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I INTRODUCTION

A. Statement of the Problem

U General

The U.S. Army faces a serious problem in communicating by radio with

and among helicopters on the modern battlefield. The helicopter is an

essential vehicle for both defensive and offensive Army combat operations.

Its use is integrated into Army doctrine as both a weapons platform and
a support vehicle. The mission effectiveness and relative worth of heli-
copter systems in both roles are closely related to this communication
effectiveness. The threat environment forces the helicopters to fly at

very low altitudes (viz, treetop level and below)--at what is called

*
nap-of-the-earth (NOE)1 --and the communication effectiveness of currentiy

deployed helicopter radios is inadequate during NOE flight.

At present, the Army uses the AH-1 attack helicopter. This vehicle
will be replaced in the near future by the advanced attack helicopter
(AAH). The attack helicopter operates in a hostile environment in the
main battle area near the forward edge of the battle area (FEBA), where
its primary mission is to neutralize enemy tanks or other targets in
direct support of the ground commander. Present tactics call for the
attack and scout (OH-58) helicopters to be used as a team in which the
scout helicopter acquires the target and then calls in the attack heli-
copter, which neutralizes the target. These aircraft must have reliable
communication with each other, the supported ground commander, the for-
ward staging area--the Forward Area Rearm and Refuel Point (FARRP)--and

the holding area where attack aircraft hide while awaiting their turn tou

move into firing positions.

%*
References are listed at the end of the text.
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In a support role, other Army helicopters are used as troop delivery
or resupply vehicles from the rear areas of a division to the forward
area. These missions are currently performed by the UH-1 (utility) and
CH-47 (cargo) helicopters; the UTTAS will also be used in the future.
Reliable communication is required from these aircraft to the supported
forward commanders. In addition, communication is required with control-
ling units in the rear--aviation company operations. The UH-1 and OH-58
are also used as command and control aircraft, and for various other
special missions. Command and control aircraft require communications
to subordinate elements and to redirect assets to critical locations.
There are approximately 7700 helicopters in the Army inventory (1978),

most of which could be required to fly NOE at one time or another.

Army helicopters now are equipped with 10-W VHF/FM radios operating
in the 30- to 76-MHz band. These radios are the AN/ARC-131, and the
newer AN/ARC-114, and -114(A). The present family of aircraft radios
are inadequate for communication at the required ranges to the sup-
ported ground commander (less than 17 km as stated by the Armor Cen-
ter) and to other helicopters, and to rear echelons nominally out to
50 km). (Actual required ranges will depend upon the tactical situa-
tion.) These radios were designed to operate under line-of-sight (LOS)
conditions from the helicopter flying at high altitudes to both rear and
forward units, where intervisibility usually existed. Under present
doctrine, the helicopter must fly at extremely low altitudes, or NOE,
to take maximum advantage of terrain and thereby reduce its vulnera-
bility to physical and electronic warfare (EW) threats and increase
its survivability. Because line-of-sight conditions rarely exist at
these altitudes, the terrain masking reduces communication range

substantially.

2, Impact of the Communication Problem

Examples of the command and control problems resulting fium lack of
liable helicopter communications are cited from a division-size exercise
(REFORGER-76) , conducted in Europe (near Fulda, Federal Republic of Ger-
many) in 1976 by the 1l0lst Airborne Division (Air Assault);2

2
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e The present family of aircraft radios are not sufficient for
aircraft-to-ground communication when the aircraft is flying NOE,

low level, or contour.

e Frequency modulation (FM) radios are restricted by distance,
obstacles, and are limited to LOS.

e Because intelligence information was not rapidly disseminated,
the OH-58 aircraft expended valuable blade time, resulting in
fewer targets that could have been engaged, and higher loss of
aircraft and crews.

» Enemy air defense positions were not reported by division and
the supported brigade to the helicopter. The helicopter cannot
survive on the mid/high intensity battlefield without timely,
accurate intelligence on enemy air defense artillery and surface-
to-air missiles.

e Lack of target handoff information caused attack teams to search
for targets that had been previously acquired, or to engage
suboptimum targets.

e Lack of information on the FEBA trace caused aircraft to overfly
the FEBA or expend valuable blade time using NOE tactics in areas
where these tactics were not warranted.

A recent survey (July 1977) of European units reiterated these problems3

and an urgent need to remedy them was stated by USAREUR.®

3 Nature of the Threat

The helicopter is prevented from climbing to altitudes where it can
communicate with other units by the formidable enemy ground threat: An
aircraft that climbs to altitudes where it can communicate with other
units, is vulnerable to ground-based weapons, particularly the ZSU-23/4
(Quad 23--a multitube optical- or radar-controlled 23-mm weapon). In ad-
dition to small arms ground fire and the Quad 23, the helicopter is fac~d
with a surface-to-air missile (SAM) threat. These weapons includc the
SA-7 (Grail missile--passive, IR-seeking weapon deployed at the company
level), the SA-8 missile (having a substantially longer range than the
SA-7), and the SA-9. The threat profile for these weapons begins in the
vicinity of the FEBA and forms a destructive ground-to-air umbrella with-
in line-of-sight to 5000 meters; it extends into the rear areas at slight-
ly higher altitudes (see Figure 1).* The effective ranges of these and

other weapons are given in Reference 6.
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To defeat these weapons, the aircraft flys in three flight regimes
(see Figure 2), depending upon the range from the threat.’ The highest

altitudes are in the low-level flight regime, defined as flight conducted

2t a select altitude at which detection or observation of aircraft is
avoided or minimized. This tactic is used in rear areas. Contour flight
is defined as low-altitude flight in close proximity to the contours of
the ecarth and its vegetation to take advantage of available cover and con-
cealment to avoid observation or detection from points of departure or
landing. It is characterized by varying airspeed and altitude as vegeta-

tion and other oostacles dictate. Finally, nap-of-earth (NOE) flight is

defined as flight as close to the earth's surface as obstacles and vege-
tation will permit, generally following the contours of the carth. Air

speed and altitude are varied as influenced by terrain, weather,

CONTOUR

Low LEVEL (©

SOURCE: Reference 1

FIGURE 2 NOE, CONTOUR, AND LOW-LEVEL FLIGHT
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visibility and enemy situation. NOE flight is used in the forward areas
of the battlefield in the areas of greatest threat. NOE flight represents

the most difficult altitudes for tactical communication.

In addition to the weapons threat, it is anticipated that electronic
warfare (EW) will be used on the modern battlefield. These techniques
will be used in both the HF and VHF portion of the spectrum to intercept,
direction find, monitor for intelligence, and jam U.S. Army communication.
Soviet/Warsaw Pact Doctrine emphasizes EW and has provided numerous EW
assets to the operational commander.®”” Their techniques call for VHF/FM
jammers to be located 1 to 2 km behind the FEBA having an estimated range
of 15 and 25 km; also, this doctrine calls for the massing of EW equip-
ment on the enemy flanks to inhibit communication at the intended point
of breakthrough. EW equipment assets exist capable of jamming almost

half of the Army's VHF/FM nets.

Currently Soviet/Warsaw Pact doctrine calls for interception and
jamming of HF tactical nets above the division level Soviet HF jammers
are normally targeted to 30 km behind the FEBA. However, longer ranges
can be achieved with higher-powered equipment. Soviet HF jamming equip-
ment while relatively unsophisticated, exists in quantity, and could be
located closer to the FEBA were the doctrine to be modified. Also,
present doctrine calls for deployment of direction finding (DF) stations
in proximity to the FEBA; these are netted to weapons-delivery systems.
Location of the target with these DF stations permits target coordinates
to be passed to the weapons systems, and a capability exists to deliver
destructive fire to the target promptly (within the range capabilities
of the weapons). Therefore, the time between detection, location, and
delivery of destructive fire can be very short. In summary, the EW

threat to helicopters and other Army ground units is formidable.

The need for reliable communication from the aircraft to other Army
elements was succinctly stated by a helicopter pilot with ten years of
helicopter experience, stationed with the 155th Aviation Company at Fort
Ord, California. This pilot had approximately 2400 hours of flight expe-

rience, including a combat tour in Vietnam during which time he served

as mission commander.
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As a mission commander in a modern combat environment flying
at the altitude we used in Vietnam would be fatal. This has
been demonstrated. Further, as a mission commander, no matter
what the combat mission is, if you can't communicate with the
personnel associated with that mission, you're not going to
complete that mission. You've got to have communication with
ground elements, the people in charge, and have intercom-
munications between the elements of the fire team or attack
helicopter team. This means communication from air-to-ground,
ground-to-air, and air-to-air. All three of these must be
present, unless the mission is so thoroughly prebriefed that
communications during the mission are not necessary. Such a
prebriefing to eliminate communications is generally infeasible.

4 Summary

In summary, the present VHF/FM radios employed in Army helicopters
do not provide adequate communication over the required operational
ranges when the aircraft is flying at NOE altitudes. As a result, the
potential of helicopters (and their weapons systems) is not fully

realized. For example, reliable NOE communication ranges in even gently

» 2

rolling terrain are now limited to an estimated range of 10 km or less.®
As the roughness of the terrain increases, the effective communication
range decreases. The choice faced by the pilot in the absence of a NOE
communication system is to do without communication or to climb to
altitudes where he can reestablish communication; however (as noted)
climbing increases his vulnerability to ground-based weapons and EW.
Alternatively, he can attempt to locate a favorable communication point
by changing location slightly while at NOE altitude, or he can fly closer
to his intended receiver and try again. This, however, detracts from

his primary mission objective and also decreases remaining flight time.
Furthermore, multiple transmissions of tactical voice messages increase
the aircraft's susceptibility to intercept, jamming, direction finding,
and attack by ground-based weapons. For these reasons, the Army has
identified a requiremem:10 for and embarked upon the procurement of a
helicopter NOE radio system capable of providing reliable communication

in various types of terrain at the required operational ranges.




B. Organization of This Report

The NOE communication problem was addressed in a joint letter of
agreement (LOA) signed by TRADOC and DARCOM (see Appendix I), The objec~
tives of the study, scope of SRI work, and technical limitations and

constraints, are given in Section II.

An engineering analysis of the major NOE communication system test

conducted at Fort Hood, Texas (FM-320) is given in Section III.

The Critical Issues and Unknowns identified in the LOA are addressed

in Section 1IV.

The general method of approach, participating organizations, and

summary of findings are given in Section V.

The appendices contain supplementary material which were documented

during the NOE study.

Appendix A contains a description and results of a communication
performance model for predicting operational range (OR) in irregular
terrain. This model was used both for OR estimates of candidate radio
systems and for the SCORES scenario used to quantify communication and

mission effectiveness.

Appendix B contains the results of an NOE communication test run in

Hawaii using three systems: VHF/FM, HF/SSB, and UHF/satellite.

1 Appendices C and I further document the requirement for an improved

NOE communication system for helicopters flying NOE.

Appendices D, E, F, G, and I contain analyses of important technical
characteristics of the NOE radio system--speech processing for HF/SSB

i transmitters, F©SK data transmission, and VHF and HF antenna gain of se-

lected helicopter antennas.
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II OBJECTIVES, SCOPE, AND LIMITATIONS

A. NOE Communication Program Objectives

The primary program objective for the Army was to select an NOE
communication system(s) from currently available technology to provide a
near-term solution to the NOE communication problem. The statement of

the problem was formally promulgated in a joint letter signed by the

Commanding General of the U.S. Army Training and Doctrine Command (TRADOC)

and the Commanding General of the Army Materiel and Readiness Command

(DARCOM). This Letter of Agreement (LOA) for Nap-of-the-Earth (NOE)

11%

Communication System (1 December 1975), contained a statement of the

need, a system concept, a set of engineering and operational unknowns,

and critical issues to be resolved from a full-scale test program:

There is a need for an improved single-channel aircraft voice
communication system which will provide reliable securable
communications from zero to fifty kilometers range for Army
aircraft operating at Nap-of-the-Earth (NOE) altitudes, down
to and including ground level. The time frame for this sys-
tem shall be from FY79 to FY85. The successful mission
accomplishment and aircraft survivability are dependent on
reliable communications necessary encountering an enemy threat
as depicted in TRADOC European and Mid-East scenarios which
will have a strong air defense and electronic warfare environ-
ment that will be active in the vicinity of the FEBA.

The second objective contained in the LOA was to determine the com-
munication and mission effectiveness for available candidate radio svs-
tems with respect to the existing helicopter radio system, which was to

be used as a baseline reference.

The third objective contained in the LOA (not explicitly stated)
was to determine the performance of candidate NOE radio systems in dif-

ferent types of terrain and as a function of range.

%
The letter is reproduced in Appendix I.

.
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The fourth objective of the LOA was to determine the human factors

impact of an NOE communication system installed in the helicopter.

The LOA represented the most recent jointly approved (proponent and
materiel developer) document, and it initiated the present NOE communica-

*
tion system study. Under its direction, the following tests and analy-

ses have been performed and the following actions taken:

A full-scale operational test of candidate NOE communication
systems was conducted at Fort Hood from October to December
1976. This operational test, the FM-320 NOE communication t:est:,9

also included some engineering tests.

e Supplemental (small-scale) engineering tests were conducted by
the U.S. Army Avionics Research and Development Activity (AVRADA)+
to investigate various aspects of the NOE problem. These in-
cluded flight tests run in New Hampshire (July 1976), Hawaii
(August 1976), and in the Fort Monmmouth areas (August 1977).

After completion of the FM-320 tests, a formal Study Advisory
Group (SAG) was established to develop a concept formulation
package (CFP) and required operational capability (ROC) which
would lead to the procurement of the most cost-effective candi-
date system for NOE communication,®»!3

B. Scope of SRI Work

SRI International was under contract to the U.S. Army Avionics Lab-
oratory (now AVRADA) from the period 1 March 1976 to 31 March 1978 to

provide technical support during the coordinated U.S. Army NOE Communica-

tion (NOE COM) Program. During this contract, SRI provided technical

assistance in the following areas:

Design of the TCATA FM-320 test, on-site assistance, and data
analysis.

Development of Measures of Effectiveness and Alphanumeric (A-N)
Test Material for the FM-320 tests.

