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Design of Economic PCM Arrays with a
Prescribed Grade of Service

KLAUS ROTHMAIER anp REINHARD SCHELLER

Abstract—This paper deals with the design of economically struc-
tured PCM switching arrays for traffic distribution. The presented
switching arrays are symmetrically structured, and have one up to six
stages and use different combinations of time stages T and space stages
S, respectively. It is shown how such arrays can be designed for a
required grade of service having a prescribed number of terminations
and a prescribed carried traffic per time slot. Their relative costs per
termination equal to that per time slot are calculated. These are costs
for the gates and costs for memory bits, i.e., speech memories and all
control memories.

All presented PCM switching arrays are mapped into the cor-
responding space division multiplex (SDM) arrays. This allows a
simple comparison with SDM link systems and an easy calculation of
the point-to-point loss.

The paper concludes comparing the traffic behavior and costs of the
various PCM switching arrays. Finally, new ‘“PCM charts’’ are
developed as useful means for the design of economic PCM switching
arrays.

A second paper of this congress [14] compares traffic equivalent
PCM and SDM switching arrays, respectively, with regard to their
economic design, their traffic behavior, and their costs per ter-
mination.

I. INTRODUCTION

UE to the decreasing costs of digital techniques, PCM

switching becomes more and more an economic alterna-
tive to space division multiplex switching. Therefore, the aim
of this paper is to give a systematic survey of suitable switch-
ing arrays using different types and sequences of stages within
the array, namely time stages 7" and space stages S.

II. ELEMENTS OF A PCM SWITCHING ARRAY
A. The Space Stage

A space stage is composed of space switches (SS) consisting
of matrices for time-multiplex lines (ML). Each switching
matrix has 4 incoming and j outgoing ML’s, having M time
less than the number of incoming ones.

The space stage only allows the coincident switching of
time slots (TS) from each incoming ML to each outgoing ML.
Switching is performed by logical gates, forming the cross-
points of the matrices. They are controlled by control mem-
ories. The cheapest realization is achieved if a control memory
controls the gates of an incoming ML, if & <j. A control mem-
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Fig. 1. Space switch.

ory has as many storage places as there are TS on the ML;
each storage place needs [Idj] bits, where [ ] means the
next greater integer value. To simplify the figures, a short
notation for the SS is introduced, as shown in Fig. 1.

B. The Time Stage

A time stage is composed of a number of time slot inter-
changes (TSI), consisting of speech memories and control
memories.

A TSI allows the switching of each of the M time slots of
the incoming ML’s to each of the M* time-slots of the out-
going ML’s. M* may be greater or less than M. Time slot
interchanging is performed by the speech memory and the
respective control memory. The control memory controls
either writing into the speech memory or reading out from it.
This function of random addressing is depicted in Fig. 2 by
a double arrow. Reading or writing on the other side of the
speech memory is done cyclically according to the time-slot
counter.

The cheapest realization is achieved if the control memory
controls that side of the speech memory where the number of
time slots is greater.

To simplify the figures, a short notation for the TSI’sis
introduced, as shown in Fig. 2.

[II. SWITCHING MODE AND ARRAY STRUCTURE

PCM switching is always four-wire equivalent, i.e., a PCM
highway consists always of two multiplex lines (ML), one for
each speech direction. Therefore, two time slots, one in each
multiplex line, have to be provided for one speech connection.

The structure of a PCM switching array depends on the
decision which of the two following switching modes should

0090-6778/81/0700-0925830.75 © 1981 IEEE
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Fig. 2. Time-slot interchange.
be applied:

e separated switching, or
e combined switching.

A. Separated Switching

Separated switching (SSW) means that only connections
from incoming highways to outgoing highways (from left
to right) can be established. This leads to an array structure
where fwo identical, but separated, arrays for the two speech
directions have to be provided (see Fig. 3).

On the left-hand side of the two identical arrays all in-
coming highways, carrying only one-way traffic, terminate
each speech direction (ML) on an array of its own. The same
holds for the outgoing highways terminating on the right-
hand side. If the two paths for the two speech directions in
both arrays are chosen identically, it is sufficient to provide
control memories only for one network; the other one can
also be controlled by these memories.

