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I INTRODUCTION

A .  S ta tement  of the Problem

1. Genera l

The U.S. Army faces a serious problem in communicat ing  by radio wi th

and among hel icopters on the modern battlefield . The helicopter is an

essential vehicle for both defensive and offensive Army combat operations.

I t s  use is in tegra ted into Army doc t r ine  as both a weapons p l a t f o r m  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
1*n a p - o f - t h e - e a r t h  (NOE) --and the communica t ion  e f f e c t i v e n e s s  of c u r r e n tly

dep loyed he l i cop te r  radios is inadequate  du r ing  NOE f l i g h t .

At  present , the Army uses the AH-l  a t t a ck  h e l i c o p t e r .  This vehicle

will be replaced in the near f u t u r e  by the advanced a t t a c k  h e l i c o p t e r

(AAH). The attack helicopter operates in a ~iosti1e environment in the

ma in ba tt le ar ea near the fo rward edge of the battle area (FEBA), where

i ts  pr imary 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 h e l i c o p t e r  acqu i res  the t a rge t  and then calls in the attack heli-

copter , which  n e u t r a l i z e s  the t a r g e t .  These a i r c r a f t  mus t  have r e l i a b l e

communication with each other , the suppor ted 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 tu

move in to  f i r i n g  pos i t ions .

*Refe rences are fisted at the end of the t ex t .

1
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In a support role , other Army hel icop ters are used as troop delivery

or resupp ly veh ic les  from the rear areas  of a d iv is ion  to the  forward

area . These miss ions  are c u r r e n t l y pe r fo rmed  by the 1.111-1 ( u t i l i t y)  and

CH-47 (cargo)  he l i cop t e r s ;  the IJTTAS w i l l  a lso  be used in the f u t u r e .

R e L i a b l e  communication is required from these aircraft to the supported

forward commanders .  In add i t ion , communica t ion  is required  wi th  control-

l ing units in the rear--aviation company operations. The UH-l and OH-58

are also used as command and control aircraft , and for various other

special missions . Command and control aircraft re4uire communications

to subo rd ina t e  e lements  and to redi rec t  assets  to c r i t i c a l  locat ions .
The re are approx ima tel y 7700 helicopter s in the Army inventory (1978),

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

A rmy heli cop ters now are equ ipped with lO-W VHF/FM radios operating
in the 30- to 76-MHz band . These radios are the AN/ARC-l3l , and the

newer AN/ARC-l14, 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 Armo r Cen-

ter) and to other helicopters , and to rear echelons nominall y out to

50 km). (Actual required ranges will depend upon the tactical situa-

tion .) These radios were designed to operate under line-of-sigh t (LOS )
cond~ tions from the helicopter flying at high altitudes to both rear and -

forward units , where intervisibility usuall y existed . Under present

doc t r ine , the h e l i c o p t e r  must  f l y at ex tremel y low aLtitudes , or NOE ,

to take maximum advantage of terrain and thereb y reduce its vulnera-

bi lity to physical and electronic warfare (EW) threats and increase

its survivabiLity. Because line-of-sigh t conditions rarely exist at

these a l t i t u d e s , the t e r r a i n  mask ing  reduces communicat ion range

s u b s t a n t i a l l y .

2. Impact of the Communication Problem

Exa mples of th e command and con trol problems resulting fium lack of

liable helicopter communications are cited from a division-size exercise

(REFOR GER-7 6) , conducted in Eu rope (near Fulda , Federal  Republic of Ger-

ma ny) in 1976 by the 101st Airborne Division (Air A s s a u l t ) ; 2

2 
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• The present family of aircraft radios are not sufficient for

a i r c r a f t - t o - g r o u n d  communicat ion  when the a i r c ra f t  is f l y ing NOE ,
low leve l , or c o n t o u r.

• Frequency modulation (FM) radios are restricted by distance ,
obstac les , and are l imited to LOS .

• Because intelligence information was not rapidly disseminated ,
the OH- SB a i r c r a f t  expended va luable blade t ime , r e su l t i ng  in
fewer targe ts tha t could have been engaged , and h igher loss o f
a irc r a f t  and crews .

. Enemy a i r  defense  pos i t ions  were not  repor ted by division and
the suppor ted  brigade to the helicopter. The helicopter cannot
survive on the mid /h igh i n t ens i ty  b a t t l e f i e l d  without timely ,
accurate intelligence on enemy air defense artillery and surface-
to—air missiles.

• Lack of target  handof f  i n fo rma t ion  caused a t t ack  teams to search
for  targets that had been previously acquired , or to engage
suboptimum targets.

• Lack of in fo rmat ion  on the FEBA trace caused a i r c r a f t  to o v e r f l y
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 sta ted by USAREUR.°

3. Nature of the Threat

The hel icopter is prevented from climbing to altitudes where it can

communicate with other units by the fo rmidable enemy ground threa t : 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 f~ic .-d

wi th a surface-to-air missile (SAN) threat. These weapons includc the

SA-7 (Grail missile--passive , IR-seek ing weapon dep loyed a t 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-sigh t to 5000 meters ; it extends into the rea r areas at slight-

ly h igher  a l t i t u d e s  (see Figure  l ) .~ The e f f e c t i v e  ranges of these  and

other  weapons are given in Re fe rence  6.

3
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To de fea t  these weapons , the aircra f t  f l y s  in three f l i g ht  regime s
(see F igure 2 ) ,  depend ing upon the range from the threat.1 The highest
al titudes are in the low-level flight regime, defined as flight conduc ted

at a select altitude at which detection or observation of aircraft is

avoided or minimi zed . This t ac t i c  is used in rear areas .  Contou r f l i g h t

is defined as low-altitude flight in close proximity to the contours of

the earth 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) fligh t is

defined as flight as close to the earth ’s surface as obstacles and vege - 
1

tation will permit , generall y following the contours of the earth. Air

speed and a l t i t u d e  are var ied  as in f luenced  by t e r ra in , wea the r ,
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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 f l ight rep resents

the most  d i f f i c u l t  a l t i t u d e s  for  t a c t i ca l  communication .

In a d d i t i o n  to the weapons threa t , i t  is a n t i c i p a t e d  th at  e l ec t ron ic

war fa re  (EW ) w i l l  be used on the modern b a t t l e f i e l d . These techniques

will be used in both the HF and VHF port ion of the spectrum to intercept ,

direction find , mon itor for  in tel l igence , and jam U.S. Army communication .

Soviet/Warsaw Pac t Doctrine emphas izes EW and has prov ided numerous EW

assets  to the operat ional  coninander. 5 7  The ir techn iques ca l l  for VHF/FM

jammers to be located I to 2 km behind the FEBA having an es t imated range

of 15 and 25 km; also , this doctrine calls for the massing of EW equip-

men t on the enemy flanks to inhibit communication at the intended po int

of break through. EW equipment assets exist capable of jamming almost

half of the Army ’s VHF/FM nets.

Cur ren t ly  Soviet /Warsaw Pact  doctrine calls for interception and

jamming of HF tactical nets above the division level Soviet HF jammers

are normal ly targeted to 30 km behind the FEBA . However , longer ranges

can be ach ieved wi th higher-powered equipment. Soviet HF jamming equip-

ment while rela tivel y unsophisticated , exists in quan tity ,  and cou ld be

located closer to the FEBA were the doctrine to be modified . Also ,

presen t doctrine calls for deployment of direction finding (DF) stations

in p rox imi ty  to the FEBA ; these are netted to weapons-del ivery systems .

Location of the target with these DF stations permits target coordinates

to be passed to the weapons systems , and a capab i l i t y  exis ts  to del iver

destructive fire to the target promptly (within the range capabilities

of the weapons ) .  Therefore , the time between de tec t ion , locat ion , and

delivery of destructive fire can be very short. In summary , the EW

threat to he l i cop t e r s  and other Army ground un i t s  is formidable .

The need for reliable communication from the aircraft to other Army

elements was succinctly stated by a helicop ter p ilot with ten years of

helicop ter experience , stationed with the 155th Aviation Company at Fort

Ord , Cal ifornia . This pilot had approximatel y 2400 hours of f l i ght expe-

r ience , i n c l u d i n g  a combat tour in Vie tnam dur ing  which time he served

as miss ion  commander .

6 
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As a miss ion  commander in a modern combat envi ronment  f l y ing
at the a l t i t u d e  we used in Vie tnam would  be f a t a L . Th is ha s
been demonstrated . Further , as a m iss ion commande r , no matter
wha t the comba t mission is , if you can ’t communicate with the
personnel associated wi th  tha t  mission , you ’ re not going to
comp lete tha t  miss ion .  You ’ve got to have communication w i t h
ground elemen ts , the people in charge , and have intercom-
munica tions 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 thoroughl y prebr ie fed  tha t
communicat ions  dur ing the mission are not necessary . Such a
p rebr ie f ing  to el iminate communications is genera l ly  i n f eas ib l e .

4. Summary

In summary , the present VHF / FM rad ios emp loyed in Army heli cop ters
do not provide adequate communication over the required operat iona l

ranges when the a i r c r a f t  is f l y ing at NOE a l t i t u d e s .  As a r e su l t , the

po tential of helicopters (and their weapons systems) is not f u l ly

realized . For examp le , re l iable  NOE communica tion ranges in even gen t ly
rolling terrain are now limited to an estimated range of 10 km or less. 8’

~
As the roughness of the terrain increases , the e f f e c t i v e  communica t ion

range decreases . The choice faced by the pilot in the absence of a NOF

communica t ion  s y s t e m  is to do w i t h o u t  communicat ion or to c l imb to

al titudes where he can reestablish communication; however (as noted )

climbing increases his vulnerability to ground-based weapons and EW .

A l t e r n a t i v e l y ,  he can a t t empt  to locate a favorable  communica t ion  poin t

b y changing location sligh t l y whi le  at NOE a l t i t u d e , or he can f l y closer

to his in tended receiver and t ry  again . This , however , de t rac ts  from

his pr imary mission ob jec t ive  and also decreases remaining f l i ght  tin~~.

Fur thermore , m u l t i p le t ransmiss ions  of t a c t i c a l  voice messages increase

the a i rcraf t ’s susceptibility to intercept , jamming ,  direct ion finding,

and a t t ack  by ground-based weapons . For these reasons , the Army has

iden t i f i ed  a requiremen t1° for  and embarked upon the procuremen t of a

he l i cop t e r  NOE radio system capable of providing r e l i ab le  communicat ion

in variou s types of t e r r a in  at the required operat iona l ranges .
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B.  Organiza t ion  of This Repor t

The NOE c ommunication problem was addressed in a jo in t  l e t t e r  of

agreement (LOA ) signed b y TRADOC and DARCOM (see A ppendix  I ) .  The objec-

tives of the stud y ,  scope of SRI work , and technical limitations and

cons t ra in t s, are given in Section I I .

An eng ineering ana lys i s  of the major  NOE communication system test

conducted at Fort  Hood , Texas (FM-32O) is given in Section III.

The Cri tical Issues and Unknowns identified in the LOA are addressed

in Sec t ion  IV .

The genera l method of approach , pa r t i c i pa t i ng  organizat ions , and

summary of f ind ings are given in Sect ion V.

The appendices con tain supp lementary material which were documented

during the NOE stud y.

Append ix A con ta ins a descrip t ion and resul ts of a commun ica tion

performance  model for predicting operationa l range (OR) in irregular

t e r r a i n . This model was used both fo r  OR e s t ima tes  of cand ida te  radio

systems and for the SCORE S scenario used to quantif y communication and

miss ion  e f f e c t i v e n e s s .

Append ix  B contains the results of an NOE communication test run in

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

Appendices  C and I f u r t h e r  document  the requi rement  f o r  an improved

NOE communica t ion  sys tem fo r  he l i cop t e r s  f l y i n g  NOE .

Append ice s  D , E , F , G , and I c o n t a i n  anal yses of important technical

c h a r a c t e r i s t i c s  of the NOE r ad io  sys tem-  -speech p rocess ing  f o r  HF / SSB

transmitters , FSK data transmission , and VHF and HF an t enna  ga in  of Se-

lected he l i cop te r  antennas .

_ 
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II OBJECTIVES , SCOPE , AND LIMITATIONS

A . NOE Communication Program Objectives

The pr imary program objective for the Army was to select an NOE

communication system(s) from currently available technology to provide a

nea r - t e rm solut ion to the NOE c ommunication problem. The s ta tement  of

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

Commanding General  of the U . S .  Army Tra in ing  and Doct r ine  Command (TRADOC )

and the Commanding General of the Army Ma ter iel and Readiness Command

(DARCOM) . This Le t te r  of Agreement (IDA ) for  N a p - o f - t h e - E a r t h  (NOE)

Communication System (1 December 1975) , h1* contained a s t a t emen t  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 fo r  an improved sing le-channel  a i r c r a f t  voice
communicat ion sys tem which w i l l  provide r e l i ab le  securable
communications from zero to fifty kilometers range for Army
aircraft operating at Nap-of-the-Earth (NOB) altitudes , down
to and including ground level.  The time frame for this  sys-
tem shall be from FY79 to FY85 . The successful mission
accomp lishment  and a i r c r a f t  s u r v i v a b i l i t y  are dependent  on
reliable communications necessary encountering an enemy threat
as dep icted in TRADOC European and Mid-Eas t  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 s”s-

terns w i t h  respect  to the ex i s t ing  he l i cop t e r  radio system , which was to

be used as a baseline reference.

The th i rd  o b j e c t i v e  contained in the LOA (not  e x p l i c i t ly s t a t e d)

was to de termine the pe r fo rmance of cand ida te  NOE r adio systems in d i f -

ferent types of terra in and as a function of range .

*The l e t t e r  is reproduced in Appendix I .
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The fourth objective of th€ IDA was to determine the human fac’ors

impact of an NOE communication system installed in the helicopter.

The LOA represented  the most  recent  j o i n t ly approved (proponent  and

materiel developer) document , and it initiated the present NOB communica-

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

ses have been performed and the following actions taken :

• A f u l l- s c a l e  operat iona l tes t  of candida te  NOB communica t ion
systems was conducted at Fort  Hood from October to December
1976 . This operational test , the FM-320 NOE communication test ,

9

also inc luded some engineering tests.

• Supplemental (small-scale) engineering tests were conducted by
the U.S. A rmy Avionics Research and Development Activity (AVRADA)~
to investigate various aspects of the NOB problem. These in-
cl uded f l i ght tests run in New Hampshire (July 1976), Hawa ii
(August 1976), and in the Fort Monmouth areas (August 1977).

• Af ter comp letion of the FM-320 tests , a formal Study Adv isory
Group (SAG) was es tab l i shed  to develop a concept formulation
package (CFP) and required operationa l capability (ROC) which
would lead to the procurement of the most cost-effective cand i-
date system for NOE communication.’°”3

B. Scope of SRI Work

SRI International was under contract to the U.S. Army Av ionics Lab-

oratory (now AVRADA) from the period 1 March 1976 to 31 March 1978 to

provide technical  suppor t  d u r i n g  the coordinated U.S. Army NOE Communica-

t ion (NOE COM ) Program.  Dur ing  this contract , SRI provided technical

ass i s tance  in the fo l lowing  areas :

• Design of the TCATA FM-320 test , on-site assistance , and data
ana lys i s .

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

• Design of the two-system comparison tests conducted in Hawaii ,
and anal ysis  of these da ta (see A ppend ix B).

* 12The problem has been recognized for  some t ime (ROC for  AN/ARC-98) .

Formerl y Avionics  Labora to ry ,  U . S .  Army Elec tronic s Command .

J 10 



• Measurement of abso lu te  gain (dBi)  of the VHF/FM antennas  in-
stalled on helicopters , assistance in measurement of antenna
gain for  the HF/SSB shor ted- loop  a i r c r a f t  antenna (see Append ix
F ) .

• Deve Lopment of the Communication Effectiveness and Sub-Mission
Effec tiveness models used with the SCORES (Europe I , Sequence 2A)
scenario to evaluate  NOE COMM candidate system performance in the
non-EW and EW t a c t i c a l  c o n t e xt .

• Development  of a Radio System Performanc e and Communication Range
model for helicopters flying Nap-of-the-Earth . This mode l was
used to p r ed i c t  the ope ra t iona l  communicat ion range e s t i m a t e s  in
i r r e g u l a r  t e r r a in  used in the  NOB C OMM CFP (TOD , TOA , BTA and
COEA) (see Appendix A).

• Provid ing answers to the technical critical issues and unknowns
contained in the LOA (see Section IV).

• Partici pation in a Study Advis ory Group (SAG) on-site survey of
aviation commands in Germany to develop user requirements (see
Reference 3).

• Prov iding technical assistance to AVRADA regard ing its role in
the SAG between January 1977 and March 1978. This included pre-
par ing techn ical br ie f ings , assisting in preparation of Concept
Formula tion Package do cumen ts and partici pa ting in a l l  SAG
meet ings .

• Exp lore selected new technology with appl icat ion to current  and
longer term solut ions to the NOE COM problem ( e . g . ,  speech pro-
cessing (see Append ix D and R e f .  14) , data systems (see A ppen-
dix E ) .

C. Technical Limitations

A number of technical limitations and cons t ra in ts  a f f e c t ed  this

project; these arose principally from the number of organizations par-

ticipating in the NOE communications program , their  char ters , time

limitations , and fund limitations available to conduct the test programs .

The technical limitations and constraints are:

• The cand idate communication systems were operationally tested
in one type of terrain--Fort Hood , Texas. Large-scale communi-
cation tes ts  wer e or iginall y p lanned 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.

• It was necessary to determine the effects of terrain--particularly
on the VHF/FM systems--analyticall y using a communication system
perfo rmance model incorporating a propagation model (the Longley-
R ice mode l) 15 to evaluate VHF/FM system performance in different

11



terrain types . Such a model was developed to predict the proba-
bility of successful communication as a function of range (see
Appendix A). The opera tional range of the combat radio was then
def ined as the range at which a required probability of success-
f ully establishing a usable channe l 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-raflge
(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 A VRADA were accom-
p lished during the operationa l FM-320 tests co.iducted at Fort
Hood . This test was directed toward three objectives:

- An operationa l comparison of the candidate systems

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

- Supp lementary 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 me~tsure of effectiveness used at
Fort Hood , percent correct random al phanumeric (A-N) test mes-
sages , was not related by the p ilots to the required A-N score
for tactical helicopter missions. This required the subsequent
use of a p ilot 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 IIF/SSB near-
vertical incidence skywave (NVIS). While specific radios (e.g.,
AN/PRC-70 and AN/ARC-1O2) were used to vary the HF transmitter
power (e .g. , 4O-~4 and 400-W HF/SSB , respectivel y ) ,  there was no
test of specific radios per Se. TCATA did not address the critical
issues and unknowns contained in the IDA , because of insufficient
test resources.

• Not all candidate modes/systems (hereafter called systems) tested
a t For t Hood wer e eval ua ted 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.

12
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• Not all measures of effectiveness suggested by SRI were used
dur ing 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
al titude at which the squelch “broke” on both aircraft and ground
receivers . Squelch-break-heig ht 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 fina l report provides a supp lementary 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-

tiona l information provided by the aircraft proponents , the Stud y Adv isory

Group meetings , and the SRI-developed communication performance and

opera t iona l  range p red ic t ion  model .

(l
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III ANALYSIS OF THE FORT HOOD (FM-320) DATA

A. The Test Design

1. Measures of Effectiveness

To compare the performance of the candidate modes/systems , three

measures of effectiveness (MOEs) were developed :
17
’
8 
alphanumeric 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 thr3ugh 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 cand idate 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 ;’~~”9 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 tha t helicopters routinely transmit over radio s)stems .

Al phanumeric messages in this format can be practically recorded n ti.~,

hel icopter 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 al phabet (i.e. , 9 = finer , B = bravo).

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

primary measure of effectiveness for the tests by TCATA .9

15
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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

fee t , above ground leve l (AGL) required to communicate above an NOE-

s i tua ted  s i t e .  Because of t e s t i ng  time l i m i t a t i o n s, th i s  measure  was

made only with the baseline (AN/ARC-l14) and Improved FM (AN/i~RC-lL4 with

40-W amp lifier driving the tailfin antenna) systems .

Aircraft altitude can be related to aircraft vulnerability f or a

given t e r ra in  and threat scenario. Lower communication altitudes indi-

rec t ly indicate the degree of protection against a ground weapons threat.

16

— — -. -~~~-~~ - ~~~~~~~~~~~ - .--~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~ —p - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



~~~~
- -

~~~~~~~~~~~~~~~~~~~~~~~~~~---

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 .

c. Probability of Successful Communications

The pr imary measure of e f f e ctiveness used by SRI to analyze the

Fort  Hood data was the probability (of occurrence) of successful communi-

ca t ion , ~~ For th is measur e, “success” was def ined as occ urrence of an

A-N score � X percent. A threshold of X = 90 percent was used , based on

user recomtnendation .* An A-N score of 90 percent corresponds to an ac-

ceptable  communica t ion  channel for which first time attempts will be com-

p le ted wi th  occasional repeats of words or phrases. Hence

p = probab i l i ty  of occurrence of successful communication

*For the FM-320 tes ts , the FM-320 tes t  o f f i c e r  es t imated  t ha t  a mean A-N
score of > 85 percent would correspond to an acceptable communication
channel over which conversationa l two-way communication would be re-
ceived with first-time reliability by a trained (military) listener.
Channels of lower quality would require frequent repeats .’8

In addition , a three-member pilot listener panel from the 155th Aviation
Company ,  For t Ord , Cal iforn ia , rela ted the A-N test material to radio
channel quality. These pilots were asked to 1) score the A-N test  mes-
sages from samp le tape rec ordi ngs wh ich ranged fr om 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 wha t channel quality would be the minimum acceptable quality
for  NOE communication . The three-member panel agreed that circ”it m~ r’t
rat ings of 3 (readable with difficulty) correspond to the min imum
acceptable channel for NOE communication . Their A-N scor€s for this
channel q u a l i t y  ( l i s t ened  to in the l abora to ry  and not in a helicopter)
were grea ter  than 90 percent  co r rec t .

The user (U.S. Army Avia tion Center , For t Rucker) surveyed the TRADOC
schools regard ing the tacticall y required A-N score and then specified
that an A-N score of 90 percent be established as the quantitative

— 
. desc r ip t i on  of a minimum acceptable  channel for  their  two-way t a c t i ca l

voice communicat ion . For these reasons , an A-N score of 90 percen t  (or
g r ea t e r )  was se lec ted  as the s tandard for  an accep tab le  channel  for NOE
c ommunicat ion .
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where

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

The relat ionship between A-N score and channel acceptability is given in

Table  1.

2. Test  Var iables

Many variables affect two-way helicopter communication (Table 2).

The princ ipal  FM-320 tes t  va r i ab l e s  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-C), gruund-to-air (C-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

p lanned were spaced approx imately logarithmically at operationally sig-

n i f i c a n t  d i s t a n c e s  of 1, 2.5 , 5 , 10 , 25 , and 50 km. A c t u a l  ranges (1 ,

2 .5 , 5 , 9 , 24 , 40 km) for  the test  d i f f e r e d  s l i g h t l y  f rom these because

of terrain and milit~~.y reservation boundary limitations . Selection of

ranges spaced at octave (two- .o-one) multiples of dis tance  r e su l t ed  in

incremental basic transmission loss for a groundwave signal between each

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

The test ranges were selected to identify the capab il ities and

limitations of two different modes of propagation--groundwave and near-

• v e r t i c a l - i nc idence  skywave ( N V I S ) .  VHF/F M radio systems opera te  in the

groundwave mod e, in which the launched signal general ly fo l lows the sur-

face of the earth and is either diffracted along the path profile between

the t r a n s m i t t e r  and the receiver or r e f l e c t e d  b y t e r ra in  i r r e g u l a r i t i e s .

Si gnals  in the VHF t a ct i c a l  band (30 to 76 MHz ) are a t t e n u a t e d  b y both

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

*H e r e i n a f t e r  r e f e r r e d  to , r espec t ive ly ,  as air-to-ground , ground-to-air ,
and a i r - t o - a i r .
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Table  2

FM-320 TEST VARIABLES

Var iab le  Condi t ion

S p a t i a l :  Range Terrain
A l t i t u d e  S i t i n g

Time of Day : Day Nigh t
Dawn

Frequency Band/Modulat ion : HF/SSB (2 to 8 MHz , below MUF )
HF/SSB (8 to 30 MHz, above MUF)
VHF/FM (30 to 76 MHz)

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

Link : Ai r - to -Ground  (A-C)
Ground- to -Ai r  (G-A)
A ir-to-Air (A-A)

MUF is the max imum usable frequency for ionospheric skywave
propagat ion . In the context  of the FM-320 tes ts , th i s  is the
maximum frequency returned to earth by the ionosp here ou t to
ranges from 1 to 40 km. These paths are termed near-vertical-
incidence-skywave (NVIS) paths .

se lec ted  be fo re  the tests to bracke t the expected failure range of the

VHF systems (excluding retransmission ). The HF/SSB signals also propa-

ga te in gr oundwave mod e , but to longer ranges than their VHF/FM counter-

p a r t s .

I-IF/SSB radios have the capability of operating in groundwave and in

NVIS mode . For the NVI S mode , the energy is di rec ted  vertically to the

ionosphere and re turned to the su r face  of the ea r th .  Because of NVIS

propaga tion , 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-

fo rmance  of HF/SSB radios in the NVIS mode , and to check al l  systems for

t h e i r  a b i l i t y  to suppor t  communica t ion  to the range spec i f i ed  in the LOA .
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b . Altitudes

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

tional stand point. Three altitudes were used :

• Skids on Ground (SO~)--The bottom of the NOE flight regime .

• NOE Al titude--Skids approximately 3-f t AGL for Fort Hood terrain ,
representing the top of the NOE fligh t reg ime in the test.

• Height-to-Break-Squelch Altitude--Heig ht above ground to which
the aircraft must climb to establish two-way communication.
This altitude is operationally significant in tha t the aircraft
must  c l imb to i t  in order  to communica te  to a remote base sta-
tion . As the aircraft climbs above the NOE regime, its vulner-
ab ility 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 FN-320 tests . The following

ana lys is in this repor t used da ta f rom the N OE reg ion (SOC and NOE alti-

tudes) only.

ALT ITUDE

HcQ ( ) T TWO-WAY COI~MUNICA-L TIOF i ALTIT UDE
NOE (

NO E R EG ION FOR
SOG FORT HOOD

1 2.5 5 10 25 50

RANGE (KM)

FIGURE 5 RANGE/HEIGHT CELLS

B .  System Performance Comparison

Th e per form ance of ei ght candidate radio systems tested at Fort
• Hood dur ing  the  FM-320 test was analyzed , and the 400-W HF/SSB system

produced the best results (Figure 6).* The charac teristics of these

‘
~The VHF/SSB system (AN/PRC-70) performance was not evaluated because of
equ ipment  prob ’ems .
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sy s t e m s  are summar i zed  in Tab le  3. For t h i s  a n al y s i s , a point estimate

of tile probability of successful communication (~~) was computed from

multip le observations at each range by determining the fraction of the

attempts when A-N � 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 :

• The HF/SSB systems performed better than the VHF/FM s y s t e m s  a t
the 24- and 40-km ranges. The best HF system was the AN/ARC- 102
(400-W PEP), closel y followed by the AN/ARC-174 (lOO-W PEP , with
spee ch processing) . Performance of the HF/SSB systems at the
24- to 40-km range was power -dependen t .

Table  3

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

Power
Band and System ” (w a t t s )  Comments

VHF

AN/ARC- 114 10 Baseline (VHF), taiLfin antenna
Improved FM (Hood) 40 AN/ARC- ll4 w/40-W amplifier
Ground Retransmission 40 AN/VRC-49 w/RC-292 antenna
Air Retran smission 10 Air Retransmission Console
VRF/SSB~ 40 Modified A N / P R C - 7 0
Ground Terminal 40 AN/VRC-46 w/RC-292 antenna

HF
I1F/SSB I 4Q3* AN/ ARC- 102
H F/ S SB  2 200* AN / A R C - 9 8
HF/SSB 3 100* AN /ARC—1 74 w/speec~ processing
HF/SSB 4 40* Modified AN/PRC -70~
Ground Terminal 400* AN/GRC-l06 w/d ipole antenna

*A l l  a i r c r a f t  sys tems measured on the OH-58. A l l  VHF /FM measure-
ments made with the FM-i (tailfin) antenna ; all HF/SSB measure-
ments made with the shorted loop antenna .

+

Not evaluated by SRI because of equi pment problems .

Peak -enve lope  power (PEP) .

~Tested at  low power only (a l so  opera tes  a t  200 W P E P ) .
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• The HF/ SSB systems per forme d wel l  and s imilar ly 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 pr imar ily v ia
the groundwave mode .

• P er fo rmance  of a l l  VHF/FM systems at 9 km and less was highl y
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 pla tfo r ms) did
not pe r fo rm wel l  at the 40-km s i te , and was m a r ginal at the
24-km s i t e .  Any VHF/F M re t ransmiss ion system ’s perf ormance is
highly  dependent  on the s i t i ng  chosen for  the r e t r ansmiss ion
p l a t f o r m .  The EW vulnerability of retransmission was not tested .

• The VHF/FM base station was sited behind Radar Hill for these
tests. A foreground obstacle attenuation cause by Radar H ill of
about 15 dB was measured at the primary test frequency (65 MHz).
Fur the rmore , the 5-km s i te  was adversel y located w i t h  respect  to
sur round ing  t e r ra in .

C. System Performance by Link

Three NOE communica t ion  l inks  were t as t ed : a i rc r a f t - t o - a i r c r a f t,
aircraft-to-ground , and ground-to-aircraft . Link performance is affected

by transm itter power , antenna gain and height , the receiver noise envi- -

ronment , and mode of propagat ion (NVIS or groundwave).

The FM-320 data were sorted by link and 
~ 

was computed at each

range for A-N scores � 90 percent  (Figures  7 through 9). Skids-on-ground

and NOE a l t i t u d e s  only were considered for the aircraft. The following

f ind ings we re made :

• 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 ~—m , ar c!
skywave at 40 km. Performance of the other HF sets (40 to 200 W)
was gener ally inferior to the 400-W set at 24 and 40 km.

• The best  pe r fo rmance  for HF/SSB was recorded on the ground-to-
ai r link , because of the 400-W base station and dipole antenna
used . The air-to-ground link was slightly worse. The air-to-air
l ink was def in itel y 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

25 
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the a i r c r a f t  an t enna  had a gain of -16 dhi or less. The gain of
the aircraft an tenna  improves a t  f r e q u e n c i e s  g r ea t e r  than 3 MHz,
with a commensurate increase in performance (see Appendix F).

• All HF/SSB radios (40 to 400 W) performed equally fo r a l l  l inks
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 .

• The air-to-ground and ground-to-air iLnkS for Baseline and
Improved FM systems were both margina l at the 5- and 9-km s i t e s ;
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.

• 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.

• 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 lO-W amp lifier .

• Performance of the Improved FM system was significantly better
than tha t 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 poss ibl y ground radio transmitter [RC-524 1
problems) present when the baseline data were collected during

• th e first three days of the FM-320 tests (see also Appendix A).

Values of the probability for successful communications , 
~~~~

‘ 
measured

for A-N thresholds of 90, 80 , and 70 percent are given in Tables 4, 7 ,

and 6 respective ly .*

calculation of p5 was first suggested by Dr. G. R. Marner o
AV RA DC OM , St . Louis , and the plotted version of p5 as a function of
range  has  been termed “Ma rner  curves ” b y the  NOE COM SAG .
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Table 4

MEASURED PROBABILITY OF COMMUNICATION SUCCESS , 
~~~~~

.

AS A FUNCTION OF RANGE AT SOC AND NOE ALTITUDES--
SUCCESS DEFINED AS A-N SCORE � 90 PERCENT

(FM-320 Test , Fort Hood , Texas;  1976)

Measured P r o b a b i l i t y
of Communic a tion Success , p~~,a t Ind ica ted Range (k m )

System and Link 1 2.5 5 9 24 40

VHF/F M Sys tems (65 MHz )
Basel ine (AN /ARC- 1l4)

t A ir-to-Air 1.00 0.95 0.80 0.80 0.07 0.00
Air - to -Ground  0.89 0 . 7 7  0.49 0.40 0.04 0.02
Ground- to-Air  0.98 0.86 0.58 0 .62 0.10 0.06

Improved FM (40 W)
A ir-to-Air 0.98 0.94 0.88 0.88 0.02 0.00
A ir-to-Ground 0.96 0.94 0.60 0.62 0.04 0.14
Ground- to-Air 0.98 0.94 0.77 0.83 0.07 0.04

Ground Retransmiss ion (AN/VRC-49)
A ir-to-Air 1.00 0.94 0.74 0.85 0.53 0 .21
A ir-to-Ground 0.90 0.90 0.89 0.89 0.71 0.37
Ground-to-Air 0.94 0.94 0.92 0.92 0.69 0.26

Air  Retransmiss ion
A i r - t o - A i r  0 .97  0.94 0.81 0.86 0.44 0.28
A ir-to-Ground 1.00 0.97 0.75 0.92 0.69 0.50
Ground-to-Air 0.89 0.94 0.39 0.75 0.36 0.33

HF/SSB Systems (2.2-4.4 MHz)

400 W (AN/ARC-102)
A ir-to-Air 1.00 0.98 0.95 0.98 0.91 0.59
A i r - t o - G r o u n d  0.91 1.00 0.89 0.94 0.83 0 .92
Ground- to -Ai r  0.94 1.00 0 .97  0 .97  0 .94 0.94

100 W (AN/ADC- 174 w i th
speech processing)

A i r - t o - A i r  0.98 1.00 0.98 0.95 0.69 0.63
A ir-to-Ground 0.97 1.00 0.97 0.90 0.90 0.73
Ground- to -Ai r  0 .97  0.93 0.93 0.87 0.83 0 .73

40 W (AN/ PRC - 7O)
A i r - t o - A i r  0 .97  0.91 0.94 0.94 0.65 0.18
Air - to -Ground  0.95 0.95 0.95 0.82 0.55 0.55
Ground- to -Ai r  0 .92  0.96 0.88 0.96 0.83 0 .71
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Table 5

MEASURED PROBABILITY OF COMMUNICATION SUCCESS , Ps’
AS A FUNCTION OF RANGE AT SOC AND NOF ALTITUDES- -

SUCCESS DEFINED AS A-N SCORE ~ 80 PERCENT
(FM-320 Test, Fort Hood , Texas; 1976)

Measured Probability
of Communication Success , PS ,

at Indicated Range (km)

Sys tem and Link 1 2.5 5 9 24 40

VHF/FM Systems (65 MHz)

Baseline (AN/ARC-l14)
A ir-to-Air 1.00 0.96 0.87 0.82 0.07 0.00
A ir-to-Ground 0.96 0.85 0.49 0.54 0.04 0.02
Ground-to-Air 0.98 0.92 0.64 0.68 0.10 0.06

Improved FM (40 W)
A ir-to-Air 0.98 1.00 0.94 0.90 0.04 0.00
A ir-to-Ground 1.00 1.00 0.64 0.72 0.06 0.14
Ground-to-Air 0.98 0.98 0.83 0.90 0.08 0.04

Ground Retransmission (AN/VRC-49)
A ir-to-Air 1.00 1.00 0.74 0.85 0.53 0.27
A ir-to-Ground 0.96 0.94 0.94 0.90 0.71 0.39
G r o u n d - t o - A i r  0.96 0.98 0.98 0.96 0.73 0.28

A ir Retransmission
A ir-to-Air 1.00 1.00 0.83 0.92 0.47 0.33
A ir-to-Ground 1.00 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)
A ir-to-Air 1.00 0.97 0.97 0.97 0.91 0.66
A ir-to-Ground 0.97 1.00 0.97 1.00 0.92 1.00
G r o u n d - t o - A i r  0 .97  1.00 1.00 0 .97  1.00 1.00

100 W (AN/ADC—l74 with
spee ch process ing)

A ir-to-Air 0.98 1.00 1.00 0.97 0.77 0.69
A ir-to-Ground 0.97 1.00 0.97 0.97 0.93 0.80
Ground-to-Air ~).97 0.97 0.93 0.97 0.90 0.83

40 W (AN/PRC - 70)
A ir-to-Air 1.00 0.94 0.97 0.97 0.65 0.27
A ir-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
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Tabl e 6

MEASURED PROBABILITY OF COMMUNICATION SUCCESS , 1s ’
AS A FUNCTION OF RANGE AT SOC AND NOE ALTITUDES--

SUCCESS DEFINED AS A-N SCORE � 70 PERCENT
(FM-320 Test, Fort Hood , Texas; 1976)

Measured Probability
of Communication Success , p5 ,

a t I nd ica ted Range (km )

Sys tem and Link 1 2.5 5 9 24 40

VHF/FM Sys tems (65 MHz)

Baseline (AN/ARC-ll4)
Air-to-Air 1.00 0.98 0.95 0.86 0.06 0.00
A ir-to-Ground 0.98 0.94 0.58 0.40 0.04 0.02
Ground-to-Air 0.98 0.96 0.66 0.70 0.10 0.06

Improved FM (40 (~1)
A ir-to-Air 1.00 1.00 0.94 0.98 0.04 0.00
A ir-to-Ground 1.00 1.00 0.74 0.78 0.08 0.14
Ground-to-Air 1.00 1.00 0.87 0.90 0.07 0.04

Ground Retransmission (AN/VRC-49)
A ir-to-Air 1.00 1.00 0.74 0.85 0.56 0.26
A ir-to-Ground 1.00 0.96 0.94 0.96 0.77 0.39
Ground-to-Air 0.98 0.98 0.98 0.96 0.79 0.29

Air Retransmission
A ir-to-Air 1.00 1.00 0.89 0.97 0.47 0.33
A i r - t o - G r o u n d  1.00 1.00 0.89 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)
A ir-to-Air 1.00 0.97 1.00 0.97 0.91 0.66
Air - - t o -Ground  1.00 1.00 1.00 1.00 0.94 1.00
Ground-to-Air 0.97 1.00 1.00 0.97 1.00 1.00

100 W (AN/ADC-174 with
speech p rocess ing)

A ir-to-Air 0.98 1.00 1.00 0.97 0.81 0.71
A ir-to-Ground 0.97 1.00 0.97 1.00 0.97 0.83
Ground-to-Air 0.97 1.00 0.93 0.97 0.93 0.83

40 W (AN/PRC -70)
A i r - t o - A i r  1.00 0.94 0 .97  0 . 9 7  0 .71 0.29
A ir-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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D .  C h a n n e l  R e l i a b i l i t y

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

da ta. Channel reliability is defined here as the probability tha t a - -

communication channel (of any quality) existed . Specifically, reliability

is the percentage of occurrences tha t 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 vic inity of the sensitivity threshold), if

the predetection SNR exceeded the threshold , at least a marginal com-

munication channel gen eral l y existed and high (> 50 percent) A-N test

scores resulted , espe cia l ly  for the VHF/FM systems . If a usable channe l

was not obtained , the aircraft flew to the next site. Channe l 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 p for an A-N score

~ 0 percent , and used as an estimate of channel reliability. The results

are given in Table 7 for the candidate systems :

The fo llow ing findings are made from the FM-320 data :

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

• 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-
erall y 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 , par ticu lar l y during the nighttir.Ie and
dawn tes t per iods , combined with low transmitter antenna gain in
the 2- to 3-MHz region , contributed to these lower channe l
reliability results. 
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Table 7

MEASURED PROBABILITY OF ESTABLISHIN G A COMMUNICATION C HANNEL
AS A FUNCTION OF RANGE AT SOG AND NOE ALT ITUDES--

SUCCESS DEFINED AS A-N SCORE > 0
(FM-320 Test , For t Hood , Texas; 1976 ; All Links and Times of Day)

Probability of Establishing
a Cha nnel

at Indicated Range, d (km)_____

System and Freq uency* 1 2.5 5 9 24 40

VHF/FM Systems

Base l ine  (AN/ARC- 114;  65 MHz) 1.00 0.99 0.81 0.81 0.08 0.04

Improved FM (40 W; 65 MHz) 1.00 1.00 0.93 0.94 0.06 0.04

Ground Ret ransmiss ion
(AN/VRC-49 ; 70 and 30 MHz) 1.00 1.00 0.93 0 . 9 7  0.78 0.40

A ir 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-l02) 1.00 1.00 1.00 1.00 0.98 0.91

100 W (AN/ ARC- l 74  w i t h
speech processing) 1.00 1.00 L.00 1.00 0.94 0.81

40 W (AN/PRC-7O) 1.00 -1.00 1.00 1.00 0.91 0.66

*Al l dat a taken on a single frequency; frequency change s not per-
mitted during a test run.
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• A si gnificantly higher channel reliab ility would have been
ach ieved for the HF/SSB systems if frequencies higher in the HF
band had been used and if f r equency cha n~ es had been permitted
during a given test period (e.g., dawn).

