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SECTION 1

D~TRODUCTION

1.0 General Overview

In support of the evolution of the Defense Caanunicat ions System (DC8 )

t~~iards a system based entirely on digital ~ ‘ansmission techniques , various

Depar~ ient of Defense (LOD) agencies have been tasked with the development

of advanced digital conTnunications equiçlrients . These include Pulse Code

Modulation Devices (USA : TD968) , Asynchronous Tine Division Multiplexers

(USAF : AN/G SC-24) and Group Data Modems (USAF : AN/USC-26). Prior to the

introduction of these equip~ients into the terrestrial DCS , the Defense CaT.-

muriication Agency ( DCA ) desired that their tandemed performance be evaluated

in ncrL-operatiana . digital network configurations. The Rare Air . DeveloprrLent

Center (P~L X )  was tasked with thi s syster testing . The test phase reported

herein is identified as Phas€ I. Phase II concerns cross-polarization opera-

tion and will ~ dealt with in subsequent reports.

The intent of the evalua t ior. is to ascertain the expected perfc~~a~cc of

the equipirents for envisioned DCE’ system conf igurations , to ident if y pctc:.-

tially troublesome interface problems , to establish overall system tolerance

limits and where possible come up with recomendations for overcoTinj Cr

rninimizin~ problem areas .

Lerc’e i.nventori~~ cf e~~~~~e’~ ex ist at ter’L-..~lr ~~~~~gncJt the 5.

Because of costs involved and t~~c required to ncdifv or r€n~~ ce exi~ tir.:

equi~~ent s , optiiral configurations cannot always be obtained , I ew ec~.~L: -

inent s are often interfaced with previously installed and perhaps ~~~~ ies~

1 
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sophisticated equipr~ents. Present tran~nission requirements are predczni-

nan tly voice band in nature and are accorri ~~date d in the DCS LOS tran~ riis-

sion system with conventional FTh/R1 technology . Conversion from this

technology to PCM/TD~’JFM or PQI/TEM/W technology , in which all voice barx~

informat ion is converted to a digital form before tran~~ission , represents

a furd~~ental change in the method of tran~~ission and introduces a

number of system design considerations and alternatives Cl] .

This report presents an in-depth experimental analysis of the trans-

mission of high cuality digital traffic using an ~Tt1 type microwave radio

system. After describing the equip~~nts and test facility , the area is

investigated from the point of the microwave irodem’s rrcdulator to its

dert*~ulator . This establishes the basic capabilities and limitations

entailed in the passing of digital traffic in the FEtI radio system envi-

ror.ment. Then performance parameters are obtained for typical digital

syst em conf igurations to be expected within the terrestrial DCS . A com-

parison of results evidences any degradations caused by the new equipz~ents.

The overal l emphasis is on deter mining what can be done with existing

equipm ents and forming a foundation for overcoming existing technological

deficiencies rather than on develop ing opt imized systems .

Since a great deal of additional work rel evant to digital communication
over the line-of-sight (LOS) microwave media has occurred during the testing

and document ation period it is worthwhile to indicate the present status of

such comunications . This is done In the summary (Section ‘.3).

2
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S~~rION 2

~-IASE I EOUIT~~~TS A”~D TEST FACILTTh’

2.0 Introduction

The characteristics of the TD9C8 arid A~ /GSC_ 2L~ are covered in detaIl jr

Phase I interim reports t2-t~] and the AN/USC-2 6 is described in references

5 and 6. Thus, these equipm ents while an integral part of the test progran

are riot specifically described in this report.

The RADC dig ital microwave test facility which was established and the

two types of microwave noderns which were procured to carry out the Phase I

testing are covered in detail in references 7 through 11. Hc~ever , it is

worthwhile to sunTrlarize the general characteristics and capabilities c-f the

facility and associated equipments because of their interplay with the

tests described in this report .

2.1 RADC Digital Microwave Test Facility

The RADC digital microwave test facility during the Phase I test i~i 
con-

sisted of three sites interconnected by microwave radio. Their relative

locations are shown in Figure 2.1. The e uipmnent at the Verona Test Annex

was subsequently rroved to the Ava Annex to obtain a longer path for present

and future test programs .

The test bed includes four rr~dified Philco Ford Model LC-8D Radio Sets

with eight cross-polarized, 6-foot diameter antennas in dual space diversi tv

operation . In addition , a simulator assembly, which provides the capability

to vary certain critical microwave radio parameters to analyze their effects

on high speed data, was implemented for use in con j unction with the radic-

set at Griffiss AFB.

3
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The general characteristics of the radio set when used for conven-

tional FTh traffic and the ranges of parameter control possible with the

simulator assembly are listed in Tables 2.1 and 2.2 , respectively.

Detailed characteristics for the LC-8D are given in the T.O. manuals.

The radio sets at Stockbridge and Verona can be conf igured either as

IF hetervdyne repeaters or for baseband digital dropping. The two radio

sets at Stockbridge may be arranged as dual space diversity IF heterodyne

repeaters with hot standby or may be configured to permit either simul-

taneous transmission to Verona and Griffiss or as a loop back to Griffiss.

The radio set at Verona could be configured either as a terminal or to

provide a loop back through the Stockbridge repeater . The radio and

associated simulator at Criffiss has the capability to originate arid ter-

minate traffic as ~~ll as to vary certain transmission path parameters sc

as to simulate microwave multiple hop effects. The simulator also con-

tains a translator which provides an RF loop back test ing capability :

either RI’ transmitter output can be translated in frequency and looped

back to either RF receiver. Such a capability provides a very stable media

for nodem performance evaluations. Addit ionally,  it signif icantly simpli-

fied the test setup for determining the effects of various interfering

signals as will be described in subsequent sections of the report .

The RADC microwave test bed provides a facility to qualify new equi p-

ments for potent ial DCS applications, to provide parameters for future

development, to yield information needed to develop standards arid to

provide perfor~~nce and equipm ent specifications required for acquisition

of new equipmr€nt. Aspects of each are entailed in the Phase I results.

5 
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TABLE 2.1: LC-8D Radio Characteristics

Characteristics

Radio Frequency 7.125 to 8.400 GHZ

Transmitter Frequency Stability tO .0005% (does not include
IF ccmnponent )

Receiver Frequency Stability + 150 kHz

Repeater Frequency Stability + 314 k}lz

RMS Per Channel Deviation Adjustable up to 200 kHz RMS

Transmitter Output Power Rating 5.0 W (+37 den) (miri at output
flange)

Hot Standby Switching Time 10 u s

Receiver Noise Figure 12.0 dB maximum

Receiver N C  Dynamic Range 55 dB

Basebarid Frequencies:

Multiplex 20 to 25k0 kHz , + 0.5 dB

Order’wir’e 300 to 4000 Hz , + 1.0 dB

Supervisory 4000 to 12000 Hz , + 1.0 dB

Pilot Tone Frequency 3.2 MHz

Receive/Transmit Separation 100 MEz (ncmiinal)

Intermediate Frequency:

Center Frequency 70 MHz

Output Frequency Stability + 68 k14.z

Input / Output Level +1 d~n + 0.5 dB ( 0 .3V )

Input/Output Impedance 75 o)~ns

6 
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TABLE 2.1: LC-8D Radio Characteristics ( Continued )

Iten Char acteristics

Output 2nd Har ,i~ nic Rejection Equal or greater than 140 dB
(deviator output )

Basebarid Levels:

Multiplex In put -48 d~ii to -15 d~ n

Multiplex Output -35 d~n to -14 d~~
Supervisory input , terminal -35 d&~i to -10 d~ s

Superviso ry input , re peater -40 d~~ to -30 d~ n

Supervisory Out put -35 d~ n to -14 d~ n

Input and Output Impedances :

Baseband ~~ ohms , unbalanced

Supervisory 75 ohms , unbalanced

Pmb ient Operating Conditions :

Temperature 32° to 122°T (0° to 50 °C )

Altitude 15 ,000 ft (max )

Relative htrriidity 95°t (max)

7



TABLE 2 .2 :  Simulator Characteristics

:~em C~~racteristics

PrL~’ar’, Pc~~r Re~uirerients 120 VAC Single-phase, apprcxix~~tely
1200 watts

(:~L’~u1atcr and Radio Oet LC-H ):

ulation of Path Losses: SO dB

V~iriat icrs of  ~~~ u~ritter P~~er: 0:1

~~~u 1at icn of IF ~~p 1itude Response : 0 to + 7 dB in 1 dB steps

~~~.uLiticn c-f Trcu~ Tei~w2~’aracteristics: Paral ol ic: 0 to 31 nsec in 1 r.sec steps

Linear : 0 to 31 nsec in 1 nsec steps

Variation of Demodulator Linearity : 0 to + 8~ adjustable

P L- ulation of Phase Jitter: 10 degrees

2.~~e~a~d iz~~ idth Capability: 20 :~ to 1C ~~z

~~~~ i~- or1ied : (~ ) 60 ~Fz to 2.8 ~0~:

(2) 20 to ~.5 ~~‘z

(3)  20 ~: to 10 ~-0~z

8
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2.2 Microwave Modems

The 1.C-8D radio set may be interfaced at either baseband or at the

70 MHz IF. As will be evidenced by a canparison of test results there are

bit error rate performance advantages to an IF interface . However, certain

radios within the DCS , the FRC-80 , FRC-l09 and FRC-155 through FRC-162,

may only be interfaced at baseband. Furthermore , the results to be pre-

sented will show that bandwidth considerations may favor a baseband inter-

face. While performance-wise it may be advisable to use an IF interface ,

practical reasons may preclude this possibility. To effectively evaluate

the transmission of digital traffic within the DCS fl}1 microwave environment

both heterodvne radios (70 MHz IF interface ) and renxxlulating radios

(baseban d interface ) need be considered . Of cot.n~’se , this entails two

diff erent types of modems .

The intent of Phase I was to determine performance using essentially

off-the-shelf equipnerits. A canpetitive bid modem procurement was initiated

to purchase conventional modems of each type . However, in order to test

the anticipated system configurations it was necessary that the modems have

a variable transmission rate capability . This feature precluded the direct

purchase of off-the-shelf equi~ments. A contract was awarded to Philco

Ford to construct ti~~ modems of each type to satisfy the test requirements.

General descriptions of the modem type and characteristics follow. They

are the microwave modems which were used throughout the Phase I tests.

2 • 2.1 Quat er~iary Baseband Modem

The baseband interface capability was satisfied by the procurement of

t~~ quater~ary baseband modems . Each modem is designed to permit the

9
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transmission and reception of digital traffic at rates from 1.536 Mbps to

12.950 Mbps in 1 Kbps increments . This granularit y is considered suffi-

ciently fine to permit operation at any standard or nonstandard data rate

within the specified data rate range. Tabl e 2.3 lists the modem ’s

characteristics. A detailed description of the modem and its theory of

operation may be found in reference 10 or 11.

The modem is basically an AM modulato r and demodulator which generates

and receives a baseband four-level 1 vol t peak-to-pea k signal . When inter-

faced with FDM type microwave radios (Figure 2.2), the AM modulator produces

quaternary frequency shift keyed modulation of the carrier signal .

2.2.2 Qi~adra-Phase Shift Keyed (QPSK) Modems

The IF interface capability (Figure 2.3) was satisfied by the procure-

ment of two differentially encoded QPSK modems . The rate capabilities are

identical to those of the baseband modems. Tabl e 2.4 lists the modem ’s

capabiliti es. A detailed description and theory of operation of this modem

may also be found in reference 10 or 11.

2.3 Sunriary

The microwave test facility was established with the intent of

obtaining as much fl exibility in system testing as possible. While the

facility was established during the Phase I program , it was established

with subsequent tests in mind . It provide s the means for investi gating the

requirements and limitations of an FOM type microwave radio system to convey

high quality digital traffic and provides the vehicle for analyzing the

relevant constraints and limitations of digita l equipment. Its flexibility

is evidenced by the tests performed during this program.

10
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TABLE 2.3: Technical Characteri stics of Quaternary Baseband Modem

Transmitter Section

Data Input

Rate: 1.536 11bps to 12.950 11bps in
1 Kbps step

Format : Serial NRZ-L

Input Level: 1 to 5 Volt peak-to-peak

Input Connector: BNC

Impedance : 75 olrns

Waveform : Square Wave , rise and fall t ime
10% maximum of bit length

Internal Test Generator : 10 stage PRSG

Alar m : Input data activity

Transmitter Clock

Rate : Seine as bit rate (variable in 1 Klps
steps fran 1.536 Mbps to 12.95 Mbps )

External Clock Input Level: 2 to 5 Volts peak-to-peak sineware
or square wave

Internal Clock Output Level: 2 Volts peak-to-peak minimum

Impedance : 75 ohns

Clock Phase Adjustment: One bit period minimum

Alarms : Synthesizer Phase Lack , Timing
(clock and data correctly phased)

Clock Accuracy and Stability: + 10 ppm

Rate Control : 5 digit thumn~~hee1 switch

13 
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TABLE 2 . 3 :  Technical Characteristics of Quaternary Basebarid Modem (Cont ’d)

Baseband Modulator

Type Modulation : Four level amplitude ; four level FSK
when interfaced with microwave radio

Output Level: 1 Volt peak-to—peak (0 to —l volt)

Type Code: Gray Code

Output Impedance: 75 ohms

Receiver Section

Baseband Demodulator

Type Modulation: Four level amplitude

Input Level : 1 Volt peak-to— peak . Accepts normal
and inverted data

Input Impedance : 75 ohms

Alarm : Quaternary Input Activity

Receiver Clock

Rate : 1.536 to 12.950 Mbps in 1 1Kbps steps .

Clock Phase Adjustment : One bit period minimum

Errors Output : Bit error output to frequency counter
when operated as internal bit error
rate tester

Data Output

Rate: 1.536 to 12.950 11bps in 1 1Kbps step

Data Output Level: 2 Volts peak-to-peak (min imum )
NRZ-L

Output Impedance : 75 ohms

14
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TABII 2.3: Technical Characteristics of Quaternary Baseband Modem (Cont’ d)

Clock Output Level : 2 Volts peak-to-peak (minimum )
NRZ-L

Output Impedance : 75 ohms

Waveform: Square wave , rise and fall t ime 10%
maximum of bit lengt h

Alarm : Data Output Activity

General

Prime Pc*4er: 115 VAC + 10% , 60 Hz , + 5%,
290 watts maximum —

Operating Temperature Range: ioo to 1400 c
Size : 8-3/4” High x 19” Wide x 19” Deep

Weight : 55 pounds maximum
Input and Output Connectors : BNC

15
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- TABLE 2.4 : Technical Characteristics of QPSK Modem

Transmitter Section

Data Input

Rate: 1.536 11bps to 12.950 11bps in
1 1Kbps step

Format : Serial NRZ-L

Input Level: 1 to 5 Volt peak-to-peak

Input Connector : BNC

Impedance: 75 ohms

Waveform : Square Wave , rise and fall time
10% maximum of bit length

Internal Test Generator : 10 stage PRSG

Alarm: Input data activity

Transmitter Clock

Rate : Same as bit rate ( variable in 1 1Kbps )
steps from 1.536 11bps to 12.95 11bps )

External Clock Input Level: 2 to S Volts peak-to-peak sinewave
or square wave

Internal Clock Output Level: 2 Volt s peak-to-p eak minimum

Impedance : 75 ohms

Clock Phase Adjustment: One bit period minimum

Alarms : Synthesizer Phase Lock , Timing
(clock and data correctly phased)

Clock Accuracy and Stability : + 10 ppet

Rate Control: 5 digit thumnL~.iheel switch

16
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TABLE 2.4: Technical Characteristics of QPSX Modem (Continued )

QPSK Modulator

Output Frequency: 70 MHz

Output Frequency Accuracy: + 7 kHZ

Type Modulation : 70 MHz quadriphase shift keyed
(differentially encoded )

Output Level : +1 d~~~ (adjustable )

Output Impedance : 75 ohms

Output Return Loss/VSWR: 20 dB/l.22:l

HarT~onic Content : 20 dB below carrier

Receiver

QPSK Demodulator

Input Signal: 70 MHz QPSK

Signal Level: +1 d~~ + .5 dB (adj ustable over
+ 3 d B )

Input Impedance : 75 ohms

Input Return Loss/VSWR : 20 dB/ l.22: l

Acquisition Range: + 500 khz

Acquisition Time : Less than 100 milliseconds

Damodulat ion : Coherent

Alarms : Carrier acqu isit ion input level

17
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TABLE 2.4: Technical Characteristics of QPSK Modem (Continued)

Receiver Clock

Rate : 1.536 to 12.950 11bps in 1 1Kbps steps

Clock Phase Adjustment: One bit period minimum

Errors Output : Bit error output to frequency counter
when operated as internal bit error
rate tester

Data Output

Rate : 1.536 to 12.950 11bps in 1 1Kbps step

Date Output Level: 2 Volts peak-to-peak (minimum )
NRZ-L

Output Impedance : 75 ohms

Clock Output Level: 2 Volts peak-to-peak (mi nimum )
NRZ-L

Output Impedance : 75 ohms

Waveform: Square wave , rise and fall t ime 10%
maximum of bit length

Alarm : Data Output Activity

General

Prime Power: 115 VAC + 10% , 60 Hz , +5% ,
290 watts maximum

Operating Temperature Range : 10° to 40°C

Size : 8— 3/4” High x 19” wide x 19” Deep

Weight : 55 pounds maximum

Input arid Output Connectors : BNC

18
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SECTION 3

TRANSM1T~ED BANDWIU~H OCCUPANCY

3.0 Introduction

Conversion of the DCS U)S microwave tn~riking system fr’ctn FDt1/fl1 to

PCMJTEtI technology represents a fundamental change in transmission methods.

The existing DCS is a ~4 1KHz analog voice channel network: The switched

voice networks utilize anal og space-division switching ; the switched digital

networks utilize quasi-analog transmission techniques (voice channel modems)

over the FEll/Fli transmission system. Either all the analog networks rrn~st

be converted to digital network s simultaneously with conversion of the

treriking system, or the converted trunking system rrust continue to present

a transparent voice channel interface to the analog networks . Since there

are over 500 microwave links designed for and operated upon , FEll technology

the first alternative is not econcznically feasible . The second requires RM

analog-to-digital conversion . Using 2 samples/Hz and 8 bits/sample , 64 1Kbps

are required per 4 1KHz voice channel . This equates to 12.8 11bps for 200

ri~x1tiplexed channels. At this rate and a typical maximum RF bandwidth ( 99% )

allocat ion of 1’4 MHz a bit packing density of apprcxiim~te1y 1 bps/Hz is

required .

This section addresses spectral occupancy for the two riodem types . Since

the highest bit rate imposes the iiost stringent bandwidth requirement s, a

rate of 12.8 11bps , the h ighest rate of interest under Phase I , is used

throughout the section . The results presented here are meaningful only in

reference to perfor~ ince resultn: It is usel ess to contro l bandwidth it ni

19
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so do ing per formance is severely degraded . In Sections 4 and 5 experii :~ental

results are given which show the effects the various spectra l tru j~~~t

methods presented have on performance .

3.1 QPSK Spectrum

Spectral occupancy, as observed in Figure 3.1 , is a severe ~~~ 1 - ~~- i

QPS1K riodulation because the QPSK n~x1u1ator spectrum bas a sin( x ) Ix  chu~~c-

teristic with the sidelobes possessing substantial amounts of energy . A

double exposure with a 70 MHz unmodulated carrier is used to show the

cent er frequency location .

‘ U .,

________-  - V 12. 8 MbpsL~.J 
~ 

Vertical: 10 dR/div
- 

Horizontal: 5 ~~ z/d i v

FIGURE 3.1: QPSK Modulator IF Spectr um

Figure 3.2 , a photograph taken of the spectrum at the output of the -? ,

shows the spectrum sidelobes are slightly higher after the upconvcrs ion and

amplification stages and the spectrum shape i~ otherwise essentially

unchanged . The nonnal RF f i l t e r  in the LC-8I) is a 5 section B u t t t - ~~~~ t~

20
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‘v” 
~~~~~~~ 

