently of the signal, and so it is
natural that its phase relationship to the signal is random with all
angles equally probable. Therefore let

i(t) = b cos [2rfit + ¢i(t) + TI (6)

which has a peak value of b, and is angle modulated by ¢;. The arbi-
trary phase angle T, independent of ¢, is a random variable whose
probability density function is (2#)-* when reduced modulo 2.

For coherent detection, where the interference is observed only
once per symbol, the random phase variable T vitiates the modulation
¢: because the sum (¢; + T') is distributed exactly as if it were uni-
form. This is discussed in Section ITI,

III. COHERENT DETECTION

An ideal phase discriminator is assumed which compares the re-
ceived wave (composed of signal, noise, and interference) with the
unmodulated signal carrier (the reference) and produces instantly
the signed phase difference between the two inputs.

The detector examines the discriminator output and announces
an estimate of the transmitted symbol. The detector operates with
no timing error and with zero width decision thresholds. Using maxi-
mum likelihood detection based on equal a priori symbol probabilities,
the thresholds are at =/M, (3»)/M, ..., [(2M — 1)z]/M. In a
phasor diagram these thresholds correspond to (2x) /M angular sec-
tions centered about the M signal positions.

The approach used to find Pe, the probability of a symbol error,
is to find the probability density function of the phase of the re-
ceived composite (s + n + 1), and then integrate the density over
the error regions.
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We first notice that the phase angle of the interference relative
to the signal is, from equations (1) and (6),

®(t) = 2x(f; — fI)t + (1) — ¢,(1) + T )

where T' is independent of the other terms on the right-hand side.
Sinee T' is uniformly distributed modulo 2w, the relative interference
phase process ®(t) is also uniformly distributed modulo 2. This is
a general result for the modulo addition of several variables, one
of which is uniform.?

Figure 1 is a phasor diagram of the receiver input components,
signal, interference, and noise, at a sample time f,. The phase refer-
ence is 2rf,t + ¢, so that the signal lies along the reference (vertical)
axis. The orthogonal noise phasors are assumed to be at angles 0 and
=/2, relative to the signal. We seek the probability density function
of the resultant angle A, and begin by considering the two dimen-
sional joint probability density function of the cartesian coordinates
of the resultant phasor. Conditioned on &, it is clearly jointly gaus-
sian with means

(x),y = bsin @, ()ov = 1 + D cos @ (8)
so that '

ixr(@, Y | @)

= ﬁﬁp{_ %[(m — bsing)' +(y—1—0b 00845)2]}' ©)

Eliminating the ® dependency gives

exp {— % [+ @y — D"+ 52]}
fx )'(33» y) = (2’!“3’)2

-ﬁhem{}tf4-@——nwcmo#+nﬁd¢ (10)

where = tan [ (y — 1)/x] is not a function of ¢.
This integrates directly to

frv(@, ) = H?:—EE EXP{‘" # 4+ @w— D"+ 52]}

fhEw+e-vr)
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Y (x.y)
NOISE — .
v
U
¢ /b
} "=} ~INTERFERENCE
I
SIGNAL =
A
X

Fig. 1— Phasor diagram of the signal, noise, and interference components at
a sample time to.

where I, is the zero order modified Bessel function of the first kind.

We now convert equation (18) to polar coordinates through the
usual transformation

x=rsinae and y = rcosa (12)

which has the Jacobian r. Then the polar coordinate two-dimensional
density is integrated over all radius values to yield the desired proba-
bility density function of the angle.

fala) = L l exp {— %2- P+ +1—2r C()Sut]}

2rs” J,
b, . 1
T, ?(r + 1 — 2rcosa) |rdr. (13)
The above integration has been done numerically to generate exact
fi(a) curves for several values of
—20 logio[2%¢] = carrier to noise ratio in dB (CNR),
—20 log;ob = carrier to interference ratio in dB (CIR).

It is clear from equation (13) that f,(a) has at least the symmetries
of cos a.

Figure 2 offers typical families of f, probability density function
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curves for representative CNR values. As the interference amplitude
increases it is seen to control or to affect the shape of the curve to
a greater degree. At high interference levels a saddle-like shape ap-
pears with peaks at roughly tan?b, as one would expect in the
absence of noise.

Since equation (13) is the probability density function of the
angle of the complete receiver input, and since the probability of a
symbol error is the probability that A lies outside the region [—=/M,
=/M] at f,, we have

T

Pe= [ p@dat [ fie) da (19

V-7 /M

which by symmetry is

By = 3 f £ da. (15)

Again, integral (15) was done numerically (a simple summation
of the f4 data) for practical combinations of CNR, CIR, and for
M =2, 3, and 4. The results appear in Figs. 3-5.*

The ahove method, which employs two (rather simple) machine
integrations, yields exact results but at the expense of not generating
useful expressions for Pe. Therefore we now indicate one approach
which yields Pe for M = 2, and hounds Pe for M > 2, as a convergent
series, We begin by considering binary reception.

Referring back to Fig. 1, an error is made if |« | > 90° or, equiv-
alently, if the resultant resides in the lower half plane ¥ < 0. Then
for fixed @,

0

Pe|® = (‘2mr2)_3f_ exp li“ QLD”E (y — 1 — b cos ¢)2:| dy

_ 2 i (L B cos ‘i’).
~ § ot (7(% (16)
Averaging over the uniformly weighted @ gives
177, (1 + b cos qb)
Pe = = 1 — | do. 1
Pe 71-_/; 3 erfe @ s ) amn

This integral, which is virtually the cumulative distribution funec-
tion of a sine wave of amplitude b plus gaussian noise of variance o’
* The abseissa values are true carrier-to-noise power ratios, and are not ad-

justed to reconcile bandwidth to bit-rate differences. One may do this by sub-
tracting 2 dB (3 dB) from the abscissa values for M = 3(4).



420 THE BELL SYSTEM TECHNICAL JOURNAL, FEBRUARY 1969

(evaluated at —1), has been examined by Rice* and others. It can be
evaluated by expanding the integrand in a Taylor series about (2%
and then integrating term by term. If the interference is small, b < 1,
only the first several terms need be retained for reasonable accuracy.

The Pe values obtained for Binary may be used to bound the symbol
Pe for M > 2. The decision thresholds are at Z=/M for the M-ary re-
ceiver. The error region consists of the union of two half planes formed
by the extended detector thresholds. The probability that the resultant

L4

AN N
BENA N

-'--.
10-2 T
T~~~ CARRIER- TO- INTERFERENCE
% RATIO IN dB
55 \\ !

ERROR PROBABILITY
o
1
[+.]
/
o

WA
AN\
WA\
WA N
A D PWAT N

Tig. 3 — Binary (M = 2) Pe versus CNR. Coherent detection.
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Fig. 4 — Ternary (M = 3) Pe versus CNR. Coherent detection.

phasor terminates in the error region, Pe, is thus bounded by the proba-
bility of terminating in either half plane. As M increases, the bound
becomes a good approximation* because the size (hence the relative
probability) of the doubly counted intersection decreases rapidly with
M. By symmetry, the probability of terminating in either half plane is
twice that of one half plane.

* The approximation improves with CNR also.
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Fig. 5 — Quaternary (M = 4) Pe versus CNR. Coherent detection.

The probability of one half plane is related to the binary Pe very
simply. The distance to the boundary from (0, 1) is sin (x/M). If
now the interference phasor and noise phasor were scaled by the
same factor, we see that the probability of the half plane is just
the binary Pe with interference amplitude b sin (x/M) and noise
variance [o sin (=/M)]2*

* The author is grateful to 8. Q. Rice for suggesting this notion.
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Therefore we have the interesting relationship

¢ i . - %
Pe (M > 2, gsin TR b sin III) < 2Pe(M = 2,0,-b) (18)
which means that twice a given binary Pe value is an upper hound
(or approximation) to an M-ary Pe where the binary CNR and CIR
values are each increased by —20 log sin (=/M) dB.

1V. DIFFERENTIAL DETECTION—BINARY

This type of detection has become widely considered lately because
it eliminates the requirement of phase synchronism between the
transmitter and receiver. The price one pays for nonsynchronous
detection, however, is poorer performance.

The analysis for differential detection is complicated by the fact that
the phase reference, being the previous signal, is subject to the same
corruptions as the present signal being phase detected. (For the noise-
only case, an exact solution in closed form is available for binary, and
good approximations exist for 3/ = 4.) We begin with an analysis for
binary differential psk (d-psk), considering again a single CW inter-
ference in addition to noise, which yields in closed form both bounds
on Pe and a good approximation.

We are concerned with the reception of two successive bauds, where
the data is encoded in the phase change of the signal. Arbitrarily, let
no phase change represent a “0” and a = phase change represent a
“1.” For convenience, we will refer to the signal during a baud
interval as a “pulse” of carrier at a certain phase angle, although
in a pure phase modulated (PM) system the signal would not con-
sist of carrier pulses.

From previous assumptions, the noise corrupting each signal pulse
acts independently; the interference at two adjacent sample times
to and t, + T does not. This dependency may be summarized by an
angle

0 =2n(f; — [T

which is the relative phase slip of the interference from one sample
instant to the next. Assume, for the present, that the interference
modulation is absent.

We will use the same equally spaced detection thresholds as in
the coherent psk analysis. Ignoring interference, the probability of
error in d-psk is not data dependent because of obvious symmetries.
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However, the addition of interference destroys that symmetry, and
causes Pe to be strongly data dependent for a given 6. Fortunately,
however, the error probability for only one symbol (that is, “0” or
“1”) needs to be found because the probability of error for the other
symbol(s) is derived directly from it. An over-all probability of
error is then found by averaging the individual symbol error proba-
bilities with equal weighting.

Consider the transmission of a “0” whereby two carrier pulses of
the same phase are sent. A “double exposure” phasor diagram, Fig.
6, pictures the signal, noise, and interference components at the two
successive sample instants ¢, and ¢, + 7. The interference at t,
assumes an angle ¢ relative to the signal, where ¢ is random and
uniformly distributed in [0, 2«]. At time ¢, + T the interference has
progressed to an angle ¢ + 4.

The noise phasor amplitudes are the random variables

Us=ulty), Vez=vl), U=sult+T), and V=0 + T) (19)

which we recall are independent, equal variance, zero mean gaussians.
The two resultant phasors, Z and Z;, are the actual phase dis-
criminator inputs; the output being their phase difference, 8. Since a

INTERFERENCE . |Ud
A\

¢, b Vd

INTERFERENCE ~.

_—SIGNAL
s

Z4

Tig. 6 — Signal, interference, and noise phasors at successive sample times
to and to 4 T for a transmitted “0.”
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“0" is transmitted, the probability of error is

Pe[“O”=Pr{|5|>g-}, —r<8§=nm (20)
which is equivalent to Pr{cos § < 0}.
Also, because
Re [Z7%]
COs b =T 15T (21)
| Z || Z. |
and the denominator is nonnegative, we have alternatively
Pe | “0"” = Pr{Re [ZZ%] < 0}. (22)

We now employ a technique used by Stein which leads to a closed
form solution to equation (22).° Based on the simple identity

Re[zz*;=‘ZJ2er2—‘Z;Z“2 (23)
we see that
Pe|“0” =Pr{|Z+ Z,| <|Z — Z,|} (24)
For economy of notation we let
E=Z4+Z,=U4+ U+ UV 4 Vo) + C(Z) 25)

A=Z—-72,=U—=U;+ UV — V) + C4)
where C'() denotes the nonrandom components,® that is,
C(Z) = b[sin ¢ + sin (¢ + 6)]
+ 2{2 - bleos ¢ + cos (¢ + 6)]} (26)
C(A) = b[sin (¢ + 6) — sin ¢] + tb[cos (¢ + 6) — cos ¢].

Thus 3 and A are complex (two dimensional) random variables
whose jointly gaussian orthogonal components have equal variance
20°. We are concerned with the magnitudes, |%| and |A |, often
referred to as a Ricean random variable.

The probability density function (of | 3|, for example) is the well
known result for the envelope of sine wave plus noise*

fin0) = gz oxp | - TELGEL[nCB]

*¢ is constant and we have conditioned the solution on ¢.
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Furthermore, |=| and |A| are independent by the following
argument, U + U, is independent of V — V. Consider U + U, and

U — U;. They are uncorrelated, hence independent, by virtue of
their equal variance.
([(U + Ud')(U - Un‘)])av = [U2 - U:_;] =0 (28)

Therefore all four random components of ¥ and A are independent,
from which the independence of | % | and | A | follows.

