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NOTE TO READERS
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the future procurement action by that agency . Accordingl y, the
mat erial contained herein cannot , unless specifically aut horized
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which the agency might take in the future or to give the recipient
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SUI4IARY
S

• The combined US/NATO Digital Trof oscatter Test Programme
was established by a memorandum of understanding* between the
Defense Communications Agency (fleA) on behalf of the United States
and the NATO Integrated Communication System Management Agency *

(NICSMA) on behalf of NATO . The purpose of the programme was to
obtain performance data on a multichannel~ digital tz’oposcatter
system using operational communication links. More specifically,
the alms were:

• - To verify existing methods and , if necessary , to
develop new methods for reliably predicting
digital troposcatter performance on the basis of

° measured and predicted RF link performance.

- To provide a statistical data base to character-
- ize digital. troposcatter channels and user
services.

- To gain experience with the àperation of digital.
troposcatter links under realistic conditions.

• 
- On the basis of the above, to confidently estab-

lish the feasibility of digital troposcatter
j transmission in both the Defense Communications

• System (DCS ) and the NATO ACE High system.

- To establish a basis for additional theoretical
• I and experimental activities concerning digital
• ~~ troposcatter transmission, as required .

Testing was accomplished over two ACE High links in Central
— Europe which were made available by NATO:

- a 170-km diffraction link located in southern
Germany and operating at .C-band frequencies

- the 287-km trans-horizon link between Germany and
• Italy, operating at UHF frequencies.

° *NJIj )~J ooiia.rni ng ocemb~n.d US/NATO Digita i Trsviairia eion Test Prog2~~
over ACE 14*”, Enclosur, to NICS14A i.tt.r NICS4A/SPED/ CPB (??)
111, dated 1? May 1977
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The US provided two types of prototype digital tropoacat-

ter modem, together with associated time division mult iplex ( TDM )

and pulse code modulation ( PCM ) equipments. The first type,

called Megabit Digital Troposcatter Subsystem .(MDTS), is based on

decision directed adaptive equalization , whereas the second type,

called Distortion Adapt ive Receiver ( DAE , uses transmitter time •

gat ing as the pr imary techni que to combat intereymbol int erfere nce .

The instrumentation required for data acquisition purposes was

furnished jointly by the US and NATO. Test direction and data

analysis responsibilities were shared between the Defense Com-

municat ions Engineering Center (DCEC ) and SHAPE Technical Centre

(STC). • - 4

The tests on the UHF link were carried out during the

months of January, Februa ry, April , and May 1978. No measure-

ments could be made during March, since the link had to carry -
•

opàrational traffIc during the WINTEX exercise . Unfor tunate ly,

the retuning of the UHF power amplifiers (to correct for the

narrowband tuning during WINTEX ) resulte d in unsymmetrical and

too narrow pasabands and this affected the measurement resul ts

obtained with the MDTS modem after WINTEX .

Measurem ents on the C-band link were taken during the one-

month period from mid-July to mid-August 1978.

The following data was collected in the form of manual

test logs and also on computer-compatible digital tapes:

(a) Received signal level (RsL) far each diversity
receiver in use

• (b) Multipath dispersion

Cc) Bit error events
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• (d) Lbss of synchronization , separately for
5 - digital modem

• - Asynchronous TDM unit
- US PCM/TDM

• - NATO PCM /TDM equipment (30/32 channels)

(e) Modem signal-to-noise ratio (SNR) indicator
voltage.

Measurements were made at data signalling rates of about
3, 6, and, for the MDTS modem , also at 9 Mbit/s; these rates

correspond to the transmission of 48, 96, and 144 voice channels
respectively, digitized with 64 Kbit/s PCM. Due to differences

in the framing structure and in multiplexing the service channel,
the actual data rates used by the MDTS and the DAR modems are not
identical for the same number of voice channels.

V

The data collected has been ana lysed by STC and DCEC,
working in close cooperation. In addition, the data has been

incorporated in an extensive data base held at both STC and DCEC
to provide the capability for future analyses.

This document is the final report on the combined test pro- t

gramme and is the joint responsibility of DCEC and STC. It con- J
tains a summary of all data taken during the tests, the conclusions

which could be supported by the data, and the associated discussions.

A summary of the major test results relating to digital.

performance on the test links is given below:

• MDTS modem at 6.3 Mbit/s

UHF test link
- For 90% of the time , the mean bit error rate (BER)

was better than 3 x 10_S in quadruple diversity and
‘4 x iO~~ in dual diversity, at a mean transmitted
power of 4 kW.

- For 99% of the time, the mean BER was better than - -

3 x i0~~ in quadruple diversity and 2 x iO~~ in
dual diversity, at a mean trant’udtted power of
‘4 kW.

0
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- The quadf’uple diversity fade outage rate was zero
for 95% of all the runs. The mean fade outage
duration measured over all runs was 370 ms -

excluding the worst-case outage ( lasting approx-
imately 20 minutes), which occurred after the WINTEX
exercise . The mean fade outage duration measure d
before WINTEX was 100 ms or less. -

C-band test link - - -~~~~~~

- The mean BER was never worse than 1 x 10~~ in quad - 
__

~~~~~~~~
—

~

ruple diversity and 3 x 10-8 in dual diversity, at
a transmitted power of 50 watts.

- Fade outage occurred with neglig ible- frequency ;
the duration was less than 100 ms in the C—band
link in quadruple diversity.

DAR modme at 7.0 Mbit/s

UHF teat link
- In quadruple diversity, the mean BER was better

than 1 x 10 2 for 90% of the test runs, at a mean
transmitted power of 1 kW.

- Dual diversity tests were limited by the inability - -

of the DAR modem to accommodate the -RF bandlimiting
and multipath dispersion encountered on the test
link .

- The quadruple diversity fade outage rate was better
than 10—2 outages/second for 90% of the test runs.
The mean outage duration was typically less than
500 ms. •

C—band test link 
-

- The mean BER was never worse than 3 x 10~~ in quad-rupl. diversity and 2 x 10-2 in dual. diversity (one
measurement only, otherwise the BER was less than
1O~~) at a transmitted power of 50 W.

- Fade outages occurred with negligible frequency
and with a typical duration of 300 ma or less on
the C-band link in quadruple diversity.

Low bit error rates (10 10 to 1 0) were achieved over the

aejosity of the tests at 6.3 Mbit/s on the UHF link and 9•14 Mbitj/s

on the C-hand link. However, when bit errors occurred, they occur-

L.
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red at carrier to-noise ratios (CNR) which were significantly
higher than those measured during previous media simulator and
troposcatter link tests. The reasons for this discrepancy have

not been identified. The most probable causes of the higher than

expected error rate are various test and radio equipment problems
and the mixed mode propagation encountered on the UHF link.

The maintenance of bit count integrity (BCI) is of para-

mount importance for the successful operation of TDM digital con-
- -

~~ munications. The system test configuration employed in this pro-
gramme included one level of asynchronous multiplexing and two

levels of synchronous multiplexing between the radio and the voice

-‘ 

- channels terminated in the US- and NATO-supplied PCM/TDM equipment.

Test results showed that, for quadruple diversity operation, loss
V 

of BCI was a very infrequent event and that, in fact, BCI losses
were responsible for only an exceedingly small percentage of the
total number of fade outages measured.

While the measured propagation characteristics of the C-

band diffraction link agreed well with predictions, the trans-

alpine UHF link was found to exhibit a mode of propagation which

was unexpected. In particular, variable intensity specular signal.

• components were received together with troposcatter components in

certain diversity receivers for a substantial fraction of the test.

These specular components, attributed to double knife-edg e dif-
fraction along the great circle path and off-boresight diffrac tion
of reflections , added to the overall multipath dispersion of the
UHF link .

Mar kedly different median signal levels on the various

• diversity branches were observed on both test links. Moreover ,
the difference between the median signal levels of any two receiv-

ers was not constant but varied over a wide range on the UHF test
link. While this condition is unusual and not representative of

cR-NICS-38 N A T O  U N C L A S S I F I E D  mb
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normal troposcatter ro ag i , asymmetrical propagation can occur

on diffraction links with variable terrain and possibly on tropo—

scatter links with angle diversity.

In summary, the following major conclusions were reached:

(a) No technical difficulties are anticipated in the
application of digital transmissions of up to
9.4 Mbit/s in 7 MHz of RF bandwidth to the C-band
link or similar links using quadruple diversity
and narrow beam antennas.

(b) With regard to the UHF link, it is difficult to
extend the test results to the performance to be
expected during -the entire year. However, basel
on the measured data , reliable transmission at
6.3 Mbit/s would probably be possible, given the
continued availability of the test RF bandwidth
(7 MHz) and quadruple diversity.

(c) It is unconfirmed whether 9.4 Mbit/s could be
transmitted reliably in 7 MHz on the UHF link
throughout the year. The performance of this
configuration varied from a generally low BER
(10~~) before WINTEX to a higher BER (iO~~ to1O-~) after WINTEX. It is felt that the combina-
tion of a distorted RF passband and the multipath
dispersion contributed significantly to the high
BER measured in the second period.

(d) Due to the mixed-mode propagation on the UHF link,
little new information was obtained for the plan— V

ning of links with purely tropospheric scatter
propagation. However, measured multipath disper-
sion data and its lack of correlation with median
CNR was consistent with previous measurements on
pure troposcatter links.

(e) The test results confirmed that, for quadruple
diversity, loss of BCI was a very infrequent
event and that BCI losses were responsible for
a very small percentage of the number of out-
ages measured.

CR-NICS-38 N A T O  U N C L A S S I F I E D  v~b
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1. INTRODUCTION

The combined US/NATO Digital Troposcatter Test Programme
was established by a Memorandum of Understanding1 between the
Defense Cosmunications Agency ( DCA) on behalf of the United States
and the NATO Integrated Communications System Management Agency

(NICSMA) on behalf of NATO. The purpose of the programme was to

obtain performance data on a multichannel digital troposcatter
system using operational communication links. More specifically,

the aims were:

— To verify existing methods and, if necessary, to
develop new methods for reliably predicting
digital troposcatter perf ormance on the basis of
measured and predicted RF link performance.

- To provide a statistical data base to character—
ize digital troposcatter channels and user
services. I-

- To gain experience with the operation of digital
troposcatter links under realistic conditions.

- On the basis of the above, to confidently estab-
lish the feasibility of digital troposcatter
transmission in both the Defense Communications
System (DCS) and the NATO ACE High system.

- To establish a basis for additional theoretical
and experimental activities concerning digital
troposcatter t ransmission , as required.

Testing was accomplished during the period of January to August 1977

over two ACE High links in Central Europe which were made available

by NATO. The US pro vided two types of prototyp e digital tropo-

scatter modems , called Megabit Digital Troposcatter Subsystem

1”AfOU concerning canbined US/NATO Digita l Transmission Test Program
over ACE High ”, Enclosure to NICS 14A letter NICSMA/ SPED/ CPD (? ?)
116, dated 2 ? May 19??

CR-NICS-38 N A T O  U N C L A S S I F I E D  mb
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• (MDTS) and Distortioi~ Adaptive Receiver ( DAR) , and the associated
time division multiplex (TDM ) and pulse code modulation (PCM )
equipments. The instrumentation required for data acquisition pur-

poses was furnished jointly by the US and NATO. Test direction

and data analysis responsibilities were shared between the Defense

Communications Engineering Center (DCEC) and the SHAPE Technical
Centre (STC).

The prototype digital troposcatter modems which were tested

were developed under US Department of Defense (DOD) Research and
Development progra mmes for potential US DOD applications. The PCM

and TDM equipments employed in the test are functionally similar

to equipments likely to be used in US DOD digital transmission sys-

tems. Figure 1 shows the assignment of support requirements among

US and NATO technical agencies. Except for minor deviations, the

tests were conducted in close agreement with the test plan publish-

ed prior to the tests by DCEC and STC (Ref. 1).

I 
ocec STC

I I 5 -

I I I
[ • TEST DIRECTION NATO I

USACSA RADC • OATA ANALYSIS ACE HIGH I
USACORADCOM 

• LINK INSTALLATION 
SITE(SI]

• MDTS MODEM • OAR MODEM • PERSONNEL

•TDM EQUIP •PCM EQUIP SUPPORT

•LOGISTICS • TECH. SUPPORT •TRANS—
•TECH. SUPPORT PORTATION

• RADC • ROME AIR DEVELOPMENT CENTER
USACSA z U.S. ARMY COMMUNICATIONS SYSTEM AGENCY
USACORAOCOM u U.S. ARMY COMMUNICATiONS RESEARCH AND

DEVELOPMENT COMMAND
. 

V

Fig . I Test programme organization
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Test data, collected in the form of manual test logs and
also on computer-compatible digital tapes, has been analyzed by
DCEC and STC in close cooperation. This document is the final

report on the combined test programme and is the joint responsibil-

ity of DCEC and STC. It contains a summary of all data taken dur-

ing the tests, together with those conclusions which could be sup-

ported by the data, and the associated discussions.

Additionally , data collected under this programme has been
incorporated into an extensive data base maintained at STC and DCEC

to provide the capability for future analyses. At STC, the raw

data has been processed and stored on magnetic tapes in the form

of detailed propagation and performance statistics for each 20—
minute segment of the entire test period.

This report does not specifically address the utilization

of the test results for systems engineering purposes. The applic-

ability of the test results to system engineering and planning for

the ACE High system will be the topic of a separate report to be

issued by STC. Digital troposcatter transmission system engineer-

ing for the DCS has been addressed in DCEC TR 12—76 (Ref. 2), and
in other documents (see, for example , Ref. 10). 4

A detailed descrtpt ion of the two test links is provided

in Chapter 2, together with the rationale for the selection of

these links. Test configurations and the interconnections with

existing station equipment are described in Chapter 3. Chapter ~4

contains an outline of the choice of test “observables” and a brief
description of the Data Acquisit ion System (DAS) hardware used in

the programme. Chapter 5 discusses the methods of apportioning the

test time among the different test configurations, data rates ,
diversity configurations, etc. The test results are given in

Chapters 6 to 9. Chapter 1.0 presents some of the lessons learned
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during the test programme and examines the specific details of
interfaci ng digital t roposcatter modems with analogue radios of

recent manufacture. Some overall comments and concl us ions are
given in Chapter 11.

•

.

¶
a
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2. TEST LINKS
S

2.1 SELECTION OF TEST LINKS

The ACE High network spans the entire ACE area from the
most northern flank of NATO in Norway to the easternmost flank in
Turkey. The network comprises a total of ~e9 over-the—horizon (0/H)

links plus a comparable number of microwave line—of—sight ( LOS )
tail links and interconnections. The majority of the 0/H links

were installed in the early l96Os and operate (with one exception)

in the 670—960 MHz UHF band. Seven links in the Central Region
were added in 1967—68. Six of these links operate at C—band

(4.4—5.0 GHz) and one in the 790—960 MHz UHF band.

Early in the planning of the test programme, all the ‘i9
0/H links in ACE High were reviewed to assess their suitability

as test links. Many factors were considered, inter alia:

(a) the expected propagation characteristics, with
special emphasis on expected Tnultipath performance

(b) the degree to which a given link could be
considered representative of other ACE High or
DCS 0/H links

j  (c) the intrinsic bandwidth limitations of high—power
klystron amplifiers

(d) the ease with which digital modems could be inter—
faced with existing station equipment

(e) the geographical location and accessibility of
the stations

( f )  the constrain ts imposed by the availability prime
• power and physical space

(g) traffic rerouting possibilities.

CR-NICS -38 N A T O  U N C L A S S I F I E D  nib 
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a

As a result of this first examination , five links were
identified as possible candidates : . -

A. Kindsbach (ABHZ), Germany, to Feldberg (AFEZ),
Germany (C-band)

B. Dosso dci Ga.lli (IDGZ), Italy , to Feldberg
(AFEZ), Germany (UHF)

C. Mosjen (NMOZ), Norway, to Trondheim (NSBZ),
Norway ( UHF )

D. Paris South (FAOZ), France, to Trier (FROZ),
France ( UHF )

E. London (UMAZ), UK , to Paris North (FFLZ),
France (UHF )

The preferred option was to test both Link A and Link B , while sin-

gle-link testing of one of the Links C to E (with decreasing prior’—
ity) was considered to be an acceptable alternative.

- Eventually, approval was obtained from the appropriate NATO
authorities to employ Link A and Link B for the test programme.

The rat ionale behind this preferred option is given in the follow-
ing paragraphs, with special reference to points (a) to (g) listed
above. a

The unique feature of high—speed digital tr’oposcatter

modems is their ability to combat intersyTnbol interference caused

by multipath dispersion. A given modem can successful ly handle

only a certain amount of multipath delay spread , the limit depend-

ing on the transmi tted data rate and the specifics of the modem
design. To exercise the full capabilities of the digital modems ,

it was desirable to include in the tests one of the more dispersive
links of ACE High. Based on predictions, Link B is among the five

most dispersive links in the system.

Due to constraints of time and funds, it was not possible
to perf orm extensive trials with digita l modems over all the ACE

CR -NICS--38 N A T O  U N C L A S S I F I E D  nib
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High or DCS 0/H links. Thus it is highly desirable to be able to

utilize data obtained under this test programme to aid in the

assessment of digital modems on other 0/H links. The great major— -

ity of the 0/H links in ACE High and DCS operate either in the -

670—960 MHz band (UHF) or in the 4.4—5.0 GHz band (C-Land). Be—

cause of the different propagat ion characteristics encountered in
these two frequency bands, it was considered that both bands should
be included in the tests.

Data rates of the order of 6 to 7 Mbit/s were required if
the tests were to be representative of actual system configurations
having link cross sections up to about 100 toll—quality voice cir—
cuits. With current modem designs, this transmission rate requires
a 3—dB RE’ bandwidth of between 7 and 10 MHz, which is difficult or
impossible to achieve with some of the older types of UHF klystrons

employed in ACE High~ The klystrons used on Link B (Varian Type 4,

KM 50000LQ) are of a more recent design and can be tuned to have

the bandwidth required for the test. C—band klystrons do not

present a bandwid th problem.

The digital modems provided by the US have 70—MHz IF

interface connections, Old ACE High UHF radios (REL 2400) have an

intermediate frequency of 24,, 5 MHz and require the use of fairly

complex and costly interface equipment if they are to be compat-

ible with the modems, Link B is the only ACE High UHF link which

is fitted with RSL 2600 series equipment with 70—MHz IF intercon-

nection points, All C—band links have REL 2600 equipment.

Because the test programme would require the transportation

of heavy and bulky equipment to the test sites and because person-

nel would need to vi sit the stations on a regular basis, it was
Important to ensure that the stations selected could be accessed

even during the winter months. The choice of the combination of

Link A and Link B had the signif icant advantage that the receive

S
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site would be common to both links and that therefore all, the data

acquisition equipment could remain at the AFEZ site throughout the
entire test . Access to AFEZ and ABHZ was found to present no prob-
lems. Access to IDGZ is possible throughout the year, although
sometimes diff iculties are encountered during the winter. However,
this was considered acceptable since access to the transmit sites
would be required only infrequently.

Prime power and physical space were found to be adequate

at all of the three stat ions associated with Links A and B.

Whatever test link(s) were chosen, a suitable means of
rerout ing the operational traffic during the test period had to be
found. Unless rerouting could be done on a no—cost basis (for

instance, through ACE High or DeS), the cost associated with cir—
cuit rerouting was likely to dominate the budget for the test

programme. Link A and Link B are tandem links connected at a relay

station (AFEZ ) via a baseband bridge, and any rerouting arrangement
for one of these links would therefore automatically make the other

link available.

The selection of Link A and Link B was made on the basis of

the considerations outlined above, after it had been ascertained

that rerouting could be arranged via ACE High throughout the test

period.

2.2 MAJOR CHARACTERISTICS OF TEST LINKS

A map of the ACE High regions, showing the two test links,
is given in Fig. 2. Link A extends mainly over hilly woodland

while Link B is a trans-alpine link. The path profiles of the two

links are shown in Fig. 3 and ~4 , respectively. Major character-

istics of the test links are given in Table 1.

.
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Table 1

Major characteristics of test links

Station Kindsbach Feldberg 
Dosso~~ ’i

Stat ion codes ABHZ AFEZ IDGZ

Altitudes (m) 459 1470 2175

Horizon angles (°) —0.09 —0.87 0.06 0.6

Antenna sizes (m) 3.0 - 3.0 27 27

Great circle distance (kin) 170 287

Effective path length (kin) 28 385

Nominal frequency (MHz) 4500 900

Diversity space “polarization” space/frequency

The Kindsbach (ABHZ) site is located about 5 km south—eii’

of Landstuhl in the Federal Republic of Germany (FRG). Feldberg

is the highest mountain in the Black Forest, about 25 km north-

east of Todtnau, FRG. The Feldberg site (AFEZ) is located near
I
’ the top of the mountain. The Dosso dei Galli site (IDGZ) is loca—

ted on one of the peaks in the Italian Alps, approximately 50 km

- 
- - north of Brescia. The closest town is Collio..

Both links were installed in 1968. The Kindsbach station

~~~ (ABHZ) was previously used as an LOS tail in the old ACE High net-

work , while the other stations (AFEZ and IDGZ) were new. ABHZ is
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equipped with multiplex equipment for terminating a number of the

circuits from direction AFEZ. AFEZ is a troposcatter relay sta-

tion and IDGZ has through-group connections to an adjacent LOS

tail.

2.2.1 Diversity configurations

The C-band test link , Link A , employs quadruple space
diversity with polarization discrimination. The configuration is
shown in Fig. 5(a). The UHF test link, Link B, is configured in
a dual space/dual frequency diversity arrangement as shown in

Fig. 5(b).

• TRANSMITTER RECEIVER

•

a) QUA D SPACE DIVERSITY (KINDSBACH - FELDBERG )

b) QUAD S~~CE 
/ FREQUENCY DIVERSITY

71135 WOSSO . DEl GALL I~- FELDBERG)

Fig . 5 Test link diversity configurations
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2.2 .2 RE’ equ ipment

Both links are equipped with REL 2600—series RE’ equipment,
the main components of which are listed in Table 2. Link B is

fitted with parametric preamplifiers and threshold extension

units. The antennas are 3-rn parabolic dishes for Link A and 27—rn

offset parabolic antennas for Link B. The main RE’ parameters of

the two links are given in Table 3.

Table 2

REL 2600-series RE’ equipment installed

Link A (C-band) - 
Link B (UHF )

No. installed No. installed
Type no. per terminal end T~rPe flO• per terminal end

Exciters 1160 2 1118 2

HPAs l162A 2 954D 2

Preamplifiers - 0 1055C 4

Receivers 1161 1119 4

Table 3

Main RE’ link parameters

Link A Link B

Max . Tx power (dBm ) 60 70

• 2 x antenna gain (dB) 81 92.6

Coupling loss (dB) 0.3 12.6

Feeder loss (dB) 4.2 3.4

Rx noise figure (dB) 8.0 2.0

Antenna polarization decoupling (dB ) 40 35

- 
- -  Half-power beamwidth (°) 1.5 0.9

- I CR-NICS-~8 N A T O  U N C L A S S I F I E D  m~
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3. DIGITAL TEST CONFIGURATIONS

3.1, DIGITAL EQUIPMENT CONFIGURATIONS

The MDTS modem is based on decisionudirected adaptive

equalization of the troposcatter channel whereas the DAR modem uses -

transmitter t ime gating as a means of coinbatting intersymbol inter—

ference, A brief description of the MDTS and DAR modulation and
equalizing techniques can be found in Appendix A.

Photographs of the digital equipments used during the

tests are presented in Fig . 6 and 7 , Relevant technical informa—

tion concerning these equipments is shown in Appendix B.

Two test configurations were implemented on the test links. -

The first configuration, referred to as the system test configura-

tion, included TDM and PCM equipments. In the second config4xration,

referred to as the link test configuration , measurements were made -

without any TDM or PCM equipment .

3,1,1 System tests

The system test configuration (Fig. 8) was used for system

level testing with the MDTS modem only and was operated at a,

nominal transmitted data rate of 6.3 Mbit/s, which corresponds to

96 PCM voice channels. This configuration enabled system perform-

ance data to be collected , relating to PCM voice channel fade out- - 

-

age statistics and PCM/TDM synchronization stability. The trans—

mit side of a 24—channel PCM equipment, TD—968, provided 1.544—

Mbit/s NRZ data and timing signals to one of three input ports of

an AN/GSC-24 , asynchronous TDM . The second input port of the

AN/GSC-24 accepted 2.OLe8-Mbit/s NRZ data and timing from a sim-

ulated data source (SDS ), which was used for bit error measurements. 
-

.
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The third AN/GSC —24 port was configured to accept another 1.544

• Mbit/s input, but was left unloaded for the UHF test. For the C—
— 

band test, both the TD—968 and a CEPT standard 30-channel 2.048—

Mbit/s PCM multiplex were used as inputs to the AN/GSC—24 TDM.

The SDS was clocked at 1,544 Mbit/s and inserted into the third

port of the TDM. The combined output rate of the AN/GSC-24 was

6.276 Mbit/s. The data output of the AN/GSC—24 along with its

associated timing line was input to the MDTS modem. The MDTS modem

provided a stable d eck source at the combined bit rate back to

the AN/GSC—24 to maintain a synchronous interface. On the distant—

end receive side, the 6.276--Mbit/s recovered data and timing were

provided to the demultiplexer portion of another AN/GSC—24, TDM.

The demultiplexed data streams and associated timing signals were

taken from the AN/GSC—24 and input to the receive sides of the

distant—end TD--968 and SDS units at 1.544 Mbit/s and 2.048 Mbit/s
respectively,

3.1.2 Link tests

The link test configurat ion (Fig. 9) was used for 3.5 and

7.0 Mbit/s DAR tests and for 3.2 and 9.4 Mbit/s MDTS tests. A 3.2

or 3.5 Mbit/s transmitted data rate is equivalent to 48 (64 kbit/s)

PCM channels, 7.0 Mbit/s to 96 PCM channels, and 9.4 Mbit/s is
• equivalent to 144 PCM channels. In -this configuration , NRZ da ta

and timing signals from a transmit SDS unit were applied directly

to the digi tal modems -~~~~ the data rates mentioned above. On the

receive side, the recovered data and timing signals were input to

a receivc SDS unit for error measurement .