Vertical: 10 dB/d iv
-- — V Horizontal : 5 MHz/div

- . L~ —~ -~ ~~~~~ ~~~~~ ~~~~~~

FIGURE 3.2: QPSIK RF Spectrum at ‘IWI’ Out put

type , with nciniria l 3 dB bandwidth of 52 MHz . With such a wide bandwidth

the spectral shap e following RI ’ filtering , Figure 3 . 3 , is little different

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 12.8 Mbps
Vertical : 10 dB/d iv

-- Horizontal : S MHz/div

FIG URE 3 . 3 :  QPSK RE Spectrum following RI’ Filter
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from the input. Consequently, the normal filtering carried out in the LC— 8D

radio does nothing to alleviate the spectra l occupancy probl em associated

with QPSK operation. The sidelobes must be significantly attenuated to per-

mit operation wi thin norma l frequenc y all ocations.

Attenuation or signal spectrum truncation in the transmitter can be

accomplished at either IF or RE. Performance—wi se truncation at RF fol l owing

the power amplifier would seem to be preferabl e since it eliminates spurious

signals generated in the preceding transmi tter circuits. However , both

types of fi l ters were addressed .

3.1.1 RF Filtering

A special RF fi l ter (10.6 MHz 3 dB bandwidth) for transmission of 12.8

Mbps QPSK at 1 bps/Hz of RF (99%) bandwidth was designed and constructed to

replace the radio ’s norma l 52 MHz RE filter. This filter is also a 5 section

Butter worth type. Figure 3.4 shows the resultant RE transmit spectrum .

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 12.8 Mbps
Vertical : 10 dB/div

- Horizontal : 5 MHz/div

FIGURE 3.4: QPSK RF Spectrum following Special RE Filter
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Spectral occupancy calculations , usin g numerical integration , y ielded a 99~

bandwidth of 11 45 MHz. This equates to a bit pack ing density of 1 .12 bps/Hz .

The experimental test performance results given in Section 4 will show corn-

parable and acceptabl e bit error rate performance for the normal and special

RE filters. Thus , RF fi l tering is a viabl e method of controlling the trans-

mit spectrum. QPSK moderns can be used wi th existing analog microwave radios

to obtain satisfactor y operation at bit pa cking densities of 1 bps/Hz pro-

vided the RE transmit filter is replaced by a narrower one such as the

10.6 MHz special filter used to obtain the experimenta l results of this report.

3.1.2 IF Filtering

IF filtering of QPSK signals results in spreading due to upconverter and

TWT induced nonl i neari ties. Nonethel ess , if the spreading is not too severe ,

IF fi l ter i ng may be a viable technique for spectral truncation . IF filters

readily availabl e for testing were a special 7.7 MHz (3 dB) bandwidth 2

section Butterworth filter which had been designed for use as a receive

filter in conjunction with the spe cial RE transmit filter and the radio ’ s

norma l 10 MHz , 15 MHz and 25 MHz receive filters .

The 25 MHz filter is clearly too wide for any meaningful spectra l trun-

cation and was dismissed from consideration. The various other IF filters

were inserted between the QPSK modulator and the upconverter of transmitt er

B which contained the norma l 52 MHz RE filter . To compensate for losses in

the filters and obtain a correct radio input level of +1 dBtn a variable

attenuato r and a HP 461A amplifier were inserted prior to the up converter .

RE transmit spectral plots ob tained by use of an X-Y plotter and spectrum

analyzer are shown ‘in Figure 3.5 through 3.9. (Figure 3.5 has conditions

23
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identical to those of Figure 3.3.  It is presented to ease direct corr~arisor

with subsequent X-Y plots.) An indication of the success of these atte~~t:

at bandwidth truncation can be obtained by comparing these figures with

Figtrr’e 3.4 , the photograph obtained when the special P~ f ilter was used .

The first sidelobes with RI’ filtering are suppressed significantly more t har .

with any of the IF truncation attempts. Clearly, since the occupancy with

the special RI’ filter is 1.12 bps/Hz the IF filtering yields less than the

desired 1 bps/Hz. Furthermore , performance results in Section 4 will shc~-

perforrance with IF filtering is poorer than that obtained with RI’ truncation .

A comparison of Figure 3.10, the OPSK IF spectrum at the output of the

7 .7MH z truncation filter , and Figure 3.8 shows the r~ tune of the IF t cat~ :r.

problem . The filter has significantly reduced the IF spectral occur-anc~- ;

however , by the time the signal reaches the RI’ output port , the upconverter

and T’WT stages have caused much of the reduction to be lost due to non-

linearity induced spreading.

Figure 3.11 shows the input/output characteristics of t~~~~ 7~ 7 M~:

Safle sharpness could be obtained in the skirts which would result in a: -

frmrovement in bandwidth occupancy . Ho~~ver , such innrcvener.t ~‘~~ld ~

minimal . To r~ rrow the IF filter bandwidth any more is nct advisa~lc f:’~;: ~

perforr~nce standpoint.

One additional method was used to control band~:idth wit~-. T f i:te~rin -
.

The level into the utconverter was reduced from + d~~. to -7 d~~
-. wi~

7.7 M1-’.z and 15 MHz filter tandem . The resultant s ectrun., Fi~-ur~ 3 . ~~~~~ ,

quite similar to the one obtained with RI’ trtincation and so the spectrai

occupancy should be acceptable . Operation with the reduced input levc I
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amounts to a reduction in power causing the ThT to operate in its linear

portion , thereb y elimir~ting the spreading. Unfortur~tely, such operation

is not generally acceptable because it limits the fade margin of the link.

The above results show that IF filtering is not a viable n~thod of con-

trolling the transmit RI’ spectr~m~ for QPSK except in the rare cases where

there is an extremely large fade margin.

3.2 Quaterr~ry Baseband Spectrum

One of the prime considerations in obtaining desired performance is cost.

As such a minimum amount of change in existing microwave radios is desired

during the evolution toward all digital transmission . Phase I was concerned

with obtaiin~ the most cost effect ive method of obtaining satisfactory

performance at 1 bps/Hz of occupied bandwidth.

Various combir~ -t ions of low pass filtering and signal attenuation to

control deviation and thereby control spectral occupancy were investigated

for the quaternary baseband modem. These approaches entail no changes ir.

the radio per se and consecuently have a significant cost advantag e over an

RI’ or IF filtering approach. The experimental results giver, below along with

the results presented in Section 5, where cuaternary baseband performance ±

prese nted , verify modem signal attenuation to control bandwidth is a very

effective method of cortr~llinr bandwidth without se~’er€lv degradin r

performance .

The ra dio was adjusted for a peak-to-pea}’ deviation cf 1~ ~-~~:‘vr2~~.

attenuating the modem output the deviation can be ad~urted . ~~ cxr - : I c

an at tenuation by 6 dE yields a peak-to-peak deviation of S ~~z/vt ; - ~ ar

opposed to a 10 MHz /volt deviation when 0 d~ attcnu~it i o r .  is used. Fir ~n’
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3.13 through 3.15 show the RI’ spectrum when the rr~~Iem output is attenuated

by 0 dB , 4 dB and 12 dB , respectively , prior to the radio baseband input.

Thble 3.1 lists the 09% bandwidth calculated for various amounts of

attenuat ion , where the bandwidth was obtained by numerical integration as

indicated in 19] .  It can be seen tbat varying deviation by signal attenua-

tion represents a very economical me thod of controlling bandwidth .

Table 3.1: Transmitted Spectral Occupancy

- 

Att (dB) 99% Bandwidth (MHz ) Bps/Hz

0 16.46 .78
1 14.70 .87
2 14.12 .91
3 13.12 .98

- 4 12.38 1.03
5 11.41 1.12
6 ( 10.37 1.23 -

2 6.80 1.88
12 6.28 2.04

A commonly used approximation to occupancy is given by Carson ’ s rule :

B N + (n—i) Af (3.1)

where N samole rate

n number of levels

frequency separation

For the quaternary baseband system operating at 12.8 Mbps Carson ’s rule

becomes:

B (z) ~.6.4 + 3Af ( 3 . 2 )

Table 3.2 is computed using ( 3 .2 )  for a radio with deviation set at

10 MHz/volt.
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Table 3.2:  Spectral Occupancy (Carson ’s Rule )

- Att I 3~ f (f~~z) B BPS/HZ

0 10.0 16.40 .78
1 8.91 15.31 1 .84
2 7.94 14.34 .89
3 7.08 13.48 .95
4 6.31 12.71 1.01
5 5.62 12.02 1.06
6 5.00 11.40 - 1.12

7 : ~~~ 10.87 1.18
8 3.98 10.38 1.23
9 3.55 9.95 1.29

10 3.]5 9.56 1.34 -

11 2.82 9 .22  1.39
I 12 2 .50 8.90 1.44

C~ -nparing the meas~~-ed values in Table 3.1 with Table 3 .2 shows excellent

agreement at the high deviation values but a rather poor approx iiiation to

the values calculated for the 11 and 12 dB settings. These results arc-

shown graphically in Figure 3.16. It seems reasonable to use Carson ’s rue

to establish deviation settings for operation up to packing densities of at

least 1 bts/Hz. Some additional data presented in Section 5 further sub-

staritiates this conclusion.

Bandwidth measurements ~~re also made with various pr’emodulation low

pass f ilters . Spectral plots using three different tran~’rit low pass

filters, 3.2 ~~iz , 4 .5 MHz and 5.82 MHz , and various signal attenuation

levels were obtained . Figure 3.17 , the plot for the 4.S MHz low pass

filter with 4 d~ attenuation, when compared to Figure 3. 1~ shows some

additional truncation due to the filter . The 99% bandwidth was ca cu Iat€- ~

to be 10.61 MHz yielding a 1.21 bps/Hz packing density . C-~nsider~~ ion of

all plots obtained lead to the conclusion that spectral occupancy i
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~rfr~rily determined by the peak-to-peak deviation and the influence of the

prerrcdulation low pass filter is secondary. Low pass filtering alth&gh not

s±~r~ificant from the bardwidth standtoint might be Lmpc-rtant in limiting the

baseband spectr~in pr ior to the deviatcr , thereby affecting rrcdem performance.

This ~cssibilitv is ccnsidered in Sec t ion 5.

Because of ±ts ~r~ediate availability spectral plots ~~re also obtained

using the special ( 10.6 MHz 3dB bandwidth) RI’ filter with the low pass filters

and various attenuator sett ings. This caused a ~rall amount of additional

data nackinc. However , RE’ filtering is unnecessary and costly and, therefore,

~-:as not investigated any further.

3.3 Conclusions

The rrcdulation technique has a signif icant influence on how spectral

truncation to permit operation at 1 bit/sec/Hz (99% bandwidth) at 12.8 ~bt ’s

is obtained over FDM type m±crt~ave radios. Fcr ~PSK nodems :r filterir’.~ is

inadecuate unless a large enough fade margin exists to allow coerat±on at

reduced power so as to reduce upconverter and T~’?i’ induced ncnl inearity effects .

Generally, the use of QPSI< n~ dems will require RI’ filtering for bandwidth

control . For the quaternary baseband mix~em att eriuaticn of the signal to

control deviation represents a very econcmical method of controlling the RI’

transmit bandwidth. In this case sane transmit low pass filtering , while not

necessary from the transmitted bandwidth occupancy standpoint, may be inserte~d

to irprove performance. Such filtering does have a secondary effect on

occupancy.
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SE~~~ O N 4

QPSK MODUI PERI’O~ 1ANCE

14 .0 Introduction

In Section 3 it was concluded that RI ’ filtering is required with QPSK

n~dulation to control the transmitted RI 99% bandwidth occupancy. The con-

elusion was drawn aisi~st entirely fran the occupancy standpoint with only

references to performance results to be presented. This section addresses

the experimental performance results for the QPSK n~ dem in detail. It

contains :

(1) a theoretical performance curve ,

(2 )  performance results with and without special RI’ filter

bandwi dth truncation ,

(3) performance results with IF filter bandwidth truncation,

( ‘4) misalignment and distortion effects , and

(5)  int erfering signal effects.

