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r'VALUIO iorN

Tte attainment of bandwidth efficient dicital communications over
llne-of-siqht (LOS) has been limited by non-iinear power 3mplifiers.
The optimum signal structures for bandwidth efficiency are those wherein
the information is stored in the signal amplitude, i.e., amplitude shift
keying (ASK). In order to perfom well. ASK-type signal structures re-
quire linear operation. This forces one to attempt to linearize the
amplifier (usually a traveling wave tube) by backing it off; however,
this results in lower power outputs and thus lower sytem gain which
Lan reduce system availability.

An alternative approach ts to use techniques which store the in-
formation in phase or fre.ufenLj (PSK or r3K) and are not effected by
non linearities; howevei these ignal structures are less bandwidth
efficient than linearly c. 'ive, structures. The emphasis in this pro-
gram, and the study/breadboard effort which preceded it, was in opti-
mizing the phase trajectorj tn minimi,:e spectral occupancy but yet
optimizing performance. The technique selected and implemented as
optimum, was 4 level phas,: continuous FSK. It was determined during
the :ourse of the program thdt rcc 19311 could not be met exclusively
with waveform design withcait 2onpromising bit error rate (BEP) per-
f,.rmance. Consequently an ,' wavegulde filter was fabricated to reduce
the spectral sidelobes to fit the FCC 19311 mask. The use of RF filters
for spectral containment is on accepted technique; however, RF filtering
cannot be used exclusively because of the excessive group delay and
amplitude distortion introduced, necessitating the use of a coinplicated
equalizer at the receiver. The best results are achieved by a combination
of weveform design and RF filtering.

As a result of this combination of waveform design and RF filter
design the experimental model developed on this progra, delivered 2 bits
per Hz transmission and achieved a BEP of 5x10- 9 at an Eb/No of
22.6dB. System gain is not compromised because amplifier non-linearities
are not a factor. Performance is very ccaoetitive with presently re-
ported linear or quasi-linear techniques which cannot provide as high a
system gain because of the TWT hac~off roquired to obtain linear operation.

¶R IAN M. ICKLSO4Ný
Project Engineer
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1.0 INTRODUCTION

1.i Objective

The objective of this program was to optimize the techniques

developed on the previous contract (F30602-74-C-0263) from a cost and

performance puint of view, and to implement an experimental modem providing

bandwidth efficient signalling for line-of-sight microwave systems.

Specifically, spectral efficiency compliant with FCC Docket 19311 was

required. A bit error rate of 5 x 10-9 at an Eb/No of 22 dB for

2 bits/sec/Hz (B/Hz) of RF bandwidth operation or at an Eb/No of 16 dB

for I B/Hz of RF bandwidth operation was desired. These characteristics,

provided in conjunction with hard-limiting radio sets, allow efficient

conversion of analog FDM-FM line-of-sight microwave systems to digital

operation by replacement of the modulation elements.

1.2 Approach

The program consisted of two main phases. During the first

phase, an analytical study was undertaken to expand upon techniques

developed on the previous program. It was desired that the experimental

modem provide significantly improved performance over the previously

constructed breadboard as well as additional operational features. In the

second phase, the experimental modem was constructed and tested both in the

laboratory and on an actual microwave radio.

1.3 Results

The experimental modem was successfully tested both in the

laboratory and the Rome Air DW',elopment Center (RADC). All design

requirements were met. Most iotably, the performance goel of emission

requirements as described in FCC Docket 19311 was met witr some margin.

The acquisition performance objective of 20 ms for an IF frequency offset

of 20 kHz was met, as was the performance objective of 5 x 10-9 bit error

rate at an Eb/No of 16 dB for 1 B/Hz onpration. The design objective of

a 5 x 10-9 bit error rate at an Eb/NO of 22 dB for 2 B/Hz

2



operation was exceeded in back-to-back tests and was within 0.6 dB for a

group-delay compensated LC8D radio.

A significant accomplishment of this program was developing an

experimental modem which, unlike the previous breadboard, is simple -o

operate and stable in perfYrmdnce. All tests at RADC was performed with

the modem as received from shipment without any realignment. Performance

degradation from that obtained in the laboratory was negligible.

1.4 Report Organization

The results of tie analytical effort are presented in Section

2.0. The design and construction of the modem are discussed in Section

3.0. In Section 4.0 the test program and results are presented. The

conclusions are presented are in Section 5.0.

3/4
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2.0 ANALYTICAL RESULTS

2,1 Background

This section describes the analytical effort on this program.

On a prior contract (Contract F30602-74-C-0263) for Rome Air Development

Center (RADC), a study was performed to choose a bandwidth efficient

signalling scheme for the microwave line-of-sight channel. Design

objectives on the prior contract included 99 percent spectral occupancy of

one-half bit rate and 20 dB Eb/No for 10-7 error rate. Primarily

because of the microwave radio saturated TWT amplifiers, the signal design

effort on the prior contract was restricted to constant envelope signalling

schemes. Ibis type signalling avoids problems caused by AM/PM conversion

characteristics of the TWT's.

The conclusion on the prior contract was that 4-ary continuous

phase FSK with frequency spacing equal to one-eighth the syiabol rate

represented the best performance/complexity versus spectral occupancy

trade-off. On the prior effort, a unique technique was developed for

demodulating the 4-ary FSK signal such that near-optimum performance was

obtained. The technique wa- the subject of an "abstract of new technology"

on the prior contract.

After the prior study effort, a breadboard model of the modem

was constructed and the feasibility of the scheme was verified through both

laboratory measurements and actual microwave link tests at RADC. The

results are included in the final report (RADC-TR-76-117) to RADC.

As with most breadboard efforts, there were implementation

features of the modem that were operationally inconvenient, such as

acquisition of the phase detection reference loop. in addition several

difficult and critical timing adjustments were required to obtain predicted

performance. One of the primary motivations of the presert contract was to

eliminate the difficulties and shortcomings associated with the original

breadboard. A stated design objective for the present effort was to

acquire 20 kHz frequency offset in 20 ms at an Eb/No corresponding to a

10-7 bit errar rate.

6



In the prior contract the spec:LIaI crittrion imposed was

99 percent spectral occuparry in one,-half bit rate RF bandwidth. For the

present effort, the spectral crite-rion imposed is that of meetirng tile FCC

Docket 19311 (See Appetidix A) spectral m.vQ" for an authorized bandwidth of

one-half bit rate. ThiF c:riterion places a mire stringent requirement on

the side lobes of the trarsmitted spectrun, than did the original 99 percent.

spectrdl occupancy crILerion.

Another goal of the present study was to develop a technique for

providing 1 B/Hz operation (again under FCC docket 19311 criterion) as well

as 2 B/Hz operation.

New implementation techniques wc:re to be investigated with an

eye to reducing the cost and ccnplexity of the rriginal breadboard.

Finally, an experinmental mi',dei was to be implemented inccrporating the

9 results of the study phase of the present effort. This modem was then to

be used for tests at RADC on their microwave test farility.

2.2 Summary of Broadband Moldt, 1 I Study Phase

This paragraph presents a bri-' tummary of the major results and

cunclus'o-s of L!h o .t , c•; t-diled discussion follows in Paragraphk2. J'

2.2.1 FCC 19311 Compliance

Both 70 mHz IF Filter/Limiter and 8 GHz microwave waveguide

filter approacie, werc investigated. "'he best IF filter/limiter
It combination provided theoretical Eb/No of 23.1 dQ for a b x 10-9 bit

error rate. The waveguide filter approach yielded theoretical Eb/No of

20 dB for a 5 x 10-9 bit error rate. The waveguide filter approach was

adopted as the baseline. Discussions with waveguide filter manufacturers

indicated that less than 1 dB of insdrtion loss could be achieved.

Additionally, INVAR construction of the filter yielded tolerable detuninq
of less than *450 kHz over a 00 to 500 C temperature range. The

waveguide filter selected is nominally 4-pole Butterworth withi a 3 dB

bandwidth of 16 MHz.

7
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2.2.2 New Implementation Techniques

The "closed-loop reference derivation" technique was adopted for

this modem. The basic idea is to use the known phase nodes of 4-ary FSK

with which to compare the measured phase from the Quadrature Phase Detector

(QPD) to determine the phase error to closest node. This error signal is

filtered by a loop filter in the same manner as a normal PLL and the

resultant signal used to drive the VCO which provides the QPD reference.

This "closed-loop" reference derivation technique bears a close resemblance

to COSTAS-type loops widely used to establish rcoerent references. This

eliminated critical reference phasing problems in the or iginal breadboard

as well as simplified the modem reference generation. Sample and hold

circuits were included in the phase detectors to alleviate the critical

symbol timing problems encountered in the previous breadboard. The

receiver IF filter was changed to 4-pole Butterworth with phase

compensation, rather than the 4-pole Bessel used in the previous Breadboard.

2.2.3 .Improved Acquisition

Computer simulations indicated a dual reference derivation loop

baf,dwidth approach was required to acquire 80 kHz of frequency offset in

1 ms. A single loop bandwidth approach will acquire 20 kHz of offset in

20 ms or 80 kHz offset in 320 ms. The goal was modified in consultation

with RADC to 20 ms acquisition with 20 kHz frequencj offset. Therefore, a

single loop bandwidth approach was adopted to simplify the hardware on the

experimental modem.

2.2.4 Dual B/Hz Capability

A technique was developed to provide 1 B/Hz capability in

addition to 2 B/Hz capability. Both capabilities are designed to operate

in an authorized bandwidth of 14 MHz. Both modes meet corresponding FCC

19311 spectral masks using a common waveguide filter. The 1 B/Hz technique

involves a relatively simple conversion technique'at the demodulator IF

input that exploits maximum equipment commonality between the two spectral

capabilities.

8
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2.3 Details of Stuuy Phase

This section outlines the study pffort undertaken to achieve the

objectives of the SLatement of Work fur this program.

2.3.1 FCC Docket 19311 Spectrum Lomnuliance

At the outset if this contract it was felt that one of Lhe most

challenging theoretical prublems was to achieve compliance with FCC Docket

19311 spectral requirements. Figures 1 and 2 show the spectra for I B/Hz

and 2 B/Hz modes for unfiltered 4-ary FSK relative to the appropriate

spectral masks from FCC 19311. The 1 B/Hz mode uses frequency spacing of

1/4 symbol rate (mod-index 1/4) and the 2 B/Hz mode uses frequency spacing

of 1/8 symbol rate (mod-index 1/8). As shown, the 1 B/Hz mode violates the

mask as much as 15 dB and the 2 B/Hz mode violates the mask as much as

18 dB in the side lobes.

Two primary approaches for obtaining FCC 19311 compliance were

pursued during the study phase. Thesc were: (1) 70 MHz IF filtering

followed by hard limiting at the modulator before inLerfacing with the

70 MHz IF radio input, and (?) S GHz microwave waveguide filtering. These

approaches are d;scribed bpoCw.

2.3.1.1 IF Filter/Limiter Approach

The IF filter approach is shown in block diagram form in

Figure 3. Originally, it appeared that the IF approach would be preferred

over the waveguide filter approach from the standpoint of operational

considerations. The IF filters could be readily changed or replaced to

meet varying bit rate requirements in an operational system. It was

decided that consideration of wavegulde filtering should be deferred until

an IF filtering approach could be thoroughly evaluated.

