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The Ferreed — A New Switching Device

By A. FEINER, C. A. LOVELL, T. N. LOWRY
and P. G. RIDINGER

(Manuscript received September 14, 1959)

An experimental switching device is described that has the following prop-
erties: (a) sealed metallic contacts, (b) control times in the microsecond range,
(¢) coincident selection, (d) memory without holding power and (e) small
size. The device, named the ferreed, may be used as a crosspoint in telephone
switching networks of the space-separation type. The development of the
ferreed ts traced from a conceptual model, through realization of a practical
model, to posstble applications in switching networks. Two methods of co-
incident control are discussed, and three devices related o the conceptual
ferreed are described briefly.

I. INTRODUCTION

The spectacular success of the electronie technology during the last
decade, particularly in the field of computers and semiconductors, has
provided a challenge to the communication industry. The problem of
realizing the promise of electronics in telephone switching systems has
been taken up by many communications laboratories.!?* Many differ-
ent approaches were and are being taken. But no component of the
telephone office has received a more varied treatment than has the usu-
ally most voluminous and costly part that permits the telephone cus-
tomers to be interconnected — the switching network.

1
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The multiplicity of solutions considered for the network problem can
be grouped into three main categories:

i. space-separation networks combining electronic controls with con-
ventional electromechanical switches;

ii. space-separation networks making use of electronic devices such
as gas tubes or semiconductor elements as crosspoints; and

iii. time-division techniques that attempt to utilize fully the switch-
ing speeds of the electronic devices.

It is perhaps due to the complex nature of the network problem that
none of these solutions has shown very clear and conclusive evidence of
economic superiority. Solutions involving conventional electromechani-
cal networks with electronic controls suffer from the time incompatibility
between the two. While removing this difficulty, the purely electronic
solutions bring with them handicaps of their own: the need for different
and perhaps more costly telephone sets leading to difficult and unpre-
cedented cutover procedures, new protection problems and limitations
in transmission properties.

It was in this climate that a new class of switching devices was con-
ceived. The ferreeds, as the new devices were named, are characterized
by providing metallic contacts while being controllable at electronic
speeds. Furthermore, the ferreeds can be left operated without holding
power being required, have sealed contacts and can be selected by coin-
cident current methods. These properties make the devices attractive
for use as network crosspoints in electronic switching systems.

II. THE CONCEPTUAL DEVICE

2.1 Ferrite + Magnetic Reeds = Ferreed

The ferreed, as its name implies, comprises a magnetically hard fer-
rite member in combination with a magnetic reed switch. The switch
consists of two soft magnetic reeds, which are responsive to the remanent
magnetic field of the ferrite and which also serve as electrical contacts.

A conceptual model of the ferreed may be developed from the basic
device shown in Fig. 1(a). In this simple structure a pair of overlapping
reeds is fastened between the ends of a semicircular ferrite member.
An exciting winding is uniformly distributed over the length of the fer-
rite. A short pulse of current applied to the exciting winding magnetizes
the ferrite, which in turn induces unlike magnetic poles at the over-
lapping ends of the reeds. The reeds are mutually attracted, and, if the
remanent flux is sufficient to overcome the spring force, the reeds will
close, thereby establishing an electrical connection.
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The connection is released by means of an exciting current pulse
smaller in magnitude and of opposite polarity, which reduces the rema-
nent flux of the ferrite member below that value necessary to hold the
reeds closed. Since the force of attraction is proportional to the square
of the flux between the reeds, the release current must not be allowed to
exceed a certain maximum value; otherwise, sufficient reverse remanent
flux will be produced to reclose the reeds. The rather precise control of
release current required is therefore a fundamental limitation of this
basic structure.

In Fig. 1(b) the ferrite hysteresis loop resulting from the asymmetrical
excitation necessary for cyclic closure and release of the reeds is com-
pared with the major loop produced by symmetrical cyclic excitation.
Following a closure pulse, I, the operating point resides at ¢, and there
is sufficient remanent flux to close the reeds. The reeds are held closed
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Fig. 1 - (a) The single-branch ferreed; (b) its magnetization characteristic.
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until a release pulse, I , reduces the remanent flux to that at point o.

At first glance, the simple device of Fig. 1(a) appears similar to well-
known types of reed relays. Perhaps most closely related is the mag-
netically latched reed relay, which is actuated by means of the additive
fields produced by an exciting current and a permanent magnet. On
closer examination, however, several important differences emerge. In
the conventional magnetically latched relay, the remanent flux of the
permanent magnet is only sufficient to hold the reeds closed and is essen-
tially unaffected by the exciting current. Consequently, the closure
excitation must be maintained throughout most of the reed closure
interval, which may be in the order of one millisecond.

In contrast, the ferrite in the structure of Fig. 1(a) is controlled by
the exciting current, and its remanent flux alone is sufficient to close
the reeds. Furthermore, the ferrite may be switched from one magnetic
state to another in a few microseconds, and as a consequence, this device
may be readily controlled by currents applied for a like period of time.

Another important characteristic of the ferreed, contributed by the
square-loop ferrite, is the well-defined threshold of magnetomotive
force that must be exceeded before sufficient remanent flux is produced
to close the reeds. This threshold can be made sufficiently large to mask
variations in reed sensitivity, thereby permitting use of the device in
coordinate arrays employing conventional methods of coincident cur-
rent selection.

The ferreed affords an unusual opportunity to determine indirectly
the state of its output contacts. Because the device incorporates internal
magnetic memory, it can be interrogated without its electrical output
circuit being disturbed. Methods for the nondestructive readout of the
memory may be adapted from the magnetic core technology. However,
the delay between ferrite switching and reed operation suggests a differ-
ent approach. This method requires application of a short current pulse
to the ferrite and observation of induced voltage in another winding to
determine the memory state. The memory state can then be restored
before the contact state is altered.

2.2 Two-Branch Ferrite Structure

The attractive features of the ferreed shown in Fig. 1(a) are con-
siderably offset by the difficulty encountered in demagnetizing the ferrite
to effect release. This basic limitation may be overcome by the addition
of a second ferrite branch, as shown in Fig. 2. In this structure the reeds
are closed by exciting the two windings so as to produce parallel mag-
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netization in the two ferrite branches, and they are released by an exci-
tation that causes series magnetization in the two branches.

The two-branch or parallel ferreed is adaptable to various methods
of excitation, one of which is illustrated in Fig. 2. In this case, parallel
magnetization is produced by equal coincident currents of the same
polarity, whereas series magnetization is obtained by equal currents of
opposite polarity. With equal parallel magnetization, the two-branch
structure is equivalent to the closure condition in the single-branch
structure of Fig. 1(a); with equal series magnetization, however, the
two-branch structure appears demagnetized and the terminal magneto-
motive force applied to the reeds is reduced to zero. It is significant that
the condition of zero terminal magnetomotive force is obtained for arbi-
trarily large excitations above a certain minimum value and, as a con-
sequence, a maximum limit is no longer imposed on the release current.

The basic concepts described above may be extended to structures
having more than two ferrite branches. As an example, a structure of
four parallel branches might be realized in which each branch is inde-
pendently magnetizable in one direction or the other. In this structure,
the reeds will be closed when three or four branches are magnetized in
the same direction and released when pairs of branches are magnetized
in opposite directions.

2.3 Possible Magnetic States

Prior to discussing methods of exciting a parallel ferreed, it may be
appropriate to define the magnetic states that are to be produced by
such excitation. Since its remanent flux is a function of the applied mag-
netomotive force, each ferrite member may assume an indeterminate
number of magnetic states. However, if exciting currents sufficient for
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Fig. 2 - The two-branch or parallel ferreed.
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saturation of the ferrite members are assumed, the number of possible
states reduces to four. Fig. 3 illustrates the four saturated magnetic
states: two modes of parallel magnetization that result in reed closure,
and two modes of series magnetization that cause the reeds to release.

2.4 Coincident Methods of Ferrite Excitation

Establishing a path through a switching network is accomplished by
the activation of relatively few among a large number of crosspoint
switches. Individual selection of crosspoints is not economically attrac-
tive. Instead, it is desirable that the crosspoint device respond only to a
coincidence of two or more input conditions. To this end, two coincident
control schemes have been devised for the ferreeds: the additive and
the differential excitation methods. '

2.4.1 Additive Excitation

The fact that a square hysteresis loop offers a means for coincident
current selection has been widely exploited in magnetic core memory
arrays.* If a magnetic member of material with a square hysteresis loop
is surrounded by two identical windings, and if the excitation in each is
limited to a value slightly below the coercive force, then the magnetic
state of the material will be altered only if both windings are excited
simultaneously and for a sufficient length of time.

One of the ways in which this principle can be applied to the ferreed
is shown in Fig. 4(a). The left-hand ferrite member is surrounded by

.

CLOSURE STATES

RELEASE STATES

Fig. 3 — Saturated magnetic states of the parallel ferreed.
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Fig. 4 - (a) Additive excitation applied to one branch of a parallel ferreed;
(b) symbolic representation.

two identical overlapping coils, while the right-hand member is assumed
to remain in a permanently magnetized state as indicated. Fig. 4(b)
shows a symbolic representation of the parallel ferreed adapted from
magnetic core work.?

Fig. 5 shows a typical relationship between the total remanent mag-
netomotive force developed across the ferreed structure and the excita-
tion. It can be seen that, even with a two-to-one variation in reed switch
sensitivity, coincident current levels can be established for successful
closure operation.

Conceptually, the release of the ferreed can be accomplished on a co-
incident current basis by inverting the pulse polarity on the two wind-
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Fig. 5 - Remanent magnetomotive force applied to the reeds as a function of
closure excitation.
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(@) (b)

Fig. 6 — (a) Additive excitation with additional winding for maintaining mag-
netization of permanent branch; (b) symbolic representation.

ings. It has been found, however, that release thresholds are not well de-
fined, due to the bias applied to the device by its own magnetic poles in
the closure state. This bias increases the tendency toward magnetic
“walk-down’’; i.e., cumulative decrease in remanent flux upon repetitive
application of partial release currents. Fortunately, the selection prob-
lem for release in switching networks is simpler than that for closure.
In a two-dimensional array of crosspoints, the release function can be
associated with one of the coordinate drives rather than with a specific
crosspoint.

A preferred form of the additive case is shown in Fig. 6. The added
winding placed around the permanently magnetized leg prevents the
demagnetization that might result from finite magnetic coupling between
it and the switched leg. The release function in this case is noncoincident
and requires a current pulse in winding x of polarity opposite to that
used for closure.

2.4.2 Differential Excitation

Consider a toroid of remanent magnetic material wound as shown in
Figs. 7(a) and 7(b). With application of a sufficiently large current pulse
into winding y, clockwise remanent flux is produced in the toroid; the
direction of this flux can be reversed by subsequently pulsing the z coil.
The magnetic states so produced correspond to the two possible release
states of the ferreed. Either closure state can be brought about by si-
multaneously driving both windings with current pulses of like polarity
and approximately equal amplitude.

The basic selection concept explained above, although plausible, can-
not be easily implemented without certain modifications. Actually, if the



THE FERREED — A NEW SWITCHING DEVICE 9

toroid consists of a square-loop ferrite with high coercive force, a large
portion of the flux generated in one of the windings will return through
the air, bypassing the other half of the toroid and failing to influence
its magnetic state. Also, physical separation of the two ferrite members,
which facilitates assembly of the device, tends to further reduce the
magnetic coupling.

The practical implementation of the selection principle implied above
will be referred to as differential excitation. The insufficient magnetic
coupling between the two ferrite members is compensated for by an
additional winding on each of the ferrite members that is connected as
shown symbolically in Fig. 7(c). The auxiliary windings contain only a
fraction (typically one-third to one-half) of the turns in the main wind-
ings, and the drive current is chosen so that the magnetomotive force
produced by the auxiliary windings is equal to or greater than that re-
quired to saturate the surrounded ferrite member. In addition, when
both pairs of coils are excited to produce a closure state, the differential
ampere-turns must also be sufficient to saturate both ferrite members.

Unlike the additive case, differential excitation places no upper limit
on the exciting currents. Apart from sufficient amplitude, the two drive
currents need only exhibit reasonable amplitude tracking and time
coincidence. The tracking requirement can be relaxed, at the cost of
increased driving power, by resorting to larger turns ratios between the
main and the auxiliary windings.

It should be observed that only one current polarity is required. Actu-
ally, as will be discussed more fully in Section V, use of this method
removes the necessity for a separate release action. When closure is
produced in a ferreed element at an intersection of two coordinates, all
other ferreeds located along these coordinates receive only single drives
and are left in a released state.

N KN

(b) (c)
(a)

Fig. 7 - (a) Hypothetical model for differcntial excitation; (b) symbolic repre-
sentation; (¢) winding pattern required for practical realization.
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III. A PRACTICAL FERREED

3.1 The Glass-Sealed Magnetic Reed Switch

Mention was made before of the structure of the ferreed’s contacts
and armature members — the magnetic reeds. Successful reduction to
practice of the ferreed concept was facilitated by the availability of
the glass-sealed magnetic reed switch.

A magnetic reed switch, currently manufactured by the Western Elec-
tric Company, and a miniature version of the switch, now under develop-
ment, are shown in Fig. 8. The miniature switch was adopted for inclu-
sion in the ferreed structure because of its smaller size and greater
sensitivity — the excitation required for reed closure is in the order of 30
ampere-turns.

The glass seal allows use of relatively small contact force for a contact
life in excess of one million operations, which is adequate for a typical
network application. The contact life in the switching network can be
preserved by not requiring the reed switch to close or open circuits hav-
ing battery connected to them. This precaution is also observed in most
crossbar networks.

Fig. 9 shows the relationship between applied magnetomotive force
and the flux through the gap of the reed switch as obtained by a record-
ing fluxmeter measurement. This plot gives a qualitative picture of the
behavior of a typical magnetic reed switch.

l(— —————————————————— 3.2 e
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Fig. 8~ (a) Magnetic reed switch in current manufacture (Western Electric
Type 224A); (b) miniature magnetic reed switch.
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Fig. 9 — Plot of flux in the gap of the magnetic reed switch, showing discon-
tinuities at closure and release.

3.2 The Ferreed Structure

A practical model of the ferreed, in which the exciting windings are
omitted to present a clearer view of the structure, is shown in Fig. 10.
Two magnetic reed switches are associated with the structure to provide
two-wire switching as desired for the intended application. The opera-

MAGNETIC
PLASTIC &

MAGNETIC REED
-7 SWITCHES

Fig. 10 - Parallel ferreed structure, with windings removed.
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tion of this model is based on the concept described above for the two-
branch ferrite structure; thus, two ferrite members can be seen in the
drawing.

The function of coupling the ferrite bars to the magnetic reed switches
is accomplished by the two end-pieces shown in the drawing. Several
magnetically soft materials suitable for this purpose have been consid-
ered. The material adopted for the model shown consists of a plastic in
which a sufficient amount of ferrite powder is suspended to produce ade-
quate permeability (about 20) for this application. This material pro-
vides electrical isolation of the reed switches and good mechanical sup-
port for the assembly.

The ferrite members of Fig. 10 may be wound prior to assembly for
either additive or differential excitation. Fig. 11 is a photograph of a
typical experimental ferreed wound for differential excitation.