• High channel re liabilities existed for the VHF/FM systems , includ-
ing retransmission , Out tO 9 km; however , r e l i a b i l i t y  at the
5-km s i te  was adve r se ly  a f f e c t e d  by s i te  se lec t ion .

• Low reliab ility 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. Alth ough be tter results
occurred for retransmission , this mode of communication is also
limited by terrain , re transmission p latform location , and air-
craft location .

E. Altitude Dependence of the Baseline and Improved FM Systems

The heigh t 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 0 to 4 km from the forward edge of

the ba t t l e  area (FEBA) fac e a threat  from a n t i - a i r c r a f t  a r t i l l e r y.

Assume that performance on single HF/SSB f requency  is in te r fe rence -
limited , that interference is narrowband , that two frequencies are
a v a i l a b l e , and tha t i n t e r f e r e n c e  on A and B is uncorrelated . Then

= probability of successful communication on either A or B.

p 5 (A , 5) = 1 - p ( f a i l u r e )

= I - p (bo th  channe l s  f a i l)

= I - p (channe l  A f a i l s )  X p ( channe l  B f a i l s ) .

For exa mp le , let p5(A) 0.59 (assumed)

p 5 (B) = 0.80 (assumed )

p 5
(.~ , 5) = 1 - [1 — O .59][l - 0.8]

= 1 - [0.4l][0.2}

= 0 . 9 2 .

In summary , two-frequency operation increases reliability of HF/SSB in
the presence of narrowband interferenc e , for the assumptions given .
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The t h r e a t  from m i s s i l e s  ex i s t s  at a l l  altitudes greater than 350 ft

from 0 to approximately 15 km from the FEBA . The s u r f a c e - t o - a i r  m i s s i l e

kill zone varies with distance , target altitude , and weapons siting.

H e l i c o p t e r s  gene ra l ly f l y  at 200 f t  a l t i t u d e  (or  less)  forward  of t he

d iv i s ion  rear  boundary to be under the SAM t h r e a t  enve lope . The h igher

the a i r c r a f t  is required to f l y to e s t a b l i s h  (or m a i n t a i n )  c o m m u n i c a t i o n ,

the g rea te r  the exposure to a n t i a i r cr a f t  weapons .

Table 8 gives the measured a l t i t u d e s  required  to e s t a b l i s h  two-way

communica t ion  f rom the a i r c r a f t  to the base station and from airc raft to

a i r c r a f t .  The VHF/FM r e s u l t s  are h ig h l y  s i t e -  and t e r r a i n - d e p e n d e n t , and

the s i t i n g  was d i f f e r e n t  for  the a i r - t o - a i r  and a i r- to -g round  l inks .

HF/SSB resu l ts 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 SOC

a l t i t u d e s  at 24 and 40 km.

F. HF/SSB System Performance Comparison--Time of Day Dea~-nd ’1~~
v

During the Fort Hood FM-32O tests , three periods were used as repre-

sentative of night , dawn , and daytime operations . Primary and altcrnate

HF/SSB frequencies were assigned for each test period . Operation during

a g iven f l ight 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

ana lyzed fo r  TOD dependence .  By i n spec t ion , the re  was no a p p a r e n t  TOD

dependence.

Pr imary and alternate HF/SSB test frequencies were selected from

NVIS frequency predictions for the Fort Hood area for the months of

i n t e r e s t  b y the  U . S .  Arm y Communications E l e c t r o n i c s  Eng ineer ing  Installa-

tion Agency (CEEIA), U.S . Army Communications Command , Fort Huachuca ,

Ar izona . Selections were conservative ly made from these predictions to
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Table 8

HEIGHT REQUIRED TO ESTABLISH NO-WAY COMMUNICATION
TO THE BASE STATION OR TO ANOTHER AIRCRAFT

(FM-320 Test , For t Hood , Tex a s ;  1976)

Numbers in parentheses indicate altitudes
greater than permitted by thre at profile

defined in Reference 1

Height Required to Establish Communication
fo r  I n d i c a t e d  S y s t e m  ( f t  ACL)

Improved I-IF/SSB
Link and Range (km) Baseline FM (AN/ARC-102)

Air-to-Air

1 0 0 0
2 .5  0 0 0
5 0 0 0
9 0 0 0

24 (260) 120 0
40 (450) 40 0

A ir-to-Ground

1 0 No da ta 0
2 . 5  0 No data 0
5 75 No data  0
9 5 No data 0

24 (270)  No data 0
40 (380) No da ta 0

ensure the existence of NVIS propagat ion. The primary and a l t e r n a t e  fre-

quencies were selected to fall below the predicted frequency of optimum

transmission (FOT). A sample prediction chart is shown in Figure 11.

Freq uencies thus selected had a predicted reliability (of propaga ting)

greater than 90 percent--e.g., for 90 percent of the days in the month ,

the given f r eq uency wou ld propaga te with a reliability of 90 percen t or

greater.
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The f requenc ies  selected for  the three  time per iods were :

Per iod  Hours  (LT ) P r imary  (MHz) Secondary  (MHzJ

Ni ght  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 us ing

the ground-to-air data. The ground t r a n s m i t t e r  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 .

P r o p a g a t i o n  was via the NVIS mode.  The r e s u l t s  in terms of mean A-N

score are given in Table 9 .  At  least  four  30-character  ~\ -N  messages were

sent during each time period. Performance was best during the daytime

period , fo l lowed 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 , For t Hood , Texas; 1976)

Mean A-N Score (Percent Correct)
a t  I n d i c a t e d  Time of Day

Rece ive r  N igh t  
— 

Dawn Day

A N / A R C - l 0 2  95 97 98
AN/ARC-l74 83 70 97
AN/PRC-98 99.5 79.5 86.5
A N / P R C _ 7 0 * (77) (60) (83.5)

Ave rage 9 2 . 5  82 .2  93.8

Ranking  2 3 1

The t es t  scores for  the  A N / P R C - 7 0  shou ld  have been
equivalent: to other sets used in ground-to-air links.
W h i l e  the  reason fo r  the  lower  p e r f o r m a n c € -  i s  no t
known w i t h  c e r t a i n t y ,  equipment problems (e.g. .

cabling) are suspected . The P5N/PRC-70 data were
not  i n c l u d e d  in the  ave rage  A - N  score .

40

_ _ _ _ _ _  

_____________ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



Diurnal effects on system performance were also evaluated at 2-’+ and

40 km using the air-to-ground data . Propagation at 24 km was via ~.
\
~‘lS

and groundwave modes , whereas at 40 km it was v ia  the  NV1S mode . Ti le

ground receiver was an AN/GRC-l06 with a di pole antenna . The results are

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

lowed b y dawn and n ig h t .

Table 10

PERFORMANCE OF HF/SSB AIR-TO-GROUND LINKS
FOR THREE TIME PERIODS AT SOC AND NOE ALTITUDES--

24- AND 40-km RANGES
(FM-320 Test , Fort  Hood , Texas;  1976)

Mean A-N Score (Percen t  Cor rec t )
a t  Ind ica ted  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- l74 )  71 85 98
40 W ( A N / P R C _ 7 ~Y * (64) (45) (93)

Average  78.0 84.3 98.6

Ranking  3 2 1

Not  inc luded in averages because of suspect~ d equi pment problems .

The t e s t  data for  the g round- to -a i r  link at 40 km was inspected  fo r

A - N  score 0 percent . An A-N score of 0 percent  ind ica tes  that  the

HF/SSB channel (on a f ixed f r e q u e n c y )  could not be established . ThL

r e su l t s  are shown in Table 11. No occurrences of communication outage

occurred during the day . Severa l occurred during the nigh t 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 ,
SOC AND NOE ALTITUDES

(40-km Range)

Time of Day 
___________

Facto r Night Dawn Day

Outages 3 4 0

Trial s 48 36 34

Percent outage 67, 117, 0’!,

Rank order  2 3 1

From the above analys is , SRI concludes that the preferred time s to

communicate using I-IF/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 ~V 1S

p.~iths .2° It is also consistent with the results of t ?  e Hawaii NOF Ct)N

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 chang s were permitte d

to avoid narrowband interference , the night and dawn A-N rest scores

would increase dramatically. SRI recommends that at least two frequencit~-.

be assigned to tactical nets for any given time of day to improve perfor-

mance ~n the presence of narrowband frequency-selective interference in

the HF band .
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IV CRITICAL ISSUES AND UNKNOWN S

A. Introduction

The Department of the Army ’s Letter of A greement (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 .11 The critical issues contain specific technical end

operationa l 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

eff ectiveness (ME) results of the SCORES (Europe I, Sequence 2A) scenario
21

described below . Operational range data for the candidate systems in

irregular terrain can be obtained from the communication performance

range predictions (see A ppendix A). Test information can be found in

the results of the TCATA NOE communication test (FM-320) conducted at

Fort Hood , Texas .
9

B. SCORES Scenario

1. Descri ption

SCORES gaming techniques were used by the Director of Combat Deve lop-

ment (DCD-Studies), U. S. Army Aviation School , Fort Rucker , Alabama t o

simulate tactical operations involving Army helicopters of an armore l

division . The scenario was run for aviation assets of a heavy divtsir ~n

with medium lift (CH-47) and medical (UH-l) helicopters from Corps assets .

operating in the region of Fulda in the Federal Republic of Germany.

LRADOC centers and schools supervised and approved the emp loyment of the

helicopters for which they then were propments (had operational control).

~U l  rad io  c o mmu n i c a t i on s  r e .4u ired  to accomp l i sh  the  a i r c r a f t  m i s s i o n s

were l i s t e d . ~1 il i t a r y  judgment  was used by th~ p r o p m e n t  centers and

schoo l s  to d e t e r m i n e  w h i c h  communica t ions  were c r i t i c a l  to s u c c e s s f u l
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comp letion of  t u e ,i i rc rat t missions , and all noncritical Ine~~s,t~~eS we r e

discarded . This resuLted in 412 critic a L communication event s during the

six -hou r pe r iod considered , 1-a ch major aircr alt mission was divided inLo

tacticall y signi t ic ant sub-missions resulting in 134 sub—m issi on~~,

Radio systems were modeled , and the candidate systems evaluated at

the communication event ranges using the SRI communication system per-

formanc e model (Appendix A ) .  For each transmission (and reception) the

aircra ft (or ground unit) location (position and altitude) was determined

from the scena r io .  Any communication events not comp leted were assumed

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

2. 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 .

• Sub-Mission Effectiveness (ME)--The percentage of sub-missions
comp leted in the scenar io  without communication-cau sed degradati on.

For a communicat ion event to be d e f i n ed  as successful , successful trans-

miss ion  of the message and receipt of acknowled gment was required . Each

sub-mission consisted of at least one communication event. All communi-

cation events had to be comp leted 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 A ppendix A.

3. Deployment of Radios

The dep loyment (issue of radios to Army units) affects interoper-

abilit y and hence the scenario results. The individua l Baseline , IFM --

BTA and HF/SSB--BTA radio systems were issued to all Army units in the

scenario ; however , the combined radio system--HF/SSB and IFM--BTh radios--

*BTA ~ Best Technical Approach (see Reference 22).
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were  dep loyed  to on ly  s e l e c t ed  u n i t s .  The f o l l o w i n g  dep l o y m e n t s  of r ad ios

were used :

(1) Baseline . The AN/ARC-114(A) was installed in a l l  scenar io
aircraft. Ground stations used the AN/VRC -l2 famil y of radios.

(2) IFM--BTA. IFM--BTA was in stai1 ~~d in all aircraft. Ground
stations used the AN/VRC-12 family and RC-292 antenna at 10 m.

(3) HF/SSB--BTA. A n 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-i2 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 dep loyed as in
(4) above.

Eva lua t i on  of Deployment  (1) in the scenario r e p r e s e n t s  the p r e s e n t

(Baseline) case. Deployment ( 2 )  eva lua te s  the e f f e c t i v e n e s s  of an IFM

radio installed in the aircraft. Dep loyment (3) eva lua te s  the  e f f e c t i v e -

ness  of deployment of HF radio to all aircraft and to a large number of

ground units. This complete “f ill” of HF radios was not recommended by

the SAG at i t s  meet ing 9-10 March 1978. Dep loymen t (4) evaluates the

eff ect of IFM--1ITA and HF/SSB radios in all aircraft , and only a partial

fill of ground units. Dep loyment (5) evaluates the effect of IFM in all

aircraft , HF/SSB in selected aircraft (AH-l and some OH-58 aircraft

excluded), FIF/SSB radios in aviation ground units and medical regulating

units. This deployment is the SAG recommendation. The SAC recommenda-

tion was evaluated by the U.S . A rmy Aviation School (DCD-Studies) Fort

Rucker , Alabama , and is not contained in this reir ort .

C. Unknowns to be Resolved

1. Inc rease  C o m m u n i c a t i o n  of Improved VHF/FM

Quani,tati,’e data as to the degree of increased ( ‘oPnlnunl (- ar ion
efJect ii ’enec .~ of improi ’ed V/Il ’ ; PM (Unknown 7a)
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The i m p r o v e m e n t  in communication effectiveness is defined as per-

centage improvement of IFM--BTA 27 with respect to baseline (ANJARC-l14) .

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

COt’NUNICATION EFFECTIVENESS (CE) AND IMPROVEMENT (CEI)
OF IFM--BTA AND BASELINE - -NON-EW ENVIRONMENT

Basel ine  IFM--BTA
Frequency CE (7,) CE (7,) Impr ovement ~

(MHz) ( 1) (2 )  CEI (7~)

45 17 68 ‘—‘300

65 55 82 ‘—5 0

Imp rovement  = [ [ (2 )  - ( 1 ) 1 1( 1 ) 1  x 100 , in percent.

2. Capabilities/Limitations of HF/SSB

Capabilities and li,nitations of HI- 7SSB J br \OE (o rn n hz 4n z (a non
(Unknown 1h) .

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

The major  c a p a b i l i t i e s  a re :

• A b i l i t y  to reach a l l  the required  ranges  independent of terrain
and s i t i n g  of the ground and air u n i t s  when us ing  the  NVI S mode .

• A b i l i t y  to communica t e  us ing the groundwave mode over  ranges
greater than those achievable by IFM--BTA .

The main l i m i t a t i o n s  of HF/SSB are :

• The HF/SSB radio is not interoperable with the current AN/VRC-l2
fami ly  of VHF /F M radios or w ith SINCGARS .

• Channel noise is greater than for VHF/FM radios , resulting in
lower channel  q u a l i t y .

• Frequency management of HF a s se t s  w i l l  require  more effort than
for VHF/FM.
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• HF/SSB is susceptible to intercept and direction finding from
grL- ater ranges than VHF/FM , because of longer propagation ran~ t~s.I t  can a l so  be j ammed f rom a g r e a t e r  range by ground-based jammeos .

3. Increased Communication Planning and Training

Quant,tatii-e data as to 1/ic degree of increased operator training
and ( -om,nu,uc-a tion planning required J a r Uti/ i : a t  ion of HF /SSB

i ~!eno (L n,known ‘~~).

The o n l y  i~CtornlaLion b e a r i n g  on t h i s  unknown is [torn a surve’~ ~‘f

n ine  p i l o t s  who partici pated in the TCATA FM-320 test at Fort Hood .
9

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

The following findings are contained in the FM-320 r e p o r t  in response

to the  q u e s t i o n , “What  was the  t ime required to learn to ope ra t e  the

systems? ,“

The AN/ARC-ll4 radio required the shortest time to learn to
operate. The improved FM radio required only slig htl y more
t ime . 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
t ime  to learn to operate.

In response to the  ques t ion : “Which radio system was the eas ies t

to o p e r a t e? ,” the f o l l o w i n g  f i n d i n g s  were  r e p o r t e d :

The AN/ARC-98, VHFISSB (AN/PRC-70) and the AN/PRC-70 (HF/SSB)
receiv ed re la tivel y equal scores for ease of operation . The
AN/ ARC- 114 was ra ted the mos t  d i f f i c u l t  to o p e r a t e .

In response  to the ques t ion : “Which  radio sys tem did the pi loLs

l ike best? ,” the following findings were reported :

The AN/PRC-70 was rated as the most preferred radio primarily
because of its functional versatility : i.e., pushbutton FM
and HF band opera t ion , m u lt i power , and mul t imode  (HF/S SB ,
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 b y

TCATA during the FM-320 test. A communication p lan  for  HF/SSB Near  

I~~~~~~~_ ._~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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Vertical Incidence Skywave (NVI S) ope ra t ion  was p repa red  b y SRI In te r -

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

p lan made use of ionosp heric p r ed i c t i ons  for  the  Fort  Hood test arC/a

(October through December 1976) supp l ied by the  U . S .  Arm y 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 p lan ning

was relativel y easy, because of the small scale and controlled nature of

the FM-320 test; ‘HF/SSB communication p lanning for a large divisional (or

corp) military exercise would be more difficult.

4 . VHF / FM Ret ransmiss ion

Quantitative da ta as to the increase in communication sy ste m
N effectiveness and a rea coverage obtained throug h 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 environment. 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-c’roILr~-l-

to-air link are given in Table 14. In this table , the AN/VRC-49 was

used as the retransmission station (RC-292 antenna with 10-rn mast sited

on h i l l t o p ) ,  ope ra t ing  with the cand ida te  VHF/FM radio installed in the

a i r c r a f t .  The opera t ion  ranges for  the a i r - t o -g round- to - a i r  l ink  for

Basel ine , IFM--Hood , and IFM--BTA working with the retransmission station

are g iven for  comparison . The required probability of success was

= 0 .9  (see Appendix 
~

) .
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Table 14

OPERATING RANGE USING RET RANSMISSION IN F U LDA I E K R A I N
(p = 0.9 fo r  Tota l  A i r - t o - G r o u n d - t o - A i r  L i n k )

sr

O p e r a t i n g  Range (km)  t~~r Indi cated System *

Frequency Basel ine
(MHz) (Prese nt System) IFM--Hood IFM--~,IA

35 6 .5  10 18

_ _ _ __ _ _ _ _ _  
____L___

*Assum e both a i r c r a f t  an tennas  ~it 3-meter hei g r t s  with random
s i t i ng , ground antenna at 10 meters with exce llC /nt siting ;
terrain interdecile range ~~ = 300 meters; medium ve 1~&tation .

The probability of successful communication , p ,  for retransmission

can be estimated from the Fort Hood data . These data were taken at six

l oca t ions  onl y ,  and are based on the A-N t e s t  scores of � 90 p e r c e n t

recorded dur ing  FM-32O . These data are s ing le -po in t  es t imates  ( p )  a t

each of six ranges .

Air  and ground retransmission systems tested at For t  Hood (65 MI-Ia)

had longer communication ranges (higher p )  than either the  B a s e l i n e  or

IFM--Hood systems (Table 15). Conversely ,  both retransmission systems

had shorter communication ranges (lower 
~~~~~) 

than  the HF/SSB sys tem

(AN/ARC- 102)

5. Combined VHF/FM and HF/SSB Radio

Performance of a combined VIII- I-M and HF/ SSB radio in an
NOE environment (Unknown 5e).

The combination of the IFM--BTA and HF / SSB - -BTA s y s t e m s ,
2 2  

both

installed in the aircraft , achieved a higher communication effectiveness

than either the Basr-line system or the IFM-BTA in the European SCORES

s c e n a r i o .  The communication effectiveness results were highl y influ-

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

MEASURED PROBABILITY OF SUCCESSFUL COMMUNICATION , p
UN AIR-TO-AIR LINKS WITH AND WITHOUT RETRANSMISSION~-

SUCCESS DEFINED AS A-N SCORE � 90 PERCE N T
(FM-320 , Fort  hood , Texas; 1976)

p at Indicated Range (km)

Sy s t e m  1 2 . 5  5 9 24 40

Base l ine

Direct 1.00 0.95 0.80 0.80 0.07 0.00

w/A ir Retransmission 0.97 0.94 0.81 0.86 0.44 0.28

w/Ground Re t ransmiss ion  1.00 0.94 0 .74 0.85 0.53 0 .21

IFM--Hood ( d i r e c t)  0.98 0.94 0.88 0.88 0.02 0.00

a i r c r a f t . For th i s  anal ysis , 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-

dons in each band could be achi eved onl y for the latter configuration.

The communication effectiveness results are  given in Tab le  16.

D . Critical Issues to be Resolved

1. F-IF/SSI3 Mission Effectiveness

Will an HF/SSB sy s t e m  provide an acceptable level of (-olnmun!—
( -ations reliabilit y under NOL flight conditions , and how doe.c it
relate to j VOE mission effectiveness ’ ((riti cal Issue IOa ) .

The r e s u l t s  fo r  mission e f f e c t i v e n e s s  for HF/SSB are g iven for  the

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

*The assumed dep loyment (TBOI) of HF/SSB ground t r a n s c e i v e r s  a f f e c t s
bo th the communication e f f e ct i v e n e s s  and mission effectiveness results.
I f  a l l  ground uni ts  (in the scenario) were equi pped wi th  HF t r a n s c e i v e r s ,
the results would be higher.
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Table  16

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

AND NON-EW ENVIRONMENTS

Communication Effectiveness ,
CE (Percent), at Indicated
Frequency and Environment

45 MHz 65 MH~
Sys tem Non-EW EW Non-EW EW

Basel ine  only 17 12 55 28

IFM --BTA only 68 41 82 45

Combined IFM--BTA and HF/SSB --BTA
[Dep loyment op t ion  (4)1 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 MH z

Bas el ine 4 33
IFM- -BTA 46 63

HF/SSB [Deployment Option (3) 1 82 82

Combined HF/SSB and IFM--BTA
[Deployment Op tion (-~+ ) ]  68 75

wave mode at 25 11Hz: baseline and IFM--BTA are given for comparison .

These VHF systems were evaluated at 45 and 65 MHz .

The communica tion rel iab ili ty for Hu/SSB at given range , d , can be

computed fo r  d i f f e r e n t  terrains using the SRI radio system performanc e

model for irregular terrain . Communication reliability is defined as the

probab i l i t y  of succes s fu l  communicat ion on the f i r s t  attempt , p .
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A user-specified required value fo r  the  p r o b a b i l i t y  of successful com-

munications is denoted by 
~sr~ 

Operationa l range is thus defined as that

range for the ccmputed p = p (a lso see A ppendix A)

Table 18 gives the  predicted operationa l range for three rad ios  fo r

= 0.9. Ninety percent of the communicat ions  w i l l  be completed on

the first attempt at range , d. Data are given for three terrains : Fort

Hood (h il ly) , Fulda ( low moun ta in s ) ,  and Korea (rugged mountains). The

frequency for the VHF /FM candidates was 45 M1-Iz. The f requency  for  EI F /SSB

was 25 MHz (groundwave) . The HF/SSB--BTA candidate can communicate over

the longest ranges.

Tabl e 18

PREDICTED OPERATIONAL RANGE FOR CANDIDATE RADIO SYSTEMS
OPERATING IN AIR-TO -AIR AND AIR-TO-GROUND LINKS

IN THREE TERRAINS--p = 0.9sr

Operat iona l Range (km) on Indicated Link

IFM--BTA HF/SSB
Baseli ne (45 11Hz) (25 MH z)

Terrain A-A A - G A-A A-G A-A A-C,

For t Hood 3.4 6 . 2  8.3 13.8 34 40

• Fulda Region , FRG 2.0 4.7 5.9 11.0 19 26

Korea (38°N , 127 °E) 1.6 3.8 4 .5  9 .3  16 20

2. Operator Training and Communication Planning

To what extent will operator training and communication plan—
ning f b r  missions need to be modified to take adva n tage of the
increased (-olnln unic-at ions pro l- ided b.s - NOE communica 1i~ !l

systems ? (critical Issue lob) .

Communication planning for miss ions will have to be accomp lished at

all levels (Corps and below) to support HF/SSB communications successfully .

Both ope ra t i ona l  ( e . g . , ne t t i ng ) and technical planning will be r equ i r ed ;

these are c l ea r l y i n t e r r e l a t e d . Factors  to be considered are frequency
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a l l o c a t i o n s , f r e q u e n c y  s e l e c t i o n  and ass i gnments  to radio nets , seleLtion

of mode (groundwave or skywave) and appropriate ground antenna systems ,

c om mu n i c a t i o n  protocoLs ( e . g . ,  fo r  lost  c o m m u n i c a t i o n s ) ,  EW- or

interference-avoidance protocols , and special provisions for app li ques

incorporated within the radio (e.g., addresses for selective calling).

Frequency-dependent coverage areas for VHF/FM systems will dictate care

in assi gnment of VHF frequencies to support radio nets in their required

areas while minimizing coverage beyond the required areas.

Op erator training was briefly addressed in the FM-320 report.

Provisions for operator training have been addressed in the NOE COM

Required Operational Capability (ROC).1°

3. AN/GRC-106 Suitability

Are the present generatio n ground HF/ SSB ra dio set (AX ~GR(
’—

1 06)  amid its antenna system suitable to terminate the air—ground
link of an VOL communication system ! (Critical Issue l OcJ

The A N / G R C - l O b  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

sing le-channel voice and single-channel radio teletype (RATT) between

higher echelons (Corps and Division). It is currently dep loyed down to

the battalion level , but is used down to the company level. There are

a p p r o x i m a t e l y  5000 u n i t s  in inventory , inc lud ing  spa res .

The A N / G R C - l 0 6  is n~ t a suitable ground l ink terminal for NOE COM

Air-to-Ground communications . The projected HF/SSB radio for aircraft

is a modern HF/SSB rad io , which has features not available in the AN/CRC -

106 : multip le preset frequencies , rap id tuning, frequency scanning , and

selective call (SELCAL) addressing. The operational concept for use of

these features is rap id f r equency  change in t he face of interference (or

jammed c h a n n e l s) ,  and SELCAL-ac tua t ed  audio  s~~ue 1ch and s e l e c t i v e  c a l l i n g

(addressing) of the called unit.

Bccause the AN/GRC-106 will not meet the technica l or operationa l

r e q u i r e m e n t s  s p e c i f i e d , i t  does not meet the operationa l concept for
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e m p l oy m e n t  of I-IF/SSB f o r  the  NOE problem. Furthermore , the existing

h o r i z o n t a l  d i p o l e  and vertical (vehicular) whip and coupler will not

fleet the employment concept. The AN/CRC-l06 radio requires a minimum of

10 to 15 seconds to tune into an antenna and approximately the same time

[or an existing dipole . If the dipole length has to oc 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 essentiall y the aircraft

radio modified for ground operation in vehicles or command posts . It

will be interoperable with the AN/GRC -lO~- when used in a reduced—

c a p a b i l i t y  mode . D e v e l o p m e n t a l  e f f o r t  w i l l  be required for broadband (or

multifre quency) HF/SSB ground antenna (2  to 10 MHz) s u i t a b l e  f o r  the  NV1 S

mode. Vertical whip antennas and coup lers (for the groundwave mode) are

currentl y available.

4 .  Size, Weight , and Power

H ell f / m e ~i:e , weight , power , and antenna requirement-s of an
III SSB s i s t e m  he compatible v.’ith the a irframe of atta ck .
util i t i - . cargo and observation helicopters -‘ (&itica l Issue lOd ) .

T h i s  q u e s t i o n  was answered by the materiel developer. Liaison with

the AVRADCOM aircraft project managers was provided by AVRADA and size

and wei ght and power requirements for HF/SSB radios have been estimated .

[he HF/SSB shorted-loop has been installed on two aircraft (OH-58 and

~lI-1) and installati on of this antenna on ot her aircraft types should not

oe a pr ob lem . The AH-l helicopter wi l l  requice restruct uring nt  he

tusatage 1 ompartment to accommodate a HF/SSB radio (if installed in t hat

ai r c r a f t ) .  Some weigh t trade-off may have to be made in the AH-l and

OH-58A aircraft to accommodate HF/SSB. The Aviation Center addressed the

size , wei~ lit and power question in the CFP.
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5. Mission Effectiveness of VHF/FM

lo nhai degree can i/m e airborne V//J - 1J - .-11 ~1~~/cm he iiimpr o red
(111(1 hon Ll0O l n it i-elate to \O/ : f lf l s .S i o f l  eff e c i i iene-s  ( (  ‘r ib of
/n~~0( J Oe) .

The effective radiated power (ERP) for IFM--BTA system represents

a 10- to l5-dB increase  over  the c u r r e n t  Baseline radio installed in the

a i r c r a f t .  ERP is g iven by

ERP 
~T 

- LT + CT , in dBm ,

where

~T 
= transmitter power , in dBm

LT 
= transmission l ine  and misma tch  loss , in dB , and

CT 
= t r a n s m i t t e r  an t enna  gain , in d B i .

A f t e r  a thoroug h review of eng inee r ing  a l t e r n a t i v e s  and t e c h n i c a l  con-

s t r a i n t s  b~- the materiel developer , improvements have been recommended

for the IFM--BTA system (Append ix 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

I s  ,- ( - tra n-, , n ivsion a viable a/ (em-na ~’ii ’e. ’ ( ( ‘ ,- it i( -a l Issu e / 0 /) .

This is p r i m a r i l y an o p e r a t i o n a l  q u e s t i o n .  I t  has been addressed

in the Executive Summary of the Concept Formulation Package .2’

[he c o n c l u s i o n  of the users (Stud y Advisor y Group , 9-10 March 1978)

is t i at  r e t r a n s m i s s i o n  is not  a w o r k a b l e  s o l u t i o n .  R e t r a n s m i s s i o n  has

the following deficiencies: range limitations , EW vulnerabi lity , threat

v u l n e r a n i l i t y ,  more ~~~~ r s onn e l  req~I i red , more I r e q u e n c i e s  re qu  i red .

l onge r  sd -up time , and added p lanning burden on siting the rt-trans-

mission station in the right place at the right times in the pot ential ly

- 5b
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Tabl e 19

EFFECTIVE RADIATED POWER FOR IFM- -BTA
AND BASELINE SYSTEMS

Effective Radiated
Power (dB) at Ind icated
Operating Frequency

Sys t em 35 MHz 45 MI-lz 65 MHz

Baseline

Transmitter power , 
~T 

(dB m ) 40 40 40

Transmiss ion  l i ne  loss , LT (dB) 1.0 1.1 1.4

Transmitter antenna gain , CT (~~~
1~) -16 -10 -4

ERP (dBm) 23 28.9 34.6

IFM--BTA

Transmitter power , 
~T 

(dB m ) 49 46 46

Transmission line loss , LT 
(dB) 1.0 1.1 1.4

Transmitter antenna gain , G.r (dBi) -10 -3 -0

ERP (dBm) 38 41.9 44.6

Improvemen t  over  Base l ine  ( d B )  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 standb y status.

7 .  Combined VHF/FM and HF/SSB Radio

ii ’hat benef it, -, u-cr iie to the u.s-c o a combined air borne [ III -  I - ’tI .
and III -  SSB radio ! (Critical !.csue log) .

[he 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

H F / S S B  s u b sy s t e m s )  are reduced size , reduced panel space in the cockpit

ot  the a i r c r a f t , and i n c r e a s e d  p i l o t  e f f i c i e n c y  because of human f a cL o r s - -

s p e c i f i c a l l y  h a v i n g  a s i n g l e  m u l t i f u n c t i o n  c o n t r o l  head f o r  two radio

systems . Table 20 compares engineering estimates for size and weight .2
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Tabl e 20

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

Size Wei ght

System (cm 3) (in 3 ) ~~~~~~~ ( L b )  Comment

Combination Radio 22,198 1,355 18 40 AN/PRC-70
2

Sepa r a t e  R adio s :

FM ( A N / A R C - 1 l 4 )  2 , 393 146 3.18 7

40-W A m p l i f i e r  2 ,300 140 3.0 6 . 6  FM BTA

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

S u b t o t a l  24 , 515 1, 496 24.18 53.6

Does not include applique unit for digital signaling.

The s ize  and weight  reduction benefits are especiall y important for the

s m a l l e r  h e l i c o p t e r s  ( e s p e c i a l ly the A H - l ) .  The n ine  p i l o t s  a s s igned

to the FM -32 0 Test  r a t e d  the AN / PRC - 70 as the preferred radio because of

its functional versatility: FM and HF band operation , multipower capa-

bi l i t ies , and m u l t i m o d e  ope ra t i on . This s y s t e m  a l so  p e r m i t s  VHF/SS B

os an o p t i o n  w i t h  p o t e n t i a l  EW and f r e q u e n c y  management  (more channe l s )

benefits.

8. Enemy Electronic Countermeasures

i~- n -/ la !  degree ~vi/l enemy electroni c- countermeasic- es a f f e c t
\ O /~ (o, ii~nunh -a/ ions .’ (()- itical Issue / Oh) .

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

scenario by the threat section of the DCD , U SAA VNC , Fort  Rucker , A la bama

to determine the effect of jamming on the communicat ion and mission

e f f e c t i v e n e s s  of the  candidate systems . Soviet and Warsaw Pact doctrine

was used . Equi pment  dep loyment  and EW t a c t i c a l  emp loyment of ground-

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

assets were considered. Each communication event was ana lyzed to see if
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it could be i n t e r c e p t e d  by the opposing fo r ce .  If i n t e r c e p t e d , the

event was anal yzed to determine whether assets to jam were availab le ,

and whether the communication event was of sufficient importance to jam .

Jamming was not attempted i f  the  f r i e n d ly c o mmu n i c a t i o n  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 .

Communicat ion  e f f e c t i v e n e s s  for  412 miss ion c r i t i c a l  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 a t  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
Ev en ts Comp leted

( P e r c e n t )

Sy s t e m  and O p e r a t i n g  F requenc ies  Non- EW EW

Bas e l ine

45 MHz 17 12
65 MHz 55 28

IFM--BTA

45 MHz 68 41
65 MHz 82 45

HF/SSB [Deploym ent Option (3)], 25 MHz 92 82

Comb ined HF/SSB and IFM--BTA
[Deployment  Op t i o n  (4)

25 and 45 MH z 82 72
25 and 65 Mhz 88 / 5
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Miss ion e f f e c t i v e n e s s  fo r  134 sub-missions with and without EW are

given in Table 22. A miss ion  e f f e c t i v e n e s s  of 66 pe rcen t  in the  EW

environment  occurred fo r  RF/SSB i n s t a l L e d  in al l  a i r c r a f t  and ground

units. Similar effectiveness occurred for a partial fill of HF radios

in ground units (TabLe 22). The high effectiveness for HF/SSB (compared

to IFM--BTA resulted from having HF radios in all aircraft [Dep loyment

O p t i o n  ( 3 ) ] ,  and the r e l a t i v e Ly Large number of short  a i r - t o - a i r  communi-

ca t ion  l i n k s  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
Comp le ted
(Percen t )

System and O p e r a t i n g  Frequenc ies  Non -EW 
- 

EW

Basel ine
45 MH z 4 3
65 MHz 33 19

IFM--BTA

45 MH z 46 28
65 MHz 63 37

HF/SSB [Deployment Option (3)], 25 MHz 82 66

Combined HF/SSB and IFM --BTA
[Dep loyment Opt ion  (4) ]

25 and 45 MHz 68 53
25 and 65 MHz 75 56
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E .  TCATA (FM-320) EW Tes t s

Limited I-IF/SSB EW tests were conducted at Fort Hood , Texas during

FM-320. An AN/TLQ-l7 jammer with an omnidirectional whip antenna was

s i t ed  10 km downrange f rom the  f r i e n d l y HF/SSB base station . As the

aircraft flew downrange on the NOE course , distance from the base station

increased and distance to the j ammer decreased . HF/SSB propagation was

groundwave mode at 4.3 MHz. Test messages (A-N messages) were transmitted

to and received by the a i r c r a f t  in the  p resence  and absence of j amming .

A i r c r a f t  t r a n s m i t te r  powers of 40 , 100 , 200 , and 400 W PEP we re used .

The ground station was an AN GRC-l06 (400 W PEP) with a halfwave dipole

an tenna  e leva t ed  40 f t  AGL .

The following findings were given in the FM-320 report:*l~

(1) Electronic jamming is effective against all HF radio sys-
tems ( a l l  powers)  at ranges of 5 to 40 km from the base
s t a t i o n . (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 ( f r o m  the base s t a t i on ) .
[Cor respcnd ing  ranges to the jammer were 9 and 7.5 km
r e spec t ive ly for  th i s  geomet ry . ]

A t  the 1 and 2 . 5  ranges  mean A-N score ( f o r  a l l  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 e f f e c t i v e n e s s  of e l ec t ron ic  jamming is the same [under
the observed FM-320 t es t  conditions] against aircraft
powers of 40 , 100 , 200 , and 400 W PEP .

(4) It was recommended that further testing of electronic

jamming devices  be conducted at  various dis tances , and
tha t  both omnidirectiona l [used for the FM-320 test] and
directiona l jammer antennas be used .

M a t e r i a l  in brackets added for clarity by SRI .
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V SUMMARY OF RESULTS

A .  Objectives

The p r i m a r y  o b j e c t i v e  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:

• Helped pian 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 L e t t e r  of Agreement  (IDA ) for  the candidate systems .

• Developed the SCORES methodology and computer codes for communi-
cation effectiveness and mission effe .tiveness.

• Provided e s t ima tes  cf o p e r a t i o n a l  communica t ion  range in Fort
Hood , Texas , and in other terrains for use in the concep t  formu-
latio n package (CFP), and in the SCORES analysis.

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

• Provided technical support to the NOE Communications SAC .

• • Performed laboratory and field measurements of propagation , noise ,
and s y s t e m  technica l  pa ramete r s  ( e . g . ,  helicopter antenna gain).

B.  Method of A pproach

The stud y methodology f or the anal ysis is shown in simplified lorm

in Fi gure 12.  This me thodo logy  i nc ludes  the major events of the program

and i n d i c a t e s  the c o n t r i b u t o r s  to each .  P a r t i c i p a t i n g  o r g a n i z a t i o n s  were

the U . S .  Army A v i o n i c s  Resea rch  and Development Activity (AVRADA ); Direc-

torate of Combat Development (DCD-Studies); U.S . Arm y Aviation Command ,

Fort Rucker , Al abama (AM/NC); TRADOC Combined Arms Test Activit y (TCATA);

and the Stud y Advisory Group (SAG), cons isting of members from the

TRADOC schools and DARCOM . The sequence of the  t a sks  is roug hl y the

t ime sequence  in which these s teps  were performed . The fina l result was

63

m---~-———- —-- - -— —- --- - —
~~~~

.——--—-—‘ - - -
~~ 

-



r’w- -
~ ~~~~~ 

- -  —_ _  
—;—— -

-~~

- - . - r”

V)
>. V)

~~~
2

~~ j O  ~~~~
~~ < < z  ~~~ I
c c u z <  < > I

I L~I
U- I 0

0 0
I 0.

hi
Q• UJ Q

o~~~z 0 2
U~~~~~W 2

0~~ Q-~~~~~w <
~~~~~ g E ~~~

i - a  >-
(1~ 0

O V ) U.