The MDTS and DAR digital service channels were integrated

into the station orderwire facilities and used throughout the pro—

granune for both test and operational ACE High system coordination

purposes.

CR-NICS-38 N A T O  U N C L A S S I F I E D  nib 

— —  ~~~~_~~~~ _
_: 

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

-- -  



— - - -~ --- -- - - - -~ -—-—- -- -—---~~~~~~ -- — - ------ -~~ — -- - -- --- --- -- —-~~-----~ --

N A T O  U N C L A S S I F I E D
-20-

-10 1
14 a. uj
I~~ 0 0
Iø~~~o

J11L
L. 33V~~3lNI Xd

-

1
. 1 ~~~~~4z~~

-

---II----r 
~~~~~~~~~~~~~~~~~—— _~ff_e_

0

_ _

~~~

t 

nrn I

.

CR-NICS-38 N A T O  U N C L A S S I F I E D  nib



—---

N A T O  U N C L A S S I F I E D
—21—

3.2 TROPOSCATTER MODEM AND RE-EQUIPMENT CONFIGURATIONS

Both the MDTS and DAR modems utilize Differentially En-

coded Quaternary Phase Shift Keying (QPSK ) as their modulation
techniques. The MDTS phase-modulates a 70-MHz IF carrier over a

full symbol duration, while the DAR phase-modulates a 70-MHz IF

carrier over only a portion of the symbol duration, thus providing
a guard time and reducing the effect of mult ipath induced inter-
symbol int erference . Interfaces between the ACE High radios and

the MDTS and DAR troposcatter modems were accomplished at the
70-MHz intermediate frequency of both the UHF and C-band radios.

The modem/RE’ equipment interface is discussed in para. 3.2.1.

Bandwidth requirements imposed by the MDTS and DAR modems

for the test programme are given in Table 4. Filters were used to

limit the bandwidths containing 99% of the transmitted power to
those given in Table 4. Table 4 reflects the fact that the DAR

can operat e at a maximum RF spectrum efficiency of 0.7 bit/Hz of

RE’ bandwidth and the MDTS modem can operate at a maximum RI spec-
trum efficiency of 1.3 bit/Hz with a more optimum RF spectrum
efficiency of 1 bit/Hz.

Table 4

Bandwidth constraints

Modem Data rate Bandwidth
(Mbi t/s) (MHz)

MDTS 3.2 3.5
6.3 7.0
9.4 7.0

DAR 3.5 7.0
7 .0 10. 5

.
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3.2.1 UHF radio configuration

Mi.-ior modification of the RI equipment was required for

operation with the digital troposcatter modems. This modification

included the replacement of the local oscillators by stable fre —

quency synthesizers. Block diagrams of the modifications made to

the UHF radio are shown in Fig. 10 and 11, and Fig . 12 is a photo-

graph of the modified UHF radio equipment .

To limit the bandwidth of the transmitted MDTS signal to

approximately 3.5 and 7 MHz , 3.1 and 6.2 MHz (3—dB bandwidths)

bandpass filters were used to filter the modem IP output at 3.2

and 6.3 Mbi-t/s respectively. During the 9.4-Mbit/s tests, which
were carried out with separate MDTS modems , the 6.2—MHz bandwidth

IF filter was used to restrict the signal bandwidth to approximately

7 MHz. For the DAR tests no separate filters were used. A 3—dB

hybrid power splitter was installed to split the output 70—MHz

signal to drive the dual exciters.

The 70-MHz modem signal was connected to the up—converter

by the connect ion Ji at the rear of the exciter drawer. The nor—

mal 70—MHz FDM signal was left disconnected during digital test—

ing. To restore FDM radio operation all that was required was

the interchange of 70-MHz signal cables at Jl. The frequency—

synthesized locdl oscillator signals were connected to the up—

converter/exciter at a level of approximately -5 dan. Site per-

sonnel were able to return to FDM/rN operation in approximately

four minutes.

I ’
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On the receive side, the insertion loss of the RI presel—
ectors was measured and found to be approximately 2.5 dB. The

parametric amplifiers were found to have 2—dB peak—to-peak gain in—

stability over an hour and were replaced by low-noise transistor

RF amplifiers provided by STC.

The local oscillators for the four diversity receivers were
replaced by stable frequency synthesizers as shown in Fig. 11.

Frequencies of 110.33333 MHz and 114.11111 MHz were used as inputs

to the final multiplier stages of the receiver down converters.

Attenuators were installed between the radio IF outputs and the

modems to provide protection against overloading during periods of

high received signal level (RSL).

A cal ibration unit was provided by STC to calibrate the
RSL measuring equipment and was installed in the RI room. The

calibration unit (described in detail in Chapter 4) could be

switched on line ahead of the RI preselector by a coaxial switch.

3.2.2 C--band radio configuration

The interface between the MDTS/DAR modems and the C—band

radio was similar to the interface between the modems and the UHF

rad ios, except that different frequency synthesizer settings were
used to stabilize the C—band radio local oscillator.

p
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4, DATA ACQUISITION SYSTEM

4.1 SELECTION OF TEST OBSERVABLES

The test objectives listed in Chapter 1 required that sin—

ultaneous measurements be made of received signal level (RSL),

dispersion , bit error performance, and bit count integrity (BCI).
In addition, there were certain observables of secondary impor-

tance which were readily available and which might provide addi-

tional information about the performance of the digital link. - -

The following is a complete list of the observables used

to define the requirements of the Data Acquisition System (DAS): - 
-

(a) RSL for each diversity receiver in use

(b) Multipath dispersion (post-combiner)

(c) Bit-error events

(d) Loss-of--BCI events, separately for

-_ digital modem
- asynchronous 1DM unit
— US PCM /TDM

- NATO PCM/TDM equipment (30/ 32 channels)

(e) Modem SNR indicator voltage

( f )  Subject ive  voice q i a l i t y .

Sections 4.2 to 4.4 describe the techniques used to measure

and record these observables and the necessary calibration proce—

dures.

4.2 MEASUREMENT METHODS

Received signal levels were measured by means of a 70—MHz

logarithmic IF amplifier for each diversity receiver. The inputs

of these amplifiers were connected in parallel with the modem IF

CR-NICS-38 N A T O  U N C L A S S I F I E D  nib
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inputs by a set of four two—way power splitters. The video signals

from the DC-coupled outputs could be recorded by several different

means, as discussed in Section 4.3. The principal characteristics
of the logarithmic amplifiers used are given in Table 5.

Table 5

Principal characteristics of logarithmic IF amplifiers,
RHG Type LST 7010

Centre frequency : 70 MHz - 
-

Bandwidth : 10 MHz

Risetime : 100 r~ -

Input range : -80 dBm to 0 dBm

Linearity : ±1 dB over input range

One question of concern was whether the amplifiers would
correctly measure the level o~ the timegated RI waveforms employed

with the DAR modem. Since the detailed characteristics of the

detectors in these amplifiers were not known , a simple measurement

was made to determine the performance of the amplifiers with time-

gated signals. The measured characteristics for a CW signal and a

gated signal with a duty cycle of 50% were compared prior to the
start of testing. A 3-dB difference in average power for the same

DC output voltage indicated that the logarithmic amplifiers perform

peak detection rather than average detection.

The scattering function of a troposcatter channel can be

determined experimentally by the measurement of the time—varying

complex impulse response over a suitable period of t ime. Such

measurements are carried out most conveniently by probing the chan-

nd with a carrier that has been PSK-modulated by a pseudo-random

sequence. The principles behind such measurements and a suitable
instrumentation are descr ibed in detail in Ref. 3. A multipath

CS N A T O  U N C L A S S I F I E D  nib
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analyzer based on the principles given in Ref. 3 was planned for

in all the test programme, but unfortunately did not become avail-
able in time for measurements on the UHF link. Instead, real—time

estimates of the channel dispersion were obtained by the use of a
control voltage in the backward equalizers of the modems. Before

the actual tests began, experiments with the modems operating over

a troposcatter channel simulator had verified that this control

voltage is monotonically related to the two sigma (2o) multipath
spread of the channel. Calibrations of the multipath dispersion

indicator voltages for the MDTS and for the DAR were obtained prior

to the tests (see Appendix C). It should be noted that, for the
DAR, no reliable indication was obtained for multipath spreads

greater than half a symbol interval, due to the time gating employ-
ed with this modem to mitigate intersymbol interference. For the

MDTS, a change in the calibration of the dispersion monitor occur-

red oit 3 April 1977 due to a modification of the backward equalizer

card in that modem.

For bit—error measurements, use was made of a pseudo-random

data source and a correspond ing data correlator , both usually refer—
red to as a Simulated Data Source (SDS). For link tests, the SDS

units were connected to selected ports of the asynchronous time

division multiplexer , AN/GSC -24. In either case, the occurrence
of a bit error generated an output pulse that was used to drive

various counters.

Loss of synchronization or bit count integrity (LBCI)

events were signalled by the various equipments via TTL-compatible

control circuits. A retriggerable monostable multivibrator (one-

shot) on each circuit ensured that all indications were maintained

for a minimum period of 100 ms to allow proper detection by the
recording equipment.

I

CR—NICS-38 N A T O  U N C L A S S I F I E D  nib

I ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

-

~~~~~ _~~- —--— - --

~ 
- - -

~~ 

- - -

~~~~~ 

-

~~~~~~~

--

~~~~~~~~~~~~~~~

- 

~~~~~~~~~~~~~~~~~~~~



-~~ r ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

-

N A T O  U N C L A S S I F I E D
— 30—

Voice monitoring was possible in either of two ways. Dur-

irig system tests, one of the channels in the 24—channel PCM equip-

ment was available for one—way speech communications. In addition ,

for both system and link tests, a high-quality (64 kbit/s) CVSD

digital orderwire was connected to the existing ACE High radio
orderwire system to permit a duplex orderwire (analogu e in one

direction and digital in the other) to be maintained over the link
being tested.

4 , 3 DATA RECORDING TECHNIQUES

The data recording system required for the tests had to

serve two distinct functions:

(a) To perform mass storage of data in a form suit-
able for subsequent off—line processing.

(b) To perform direct read-out and/or printing of
data to allow the test operator to monitor
the quality of the data continuously and to
provide a first look at the performance figures
obtained. 

-

Due to the large amount of data to be collected, different

instrumentations were required to perform these two basic functions.

Moreover , the fact that the same data was stored by several differ-

ent means resulted in a highly desirable redundancy in the test set-

up. In fact , very little data was lost during the trials as a
result of malfunction of elements of the data acquisition system .

Mass storage of data was performed using a computer-compat ’

ible digital tape recorder with a suitable interface unit contain-

ing A/D converters, logic for data formatting and multiplexing, a
time clock , and switch arrays for labelling the data to be record-

ed. All the observables listed in Section 4.1, with the exception

of analogue speech samples , were recorded on the digital tape . The

sampling rate employed was 10 Hz , sufficient to resolve the fastest

CR-NICS-38 N A T O  U N C L A S S I F I E D  nib
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I

.

fades expected with the exception of fading caused by aircraft

traversing the common volume. Error events were recorded on the

tape by storing the total error count in each 100-ms interval. A

detailed descr iption of the digital tape recording facility and

the specific formats and conventions for use of labels during the

tests is given in Appendix D.

A variety of data recording and display techniques was
employed to perform function (b) above. Some of the techniques
entailed a certain amount of on-line data processing.

Short-term RSL distributions were obtained directly by
mean s of an array of six signal-level-versus—time (SLVT) counters

for each diversity receiver. The SLVT counters are mechanical

counters with associated electronic threshold devices. The video

outputs of the logarithmic amplifiers are sampled approximately

three times per second, and those counters for which the sampled

video signals exceed the preset threshold are incremented. If the

thresholds have been suitably adjusted, e.g., to levels at 5—dB

intervals , the contents of each array of SLVTs at the end of a run
provide a direct indication of the cumulative RSL distribution

over that run. The principle of SLVT measurements is illustrated

in Fig. 13.

A inultichannel strip chart recorder was employed to record
RSL for selected receivers, multipath dispersion , and loss of syn-
chronization events.

In addition to the error counter used wiui. the digital tape

recorder , two more counters were used for the direct processing and
display of error events. One of these counters simply totalized

the errors over a run. The other counted errors over one—second

intervals and fed these counts to the Error Distribution Analyzer

(EDA) for limited on-line processing. The EDA comprises an array
I
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Fig . 13 SLVT block diagram
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of counters, one of which is incremented based on the one—second
error count. Each counter has an associated range of error counts:

Counter No. Error count range

1 0

2 l t o 9

3 lO to O9

10k—2 to 10k-1 -l

10 Greater than io8

At the completion of a run, the contents of the counters
are automatically printed on a digital printer, thus giving the

• distribution of one-second error counts over the run.

Overall block diagrams and a photograph of the DAS are

given in Fig. 14 to 16.
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4.4 CALIBRATION PI~)CEDURES -

In the Data Acquisition System described in the preceding

paragraphs , only the RSL measurements required frequent calibra-

tions. The following sources of inaccuracies were identified:

(a) Gain variations in diversity receivers ( from RI
inputs to 70-MHz IF outputs)

(b) Gain and bias variations in logarithmic ampli-
fiers

(c) Gain and bias variations in tape recorder AID
converters

(d) Drift in SLVT thresholds

(e) Gain and bias variations in strip chart
recorder .

Ideally , a calibration procedure should compensate for all

these errors.

For the UHF link, a procedure was established by which an

RF signal of a known level could be injected at the input of the

low-noise preamplifiers by the operation of a set of coaxial

switches. A complete range of calibrations could then be carried - 
-

out by the operation of the IF attenuators in the test equipment
rack. This arrangement is shown in Fig. 17. Diplexer and pre—

selector losses were measured and accounted for in the calibration
procedure by a fixed amount. A typical calibrat ion sequence would

be carried out in steps of 5 dB from -65 d~ n to —105 dBin ; for each

step a single frame (12.7 s) would be recorded on the digital tape ,

a track of about 1 cm would be recorded on the strip chart recorder ,

and the threshold of the appropriate SLVTs would be adjusted to the

point where the counters just began to increment.

The above procedure was difficult to adapt to the C—band

link , primarily because all the RI input circuitry is implemented
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Fig. 17 Calibration arrangement
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with waveguides. It was therefore d~’cided to use IF calibration
only, i.e., a 70—MHz signal of a known level was injected directly

into the IF interface unit for calibration purposes. The gain of

the entire receiver chain preceding the IF interface was measured
and accounted for in the calibration. Because of the higher expec—

ted levels on this link, the calibration range was chosen to be

from -35 d& to -75 dBm. Otherwise, the procedure was the same as
for the UHF link.

H
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5. METHODS OF DATA COLLECTION

As there were a large number of combinat ions of transmitted

data rate and diversity configurations which were of interest , an

overall data—collection method was developed to ensure that suff 1—

cient time would be available in each transmission configuration

of interest to maximize the statistical confidence in the test

data. Figure 18 shows the general allocation of test time between

the two test links.

5.1 UHF LINK

Much of the first period of the three UHF test periods was

allocated to non-diversity and dual-diversity performance testing

at all data rates. This was done to ensure that some bit error

activity was observed and also to explore the performance sensitiv—

ity of the modems to diversity configuration. The second UHF test

period emphasized quadruple-diversity testing, to provide informa-

tion on modem and digital system performance in an operational type

of transmission configuration. Unfortunately, after a lightning

storm at Dosso dei Galli in the middle of the second test period .

transmitter 1 exhibited fast dips in the output power which were

reflected in degraded performance on receivers 1 and 3. Only data

taken in dual diversity by receivers 2 and 4 were reliable until

transmitter 1 was repaired prior to test period 3. Thus , in the

second period c,f UHF link testing, dual—diversity data predomina—
-ted . A detailed allocation of test time on the UHF, link Is

provided in Tables 6 to 8.
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Table 6

Summary of short test runs (20 m m ) , January to February 1977

No. of runs

Data rate (Mbit /s)
Diversity Total runs Percentage

3.1 6.3 9.6

Quadruple 51 54 9 114 23

Dual (Rx l + Rx3) 22 40 6
299 61

Dual (Rx 2 + Rx4) 56 149 26 -

None (Rxl) 9 8 1

None (Rx2) 1 10 2
_____________________ 77 16

None (Rx 3) 3 6 2

None (Rx4 ) 12 21 2

Others 0 0 3 3 0

Total runs 1514 288 51 1493 100

Percentage 31 59 10 100 100
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Table 7

Summary of test runs, 1. April to 4 May 1977
(MDTS modem UHF link tests)

1~ te: BecaliBe of the malfunctioni ng of one of the high p~~er amp U—f iera, certain runs had to be diacarded; only those numbers
of runs shown in brackets were taken into account in the
~‘valuation of the teat data .

Summary of short test runs (20 m m ), 2 April to 4 May 1977

No. of runs

Diversity Data rate
(Mbi t / s )  Total runs Percentage

3.1 9.6

Quadruple 105(69) 20 125 62.5

Dual (Rxl + Rx2) 12( 1) 2 (0)  14 7

Dual (Rx2 + Rx4 ) 49 10 59 29.5

Others 2 0 2 1

Total runs 168 32 200 100

Percentage 84 16 100 100

Summary of long test runs ( about 15 hr) ,  1 April to ‘4 May 1977

No. of runs

Data rate
Diversity (Mb it / s)  Total runs Percentage

3. 1 9.6

-
- Quadruple 12(5) 3 15 53.6

Dual (Rx l + Rx3) 3( 1) 0 3 10.7

Dual (Rx 2 + Rx L &) 7 1 - 8 28.6

Others 2 0 2 7.1

- 
- 

Total runs 24 4 28 100

Pr.r-centage 85.7 14.3 100 100
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Table 8

Summary of test runs , 16 May to 5 June 1977
( DAR modem UHF band tests)

Summary of short runs (20 m m ) , 16 May to 5 June 1977

No. of runs

Diversit Data rate -

(Mbit/s) Total runs Percentage
3.5 7.0

Quadruple 44 21 65 - 54

Dual (Rxl + Rx3) 32 4 36 30

Dual (Rx 2 + Rx4) 15 0 15 12

Others 3 2 5 ‘4

Total runs 94 27 121 100

Percentage 78 22 100 100

Summary of long runs ( about 15 hi’), 16. May to 5 June 1977

• No. of runs

Data rateDiversity (Mbi t /s )  Total runs Percentage

- 
3.5 7.0

Quadruple 3 0 9 ‘43

Dual (Rx l + Rx3) 7 0 7 33

Dual (Rx 2 + RxL I )  5 0 5 24

Others 0 0 ~0 0

Total runs 21 0 21 100

Percentage 100 0 100 100
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5.2 c-BAND LINK

The data collection accomplished on the C—band link was

evenly divided between periods of quadruple-diversity and dual-
diversity testing . A detailed breakdown of C-band test time is

given in Tables 9 and 10. The total test time spent on the C-band

link was considerably less than that spent on the UHF test link.

This was initially unplanned. Fabrication difficulties in prepar-

ing the DAR modem resulted in an extension of the MDTS UHF test

period and a subsequent shortening of the C-band test period since

the overall test length was fixed . Nevertheless , it is felt that

adequate time was spent on the C-band link to gain a satisfactory

understanding of DAR and MDTS performance on this type of link .

— 

1
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Table 9

Summary of test runs , 15 July to 29 July 1977
(MDTS modem C-band tests)

Summary of short runs (20 mm ), 15 July to 29 July 1977

No. of runs

Data rate
Diversity

(Mbit/s) Total runs - Percentage
• 6. 4 9.6

Quadruple 61 100 161 
- 

64

Dual (Rx l t Rx3) 21 6 27 11

Dual (Rx2 + Rx4) 43 7 50 20

Non diversity 0 8 8 3.1Others{
N SLVT 2 3 5 1.9

Total runs 121 124 251 100

Percentage 50.6 49.4 100 100

Summary of long runs ( about 15 hr) ,  15 July to 29 July 1977

No. of runs

Data rateDiversity (Mbi-t/s) Total runs Percentage

6. 4 9.6 
-

Quadruple 4 6 10 66.9

Dual. (Rxl + Rx3) 1 0 1 7,7

Dual (Rx2 + Rx4) 2 0 2 15.4

Others 0 0 0 0

• Total runs 7 6 13 100

Percentage 513 46 100 100
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Table 10

Summ ary of test runs, 1 August to 14 August 1977
(DAR modem C—band tests)

Summary of short runs (20 mm ), 1 August to 14 August 1977

No. of runs

. . Data rate -Diversity -(Mbit/s) Total runs Percentage

3.5 7.0

Quadruple 9 135 144 49.1

Dual (Rxl + Rx3) 4 65 69 23.5

Dual (Rx 2 + Rx4 ) ‘4 63 67 22.9

Non diversity ‘4 5 9 3.1Others {N SLVT 2 2 4 1.14

Total runs 23 270 293 100

Percentage 7.8 92.2 100 100

Summary of long runs (about 15 h ) ,  1 August to 14 August 1977

~~~~~~ 

____________________ 

No. of runs

Data rateDiversity (Mbit/s) Total runs Percentage
3.5 7.0

Quadruple 0 7 7 54

Dual (Rx l + Rx3) 0 2 2 15

Dual (Rx 2 + Rx4) 0 4 Li 31

Others 0 0 0 0

Total run s 0 13 13 100

Percentage 0 100 100 100
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6. TEST LINK PREDICTIONS
I .

Propagat ion and performance predictions were made for the
UHF and C—band test links to provide a framework against which to
discuss the measured data and the sufficiency of available predic-
tion techniques. Digital performance predictions for the MDT S and
DAR modems , at 6.3 and 7 .0 Mbit/s respectively , were made for both
test links and were based on the propagation predictions discussed

below.

6.1 UHF TEST LINK

6. 1.1 Received—signal—level predictions

• There are two widely—used methods by which a distribution

of short-term median received signal levels (RSLs) can be obtained .
The first method was developed by the US National Bureau of Stan-

dards (NBS) and is described in NBS Technical Note 101 (Ref. -.) .

The other method is recommended by the CCIR (Ref. 5). The CCIR

method is based on that given in NBS Technical Note 101 , but is

• considerably easier to use. The predicted distribution of median

RSLs for the UHF test link is shown in Fig. 19 for both the NBS and

• CCIR methods. A transmitter output power of 4 kW has been assumed.
Detai1~ of the CCIR calculations are given in Appendix E. In gen-

eral , the CCIR met hod predicts a somewhat higher i~ ng—term median

RSL and a lower standard deviatton than the NBS method. This is

seen clearly in Fig. 19. although the NBS prediction , computed at
a service probability of 0.5, compares moderately well with the

CCIR method. However , for the performance predictions in the sub-

sequent sections the more pess im istic assumption of a service
probability of 0.95 was used.

CR-NICS-38 N A T O  U N C L A S S I F I E D  nib
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In addition to troposcatter propagation , a multiple-edge

• diffraction signal could propagate on the UHF test link , depend ing
on the fine structure of the horizon obstacles shown in Fig. ‘4.
If multiple—edge diffraction were to occur , it would alter the

expected RSL distribution considerably . For diffraction paths ,
the long-term median RSL is typically 20 dB above the scatter

level and deviates from the median with a signif icantly reduced
standard deviation , typically less than 2 dB. An RSL calculation

based on double knife-edge diffraction was made using CCIR proce-

dures and is detailed in Appendix F. The result of this calcula-

tion is noted in Fig. 19 as a single point.

It should be noted that the UHF path profile shown in

Fig. ‘4 does not directly support the hypothesis of knife—edge

diffraction. A diffraction calculation using the path profiles of

Fig. 4 indicated that the diffraction component would be at least

18 dB below the scatter component power. This calculation, made

with a computer program available at DCEC , was based on diffraction

over irregular terrain and the gain due to knife-edge obstacles

was therefore not considered .

Given the expected distribut ion of median RSLs, there

remains the quest ion of the expected short—term distr ibution of the

RSL about a particular median value. For narrowband troposcatter

propagation, the behaviour of short—term RSL is accurately described

by Rayleigh statistics. However , because of frequency selective

fading, the short-term RSL statistics measured with a wideband sig—

nal may deviate from a Rayleigh distribution: a deep fade in only

a portion of the transmitted bandwidth of the wideband signal would

reduce the total signal level much less than would a corresponding

fade in a narrowband signal. Thus, the resultant RSL statistics

measured for a wideband signa l under frequency selective fad ing are
different from the RSL statistics measured with a narrowband signal,

• which would be fading in a non-frequency selective manner . The

effect of frequency selective fading on RSL statistics is discussed

in more detail in Appendix G.
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However , for the purposes of prediction, it is assumed
that fading on the UHF test link would be sufficiently non-fre-

quency selective and that a correction for selective fad ing would
not be required.

if, as proposed earlier in this section, a diffraction

signal were also to be propagated on this link, then the resultant

short-term RSL distribution would be Rician rather than Rayleigh.

6.1.2 Dispersion predictions

There are several models by which the 2a or double-sided

RMS dispersion for a troposcatter path can be computed. Early

models were developed by S.O. Rice (Ref. 6) and E.D. Sunde (Ref.22).

More recently, two other troposcatter dispersion models

have been developed which utilize various atmospheric parameters

to derive delay power spectra. These models were derived by Bello
(Ref . 7) and Parl (Ref . 8). The reader is referred to the refer-

ences for specific mathematical details . Both of these models pre—

dict a delay power spectrum which is defined as the ensemble av-

erage of the t ime-varying troposcatter channel impulse response.

The basic shape of the delay power spectra derived by both models

indicates a gradual decrease in scatter power as a function of path
delay. This is in contrast to the abrupt fall—off of received

power w ith increasing path delay described by the Sunde model.
For the purpose of developing dispersion predictions for the test
links, only the models developed by 8db and Parl will be employed.

A quantity, called 6~ , which is the 2a value of the delay power

spectrum, will be used to characterize the dispersion of the test
I links, i.e.,

6 2[fr2Q(-t)dr — {fTQ( r )dT}2)~

where Q(T) is the normalized delay power spectrum .

CR-NICS-38 N A T O  U N C L A S S  I F I E D  mb
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The Bebbo model approximates Q(r) as a two-dimensional

scatter integral while the Parl model considers scattering in three
dimensions.