Consequently, an effort was undertaken to analytically charac-

K terize the IF filter approach. Important elements of this characterization

were: (1) computation of radiated power spectrum, and (2) computation of

modem performance (BER versus Eb/No). A FORTRAN computer pr(gram was

written to perform these computations. The chief analytical tool used in

9
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Fiqure 3. Basic IF Filter Approach to FCC Docket 19311 Compliance

this proqram is a Fast Fot;rir Trensform (FF1) routine. Spectra are

obtained hy averaging FFf's, over many random ivrEdol sequences. Time-domain

parameters necessary for ronputing mogh?.1m performance are also computed with

the FFT. The time-domain quant'tles of most importance in determinino

moder, petrform.ance are phase riieasu-ement•, of the filtered (hence distorted)

received FSK waveform. The cnm;,j1.•r proqvain also incl|des a portion which

com•uttes the averaqe svmbol error rate qiven the distorted phase measure-

ments. The computer program is 0i-crihed in more detail and a listinq is

presented in Appendix B. This program vi ', ,,' nrt, 4ors' tht resi lts

given below for both the IF and wavequide filter approc',e•, tt) F"t J9"01

compliance.

At the outset of the IF filter search a qood analytical or intu-

itive arasp of the effects of the filter/limit combination was not avail-
able. The approach taken therefore was to try various combinations of what

s-emed to be reasonable type filters and calculate spectra after the

limiter with thp computer program. Durinq this extensive iterative process

some intuitive understanding of necessary requirements on the filter for

meetinq FCC 19311 beqan to emerqe.

First and foremost amonq the characteristics of the filter/limit

comhination is the limiter's restoration (to a larqe degree) of the prefilter

side lohe levels for many filters. Figure 4 is a case in point. The
spectrum is plotted versus 32 If'fcITs where f - frequency, fc " center

frequency, and Ts Is the 4-arv FSK symbol time. The quantity If-fcI Ts

is thus the number of svmbol rates removed from center frequency. Here the

filter is an 8-oole 0.1 cB rinple Tchehycheff iesiqn with the 3 dB noint

at 20 on the horizontal scale. The major offendina sift lohe orior to
filterina occurs at 32 on the horizontal scale ared has level of 42 dB.

The Tchehvcheff filter has an attenuation of 55 dB at this side. lobe

frequencv thereiy olacinq the orelimiter side lobe level at -117 dB. As

shown, after limitina, the side lobe is restored to the -69 eB level for 4



I

.C

L.0

12



net gain of only 7 dO over the prefiltor V . This /;, fecLivene-s at

reducing the major side lobe was found to hold for all filters that Insig-

nificantly tiltered the main lobe of the spectrum.

The reason for this is clear in retrospect based on the fact

nthat the main lobe inside the authorized bandwidth contains 99 percent of

the signal power. Filtering that leaves this lobe relatively untouched

does not significantly distort or change the phase modulation of the ori-

ginal waveform. Since phase modulation is the only filtered signal charac-

teristic that survives through the hard-limiter, it is then reasonable that

the spectral side lobes would be restored to a large extent. Since such

filtering affects only 1 percent of the total energy, it folls that only

low level side lobes would be significantly reduced.

After observing these effects and in response to the argument

above, it was concluded thit only IF filters which filter the main lobe

significantly had any hope of resulting in FCC 19311 compliance. The

necessity for such bandwidth restrictive filters of course implies

performance degradation due to additional intersymbol interference.

From previous computer simultations evaluating the effect of

filters on FSK signals, it was felt that small group delay distortion would

be of paramount importance in holding performance degradation to acceptable

levels. At this point in the IF filter investigation, various perfectly

phase compensated filters as well as Bessel filters (which have very low

group delay distortion characteristics) were analyzed. Figures.5 and 6

show the spectra obtainable with 4-pole and 8-pole Bessel filters respec-

tively when followed by hard limiting. The 4-pole filter 3 dB bandwidth is

0.3 times bit rate while for the 8-pole filter, a 0.33 times bit rate band-

width is used. Rough calculations of performance indicated approximately

2 dB loss in performance relative to the previous breadboard modem.

Figure 7 shows the spectrum obtained with an IF filter with sinc

function (sinc(x) x sin(x)/X) rolloff out to the first null at 60.75 symbol

rate. The -3 dB bandwidth of this filter is 0.331 times bit rate. Rough

calculations indicated a little less than 2 dB degradation with this filter

relative to the previous breadboard.
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From these results, it was concluded that a 3 dB IF bandwidth of

between 0.3 to 0.4 times bit rate would be required to meet FCC 19311 with

an IF filter/limiter approach. Also, the rolloff outside the 3 dB

bandwidth should be rapid-lik:. the :-;inc function.

Irn an attempt, to approximate the rapid rolloff and linear phase

characteristic, of the siric function filter, performance and spectrum was

examined with the filter shown in Figure 8. liere-a 4-pole Butterworth fil-

ter with 3 dB bandwidth equal to symbol rate and with two sections of all-

pass phase compensation is included, The filter's primary function is to

MODULATOR 4-ARY FSK

- - PRLGUkNC7ItI ~SPACEU BY

GEMBOLFREQUENCY RT MIE IFCFILTER

I f 1 12 f3/•

ACONSTANT

•: 

ENVELOPE

3dBW HAENOTCH SIGNAL

S 
3O 

R AT 
BW = A S PH A SE FI TE R

S1S 
MHz COMPE NSATIONO 7 x 

70I

FOR BUTTERWORTH 
RADIO IF

FILTER 
INT C-iFACE

INI ,9FAE9

Figure 8. IF Filter Approach to FCC 19311

'LLduIe higher order side lobes. The most significant main lobe filtering

is done by the two tuned traps (zeros on j wuaxis) at *0.75 x symbol rate

relative to carrier. These two zeros lead to paraboli- frequency response

between the two notch frequencies. The zeros also have the merit of

theoretically creating no group delay distortion between the two notch

frequencies. The overall attenuation and group delay distortion of this

composite IF filter is shown in Figure 9. The 3 dB bandwidth of the filter

is 0.375 x bit rate. This composite filter was used as the baseline in the

17
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toowing results for the IF filter approath to FCC 19311 compliance.
S~radiated signal spectrum usinQ this IF filter for" 2 B/Hz operation is shown

in Figure 10. The radiated signal spectrum for i [E/Hz operation is shown

in Figure 11. Both modes use the same IF filter and both operate in an

authorizcd bandwidl o• ti 1)4 z

Figure 12 shows the computer perforiliance prediclions for the IF
t filter baseline approach. The nominal baseline conditions are given in

Table 1.

The 2 B/Hz mode theoretically requires 23.1 dB Eb/No for a 5

S10x symbol error rate.

Figure 13 shows the variation in s3mpbol error rate as the symbol

timing dL the demod varies.

Figure 14 shows the variation in symbol error rate as the

threshold spacing in our demod crosstalk correction algorithm changes.

The sensitivitie:: slnGWI) on these figures are roughly the same

degree of sensitivity to imperfections as the prior breadboard modem.

However, the performanc,. with Lhe IF filter approach shown in Figure 12 is

approximentely 2.3 dB worse than tht perform.ance of the waveguide filter

approach presnted ini Lhe following se-tion. Consequently, the IF filter

approach wah d ,acarued it: avor of usin• Li., .. jguAd, filter. The IF

filter bandwidth required for FCC 19311 compliance was simply too narrow

anc, resulted in excessive signal distortion relative to the waveguide

filter approach.

At the end of the study phase it was discovered thaL. the

simuIation which produced the performance curve for the IF filLer approach

shown in Figure 12 was producing optimistic predictions. Due to time

'limitations these simulations were not re-run. In any case, the trade-off

between IF and waveguide filtering is weighted even more toward the

waveguide approach.
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I
Table 1. Nominal Baseline Conditions for IF Approach

1. TRANSMIT IF FILTER: 4-pole B.itterwurtLh with ,3 dB bandwidths of 13.41

MHz and containing two section all-pass phase

compensation. Two tuned traps at 70 10.05 MHz.

2. RADIO TRANSMIT IF

FILTERS: 3-puoe 0.1 d63 ripple Tchebycheff and 3-pole
Butterworti both with 3 dB bandwidths of 30 MHz.

3. DEMOD IF FILTER: 4-pole Buttcrworth with 3 dB bandwidths equal to

symbol rate and containing two section all-pass

phase compensation.

4. CROSSTALK ALGORITHM

THRESHOLD SETTING: 0 = 5.5°.

t 5. REFERENCE LOOP

PHASE JITTER: 0.70 rms.

6. SYMBOL TIMING: Within 1 percent of symbol time of best location.

2.3.1.2 Waveguide Filter Approach

In this section the study effort which considered the use of
microwave waveguide filters for spectral shaping to meet FCC 19311 is

presented.

ý.3.1.2.1 Filter Characteristics

The nominal center frequency of the Philco LC8D radio used for
testing the modem was 8.075 GHz. The filter attenuation characteristic
needed for FCC 19311 compliance is primarily dictated by the 18 dB viola-

tion of the spectral mask for 2 B/Hz at symbol rate (one-half bit rate)
removed from carrier. For this modem the nominal bit rate is 26.82 Mb/s.

Thus the waveguid, filter is centered at 8.075 GHz and must be at least
18 dB down at *13.41 MHz. Based upon computer simulations and considera-

tion of waveguide filter types readily available in the industry, it was

decided to use a 4-pole Butterworth filter with 3 dB bandwidth of 16 MHz
for this approach. The use of such a filter results in near-optimum

23



10-5

THRESHOLD SPACING 5.50

Eb/No 21 dI

10'

/o

TIMING DELTA FROM NOMINAL DELAY IN % SMWOL. TIME s-t

F igu re 13. Nominal IF 19311 Appro~ach Timing Sensitivity

24

- -,°.,, -



10-3

: 10-4

10.6

o10 ,

|10"73o

3P4 s eo 7 e•
THINESWOLD PACING

Figure 14. Nominal IF 19311 Approach Threshold Spacing Sensitivity

25

_ . .i..... " -



performance and leads to FCC 19311 compliance for both the 2 B/Hz and

1 B/Hz modes operating in an authorized bandwidth of 14 M1Hz. The

attenuation and group delay distdk-tion for this filter are shown in Figures

15 and 16 respectively. When the baseline radio filters are included, the

overall attenuation and group delay characteristics are as shown in Figures

17 and 18 respectively.

Discussions with waveguide filter manufacturers (Microwave

Developmlent Laboratories (MDL) and Waveccm) revealed that INVAR

construction of such a filter will lead to *400 kHz of center frequency

detuning at 8 GHz and with *250 C temperature variation. This detuning

number results from assuming INVAR material has a temperature coefficient

of expansion of 2 x 1U'10/0 C. The formula indicated by MDL for

computing detuning is

D = efc (AT) (1)

where U - Fre'uency detuning.

f = temperature coefficient of expansion.

f c - filter center frequency.

AT = temperature variation.

The assumption of *25° C operating temperature variation is supported by

reference to DRAMA specs (00 to 490 C) and to the Philco LC8D radio

specs (00 to 500 C). Equation (1) then indicates

D = 2 x 10- 6 x 8 x 106 x (*25) kHz

or D = *400 kHz

2.3.1.2.2 Waveguide Filter Results

Figures 19 and 20 show the spectra obtained with the waveguide

filter for the 2 B/Hz and I B/Hz modes respectively. The effect of trans-

mitter detuning of *402 kHz is indicated on these figures. This *402 kHz

frequency variation is the amount of detuning occurring in an 8 GHz wave-

guide filter of INVAR construction for a *250 C temperature variation.

These figures show that the spectra both will meet the FCC 19311 masks for

26
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I0
*250 C temperature variation with a waveguide filter of INVAR construc-

tion. It is irpossible - both from performance and spectra viewpoints - to

use non-INVAR construction since center frequency shifts an order of

magnitude greater would occur (*4 MHz) over this temperature range.

Figure 21 shows the pprformance for the waveguide filter base-

line approach. The nominal condit.ions for the baseline are given in Table

2. As shown, 2 B/Hz operation at 5 x 109 error rate requires 20.8 dB

Eb/No while 1 B/Hz operation requires 14.3 dB Eb/No. These predic-

tions are roughly 3 dB better than the performatice predicted for the IF

filter approach. Figure 22 shows the performance of the modem back-to-back

at IF, i.e., without the waveguide filter.

