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FOREWORD

The successful conduct of the modem evaluation program described herein
could not have been accomplished without the cooperation of numerous
individuals and organizations who, regrettably, cannot all be mentioned
by name because of space limitations.

The Aerospace Instrumentation Directorate of the Air Force Electronic
Systems Division provided overall task direction and arranged for over-
seas transportation of equipment. The Air Force Missile Test Center
Liaison Office (AFMTCLO) in Pretoria handled all arrangements regarding
the use of South African Ministry of Posts and Telegraphs radio trans-
mitting facilities, transportation of equipment in South Africa and
staff living facilities in Pretoria.

The operating personnel at Radio Transmitting Station, Olifantsfontein,
South Africa, under the direction of Mr. C. R. Maske, were most co-
operative in connecting the test equipment and operating the radio
transmitting equipment so as to facilitate our conduct of the tests.

At the Riverhead, Long Island receiver site, the wholehearted cooperation

of the RCA operating personnel under the direction of the site manager,
Mr. J. M. Etter, did much to help maintain the operating schedule par-
ticularly with respect to coordinating frequency changes.

In addition, we wish to acknowledge the cooperation of Collins Radio Co.
Northern Radio Co., and Rixon Electronics, Inc., in making their equip-
ment and assistance available for participation in these tests.

Finally, we wish to acknowledge the MITRE test personnel in the field,
including J. D. Bosia, S. J. Forde, Jr., R. W. Gilliatt, L. J. James,
R. M. Steeves, P. E. Wagner, and R. Wilson, who, by their willingness
to maintain a protracted, arduous., shift schedule, were responsible for
the considerable amount and quality of the data collected.







ABSTRACT

The comparative performance of several digital data modems over a high-
frequency (HF) radio link is described in this document. During April
and June 1964, field testing of evaluation models of new phase-shift
keyed (PSK) modems was conducted over a leased 6900-nautical mile HF
radio circuit from Pretoria, South Africa, to Riverhead, New York. The
superior bandwidth economy of PSK over frequency-shift keyed (FSK)
modulation was demonstrated. This work was accomplished as part of

the ESD program to improve missile test range HF digital data trans-
mission.
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SECTION I

INTRODUCTION

DATA TRANSMISSION REQUIREMENTS

The increase in the scope and extent of missile and spacecraft test
activity has been paralleled by an increase in the burden to be borne
by the communications networks of the National Ranges. Not only is an
expanded communications capability desired merely to provide increased
capacity, but new techniques must be developed which allow communi-
cations with improved data quality and with greater reliability.

These requirements for expansion and improvement of techniques, espe-
cially in the area of long-haul communications, have resulted from the
change in scope of the new programs and the shift in the center of range
interest. The new programs (long-range ballistic missiles, satellites,
space probes, and manned-space craft) have shifted the center of in-
terest from the launch area (Cape Kennedy) to those points which monitor
such important functions as orbit injection, orbit status, and reentry
parameters. The increased emphasis on centralized control inherent in
these activities is demanding an improved real-time communication
capability to be provided between the launch area and the down-range
sites (South Atlantic Ocean, African and Indian Ocean stations).

Typical data transmissions requirements include such items as:

(a) Precision Tracking Data: High-Density Data Trans-
mission (HDDT) of RAET® at 2880 bits/second from
AN/FPQ-6 or TPQ-18 type radars at Ascension Island
and Pretoria, South Africa.

(b) Range Control: One full duplex voice channel for
handling high bit rate (3000 bits/second) data.
The control functions will be sent down-range from
Cape Kennedy to all stations and confirmation re-
ports will be sent up-range.

¥
(Range, Azimuth, Elevation, Time coordinates)
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(c) Bioinstrumentation: Two voice channels for handling
telemetry information stripped from the vehicle
telemetry links.

(d) Status and Event Telemetry: Data up-range to central
control at rates in excess of 4800 bits/second.

Since the existing submarine cable extends only as far as Antigua (ETR
Station 9.1) at present and for the foreseeable future, real-time data
transmission with such stations as Ascension (Station 12) and Pretoria
(Station 13) will continue to be via high-frequency (HF) radio. The
increasing use of range ships (ARIS class) and aircraft will mean con-
tinued dependence upon HF radio for data transmission.

Because of the limited radio spectrum in the HF region, pyramiding of
present slow data rate equipment is not the solution to the high-speed,
long-haul communications problem. Techniques must be developed and
implemented which will satisfy the range needs for high-speed, high-
reliability, bandwidth economy and relative immunity to the pertur-
bations of the transmission medium.