The delay power spectrum Q(r) is in itself a t ime-vary ing
quantity and a function of large-scale meteorological conditions.

The two factors which cause the delay power spectrum to vary are~

— changes in the effective earth radius , Ka ,
( where a is the actual earth radius) and

— changes in the distr ibution of refractive—
index irregularities in the common volume. -

The second factor can be taken into account in the calculation of

dispersion by changing the scatter angle exponent , v , in the Bello

model and the slope , n , of the refractive index spectrum in the

• Pal model. It is shown in Ref. 16 that v n + 1.

For the calculation of the median value of dispersion, the

standard values K L#/3 and n 11/3 have been assumed. To predict

the largest value of which is likely to occur , est imates had to

be made for the worst combination of K and n. Panter (Ref. 9)

gives a value of K 0.6 for the European area as a worst--month

median for high-altitude scatter paths (see Table ii). It should

be pointed out that th is  data was obtained on the basis of tropo—

scatter pathloss measurements which explained all loss variations

as resulting from changes in K factor. On the other hand , radio—

sonde measurements made in Germany (Ref. 114 and 15) show that a

value of K < 1 does not occur more frequently than 0.1% of the

time. A value of K 0.66 was finally selected for the calculation

of the worst—hour 6 . It is estimated that a value of K 0.66
S

would not occur more frequently than 0.01% of the time.

CR-NICS-38 N A T O  U N C L A S S I F I E D  nib
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Table 11

European area K values

Annual median Worst-month median

Overland K 1.33 1< 0.95

Oversea pat h 1.90 1.20

High—altitude path 1.00 0.60
(scatter volume at an
altitude of 400 m or
more)

Overland path > 55° bat. K 1.33 K 0.75

Oversea path > 55° bat. 1.90 1.20

With regard to the slope of the refractive index spectrum , a value

of n 1 was taken for the calculation of the largest value of 6~~.
Based on Ref. 16 , this value is exceeded for about 98% of the time.

The results of the dispersion calculation using the models
developed by Belbo and Parl are shown in Table 12.

6.1.3 UHF link digital performance predictions

Performance predictions for the MDTS and DAR modems were

generated as pat of the test progranine. Because of time limita-

tions , predictions were made on the basis of troposcatter propaga-

tion only. Therefore , the eff ect of other potential propagation

modes (e.g.,  diffraction) is discussed only qualitatively in this

section. Short-term and long—term performance predictions of both

mean bit error rate (BER) and fade outage rate (see Ref. 2 and 10)

were made and are presented in this section as functions of single—

receiver mediar RSL and of t ime availability respectively.

MDTS modem

The predicted BER performance of the MDTS modem on the UHF

f test link is shown in Fig. 20 as a function of single receiver

median RSL in quadruple diversity. The three curves represent BER

CR-NICS—38 N A T O  U N C L A S S I F I E D  nib
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Table 12

• Predicted dispersion

Elev. angles DispersionModel K-factor ( ns )

1,33 0 111
Bello

0,66 0 198

1.33 0 104

0.25 137

0.50 178
Par l —~~~~~~

________

0.66 0 185

0.25 2142

0.50 304

(a) UHF test link

Elev. angle* DispersionMode 1 K--factor
( 0 )  (~~~ç )

1,33 0 2.3
Bello - —- ______ ________

0.66 0 34.5

1.33 0 5.0
Pan

0.66 0 80.0

(b) C--band test link

*Eievation ang le of the antenna e in beamwidthe abo ve
the eta ndard radio hori zon
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predictions for three combinations of antenna elevation angle , K

f3c ’o~- , and spectrum slope which bound the conditions which were

expected to occur on this link . The rapid fall-off of BER with
RSI~ seen in th i s  figure is partly due to the quadruple diversity
configuration and partly due to a slight degree of inband or imp lic-

it diversity predicted for this link on the basis of troposcatter

propagation.

Figure 21 shows the predicted fade outage probability as

a function of single receiver median RSL for the UHF test link.

This curve was obtained by the methods derived in Ref. 10 and

shows a rapid fall—off in fade outage probability very similar to

that seen in Fig. 20.

Figures 22 and 23 show the expected long—term statistics

of BER and fade outage rate under the assumption of troposcatter

propagation. The calculations are based on the NBS method of

prediction for a service probability of 95%. It is worthwhile
-to consider the effect of other propagation modes on these dis—

tributions. As an example , the presence of a significant dif-

fraction component should result in a BER measured at the higher —

percentiles which would be better than predicted. A diffraction

component of significant power should also affect the fade outage

probability distribution in essentially the same way.

Further , it should be pointed out that Fig. 22 and 23 show

near— error -- free or fade-outage—free operat ion for about 70% of the

~e~~t period . In practice , random errors can occur due to station
power transients and therefore the percentage of time over which

the system wil l  operate totally error—free cannot be predicted

exact ly . The percentage of t ime over which the system will operate

without  fade outage shou ld , however , be predictable with greater

precision , since random bit errors will generally not occur with

su f f i c i en t  densi ty  to cause the recording of a fade outage (i.e.~
a BER of lO ’

~ measured over a 100-ms interval).
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Fig . 20 Predicted MDT S modem performance (quadruple diversity,
6.3 Mbit/s, UHF test link)
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L Fig. 21 Predicted fade outage probability MDT S modem
(quadruple diversity, 6.3 Mbit/s, UHF test link )
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DAR modem

The dispersion handling capability of the DAR modem is
more limited than that of the MDTS and therefore assumptions as to

the prediction of dispersion on the UHF test link are very impor-
tant , Figure 24 shows the BER performance of the DAR as a f ’~~n~~ --

tion of single receiver median RSL for values of ó
~ 

encompassing
expected conditions. It should be noted that , for the range of
predicted median values of (100-150 ns), the DAR is expected to

perform close to its optimum capability. However, for predicted

values expected for the smaller percentages of time , the DAR modem

may exhibit an irreducible bit error rate caused by d1~ p~ r~ion.

In fact , at a of 190 ns , an irreducible bit error rate of

approximately 1 x is predicted.

The prediction of fade out age probability under the condi-

tions where DAR is within its dispersion handling capability can

be obtained by the method described in Ref. 10 and the curve is

essentially the same as that shown in Fig. 21 for the MDTS modem .

However, the model described in Ref. 10 assumes a negligible multi—
path dispersion penalty and therefore a prediction of fade outage

probability for dispersion—limited performance is not c u r r e n t l y

ava i lable. However , it may be argued that if the DAR modem

exhibited a high irreducible bit error rate (true dispersion

limited performance ) , then the probability of “fade ” out age might

have little significance since dispersion and not fad ing would

cause bit errors. Under this condition , the mean BER rather than

fade outage rate might be the most relevant indicator to assess.

• Three predicted long--term BER distributions were generated

for the DAR modem: for the case where the dispersion is as predic—

ted under nominal conditions and f or cases where the dispersion is

190 and 280 ns. The distributions are shown in Fig. 25. A long—

term prediction of fade outage probability for the DAR was not

- - 

- 

- made because the fade outage probability under dispersion—limited

conditions could not be predicted with any accuracy.
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6.2 C-BAND TEST LINK

Received signal level predictions

Figure 26 shows the results of NBS and CCIR median RSL
predictions for the C-band test link, a transmitter power of 50 W
being assumed. The CCIR prediction is based upon diffraction and

is shown as a single point in Fig. 26. Details of the CCIR cal-

culation for the C-band test link are given in Appendix H. Also

shown is the result of a diffraction calculation made by the method
described by Bullington (Ref. 12), which has been modified to
include the expected long-term variance in median RSL derived via

the NBS method (Ref. 4). The latter approach and the CCIR pr’edic—

tion are seen to be quite close at the long-term median. As

expected, considerably lower signal levels are predicted by the

NBS method if troposcatter is assumed as the propagation mechanism.

Based on the profile shown in Fig. 3, diffraction would logically

be expected to dominate for most of the t ime , although refraction

gradient anomalies could cause beam bending and result in tropo-

scatter propagation or partially obstructed propagation for a

small portion of the time .

The expected short—term RSL distribution on the C—band

test link is likely to approach that of a diffraction path and ,
if troposcatter occurs, to display a Rayleigh distribution.

Dispersion predictions

Because of the modest path length and favourable link

geometry, little dispersion would normally be expected on the

C-band test link. Predicted values of are given in Table 12,

the max imum being 80 ns (K 0.66), which is small compared to

the data rates to be transmitted.

Performance predictions

The low dispersion and elevated RSL expected on the C—band

path make the prediction of MDTS and DAR performance straight-

fOrward e
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- MDTS modem

The predicted BER perf ormance of the MDTS on the
C—band test link is shown in Fig. 27 as a function
of single receiver median RSL. Figure 28 shows
the corresponding fade outage probability curve.
Both these figures are based upon non—frequency
selective Rayleigh fading. The assumption of
Rayleigh fading is likely to be pessimistic for
most of the test period , where diffraction would
be the dominant propagation mode, but should
adequately represent C-band link performance
during periods of troposcatter propagation , which
is the worst case for this link.

A long-term BER distribution for the MDTS modem
was generated by the use of the modified
Bullington diffraci-icri prediction (Fig. 29). A
similar distribution for fade outage probability
was not generated since fade outages were not
expected to be observed with any statistically
significant frequency due to the expected dif-
fraction conditions.

- DAR modem

Predicted performance curves, similar to those
derived for the MDTS, were generated for the DAR 

—

modem under the assumpt ion that the amount of
dispersion seen on the C-band link would be
negligible , so that a measurable irreducible
error rate would not occur. These curves are
shown in Fig. 30 and 31.
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7. MEASURED PROPAGATION CHARACTERISTICS

7 .1 GENERA L

Rece ived signa l levels were measured for all active receiv-

ers at 100-ms intervals and calibrations were made at least once

per day. All measured RSL values were referred to the termination

of the antenna feeds in the RF equipment building.

As noted in Chapter 4, exact measurements of multipath

dispersion and of the channel impulse response were not possible

due to the unavailability of a multipath analyzer for the tests.
However , a dispersion monitor signal derived from adaption signals

contained in the DAR and MDTS digital troposcatter modems provided

an approximate but real—time indication of the multipath spread .

However, only the signal derived from the MDTS modem had sufficient

resolution and dynamic range to be useful for the measurement of

2o dispersion characteristics. The dispersion monitor output volt-

age was translated to 2a dispersion values by the use of calibra-

tion curves obtained for the MDTS multipath monitor prior to the

tests. An explanation of the dispersion monitor and its asso-

ciated calibraticn curves is given in Appendix C. Unfortunately

the modem was modified early in Test Per iod 2 and this inva lidated

the calibration. Therefore, the results of dispersion measurements

are available for Test Period 1 only.

‘.2 PROPAGATION CHARACTERISTICS OF THE UHF TEST LINK

- ‘  
- 

7.2.1 Short-term statistics of received signal level

I llus t ra t ive  short-term RSL distributions measured on the

fou r receivers are shown in Fig. 32 and 33 together with the the-

oretical d is t r ibut ion for a Rayleigh fading signal. In Fig . 32 ,

which was obtained during an active fading period , the distribu-
• ion of the signal level measured in Rx 4 agrees moderately well

with the Rayleigh distribution , except at the higher percentages.

C
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However, the fading range of the other receivers is much smaller
• than expected for a scatter signal. In Fig. 33, which was obtain—

ed during one of the more frequent shallow fading periods , the

fading range of all four receivers is significantly less than that

of the Rayleigh distribution. The large deviation from a Rayleigh
distribution cannot be explained by the reduction of the fading

range due to selective fading of wide—band signals (see para.

6.1.1). Rather , they indicate the presence of a strong specular
component, particularly so for Rx 3.

To isolate the propagation mechanism affecting the UHF

link , it was necessary to eliminate the effects of frequency sel-

ective fading. This was accomplished by transmitting a narrow—

band FM signal and recording the signals received on Rx 2 and Rx 4

for about 20 hours on 6 and 7 May. The short-term distribution of

this signal still deviates considerably from the Rayleigh distribu-

tion, as shown by the example in Fig. 34. It is thereforE reason-

able to assume that the received signal consists of a specular

component and a scatter component. The envelope of such a signal

has a Rician probability distribution (Ref. 17). For Rician fading .

the power ratio between the two components can be determined from

the ratio of the standard deviat ion to the mean of the received

signal power , as shown in Appendix I. Since the total received

power is known , it is also possible to calculate the received powers

for the specular and scatter components separately. This procedure

was accomplished for the 20 hours of narrow-band recordings. The

result is shown in Fig. 35. -

As seen in Fig. 35, the power of the specular component in

Rx 2 ranged from 6 to 12 dB higher than the power of the scatter

• 
• 

component. The level of the scatter component was about the same

for both Rx 2 and Rx 4. The specular component of the signal

received by Rx 4 was highly variable , rang ing from -78 to -88 dB.
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It exceeded the scatter component by 2 to 6 dB except for about

2 hours after midnight and a few periods around dawn, when it

approached or even dropped below the scatter component.

Large variations in the composition of the received sig-

nal were noticed throughout the UHF measurements. This is illus-

trated in Fig. 36 and 37 which show scatter plots of signal level

received on Rx 3 and Rx 4, respectively , as a function of the

standard deviation o~ (normalized to the mean) of the signal

distribution over the first period of UHF measurements. During

this period , wide—band signals (3.5 to 6.3 Mbit/s) were transmit—-

ted and the ratio, y, of specular to scatter component can no

longer accurately be determined from o~ • However , y~, calculated
under the assumption of a narrow-band signal (see Append ix I ) ,
still provides a reasonable estimate for the actual ratio of spec-

ular to scatter component , particularly for large values of the
specular component. The value of y is therefore also indicated

on the abscissae of Fig. 36 and 37.

From these figures it appears that the ratio of specular

to scatter component power reached values of up to 26 dB on R~c 3,

and up to 20 dB on Rx 4, whereas the lowest values indicate almost

pure scatter for both receivers. (The few points for which

y 0 dB are most likely due to air-craft passes. which are discus-

sed in para. 7.2.7 below.) It Is also apparent that the specular

component is normally muc h stronger in Rx 3 than in Rx 4. The

phys ical ph~-nomena responsible for this rather anomalous link

behaviour have not been positively identi f ied , but a poss ible

explanation is offered in para. 7.2.7 below.

Another interesting observation which can be made from

Fig. 36 and 37 is that , for receivers Rx 3 and Rx 4, the standard

deviation of the RSL is essentially uncorrelated with the mean

RSL. Thus , per icds of strong fa d ing were almost equally likely
to occur at high or low median signal levels.

I
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Fig . 36 Scatter plot of received signal level
- as a function -of standard deviation (Rx 3)
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Fig. 37 Scatter plot of received signal level
as a function of standard deviation (Rx ‘4)
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7.2.2 Fade rate

Mean fade rates data as measured over nomina l 20-mm runs
in the first period are shown in Fig. 38 and 39 for all four

receivers. Figure 38 presents this data as a histogram which has

been smoothed for illustrative purposes. Of interest in this fig-

ure are the observations that, for all receivers, there were long

periods with virtually no fading and also that the distributions

for Rx 2 and Rx ‘4 show two peaks. This is- most apparent for Rx ‘4.

This distribution is seen to have a primary peak near 0.0 Hz and

a secondary peak at approximately 0.2 Hz. This further supports
other measured data which indicate that Rx ‘4 (and possibly Rx 2)

received both scatter and specular components. These components

alternately dominate at various times during the tests, The curves

for Rx 1 and Rx 3 indicate that essentially specular signals were

observed in these receivers throughout the first UHF measurement

period. In Fig. 39, these measurements are presented as cumulative

distributions. It is seen th~it median values for the fade rate

range from 0.2 Hz for Rx ‘4 to essentially 0.0 Hz for Rx 3. For

Rayleigh fading channels , it is possible to estimate the RMS
doppler spread by multiplying the mean fade rate by 1.4 (Ref .  11),

resulting in a median RNS doppler spread of 0.28 Hz for Rx 4. Th is
value is consistent with the value of RNS doppler measured on other

UHF troposcatter paths of similar length (Ref. 11).

In addition to the normally observed range of fade rates,

periods of faster fading occurred. These periods were ascribed to

signals which were reflected from aircraft traversing the scatter-

ing volume. This subject is discussed in more detail in para.

7.2.7.

*The mean fade rate is def1~wLi as the average numbers of t i.mes,
per second, the signa l level passes throug h its mean value with
positive s icp e, as determined over a 20—m m interval.

I

I
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7.2.3 Long—term distribution of received signal level

Figures 40 to 43 show the distributions of RSL for the

three UHF test link measurement periods described in Chapter 5.

For Period 1, a large difference is noted between the distributions

of the four receivers. The long-term median RSL of Rx 3 is about

10 dB higher than those of Rx 1 and Rx 2 which, in turn, are 6 dB
higher than the long-term median RSL of Rx 4. The standard

• deviation of Rx 4 is considerably larger than those of the other

receivers.

The same general trend is observed for Period 2, but the

spread of medians is somewhat smaller. This development continues

into Period 3, in which the long—term median RSLs of Rx 1 and

Rx 3 have become approximately equal while Rx 2 and Rx 4 (part ic-

ularly the latter) Continue to be weaker. For Period 3, however,
the transmit powers of PAl and PA2 were reduced by approximately
4 and 7 dB , respectively, as a result of transmitter broadbanding

to acco~nrnodate the larger bandwidth requirements of the DAR modem.

When this is taken into account, it is seen that the median path

loss for Rx 4 remains very nearly constant through the three

periods , while the path loss for Rx 3 went up by about 6 dB from
February to May.

It should be pointed out that the difference between the

median signal levels of any two receivers was by no means constant.
For example, the difference between the levels of Rx 3 and Rx 4

varied between about 0 and 25 dB during the UHF measurement period.

RSL statistics had been measured previously, during 1970
and 1971. Comparison with these data is only possible for the

first two test periods, since no 1970/71 data are available for
the time after 12 May.
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Table 13 shows the RSL exceeded for So% and 99% of the

time as measured at Feldberg in 1977 and in 1970, and at I~~sso del

Galli in 1971.

Table 13

Comparison of RSL level statistics measured in 1970 , 197 1, ~nd 1977

Feldberg Feldberg Dosso del
1977 1970 Gau l 1971

Rx l  Rx4 R x l  Rx 4 R x 3

Period 1 Median RSL -67 -72 -69 —72 ~ 7l4
(dBm )

(February) RSL exceeded -73 -84 —72 —84 —84
for 99% (dBm )

• 
_ _ _ _ _  _ _ _ _ _ _ _  _ _  _ _  — 4
Period 2 Median RSL —65 —71 A —73 A

(dBm)

(April/ RSL exceeded —72 —79 * —79 A
May ) for 99% (dBm)

ANo data avatLable

The values shown in Table 13 have been normalized to t ransmit a

• power of 4 kW and it has been assumed that a power ot 5 kW was

transmitted in 1970 and 1971. It can be seen that corresponding

values measured during the three different years are au with in 3

dB of each other.

The fair agreement between the different measurements in—

djcates that the RSL statistics measured at Dosso del Galli from

July 1970 to February 1971 and reproduced in Ref. 1 may he taken to

determine the worst months. These were September and October , when

the RSL exceeded for 99% of the time was some 10 to 15 dB lower thau

that measured during the tests described herein.
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Figure 44 shows the RSL statistics for the complete measure-

ment period on the UHF link , normalized to a transmit power of 4 kW ,

ogether with the statistics predicted using the NBS and CCIR meth— j -
ods. Close agreement is noted between the NBS predictions for 50%

service probability and the signal received by Rx 4. The median

signal levels of Rx 1 to 3 are in reasonable agreement with CCIR

predictions , but their standard deviation is much less than that

predicted by either CCIR or NBS , This strengthens the conjecture

put forward in para. 7.2.1 above for the presence of a strong

specular component on these receivers. This specular component

may be due to double-knife edge diffraction , as previously hypo—

thesized in Chapter 6. In fact , the highest signal levels measured

on all four receivers are about the same as the level predicted for

double diffraction (see Appendix F). However , double knife-edge

diffraction alone does not explain the large measured differences

in the RSLs of the four diversity receivers.

7.2.4 Path profile analysis

To obtain a greater insight into UHF link propagation , a

much more detailed description of the path geometry was required

than was available from the path profile shown in Fig. 4. This

- was accomplished by the use of computerized topographic data for

the great circle path between the transmitter and receiver sites

as well as for areas to either side of the great circle path sub-

tended by the major lobes of the link antennas , as ~.llustrated in

Fig. 45. With this approach, the great circle path profile shown

in Fig. 46 was derived. The profile reveals a greatly varying fine

structure not apparent in Fig. 4 and suggests that double knife—

edge diffraction may be a realistic propagation mode. It follows

from Fig. 46 that significant terrain variations may also occur

over a cross section of terrain subtended by the main beam of the :
link antenna. To explore the significance of this, another path
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profile was constructed which , for each point on the great circle

path , shows the minimum altitude of the terrain within the main

beam . This profile is shown in Fig. ~~
‘,

A comparison of Fig. 47 with Fig. 46 indicates that the

propagation obstacles shown in Fig. 47 are fewer and, more impor-

tantly , that the fine structure is different, Clearly , because of

the narrow beam antennas, the precise path profile is very sen-

sitive to antenna pointing and to prevalent meteorological condi-

tions. Off-boresigh-t diffraction combined with possible ref lec-

tions from near-vertical mountain slopes could potentially give

rise to additional specular components which could differ in

strength from one receiver to another. Such specular components

would have smaller transmission delays than the troposcatter compo—
- 

nent , thereby adding significantly to the overall dispersion of the

.received signal. If specular propagation modes, including off-bore—

sight diffraction or reflection , are responsible for received

signal levels higher than those initially expected , it is possible

that more than one specular component was received. It will be

shown below , and also in Chapter 9, that there is evidence that

this occurred.

7.2.5 Mult ipath dispersion

Since the muitipath dispersion monitor (Appendix C) provides

a measure of the overall dispersion and is affected by contribu-

tions from all function ing diversity receivers, only the tests

-onducted in non--diversity configuration can provide a clear in-

sight into the multipath dispersion of the individual diversity

receivers. Single receiver dispersion for Rx 4 is presented in

Fig. 48 as a scatter plot in a coordinate system of dispersion as

a function of RSL standard deviation. Each point represents a 20—

m is test run. Little correlation was noted between either median

RSL and dispersion or standard deviation and dispersion. For

LI H
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Fig. 45 Topographic analysis method
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example, the correlation coefficients for the data shown in Fig. 48
were found to be 0.3 and 0.2 respectively .

Figure 49, wh ich was derived from the scatter plot shown in
Fig. 48, represents the cumulative distribution of the dispersion

measured in Rx 4 during the first UHF test period and has been

derived from the data points previously presented in Fig. 48.

As seen in Fig. 49, the median multipath spread was approximately

155 ns with a 10th percentile of 105 ns and a 90th percentile of

200 ns. The median value is about 50 ns longer than that predict-

ed in Table 11 for a K factor of 4/3 and with the antenna pointing

at the radio horizon. This larger value may have been due to one

of the following causes:

(a) The values assumed in the prediction for the
effective earth radius and the slope of the
refractive index spectrum may be different
from the “median” values encountered during
the measurements, which consist of only 17
points, all taken in February.

(b) The antenna may in fact have pointed slightly
above the horizon, with a resulting increase
in the rnultipath dispersion (see Table 11).

(c) The specular component present in the signal
of Rx ~+ (although to a lesser degree than on
the other receivers) may have caused an
increase in dispersion . The measured increase
of 50 ns could easily be explained by this
effect if the specular component was due to
double knife-edge diffraction (see Appendix J).

The fact that the 90th percentile of the dispersion was also larger

than that predicted under worst conditions renders explanation (a)

rather unlikely. However, no defin ite conclusion could be arr ived

at.
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Fig. 48 Scatter plot of dispersion as a function of
standard deviation
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Figure 50 is a cumulative distribution of the multipa-th

dispersion measured in dual diversity with Rx 2 and Rx 4, also
recorded during the first UHF test period.

The measured median multipath dispersion of 230 ns was

approximately 75 ns larger than that measured with Rx 4 alone.

The 10th and 90th percentile measured values were 185 ns and 300

ns respectively , i.e., 80 ns and 100 ns larger than for Rx 4 alone.

The most likely explanation for the increase in dispersion is that

the path delay of the strong specular component in the aignal of

Rx 2 differed markedly from the delay of the signal of Rx 4. How-
ever, it is apparent from Fig. 1+8 (and this has been confirmed by
measurements discussed earlier in para. 7.2.1) that the signal of

Rx 1+ also contained a specular component which had approximately

• the same magnitude as, and often exceeded , the scatter component.

If this specular component had encountered the same path delay as

the specular component of Rx 2 a reduction in dispersion for dual

diversity would be expected rather than an increase (see Appendix J).

It therefore appears that at least two specular components

with different path delays were received , one by Rx 4 and one by

Rx 2. This conclusion is, of course, subject to the condition that

the dispersion monitor voltage of the MDTS modem was a reasonably

accurate indication of the 2o multipath spread for signals consist-

ing of specular and scatter components. It should also be pointed

out that the conclusion is based on less than 25 hours of measure-

ment, and therefore remains somewhat questionable.

The dispersion measured in dual diversity on Rx 1 and Rx 3
was normally much smaller (see Fig. 50), with a median value of

about 120 ns or less. However, values up to 310 ns were measured

during a few periods , i.e., values approaching the larger values
measured on Rx 2 and Rx 4.
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It is interesting to compare the results obtained in this

test programme with the results of others. Figure 51 shows the

cumulative distributions of the multipath dispersion obtained from

the Rx 14 and dual (Rx 2 i- Rx 1+ and Rx 1 + Rx 3) diversity measure-

ments, together with the cumulative distributions obtained on

another test link at 900 MHz and 14.7 GHz (see Ref. 11 and 13).

The curves portrayed in Fig. 51 have been normalized to their

respective median values to permit direct comparison. The va-

riances about the normalized median value for each of the curves

is about the same with the exception of the dual diversity measure-

ments on Rx 1 and Rx 3. The 99th percentile values of 6~ range

from 1.5 to 1.8 times the median 6~~ An extrapolation of measured

data indicates that a 6 measured at the 99.9th percentile would

be of the order of 1.7 to 2.0 times the median value.