Design of the two-system comparison tests conducted in Hawaii,
and analysis of these data (see Appendix B).

%
The problem has been recognized for some time (ROC for AN/ARC-98) .**

Formerly Avionics Laboratory, U.S. Army Electronics Command.

10




e Measurement of absolute gain (dBi) of the VHF/FM antennas in-
stalled on helicopters, assistance in measurement of antenna
gain for the HF/SSB shorted-loop aircraft antenna (see Appendix
B).

e Development of the Communication Effectiveness and Sub-Mission
Effectiveness models used with the SCORES (Europe I, Sequence 2A)
scenario to evaluate NOE COMM candidate system performance in the
non-EW and EW tactical context.

e Development of a Radio System Performance and Communication Range
model for helicopters flying Nap-of-the-Earth. This model was
used to predict the operational communication range estimates in
irregular terrain used in the NOE COMM CFP (TOD, TOA, BTA and
COEA) (see Appendix A).

e Providing answers to the technical critical issues and unknowns
contained in the LOA (see Section IV).

e Participation in a Study Advisory Group (SAG) on-site survey of
aviation commands in Germany to develop user requirements (see
Reference 3).

e Providing technical assistance to AVRADA regarding its role in
the SAG between January 1977 and March 1978. This included pre-
paring technical briefings, assisting in preparation of Concept
Formulation Package documents and participating in all SAG
meetings.

e Explore selected new technology with application to current and
longer term solutions to the NOE COM problem (e.g., speech pro-
cessing (see Appendix D and Ref. 14), data systems (see Appen-
dix E).

(54 Technical Limitations

A number of techmical limitations and constraints affected this
project; these arose principally from the number of organizations par-
ticipating in the NOE communications program, their charters, time
limitations, and fund limitations available to conduct the test programs.

The technical limitations and constraints are:

¢ The candidate communication systems were operationally tested
in one type of terrain--Fort Hood, Texas. Large-scale communi-
cation tests were originally planned for two additional terrain
types (the mountains of Fort Carson, Colorado, and Fort Huachuca,
Arizona), but the tests were only run in the Fort Hood area.

e It was necessary to determine the effects of terrain--particularly
on the VHF/FM systems--analytically using a communication system
performance model incorporating a propagation model (the Longley-
Rice model)15 to evaluate VHF/FM system performance in different

FL




terrain types. Such a model was developed to predict the proba-
bility of successful communication as a function of range (see
Appendix A). The operational range of the combat radio was then
defined as the range at which a required probability of success-
fully establishing a usable channel was met or exceeded.

The maximum range requirements changed during the course of
the study. The LOA specified a range interval of 0 to 50 km.
During meetings of the SAG, both short-range and long-range
(0 to 50 km) requirements were identified. Data were taken
during the FM-320 test primarily to address the long-range
requirements.

Not all of the engineering tests requested by AVRADA were accom-
plished during the operational FM-320 tests couaducted at Fort
Hood. This test was directed toward three objectives:

- An operational comparison of the candidate systems

- A determination of the human factors aspects of the candidate
systems

- Supplementary engineering tests of interest to the materiel
developer.

Resources were scarce during this test and the major effort was
directed toward the first objective.

The relationship of the primary measure of effectiveness used at
Fort Hood, percent correct random alphanumeric (A-N) test mes-
sages, was not related by the pilots to the required A-N score
for tactical helicopter missions. This required the subsequent
use of a pilot listener panel and their military and communica-
tion judgement in interpreting similar alphanumeric test messages
and scores in an operational context. The FM-320 test officer
made such an interpretation,'® which was also used for the opera-
tional context.

The FM-320 tests were structured and analyzed by the TRADOC Com-
bined Arms Test Activity (TCATA) as a comparison between candidate
communication modes; e.g., VHF/FM groundwave versus HF/SSB near-
vertical incidence skywave (NVIS). While specific radios (e.g.,
AN/PRC-70 and AN/ARC-102) were used to vary the HF transmitter
power (e.g., 40-W and 400-W HF/SSB, respectively), there was no
test of specific radios per se. TCATA did not address the critical
issues and unknowns contained in the LOA, because of insufficient
test resources.

Not all candidate modes/systems (hereafter called systems) tested
at Fort Hood were evaluated by SRI. The AN/PRC-70 VHF/SSB radio
was not evaluated because of suspected equipment problems with
this radio set as installed in the test aircraft. This radio,
built for ground forces, was especially modified for aircraft use
during the FM-320 tests.
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e Not all measures of effectiveness suggested by SRI were used
during the TCATA test. Specifically, SRI requested squelch-
break-height measurements for the VHF/FM, VHF/SSB and HF/SSB
systems operating in the groundwave mode to determine the rela-
tive vulnerability of the aircraft during an attempt to reestab-
lish communication with a remote base station by climbing to an
altitude at which the squelch 'broke'" on both aircraft and ground
receivers. Squelch-break-height measurements (expressed in feet
above ground level, for two-way communication) were performed for
the baseline VHF/FM system and Improved FM System only. The
squelch-break altitude for other candidate systems was not
measured.

This final report provides a supplementary analysis of the FM-320
test results and also addresses the technical aspects of the critical
issues and unknowns contained in the LOA. These issues will be addressed
using the available data from the FM-320 tests, supplementary engineering
tests, the results of the SCORES Europe I Sequence 2a scenario, opera-
tional information provided by the aircraft proponents, the Stucy Advisory
Group meetings, and the SRI-developed communication performance and

operational range prediction model.

1%,




IITI ANALYSIS OF THE FORT HOOD (FM-320) DATA

A. The Test Design

i3 Measures of Effectiveness

To compare the performance of the candidate modes/systems, three
) 17,8 - .
measures of effectiveness (MOEs) were developed: * alpnanumeric test
messages, height to break squelch, and probability of successful com-

munication. These are discussed in the following subsections.

a. Alphanumeric Test Messages

The first MOE was a measure of communication effectiveness using
randomly selected alphanumeric (A-N) characters sent through the radio
channel. Communication effectiveness was defined as the percentage of
A-N characters correctly received, sent one way without repeats through
the communication channel. This measure provided a quantitative compari-
son of each of the candidate radio systems as a function of the range and

other test variables.

A 30-character test message containing an equal number of randomly
selected letters and numbers was developed;®:'® this was called an A-N
Test Message. The A-N Test Messages were formatted and transmitted as
tactical spot reports by the tester (TCATA). The tester determined that
messages sent in this spot report format operationally resemble grid or
target coordinates that helicopters routinely transmit over radio systems.
Alphanumeric messages in this format can be practically recorded In the
helicopter by a test observer and graded at the end of the simulated
mission. Figure 3 shows a typical data recording sheet. A '"word" con-
sists of six randomly selected A-N characters. Both characters and num-
bers are sent using the phonetic alphabet (i.e., 9 = niner, B = bravo).

These messages were copied down on answer sheets, graded, and used as the

primary measure of effectiveness for the tests by TCATA.®
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b. Height to Break Squelch

The second MOE was the altitude required to establish two-way com-

munication from the aircraft to the base station. In this test, the air-

craft climbed to whatever altitude was required to establish two-way

communication to the base station. The measure was to be the height, in

feet, above ground level (AGL) required to communicate above an NOE-

situated site. Because of testing time limitations, this measure was

made only with the baseline (AN/ARC-114) and Improved FM (AN/ARC-114 with

40-W amplifier driving the tailfin antenna) systems.

Aircraft altitude can be related to aircraft vulnerability for a

given terrain and threat scenario. Lower communication altitudes indi-

rectly indicate the degree of protection against a ground weapons threat.
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The minimum two-way communication altitude was used as a secondary MOE

for the Baseline and Improved VHF/FM systems. The decrease in the mini-
mum two-way communication altitude achieved with the Improved VHF/FM

system provided a measure of the benefit of the improved system.

Ce Probability of Successful Communications

The primary measure of effectiveness used by SRI to analyze the
Fort Hood data was the probability (of occurrence) of successful communi-
cation, Pg* For this measure, 'success' was defined as occurrence of an
A-N score 2 X percent. A threshold of X = 90 percent was used, bhased on
user recommendation.* An A-N score of 90 percent corresponds to an ac-
ceptable communication channel for which first time attempts will be com-

pleted with occasional repeats of words or phrases. Hence

o probability of occurrence of successful communication

*For the FM-320 tests, the FM-320 test officer estimated that a mean A-N
score of > 85 percent would correspond to an acceptable communication
channel over which conversational two-way communication would be re-
ceived with first-time reliabjility by a trained (military) listener.
Channels of lower quality would require frequent repeats.

In addition, a three-member pilot listener panel from the 155th Aviation
Company, Fort Ord, California, related the A-N test material to radio
channel quality. These pilots were asked to 1) score the A-N test mes-
sages from sample tape recordings which ranged from good to bad channels,
2) subjectively rate the quality of the channel using a five-point stan-
dard circuit merit (CM) definition for voice channel quality, and

3) state what channel quality would be the minimum acceptable quality
for NOE communication. The three-member panel agreed that circvit merit
ratings of 3 (readable with difficulty) correspond to the minimum
acceptable channel for NOE communication. Their A-N scores for this
channel quality (listened to in the laboratory and not in a helicopter)
were greater than 90 percent correct.

The user (U.S. Army Aviation Center, Fort Rucker) surveyed the TRADOC
schools regarding the tactically required A-N score and then specified
that an A-N score of 90 percent be established as the quantitative
description of a minimum acceptable channel for their two-way tactical
voice communication. For these reasons, an A-N score of 90 percent (or
greater) was selected as the standard for an acceptable channel for NOE
communication.

17
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where

Success = (A-N) 2 90 percent on a random, 30-character message.

The relationship between A-N score and channel acceptability is given in
Table 1.

2 Test Variables

Many variables affect two-way helicopter communication (Table 2).
The principal FM-320 test variables were range, altitude, terrain, the
communication mode/system used, and aircraft transmitter power. Finally,
the link tested is an important variable. Links are defined as air-to-
ground (A-G), ground-to-air (G-A), and air-to-air (A-A).* Performance

over these links differs when all other variables are held constant.

a. Range

The range intervals at which the communication systems tests were
planned were spaced approximately logarithmically at operationally sig-
nificant distances of 1, 2.5, 5, 10, 25, and 50 km. Actual ranges (1,
2.5, 5, 9, 24, 40 km) for the test differed slightly from these because
of terrain and milita.y reservation boundary limitations. Selection of
ranges spaced at octave (two-_o-one) multiples of distance resulted in
incremental basic transmission loss for a groundwave signal between each

site of 10 dB or more. Figure 4 is a map of the Fort Hood test sites.

The test ranges were selected to identify the capabilities and
limitations of two different modes of propagation--groundwave and near-
vertical-incidence skywave (NVIS). VHF/FM radio systems operate in the
groundwave mode, in which the launched signal generally follows the sur-
face of the earth and is either diffracted along the path profile between
the transmitter and the receiver or reflected by terrain irregularities.
Signals in the VHF tactical band (30 to 76 MHz) are attenuated by both

range and terrain irregularities. The test ranges of 1 to 10 km were

*
Hereinafter referred to, respectively, as air-to-ground, ground-to-air,
and air-to-air.

18
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Table 2

FM-320 TEST VARIABLES

Variable Condition
Spatial: Range Terrain
Altitude Siting
Time of Day: Day Night
Dawn
*
Frequency Band/Modulation: HF/SSB (2 to 8 MHz, below MUF)

HF/SSB (8 to 30 MHz, above MUF)
VHF/FM (30 to 76 MHz)

Fower Output: HF (40, 100, 200, 400 W PEP)
VHF (10, 40 W)

Link: Air-to-Ground (A-G)
Ground-to-Air (G-A)
Air-to-Air (A-A)

*MUF is the maximum usable frequency for ionospheric skywave
propagation. In the context of the FM-320 tests, this is the
maximum frequency returned to earth by the ionosphere out to
ranges from 1 to 40 km., These paths are termed near-vertical-
incidence-skywave (NVIS) paths.

selected before the tests to bracket the expected failure range of the
VHF systems (excluding retransmission). The HF/SSB signals also propa-
gate in groundwave mode, but to longer ranges than their VHF/FM counter-

parts.

HF/SSB radios have the capability of operating in groundwave and in
NVIS mode. For the NVIS mode, the energy is directed vertically to the
ionosphere and returned to the surface of the earth. Because of NVIS
propagation, HF/SSB systems with appropriate antennas have the capability
of operating at extended ranges independent of terrain effects. The 25
and "50" km points were selected to investigate the communication per-
formance of HF/SSB radios in the NVIS mode, and to check all systems for

their ability to support communication to the range specified in the LOA.
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b Altitudes

The altitude intervals for the test were selected from an opera-

tional standpoint. Three altitudes were used: ;

e Skids on Ground (S0G)--The bottom of the NOE flight regime.

NOE Altitude--Skids approximately 3-ft AGL for Fort Hood terrain,
representing the top of the NOE flight regime in the test.

Height~to-Break-Squelch Altitude--Height above ground to which
the aircraft must climb to establish two-way communication.
This altitude is operationally significant in that the aircraft
must climb to it in order to communicate to a remote base sta-
tion. As the aircraft climbs above the NOE regime, its vulner-
ability to ground-based weapons and EW increases.

As can be seen from Figure 5, the choices of six ranges and three

altitudes resulted in a grid or matrix containing 18 cells. This matrix

constituted the sampling grid for the FM-320 tests. The following

analysis in this report used data from the NOE region (SOG and NOE alti-
tudes) only.