The advantage of this approach is that equation (24), the proba-
bility that the amplitude of one complex gaussian (that is, a Ricean)
exceeds another, is expressible in terms of the funetion™

QA, B) = [B e exp( A 4 )L,(:Ir) i, (20)

One formulation is®

[I Cng) | e 1]

' 20

n Q[I cw | |c{2(;z) |]} (30)

Evaluating the magnitudes of the means from equation (26),

Bzl <lal=3{1-0

0 f 2 a0
|C(2)|=2[1+2bcos§cos(¢—|—§)+b cos ;]

-

(31)

| C) | = zbsmg.

We have thus far found Pe|“0” exactly, conditioned on the initial
interference angle ¢. The desired result is obtained by averaging
equation (30) over ¢. However, inserting equation (31) into equation
(30) leaves an expression which offers little promise for analytically
performing the integration. As an alternative, the integral is both
approximated and bounded in what follows, thereby avoiding a ma-
chine integration.

The integration parameter ¢ appears in |[C(2)| but is not a factor
of |C'(A)|. Then with the identification

B=|0() /2
A=) |/20
* () functions are tabulated, but not adequately in the argument ranges needed

for these problems. Their usefulness lies in having good approximations which
lead to easy machine caleulations. See Ref. 8.

(32)
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we are led to consider the behavior of the integrand
F(4, B) = 3[1 — Q(B, 4) + Q(4, B)] (33)

as a function of B only (fix A). Familiarity with F (A, B) suggests
that it is roughly exponential in —B*/2.
To affirm this supposition we first show that

-‘5’—‘”1;;—@ - —BK(4, B)F(4, B) (34)
where K (A, B) is bounded near 1:
12KA4, B =21-—e (35)

This approach is motivated by the recognition that if F (4, B)
could be approximated by an exponential in B2, the integral of
F(A, B) over ¢ would be simple.

The derivation of equations (34) and (35) consists of elementary
manipulations of the series and integral representations for Q(A, B)
which are given in Ref. 8. Henceforth, a prime designates partial
differentiation with respect to B. For hrevity, let

I = exp [— w] (36)
Then uging the series representations

Q4,B) = E ﬁ' (%)MIM(AB) (37)
1—Q@®B, 4) = E mﬁ) (%)MI,,,(AB) (38)

we see that
2F(4, B) = 2Q(4, B) — EIL(4, B). (39)

Then

9F"(A, B) = 2Q'(4, B) — EI}(AB) — E'I(AB) (40)
— 2Q/(A, B) — EAL(AB) + BEI,(AB).  (41)

Referring to the integral representation for the @ function we
inspect

Q'(A, B) = —BEI,(AB). (42)
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Therefore, from equations (42) and (41) we have
2F"(4, B) = —BEl:I.,(AB) +4 L(AB)]- (43)

But from equations (37) and (38),

1- 0B, 4) + 04, B) = B[ 1.4B) + 2 5 (&) Lam) |- an
So that equation (34) is true for

ICABy (i)r,(AB)

K(A,B) = (45)

104B) + 2(A)1(48) + 2 3 (4) 1448

Since A, B, and the I,,(z) are nonnegative the unity upper bound
in equation (35) is obvious. For the lower bound, invert equation
(45) and notice that

K(4,B)" <142 mf;( ) l{u((jg’ (46)
<142 mZ_:,( ) (47)

since the I, (z) decrease with the order m.

Referring to the definitions of equations (32) and (31) it can be
shown that A < B whenever b < 1/(2) %, so that the summation con-
verges for reasonable interference levels (CIR > 3 dB). Then

24
— 4

K(A,B)™" = —I— (48)

so that
24
B+ A

In most cases B >> A so that K(A4, B) is near 1.
We now solve the linear, first order differential equation (34) to
obtain

IIA

(49)

B
F(A, B) = Pe, exp [ f — K(4, 7) d‘r] (50)
B
with initial data F (A4, By) = Pe,. The above expression for F (4, B)
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is exact. We now approximate the exp argument by approximating
K(A, B) with a constant K,. Then we are able to carry out the
integration in equation (50) to obtain

F(A, B) = Pe, exp [— —I% (B* — BE)]- (51)

We know the function at B,, and we extrapolate to the function
using an approximation of its derivative. Now the ¢ integration will
range over some section of the exponentially varying F(4, B) in
equation (51) above. Because it is exponential, the significant con-
tribution to the integral occurs over a relatively small range of B
where F(A, B) is near its maximum. This suggests that the initial
data be specified at a maximum so that the approximation function
is best in the important range of integration. Therefore we let

BD = Bmin (52)
o that
Pe, = F(4, B,) = F(A, B), 0=¢ =2r (53)
We notice from equation (31) that
Bmln = J: (1 = b cos g) (54)
o 2
and =0
B* — B = ggcosgl:l + cos (4,-1-—6)]. (55)
a & 2

In addition, we slope-match at By, approximating K (A4, B) by Ko =
K (A, By). From equation (45)

-+ () 7
A) I,(AB,)

B,/ I,(AB.)

K(A, By ~ (56)

1—[—9(

Inserting equation (55) into equation (51) and integrating,

-1— 2r ! - _ bKu _]
2w‘fo F(A, B) dé = F(4, By) e:q)l: 3 cos 5

27

a ) g% exp |:— ;2 cos (¢ + g)] (57)
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gives the desired result

Pe | “0” = §[1 — @By, 4) + Q(4, By)]

-exp l:— b:_rf" cos 3]10[”5" cos g] (58)

a

Exact bounds are now easily obtained by bounding K(A, B). With
By still chosen to be By, clearly

B B
f == TI((A, T) dT g f = TI{mi,, dr = _%(Bz = Bi)Kmin (59)
Bo o

where Kup is the minimum value of K (4, B) in [By, B]. Similarly,

B
f — K(A, 1) dr = —}B® — B)K s - (60)

Therefore

F(4, B) % Pe, exp [—3(B® — B)K . (61)

min

so that

Pe | 0", 0 § Pe, exp [—Kmin —b~ cos E]IO[K,W% cos g] (62)

mnx o 2 max
The ratio of the bounds in equation (62) may be bounded in order
to ascertain their closeness. We omit the cumbersome derivation, but
state the result below,

0.63

) cos & + sin 3

Upper Bound b %9 2
L Bound =1 4 65

ower Boun L. g ain

p — sy —sing

For CIR = 10 (15) dB, the ratio is less than 1.6 (1.25).

The symbol “1” is transmitted as two pulses of carrier 180° apart.
Then correct reception results if 90° < |38 | < 180°. If an analysis
quite similar to the preceding were carried out for this case, the
resulting expressions would be identical with those above except that
6 is replaced by = — 6. It follows that

Pe | “1”, 8 = Pe | “0”, = — 6. (64)

We will elaborate on the relationship of Pe for the different data
symbols in Section V.
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Notice that Pe[“0” is symmetric in # about 0 and =. The sym-
metry follows from the averaging of ¢, and the insignificance of
which of the two pulses occurs first as far as the detector is concerned.

Sinece the overall error probability

Pe (8) = [Pe | “1”, 6 + Pe| “0", ] (65)

we use equation (64) to write
Pe (6) = §[Pe | “0”, 8 4+ Pe| “0”, = — 6] (66)

which is easily shown to be evenly symmetric about 0, = and =/2. We
therefore need examine Pe only in the range 0 < § < 90°.

Pe(f) does vary considerably as seen in Fig. 7. Here the maximum
and minimum values of Pe(#), which happen to oceur at »/2 and 0
respectively, are given for interesting combinations of interference
and noise levels, To further illustrate the effects of interference, we
present curves of decibel degradation versus 4 in Fig. 8. Degradation
is defined as the dB reduction in carrier-to-noise ratio which is
allowed to maintain the same Pe after removing the interference.

Finally, consider an angle modulation impressed on the interfer-
ence. This situation may be viewed simply as a time varying 6. Then
one may average the Pe(f) results given here over the variations of 6.
If this is undesirable, the curves of Fig. 7 are certainly bounds on
Pe averaged over the # variation,

V. DIFFERENTIAL DETECTION—QUATERNARY

We now examine the effect of a single interference on a differentially
detected quaternary (4-phase) signal. We will refer to the four sym-
bols as “0", “1” “2” and “3"”, where the associated baud to baud
phase shifts are 0, »/2, =, and —=/2 respectively. As before, the
phase diseriminator examines the two composite phasors, Z and Z,,
and reports their angle difference 8. The ordering of the bauds is
important, since we must distinguish between § = »/2 and § = —=/2.
The “0” symbol possesses the same symmetry as in the binary case;
we therefore base the analysis on Pe|“0"”. Then in an analogous fashion
we relate Pe|[“0” to the probability of error for the other symbols,

In the binary case the receiver tested for the sign of Re [ZZ%]. This
test was transformable to a test between the amplitudes of two Ricean
random variables, one which enjoys a closed form solution. Unfortu-
nately, in the present case the test, which is for a “0”
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ey _ Re[2z2}] (_2)_*}
Pe | “0 Pr{coss lZ|lZa|§2
is not known to be transformable to one which has a closed solution.
On the other hand, we offer a very straightforward analysis which
is exact and amenable to machine computation.

Figure 9 is a “double exposure” of the signal, noise, and interfer-
ence components for a “0”. The two carrier pulses are, of course, coin-
cident and lie along the reference axis. We recall that the angle of
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Fig. 7— Binary Pe versus CNR. Differential detection.



PSK ERROR PERFORMANCE 433

the interference at fy is ¢, and at £, + 7' is ¢ + 8. We will again
average over ¢, leaving 8 as a parameter.

At time ¢, the resultant of signal and interference, shown by a
dashed line, has length W and angle £ which by inspection are

2
W = (1+ b+ 2b cos ¢)} (67)
_ bsin ¢
f=tan' | —— |. (68)
14 beose
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Tig. 8 — Degradation in CNR caused by interference versus ¢ for binary dif-
ferential detection.
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Fig. 9— Phasor diagram for quaternary differential detection.

To the resultant of signal and interference adds a Rayleigh ampli-
tude, uniform angle noise phasor. The resultant W is perturbed both
in amplitude and angle by the noise. The resulting amplitude is
unimportant, but the angle, £ + «, establishes the reference for de-
tecting the second pulse. The probability density function of « is well
known to be

fola) = .)l—w exp (—¥) {1 4+ Thr cos a

-exp (¥ cos’ a)[1 + erf (¥ cos a)]} (69)

where
2 r° 2
erf (2) = 5 f exp (—u?) du (70)
0
is the usual error function integral and
w*
v = 257 (71)

is the power ratio (signal plus interference)/noise.
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At t, + T the second pulse is examined. It is disturbed by inter-
ference to the point (g, ¥o),

= bsin (¢ + 0) (72)
=1+ bcos(p + 6).

The decoding region is a quarter plane bisected by the direction
of the first pulse as shown by the orthogonal decision boundaries.
The probability of correct reception is simply the probability that
a random noise phasor originating at (zo, 7o) will terminate inside
this quadrant. Using the independent orthogonal phasor representa-
tion for noise, and choosing the components to lie alongside the per-
pendicular distances d; and d» from (zo, 7o) to the boundaries, we

write directly
[1 + elf( )J (73)

1—Pel" )”qba—'l'l:l—I—PlI(-—{;;)]

Now using erf + erfe = 1 we have

=

Pe ‘:10” ¢’a=% erfe (d )

d, d, ds
+ 1 erfe (2%) — 1 erfe (Z;;) erfe (%) (74)

The distances d, and d. mayv be verified to be

d, = —y,sin (cr - ’i) + &, oS ((x-l-E—;—r)

(75)
d,

Yo sin (““l‘ﬁ-i-z)—n'ocm(a-i-g-pi)

such that they take the positive sign if (xo, yo) lies on the correct
reception side of the respective boundary.
Eliminating the ¢ and « dependency results in a finite limits double

integral

Pel“U”zf d¢f fo(@) Pe | 07, ¢, a da (76)

which was machine evaluated.