‘4 .1 Theoretical Performance

To provide a guideline for evaluating the experimental results an appro x-

imat ion to the theoretical BER performance for the QPSX lTcdem w~der ideal

conditions is provided in Figure 4.1.  The curve is taken fran Bennett and

Dave-v t121 Figure 10-12 curve 3(b) except for a tra nslation in error rate

by the multiple 3 to ccmpensate for the fact that the inter nal test rr~de

contains a scrambler.

Equation (4 .1) gives the relation between the carrier-to—noise in the IF

bandwidth, (C/N ) ir , and the carrier —to—noise in the bit rate bandwidth ,

that is Eb/No.
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Eb/No = (C/N)IF Bi~~ (4.1)

where

ElF IF bandwidth

R = bit rate

Two bit rates are addressed in detail in this retort , 12.8 ?~~ps arid

6.528 Mbps. Expression (4.1) for the 15 ?~ z IF bandwidth yields:

Lb/N0 (C/N)is~~~ + 0.7 for 12.8 ~thps (~ .2a)

and

Eb/No = (C/N)l5MHz + 3.6 for 6.528 Mbps ( L4. 2 b)

The relation between (C/N)IF and the received signal level, RSL, is

given by

RSL —ll ’-3 + 10 log10 BIF(MHz) + NE’ + (C/N ) IF (~ .3)

where NI’ denotes the radio receiver’s noise figure. The RSL values were

calibrated relative to the 15 MHz IF filter. Therefore, equation (~ .3)

becomes

RSL —102.2 + ]~JE ’ + (C/N)IF (14 .L )

The LC-8D radio located at Griffiss AFE has noise fi gures of 11.0 and

9.8 dB on channels A and B, respectively. Consecuently, equat ions ( 4 . 2 )

and (4. 4) y i e l d  the fc11~~ inn relat ionships:

RSLA = E~ ’N~ —91 .9 for 12.8 ?~~ns ( ‘-+ .Sa )

RSLB Eb/No —93.1 for 12.8 ~~ps (~~.5~~)

RSLA Eb/No _ 9L 4~~~~~~ for 6.528 ~~ps (L .5c )

RSLB Lb/N0 —96.0 for 6.528 Mbps ( L ~~ .5 d )

Therefore, it is an easy rr~tter to convert from the RSL measurements use J

during the test ing to Eb/N0, a parameter which is independent of the

receiver ’ s noise figure . This is done in all the figure s to ease cas;.~ri scr.:~.
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~.2 RE’ irisrr’it Filtering vs IF Receive Fi1terin~

ThzougI~~ut the rem ainder of the report the nonnal RE’ filter denotes the

nomix-~l 52 MHz (3 dB) bandwidth LC-8D RI f i l ter and the special filter

denotes the 10.6 MHz (3  dE) bandwidth RE’ filter designed and constructed for

operation at 1 bit/sec/Ez at the 12.8 Mbps rate.

cme slicht degradation was expected in the special tran~nit filter due

to delay distortion introduced as a result of its rarrcwer bandwidth. A

7.7 ~Hz filter equalized with 16/25 nsec/MHz2 of para~~ lic equalization was

designed and constructed to yield a raised cosine spectrum response at the

input of the QPS}( demodulator when used with the QPSK rrcdulator signal and the

special RF filter . The IF filter was initially expected to improve the BER

results by virtue of the raised cosine spectrum. Later analyses indicated

that , because of the derrodulator integrate and dump circuitry, such a spectru n

is not necessary . Theoretically,  perforirance of the int~ rrrate and dup cir-

cuitry closely srcx ir~ t~~s a ratched f i l ter  imp emer.tation t l3] .  Thus , the

receiver IF filter is not required for spectrum shat-ing but only fcr noise

hanóddth truncation.

The simulator was used in conjunction with the radio set at Griffiss to

c~tain a very stable media for comparative testing of the various filter con-

b inaticns. The 7 .7 ~-~ z filter and the radio’s nor~ral 15 ~-~ z IF filter were

u:ed with the two RE’ filters in obtaining bit error rate ( E ~ER) j’ crfcrnar~.ce

curves. The results are cTa5hed in F igure 4 . 2 .  The curves sh ow simi lar

-rfcr~-.ince for the t~~ RF f ilters when the 15 ~~z IF filter is used ; when

he 7~~7 
~-~Ez filter is used there is a 2 dB relative differer.ce. Fcr the

~‘r ~a1 PF f ilter the narr~~Jer IF filter causes a 3 dB loss relative to the

40
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15 ~4~z filter. With the special RI’ filter the loss is only 1 dB. These

results illustrate the inter re lation between bandwidths and perfo rmance .

At the poorer signal levels , where the noise is quite high relative to

the signal , the narrower IF filter yields the best performance . However ,

as conditions improve the curve s cross and the wider IF filter becomes

better. At the 12.8 Mbps rate , as seen in Section 3 , a significant arr~unt

of energy is contained outside the 7.7 MHz bandwidth , particularly when the

normal R E ’ filter is used . The BER results verify that the 7.7 MHz bandwidth

is too narrow; signal tru ncation at IF is excessive .

Figures 4 .3  and 4.4 further illustrate the effects of IF receiver filter-

ing. At the 12.8 Mbps rate performance of the radi o ’s 10 MH z IF filter is

inferior to the others at the poorer RSL’ s but comparable to the 15 MI-{z

filter w~der better conditions . At the 1O 7 point, the 10 MHz and 15 MHz

filters are both about a dB better than the 7.7 MHz filter. In line with the

ohilosophy of minimizing changes , the 15 MH z IF filter being a standard

filter , was used in iiost of the subsequent OPS K tests at the 12.8 Mbps rate .

The main lobe has a bandwidth equal to the bit rate and each (single

sided ) sidelobe has bandwidth equal to 1/2 the bit rate . Thus , for a fixed

radio configuration the occup ied bandwidth will decrease as the rr odem trans-

rr ission rate is decreased. With the rate of 6 . 528  Mbps , a rate of importance

since it was used in the system tests , the spectrum occupies considerably less

bandwidth than the soectniin for the 12.8 Mbps rate . At the higher rate the

special RE ’ filter being 10.6 MHz wide at the 3 dB points trun cates in the

—am lobe which is 12.8 MHz wide , whereas at the 6 .528  Mbps rate more than

half the signal ener gy in the first sidelobes is passed . Thus , quite different

42 

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



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

~~ tim• ~~~~~~~~1— 1 T ~~~ ~ ~~ 1 — 4  ~~ -

:TfF 
: 

- 
-

‘ Ifl-t4 1:3 ~ ~4~- ~ U 1 1
1 ~ 

-

.,p~~~~~; ~:;
•1’ -

~~ 

- L~ 
-

~ 
_ _ _  

~~1 u 
~~! 

_ _ _

- 

T 
-

- 

~~L: ~ J :
2

- 
- —

~~~ . f  — 

~~
-
~4

-- -
~
--- f~ 

—

10 
~~~~ ~I 3114J1 ~1TT 13fl pip TR~ 1! -i m~o — 

~-4 
-,--+ - —-- - -+- +—.--4—~- ~—i—1—~- -r--t---+--~- rf’—r ~it* ~ 4 -it

- I - ‘-‘
~~~

-
~~ 

-‘-‘--.- -‘- -r-’-’-~ r
+-’-4 i—’-4--} I i+ ‘~~~ i

a 1 - — -— : — — -—-—— — ——-—-— -
~
-------

~
---- ——

0
- ~~~~~“ T~~~ 4 ~~~~~

_ _  ~~~~ 
_ _

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

—
~~~~

- — -
~~~ 

-
~

-
~~~~

-
~~~

- 1

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

~~~~~~~~~~~ : 
~~~~~~~~ 4 1 ~~~~T~ L 1 

-1 1 %F - l 
-

_ _  
j  

_ _  

_ _

_ _  

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

_ _ _ _ _  

~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~ ~~~~:;‘~~ ~~ tI~~~JJ~~I7i~~~~_7TT— 
T~~~~~

ITIii ~R b ~~I1 4~II~:T .
::~~ o :  ; : ~~~~~~~~~~~~. -

~~~_

43

~ 

- -~~-



- -

r

_ 
~~~~~~~~~~~~~~ - ~~~~~~ _

____ — ~E f l  ~~~ Tp’ ‘TTIT ~TTP T’ 11 liT ‘ 4-p ~m i ~~TTT1T ~

“ ‘ ‘.  

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

‘
~~r~I ~ ~ 11 H ~

- 

± ~~~~~~~~~~~

- - ~F F1 2 .

~ iT ~~~~ri II ~~I ~~ii ~~~4’ZL in~~i I~ Ii -~~~1~~~il IflTiT3IZII
- ‘ —

~~~~ ~~H ~~~~‘—r- 1— ’’r 1 r r i  ~~‘-~-r ~--r-’- 
-~--4--~-+

, — - -—— - --—-— —‘-— -- - - — -,- —---—— —.—-———- — —— ------,— 1 —-’——,.- ~~—~
-—— ——— —,-—-—--,-—,- ————— —

—— —-— +—- —  — ——
~~~~~~~~~~~~ ~~~~~~~~~~~~ -

- - 
- - T~~TTT ~~~~~~~T T  T TrI~~~~ IT~~ TT~ Ifl~~ 

~~~~~~~~~~~~ IIIt~~~~~~~~~
i f

i6~ 
~~

~ ~~~~~~~~~ - ::i::rr ’ t : : :
~~tT : r

~~
T-r

~ rrT~