ALTITUDE
| TWO-WAY COMMUNICA-

HSQ ¢ ) § TION ALTITUDE
NOE ()

= NOE REGION FOR
SOETE ") FORT HOOD

1 2.9 5 10 25 50
RANGE (KM)
FIGURE 5 RANGE/HEIGHT CELLS
B System Performance Comparison

The performance of eight candidate radio systems tested at Fort
Hood during the FM-320 test was analyzed, and the 400-W HF/SSB system

produced the best results (Figure 6).% The characteristics of these

“The VHF/SSB system (AN/PRC-70) performance was not evaluated because of
equipment problems.
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systems are summarized in Table 3. For this analysis, a point estimate

of the probability of successful communication (65) was computed from
multiple observations at each range by determining the fraction of the
attempts when A-N 2 90 percent. Only skids-on-ground (SOG) and NOE alti-

tudes were considered for data taken during all times of day (dawn, day,

and night). SRI's findings were:

e The HF/SSB systems performed better than the VHF/FM systems at
the 24- and 40-km ranges. The best HF system was the AN/ARC-102
(400-W PEP), closely followed by the AN/ARC-174 (100-W PEP, with
speech processing). Performance of the HF/SSB systems at the
24~ to 40-km range was power-dependent.

Table 3

CANDIDATE NOE COMMUNICATION SYSTEMS TESTED
AT FORT HOOD (FM-320)

Power
Band and System® (watts) Comments
VHF
AN/ARC-114 10 Baseline (VHF), tailfin antenna
Improved FM (Hood) 40 AN/ARC-114 w/40-W amplifier
Ground Retransmission 40 AN/VRC-49 w/RC-292 antenna
Air Retransmission 10 Air Retransmission Console
vHF/ssB T 40 Modified AN/PRC-70
Ground Terminal 40 AN/VRC-46 w/RC-292 antenna
HF
HF/SSB 1 400% AN/ARC-102
HF/SSB 2 200¥ AN/ARC-98
HF/SSB 3 100% AN/ARC-174 w/speecg processing
HF/SSB 4 40%* Modified AN/PRC-70
Ground Terminal 400* AN/GRC-106 w/dipole antenna

*
All aircraft systems measured on the OH-58. All VHF/FM measure-
ments made with the FM-1 (tailfin) antenna; all HF/SSB measure-
ments made with the shorted loop antenna.

%
Not evaluated by SRI because of equipment problems.

$+
Peak-envelope power (PEP).

§Tested at low power only (also operates at 200 W PEP).
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¢ The HF/SSB systems performed well and similarly at ranges of
9 km and less. These systems varied in power from 40-W to 400-W
PEP. Communication at these ranges was achieved primarily via
the groundwave mode.

e Performance of all VHF/FM systeme at 9 km and less was highly
influenced by the selection of the test site, and terrain. At
24 km and beyond, the Baseline and Improved FM (IFM--Hood) sys-
tems were unsatisfactory for NOE communication. The exact fail-
ure range for these systems was not measured during FM-320, but
lies between 9 and 24 km.

¢ Retransmission (either airborne or ground-based platforms) did
not perform well at the 40-km site, and was marginal at the
24-km site. Any VHF/FM retransmission system's performance is
highly dependent on the siting chosen for the retransmission
platform. The EW vulnerability of retransmission was not tested.

e The VHF/FM base station was sited behind Radar Hill for these
tests. A foreground obstacle attenuation cause by Radar Hill of
about 15 dB was measured at the primary test frequency (65 MHz).
Furthermore, the 5-km site was adversely located with respect to
surrounding terrain.

(3.5 System Performance by Link

Three NOE communication links were tested: aircraft-to-aircraft,
aircraft-to-ground, and ground-to-aircraft. Link performance is affected
by transmitter power, antenna gain and height, the receiver noise envi-

ronment, and mode of propagation (NVIS or groundwave).

The FM-320 data were sorted by link and Ss was computed at each
range for A-N scores 2 90 percent (Figures 7 through 9). Skids-on-ground
and NOE altitudes only were considered for the aircraft. The following

findings were made:

e The 400-W HF/SSB (AN/ARC-102) radio had the best link performance
at all of the test ranges. Propagation was primarily via ground-
wave mode to 9 km, combined groundwave and skywave at 24 Im, and
skywave at 40 km. Performance of the other HF sets (40 to 200 W)
was generally inferior to the 400-W set at 24 and 40 km.

e The best performance for HF/SSB was recorded on the ground-to-
air link, because of the 400-W base station and dipole antenna
used. The air-to-ground link was slightly worse. The air-to-air
link was definitely the weakest at 40 km where performance was
limited by the low gain of the aircraft antenna at the test fre-
quencies. Two-thirds of the HF data were taken in the 2- to 3-MHz
band (chosen from predictions to ensure NVIS propagation), where
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the aircraft antenna had a gain of -16 dBi or less. The gain of
the aircraft antenna improves at frequencies greater than 3 MHz,
with a commensurate increase in performance (see Appendix F).

e All HF/SSB radios (40 to 400 W) performed equally for all links
at ranges out to 9 km. At these ranges, propagation was via the
groundwave mode, and high predetection signal-to-noise-ratios
(SNR) existed (Figure 10).

¢ The VHF/FM retransmission systems performed well for all links
at 9 km and less. However, link performance was degraded at
24 and 40 km. The retransmission results were highly dependent
on the siting of the retransmission platforms.

e The air-to-ground and ground-to-air links for Baseline and
Improved FM systems were both marginal at the 5- and 9-km sites;
however, the Improved FM system was measurably better. Perfor-
mance was affected by terrain and site selection and the base
station foreground obstacle. Performance was unsatisfactory at
the 24- and 40-km sites.

e The air-to-air link performance for Baseline and Improved FM sys-
tem was satisfactory at 9 km and less. The path profiles for the
air-to-air link were less severe than for air-to-ground, and no
foreground obstacle was present.

e Performance of Improved FM was significantly better than for the
Baseline for the air-to-air and air-to-ground links to 9 km.
This is attributed to the improvement achieved by using a 40-W
power amplifier, instead of the 10-W amplifier.

e Performance of the Improved FM system was significantly better
than that of the Baseline system for the ground-to-air link.
Since the receivers in the aircraft were identical, and a common
AN/VRC-46 base station was used, the results should have been
the same. The difference in results is attributed to learning
curve effects (and possibly ground radio transmitter [RC-524]
problems) present when the baseline data were collected during
the first three days of the FM-320 tests (see also Appendix A).

Values of the probability for successful communications, 68, measured
for A-N thresholds of 90, 80, and 70 percent are given in Tables 4, 5,

and 6 respectively.*

xThe calculation of 53 was first suggested by Dr. G. R. Marner of
AVRADCOM, St. Louis, and the plotted version of pg as a function of
range has been termed '"Marner curves' by the NOE COM SAG.
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Table &4

MEASURED PROBABILITY OF COMMUNICATION SUCCESS, 68‘
AS A FUNCTION OF RANGE AT SOG AND NOE ALTITUDES--
SUCCESS DEFINED AS A-N SCORE 2 90 PERCENT
(FM-320 Test, Fort Hood, Texas; 1976)

Measured Probability
of Communication Success, pg,
at Indicated Range (km)

System and Link 1 2.5 5 9 24 40

VHF /FM Systems (65 MHz)
Baseline (AN/ARC-114)

Air-to-Air 1.000.9510.80|0.80|0.07 [0.00

Air-to-Ground 0.89 (0.77 {0.49 |1 0.40 {0.04 {0.02

Ground-to-Air 0.98 1 0.86 |0.58 |0.62 |0.10 | 0.06
Improved FM (40 W)

Air-to-Air 0.98 10.94 |{0.88 10.88 (0.02 |{0.00

Air-to-Ground 0.96 | 0.94 [0.60 [ 0.62 | 0.04 |0.14

Ground-to-Air 0.98]10.94 |0.77 | 0.83 | 0.07 | 0.04
Ground Retransmission (AN/VRC-49)

Air-to-Air 1.00 | 094 | 0.74 | 0.85 | 0.53 |0.21

Air-to-Ground 0.90|0.90 |0.89 | 0.89 |0.71 |0.37

Ground-to-Air 0.94 1 0.94 ) 0.92 1 0.92 |]0.69 )0.26
Air Retransmission

Air-to-Air 0.9710.94 |0.81 |0.86 [0.44 | 0.28

Air-to-Ground 1.00{0.97 {0.75{0.92 | 0.69 | 0.50

Ground-to-Air 0.8910.9410.3910.75(0.36 |0.33

HF/SSB Systems (2.2-4.4 MHz)
400 W (AN/ARC-102)

Air-to-Air 1.00 | 0.98 | 0.95[0.98 | 0.91 | 0.39
Air~-to-Ground 0.91 1 1.00 || 0.89 | 0.94 | 0.83 | 0.92
Ground-to-Air 0.9411.00 (0.97 [ 0.97 [0.94 [ 0.94

100 W (AN/ADC-174 with
speech processing)

Air-to-Air 0.98]1.00(0.98|0.95|0.69 |0.63

Air-to-Ground 0.97(1.000.9710.90 | 0.90 | 0.73

Ground-to-Air 097 | 093 | 0.93 | .87 | 0.83 | 9.73
40 W (AN/PRC-70)

Air-to-Air 0.97(10.91|10.94|10.94 |0.65]0.18

Air~to-Ground 0:95 | 0:95 | 0,95 | 0.82 | 055 § ©.55

Ground-to-Air 0.92]10.96 | 0.88 | 0.96 |0.83 [0.71
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Table 5

MEASURED PROBABILITY OF COMMUNICATION SUCCESS, 63,
AS A FUNCTION OF RANGE AT SOG AND NOE ALTITUDES--
SUCCESS DEFINED AS A-N SCORE 2 80 PERCENT
(FM-320 Test, Fort Hcod, Texas; 1976)

Measured Probability
of Communication Success, pg,
at Indicated Range (km)

System and Link Il 2.5 5 9 24 40

VHF/FM Systems (65 MHz)
Baseline (AN/ARC-114)

Air-to-Air 1.00] 0.96 | 0.87 | 0.82 | 8.07 {0.00

Air-to-Ground 0.96 | 0.85 | 0.49 | 0.54 | 0.04 |0.,02

Ground-to-Air 0.980.92 [9.64 | 0.68 | 0.10 | 0.06
Improved FM (40 W)

Air-to-Air 0.981 1.0010.94|0.90}0.04 {92.00

Air-to-Ground 1.00(1.00 [ 0.64 [ 0.72 | 0.06 | 0.14

Ground-to-Air 0.98]10.98 10.83]0.90]|0.08 | 0.04
Ground Retransmission (AN/VRC-49)

Air-to-Air 1.00 | 1.00 | 0.74 | 0.85 | 0.53 | 0.27

Air-to-Ground 0.96 1 0.94 | 0.94 | 0.9010.71 | 0.39

Ground-to-Air 0.96 10,98 | 0.98 [ 0.96 | 0.73 | 0.28
Air Retransmission

Air-to-Air 1.00:] 1.00 | 0.83 | 0.92 | 0.47 | 0.33

Air-to-Ground 1.00 1} 1.00 |0.81 {0.94 { 0.81 | 0.50

Ground-to-Air 0.94 | 0.97 | 0.44 [0.83 | 0.42 [0.36

HF/SSB Systems (2.2-4.4 MHz)
400 W (AN/ARC-102)

Air-to-Air 1.00 | 0.9710.97]10.97|0.91 |0.66
Air-to-Ground 0.97 | 1,00 | 0.97 | L.00 | 092 | 1.00
Ground-to-Air 0.97(1.00 (1.00 {0.97 | 1.00 {1.00

100 W (AN/ADC-174 with
speech processing)

Air-to-Air 0.98/1.00|1.000.97|0.77 |0.69

Air-to-Ground 0.97 | 1.00 | 6.97 10,97 } 0.935 | 0.80

Ground-to-Air 0.97 | 0.97 | 093 | 697 | 8.90 |0.83
40 W (AN/PRC-70)

Air-to-Air 1.00 | 0.9 0,97 | 0.97 | 0.65 | 0.27

Air-to-Ground 1.00 /1.00 |1.00 | 1.00 | 0.80 [0.65

Ground-to-Air 1.00 {0.96 [0.96 {0.96 {0.96 |0.71




Table 6

MEASURED PROBABILITY OF COMMUNICATION SUCCESS, Es’
AS A FUNCTION OF RANGE AT SOG AND NOE ALTITUDES--
SUCCESS DEFINED AS A-N SCORE 2 70 PERCENT
(FM-320 Test, Fort Hood, Texas; 1976)

Measured Probability
of Communication Success, pg,
at Indicated Range (km)

System and Link 1 205 5 9 24 40

VHF/FM Systems (65 MHz)
Baseline (AN/ARC-114)

Air-to-Air 1.00 | 0.98| 0.95|0.86 | 0.06 | 0.00
Air-to-Ground 0.98 10.94|0.58|0.40 | 0.04 | 0.02
Ground-to-Air 0.98 (1 0.96 | 0.66 | 0.70 | 0.10 [ 0.06
Improved FM (40 W)
Air-to-Air 1.00|1.00| 0.9410.98 | 0.04 | 0.00
Air-to-Ground .00 ] 1..00 ] 0.74 | 0.78 | 0.08 {0.14
Ground-to-Air 1.00/1.00|0.87]10.90|0.07 | 0.04&
Ground Retransmission (AN/VRC-49)
Air-to-Air 1.00|1.00]|0.74 | 0.85|0.56 | 0.26
Air-to-Ground 1.00 | 0.96 | 0.94 | 0.96 | 0.77 | 0.39
Ground-to-Air 0.98(0.98(0.9810.96 | 0.79|0.29
Air Retransmission
Air-to-Air 1.00(1.00| 0.89 | 0.97|0.47 | 0.33
Air-to-Ground 1.00/1.00| 0.8 [0.97 | 0.83]0.53
Ground-to-Air 0.97|1.00| 0.50 | 0.86 | 0.44 | 0.39
HF/SSB Systems (2.2-4.4 MHz)
400 W (AN/ARC-102)
Air-to-Air 1.00 | 0.97|1.00|0.97|0.91]|0.66
Air-to-Ground 1.00 | 1.00] 1,00} 1.00 | 0:94 | 1.00
Ground-to-Air 0.971.00|1.00(0.97|1.00|1.00
100 W (AN/ADC-174 with
speech processing)
Air-to-Air 0.98/1.00| 1.00]|0.97]|0.81{0.71
Air-to-Ground 0.97(1.00|10.97]1.00|9.97|0.83
Ground-to-Air 0.97]1.00|0.93|0.97]0.93|0.83
49 W (AN/PRC-70)
Air-to-Air 1.00 | 0.94 | 0.97 [ 0,97 | 0.71 | 0.29
Air-to-Ground 1.00(1.00|1.00|1.00|0.85]|0.70
Ground-to=-Air 1.00 (0,96 | 0.96 |0.96 [ 1.00|0.71
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B. Channel Reliability

An estimate of channel reliability can be derived from the A-N test

data. Channel reliability is defined here as the probability that a

communication channel (of any quality) existed. Specifically, reliability
is the percentage of occurrences that a communication channel existed
having a A-N score > 0 percent. During the FM-320 tests, the A-N score
was computed for each test message. If communication between the trans-
mitter and receiver did not exist, an A-N test score of 0 percent was
logged. Furthermore (because of the relatively sharp performance degrada-
tion of the receivers in the vicinity of the sensitivity threshold), if
the predetection SNR exceeded the thréshold, at least a marginal com-
munication channel generally existed and high (> 50 percent) A-N test
scores resulted, especially for the VHF/FM systems. If a usable channel
was not obtained, the aircraft flew to the next site. Channel reliability
(as defined here) represents a crude approximation to the percentage of

the time that the receiver sensitivity threshold was exceeded.