The relationship between Pe | “0” and the other symbols is easily
demonstrated graphically. Figure 10 is a phasor diagram illustrating
a typical noise and interference corrupted first pulse, and the four
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Fig. 10 — The relationship of Pe|¢ for the individual symbols.

possible positions of the pre-interference second pulse. Decoding
quadrants determined by the angle of the first pulse are shown by
dashed lines. Adding to each of the possible second pulse carrier
phasors, which correspond to the four data symbols, is an interfer-
ence phasor having some angle ¢ + 4.

If a “0” had been sent, the probability of error conditioned on the
present geometry (that is, the values of ¢, «, and ) is the probability
that a noise phasor originating at the tip of the solid interference
phasor (labeled “0”) terminates outside the “0"” quadrant. This proba-
bility is a function of ¢ and the distances from the tip of the inter-
ference phasor to the boundaries.

Now assume that a “3” had been sent instead. The associated
second carrier pulse is shifted clockwise by /2, but the interference
phasor at to + T is still at ¢ + @ relative to the diagram reference.
Returning to the “0” quadrant, consider an interference phasor hav-
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ing the angle ¢ + 8 — #/2, shown by the dashed line labelled “3”.
It is apparent (and trivial to show) that the distances of the dashed
“3"” phasor to the “0” quadrant boundaries are identical with the
distances of the actual “3"” interference phasor to the “3” quadrant
boundaries. We conclude, therefore, that

Pe| 3", ¢,a, 8 = Pe| 0”7, ¢,a, § — g (77)

Now integrating both sides of the equality over all ¢, « yields the
desired relationship

Pe | 3", 0 = Pe| 0", 0 — - (78)
Similarly we have

Pe | ‘27,08 ="Pe| ‘07,0 —= (79)

Pe | “1”, 6 = Pe | 0, 6 + g (80)
so that the average symbol error probability becomes

Pe (6) = i[Pe | 0", 6+ Pe | “0”, 0 — 7

+ Pe | 0, 0 + g + Pe | “0”, 6 — w] (81)

which is solely in terms of Pe | “0”.

Notice that equation (79) is exactly the result obtained for a “1”
in binary. This is not surprising, since a “2” constitutes a 180° phase
shift of the second pulse. In fact, the arguments relating to Fig. 10
may be generalized for an AM-phase d-psk signal with a “J” symbol
phase shift of (2=J)/M, to be

12rJ

Pe|J,8=Pe|0,8+7lT- (82)
Averaging over the symbols in equation (81) produces a Pe(#)
which is evenly symmetric about 0, =/4, =/2, . . . ; points half as far

apart as in binary. Also, while Pe|“0” still varies over a considerable
range, when four symbols are averaged instead of two the range of
Pe(8) is significantly decreased. This is evidenced by the numerical
results plotted in Fig. 11. Again, the solid and dashed lines represent
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Tig. 11 — Quaternary symbol Pe versus CNR. Differential detection.

maximum and minimum values of the symbol Pe. The values of 8
which correspond to the maximum and minimum are not the same for
all noise and interference level combinations. However, Pe(#) is gen-
erally lowest near 0, /2, = . . . and highest near =/4, 3»/4, . . .,
and =o on.

Since Pe(#) fluctuates less severely for quaternary, it is more mean-
ingful to average over f. This was done, and the average used as a
base for computing the degradation curves of Fig. 12.
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VI. DIFFERENTIAL DETECTION — M > 4

For large M systems, for example M = 8, we compute the average
error probability

/M
Pe = i—f Pe (6) d6 (83)

Q
assuming now that @ is a uniformly distributed random variable. Be-
cause of the rapidly diminishing é dependency noted in Seetion V,
the average over # is a useful measure of error performance. The
choice of a uniform distribution for # allows an approach which relies
on the previously obtained f4(«) data, rather than finding Pe(#) and
then integrating.

Let the interference phase angles at {, and {, + 7' be random variables
$ and ® 4 O, respectively. We first note that the sum & + @ modulo 27
is uniformly distributed since @ (or @) is uniform. Hence both inter-
ference angles, ® and ® + O, are uniformly distributed. Furthermore,
since for any ® = ¢ the sum ¢ + © (modulo 27) is uniform, we conelude
that ® and ® + © are independent. The adjacent interference angles
then are independent; and consequently the phase angle, 4, 0f s +n 4 ¢
is independent from sample to sample.

We therefore obtain the probability density function of the differ-
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Tig. 12— Degradation in CNR caused by interference for quaternary differen-
tial detection.
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ence angle 8§ = A(ty + T) — A(ty) as the modulo 2x convolution of
f1(a) with itself. Then the integral of the probability density func-
tion of 8 over | § | > (x/M) yields Pe. Numerical results were obtained
in this fashion for M = 4, 8, and 16. The M = 4 data was in excellent
agreement with Fig. 11. Pe for M = 8 and M = 16 is displayed in Fig.
13. When b > sin(x/2M) the interference alone can exceed the
thresholds and cause errors. This is seen as a Pe floor for low CIR
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Fig. 13 — Symbol Pe versus CNR for 8 and 16 phase differential detection.
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values; increasing CNR does not cause Pe to tend toward zero.

Finally, we remark that the averaging of Pe over the M symbols
was implicitly done in the 6 averaging. We see from equation (82)
that all symbols have equal error probability when 6 is uniformly
distributed.

VII. SUMMARY AND CONCLUSIONS

We have evaluated the symbol error probabilities for both coherent
and differential detection of low M psk signals in the presence of in-
terference. The effect of the interference is readily observed in the
curves of Figs. 3-5, 7, 11, and 13. Although the increase in Pe result-
ing from interference is large, it is considerably less than if the inter-
ference were replaced by gaussian noise of the same power, especially
at low Pe levels.

Comparing Figs. 3, 4, and 5, we see that vulnerability increases
with M. That is, at a given CNR, the Pe is raised least for M = 2
and greatest for M = 4 by the addition of interference. For example,
without interference the error performance of M = 2 versus M = 4
differs by 3 dB. When a —10 dB interferer is added, it differs by ap-
proximately 5 dB, indicating a 2 dB CNR penalty for equal Pe values.

Drawing comparisons between coherent and differential detection
reveals that differential detection clearly suffers more degradation.
Binary differential, however, performs about as well with interference
at optimum 6 values as does binary coherent. This is in contrast with
the performance disparity between the two M = 4 systems. With a
—10 dB interference, differential detection suffers a degradation rang-
ing from 515 to 8 dB; coherent detection is degraded only 4 to 414
dB for the same CNR range.

We use degradation rather than the raw Pe versus CNR curves to
make the above comparisons because of the inherent difference in
performance between differential and coherent psk for noise alone.
That is, the degradation comparisons automatically reconcile any
disparities in the noise-only performances of the various systems.
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New Time Division Switch Units for

No. 101 ESS

By T. E. BROWNE, D. J. WADSWORTH,
and R. K. YORK

(Manuseript received September 11, 1968)

The No. 101 ESS provides centrex service ufilizing stored program com-
mon control located in the central office and lime-division switching units
located on the customer’s premises. The 2A and 3A switch unils serve a
wide range of cuslomers (up to 820 lines) using a PAM time-division
switching network with lossless through switching, high return loss, and high
crosstall attenuation. System operation, time-division transmission, logic
and control, mainienance features. and physical characlerisiics of the
switch units are described.

I. INTRODUCTION

The initial development of the No. 101 Electronic Switching Sys-
tem to provide commercial private branch exchange (PBX) service
was completed in November 1963.* This system utilizes a stored pro-
gram common control located in the central office and time-division
switching units located on customers premises, connected to the com-
mon control by data links and trunks. This initial system design in-
cluded a time-division switch unit, which served customers having a
maximum of 200 extensions and 40 trunks.? Although this line ca-
pacity meets the requirements of a large percentage of the PBX cus-
tomers of the Bell System, there are a significant number of customers
who require service for more than 200 lines. These customers may now
be served by No. 101 ESS through the use of the 2A (364 lines), 3A
(820 lines), and 4A? (800 to 4000* lines) switch units in concert with
the control unit. This paper describes the 2A and 3A switch units; the
4A is described in a separate article in this issue,

* The 4A switch unit capacity is 2000 lines. Fixpansion to a 4000 line capacity
is under development.

443
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II. SYSTEM DESCRIPTION OF NoO. 101 BSS

2.1 System Plan

The control unit, by means of a stored program, provides the logic
and memory required for call processing and for system maintenance.
The switch units, by means of wired logic and memory, provide the
switching paths between subscribers, supervisory scanning of sub-
scriber lines, and ringing and signaling sources for alerting subseribers
and attendants. In addition, maintenance eircuits in the switch units,
in conjunction with a maintenance program operating in the control
unit, provide for rapid detection of equipment malfunction. Compo-
nent and cireuit redundaney is included in both the control unit and
the switch units to minimize service degradations which would other-
wise result from equipment failures.

Information transfer between the control unit and switch units is
accomplished by a voiceband data facility and a set of trunks for
carrying dialed digits. Each switch unit has its own data channels
connecting it to the control unit.

In addition to controlling the switeh units connected to it, the con-
trol unit, by means of direct association with a central office switch-
ing system, provides an interface between No. 101 ESS switch units
and the Bell System switching network. The No. 101 ESS provides
the entire range of centrex services and memory features available
to PBX customers.

2.2 Basic System Operation

In the interest of economy of program storage, each switch unit
served by a control unit is handled in the same way. Thus, for call
processing and maintenance, one basic program is contained in the
control unit. Administrative variables provide information needed
for processing calls according to the requirements of each customer.
The switch units being served by the same control units are independ-
ent of each other and therefore, from the point of view of switch unit
operation, the system may be accurately discussed in terms of a
single switeh unit operating with a control unit.

Connections to lines and trunks are provided on a time-division
basis at the switch units. The identities of the parties being con-
nected are held in successive words of a sequential memory. The
period of the memory operation establishes the period of the sampling
process. In the 2A switch unit, a maximum of 60 simultaneous con-
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nections can be established. The 3A switch unit may provide a
maximum of 240 simultaneous connections.

Figure 1 is a block diagram of the switch unit. Time-division con-
necting paths are shown as heavy lines. To illustrate, let us deseribe
a typical intra-PBX call. When the calling party goes off-hook, the
supervisory state of the associated line circuit is interrogated by the
scanner and registered in the seanner logic via the scanner bus. The
last-look state, or supervisory state when last interrogated, is ex-
tracted from memory and compared with the present state. Noting a
change in state, the scanner ceases to interrogate other circuits and
formulates a message which the switeh control sends to the control
unit. The control unit recognizes this message as an origination serv-
ice request and sends a message to the switch unit to establish a dial
tone connection. A Touch-Tone® telephone subset will be assumed as
the calling party’s instrument. The Touch-Tone dialing signals by
the station user are transmitted through the switch unit on a time-
division basis, then by conventional transmission to the control unit.

SCANNER BUSES

| 1

LINE- TRUNK LINE-TRUNK . LINE-TRUNK
GROUP 1 et GROUP N

GROUP 0
(64 LINES OR TRUNKS)
I l (TIME DIVISION BUSES) I

INTER—
GROUP
SWITCH
CIRCUIT
TRANSLATION TRANSLATtOLl
TONE
AND DIGIT
TRUNK
GROUP
SCANNER SWITCH SWITCH SCANNER
LOGIC CONTROL CONTROL LoGIC
ATTENDANT SWITCH ATTENDANT SWITCH ATTENDANT
LOGIC STORE CIRCUIT sTorRe | [T Loeic
T TTENDANT
DATA ITARES g DATA
RECEIVER AND RECEIVER AND
TRANSMITTER TRANSMITTER
CIRCUIT (DATA_LINKS) CIRCUIT

TO CONTROL UNIT

Tig. 1 — 2A and 3A switch unit block diagram.
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At the completion of dialing, the control unit establishes a ringing
connection in the switch unit between the calling and called parties.
When the called party answers, the change of state is noted and the
off-hook message is sent to the control unit. The control unit then
sends a message to change the ringing connection to a normal talking
connection. When the call is terminated, the on-hook state of either
party is detected and the message is sent to the control unit. A dis-
connect message is then sent to the switch unit, removing the connec-
tion.

In the Section ITI, we describe in detail the manner in which these
various functions are implemented in the 2A and 3A switch units.
The basic system design is the same for both switch units, but dii-
ferences do exist in the particular realizations of the design. We
describe some of these in Sections IV and V. As a direct result of the
similarities in the switch units, a high degree of component and eir-
cuit package compatibility between the two has been achieved, lead-
ing to long-term savings in manufacturing costs and ease of main-
tenance. In Section VI we discuss the equipment aspects of the

systcms.

