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Fig. 3—Band-splitting filter.

phase quadrature between the output ports and have the fourth port
decoupled. Since the waveguide is highly oversized, this structure can
be analyzed as a quasioptical device, and properties (i7) and (iv) can be
attained rather easily. The choice of ¢ and 7 for each hybrid junction must
be made to meet requirement (iii). If € and 7 are kept fixed across the
junction for ease in manufacture, then there is a small (¥4 dB) loss penalty
associated with conversion of energy to other modes. Each band diplexer
operates over a different frequency band depending on its position in
the array, and the hybrids on each end of a band diplexer also operate
over different frequency bands. The dielectric sheet (¢ and 7) for each
hybrid junction is chosen to optimize the return loss and insertion loss
for each band diplexer. For the field evaluation test, the values of e ranged
from 6.5 to 8.7 and the thickness varied from 0.013 inches to 0.017
inches.

2.2 High-pass filters

The high-pass filter is a section of smoothly tapered waveguide whose
diameter varies from 0.375 inch at both ends down to a diameter corre-
sponding to the cutoff of the TE); mode at a subband edge frequency.
The overall length is 6 inches. Six guard bands ranging from 600 MHz
to 1100 MHz were allocated to separate the seven subbands. The filter
must have an insertion loss greater than 25 dB for frequencies below the
guard band and a return loss greater than 25 dB for frequencies above
the guard band. In addition, the tapers must not exceed —40 dB mode
conversion to the TEJ; mode over their operating band. In addition to
the steep cutoff and low mode conversion, the design should be easily
programmable to permit machining of the contour on a numerically
controlled machine. Consequently, a satisfactory solution is one where
analytical expression can be used to describe a contour and in which a
good compromise can be made between the filter cutoff shape and mode
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conversion. Literature? has established the theory of high-pass filter
designs having a sharp cutoff and a good return loss in the pass band.
However, this filter synthesis technique is strictly applicable to only
single mode waveguide. Over portions of the W4 band, the 0.375 inch
diameter waveguide can propagate TE), and TEY; and other higher-order
modes. To include mode conversion coupling in a rigorous method of
filter design would be very difficult. However, an adequate approxima-
tion can be obtained by the following procedure.

Several simple functions to describe impedance variation along the
axis have been studied in the literature.? Among these the exponential
function raised to the cosine nth power is of special interest. For n = 2,
combined with proper parameters, the filter was shown to have an op-
timum return loss cutoff characteristic. However, the contour of this
filter design has rather steep slope which in turn causes severe mode
conversion. A larger value of n deviates from optimum cutoff but yields
a design with better mode conversion. (Mode conversion was computed
using an analysis program for a given contour.) By successive iterations,
it is possible to determine a proper value of n to meet the requirement.
The six pairs of high-pass filter design have their n value varying between
3 for the low-frequency band and 6 for the high-frequency band.

2.3 Tapers

The taper changes a 2-inch diameter waveguide to a 0.375-inch di-
ameter and is designed to have less than —40 dB mode conversion to the
TE3, mode and 40 dB return loss over the 40 to 110 GHz band.3 It has
an inner layer of helically wound insulated wire and a lossy jacket on the
outside. This suppresses all noncircular electric modes generated in the
hybrid junction. The overall length is about 21 inches.

lll. LOW-PASS FILTER

The low-pass filter structure used in the WT4 system consists of a
parallel array of transverse dielectric disks in a section of circular TE$;
mode waveguide. If the material of each dielectric disk is homogeneous
and isotropic there will be no mode conversion from TEJ; to any other
modes, either propagating or nonpropagating. This yields the particu-
larly simple equivalent circuit for the disk of simply a change in char-
acteristic impedance for the TE3; mode with no coupling to other modes
and no discontinuity reactance at the disk boundaries. In addition, be-
cause the waveguide is highly oversized for most of the modes concerned
in the design, the waveguide can be regarded as nondispersive. The stop
band of the filter rejects not only the TE}; mode but also most of the
other modes which might exist in the system. This is a very desirable
feature for components used in overmoded applications.
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A detailed exact design procedure based on these simple transverse
disks has been published elsewhere.* All known filter synthesis tech-
niques are applicable. The image method will produce a simple structure
if the desired pass band is far away from the cutoff frequency of the stop
band. This design results in an array of uniformly spaced dielectric disks
of identical thickness and, therefore, is economical for fabrication. In
the case where the pass band is very close to the cutoff frequency, the
image method may not yield sufficiently steep cutoff. Modern filter
synthesis technique should then be used. However, the thickness of di-
electric disks and their spacing will have more variations and the fabri-
cation cost may be higher.

There are two codes of low-pass filters in the system. The first one has
a pass band from 40 to 54 GHz and an insertion loss requirement of 80
dB from 76 to 110 GHz. The second code has a pass band from 55 to 74.5
GHz and a stop band from 76 to 110 GHz. The choice of dielectric ma-
terial is mainly determined by the bandwidth of the stop band. In our
cases, fused quartz was chosen. The first code uses 30 disks for the filter
section and two 3-disk matching sections at the ends. The second code
uses a 22-disk Chebyshev design. Excellent agreement between the
theory and measurement was observed. The filter is constructed with
two diameters of metallic rings (2.000 and 2.010 inch ID) stacked up al-
ternately. Quartz disks of 2.010 inch diameter were inserted between
rings. Although all parts require high precision on their thickness, they
are readily manufactured due to their simple geometry. The pass band
insertion loss was measured to be about 0.1 dB and pass band return loss
was about 25 dB.

IV. CHANNEL DIPLEXER

Design of a millimeter-wave channel-dropping filter is, in principle,
no different from the design of conventional waveguide filters except
for an emphasis on low loss. At millimeter wave frequencies, filter
structures designed in single mode rectangular waveguide have high loss
for both the through channels and the dropped channel. Oversized
semicircular waveguide has one-third the loss of single-mode rectangular
waveguide, but mode cutoffs must be avoided in the passband. With an
18 percent bandwidth located between cutoffs of the TE, and TMY;
modes, seven sizes of semicircular waveguide are required to cover the
40 to 110 GHz band. Because of the nonzero longitudinal magnetic field
along the axis of semicircular waveguide, circular electric modes (TES,)
can be discriminated from all other modes. Narrow rectangular apertures
along the center axis provide convenient and practical couplings between
the main guide and the resonant cavities (see Fig. 4). With the diameter
chosen so that TE, is below cutoff, theoretically, there is no moding
problem at all.
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Fig. 4—Channel-dropping filter.

The channel diplexer used in WT4 is a two-pole design® with a 3-dB
bandwidth of 475 MHz. There are seven sizes of semicircular waveguide,
one for each subband. The dropped channel port is in rectangular
waveguide. Only three sizes are used: WR22 covers 40 to 50 GHz, WR15
covers 50 to 75 GHz, and WR10 covers 75 to 110 GHz. For easy con-
struction, the channel diplexer is divided into three main parts. A main
guide block contains the semicircular channel. The coupling plate pro-
vides the top wall of the semicircular guide, three coupling holes and half
of the four cavities. The tuning plate contains the other half of the four
cavities and slots for tuning elements. There is a transducer block at the
output port to provide a transition to the correct waveguide size. A
sealing gasket, a protective cover and connecting hardware complete a
channel diplexer. The coupling plate, the tuning plate, and the trans-
ducer block, which require a high degree of dimensional precision, are
obtained by electroforming copper on permanent mandrels. The re-
maining parts are obtained by conventional machining. The mandrels
are produced by high-precision, two-dimensional profile grinding op-
erations. The use of permanent mandrels is a key to the manufacture
of channel diplexers at a reasonable cost.

Thirty channel diplexers were built and tested for the field evaluation
test. The input port return loss is about 20 dB over each subband. The
dropped channel loss of the field evaluation test model at 108.7 GHz was
about 0.8 dB above our objective of 2.8 dB.
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Fig. 5—wT4 channelizing networks.

V. CHANNELIZATION NETWORK PHYSICAL DESIGN

The band diplexers and channel filters that constitute the wT4
channelization networks are contained within two large frameworks each
43 feet long, 7.9 feet high and 1 foot deep (Fig. 5). Band-splitting ele-
ments and low-pass filters are mounted in the two center frames while
the outer-frames contain the channel multiplexer assemblies and provide
the mountings for repeaters and water-cooled channels. One network
is provided at a repeater station for each waveguide medium direction.
For each channel a receiver and line equalizer is mounted on one network
framework while the associated transmitter is mounted on the second
framework opposite the receiver (Fig. 6). Connections between the two
are made at baseband frequencies via a coaxial cable. Figure 7 is a pho-
tograph of the field evaluation test band diplexer network.

5.1 Band diplexer assembly

The band diplexer assembly consists of the filters and interconnection
sections of mode suppressing helix waveguide that split the waveguide
bandwidth into seven subbands. The network components are mounted

1
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Fig. 6—End view of repeater mounting on channelization network frame.

on the frame starting with the component that interfaces with the me-
dium. The band diplexer components are somewhat sensitive to me-
chanical stress so every effort is made to provide all connections as
stress-free as possible. A large series of helix waveguide spacers are
available to insure that the subband outputs are in the prescribed po-

j

Fig. 7—Band diplexer assembly.

2098 THE BELL SYSTEM TECHNICAL JOURNAL, DECEMBER 1977



sitions and that there is not an excessive tolerance buildup. Six-de-
gree-of-freedom mounting brackets have been designed to simplify this
process.

For shipping, the band diplexer assembly can be disassembled into
four sections. As an option, the entire network can also be shipped as one
unit. During the field evaluation test, the reassembly of the four sections
in the Netcong station took less than one day.

5.2 Channel diplexer and repeater frames

The repeater and channel diplexer frames are installed in the repeater
station at the same time as the band diplexer assembly. These frames
include the fuse panels, patch panels, water-cooling channels, connec-
torized cables, and all mounting hardware for the individual channel
multiplexers as well as the repeaters. The repeaters and channel mul-
tiplexers are installed as the system grows.

To take up the residual mechanical tolerances between the channel
multiplexer and band diplexer subband port, a specially developed
3k-inch-diameter flexible waveguide section is provided. It consists of
helix waveguide supported in a lossy flexible epoxy which allows offsets
up to Y inch.

5.3 Channelization network environmental control

The entire channelization network is pressurized to 1 psig with dry
nitrogen. The gas is provided via a manifold mounted in the diplexer
array. A waveguide window placed at the input to the network isolates
the network from the higher pressure of the medium. The nitrogen
supply system was designed to maintain the desired pressure relative
to the local atmospheric situation. This was necessary because the low-
pass filters are quite fragile and sudden changes in pressure across the
quartz plates could cause a failure.

The water-cooling channels consist of rectangular extruded aluminum
channels with two circular passages. Only one passage is required; the
second is provided in the unlikely event that the first becomes clogged.
Temperature monitors are mounted on the cooling channels, which are
tied into the chilled water control and alarm system. The system has
worked for over two years at Netcong without any malfunctions.

VI. CONCLUSION

Two channelization arrays have been constructed and one installed
at each end of the field evaluation test waveguide run in northern New
Jersey. Each end has a complete array of band-splitting filters to divide
the 40 to 110 GHz spectrum into seven subbands. There were 18 chan-
nel-dropping filters installed at one end and 12 at the other end. The
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channels at low end and near high end of spectrum.

transfer functions were measured for all 30 channels from the circular
waveguide input port to each rectangular waveguide output port. Various
leakages and return losses were also measured. The measured data
agreed quite well with what would be expected from summing the per-
formance of the individual filters. (See Fig. 8.) The performance of the
two trial models indicated that a complete array for 124 channels would
meet the performance requirements for either a two-phase or four-phase
WT4 system.

The channelization filters described for the field evaluation trial op-
erate in the 40 to 110 GHz range. However, measurements of the trans-
mission medium® show that severe loss peaks could be avoided by
shifting the highest wT4 channel to below 105 GHz. Simultaneous
lowering of the bottom channel to 35 GHz would result in greatly in-
creased medium loss for this lowest channel. If the number of millime-
ter-wave channels (124) is to be held fixed, then the only way to lower
the top and not the bottom frequency is to move the channels closer
together by reducing the guard bands. The field evaluation test mea-
surements confirmed that 525-MHz spacing between adjacent channels
was more than adequate to avoid appreciable adjacent channel inter-
ference. Studies have been made of the effect of changing the frequency
assignments of Table I to a 500-MHz channel separation and also re-
ducing the spacing between subbands slightly. The recommendation
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resulting from these studies is to provide 124 WT4 channels in the fre-
quency range of 38 to 104.5 GHz. The penalty associated with the re-
duced channel spacing is less than 1 dB in the repeater available gain.
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WT4 Millimeter Waveguide System:

Protection Switching, Auxiliary Communication,
and Maintenance

By M. J. BONOMI, P. BROSTRUP-JENSEN, D. R. MARCOTTE,
R. W. MUISE, and P. J. TU

(Manuscript received April 7, 1977)

A statistical analysis shows two-way reliability of 99.98 percent or
better for the WT4/WT4A system with two automatic protection
channels and one manual patch channel for every 59 working channels
and 20-year life expectancy for the repeaters. The feature of adding
and dropping fully protected channels at intermediate repeater sta-
tions in a protection span is included. The equipment is divided into
three bay arrangements: (i) span-terminating transmission bays which
contain protection switches, performance monitors, and all interfaces
with the high-speed communication signals as well as the auxiliary
signals, (ii) the logic and control bays for the protection switching, and
(ii1) the order wire, telemetry, and fault locate bays. All auxiliary sig-
nals ride piggyback on special housekeeping bits in the broadband
channels; double-ended access is therefore provided for the telemetry
to ensure reliability. Fault locating is fully remoted and intended to
operate with automated SCOTS systems. Typical, but partially
equipped, bay arrangements were tested in the field evaluation test
and were found completely satisfactory.

I. INTRODUCTION

The WT4/WT4A system! is intended to interconnect major traffic
nodes in the toll transmission network. Figure 1 is a layout of such a span.
Main repeater stations are located at the ends of the span and a number
of important functions must be provided by span terminating bays at
these locations. An obvious one is the interface with the rest of the Bell
System. This function is performed by the cross-connect bays and the
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span-terminating transmission bays. The DSX-4 cross-connect bays are
bays where all channels have baseband jack appearances; they serve to
interconnect channels and route traffic in and out of the system.

Another function is protection switching. Protection switching must
be provided at the ends of the span in order to keep the probability of
service interruptions, or outages, on these important routes to a very
small number. This is done by automatically transferring the traffic from
any failed working channel to hot stand-by channels very rapidly (<100
ms).

In most other systems, all repeaters are identical and a reasonable
number of spares can be strategically located to allow fast replacement
of failed units and, thus, fast release of the protection channels. The wT4
system,? on the other hand, has 124 different repeater codes according
to channel frequency; this calls for an impractically large number of local
spares. Instead, WT4 is unique in using a manual patch channel. Unlike
a protection channel which can be accessed only at the ends of the whole
span and protect only one failure at a time, the patch channel is a hot
stand-by channel which can be manually accessed at any intermediate
repeater station within a span. It can be used to bridge any failed repeater
in a hop by patching at the two ends of the hop at baseband where the
signal format is the same in all repeaters. This temporary patch frees
the protection channel, allows removal of the failed transmitter-receiver
pair, and provides adequate time for a replacement pair to be sent from
a large central spare depot. The power of a manual patch channel lies
in the fact that pieces of it can be used to temporarily bridge many failed
repeater hops as long as there is only one failure per hop. The statistics
are such that two automatic protection channels and one manual patch
channel in protection spans of 500 km will satisfy the Bell System ob-
jective of 99.98 percent availability per 6000 km of a fully loaded system.
This assumes that the repeater has 20-year life, that it takes maintenance
personnel 10 hours to establish a manual patch, and that it may take 300
hours before a permanent replacement repeater arrives and frees the
patch channel. These numbers are operationally and economically
reasonable.

There are also cases where it would be desirable to add and drop some
of the traffic at points within a span. To meet this demand, the protection
switching system allows for full protection switching of such add/drop
channels at up to six add/drop stations within a span. Through-channels
are completely unaffected; in fact, the entire topology is totally flexi-
ble.

Protection switching signaling, maintenance telemetry and commands,
and operating personnel order-wire communication create a sizable need
for auxiliary communications within a span. All these communications
ride piggyback on some of the broadband channels by using special
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housekeeping bits supplied in the 274 Mb/s DS4 baseband format for
just these kinds of purposes. This is an arrangement modeled after the
T4M system.3 For the wT4 system it provides inexpensive, fast, and
highly reliable auxiliary communication because the signals travel inside
the sheathed waveguide as opposed to a separate, repeatered multipair
cable on the outside. The bits are referred to as X bits. They are used in
triplets with majority decision and provide an extremely rugged bit
stream with a total capacity of 58.3 kb/s per DS4 signal. The T4M system
has developed a Protection Data Multiplex (PDM) unit which provides
for insertion of the X bits and a Violation Monitor and Remover (VMR)
which monitors the parity checks in the DS4 signal, removes any viola-
tions of the parity checks (but not the errors, themselves) and, as a by-
product, extracts the X bits for reception. By inserting these units in the
baseband portion of any WT4 channel, such as a channel can be used as
a carrier of X bit auxiliary communication.