Figure 23 shows the variation of symbol error rate with

detuning. This curve is important in comparing the detuning effect versus

temperature for the waveguide filter against performance degradation to be

expected. As indicated in Figure 23 the symbol error rate degrades by less

than a factor of 2 for *402 kHz detuning. This represents less than 0.2 dB

signal-to-noise degradation at a 5 x 10-9 bit error rate.

Figure 24 shows the variation of symbol error rate with changes

in threshold spacing at the crosstalk algorithm.

Figure 25 shows t:oe variation in symbol error rate with demod

symbol timing variation.

Again, the indicated sensitivities to equipment imperfections is

comparable to the previous breadboard sensitivities. Because of the better

performance available with the waveguide filter approach to FCC 19311
- spectral compliance, the waveguide was chosen for the baseline for this

modem.

2.3.2 New Implementation Techniques

This section documents tthe study effort which investigated new

implementation techniques for the modem. The effort centered primarily

upon reconfiguring the phase detector reference derivation to eliminate

critical phasing, timing, and acquisition problems encountered in the

previous breadboard unit.
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Table 2. Nominal Baseline Conditions for Waveguide Filter Approach

1. RADIO TRANSMIT IF FILTER: 3-pole 0.1 dB ripple Tchebycheff and

3-pole Butterworth - both with 3 dB

bandwidths of 30 MHz.

2. WAVEGUIDE FILTER: 4-pole Butterworth with 3 dB bandwidth

of 16 MHz.

3. DEMOD IF FILTER: 4-pole Butterworth with 3 dB BW equal to

symbol rate containing two section

all-pass phase compensation.

4. CROSSTALK ALGORITHM

THRESHOLD SETTING: 9 = 5°.

' 5. REFERENCE LOOP

PHASE JITTER: 0.70 rms.

6. SYMBOL TIMING: Within 1 percent of symbol time of best

location.

7. WAVEG'I dE FILTER

DETUNING: 0.
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2.3.2.1 The Phase Detector Reference Problem

The original breadboard had some severe implementation problems
which resulted in critical timing adjustments. The most severe problems

arose from the technique employed to generate and use the coherent

reference for the quadrature phase detector (QPD).

Figure 26 shows a basic conceptual block diagram of the prior

breadboard demodulator. Conceptually, the demodulator functions as

follows. A reference is established at the lowest of the four transmitted

INPUTADTURE
4-AY DETECTOR DATA

FIK (QIPD) ,

TOP S YMBOL

X9 r DELAY
TRIM

REFERENCE DERIVATION W149- 14A

Figure 26. Simplified Diagram of Breadboard Phase Detection Technique

frequencies, f0. This reference is used to provide phase measurements

from the QPD. These phase measurements are quantized in the A/D converter

and provided to digital logic which estimates the transmiLted frequencies,

taking into account any crosstalk generated by system filtering.

The phase detector reference loop in the breadboard operated

open-loop from the phase measurements being derived with that reference

which resulted in significant critical timing problems. In Figure 26, note

that the reference is derived in a X8 frequency multiplier chain followed
by a phase-locked loop (PLL). Because of inherent delays that arise in

various paths of the circuit, a time delay trim, 7, is required to properly

align the phase of the reference. If everything were ideal (in particular

40



if time delays remained fixed) the system as shown would be satisfactory.

However, with any variation leading to differential time delay between the

QPD input and its reference, the reference is no longer coherent. It is

believed that the intolerance of the previous breadboard to frequency

offset could be traced to the fact that such offset resulted in changes in

the differential time delay between the reference and QPO input. The

follcv'ing describes the steps taken to eliminate this problem in the

present modem.

The possibility of making the QPD provide the error signal for

controlling the phase of the reference VCO in a closed-loop manner as shown

in Figure 27 has been investigated. As shown, the QPD outputs are observed

and a phase measurement is noted, From this phase measurement a phase

error to the closest FSK signal phase node can be calculated. For

mod-index equal 1/8 FSK, the possible symbol-end phase nodes are spaced by

45°. The phase error signal so generated is filtered anl used to control

the VCO as shown.

An advantage of this type reference loop is that the reference is

controlled to cause the phase error to the nearest node to average zero -

where the phase error is based upon the actual phases measured in the QPD

and not in an independently operating reference derivation loop. The

coherence of the reference is thus guaranteed in a closed-loop manner.

During the study phase, attention was focussed on a scheme for

deriving the phase error measurement described above from the existing

phase detector thresholds in the demodulator. Figure 28 shows the manner

in which the QPD quantizes the phase measurement for use in the logic

processing circuitry. Ten thresholds are established on each of the two

quadrature outputs. As shown in Figure 28 these threshiolds allow 5 phase

thresholds spaced by approximately So between each of the ideal ending

phase nodes. Figure 29 shows a representative ideal phase node and the

phase bins within *22.50 of this node irplied by the QPD thresholds of

Figure 28.

4
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Figure 27. Closed Loop Reference Derivation

An error signal is derived from the existing slicing levels

wherein the phase error is assigned a value proportional to the distance of

the phase bin from the ideal node. Figure 29 shows that the 5 phase errors

associated with the 5 bins are 0, *150, and *200. This is a rather

coarse quantization of the phase error.

Computer simultations were run to observe acquisition time,

loop-caused phase jitter, and symbol error rate obtainable with the scheme

which filters the coarse phase error signal tV control the reference VCO.

Figu.re 30 shows the results obtained. The various quantities of interest

are plotted versus the natural frequency, win, of the closed loop. The

loop dimping factor was held constant at unity as the natural frequency was

42
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Figure 29. A Representative Ideal Node and Surrounding Phase Bins
With the Thresholds of Figure 28

varied. The acquisition time varies rapidly with un (-Wn'3 ). Theacquisition time plotted is for 80 kiz of initial frequency offset.
Eb/N 0 for all curves is 20 dA.

To achieve the design goal of I as acquisition time for 80 kHz
offset, it is anparent from Figure 30 that the loop bandwidth will have to
be set at a fairly large value (at least 70 to 80 kHzw.) and then after
acquisition switch to a narrow bwndwidth (ton approximately 10 kHz) to
reduce ris loop-caused phase jitter to a desirable level of 0.3C.

The basic block diagr• for the closed-loop reference derivation
scheme demodulator is shown in Figure 31.
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Figure 31. Phase Detector - Demod for 4-ary CPFSK

The good results for the relatively simple closed loop scheme

just described made the other more complex schemes that were considered

look very unattractive and they were quickly discarded.

2.3.2.2 The Acquisition Problem

The primary acquisition problem occurs with the quadrature phase

detector reference loop. The original goal was I ms acquisition with 80 kHz

of frequency offset.

With 80 kHz frequency offset, the closed-loop technique

described above requires a loop bandwidth of approximately 100 kHz to

acquire in 1 ms. This loop bandwidth results in degradation due to

excessive phase Jitter of roughly two orders of magnitude in error rate.

Thus, it is necessary to switch to a narrower loop following acquisition in

order to reduce the jitter, Simulation indicated that a loop bandwidth of
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approximately 10 kHz is required to reduce jitter to a desired level of
00.7 rms.

The provision of two different loop bandwidths is a complicating

factor in the implementation. Not only are there special impleientation

problems brought on by the necessity to switch loop filters, but also the

requirement for acquisition loop bandwidth of 100 kHz reflects into a

requirement (from stabili'y considerations) for a crystal VCO response

bandwidth which stresses the capabilities of such VCO's.

It was desirable to eliminate the requirement to switch between

two different loop bandwidths brought on by the 1 ms design goal. Several

alternative approaches follow:

1. Increase the allowable acquisition time for 80 kHz frequency

offset.

2. Reduce the frequency offset and keep 1 ms acquisition time.

3. Conbination of reduced frequency offset and greater than
I msec acquisition.

These three alternatives are summarized in Table 3. These numbers are

generated from the computer simulation shown in Figure 30 and assuming that

acquisition behavior is as in a second order phase-locked loop (which our
closed-loop scherme is), i.e., Tacq W (Af) 2 Cn"3 whereMf is frequency

offset and n = loop natural frequency.

Frequency stability of 10-7 would hold frequency offset t:

under 1 kHz at 8 GHz and such stability would allow one loop bandwidth

acquisition in 1 ms and no baseline degradation.

In consultation with RADC an assumption of 20 kHz frequency
offset and 20 ms goal on acquisition was adopted. A single ioop b~ndwidth

of 14 kHz which as indicated by the bottom line in Table 3 results in no

more than 0.1 dB baseline degradation was implemented.
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Table 3. Effect of Changing Acquisition Specification on the

Single Loop BW Reference Scheme

Freq. Offset Acq. Time Loop Nat. Freq. Baseltne Oegradation
(kHz) (MS) (kHz) (dB?

80 4 50 0.5

80 7 40 0.3

80 18 30 0.25
4.'

80 32 25 0.2

80 320 14 0.1

C 40 1 63 0.6

30 1 52 0.5

a,- 20 1 40 0.3

10 1 25 0.2

40 32 20 0.15

30 32 16 0.1

20 32 13 -0

1- 10 32 8 0

20 20 14 -0.1
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2.3.2.3 Dual B/Hz Capability

A relatively simple technique was uncovered during the study

phase for providing 1 B/Hz as well as 2 B/Hz capability in the modem. The

technique exploits maximal equipment commonality between the two modes of

operation in both modulator and demodulator. The technique allows

13.41 Mb/s operation in the 1 B/Hz mode and 26.82 Mb/s operation in the

? B/Hz mode - both operating in an authorized bandwidth of 14 MHz.

The approach involves using mod-index 1/4 4-ary FSK in the 1 B/Hz

mode and mod-index 1/8 4-ary FSK in the 2 B/Hz mode. At the modulator,

operation as described above results in both modes utilizing the same four

modulation frequencies. The 1 B/Hz mode simply selects one of the four

synthesized freauencies at one-half the rate (6.705 MHz) as the 2 B/Hz mode

(13.41. MHz). Thus, the modulator is common between the two modes.

Figure 32 shows the manner in which the two modes are handled at

the demodulator. In the 2 B/Hz mode the 70 MHz radio IF signal is filtered

by a 13.41 MHz (symbol rate) 3 dB bandwidth filter and passed directly on to

70 MHz IF
MOD INDEX 11/8

70 M• 13.41 M~z 2 M/,z

IF, RADMIO BANDWIDTHeT EO
IF ~~~RECEIVER -.. J HS

INTERFACE
LDETECTOR

IS B/Hz

• • 8G.7t MHz
•,BANDPWIDTH 4Mz
S" RECEIVER I

F.IFLTER E

rigure 3?. Dual 6/h^ C-5lversion Okumiodulator Front-End
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the demodulator phase detector and A/D which is designed under the assump-

tion of mod-index 1/8 4-ary FSK input (the ideal phase nodes are spaced by

450). In the 1 B/Hz mode on the other hand a conversion step is included

as shown to convert the received mod-index 1/4 signal to mod-index 1/8

aft, -:.ering by a 6.705 MHz (again, symbol rate for this mode) 3 dB

band•,dth IF filter. This conversion is accomplished by first mixing to a

'-minal 140 MHz IF frequency followed by frequency divide-by-2 to produce a

nominal 70 MHz mod-index 1/8 IF signal which once again is appropriate to

feed to the phase detector and A/D for further processing. Fortunately,

the signal phase distortion produced by the 6.705 Mliz bandwidth filter in

the 1 B/Hz mode is almost exactly twice that in the 2 B/Hz mode. As a

result, after the frequency divide-by-2 operation (+2 counter) the signal

phase distortion is identical between the two modes. Further, this means

that the phase quantizing thresholds in the phase detector are identical

between the two modes. Thus, the only differences in the demodulator

required between the modes are the changes required to handle the two

different symbol rates (reference loop bandwidth change and symbol timing

loop change).