III. ORGANIZATION AND DESCRIPTION

3.1 Ttme-Division Transmission

The essence of time-division transmission is that properly spaced
periodic samples of a band limited information signal (for example,
speech) completely define the signal. Sampling switches and suitable
filters establish a bilateral transmission path as shown in Fig. 2. A
connection is established by synchronously operating the selected
switches for a time = every T seconds. During r, charges on the low
pass filter capacitors C are efficiently interchanged by resonant trans-
fer.* The high frequency sampling components are suppressed by
the low pass filters resulting in a bilateral transmission of baseband
signals.

By making r a small fraction of T, a common bus can be shared
by many connections. It is necessary to provide a “guard” interval
between adjacent connection time intervals. A connection or “talking”
interval and a “guard” interval is termed a time slot. During the
guard interval, residual energies left on the bus at the end of the
talking interval are dissipated by a resistance in series with a bus
clamp to ground. In the 2A and 3A switch units, the timing values
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Tig. 2 — Time-division transmission path,

are 0.8 psec for talking interval (7), 0.432 usec for the guard interval,
and 85 psec for the sampling period (T').

The low pass filter and filter response are shown in Fig. 3. The
filter design provided by Thomas is modified to include an antiresonant
circuit at the sampling frequency.® Without this, the normal filter at-
tenuation of about 40 dB will not adequately suppress signals at the
sampling frequency. With it, greater than 42 dB of suppression of the
first lower sideband is realized. The 8.1 KHz attenuation peak is a
result of the M-derived terminating section (M = 0.7), and is re-
quired to suppress the half sampling rate frequency components
present during a ringing connection.

Negative impedance converters are used in two areas of the trans-
mission network. A common negative impedance converter is con-
nected to each time division bus to reduce the shunt losses from other
transmission components. Improved system return loss results and a
small amount (0.2 dB) of insertion gain is realized. In order to pro-
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Fig. 3 — Low-pass filter and response.
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vide a lossless through-switched connection (trunk to trunk), a switch-
able negative impedance converter gain circuit is provided with each
tie trunk ecircuit (see Fig. 4). As required, control signals switch in
the trunk negative impedance converter to reduce the 2.0 dB system
insertion loss to near zero. Table I lists the typical transmission per-
formance characteristics of the switeh units.
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Fig. 4 — Switched-gain negative resistance amplifier circuit.
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TasLe I—2A anxp 3A Swrred Unrr TyPpicAL
TrANSMISSION PERFORMANCE

Insertion loss (dB)
Trunk to trunk 0.35
Trunk to line 2.0
Line to line 2.2
Echo return loss (dB) 30
Crosstalk (dB) —00
Noise (dBrne) 18
Signal overload
6 dBm no compression
9 dBm 1.8 dB compression
12 dBm 2.6 dB compression

In the 2A and 3A switeh units, the time slots provide talking con-
nections and data functions, such as scanning of the supervisory
states of line, trunk, attendant, and maintenance circuits; sending
and receiving data messages; and lighting the attendant console lamps.

3.2 Line and Trunk Arrangement

In a time-division switching system, a few common buses are being
time shared by a relatively large number of lines and trunks. There-
fore, the design must take into account the possibility of at least
single ecomponent failures, and try to eliminate the possibility of the
loss of a bus resulting from a single line or trunk component failure.
Also, since the actual number of lines and trunks served by a switch
unit in a given installation is variable, the parasitic loading of the
buses is also variable. This loading and variations in it have a sig-
nificant effect on the transmission performance of a time division
system.

In the 2A and 3A switch units, control of system failure modes and
control of parasitic bus loading is achieved by segregating the lines and
trunks into groups of 64 as shown in Fig. 1. In each group, lines and
trunks occupy positions in an 8-by-8 matrix; this provides for ef-
ficient use of access circuitry which is duplicated to preclude a total
group failure. To further control parasities, there are two time-di-
vision buses for each group, each serving 32 lines or trunks. A dupli-
cated intergroup switch provides time-division connections between
these group buses, such that during any time slot, any group can be
connected to any other group. Since there are no restrictions on the
time slots in which lines or trunks may be selected, any line or trunk
may be connected to any other line or trunk during any time slot.

An additional benefit of line and trunk groups is that a switch
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unit may be installed with fewer groups equipped than will be ulti-
mately required by the customer. As his needs grow, additional lines
and trunks may be plugged in without disturbing the transmission
performance of the system.

3.3 Logic and Control

3.3.1 Store Control

The switch store operation is eyelic in nature, providing the rate of
sampling for talking connections and the rate of scanning. During
talking time slots and some data time slots, information is read and
written back into the memory in the same form. In the execution of
some of the system control functions, the information read from the
store is written back in the same word, but shifted one bit position.
Repetitive operation in this mode involving a particular word of
storage makes that word a shift register. This technique is used dur-
ing the data time slots for scanning, sending messages to the control
unit, and processing messages received from the control unit.

3.3.2 Scanning

The first two data time slots are used for scanning (see Fig. 5):
the first for interrogating the secan points to determine their present
state and the second for reading their past state from memory. Since
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c.errsl P (NS S —
Wi H
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MAINTENANCE AND
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Fig. 5 — Scanner block diagram.
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no talking signals are sampled during these time slots, the same line
number translation cireuitry is used to interrogate sean points as is
used to operate time division switches. A separate translator pro-
vides access to the maintenance and attendant scan points.

3.3.2.1 Line and Trunk Scanning

The scan counter generates the address of each line and trunk
circuit sequentially. To interrogate a line or trunk scan point, the
address in the scan counter is gated into the output register bits
normally used for the called party address in a talking time slot. As
shown in Fig. 5, these bits are then translated by the line number
translator to select the line or trunk ecircuits. The supervisory state
is interrogated by pulsing the time-division switch driver, which in
turn drives the sean point eireuitry. The time-division switch current
is inhibited during this scan time slot to eliminate false sampling of
the talking signal. If the line is off-hook, a pulse is generated by the
supervisory cireuit and gated to a seanner logie flip-flop via the scan
bus. During the second scan time slot, the past state of the scan
point is obtained from the switch store and gated to the scanner logic
where it is compared with the present state bit previously stored. If
no difference is recognized, seanning continues by incrementing the
sean counter and repeating the sequence. If a difference between
present and past states is detected and does persist for a time interval
sufficient to diseriminate against line noise, the secan point change is
assumed valid; a message is formulated in the switch store and the
past state bit is updated. The switch control then sends the message
to the control unit.

3.3.2.2 Maintenance and Attendant Scanning

Requests for service by an attendant or operation of maintenance
cireuits cause their assigned scan point circuits to change state. Sean-
ning of these circuits differs from line and trunk seanning; for each
sean point, a binary address is assigned, which also identifies a last-
look bit in the switeh store. The scan address is gated to a translator
that selects a group of 16 sean points. The particular sean point in
the group is interrogated by a ring counter consisting of a single “one”
circulating in a word of the switch store. The position of the one is
determined by the scan counter. The last-look bit is extracted from
memory in the same manner as the line and trunk secanning. When a
change in state occurs, a message is formulated for transmission to
the control unit.
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3.3.3 Message Transmission

When a message is to be sent to the control unit, the scanner is
stopped and the message sending circuitry is activated (see Fig. 6).
The word in the switch store which was used to contain the address
of the interrogated scan point is also used to outpulse the data mes-
sage. This message contains a start bit, the address of the circuit
interrogated, a present state bit, and a parity bit. Each bit duration
is timed by a crystal oscillator and a counter in the data receiver.
The message is gated one bit at a time to the data transmitter. After
each bit, the contents of the message word and counter word are
shifted one position and, if the bit was a one, the parity counter is
advanced. After 13 bits have been transmitted, the position of the
counter bit is recognized, and the proper parity bit is transmitted.
The scanner is then signaled to begin its normal scanning sequence.

3.3.4 Incoming Message Control

Communication between the control unit and the switch unit is ac-
complished with a voice-frequency signaling system using serially-
generated frequency-shift signals. The data transmiter and receiver
cireuit provide the conversion into de levels as well as the timing sig-
nals for bit identification. As each bit is received, it is gated into bit
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Fig. 6 — Switch unit message control.
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1 of both stores during the message-loading time slot. On the next
store cycle, this bit is shifted one position, thereby preparing bit 1
for the next message bit to be received. In this way, the message is
loaded into both stores as it is received.

3.3.5 Connection Message Loading

Since the incoming message length exceeds the store word length,
the loading sequence uses two store words. The first word is sequen-
tially loaded with a start code and the message address. When the
start code is recognized, the message address is gated to the message
address register for interpretation, and succeeding message bits are
loaded into the second word, which was reserved for this purpose.
When the correct number of these bits have been loaded, the remain-
ing bits of the message are then loaded into the remainder of the first
word.

If parity is incorrect, the message is disearded and a parity-failure
message is sent to the control unit. If parity is correct, relocation of
the information in the second word is begun by reading this word out
of the store into the output register. Information in the first data
word is eleared. The contents of the message address register are
gated to the store address circuitry to cause the corresponding word
to be the next one read from the store. This new information is writ-
ten into the memory.

Control of the store address circuitry is returned to the time slot
counter, thereby completing the relocation sequence. In this process,
the first data word is cleared, leaving it available for processing the
next message received.

3.3.6 Attendant Lamp Message Loading

The attendant lamp message is loaded into the incoming words in
the same manner as the connection message. In this case both data
words contain information to be relocated to the attendant lamp
memory words. The message address is recognized as an attendant
message and a supplementary attendant address contained in the
message is gated to the message address register.

The first data word is relocated as follows. During the incoming
message time slot, the message address register contents are gated to
the attendant store address counter, which causes the addressed at-
tendant word to be read out. The information read out is inhibited
from reaching the output register, thereby clearing the word. On the
write cyele, the new lamp information is written from the output
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register into the store. The cycle is repeated for the second data word
during the next occurrence of this data time slot.

3.3.7 Maintenance Message Loading

The maintenance message, identified by a special message address,
is loaded into the incoming message words in the same maner as the
connection message; the contents of the second data word are gated
directly to the maintenance circuit rather than into the store word
associated with a time slot. The first data word is cleared and made
ready for the reception of a new message.

3.3.8 Line Number Translalion

The translation of the calling or called party addresses from the
binary form in the switch store to select the desired line or trunk
circuit is accomplished in three stages (see Fig. 7). The first stage
is associated with each switch store and is called the group pre-
translator eircuit. It converts the most significant bits of the address
from binary to one-out-of-n signals to select the corresponding group
of 64 lines or trunks. The group pretranslator circuit either translates
the least significant six bits into two sets of one-out-of-eight signals
(2A switch unit) or gates them directly to the group control circuit
(3A switeh unit). The second stage of translation at the group lines
or trunks combines and translates information from the group pre-
translator circuits as follows.
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Fig. 7— Line number translation,
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The “calling” (A) party information from the group pretranslator
of store 0 is ORed with the “called” (B) party information from
the group pretranslator of store 1 (the AB translator). The “called”
(B) party information from the group pretranslator of store 0 is
ORed with the “calling” (A) party information from the group pre-
translator of store 1 (the BA translator). Both the AB and BA
translators have access to all 64 lines or trunks in the group.

This combining of translated information permits both incoming
and outgoing intragroup calls to be completed in case of a translator
failure. This kind of failure can be detected by the maintenance pro-
gram which will cause the call program to select a time slot from
the proper store to avoid using the failed circuitry. This combining
of information which originated in the two stores places require-
ments on the logic and timing control circuits and on the eall pro-
gram in order to maintain the integrity of calls. In the 2A switch
unit, the timing of the two stores is synchronized so that only one
store is delivering an output at a given time. As a result, the combin-
ing of the information as described above is a time-sharing of the
group translation circuitry between the two stores.

In order to obtain a greater number of time slots in the 3A switch
unit, all stores deliver outputs at the same time. Therefore, informa-
tion from one store is gated into only those groups which are selected
by that store in that time slot. It is a requirement on the call program
that the groups specified in a call in one time slot of one store be
different, from those specified in the same time slot of the other stores.

The third stage of the line number translator is provided on a per-
line basis. Logic gates combine the matrix output information with a
resonant transfer timing signal to complete the translation and op-
erate the time-division gate.