The protection switching system uses X bits on the protection chan-
nels in the opposite direction to carry the required signaling from the
tail end of a span to the head end of the span and to any add/drop sta-
tions in between. The maintenance telemetry/command system and the
order wire share the X bits on one of the broadband working channels,
the working/auxiliary channel.

Il. THE SPAN TERMINATING TRANSMISSION BAYS

The two-phase version of the WT4 system has 59 working channels.
The two automatic protection channels serve most of the time as hot
standby channels but on command may be accessed as additional
working channels. When not carrying traffic, the protection channels
(and the manual patch channel) are driven by a line drive signal con-
sisting of a pseudorandom signal imbedded in a DS4 format.

Figure 2 shows the high-speed signal path through the transmit section
for each type of channel. The DS4 signal first passes through a line
build-out network (LBO) followed by a 3-dB splitting hybrid. The LBO
is selected so that the total length from DSX-4 to LBO output is electri-
cally equivalent to 50 m of 728A cable. The hybrid splits the signal into
a through path and a bridging path that carries the signal through
switches to the two protection channels. The signal in the through path
is next passed through an equalizing network (OFF EQL) designed to
restore the pulse shape in preparation for regeneration. For the working
channel, the regeneration occurs in the transmitter located in the re-
peater frame, but for the protection and working/auxiliary channels the
signal must pass through a regenerator-protection data multiplex (PDM)
pair for X-bit access. The regenerator provides the data and clock levels
required to drive the PDM. Jacks are provided to manually jump the
bridging circuits in the event of a switch failure.
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In the receive section, Fig. 3, each channel passes through the violation
monitor and remover (VMR) circuit for performance monitoring and
X-bit access. The (P) signifies that the VMR also can detect the differ-
ences between a DS4 and a line drive signal. After monitoring, the Ds4
signal passes through an LBO circuit similar to that in the transmit cir-
cuit. A hybrid and jack are provided at each output for maintenance
purposes.

Four types of span-terminating transmission bays were designed: a
2 X 3 and a 0 X 10 bay for the protection switching station, and a 2 X 3
and a 0 X 10 bay for the add/drop station. The 2 X 3 bay contains the
equipment associated with both the transmit and receive section for the
two protection channels, the one working/auxiliary channel, two working
channels, and the manual patch channel. The 0 X 10 bay contains ten
working channels (transmit and receive section). Interbay cabling is
necessary between these bays to complete the protection switching
paths.

lll. THE PROTECTION SWITCHING CONTROL BAYS
3.1 Overall system operation

A simplified block diagram of a typical one-way switching section using
a typical protection switching arrangement is shown in Fig. 4. Trans-
mission is from main station A to main station B over the 59 regular
channels and protection channels X and Y. All of the switching in the
section is done at baseband (DS4) by means of the reed switches located
in the span terminating transmission bays. The head-end and receive-
end switch networks are shown symbolically as single-pole, double-throw
switches. The operations are similar to other 400-type protection
switching systems.*

If the bit error rate of the incoming signal exceeds 1078, a switch re-
quest is generated for a working channel or a switch inhibit order for a
protection channel. When a working channel VMR requests a switch, the
receiving end logic determines whether a protection channel is available.
If it is, a switch order is sent to the transmitting end, decoded, and the
failed working channel bridged to the selected protection channel.

The transmitting end bridge provides transmission on the working
as well as the protection channel simultaneously and also removes the
Ds4 line drive signal from the protection channel. The absence of this
uniquely identifiable signal is a notification to the receiving end logic
that the bridge at the transmitting end has been made. A receive end
transfer is then made from the regular to the protection channel.

When the working channel again becomes good, the receiving end
switch is restored to its normal state and a bridge release order is sent
to the transmitting end. This reinserts the line drive signal on the pro-
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tection channel and returns the system to its quiescent state. If the
protection channels are accessed for use as additional service-carrying
channels and such access service on protection channel X fails, an access
switch request to protection channel Y is generated.

An actual operating test is the only effective way of checking for
“quiet” failures. Once every 30 minutes, or on request, the 400A exerciser
automatically tests all of the switching logic at both ends of the system
and the signaling channel by a test sequence which includes head-end
bridges from every channel to both protection channels. Operation of
the receiving end switch is inhibited to prevent unnecessary transmission
hits.

3.2 Signaling

The 400D signaling equipment is highly reliable since each switch
order consists of a two-out-of-six codeword as well as three station ad-
dress bits and a parity bit. Each station along the route is assigned a
station address and within a station each channel is assigned a slot po-
sition in the bay. This switching topology is used with or without the
add/drop feature. If the receiving end logic does not obtain verification
that a switch operation is completed within a certain time interval, a
switch order is originated to the second protection channel. If the second
protection channel is not available, a service fail alarm is generated.
Similarly, if an order to take down a switch is not carried out in the re-
quired time interval, the receiving end switch is held-operated and
maintenance personnel are alerted. Any abnormal sequence of events,
regardless of its origin, is processed, identified and translated to a
warning to the maintenance personnel.

3.3 Manual control and alarms

Transmission through the WT4 system may be controlled by the op-
erating personnel directly by operating the manual switch controls which
are located at the receive end only. Manual control is used to set up access
to the protection lines and to induce or lock-out switching as part of
normal maintenance. An additional form of manual control independent
of the logic operations is also used. It is called forced switching and places
the transmit and receive switches under direct control of the operator.
This is useful if the system malfunctions.

Since the major portion of the system control and logic is located at
the receiving end of the system, most alarms are also initiated there.
Forced switching is the only manual function performed at the trans-
mitting end and there are only two alarms.
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IV. THE AUXILIARY COMMUNICATION AND FAULT LOCATING BAYS

4.1 Telemetry and order-wire needs

WT4 electronics, waveguide pressurization equipment, power plant
and converters, span terminating and protection equipments, building
air conditioning and security must all be monitored and controlled by
telemetry. Definite sequences of status polling and switch actions for
fault locating and alternate telemetry access present further demands.
All these functions can best be handled by a computerized control system
such as SCOTS? (Surveillance and Control of Transmission Systems).
The order-wire system interconnects all the WT4 stations in one main-
tenance area as well as the SCOTS central. Figure 5 illustrates the
transmission of telemetry and order-wire data through one hop of wT4
waveguide. Every hop of the working/auxiliary channel is equipped this
way. The two data signals are first time-division multiplexed in the CDM
(Communication Data Multiplexer) to form the 58.3 kb/s X-bit data
stream. At the receiving end of the hop, the high-speed data is amplified
and detected by the WT4 receiver and sent to the VMR circuit, which
extracts the X bits. Finally, the CDD (Communication Data Demulti-
plexer) separates the telemetry and the order wire circuits.

4.2 Telemetry network configuration

A typical WT4 telemetry network using E2A8 remotes and a SCOTS
central is shown in Fig. 6. The computerized SCOTS central interfaces
with point-to-point private data lines to two WT4 protection switching
stations via data sets. At the protection switching station, the received
E2A format is converted to bits suitable for transmission via the X-bit
format. The bits are received at all succeeding stations, converted back
to the original E2A format, and sent to the local remote. The response
data back to the central from the remotes go through the reverse pro-
cess.

The central has the ability to poll the remotes cyclically for status or
alarm indications and, when necessary, remotely operate switch re-
lays.

4.3 Double access capability

The two data networks shown in Fig. 6 report to the same central
computer, but are otherwise independent. The isolation switch at pro-
tection switching station B isolates one network from the other. Two
remotes, however, are located at protection switching station B, and each
is able to operate the isolation switch.

In the event of a transmission problem in either of the two networks,
the computer reassigns the remotes beyond the trouble spot to the other

PROTECTION SWITCHING 2113



PROTECTION ~REPEATER PROTECTION _~—E2A PROTECTION

STATION A V/ STATIONS STATION B ,~ REMOTES STATION C
3 - _—
A L— LY
\ N\
“NTELEMETRY ~ISOLATION
TRANSMISSION SWITCH
THROUGH WAVEGUIDE (NORMALLY OPEN)
POINT—TO—POINT POINT-TO—POINT
PRIVATE PRIVATE
DATA LINE DATA LINE
DATA DATA
seT | TCT | COMPUTER | TCT | "gof
DISP AND
CONTROL
SCOTS CENTRAL
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network and sends a command through the trouble-free network to close
the isolation switch. The closure of the isolation switch reestablishes
communication between the central and the cut-off remotes.

4.4 Encoding of E2A signal

E2A uses 202T data sets which transmit asynchronous 1.2 kb/s, binary
FSK (Frequency Shift Keying) signals with one tone for binary ones,
another tone for binary zero, and no tone for idle.

The X bits have a transmission rate of 58.3 kb/s, but at least half of this
capacity has to be allocated to order wire transmission. A maximum of
29.15 kb/s can be used for data bits. T'o provide the three types of data
set line signals, and to avoid having to synchronize to a 1200 Hz clock,
the following encoding rules were generated:

E2A data (1.2 kb/s) wT4 data bits (= 29 kb/s)
1 1111...
0 0101...
Idle 0000...

The data-bits are, therefore, a pseudo FSK signal with bit frequencies
at approximately 29 KHz and 14.5 KHz.
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4.5 WT4 order-wire circuit

The wT4 order-wire network is configured in a manner similar to the

telemetry network, see Fig. 7. Four-wire private lines connect the SCOTS
office and the protection switching stations. Recently developed $S3
order-wire equipment with TOUCH-TONE? dialing is located in each
station for signaling purposes. The dotted line in Fig. 7 is optional; it
provides the ability to access all stations from the SCOTS office in the
event of a single auxiliary network transmission failure. The two-line
cut-through switch at the SCOTS office also enables stations to talk to
each other despite a network cut. The cut-through switch is a special
feature of the SS3 system and can be operated by dialing a special
number.
_ Adaptive delta modulation is used to encode the voice signal into 29.15
kb/s digits. The quality of the voice signal is degraded each time it
undergoes coding, and to avoid this the signal is sent through the delta
modulator only when the local telephone handset is off-hook.

4.6 Repeater fault-locating bays

An important function of the telemetry in regular repeater stations
is the locating of a faulty repeater.

From protection switching status information, the SCOTS central
knows when a channel has failed; however, it does not know which re-
peater in the span has failed. It therefore issues an order to all repeater
fault-locating bays to connect their Violation Monitor (VM) to the af-
fected channel through a remotely controlled 124:1 switch array. The
error rate of each repeater is reported. From this error rate profile, the
central can deduce that the fault must have occurred either in the first

PROTECTION SWITCHING 2115



receiver showing poor performance or, possibly, in the preceding
transmitter. Maintenance personnel is sent to perform the manual patch
which frees these two failure candidates for repair. The fault locating
bay can also be operated locally by the maintenance personnel to check
the performance of the patch units and, later, the replacement units prior
to restoring of the protection switch.

V. CONCLUSION

Representative assemblies of all the span-terminating bays were
evaluated in the field trial” which was arranged as a “hairpin” system
with Netcong “East” and Netcong “West” as protection switching sta-
tions and the trailer in Long Valley as an intermediate repeater sta-
tion.

Two 2 X 3 span-terminating transmission bays were assembled and
partially equipped. The PDM and VMR were identical to those used in
the T4M system, but preceded by cards to align the data and clock in-
puts.

The protection switching control bays included primarily existing
400-type (400A and 400D) protection switching equipment and some
newly designed interface circuitry. However, operationally, the system
was typical of the expected final design. The system was equipped as a
two-for-three system (two protection channels for three regular working
channels) and although only sufficient transmission equipment for four
one-way channels was available, the four channels were arranged in
several different combinations in order to prove in all system criteria.
The add/drop feature was not equipped on this field trial.

Four bays of auxiliary communication equipment were constructed.
Two of the auxiliary communication bays were installed in the span
terminating frames in the Netcong station, and one in the repeater sta-
tion at Long Valley along with the fault locating bay. Implemented with
double access feature for the telemetry network, the circuits in the bays
were arranged according to the description given above.

The field trial results showed that all features of the span-terminating
bays worked exactly as planned and the designs would be adequate to
survey and maintain the wT4 system in good working order.
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WT4 Millimeter Waveguide System:

Semiconductor Devices for the WT4 Repeater

By C. N. DUNN, O. G. PETERSEN, and D. C. REDLINE
(Manuscript received April 7, 1977)

Design, fabrication, performance, and reliability information is
provided for three types of millimeter-wave diodes developed to operate
over the 40-110 GHz wT4 band. A family of silicon IMPATT diodes
generate the transmitter and local-oscillator power. These diodes use
an ion-implanted double drift impurity profile. A hermetically sealed
package was developed to achieve high reliability. A diamond heat sink
provides a low thermal resistance. A silicon PIN subnanosecond
switching diode phase modulates the transmitted power. The passiv-
ated mesa of the PIN diode chip is fabricated from thin, high-resistivity
epitaxial material to achieve low capacitance and fast switching. A
gallium arsenide Schottky-barrier mixer diode down-converts the signal
in the receiver. The beam-lead Schottky diode is fabricated using mo-
lecular beam epitaxy, which provides a novel junction-isolation tech-
nique. Also, a brief description is given of the salient features of other
active devices which operate in the IF (1.371 GHz) and baseband (dc
to 300 MHz) circuitry. They consist of a family of both transistors and
diodes (step recovery device, PIN variolosser, and Schottky mixer).

l. INTRODUCTION

Three new solid-state diodes were developed to generate, modulate,
and down-convert millimeter-wave signals over the 40-110 GHz wT4
band. Silicon IMPATT diodes generate the transmitter and local oscillator
power, a silicon PIN switching diode phase-modulates the transmitted
power, and a gallium arsenide Schottky-barrier mixer diode down-
converts the signal in the receiver.

Also, numerous other devices were either specifically developed for
or found usage in WT4. These devices operate in the IF (1.371 GHz) or
baseband (dc to 300 MHz) circuitry.
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Table |—wT4 system requirements for IMPATT diodes

Power output,  Efficiency,!  Figure of merit* Thermal ~ Total

Fre- mW percent imped-  capaci-
quency, 2- 4- 2- 4- 2- 4- ance, tance,
GHz phase phase phase phase phase phase °C/W pF
43 170 340 4.3 6.4 173 86 30 0.41
50 130 260 4.1 6.1 173 86 40 0.35
59 100 200 4.0 5.8 173 86 55 0.30
70 75 150 3.8 5.5 173 86 70 0.25
80 55 110 3.6 5.2 86 43 84 0.21
90 45 90 3.3 4.9 86 43 97 0.19
106 35 70 2.9 4.5 86 43 112 0.17

* Local oscillator only: power output = 16 mW.
t Junction temperature not to exceed 230°C at rated power output.

This paper provides a detailed description of the design, character-
ization, and performance of the three millimeter-wave diodes. The salient
features of the most significant lower-frequency devices will be discussed
briefly.

Il. MILLIMETER-WAVE IMPATT DIODES
2.1 System requirements

The IMPATT diodes developed for the WT4 system are used to provide
the local oscillator and the transmitter power. Several diode codes are
necessary to cover the broad frequency range. In addition to providing
power, these devices also must meet stringent requirements for noise,
modulation sensitivity, and reliability. The system requirements were
met by using double-drift silicon IMPATT diodes hermetically encap-
sulated using a novel packaging approach.

The device performance characteristics necessary to satisfy the two-
phase and proposed four-phase WT4 system requirements are listed in
Table I. The power output, efficiency, and thermal impedance pertain
to the transmitting oscillator. The efficiency and thermal impedance
requirements are those needed to provide the desired power output and
reliability (junction temperature) and are compatible with the heat-
removal designs. The figure of merit is defined as the ratio of noise
(Hz/vKHz) to modulation sensitivity (MHz/mA). It is a measure of the
diode noise performance and should be independent of the circuit
characteristics. This requirement pertains to both the local oscillator
and transmitter diodes to assure acceptable noise performance. The
capacitance values listed are those required to provide the proper im-
pedance match to the individual oscillator housings.

2.2 Device design

The design of the IMPATT diodes evolved through several different
stages. Gallium arsenide and germanium IMPATT diodes were eliminated
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because theoretical analysis indicated that these materials exhibited
inadequate power-frequency products.! Silicon IMPATT diodes, however,
do not display this shortcoming. For silicon IMPATTSs there remained
the choice of the design of the drift region and the physical configuration
that the device would assume.

2.2,1 Avalanche-drift region

The design of the drift region for the avalanche and transit-time
process represented an interesting series of technical considerations.
Double-drift diodes were chosen instead of single-drift designs because
the double-drift designs exhibit improved power, noise, efficiency, and
thermal properties.23

Three different process techniques for obtaining the desired dou-
ble-drift profiles were considered: () double-epitaxial growth, (i) epi-
taxial growth followed by overcompensation using ion implantation, and
(ii1) a tailored ion-implanted doping profile into 7-type epitaxy on p*
substrates. The last was chosen since it represents the most controllable
technique.? Because IMPATT diodes display a negative-admittance
characteristic over a wide frequency range, three doping profile designs
were adequate to provide oscillators covering the WT4 frequency range.
These doping profiles provide devices with overlapping frequency
bands.