The approximate 6 dB improvement in performance of the 1 B/Hz

mode over the 2 B/Hz mode can be thought of in light of this conversion

step in the following way. The ideal phase node spacing of the converted

signals are identical (450) for the two modes. Because of the divide-

by-2 operation in the 1 B/Hz mode, however, the rms noise-caused phase

jitter is halved. This is the source of the 6 dB improved performance.

2.3.2.4 New Receiver IF Filter

During this study it was found that a 4-pole Butterworth filter

with two sections of all-pass phase compensation performed better than the

prior modem's 4-pole Bessel filter. The 3 dB bandwidth is equal to the

4-ary symbol rate. The attenuation and group delay distortion character-

Istics of this filter are shown in Figure 33.
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3.0 HARDWARE DESCRIPTION

An experimental modem incorporating the baseline concepts

described in Section 2.0 was constructed. The actual hardware is described

in this section. The modulator and demiodulator sections of the modem are

physically packaged separately.

3.1 Modulator

The modulator is contained in a 5.25 inch high chassis designed

to be mounted in a standard 19-inch rack. The unit contains integral power

supplies and cooling fan. It should be noted that as cooling air is drawn

into the chassis fromi the top, a minimum space of 3.5 inches is required

above the unit.

A photograph of the modulator front panel is shown in Figure

34. Input data is applied to jacks A and B.

Figure 34. Modulator Front Panel

For 2 B/Hz, 26.82 Mb/s single stream operation and 1 B/Hz, 13.41

Mb/s single stream operation, channel A is used exclusively. For 2 B/Hz

and two synchronous 13.41 Mb/s stream operation, channels A and B are

multiplexed together within the modulator producing a single internal 26.82

Mb/s data stream. An input bit rate clock¶, synchronous with the input data

must be applied to the INPUT CLOCK Jack. The data transition should occur

on the rising edge of the clock. Exact aligunment is not required, but
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timing should be within 1/4 bit time. A transmit clock is provided at the

OUTPUT CLOCK jack. Its frequency is crystal-controlled and automatically

switches from 26.82 MHz to 13.41 MHz as required when the MODE switch is

operated. The three most counterclockwise positions of the MODE switch

are for 2 B/Hz operation. Position A is for use with a single 26.82 Mb/s

data stream (applied to jack A). Position A+B is for multiplexing two

13.41 Mb/s data streams together (Jacks A and B). The position labeled

TEST reconfilgures the internal 20-stage randomizer for use as a

pseudorandom sequence generator. No external data or clocks need be

applied in this mode. The two most clockwise positions of the MODE switch

are used for 1 B/Hz operation. Position A is for a single 13.41 Mb/s input

data stream (jack A). There are no multiplexing provisions in the 1 B/Hz

mode. The 1 B/Hz TEST position allows for internal generation of a 13.41

Mb/s pseudorandom data stream. The IF OUTPUT jack provides a modulated 70

MHz signal at a nominal level of +1 dBm.

All front panel jacks are BNC type and are designed to interface

with 75 ohm circuits. Digital input and output levels are nominally 2

volts peak-to-peak with +1 volt being a "'" and -1 volt a "0".

A conceptual block diagram of the Modulator is shown in Figure

35. Its theory of operation is identical to that of the previous modem

where pairs of data bits are used to select one of four phase coherent

frequencies each symbol time. The four tones are generated by mixing an 8

times bit rate clock with bit rate and symbol rate. This forms a mod-index

1 signal which is divided by 8 to generate the desired mod-index 1/8 signal

which is mixed up to 70 MHz. The primary difference between t1his modulator

and the previous one is the phase-locked loop (PLL) that locks to the

externally supplied bit rate clock. This PLL supplies all the modulator

clocks, including the 8 times bit rate clock used in the frequency

generator. Thus, the four tones have a fixed time relationship to the

symbol rate clock that selects the desired tone.

Input data is applied to lines A and B. For 2 B/Hz single

k stream operation and 1 B/Hz operation, channel A is used exclusively. For

2 B/Hz and two synchronous 13.41 Mb/s stream operation, channels A and B

are fed to the MJX where a single 26.82 Mb/s stream is produced. This
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stream is randomized and fed to the Frequency Selector. In the test mode,

the randomizer is used to produce a pseudorandcm sequence and requires only

a clock input. For this mode, the clock PLL locks to an internal reference

S clock which also supplies a transmit clock to the outside world.

One B/Hz operation is provided by selecting the tones (which

remain the same) at one half the 2 B/Hz symbol rate, producing a mod-index

1/4 signal.

3.2 Demodulator

The demodulator is contained in an 8.75-inch high chassis

designed to fit a standard 19-inch rack. The unit contains integral power

supplies and cooling fan. As cooling air is drawn into the top of the

chassis, a minimum space of 3.5 inches above the unit is required.

A photograph of the demodulator front panel is shown in Figure

36. The demodulator receives IF at 70 MHz, +1 dBm at the IF IN jack.

Figure 36. Demodulator Front Panel

I
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Input impedance is 75 ohms. Output data appears at jacks A and B.

Recovered bit rate timing appears at the CLOCK OUTPUT ,jk. The data

transitions occur on the rising edge of this clock. In the self-test mode

(selected at the modulator) bit errors detected by the internal

self-synchronizing derandomizer produce positive pulses on the BIT ERROR

OUTPUT Jack. Normally, this output remains at a logic 101 (-1.0 V into 75

ohms) when the modem is operating error-free in the TEST mode. All logic

outputs provide 2 volts peak-to-peak into a 75 ohm load. A logic "I" is

represented by +1.0 volt and a logic "O0" by -1.0 volt.

The MODE switch has three positions. The two most

counterclockwise positions select 2 B/Hz operation. Position A is used

when the modulator receives a single 26.82 Mb/s data stream. This position

is also used for the 2 B/Hz TEST mode (selected at the modulator).

Position A+B corresponds to the similarly marked position on the modulator

when the data input consists of two synchronous 13.41 Mb/s data streams.

The single 1 B/Hz position, A, is used for both 13.41 Mb/s data stream

operation and the 1 B/Hz TEST mode. With the demodulator MODE switch set

to the position corresponding to that chosen on the modulator, the output

data appearing at jacks A and B corresponds to the input data at the input

jacks on the modulator bearing the same label.

With the modulator in one of the two TEST modes, the data

outputs on the deomoulator will remain at a logic 010 when the modem is

operating error-free. The BIT ERROR OUTPUT produces a half-bit period

pulse for each error detected. Bit error rate performance can be

determined by measuring the frequency at the BIT ERROR OUTPUT jack and

dividing this number by the bit rate (26.82 Mb/s or 13.41 Mb/s). The

derandomizer is of such a design that it will produce three pulses for

every isolated error made by the processing logic. This corresponds to

normal operation when the randomizer/derandomizer introdures an approximate

factor of three degradation in bit error rate performance.

A conceptual block diagram of the Demodulator is shown in Figure

37. In 2 Bl/tz mode, the 70 MHz IF is fed to a linear phase, matched filter

and then to a limiter. In I B/Hz operation, the mod-index 1/4 signal is

fed to another matched filter and is then mixed up to approximately twice
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the center frequency and then divided by two to produce a mod-index 1/8

signal. It is then processed the same as the 2 B/Hz signal.

The limited signal is applied to the quadrature phase detector.

The phase measurements of the sine and cosine channels are sampled and held

while their values are digitized by the A/D's. Logic circuitry is uSed to

derive an error signal from the phase measurements. This error signal is

used to drive a VCXO through the loop filter. The VCXO provides the

reference for the phase detector. The loop closure thus aligns the

reference to minimize the average error to the phase modes. The A/D

outputs also go to the processing logic. This logic is identical in

concept to that used in the breadboard developed on the previous contract

(F30J602-74-C-0263). For a detailed explanation of its operation, refer to

Final Technical Report RADC-TR-76-117. The recovered data frrm the lcgic

goes to the self-synchronizing derandomizer. The derandomized data is fed

to the demux which can be bypassed for single stream operation.

Demod timlng is recovered by a discriminator on the limited

input .ignal producing a PAM sequence. Squaring recovers the symbol ,'ate

component to which a PLL is locked, providing symbol rate and bit rate

clocks for the demodulator.

,1.3 FCC 19311 Wavv.guide Filter

In order to meet the speLtral requirements of FCC Docket 19311,

a microwave filtering approach was used. The filter is a waveguide section

designed to be instdlled directly into Lhe LC8D radio, replacing the final

transmitter output filter.

The desired filter characteristics were soecified as follnws:

Electrical Characteristic Desired:

1) Attenuation and group delay characteristics bssociated with

c. 4-pole Butterworth filter. (See F,§ures 15 through Z8 for

det&il)

2) 3 dB bandwidth = 16 MHz
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3) Center frequency at Ooom temperature (250 C) = 8.075 GHz

4) Detuning versus temperature: Center frequency ýshift

< +450 kHz over 00 to 500 C temperature

5) Insertion loss: <1 dB

6) Max. VSWR: 1.1

7) Critical attenuations required: At room temperature

(250 C) at 8.075 GH! +13.41 MHz filter must be 19 dB down

Mechanical Characteristics

1. Waveguide size: WR112

2. Dimensional information:

a) Flange-to-flange: 7" in-line

b) Max., dimension at right angle: 4' (oneside only)

3. Flange type: UG-51 for WR112 waveguide

The filter was manufactured by MDL. The specifications were

treated as design goals. The filter delivered to Harris ESI) filed to meet

the desired group dela) distortion characteristics. The actual filter's

group delay distortion is shown in Figure 33. The excessive group delay

peaks near the band •Jges account for much of the excess degrad3tion

introduced by the filter. It was determined that group delay compensation

-introduced at IF should be investigated during the test program at RADC.
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4.0 TEST RESULTS

1A, test program was perform'd at Harris CSO in Melbourite,

Florida, and at RADC in Rome, New York. The in-plant tests were designed

to provide a performance baseline from whicn to interpret results froix

later radio tests and to verify the characteristics of various internal

parameters. These tests were performed with the modem loopea back at 70

MHz with additive thermal noise. TesLs were also performed with the modem

looped back through an up/downconverter alluwiing the introductiorn of the

FCC 19311 waveguide filter to the signal path. The RADC tests included

back-to-back tests at 70 MHz and tests through the LC8D radio connecteu

back-to-back. The test plan which describes test setups and procedures is

included in this report as Appendix C.

In this section, the test results are presented. Modem

performance was very good and all design requirements were met, In

addition the modem performance came very close to meeting all design

objectives.

4.1 In-Plant Tests

This paragraph presents data acquired at Harris ESO during the

period of November 1, 1977 ;.hrough November 4, 1977.

4.1.1 Spectral EfWiciency Results

Since the actual spectrum presented at the radio transmitter

output is the true heasure of compliance with FCC Docket 19311, tests

performed at Hareis ESD could only be use-ui as preliminary indicators.

Hence, detailed plots were taken only at RADC. However, photographs were

taken at Harris ESO of the spectra at 70 MHz at the Modulator output and at

the output of the up/down converter that contained the FCC 19311 waveguide

filter. Figure 39 shows the 2 B/Hz spectrum directly at tie modulator

output. Figur3 40 shows the 2 B/Hz spectrum after the waveguide filter and

dowti-cotiersion to 70 MHz. Examination of these spectra indic.ated that the
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BIF = 300 kHz

B - = 100 I1z

VERTICAL - 10 dB/IlIV
,0 dB - TOTAL

POWER

HORIZONTAI. - 5 MHz/DIV

11/1/77

Figure 39. 2 B/Hz Spectrum Without FCC 19311 Filter

BIF = 300 kHz

B v = 100 Hz

VERTICAL - 10 dB/DIV
0 dB = TOTAL

POW ER

HORIZONTAL - 5 MI'Iz/D'V

1/1/177

Figure 40. 2 B/Hz Spectrum With FCC 19311 Filter
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f iI i-r p I Irmt-ld v. expected dnd that the requirements of FCC 19311 wou Id
bt. Flit.t

The I B/Hz spectrum before and after filtering is shown in
Figures 41 and 42 respectively. Compliance with FCC Docket 193i1 was also

indficated here.