The FM-320 test data were sorted to determine Bs for an A-N score

Vi
o

percent, and used as an estimate of channel reliability. The results

are given in Table 7 for the candidate systems:
The following findings are made from the FM-320 data:

e The channel reliability on fixed frequencies with the HF/SSB
systems was high for ranges out to 24 km. Propagation at these
ranges was primarily via groundwave or combined groundwave and
NVIS mode.

e The channel reliability for fixed-frequency operation of the
HF/SSB systems at 40 km was substantially lower than at the closer
ranges. Propagation was via the NVIS mode. Reliability was gen-
erally power-dependent at this range. The low-reliability results
were caused by low antenna gain for the air-to-air links at the
lowest test frequencies. SRI believes that narrowband interfer-
ence on the HF channels, particularly during the nighttime and
dawn test periods, combined with low transmitter antenna gain in
the 2- to 3-MHz region, contributed to these lower channel
reliability results.
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Table 7

MEASURED PROBABILITY OF ESTABLISHING A COMMUNICATION CHANNEL
AS A FUNCTION OF RANGE AT SOG AND NOE ALTITUDES--
SUCCESS DEFINED AS A-N SCORE > 0
(FM-320 Test, Fort Hood, Texas; 1976; All Links and Times of Day)

Probability of Establishing

a Channel
at Indicated Range, d (km)
System and Frequency* 1 2.5 3 9 24 40

VHF/FM Systems
Baseline (AN/ARC-114; 65 MHz) |1.00 | 0.99 | 0.81 [ 0.81 [ 0.08 | 0.04
Improved FM (40 W; 65 MHz) 1.0011.00}0.9310.94)0.06| 0.04

Ground Retransmission
(AN/VRC-49; 70 and 30 MHz) 1.001.00]0.93]10.97 |0.78 | 0.40

Air Retransmission
(70 and 30 MHz) 1.00 {1.00 [0.88 |0.99 | 0.64 | 0.54

HF/SSB Systems (2.2-4.3 MHz)

400 W (AN/ARC-102) 1.00 |1.00 |1.00 | 1.00 | 0.98 | 0.91
100 W (AN/ARC-174 with

speech processing) 1.00 | 1.00 {1.00 {1L.00 |0.94 | 0.81
40 W (AN/PRC-70) 1.00 y-1.00 | 1.00 | 1.00 | 0.91 | 0.66

“All data taken on a single frequency; frequency changes not per-
mitted during a test run.




e A significantly higher channel reliability would have been
achieved for the HF/SSB systems if frequencies higher in the HF
band had been used and if frequency chanies had been permitted
during a given test period (e.g., dawn).

e High channel reliabilities existed for the VHF/FM systems, includ-
ing retransmission, out to 9 km; however, reliability at the
5-km site was adversely affected by site selection.

e Low reliability existed for the Baseline and Improved FM systems
at the 24- and 40-km sites. Performance at these sites was ter-
rain and site-selection dependent. Although better results
occurred for retransmission, this mode of communication is also
limited by terrain, retransmission platform location, and air-
craft location.

E. Altitude Dependence of the Baseline and Improved FM Systems

The height to establish two-way communication for air-to-ground and
air-to-air links was measured at each of the test sites for Baseline and
Improved FM systems. In general, the altitude at which communication
can be established is a measure of the exposure to the ground-based

weapons threat.

Reference 4 cites two threat envelopes (see Figure 1). Helicopters
at all altitudes over the range from O to 4 km from the forward edge of

the battle area (FEBA) face a threat from anti-aircraft artillery.

*

Assume that performance on single HF/SSB frequency is interference-
limited, that interference is narrowband, that two frequencies are
available, and that interference on A and B is uncorrelated. Then

ps(A,B)
ps(A,B)

probability of successful communication on either A or B.

1 - p (failure)

1 - p (both channels fail)

1 - p (channel A fails) X p (channel B fails).

i

For example, let ps(A) 0.59 (assumed)
pS(B) = 0.80 (assumed)

1 - [l -0.59][1 - 0.8]

1 - [0.41]([0.2]

0.92.

ps(A,B)

In summary, two-frequency operation increases reliability of HF/SSB in
the presence of narrowband interference, for the assumptions given.
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The threat from missiles exists at all altitudes greater than 350 ft

from O to approximately 15 km from the FEBA. The surface-to-air missile
kill zone varies with distance, target altitude, and weapons siting.
Helicopters generally fly at 200 ft altitude (or less) forward of the
division rear boundary to be under the SAM threat envelope. The higher
the aircraft is required to fly to establish (or maintain) communication,

the greater the exposure to antiaircraft weapons.

Table 8 gives the measured altitudes required to establish two-way

communication from the aircraft to the base station and from aircraft to

aircraft. The VHF/FM results are highly site- and terrain-dependent, and
the siting was different for the air-to-air and air-to-ground links.
HF/SSB results are given for comparison; they are neither terrain- nor ‘
siting-dependent. The parentheses around some heights indicate exposure
of the aircraft to an assumed 200-ft threat forward of the division rear
boundary. Improved FM--Hood and HF/SSB radio systems could establish
two-way communication at 40 km under a 200-ft altitude for the Fort Hood
test geometry. Only the HF/SSB systems could communicate at NOE and SOG |
altitudes at 24 and 40 km.

E. HF/SSB System Performance Comparison--Time of Day Dependency

During the Fort Hood FM-320 tests, three periods were used as repre-
sentative of night, dawn, and daytime operations. Primary and alternate
HF/SSB frequencies were assigned for each test period. Operation during |
a given flight was specified to be conducted on either the primary or
the alternate assigned frequency. Frequency changes during a flight were
not allowed (to limit the complexity of the experiment). VHF/FM data
were also collected at all times of day (TOD) but were not formally

analyzed for TOD dependence. By inspection, there was no apparent TOD

dependence.

Primary and alternate HF/SSB test frequencies were selected from
NVIS frequency predictions for the Fort Hood area for the months of
interest by the U.S. Army Communications Electronics Engineering Installa-
tion Agency (CEEIA), U.S. Army Communications Command, Fort Huachuca,

Arizona. Selections were conservatively made from these predictions to
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Table 8

HEIGHT REQUIRED TO ESTABLISH TWO-WAY COMMUNICATION
TO THE BASE STATION OR TO ANOTHER AIRCRAFT
(FM-320 Test, Fort Hood, Texas; 1976)

Numbers in parentheses indicate altitudes
greater than permitted by threat profile
defined in Reference 1

Height Required to Establish Communication
for Indicated System (ft AGL)
Improved HF /SSB
Link and Range (km) Baseline FM (AN/ARC-102)
Air-to-Air

1 0 0 0

2e5 0 0 0

5 0 0 0

9 0 0 0

24 (260) 120 0

40 (450) 40 0
Air-to-Ground

1 0 No data 0

255 0 No data 0

5 75 No data 0

9 5 No data 0

24 (270) No data 0

40 (380) No data 0

ensure the existence of NVIS propagation. The primary and alternate fre-
quencies were selected to fall below the predicted frequency of optimum
transmission (FOT). A sample prediction chart is shown in Figure 11.
Frequencies thus selected had a predicted reliability (of propagating)
greater than 90 percent--e.g., for 90 percent of the days in the month,

the given frequency would propagate with a reliability of 90 percent or

greater.
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The frequencies selected for the three time periods were:

Period Hours (LT) Primary (MHz Secondary (MHz)
Night 0200-0400 2,240 2.489
Dawn 0530-0730 2.240 2.489
Day 0900-1100 4.370 4.089

Diurnal effects on system performance were evaluated at 40 km using
the ground-to-air data. The ground transmitter was an AN/GRC-106 (400 W)
operating into a half-wavelength dipole antenna elevated 40 ft. Four
different aircraft radio receivers were used with the shorted-loop antenna.
Propagation was via the NVIS mode. The results in terms of mean A-N
score are given in Table 9. At least four 30-character A-N messages were
sent during each time period. Performance was best during the daytime

period, followed by night and the dawn period.

Table 9

PERFORMANCE OF HF/SSB GROUND-TO-AIR LINK (NVIS MODE)
FOR THREE TIME PERIODS AT SOG AND NOE ALTITUDES--
40-km RANGE
(FM-320 Test, Fort Hood, Texas; 1976)

Mean A-N Score (Percent Correct)
at Indicated Time of Day
Receiver Night Dawn Day
AN/ARC-102 95 97 98
AN/ARC-174 83 70 97
AN/PRC-98' 99.5 79 +5 86.5
AN/PRC-70% (THD, (60) (83..5)
Average 92.5 82.2 93.8
Ranking 2 3 ik

The test scores for the AN/PRC-70 should have been
equivalent to other sets used in ground-to-air links.
While the reason for the lower performance is not
known with certainty, equipment problems (e.g..
cabling) are suspected. The AN/PRC-70 data were

not included in the average A-N score.
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Diurnal effects on system performance were also evaluated at 24 and
40 km using the air-to-ground data. Propagation at 24 km was via NVIS
and groundwave modes, whereas at 40 km it was via the NVIS mode. The
ground receiver was an AN/GRC-106 with a dipole antenna. The results are

given in Table 10. Performance was best during the day test period fol-

lowed by dawn and night.

Table 10

PERFORMANCE OF HF/SSB AIR-TO-GROUND LINKS
FOR THREE TIME PERIODS AT SOG AND NOE ALTITUDES--
24~ AND 40-km RANGES
(FM-320 Test, Fort Hood, Texas; 1976)

Mean A-N Score (Percent Correct)
at Indicated Time of Day
Transmitter Night Dawn Day
400 W (AN/ARC-102) 97 94 98
200 W (AN/ARC-98) 66 74 100
100 W (AN/ARC-174) 7L 85 98
40 W (AN/PRC-72)* (64) (45) (93)
Average 78.0 84.3 98.6
Ranking 3 2 1

*

"Not included in averages because of suspectcd equipment problems.

The test data for the ground-to-air link at 40 km was inspected for
A-N score = 0 percent. An A-N score of 0 percent indicates that the
HF/SSB channel (on a fixed frequency) could not be established. The
results are shown in Table 1l1. No occurrences of communication outage

occurred during the day. Several occurred during the night or dawn

periods.
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Table 11

OCCURRENCE OF ZERO A-N TEST SCORES
FOR FOUR HF/SSB RADIO SYSTEMS
ON GROUND-TO-AIR LINK,
SOG AND NOE ALTITUDES
(40-km Range)

Time of Day
Factor Night Dawn Day
Outages 3 4 0
Trials 48 36 34
Percent outage 6% 11% 0%
Rank order 2 3 1

From the above analysis, SRI concludes that the preferred times to
communicate using HF/SSB in NVIS mode is the daytime period. Communica-
tion during the dawn period and nighttime hours is more difficult than
daytime. This is probably a result of the presence of more severe levels
of atmospheric noise and narrowband interference on the radio channels
during dawn and night. This observation is consistent with the findings
of Hagn and Vincent in Thailand while using low power HF sets on NVIS

20

paths. It is also consistent with the results of the Hawaii NOE COM

tests (see Appendix B).

The test data at 24 and 40 km were taken on fixed HF frequencies,
with no frequency changes permitted. If frequency changes were permitted
to avoid narrowband interference, the night and dawn A-N test scores
would increase dramatically. SRI recommends that at least two frequencies
be assigned to tactical nets for any given time of day to improve perfor-
mance in the presence of narrowband frequency-selective interference in

the HF band.
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IV CRITICAL ISSUES AND UNKNOWNS

A. Introduction

The Department of the Army's Letter of Agreement (LOA) for Nap-of-
the-Earth (NOE) Communication Systems (1 December 1975) contains eight
critical issues and five unknowns to be resolved for candidate NOE com-
munication systems.ll The critical issues contain specific technical and
operational questions to be resolved by testing. The unknowns contain
broader issues and are related to the critical issues. Information on
the operational capabilities and limitations of the candidate systems
can be found in the communication effectiveness (CE) results, and mission
effectiveness (ME) results of the SCORES (Europe I, Sequence 2A) scenario
described be].ow.21 Operational range data for the candidate systems in
irregular terrain can be obtained from the communication performance
range predictions (see Appendix A). Test information can be found in
the results of the TCATA NOE communication test (FM-320) conducted at

Fort Hood, Texas.9

Bi. SCORES Scenario

L Description

SCORES gaming techniques were used by the Director of Combat Develop-

ment (DCD-Studies), U.S. Army Aviation School, Fort Rucker, Alabama to
- simulate tactical operations involving Army helicopters of an armored

division, The scenario was run for aviation assets of a heavy division

with medium lift (CH-47) and medical (UH-1) helicopters from Corps assets,
operating in the region of Fulda in the Federal Republic of Germany.