HISTORICAL BACKGROUND

In an initial attempt to achieve higher data rates throughout the long-
range communication systems, data terminal equipments employing modu-
lation techniques found satisfactory for use on wire lines, cable and
line-of-sight radio were utilized. The results obtained, however,
were unsatisfactory when these techniques were applied to the long-
range, HF radio circuits which exist between Cape Kennedy and the down-
range stations not served by the submarine cable (Ascension Island,
South African, Indian Ocean stations and the ocean range vessels).

Therefore, in order to attain more efficient, real-time, high-speed,
digital data transmission and also to combat the anomalous character-
istics of the transmission media (the ionosphere), the Air Force
Missile Test Center (AFMIC) at Patrick AFB initiated a program whose
aim was to develop terminal equipment, called modem (modulator-
demodulator), incorporating a modulation technique which would achieve
efficient communications when used on a circuit involving ionospheric
propagational phenomena.

The original AFMTC Task was (Task 79615 and later Task No. 8938.61)




entitled, "Equipment for Real-Time Data Transmission Over Radio Fre-
quency Communications Circuits." During FY63, the responsibility for
this task was transferred from AFMTC to the Air Force Systems Command/
Electronic Systems Division (ESD) at L. G. Hanscom Field, Bedford,
Massachusetts, where it became ESD Task No. 5931.05.

ROLE OF THE MITRE CORPORATION

Within ESD, the Directorate of Aerospace Instrumentation, designated
ESRI, assumed responsibility for the task and enlisted the support of
The MITRE Corporation for fulfillment of the task requirements. Depart-
ment D-80 (Communications Systems and Techniques) of The MITRE Corpo-
ration was selected to support the task, which was designated a part of
Task 705.1 by MITRE.

MITRE conducted a canvas of terminal equipment manufacturers for new
techniques applicable to the task, identified those which appeared most
promising, and assisted in the preparation of a work statement for de-
velopment contracts. As a result of this effort, two development
contracts were awarded by ESD on 1 July 1963, one to General Atronics
Co. (Contract No. AF 19(628)-3281), Philadelphia, Pa., and the other to
General Dynamics/Electronics (Contract No. AF 19(628)-3268), Rochester,
N. Y., for feasibility models of modem equipment designed for use over
long-haul, point-to-point, HF radio links.

Since it was not feasible to rely on laboratory simulation of the cir-
cuit characteristics which would be encountered during actual operation,
it was decided that the developmental models should be evaluated by
MITRE during field tests on an actual radio circuit. The objectives of
this evaluation were to determine the relative merits of the two new
developmental modems compared to one another and to off-the-shelf
systems currently being used in the field.

HF TRANSMISSION PROBLEMS

Digital data transmission over long-haul, HF radio links is subject to
difficulties peculiar to ionospheric propagation and to the operating
environment of the HF band assignments. The behavior of the HF media

is changeable and often difficult to predict. It is subject to diurnal,
seasonal, and long-term cyclical changes, as well as sudden ionospheric
disturbances, magnetic storms and man-made interference. There are
also periods when communications cannot be maintained at all in the HF
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band (2 to 30 mc/second) and, under such circumstances, no data trans-
mission system is operable. The objective of any HF digital data modem
development program, therefore, must be to find solutions to the problems
which preclude accurate data transfer during periods when the trans-
mission path is established but marked by anomalous behavior. Some of
the phenomena which are the most troublesome to HF digital data trans-
mission are:

(a) atmospheric noise,

(b) Doppler frequency shift,

(¢) flat (nonfrequency selective) fading, and

(d) multipath distortion, including
(1) frequency selective fading (intrasymbol interference),
(2) intersymbol interference, and
(3) phase distortion.

An investigation of the problem areas commonly encountered in HF radio
communications led to the conclusion that the existing "off-the-shelf"
modems were inadequate to meet the requirements of transmitting 3000
bits/second in 3~kc/second bandwidth with a bit error probability of
1 x 1076 in a multipath fading environment. It was evident that new
modulation schemes must be exploited which are relatively invulnerable
to ionospheric disturbances. 1In choosing an optimum modulation system
for use over HF radio, one must characterize the medium as accurately
as possible, determine the deleterious features and select techniques
which either (1) passively obviate or (2) actively compensate for these
anomalies.