~~~~ i~~WM ~~~~~~~~~~~~~~~~~~~~~~~

- - 

ioMN ~~! 
- - - 

H

= 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

i1::1: 
Z
:~

~~~~

- - -  

I5MH* Z~ 
- -  — --- - - — —  -

~~

SO ::::t~~~~~~~~TTi~:: ~~ -~~‘-~ ~~~~~~~~ U~~-i~’t
_~~~~~-~~~~~~~~~~~~~~~ I~~il ~~~t’~~

’
_ _ _

: :~:~ T~ N:i:: ~~~~~~~~~~~~ IEEfIELITf! -L iJ~J~L~ I~Iii ~IIIIT~E~2i~ 4i~t ~~~~~If. ~~~~~
- -~~~~~~~~~

I—
- • g~~~

g
~~

-
~- ‘ -

44

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

—— - - 4



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

IF filter bandwidth results can be expected. At the lower rate, Figure 4. 3

s~~~s the 7.7 MHz filter outperforms the 15 MHz filter by about 1 dE . This

is just the reverse of the results at the 12.8 Mbps rate . However , as seer

in Figure 4 • 4 , when the normal RI’ filter is used at the 6.528 Mbps rate the

15 MH z filter again outperfo rms the 7.7 MHz filter.

Overall the above shows performance is a function of the signal ‘s

spectral shape , which for QPS X is ~~inly deter ~nined by the rate and the RI ’

tran~ nit filter , and the IF receiver filter bandwidth. Too wide an IF

filter allows an excess of ~~~-detection noise . Narrowing the IF filter

reduces such noise but also causes some sigrbal truncation and rr~ y introduce

delay distortio n . IF filter bandwidth selection must consider all these

effects. The empirical results contained in the figures show the best I

f ilter selections aircng those tested for the various conditions .

4 .3 IF Transmit Filtering

Figure 4 .5 gives the BER performance obtained when IF transmit filterir~s-

was used to control spectral occupancy. In each case the level into th€

upconverter was +1 d~ r.. To er~ b1e direct comparison the curve for the

special RI’ filter with 15 MHz receive IF filter is reproduced from Figure

‘-~.2 .  The results leave no doubt that RE’ filtering is the rrcmer method tc

control the bandwidth: performance is bett er and as seen ii- Secti on 3.

tran~~it filtering yields less than the desired 1 bps/Hz packing densi ‘1

The possible exception is the case where there is a very hirh fadc ma~ 1- i;~

which would penrdt operation with IF filtering at reduced çc~.- ’e~ .
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4 .4 Theoretical vs Actual BER Performance

Nonr~ally one ~~u1d expect to approach within 3 dE of theoretica ir an

optimized QPSI< system. At the 12.8 Mbps rate the theoretical curve sho~.-::

an Eb/No of 14 dB is required to achieve a BI:P io~~ . The achieved iH

BER ’s were at Eb/N0t s of 19.6 dE arid 18.7 dE for the 12.8 Mbps and €- .t~ E ~~~~

respectively. The 0.9 dB worse performance when using the higher rate i:

most likely caused by a higher degree of intersymtcl interf erence . The ideal

curve assumes no intersymbol interference. Under such a case , at the 6 . 5 2 E

~thps rate performance is 4 .7 dB worse than theoretical and 1.7 dE worse than

normally expected frorr. an opt imized system . The most probable sources of this

performance degradation are the 70 MHz carrier recovery and the integrate and

di~ p demodulator circuitry . As indicated in Section 6. 4 later rrodific~ti:n:

and alignments reduced the difference between the actual and theoretical t)er-

formances to about 3 .2  dB or within a~x)ut 0 .2  dE of what can reasonably L~-

expected .

4 .5 Multiple Radio Hops

Figure 4.6  along with Figure 15 of reference [9~ indicate the effects of

multiple hops. The normal RI’ filters were used in the mult iple hop tests

because only two of the special filters were constructed . The use of t}~c

special filter on some of the radios wo~Jd be of little overall benefit

because of the spreadin~- due to the upconversion and T~-~ processes which

would occur in the other radios. Because t)-~e EEP performance is cat~para~Ie

for either RI’ filter the results in the multiple hop conf igurations when usin r

the normal RE’ filters should closely approximate the results tc be ex;~ 1cted

when all radios contain RE’ ~~uncation filters . The difference in perforrarc€
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wi th the number of hops can be associated with increased carrier recovery

degradation resulting from frequenc y instabilities associated with the

local oscil lators of the radios , and with accu mulative degradation of the

repeatered signal-to-noise ratio. The results demonstrate that performance

degradations for multi -hop repeater operation without regeneration are not

excessive. It is generally not cons idered good practice to regenerate by

amplification since noise accumulates. However , if modems are scarce or

costs are critical some IF repeater ing may be used for short hops where

a digit a l orderwire is not used . Of course , such operation while tech-

nologically feasible would be recommended only in rare cases because it

does result in a loss in fade margin.

4.6 Signal Impa i rments

To this point performance has been obtained under rather ideal conditions.

The measurements were made wi th the simulator adjusted to exhibit essentially

transparent transmission characteristics. Any distortion components intro-

duced by the presence of the simulator in the transmission path were for all

intents and purposes negligibl y small. The remainder of Section 4 wi ll con-

sider the effect of various types of signal impairments on performance.

Since it has been concluded that for QPSK operation at 12.8 Mb/ s the special

RF transmit filter should be used in conjunction wi th the 15 MHz IF f i l ter

such an arra ngement will be used in most of the signal impa i rment tests.

To minimize measurement errors a performance curve under minimu m dist or-

tion conditions was run inrn ediatel y prior to some of the curves for distort ed

conditions. A comparison of this data shows only slight differences in the

minima l distortion mea surements , well within the accuracy expected . The

consisten cy of the resul ts obtained at different times al so tends to subst a n-

tiate the credibility of ~~ ieea sure mert techniques.
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4.6.1 •-~mplitude Distortion

The amplitude respcnse distortion impairr~nt capability of the sii~ ilator

assembly entails the altering of the essentially flat response characteristic

tTcvided by the LC-8D rad io ecui~~ent to a response which varies m ean ly

as a function of frequency over the band of interest . The slope of the

amplitude variation which can be positive or negative is adjustable from

).l d~/>~ z to 0.7 dE/~~z. Figure 4 .7 shows the amount of performance degra-

-~aticn for positive arid negative amplitude distortions of 0.6 dB/MHz . No

~e~radation is evident from the negative distortion value whereas about 2 dB

is lost when positive amplitude distortion is used . Due to the sy~r7netry of

the sigr~ l , the error performance degradation due to an amplitude distortion

of positive slope was expected to be the same as that achieved with a

necat ive slope.

Figures  4 .8 and 4 .9 show the amplitude response at the iS ~Fz IF filter

output for the sir~ulated ~PSI< single hop operation using , respectively, the

ncrr-al and special RE’ tran~~it filters . The normal filter does yieid a s’,~-

metr ic and relatively flat characteristic . The special filter , however , is

not as syrm~etrica1 and has an amplitude distortion larger than that intro-

duced by the sinulator. Thus, it is rct surprising that sane difference is

observed with the positive and negative slopes . Since the only difference

between Figures 4 .9 and 4 .9 is the RE ’ filter the lack of flatness is attr i-

butable directly to the RE filter . Inspection of Figure 3.4 , the tran~ r~it

spectr nn using the special filter shows the asysmetry which causes the

asroiitude distortion.
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Because of the lack of a flat amplitude characteristic the no distort ion

case indicated in Figure te .7 is not truly a miniiral distorti on case , and the

distortions are not of the actual values given . Nonetheless , based upon the

results shcMri in Figure 4 .2  little improvement in BER performance can be

expected by adjusting the RE’ filter for more symmetry . Considering the per-

for~nance obtained for the very large amount of amplitude distortion , it is

concluded that distortions of this type wil]. have minimal effect on perfor—

mance . As a point of reference for the relative magnitude of distortion ,

600 channel Fttl radios are generally aligned for an amplitude distortion of

0.5 dB/lO MHz.

4.6.2 Linear ~~vup Delay Distortion - 
-

The LC-8D radio equipnent is usually aligned to provide a total group

delay of less than ~. nanosecond over a 10 MHz bandwidth. Bit error rate

obtained for various amounts of i i.near group delay distortion ar-c given in

Figure 4 .10. The no impairment condition can be taJ~zen fran Figure 4.7 as

all the distort ion c~zves were run consecutively. It is evident that

linear group delay distortion of the magnitude provided has m.thiinal effect

on the error rate performance.

4.6.3 Parabolic Group Delay Distortion

The group delay characteristic of a typical 600 channel tTh radio, such

as the LC—8D , is aligned to deviate by less than one percent of sore naninal

value over a l~) MHz band . Figure 4.11 gives the performance for two differ-

ant values of parabolic group delay distortions. Again using the no distor —

-tion case sh~~r-~ in Figure ~ .7 minimal performance degradation is observed .
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‘4.6.4 SurTmary of Distortion Tests

Distortions of magnitude lar ger than might reasonably be expected under

normal operating conditions were introduced. Even under such conditions

performance degradation was at most 2 dB and generally less than a dB.

Consequently, no operational diff iculties should be encountered due to such

signal impairments.

‘4 .7 Clock Rate Offset Effects

The variable rate feature of the modems all~~s operation at any rate

fran 1.536 Mbps to 12.950 £~bps with an external clock and in 1Kbps increments

within the range if the internal clock circuitry is used . To test the

effects of a clock rate offset on performance the clock rate of one of the

rrcd~ ns was set at one value and the modem data and t iming were used as an

external source to feed the other modem which was set at the nccninal 12.8

Mbps rate . Figure 4.12 gives the results . With 10 1Kbps rate offset no

degradation in performance is observable . A 30 1Kbps offset causes about j
0.5 dB degradation . Fran the curve for a 50 1Kbps rate offset one might

believe that there is an irreducible error rate. Hc~.zever , no errors were

observed during an 180 sec measurement at an RSL -70 d~~ . Thus , the

degradation for the 50 1Kbps offset is concluded to be about ‘4 dB at a l0~~
bit error rate . It is concluded that the modem can compensate with little

or no degradation for reasonable clock rate offsets .

4.8 Fr-ecuency Offset Effects

The translator frequency into the simulator was varied fran the norma l

315 MHz frequency in order to ascertain the effect of any freq uency offsets

which may occur in the radios. These results are given in Figure ‘~. l3 .
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Wit h an offset of 0.25 MHz negligible degradation is observed . The perfor-

mance loss at a -0.5 MHz offset is about 1 dF~ at the point s where carrier

t’acking problems do not occur . About 3.2 dE loss occurs with a + 0. 5 M~’ z

off set . Because of carrier recovery and tracking problems at fr~cuer.~~ cff -

Sets of 0.5 MHz or greater quite large degradations may be expected.

However , whenever frequency al ignments are kept within reasor-~~~le to -:-~~
no problems should occur .

4 .9  Simulated 8 Hop System

While the individua l isnnainnents considered thus far yield rr~inir~~ t~erfc~-

mance degradations their caTbined effects could conceivaiJy cause some pro-

blems . To check on thi s possibility an 8 hop system. using the fo2Jowir~c-

ass~r-~ptions was sirrrulated.

Per Hop Total

Time Delay (linear ) . 5 nsec 4 nsec
Time Delay (~~rabolic) 1 nsec 8 nsec
Arr~litude Tilt 3/4 dE/lO ~~z £ dE/lC ~~~~Frequency Offset 50 kIIz 4 00 k~:

This is not a truly valid 8 hop siindation because no d~:i~ th

truncation was simulated nor were the effects discussed under ~ectior -. ~~~~~~~~

However , the resu1t~~, which are shown in Figure 4 .1L , do verif y t~~~~~ t th-

canbined distortion effects inserted present no operatior-~.1 pr~~1c~: -

The frequency offset was varied with the F~E .  at -70 ~~~~ an error free

operating point under non-ral conditions. The QPSK modem -~i1~ lose ~~~
when the offset was greater than 4-500 kHz or less than -1.0 ~--i z~.
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A 15 dB pad was inserted prior to the IF input to ascertain the effects

of operation at a reduced power. About a 1 dB performance loss in R C.  was

observed . This should not be interpreted to mean operat ion over a lin}. is

feasible under this condition . The ~~xiern will operate under the reducec

power condition but the link ’s fade margin will be reduced. The results

indicate that digital -~ affic can be passed over media with an is~r.unity to

channel tran~~iission impairment conditions ~.Inich ~~uld severely degrade ar*alo-

traffic.

4 .10 Interfering Signal

Thus f a r e the signal impairments considered ~ould be caused by the basic

link equiçlnents. The remainder of this section will address interference

from other signal sources . The measurements were obtained by use cf thc fcl-

lowing test configuration . By disconnecting the radio’s wave guide switches

both tran~titters become active. Channel A is conf igured in the usual rr~i-ner

except the RF output of the simulator asseml~ly is fed through a directicr.a

coupler prior to being fed into the receiver . The output of transmitter E 
-

is fed into a mi~~~~ ave translation unit and translated with a 315 ~-2~n local

oscillator frequency to the proper EF receiver frequency. The FT cutcut i~

used as the other input to the directior al coupler . E-~’ varyin~’ the trans-

mi-rt er power via the tran~ r it power attenuators on one of the channels intei -

feririg signals of various amplitude can be simulated . The translation fre-

quency can be varied to siiailate signals at given frequency cf~sets.

4 .10.1 T~~ QPSK Signal s at the Same fl~eauency

Usins- the setup described in the nrecedin F para~rach error perfo r~r :

curves were obtained for ti.xc QT~’1~ sicna1~ of d if f e ~~nt amplitudes, oper~it ir~-
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at the same frequency . Figure 4.15 gives the results. For a relative

interfering signal level of -10 dB , severe degradation and an irreducible

error rate occurs . Reducing the signal to a relat ive -16 dB causes only

about 1.5 dB degradation fran the no interference case . At -20 dB the per—

formari ce degradation is less than a dB. The results for a -30 dB relative

signal are almost identical to the non-interference case .

Because of the requirement for frequency allocations the above type of

conditions ~~uld not be expected to occur from scmeone else operating in the

vicinity. However , the conditions are identical to those encountered in

cross-polarization operation. If a cross-polarization isolation of at least

16 dB is obtained less than 2 dB will be lost in performance. These results,

along with various results published on cross-polarization discrimination ,

indicated -that cross-polarized QPSX operation is possible with minimal degra-

dation on most microwave links . Its feasibility is determined solely by the

amount of discrimination attainable .

4. 10.2 T~~ QPSI( Signals at Different Fr equencies

Figure 4.16 shows the performance obtained when t-~~ QPSI( signal s of equal

amplitude but different frequencies were combined . At a frequency offset of

+ 6. 4 MHz the demodulator ~~uld not lock up. With an offset of + 9.5 MHz

an irreducible error rate of 1.1 x l0—~ was obtained . At -12.8 MHz frequency

offset only about a 0 .5  dB performanc e degradation occurred . At +12.8 MHz

the degradation was about 1.2 dB. Operationally, any interferin g signal

weuld be at a frequency offset 1ar ~er than that simulated and should be of

no consequence.
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‘4 .10.3 FD~ Signal s

Since analog and digital traffic might logically be expected in adjacent

frequency allocations the effects of one upon the other were investigated .

A 300 channel equal arnpl itude FDM signal was tran~~iitted on char:~~ E

which contained the norr~ l RI’ tren~rit filter . The QFT Y signal was ‘tran:-

mitted using the special RI’ filter. Figure 4. 17 shows the results chtaine~
for the QPSK modem for various airoun -t s of FD~ signal frequency o f f s e t .  ~~~~~~~ -

parison of perforn-arice for the interfering TT~ signal with Figure ‘4 .If  s~c~.-

that the mcxiem operates ecually well regardless of whether analog c~ di:

traf f ic is in adjacent channels.

Having seen that digital operation is not adversely affected b’,-

traffic in adjacent frecuency bends , the converse is considered. Is f- c

traffic dec raded by the digital signal? The quality of an F~ - sir-~~

~~as~~~d as Noise Power Ratio (~~R) ~~ich can be re ated tc the s n ~~

r~ ise ratio in a voice channel . Fi~~~~ s 4 .lSa , b and c shc~ the res~~ts cf

NPR measurement s at 3 different baseband frequencies when an interferir. i- .~~~~~~

signal of equal amplitude but offset by a given frocuency is present .

NPR is severely degraded if the interfer ing signal is of f set  ~~ .9

(Recall the degradation in the di~ ita1 sir- a1 at sj :h an offset  was cn ’;

about 1 dE .)  At larger offsets the degradation is much less severe- b~t

more sign ificant than for the digita l case . :~ is concluded that di g i’ta~

traffic enjoys a much greater irmnuni tv tc interference than analog tra~ f

bot that operationa1 frecuency separations will be sufficient  tc per~nit

effect tran~ sission of both analog and digit~~ traffic on ad~acent ch~~:.’
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SF~ FICN 5

~UX TP~~RY PPSE~AND ~-~C-E~~ F ?FOR’-’ANCE

5.0 Introduction

This section has the oame oener~ str’octo~re as the creced Lng one . First ,

‘theoretical :erfcr— .ir.ce results ~are ‘iven , :erfcr roe is ascertained under

rrini -ral LTra r~-en: ccmditicns ar~ f i n a l ly  the e f fec t s  of various kindo of

signal irpair~r~nt s are considered .

~lith ‘the -~?SK system operatirso at a fixed oJcc}: ra’t~ , ;ac~ ing density

is dictated aLc~st entirely ~v ‘the PI’ filter ; a differer.t ~ens ity recuires a

relitively e~~ensive RF filter change. For the ~Ff~ :-jstcm n:e t.e F~

f i l ter  was fixed , attention was L~~ediately foc-o sed o~~r ‘toe F rece ive

fil ter effects.  ~- ith the basebard system all tha t is nee-~e~ to cn--tro e toe

si~rtal ’ s tran~ oitted ~indwidth occupancy is an atteno~itcr  f-r ‘-‘ar’i::.: oevia-

ticn : Table 3.1 or F igure 3.16 i11ustry~te this f i ct .  The i n t e n t  is ‘to

high - oalit; digital ‘traffic over exis t in g iT~-~ ni ~~~-ie eoli:-: n ’ts  l it -, -~~

~T:r:rzs of ~ o~ificat icn to the radio . This di- :tates , :rcvided : - r : r , : : . :~

is acoe:-tible , t hat ittero kIt ion rather ‘than RI’ f iltering ~e ~:ed to

t1indvi -dth. The results ~il1 shcw such -erfor~~nce is attair.afle. ?o::o:~c:.’t~ ,,

lil the tr ~ctc of -e c~a’t~ rro1r~,~ t-. .~~~rd —~-- :ero ~-re conducted vi th  ‘t ’ +~ rac:o ’ S

:+ r ~-~il 52 ?F ~r it fi ’t-~r. re:. ‘t~~u~h the 1 bFs/Hz density is of

rart icul ar interest -ori:er ~~~~~~~~~~~ r , :-.i -’ter ~er.:itLes ~~re o :dres:ed because of

~hedr --c~~ntii1 ~ - i : ~~~- :- ~ : ~~
-
~~~
‘-

~ -ro --
~~

-
~

- . o ~-sess the dtta:oli _ e

th~ ~ff -:~~ of r i o :: ig - — ~~~ ; - .~ss f i l t -~r ing, as -e l i

as IF f l i t~ r e f fn ct s , - - - .~ cv - - : . • roe , ~ e : . i o~~~.~nd ~ ~~~ per—

r~ .tnc e asses~~~nt r c - ; i r  - - :  an e’- ’ ~~~~t i .n -T f ‘u~ .y ~~re ~;o; s iL1e ~~~~~~~~~ ;. a t  l i rs

the ~F ’~Y rn~~~~.
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5.1 Theoretical Perfonnance

The baseband syst~ n t s theoretical perfonnance is approximated by [114]:

T .t,fcot ~Pe = 
½ 

exp f— 2 p sin2 (I.. . ) ]  (5. 1)
(2zø) ‘.~f ½[cos (

t~f

where :

p carrier-to-noise ratio

t~f frequency separation

N = s~ nboling rate

The relationship between p the carrier-to—noise in the IF band width , and

Eb/N0 which is equal to the carrier-to-noise in the bit rate bandwidth is

given by:

