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Fig. 3—Frequency allocation—Dbasic hypergreup (and hypergroup 1).

needed to retain the 124-kHz integral multiple characteristic of hyper-
group carriers. A secondary advantage of this choice is that all hyper-
group carriers fall between voice channels for either 3- or 4-kHz spacing,
thereby easing carrier leak requirements.

Several comments are in order concerning the makeup of hypergroups.
First, we did not retain supergroup 3 in the basic hypergroup primarily
to ease design complexity of, and reduce group-delay distortion caused
by, the hypergroup modulator band filter, which must reject the carrier
and upper sideband while passing the lower sideband. Next, we included
supergroups 14 to 16 in HG 1 (but not in the basic hypergroup) to ease
design of the HG 2 modulator band filter, which must reject the basic
hypergroup band (because of leakage across the modulator) in addition
to carrier and upper sideband. Furthermore, our choice of a 10-super-
group basic hypergroup limits to five the number of new designs of hy-
pergroup translation units.

Although we have spoken of the SG baseband, one can, in fact, dis-
tinguish two slightly different spectra as evidenced in Fig. 2. The low-
band baseband is simply hypergroups 1 through 5, whereas the high-
band baseband includes hypergroups 2 through 5 plus part of hyper-
groups 1 (supergroups 7 through 16) and 6 (supergroups 9 through 13).
The latter allows sufficient separation between the wideband-trans-
lation carrier frequency of 31,620 kHz and the upper edge of the high
band at line frequency so that design of the associated modulator band
filter is easily realizable. Note that this carrier is also an odd multiple
of 124 kHz.

In summary, we believe that the SG frequency allocation is a good
compromise between the objectives of efficient use of bandwidth and
minimum development of new frequency-translating and carrier-gen-
erating equipment.
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2.2 Order-wire and supervisory-tone band assignment

The order-wire and repeater supervisory-tone band assignments! are
shown in Figs. 4a and 4b, for the low and high bands, respectively. One
can see that both assignments fall within those of the multiplex, so that
particular channels in hypergroup 1, supergroup 16, i.e., (1, 16) and (4,
5) in the low band and (1, 16) in the high band, cannot be used for com-
mercial traffic.

2.3 Pilot assignment

A hypergroup pilot is inserted at the input of each transmitting hy-
pergroup at a frequency of 2296 kHz, midway between supergroup 9 and
10, to facilitate measurement. (Line-frequency assignment of these pilots
is given in Figs. 4a and 4b.) Due to its near-central location within each
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hypergroup, it should be representative of the overall transmission level
of the hypergroup.

There are no separate assignment of line (or system) pilots, i.e., those
which provide information about the behavior of the wideband link
(wideband line plus undersea). Instead, the HG 2 and 5 pilots provide
this function by being monitored at the input of the transmit and output
of the receive wideband line equipment. This is illustrated in Fig. 5.

One additional pilot in each direction of transmission, the cable pilot,
is inserted and measured as close as practical, from a transmission
standpoint, to the undersea system to furnish information about the
behavior of only this part of the wideband link. The cable-pilot frequency
in the low and high bands was chosen to be near that of the supervisory
tones and to fall between supergroups.

The power level of all pilots is —20 dBm0.

lll. CONFIGURING THE TTE FOR RELIABLE OPERATION
3.1 Reliability criterion

As mentioned before, the layout of the TTE is such that failure of an
active component will not involve loss of more than the equivalent of one
supergroup of traffic (80 3-kHz or 60 4-kHz channels). The object of this
section is to examine the ramifications of this principle on the configu-
ration of the TTE; in particular, the extent of equipment duplication and
automatic changeover switching.

3.2 Features common to transmit and receive

Generally speaking, the supergroup equipment itself (including su-
pergroup signal limiters, modulators, and equalizers, all of which are
discussed later) need not be duplicated to meet the above criterion. On
the other hand, failure of a supergroup carrier would affect five or more
supergroups. Thus, supergroup carrier generators are completely dup-
licated with automatic protection switching at the outputs for each in-

MULTIPLEX WIDEBAND

EQUIPMENT LINE f—

(WORKING) | {(WORKING)

LINE PILOT 1 - |LiNE PILOT 2

RECORDER. * | RECORDER —* CABLE

MULTIPLEX WIDEBAND
~—— EQUIPMENT LNE  —

(STANDBY) (STANDBY)

Fig. 5—Line-pilot monitoring (transmit and receive).
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dividual carrier. Of course, duplicate sources of the master oscillator
frequency of 124 kHz are required.

Referring to Fig. 6, we see that the transmission path between su-
pergroup couplers* and the directional filter is duplicated. In the
transmitting direction, this involves hypergroup translation and wide-
band line equipment. The same is true in the receiving direction but with
the addition of hypergroup regulators. The duplicated paths in each
direction are called Path I and Path II. At any one time, the particular
paths that connect the directional filter to the supergroup equipment
are referred to as working and the others as standby. If a working path
fails, the two are interchanged.

Naturally, hypergroup and wideband translation carrier generators
are duplicated, and are referred to as generator 1 and generator 2.
Connection to the translating equipment is not the same as to the su-
pergroups, because hypergroup and wideband line equipment is itself
duplicated and protected by automatic changeover switching. Duplicate
generators for each hypergroup carrier can be connected to the trans-
mission paths in the combinations shown in Table I by means of patch
links.

The 2296-kHz hypergroup pilot supply is duplicated. Pilot supplies
are connected to the transmission paths by means of patch links that
allow combinations similar to those in Table 1.

The directional filter unit (which includes the receiving path-splitting
coupler) is passive but, because a failure here could affect the entire
wideband path, we considered it prudent to provide a “built-in” spare
which can be quickly interchanged manually for the working unit, albeit
not without momentarily interrupting traffic.

3.3 Special transmitting features

Working and standby hypergroup pilots on the transmitting side are
monitored at the output of the wideband line equipment just after the
changeover switch but prior to the directional filter (Fig. 6). The
changeover logic control recognizes pilot failure as a change in amplitude
from nominal of between 2 and 3 dB. Failure of a working pilot initiates
a path changeover provided there is not a concurrent standby pilot
failure. Additionally, an alarm inhibit capability is provided on an in-
dividual hypergroup pilot basis which, if operated, removes that par-
ticular pilot from consideration by the changeover logic.

The cable pilot is introduced throuh a passive coupler after the
transmit changeover switch but prior to the directional filter (Fig. 6),

* The couplers themselves are passive and therefore not duplicated.

t Roman numerals I and II are reserved for the duplicated transmission paths protected
by automatic changeover switching. All other duplicated equipment is designated 1
and 2
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Table |

Combination No. 1 Combination No. 2

(normal operation) (source and load paralleled)
Generator 1 — Path I Generator 13Path 1
Generator 2 — Path I1 Generator 2= Path II

Combination No. 3 Combination No. 4
(interchange of source) (two loads from single source)
Generator 1_,Path ] Generator 1— Path [
Generator 2 “Path II Generator 2 * Path II

thereby assuring that its level is independent of all adjustments in the
transmitting paths.

3.4 Special receiving features

In the receiving terminal, the cable pilot is monitored just after the
directional filter and path splitting coupler so that its level is indepen-
dent of receiving path adjustments.

Although there is a receive changeover switch for each hypergroup,
all are activated simultaneously by the receive path-changeover-
logic-and-control unit when it detects a fault affecting even one hyper-
group. There are minor advantages to individual hypergroup changeover
switch operation, but we felt they are more than counterbalanced by the
complexity of maintenance that would result if some working hyper-
groups were on Path I while others were on Path II.

Inputs to the receiving changeover-logic-and-control unit are from
five sources:

(1) and (ii) Hypergroup pilot level at the output of Paths I and II
regulators.

(iii) and (iv) Gains of Paths I and II regulators.

(v) Working hypergroup pilot levels just beyond the
changeover switches.
Switching occurs for either of the following conditions:

(i) At a changeover switch output, the absolute difference between
measured and nominal pilot level becomes greater than 1 dB,
whereas at the standby path regulator output the corresponding
difference is less than 1 dB.

(2t) The difference in gain of corresponding Path I-Path II regulators
is more than about 215 dB, in which case the path whose regulator
is providing the smaller correction becomes the working path.

Just as for the transmitting changeover switches, the receiving
switches themselves are not duplicated, but pilot monitoring beyond the
switches measures their performance as well. Individual pilot-alarm-
inhibit capability is also provided.
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3.5 Final comment on TTE configuration

The preceding description of TTE duplication and changeover switch
operation brings to light the high degree of interdependence of multiplex
and line terminal equipment. This is in contrast with most inland sys-
tems where multiplex and line terminals constitute separate families
of equipment having little in common except impedance and trans-
mission level at their interface. The intimate character of the association
is underscored by the lack of separate line pilots in the SG wideband
equipment.

IV. WIDEBAND LINE EQUIPMENT

The wideband line equipment (WLE) provides transmission between
the multiplex and the terminal power separation filter.” Figure 7 is a
simplified block diagram of the WLE. Aside from the conventional line
functions of amplification, preemphasis, deemphasis, equalization, and
the like, the SG WLE is designed to:

() Monitor performance of the undersea link.

(i) Initiate changeover switching, in event of a failure, between
duplicate terminal transmission paths.

(iit) Protect the undersea repeaters from high-level signal over-
load.

(iv) Provide adjustment capability to compensate for (a) that part
of the shallow-water cable loss change with seasonal temperature,
which is not equalized by temperature-controlled repeaters,!
and (b) that part of transmission aging of the undersea link,
which is not compensated for by shore-controlled equalizers.!

In some cases, accomplishing these functions provided us with interesting
design problems that we had not encountered during development of
terminals for earlier undersea systems.8?

4.1 Amplitude and phase equality of duplicated paths

We have designed the changeover switching in such a way that
maintenance switching (i.e., that which does not result from a trans-
mission path failure) will not even momentarily disturb transmission
more than a negligible amount.* To appreciate how this is accomplished,
refer to the schematic in Fig. 8. If the amplitude and phase of the signals
on each path are equal, closing of contacts B1 and B2 has no effect.
Subsequent opening of contacts Al and A2 (in either order) will inter-
change paths and loads without disturbance.

To evaluate the influence of path amplitude and phase differences,
consider the following. The ratio in decibels of power delivered to the
load in two cases, (i) separate paths (Py) and (ii) paraliel paths (Py),
is

* So-called hitless switching.
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where k& and ¢ are defined in Fig. 8. In that figure, contours of constant
A are plotted as functions of k£ and ¢. One sees that, provided ¢ is not
too large, the change in magnitude at paralleling is less than that for
complete transfer. For example, if |20 log k| < 0.5dB and |¢| < 30°, A
is always less than about half a decibel. The phase disturbance at par-
alleling is

A =101logo Po = 20 logyo
Py

k sin ¢
1+kcosg’
and is always less than for complete transfer.

tan—!

4.2 Protecting repeaters from signal overload

The peaks of a sufficiently high signal voltage applied to an SG repeater
can, in time, cause a change in current gain of the output transistor. We
decided, therefore, to limit to a safe value the maximum signal that can
be applied to the undersea link from the terminal. This function is ac-
complished by the wideband overload protection unit, shown sche-
matically in Fig. 7. The wideband signal is monitored at the output of
the last active circuitry in the transmitting line and shaped with an
equalizer before it is amplified and measured by a pseudo-quadratic
detector. Should the detected signal exceed a predetermined threshold,
a high-loss pad is switched in series with the transmission path. The ideal
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frequency weighting in the detection path would be one so that a change
in spectral density™* of the signal at the input of the overload protection
unit has the same effect on the mean power of the signal at the detector
as it does at the output transistor in the highest level repeater in the
link.

To avoid insertion of the pad for a momentary signal overload, the time
constant of the detector is approximately 1 second. On the other hand,
once the pad is inserted, it can only be reset manually.

We anticipate that operation of this unit will be extremely rare, be-
cause of the action of the supergroup limiters (described in Section 5.1.3),
and probably due only to an equipment failure or adjustment error
within the TTE itself. (Operation of the overload protection unit in the
working transmitting line would, of course, cause changeover to the
standby path.)

4.3 Pilot generation and measurement

As explained in Section 2.3, hypergroup and cable pilots serve to
monitor operation of the multiplex, line, and undersea links, to initiate
automatic protection switching, and to control the gain of receiving
hypergroup regulators.

In principle, hypergroup and cable-pilot generators are identical de-
signs, i.e., a quartz oscillator generates a stable frequency that is am-
plified and clipped to assure level stability. The signal is then filtered
to remove harmonics and other spurious energy that could disturb traffic.
The generator output is monitored (displayed on a front-face meter) and
fed to a test jack so it can be checked with external equipment. An alarm
is initiated for changes from nominal of a sufficient amount.

Pilot measuring units are also similar. A narrow-band 2296-kHz quartz
filter is located at the input of those units monitoring the basic hyper-
group (and hypergroup 1) pilot, and is followed by amplification and
detection. On the other hand, for those units monitoring hypergroup
pilots at baseband frequencies (except HG 1), this circuitry is preceded
by a demodulator whose carrier frequency was chosen to restore the pilot
to 2296 kHz. For the cable-pilot measuring units, a demodulator is not
used; instead, a narrow-band quartz filter at cable-pilot frequency (11220
and 27836 kHz in the low and high bands, respectively) precedes am-
plification and detection. For all units, the pilot level is displayed on a
front-face meter. A test jack provides access for an independent check
of pilot level, and an alarm is initiated for sufficiently large level changes
from nominal.

* Peak-to-mean-power ratio remaining constant.
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4.4 Traffic and noise monitors

A continuous indication of undersea system noise is furnished by a
unit connected near the output of the receive wideband line equipment
that measures noise in a frequency slot, which is about the bandwidth
of a voice channel, and is located between two supergroups in the
neighborhood of the supervisory-tone band. Refer to Figs. 4a and 4b. The
measuring apparatus itself consists of a quartz filter centered at 4276
kHz (A terminal*) and at 11,468 kHz (B terminal) followed by amplifi-
cation and a pseudo-quadratic detector. Noise power is displayed on a
meter whose scale is 7 dB. Preceding this apparatus in the measuring
path is a variable attenuator of 10 dB in 1-dB steps. Fixed levels are
such that a zero meter reading can correspond to noise in the range of
about 28 to 48 dBrnc0. An alarm is initiated if the measured noise power
exceeds the nominal value (zero meter reading) by more than 5 dB.

Also connected near the receive wideband line output is a traffic
measuring unit similar to the noise measuring unit except that it is
broadband (because it measures the complete traffic band) and is not
alarmed. An attenuator adjustment on the front face (0 to 15 dB in 5-dB
steps) permits the zero meter reading to correspond to 8, 13, 18, or 23
dBmo0. (4200 channels at —13 dBm0/channel corresponds to a broadband
power per band of 23.2 dBm0.)

Traffic as well as noise measurements are necessary to monitor an
analog transmission system such as SG whose signal-to-noise perfor-
mance is intermodulation rather than overload limited.

4.5 Alarm and maintenance features

As we have seen, behavior of the transmission link is monitored by
means of pilot, noise, and traffic measurements. Pilot generating and
measuring apparatus and noise measuring apparatus give visual indi-
cation of variations from nominal and initiate alarms when variations
exceed specific limits. Upon initiation, alarm lamps on the front face of
a unit and at the top of the bay containing that unit are lit, and the alarm
is extended to the station alarm equipment which is expected to provide
audio as well as visual indications. In this way, a technician is directed
to the source of the trouble. A two-position switch on the face plate of
the unit, when in the cutoff position, inhibits the station alarm as long
as the source of the alarm remains. When the trouble is cleared, the alarm
is reactivated until the switch is returned to the normal position. Finally,
an output from pilot, traffic, and noise measuring units can be connected
to a chart recorder (12 recorders are provided in a separate bay). This
arrangement permits a continuous record to be obtained, when and if
it is desired.

* The A station noise monitor is positioned after wideband translation to baseband.
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4.6 Principle of primary frequency comparison

From the point of view of carrier generation, an undersea cable link
often acts as an interface between national frequency standards. To
insure that the frequency offset between terminals is within performance
limits (no more than 2 parts in 108 for an SG link), it is necessary to
compare master oscillator frequencies (primary frequency supplies).
Comparison between the two terminals is accomplished in the following
manner. Let us designate:

fe—primary frequency (nominally 124 kHz) (from which all
TTE carrier frequencies are derived) at the A terminal.
fz—Similarly at the B terminal.
Ni1fg,Nofs—Carrier frequency for hypergroups 2 and 5, respectively,
at the A terminal (IN; = 59, N, = 119).
Nif ¢, Nof ;—Similarly for the B terminal.
f1—Basic hypergroup pilot frequency (nominally 2296 kHz)
at the A terminal.
fi—Similarly for the B terminal.
fi—Wide-band translation carrier (nominally 31,620 kHz) at
the A terminal.
fi—similarly at the B terminal.
The A terminal transmits the HG 2 and 5 pilots at line frequencies of
(N1f — f1) and (Nof,; — f1), respectively. At the B terminal, each is de-
modulated by the corresponding hypergroup carriers, N1f, and N gf;, to
obtain f1 + N1(f; — f,) and f1 + Na(f; — f,). The frequency difference
between these recovered pilots, (No — N1)(f; — f¢), is displayed directly
on an analog meter (pointer movement proportional to the frequency
difference) at the B terminal. Additionally, an A terminal reference
frequency is made available in the B terminal, which is the difference
frequency between received HG 2 and 5 pilots at line frequency, i.e., (INofg
- fl) - (leg - fl) = (N2 - Nl)fg, nominally 7440 kHz.

