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Recent advances in solid-state device technology for generating millimeter
waves as well as advances in component design for I'F and baseband portions
of repeaters have renewed inlerest in millimeler-wave guided-wave com-
munication systems. This paper describes a 306 Mb/s, all solid-stale
repeater which has been built using a 1.3-GHz IF and a form of differen-
tially-coherent phase modulation. A signal-to-noise ratio of 13.6 dB 1s
required for an error probability of 10™° (compared with a theoretical value
of 13.0 dB for an ideal differentially-coherent phase-modulated system).
Sufficient gain for 15-mile repeater spacings (using two-inch circular wave-
guide) has been obtained with an LSA diode, an IMPATT diode, and a
varactor multiplier as the millimeter-icave power source.

I. INTRODUCTION

1.1 Guided Millimeter-Wave Communication Systems

High-speed, long-haul communication by means of millimeter waves
transmitted in the circular-electric mode in a multimode circular wave-
guide was described by 8. E. Millert in 1954. Recent advances in solid-
state devices for generating millimeter waves as well as advances in
eireuit design for the IF and baseband portions of the repeaters have
renewed interest in such a system.

The purpose of this paper is to describe the design and performance
of an experimental all solid-state millimeter-wave repeater which has
recently been built and tested. It operates at a carrier frequency of
51.7 GHz and transmits binary PCM at a 306 Mb/s rate. The experi-
mental repeater includes all of the active circuitry for one channel of
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a complete repeater and contains channel filters representative of
those needed to separate and combine the many channels of an actual
system. It was built to demonstrate certain principles and no attempt
is made here to deseribe or design a complete system. Certain system
considerations are discussed in Section IV in order to give the reader
some perspective concerning those factors which influenced the design
of the repeater.

In section IT, we discuss a modulation scheme which was conceived
to satisfy the requirement imposed by the nature of the system. The
circuitry used in the repeater is discussed in Section III. Particular
emphasis is placed on those portions of the circuit which the authors
feel represent a significant advance in the state of the art. The per-
formance of the repeater is deseribed in Section V. Finally, the con-
clusions which are to be drawn from the experimental performance of
the repeater are summarized in Seetion VI.

For a given repeater gain and spacing the communication eapacity
of such a system is set by the attenuation characteristics of the wave-
guide. The system under consideration would use TEqy mode trans-
mission in 2-inch helix or dielectrie-lined circular waveguides.

The characteristies of these kinds of waveguides have been studied
theoretically by H. E. Rowe and W. D. Warters,? S. P. Morgan and
J. A. Young,* and H. G. Unger;* and studied experimentally by A. P.
King and G. D. Mandeville® and W. H. Steier® for a straight wave-
guide. More recently a study of typical route loss has been undertaken
by W. G. Nutt and others.” Their results, shown in Fig. 1 along with
the results of the other measurements cited above, are used for the
caleulations in Section 4.1. From these measurements, one finds that
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Fig. 1— TEu, mode attenuation characteristic of 2-inch cireular waveguide.
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the attenuation is less than 3 dB per mile over a band of frequencies
extending from approximately 40 GHz to 100 GHz. This 60-GHz band
of frequencies is considered the “usable bandwidth” of the waveguide.
In Section IV, it is shown that approximately 200,000 two-way voice
channels can be accommodated by the waveguide if 9 digit binary PCM
transmission is used.

The purpose of this experiment was to demonstrate the feasibility
of building repeaters for a millimeter-wave communication system.
When this experiment was begun early in 1966, the band-splitting
filters and the IF amplifiers had already been developed and no prob-
lems were expected in these areas—and in fact, none arose. Our
initial efforts were concerned with building filters for dropping the indi-
vidual channels and for injection of local oscillator power into the
up- and down-converters, providing a source of millimeter-wave
power, building up- and down-converters with attractive conversion
loss, building FM deviators, and building baseband and timing recov-
ery circuitry which would operate at the 306 Mb/s rate. Soon after
this work began, the LSA (Limited Space-charge Accumulation)
oscillator was developed by J. A. Copeland.® Tt provides what seems
to be a suitable millimeter-wave power source. In addition, a 12.6-
GHz IMPATT (IMPact Tonization Avalanche Transit Time) diode
driving a quadrupler, provides a suitable power source. More recently,
a 50.4-GHz IMPATT diode has been successfully tested as a milli-
meter-wave power source. The other components were developed dur-
ing the course of the experiment. Thus, it has been demonstrated that
such a system is within the present state of the art.

One significant component, a delay distortion equalizer, which will
be required in an actual system, was not considered in this experi-
ment. Several possible equalizers have been proposed in the past and
while considerable study is still required before a choice ean be made
from among these alternatives, there do not seem to be any problems
associated with equalization that would affect the feasibility of the
system. A review of some work which has been done on equalization
of delay distortion is presented briefly in Appendix A,

I1. MODULATION

2.1 Modulation Requirements

It was felt that the modulation scheme used in this repeater should
satisfy four important requirements. First, in order to make efficient
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use of the limited power available from solid-state devices—especially
at millimeter-wave frequencies—it is important to use a type of
modulation which gives good noise immunity, that is, one which will
provide an acceptable error-rate with relatively small signal-to-noise
ratio.

Second, because the repeaters are to be regenerative, timing infor-
mation must be provided at each repeater. While this can be accom-
plished in several ways, a very attractive way is to use a type of
modulation which allows the repeater to extract timing directly from
the signal regardless of message statisties. This eliminates the neces-
sity of sending timing information on a separate channel or of includ-
ing pulses into the bit stream to insure a timing signal even in the
event the message causes a particularly unfavorable pulse pattern.

Third, since the system is to operate at very high bit rates, it is
important that the modulation scheme be one which can be imple-
mented with a minimum of eireuitry.

Finally, the modulation scheme must not be excessive in its band-
width requirement even though, due to the large bandwidth capability
of the waveguide, one is willing to make a reasonable trade of band-
width for noise immunity.

The optimum noise immunity (consideration 1) would be achieved
with binary coherent phase-shift-keyed modulation. However, this
type of modulation requires that a reference phase be provided at
each repeater. The need for a reference signal is eliminated by using
a differentially-coherent signal at a cost of less than 0.5 dB in
noise immunity at acceptable error rates (the order of one error in
10° bits), as ean be caleulated from the equations in a review paper by
J. G. Lawton.*®

2.2 Description of FM-DCPSK

A modulation secheme which we have designated FM-DCPSK (Fre-
quency-Modulated Differentially-Coherent Phase-Shift-Keyed) mod-
ulation was conceived as a reasonable compromise among the four
considerations. FM-DCPSK is a hybrid of frequency modulation and
differentially-coherent phase-shift-keyed modulation. The signal has
constant amplitude and is angle modulated in such a way that the
information is carried in the relative phase, i.e., the phase shift between
adjacent sampling instants. Optimum noise immunity occurs when the
two possible signal states in a given time slot differ in phase by =.
This can be achieved by shifting the phase by an amount +=/2 or
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—m/2 between successive time slots (the choice of the sign depending
on the message). A signal-space diagram is shown in Fig. 2. Fig. 3
shows the variation of phase and frequency resulting from modulation
with the binary train indicated at the top of the figure. It will become
apparent when we discuss repeater cireuits in Section III that the
simplicity consideration is satisfied by the FM-DCPSK signal.