2Np 
~~~
— (E

b
/N
0
) ( 5 .2 )

where B is the occupied bandwidth. Canbining (5.1 )  and ( 5 . 2 )  yields :

B cot (~~~~-)P e = [  ] exp [—(—-)(Eb/No)sin 2 (-- ’—)) ( 5 . 3 )
‘4WN(Eb/No) (~~~ )~½ 

B 2

The experinental data (Table 3.1) yielded bandwidths of 12.38 MHz and

6.28 MHz for 14 dB and 12 dE attenuation , respectively. Froni Figure 3.16, an
attenuation of 8 dB results in 1.147 bps/Hz . Dividing this rnznber into the
12.8 Mbps rate yields a bandwidth of 8.71 MHz . Using these riimbers for E ,

Table 5. 1 was constructed and the results plotted in Figure 5.1.
j&J~SC) shown is the theoretical perfonnance for the 6.528 M~~s rate for 10 dE

attenuation ; these -conditions ~~re used during n~ich of the syst~ n tes’s.
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Numerical inte~rat ic-s. of :~~ctr~d 71ct: at th~ ~ . 525 b’~-: s rate sh~~li 05 .

of the energy was contained in 6.52° ~hz when 9 dE attenuation was ucc~ ,

whereas 99.U~ was obtained with 10 d~~. Thus, experimentally 10 d~- attcr,u~-

tion was detenr-ined to be the proper value ‘tc- obt o in ,  1 bp s/Hz.  ThE o:t~ :~

B was calculated to be f~ t~3 b~ z which gives a 1.02 boo /hz  den sity .  croo:. ’:

nfle results in a value of 9.7 dP required for 1 bp s/hz.  Again , the cxci-

lent appr~xiration at the 1 bp s/Hz occupancy, thereby , substantiat es the

validity of the rule for densities up to- 1 bp s/hz .

Table 5.1: ~~aternary ~~seband Theoretical Perforranc€

____________  
I 
____________  

17.5 h~~)s 6.525 ~~ 
I

Lb/~~0 
(dE) 

~ ~ dS 8 dE I? dS 10 d~ 
-

8 1.62x1 0 2 £ .52 xl0 2 l .9~xll~~ l .9lxl0~~

9 6 .  26x12 3 
3 r C > ~~~~~

_ 1  1. ?1xli 1 7 . 7’txli °

10 l.9B>~ O~~ 1.7lxl0~~ E.2Exl~~’

11 ~.79x1 C~~ 
- 

E.DOxli ~.77xll ’

12 8.2Ex 1~Y 5 2 . 3 ~’xli 3 2 .~ E x l i~
L.13 9.3lxlO £.0[xli~ l .1Cx~~~ ’ l.57xll -

1~ E.1~ >J0 7 1.1~ x lD~ ~.1lx12~~ l .l8xl~~~
_ c ~ a

15 2 .07 x10 l. 14 L~xli 1.23x1~~~ t 4 .COx lO

IC 2.gs~i0
_li 1.09xll~~ 2 . 7Cxll t

~
I a

17 . 39 xl0~~ . 3~xll

18 7.50x10 ~~~ ‘~~~~> l ~
—
~

19 — -- 2. L Oxli  - 

— Q

20 - 7 . ODxli ¶ 

21 - 8. Dlxl D —~~
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5.2  Receive Low Pass Filtering

Initially 15 MHz was selected as the receiver’s IF filter and performance

with various baseband receive low pass filters was measured . The selection

was based upon the fact that ohe filter is standani for the radio and closely

app roxii~~tes the signal ’s bandwidth . In addition to the baseband filters

available on the simulator ass~ nb1y other baseband filters were designed and

constructed . In certain cases , filter pairs were constructe d for testing

with both transmit and receive low pass filtering. The units built were

numbered for distinguishability purposes only. Figure 5.2 shows the effects

on bit error rate performance of baseband low pass receive filters. The

difference between the best performance obtained and no baseba nd filter is

about 10 dB which certainly indicates that sane such filtering is required

Performance varied over a range of 3 dB for the filters tested . Basebarid

low pass filtering should be used. To minimize changes, and ther eby expense ,

the radio’s normal 14 .5 MHz filter can be used at the expense of about 3 dB

in the link ’s fade margin over what is attainable with a nore judicious choice

of baseband filtering. However, considering the inexpensiveness of baseband

filtering and the ease of interchange of filters , it is probably not advis-

able to sacrifice the 3 dB.

Figures 5. 3a and 5. 3b , respectively, are photos of the received eye

patten~s with no low pass filter and with the 3.2 MHz Bessel low pass fil ter

unit number 3 when the 15 MHz IF filter was used . The horizontal opening

indicates the range of correct sampling t ime , wher eas the vertical dimension

indicates the m inimum margin against noise when sampling [121. Therefore ,

with proper alignment the vertical opening at the eye ’s center is indicative
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of perforr~ nce . Error rate tends to decrease riiiy as a f u i c t i c n  of

closure. The relative opening of Figures 5.3a and b reflect the cause nf

degradation when no haseband low pass r~-c €- i ve fi l t e r  is us -d .

5 . 3 IT Filter Effects with Various F irra l  Attenuations

After determining that low pass f i l t e r ir . - has a sirn ifican t effect on

perforr~nce , attention was g iven to IF f i l t e r  effects .  Perfonrance was

obtained not only at the 1 bps/Hz point of L dB cignal attenuation b-u t alic.

for attenuations of 8 and 12 dB , the latter correspond ing to the 2 1— c s/h z

point and the for~ er estin~ ted to be nearly 1.5 b-ps/hz (1. 147 i 1-s / I i z  from

Figure 3.16) . The results appear in Figure 5. 14 . At I bp s/Hz tOE 15 ~-Ih z

filter yields a clear superiority over the other two tested . Figure 5.5 ,

the eye pattern for the 7 .7  1hz IF filter , when contrasted with Figure 5.3L

shows s ignificant  closure due to signal truncation . This illustrates t1-~-

T- -!-!~-!1.~~!.I ~~ P~~~~~
-
~
- --

I ~~~~~~~ 
- -

- .~
.fr’_ .—, - -~ 

i-.-

-~ ~.. - - 
- 7.7 NO I7 IF

~~~ Re ive Filter
~~~ ~~~~ ~ ce -

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

-~~~~ -- ~~~ — --
~~— 

~~~ - - — U

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

•~~
F i c-urr 5 . 5 :  Pecrj ved I ve- I t t  t~ -~n - 3 .2 ~~~ Jo~-.’ !r~
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cause of the 14 to 5 dB degradation of the 7.7 MH z filter relative to the

15 MHz filter . At the 1 bps /Hz packing density , 99% of the signal energy

is contained in 12.8 MHz . Therefore, the 25 MHz filter is significantly

wider than required. As such its perfoii~~nce can be expected to be infericr

to the 15 MHz filter as it is by about 1 dE .

At 8 dB signal attenuation the dif f erence between the 15 MHz and 7 . 7  MHz

IF filters, which was observed at 1 bps/Hz , is no longer evidenced ; per for-

n~ nce of the -two filters is nearly equal . This is because the 99% bandwidth

of the signal is now 8.71 Hz rather than 12.38 MHz (actual rreasured value ) :

the signal truncation with the 7 .7 MH z filter is much less severe . The

25 MHz filter causes about 2 dE degradation .

At 2 bps/Hz perfori~ance differences a~rcng the IF filters are just about

the sare as the differences observed with the 8 dB signal attenuation .

It can be conc1~ied that since in the worst case above at least 99~ of the

signal energy is within 12.38 MHz the 25 MHz filter is much too wide and will

cause sane degradation relative to the 15 MHz filter . The signal truncat ion

caused at 1 bps/Hz by the 7.7 MHz filter becares less significant as the

packing density is increased. At 1.5 bps/Hz and 2 .0  bps/Hz there is little

to choose between the 7.7 MHz and 15 MHz filters.

The eye pattern pictures were taken at RSL’ s of about — 20 d~~ to show

basic problems associated with certain IF and baseband low pass filters .

They show

(1) signal tr~.mcation frc~n too nar’r~~ an IF filter causes significan t

eye closure even in the presence of a very strong signal ( Figure 5 . 5 ) , and
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(2 )  a failure to use receiver low pass filterin g allows unusable

energy to pass into the d~ iodulator decision cirvuitry , thereby causing

closure (Figures 5.3a and b) .

Since the vertical opering indicates the minirruiri margin against noise ~rau1er

openings indicate rrcr-e susceptibility to ncise or fades. ~-bwever , other

factors need to be considered in filter selection . For example , at high RSL’s

a wide filter may be preferred so as to pass usable sidelobe energy . As the

RSL is lowered the noise will reach a point where it starts to exceed the

sidelobe energy . At such a point a narrower filter ~~ ild be desirable. To

actually assess relative perfonr~nce via eye patterns , such patterns need to

be considered at various RSL values.

5.4 Prencdulation Low Pass Filters

In an at-tempt to assess the effect s of prerr~dulat ion as well as postn~~ u-

lation filtering two different baseband filter pairs were selected for evalu-

ation . Test results are shown in Figure 5.6. As seen by ccmparing Figures 5.2

and 5.6 , the 3.77 MH z receive filter’s performance is degraded by about 1.5 dB

and the 3.2  MHz receive filter’s performance is degraded by about 0.5 dB.

However, it was previously seen (Section 3 . 2 )  tha t prenodulatiori low pass

filtering has an effect on bandwidth. The 5.82 MHz tran~ nit filter has a

minimal effect on bandwidth, the spectral plot is alrrost identical to that

obtained without any tranw~it low pass filtering . Consequently , the packing

density remains 1.0 k bps/Hz . When using the 3 • 2 MHz transmit filter a rather

significant RF spectral occupancy change occurs . Calculations yield a bit

packing density of 1.2 bps/Hz for this case . Thus , the apparent 0 .5  dB

degradation does not really exist since performance caTtparisons s)o.ild be

80
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made at equivalent bit packing density. A ccrnparison of spectral plots s?~ws

only 1 dB sjgna.l attenuation is required with the 3 .2  MHz tran~~iit filter

to obtain 1 bps/Hz operation. The data in Figure 5. 4 and subsequent figures

indicates that changing fran 4 dB to 1 dB attenuation will rrcre than canpen-

sate for the apperent 0.5 dB loss.

Pr’erodulation low pass filtering, when properly carr ied out , will improve

performance sorrewhat. However, the gains are rather s~nall . When costs are

considered transmit low pass filtering probably ~~~ld not be used in rrost

cases.

5 .5  Si~~~J. Attenuation, IF and Basebasxl Filtering

This subsection is concerned with performance asses~ rents of the various

combinations of paraireters shown in Figure 5 . 7 .  When baseband low pass

receive filtering was used the 15 MHz IF filter outperformad the 10 MHz filter

by about 0.7 dE at 2. bps/Hz and performance was equiva lent at 2 bps/Hz . The

penalty suf f ered in going fran a density of 1 bp s/Hz to 2 bps/Hz is approxi—

mately 6 dB. The large difference in performance evidenced when no low pass

receive filter is used again points out the necessity of such filtering . The

penalty for anitting it is severe regardless of the packing densi ty.

It is pointed out that both occupancies are obtained for the 12.8 M~ps

rate. That is , for the 2 bps/Hz density 12.8 Mbps are being sent over a

99% bandwidth of 6. 4 MHz . This explains why the 10 MHz filter outperforms

the 15 MHz filter so significantly at 2 bps/Hz when no low pass filter is

used . With the receive low pass filter, the low pass filters ef f ects daninate

and equivalent performance is obtained .
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5.6 Operation at 6.528 Mbps

Much of the system configuration testing we.s perfonned at the micr~~ave

rrcdem rate of 6.528 Mbps . As seen (Section 5.1) 10 dB attei~ at ion yields a

density of 1.02 bps/Hz. An attenuation of ‘4 dB at this rate yields an esti-

mated bandwidth (Carson ’ s rule) of 9.56 MHz or equivalently a bit pack ing

density of 0.68 bps/Hz . This condition was briefly addressed to ft~ ther

ascertain IF filter effects.

Perfor~~nce measta’enents were made for the various cathinations of the

15 MHz and 7 .7 MHz IF filters and the 3.2  MHz and ‘4 .5 MHz baseband low pass

filters with the above packing densities. The results are shown in Figures

5.8 and 5.9.

At 12.8 Mbps , ‘4 dB signal attenuation the 99% bandwidth is contained in

12.38 MHz (Table 3.1) , whereas at 6 .5 2 8  ~thps , 10 dB attenuation gives a band-

width of 6. ‘43 MH z. In the first case the 7.7 MHz filter would be expected to

perform a significant anE unt of signal tuncat ion , causing a performance

degradation with re spect to the 15 MHz filter . At the lower rate ncst of the

signal energy is contained within the 7.7 MHz (3 dB) bandwidth and so a miniina.1

an~unt of signal ~ ‘uri cation occ~.z’s . Consequently , it is r~ t sur pris ing that

at a packing density of 1 bps/Hz the 15 MH z IF filter is about ‘4 dB better than

the 7.7 MHz filter at 12 .8 Mbps while at 6.528 Mbps it is atx~.it 1.7 dE worse.

The 6 .528 Mbps rate with 4 dB attenuation occupies a bandwidth between these

two cases and so the relative performance of the two IF filters similarly

should lie between them as it does .

tinder opti~~l conditions perfor~~nce for 1 bps/Hz at the two different

rates should be equivalent as evidenced fr~~ a conside ra tion of equation 5 .3 .
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Since the occupancies are slightly diffar ent about 0.5 dB difference i~&ild

be expected as seen in Figure 5.1. The n~ asur~~~nts s)x w about a 3.2  dB

differ ence . L~~ pass filtering has already been shown to significantly affect

performance. The 3.2 MHz low pass filter was designed for use at the 12.8

P1bps rate . L~~ering the rate to 6.528 P1bps dictates the use of a nar rwer

filter . The performance loss at the l~~~r rate should be recoverable with a

ncre judicious choice of a low pass filter.

5.7 Performance vs Packi ng Density

Figure 5.10 illustrates the relation between performance and bandwidth .

The figure shows the measured Eb/No required to obtain a bit error rate of

lxI0~~ at 12.8 P1bps for the 10 MHz and 15 MHz IF filter and 3. 2  MHz receiver —

low pass filter for the various pack ing densitie s . The points were taken for

various data obtained throughout Phase I testing . The penalty for halving

the bandwidth from 1 bps/Hz operation to 2 bps/Hz operation is 6.5 dB for the

15 MHz filter and 5.5 dB for the 10 MHz filter.

The observable fact that the error rate decreases as the bit packing

decreases or equivalently as the deviation increases is not surprising .

Frequency nodulation is characterized by a signal-to-noise enhancement factor

which is proportional to the magnitude of the n~dulation index : the enhance-

ment is obtained in exchange for increased bandwidth .

5 • 8 Theoretical vs Experimental Data

Table 5 • 2 contains a ocinparison of theoretical and empirical performance

at the 10~~ bit error rate point . The theoretical Eb/N0 is taken frcin

Figure 5.1 bit at the 3.33x10 8 point to adjust for the 3 to 1 increase in

the error rate due to the scrambler within the nodem. The enpirical Eb/NC
is the best value obtained for the data taken .
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TABLE 5 .2 :  Theoretical vs flnpirical Eb/No for BER io~

BATE 
________  

21.8 ?IbTs 
__________  

6.52 11b/s

Attenuation 4 dB 8 dB 12 dB 10 dB

Theoretical 14.9 17.]. 19.6 15.1

~ np1rica1 22.4 26.0 28.7 
— 

27.7

Difference 7.5 8 .9  9.1 12.6

The signal-to-noise enhancement with increasing bandwidth mentioned in

the previous subsection is observable in both the theoretical and experimental

data . The theoretical curves are obtai ned under idealized assi~snpt ions. They

are predicted on the employment of ideal filters canpatib le with the deviation

and data rate . Actual performance appro aching within 3 dB of theoretical is

normally expected for a well designed nodein . A small anount of the 7 .5 dB

difference at the 12.8 P1bps rat e with an occupanc y of 1 bps/Hz should be

recoverable by pre nodulation low pass filtering . A postn cdulation low pass

filter whose response takes into account prior filtering should permit a

further reduction in the difference. Finally, the IF re ceive filtering was

selected frau the choices available rot from opt imization considera t ions .

With ideal filter conditions throughout the differ ence could perhaps be reduced

to about S dB a quite reasonable practical figure but one which can be

u nproved upon . Filter conditions were uxore optimel for the 12.8 P1bps case

than the others , accounti ng for the ~Mller differe nce in the theoretical and

actual performance . I,, the 6.528 P1bps case the baseband filter used jS aluTost

twice as wide as should be used for the data rate .
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5.9 Multi ple Radio Hops

Figure 5.11 indicates how performance degrades as a function of IF

repeaters . The degradation evidenced is more severe than tha t measured for

QPSK operation (Figure 5.6). During the contractor ’ s in- plant testing a chang e

in slope of the performance curves as the number of hops was increased past 4

was observed [7). If the degradation was caused exclusivel y by receiver ther-

mal noise it would be a uniform function of the number of hops. The fact that

it was not and the slope changed suggests another source of noise as inter-

ference. A lik ely candidate is a deterioration of the transmitted signal to

noise characteristic due to the lack of regeneration at the heterodyni ng type

relays employed in the multiple hop configurations. If Indeed this is the

cause , performance should degrade even more rapidly as the number of hops

increase. Such a noise component would become an integra l part of the tran s-

mitted waveform and as such could not be compensated for by increasing the

received l evel .