The line number translator, in selecting and closing the line eir-
cuit time-division switch, connects the line to the group time-division
bus. To complete the connection to another group, it is also neces-
sary to select the proper time-division switch in the intergroup switch
circuit. Figure 8 illustrates the time-division network. Each group of
64 lines has two time-division group buses; alternate circuit packs of
4 lines each are connected to each bus. The group buses are connected
to each intergroup bus by an associated time-division switch. To
complete an intergroup call, it is necessary to select two line circuit
switches and two intergroup circuit switches. This selection is ini-
tiated by the group pretranslator which transmits the necessary group
select and group bus information to the intergroup switch circuit.
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Fig. 8 — Switch unit time-division network.

This information, together with the resonant transfer timing signal,
operates the intergroup time-division switches.

Intragroup calls using the same group bus are connected to the
intergroup bus so that the common bus amplifier and the resonant
transfer bus capacitor are included in the connection.

3.3.9 Dialing Connection

Dialing information is transmitted through the time-division sys-
tem using two methods, one for Touch-Tone dialing and the second
for rotary dialing.

3.3.9.1 Touch-Tone Dialing

A normal talking conneection is first established between the call-
ing party and the digit trunk circuit. The line transformer provides a
voice path between the subset and the time-division network. For
Touch-Tone dialing, the tones generated at the subset are transmitted
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directly through the time-division path to the digit trunk and then
to the digit receiver at the control unit via the digit trunk pair.

3.3.9.2 Rotary Dialing

An additional path must be established to transmit rotary dial
pulses to the digit trunk cireuit. This path is established using the
same scan bus that the scanner uses to obtain the present super-
visory state of the line or trunk cireuit during the scan data time
slot. The scanner interrogates the selected line or trunk ecircuit by
pulsing the time-division switch driver; when the time-division switch
is selected to sample the talking signal, the supervisory state of the
line is also interrogated. This automatically places the supervisory
state of the line on the scan bus at each time-division switch closure
(approximately every 85 usee). The off-hook and on-hook conditions
caused by rotary dial pulses are present on the scan bus in the form
of a series of pulses during the off-hook interval and no pulses dur-
ing the on-hook interval. Logic in the group pretranslator cireuit
recognizes the digit trunk address and gates the sean bus to that digit
trunk each time the connection information is read from the store.
The digit trunk then filters the pulses to reconstruet the rotary dial
information and transmits a 50-msec tone burst to the control unit
digit receiver to represent a rotary dial pulse.

During the time a line or trunk is connected to a digit trunk,
normal seanning is inhibited to prevent the scanner from interpreting
the on-hook interval of a rotary dial pulse as a disconnect signal.
Instead, the digit trunk provides supervisory information about a
dialing line to the scanner.

3.3.10 Conference Connection

Two types of conferencing are used in the 2A and 3A switch units.
The first is an add-on or bridging conference for three parties, one of
which may be a trunk. The second is a gain-type conference which is
set up by the attendant and provides for six conferees (two may be
trunks) and the attendant.

The bridging conference is established in a dedicated time-slot
pair which may also be used for normal 2-party connections. When
used for a conference connection, a conference bit must be loaded
into both time slots. Associated with each conference time-slot pair
is a time-division switch which connects a capacitor onto the inter-
group bus during the resonant transfer interval of both time slots.
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The capacitor provides the temporary storage necessary to connect
both time slots on a bridging basis.

The gain-type conference may be set up using any available time
slots. Each conferee line number is inserted in a time slot with the as-
signed conference port address. Up to six conferees may be connected
in this manner. The conference circuitry provides gains at each port,
reducing the normal bridging loss.

3.3.11 Ringing and Tones

The ringing generator used in the switch units is a 90-volt rms,
20-hertz source. Since this exceeds the signal-handling ability of the
time-division network, ringing voltage is connected to the lines by
means of a per-line miniature wire spring relay which is operated by
a dc signal transmitted through the time-division network to the
selected line. The system tones are transmitted from common sources
through the time-division network to the selected line or trunk cir-
cuit.

A line-to-line ringing connection is established when the time slot
is loaded with the calling and called parties and a ring code of two
bits. An immediate ring feature is provided which connects ringing
to the line as soon as the calling party completes dialing. The con-
trol unit provides for changing to interrupted ringing after 1 second.
The interrupted ring has a 1-second ring interval and a 3-second
silent interval.

3.3.12 Altendant Lamp Conirol

Attendant features are provided in the No. 101 ESS using universal
telephone consoles of the cordless type shown in Fig. 9. Each attend-
ant has six loops which may be switched to any line or trunk in the
system, one loop at a time. Signaling is accomplished when the at-
tendant operates keys on the console to alert the system, or when
lamps on the console operate to alert the attendant. For example, the
system alerts the attendant to an incoming call on one of the loops
by a flashing light associated with that loop. The attendant aceepts
the call by operating a key associated with that loop. This is detected
by the switch unit scan logic, and a message is sent to the control
unit. The system responds by establishing a time-division connection
between the attendant and the calling party, and changing the il-
luminated state of the lamp associated with the loop from flashing

to a steady “on.”
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Fig. 9 — Universal telephone console.

Lamps on the attendant consoles are controlled by the control unit
in a fashion similar in principle to the way that time-division switch-
ing is controlled: the new state of a lamp or set of lamps is deter-
mined by the control unit and a coded message containing this in-
formation is sent to the switch unit. This information is stored in
the switch unit memory and remains unchanged until another mes-
sage is sent. There are three lamps associated with each of the loops
on the console. Additional lamps may be associated with any loop
(for example, roY, ExC DEsT),* while other lamps are loop independent
(for example, pos BUsY, cw, Ns)T. Some of these lamps may be il-
luminated either steadily or at various flashing rates. The total num-
ber of bits required for each console is contained in four words of
storage per console. Three of the four words are used to store the
states of the lamps associated with the six loops, each word con-
taining the information for two of the loops. The fourth word for
each console contains the information for all of the common (or
loop-independent) lamps.

The readout of the memory and lighting of the lamps is carried
out on a time-division basis in which much of the common decoding
circuitry and flashing rate control circuitry is time-shared among all
of the lamps and all of the consoles. The smoothing required is pro-

* These are READY and EXCLUDE DESTINATION, respectively.
1 These are POSITION BUSY, CALL WAITING, and NIGHT SERVICE, respectively.
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vided by the use of latching pnpn triodes and RC filtering in the
cireuitry which provides the lamp current. Once every store cycle,
during the occurrence of the proper data time slot, one of the 16
words of lamp memory is read. The attendent store-address counter
determines which word it is, and after each readout, this counter is
incremented, resulting in a particular word being read once every
16 store eycles, or 1.36 msec. Since the contents of each word must be
interpreted in terms of the console it pertains to, there is a corre-
spondence between the state of the attendant store address counter
and the interpretation of the memory readout. Fig. 10 is a block
diagram of the lamp control logic. On every lamp memory readout,
the information in the store output register is gated to both the com-
mon lamp and the loop lamp logic. In these circuits, information from
the store output register is combined with timing signals and gated
to the appropriate lamp drivers as determined by the address of the
word. The timing provides for two lamp lighting phases, during each
of which only half of the information read from the store is actually
used. During each phase, half of the lamp drivers are pulsed, caus-
ing the appropriate pnpn triodes to convert the single time-slot pulses
to 50 percent duty factor millisecond pulses. An RC circuit then
provides sufficient filtering to maintain a continuous current to the
lamp.

3.4 Memory

The switch stores are involved in the execution of every one of the
switeh unit control funections. In these operations, the stores are used
as shift registers, ring counters, and as conventional memory. Be-
cause each of the system control functions has a different operating
cycle, the store is a random access store. The memory module con-
sists of ferrite cores in a 2-wire, linear select array. Each word is
defined by a word line linking one core for each bit in the word. Bit
lines, one for each bit in a word, link all words in the store, so that
in processing a word, all the bit lines operate in unison.

In this memory organization, the readout signal detection problem
is complicated by the use of a single bit line for both writing and
sensing. Although writing and sensing are separated in time, the in-
put signal to the sense amplifiers during these two operations may
differ by at least an order of magnitude. Thus, the sense amplifier is
time-strobed. The gain of the amplifier is low during the write time,
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Fig. 10 — Lamp control logic block diagram.

and, during the readout interval, the gain is raised to the required
level. This gain control is introduced into the sense amplifier in a
manner which prevents the write noise from disturbing the bias point
and dynamic range of the amplifier during the following readout in-
terval.

3.5 Logic

Little is said in the description of the various logic functions per-
formed in the switch units about the speeds required and the eir-
cuits used to carry out these funetions. At an early stage in the
development it was determined that a building block logic circuit ap-
proach held greatest promise for long-term economy of manufacture.
A gate having no more than a 70 nanosecond worst-case delay and
a 35 nanosecond nominal delay was required; the choice was a high-
speed version of the transistor-resistor logic gate. The basic forms of
this gate are shown in Fig. 11. To realize this gate design, two silicon
planar epitaxial switching transistors were developed. These two
transistors are virtually identieal in operating characteristics except
that the one is a double transistor in a single encapsulation as shown.
Table IT summarizes their characteristies.
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Fig. 11 —Transistor-resistor logic circuits: (a) low fan-out (fan-out =3), (b)
intermediate fan-out (=10), (¢) high fan-out ( =44).

3.6 Power
Three potentials are used in the circuitry of the 2A and 3A switch
units:

Potential Uses
+6 volts Logic circuitry
-+24 volts Talking battery (line circuits)

Time-division switch drive circuitry
Maintenance relay circuitry

—24 volts Memory circuits
Time-division switch bias
Trunk and extended range line talking battery
These de potentials are obtained from solid-state diode rectifiers
supplied with alternating current from a single-core, multiwinding,
ferroresonant transformer, connected to commercial 60-hertz single-
phase power. Ringing power for the system is provided by a 20-
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hertz subharmonic oscillator operating directly on commercial ac
power.

In order to maintain telephone service in the event of either a
commercial power failure or an equipment failure, a reserve power
arrangement has been developed to provide backup for the 3A switch
unit ferroresonant supply. By monitoring the commereial alternat-
ing current, the system will survive a failure of eommerecial power by
automatically switching to the reserve arrangement. The reserve sys-
tem delivers +24 volt power directly from the batteries to the
switch unit. However, converters are required to convert the battery
voltage to —24 volts, +6 volts, and the ringing voltage. The battery
and charging rectifiers are engineered to provide as much busy-hour
reserve capacity and as short a recharge time as the customer desires.
The equipment, design of this power system is such as to permit dele-
tion of the reserve components if the customer so desires. In this case,
in the event of commercial power failure, selected PBX lines are
transferred to central office battery feed and become standard cen-
tral office lines.

3.7 Maintenance Features

3.7.1 Redundancy Plan

In order to minimize service degradations resulting from equip-
ment failures, much redundancy is included in the switch unit de-
sign. Thus, Fig. 1 shows that virtually all of the control logic is
duplicated, so that a single failure affects only half of the system.
When both halves of the logic and control portion are operative,
some of the eontrol functions are actually enabled in only one half;

TaBrLE I[—CHARACTERISTICS OF LoGIc TRANSISTORS

Unity gain frequency f; > 400 mHz

(at Vegp = 10 Vde, I. = 10 mA)
Capacitance

Cm(IE = 0, Verp = 5Vde) < 3.5 pf
Storage time constant {s < 16 nsec

(Igr = Iy = I. = 5mA)
Saturation voltages

I, = 10 mAde, Iy
I. = 10 mAde, Ip

0.5 mAde Vg sat < 0.25 Vde
1.0 mA

<
de Vg sat < 0.80 Vde
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the circuitry in the other is on stand-by. This is the case with scan-
ning and attendant lamp control, so that both of these functions are
unaffected by a half-system failure. However, time-division switch-
ing control is shared between the two halves, so that only half of the
talking time slots reside in each store. The full traffic capacity of the
switeh unit is realized only when both halves are operative; there-
fore, a failure of one half eauses a reduction in the switch unit
traffic capacity and leaves all essential services intact.

Reliability is achieved in the time-division switching network by
path diversity and component redundancy (see Fig. 1). Within each
64-line group of lines and trunks, the lines or trunks are separated
into two groups of 32 lines, each group having its own time-division
bus. A single failure which disables a bus can therefore affect at most
a set of 32 lines or trunks.