0 ’
~~~~~~~~ ~~ _ z
~~~~~~~~ 

< c c >  I—
I_~~~~~< cc ,

~,<

:s~~~~ ~~~~
<

w w  0-

C
>- < z

_______ 
— 

>.

>- ‘— 1:,
U. 0

u o~-Z~~- Z  — 0
— < w  < I-cc cc~~~ _ O ~~~u.

0_ i c” < LU
Z~~~~~ — <
UJ~~~~~

N

C,, > _J ~~
0 w  ~~u_~~

_
~~~ < >~~~ ~~

u O >  ~~~~~ 
0 v,

2z9 .> ~~~u.
— I — < o  4

0 <cc

64

-j
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



- . _— - - - - - ----—-—. — -.-- .— - — --—- .~.
-
- 

- . -~~~~~— — -~~~~~- - -

the selection of a candidate system to meet the technical and operationa l

needs ot the A rmy for an NOE communication system for the near t ime

frame (IOC date of Fl 1980/81).

The communication effectiveness for eight candidate radio systems

was measured during a full-scale helicopter communication test (FM-320)

conducted by rCATA at Fort Hood , Texas (October-Decembe r L9?6).~ Four

VHF/FM systems ~i.-re tested , including the present AN /ARC-1l4 (baseline)

raJ io , improved FM--Hood , and airborne and ground retransmission . F u r

HF r ad ios  were tes ted w i t h  powers va ry ing from 40 to 400 W PEP .

Two measures  of e f f e c t i v e n e s s  (MOEs) were  used dur ing the FM-32O

tests. The primary MOE used to measure communication effectiveness was

the  percent  correc t of a lphanumer i c  (A-N) messages sent one-way through

the channel without repeats . The second measure used was the aircraft

he igh t  to break squelch , d e f i n e d  as the he igh t  to e s t a b l i s h  two -way

communication between an aircraft and base station , or between an aircraft

and another aircraft constrained to fly NOE . This measuremen t was per-

formed by TCATA fo r  the b a s e l i n e  and IFM-Hood sys tems  onl y o p e r a t i n g  in

two modes : air-to-air (A-A) and air-to-ground (A-C). As the aircraft
—- 

ct imbs  in order  to communicate , it becomes more vulnerable to encmv anti-

aircraft weapons ; therefore , this MOE pertains to relative aircraft vul-

nerability. The actual vu lnerability of the aircraft as a function of

altitude depends upon the specific scenario being considered .

SRI and AVRADA performed additiona l engineering tests. These include

fli ght 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-l aircraft were also measured by

AVRADA . 
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The radio system technical performance parameters were determined

from the eng ineering 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 communica t i on  system per formance  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-

p le ted), 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 equipmen t and doctrine were

modeled and independent ly p layed b y an opposing  team in the scenario .

Performance of the candidate systems (both communication and sub-mission

e f f e c t i v e n e s s )  was de termined for  both the non-EW and EW environments.

These r e su l t s  were used to compute the r e l a t i v e  e f f e c t i v e n e s s  of each

cand idate system in determining their relative worth in the cost and

opera tional e f f e ctiveness anal ysis (COEA).

The SRI-deve loped 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). Operationa l range (OR) was pre-

dicted for a user-specified required pr obability of successful communica-

tion (p = 0.9) at all locations and times in the terra in of interest.

Ranges f o r  lesser required p r o b a b i l i t y  va lues  were also computed 
~~sr 

=

0.5 , 0.7, and 0.8). The predictions were checked against limited obser-

vat ions for the Fort Hood and Fulda regions and good agreemen t between

the predic ted  and observed values was found . The OR e s t ima te s  were

included in the NOE COM T r a d e - O f f  De te rmina t ion  ( TOD) .
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Communication system costs were developed by AVRA DA and provided to

AM/NC (DCD-S tudies), where a 20-year life cycle cost (LCC) analysis was

performed for  each of the  cand ida t e  systems . AVRADA a l so  p rov ided  a

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

The r e s u l t s  of th is  wo rk were presented to the NOE COM Stud y i~dvisory

Group (SAG) over the  per iod  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 (approximatel y 0 to 17 kin)

was identified by the Armo r school as necessary to support the ground

maneuve r 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 LhL
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 conuiiander
of the aviation unit must be equ ipped with an HF/SSB gr~-undradio a t  the company operat ions  center  in order to cont ro l  his
a i r c r a f t .

These recommendat ions were fo rma l i zed  as a Requ ired Operationa l Capability

(ROC ) and given to the DARCOM materie l developer (AVRADCOM) to initial

The LOA which initiated the stud y (see Appendix I) specified a required
range ou t  to 50 km.
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procurement  a c t i o n .  The t a rge t  da te  fo r  the  i n i t i a l  o p e r a t i n g  c a p a b i l i t y

(IOC) for  the NOE Communica t ion  Radio  S y s t e m s  is FY 1981.

C.  SRI F indings

These findings are based on the SRI communication perfor’~ance model ,

which computes the probability of successfuL communications , p ,  as a

f u n c t i o n  of range . Op e r a t i o n a l  range (OR) es t imates  f rom the model are

obtained for each required probability of success ( p )  . Field tests

(FM-320 and others) and laboratory measurements also contributed to the

f o l l o w i n g  f i n d i n g s :

I .  VHF/FM Radio  Systems

• The current VHF/FM aircraft radio (AN/ARC-l14) will not meet the
short range requirement (0 to 17 km) in the non-EW environment.
Predicted communication ranges for Fort Hood (Texas), ~

‘u lda , and
Korea (30~ N , l27~ E) a re 5 , 3 .4 , and 2 . 2  kin , respectivel y, whe n
p 0.9 for air-to-air links , operated in a low hover (antenna
a~

t3 m ) on 65 MHz .

• The AN/ARC-ll4 used at NOE a l t i t u d e s  is r a n g e - l i m i t e d  by i t s
lO-W transmitter power ~~tid 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-i 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 .

• The improved VHF/FM (BTA ) radio , wh ich has a 4O-W transmitter
power and improved antenna , will not meet the 0 to 17-km range
requirements in Fulda terrain , but it has significantly larger
ranges  (and lower he ig ht  fo r  two-way communica t ion  a t  a given
range)  than the  AN/ARC -1 l4 . P r e d i c t e d  communication ranges for
Fort  Hood , F u l d a , and Korea are 9 .8 , 6 .9 , and 4 .8  kin , r e s p e c t i v e l y ,
for f = 65 MHz , 

~ sr  = 0 . 9 , a i r - t o - a i r  l i n k s , w i t h  an an tenna
he ig ht  of 3 in.

• For VHF /FM systems , the shor test ranges occur for the air-to-air
l ink . Long2r communica t ion  ranges occur on the  a i r - to-ground
and g round- to -a i r  l inks .  The g round- to -a i r  l ink has a longer
operationa l range than the air-to-ground link , beca use of h igher
effective radiated power , ERP , and increased antenna height
(10 i n) .

• The VHF/FM ground antenna can be \t~ proved over the current an-
tenna (RC-292) by using a new field—expedient broadband omni-
directional antenna . The RC-292 cannot operate efficientl y
across the 30- to /6-MHz VHF/FM band without physical changes to
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the antenna and ground p lane elements. Broadband dir ection al
antennas offer additional improvements ior certain app lications .
A directional VHF ground antenna (the OE-254/GRC) has recentl y
been developed to rep lace the RC-292 antenna , This new antenna
will be coming into the inventory in Fl 1980.

• Ground or airborne retransmission is not a satisfactory solution
for the long-range (0 to 50 kin) requirement . Communication
ranges achieved with this syste-m depend critically on antenna
siting , but they are generall y less than 50 km. Operationa l
deficiencies are position preplanning requiremen L for fluid tac-
tical situations , frequency supportability when cwice as many
frequencies are needed , ground station set-up times , EW and
ground fire vuln erability, 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-l14 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
co r r ec t l y dur ing  t h a t  t e s t , and the da ta  were not  ana lyzed  by
SRI . Theoreticall y ,  a 40-W (ERP) VHF/SSB sys tem offers an
improvement over the IFM--BTA system for channels of margina l
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-l2 family (or SINCGARS), however , and the channel
quality is generally inferior to FM in both the clear and secured
modes . The same app liques apply as for HF/SSB .

2. HF/SSB Radio Systems

• The proposed 200-W PEP (speech processing) HF/SSB aircraft ra- i~s y s t e m  w i l l  meet the long range r equ i remen t  (0 to 50 kin) in the
non-EW environment. 1-IF/SSB operates in two modes: groundwave
and near vertical incidence skywave (NVIS). Predicted communica-
t ion ranges for 25-MHz groundwave mode for air-to-air links oper-
ating at ~ in antenna height for Fort Hood , Texas , Fulda , and
Korea , are 34 , 19 , and 16 , respectively (Psr = 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 lowe r 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 , h igh
powe r is frequentl y required because of the presence of noise and
i n t e r f e r e n c e  in the  channe l .
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• The channel qualit y of HF/SSB is inferior to VHF/r~-~, but it is
operationally acceptable for NOE missions . The proposed modern
H F/SSB radio f o r  NOE c o m m u n i c a t i o n  w i l l  be equi pped w i t h  a selec-
t ion  s i g n a l l i n g - a c t u a t e d  sque lch  to ensure  p o s i t i v e  communica t ion
contact and to reduce p ilot fati gue caused by continuous back-
ground noise and interference (such as tha t 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 p ilot acknowled gment of messages and brevity code (shorthand)
signaling in an adverse electromagnetic environment (EW , or over
extreme ly marginal channels , such as those encountered on very
long groundwave paths).

• An initial investi gation 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 forma l
approval of the frequency-assignment request (Form DD-l494), and
additional investigation o~ this aspect is needed .

• HF/SSB operated satisfactoril y in the NVIS skywave mode at four
test sites during the NOE Communication Program. Propagation via
the NVIS skywave mod e 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
dur ing  daytime), and Fort Monmouth , New Jersey (August 1977).
The frequency of operation for the NVIS skywav e mode was 10 MHz
or lower. Ionosp heric 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. Althoug h the predictions were
not exp licitl y validated as part of this program , they were accu-
rate enough. No outage attributed to lack of NVIS propagation on
the properl y chosen test frequencies was noted during any of the
tests conducted .

• The HF/SSB shorted-loop antenna tested on the OH-58 and l~H-l
aircraft is near-optimum for all Army aircraft that will use the
NVIS mode. This antenna radiates both a horizontall y po lar ized
skywave component toward the zenith , and also a verticall y
polarized groundwave component off the aircraft nose and tail .
The pattern toward t h e zenith is essentiall y 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  nulls off the sides of
the aircraft (but not a figure-ei ght pattern). vertical com-
ponent is of sufficient magnitude for groundwave communication
when the 200-W PEP transmitter is used . The gain of the shorted-
loop antenri- -i is marg inal 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 oe needed in the 20- to 30-MHz band .

• The A-C 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 longe r groundwave communication ranges are
required (or reduced HF power operation , or groundwave operation
in rugged terrain) , it is recommended that an HF -~~rcraft antenna
having an omnidirectiona l azimuthaL pattern optimized for the
groundwave mode of communication be investigated .

• A half-wavelength dipole antenna (H = 40 f t )  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) horizontall y polarized antenna be developed for use with
the ground termina l 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 i n t e r i m .
Alternatively, a slant wire antenna such as used at Fort Hood
could be used for frequency agility, but with lower performance
compared to a d ipo le . -

• A 30-ft vertical whi p antenna was used for engineering measure-
ments at Fort Hood , Texas. This antenna produced a usable ground-
wave s ignal 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 15-ft vehicular whip (with an improved
rapid-tuning coupLer) or a new Longer whip be used for groundwave
communication where required operationa l 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 rap id tuning feature and be compatible with the fre-
quency scanning and selective calling features of the recommended
aircraft radio. The AN/GRC-lOô can be used on an interim basis
with single_ frequency capability until the more frequency-agile
ground radio is available.
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A p p e n d i x  A

RADIO SYSTEM PERFORMANCE MODEL -

AND CO MM UNICATION RANGE ESTIMAT ES
FOR HELICOPTERS FLYING NAP-OF-THE EARTH (NOFL )

1. Introduc t ion

a. The Concept of Communication Operational Range

One important measure of the tactical utility of a military radio

is the operating range tha t can be achieved in the tactical environment.

The current (10 W) airborne transceivers (AN/ARC-l14 ) which were designed

for line-of-si ght (LOS) operation , do not achieve sufficient range while

hel icopters are flying nap-of-the-earth (NOE).”t Helicopters are driven

to NOE altitudes (generally lower than 20 m and frequentl y as low as 3 m )

to survive the phys ical 2 and electromagnetic 3 threats of the modern

b a t t l e f i e l d . This problem led to the cur rent  letter of agreement request-

ing a stud y of improved NOE communications .4 The range a radio can

achieve depends upon the radio system parameters (e.g., transmitter

power), the loss of sign al power resulting from propagation from the
t r a n s m i t t e r  to the rece iver , and the ambient radio noise and interference

(or electronic warfare) environment in which the receiving antenna must

operate . The opera t iona l  r e q u i r e m e nt s b 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

a radio is best treated as a random variable .61° A l s o , the propagation ,

noise , and system performance models each have uncertainties that are

best dealt with as random variables . We must consider the odds o

achieving a given range with a given radio system operating in a given

t e r r a i n  and noise env i ronmen t .  This a ppro ach permits statistical com-

b ination of the uncertainties of the many parameters that enter into

“By G. H.  Hagn , contributions by B . C. Tupper.
.4-

References are listed at the end of the A ppend ix.
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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 , PS , 
as a function of range ror a given scenario (radio system ,

terrain , noise environment , operationa l usage), and , by specifying a

required proba bilit y of successfu l communication (p ), then define the

operationa l range (ORY of the radio as that range at which p =

This approach is illustrated in the examp le of Figure A-i .

1 .0 
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0 1 —  —
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DESIRED FlANGE - -- k m

F I G U R E  A-i E X A M P L E  OF P R O B A B I L I T Y  OF SUCCESSFUL COMMUNICATION
AS A FUNCT I ON OF RANGE AND OPERATIONAL RANGE

Let us now define our terms more precisel y and then compute the range

for the baseline (AN/ARC-114) and candidate NOE communication radio sys-

tems in selected examp le terrains of interest.

b. Definition of a Successful Communication

Simp ly stated , a communication success consists of achieving an

adequate communication channel on an acceptable number of tries (i.e., an

J 
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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 fos 90 per-

cent of the tries) with no repeats , whereas other missions may have lowe r
operational reliability requirements. We can describe channe l quality

with a subjective rating scale (e.g., r3 = marginall y 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 al phanumeric (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 .

c. General Method of Computing Probability of Successful
Communicat ion

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 .
11 

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 (R , in dB). Therefore , for the purposes

of this stud y, a communication success is defined as achieving a pre-

detection SNR � R (and hence producing a communication channel of accept-

able quality for a brief portion of an hour on any given communicati-~n

attempt without moving).

Once R
r 

has been de termin ed by consideration of user requirements

and equ ipment characteristics , we must compute the probability tha t the

*The degradation caused to such a system by random impulsive (or quasi-
impulsive) aoise is complex and difficult to treat ana lyt ically. It is
a function of both the channel quality grade of interest and the noise
sta tistics as well as the system parameters (e.g. , modulation index)J2
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a c t u a l  p r e d e t e c t i o n  SNR � R in the o p e r a t i o n a l  environment  of i n t e r e s t .

Such a computation requires estimates of the expected values and vari-

abilities of the received signa l and noise. Models are needed for the

propagation , the noise environment , and the radio system performance.

A L so 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 p r e d i c t i o n  of p .

In summary , we can compute , as a function of distance (d), the

probability of a given candidate radio system achieving a given channel

quality (r.). This calculation is made for a given link (e.g., aircraft-

to-aircraft), which includes specification of antenna heights. The

result is a probability, p (d , r .), which can be compared to a required

~probability ( p )  to estimate an operationa l range , OR , for a given link

and for a required channel quality, r~~. This methodology is illustrated

in Figure A-2 .

2. User Requirements

a. General Comments

To pred ict operational range , the radio system user must specify h is

communi .ation 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 roughn ess

(interdecile range of elevations), and the height and type (density) of

any v e g e t a t i o n .  The season of L~~e year and , in some cases , the  t ime of

day are needed . Also , the  degree of u r b a n i z a t i o n  ( i f  amy) should be

specified . Certain operationa l information is required : antenna physi-

cal he ights and type of siting (random , good s ite , 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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r

user  mus t  specif y the required channel quality (r.) and the required

probability of successful communication

b . Required Operationa l Capability

The required operational capability for NOE communication has been

def ined by the user.5 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.

Th is 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 (p 
r~ 

of this type channe l will be 0.9 for
5 5

all times and locations . 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 wi th samp le message material , we estimate that the

MAy channel would correspond to an A-N score (FM-32O) of 90 percent in the

field . This was confirmed by the FM-320 Test Officer .
’3

The BOC rad io 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 
~sr 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 gr .-ater than 90 percent in the field . Table A -I summarizes the MAV
and BOC channel qualities.

The required antenna siting is assumed to be random for the heli-

copters and good (hillsides) for the ground stations .
14 

Ground-based

retransmission sites are assumed to be excellent (hilltops).
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Tab le  A - l

REQUIRED OPERATIONAL CAPABILITY

Leve l of
Requirement 

r~ 
~sr Repeats A-N Score

Minimum Acceptable Value , MAV r3 0.9 yes

Best Operating Capability, HOC r4 0.9 no >90~

A rural environment is assumed for environmental radio noise (see

Section 5).

3. Radio System Performance Model

Consider first the flow of the RF power of the desired signal from

the transmitter to the receiver dep icted in Figure A-3 . We can write

the  f o l l o w i n g  equa t ion  for  PR :

P R (d) = 
~T 

- LT + CT 
- Lb (d)  + CR 

-

wh ere

= received power (dBm)

= transmitter power (dBm)

LT R = insertion loss of transmission lin e and antenna coupler

(including mismatch loss , if any) for transmitter and

receiver , respectivel y (dB)

CT R 
= antenna gain for the transmitting and receiving antennas ,

respectivel y (dB relative to an isotropic radiator , or dB i )

Lb = basic transmission loss (dB)

The basic transmission loss (L
b
) is defined as the loss between isotrop ic

an tennas  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
b 

and its variabilities are predicted by the

propagation model.L4 The radio system properties are represented in

Eq .  (A - l )  b y 
~T ’ LT ,  CT. GR~ 

and L
R
. For a given system , they can be

considered to be random variables w i t h  expec ted  values  (written ( ‘) and

variances (:~).

It is possible to define a system margin , M (in dB), that is a func-

t ion 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) = signa l power ( in dBm) available from the terminals of a

receiving antenna , identical to the actua l antenna except

that it has no losses (see Figure A-4), located at d km

f rom the  t r a n s m i t t i n g  an tenna .

N = available system o\crall noise power (in dBm) referred to

the same point in the system as S(d).

R = required predetection SNR (dB).

S) d) . N, S N R , Fl,, 4 , AND DEFINED HERE

PHYSICALLY ACCESSIBLE ANTENNA TERMINALS

LOSS FREE ANTENNA
ANTEN NA ~~ TR 

o~1 TRANSMISSION~~ RECEIVER IF DETECTOR

NOISE MATCHING
kt ab NETWORK)

(al Id (tI (H 1.1

MEASURED HERE

SNR MEASURED HERE

POST-DETECTION AUDIO
• SNR MEASURED RERE

t a t )

= t a t ,, ~ 
= 1 + — 1 l ( t ~/t 0 l f~ = 1 + )~ — U)t 1 t 0 )

- system overall
— l Ht ,~ t~~

) + — nh  t0) + 
~~~~~~~ 

1) = 
operating noise fac tor

= 1a — + 
~c 1’ ,~ r , whe n t~ t~ 1,,

FIGURE A-4 RECEIVER BLOCK DIAGRAM AND OVERALL SYSTEM
OPERATING NOISE F I G U R E

We can assume tha t an adequa t e  channe l  f a r  t h e  desi red s ignal  is ach ieved

in the abs ence of undes ired si gnals (including jammers) when S(d) - N � R .

We wan t to compute p :  the probability that M (d) � 0 dB .
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The expected value 01 the marg in can he computed from th~ expected

values of S(d), N and Rr

= (S(d~~ - ( -
~ 

-

Let us assume tha t S(d), N , and R
r 

can each he described as independent

F Gaussian random variables with expected values (means , equal to medians

for this distribution) as stated above and standard deviations c5, ~‘and 
~
Rr~ 

respectivel y. We can now d e f i n e  a new zero-mean Gaussian ran-
dom variable , which we can use to compute p :

~ ~ 
= 

M( d ) : \ M ( c )

where

~M~~~~~~~
+ C

N~~~~ R
+
~~Q

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

able with standard deviation

/ 2 2 2
+~~ +~~

Q c n r

where is the standard deviation of t h e uncertainty of the propagation

model is the analogous value for the moise model , and ~ is the unce;-

tainty in the model for the required channel quality (r.). N we can

compute p (d, r.) = probjM (d, r .) � 0} = 0 .5  -4- 0.5 erfc(Z /., 2). wher e
erfc = error function comp lenient. 14- Z (p ) for seLected p values ef0 sr sr
interest are summarized :

p 0 .5  0 . 7  0 .75  0.8 0.85 0 .9  0 . 9 5  0 .99Sr

z (p ) 0.000 0 .526  0 .675  0.842 1.03 7 1.282 1.645 2 . 32 6
n sr
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We must now derive the components of 0
M • The standard deviation of

the s ignal , a , is:

‘
~~ 

=~~!a~ + a~ + a~ + a
2 

+ a~ + a~ (dB ) ,
T T T R C

where

= standard deviation of the transmitter power (dB).
T

a
L 

= standard deviation of the transm ission line loss (including
T mismatch loss variability) (dB).

a
G 

= standard deviation of the antenna gain for the transmitter
T,R (T) and receiver (R) (dB).

a = standard deviation of the basic transmission loss (dB).
p

= standard deviation of the antenna circuit loss (dB).
C

The standard deviation of the propagation, a is given by:

a~ =~~a~ + a~ + a~ (dB),

where

C
T 

= standard deviation of the time variability of the desired

signal (long-term fading) (dB).

= standard deviation of the location variability (dB).

= standard deviation of vegetation loss , when present (dB).

The Longley-R ice propagation model’4 provides estimates of C
L 

and

A value of 2.4 dB is assumed for c~~.
’6

When the externa l (environmental) noise from the antenna greatly

exceeds interna l radio set noise , the standard deviation of the overall

89

I
- -— - . ~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~ -~~~~

• -— -~~~ - •~~—~~~~
. —. 

~~~~~~~~~~~~ -•j



-~~~~ - 
-
~~~~~ ~~

-,- 
~
-
~
-—

~~
-

system noise referred to the equivalent lossless antenna terminals can be

estimated by assuming independent time and location variabilities:

°N ~~~NL + C~T 
(dB),

where

= standard dev iation of the location variability of the noise

(dB).

= standard deviation of the time variability of the noise (dB).

The noise model provides estimates of for selected environments.

There is variability in R
r 

because of the diff iculty in estimating

exac tly the required prede tec tion SNR . Firs t, there is variability in

R
r 

because of the spread of channel quality values ob tained from a lis tener
panel hearing the same vocabulary at the same audio SNR . Second , there
is var iability at the same audio SNR for different vocabularies that may
be of interest. These effects are accounted f o r  by a zero-mean Gaussian

distribution of R with a standard deviation CR = 1.5 dB. There is alsor r
an uncer tainty in the model itself regarding relating the proper value of
R to the required channel quality, r.; this is described in a similar
manner with ~ = 1.5 dB.

r

Next , let us consider the receiving system in greater detail (see

Figure A-4). We can define an overall receiving system operating noise

factor f, such that the average noise power of the system , n, referred tc
the terminals of the equivalent loss-free antenna is given by:’~

n = fkt b , average noise power (in W) of system referred to the

output of block (a). N = 30 + 10 log
10 

n is the operating sys-

tem noise power (dBm).

f = system overall operating noise factor.

k = Bol tzmann ’s constant = 1.38 X 10 
23 J/K .
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= the reference temperature in K, taken as 288 K.

b the noise power bandwidth of the receiving system (Hz).

The other terms used in Figure A-4 are defined :

the “loss-free” antenna loss factor 
~~a 

~

t
a 

= the effective antenna temperature (K).

f = the antenna external noise factor (F = 10 log f = thea a 10 a
antenna external noise figure).

= the antenna circuit loss factor (power available from lossless

antenna/power available from actual antenna).

t = the actual temperature (K) of the antenna and nearby ground .

f = the antenna circuit noise factor .
c

= the transmission line loss factor (available input power !

available output power).

= the actual temperature (K) of the transmission line .

= the transmission line noise factor.

f = the noise factor of the receiver (F = 10 log f = noiser r r
• figure in dB).

B = 10 log10 b = effective receiver noise power bandwidth , in

dB(1 Hz) = power available in a 1-Hz band from a resistor at

temperature to.

The noise power mus t be expressed at the same point in the rec eiving
sys tem as the signal power and R for use in the margin equation . It ~ c

necessary to refer N to the terminals of an equivalent lossless antenna .~
7

From Figure A-4 let us now define:

L
~~~~

lO log i0 L

L.
~~~~

lO log
io

L
~
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For elec tr ical ly short , lossless dip ole an tennas in free space , the maxi-

mum antenna gain is +1.76 dB relative to an isotropic radiator (dBi).

For a halfwave dipole this value is +2.15 dBi. The maximum gain for a VHF

hel icop ter an tenna wi th no losses or signi f ican t pa ttern per turba tions is

approximately +2 dBi. Therefore , we can estimate the antenna circuit loss

f or our helicop ter an tennas as

Lc 2.0 - C
R

• where G
R 

is an es tima te of the ac tual an tenna ga in rela tive to an isotrop ic

antenna at the input to the matching circuit (i.e., the ~hysica 1l y acces-
*sible antenna terminals).

It is now possible to solve for margin , M(d) , in terms of the sys-

tem, noise , and propagation variables. Let us now combine the equations

for  S(d ) , LC, N , and R
r 

to spec ify M ( d ) :

M(d)=P
T~~~

L
T
+ G

T
_ L

b
( d ) + G

R
+ L

C
_ F _ B + l 7 4 _ R

r ‘ . I
M(d)  

~T 
- LT + CT 

- L
b

(d) - F - B - R + 176

The expec ted value of M(d) is the algebraic sum of the expected values

• of the random variables 
~T’ 

L
T, 

and so on. The propagation , environmen tal
rad io no ise , and rece iver models are described in the following section .

4. Propagation Considerations

The bas ic transm ission loss , Lb, is the loss term tha t is a func tion

of range . The Longley-Rice model ’4 predic ts the “local median” value of
L
b 

in the band 20 MHz to 10 GHz for the case where there are no buildings

~In Figure A-4 we have defined the antenna circuit block to include the
matching circuit losses as well as any losses in the antenna itself.
This corresponds to the case of the tailfin (FM-i) antenna on an OH-58,
where the matching circuit is inaccessible (embedded in the vertical
stabilizer)
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or significant vegetation in the imediate vicinity of the antennas. The

mo d el  also provides a predic tion of the var iabil ity of th is local med ian

with time (C
T
) and with location (C

L
). An estimate of the model predic-

tion uncertainty ( C )  is also given. Propagation data indicate that the

statistical distribution of the local median (in dB) at a given range in
* irregular terrain can be presented by a Gaussian distribution .’8~~

°

For small changes in range of several wavelengths , X (X = 10 m at

30 MHz and 3.95 m at 76 MHz) in irregular terrain , the received signal can
vary about the local medial value because of multipath.

20 22 
The received

signal fading (in ‘iV ) below the local median owing to multi path propaga-

tion has been described by the Rayleigh distribution (see Figure A-S for

a plot of this distribution) .’5”~~~
5 This rapid fading (for a mobile

system moving over relatively short distances through irregular terrain)

is not included in the L
b 

values predic ted by the Longley-Rice model.

—15 I I I  I 1~~ I I
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PERCENT OF LOCAT IONS

FIGURE A-5 RAYL EIGH DISTRIBUTION: ADDITIONAL SYSTEM MARGIN
AS A FUNCTION OF PERCENTAGE OF LOCATIONS COVERED

Increasing system margin 6 dB picks up about 85 percent of
the locations when performance is marginal for median Lb;
8 2 dB picks up 90 percent.
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Some authors have considered superimposing the log-normal and Rayleigh

dis tributions to account for the variation of the local median basic

transmission loss and short-distance variatior~s about the local median .
26

However , it is more convenient to use the Gaussian distribution for the

variation of the l cal median Lb 
and to compensate for the Rayleigh fading

by increasing R
r 

sufficientl y to account for the percentage of nearby

locations for which fading protection is required . Commercial designe rs

of land mobi le  systems in the U . S .  use this  l a t t e r  approach and typical ly

allow 6 to 10 dB more system margin to account  for  t h i s  e f f e c t ,26 ’27

depending on the frequency band (6 dB in the band of in terest  to us) and

quality of the channel required (also see p. 308 of Ref. 22).

The effec t of this fading on FM communication depends on the fade

rate and duration statistics, as well as on the fade amplitude statistics.

Since fading results from the motion of the helicopter(s) through the

mul tipath-caused spatial wave-interference pattern , both fade rate and

fade duration depend upon the velocity of the helicopter(s). As the heli-

cop ter(s) moves, the resulting signal fading causes interruptions of the

voice transmission when noise captures the receiver. These interruptions

produce a differen t subjective effec t as a function of helicopter speed.

A t low speeds (typical of difficult NOE flight), the rate of the inter-

rup tions generally is not as important as their duration . At high speeds ,

the interruptions can be hard to dis tinguish from the effec ts of impuls ive

noise.

The only known method of decreas ing the high p r o b a b i l i t y  of deep

fades without increasing system margin is by using diversity reception .

For the he l icop te r  applicat ion this  would require use of two (or more )

antennas and some form of predetection combiner , unless two receivers are

• used . The simplest system would select the antenna with the best SNR ;

al ternatively, the helicopter could move around over an area of several

hel icopter lengths while listening to the desired signal and pause to

communicate in the location of highest received signal strength . This

may not be operationally desirable or even possible .
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Let us now return to our consideration of Lb, and consider the

effects of foliage and buildings . Median basic transmission loss , Lb
(d),

must also be increased for the effects of foliage and buildings in the

vicinity of the transmitting or receiving antennas. Although these effects

are small compared to L
b
(d), they can affect operationa l range . The

median vegetation loss factor is a function of frequency and polarization .22

The median urban area loss (i.e., the loss that results from operation

in a buil t-up area) is also a function of frequency and distance.22’26 ’3”

It is possible to modify the predicted median basic transmission loss with

additive terms (in dB) to account for these effects (when present):

(L
b
(d)) ELb~~~

(d)I + V ‘ EV(f ,p)) + V [U(f ,dfl, in dB ,

where

(LbLR
(d)) = the Longiey-Rice median value at distance d , in dB;

(V(f ,p)) = vegetation loss factor as a function of frequency,

f in MHz, and polarization , p(v or h), in dB; and

<tJ(f,d)) = 16.5 + 15 log10 
- 0.12 d

(km)]

= urban area loss factor , in dB.
37

The var iable V is equal to 1 if both terminals are in vegetation .

The variable V is equal to 0 if both terminals are in open areas , 0.5 if

one antenna is in an urban area , and 1 if both antennas are in u rban areas.

Only one of these factors (V , V )  can app ly to any given terminal.

For our case it was assumed that V = 0. Foliage was considered

(e.g., V > 0) for antenna heights of Sm  or less. Relatively small

values were used for foliage loss . The assumed foliage loss for vertical

polarization V(f ,v) was 1.1 dB at 35 MHz, 1.3 dB at 45 MHz, and 2.3 dB

at 65 MHz. A C
f 

2.4 dB was used as the estimate of standard deviation .’6
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5. Environmental Radio Noise Model (23-100 MHz)

To compute the predetection SNR and its variability , it is nec essary

to assume a model for the environmental radio noise. One practical

approach to this problem is to assume that the military environment of

interest is identical with one of the civilian environments for which the

appropr iate noise parameters have been measured. To predict the median

SNR we need the median antenna environmental noise figure , F . Dataam
are available in the literature for the parameter F for rural , residen-am
tial and bus iness areas in the United S tates for the fr equency band

250 kHz to 250 MHz.29’3° The measured data were obtained using electri-

cally shor t , ver tically polarized antennas located near ground , and a

least-squares fit was made to obtain an equation for F as a function of
am

frequency. Data were ob tained in 23 bus iness areas , 38 residential areas ,

and 31 rural areas . The location variability of the median antenna noise

for environments of the same category was expressed as a standard devia-

tion , CNL) and the time variations during a one-hour period at a given

Location were given as upper and lower deciles (D and DL, in dB) refer-

enced to the median. We would like to estimate an overall o~ for the fr~-

quency band of interest , and assume the noise is described by a Gaussian

distribution with mean = median = F and standard deviation a . Let us
am N

assume independence of the time and location variability and define:

C
N 

=~~
!0

~~L 
+ C

~~T 
(dB),

where

2 2 1/2

C
NT 

~ l (D~ 
D~
) 

(dB).

The measured data on variability (in dB) are summarized in Table A-2.
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Table A-2

SUMMARY OF VARIABILITIES OF MAN-MADE NOISE

________- J Bus iness R~- s i d€ n t i a 1  Rur l

• F r e q u s n c ) ,  H . 
t (Mfl ) 0 0 

~~T ~NL ~~ ~~

20 10.5 7 .6  7 .2  ...9 8.1 10.6 ‘~.5 6 . 9 4 . 7  8 .3 7 . 8  5 . 5  5 .3 ..~~3 7. 0

: ::: ::~jj: ::: ~: 
i:

:: 2 7 ~~~~? 9  10 5 3 1  : : j : 8 [ 7 :

For the purposes of this analysis , we assumed that the noise envi-

ronment of a helicopter or jeep deployed in the field would be best

approximated by the rural noise environment , with F = -27.7 log
10 

f~~

+ 67.2 dB , and = 7.0 dB , where the standard deviation is assumed to be
*independen t of frequency in the band 20 to 100 11Hz.

It is possible to define an additional uncertainty to the noise model

to describe the uncer tainty in model accuracy (from the stand po int of our

assumption of the match between our military antenna/environment and the

civ ilian antenna/environment for which we have data) . We can describe

this uncertainty as a zero-mean Gaussian random variable with sLandard

deviation C . For the purposes of this study, we assumed a = 2.5 dB.

For comp leteness , it is noted tha t the SINCGARS TOD assumed the fol-

low ing environmental noise values: F = 25 dB at 30 MHz, 17 dB at

50 MHz, and 12 dB at 80 MHz.32 These values , based upon measurements at

a rural field site at Wayside , New Jersey (near Fort Monmouth), agree

reasonably well (within 3 dB) with ou~ val ues of 26.3 dB , 20.1 dB , and

14.5 dB , respec ti vely (see Figure A-6). Also shown for comparison in

*The base station noise environment can be approximated by the rural case

• for small bases and by the residential case for larger bases , with Fam =

-27.7 log10 ~MHz 
+ 72.5 dB and = 8.3 dB . For analysis purposes , a

bes t-case noise environment is established by the presence of ~alactic
noise , with Fam = 23.0 log~~ ~M~Hz 

+ 52.0 dB and CN = 1.5 dB .3 For a
worst-case analysis , we can use the business portion of an urban area ,
where we can assume Farn = -27.7 log10 

~MH~ 
+ 76.8 dB and = 10.4 dB.
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FIGURE A-6 ESTIMATES OF MEDIAN VALUES OF MAN-MADE, ATMOSPHERIC ,
AND GALACTIC NOISE EXPECTED NEAR FULDA,
FEDERAL REPUBLIC OF GE RMANY , SUMMER

Figure A-6 are day and night values of atmosp heric noise during summer

for the Fulda Gap area of the Federal Republic of Germany .3’ Rural noise
exceeds atmospher ic noise during day and night for frequencies above

* 20 MHz , and for this reason it was used in the analysis.

It should be noted that cochannel (other user) interference also

lim its the performance of tactical radios , in the field , and intentional

interference (jamming) can have catastrophic effects. Both of these

effects are outside the scope of this appendix , and not considered here .

The effects of jamming were considered in the SCORES effectiveness ana lysis
• 

(e .g. , se~ Table 16).

6. Description of the Radio System

Three candidate VHF/FM aircraft systems were modeled using the predic-

tion program. These were Baseline (AN /ARC-l14) , Imp roved FM tested at Fort

Hood (IFM--Ho od), and Improved FM Best Technical Approach (IFM--BTA) .
39

The ground system used for each of these candidates was the AN /VRC-46
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(RT-524), with a RC-292 vertical antenna mounted on a 10-rn mast and fed

by 30.5 m of RG-8 coaxial cable . A ground retransmission system was also

considered (the AN/’1).C-49). Three modern I-IF radios with transmitter

powers of 40, 100, and 200 W (PEP) were analyzed for groundwave trans-
mission at 25 MHz. These systems are described in greater detail in the

remainder of this section .

a. AN/ARC-l14 System (FM Baseline--Aircraft )

The AN/ARC-l 14 technical characteristics are summarized in Table A-3.