A similar arrangement provides a frequency-difference display and
a B terminal reference signal in the A terminal, even though additional
frequency translations by f; and f, are involved.

4.7 Equalizers

We can make the following distinctions with regard to wideband line
equalizers:

(z) Fixed equalizers meant to achieve the best overall signal-to-noise
ratio for an ideal system in the sense of one with no undersea
misalignment.

(i1) Equalizer networks designed and fabricated on site during
commissioningl® to compensate for actual misalignment mea-
sured after completion of installation.

(zii) Adjustable equalizers which, during commissioning, can be used
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to achieve the best overall signal-to-noise ratio for an actual link
with undersea misalignment, and, after commissioning, can be
used to compensate for transmission changes resulting, for ex-
ample, from temperature changes on the continental shelves and,
in conjunction with the shore-controlled equalizers,! from cable
aging.

The terminal equalization plan is discussed in more detail in a com-

panion article.10

4.7.1 Fixed equalizers

In the category of fixed equalizers are the line buildout, preemphasts,
and deemphasis networks, and the path equalizers. The line buildout
networks in the transmit and receive paths are fixed for each terminal
in that the effective electrical length to the first repeater from the ter-
minal is equal to three-quarters of the loss of a nominal repeater section.
In this way, flexibility is maintained in placement of the first repeater,
while at the same time reasonably standard terminal equalization is
preserved.

Path equalizers compensate for small misalignment unavoidably in-
troduced in the wideband path, by interconnecting cabling and the like,
and differences between nominally identical paths.

Given the nominal line equipment, the preemphasis network (trans-
mit) provides the calculated loss shape to optimize overall s/n as men-
tioned in Section 4.7, item (i), above. The deemphasis network (receive)
compensates for the preemphasis loss shape as well as for that of the last
section of undersea cable (which is not compensated for by the gain of
a repeater).

4.7.2 Equalizers fabricated during commissioning

To achieve final alignment of an SG link in a minimum of time after
installation, we developed a residual equalizer unit. In a single unit, up
to five bridged-T!! networks can be mounted and connected in tandem.
The frequency-loss characteristic of each network can be a bump, dip,
or slope of wide ranging selectivities. Several such units are used in both
transmit and receive paths (Fig. 7). A kit of components (inductors,
capacitors, and resistors) covering specific ranges of values, as well as
other hardware, is supplied with the WLE. After link misalignment has
been measured, bridged-T networks are designed (with the aid of a
computer) and constructed on site, and inserted into the wideband
line.
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4.7.3 Adjustable equalizers

Both broad- and fine-grain equalization capability is provided by the
front-panel-adjustable networks which facilitate initial performance
optimization and subsequent realignment following undersea loss
variations. Broadband adjustment at line frequency is provided in both
the transmit and receive paths by a so-called variable corrector that
contains four types of circuits: slope, curvature, flat, and V/f . At the
frequency of maximum excursion (e.g., the peak of the curvature shape),
each is adjustable in 0.3-dB steps over a range of +3 dB (slope and cur-
vature) or £6 dB (flat and v/f). A second type of variable corrector, used
only in the receive path, provides additional flat and v/f adjustable gain
range.

Among other functions, the variable correctors must be able to com-
pensate for certain fault conditions in the undersea link, i.e., those whose
effect on transmission is not so severe that service cannot be maintained,
albeit at reduced performance, until repair operations commence.

A variable bump equalizer!? permits narrow-band adjustment in the
vicinity of a series of discrete baseband frequencies related by geometric
progression. Selectivity is such that adjustment at one of these
frequencies involves negligible change at adjacent ones. Because of the
slightly different basebands, 16 bumps are available in the low band, but
only 12 in the high-band direction of transmission.

4.8 Order-wire facilities

The line terminal is equipped with three order-wire circuits, each
terminated at voice frequency with a unit permitting two- or four-wire
operation and signaling. The frequency-translation circuitry is distinct
from the regular multiplex equipment. Each channel undergoes trans-
lation to 24 to 28 kHz, as in the French Post Office (PTT) Type 70 12-
channel equipment,13 before the three are contiguously assembled at
60 to 72 kHz, the bottom quarter of the standard group baseband. The
final two stages of translation correspond to placement in group 5 of
supergroup 16 (see Figs. 4a and 4b).

The order-wire equipment is duplicated; in the transmit direction,
either equipment can be connected by a manual switch to the trans-
mitting paths. In the receiving direction, order-wire signals are selected
from the working path through an automatic switch controlled by the
receive changeover logic. See Fig. 6.

One of the three channels is equipped as a local order wire (i.e., for
exclusive use between terminals), with an operator panel containing
headset jacks plus ring and call-cutoff pushbuttons.
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V. MULTIPLEX EQUIPMENT

The multiplex portion of the TTE is located between supergroup
distribution frames and the wideband line equipment (Figs. 1 and 6).
It includes supergroup and hypergroup translating equipment (STE and
HTE) with the associated carrier generators, hypergroup regulators,
supergroup limiters (transmit), and supergroup equalizers (receive).
Typically, this circuitry constitutes a link between domestic inland fa-
cilities (at basic supergroup) and the wideband line equipment (at SG
system baseband).

Design of the multiplex equipment allows it to operate with 3- or
4-kHz spaced channels, with a per-channel load of ~13 dBm0 in either
case.

The supergroup and hypergroup frequency assignments have already
been discussed in Section II. Refer to Figs. 2 and 3.

5.1 Supergroup equipment
5.1.1 Frequency translation

Supergroup translation equipment is derived from standard PTT
domestic equipment,!4 which already conforms to CCITT recommen-
dations,? but special care was given to reduce carrier leaks. Unfortu-
nately, supergroup carrier frequencies, which are multiples of 4 kHz, do
not necessarily fall between channels when operating with 3 kHz spacing
as they do with the more conventional 4-kHz spacing. The disturbance
level of an ensemble of spurious tones must be less than —65 dBm0/
channel, so we felt it prudent to hold the power of a single spurious fre-
quency to no higher than —70 dBm0.

Performance requirements for the supergroup translating equipment
are summarized below:

(i) Carrier-leak, < —70 dBm0 transmitting, < —40 dBmO receiv-
ing.*
(i) Thermal and intermodulation noise (for +6.0 dBm0/supergroup
loading), <30 pWOp (15.3 dBrnc0) transmitting or receiving.
(iit) Return loss at all ports, >25 dB.
(iv) Crosstalk ratio (single frequency) =85 dB.

5.1.2 Carrier generation

The supergroup carrier generating equipment is of conventional de-
sign, a harmonic generator (fed from a 124-kHz master oscillator) driving
a parallel string of LC bandpass filters, each selecting the appropriate
harmonic for a particular supergroup, followed by a gain-regulated drive
amplifier. Suppression of unwanted carrier frequencies at each output
is greater than 80 dB. As mentioned in Section 3.2, the supergroup carrier

* Receive carrier leaks fall outside the transmission band.
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generating equipment is duplicated, with a changeover switch at the
outputs for each carrier. Signal detection permits automatic changeover
operation and alarm initiation in case of failure in the working equip-
ment.

5.1.3 Supergroup signal limiters

Application of sufficiently high-powered signals to analog transmission
systems will cause excessive intermodulation noisel® that interferes with
traffic and, in a severe case, causes overload which can result in the loss
of all traffic. To prevent this situation from occurring on the SG system,
we decided to equip each input of the transmitting STE with a signal
limiter (Fig. 6). The limiter is transparent (fixed attenuation) to signals
in the normal operating range. Should the applied signal exceed preset
amplitude limits, however, a controlled amount of attenuation is intro-
duced in a variable loss network in the signal path.

Two monitoring circuits are used to control loss insertion, (i) a peak
level monitor, and (ii) a mean-power level monitor. Refer to Fig. 9. Re-
sponse of the peak monitor is relatively fast but consistent with main-
taining within acceptable limits the generation of unwanted wideband
energy. In practice, operation and restoration times of about 1 and 5 ms,
respectively, are used. Response time of the mean-power monitor is, on
the average, much slower than this, but depends on the magnitude of
its overload, i.e., the higher the overload the shorter the response
time.

-51 OUTPUT
NPT # | dBr | VARIABLE =0 _36 dBr
=20 o /{ LOSS
4T1?13r NETWORK

TEST
~70 dBr
r—-————"—=—="
| PeAx |
l RECTIFIER |
|
— GATE — ¢ W ]
| |
oC r | peak-LeveL |
AMPLIFIER | MONITORING
DCREFERENGE ~ — ——————
VOLTAGES
r— ]
| SQUARE- |
| LAW RECTIFIER |

DELAY L] GATE % < /

|
/
INTEGRATOR | MEAN-POWER |

ALARM MONITORING
RELAY ‘_—_‘_—__—_——_I

Fig. 9—Supergroup signal limiter.
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To allow for differing types of traffic and the actual performance of
the undersea link, the operating point of the peak and mean-power
limiter circuits are separately adjustable by means of attenuators in each
amplifier/detector input. The dc¢ output of each monitor is compared
with a reference voltage. When exceeded, the difference voltage is applied
(after amplification) to the variable loss network; the larger the differ-
ence voltage, the greater the loss increase. A second output from the
dc-amplifier energizes an alarm indicative of limiter operation, but a
delay network suppresses the alarm if the limiter is activated only mo-
mentarily.

An input attenuator to the limiter unit is adjusted at the time of in-
stallation for differences among administrations with regard to trans-
mission level at the supergroup input.

The supergroup signal limiter used in the SG terminal is a slight
modification of the British Post Office (BPO) limiter!5 as manufactured
by GEC, Ltd, and is constructed under SOTELEC 70 equipment practice
to conform to the remaining TTE equipment manufactured by CIT-
Alcatel of France.

5.1.4 Narrow-band-elimination filters

To assure a clear slot between particular supergroups for subsequent
insertion of hypergroup and cable pilots, and to facilitate undersea noise
monitoring, narrow-band-elimination filters centered at 308- and
556-kHz are inserted between signal limiter and modulator in certain
transmitting supergroups, and between demodulator and equalizer in
the corresponding receiving supergroups.

5.1.5 Supergroup link equalizers

Although the primary means of compensating for undersea mis-
alignhment in the terminal are the residual equalizers in the WLE, we
decided nevertheless to have available for use a supergroup-link equal-
ization capability if needed to satisfy the CCITT recommendation re-
garding amplitude distortion,16 viz., no greater than +1.5 dB relative
to a midband frequency which itself must be £:0.1 dB of nominal. When
used, an equalizer is placed after the supergroup demodulator as shown
in Fig. 6.

A simplified circuit diagram of the equalizer is given in Fig. 10. It is
essentially an amplifier whose gain in the 312- to 5562-kHz band is de-
termined by damped resonant R-L-C circuits inserted as shunt elements
in the feedback network. Up to five such circuits per amplifier can be
used. Just as for the residual wideband line equalizer, a specific kit of
components is provided for on-site construction, during commissioning,
of the feedback and other gain controlling elements.

A sophisticated computer program is used to determine the number
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Fig. 10—Supergroup-link equalizer.

and configuration of the feedback circuits and the value of all variable
components. The program uses an iterative trial-and-error process which
continues until the computed link gain after equalization is within a
specified tolerance. If equalization proves particularly difficult, e.g., for
those supergroups near the edge of the wideband, a second amplifier can
be placed in tandem with the first.

5.2 Hypergroup equipment
5.2.1 Frequency translation

A new design of hypergroup translating equipment is justified for use
with undersea systems to achieve high traffic-band efficiency. Moreover,
the tight phase and amplitude difference constraints made the new de-
sign an interesting one.

Most subassemblies of the HTE are of conventional design. Negative
feedback amplifiers are made up of transistor pairs, the modulators use
fast diodes in a ring configuration between ferrite core transformers, and
the filters are LC type using ferrite inductors and mica capacitors. Sol-
der-adjustable resistive pads permit level alignment. Coupling of the
hypergroups is at a low input impedance amplifier on the transmit side
and at a low output impedance amplifier on the receive side.

A departure from conventional practice was the addition of a series
LC circuit at the input of each carrier amplifier. Tuning the capacitor
permits adjustment of carrier phase over a sufficient range to compensate
for phase differences between duplicate HTE paths for each hyper-
group.

Performance requirements for the hypergroup translating equipment
are summarized below:
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(i) Carrier leak, < —55 dBmO at transmitting, £ —40 dBmO at re-
ceiving.
(z1) Thermal and intermodulation noise (for +16.0 dBm0/hypergroup
loading), <20 pWOp (13.5 dBrnc0) transmitting or receiving.
(iii) Return loss at all ports =25 dB.
(iv) Crosstalk ratio (single frequency) =85 dB.

5.2.2 Carrier generation

Design of the hypergroup (and wideband) carrier generating equip-
ment was particularly challenging. The conventional scheme of harmonic
generator followed by selective filters was not capable of producing
sufficient carrier purity because the ratio of carrier frequency to master
oscillator frequency is so large. (In the extreme case of the wideband
carrier, the ratio is 255.) Furthermore, it was necessary to maintain the
phase difference between corresponding carriers from the duplicated
generators to within a few degrees to be consistent with hitless change-
over switching between transmission paths as well as hitless manual
patching at the duplicated generator outputs, whose combinations are
illustrated in Table I.

The arrangement chosen to do the job is shown in Fig. 11 in block form.
Notice the harmonic-generator, selective-filter combination is still
present, but the desired harmonic of 124 kHz is only used to phase-lock

1 r 1
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/ | [
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AUTO AUTO s
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CORRECT.
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LEVEL OSUJN%F LEVEL
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Fig. 11—Hypergroup carrier generation.
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a quartz oscillator which is the actual carrier source. The necessary
carrier purity is achieved by means of a first-order low-pass filter within
the phase-locked loop whose cutoff frequency is only a few Hertz (except
during capture). This arrangement produces, in effect, an extremely
narrow-band-pass filtering action at the carrier frequency.

A phase comparator monitors the difference between corresponding
generators and controls a corrector which automatically compensates
phase deviations.

Performance requirements for the hypergroup (and wideband) carrier
generating equipment are summarized below.

(i) Frequency stability of the master oscillator is preserved.
(zi) Output level stability: +£1 dB.

(iit) Carrier-to-noise ratio: at least 100 dB in 3-kHz band.

(iv) Phase difference between duplicate generators: <5 degrees.

5.2.3 Hypergroup regulators

The hypergroup regulator is a conventional design, i.e., an amplifier
whose gain is pilot-controlled. A narrow-band quartz filter in the regu-
lation loop extracts the hypergroup pilot from the traffic band at the
amplifier output. This signal is then amplified, rectified, and compared
to a dc reference voltage. The resulting difference signal controls the
temperature of a thermistor located in the feedback path of the amplifier.
The regulator has a compression ratio greater than 10 over an input range
of £2.5 dB about its nominal gain.

Lamps on the front panel of the unit indicate when regulation exceeds
+1 dB and +3.5 dB, and the latter can be transferred to the station
alarm, as is the loss-of-pilot alarm which is initiated if the amount of
regulation exceeds 7 dB. Input and output test points are also provided
on the front panel.

VL. MECHANICAL ARRANGEMENT

The SG system terminal transmission equipment is produced under
a mechanical specification standardized in France under the name so-
TELEC 70,17 whose basic elements are the frame, a simple mechanical
support for shelves which contain a number of plug-in units. This total
arrangement constitutes a bay. Units are provided with a front face plate
on which are located labeling, test points, meters and other indicators,
and in-service adjustment facilities. The rear face supports a connector
that mates with its shelf-mounted partner. Mechanical locking is assured
either by the connectors themselves or by a screw on the face plate. All
shelves are the same width and depth, but their height can be a multiple
of a modular unit of 44.5 mm.

Interconnection of units within a shelf (and occasionally between
shelves) is done at the rear. Input and output access to a shelf is through
vertical terminal strips, one on each front side of the shelf.
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Fig. 12—Typical bay lineup of SG terminal transmission equipment.

A frame supports the shelves, and is in turn held to a base fixed to the
floor. Wiring between shelves generally follows along the inside of the
vertical frames and connects to the terminal strips.

A typical bay line-up for a terminal is pictured in Fig. 12. Although
variations from this bay layout are possible, one must be careful to limit
length differences of many intra-bay cabling runs in order to preserve
phase equality of duplicate paths. The high degree of functional inter-
dependence of line and multiplex terminal equipment dictates that they
be physically close.