3.3 The Ferrite

The sensitivity and geometry of the reed switches define the length,
cross section and magnetic properties of the ferrite bars. In order to op-
erate the most insensitive reed switches, the magnetomotive force exist-
ing between the ends of the reeds in the active state of the device should

Fig. 11 - Experimental model of parallel ferreed, wound for differential excitation.
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Fig. 12 - Comparison of two hysteresis loops sharing the same operating point.

be in the order of 60 oersted-centimeters. For lengths comparable with
that of the reed switch, this implies a coercive force in the two magne-
tizable members of approximately 30 oersteds.

The desirability of squareness in the the hysteresis loop is illustrated
by Fig. 12. If a given operating point is to be established, the material
with the squarer of the two loops will permit lower excitation power —
an important consideration in large arrays. Also, if the additive scheme
of excitation is employed, the squareness of the hysteresis loop has a
direct bearing on the obtainable margins.

While it is convenient to make the ferrite body compatible in length
with the magnetic reed switches, the cross-sectional area is determined by
the maximum flux density available at the point of operation and the
over-all magnetic efficiency of the structure. The latter is defined as the
ratio of the flux in the gaps of the magnetic reed switches to the total
flux flowing through the center cross section of the ferrite. The efficiency
of most ferreed models amounts, at best, to about 25 per cent.

Among the ferrites found to be applicable to the design were a cobalt
ferrite and a cobalt-zine ferrite. The latter of these has higher resistivity,
a property sought for early ferreed models employing metallic end
pieces. A hysteresis loop of a representative cobalt ferrite is shown in
Trig. 13.

Apart from ferrites, there exist other materials, such as carbon steel,
with suitable coercive forces. Ferrites were found preferable for attain-
ing the ultimate control speeds, since eddy-current delays remain ap-
parent in metallic structures, even when they are laminated. For lower-
speed applications, however, metals offer some advantages, e.g., better
temperature stability of magnetic properties.
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Fig. 13 - Hysteresis loop of a cobalt ferrite suitable for ferreed structures.

3.4 Operating Characteristics

The description of a practical ferreed would not be complete without
some quantitative account of its behavior. While a detailed report of
ferreed performance is not within the scope of this paper, the more im-
portant operating characteristics will be summarized.

The closure sensitivity of the ferreed is largely determined by the
ferrite magnetization characteristic, the efficiency of the magnetic strue-
ture, the sensitivity of the reed switch and, to a lesser extent, by the
shape and duration of the excitation pulse. The variation in ferreed
closure sensitivity with pulse width for a two-to-one variation in reed
sensitivity is given in Table I. Typical values of release sensitivity and

TaABLE I— TypPicaAL. PERFORMANCE CHARACTERISTICS FOR PARALLEL
FeErRrEED witH HALr-SINE Purse ExcrraTion

Sensitivity
Pulse width, microseconds Closure, ampere-turns Release, ampere-turns
10 100 — 145 70 — 95
100 80 — 125 60 — 80

Reed Response Time

Initial Closure 220 microseconds
Final Closure 450
Release 20
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reed closure and release times are included. The time between initial and
final closures represents a period of contact chatter that is characteristic
of the magnetic reed switch,

Although no precise measurements of ferrite switching times have been
made, the response of the ferrite to half-sine pulses as short as 5 micro-
seconds is quite satisfactory. Pulses of this short duration, however, are
not considered suitable for driving a series chain of ferreeds (e.g., in a
switching array) because of the large back voltages encountered by the
pulse source. As a consequence, longer pulses are likely to be used in the
control of a multistage ferreed switching network. ,

The half-sine pulse shown in Fig. 14(a) represents the exciting current
that must be applied simultaneously to all windings of a differentially
wound parallel ferreed to effect closure. Also shown, in Figs. 14(b) and
14(c), are the voltage developed across the main winding of the ferrite

(a)
5 AMPERES
PER DIVISION

(b)
2 voLTS
PER DIVISION

(c)
110 MAXWELLS
PER DIVISION

HORIZONTAL SCALES: 5MICROSECONDS PER DIVISION

Fig. 14 — Waveforms observed in the switching of a ferrite branch: (a) applied
current; (b) voltage induced in the winding; (¢) change of flux in the ferrite.
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branch being switched and the change of flux in that branch. The average
pulse power dissipated in this ferreed is approximately 80 watts, corre-
sponding to an energy requirement of about two milliwatt-seconds.

Variations in current are of particular concern when the ferreed is
selectively operated by coincident current methods. The extent to which
these variations must be limited for reliable operation represents the
operating margins of the device. Fig. 15 presents a graphical compari-
son of these margins for the additive and differential methods of exci-
tation. In Fig. 15 and in the following development of operating mar-
gins, magnetomotive forces applied to the ferrite members have been
normalized by assuming the number of turns in each winding to be in-
variant. This permits reference to the terminal magnetomotive force re-
quired for reed closure in terms of a closure current, 7, .

The operating margins for additive excitation are determined from the
following considerations: The algebraic sum of the two coincident cur-
rents must equal or exceed the closure current; each current must be less

DIFFERENTIAL EXCITATION
(k=2) ‘
10> 2N NG I J
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Fig. 15 — Graphical comparison of operating margins: additive excitation valid
in horizontally shaded area; differential excitation valid in vertically shaded area.
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than the closure current. The limiting conditions are therefore

IL.+1,=z1,, 1
I.<I., (2)
I, <I.. 3)

These conditions, plotted as equalities in Fig. 15, define a valid region
of operation within the triangle Mno. A logical choice for the nominal
value of the exciting currents would be I, = I, = 2I, (point A) which al-
lows a maximum variation of -£%7,, corresponding to =4=33% per cent of
the nominal value of I, or 7, . This is the maximum margin obtainable
with additive excitation for a fixed value of closure current I, . It is evi-
dent that variations in ferreed sensitivity will reduce the valid region
of operation and decrease operating margins.

A further limitation may be imposed on the margins obtainable with
additive excitation by reed vibrations resulting from release. These vibra-
tions occur at a frequency of about 2 ke and decay exponentially with a,
time constant of approximately 10 milliseconds. Since the closure sensi-
tivity of the reed switch increases with decreasing gap between the reeds,
a pulse applied to either winding alone during the post-release period of
reed vibration may cause false reclosure of the switch. This situation
may arise in coordinate switching arrays using additive excitation unless
sufficient time is allowed between the release of one ferreed and the sub-
sequent closure excitation of another sharing the same z or y coordinate.

In the differential mode of operation the condition for closure depends
on the preceding release state. If the previous release was obtained by a
positive pulse applied to the x winding, the direction of magnetization
is down in the left branch and up in the right branch. A subsequent reed
closure is effected by reversing the magnetization in the left branch, so
the excitation requirement for coincident current closure is

kI, —I.=1,. 4)

On the other hand, if the previous release was obtained by a positive
pulse applied to the y winding, the direction of magnetization is down in
the right branch and up in the left. Reed closure is now effected by re-
versing the magnetization in the right branch, and, in this case, the re-
quired excitation is

W, — I, = I.. (5)

These two conditions, also plotted in Fig. 15 (for k& = 2), define a
valid region of operation for differential excitation between the two semi-
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infinite lines coverging at point o. For the differential case the nominal
value of exciting current I, = I, may be chosen anywhere along the 45°
line that bisects the valid operating region. Starting from a typical
operating point, D, it can be seen that the locus for equal variations in
I, and I, of the same sense is along the 45° line, while the locus for equal
variations of the opposite sense is perpendicular to this line. Although the
operating margins are most restricted by the latter type of variation,
with proper design of the pulse source the former (tracking) type of
variation is more likely to occur.

A value of 2 for the turns ratio, &, was arbitrarily chosen for this ex-
ample. Increasing this ratio increases the angle between the semi-infinite
lines, thereby improving the operating margins. However, the accom-
panying increase in driving power for a given pulse width establishes a
practical upper limit on the value of k.

From the graph of I,, versus I, in Iig. 15, a qualitative comparison of
the two methods of excitation can readily be made. The advantage of the
open-ended operating region obtained by differential excitation is clearly
evident from a comparison with the closed operating region characteris-
tic of additive excitation. With differential excitation, excellent operating
margins are obtainable by increasing the exciting current and/or the
turns ratio; with additive excitation, good operating margins are realiza-
ble only by close control of exciting current and device sensitivities.

IV. RELATED DEVICES

4.1 The Series Ferreed

The preceding sections have dealt with a two-branch or parallel fer-
reed, in which parallel excitation of both branches produced closure
states and series excitation produced release states by reducing the flux
through the reed switches to zero.

A dual device can be constructed, based on the observation that in a
single rod of remanent magnetic material a magnetic state can be induced
that corresponds to two shorter magnets connected in series opposition
(Fig. 16). The device based on this principle has been named the series
ferreed.

A practical form of the series ferreed appears in Fig. 17. The centrally
located soft magnetic shunt greatly improves the release sensitivity by
reducing the effective air reluctance shunting the individual magnet sec-
tions. Both additive and differential methods are applicable to the exci-
tation of a series ferreed.
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Fig. 16 — Conceptual model of the series ferreed.

4.2 The Permanent Magnet Reed Switch

If, in one of the magnetic reed struetures shown in Fig. 8, the soft mag-
netic material used for the reeds is replaced by material of suitably high
coercivity and retentivity, a device is obtained that potentially has all
the characteristics of the ferreed. It is well known that, for improved
magnetic efficiency in permanent magnet structures, the hard magnetic
material should be in close proximity to the working air gap. Regarded
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Fig. 17 — Series ferreed structure; windings (not shown) surround upper and
lower halves of ferrite bar.
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in this light, the permanent magnet reed switch can be viewed as a var-
iation of the series ferreed.

The magnetic states of the device are shown in Fig. 18, together with a
differential winding configuration that can produce them. As with the
series ferreed, the release sensitivity of the device is improved by a cen-
tral shunt. A magnetic return path (not shown) helps to increase operate
sensitivity.

In experimental units built to test the principle, carbon steel quenched
and annealed to produce a remanent flux density of approximately 12,000
gausses and a coercive force of 20 oersteds was successfully used as the
reed material.

Although the device can be made to respond to current pulses in the
microsecond range, longer pulses, persisting through most of the reed
closure interval, result in better current sensitivity and relaxed design
requirements.

4.3 The Polar Ferreed

The magnetic reed switch of Iig. 8(b) may be replaced in certain fer-
reed structures by another sealed magnetic switch of the type used in
mercury relays. This switch employs a compliant magnetic reed as the
transfer contact between two stationary magnetic contacts. By main-
taining opposite magnetic poles at the two stationary contacts and vary-

=G - —
(a)
— N =g~
O g ___:?Q;\

Fig. 18 = The permanent magnet reed switch: (a) closure state; (b) z release
state; (¢) differential winding pattern.
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ing the relation between them and a pole produced in the movable con-
tact, a transfer switching function may be realized. As before, the
magnetomotive forces required for operating the switch may be produced
by external or internal remanent members.

Ferreeds of this type can be operated by current pulses in the 5-micro-
second range, with sensitivities comparable to those of the parallel fer-
reed. The advantages gained in the polar ferreed are transfer switching
action and improved contact performance due to mercury-wetted sur-
faces.

V. FERREED SWITCHING ARRAYS

5.1 Space-Separation Networks

A switching network employing space separation will generally con-
sist of several stages of switching arrays connected in a distributive pat-
tern such as that shown in Fig. 19. A number of alternate paths may be
used in the interconnection of two specific terminals. This path redun-

e A
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Tig. 19 — Interconnection of switching arrays in a multistage network.
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dancy and the number of paths that can be simultaneously maintained
are determined by the statistical character of the traffic loads on the lines
or trunks to be served.

Four basic control operations may be defined for a switching network
of this type. The first of these is the choice of an unoccupied path between
two terminals to be connected. Next is the actual closure of the chosen
path. When the connection is no longer required by one of the terminals,
a third operation re-establishes the identity of the opposite terminal
and intervening links. The final operation prepares these terminals and
links for subsequent use in other connections.

Switching devices that combine transmission and control circuits, e.g.,
gas tubes and semiconductor crosspoints, also combine the first two and
last two operations. End-marked networks of this type perform path
selection in the closure process and path tracing during release.® On the
other hand, switching devices with separate circuits for transmission
and control, such as crossbar switches and ferreeds, employ facilities
distinct from the transmission path for the first operation, and usually
for the third operation as well.

In a representative crossbar switching network,” a third conductor
parallels the two conductors of the transmission circuit in each network
path. This superimposed circuit, called the “sleeve”, permits determina-
tion of unoccupied network paths between two terminals and facilitates
subsequent release operations. Path selection and tracing may be ac-
complished in ferreed networks by the addition of a third sealed reed
switch to each device, by interrogation of the inherent ferrite memory,
or by the use of memory elements external to the switching devices. Of
these techniques, the last two are illustrated in the following examples.

5.2 Array Using Additive Excitation

The coordinate control paths for a general rectangular switching ar-
ray of mn crosspoints are shown in Fig. 20. Transmission path multiples
(not shown) will be assumed to follow a like pattern, so that simultaneous
excitation of a horizontal control path and a vertical control path will ef-
fect a transmission connection between the corresponding terminals: one
of m to one of n.

Additive excitation may be applied to the ferrite members of a rec-
tangular ferreed array as a means of accomplishing coordinate control.
Fig. 21 presents such an array in symbolic form, incorporating the fer-
reed shown in Fig. 6 for each crosspoint. The right-hand ferrite member
of each ferreed is assumed to be switched upward initially and to main-
tain that polarization indefinitely. When the left-hand ferrite member is
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Fig. 20 - Coordinate control paths in a rectangular switching array.
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Fig. 21 — Additive excitation applied to a rectangular ferreed array.
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switched upward by coincident driving currents, a winding on the right-
hand member opposes any tendency for that member to be switched
downward due to the finite magnetic coupling between members. The
left-hand member of each ferreed is assumed to be switched downward
initially, resulting in the release of all contacts.

For illustration, a transmission connection will be established between
the terminals marked (a) and (8) in Fig. 21. Initial choice of the path
that includes connection (A)-(B) is made by reference to an external
memory containing occupancy records for terminals (4), (8) and other
affected terminals within the network. Closure of the ferreed (aB) is
effected by the simultaneous application of current pulses having ampli-
tudes between one-half and the full ferrite switching excitation along
control paths a;as and bib, .

During application of these pulses, the left-hand ferrite member of
ferreed (aB) is switched upward by the addition of the two magneto-
motive forces applied. No other ferrite members are reversed, because
the others along control paths a,az and b;b; receive only one-half the re-
quired excitation. Control operations within the array are complete
when control paths a;a: and bib: have been pulsed; subsequent closure
of the reed contacts (aB) will occur after a delay due to reed inertia.

‘When it is recognized that terminal (A) no longer requires its present
connection, terminal (B) must be identified and both terminals prepared
for subsequent use. A current pulse of sufficient amplitude to produce full
switching excitation is applied along control path asa;. This pulse
switches the left-hand ferrite member of ferreed (aB) downward, but
has no effect on the corresponding members of other ferreeds along con-
trol path asa;, since they are already switched downward. Before the
pulse was applied along control path asa;, sensing elements were tem-
porarily connected to terminals b,, etc., and terminals b, , etc., were
grounded. The switching of the left-hand ferrite member in ferreed
(aB) induces a voltage pulse in control path b,b. that permits identifica-
tion of the previously connected terminal (B). Control operations are
then complete; subsequent opening of the reeds leaves terminals (a)
and (B) receptive to new instructions.