The “all-implanted” double-drift n*npp* structure was designed for
use at 55, 75, and 105 GHz center frequencies. The design is shown in
Fig. 1. The selection of a 7 on p* substrate structure takes advantage of
boron’s greater implant range compared with phosphorus or arsenic. Use
of » on n* substrates would require much higher implant energies.

The dose values were estimated empirically using previous experi-
mental results and scaling laws. The ion dose is based upon a particular
active number of carriers/cm?2 ( f N dx) establishing the desired drift
width for the frequency of interest. An arsenic implant provides the high
surface doping necessary to obtain an ohmic contact. The “all-im-
planted” design at all frequencies satisfied a system need for a single-
polarity, single-process technology of IMPATT diodes.

To take advantage of the control inherent in ion implantation, it is
necessary to carefully characterize the thin material used in this device.
The most important parameter in the epitaxial concentration profile
is the effective thickness, .. This is the depth to which the active region
is to be implanted and is measured by the spreading resistance (SR)
technique.® After the dopant has been implanted and annealed, the slice
is thinned, metallized, and separation-etched. Diodes are next bonded
onto millimeter-wave bases and tailor-etched to the desired capacitance.
Figure 2 shows the layout of the wafer, bonding tape, and package
housing.
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Fig. 1—Ion-implanted doping profile of millimeter-wave IMPATT.

2.2.2 Millimeter-wave IMPATT package

The package for the IMPATT diodes evolved to satisfy several needs
that became apparent during the development of the diodes. These needs
were to provide a controlled ambient for the surface of the silicon, pro-
tection for the wafer during handling, and a load bearing surface for the
circuit probe contacting the top surface of the diode. The diamond heat
sink was included to provide the low thermal impedance necessary to
maintain sufficiently low operating temperatures to assure the desired
reliability. It was embedded into the base to further reduce thermal
impedance and to control the configuration of the diode base.

The package developed for the IMPATT diode applications provides
low electrical parasitics and low thermal impedance. A package capac-
itance of 0.1 pF, inductance of 0.07 nH and the thermal impedance values
listed in Table I were obtained.

The microminiature hermetic diode encapsulation shown in Fig. 2 is
constructed on a metallized diamond embedded in a gold-plated copper
base. The encapsulation is based on the use of a metallized quartz in-
sulator having a hole in the center for the silicon wafer. The wafer is
contacted and a top cover is thermocompression-bonded to the quartz,
providing a hermetic package for the IMPATT chip.

2122 THE BELL SYSTEM TECHNICAL JOURNAL, DECEMBER 1977



CUTAWAY VIEW OF CHIP DETAIL
GOLD-PLATED
-7 COVER

CONNECTING TAPE~ _ EMBEDDED

~METALLIZED

,/  DIAMOND

%
METALLIZED_ - = ——IMPATT DIODE
QUARTZ
_ GOLD-PLATED DIAMOND-
———y -~ EMBEDDED COPPER BASE

Fig. 2—IMPATT diode structure and package.

Since the package volume was too small to test hermeticity using
conventional techniques the diodes were given an autoclave leakage test
to evaluate both hermeticity and reliability.6

Instead of using a hermetic encapsulation to provide surface stability,
we considered a passivated mesa approach. But calculations indicated
that there were penalties in thermal impedance associated with the
process. At 50 GHz the thermal impedance is 20 percent higher and
would increase even more at higher frequencies. Also, the ability to tailor
etch to obtain diodes for the desired frequency would be compromised
and no mechanical protection would be provided.

2.3 System performance

The two-phase and four-phase power output requirements are plotted
in Fig. 3. The dashed curve represents the median power output mea-
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Fig. 3—IMPATT power output vs. frequency.
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Fig. 4—Millimeter-wave PIN diode structure. (a) Assembled diode. (b) Diode chip, quartz
standoff, and connecting gold ribbon. (c) Cut-away view of diode chip.

sured on groups of diodes at several of the WwT4 design frequencies. The
design has the ability to meet all two-phase requirements. However, to
achieve a reasonable yield for the four-phase requirements the power
output performance would have to be increased. Also, to meet the
stringent noise and consequent figure-of-merit requirements of the local
oscillator for the four-phase mode of operation, additional circuit/de-
vice/system evaluation is required.

lll. PHASE SHIFT MODULATOR SWITCHING DIODE
3.1 Diode description and application

A low-loss, subnanosecond PIN switching diode was developed for
wT4. It is used in the Phase Shift Modulator (PSM) of the transmitter
over the 40-110 GHz frequency band. The quasi-beam-leaded (substrate
only) diode chip is bonded on a gold-plated copper base as shown in Fig.
4a and 4b. A gold ribbon connects the oxide-nitride passivated mesa
junction to the metallized top of an adjacent quartz standoff which is
centered on the base. In the PSM the assembled diode terminates a
coaxial line that couples into the waveguide. Switching the diode between
forward- and reverse-bias states phase-modulates the incident waveguide
signal.”

For proper circuit behavior a low and equal return loss is necessary
in both bias states. The junction capacitance must be small to achieve
the needed change in device impedance upon switching. Any parasitic
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Table ll—pIN diode electrical specification

Parameter Condition Limit Typical
Ir = 10 mAdc ~0.7dB @ 40 GHz
Balanced return loss Vg =10 Vde <1.2dB ~1.0dB @ 55 GHz
f =54.2 GHz ~1.5dB @ 80 GHz
~2.5dB @ 108 GHz
Total capacitance VeR=0V <0.10 pF 0.06-0.08 pF
Total capacitance V=10V <0.07 pF 0.04-0.05 pF
Breakdown voltage 10 uAdc >30 Vde ~35V
Storage time Ip=1Ir=10mA <5.0 nsec ~4 nsec
Fall time F=1p=10m <0.5nsec  ~0.4 nsec

reactive elements are present for both bias states and tend to mask the
change in junction impedance, in addition to reducing the bandwidth.
The time of switching between bias states must be short in comparison
to the period of the modulating signal from the PSM driver. The stored
charge injected during forward bias causes a delay in the switching action
from the forward to reverse bias states and must be limited to avoid
excessive timing errors.® The resulting electrical requirements that
the PSM imposes on the PIN diode are shown in Table II.

At this time, it seems probable that two diode designs will be necessary
to provide adequate circuit performance over the entire 40-110 GHz
band. Different diode capacitances are needed for the low and high end
of the frequency range. Further characterization is needed for
frequencies >70 GHz, in particular, to firmly establish the diode loss as
a function of frequency. The increased incident power of the four-phase
system would not require any changes in diode design to meet either
electrical or reliability specifications.

3.2 Device design

A thin-base epitaxial PIN diode fabricated using high resistivity »-type
silicon epitaxial material is most suitable for meeting the PSM switching
diode specifications.? A “doping well” is formed by the shallow p* in-
diffusion and steep doping tail from the n* substrate. This constitutes
an optimum structure from the standpoint of maximum breakdown
voltage, minimum capacitance per unit area, low resistance, and fast
switching speed.

At very low reverse voltages (<52 V) the junction depletion region ex-
tends completely to the substrate. The breakdown voltage is therefore
essentially determined by the base width and the critical electric field
at breakdown which for silicon is ~30V/um. The base width was chosen
to achieve a breakdown voltage of ~36 V. Similarly, the junction ca-
pacitance at —10 V can be determined in terms of a parallel plate ca-
pacitor model and was calculated to be 0.027 pF. The parasitic capaci-
tance of the quartz standoff adds ~0.014 pF. The zero bias capacitance
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specification is readily met due to the high resistivity of the base and is
necessary to prevent varactor action and thereby undesirable modula-
tion.

A mesa containing a plane junction was chosen to physically confine
the stored charge injected during forward bias. During the forward-
to-reverse bias switching transient, the majority of the charge is removed
during a storage time interval before the device impedance switches to
the high-impedance state. Switching occurs during the fall time interval
when the residual stored charge is removed. In the usual planar diffused
junction, part of the injected charge is distributed parallel to the surface.
Removal of this charge component is diffusion-limited, and this results
in slow switching speeds. The amount of stored charge injected during
forward bias, is controlled by the mobile carrier lifetime. The lifetime
is a direct function of base width and an inverse function of current
density.1® The exact functional relationship is processing dependent and
must be established experimentally.

The forward-bias resistance of the base region is essentially fixed by
the stored charge and its geometrical dimensions. The remaining diode
series resistance is contributed by the metallurgical contacts and sub-
strate. Spreading resistance from the small junction diameter and skin
depth effects at millimeter-wave frequencies are important. To reduce
these resistance contributions, a heavily doped n* substrate was used.
The contact to the substrate was placed on the front of the chip, as close
as possible to the base of the mesa—Fig. 4c. Beam leads for the substrate
contact logically follow. The use of beam leads also permits the fabri-
cation of a chip size sufficiently large to be manufacturable, while
maintaining the small active diode region. The chip size, including beam
leads, was determined by the minimum outer diameter of the coaxial line
which the diode terminates.

3.3 Fabrication

Oxide-nitride passivation and a sealed-junction overlay PtSi-Ti-Pt-Au
metallurgical contact was chosen for high reliability.!! The low barrier
height of PtSi (~0.25 V) is needed to minimize the contact resistance
of the small-diameter p* contact. The mesa height must be sufficient
to assure that the substrate contact is made to material which has the
bulk substrate resistivity. The epitaxial material was grown using
chemical vapor deposition of SiCl;. However, to achieve a sharp epi-
taxial-to-substrate doping profile, a heat treatment was performed after
HCl in situ etching, but before deposition of the epitaxy.1?

3.4 Characterization and results

Typical values achieved for the various electrical characteristics of
the device are also listed in Table II. The storage time was within the
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specification limit for the diode dimensions chosen, which were based
upon breakdown voltage and capacitance requirements. If the storage
time had been too high, the use of gold or platinum doping would have
been considered. The fall time was found to be a function of the base
width, the shape of the epi-to-substrate doping tail, and the junction
depth. The first factor is basically a transit-time effect. The last two
factors decrease the degree to which the stored charge is confined and
are diffusion-limited. The switching path of the diode impedance was
found to be close to resistive.8 This permits a relaxation of transient and
error timing requirements in the system.

IV. GALLIUM ARSENIDE MIXER DIODE
4.1 Device description and application

The WT4 receiver uses planar, isolated, gallium arsenide, beam-leaded
diodes to down-convert the millimeter wave signal. One diode design
is adequate to cover the entire 40-110 GHz wT4 frequency band and
meet the two-phase receiver noise requirements. Low parasitic capaci-
tance (~0.02 pF) between the Schottky-barrier beam and the n* epi-
taxial layer (see Fig. 5) is achieved by the simultaneous deposition of both
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single-crystal and high-resistivity polycrystalline gallium arsenide by
the Molecular Beam Epitaxy (MBE) technique.1%15

The diodes are thermocompression-bonded to millimeter-wave
thin-film circuits in either the orthomode double balanced down-con-
verter (four diodes)16 or the half-frequency pumped down-converter (two
diodes).17-19 Typical diodes selected for these circuits have a total ca-
pacitance at zero volts less than 0.08 pF and an excess series resistance
(Rgp), calculated from the dc forward-bias junction characteristics, less
than 8 Q. The final zero bias total capacitance and excess series resistance
limits have not been established.

4.2 Diode Design

The diode design makes use of the majority-carrier current flow in a
Schottky barrier to provide a nonlinear impedance at millimeter-wave
frequencies for mixing the local oscillator and signal voltages in the wT4
receiver down-converter.

A major consideration in the design of the beam-lead diode was the
overlay capacitance between the Schottky-barrier beam and the nt
substrate—Fig. 5. This capacitance provides a shunt path for current
across the Schottky barrier and lowers the local oscillator and signal
voltage swing across the active metal-to-semiconductor junction.

The first diode design was a planar structure fabricated on an n-type
epitaxial layer deposited on a heavily doped n* substrate. The perfor-
mance of these diodes met the two-phase system conversion-loss re-
quirements at the lower frequency end of the band, but the shunting
capacitance degraded their high-frequency performance. The dielectric
(deposited oxide) thickness could be increased to reduce the overlay
capacitance. However, the definition of the junction window would de-
teriorate. Or the high-frequency performance could be improved by
reducing the anchor area, but the diodes became mechanically fragile
and difficult to handle and bond.

The development of MBE techniques, to produce simultaneously
low-resistivity single crystal and high-resistivity polycrystalline gallium
arsenide on semiinsulating substrates, provided the means whereby the
overlay capacitance could be reduced. It was possible to simultaneously
decrease the anchor area over the nt layer and to increase the dielectric
isolation with respect to the remaining anchor area. In addition, the
planar diode design was retained, along with adequate total anchor
area.

For two-phase operation the planar polyisolated technique is capable
of achieving the WT4 requirements over the complete frequency band.
Further development is necessary to meet the four-phase objectives.

2128 THE BELL SYSTEM TECHNICAL JOURNAL, DECEMBER 1977



Table lll—Typical diode characteristics for planar-isolated diodes

Parameter Condition Typical

Junction capacitance V=0 0.04 to 0.06 pF
f=1MHz

Parasitic overlay ~0.02 pF
capacitance
Forward bias series Ir = 5mAdc 4t08Q
resistance
Diode quality factor, n* 1.1to1.3
Reverse voltage Vr @ 10 pAdc 5to 12 Vde
Reverse current Ir @ —3.0 Vdc <1X107%A

*Ip=Is lexp (qV/nkT) — 1]

4.3 Fabrication

Chromium doped semiinsulating substrates are polished and covered
with a thin layer of deposited SiOg into which the isolation patterns are
etched. The nt* buffer and n active layers are deposited by MBE tech-
niques and form into single-crystal gallium arsenide on the exposed
gallium arsenide surface, and into high-resistivity polycrystalline gallium
arsenide over the oxide-covered areas.

An n* ohmic contact pattern, centered in the single crystalline area,
is defined in a second SiOs layer and etched to remove the n epitaxial
layer down to the n* buffer layer. A low resistance ohmic contact to the
n* buffer layer is formed by spike-alloying layers of gold, tin, and nick-
el.

After defining the junction window in the second SiOs layer, the
Schottky barrier is formed by sequentially depositing titanium and
platinum. The metallization pattern is Au plated and elsewhere the ti-
tanium and platinum are removed. Areas of the beam outside the active
area of the diode and extending outside the region of the chip receive a
heavy gold plate. The completed wafer is back-lapped, masked with
photoresist, and etched to separate the diodes.

4.4 Characterization and results

Completed planar-isolated diodes are tested for 1-MHz zero-bias total
capacitance, forward and reverse junction characteristics. The dc forward
bias series resistance, Rg, is calculated from the forward bias charac-
teristic. Diodes with typical characteristics as shown in Table III are
suitable for mixer circuits.

The feasibility of using 1-MHz zero bias total capacitance and forward
series resistance data to select diodes for mixer circuits is demonstrated
by the curve shown in Fig. 6. Close agreement is found between the
measured and calculated conversion loss plotted for a set of four diodes
in a double-balanced down-converter.!6 In the original n/n* diode design
the dc forward-bias series resistance was lower than the equivalent
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high-frequency resistance due to skin effects. This is not a major factor
with the planar-isolated diode structure since the buffer layer is ap-
proximately the same thickness as the skin depth. Hence, the path along
which both the dc¢ and high-frequency currents must flow is approxi-
mately the same.

V. OTHER SEMICONDUCTOR DEVICES FOR WT4
5.1 Silicon surface PIN diode

A beam-lead PIN variolosser diode was developed for application in
the AGC circuit of the receiver IF amplifier. The diode is fabricated from
high resistivity n substrates using planar processing. The p* and nt
regions were both formed on the front surface.2’ The diode features a
low forward-bias resistance (<4 Q at 20mA, 1.5 GHz) and low total re-
verse-bias capacitance (<0.2 pF at —0.8V). A thick dielectric is used to
reduce the parasitic junction beam capacitance.

5.2 Silicon step-recovery diode

A beam-lead step recovery diode is used at baseband frequencies in
both the regenerator circuit and as a X5 multiplier. The diode is fabri-
cated from thin, high-resistivity » on n* epitaxy, and is similar to the
millimeter-wave PIN diode. Again, a passivated mesa junction confines
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Fig. 7—Large area microwave transistor.

the stored charge to minimize the fall time (<0.7 nsec). The higher
storage time of 7.0 nsec is met by increasing the junction diameter. The
storage and fall times were measured for a drive condition of Iz = I =
10 mA.

5.3 Gallium arsenide Schottky diode

A second beam-lead GaAs Schottky diode was developed for use in
the IF detector and amplifier, PSM driver circuit, and various baseband
circuits. This diode is fabricated using n on n* epitaxy and planar pro-
cessing. The barrier metal is titanium. The diode has a zero bias capac-
itance of <0.5 pF and a series resistance of <3%.

5.4 Silicon microwave transistors

A family of beam-lead npn microwave transistors was developed for
numerous applications in both the IF and baseband circuitry. The in-
terdigitated emitter and base stripes have a 2.5 um width and 2.5 um
separation between stripes. A 0.25 um base width is achieved using ion
implantation to introduce both the emitter and base dopants.?! The
transistor was designed to operate at a current level of ~10 mA and has
a typical collector-base capacitance of 2.5 pF at —3 V. One of the tran-
sistors must meet tight specifications on both magnitude and phase of
all s parameters. In particular, the forward insertion gain is 9.7-11 dB
at 1.4 GHz. Also, a transistor with four times the emitter area was also
developed for the higher power needed in the PSM driver—Fig. 7.