: IRADOC centers and schools supervised and approved the employment of the
helicopters for which they then were propments (had operational control).
All radio communications required to accomplish the aircraft missions

were listed. Military judgment was used by the propment centers and

schools to determine which communications were critical to successful
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completion of the aircraft missions, and all noncritical messages were
discarded. This resulted in 412 critical communicdation events during the
six-hour period considered. Each major aircraft mission was divided into
tactically significant sub-missions resulting in 134 sub-missions.

Radio systems were modeled, and the candidate systems evaluated at
the communication event ranges using the SRI communication system per-
formance model (Appendix A). For each transmission (and reception) the
aircraft (or ground unit) location (position and altitude) was determined
from the scenario. Any communication events not completed were assumed

(for analysis purposes) to cause the aircraft sub-mission to be degraded.

Za Measures of Effectiveness

Two measures of effectiveness were used:

¢ Communication Effectiveness (CE)--The percentage of mission-
critical two-way communication events completed in the scenario.

e Sub-Mission Effectiveness (ME)--The percentage of sub-missions
completed in the scenario without communication-caused degradation.

For a communication event to be defined as successful, successful trans-
mission of the message and receipt of acknowledgment was required. Each
sub-mission consisted of at least one communication event. All communi-
cation events had to be completed for a sub-mission to be considered

undegraded.

VHF aircraft radio systems used in the scenario were run at two VHF
frequencies, 45 and 65 MHz. The HF radios were run at 25 MHz (groundwave).

The technical characteristics of these radios are summarized in Appendix A.

3 Deployment of Radios

The deployment (issue of radios to Army units) affects interoper-
ability and hence the scenario results. The individual Baseline, IFM--
BTA and HF/SSB--BTA radio systems were issued to all Army units in the

scenario; however, the combined radio system--H¥F/SSB and IFM--BTA radios--

¥BTA 2 Best Technical Approach (see Reference 22).
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were deployed to only selected units. The following deployments of radios

were used:

(1) Baseline. The AN/ARC-114(A) was installed in all scenario
aircraft. Ground stations used the AN/VRC-12 family of radios.

(2) IFM--BTA. 1IFM--BTA was installed in all aircraft. Ground
stations used the AN/VRC-12 famiiy and RC-292 antenna at 10 m.

(3) HF/SSB--BTA. An HF/SSB--BTA transceiver was installed in all
aircraft. Selected ground stations were equipped with a com-
parable system. These were all aviation ground units, maneuver
and field artillery units down to the company/battery level,
Brigade Forward Area Support Coordinating Officer, and medical
regulating units (for casualty routing.)

(4) HF/SSB and IFM--BTA. HF/SSB and IFM--BTA radios were installed
in all scenario aircraft. All ground stations were equipped
with the AN/VRC-12 family of radios. HF ground radios were
given to aviation ground units down to the company level, and
to medical regulating units.

(5) SAG Solution. IFM radios given to all aircraft. HF/SSB radios
given to selected aircraft. HF ground radios deployed as in
(4) above.

Evaluation of Deployment (l) in the scenario represents the present
(Baseline) case. Deployment (2) evaluates the effectiveness of an IFM
radio installed in the aircraft. Deployment (3) evaluates the effective-
ness of deployment of HF radio to all aircraft and to a large number of
ground units. This complete "fill" of HF radios was not recommended by
the SAG at its meeting 9-10 March 1978. Deployment (4) evaluates the
effect of IFM--BTA and HF/SSB radios in all aircraft, and only a partial
fill of ground units. Deployment (5) evaluates the effect of IFM in all
aircraft, HF/SSB in selected aircraft (AH-1 and some OH-58 aircraft
excluded), HF/SSB radios in aviation ground units and medical regulating
units. This deployment is the SAG recommendation. The SAG recommenda-
tion was evaluated by the U.S. Army Aviation School (DCD-Studies) Fort

Rucker, Alabama, and is not contained in this report.

(%52 Unknowns to be Resolved

L Increase Communication of Improved VHF/FM

Quantitative data as to the degree of increased communication
effectiveness of improved VHF/FM (Unknown 7a).
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The improvement in communication effectiveness is defined as per-

centage improvement of IFM--BTA®? with respect to baseline (AN/ARC-114).

The results are given in Table 12 for the non-EW environment.

The IFM--

BTA radio achieved a higher communication effectiveness than baseline in
the SCORES scenario.

Table 12

COMMUNICATION EFFECTIVENESS (CE) AND IMPROVEMENT (CEI)
OF IFM--BTA AND BASELINE--NON-EW ENVIRONMENT

Baseline IFM--BTA
Frequency CE (%) CE (7) Improvement™
(MHz) (1) (2) CEL (%)
45 17 68 ~300
65 55 82 ~50

2l

*Improvement = {[62) - (LfCL)} x 100, in percent.

Capabilities/Limitations of HF/SSB

Capabilities and limitations of HF/SSB for NOE communication
(Unknown 7b).

The capabilities and limitations of HF/SSB are given in Table 13.
The major capabilities are:

Ability to reach all the required ranges independent of terrain
and siting of the ground and air units when using the NVIS mode.

Ability to communicate using the groundwave mode over ranges
greater than those achievable by IFM--BTA.

The main limitations of HF/SSB are:

The HF/SSB radio is not interoperable with the current AN/VRC-12
family of VHF/FM radios or with SINCGARS.

Channel noise is greater than for VHF/FM radios, resulting in
lower channel quality.

Frequency management of HF assets will require more effort than
for VHF/FM.
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e HF/SSB is susceptible to intercept and direction finding from
greater ranges than VHF/FM, because of longer propagation ranges,
It can also be jammed from a greater range by ground-based jammer s,

3. Increased Communication Planning and Training

Quantitative data as to the degree of increased operator training
and communication planning required for utilization of HF/SSB
svstems (Unknown 7¢).

The only information bearing on this unknown is from a survey of

nine pilots who participated in the TCATA FM-320 test at Fort Hood. *

In this test four HF/SSB systems and two VHF/FM systems were evaluated.

The following findings are contained in the FM-320 report in response

to the question, "What was the time required to learn to operate the

systems?,"

The AN/ARC-114 radio required the shortest time to learn to |
operate. The improved FM radio required only slightly more
time. The control head was the same for both of these sys-
tems. Since all of the pilots had used it extensively prior
to the test, no learning time was required. All pilots
stated that none of the systems required more than a few
minutes to learn to operate, and this was accomplished with
minimum instruction. The AN/PRC-70 required the longest
time to learn to operate.

In response to the question: '"Which radio system was the easiest
to operate?," the following findings were reported:

The AN/ARC-98, VHF/SSB (AN/PRC-70) and the AN/PRC-70 (HF/SSB)

received relatively equal scores for ease of operation. The

AN/ARC-114 was rated the most difficult to operate.

In response to the question: '"Which radio system did the pilots
like best?," the following findings were reported:

The AN/PRC-70 was rated as the most preferred radio primarily

because of its functional versatility: 1i.e., pushbutton FM

and HF band operation, multipower, and multimode (HF/SSB,

VHF/SSB, and VHF/FM) operation. The AN/ARC-102 was rated the

least preferred primarily because of the inability of the

aviator to squelch the irritating channel noise.

The communication planning aspects of HF/SSB were not addressed by

TCATA during the FM-320 test. A communication plan for HF/SSB Near
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Vertical Incidence Skywave (NVIS) operation was prepared by SRI Inter-

national; this plan was followed during the test. The communication

plan made use of ionospheric predictions for the Fort Hood test area
(October through December 1976) supplied by the U.S. Army CEEIA, Fort
Huachuca, Arizona. From these predictions, a primary and secondary oper-
ating frequency was selected for each of three test periods (night, dawn,
and day). The operating frequencies were chosen at or below the fre-
quency of optimum transmission (FOT). The predictions appeared to be
accurate based on three months of testing. The communication planning
was relatively easy, because of the small scale and controlled nature of
the FM~320 test; 'HF/SSB communication planning for a large divisional (or

corp) military exercise would be more difficult.

&, VHF /FM Retransmission

Quantitative data as to the increase in communication system
effectiveness and area coverage obtained through the use of
VHF/FM retransmission equipment for special applications
(Unknown 7d).

No communication effectiveness data (SCORES) were computed for
retransmission because of the difficulty in siting a retransmission sta-
tion(s) in the scenario enviromment. However, quantitative data exist
for retransmission ranges from model predictions in the Fulda area. In
addition, measured retransmission ranges exist for both ground and air-

borne retransmission from the FM-320 test.

A ground retransmission system in the Fulda terrain can successfully
communicate in the non-EW environment at longer ranges than the Baseline
or IFM--BTA systems. Ground retransmission ranges for an air-to-ground-
to-air link are given in Table 1l4. In this table, the AN/VRC-49 was
used as the retransmission station (RC-292 antenna with 10-m mast sited
on hilltop), operating with the candidate VHF/FM radio installed in the
aircraft. The operation ranges for the air-to-ground-to-air link for
Baseline, IFM--Hood, and IFM--BTA working with the retransmission station
are given for comparison. The required probability of success was

P ® 0.9 (see Appendix A).
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Table 14

OPERATING RANGE USING RETRANSMISSION IN FULDA TERRAIN
(p_ = 0.9 for Total Air-to-Ground-to-Air Link)
ST

Operating Range (km) for Indicated System’ ]
Frequency Baseline
(MHz) (Present System) IFM--Hood IFM--KTA
35 6.5 10 18
45 10 14 19
65 14 16 20

8

“Assume both aircraft antennas at 3-meter heights with random
siting, ground antenna at 10 meters with excellent siting;
terrain interdecile range 4h = 300 meters; medium vegetation.

The probability of successful communication, Pg> for retransmission
can be estimated from the Fort Hood data. These data were taken at six
locations only, and are based on the A-N test scores of 2 90 percent
recorded during FM-320. These data are single-point estimates (SS) at

each of six ranges.

Air and ground retransmission systems tested at Fort Hood (65 MHz)
had longer communication ranges (higher SS) than either the Baseline or
IFM--Hood systems (Table 15). Conversely, both retransmission systems
had shorter communication ranges (lower 55) than the HF/SSB system

(AN/ARC-102) .

5. Combined VHF/FM and HF/SSB Radio

Performance of a combined VHF/FM and HF/SSB radio in an
NOE environment (Unknown Se).

The combination of the IFM--BTA and HF /SSB--BTA syscems,?? both
installed in the aircraft, achieved a higher communication effectiveness
than either the Baseline system or the IFM-BTA in the European SCORES
scenario. The communication effectiveness results were highly influ-

enced by the presence of an HF/SSB--BTA subsystem installed in the
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Table 15

MEASURED PROBABILITY OF SUCCESSFUL COMMUNICATION, 6 -
ON AIR-TO-AIR LINKS WITH AND WITHOUT RETRANSMISSION§-
SUCCESS DEFINED AS A-N SCORE = 90 PERCENT
(FM-320, Fort Hood, Texas; 1976)

Es at Indicated Range (km)

System 1 2.5 5 9 24 40
Baseline
Direct 1.00 0.95 0.80 0.80 0.07 0.00
w/Air Retransmission 0.97 0.94 0.81 0.86 0.44 0.28

w/Ground Retransmission 1.00 0.94 0.74 0.85 0.53 0.21

IFM--Hood (direct) 0.98 | 0.94 | 0.88 | 0.88 | 0.02 0.00

aircraft. For this analysis, HF ground radios are assumed to be as-
signed to aviation and medical regulating units only.* The combined
VHF/FM and HF/SSB subsystem in a single aircraft could be in two config-
urations--both capabilities integrated into a single package (such as
the AN/PRC-70) or each as a separate subsystem. Simultaneous communica-
tions in each band could be achieved only for the latter configuration.

The communication effectiveness results are given in Table 16.

b Critical Issues to be Resolved

1 HF /SSB Mission Effectiveness

Will an HF/SSB system provide an acceptable level of communi-
cations reliability under NOE flight conditions, and how does it
relate to NOE mission effectiveness’ (Critical Issue 10a).
The results for mission effectiveness for HF/SSB are given for the

non-EW environment in Table 17. The HF/SSB systems operated in ground-

The assumed deployment (TBOL) of HF/SSB ground transceivers affects

both the communication effectiveness and mission effectiveness results.
I1f all ground units (in the scenario) were equipped with HF transceivers,
the results would be higher.

51




Table 16

COMMUNICATION EFFECTIVENESS OF COMBINED
IFM--BTA AND HF/SSB--BTA IN EW
AND NON-EW ENVIRONMENTS

Communication Effectiveness,

CE (Percent), at Indicated

Frequency and Environment

45 MHz 65 MHz
System Non-EW EW Non=-EW EW
Baseline only 17 12 55 28
IFM--BTA only 68 41 82 45
Combined IFM--BTA and HF/SSB--BTA
[Deployment option (4)] 82 72 88 75
Table 17

MISSION EFFECTIVENESS OF CANDIDATE RADIO SYSTEMS
IN SCORES SCENARIO
(Based on 134 Sub-Missions)

Percentage of

Sub-Missions Completed

System 45 MHz 65 MHz
Baseline 4 33
IFM--BTA 46 63
HF/SSB [Deployment Option (3)] 82 82

Combined HF/SSB and IFM--BTA

[Deployment Option (4)] 68 75

wave mode at 25 MHz; baseline and IFM--BTA are given for comparison.

These VHF systems were evaluated at 45 and 65 MHz.

The communication reliability for HF/SSB at given range, d, can be
computed for different terrains using the SRI radio system performance
| model for irregular terrain. Communication reliability is defined as the

probability of successful communication on the first attempt, Py
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A user-specified required value for the probability of successful com-

munications is denoted by Py Operational range is thus defined as that

range for the ccmputed | A A (also see Appendix A4).

Table 18 gives the predicted operational range for three radios for
[ S 0.9. Ninety percent of the communications will be completed on
the first attempt at range, d. Data are given for three terrains: Fort
Hood (hilly), Fulda (low mountains), and Korea (rugged mountains). The
frequency for the VHF/FM candidates was 45 MHz. The frequency for HF/SSB
was 25 MHz (groundwave). The HF/SSB--BTA candidate can communicate over

the longest ranges.