In applying this excitation technique to switching networks composed
of many such arrays, advantage may be taken of the fact that only one-
half excitation is applied along control path b;bs . Since this partial exci-
tation will not operate ferreeds that receive no other simultaneous ex-
citation, the vertical control paths shown may be extended into several
arrays as a means of conserving access circuits. However, the use of full
excitation for release limits control path a;as to a single array. Fig. 22
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Fig. 22 - Additive excitation in a multistage network with vertical multiple
seleﬁt;on (heavy lines represent control paths, light lines represent transmission
paths).

illustrates the use of vertical selectors in applying simultaneous excita-
tion along control paths analogous to b;b: in several arrays. In the same
way, vertical sensing elements (not shown) may be shared by a number
of arrays.

5.3 Array Using Differential Excitation

Fig. 23 illustrates the application of differential excitation to the con-
trol of a rectangular ferreed array. Horizontal and vertical control paths
are provided as before, but with different winding patterns on the in-
dividual ferreeds. A typical transmission connection will be established
between the terminals marked (¢) and ().

All ferreeds in Fig. 23 are assumed to be released, but this assumption
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does not specify the magnetic polarization of the various ferrite mem-
bers. Because differential excitation produces two release states, the di-
rection of magnetization (i.e., clockwise or counterclockwise) of any re-
leased ferreed will depend on the history of its associated control paths.
For this example, it is further assumed that all ferreeds in the array
initially exhibit magnetic saturation of their ferrite members in a clock-
wise direction.

The choice of a network path including connection (¢)~(D) is again
made by reference to an external memory of available terminals (or
links) within the network. Closure of the ferreed (cp) is accomplished
by the simultaneous application of current pulses along control paths
cic: and dids . However, in this case, pulse amplitudes are sufficient to
produce saturation of ferrite members through windings of either N or
(k — 1)N turns.

Due to the opposition of unequal magnetomotive forces, both ferrite
members of ferreed (cp) are switched upward. All other ferreeds along
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Fig. 23 — Differential excitation applied to a rectangular ferreed array.
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control path cic. experience a reversal in release state, from clockwise to
counterclockwise magnetic saturation. The other ferreeds along control
path dids , however, undergo no reversal, because their initial states agree
with those imposed by the current pulse along that path. After some
delay due to reed inertia, the contacts of ferreed (cp) will close.

When it is recognized that terminal (c¢) no longer requires its present
connection, terminal (p) is identified by reference to another external
memory. With the posting of this memory and of the path selection
memory, terminals (¢) and (p) are prepared for subsequent use. No
deliberate release operation is required for ferreed (cp); subsequent path
choices that include terminal (c) or (p) will automatically return (cp)
to a release state.

The extension of this excitation technique to multistage networks re-
quires a different approach from that employed with additive excitation.
In this case, no control path is used for partial excitation; rather, cur-
rents in each control path unconditionally release all associated ferreeds

LINK LINK |
SELECTOR SELECTOR

Fig. 24 - Differential excitation in_a multistage network with link selection
(heavy lines represent control paths, light lines represent transmission paths).
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except those located at intersections with other active control paths. For
this reason, control paths must conform to transmission paths as a means
of assuring that conflicting connections are undesired connections. One
significant economy in access circuits can be realized, however: the selec-
tion of control paths for two related array terminals may be combined,
as in the link selector of Fig. 24.

G

Fig. 25 - An early experimental array of nine parallel ferreeds. (The coils on
the glass enclosures are used for flux measurements, and play no part in control.)
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Because differential excitation eliminates old connections while estab-
lishing new ones, a multistage network of this type can be expected to
contain numerous fragmentary connections at any given time. These do
not interfere with network operations and do not justify separate release
instructions; however, lines and trunks are disconnected from the net-
work to provide isolation of battery and supervision.

VI. CONCLUSION

The union of magnetic reed switches with elements having controllable
magnetic remanence has yielded a new class of switching devices. One
conceptual model from this class appears to have the properties of
microsecond control time, coincident selection, memory without holding
power, enclosed contacts and compact structure. Design and construc-
tion of experimental forms of the ferreed have borne out predictions of
the early concepts and have suggested further variations on the theme.

The ferreed was created to fill a need for a network crosspoint provid-
ing high-speed coincident selection and metallic contacts. Because of the
specific nature of this objective, primary emphasis has been placed on
optimization of the ferreed’s characteristics as a crosspoint switch. It ap-
pears promising as a network element and may also prove suitable for a
number of other applications.

In digital systems, the properties of rapid control, metallic output and
absence of holding power suggest the use of ferreeds as memory for dis-
play, buffer and input-output functions. Ferreeds can also be used to
realize switching funetions as combinations of flux patterns in multiple-
branch ferrite structures, or as combinations of magnetomotive force in
multiple windings such as those used for differential excitation.
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A Remote Line Concentrator for a
Time-Separation Switching Experiment

By D. B. JAMES and J. D. JOHANNESEN
(Manuseript received October 30, 1959)

Remote line concentration, time-separation switching and PCM trans-
mission are combined in a communication system experiment called ESSEX
(Experimental Solid State Exchange). Organization and design details of the
remote line concentrator used in the research model are presented and
discussed.

I. INTRODUCTION

An earlier paper! has described a research experiment on integrated
communications using time-separation techniques. This experiment is
called ESSEX (Experimental Solid State Exchange). The purpose of this
paper is to discuss the environment and implementation of the remote
line concentrators used in the experiment.

ESSEX is an experiment designed to explore the possibilities of using
digital systems in exchange area plant. Subscribers are connected to
remote units that multiplex and convert analog signals to digital signals.
Digital signals are transmitted and switched between remote units and
are converted to analog form only at the units to which they are di-
rected. The assemblages that provide the necessary switching and trans-
mission functions for subscribers’ lines are called concentrators; those
that provide the switching and transmission functions for trunks are
called frunkors. Concentrators and trunkors form the basic building
blocks of the system.

A concentrator consists of two units called the remote line concen-
trator and the concentrator controller. The trunkor also has two parts,
the trunkor unit and the trunkor controller. Since trunk groups ordinarily
have high usage, the trunkor has no concentration, but otherwise it is
identical to a concentrator.

The remote line concentrator can serve a maximum of 255 subscribers.
In a working system, however, traffic considerations would probably
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limit the number of subscribers to about 115, of whom 23 can converse
simultaneously. Their voice-frequency signals are selectively switched by
time-separation techniques and converted to digital form for transmis-
sion. Since digital signals are both sent and received by remote line con-
centrators, four-wire transmission is employed between them. Exchange
cable pairs can be used for this purpose, with regenerative repeaters
spaced every 6000 feet or less depending on the kind of cable.

The interconnection of the digital send and receive links from the
remote units is made at a unit called the central stage switch, which uses
four-wire switching on a time- and space-division basis. Time and space
division are used to provide the necessary number of paths required
when many concentrators are connected to the switch. The send and
receive links from each unit are equipped with a time-division switch
for each space-division link or junctor in the central stage switch. This
provides a full-access space-division interconnection between junctors.

In setting up or maintaining a communication channel in ESSEX,
the selective switch at the remote unit and the switch at the central
stage switch are operated periodically, as is required in time-division
systems. Memory is, therefore, required to deliver proper information at
the right time to the switches. Several options on the location of the
memory were considered, with the one option chosen being to locate all
the memory close to the central stage switch. Another digital control
pair, called the c lead, was therefore required to deliver address informa-
tion to the remote unit. The remote unit thus becomes a completely
slave-operated unit containing a minimum of equipment.

The memory required by the concentrator is contained in a unit called
the concentrator controller. In addition to the line number and junctor
gate number memory already referred to, this unit contains a third mem-
ory to record thestate of the call being handled by the concentrator.
These three memories are implemented with magnetostrictive delay
lines, each arranged in a closed loop. The information in the delay line
circulates in serial form and is available for transmission over the ¢ lead
to the remote line concentrator.

In addition to the memories, the concentrator controller contains cir-
cuits for checking and processing calls, as well as circuits that enable it
to deliver and aceept information from a common control. A complete
description of all the funetions performed by the concentrator controller
is given in the accompanying paper.?

A typical arrangement of concentrators and trunkors is shown in Fig.
1. Here, the remote line concentrators are located some distance from a
switching center, which contains the central stage switching, the con-
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centrator controllers, the trunkor and possibly the common control.
Since the bounds of the ESSEX experiment did not include an experi-
mental investigation of common control, Fig. 1 shows, in its place,
a manual console. This manual console, called the common control simula-
tor, allows an operator to perform the logic and memory functions nor-
mally performed by a common control.

II. TRANSMISSION AND SWITCHING IN ESSEX

A clearer picture of some of the functional requirements of the remote
line concentrator can be obtained by following a call through the system
shown in Fig. 1. It will, however, be profitable to digress for a moment
to give some of the important system numbers and define terms that
will be used here and in the detailed discussion that follows.

Voice-frequency signals appearing on a subseriber’s line are sampled
at an 8000-cycle rate. This allows signal components up to 4000 cps
to be reproduced by the low-pass filters in the remote line concentrators.
When the signals are sampled at this rate, the period between samples
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Fig. 1 — The environment of the remote line concentrator.
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of the same message is 125 microseconds and is called a frame. Frames
are subdivided into equal parts, called #zme slots, each of which can be
used to set up a path to each concentrator. ESSEX uses 24 time slots,
23 being used for talking and one for:supervisory functions. The time
slots are numbered 0 to 23 and are each 5.2 microseconds long. This
5.2-microsecond interval is divided into eight pulse or bit positions, each
0.65 microsecond wide, numbered 0 through 7. On the r and s leads,
bits 0 through 6 are used for pulse code modulation information (PCM)
and bit 7 is used for other functions. The basic bit rate is thus 1.536 me.

Returning now to Fig. 1, we can see that a voice-frequency signal ap-
pearing on a subseriber’s line at remote line concentrator A is switched
by an address arriving at remote linc coneentrator A via the ¢ lead. The
pulse-amplitude modulated (PAM) sample that results from the switch-
ing is then encoded and transmitted over a balanced cable pair, desig-
nated s, to concentrator controller A. From here it passes, still in digital
form, to the central stage switch, where it is switched onto a cable pair,
designated R, to concentrator B. Signals coming from the s lead of con-
centrator B are switched to the r lead of concentrator A. The junctor
gates of concentrators A and B operate at the same time, which means
that the same time slot is used in both concentrators in setting up a
channel.

Since the junctor gates operate once per frame for each conversation,
PCM signals from a concentrator must arrive at the central stage switch
in phase with the PCM signals being sent to the concentrator. Remote
line concentrators will, in general, be located at different distances from
the switching centers, and their loop transmission delays will vary ac-
cordingly. If the loop transmission delay is one frame or an integral
multiple of frames, this phase requirement will be met. This condition
also can be achieved and maintained continuously by the insertion in the
s lead of an adjustable delay pad, which is part of the concentrator con-
troller. A more detailed description of the transmission delays is given in
the companion papers.!:?

From a switching viewpoint, ESSEX uses a four-stage switching plan.
Two of these stages are in the central stage switch; the other two are
in the concentrators handling the call.

III. THE REMOTE LINE CONCENTRATOR

A block diagram of the remote line concentrator is shown in Fig. 2.
The blocks represent multifunctional circuits that handle either analog or
digital signals. The elements in the analog class are the subscriber line
circuits, the two-to-four-wire converter, the compressor and the ex-
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Fig. 2 — Block diagram of the remote line concentrator.

pandor. The remainder, which includes the encoder, the decoder, the
selector, the line scan injection and the timing circuits, are digital. The
purpose of each of these multifunctional circuits can be made clear by
describing the operation of the remote line concentrator itself.

When an eight-bit address is delivered to the 1-out-of-256 selector
via the ¢ lead, the selector delivers a pulse to the subscriber’s time-di-
vision gate. This gate, which is a part of the subscriber’s equipment,
samples the voice-frequency signal and delivers the resulting PAM signal
to the two-to-four-wire converter, which is a time-shared hybrid. The
PAM signal is sent through an instantaneous compressor to the encoder,
and the resulting PCM code is delivered to the s lead. Signals arriving
on the R lead are decoded, expanded, amplified in a common amplifier
and sent through the time-shared hybrid to the subscriber’s equipment.

Since the remote line concentrator is a slave unit, timing information
must be recovered from the signals coming from the concentrator con-
troller. Frequency information is extracted from signals arriving on the
¢ lead, and phase information is obtained from a unique signal that
appears on the r lead of each concentrator in the last time slot of each
frame (time slot 23).

Line scanning for request-for-service and hang-up is a relatively
simple procedure in ESSEX. A scan number generator, common to all
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concentrator controllers, is provided. This device generates all the binary
numbers from 0 to 255 and then repeats, with each number being gen-
erated and held for four frame intervals. A particular line gate number
thus appears for four frames at the concentrator controller 7.8 times per
second. If the line gate number that appears is already recorded in the
line gate number memory of the concentrator controller, then the line
is seanned in its assigned time slot, Tn this ease, the scan command | which
oceurs at bit 7 time, is sent out on the r lead. If the line gate number is
not in the memory, then it is scanned by sending out theline gate number
over the ¢ lead in time slot 23 during the first of the four frames. Four
frames are used to allow time for the signals to be sent out to the remote
line concentrator and return to the controller and for the controller to act
on the result.

The lines at the remote line concentrator are scanned when the scan
command appears on the r lead. The particular line number that is to
be scanned is the one present at the input of the selector at this time.
A scan gate is located in each subscriber’s line circuit and, when a pulse
is delivered from the 1-out-of-256 selector to the subscriber line circuit
and the subscriber is “off-hook”, the scan gate delivers a pulse to the
scan bus. If the scan command is also present on the r lead, the scan
flip-flop in the scan result injection circuit is set. The scan result is then
delivered to the s lead in the bit 7 position of time slot 22.

Table I lists the digital signals that are sent from or received by the
remote line concentrator. The implementation of the multifunctional
circuits described above will be discussed in the following sections.

IV. TIMING CIRCUIT

The timing circuit performs the following functions:

1. recoversthe basic 1.536-me timing signal from the c lead addresses;

ii. counts this signal down by eight to generate bit pulses at 192 ke,
thus defining the time slots;

iii. frames the eight’s counter by detecting a unique signal consisting
of eight consecutive ones sent out on the r lead in the last time slot;

iv. combines and amplifies the above signals and distributes them to
various parts of the remote line concentrator.