VI. DEVICE RELIABILITY

Accelerated life tests were performed on all the devices developed for
WT4 to establish their reliability. The median time to failure for each

SEMICONDUCTOR DEVICES 2131



450

400
MEDIAN LIFE OF SEALED
JUNCTION T:RANSISTOR

w

&

=)
I

w

(=]

o
I

n
S
5]
T

150 —

W POWER, TEMPERATURE—-MICROWAVE TRANSISTOR
@ POWER + TEMPERATURE—-MM-WAVE PIN

O POWER + TEMPERATURE—STEP RECOVERY DIODE

A TEMPERATURE + VOLTAGE—-MM-WAVE PIN

& TEMPERATURE + VOLTAGE—STEP RECOVERY DIODE
100 — O TEMPERATURE + VOLTAGE—VARACTOR

O POWER & TEMPERATURE —IMPATT

® POWER—GaAs SCHOTTKY

O TEMPERATURE—GaAs SCHOTTKY

@ POWER— SURFACE PIN

JUNCTION TEMPERATURE, °C (LINEAR 1/T)

50 1 1 [ L i 1
100 10! 102 103 104 108 108 107
LIFE, HOURS

Fig. 8 —Device reliability: median time to failure as a function of junction tempera-
ture.

device is shown plotted in Fig. 8 as a function of junction temperature.
The shaded area on the figure represents extensive data of the median
life of sealed-junction transistors as established by Peck.22

All the devices except the IMPATT have a projected reliability of less
than 10 FIT when extrapolating the aging data to user condition. The
IMPATT réliability is 600 FIT at the maximum operational junction
temperature of 230°C.

The observed activation energies for the devices are characteristic of
a metallurgical failure mechanism as opposed to a surface charge mi-
gration mechanism. The dominant failure mode was a degradation of
the reverse characteristic and excessive leakage current, with some
catastrophic failures showing evidence of contact metal alloying into the
silicon.

Temperature aging at 350°C, with and without reverse bias, and dc
forward-bias power aging were performed on the millimeter-wave PIN
diode. Bias had little effect on the mean time to failure. Power dissipation
was the more severe aging condition. Data for the step-recovery diode
matches that of the PIN diode quite well. Both devices have a thermal
impedance of approximately 600°C/Watt. An activation energy of 1.7
eV was calculated for the regression curve of the aging data.
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For the beam-leaded millimeter-wave GaAs Schottky both ac power
aging and temperature aging fit the same regression line. The beam-
leaded microwave GaAs Schottky data also fell on this regression line.
This was equally true for a third device, a packaged GaAs chip, not re-
ported on in this paper. All three devices use titanium as the barrier
metal and have an activation energy of 1.8 eV.

The beam-leaded surface PIN diode was subjected to forward-bias dc
power aging at elevated temperature. A 2.3 eV activation energy was
established. Temperature aging with reverse bias data was also available
for a silicon beam-leaded varactor diode used in wT4. It has an activation
energy of 1.9 eV.

DC and 50-GHz power aging at elevated temperature was performed
on the millimeter-wave IMPATT diode. For the microwave transistor both
temperature and power aging data fit the same regression curve. Acti-
vation energies of 1.9 eV and 1.6 eV, respectively, were calculated.

Vil. SUMMARY

Three unique devices were developed to generate the millimeter-wave
power, phase-modulate the carrier, and down-convert the signal of the
wT4 system. These devices represent a wide application of state-of-
the-art materials and fabrication development and millimeter-wave
characterization. Reliable devices were provided that meet the two-phase
requirements of the WT4 system over the frequency band 40-110 GHz.
To meet the four-phase system objectives would require further device
and circuit development. Numerous other devices were also developed
for operation in the IF and baseband circuitry.
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The wT4 repeater station is discussed from outside plant construc-
tion, building construction, Western Electric installation, and opera-
tions viewpoints. Unique properties of the waveguide medium have
necessitated the development of a utility tunnel for interfacing the
waveguide with the diplexer array. The utility tunnel and associated
waveguide hardware for termination are discussed. The diplexer array
assembly and water-cooled repeaters placed further requirements on
the above-ground portion of the building. A method of incorporating
these requirements, as well as providing ancillary support equipment
for the repeaters, is also presented. Future areas to be investigated,
notably the use of a modular prefabricated building, are also ex-
plored.

I. INTRODUCTION

Repeater stations for the wT4 system are spaced at intervals of up to
60 kilometers and perform the function of interfacing the waveguide
medium with the repeaters. Each station—including the structure, land,
and access roads—contains waveguide and sheath terminating hardware,
channelizing networks, repeaters, power and environmental control
systems, and maintenance electronics.

Design and construction of a repeater station requires the coordination
of many groups including Long Lines Outside Plant engineering and
construction, Long Lines Buildings Group and Western Electric Engi-
neering and Installation (Fig. 1). In developing the wT4 repeater station
concept, an attempt was made to define the interfaces between these
groups and minimize their interdependence where possible. This was
achieved by allowing for parallel rather than serial construction in many
stages of the station construction, and also by incorporating flexibility
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Fig. 1—Influences on repeater station design.

in the overall station layout. The net result is reduced lead time from
construction authorization to service turn-up.

Il. REPEATER STATION DESCRIPTION

2.1 Background

Early designs of the wT4 repeater station envisioned both hardened
underground and partially above-ground structures. The diplexer arrays
were to be horizontally mounted either above or below the vertical re-
peater bays—a method certain to cause problems in the central office
environment.

These proposals also failed to address the problems of sheath termi-
nation, waveguide medium access, and the building/outside plant con-
struction interface. For example, the building would have to be con-
structed in its entirety before the sheath could be terminated. Building
planning would have to start well in advance of medium route engi-
neering, a concept not compatible with WT4 route engineering.! To avoid
these difficulties a station concept was developed in which the building
construction is decoupled from the sheath and waveguide installation
through the station site.
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Fig. 2—Artist’s rendition of repeater station.

2.2 Current design

The current repeater station, shown in Fig. 2, is a composite of two
largely independent structures. The below-grade portion, or utility
tunnel, accommodates the sheath/waveguide entry and nitrogen pres-
surization requirements. The tunnel is a precast concrete structure which
is placed well in advance of the repeater building. It is installed by the
sheath installation crew and provides final termination for the sheath.
In addition, it provides access to the sheath for mechanical inspection,
cleaning, drying, and leak-testing.

The millimeter-wave signal path proceeds through the tunnel wave-
guide, passes through a right-angle bend and enters the diplexer as-
sembly from below. The diplexer assembly, or-channelizing network,
then allows the wideband signal to be separated into 124 millimeter-wave
channels and delivered to the repeaters. The reverse path allows all the
signals from the various repeaters to be combined and transmitted
through the outgoing waveguide.

The above-ground portion, or repeater building, is approximately 48
feet long X 23 feet wide X 10 feet high, and houses the channelizing
networks, repeaters, and support equipment. The length of the building
is determined by the overall length of the channelizing assemblies which
terminate each waveguide entry into the station. The building may be
either of conventional on-site construction or of field-assembled,
preinstalled modular construction.
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After construction of the building, the utility tunnel becomes an in-
tegral part of the station structure and is covered with a metal grating.
This will provide continuous ventilation, which is required since possible
nitrogen leaks into a closed area can cause oxygen deficiency. The open
construction eliminates the need for expensive and trouble-prone oxygen
monitoring equipment.

ill. BELOW-GROUND STRUCTURE

The utility tunnel is designed to be as small in volume as possible, yet
provide reasonable working space for the installation and maintenance
of the waveguide and sheath termination hardware. The transverse
cross-sectional dimensions of the tunnel are approximately 5 feet deep
by 3 feet wide, with the sheath being no closer than 1 foot from either
side wall. Figure 3 shows a cross section of the utility tunnel with the
termination hardware installed. The tunnel axis is normally perpen-
dicular to the plane of the diplexer assemblies, to facilitate in-line
waveguide installation, but may vary slightly from 90 degrees to provide
flexibility in building orientation for zoning purposes.

3.1 Medium termination requirements

The unique design of the waveguide medium necessitated the devel-
opment of new hardware for the waveguide and sheath termination in
a repeater station. The requirements for such terminations are as fol-
lows:

(t) The tunnel wall and hardware must be capable of sustaining

a 30,000-1b thermal-stress load from the sheath. The small cross-sectional
area of the tunnel entrance wall is ideal for this requirement.

(ii) The waveguide entering the building must be in line with and
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Fig. 4—Special entrance hardware.

at right angles to the vertical axis of the diplexer entry port. This re-
quirement also applies to the sheath because of the concentric design
of the waveguide medium.

(iti) The waveguide termination must be compatible with the in-
sertion method of installation? and must be capable of sustaining a
10,000-1b thermal load.

(iv) Electrical arc welding is not to be permitted for any of the wall
terminations, as this poses a safety hazard in closed environments.

(v) The termination hardware must pneumatically isolate the
sheath annulus from the waveguide bore.3

(vi) The termination must provide access to the full bore of the
sheath for mechanical inspection, cleaning and drying operations.

(vii) Waveguide in the repeater station cannot be subjected to axial
forces. Because temperature variations are expected within the utility
tunnel, expansion joints are required in the tunnel waveguide runs.

(viit) The diplexer must be protected from overpressure in the event
of a pressure window failure in the waveguide line.

3.2 Medium-termination hardware description

The medium-termination hardware includes all waveguide compo-
nents installed by the construction crews. Figure 3 shows these compo-
nents installed in a utility tunnel. The sheath and waveguide termination
and the nitrogen inlet section are shown in Fig. 4. The wall sleeve as-
sembly is designed to provide angular adjustment of the sheath for
alignment with the axis of the diplexer entry port.
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A benchmark installed in the tunnel floor allows the sheath end section
to be installed before the diplexer array. An optical device is attached
to the sheath end section and is used to align the end section with a
plumb line aligned with the benchmark. When the diplexer is installed
the benchmark is again used for proper placement.

The waveguide end section (Fig. 4) is installed as the waveguide is
inserted into the repeater station. The remainder of the hardware is
generally installed after the diplexer is in place because final adjustment
can only be made at that time.

The support frame holds the multifunction waveguide, the elbow
assembly, and the vari-length waveguide (Fig. 5). The assembly also
provides the adjustment capability needed to connect the medium to
the diplexer.

The multifunction waveguide (Fig. 6) contains several unique features
that allow a number of operations to be performed:

(i) Primary and secondary pressure windows isolate the high pres-
sure of the waveguide run from the low pressure of the diplexer array
(25 psig maximum vs 0.25 psig, respectively).
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(ii) A sensitive check valve provides low, positive pressure from the
diplexer array to the assembly, while preventing high pressure exposure
to the diplexer components.

(iit) A series of spring-washer loaded discs allows for expansion and
contraction of the waveguide within the utility tunnel due to temperature
variations without affecting the transmission path.

(iv) A set of disks of varied thickness provides a means of adjusting
the overall length of the assembly by up to 3 inches to accommodate any
installation tolerances.

(v) Alow pressure vent valve allows for the venting of large quantities
of nitrogen in the event of primary pressure window failure, while a
pressure contactor will detect leakage of the same window and activate
an alarm through the telemetry system.

The vari-length waveguide provides a 2-inch length adjustment and
an expansion feature similar to that of the multifunction waveguide.

IV. ABOVEGROUND BUILDING

The aboveground building houses the repeaters, channelizing net-
works, repeater frames, and power and telemetry systems and provides
environmental control for both portions of the system. The channelizing
networks, we recall, are required to separate out the 124 individual
millimeter-wave channels. The building is partitioned into an electronics
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room, housing the diplexers and electronics, and an equipment room,
which houses the noisy, massive support items.

4.1 Repeater/diplexer assembly

As shown in Fig. 7, the dominant features of the building are the two
back-to-back channelizing network assemblies. Stringent requirements.
on the physical layout of these arrays* have led to the elongated planar
arrays shown. Each array, measuring 41.5 feet in length, is a modular
assembly of eight rigid aluminum frameworks. Front and rear access is
required for each assembly, as shown, for both installation and main-
tenance functions. For personnel or test equipment movement from front
to rear, 3 feet of clearance is provided at each end of both arrays. The
modules can either be individually shipped to existing underground
stations or new conventionally constructed buildings or delivered as an
assembled unit within a transportable building.

4.2 Environmental control

4.2.1 Repeater cooling

Repeaters for the WT4 system are cooled by the passage of chilled
water (at 60°F) through the repeater mounting surfaces to ensure reli-
ability and increased life of the IMPATT diodes.? Specially designed water
chillers, mounted in the equipment room are used to perform this
function. Due to the critical nature of the cooling requirement, redundant
chillers are utilized, each unit having a dual pump and compressor ar-
rangement. In addition there is a dc-powered pump which continues to
circulate the water through the repeater frames in the event of complete
ac power failure.

4.2.2 Ambient control

Dimensional stability of the channel diplexers, as well as the high-
pass filter components of the band diplexers, require that the repeater
station ambient be restricted to a £20°F temperature variation. This
regulation is achieved by utilizing a process cooler, mounted in the
electronics room and fed by the water chillers mentioned above. At the
same time this unit regulates the room humidity, and prevents con-
densation on the chilled repeater-mounting surfaces.

4.2.3 Nitrogen supply system

The need to maintain low levels of oxygen and moisture exists with-
in the band and channel diplexer assemblies as well as the waveguide.
However, due to the presence of several delicate components within the
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Fig. 7—Floor plan layout.

band diplexer array, these units can be pressurized to only Y psi (6 inches
H,0). A nitrogen control panel regulates the high-pressure nitrogen
coming from the waveguide and provides both major and minor alarms
based on flow rates to the diplexers and pressure levels within the array.
The system also feeds dry nitrogen to the individual repeater units,
thereby protecting the unencapsulated thin-film devices.

4.3 Station power

Power for each repeater station is obtained from local commercial ac
service. The use of a separate power cable buried along with the wave-
guide, with either high-voltage ac or dc fed from the main stations, was
considered as an alternative to the local commercial ac power feed but
it was rejected due to the higher cost. As shown in Fig. 8, for normal
operation the commercial ac power is fed to the charging equipment in
a conventional —48 volt battery plant and directly to the utilities, which
include the lights, pumps, fans, and water chillers. The —48 volt battery,
which is engineered for a 3-hour reserve, in turn provides power for the
repeater dc-dc converters and for the converters that power other station
electronics. Long-term ac reserve is provided by a 60-kW turbine-al-
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Fig. 8—Local powering arrangement for WT4 repeaters.

ternator for extended commercial ac power failures. The dc power re-
quired from the —48 volt battery to power the station electronics is 7500
watts. The dc pump motor for the frame chilled-water system will require
an additional 1500 watts. The total ac power required for these two load
elements, allowing for rectifier inefficiencies, is 10.3 kW. To this must
be added 30.1-kW ac power for the utilities, water chillers, and other
environmental control equipment for a total of 40.4 kW required from
the turbine-alternator.

4.4 Auxiliary electronics

In addition to the above, each regular repeater station requires an
auxiliary communications bay and fault location bay.® These units are
shown on the floor plan layout in close proximity to the repeater bays
to which they interconnect. Space is also reserved for any future
equipment necessary for add/drop features.

4.5 Equipment interconnections

Equipment installation is completed by providing the wiring, cabling,
and piping between the bays. For the wT4 repeater station, these in-
terconnections include—beyond the standard power and cable runs—
stainless steel piping between the water chillers and the process cooler
or repeater frames, and copper tubing for both nitrogen control systems.
With conventional construction, this effort would be coordinated with
and logically follow the on-site equipment installation. With modular
buildings, the task is a more complicated one. The extent of the prein-
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stalled wiring and piping is dependent on a number of factors. These
include the location of the module parting line, the amount of intermo-
dule activity, and the effort required to reconnect any terminated con-
duits. A final decision on this matter will be made at a later date.

V. FUTURE WORK

Although much design effort and model building have gone into the
items described, no actual WT4 repeater station has been built. As a re-
sult, details of several items have not been finalized. The two main areas
requiring significant work are the modular building concept and the
construction details of the utility tunnel.

5.1 Modular buildings

The experience of the field evaluation trial demonstrated that as-
sembled diplexer arrays can survive shipment in a transportable or
modular building. However, this fact alone does not answer all the
questions of the modular building approach. A standard repeater station
requires two modules, with a possible parting line shown in Fig. 7. A
KS-specification, detailing the architectural and structural requirements
for each module, is required. In addition, procedures for on-site place-
ment of each module as well as interfacing and joining of the modules
are required.

5.2 Utility tunnel details

A mock-up of the proposed utility tunnel has been constructed and
used to validate the feasibility of the concept. The interfacing of the
tunnel with the building, however, has yet to be implemented. Since the
tunnel is structurally independent of the upper structure, some means
must be developed to tie the two structures together. Utilization of
modular buildings will require integration of a slab foundation with the
utility tunnel as well as the transportable shelter. Provisions must also
be made for the more complicated interface arising from an angular
orientation of the utility tunnel with respect to the building.