The small spread of the cumulative distributions for all

cases where troposcat-ter played a role suggests that the variations

in 6 shown in Fig. 51 may be typical for troposcatter links. How-

ever, this would have to be confirmed by other data since the only

long-term direct measurements of multipath dispersion are those

taken on the Youngstown-Verona link (Ref. 11).

In conclusion , it  may be said that it was not possible to

confirm the accuracy of the predictions presented in Table 12.

This was due mainly to the unusual mixed-mode propagation on the

UHF test link. On the other hand , no striking discrepancy was

found between the measured values of 6~ and those predicted.

7.2.6 Aircraft reflections

In addition to the major propagation modes displayed by

the trans-alpine link, periods of very rapid fading were frequently

observed. The fade rates observed were well in excess of 10 Hz as

opposed to the 0.1 to 1 Hz normally measured during fading.

a
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Figure 52 is a sample of propagation data taken during the periods
of rapid fading. The lower trace in each illustration is the out-

put of a log-linear amplifier used to measure RSL statistiCs. The

top trace is the output of the MDTS dispersion monitor which is

monotonically related to the differential path delay.

Figure 52 is especially interesting since it portrays the

three different modes of fast fading which were observed.

The first and most frequently observed fast-fading mode

is illustrated in Fig. 52(a) and is characterized by a strong

increase (5—20 dB) in short-term median RSL which is almost sym-

metrically distributed about a central point in time. Fading about

the short—term median is relatively shallow (2.5 dB , peak to peak )

during the period of increased signal level. This fading mode was

denoted A/C Mode I and is typical of a strong reflection from a

single aircraft as it passes through the scatter volume. During

A/C Mode I the output of the dispersion monitor increases steeply

as the aircraft enters the scatter volume, decreases as the air—

craft crosses the great circle path between transmitter and

receiver, and finally increases again as the aircraft leaves the

common volume.

The second fast-fading mode (A/C Mode II), shown in Fig.

52(b), is characterized by a scintillat ion—like appearance with

only a small variation (5 dB) in short—term median RSL. Dispersion

measurements made during A/C Mode II generally indicate larger dif-

ferential delays but smaller median RSL increases than those
- • 

- measured during A/C Mode 1. It is felt that A/C Mode II fading

could be the result of a single—aircraft reflection arriving via a

side lobe of the receiving or the transmitting antenna.
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Fig . 52 Examples of RSL and dispersion measured
during aircraft passes
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The third fast fading mode , called A/C Mode III , is seen in

Fig. 52(c). A/C Mode III is characterized by a strong increase in

short--term median RSL (10-15 dB) and fast, deep fading (10-20 dB).

Two explanations are suggested for these phenomena. The first

explanation postulates one or more near-equal-intensity reflections

from a region which is within line of sight of both the aircraft

and the antenna in addition to the signal reflected directly from

the aircraft to the receiving antenna. The second explanation

proposes reflections from two aircraft within the common volume.

As the common volume was located in the vicinity of Zurich Inter-

national Airport, this explanation is considered the more likely.

7.3 PROPAGATION CHARACTERISTICS OF THE C—BAND LINK

As expected , the mode of propagation observed on the C-

band link for most of the time was due to diffraction. However,

for a small percentage of the time there was a considerable de-

crease in signal level and an increase in fading rate. This in-

dicates that the obstacle gain was lost and troposcatter became

the predominant mode of propagation.

In addition to the periods of low RSL caused by t roposcat—

ter propagation , even greater drops in RSL were observed on a few

occasions. These events lasted for only a few seconds and there--

fore did not affect in the measured distribution of 20—mm median

RSLs. The most likely explanation for these periods of exception—

ally low RSL (-95 to —105 dBm) appears to be obstacle blockage

resulting from super—refraction conditions , i.e., K >> 1.33 or

j even negative. However , further upward bending of the beam could

result in very large troposcatter path loss , although extremely
low values of K would have to occur to cause this effect on the

relatively short path. These periods of very low RSL were only

observed during periods of thunderstorm activity.
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Figures 53 and 54 show two representative short—term dis-

tributions of RSL. The curve in Fig. 53 is typical for the shallow

fading seen on the link during diffractive conditions. On the

other hand , Fig. 54 represents the short-term distribution gen-

erally seen during fading periods on the C—band link. The close

agreement with the Rayleigh distribution indicat es that no specular

diffraction component was present during periods of intense fading.

The fading rate observed on the C—band link ranged from

less than 0.1 to 1 Hz. Periods of rapid fading resulting from air-

craft passages through the common volume were not noted. This was

expected since the link was short and therefore propagation was

confined to relatively low altitudes.

Long—term RSL distributions are presented in Fig. 55 to 57.

Figures 55 and 56 show the distributions measured during Test

Periods 14 and 5 respectively , whereas Fig. 57 includes all measure— - 
-

ments on the C-band link. It should be noted that transmitter

output power of only 60 watts was used during the C-band measure--

ments . The signal levels on receivers 2 and 14 were in general

larger than those on receivers 1 and 3. This difference was more

pronounced in July (Fig. 55) than in August (Fig. 56). Large Va-

n ations in the difference between the 20--mm median signal levels

simultaneously measured in any two diversity branches were noticed

throughout Periods 4 and 5. Such variations, which were also

observed on the UHF link , seem to be typical for propagation paths —

where diffraction is involved. Digital troposcatter modems should

therefore be capable of operating effectively with markedly differ—

ent median diversity signal levels , particularly if utilization on

diffraction paths is to be considered.

In Fig. 57, RSL distribution predicted by the modified
Builington method is also shown. Good agreement between this

distribution and the measured values will be noted.

I
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The RSL distribution measured during Test Period 5 was
also compared with the distribution measured in August 1970 (see
Ref. 1). The two distributions were found to be within 3 dB of
each other for signal levels exceeded for more than 50% of the time.

Although the C-band test link diversity RSLs were generally
extremely high and stable due to diffract ion , the percentage of
time spent in the scatter mode was non—negligible . Thus , even
though diffract ion has been ident i f ied as the nomina l propagation
mode for this link , any fu ture  l ink refurbishment may have to
consider scatter propagation rather than rely on the diffraction

mode alone. Beam steering appears to be required if total reliance

is placed on the diffraction for the C—band test link.

The multipath dispersion indicated by the dispersion mon-

itor signal of the MDTS modem was negligible on the C—band link,

even during fading periods.

7.4 SUMMARY OF PROPAGATION ANALYSIS

(a) The signal received on the UHF test link consisted
of a scatter component and at least one specular
component. There are indications that several
specular components with different path delays
occasionally contributed to the signal received.

(b) The specular components measured on the UHF link
were caused by double-diffraction and/or off-bore-
sight diffraction or reflections.

(c) The signal levels measured on both test links
were in agreement with predictions and with the
signal levels measured by SHAPE during 1970/71.

( d )  Large variations in the differences between the
20-mm median signal levels of any two diversity
branches were noticed on both test links.
Digital troposcatter modems should therefore be
capable of operating properly with markedly
different  median diversity signal levels.
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(e) Due to the mixed--mode propagation on the UHF link ,
to the relatively few measurements, and to the un-
availability of a multipath analyzer, it was not
possible to confirm the accuracy of predict ions
of the mul-tipath dispersion. However, the va-
riations of dispersion measured on the UHF link
appeared to be consistent with data measured on
other links ~‘ihere variations of up to twice the
median multipath dispersion were observed.

(f) Periods of scatter propagation were noted on the
C-band test link . The occurrence of scatter and
possibly obstructed propagation on such a short
diffraction link is interesting and indicates
that beam steering may be advantageously used to
avoid the system gain required for pure tropo—
scatter propagation and currently maintained on
this link ,

_ t
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8. DIGITAL SYSTEM PERFORMANCE ANALYSIS

Dig ital performance testing of the MDTS and DAR modems was

carried out on the UHF link from January to June and on the dif-

fraction link in July and August 1977. Performance data was anal-

ysed to provide mean bit error rate (BER) statistics, short-term

bit error distributions, and voice--channel fade outage statistics.

The probability of fade outage is the probability that the perform-

ance of a digitized voice channel will degrade below a specific

threshold. An “instantaneous ’ BER of 1 x lO~~ was chosen as a

reasonable fade outage threshold at which bit errors would be

likely to begin affecting 8-bit PCM voice channel performance. An

observation period of 100 ms was chosen for the compilation of fade

outage statistics, since voice channel outages with durations of

less than 100 ms are likely to be unnoticed by a 4!iser unless out—

ages become highly repetitive.

While the mean BER is not sufficient to describe the per-

formance of digital transmission systems, it nonetheless can serve

as a coarse indicator of system performance as long as the propaga--

tion mechanism is understood and a suitable measurement period is

chosen. Consistent with established procedures for troposcatter

measurements, a measurement period or run of approximately 17 to

20 miii was chosen.

8.1 MDTS UHF TEST LINK SYSTEM PERFORMANCE

8.1.1 Bit error rate
S

Figure 58 represents a compilation of bit error performance

data taken with the MDTS modem operating at 6.3 Mbit/s in the sys-

tern test configuration and includes the effects of occasional

modem and TDM losses of bit count integrity (BCI). The error rate
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was actually measured at 2.048 Mbit/s , which corresponded to the

highest input rate to the TDM in the system configuration. As

indicated by Fig. 58, the MDTS modem exhibited a mean BER of bet-

ter than 3.10
8 
for 90% and 3.10~~ for 99% of the test periods in

quadruple diversity and better than 4.1O~~ for 90% and 2.1O~~ for

99% of the test periods in dua l diversity. The steep descent of

the curve for quadruple diversity around 99% is due to a single

one-hour period during which the bit error rate was exceptionally

high (up to lo
_2
). The occurrence of this single period demon-

strates the difficulties encountered when it is attempted to extend

the results of measurements taken over a limited period to a year:

a single event can significant ly affect the measured performance

distributions at the higher percentages typically considered in

link design.

Figure 58 also shows a cumulative distribution of BER

derived from first-measurement-period data only. This distribu-

tion was added because examination of the test data showed a

measurable reduction in performance between the first and second

measurement periods. The most likely reason for this difference

was the i-act that the retuning of the UHF klystron (to correct the

narrowband tuning used during WINTEX ) did not restore the proper

passband. As will be discussed in Chapter 10, the frequency

response of one of the klystrons remained severely distorted for

the rest of the MDTS UHF test , while the other passband was mod-

erately distorted and not symmetrical about the operating frequency.

The amplitude and group delay distcrtion resulting from this pass--

band , together with the multipath dispersion found in the link ,
would appear to cause the modem to operate occasionally above its

optimum point during the second measurement period. Periods of

part icularly high mul t ipa th  dispersion during the second period

would cause the modem to display dispersion—limited performance.

The quadruple diversity cumulat ive BER distribution for Period 1,
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while slightly worse than the distribution for both periods,

displays a different trend , The Period 1 distribution for dual

diversity shows generally lower bit error rates than the overall

distribution , although considerably more measurement points are

included in the latter.

Figure 59 shows the distribution of MDTS BER data taken at

9,4 Mbit/s as transmitted in a 7.0--MHz RF bandwidth (i.e., approx-

Imately 1.3 bit/Hz at RF) using the link test configuration. It

5hould be noted that the total test time spent at 9.4 Mbit/s was

relatively small.

The combination of transmitter filtering used to confine

9.4 Mbit/s into 7 MHz and the multipath dispersion encountered on

the UHF test link was expected to cause degradation in performance

relative to the more optimally designed 6.3—Mbit/s configuration.

Transmitter filtering will cause a lessening of the range of dif-

ferential delay over which the MDTS equalizer circuitry can op--

era e without a significant intersyrnbol interference penalty

resulting in higher error rates. This effect is responsible for

the BER behaviour indicated by Fig. 59. Detailed analysis of bit

error events indicated that periods of concurrent fading and high

• dispersion resulted in the highest bit error rates.

In Figure 60 the measured mean BER is plotted as a funct ion

~f carrier-to-noise ratio (CNR ) together with the curves for the

predicted 6.3—Mbit/s modem BER performance previously shown in

Fig. 20. Two observations can be made from Fig. 60. Firstly, the

combined CNR ranged from about 30 dB to more than 40 dB , which was

typical for the measurements on the UHF link. Secondly, a large
dif ference  of about 10 to 20 dB may be noted between the measured

and predicted performance whenever bit errors occurred ( in  approx—

imately 40% of the tests) .  This is rather unexpected , since good
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agreement between predicted and measured performance had been

obtained on links with multipath dispersion considerably higher

than that predicted for the test link on the basis of troposcatter

propagation (see, e.g., Appendix A) . Thus , with quadruple divers-

ity,  the performance of the MDTS modem should not have been ad-
versely affected by the multipath spread estimated for the UHF link .

In the first period , it is believed that the multipath

dispersion of the mixed mode UHF link was primQrily responsible for

the non—error-free samples. In the second period , the more frequent

measurement of non-error-free samples was most probably due to the

combination of the distorted klystron passband and the link multi—

path dispersion. There are also indications that, during the

same period, some bit errors may have been caused by a frequency

offset in one of the synthesizers used to clock the digital pseudo—

random source in the system. Additionally , one instance of suspec—

ted pulse interference was noted where the modem and TDM lost BCI.

Furthermore, and perhaps most seriously , there was the existence

of a spurious component. This component had a steady amplitude

about 90 dE below the non-faded spectrum maximum . A 20-dB fade

would result in a carrier—to-interference ratio of about 20 dB

under these conditions and could certainly cause bit errors.

Because of the large differences between predicted and

measured performance discussed above and also because of the depart-

ure of the propagation from troposcatter conditions, it is not

considered appropriate to compare the long-term distribution of BER

and fade outage with those predicted in Section 6.1.

8 1.2 Fade outa&e rate and duration

Figures 61 and 62 summarize the fade outage statistics

measured with the MDTS on the UHF test link at 6.3 Mbit/s. Figure

61 illustrates that , in the quadruple diversity 6.3—tlbit/s system

L 
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configuration , fade outages were observed in only about 5% of all

test runs. The worst short-term measured fade outage rate was about

one outage per second in quadruple diversity ; the mean outage

duration was 370 ms excluding the longest outage, which lasted 20

win. Of the 5% of the quadruple diversity test runs having fade

outages, the majority of the fade outages were lers than 20 ins in

duration , further diminishing their impact on vr 4ce channel quality.

As mentioned earlier, the 6.3-Mbit/s fade outage data was

measured at the 2.O’48-Mbit/s port side of the AN/CSC-24 1DM and

thus included the effects of occasional modem and TDM synchroniza-

tion losses. However , the latter were found to represent a neg-

ligible contribution to the overall fade outage probability of

the system as long as quadruple diversity transmission was employed .

As could be expected , dual diversity MDTS testing on the

Ui-IF link provided more fade outage data than quadruple diversity

tests. Fade outages were observed in 42% of the dual diversity

test runs. The mean fade outage durat ion comp iled over all dual

diversity tests was about 750 ms . To compare predicted and measured

fade outage statistics on a short-term basis, a number of dual

diversity runs with approximately the same fade rate were selected.

The mean fade outage duration for these runs was about 490 ins (see

Fig. 62). An t’xpression for predicting mean fade outage duration

fcr diversity QPSK in a fading channel has previously been developed

• ‘ and is derived in Ref . 10. Taking a mean fade rate of 0.1 Hz, an

estimated mean CNR of 26 dB , and an implementation loss of 3 dB

from ideal performance, a predicted mean outage duration of 415 ms

was calculated. Although this prediction is in good agreement with

the measured value of L~90 ms, it is useful to review the possibil-

it ies  f or prediction and measurement error. First , in the theoret-

ical expression for mean outage duration , negligible intersymbol

in terference was assumed , whereas unusually high mult i path disper-

• s ion occurred in dual diversity on the UHF test link . Second ly ,

S
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the minimum individual event resolution of the DAS equipment was

100 ms, and a relatively large number of fade outages are expected

to span less than 100 ms even in dual diversity. Therefore the

mean outage determined from data obtained with the DAS would be

somewhat higher than the actual mean. It is also apparent from

Fig. 62 that the distribution of the fade outage duration agrees

very well with the calculated distribution.

A typical distribution of fade outage duration measured in

dual diversity at 9.4 Mbit/s is shown in Fig. 63. The measured

mean fade outage duration of 224 ms is approximately 1.4 times the

predicted mean value of 155 - . which was obtained by the method

described in Ref. 10. However, the distribution of fade outage

durations is still reasonably well described by the predicted dis-

tribution if the latter- is adjusted to the measured mean value .

In summary , during periods when the propagation statistics

indicated troposcatter or nearly troposcatter propagation and

where the total multipath was within the design range of the

modem , the predicted outage durations match measured values quite
closely . However , whenever the multipath handling capability of

the MDTS modem was exceeded , or when the propagation channel varied

considerably from troposcatter, predicted performance dU not cor- . 
-

respond to measured values. Thus, it is felt that the accurate

prediction of digital troposcatter performance on links where the

predominant error mechanism is expected to be dispersion will

require the modification of previously developed procedures.

8.1,3 Block error statistics

- 

- To provide information on digital system performance in
terms relevant to the designer of record (e g., teletype-tele-

graph) or data systems, data was analysed with respect to block
error correlation. Ideally, data on individual bit error correla-

tions (i.e., the probability of bit error conditioned on a previous
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bi’ error ’) is generally considered the most desirable for use in

data system design and analysis. However, due to the megabit trans-

mission rates, individual bit error recordings were not practical ,

given the available project resources. Instead, error correlation

data was collected indirectly on a block basis. The block duration

was fixed at 1”O ms and thus contained from 2.048 x 10~ to 9.4 x 10~
b it s depending on the modem configuration and data rate under test .

The motivation for collecting this data was to provide an estimate

of channel correlation times for each of the test links and thus

f~~ iuita te a subsequent evaluation of Forward Error Correction (FEC)

— cdin g for slow fading trans-horizon links. The term channel cor-

relation time is defined here as an estimate of the interval, in
increments of 100 ms, over which bit errors are likely to be high ly
correlated .

As a result of this measurement process, block error statis-

tics were derived by the collection of individual block error

“bu r s t s ” , which were defined as beginning with a 100-ms block

containing one or more errors and continuing until two consecutive

error-free blocks were recorded . During a specified measurement

per i - --d , which typically encompassed a number of bursts of varying

lengths , running sums were accumulated for each 100—ms block “posi—

ion ” in each burst . At the end of the specified measurement period ,

the block with the largest error total was used to normalize all

c~~’ block error totals. From the resultant distributions, es-

‘ima’es were obtained of the intervals over which bit errors are

likel y to be most densely bunched . These intervals are, of course ,
subjec t- to the various propagation conditions evidenced on the test

links.

Figure 64 illustrates typical block error “correlation pro-
files ” calcu lated from the MDTS UHF test link data. Figure 64 (a )

~~~ i~ typical of measurements taken at 6.3 Mbit/s in quadruple diversity

and indicates that most bit errors were confined to bursts of 100 ms

i /
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in duration or less. This was expected in quadruple diversity ,

• particularly at the carrier—to-noise ratios encountered during the -

test. Figures 64(b) and (c) show the results of measurements taken

at 9.4 Mbit/s quadrupl’e diversity and 6.3 Mbit/s dual diversity.

At 9.4 Mbit/s the frequency at which dense groupings of transmission

erroi~s spanned intervals of the order of 300 ms was quite large.

This can be expected from the fact that the combination of severe

transmitter filtering to 1.3 bit/cycle and the normal multipath
spread of the channel during fading periods resulted in a high prob-

ability that the modem performance would be dominated by intersymbol

interference. Figure 64(c) shows the typical block error statistics

for dual diversity at 6.3 Mbit/s. As expected , the duration of

error bursts is considerably longer than in quadruple diversity .

The 6.3-Mbit/s measured data indicates that where “burst” lengths

typically spanning 300-400 ms occurred they were found to be co-

incidental with periods of deep fading on Rx 2 or Rx 4 or with

periods of large multipath dispersion.

The results of these measurements indicate that bit inter-

leaving over roughly 400 ms would have to be used if FEC is to be

employed effectively on UHF digital trcposcatter links. This is

true even for a quadruple diversity system since the failure of a

• hey component such as a transmitter would result in dual diversity

operation for the duration of the failure. The decoding delays

associated with slow fading links such as the UHF test link (e.g.,
400 ms) would result in delays which could quickly accumulate to an

intolerable level for telephone conversat~r~n if more than a few

links are traversed in tandem . Thus, the application of FEC on a

bulk basis to decrease the required fade margin on slow—fading tropo—

scatter links appears to be limited .

: 
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8.1.4 Aircraft fading effects

The occasional periods of fast fading (> 10 Hz), which were

attributed to aircraft passes through the scatter volumes as discus-

sed earlier in Section 6.3, occasionally affected digital perform-

ance. The degree to which performance was affected depended on a

number of factors such as diversity configuration, aircraft velocity,

ambient received signal levels, and multipath dispersion. In most

cases, digital performance was unaffected by aircraft passage since

most aircraft passages resulted in enhanced RSLs and only a mod-

erate increase in dispersion due to off-boresight reflection.

Quadruple diversity measured performance of the MDTS modem was

essentially unaffected by aircraft fading .

However, in dual diversity , periods occurred where concen-

trated numbers of bit errors, associated with aircraft passage

events, were measured . It is considered that these bit errors

resulted from intersymbol interference caused by large differential

path delays between the troposcatter signal and the signal reflected

by the aircraft as it passed through the common volume. Bit errors

measured during aircraft passage events were typically con f i ned to

one or two bursts occurring sometimes during the first seconds and

most often during the last seconds of the aircraft passage event ,

when the largest differential path delay between scatter and air-

craft reflected signals will normally occur, as noted previously in

Section 6.3. Figure 65 is based on 6.3 Mbit/s dual diversity data

taken during a two-hour period of repeated aircraft crossings and

illustrates the dependence of bit errors on differential path delay.

The left-hand ordinate of Fig. 65 represents 100 ms estimates of

the differential path delay values provided by the modem backward

equalizer control voltage . An exact calibration of the dispersion

monitor based on a two-component differential delay was not accom-

plished and thus the delay values shown are only approximate. The
abscissa represents the bit error recorded in the same 100-ms inter-
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val as the delay measurement. As indicated by the large occasion-

al differential path delays of the order of two to three t imes the

normal troposcatter multipath delay were measured. While this

phenomena has caused little concern in narrowband analogue systems,

the wider bandwidth digital systems would potentially be affected

by aircraft fading. Aircraft passage through digital troposcatter

links can markedly increase channel dispersion and is a factor

which must be considered. However, sufficient capability was pro-

vided in the MDTS modem to prevent aircraft fading effects on the

UHF test link from measurably degrading system performance as long

as quadruple diversity transmission was employed .

8.2 DAR UHF TEST LINK SYSTEM PERFORMANCE

DAR modem digital performance on the UHF test link was

measured over a one-month period between 4 May and 6 June 1977.

The DAR performance data collected was derived only from the link

test configuration . Dynamic range limitations reduced the useful-

ness of the DAR dispersion monitor circuit which was implemented

similarly to that in the MDTS modem . Thus, dispersion monitor

data which coincides with periods of DAR testing was not available .

8.2.1 Bit error rate

As will be discussed in Chapter 10, bandlimiting effects

in the high—power klystron resulted in a loss of dispersion han-

dling capability in the DAR and in a modem performance which was

highly dependent on the multipath dispersion on the test link . At

7.0 Mbit/s , which is the highest data rate of the DAR modem , digit-

al performance ranged from a mean BER of 1 x 1O
7 
during shallow

fading periods to nearly i x io~~ during periods when the link was

act ively  fading.  As was the case with the MDTS modem, all  DAR

modem test runs were accomplished at relatively high median RSLs,

typ ically in the —60 to -80 dBm range .
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Figure 66 summarizes the BER performance of the DAR on the

UHF link at 7.0 Mbit/s. The two-state performance of the DAR on

this link is apparent. A significantly strong correlation was

noted between the DAR modem BER and the standard deviation of the

RSL measured in Rx 4 during periods when the RSL, for Rx 4 was with-

in 6 dB of the other diversity channels. This means that when the

composite quadruple diversity channel became dispersive, the effec-

tive multi path capability of the DAR was insufficient to span the

overall dispersion of the channel.

The 7.O-Mbit/s DAR performance is not unlike that observed

during 9.4-Mbit/s MDTS tests (Fig. 59). In Fig. 59 the 9.4—Mbit/s

performance is also seen to take on a two-state appearance, which
resulted from an inability to accommodate simultaneously the inter—

symbol interference resulting from the 7—MHz imposed transmitted

bandwidth constraint and the dispersive propagation mode of the

UHF test link .

8.2.2 Fade outage rate and duration

Figure 67 illustrates the fade outage rate distribution

measured with the DAR at 7.0 Mbit/s. In general, outage rates

measured with the DAR modem were about one to two orders of mag-

nitude greater than those measured with the MDTS. Mean outage

d’jrat ions ranged from 100 ms under shallow fading conditions to

-ver 5 s under severe fading conditions.

8.3 SYSTEM SYNCHRONIZATION (UHF TEST LINK)

The bit count integrity (BCI) performance of the system

test configuration was measured indirectly , but on a continuous
basis. The measurement consisted of observing and recording the

lcss of synchronization signals generated in each of the digital

equ ipments. Measurements obtained this way are considered pes-

s ir r i s t i c  since , in actuality , not all synchronization losses
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will result in loss of BCI (LBCI). A cumulative summary of the
data obtained is presented in Fig. 68 for dual and quadruple diver-

sity in the 6.3-Mbit/s system tests. In quadruple diversity, LBCI
events were observed in less than 2% of the test runs. BCI losses

were caused only once by the MDTS modem . In dual diversity, modem

LBCI events were noted in less than 9% of the 6.3 Mbit/s test runs.

It is interesting to note the effect of cascading resyn-

chronizations of the MDTS modem, TDM, and PCM/TDM in both quadruple
and dual diversity in the 6.3 Mbit/s system test configuration.

Table 14 contains typical measurements of modem, TDM , and PCM/TDM
resynchronization times which represent occasional periods when

channels traversing the link would be unusable. It is seen that,

in quadruple diversity, resynchronization of both TDM and PCM/TDM
occur almost simultaneously and within 200 ms of the initial

declaration of LBCI. Most often, complete system resynchroniza-

occurred in no more than 100 ms. Analysis of error rate measure-

ments indicates that in many cases modem resynchronization was
achieved within about 20 ms at 6.3 Mbit/s.

Table 14

Typical digital system resynchronization statistics
- (trans-alpine link)

Resynchroni zat ion t ime
• . (x 100 ms)

Run configuration 
____________ —

MDTS modem TDM PCN/TDM

207 Non diversity ~ 1 2 -

0 6 —

~ 1 ‘4 25
2 10 — - 

-

218 Dual diversity < 1 3 18
2 2 3
2 2 3
2 6 18

2148 Dual diversity 0 0 1

255 Dual diversity ‘ 1 0 1

258 Quad. diversity 0 0 1
0 0 2

268 Quad. diversity 0 1 1
- 0 0 2
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As illustrated in Table 14 , the effect of cascading resyn—
chronizations is more apparent in dual diversity. Normally, the
MDTS modem regained BCI within 200 ms, and the TDM regained BCI
within 100 ms, while the PCM/TDM remained out for up to 2.5 s

with a mean time to resynchronize of 1.3 s. The reasons for the

generally-longer resynchronizat ion times measured in dual diver-

sity stems primarily from the loss of diversity improvement rel-

ative to quadruple diversity , but periods of excessive multipath

dispersion may also have contributed to this effect.

Aircraft fading events caused LBCI in the MDTS modem in
dual and non-diversity on a few occasions. In all cases where air-

craft fading events were correlated with LBCIs in the MDTS modem ,

the fading mode was identified as A/C Mode III (see Fig. 52). LBCI

indications were generally coincident with a period of rapid change

in path dispersion and only infrequently with peak values of disper-

sion itself. This appears to indicate that the rate sensitivity in

the MDTS time tracking circuitry could be changed to improve low

density LBCI.

Based on the above data it is considered that the more typ—

ical utilization of quadruple diversity on digital troposcatter

links should result in negligibly infrequent LBCIs. When a LBCI

occurs, modem resynchronization will probably take place in 100 ms

or less. In TDM and TDM/PCM equipment similar to that used in the

tests, complete resynchronization would occur in less than 500 ins.

It should be noted that the frame synchronization algorithm for
the PCM/TDM equipment used in the tests was based on a commercial

design and was not speci f ical ly developed for fading channel appli-

cations. It is felt that system synchronization times could be

further improved by the use of a more robust PCM/TDM frame acqui—

sit ion algorithm , possibly based on parallel rather than on sequen-

t ial frame searching. IJBCI is not therefore expected to be a sig—

nificant source of system degradation.

I
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8 ~ SYSTEM PERFORMANCE OBSERVATION S

In summary, a number of observations can be made about the
expected behaviour of digital troposcatter systems on the basis of

the UHF link test data. Most importantly , it is necessary to have

knowledge of the various propagation modes which can be reasonably

expected to exist on a particular link. As discussed in Chapter 7,

the ~-tual mode of propagation on the UHF link differed from that

predicted on the basis of the initially—available topographic pro-

f lie. It was not until after a detailed topographic analysis

using additional data was carried out that the propagation data

derived from the UHF test link could be correlated with both phy-

sical expectations and theory. While a very detailed topographic

analysis may not be required in every case (e.g., on smooth earth

or over water paths), a fundamental judgement must be made by the

system designer as to the “normality” of the path so that the most

effe’tive design can be proposed.

Secondly , digital system performance over properly-designed

forward scatter paths will be characterized by large periods of

lIttle or no bit error activity interspersed with periods where

denser bit error groupings and sometimes brief (100-300 ins) fade

:-~~ages will occur. While this type of communications channel

p:ses no fundamental difficulty to a voice or data user, system

management and control procedures must be developed which ccrisider

~~ ‘his behaviour as normal and not necessarily as an indication of

Impending system degradation.

4 Thirdly, the maintenance of bit count integrity is general—