This corresponds exactly to the unidirectional operation
mode of many SDM link systems for traffic distribution.

B. Combined Switching

Combined switching (CSW) means that connections be-
tween all highways connected to the (one and only) arrav can
be established; the highways may carry two-way traffic as well
as one-way traffic.

The incoming speech directions of all highways terminate
on the left-hand side of the array, the outgoing speech direc-
tions on the right-hand side (see Fig. 4). For each speech
connection one has, therefore, to establish, in any case, two
paths through the same combined switching array.

The manner how these two paths are allocated within the
array has a remarkable influence on the costs. Suitable path
allocation principles will be presented in the following chap-
ter.

C. Path Allocation Principles for Combined Switching

Combined switching allows various path allocation princi-
ples to be applied in order to save control memories for gates
as well as for speech memories. If the two paths of one speech
connection (from A > B and B > A) are switched symmetri-
cally to the median vertical line, the control memories on the
left-hand side can control the elements on the right-hand
side, too.

It is necessary for all path allocation principles tc have
symmetrically structured PCM switching arrays, i.e., the types
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Fig. 4. Combined switching mode.

and the numbers of stages have to be identical on both sides'
of the median vertical line.

This prerequisite holds for all investigations and switching
arrays discussed in the following.

Two different principles are possible:

e the symmetrical path allocation, and

e the quasi-symmetrical path allocation.

The implementation of these principles varies, depending
on the type of the first and the last stage of the switching
array (T or S stage).

1) Path Allocation within T---T Arrays: Symmetrical path
allocation means that,in addition to the symmetrical switch-
ing, both paths of one connection of likewise numbered time
slots are used between the first and the last T stage. Sym-
metrical path allocation has the restriction that connections
between speech paths within the same highway cannot be
established. Quasi-symmetrical path allocation, however,
allows such connections.

For this purpose the two speech paths of one connection
use an evenfodd time-slot relation instead of likewise num- |
bered TS {22].

Both allocation principles allow saving half of the control
memories, if the number of stages is even; if not, control
memories can be saved for all stages except for the middle
one.

2) Path Allocation within S -+ S Arrays: Symmetrical path
allocation means that the two speech directions of one connec-
tion lead symmetrically over the same time-lot interchange in
the middle T stage. Quasi-symmetrical path allocation differs,
concerning the paths in the middle T stage. Now, these two
paths do not lead through the same TSI; instead they lead
through two related TSI’s, which can be controlled by one
control memory. Thus, half of the control memories of the
middle stage can be saved as well.

For switching within the STSTS and STSSTS array, having
no middle T stage, quasi-symmetrical path allocation is ap-
plied between the two T stages as described above.

IV. INVESTIGATED PCM ARRAYS

With T stages and S stages, a great variety of PCM switching
arrays can be designed. Among all these arrays, only a few are
symmetrically structured, ie., the types and numbers of
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stages on the left- and right-hand side of the median vertical
line are identical. Only these symmetrical arrays allow savings
in control memories, if a path allocation principle for com-
bined switching is implemented. Arrays consisting only of
space stages, will not be regarded as they have a very poor
traffic behavior. Furthermore, systems with consecutive time
stages are not considered, because they do not improve the
traffic efficiency.

Thus, the one- to six-stage arrays described in the following
remain the only arrays to fulfill the prerequisites. For each
array design, formulas are given which are derived in a related
paper of this ITC [14]. These formulas allow the building of
economic PCM switching arrays. Furthermore, the mapping of
PCM arrays into equivalent SDM arrays is presented using
some examples. Mapping is advantageous in order to calculate
the grade of service of the PCM switching arrays.

As in SDM arrays and in PCM arrays, an expansion in the
first stage is possible to obtain a desired probability of loss.
The realization of this expansion will be discussed in the fol-
lowing chapter.

A. Expansion of PCM Switching Arrays

It is known from SDM arrays that the loss probability is
influenced by an expansion in the first stage and a corres-
ponding concentration in the last stage; all multiples in the
intermediate stages switch 1:1. This expansion leads to differ-
ent realizations in PCM switching arrays depending on the type
of the first and the last stage (S or 7).