VI. SUMMARY

Although additional work remains for final implementation of the
proposed WT4 repeater station, sufficient groundwork has been laid to
give reasonable confidence in its design. The proposed station answers
the basic questions of construction and installation flexibility, and safe
operation. Implementation of the proposed station should result in a
highly reliable segment of the overall wT4 system.
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The w4 waveguide transmission system is a long-haul digital
transmission system operating at 274 Mbaud. Field tests have been
carried out on a trial WT4 system including span terminating equip-
ment, repeaters, channelizing networks, and a 14-km waveguide line
from Netcong to Long Valley, New Jersey. In this paper the config-
uration and the principal results of the trial are described. Channel-
izing networks and repeaters were installed and equalized at 12 dif-
ferent frequencies from 40 to 108 GHz. The principal results include
loss and delay measurements of the waveguide and the channelizing
networks, and error-rate measurements of two-phase repeaters
transmitting 180 ° phase-shift keyed pulses over the WT4 waveguide
line. Extrapolation of the 14-km waveguide loss and the gain and error
rate performance of the installed two-phase repeaters indicates that
a system with four-phase repeaters operating at the same symbol rate
could have spacings as large as 50-60 km.

I. INTRODUCTION

The wT4 waveguide transmission system is a long-haul, high-capacity
digital transmission system. The system frequency multiplexes 124
high-frequency carriers into the band 40-110 GHz with each carrier
phase-modulated by a 274-Mbaud digital bit stream.!

A field evaluation test was carried out in order to obtain a measure
of the overall system performance of the WT4 waveguide transmission
system. This test included all the elements of a complete operating
system such as protection switching, span terminating, fault locating,
auxiliary communications, and maintenance, in addition to 12 operating
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repeaters, channelizing networks, and 14 km of field-installed wave-
guide.

In this paper the emphasis will be placed on the combined perfor-
mance of the repeaters, line equalizers, channelizing networks, and the
waveguide medium. Companion papersZ-? discuss the design of each of
these individual elements in detail. Similarly, the span terminating,
protection switching, auxiliary communications, and maintenance
subsystems are discussed in an additional companion paper.6

For the field evaluation test, 14 km of waveguide was installed from
a metropolitan junction station at Netcong, New Jersey, to a temporary
equipment shelter at Long Valley, New Jersey. At each end of the
waveguide a complete band diplexer array was installed along with
enough channel diplexers to allow the testing of the 12 repeaters that
were built for the field evaluation test.* The repeaters were divided into
four groups, each of three repeaters centered near 40, 55, 80, and 110
GHz. Since six of the repeaters operate below 75 GHz and transmit in
one direction while the other six transmit in the opposite direction, this
arrangement could be used to connect up to 12 repeaters in tandem by
looping back at baseband. The repeater frequencies were carefully
chosen so that adjacent channel interference and interferences from
harmonically related frequencies could be evaluated; for example, 40-
GHz repeaters interfering with 80-GHz repeaters. Because the waveguide
run is short, attenuation was provided in the rectangular waveguide
portion of the system to adjust the power levels to approximate the loss
of 40 km or more of waveguide. This loss was provided in the form of both
fixed and variable attenuators and could be placed at either the trans-
mitting or receiving end or could be divided between them.

The main objective of the tests was to measure repeater performance
in the field where we would encounter degradations due to transmission
deficiencies of the line (the waveguide and the channelizing networks),
misequalization, interchannel interference, interactions between the
repeaters and the channelizing networks, baseline wander and bit timing
recovery phase jitter. The results of the tests were then used to predict
system performance and repeater spacing for an advanced system using
four-phase repeaters. The repeaters used in the test were two-phase
repeaters using a differentially coherent phase shift keying (DCPSK)
digital modulation scheme to transmit 274 Mb/s. The advanced four-

phase repeater would use a coherent PSK scheme to transmit 548
Mb/s.

Il. CHANNELIZING NETWORK
The array of filters to be used to connect individual channels to the

* For a detailed discussion of the millimeter-wave channel diplexers, band diplexers, and
channelizing network, the reader is directed to Reference 4.
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Table | — Midband insertion loss for channelizing networks
Insertion loss

Frequency, Netcong, Long Valley
8Hz B

40.235
40.760
41.285
53.910
55.085
55.610
80.465
80.990
81.515
107.665
108.190
108.715

TN O WOUTLI oL | A
wovhhotaoao s |
DTHNOWRDLOUTLOLOL | By
s DRI OO

waveguide medium has been described in Ref. 4. Two complete band-
splitting filter arrays were constructed and installed at Netcong and Long
Valley. Five of the seven subbands at each location were partially
equipped with channel-dropping filters; i.e., filters for all 12 field eval-
uation test frequencies were installed at both ends and in addition, Long
Valley had six additional filters in the 80-GHz subband for a total of nine
channel filters connected in tandem. The insertion loss and differential
delay were measured from the circular waveguide connection port to each
of the 12 or 18 rectangular waveguide connection ports. The circular
waveguide medium is connected to the circular port and the repeaters
are connected to the rectangular ports. Each of these loss measurements
was compared with the sum of the individual filter losses which had been
previously measured in the laboratory. The average disagreement be-
tween measurement of the assembly and the sum of the pieces was 0.2
dB. The worst interaction between filters occurred in the subband near
55 GHz where return loss and mode conversion echoes created fast
transmission ripples. Table I gives the midband insertion loss measured
for each of the field evaluation test channels at Netcong and Long Valley.
It is seen that the lowest-frequency channel has a channelizing network
loss of about 3.5 dB and the highest frequency about 5.2 dB. These values
correspond to the system objective of obtaining lowest channelizing-
network loss at the lowest frequency and fairly low loss at the highest
frequency so as to complement the loss shape of the medium.

. LINE EQUALIZATION

The equipment and techniques for equalization of the field evaluation
test system are described in a companion article.3 Each transmitter-
receiver pair, connected back-to-back through a flat precision attenuator,
was measured first in the laboratory and then again at intervals of several
months, after shipment to the field. The largest changes ever observed
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Fig. 1—Unequalized loss and delay characteristics.

in the back-to-back response were +0.2 dB and 0.2 ns with typical
changes being 0.1 dB and +0.1 ns, which compares favorably with the
measurement accuracy of +£0.1 dB and £0.1 ns.

The characteristic of a line is the difference between the back-to-back
response and the response with the channelizing networks and waveguide
inserted between the transmitter and the receiver. Since all measure-
ments are stored on tapes in the test set, differences are immediately
available. A comparison with the desired optimum response for the
channel established the required equalizer shape. Equalizers with the
appropriate shape were laser-trimmed and assembled typically within
one week by using a synthesis program available at Bell Labs, Holm-
del.

Figure 1 shows the measured characteristics of a channel in the 80-
GHz subband (solid curve) and the desired characteristics (dashed
curve). The fast ripples in the transfer function are due mainly to the
channelizing filters; the waveguide medium contributes negligibly to the
ripples. The results of equalization are shown in Fig. 2. Note that the
peak-to-peak variations in amplitude and delay after equalization are
about £0.5 dB and +1.0 ns and that the line equalizer has removed all
of the slowly varying distortion. This amount of residual variation is well
within our conservative allocation of up to £2.5 dB and 2.7 nsec.
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Fig. 2—Equalized loss and delay characteristics.
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Fig. 3—Equipment arrangement for field measurements.

The line equalizer is a separate unit. It is unique to the particular
location and particular line and is independent of the transmitter-re-
ceiver pair. Since the equalizer package is passive, it is not prone to fail;
should it fail, a duplicate can be made based on the original test data.
Therefore, the equalization test set is needed only during initial instal-
lation; it is not required as part of any maintenance and repair proce-
dure.

IV. ERROR RATE MEASUREMENTS

Since the WT4 system is a digital transmission system, the degradation
that it introduces becomes apparent in the form of bit errors. An error-
rate measurement is, therefore, an overall measure of system perfor-
mance and is of paramount importance. For this reason, error rate
measurements were made for a number of different system configura-
tions using an error-rate test set. A typical arrangement is shown in Fig.
3. At the transmitter the error-rate test set can generate a pseudorandom
pulse sequence of either length (211—1) or (215—1) and at the receiver
the test set can synchronize to either of these signals and detect any line
errors. With sequences of these lengths we can measure the effects of
intersymbol interference spread over as much as five to seven time slots.
The fixed attenuator after the transmitter and the variable attenuator
ahead of the receiver provided a means of varying the received power
so that error rate versus received power or versus signal-to-noise ratio

SYSTEM PERFORMANCE 2151



could be measured. As indicated by the dashed line, the performance
with or without the line equalizer could be measured.

Other arrangements were to measure the error-rate performance of
one channel while sending data over an adjacent channel or a harmoni-
cally related channel to determine the amount of adjacent and inter-
channel interference. Tests were also run with repeaters connected in
tandem to insure that electrical interfaces had been satisfactorily engi-
neered.

An error-rate objective of 1072 or less per repeater hop was set to insure
that a long-haul system encompassing as many as 200 repeaters would
have a very small probability of having an error rate which exceeded 106,
1076 being the long-haul error rate objective.

From these measurements the available gain of the repeater (G4) and
the required relative carrier power (RCP) for an error rate of 1072 could
be determined. G4 is an overall measurement of the repeater perfor-
mance and is given by

Ga=Pr—Pgr dB

where Pr is the output power of the transmiter and P is the minimum
receiver input power in dBm for an error rate of 1072, That is, G 4 is the
maximum attenuation that can be placed between the transmitter and
the receiver and still have the repeater operate at an acceptable error
rate. Since G4 is defined in this manner it inherently encompasses all
sources of degradation and all noise contributions and is the single most
important measure of repeater performance. G4 is defined for each
broadband channel and is, therefore, a function of frequency.

The minimum receiver input power Pg for a 10~2 error rate can be
written in a simplified manner as

Pr=Nr+NF+RCP dBm

where N is the thermal noise, at room temperature, in a bandwidth
equal to the signaling rate of 274.176 Mbaud and NF is the noise figure
of the receiver. RCP, the relative carrier power, is a comparative measure
of how large the carrier power must be relative to the actual noise level
in the signaling rate bandwidth, so that the repeater will operate at an
error rate of 1079,

RCP is made up of two parts. The first part, “theoretical minimum,”
is the RCP that would be required for an optimum transmission and
detection scheme. The second part, known as the “degradation,” is the
additional power that is required because none of the system elements,
such as the transmitter, channelizing networks, waveguide medium, or
receiver are ideal.

Table II is a summary of our measurements of required RCP. There
are three sets of measurements: (1) back-to-back in the laboratory, (ii)
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Table Il — Relative carrier power measurements

Back- Line Line RCP

to- unequal- equal- Ob- mar-

Fre&uency, back, ized, ARCP, ized, ARCP, jective, gin,
Hz dB dB dB dB dB dB dB
40.235 15.8 — — 174 1.6 22 4.6
40.760 14.7 — — 16.8 2.1 22 5.2
41.285 15.1 — — 16.1 1.0 22 5.9
53.910 15.6 17.6 2.0 16.4 0.8 22 5.6
55.085 154 20.2 4.8 18.3° 2.9 22 3.7
55.610 14.7 19.7 5.0 18.2 3.5 22 3.8
80.465 16.0 17.8 1.8 17.9 1.9 22 4.1
80.990 14.6 17.0 24 16.9 2.3 22 5.1
81.515 15.7 16.4 0.7 17.1 14 22 4.9
107.665 14.6 16.7 2.1 17.1 2.5 22 4.9
108.190 15.8 18.7 2.9 18.5 2.7 22 3.5
108.715 15.3 16.9 1.6 16.9 1.6 22 5.1

over the line without equalization, and (iif) over the line with equaliza-
tion. The ARCP columns are the increases in RCP above the laboratory
back-to-back measurements. For the lowest frequency channels there
are no “unequalized” measurements because the large amount of linear
delay distortion at these low frequencies precluded error rate mea-
surements without equalization. Note that the average RCP in the
back-to-back mode is about 15.2 dB which is 2.2 dB above the theoretical
minimum for DCPSK of 13.0 dB at an error rate of 1079, After equaliza-
tion, the average RCP is 17.3 dB for an average penalty of 2.1 dB above
back-to-back. Furthermore, even the worst channel (18.5 dB) is well
below our system design objective of 22 dB. Note that the line equalizer
is most effective for low frequencies where there is a large amount of
linear delay distortion and becomes less effective as the frequency in-
creases.

In a similar manner, Table III presents results of the error rate mea-
surements in terms of available gain. Here we show the transmitter power
(Pr) and the minimum receiver power (Pg) for 10~ error rate. The
available gain is G4. Note that in only one case, 107.665 GHz, are we
below our objective, and then only by 0.1 dB. This was due to higher-
than-expected loss in both the mixer and the phase shift modulator. Note
in general that we tend to have more margin at the lower frequencies due
to better mixer and phase shift modulator performance.

V. LEAKAGE AND INTERFERENCE

With 62 transmitters and 62 receivers connected to each end of every
transmission span, there are many opportunities for leakage and inter-
ference. The millimeter-wave channelizing filter two-pole response is
such that the adjacent channel leakage is only 14 dB down at the center
of the pass band. However, several field evaluation tests have shown no
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Table lll — Available gain measurements

Ga 4 Ga
Frequency, Pr, Pp, measured, objective, margin,

GHz dBm dBm dB dB dB
40.235 19.5 —59.1 78.6 72.6 6.0
40.760 19.9 —60.4 80.3 72.6 7.7
41.285 19.3 -59.3 78.6 72.6 6.0
53.910 17.2 —56.8 74.0 69.7 4.3
55.085 17.4 —54.5 71.9 69.5 2.4
55.610 16.9 —58.4 75.3 69.5 5.8
80.465 13.7 —54.0 67.7 65.2 2.5
80.990 13.1 —53.7 66.8 65.2 1.6
81.515 13.6 —56.2 69.8 65.2 4.6
107.665 10.3 -51.0 61.3 61.4 -0.1
108.190 11.0 —52.4 63.4 61.4 2.0
108.715 9.7 —54.9 64.6 61.4 3.2

Pr = transmitter power, dBm

Pp = received power for 10~9 error rate, dBm
G4 = available gain, dB

G A= PT - PR

measurable degradation due to the presence of an adjacent channel
signal. It is expected that a change to four-phase modulation will result
in only a small (less than 0.1 dB) increase in this degradation. Attempts
have been made to measure second harmonic output from field evalua-
tion test transmitters, but no energy has been detected with systems
capable of measuring to —65 dBm. Similarly, the field evaluation tests
have shown no measurable second harmonics. A series of nine different
field tests looking for image response and receiver response to the local
oscillator second harmonic has yielded only one detectable interfering
tone and no measurable degradations of the system response at a 102
error rate.

VI. BASELINE WANDER AND TIMING RECOVERY PHASE JITTER

The investigation of two phenomena, baseline wander and timing
recovery phase jitter, required a slight modification of the test setup as
shown in Fig. 3. Baseline wander is a term used to describe the degrading
effect of removing the low-frequency portion of the baseband signal by
utilizing ac coupling in the regenerator, a technique which greatly
simplifies the circuit design. The ac coupling used had a 3-dB cutoff
frequency of about 10 kHz and since a pseudorandom sequence of length
equal to 215—1 at a signaling rate of 274 Mbaud has frequency compo-
nents spaced every 8.4 kHz, a longer sequence was required to measure
the degrading effects. Similarly, the closed loop bandwidth of the timing
recovering phase-locked loop is also about 10 kHz and, therefore, again
required a longer sequence in order to test the degrading effects of bit
timing recovery phase jitter. A longer sequence was generated by cas-
cading two pseudorandom word generators, one of length 211—1, and the
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other of length 215 —1toform a word of length (215—1) (211—1) which is
approximately 226 and which has frequency components spaced every
4.1 Hz. Error rate measurements using first the short sequence (215—1)
and later the long sequence (226) indicated that neither baseline wander
nor phase jitter introduced any measurable degradation (less than 0.1
dB). Using the long sequence, the measured rms phase jitter was about
0.5 deg for a single repeater and was about 1.4 deg for a cascade of 10
repeaters. The phase jitter was measured by comparing the relative phase
of the clock output of a repeater and a highly stable reference clock in
the error rate transmitter. This phase jitter performance was very close
to what was anticipated and an extrapolation of this data indicates that
for a complete system of about 200 repeaters the rms phase jitter should
be less than 10°. This is quite acceptable considering the fact that the
digital multiplexers can easily handle phase jitter in excess of several
hundred degrees.

VIl. SUMMARY

In determining overall system performance, the available gain, G 4,
of the repeater, both in the laboratory and again in the field after in-
stalling the repeater, has been measured. Also, the relative carrier power
RCP (an important component in determining available gain) has been
measured under both conditions. The relative carrier power and, of
course, the available gain is a function of the measurement conditions;
i.e., if interfering tones or distortions of the transfer function shape are
present, then greater RCP is required to attain the error-rate objective.
Table II shows the measured RCP for the two conditions. The required
RCP for a 1079 error rate changed from about 15 dB to 18 dB primarily
due to distortion in the transfer function shape introduced by the
channelizing networks and the transmission medium. The available gain
would, of course, be correspondingly reduced by 3 dB.