Vil. CONCLUSIONS

Achieving and maintaining maximum use of the undersea link have
been our prime objectives from conception through production of the
SG terminal transmission equipment. Accomplishing these ambitious
objectives has led in some instances to complex designs whose devel-
opment has been challenging because of, on the one hand, technological
difficulties associated with the relatively high frequencies used (com-
pared to earlier undersea system designs), and on the other the multi-
plicity and diversity of required functions. In four years it has been
necessary to plan for and then design, develop, and produce no fewer
than 263 different types of units. Undertaking the work in this interval
constituted a wager that could only be won by exerting an all-out effort.
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Everyone who has participated in this task confidently believes that the
SG terminal transmission equipment will render all the service we have
the right to expect from it.
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Undersea System Power
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The power-feed equipment for the SG cable system is of the type that
regulates the output current and limits the output voltage. It energizes
the serially connected repeaters in the TAT-6 undersea system. This
paper describes the power-feed equipment in general terms and, in
more detail, several new power techniques. These new techniques in-
clude inductive-input inverters in the main power train, pulse-posi-
tion-modulation in the control and monitoring circuits, precise digital
metering of output current and voltage, vacuum switch elements in the
transfer switch, and special new components and design
concepts in the power separation filter needed to achieve SG-wide-
band-transmission objectives in the presence of the high, TAT-6,
power-feed voltages.

I. INTRODUCTION

The SG power-feed equipment is similar in system configuration to
that which powers the SD! and SF2 undersea cable systems previously
developed and installed by the Bell System. As examples: (i) power-feed
redundancy is achieved by connecting two load-sharing, independent,
direct-current sources in series, with provision for the automatic as-
sumption of the full load by the survivor should one current source fail,
(1) the cable is powered at each end with opposite polarities and a sea-
ground power return, and (iii) the power supplies at both ends operate
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as current sources with their maximum output voltages restricted to be
less than the voltage standoff capabilities of the repeaters.

Despite the conceptual similarities among the SD, SF, and SG power-
feed systems, the techniques used to realize the system features have
changed as the performance requirements have become successively
more stringent and new circuit and physical design technologies have
become available, or have been invented, to meet the performance re-
quirements. Representative SG requirements are summarized in
Table I.

In this paper, we describe the SG power-feed system as applied to
TAT-6, emphasizing the following new circuit and physical design fea-
tures:

(f) Inductive-input inverters in the power stages of the main power
train.

(&t) Pulse-position-modulation in the control and monitoring cir-
cuits.

Table | — Representative SG power-feed performance requirements for TAT-6

Output current:

Nominal 657.00 mA
Set point resolution £0.10 mA (£0.015%)
Variation within 24 hours 40.33 mA (£0.05%)

Variation resulting from a £1000-V load change £3.30 mA (+0.5%)
Variation resulting from the failure of one of the +3.30 mA (+0.5%)

two converters
Output voltage:
Nominal voltage
Maximum voltage
Tolerable earth potential
Shutdowns:
Current

Voltage
Alarms:

Cable current
Cable voltage

Noise:
Inverter harmonic tones

Impulse (signal transmission path)

Power separation filter transmission requirement:

Return loss

5200 V/station
7500 V/station*
2300 V/station*

+6% of nominal current (circuit
duplicated)

9250 £ 750 V (static)

10800 V, maximum (dynamic)

41% (minor), £3% (major), fixed

45% (minor), £15% (major),
adjustable to bracket the cable
voltage

<0.17 1V in any 3-kHz band from
0.3 MHz to 30 MHz

Maximum of one pop per 15-min
period that exceeds —10 dBmO
in any 48-kHz channel
(requirement of the entire shore
station including the power
separation filter)

=20 dB, 0.5 to 30 MHz

* In normal operation, the voltage-limiting-inception level would be set approximately
1000 V above the zero-earth-potential operating level, e.g., at 6200 V in TAT-6 stations.
Hence, a readjustment is necessary to take advantage of the total voltage capability of the

power supply.
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(iit) Precise, digital metering of the current and voltage in the high-
voltage output circuits.

(iv) Vacuum switches in the “hot transfer” switch circuits and vacuum
relays in the wideband, signal-transmission path of the shore-
station power separation filter.

(v) New, high-voltage, wideband, signal-transmission components and
a low-pass, skin-effect filter in the power separation filter.

(vi) Physical design techniques to control radiated and conducted
electromagnetic interference (EMI) within and from the power
supply and into the power separation filter.

ll. GENERAL DESCRIPTION OF THE POWER-FEED SYSTEM

Figure 1 displays the power-feed and signal transmission connections
to the TAT-6 cable. The A terminal (Green Hill, Rhode Island) power
supply provides a current of 657 mA at a nominal, positive voltage of 5200
V with a maximum capability of 7500 V. The 657 mA is joined to the
signal transmission path within the power separation filter, and together
they are routed into the center conductor of the cable. As the current
passes through each repeater (as shown in Fig. 1), sufficient voltage is
dropped to power its active circuits. At the B terminal (Saint Hilaire de
Riez, France), the power-feed arrangements and equipment are identical
to those at the A terminal, except that the power supply’s output voltage
is negative. The maximum end-to-end cable voltage capability of the
SG power-feed equipment is 15,000 V. Maximum capability would be
exercised only on long cables in the face of adverse earth potentials. Note
also that the 7500-V capability of each power supply permits continuance
of TAT-6 cable operation with a high-impedance, shunt fault, in the cable
or in a repeater, as close as 2900 V to one station (7500 V from the other
station) until a repair ship arrives and begins the repair operation.

The power-return-current path is routed from the power supply
through the power separation filter and the ocean-ground panel to
specially constructed ocean-ground grids.3* Potential differences of as
much as 2.7 kV have been observed between the ocean-ground grids in
the TAT-1 system.? The power supplies at each end of the TAT-6 cable
are adequately regulated to absorb potentials of similar magnltude while
maintaining control of the cable current.

The manually operated transfer switch and adjustable test load, both
located in the load transfer bay (F'ig. 1), permit the cable to be transferred
between power plants without taking the cable out of service. This
simple, but important, circuit is also part of the interlock system where

* Although Reference 8 is related to an earlier British system, it provides details of the
problems encountered in designing, installing, and operating ocean-ground grids.
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it differentiates between energized and unenergized high-voltage areas
and permits access to the unenergized parts of the equipment for
maintenance and inspection.

Previous Bell System power-feed equipment relies on conservatively
designed, mechanically simple, transfer switch mechanisms. Although
very rugged mechanically and proven reliable in many existing systems,
these transfer switch mechanisms are physically large and cumbersome
to operate. Hence, the SG-power-feed equipment makes use of a reliable,
smaller, lighter, and simple-to-operate transfer switch.>? The switch,
shown in Fig. 2, has two cams that rotate with the handle of the switch.
The cams operate plungers in four vacuum interrupters.

Figure 3 displays an annotated photograph of the seven-bay power
supply. The bays are approximately 2.13 m (7 ft) high, approximately
0.71 m (28 in.) deep, and either approximately 0.79 m (31 in.) or ap-
proximately 1.14 m (45 in.) wide. The power supply ensemble is ap-
proximately 6.86 m (22.5 ft) wide.

Each of the seven bays contains low-voltage and high-voltage spaces.
The low-voltage spaces contain alarm, monitoring, and control circuit
components that are mounted in plug-in modules. Plug-in modules are

7
VACUUM INTERRUPTER 7
(4 PER SWITCH)

Fig. 2—Transfer switch.
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located in pull-out slides to provide easy access for both normal operation
and maintenance. The high-voltage circuits in the seven bays of the
power supply and the high-voltage circuits in the power separation filter
are contained in compartments that can be accessed only after appro-
priate manipulation of the key-controlled, safety-interlock system to
assure the disconnection of the input power to the high-voltage space
being accessed.

All interbay wiring in the seven-bay power supply is routed through
connectors, except for the high-voltage leads, to minimize installation
effort and errors. The center conductor and inner shield of a triaxial
(shielded coax) cable provide the high-voltage and power-return paths,
respectively, between the power supply output and the power-separa-
tion-filter bay. The outer shield is useful in reducing EMI conduction
from the power supply to the power-separation-filter bay.

The power conversion systems are powered from +140-V battery
systems.* In addition, 115-V, 50/60-Hz power is required by the digital
meters in the plant monitor and load transfer bays and the test load
cooling fans. The 115-V inputs are not shown in Fig. 1.

lIl. POWER CONVERSION TECHNIQUES

The process of converting power from the +140-V source into a pre-
cisely controlled, 657-mA, constant-current level suitable for energizing
SG-type cables, at up to 7500 V, is accomplished in the converter bay.
The cable-powering requirements are far more demanding than those
of previous cables. For example, the 5.0-kW, nominal output capability
of each SG converter bay represents a more than eight-fold increase over
the capability of the most recent, previous, comparable Bell System
converter. The power-train circuits follow the SF system practice of
switching at ultrasonic frequencies? to:

() Minimize the stored energy in filter capacitors.
(Zi) Avoid generation of high-level, audible noise.
(Zi1) Minimize the physical size of magnetic apparatus.

The increase in power level and the more demanding regulation re-
quirements prompted the use of a pulse-width-control technique instead
of the saturable-reactor-type power control used in several previous
undersea cable systems. The pulse-width-control technique is used to
control switching-regulator transistors in the power path.

The increase to 5.0 kW of converter output power required efficient
utilization of the state of the art in power transistor technology. High
current (25 A), medium voltage (200 V), and fast switching speed (0.75-us

* A description of the primary power arrangements inluding the commercial power
connections, the rectifier-floated battery systems, and the automatic-or-manual-start,
standby engine-alternator systems is beyond the scope of this article.

t The SF power-feed equipment was the first to use static converters switching at ul-
trasonic frequencies to power long-haul underseas cables.
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rise-and-fall times) devices were selected as appropriate to operate with
the +140-V input voltage and to minimize the number of required power
stages. The +140-V input was selected to minimize current levels. The
nominal current drain from the +140-V input for a converter bay is less
than 36 A instead of over 100 A if a 48-V input had been used. The lower
input current results in:

(1) Less I2R losses, thereby providing greater efficiency in the primary
power path.
(i) Lower-strength magnetic fields emanating from the inverter’s
switching circuits.

The basic de-to-dc power conversion unit, referred to as a “power
stage,” operates at 20 kHz (inverter) and 40 kHz (switching-regulator)
to develop an output current of up to 690 mA at voltages of up to 2500
V from the +140-V input. Each converter bay contains up to three of
these power stages with their outputs connected in series to obtain up
to a 7500-V output. During normal operation in a TAT-6 station, six
power stages (three in each converter bay) are powering the cable with
each power stage operating at less than half its power capability. Figure
4 shows a converter bay with one power stage extended from the bay on
its slide and with its EMI-containment covers removed.

A power stage is self-starting and requires only +140-V power, an
oscillator-synchronizing signal, and the pulse-width-control signal as
inputs for normal operation. Both high-power switching and low-level-
control-and-monitoring circuits are incorporated in this plug-in package.
Each power stage contains its own base-drive generator rather than re-
ceiving base-drive from an external, common generator in the converter
bay. This feature assures that the loss of a base drive generator will not
cause multiple power train damage. Also, the distribution of switching
currents, and the resultant EMI noise radiation within and from the bay,
is minimized.

Operation of the power switching transistors to near their maximum
current capability requires the use of fast-responding, monitoring-
and-protection circuits to prevent damage during load transients. Among
the monitoring circuits are those that detect excessive switching currents
and sense the high-voltage-output level.

3.1 Description of the power path

The interconnections among the principal elements in the power stage
are shown in Fig. 5. The regulator transistor (Q5) switches at 40 kHz to
control the power flow from the +140-V input to the inductive-input
inverter (Q1, Q2, Q3, and Q4), using a conduction range from 0 to 90
percent. The ratio of Q5 “on” time to the time of a single switching period
provides the required average output voltage from the regulator in re-
sponse to one of the current or voltage control systems in the power plant.
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Fig. 4—Power stage extended on its slide from a converter bay.

Identical pulse-width-control signals are applied to all power stage
regulators in a converter bay to force each power stage to support an
approximately equal share of the load voltage.

The inductor L1, located between the regulator’s output and the in-
verter’s input, smoothes the voltage pulses from the regulator to establish
a regulated direct-current flow into the inverter. This current flow is
inverted into a regulated-amplitude, alternating current by the 20-kHz
commutation of the Q1-Q2-Q3-Q4 bridge circuit. The bridge output is
applied to a step-up transformer, full-wave rectified, filtered, and applied
toward the external load. The inductor L1 is strategically located in the
power path to limit the rate of rise of the current in the power semicon-
ductors. The advantages of this special connection between the regulator
and inverter in the power path are that it:

(i) Permits safe operation of all power semiconductors close to their
maximum ratings.
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(i) Controls peak currents in the bridge inverter even during com-
mutation.
(iit) Allows easy adaptation of switching-loss-reduction networks which
greatly reduce the transistor-peak-power dissipation and improve
the efficiency by reducing the average switching loss.

The design and operational details of the basic power circuit topology,
described above in general terms, have been documented.t-19 Hence,
the following discussion is concerned primarily with describing the
overcurrent protection, the voltage sensing, the base-drive and bias
supply, the physical realization, and EMI suppression.

3.2 Overcurrent protection

A fast-responding, overcurrent detector monitors the L1 inductor
current that is the input current to the inverter (Fig. 5). The L1 inductor
controls the rate of change of current in all semiconductors in the main
power path. Thus, only a single overcurrent detector is required in each
power stage. The overcurrent detector works in conjunction with the
converter bay’s control system. This combination limits the peak current
in all power switches to be no more than 20 percent above normal under
transient conditions, including those occurring in response to the ap-
plication of a direct short circuit on the output.

The overcurrent detector consists of a shunt, an amplifier to raise the
shunt’s voltage level by 21 dB, a stable, direct-voltage reference, and a
fast-slew-rate comparator that switches a pulse generator to the “on”
state if the shunt current exceeds a predetermined threshold. The
overcurrent detector has transformer isolation both in the output-pulse
signal path and bias-power input path. This is required because the
entire overcurrent detector circuit experiences common mode voltage
excursions of 200 V at a 1000 V/us rate during power switching. More
details of the overcurrent detector can be found elsewhere.!!

When the overcurrent detector’s pulses are issued from a power stage,
the control system in the converter bay halts conduction in the regulators
in all power stages in the bay. This blocks further energy flow from the
+140-V source to the inverters. Once this control loop becomes active,
the cutoff intervals of the regulators are controlled to the proper duration
to allow excess stored energy in the power path’s magnetic components
to be dissipated into the load. As a consequence, the switching currents
in the inverter are reduced to normal levels before further regulator
conduction is permitted.
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3.3 Isolated output voltage sensing

Precise determination of a power stage’s output voltage is required
by the converter bay’s regulation, alarm, and shutdown circuits. Each
power stage contains sensing circuits that monitor the output trans-
former’s voltage with sense windings. Direct sensing of the high voltage
output is not desirable, since the secondary circuits may operate at
several kilovolts above common. (This is a consequence of the series
connection of the high-voltage outputs of the power stages.)

Unfortunately, a sense winding does not provide a voltage signal that
has an ideal rectangular waveform, but one with large ringing transients
and voltage notches at each polarity transition during inverter com-
mutation. These aberrations vary considerably with load. They typically
occur in power inverter circuits and cannot be completely avoided.

These disturbances excluded the use of conventional rectifier and
passive filter circuits in this accurate, linear, sensing application. Instead,
a unique application of a zero-order type sampling circuit is used to
synchronously sample the voltage during a brief interval of the positive
half-cycle of the sensed waveform midway between the commutation
events. The sample switch is then held “off” to ignore the voltage ringing
notches associated with commutation and the complete negative half-
cycle. The charge stored on the “hold” capacitor maintains a relatively
constant voltage across the high impedance load during the nonsampling
part of the cycle.

Using this sampling scheme, tracking accuracy between the sense
output and high-voltage output is better than 1 percent of full scale
over the 2500-V output range. The sensing circuits are duplicated in each
power stage for improved reliability.

3.4 Internal base drive and bias supply

An efficient, 60-W, saturable-reactor-controlled, 20-kHz, quasi-rec-
tangular-wave current source operates from the +140-V input to provide
a +2-A, regulated current to the inverter power transistors for base drive,
to the regulator driver as a source for its base drive, and to the bias
voltage supply in the overcurrent detector (Fig. 5). This £2-A source
determines the inverter commutation but not the regulator switching,
since that is controlled by the converter bay’s control circuits through
the pulse-width-control input.

A phase-locked oscillator (PLO) operates with the base-drive source
in a feedback system to minimize the variable, phase-shift error intro-
duced by the saturable reactor. The PLO synchronizes the inverter’s noisy
commutation interval to the converter bay’s clock with a phase-shift
error of less than 4:0.2 radian. The commutation transient always occurs
during the “off time” of the regulator transistor and therefore does not
contribute jitter to either the leading or trailing edge of the conducting
period. An alarm is issued if synchronization fails to occur.
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This synchronization feature .prevents beat frequencies from ap-
pearing in the converter bay’s output and other anomalous effects.
Synchronization of all high-power switching also reduces the possibility
of random noise tones exceeding the stringent power-plant-output-noise
requirement of less than 0.17 uV for any single frequency in any 3-kHz
band from 0.3 MHz to 30 MHz. Note, however, that loss of synchroni-
zation would not necessarily result in an increase in EMI.