~~~~~~
_ ly important to the performance of a digital system and is partic-

- - 
. ularl y critical in the performance of a military communications

system . The results of tests on the UHF link confirm data taken

~r o’her test programmes (see, e.g., Ref. 18) that show that loss

of BCI will be very infrequently experienced in operational

~f r- N I~ S-38 N A T O  U N C L A S S I F I E D  mb
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configurations (e.g., quadruple diversity). However, uncontroll-

atle occasional LBCI may o ~‘ur even in quadruple diversity due to

gross variation in path delay caused by changes in propagation

mode.

8.5 C-BAND TEST LINK SYSTEM PERFORMANCE

Dig ital system tests using the MDTS and DAR modems were
undertaken on the C-band test link during the last two weeks of

July and the first two weeks of August 1977, respectively. Each

modem was installed for approximately two weeks , with appropriate

proportions of quadruple, dual and non-diversity testing being

accomplished.

8.5.1 DAR performance

Bit error rate

The DAR displayed none of the degradations which were

observed on the UHF test link . This was attributed to the in—

creased bandwidth of the C-band RI’ equipment and the lack of sig-

nificant multipath dispersion on the C-band test link . Figure 69

illustrates the BER distributions measured with the DAR on the C—

band test link in both dual and quadruple diversity configurations.

Although some periods of relatively high BER were noted in dual

divers ity, DAR performance was generally excellent considering that
the link was operated at a transmitter power of approximately 50

watts. Fade outages occurred with almost negligible frequency ;

less than ten percent of the runs had fade outage events. The

maximum measured short-term fade outage rate in any quadruple

diversity run was approximately 2 x io 2 outages per second , which

occurred when the DAR lost BCI during a particular 16-hour run

(this run is not included in the data presented in Fig. 69).
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Block error statistics

Block error burst data for the DAR modem on the C-band link

was normally uninteresting in that most errors were confined within

single 100-ms intervals with the density of errors in these inter-

vals typically ranging between lO~~ and l0~~ . During rare periods

when link fading activity was particularly great, transmission

errors were observed during dual diversity tests to span 300—400 ms .

8.5.2 MDTS system performance

Bit error rate

As noted in Fig. 70, MDTS BER performance was characterized

by continually low BER measurements (l0~~ to lO
g
). There was only

one fade outage recorded during 336 hours of MDTS testing on the C—

band test link: this outage lasted less than 200 ms . Although the

BER was certainly low, an irreducible bit error rate of 1 x l0~~
was noted. As a result of an exhaustive equipment checkout, it is

believed that this effect resulted from a faulty frequency syn-

thesizer at the Kindsbach site which caused a small amount of

incidental FM to be added to the transmitted signal.

8.5.3 MDTS and DAR synchronizat ion performance

There were no losses of MDTS modem synchronization at

9.4 Mbit/s either with quadruple or with dual diversity . At

6.3 Mbit/s, LBCI was noted during one run , when the modem lost syn-

chronization in quadruple diversity .

The bit timing loop in the DAR modem unlocked on at least
two occasions, once in quadruple and once in dual diversity . Pro-

per bit timing had to be restored manually . During one of these

events, modem LBCI was also noted .
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9. DIGITAL MODEM PERFORMANCE

9.1 GENERAL

The purpose of this Chapter is to discuss the relationships

between digital troposcatter modem bit error performance and the
fluctuations of propagation path observables, i.e ., RSL. and disper-
sion. This can be approached in two ways. One approach is to

relate mean BER over a 20-mm run to mean CNR and 2o dispersion
over the same period. If the channel is stationary and its statis-

tics are known, such a description provides considerable insight

into the modem performance. A more general approach would be to

relate “instantaneous” measures of both CNR and dispersion . This

is a viable approach because troposcatter channel fluctuations are

extremely slow when compared to the transmitted symbol rate. Both

approaches have been pursued in the following sections. Only MDTS
modem performance data taken on the UHF test link will be presented

here since no usable indication of the multipath dispersion was
available during DAR tests and since the propagation character-

istics of the C-band test did not generally affect MDTS performance

in any way that was peculiar to troposcatter transmission.

9.2 AVERAGE BIT ERROR DESCRIPTION

At 6.3 Mbit/s , the MDTS will suffer a measurable inter-

symbol interference penalty in a dual diversity configuration with

a 2o dispersion of the order of 200 ins (Ref . 18). As discussed in
Section 7.2, 2a dispersions of 200 ns and greater were measured on

the link at times. Therefore results of dual diversity measure-

ments provided a basis for studying modem performance under rel-
atively dispersive conditions.

•

I
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Figures 71 and 72 illustrate the typical, largely diurnal

variation in performance measured with MDTS in dual diversity

D(Rx 2 s- Rx 4) during Period 1. Figure 71 shows mean BER as

measured periodically over an 8-hour period starting approximately

at midnight . Here the BER is seen to vary from io
_8 

to i0~~° and

back to 10
8 
again as the night progressed into sunrise and early

morning. F igure 72 shows the variations in two performance descrip-
tive parameters over the same period of t ime. The right-hand

ordinate is the average standard deviation of the dual diversity

RSLs in dB and reflects the overall fading intensity occurring

during the observation period. The left-hand ordinate represents

the correlation coefficient between outputs of the dispersion and

signal-to-noise ratio (SNR) monitor voltages. The SNR monitor

voltage derived in the modem is a measure of the effective SNR

which includes the effects of multipath dispersion as well as

thermal noise. A strong negative correlation implies that an

increase in dispersion was reflected in a decrease in effective

SNR , implying dispersion-limited performance . This would be expec-

ted to result in an increased BER . On the other hand , a positive

correlation indicates that increased dispersion was reflected in

an increase in SNR resulting fr-om an implicit diversity improve-

ment. Thus a lowering of the BER during periods of positive cor—

relation between dispersion and SNR would be expected .

A comparison of Fig. 71 and 72 shows that periods of rel-

atively high BER (10 8 
to l0~~) were coincident with moderate to

strong negative correlations between SNR and multipath dispersion ,

imply ing that most transmission errors in dual diversity at 6.3 
-

Mbi-t/s resulted from periods where the dispersion was slightly

greater than the design range of the MDTS equalizer; of interest

is the observation that periods of high channel activity generally

coincided with increased dispersion . A particularly interesting

observation can be made by comparing the curves in Fig. 71 and 72
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for the dawn period (0400—0700). During this period , the cor-

relation coefficient of dispersion and SNR changed from a negative

0.44 to a positive 0.35 and back to a negative 0.70. During the

final change, the overall channel fading activity increased some—

what while the measured BER increased by -two orders of magnitude .

This effect resulted from an increase in multipath dispersion which

was caused by an increasingly intense contribution from the more

dispersive Rx ~4 relative to Rx 2. In fact, the measured RSL dif-

ferential between receivers 2 and 4 ranged from 4 dB at 0400, to

8 dB at 0600, to nearly 0 dB (equal strength) by 0730.

To gain further insight into MDTS modem performance on the

UHF test link, two other long runs, each of approximately 20 hours

in duration , were selected . The first example is a 6.3—Mbit/s

dual diversity run D(Rx 1 + Rx 3) made during Period 2 on 3-4 April
1977. In Fig. 73 to 75, the measured BER is plotted as a function

of time together with post-combined CNR , dispersion , standard

deviation of Rx 1, and correlation between the RSLs of Rx 1 and
Rx 3. The post-combined CNR is actually a measurement based solely

on RSL and thermal noise and does not take dispersion effects into

accoint . Each period repr esents a 20—mm section of the run .

The first observation to be made from the figures is that

the post-combined CNR remained constant within 4 dB and appeared

to be completely decorrelated with BER . Dispersion was initially

low to moderate , but increased to a somewhat higher level at about

2300. Up to that time there is no evident correlation between

dispersion and BER , whereas a distinct correlation was seen during

the remainder of the run. The fading activity as measured by the

- 
- RSL standard deviation was generally higher in the second half of

the run . A ttriking feature of the run is the increase in diver—

sity RSL correlation around 2300 and the unusually high level of

cor relation (0 6) maintained throughout the night (Fig. 75).
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To demonstrate more clearly the dependence of BER on the

vario’rs path observables, scatter plots were produced , showing,

for each 20-mm segment, the error exponent in a coordinate system

of dispersion as a function of post-combined CNR (Fig. 76) and in

a coordina te system of dispersion as a function of RSL standard
deviation (Fig. 77). No correlation can be detected in Fig. 76

between BER and CNR; however , there is a clear tendency for high-

er error rates to occur at higher values of dispersion . This

means that dual diversity modem performance was at times affected

by high dispersion. This is consistent with conclusions drawn

earlier with respect to Fig. 71 and 72.

The dispersion data shown in Fig. 76 has been left as a

voltage since , as pointed out in Chapter 7, the calibration of the

dispersion monitor voltage could no longer be used to estimate

multipath dispersion during Period 2.

Figure 77 confirms data taken in Period 1 that the disper-

s ion tends to be high when the RSL standard deviation is high .

Two modes of linear relationship between dispersion and RSL Stan-

third deviation can be identified in Fig. 77. The steepest line

essentially corresponds to the period after 2300 when the correla-

tion between dual diversity RSLs was highest.

Certain conclusions may be drawn from Fig. 71 to 77. Dur-

ing the afternoon and evening , propagation appears to be a varying

mixture of specular and scatter signals as indicated by the chang-

ing standard deviation . The night period of high RSL correlation

and high dispersion is considered to be dominated by two specular

c.ignal components of different propagation delays. The resulting

high dispersion together with the RF band—limiting caused the

modem to perform in a dispersion limited mode.
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A second example is presented in Fig. 78 to 70. This is

o another 6.3 Mbit/s dual diversity run, D(Rx 2 + Rx 4) , taken on 22
and 23 April 1977. For this run, the post—combined CNR varies
over a large range , approximately between 30 dB and 50 dB , wh i le
the correlation between RSL of the two receivers is uniformly low .

The measured dispersion is fairly low, except for a short period

around sunrise. From the scatter plot presented in Fig. 80, the

BER is seen to exhibit some correlation with both post-combined

CNR and dispersion, although there is still a large amount of

scatter.

The examples shown in Fig. 76 and 80 clearly demonstrate

the difficulties encountered in an attempt to establish a single-

values relationship between the mean BER and the mean post-combined

• CNR and 2a dispersion for the UHF test. In fact, no such relation-

ship could be established , either for dual diversity or for quad-
ruple diversity tests, where the BER appeared to be completely un—

correlated with the CNR and no definite indication of dispersion

limited operation could be found (see Chapter 8). It is therefore

most likely that some of the errors observed both in dual and quad-

• ruple diversity were caused by other than low CNR or excessive

dispersion, as already discussed in Chapter 8.

9.3 FROZEN-CHANNEL DESCRIPTION

The description of digital performance under “frozen chan-

nel” conditions (i.e., where the channc-_ is viewed as an ensemble

of bandlimited additive noise channel snapshots) can provide

significant insight into the design sensitivities of the modem sig-

nal processing. The Data Acquisition System (DAS) was designed

with a relatively high sampling rate (10 Hz ) and this permi tted

the collection of frozen-channel snapshots of modem performance

and channel conditions in the form of bit errors , received signal

•

•
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levels , and dispersion. From these snapshots, it was hoped that a

series of modem performance contours could be generated which would

uniquely relate values of “instantaneous” signal level and disper-
sion to values of short-term bit error rate. The performance of a

modem under frequency selective fading conditions could then be

represented as an ensemble of the performance obtained from each

of the snapshots . Since a multipath analyzer was unavailable, it
was hoped that the multipath dispersion indicator in the MDTS modem

would provide the capability to collect frozen-channel statistics.

Unfortunately, the multipath dispersion monitor proved more

useful for collecting l:’nger-term statistics and its utility for

frozen-channel modem characterization was marginal. Figure 81

shows a typical frozen—channel performance representative of the
MDTS modem performance during Period 2. The two runs shown in

Fig. 81 are presented in only two dimensions (short-term BER and

post-combined SNR ) - that is, the effect of dispersion has been

integrated out. These measurements were made at 6.3 Mbit/s in dual

diversity. The difference between the theoretical curve calculated

under the assumption of negligible dispersion and the measured

• curve is of the order of 15 to 20 dB. This is about the same dif-

ference as shown in Fig. 60 for quadruple diversity operation.

To eliminate any adverse effects which may have been caused

by the mistuned klystrons during Test Period 2, data taken during

Test Period 1 are preEented in Fig. 82 and 83. Figure 82 shows the

frozen-channel dual diversity performance under conditions of

essentially no fading - that is, the standard deviation indicated

that each of the two receivers had estimated specular-to—scatter

power ratios of the order of 10 dB or more. The majority of

samples have zero errors , as would be expected under the higher

CNRs . The occasional samples with bit errors may have been caused

by random events not related to propagation. In Fig. 83, the same
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types of curve are shown . However , in this case, Period 1 data

with standard deviations indicating fading are plotted. Since mod-

erate to strong correlation was noted between dispersion and fading

intensity, it is believed that these points would be represent-
ative of significant multipath dispersion in Period 1. In Fig. 83,

the frequency of low density error samples (lO~~ and less) increased
significantly and occasional higher density error samples (io~~ and
above) were measured . It is felt that these error samples were

caused primarily by dispersion since the RF passband was optimally

tuned and no other error—causing mechanism could be identified ;

some of the error samples are probably not due to propagation.

9•L~ ANALYSIS OF MDTS MODEM LOSS OF BIT COUNT INTEGR I TY

Frequent loss of bit count integrity (LBCI) can have poten-

tially serious implications for a digital system where encryption

is employed. Thus, the ability to predict and control the rate of

occurrence of such events is of considerable importance in system

engineering . One potential source of LBCI can be attributed to

loss of symbol synchronization in the timing recovery loop of the

digital troposcatter modem . In an actual system , BCI c~ n be lost

in other digital equipment such as the TDM and encryption devices.

System-level BCI statistics were presented and discussed in Section

8.4. This section will complement the previous discussions and

concentrate on those LBCI events which occurred in the modem and

their relationship to measured propagation parameters.

Non-diversity operation usually entailed a substantial

number of LBCI events caused by deep fades or rapid changes in

the channel response. However, only LBCI events associated with

dual or quadruple diversity were considered of interest from a

system engineering viewpoint . The following discussion relates to

the UHF link only. No LBCI events were observed for the MDTS

modem when operating in the C-band link .

p
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At 3.2 Mbit/s, the only LBCI event that was observed occur-

red during dual diversity operations, D(Rx 2 + Rx 4). At 6.3

Mbit/s, a single modem LBCI event occurred in quadruple diversity.

This event was positively identified as resulting from an aircraft

fade of the type termed A/C Mode III (see Section 8.3). Apart

from this event, all MDTS modem LBCI events for diversity operation

at 6.3 Mbit/s occurred for dual diversity operation D(Rx 2 + Rx 4).

In dual diversity , modem LBCI events were observed in 46 out of

over 500 twenty-minute test runs.

MDTS modem BCI losses were more frequent at 9.4 Mbit/s and

were observed in approximately 5% of the 9.4 Mbit/s quadruple

diversity tests , excluding those during Test Period 2 when one of *
the transmitters exhibited intermittent operation. The increased

BCI loss observed at 9.4 Mbit/s  was undoubtedly due to the signif—

icant intersymbol interference suffered in that configuration .

As seen in Table 15, MDTS resynchronization times in the 9.4-Mbit/s

link configuration generally were greater than the 6.3-Mbit/s

modem resynchronization times presented in Table 14 for dual and

quadruple diversity . The longest modem resynchronization times at

9.4 Mbit/s were noted in quadruple diversity . This rather odd

behaviour is possibly due to an overall increase in intersymbol

interference caused by a greater proportional multipath spread

(at 9.4 Mbit/s) and the addition of a second transmitter which was

more severely band-limited (i.e., provided more intersymbol inter—

ference) than the first.

The fact that modem LBCI occurred with significantly great-

er frequency during 9.4 -Mbit /s  D(Rx 2 + Rx 4) operation suggests
that the combination of intersymbol interference caused by band

limiting to 7 MHz and multipath dispersion caused by the mixture
of two different propagation modes In Rx 2 and Rx 4 made it more

‘ 

d i f f i cu l t  for  the modem to maintain stable timing recovery than in
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Table 15

9.4 Mbit/s modem resynchronization times

. Modem resync . timeDiversity Run 
< ( ms)

None (Rx 4) 350 100
100
200
100
100

Dual ( R x 2 + R x 4) 336 100
100
100
100
100
100

337 100
100
100
100
100
100
100

Quadruple 339 100
100

365 300
600
300
700
500

1:
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the more optimally configured 6.3-Mbit/s mode . If it is assumed

that Rx 2 is usually dominated by a specular signal while Rx 4 ‘ -

receives a strongly fading troposcatter signal having a longer

t ransmission delay , the modem would be dominated alternately by
two signals at different delays. If the multipath delay difference

rapidly changed over a range comparable to a symbol interval (213

ns at 9.4 Mbit/s ) , LBCI cou ld result.

Aircraft fading events caused loss of BCI in the MDTS modem

in dual and non-diversity on a few occasions. In all cases of LBCI

the aircraft fading mode was identified as A/C Mode III. Modem

LBCI events were generally coincident wi th  a period of rapid change

in path dispersion and only infrequently with peak values of disper-

sion itself. In other words, LBCI occurred during periods when the

differential path delay appeared to change rapidly over some range.

This tends to indicate that a change of the rate sensitivity in the

MDTS time tracker circuitry may improve synchronization performance

in low—order diversity applications .

9.5 DISCUSSION OF POTENTIAL MDTS MODEM OPTIMIZATION AREAS

It appears that the mixed propagation modes experienced on

the UHF link caused a degradation from optimum MDTS performance for

two reasons . First , the asymmetry in median RSLs for the four

divers ity receivers often exceeded the dynamic range capability of

the forward equalizer circuits . This resulted in a discrimination

against Rx 4 (and occasionally against Rx 2) since Rx 14 and Rx 2

normally had the lowest powers. By virtue of their more dispersive

nature , these channels may , if used , contribute to modem perform-

ance. Secondly , in 1ow-ord~r diversity configurations and under

certain dynamic situations , the timing recovery loop of the modem

appeared unable to follow the symbol timing variations caused by

alternations between two signal components propagated at different

CR-NICS-38 N A T O  U N C L A S S I F I E D  mb
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delays. If consideration is given to the possible occurrence of

mixed propagation modes during the modem design stage, the perform-
ance of the modem on such channels might be further improved ,

particularly in low-order diversity configurations . Whether this
effort is warranted , of course , depends on the system requirements

and particularly on the range of channels over which digital trans-
mission is required.
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10. OPERATIONAL EXPERIENCE

10.1 GENERAL

Some of the problems encountered and some of the experience

gained during the test did not manifest themselves directly in the

test results. In general, the observations contained in this chap-

ter relate specifically to the test programme itself and should

not be taken as being necessarily indicative of the situation that

m i gh t  be expected in an operational digital troposcatter system.
One exception , however, is the experience obtained in interfacing

the digital troposcatter modems with the ACE High radio equipment:

experience gained in this area may influence the ultimate specifica-

tion of new radio equipment for both ACE High and DCS applications .

10.2 LESSONS LEARNED

The test schedule as set out in Ref. 1 called for the tests

to end about June 1977. A number of transportation problems

relating to equipment and personnel movement caused a six-week delay

in the completion of the programme and this meant that the C—band

tests had to be reduced to two weeks per modem . (The transporta-

tion problems resulted primarily from heavy snow conditions at

Dosso dei Galli in January and from customs difficulties.)

A though the two test links had been made fully available
to the test programme , SHAPE required that the normal duplex link

orderwir€ circuits should be maintained while tests were in progress.

To achieve this , the orderwire in the Dosso dei Galli to Feldberg

direction was digitized and in the Feldberg to Dosso dei Galli

direct ion it was lef t  in analogue form . All ring—down and signal-

j  ling fu nctions leaving Feldberg were digitized by the 64—kbit/s

CVSD orderwire units . The digital orderwire , which functioned
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without failure throughout the test period, was i ~aluab 1e for the
operation of the tests and also permitted the normal flow of system

coordination traffic in that branch of ACE High which had to be

maintained without interruptions . Rapid cut-over from digital to

analogue operations of the link was exercised on a number of occa-

sions at the request of the AFCENT Primary Control Centre (PCC).
No problems were encountered in restoring the analogue t raf f ic  at
short notice.

As described in Chapter 4, the Data Acquisition System (DAS)

contained a considerable amount of redundancy to minimize the pos-

sibility of loss of data due to test—equipment malfunction . m i -

tially , all data was recorded both manually via test logs and
automatically via the digital tape recorder. Later in the program-

me, after the first batch of tapes had been successfully read and
verified, most of the data collection during night hours and week-

ends was done automatically .

Strip-chart recordings of certain early test runs were not

obtained , partly due to recorder ink supply malfunctions and partly

due to chart paper delivery problems. TL~- time history of runs for

which the strip chart recorder was unavailable is, however, still

preserved on the digital tape . The only significant problems with

the digital tape recording facility were that a number of runs were

lost due to errors in the setting of the label switches on the tape

recorder interface and that stat ic discharges from test operations

personnel caused occasional erroneous commands to be transmitted to

the tape recorder. Due to another static discharge problem that

gave rise to false triggering of the loss of bit count integrity

(LBCI) indicators, no reliable loss-of-synchronization indications

were available until after 12 February. However, use of the manual

logs and correlation with other measurements such as error rate

enabled determination of most LBCI events.
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The only hard failure experienced in the DAS, apart from
the strip chart recorder, was in the spectrum analyzer. Both fail-

ures were cleared by replacing the failed units.

10,3 EXPERIENCE WITH THE REL 2600 TROPOSCATTER RADIOS

Interfaces between the digital modems and the radio equip-

ment were established at the 70—MHz IF frequency , as described in

Chapter 3. The following parameters of the radio equipment were

of special importance for the tests:

(a) Gain stability

(b) Frequency response (IF to RF and RF to IF)

(c) Spurious signals.

10.3.1 Gain stability t

The gain stability of the REL 2600 radio was found to be

excellent , with the exception of the Low-noise parametric pro-

amplifiers used on the UHF link . Two of these amplifiers exhibitu-~
random gain variations of several dB per minute , thus presenting

calibration difficulties . As a result , the parametric amplifiers

were replaced with transister amplifiers for the duration of the

tests. —

10.3.2 Frequency response

RF to IF frequency responses were measured for all diversity

‘e- eivers on the two links (see Fig. 814 and 85). The 3-dR band-

widths were found to exceed 8 MHz for the UHF link and 20 MHz for

the C-band link .