The diagram of the timing circuit is shown in Fig. 3. A slave clock
extracts the basic 1.536-me¢ timing signal by passing the ¢ lead bits
through a quartz crystal filter. To insure adequate timing signals during
low-traffic periods, pulses on the ¢ lead represent ‘‘zeros’ instead of
“ones”. The output signals are amplified and two phase pulses, ¢, and
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Tasre I—DiciTaL SigNALS WHIcH ENTER OR LEAVE THE REMOTE
LiNE CONCENTRATOR

Sent via

Time when sent

From or to Name of signal (see Fig. or received by Purpose
2) controller
A. To concen- | 1, Line gate ¢ lead | Bits 0 through 7 | Orders operation
trator number of time slots 0 of line gate,
(LGN) through 22 in thereby sam-
every frame pling
. Scan gate ¢ lead | Bits 0 through 7 | Scans idle lines
number of time slot 23 to  determine
(SGN) in frame 0 whether they
are ‘‘off-hook”*
. PCM speech | r lead | Bits 0 through 6 | Delivers speech
or tone of time slots 0 or tone signal
through 22 in to decoder
every frame
. Scan com- Rlead | Bit 7 of time | Adds scan order
mand slots 0 through to signal Al*

22 in frame 0

. Framing com- | ® lead | Bits 0 through 7 | Orders reset of
mand of time slot 23 counters in
in every frame slave clock
B. From con-| 1. PCM speech | s lead | Bits 0 through 6 | Transmits speech
centrator of time slots 0 signal from en-
through 22 in coder
every frame
. Scan result s lead | Bit 7 of time slot | Indicates if line

22 in frame 1
or 2

scanned (A2 or
A4) was “off-
hook”’

* Either A2 or A4 is used (not both)

o2 , are generated by blocking oscillators. The ¢ pulse advances an eight-
stage re-entrant shift register which generates the bit pulses. The fram-
ing signal from the eight-ones detector insures that this counter has a
single one circulating in the correct phase.

The framing signal is generated by the eight-ones detector, another
eight-stage shift register. Whenever a one appears on the r lead, a one
is advanced into the register. The arrival of a zero resets the register to
zero. A consecutive string of eight ones will advance a one into the eighth
stage, and its output is “anped” with the last input one, delayed by one-
half microsecond, to give the “frame” signal. This signal resets the
first seven stages to zero. The last stage is reset when the next one ar-
rives on the r lead; this reset operation is designed to avoid a race con-
dition.

The frame signal sets the inhibit flip-flop, which in turn inhibits the
send and receive gates in the framing time slot. This is done to prevent
sampling in time slot 23, which would introduce annoying ticks in the
telephone being scanned.
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Fig. 3 — Timing circuit.

The eight outputs from the eight’s counter are combined with the
phase pulses, ¢ and ¢» , and amplified to form all the other timing signals
required by the remote line concentrator.

V. SELECTOR

Eight-bit addresses carried by the ¢ lead are delivered to the selector
(Fig. 4). The serial eight-bit words are advanced through a shift register
and, when they have stepped completely into the register, are read out
in parallel through AND circuits. Both the bits and their primes are
stretched in time to 2 microseconds and amplified by 16 stretching am-
plifiers. The first four bits and their primes become the inputs to a 1-
out-of-16 diode matrix consisting of 16 four-input AND circuits selecting
one out of 16 output leads. The second four bits and their primes select
one out of 16 output leads of a second diode matrix. The two active leads
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from the diode matrices enable two flip-flops, one each in two banks of
16. The setting of the flip-flops is timed by an enabling clock pulse la-
beled “set”. This pulse occurs one microsecond later than the “read”
pulse, which interrogated the shift register. The outputs of the flip-flops
are transformer-coupled into transistor amplifiers. The collectors of one
set of 16 amplifiers in the common emitter configuration provide the
verticals of a 16-by-16 coincident-voltage matrix. The emitters of the
other set, in the common collector configuration, provide the horizontals
of this matrix.

The primaries of the subscriber line gate pulse transformers are con-
nected between the horizontals and verticals of this 256-point matrix.

16x 16 COINCIDENT VOLTAGE MATRIX
(DIODES IN LINE CIRCUIT)

TO —— _ —————————— 1
GATE 255 4 ————————— 1
1
TO  —ee————— -
GATE 15 =+ ————————— —+ ONE OUT OF
| 256 SELECTION
O “eem—— 1.
GATE 16 <— [
TO I
GATE 0 :
16 TRANSISTOR 16 TRANSISTOR
AMPLIFIERS AMPLIFIERS
(coMmoN (COMMON AMPLIFICATION
EMITTERS) COLLECTORS)
16 TIMING RESET 16 TIMING TIMING
FLIP-FLOPS FLIP-FLOPS N
SET
ONE OUT OF ONE OUT OF
16 SELECTION 16 SELECTION ONE OUT OF
(16 FOUR INPUT (t6 FOUR INPUT (16 SELECTION
AND cIRCUITS) AND CIRCUITS)
EIGHT ANDING EIGHT ANDING
AND READ AND PULSE
STRETCHING STRETCHING STRETCHING
AMPLIFIERS AMPLIFIERS
- [ | [ I T T
C-LEAD —»| FOUR BIT FOUR BIT oL 20
ADVANCE SH‘IFT RIEGISTLER SH[[FT R’\EGIS‘I{ER CONVERSION

Fig. 4 — 1-out-of-256 selector.
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Fig. 5 — Subseriber line circuit package.

A diode to prevent “sneak’ pathsislocated in series with the primary of
the pulse transformer in the line circuit module.

The common collectors are connected to —6 volts and the common
emitters to ground. When a vertical and a horizontal are selected, the
6 volts applied across two ON transistors, one diode and the primary of
the gate transformer allows 80 milliamperes of current to flow in the
primary of the transformer. Three microseconds later, the timing flip-
flops are reset, interrupting the current flow.

Small signals resulting from parasitic capacities appear on the inputs
to unselected gates that share either verticals or horizontals with the
selected gate. These unwanted signals are caused by the discharging of
wiring capacities through the primary windings of the unselected gates.
They can be reduced below the threshold of the gate by adding a resistor
(10,000 ohms) from each horizontal and each vertical to a point at —3
volts. Thus, all wiring capacities are charged to the same voltage and
all unwanted signals become equal and less than those needed to cause
a gate to conduct.
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Fig. 6 — Subscriber line circuit diagram.

VI. SUBSCRIBER LINE CIRCUIT

The two-wire subscriber line circuit, one of which is provided for each
line, is arranged so that it can be installed as required. It is the smallest
module in the system, but one of the most important, since it has such
a large effect on the per-line cost of the system. A photograph of the
subscriber line circuit package is shown in Fig. 5.

The subseriber line circuit contains a time-division gate, a low-pass
filter, a scan gate and a repeat coil. The repeat coil is used to match the
900-ohm telephone to the 2000-ohm filter, and to isolate the time-divi-
sion gate from the common battery required by the telephone. A circuit
diagram of the subscriber line circuit is shown in Fig. 6.

The time-division gate® consists of two nearly symmetrical alloy ger-
manium transistors. These are connected emitter to emitter and base to
base, with a pulse transformer winding connected between base and
emitter. The application of a 80-milliampere current pulse will enable
the gate to pass a peak signal current of about 400 milliamperes from
collector to collector. In this state, the gate looks like a 2-ohm resistor.
When the current pulse is removed, the gate returns to its high imped-
ance state. In the experimental system, which uses 2N417-type transis-
tors, about 2 microseconds is allowed for this purpose, providing the de-
sired adjacent channel crosstalk level of 75 db. In the absence of a pulse,
the gate is a high impedance. To increase the isolation obtained in the off
condition, a bias voltage is applied to the gate through a resistor, insuring
that the collectors are back-biased during the maximum positive swing
of the voltage on the filter or on the PAM bus. The resistor also helps to
reduce crosstalk produced by the junction capacity of the transistors.
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The time-division gate limits the maximum rms sine-wave power-
handling capacity of the system. The desired crosstalk level fixes the
time that must be allowed for turn-off of the gate, and thus determines
the “on”” time of the gate, since the time slot width is fixed. The drive
available from the selector sets the maximum current the gate can pass.
The breakdown voltage of the transistors in the gate, minus the bias
voltage, determines the maximum signal voltage swing allowed. Since
the maximum voltage swing and peak current are limited by the gate
transistors, the power-handling capacity of the gate and the operating
impedance level of the filter are specified.

Time-separation systems require a low-pass filter to isolate the sub-
scriber’s line from the frequencies generated by the operation of the
sampling gate.*® In addition to having good out-of-band rejection, the
filter should also have fairly constant impedance characteristics within
the pass band. However, since a filter per line is required, it is desirable,
from an economic standpoint, to use as few components as possible.
These somewhat conflicting filter requirements generally lead to a com-
promise design. The low-pass filter in the experimental unit is a two-
section insertion loss design having a characteristic impedance of 2000
ohms. The impedance level was determined by the factors discussed in
the preceding paragraph.

The line scanning procedure was described in Section III. The sub-
scriber line circuit is provided with a scan gate that delivers a pulse when
the line circuit is pulsed by the selector and the telephone is “off-hook”
and drawing current. The resulting pulse is delivered to the scan bus. If
the line is being scanned, the scan command that appears at bit 7 time
on the r lead and the pulse on the scan bus will set the scan flip-flop stor-
ing the scan result. This result is delivered at the proper time, through the
scan result injection circuit (Section X), to the s lead.

The design of the line circuit is influenced to some extent by the type
of telephone used. The laboratory models of the subscriber line circuits
were designed to work with a transistorized telephone requiring about
two-thirds of a watt. This power is obtained from a 50-volt common bat-
tery through current-limiting resistors located in the line circuit. The
telephone is equipped with a tone ringer, which gives substantially the
same acoustic power output for tone voltages that vary from 0.5 to 2
volts.® These ringing levels fall well within the power-handling capacity
of the subscriber gate. A slightly modified line circuit will allow conven-
tional telephones with electromechanical ringers to be used.
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VII. TIME-SHARED HYBRID

Signals from subscribers’ telephones are carried to the remote line
concentrator by balanced two-wire cables. Signals are carried between
the remote line concentrator and its concentrator controller on a four-
wire system. A hybrid thus is needed to convert between the two-wire
and four-wire systems.

Two alternative arrangements were considered: (a) a voice-frequency
hybrid and (b) a time-shared hybrid. A voice-frequency hybrid arrange-
ment requires for each subscriber’s line a sending gate and filter, a re-
ceiving gate and filter and a voice-frequency hybrid. A time-shared hy-
brid arrangement requires one filter, one gate and a repeat coil for each
subscriber’s line plus a share of a common hybrid. The second arrange-
ment was used. The selected line gates connect all active subscribers’
circuits via a common two-wire PAM bus to the time-shared hybrid
(Fig. 7).

The hybrid consists essentially of a send gate and a receive gate, which
are identical to the subscriber gates. Since send signals must be stretched
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Fig. 7 — Time-shared hybrid.
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for nearly one time slot for the coding operation, two send gates are
operated in alternate time slots under the control of a binary counter.
The hybrid works in the following fashion: the send gate is operated at
the same time as the line gate and remains in operation for one micro-
second; it then opens up and, after 0.3 microsecond guard space, the
receive gate operates, opening 1.6 microseconds later with the line gate
(Fig. 8). A received PCM signal is decoded and amplified, goes through
the receive gate to the PAM bus, then goes through the line gate and
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Fig. 8 — Timing of the time-shared hybrid.
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charges the shunt filter capacitor. The line gate then opens. During the
subsequent 122 microseconds this signal is dissipated in the subscriber’s
telephone so that very little remains to be sampled when the line gate
and the send gate again operate together.

If the subsecriber’s filter is not matched correctly by the subscriber’s
telephone, the signal will be reflected and sampled by the send circuits.
Thus, the time-division hybrid has properties similar to conventional
hybrids except that it is lossless.

The actual circuit (Fig. 7) shows that resonant transfer of charge from
the filter capacitor to a pulse-stretching or holding capacitor is used.
The stored signal is then amplified and switched through another gate
to the compressor. The amplifier has a high input impedance and is used
to prevent discharge of the holding capacitor. When the coding action
is completed, the stored energy is clamped out with another gate. While
PAM signals are being coded in an odd time slot, the second send cir-
cuit is sampling in an even time slot.

In the receiving portion of the hybrid, the output of decoder and
expandor is amplified by a common amplifier and passes through the
receive gate, PAM bus and line gate, and charges the shunt filter ca-
pacitor of the line circuit to the value detected by the send sampling in
the other concentrator. Resonant transfer is not used in the receive
circuit, since any residual signal in the line package should be dissipated,
thus terminating it. If the residual signal is dissipated, then the four-
wire loop can have unity gain with misterminated line circuits and still
not sing. This has been verified both mathematically and experimen-
tally.”

Tig. 9 shows the hybrid timing circuits that control the operation of
the seven gates in the hybrid. Each gate is driven by a flip-flop con-
trolled transistor amplifier and each amplifier produces a 100-millampere
pulse. Another flip-flop, connected as a binary counter, causes the two
send circuits to operate in alternate time slots. An inhibiting signal from
the inhibit flip-flop located in the timing circuits (Section IV, Fig. 3)
prevents the send and receive gates from operating in time slot 23 when
scanning takes place.

VIII. COMPRESSOR AND EXPANDOR

The send PAM signals are switched into a shunt compressor, which
has a nonlinear resistance characteristic obtained by the use of carefuily
matched, temperature-controlled diodes. The network is designed so that
the loss is increased with increasing signal amplitude. Large signals are
attenuated by 26 db relative to small signals. This characteristic, to-
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gether with linear encoding, has the effect of spreading small signals over
a greater number of levels, thus reducing the quantizing noise.® In the
receive circuits an expandor uses a similar, but series, network to obtain
the inverse characteristic.

The actual circuits are shown in Fig. 10. The compressing network is
followed by a high-input-impedance feedback amplifier, which provides
sufficient signal for the encoder. The expandor network has both a pre-
amplifier and a postamplifier. The preamplifier, which has a constant-
voltage output characteristic, drives the series network, and the resulting
current is amplified by a low-input-impedance postamplifier. The post-
amplifier is followed by the common medium-power amplifier in the
hybrid, which charges the line circuit shunt filter capacitor.

IX. ENCODING AND DECODING

The output of the compressor is fed into a 128-level feedback-type
encoder? (Fig. 11), which, in essence, consists of a summing amplifier
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Fig. 10 — Compressor and expandor.

and a programmed decoder. Seven binary weighted resistors, of values
R, 2R, to 64R, can be connected to either ground or a negative reference
voltage according to the state of seven memory elements. The memory
elements consist of blocking oscillators so connected that, when triggered,
they will give out a series of pulses 0.3 microsecond wide every 0.65m icro-
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Fig. 11 — Encoder.
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seconds. The blocking oscillators can be stopped if an inhibiting signal
is applied immediately after the first pulse.

The PAM signal from the compressor is fed into a summing amplifier.
A fixed bias raises this signal so that a zero-level input signal will be
encoded as level 64 and a maximum amplitude negative signal as level
zero. A third input comes from the binary weighted network, whose
resistors are successively connected to either a negative reference voltage
or ground until the total contribution from the three sources, i.e., signal,
bias and network, is zero. Fig. 12 illustrates the encoding of a PAM
signal corresponding to level 91.

During the first bit time of the coding interval, the resistor of value R
is connected to ground, all other resistors being connected to the nega-
tive reference voltage. If the resultant signal to the summing amplifier
is positive, then the trigger circuit and output blocking oscillator fire,
sending out the most significant PCM bit. A feedback signal to the logic
and then to the memory element causes the most significant bit resistor
to be reset; i.e., it will be connected to negative for each successive trial.
If the resultant signal to the summing amplifier is negative, then a zero
would be sent out for the PCM bit and the feedback would cause the

96—
80 BIASED PAM SAMPLE
TO BE ENCODED-LEVEL 91

64

48 -

321

1
-16— INPUT TO SUMMING
AMPLIFIER
-32
80

SUCCESSIVE CONTRIBUTIONS
FROM BINARY WEIGHTED
NETWORK

-112

-128

r] 1M L1 PcM coDE ouT (ot1011)

TIME =—>

Fig. 12 — Waveforms in the encoder.
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contribution from the most significant resistor to remain. In the successive
bit periods, resistors of value 2R, 4R, through 64F are tried until the final
code is reached and the resultant signal to the summing amplifier is zero.