Figures 5.12 and 5.13 further identi f y the tradeoffs among mul ti pl e hop

links which use regeneration and those whi ch use repeaters. The system was

configured either for norma l 4 hop IF repeater operation , Figure 5.12 , or for

4 hops wi th baseband regen eration on the Stockbridge to Verona path , Figure
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5.13.  In each case the data was originated at Griffiss. The pc~~r being

tran~~itted from Griffiss was attenuated by use of the simulator assenbly

to obtain the levels shown in the figures .

The RSL : -28 d~ xt curves correspond to the full power case . As such in

the 3 IF rep eater case it corresponds to the ~ hop case of Figure 5.11. In

the case where regeneration is used , the Gr iffiss to $tockbridge hop shoul d

be error free at an RSL -28 d~~u. Cons equently , the curve is analogous to

a 3 hop (2 IF repeaters ) case because the erro r- free bit str’easn is being

regenerated . Thus , the results should fall between the two and four hop

cases in Figure 5.]. ]. as they do.

As the power is attenuated errors start to occur on the Griffiss to

Stockbridge hop . Figure 5.2 gave performance curves for two 4 .5 MHz baseban d

low cass filters . Although a different ~.5 MHz filter and 15 MHz IF filter

were used at Stockbridge the error rate at that point when the signal is

de~odulated should be comt arable to the error rate obtained fran Figure 5.2.

The RSL (Stockbridge) -71 d~ix curve for the case involving regeneration

shows an irreducible error rate of about 3 x l0~~. Fran Figure 5.2  this value

was obtained at an Eb/No = 22.6 dB. Using the 10.5 dB Stockbridge radio noise

figure an RSL —71 d~~ corresponds to an Eb/No 21 .6 dB. A 1 dB difference

is easily accounted for when one considers different filters were used, cali—

brati ons were trade at two different sites and different derxodulators * were used.

At the point of regeneration any errors which had already occurred are

regenerated . Under good signal conditions no further errors would be expected.

In this case the error rate will rexrain constant until the RSL at Griff iss is

*~~,den checkout verified the two baseband irodems yielded performance within
about 0.5 dB when identical conditions were tested.
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reduced to the point where new errors be gin to occur. As has been state~

above the last 3 hops are identicall y the 2 IF repeater case. When the error

rate becomes high enough the significance of the original irreducibl e (rege-

nerated ) error rate decreases and all the curves in Figure 5.13 tend to over-

lap. The results show the not surprising fact that even when starting with

poor signal conditicns baseband regeneration can be used for the effective

transfer of high speed digital data . The RSL = -67 dBm at Stockbrid ge only

caused about 0.5 dB performance degradation relative to the full power RSL

-28 dBm conditions.

The results without regeneration are very different. The noise inherent

in a reduced RSL becomes part of the transmitted waveform. When the additional

degradation of the subsequent hops is combined signal discrimination becomes

even more difficult. The overall e~~ect can be seen by comparing the two cases

for an RSL -67 dBm at Stockbr idge . Instead of having 0.5 dB degradation as

in the case of regeneration , the degradation for a BER = 1 X io~ is about

12.3 dB . Under poorer channel conditions at Griffiss the relative degradation

although less is still significant.

The above results indicate multi-hop repeater operation is less attractive

for the baseba nd modem tha n the QPSK modem. Under the conditions indi cated in

Section 4.5 such operations might be considered but generally IF repeater

operation should be avoided . The cost savings resulting from the elimination

of a modem would result in a perfo rmance (fade margin) lnss.

5.10 Signa l Impa i rments

Thus far , the results In this section were obta i ned for minima l impairment

conditions. Having observed (Section 4.6.1) tha t the spe cial RF filter caused
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a lack of flatness in the amplitude characteristic for the QPSI( ncdein, the

linearity response for the quaternary baseband rixxlem with the normal RF filter

and 15 MHz IF filter was considered . Figure 5.14 shows the response . It is

__t—-~~~~~~~~~~~~ Calibration

Markers + 5 MHz

I 

T - 

1 

Differential Gain

- - —
~~~~~~~~~ Delay = 5 n sec/~~

FIGURE 5.14 : Linearity Response for Quaternary Baseband Modem

essentially flat and so the conditions do correspond to minimal impairment

conditions.

Figures 5.15 and 5.16 show the effects of various transmission path dis-

tortions under 2 bps/Hz operation. Based upon the point of reference values

for 600 channel FDM radios given under the distortion test discussions of

Section 4 the distortions simulated are larger than might reasonably be

expected under normal opera t ing conditions . Even under these severe distortion

conditions , the worst case of degradation at 2 bps/Hz is seen to be less than

1.0 dB. Therefore, such signal impairments should be of little or no

consequence.
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When such distortions were simulated under 1 bps/Hz operation (see

reference 7) ,  the degradations were mr’e severe. At 1 bps/Hz 99% of the

energy is contained within a bandwidth of 12.8 MHz ; the value for 2 bps/Hz is

6.4 MHz. Thus, the overall magnitude of the distortions simulated, fran one

end of the signal occupancy to the other , is larger for the wider bandwidth

case , approximately twice as large for linear distortion . Consider ing the

magnitude of the distortions simulated, tran~nIssion ii~ airments of this type

should present no operation pr oblems at either of the bit packing densities.

5.11 Extern al Clock Filter

In order to test the effects of clock j itter a HP 8660B Synthesized Signal

Generator with an HP 86632A AM-fl plug-in nodulation section was used as an

external clock with various a~ramts of FM deviation. Test results are given

in Figure 5.17 . A peak-to-peak j itter of 2 IC~iz had no effect on performance .

A relatively ~~~ll anrur~t of degradation resulted when the ~ r~unt of jitter

was increased to 4 X1-iz . Performance quickly falls off if jitter is increased

any further . A clock j itter exceeding 4 X}lz ~~~1d not be expected and up to

this point perfoxi~ance is minimally affected ; clock jitter should be of little

consequence operationally.

5.12 Frequency Offset Effects

The translation frequency into the simulator was varied fran the normal

315 MHz for the 4 dB (1 bps/Hz) and 12 dB (2 bps/Hz) signal attezi.~ation cases.

The results are slx~ r~ in Figures 5.18 and 5.19. The anount of degradation is

~ riparable for the two cases. Up to 2 MHz offset causes at ncst 2.0 dB

degradation . The QPSK ncd~ n , Figure 4.13 4 had carDier treck.thg ~~~b1ems for

an offset as ~~~11 as -0.5 MHz and had a degradation of 3.2 dB for a +0 .5 MHz
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offset . Obviously, the baseband n~ dem is much less sensitive to frequency

offset. Nonetheless , offsets of 0.5 MHz or greater should be rare occ~.a’rixtg
only when radio equipnent oscillator ~ ob1ems are present. As long as fre-

quency alignments are kept within tolerances little degradation s~~~ld occur

for either ncd~ n type .

5.13 Interfering Signals

The same basic configuration that was described in Section ‘4 .10 was used

to simulate various interference conditions. The results are described in

the ensuing paragraphs.

5.13.1 ~~~ (~iaternary Basebarid Signals at the Same Frequency

Figure 5.20 shows ~~ z perfor mance varies as a function of ar t int erfer ing

basebazxl signal on the same frequency ),.it at a different level . As mentioned

(Section 4) this condition is analogous to cross-polarization operat ion. Art

irre ducible error rate of about 1x10 3 occurs when the interfering signal is

13 dB down . For a cross-polari zation isolation of 16 dB about 6.7 dE

degradation occur s at the i.xl0 7 point. The degradation then quickly drops

off as the interfering signal level is 1~~~red . The results , when cci~ç~ared

to the QPSI< results under similar test conditi ons (Figure ‘4 .15) , show a much

higher susceptibility to interference. Nonetheless , cross-polarization

operation still repre sents a viable techni que far doubling data rat es on marty

rnicrc*ave links . Its applicability to specific links cart be deter mined fran

the experimental data provided cross-polarization discriminat ion data is

avai1~ble.

5.13.2 Two ~iaternary Baseband Signals at Different Frequencies

Figures 5.21 and 5.22 show the effect an equal amplitude signal offset in
frequency has on performance in the 1 and 2 bps/Hz cases. The signals had
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nearly a 50% error rate over the entire range when the offset was 6. 4 MHz .

When an ursodulated carrier at 12.8 MHz frequency separation was used , an

irreducible 
~~~~~~~~~~~~ rate of 1. 5x10 5 was evidenced. With n~dulation and 12.8

MHz separation the measured degradation fran the no interference case at a

1xl0~~ error rate is only 1.9 dB for the 1 bps/Hz case and slightly less for

the 2 bps/Hz case. Since Figure 5.4 shows alix st identical performance for

the 7.7 MHz and 15 11Hz IF filters at 2 bps/Hz it was felt one may be preferable

to the other under the conditions tested. As cart be seen fra n the data the

IF filter selection (of the t~~ tested ) makes little difference.

Unless a user is operating outside authorized bandwidths or under very

unusual atnospheric conditions, the separation of art interfering signal will

exceed the separations investigated and will cause even less degradation .

than that shown in the figures. Operationally, such interfering signals on

other frequencies should cause no j~-ob1ems for the rro d~~ .

5.13.3 FttI Signals

Having seen that digital traffic in adjacent bandwidths should be of no

consequence, the effects of analog and digital traffic in adjacent bandwidths

are considered. Analog F1}1 signal conditions are as described in Section

‘4.10.3.

Figure 5.23 s~~~s the Ft~ signal ’s effect on the baseband ncden-i ’s 1 bps/Hz

performance. If the Ft~f1 signal is offset sufficiently, nti.nijnal to no perf ormance

loss occur s. Clearly 12.8 MHz offset is not sufficient ; ar t irreducible error

of about 2. 5x10 ’4 occur’s • When the data is ccznpared to Figure ‘4 .17 , the can-

parable figure for the QPSX i~od~ n , it is evident that the ba seband ucdem is

~~re susceptible to interference fran an analog source . Nonethele ss, when the
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Fill signal was offset by 19.2 MHz no degradation whatsoever was observed in

the basebaixl case. Hence, no operational ~~obl~ ns with the n~dem are expected

due to the analog tran~ nission.

Next , the effects of digital traffic on analog Fill is ai~~essed far the

quaterT~ry baseband nodem at 1 bps/Hz operation. The experin~ntal results are

given in Figures 5. 2’4a and b. They indicate a sanewbat higher degradation in

NPR than was evidenced when the ~PSK nodem was used . But operational frequency

separations are sufficient to permit analog and digital trari~ nission in adjacent

channels with little or no degradation .
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SE~T.LON 6

SYST~71 TESTS

6.0 In~ vduction

The performance of various parts of futur e type digital network configura-

tions has thu s far been described in this report and the various other Phase

I interim technical reports. Particular emphasis in the previous sections has

been given to performance evaluat ions of the two irodeni types when the micro-

wave radio and link pare~’reters are varied .

This section describes the result s obtained when the digital equipments

were tand~ ned. Certain ircanpatibilities were surfaced which necessitated

equipment rrcdifications. These incompatibilities and the overall system test

results and conclusions are adch-essed here.

6.1 AN/USC-26 - AN/GSC-2’4 Interface

The AN/USC-26 GIM and the AN/GSC-2’4 ATttl were two equipments specifically

identified by OCA as requirin g testing under the program. Ini tial attempts

F to interface these equi~inents uncovered major caT~~tibility problems. The

cause was the relationship between the asynchronous stuffing technique used

in the ATEM and the extremely tight ra te recovery circuitry in the Gt91.

Carinents are made relative to the engineering design uodels (Ilti’s) of the

ATrII, which were to be used in the system tests , and to the production

rrodels ATLll which were not yet available during the Phase I tests.

In early test ing with the D11 the GIll could not track the phase var iations

at the ATIII output. These phase variations result from the technique used

within the ATtSI to provide the asyrxthru~~is capability . Bits fran the data

source are placed in an elastic buffer at the input of the ATrII. The data
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bits are r~roved fran the buffer at a fixed sar~ling rate determined by the

ATrtl configuration. When the incoming rate is higher than the s~~~1irg rate,

the excess bits which acctinulate in the buffer are r~~~ved and transferred to

the den~iltip1exer through the overhead channel then stuffed back into the

correct position in the output bit stream. The stuffing action causes an

instantaneous 2ii phase step . For input rates below the sample rate , the buffer

begins to empty so one bit is occasionally deliberately sampled twice . At the

demux side the redundant bit is renoved , again causing a 2’ phase step. The

denux &rcothing buffer in the 1111, which is controlled by a first order digital

phase locked 1oop (DPLL) , ~nooths these phase steps by spreading them out over

a 768 bit interval (effect ively a 2ir in 768 bit t ime phase slew rate). Speci-

fically, for rates up to 512 Xbps it increases (or decreases) the length of

every 32nd bit by 1/24th of a bit time until a full bit time is added (or

deleted). Above 512 Kbps a 1/12t h bit time correction is made at 64 bit

intervals .

When the GDM was interfaced with the ATtII using this ~ cothing technique

loss of bit count integrity resulted even with the nodem connected back-to-

back. A short test program was then n.m on the GIll to determine its response

to various slew rates . The test conf iguration is shown in Figure 6.1. The

worst case and , therefore, aeç~atibi1ity determining rate is 153.6 Kbps . The

bandlimited noise on the analog side was set at a level which provided a

typical lxl0~~ bit error ra te in back-to-back operation at the 153.6 IQ ps rate

and different rates of slewing were applie d on the digital side . The test

results are shc~.in in Figure 6 • 2. Bit error ra te versus Sb/No performance

results were also obtained and are plotted in Figure 6.3 .  Fran the curves a
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slew rate of 2w in 20 ,000 bit tizres was determined as the minilrLun allowable

for satisfactory operat ion with the USC-26 , and even at that rate there is

sai~ perfonnance degradation . At the 2w in 768 rate , perfonnanoe ~r~*i1d clearly

be unacceptable even if timing synchronization could be establis hed. The Gttl

required slew rate is ucre than an order of magnit~ 1e n~~e critical t~~~
other units which typically interface with the ATUI . !~~iever , such a charac-

teristic is typical of high efficiency synchronous data ncdems : efficiency is

obtain ed by the use of very tight phase lock loops (PLL ’ s) .

In the production version ATII an analog ?LL was employed for ~toothing

but the design cannot be pushed far enough to give snoothing to 2w in 20 , 000

bit t imes. To establ ish interface car~atibi1i ty between the ATtII and the Gttl

a special sn~ othing buffer was designed for the ATI]l which is card for card

replacea ble with the ATt1I’ s general purpose buffer • Concurrent with the Phase

I system testing a hreadboard version of this special buffer was tested with

satisfactory results. Detailed ~~npatibi1ity testing was subsequently carried

out under the ATEtI program and the results verified that the interface incom-

patibi lity has been overcome.

Because of the unavailability of an ATtSI with the special buffer during

Phase I test ing no conf igurations tested ent c~il a use of the AN/USC-26 ~~oup

Data Modem . Nonetheless , the testing subsequently conducted under the ATESI

program denons~~~ted the production nodel is ccm~pat ible with the G1}~ provided

the special sncothing buffer is used.

6.2 AN/GSC-24 General Interface

The above interfacing problem was not the only one surfaced involving the

AN/GSC-24 . Other problems, which did not preclude testing bit presented
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certain initial test setup difficulties , occur red . These are described in

t’~). Once interface was accomplished the test results pre sented in [4) along

with t~~se to be presented in this section show the ATrLtI to be an extremely

versatile high level multiplex system capable of presenting a transparent

window for end-to -end ~~rvrun icat ion requi rene nts.