Table A-3

AN/ARC-i 14 TECHNICAL CHARACTERISTICS

Parameter Value

Receiver sensitivity 0.6 .iV open circuit--l17.4 dBm
(for audio (S+N)/N = 10 dB) (see also screen room data

in Figure A-7)

Peak deviations , £~f 8 kHz , but adjustable 4 to 12 kHz

Modulating frequency, f 3.6 kHz

Modulation index , rn 2.2

IF bandwidth 3 dB ~ 20 kHz , 6 dB = 30 kHz ,
6O dB = 6O kHz

Noise power bandwidth , b 25 kHz (es timated)
No ise f igure 7 dB ± 1 dB
Transmitter power +40 dBm (nominal)

We have measured the al phanumeric (A-N) score for the AN/ARC-114 in

the screen room as a function of in dBm . The results are given as

Figure A-7 . We can select a required A-N score and determine P -rmin
(screen room) from Figure A-7. Had we had a relationship between A-N

score and audio SNR , then we would have needed the relationship between

99
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postdetection S~R and predetection SNR given in Figure A-8. Note that a

10-dB audio SNR corresponds to a predetection SNR of about 6 dB . If we

allow ano ther 6 dB to account for multipa th effec ts (s ee Sec tion 4) , then

R ~ 12 dB for a marginal (r3) channel for the AN/ARC-ll4. We will Con-

sider th is our minimum acceptable value (MAy). This would correspond to

an A— N score of about 90 percent. Our best operating capability (BOC) of
• >90 percent A-N score for a good (r4) channel would require an R

r ~ 
16 dB

• for mobile operation. Here we have assumed that the environmental noise

affec ts the receiver to the same degree as Gaussian noise with the same

average power. The assumption is exactly correct for galactic noise.

This assump tion is the best one we can make for channel qualities similaL

to those achieved just above squelch break (10 dB audio SNR), but it is

not valid for high-quality channels (r4 or r5) affected by impulsive

noise.
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Let us now consider the median values and distributions of 
~T’ 

LT,

G
T~ 

C
R
, and L

R 
for the baseline system consisting of the AN/ARC-1l4 and

the FM-I (tailfin) antenna for the OH-58 helicopter.

Measurements made at NAS Lakehurst , New Jersey by C . H. Hagn ,

J. V. Brune , and F. M. Cansler in April 1977 on two AN/ARC-ll4s operating

into the FM-I antenna and into the FM-2 antenna on OH-58 No. 6806 indi-

cated a median = +39 dBrn and a °
~T 

= 1.8 dB resulting from 
~T 

varia-

tions only across the band 30 to 75 MHz (see A ppend ix F). We will assume

= +40 dBm with 0
~T 

2 dB.

The transmission line in the OH-58 is assumed to be 30 ft (9.1 m)

of RG-58 with a flat-line insertion loss of L
T 

= L
R 

= 1.0 dB at 35 MHz ,

1.1 dB at 45 MHz, and 1.4 dB at 65 MHz.

Three sources of antenna gain data are available: The Lakehurst

tests , the Bell report ,
33 and the McDonnell-Douglas report .34 The antenna

gains in dBi were measured at Lakehurst every 30° in azimuth for the FM-i

and FM-2 antennas on the OH—58 for skid heights of 1 and 10 ft. The

median gain as a function of frequency is given in Table A-4; these values

are accurate to ± 2 dB. The standard deviations of the pattern nulls ,

cons idered as a normal dis tribut ion, were estimated for these data and

for the data in the Bell report. The average value was 1.9 dB. The

s tandard deviation was typ ically 1.5 dB excep t in the vicinity of 30 MHz
(2.5 dB) and 60 MHz (3.5 dB), where presumably aircraft resonances pro-

vided the greater standard deviations. For this stud y we will assume

GT 
= 

~GR 
= 2.0 dB .

Table A-4

MEASURED MEDIAN GAIN (IN dBi) OF OH-58 TAILFIN ANTENNA (FM-i)
AND COMPARISON WITH SINCGARS ASSUMPTIONS

Frequency (MHz)

Measurement 30 40 50 60 70 80

FM-I -19.4 -14.3 -7.9 -1.7 -7.4 n.d.

SINCGARS TOD -4.0 n.d. 0.0 m .d. n.d. -4.0
(AS-l703/AR)

m.d . = no data .
102
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Table A-S gives the median values and standard deviation for trans-

mitter power (P
1
), antenna gain (GT, CR), and transmission line and mis-

match loss (L
T, 

L
R
) at three frequencies for the AN/ARC-114 baseline

radio. Effective radiated power (ERP) for this sys tem is given from :

ERP 
~T 

- L
T 
+ C

T 
(dBm).

These equipment values were used to predict the probability of successful

communications , p ,  at range d using the model.

Table A-5

AN/ARC-ll4 SYSTEM PARAMETERS

P a a
Frequency _____ 

T 0
pT L

T,
L
R 

L
T 

GT,GR GT R  ERP
(MHz) (W) (dBin) (dB ) (dB) (dB ) (dBi) (dB) (dBm)

35 10 40 2 1.0 1.5 -16 2 23.0

45 10 40 2 1.1 1.5 -10 2 26.9

65 10 40 2 1.4 1.5 -4 2 34.6

b. AN/VRC-46 System (FM Baseline--Ground)

The s tandard A rmy AN/VRC-46 radio was used as the ground radio for
all FM systems evaluated . This system consists of an RT-524 receiver!

transmitter operating into an RC-292 elevated , vertically polarized mono-

pole antenna with three ground radials. A 10-rn (s~ 30 ft) mast was used.

An antenna ga in of 0 dB i was assumed , and the antenna also was assumed to

have an omnidirectional pattern (OCT = 1 dB). For the ground radio it

was assumed that 100 ft of RG-8 (or equivalent) coaxial cable connected

the transceiver to the antenna . RT-524 operatic was assumed to operate

in the high-power (40 W) mode . Table A-6 summa zes this system ’s median

values and assumed standard deviations.
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Table A-6

AN/ VRC-46 SYSTEM PARAMETERS

Frequency _____ ~T °PT LT,~~~ 
°LT R  GT, G

R 
°GT R  ERP

(MHz) (W) (dBm) (dB) (dB) (dB) (dBi)  (dB) (dBm)

35 40 46 1.3 1.2 1.5 0 1 44.8

45 40 46 1.3 1.3 1.5 0 1 44 .7

65 40 46 1.3 1.7 1.5 0 1 44.3

c. Fort Hood Improved FM (IFM--Hood)

The Fort Hood Improved FM (IFM--Hood) was tes ted at Fort Hood , Texas

during the TCATA FM-320 NOE Communication test (October-December l976).~~
The system consisted of the AN/ARC-l14 transceiver and 40-W broadband

amplifier. The amplifier was connected to the tail fin (FM-i) antenna

of the OH-58 aircraft. The aircraft antenna is a broadband , folded
rad ia tor enclosed as an integral par t of the vertical stabilizer.33

Table A-7 summarizes this system ’s median values and assumed standard

deviations.

Table A-7

IFM - -HOOD SYSTEM PARAMETERS

Frequency _____ ~T 0PT L
T,~~ 

0
LT R  G

T,
G
R 

0
GT R  ERP

(MHz) (W) (dBm) (dB) (dB) (dB) (dBi) (dB) (dBrn)

35 40 46 2 1.0 1.5 -16 2 29.0

45 40 46 2 1.1 1.5 -10 2 34.9

• 65 40 46 2 1~~4 1.5 -4 2 40.6

_ _ _  _ _ _  
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d. Improved FM--Best Technical Approach (IFM--BTA)

The Improved FM--Best Technical Approach (IFM--BTA ) system was

designed by the U.S. Army Avionics R&D Activity , Fort Monmouth , New Jersey

af ter review of laboratory and field test results , study of VHF/FM system

components , and l i m i t e d  d i scuss ions  w i t h  i n d u s t r y.
39 

The sys tem des ign

parameters are engineering estimates for a VHF/FM system achievable within

technical constraints. Major technical constraints are transmitter powe r

limitations and aircraft antenna gain.

This system uses an AN/ARC-114 transceiver operating into a nominal

40-W broadband amplifier. Amplification is selective by frequency band

wi th greater than 40 W of power provided in the 30 to 40 MHz portion of
the spectrum to compensate for antenna inefficiency. The amplifier would

be matched to an optimum low-impedance feed point of a Contractor-Furnished

Equipment (CFE) aircraft antenna (or, alternatively , a new antenna). The

design goal for the amplifier and antenna system was to achieve 40-41

effective radiated power (ERP) to establish communication parity with the

ground VHF/FM radio. For the prediction analysis, the tailfin (FM-i)

antenna on the OH-58 aircraft (modified to provide better impedance

matching) was assumed . Table A-8 summarizes this system ’s median value s

and assumed standard deviation.

Table A-8

IFM - -BTA SYSTEM PARAMETERS

P 0 0

Frequency T C~~~ LT,L.~ LT R  G
T,

G
R 

G
T,R ERP

(MHz) (W) (dBm) (dB) (dB) (dB) (dBi) (dB) (dBm)

• 1 35 80 49 2 1.0 1.5 -10 2 38.0

45 40 46 2 1.1 1.5 -3 2 41.9

65 40 46 2 1.4 1.5 0 2 44.6
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e. Retransmission (Ground)

The ground retransmission system was assumed to be an AN/VRC-49

equipped with a RC-292 antenna . The system characteristics are the same

as those for the AN/VRC -46 (Table A-6). In the model , the ground antenna
was sited under “excellent” cond itions--on a hilltop or mountaintop,

thereby increasing the effective height of the antenna . The effective

hei ght (h f f ) is de term ined by the structural height of the antenna (h),
and the elevation of the intermediate foreground (hIF), which is deter-

mined statistically for a given terrain . For excellen t siting,

h f f = h + h IF

The retransmission case was analyzed in the model for Fulda Gap ter-

rain, having an interdecile range of 300 m. Three siting codes were used

in the model--random siting (used for all aircraft), good siting (used for

the ground s tations), and excellent siting (used for the retransmission
ground station). For Fulda terrain , these he ights are given in Table A-9 ,

for an RC-292 antenna (structural height of 10 m).

Table A-9

EFFECTIVE ANTENNA HEIGHTS FOR AIRCRAFT ANTENNAS
AND RC-292 (10 m) GR OUND ANTEN NAS--FU LDA TERRAIN

Type of Station Antenna
Siting Code Used in Model Effective Height (m)

Random (0) Aircraf t 3.0

Good (1) Ground 14.7

Excellent (2) Retransmission 19.4
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f .  HF/ SSB Radio Systems (Groundwave)

The performance of a modern , multipower HF/SSB aircraft radio operat-

ing in groundwave mode was analyzed using the model. HF/SSB radio speci-

fications from a modern commercial design are given in Table A-b .

Table A-b

HF/SSB TECHNICAL CHARACTERISTICS

Parameter Value

Receiver sensitivity 0.7 ~LV open circuit
for  aud io (S+N)/N = 10 dB (-116.1 dBm--50 Q)

IF bandwidth--6 dB point (kllz) 3.0

Noise power bandwidth , b (kHz) 2.8

Noise figure (dB) 7

Transmi tter power , 
~T 

(W PEP) 40 , 100 , 200
Transm itter speech processing gain (dB) 3-4

Groundwave performance at 25 MHz was analyzed using the model for

three aircraf t powers:

• System 1-- 40 W PEP with speech processing . This power could be
used at intermediate ranges to minimize EW detection. This case
was treated in the TOD.3

• System 2--100 W PEP with speech processing . This case corresponds
to the AN/ARC-174 tested at Fort Hood (FM-320).35

• System 3--200 W PEP with speech process ing. This case corresponds
• to the highest power output contained in the BTA . If a 3-dB

improvement in power is assumed by vir tue of speech pro cess ing,
this case would correspond to the AN/ARC-102 (400 W, no speech
processing) aircraft radio . This case was also treated in the
TOD .36

The aircraft system consisted of the candidate HF/SSB system (System

1, 2, or 3) operating into the shorted-loop antenna (ECOM loop), on an
OH-58 aircraft. Table A-li summarizes the median values and assumed
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standard deviations , at 25 MHz. A large value of 0GT 
was assumed for the

aircraft antenna because of azimutha l antenna pattern variations .40

The ground station used for the analysis w~ s the AN/GRC-b06 HF/SSB

transceiver operating into a vehicular-mounted 15-ft whip antenna . The

ground vehicle and antenna were assumed to have “good” siting. An effec-

tive an tenna height of 3 m was used for the 15-ft whip. The ground sta-

tion median values are also listed in Table A-il.

Table A-il

HF/SSB AIRCRAFT AND GROUND STATION SYSTEM PARAMETERS
FOR GROUNDWAVE MODEL AT 25 MHz

~
‘
T 

LT,LR 
°LT R  GT,GR 

°GT R  ERP
System (W) (dBm) (dB ) (dB) (dB) (dBi) (dB) (dBm)

1 40 46 2 1 1.5 —3 5 42

2 100 50 2 1 1.5 -3 5 46 . -

3 200 53 2 1 1.5 —3 5 49

AN/GRC-106 400 56 2 1 1.5 0 1 55

7. Terrain Descriptions

Since the U.S. A rmy requires contingency p lans for operation under

differing geographic and clima tic cond itions , different loca t ions were
selected to evaluate candidate system radio performance. Locations wer e

chosen for both operational and technical reasons . Technical performance
of the radio systems will vary for terrain having different physical ,
electrophysical , and elec tromagnetic environments .

41 
Five different ter-

rain types originally were selected ; however , only threc were used in the

analysis--Fort Hood , Fulda Region (Federal Republic of Germany), and
Korea . These general locations were evaluated over an area occupied by

a typical division to estimate the physical terrain characteristics.

Ground constant estimates were obtained from the USA Mobility Equipment

108
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R&D Center (MERDC), Fort Belvoir , virginia.
42  

The earth ’s surface refrac-

t ive index , N5
, was ob tained from Bean et al.

38 (N
5 

does not significantl y

affec t propagation at frequencies below bOO MHz for low antenna heights and

ranges less than 50 km.) A constant of N
~ 

= 301 (typical of the contir.en-

tab temperate climate) was used for all test case terrains .

a. Fort Hood, Texas

Th Fort Hood site was chosen because it was the FM-320 test site and

is hilly terrain . The Fort Hood operational area consists of 100- to

300-ft plateaus (estimated) rising from the surrounding terrain. The

interdecile range is 90 m. The sparse vegetation is dominated by grasses ,

shrubs , and scrubby trees. Ground conductivity is good . The longest

communication ranges (relative to the other terrains) were predicted for

For t Hood ; the physical constants used are given in Table A-12.

Table A-12

ENVIRONMENTAL CONSTANTS FOR THREE TERRAINS

Frequency (MHz)

Location/Parameter 25 35 45 65

For t Hood
Interdec ibe range , i5h (m) 90 90 90 90

Conductivity , a (mhos/m) 0.03 0.04 0.045 0.0595

Dielec tric cons tant , € 15.5 15.5 15.5 15.5
r

Fulda Gap

Interdecile range , t~h (m ) 300 300 300 300
Conduc tivity, a (mhos/m) 0.01 0.012 0.013 0.0229

Dielec tric cons tant, c 9.5 9 8.8 8.2
- I r

Korea
Interdecile range , L~h (m) 430 430 430 430
Conductivity, 0 (mhos/m) 0.002 0.0028 0.0032 0.0044

Dielec tric constant , € 7 7 7 7
r 
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b. Fulda Gap, Federal Republic of Germany

The Fu bda Cap s it e , in the general vicinity of the city of Fulda ,

was chosen because of its operational signi ficance , and because the de-

tailed SCORES scenario (Europe I Sequence 2A) was also run in this ter-

rain. Fulda Gap is low , mountainous country consisting of ridges and

va lley. - The interdecile range is 300 i n.  The area is moderately foliated

by both dec iduous and evergreen trees , low undergrow th, and grasses.
Ground conductivity is good. Communication ranges shorter than those for

Fort Hood were predicted for Fulda ; the physical constants are given in

Table A-l2.

c. Korea

An area in Korea (38°N, b27°E) was chosen for operationa l reasons ;

it is r e p r e s e n t a t i v e  of moderately rugged mountains . The interdecile

range is 430 in. The vegetation varies from wetland rice paddies to woods

(brush wood). Earth conductivity varies , but is generally poor over most
of the mountainous terrain. Communication ranges shorter than Fubda Gap

were pred icted for this terrain ; the physical constants are given in

Table A-l2.

d. General Environmental Descriptors

Table A-13 gives a generalized terrain description for comparison

with the test cases and relates ground descriptors to interdecile ranges.

8. Operational Range Estimates

a. Probabil ity of successful communications , p~~, as a function of

range was calculated from the model for three terrains--Fulda Gap, Fort

Hood , and Korea . Example results are shown graphically in Figure A-9

for Fu lda Gap, at 45 MHz, for air-to-air , air- to-ground , and ground-to-
air links . Three VHF/FM systems are plotted in each graph--Baseline

(AN/ARC-1l4) , IFM--Hood , and IFM--BTA . The ordinate of each plate is the

probabil ity of successful communications , p for a 45-MHz link . For

examp le , consider the IFM--BTA system operating in an air-to-air link ,

110 
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Table A-l3

TERRAIN TYPE AND INTERDECILE RANGE

Interde ci le Range ,
Type of Terrain ~h (in)

Water or very smooth pla ins 0-5

Smooth p lains 5-20

Sl~ gh t1y roil ing plains 20-40

Roll ing plains 40-80

Hills 80-150

Mountains 150-300

Rugged mountains 300- 700

Ex tremely rugged mountains >700

for which successful communication is predicted to occur with probabi l ity

p � 0.9 out to a range of 6 km; at p 5 = 0.5 the range is approximatel y

17 km tFigure A-9(a)}. Random siting was used for the aircraft-aircraft

links. -

Figure A-9(b) contains predictions for the air-to-ground link . Corn-

municat ion ranges are larger because of increased ground antenna height
and good (hillside) siting of the ground antenna . Figure A-9(c) contains

predic tions for the ground-to-air link . Communication range s are still

grea ter , owing to higher transmitted power , an tenna gain, and siting .

The Baseline and IFM-Hood systems for ground-to-air communication have

the same performance , since they have identical receiving antennas and
receivers (see Section 6).

Pred ictions were calc u lated for ranges out to 80 km by the program ,
and plotted on two scales: 0 to 30 km (linear) and 0 to 80 km (semi-

logri thmic). Figures A-9(a) to A-9(c) are examp les of the linear p lots ,

whereas Figure A-9(d) is an example of the semilogrithmic plot of the

ground-to-air predictions.
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b. Tabular Results -

The p robab i l i t y  of successful  commun ica tion , 
~~~~~~ 

and co r r espond ing
¼ ranges is given in Tables A - l4  through A- 19 for a required probability,

~sr 
= 0.9 , 0.8 , 0 .7 , and 0.5. The raLiges for three VHF/FM systems are

g iven .  These are :

• Baseline (AN/ARC-b14)

• Improved FM (Fort Hood)

• Improved FM (Best Technical  A pproach)

Three HF/ SSB system ranges (all for systems with speech processing) are

given for groundwave mode at 25 MHz . These are :

• HF/SSB 40 W PEP -

• HF/SSB 100 W PEP

• HF/ SSB 200 W PEP

The resul ts are given for three terrains--Fort Hood , Fu bda Gap,  and

Korea (mountains). Commur~~cation range dtcreascs as terrain irregularity

(interdecile range) increases .

An*~nna heights (in , AGL) and sitings are given in the tables. The

required SNR (R
r
) for minimum acceptable quality (MAV) for VHF/FM systems

• is 12 dB , inc lud ing  a 6-dB protection term for Ray leigh fading (85 percent

of the l o c a t i o n s ) .  For HF/SSB system , the minimum required S\~R to pro-

duce a channel quality having the MAV is 10 dB.  No protection term was

included for Rayle igh fad ing for the HF case; however , a 4-dB credit was

assumed for speech processing and included in R = 10 dB.
4 3  

A greater

value of R would be needed for operation in the secure node using the
- I r

PARKHILL app lique.

c. Retransmission

Communicat ion range between two a i r c r a f t  (A 1, A 2 ) via a ground retrans-

mission station (G) was estimated from the model for Fulda Gap.  The air-

c r a f t  were assumed to be random ly sited at 3-m altitudes and equipped with

IFM--BTA rad ios. The ground station was assumed to be sited under excel- 4

ben t conditions (hilltop or mountaintop), and be equ ipped with a VRC-49

radio opera ting into a 10-rn RC-292 antenna .
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Ta b le A - l 4

• OPERATIONA L RANGES FOR STATED REQUIRED PROBABILITY OF COMMUNICATION :
HF/SSB , FORT HOOD TERRAIN

(R = 10 dB)

R e q u i r e d  P r o b a b i l i t y
of S u c c e s s f u l  Communicat ion , O p e r a t i o n a l  Range  (km)

• P s r ,  a t  In d i c a t e d
Frequency  and Link * 40 W PEP t 100 W PEP~ 200 W PEP t

p = 0 .9sr
25 MHz , a i r  to a i r  20 25 34
25 MHz , a ir  to ground 25 32 40
25 MHz, ground to air  48 48 48

p = 0.8
Sr

25 MHz , a i r  to a ir  33 37 50
25 MHz , a i r  to ground 38 45 57
25 MHz , ground to air  64 64 64

p =0.7sr
25 Mhz , a i r  to a ir 43 50 62
25 MHz , ai r  to ground 50 60 71
25 MHz , ground to air  79 79 79

p = 0.5sr
25 MHz , a i r  to a i r  65 73 >80
25 MHz , air  to ground 72 >80 >80
25 MHz , ground  to a i r  >80 >80 >80

For a i r - t o - a i r  l inks , assumes bo th  an tennas  a t  3-meter he ig h t s , both
random s i t i n g s .  For a i r- t o -g r o u n d  links , assumes aircraft antenna at
3 meters with random siting , ground antenna at 10 meters with good
s i t i n g .

t
O p e r a t i o n a l Range e s t ima tes  based on aircraft transmitter being equipp~ d
w i t h  speech p r o c es s i n g  c i r c u i t ry  ( P r o c e s s i n g  Gain  4 dB) and o p e r a t i n g
in t h e  c l e a r  ( u n s c c u r e d ) mode .

114

-L. 
~~~~_ . •~~~~~~~~~~~~~~~~ •~~~~~~ • •_~~~~• •• . 

•~~~~~~~~~ • •~~~~ • •. ~~~~~~~~~~~~~ •~~~ • • • • •



Table A- IS

OPERATIONAL RANGES FOR STATED REQUIRED PROBABILITY OF COMMUNICATION :
HF/SSB , FULDA GAP TERRAIN

(R = 10 dB)

Requ ired Probabil ity
of Successful Communication , Operational Range (km)

Psr’ at Ind ica ted
Frequency and Link* 40 W PEP 100 W PEPt 200 W PEP t

p = 0.9sr
25 MHz, air to air 12 15 19
25 MHz, air to ground 16 19 26
25 MHz, ground to air 28 28 28

p = 0.8sr
25 MHz, air to air 19 23 31
25 MHz, ai r  to ground 24 30 39
25 MHz , ground to air 43 43 43

p = 0.7sr
25 MHz, air to air 28 32 42
25 MHz , air to ground 35 40 52
25 MHz , ground to air 57 57 57

• p = 0.5sr
25 MHz, air to air 48 52 55
25 MHz, air to ground 55 62 77
25 MHz, grntind to air >80 >80 >80

*For air-to-air links, assumes both antennas at 3-meter heights , bo th
random sitings . For air-to-ground links , assumes aircraft antenna at
3 meters with random siting , ground antenna at 10 meters  wi th  good
s i t i n g .

1-
Operational Range estimates based on aircraft transmitter being equipped
with speech processing circuitry (Processing Gain ~ 4 dB) and operating
in the clear (unsecured) mode .
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Table A-l6

OPERATIONAL RANGES FOR STATED REQUIRED PROBABILITY OF COMMUNICATION :
HF/SSB , KOREA TERRAIN

(R = 10 dB)

Required Probability
of Successful Communication , Operationa l Range (kin)

p , at Indicatedsr t t tFrequency ano Ltnk ’~ 40 W PEP 100 W PEP 200 W PEP

p = 0.9sr
25 MHz , air to air 10 12 16
25 MHz , air to gro und 15 17 20
25 MHz , gr ound to air 22 22 22

p = 0.8sr
25 MHz , ai r  to air 15 18 24
25 MHz , a ir to ground 20 23 32
25 MHz , ground to air 37 37 37

p = 0.7sr
25 MHz , a i r  to a i r  22 27 34
25 MHz, air to ground 28 32 42
25 MHz, ground to air 47 4~ 47

p = 0.5
• sr

25 MHz, air  to air 39 43 56
25 MHz , ai r  to ground 47 52 65
25 MHz , ground to air  70 70 70

For air-to-air links , assumes both antennas at 3-meter heights , bo th
random s i t i n g s .  For a i r- to -g round  links , assumes aircraft antenna at
3 meters  w i th  random s i t ing , ground antenna at 10 meters  w i th  good
siting .

tOperat .ional  Range es t imates  based on a i r c r a f t  t r a n s m i t t e r  being equi pped
w i t h  speech p roces s ing  c i r c u i t r y  ( P r o c e s s i n g  Cain 4 dB) and op e r a t i n g
in the c l e a r  ( u n s e c u r e d)  mode .
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• Table A -17

OPERATIONAL RANGES FOR STATED REQUIRED PROBABILITY OF SUCCESSFUL COMMUNICATIU~~:
VHF / FM , FORT HOOD TERRAIN

(5 12 45)

Required Probability of Successful Operational Range (Ion)
Counnunication~ Par’

at Indicated Frequency and Link* AN /ARC-114 IFM--Hood IFM--BTA

~sr 
0.9

35 MHz , air to air 1.9 2.5 6
35 MHz , air to ground 4.2 6.2 12 . o
35 14Hz , ground to air 11.8 11.8 14

45 MHz, atr to air 3.4 4.6 8.3
45 MHz , air to ground 6.2 9.2 13.8
45 14Hz , ground to air 13.8 13.8 15.5

65 MHz , air to air 5 7.6 9.8
65 MHz, air to ground 9.5 13.7 16.8
65 MHz~ ground to air 15.5 15.5 16.5

0.8

35 MHz , air to air 2.7 4 8.7
35 11H z , air to ground 6.0 8.7 17.8
35 MHz , ground to air 16.7 16.7 19.3

45 MHz , air to air 4.5 6.8 11.9
45 MHz , air to ground 9.2 12.8 18.7
45 MHz , ground to air 19.1 19.1 21 .5

65 MHz , air to air 7.5 10.8 14
65 11Hz , air to ground 13.5 19 23
65 MHz , ground to air 21.5 21.5 22.5

Psr
35 14Hz , air to air 3.6 5.4 11.2
35 MH z, air to ground 7.6 11 22
35 11Hz , ground to air 21 21 26.5

45 MH z, air to air 6.2 9 15
35 MHz , air to ground 11.5 16 22.8

• 45 MHz , ground to air 24.2 24.2 27.8

65 M11z , air to air 10 14 19.5
65 MH z, air to ground 17.5 24 30.5
65 MHz , ground to air 28 28 30

• 
~sr

35 MH z, air to air 5.7 8.3 18
35 MHz , air to ground 11.5 16 33
35 11Hz, ground to air 33 33 39

45 MHz , air to air 9.5 13.5 26
• 45 11Hz, air to ground 16.8 23 36

45 MHz , ground to air 37 37 I
65 MHz , air to air 14.5 2 2 . 4  31
65 MH z , air to ground 26 37
65 MHz , ground to air 42 42 45

*For air-to-air Links , assumes both antennas at 3-meter heig hts , both random sitings .
For air-to-ground links , assumes aircraft antenna at 3 meters with random siting,
ground antenna at 10 meters with good siting.
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Table A-1 8

OPERATIONAL RANGES FOR STATED RRQUIRED PROBABILITY OF SUCCESSFUL CO~ 4UNICAT1ON :
VH F/FM , FULDA GAP TERRA IN

(R — 12 48 )

Require d Probability of Successful Orerational Range (km)
Conanunication , p

at Indicated Frequency a
r
~,d Link* AN /ARc-ll4 IFM--Hood IFM- -BTA

~sr 
0.9

35 MHz , air to air 1.0 1.5 4.0
35 MH:~, air to ground 2.8 4.3 10.2
35 14Hz , ground to air 9.7 9.7 11.5

45 MHz , h r  to  air 2.0 3.1 5.9
4~ MHz , air to ground 4.7 7.1 11
45 MHz , ground to air 10.5 10.5 11.9

65 MH z , air to air 3.4 5 6.9
65 MHz , oir to ground 5.5 9.5 12
65 MHz , ground to air 11.2 11.2 12.2

~sr °~
8

35 MHz , air to air 2.5 4 8.2
35 14Hz, air to ground 6.4 9.2 18
35 MHz , ground to air 17.2 17.2 19.2

45 MU.~ , air to air 4.5 6.6 11.3
45 MHz , air to ground 9.5 13.3 19
45 MHz , ground to air 17.3 17.3 20.2

65 MHz , air to air 7 10 13
65 11Hz , air to ground 13 17.6 21.3
65 14Hz, ground to air 20 20 21.2

~sr 
= 0. 7

35 MHz , air to air 2 3 6 .5
35 MHz , air to ground 4.5 6.8 14.2
35 MHz , ground to air 13.7 13.7 15.5

45 11Hz , air to air 3.2 5 8.5
45 M h z , air to ground 7 10.2 15
45 MHz , ground to air 15 15 16.3

65 Mhz , air to air 5 7.7 10
65 MHz , air to ground 10 14 17
63 MHz , ground to air 16 16 17

p =0.5sr
35 MHz , air to air 4.5 6.5 12.8
35 MHz , air to ground 10 13.9 21.8
35 MHz , ground to air 24.5 24.5 30

• 45 MHz , air to air 7.4 10.5 18.2
45 MHz , air to ground 14.2 19 28
45 MHz , ground to air 27 27 31

65 MHz , air to air 11 15.2 22.2
65 MHz , air to ground 19.2 26.2 29

[ 

65 MH z, ground to  air 31 31 33

For a ir- to-oi r links , assumes both antennas at 3-meter heights , both random sitings .
For air-to-gr ound Links , assumes aircraft ante nhh a at 3 meters with random Siting,

• ground antenna at 10 meters with good siting.
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Table A-19

OPERATIONAL RANGES FOR STATED REQUIRED PROBABILITY OF SUCCESSFUL CO*IUNICATION:
VHF/FM, KOREA TERRAIN

(R — l2 dB )

Required Probability of Successful Operational Range 1km)
Coninunication . 

~sr’at Indicated Frequency and Link * AN/ A RC -1 14 IFM--Hood IFM-- BTA

P ar
35 MHz , air to air 0.5 1.4 3 . 2
35 MHz , air to ground 2.3 3.9 9.2
35 MHz , ground to air 8.5 8.5 9.7

45 MHz , air to air 1.6 2.3 4.5
45 MHz , air to ground 3.8 6 9.3
45 MHz , ground to air 9 9 10

65 MHz , air to air 2.2 3.7 4.8
65 MHz , air to ground 5 7.8 10
65 MHz , ground to air 9.2 9.2 10

p = 0.8sr
35 MHz , air to air 1.5 2.3 5.1
35 MHz , air to ground 4.2 6.1 12.5
35 MHz , ground to air 12.2 12.2 14

45 MHz , air to air 2.5 4.1 7.2
45 MHz, air to ground 6.1 9 13.1
45 MHz , ground to air 12.9 12.9 14.1

65 MHz , air to air 3.9 5.9 7.7
65 MHz , air to ground 8 11.5 14
65 MHz , ground to air 13.1 13.1 14

~sr 
0.7

35 MHz, air to air 2.2 3.2 7
• 35 MHz , air to ground 5.5 8 16

35 1411,., ground to air 15.3 15.3 17.2

45 MHz , air to air 3.8 5.6 9.6
45 MHz , air to ground 8.2 11.8 16.4
45 11Hz, ground to air 16 16 17.5

6 5 MHz , air to air 5.2 7.7 10.1
65 MHz , air to ground 10.8 14.7 17.7
65 MHz , ground to air 16.5 16.5 17.5

~ar 
= 0.5

35 MHz , air to air - 4.6 5.5 10.9
35 MHz , air to ground 9 12.2 22.2
35 MHz , ground to air 21.3 21.3 24.3

45 MHz , air to air 6.3 9 14
45 MHz , air to ground 12.5 16.8 22.5
4 5 MHz , ground to air 22.2 22.2 24.6

65 MHz , air to air 8.5 12.1 16
65 MHz , air to ground 16.1 21.1 26.1
65 MHz , ground to air 23.5 23.5 26

*For air-to-air links , assumes both antennas at 3-meter heig hts , both random sitings.
For air-to -ground links , assumes aircraft antenna at 3 meters with random siting,
ground antenna at 10 meters with good siting.
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The communica t ion  range fo r  the A 1/C/A 2 l ink was des i red  for  a

~sr 
= 0.9. The retransmission line consisted of two independent links ,

A 1 /C and G/A
2 . Values  fo r  p ( A 1/G) and p (G/A 2 ) were calculated and the

range that corresponded to a product of 0.9 fo r  the two-l ink p r o b a b i l i t y

determined . This range was used as an estimate of the retransmission

range for Fulda Gap (Table A-2O) .

Table A-20

OPERATING RANGE OF RETRANSMISSION
FOR FULD A TERRAIN FOR p = 0.9sr

Operationa l Range (kin)
Frequ ency

(MHz) Sys tem 1 Sys tem 2 Sys tem 3

35 6.5 10 18

45 10 14 19
65 14 16 20

p is shown for total air-to-ground-to-air link.
A~iumes aircraft antennas at 3 meters , ra ndom ly
sited ; ground antenna at 10 meters with excellent
s i t i n g .

The one-way (A/C and C/A) 
~~ 

values from the curves of p as a func-

t ion  of d , from which  the values  in Table A -20 were computed , are sum -
• marized for 

~sr = 0.9, 0.8, 0.7, and 0.5 in Table A-21.

d. Communication Range for A i r c r a f t  above the NOE Flight Regime

To inves tiga te the poss ible re tra nsmission ranges achievable in

Fulda terrain a test case was run with the aircraft at higher altitudes.

Aircraf t could operate at altitudes above the NOE regime if they were far

enough behind the forward edge of the battle area (FEBA). For this case
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Table A-2 1

COMMUNICATION RANGES BETWEEN TWO AIRCRAFT WITH GROUND RETRANSMISSION
• FOR STATED PROBABILITY OF SUCCESSFUL COMMUNICATION : FULDA TERRAIN

( R=  12 dB)

Required Probability of Successful .

• . Operationa l Range (km)Communica t ion , p~ 1., at Indicated ______________ _________ ___________

Frequency and Link* AN/ARC-l14 IFM--Hood IFM--BTA

p ~~O.9Sr
35 MHz, air to ground 3.1 5.0 11.5
35 MHz, ground to air 11 Il 12.7

45 MHz, air to ground 5.1 7.9 12.1
45 MHz, ground to air 12.1 12.1 13.5

65 MHz , a i r  to ground 7 .2  11 13.5
65 MHz, ground to air 12.2 12,2 13.3

p — 0.8sr
35 MHz , ai r to ground 5 .2  7 .8  16.2
35 MHz , ground to air 15.4 15.4 17.6

45 M h z , air to ground 8 11.7 17
45 MHz , ground to air 15.6 15.6 18.3

65 MHz, air  to ground 11.2 15.5 19
65 MHz , ground to air 17.5 17.5 18.7

p =0.7sr
35 MHz , air to ground 7 10.4 20
35 MHz, ground to air 19.2 19.2 21.5

45 MHz , air to ground 11 15 21
45 MHz , ground to air  20.5 20.5 22 .2

65 MHz , air to ground 14.5 19.5 23.5
65 MH z , ground to a i r  22 22 23

p = 0.5
Sr
35 MHz , air to ground 11.3 15.7 30
35 MHz , ground to a i r  2 7 . 5  27.5  32.5

45 MHz, air to ground 16.2 21.4 31
45 MHz , ground to a i r  30 30 33.5

65 111hz , air to ground 21.3 29 36
65 111hz , ground  to air 32 32 36

Assumes aircraft antennas at 3-meter heights w i t h  random sitings; ground
antenna at 10-meter height with excellent sit i n ; ; .

Ope ra t i ona l Ranges a re one-way ranges .
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the a i rcraf t was assumed to be rand om ly sited , and equipped with three

radio sys tems :

• Baseline (AN/ARC-ll4)

• IFM (Fort Hood)

• IFM (Best Technical Approach)

The ground retransmission station was assumed to be a AN/VRC-46 equipp ed

with a RC-292 antenna with 10-rn mast. The ground station was sited under

excellent conditions (hilltop). Values of versus range for A/C and

C/A were calculated. Aircraft altitudes were increased as the helicopter

moved f a r t h e r  away from the FEBA. A l t i t u d e s  were :

A i r c r a f t  Antenna Heig ht
Location of Aircraft m(AGL)

NOE f l i ght 3

NOE f l i ght 10

Br igade rear 30
Division rear 50

Corps rear 100

The communication ranges for A/G and C/A (to and from a mountaintop

retransmission site) are given for 
~sr 

= 0.9 in Table A-22 .

9. Model Assun .ptions, Accuracy, and Agreement with Observations

a. Model Assumptions

The two key model assumptions , both of which are reasonable , are :

• The basic transmission loss , environmental noise level , and
rad io system parameters can be described as independent Gaussian
random variables when expressed in dB.

• The model uncertainties can be described as zero-mean , indepen-
• den t Gaussian random variables when expressed in dB.

Note  that the centra l limit theorem of statistics tends to make the

overall composite distribution of margin M (in dB) to be Gaussian , even

though a l l  the componen t terms are nc t precisely Gaussian . The environ-

mental radio noise model given in CCIR Report 258-3 for “rura l”  no ise is
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Table A-22

COMMUNICATION RANGE BENEEN AN AIRCRAFT AND A GROUN D STATION
WITH 0.9 PROBABILITY OF SUCCESSFUL COMMUNICATION ,

AIRCRAFT OPERATING AT AND ABOVE MOE ALTITUDES ; GROUND ANTENNA 10 METERS
ABOVE GROUND , EXCELLENT SITING : FULDA TERRAIN

(K — 12 dB)

A ir c r a f t An tenna H eigh t* Operational Range (km)
a t Ind ica ted Frequency — —______________

and Link AN/ARC- 114 IFM--Hood IFM--BTA

3 meters

35 MHz, a i r  to ground 3 .7  5. 1 12
35 MHz , ground to a i r  11 11 12.8

45 MHz , a i r  to ground 5 . 2  8 12
45 MHz , ground to a i r  12.8 12 13.5

65 MHz, a i r  to ground 7 .3  11 14
65 MHz , ground to a i r  13 13 14

10 me te r s

35 MHz , a i r  to ground 4.8 7. 2 16.3
35 MHz , ground to air 15.3 15.3 18

45 MHZ , a i r  to ground 7.8 12 18
4S MHz , ground to a i r  18.5 18.5 21

65 MHz, air  to ground 12.5 18 23
65 MHz , ground to air 20.6 20.6 23

30 meters

35 MHz , air to ground 7.5 11 23
35 MHz , ground to air 22.5 22.5 25.5

45 MHz , a i r  to ground 12.3 17.8 26
45 MHz , ground to a i r  26 26 30

65 MHz , a i r  to ground 19 25 31
65 MHz , ground to a i r  30 30 31

50 meters

35 MHz , a i r  to ground 9 . 3  13.5 28
35 MHz , ground to a i r  26 26 30

45 MHz , a i r  to ground 15 22 30
45 MHz , ground to a i r  32 32 35

65 MHz , a i r  to ground 23 .5  30 37
65 MHz , ground to air 35 35 37

100 me ters

35 MHz , air to ground 12.5 19 36
35 MHz , ground to air 34 34 40

45 MHz , a ir to ground 21 28 39
45 MHz , ground to a i r  40 40 43

65 MHz , ai r to ground 30 39 45

65 MHz , ground to air 42 42 45

*Random si t ing
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used f o r  the freq uency ba nd 20 to 76 MHz . This  model is almost  i den t i ca l

to tha t  assumed for the SINCGARS Trade-Off Determination (TOD) (see Fig-

ure A-6).