The decoder is shown in Fig. 13. It consists of a shift register that
converts incoming PCM code on the r lead from serial to parallel. When
the code has completely stepped into the register, the bits are read out
in parallel into holding flip-flops, which, in turn, operate transistor
switches. The switches conneet binary weighted resistors R, 2R, through
64R to either negative or positive reference voltage according to the
state of the holding flip-flops. The resultant decoded signal is then am-
plified by the expandor preamplifier,expanded and delivered to the hybrid.
The holding flip-flops in the decoder are reset after a 51-bit time interval.

X. SCAN RESULT INJECTION

The s lead carries two types of signal; seven bits of PCM-coded speech
in time slots 0 through 22 and the scan result in the bit 7 position of time
slot 22 (Table I). The scan result is generated on the sean bus as soon as
the line gate is operated. If a line is to be scanned, there will be a bit in the
bit 7 position on the r lead. If this number corresponds to an active line,
the bit is in the assigned time slot. If the number is inactive, both the
address and the scan command, part of the framing signal, are in the last
time slot. In either event, the result of scanning is gated to the “set” in-
put of the scan flip-flop, Fig. 14, which stores the information until the bit



50 THE BELL SYSTEM TECHNICAL JOURNAL, JANUARY 1960

7 position of time slot 22 of the s lead words. At this time, the state of
the scan flip-flop is interrogated and sent out over the s lead. The scan
flip-flop is reset a few bits later under the control of the inhibit flip-flop
signal. The two signals, seven-bit PCM plus the scan result, are amplified
and pulse shaped, and drive the s lead cable pair.

In addition to scan result injection, one can add other signals in time
slot 23 that would monitor the state of the remote line concentrator.

XI. LABORATORY MODEL

The laboratory model of the remote line concentrator, shown in Fig.
15, is contained in two 39-inch cabinets. The left-hand cabinet contains
the subscriber line circuits and the 1-out-of-256 selector; the right-hand
cabinet contains the remainder of the equipment. The division of the
experimental model of the remote line concentrator into two parts was
a result of the way in which the experiment was implemented. This
implementation was divided into three parts, called Phases 1, 2 and 3.

In Phase 1, two cabinets were made, each of which contained sub-
seriber line circuits, time-shared hybrids and selectors. The units were
tested by connecting them with coaxial cables that carried the PAM sig-
nals. In Phase 2, the encoders, decoders, expandors, compressors, tim-
ing circuits, delay lines and a primitive form of central stage switch
were added. Additions were made on a circuit-by-circuit basis — check-
ing, testing and consolidating before moving on. The work on the remote
line concentrator was essentially completed at the end of Phase 2. Phase
3 consisted of adding the concentrator controller, central stage switch
and common control simulator.

This procedure permitted circuits and features to be added to the unit
as required. The completed portion of the concentrator was therefore
kept on a solid basis, which enabled it to be used as the test facility for
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Fig. 14 — Scan result injection circuit.
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Fig. 15 — Remote line concentrator.

new circuitry and eliminated the need for synthesizing environmental
conditions. One of the most attractive features of this procedure was the
elimination of that most trying period that occurs when individually
constructed circuits or groups of circuits are completed and then as-
sembled and welded, hopefully, into a complete unit.

The laboratory model contains all the circuits and features required
by the system, except for the number of subscriber line circuits installed.
Twelve subscriber line circuits are installed in each remote line concen-
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trator. Provision was made so that these could be connected to any
number point on the l-out-of-256 selector by means of a plugboard
mounted in the back of the cabinet (IFig. 16).

The problems of equipment design were considered an integral part of
the ESSEX experiment. Rigid standardization of layout and wiring was
not employed, since it was recognized that new ideas and techniques
would occur and become available during the course of the experiment.
When any new ideas or techniques were proven satisfactory they were
incorporated in the later units, no attempt being made to change or
rework any of the finished units. The rear view, Fig. 16, of the remote
line concentrator at an early stage of the experiment is an excellent
example of this. The rack, on the right, which contains the subscriber

Fig. 16 — Rear view of remote line concentrator.
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line equipment and the 1-out-of-256 selector was the first unit made.
This single-panel construction was found to be inflexible, and the sub-
panel arrangement shown in the left-hand rack, in Fig. 16, was adopted.
This arrangement was used in the concentrator controllers, the trunkor
unit, the trunkor controller, the central stage switch and the common
control simulator.

Each subpanel can accomodate 15 printed circuit cards, which plug
into printed circuit connectors. Interconnections between printed cir-
cuit connectors on the same subpanel were made with color-coded plastic-
covered stranded wire, no particular attempt being made to keep these
interconnections as short as possible. Power and clock pulses were
brought into the subpanels by means of printed circuit cards, which
plugged into multiples located in troughs on the left and right walls of
the cabinet. Interconnections between subpanels and between cabinets
were made with flat multiconductor cable. Several types of cable were
used in order to determine the advantages and disadvantages of each.

The individual circuits are mounted on 5- by 8-inch gold-plated printed
circuit cards. Most of the analog circuits and some special purpose digital
circuits, such as the encoder and 1l-out-of-16 selector, are located on
cards laid out for the specific circuit or groups of circuits involved.
Special-purpose cards were not used for the digital circuits. Instead,
three cards were provided, one containing five flip-flops, another holding
eight pulse amplifiers and the third being laid out to accomodate AND
and OR logic circuits and emitter followers. The digital circuits were
formed by cross-connections on the printed circuit connectors on the
rear of the panel. To make this scheme work effectively, each part of a
digital circuit was given a number that located the card and the position
location of the circuit on the card. Examples of typical printed circuit
cards are given in Fig. 17. The card in the upper left-hand corner con-
tains eight pulse amplifiers, the card in the upper right-hand corner
contains the 1-out-of-16 selector. The lower card contains five flip-flops.
Wherever possible, the circuit diagram, input and output connections
and supply voltage busses have been clearly marked. This relatively
minor detail has been a great aid and time saver in fault location.

The logic circuits used were mostly AND and OR circuits in conjunc-
tion with flip-flops and amplifiers. These circuits used the fastest transis-
tors and diodes commercially available at the start of the experiment.
Even so, in order to obtain the 50-millimicrosecond rise and fall times
required, clipping and clamping techniques had to be used. This can be
seen in Tig. 18, which shows the circuit diagrams of the pulse ampli-
fier and flip-flop used in the experimental system.
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Fig. 17 — Printed circuit cards.

The power required by the remote line concentrator, exclusive of
telephones, is 75 watts. The transistorized telephones used in the experi-
ment required two-thirds of a watt each. Methods of powering the re-
mote line concentrator have been considered, but not in any great detail.
Power for the experimental system was obtained from a bank of com-
mercially available transistor-regulated supplies.

The measured terminal-to-terminal transmission characteristic of the
system is 6 &= 0.5 db from 100 to 3200 cps, and the 9-db points are at 70
and 3500 cps, with very small variability from channel to channel. The
midband loss of the system was set at 6 db for convenience, and does
not represent the minimum loss obtainable in a stable system. The
minimum loss obtainable is twice the loss in a subscriber line circuit.

The seven-bit PCM with logarithmic compression gives a signal-to-
noise ratio of about 30 db for a large dynamic range of signals. A simple
demonstration of the noise introduced into the system by the PCM en-
coding and decoding has been incorporated into the experiment. This is
done by operating a key, which drops out the PCM and connects the
terminals of the filters on one channel by means of a physical pair. The
difference is observable only in a very quiet room. Usually, however, the
quantizing noise is almost completely masked by room noise.

The measured crosstalk level is 65 db down from an adjacent channel
in the same remote concentrator. As explained earlier, the analog cir-
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cuits and the high-level pulses present at the output of the 1-out-of-256
selector must be laid out very carefully in order to achieve this result.

At the time this paper was written, the remote line concentrator
had been operating for a period of ten months. During the last two
months it was operated over a 25-mile microwave link between Murray
Hill and Holmdel, New Jersey. Since only one microwave channel was
available from Murray Hill to Holmdel, the r and ¢ leads were multi-
plexed onto the channel at Murray Hill and demultiplexed at Holmdel.

An artist’s sketch of what an ESSEX remote line concentrator might
look like when condensed into a single unit is shown in Ilig. 19. In this
conception, the subscriber line equipment is installed in the doors, with
128 subseriber line circuits in each door. Traffic consideration in an
operating system would require that about 115 subscribers be connected
to a remote line concentrator. In this case, one door could be replaced
by a cover plate. The central portion contains all the shared circuits of

=12 -12 +6 -12

Fig. 18 — Pulse amplifier and flip-flop circuit diagrams.
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Fig. 19 — Artist’s conception of remote line concentrator.

the unit and space for a remote power supply and four-hour battery
standby if required. The unit, as pictured, would measure 16 X 27 X 30
inches with both doors closed, and would weigh approximately
250 pounds. The size and weight figures were obtained from the equip-
ment used in the experimental version of the remote line concentrator.
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XII. SUMMARY

Two remote line concentrators and a tiunkor have been built and
have operated successfully in the experimental environment. The units
work at the required speeds. The design is straightforward. The imple-
mentation presented few problems of any magnitude and required no
change in the basic system plan. This, in very large measure, is a result
of the fundamental simplicity of time-division switching and digital com-
munication systems.
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Controller for a Remote Line Concentrator
in a Time-Separation Switching
Experiment

By W. A. MALTHANER and J. P. RUNYON
(Manuscript received August 26, 1959)

Remote line conceniration, time-separation switching and PCM trans-
mission are combined n a communication system experiment called ESSEX
(Experimental Solid State Exchange). Organization and design details of
the concentrator controller used in the research model are presented and
discussed.

I. INTRODUCTION

An earlier paper! has described the general organization of an experi-
ment in time-separation switching. Two principal functional parts were
incorporated into this experiment: a line concentrator, which might be
remote from a central switching office, and a concentrator controller,
which would be located within the central office. In this paper we will
describe in greater detail the organization and design of the concentrator
controller. A companion paper? presents details of the remote line con-
centrator. In both papers it will be assumed that the reader is generally
familiar with Ref. 1.

The experimental equipment provides 24 time-division channels be-
tween the remote concentrator and the controller. Since the controller
would be located at a central switching point, it would be more aceessi-
ble for maintenance than the concentrator; therefore, whenever there
was a choice between locating equipment in the concentrator or in the
controller, the controller was chosen.

Of the 24 time-division channels, which will be referred to as time
slots, the first 23, numbered 0 through 22, are used for pulse-code-modu-
lated speech. Time slot 23 is reserved for scanning and control functions,
which will be described in the body of this paper. Each time slot recurs
at an 8-ke rate, and each contains eight binary digits; the first seven are
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pulse-code-modulated speech, and the eighth is reserved for control
purposes. One cycle of time slots, 0 through 23, will be referred to as a
frame. There are 8000 frames per second, 192,000 time slots per second,
and 1.536 X 10° binary digits per second per repeatered transmission
pair.

Each concentrator controller is interposed between its remote con-
centrator, the central-stage switch and a common control circuit that
would serve a number of concentrators and trunkors.! The controller
stores and delivers to the concentrator the information needed to control
the gating of speech samples, delivers to the central-stage switch the
information needed to gate PCM speech signals over the appropriate
routes and maintains supervision of the subsecribers’ lines, which termi-
nate in the concentrator. In performing this last duty, it scans each line
every one-eighth second, and, upon two successive appearances of an
“off-hook” signal from an idle line or an “on-hook” signal from a busy
line, the controller sends an alerting signal to the common control. In
the experimental arrangement, the common control is simulated by a
manually operated console; hence, we will describe the steps taken in
setting up and taking down connections in terms of the actions of an
operator at the console.

II. SIGNALS TO AND FROM THE CONTROLLER

The environment of the controller is shown in Tig. 1. The concen-
trator and the switching center are connected by three repeatered pairs,
one (shown as 8), transmitting speech and line scan results toward the
center, one (shown as R) transmitting speech and framing signals toward
the concentrator and the third (shown as ¢) transmitting, toward the
concentrator, control information identifying in real time the subscriber
line that should next be sampled. The concentrator control also delivers,
in real time, signals for the control of the gates in the central stage
switch (see Section VII). The experiment employs a two-stage central
switching network with a contemplated capacity of about 32 concen-
trators plus trunkors, whose s and r leads are interconnected by 32
junctors. In this case, five binary digits suffice to identify a junctor.
Hence, the controller must deliver a five-binary-digit junctor gate num-
ber (JGN) per time slot to the network and an eight-binary-digit line
gate number (LGN) per time slot to the ¢ lead.

The gate numbers that are dispatched over lead ¢ and toward the net-
work are stored in the controller in circulating memories (see Section V).
When a telephone connection is made or broken, gate numbers must be
read into or erased from these memories. This information is not gener-
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ated within the controller, but must be supplied from the manual con-
trol. Communication between the manual eontrol and the concentrator
control is provided by means of insert and dispatch circuits (see Sections
VIII and IX).

The scanning of subscriber lines in the remote concentrator is carried
out by the concentrator control with the assistance of an external scan
number generator (see Section IV), which delivers subscriber line num-
bers to each concentrator controller. These line numbers are delivered
serially, in cyclic order, and synchronously with the line numbers dis-
patched over the ¢ lead. Bach number is repeated once per time slot for
four entire frames before the number generator advances to the next
number. The signal delivered to the controller by the scan number
generator is called the scan gate number (SGN).

Since there are eight bits per word, there are 28 = 256 SGN numbers
to be generated and, since the number generator advances every fourth
frame, there is an interval of approximately one-eighth second between
the periods during which a particular number is generated.

The use of a four-frame cycle for the scanning of a single line number
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gives rise to a natural numbering of frames when scanning is discussed.
The scan number generator advances from one number to the next at
the beginning of frame 0; delivers the same number throughout frames
0, 1, 2 and 3; and advances to the next number at the end of frame 3,
which coincides with the beginning of frame 0 for the next scanning cycle.

‘We have now mentioned every category of signals that goes to or from
the concentrator controller except one. The signals in this final category
are timing signals that derive from a clock, used in common by all units
at the switching center, which consists of a stable oscillator and attendant
pulse counters (see Section XIIT).

A list of the distinet signals that flow to or from the concentrator
controller is given in Table I.

III. CALL PROGRESS WORDS

The signals listed in Table I describe the performance of the controller
as seen from its terminals. The general arrangement of equipment that
was chosen to meet these requirements is shown in Fig. 2. (Fig. 2 is a
reproduction of Fig. 6 of Ref. 1.)

Digital operations within the controller are governed by the call
progress memory, the call progress coder-decoder and the line scanning
control. An understanding of the plan of operation of the controller is
most easily obtained by considering the sequencing of call progress words
in the call progress memory.

A call progress word? is a record of the state of a call to which a time
slot has been assigned. The call progress memory is a circulating memory
with a capacity of 192 binary digits, eight for each of the 24 time slots.
In these locations are stored call progress words for the corresponding
time slots.