TASK OBJECTIVES

The long-term goal of the task is to provide a capability of trans-
mitting 3000 bits/second within a 3—kilocycle bandwidth with an error
rate of 10_6 under conditions of good signal strength.

The salient objective of the MITRE evaluation test program was to
determine the effectiveness of the signal processing techniques embodied
in the evaluation modems in achieving this goal. The relative value




of each modem technique should be determined in the ways described

A measurement of effectiveness:

(a) in correcting or compensating for the signal distortion
caused by the medium;

(b) on an error-rate basis which has been normalized to the
full 3000-bit/second model;

A comparative basis:

(a) sensitivity to each of the various disturbances;

(b) normalized error-rate compared with a standard modem
system;

(¢) relative reliability.

below.




SECTION II

DIGITAL DATA MODEMS

GENERAL

Modem - Definition and Backeground

The term "modem" was coined by communicators about a decade or so ago

in relation to the transmission of digital data over telephone and wire-
line circuits. In general terms, modem (modulator-demodulator) equip-
ment encompasses all modulation-demodulation techniques from a simple
on-off teletype key to a complex spread-frequency system, but more
specifically indicates modulation-demodulation terminal equipment for
digital data transmission within a voice frequency bandwidth regardless
of the propagation media (radio or wire). Consistent with the aims of
the present task, a fitting definition of the term 'modem' is:

Modulation-demodulation terminal equipment which
processes or operates upon digital data information

in such a manner as to affect efficient data trans-
fer, when used with conventional HF radio communi -
cations equipment, within the voice frequency spectrum

available and the propagation constraints of the trans-
mission media.

Modem Techniques

While many different techniques are incorporated in present modem equip-
ment, in general they are all applicable to any data transmission system
regardless of the media employed. That is, modems developed for wire
lines and telephone circuits may also be used in microwave, tropospheric
scatter, cable and VHF and UHF line-of-sight radio circuits. Because

of the many vagaries of the ionosphere (rapid fading, differential
multipath delay, sudden ionospheric disturbances, etc.) however, use

of the same wire line-oriented modem techniques have proven unreliable
when applied to long-haul HF radio circuits. As a result, certain
techniques are peculiar to modems designed for use over HF radio circuits.




The high-speed serjal bit stream is generally buffered into a number of
parallel slow-speed bit streams so that the information symbol duration
will be sufficiently long enough to counteract the effects of multipath
smearing. The parallel data streams are then applied to many parallel
tones (frequency-multiplexing) for modulation purposes so that the
total data content can be transmitted within the baseband frequency
allocated (generally, a nominal voice bandwidth, 375 to 3025 cycles/
second) .

While some attempts have been made to transmit data over HF in a high-
speed serial manner, these have not been too successful.

The modulation techniques used on HF data modems can be categorized in-

to two general areas: frequency-shift and phase-shift keying (FSK and
PSK) techniques.

Frequency-Shift Keyed Systems

In frequency-shift keyed (FSK) systems, each slow-speed, parallel data
channel is applied to a frequency-shift tone keyer where the tone out-
put is shifted back and forth between two frequency values (i.e., MARK
or SPACE), depending upon the state of the input data. An aggregate
signal is formed from all of the tone keyers and is used to modulate
the radio transmitter.

At the receiving terminal, the received audio aggregate signal is
applied to filters which filter each individual FSK channel. Each
channel is then applied to a frequency-shift converter which converts
the frequency-shift information into voltage levels which are envelope-
detected. As the slow-speed bit streams are detected, they are applied
to a parallel-to-serial converter which reconstructs the transmitted
high-speed bit stream. Delay equalization across the baseband ‘is
necessary to effect center strobe sampling and subsequent conversion
back to serial data.

Phase-Shift Keyed Systems

In phase-shift keyed (PSK) systems, the slow-speed parallel channels
are used to shift the phase of the frequency-multiplexed channels.




However, further slow down of the parallel channel keying rate may be
accomplished by encoding more than one information bit upon one phase
position. The four-phase position or quadraphase PSK modems are most
commonly used over HF radio circuits. Since four-phase positions are
available, two binary data bits may be encoded upon each phase position
(see Figure 1).