The model is useful for predicting operational range for 0.1 � 

~sr
� 0.9; the Gaussian assumption becomes less valid when 

~sr falls outs ide

this interval. The model tends to predict to~ lo~ a probability of suc-

cess at very short ranges (where > 0.9) and too high a probability at

very long ranges (p < 0.1). The interval of primary interest is

0.5 � p � 0.9. The range for which p = 0.5 is sometimes ca l led  thesr sr
expec ted  range (or the probable  r a n g e ) .  This  range is used by some as a

32
communica t ion  p l ann ing  range . t~. higher value of 1

~sr 
is neces sa ry  fo r

the NOE communica t ion  case because  of the o p er a t i o n a l  r e q u i r e m e n t  f o r  the

radio  s y s t e m  to provide a s a t i s f a c t o r y  channel  f o r  more than  h a l f  the

attempts. Also , a higher p is needed because of the bias toward the NOE
sr

h e l i c o p t e r  being in the most  “ d i f f i c u l t ” p a r t  of any given t e r r a i n .

b ,  Model Accuracy

The overal l  model accuracy can be assessed from a consideration of

the uncertainties in each individual input. It can also be assessed by

comparing predictions of p with measurements. The model uncertainties

have been estimated and described as the 0 terms associa ted  w i t h  each

v a r i a b l e ;  hence , their effect is included in the p p r ed i c t i ons .  N ote

tha t  the model used for  p ropaga t ion  is the same model appr oved by the

A rmy for  SINCGARS (see Table  A - 2 3 ) ,  and i t  is the most accu ra t e  model cur-

rently available. This table also summarizes the results of the NOE COM

model p r e d i c t i o n s  for  median bas ic  transmission loss when it was run for

the conditions assumed in the SINCGARS TOD (which are given in Table A-24).’~
t h e  agreement  between the  two d i f f e r e n t computer  code versions of the

Longley-Rice model is excellent , generall y within roundoff accuracy of 
-

•

± 1 dB. Therefore , it is safe to assume that the VHF propaga t ion  models

used for NOE COM and SINCGARS are i d e n t i c a l .  The acc ura cie s in ferred

from the comparisons of predict ions of p with observations (
~~) are dis-

cussed in Section 9-c , bel ow.
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Table  A -24

ENVIRONMENTAL AND SYSTEM PARAMETERS USED FOR PREDICTION
OF MEDIAN BASIC TRANSMISSION LOSS (L

b
) FOR SINCGARS

Parameter Value

Environmental

Terrain interdecile range , i~h (meters )  60

Ground c o n d u c t i v i t y ,  0 (mhos/m) 0.005

D i e l e c t r i c  cons tan t , € 15

Surface refractive index , N (N units) 301

Sys tem

Frequencies  (MHz) 30 , 50 , 80
Antenna polarization Vertical

Antenna heights (meters above ground level) 2,2
5,5
2,15
15 , 15

Antenna siting Random

Model Long ley -R ice
(c i rca  1973)

Source: F. J. Triolo , Ch ief , Special  I tems Team , Ne t Rad io
Technical Area , CONM/ADP Laboratory , U . S .  A rmy ECOM ,
Fort Monmouth , New Jer sey , Interna l Memorandum dated
12 Sept ember 1913. The Longley-Rice model computer
runs were made by P. A. Major of ECOM .

c. Comparison of Model Predictions with Observations

Data are not available to provide a true statistical validation of

the operationa l range predictions ; however , some data exist that can be

used to compare the model pred ictions with observations .

During the FM-320 tests conducted in 1976 at Fort Hood , the baseline

system (AN/ARC-ll4) and a version of Improved FM (IFM--Hood ) (consisting

of an AN/ARC-1l4 with a 40-W amp lifier) were used to pass 30-character

a l p h a n u m e r i c  (A-N) test messages.38 A usabl e cha nnel  can be def ined as
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one y i e l d i n g  an A - N  score � X pe rcen t , where  X is a u s e r - s p e c i f i e d  term .

Th e FM-320 data  cai~ be processed to y ield the perc~~~t of the  30-cha rac te r

t e s t  messages with an A-N score � X percent for a given system and link.

‘l’he result at a given range can be taken as a point estimator p of the

ac tua l p r o b a b i l i t y  of success fu l  communica t ion , p .  ¶ M i i l e  we can p lo t

observed va lues  of a t  various ranges (see F igures  A- 1O to A- 13 for

x = 90 p e r c e n t ) ,  we cannot compare the results directly with predi cted

as a f u n c t i o n  of range because the number of locations samp led is so

small--only one at each of six ranges. The air-to-air predictions for

the base l ine  and IFM--Hood systems seem p l a u s i b l e  when compared w i t h  the

FM-320 data ; however , the a i r - to-g round  and g r o u n d - t o - a i r  p r e d i ct i o n s  are

too o p t i m i s t i c  for  both  systems . This  is primarily because of the fore-

ground obstacle (Radar Hill) at the Fort Hood ground site and because of

learning-curve effects ; neither effect was inc luded in the model. The

baseline air-to-ground and ground-to-air data were taken first. The

ground-to-air results for baseline and IFM--Hood systems should have been

iden t i ca l , since the a i r c r a f t  rece iv ing  systems were i den t i ca l  and the

same t ransmi t te r  was used . The observed d i f f e r e n c e  in pe r fo rmanc e is

shown in Fi gure A-l3. The IFM--Hood results are in much better agreement

with the model predictions , indicating that the learning curve effects

were s ignificant.

The l imi t ed  data a v a i l a b l e  from the Fu lda Gap area were ob t a ined

during a field test  of coverage fo r  po t en t i a l  mounta in top  re t ransmiss ion
4 5

s i t e s . For  these t e s t s , a c o m m u n i c a t i o n  l i nk  was e s t a b l i s h e d  f rom a

randomly  s i t ed  jeep ( w i t h  AN /V RC -4 6  o p e r a t e d  in the h igh-power  mode in to

an AS-1729 whip antenna) to a mountaintop (with AN/VRC-46 and RC-292 an-

ter-tna on a 10-rn mast). Dead spots were noted from three different moun-

taintop locations beginning at ranges of 6.0, 9.2, and 11 .5 km. Although

the operating frequencies for this test were nor known , the results are

consistent with the ranges predicted for p = 0.9 (a good choice for es-

timating the range to the nearest observed dead spot) for a 40-V VHF/FM

mobile system operating near Fulda with random siting for the mobile

t e rmina l  wi th  i ts  3-rn antenna and excellent siting for the mountaintop

40-V terminal with its 10-rn antenna .
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The 40-V VHF/FM mobile termina l used near Fulda has equipment charac-

teristics similar to the IFM helicopter radio used at Fort Hood. The

predicted operationa l ranges for this radio system in Fulda terrain for

the air-to-ground Link (p = 0.9) are 5 km at 35 MHz, 8 km ,.t 45 MHz,
and 11 km at 65 MHz . Hence , the observod ranges to the nearest dead spot

f rom the  three mounta in tops  ot 6 .0  to 11.5 km fo r  the jeep  sys tem agree

well with the predicted air-to-ground ranges , 5.0 to 11 km , for  the cor-

responding helicopter system. The median ranges to the dead spots observed

on different azimuths from the three mountaintops were 12.5 , 20.0, and

28.1 km. The p red ic ted  median ranges (p = 0.5) for the air-to-ground

Links were 15.7 km at 35 MHz , 21.4 km at 45 MHz , and 29. 0 km at 65 MHz.

These predicted air-to-ground helicopter ranges (15.7 to 29.0 km) agree

very -~ie1l w i t h  the observed jeep  ranges (12.5 to 28.1 km). These results

are summarized in Table A-25. For this comparison , we have assumed tha t

the 40-V jeep  system and the 40-V h e l i c o p t e r  sys tem had s imi la r  equi pment

characteristics. The ground station and antenna heights and siting used

for the Fulda measurements were identical to those used its the model
4 6

• c~ 1cu1ations .

• Table A-25

COMPARISON OF PREDICTED AND OBSERVED OPERATIONAL RANGES
• BASED ON ONE-WAY GROUND RETRANSMISSION RANGES--FULDA GAP

Interdecile range = 300 m; Veh icu l a r  antenna height ,
s i t i ng  = 3 m , random ; Ground antenna height ,

s i t ing  = 10 m , mountaintop ; Transmitter power = 40 W

User -S p e c i f i e d
• Retransmission Range (km)

R e q uir ~ d P r o b a b i lit y  
________________

~sr SRI Mode l * Measured t

0.9 5.0-11.0 6.0-11.5

0.5 15.7-29.0 12.5—28.1

Frequency 35-65 MHz

1~Frequency 30 < < 76 MH z
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- The model pred icts reasonable operational ranges for 0.5 ~ � 0.9,

based upon these limited checks in two types of terrain. The measured

opera tional range data available for this comparison are very limited .

However , the model’s range estimates appear accurate to approximately

± 25 percent when compared with the Fort Hood and Fulda observations.

Add itional data for model validations are highly desirable.
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Appendix  B*

HAWAII NOE COMMUNICATION SYSTEM TEST RESULT S

1. Introduction

Three radio systems were tested on the island of Oahu , Hawaii , under

NOE conditions during the period from 2-22 August l976.~ The systems/

modes tested were HF/SSB , VHF/FM, and UHF/FM satellite. These tests

were run as part of a cooperative effort between the U.S. Army ELectronics

Command (ECOM) Avionics Laboratory ,~ and the U.S. Army Satellite Communi-

cat ion Agency (SATCOMA) . The ECOM portion involved a comparison of the

three radio systems on a ground-to-air (C-A) path to a helicopter flying

a predesignated NOE course on Oahu (see Figure B-I). Two additional tests

were conducted by ECOM : a 24-hour HF/SSB test over a 32-km path and a

VHF/FM test over discrete paths extending to 20 km.

The SATCOMA portion of the test consisted of transmitting from a

ground satellite station to a helicopter flying both under NOE and terrain-

masked c o n d i t i o n s .  The s a t e l l i t e  up l ink was from the ground s t a t i o n  to

a stationary equatorial satellite (GAPFILLER), located at approximatel y

the longitude of the international date line. The elevation ang le of

the satellite from Oahu was approximately 52 degrees .  The r e s u l t s  of the

SATCOMA portion have been reported in a separate document by that agencv .
1
~

The principal finding of the Hawaii tests was tha t the HF/SSB and

satellite systems performed equally and extreme ly welL , both in the ~~~

course and at all other sites on Oahu . Alp hanumeric (A-N) test messages

*By B . C . Tupper.
‘
~This test was performed by a joint AVRADA/SATCOMA team . The AVRA DA
project leader was Frank A. Cansler , assisted by Temp le Ell er (AVKADA ) .
SATCOMA personnel were Olaf Cuzmann and Ken Master- :ian-Smith .

~No w the  Av ion ic s  Resea rch  and Deve lopment  A c t i v i t y  (AVR A DA) ol AVKAI )( OM .

~Refurences are listed at the end of the appendix .
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were used to determine communication effectiveness. HF/SSB had a median

A-N score of 97-100 percent over the NOE course , while the median satel-

lite score over this course was 100 percent.

A second finding from the tests was that the 40-V VHF/FM ground-to-

air system performed unsatisfactorily over the NOE course. VHF/FM would

not operate at all in two of the three course regions , result ing in A-N

scores of 0 percent. However , in the third region of the course , under

:~Dn-line-of-sigh t conditions , the VHF/FM system did operate satisfactoril y

~nd yielded a median a lp hanumeric test score of 93-100 percent. The

overall conclusion was tna t HF/SSB and UHF/FM (satellite) systems provided

a solution to the NOE COM problem for operations over Hawaii terrain or

terrain similar thereto , whereas VHF/FM is generally unsatisfactory for

conducting an NOE mission over that type of terrain . Communication out-

ages occurred for the VHF/FM system at ranges as close as 5 to 8 km.
I- -,

Findings  are reviewed in d e t a il  in the r e s u l t s  section of this appendix.

2. Objectives

Th e obj ec tives of the ECOM portion of the Hawaii test were as

follows :

• To determine the effectiveness of three communication systems
operating under NOE f l i ght condi t ions  in Hawaii terrain ;

• To establish the communication range of the 4O-Y VHF/FM system
under NOE flight conditions in Hawaii terrain ;

• To ascertain the capabilities and limitations of HF/SSB and
‘VHF / FM in the Hawaii environment;

• To eva luate the viability and accuracy of frequency planning
• for HF/SSB (NVIS) opera tion , based on CEEIA-pr ovided ionosp’~ -ric

predicti ons;

• • To obta in information on the suitability of the three systerns
tested for an NOE mission .

The following assumptions and caveats app ly t— the Hawaii test

resul ts. First , the systems were tested using the ground-to-air link

only . Al phanumeric (A-N) messages were not sent over the reciprocal ,

air- to-ground link. Second , because of safety restrictions , the aircraft

flew only during daytime hours. Hence , all HF/SSB data recorded in the

141

I
_ _ _



5-

~~~~~~~~~~~~ 

-
~~~~~~7 ~~~~~~~~~~~~

-

~~~~

- -
‘-_ 

~~~~~

aircraft were taken during daytime conditions. It was determined from

the 24-hour 1!F/SSB tests that the interference levels on the HF/SSB fre-

quencies were significantly Lower during the daytime period than at

night. Third , although there were several NOE courses on Oahu , aircraft

f l ight time limitations made it necessary to restiict flights to a single

course. Finally, four runs were made over the NOE course for each sys-

tem . Multi ple A-N messages were sent during each run . Simultaneous

runs , made for each pair of radio systems , yielded similar (i.e., repeat-

able) results.

3. Test Description

a. Radio Systems Tested

Three NOE radio systems were tested in Hawaii: the AN/ARC-lO2

HF/SSB s’ stem , the AN /VRC-46 VHF/FM system , and the AN/ARC-l7l (V) satel-

lite system . The base station for each of these was installed in an

instrumented trailer located at the Helemano satellite tracking station

of the U.S. Navy Communications Station , Wahiawa , Hawaii. An airborne

transceiver for each of the systems was installed in a UH-IH test air-

craft. Test transmissions were sent from the ground and recorded in

the aircraft. A summary of the equi pment parameters for the test radio

systems is listed in Table B-i.

The 400-V AN/ARC-lO2 system was installed at both ends of the

HF/SSB link-- in the equi pment van and in the aircraft. The base station

set was connected to a horizontal balf-wave dipole (doublet) antenna

located 40 feet above the ground on a NW-SE axis. The dipole antenna

was marked for operation at each of the assigned test frequencies (see

• Table B-2). Three primary test frequencies were used :~ 3.300 MHz ,

2.993 MHz, and 2 .586 MHz. The frequencies selected for operation were

based on ionosp heric predictions provided by the U.S. Army CEEIA , Fort

Huachuca , Arizona (Figure B-2).

The HF/SSB aircraft installation consisted of an AN/ARC-lO2 (400 W)

transceiver , a Col l in s  4905-1 coupler , arid the ECOM-developed shorted-

loop antenna. This loop antenna , sl ightl y longer than the one used on

the 011-58 aircraft had been designed spec if i c a l ly for the UH-l.
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Tabl e B-i

RADIO SET CHARACTERISTICS FOR HAWAII N OE COMMUNICATI ON TEST

Radio Ground Station
System Aircraft (UH-1H) (Helemano , Oahu)

V H F / F> 1 AN /ARC-131 (10 W), antenna AN/VRC-46 (40 W)
FM-2 (mounted over cock p it) AS-l703/VRC (on van roof)
40.3 and 38.2 MHz - -

HF/SSB AN/ARC-1O2 (400 W) AN/ARC-102 (400 W)
Shorted-loop antenna Half-wave dipole (H

A 
= 40 ft)

2.566, 3.300, 5 .235 MHz

Satellite AN/ARC-l7l(V) AN/ARC-l7l (V)
(UHF/FM Yag i antenna (steerable) Yagi antenna (steerable)

Uplink : 307.45 MHz (100 W) Uplink : 307.45 MHz (100 W)
Down link: 254.15 MHz Downlink : 254.15 MHz
S a t e l l i t e :  CAPFILLER --
Elevation ang le: 52° Elevation angle: 52 ~

Table B-2

FREQUENCY PLA N FOR HAWAII HF/ SSB TESTS

Frequency
Local Time (MHz) Use

Day (0800-2000) 3.300 Primary~ Day (morning)
2.993 ALter nate
2 .586 ALternate

5.235 Primary Day (afternoon )
4.035 Alternate

Ni ght (2000-0800) 2.566 Primary Ni ght
2.020 Alternate

Primary operating frequencies selected at or below Frequency
of Optimum Transmission (FOT) -
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The V H F / F M  base s ta t i o n  w - I s  an AN/VRC-46. This system uses a

receiver-transmitter RT-524/VRC whose FM transmitter operates at  a

nominal output power of 40 W. The t r a n s c e i v e r  was connected to a vt~rti caL

whip element (AS-1703/VRC) mounted on top of the equipment shelter at

12 ft ACL. An antenna coupler (MX6707/VRC ) was used to match the trans-

ceiver to the vertical whip. The primary FM frequency used for the test

was 40.3 MHz.

The VHF/FM aircraft installation was an AN/ARC-l3l (10-W) transceiver ,

emp loying an RT-823 receiver-transmitter. This transceiver , with cquiprnent

characteristics similar to that of the AN/ARC-114 tested at Fort Hood ,

(FM-320), was connected to a bent-whip antenna (FM1O-3O) mounted on thL

left side of the UH-l cabin roof . The vertical stabilizer antenna on t he

UH-l was not used for any of the VHF/FM tests.

The satellite radio system installed in both the aircraft and the

ground station was an AN/ARC-l7l (V), manufactured by Collins Radio Corp.

In addition to the transceiver , the ground satellite system consisted of

a satellite frequency control head , a VHF/FM control head , an audio con-

trol , a UHF preamp lifier , a transmit/receive relay, and a VHF/FM voice

modem. The satellite ground station transceiver had a nomina l output

powe r of 100 V arid was connected to a Yagi antenna array approximatel y

• 30 inches in length. Mounted on top of a control servo box for tracking

the satellite , this array had a gain of 9 dBi. The up link frequency used

was 307.75 MHz ; the downlink frequency (from the satellite to the air-

craft) was 254.15 MHz . The elevation angle to th -  satellite was approxi-

matel y 52 degrees. The antenna emp loyed had a 60 degree elevation beam-

width. In order to track the satellite , its azimuth was set into the

control servo box , after which no further adjustments were required .

Because of the relatively broad beamwidth of the satellite system antenna ,

no tracking in elevation was necessary.

The equi pment setup for the satellite transceiver in the aircraft

was similar to tha t for the ground station . The aircraft satellite

antenna , specia lly bu ilt by SATCOMCA , was mounted on a vertical shaft

above the n u in rotor. The gyro of the aircraft was connected to the

tracking device , arid the differential signal from the aircraft heading
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and preset satellite azimuth was used to hold the satellite antenna on

the azimuth of the satellite. The dowulink power frum the satellite aL

• the helicopter receiver input was -143 dBrn , producing a system margin at

the satellite receiver input of approximately +14 dB .

b . Test Procedures

A NOE communications two-system direct comparison Lust was developed

by SRI for use during the Hawaii NOE flights
4 

A prerecorded audio tape ,

containing A-N test messages , was used as the source material for the

tests. The A-N messages emp loyed were in the same forma t as those used

by TCATCA during the FM-320 tests at Fort Hood .

The two-system comparison test was designed to simuLtaneousL y test

two radio systems over a common transmission path.4 The A-N test tape

was played into two ground radio transceivers (for example , the AN/ARC -102

and AN/VRC-46), and transmitted simultaneously to the aircraft. At the

aircraft end of the link , the test message was received on the correspond-

ing aircraft receivers (in this example , th e AN IARC-1O2 and AN/ARC- 13l)

and recorded on a two-track cassette recorder.

As the aircraft proceeded along the NOE course , the terrain between

the base station and the aircraft changed . The simultaneous transmission

of A-N messages over two independen t radio systems permitted a direct

• comparison of the two systems as a function of terrain since the path

profile between the base station and the aircraft , as well as the alti-

tude of the aircraft , was identical for each system . During intervals

between test messages , the pilot would make announcements of the air-

craft ’s position , altitude , and heading, which were recorded. During the

analysis , the position of the aircraft was correlated with the A-N scores

and quality of the test messages received .

The two-system comparison tests were run for the following system

combinations:

. UF/SSB versus UHF/FM (satellite)

• • VHF/FM versus  UHF/FM ( s a te l l i t e )

• • IIF/SSB versus VHF/FM .
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During subsequent ana ly s i s  the two-channel tapes containing the al pha-

numer ic  messages  were played back in the Laboratory and anal yzed b r  the

following information :

• . Communication effectiveness , defined as percent correct A-N test
c h a r a c t e r s .

• A subjective readability rating of channel quality.

• A noise-annoyance factor for the channel.

• Aircraft position information .

The A-N test scores yielded an objective measure of communication effec-

t i venes s .  The channel readability rating and noise-annoyance factor

constituted subjective ratings of the particular channel over which a

message was being sent. The subjective ratings are of interest because

they hel p to identif y the capabilities and limitations of the HF/SSB

and VHF/FM radio channels.

c. NOE Course Descri ption

A 17-km NOE course running from west to east across the island of

Oahu was selected . Figure B-3 is a map showing the course and base sta-

tion location . The course started approximately 11 km north of Schofield

- • Barracks and followed the Kawailoa Gulch as it approached the mountain

range s e p a r a t i n g  the windward side of Oahu from its leeward side. For

purposes of analys is , the course was divided into three regions (see

Fi gure B-2).

Region  I of the course was located in a deep ravine , appr oximatel y

7-km long, substantiall y lower in elevation than the base station . The

path  p r o f i l e  between the base station and the s t a r t  of the course f~ r

Region 1 indicated that the terrain consists of gently rolling hi~11s

intersected by deep ravines. The general elevation falls off from 1100 ft

above MSL at the base station to 400 f t above MSL at the start of the

course. Vegetation is relativel y lig ht over the profiles between the

base station and the NOE course in Reg ion 1. The interdecile range for

Reg ion 1, scaled from path pr of i les , is estimated at 170 meters. Inter-

decile range is the difference between the 10 and 90 percentage points

on the terrain elevation distribution .
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FIGURE B-3 NOE FLIGHT COURSE FOR HAWAII TESTS (Kawa iloa Gulch , Qa hu)

• Region 2 of the NOE course was located approximatel y 5.2 km north

of the base station. At this point , the terrain slopes upward--at first

gently and then steep ly--as the summit of the Koolau Mountain Range is

reached. Rid ges extend from the top of this mountain range toward the

west and intersect the profiles between the base station and the NOE

— - course. The entire area is heavily vegetated . Region 2 has an inter-

decile range estimated at 100 meters.

Region 3 of the course extended from the summit of the mountain

range to approximately 5 km north . The terrain consists of steep cliffs

descending to the ocean. Region 3 is very heavily vegetated (rain forest).

The interdecile range from path profiles for Region 3 is approximatel y
300 m e t e r s .  A l l  three  reg ions of the course are n o n - l i n e - o f - s ight to

the base statior located at Helemano .
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4. Results

a. Two-System Comparison Test Results

Communication Effectiveness--The communication effectiveness of

HF/SSB , VHF/FM and UHF/FM satellite radio systems was c .Lculated as the

percentage of correct A-N test messages , recorded as the helicopter

t r aversed  the NOE course .  Da ta  were recorded for  the g r o u n d - t o - a i r  l ink

only. A total of five runs through the NOE course was made. During each

run a simultaneous transmission was recorded on each of the two radio

systems under test. Two runs were made for the combination of satellite-

versus-HF/SSB and also for  HF/SSB-versus  VHF/FM . F i n a l ly ,  one run was

made for satellite-versus-VHF /FM. A total of 134 A-N test messages were

received in the aircraft. Of these , 42 messages were received on the

VHF/FM sys tem , 57 on HF/SSB , and 35 on the UHF/FM (satellite) system.

The results of the two-system comparison test are summarized in

Figure  B-4 .  This f igu re , broken down b y NOE course region , shows the

SYSTEM REG I ON 1 R E G I O N  2 R E G I O N  3

• MEDIAN MAX MIN MEDIAN MAX MIN MEDIAN MAX MIN

HF/SSB 100 100 93 100 1 00 97 97 100 90

VHF/FM 33 80 0 100 100 0 0 0 0

N = 14 MESSAGES N = 18 MESSAGES

S A T E L L I T E  100 100 100 100 100 100 100 100 90

VHF/FM 30-43 80 0 93-100 100 80 0 0 0

N = 6 MESSAGES N 4 MESSAGES

HF/SSB 97 100 90

SATELL ITE 100 100 90

N = 7 MESSA GES

FIGURE B-4 COMMUNICATION EFFECTIVENESS FOR THE TWO-SYSTEM COMPARISON TEST
OVER NOE COURSE , OAHU, HAWAII (Percentage of correct A-N test messages)
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median , m a x i m u m , and m i n i m u m  t e s t  sco re s , and t he n u m b e r  (N)  of

30 -cha rac te r  A-N messages analyzed . The characteristics of a given

radio system , such as HF/SSB , can be determined for all three NOE course

regions by scanning across the figure . A vertical reading compares the

performance of HF/SSB with that of VHF/FM .

The HF/SSB system performed extremely well in all regions of the

NOE course. The median al phanumeric score in Regions 1 and 2 (see Fig-

ure B-4) was 100 percen ’- , but dropped slightl y in Region 3. The minimum

test acore (for HF/SSB) was 90 percent , the maximum 100 percent. All

runs were made during dayt ime .

The HF/SSB system outperformed the VHF/FM system in two of the

three reg ions across the course. For Region 1, in which the scores

varied from a minimum of 0 percent to a maximum of 80 percent , the median

a lp hanumeric score for V}TF/FM was 33 percent. The HF/SSB and satellite

sys tems per formed e q u i v a l e n t ly over the e n t i r e  NOE course .

The onl y system which did not work s a t i s f a c t o r i l y  was 40-V VHF/FM .

As discussed previously, it performed poorly in Region 1. VHF/FM would

• not opera t e  a t  a l l  in Region 3 because of a Large mountain range that

• separates the base station from the helicopter in t h i s  reg ion .

The VHF/FM system, however , did perform well in Region 2, which lies

on the western side of the mountain range as the aircraft descends the

mountain. This region is non-line-of-sig ht to the base station . The

median  VHF/FM t e s t  score for  the region was 100 percent , with the data

ranging from a min imum of 0 percent to a maximum of 100 percent , but

clustered predominantl y in the 90-100 percent segment . Performance for

the air-to-ground lir•k in Region 2 of the course was not measured . How-

ever , in view of the lower power (10 V~ available in the aircraft , it

can be assumed that the air-tn-ground link would have been inferior in

p e r f o r m a n c e  to the 40-V ground-to-air link .

The poor performance of the VHF/FM system in Reg ion I of the course

is primarily due to terrain effects (path profile) . The terrain between

the base station and Region 1 is gentl y ralling, but is intersected by

deep ravines tha t serve as drainage areas for the mountain range . The

NOE course was located in toe deepest of these ravines at a distance of
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five to eight kilometers from the base station. It is conjectured that

the aircraft , while flying in this ravine , was at elevat ions (AGL) deep

within the “shadow ” zone of the ravine rim . In addition , th e  presence

of other ridges between the base station and the aircraft would have

caused multip le diffractions to occur.

The al phanumeric scores improved dramaticall y as the aircraft

entered Region 2 of the course. The terrain for Region 2 differed from

tha t of Region 1; the ravine of the NOE course , for instance , was less

deep there than in Reg ion 1.

Once the crest of the mountain range had beeti crossed (2500 ft MSL),

no transmissions could be received from the base station over the VHF/FM

system. In view of the poor performance of the VHF/FM system in two of

the three regions for the course , this system was rated unsatisfactor y

by the p ilots for conducting an NOE mission in Hawaii terrain .

Finally,  it should be mentioned that SATCOMA used the HF/SSB channel

during the satellite experiments as an order wire at numerous locations

behind cliffs on Oahu . SATCOMA reported that , even when the satellite

was masked by these prominences (which blocked the satellite-to-aircraft

downl ink , disrupting communication in the satellite system), th e HF/SSB

order wire continued to function .1 This suggests the possibility of a

combina t i on  s a t el l i t e - H F/ S S B  system which might be useful for some future

app lications .

Channel Readability Ratin~ --Each of the test messages taken as the

helicopter flew over the NOE course was subjective ly ra ted , using a si: -

point scale (r
0
-r

5
), for channel quality. The major attributes in~ 1uded

in this rating were message readability, detection of noise , and diffi-

culty in comprehend ing the text. The results , p lotted in Figure B-5 dis-

L 

p~ iy subjective ratings made by a single listener monitoring the A-N tape

recordings in a quiet environrnent.* This listener was a former Army

~In addition , the Hawaii test pilots subjectively rated the radio svs-
tems . These ratings are given in Annex 1. to this appendix .

j  
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• CHANNEL READABIL ITY  RATING r 1 SYSTEM/NOE COURSE REGION

PERFECTLY READABLE;  SATELLITE (4 .8) IReg on 1)~
NO PERCEPTIBLE NOISE

~~~~~~~~HF/SSB 14 .6) (Region 1)
READABLE WITH 

4NOTICEABLE NOISE 
—

~ VHF ’ FM 133 1 (Region 2)
READABLE WITH DIFFICULTY — 3

ACCEPT cHANNEL 1

READABLE WITH EXTREME REJECT CHANNEL

DIFFICULTY — 2

-~~-———VHF/FM (1.5) (Region lI~

UNREADABLE . UNUSABLE — 1

NO SIGNAL HEARD — 0  -
~~ VHF/FM 101 (Region 3)

~Sate II i t e and HF/SSB systems also rated between 4—5 in Regions 2 and 3.
t Channe l having sublective ratings of 2 or less w ere rated unacceptable for NOE missions. Source- Pilot Listener

Panel 115t h Aviation Company. Fort Ord, Cal iforn ia (3/22/ 77).

FIGURE B-5 SUBJECTIVE MESSAGE READABILITY RATINGS FOR HAWAII SYSTEMS
BY A SINGLE LISTENER IN THE LABORATORY (Based on NOE course audio
tape recordings)

officer , with limited military communication experience , but with civi 1.ian

communication experience as a licensed pilot of private aircraft. He

was trained using a sample A-N message tape on which examples of channels

• possessing different characteristics had been recorded .

Of significance in the attached table is the difference in message

readability between the satellite and HF/ SSB systems ope ra t i ng  in Reg ion I

of the NOE course , on the one hand , and VHF/FM operating in Region 1 , on

the other. Satellite and HF/SSB in this region showed essentially iden-

tical performance and constituted an acceptable communication link.

VHF /FM was readab le  on ly with extreme difficutty and provided an unaccept-

able communication link . In Region 2 the VHF/FM channel readability

rating increased to slightl y above r
3
. In Region 3 it was completel y

unr eadable  ( r
0
) -
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Channel Noise and Annoyance Factor--For each of thu 134 Lest 1:ies-

sages , the annoyance to the pilots of the noise present in the channel

was rated . ~ five-point scale was used , descending from the highest

rating (not annoying) to the Lowest rating (extremely annoying) . The

results of this analysis are shown in Figure B-6. The satellite sy s t e m

was r a t ed  as hav ing  the leas t  bothersome noise . The satellite link

operated with a voice frequency-modulated modem . The HF/SSB sys tem

operated during the day in the NOE course (and in other areas) was rated

slightl y more annoy ing than the s a t e l l i t e  sys t em . The VHF/FM system

o p e r a t i n g  in Region I had back ground noise in the channel  ( rad io  set and

antenna noise) which was extremely annoy ing to the pilots . The extremely

annoying characteristic of the noise in the HF channel was due to an

unsq uel ch ed rece iver , plus the relatively high-volume setting of the

receiver output. In Region 2 of the NOE course a better noise rating

was assigned to the VHF/FM system falling between annoying and somewhat

annoying .

EXTREMELY ANNOYING S ~~~~~~
— H F’ S S B  i P f t ,t

4 ~~~~— HF SSB (Pilot 21~

3

A N N O Y I N G

2

1 -.~ —— VHF’FM

~~~~— SATELLITE (Pilot 11

NOT ANNOYING 0 ~~~ -.— S A T E L L I T E  (Pilot 21

Pi(ot 2 rated (-IF SSB extremel y annoying, because it blocked transmissions from other radios and contributed to
pilot fatigue

t lnability to control (oLd background noise .

— 

. FIGURE B-6 CHANNEL NOISE AND INTERFERENCE ANNOYANCE FACTOR RATING BY PILOTS
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l i e  UF/SSB noise ratings were assigned for test messages received

in t h e aircraft during daytime hours. Monitoring of these tapes indicated

that almost no local or propagated noise and interference were present

on the (IF channel during all daytime aircraft flights. However , a test

was run during which the operating frequencies were monitored over a

24-hour period. Tu e i n t e r f e r e n c e  l eve l s  present  at nig ht were substan-

tiall y greater than those for daytime . Therefore , if satellite and

HF/SSB channels were to be compared over a 24-hour period , the satellite

noise factor would remain relativel y low (not annoying), whereas the HF

noise and annoyance factor (primarily because of interference on the

channel at night) would have been significantl y higher.

b. HF/SSB 24-hour Tests

A test was run using HF/SSB radio equipment over a fixed ground-to-

ground path for approximatel y 24 hours. Serving as the transmitting site

was the equipmen t van at the Naval Communications Station , Helemano.

The receiving location was a temporary site established at the U.S. Marine

A i r  Corp S t a t i o n , Kaneohe , on Oahu . The d i r ec t  pa th  between the trans-

mitter and receiver , a distance of 32 km , was bl ocked by the Koolau

Mountain Range (2700 ft elevation) on the eastern side of Oahu .

The objective of this 24-hour test was to:

• Evaluate the performance of HF/SSB at night.

• Determine the usefulness of the CEEIA ionospheric frequency
predictions for a 24-hour period .

• Compare the performance of a dipole (doublet) and whip antenna
on the same operating frequency.

The transmitting site at F’ielemano employed two HF/SSB radio sets.

The first set was an AN/ARC-102 (400 W). This set was coupled into a

40-ft-h igh horizontal dipole antenna (3.300 MHz) and oriented broadside

to the transmission path. The second FIF/SSB radio set was a vehicle-

mounted AN/GRC-106 (400 W) with a 15-ft verticai-wh ip antenna . The

AN/GRC-lOo was operated on the following frequencies: 3.300, 2.566,

5.235 , 2.020, and 10.130 MHz.
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At the receiving site an AN/ARC-102 was connected to a horizontal

dip ole tuned to 3.300 MHz , thus comp let ing the di pole-to-di pole link .

An AN/GRC-l06 , operating w i t h  a jeep-mounted vertical whip in the receive

mode , was used to terminate the whip-to-whi p link . At 1700 hours (LMT)

on 20 August 1976, the 24-hour test was initiated . A-N test messages

were sent on preselected frequencies using both the dipole and the whip.

The test concluded at 1300 hours on 21 August  1976 . Al thoug h transmis-

sions were sent both ways , the data were analy zed only from the trans-

mitter at Helemano to the receiver at Kaneohe .

Communication continuity was maintained over this fixed path using

several HF frequencies . The resuics , shown in Table B-3 , indicate the

presence of a satisfactory communication channel (X) on each of the

frequency/antenna combinations utilized . An A-N score of approximatel y

90 percent or greater was used as an indicater that there was a satis-

factory communication channel. A (U) indicates that an unacceptable

channel existed .

Table B-3 shows th~~. the 2.566 MHz f r e q u e n c y,  which was selected

from the  CEEIA predictions as the primary nighttime frequency, operated

during the entire test interval--1700 through 1300 hours on the following

day. However , communication on 3.300 MHz, ei the r on the d ipo le  or whi p ,

was unsatisfactory during the early morn ing hour-s (0400 to 0700) because

of a strong interfering signal on the test frequency. In general , in-

terference on the channel caused degeneration in the quality of voice

intelligibility on alL the test frequenc ies during nighttime hours.

NevertheLess , communication was still possible on several of these test

frequencies.

An anal ysis was made of communication effectiveness for the dipole

and whip antennas , connected to different radio sets , but which utilized

the same nominal rated power. Communication effectiveness , meas ured a s

the percentage of correct A-N test messages, was high (100 percent) for

each of these two antennas operating at 3.3 MHz . However , other discrimi-

nators were used whi h indicated that the di pole was superior to the whip.

During the early morning hours , communication on the test frequency ott

either antenna was rendered impossible by the strong interference levels
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Table B-3

IIF/SSB HOURLY COl-NUNICATION CON I INUITY
ON GROUND-TO-GROUND PATH (24 FIR TEST)

A = Acceptable (A-N Score � 90 percent received)
U = Unacceptable , 0 = No Observation

Frequency (MHz)/Antenna

Local 
3.300 

2.566 i.235
Time Di~

;
~~1e Whi p Whip Whi p Comments

1700 A 0 0 A Late afternoon

1800 A A A A

1900 A A A A Evening

2000 A A A A N ight

2100 A A A A A l so used 10 .13 MHz

- -  No data 2200-2400

0100 U 0 A A Message q u a l i t y  poor on d i p o l e .
Whi p not a t t empted  by f i e l d
personnel. 10.13 MHz unusable.

0200 A V A 0 10.13 MHz unusable

0300 A 0 A 0 Whi p on 3.3 MI-hz not tried

0400 U U A 0 From 0400-0700, 3.3 MHz
unusab l e  because  of s t rong
interference

0500 U U A U Also used 2.02 MHz

0600 U U A 0

0700 U U A U Morn ing

0800 A A A A

0901) A 0 A 0

1000 A 0 *

1100 * * ~
‘- *

1200 A A A A

1300 0 A A A Als o used 10.13 MHz

Equ ipment problems , no data
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on tha t frequency. It was a l s o  found t h a t  c incid ing with a marg inally

acceptable communication quality on Else di pole antenna was an unsatis-

factors’ communication quality produced by the whip antenna. During

several of their hourl y samp lings , the field test persunne )., after moni-

toring the test message on the dipole antenna and finding it to he of

ma rgina l quality, would not perform the communication test on the whip.

As shown in Figure 8-7 , a better comparison of the HF/SSB trans-

mission s on the di pole and whip can be made by using the six-point sub-

jective circuit readability scale ond noise-annoyance factor ratings.