If both are T stages, expansion can be performed by in-
creasing the number of time slots within the PCM array.
This is, however, only possible up to a maximum clock fre-
quency which is assumed to be about 8 MHz, for the time
being. This clock frequency allows one ML to carry 120/128
TS if the voice samples are transmitted in serial and
960/1024 TS if parallel transmitting is applied. If the first and
the last stage are S stages, expansion means to increase the
number of outgoing ML’s per SS in the first stage (cf. Fig. 1).

This is exactly the same method as that in SDM arrays.

The following assumptions hold for all presented PCM
arrays:

e the PCM switching arrays are symmetrically structured
and have as many incoming ML’s as outgoing ones;

e expansion is always performed in the first stage, concen-
tration in the last stage; all intermediate stages switch 1:1;

e the maximum clock frequency for switching is assurned
to be 8.192 MHZ.

From this it follows:

e serial transmitting allows one ML to carry 120/128 TS;

eparallel transmitting allows one ML to carry 960/1024 TS.

‘B. One Stage Switching Array: The T-Stage

The T stage is only one timeslot interchange, consisting
of a speech memory and a control memory (cf. Fig. 5). To
allow switching between more than one PCM highway a cer-
tain number of them has to be multiplexed before switching
into one ML; a maximum of 960/1024 TS per ML can be
achieved; this corresponds to 32 PCM 30/32 systems. The
T stage is strictly nonblocking.
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Fig. 5. The time stage.

As it is known, this way of “T stage switching” is eco-
nomic, at least up to 960/1024 terminations. If more than
960/1024 terminations (or TS, respectively) have to be
switched the costs increase remarkably. A correct cost com-
parison with multistage PCM arrays seems to be very difficult
and therefore has not been performed.

C. Three Stage Switching Arrays

1) The STS Array: Fig. 6(a) shows the PCM array and
Fig. 6(b) its mapped array . The mapping rules are as follows.

One time-slot interchange of the T stage becomes one
multiple with M inlets and M outlets; the ML’s on the left-
and right-hand side of the TSI carry the same number of time
slots.

A space switch becomes a column of M multiples, each
having A, inlets and j, outlets; and j; has to be chosen such
that the desired probability of loss is achieved. An expansion
factor B is introduced which holds 8 =7, /h;.

The mapping of the incoming and outgoing ML’s, con-
nected to the first and last stage, respectively, is such that the
M time slots of each ML terminate at M different multiples.

From this it follows that different marking methods can be
applied:

e point-to-point marking, PPL calculation [9]

e point-to-point marking with multiple marking attempts,
PPLM calculation [13]

e point-to-group marking, CLIGS calculation [1], [2].

The latter two marking methods are possible, as one trunk
group, ie., one PCM multiplex line can be reached via M
different multiples of the last stage. It is well known that
point-to-group marking leads to the lowest probability of loss,
but requires the maximum time for path searching.

It is possible to make this array strictly nonblocking, if
j1 is chosen to (2h; —1) [5].

2) The TST Array: Because of the TSD’sin the first and the
last stage, point-to-point selection is the only possible selection
mode (see Section IV-D). Fig. 7 shows the TST array. Expan-
sion is performed by increasing the number of internal time
slots M*, If M* is chosen to M* = 2M — 1 the array becomes
strictly nonblocking [5].

The mapping of a T-T array will be discussed in the
following chapter. Instead of the whole mapped array, the
short notation of the equivalent SDM array is shown in Fig. 7.

D. The Four Stage Switching Array: TSST

The four-stage TSST array, see Fig. 8(a), is the first to
allow forming of blocks. Fig. 8(b) shows the mapped array.
The same mapping rules hold, as above. One TSI of the first
and last stage, respectively, becomes one multiple with M
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Design Formuia:
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Fig. 6. (a) STS array. (b) Mapped STS array.

Design Formula:

hy=j, = HW
M*=(3-M
T S T
pe 0]
(2 hzjz
—{ 1 {_}—
H! Hw

Short Notation :
MIM* holj  M*M
h2 M* 2

Fig. 7. (a) TST array. (b) Mapped TST array and its short notation.