Modulation from polar binary baseband to carrier IF is performed
directly with an FM deviator. No flip-flop or other binary to differ-
ential-binary translator is required because of the differential rela-
tionship between frequency and phase. The deviator linearity is unim-
portant since only the area under the frequency-versus-time curve is
important. The constant-amplitude continuous-phase nature of the
signal allows phase-locked oscillators to be used for gain and limiting.

Because there is a phase change (hence, a frequency swing) in each
time slot, regardless of the signal statisties, timing information is
available in the signal itself. This ean be readily extracted by means
of a frequency diseriminator and a narrow bandpass filter as deseribed
in Section 3.9. Finally, the bandwidth which gives optimum results is
found experimentally to be slightly larger than the bit rate, which is
in agreement with theoretical calculations for frequency modulated
systems by R. R. Anderson and J. Salz.t

III. CIRCUITRY FOR THE REPEATER

3.1 Introduction

The repeater circuit is shown in block diagram form in Fig. 4. Fig.
5 is a photograph of the repeater. This subsection will give a brief
introductory diseussion of the layout and operation of the repeater.
Detailed discussion of the operation of various components is deferred
to the following subsections.

"WI'E W/E
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Fig. 2 —Signal space diagram for binary FM-DCPSK ¢ = 0 or = for n = na,
Mo+ 2, n0 4 4,..... oo =+ w201 —w/2form =no+ 1,ne 43,0 45, .....
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Tig. 3 — Phase and frequency variations of a FM-DCPSK signal,

The signal enters in the TEy mode in 2-inch circular waveguide
and first encounters a band-splitting filter which divides the 60-GHz
band of the waveguide into two sub-bands. The signal in each of these
sub-bands next encounters a channel-dropping filter which drops the
individual channel for the individual repeater. In an actual system,
several (perhaps as many as six) band-splitting filters would be used
and a string of several (perhaps as many as 30) channel-dropping
filters would follow each band-splitting filter. The first component
which the individual signal encounters after the channel-dropping
filter is a down-converter which translates the millimeter-wave signal
frequency to the 1.3-GHz IF frequency of the repeater. The down-
converter is followed by a low-noise transistor amplifier which pro-
vides approximately 52 dB of gain. This amplified signal is then used
to lock an oscillator which serves as a limiter. The output of this
limiter is amplified by a second transistor amplifier having 27 dB
of gain. The next component is a combination differential-phase de-
tector and timing recovery ecircuit. This component provides both a
timing signal which consists of a sine wave at the bit frequency re-
covered from the transmitted signal and a baseband information signal
whose polarity depends on the binary information transmitted.
This polar baseband signal is then applied to a regenerator along
with the timing signal and the regencrator makes a decision as to
which of the binary states was transmitted in each time slot. The out-
put of the regenerator drives an FM deviator which provides an
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angle-modulated signal at IF. This signal is amplified by a third
transistor IF amplifier and up-converted to the original millimeter-
wave frequency. This millimeter-wave signal is now combined with
the signals in other channels by means of a series of channel-adding
filters and band-combining filters which are identical to the ehannel-
dropping and band-splitting filters used at the input. The output is
again in the TEy; mode in 2-inch cireular waveguide.

3.2 Band-Splitting Filters

The band-splitting filters perform the function of splitting the
40-GHz to 100-GHz bhand into relatively wide sub-bands. The devices
used for this purpose have been deseribed in detail by Mareatili and
Bisbee.™ For completeness, their scheme will be reviewed briefly. Fig.
6 shows a constant resistance filter made up of two hybrids connected
together by two identical high-pass filters.

Power entering port 1 is equally split by the hybrid H; with each
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TFig. 4 — Repeater circuitry.
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half propagating through equal line lengths toward the high-pass
filters. Frequencies above the cutoff frequency of the high-pass filters
pass through the filters unattenuated, are recombined in the second
hybrid and emerge at port 4. Frequencies below the cutoff frequency
of the high-pass filters are reflected back towards the first hybrid
where they recombine and emerge at port 2. Marcatili and Bisbee
realized this structure in low-loss THg circular electric mode com-
ponents.

The hybrids developed consist of a right angle tee junction of two,
2-inch i.d. round waveguides with a thin sheet of dielectric material
placed diagonally across the junction. The system can be analyzed on
a quasi-optical basis with the result that proper selection of the
dielectric material produces hyhrid performance.

The high-pass filters used were TEg mode guides with cutoff fre-
quency equal to the splitting frequency. They were coupled to the 2-
inch helix guides by means of helix waveguide tapers. Experimental
results on a composite filter show that the maximum loss in either sub-
band is 1.5 dB and that the transition region takes up only 160 MHz
of the speectrum.

Fig. 5 — Experimental model of millimeter-wave repeater.
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Fig. 6 — Band-splitting filter. 77, and H. are hybrids (taken from Ref. 12).

3.3 Channel-Dropping Fillers

The requirements for the channel-dropping filters are determined
by such factors as tolerable insertion losg, intersymbol interference,
and interchannel interference. Explicit analysis of intersymbol inter-
ference and inter-channel interference problems associated with the
type modulation used is as yet incomplete. Hence, a procedure for
optimizing channel to channel spacing is not available.

For the experimental repeater, attention was directed to two-pole,
wideband channel-dropping filters because they afford a significant
reduction in required channel spacing relative to that for single pole
filters. A bandwidth of 1 GHz was chosen to prove the flexibility of
the design procedure. The theory developed** employed narrow band-
width approximations; thus, the design of filters having smaller band-
width would be no problem. As stated in Section 2.2 an overall channel
bandwidth slightly greater than the bit rate yields optimum error
rate. Based on this fact, consideration of all of the band-limiting
elements in a given channel indicates that channel-dropping filter
bandwidths of less than twice the bit rate will be adequate.

Fig. 7 shows the physical structure and identifies the resonant ele-
ments of the channel-dropping filters. Ports 1 and 3 are the cireular
mode input and output ports, respectively. Port 2 is the dropped (or
added) channel output (or input) port. The input and output guides
are above cutoff for the TEy mode and just below cutoff for the TEqq
mode. The large guide sections are just above cutoff for the TEg.
mode. The rectangular waveguide output is coupled to the mode-
conversion resonator nearest the input by means of a wrapped resona-
tor of rectangular cross section.