BIF = 300 kHz

B v = 100 Hz

VERTICAL - 10 dB/DIV
0 dB = TOTAL

POWER

HORIZONTAL - 5 MHz/DIV

1111/77

Figure 41. 1 B/Hz Spectrum Witho)it FCC 19311 Filter

BIF = 300 kHz

Bv = 100 Hz

VERLCAL - 10 dB/DIV
0 dB = TOTAL

POWER

HORIZONTAL - 5 MHz/DIV

11/1/77

Figure 42. 1 B/Hz Spectrum With FCC 19311 Filter
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More detailed and documented spectral results are presented in

the RADC test result section.

4.1.2 BER Vs Eb/No

The design objective for the modem was a bit error rate of

5 x 10-9 or less at an Eb/No of 22 dB when operating through the

Philco Ford LC8D radio for a nominal 2 B/Hz spectral efficiency. The

design objective for a nominal 1 B/Hz spectral efficiency under the same

conditions was 5 x 10-9 bit error rate at an Eb/No of 16 dB. These

design goals are for performance without the 20 stage randomizer/

derandomizer, which was not to degrade BER by more than a factor of 3 in

the vicinity of a 1 x 10-7 BER. The BER was measured in a variety of

configurations, as described below. Details of the test configuration and

calibration are in Appendix C.

4.1.2.1 2 B/Hz Test Results

To obtain baseline performancc data, the modulator and

demodulator were connected directly at 70 MHz. Thermal noise with an

equivalent bandwidth of 41.5 MHz was added at 70 MHz. Initially, the

internal randomizer/derandomizer was bypassed and the plot shown in Figure

43 was obtained with an external data generator and error counter. The

measured data is shown with a computer baseline prediction described in

Section 2.0. In the vicinity of a 5 x 10-9 BER, the measured data is

approximately 0.8 dB from that predicted. At higher bit error rates, the

difference is closer to 0.5 dB. A BER of 5 x 10-9 was obtained at an

Eb/No of 20.6 dl back-to-back without randomizer.

Figure 44 shows 2 B/Hz back-to-back performance through the

randomizer on Channel A with a single 26.82 Mb/s data stream. Comparison

with Figure 43 shows that the randomizer introduced a BER uegradation of

less than a factor of three at any BER. Note that the computer-predicted

curve has been shifted by a factor of three for all plots showing

incorporation of the randomizer.
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2 B/Hz BACK-TO-BACK I -

WITH RANDOMIZERI -47
CHANNEL A -25.82 MB/S"'

-S 11/2/77
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Figure 44. BER-2 B/Hz, Back-to-Back, With Randomnizer
Channel A - 26.82 Mb/s
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Figure 45 and Figure 46 demonstrate that performance in the A

and B mode, where two synchronous 13.41 Mb/s data streams are multiplexed

together, is essentially the same as that of the slngle 26.82 Mb/s data

stream mode. Figure 47 shows performance as measured in the TEST MODE

without benefit of external data generator and error detector. The

resulting curve is virtually identical to that of Figure 44, demonstrating

the validity of this test technique.

To simulate performance over the LC8D radio with FCC 19311

waveguide filter, the modulator output was upconverted to 8.075 GHz,

filtered, and ocyqnconverted to 70 MHz where broadband noise was aided. The

results are shown in Figure 48. The randomizer "as bypassed for this test

to facilitate measurement. A BER of 5 x 10-9 was achieved at an

Eb/No of 22.9 dB. This is about 2.3 dB from the prediction anJ about

0.9 dB from the design goal. These results indicated that group delay

compensation at 70 MHz might be desirable with the LC8D radio.

4.1.2.2 1 D/Hz Test Results

Figure 49 shows tht basic I B/Hz BER performance without

randomizer. A BER of 5 x 109 -vas achieved at an Eb/N 0 of 15.3 dB,

which is approAimately 1. .iB .from. the pro-dicted value. The som test run

with randomizer resulted ir a BER of , x 10-9 at an E/% 0 of 15.7

dB. This curve is shown in Figure 50. As with I B/Iu operation,

performance is degraded by no more than a factor of three by tke

randomizer. BER performance was also measured using the int*rnal TEST

MODE. Results a&e within measurent error nf those obtained with externa'

BER measurement equiment. A plot of this date may be found in Figure 51..

T e use of the FCC 19311 wtveguide filter has much less effect

on I B/Hz operation than 2 SIHZ oper4tion. This i% a result cof the more

compact 1 B/Hz spectrum. Figure 52 depicts 1 B/Hz BER per'orance witho'ut

randomizew. A BER of 5 x 10-9 occurred at an Eb/I60 of 15.6 dB. This

exceeds*O"e d esigo goal by 0.4 ft. The computer simulalia, was 1.6 Ao
inside the measu-ed value.
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Figure 46. BER-2 3/Hz, Back-to-Back, With Randomizer
Channel B - 13.41 Mb/s
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Figure 47. BER-? B/Hz, Back-to-Back, Test Mode
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1 B/Hz BACK-TO-BACK
WITHOUT RANDONIZER
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7'igure 49. BER-1 B,'Hz, Back-to-Back, Without Randomizer
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Figure 50. BER-1 8/Hz, Back-to-Back, With Randomizer,
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Figure 51. BER-1 B/Hz, Back-to-Back, Test Mode
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Figure 52. BER-1 B/Hz, With FCC 19311 Filter, Without Ranidomizer



4.1.3 Acquisition Test Results

Acquisition performance was tested by ga~lng the IF signal on

and off with an electronic switch. The modemi was run in the self-test mode

and the BIT ERROR OUJTPUT observed on an oscilloscope. Noise was added to

the IF to produce a BER in the vicinity of 1 x 10- with the demodulator

locked up. With the IF gated off, a 50 per cent error rate produces a

large number of transitions of the BIT ERROR OUJTPUT. When the IF is

reapplied and acquisition achieved, the error rate is so low as to make

transitions unobservable on the oscilloscope. The transition from high

error rate to low may be observed on the scope and compared to the time at

which the IF is gated on. The photograph in Figure 53 was exposed long

enough to record about 10 acquisition attempts. The modem was operating in

the 2 B/Hz mode with an IF offset of +20 kHz. The upper trace marks the

application of IF to the demodulator with a positive transition. The error

transitions on the lower trace cease in less than 10 ins, indicating

acquisition. Long term observation reve-iled that more than 90 percent of

all acquisition attempts were completed in less than 10 mns and none were

observed to require more than 20 ins. The design goal was 20 ms with an

offset of 20 kHz. The same results were obtained for an offset of -20 kHz

(Figure 54).

Acquisition in 1 B/Hz mode was measured with the same test set-

up. Sample acquisitions are shown in Figure 55 and Figure 56 for +20 kHz

offsets and -20 kHz offsets respectively. Acquisition was achieved success-

fully in less than 15 ms in more than 90 percent of all trials. On rare

occasions (judged to be less than 1 percent of all trials) 25 ms was

required for acquisition.
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UPPER TRACE- POSITIVE
TRANSITION GATES IF ON

LOWER TRACE- BIT ERROR
OUTPUT, 5 ms/DIV

11/1/77

Figure 53. 2 B/Hz Acquisition, IF Offset +20 kHz

UPPER TRACE- POSITIVE
TRANSITION GATES IF ON

LOWER TRACE- BIT ERROR
OUTPUT, 5 ms/DIV

11/1/77

Figure 54. 2 B/Hz Acquisition, IF Offset -20 kHz
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UPPER TRACE- POSITIVE
TRANSITION GATES IF ON

LOWER TRACE- BIT ERROR
OUTPUT, 5 ms/DIV

1111711

Figure 55. 1 B/Hz Acquisition, IF Offset +20 kHz

tUPPER TRACE- POSITIVE
TRANSITION GATES I.F Ot'

I.OWER TRACE- BIT ERROR
OUTPUT, 5 ms/DIV

11/1/77

Figure 56. 1 B/Hz Acquisition, IF Offset -20 kHz
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4.c' RADC Tcsts

This paragraph presc its data a:gired at the RADC test facility

at Verona, New York, Novemtr 7, 1977 through November 11, 1977.

4.2.1 Spectral Efficiency Results

'n order to demonstrate the spectral shaping introduced by the

FCU 19311 waveguide filter, spectral measurements were first made at the

output of the Philco Ford LC8D radio transmitter without the waveguide

filter. The spectra were measured with a Hewlett Packard ipectrum analyzer

at 8 GHz. The analyzer was adjusted for 300 kHz IF bandwi'th and 100 Hz

video bandwidth and was iued to drive an X--Y plotter. To ensure accuracy,

the amplitude and frequenc., scales were calibrated with markers at 10 dB

intervals on the verti.al ,xis and with frequency markers at 0, +7, and +14

MHz on the horizontal axis. The 0 dB power refereii(c was a single

frequency tone from the modulator. This represents t:jtal transmitted

power. All plots show d vertical axis that is corrfcLed to a 4 kHz IF

bandwidth. The ccrrection factor for a bandwidth reduction from 300 kHz to

4 kHz is -18.8 dB, hence 'hi nonintegral calibration marks.

Figure 57 shows the unfiltered 2 B/Hz spectrum at the

transmitter output. The FCC 19311 spectral mask is drawn to scale on the

plot. The two side lobes exceed allowable levels by some 12 dB indicating

that additional filtering is required. Figure 58 shows the unfiltered 1

G/Hz spectrum. Its side lobes also exceed allowable levels by

approximately 10 dB.

The spectra were remeasured after installation of the FCC 19311

waveguide filter at the radio transmitter output. Figure 59 and Figure 60

show the 2 B/Hz spectrum and 1 B/Hz spectrum respectively. Tne 2 B/Hz

spectrum fits within the spectral mask with e minimum margin of

approximately 4.4 ciB. The 1 B/Hz spectrum has a margin of approximately

7.5 dB. Thus, the spectral requirements of FCC Docket 19311 are met.
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It was noted that the measured peak of the spectra (at center

frequency) is 3 to 4 dB lower than predicted by computer simulation. This

was also observed on the photographs taken at Harris ESD. The discrepancy

may perhaps be attributed to the operation of the spectrum analyzer which

averages the log of the signal rather than averaging the signal before

taking the log. However, even if the spectral plots are shifted upwards by

4 dB, they still fit within the FCC 19311 mask.

The spectra were also measured at the radio receiver IF output.

Though the curves still fall below the FCC 19311 mask, the side lobes are

somewhat stronger than those measured at 8 GHz. This is probably the

result of limiting due to overload at the receiver downconverter. Tests

were run with maximum signal level through the simulator. The spectral

plots at the receiver IF are shown in Figures 61 and 62.

4.2.2 BER Versus Eb/No Results

Bit error rate tests were run with the modem as received from

shipment. No attempt was made to realign the modem to optimize its

performance. The design objective was a BER of 5 x 10-9 or less at an

Eb/No of 22 dB over the LC8D radio in the 2 B/Hz mode. Fcr the I B/Hz

mode, the objective was 5 x 10-9 at an Eb/No of 16 dB. These

objectives were for operation without the randomizer which degrades

performat ce by a factor close to three. The BER perfurmance was measured

in a variety of configurations, as described below. Unless otherwise

noted, measurements were made with nois2 added at IF as with the in-plant

tests at Harris ESD. This gave more repeatable results than the radio

noise technique described in the Test Plan. Tests with radio noise were

run, however, as a check on the validity of the IF noise mcasurpment

3chnique, and the results are included in this section.