3.7.2 Failure Delection and Diagnosis

When failures do occur, they must be expeditiously discovered,
diagnosed, and repaired in order to minimize inconvenience to the
customer. In the absence of any trouble conditions, both halves of
the switch unit control logic are operative; scanning and attendant
lamp control reside in one half or the other (though not necessarily
both in the same half). Failure detection cireuitry maintains a con-
tinuous check on power supply voltages (input and outputs), fuses,
and the ringing power source. A continuous sequence of test calls,
established by the maintenance program in the control unit, periodi-
cally checks the operation of all lines, trunks, digit trunks, tone
sources, conference circuits, and time-division control logic in the
switeh unit. When switch unit failures are detected, the maintenance
program attempts to establish a working mode in the switech unit
with full traffic capacity and with the failed equipment either switched
to stand-by status or at least made busy to future traffic. Failing this,
a half system may be disabled. If an operating mode cannot be
found, the maintenance program enables all switch unit equipment
and ceases further testing until reinitiated by maintenance personnel.
When failures are detected or when maintenance actions are ex-
ecuted, maintenanee personnel at the control unit are alerted by
alarms and by teletypewriter. By interpretation of teletypewriter
printouts, the testing sequence may be reconstructed and the trouble
condition diagnosed.
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Iv. 2A SWITCH UNIT

4.1 Line and Trunk Capacity

As shown in Fig. 1, lines and trunks in both 2A and 3A switch units
are arranged in groups of 64. In the 2A switch unit, there are seven
such groups; any line or trunk in any group can be connected to any
other line or trunk in the same or any other group in any time slot
under control of either store. With tone sourees, digit trunks, and
test lines excluded, the total number of lines and trunks combined is
420, which can be arranged optionally in a given installation as either
80 trunks and 340 lines or 56 trunks and 364 lines. The total busy-
hour traffic capacity of the switch unit, assuming 70 percent time
slot oceupancy, is 1510 ces.

For customers with fewer lines, an equipment option is available
in which only four groups are provided. The switch unit provides serv-
ice for 156 lines and 80 trunks or, optionally, 180 lines and 56 trunks.
As indicated in Section VI, the conversion of a 180-line switeh unit
to a 364-line switch unit is accomplished by plugging in; no installation
wiring is required. Irrespective of line size, the 2A switch unit can
accommodate three attendants and seven digit trunks; the actual
number used depends on the traffic requirements of the customer
being served. These circuits, along with the switech unit tone sources,
are equipped in a separate group in which a nonmatrix type of trans-
lation is used to control time-division switching. This arrangement
precludes the possibility of a single component failure causing the
loss of several of these common facilities. Time-division control of
these circuits can be established from either store, so that a half-
system failure does not restrict use of these facilities.

4.2 Time Slot Arangement

The 60 talking time slots of the 2A switch unit are divided between
the two halves of the switch unit; 30 talking time slots are associated
with each store. Data time slots occur in both halves because each
half must be able to carry out control functions independently. As
already indicated, each time slot consists of an energy transfer inter-
val and a guard interval. Fig. 12 illustrates how the time slots in the
two halves of the 2A switch unit are related. The energy transfer in-
terval of the time slots in one half is made time-coineident with the
guard interval of the time slots in the other half. Crosstalk coupling
between adjacent time slots in the two stores is greatly reduced,
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Tig. 12 — 2A switch unit half-system time slot relationship.

permitting the use of relatively inexpensive wiring for the time-
division buses. Since only one time-division connection is actually
established at a time, the circuitry used in the line and trunk groups
is time shared between the two halves with no loss of traffic capacity
resulting from mating time-slot blocking.

In addition to this “slip” between time slots in the two stores, Fig.
13 illustrates that one half has five data time slots where the other
half has four. Since both halves must receive messages from the con-
trol unit at the same time and either can be controlling attendant
console lamps, the last two of the data time slots, which are used for
implementing these functions, are always present in both stores. How-
ever, the scanning function resides in only one half at a time and is
essentially disabled in one half by the deletion of the time slot used
for reading the last-look memory. Thus, in one half there are 30 talk-
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Fig. 13 — 2A switch unit half-system store cycle relationship.
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ing time slots and 4 data time slots, while in the other half there are
30 talking time slots and 5 data time slots.

Irrespective of stores, the duration of each time slot is 2.464 micro-
seconds, and therefore the cycle time of the store with 35 time slots
is 86.24 microseconds; for the store with 34 time slots it is 83.7 micro-
seconds. Thus, calls established in one store have a sampling rate of
11.9 kHz, and calls established in the other store are sampled at a
11.6 kHz rate. As a result of this rate difference, there is a periodic
motion of the time slots in one store relative to the time slots in the
other store. This motion of the time slots has a period of approxi-
mately 2.93 milliseconds and constitutes a process in which a given
time slot in one store samples the crosstalk from a time slot in the
other store at a 341 cycle per second rate. Since the baseband signal
spectrum is from 0 to 6 kHz, this sampling process will cause severe
fold-over distortion of the crosstalk signal energy, resulting in un-
intelligible noise only.

When seanning control is transferred from one half of the switch
unit to the other, the number of time slots in the two halves is re-
versed. Thus, the store in which scanning control resides always has
35 time slots, and the other store always has 34 time slots.

V. 3A SWITCH UNIT

Figure 1 illustrates the switech unit block diagram for 120 talking
time slots, each half of the system providing 60 talking time slots
(as composed to the 30 provided by the 2A switch unit). Associated
with the control circuitry of each half is an intergroup bus, to which
all line or trunk group buses may be time-division connected. Any
line or trunk has access to both intergroup buses and may be time-
division conneeted to any other line or trunk using any time slot.

The control circuitry associated with an intergroup bus, which pro-
vides the necessary translation, storage, scanning, and message con-
trol functions is called a time-division control (TDC). Each TDC
contains a switch store, with a capacity of 60 talking time slots and
5 data time slots which are normally synchronized from the switch
control eireuitry of TDC 0 resulting in a simultaneous time-division
connection in each TDC. These mating connections are established by
the call processing program in such a manner that the same line or
trunk group is not selected in more than one TDC. Time-division
samples do occur at the same time, requiring a high degree of isola-
tion provided in the time-division bus cables.



468 THE BELL SYSTEM TECHNICAL JOURNAL, FEBRUARY 1969

Isolation between adjacent time slots is accomplished by dividing
the 65 time slots into groups of 32 and 33. By alternating between
these two groups, individual time slots move with respect to each
other, resulting in an adjacency every 2.75 msec. Any crosstalk be-
tween adjacent time slots is therefore sampled at so low a rate as
to be nonintelligible. The cycle time of the group with 32 time slots
is 83.5 usec or a sampling rate of 11.9 kHz, while the group with 33
time slots is 86 psee or a sampling rate of 11.6 kHz.

Connections to the tones, digit trunks, and attendant line circuits
are not mating time-slot restricted as are line and trunk circuits.
Each TDC has a tone and digit trunk group which connects all tones,
the attendant lines, and six digit trunks to the associated intergroup
bus. The 3A switch unit may be equipped with a minimum of 120
time slots having a traffic capacity of 3240 ces* and line and trunk
frames for 436 lines and 112 trunks. An additional frame containing
six line groups may be added to increase the maximum number of
lines to 820. Two line groups may be equipped optionally as trunks to
provide either 756 lines and 168 trunks or 696 lines and 220 trunks.

In the event additional traffic capacity is required, additional time
slots may be provided in blocks of 60 talking time slots. In this case,
a logic and control frame is added and equipped to bring the total
number of time slots to 180 or 240, with a capacity of 4730 and 6130
ces®, respectively,

When the switch unit is equipped for 180 or 240 time slots, an ad-
ditional data link is required to meet the increase in data messages.
This data link receives all messages associated with the added time
slots. To provide for a more uniform traffic level, switch unit to con-
trol unit messages are sent alternately over both data links.

VI. EQUIPMENT FOR 2A AND 3A SWITCH UNITS

The circuits of the 2A and 3A switch units consist of gate subas-
semblies and loose components assembled on circuit packs which
plug into equipment units which in turn are wired into two-bay
frames. The wired and factory-tested frames are interconnected at
the time of installation by plug-in eables. These plug-in design fea-
tures minimize the time spent on the subscriber’s premises for in-
stallation and maintenance.

* Without call transfer.
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6.1 Thin-Film Gales

Tantalum nitride thin-film resistor networks deposited on a ceramic
substrate are used for the logic gates and time-division transmission
gates. Up to five TO-18 transistors mount on a single 0.55 by 1.8
inch substrate to form a multiple logic gate subassembly which is
given a functional test before assembly onto a circuit pack. Figure 14
shows two views of a typical thin-film logic gate. A larger 1.6 by 2
inch substrate supports the transistors and pulse transformer of the
time-division transmission gate, which receives a similar preassembly
test. Both logic and transmission gates have wire terminals to pro-
vide both mechanical and electrical connection to an etched wiring
board.

6.2 Plug-in Circuit Pack Physical Characteristics

Two types of circuit packs are used in the 2A and 3A switch units.
Logie cireuits are built on 4.6 inch high by 6 inch deep circuit packs;
line and trunk cireuits are built on 5.6 inch high by 11 inch deep
packs,

The logic packs have space for flat mounting of ten logic gate sub-
strates, giving an upper bound on packing density of 50 transistors
per pack. The height of the substrate plus transistor permits pack
center-to-center spacing as little as 0.4 inch. Circuits other than pure
logic (for example, clock oscillator and store packs) are built of con-
ventional discrete components mounted directly on the board. The
overall average density for the logic circuit packs is 20 transistors
per pack.

Fig. 14 — Thin film logic gate.
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A 38-terminal board-end connector with plastic body and bifurcated
gold-plated contacts is soldered onto one end of the double-sided
etehed copper-clad phenolic wiring board. A plastic faceplate with
holes forming sockets around etched test point paths is riveted onto
the opposite end of the pack; holes are also provided for a pack ex-
tractor tool. The width of the faceplate varies from 0.4 inches in
increments of 0.2 inch to 1.4 inches as required by the highest com-
ponent on the pack. Connections between paths on the two sides of
the pack are made using a special highly reliable through-connection
first used in the No. 101 ESS.

The line and trunk packs contain four complete line or trunk ecir-
cuits or related circuits and are provided with a 46-terminal con-
nector. A die-cast frame 2 inches wide supports the epoxy-glass
composition etched wiring board upon which are mounted the rela-
tively heavy line transformers and filter networks. To conserve space,
the ceramic substrates of the time-division transmission gates are
mounted perpendicular to the board; furthermore, some of the other
per-line circuits are packaged on 1.6 by 2 inch “daughter boards”
(etched wiring boards with discrete components), which are also at-
tached perpendicularly. Figure 15 shows these features of the line

and trunk packs.

6.3 Circuit Pack Electrical Designs

Although there are differences in the control circuits of the 2A
and 3A switch units, circuit pack and circuit designs have been for-
mulated to minimize the number of packs required for both the 2A

Fig. 15 — Circuit pack containing four line cireuits.
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and 3A switch units. A constraint of maximizing packing density to
reduce the overall size of the switeh unit has dietated the need for
special-purpose logic packs containing many etched interconnections.
General-purpose packs suffer from low-packing density because of
terminal limitations, whereas special purpose packs tend to be space
limited by the area of the etched wiring board but are limited in ap-
plication by their specialized function.

Eighty-seven different logic packs are used in the 2A and 3A switch
units. Fifteen percent of the pack types form the general-purpose
core of the 2A and 3A equipment; these contain gates, flip-flops,
counters, and amplifiers with a minimum of interconnections. Seventy
percent of the pack types have specialized logic functions, and fifteen
percent perform nonlogic functions such as store control, data trans-
mitter-receiver, and attendant lamp driver. Despite the high propor-
tion of special-purpose packs, 60 percent of the total logic pack types
are common to both switch units.

The line and trunk cireuits are identical in the 2A and 3A switch
units; there are slight differences in the line group control packs and
attendant line circuits. More than half of the 31 line and trunk type
packs are used in common. The line and trunk circuit packs have
compatible terminal assignments among themselves so that changes
in line and trunk type (and in the 3A, changes from a line group to a
truck group) can be accomplished by plugging in, with no wiring
changes required.