3.5 Physical realization of and EMI control in the power stage

The power stage is physically realized as a completely shielded plug-in
module that has input and output, hand-operated connectors and
weighs approximately 56.7 kg (125 pounds). It is also key-interlocked
and cannot be removed from its location at the bottom of the converter
bay (Fig. 4) unless the high-voltage circuits within the modules are de-
energized.

Shielding is utilized to minimize the effects of the radiated EMI noise
produced by power-switching semiconductors within the unit. The
shielding includes individually shielded compartments within the power
stage as well as solid heat sinks on the front and rear of the unit, solid
side covers with EMI gasketing, and honeycombed shields on the top and
bottom of the unit.

The switching semiconductors, which are the main heat sources, are
mounted on a heat sink that serves as the front panel of the unit. This
takes advantage of both natural convection and radiation modes of heat
transfer. Top and bottom honeycomb shields permit air flow through
the power stage for internal cooling.

The transformer that connects the inverter output to the high-voltage
rectifier was specially developed for this application. The high-current,
low-voltage terminals are located on one side of the transformer, with
the low-current, high-voltage terminals on the opposite side. The
transformer is mounted on a solid wall separating two shielded com-
partments with its high-voltage terminals protruding through the wall,
thus providing the output rectifier compartment of the power stage with
minimum noise contamination from the inverter’s switching circuits.

IV. PULSE POSITION MODULATION AND DEMODULATION

A major design problem in power-feed equipment providing regulated
currents at high voltage is the implementation of current sensing in the
high-voltage side. Very accurate current sensing is necessary for feedback
control of the current as well as for alarm, shutdown, and metering
functions. Analog magnetic amplifier technology has been successfully
employed in previous high-voltage supplies. However, the need in the
SG system for high precision (on the order of 0.01 percent) and the desire
for less complex and lower cost apparatus made it necessary to develop
a new technique for sensing current at high voltages.

UNDERSEA SYSTEM POWER 2509



The objectives of the new technique are to:

(i) Generate a signal that is an accurate linear function of the current
being sensed.

(it) Provide dc isolation in coupling the signal from the circuits ref-
erenced to the high-voltage side, where the current is sensed, to the
signal-processing circuits referenced to the ground side.

(tii) Process the received signal to perform various control, alarm,
shutdown and metering functions.

(iv) Provide operating power to the sensing circuits located in the
high-voltage side, without employing an auxiliary power supply
having high-voltage isolation.

The pulse-position-modulation (PPM) method!? is used for current-
sensing and information-coding. The PPM circuits convert a sensed
analog signal into pulses whose position in time is varied relative to the
occurrence of a trigger pulse. Pulse transformers couple the pulse from
the PPM circuits, referenced to the high-voltage side of the power plant’s
output, to processing circuits referenced to the ground side. The pulse
transformers are the only link between the PPM and processing circuits.
To minimize EMI susceptibility, a low-impedance, balanced transmission
line, terminated at each end with pulse transformers, is used to carry the
pulse signals between the PPM circuit and the signal processing cir-
cuits.

The PPM method provides excellent signal-to-noise characteristics.
Superimposed random noise has little effect on the time position of the
pulse carrying the modulated signal. The PPM method is therefore well
suited for interbay transmission of signals within various wire cables
without appreciable reduction of the signal-to-noise ratio.

4.1 Regulation

The basic PPM circuit is used as the control element in multiple
feedback loops controlling the output current and voltage of the power
plant. '

The principal feedback loop regulates the cable current at 657 mA.
Figure 6 includes the current control loop. The switching transistor (Q5)*
in the regulator section of each power stage is controlled by the state of
a set/reset-type flip-flop in the power-stage-control circuit. Each
switching transistor is turned on by a start-pulse signal originating at
the 40-kHz clock. The start-pulse signal is applied, through isolation
transformers, to the set terminal S of the flip-flop, setting it to a state
that supplies a base-drive signal from the Q output to the switching
transistor in each power stage.

* Same Q5 as in Fig. 5.
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At the same time, a positive-polarity trigger pulse is also transmitted
from the 40-kHz clock to the current-regulation PPM circuit in the
high-voltage side. The trigger pulse synchronizes the PPM circuit to the
start of the switching-transistor-base-drive pulses. The signal pulse
returned from the PPM circuit has a negative polarity. The trigger pulses
and signal pulses share a common transmission path. The signal pulse
is routed though an OR gate to the reset terminal R of the flip-flop. The
flip-flop output is reset by the signal pulse to a state that terminates the
base-drive pulse at the output Q. As a consequence, the regulator tran-
sistor in each power stage is turned off. The duty cycle (ratio of the time
lapse between the trigger and signal pulses to the period of the trigger-
pulse train) of the PPM output signal determines the width of the voltage
signal to the output of the regulator and, ultimately, the current supplied
to the cable.

Power to operate the current-sensing PPM circuits is obtained from
the voltage (V) developed across the voltage-regulation circuit in the
PPM circuits, as shown in Fig. 6. The voltage drop across the voltage-
regulation circuit in the PPM circuit is used to furnish 12 V to the PPM
circuits. Sixty-mA line current is needed to power the PPM circuits. This
permits the PPM circuits to effectively regulate the cable current at any
value greater than 60 mA. The voltage-regulation circuit in the PPM
circuit bypasses current in excess of 60 mA. The networks required to
obtain closed-loop stability are inserted across the error amplifiers (not
shown in Fig. 6) located within each PPM.

The current regulation loop has control of the cable current during
normal operation. After an initial 5-hour warmup period, the maximum
24-hour current drift is less than £0.05 percent if the ambient temper-
ature variation stays within 3:5°C. This represents a change of £0.33 mA
when the cable current is set to 657 mA.

The voltage-regulation loop is a secondary control loop designed to
limit the output voltage to a preset level. Figure 6 illustrates one of the
voltage-regulation PPM circuits. The power plant’s output voltage is
sensed by means of the 10,000-to-1 voltage divider.* A signal pulse is sent
from the voltage-regulation PPM circuit through the isolation trans-
formers and the OR gate to the.set/reset flip-flop within the power-
stage-control circuit. The OR gate, and hence the flip-flow circuit, reacts
to the first pulse that arrives at the OR gate during each cycle of opera-
tion.

The voltage regulation loop has a combined setability and maximum
drift of £25 V.

* Note the contrast between the direct voltage sensing used in the power plant’s output
where the circuit common is close to earth potential and the indirect voltage sensing pre-
viously described for the converter bay’s output where the common of one bay is the
high-voltage side of the other.
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4.2 Alarms and shutdowns using PPM circuits (not shown in Fig. 6)

The basic PPM circuit is also used in conjunction with pulse-sequence
detection and decoder circuits to generate alarm and/or shutdown sig-
nals. Alarms of +1 and +3 percent are obtained from one PPM circuit
sensing the cable current. The PPM circuit receives a trigger pulse from
the clock circuit every 25 us (a 40-kHz rate) and generates a signal pulse
in the middle of the time period under normal conditions when the cable
current is at its nominal value. The PPM circuit has a negative transfer
function. Hence, an increase in the cable current shortens the time delay
between the trigger and signal pulses. The signal pulse is sent to four
sequence-detection circuits. Each circuit compares the occurrence of
the signal pulse to a marker pulse generated by feeding a 2.5-MHz clock
frequency* into a decoder circuit that quantizes the period between
trigger pulses into 32 discrete time slots, each with a duration of 0.8 us.
Marker pulses are obtained at time slots 4, 12, 20, and 28. The marker
pulse occurring at time slot 4 is generated 3.2 us (4 X 0.8) after the trigger
pulse. The marker pulses at time slots 12, 20, and 28 occur at 9.6 us, 16
us, and 22.4 us after the trigger pulse. The PPM circuit has an active range
of +4 percent around the nominal cable current. As a consequence, each
time slot is equivalent to 0.25 percent (8 percent + 32) change in the
sensed cable current.

No alarms will occur when the cable current is at 657 mA, and the
signal pulse appears at time slot 16. When the sensed output current
begins to increase, the PPM circuit will send a signal pulse to the se-
quence-detection circuit earlier than time slot 16. When the signal pulse
appears earlier than the marker pulse occupying time slot 12, the se-
quence-detection circuit will generate a +1 percent current alarm. If the
cable current continues to increase until the signal pulse appears before
the marker pulse occupying time slot 4, a +3 percent current alarm is
generated. Current alarms of —1 and —3 percent are generated when the
sensed current decreases enough to cause the signal pulse to appear after
the marker pulses occupying time slots 20 and 28, respectively.

Means are provided for in-service checking of the proper functioning
of these alarms. Techniques used to check all four alarm circuits in a
single operation are described elsewhere.!?

With slight modifications, a PPM circuit can be used to sense either
cable current or cable voltage with an active range suited to detect and
send out alarm and/or shutdown signals for any desired percent change
in the cable current or voltage.

* A single 2.5-MHz clock is used to provide, by division, the 40-kHz clock signal that
synchronizes all clocks in the power supply.
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4.3 Metering using PPM and PPD circuits

Figure 6 also includes a pulse-position-demodulation (PPD) circuit
used with a PPM circuit to provide a metering function. The PPD circuit
converts the time-delayed pulses from the PPM circuit into an analog
signal after the pulse signals pass through the isolation transformers into
the ground-side circuits.

A synchronizing trigger pulse is sent from the clock through the PPD
to the PPM. The resulting PPM signal is a narrow pulse, linearly con-
trolled in time delay by the amplitude of the sensed cable current. The
signal pulses are sent to the PPD where they are used to set and reset a
flip-flop circuit within the PPD. The output of the flip-flop is a rectan-
gular-wave signal having a width proportional to the time delay of the
signal pulse. This rectangular-wave signal is applied to an averaging filter
producing a direct current output. The amplitude of the direct current
output signal is a linear function of the time delay of the signal pulse.
This direct current output can be used for either digital or analog me-
tering.

Expanded-scale meter PPM and PPD circuits are used with digital
meters to provide greater accuracy. The circuits have an active range of
16 mA centered around the nominal 657-mA cable current. The overall
measurement accuracy at the 657-mA current is £0.33 mA (£0.05 per-
cent).

A technique for employing a PPD in the feedback loop of the PPM
circuit to linearize its transfer function and render the system insensitive
to timing errors is described elsewhere.12

4.4 Physical design considerations for PPM circuits

The operation of the PPM circuits with narrow pulses and conse-
quentially broad frequency spectrum in a high-electromagnetic-inter-
ference and high-electrostatic-voltage environment required that con-
siderable care be exercised in the physical design of both the PPM circuits
and the bays where they are mounted.

The components of the PPM circuits are mounted on three-layer
printed-wiring boards and are located, with their associated pulse
transformers, in the high-voltage areas of the converter and plant
monitor bays. The components of the low-voltage PPD circuits are also
mounted on three-layer, printed-wiring boards. Several of these boards
comprise a low-voltage plug-in module, located in one of the pull-out
equipment slides in a converter or plant monitor bay. Access to PPM
circuits located in high-voltage areas is possible only when the circuits
are deenergized, while the low-voltage PPD circuits located in the
ground-side areas are always available to the operator.

The three-layer boards provide the PPM and PPD circuits with two
layers of interconnecting paths and a third layer that is used as a ground
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plane. The ground plane consists of very wide ground paths to all inte-
grated circuits, thus providing alow-impedance ground that aids in re-
ducing susceptibility to noise pulses.

Figure 7 displays the location of the four PPM circuits (one current-
regulation, two alarm and shutdown, and one current-metering) in the
high-voltage area of a converter bay. Two PPM circuit boards are
mounted on each metal base plate with a perforated metal covering over
both boards. This cover and the metal base plate are electrically con-

EACH PERFORATED METAL COVER
~7 ENCLOSES TWO.PPM CIRCUIT BOARDS

Fig. 7—Pulse-position-modulators shown in the high-voltage area of a converter bay.
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nected to the high-voltage circuit to form an equipotential electrostatic
field that surrounds the integrated circuits in the modulators. This ar-
rangement prevents any damage to the integrated circuits by eliminating
the possibility of large voltage gradients in the surrounding field. The
cover and base plate also reduce electrostatic coupling of EMI into the
PPM circuits.

The current-regulation PPM in a converter bay is equipped with coarse
and fine cable-current-adjust potentiometers, that are electrically at high
voltage. These potentiometers are adjusted from the front of the con-
verter bay by means of long, nonconducting shafts.

V. SHORE STATION POWER SEPARATION FILTER

The shore station Power Separation Filter (PSF) bay is so named be-
cause it is the bay in which the wideband signal transmission path and
the high-voltage dc power path, which share the undersea cable’s center
conductor, are separated for connection to their respective terminal
equipment. Viewed in simplified form, the PSF circuit is a three-port
filter, with an all-pass port for connection to the undersea cable, a
high-pass port for connection to the wideband line transmission
equipment (WLE),13 and a low-pass port for connection to the power
supply.

There are two fundamental but diametrically opposite design re-
quirements for the PSF circuit: (i) to pass the wideband signal with some
minimum acceptable values of return loss and insertion loss, which re-
quires that components be small and circuit paths short; and (i7) to keep
high-voltage partial discharge activity (“corona”) below some appro-
priate threshold that requires that components be large and circuit paths
widely spaced and long, in order to minimize destructive charge transfer
in dielectrics and to satisfy transmission impulse noise objectives. For
the SG system, with an upper frequency of 30 MHz and a maximum
operating voltage of 7500 Vdc, the resulting dilemma was formidable
and required extensive changes in the electrical and mechanical con-
figurations compared to shore station PSFs of earlier undersea cable
systems.

In addition to separating the power and signal paths, the PSF bay
performs a number of important additional functions in the operation,
maintenance, and safety of the cable system. Specifically, it provides:
(i) proper electrical and mechanical termination of the undersea cable,
(i) a '75:50-ohm impedance match between the WLE and the cable, (iii)
extensive shielding and filtering to prevent EMI from reaching the
wideband signal path, (iv) facility for quick metallic connection of test
equipment to the undersea cable center conductor, (v) an adjustable,
5-kW, auxiliary load that can be connected to the power supply in lieu
of the undersea cable system, (vi) extensive high-voltage protection for
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equipment and personnel, and (vii) in conjunction with the power
supply, a key-interlocked safety system that synchronizes their mode
of operation and controls access to hazardous voltage compartments.

A simplified diagram of the PSF circuit is shown in Fig. 8. The broken
lines represent copper compartments, which serve the dual purpose of
EMI shielding and high-voltage protection. The end of the undersea cable
connects to the cable compartment, and the wideband signal path is
separated from the high-voltage power path by C1 and L. The signal path
proceeds from C1 through the transmission compartment to the WLE
port. From L, the high-voltage power path goes through the wall of the
inner compartment to switch S, through filter network N, to the power
supply port. Switch S is a large, key-interlocked, rotary power switch
that controls the mode of operation of the PSF and access to its high-
voltage compartments. Auxiliary contacts (not shown) operate vacuum
relay K.

The dominant requirement on the design of the signal path is a return
loss of =20 dB over the entire SG band. This requires that impedance
discontinuities be kept to a minimum. These occur primarily in the cable
compartment, where high voltage considerations require large clearances,
resulting in significant structural variations from the desired signal path
impedance. The 20-dB return loss requirement is equivalent to a voltage
reflection coefficient |p| < 0.1, since return loss = 20 log |1/p|. For a cable
of characteristic impedance Zg, terminated in an impedance Zr,

_Zr—2Zy
Zr+2Zy
Let the PSF be represented by its equivalent series impedance Zg = Rg
+ j X5, and let each signal port be terminated in its characteristic im-
pedance, Zg (both ports referred to the same impedance level). Then the
reflection coefficient at either port is:
p= (Zs+Zo)—Zo_ _ Zs
(Zs+Zo)+Zy Zs+2Zy
The series resistance is small, and at the higher frequencies lead in-
ductance dominates, so that

o

p=—I%Xs
270+ jXs ’
whence for
lp] 0.1, Xs </4/99 Zy ~ 0.2 Z,.

This result provides a means of estimating the maximum allowable
lead length through the cable compartment. At the undersea cable port,
Xs =0.2X50 =109, and at the top frequency of 30 MHz, an allowable
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equivalent series inductance of 53 nH is obtained. Assuming, for illus-
tration, a distributed lead inductance of 3.94 nH/cm (10 nH/inch), the
maximum lead length is 13.5 cm (5.31 in.).

To attain the 53-nH requirement, the equivalent series inductance
can be reduced by (i) shortening the path length, (i7) reducing the dis-
tributed inductance per inch, or (iif) adding shunt compensating ca-
pacitance. The path length was minimized by using a small high-voltage
vacuum relay (K) to perform the required transmission path switching
and by using the small capacitor (type 732A) designed for the SG repeater
as the high-voltage blocking capacitor, C1. The distributed inductance
of the remaining path was reduced by creating the separate cable com-
partment for the high-voltage portion of the signal path. The radial di-
mension of this compartment was made as small as possible (about 5-cm
clearance from path to ground plane) consistent with the high-voltage,
partial-discharge, activity requirements, thereby reducing the distrib-
uted inductance. Shunt compensating capacitance was not added, as this
would have required the introduction of additional components into the
high-voltage circuits in the cable compartment, increasing the possible
sources of impulse noise and reducing reliability.