In order to understand the significance of the measured available gain
of the repeater and the loss of the waveguide medium, we can make the
following calculation. At 40 GHz, 78 dB of available repeater gain was
measured in the laboratory. When the repeater was installed in the field,
there was a 2-dB reduction in available gain. Furthermore, when the
repeater was installed in the field, the RCP was about 17 dB. In our sys-
tem design we have assumed an RCP of 22 dB, which means a safety
margin of 5 dB above the measured value of 17 dB. This is more than
sufficient to take care of aging and additional interference that might
occur when all 124 channels are operating. Therefore, the available gain
that we should use for an installed two-phase repeater at 40 GHz is 71
dB. This was arrived at by taking the laboratory measurement of 78 dB
and subtracting the 2-dB reduction actually observed in field installation
and also subtracting the additional margin of 5 dB.
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This available gain must overcome the loss of the channelizing net-
works at each end, the loss of the waveguide medium, and the additional
loss that might be incurred during a waveguide repair. At 40 GHz the
loss of the channelizing networks is 7 dB and we have allowed 3 dB of
additional loss during the time the waveguide medium is being repaired
if it has been damaged and for route rearrangements.8 These two com-
ponents sum to 10 dB and when subtracted from the available gain of
71 dB mean that 61 dB of loss is allowed for the medium at 40 GHz. The
medium loss as measured is 1.0 dB/km at 40 GHz.” Therefore, 61 dB of
loss is equivalent to a repeater spacing of 61 km. A similar calculation
at 109 GHz yields a 62-km repeater spacing. Thus, we can conclude that
the field evaluation test system performance is more than adequate to
insure very large (in excess of 60 km) two-phase repeater spacing.

For future development of a commercial four-phase system, as dis-
cussed in Alsberg et al.,! the operating frequency band is being shifted
to 38-104.5 GHz. Laboratory tests of improved repeater circuitry indi-
cate that available gains ranging from 75 dB at 38 GHz to 59 dB at 104.5
GHz can be expected. This estimate of four-phase repeater available gain
means that we could expect a four-phase system to have a repeater
spacing of 50-60 km.
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WT4 Millimeter Waveguide System:

Field Evaluation Test—Transmission Medium
Achievements
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A 14 km length of WT4 millimeter waveguide, designed to operate
from 40 to 110 GHz, was installed in northern New Jersey and tested
during the AT&T wT4 field evaluation test. The waveguide trans-
mission medium has characteristics and requirements which are quite
different from those for existing Bell System facilities, such as coaxial
cable or microwave radio. Thus, a significant part of the field evaluation
test effort was devoted to the installation and characterization of the
waveguide transmission medium. The most significant transmission
medium achievements of the field test were: (i) demonstration of the
practicality of sheath and waveguide installation with standard con-
struction methods, (ii) low transmission medium losses which allow a
repeater spacing in excess of 50 km, (iit) theoretical prediction of
electrical losses from mechanical measurements of waveguide curv-
atures, and (iv) development of an experience and data base from which
losses for future waveguide routes were projected. The measured loss
of the 14-km-long field evaluation test waveguide line was approxi-
mately 1 dB/km or less across the 70 GHz band—the lowest losses for
a waveguide system yet reported in the world—uwhich confirms that
the installation methods used result in curvatures acceptable for a
commercial WT4 system.

. INTRODUCTION

The WT4 millimeter waveguide transmission system is a long-haul,
high-capacity digital transmission system. In order to prove-in the
various manufacturing, installation, and maintenance procedures of the
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WT4 system, a 14-km length of WT4 millimeter waveguide was installed
in Northern New Jersey and tested during the w4 AT&T field evalu-
ation test. The waveguide is supported on spring supports inside a pro-
tective sheath. The waveguide was inserted into the previously installed
sheath in several sections, called “pushes.” I The route, as shown in Fig.
1, began at the Long Lines main station in Netcong and terminated at
a temporary facility, Test Station A, in Long Valley, N.J. Two inter-
mediate manholes, which were required to support the transmission
medium measurements, were located at approximately 0.4 km and 8.6
km from the Netcong main station. The manholes would not be required
for a commercial WT4 system. A variety of route features, typical of those
expected for future installations, were encountered along the right-
of-way, some of which are listed below:

Push 1, mode filter section 1—steep grade and plan bends.

Push 4, mode filter section 6—Route 206 road crossing.

Pushes 4 and 5, mode filter sections 8 and 9—plan bends and swampy
areas.

Push 7, mode filter section 14—severe profile bends in part due to
a stream crossing.

Push 8, mode filter section 17—wet area and plan bends.

The installed WT4 transmission medium consists of 60 mm diameter
dielectric-lined circular waveguide with one 9-m-long helix waveguide
mode filter for approximately every 800 m of dielectric-lined waveguide.
Thus the field evaluation test waveguide line consists of 17 mode filter
sections each of approximately 800 m in length. The location of each helix
waveguide mode filter and each push are shown on Fig. 1.

The field test has proved-in the sheath and waveguide installation
procedures for future WT4 commercial applications. The most significant
transmission medium result of the field test was the realization of low
waveguide losses of approximately 1 dB/km or less across the band,
which allow a repeater spacing in excess of 50 km for a commercial wT4
system. The electrically measured transmission medium losses are dis-
cussed in Section III. The importance of being able to predict electrical
losses from mechanical measurements of the in-place waveguide cur-
vature was recognized early in the W4 development. The results of the
field test mechanical measurements are given in Section IV. Loss cal-
culations and their agreement with electrically measured losses are
discussed in Section V. Lastly, the field test has provided data and ex-
perience which further our ability to project losses for future waveguide
routes. Using field test curvature data and basic statistical models for
vertical and horizontal waveguide curvatures, a Monte Carlo computer
study was initiated. The initial results from this study for expected losses
and loss fluctuations of what is referred to in this paper as nominally
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“straight” waveguide sections are discussed in Section VI. In nominally
“straight” waveguide mode filter sections, the waveguide has random
curvatures due to manufacturing deviations and trench bottom rough-
ness. However, there are no curvatures due to plan bends or grade
changes in nominally “straight” mode filter sections.

Il. TRANSMISSION MEDIUM INSTALLATION

The field evaluation test transmission medium was constructed in two
basic steps. First, the protective steel sheath was constructed along the
right-of-way and buried, using methods similar to those used in ordinary
pipeline laying. Long Lines Northeastern Area craftspersons supervised
the sheath construction which was done by a pipeline contractor. The
waveguide was then inserted into the sheath in sections, referred to as
“pushes,” which ranged in length from 0.5 km to 2.5 km. The push points
are indicated on Fig. 1 along with the direction of each push. The Long
Lines Northeastern Area craftspersons operated the specially designed
waveguide insertion equipment. Thus, the sheath and waveguide in-
stallation procedures have been demonstrated to be practical for w4
commercial applications.2 The field test has also proved-in the wT4
transmission medium reliability and maintenance methods.5

Ill. ELECTRICAL RESULTS

Electrical loss measurements were made from the Netcong main
station as each push was completed and for the entire 14 km length of
the test. Briefly, a shutter in manhole 1 was used as the reference point
for the loss measurements of pushes 1-3, 1-4, 1-5, and 1-8 as described
in Ref. 6. Manhole 2 was the reference point for loss measurements for
pushes 6, 6-7, and 6-8. The accuracy of the loss measurement at 110 GHz
for the entire test length, pushes 1-8, is within 2 percent.®

Measured losses of individual pushes are desirable in order to compare
them with loss calculations and to determine the dependence of indi-
vidual push losses on the number and severity of route bends and grade
changes. Since the loss measurements are made in a field environment,
it is necessary to obtain them with minimum relocation of test equip-
ment. The individual push losses can be obtained from the loss mea-
surements on pushes 1-3, 1-4, 1-5, etc., as follows. The losses of separate
mode filter sections can be considered independent of one another be-
cause of the helix mode filters between sections. Thus, the loss at any
one frequency for individual pushes can be obtained from the above
measurements by subtraction. That is, the loss for push 4 is given by the
difference between the loss measurements of pushes 1-3 and those of
pushes 1-4.

The error associated with the measured loss at 110 GHz for individual
pushes is higher than the 2 percent loss measurement error quoted for
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Fig. 2—wT4 field test measured loss; 50-km loss ceilings.

the entire test length, pushes 1-8. The two primary contributors to the
error are the loss measurement test set error, as discussed in Ref. 6, and
the error incurred by the subtraction process described above. The error
in the measured losses at 110 GHz for pushes 5, 6, and 7 is estimated to
be about 10-15 percent. This figure is based on both the test set errors
and a comparison between the push 6 measured losses with the reference
short circuit in manhole 1 and manhole 2.

The measured loss for pushes 1-8, which is approximately 13.6 km
long, was approximately 1 dB/km or less across the 70 GHz band from
40-110 GHz. This overall field test loss measurement is shown in Fig.
2 along with the estimated transmission medium heat loss. The medium
loss ceilings, also shown in Fig. 2 for a 50-km repeater spacing, depend
on the channelizing network loss and on the available gain for the re-
peater as discussed in Refs. 7 and 8. Several notable observations can
be made from this figure. First, the transmission medium losses allow
a repeater spacing of 50 km or more across the entire 40-110 GHz band.
The losses of approximately 1 dB/km or less across the 70 GHz band are
the lowest losses for a waveguide system yet reported in the world.%19
These low system losses are the result of concentrated efforts to manu-
facture, with economical processes, very high quality waveguide, reduce
the curvatures which result from installation, and minimize the number
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Fig. 3—Measured loss for (a) push 6 and push 7, (b) push 6 and push 5.

of helix mode filters needed for spurious mode suppression.l:11 The high
quality of the manufactured waveguide is particularly reflected in the
fact that there is essentially no mode conversion loss at the low end of
the band. In fact, for all loss measurements made, the transmission
medium loss at the low end of the band consisted predominately of heat
loss as discussed further in Section V. Thus, the transmission medium
loss at the low end of the band is predictable.

The characteristics of the transmission medium loss at the high end
of the band are different. At 110 GHz, there is extensive mode conversion
loss both in dielectric-lined waveguide and in helix mode filters. At high
frequencies, the helix waveguide has much higher loss than the dielec-
tric-lined waveguide and, therefore, contributes significantly to the total
loss at 110 GHz. Mode conversion losses at the high end of the band are
sensitive to trench bottom roughness and route bends with the second
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order TMy; losses being especially sensitive.!2 Consequently, the
transmission medium loss at 110 GHz varied considerably from push
to push depending on the amount of trench roughness and the type of
route bends present. Since second-order TMy; mode conversion losses
had not been anticipated prior to the field test, the overall loss margin
at 110 GHz was smaller than that at 40 GHz. Notice also that this overall
loss margin at 110 GHz could be quite different for another route, de-
pending on the number and type of route bends present. Mode conver-
sion losses are discussed further in Section V.

The sensitivity of second-order mode conversion losses to route bends
is clearly illustrated in Fig. 3a , which compares the measured losses for
pushes 6 and 7. The measured loss for push 6, with only trench bottom
roughness and no plan or profile bends, is very low (about 0.6 dB/km at
110 GHz). On the other hand, push 7 had one plan bend and two severe
profile bends. The high push 7 loss (over 1 dB/km at the high end of the
band) reflects the large second-order mode conversion losses caused by
the severe profile curvatures.!? Figure 3b compares the loss measure-
ments for pushes 5 and 6. Push 5 had several plan bends and also has
significant second-order mode conversion losses.

Over the two-year period since the field test was installed, many
measurements of loss have been made both on the entire line and on
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shorter sections. Comparison of these measurements confirms the sta-
bility of the transmission medium losses as a function of time. The losses
measured at 40 GHz vary by less than 0.01 dB/km after correcting for

temperature variations. At 110 GHz, the variation is less than 0.02
dB/km.

IV. MECHANICAL RESULTS

Mechanical measurements of the installed field test waveguide ge-
ometry were also obtained and losses calculated from them. Power
spectral densities were calculated from the measured vertical and hor-
izontal curvatures, as a function of length along the waveguide axis.13
The power spectral density (PSD) of the curvature in the horizontal or
vertical plane of a given length of waveguide is the magnitude squared
of the Fourier transform of the horizontal or vertical curvature divided
by the total length of the waveguide. Each component of mode conver-
sion loss listed below is directly related to either the mean-squared
curvature or to the mechanical PSD of curvature or of functions of hor-
izontal and vertical curvatures as given below:

() Helix loss: mean-squared horizontal and vertical curvature.l4

(it) TMyy, TEq2loss: S¢, = PSD of horizontal curvature, Cp(2), and
S¢, = PSD of vertical curvature, C, (2).1%

(i) TMa; loss: Scp—cz = PSD of the function Ci(z) — C2(z) and S¢,c,
= PSD of the function C(z)C,(z).12

The individual loss components are discussed in greater detail in Section
V. The power spectral densities (Sc,, Sc,, Scg—cz, Scic,) were computed
for each mode filter section in the field test and then averaged to obtain
average power spectral densities for the entire test length. Figures 4 to
7 show the average power spectral densities, Sc,, Sc,, Scg-cz and Sc,c,s
of the installed waveguide for the 14-km-long test. The mechanical
frequency ranges which determine the most significant losses in the wT4
band are indicated on each figure. These ranges, for the appropriate
spectra, are

0.33 ¢/m (110 GHz) to 0.51 ¢/m (51 GHz) for TM1;
0.50 ¢/m (110 GHz) to 1.5 ¢/m (40 GHz) for TE;»
0.04 ¢/m (110 GHz) to 0.80 ¢/m (40 GHz) for TMa;

The average vertical spectrum in Fig. 4 is relatively flat out to about
0.1 ¢/m where it drops off rapidly. This low-frequency vertical curvature
(below 0.1 ¢/m) is due primarily to trench bottom roughness and the
cutoff is due to the mechanical filter of the waveguide support system.!
Vertical curvatures at higher mechanical frequencies are associated with
manufacturing curvatures in the waveguide and distortions at cou-
plings.!! The low, 1078 1/m2/c/m level of the vertical spectrum above
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0.5 ¢/m confirms the high quality of the manufacturing and couplings
of the waveguide. A vertical spectrum level of 1078 1/m2/c/m at 0.5 ¢/m
corresponds to a loss of only 0.022 dB/km at 110 GHz due to TE;3 mode
conversion.

The shapes and levels of the spectra are directly related to route fea-
tures. Profile curves have short arc lengths (less than 30 m) which tend
to increase the level of the entire vertical spectrum. However, the
waveguide support system filters out most of the increased curvature
above 0.1 ¢/m. To illustrate, Fig. 8 compares the vertical spectra from
mode filter section 12 and mode filter section 14. Mode filter section 12
is in push 6, which is “straight,” while mode filter section 14 is in push
7, which had severe profile curves. Notice a difference in the vertical
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spectra of at least one-half a decade at mechanical frequencies below 0.1
¢/m. The difference between these spectra is clearly demonstrated by
their respective rms curvatures. Mode filter section 12 has a rms cur-
vature corresponding to a 326 m radius of curvature, whereas the rms
curvature for mode filter section 14 corresponds to a 170 m radius of
curvature.

Horizontal power spectral densities are affected by plan bends. Unlike
profile bends, plan bends usually have long arc lengths (100-200 m) with
gradually tapered curvatures into and out of the bends. Therefore, in
the horizontal spectrum, a plan bend appears as a narrow peak, much
like a delta function, with most of the energy below 0.02 ¢/m. Figure 9
compares the horizontal spectra for push 5, which had several plan bends,
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with that for push 6 with no plan bends. Notice the high peak (about
5 X 1073 1/m?2/c/m at about 0.002 c/m in the push 5 horizontal spec-
trum.

V. LOSS CALCULATIONS

The WT4 transmission medium losses for the test route have been
calculated from mechanical measurements of the in-place waveguide
curvatures. Comparison of loss calculations and measured losses for the
entire test length and most individual pushes has yielded good agree-
ment. The transmission medium loss calculations include the following
loss components:

(z) Heatloss

(i1) Additional attenuation due to helix mode filters

(iit) First-order mode conversion losses (TM;; and TE;3 modes)
(fv) Second-order mode conversion losses (TMs; mode).

Mode conversion losses to other modes have been calculated from ge-
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ometry data of manufactured waveguide and found to contribute less
than about 3 percent of the total loss and are therefore omitted from the
loss calculations. Each loss component is discussed below and is shown
on the estimated field test loss curves on Fig. 10.

The transmission medium heat loss is estimated by the formula

a + a X 0.20(f/100)1-5

where « is the theoretical ochmic loss, f is the electrical frequency in GHz,
and the second term represents additional loss due to copper roughness
or surface imperfections. The transmission medium heat loss estimate
agrees with laboratory measurements at both the low and high ends of
the band. The heat loss estimate of .32 dB/km at 110 GHz may be high
by, at worst, 10 percent due to mode conversion losses which may have
been included in the laboratory measurements. The heat loss estimate
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of 1.03 dB/km at 40 GHz has been confirmed by the field test loss mea-
surements and, notably, is significantly lower than had been anticipated
at the beginning of the wT4 development. The measured heat loss at 40
GHz is only 6 percent above the theoretical limit for copper and is con-
firmation of the high-quality copper plating process.

A direct loss estimate for each helix mode filter in the test from its
measured curvature is difficult since the mode filter is only 9 meters long
and because the curvatures at its ends are nonzero. Therefore, known
methods of calculating loss in helix waveguide are not applicable, ne-
cessitating the use of an approximate estimate of the mode filter losses.
The helix mode filter loss estimates include loss due to both manufac-
turing curvatures and curvatures associated with placing.