6.3 System Test Configuration

Aft er’ the basic system interface problems were over~~ ne , the equiprents

were tandemed in var ious ways to simulat e operational nets~~rk configurati ons.

Figure 6. ‘~~ depicts , in a general way , the type of configuration s evaluated .

The AN/GSC-32 Voice/Data Modem is a wireline n~~esn chosen over otter possible

ncdems purely on an avail ability basis. Its characteristi cs are given in C 153.

The Marconi Th 7816’s are 12 channel noise generators. The pseudo raxlcin

sequence generators and bit error rate test sets pairs represent various bit

error rate test equipments -- specifically, the IIC BEF1’ 901, Tau Tron S-130C ,

}~ 1BUSA and an P,N/GSC-24 Test Set . The ncdem used for nodulation and

denodulatiori of the multiplexed bit stream was either the QPSK or quaternary

baseband nodem addressed in the preceding sections. The term channel is used

in the very generalized sense; it includes everything between the nodulator

and den~dulator. This mey be just the radio and sistulator rack or it nay

include transn.issions between sites where intermediate sites may contain

various digital equi~iierits.

Al]. the system tests involved the general conf igurat ion ; ~~~~ver’, all the

equi~~~nts were not necessarily connected for all tests. Mditionally, in

sare tests the TI) 968B t’ansnxitter and receiver were in the same unit whereas

in others differ~~t units were used . It will be seen these t~~ cases led to
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very different results. As in the previous sections , the OPSK nodem system

results are considered first and then the baseband nodem results are given .

6. 13 QPS K ~~dem System Tests - Single Hop

Figwe 6.5 presents test results obtained* using the system configuration

of Figure 6. 13 where the channel consists of the simulator rack being used for

frequency translation. The same TI) 968B was used as transmitter and receiver .

The agreement of the TI) 968B and AN/GSC-2 13 results with the nodem results

shows these equi~inents introduce no additional bit error ra te degradation into

the system. That is the AT~tI and PCI by themseif or in tandem do not degrade

performance . The AN/GSC-32 node~n causes about a 1 dB or appr oximately an order

of ir~grt itud e perfor mance loss. Since the 56 Iclps node of the TD 968B has not

degraded performance , theloss is attributed to the wireline rrodem and/or the

wireline nodemlTD 968B interface. This degradat ion will be evidenced through-

out the system tests.

One additional point is made relative to Figur e 6 . 5 .  Prior to this test

sane intermittent difficulties with regard to carrier recovery and sc~~ per-

forma nce loss were being experienced with one of the QPSX nodems. The unit was

r’etur med to the contractor for repair . During the repair some irr~rovements

were incorporated into the nodem . The results here when compared to the

earlier data , Figure 13 .3 , shows an improvement of about 1.5 dB for the same

conditions . Consequently, the nodem after nodification yielded just about

what might be expected fran an opt imized system. Sane of the subsequent curve s

*Modem performance points given in system test configuration cur ves are obtained
for each point using the nodem ’ s inter,~al test node irme diately after canpiet-
irig data acquisition at a particular received signal level. ~odem performance
could not be obtained during system data acquisiti on because the bit stream
into the nodem consisted of multipl exed bit streams .
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involved performance with the otter QJ’SK unit or the repaired unit at a t ime

when a small arount of degradation was occurring. As such a slight improve-

ment (1 or 2 dB) may be obtainable in some of the curves . However , the

important point is the relative performance of the PCI , ATrtI, and rrodem equip-

ments given on the sane curves .

Figure 6.6 shows performance for the actual single hop case. Of course

in this case, since the equipment is located at different sites , the TI) 968B

transmitter and receiver are not in the same unit. Additionally, the normal

RF filter is used in this and all the remaining tests. Perfo rma .nce for the

m~~em and GSC-213 rema.in the same ; however , there is a very significant differ—

ence in the R M  equipment ’s perforrrance. The bit error rate in either direc-

tion for the 56 Kbps channel without signal attenuation is ~~rse than 1xlO~~.

The th ’ast ic degradation in performance relative to the essentially error-free

operation for the case of a single TD 968B unit being used for tran~ nission

and recept ion reflects the ~ ‘oblem of stability of the phase locked loops used

to generate the 56 XHz clocks. The problem is identified in C 3]. The problem

was re ported to the equipm ent developer and changes were incorporated to eli-

mirate the problem. Although this fix was incorporated too late to enable

checkout under the Phase I test s , tests at the contractor ’ s plant show the

problem has been eliminated.

6.5  QPSK Hodem System Tests - ‘I~~ Hops

By attenuation of the tra r~3nitt ed signal by use of the sijmilatar assembly

an RSL of -71 d~ n was obtained at Stockbridge . Radio loopback was then used

to obtain the t~~~~ hop test conditions for obtaining Figure 6. 7. The system

perforrance conclusions are oonsistent with those pointed out relati ve to
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Figures 6.5 and 6.6. Obviously, only one TD968B was used . It is apparent

that two-hop repea ter operation without regeneration does not inherently cause

excessive degradat ion. Of course such operation is possibl e only if no drop

or insert is required . Additionally, the conclusions of Section 4.5 apply

and so such operation would rarely be warranted .

From the above one would certainly expec t that regenerative operation can

also be used . However , since regeneration may be done for dropping and

inserting data , regenerative operation performance was obtained for the case

that the demu ltipl exed data was inserted into the multipl exer and then

regenerated . The results shown in Figures 6.8 and 6.9 verif y operation under

such conditions is very feasible. Because of the presence of additional

digita l equipments for dropping and inserting data , the conditions tested are

more stringent than those present when one regenerates merely to enhance the

signal. The necessity of dropping and inserting precludes the possibility of

simply using IF repeaters.

6.6 Quaternary Baseband Modem System Tests - Single Hop

Figures 6.10 and 6.11 present test results obta i ned using the quaternary

baseband modem operating at a 1 bps/Hz transmitt ed spectra l occupancy. Since

prior results , Figure 5.8, indicated the 7.7 MHz IF filt er yielded performance

superior to the 15 MH z fi l ter , perform ance was assessed for the 7.7 MHz single

hop case , Figure 6.10 , and also for the 15 MH z case , Figure 6.11. In the lat er

case performance is shown wi th and without the modem scrambl er being used .

The relative performance for the two filter cases remains just about the same

as before (Figure 5.8). In spite of the fact tha t the narrow e’~ IF filter

yields better performance it was decided to use the 15 MHz filter in the
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subse~u~~t tests. This action was taken since the 15 MEz filter is a

standard IF filter for the LC-8D radios whereas the 7.7 ?fl!z filter is non-

standard having been constructed especially for use with the QPSI( modem.

Figure 6.11 , in addition to showing basic system performance results , also

illustrates sa~~ other important points. At the higher performance levels the

degradation in performance bet~~en the AN/GSC-32 and the other equipmnents is

decreased. In practice , the loss in the wireline modem performance due to the

microwave hop should be negligible und er operational channel conditions when

compared to degradations caused in the wireline portion. Consequently, a

detailed aralysis of the cause of degradation in the AN/GSC-32 modem perfor-

mance was not undertaken.

The relative performance shown for operation with and without the scrambler

for data ra.ndomization has a very practical implication . Theoretically, if

the data entering the modem was random, the scrambler ~~u1d cause an approxin~ te

3 to 1 increase in bit error rate ( exactly 3 to 1 if all errors occur indepen-

dently ). The test results show the unscrambled operation is actually about

1.5 dB c.~ rse . This ~~ i1d seem to indicate the data is rot random. Figures

6.l2a , b and c stx~ this to be the case. Figure 6.l2a shows the j agged spectr~.mi

that arises without any data th~ it and no scrambling . In the absence of an in-

put the GSC-2’4 automatically furni shes a constant “onet’ output . Therefore , for

Figure 6. 12a the input to the !Trxle!n is a constant “one” value except for the

variations caused by the synchronization framing patterns . When data is fur -

nished as indicated in Figure 6.l2b saie of the j aggedness is eliminated;

~-~~ever, a dominant frequency spike is stiil in evidence . If another 1.536

~~/s input str eam ~~~~ inserted , the sp ike ~~*ild be significantly reduced
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because of the irr r’eased data rarKianness. Figure 6. 12c shows the RF spectrLnr~
with data inputs identical to those used to obtain Figure 6. 12b only in this

case the modem’s scrambler is utilized. To fw ’ther’ ascertain the effects of

the scr~nbler a spectral plot was obtained with no data inputs only with the

scrambler on. The plot was iridistir4guishable fran Figure 6.l2c . That is , as

long as the scrambler is used no spectral spikes are evidenced .

The predominance of a particular level can degrade modem performance by

causing a bias in the reference voltage circuitry . Operationally , there is

no reason to asst~ne a system will be fully loaded or even if it is that the

data will necessarily be random. The degradation in modem performance irKiuced

by ron-random data is seen in Figure 6.11 . The most one can lose with a three

tap randanizer is an incr ease in err or rate by a ntil tiplicative factor of 3.

In the example , a failure to use the randanizer caused a loss of about 1.5 dB.

As such , because of the enhancement in performance in certain situations , the

use of scrambling is reccirma nded .

6.7 ~~a~ t~r~ary Basebarxi System Tests - T~~ Ibps

Figure 6.13 gives results for the 2 hop case with radio loopbac}. at

Stock~~idge . The slightly better performance of the moder is attrilxited to the

fact that channel conditions were slowly improving. To obtain statistically

valid data for the 9600 bps n~~ em data for each point requ ired that data be

acquired over a period of time . Thus , f or  a given attenuator setting one

would expect sane improv~~ent at the end of the run . Attributing the ~ a11

differences to this cause the data is consistent with previous results.

Figure 6.114 treats the t~~ hop regenerative case . With the exception that

the ba seband moden replaces the QPSI( modem, conditions ar e identical to those
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used for obtaining Figures 6.8 and 6.9 .  In this case the tran ~nitt& signal

could be attenuated suf f iciently to obta in ei-1o4 s at Stockbridge. At an

RSL -65 dan at Stockbridge the data reveals an error rate of app roxirM tely

for the GSC-24 and 56 Kbps nxde of the TD968B . Taking into account

a 0.5 dB difference in radio noise f igures, F igure 5.8 yields an error rate

of 7x10 6 for the rrcdern at the corresponding Eb/NO showing excellent agreezrEnt

with previous results. The overal l results are as expected and do verif y the

acceptability of regenerative operation in the case where dropping and insert-

ing is present .

6.8 Diversity Switching Effects

The princi pal function of the receiver IF switch rr~~ule within the LC-8D

radio is to rronitor the AGC voltage in each of the two diversity channels and

select the channel having the larger signal. Under the rather stringent per —

foiimance standards established for XS microwave links the occur rence of a

large nurtber of err ors during a switch could cause severe problems in rneeti~~

the standards , particularly if the switch causes additional errors or loss of

synchronization in subsequent equipm ents.

6 .8 .1  Switching Errors

The nurrber of errors due to diversi ty switching is affected by the der~~u-

lation technique , switch t ines and differential delay t ires on the two

diversity channels.

Table 6.1 lists the averag e ninnber of errors caused by switching for the

two types of rr~ iens at various transmission rates. The testing ~~s performad

at the Criffiss site with ra dio loopback fr an the Stockbridge test annex.

Switching was obtained by varying the B receiver’s RSL via the sirrulator

136



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

assembly. Care was taken to insure switching occurred at an RSL ~.tiich

resulted in er~ ir-free perfor~~nce under norci~ l one channel operation . The

averaging is taken over 10 switches in each direction .

TABLE 6.1: Receiver IF Switching E~~vrs

Rate (M~~s) QPSX Errors (Avg) ~.iat BB Errors (Avg )

12.8 256 2140

11.0 177 193

9.0  90 73

8.0 514 19

6.14 25 8

1.536 U. 2

The effec t of a differential delay on the channels was then addressed .

This test was carried out on the QPSI< noden at a ra te of 8 . 0288 Mbps . Delays

were inserted by the use of cables . Table 6 .2  gives the results . It is

TABLE 6.2: Switching Errors with Delay (8.0288 Mbps)

Delay (% of S~ rtbo1 ) Er rors (A-.~B) Er ror s ( B-i-A) Irr ors (Avg)

0 55 5 9 57

.27 52 65 58.5

.39 60 76 68

. 43 1014 119 111.5

conc1t~ ed that delay of one channel relative to the other (rrnlL tipa th) will

cause sane errors during switching ~ it this should not be a severe problem

with regard s to the modem.
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6.8.2 Synchronization L~iring Switching

The effects of switching on subsequent equiçlrents in the syst~~ conf igura-

tion was investigated. Under normal operation switching caused no problems.

The errors were distributed ~iong the bit error rate test equipnents in a

manner consistant with the bit rate of the data souroe . Testing was conducted

for the 6.528M bps configur ation and an 8.0288 Mbps configuration . The s’~on of

averages of the errors was consistent with the average nodem error rate . Next ,

cables were used to insert various delay t imes and the GSC-2’4 framing lite was

monitored for synchronization. A bit rate of 6.528 Mbps yields a baud rate of

3.26 4 M symbols per second and a symbol duration of 306 nanoseconds. With a

differential delay of 145 nanoseconds, 47 % of a baud , no loss of bit count

integrity (BCI) occurred in 100 switches, ~~ in each d irection . Increasing

the delay to 151 nanoseconds , 49 .3 % of a baud , BCI was lost only S tires in

100 switchings. With a delay of 153 nanoseconds, 5 0% of a baud , 31 was lost

42 times in 100 switching . For the 8 . 088 Mbps rate with differ entia l delay

of 47% of a baud BCI was not lost in 25 switche s from channel A to B but it 
-

was lost 17 out of 25 times when switching fran B to A. With a differential

delay of 43% of a baud no loss of BCI was exper ienced . It is concluded that

as long as the differential delay is sanewhat less than half a symbol baud ,

BCI will be maintained . ~~~ever , as seen in Table 6.2 , the n~unber of errors

will increase with increasing differential delay .

6.9 Acquisition Times

It has j ust been seen that under nonnal cirCtnTlstaflces maintenance of

synchronization presents no problem. Initial acquisition will ~~~ be addressed .

The sync]~ vnization technique for the TD968 is described in [3]. Test points
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were determined within the FOl for monitoring the initial sync confidence

counter increrentation (which may actually be caused by a false sync pattern )

and for monitoring when the confidence counter reaches five (sync acquisition

acceptance). The Wihiard Code Sync Technique was used because of its deron-

strated superiority over the Bell Code [3]. The ~ )968 acquisition tine of 1.5

ird.lliseconds shown in Figure 14 of [3] is actually the time to initial sync

indication . In the absence of false sync or a false rejection of correct

sync actual sync acceptance occurs a fixed time later . At the 1.536 Mbps

TD968 rate the fixed time is 6.2 milliseconds which when added to the 1.5

millisecond value yields a 7.7 milliseconds sync acquisition t ime . The acqui-

sition t ime for the AN/G SC-24 is generally less than 1000 bits except for very

high error rate conditions [4]. Consequently , at the 6.528 Mbps ATEt~ rate the

acquisition time will be about 0.15 microseconds, a negligible arrount when

ccznpared to the 7.7 milliseconds t ime for the TD968 .

Clock recovery t ime for the quaternary baseband rrrxiem and clock and carrier

recovery times for the repaired and improved QPSK modern (Section 6.14) were

ascerta ined . Measurement time started at the time the signal reached the de-

modulator input and ended when acquisition was obtained. Monitor points are

readily available on the demodulator module for these points. The test was

conducted with the general system config~n-~ation of Figure 6.4 with the excep-

tion that the TD968 either had no loading or 24 channel noise load ing . The

simulator channel was used under essentially error-free conditions.