The actual, achieved path length of open leads through the cable
compartment was approximately 20.3 cm (8 in.). The actual achieved
return loss was greater than 30 dB over most of the 0.5- to 30-MHz band.
Minimum values were 25.3 dB on a laboratory-built exact prototype, and
25.7 dB on the Green Hill PSF.

The principal requirements affecting the design of the high-voltage
path are those concerned with high-voltage, partial-discharge activity,
which must be kept below some appropriate level to satisfy signal-path
impulse-noise objectives and to minimize destructive charge transfer
in dielectrics. (The term “partial discharge activity” is preferred over
“corona,” since it more precisely describes the phenomenon taking place,
viz., intermittent partial discharges of the dielectric. Strictly speaking,
corona is a continuous discharge accompanied by a glow.) An excellent
analysis of high-voltage partial discharge considerations in an SG-type
cable system is given by Franke.l4

Impulse-noise objectives established for SG terminals for the 48-kHz
group data bands allow one “pop” (partial discharge pulse) per 15
minutes exceeding a threshold of —10 dBmO. This is equivalent!4 to a
peak instantaneous voltage threshold of 100 mV from a 48-kHz bandpass
filter placed anywhere in the SG signal band. Since there are a number
of possible sources of impulse noise in a terminal other than the PSF, the
actual pop rate allocated to the PSF should be significantly less than one
each 15 minutes.

Attempting to establish limits to minimize the destructive effects is
more difficult. Destructive charge transfer limits for dielectrics are
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nebulous and difficult to specify. Franke suggests a maximum value of
10 pC, based on levels permitted in previous undersea cable systems, with
a rate corresponding to that of the data transmission interference re-
quirement. For a maximum pulse duration of 50 ns in a 50-chm system,
he calculates a peak voltage threshold of 5 mV.

If the impulse noise and destructive charge transfer requirements are
now combined, the resultant partial discharge activity requirement is
a threshold of 5 mV, with a rate limitation of under 1 pop per hour.

The creation of a separate cable compartment not only aided in the
solution of signal-transmission design problems, but also provided an
effective way to isolate the high-voltage and signal paths, and thereby
attenuate any noise which might otherwise be introduced via the high-
voltage path. High voltage is fed from the d¢ compartment into the cable
compartment via a novel skin-effect, low-pass filter* consisting of L, C2,
and the inner compartment. C2 is a feed-through, ground-separating
capacitor (type 729A) constructed like a coaxial cable. The feed-through
lead is the center conductor, and the outer conductor is composed of two
high-voltage, insulated, concentrically wrapped foils, each of which is
connected to a ground cap at opposite ends of the cylindrical structure.
At dc, the two ground ends of C2 are isolated, but at higher frequencies,
they are effectively connected, and C2 is equivalent to a short piece of
coaxial cable. One ground of C2 is connected to the cable compartment,
while the other ground is connected to the inner compartment. The
high-voltage path from the power supply is connected to the outside
surface of the inner compartment. Hence, the inner compartment floats
at the cable supply voltage, while for ac signals it is effectively an ex-
tension of the cable compartment (undersea-cable-return-tape
ground).

The inside surface of the inner compartment is connected to L, which
bridges the high voltage onto the signal path via the center conductor
of C2. The high-voltage path consequently passes through the wall of
the inner compartment, and any noise following this path is attenuated
by the skin effect of the 0.0794-cm (0.0313-in.) wall. Using the classical
formula for current penetration, it can be shown that, for thickness, ¢
(cm), and frequency, f (Hz), at 20°C,

Attenuation = 20 logyge~0-151¢ V7,

which, for f = 0.5 MHz, gives 73.6 dB.

Filter network N provides attenuation for the 20-kHz converter fre-
quency and its harmonics and protects against tones which might be
radiated or conducted around the power supply output filters. Together,

* The skin-effect filter concept is from G. H. Deshaies of Bell Laboratories, North An-
dover, Massachusetts, and was used in the PSFs of the L5 land transmission coaxial sys-
tem.
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N and the skin-effect filter provide a minimum loss of 80 dB from 20 kHz
to beyond 60 MHz, as measured from the power supply port to the signal
path.

High-voltage performance of the prototype and TAT-6 PSFs was
evaluated using a wideband partial discharge detector developed by
Franke and Czekaj.1> With the detector connected to the 50-ohm signal
path, the prototype had no pops exceeding 1 mV in 86 hours at +10 kV,
and no pops exceeding 2 mV in 56 hours at —10 kV. The Green Hill PSF
had no pops exceeding 1.4 mV in 8 hours at +10 kV, and the St. Hilaire
PSF had no pops exceeding 1.4 mV in 15 hours at —10 kV. Since normal
PSF operating voltages are less than 7.5 kV, these results provide a high
degree of confidence that PSF high-voltage performance will not only
meet but exceed design objectives.

VI. SUMMARY

The TAT-6, shore-station, power-feed equipment has been described.
A modified version has been developed and installed and is in service
on Cable Ship Long Lines. The shipboard power-feed equipment
can power any long-haul, undersea cable in service at the time of the
shipboard installation of the power-feed equipment.
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SG Undersea Cable System:

Installation and Maintenance of the
Undersea System

By J. E. H. COSIER, A. P. DAVIES, S. W. DAWSON, Jr.,
R. F. GLEASON, F. E. KIRKLAND, and T. A. MCKENZIE

(Manuscript received May 16, 1978)

Many changes were made in Cable Ship Long Lines to facilitate in-
stallation and maintenance of SG cable and repeaters. This paper de-
scribes new equipment provided for the ship and modifications made
to existing equipment. Both transmission equipment and cable and
repeater handling facilities are discussed.

I. BACKGROUND

A significant part of the development of a new undersea cable system
is involved with the equipment required to install and maintain the
system. Much of the basic-work concerning cable payout and repeater
handling was done as part of the earlier SD Submarine Cable System and
‘the design of Cable Ship Long Lines.! Even so, for the SG system, many
specific changes were necessary. This paper describes the most important
ones. The areas or conditions that called for revision or new design can
be summarized as follows:

(i) Electrical
(a) Test sets
(b) Power feeding equipment
{¢) Transmission equipment
(d) Computer facility
(e) Repeater monitoring set
(i) Environmental
(a) Repeater temperature control and measurement
(b) Cable temperature control and measurement
(i11) Physical and Mechanical
(a) Increased cable tensions and cable size

2523



(b) Large number of repeaters and equalizers
(¢) Burying of cable and repeaters
(d) Grapnels.

Il. TEST SETS AND PROCEDURES

Installation of a system requires a continuous program of testing be-
ginning when the cable, repeaters, and equalizers are loaded aboard ship
and ending with the final splice completing the undersea link. The test
equipment, test procedures, and computations are designed to ensure
the proper performance of the system, to optimize equalizer settings,
and to preserve the acquired data for future use.

2.1 Test set philosophy and design

New test equipment was designed to facilitate the installation of SG
submarine cable systems. The design allows the use of identical test
equipment on the ship and at shore terminals. The new installation test
equipment designs include the cable laying test set, the repeater moni-
toring set, the SG high frequency line equipment, the shipboard
power-feeding equipment, and a new shipboard computer facility.

2.1.1 Cable laying test sets

The cable laying test set (CLTS) was developed for the purpose of
making automatic, simultaneous, two-way transmission measurements
on SG and SF cable systems during installation and commissioning.? As
shown in Fig. 1, the cable laying test set has a transmit section and a
receive section. The transmit section consists of an oscillator with pre-
cision output level control and a digital control unit, while the receive
section consists of a selective detector, a digital control unit, and signal
monitor unit. Signaling to achieve automatic control between the
transmit section and the receive section is accomplished by set command
tones. By using a patching arrangement, this signaling scheme allows
the transmit and receive sections of the same CLTS to work either directly
with each other or with the receive and transmit sections of another CLTS
at the other end of a cable system. In the latter case, control is via an
order wire channel over the link being installed.

Each section of the CLTS has one manual and five automatic modes
of operation. In the manual mode, the transmit and receive digital control
units are disabled. The transmit section simply becomes a manually
tuned oscillator, and the receive section becomes a manually tuned se-
lective detector with a signal monitoring capability. The signal monitor
unit detects the signal power received by the selective detector and
provides an audible and visible alarm when the received power level
varies by more than £1.5 dB.

The five automatic modes of operation are: SF low band, SF high band,

2524 THE BELL SYSTEM TECHNICAL JOURNAL, SEPTEMBER 1978



TRANSMIT SECTION l

I TRANSMIT . LEVEL ‘ OQUTPUT
I CONTROL OSCILLATOR CONTROL —+——>

UNIT l
500 Hz 2738 Hz
SET COMMAND
PATCHING }TO LAYING ORDER WIRE

2738 Hz 500 Hz

f_ RECEIVE SECTION "i
l RECEIVE SIGNAL '
| ] coutre PSS MORITOR

’ UNIT U |
L o e _1

INPUT
Fig. 1—Cable laying test set.

SG low band, SG high band, and RIPPLE. The RIPPLE mode is the most
flexible, and all other modes are special cases of it. In the RIPPLE mode,
the transmit and receive operator(s) choose a start frequency, stop fre-
quency, and step frequency interval by setting thumbwheel switches on
the front panels of the control units. When the transmit control unit is
initialized, it causes the transmit section to begin sending a test tone at
the start frequency and also sends a set command tone to the receive
section, causing it to measure the received power at the start frequency.
When the measurement is complete, the frequency and measured power
are recorded via the data translator and teletypewriter (TTY). The re-
ceive control unit then sends a set command tone back to the transmit
control unit, causing it to step to the next test frequency. To step to the
next test frequency, the transmit control unit increments the oscillator
frequency in 1-kHz steps at 10,000 steps per second until the next test
frequency is reached. The receive control unit increments the mea-
surement frequency in a similar fashion and begins a new cycle. This
process continues until the measurement at the stop frequency has been
completed and the data have been recorded.

All other automatic modes of operation are similar, except that the
start and stop frequencies are fixed, standard values and the step fre-
quency intervals vary in size between the standard frequencies. For these
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modes of operation, the start, stop, and step frequency intervals are
stored in read-only memory (ROM) in the control units.

The oscillator and selective detector units used in the CLTS are stan-
dard Western Electric transmission measuring sets, and thus the
basic measurement capability of the CLTS is determined by these
units. Both the oscillator and the selective detector are designed to cover
the frequency range from 10 kHz to 60 MHz. The level control unit in
the transmit section provides an output of 0.00 £ 0.02 dBm (into 75
ohms), which can be attenuated to —99.9 dBm in 0.1-dB increments. The
selective detector has a measurement range from 0 to —129.9 dBm. In
all automatic modes, measurements can be made over a range from zero
to —109 dBm with a readout resolution and repeatability of £0.01
dB.

All the equipment associated with a CLTS, including power supplies
and a blower for cooling, is packaged in one bay. Two complete CLTS bays
are installed aboard ship, and two additional CLTS bays are installed (on
a temporary basis) at the shore terminal from which cable is being laid,
thus providing redundancy at both ends of the cable.

2.1.2 Power feeding equipment

New shipboard power feeding equipment was designed for the in-
stallation of SG submarine cables.?

2.1.3 Transmission equipment

The SG high-frequency line equipment was developed for the instal-
lation of SG cable systems. It is permanently installed aboard the Cable
Ship Long Lines and temporarily installed at cable stations from which
cable is laid. This allows the undersea cable system to be installed in-
dependent of the installation of the terminal wideband line equipment.
The high-frequency line serves as the interface between all the trans-
mission test facilities and the cable system.

The major function of the transmit high-frequency line is to provide
level adjustment capability for transmission test tones and the 12-
channel laying orderwire signal to obtain acceptable signal-to-noise ratios
for each. At the same time, the broadband power transmitted must be
limited to a value such that no repeater is overloaded. These functions
are achieved for the conditions of transmitting into an inboard- or out-
board-end section of cable (whose length can range from essentially zero
to a full repeater section) or into the test lead of an ocean block equal-
izer.4

The receive high-frequency line provides three paths of independently
adjustable gain for the broadband signal received from the cable system.
First, the gain of the transmission test tone path is adjustable to allow
for as much gain as possible while limiting the signal level applied to the
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receive cable laying test set to less than 0 dBm. Second, the gain of the
orderwire path is adjustable to achieve the proper transmission level at
the input to the multiplex equipment. Finally, the gain of the supervisory
tone path is adjustable so that the power of the supervisory tones at the
input to the repeater monitoring set will lie between —40 and —100 dBm.
Again, the implementation of the high-frequency line allows all these
requirements to be met for receiving at an inboard or outboard cable end
section or at an ocean block equalizer test lead.

Two high-frequency line units, regular and spare, are included in each
high-frequency line bay. Each unit consists of a directional filter for
separating transmit and receive signals, fixed-gain broadband amplifiers,
variable attenuators, and hybrid transformers. Regular and spare sG
laying orderwire multiplex equipment is also included in each high-
frequency line bay. The multiplex units contain the stages of modulation
necessary to translate the existing SF laying orderwire spectrum into the
SG bands. In addition, the high-frequency line bay contains a patch panel
to facilitate the convenient patching of all signals and test equipment
used for transmission testing during the installation.

Because of the many different situations that can arise during laying,
flexibility of patching the high-frequency line equipment received
considerable attention. For example, the use of broadband amplifiers
and attenuators throughout the high-frequency line having essentially
flat response over the frequency range from 500 kHz to 60 MHz allows
the transmit and receive bands to be determined simply by patching the
directional filter. The design of the directional filter requires a large
band-to-band rejection to preclude leakage from the relatively high-level
transmitted signal from overloading the low-level receive section of the
high-frequency line. The SG high-frequency line directional filter has
an in-band loss of less than 1 dB in each band and a band-to-band re-
jection of greater than 65 dB.

2.1.4 Computer facility equipment

The advantages of a shipboard computing facility have been described
previously. Figure 2 is a block diagram of the new computing facility
aboard Cable Ship Long Lines. It consists of a programmable calculator
with 15,000-word memory and an internal cassette memory, two addi-
tional cassette memory units for program and data storage, a thermal
page printer, a plotter, and an optical paper tape reader.

During a cable lay, a detailed record-keeping procedure is employed
which consists of entering data and performing computations on a spe-
cially prepared set of printed forms. Both the shore terminal and the ship
maintain a complete set of all data and computations. The computer
software is designed to replace the manual record-keeping procedure
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Fig. 2—Shipboard computer facility.

aboard ship. For this reason, it prints out data and computations on
pages which replace the forms which would have been filled out man-
ually. Thus, in the event of a computer failure, the manual computations
can easily be resumed. In addition, a software package allows opera-
tor-controlled manipulation of various data for special calculations
during a cable lay.

2.1.5 Repeater monitoring set

The repeater monitoring set is designed to be used on the SG system
to measure supervisory tones from repeaters as well as to measure the
intermodulation performance of repeaters.? Unlike the equipment de-
scribed above, which is used only during installation and commissioning,®
the repeater monitoring set is a permanent piece of terminal station
equipment which is also used during installation. The supervisory tone
measurements allow for data acquisition necessary for system admin-
istration and for fault localization. Intermodulation tests, which are
normally performed on an out-of-service basis, are helpful in locahzmg
a wide variety of faults.

The repeater monitoring set can be operated in a manual mode or in
a semi-automatic mode. In the manual mode, input parameters are set
on thumbwheel switches by an operator. In the automatic mode, input
parameters are entered from mark-sense cards by a card reader. The
repeater monitoring set has a visual output of measured data as well as
an output suitable for driving a TTY. The set can also be used to measure
supervisory tones on the SF system.
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For supervisory tone measurements, the repeater monitoring set uses
a phase-locked selective detector technique. The measurement band-
width is 5 Hz, and all the conversion carriers in the selective detector are
phase-locked to a highly precise common reference frequency, allowing
accurate frequency measurement of the received tones.

The receiver, whose automatic frequency control loop contains a 50-Hz
bandwidth IF filter, has an acquisition range of £25 Hz for signals above
—110 dBm. Once phase lock is achieved, the frequency and power of the
received signal are measured automatically over the range of —100 to
—40 dBm. Input bandpass filters, used to prevent overload of the de-
tector by the broadband message signal, can be bypassed, enabling the
set to be used as a general-purpose selective detector over the 10-kHz
to 60-MHz range.

Because the SG repeaters are highly linear, a special technique was
required to obtain accurate intermodulation measurements of individual
repeaters on an installed system. This particular measurement is made
possible by the common-amplifier repeater configuration and by the
different distance and hence different round-trip delay to each repeater.
Chirp radar and matched-filter techniques are used to obtain the nec-
essary signal-to-noise ratio under the peak power constraints of the re-
peaters.