4.2.2.1 2 Rh/•z Test Results

Baseline performance data ,tas obtained with a 70 MHz

back-to-back test with additive Gaussian noise. The result is shown in

Figure 63. The test was run with the randomizer operating. A BER of

5 x 10-9 was achieved at an Eb/No of 21.1 dB. This represents a
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degradation of approximately 0.2 dA from that measured during the in-plant

tests at Harris ES0. This is close to measurement accuracy and represents

excellent stability through shipping.

The second test at RADC was operation through the LCSO radio and

simulator without the FCC 19311 waveguide filter. The simulator connected

the radio back-to-back. Thermal noise was added to the radio IF output for

Eb/No calibration. The simulator was set for minimum signal

attenuation and the modum randmizer was utilized. An external data source

and error detector were used for convenience in measurement. A BER of

5 A 10.9 was measurtrd at an Eb/No of 21.5 dB. The complete curve is

niiown in Figure 64.

The above test was then repeated with the FCC 19311 waveguide

filter installed in the LCGD radio transmitter. The resulting curve is

shown in F.jure 65. A BER of 5 x 10W4 occurred at an Eb/No of 23.2 dB.

The randomizer wos then bypassed so that the results could be compared more

easily with thise obtained at Harris ESO with the up/downconverter. This

curve is shown in Figur• 66. A BIR of 5 x 10-9 was measured at an

Eb/No of 23.2 dB As before. The factor of three improvement did not

materialize dLe to error in measurement repeatability. This is within 0.3 dA

of that obteined at Harris ESD with the up/downconverter (Figure 48).

Figure 67 shows the BER perfornance with randomizer through the

radio with FCC 19311 filter and ABC amplifier. Comparison with Figure 65

reveals that the VF ABC amplifier In the LC8D degrades performance by

ipproxit•ately 0.6 dA in thM vicinity of a 10-8 UR. The ASC amplifier

1qiz found to introduce additional group delay distortion that is a function

of a .Vf1er gain (and, hence, receive level). Distortion peaks at maximum

recelvad leqtl (minimum gain). A plot of performance with the AKC

a.mp1fler but without -andnmizer is shown in Figure 66. A BER of

0 x 10"• wab achoeve , an Eb/Na of 23.4 dA without grosp delay

compensation. This is 1.4 dA from the des'gn objective.
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Figure 64. BER-2 B/Hz, LC8D Radio, Without FCC 1931~
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using this technique. However, results do compare within measurement

accuracy to those obtained with IF noise, dmonstrating the validity of the

measurement techniqu3.

4.2.2.2 1 B/Hz Results

The 1 B/Hz back-to-back performance as measured with additive IF

noise is depicted in Figure 74. A 5 x 10"9 BER was measured with

randomizer at an Eb/NO of 15.9 dB. Through the radio without FCC 19311

filtering, this BER occurred at an Lb/No of 16 dB as seen in Figure

75. The addition of the FCC 19311 waveguide filter degraded performance by

approximately 0.4 dB as shown In Figure 76. The curve measured through the

radio and filter but without randomizer is shown in Figure 77. A BER of

5 x 10"9 was achieved at an Eb/No of 15.9 dB. This is slightly

better than the design objective.

The addition of the 70 MHz UF AGC amplifier in the Philco Ford

LC8D had little effect on performance. The shift in the curves could be

attributed to variations in measurement. Figure 78 shows the measured data

with randomizer and Figure 79 without. Performance with randomizer

actually measures slightly better (appruxhnately 0.1 dB) with AGC than

without. The data for the two cases were taken on different days, however,

and this can easily acccount for the apparent discrepancy. Performance

without the randomizer measures approximately 0.25 dB worse with AGC than

without (Figures 79 and 77 respectively). As these two sets of data were

taken the same day, they are probably in(icative of the actual degradation

caused by the AGC. Without randomizer but with 19311 filtering and An', a
BER of 5 x 10"g was measured at an Eb/No of 16.2 dB.

2The 4/25 ns/MHz parabolic group delay equalization that

gained approximately 1.0 dB in 2 B/Hz BER performance haf little effect on
1 B/Hz BER performance. A plot of data taken through t* elualized radio

with AGC and randomizer is shown in Figure 80. A BER o 5 x 10"9

occurred at an Eb/No of 16.3 dB. If one assumes a degra tion of a

factor of three for the randomizer, the design objective omes

1.5 x I0"8 at 16 dB. Figure 80 shows that this is narrowly t.
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Filter, Without Randomilzer
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Filter, and AGC Amplifier, Without Randomnizer
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Tezts were *lso rtr' it. r1Ji.j , as uescribed in the

previous paragraph. Figure 81 shows operation with an unequalized radio

but with FCC 19311 filter, AC, and randomizer. Figure 82 shows operation

under the same conditions, but with 4/25 ns/Mtz2 parabolic group delay

compensation. Performance appears to be better without equalization, but

the difficulty in achieving repeatable measurements with this technique can

easily account for apparent discrepancy. Both curves, however, show

performance exceeding the design objecive of a 5 x 10-9 BER at an

E 00 of 16 d9 even though the randomizer was included when the data

was tkefl.
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5.0 CONCLUSIONS

A practical experimental modem suitable for actual installation

in hard-limiting line-of-sight microwave radio was constructed and

successfully tested. The operational limitations evident in the previously

constructed breadboard (see RADC-TR-76-117) have been eliminated.
Performance is stable with time and rough handling. The additional

features of an input multiplexer, data randomization, dual B/Hz capability,

and compliance with FCC Docket 19311 have been included with only a slight

degradation in bit error rate performance.

Total compliance with the spectral requirements of FCC Docket

19311 has been shown. The acquisition design objective of 20 ns for a

20 kHz IF frequency offset was met. The design objective of a bit error

rate of 5 x 10-9 or less at an Eb/No of 16 dB when operating through

the Philco Ford LC8D radio for a nominal I B/Hz spectral efficiency has

been 'net within measurement accuracy. The randomizer/derandomizer has been

shown not to degrade BER by more than a factor of three. Performance for a

nominal 2 B/Hz spectral efficiency when operating through the LCSD radio

misses the design objective of a bit error rate of 5 x 10-9 at an

Eb/No of 22 dB by less than 0.6 dB with randomizer. Allowing for a

factor of three improvement without randomizer, the design goal was missed

by approximately 0.2 dB.
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APPENDIX A

FCC DOCKET 19311 SPECTRAL EFFICIENCY

The original goal on the previous breadboard unit was to provide

a 2 B/Hz 99 percent spectral occupancy modem providing 10-7 error rate at

Eb/No = 20 dB and this goal was achieved. FCC Docket 19311 employed in

this study embodies a more stringent requirement on the radiated spectrum

than simply 99 percent bandwidth spectral occupancy for digital signalling.

The FCC Docket 19311 requirement un digital modulation

techniques is stated thus:

"For operating frequencies below 15 GHz, in any 4 kHz band, the

center frequency of which is removed from the assigned frequency
by 50 percent or more of the authorized bandwidth: As specified

by the following equation but in no event less than 50 decibels.

A = 35 + 0.8 (P-50) + 10 log10 B

(Attenuation greater than 80 decibels is not required.)

Where: A = attenuation (in decibels) below mean output power level

P = percent removed from the carrier frequency

B = authorized bandwidth in MHz."

Figure A-1 and A-2 show the implicatioris of the 19311

rc:qjirempnt for the 4-ary signalling schemes of interest to Broadband Modem

II for nominal 1 B/Hz operation and 2 B/Hz operation respectively. Both

these signalling schemes assume a 14 MHz authorized bandwidth. The mod-

index 0.125 signal actually has 99 percent spectral occupancy of 2.04 B/Hz

and the mod-ivndex 0.25 has 99 percent bandwidth 1.28 B/H;. As can be seen,

the mod-index 0.125 signal has up to an 18 dB problem inrthe spectrum side

lobes relative to the 19311 requirement and the 0.25 sigoal has a 15 dB

problem.

The study requirement wl,js to find the most efkciet means of

reduc4 nn these side lobes to meet 19311. Two techniques w investigated;

IF filtering and RF Waveguide filtering (see Paragraph 2.3.1 body of

report).

116



INS IA
___ __ _______.J5

_ _ -jllElI

""-i ON" " -:1 M.
-~~~L - ---W

q01.

117/118



APPENDIX B

COMPUTER SIJULATION. PPOGRAM FOR BROADBRtD MODEM II

119

i



APPELDIX B

COMPUTER SIMULATION PROGRAM FOR BROADBAND M)ODEM 1 1

A FORTRAN comptwter program was writtten to evaluate various

filtering approaches considered in the study phase of this program. The

computer program evaluates the approaches' spectra as well as the

performance with the demodulator algorithm developed on the prior Broadband

Modem contract.

Figure B-1 shows the system setup the computer program can

handle. Any mod-index 4-ary FSK signal can be handled. The frequency

ANY MOO IhDEX

NOISE m-

Figure B-1. Situation That Computer Program Can Handle

divide-by-n block was included in order to evaluate approaches to FCC
Docket 19311 compliance through filtering mAd-index 1 sgnals and then

divide-by-B to produce mod-index 1/8 2 B/Hz signals. No significant

advantage was found for this approach and it was discarield early itn the

st udy.

Referring to Figure B-1, a PN sequence is used t merate 4-ary
F5K at point (1). A Fast Fourier Transform (FF1) routine is ed to

E)AT MOOLA]TR IFFILTR LITER0



compute the transform of the sequence. This transform is filtered by H1
(which models any radio IF filters as well as any IF spectral shaping
filters) to yield the transform of the signal at point (2). An inverse FFT

yields time samples of the signal at (2). These samples are hard-limited

to provide time samples uf the signals at point (3). The phases are

divided-by-n (if necessary) to yield time samples of the signal at point

(4). Again, an FFT is performed on these samples to yield to Fourier
transform of the signal at (4). The magnitude squared of this FFT is
averaged over many sequences if IF filtering approach signal spectrum is

desired. If a waveguide filter is included the FFT (4) is filtered by H2

to yield Fourier transform of the signal at (5). Again, if spectrum at
this point is desired, magnitude squared of the FFT at point (5) is

averaged over many sequences. If not, the FFT at (5) is further filtered
by H , the demod filter to yield Fourier transform of signal at point (6).

This FFT is inverse transformed to yield time samples of the signal at
(6). From these time samples the phase measurements that would be made by

the demodulator are computed and these phases are fed to a separate program

routine for computing average rynbol error rate for the sequence. The
noise is modelled analyt _.z!; knowitig Lb/No and effective noise
bandwidth of the receive filter, H3 - as opposed to Monte Carlo

simulation.