The helix manufacturing loss was estimated from loss calculations,
using the results of Young,!® and measurements of a string of six precisely
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aligned, 4.5-meter-long helices which are representative of the test
helices. The resulting average helix manufacturing loss was 3.6 dB/km
at 110 GHz. Further measurements of field test helices has indicated a
possible range of manufacturing loss from 2 dB/km to 10 dB/km at 110
GHz. The source of the large variation in the manufacturing loss for helix
waveguide has been identified and will be corrected for the commercial
WT4 system.

Helix placing losses were estimated from the mean-squared curvatures
measured for each mode filter.14 The estimated helix placing losses
varied from 2 to 20 dB/km at 110 GHz for the test mode filters. The total
helix mode filter loss was then estimated by the sum of the average helix
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manufacturing loss (3.6 dB/km at 110 GHz) and the helix placing loss
derived from the measured mean-squared curvature for each mode filter.
Therefore, the total helix losses represent our best estimate of the mode
filter losses but may be in error by as much as 50 percent for any one
mode filter. A large part of this 50 percent error is due to the fixed 3.6
dB/km estimate of helix manufacturing loss at 110 GHz for each mode
filter. However, the predicted helix loss for the entire field test is better
and is estimated to have an error of 20 percent or less.

First-order mode conversion losses are directly proportional to the
vertical and horizontal power spectral densities, which are calculated
from mechanical measurements.13:1> Modes in circular waveguide can
be generated in two polarizations depending on the plane of curvature,
as discussed by Carlin and Moorthy.!2 The symbols 1 and — represent
the horizontal and vertical polarizations, respectively. The largest pro-
portion of the first-order losses is usually due to the TM;;— (generated
by vertical curvature) mode. The error in the first-order loss calculations
is estimated at less than 10 percent, based on comparisons of these first
order loss calculations and direct numerical solutions of the coupled-line
equations. Second-order TMg;t and TMy;— losses are approximated
by expressions which are proportional to the power spectral densities
of C2(z) — C2(z) and Cy(2)-C, (2).12 Some TMy; second-order loss results
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from trench bottom curvatures, but plan or profile bends increase the
TMs; losses dramatically, as was seen in Fig. 3. These second-order TMy;
loss calculations are estimated to be accurate to about 20-25 percent
except at very high loss peaks as in push 7 at 113 GHz. Comparisons of
second-order mode conversion loss calculations to exact solutions are
discussed by Carlin and Moorthy.12

Figure 10 gives the upward cumulative loss break-down calculation
for the 14 km long test with each curve labeled according to the compo-
nents listed above. Notice that the steeply rising second-order TMg,;
losses comprise about % of the total mode conversion loss at the high end
of the band. This loss calculation agrees well with the electrically mea-
sured test losses shown in Fig. 2. The error between estimated and
measured losses for the entire test length increases from about 0.02 -
dB/km at 85 GHz to about 0.09 dB/km at 117 GHz. The rate of increase
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Fig. 11 (continued)

for this error is roughly proportional to the fifth power of frequency,
indicating that the majority of the error is in the perturbation loss cal-
culations rather than in the helix loss estimate.

Figure 11a compares the estimated losses for pushes 6 and 7. Push 6
has no plan or profile bends but push 7 has two severe profile bends and
therefore has significant second-order mode conversion loss. The push
7 loss estimate compares favorably to the measured losses in Fig. 3 except
at peaks at the high end of the band and especially at the very high loss
peak at 113 GHz. The error between peaks in the estimated and mea-
sured losses for push 7 is probably due to the overestimation of the TMa;
loss.12 The shape of the push 6 loss estimate agrees with that of the
measured losses but is higher than the measurement by about 0.03
dB/km at 60 GHz to about 0.05 dB/km at 110 GHz. This difference may
be due to an overestimate of the helix loss or to the errors associated with
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the measured losses for a single push as discussed in Section III. Figure
11b compares the loss calculations for pushes 5 and 6. The shape of the
estimated loss for push 5, which has several plan bends, agrees well, over
most of the band, with the measured loss shown in Figure 3b. Again the
estimated loss is higher than the measured loss at loss peaks for push 5,
which is probably due to an overestimation of the TMo; losses. In general,
the rest of the pushes showed similar agreement between calculated and
measured losses, as does the overall loss estimate for the entire test
length.

VI. STATISTICS OF SPECTRA AND LOSSES

The field test transmission medium curvature measurements have
also established a data base for projecting waveguide losses of future w4
routes. Field test mechanical curvature measurements of in-place
waveguide, combined with basic statistical models of curvature, were
employed to perform a Monte Carlo computer simulation of waveguide
losses. The statistical models used and details of the study are discussed
below. The results of the study were estimates of expected losses and loss
fluctuations from the TMy1, TE{s, and TMg; modes in dielectric-lined
waveguide for a nominally “straight” mode filter section.

For a nominally “straight” waveguide right of way, the curvatures in
the horizontal and vertical planes are stationary Gaussian random
processes.13 Thus, their vertical and horizontal curvature spectra, at each
mechanical frequency, are each distributed as Chi-Squared random
variables with two degrees of freedom. Since first-order mode conversion
losses are directly proportional to the vertical and horizontal spectra,
the Chi-Squared model for these spectra yields estimates of their loss
fluctuations. However, the second-order mode conversion losses are
approximately proportional to Scg—cz and Sc,c,. The distributions of
the spectra of C3(z) — C2(z) and C,(z)C,(2) do not readily lend them-
selves to analysis since neither C3(z) — C2(z) nor Cp(z)C,(z) can be
assumed to be Gaussian random variables. To estimate the magnitude
of loss fluctuations for second-order mode conversion losses, a Monte
Carlo computer study was performed. The horizontal and vertical spectra
from seven nominally “straight” mode filter sections of the test were
separately averaged to obtain an average Sc, and an average Sc, for
“straight” mode filter sections. From these averaged spectra and a
pseudorandom number generator, sets of vertical and horizontal curv-
atures were obtained.

The results of this study of nominally “straight” mode filter sections,
were that the Scz—cz and Sc,c, were each approximately distributed
as a Chi-Squared random variable with two degrees of freedom. A typical
quantile-quantile plot of the quantiles of the 140 samples of Scz—c3 vs.
the Chi-Squared-2 quantiles is shown in Fig. 12.17 This particular QQ
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Fig. 12—QQ plot of TMoy; losses at 110.22 GHz vs. x4 quantiles.

plot shows the distribution of the Scg—¢3’s at 0.04 ¢/m mechanical fre-
quency, which corresponds to 110.22 GHz for the TMs; mode.

In addition to ascertaining the approximate distributions of the sec-
ond-order mode conversion losses, estimates of the total expected losses
and loss fluctuations were obtained. The results of the Monte Carlo study
for nominally “straight” mode filter sections indicate that almost all the
mode conversion loss in dielectric-lined waveguide is due to the TM;;—
mode (generated by vertical curvature) and the TMy; 1 mode which is
generated by the curvature function C7 — C2. The estimated expected
values of these losses at 110 GHz are about 0.2 dB/km for TM;;— and
0.16 dB/km for TMa;1. The other modes (TE;2t, TEo—, TM;:1, and
TM,;—) yield a combined mode conversion loss of about 0.05 dB/km
at 110 GHz. The expected losses for each mode from 100-110 GHz are
shown on Fig. 13. As shown in Fig. 13, there is a TM;;— loss peak of
about 0.1 dB/km at 110 GHz. This loss peak is due to a peak in the ver-
tical spectrum at 0.33 ¢/m and is also evident in the measured losses
discussed in Section III. The peak occurs in the vertical spectra of most
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mode filter sections and is believed to be a harmonic of either the tube
length or the sheath length. The loss peak at 106 GHz is also due to a
harmonic of the tube or sheath length.

Loss fluctuations are also important parameters for future w4 sys-
tems. The distribution of loss for a 50-km-long repeater span has more
than 100 degrees of freedom since it consists of more than 60 independent
mode filter sections each with at least two degrees of freedom. Therefore,
a 3o repeater span loss is, approximately, at the 99.9 percent confidence
level where ¢ is the standard deviation of loss at any one frequency. Also
shown on Fig. 13 is the “3¢” loss based on the loss fluctuations of the
Monte Carlo study and a 50-km repeater span consisting of sixty-two
800-m-long, nominally “straight” mode filter sections. This “30” loss
includes empirical fluctuations from both polarizations of the TMj;,
TE;s, and TMs; modes in dielectric-lined waveguide and is about 0.53
dB/km at 110 GHz. Any practical route would contain both plan bends
and grade changes along with their associated increases in loss and loss
fluctuations. Therefore, Monte Carlo studies for mode filter sections
containing plan and profile bends are currently in progress.

Preliminary results for mode filter sections containing a single 90
degree, 81 m radius-of-curvature plan bend indicate an added loss of 0.23
dB at 110 GHz for the plan bend. The Monte Carlo results also showed
that the added loss for the plan bend is a rapidly increasing function of
frequency which increases about as frequency to the seventh power. The
distribution of the total mode conversion loss in a mode filter section with
a plan bend differs from that of a nominally “straight” mode filter section
in that the loss is now primarily due to three polarizations: TM;;— and
both polarizations of the TMs; mode. In nominally “straight” mode filter
sections, the loss is primarily due to only two polarizations, TM;;— and
TMo;t. However, the loss in each particular polarization is still ap-
proximately distributed as a Chi-Squared random variable with two
degrees of freedom, as were the individual polarization losses in nomi-
nally “straight” mode filter sections.

VIl. SUMMARY

The field evaluation test results discussed in this paper have led to
an increased understanding of the characteristics and requirements of
the transmission medium for a commercial WT4 system. The wT4 field
evaluation test has:

() Demonstrated the practicality of sheath and waveguide instal-
lation procedures.

(i1) Achieved a transmission medium loss which allows a repeater
spacing in excess of 50 km.
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Fig. 13—Expected loss and “3¢” loss for nominally “straight” mode filter sections.

(iit) Successfully predicted electrical losses from mechanical mea-
surements of in-place waveguide curvatures.

(iv) Established an experience and data base from which to project
transmission medium losses for future waveguide routes.

Monte Carlo studies for mode filter sections with no route bends have
established a statistical model for waveguide losses in these nominally
“straight” sections. The higher losses and loss fluctuations associated
with route bends affect repeater spacings, and are therefore also being
evaluated using Monte Carlo techniques. A statistical model for wave-
guide losses has been established for mode filter sections with a single
plan bend. Additional Monte Carlo studies are underway to determine
expected losses and loss fluctuations for waveguide routes which have
both plan and profile bends.
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WT4 Millimeter Waveguide System:

Waveguide Medium Manufacturing Process
Research and Development

By M. P. ELEFTHERION
(Manuscript received July 15, 1977)

The Western Electric Engineering Research Center (ERC) conducted
the research and development effort necessary to establish the wave-
guide medium manufacturing process technology. The Forsgate Lab-
oratory staff was involved in product design, process research and de-
velopment, facility development, setting up a pilot plant, and gaining
valuable manufacturing experience. The development of a low-loss
transmission medium was a key part in establishing the overall w4
system capabilities.

. INTRODUCTION

1.1 Project objectives

Full-scale development of the w4 millimeter waveguide system was
authorized in 1969. Bell Laboratories, charged with overall system re-
sponsibility, requested that the Western Electric Company participate
in a joint program to develop the waveguide medium technology.
Western Electric involvement was deemed extremely important because
it was impossible to separate the design and processing problems and
because the overall system economics was tied directly to the manu-
facturing process capability of the medium.

The Western Electric Engineering Research Center (ERC) initiated
project involvement late in 1969 and outlined the major objectives:

() To develop the manufacturing process technology for fabricating
waveguide both economically and reliably,

(it) To fabricate the waveguide for various Bell Labs evaluations and
the field evaluation test.

2179



With the major objectives defined, effort initially was directed toward
solving the problems of organizing a staff and providing the space and
facilities for conducting the research and development effort. The goal
of a system trial planned for 1974 posed a formidable challenge for the
ERC technical staff both in technology development as well as waveguide
fabrication. The project would involve product design, process R&D,
facility development, setting up a pilot plant, and gaining valuable ex-
perience in manufacturing. Essentially, the ERC had the responsibility
of a Product Engineering Control Center (PECC) and was totally ac-
countable for shipped product.

1.2 Organization

The overall waveguide effort was assigned to an assistant director at
the ERC. The initial organization of a waveguide R&D staff involved the
selection of personnel with both extensive academic experience and
manufacturing process development from previous Western Electric
plant experience. It was anticipated that the blending of both types of
personnel would permit the developments to move at a more rapid
pace.

An initial staff of 7 in 1969 grew to 27 by 1971. This period was directed
toward highlighting the technical problems, setting up experimental
facilities, and starting the initial research and development effort. By
1973, the staff increased to 42 with the addition of some personnel from
the Western Electric-Kearny Works. The Kearny Works had been given
the waveguide medium allocation through the planned field evaluation
test. The period from 1973 included the final process development, pilot
plant equipment development, and the preparation for pilot plant
production. The addition of plant development engineers from Kearny
was planned to provide an orderly transition of responsibility from de-
velopment to high-volume manufacture.

1.3 Forsgate Laboratory considerations

The next step in the overall planning involved obtaining adequate and
suitable space for the medium research and development. Initial space
studies indicated that approximately 50,000 ft2 of floor space would be
required to provide for process research and development and waveguide
fabrication. Considerations on space included:

Process flow Waste disposal
Facility requirements Support services
Personnel requirements Transportation needs
Plant services Duration of project
Building height Geographic location
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Fig. 1—Forsgate Laboratory.

Since space was not available at ERC, other alternatives were neces-
sary. Investigations covered possible space at Western Electric locations
such as Kearny and Baltimore. In addition, several leased facilities were
also investigated. After considerable effort, it was determined that a
leased site, approximately 18 miles from ERC in Monroe Township, New
Jersey, offered the most flexibility relative to both project and geographic
considerations.

The location designated as the Forsgate Laboratory was leased and
initially occupied during mid-1970. The building as shown in Fig. 1 in-
cluded only the basic structure which allowed for the layout of the fa-
cilities for the most reasonable processing sequence. The ultimate layout
of 44,000 ft2 allowed for separate helix and dielectric-lined waveguide
areas and for a separate measurement area. While this space satisfied
the processing needs, an additional 16,000 ft> was subsequently required
for waveguide electrical testing, packaging for sheath insertion and
shipment to the field. This space was leased from the Kearny Works.

Il. TECHNICAL EFFORT
2.1 Overall dielectric waveguide processing

As noted in a previous article,l-2 the waveguide system will use two
types of waveguide, namely, helix and dielectric-lined. Since the di-

electric-lined waveguide is to be used as the main transmission path (~99
percent), the major portion of the technical discussion will cover only
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Fig. 2—Dielectric-lined waveguide processing.

developments in this area. The processing steps that evolved relative
to dielectric-lined waveguide are outlined in Fig. 2.

At the start of the project, the major manufacturing processing
problems included:

(f) Need for precision tube and measurement technology.

(t7) Need for precision copper plating and surface preparation.

(tir) Need for low loss/reliable dielectric lining process.

(iv) Need for low loss/reliable method for flange attachment and
machining.

Considerable effort for each item shown in Fig. 2 has been expended
relative to design, process, and facility feasibility. For example, the tube
fabrication program advanced the state of the art of tubing manufac-
turing, yielding tubes of much higher geometric precision than available
in the general trade. The in-house development of copper plating tech-
nology demonstrated the precise control over long lengths. The melt
bonding process of diélectric lining included two stages of development.
The first stage required the development of thin-walled precision di-
electric tubing using low-loss pellets of high-purity polyethylene mate-
rials. The second stage required the development of a reliable method
of bonding. Methods for flange attachment resulted in the selection of
electron beam welding to provide low distortion, highly reliable fusion
joints. The evolution of precision machining methods resulted in
waveguide sections that exhibited very low mode conversion losses. This
was mainly due to the excellent section-to-section tilt and offset align-
ment. The extensive development of mechanical and electrical mea-
surement concepts resulted in facilities for on-site tube measurements
and low-loss guide testing. The packaging effort resulted in concepts that
provided for ease of waveguide shipment and installation. All of the
Forsgate developments contributed to the successful processing of
low-loss waveguide. Due to the space limitations, only two of the areas
noted will be discussed. The main consideration in the subsequent
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COMMERICAL

TUBE PARAMETERS TOLERANCE, mm INITIAL SPECIFICATION, mm
Inside diameter 8.8 x 102 1.3x102
Ellipticity 35x 10" 2.0x 1073
Minimum radius of curvature 2.1x 105 7.6 x 10*5

Fig. 3—Initial tube tolerances (51 mm).

technical discussion is to note the detailed method of technology research
and development and the associated results.

2.2 Tube development

The need for a precision tube with extremely close control of curvature,
diameter, ellipticity and other forms of geometric distortions is high-
lighted in another article of this issue.2 Prior to the involvement of the
ERC, it was recognized that domestic tube mills did not possess the
technology to manufacture waveguide tubes with requirements as noted
in Fig. 3.