A qualitative deseription of the behavior of the structure is as fol-
lows. First, consider an individual rejection resonator. A signal inei-
dent in the TE,; mode is coupled to the TEy, mode by means of a
symmetrical diameter discontinuity. Since the input and output
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Tig. 7 — Cross section view ol channel-dropping filter.

guides are below cutoff for the TEy, mode, the power in that mode is
trapped in the large diameter region. Mareatili’s analysis of the
structure shows that at resonance the transverse mid-plane of the
resonator is effectively a short circuit.’* The center frequency and
bandwidth are dependent on the length of the resonator and the ratio
of the input guide diameter to the resonator diameter. The details of
the relationship are given by Mareatili.**

In the structure of Fig. 7, the mid-planes of adjacent mode-conversion
resonators are electrically separated by odd multiples of x/2 radians.
Hence, at resonance, the rejection-resonator pair presents an open
circuit at the mid-plane of the input mode-conversion resonator. All
of the incident TEy mode power appears at the rectangular wave-
guide output when the various coupling coeficients are properly
chosen.

Further insight into the electrical behavior of the structure is ob-
tained by considering the prototype network shown in Fig. 8. The
prototype network consists of complimentary admittances connected
in shunt. The elements of the network have been chosen to yield a two-
pole, maximally flat insertion loss response between ports 1 and 2
while maintaining a constant input admittance as a funetion of fre-
quency. Total power transfer oceurs at zero frequency, and half-power
transfer occurs at an input angular frequency of one radian per second.
The prototype network is converted to a network having total power
transfer at some frequency o, through use of the angular frequency
mapping funection

o =S -, 0

Wy W
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where

w' = angular frequeney variable of the prototype network
w angular frequency variable of the desired network
P = wp/(w; — wy)

w, , w, = half power angular frequencies of the desired network.

For the purpose of obtaining a qualitative understanding of electrical
behavior it is sufficient to state that the performance of the miecro-
wave structure will be identical to that of the frequency-mapped pro-
totype network subject only to the approximations involved in relating
their respective parameters.

Four filters were constructed for use in the repeater system. The
results were consistent from filter to filter. Figs. 9 and 10 show a set of
typical characteristics. The insertion loss to the dropped channel is
about 0.5 dB. The theory predicted an overall bandwidth of 1.13 GHz.
The agreement between measured and theoretical values is good.

3.4 Solid-State Millimeter-Wave Power Sources

Three different colid-state millimeter-wave power sources were
used. They were an LSA diode oscillator, an harmonie generator and
an IMPATT diode oscillator.

The first solid-state device used successfully in the repeater was an
LSA oscillator.® The diode used in this experiment required de power
of 0.4 amps at 3.5 volts and delivered 4 mW of power at 504 GHz.
(Similar units which deliver 20 mW at various frequencies in the 40-
to 100-GHz band have been built by Copeland.) The LSA oscillator
was used in all of the error-rate and gain experiments deseribed in
Section V.

The varactor quadrupler uses a zine diffused gallium arsenide diode.*®
The diode was a planar array structure similar to the “honeycomb”

o e \_Hﬁi‘. . .
Y % | é
PORT 1 —_— a, 90  PORT 2
C . 1 9
Y+ Y2 =1 = 93
Ya
go =10HM — PORT 3
0y, g3 =0.707 FARADS 9 O
Q5,04 =1.414 HENRIES

Tig. 8 — Prototype network for a two-pole diplexer,
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type described by Young and Irvin.’® It was mounted in a Sharpless
wafer as shown in Fig. 11. The input signal frequency was 12.6 GHz.
The power output and overall efficiency of a typical unit are shown
in Fig. 12. The maximum power output obtained was 10 mW at an
efficiency of 6.5 percent. The input VSWR was less than 2 to 1 and
the output VSWR. was about 7 to 1. The power source for the quad-
rupler was an IMPATT oseillator which provided a 12.6-GHz signal.

The millimeter-wave IMPATT diode delivers approximately 50 mW
at 50.4 GHz. (Diodes of this type which deliver 130 mW at 70 GHz
have been built by T. Misawa.'")

Each of these power sources gave an overall performance as good
as that obtained from an Oki Klystron.

3.5 Local Oscillator (LO) Injection I"ilters

The local oseillator power is coupled to the up- and down-converters
by means of a three port diplexer as shown in Fig. 13. The local oscil-
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Fig. 10 — Insertion loss from port 1 to port 2.
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lator power is injected at the bandpass port (port 1) and the signal
at the band rejection port (port 3). The up (or down) converter is
connected to the constant resistance port (port 2).

The construction of an efficient millimeter wave diplexer was ac-
complished by utilizing two low-loss TEgy, circular cylindrical cavity
mode resonators as shown in Fig. 14. The device operates as follows.
Both resonators are tuned to the local oscillator frequency. At reson-
ance, the rejection cavity effectively open circuits the waveguide. The
bandpass resonator (dropping filter) is located an odd number of
quarter wavelengths from the transverse symmetry plane of the re-
jection resonator. Hence, at resonance, a short cireuit appears to exist
at plane A of Fig. 14.

Ideally, proper adjustment of the coupling apertures yields coupling

LO INPUT
T l I (PORT 1)
SIGNAL o0 ] 5 IF
INPUT DOWN OUTPUT
—> (PORT 3) DIPLEXER | (PORT 2) | coNVERTER —_—
(D— ————————nJ

Fig. 13 —Schematic of the local oscillator injection arrangement.



SOLID-STATE MILLIMETER-WAVE REPEATER 1991

DROPPING
FILTER
PORT 2 } PORT 3
i [
o I o
TEn ! TE‘OJ 'b
: Y
PLANE A |
o REJECTION
TEon FILTER

Tig. 14 — Physical realization of loeal oscillator injector filter.

of 100 percent of the 1.O power to port 1 in the absence of dissipation.
The details of the design procedure are given in Ref. 18.

The requirements on the bandwidth of the diplexer were established
by considering the tolerable dissipation of LO power at resonance, and
the transmission loss through the diplexer over the signal band. The
tolerable LO loss was set at 2 dB maximum based on the millimeter-
wave power available from the solid-state source and the 1O power
requirements established for the up- and down-converters. Minimum
attenuation to the signal band is achieved when the bandwidth is at a
minimum consistent with the LO loss requirement. Experimental work
indicated that a 50-MHz bandwidth in the power transfer from the
LO input port to the converter port was about optimum.