Broadband tuning of the UHF klystron amplifiers was found

to require considerable attention although , once tuned , the fre—

q~ency response was stable. The two digital -troposcatter modems

used f o r  the tests did not have the same requirement for power

amplifier broadband response and so broadbanding was accomplished

separately for the MDTS and DAR modems .
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Broadband tuning of the REL type 954D UHF power amplifiers

(PA ) for the MDTS involved the adjustment of the input coupling to
the PA for minimum reflected power as metered on the exciter. The

four klystron cavities were then adjusted as follows: Cavity No. 1

was adjusted for minimum PA input VSW R; Cavity No. 2 was adjusted
by maximizing the response shown on the PA output power. Cavity

No. 3 was then tuned in the increased frequency direction (over-

coupled) until the forward output power decreased by 3 dB. Cavity

No. 4 (output) was tuned for maximum forward power and then under-

coupled by 5%. The above procedure was repeated while a spectrum

analyzer display of the 6.3-Mbit/s transmitted spectrum was mon-

itored . Spectrum occupancy measurements were made for the 3.2

Mbit/s and 6.3 Mbit/s transmission configurations. The results

were 5.2 MHz and 6.9 MHz respectively.

During the MDTS tests, the UHF test link was returned to

its operational analogue configuration for the WINTEX NATO exer-

cise. Unfortunately , the klystron power amplifiers were retuned

for narrow band analogue transmission just prior to the start of

WINTEX . This fact was discovered after the first few test runs

were made when WINTEX was ended. Because of the unavailability of

maintenance technicians at short notice , an attempt was made to

retune the klystrons to a more broadband state by returning the

:-3vity adjustments to their pre-WINTEX settings. However , because

of mechanical factors , the resultant passbands were still dist3rted

(Fig . 86). This resulted in additional intersymbol interferen:e at

6.3 Mbit/s , and more especially at 9.4 Mbit/s, which , as noted

earlier, contributed to a measurable reduction in performance in

Period 2.

The widest band tuning achieved for the UHF power amplifiers

used for the DAR tests is shown in Fig. 87. The UHF frequency

response closely resembles similar curves measured on a REL 2600

installation in Youngstown, New York (Ref. 18). A typical curve

taken on the US installation is shown in Fig. 88.
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Wideband tuning of the C-band power amplifiers was much
less difficult. Frequency response plots for the C-band exciters

and amplifiers are shown in Fig . 89. Figures 90 to 99 represent
IF and RF transmitted spectra at all data rates tested for both
the DAR and MDTS configurations .

Of special interest is the effect of the intrinsic broad-

band limitations of the UHF radios as reflected in the observed RF

waveforms and measured performance of the DAR modem. As noted

earlier, the widest tuning achieved with UHF power amplifiers
exhibited a 3—dB bandwidth of 8 MHz. The significance of this

bears directly on the measured performance of the DAR on the UHF

link.

At 3.5 Mbit/s, which corresponds to about 48 PCM voice

channels, the transmitter time gate impressed on the RF symbol
waveform by the DAR modem was seen to be moderately reduced .

Figure 98 shows the resultant RF symbol waveforms obtained at the

3.5-Mbit/s rate. For reference purposes, the time gate measured

prior to the high power amplifiers (HPA) was of the order of 0.1414
of an RE’ symbol or approximately 251 ns at 3.5 Mbit/s . As seen in
Fig. 98 , the resultant time gate, after bandlimiting by the UHF
HPA , was of the order of 100 ns.

At 7.0 Mbit/s, which corresponds to 96 PCM channels

(64 Kbit/s ), the intrinsic UHF RF equipment limitations noticeably

affected DAR performance. This effect was described briefly in

Chapter 8. Figure 99 shows the relevant RE’ symbol waveforms

observed at the output of the UHF power amplifiers at a transmitted

rate of 7.0 Mbit/ s under the broadband conditions shown in Fig. 88.
As with the 3.5-Mbit/s DAR configuration , a 0.44 time gate was used .

-
- 

At 7 Mbit/s , this results in a time gate measured at the input of
the HPA of 126 ns. From Fig . 99 , it can be seen that the resultant

time gate measured after the HPA is less than 50 ns. This would

CR-NICS-38 N A T O  U N C L A S S I F I E D  mb

- -- -- —-----

~

-_ - — ---

~

-- -— — _ --

~

—--5

~ 

-—-~~



5-

N A T O  U N C L A S S I F I E D
—176—

cause the DAB performance to be extremely vulnerable to multipa th
dispersion , causing intersymbol interference in addition to the

normal thermal noise effects. The median UHF test link dispersion

measured under diversity conditions of well over 200 ns, together

with the above comments and the measured DAB performance, strongly

suggests that use of a transmitter time gated modem would be

limited to data rates of about 3.5 Mbit/s on medium length UHF for-

ward scatter links.

10.3.3 Spurious signals

Examination of the received spectra at the IF outputs of

UHF diversity receivers at Feldberg (AFEZ) revealed that a number

of spurious signals existed within the receiver IF passband . An

investigation showed that these spurious signals were caused by

the leakage of the UHF transmit frequencies into the mixer cavities

of the diversity receivers. In one case, the difference frequency

between a transmitter and a receiver was 69 MHz , causing spurious

signals to appear only one megahertz from the IF centre frequency .

The highest of these spurious signals was more than 140 dB below

the main signal. Although there was no indication that the

spurious components catastrophically affected modem performance ,

they may have been responsible for some random error events which

occurred occasionally throughout the test for no conclusively known

reasons. It is felt that these spurious problems are caused by

faulty RE’ equipment installations and could be eliminated , or

significantly reduced , if required .
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External filtering None
Centre frequency 70 MHz
Horizontal scale 5 MHz/div
Vertical scale 10 dB/div

External filtering 3.5 MHz
Centre frequency 70 MHz
Horizontal scale 5 MHz
Vertical scale 10 dB/div

Fig . 90 MDTS modem output spectra ( 3 .2  Mbit/s)
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PA No. 1 output spectrum

• Output power 5.0 kW
External filtering 3.5 MHz
Centre frequency 923 MHz

• Horizontal scale 5 MHz/div
Vertical scale i.~O dB/div

PA No. 2 output spectrum

Output power ~L2 kW
External filtering 3.5 MHz
Centre frequency 957 MHz
Horizontal scale 5 MHz/div
Vertical scale 10 dB/div

Fig. 91 MDTS RF spectra (3.2 Mbit/s)
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External filtering None
Centre frequency 70 MHz
Horizontal scale 5 MHz/div
Vertical scale 10 dB/div

External filtering 7 MHz
Centre frequency 70 MHz
Horizontal scale 5 MHz/div
Vertical scale 10 d~ fdiv

Fig. 92 MDTS modem output spectra (6.L~ Mbit/s)
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External filtering 5.4 MHz
Centre frequency 70 MHz
Horizontal scale 5 MHz

• Vertical scale 10 dB/div

Fig. 92 MDTS modem output spectra (6.4 Mbit/s) (cont’d)
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PA No. 1 output spectrum

Output power 5.0 kW
External filtering 7.0 MHz
Centre frequency 923 MHz
Horizontal scale 5 MHz/div
Vertical scale 10 dB/div

___ _

_

_ 

H

I
_ _  _ __ _

_
PA No. 2 output spectrum

Output power 4.2 kW
External filtering 7 MHz
Centre frequency 957 MHz
Horizontal scale 5 MHz/div
Vertical scale 10 dR/div

• Fig . 93 MDTS RI spectra (6.4 Mbit/s)
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PA No. 2 output spectrum

Output power 4.2 kW
External filtering 3.5 MHz
Centre frequency 957 MHz
Horizontal scale 5 MHz/div
Vertical scale 10 dB/div

_ _ _  _ _ _  _ _ _  _ _ _  _ _ _  _ _ _  _ _ _  _ _ _

PA No. 2 output spectrum

Output power 1.8 kW (3-dB reduced drive
to PA)

Externa l f i l ter ing 3.4 MHz
Centre frequeflcy 957 MHz
Horizontal scale 5 MHz/div
Vertical scale 13 dB/div

Fig. 93 MDTS RF spectra (6.4 Mbit/s) (cont ’d)
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• ~~~II ~~~

PA No. 1 output spectrum

Output power 4 kW
Centre frequency 923 MHz
Horizontal scale S MHZ/div

• Vertical scale 10 dR/div

~~~~~~~~~~~~~~~ ~‘
PA No. 2 output spectrum

Output power 4.6 kW
Centre frequency 957 MHz
Horizontal scale 5 MHz /div
Vertical scale 10 dB/div

Fig. 94 MDTS RI’ spectra (9.4 Mbit/s) - trans-alpine link
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PA No. 1 output spectrum

Output power 1.5 kW
Centre frequency 923 MHz
Horizontal scale 2 MHz/div
Vertical scale 10 dR/div

,.*
~~i ~~~~~~

:~~
.. 

!

PA No. 2 output spectrum

Output power 700 kW
Centre frequency 957 MHz
Horizontal scale 2 MHz/div
Vertical scale 10 dR/div

Fig . 95 DAR RF spectra - 3.5 MBit/s
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PA No. 2 output spectrum

Output power 1.5 kW
Centre frequency 923 MHz
Horizontal scale 2 MHz/div
Vertical scale 10 dB/div

— S
PA No. 2 RI’ spectrum

Output power 1.5 kW
Centre frequency 957 MHz

I 

Horizontal scale 2 MHz/div
Vertical scale 10 dB/div

Fig . 96 DAR RI spectra (7 Mbit/s) - UHF test link
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PA No. 1 output spectrum
Output power 60 W
Data rate 6.3 Mbit/s
Horizontal scale 5 MHz/div
Vertical scale 10 dB/div

PA No. 2 output spectrum
Output power 60 W
Data rate 6.7 Mbit/s
Horizontal scale 5 MHz/div
Vertical scale 10 dB/div

Fig. 97 MDTS RI spectra - C-band test link
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PA No. 1
Horizontal scale 50 ns/div
Vertical scale 0.2 V/div

S

F PA N0. 2
Horizontal scale 50 ns/div
Vertical scale 0.2 V/div

Fig. 98 DAR RI waveforms (3.5 Mbit/s) - UHF test link
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PA No. 1

Horizontal scale 50 ns/div
Vertical scale 0.2 V/div

PA No . 2

Horizontal scale 50 ns/div
Vertical scale 0.2 V/div

Fig. 99 DAR RF waveforms (data rate 7 Mbit/s)
— UHF test link
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11. SUMMARY AND CONCLUSIONS

A summary of the major test results relating to digital

performance on the test links is given below:

A. MDTS modem at 6.3 Mbit/s

UHF test link
- For 90% of the time the mean bit error rate (BER) was

better than 3 x i~
-8 in quadruple diversity and 4 x l0~~

in dual diversity, at a mean transmitted power of
4 kW.

- For 99% of the time , the mean BER was better than
3 x l0~~ in quadruple diversity and 2 x lO~~ in dual
diversity , at a mean transmitted power of 4 kW.

- The quadruple diversity fade outage rate was zero for
95% of all the runs. The mean fade outage duration
measured over all the runs was 370 ms, ex cluding the
worst-case outage (lasting approximately 20 minutes),
which occurred in Test Period 2. The mean fade outage
duration measured during Period 1 was 100 ms or less.

C—band test link

- The mean BER was never wors~ than 1 x 10
6 

in quad-
ruple diversity and 3 x 10 ° in dual diversity , at
a transmitted power of 50 W.

- Fade outage occurred with negligible frequency and its
duration was less than 100 ms on the C-band link in
quadruple diversity .

B. DAR modem at 7.0 Mbit/s

UHF test link
- For 90% of the time the mean BER was better than 1 x io

5 2

in quadruple diversity at a mean transmitted power of
1 kW .

- Dual diversity tests were limited by the inability of
the DAR modem to accoirr~odate the RI bandlimiting and
multipath dispersion encountered on the test link.
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- The quadruple diversity fade outage rate was better
than i~

-2 outages/second for 90% of the test runs .
The mean outage duration was typically less than
500 ms.

C-band test link

- The mean BER was never worse than 3 x l0~~ in quad-ruple diversity and 2 x io’2 in dual diversity (for
one3period only ; otherwise the BER was less than
10 ) at a transmitted power of 50 W.

- Fade outages occurred with negligible frequency and
with a typical duration of 300 ms or less on the C-
band link in quadruple diversity.

Low bit error rates (10 10 
to 10

8
) were achieved over the

majority of the tests at &.3 Mbit/s on the UHF link and 9.4 Mbit/s

on the C-band link. However, when bit errors occurred , they occur-

red at carrier-to-noise ratios (CNR) which were significantly

higher than those measured during previous media simulator and

-: troposcatter link tests (Ref. 19, 20 and 21). For 9.4—Mbit/s (MDTS)

and 7.0—Mbit/s (DAR) operation on the UHF link, relatively high

multipath dispersion undoubtedly affected performance. For 6.3-

Mbit/s MDTS operation, it was concluded that bit error s, when they

occurred , were frequently not caused by low CNR or excessive multi-

path dispersion but rather by various test and radio equipment
• 

- problems often encc~ntered in operational test situations . A tern—

porarily out-of-tolerance frequency source used to time the digital

data source on the UHF link and minor frequency stability problems

with a frequency synthesizer used in the local oscillators on the

C-band test link probably contributed to many of the error events

measured during the UHF test and in Test Period 4 of the C—band

tests.

In UHF Test Period 2, the most probable cause of the

higher—than—expected error frequency was the distorted UHF Iclystron

frequency response which occured after WINTEX as a result of mis-

tuning . As a result of the additional intersymbol interference

U

CR-NICS-38 N A T O  U N C L A S S I F I E D  mb

~~~~~ I~ I1~1~ IT I - 

_ _ _ _ _ _ _  ~~~ _ Z .  
~~-



N A T O  U N C L A S S I F I E D

—192—

caused by this situation and the multipath dispersion measured on

the UHF test link, the MDTS modem occasionally operated in a

dispersion-limited manner.

As noted in the previous chapters, the inherent bandwidth

limitations of the RI equipment severely limited the performance

of the DAR modem on the UHF link at 7 Mbit/s. The frequency

response measured on the UHF high power amplifiers after broadband

tuning was consistent with the technical data previously reported

for similar RI equipment. Based on the test data obtained, it is

concluded that the use of transmitter time gating to combat inter—

symbol interference for megabit digital transmission over UHF

troposcatter links must be reviewed on a link-by-link basis.

The maintenance of bit count integrity (BCI ) is of para-

mount importance for the successful operation of time division

multiplexed digital communications . The system test configuration

employed in this programme included one level of asynchronous

multiplexing and two levels of synchronous multipiexing between

the radio and the voice channels terminated in the US- and NATO-

supplied PCM/TDM equipment. Test results showed that for quad-

ruple diversity operation, loss of BCI was a very infrequent event

and that , in fact, BCI losses were responsible for only an exceed—

ingly small percentage of the total number of fade outages measured .

While the measured propagation characteristics of the C-

band diffraction link agreed with predictions , the trans-alpine

U’IF link was found to exhibit a mode of propagation which was un-

expected . In purticular, variable-intensity specular signal compo-

nents were received together with troposcatter components in cer-

tain diversity receivers for a substantial fraction of the test.

These specular components, attributed to double knife—edge diffrac—

tion along the great circle path and off-boresight diffraction or

reflections, added to the overall multipath dispersion of the UHF

link .
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Since the increased dispersion associated with mixed

propagation modes can potentially have a significant influence on

digital troposcatter transmission, it is extremely important to be

able to predict the possible occurrence of such modes. In the case

of the UHF fest link , the normally-used path profile proved in-

adequate for this purpose. It was not until after a detailed topo-

graphic analysis was completed that the observed propagation char-

acteristics could be explained from physical considerations. The

use of fine-grained topographic analyses and available analogue

link performance data is deemed valuable to the design of digital

troposcatter links that traverse large areas of highly irregular

terrain.

Due to the mixed mode propagation on the UHF link and

to the unavailability of a multipath analyser, it was not possible

to confirm the accuracy of prediction of the multipath dispersion .

However , data taken in this programme is consistent with measure-

ments on troposcatter links which display very similar long—term

• variations of the multipath dispersion around the median value .

The exact prediction of medium- and long-term variations of disper—

sion may require additional test data beyond that obtained to date.

A comparison between predicted and measured fade outage

statistics was made only for dual diversity operation , since only

very few fade outages were normally observed in quadruple diversity

MDTS operation (with the exception of a one-hour period at 6.3

Mbit/s). For most of the UHF test periods , the DAR modem displayed

dispersion limited operation . Since the current performance model

• for these modems assumes negligible intersymbol interference, none

of these periods could be used in the comparison . With the MDT S at

6.3 Mbit/s in dual diversity , the measured mean duration of fade

outages was in good agreement with the predicted value during

periods when troposcatter propagation was strongest. The measured

V 
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dis t r ibu t ion  of fade outage durations under this condition was in

excellent agreement with the predicted distribution plotted around

the measured median value. However, during periods of high relative

dispersion, e.g., at 9.4 Mbit/s in 7 MHz and during the above men-

tioned periods of dispersion limited 6.3 Mbit/s operation, the

prediction of fade outage statistics was less accurate. As a

result, it appears that a modification of existing prediction

methods may be required to predict more accurately the perfc.-mance

of those links on which most bit errors are expected to be caused

by multipath dispersion.

Markedly different median signal levels on the various

diversity branches were observed on both test links. Moreover,

the difference between the median signal levels of any two

receivers was not constant but varied over a wide range , e.g., 0 to

25 dB for receivers 3 and 4 on the UHF test link . While this condi-

tion is unusual and not representative of normal troposcatter prop-

agation , asymmetrical propagation can occur on diffraction links

with variable terrain and possibly on troposcatter links with angle

diversity , in the MDTS modem , a reduction of diver sity improvement

probably occurred under strongly asymmetrical conditions due to the

specific choice of automatic gain control (AGC ) circuitry implemen—

t-~tion . While this effect did not catastrophicably affect the

overall di gital performance of the MDTS, the use of this type of

AGC should be rev iewed , based on the assessment of the occurrence

of time-variable asymmetrical propagation on specific links.

In summary , the following major conclusions were reached :

(a)  No techni cal diff iculties are expected in the
application of digital transmissions of up to
9.4 Mbit/s in 7 MHz of RI bandwidth to the C-’
band link or to similar links using quadruple
div ersity and narrow beam antennas.
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(b) With regard to the UHF link , it is di f f icult tc-
extend the test results to the performance t~~
be expected during the entire year . However ,
based on the measured data , reliable transmission
at 6.3 Mbit/s would probably be possible , give n
the continued availability of the test RF band-
width (7 MHz ) and quadruple diversi ty .

(c) It is unconfirmed whether 9.’~ Mbit/s could be
transmitted reliably in 7 MHz on the UHF link
throughout the year. The performance of this
configuration varied from a generally low BER
(1o~~) for t~e first period to higher BER
(10 to 10 ) during the seco nd per iod . I t
is felt that the combination of a d i s t or t e d
RF passband and the multi path dispers i t i LOn ~
tributed significantly to the high BER measured
in the second period .

(d) Due to the mixed-mode propagation on the UHF
link , little new information was obtained for
the planning of links with purely tropospheric
scatter propagation. However , measured multi-
path dispersion data and its lack of correlation
with median CNR was consistent with measurements
taken by others on pure troposcatter l inks .

(e)  Test results confirmed that , fo i  quadruple
diversity , loss of BCI was a very infreque nt
event and that BCI losses were responsible for a
very small percentage of the number ~ l outages
measured .

fr - p
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APPENDIX A

DIGiTAL TROPOSCATTER TRANSMISSION TECHNOLOGY

Al INTRODUCTION

Prior to the development of modulation techniques specif-

ically for military application , digital troposcatter transmission
was limited to less than 3 Mbit/s on almost all paths. Digital
modulation techniques such as binary frequency shift keying (BFSK)

and phase shift keying (PSK) were typically used. Because of the

relative simplicity of the nonadaptive receiver -structures utiliz-

ing these techniques, their performance was sharply curtailed by
even a modest amount of multipath (Ref. 24). Later, compound

modulation schemes (e.g., FSK/PSK) were used to separate adjacent

symbols in time in a bandwidth-inefficient attempt to mitigate
the effects of multipath (Ref. 25). Bandspread systems using

correlation receivers were designed to take advantage of the

diversity inherent in the frequency selective fading channel. How—

ever , while combatting iritersymbol interference due to multipath

• propagation, the bandspreading approach is grossly inefficient in

its use of transmitted bandwidth.

The advent of channel adaptive signal processing techniques
(Ref. 19 and 20), together with the utilization of intrinsically

efficient modulation forms such as quatex’nary phase shift keying

(QPSK) and minimum shift keying (MSX) , have made possible bandwidth

efficient transmission at digital rates up to four times the

previous limit. The successful implementation of these techniques,

with their near-optimum utilization of implicit diversity, should
• result in thermal noise limited performance for most troposcatter

links rather than in performance which is limited by intersymbol

interference caused by multipath dispersion.
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Currently, there are two techniques being developed for

potential implementation in US National Military Communications
Systems, The following discussion will briefly explore the under-

lying concepts of these techniques. For a more rigorous treatment,

the reader is commended to the references given in the discussion

below. -

A2 ADAPTIVE DECISION FEEDBACK EQUALIZATION

The first technique which will be discussed is adaptive
decision feedback equalization (ADFE). This technique, described
in some detail in the literature (Ref. 19), embodies a transversal

equalizer structure where channel adaptation is accomplished via
decision directed feedback. In general, equalization techniques
can be categorized into linear and feedback classes. For diver-

• sity troposcatter transmission , the implementation of a linear
equalizer, as illustrated in Fig. Al , would utilize an ensemble of

linear filters , each operating on a particular diversity branch.

The equalized diversity signals could then be additively combined

prior to sampled data detection. A requirement for linear modula-

tion such as PAM , FSK, PSK, or MSK exists due to the linear nature
of the receiver structure. Equalizer adaptation is typically
accomplished via a training sequence or pilot tone, depending on

the implementation of the equalizer. However, decision directed

adaptation can also be used.