A linear FM (chirp) signal 100 kHz wide with a 10-Hz repetition rate
is transmitted together with a single frequency tone. In the low band,
an 8.6- to 8.7-MHz chirp and a 12-MHz tone are transmitted. Each re-
peater produces a second-order intermodulation product whose fre-
quency sweeps from 20.6 to 20.7 MHz and is received in the high band.
The return from a given repeater is recovered by demodulating the re-
ceived signals with a swept carrier identical to the transmitted chirp but
translated in frequency by an amount corresponding to the round-trip
delay to the given repeater. A single IF signal results (in this case, 20
MHz) which is measured by the 5-Hz bandwidth selective detector.
Returns from adjacent repeaters are separated by approximately 100-Hz
intervals and are rejected by the detector. The effects of delay distortion
on the signal are minimized by choosing the transmit and receive
frequencies such that the round-trip delay over the 100-kHz chirp band
is constant.

Successful implementation of this method requires precise phase
control of two synchronized frequency generators.

2.2 Test procedures

2.2.1 Tests during loading

Repeaters, ocean-block equalizers, and shore-controlled equalizers
are individually tested during manufacture and then transported to the
dock for loading aboard ship. Following loading and prior to splicing,

INSTALLATION AND MAINTENANCE 2529



resistance checks are made to determine that all repeater housings have
a high dc resistance to ground and that all equalizer housings are solidly
grounded to the ship’s hull. The purpose of these pre-checks is to ensure
the validity of the outer-conductor dc resistance tests which are used
later to determine cable temperature. The cable, repeaters, and equal-
izers are then spliced together to form an assembled shipload.

2.2.2 Assembled shipload tests

The assembled shipload is subjected to a series of tests to ensure
proper operation. The diagram in Fig. 3 shows the equipment and con-
nections used to perform these tests on a block-by-block basis. Individual
block testing is necessary because the differences in temperature and
pressure between shipboard and ocean bottom environment can result
in large temporary end-to-end misalignment which makes a single
measurement of an entire shipload impractical. Block-by-block mea-
surements have some useful benefits. Testing procedures and compu-
tations can be mechanized in a generally repetitive manner, and single
block tests automatically localize faults to a block.

Each end of the assembled shipload is terminated at a power separa-
tion filter. The power separation filters allow high voltage to be applied
to the center conductor at one end and dc ground at the other. A
broadband connection is also provided for test signals. Transmission
tests are performed on each of the blocks (including the partial end
blocks) at a selected set of standard frequencies in each band.

For discussion of the actual transmission tests, refer again to Fig. 3.
All transmission measurements are made by either the cable laying test
sets (CLTSs) or the repeater monitoring set (RMS). For these tests, the
CLTSs transmit and receive signals at a standard list of stored frequen-
cies. All the test equipment as well as the orderwire is connected to the
assembled cable system through the high-frequency line equipment. The
CLTSs are used to measure the transmission response of each block. The
measurement starts at the first test frequency and automatically se-
quences through the standard frequency list. The measured data are
automatically recorded by means of the data translator and the tele-
typewriter in both printed page and punched-paper-tape form. The data
translator also causes the TTY to print out heading information which
identifies the type of measurement made, the date and time of day, the
direction of transmission, the test sets used to make the measurement,
the.run number, and the block number. The CLTSs are also used to
measure all the losses and gains associated with the test configuration
(e.g., patch cords and power separation filter). The punched paper tapes
allow automatic loading of test data into the shipboard test room com-
puter facility.

Computations are performed using the measurement data described
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above. The primary intent of these calculations is to verify that the as-
sembled shipload is operating properly. To accomplish this, one must
be able to predict the expected transmission response. Factory mea-
surements on the actual repeaters, cable sections, and equalizers in each
block, which are loaded into the computer memory prior to testing, are
used to compute a transmission response to be compared with the
shipboard measurements. The computed transmission response must
correct for the actual temperature of the repeaters and cable aboard ship,
because these are generally not the same as during factory measure-
ments.

2.2.3 Tests during laying

Many of the tests during laying are similar to the assembled shipload
tests except that the test path is between ship and shore rather than only
within the shipload.

The beginning of a cable lay starts with a cable splice. Before the splice
is made, a transmission reconciliation test is made to verify the perfor-
mance of the previously installed portion of the system. If this recon-
ciliation (comparison with measurements made earlier) is satisfactory,
the splice is made. After the splice, another reconciliation transmission
test is performed between the shore terminal and the test lead of the
most outboard ocean-block equalizer in the shipload. Again, the data
are analyzed using the shipboard computer to determine if the mea-
surement is consistent with the previous reconciliation and the assem-
bled shipload measurements.

The primary reasons for transmission tests during laying are to con-
firm proper operation of the system and to obtain data necessary to
choose the optimum ocean-block equalizer settings. Using the test
configuration shown in Fig. 4, transmission tests are made at regular
intervals. At the end of a standard frequency measurement run, each
station has only the measurement data for its receive band. These data
are then exchanged via the laying orderwire by using the TTY with a
paper tape reader and the data sets. Thus the shore terminal and ship
obtain measurement data for both bands.

Between standard frequency runs, while the cable is being payed out,
the cable laying test sets are used to send and monitor a single tone in
each direction of transmission. The receive cable laying test sets give an
automatic alarm when the received power of this tone varies by more
than 1.5°dB. Also, the supervisory tone power from each repeater is
measured and recorded using the repeater monitoring set, data trans-
lator, and TTY. Because adjacent repeaters transmit supervisory tones
in opposite directions, the data must be exchanged between the ship and
shore terminal. Additional tests performed during laying include (i) a
transmission test through the next-to-be-laid block to ensure that its

2532 THE BELL SYSTEM TECHNICAL JOURNAL, SEPTEMBER 1978



€€6C JONVNILNIVWN ANV NOILVTIVLSNI

PRINTED PAGE
I l—-b PAPER TAPE

TELETYPE—
WRITER

TRANSLATOR

DATA

DATA
SET

!

TRANSMIT
CABLE LAYING
TEST SET

LAYING
ORDER
WIRE

RECEIVE REPEATER
CABLE LAYING MONITOR
TEST SET SET

A

A

SHORE
HIGH
FREQUENCY
LINE

C

SHORE
POWER
SEPAR—(D

SHORE STATION

ATION
FILTER

SHORE
POWER
PLANT

PORTION OF SYSTEM
LAID OR ABOUT
TO BE LAID

|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
[
I
|
|
|

I
|

PRINTED PAGE

4[——->PAPERTAPE
TELETYPE- |, |  DATA
WRITER TRANSLATOR
DATA
SET
TRANSMIT LAYING RECEIVE REPEATER
CABLE LAYING [+ ORDER CABLE LAYING MONITOR
TEST SET WIRE TEST SET SET
K
SHIP J
HIGH
FREQUENCY
LINE
1 SHIP TEST
ROOM
———
H G
%, l
| SHIP
PWR| LOW AND pwRr| | F | POWER
SEP | HIGH-BAND SEP 'M"%rsgfuﬁn_
LTR| NETWORKS
F ) FLTR FILTER
L
L K2 ' [
| | swip
OCEAN BLOCK EQUALIZER POWER
| PLANT

REMAINDER OF SHIPLOAD

Fig. 4—Transmission tests during laying.




transmission has not changed since the assembled shipload tests, (i)
transmission tests at closely spaced frequency intervals, called ripple
runs, and (i) monitoring the power plant voltage and current.

The process of choosing the optimum equalizer setting typically starts
about three hours before the equalizer is scheduled to go overboard. This
interval allows time for the equalizer decision to be made and for the test
and stepping leads to be sealed by overmolding. First, a transmission
objective is computed using the shipboard computer. The transmission
objective is the expected test tone power which would be measured at
the input to the receive cable laying test set, assuming that the only
misalignment in the system is the planned misalignment.* All the
components of this calculation are known either by calculation or by
direct measurement with the cable laying test set.

At the time of any standard frequency run, the misalighment of the
system consists of the sum of residual misalignment and temporary
misalighment. The temporary misalignment is due to the fact that not
all the block being laid has stabilized at ocean bottom conditions. Nev-
ertheless, the temporary misalignment must be removed from the
measurement data since the equalizer should compensate for only the
residual misalignment. This is accomplished as follows. Under steady-
state conditions (i.e., constant ship speed, cable payout rate, and ship-
board cable and repeater temperature), which are normally closely ap-
proximated during laying, temporary misalighment decreases linearly
with time (and thus distance) until the equalizer is overboarded. The
shipboard computer sorts the standard frequency run data and extra-
polates to the expected value corresponding to the time that the equalizer
would go overboard. The amount of remaining temporary misalignment
due to the cable suspended between the ship and the ocean bottom and
due to the thermal inertia of the cable and repeaters is calculated from
theoretical considerations and used to correct the extrapolated data.

Direct comparison of the corrected extrapolated data to the trans-
mission objective yields the residual misalignment to be compensated
for by the equalizer, which is referred to as block deviation. The com-
puter equalization program then compares the block deviation to the
loss shapes available in the equalizer and orders the various setting
choices based on a weighted-sum-of-squared-error criterion. The
equalizer setting that is selected is typically the one with minimum
sum-of-squared-error. The transmission engineers, however, examine
the top several choices, taking into account auxiliary information (e.g.,
anticipated misalignment in the next block), and occasionally choose
a different setting.

Once the choice of equalizer setting has been made, four standard

* An example of planned misalignment is gain provided at time of cable installation to
precompensate for anticipated increased cable loss with time, i.e., cable aging.
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frequency runs are performed. The first two are made immediately be-
fore and after the equalizer is switched. A comparison of these two
standard frequency runs is made to verify that the correct change in loss
has been achieved. Second, the shipboard transmission test lead is moved
to the next inboard equalizer, adding the next ocean block to the mea-
surement path. The next two runs are performed before and after the
transmission test pad is switched out of the equalizer about to be laid.
A comparison of these two standard frequency runs is made to verify that
the test pad has, in fact, been switched out. At this point, the equalizer
stepping and transmission test leads are sealed, and the equalizer is ready
for overboarding. Transmission testing then continues through the next
inboard equalizer.

lll. ENVIRONMENTAL CONSIDERATIONS AND MEASUREMENTS
3.1 Repeater temperature control

In previous undersea cable systems, no special effort was made to
control the temperature of repeaters and equalizers on the cable laying
ship. For SG, however, reasonably precise control is required.

3.1.1 Control requirements

Even though repeaters and equalizers are vacuum-dried during
manufacture, some water remains, much of it dissolved in polymeric
materials. At high storage temperatures a significant amount of water
exists as vapor within the free volume of the repeater. If such a repeater
were launched into the ocean, where the bottom temperature is typically
2.5°C, there is a possibility that the water would condense on surfaces
within the repeater before it could be reabsorbed by the polymers.
Condensed water on and between conducting surfaces can cause repeater
failure. A careful experimental investigation showed that condensation
would not occur if the ambient storage temperature were less than 32°C
for unpowered repeaters and 27°C for powered repeaters. The lower of
these two values is controlling, since repeaters are powered when they
are laid.

If temperature-controlled repeaters? are included in a shipload, it is
necessary to know their temperature in order to predict what their
transmission characteristics should be. T'o limit positive misalighment
in blocks containing temperature-controlled repeaters, the difference
between repeater and cable temperature must be controlled. Because
the thermal mass of the cable is much greater than that of the repeaters,
it Is more efficient to control repeater temperature than cable temper-
ature. Thus it is necessary not only to limit the maximum value of re-
peater temperature but to be able to set it and maintain it with reason-
able precision.

Temperature control is also needed for other repeaters, but the re-
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quirements are less stringent because temperature changes produce a
much smaller change in transmission. Table I summarizes repeater
temperature setability, stability, and measurement accuracy objec-
tives.

3.1.2 Temperature-control facilities

To achieve the required setability of repeater temperature, it was
decided to use air-conditioning units in each repeater bay and to build
tents over each repeater stack. The air-conditioning units are located
along the port bulkhead of each repeater bay. The chilled air is piped
into a 4-inch-high (102 mm) rectangular telescoping duct located beneath
the repeater stack.

When a full load of repeaters is in place, the duct is extended to its full
length, spanning the entire stack. As repeaters are payed out during a
cable-laying operation, the duct can be shortened ultimately to ap-
proximately one-third of its fully extended length. The telescoping
feature was provided to keep the incoming air flow concentrated around
the remaining repeaters. The return duct for the air flow is on the deck
next to the telescoping inlet duct. It contains a series of holes on the top
and the side opposite the inlet duct to receive the air. Each hole is fitted
with a swivel plate which can be moved to open or close the hole. As re-
peaters are payed out, the unused holes are sequentially closed.

The repeater stack is covered by an insulating tent with openings on
the sides to pass the cable bights. The tent is made in sections so that,
as repeaters are payed out, sections can be removed to allow the size of
the tent to conform approximately to the size of the stack of remaining
repeaters.

Under unusual conditions of very high humidity, condensation can
occur on the repeater and equalizer housings in the tent. Drains have
been provided to remove this water.

Table | — Shipboard repeater temperature objectives
Non-
Temperature-
Controlled
Temperature- Repeaters
Controlled and
Repeaters Equalizers
Setability <27°C* <27°C
Stability in 12 hours +0.2°C +2.0°C
Measurement accuracy +0.2°C +0.5°C

* The maximum temperature for the temperature-controlled repeaters is determined
in part by the cable temperature. The specific requirement depends on a number of factors.
In l:,he worst case, it is sufficient to keep the repeater temperature at or below that of the
cable.
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3.1.3 Repeater temperature measurement

An automatic temperature measurement and recording system has
been installed on Cable Ship Long Lines. Twenty-one thermocouples
can be placed in each of the three repeater stacks. The thermocouples
are attached to the periphery of holes in the end cones of the repeaters
using clamps which can be removed readily before the repeater is payed
out.

The thermocouple identifying number, the indicated temperature,
and the time of measurement are printed out on paper tape. The
equipment can be programmed to scan and print data from all of the
thermocouples at set intervals, e.g., every eight hours. When calibration
and correction procedures are used, the temperature measurement ac-
curacy is about 0.05°C.

3.2 Cable temperature control

With previous cable systems, there was no need to control cable
temperature. The temperature was measured with thermocouples at 15
points in each tank, giving adequate information for transmission
measurements. For SG, cable temperature stability in each tank has to
be maintained.

3.2.1 Control requirements

As discussed above, temperature setability requirements have been
applied to repeaters rather than to cable. Measurements to determine
equalizer setting, however, require that the cable temperature remain
stable for the measurement period. Specifically, the stability objective
is £0.2°C over a 12-hour period. Similarly, the measurement accuracy
objective is £0.2°C. ’

3.2.2 Temperature-control facilities

Measurement of cable temperature during installation of the TRANS-
PAC-2 SF system showed that the bottom aft portion of the Tank 3 wall
was warmer than the rest of the tank. This was traced to the proximity
of that area to the ship’s main boilers. To improve the uniformity of
temperature distribution in the cable, the cable was isolated from the
warm area by spacers approximately two inches thick and a sheet of fi-
berglass to provide a smooth surface adjacent to the cable.

As a further means to provide a uniform cable temperature, the tanks
are flooded with water during cable-laying operations. The water level
is maintained about two feet below the top of the cable to protect people
working in the tank. The water in each tank can be circulated by draining
it from drains in the bottom of the tank and pumping it into the top of
the tank along the walls. While the tank water temperature does change
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slowly in response to sea temperature, the circulating water arrangement
provides adequate stability.

3.2.3 Cable temperature measurement

Two means are now provided for measuring cable temperature. The
first, similar to that used previously, consists of 12 thermocouples in each
tank which are connected to the temperature recording system discussed
above for the repeater stacks. The thermocouples are taped to the cable
during loading so that they are distributed throughout the tank. Ther-
mocouples have the advantages of simplicity and accuracy but the dis-
advantage that they provide only point measurements. If the cable
temperature is not uniform, it is not possible to determine precisely the
average temperature of a cable section or a block from the thermocouple
readings.

For transmission measurements, the average temperature of the cable
in a block is the most important item of cable temperature data. To
provide this information directly, the second cable temperature mea-
surement system was developed. This method consists of measuring the
dc resistance of the outer conductor of the cable and inferring from this
and factory test data the average temperature.

The repeater and equalizer high-pressure housings are connected in
series with the cable outer conductors but contribute negligible resis-
tance. The conductivity of the copper used for the outer conductor of
undersea cable is carefully controlled. Since the temperature coefficient
of resistivity is directly related to the conductivity,’ it is thus also care-
fully controlled. During cable manufacture, the factory determines the
dc resistance of the outer conductor of each cable section at 10.0°C. This
reference reading and the known temperature coefficient are then suf-
ficient to relate temperature to dc resistance throughout the range of
interest. Working the outer conductor during cable handling in the
factory and from the factory to the ship increases the resistance by an
amount equivalent to approximately 0.25°C temperature change on the
average. A correction for this is made in the temperature calculation.

If the ship is stationary, a satisfactory measurement can be made as
described above. If the ship is pitching or rolling, however, motion of the
coiled cable in the earth’s magnetic field induces voltages which can cause
errors in the measurement. T'o overcome this problem, instead of mea-
suring a block directly, the two halves of the block are measured in
parallel. In this way, the voltages induced by ship motion in the two
halves tend to cancel. As an added precaution, high measuring currents
(up to 500 mA) are used to make the voltage drop from measuring current
much larger than the motion-induced voltages.

The correlation under carefully controlled conditions between ther-
mocouple and direct current resistance (DCR) measurements has been
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quite satisfactory. The high-current DCR method is regarded as the
primary cable temperature measurement. The thermocouple results are
used for check and backup.