Four diplexers were construeted with consistent results. The inser-
tion loss to the LLO averaged 1.4 dB. The return loss at the signal input
port was better than 25 dB over the signal band. The return loss look-
ing into the converter port was hetter than 15 dB at all frequencies of
interest. Iigs. 15 and 16 show typical frequency responses at the
various ports,

3.6 Down-Converters
The down-converters developed for the system had the following
characteristies:
(i) IF frequeney band from 1.0 to 1.6 GHz
(i) LO frequency of 50.4 GHz at a power level of —3 dBm
(#7¢) Input signal from 51.4 to 52.0 GHz
() Conversion loss of 6.0 4= 0.5 dB over the above band
() Converter noise temperature ratio of nearly unity.
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This performance was achieved using Schottky barrier diodes at a
fixed de bias.

The basis for the design was the converter mount described by
Sharpless.'* The only modification required was the addition of an IF
impedance matching network. The millimeter-wave portion of the
structure was not changed. Fig. 17 shows the structure. The following
paragraphs describe the equivalent eircuit and give a brief discussion
of the design procedure.
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The equivalent eireuit for the structure is shown in Fig. 18, The IF
mput admittance Y, was measured over the band with the LO on and
the bias fixed. It was found that Y could be closely approximated by
a constant conductance shunted by a capacitive susceptance. At mid-
hand

Y, = (597" + j(150)"" mhos.
The admittance Y, was matched to 50 ohms at mid-band by a short
length of transmission line having a characteristic impedance of 83
ohms. This was followed by a biasing tap consisting of a quarter wave-
length 50-ohm stub by-passed to ground. The excellent broadband
behavior of the completed eircuit is indicated by the small variation
of conversion loss over the band. The latter is shown in Fig. 19.

3.7 IF Amplifiers
Wideband transistor amplifiers (with a center frequency of 1.3 GHz)
of the balanced integrated circuit tvpe originally developed by Engel-
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breeht and Kurokawa?® were used in this repeater. Fig. 20, which is
reproduced here from Ref. 20, shows the basic amplifier circuit. These
amplifiers can be built with excellent noise figures (less than 4 dB)
and, because of the excellent match between seetions, can be cascaded
to achieve high gain. These amplifiers exceeded the required specifi-
cations in all respects and have proved entirely satisfactory for this
repeater.

3.8 Lamaler

Because of the nature of the regenerator which is used in this re-
peater, an improvement in error-rate performance for a given signal-
to-noise ratio is expected from the inclusion of a limiter ahead of the
differential-phase detector.*t A simple but effective limiter was

CONVERSION
Loss IN dB
[=)]

5 | | | I |
1000 1100 1200 1300 1400 1500 1600

FREQUENCY IN MHZ

Tig. 19— Conversion loss of down-converter.
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Fig. 20 — Schematie representation of single-stage balanced amplifier, (Taken
from Ref. 20).

achieved by the use of a tunnel-diode oscillator built in 50-ohm
coaxial transmission line and phase-locked to the IF signal (see
Fig. 21). The tuning of the diode was inductive and was accom-
plished by means of a shorted 75-ohm transmission line stub. The
tunnel diode was of germanium point-contact construction and had a
peak current of 2 mA. Fig. 22 shows the output power of the oseillator
versus gain (ratio of output power to input power) at the center fre-
quency of the oscillator. Best error performance was found experi-
mentally to occur at a gain of 8 dB. The change in output power with
frequency for several values of gain is shown in Fig. 23.

3.9 Differential Phase Detector and Timing Recovery

The baseband and timing ecireuits are shown in Fig. 24. The couplers,
delay lines, and diode mounts are microwave printed ecireuits; the
filters and combining Tee arc coaxial. The differential phase detector
and the timing recovery eircuit are combined (share a common delay
line) in order to save space and cost.

COAXIAL STUB
TUNER

0 . I P I/
DC SUPPLY i = TO CIRCULATOR
—_— —

TB"(FASS <100

Fig. 21 — Limiter cireuit,
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Tig. 22 — Output power of limiter vs gain at the center frequency.

Fig. 25 shows the basic differential-phase detector or timing-re-
covery cireuit. A straightforward analysis (see the Appendix of Ref.
22) shows that the output voltage of this cireuit is given by

V(t) = cos {w(,r -+ f‘ w(l) d,ﬂ’} (2)

for an input FM-DCPSK signal given by

S() = V2 cos {w,,! + [ w(l’) dr'}, (3)

with

() T
o | = ot +an) |, [ wet)dr = £x/2.

Jin=-HT
One can readily see that if wer is chosen to be a multiple of =, V(t)
is independent, to first order, of the sign of w(t); hence, the output is
periodic in period T, where 7' is the reciprocal of the bit rate. By proper
choice of wer & signal is obtained with a strong frequency component,
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Tig. 23 — Change in oulput of the limiter vs frequency for several values of gain.
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Fig. 24 — Differential phase detector and timing recovery circuit,

at the bit rate. This signal is used to lock an oscillator at the bit rate.
The oscillator, in turn, provides the timing signal to the regenerator.

If wor is chosen to be an odd multiple of =/2 and = is chosen equal
to T, the reciprocal of the bit rate, one sees from (2) and (3) that at
the sampling instants, [£ = (n+1) 7], the output is given by

V(t) = cos {(m + $)r &= x/2} = +1.

Thus, under these conditions the deviee is the desired differential-phase
detector for this signal.

3.10 Regenerator

The regenerator consists of a balanced-line logic element?* which
15 a modification of the standard Goto-pair ecireuit. The input signal
is applied at the midpoint between the two tunnel diodes and a
timing signal is applied across the pair of tunnel diodes as shown
in Fig. 26. Ideally, the timing signal causes one and only one of
the diodes to switeh once each time-slot. The input signal deter-
mines which of the two diodes switches. When one of the diodes
switches, the resultant voltage drop across the other diode inhibits its
switching and this voltage drop occurs across the output of the re-

INPUT HIGH Low
PASS PASS
FILTER FILTER
h 4
[ OUTPUT
i 4
HIGH LOW
< DELAY = PASS PASS
S FILTER FILTER

Fig. 25 — Basic differential phase detector or timing recovery cireuit.
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gencrator. If the diode labeled Dy in Fig. 26 switches, the voltage pulse
at the output of the regenerator is negative and, correspondingly, if Da
switches the voltage pulse is positive. The transients initiated by the
switching of the diode travel down the delay lines and are reflected
with inverted polarity back to the diodes by the low-impedance termi-
nation. These reflected signals reset the diode to its original condition.
Thus, the information content of the signal is translated into a sequence
of polar baseband pulses at the regenerator.