ERC staff members visited various tube mills aimed at evaluating the
tube-making capability as well as the technical capability of the tube
fabricator. As a result, a tube fabricator was selected for on-site evalu-
ations. An extensive analysis of the tube processing operations showed
that the final operation of roller straightening was the most critical el-
ement in controlling the geometric tolerances. As a result, a roller
straightener was completely overhauled, installed and dedicated solely
for the waveguide project at the tube mill. Detailed studies on this facility
showed that the roller shape was one of the dominant machine param-
eters controlling the final tube geometry.

In the straightening process as shown in Fig. 4, a tube passes through
three sets of rollers rotating around its center line. The first and last set
of rollers are in a fixed position with respect to the reference axis of the
tube. The center pair of rollers is vertically offset from the reference axis.
As the tube passes through the three sets of rollers, each element of the
tube undergoes a complex pattern of bending stress reversals producing
the desired straightening. During the process the tube is driven forward
and turned by the rotation of the rollers which are at an angle to the tube
axis.

As outlined, the rotary straightening operation has inherent difficulties
that produce undesirable distortions in the cross-section of the tube.
Conventional rollers, designed to work over a wide range of tubing sizes,
do not distribute the load evenly over the contacted tubing, producing
load concentrations at the tubing surface. The high load concentrations
propogate through the tube wall producing a helical pattern of defor-
mation on the inner surface of the tube.
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Fig. 4—Roller straightener.

The roller-tube interaction shown in Fig. 5 was studied by P. F. Lil-
ienthal, ERC, in order to mathematically describe a roller geometry
having a line of contact over which the applied load could be distributed.
The objective of the effort was to develop a roller contour which would
allow uniform load distribution over the length of the roller.

An examination of the geometry of the horizontal plane at distance
2o from the center of the roller denotes the elliptical cross section of a
tube having center coordinates of x,o,z¢. Tangent to this ellipse is the
undetermined radius R of the corresponding roller cross section. The
coordinates of the tangency point are x,y,z¢. The center of the elliptical
tube section is located at

Xo = Rl + Rg (1)
— %20
Yo tanf

The equation of the circular cross section of the roller at plane z = 2
is

x2+y2=R? 2
and the corresponding expression for the ellipse is

(x — x0)? + v —y0)? _

a? bz

where a = Ry and b = Ry/sinf. As is shown in Fig. 6, both the circle and
the ellipse have a common tangent at point (x,y,z¢). Therefore,

d

dy
- x’ ’Z =
dx | TV gy

circle ellipse

1 3

x,,20 (4)
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To e )
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When solved for x, eq. (5) yields
xqyb?2
. 6)

T Yb2—a?) + yoa?
Substituting (6) into (3), we get

9 Yy = Yo ]2 & =y0?*_
*oa [y(b2—a2)+y002 e Tl @)

which, in turn, can be expressed as
Ay*+By3+Cy2+Dy+E=0 (8
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Fig. 6—Curvature results.

where A, B, C, D, and E are coefficients determined by the known pa-
rameters such as xq,v,0. The coordinate of the tangency point is y.
Equation (8) yields four roots when solved for y, two of which are
complex.
One of the two real roots, only the one at point (x,y,z¢), Fig. 6, where
the ellipse and the circle have a common tangent, is used. Solving eq. (3)

for x, the result is:
—xo—a\/1- (2220) (32)° (©)

In this manner, the tangent point coordinates x,y,zg are determined,
and the radius of the roller at the given plane is computed by eq. (2). The
longitudinal cross section of the roller is obtained by computing a series
of R values for incremental distances from the origin of the coordinate
system (0,0,0). A computer program is used to calculate the coordinates.
The roller contour is then described by closely spaced points whose
coordinates comprise arbitrarily chosen z values and their corre-
sponding R distances from the z axis.

The roller contour was computed for the straightener and N/C tapes
were made at the ERC using the coordinates as input for the program
routine.

The validity of the concept and the accuracy of the method were
verified on small scale aluminum rollers and a full-size wooden roller.
Six rollers of the ERC design were produced for experiments and use at
the tube mill. The rollers were successful in producing tubes with greatly
improved straigh tness by heavily suppressing the amplitude of the he-
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Fig. 7—Curvature gauge.

lical indentations normally introduced by the straightener process.
Figure 6 compares early curvature measurements taken on waveguide
tubing during trial runs using the standard roller designs in conjunction
with a straightener which had not yet been optimized for waveguide
tubing. The tubes typically had large helical impressions and poor
straightness. The tubes processed on the specially designed rollers had
no trace of helical deformations and showed an order of magnitude im-
provement in straightness. In addition, improvements in diameter
control were also achieved over the same period. This was in part a re-
sponse to the new roller design and also a result of improved methods
of tube fabrication preceding the final rotary straightening operation.

The critical importance of tube geometry to transmission performance
makes extremely accurate measurements as essential part of the wave-
guide medium evaluation program. A second aspect of the tube evalua-
tion program involved the development of precision measurement fa-
cilities for use at the tube mill or at the waveguide fabrication plant.
Gauges for measuring both the curvature and diameter of the tubing
were developed.

The following discussion will center only on the curvature gauge.

The basic curvature gauge shown in Fig. 7 consists of a rigid frame
maintaining two reference points and a displacement probe in fixed
positions with respect to one another. In operation the curvature gauge
is inserted into the waveguide tube contacting the inner tube on dia-
metrically opposed lines by means of the two 3-point structures. All three
points contact the surface but during measurement the middle point,
which contains a linear variable differential transformer (LVDT), is
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Fig. 8—Measurement system.

displaced with respect to the other two points. This displacement of the
probe is proportional to the curvature of the tracked path.

The curvature gauge was incorporated into a system consisting of the
gauge, drive mechanisms, and the control system. The system signal flow
is shown in Fig. 8. The LVDT displacement probe generates a modulated
ac signal which is demodulated, amplified, and directly recorded. The
time-domain analyzer is used to compute root-mean-square curvature.
The data acquisition system records curvature behavior for use in pre-
dicting transmission losses. The program and hardware for the system
as noted were supplied by Bell Laboratories. The sequence of data
gathering and analysis is as follows:

() Acquire and store curvature data to a maximum of 1024 points
(one data word per centimeter of gauge displacement).

(i1} Compensate data record by means of a cosine taper.

(iii) Perform statistical detrending and filtering of the record.

(v) Perform 1024-point fast Fourier transform on data record.

(v) Convert corrected transform to power spectral density (PSD).

(vt) Output curvature power spectral density to x—y recorder, plotting
the PSD from 0 to 50 cycles per meter.

Figure 9 shows a comparison of the output curvature PSD before and
after the roller-straightening operation.

The roller straightener effort and the development of very precise
measuring equipment resulted in optimizing the overall tube processing
at the tube mill. This combined effort resulted in a tube yield improve-
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ment from less than 50 percent to approximately 90 percent by the end
of the field evaluation test.

2.3 Electrodeposition of copper for waveguide tubes

A second key development area involved the electrodeposition of
copper on the interior surface of the millimeter waveguide tubes. The
use of copper as a conducting surface is based primarily on achieving low
ohmic losses, while achieving a high degree of reliability. The objectives
of the effort were outlined as follows:

(z) Control average diameter variation within extremely tight tol-
erances.

(i1) Maintain the plated surface finish to less than 35 microinches
rms.

(iii) Deposit a continuous, nonporous, high-conductivity copper
layer.

(iv) Provide a deposition with excellent adhesion to the steel.

(v) Establish technical feasibility of plating long lengths.

(vz) Develop process suitable for future high volume production with
low cost and high reliability.
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Initial effort was directed toward obtaining plated tubes from outside
suppliers. It was quickly determined that the technical capability for
meeting the above requirements did not exist. As a result, the ERC pro-
ceeded at an accelerated pace to develop an in-house capability. The
overall technology in this area was developed by D. J. Fineberg, R.
Haynes, and W. E. Rapp.

Initial effort directed at vertical plating was followed by the devel-
opment of a horizontal plating system. The horizontal system shown in
Fig. 10 consists of a hollow stationary copper anode inserted into the steel
tube. In operation, the electrolyte is circulated through the annulus
between the tube (cathode) and the anode while the tube rotates. To
prevent short-circuiting, the stationary copper anode and rotating
cathode are separated by an insulating rod helically wound around the
anode. The ends of the spacer are positioned in grooves in the stationary
components of the head and tail stock assemblies, thus preventing
rotation of the spaces. The tube is inserted into a sleeve fastened to the
drive motor pulley.

Electrical connections between the rectifier and the exterior tube are
made through copper blocks contoured to the outer diameter of the tube.
Under operating conditions, 90 percent of the current is consumed for
copper deposition. The 10 percent current loss is a result of a side reac-
tion which evolves hydrogen gas at the cathode.

To ensure permanent adhesion of the deposited copper, the steel tube
must be thoroughly cleaned and the surface chemically activated before
plating. The cleaning solution must be compatible with the metal being
processed. A cleaning process that does an excellent job of oil removal
but severely attacks or even slightly etches the metal surface is unde-
sirable. The millimeter waveguide bore requires a surface finish of less
than 35 pin. rms. To maintain this preplating finish, the cleaning pro-
cesses should not etch the steel substrate. Inspection of the tube after
the cleaning operation is made more difficult by the fact that no visual
observation of the surface is possible since the solutions are circulated
through a closed system.
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The first step is a soak cleaning in an alkaline solution at 160°F for
10 minutes to remove the oils and lubricants applied at the tube mill.
This step is followed by draining and rinsing. Since the steel tubes are
not heavily oxidized, a mild acid is sufficient to neutralize the residual
alkaline chemicals from the preceding step and to remove any light oxide
film from the steel substrate. After the pickling operation, the tube is
drained and rinsed.

The final step is a sodium cyanide rinse for 3 minutes at room tem-
perature. This accomplishes two things:

(i) It inhibits tarnishing of the activated steel substrate resulting
from an inadvertently long dwell time between cleaning and plating.

(it) It neutralizes the residual acid salts and, as a result, prevents their
carryover into the plating solution.

The copper anode with its insulating spacer is inserted into the
cleaned, wet tube and both are loaded into the plating machine. The end
connections are fastened and the hot copper cyanide plating solution
is pumped through the rotating tube at a flow rate of 25 gpm. When the
tube reaches the operating temperature of the plating solution, the
rectifier is turned on. Upon completion of the specified plating cycle,
the rectifier automatically shuts off, the electrolyte is drained, and the
tube rinsed in cold and hot water. After unloading the plated tube from
the plating machine, the anode and spiral are removed. To dissolve re-
sidual plating salts, the waveguide tube is again cleaned with a sodium
cyanide solution for 3 minutes at room temperature. The tube is then
rinsed and dried.

The uniform current density distribution and therefore uniform
plating is assured through the rotation of the tube and uniform mixing
of the solution throughout the tube. The rotational speed, spiral di-
mensions, and the plating time (12 minutes for a 10-micron thickness)
tend to minimize the periodicity. This occurs from the mechanical action
of the insulator on the copper plate. The current density, fluid flow
pattern, and temperature are coupled process parameters to insure a
minimum effect of secondary current distribution on the copper thick-
ness control.

The cathodic deposition efficiency is greater than 90 percent. The
anode, which is a copper tube (25 microns in diameter), is dissolved at
close to 100 percent efficiency and is used to plate an average of 75 steel
tubes. The cathode-to-anode ratio begins at 5.58 and decreases to
14.29.

Waveguide tubes plated with this system showed uniform thickness
with no significant diameter variations. Figure 11 shows the thickness
results of the horizontal plating facilities at 0°, 90°, 180° and 270° po-
sitions around the diameter. The average thickness was controlled to
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Fig. 11—Plating thickness results.

approximately 16 microns with a variation of £2 microns. The devel-
opments in the copper plating and surface preparation prior to dielectric
lining contributed significantly to the low ohmic loss characteristics of
the dielectric-lined waveguide. Figure 12 shows the plating area during
the pilot production period.

lll. PILOT PLANT OPERATION
3.1 Operating strategy

The previous section of the paper discussed some aspects of the first
objective, namely, the research and development of the manufacturing
process technology. The second project objective—the fabrication of the
waveguide for Bell Labs evaluations and the major field evaluation
test—proved to be an equally challenging objective. During the period
from 1970 through early 1972, effort was directed toward prototype fa-
cilities and providing approximately 2.3 kilometers of 51 millimeter
waveguide for Bell Labs evaluations. During the period from late 1972
through 1973, effort was directed toward finalizing designs, establishing
prototype production facilities, and adding operating personnel. This
period essentially represented the “design, build, and prove-in” stages.
By early 1974, Forsgate was producing approximately 2.3 kilometers of
60-mm waveguide per month.

As the waveguide installation designs and procedures were more
clearly defined, it became apparent that additional space would be re-
quired for waveguide assembly, sheath preparation, and packaging for
field installation. Discussions with Western Electric—-Kearny resulted
in the addition of approximately 25,000 ft2 of space in the merchandise
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Fig. 12—Plating areas.

building at the Kearny Tract. A subsequent decision by Bell Labs to
separate the sheath installation from the waveguide installation resulted
in a reduction in space requirements to approximately 16,000 ft2, This
space was prepared in 1973 and early 1974 to include the following op-
erations:

() Receive waveguide from Forsgate.

(ii) Test coupled waveguide sections (~6-9 meter lengths).
(iit) Purge with nitrogen and cap waveguide ends.

(iv) Install the waveguide roller supports.

(v) Construct shipping package.

(vi) Insert and package waveguide.

(vii) Ship to field installation.

With the space and processing considerations established, effort was
directed toward staffing the operating (shop) organization. It was pro-
jected that 35 shop personnel would be required to staff the facilities for
fabricating, testing, and packaging the waveguide medium. Arrange-
ments were made with Western Electric-Kearny to provide both the
shop supervision and direct work force. The consideration for shop op-
erators involved establishing proper job classifications, personnel se-
lection, and training. The overall training involved the rotation of shop
operators on process facilities to provide the flexibility of moving per-
sonnel to various facilities for maximizing the efficiency of the shop
operation.
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The operating personnel, while reporting to the Forsgate management,
were retained on the Kearny personnel roll. The shop experience was
provided from Kearny in order to minimize the start-up of pilot plant
production facilities. In addition, this arrangement provided ERC with
the unique position of having both engineering and operating respon-
sibility.

3.2 Scheduling

The scheduling of waveguide fabrication was closely coordinated with
the projected Bell Labs installation plans for the field evaluation test.
The original schedule was to provide 13.5 km in 1974 and 16.5 km in 1975
for a total of 30.0 km. The revised schedule provided 12 km in 1974 and
2 km in 1975 for a total of 14.0 km. The schedule was such that initial
fabrication began during the first quarter of 1974 and reached a peak
of 2.3 km per month during the third quarter of 1974. This output rep-
resented an average daily processing rate of 20 waveguide tubes.

3.3 Process and reliability control

The waveguide installation for the field evaluation test initially was
planned to be part of a commercial route in New Jersey. As such, the
fabricated waveguide required a quality level consistent with long-term
reliability. Considerable effort by both Bell Labs and Western Electric
was directed toward meeting this goal. The Forsgate Laboratory quality
control included the following plans:

({) Develop a quality control program for the waveguide processing
and testing areas for:
In-coming material inspection
Facility inspection
In-process checking at all operations
Overall quality survey prior to shipment
(i1) Establish inspection procedures and personnel training.
(i1i) Document key wavegulde processing data for design and speci-
fication purposes.

A complete history of dielectric-lined waveguides was kept through
the field evaluation test production. The information included:

() Steel melt, tube run, tube geometry.
(zz) Process data, date, parameters, material.
(zii) Inspection and reliability data.

The detailed information was compiled for data analysis, fault anal-
ysis, and determining the process capability at each step of the assembly
operations. The 1974-1975 field evaluation test waveguide fabrication
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had an overall process yield of 77 percent during the peak operating
period. During the final months of operation, the overall yield exceeded
90 percent. This overall improvement in process yield was mainly due
to two factors:

(i) The valuable manufacturing experience gained throughout the
field evaluation test.

(zi) The improvements on the individual process parameters and the
implementation of quality control procedures.

The two technologies discussed earlier, namely the tube and plating
developments, were indicative of such improvements as noted below:

Field evaluation test production yield

Process step Initial /s prod. Next !/3 prod. Final /3 prod.
Tube Processing 96.9% 99.1% 99.7%
Copper Plating 86.6% 97.2% 98.9%

The waveguide tube mill improved inspection allowed for few tube re-
jects at the fabrication plant, and as a result provided the capability for
a very high overall process yield. One of the key factors in the increased
copper plating yield was the reduction in thickness to 12 microns nom-
inal.

The improvements made during the field evaluation test fabrication
definitely demonstrated the capability of expanding the process tech-
nology to a factory producing 750 km to 1500 km per year.

IV. OVERALL SUMMARY

The Western Electric Company utilizing the ERC technical capability
established the Forsgate Laboratory. This laboratory very successfully
met the objectives for the research and development of manufacturing
process technology for waveguide fabrication. The waveguide medium
as developed exhibited extremely low-loss transmission characteristics.
This represented a key development in proving that a reliable and
cost-competitive waveguide system could become a reality.

The technology and facility developments at the Forsgate Laboratory
demonstrated the manufacturing process feasibility for high-volume
factory production.
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