6.4 Apparatus Mountings

The logic packs plug into die-cast aluminum apparatus mountings
consisting of one, two, or three 12-inch-wide trays illustrated in Fig.
16. The card guide castings on the top and bottom of the tray have
slots on 0.2 inch centers to accept any combination of eircuit pack
widths. Knock-out nose pieces on the front of the casting prevent aec-
cidental insertion of a pack in an unused position. A female connector
snaps into slots at the rear of the casting to mate with the eircuit
pack connector. This connector is arranged for up to three levels of
wire wrapping and the twist-lock fork terminals may be individually
replaced in the field without removing the connector body and wiring
on adjacent terminals. A ground strip with terminals on 0.2-inch cen-
ters is mounted under the connectors at the bottom of each tray to
provide a short path from the circuit packs to the low-inductance
frame ground.

Apparatus mountings for the line and trunk packs have similar
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features, except they are 6 inches high and have card-guide slots on
1 inch centers with width to accommodate the cast frame of the
packs. A mechanical interlock is provided to prevent certain circuit
packs from being inserted into package locations where electrical
damage may result.

8.5 Wiring and Cabling

The equipment within each cabinet is factory wired and tested be-
fore shipment to the field. The various equipment features and op-
tions available are implemented in three ways: first, by inserting or
removing a circuit pack; second, by moving a cireuit pack from one
prewired connector position to another, and third, by replacing one
circuit pack code by another in the same position. These methods
eliminate any wiring by the installer in the switch unit itself and per-
mit factory testing of all features and options.

Connections between frames are made using 64-terminal connec-
tors. Single-ended connector cables are used, with the other end pre-
formed and wired into the frame. This “umbilical cabling” technique
results in smaller space requirements for connectors and higher relia-
bility over a double-ended connecting cable, since only one pressure
contact is in series with each interframe lead. Signal leads are dis-
tributed among the connectors so that the accidental removal of one
connector will not disable the entire switch unit.

Logic and fused power connections between the frames are accom-
plished with six connectors in the 180-line 2A switch unit; three more
connectors complete the signal and power interconnections to the
auxiliary line frame, increasing the switch unit capacity to 364 lines.
A similar expanded cabling scheme interconnects the three, four, or
five frames of the 3A switch unit. In addition, the intergroup time-
division buses of the 3A switeh unit, which are construected of shielded
twisted-pair cable, are plugged together between the transmission
frames via coaxial connectors.

External connections for lines and trunks are made using a 32-pair
cable with a 64-terminal connector which plugs directly into the line
and trunk group units. Four connectors are provided per group: one
for the 32 tip and ring pairs per half group, one for attendant direct
station selection (ADSS) control leads per half group, and two cor-
responding tip and ring and ADSS connectors for the other half of the
group. Attendant console leads, digit trunks, and data links also leave
the switch unit through 32-pair cables.

Terminal assignments in the 2A and 3A switeh units are made so
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that existing cross-connection wiring need not change when a 2A in-
stallation grows to the point where it is replaced by a 3A switch
unit. Additional external leads are required by the 3A, but changeover
involves only repositioning the 2A cables in the appropriate 3A con-
nectors, Digit trunks, data links, and the first three attendant con-
soles can be replaced one-for-one, and the line and trunk group num-
bering plan is such that there is compatibility among the first seven
groups.

Planned wiring is used to make intraunit connections in each ap-
paratus mounting (this is bench wired before the unit is installed in
the frame). Loose wiring interconnects the units in the frame, and
local cables and formed switchboard cabling compose the interframe
“connectorized” wiring. To alleviate wiring congestion, some of the
cabled wiring is run as “air lift” cabling, that is, the wires are behind
the plane of the wire-wrap terminals and come into the wiring field
only at connection points.

6.6 Cabinet Features

The cabinets for the 2A and 3A switch units are constructed of
aluminum extrusions and formed sheet aluminum parts welded to-
gether to form a basic framework into which the apparatus mount-
ings are fastened. The frames are 34.5 inches wide by 19.5 inches deep
to accommodate two bays of equipment while remaining small enough
to be easily moved.

The minimum 2A control and line circuits for 180 lines and 56
trunks occupy two frames; the minimum 3A control and line circuits
for 436 lines and 112 trunks occupy three frames, additional frames
house added lines, control ecircuits, distribution (cross-connection)
fields, and auxiliary equipment to give a uniform appearance to the
installation.

The 2A frames are 62.5 inches high; the 3A frames are 84 inches
high with the top 4.25 inches forming a removable cable rack which
is installed after low elevators and doorways have been negotiated.

Bolt-on side panels and lift-off front and rear doors completely
enclose the frames but allow quick access to equipment for main-
tenance. The decor of the cabinets is designed to blend with modern
office furniture so that installation may be made in the general office
area on the subscriber’s premises. The frames are finished in dark
covert gray textured vinyl paint; the lift-off doors are light olive
gray (see Figs. 17 and 18).



2A AND 3A SWITCH UNITS 475

Fig. 17 —340 line 2A switch unit.

820 line 3A switch unit.

Fig. 18
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No. 101 ESS 4A Switch Unit

By H. F. PRIEBE, JR. and E. L. SELEY
(Manuseript received September 11, 1968)

A combination of space division and time division networks makes
possible an 800 lo 4000 line switch unit private branch exchange for the
No. 101 electronic switching system.

I. INTRODUCTION

The No. 101 electronic switching system (ESS) has brought new
conveniences and services to private branch exchange and Centrex
customers with the 200-line 1A, 364-line 2A, 820-line 3A switch
units.** To extend the No. 101 ESS features to still larger customers,
the 4A 4000 line switch unit was designed.

The No. 101 ESS 1A, 2A, and 3A switch units utilize time division
for the switching networks. In the 1A switch unit, 240 lines and 40
trunks have access to two buses through a total of 50 time slots. With
a partially duplicated bus system in the 2A switch unit 364 lines and
56 trunks are accessed by 60 time slots. The 3A switch unit accom-
modates 820 lines and 112 trunks with either 120, 180, and 240 time
slots and a bus system similar to the 2A.

In general, the traffic capacity of a time division network depends
upon the number of time slots; the line capacity depends upon the
number of line circuits. As the number of lines inereases, the traffic
also increases; thus large line capacities require more time slots.
The maximum number of time slots per talking bus is determined
by the sampling rate and pulse width. The sampling rate is set by
the transmission requirements; the pulse width is largely determined
by active component performance and stray capacitance.* Substan-
tially larger time division switching networks require considerable
advancement in components and fabrication techniques.

II. LARGE PBX

2.1 Multistage Network
In present switching systems large line capacities with relatively
small networks have been obtained with multistage networks. Most

477
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of these systems have used space division networks; with the advent
of No. 101 ESS, practical time division networks are also available.
These two types of networks can be combined in various ways to ob-
tain a large system; the characteristics of the individual networks
make some arrangements preferable over others.

2.2 Characteristics of Relay Space Division Networks

The classical switching system has used metallic contact space
division networks. These relay crosspoints have excellent transmis-
sion characteristics with a frequency range that permits simple de
supervision. Low price is an additional advantage. However, large
physical size and slow operating speeds are disadvantageous.

2.3 Characteristics of Time Division Networks

Small physical size of relatively large ecapacity networks, high
speed operation, and plug-in solid state circuit packs are some of
the outstanding features of the time division network. On the un-
desirable side is the relatively large amount of per line equipment,
such as the low pass filters and line transformers. The cost of the
line packages in a time division switch unit is approximately half
of the total switching unit cost. The transformer, needed for pro-
tection against longitudinal voltages in the time division network,
blocks the transmission of de¢ supervisory signal and present solid
state electronic devices do not permit an economical time division
network that will transmit ringing voltage. Also without gain a trans-
mission loss of approximately 2.0 dB is encountered.

2.4 Space Division Input Network and Time Divison Output Network

A 240 time slot 3A switch unit has a traffic capacity of 6,130 ccs*
which is adequate for 2,000 lines with average traffic of 3.07 ccs per
line. The 4A switch unit uses a two-stage switching network with a
space division stage for line inputs and a time division junctor net-
work as shown in Fig. 1. With a 4-to-1 line concentration ratio in
the input network and a 3A time division switch with 512 lines inputs,
a 2,048 line terminal switch unit is obtained. Minimum per line equip-
ment is required and line concentration increases the traffic on the
links with the resulting increase in efficiency of these circuits.

An increase in both lines and traffic, is obtained by using two
3A switching units and twice the number of line concentrators, as

* One hundred call seconds.
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Fig. 1 — No. 101 ESS 2,000 line 4A switch unit.

shown in Fig. 2. With a 4:1 line concentration ratio the combination
has 4,000 line inputs, providing a capacity for 3,200 lines with an
average of 3.84 ces per line, or 4,000 lines with 3.07 ccs per line. In the
following discussion a single 3A time division switch and line con-
centrators will be called the 4A-1 switch unit and the two time divi-
sion switch-line concentrators combination of Fig. 2 will be called
the 4A-2 switch unit.

2.5 Line Concentrator

The No. 1 ESS 2-to-1 line concentration ratio space-division ferreed-
line concentrator® was selected for use in the first stage network of
the 4A No. 101 ESS switch units. A tip-ring connection pattern of the
32 lines to 16 B-links 2-to-1 ratio concentrator is shown in Fig. 3. To
achieve a 4:1 line coneentration, the outputs of two concentrators are
multipled. With this network, the Private Branch Exchange (PBX)
service features must be considered as well as the per line traffic capac-
ity. For example, the six-party conference feature requires that six
lines on a single concentrator must be able to get to six B-links that
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Fig. 2 — No. 101 ESS 4,000 line 4A switch unit.
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connect to one time division switch. Other features involve similar
situations but with fewer transmission paths. Thus, the maximum
division of links is two, and the interconnection of networks cannot
be carried further without the loss of some features. With the 4A-2
switch unit, B-links are grouped with the odd numbered links con-
nected to one time division switch and the even links connected to
the other time division switch.

2.6 Concentrator Traffic Capacity

The load-service curve for the 2-to-1 ratio line concentrator is
shown in Fig. 4. At a probability of 0.004 that a call cannot get an
A-B link combination, the usage per line is 8.82 ces. In the 4A-1
switch unit the 16 B-links of a concentrator terminate on one time
division switch. With the 4A-2 switch unit, however, eight B-links
from a concentrator terminate on one time division switch and the
other eight terminate on the second 3A time division switch. Either
arrangement of the 4A switch units may be operated with a 2:1 or a
4:1 line concentration ratio. The concentrator traffic eapability per
16 B-links, is 260 ccs for the 4A-1 switch unit and 230 ccs for the
4A-2 switch unit.

These figures indicate the maximum ces per group of 16 B-links;
the per line traffic is obtained by dividing the concentrator maximum
trafic figure by the number of equipped lines per concentrator. To
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Fig. 4 — Traffic capacity of 32:16 line concentrator.
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provide adequate service to a group of high traffic lines a concen-
trator must be operated with fewer working lines. Since intratraffic
requires two links through the network, the percent of intratraffic
must also be considered.

2.7 Data Channels to Conirol Unit

The No. 101 ESS is a common control system where a control
unit in a central office does the call processing for switching networks
(switch units) located on subseriber premises.® Coordination of ac-
tivities between switch units and the control unit is maintained via
data links between the control unit and each of the associated switch
units. Original design of the No. 101 ESS was for a large number of
small switch units operating from one control unit; data processing
was designed so that a switch unit would use one data link. With the
larger switch units more per-switch unit-data capacity was required;
this is provided by using multiple data channels. The four bus 3A
uses two data links; the 4A-1 switeh unit uses three, while the 4A-2
switch unit has six data link cireuits.

III. LINE CONNECTOR

3.1 Block Diagram

The line connector, shown in Fig. 5, connects station lines to the
B-links which are the inputs to the time division switch. Additional
required functions are the scanning of lines to detect service requests
(off-hooks) and data transmitting and receiving capability.

The line concentrator seans all idle lines; when a new off-hook
condition is encountered, scanning is stopped and a data message is
gent to the control unit giving the equipment number of the line
requesting service. Call processing at the control umit, finding an
idle path, sends a connect order to the line concentrator. The line
is then connected through to a B-link where it appears as an off-hook
request to a 3A time division switch, and its line connector scan
point removed transferring supervision control to the time division
switch. On a disconnect, the message to the line concentrator removes
the line’s connection to the B-link and restores the line’s scan point.