Design Formula:
hy=j,=hy=jy= V HW
M* =B M

h ' 'S j30
2 e e W
HW  hyMt M HW

Fig. 8. (a) TSST array. (b) Mapped TSST array.

inlets and M* outlets or vice versa. Normally M* is greater
than M because of the necessary expansion.

A space switch again becomes a column of M* multiples
with s, inlets and j, outlets each, if, e.g., the second stage is
regarded.

The blocks which are formed between stages 1 and 2 as well
as 3 and 4 of the PCM array appear also as blocks within the
mapped array. The incoming and outgoing ML’s terminate at
one TSI: From this it follows that the equivalent trunk group
in the mapped array terminates also on only one multiple.
Therefore, only point-to-point selection is possible, as one
outgoing ML can only be reached via one multiple of the
last stage.

The dashed lines between stages 2 and 3 have to be pro-
vided if combined switching (cf. Section III-B.) is applied.
This is necessary for this switching mode only, as thus the
number of possible connections remains constant between all
blocks on the left- and the right-hand side, including likewise
numbered blocks (one connection requires two paths).

The design formula follows in this case from the prerequi-
site that all intermediate stages switch 1:1 and the number
of incoming and outgoing ML’s is the same, namely HW.

This four-stage array can easily be extended from a smaller
initial size to the planned final size, if the principle of constant
block size is applied [9], [12]. In this case the SS have «
priori the final size. For intermediate sizes of the four-stage
array with less blocks more than one ML leads from a block on
the left-hand side to a block on the right-hand side.

E. Five Stage Switching Arrays

There are four five-stage arrays that fulfill the requirement
of being symmetrical: the TSSST, the SSTSS, the STSTS, and
the TSTST array.

The last one, however, does not increase the traffic capacity
compared with the four-stage array.

1) The TSSST Array: Fig. 9(a) shows the PCM array and
Fig. 9(b) the mapped equivalent SDM array. The same design
rules as discussed above are applied. Blocks are formed be-
tween stages one and two as well as between stages four and
five. The appearance of the blocks in the equivalent SDM
array is the same as in Section IV-D. The presentation of the
middle stage is such that, multiples representing the same time-
slot number are adjacent.

The structure of the presented mapped SDM array holds
for all five-stage arrays. There are only differences in the
number of inlets and outlets of the multiples as well as in the
mapping of the incoming and outgoing ML’s.

The other two five-stage arrays (Fig. 10(a),11) have S-stages
in the first and the last stage. Therefore, in the mapped SDM
array, the incoming and outgoing ML’s of stage one and five,
respectively, terminate at a column of M multiples (cf. Fig.
10(b), 11).

The TSSST array can be extended in the same way as the
four-stage array if the space switches are designed for the final
size.
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(a)

Fig. 9.

(b)

Fig. 10.:

Design Formula:
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(a) TSSST array. (b) Mapped TSSST array.
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Fig. 11.

STSTS array.

2) The SSTSS Array.: This array allows forming of blocks
between stages two, three, and four [cf. Fig.10(a)].Expansion
in the first stage is performed by increasing the number of
ML’s: j; = B * h;. If, in contradiction to the prerequisites,
the second stage is also expanded, the array can become
strictly nonblocking (the values are: j; = 2hy; — 1, Jo =
2hy — 1) [5].

The array allows very good extension strategies if the
blocks in the middle stages and the space switches are designed
for the final size. It is even possible, again in contradiction to
the prerequisites, to make only the internal block strictly
nonblocking. Then this block could have a control unit of its
own and path searching could be simplified because the whole
array could be regarded like a three-stage array [19]. Fig.
10(a) shows the PCM array and Fig. 10(b) the equivalent
SDM array.