A readability rating of r
5, 

the highest possible , corresponded to per-

fectly readable/no perceptible noise. A circuit readability rating of

corresponded to no signa l heard (worst) . Readability ratings are

shown in Figure B-7 for both the dipole and t h e whi p. Data from seven

(sourly comparisons were considered. As shown in this figure , the reada-

bility rating for the dipole was superior to the whip.

The noise-and-annoyance factor was a second type of comparison

between the di pol e and wh ip antennas , using a five-level noise rating.

The highest noise rating was a 0 (noise not annoy ing); the lowest was a

4 (extreme ly annoy ing). Based on data from seven hourly comparisons , the

r e s u l t s  p a r a l l e l e d  those for  the readability ratings (i.e., di pole equal

or superior to the whi p).

From this very limited comparison (qualified also by the test

geometry emp loyed) it is concluded that the di pole antenna produces a

signa l having better signal-to-noise ratio characteristics than does t h e

whi p antenna . A number of technical factors could cause this result ,

one of whi -~is is the  d i f f e r e n c e in gain toward the  zenith between L-~-

dipole and the whip on a jeep.b

In summary, the  di pole  and wh ip  a n t e n n a s  appear  to produce e q u i v a l e n t

results when evaluated in terms of the percentage of correct A-N test

messages .  However , the d ipoles did produce better channel qualit y . A

number  of interfering signals were identified during monitoring of the

tapes . The authors concluded that the p r i n c i p a l  f a c t o r  l i m i t i n g  HF!SSB

o p e r a t i o n  d u r i n g  the  24-hour  t e s t s  was i n t e r f e r e n c e  in t u e  channel .

157

.4 

~~~~~~~~~~~~~-



IBEST ( 5 1 I -

— 
D I P O L E
BETTER 

—

-5

o
Lii i~~~~~ —

0 I I I
0 1 2 3 4 5 BEST )

READABILITY RATING F OR WHIP —

(a) READABILITY RATING
( BEST I 0 I

c
_ 

1 (• i— S —

Lii

0
0..
0

-

z

DIPOLE BETTER
w
I’,

0
z 3

~~~

4 I I
4 3 2 1 0 ( BEST (

N O I S E  R A T I N G  FOR WHIP — n ,

(b I NOISE—AND-ANNOYANCE FACTOR RATING

FIGURE B-7 COMPARISO I. JF HF’SSB MESSAGE READABILITY AND NOISE-AND-
ANNOYANCE FACTOR USING DIPOLE AND WHIP ANTENNAS
(Frequency 3.300 MHz)
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c. Other Tests and Observations

Discrete Range Tests--A communication test was run for the VFIF/Ftt

system at discrete ranges from t h e  base station . For this test the base

station was located at Wheeler A ir Force Base , and used an AN/VRC-46

r ad io  set mout . ted in a jeep with a 12-ft vertical whip . The aircraft

flew discrete distances northwest of Wheeler at range intervals 1, 2.5,

5, 10, 15 , and 20 km. The 20-km site was located at Dilliin g ham Air

Force Base on Oahu . A-N test messages were transmitted from the jeep at

Wheeler to the aircraft “skids-on-ground” located at the various ranges .

Line-of-si ght conditions existed up to the 5-km site. The tc-st frequency

employed was 40.3 MHz and the  output power of the AN/VRC-46 was measured

at 38 W.

Communication from ground to air was maintained at all ranges Out

to 15 km. i-st the 20-km location (which s-as non-LOS to the b a s e  station ),

communication could not be maintained with the aircraf t i skids_ i .iIl_ ground . i

When the aircraft climbed to an altitude of 10 ft )ACL), however , the

base station was received in the aircraft. At a distance of 20 km the ’.’

were separated by mountainous terra in which was vegetated and intersected

by ravines . These results indicated a high dependency on communication

equi pment siting (antenna height) and terrain roughness between the sites.

Two-Wa y Communication Altitude Tests--Ti~’o-way communication altitude

measurements fron ground to air were made in Region 3 of t i e NOF course

on the eastern side of Oahu . A large mountain range (2500 ft) intersects

the path hi tween the base station at Helemano and the aircraft ’s location.

The first measurements were made over a 19-km path from the base st~stion

to the aircr~tft. Squelch-break height for the ground-to-air link for

this paths was 1600 ft (MSL) . The second m~ isu rement was over  a 16-km

path from the base station to the aircraft. Squelch-break heig ht for

this pa th  was 800 f t  ( M SL) . ro mmun ica t ior s  a l t i t u d e  was h ighl y dependent

on terrain roughness between the  s i t e s .

_

159



~‘1

d. Reliabilit y, Availability , a-id Maintenance (RAM) Information

During the tests , two failures occurred for h-IF/SSB in the aircraft

400 Hz ac-dc converter and irs the power supply of the AN /ARC-l02 radio

set. These occurred after the aircraft had been operating on the ground

for extended periods. In h i s  r e p o r t , the test engineer hypothesized tha t

the failures had been caused by inadequate ventiLation when th aircraft

was not in flight. The HF/SSB failures were remedied for t h e  test by

substituting other power suppl y units for the AN/ARC- 102.

No failures occurred with the VHF/FM ground and aircraft equi pment.

• There were three satellite equipment failures during the test. The

first involved damage to a UHF preamplifier by a defective RF relay.

This  f a i l u r e  was r e c t i f i e d  b y r e p l a c i n g  the damaged u n i t  w i t h  a spare .

The second f a i l u r e , which  occu r r ed  in the  m o d u l a t i o n  c i r c u i t r y  of the

AN/ARC-l71 satellite transceiver , was also corrected by replacing the

defective unit with a spare . Finally, a loose satellite antenna cable

caused the satellite system to operate intermittentl y during the early

part of the tests. This problem was identified and corrected .

e. Mission Suitability

The candidate radio systems were evaluated by the two test p ilots

who operated the Ubh-l aircraft in Hawaii. Using a speciall y prepared

questionnaire , the pilots were asked to evaluate each of the three radio

systems tested on the NOE course with regard to their suitability for

supporting a NOE mission . An edited transcript of their comments is

attached as Annex I to this Appendix . The p ilots rated the HF/SSB and

satellite systems as equivalent and acceptable for a NOE mission in

H a w a i i .  Both p i l o t s  rated the 40-li VHF/FM system as unsuitable for a

NOE mission in Hawaii terrain. They complained about the loud rushing

noise  at t h e AN/ARC-l02 audio outpu t and also about the low audio level

present at the output of the s a t e l l i t e  receive r in the aircraft. The

first c o m p l a i n t  could be corrected by a squelch on the HF radio ; the

second could be remedied by incorporating proper audio drive levels in

future sate lLite installations.
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5. Findings and ConcLusions

The following conclusions have been drawn i ruir t h e  Hawaii test data:

• The HF/SSB system operated satisf actoril y on t h e ~OE course and
at all other test locations on Oahu .

• The HF/SSB sys t em ope ra t ed  c o n t i n u o u s l y  a t  3 and 10 MHz on a
fligh t from Oabu to Molokai (130 km). The satellite system also
opera ted  continuousl y on th is flight.

• The satellite system operated satisfactoril y everywhere on Oahu ,
with the exception of deliberate terrain masking of the down link
by SATCOMA during its portion of the tests.

• The satellite and HF/SSB systems had equiva len t A-N scores during
d a y t i m e  f l i g h t s .  S u b j e c t i v e  message readabilit y ratings also
w e r e  e q u i v a l e n t  ( p e r f e c t l y r e a d a b l e ) ,  as was the channel noise de-
gree of annoyance (not annoy ing).

• The test pilots complained about the noise annoyance (loud rush-
ing sound)  of the AN/ARC -.l02 radio set. This set does not have
receiver squelch.

• The limiting factor for the HF/SSB system during the 24-hour
tests was the interference encountered at night in the channel.
The satellite and HF/SSB systems were not compared for this
period . However , it is che op inion of the authors tha t a satel-
lite channe l would have significantl y less noise at night than
the HF/SSB channel.

• For the 24-hour tests and test geometry the di pole antenna pro-
duced a superior signal-to-noise ratio , compared to that produced
by the 15-ft jeep-mounted whi p.

• For the 24-hour test , circuit continuity was maintained on one
of several test frequencies using the AN/GRC-106 whi p combination .
The AN/GRC-l06 and dipole antenna are a satisfactory combination
for terminating an air-to-ground or ground-to-ground path when
rap id or numerous frequency changes are not required . The
AN/ARC-l02 was preferred to the AN/GRC-l06 because of the relative
ease and speed with which it can be tuned.

• The VHF/FM (4O-W) set was unsatisfactory on the NOE course. ~~~
-

Reg ion 2 the f-iilure range for the ground-to-air link was 5. kin .

• The VHF/FM system operating in the unsquelched mode with high
audio volume settings produced extremely annoy ing channel noise.

• The VHF/FM system had the fewest failures (0) during this limited
test.

• The test p ilots preferred the HF/SSB set (with the audio noise !
squelch problem corrected) to the satellite system . Their
op inion was based only on daytime comparisons.

• The p ilots rated both HF/SSB and UHF sateLlite channels as accept-
able for conducting a NOE mission . In view of its lack of coverage
on the NOE course , they rated the VHF/FM system as unsatisfactor y.
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Annex  1

PILOT COMMEN”S ON TI lE HAWAII TESTS

Introduction

Two pilots participated in the flight tests at Oahu , Hawaii. They

were asked for their evaluations of the three radio systems tested , corn-

rnents as to communication effectiveness for the NOE mission , and their

recommendations.

Tise senior military p ilot was a U.S. A rmy colonel , assigned as the

I)ARCOM aviation officer , Hea dquarters , Alexandria , Virginia . He has had

extensive experience as a communicator and he has logged over 6300 flig ht

hour

The senior civilian p ilot was a test pilot assigned to the U.S . Army

AAD , Lakehurst NAS , Lakehurst , New Jersey. He has had approximately

10 years of experienc e as a communicator and has Logged over 4000 flig ht

hours.

Their comments on the Hawaii tests , conducted during daytime hours

in Oahu , Hawaii , 3-22 August 1976, were dictated in the field . These

comments  were co r re la t ed  and o rgan ized  by the  a u t h o r s  to ensure  c l a r i t y ,

and to specify the type of mission flown .

Course Descri ption

The f i r s t  t e s t  was f lown over a NOE cou r se  of a p p r o x i m a t e l y 25 km

in length , which included cresting a ridge line of over 2500 ft. The

course was flown under non-line-of-si ght conditions to the base station

loca ted  at  Helemano , commencing 2 - 1/2  km f rom the ocean at the entrance

to Kawailoa Gulch. In its initial segment t h e  course res€- iihled a tdra in

Col. B illy L. Odneal , Proj ec t Officer , Flight Simulation , U.S . A rmy
A i r  M o b i l i t y  Research  and Development  L a b o r a t o r y ,  Ames Research  Center ,
M o f f e t t  F i e l d , California .

Mr. Jack Morissey, civilian test p ilot , U .S. Army AAD , Lakehurst Nava l
Ai r- Station , Lakeh u rs t, New J e r s e y .
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p i p e ’ starting at the ocean and proceeding toward the eastern mountain

ridge . Starting on the northwest corner of Oahu the NOE course continued

approximately 20 to 25 km to the east. From an altitude of approximatel y

150 ft above sea level at the starting point , it increased gradually to

approximately 2500 ft and then fell back again to 200 ft.

T h e  maximum bunk ang le of the aircraft during the NOE cours€ was

approximatel y 60 degrees; air speed varied from zero to 40 knots  forward

air speed. Flig hts were conducted during daytime hours only. The air-

craft ’s altitude was approximately 30 ft (AGL) over this course. During

the Hawaii tests the VHF/FM and satellite systems were also tested over

a 20-km path originating at Wheeler AFB and ending at Dillingham AFB to

the northwest. Messages were received in the aircraft at selected range

intervals along this path . The aircraft did not fly NOE over this path ;

however , it was at NOE altitude when receiving the test messages .

Problems in Test Setup

Two problems were created for the pilots by the equipmen t setup in

the aircraft. First , as the receiving equipment was located in the back

of the aircraft , they could not control the audio gain of the satellite

system. Although the audio level was low , it was easily readable. The

contro l head for the satellite radio was set at maximum volume .

The HF/SSB radio was controlled by the pilots in the front of the

aircraft. The major difficulty here was the lack of a squelch and the

necessit’~ to turn the RF gain control so high that there WaS always a

loud rushing noise audible. This noise , bes ides be ing qu i te ann oy in~,,

interfered w i t h  o the r  messages that might have to be received during

the NOE mission.

F in a l l y ,  during NOE flight the pilot was unable to switch rap idly

from one r ad io  sys tem to the other. Only one radio at a time could be

audibl y monitored and subjective ly eva luated.
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Comments on Radio Sysresn Capabilities and Limitations

The following capabilities and limitations were observed in the test

radios:

(1) The HF/SSB rad io was not equipped with squelch. Back ground
noise in the channel produced a loud rushing noise. As it was
necessary to run with the RF gain control on a high level , this
background rushing noise was extreme ly annoying .

(2) The comparison tests of VHF/FM and the other systems produced
markedly different results in the NOE course , because the air-
craft was out of line-of-si ght , and VHF/FM came in only inter-
mittentl y over the entire course. This could have been caused
by some bending over hillcrests. The FM was very loud and
clear when it did come in. However , it must be emphasized
that VHF/FM was not usub l~ in canyons on the NOE course. Some
canyons were 300-400 ft deep at p laces and 500 ft wide . Under
these conditions FM was very intermittent . Once we crossed
over the eastern 2500-ft ridge line , no FM vas received .

(3) The pilot is extremel y b usy during a NOE fli ght and is unable
to change volume or switch radios for making test comparisons.
T h e r e f o r e , a l l  compar isons  are based on the loudest (or the
best modulated) frequency that he happens to be Listening to

• at toe tizne . To date the best radio (except for the rushing
or squelch noise) has proved to be the high-frequency (HF/SSB)
system . It has been reliable in all daytime-flig ht test situa-
tions.

(4) Two externa l power supplies for the HF/SSB system failed dur-
ing the tests. Power transformers became overheated and had
to be repaired or ~eplaced . This siti:ation was probabl y caused
by the excessive length of the test transmissions , which , it

• should be noted , were not considered to be typ ical for tactical
app lications.

(5 It was remarkable that there was still some FM capability on
most  p laces  on the i s l and , even below line—of-sig ht. Neverthe-
less , the helicopter-to-ground-station link was Lost frequently
while the aircraft c uld still hear the ground station . The
possibility should be evaluated tha t some remote ground stations
at selected sites (retransmission sites) would suffice for the
MOE requ i rement. However , this might not be possible in fluid
combat situationa . Use of a remote p iloted vehicle (RPV) for
radio relay is an alternative solution that should also be
investigated .
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(6) The FM system is easy to tune , and is relativel y free of static
and noise. It is readable even when the squelch is disabled.

(7) The UHF satellite radio was clear , but the volume was not as
loud as on HF. The volume control , located in the back of the
aircraft , was reported to be at maximum for this radio. The
UHF s a t e l l i t e  radio  had no noise or interference , except for a
squelch problem which was remedied.

(8) According to the pilots , one reason for the success of the
HF/S SB radio was the new shorted-loop antenna provided by ECOM .
It works very e f f e c t i v e l y ,  probabl y more e f f e c t i v e ly than  the
zig-zag antenna installed on the IJH-l.

P i l o t  Evaluation Questionnaire

The pilots were asked to evaluate each of the three radios tested

in the NOE course as to its s u i t a b i l i t y  for  an NOE mission. All  radios
were evaluated on daytime flights only. The p ilots rated HF/SSB and

satellite as equally suitable to conduct a NOE mission . A questionnaire

was comp leted by the pilots dictating their comments into a tape recorder

at the end of the test. The results are shown in Table B-4.

Table B-4

RATING OF CHANNEL SUITABILITY
FOR NOE COMMUNICATION BY HAWAII PILOTS*

Mission S u i t a b i l i t y  HF/SSB S a t e l l i t e

Better than required equal t equal

Communication easily performed equal equal

A d e q u a t e  and accep tab le  equa l equa l -

Extreme difficulty ma ma

U n u s a b l e  ma ma

Both pilots rated the VHF/FM system unsuitable for con-
ducting an NOE mission in Hawaii.

~
h
~Excep t that HF/SSB lacked squelch , and that a noise-
annoyance condition existed during the intervals between
transmissions .
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Annex  2

SATCOMA COMM ENTS ON THE HAWAII TESTS

The following comments are extracted from the U.S. Army Satellite

Communication Agency memo randum on the Hawaii tests .
1

VHF/FM Performance in NOE Course

Thanks to the high satellite elevation angle , no path shading of

the SATCOMA link ever occurred along the NOE course--even at the lowest

fl ight levels. In contrast , the LOS radios (VHF/FM) of the aircraft

u s u a l l y  lost con tac t  a f t e r  t h e i r  first turn in the NOE valley.

HF/SSB Performance

Except for minor equipment failures , the HF system performed the

order-wire function excellentl y during all SATCOMA tests. HF worked

satisfactoril y in all situations , including those areas behind cliffs

where the SATCOMA link was attenuated or fully blocked . Furthermore ,

HF never faded on the 90-mile Oahu-Molakai Satellite-versus-HF comparison

test , which had been designed to pinpoint the h F skip-zone limits. No

skip zone or interference region between skywave and groundwave was de-

tectable. This success is ascribed to the type of polarization achieved

with the new airborne shorted-loop antenna (ECOM-loop) . All HF tests

were performed in the clear voice mode only and , in most instances , used

the optimum daytime frequency (3.3 MHz~ whenever  a u t h o r iz e d . S u b s t a n t i a l

fading occurred during the 24-hour test nighttime experiments. In sum-

mary , the HF system proved to be an excellent comp lementary backup radio

for the SATCOMA NOE system .
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A p p e n d i x  C

*VHF/FM PERFORI4ANCE DURING EXERCISE REFORGER (1976)

A division-size exercise , Reforger-76 , was conducted in Europe

(Fulda Region , West Germany) in 1976 by the 101st Ai rborne  Div i s ion  (Air

Assault). During this exercise both air and ground units encountered a

number of communication problems which created difficulties in command

and control. Helicopter communications were conducted princi pa ll y with

A N / A R C - l l 4  aircraft radio and AN/VRC-4 6 ground/vehicular radios . based

on the Reforger exercise after-action report , the problem areas have been

identified and summarized below .1

Low-Level Communications--The present family of radios is not suit-

able for aircraft-to-ground communications when the aircraft is flying

low-level or contour. Frequency modulation (FM) radio is restricted by

line-of-sig ht transmission , distance , and obstacles. When fl ying low-

leve l , contour , or NOE , all these restrictions app ly.

There is a need for  r e l i a b l e  long- range  c o m m u n i c a t i o n  between the

159th ASH Battalion and its supported headquarters (DTOC , DISCOM ,

DIVARTY , Infantry Brigades). Assets of the 159th are deployed throughout

the area of operation , often beyond the range of FM.

Tac t i c a l  I n t e l l i g e n c e - - I n t e l l igence information was disseminatec~ tuu

slowl y, causing UI-I-I and OH-58 aircraft to expend va luable blade time .

If reliable secure voice (or RATT) had been available , intelligence would

have been obta ined  and d i s semina ted  much more rap idly, mo re targets could

have been engaged , and loss of aircraft and crews would have been

reduced .

1 Reforger-76 After-Action Report , 101st Aviation Group , 101st A irborne
Division (Air Assault), Fort Campbell , Kentuck y.
*
By B. C . Tupper .
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Battalio n-A ttack Team--Clear, re l iable , real-time communication

m o m  division to battalion and from battalion to attack team is

absolutel y necessary i f  t h e attack battalion is to do its job adequatel\’--

namely , to destroy t a n k s .

Air Defense Threat Reporting--Enemy air defense positions ~ere not

reported by the division and its supported brigade. The attack battalion

(TOW-COBRA) cannot survive on toe mid/high-intensity battlefield without

t imeLy, accurate intelligence about enemy cir defense artillery (ADA),

as well as surface-to-air missile (SAM) location s, troop/vehicle concen-

trations , and the location of front-line units.

Unnecessary NOE Tactics--The attack battalion lost valuable time

using MOE tactics in areas where , given adequate intelligence , faster

transit methods could lave been used .

Lack of Target Handoff Information--Lack of target handoff informa-

tion caused the attack teams to search for targets r ich had been pre-

viously acquired .

Lack of Ifltelligence and Target Information--Lack of intelli gence and

target information resulted in untimely and suboptimum emp loyment of

helicopter units. Five specific problems were emphasized in the REFORGER

evaluation:

• Attack teams wasted valuable time by prema ture initiation of
MOE fl ights .

• Attack Learns overflew enemy elements which had moved forward
and laterall y.

• Enemy elements were misidentified , leading to confusion.

• Employment of attac.. assets was suboptimum . Attack units directed
to large target groupings engaged small enemy units. The ordnance
capability of the TOW-COBRA was riot ma tched to appropriate targets.

• Losses to friend ly forces occurred because of ii.adequate ADA and
SAM locations .

These examples  ~- ere cited as deficiencies resulting from communica-

tion problems , as well as from problems related to command and control.
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Appendix I)

SPEEC H PROCESSING FOR HF/SSB RADIOS *

Speech processing can be used on SSB transmitters which are peak-

power_limited ,t to improve their performance for voice communications.

The ratio of instantaneou s peak-to-average power in 5 etch is typically

considered to be about 14.5 dB.’’~ For any given transmitter pow cr ,

speech processing can decrease the peak-to-average power ratio with a

resultant improvement in performance. It also decreases the peak power

required to reach the intelligibility threshold of the receiver in the

presence  of no i s e .

The re  are several  types  of speech p r o c e s s i n g  t h a t  can be used to

improve the performance of peak-power-limited SSB transmitters ; however ,

some provide better performanc e than others and they differ - in complexity .

There are two categories of speech processing commonly used on SSB trans-

mitters: RF clipp ing or syllabic compression .

For AM double-sideband (DSB) suppressed-carrier signals , the enve-

lope of the RF signal is identical to the envelope of the audio signa l

modulating the transmitter. For SSB the RF envelope is not identical to

By James C. Gaddie , Engineering Associate , Telecommunications Sciences
Center , SRI International.

t
An investigation of alternative methods for enhancing speech intt l 1i~ i
bility through using adaptive filtering of the baseband speech signal
was conducted by SRI.3 The origina l speech was processed by a linear
filter whose transfer function changes with time to match the or~ g fnal
speech s p e c t r u m .  A l inea r  p r e d i c t i v e  c o d i n g  technique , such as is under
c o n s i d e r a t i o n  fo r  vocoders , was used . This processing resulted in a
sharpening of the formant structure of the processed sreech , and was
perceived by the listener as producing a penetrating and more int~- ll i--
g ible quality than the or ig ina l speech itself . it is possible that
SRI ’s technique could be usefull y combined with the nonlinear processing
t e c h n i q u e s  desc r ibed  in this appendix .
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that of the audio signa l modulating t i . -  j a sm i t t e r , alLhou ~ - they are

often somewhat similar. : ~ce the RF envelope a 1 the SSB si gna l can

differ significantl y from the audio env elop e , there is a potential tech-

n i c a l  a d v a n t a g e  in using the RF-type processor.

It has been found experimentally tha t 15 dB of audio cli pping of

more or less constant-level speech reduces the required peak SSB signa l

power at the intelligibility threshold by 4 dB. Increasing the cli pp ing

level to 23 dU gives an additiona l 1.5 dli improvement .~ With SSB RF

envelope cli pp ing of the same speech followed by a filter to restore the

original bandwidth , a clipp ing threshold set 10 dli below the signal peak

reduces the required peak power by 4 dli. A further increase in the

clipp ing level to 20 dli yields an additional 4-dB improvement. This

greater magnitude of improvement is due primaril y to t ie lower level of

distortion generated . Harmonic distortion generated by cli pp ing the

audio signa l falls inband whereas the harmonics generated by clipping

the SSB envelope fall outside the transmitted bandwidth.

Because of the syllabic character of speech , a syllabic compressor

can be used to reduce its peak-to-average ratio . As with clipp ing ,

sy llabic compressors can work on the audio or RF envelope and , because

of lower distortion , better results are obtained for compressors acting

on the RF enve lope .

Automatic load control (ALC) is used on most modern SSB transmitters

to ma intain the peak power output of the transmitter under varying input

conditions. As a fo rm of RF envelope compression , ALC is also generally

used tc maintain the syllabic peaks at the maximum peak power output

capability of the transmitter. ALC systems generally use fast attack

and slow release times and therefore provide compression at the syllabic

peak , improving the intelligibility threshold by approximatel y 1 dB .

A sy llabic compressor at the IF stages of the SSB transmitter can

he used effectively to decrease the peak-to-average ratio of the SSB

speech signal. This type of compressor requires not only a fast attack

to follow the rise of the RF envelope , but also a fast decay to track

the fall of t i e  envelope. A second SSB IF filter is r equ i r ed  at  the
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compressor output to remove those intermoduLation products generated by

the processes that fall outside the original pas sband . With 40 dli of

peak compression the intellig ibility threshold for constant-leve l speech

improves 6 dli for a 6 ms compressor time constant , 5 dli for 11 ms , and

3 dli for 112 ms.

The above figures indicate tha t cli pp ing of the SSB RF envelope is

superior , but tha t the RF compressor does have one advantage over the

clipper: for a given improvement in marginal intelli gibility, the com-

pressed RF wave has about 6 dB less third-order IM distortion and about

12 dB less fifth-order IM distortion than the clipped RF wave .

Under  nonmargina l condi t ions , the compressed signal will have some-

wha t better quality . In the absence of noise , however , e i t h e r  type  of

processing--RF cli pping or syllabic compression- -will alter the character

of speech . With heavy cli pp ing or fast compression , “breath sounds” and

back ground acous t i c  noise assume g rea te r  s i g n i f i ca n c e , making the use of

a noise-cancelling microphone very desirable. For operation in the rela-

tively noisy environmen t of a helicopter , the amount of clipping or fast

compression that can be used successfully may be limited by the effects

of background acoustic noise (which may also modulate the transmitter).

These effects should be considered in selecting the final design param-

eters , such as the amount of compression or clipp ing to be used in the

speech processing system . The use of speech processing with COMSEC

devices must also be carefully considered.4 Techniques used for unse-

cured speech processing may not be compatible with the transmission of

secured speech. Provisions to deactivate the speech processing circuitry

for transmission of secure speech may have to he incorporated in th.

transmitter. This same argument app lies to data transmission .

Four different HF/SSB aircraft radios were used in the MOE test at

Fort Hood . The radios were the AN/ARC-70 (operated at 40 W PEP), the

AN/ARC-l74 (100 W PEP), the AN /ARC-98 (200 W PEP) , and the AN/ARC-l02

(400 W PEP). A ll these radios have ALC ; in addition , the AN/ARC-l74 has

a syllabic audio-envelope speech compressor and the AN/PRC-70 has an
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audio volume cornpressor.* The AN/ARC-98 and Ah/ARC-l02 had no speech

processing equ ipment other than ALC .

To evaluate the capability of these speech processing systems to

improve communication effectiveness , the 40-km data were analyzed for

air-to-ground and air-to-air modes at “skids-on-ground” and NOE altitudes.

The data were processed to obtain the percentage of test messages on

which the resulting alphanumeric (A-N) scores equalled or exceeded two

thresholds: 70Y. and 90’/.. Table 1 shows a summary of the transmitting

power , type of speech processing, and results for each of four HF/SSB

radios tested.

Table 0-i

EFFECT OF HF/ SSB SPEECH PROCESSING EQUIPMENT
UPON A-N SCORE , FM-320 , FORT HOOD , TEXAS (1976) t

Percentage
of Communications

Succ ssfully Completed
at a 40-km Range

Power Speech Processing A-N Score A-N Score
Radio Type (W PEP) Equi pment � 70’!. � 90b

AN /ARC-l02 400 ALC only 81 75

AN/ARC-l74 100 ALC pl us sy llabic
aud io -enve lope
compressor 75 67

AN /ARC-98 200 ALC only 51 41
AN/PRC-70 40 Audio compressor

p lus ALC 46 34

1~Data shown are for air-to-ground and air-to-air links , at NOE and
skids-on-ground altitudes f’or dawn , da y , and night.

The characteristics of the AN/PRC-70 speech compression techni que were
not  i n v e s t i g a t e d .
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Note tha t the best performance was obtained with the AN/ARC-l02

(400 W) transmitter , f o llowed fa irly c losely by the AN /ARC-l74 (100 W)
transmitter. ihe AN/ARC-98 (200 W) transmitter performance was well

be l ow tha t of the lower-power AN/ARC-l74 , with which ALC and the syllabic

a u d i o - e n v e l o p e  compressor  were used .* The performance of the radics was

identical at 24 km. Using the AN/ARC-174 transmitter power of 100 W as

a reference , the AN/ARC-98 was 3 dB hig her in power and the AN/ARC-l02

6 dli higher. Thus , the conclusion reached from the data is that the

speech processing in the AN/ARC-l74 provides at least a 3-dB (hut less

than a 6-dB) system improvement margin. A conservative estimate based

on these data would be that a 4-dB improvement was obtained for unsecured

voice with the processor in the AN/ARC-l74 .

The performance of the AN/PRC-70 speech processor is difficult to

evaluate from the data , since no equi pment with a power level lower than

40 W was tested .

One of the candidate HF/SSB systems tested , using speech processing,

showed an improvement estimated at 4 dli. This system employed ALC and

audio-envelope compression. Furthermore , it has been shown in the liter-

ature , both theoretically and experimentall y, that improvements of up to

8 dB are possible. The feasibility of obtaining improvements greater

than 4 dB in any HF/SSB aircraft and ground systems selected for NOE

communica t ions  should be considered .

The A N / A R C - 9 8  t e s t ed  a t  For t  Hood was built to specifications provided
by ECOM wh ich did not include spe ech processing. In the voice mode ,
intermodulation product specification was not less than -30 dB (IMP).
This level of intermodulation protection is not compatible with certain
typ es of speech processing circuits. If speech processing circuits
had been included in this radio , performance for unsecured voice would
have been better.~ Altho ugh SRI d id not conduct or observe any HF tests
run in the secured mode , we believe that the effect of speech p rocess ing
on secure  voice t ransmis .~ ~on w a r r a n t s  f u r t h e r  i n v e s t i ga t i on .4
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It is recommended tha t the IIF/SSB transmitter sciected for MOE com-

munications be equ ipped with some type of speech processin~ to reduce the

transmitter power needed to achieve a certain level of performance . The

possibly conflicting requirements for a data or secure voice mode (e.g.,

different AUC time constant) should be further investigated .
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Appendix E

PERFORMANCE OF FREQUENCY-SHIFT KEYING (FSK)
OVER FM AND HF RADIO*12

1. Background

Frequency-shift key ing (FSK) modulation has been extensively used

by the Army over HF/AM and HF/SSB radio circuits. HF app lications have

been limited to relativel y slow-speed single-channel radio teletype (RATT)

for transfer of hard-copy text over tactical links.

FSK is also used for data transfer , as in the TACFIRE artillery fire —

c o n t r o l  sys tem , which  uses the AN/VRC- l2 family of VHF/FM radio equ ipment.

FSK (binary FM) will be used in SINCGARS when tha t family of radios

becomes o p e r a t i o n a l .  FSK modulation is a probable candidate for selec-

tive signaling (SELCAL) and frequency scann ing for F[F/SSB radio used for

the NOE program .

Since  TACFIRE FSK is to be used w i t h  e x i s t i n g  and p lanned VHF/FM

radio , any additional data or signaling f e a t u r e s  used with FM will pr-oh-

ably also use FSK. The choice of this type of modulati on for FM , although

it may not be optimum , is practical , cost-effective , interoperable with

d igital message devices (DNDs), and performs relativel y well when oper-

ated above the FM receiver threshold at moderate signaling speeds.

2. FSK over FM Radio

This appendix eva luates two conditions for FSK/FM modulation :

• Wha t is the signaling speed which the FM radio system can sup-
port at and above the receiver threshold ?

*This Appendix was prepared by John K. Y. Leung, Research Engineer ,
Telecommunications Sciences Center , SRI International.

1John J. Downing, Modulation Systems and Noise (Prentice-Hall , 1964) .
a
M Schwa rtz , W. R. Bennett , and S . Stein , Communication Systems and
Techniques , p. 88 (McGraw-H ill , 1966).
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• What is the performance of a modified Flh radio utilizing FSK
modulation?

Certain assumptions are m ade regarding noise spectrum :

• The noise spectrum at the FM receiver discriminator output is
assumed to be Gaussian . Performance anal ysis of FSK in Gaussian
noise has yielded a very good approximation of the bit error rate
(HER) for FSK/FM .

• Because of the complexity of ana lysis , the actua l noise spectrum
at the discriminator output (which is of parabolic Eweight ed J
shape) will not be used .

The following assumptions are made for the AN/ARC -l14 transceiver:

• The receiver threshold is 0.6 —V open-circuit (0.3 ~~ across 50 ~~).

• At th e threshold a baseband SNR of 10 dB exists.

• The IF bandwidth with a maximum frequency deviation of ± 8 kHz
is 16 kHz .

• Baseband width is 3.2 kl-iz . The deviation ratio ~D) for the
voice is 8 kl-lz/3.2 kliz ~a 2.5 .

• The d e v i a t i o n  r a t i o  fo r  FSK data is estimated at 0 1.

3. FSK Performance above Receiver Threshold

When the inpu t  is a binary sequence of symbol duration T, the power

spectrum has the [(sin X)/x]
2 shape , which has a two-s ided  n u l l - t o - n u l l

• - bandwidth of (-lIT , lIT) . Therefore , when the input to the FM is a

digital signal , we can consider the nessage bandwidth to he l/T .

In FSK , if frequency f
1 

stands for “mark” and frequency f
2 

stands

for “space ,” the deviation ratio of the FM system is given by

—

D 
T

Deviation ratio is the same as modulation index and is defined as

D = 
peak frequency deviation

message bandwidth
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The bit error rate , F , of FSK/FM can be approximated in the region

above the  receiver threshold by

= 1/2 erfc (~
/E
b
/2N ) ,

where

~ 2
erf c (z) e

_ t 
dt

E
b 

is the energy density per received bit , N is the noise spectral den-

sity, and erfc is the error function comp lement . E
b 

is determined by th~
t r a n s m i t t e r  power 

~T ’ and the b i t  d u r a t i o n  T , where

E
b

P
T~~~

T

or

E 
T

h R

where R is the  signaling rate . Hence , halving the signaling rate doubles

th e E
b 

term .

Bit-error-rate (BER) performance of FSK is determined by Eb /N , the

ra t io  of e n e r g y - p e r- b i t - t o - n o i s e  s p e c t r a l  d e n s i t y .

AL the receiver , we hav e

/E \

(SNR). = l —
~

- )  —a-
im ~N ,B

‘. o, IF

where (SNR)~ is the SNR at IF of the FM receiver , R is the b it rate ,

and BIF is the IF bandwidth.
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The maximum bit rate , R , for FSK with an IF bandwidth of BIF is

R = B IF

There fo re , at the maximum bit rate with 0 = 1 we have

E
(SNR )

in 
=

and

~e 
=~~~ e r f c  ~~~~~~~~~

Note tha t for P = l0~~~, E /N = 12.6 dB and f or P = 10
6 E /N =

e b 0 e b o
13.5 dB . Hence , in order to perform with a BER of 10 , the (Eb

/N )

ratio must be 12.6 dB . It is possible , however , to optimize FSK per-

formance by choosing f1 
and f

2 
such that 0 = 0.7. This value of devia-

tion ratio is used in the SINCGARS-V radio when the input is digital .

The corresponding digital performance is
2

The gain in E
b
/N is about 1.2 (0.8 dB) for D = 0.7, as compared to the

HER performance when D = 1.

If the deviation ratio is approximately I, we have f
0 

= 8 kHz ,

B . = 8 k H z
in

This is consistent with Section 3.18.5 of the AN/ARC-114 radio

s p e c i f i c at i o n .~

°M i l i t a r y  S p e c i f i c a t i o n- - R a d i o  Set A N / A R C - 1 l4 ( ) ,  MIL-R-55662(EL)
D e p a r t m e n t  of the Army , Head q u a r t e r s , U . S .  Army E l e c t r o n i c s  Command ,
Fort Monmouth , New Jersey (2 October 1960).
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FSK Performance at a Deviation Ratio of I

Us ing 0 = I, let us estimate the maximum bi t  ra te  tha t  the  system

can support at threshold. We have

E
b 

(SNR)

N 
— 

R / Bo IF

From R e f .  1, we have

(SNR) in threshold  5 + 5 log 10 (B/B m )

where

B/B asD
m

Therefore , with 0 = 1 , we have at threshold

(SNR)
jfl th 

= = 3.16 = 5 dB

A t P = l0~~ , we need
e

E
= 12.6 dB = 18.2

and if BIF = 16 kHz , the bit rate that the system can support is

R =
~~~~-I

X l 6 kHz=2 .8 kb/s

The maximum bit rate with P = l0~~ at (SNR) . is 2.8 kb/s. This

b it rate is for operation at or above the FM receiver threshold (SNR)
out

of approximately 10 dB; (SNR )~ of approximatel y 5 dB (Figure E-l). If

~ig n a l in g  speed were d ra s t i c a l ly reduced , i t  would be poss ib le  to oper-

a te s l ightly below the (SNR)out threshold of 10 dB.
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If the basic FM receiver were modified by bypassing the discriminator

and adding FSK tone-matched filters and a mark-space comparator , the

nonlinear portion of the FM receiver curve would be eliminated and sub-

stantial improvement achieved for slower-speed digital FSK signaling .

With this receiver structure , there would be only a negli gible receiver

threshold effect or none whatsoever.

An E
b

/No of 12.6 dB will support a signaling speed of 2.8 kb/s.
Halving this signa l speed (for a modified receiver) will double the bit

duration and increase the E /N ratio by 3 dB . Hence:
b o

• 1.4 kb/s can be supported at 3 dB below the existing threshold

• 0.7 kb/s can be supported at 6 dB below the existing threshold

F • 0.3 kb/s can be supported at 9 dli below the FM receiver threshold.

Hence , if signaling speed is set at 300 b/s for a modified receiver , a

9-dB improvement would be achieved over the existing F~ radio.

4. Performance of FSK over IIF/SSB Radio

There are three possible future requirements for transmitting date

over HF:

• Slow-speed  data to imp lement the selective signaling and
frequency-scanning features of the modern HF radio sys tem ,
recommended as a solution to the NOE communication problem (rate
undetermined).

• Slow-speed  data to support (or partially support) tactical fire
contro l system (TACFIRE) data links (1200 and 600 h/s , FSK).

• Higher-speed data (2400 b/s) to support future secure voice
(vocoder) operation in 3-kHz bandwidth circuits. HF/SSB radio
equipment has a nomina l 3 kHz baseband width .

Frequency-shift keying (FSK) modulation can be used to trancrnit

data over IIF/SSB radios having a nominal 3-kHz bandwidth. Signaling

sp eeds of 1200 b/s are attainable. Assume tha t two-tone (f1, f2
) FSK

modulation is used within a nominal 3-kUz audio bandwidth and that the

tone frequencies are spaced at 0.7 X l/T ,~ where T is the bit duration

The tone spac ing  of 0.7/T is chosen to optimize FSK perf~~rrnance •
2
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(sec), and R = l/T bit rate (h/s). The baseband power spectral density

is shown in Figure E-2 .
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F I G U R E  E-2 POWER SPECTRAL D E N S I T Y  FOR TWO -TONE FSK M O D U L A T I O N

At the receiver , assume tha t we filter null-to-null at the edges of

the 3-khz bandwidth . (In practice , the FSK spectrum can be filtered more

heavily.) For this case

B W = ~~~ +0 .7 X~~~+~~~ = 3 k H z

The bit rate , R , is

R 1.11 kb/s

or , with heavier filtering, R 1.2 kb/ s. Hence , by using FSK modulat jar

data rates of 1200 b/s (or less) are readil y attainable within a nor;i:ia l

3-kIIz bandwidth.
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In order to achieve a higher bit rate , such as 2400 b/s , a more

complex modulation technique will be required . Multilevel-multiphase

modulation is one possibility to be considered in this category.

191

-



Appendix F

GAIN AND DIRECTIVITY OF OH-58A HELICOPTER VHF ANTENNAS  



~~~~~~~~~~~~~~
—-.--- T~~~~~~~~~~~~ 

Appendix F

GAIN AND DIRECTIVITY OF OH-58A HELICOPTER VHF ANTENNAS *

1. Introduction

The directivity and gain of VHF helicopter antennas strongl y in fli~-

ence the performance of VHF/FM radio systems for helicopters fl ying NOE .