A feedback equalizer (Fig. A2) is similar in structure to

the linear equalizer with the exception that it provides data feed-
back through a return path where a filtered version of the re-

This permits partial cancellation of intersymbol interference from
previously-detected data bits. As with the linear equalizer , its

- ~~~~~~ constructed data sequence can be added to the data decision process.

optimum implementation consists of a series of combination matched

- 

- and transversal filters for each diversity path. The transversal

• 
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Fig. Al Linear transversal equalizer
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filter, if properly adapted, mitigates channel-caused intersymbol

interference while the matched filter provides an implicit diver-

sity advantage through coherent recombination of the delayed

components of the multipath signal structure. Due to the band—

limiting imposed by RF components, the received signal is also

bandlimited and therefore a single realizable transversal filter, V

suitably adapted , can provide the required series filter charac-

teristic.

As mentioned before, adaptation of this receiver struc-

ture can be accomplished either by a training sequence or through

decision directed means. The current ADFE digital troposcatter

modem prototype (MD-918) which was developed under the MDTS pro-

grainme is implemented with decision directed adaptation. Adapt-

ation via the transmission and processing of training bits pro-

vided by the troposcatter modem is also possible. The primary

advantage of reference directed feedback is that it is generally

more robust under degraded transmission conditions (e.g., low sig-

nal levels or high interference levels) and thus is more desirable

for low diversity (i.e., non-diversity and dual-diversity) appli-

cations, where deep fades occur more frequently, or under high

level interference or jamming conditions. For higher-order diver-

sity implementations, ADFE is seen to be intrinsicai,ly superior to

reference directed feedback in that ADFE avoids increase in noise
bandwidth resulting from the transmission of an additional adapt—

ation bit sequence. Estimates of the required training sequence

rate are dependent on the range of fade rates which must be accom-

modated. As an example, satisfactory operation on links with mean

fade rates of 1 to 10 Hz requires the transmission of 150-200 kbit/s

of additional overhead for adaptation purposes.g It is now appropriate to outline the currently implemented

adaptation technique . As mentioned previously, both the linear

equalizer and the feedback equalizer can be adapted , via decision
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directed methods, to provide acceptable performance in a channel

that is not known a-priori. The specific criterion used for adap-

tation in the MD-918 is based on minimization of the mean square

symbol error (MMSE). As shown in Fig. A2 , the MMSE signal is

formed from a difference voltage between the integrate and dump

output (prior to slicing) and a reference. This error signal is

filtered to minimize the effects of noise and is then correlated

with appropriately delayed samples of the input signal. These

correlations are used to develop weighting values which are applied

to the received multipath components. While a truly optimum crite—

tion would be based on minimum bit error probability, MMSE permits

a greatly simplified implementation by the use of gradient estima-

tion adaptation algorithms and performs almost equivalently for

most channels of interest .

The primary function of the feedback path is to mitigate

intersymbol interference from previously detected data bits and

thus permit a less costly modem implementation. For a given level

of required performance (defined here in terms of minimizing inter-

symbol interference and not in terms of implicit diversity enhance-

ment), fewer forward equalizer taps (currently the most expensive

elements of the modem) are required when a feedback path is

supplied.

The design sensitivities of the ADFE approach to digital

troposcatter transmission are basically twofold . The first, and

obviously the most important sensitivity of the ADFE technique, is

its ability to mitigate the effects of inultipath propagation (i.e.,

intersymbol interference). This capability is determined by the

number of forward and backward equalizer taps. For example, the

use of a 3-tap forward equalizer , with intertap spacing of one half
V 

of the transmitted symbol duration, together with a 3-tap backward

equalizer results in a negligible residual intersyrnbol interference
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penalty on troposcatter paths with diversity reception and a or

double-sided R1IS dispersion , of up to l.0T5 where T5 is th~ trans—
mitted symbol duration. 

• 

For channels %;ith 
~~ 

greater than l.OT ,

correction voltages obtained in the backward equalizer begin to be

significant and tend to reduce the efficiency of the detection pro-

cess. This is necessary to prevent intersymbol interference from

becoming the dominant error-causing mechanism. However, the per-

formance of the ADFE in the region of > l.OT is not discontin-

uous and is seen to be strongly dependent on the explicit diversity

configuration. In fact, the present ADFE in a quadruple diversity

implementation will accommodate paths with a of up to 2T
~ 

with

little (
~ 2 dE) degradation from its optimum operating point. A

300-mile smooth earth troposcatter link at 6 Mbit/s has a of the

order of 2T5 ns. Eventually, as the RN S channel dispersion
increases beyond the capability of the backward equalizer to correct

for the estimated intersymbol interference, the performance of the

ADFE structure begins to degrade and exhibits an irreducible error

rate. To extend the range of the equalizer to permit accommodation

of larger multipath spreads caused by seasonal path variations, the
addition of more forward equalizer taps may be indicated (although

an increase of backward equalizer taps to develop correction volt-

• ages based on a greater number of previously detected symbols may
suffice and is obviously less costly). Anothei~ solution, although

probably the most costly, would be to increase the system order of

diversity by providing additional explicit diversity such as angle

or frequency diversity.

The second design sensitivity of the ADFE tech~-iique lies in

its ability to utilize multipath propagation as implicit diversity.

This capability is related to the intertap spacing of the forward

equalizer. This can be easily visualized by considering the opera-

tion of the forward equalizer in the time domain. In the time

domain , the equalizer is seen to be able to coherently combine “rn”
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of a possible “n ” scatter paths , where m is the number of forward

equalizer taps. For a particular RMS channel dispersion , exten-

sion of overall delay capability beyond the expected range of RMS

dispersion does not in general provide any significant additional

implicit diversity gain. This is due to the extremely low power

contained in scattered components received outside twice the RNS

dispersion (~~
) of the ~articulax’ channel. However , a significant

number of partially correlated paths arriving within an interval

hounded by twice the RMS dispersion are present (the exact number

of paths is functionally dependent on the composition and dynamics

of the scatter volume). These paths can be optimally combined

only if the int€rtap spacing is of the order of the granularity of
the multipath structure of the channel. Although many of these

scatter components are partially correlated , they neverthelt~ ” can

contribute effectively in a diversity manner (Ref. 26). The span

of the equalizer (i.e., total delay or aggregate sum of the indiv-

idual tap delays) of course remains constrained by the maximum

which must be accommodated. The present ADFE structure implemented

in the MDTS includes three forward equalizer taps. Thus, it can be

expected that no more than three inband paths can be recognized by

the equalizer, implying a similar upper limit in achievable implicit

diversity (i.e., three orders).

Although it is only a prototype, the implementation of the

ADFE in the MDTS has demonstrated significant performance gains to

date, based on a number of simulated link multipath profiles and

actual link tests at rates up to 12.6 Mbit/s. These results are

typified by Fig. A3 to A5. The positive test results support the

feasibility of ADFE as a viable troposcatter technique.

I 

_ _ _ _
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10_I 
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MDTS, PERFORMANCE ON THE
YOUNGSTOWN-VERONA LINK

l6B mi., 6dB NF,AN/TRC -132A,
\ C-BAND1 QUAD. DIV.

6.3 Mbit/s

101 - _______ _ _ _ _ _ _ _  _ _ _ _ _ _ _  _ _ _ _ _ _ _
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EQUIVALENT
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8th ORDER DIVERSITY
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7 2PS ‘Y0 , MEAN SNR OF A SINGLE DIVERSITY CHANNEL (dB)

Fig. A3 MDTS performance at 6.3 Mbit/s, measured on the
Youngstown-verona link (168 mi, C-band,

- - 
quadruple diversity)
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10_a
MOTS , PERFORMANCE ON THE

POUNGSTOWN-VERONA LINK
l6B mi . , 5d B NF, AN/TRC -132A

C-BAND, QUAD. DIV.
DATA RATE 12.6 Mbit/s

10 !
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Fig. A’3 MDTS performance at 12.6 Mbit/s, measured on the
Youngstown-Verona link (168 mu , C-band ,
quadruple diversity)
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10 0
MDTSJ MEDIA SIMULATOR

PERFORMANCE
250 ml., 0.6°ANTENNA BW

k = ~~/3
QUA D. DIV., 6.3 Mbit/s

10_i .

_____ 
EQUIVALENT 8t h ORDE 1 ~ VERSITY

10~~.

10 6

io—1 I I

0 10 15 20 25
nz~a , MEAN SNR OF A SINGLE DIVERSITY CHANNEL 1dB )

L.. Fig. A5 MDT S performance at 6.3 Mbit/s , measured on the
median simulator (250 mi, quadruple diversity)
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A3 TRANSMITTER TIME GATING

Another technique which has recently been developed employs

transmitter time gating with coherent detection. This approach is

currently implemented in the DAR (Ref. 20). The DAR technique

employs transmitter time gated QPSK modulation. The dispersive

troposcatter channel acts as a transmitter filter with a power

high frequency response and “fills-in” the guard space (ti) or time

gate - avoiding significant intersymbol interference as long as the

guard space is less than or equal to the significant instant (i.e.,

6 )  of the channel impulse response. Since the channel fade rate

(or change rate) is always very much less than the transmitted

symbol rate, the receiver sees a serial stream of many symbol

pulses, each identically distorted , with the exception that they

differ in phase in accordance with the modulator phase state. If,

V 
through decision feedback , a coherent reference pulse train can be

derived (mirroring the path induced amplitude and phase character-

istics of the received signal) ,  matched filter detection can be

implemented with the important benefit of near optimum utilization

of implicit diversity. The salient principles of the DAR tech-

niques are illustrated in Fig. AS. *

As the utilization of implicit diversity is the key to the

performance of the DAR technique and since the development of a
coherent reference is the key to the realization of implicit diver-

sity , it is appropriate to discuss the details of the DAR reference

generation technique. Basically, a reference pulse train is gen-
erated in the receiver at the intermediate frequency via an “in-

-
V 

verse modulat ion” process in which previous bit decisions are used

to phase-shift suitably delayed transmitted symbols such that all

symbol phase states are equal (modulo 2 n ) .  This “coherent reference”
is then applied to a recirculating filter, where the reference
signal-to-noise ratio is improved by coherently adding reference

I
CR-NICS-38 N A T O  U N C L A S S I F I E D  nib

___________________
-- -— —- — — — - - V  - - ~~~~~~~~~~~~ ~~~~~-V -V 

-- —V--V- -V 
~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

-V— —V —-- 
— ----V-V --V -V



_ _ _ _ _  -~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ V~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ V ~~~~~~~~~~~~~~~~~~ ..
_

— -

N A T O  U N C L A S S I F I E D

-209—

* TRANSMITTED PULSE TRAIN
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RECEIVED PULSE TRAIN (DISTORTED BY QUASI TIME-INVARIANT CHANNEL)

RELATIVE ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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M~~~~LlER o F ~~~~~~~~~~~~~~~~~~~~~~NJ~~~~~~~
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EPOCH T IMING i
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RELATIVE PH~~~~~~~~~~~~~~~~~~

4 0

11281 REFERENCE PULSE TRAIN (IDENTICALLY DISTORTED)

Fig. A6 DAR waveforms
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pulses while the noise in the filter ioop adds incoherently (i.e.,

as the R1iS of the noise voltage). Additionally, the effect of

decision feedback errors is reduced since no one reference pulse
is uniquely used to detect a transmitted symbol.

However , the utilization of transmitter time gating to
provide multipath immunity is not without constraints. The widen-

ing of the time gate to increase the guard time against multipath

causes a sacrifice of transmitted power and eventually in 1) an

unrecoverable power loss, and 2) a transmitted spectrum spread in

excess of that allocated. These factors strongly imply an upper

bound on achievable data rate or acceptable multipath delay. A

partial solution to this problem involves the implementation of a

decision feedback equalizer ( DFE), similar to that implemented in

the ADFE technique discussed earlier. Figure A7 illustrates the

application of DFE to the DAR demodulator. As in the ADFE, an

error signal is formed from the difference between the analogue
voltage present upon data detection and the present bit decision

(i.e., ± 1). In the absence of intersymbol interference, the

error signal fluctuates about ± 1 (according to the polarity of

the transmitted bit) with the standard noise variance. During

periods of intersymbol interference, the error signal demonstrates

an increased mean value depending on the strength of the inter-

symbol interference and the sign of the previous and present bits.

If the previous bit is of the same polarity as the present bit ,

constructive interference occurs and obscures the development of
the error signal. Thus, the error signal must be developed over a

period during which the effect of an individual bit sense (± 1) can

be averaged out . The averaged error signal is multiplied by the

interfering previous bit amplitude, inverted in polarity, and added
at the output of the integrate and dump filter prior to detection .

This interactive process continues until the RMS error signal is
forced near zero. The utilization of the DFE in the DAR should

I
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allow a reduction of the irreducible bit error rate limit by one
and possibly two orders of magnitude for a fixed spectral occupancy

and , in many cases, should permit a reduction in the duration of
the time gate, thus resulting in improved spectral occupancy. How-

ever, it is expected that the maximum achievable RI’ spectral occup-

ancy will be 0.7 bit/Hz.

The performance of the DAR technique as currently implemen-
ted is typified by Fig. A8 to A1O , which correspond to the same
basic test conditions that were employed in Fig. A3 to A5 for the

ADFE. The present DAR with its near-optimum utilization of

implicit diversity off ers a high potential for low and medium rate
(3-7 Mbit/s) C-band transmission, where the multipath is less
extensive. The optimum DAR configuration, with addition of a

workable DFE structure, is expected to provide a viable transmis-

sion alternative f or medium range troposystems (including L- and

S-band) of 7 Mbit/s and less if the necessary RF bandwidth can be

obtained (of the order of l0-1’~ MHz).

The major advantages of the DAR technique are its simplic-

ity in implementation (with obvious cost implications) and its

highly efficient utilization of implicit diversity within its

design limits. The major disadvantage of the DAR technique *

results from the bandwidth expansion caused by the transmitter time

gating. As mentioned previously, for most applications , transmitter
time gating results in an expected transmission efficiency of no

greater than 0.7 bit/s/Hz. The use of parallel transmission

techniques, where a quadruple diversity system is split to permit

parallel dual diversity transmission at one half the link through-
put ( and require one half the bandwidth) on each dual diversity

channel, could alleviate this problem somewhat. However, the

applicability of parallel transmission is far from universal be-

cause of its necessary dependence on extremely favourable link

gecmetry to provide the needed implicit diversity conditions.

I
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1O~ DAR, PERFORMANCE ON THE
YOUNGSTOWN-VERONA LINK

- 168 mi. 2dB NF~, AN/MR C-98,
3.5 Mbit/s

- C-BAND , QUAD. DIV.

V 
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Fig. A8 DAR performance at 3.5 Mbit/s , measured on the
Youngstown-Verona link (168 mu , C—band ,
quadruple diversity)
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rig. A9 DAR performance at 7 .0 Mbit/s , measured on the
Youngstown—Verona link (168 mi , C-band ,
quadruple diversity)
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ki413

DATA RATE ~0 Mbit/ s

io ’ __________  __________  __________  
. 
—

10 2

__  

- 

_

EQUIVAL ENT

10 6 

- 8th ORDER DIV ERSI TY

INTERSYMBOL 
_ _ _ _ _ _ _ _

INTERFERENCE PENALT Y

10—v I ___________________

4 8 12 16 20
78279 , MEAN SNR OF A SINGL E DIVERSITY CHANNEL 1dB)

Fig. AiM DAR performance , measured on the media simulator
at 7.0 Mbit/s (250 ml , quadruple diversity)
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AL~ COMPARISON OF ADFE AND DAR TECHNIQUES

Given the essentially simultaneous development of the DAR
and ADFE techni ques , it is appropriate to consider them jointly .

Perhaps the most direct comparison of the current ADFE and DAR

implementations can be seen in Fig. All. This figure shows the

required bit rate SNR necessary to obtain a mean bit error rate

(BER) of 1 x 10~~ as a function of the ratio of RNS channel disper-
sion to transmitted symbol duration , 55/T. The quadruple diversity

performances of the ADFE and DAR, as presently implemented , are

almost identical until the design limit of the DAR is exceeded. At

this point, the required SNR increases sharply for the DAR , imply-

ing the existence of an irreducible average bit error probability

worse than 1 x 10~~ for channels with ~~/T greater than 0.5. In

dual diversity , the comparison is much more dramatic. Here the DAR

actually out-performs the ADFE for all values of m5
~

/T5 less than

0.5. This is apparently due to its more efficient use of implicit

diversity. The ADFE, on the other hand , exhibits a less apparent

optimum (Le., a minimum required SNR) but possesses a significantly

enhanced mul t i path range over which it is capable of operating .

In dr aw ing conclusions based on Fig. Al l , it m u st be emphasi zed tha t

there are a n umber of im plementat ion f actors whi ch a f f e c t e d  the

performance summarized in this figure. These were :

- The DAR transmitted bandwidth (0.99 power BW ) ,
while only 1 to 1.25 times that transmitted by
the ADFE , was more uniformly occupied (i.e.,

• the 3-dB bandwidth of the DAR was greater than
the ADFE). This permitted a greater potential
for obtaining implicit diversity on a partic-
ular path.

- The ADFE forward equalizer structure was fixed
at 3 taps with intertap spacing equal to T5/2 .
This limited both the implicit diversity
obtained and the operating range of multipath
delay .
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- The DAR was tested without the tail cancelling
circuit and thus the range of operable multi-
path delay was reduced.

- The DAR coherent reference circuit bandwidth
was much less than optimum due to bandpass
distortion within the demodulator, resulting in
an unacceptable implementation loss.

- The ADFE performance at dual diversity was
hampered by periods of large signal saturation
during intervals where the channel response
approached non-selectivity (i.e., a non-disper-
sive channel). The ensuing peak-tu-average
signal differential caused saturation of the IF
amplifier/forward equalizer circuitry and resulted
in periods of high self-noise. This effect was
particularly noticed on channels with smaller
6 /T (where the probability of experiencing a
n~n-~ispersive channel state is greater).

Many of these factors, each of which contributed to the

suboptimum performance of one technique or the other, are correct-

able. In particular, the integration of the tail cancelling cir-

cuit, together with broad band reference generation circuitry,

should extend the dual diversity operating range of the DAR up to

a value of 6
~
/T
5 
of the order of 0.7. The performance of the ADFE

can be significantly improved by limiting the dynamic range

requirements of the IF amplifier forward equalizer circuitry by the

introduction of a controlled amount of dispersion or by a differ-

ent modulation technique, such as MSK or offset QPSK.

Also, in principle , the modification of the number of taps

and their intertap spacing in the ADFE to permit additional implic-

it diversity utilization would result in a dual diversity perform-

ance approaching that of the DAR while retaining the same superior

65/T5 operating range. In actuality, however, the difficulties in

assuring minimal crosstalk in densely tapped delay line structures

will not permit absolute convergency by an improved ADFE , in low
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diversity configurations, to the performance of the DAR (within its

design l imit) .  However, the ADFE will continue to operate over

more dispersive c~annels.

Optimizati.oa arguments aside , the ultimate results of both
the DAR and ADFE development programmes clearly support the techno- —

logical feasibility of digital troposcatter transmission. The

real questions lie in whether the DAR technique can provide the
multipath protection required even with the addition of a DFE and

also whether wider band allocations (i.e., resulting in 0.5 - 0.7

bit/cycle) can be obtained in the appropriate frequency bands to

support application of the DAR.

A5 OTHER TECHNIQUES

Other techniques such as the Viterbi algorithm (Ref. 27)

and independent sideband detection (Ref. 28) have been proposed.

However, fabrication of the adaptation circuitry for the Vitex’bi
algorithm implementation proposed for digital troposcatter, as
functionally illustrated in Fig. A12, currently has a significant
implementation risk at rates greater than 5 Mbit/s. Independent
sideband detection is relatively inefficient in its use of trans-

mitted power due to the necessity for a complex modulation scheme

(PSK/FDM/FM). Studies (Ref. 28) have indicated that, if the
Viterbi algorithm is successfully implemented at high rates, its

performance should compare favourably with that of the ADFE 
-

technique and probably be less costly due to its lack of dependence
on discrete analogue circuitry.
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APPENDIX B

DIGITA L EQUIPMENT CHARACTERISTICS

Bi MEGABIT DIGITAL TROPOSCATTER SUBSYSTEM ( MDTS)

The Megabit Digital Troposcatter Subsystem (MDTS) is a high

rate digi tal  modem developed to convert existing analugue tropo-

scatter links to digital operation . The MDTS design is implemented

as a multi-diversity 4-PSK modulator/demodulator utilizing adaptive—

feedback equalizers to combat the intersymbol interference caused

by troposcatter propagation.

• The MDTS modulator performs four basic functions (Fig. Bi).

The video interface function accepts a serial input stream of up to

12.556 Mbit/s or two parallel non-synchronous data streams of up to

6.276 Mbi t / s  each . The transmit data mix and transmit timing func-

tion synchronizes the incoming data and timing to a station fre-

quency reference with a short—term stability of at least 1 part in

io n . If inpu t t iming signals are not available, they can be gen—

erated from the incoming data . Dat a rate changes are accommodated

by changing pluggable VCXO units and moving straps in the digitally

implemented backward equalizer .

Di f fe ren t i a l ly  encoded quarternary PSK is used as the

modulation method . The modulator uses a 5-MHz station clock to

generate the 70-MHz IF signal and provides a switchable loopback

signal to the demodulator baseband ~..-onverter for maintenance pur-

poses.

The 70-MHz spectrum controller and driver function prov ides
two adjustable 0 to 50 mV outputs to the transmitter exciter and

l imits  99% of the transmitted pciwer to a bandwidth corresponding
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to either 1.0 or 1.3 bit /Hz by means of pluggable filters . The

spectrum controller also provides four controlled level loopback
signals to the demodulator IF amplifier for test purposes .

The MDTS demodulator in block diagram form is shown in
Fig. B2. Four identical IF amplifiers with AGC accept receiver
output signals from —70 to -20 dBm and provide a -10 dBm signal
to the adaptive forward filter . These ~*ii~p li fiers  operate in such
a manner t h it  the largest AGC voltage (receiver with the strongest
signal) always controls the other three amplifiers . Bandwidth

l imit ing is accomplished by a pluggable f i l ter  which is changed
fo r each data rate change .

The adaptive forward f i l t e r  is a three-tap transversal

f i l t e r  operating at 70 MHz. The function of the f i l ter  is to
diversity-combine, remove Doppler effects, and eliminate future
di g it intersymbol interference . The transversal f i l ter  we ights
are updated by correlation of the IF signals with a decision—

directed error signal. The signals on the side taps of the three—

tap transversal filter are used to form a discriminator charac -~er-

~s~~ic for tracking the symbol rate clock.

The baseband converter provides the inverse func t ion  of

the L4~~PSt< modulator , i .e . ,  it mixes the equalized input 70—MHz sig—

r al w i t h  a 70-MHz reference.  The output of the converter provides

both t he in—phase ( I )  and quadrature ( Q )  baseband s ignals. Each

signal is passed through a finite integrator and detector. The I

and Q channels are maintained separately up to the data demultiplex

operation.

The backward filter is a transversal filter having up to

five taps spaced at the symbol interval. This f i l t e r  ~~movp~ past

are updated by correlation of delayed data with the decision

directed error signal. The backward filter is digitally implemented .

j  

digit inter-symbol interference . The backward filter weights
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The data demultiplex and frame synchronization functions
provide for extraction of the one or two data streams , the order-
wire data and multiplex framing bits. The video interface inter-

faces the out-going data streams with other equipment such as time

division multiplexers .

The MDTS contains extensive built-in-test-equipment (BITE )

functions which can be categorized in three levels - on—line BITE ,
off- l ine  BITE , and test point verificat ion. On—line BITE consists
of continuously sequencing the fault monitors built into each card
and the only down time required is to change the defective card.
Further analysis of modem failures can be made by manually select—

ing 12 tests in the off-line BITE mode. Each test, when initiated , V

automatically runs through a complete cycle and indicates the

faulty card if indeed a fault is detected .

In addition to the BITE , the modem contains both AGC and

BER monitors to provide on-line indications of the modem ’s perform-

ance . The AGC monitor permits individual receive channel levels

to be observed while the BER monitor indicates bit error perform-

ance by a long-term averaging process and provides a single digit

exponent in the form of where x is 1 to 9.

82 ASYNCHRONOUS MULTIPLEXER (AN/GSC_2L4 )

The AN /GSC— 24(V) is an asynchronous time divison multi—

plexer (ATDM ) wh ich is capable of combining multi—rate digital

input streams into one composite mission bit stream of up to 10

Mbit / s . The asynchronous nature of the ATDM allows it to accept

tim ing from source instruments which is up to ± 250 parts per

million offset from the defined input rate. Optional channel cards

- 
- are available which will support CVSD voice , teletype, or signals

-k wh ich provide only data (no timing). The standard channel cards

suppor t dev ices which supply both timing and data at any rate
within the range of ‘~5 bit/s to 3 Mbit/s. The standard and op-

- - - - 
tional channel cards can be intermixed in any combination to support
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a wide range of system requirements. The prototype ATDM allows

thirty-one input channels , and the production unit allows up to
fifteen. The prototype and production models are electrically

compatible and interoperable.

All signal interfaces support ± 3 volt balanced lines

of 78 ohm impedance. Control lines are provided by relay contact

closure.

B3 PRIMARY MULTIPLEXER (TD-968)

The TD-968 pulse code modulation multiplexer is capable of

digitizing and combining up to twenty-four 300-3000 Hz voice chan-

nels . Each channel is sampled at 8000 samples per second where

each sample contains 9 significant bits. This results in 64 Kbit/s

per channel and output rates of 192, 384, 768, and 1536 Kbit/s for
3, 6, 12, or 24 channel operation. Additionally , it is possible to

output 1544 Xbit/s when in the 24—channel mode . At all rates

synchronization can be provided by the Williard code . This code

replaces the least significant bit in one of the channels on a

periodic basis and therefore requires no additional bandwidth. At

1544 Kbit/s, either the Williard code or the Bell code can be

selected . The use of the Bell code makes the TD-968 compatible

with standard D2 channel bank equipments.

Signal interfaces support ± 3 volt balanced lines of
78 ohm impedance. The loss of frame output is provided as a 5 volt

level.
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APPENDIX C

DISPERSION MONITOR MEASUREMENT TECHNIQUE

Cl GENERAL

As indicated in Chapter 1+ of this report, the use of digit-

al troposcatter modems as real-time or near—real-time indicators

of the RMS channel dispersion was investigated . The approach taken

was to evaluate the adaptive backward equalizer (ABE) control volt-

ages (which are in theory monotonica]ly related to the RNS disper-

sion) developed in each of the troposcatter modems for linearity,

dynamic range, and resolution. Figure Cl is a generic block

diagram of the multipath monitor circuitry which was used in the

Combined US/NATO Troposcatter Test Programme.

A troposcatter media simulator was used to calibrate the

dispersion monitor ~ircuits of the DAR and MDTS under known and

controlled conditions where the RMS dispersion could be varied

over a broad range. This approach was considered more appropriate

than an attempt to observe the performance of the monitors over a

more restricted dispersion range encountered on an actual test link

using RAKE multipath analyzer measurements as a reference. Further ,

since simultaneous RAKE and digital modem operation over the same

transmission channel is not possible , simultaneous correlation
between RAKE and the multipath monitor would also not be possible.

Since the RMS dispersion can be more accurately controlled in the —

media simulator than measured via the RAKE on an actual link ,

evaluation of the multipath monitor function using the media sim-
- 

- u i l a to r  was fel t  to be more appropriate.
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C2 DISPERSION CALIBRATION

The dispersion calibration was in two parts . The first

part centred about a determination of the multipath monitor dynam-
ic range, linearity, and resolution under essentially normal

channel conditions. For this test, a mean Eb
/N
o 
of 15 dB (per

explicit diversity branch) and an RMS fade rate of 2 Hz were used.

A number of multipath profiles, and their associated tap settings,

are shown in Fig. C2 to C5. The MDTS calibration was accomplished

at 6.3 Mbit/s since the two MDTS modems which were available were

configured at that data rate. Although MDTS testing on ACE High

was also accomplished at other data rates, the calibration curve

was affected only slightly by a data rate change. The DAR calibra-

tion was accomplished at 7 Mbit/s, which represented the highest

data rate achievable with the DAR technique.

Figure C6 plots the output of the MDTS multipath monitor

for various values of iS
a , or 2a dispersion. The variance of this

voltage is indicative of the short-term variation in dispersion

which can be expected to be observed on an actual troposcatter

link .

Figure C6 shows that the 1-s time constant low pass fil-

tered monitor output is reasonably linear and exhibits a usable

dynamic range of the order of 300 ns.

The second part of the dispersion monitor evaluation

centred about a determination of the sensitivity of monitor per—

formance to variat ions in transmission conditions. The MDTS

dispersion monitor was shown to provide different performance in

non, dual , or quadruple diversity and at mean Eb/No of from 4 dB
to 40 dB (per diversity branch) . Therefore , three relationships

between monitor output and dispersion were developed and are given

in Table Cl. At values of Lb/N o less than 4 dB , the voltage output
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of the MDTS dispersion monitor decreased (thereby decreasing the
resolution of the monitor) until it reached a level slightly less
than the non-fading reference at 0 dB mean E

b/No.

Table Cl

z
S S

Diversity I S

Non 0.75 1.10 x 10 2

Dual 1.10 3.67 x

Quadruple 1.10 1.04 x l0~~

IY/A . 
-

- DISPERSION
- MONITOR

MOTS 
__ OUTPUT

BACKWARD
EQUALIZER

D/A

_ I

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

_  
_ _ _ _ _

Fig . Cl MDTS dispersion monitor
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Fig. C6 Dispersion monitor calibration
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APPENDIX 0

DIGITA L TAPE RECORDING FACILITY

Dl INTRODUCTION

A digital tape recording facility was provided for the
tests to permit all relevant data to be stored for subsequent off—

line analysis. The recording was done on IBM/ASCII computer-

compatible ~~“ digital tape. The recording system was semi auto-

matic in the sense that the test operator was only required to

start and stop the recorder for each test run and to set certain

codes on a thumbwheel switch array as an indication of the equip—

menu configuration currently being tested. Time was automatically

recorded on the tape at regular intervals.

Although , in a sense , the digital tape recording system has
been tailored to the specific requirements of the current tests, a

considerable amount of flexibility has been built into the system

to allow for later reconfigurations.

D2 REQUIREMENTS

The data signals to be recorded on digital tape are those

shown in Table Dl. All data was sampled at intervals of 100 ms to

permit resolution of most fast fading phenomena. Time recordings

were accurate enough to allow individual samples to be identified
unambiguously against absolute time.

It is considered that 8—bit resolution is adequate for all

are adjusted individually for each channel to permit good utiliza—
- ~~~~ analogue channels, provided the gain and bias of the AID converters

tion of the available dynamic range .
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Table Dl

Test data to be recorded

Analogue (A )  or No. of bitsData source Digital ( D )  required

RSL amplifier No. 1 A 8

RSL amplifier No. 2 A 8

RSL amplifier No. 3 A 8

RSL amplifier No. 4 A 8

Multipath indicator A 8

Modem BITE SNR A 8

Error counter D 24

Loss of sync. indicators D 8

D3 CHARACTERISTICS OF THE TAPE RECORDER

The 9-track dig ital tape recorder used for the recording

facility has built-in data buffers and control circuitry for format—

ting the tape in a computer-compatible format. The maximum physical

record size is 2048 characters but , due to the buffers, data can be
fed continuously to the recorder at a maximum speed of about 15000

8—bit characters per second . Inter-record gaps are written automat-

ically and imperfections in the tape that might cause a loss of data

are avoided by means of read—after—write checks during recording.