3) The STSTS Array: Fig. 11 shows the STSTS array and
the short notation of the mapped array. Again blocks are
formed between stages one and two as well as four and five.
The extension strategy of this array is the same as above.
Quasi-symmetrical path allocation is applied between the two
T stages, if combined switching is provided. ‘

F. Six Stage PCM Switching Arrays

1) The TSSSST Array: There are different possibilities for
the structure of this type of array. The presented array has the
minimum amount of costs and can easily be extended, if the
blocks and space switches are designed for the final size. As
the first and the last stage is a 7" stage only point-to-point
selection is possible. Fig. 12 shows the PCM array, the short
notation of the mapped array, and the design formula,

2) The STSSTS Array: Blocks can be formed within the
first three and the last three stages (cf. Fig. 13). Intercon-
nection between the blocks is performed between stages
three and four.

The dashed ML’s are necessary for combined switching in
order to have the same number of possible connections from
each block on the left-hand side to each block on the right-
hand side. Between the two T stages quasi-symmetrical path
allocation is applied. The extension strategies for this array
are the same as discussed above.

Interleaved wiring [9], [16] which can be used in SDM
switching arrays to improve the grade of service is not possible
because the considered PCM systems must be symmetrically
structured. Therefore, the PPL method, which allows the
calculation of the point-to-point loss, was slightly modified
for five and six stage arrays. [16].

Simulations show that the PPL method offers good results
for separated switching as well as for combined switching.

V.IMPORTANT FEATURES OF PCM
SWITCHING ARRAYS

When the choice of a structure and the number of highways
to be connected to has been made, the number of ML’s
terminating in one matrix or block is the only variable remain-
ing free. This variable, however, is responsible for the number
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Fig. 12. TSSSST array.

Design Formula:
: L3
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Fig. 13. STSSTS array.

of blocks and has a great influence on the costs of the whole
array.

A related paper [14] presents how this variable has to be
chosen to obtain minimum costs for the whole array. The
design formulas that have been given for each array result
from this optimal choice.

For the following comparisons concerning the quality of
the PCM switching arrays, only point-topoint selection will be
considered.

A. Calculation of the Costs of a PCM Switching Array

The costs for a PCM array are the sum of the costs for all
logical gates in the crosspoints of the space switches, the
costs for the control memories of the SS, and the costs for
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the TSI, i.e., costs for the speech memories and the respec-
tive control memories. The costs for the control memories
depend on whether a path allocation principle is applied or
not. The formulas for the calculation of the costs are given in
the annex. For all formulas it is assumed that quasi-symmet-
rical path allocation for 7T arrays as well as for S-S arrays
is applied.

To obtain a uniform manner of presentation, a cost ratio
(CR) is introduced which is the ratio between the costs for a
gate and the costs for a storage bit.

The additional hardware elements, necessary to control the
function of the memories and gates can be taken into account
by choosing an appropriate value for CR.

For the costs it holds

~COSTS = CR*G + CMG + SM + CMSM (abbreviations
explained in the Annex).

To summarize the formulas—The parameters that influence
the costs of the PCM switching array are:

e the type of the array,

e the number of highways to be connected to,
e the number of TS per highway,

e combined or separated switching,

e serial or parallel switching,

e the cost ratio CR.

Fig. 14 shows a comparison among the costs of the pre-
sented arrays. The number of TS per ML is 30, a cost ratio of
5 is assumed, and combined switching is performed in serial.

All arrays are expanded such that, for a prescribed carried
traffic per TS, Y/TS = 0.8 Erlangs. The point-to-point loss is
B,, ~ 0.1 percent.

The curves show that both three-stage arrays become rather
expensive for increasing highway numbers. This comes from
the large space switches heaving HW? gates. The disconti-
nuities in these curves, as well as in the other ones, follow
from the control bits for addressing the space switches. When-
ever the dual coded address requires an additional bit, such
a discontinuity appears.

Among the other multistage arrays these arrays are the
cheapest which have a T stage as the first and the last one;
those with an § stage are more expensive.

There are two reasons for the 7T---T arrays to be less ex-
pensive.

o The TSI’s in the first and last stage are in their mapped
form SDM multiples, having a size of about 30/40. Large
multiples like these in the first stage favor the grade of serv-
ice.

e Expansion is performed by increasing the number of
internal TS which is the cheapest expansion mode.

These reasons do not hold for the S-S arrays.

The economic multiple size in the first stage is relatively
small. Therefore, a remarkable expansion is often necessary in
order to obtain the prescribed probability of loss; this in-
creases the costs.