Line connector circuits have been physically divided into three
groups: line switching circuits, line switch controller, and data con-
verter. A line switching frame contains the per line equipment and
network for 256 lines. Up to four line switching frames are accessed
by a controller frame. A data converter will operate two line switch
controllers. The data converter receives serial data from the control
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Fig. 5 — Line connector block diagram.

unit and supplies parallel outputs to the controller; in return, parallel
information from the controllers is transmitted serially back to the
control unit via the data converter.

Most of the circuits use diode transistor logic and follow the
design pattern of the No. 1 ESS circuit packs.”

3.2 Line Swilching Frame

The major function of the line switching ecircuit is the intercon-
nection of lines and links. A line switching frame consists of eight
32-to-16 ratio line concentrators which accommodate a maximum
of 256 line terminals and ecan be connected to provide either a 2:1
or 4:1 line concentration ratio. A block diagram of the cireuits within
a frame is shown in Fig. 6, and Fig. 7 is a sketch of the seven-foot
frame, Besides the eight concentrators in a frame, there is a type 1B
ferrod per line, a 48 wire-spring relay translator, and 128 cut-through
relays.

Operation of ferreed crosspoint switches in the line concentrators is
accomplished by applying a high-current pulse to a selected path
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Fig. 6 — Block diagram of line switching circuits.

in the switching network. Three relays, one in each group of 16 of
the 48 relay translator, select the path to be pulsed.

The ferrod sensors enable a line scanner to determine the line
status since an idle line will normally have its ferrod connected to
tip and ring. When service is given to a line, its connection to its
ferrod is removed by action of a bipolar ferreed whose winding is
in the pulsing path.

When the relay translator is operated to select a pulse-current
path, it also operates a cut-through relay associated with the switch-
ing network link output. The cut-through relays have a combined
function: first, to open the B-link before ferreed crosspoints are
operated; sceond, to discharge the line; third, to connect the bal-
anced pair from the concentrator output switch to a test circuit after
the erosspoints are operated; and fourth, to cut-through the connection.
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3.3 Line Switch Controller Frame

The line switch controller frame contains two basic ecircuit groups:
line ferrod access circuits (line switch seanner) and line link access
circuits (line switch controller). Each cireuit is duplicated with one
on-line and the other in standby status. Fig. 8 is a block diagram
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and Fig. 9 shows the frame. A controller frame has the capacity to
access four line switching frames, a total of 1024 line terminals.

3.3.1 Line Switch Scanner

The line switch scanner receives address pulses from a scanner
control.® These pulses are applied to a biased core switch to give a
1-out-of-64 translation. Sixteen of these outputs interrogate a 256-
ferrod matrix in a line switching frame. One switch output inter-
rogates 16 ferrods simultaneously. These outputs are strobed, ampli-
fied, and passed on to the scanner control in the data converter frame.
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3.3.2 Line Switch Coniroller

Address and order information to the line switch controller is in
three groups: 26 bits of line-link data, order group of 6 bits, and
an enable bit. The line-link information specifies where in the net-
work fabric (station line and B-link) an operation should be per-
formed, and the order group data specifies what should be performed.

LINE SWITCH
SCANNERS

Lo FRAME
CONTROL PANEL

o

| LINE SWITCH
CONTROLLERS

FRAME
FUSE PANEL

J‘ FILTERS

Fig. 9— Line switch controller frame.
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The line switch controller message is placed in a register and trans-
lated by a reed relay translator which operates three path selector
relays in a line switching frame.

Regardless of the order being carried out, the normal timing se-
quence is the same. First, the path-select relays operate, selecting,
in addition to the pulse path, a cut-through relay. The operation
of a cut-through relay operates the high current pulser provided
a pulse path exists, and ten milliseconds later the output of the test
vertical circuit is strobed. Following the test vertical strobe, the relays
are released and the register reset. The normal cycle time is approxi-
mately 40 milliscconds. Had the normal cycle failed to be carried
out within 45 milliseconds an automatic reset circuit would release
the relays and reset the register.

Following each controller action (except the connect order) on
any network path in a line switching frame, a cross check is made
via the test vertical. Since the test is performed after the high-current
pulser has operated and before cut-through occurs, any normal con-
dition will present a balanced pair to the check circuits.

3.4 Data Converler

The main function of the data converter circuits is to enable the
control unit to access the remote switching network via voice band
data links. Three circuits, the data receiver and distributor, the scan-
ner control and data transmitter, and the transfer and alarms are
shown in Fig. 10. These make up the data converter frame shown in
Fig. 11. All circuits are duplicated except the output circuitry of
the transfer and alarms circuit.

3.4.1 Incoming Data Circuits

The serial data message from the data receiver is assembled in a
25-bit shift register, then gated in parallel to the line switeh control-
lers. Both incoming data circuits are active so that either may supply
incoming maintenance messages to the transfer and alarms circuit;
only one circuit at a time is permitted to gate to the controllers.
The 25-bit data message includes a two-bit start code and an odd
parity bit.

3.4.2 Scanner Control and Data Transmitter

Line scanning is carried out with the high order bits of a 12-stage
binary counter supplying address pulses to the line switch scanner
access circuits. The low order four bits of the address counter are
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used to interrogate a 16-bit register that receives line ferrod outputs.
When an off-hook is detected, the address counter is stopped and a
14-bit data message is transmitted to the control unit. The data mes-
sage consists of a one-bit start code, 12-bit equipment number, and
an odd parity bit. Scanning resumes when either a scanner go-ahead
is received from the control unit or a 0.5-second timer operates.
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8.4.3 Transfer and Alarms Circuits

The main role of the transfer and alarm circuit is to control the
on-line and off-line status of the various duplicated circuits and to
inform the control unit, via the on-line scanner control and data trans-
mitter, of the non-normal conditions. A 21-bit maintenance register
makes up the maintenance sean points that are scanned in sequence
by the on-line scanner following line scanning,.
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3.5 Reliability and Mainienance Fealures

The electronic circuits of the line connector are duplicated with
one circuit on line and the other in standby in order to allow the
system to operate in the presence of a failure. However, a finite
probability of simultaneous failures in duplicated circuits remains;
to decrease this probability, frequent testing is used.

During the normal call processing of setting up and tearing down
calls, three conditions can exist that require immediate attention:
(¢) the on-line incoming data circuits receive a message with wrong
parity, (i) an enabled line switch controller times out, or (iiZ) a cross
in the network of a line switching frame is detected. These three
conditions set priority scan points so that the on-line scanner control
and data transmitter will immediately send a message to the control
unit. Upon receipt of this priority message at the control unit, the
last message sent to the line connector will be repeated; if this mes-
sage results in a failure, a teletypewriter printout results and mainte-
nance programs are called into action, systematically switching gear
and retransmitting messages to find a working mode.

V. 4A SWITCH UNIT OPERATION

4.1 Organization of the A

Two basic circuit groups make up the 4A switch unit, the line con-
nector and the 3A switch unit. The 3A switch unit is referred to as a
3A time division switch when used as part of the 4A switch unit. To
adapt the 3A switch unit as to serve as the second stage network in
the 4A switeh unit it is only necessary to change trunk and line group
assignments. In the 3A, line groups 5 and 6 are reassigned as trunk
groups, and groups 8 through 15 are assigned to B-links. The 240
time slot 3A time division switch has the capability for a total of
six 6-port conference circuits, 12 attendants, 24 digit trunks, and a
maximum of 332 trunk circuits:

Type of Trunk Circuits
CO* only 144
Tiet or CO 144
Tie or special service
(FX, WATS, tel. dict, code call) 24
Tie only 20

* Central office.
7 Tie trunk.
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The 4A-2 switch unit has twice the number of circuits and trunks
as the 4A-1 switch unit, however, the number of attendant circuits
remains the same for both with a maximum of 12. The 3A time divi-
sion switch controls all attendant functions directly.

Station lines connect to the line connector; trunks and service cir-
cuits terminate on the 3A time division switch.

4.2 Two-Step Operation

The basic elements of a 4A switch unit are shown in Fig. 12, dup-
licate equipment and maintenance circuits are not shown other than
the four intergroup buses. Establishing or taking down connections in
the 4A-type switch units requires two operations, one in each of the
networks. Scanner circuits in each network scan all idle-inputs. As
discussed in Section 3 scanner circuits in the line connector interrogate
the line ferrods, and when an off-hook is encountered, scanning is
stopped and a 14-bit message is sent to the control unit indicating the
line connector equipment number that went off-hook. The 14-bit
message contains a one-bit start code, an odd parity bit, and a 12-bit
equipment number. Call programs at the control unit select a path
(A-link and B-link) and a 25-bit message is transmitted to the line
connector. Also, the control unit alerts the 3A time division switch
portion of the program to expect an off-hook from the B-link just
assigned. The 25-bit message contains the order (connect in this case),
the equipment number, and B-link involved in the connection. The
message also contains a two-bit start code and an odd-parity bit.
The message is shifted into the line connector data distributor and
gated to the line switch controller.

Once the controller is enabled, all of the various functions are
carried out to perform the desired network action. First the path
select relays are operated which in turn operate a B-link cut-through
relay removing the potential from the ferreed crosspoints that are
to be pulsed. The ferreeds are pulsed to connect the line, A-link, and
B-link together, also, the cutoff ferreed is operated to disconnect the
ferrod from the line. Relays are released and the B-link will now
appear off-hook in the 3A time division switeh. This off-hook will be
handled just as in normal 3A operation. In this instance, the B-link
will be connected to a digit trunk so that dialing may oceur.

When the line goes on-hook the B-link goes on-hook, the 3A time
division switch detects the change in scan point condition and sends
a 14-bit data message to the control unit. The control unit deter-
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mines from its memory what changes need to be made in the 3A
time division switch and in the line connector. A 47-bit message is
sent to the 3A time division switch to cause it to disconnect the time
division connection, and a 25-bit message is sent to the line con-
nector. The 25-bit message is similar to the connect message, except
that the order is now a disconnect which causes the line switch
controller to disconnect the line from the A-link and to release the
cutoff ferreed, thus restoring the ferrod sensor so that the next off-hook
occurrence of the line will be detected. Before the relays are released
the network path is tested via the test vertical.

A line-to-trunk call involves the time division connection of the
trunk to the intergroup bus in the 3A time division switch, the time
division connection of the intergroup bus to a B-link to the line
connector, and connection through two ferreed switches in the line
connector to the line. Tone, dialing, and ringing connections are set
up in a similar manner. A line-to-line call involves two sets of ferreed
switches plus the time division connections in the 3A time division
switch.

4.3 Plug-In Units

Cables between the frames of the line connector are equipped with
plug-in connectors except for the power leads. Two cable racks are
provided, one at the top and the other at the bottom of the frames.
Frames are of one size and fasten together in a line with end panels
on the end frames. Individual front and rear panels are the same for
all frames. B-link cables connect directly from the line connector
frames to the 3A time division switch units and do not connect to
the distributing frame.

4.4 Options and Growth

All the options are provided by plug-in, that is, a frame has the
gsame wiring regardless of the options selected at the time of instal-
lation. In the data converter frame, the data link option of either
loaded or nonloaded facilities is obtained by placing the circuit packs
involved in the proper position in the mounting tray. If the second
controller frame is used, a second set of cable drivers and receivers
is installed in the positions provided.

A controller frame is equipped to handle four line switching frames
(1024 line terminals); if less than the four frames are provided, the
unused outputs are left idle.

A line switching frame has a 2:1 concentration ratio; by paralleling
B-links (connecting the outputs of concentrators 0 and 4, 1 and 5,
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2 and 6, and 3 and 7) a 4:1 concentration ratio is provided. Two
plug-in jumper cables on the frame provide this option.

V. STATUS

The first 4A switch unit was placed in service in February 1967
by Illinois Bell Telephone Company to provide telephone service for
more than 1300 telephones at Bell Telephone Laboratories, Indian
Hill, Naperville, Illinois. By the end of 1967 a total of six 4A switch
units were in operation. The 4A-2 switch unit is scheduled for service
in 1969.

VI. SUMMARY

The 4A switch units provide all of the No. 101 ESS service features
to large PBX and Centrex customers with requirements for up to
4000 lines. Two stage switching with a combination of space and
time division has resulted in an attractively priced system.
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