IV. CABLE LAYING FACILITIES—C. S. LONG LINES

References 8 to 11 discuss the construction and operation of the Bell
System Cable Ship Long Lines, first used for installing SD cable systems.
This section discusses the extensive changes made to the ship to permit
handling of SG cable and repeaters.

4.1 Reasons for modifications

Cable used in the SG system is larger, heavier, and stronger than the
cable used in previous systems. T'able IT compares the size, strength, and
weight of SG armorless cable and SF armorless cable. The larger diameter
of SG cable limits a single shipload to approximately 770 nautical miles
(1429 km). With 5.1-nmi (9.46 km) repeater spacing, one equalizer for
each 30 repeaters and one-half mile of cable between the equalizer and
each adjacent repeater, there is an average of 4.8 nmi of cable for each
repeater and equalizer. Thus, it is necessary to stow approximately 160
repeater plus equalizer “bodies” on the ship.

4.2 Linear cable engine

The greater weight and resultant greater laying loads for SG cable
required extensive modifications to the linear cable engine. In its original
configuration, it had one drive power unit (electric motor and hydraulic
pump combination), one main brake, and one hydraulic motor each for
payout and pickup operation.

4.2.1 New drive motor and drive power unit

To increase the laying tension capability at 8 knots payout speed from
8000 to 16,000 pounds (3629 to 7257 kg), a new hydraulic motor was
added and connected, through a gear box, to the upper forward sprocket
shaft. The new motor operates only in the payout (hold-back) mode. A
second drive power unit was then added to provide sufficient high
pressure oil flow to drive both the old and the new motors simulta-

Table Il — Comparison of physical properties of SF and SG
armorless cable

SG SF
Quter diameter (inches/mm) 2.07/52.6 1.75/44.5
Strength (pounds/kg) 37,000/16,783  16,000/7257
Weight per nautical mile, in sea water (pounds/kg) 3,500/1588 2,000/907

Ex]g)e)cted laying tension in 3 miles of water (pounds/  10,500/4763 6,000/2722
g
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neously. Isolation and cross-connection features are provided so that
the engine can be run with both motors and both power units or, for lower
laying loads, in the original one-motor configuration with either power
unit. The engine cannot be operated with the new motor only since the
old motor cannot readily be disconnected.

4.2.2 Track modification

The shear-limiting feature of the linear cable engine!® was modified
for the SG laying loads. Since the extensional elastic properties of the
cable, as well as the weight in water, are determined primarily by the steel
center strand as in previous cable designs, the maximum required shear
limiter travel remained unchanged at one-half inch. This allowed the
modification to be made without major redesign of the roller carriages.
The higher loads were accommodated by using higher modulus springs
in the roller carriage assemblies and by preloading the springs to ap-
proximately twice the load used previously.

New gripper blocks were designed for the larger diameter of SG cable.
These blocks will handle SF and SG cable satisfactorily, but not SD
cable.

4.2.3 New brake

Increased braking capability is required for the higher SG strength
and loads. To provide this, a new hydraulically operated, spring-release
brake unit was added on the upper forward sprocket shaft. This provides
enough capacity so that, in an emergency, the cable will part before the
brakes slip.

4.2.4 Tension displays

The original aft tension displays used a linear scale from 0 to 16,000
pounds (0 to 7257 kg). The system was changed to provide a quasi-log-
arithmic* scale from 0 to 50,000 pounds (0 to 22,680 kg). The scaling gives
0- to 10,000-pound (0 to 4536 kg) indication on the lower half of a 330-
degree display, allowing greater resolution in the most commonly used
range.

The forward tension displays were similarly changed. The dual 0- to
16,000- and 0- to 100,000-pound (0 to 45,360 kg) linear displays were
replaced by 0- to 100,000-pound quasi-logarithmic displays with 0 to
20,000 pounds (0 to 9072 kg) on the lower half.

* The pointer motion is proportional to log (1 + bT'), with T the tension and b a scaling
factor.
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4.3 Repealer stowage

In each of bays two and three, repeaters and equalizers are stacked
in a rectangular array 16 wide by 4 high, allowing storage of 64 bodies.
This is adequate for the 300 nautical miles (557 km) of cable which can
be held in each of tanks 2 and 3. Tank 1 can hold 170 nautical miles (315
km). To accommodate this, the repeater stack in bay one is nine repeaters
wide by four high. Thus a total of 164 repeaters and equalizers can be
carried. For an SF shipload, 116 repeaters and equalizers are required.

4.4 Cable stowage

Figure 5 shows the stowage configuration for cable and repeaters
typical of tanks 2 or 3. The arrangement for tank 1 is similar except for
the different repeater stack orientation.

The cable is coiled in the tanks in the same way it has been for previous
systems. The ends of the cable sections which feed from the tank up to
the repeater stack on deck are called up-and-down runners, the up-
runner being the end payed out ahead of a repeater, the down-runner
the end payed out after the repeater. To prevent crossovers and kinking
of the cable, these runners are neatly dressed into slots which lie on the
forward wall of the cable tank. They are held in the slots with thick
rubber flaps which deform to let the cable come out of the slot during
payout.

Because of the larger diameter of SG cable, the slots had to be modified.
In tank 1, there are now six up- and six down-runner slots, each deep
enough to hold seven runners. This is sufficient to accommodate 41 re-
peaters, two runners being reserved to lead to the test room or to other
cable tanks. In tanks 2 and 3, there are ten up- and ten down-runner slots,
each seven runners deep, so 69 repeaters can be accommodated in each
of these tanks.

4.5 Grapnels

The SG system uses larger and stronger cables, and closer repeater
spacing than earlier systems. These changes led to a need for improved
grapnels for repair operations in both shallow and deep water. Three
areas of development were undertaken: (i) the design of conventional
grapnels with increased strength, with dimensions changed for SG cable,
(1) the design of a powered cut-and-hold grapnel for deep-sea use, and
(iit) the design of a simple detrenching grapnel for recovering buried
cable.

4.5.1 Conventional grapnels

Stronger versions of three standard grapnels, the Gifford, the Rennie,
and the Flatfish, have been designed and manufactured. These grapnels
are illustrated in Figs. 6 and 7.
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b Fig. 6—Flatfish grapnel for SG cable: (a) fitted with “gloves”; (b) fitted with breakaway
ars.

The Flatfish grapnel, Fig. 6, has been designed to cut or to hold all
types of SG cable. If the grapnel is required for recovering cable, “gloves”
are fitted over the blades at their base. For use in the cutting mode, two
types of cutting blades have been produced, curved blades for armorless
cable and conventional straight blades in a V-formation for armored
cable. In addition, the grapnel can be fitted with bars located either side
of the open end of the blades. As the cable tension increases, the bars
suddenly break, and the cable impacts against the cutting blade, thus
increasing the cutting action.

The Rennie grapnel, Fig. 7a, is conventional except for the use of
replaceable prongs. The Gifford, Fig. 7b, is also conventional in design
except for the inner surface of the “hook”; this has a V-formation, which
reduces cable slip through the grapnel.

The new designs were tension-tested to 67,000 pounds (30,390 kg) and
proved to be suitable by use during the TAT-6 laying operation.

4.5.2 Cut-and-hold grapnel

When carrying out a deep-sea repair, the cable must be cut before the
ends can be brought to the surface. T'o prevent damage to the repeaters,
they should not be dragged along the sea bed during this operation. The
cut-and-hold grapnel is designed to cut the cable and also to hold onto
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Fig. 7—Rennie and Gifford grapnels.

one end without applying a large tension which would displace the cable
from its route.

The grapnel is powered by stored compressed nitrogen, and is hy-
draulically actuated. When the cable is engaged, a valve is operated
which switches oil at 5,000 psi to a large ram with a six-start thread on
the periphery of the cylinder. The ramrod is fixed, so the cylinder ad-
vances and, as it passes through a fixed nut, it rotates. Protruding horns
are fixed to the cylinder and, when one of the horns catches the cable,
a bight (loop) is belayed (wound) around the cylinder. At the end of the
ram stroke, a second valve is operated which drives two guillotines whose
blades can be positioned so that a predetermined side of the cable can
be cut away, no matter which side is up when the grapnel lands on the
sea bed, while the other cable end is left belayed around the cylinder.
Thus one grapnel run cuts the cable and recovers one end.

A sonar surveillance system is built into the grapnel. The rate of
transmitted pulses indicates the progress of the operation. The grapnel
is suitable for operation to depths of 5000 fathoms.

4.5.3 Detrenching grapnel
An anchor-shaped detrenching grapnel was developed for the recovery
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of those sections buried by the cable plow. A prototype grapnel designed
for a 36-inch (0.914 m) penetration in a granular sea-bed was successfully
tried at sea in June 1976. Towing forces, although manageable, were high,
and therefore a reduced penetration of 26 inches (0.660 m) has been
chosen for the production grapnels. These should require towing forces
of no more than 18,000 pounds (8165 kg).

V. CABLE PLOW

A new Bell System cable plow, designated Sea Plow IV,12.13 was used
to bury cable on both ends of TAT-6. The new plow is capable of burying
cable and repeaters to a depth of 24 inches and of working in water
depths up to 500 fathoms.

VL. CONCLUSION

This paper summarizes the electrical and mechanical designs and
design modifications which were needed to lay, measure, and maintain
an SG undersea cable link. The new automated laying test sets and
shipboard computer facility were powerful and versatile tools which
lifted the pressure of routine chores from test room personnel. The re-
peater monitoring set proved to be a highly useful and sensitive source
of performance information on the undersea system. Modifications of
the cable and repeater stowage and handling arrangements served well
in the TAT-6 installation. The modified linear cable engine handled the
large diameter SG cable smoothly.

The success of these numerous designs, involving several technical
disciplines, is due to the expertise, dedication, and teamwork of many
contributors, on both sides of the Atlantic. The authors humbly ac-
knowledge their vital contributions.
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SG Undersea Cable System:

Commissioning: Final System Alignment
and Evaluation
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(Manuscript received October 7, 1977)

A comprehensive line-up and test program called commissioning
was developed for the SG Undersea Cable System. The program pro-
vides instructions for measurement, alignment, and evaluation of
various performance parameters of the system. Equalization, optimi-
zation of signal-to-noise ratio, and system alignment are the primary
objectives of commissioning. Measurement of performance parameters
such as differential gain and phase, phase jitter, and impulse noise
count distribution with threshold level are included in the test program.
This paper describes the commissioning process, interspersing both
a general description of procedures and selected test results from the
TAT-6 link.

I. INTRODUCTION

Commissioning, a British Post Office term, is the test and adjustment
program (or process) performed on a newly installed undersea cable link
before it is placed in service. The cable system is measured and aligned,
and its performance is optimized. This process starts during installation
and continues until the terminal-to-terminal link is ready to be released
for service. The bulk of the effort takes place after cable laying! is fin-
ished; that is, after the final splice, and can take several weeks to com-
plete. This paper describes the commissioning process for the SG system.
General descriptions of the test program and illustrative data from the
TAT-6 link are provided. Fault localization reference data, although part
of commissioning, are not discussed.

Successful completion of commissioning means that the cable and
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terminal transmission equipment (supergroup-to-supergroup) are
equalized, signal-to-noise ratio is optimized over the transmission bands,
and the terminal equipment is adjusted so that service may begin. Ac-
curate commissioning test data are vitally important because these data
are used also to:

(i) Determine link operating performance.

(11) Compare actual with computed performance.

(1it) Provide initial data so that future link performance may be

evaluated.

(iv) Obtain reference data for maintenance purposes.

Incidentally, the SG system differs from the SF and SD systems?23 in
that the undersea link transmission can be adjusted from the terminal,
by means of shore-controlled equalizers.4 Five sectors, each approxi-
mately 650 nautical miles (nmi) long, were created in the TAT-6 link by
using four shore-controlled equalizers. Undersea link transmission is
separately adjustable for four of the five sectors using these equalizers
(discussed in Section IV); terminal adjustments affect the entire link.

Il. THE TRANSMISSION LINK

The system is designed to provide at least 4000 three-kHz channels
(from supergroup to supergroup) over ocean distances of up to 4000 nmi.
Associated with the undersea single-cable link are two-wire to four-wire
terminals located at opposite ends of the link® (see Fig. 1). The two ter-
minals are defined “A” and “B” terminals, respectively. At line (cable)
frequency, the A terminal transmits in the low band or A-to-B direction,
0.8 to 13.9 MHz, and receives in the high band or B-to-A direction, 16.5
to 30.0 MHz; the B terminal is complementary. A 31.62-MHz conversion
frequency is used to translate the high-band baseband, 1.6 to 15.1 MHz,
to line frequency at the B terminal and re-establish the baseband at the
A terminal. The low-band baseband and line frequencies are identical.
These frequency ranges individually and collectively are termed wide-
band.

Each terminal is composed of separate transmit and receive sections
that are used to provide the four-wire supergroup connection to the
domestic network external to the terminal. Towards the undersea link,
transmit and receive signal paths are combined in a directional filter
furnishing the two-wire match with that link. To achieve reliability,
major parts of the terminal are duplicated; this feature increased the
amount of data-taking and record-keeping needed for commissioning.

For commissioning, the terminal-to-terminal link can be thought of
as being made up of three nested links as shown in Fig. 1:

(i) Wideband-to-wideband link (wideband link).*
(i1) Hypergroup-to-hypergroup link (hypergroup link).t

* The undersea link is part of the wideband link.
t A hypergroup is an ordered frequency-contiguous set of supergroups (see Ref. 5).
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(7ii) Supergroup-to-supergroup link (supergroup link).

Following any necessary adjustments in the undersea link using the
shore-controlled equalizers, measurements and adjustments proceed
from the wideband to hypergroup to supergroup links.

The wideband/hypergroup interface is the restoration panel.* This
interface is a —33 dBrt nominal flat-level point, for both transmit and
receive. Transmission measurements between restoration panels in the
two terminals define the misalignment of the wideband link which is due
primarily to the long undersea section.

. COMMISSIONING TEST PROGRAM

Development of the commissioning test program is a process that
requires data and other information from virtually all areas of cable
system development such as repeaters and equalizers,? terminals,’ cable,5
and power separation filter.” Use of specialized test equipment developed
for the SG system, such as the cable laying test set, the data translator,
and the repeater monitoring set, is integrated into the test program!?! as
is the use of a modern table-top computer systém.

The commissioning test program is divided into four categories of
tests. The four groups of tests are carried out sequentially, each suc-
ceeding category building more or less upon the results of its predeces-
SOrs:

(t) Undersea link tests—between cable laying operations.
(ii) Shore preparation tests—prior to final splice.
(z1) Line-up tests—after final splice.
(iv) Reference and special tests—follows link alignment.

3.1 Objectives

Even though the four groups of commissioning tests are done se-
quentially, it is more illuminating to consider the line-up tests, (iii), as
being central to commissioning. Most preceding tests, (i) and (i), are
preparatory to line-up. Most subsequent tests, (iv), are designed to
provide information that can be used to maintain the lined-up link status
or confirm the engineering design of the system. Equalization, optimi-
zation of the signal-to-noise ratio (s/n) over each baseband, and terminal
adjustments (including pilots) are the major objectives of the line-up
procedures.

Transmission data from the line-up tests, however, cannot be ref-
erenced in level unless various transmission path gains (or losses) of the
terminal, the power separation filter, and the shore section! are measured

* The restoration panel provides a manual patching arrangement used to accomplish
alternative traffic routing in the event of an undersea transmission failure.

t dBr is equivalent to dB TLP (TLP is transmission level point).

1 Thelshore section is the cable between the terminal and the repeater closest to the
terminal.
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or computed beforehand. For example, the transmission gain of path
ab, Fig. 1, is measured.

Prior to the shore preparation tests, undersea system tests are made
to determine (or estimate) performance parameters such as warm-up
time and cable aging.* Figure 2 shows the TAT-6 warm-up characteristic
at high-band supervisory tone frequencies (approximately 27.7 MHz)
after power turn-up. Most of the gain change occurs over the two con-
tinental shelves and takes place within about 10 hours. The change is
due largely to internal warm-up of temperature-controlled repeaters.4
Obviously, it is important that equalization be based on nonchanging
data taken after this 10-hour warm-up period.

After the line-up tests are completed, reference and special tests are
performed. The objective of the reference tests is to obtain for future
comparison initial supervisory tone, pilot, and transmission measure-
ments (made at discrete frequencies between supergroups). Identical
measurements can be made in the future without service interruption,
thereby providing an excellent way to monitor changes in undersea link
transmission.

The objective of the special tests is to obtam by direct measurement
such engineering parameters as change in system gain with line current,
differential gain and phase, phase jitter, and impulse noise count dis-
tribution, to name a few. Figure 3 shows the measured TAT-6 high-band
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Fig. 2—TAT-6 high-band warm-up characteristic following power turn-up from cold
start.