To summarize the results of Fig. 14: The above prereq-
uisites hold that 7 - T arrays are the most economic ones,
having costs of 30 - 50 bits/TS (per termination, respec-
tively).
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Fig. 14. Relative costs per time slot for different highway numbers
Y/TS = 0.8 Erlangs, Bpp = 0.1 percent, CR = 5, M =30 TS/ML,
combined, serial switching.

B. Influence of the Number of TS per ML on the Loss Proba-
bility and the Costs

The relative costs for a PCM switching array can be reduced
if, having a constant total number of terminations, the number
of TS within one ML is increased and, consequently, the
number of ML’s decreased. The savings in costs lie in the logi-
cal gates, as their costs generally remain constant whether they
have to switch 30 or 120 TS. The principle of realization is
to multiplex several ML’s with 30 TS each, into one ML with
120 TS. Fig. 15 shows, as an example, this “multiplexing be-
fore switching” for the two types of three-stage arrays.

Fig. 15 (b) and (c) shows the mapped SDM arrays of the
TST and STS PCM array. The increased number of TS has
quite different effects on the two array types.

For the mapped TST array it holds that the multiples in
the first and the last stage become greater, from 30/30 to
120/120. This decreases the loss probability. Fig. 16 shows
this effect.

Curve 1 holds for the array with M = 30 TS per ML,
Curve 3 for M = 120 TS per ML. Additionally, Curve 2 shows
the traffic behavior for M = 60 TS/ML.

If the relative costs are calculated, the following values
hold (CR = 5) for the TST array:

e for M = 30 TS/ML the relative costs are 28 bits/TS,
o for M = 120 TS/ML the relative costs are 25 bits/TS.

It should be noticed that the probability of loss as well
as the costs/TS decrease if the number of TS/ML is increased
from 30 to 120 TS/ML.

The effect is different for the STS array. For 120 TS/ML
the multiples in the first stage become smaller, Fig. 15(c) and
the loss probability increases (compare curves 4 and 6). How-
ever, the costs still decrease (CR = 5):

e for M = 30 TS/ML the relative costs are 22 bits/TS,
e for M = 120 TS/ML the relative costs are 17 bits/TS.
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Fig. 16. Probability of loss for various TST and STS arrays.

The loss probability for M = 60 is additionally depicted.

Therefore, a comparison is necessary between STS arrays,
having M = 30 and 120 TS/ML, which are expanded such that
they have approximately the same probability of loss for the
same prescribed traffic per line (here Y/n =~ 0.8 Erlangs and
B, = 2 percent).

Fig. 16 shows the resulting curves 7 and 8 and the short
notation of these expanded arrays. Their calculated costs
are now:

e for M = 30 TS/ML, 28 bits/TS,
o for M = 120 TS/ML, 26 bits/TS.
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These costs show that “multiplexing before switching” may
also be favorable for STS arrays because of decreasing relative
costs. Additionally, a smaller increase of loss in case of over-
load is obtained for M = 120 TS/ML (cf. curves 7 and 8;
Fig. 16).

Further information about the relative costs of STS and
TST arrays, respectively, can be found in Fig. 17 and in the
PCM charts [15].

In the following, a comparison concerning the costs is
presented between arrays which have a prescribed probability
of loss and a constant number of terminations for a pre-
scribed carried traffic per termination.

The constant number of terminations is # = 4320; the
traffic per termination is prescribed to 0. Erlangs and the
point-to-point loss to 0.1 percent. The presented arrays use
combined switching as well as separated switching.

It should be noted that the number of terminations is
always equal to the number of TS for both switching modes.
The calculated relative costs are depicted in Fig. 17 versus
different numbers of highways having M = 30, 60, and 120
TS/ML. The linked values hold for the same total number of
highways connected to the array.