E. G. Herzog®* has discussed limitations on the speed of operation
of the Goto-pair. His conclusions also apply to the balanced-line logic
element. He showed that for bias voltages above a ecertain eritical
value the Goto-pair has a stable zero output state in addition to stable
positive and negative output states. Due to the junction capacitance
and the series inductance of the diode, it takes a finite time (talking
time) for one diode to indicate to the other that it has switched. Thus,
with a small input signal each diode can go to its second positive
resistance region and if the synchronizing voltage passes the critical
value too soon they will be left there and the zero output state will re-
sult. Also, we have observed that if the voltage does not pass the eriti-
cal values soon enough both diodes will return to their first positive re-
sistance region resulting in an intermediate amplitude output. In order
to minimize the probability of occurrence of these undesirable opera-
tions, the following properties are desirable for the diodes: First, the
diode must have adequate peak current (if the peak eurrent is too

0 e 2 o oeave (3

C,r > r-'czl
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+ J IN OUT L S - -
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Raa — 150 OHMS Rg — 27 OHMS L2 — 7#H CHOKE
Rs,6,11 — 47 OHMS Ryo — 510 OHMS Dy,2 — TD 252 A TUNNEL

DIODE

Fig. 26 — Regenerator circuit.



SOLID-STATE MILLIMETER-WAVE REPEATER 1999

low, the load will prevent bistable operation) ; second, it must have low
junction capacitance (this decreases the talking time); third, the
magnitude of the product of the negative resistance and the junction
capacitance should be low enough to make the switching time short
compared with a time-slot; and finally, the diode should have low
series inductance (this decreases the talking time). For the regenera-
tor, the third condition must be strengthened to make the switching
time short compared to the round-trip time on the delay line. Since
several round trips are required for the pulse to die out, the switching
time of the diodes in the balanced-line logic element must be several
times faster than for a Goto-pair.

TD-252A germanium tunnel diodes have been found to meet the
above requirements. They have a series inductance of 1.5 nH, a peak
current of 4.7 mA and a junction capacitance less than 1.0 pF. The
diodes are mounted in the circuit of Fig. 26 in the manner shown in
Fig. 27. This circuit has been built in such a way that the diodes are
placed as close together as possible in order to eliminate lead indue-
tance. By building the diodes into the transmission line, connector
mismatches have been eliminated. The inductance of the leads of the
input and output resistors has very little effect on the output pulse and
it is believed that it steers the current from one diode to the other dur-
ing the short time required for switching. Fig. 28(a) shows an eye
diagram of a low signal-to-noise ratio input signal to the regenerator
and Fig. 28(b) the resulting output signal of the regenerator. This fig-
ure illustrates the ability of the regenerator to remove noise from the
signal.

3.11 FM Deviator

The FM deviator is basically a tunnel-diode relaxation osecillator.
The frequency of oscillation of the tunnel diode in this type of circuit
is extremely sensitive to bias voltage, allowing it to be driven by the
balanced-line logic element. Fig. 29 shows the circuit. Tests on a low-
frequency prototype circuit showed that the oscillator could be tuned
over a bandwidth of more than half an octave in a time interval cor-
responding to less than 1 RF cycle. The total tuning range of the
L-band deviator was greater than an octave, as shown in Fig. 30.

The circuit of Fig. 29 was built for use in L-band using conventional
(as opposed to printed) circuits with the circuit dimensions kept as
small as possible. Fig. 28(c) shows the differentially detected output
eye of the deviator.
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Tig. 27 — Mechanical layout of the regenerator.

3.12 Up-Converters

The chief goal in designing the up-converters was the maximiza-
tion of output power over the band from 51.4 to 52.0 GHz when used
with a local oscillator supplying + 3 dBm of power at 50.4 GHz.
Typical units exhibited 6-dB LO to RF conversion loss across the
band. Fig. 31 shows the frequency response of a typical unit. Both
GaAs Schottky barrier diodes and planar diffused gallium arsenide
varactor diodes were used with similar results—the latter exhibiting
slightly lower conversion loss.

The physical structure for the units was similar in form to that of
the down-converter described in Section 3.6. An E-H tuner preceded
the converter block on the millimeter-wave side and was used to match
the input impedance at the LO and signal band frequencies. All of the



SOLID-STATE MILLIMETER-WAVE REPEATER 2001

(b)

Fig. 28 — Eye diagrams, (a) Degraded regeneralor input. (b) Regenerator out-
put. (¢) Regenerated differentially detected II7.

diodes were operated at zero bias voltage. A more detailed description
of planar diffused diode performance is given in Ref. 15.

3.13 Power and Space Requirements

The baseband cireuitry of the repeater requires approximately 0.3
watts and the IF circuitry requires approximately 1.5 watts. Thus, the
power requirement per channel per repeater is approximately 1.8 watts
exclusive of the power required for the millimeter-wave power source.
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Fig. 29 — Deviator eireuit.
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Fig. 30 — Deviator frequency vs relative input voltage.

The total power required per channel per repeater can thus be ex-
pressed by

Total Power Required = 1.8

Millimeter-Wave Power Required

- — Watts
Efficiency of Millimeter-Wave Source

The experimental repeater included many commercial components
and no serious thought was given to miniaturization. Even so, it oc-
cupies only a volume of the order of 2 cubic feet (exclusive of band-
splitting filters). With printed eircuit techniques, the total volume per
channel per repeater can be of the order of 0.5 cubic feet or less.
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Fig. 31 — Varistor up-converter data. (a) Output versus input data, (b) Fre-
quency response (P = +6 dBm).
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IV. SYSTEM CONSIDERATIONS

4.1 Error-Rate as a Function of Signal-to-Noise Ratio

The error-rate versus signal-to-noise ratio has been calculated in a
manner which includes the effects of non-ideal regeneration of the
signal and of intersymbol interference.?* Some results of this caleula-
tion are shown in Fig. 32 for an ideal regenerator and for a regenerator
which has a threshold of operation, 7, 9 dB below the expected signal
level, S. The term threshold of operation is defined as follows. Suppose
that the expected value of the signal at the input to the regenerator is
Vy or — Vy. The regenerator will then regenerate a positive or negative
output pulse according to whether the input is positive or negative.
However, if magnitude of the signal is too small the regenerator will
not function properly. The minimum voltage at which the regenerator
will funetion properly is the threshold of operation.

It is impossible to consider quantitatively the effects of intersymbol
interference unless the waveform of the signal is known accurately.
However, it is plausible to assume that the intersymbol interference
contributes phase shifts of the order of a few degrees in the sense
described in Ref. 22. For that reason, Fig. 32 shows the results of error-
rate versus signal-to-noise ratio for the case where there is no inter-
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Fig. 32 — Error-rate vs Signal-to-noise ratio for the repeater.
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symbol interference and for the case where the intersymbol interfer-
ence corresponds to a phase shift, 8, of 10 degrees. These values should
constitute the bounds on the expected error-rate. From Fig. 32 one
observes that the expected value of S/N for 10~ error rate lies between
13 and 14 dB.