Sequences of states through which a given call can progress, as re-
flected by the corresponding sequences of call progress words, are shown
in Fig. 3. The call progress words themselves are indicated by the rec-
tangular boxes of Fig. 3, the various admissible transitions from one call
progress word to the next being indicated by the labeled arrows. Transi-
tions that take place without the intervention of the operator are indi-
cated by circles, and those that are caused by operator action by dia-
monds. Each automatic transition bears also a label made up of some
or all of the letters H, M and D, with or without primes. These letter
labels indicate, in a Boolean notation, the circumstances in which the
transition occurs. The letter symbols stand for the following proposi-
tions:
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H: ‘“the scanner indicates off-hook”’;
M: “the SGN matches the LGN”;
D: “‘the dispatch circuit is not occupied”.

A prime indicates the negation of the proposition. Thus, the transfer from
word P11 to P17, which is labeled H’M D, occurs when the scanner does
not indicate off-hook, the SGN matches the LGN and the dispatch
circuit is free.

‘Whenever the line scanner returns an “off-hook’ indication for a
hitherto idle line, the number of the line is entered in the line gate num-
ber memory in the first idle time slot encountered. This time slot is
identified as idle by the appearance of P1 as its call progress word. At
the time of entry of the line gate number, the call progress word is ad-
vanced to P2 (“suspect request for service’”). No further action is taken
until one-eighth second later, when the scan number generator next
arrives at this line number. If a second “off-hook” is seen for this line
at this time, the call progress word is advanced to P3, provided that the
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Fig. 2 — ESSEX concentrator controller.




TaABLE I — SieNaLs THAT EnxTER OR LEAVE THE CONCENTRATOR CONTROLLER

From or to

Name of signal

Sent via
(See Fig. 3)

Time when sent or received by
controller

Purpose

A. To concentrator

B. From concentrator

C. To central
switch

D. To manual console

stage

. Line gate number

(LGN)

. Scan gate number
SGN)
. PCM speech or tone

. Scan command
. Framing command

. PCM speech
. Scan result
. PCM speech or tone

. Junctor gate num-

ber (JGN)

. Request-for-service

alert

¢ lead
c lead
R lead

R lead
R lead

s lead
s lead
s lead
Five parallel leads

shown in Fig. 2

Dispatch circuit

Bits 0 through 7 of time
slots 0 through 22 in
every frame

Bits 0 through 7 of time
slot 23 in frame 0

Bits 0 through 6 of time
slots 0 through 22 in
every frame

Bit 7 of time slots 0
through 22 in frame 0

Bits 0 through 7 of time
slot 23 in every frame

Bits 0 through 6 of time
slots 0 through 22 in
every frame

Bit 7 of time slot 22 in
frame 1 or 2

As in A3

Bit 7 of time slots 23
through 21

When dispatch circuit is
free and two successive
scans of an idle line
have shown it to be
“‘off-hook”’

Orders operation of line
gate, thereby sampling

Scans idle lines to deter-
mine whether they are
“off-hook’’*

Delivers speech or tone
signal to decoder

Adds scan order to signal
*

Orders reset of counters
in slave clock

Transmits speech signal
from encoder

Indicates whether line
scanned (A2 or A4) was
“‘off-hook”’

Transmits speech or tone
signal to other end of
connection

Operates proper network
gates for call in next-
following time slot

Informs operator that re-
quest for service has
been detected and in-
dicates time slot tenta-
tively assigned the call-
ing line
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2. Readout of control-
ler memory dataf

3. Hang-up alert

4. Acknowledge

E. From manual con- | 1. Proceed
sole
2. Insert

3. Acknowledge

Dispatch circuit

Dispatch circuit

Dispatch circuit

Insert circuit

Insert circuit

Insert circuit

After E1, memory con-
tents in chosen time
slot is read to manual
console once per frame
until receipt of E3

When dispateh circuit is
free and two successive
scans of a busy line
have shown it to be
“‘on-hook”

Response to E2

Under control of opera-
tor

Time slot selected by
operator

Response to D2

Informs operator of con-
tents of controller mem-
ory in time slot inter-
rogated

Informs operator that a
hangup has occurred
and indicates its time
slot

Informs operator that in-
sert data was received
with correct parity

Evokes D2; normally a
response to D1 or D3

Permits operator to alter
contents of controller
memory

Indicates D2 received
with correct parity

F. Timing signals received regularly from clock and numbers for scan received regularly from scan number generator (see Sec-

tions IV and XIII).

* Either A2 or A4 is used, not both (see Section IV).
1 One time slot may be read out per interrogation; this signal is a response to El.
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dispatch circuit is free. Advance of the call progress word to P3 initiates
signal D1 of Table I, informing the manual console of line action. Had
the dispatch circuit not been free when the second ““off-hook” was seen,
the call progress word would have remained P2 until either the calling
subscriber returned the telephone to its hook, (in which case the word
would be restored to P1), or the dispatch circuit became free, (in which
case the word would be advanced to P3).

Advance from P3 to P4 takes place as follows: entry to P3 causes the
signal D1 (Table I) to be sent to the manual console, informing the
operator that a request for service exists, and indicating the time slot
in which this request is being handled. In response, the operator returns
signal It1, requesting transmission of the memory content in the indi-
cated time slot. Response D2 automatically follows the receipt of Kl,
and, if the information dispatched by D2 is received with correct parity
at the console, acknowledgment E3 is automatically returned to the
controller. The receipt of Ii3 advances the call progress word from P3
to P4. This frees the dispatch circuit and, if another time slot is at P2,
it may now advance to P3.

When the call has reached P4, the operator knows the identity of the
calling line and the time slot that has been tentatively assigned to it.
The operator now must consult her records to see what sort of service
this line receives. Let us suppose the operator discovers that the line is
to be connected to an operator trunk.* By means which need not concern
us here, the operator must locate an idle operator trunk and match a
path through the network between the trunkor in which the operator
trunk is located and the concentrator controller, in a time slot in which
both trunkor and controller are idle. For this purpose, the operator may
consider the tentatively chosen time slot in which P4 is stored be idle,
but the operator may find it impossible to match through the network
in that time slot. Let us suppose that a match is finally found that uses
a different time slot.

As soon as it has been determined that a new time slot is to be used,
the new slot should be reserved immediately in the controller memory
by advancing its call progress word from P1 to P26, in order to prevent
its seizure by suspected requests for service in the interim between
matching and the inserting of line gate and junctor gate data from the
console. In a practical system, the matching would be done by an auto-
matic eircuit, not deseribed in this paper, which would cause the transfer
from P1 to P26 by means of a signal that is not listed in Table I.

* In most cascs, the line should be connected to a dial register. There is no

point in detailing here the process of accumulating the called number and pass-
ing it to common control or to the console operator, which this introduces.
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To set up the connection, the operator first uses E2 to insert the line
gate number, call progress word P5 and the junctor gate number yielded
by the matching operation into the controller memory in the new time
slot. This transmission is automatically checked for correct parity at
the controller, and T84 acknowledges correct receipt (transition from
P26 to P5). Signal 22 must then be used a second time to erase the
information in the old time slot and restore its call progress word from
P4 to P1.

From P3 and P4 there are no transitions that depend on the line scan
information. If the calling subseriber should hang up while in P3 or P4,
this fact would not be signaled to the operator until P5 was entered.
This “filtering” of the scanner indications reduces the number of special
sequences of events with which the common control must cope.

Once P5 has been reached, and the operator has made suitable entries
in the trunkor memories to establish the other end of the connection,
the subscriber is in voice communication with the operator. He may now
indicate the number that he wishes to call. The operator now locates
the concentrator in which the called line terminates and performs a
busy test by means of 23 D2 interrogations, to determine whether the
called line gate number appears in any one of the 23 working time slots
of the terminating concentrator controller. If the called line is not thus
found to be busy, the operator matches a path through the network in
a time slot in which the two concentrator controllers are idle. Here
again, the operator may consider the time slot in which she is connected
to the calling subscriber to be idle; however, if the called concentrator is
busy in this time slot, a new time slot may be chosen. If this is the case,
the call progress word should be promptly advanced in both the originat-
ing and terminating controllers from P1 to P26 in the new time slot. The
operator now inserts the line gate number and junctor gate number
information in the chosen time slot in both controllers, inserting call
progress word P7 in the originating controller and P23 in the terminating
controller. Call progress word P23 causes operation of the splitting and
tone gates (Fig. 3) in the terminating controller. These gates interrupt
the s and r leads of the terminating concentrator in the chosen time
slot and send a pulse-coded ringing signal on the r lead and a pulse-
coded audible ringing tone on the s lead, which returns this tone through
the network to the originating econcentrator. If the called line is answered,
the first “off-hook’ signal from the scanning of that line causes transi-
tion from P23 to P24. In P24, the ringing signals continue. A second
“off-hook” signal from the called line, one-eighth second later, causes
advance of the call progress word to P7, which effects restoration of the
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splitting gates to the normal condition, removing the ringing tone and
establishing a talking connection.

If the called line is located in the same concentrator as the calling
line, the equipment is so arranged that two time slots are required for
the conversation. Both calling and called subscribers must be connected
through the network, in different time slots, to the same ‘“unterminated”
terminal of a trunkor. Here both sets of PCM signals are decoded to
analog samples that are stored in and read from a capacitor. This
capacitor replaces the customary line filter and permits interchange of
the samples between the two time slots. This arrangement, although
exceedingly simple, is wasteful of transmission eapacity. In a working
system where such “intraconcentrator” calls occurred frequently,
changes would be made to permit such calls to be handled in a single
time slot.

If the called line is not answered, the terminating concentrator will
remain at state P23 and the originating concentrator will remain at state
P7 until the calling subscriber tires of waiting and hangs up. The first
“on-hook” scan result for the calling line will cause an advance to P9,
and the second will cause an advance to P16, provided that the dispatch
circuit is not occupied. Entry to P16 will initiate a ‘“hang-up alert”
signaling sequence between the controller and operator console, which
corresponds exactly to the “request-for-service alert” sequence between
P3 and P4. When the controller finally receives a ‘“parity correct’” ac-
knowledgment from the console, the call progress word advances from
P16 to P19. This causes immediate erasure of the JGN entry in the
controller memory, and will cause erasure of the LGN entry and transi-
tion to P1 as soon as an additional “on-hook’ signal has resulted from
scanning the calling line.

The operator still must disconnect the line being rung. To do this, she
consults the information sent to her during the signaling sequence be-
tween P16 and P19. She knows the time slot in which the hang-up
occurred and the number of the junector in use for the call. The operator
now must locate the controller or trunkor whose memory stores the
same junctor number in the same time slot. To do this, she may, for
example, interrogate in turn the memory of each controller or trunkor,
in the time slot in question, until she finds the location at which the
sought-for junctor number is stored. The operator now erases the
memory contents at the point she has just located, and restores the call
progress word from P23 to P1, thus ending the ringing of the called line.

This typical history of the progress of a call is intended to acquaint
the reader with the general scheme of operation of the controller, as
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reflected in the sequence scheme of the call progress words and the
manner in which they control the sequence of events in the system. I'rom
this description, a call progress word may be seen to be a sort of condi-
tional “order,” indicating the next operation that is to be performed as
soon as the appropriate conditions have been established, rather than
at some predetermined point in time.

We will leave to the reader the exercise of tracing out the call progress
word sequences corresponding to other possible sequences of subseriber
action, and will proceed to describe the circuits that have been provided
in the experimental equipment.

IV. LINE SCANNING AND SUPERVISION

“Off-hook” and “on-hook” conditions at customer lines are detected
by scanning sequentially all the lines at a remote concentrator. For
each “off-hook’ condition detected, a signal is transmitted to the con-
centrator central unit.

The scan number generator consists of an eight-bit shift register,
called the SGN register, which is connected to recirculate its contents
through an “add one” circuit. The number circulates through the SGN
register every time slot (5.2 microseconds) and is available to the con-
trollers for scanning and matching purposes. Each number circulates
through the register without change 96 times, i.e., once each word time
during four frames. After four frames, the “add one’ circuit is enabled
and the next higher binary number is entered into the SGN register.
This four-frame scanning cycle allots one frame to a preliminary match
of the scan gate number with the various line gate numbers in the con-
centrator memory, since the actions to be taken depend upon whether
or not the line to be scanned was in an active state on the preceding scan.
The round trip of the scan number from the concentrator controller to
the concentrator and the return of the scan result may take one or two
frames of the scanning cycle. The final frame is used for entering the line
number into an idle time slot of the controller memory or for making
any required alteration of the memory state if the line number was
entered previously. Fig. 4 exhibits the various sequences of events en-
countered in line scanning.

The line scanning control circuit operates as follows. During frame 0
of the scanning cycle, the scan number is serially matched against the
line numbers stored in time slots 0 through 22 in the controller memory.
If no match is found, the line is idle and the scan number is transmitted
on the ¢ lead in the last time slot of this frame (time slot 23) to the
concentrator (signal A2 of Table I). If the line is still on-hook, signal B2
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is returned to the controller by the absence of a pulse, but if the line is
“off-hook”” B2 returns as a single pulse.

The “not-in-memory” and “off-hook” conditions are registered in
flip-flops. Let us assume that B2 indicates “off-hook”. During frame 3,
the first idle time slot in the controller memory, as indicated by the
call progress word memory, is assigned to the scanned line. The scanned
number is gated from the scan number generator into the line gate
number memory in this time slot and the call progress word is changed
to indicate that an initial “off-hook’ has been detected.

If the leakage of the remote line gates is not sufficiently low and an
active line is gated to the scanner in time slot 23, and gated for speech
in its assigned time slot, scanning noise in the form of “ticks of silence”
may be introduced into the conversation. To prevent this, an active
line is scanned in its assigned time slot. .

If, during frame 0, the scan generator number is found to correspond
to one of the line numbers in the controller memory, a ‘“one” pulse
(signal A4 of Table 1) is transmitted on the r lead in the eighth-bit posi-
tion. To avoid interference with the framing operations (see Section XIV)
at the concentrator the seventh, and least significant, speech bit in this
and the next time slot are transmitted as “zero”. The scan generator
number in this case is not transmitted on the ¢ lead in time slot 23.
The presence of a pulse at bit 7 on the r lead causes the concentrator to
scan the line in its assigned time slot. The signal indicating “‘off-hook”,
however, is still returned to the controller as bit 7 of time slot 22 of
frame 3. During frame 3, the matching operation between the scan num-
ber and the line numbers in memory is repeated to identify the assigned
time slot. The scan result is then gated into the call progress decoder-
coder to alter as necessary the state of the scanned time slot.

By these processes, a line originating a call is identified, assigned to
an available time slot and permitted, upon verification of the ““off-hook”,
to alert the common control circuits of the office. In the same way, the
answer of a called line is detected and the advance of the call from the
ringing to the talking state is initiated. Similarly, the hang-up of a line
at any time is detected, initiating the necessary disconnect operations,
which may or may not require common control actions.

V. MEMORY STRUCTURE

The memory in each concentrator controller stores control orders for
the remote and central switches. It also holds a record of the current
status of each time slot. For each of the 24 time slots or channels, 24 bits
of information are stored: eight bits for the remote line gate, five bits
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for the central stage switch, eight bits for the call progress words and
three bits for checking. Three recirculating serial memory units are used
in each controller. Each concentrator memory circulates 192 bits—that
is, eight bits for each of 24 channels.