This computer program was used to generate most of the results

'epor-ted for Bt'oadban Mode7 !. A listng (of the program follows.
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c L'iTr4 ';Y% KAYE. SPfCT. ANAL* 9W 110 SANE U'41TS

*RITEIG*9071 SR*AKW
9')? FIOPPATIO SY0480L 4ATE.".FlU.3./v* SPECTO A ANALYZER SW m".F1O.3)

iACTORUIA~dSR1*43Yl4
IFIFATOHMq.V.11 STOP

C L'kTEA I.'iiTIL PHASE ANGLE

odITE469000) THI
948 FOR144TIN INITIAL PHASE ANSLEuu.F1O*3,*R DRAMS")

t ;20PUTC %"I' FILTER FREQ. RESPONSE

one FIRIMAT11/sUOATA FOP fMA4331T FILTER vOL Own)
ILYA~aI./NSYo
LIALL TPlNXL'LTAF9HTl

C

c 4CAO %iIlv? aI IF HAAGi LLvITER AFTE's T ANSMIT FILTER

'12F'WUAI.~.WROLIMITEN AFTER XPI? FILT AmlI
lots Fla'UAT4/,0,Ut4 LI"ITCR AFTER XMIT FILTER I

C
C COP-uTC orcEIVE FILTER FRlEQ. RESPOOWSr

alIct4*9101
410 vf)#4@oA&V,f.d.ATA F0R aECEIVE FILTER FILL WOO

CALL TI~.LAA

C 0~P'JTE hAISE, 01%00%146 rfUNcftOv
C

OCT to Y.
0LL allai.Oa 4Vd1.OCTA 9 *fil
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PA3N2 r$ W? QuAljyr 11=011%

aS FEB 77 13.111673 PAGE S

C Cl"PUTE NORMALIZING FACTOR FOR Wp'iOOW
C

VN~ORMuo.
UOJ 60 Iz1,NX

63 F'4ORM=FNORM+(WFNEII*a

C ZEqO SPECTRUNq AVGING. ARRtAY
C

UO 12 1=1. NX
12 ASPEC(I)zC

C
c READ TIMI!6G DELTA IN 4YMWnL T!4ES
C

aWCAI7.,*11 OT

911 F110MAT(, -ITIM4ING DELTA IN SYM8OL TTPFSa oF1O.'4)

C R EAD XMIT FREQ~UENCY UCTUNING, IN SY460L ATES
C

READf 7,) OETUNE
W'4ITE(6*914) OCTUNE

914& FURMATI//oll XMITTER (lETUN[NG IN SY9BflL ATESU"oF1O,,)

C START AVGING LOOP ON XFRMS
C

UO 10 Lz1.NFT

C
c START LOOP ON SYMPOLS
C

Ug 2 .JxlNSYm
IF1I8SMoNE~l) GO TO 502

C
C SHIFT 6-31T PN REGISTER TWICE FOR 44.-ARY SYMBOL
C

UrO 1 31,12
11uIREG/12-
J ~:MOO( IREG.2)
112111*2
Z1uMOO(i,2l
l'REGu2*IRF:GIl
IFIIRCG*GT.63) tREGUIREG-6'4

I CINTINUE
5nM G0 TU 503
502 C3NTINUE

C
C SHIFT 15-RIT PN REG. TWICE FOR 4-ARY SY SCL

C 30 500 1z1,2

lREGa2sIREG+NZ
IF(IRCo.GT.32767) IREG.IREG-32768
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* ~IWllj V&int reM wIA

*a~- &tot itU m 96181' 0-6

,bi *'31? 1.1301

.SO cOMITIN
c

c JIIIC%~vSWf a
c~'s m.e

440 PONg~-v~. L AST S~CQW, #0 LftU*.,I

4, ka .5 - IS1.9P A6

^06twoo,10.sASC9 s

.csZ#Wmjt 00m'"Aco wapm Pon 1"is$C3
C%

J1Y Cs6
;I %'op VIRCMN 1 osl

QWIML C1EC@,L1(3~SiIw*s

r 44 lI OUtT tIC4FWW O

C 4 t.C4.113 40?hU~ TO A .4 So ~



13SIRS? WUAL17f PIAMlRj

ýp Frq ?7 13.111673 PAGE

JLYA6'wPktL-PHIR
1FIcL.TAp*61,PII PITsINT-1

LFl3LVAPoLt*(-PI2') IfqTmZ"T.I

~s(,N~5Jr~AO TO 100

u'' ONMAt(,f.*.1@HA&S3 IN OCGRCES AUTCR XV!? FZL1CR FOLLOV"O/II
ISAPuA00( ItoP31
1WISAP*NE*0) 00 O 1000

&41TE16*9600 I*DCGPHI

11)o 1.14TtmuE
IF(LOIaI.t4E.1) GO TO 101
CS'PI I )CVPLi(COSiPNI ) .SZlttPhlI

C 41I04? hA4PLES W/ KAISER WIxNCO~WIN F~tC 1t4l
Ca'ie SAVE IN OTS'Po ARRAV

flop( I IRcse4pf I lefiNlR
c
C

10 CIINTIIUC
L1tL.I4L.NkFTl so to M1

c
C (AN( pry
C

CALL Poual(CS-4pouM.1.-11
c
c
t FILTERU ## kECCIVC FILTER

A CCOU#? PON4 11*145 DELI& S41FT
c

ul t3 uLN

c 1T44C INVCost PVT
C

CALL P*4A~atCs.'P.NE.1.z)
C

C )7AlEAMIM AcCC:IVcO P"Ast 9 PaWI
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26 FtA ?? 140111413 PASL

3,10 FIM~Att/o"P.HASES PROM RECELIVE FILTER FO LOWN,/)

ZVA~tuCL0r1 CShP (j))
9PSUAIMAG(ZVAR)
PSIMASIi'(1SlanaPI

ETll~PI V I PUDE I I NODE I
Iv(ETV4GT*lAOI ETNZEIN-36s0.

IF~v.T.~.~O))ET~j.LTN+35i0.

AP (I 140CE) stAES CSI'P (I)
iiITC(fi%999) 1PIOOEPZSYMRIINO0E)9ETN* 1*041NOOE)

1199 FnPMATq 139F1()*3. L2,F1O*3,FXO.3)
,40 CONT116L
91 CnNTINUE

c tAKE FFT OF WIrI0wOWE TIME SAPPLES
c 940Mr XM4!T IILTER OUTPUT

CILL FOLH2(tSA4P0'X%1*-2.

C ACCUMULATE FOURtIER TPANSFORM SQUARED
C

11 APEC(II:A4iPEC(I)+ICAaStTS4P(Il )*0*2
C
C
c ENDO LOOP ON FFTiS
C,
c IF 108M LQUALS I CALL ROUTINE FOR COvPU ING SYMBOL
c Laltott RATE FOR FT-4S SEQUENCE

iFtI8r!ariF.ri, Go TO 110
LALL J3PMSCH(SER)

I~ C-NTINJUE
C
c. rmIQ -iEGIHi409OIJCRCmENT
C

5 'RE4D17*) ;48%NE%1INC
JiP a 120

X I N 2 0.0
A'"Ax a 120.0
Y9 PIt a -100,0
YVAX 1 0.0
UO 40O IzNRNBtEINC -

AluNFT
A~mNJC
SPECC:ACTORt*ASPECCIII/(A1*A2*FNOR'AI
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Pe FES 77 13.111673 PAGE

i'JRPUUTINE TF(NXOLTAF*H)
C
c THIS SUBR. COMPUTES FILTER TRANS, CCN GIVEN POLES*ZEROS

COMPLEX P(409Z(40)),WLIGtPPPZH(5j12
PtZ3.14 159265

C
C AEAD NO. PULESs NO0. ZEROS
C

REAOI7t) NPoNZ
jA4ITEIS99OO PP.NZ

900 FORMATI"l 140o POLEFZ*I.I4904NO. ZEROS :6sol

C
c 1':AO BANDWIDTH MaJLT. FACTOR*FOR POLEq 8 ZEROS
C

KEAD(7,) BW
wRtTE4699011 Pw

901 FORMAT01 BANE'#I~lH MIJLT. FACTOR FOR POL S A ZEROS z".Flo.3)
C

IF(NPoEQ.O) GC' ,0 30
C
C iKEAýD COMPLEX POLES _

C

90)2 FORMAT(" COMPLEX POLES FOLLOW 3 REALsIM Go")

KEAO(7.) PU(Jl
P'(NI=8W*P(N)

iCON'TINUE
30 C'INTINUE

IF(NZ.EQ*OI GO TO) 40
C
C READ COMPLEXCZEROS
C

wiRITE(6*9O3)
903 F')RMATVm COMPL.EX ZEROS FOLLOW :REAL,IM Go")

U0-2 N-19NL
READ(7.) Z((J)

ixIT( )N ZBWalN)

2 CJNTIPJUE
40 CI2NTINiUE

C
C RtEAD UNITY GAIN FREQ.
C

HEAO(7, '4G1
dRITE(6,90'A) WG1

904 FO)RMAT(" UNITY GAIN FREQ. =**F1O.31
_ wUG CMFPLX(O.WG1

C
C H4EAD BW OVER WHICH GROUP DELAY IS TO ME AVGO. TO YIELD

C rIME DELAY FOR- THIS FILTER- --
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?PFE? 77 13.111673 PAGE 2

C
KErJ(?~f,) iWGL0
*4TE(b.4Oil 50GO

gn5 i:i?'!ATv" 11,j CVCP ý-Hr'CH G*-A. DELAY AV6O. TO GET OELATs+-".FIO.31
C
C CIMPUTE IO8:wALIZUI*G FACTOR FOR GA!I&

'*'Z=C -11LAk 1! *.. 0 .~
jrfMi.Eu.o) Gm TO 4

C I".,T I UE
(..ZE.3)GO TO 6

J"5

C

C C~vPUTE H(W AT APPRCPkIATE FREQS,

c A&LSO REMOVE~ DELAY THftU FILTER
C

1'4CF=.34Gt3/0LTAF
lctI4EF.EQ.0OI REF~1--~- -

miTTE(692O.J)
200 T/I"IFREG"vbXo" GAINEDIbsJ.5X.9w ROUP OELAY")

.V:CL7AF*IFREO

0Z=C'"PLXI 1.*3.0
IF(1N#t.Ek).0) SQ O yr
U3 7 1-12,104

7 .'PsPPs'gWUG.I(rJ))
A CINT1NCE

1F(t:Z*EQ..O) GO T3 10
ur0 9 m:1,~iz

9 PZZPZ* 4.%UG.Z (I I

C
C L)LLAY CALCJLATIOA FOLLt;S

C
IF(IFIFQ.E;;.3F P$4T9GJAP1AG(CLOGEH(Km)
1FIFFREO.CFw.O) PSHI4ITPIIBGN
Ic(IFREQ*EQ.0) 33 TO 20
cI~.A8S(IFREQ)oGT.IREF) GO TO 20

IF(IFRCC..NE.(IInCFU GO TO 80
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THI '5'W IS' BW ULNFR-n
1~i ON J ~mw oulp iJ!ýxii TDDA

to Frp ?? 13.11L673 PA&GE 3

2,1 TO 2ý2
'kU PHI E 7U 9 A AG (C L 0,ýI IQ

,)EL T -4 z'H I E,Jin-PH I3m 1
io(C~ELTA.flT.P1, DCLTA:LUELTA-2e*Pr
1r(fleLTA.LT.(-.'lll CEi.TA:IJFLTA+2.#PI
pIC'it=P41XOOYf)ELTA/ (2.*IREF -1)

.,1:.JELTA/ti2. 'P1*ULTAF)
toATrIS2o.*ALOGlOiCAEPSCIVPK)
ARItTE.(6o; 1FRE19GAIN9GCO

XZPHI'4OT/42.*121*DLTAF 2

1,1 oMATE's cýY`14LS TIMES DELAY Z"Fs>

PPCIPLXtCOS(IF4E'*P'IIDOT~oSIt4IFREC.PH DOT))
rl(4(2PP*PZ*H(K)

50 CINrTNUE
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2E Vt'El 77 13,t111673 PAGE

. i.C~oi L(YACC)
trn(Y/2. )**.±,

1:1

Ni',zI+

'I TI.e1'I - -- 9- .23 25

IYI

31 "1 Tz

'"FOR"R I



IMaPWN PAts 1004!TmZ

26 17* 77 13.11163 PAGE

rNE COOLEY-TLIKEY FAST FOURIER TPAPISFIR'4 IN USASI IRASIC rf)ATRAte
oJt'CNSIOti nATA(204b6Iq;lh(31
r'40PI26.2851853o?0

0-) 2 ZOE'4=IsNOl"
IFINN(ICEMII00,700,2

2 NIOT24TOTONt4t R07'4

C IAIN LOOP FOR EACH DIMELNSbON
13S2

ou p.00 IDEM*:1,Nfll

,zm~ (fn- I 0,Ol0

c S1HUFFLE OATA lY 61T ACýERSAL* SINCE 'IX2 0". AS THE S14UFFLI'1
c CAN I3C D'ONE Ry I'dERCNA'iGC. P40' giZR~lG ARAY IS %~EOEDE

o') 160 129LgNP314P1
10IJ-91-2 110*l3O,13fl

110 1I4AxzI2.t4P!-2

00 120 13uII9NTOrtAP2
-j3z~j+13-12
TE'%PA:XATAil3)--
tv*PtznlATA(13I31)
UATA(13)z0ATA(j3)
U4TA( 13+I~zOATAlJ3+1)
UATA(.J3:TE4PR

120 OATA(J3*l)=TCM4PI
130 ~4'H
150 VJuJ-M)b#6#5

c LtP!Grfr TWO-IF NEETIDOLE FACTOR WuEXPtf'S StihokPI.
c A'd0 REPEAT FQRTf-I JeCOtaJUGATCEWl.