Because of the many built-in facilities of the tape recorder

the design of the associated interface unit is greatly simplified.

The interface unit is thereby essentially reduced to a data conver-

sion and multiplexing device .

The essential technical characteristics of the digital tape -

recorder are given in Table D2 .

H.
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Table D2

Summary of technical characteristics

Digi tal tape recorder:

Standards : IBM , ASCII
No. of tracks : 9

Data density : 800 bytes/inch

Tape format NRZ 1

Maximum record length : 2048 characters

Maximum average synchronous data rate: 15000 characters/
second

Maximum peak data transfer rate : 200000 characters/
second

Reel size : 8~ inch ( 1200 f t)

Interface unit

No. of inputs : 16

Types of inputs : Ana logue or dig ital

Analogue inputs : Bipolar or unipolar, 2.5 V , 5 V , or
b y

Digital inputs : TTL

Clock outputs : TTL

Channel enable/disable : Any combination

Sampling rate : 10 samples/second (other rates may
be selected)

Frame preamble : 16 characters

P Frame length : 127 sub—frames ( other lengths may
be selected)

P Sub-frame length : Equal to number of enabled chan-
- - nels

External frequency input : 5 MHz , 0 dBm into 50 ohms

Clock reference output : 5 MHz, TTL
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D4 OUTLINE OF TAPE RECORDER INTERFACE UNIT

The interface unit sequentially samples up to 16 input

ports at a rate selected by the test operator via a front plate

control. The input interface circuitry is arranged in four groups
of four channels. Each group can be configured for either analogue

or digital inputs. For the current tests the interface unit is

equipped for eight analogue and eight digital channels.

Channels can be enabled/disabled in any combination by

means of 16 two-position switches on the front plate. Disabled

channels are omitted from the sampling cycle, and they do not

occupy space on the tape .

At regular intervals , a time indication is recorded on the

tape , together with the status of eight hexadecimal thumbwhee].

switches on the front plate. These switches allow the test opera-

tor to record a certain amount of side information describing the

precise test conditions , thereby facilitating cross-reference

between the test log and the tape recordings. Examples of such

information are :

- Modem un der test

- Data rate
- Diversity configuration

- Test run number

- Calibration run .

Time indications are in the form: day , hour , minute , second , tenth—

of-a-second .

D5 TAPE FORMA T DEFINITION

The tape is arranged in a frame format in which each frame

consists of a preamble followed by a variable number of sub—frames

(selectable by a fron t plate switch) . Each sub—frame consists of
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one 8-bit character from each enabled input port. This basic for-

mat is illustrated in Fig. Dl(a).

The frame preamble consists of 16 characters, assigned as

follows :

1- 4 : Pseudorandom sync pattern
5- 9 : Time

10-11 : Port status information ( enabled/disabled)

- 12 : Sampling rate/frame length

13—16 : Operator codes .

For character no. 12, the relation between the hexadecimal codes
and the actual sampling rate/frame length is defined by means of
a PROM~. In this context , the frame length is taken to mean the
number of sub—frames per frame , since the length of a sub—fram e is

uni quely determined by the number of enabled channels.

Details of the preamble and of one sub-frame are shown in

Fig. D1(b).

For normal test operation , the number of sub—frames per

frame is set equal to 127 and one frame corresponds to one physical

record on the tape .

During off-l ine processing of the tapes, a search for a

particular data sub-set can be based either on the time indications

or on specific operator codes which characterize that sub—set .

D6 INTER FACE UNIT IMPLEMENTATION

A functional block diagram of the interface unit is shown

in Fig. D2. The interface unit consists of four functional sub—

uni t s :

5Prog rcmvi~ ble Read Only Memory

— 
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PREAMBLE
16 CHARACT ERS 

- (32 BITS)

SU B-F RAM E NO. 1
M CHARACT ERS TIME

.-~ I (~ O BITS )

SUB-FRAM E NO. 2
M CHARACT ERS

________________ 
PORT SEL EC T ION

(16 BITS)
SAMPL. RATE/FRAME LENGTH 

_______________

OPERATOR CODES ________________

(3 2 BITS) 
________________

S S

1 CHARACTER
FOR EACH
ACT IV E PORT

S I

• I

SUB-FRAME NO. N
• N CHARACT ERS

DIR ECTION OF

PREAMBLE 
TAPE MOVEMENT

16 C H A R A C T E R S

SUB-FRAME NO. 1 
~ TRACKS

U-

(a) ( b )

78903 -

a
-A

Fig . Dl Tape format
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- Interface circuitry for data inputs

- Multiplexer and preamble generator
- Multi plex control circuitry
- Time clock.

Data interface circuitry

As previously explained , both analogue and dig ital test
data are accepted. For analogue data, an 8-bit A/D converter

having adjustable bias and gain is provided for each channel.

Digital inputs accept TTL-compatible data. A clock signal is

provided by the interface unit to the data source; the current

sub-frame count is available at the input connector to allow data

sources to sequence their data in a suitable format within the
frame, if desirable. All digital data sources must be synchronized

to the clock of the interface unit. However, as explained below,

this clock can be locked to an external 5-MHz standard.

Multiplexer and preamble generator

Two 8-bit, 16-input data selectors perform the multiplex-

ing of test data and the generation of the preamble, respectively .

The outputs of these two multiplexers are combined in a 2—input

data selector and fed to the tape recorder.

Multiplexer control circuitry

This sub-unit serves to generate the appropriate frame

format on the basis of the setting of the associated front plate

controls. These controls are:

• ( a )  Sampling rate
(b )  Frame length
(c) Port enable/disable (x 16)

(d) Reset

[ ( e)  Run H

~~~ ( f )  Hold
(g )  Record single frame .
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I
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I S

DATA CHANNEL DATA
SELECT 

A SELECT

_ _ _ _ _ _ _ _ _ _ _  
16

- DATA

EXT. ! INT. DISPLAY 

SELECT

SYNC. 
— 

- — —
S

CW S-MHz TIME
CLOCK COUNTER 
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_ _ _ _  
RECORDER

EXTfRNAL 

OPERATE 
1E~~

LING RATEJ............ - 

SEQUE~~~~~~~~~~~TROL

}.>-~~- ‘if CONTROISJ

I PORT SELECTION
78104 1

Fig . D2 Tape recorder interface unit
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Remote control is possible for the four operating controls (d)

through (g).

Time clock

Timing is based either on an internal 5—MHz clock gen-
erator or on an externally supplied 5—MHz CW signal , as selected
by a front plate switch. The time counter has a resolution of 0.1 s

and can be set by mean s of a pushbutton and/ or an external reference
pulse . A 5-MHz TTL clock signal is available from the interface
unit .

The main technical characteristics of the interface unit
are summari zed in Table D2 .

D7 TAPE CONSU MPTIO N

The tape recorder accepts 8k-inch reels with 1200 f t  of tape .
It will write at a density of 800 bit, iflCh . The following example
provides an estimate of the play ing time for one reel of tape:

Sampling rate : 10 samples/s - -

No. of enabled ports : 10

No. of sub-frames per frame : 127

Given the above facts:

1 frame 16 + 127 x 10 1286 characters

Frame repetition rate 10/127 frames/s

Length of tape per frame = 1286/800 1.6075 in

Inter-record gap 0.6 inch

• Average tape consumption per second
10 x ( 1.6075 + 0.6)/127 0.174

Playing time for 1200 ft 1200 x 12/(0 .174 x 3600) hours
23 hours

t 

This example demonstrates that a full day ’s measurements can be
stored on a single reel of tape.
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APPENDIX E

CCIR TROPOSCATTER PATH LOSS PREDICTIONS

El GENERAL

The predictions outlined in this appendix are based upon

CCIR Report 244—2, New Delhi , 1970, the notation of which is used

in the following calculations. Climate type 6 ( continental tern-
perate) with N

5 320 is assumed for both test links.

E2 C-BAND TEST LINK

To evaluate the annual median transmission loss (Section 2

of Ref. 5), the following parameters are obtained from the link -

characterist ics given in Chapter 2 of the main text:

f = 4500 MHz

d = 170 km

h 36mte
h 1370 mre

= 3.24 mrad

G + G  81 dBt r

The effective antenna heights, hte 
and hre) above the foreground

terrain have been estimated from the path p ro f i l e -  From the se

estimates , the effect ive distance (as defined in Ref . 5) is f ound

to be 86. 7 km. The two correction terms required in the path loss
• calculation are V(d

e
) 0 dB and F(ed ) 126 dB. A significant

uncer ta in ty  arises from the estimate of aperture—to-medium

coupl ing loss: while the value given in Chapter 2 is only 0.3 dB , -

the CCIR prediction is 6 dB. In the following, aperture-to-medium

a

r a
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coupling loss for this link has been neglected. The annual median

transmission loss is then found to be:

L(50) 30 log f - 20 log d + F(ed) - Gp - V(d
e
)

109.6 — 44 .6  + 126 — 81 — 0 110 dB

The long-term variability of path loss is estimated by the

procedure given in Section 4 of Ref. 5. For g(f) = 1.0, the depart-

ures from the median path loss are found to be:

Y( i% ) 10 dB Y( g g %)  —7 dB

Y(0.ol%) 20 dB Y(99.9%) —11 dB

The predicted annual RSL distribution , corresponding to a nominal

transm it power of 1 kW , is shown in Fig. El. The median RSL is

determined as follows:

Median RSL (dBm) Tx power (dB ) - Feeder loss (dB )
- Median path loss (dB )

From Section 5 of CCIR Report 238-2, the transmission loss not

exceeded for 99% of the worst month is determined to be 14 dB higher
than the annual value.

The standard error of prediction is indicated on Fig . El as

determined from the relation

= /13 + O. 12Y 2(1) dB

where ~ is the percentage of time.

Note that if the CCIR prediction of aperture-to-medium

coupl ing loss is used , the RSL distribution shown in Fig. El is
shifted down by 6 dB.
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E3 UHF TEST LINK

The parameters used for the UHF link are:

f = 900 MHz

d = 287 km

h l575 mte
h = 870 mre
0 45.3 mrad

G = G 92.6 dBt r
G 80.2 dB
p

Using the procedures described above, de 
= 115 km , V(d ) = 2 dB,

and F(®d) = 172 dB. The annual median path loss is then 129 dB and

the departures for other percentages of time are:

Y(l%) = 16 dB y(99%) —11 dB

Y(0.l%) = 27 dB y(99.9%) = —17 dE

The resulting RSL distribution is shown in Fig. E2 for a nominal

transmit power of 10 kW.
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E3 UHF TEST LINK

The parameters used for the UHF link are:

f = 900 MHz

d = 287 km

h 1575 mte
h 87O mre
0 = 45.3 mrad

G = G 92.6 dBt r
G = 80.2 dB
p

Using the procedures described above, de 
= 115 km , V( d ) = 2 dB,

and F(Od) = 172 dB. The annual median path loss is then 129 dB and

the departures for other percentages of time are:

Y( l %)  = 16 dB Y( 9 9 % )  = —11 dB

Y(0.l%) = 27 dB y ( 9 9 . 9 %)  = —17 dB

The resulting RSL d stribution is shown in Fig. E2 for a nominal

transmit power of 0 kW.

a
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APPENDIX F

PREDICTION OF THE DIFFRACTION LOSS ENCOUNTERED
ON THE LINK IDGZ-AFEZ USING A DOUBLE-EDGE

APPROXIMATION FOR THE PATH PROFILE

The path profile shown in Fig. 4 of the main text can be sim-

plified for the present purpose as shown in Fig. Fl. By a method

discussed in Ref. 23, the total path loss is calculated as follows:

L 1 = L
f 

(AC) + L
d 

(ABC ) - Lf (BC) + L
f 
(BD)

+ Ld 
( BCD) (F l )

where Lfs denotes f ree space loss , Ld denotes single-edge dif-
fraction loss above free space loss, and the letters in brackets

refer to the peaks indicated in Fig. Fl.

The first step is to calculate the angles indicated in

Fig. Fl. The calculations are tedious , but straightforward , giving :

V 1 = 0.84° V
3 0.77°

V2 = 0.49° V14 = 0.50~
U1 = 1.33° U

2 
z 1.27°

O = 2.60° (F2)

The single-edge diffraction terms in Eq. (Fl) can be deter-

mined using an approach given by the CCIR (Ref. 5):

Ld = 12.95 + 20 log
10 v (fo r v >> 1) (F3)

where v / j~
. tan V

1 tan V
2

considered

X is the wavelength . S 

-

d is the total distance of the single-edge path
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For Ld(ABC) and Ld(BCD) respectively :

v = 10.75

L
d
(ABC ) = 33.6 dB (F5)

and

v = 13.18

L
d
(BCD) = 35.4 dB (F6 )

The three free space losses are found to be:

L (AC) 135.3 dBfs
Lf$ (BD ) = 139.4 dB

Lfs(BC) = 131.3 dB (F7)

when these are substituted in Eq. (Fl)

L t l  = 212.4 dB (F8)

The following power budget calculation establishes the expected

RSL at AFEZ from the diffraction mode under the assumption of ideal

knife edges:

Transmit power ( 5  kW )  s 67 dEm

2 x antenna gain + 92.6 dB

Feeder loss - 3.4 dB

Path loss — 212.14 dB

Estimated RSL - 56.6 dBm (F9 )

A further point of interest is the delay difference

bet ween the diffraction component and the troposcatter component.
Thi s difference can be determined easily by calculating the path

length difference 1-etween the path from B to C following the horizon

rays and the direct path BC:

S

- 

I 
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rcos(U1 — 

U 2 )/2 1

= BC I— — ii
Lcos U1 + u2)/2 .1

BC 2 sin(U
1
)/2 sin(U 2 )/2 = 23.7 in (FlO)

So the corresponding path length difference is:

liL 23.7 mt = — = = 79 ns (Fil)c 
3.108 m/s

p

a

a

I
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APPENDIX G

SHORT-TERM DISTRIBUTION OF RSL

FOR A WIDEBAND SIGNAL SUBJECT TO FREQUENCY SELECTIVE FADING

Gi FLAT FADING RAYLEIGH CHANNEL

Consider a signal having an ideal Rayleigh fading envelope

with  the probability distr ibution function :

P (X) = -
~~

— exp {_ 

~ 
U(X) (Gi)

a2 202

where U(X) is the unit step func t ion ,

U(X) = (G2)

The power of the signal , z = x 2 , has an exponential probability

distribution ,

P ( Z )  = —.
~
-— exp(- .—

~~
—)  U ( Z )  (G3)

Z 2c~ 20 2
.

From (G3) it follows directly that ,

E(Z) = 202 (G4) *

Var(Z) 4~ 4 (G 5)

and Median (Z) = 2o2ln2 0.693E(z) (G6)

Equations (04) and (G5) show that the standard deviation of the

power equals the mean power, while (04) and (G6) establish the well—

known result that the median power is smaller than the mean power by

a factor of 0.693 or approximately 1.6 dB.

Y is defined to be the power expressed in decibels , i.e.,

= log10z (07)

I
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I

The distribution of Y is easily shown to be:
a lnlO Z ZP ( Y ) = 20 

— exp(- 
~ )  (G8)

0 2a

where Z is given by the inverse of (G7). This distribution is

plotted in Fig. Gl. A feeling for the dynamic range of the dis-

tribution can be obtained from observing that the difference between

the 10% and 90% percentiles is 13.4 dB.

02 FREQUENCY SELECTIVE FADING

Assume for simplicity that the power of a wideband signal

subject to frequency selective fading can be represented by the

• sum of the powers of n independent, Rayleigh-fading signal compo—

Dents of equal powers. In precise terms, (n) is the ratio of sig—

nal bandwidth to channel correlation bandwidth. The channel cor-

relation bandwidth, is related to the 2o dispersion , 6 , since

the frequency correlation function and the delay power spectrum are

Fourier duals. Thus , given a value of 6~ , which can be calculated

from the delay power spectra itself , an estimate of 
~
2c 

can be

obtained from:

(G9)

Figure G2 shows exact calculations of ~2 and 6 based on the mod-c S
ified Bellow model with the approximate relationship given in (G9).

Based on (G3) and (G9), the probability distribution of the total

power, Z, of a frequency selective fading signal can be shown to be:

r z i
P (Z) AZ’~~

1 
expi— —~— I U ( Z )  (010)

Z s L 2o2J

1 Z
where A = and Z = —

(202)fl r (n )  
S fl

I
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Fig. 32 Relationship between inultipath dispersion
• and correlation bandwidth
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Note that o2 is the variance associated with each of the component

signals as given by (01). The distribution of the total power in

decibels is:

P
~

( Y )  InlO A Z~ ex~ {_ 
~~2] 

(012)

where , as before, Z~ is given by the inverse of (07) .  For 1:1,
(Gb ) reduces to (G3), and (Gil) to (G8).

The function F
y
(Y) is plotted in Fig. 03 for n 2  and n3.

It is straightforward to show from (01) that ,

E(Z) = 202,,

and V ar (Z)  = (202)21,

from which it follows that the standard deviation normalized to the

mean is simply -)

~
. For r i l , 2 and 3 , this  ratio is 0 dB , —1.5 dB ,

and — 2. 14 dB , respectively.

Provided a received signal is a pure troposcatter signal

without significant specular components, the amount of dispersion

on the channel can then be estimated by comparison of the observed
V

short-term RSL distributions with the distributions shown in Fig. G3.

‘

V

a
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a

APPENDIX H

I CCIR DIFFRACTION PATH LOSS PREDICTION FOR THE C—BAND TEST LINK

I

In this appendix , the diffraction loss encountered on the

C-band link , ABHZ-AFEZ , is predicted on the basis of CCIR Report

570, Geneva 1974 . The link will be modelled as an ideal knife-edge

diffraction link (Fig. Hi).

I 

is~ s

I Fig . Hi Single knife-edge path profile approximation
for the C-band link

a
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I

The pertinent link parameters are taken from Chapter 2 of -

the main text :

d1 = 43.2 km

127 km

h1 
= 459 m

h2 = i470 m

= -1.57 mrad

U
2 

= -14.2 mrad

where u1 and u2 are the horizon angles. The angles v1 and v2 are

determined as follows:

_____ 
dv1 u1 + [— d 

+ 

~
_] 2.148 mrad

v
2 

= u2 + 
[

hh
1~~2 + . J  = 0.77 mrad

where a is the effective earth radius , 8500 km. The variable v ,

defined in Report 570 , becomes

tan v1 tan v~ = 3.18

from which the resulting basic transmission loss is 173 dB. The

corresponding RSL value is shown in Fig. El, together with the

troposcatter predictions .
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APPENDIX I

ON THE SEPARATION OF A RICE-FADING CHANNEL
INTO A RAYLEIGH-FADING AND A NON-FADING COMPONENT

This appendix derives a relationship that permits the power
ratio between the non-fading and the Rayleigh-fading components of

a Rician—fading signal to be determined given a knowledge of the

ratio of standard deviation to the mean of the composite signal.

The output signal of a Rician channel may be thought of as

consisting of two quadrature Gaussian signals plus a constant sig-

nal which for convenience may be taken to be in phase with one of
the Gaussian components (Ref. 17). If the two quadrature compo—

nent s of the Rician signal are denoted X 1 and X 2 , it follows that

X
1 

and X 2 are independent random variables with density functions:

x 21 I 1f (X ) = e x p j —  —I ( I i )
1 1 L 2°~Ja 2i~

1 1 ( X  —m)21
f (X ) = exp l— 2 ( 12 )

2 2  
~~i~~

•;;
~ 

L 20 2 J

where it can be assumed without loss of generality that m > 0.

The powers of the two quadrature signals, def i n ed as z
1 

= X
1
2 and

= X
2
2, are also statistically independent random variables. The

total  output power of the Rician channel is Z = Z
1 
+ Z2 .

By simple transformations , the density functions for Z1
and Z

2 
can be shown t o be:

z
P 1(Z 1

) = 
____ 

exp (— ~~~~ U ( Z  ) ( 13)
a/21TZ1 202 1

I
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~ r (~T_m )2 (/ ~~+m)2 1
P (Z ) 

____ 
I exp(- 2 

~ + exp(— 2 ) I U ( Z  ) ( 14)
2 2 2ov’2wZ L 202 202 

J 

2
2

where U ( Z )  is the unit step function,

•1 —U ( Z,  —

From (13), it is easy to show that

E {Z 1} = o2 (16)

Var {z1
} = 2a~ (17)

The same results follow as special cases of the follow ing calcula-

tions for z
2
.

The evaluation of the moments of Z2 involves the following

• integral:

~ n( Z I (if ~~m) 2 (/ m) 2
I = j  exp (— ) + exp (— ) dZ (18)

0 2oV’~~~L 202 202

which , after the substitution t = J~~~, becomes

i = f° -
~~
-

~~~~-- [exP(_ 
(t -m)2 

+ exp(- (-t+m ) 2
)] dt

0 a/~~ 202 20 2

____ 
( t— m)-

= f exp(- ) d t
0 202

+ 
~ 

t2n 
exp(- 

(t_m )2) dt
fl 0I~~ 202

+ 
~~ 

exp(- (t+m)2) dt (19) 
-

0 0v’~~~ 202
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After another substitution in which the arguments of the exponen-

tials are denoted —u , the following expression results:

= f (m+/2a~u)~
r
~ + (m_ 1202 u) 2n  

du (110 )
0 2/~c

This integral is easy to evaluate for n equal to 1 and 2. The
results are:

n = 1:

E {Z
2
} = m 2 

+ ~2 ( I l l)

n = 2:

E {Z2
2 } = m L 

+ 6m 2a 2 + 3o L
~ ( I l l)

so that

Var{Z
2
} = 2o l~ + 14m 2 a 2 ( 113)

Si nce Z 1 and Z 2 are independent , the mean and variance of Z are
simply :

E {Z } = E {Z 1} -i- E {Z~ } = 20 2 s m~ (rl4)

I

Var {Z } = Var {Z 1
} + Var {Z 2

} = s Lfm~o
2 ( 115)

The ratio of standard deviation to mean of the Rician signal is

therefore

20h2 +0 2 
(116)R 2o2 + m 2

or . = (117 )

where y — 
- 

(118)
20 2

is the desired pc”~~r ratio between the non-fading and the Rayleigh-
-

Vi-
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I

fading components. Solving for y:

y = R2 +R/~~~~ —1 (119)

which is the desired result.

Figure 11 shows two curves representing the power of the

specular signal and the power of the Rayleigh signal in dB relative

to the power of the composite signal. These curves correspond to

the fractions y/( 1+y ) and 1/( 1+y), respectively .

I
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APPENDIX J
I

MULTIPATH DISPERSION FOR MIXED-MODE PROPAGATION

On the UHF link the received signal was composed of a scat-
ter component and a specular component. The path delay difference,
i- , between the two components has been shown to be 79 ns (see

Appendix F).

The multipath dispersion, 
~~~‘ 

(2a value of the delay power

spectrum) for the combined signal depends on the ratio of specular

to scatter component . can be calculated , if a particular shape

of the delay power spectrum is assumed for the scatter signal.

The delay power spectrum D (x ) ,  predicted by the Bello model
can be closely approximated by:

D ( x )  = exp(- /~x/a ) (J i)
o2

where 2a is the multipath dispersion of the scatter signal.

P The mean in of x is given by:

m = I 
2~ . exp(- ñx/o ) dx = a ( J2 )  -

0 o2

The delay power spectrum, D
~

(x ) ,  of the combined signal is com-
posed of D(x) multiplied by the power , P~~, of the scatter signal
and a delta function at x -t with the power, P , of the specular

F’ I S~~
component (with P + P 1).

SC Sp

---p
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The mean , m
~ , and the standard deviat ion , o~~, are then

given by:

in = P r n — P  t (J3)
c Sc S~

= ~ (o2 + m 2 )t P t2 — m 2 (J14)
C SC S~ C

The combination of Eq. (J3) and (J14) gives:

2 = o2(l+2P )P + 2/~ otP P + t2P P (J 5 )
S~ SC S~~~SC SC SC

Let y 
~sp”~sc (J 6)

then = y/(li-y)

= l/(l+y) (J7)

With these values for the specular and the scatter components, 0 2

becomes:

1 
{(1+3 y)o2 + 2I ~ aty + t2y } (J 8)

( 1+y) 2

The multi path dispersion , ~~ = 2o~ , has been calculated

for the range of multipath d ispersion expected on the UHF-link and
is shown in Fig. J1.

I

‘ ,

It can be seen that the maximum increase in inultipath

dispersion caused by the specular component is about 70 ns. As

expected , the multipath dispersion of the combined signal is actual—

ly less than that of the scatter component for large ratios of

V P /P
S~ Sc

1,1 ~
‘ 

-i
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