Table 18

PREDICTED OPERATIONAL RANGE FOR CANDIDATE RADIO SYSTEMS
OPERATING IN AIR-TO-AIR AND AIR-TO-GROUND LINKS
IN THREE TERRAINS--psr = 0.9

Operational Range (km) on Indicated Link

IFM~--BTA HF /SSB

Baseline (45 MHz) (25 MHz)
Terrain A-A A-G A-A A-G A=A A-G
Fort Hood 3.4 642 8.3 13.8 34 40
Fulda Region, FRG 2.0 447 5.9 110 19 26
Korea (38°N,127°E) 156 398 4.5 9.3 16 20

2 Operator Training and Communication Planning

To what extent will operator training and communication plan-
ning for missions need to be modified to take advantage of the
increased communications provided by NOE communication
systems? (Critical Issue 10b).

Communication planning for missions will have to be accomplished at
all levels (Corps and below) to support HF/SSB communications successfully.
Both operational (e.g., netting) and technical planning will be required;

these are clearly interrelated. Factors to be considered are frequency
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allocations, frequency selection and assignments to radio nets, selection
of mode (groundwave or skywave) and appropriate ground antenna systems,
communication protocols (e.g., for lost communications), EW- or
interference-avoidance protocols, and special provisions for appliques
incorporated within the radio (e.g., addresses for selective calling).
Frequency-dependent coverage areas for VHF/FM systems will dictate care
in assignment of VHF frequencies to support radio nets in their required

areas while minimizing coverage beyond the required areas.

Operator training was briefly addressed in the FM-320 report.
Provisions for operator training have been addressed in the NOE COM

Required Operational Capability (rOC) .*°

51 AN/GRC-106 Suitability

Are the present generation ground HF/SSB radio set (AN/GRC-

106) and its antenna system suitable to terminate the air-ground

link of an NOE communication system? (Critical Issue 10c).

The AN/GRC-106 is the current HF/SSB ground radio in the Army in-

ventory. This radio, designed in the late 1950's and introduced in
the early 1960's, was designed to provide reliable ground-to-ground
single-channel voice and single-channel radic teletype (RATT) between
higher echelons (Corps and Division). It is currently deployed down to
the battalion level, but is used down to the company level. There are

approximately 5000 units in inventory, including spares.

The AN/GRC-106 is not a suitable ground link terminal for NOE COM
Air-to-Ground communications. The projected HF/SSB radio for aircraft
is a modern HF/SSB radio, which has features not available in the AN/GRC-
106: multiple preset frequencies, rapid tuning, frequency scanning, and
selective call (SELCAL) addressing. The operational concept for use of
these features is rapid frequency change in the face of interference (or
jammed channels), and SELCAL-actuated audio squelch and selective calling

(addressing) of the called unit.

Because the AN/GRC-106 will not meet the technical or operational

requirements specified, it does not meet the operational concept for
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employment of HF/SSB for the NOE problem. Furthermore, the existing
horizontal dipole and vertical (vehicular) whip and coupler will not

meet the employment concept. The AN/GRC-106 radio requires a minimum of
10 to 15 seconds to tune into an antenna and approximately the same time
for an existing dipole. If the dipole length has to be changed, at least

five minutes are required to establish operation on a new frequency.

SRI recommends that a ground version of the modern HF/SSB radio
recommended for the aircraft be procured in sufficient quantities to
terminate the ground link. This radio would be essentially the aircraft
radio modified for ground operation in vehicles or command posts. It
will be interoperable with the AN/GRC-10% when used in a reduced-
capability mode. Developmental effort will be required for broadband (or
multifrequency) HF/SSB ground antenna (2 to 10 MHz) suitable for the NVIS
mode. Vertical whip antennas and couplers (for the groundwave mode) are

currently available.

4. Size, Weight, and Power

Will the size, weight, power, and antenna requirements of an
HE/SSB system be compatible with the airframe of attack,
wtility, cargo and observation helicopters?’ (Critical Issue 10d).

This question was answered by the materiel developer. Liaison with
the AVRADCOM aircraft project managers was provided by AVRADA and size
and weight and power requirements for HF/SSB radios have been estimated.
[he HF/SSB shorted-loop has been installed on two aircraft (OH-58 and
UH-1) and installation of this antenna on other aircraft types should not
be a problem. The AH-1 helicopter will require restructuring of the
tusalage compartment to accommodate a HF/SSB radio (if installed in that
aircraft)., Some weight trade-off may have to be made in the AH-1 and
OH-58A aircraft to accommodate HF/SSB. The Aviation Center addressed the

size, weight and power question in the CFP.
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She Mission Effectiveness of VHF/FM

1o what degree can the airborne VHF/FM system be improved
and how does it relate to NOE mission effectiveness’ (Critical
Issue 10e).

The effective radiated power (ERP) for IFM--BTA system represents
a 10- to 15-dB increase over the current Baseline radio installed in the

aircraft. ERP is given by

ERP = B - L, # 6. , in dBm,
where
PT = transmitter power, in dBm
LT = transmission line and mismatch loss, in dB, and
GT = transmitter antenna gain, in dBi.

After a thorough review of engineering alternatives and technical con-
straints by the materiel developer, improvements have been recommended
for the IFM--BTA system (Appendix A). The resultant ERP for the IFM--BTA

system and for the Baseline system are given in Table 19.

The NOE mission effectiveness for the Baseline and IFM--BTA systems

is given in Table 17.

6 Retransmission

Is retransmission a viable alternative’ (Critical Issue [0f).

This is primarily an operational question. It has been addressed

21
in the Executive Summary of the Concept Formulation Package.

The conclusion of the users (Study Advisory Group, 9-10 March 1978)
is that retransmission is not a workable solution. Retransmission has
the following deficiencies: range limitations, EW vulnerability, threat
vulnerability, more pcrsonnel required, more frequencies regquired,
longer set-up time, and added planning burden on siting the retrans-

mission station in the right place at the right times in the potentially
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Table 19

EFFECTIVE RADIATED POWER FOR IFM--BTA
AND BASELINE SYSTEMS

Effective Radiated
Power (dB) at Indicated
Operating Frequency
System 35 MHz 45 MHz 65 MHz
~ Baseline
Transmitter power, PT (dBm) 40 40 40
Transmission line loss, LT (dB) 15008, il l.4
Transmitter antenna gain, GT (dBi) -16 -10 -4
ERP (dBm) 23 28.9 34.6
IFM--BTA
Transmitter power, PT (dBm) 49 46 46
Transmission line loss, LT (dB) 1.0 il el
Transmitter antenna gain, GT (dBi) -10 -3 -0
ERP (dBm) 38 41.9 44.6
Improvement over Baseline (dB) 15 13 10

fluid modern battlefield.

In addition, airborne retransmission requires

a minimum of two dedicated aircraft and crews--one on-station and one

in a standby status.

T Combined VHF/FM and HF/SSB Radio

What benefits accrue to the use of a combined airborne VHIE/I'M,
and HIF/SSB radio? (Critical Issue 10g).

The principal benefits that accrue from the use of a VHF/FM and
HF/SSB radio combined in one unit (as compared to separate VHF/FM and
HF /SSB subsystems) are reduced size, reduced panel space in the cockpit i
of the aircraft, and increased pilot efficiency because of human factors--
specifically having a single multifunction control head for two radio

systems, Table 20 compares engineering estimates for size and weight.2?
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Table 20

R

SIZE AND WEIGHT FOR A COMBINATION (VHF/FM AND HF/SSB) RADIO AND

FOR SEPARATE SUBSYSTEMS

Siize Weight
System (cm3) (in3) (kg) (1lb) Comment

Combination Radio 22,198 1,355 18 40 AN/PRC-70°°
Separate Radios:

FM (AN/ARC-114) 2,393 146 3.18 7 '

40-W Amplifier 2,300 140 | 3.0 T e

HF/SSB (200 W) 19,822 | 1,210 | 18 40

Subtotal 24,515 | 1,496 | 24.18 | 53.6

"Does not include applique unit for digital signaling.

The size and weight reduction benefits are especially important for the

smaller helicopters (especially the AH-1).

The nine pilots assigned

to the FM-320 Test rated the AN/PRC-70 as the preferred radio because of

its functional versatility:

bilities, and multimode operation.

FM and HF band operation, multipower capa-

This system also permits VHF/SSB

as an option with potential EW and frequency management (more channels)

benefits.

8. Enemy Electronic Countermeasures

To what degree will enemy electronic countermeasures affect
NOE Communications? (Critical Issue 10h).

The electronic warfare (EW) environment was overlayed on the SCORES

scenario by the threat section of the DCD, USAAVNC, Fort Rucker, Alabama

to determine the effect of jamming on the communication and mission

effectiveness of the candidate systems.

Soviet and Warsaw Pact doctrine

was used, Equipment deployment and EW tactical employment of ground-

based jamming equipment followed this doctrine; however, no airborne EW

assets were considered.

Each communication event was analyzed to see if
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1t could be intercepted by the opposing force. If intercepted, the
event was analyzed to determine whether assets to jam were available,
and whether the communication event was of sufficient importance to jam.
Jamming was not attempted if the friendly communication was not success-
ful. The model described in Appendix A was used with the appropriate
system parameters for the EW receivers and transmitters to determine the

success of the intercepts and jams.

Communication effectiveness for 412 mission critical two-way mes-
sages was determined with and without jamming. VHF/FM candidate radios
were assumed to be operated at 45 and 65 MHz. HF operation was assumed

to be at 25 MHz, groundwave mode, and is given in Table 21.

Table 21

COMMUNICATION EFFECTIVENESS OF CANDIDATE RADIO SYSTEMS
IN EW AND NON-EW ENVIRONMENTS (SCORES SCENARIO)
(Based on 412 Communication Events)

Communication AT
Events Completed
(Percent)

System and Operating Frequencies Non-EW EW
Baseline

45 MHz 17 1

65 MHz 55, 28
IFM--BTA

45 MHz 68 4l

65 MHz 82 45
HF/SSB [Deployment Option (3)], 25 MHz 92 82
Combined HF/SSB and IFM--BTA
[Deployment Option (4)]

25 and 45 MHz 82 72

25 and 65 Mhz 88 3
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Mission effectiveness for 134 sub-missions with and without EW are

given in Table 22. A mission effectiveness of 66 percent in the EW
environment occurred for HF/SSB installed in all aircraft and ground
units. Similar effectiveness occurred for a partial fill of HF radios

in ground units (Tahle 22). The high effectiveness for HF/SSB (compared
to IFM--BTA resulted from having HF radios in all aircraft [Deployment
Option (3)], and the relatively large number of short air-to-air communi-
cation links in the scenario. The higher-power HF system was able to

override the jamming signal for many of these short links.

Table 22

MISSION EFFECTIVENESS OF CANDIDATE RADIO SYSTEMS
IN EW AND NON-EW ENVIRONMENTS (SCORES SCENARIO)
(Based on 134 Sub-Missions)

Sub-Missions
Completed
(Percent)
System and Operating Frequencies Non-EW EW
Baseline
45 MHz 4 3
65 MHz 33 19
IFM--BTA
45 MHz 46 28
65 MiHz 63 37
HF/SSB [Deployment Option (3)], 25 MHz 82 66
Combined HF/SSB and IFM--BTA
[Deployment Option (4)]
25 and 45 MHz 68 33
25 and 65 MHz 75 56
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E. TCATA (FM-320) EW Tests

Limited HF/SSB EW tests were conducted at Fort Hood, Texas during
FM-320. An AN/TLQ-17 jammer with an omnidirectional whip antenna was
sited 10 km downrange from the friendly HF/SSB base station. As the
aircraft flew downrange on the NOE course, distance from the base station
increased and distance to the jammer decreased. HF/SSB propagation was
groundwave mode at 4.3 MHz. Test messages (A-N messages) were transmitted
to and received by the aircraft in the presence and absence of jamming.
Aircraft transmitter powers of 40, 100, 200, and 400 W PEP were used.

The ground station was an AN GRC-106 (400 W PEP) with a halfwave dipole

antenna elevated 40 ft AGL.
The following findings were given in the FM-320 report:*lb

(1) Electronic jamming is effective against all HF radio sys-
tems (all powers) at ranges of 5 to 40 km from the base
station. [Ranges to the jammer were shorter than the ranges
to the base station for these cases. |

(2) Electronic jamming is ineffective against all of the HF
radios at ranges of 1 and 2.5 km (from the base station).
[Correspcnding ranges to the jammer were 9 and 7.5 km
respectively for this geometry.]

At the 1 and 2.5 ranges mean A-N score (for all HF/SSB
radios) was 97 percent correct in the presence of EW. At
5 km to 40 km ranges [from the base station] mean A-N
score was zero percent correct.

(3) The effectiveness of electronic jamming is the same [under
the observed FM-320 test conditions] against aircraft
powers of 40, 100, 200, and 400 W PEP.

(4) 1t was recommended that further testing of electronic
jamming devices be conducted at various distances, and
that both omnidirectional [used for the FM-320 test] and
directional jammer antennas be used.

"Material in brackets added for clarity by SRI. ,
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V SUMMARY OF RESULTS

A. Objectives

The primary objective of the Army's NOE Communication program is to
select a communication system(s) to solve the NOE communication problem

for the Army for the near-term period (IOC of FY 1980-81).
SRI provided the following technical support:

e Helped pran the TCATA field test of NOE cummunication systems
(FM-320), and the Hawaii tests of VHF/FM, HF/SSB, and satellite
systems for helicopters operating NOE.

¢ Answered the critical issues and unknowns contained in the

TRADOC/DARCOM Letter of Agreement (LOA) for the candidate systems.

¢ Developed the SCORES methodology and computer codes for communi-
cation effectiveness and mission effectiveness.

e Provided estimates cf operational communication range in Fort
Hood, Texas, and in other terrains for use in the concept formu-
lation package (CFP), and in the SCORES analysis.

e Provided information to the materiel developer on systems capa-
bilities and limitations so that the best technical approach
(BTA) will be obtained.

e Provided technical support to the NOE Communications SAG.

e Performed laboratory and field measurements of propagation, noise,
and system technical parameters (e.g., helicopter antenna gain).