How ever , measured values of the directivity and gain of the VHF antennas

on the OH-58A helicopter while flying NOE were not available at the be-

ginning of this study.

Of primary interest are two communication antennas : the FM-I Tail-

fin (BHC P/N 206-015-518), and the FM-2 Bent Whip (BHC P/N 206-0/5-543).’

The manufacturer ’s report listed design specifications and presented

measured VSWR and field-strength data obtained in flight at 1000 ft al-

titude at a range of 18 miles .1 While these data were useful in deter-

mining the free-space VSWR and directivity pattern variations , they were

not useful for computing antenna gain at NOE altitudes because the trans-

rnitter power 
~~~ 

was not specified and the altitude was not NOE . A

series of tests was p lanned by SRI to determine and the directivity

and gain for the FM-i and FM-2 antennas on an OH-58 fl ying NOE . These

tests were conducted concurrently at the Lakehurst , New Je rsey  Nava l  A ir

SLaLio~i by SRI and the U .S. Army Avi onics Research and Development Activ-

ity (AVRADA) in Apr il 1977.

The Lakehurst tests included measurements of the forward and re-

flected power as a function of frequency for the FM-l and FM-2 antennas.

The field strength at 1 km was measured as a function of aircraft alti-

tude and azimuth on selected frequencies . The field-strength data were

combined with the net forward power (
~T~ 

data to calculate the antenna

gai n (CT) relative to an isotropic radiator (dill). The Norton model2

*By C.  H. Hagn
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The FM-2 antenna is located over the cabin roof of the OH-58. It

consists of a 22-in, vertical member extending up and forward at an ang le

of approximatel y 60 degrees from hori zontal , topped by a nearly horizon-
tal 44-in, whip extension aft. The FM-2 antenna , which has a pas sive
matching network , p rovides vertically polarized radiation with a manufac-

turer s spec ified efficiency exceeding 25 percen t at 30 MHz and 75 per-

cent at 76 MHz.’

3
The Communications Components Corporation (C ) of Costa Mesa ,

Calif ornia designed a 5-band coupler to improve matching to the FM-2 an-

tenna . The bands are 30-36 MHz, 36-46 MHz, 46-56 MHz, 56-66 MHZ , and

66-76 MHz. The increase in ERP from the FM-2 antenna was measured at the

time this coup ler was installed.

3, Power Measurements

Forward (Pf) and reflected (er) power measurements were made for two

AN/ARC- 114 transcievers driving the FM-I and FM-2 antennas of an OH-58A

hel icopter (Tail No. 68-16806). The OH-58 was stationary on the ground

in a large open area , with its rotor parallel to the fuselage . The

URM-l20 (Serial No. AJD 74) power meter was used and the measurements on

the FM-2 antenna were repeated several times , but the final measurement

was made with a Bird Model 43 wattmeter (Serial No. 204). The results

are summarized in Table 1 , which also includes the net forward power

The VSWR was within the design specification of 5:1.

The power measurements we re not always consistent. The URN-120 was

calibrated on 7 March 1977 and was due for recalibration on 5 July 1°’’

Therefore the 21 Apr il 1977 measurements were made in the interval oe-

tween calibrations . As the 5O-W element was used , the readings were

typ icall y at only 20 percent of the scale; the 10-W element was used

whenever possible. Nevertheless , the data are reasonabL y consistent .

A d irect comparison between the URN-l20 and the Bird Model 43 meter

readi’~gs was made at 50 to 70 MHz. At 50 MHz , the URM-l20 read 10.5W

and the Bird 43 read 9.8W for 
~T

’ At 70 MHz , the URN-l20 read 3.5W and
th e Bird 43 read 4.0W .
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The median transmitter power for the AN/ARC-l14, operating into

the FM-i anteurna , was abou t 39.3 dBm , the median for the FM-2 antenna ’s

transmitter was about 38.9 dBm . The standard deviations from the median

were about 1.8 dB and 1.7 dB for the FM-I. and FM-2 antennas , respectively.

4. Field-Strength Measurements

The field strength from the OH-58A helicopter transmitting system

was measured at a distance of 1 km with a Smith Model SM-2S field-

strength meter. The Smith receiving antenna was a verticall y polarized

rod with sloping X/4 radial ground-p lane elements and with the antenna

feed point at 10 ft above ground. The antenna factor for this antenna

is given in Table 2 .

Table 2

ANTENNA CORRECTION FACTORS FOR ANTENNA
OF SMITH FIELD-STRENGTH METER , MODEL SM-2S [dB (m~~ ) ]

Frequency (MHz) 30 35 40 50 60 70

*An tenna Factor -6.0 -3.3 -1 .0 +3.0 +6.0 +8.8

* -L
Antenna factor , in dB (m ), at output of 20 ft-coaxial cable
connected to tuned monopole antenna at 10-ft height.

Data were obtained every 30 degrees in azimuth at skid heights of

1 It and 10 ft. Height-gain measurements were made at skid heights of

O to 35 it with the nose of the OH—SSA pointing toward the field-strength

meter. The measurement at 50 MHz was repeated several times and pro-

duced reasonably consistent results . The terrain between the transmitter

and rece iver was very flat and open. The results of these measurements

for the F~4-l and FM-2 antennas are summarized in Table 3. (The C
3 

5-band

coup le r was used with the FM-2 antenna , but withou t an amplifier.)

Table 3 gives the actual measured voltages in dB (l~V). In order to



~ 

TIT~~~~~~~~~~~~~~~ ’~ 
‘

~~~~~~ 

_ _

Ta64 ~ 3

MEASUHEIS VO L IA4E AT S
P 8034 08-581. T RANSMIT0EHG ANTENNAS j d8 (1 6 ) I

Skid AZIMUTH (de8r ~~e, )
Fr ~ q..n y H3ight

iSflteSSlSa (3483) (16)  0 30 60 90 120 150 180 210 240 270 300 330 360

FM-I 30 1 39 .0 38.0 28.0 30.0 36 .0 34.5 33.0 34.3 36 .5 32.8 33.6 38.5 395

10 39 . 5 38 .0 31 .0 34 . 5 3 9 0  39 .5 38.0 38.1 38.0 35.0 34 ,0 40.0 ‘.0.0

iii - 30 0 48.0 46.7 43.2 4,.0 4.5 45.8 36. 4 46.0 46 .2 46.8 46.2 46.5 47.0

1 46.0 45 ,5 44.5 45 .0  4...5 4 5 . 5  46 .0  36 .0 4 5 , 5  4 5 . 5  34 . 5 46. 5 46 .5

I 10 48.0 41 .8 46 .0 4 1.0 48 .0  48 .2 48 . 7  48 .2  49 .0 4 9 . 0  39 .5 50.5 49.5

FM-S I 35 1 50.0 47.0 39.0 48 .0 46.0 46 .5 44 .5  45 .0 4 3 0  3 7 ~Ø 44 ,0 46 .5  50.0
LI) 50 .0 48 .0 46 .0 S0. 0 40 .5  48 .1 49 .5 4 1 .5  48. 0 - .9.5 4 5 0  46 ,0 50.0

FM-2 ~. 35 1 S O P  5 3 .3  sO.0 49.0 4 9 . 5  53 .0  ,4 .5  54 .0 52 . 8 S 1 S  53 . 8  53 . 8 53 .0

10 58.0 57.0 56.0 55, 2 55.7 56.0 57 .0 56.5 57.0 55.5 57.0 56.0 56.0

FM-i p .40 1 4 7.0 46 .4 45 .0  45. 5 45.0 46 .0 45 .0 45 .0 43.0  44.0 44 .5 45.0  46 .0

10 48.5 46.5 45,0 48.3 46.0 41.0 46.0 41.0 47 .0 48.0 43.0 46.0 7,0

FM-2 30 1 5 1 .0  50.8  48 .0 46 . 5 4 5 . 0  4 5 . 5  45 . 6 46 . 5  48 . 0 4 8 . 7  50.6 50 .7  50 .2

10 53 .3 53.5 52.5 51 .0 51.5 51.5 52.5 54. 5 56.0 56 . 0 56.2 56.1 58.0

10 56.0 57.0 56.5 54.0 51.0 55.0 54, 5 ‘4.5 55.5 57.0 57.7 59.0 58.0

FM-i 50 1 49.0 48 .7 41_ s 47.0 49_ s 47.8 49.0 48.0 46 .0 46.0 4’..O 44.0 49.0

1 53.0 52 .0 50.0 -.8 .4 47.5 48.0 49 , 7 49.0 47 , 2 46 .0  48 .0 49.0 50.6

I 10 50.0 49.5 51 .5 48.0 51.0 51 _ s 49.0 48.5 47.0 49.0 49,5 49.0 51 .0

10 53.0 48.0 51 .0 50.0 49.5 .9.0 51 .6 53.0 55.0 51.0 54.5 50.0 52.0

50 1 48 .5 48.4 46.5 43.0 33 .0 . b . 5  46.5 45.0 44.0 44 .0  46 . 5 47.5 47.5

1 39 .0 44.0 46.0 34 ,~I 46. 1 48 .0 49 .0 48.5 47 .5 46.0 47.0 41 . 5 41 .5

10 50.2 48.5 46.0 45.0 ~~~ 48.0 50.0 49 .0 50. 0 49.0 50.0 51 .0 52.5

10 56.0 55.1 53.5 01 .4 51.5 52.0 03 _ S 52 .5 49.7 46.0 50.7 53.5 56.0

FM-i 60 1 55.0 56.0 57 .5 56.4 56.0 55.8 55.3 53.0 49.0 39.0 50.2 50.0 ss.o

‘ 10 58.0 ,0.0 61 .0 60. 5 6 3 .0 59.0 56.5 52.0 54_ s 560 580 02.0 10 ,0

60 1 ‘4 5 55.0 54.0 52.0 44.0 51 .0 52.5 48.5 46.0 52.0 03 .0 ,5. 5 >..0

ii 58.6 58. 5 60 ,0 56.0 49.0 54 .0 55.6 s,.o so _ s 58.0 60.5 60.0 50.0

“- S I 0 1 51 .0 50 .3 51 .0 52.0 50. 0 49 , 2 1.0 - . 0 43.0 45.5 3., 5 49.2 51.0

40 42 .5 5.0 56.3 5s.0 55.5 ~~.0 53.0 53.0 43 ,5 52.0 52 .0 51.0 55.0

FM-2 70 1 39.0 37 .0 45.5 44.5 35.0 31 .0 36 . 5 31 .0 45.0 37 .2 48.1 .9.0 39.0

1~ ° S 48. I3 

,
sI
,
.
oJ,

47.0 4 3 .0  4 1 .0 48 ,5 49.5 518 52 .8~~~~51.iI~~~~53.0
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obtain the field strength in dB (l~ V/m) it was nece-.sary to add the an-

tenna factor in dB (m”) from Table 2 for the appropriate frequency. l’he

Smith meter had an amp litude-tracking error of up to several dB for small

meter deflections. Calibration curves were produced for SO to 70 MHz

(see Figures 2 and 3.) Some of the measured voltages in Tabie 3 re4uired

a meter correction to yield the actual field strength. Additional mea-

surement correction factors for other frequencies are summarized in

TabLe 4.

The antennas on the OH-58A are higher than the skid height reported

in Table 3. The actual antenna heigh t depends upon the angle of the

fuselage when the aircraft is in flight , although it does not vary to

an extreme . To obtain the actual antenna height for the FM-I and FM-2

antennas , add 5.5 ft and 6.5 ft respectively to the skid height.

The actual measured received voltages with the verticall y polarized

1
7 

Smith antenna located 10 ft above ground at 1 km , are summarized in

[able 5. The relative height gain in dB can be obtained by computing

the differ ence between these voltages for a given antenna and frequency

at the respective heights . For examp le , there is no heigh t gain for

the FM-l antenna at 30 MHz between skid heights of 0 and 35 ft , whereas

the FM-2 antenna exhibited a heigh t gain of +7 dB for the same range .

5. Directivity Patterns

The FM-l and FM-2 antennas are designed to exhibit a pattern sym-

metry of generall y be tter than 10 dB .’ An omnidirectional pattern is

required for NOE tactical applications , because the aircraft orientation

is then generall y random relative to the propagation path direction .

The directivity patterns of the FM-i and FM-2 antennas at zero de-

grees elevation angle (skid heigh t = 0 ft) with the OH-58~ at NOE alti-

tude can be derived from the measured field-strength data given in

Table 3. It should be noted that the FM-2 antenna has better pattern

symmetry at the low end of the 30-76 MHz band , whereas the FM-I antenna

has better symmetry at the high end . Both antennas generally exhibit

symmetry surpassing the specified value of 10 dB .
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Table ~

MEASURED AMPLITUDE I ’RA CK lNG ERROR
OF SMI .. SM-2S FIELD-STRENGTH METER

Frequency Attenuation Scale Input Voltage Meter Reading
(MHz) (dB)’ dB(1~ V) d B ( I ~ V)

30 0 7.0 7.0

0 11 .0 11.6

20 30.0 31 .7

40 50.0 50. 4

35 0 7 .0  7 . 4

0 11.0 12 . 2

20 30 .0 32 .0

40 50.0 50 .7

40 0 7 .0  8.0

0 11 .0 12.8

20 30.0 3 2 . 6

40 50.0 51 .9

so 0 7 . 0  7 . 5

0 11.0 12 .5

20 30.0 31.5

40 50.0 50.0

60 0 7 .0  7 .0

0 11.0 11 .4

20 30 . 0 30. 2

40 50.0 49 .0

t 70 0 7 . 0  7 . 1

0 11 .0 11.3

20 30.0 30.2

40 50.0 48.8
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Ta ble  5

RECEIVED VOLTAGE MEA SU(EMENTS ~in dB(1~aV) J OH-58A ,
AL ’ 1 km VERSUS HELICOPTER SKID HEIGHT (IN FEET)

Frequency
An tenna (MHz) 0 5 10 15 20 25 30 35

FM-I 30 44.0 42.0 43.0 43.0 43.2 43.0 43.0 44.0

30 46.5 47.2 48.3 50.0 50.7 51 .7 52.5 Yi .5

FM-I 35 49.0 50.0 50.2 50.4 50.0 49.0 49.0 50.0

FM-2 35 53.3 55.0 56.0 56 .5 57.5 58.5 64.0 66.0

F?1-l 40 47.0~ 46.5 46,0 48.0 51.0 50.0 53.0 54.0

FM-2 40 51 .0
k 

* 56 .0 * * * *

FM-i 50 46.0 49.0 52.0 54.0 55.0 51.6  58.0 S3.O

FM— 2 50 50.0 53.0 55.5 58.0 58.2 59.0 59.8 63.0

FM-i 50 46.7 49.6 51.0 52.0 56.0 51.2 60.0 64.0

FM-2 50 50.4 51.8 53.3 56.0 58.0 59.8 61.0 64.0

FM-i 50 49.0 52.0 52.0 54.7 57.0 58.5 59.5 61.0

FM-2 50 4S.S~ ~
- 50.2 * * * * *

FM-i 60 55.O~ 59.0 60.5 62.0 64.0 66.3 66.0 67.0

FM-2 60 54.5
’
~ * 58.6 * ‘4 * * *

FM-i 70 46.5 47.5 50.0 55.0 56.0 5 7 _ s  60.0 62.0

FM-2 70 45.5 47.5 51.0 53.0 54.0 56.0 
j 

57.0 58.0 
-

*No data

tV a lu e s  w i th  th is  symbol wer e taken w i t h  the skids at 1 f t .
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The directivity of these antennas in free space (at an altitude of

1000 ft and a range of 18 miles) was measured by the manufacturer. ’

These measured  f i e l d - s t r e n g t h  va lues  were converted by SRI to d i r e c t i v i t y

values in dB relative to the gain in the direction of the nose of the

aircraft in order to compare the free-space values with those measured

at NOE altitude. The free-space directivity values for the FM-I antenna

are summarized in Table 6.

Using the “moment coefficient ” technique , Medgyesi-Mitschang and

Putnam 3 have modeled the directivity of the FM-i and FM-2 antennas on

the OH-58A as a function of fre.~uency, azimuth , and elevation angle .

Matching their results with the data of Table 3 , a generall y favorable

comparison results.

6. Antenna Gains

In the communication system performance model of Appendix A , spec-

ification of the median gain of the OH-58A antennas was re4uired for

prediction of the operational ranges for the NOE COM candidate radio

systems. The Nor ton2 model for propagation over a flat earth was used
to convert the field-strength values measured at 1 km (for the zero

degree heading of the aircraft) to effective radiated power (ERP) values

in dBm at the source for this azimu th . The calculations were made for

two set s of ground constants (see Table 7). These values were inferred

from Figures 111-16 and 111-17 of Reference 4. The gain in dB relative

to an isotrop ic radiator (dBi) for the antenna transmitting at zero

degrees azimuth C
T 
(0°) = ERP - 

~T
’ The values were obtained from

i~able I. The transmission line losses (L
T
) were assumed to be neg lible

(i.e., L
T
= 0). Any actual transmission line or matching circuit losses

(excluding mismatch losses) were charged against C
T 

in the system equa-

tion of Appendix A.

The field-strength values from all the aircraft skid h eights (0-

35 ft) w er e  used to estimate C
T (0°) for NOE altitudes , and the results

showed good consistency. The median values for the FM-I antenna for

two sets of ground constants are summarized in Table 8. The measured

Aircraft nose
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Tab le  7

GROUN D CONSTANTS ASSUME D
FOR ANTENNA GAIN CALCULATION

C o n d u ct i v i t y , ~ R e l a t i v e
(mho/m )  D i e l e c t r i c  C o n s t a n t

F r e q u e n c y  Average  Good Average  Good
(MHz) Ground Ground  Ground Ground

30 2 .2  ~< IO ’3 1. 2 Y io ’2  7 . 5  12

40 2 .8 x 10 ’
~ 1, 4 x io 2 7 . 5  12

50 3.5 x l0~~ 1.6 X i~ -2 7 .5  12

60 4 .0 x 10’
~ 1. 7  x io 2 7. 5 12

70 4 . 5  ~ ~~~~~~~~~~ 1.8 x io 2 7 5  12

Tab le  8

MEASURED F M-I  A N T E N N A  GAINS IN dBi
FOR [HE OH-5 8A AT NOE ALT I ’rUDES

Typ i ca l
Average Good Median

Fre ’.~uency  Gr our i d-G .~ (0° ) Ground _ G
T (0 ° )  V a l u e s _ G

T 
-

30 -18.0 ,-. 3 .0 -20.0 ± 2.0 - l 9 . 5

40 -12 .7 1.0 - 1 3 . 5  ± 1.5 -14 .5

50 -8.5 ± 1 . 0 -9 . 7  1.0 -9 .0
60 -3.5 ± 1 .0 -5.5 1 .1 -4.5

70 -11 . 9 ~ 1 .0 -11 . 9 1.0 -9 .9
_ _ _ _ _  _ _ _ _ _ _  ___  _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
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uncertainties due to different aircrdft heights are indicated by dB in

the table. Typical median values are also given .

The system performance model requires an equivalent standard devia-

tion for the antenna__ 70T 
in dB . Estimated standard deviations are

summarized in Table 9 for the FM-I antenna . The data from the FM-2

antenna could also be reduced in this manner , but they were not needed

for the modeling in appendix A , which used only the FM—I antenna .

Table 9

ESTIMATED STANDARD DEVIATIONS OF FM-I ANTENNA GAIN , IN dB

Nominal
Frequency
(MHz) 30 35 40 45 50 55 60 65 70

Bell Report 2 * 3.2 2.2 1.0 1.3 1 .6 0.8 0.9

L a k e h u r s t
(10 f t )  2 . 1  1.6 1.6 1.1 1.2 * 4 .3 2 .1 1.2

L a k e h u r s t
(1 f t )  * * 0 .8 * 2 .7 * 5.0 3 9  *

No da t a

The f i e l d - s t r e n g t h  values  of Table  3 were  a lso  ar t a l yzed b y Mr. J.

F.  Brun c  of AVRADA , For t  Monmouth , to e s t i m a t e  the F a i n  a t  zero degrees

in dB I  f o r  FM - i , FM-2 , and fo r  FM-2 w i t h  the 5-band coup l e r .  His r e s u l t s

are  s u m m a r i z e d  in Table 10.
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Table 10

ESTIMATES OF VHF ANTENNA CAIN (dBi)
AT ZERO DEGREES (NOSE) FOR OH-58 HELICOPTER

AT NOE ALTITUDES

Gain at Zero Degre .~s (dBi)

Ant enna 30 MHz 40 MHz 50 MHz 60 MHz 70 MHz

FM-I -12.50 -10.0 -6.0 -7.5 ÷1.0

FM - 2 -15.0 -8.0 -11.0 -6 . 5 0.0
FM -2
with coupler -7. 5 -3.0 0.0 -3.5
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Appendix C

*HF ANTENNA GAIN

I. Introduction

a. Objective

The gain toward the zen i th  of the HF an tennas  uscd on n e a r - v e r t i c a l -

incidence skywave (NVIS) paths between helicopters or between a helicop-

ter and a grou’.-td station is summarized in this appendix.

b . Background

HF n e a r - v e r t i c a l - i n c i d e n c e  sk y-wave (NV I S)  t r a n s m i s s i o n  in the band

2- to 8-MHz was emp loyed s u c c e s s f u l l y d u r i n g  World  War II when trans-

m i s s i o n  d i f f i c u l t i e s  were encoun te red  wi th  VHF equi pment  o p e r a t i n g  in

j u n g les and moun ta inous  t e r r a i n . ’ The NVIS theory  was w e l l  u n d e r s t o o d

at t h at t im e , and half-wave h o r i z o n t a l  di pole a n t e n n a s  e r e c t e d  7 to 30

f t  above ground  were known to be the bes t  f i e l d - e x p e d i e n t  NVIS an t ennas

f o r  use w i t h  t r a n s c e i v e r s  capab le  of m a t c h i n g  to a low impedance  ( e . g . ,

50 ohms).

The use of HF NVIS in the t rop ics f o r  g r o u n d - t o - g r o u n d  l inks  was

f u r t h e r  studied and improved upon d u r i n g  the  Vie tnam war . 2 ’- ~’ ’ 4 Helicop-

ters in Vietnam during the fina l stages of the war were forced to fly

at nap-of-the-earth (HOE ) altitudes to avoid enemy fire ; in this fli ght

mode t h e i r  low-power  VHF communica t ion  s y s t e m s  did not p e r f o r m  a d e q u a t e l y

because  of terrain or vegetation blockage of the propagation path . The

h e l i c o p t e r s , c o n f r o n t e d  w i t h  e s s e n t i a l l y  the  same c om mu n i c a t i o n  p rob lem

as the W o r l d  War II ground fo rces , could ava i l  themselves of the same

gene ra l  s o l u t i o n  (use  of the HF NV I S m o d e ) .  But  they a l so  had to cope

*By C . H. Hagn . Mr. J . C. Gaddie of SRI International and Mr. 3. F.
Brune ot AVR.ADA contributed to this appendix.
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w i t h  a new and bas ic  p r o b l e m : how to e q u i p  the  h e l i c o p t e r  w i t h  an HF

a n t e n n a  t ha t  would r ad i a t e  toward the  ionospher e as efficientl y as pos-

sible in the 2- to 8-MHz band . Although some helicopters in Vietnam were

equipped with AN/ARC-lO2s and ZIG-ZAG HF antennas , the NVIS mode was not

used to any significant extent. The AN /ARC-1O2 did not have a squelch ,

a,1d the con t inuous  background noise of the HF channe l  was bo the r some  to

the p i l o t s . Besides , the ZIG-ZAG was not a p a r t i c u l a r l y e f f i c i e n t  NV I S

antenna--for several reasons . Other approaches to the coup ling of rf

energy to the airframe were sought.

Cincinnati Electronics developed the shorted Transline , consisting

of a 1-in , metal tube approximatel y 10 f t  long and s u p p o r t e d  8 in .  f r o m

the sk in  of the t a i l  boom. This an tenna  is fed a t  the cab in  end and

grounded to the boom at the t a i l  end . The antenna p r e s e n t s  an i n d u c t i v e

impedance at f r e q u e n c i e s  in the 2-  to 6-MHz band and can t h e r e f o r e  be

tuned with a low-loss capacitor . (An open Transline exhibiting a capaci-

tive impedance also was developed .) Further development and testing of

t h i s  an t enna  were done in 1975 b y the U. S . Army E l e c t r o n i c s  Command

(ECOM),
5 and a modi f i ed  vers ion  ca l l ed  the ECOM loop (see Figure Fl),

was used d u r i n g  the FM 320 ope ra t i ona l  t e s t s  at  Fort  Hood in 1976• a

A n a ly t i c a l  model p r e d i c t i o n s  of the performance of this antenna above

ground of imperfect conductivity have also been made.7 These studies

a l l  i n d i c a t e d  t ha t  the shor ted  T r a n s l i n e  or ECOM loop provided  the  bes t

a v a i l a b l e  NV I S an tenna  fo r  the h e l i c o p t e r .

Severa l a n t e n n a s  are c a n d i d a t e s  fo r  t e r m i n a t i n g  the  ground end of

an a i r - t o - g r o u n d  NV I S c o m m u n i c a t i o n  l ink . There is need fo r  a v e h i c u l a r

a n t e n n a  wh ich  can be used w h i l e  the  veh ic le  is e i t h e r  s t a t i o n a ry  or  in

m o t i o n , as w e l l  as fo r  a fixed based-station antenna . The bes t  an tenna
- -

in i n v e n t o r y  f o r  a moving v e h i c l e  is the  15- f t  whip  bent over the  hood .~~’

This  c o n f i g u r a t i o n  is about 6-8 dB b e t t e r  than a v e r t i c a l  whi p f o r  launch-

ing the  NVIS mode;  however , the ga in  toward the  z e n i t h  is very  low , onl y

about  -25 dBi  or less on the >h o r t e s t  NVIS pa th s  in the 2-8 MHZ band .
9

On longer  NVIS  pa ths  (ou t  to 5C or 100 km) the ga in  is -15 dBi or

l e s s , d e p e n d i n g  on the  f r e q u e n c y .  For  a pa rked  v e h i c l e , the w h i p  ga in

f o r  t he  N V I S  mode could  be increased by 2-3 dB if  the whip  is t i ed  or
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propped up so it extends away t rom the vehicle rather than over the hood .

The possibility should be investigated that a vehicular hoop antenna

(similar to the aircraft loop) might provide better NVIS performance .

An ionosp h e r i c  sounder  has been used to measure the gain toward the

z e n i t h  of severa l f i e l d - e x p e d i e n t  HF antennas suitable for ground station

u t i l i z a t i o n : ’ 
~~~~~ a half-wave horizontal di pole (doublet), +8 dBi ; i n v e r t e d

L ( 5 : 1) ,  +5 dB i ; 30° -slant-wire , -4 dB i; 16.5-ft whip, -25 to -35 dBi .

These gain values are reduced 1-5 dB when the antenna is located in a

f o r e s t . 10

C o l l i n s  Radio has developed several antennas for tactical (short-

range) HF use . Among these is the Collins Model 637K ,1’ which was used

in the FM-320 tests conducted at Fort Hood . Measured data on this an-

tenna , a vertical 15-ft whip on a jeep , and on the ECOM loop are pre-

sented in this appendix. ‘ 1

2 . Gain of ECOM Loop on OH-58

The gain of the ECOM loop on an OH-58 toward the zenith was mea-

sured  b y 3 . F .  Brune  of AVRADA , For t  Monmout h , New J e r s e y ,  on a 33-km

sky-wave path between L a k e h u r s t  and Ways ide , N ew J e r s e y ,  in Sep tember

1977 .  D u r i n g  these tests , the OH-58 was sitting with skids on the ground

( S O G ) .  Summar i zed  in Table  I is the ga in  of the  ECOM loop relative to a

half-wave horizontal dipole at a 30-ft height. An estimate by the a u t h o r

‘.1 the gain relative to an isotrop ic radiator is also given . It should

be noted that the helicopter antenna gain for SOC is usually the worst

~.ossible case . The actual optimum antenna heigh t for maximizing radia-

tion toward the zenith depends upon the wavelength and the electrical

ground constants , but it is generall y between approximatel y k/ S and ~~J4 •
1J

3 . Gain of Collins 637K HF Antenna and Vertical 15-ft Whip on Jeep

The Collins 637K K-I series (AN/AS-2259) antenna is a short , droop ing

fun dipole with 60-ft element lengths and a 15-it-hig h cent er feed .’

It covers the 2- to 30-MHz band , is portable , and can be erected in an

open area by two men in 5 to 10 minutes. The gain of this antenna and
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Table  1

NVIS GAIN OF ECOM LOOP
ON OH-58 AIRCRAFT

R e l a t i v e  A b s o l u t e
Frequency Cain* Gain
(MHz) (dB) (dill)

2 . 1  -18.5  -15

2.3 -15.5 -12

2,6 -14.0 -11

3.2 -13 .6 -8

4 .0  -14.5 -10

4 . 9 -13.4 -8

6.0 -10 .2 -4

W i t h  respec t  to h a l f - w a v e  d ipole
30- f t  above ground

t h a t  of a 15 - f t  whi p on a jeep have been measured  by J. F . Brune at Fort

M onmou t h , New J e r s e y  and at  For t  Hood , Texas during the  TCATA FM 320

t e s t s.~~ These r e s u l t s  are  summar ized  here , a long  w i t h  some r e l a t i v e

gain da ta  f o r  g round-wave  p r o p a g a t i o n .

The bes t  set  of da ta  was ob t a ined  a t  Fo r t  Hood d u r i n g  2-5 November

1976 , u s i n g  s i t e s  S-I  ( R a d a r  H i l l )  and S-2 (39 km f rom S i t e  1) (see

F igu re s  1 and 2 ) .

The p rocedure  was to t r a n s m i t  a t  S-2  with the C o l l i n s  T r a n s c e i v e r

118U- 2B with a 400-W amp l i f i e r  i n to  an a u t o m a t i c  coup ler d r i v i n g  a 6 0 - f t

s l a n t - w i r e  (~ 40 0 ) an t enna  o r i e n t e d  w i t h  the elevated wire pointed toward

S- i  or to t r a n s m i t  i n t o  a h a l f - w a v e  d i p o l e  (AN /CR~~-50), located 40 f t

*Note  t ha t  the  bes t  NVI S c o n f i g u r a t i on  f o r  th is  pa th  would have been to
o r i e n t  the  s l a n t  w i r e  

~~~~~ 
f rom S- I , s ince  the  d i r e c t i v i t y  p a t t e r n  has

a n u l l  in the  d i re c t i o n  along the  w i r e .
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above th e ground and oriented broads ide to the path direction . The r o  -

coiving antenna at S-I (39 km away) was either a half-wave horizontal

dipole at 40 ft oriented at 45~ off broadside or a Collins 637K antenna

with its center at 15 ft above ground and the longer elements oriented

toward S-2 . The measured received voltages ar c given in Figures 1 and 2.

The gain data for the 637K antenna relative to th.r di po le  on t h i s

39-km path are summarized in ‘lab le 2. There were two possible ways to

calculate the reLative gain of the 637K antenna from the data: 1) take

the difference (in dB) between the di pole-di pole and dipole-637K received

voltage s on a gis~ cr1 day and frequency and 2) take the difference between

the slant-wire-to-di pole and the slant-wire-to-637K received voltages .

The difference in each case is the gain of the 637K relative to the di-

• po l e . R e l a t i v e  gain va lues  computed u s i n g  bo th  me thods  are shown in

Table 2.

Data comparing relative responses of the Collins 637K and a half-

wave horizontal dipole at 40 ft were obtained on a 43. 7-km path in Nev,’

Jersey on 4 June and 14 June 1976 . The receiving antennas were a half-

wave h o r i z o n t a l  di po le  a t  30 f t  above ground  and the  C o l l i n s  637K an t enna ,

The ga in  v a l u e s  are s u m m a r i z e d  in T a b l e s  3 and 4. On 14 June 1976 da ta

Table  3

RELATIVE GAIN OF THE COLLINS 6~ 7K MEASURED
ON A 4 3 . 7 - k m  PATH AT FORT MONNOUT1-I--

4 JUNE 1976 ( 1350- 1615 h r s )

F r e q u e n c y  C o l l i n s  637 G a i n  R e l a t i v e
(MHz) to ~ /2  Di po l e  a t  40 F e e t  (dB)

2 . 3 5  - 15. 2

3. 15 - 15. 2

4. 15 -20 . 2

4 . 95 -10. 1

220

_ _ _ _ _ _ _ _  --•‘-~—S- — -- -.4 



______ 
‘~~~~~~~~~~ 7 - 5 ’~~~~7 - ’  

--- -~~~~~~~~~
-

~~~~~~~~~~~~
‘
~~~~--—

Table 4

RELATIVE GAIN OF THE COLLINS 637K
AND 15-FOOT VERTICAL WHIP ON A JEEP ,

MEASURED ON A 43 . 7-km PATH
AT FORT M ONM OUTH --l 4  JUNE 1976 (1425-1624 h r s )

Col l ins  637 15-Foot V e r t i c a l  Whip
Gain Relative on Jeep Gain Relative

Frequency  to X / 2  Di po le to y12 Di pole
(MHz) at 40-Feet (dB ) at 40-feet (dB)

2.05 -19.0 no data

2.35 -36.7 ( ? )  -25 .0

3.15 -7.8 -17 .8

4. 15 -17 .0  -14,5

4.95 -13.0 -8.0

5.75 -12 .0 -8.5

were also  o b t a i n e d  w i t h  a 15-f t  v e r t i c a l  whip on a jeep t r a n s m i t t i n g  to

the d i p o l e .  These d a t a  are a l so  summar ized  in Table  4 .

There was a genera l cons i s t ency  in the r e s u l t s  fo r  the C o l l i n s  637K

antenna ; however , several anomalies indicated by a question mark , appeared

in these data . The typ ical NVIS gain of this antenna on a 40-km pa th ,

r e l a t i v e  to a h a l f - w a v e  h o r i z o n t a l  d i p o l e  at  40 f t  above ground , is sum-

marized in Table 5 , which a lso  inc ludes  the e s t i m a t e d  gain ( d B i ) ,  based

on f i e l d  measurements , of the 637K antenna . The m a n u f a c t u r e r ’ s absol u t L

gain values for this antenna are also presented. ’’
An ad d i t i ona l se t o f d a t a , ob ta ined  on 17 December  1976 be tween

1340 and 1606 hours on a 40-km path , can be used to e s t i m a t e  the r e l a t i v e

ga in  on t h e  1 5 - f t  whi p on the j e e p .  These r e s u l t s  are s u m m a r i z e d  in

Ta b l e  6.
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Table 5

N V I S  GAIN OF COLLINS 637K A N I L N N A. RELArlvE
TO HALF -WAVE HORIZONTAL DIPOLE AT 40 FOOT (dB )’2

Absolute Gain (dBi)
Relative

Frequency Gain Manufacturer ’s
(MU~ ) (dB) Measured Estimate

2.0 -19 -15.5 -14 .0

2 . 2  -16 -12 .5  -12 .0

2 .5 -15 -11 . 5 -9 . 7

Table 6

RELATIVE GAIN OF A 15-FOOT WH iP
ON A JEEP MEASURED ON A 40-km PATH

AT FORT MONMOUTH ,
17 DECEMBER 1975 (1340-1606 HOURS)1~

15-Foot Vertical Whip
on Jeep Gain Relative

C Frequency to ~,/2 Dipole
(MHz) at 40-Feet (dli )

2.05 -20.0

2 . 3 5  -5. 0 ( ? )

3. 15 -18.0

4.15 -20.0

5 . 7 5  - 2 5 . 0
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The gain values of the 15-ft whi p on the jeep relative to a half-

wave horizontal dipole at 40 ft above ground for paths of about 40 km

are summarized in Table 7. Because of variabilit y in the data , it was

not p o s s i b l e  to e s t i m a t e  a t y p i c a l  va lue  fo r  each f r eq u e n c y .  Some of

the  anomalous  r e s u l t s  can be exp la ined  b y a change in the  p r o p a g a t i o n

mode. The orientation of the di pole relative to the path geometry is

important for ground-wave paths , but not for NVIS paths. Dipole s’rienta-

tion may have caused some of the inconsistency in the whip antenna

r e s u lt s .  -

Table 7

SUMMARY OF GAIN DATA FOR
VERTICAL 15-FOOT WHIP ON

JEEP RELATIVE TO HALF-WAVE
HORIZONTAL DIPOLE AT 40 FEET (dB)

Frequency 14 June 16 17 Dece mbe r 76
(MHz) 43.7 km 40 km

• 2.05 * -20.0

2.35 -25.0 -5.0 ( ? )

3. 15 -i7.8 -18 .0

4.15 -14.5 -20.0

4.95 -8.0 *

5.75 -8.5 (?)  -25.0

6 .25 ,~ *

7 .65 * *
8.95 * *

10.05 * *
11.15 *

12 .05 * *

* = no data
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While the Collins b37K antenna is superior to a vertical jeep-

moun ced whi p for NVIS propagation , the 637K does not appear to be ade-

quate for terminating the ground end of an air-to-ground NOE communica-

tions link. Othet antennas should be investigated for this pu rpose .

4. Comments on Ground-Station Antennas [or HF NVIS C o m m u n i c a t i o n s

a . Desired Characterists

(I) The antenna must be fre juency-agile with comp lete coverage
of the NVIS spectrum from 2- to 8-MHz (preferabl y with an
upper limit of 10 MHz).

(2) It must have high efficiency and good gain toward the
zenith.

(3) it must be simp le , easy to install , re4uire a small-to-
moderati amount of space and be reasonabl y portable.

(4) It should have low visibility.