* Warm-up time is the relatively short-term interval required to reach transmission
stabilization following power turn-up from a cold start. Cable aging is the long-term cable
transmission change with time (Ref. 8).
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Fig. 3—TAT-6 high-band change in gain with line current.

change in gain as line current is stepped from the nominal 657 milliam-
peres. Measured gain-change data correlated well with laboratory data
on a single repeater scaled by 693 (the number of repeaters in TAT-6).
In the event of a shunt fault in the undersea link, there is always the
possibility that changes in line current, along with other adjustments,
could be used to modify undersea misalignment so that some service
could continue until repair was possible. The other engineering pa-
rameters listed above are discussed in Section VI.

3.2 Methodology

The lengthy commissioning test program must be grounded in well-
defined procedures no more complicated than absolutely necessary,
making use of:

(i) Standard data forms.
(it) Standard definitions.
(1ii) Standard list of test frequencies.
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Considerable effort was put into developing individual, but standardized,
data forms for the various commissioning tests. The forms, in general,
represent a method of entering data, and intermediate and final results
as a function of frequency. Short equations are provided on the forms,
as necessary, to describe how the measured data should be handled to
compute an intermediate or final result. These equations can be used
as a computer program instruction for keyboard entry into the table-top
computer system mentioned previously. A general-purpose program
called UTILITY was written to implement this capability. In summary,
the computer system served several purposes. It provided:
(i) Speed of data manipulation and computation.
(ir) Data storage.
(i) Plotting.
(iv) Analysis of on-site tests not specifically listed in the test pro-
gram.
(v) Backup, since the computer can be used to compute results based
on data from either station.

(vi) Supergroup equalizer design (Section 4.4).

Finally, attention was paid to historical and practical ways of defining
submarine cable link transmission subpaths to optimize the testing
process. Commissioning test frequencies covering the wideband portion
of the SG system were chosen to be compatible with the use of the cable
laying test set.! Defined transmission subpaths and the testing
frequencies were integrated into the standardized test forms.

IV. EQUALIZATION
4.1 The equalization process

During installation of the undersea link, residual misalignment is
substantially compensated for at the end of laying each ocean block using
the associated ocean-block equalizer (OBE).* A buildup of misalignment
unequalizable in the OBEs invariably occurs, accumulating along the
length of the undersea link. This end-to-end residual misalignment is
compensated for (to the extent possible) in two ways:

(i) By adjustment of undersea link levels on a sector basis using the
shore-controlled equalizers.

(i) By terminal equalization adjustments.

4.2 Undersea link adjustment

Four shore-controlled equalizers (SCE),* which divided the undersea
link into five sectors, were deployed to compensate for transmission
changes due to cable aging® over the life of TAT-6 (see Section I). How-

* The shore-controlled equalizers are controllable from the Green Hill Station, with
SCE 1 being closest to that station.
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ever, sufficient aging (added loss) had occurred over the five-month
installation interval to justify a reoptimization of SCE settings following
the final splice.

The average transmission level* of each of the four sectors beyond
SCE 1 was adjusted to the extent possible to the average level of Sector
1. Since only broadband equalizer shapes are available in the SCEs, the
selected settings are a compromise. In the low band only SCE 1 needed
readjustment; in the high band, SCE 1, SCE 2, and SCE 3 were reset.
Figures 4a and 4b show undersea link levels versus distance at two typical
frequencies, 19 and 26 MHz, before and after SCE adjustment.

4.3 Terminal equalization—wideband

4.3.1 The plan

The terminal wideband equalization plan is illustrated in Fig. 5.
Equalizer networks are discussed in more detail in Ref. 5. For the ideal
situation (no equalization required), line buildout (LBO) networks are
used to build out shore section loss to 3/4 of a cable section (3.83 nmif)
to conform to SG system design. In addition, the transmit combination
of shore section, LBO networks, pre-emphasis network, and path
equalizer network is designed to shape the flat-level signal coming from

“the inland network to a computed characteristic which provides opti-
mum s/n in the undersea link. The receive part of the terminal at the
other end of the undersea link is complementary, restoring the shaped
signal to a flat level for transmission to the inland network.

In the real world, however, remaining misalignment, principally in
the undersea link, will require terminal equalization. Additional transmit
terminal signal shaping will also be needed to optimize s/n in the un-
dersea link, since most levels end up being nonideal. Terminal equali-
zation is carried out in three phases:

() Wideband equalization, transmit end only (before optimization
of wideband s/n).

(i1) Wideband equalization, receive end only (after optimization of
wideband s/n).

(i) Supergroup equalization, where required.

Transmit-end equalization (before s/n optimization) is accomplished
using residual equalizer networks, adjustable corrector networks, and
adjustable bump equalizer networks. Normally, most of the transmit-

* The average level of an undersea sector is the average of the level averages of individual
blocks in that sector. (The undersea link levels were determined on a broadband basis
during cable laying. Subsequently, level can only be measured at supervisory tone
frequencies, essentially one frequency in each band. This latter level information is in-
aerpo)lated to other frequencies by fitting an equation of the form av/f + bf to the

ata.

t The shore section is between 1/4 and 3/4 of the nominal repeater spacing (5.1 nmi of
1.7-inch cable).
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end misalignment (and receive-end misalighment also) is equalized with
the residual equalizer networks.

The residual equalizer networks are of the bridged-T type, custom-
designed during commissioning using a previously written computer
program. For TAT-6, a data link from Green Hill to the Bell Laboratories
computer at Holmdel was utilized. Residual networks are built from a
stock of high-quality components at the terminal sites and tested there
for circuit integrity and transmission performance before being installed
in the terminal.

Adjustable corrector equalizer networks are wideband networks of
four types, each front-panel-adjustable around a nominal setting:

(z) Attenuator.
(1) Square-root-of-frequency.

(ii1) Slope.

(iv) Curvature.

Following s/n optimization (details are discussed in Section V), the
remaining misalignment (including level changes introduced by s/n
optimization) is equalized in the receive part of the terminal. Networks
identical to those mentioned above are used to implement receive-end
equalization. Figures 6a and 6b show that the remaining misalignment
in the low and high bands, respectively, after terminal equalization is
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for the most part within +1 dB, except near the band edges. Band-edge
misalignment is more conveniently equalized at the supergroup level
(discussed in Section 4.4).

4.3.2 Transmit-end equalization

Normally, one-half of the wideband undersea misalignment is equa-
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Fig. 7—TAT-6 low-band hypergroup 1, supergroup 4 response before and after super-
group equalization.

lized at the transmit end of the link. Assuming uniform misalignment
with distance, this division of equalization should minimize the noise
penalty due to misalignment. On TAT-6, however, misalignment is not
uniform with distance. Because wideband average level versus frequency
had been computed in preparation for the SCE adjustment procedure,
it seemed more appropriate to decide the extent of transmit-end equa-
lization by comparing the following three parameters:

(f) Average level.

(i1) End-to-end misalignment.

(zit) Estimated obtainable equalization from residual equalizers.
The final transmit-end equalization decision is obviously a compromise
based on computations and experience. This equalization decision is too
detailed to be discussed here.

4.4 Terminal equalization—supergroup

Supergroups are equalized individually only if the magnitude of the
differences in transmission between the center of the band, 432 kHz, and
the rest of the band, 312 to 552 kHz, exceeds 1.5 dB.9 Supergroup
equalization, where required, is carried out after final wideband equal-
ization.

Supergroup equalization is accomplished in the receive supergroup
equalization unit. For the fifty-some supergroups in each band of TAT-6,
at most four band-edge supergroups in each band required equalization,
plus two in-band supergroups in the low band. Figure 7 shows how the
relative low-band misalignment in hypergroup 1, supergroup 4 (812 to
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1052 kHz at line frequency) was equalized at supergroup frequency. An
approximate +0.6 to —3.6 dB misalignment range was equalized to
within +0.5 dB.

V. OPTIMIZATION OF WIDEBAND SIGNAL-TO-NOISE RATIO

Optimization of the wideband s/n in the SG system is accomplished
by changing one or more of the adjustable corrector or bump equalizer
networks in the transmit terminal. This changing reshapes the broad-
band undersea transmission levels (additional signal shaping). The
adjustment process is semi-empirical in that it determines, mostly by
trial and error, whether or not a particular equalizer adjustment im-
proves or degrades performance. The test signal load is broadband
Gaussian white noise. (Test signal power is varied step-wise to define
the maximum s/n at the frequency of test.) The process is actually one
of obtaining undersea link levels versus wideband frequency for which
the difference between the test signal noise load and the power sum of
thermal noise and intermodulation distortion in narrowband test slots
(the noise power ratio [NPR] in decibels) is a maximum.

For the TAT-6 link, NPR is measured in several narrow-band test slots
in the low and high bands using a white noise test set. The wideband
noise load, which is inserted at the transmit —33 dBr flat-level point on
the restoration panel, is adjusted to be equivalent to a load of 4000
channels with an average channel power of —13 dBm0. A relatively
narrow bandstop filter (part of the test set) is introduced to clear a slot
in the transmitted noise load. The noise power which appears at the
receive terminal restoration panel is measured at this slot frequency in
an even narrower band (using test set filtering), both without and with
the bandstop filter. The ratio of these two measurements is the NPR.

The final NPR data from the TAT-6 commissioning is given in Table
I, including the equivalent 3-kHz channel noise in dBrnC0. Because of
an unforeseen problem which resulted in higher-than-expected third-
order intermodulation products, the desired NPR was not attained in

Table | — TAT-6 optimized noise power ratio and equivalent 3-kHz channel
noise power

Low Band High Band

Freq Noise Pwr 3-kHz Ch Noise Freq Noise Pwr 3-kHz Ch Noise
(MHz) Ratio (dB) Pwr (dBrnCO0) (MHz) Ratio (dB) Pwr (dBrnC0)

1.248 42.8 3L.7 18.142 37.6 36.9
2.438 42.8 3L.7 21.494 36.0 38.5
5.340 44.0 30.5 22.948 36.0 38.5
8.672 41.0 33.5 26.280 30.1 44.4
10.126 41.7 32.8 26.970 29.5 45.0
13.478 39.8 34.7 29.182 28.6 45.9
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Table Il — TAT-6 differential gain in undersea link

Low Band High Band
P Diffgrential Gain in dlg F ](i)}igffegenti% Gain lII: dg
req dB Above Design Loa req Above Design Load—
(MHz) "o 4 6 8 (MH» "o 4 6 g

1.248  -0.1 —0.2 -0.3 -0.4 18142 -01 -02 -03 —05
2438 -0.06 —0.2 -0.15 —-0.2 20046 -0.1 -03 —-04 -0.6
3.886 —0.05 -0.15 -03 —-045 21494 -01 -02 -05 -—08
5340 —0.1 -0.2 —0.4 —-0.65 22948 -01 -03 -0.5 —0.7

8.672 —0.2 —0.4 —0.8 -1.2 26280 -01 -04 -—-07 -1l1
10.126 -0.25 -065 -115 -19 26970 -02 —-05 —-09 -13
11.574 —0.1 -0.2 —0.4 -08 29182 -0, -03 -—-05 -—038
13.478 0.0 0.1 0.1 0.1

Design load is 23 dBmO per band.

the upper part of the high band.%8 In the low band, the attained NPR
performance ranged from 3.8 to 8.0 dB better than the objective.

VIl. SELECTED PERFORMANCE DATA—TAT-6
6.1 Differential gain—undersea link

Table II gives the differential gain of the undersea link as a function
of relative signal load. For this test, a —20 dBm0 tone was inserted in a
cleared slot in a broadband white noise test signal load. This test load
was varied from 26 dBmO (the design load) to 8 dB higher, with the dif-
ference between the received power of the —20 dBm0 tone at test loading
and at design load being differential gain. The data show compression
at all frequencies except near the top of the low band, where there is 0.1
dB of expansion. Maximum compression occurs near 10 MHz in the low
band and 27 MHz in the high band. Below design load, it was determined
that expansion (with respect to design load) was negligible.

6.2 Differential phase—undersea link

Figure 8 shows the differential phase of the undersea link in the high
band as a function of signal load relative to high-band design load. A
novel method making use of the repeater monitoring set (RMS) was used
to measure differential phase. (The RMS is described in Ref. 1.) First,
using standard techniques, a composite test signal was sent from the
transmit end of the link:

(z) High band noise load amplitude modulated at 5 Hz to a depth of
approximately 90 percent.

(it) A tone of ~20 dBm0 inserted in a cleared slot of the white noise

load (the tone was not modulated).
The peak power (crest of modulation) of the modulated load is set at the
desired test loading in the high band; the minimum power (valley of
modulation) is approximately equivalent to no load. Second, at the re-
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Fig. 8—TAT-6 high-band differential phase in undersea link.

ceive end of the link the composite signal is connected to the RMS. The
transmit noise load is then reduced to essentially zero using an attenu-
ator, and the RMS is phase-locked to the tone. Following this operation,
the 50-Hz-wide, 100-kHz phase-locked loop of the RMS is opened. The
transmit noise load is then reapplied.

The relative positions of the RMS reference 100-kHz signal and the
phase-locked-loop 100-kHz error signal are monitored on an oscilloscope.
Each of these signals is a square wave, and any movement of the error
signal is easily calibrated in degrees. The difference between the position
of the error signal at test loading power (crest of modulation) and no load
(valley of modulation) is the differential phase of the undersea link.
Drifting in the opened phase-locked loop is minimal, as can be observed
on the oscilloscope by comparing the 100-kHz reference signal with the
error signal at no load.

Maximum differential phase occurs at the top end of the high band,
being 47 degrees at high-band design load and 133 degrees at 6 dB above
this design load. The 133-degree figure has some relevance because un-
dersea link highband levels will be increased from commissioning levels
when the effect of third-order intermodulation products is reduced by
terminal cancellation arrangements.*8
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Table Il — TAT-6 measured phase jitter

Low Band High Band
Approximate  Hyper- Phase Jitter Approximate  Hyper- Phase Jitter
Line Freq group— in Degrees Line Freq group— in Degrees

in MHz Supergroup Peak-to-Peak in MHz Supergroup Peak-to-Peak

1.0 1-4 0.8 16.9 6-11 1.2

4.2 2-13 0.8 19.8 5-12 1.2

7.5 3-9 0.9 22.2 4-12 1.2

10.2 4-9 1.1 24.9 3-13 1.4

13.5 5-5 1.1 26.7 2-10 2.4

29.4 1-9 3.1

Measurements made in channel 1, group 1 of listed supergroup.

6.3 Phase jitter

Table I1I gives the measured phase jitter of the TAT-6 link. Phase jitter
was measured in channel 1 of group 1 in a sufficient number of super-
groups to characterize the low and high bands. Phase jitter is 0.8 degree
peak-to-peak at the bottom of the low band and increases with frequency
across the low- and high-band spectrum to approximately 3.1 degrees
peak-to-peak.*

6.4 Impulse noise

Impulse noise power peaks exceeding approximately 12, 14, 16, and
18 dB above average (continuous) noise power were counted over 15-
minute intervals for several supergroups to sample the low and high
bands. Measurements were made at the channel level and supergroup
level using different test instruments. The impulse noise count data were
reduced to the fraction of time that signal peaks exceed peak amplitude
threshold. Figure 9 shows these data for the low band at channel
level.

Essentially, Fig. 9 confirms that the number of impulse counts mea-
sured at different peak amplitude thresholds follows a Gaussian distri-
bution typical of thermal noise. The important observation from Fig.
9 is that, as long as the reduced data curves parallel that of thermal noise,
the source of the impulses is indistinguishable from system noise and
not due to non-Gaussian processes such as corona. The fact that the
curves do not lie on the thermal noise curve is caused by several factors,
the largest being (iii), which fortunately causes only a horizontal off-
set:

() Error in measurement.
(i) Calibration of test instrument.

* The phase jitter data are believed to be pessimistic because the measurements were
influenced by channel noise, particularly at the higher line frequencies.
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Fig. 9—TAT-6 low-band distribution of impulse noise count data.

(ii1) Estimate of available number of time slots for which impulses
could be counted.
The one indication of an impulse, a count exceeding two different
threshold levels, may have been due to inadvertent terminal switching
(probably caused by a carrier supply phase problem evident during the
time that this test was made).

VIl. COMPILATION OF COMMISSIONING DATA

Commissioning data are compiled in three areas, basically:
(z) Data books.
(z1) Punched paper tape.

(iit) Magnetic cassette tape.

The more important data from both stations are compiled at each sta-
tion; therefore, duplication of data records is achieved. A separate data
book is maintained for each of the four categories of tests mentioned in
Section III. Each of the data books is sectionalized so that data from
specific tests may be easily entered or retrieved.

The commissioning tests are generally run in sequence as directed in
the test instructions, each succeeding test relying more or less upon the
results of one or more previous tests. As the tests proceed day after day,
the books are completed section by section, forming a perrhanent record
of measured and computed data. Supplementing this record are selected
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TTY punched tapes of measured data and magnetic cassette tapes. The
printed page output from the computer system printer and graphs from
the plotter are also entered into the data books where required. The
punched tapes and magnetic cassette tapes are especially useful for
comparison of data from identical tests separated in time, since these
tapes provide an easy way to enter data into the computer.
Regarding residual equalizer design information, a complete record
is kept in a separate book at each station:
() Identifying nomenclature.
(i) Schematic (with element values).
(iii) Design and measured transmission.
(iv) Notes.
In addition to its record function, this book is used for maintenance
purposes '
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