First Result: The relative costs of all PCM arrays are re-
duced if the number M of TS/ML is increased, while the total
number of connected terminations remains constant. This
holds for combined switching, denoted in the figure by circles
as well as for separated switching, denoted in the figure by
squares. The decrease of the costs is essentially due to the fact
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that the space switches become smaller whereas the costs per
gate remain constant,. independent of whether 30 or 120 TS
have to be switched. The number of control memory bits for
the gates is reduced and for the speech memories it is increased.
Due to this increase, it may sometimes be possible that the
savings of the space switches are compensated for by addi-
tional costs for the TSI’s. This is particularly so if the SS and
the CR are small. ,

Second Result: The figure shows that separated switching
is generally cheaper than combined switching represented by
the falling lines between the circles and the squares. However,
separated switching does not allow connections to be estab-
lished between all highways. The decrease of the costs is
again due to the fact that the SS become smaller as only half
of the highways are connected to one array (constant number
of terminations provided).

There are some exceptions, however, e.g., the SSTSS array
with M = 60. There are savings in the number of gates but
additional costs are necessary for control memories that
compensate the savings.

Third Result: The cost relation among the discussed arrays
changes with the number of TS per ML.

For combined switching with 144 highways, the values are
the same as in Fig. 14 for HW = 144.

For M = 30, the three-stage arrays are rather expensive
and the four-stage array is the cheapest.

For M = 60, the STSTS and STSSTS array become most
expensive. Again the reasons are the small SS and the great
expansion necessary to obtain the prescribed loss proba-
bility. These two arrays remain expensive also for the other
values of M, as this effect cannot be reduced.

For M = 120, the costs of all arrays are smaller. The con-
sequence is such that if “multiplexing before switching” is not
too expensive it should be applied.

C. Influence of the Cost Ratio

The influence of the cost ratio is the last to be discussed.
Up to now all comparisons have been based on CR = 5=
constraint. The influence of the various CR on the arrays
having 144 highways is shown in Fig. 18. Of course, the costs
of all arrays increase with an increasing cost ratio. The strong-
est increase suffers the three-stage arrays; the smallest increase
holds for the 7 -+ T arrays. The decision, which cost ratio has
to be assumed in practice, depends on the momentary tech-
nological standard as well as on the additional hardware costs
for the control of the elements.

VI. DESIGN OF ECONOMIC PCM SWITCHING ARRAYS
BY MEANS OF THE PCM-CHARTS

In order to support field engineers in choosing the best
suited PCM switching arrays for a certain application, a book-
let with a large number of PCM charts was edited [15]. These
PCM charts allow the design of economic switching arrays for
various numbers of highways and different values of M time
slots (TS) per multiplex line. When the desired probability of
loss for the prescribed carried traffic per time slot Y/TS
(equal to the carried traffic per termination) is chosen, the
array can be constructed.
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Its resulting relative costs for different cost ratios can also
be found in the charts Fig. 19 shows a PCM chart of one
four-stage array.

The left chart shows the expansion of the array versus
the carried traffic per TS, the probability of loss is the curve
parameter. The curves hold for a PCM array using combined
switching having 196 highways and for an array using sepa-
rated switching having 2 - 196 highways. The right chart
shows the necessary costs for a given expansion; parameter
for the curves is the cost ratio CR. The bold line holds for
combined switching, the dashed line for separated switching.
It should be noted that the array for separated switching has
double the number of terminations.

PCM chart for a TSST array.

The use of the charts will be shown by means of the follow-
ing example.

A four stage PCM array is to be designed. The final size
should allow 196 highways to connect with M = 30 TS each;
combined switching is performed and CR is 5.

The required probability of loss for a prescribed Y/TS of
0.8 Erlangs is Bpp = 0.1 percent.

Step 1) The necessary expansion can be found in the left
chart; its value is about 1.6. This value, together with A, = 14
allows the design of the PCM array, see Fig. 20. The additional
“horizontal” ML’s are necessary as combined switching is
required. The expansion is performed by increasing the num-
ber of internal TS from 30 to 48.
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Fig. 20. Design example for the TSST array, Y/TS = 0.8 Erlangs,
Bpp = 0.1 percent, combined, serial switching.

Step 2) The resulting costs for different cost ratios can be
found in the right chart.
Step 3) For CR = 5, the costs are about 35 bits/TS.