These efficiency and gain requirements are i’nportant to ensure that

the circuit performance needed wil l be supported by commensurate trans-

mitting power and to minimize the threat of jamming (S E W ) .  High gain

toward the zenith is particularl y important in the 2- to 4- MH z band ,

which woulu include the frequencies most likeiy to be usefu l during twi-

Light and ni ghttime hours , when atmospheric noise is at its maximum

level. Frequency agility is essential to compensate for diurnal changes

in propag ation conditions . The abi L it to select frequencies for use

without antenna restriction is particularly inportant when one is faced

with interferenc e 5 f  jamming problems that require a rapid change of

operating irequen cy.

h. Existing Antennas

The half-wave horizontal dipole and the slant-wire are the two an-

t e nn a s  currentl y in use that could terminate the ground end of an HF

N’C”IS link. The dipole is better from the stand point of NV IS gain ,’’)

,uL it requires two Lox- •:rs or other suppor ts , as against only one for

the slant-wir e . Furthermore , the d ipole and slant-wire are both
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r e l a t i v e l y narrow-band an tennas . The ideal  NVIS an t enna  would  ach ieve

the gain of a half-wave dipole at 30 ft above ground over the entire

2- to 8-MHz band .

- . . . . . 2 ~~4 ~~~One approximation of this is the multifrequency dipole .

This antenna consists of a number of half-wave dipol e elements fed by a

s ingle  coaxial  feed l ine . This type  of an tenna  is a lso l im i t ed  b y band-

wid th  r e s t r i c t i o n s  which a l low the antenna to opera te  on ly  in narrow

bands clustered around the design frequency of each dipole element. In

addition , there is interaction among the individual dipole elements and

the antenna is relatively difficult to adjust and moderatel y difficult

to i n s t a l l  when more than two di poles are used . The an tenna  w i l l  not

provide the desired frequency agility for spanning the entire 2- to

b -MHz band ; howeve r , m o d i f i c a t i o n s  of t h i s  approach may prove to be ade-

qua te  when used w i t h  modern HF radios tha t  have good a n t e n n a - m a t c hi n g

ne tworks .

Conical doublets (e.g. , Telrex TCMD) w i l l  opera te  over a 4-1 fre-

quency range w i t h  a di p o l e - l i k e  p a t t e r n  and over a 8-1 f r e q u e n c y  range

w i t h  a 2 - I  VSWR. This antenna , which has th ree  f anned -wi re  e lements ,

requires two supporting poles 75-85 ft high and 215 ft apart. At fre-

quencies around 6.5 MHz a null will occur toward the zenith because of

the  high average an tenna  he ight . Toward the z e n i t h  the  gain would be

reduced  to f r e q u e n c i e s  as low as 4 MHz. The antenna height could proba-

bly be lowered somewhat , but this possibility would be limited b” the

large fan-out angle required to achieve the wide bandwidth . The rela-

• tive ly large space requirements and suppor t  pole height  make t h i s  type

of a n t e n n a  u n d e s i r a b l e  f rom the s tand poin t  of p o r t a b i l i t y  and v i s i b i l i t y .

The C o l l i n s  637K antenna was d i scussed  e a r l i e r .  A d i f f e r e n t  model

may o f f e r  b e t t e r  pe r fo rmance  at the low end of the band .

Another approach is to use an antenna which is inherentl y narrow-

band in terms of impedance , but is easily tuned and has the desired di-

r e c t i v i t y  p a t t e r n . One such antenna is the smal l  t r a n s m i t t i n g  loop.

Such loops have been tes ted in j u n g l e - t y p e  environments , such as V i e t n a m .

Good r e s u l t s  have been repor ted  w i t h  exper imenta l  octagonal loops about
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5 ft on each side , mounted 4 ft above g r o u n d . E f f i c i e n c i e s  of 22 per-

ct-nt at 2.5 MHz and 77 percent at 5 MHz were reported . More efficient

loop versions may have been buil t , and at le ,is~t one design was commer-

cia l l y available in 1973 from Antenna Research Associates . Their loop

was tested in that year by SRI with the Xeledop System .’ ~

The 1oop has the following advantages:

• Small and easy to erect.

• Maximum gain toward zenith .

• Can be oriented to null ground-wave interference from one
direction .

• Can be tuned to any frequency by an automatic antenna tuner .

• Will launch a verticall y polarized ground -wave signal in the
p lane of the loop .

• Is of relatively low visibil it y.

The loop has the following disadvantages:

• Efficiency is fair-to-good onl y when well designed and maintained.

• Construction is very  critical , as the loss of signal power at
antenna section joints and othe r structural areas must be kep t
to a minimum to maintain good efficiency. 1-

• Large conductors with few or no mechanical joints must be used
to ensure high efficiency. If mechanical joints are used in
loop conductors to improve portability, the loss may increase
w I t h  age through deterioration of the contact surface during
field use .

• Matching components must be very low-loss and must be able to
withstand high currents and voltagt~~.

• ~~ the antenna Q is very h igh , the operating bandwidth about the
frequency to which a matchin g unit is tuned is small.

c. Conclusions

Although the currentl y existing ground or land-vehicle antennas can

be used on NVIS paths with modern HF sets , none of them are tru ly satis-

lactory for this a1’.p lication. More work wi il have to be done in this

area.
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Api~endix H

MEASUREMENTS OF HF AND VHF FIELD STRENGTH
VALUES DURING THr . FM-320 TESTS *

I. Introduction

HF and VHF field-strength measurements were made during the FN-320
I

tests at Fort Hood , Texas using the actual transmitter and antennas

employed during the test. These measurements were made as part of the

technical documentation for the Objective 3 (engineering) tests . ‘j u t-

HF results were- used to hel p determine when ground-wave and near-verti caL-

i nc idenc e-  sky-wave (NVIS) modes were involved. The VHF measurements ~c- re

used to h e l i. v a l i d a t e  a p r o p a g a t i o n  mode l used by the DoD E l e c t r o m a g n e t i c

Compatibility .~naLysis Center (ECAC) in making predicti ons of VHF cover-

age for each VHF system involved in the FM-320 Lests . The results of

these field-strength measurements arc- summarized in this appendix.

2 . HF Measurements

Daytime HF field-strength measurements were mad e b y Mr . B. C. Tupper

of SRI Internationa l and Mr . J. F. brune of I’SAVKADA at Fort IL -- d 15-19

November 1976 on paths out t o  #~~ km. ‘Iwo almost identical mt-Le r~- u- c r ,

used: Singer ModeL s NM-25T (Serial No . -413) and NM- .~b i (Serial Ne .

u4-~l h). ‘leo receiving antennas st-re used : Singer Model 9 J ~.O j  (Serial

N o . 136) 9—ft rod anti nna and Singt - r Mode-I 922 1)0-3 (Serial Nec . 294 and

35,3) 15-in. loop antenna. Each system was calibrated for u,~e as a true

fie ld-strength meter. The manutacturer ’s calibration data were used

f - - c the loop . Ilic- rod was mounted on the hood of a ic- c- p and its antenna

factor determin ed on ~ite in the manner described in Reference 3. While

Dv C. H. Hagn . Contributions by B. C. Tupper (SRI International) and
J. F. Bruno (AVR.A [)A).
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the  l o op  c a l i b r a t i o n  is a c c u r a t e  f o r  bo th  g r o u n d - w a v e  and N V I S  s i g n a l s ,

the r~~d calibration is accurate o n l y  f or  g r o u n d - w a v e  s i g n a l s .

I w o  source transmitters located at S-I (See Fi g u r e 4 in the nain

r~~~ort) we- r e- used at 2 . 2 4 0  MHz and 4 089 MHz : an AN /GRC-10 6  (AM , 400W)

it t -ding halt-wave horizontal dipoles elevated 30 ft , and a Hoffman \‘CS-

801 (A.’l , 400W) feeding a 30-ft jeep-mounted vertical whi p. The aN mode

was used to provide a continuous carrier to facilitate data acquisition .

Durin~. L D e s ~ m e a s u r em e n t s  t h e  m o p  was oriented for maximum responses ,

and thc maximum , minimum , and average- readings were noted during about

one minute of observation. Next the loop was reorient ed in an aLtemp t

to null out the ground-wav e- signal (if any) and check for the presence

of an N \lS si gnal. -~ny readings which exhibited fading were or  t ed , and

the letter F ente-red beside the reading. When fading w a s  present it wus

assumed that the NVIS mode was too . The absence of fadin’4 impli ed ground-

wave p r o p a g a t i o n , a l t h o u g h t h e r e  cou ld  a l s o  be a g r o u n d - wav e  component

mixed i nL o  the fading si gnal which mig ht not alwa ys be resolved by the

ioop orientation check .

‘rhe r e c e i v e d  f i e l d  s t ren g t h s  w e - r e - m ea s u r e d  at  m o s t  of F M - 3 2 0  t i - s t

p o i n t s  ( T P 5)  indicated on Figure 4. ~t 2 .2-i MHz , the h o f f m a n  sy s t e m

(30-f t w h i p )  p r o d u c e d  a usab ic - g r o u n d - w a v e  signa l out to 39 km ~~~ i t  5 - 2 ) ,

w i t h  no f a d i n g  observed . The A N / G R C - 1 0 b  r a d i o  ( w i t h  d i p o l e )  syst cm pro-

d u c e d  a ground-wave- out to 23 km , and tht level received from the whip

and d i p o l e  sy s t e m s  was  almost identical: +42 dB (1~i\’/m). At 39 km the

di p olt - produc ed a fad ine~ s i D n a  on both the loop and 9-ft i c  rece iving

a n t e n n a s .  At this distance , the ground-wave component from the- w h i p was

almost the same -  as the’ NVIS e -m lu n c - n t  f rom the  d i p o l e  m e a s u r e d  w i t h the

l o o p :  ÷35 dR (l4V/m) . The p c-ru rmance of both transmitters was m o n i to r e d

en the slant-wire antenna at S-2 (described in Appendix C). The whip

produced a s tr o n g  nonfading R-3 -quality signal , but the dipo lt - yielded

a somewhat seaker , lading signal of  R-2 quality . The measured field

st ren-oths for 2 , 2~ Mhz are summarized in Figures 1 and 2.

MHz , the- Hotfman system p roduced a ground-wav e- signal out to

39 km (S-2) ~‘ithout fading au received on the 9-fl whi p :  f 2 2 . 5  dE
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I FREQUENCY 2. 24 M I-l i
TRANSMITTING ANTENNA 

a
50 — 30-FT VERTICAL WHIP —

40 — 

TRANSMITTER: HOFFMAN VCS 801 1400W 1 

—

~~~ 30 — —

• MEASURED WITH LO OP ANTENNA
a MEASURED WITH 9-FT ROD ANTENNA

20 I I I I
1 2 5 10 20 40

DISTANCE — km

FIGURE H-i MEASURED ELECTRIC FIELD STRENGTH AS A FUNCTION OF DISTANCE
FROM HF BASE STATI ON, WHIP ANTENNA FM-320 TEST .
FT. HOOD. TEXAS (1976)

80 “ ia I I

FREQUENCY 2.24 MHz
TRANSMVT T ING ANTENNA:

~ 

TRANSMITTER: AN/G RC-106 1400 WI 

( F)

~ 30 • MEASURED WITH LOOP ANTENNA
uJ a MEASURED WITH 9-FT ROD ANTENNA

IF )  INDICATE S PRESENCE OF FADING SIGNAL IF )
20 I I I

1 2 5 10 20 40

a DISTA NCE -- k m

FIGURE H-2 MEASURED ELECTR IC FIELD STRENGTH AS A FUNCTION OF DISTANCE
FROM HF BASE STATION . DIPO LE ANTENNA FM-320 TEST ,
FT. HOOD. TEXAS (1976)
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(i~O1/m). The ioop was not ef fi c ie n t e n o u g h  to permit reception of this

signal at 5-2 , b u t  it did receive a fading signal about 2 dli stronger

than the +33.5 dli (i V/m ) received on the 9-ft whip at 23 km. There was

no fading observed on the loop at 10 km or less , and the values measured

wi th the loop and 9-ft whi p we-re- ver \ close--within ~-2 dli .

4 MHz , the AN/GRC-106 and dipol e sys r~ m pr oduced a ground - w a v e -  -

o n ly  si g n a l  o u t  to 2 .5  km. Ihe-  s l i gh t  ( + 2  dli) fading was perceived on the

9-ft whip a n t e n n a  at  6 km and beyond . On 19 N o v e m a i - r the field strength

from both transmitters was very s i m i l a r  at  6 km ; at 10 km and beyond ,

however , t h e -  average field strength received by the loop was stronger

than tho. rece ived  b y the 9-ft whip. This was due to the difference be-

tween he- zenith-directivity of the whi p, on the one hand , and the loop ,

on the other . The 4-MHz field-s trength measurements are summarized in

Figures 3 and 4.

Reception of the 441Hz signal from both transmitters on the slant-

wire at S-2 produced essentiall y the same results as the 2.24-MHz check .

One final HF test s-as performed by transmitting at S-2 with the

Collins 71S0-2B (400W) and the slant-wire antenna to the 9-ft whi p an-

tenna at S-I , 39 km away. The result of this test was that a serviceable

circuit wa~ estabJjshed via ground-wave on 23.485 MHz which (even on a

reduced  power of 40W) was usefu l for passing relativel y error-free

al phanumeric messages. This result was obtained on three separate occa-

sions . At 2.24 MHz a usable nonfading signal was also obtained on two

occasions ; however , fading was present at 2.492 MHz--indicating a trans-

sition from ground-wave to NVIS between these frequencies. Fading was

also perceived on the frequencies above 2.492 MHz up to abou t 9 MHz on

this path during daytime . Limited noise measurements indicated that the

si gnal-to-noise ratio was typicall y about +15 dB .

.1. VHF Measurements

Tupper and Brune took some VHF measurements on 17-19 November 1916 ,

u sing the Smith SM-2S VHF Field-Strength Meter. This meter emp loys a

quarter-wave vertical monopole with a sloping four-element ground p l ane .
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v NOTE LOOP SIGNAL
TOO WEAK TO

so — 
RECEIVE

z FREQUENCY 4 ,09 MHi
TRANSMITTIN G ANTENNA

~ 40 — TRANSMITTER HOFFMAN VCS-801 1400 WI 

•IF)

~ 30 — • MEASURED WITH LOOP ANTENNA
U A MEAS URED WITH 9-FT ROD ANTENNA

IF) INDICATES PRESENCE OF FADING SIGNAL

20 I I I I
1 2 5 10 20 40

QISTANCE — km

~~ FIGURE H-3 MEASURED ELECTRIC FIELD STRENGTH AS A FUNCTION OF DISTANCE
FROM HF BASE STATION , W H P  ANTENNA , FM-320 TEST ,
FT . HOOD, TEXAS (1976)

I I I

~~~ 

. 

~~ 60 - -

•IFI

I 
a A IFI

I- FREQUEN C\ . 4 .09 MHz
50 TRANSMITTING ANTE NNA 1H —

D I P O L E_ h = 40 f 1

TRANSMITTER: AN, GRC-106 1400 W I a I F I
— •IFI —

IFI

• MEASURED WITH LOOP ANTENNA
a MEASURED WITH 9-FT ROD ANTENNA a I F )30 — IF) INDICATES OBSERVED FADING (F~NOTE: 1- AND 2.5-KM POINTS MEASURED 11-18-76

W OTHER POINTS MEASUED 11-19-76

20 1 I I
1 2 1 0 20 40

DISTANCE — km

FIGURE H-4 MEASURED ELECTRIC FIELD STRENGTH AS A FUNCTION OF DISTANCE
FROM HF BASE STATI ON, DIPOLE ANTENNA , FM-320 TEST .
FT. HOOD, T EXAS (1976)
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Th e a n t en n a t e e d  poin t is at  10 f t  above- g round  when mounted on the

s t a n da r d t r i pod . The 65 .15  MHz source  t r a n s m i t t e r  a t  S- I  was t he

A N / V R C -4b  used d u r i n g  the  F> l-32 0 t e s t 1- - w it h a m e a s u r e d  o u t p u t  p ower  of

35W d r i v i n g  an R C -2 9 2  on a 10-n m a s t  t h r o u g h 100 ft of RG - 8 . A ~e c ’uJ

i d e n t i c a l  s o u r c e  on top of Rada r  H i l l  was a l s o  emp loyed . Because  of re-

c eive r s e n s i t i v i t y  l i m i t a t i o n , m e a s u r e m e n t s  were  c o n f i n e d  to r an~~es o f

6 km and 8 . 7  km , r e s p e c t i v e ly , f o r  t he se  t o  t r a n s m i t t e r s  l o c at i o n s .

On 9-10 Dec ember  1976 the authors made additional measurements from the-

sane transmi tters , but a calibrated Aiken lou -noise pream p lifier ‘.~‘as used

between the antenna and the Smith 5>1-25 met or -

The procedure for both sets of measurements sos to record the field

strength at each corner , as well as at the center of a 50-it-sided square .

The median value was then computed , and the- variation encompassing all

the readings was noted . The results are summarized in fable 1. The

measurement locations are the same as the F>1-320 test poinim unless

otherwise noted. Radar Hill presented a foreground obstacle for most of

the test paths during the F M - 3 2 U  tests . This obstacle added about 12 dli

m o r e -  l o s s  t h a n  w o u l d  have  been  t-xp e- rie iced had t h e  S — i  s i t e  been l o c a t e d

on top of Rada r  H i l l  ‘~‘he re -  the  t e st  e’ o o r d i n a t i ~ n t r a n s m i t t e r  ‘.~‘as l o c a t e d

t e - r  t he base-  s t a t i o n  r a t h e r  t han  down ce-hind t h e -  h i l l .  The op t i m u m  b i l l —

Lo p lo cation ( s i t i n g )  , wou ld have ’ p r o v i d e d  ab o u t  t w i c e  the  range  f o r  the

Vil i - ’ a i  r — t o — g r o u n d  sy s  tens  a p e - r a t  i t i ~~~ on bS > 1Hz o v e r  t h a t  i n f e r r e d  from

t h e’ F~i — 320 results ‘ n e - r e -  “random s i t i n g  w as  emp loyed .

~ t s e v e r a l  o f  the -  t e s t  s i te s  I L  ‘ ‘ a s  p s S i o l e ’ to  r a i s e  an d l ou-er t i e-

Smith antenna i n  o r d e r  to m e a s u r e -  the -- h e i gh t — g a i n  e f f e c t  at  65 > 1Hz . These

r c - s u l t s  , sum m a r i z e d  in lab Ic 1~~ ind icat e - that in c r e a s  Log the  antenna

h e i g h t  f r o m  a b o u t  3 m to abu t 5 iii i~~~ ‘gil ivalon t to deiub l  ing t he -  t r an s-

m i t t e r power .

‘rho b ase s ta t i on s i t i n g  was not  t r u l y  random , si nce th e -  s i t e -  wa s  t h e - s e n
by tI l e - F>h— 32 0 test of f i c er  to a p p r o x i m a t e -  a si L e  ho ut ’til d sele c t in a
combat  situation (i . e-- . down behin d  a Ii i l l  awa\ -  I rem the  F L h ~\ . l b - w e  y e  r
t h i s  s i t i n g  w o u l d  be c l a s s i f i e d  “ random ” as an i n p u t  to  t h e -  L on g e l v - R i c o
p r o p a g a t i on  m o d e l - - f o r  which  the  h i l l t o p  s i t e  would be C I - I s i - i f l u d  as
‘‘ e x c e l  l e n t . ’’
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Table I

• SUMMARY OF MEDIAN VHF
FIELD-STRENGTH DATA AT 10 FT

Field-Strength dB(l~ V/ m)

Date  D i s t a n c e  Tx a top
(1916) (km) Radar Hill Tx at S-I Comments

12/ 10 1.0 +37. 9 + 0 .5  TPI

11/ 18 l .u  +44 .0 ± 3.0 TPI

12/ 10 2 . 5  +23. 4 ± 2 .3 TP2

11/ 17 2 . 5  +28 .5 ± 4.0 TP2

11/ 18 2 .5  *25.5 ± 3.0 TP2

11118 4 . 5  +23.5 ± 0 .5  on top of p l a t e a u
(elev .  1200 f t )
0 .15  km SW of TP3

12/ 10 5.95 +23. 4 ±6. 2 UTM 050-40 1
(1080 f t  elev )

12/ 9 5 .95  ÷57.5  ± 1. 1 LOS to top of
Radar Hill

1l/ ~~9 6 .0  +22.0 + 0 .5

12/ 10 8 .66  +8.3 ± 1.8 TP4

12,9 8 . 6 6  +32.9 ± 1.1 TP4

12/10 21 .7 +10.8 ± 0.0 -1 .1 + 0.5 Cowhouse Creek
(elev. 737 ft)
UTM 107512

12/10 23.5 +20.3 ± 0.3 +7.8 ± 0.5 rid ge coordinate
past Cowhouse Creek
(elev. 900 it)
UTM 113590

12/10 40.5 +5.8 ± 1.3 no data TPb (elev. 720 it)

237

4 - -  
-. 

. - - -~~~~

~~~~~~ - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~ --~~~~~~ -‘-— - — ‘ - ‘ -- ---- .4-- —



—~~~~~ -~~ ‘

a
a —4 ~~ 0 ~~ ‘—i 0

-t
-4 0 ~ 4

If-, I I I I

a ~~ c’-~ G\ c-I 

‘_‘-4 -4 0 ~-4 -4 ~~4
.4.4 I I I I

H ___________________ _________

7~ 
— __________ _____ — C.)

a-)z
a .~a r-J — ‘ Lfl CO
a-, -

~ 
-
~ •L ) . 4 Q Q ~~~~~ 0 -

~-
~~ , 

“_) I I I I —

I-I
-~~

.2? -°
a 

a

H a 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 a
-4 0 8

—-4

N

--
—I- + 4-

-j

—.4— —.4 “-.4-—’—-” - —-.4--— —.4——--— —— - ‘~~— .4-.—

-o
Lt~ ~O ~~I ‘0 a

~~ 
~~~‘ rr~ 05 ‘0 0Th 3~ -~~ —4 0

~~~~~~~~~~LCI~~~~~~~~~~~ ~~~~~~~ -~ 0

.4-’ ‘- -~~~~~~~~~~~~~~~~ - 
-

= 0 Co
0 -o

0
~~~~~~~~~~~~~~ g~~— 0..

L__ _  ~~~~~~~~~~~ 

:j  -;: 4”

238



- - — .--.,-. _- .-U~~. - - U O~~~~ - - 
-

—.4—— - . .- . ,. .4—-- 
~
. .,- ‘

~
—.-.— -

REFERENCES

1. J. M. Pinson , John Mellor, Wil liam P. Leach , and Robert J. Cl el l and ,
“Nap-of- the-Earth Communications (NOE COMMO) System ,” TCATA Test
Report FM-320 , RCS ATCD-D , Headquarters , TRA DOC Combined Arms Test
Activity, For t Hood, Texas (March 1977).

‘
~~. F. H. Tushoph , “~na1ysis Support for the U.S. Arm y Improved VHF

C ommunica tions Projec t ,” Consultative Report ECAC -CR-77-021 , Elec-
tromagnetic Compatibility Ana lysis Center , Annapol is , M ary land
(May 1977).

3. C. H. Hagn, “Calibration of 9-ft Rod Antenna for MF and HF EMC
Measurements ,” Conference Record, 1978 IEEE Internationa l Symposium
on EMC , June 20-22, 1978 , Atlanta , Georg ia , IEEE Ca talog No.
78CH1304-5EMC , pp. 160-168 (June 1978).

4. A. C. Longley and P. L. Rice , “Prediction of Tropospheric R.sdio
Transmission Loss over Irregular Terrain ,” U.S. Dept. of Commerce
(ESSA) , (Ju ly 1968) , AD-676 874.

—

i 

239

- —.4-- - ‘- - —-.-‘ - ‘ — - - - - - ----— --— ---- - - — - — ‘ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ‘ ‘ ‘ ‘ ‘ ‘
~~

-
~~ - - —-I



—‘--
.4 ’- 

T~1
”
~T~~~~~~~~~~ 

“—— --- -- —-—--. ,- - —‘--‘-‘——‘---•- ‘ -- - — ----

~~~~~~~~~~~~~

-------

Appendix I

LETTER OF AGREEMENT FOR NAP -OF-THE-EARTH COMMUNICATION 
SYSTEM
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H.od qu av ~s r . . Un it.u S t u i s s  A , m y  T , o , n i n ~ an d Dec t r i n .  Command

- .) ,ç~ Forl Mun ro. , V i rg i n i a  2 3 6 S f

Huo d que rt . rs . Unilid S tat . ,  A r m y  Mo i .ri. I C o m m o n d

SOO~ Eis .n h ewsv Av .nu . , A I.zo nd no , V ir ~~j n j~ 22304
V 

- 1 DEC 1975
SUBJECT: Letter of Agreement for Nap-of-the-Earth Communication System

1. Title: Nap-of-the— Earth Communication System

2. Statement of Need:

a. There is a need for an improved ~iriqie-ch annel aircraft voice
commun icat ions SySteil which will provi de re ’i i~ble , securable corwrunicati ons
froi;i zero to 50 kilometers range , for AI’~y a~ rcrdf t  operating at Nap-of-the-
Earth (~0E) altitudes down to and irl C luunig qrou~~ l e-v e l  . The time fratne for
t h i s  syste m shall be frOm FY79 to FYh5 . Success ul mi s s ion accomplishment
and ciircraft surviv abi l ty are dependan t on rd i ;b le co; uiur eica ti ons necessary
in countorinc) an enemy threat,as dep ict~’d i n  TRAJOC European and Mid—East
Scenarios , ~hich will be a strong air de~

’ -i ’ ,o and an electronic warfare
envirorl~lent that w il l  be ac~ i-’~ i n  t~e V ’~C1I j  of t i e  FEBA . -

CARDS Reference Number: To be deterwn~d.

3. S’istem Cr~~~pt:

a. This ~y s ten ~ ha ll pro’t i r~~ a m’ 1 ~~— o — i ‘h , r ui/OI- non -1 r c-—of —
s ig~mt a~4’— to— a i -

, a’~ r—to — ~~ronnd , v o i c e  com d ’ ’ ic~ ~ins at distances of op to SIa~ra
to ennance n’ ission performance by airc -ev:~ operat~ ny in the 1~0E fli ~ ht e nv i ro n—
~;tent. F’;axurlium advantaqe shall be taken oc a lready ~- ‘~~st i ng tac t ica l  \ F—FM
cor~ u~ icctions systems by riak i ng improveiu~nts to c r ’ a s e  si rjnal usabi l i ty  ~~~~ 

r~
radio lj JmC—o - F-S j 9 h t  condit ions ur2 present and ta e’~tcnd co- : ’ nmnicat ion s to romi
lj re - o f—s i gh t  areas by c-i thcr a~rborne Iiy h Frcque~cy Sinqle Side Band ~:F--SSB)
radios , cp~cial FM retr~insrnicsio n systems , or a co m b i na t ion  o f  both. Tre foilo~’i—
~n9 I GOC S of com municat ions shall he ev~ luated to determine the capabiL t ies ,
limit at ion , and overall effectivene ss of an N0E Co~nmun -icat ion System:

( ) An i~~ip rov ~~d a’ i r5orn ~ VH F—F M (3O- .16 1-~L ) co~r.~
’
~~n i C at  o ns sy s te~ ‘ .P’i ich

-~ r ic r r ~~~ ~s si çj ra rn idIn 1 ity arId i r it ni ii r;i h I ity , a u  extends s iqnal penetrat ion
i~’1 nr~~as  o f  ti arg imm i s igna l recep t i on  -for m~xi ;u rm 1 the—of—si ght t ac t i c a
communic ations.

(2)  An HF (2— 30 MHz) conii~unicat ions system (air and ground) opt imized to tdke

‘-V

~~~~~~~~~~~~~~~~~ 
-

‘° ‘~~~~~~ 
~~~~~~~~~~~~~~~ 0 4

;~~, ~~~~~~~~~~~~~~~~~
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1 DEC ~ 75
i.mximnUj n advantage of the nearly vertical in cident skywave (NVIS) mode for short
raii~e HF corm itmnm ic ali on s coverage where terr ain m asking obstruct s th~ radio li ne—
of’~sight path to include an evaluation of SSB above l2~Hz for line -o f—s ight
con-;~1unicationS , and a determination of the operational benefits derived from a
combinatio n VHF/HF mode.

(3) A VHF-FM non— line—o f-sight con’~r .unicutions capability using a ground/
airborne retransmission as an alternate means of communication.

b. Objectives of this development program are to perform an operational test
and analysis of methods/systems that can be used i n  Army aircraft for NOE cotm’nuni-
ca t i o ns.  This is neither a manufacturer ’s equipment competition, nor an exper i—
i;ien~al new technique program , but arm operatio nal test and analysis program. Avail-
able equipment wi l l  be used as required to determine the capabi l i t ies and limi ta-
tions of a suitable concept and method. to provide the r~rmy with a viable NOE
coim-nunications system for the near tern. A lthoug h it is recognized that this LOA
wi ll result in a limi ted NO E c a p a b i l i t y  w i t h  known system limi tations , the long
tern solution using advanced technology as appl ied to an NUE communications system ,
s~o~ld b~ pursued in SUCh areas as ti ne divis ion multiple access; integrated
communications , n a v i g a t i o n , and identi f icat ion; Remotel y Piloted Veh ic les ;  Powered ,
Free Flight and Tethered Balloons; satel l i te communications; electronic counter
counter measures; and small RF repeaters to provide a system that w i l l  -fully comply
‘.-iith the user needs for the early to mid l9~O’s tine frame .

c. Nuclear surviva b- l ity  is not a potent ia l requirement for this proposed
d~~

- ‘ ‘ -‘1 - ~ L.~i ‘m tmu i . ru ~tha ’ SUbS cauti a t  on a r d  rati 0ni -

~ ~ for cmi tt ’i nq nu o l  ear
s v ~va~i ty wi l l  be provided ‘ii the ROC in  u c cor danc a wi th establ ished IJSAT~IA1JO C

4. Prospcctive Relative Effectiveness: 
.

An increase in communications eFfectiven ess of fifty percent over the present
day ca~mhi1 ’i ty is estimated. This in turn should lead to an increase in mission
acco~ pi shment of from forty to sixty percent , with the higher increases in the
missions oF reconnaissance , targe’i; acqu isition and handoff and aerial firepower.
A mare ref ined es ’i im~ to of the improvem ent in coinr iurt ications effect iveness and
ni snior ecco~nl j shm ient wil l bm~ mm dc iis the system parameters are more fully
exPlored in ti~ concept formulation phase. -

i. Prc~~’-~ ct i  ii~ er Limit of Uni t Cost: 
- 

-

NAX . UNI T COST_(,~~)t :F— ~sr; ;~-i - 
— - 
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u.  I n v ,~~ a L i o n ~~ ee dcd cO DeVr?1 oj~:

jo int ly wi th ANC w i l l  prepare a Ccmnccpt FOr ’— ul at .ion PacL.-iqe (C~ ’)
for ti n ;~o: : Cc ;: ,,unni ca t ons Syst~e;~ to consist of a rrade—o~ f Dc term ni ndtl ol Ii do)
I rade-G~f /n alysi s (b A) , Oest lechnical Appro ach (6Th) , and Cost and Operution~l
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.Effectivemiess Analysis (COEA). This w ill include the results of the fol’ ow in g
i nves t iga t ions :

a. O~eraticmna i employment concept:

(l) T~ADOC , with  Al~C suppor t  as need ed , wil l d - ’velop tue doctri r~ arid
op~r~t ~n ’al concepts , determ i tie Lra i fling m’ e~ui rerreuts , ai d con(~ ct sucu
fiel d tests and experiments as will be required to d~± termin e syste;~ ude~~~cy.

(2) TRADOC w ill prepare the test plan , provide test be~i aircraft and
ground support , install the equ i pment and prepare ~ t~ st e v i lt i at i on report.
This repor t  will contain an assessment of which mode or como inatlorm of rodi ~best achieves NOE con inun icatioii s . 

‘ 
-

b. Technical concepts:

(1) AMC wi l l  carry out a technical test an~ eval ua ti on ~ro~ram consi st iuq
of experi m ent design , provide all necessary te~.t hardware , actively pa rticipate
in and support the test program and assist in prep aring the Concept Formuldtion
Package (CFP) by providing technical data , cost informa tion arid such other
support as requ i red.

(2) The technical results of th is e Ffor t  w ill Lie comb i ned with all other
experime ntal da ta (e.g., previous test results , TACSATCOM , P L RS , etc .) ard
presented at  d scheduled IPR at wh ich t ime au i hority and fund in 3 ppr oval wi l l
be oht~ I ned Fem ’ Li~ ~~~~ s~ ti:’n of a v L~~ie  ~C~

_ cu~:~~Un CcI L~~~S . ’,’~~’”~.

c. Forci Inte ll ige nc e wi l l  be ii~ ji1ied to provide enemy doctrine ,
t~~c m i i i~ ues , and cap~~ i I ‘cies to jna , dec ei ve , detec t, and direction rino t im i s
system.

d. Logistical Support concept: TRADOC wi l l  provide necessary inform at ion
and such support as requi rod to AMC in the development oF lo gi stical Suppcr t
Concepts for the ~0E communications system. AN C , in conjunction with T R A ) D C ,
w i l l  determine the log is tical implications of the system on current and p lc~ine d
log istical doctrine. Research in  HUma n 1-ictors Engineer ing is required during
develo pment , tes t an d ana lys i s  of m eth o d s/ sys tems t h at  can be used for ~~
communications .

e. fl~i-~ aspec ts . T - ~C , j o in t l y  with TRADOC will do .velop appropria to fai lure

~deFini ~ions ard scor- ing cri teria. In adJ ~ion , a baseline analysis of all
rd evan t RAN 1 dat-a w ill be perfor med to do ~crmi ne the quaiiti tati ye RAM require—
ments w h i ch  w i ll be I mci tided in the subseque nt ROC or LR.

7. Uid~riowns to be Resolved:

a. Quanti ta tive data as to the deqree of increased communications efiCc t~vC-
ness of i niproved VI IF/ ~ M .

b. Capubiii ti es/ limni tetions of HF-SSR for H OE Communications. -
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I t~EC~~75
C. ~~~ifl t~ toti ve da t as to t r i~ d e i m -c.- of i f l C m ’ U i e ,~d o~~~ritor  t ru m n ing

and com mon i rut i  ons planni m g  r equ ud or u t~~ I zat ion o Hf —SS E~ syste~ns.

d. ~u a n t i  t a t iv e  dat ,~ as to t~me I ncrea~e i n  cor’, .ru iic at ions system

~-1 f€~c~ i v~ r i ss and  area cove ’u ’;e ~~~~~~~~ imme d t uuu.. use of ~~ retra res im ssinn
ec~u p ;eitt  f i r  spec ia l  ~ p~~l ic a t io n s.

e. Performance of a combined V .iF/HF radio in an N UE environment.

8. Tech nical Risks:

All applica ble subsystems techno logy LaS  ~iCCfl previously demonstrated.
Iroqra(im i s  low r isk.

9. Schedu les arid Milest ~ nes:

Program S ta r t  1-~~ 75

Propagation Analys is  Completed Aug 75

Coord i nated Test Des i gn Plan Start Sed 75

Coo rd in at ed Test D~s~~n Plai
C~mple~.cd Feb 76

i rii~,r a i  ~e-j Apr  76

i,i~u i pmciit t’mVd i 1 able b r  iest lay  76

Field Tcst~ Started Jul 76

Concept Form ;ula tior~ Package
m i  t~uted ¼ C VP )  Sep 76

Field Tcst Completed C-: t 76

~JC (LR) liii tiati on ( i f  a p p r o p r ; a ~o) ~ov 76

•~~s~ :;~ T~St i~eporLs dual s~~d Ja i  77

l~aC (L R ) to 1 i~RD3C i-~ar 77

i PR t uy  77

d~F C  ( I R )  to )A ~3un 77

mr lO t  ~ay ~/9

IOC Sep 79
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10. Cr i t i ca l  issues for Test: 3 ~EC1~Th

a. Wi l l  an HF-SS~ system provide an acceptab le level of co i~iiunications
reliatili ty under WOE flig ht conditions , and how does it relate to tIOE
mission effectiveness?

b. To w h a t  extent will operator traini ng and communications planning
for missions need to be modified to t ak e  a~vsntage of the increased co,nniu—
nications provided by NUE Corr~’nunications System?

c. Are the present generation ground ~F—SS3 radio set (AN/GRC-lO6)
and its antenna system suitable to terminate the air-ground link of NOE
con~imun icct ion s system?

d. 1:111 the space , weight, power , and a n t e n n a  requirements of an
HF—SSB system be compatible wit h the airframe of attack , utility , cargo ,
and observation helicopters?

e. To what  degree cars the airborne Vi-’iF-FP~ system be improved and how
does it relate to NOE mission effectiveness?

f. Is r2transr4lission a viable alternative?

g. Unat benefits accrue to the use of a combined airborne VHF/HF radio ?

h. To what degree wiil enemy elect ronic countermeasures e f fect  ~OE
CCmmja iCC i -ion s ?

11. 
~~a~.L!ll ~

Summary o F est imated range of research and development costs as defined
i n  A~ 37—18 is exp ressed in inFlated FY— 74 dollars ( SM-mil l ions). (These
costs do m e t  provide for Fast Frequency Hopp ing or other counter counter—
measure caiiabi li t ies) .

a. Advanced Development (6 .3)L3

LOW H I G H  
-

$ 1.245 51 .494

f~~L~ 
FY-76 FY-7T TOTAL

$ .Y ~~
) ~.6$O 5.125 $l.245

W~T E i :  Qu~uiti ty of Prototypes - I Co~- -- lo’te_ System : D e f i n e d  as a l l  the
items requ ired to conduct a successful  tc~~t prograni whose obje ctive is to
achieve resolution of the critical issues of test.
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b. Engineering Development (G . 4) 2

~
3

h I G H

$O.5 50 50.686

FY-77 FY-78 TOTAL - .

5.300 5.250 $O.5 50

W~~E ? :  Quantity of prototy ; ies - ‘? Complete Systems : Includes 2 each
of a~ u c  necessary a i rbor ne  a ’ -  ‘ i i  equipments required- in an ED
config urat on. These c ;ste~nms W i  ~I L’n - porate  the necessary modification
ar1d lor design ch~irye s rL-quired as a result of the test program.

~OT[ 3: Co mpos i te  i n d i c e s  have b2en used in accordance with the guidance
provided on 23 Get 74.

c. Flyaway Cost and Quantity Estimate :

1Tf ~ U MI T GUST 
~~~ Q~Y LEARNi~lG-SL GPE

I { E — SSb Air $20 5500

H r — S E . ~ 
C., - , t , r ~ ~~~~ 1030

i:i:’ rov VI~F— F~ ~ 3 JL 00  85%

V~ F-F:~ Retrans $15 500 85%

1~A~~i’ A. /~t~I~~~tl1t / ~~~~ W. U . VIL S ON , JR .
llr Lgld ar Genera l, USA / ~-~a~,cr General , OS 

-

L~~rec Lor of R~~ ea~ ch OL~puLy Chief of Sta m~
Deve i~- pcn~nt and Engir~~er ing far Combat Developments
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