B. Method of Approach

The study methodology for the analysis is shown in simplified form
in Figure 12. This methodology includes the major events of the program
and indicates the contributors to each. Participating organizations were
the U.S. Army Avionics Research and Development Activity (AVRADA); Direc-
torate of Combat Development (DCD-Studies); U.S. Army Aviation Command,
Fort Rucker, Alabama (AAVNC); TRADOC Combined Arms Test Activity (TCATA);
and the Study Advisory Group (SAG), consisting of members from the
TRADOC schools and DARCOM. The sequence of the tasks is roughly the

time sequence in which these steps were performed. The final result was
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the selection of a candidate system to meet the technical and operational
needs of the Army for an NOE communication system for the near time

frame (IOC date of FY 1980/81).

The communication effectiveness for eight candidate radio systems
was measured during a full-scale helicopter communication test (FM-320)
conducted by TCATA at Fort Hood, Texas (October-December L976).? Four
VHF /FM systems were tested, including the present AN/ARC-114 (baseline)
radio, improved FM--Hood, and airborne and ground retransmission. Four

HF radios were tested with powers varying from 40 to 400 W PEP.

Two measures of effectiveness (MOEs) were used during the FM-320
tests. The primary MOE used to measure communication effectiveness was
the percent correct of alphanumeric (A-N) messages sent one-way through
the channel without repeats. The second measure used was the aircraft
height to break squelch, defined as the height to establish two-way
communication between an aircraft and base station, or between an aircraft
and another aircraft constrained to fly NOE. This measurement was per-
formed by TCATA for the baseline and IFM-Hood systems only operating in
two modes: air-to-air (A-A) and air-to-ground (A-G). As the aircraft
climbs in order to communicate, it becomes more vulnerable to enemy anti-
aircraft weapons; therefore, this MOE pertains to relative aircraft vul-
nerability. The actual vulnerability of the aircraft as a function of

altitude depends upon the specific scenario being considered.

SRI and AVRADA performed additional engineering tests. These include
flight tests of HF/SSB and VHF/FM systems in Hawaii, and a comparison of
each of these systems with a satellite system. Flight tests of HF/SSB
were conducted in New Hampshire (White Mountains) and the Fort Monmouth,
New Jersey area by AVRADA. Screen room tests to determine radio system
performance and channel quality in terms of predetection SNR also were
conducted by AVRADA. Gains (in dBi) of VHF antennas on the OH-58 air-
craft were measured by SRI and AVRADA., The gains of the HF/SSB (shorted
loop) antenna on the OH-58 and the UH-1 aircraft were also measured by

AVRADA.
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The radio system technical performance parameters were determined

from the engineering and laboratory tests. These parameters are frequency-

dependent. Technical parameters ace transmitter power, transmission
line and mismatch loss, and helicopter antenna gain. The required pre-
detection SNR for a given channel quality was determined in the laboratory

for the special case of Gaussian background noise.

A communication system performance model was developed by SRI and
used by AAVNC (DCD-Studies) to evaluate candidate radio system perfor-
mance using the SCORES Europe I Sequence 2A scenario for an attack heli-
copter company in the region of Fulda, in the Federal Republic of Germany.
Communication effectiveness (number of two-way communication links com-
pleted), and sub-mission effectiveness (completion of a series of critical
communications related to mission outcome) were computed using a method-
ology worked out by SRI and AAVNC. This was done for both the non-EW
and EW environments. Soviet/Warsaw Pact EW equipment and doctrine were
modeled and independently played by an opposing team in the scenario.
Performance of the candidate systems (both communication and sub-mission
effectiveness) was determined for both the non-EW and EW environments.
These results were used to compute the relative effectiveness of each
candidate system in determining their relative worth in the cost and

operational effectiveness analysis (COEA).

The SRI-developed radio system performance model was also used to
provide communication range estimates for helicopters operating in irreg-
ular terrain. This model was run for three different terrains--Fort Hood,
Texas (hilly), the Fulda region, Federal Republic of Germany (low moun-
tains), and Korea (rugged mountains). Operational range (OR) was pre-
dicted for a user-specified required probability of successful communica-
tion (psr = 0.9) at all locations and times in the terrain of interest.
Ranges for lesser required probability values were also computed (psr =
0.5, 0.7, and 0.8). The predictions were checked against limited obser-
vations for the Fort Hood and Fulda regions and good agreement between
the predicted and observed values was found. The OR estimates were

included in the NOE COM Trade-Off Determination (TOD).
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Communication system costs were developed by AVRADA and provided to

AAVNC (DCD-Studies), where a 20-year life cycle cost (LCC) analysis was
performed for each of the candidate systems. AVRADA also provided a

technical, cost, and schedule risk assessment for the candidate systems.

The results of this work were presented to the NOE COM Study Advisory
Group (SAG) over the period from March 1977 to March 1978, The SAG con-
sisted of members from TRADOC, each of the Army schools (communication
users and aircraft proponents), FORSCOM, and members of the DARCOM com-
munity. The SAG members reviewed and refined the operational range re-
quirements for each type of aircraft., Two different range requirements
were identified. A short-range requirement (approximately O to 17 km)
was identified by the Armor school as necessary to support the ground
maneuver force commander operating in the vicinity of the forward edge

of the battle area (FEBA).

A long-range requirement (0 to 50 km) was identified (actually recon-
firmed)* for command and control of helicopter assets under the control

of the aviation company commander.

After a thorough review of the technical, operational, and cost
characteristics of the candidate radio system, along with the user re-

quirements, the SAG selected two radio systems to meet these requirements:

(1) An improved VHF/FM radio system to be installed in all heli-
copter assets. This system must be able to communicate at the

shorter ranges at nominal parity with the ground commander's
radio.

(2) A modern HF/SSB radio system for selected helicopters suitable
to communicate at extended ranges (out to 50 km) for command
and control of other aviation units. Furthermore, the commander
of the aviation unit must be equipped with an HF/SSB grrund
radio at the company operations center in order to control his
aircraft.

These recommendations were formalized as a Required Operational Capability

(ROC) and given to the DARCOM materiel developer (AVRADCOM) to initial

o

“The LOA which initiated the study (see Appendix I) specified a required
range out to 50 km.
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procurement action. The target date for the initial operating capability

(I0C) for the NOE Communication Radio Systems is FY 1981.

(i SRI Findings

These findings are based on the SRI communication performance model,
which computes the probability of successful communications, P> a5 2
function of range. Operational range (OR) estimates from the model are
obtained for each required probability of success (psr)' Field tests
(FM-320 and others) and laboratory measurements also contributed to the

following findings:

1. VHF/FM Radio Systems

e The current VHF/FM aircraft radio (AN/ARC-114) will not meet the
short range requirement (0 to 17 km) in the non-EW environment.
Predicted communication ranges for Fort Hood (Texas), Fulda, and
Korea (30°N, 127°E) are 5, 3.4, and 2.2 km, respectively, when

= 0.9 for air-to-air llnks, operated in a low hover (antenna
aﬁ 3 m) on 65 MHz.

» The AN/ARC-114 used at NOE altitudes is range-limited by its
10-W transmitter power and antenna gain, which results in inade-
quate effective radiated power (ERP). The longest ORs are
achieved at frequencies of about 65 MHz, where the aircraft tail-
fin antenna (FM-1 antenna on OH-58 aircraft) is most efficient,
Shorter ranges result at 35 and 45 MHz because of the lower air-
craft antenna gain and the lower resultant ERP.

e The improved VHF/FM (BTA) radio, which has a 40-W transmitter
power and improved antenna, will not meet the O to 17-km range
requirements in Fulda terrain, but it has significantly larger
ranges (and lower height for two-way communication at a given
range) than the AN/ARC-114. Predicted communication ranges for

Fort Hood, Fulda, and Korea are 9.8, 6.9, and 4.8 km, respectively,

for £ = 65 MHz, Pgy = 0.9, air-to-air links, with an antenna
height of 3 m,

e For VHF/FM systems, the shortest ranges occur for the air-to-air
link. Longer communication ranges occur on the air-to-ground
and ground-to-air links. The ground-to-air link has a longer
operational range than the air-to-ground link, because of higher

effective radiated power, ERP, and increased antenna height
(10 m).

e The VHF/FM ground antenna can be \improved over the current an-
tenna (RC-292) by using a new field-expedient broadband omni-
directional antenna. The RC-292 cannot operate efficiently
across the 30- to 76-MHz VHF/FM band without physical changes to
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the antenna and ground plane elements. Broadband directional
antennas offer additional improvements for certain applications.
A directional VHF ground antenna (the OE-254/GRC) has recently
been developed to replace the RC-292 antenna. , This new antenna
will be coming into the inventory in FY 1980.°

Ground or airborne retransmission is not a satisfactory solution
for the long-range (0 to 50 km) requirement. Communication
ranges achieved with this system depend critically on antenna
siting, but they are generally less than 50 km. Operational
deficiencies are position preplanning requirement for fluid tac-
tical situations, frequency supportability when twice as many
frequencies are needed, ground station set-up times, EW and
ground fire vulnerability, and additional personnel requirements.

Improved FM Best Technical Approach (IFM--BTA) is the best candi-
date of the VHF/FM candidate studies. IFM--BTA is susceptible

to EW; however, IFM--BTA will perform significantly better than
the AN/ARC-114 radio in the EW environment.

Aircraft equipped with IFM--BTA will be able to communicate at
lower altitudes to significantly longer ranges than the present
system. Communication at lower altitudes will reduce the vulner-
ability of the aircraft to groundfire and surface-to-air missiles
(SAMs) .

The VHF/SSB radio tested at Fort Hood (FM-320) was not operating
correctly during that test, and the data were not analyzed by
SRI. Theoretically, a 40-W (ERP) VHF/SSB system offers an
improvement over the IFM--BTA system for channels of marginal
quality operating in an EW environment. A large number of 3-kHz
VHF channels exist in the 30- to 76-MHz portion of the spectrum
and this is an attractive feature. VHF/SSB is not interoperable
with the AN/VRC-12 family (or SINCGARS), however, and the channel
quality is generally inferior to FM in both the clear and secured
modes. The same appliques apply as for HF/SSB.

HF/SSB Radio Systems

The proposed 200~W PEP (speech processing) HF/SSB aircraft radio
system will meet the long range requirement (0 to 50 km) in the
non-EW environment. HF/SSB operates in two modes: groundwave

and near vertical incidence skywave (NVIS). Predicted communica-
tion ranges for 25-MHz groundwave mode for air-to-air links oper-
ating at 3 m antenna height for Fort Hood, Texas, Fulda, and

Korea, are 34, 19, and 16, respectively (pgy = 0.9). Longer ranges
(50 km and beyond) can be achieved using the NVIS skywave mode.

The HF/SSB radio (BTA) can successfully communicate using the
NVIS mode at lower power (40 W PEP) over 50-km ranges (or greater)
by proper frequency selection, with the best results being
obtained during daytime. At nighttime and during dawn, high
power is frequently required because of the presence of noise and
interference in the channel.
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The channel quality of HF/SSB is inferior to VHF/FM, but it is
operationally acceptable for NOE missions. The proposed modern
HF/SSB radio for NOE communication will be equipped with a selec-
tion signalling-actuated squelch to ensure positive communication
contact and to reduce pilot fatigue caused by continuous back-
ground noise and interference (such as that experienced with the
current AN/ARC-102).

The reliability of HF/SSB can be increased by assigning two (or
more) frequencies to support a communication net for a given time
of day. This improvement gives additional capability to avoid
narrowband frequency-selective interference. A frequency-
scanning feature (combined with selective signaling) was recom-
mended for the modern HF/SSB radio.

HF/SSB operating in the groundwave mode performs better than
VHF/FM in the EW environment (spot jamming). This is because of
its higher power and narrower bandwidth. A manual-keyed continu-
ous wave (MCW) capability was recommended for the aircraft radio
for pilot acknowledgment of messages and brevity code (shorthand)
signaling in an adverse electromagnetic environment (EW, or over
extremely marginal channels, such as those encountered on very
long groundwave paths).

An initial investigation of frequency supportability for HF/SSB
in the FRG indicates that sufficient HF/SSB frequencies exist for
aviation nets. This information was provided prior to formal
approval of the frequency-assignment request (Form DD-1494), and
additional investigation of this aspect is needed.

HF/SSB operated satisfactorily in the NVIS skywave mode at four
test sites during the NOE Communication Program. Propagation via
the NVIS cskywave mode is independent of terrain. The test sites
used were Fort Hood, Texas (October-December 1976), Hawaii
(August 1976), New Hampshire (August 1976--limited flight tests
during daytime), and Fort Monmouth, New Jersey (August 1977).

The frequency of operation for the NVIS skywave mode was 10 MHz
or lower. Ionospheric predictions of the lowest usable frequency
(LUF), maximum usable frequency (MUF), and frequency of optimum
transmission (FOT) were provided for the test sites by U.S. Army
CEEIA, Fort Huachuca, Arizona. Primary and secondary frequencies
were selected at or below the FOT. Although the predictions were
not explicitly validated as part of this program, they were accu-
rate enough. No outage attributed to lack of NVIS propagation on
the properly chosen test frequencies was noted during any of the
tests conducted.

The HF/SSB shorted-loop antenna tested on the OH-58 and UH-1
aircraft is near-optimum for all Army aircraft that will use the
NVIS mode. This antenna radiates both a horizontally polarized
skywave component toward the zenith, and also a vertically
polarized groundwave component off the aircraft nose and tail.
The pattern toward the zenith is essentially omnidirectional for
ranges out to 50 km, whereas the groundwave pattern has maxima
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off the nose and tail of the aircraft, and null§ off the sides of
the aircraft (but not a figure-eight pattern).2° The vertical com-
ponent is of sufficient magnitude for groundwave communication
when the 200-W PEP transmitter is used. The gain of the shorted-
loop antenna is marginal in the 2- to 3-MHz region of the spectrum,
because of poor antenna efficiency. A gain of -16 dBi or lower for
the NVIS mode was measured in this part of the band. As frequency
is increased above 3 MHz, antenna efficiency (and resultant gain)
improves dramatically. A separate antenna optimized for groundwave
formance may be needed in the 20- to 30-MHz band.