Two-Bit Binary Word

00 01 11 10

Tone Phase Position, degree 0 90 180 270

Figure 1 Quadraphase Encoding Technique

Because the PSK systems transmit the information in the amount of

phase change between successive bits on each channel tone and not in

the amount of frequency change as in FSK systems, orthogonal signalling
techniques are applicable to the PSK systems. This results in closely
packed channel tones with low interchannel crosstalk. In order to
achieve orthogonality, the frequency increment between adjacent channel
tones must be an integral multiple of the reciprocal of the demodulation
integration interval. If the channel tones are spaced at higher
multiples than normally required to achieve orthogonal signalling,
additional protection against the effects of crosstalk and multipath may
be gained. This is accomplished, however, at the sacrifice of band-
width.

At the receiving terminal, a phase reference must be established in

order to recover the binary data from the phase information. Two methods
of obtaining the phase reference are employed---the time-differential
technique and the frequency-differential technique.

The time-differential technique derives the phase reference for each

of the parallel PSK channels from the phase-shift tones themselves;
that is, the information content is determined by the amount of phase
change encountered between consecutive symbols on each channel. Since
the phase measurement or comparison is made over an information-
bearing symbol interval, the technique is called time-differential
phase-shift keying. While signals received over long-haul, ionospheric
paths do encounter amounts of phase, frequency, and amplitude changes
because of the media itself, the time-differential technique relies




upon the received signal having a sufficiently high, short-term phase
stability which must exist for most of the symbol interval.

In frequency-differential systems, the phase reference is obtained by
transmitting many unkeyed CW tones throughout the baseband. Since the
tones are unkeyed, the receiving terminal has many real-time phase
references to use in recovering the information. While time-differen-
tial requires time stability of the media as far as phase is concerned,
frequency-differential systems require a high correlation of phase over
a narrow frequency band.

Because of the narrowness of this band of high phase correlation, the
information-bearing channel tones must be more closely packed than in
the time-differential systems. This is reflected by the very long
signalling symbols required when orthogonal signalling is used.

At the recelving terminal, the reference and information-bearing tones
are translated to a common processing frequency, where, using corre-
lation detection techniques as in the time differential systems, the
binary information is recovered.

MODEM DESCRIPTIONS

Since it was desired to compare the performance of the two develop-
mental modems, DEFT and  KATHRYN, it was decided to also operate an

off -the-shelf modem as a standard of comparison. Therefore, a standard
FSK modem was used, and for the second test the well-known KINEPLEX,
built by the Collins Radio Co., was also tested. Descriptions of these
modems in their full-scale versions are given below.

Northern Radio/Rixon (AN/FGC-61A/Sepath Type DD-1003) Combination

This combination was included in the evaluation tests since it employs
the commonly used FSK modulation technique. Although not applicable
to satisfying the requiremnts of the task because of a lack of band-
width economy, this combination served as a standard of comparison
since much performance data is available for comparison of systems
employing the FSK technique (AN/FGC-29, -60 and -61A) and other modem
systems used for data transmission via HF radio.




AN/FGC-61A Voice Frequency Telegraph Terminal

This equipment is normally used for the transmission of telegraph,
teleprinter or telemetering signals over sixteen parallel, FSK channels.
The maximum keying rate for each channel is 90 bits/second; however,
during normal operational use the channel speed of 75 bits/second is
employed, resulting in a total data handling capability of 1200 bits/
second (16 channels x 75 bits/second/channel). Each transmitting channel
consists of a frequency-shift tone keyer whose output is shifted either
42.5 cycles above or below the center frequency of the channel (giving
an overall frequency shift of 85 cps), depending on the state of the
input data The sixteen center frequencies of the channels are

separated by 170 cps, beginning at 425 cps and ending at 2975 cps.
Therefore, the baseband occupancy of the aggregate audio signal is about
2650 cps (a nominal voice bandwidth)

At the receiving terminal, the two audio aggregate signals from the HF
receivers, when operating through the use of space diversity, are
applied to bandpass filters which separate the desired channel from the
aggregate. The diversity combination is performed on a switched con-
trolled (selection) basis; i.e., after maximizing the difference between
the two diversity paths, the diversity path with the highest signal
level is selected as the discriminator input where the MARK-SPACE
decision is made.

Rixon Type DD-1003 Simplex Multi-Channel Sepath System

The Rixon/Sepath equipment allows the utilization of existing frequency
division multiplex equipment to achieve a capability for transmitting
high-speed data in the presence of HF multipath. Sepath, by synchro-
nously disassembling the high-speed data into a number of lower speed
data streams, allows this data to be transmitted via the slow-speed
FSK equipment. At the receiving terminal, Sepath reassembles the data
into the original high-speed serial format.