4.2 Model of a System

Fig. 33 shows a model of a system which was used as an aid in the
design of the repeater. This model is not an attempt to deseribe or
design a complete system, it is intended only to give some perspective
and insight into those factors which influenced the design of the
repeater.

An actual system would use both frequency division and time
division multiplex to separate individual voice channels. One possible
arrangement of filters to separate the individual frequency multiplexed
channels in the system is shown in Fig. 34. The skew arrangement of
the filters is chosen to offset in part the variation of loss with frequency
in the waveguide bandwidth. That is, since certain channels experi-
ence greater loss in the medium, the filters are arranged so as to give
less loss to these channels at the expense of channels which have suf-
fered less loss in the medium. Since the shape of the loss-versus-fre-
queney curve is a function of repeater spacing (the relative loss in dB
at two frequencies depends on the repeater spacing), the details of the
arrangement, of the filters are a function of repeater spacing. As an
illustrative example, we assume a repeater spacing of 15 miles and
attenuation curves for the medium given by Fig. 1. In addition, we
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Fig. 33 — Illustrative model of a system.
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Fig. 3¢ — Channel-dropping filter avray for the illustrative example.

make the assumption that the power available from realizable solid-
state sources falls off at a rate of 3 dB per octave in frequency.?® The
loss of each band-splitting filter is taken to be 1.5 db.!* Based on the
data of Figs. 9 and 10, conservative estimates of channel-dropping
filter losses are 1.0 dB to the dropped channel, 0.5 dB to the adjacent
channel and 0.2 dB to all other channels which pass through them.

TFig. 35 shows the waveguide loss as a function of frequency for a
15 mile repeater spacing. It also shows the power at the input to a
repeater relative to the power at the output of the up-converter of
the 50-GHz channel (based on the curve of Nutt in Fig. 1 and the
assumed 3 dB per octave fall off in available power). The points in
the figure then show the total relative signal power at the output of
the channel-dropping filter for each channel (based on the filter ar-
rangement shown in Fig, 34). The term “relative power” here means
the power relative to that available at the output of the up-converter
in a 50-GHz channel. From Fig. 35 one observes that in the worst case
the relative signal level is —58 dB for this model. Thus, the repeater
gain (defined as the ratio of the output power of the up-converter to
the signal power at the input to the down-converter which gives an
error rate of 10-°) must be 58 dB. Since this is the value which gives
the maximum acceptable error-rate, it seems expedient to include a
6-dB margin in the design of the repeater and thus the design goal for
a 15-mile repeater spacing is a gain of 64 (1.
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Tig. 35 — Ratio of power at the output of the channel-dropping filters to power
at reference point. The power reference point is the output of the up-converter of
the 50-GHz channel of the preceding repeater.

In this model, there are 100 channels spaced at 600-MHz intervals
across the band. The experimental repeater described here uses a
500-MHz bandwidth set by an inexpensive commercially available
five-section Tschebycheff filter. (Only a slight degradation is experi-
enced by using a 400-MHz filter of the same type.) Even smaller band-
widths might well be practical if suitable attention is given to the
phase characteristic of the filters. Thus, the 600-MHz spacing assumed
in the model is a conservative estimate. The capacity of the waveguide
based on this model is 30,000 Mb/s. Since 72 Kb/s are required for
each voice-grade circuit, the eapacity of the system would be 416,000
voice-grade circuits or 208,000 two-way voice channels.

4.3 Theoretical Gain
The gain of the repeater in the sense in which it is used here can be
expressed as
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G =(Pro— Lve — L;) = (Lpe + F + KTB + S/N), 4)
where

P, is the local oscillator power,

Lyc and Lp, are the conversion losses of the up- and down-con-
verters, respectively,

L;  is the loss in the isolator, the waveguide between the LO and
the up-converter, and the injection filter

r is the noise figure of the first IF amplifier (since one finds ex-
perimentally that aside from conversion loss, the noise figure
of the down-converter is negligible),

KTB is the thermal noise in the pass band of the IF section, and

S§/N is the signal-to-noise ratio required for the acceptable error-rate.

As stated in Sections 3.12 and 3.16, one finds experimentally that

LUL' = ﬁdB, Lpg = GdB and F = 3.7 dB.

Using a 500-MHz bandwidth, the thermal noise power is —87 dBm.
Therefore, the required local oscillator power for 15-mile repeater
spaecing is

PL(J = S/N + L1 - 7dBn1.

If one assumes a value of 14 dB for 3/N (from the discussion in See-
tion 4.1) and 4 dB for L;, he obtains 11 dBm as the required local
oscillator power at the up-converter for a 15-mile repeater spacing.
Since 0.5 mW of LO power is required for the down-converter, the
total millimeter-wave power requirement for a 15-mile spacing is
approximately 12 dBm.

V. EXPERIMENT AND RESULTS

6.1 Description of the Apparatus

The experimental apparatus used in the experiments to be deseribed
in Sections 5.2 and 5.3 consists of a transmitter, a receiver, and the
repeater described in Section III as well as the necessary equipment
and circuits for counting the errors made by the repeater, the receiver,
or both. The transmitter is shown (in block diagram) in Fig. 36. The
random-word generator consists of a regenerator of the type described
in Section 3.10 driven by a similar regenerator which is, in turn, driven
by differentially-detected wideband noise generated in a pair of X-
band traveling-wave tubes. The random-word generator drives an
FM deviator of the type described in Section 3.11. The remainder of
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Fig. 36 — Transmitter.

the transmitter is identical to the portion of the repeater which fol-
lows the I'M deviator.

Just as the transmitter is a duplicate of the second half of the
repeater, the receiver is a duplicate of the first half, beginning with
the down-converter and ending with the regenerator. It is shown in
Fig. 37.

All of the regenerators (including the random-word generator of the
transmitter) are built with two outputs—one to drive the next follow-
ing component in the circuit, the other to serve as a monitor port or
as a source of pulses for error counting. The three pieces of apparatus,
the transmitter, the repeater and the receiver are built so that they
can be interconnected in either of two ways; the transmitter can be
connected to the repeater which is in turn connected to the receiver,
or the transmitter can be connected directly to the receiver. This
affords an A-B test of the performance of the repeater which is the
heart of the gain experiment to be described in Section 5.3.

5.2 Error-rate vs S/N Exzperiment

One of the experiments performed with this apparatus measured
the error-rate as a function of signal-to-noise ratio. This experiment
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was performed for the four possible cases, namely, errors introduced
by the transmitter to repeater hop, those introduced by the repeater to
receiver hop, those introduced by the transmitter to receiver hop, and
those introduced by the complete transmitter to repeater to receiver
hops. Allowing for the differences in the noise figures of the actual
devices used in each of these components, the results were quite con-
sistent. Therefore, the experiment will be described for one case only,
transmitter to repeater.