The A-G and A-A HF links during the FM-320 (Fort Hood) were sup-
ported primarily by groundwave mode at distances up to 24 km.
Operating frequencies were 2.4 and 4.1 MHz. High A-N test scores
resulted for 400W PEP HF transcievers installed in the aircraft
and ground station. The ECOM loop in the aircraft (and dipole
ground antenna) were used. No pattern variability problems in
the aircraft were reported by the pilots. Also the test fre-
quencies were located in the most inefficient range for the air-
craft antenna. If longer groundwave communication ranges are
required (or reduced HF power operation, or groundwave operation
in rugged terrain), it is recommended that an HF aircraft antenna
having an omnidirectional azimuthal pattern optimized for the
groundwave mode of communication be investigated.

A half-wavelength dipole antenna (H = 40 ft) was used as the
ground antenna for the Fort Hood and Hawaii tests. This antenna
has a theoretical maximum gain toward the zenith of about 6 dBi.
This antenna is limited to single-frequency operation and is not
frequency-agile. SRI recommends that a broadband (or frequency-
agile) horizontally polarized antenna be developed for use with
the ground terminal of an air-to-ground NOE COM system using the
NVIS mode. Half-wave horizontal dipoles (or equivalent) located
> 1/10 wavelength above ground should be used in the interim.
Alternatively, a slant wire antenna such as used at Fort Hood
could be used for frequency agility, but with lower performance
compared to a dipole.26

A 30-ft vertical whip antenna was used for engineering measure-
ments at Fort Hood, Texas. This antenna produced a usable ground-
wave signal at 2.2 and 4.1 MHz at a distance of 39 km from the
base station when driven by a 400-W PEP transmitter. It is recom-
mended that the existing l5-ft vehicular whip (with an improved
rapid-tuning coupler) or a new longer whip be used for groundwave
communication where required operational ranges so dictate.

A modern HF/SSB radio with variable power will be required for
terminating the ground end of the NOE COM link. This radio should
include a rapid tuning feature and be compatible with the fre-
quency scanning and selective calling features of the recommended
aircraft radio. The AN/GRC-106 can be used on an interim basis
with single-frequency capability until the more frequency-agile
ground radio is available.
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Appendix A

RADIO SYSTEM PERFORMANCE MODEL
AND COMMUNICATION RANGE ESTIMATES o
FOR HELICOPTERS FLYING NAP-OF-THE LEARTH (NOE)

Introduction

a. The Concept of Communication Operational Range

One important measure of the tactical utility of a military radio
is the operating range that can be achieved in the tactical environment.
The current (10 W) airborne transceivers (AN/ARC-114) which were designed
for line-of-sight (LOS) operation, do not achieve sufficient range while
helicopters are flying nap-of-the-earth (NOE).]"r Helicopters are driven
to NOE altitudes (generally lower than 20 m and frequently as low as 3 m)
to survive the physical2 and electromagnetica threats of the modern
battlefield. This problem led to the current letter of agreement request-
ing a study of improved NOE communications.® The range a radio can
achieve depends upon the radio system parameters (e.g., transmitter
power), the loss of signal power resulting from propagation from the
transmitter to the receiver, and the ambient radio noise and interference
(or electronic warfare) environment in which the receiving antenna must
operate. The operational requirements5 and usage also influence the
range. The loss attributable to propagation is not a deterministic
quantity, nor is the ambient radio noise level. Therefore, the range of

Jor ; 6=
a radio is best treated as a random variable.® *°

Also, the propagation,
noise, and system performance models each have uncertainties that are
best dealt with as random variables. We must consider the odds ol
achieving a given range with a given radio system operating in a given
terrain a2nd noise environment. This approach permits statistical com-

bination of the uncertainties of the many parameters that enter into

“By G. H. Hagn, contributions by B. C. Tupper.
+*

‘References are listed at the end of the Appendix.
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prediction of system performance, including the statistical uncertainty
in the model itself. One can compute the probability of successful com-
munication, P> @8 & function of range for a given scenario (radio system,
terrain, noise environment, operational usage), and, by specifying a
required probability of successful communication (Psr)' then define the

operational range (OR)  of the radio as that range at which Tl

This approach is illustrated in the example of Figure A-1.
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FIGURE A-1  EXAMPLE OF PROBABILITY OF SUCCESSFUL COMMUNICATION
AS A FUNCTION OF RANGE AND OPERATIONAL RANGE

Let us now define our terms more precisely and then compute the range
for the baseline (AN/ARC-114) and candidate NOE communication radio sys-

tems in selected example terrains of interest.

b. Definition of a Successful Communication

Simply stated, a communication success consists of achieving an

adequate communication channel on an acceptable number of tries (i.e., an
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adequate percentage of the time) in the operational environment. The
definition of adequate for each situation of interest must be specified
by the user. For example, certain missions may require a first-try suc-
cess probability of 0.9 (a communications channel established for 90 per-
cent of the tries) with no repeats, whereas other missions may have lower
operational reliability requirements. We can describe channel quality
with a subjective rating scale (e.g., r3 = marginally acceptable, r4 =

good, r5 = excellent, see Chapter III) or with an objective measure such

as the minimum acceptable score (in percent correct) on a random charac-
ter alphanumeric (A-N) test message of a specified duration. In each
case, the rating or scoring should be done by listeners as representative
as possible of the users for whom a system is being designed, and a

representative vocabulary should be used.

Ce General Method of Computing Probability of Successful
Communication

We must begin by considering the required channel quality and relat-
ing it to something that we can measure (or compute). The degradation of
both AM (SSB) and FM systems caused by band-limited Gaussian noise has
received much attention and analytical solutions have been derived to
relate the output signal-to-noise ratio (SNR) to the input (predetection)
SNR.ll* We can estimate the output SNR required to achieve the necessary
channel quality and use a model of the receiver to relate this to a re-
quired input (predetection) SNR (Rr’ in dB). Therefore, for the purposes
of this study, a communication success is defined as achieving a pre-
detection SNR = Rr (and hence producing a communication channel of accept-
able quality for a brief portion of an hour on any given communication |

attempt without moving).

Once Rr has been determined by consideration of user requirements

and equipment characteristics, we must compute the probability that the ;

*The degradation caused to such a system by random impulsive (or quasi-
impulsive) noise is complex and difficult to treat analytically. It is
a function of both the channel quality grade of interest and the noise
statistics as well as the system parameters (e.g., modulation index) .12
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actual predetection SNR 2 Rr in the operational environment of interest.

Such a computation requires estimates of the expected values and vari-
abilities of the received signal and noise. Models are needed for the
propagation, the noise environmment, and the radio system performance.
Also needed are the expected values of the radio system parameters and
their variabilities. There is uncertainty in both the propagation model
accuracy, the noise model accuracy, the receiver system performance model
accuracy, and in our knowledge of the radio system and environmental
variables. These uncertainties must be quantified, combined in the cor-

rect manner, and used in our prediction of Py

In summary, we can compute, as a function of distance (d), the
probability of a given candidate radio system achieving a given channel
quality (ri). This calculation is made for a given link (e.g., aircraft-
to-aircraft), which includes specification of antenna heights. The
result is a probability, ps(d, ri), which can be compared to a required
“probability (Psr) to estimate an operational range, OR, for a given link
and for a required channel quality, . This methodology is illustrated

in Figure A-2.

2% User Requirements

a. General Comments

To predict operational range, the radio system user must specify his
communication channel quality and reliability requirements. The geo-
political environment (and the resulting military requirements it gener-
ates) leads to the specification of a geographical area of interest
(latitude and longitude). Estimates are needed of the earth's electrical
properties (dielectric constant and conductivity), the terrain roughness
(interdecile range of elevations), and the height and type (density) of
any vegetation. The season of the year and, in some cases, the time of

day are needed. Also, the degree of urbanization (if any) should be

specified. Certain operational information is required: antenna physi-
cal heights and type of siting (random, good site, excellent site), and

whether the radio system must operate while in motion. Finally, the
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FIGURE A-2 METHODOLOGY FOR ESTIMATING OPERATIONAL RANGE (OR)
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user must specify the required channel quality (ri) and the required

probability of successful communication (psr)'

b Required Operational Capability

The required operational capability for NOE communication has been
defined by the user.s Two categories of required capability were con-
sidered in Ref. 5: a minimum acceptable value (MAV) and a best operating

capability (BOC).

The MAV radio channel, as specified by the user, has a channel
quality or grade of service suitable for two-way interactive tactical
voice messages, with occasional repeats required for words or phases.

This type of channel has a "readability'" rating of r3--readable with dif-
ficulty, with annoying background noise. Furthermore, the required first-
try probability of occurrence (Psr) of this type channel will be 0.9 for
all times and locations.5 A three-member pilot listener panel (Fort

Ord, California) evaluating tape recordings of channels with different

r values indicated that the r3 channel would be the minimum acceptable
channel quality (adequate) for tactical communication. For our listener
panel test results with sample message material, we estimate that the

MAV channel would correspond to an A-N score (FM-320) of 90 percent in the
field. This was confirmed by the FM-320 Test Officer.13

The BOC radio channel has a channel quality (grade of service) suit-
able for two-way interactive tactical voice messages with no repeats
required. Readability rating is r4--perfectly readable, with noticeable
background noise. The required first-try Py of this channel would also
be 0.9 for all times and locations. This type of radio channel was rated
as acceptable (desirable) for tactical communication by the listener
panel. We estimate that the BOC channel would correspond to A-N scores
of greater than 90 percent in the field. Table A-1 summarizes the MAV

and BOC channel qualities.

The required antenna siting is assumed to be random for the heli-
14
copters and good (hillsides) for the ground stations. Ground-based

retransmission sites are assumed to be excellent (hilltops).
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Table A-1

REQUIRED OPERATIONAL CAPABILITY

Level of =
Requirement i Psr Repeats A-N Score
Minimum Acceptable Value, MAV =3 0.9 yes ~90%
Best Operating Capability, BOC rh 0.9 no >90%

A rural environment is assumed for environmental radio noise (see

Section 5).

Fe Radio System Performance Model

Consider first the flow of the RF power of the desired signal from
the transmitter to the receiver depicted in Figure A-3. We can write
the following equation for PR:

PR(d)=P - L +GT-Lb(d)+GR-I..R

T i
where
PR = received power (dBm)
PT = transmitter power (dBm)
LT R insertion loss of transmission line and antenna coupler
b
(including mismatch loss, if any) for transmitter and
receiver, respectively (dB)
GT " antenna gain for the transmitting and receiving antennas,
b

respectively (dB relative to an isotropic radiator, or dBi)

£
Il

basic transmission loss (dB).

The basic transmission loss (Lb) is defined as the loss between isotropic
antennas located at the same physical locations as the actual antennas.
This loss is a function of several variables including range d between

the antennas, antenna heights, electrical properties of the ground,
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FIGURE A-3 POWER FLOW DIAGRAM FROM TRANSMITTER TO RECEIVER

terrain roughness, degree of vegetation, presence of buildings, and the

refractive index of the air.

The expected value of L_ and its variabilities are predicted by the

b
propagation model.** The radio system properties are represented in
Eq. (A-1) by PT, LT’ GT’ GR, and LR. For a given system, they can be
considered to be random variables with expected values (written ( ) and

i 2
variances (0 ).

It is possible to define a system margin, M (in dB), that is a func-
tion of range, d, for a given system, environment and operational deploy-

ment:

M(d) = SNR(d) - R_=S(d) -N-R_
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where
SNR(d) = predetection signal-to-noise ratio at distance d.

S(d) = signal power (in dBm) available from the terminals of a
receiving antenna, identical to the actual antenna except
that it has no losses (see Figure A-4), located at d km
from the transmitting antenna.

N = available system overall noise power (in dBm) referred to
the same point in the system as S(d).
Rr = required predetection SNR (dB).
s(d), N, SNR, R, f, AND f, DEFINED HERE
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EXTERNAL (INCLUDING LINE (RF & | AUDIO

NOISE MATCHING

ktab NETWORK)

(a) (c) () () (e)

PR MEASURED HERE
SNR MEASURED HERE
POST-DETECTION (AUDIO)
] SNR MEASURED HERE
: g, =1 (. e,
ta ‘C t( fr

fo=t,/ty  fo=1+(0 - Nlt/tg)  f =1+ (0 - 1Ht/t,)

system overall

= ) 3= /: ) 0| = i
=ty + (8 = Dite/t) + Ll - Mte/tg) + Qetylf - 1= L0 e factor

f=f, =1 4004

G f,  whent =t =t
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We can assume that an adequate channel for the desired signal is achieved

in the absence of undesired signals (including jammers) when S(d) - N 2 Rr'

We want to compute | the probability that M(d) = 0 dB.




The expected value of the margin can be computed from the expected

values of S(d), N and Rr:

<M(d)> e <S(d)> . <N> 5 <Rr> ;

Let us assume that S(d), N, and Rr can each be described as independent
Gaussian random variables with expected values (means, equal to medians
for this distribution) as stated above and standard deviations CS’ CN’

and ORy» respectively. We can now define a new zero-mean Gaussian ran-

dom variable, which we can use to compute Pyt

_oM@d) - M@d))
2.0 ) = o

where

7 2 2 2
GM—‘IG—S+0N+ORr+oQ

The model uncertainty can be treated as a zero-mean Gaussian random vari-

able with standavrd deviation T.:

Q

where :c is the standard deviation of the uncertainty of the propagation
model, :n is the analogous value for the ‘noise model, and Cr is the uncer-
tainty in the model for the required channel quality (ri). Now, we can
compute ps(d, ri) = prob[M(d, ri) Z 0] = 0.5 & 05 erfc(Zo/vgﬂ, where

erfc = error function complement.la Zo(psr) for selected - values of

interest are summarized:

Do 0.5 0.7 0.75 0.8 0.8 0.9 0.95 0.99

Zo(psr) 0.000 0.526 0.675 0.842 1.037 1.282 1.645 2.326 .
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