Binary-coded pulses are transmitted through a magnetostrictive delay
line that holds 177 of the memory loop bits. This line is a 3-mil super-
mendur wire with a solenoid around one end as an input transducer and
a similar solenoid at the other end as an output transducer. Binary-
coded electrical impulses are impressed magnetostrictively on the line
at the input transducer and travel along the line in acoustic form. The
magnetostrictive effect is used at the output solenoid to convert back
to electrical impulses; thus, an electrical delay and information store is
produced that is dependent upon the distance between the delay line
transducers (see Fig. 12 of Ref. 1.)

The output of the delay line connects to the first stage of a shift
register, and the last stage of the shift register feeds pulses back into the
magnetostrictive line to complete the loop. A diagram of one of these
circulating loops is shown in Fig. 5. Information appears in the central
stages of the shift register during the particular time slot with which
it is associated, recurring, of course, every 125 microseconds. The infor-
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Fig. 5 — Line gate number memory unit.




74 THE BELL SYSTEM TECHNICAL JOURNAL, JANUARY 1960

mation may be examined and transmitted to external circuits in either
serial or parallel form from the shift register. New information can be
entercd into the memory in serial or parallel form at the shift register
at the half-bit time. A relative time shift in the information, causing it
to lead or lag the occurrence of the master clock time slot with which
it is associated, may be introduced during the design of any system func-
tion by operation at selected earlier or later stages of the shift register.
This permits time coordination through the system without the use of
auxiliary delay buffers or time-counting circuits.

In the model, line gate words are inserted serially from the line scan-
ning circuit or common control and are transmitted serially to the line-
scanning circuit, to the remote concentrator via the ¢ lead and to com-
mon control. The junctor gate words are transmitted in parallel to the
central stage switch selectors, transmitted serially to common control
and inserted serially from common control. Call progress words are trans-
mitted to and entered from common control serially, examined in parallel
and altered in parallel by the call progress decoder-coder, as will be
described in Section VI.

VI. MANIPULATION OF CALL PROGRESS WORDS

The call progress words are coded so that each word contains exactly
three ones. There are 56 such words, but only about 30 of them are re-
quired in the model.

As each call progress word passes through the shift register of the
memory loop, its eight bits are examined in parallel by a decoder-coder
cireuit, which consists principally of a diode matrix. The decoder ener-
gizes a single lead to indicate the state of the time slot, and actions such
as the operation of ringing gates may result directly. Additional inputs
from the line scan, dispatch or insert control circuits combine with
certain indicated call progress states in the coder to produce a new call
progress word. The word in the memory loop is immediately altered
by parallel inputs to the shift register from the coder. The speed of the
decoder-coder circuits is sufficiently fast that buffer storage between the
shift register and the decoder is not required, and the word in the reg-
ister can be altered by the coder before the occurrence of the next ad-
vance pulse. Certain control actions, such as the seizure of the dispatch
control circuit, occur simultaneously with a coder alteration of the call
progress word.

Call progress words are also examined serially for operations such as
idle-time-slot selection during initial assignment of an originating call
to a time slot, and for the path-matching operations of common control.
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Call progress words may also be altered by serial transmission from
common control via the insert control circuit to one of the later stages
of the memory shift register.

VII. CENTRAL STAGE SWITCH

Each concentrator (or trunkor) connects to an associated section of
central stage switching. The s and r leads of a concentrator are multi-
pled to 32 concentrator-to-junctor gates, and the junctor outputs are
multipled to the corresponding junctor outputs of all other concentra-
tors (and trunkors) as shown in Fig. 6. Thus, each concentrator has
access to the other concentrators and trunkors, and to junctors to other
office modules® over a total of 32 space-separated paths in any of 23
time slots. For intramodule calls, the junctors are grouped in pairs. In
a call between two concentrators the s lead of the first concentrator and
the r lead of the second are connected to one junctor of the pair, while
the r lead of the first concentrator and the s lead of the second are con-
nected to the other junctor of the pair. The same time slot must be
used in both concentrators.

The junctor gates are simple diode-and-transistor gates that pass
binary signals unilaterally at low power. A five-bit transistor flip-flop
register acts as a buffer between the circulating junctor gate memory of
a concentrator and its junctor gate selector. The junctor gate selector
is a two-stage diode AND matrix. Two of the input bits provide a one-
out-of-four partial selection in one first stage, and the other three input
bits provide a one-out-of-eight partial selection in a separate first stage.
The one-out-of-four and one-out-of-eight partial selections are combined
in the second selection stage to operate one of the 32 junctor gates, and
the coded speech signals in both directions of a conversation pass each
other simultaneously on the junctors.

VIII. DISPATCH CONTROL AND MANUAL CONSOLE

Each concentrator controller contains a dispatch control ecircuit
through which it sends orders and data to common control. This com-
munication is necessary at various stages in the progress of a call, such
as on the detection of a request for service, answer, or hang-up condi-
tion at a customer’s line. Common control correlates the information
from the particular concentrator with information as to the rest of the
office, and advances the call as required. In the experimental model, the
dispatch eircuit connects to the receiving circuit of a manual console.
Information is displayed at the console to an operator who, with the
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assistance of manual aids to memory, makes the decisions and initiates
the actions that would be performed automatically by common control
in a fully developed system.

Functional relationships between the concentrator controller, its dis-
pateh cireuit and the receiving circuit of the manual console are outlined
in Tig. 7. When the call progress word in a concentrator controller
reaches a transition into a state that requires the use of the logic and
memory functions of common control, the transition is made only if the
dispatcher is idle, and the dispatcher is seized on the transition. This
provides lockout between the various time slots of a concentrator in
their access to the dispatcher. Lockout is required since the dispatcher
may be used from any time slot and is held for a few frames on each
usage. An alert register in the dispatch control is set from the call prog-
ress word decoder-coder upon seizure. The setting is identical to some
of the bits in the new call progress word that the decoder-coder simul-
taneously writes in the associated time slot memory. An alert indicator
in the console informs the operator that the particular concentrator
requires attention and gives information as to the priority of the action
required. The dispatch control on all subsequent frames indicates which
time slot is in the dispatch state by means of a serial match between the
alert register setting and the pertinent bits of each word in the call prog-
ress memory loop.

The console operator elects to serve the concentrator with the highest
priority alert indication by setting the C/T selector switch to the cor-
responding position. To identify the alerting time slot, the setting of
the console time-slot selector switch is varied until its output pulses
coincide with pulses from the serial match detector. Readout keys en-
able the receiving sequence circuit, which in turn controls the dispatch
sequence circuit, so that data from the alerting time slot of the concen-
trator memories are transmitted serially through dispatch data gates to
data shift registers in the receiving circuit. The junctor gate number and
line gate number information are read to the receiving registers consecu-
tively in the frame following the operation of a readout key. If the order
information in the alert indication is not sufficiently explicit, the com-
plete call progress word may be transmitted, by operation of an alter-
nate readout key, to a receiving shift register in the frame following
the line and junctor number transmission. For maintenance purposes,
provision has also been made for transmitting information from the
memory loops to the data registers in nonalerting time slots by opera-
tion of special readout keys.

Each block of data transmitted to the receiving circuit is preceded
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by a start bit. This causes the receiving sequence circuit to provide ad-
vance pulses to the receiving shift registers and enablement to an asso-
ciated data-check circuit. The emergence of the start bit from the far
end of a receiving shift register informs the sequence circuit that the
block of data has been completely received. Advance pulses to the shift
register are discontinued, the state of the check circuit is examined and
the sequence circuit is primed for a second trial or its next function. The
data registers are equipped with indicators for visual readout of the
data to the operator, who resets them manually when the data are no
longer needed.

IX. INSERT CONTROL AND MANUAL CONSOLE

EKach concentrator controller contains an insert control circuit through
which information from common control may be passed for storage in
the controller memory. This communication is necessary at the various
stages in the progress of a call in which common control actions for path
selection, path tracing, billing, ete., are performed. In the experimental
model, the logic and large-scale memory functions of common control
were not implemented. Instead, a manual control console with visual
display of current common control data was provided. An operator can
select the concentrator or trunkor and the time slot into which informa-
tion is to be inserted, preset the insert order and data items, and initi-
ate the insert actions.

The relationship between the concentrator controller, its insert con-
trol circuit and the sending circuit of the console is outlined in Fig. 8.
The operator selects the particular concentrator or trunkor memory to
be altered by setting the C/T selector switch accordingly. The time slot
selector switch also is set to the proper position, and the operator manu-
ally selects an insert order word, call progress word and, if necessary,
line gate number and junctor gate number. Every insert operation in-
cludes at least an order word and a call progress word. The selected
order and data words are registered in parallel in the data shift register
stages by operation of a manual set key, which advances the sequence
control circuit. The register setting is displayed to the operator for
verification. Operation of a spill key enables the sequence circuit, so
that advance pulses are applied to the data shift registers, and the send
gates are operated in proper anticipation of the occurrence of the se-
lected time slot at the concentrator memory input positions. A start
bit in the order word, which precedes all other transmission, is detected
by the sequence circuit of the insert control. The order word itself is
then stored in an order word shift register under control of advance
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pulses from the sequence circuit. Arrival of the start bit at the far end
of the order word register advances the sequence circuit, so that the
data-in gates to the concentrator memory are opened as required and
in the proper sequence. Data flow directly into the shift registers of
the memory loop serially in real time, so that no buffer storage is re-
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quired in the insert control. The sequence circuit in insert control also
enables, in the proper time sequence, a memory-insert check circuit,
which monitors the new data immediately after its insertion into the
memory loop registers. Second trial and release signals are sent, from this
check circuit to the sending circuit of the console.

X. DELAY-STABILIZING SERVO

A delay pad is provided in the s lead, so that the round trip delay,
from the switching center out to the remote concentrator and back to
the switching center, is exactly equal to an integral multiple of 125
microseconds. This delay is required so that, for each conversation, the
pulses representing speech in one direction may pass through the central
stage switch at the same time as the pulses representing the other direc-
tion of the same conversation. The delay is provided by a magneto-
strictive wire delay line of the same construction as the lines for the
memory loops (Section V). The binary-coded electrical impulses of the
s lead are impressed magnetostrictively on the line at the input trans-
ducer, and they travel along the line in acoustic form. The magneto-
strictive effect is used at the output solenoid to convert back to electri-
cal impulses; thus, an electrical delay is produced that is dependent
upon the distance between the delay line transducers.

The delay can be set initially to the required value by manual posi-
tioning of the transducers. However, because the delay in transmission
through cables varies with temperature, it is necessary to vary the
delay of the pad in a compensating manner. This is done by a servo
unit, shown in Fig. 9, that changes the physical position of the input
solenoid.

Each information pulse from the delay line is transmitted to an inte-
grating network through a “phase slicer’” controlled by phase-timing
pulses from the master clock. The portion of the information pulse that
precedes the leading edge of the timing pulse drives the integrating
network with one voltage polarity, and the portion of the information
pulse that oceurs after the leading edge of the timing pulse drives the
integrating network with the opposite voltage polarity. An error voltage
is developed unless the delay is such that the information pulses are
centered about the leading edge of the timing pulses. If the error volt-
age exceeds a threshold value, a servo motor moves the input transducer
along the delay line in the correcting direction. The reference phase-
timing pulses are also used to regenerate the delay line output, so that
standard-timed information is delivered to the central stage switch de-
spite small variations in the delay line setting.



82 THE BELL SYSTEM TECHNICAL JOURNAL, JANUARY 1960

S MAGNETOSTRICTIVE F—i>——§—s—-
LINE \

/ﬂ L3t ~ L FaWal L//

4 =1 F

PHASE SLICER
INTEGRATING
NETWORK

DC
INVERTER

4%%"

ERROR
SIGNAL

T |
AMPLIFIER L + i—%
L

= CLOCK PULSES

Fig. 9 — Delay pad and servo circuit.

XI. SPLITTING AND TONE GATES

The splitting and tone gate circuit, shown in Ifig. 10, is inserted in
the path between a remote concentrator and its appearance on the cen-
tral stage switch connections. At this point, the normal send and re-
ceive paths may be opened and special coded signals may be connected
to either lead under control of call progress words. Since the s and r
lead signals are in pulse-code-modulated form, the signals inserted at
these splitting gates must be in the same form. Time-varying signals
for ringing, ringing tone and busy tone are generated in a circuit com-
mon to the office, as described in Section XII. Other special signals
(see Table I), such as the framing command, the scan command and the
zero-level speech code, may be obtained directly from the master clock.
Simple diode and transistor gates, similar to those that make up the
crosspoints of the central stage switch, are controlled from the call
progress decoder-coder to connect these signals to the s and r leads as
required. A buffer flip-flop register extends the call progress decoder
order for the duration of each time slot.

This circuit provides full access to the concentrator speech paths, so
that no blocking can occur in connecting these special signals, and re-
duced traffic load is placed on the junctor paths of the central state
switch. In addition, some operations in the common control are avoided,
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since transitions in the concentrator controller, such as from the ring-
ing to the talking state upon the answer of the called customer or from
the busy tone to the idle state upon hang-up of the customer hearing
the tone, are now made locally within the controller.

XII. DIGITAL TONES .

In order to pass through the speech transmission and gate circuits of
an electronic system, ringing is accomplished in the voice frequency
band and at the power levels satisfactory for speech. In addition, since
the voice-frequency signals in the central office are in pulse-code-modu-
lated form, the special tones must also be in this digital form.

The PCM codes to be generated include the maximum amplitude
positive speech-sample code and the maximum amplitude negative
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speech-sample code for ringing, the half-maximum amplitude codes for
ring tone and busy tone, and the “zero level” speech-sample code for
the silent intervals of the interruptions. These must be logically com-
bined at the proper frequency and interruption rates.

The PCM tone signals generated are:

i. ring, which isa 1000 cps signal of maximum amplitude interrupted
at both a 7.8 and 0.245 cps rate;

ii. 7ing tone, which is similar to ring but of lower amplitude;

iii. busy, which is a 250 cps signal of the same amplitude as the ring
tone interrupted at both a 7.8 and 0.98 cps rate.

XIII. CLOCK

Timing of operations in the model is under the control of a central
source of pulses, Fig. 11. A crystal oscillator operating at the basic bit
rate of 1.536 mc acts as the master clock. Blocking oscillators driven
through buffer and phase-shifting stages provide negative-going power
pulses of 0.1-microsecond duration at the bit rate. These pulses are pro-
vided in two-phases, with the pulses of the second phase, ¢, occurring
midway in the interval between pulses of the first phase, ¢o. All shift
registers in the system are advanced with ¢, and may have their con-
tents modified at ¢, time. The phase pulses drive an eight position com-
mutating circuit to provide eight-bit pulses, each of 0.65-microsecond
duration and each spaced by 5.2 microseconds, the width of a time slot.
In a similar manner, one of the bit pulses drives a commutator to form
24 “word” or time slot pulses, each 5.2 microseconds wide and repeated
every 125 microseconds, which is the basic ‘“frame” time of the system.
In turn, one of the word pulses drives a commutator to furnish four
frame pulses, each of which is 125 microseconds wide and is repeated
every 500 microseconds.

Fach commutating circuit is a shift-register, 8, 24 or 4 stages long,
operated as a re-entrant ring with a single active stage. Each of the
various time pulses occurs for the time interval in which the correspond-
ing stage in its ring is active. These basic signals and logical combina-
tions of them are distributed by power amplifiers to all units in the office
as required. Similar pulses at the basic bit and time slot rate are gen-
erated at the remote units by timing recovery circuits dependent upon
a received train of data bits.