The signal from the extra output of the random word generator was
delayed in a transmission line for a time interval equal to the time for
the transmitted signal to be regenerated. The outputs from the random
word generator and from the regenerator of the repeater were then
combined in a “baseband hybrid”’ as shown in Fig. 38. The output of
this “hybrid” is 0 if the two input pulses are of the same polarity and
is some amount = if the input pulses differ in polarity indicating
that an error was made. These output pulses drive a pulse-height
discriminator which has two output channels. This device delivers a
pulse to one of its two outputs if the magnitude of the input pulse
exceeds a certain threshold value. If the input pulse is positive the
output oceurs in one channel; if the input is negative the output oc-
curs in the other channel. These “error-pulses” are counted on a dual-
channel counter.

The experimental procedure is quite similar to that used in perform-
ing similar experiments on a prototype model of the IF portion of this
repeater. It is described in some detail in a previous paper?® and need
not be repeated here. Certain differences should, however, be pointed
out. First, the error-counting technique has been improved by the
use of the dual-channel counter as described above. Second, in this
experiment the signal-to-noise ratio was adjusted by changing the
signal level and using the actual amplifier noise instead of injecting
additional noise into the input of the repeater as was done in the experi-
ment of Ref. 26. Finally, in addition to the checks on signal statistics
listed in Ref. 26, the TF signal was observed on a spectrum analyzer.
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Fig. 37 — Receiver.
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The biases on the random-word generator were adjusted until the
spectrum was symmetric and free of “horns” or spikes (which are
indicative of periodicities and hence nonrandomness in the signal).

The results of this experiment are shown by the points plotted in Fig.
32. Comparison between theory and experiment ean readily be made
from this figure.

5.3 Repeater Gain Experiment

The second experiment consisted of setting up two arrangements
of components mentioned in Section 5.1 and setting the attenuators
between these components to the value which gave an error rate of
one error in 10° pulses (the assumed acceptable error-rate). This ex-
periment is illustrated in block diagram form in Fig. 39. The gain of the
repeater (in the sense of Section 4.3) is then given by

(Loss from Trans. to Rep.) + (Loss from Rep. To Rec.)

— (Loss from Trans. to Rec.)

after allowance is made for loss in the passive millimeter-wave cir-
cuitry of the repeater. Experimentally, the loss between the trans-
mitter and the receiver was found to be an amount A,, the loss be-
tween transmitter and repeater plus the loss between repeater and
receiver was found to be A, + 43 dB for 10~ error probability at each
regenerator. The loss in the passive millimeter-wave circuitry of the
repeater was found to be 14 dB. Thus, the experimentally determined
gain of the repeater is 57 dB. The measured local oscillator power is
6.0 dBm. From this one concludes that an additional 7 dB of LO power
or a total of 13 dBm is necessary to achieve the 64-dB gain required
for 15-mile repeater spacing with a 6-dB margin (from Section 4.2).
This is in good agreement with the 12 dBm predicted by the argument
of Section 4.3.

VI. CONCLUSIONS
A solid-state millimeter-wave repeater has been built which operates
at a 306-Mb/s rate with an error-rate performance within 0.5 dB of

PRE -
AMPLIFIER

FROM ANY 2 "BASEBAND Pg'KAAFf?JTV SED
REGENERATORS HYBRID” | u COUNTER
—_ DISCRIMINATOR

Fig. 38 — Error-counting ecircuitry,



SOLID-STATE MILLIMETER-WAVE REPEATER 2011

L

TRANSMITTER ; RECEIVER

(a)

La LS
< <

REPEATER RECEIVER
z Z

(b)

TRANSMITTER

Tig. 39 — Experimental arrangement for gain test. Ly = loss from transmitter
to receiver, L, = loss from transmitter to repeater, Ls = loss from repeater to
receiver.

the theoretical value. It gives 1 measured gain of 57 dB with a local
oscillator power of 6 dBm. Since the repeater gain is proportional to
LO power it is concluded that a 13-dBm local oscillator would give the
64-dB gain necessary for a 15-mile repeater spacing with a 6-dB
margin and a suitable channel-dropping filter array for over one hun-
dred 300-Mbh/s channels.
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APPENDIX

A1 Iniroduction

Several types of delay distortion equalizers have been proposed dur-
ing the past several years. Five of these equalizers will be discussed
in the following paragraphs. Any of the five could, in principle, be
used to equalize the delay distortion of the waveguide; economic con-
siderations will dietate which is the most practical. Tt might, for eco-
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nomic reasons, be desirable to use more than one type of equalization.
For example, frequency frogging (Paragraph A.3) might be used to
give partial equalization with a transversal equalizer used to complete
the equalization. Other possible combinations will suggest themselves
as the advantages and disadvantages of each type of equalizer are dis-
cussed.

Delay distortion is inversely proportional to the cube of the fre-
quency. The delay distortion introduced across a 500-MHz band by
15 miles of waveguide varies from 34 nsec at 40 GHz to 2.2 nsec at
100 GHz. Therefore, considerable equalization is necessary in the lower
bands and some equalization is desirable (although not required) in
the upper bands.

The pertinent charaeteristics of the delay distortion are summarized
as follows. The time delay, T, in a length, I, of waveguide can be writ-
ten as

, ! a8

T = P ! %0
where v, is the group velocity in the medium and B, the waveguide
propagation constant, is given by

B = Zﬁ V1 = (w./w).

Expanding 8 in a Taylor’s series about oo, the center angular fre-
quency of the channel, gives

T = l[ﬁ] + 2.32(‘-0 - wn) + 363(‘" - U-’D)z + - ']: (5)

where 81, 82 --- are the expansion coefficients of the Taylor’s series
for B.

For frequencies and bandwidths of interest the terms of order 85 and
higher are negligible for the 2-inch waveguide. Since the 8, term is a
constant time delay, the only source of distortion is the Bs term.

A.2 Reflection Equalizer

The reflection equalizer, proposed by J. R. Pierce and W. 8. Alber-
sheim,*™ is illustrated in Fig. 40. Since the higher-frequency compo-
nents of the signal penetrate deeper into the taper before being re-
flected than the lower frequency components, their round trip transit
time is longer. By properly designing the shape of the taper the distor-
tion of the guide ean, in prineiple, be exactly equalized. Equalizers of
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Fig. 40 — Reflection equalizer.

this type (operating at X-band) have been built by K. Woo*® and
also by C. C. H. Tang.*® This type of equalizer can be built with an
adjustable delay characteristic; as an alternative, one might build a
small number of “stock” tapers which give approximate equalization
and use a different type of equalizer to “trim” the equalization.