For the QPSK system clock recovery time with or without noise loading wa~

between 16 and 17 milliseconds for 140 measurements for each noise case . The

averages were 16.3 milliseconds loaded and 16.2 milliseconds unloaded . Carr ier
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recovery times measured at the same time averaged 25.75 milliseconds loaded

and 214.95 milliseconds unloaded . Since both chock and carrier recovery are

required for acquisition , the maxinn.mi of the t~~ rreas~zeiren ts is the actual

acquisition t ime. Averaging out the 140 read ing for each noise condition

yields QPSK demodulator acquisition times of 28.8 milliseconds loaded and

24.95 milliseconds unloaded . The carrier oscillator circuitry ’ s cycle equals

112 milliseconds. Since carrier acquisition is accczrtphished on either a

positive or negative level transition and the der~x1ulator input occurs randanly

with respect to the oscillator the averege time to carrier acquisition should

be 112/14 = 28 milliseconds. This time is independent of the data rate . Assum-

ing acquisition on the first tr ansition , which should occur except under

extr~ re].y poor channel conditions , the ~~rse case acquisition time is 56 milli-

seconds.

For’ the quaternary baseband system, with 10 dB att enua t ion at 6 .5 28  Mbps

to yield 1 bps/Hz operation , the clock acquisition tine using the internal

test mode of the modem arid going through the sin.~lator averaged 2. 4 milli-

seconds. A rrxidem rate of 12.8 Mbps with ‘4 dB modem signal attenuation was then

used to ascertain if the acqu isition time was signif icantly altered by rate .

At this rate the average acquisition time was 2.66 milliseconds. The received

signal was attenuated to a level yielding a bit error rate of 2xl0~~ . The

clock average acquisition time becane 2.814 millisecorids*.

Ideally the tot al sync acquisition time of the tandexred system will equal

the sum of the sync times of the individual equipnents. Total sync t ime is

*J&.~quisition da ta at the 12.8 Mbps rate under degraded ccrid ition s was also
obtained for the ~PSX modem; ]~~ ever , this data was discar~1ed because it used
the faulty QPSX modem ~ ‘ior to its repair and improverent. The validity of
the data is quest ioned.
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und~~~tocid here to be the time fr~~ when the signal enters the d~ rcidu1ator

to the time the TD968 sync ~~~fidence counter reaches a count of five . Table

6.3 lists the values obtained . The expected times to sync based upon suinning

TABLE 6.3 :  Total Synchronization Tine (Mihiseccrids)

________  
BE?. 74 Chan Loading No Loading

QPS)( e~~.n free 35.1 
— 

37.25

(~ at BE erroi -’ free 10.27 9.98

~~at BE 9.56x10 5 10.61

Quat BB 9.85x10 4 11.07 11.09

Quat BB 1.98x10 3 11.43 10.98

Quat BE 3.85x1 0 3 11.83 11.04

Quat BE 7.80x10 3 
- 

11.83 11.43

~~ uat BB 1.SSx3 ti 2 12 . 54 12 .01

Quat BE 3.10x10 2 15. 72 13.93

Quat BB .124 * *

* M/GSC-214 will not sync for over a few seconds .

the individual sync times are 36. 5 milliseconds (loaded) arid 32.65 milliseconds

(unloaded ) for the QPSX system arid 10.1 milliseconds for the quaternery base-

band modem. The baseband d~~odulator acquisition time was obtained using the

internal test node which should be analogous to the 24 chann el loading condi-

tion as far as the TD968 is concerned .

The excellent agreement between Table 6 .3  and the stmmed synchronization

times th~~s the total sync times are indeed the sum of the individual sync

tines. Fur ther more , a quite high error rate s}~ u1d not increase the acquisi-

tion time to a large extent .
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SECTION 7

SUMMARY

7.0  Bandwidth

When usin g QPSK modems over FDM type microwave radios IF transmit

filtering by itsel f does not provide sufficient truncat ion to permit opera-

• tion at 1 bps/Hz of RE (99%) bandwidth when using the radio ’ s norma l RE

filter unless power is reduced . Reducing power is generally unacceptabl e

because it causes an atte ndant loss in fade margin; the usually quoted

required 40 dB fade margin w ifl  not be obta i nable. Satisfaction of the 99%

power bandwidth criterion requires the replacement of the normal RE transmit

filter with one of narrower bandwidth when using a QPSK modem.

The situation for a remodu lation radio is quite different. For multi-

level AM in genera l , and for the quaterna ry baseband modem in parti cular , an

attenuation of the modu lator output , whic h a f f e c t s  a change in deviat ion ,

represents an extremely economical and effective method of controlling the RE

transmit bandwidth. Transmit low pass fi ltering, having only a secondary

effect on occupanc y in comparison to modem signal attenuation , is not req ired

for spectra l truncation. But such filtering can yiel d a perform ance improve-

ment and may be desirabl e if fade margins are not suff icient.

7 .1 Modem Pe r fo rmance  and Se l ecti o n

Performance -wise with proper transmit and receive filt ering digita l

traffic can be effectively passed over microwave heterodyne and remodulat ing

configured radios by the use of the QPSK and quaternary baseba nd modems ,

respectively. In fact, digital traffic is much less sensitiv e to signal

142 

r::n . - . - - -~~- ,j-rrt V VI ~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~



impairing conditions than analog tra ffic. Simulated conditions which woul d

prohibit the transmission of analog traff ic caused very littl e degradation

in the quality of the digita l traffic.

Bit error ra te versus Eb/N O considerations favor the use of the QPSK modem

for 1 bps/Hz operation where possible. However , economics wou ld seem to favor

the use of the baseband modem since it entails no mod ification of the radios ’

RE filters. On long hops fade margins might tend to indicate the need for the

higher performance modem . On short hops fade margins would tend to be very

adequate , thereby permitting the use of the more econo mical alternative of the

baseband modem.

With regard to analog regeneration the losses due to multi -ho ps were seen

to be somewhat larger under baseband operation. When cou pled with the fact tha t

the baseband performance is inferior to performance with the QPSK modem this

implies an analog repeat when using the baseband modem is less advisable than

multi-hop repeatering with the QPSK modern . In general analog repeating is not

recommended for either modem . But in very rare situations it may be used on

some short hops particularly if the QPSK modem is used with a heterodyne radio

configuration.

The LC-8D is capabl e of being configured for either heterodyne or remodula-

tion operation and so one has an option . However , certain fielded radios ,

such as the AN/FRC -80 and AN/FRC -l55 through AN/FRC -1 62 , have no IF interface

capability and , therefore , must be operated with a baseband modem . When an

option is available the trade-offs between performance and economics must be

asses sed .
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In essence the modem selection may be dictated by exclusion; baseband

interface may be required . In other cases selection involves a trade-off

between performance and economics.

7.2 System Tests

The system tests did reveal some incom patibilities. Modifications were

required in the ATDM to permit its interface with the Group Data Modem and

in the TD968B to permit end-to-end transmission usin g the 56 kbps mode. How-

ever , once initial compatibi l ities were established the equipments preceding

the modulator and fol l owing the demodulator operate essentially error free .

Under non-degraded channel conditions system tests were ran with each modem

type over three day periods without error. When channel condit ions were

intentionally degraded the error rates obtained for all equ i pments except for

the wire line modems were essentially the same as the error rate of the modems .

The AN/GSC -32 ’ s performance was close to an order of magnitude poorer at a

given l evel .

The basic quality of the digital traffic under the system configuration

would seem to depend solely upon the performance of the modem . The test

results show excellent performance is atta i nable.

With the modems tested high quality digital traffi c can be transmitted

over fielded FDM type microwave radios with a much greater immuni ty to degrada-

tions in radio alignments or channel interference conditions than can ana l og

traffic. The adva nced digita l communications equipments tested in conjunction

with the modems and radio rapidly acquire synchronization and operate essen-

tially error free. There should be little or no difficulties wi th the intro-

duction of such equipments into the DCS .
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7.3 Present Status

Thu s far this section has surii ’narized the ove rall conclusions resulting

from the analysis of the test data obtained under the DCS Digital Syste r.s

Eva~uati on Phase I Program. During the test , analysis and docu mentation

period additional relevant work has occurred . As such it is worthwhile to

conclude with an assessment of the general status of digita l comm unicatio n

over the line-of-sight microwave media and an ind ication of the prob le r

areas pr esently under investigation.

Communications in the US are , for the most part, leased ; outside the

US communications are US Government owned and operated . LOS microwave

allocations for the US in foreign countries are in the 4.4 - 5.0 and 7.1 tc

8.4 GHz bands. Bandwidths allocated are typically 7.0 MHz . If greater

bandwidths are required two contiguous 7.0 MHz authorizations are giver to

obtain 14 MHz . No bandwidths greater than 14 MHz are ever granted .

Present requirements indicate tha t up to 28 Mb/ s will have to be

communicated in a 14 MHz RE bandwidth with expectations of req~ire rri ents for

twice tha t rate in the next ten years. This works out to bandwidth efficien-

cies of 2 bps/Hz in the near term and 4 bps/Hz in the long terr .

During the past two years a new spe ctrum standard was develo ped for

digita l microwave in the US. Until 1 974 mi crowave fre quenc y allocations

were authorized based upon 99~ bandwidths. With the advent of digita l rricro-

wave and the potential for increased cong estion and interference , a new

standard was issued by the FCC termed “Docket 19311 ’ . This standard ,

although providing l ower interference levels out of band than 99~, provi des
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more of a challenge to the digita l micro wave radio designer because it is

more restrictive. This standard has been accepted by the military for use

in the US and there are strong indicat ions that it will be required in the

OCS worldw ide.

The previousl y discussed efficiencies must meet Docket 19311 without

subst a ntially increasing the Output power , acquiring new repeater sites , or

using new frequency bands.

Digital radios are presen tly fielded in the US which meet 1 to 1.5

bps/Hz at 1 1 GHz in a 40 MHz bandwidth. The links on which these radios are

employed are typically shorter tha n the average link in the DCS which can

exceed 70 miles. The transfer of technology from 11 GHz and 40 MHz bandwidths

to 8 GHz and 14 MHz is not straightforward due to the more restrictive

filters required .

Laboratory models of d igita l radios which meet 2 bps/Hz at 8 GHz have

been built. Power outputs are limited to 2 watts. This results from the

insertion loss of the RE filters used in certain radios and in other radios ,

is due to the “quasi -l inear ” nature of the modulation techniques employed.

The latter approach was utilized as a compromise between linearity availabl e

and the 2 bps/Hz efficiency requirement.

As ind i cated above , state-of-the-art in linear amplification at 8 GHz

• is in the 1-2 watt range. To obtain hi gher power outputs nonlin ear amplifiers

such as travelling wave tubes (TWT ’ s) are required . This causes modulation

technique designs to be constant envelo pe , thus not requiring linear amplifi-

cation. Constant envelo pe te chni ques such as FSK or PSK are not as spectrally

efficient as techniques which utilize amplitude modulation. The task for the
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technique designer is therefore significantly more di fficult. RADC is

addressing, with present programs , obtaining two bits/sec/Hz efficiency

with fi ve watt power outputs or greater using constant envelo pe techniques.

The studies indicate that the modulation techni que which appears most

promising is 4 frequency phase-continuous FSK.

Obtaining bandwidth efficiencies higher than two bps/Hz through non-

linear devices appears somewha t tenuous. Essentially a ten dB performance

penalty is paid for each one bps/Hz increase in efficiency. To obtain four

bps/Hz for exampl e wi th a constant envelope technique would require a

signa l to noise ratio of 40 dB. Fade margins are not sufficient to yield

the required availability at this signal to noise ratio within existing

power constraints. Two alternatives are in order: (1) development of more

linear devices with higher power outputs to acco rnodate more spectrally

efficient modulation techniques ; or (2) use of cross polarization.

Use of linear modulation techniques will of course require linea r

amplification at 8 GHz . At least 5 watts output will be required . It is

hoped tha t linea r power amplifiers will be availabl e in the future , but

their absence represents a probl em at this time . In anticipation of such

developments linear modulation techniques are being explored to better define

the degree to which the 4 bps/Hz requirement could be met with linear ampl i-

fiers.

Cross-polarization also has the potential to provide four bps tH: b~
transmitting data on both horizonta l and vertical polarizations at the sane

carrier frequency. Although this is a viable alternative it does suffer fror

media conditions such as rain and multipath whi ch increase t~~ cross-polariz a-

tion interface. For DCS application , with a 99.995~ availability requirement ,
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cross-polarizat ion could not be directly appl i ed . However , at RADC

algorithms which could be used for inter ference reduction are being investi-

gated . Computer simulat ions to date have been quite success ful and an

implementation program is planned for the nea r future .

The use of diversity in a digital microwave system is somewhat different

than in an analog microwave system. Typically, diversity in analog systems

is either dual space or dual frequency (with one known militar y installation

quad -d iversity). Combining is either maximal ratio or selection type. When

di gita l microwave system s are introduced the diversit y probl em becomes more

complex . Delay variations over the p ath must be taken into account so tha t

if the diversity path is used extra bits are not inserted nor bits lost. If

this occurs , equipment beyond the receiver will lose bit count integrit y

(BC!) and information flow will be interru p ted until res yn chronization is

accompl I shed .
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MFT~JC SYSTVSI

8A.SE UNTTS ;

Quanttty tJmt SI Symbol Formula

length metre m --ma,, kilogram k gt ime second
elec tric c urrent ampere A - -thermodvi~.mtc temperetw~ - kelv-~n K -amount of subst ance mole mol
luminous int ensi ty cande la cd - -

SUPPLD4LNTAJY UNITS.
plane angle radian tad
solid angle st eradia n Sr

DERIVE) L NTTS.

Acce leration metre per second squared m.s
activ i ty (of • radioactive sour ce ) d isintegration per second ld isi nt egr aii on)i s
angu lar accelera t ion radi an per second sq uared tad- ,
angular ve locity rad ian per second rid.
ares square metre m
densi ty ki logr am per cubic metre k gm
e lectric capacitance f arad F A i.V
electtica l cond uctance Siemens s
elec tric f ield str engt h volt per metre ~. m
electric inductance henry H V-s. A
electric potent ial d ifference volt V W A
e lec tric resistan ce ohm V A
elec tr omotive force vo lt V W A
energy t ou le I N-rn
entropy joule per kelvin 1Kforce new lon N k g-m.-e
frequency hert z Hz (c y c le ) . ,
‘( lum inance lux ix lm.m
luminance candele per squar e metr e cd- rn
luminous fl us lumen Im cd -srmag netic f ie ld stren gth ampere per metre A.rn
magnetic flux we ber Wb V-i
magne t c flux density tei la I W~ ITTimag n et o moti v e fo rce ampe re A
power w att W Ipressure pasca l Pa N m
quantity of electr ic i ty coulomb C A .s
quantity of heat j oul e I N.m
radiant int ens ity w a tt per ste r i dian W Sr
specif ic bes t jou le per kilogram-kelvin k g.K
s~ress pascal Pa N m
therm a l conductivity w att  per metre-kelvin V. rn-K
velo city metre per second rn~s
v isc osi ty ,  dynamic pasca l-second Ps i
v~sc os i ty . kinematic square metre per sec on d
voltage v ol t V W A
volume cubic metre m
wave nu mber reciproc a l metre (wave ) m
w ork joule I N-rn

SI PR~~~UES:

,~~~ i l t i p l icat ion Fsct o ri Pri~f )s SI S ymbol

1 000 000 000 000 t O ”  “ ta1 000 000 0O0~ 10’ lt’N• C
1 00O O00~~ 1O~ meg. M

t 000~~ 10 ’ kilo k
t OO 10’ hecto h

10 • 10 ’ deka ’ di
0 1  1 0 ’  dec t d

00 1  10 — ’  ientl ~ C
0 001 • 1 0 ’  mliii m

1J 000 001 = 1 O ’  mlcm
0 000 ouc oot • tO - ’  nano n

0 000 000 000 001 • 1 0”  pico
0 000 000 000 000 001 • to-” f~mto r

Ii 000 000 000 000 000 001 • 1(P ‘ alt o a
Ia be avoid ed whir ’ possible.
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