The use of Sepath equipment with the AN/FGC-61A provides a capability
of handling high-speed serial data streams. For example, if the serial
data rate was 1200 bits/second as the Sepath input, the output data of
the Sepath would be sixteen parallel data streams at 75 bits/second,
which is compatible with the FGC-61A  Bit timing synchronization be-
tween transmitter and receiver is obtained by comparing the transitions
in the received data to a clock reference pulse. If a time discreparcy
exists, a phase corrector shifts the phase of the receiver clock to
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ensure phase and frequency coincidence. Since the time delay is not
the same for all parallel channels across the voice baseband, delay
equalizers are incorporated within the Sepath equipment to adjust for
coincidence of the data transitions from all channels.

General Dynamics/Electronics DEFT (SC-302)

This modem was designed specifically for high-speed, point-to-point
data transmission and reception over HF radio circuits. Incorporated
within the modem are techniques to combat selective fading and symbol
delay-spread caused by multipath.

While classified as a PSK system, the DEFT system obtains phase refer-
ence information from many (22) continuous tones, spaced throughout the
transmitted baseband. Therefore, unlike time-differential PSK systems,
which derive the binary data content based upon phase difference de-
cisions between adjacent symbols in time and at the same frequency, the
DEFT technique chooses to use real-time phase information, necessary
for correlation detection, based upon the high correlation of phase be-
tween closely spaced tones. DEFT is, therefore, identified as a
frequency-differential PSK system.

At the transmitting terminal, the DEFT modem accepts the high-speed
(3000 bits/second) serial bit stream and converts it to many (40)
parallel, slow-speed (75 bits/second) bit streams. Each parallel in-
formation channel consists of two tones whose phases contain the
information. The keying rates of the slow-speed bit streams are further
reduced by encoding three serial bits into one information channel
symbol. Therefore, the channel symbol rate is 25 symbols/second (baud).
Figure 2 illustrates the DEFT encoding technique as applied to the sine
and cosine phase positions of the two tones which make up an information
channel. It should be noted that only eight of sixteen possible coding
combinations are used. Actually, four bits could be encoded at a
sacrifice of approximately 2 db in signal-to-noise (S/N) performance.

In order to incorporate the advantages of orthogonal signalling, the
information tones are separated by 25 cps. The 22 phase reference
tones are spaced at 125-cps increments throughout the baseband, and
between each reference tone are two information tone pairs. 1In order
to determine course bit synchronization, two tones, 25 cps from refer-
ence tones, are transmitted near each end of the baseband, and since
none of the tones are keyed, the 25-cycle separation allows resolution
of bit timing (40 milliseconds = 1/25 cps) from the crossovers. The
125-cycle spacing between adjacent phase reference tones enables fine
grain time correction from the crossover information. Although there
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Three-Bit Binary Word

000 | oor | o010 | o11 100 101 110 111
45 -S 45 -S +s -s 45 a3
Tone 1 | 4 1C +C -C -C -C -C -C
-S -S +S -S 45 +s -S
Tone 2 1 40 +C -C -C +C +C -C -C

Figure 2 DEFT Encoding Technique

are twenty-one 125-cycle slots, each of which contains two data tone
pairs,two of these tone pair positions are occupied by sync tones.
Therefore, there are 40 data tone pairs for information transmission.
The 22 phase reference tonesy which are transmitted together with the
40 data tone pairs to attain a 3000-bit/second capability, occupy 2625
cycles of bandwidth (375 to 3000 ~).

At the receiving terminal, all received tones are translated to a common
processing frequency. ''Coherent" detection is accomplished by cross-
correlating the received signal with locally generated models of each

of the signalling symbol possibilities (see Figure 2). All the corre-
lator outputs are weighted in a resistor matrix so as to match the
weighting of the transmitted signal elements, and then the decision on
received symbol is made on a "maximum likelihood" basis, i.e., the
largest correlator output is selected as the transmitted symbol.

When diversity reception is available, post-detection combining, employ-
ing the equal-gain method, is used. With this method, the stronger
signal dominates in the final decision process.

In order to combat frequency selective fading, DEFT employs a segmented
AGC technique which requires that the received signal be passed through
a number of narrow band bandpass filters whose average outputs are
maintained relatively constant. 1In this manner, the effects of the
narrow attenuation notch passing through the 