A3 Transmission Equalizer

A second type of delay distortion cqualizer is the transmission
equalizer shown in Fig. 41. If the frequency spectrum of the signal in
the channel is inverted and this signal is then passed through a short
picce of waveguide near cutoff the delay distortion can be equalized
since the frequency inversion causes a sign reversal in the 8. term.
Writing the transit time in the medium as

T, = Zm[ﬁlm + 262,,,(.0-‘ - fﬂa)]

and the transit time in the equalizer as

T, = LB, + 2B:,(w0 — @) + 3Bafwo — w)® + «--],
one obtains for the total transit time
7.+ 7. = [LB. + L5.]
+ QI:.BQ."IHI - B?gl!](.w - wD) + 3.33,1,(0’0 - w)z + .
The cutoff frequeney of the equalizer ean be chosen such that,

Bz...lm = .B‘Eelz .

WAVEGUIDE

INPUT NEAR OUTPUT
—_— FREQUENCY

CUTOFF ——
—_— INVERTER —

IFig. 41 — Transmission equalizer,



2014 THE BELL SYSTEM TECHNICAL JOURNAL, NOVEMBER 1967

The delay distortion of the medium is thereby removed. If, however, I,
is short, the equalizer must be operated quite near cutoff in order to
satisfy this equation. If I, is too short, the terms of order Bs, and higher
may contribute significant distortion to the signal. This, in fact, sets
the lower limit on the length of the transmission equalizer. The mini-
mum length of the equalizer depends on how much of this distortion
is tolerable (which is not precisely known) and on the carrier fre-
quency used in the equalizer. However, lengths of the order of ten
feet or less are probably adequate for carrier frequencies above 50
GHz. For frequencies between 40 and 50 GHz, the length of the
equalizer would probably be prohibitive for channel bandwidths of
500 MHz. However, transmission equalizers might be attractive as
“trimming equalizers” for use with “stock” tapers or for use with the
frequency-frogging scheme discussed in the next section.

Recently, J. H. Johnson® has built a transmission equalizer. His
tests indicate that at the frequencies of interest, the phase charac-
teristic is in agreement with the lossless theory and that the attenua-
tion will not be prohibitive.

A4 Frequency Frogging

The third approach to delay distortion equalization is due to D. H.
Ring.* It is known as “frequency frogging” and consists of replacing
every other regenerative repeater in the system with nonregenerative
repeaters that invert the frequency spectrum of each channel and
provide linear gain. This scheme is illustrated in Fig. 42. The medium
itself in span 2 (see Tig. 42) then acts as a long transmission equalizer
for span 1. If the spans are of equal length the equalization is exact
except for the contribution from the B3, 85, ete., terms in (5) which is
negligible for reasonable channel bandwidth and repeater spacings. If
the spans are of unequal length, say x; and ., respectively, only the
distortion 28s(w-we) (x1-z2) must be equalized. Since one would have

I 2B5(w — wo) (T, — T2) I < 1 2B,(0 — wo)x, ]
the “trimming equalizer” required in such a system could be a com-
paratively simple transmission or transversal equalizer.

o
REGENERATIVE !
REPEATER
~ (ouTPUT

LINEAR
FREQUENCY

INVERTING REGENERATIVE

REPEATER REPEATER
POWER=PF,) | sPAN{ (QUTPUT

POWER =R, )

Fig. 42 — Frequency frogging.
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The chief disadvantage of frequency frogging is the requirement
that the nonregenerative repeater be linear.* This will probably result
in lower available power at these repeaters than is attainable at the
regenerative repeaters. The effect on repeater spacing ean be calcu-
lated. If we define P, and P, to be the average power available at the
output of regenerative and linear repeaters, respectively, x, to be the
maximum allowable spacing between repeaters in a system having all
regenerative repeaters and ideal delay distortion equalizers, and x,
and 22 to be the lengths of the spans in the frequency-frogging sys-
tem, the values of z; and 2. which maximize the quantity x;, + 2. are
given hy

T, = 2, — 1 miles
10 P, .
To =2y — 1 — 3 Log‘PT! miles,

(A loss of 3 dB per mile has been assumed in the above equations.)
The fractional decrease in repeaters spacing using this scheme is thus,
5. P, (P./P,) dB
2:uﬂ—(a;,~|~;t:2)=1+3L0gPl=1+ i

2z, X To

which, for example, amounts to only about 12 percent for P./P, = 8
dB and zp = 20 miles. The amount of delay distortion which must be
made up by a “trimming equalizer” is equivalent to A miles of guide
where

10 P,
A=2 —ux = 3 LogP!-
For the example cited above, A = 2.67 miles.

A5 Transversal Equalizer

Baseband transversal equalization can be used in a linear system
to improve the pulse response.® This type of equalizer functions by
adding time shifted images of the input pulse to itself in such a man-
ner that the pulse response of the system is set to zero at a finite num-
ber of instants an integral number of time slots from the pulse center.
The addition of the time shifted images of the pulse is usually carried
out by means of a tapped delay line and a summing network.

*Since the delay distorted signal at the nonregenerative repeater may possess

amplitude modulation, this repeater may have to bhe linear up fo power levels
higher than the average signal power.
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Since the conversion to and from baseband in our system is non-
linear, baseband equalization cannot be used. However, an IF trans-
versal equalizer can be used. A possible configuration of the circuit is
shown in Fig. 43. It can be shown that any realizable transfer function
can be approximated over a finite band using this type of circuit.®
Thus, this eircuit ean be used to compensate for the waveguide delay
distortion.

An alternate approach to transversal equalization can be used which
is similar to baseband transversal equalization. It can be shown by
taking quadrature components that the binary FM-DCPSK signal is
equivalent to two polar pulse trains in phase quadrature. By proper
choice of tap gains and phase shift the response of the system can be
set to zero at instants that are multiples of a bit interval from the
pulse center.

Computations made by one of the authors, JEG, which will be pub-
lished at a later date, show that transversal equalizers with about 11
taps can be built to equalize the channels at 50 GHz and that above
70 GHz extremely good equalization can be achieved with 5 or fewer
taps. Also, under certain cireumstances, the phase shifters can be
eliminated.

A.6 Equalization by Quasi-Periodic Structures

In a recent paper,** I. 8. Hewitt has described a tapered meander
line filter, shown in TFig. 44, which produced 300 ns of nearly linear
delay distortion over a frequency band from 1.1 to 1.7 GHz. This de-
vice, which had a total length of less than 18 inches, demonstrates the
feasibility of using a filter of this type. It is believed that this type of
structure deserves careful consideration.

IN . <
=
a
e |
T
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Fig. 43 — A mierowave realization of the transversal equalizer,
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T'ig. 44 — Tapered meander line.
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