VII. SUMMARY

Symmetrical PCM switching arrays having one to six
stages have been discussed in the paper. It was shown how the
PCM arrays can be mapped into equivalent SDM arrays to
simplify the calculation of their probability of loss. The
relative costs of the PCM arrays have been calculated apply-
ing different switching modes. Design formulas are given which
are derived in the related paper [14]. The paper concludes in
presenting new PCM charts for the quick and economic de-
sign of PCM switching arrays.

VIII. ANNEX

Formulas are given to calculate the amount of gates (G),
the amount for their control memories (CMG), the number of
speech memories (SM) and their control memories (CMSM).
The equations have a general form in order to allow their
application also if, e.g., additional ML’s have to be provided.
The prerequisite of symmetrically structured arrays is already
implemented.

Abbreviations and Prerequisites:

G : number of gates

CMG number of control memory bits for the gates

SM number of speech memory bits

CMSM number of control memory bits for the SM’s

M : number of time slots per multiplex line

E . separated switching E=2
combined switching E=1

P . switching in serial P=1
parallel switching P=8

g : expansion is always performed in the first and
concentration in the last stages, intermediate
stages switch 1:1

lda logarithmus dualis log, a

o . allocation principle within S --- S arrays
symmetrical allocation 0=1
quasi-symmetrical allocation Q=05

e the number of incoming and outgoing ML is identical,
e switching arrays are structured symmetrically,
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e the forming of blocks is as discussed above.

TST:

G = h,%<E-P

CMG = hyBM-ldh,’

SM = hy-M-2:8°F

CMSM = hyB-M-Eld M

STS:

G = hl'j1'2'E°P

CMG = hyM-E-ldj,

SM = ji*M-§8E

CMSM = j*M-Q-ld M

TSST:

G = HW-<j,*2E-P

CMG = HW-B-M-E-ldj,

SM = HW-M-2-8E

CMSM = HW-§-M-E-ld M

TSSST:

G = (HW<jp-2 + h3*j3°jy)-E-P
CMG = HW-B-M-E-ldj, +jyh3B-M-Ild h3
SM = HW-M-2-8E

CMSM HW-B-M-E-ld M

SSTSS: ;

G = (HW-j, 2+ hy<jyiy 2)-E-P
CMG = (ldj, + Bldj,)-HW-M-E

SM = ji*j2M-8E

CMSM = jyj2-M-Q-ld M

STSTS:

G = (HW]i-2+hyfs0)EP
CMG = (E'ldj, +Bldj3)-HW-M

SM = HW-3-M-2-8F

CMSM = HW-B-M-E-ldM

TSSSST:

G = (HW-jp+2 + 2:h3®j3ejy) E-P ‘
CMG = (HW-B-M-ldj, +jp-h3%-B-M-ld j3)°E
SM = HW-M-2-8F

CMSM = HW g-M-E-ld M

STSSTS:

G = (HW+j1 -2+ h3*+j3+j; ) E-P
CMG = (HW-M'ldj, +HW-8-M-ld j3)-F
SM = HW-3-M-2-8°F

CMSM = HW-B-M-Eld M

Example: In order to show the use of these formulas, a
TSSST array will serve as an example for the calculation of

1 Whenever Id a is used, it has to be checked whether or not the re-
sult is an integer value. If not, the next greater integer value has to be
chosen for the calculation of the number of bits.
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lation of the relative costs.

the different values. In Fig. 21 the considered array is de-
picted; combined and serial switching is applied (£ = 1,
P = 1). The expansion is chosen such that B, = 0.1 percent
for Y/TS = 0.8 Erlangs is achieved.

G=WHW:-j,2+h3 *j3 *[) E-P
=(@49-7-247-7-7)-1-1
= 1029
CMG=HWB*M-E - ldpp+j, ~h3*B-M-=-idh3
=4942-1-3+7-7-42-3
= 12348
SM=HW -M-2-8-F
=49:30-2-8-1
= 23520
CMSM=HW -f-M-E-ldM
 =49-42-1-5
= 10290

Assuming a cost ratio CR = 5, the resulting relative costs
are {compare also Fig. 14)

COSTS per TS = (1029 + 5 + 12348 + 23520

+ 10290)(49 * 30)
= 34.92 bits/TS.
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