XIV. FRAMING

Although the remote concentrator can recover the basic system bit
rate from the PCM signals transmitted to it and can reconstruct pulses
of time slot duration, it must be provided with a phase reference signal
in order to associate a time slot pulse with the proper group of bit pulses.
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This is the function of a framing command signal transmitted on the
R lead. In time slots 0 to 22, this lead carries a seven-bit PCM speech
code and an eighth bit that is normally a ‘“zero”. In time slot 23,
eight “one” bits are transmitted, forming the unique framing signal.
This signal originates in the splitting and tone gate circuit, Fig. 10.
Occasionally, as described in Section IV on supervision, an eighth-bit
“one” is inserted in one of the time slots 0 to 22 as a scan command,
and speech code bits are suppressed to maintain the unique status of
the framing code.

XV. SAFEGUARDS AND CHECKS

In an experimental model such as this, all of the checks, redundancy
and automatic standby eircuits necessary to guarantee continuity of
service are seldom provided. However, some provision for their eventual
incorporation must be contemplated. In this model, safeguards were
included principally through the use of odd-parity coding for the line
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Fig. 11 — Clock structure.
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and junctor numbers and the call progress words. The call progress
words are chosen from the three-out-of-eight code group. A sixth bit is
added to the five-bit junetor number and a ninth bit to the eight-bit
line number, so that these complete binary number groups are con-
verted to odd-parity groups. In the memory of the concentrator con-
troller, the parity bit for a line number is stored in one of the spare bit
positions of the junctor number memory. Parity check circuits asso-
ciated with the controller memory continuously monitor the stored
information as it circulates. A detected failure disables the actions of
the call progress decoder-coder in the associated time slot to prevent
compounding of the error, and an alarm indication is produced. The
parity of information received by the insert circuit and transmitted to
the console receive circuit is also checked, and automatic second trial
is provided on the insert and dispatch operations. Failure on second
trial results in an alarm indication.

XVI. CONCLUSIONS

Although this equipment is experimental, we have tried to assume
realistic constraints as the basis for design. Thus, signaling between
controller and common control has been kept to a reasonable minimum.
Flexibility has been obtained by the use of call progress words, so that
the particular sequences of control operations carried out within the
controller can be altered, to accommodate changes in system require-
ments, by replacing a plug-in diode matrix in the call progress word
decoder-coder. The use of call progress words to control the application
and removal of tone signals within the controller reduces the usage of
the common control and guarantees that tone connections can always
be made when needed. The use of such tone connections also reduces
traffic through the switching network and removes the necessity for
tone trunks. Advantage has been taken, as in the control of line scan-
ning, of the presence within the controller memory of stored informa-
tion which specifies the state of the switching system.

We would like to acknowledge the support of our many colleagues in
the Systems Research Department of Bell Telephone Laboratories, who
contributed much to the work here described.
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Electrical Properties of Gold-Doped
Diffused Silicon Computer Diodes

By A. E. BAKANOWSKI and J. H. FORSTER
(Manuscript received August 17, 1959)

Planar diffused silicon junctions with storage times of one millimicro-
second or less are readily obtained by gold doping. The introduction of uni-
form gold concentrations (in the range from 1.2 X 10" cm™3 to 8 X 10
cm™) ts conveniently done using solid state diffusion techniques. The gold
diffusion technique allows relatively precise conirol of recombination center
density, and, although applicable to almost any diffused silicon device, is
particularly useful in control of storage ttme in small-area diffused silicon
computer diodes. In this application, reverse recovery time of about one
millimicrosecond may be obtained without substantial degradation of other
electrical parameters. The process of gold doping by diffusion and its effect
on electrical characteristics of diffused silicon computer diodes are discussed.
Included are comparisons of first-order calculations and experimental re-
sults for variations of reverse recovery time, reverse current and forward
current with gold atom density.

I. INTRODUCTION

In transistor circuits designed for high-speed switching or computing
operations, computer diodes may perform useful functions. Often the
use of computer diodes for such functions as pulse gating or shaping can
lead to simplification of logic design, reduction of the number of transis-
tors required and relaxation of circuit tolerances. With high-speed
transistor circuitry, these benefits are most readily obtained when the
switching times for the computer diodes are comparable to or less than
those of the associated transistors. Diffused silicon transistors with good
switching characteristics and switching times on the order of 20 milli-
microseconds are available.! Accordingly, in logic or switching circuits
using fast silicon transistors, computer diodes can be used most ad-
vantageously if their switching times can be reduced to the low milli-
microseconds.

Where the use of silicon transistors is contemplated, comparable leak-
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age currents, temperature characteristics and de voltage drops strongly
suggest the use of silicon junction diodes in associated circuitry. The
major problem in design of a suitable silicon junction computer diode is
meeting the requirement on switching time mentioned above. If the
capacity of the diode is made sufficiently small by the use of a lightly
graded junction and a small junction area,” the lower limit on the transi-
ent response is set by the storage time, or the time required to sweep out
excess minority carriers from the region near the junction.

Planar diffused silicon junetions with storage times of one millimicro-
second or less can be readily obtained by doping the silicon with a suffi-
ciently large concentration of recombination centers. This can be done
most conveniently after the fabrication of a diffused silicon junction
with otherwise suitable electrical characteristics. The solid-state diffu-
sion of gold atoms into the silicon lattice provides a relatively simple and
precise means of introducing recombination centers in densities as large
as 8 X 10" em™ in a prediffused silicon slice. Mesa diodes fabricated
with this process (a convenient one for high-level production) can have
storage times lower than one millimicrosecond.

In this paper, the process of gold doping by diffusion and its effect on
the electrical characteristics of diffused silicon diodes are discussed. Tim-
phasis is on those characteristics pertinent to computer diode applica-
tions. Relations between gold atom concentration and reverse recovery
time, reverse current and forward current have been obtained experi-
mentally. The reverse current and the forward current at small bias
voltages increase directly with the gold atom density. At larger bias
voltages, the forward current increases with the square root of the gold
atom density. These relations and the approximate magnitudes of the
currents can be obtained from first-order calculations that take into
account diffusion currents’® and the recombination and generation of
carriers in the p-n transition region.* Theory and experiment indicate
that the performance of a small-area diffused computer diode is not sub-
stantially degraded by gold doping to a level sufficient to decrease the
recovery time to one millimicrosecond.

A brief discussion of the desirable electrical characteristics for com-
puter diodes is given in the following seetion. In Section III the gold
diffusion process and the diode structure used in the experiments are
described. In Section IV the experimental results are quoted and com-
pared with calculations.

II. ELECTRICAL CHARACTERISTICS OF COMPUTER DIODES

Desirable electrical properties have been briefly mentioned in the
introduction. The relative importance of these can be best evaluated by
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considering the equivalent circuit of Fig. 1, which is a reasonably good
representation of a computer diode.’

The capacitance Cyr is the depletion layer capacitance associated with
the space-charge region of the junction. The resistance Rg is an ohmic
series resistance dependent on the body resistivities and the diode
geometry, including contacts. The remaining p-n junction symbol
represents the action of an idealized p-n junction structure, in which
diffusive, drift and generative current components may be important.
Such a breakdown of the junction diode essentially follows the classical
p-n junction treatment of Shockley.’

Since these elements, in effect, are all determined by the physical
parameters of the diode, they are interdependent to some extent. It is
therefore necessary to consider a physical configuration that produces an
electrically favorable combination of the above elements. We will not
attempt this optimization, but instead consider only the case of a planar
diffused junction.

The value of Ry is influenced by body resistivity, the impurity gradi-
ent attained by diffusion and the diode geometry. Acceptable values of
R can be achieved by suitable choice of body resistivity and geometry
without introducing other undesirable compromises. The value of Cy is
proportional to the junction area and, to a first approximation, varies
directly with the cube root of the impurity gradient near the junction.
In general, low values of Cr can be achieved by restriction of the june-
tion area and use of a suitably small impurity gradient.” The lower limit
on the area variation is largely determined by the maximum value per-
mitted for RBgs . Further restriction on the impurity gradient may be im-
posed by specific breakdown voltage requirements.

Assuming that the values of Bs and Cr have been reduced sufficiently,
the circuit operation of the device is primarily dictated by the properties
of the idealized junction diode element. The important properties of this
element are its current—voltage characteristic and its transient response.

We will not consider here the problem of designing a diode with an
optimum combination of Rg, Cr and junction element characteristics;
instead, optimization of the junction element itself will be discussed.
Such individual attention is possible because large variations in forward
Cr
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Fig. 1 — Equivalent circuit for a junction diode.
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and reverse characteristics and, in transient response, can be obtained
almost independently of Bs and Cr by variations in body lifetime.

We will discuss (in Section IV) the transient response, reverse current
and forward current as functions of body lifetime, where the lifetime is
varied by the addition of known densities of recombinations centers.

III. EXPERIMENTAL DIFFUSED JUNCTION DIODE

3.1 Junction Diode Structure

The same basic diode structure (illustrated in Fig. 2) was used in all
experiments. The p-n junction is obtained by diffusing boron from high
surface concentration into n-type silicon (0.12 to 0.15 ohm-em). The
impurity gradient at the junction is about 10* em™. Ohmic contact can

. CIRCULAR
pt-Si " MESA
\
DIFFUSED \ = ——>—OHMIC

JUNCTION. S ///CONTACTS

Fig. 2 — Test diode structure.

be made to the highly doped p-type (p™) silicon near the surface with a
suitable gold plating technique. An n™ layer provided by a phosphorous
diffusion allows similar ohmic contact to the n-type silicon.

To permit measurement of body lifetimes in the millimicrosecond
range by the reverse recovery measurement technique,’® a small transi-
tion region capacity is required. The junction area is the cross-sectional
area of the circular mesa illustrated in the figure. For a mesa of 0.005
inch, values of Cr < 3uuf are obtained. The value of Ry for this ge-
ometry is about 12 ohms.

3.2 Control of Recombination Center Denstty with Gold Diffusion

The transicnt response of a planar diffused diode (to be discussed in
more detail in the following section) is determined largely by the carrier
lifetimes at the edges of the transition region and in the regions near it.
The carrier lifetimes are, in turn, related to the density and nature of the
recombination centers in these regions. In our experiments, the recom-
bination centers of interest are provided by gold atoms in the silicon
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lattice.”® Struthers’ has measured the diffusion constant and the solid
solubility of gold in silicon for the temperature range from 800° to
1250°C. The solubility of gold in silicon has been measured by Collins
et al.” for the temperature range from 1000°C to 1380°C. Their values do
not agree with those reported by Struthers. Later measurements™ indi-
cate a slightly steeper variation of the solid solubility with temperature
than that given in Ref. 9, and values at higher temperatures closer to
those reported in Ref. 7. The values of the diffusion constant given in
Ref. 9 and the available solubility data indicate that solid state diffusion
of gold in silicon should be a reproducible way of introducing gold atoms
in silicon to density values at least as large as 8 X 10"® em™.

The diffusion constant of gold is substantially larger than that of boron
or phosphorus at temperatures up to 1300°C. Thus, it is possible to diffuse
boron and phosphorus into a silicon slice, then plate the slice with a thin
gold layer and diffuse in the gold without producing substantial changes
in the boron and phosphorus distributions. If sufficient time is allowed for
the gold diffusion, the concentration of gold in the slice can approach the
solid solubility limit corresponding to the diffusion temperature, and the
density of recombination centers is determined by the temperature
chosen for the gold diffusion. Test diodes similar to the one illustrated in
Fig. 2 can then be fabricated from the diffused silicon slice.

IV. EXPERIMENTAL RESULTS

4.1 Transient Response

4.1.1 Reverse Recovery Time Measurement

For switching applications, the transient response of a diode may be
specified in terms of a forward and a reverse recovery time. The forward
recovery time is usually substantially shorter than the reverse, and will
therefore not be considered. The reverse recovery time is primarily de-
pendent on the body lifetime, and can therefore vary with the density
of recombination centers and their recombination cross section.

To clarify subsequent discussion of these variations, the definition and
measurement of reverse recovery time will be briefly considered. We have
measured reverse recovery time, ¢, , under the following conditions: the
diode is initially biased to a forward current I,. A reverse pulse is ap-
plied, and the circuit is such that the diode initially conducts a current
I, (equal in magnitude to I,) in the reverse direction (see Fig. 3). The
time dependence of the reverse current is then observed on a traveling-
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wave oscilloscope. This method of test is essentially that discussed by
Kingston.®

As shown in Fig. 3, the reverse diode current remains constant for a
time ¢, while the rate of removal of carriers is determined primarily by
the external circuit. When the number of carriers near the junction
begins to decrease substantially, the current begins to decrease, ap-
proaching the steady-state reverse current for the diode. The time ¢;;
is the additional time required for the current to reach a value arbitrarily
specified as 0.17,, . We will define ¢, , the reverse recovery time, to be the
sum t; 4 trr. According to Kingston’s analysis (for a simple planar
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Fig. 3 — Diode reverse recovery pulse.

step-junction) the sum ¢, = ¢; + ¢7; = 0.97, where 7 is the body life-
time.

Our measurements have been made on diffused junctions. In this case,
taking into account the retarding field resulting from the impurity gradi-
ent, a similar analysis indicates that ¢, is about 0.4+ and ¢ ; ; is about 0.17.
Thus, we have the sum ¢, =~ 0.57.

4.1.2 Dependence of Reverse Recovery Time on Gold Concentration

The dependence of body lifetime on recombination center density has
been considered by Hall," and in detail by Shockley and Read.” Only
the steady-state value of carrier lifetime will be used in interpretation of
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recovery time measurements. For a single kind of recombination center,
present in density N, with capture cross sections o, and o for holes
and electrons, at low level of minority carrier injection, the lifetime™ is
given by

T=no+nx " pu-l-plT”O 1)
o + Po o+ P ’
where n9 and p, are equilibrium electron and hole densities,
n = nie(E‘_E‘)’”,
n = nie(E’i-Et)lkT,

(E; — E; = the difference between the energy level of the trap and the
intrinsic Fermi level position) and

1

Tpo = e (2)
1
Tno — G,,o?)nN, (3)

where v, and v, are thermal velocities for electrons and holes.

We will be concerned with the recombination centers that result from
the introduction of gold atoms into the silicon lattice. According to Bem-
ski,® recombination in gold-doped silicon is facilitated by two trapping
levels associated with each gold atom. These are presumably the ac-
ceptor level, I, , located about 0.54 ev below the conduction band, and
the donor level, £, about 0.35 ev above the valence band (see Fig. 4)

Ec
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Ey, 3
Ei=——m
EtZ **—T
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Fig. 4 — Energy levels for gold in silicon.
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reported by Collins et al.” In n-type silicon, only one of these (Ey) is
effective, and in p-type silicon only the other (E;,) is effective® (provided
the silicon is sufficiently extrinsic). Thus the form of (1) is preserved,
whether n- or p-type silicon is considered. However, in n-type silicon,
Ny, P1, T and 7y refer to the level E, and, in p-type silicon, these
quantities are associated with the level E,; .

In sufficiently extrinsic n-type silicon, the lifetime 7; given by (1)
reduces to

1

’
a'pml)pN

1= Ton = (4)
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