SP AR :11

31C 10(tPAR-21350*330932fl
320 IP"RZlPAR/Ii

G1 TO 110

TEMP12OATAtK2+11

JATAI(2-1a0ATA(%1)-TC'4Pl

JATA(KI )20ATAI'K1)+4TrPA
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WZS Pftf 12 NUT QUAx~tT' PRLCTICABLZ

maa WnM fi o=

as v' 1 7 ~.T~13, 11APAE

'el I' 'IFIVIOV

~4I ;,klLSATAI4..PAXg

41 1 7 u1RuATAIIst"A~t:AIMT

Itl~OA~ (14A-iP,*94AT4209441

de 'm?:. 6.~ 1 V*Z! *kinA

40j1Ra0ATAfIjbl-0ATA4K31

6u75'S.At?;AIM4.1 l-fATA1Pi4#1I
ul~sOAA-t(3..flATA4.'a I

41203@ATA14-AAE'e, 3i.OTE(*

47Sjl690AA4X#O -SA £e'e1K3I.OTAW1

41 U3TO g1[0 2

uliuOaTRUAI4I.1 1*721 oA~t2

.J1RmJATAae(Ql.T2R
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26 FES~ 7? 13,11W63 PAGE3

Ui~Ts0ATAIK1.1 -T21
IF (ISIGN) '490,50fl500

'410 J,4RzT31-T'4I

..C TO 510

U'.!' rSR *T'4IR
SID UATA(K1):UIR+U2R

OATA(K2 )aU3R+U'R
UATAt(K2+1 )zU31+U'41
JATA(Ki3)=UlH-lJ2R

J V!A *(K4 ) U3I-U'a0

SP0 )ATA i4+1PJ-! 1 .1

IF t'KOIF-iWP2 450v530*530
530 CONTIr4U

4 :mMAX-M
IF (LSIGNl5I40,55O.55O

5140 tEmPRuhR

wI:-TEMPI4

tiC) TO 560- - -.-

560 IF (I-LMAA) 565*565,'~1o
565 TEMPR:WR

i4=WR~*WSTPR;WI *WSTPI+WR
570 W~mIuW*W$TPR+TEu0PR.WSTPlWI

ARu3.IPAK
.AXz,AMAX+MMAX

uG TO 360
C
C EN~O OF LOOP OVER EACH DIME!ISION -

600 *11:NP2
700 RETUK1r4
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'. t low - T @AIA~T! PIVACIICAZX

**~~su uqaDDCIl4?

xupvqujv tc nwost4 I £1Lal

J1't%$t04K "SCf6*L~6vC"~6* IT 60ib&1`16
u11g'.5.D' a1Pee6
1,41qoc *y~e*.iQ~qt vhAU

Y tPetA 31 'ILI"

C 1*04 CsuemIN 0
C 1t~lftfl'

C
coC s,'iD 'cOPoto c.~i

C

C
r CO' S.2Ptti 4ltCCA1~0 UTOF CQ JITtC uOC5 N
C

96 LIOPAYI 814SC CeAjSfE 'wASE JITTCR INI DE S. Oft .l~~
C

to FiCAT LOQPC.iSE %01E SY3tCSft ,DITICP 14 C FS. P"WNS -3
C

4CADI?.1 i4t!
04ITC4409051 Sijt?

903 FIRWATIP LOOP-CAjIJSC jIITCR III OCOS. 40 209I11.31
C
C CIPP-ITE TOT&L MRS 0.4ASE JIIT(U 114 Ofiel.
C

fjllsI3t PT~jltq*2.ij;t002)

904 F2PRA14 TOTAL "NIS PoiASE JutESO11 DIM S *1PISv0*1r@.Is
C
C siCAf) TMCES149OL I 4V0C SPACISIS IN OtGOVE
C

04ITL609. 5 104,594 4

105 f~liATIO TMCS,4O... SPAC146 lIN E35%mmaiP @.S*wt1@OC SPACIg.6udl.rl;.31
C
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28 FES 7 13I111673 PAGE a

c CIMPUTE LOCATION OF LACH THRESHOLD
C

TI 1)a-SPtJ/2.-~.TH
TI 2 a-spri/2 *
r 3Ia-SPlJ/2.+T
T 15 1a-5Pw4 2.+2 tH

rfiA)ZSPN1 '2.-2.*TH
T(7)mSPN/2..TI4
Tta)mSPN/2.
T(9c)XSPIrS2.+TH
rI lO)=SPtd'2.*.*TH

C mEAD 140. OF PHASES To BE DISRrGAIDO, ON EACH END OF SET
C C)'PUTCO SY FFT ROUTOJNE ITHIS IS TO AV 10 TRANSIENTS)
C
C

wRitTEIfi;9O6) NOIS
906 FORIMAT411 NO. OF PHASES FROM ENDS OF rFT SEQ. OISREGAREOED~ki4)

C COPPUTE TOTAL NO. OF P14ASES LEFT TO 3E ONISIDERED
C

c RECARRANGE SEGUENCE DISREGARDING EtIOS
C

al4ITE46.9Q7)
907 FORIATIll SYMSOL*DEGS. ERROR TO NODE TN Eg. USED GET SCR FOLLOW~")

Ul) I IxI*NS

PNOOCI I )PNO0E( IX)
sYM@II)QSYMn I x)

I CINTIIUE

c CALCULATE PROFR. OF EACH OF it REGIONS F R EACH SYMBOL
C

UO 2 :4=1,JS

V:(TfI1)-PrIODE(N) )/TJIT

VxAMP IN) aV

J1) 3 L=2,10

VUZI 1(L)-PNOOEfN) )/TJIT
VUSA0MPIIj) VU

VLz(T(L1)-PNODEfN) )TJIT
VLzAA4P iNI VL

3 ,PIN*L):QIVL)-q(VUI
2 CONTINUE
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r
c 4iC&O StwilCL P$k"&*lLlTY LOC ' P AtSf'w@CS

A 1 LU4.d.
Ii ~Giss1.

.B 1& L*I'k'

'itimN

*4cg

A M LIE4044 Ct T'l 3l#

C1

IAC~ at Acrigyp 'A s (S
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'~ ~s 77 ss~u.?aPAU(

21 joi. ITO

c TCEiTATYwL FREI. 8 LZCE RC7T.EEC 2 MOTTOM RCTAINCO 004*3'S

riQST PASS- QPflf~,LO..Cw ELCISIONh, CNAM. "ING %ITS

il 23l *o TO 2

I&COOVtliti.c2.Ob LC0"3**ITl4

aIVL4C'4'LOC01 'IC04fl3C2l

238t .1V .CC7

L '124 LZ

S A..CCILS-Sidt PASS(S fftlO.o
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2S PEI 77 1.S.11IA?3 PAGE 9

4',', TO 25
Ab Xý2%J+2

1I)LTAxLUji, Llj( j2)-1

LUT(,IluLUtJ1I
lCHGt IJ)uIr.HGlJl)
LF(ILUTfl ).EQ0.).AM10dIOLTA.EQ.I.1)fl L TIJ~n1

?b CONTINUEC
iJO 27 Jz1.NOIM
I.U(.J)uLUT(J)

27 lCH4tJ~lICHGtfJ)
24 CONTINIUE

c FINAL FREWEUNCY rntCISION FOLL04S
C

31 IiFUNREF*NUP+2
I TcRzPOP+2
lVF:TF IITFR *LUf2)-LUil)
IFIFF.ST,3) FF=3
LF(FF.LT*O) FF=O
I SRtFmSYMI~ IIRF )
IERPROI0u
iF(FF.r4L.ISREF3 LERRORrn1

C
C AT THIS POINT "TERROR" z0 IF HOQ ERROR F Rt ISOLATED SEQUEPICE
C "TERROR" al IF A FRCEpJ1NC ERRIOR IS MADE
C

£F(ICRAOR.Lool', SERsSER+YIP
C
C EN OF GLCOOE ROUTINE
C
c
C

32 CINT1INUC
ISOmISO~l

5 LEVEL(.IREF):LEVELlJHEF)+41
LTESTaLEVEL (JFEF)
IP(LYCST*LE.111 GO TO 84
LEVEL IJNEF 21
J'4EF:JREF-l
IF(JRCF.GT.Oý GO TO 5

6 4I4EFvNREF.1
ASCF~sSER/NIRCF
MI!TE(Go9l0) ?IREF,TSO,ASCR

910 FOCRMATIll SYMR. fl OCCODE~u"*13*"NO. SEGS IS0LATEOU"oIS."AV6* SER S

£IF(t4REF.GTNNHEWU) GO TO 7

PSEGOliau.
i6) TO 84

7 CONTINUE
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I PAW S 1UMST QUALITY

APPENDIX C

TEST PLAN

1.0 SCOPE

This plan describes a test program for the Broadband Digital

Wdem. The tests will he conducted at PADC and at HARRIS Electronic

Systems Division (Harris ESD) -n Melbourne, Florida.

2.0 OBJECTIVE

The overall objective is to characterize the critical

performance parameters of tne modem. Specific tests inclide:

a. Spectral Efficimncy

b. BER versus Eb/No

c. Acquisition

3.0 MODEM DESCRIPTION

The Broadband Modem II was developed to improve the available

bandwidth efficiency in d i gital Line-of-Sight microwave systems. The

primary performance objective is a 5 x 10-9 BER at at, Eb /N of 22 dB

at a data rate of 26.82 Mh/s. The unit provides a bandwtdt't effic'ency of

B/Hz of RF bandwidth and irterf,3ces at 70 MHz with n-rd 'imitina rio,

systems. The modem is also configured to operate at 3 bandw4 dth eff-,i-:ýrr.

of I B/Hz of RF bandwidth. The primarv perfor-iance olijectiv,,, for thi; -node

of operation As 5 x 10-9 BER at in E t !N of 16 dB at i dat.I rite *.if

13.41 Mb/s.

3.1 Technique Descriptlon

The modul~t 4 on technique is cont•nuous phas.?, 4-art, FSI4 v.'t',

n, mdslti'nn ind,?y of 113 , .e., the fn.ir tonc-s are spac•,, At 1/8/1t. T
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symbol rate frequency intervals). Tho ,,toul .ur is ,hown conceptuallv in

Figure C-A. The demodulator employ'. Loh,;,nro A-4.CtiOn And Multisymbo,

observation technique, Lo ithi,.ve the r,...,aired performance. The

depodulator if. :.hown in Fi.,ir*- r-?.

PARtA.LLEL fi - tt

DATA 'W"ARY PSK

(A
RIniAt l#*U01x 1 OF:4 TIUAWlATE

DATA LOCTA

CL~t0( 1•CLOCKO

Mon IPIERANCS

Figure C-1. 3odulatov Cono.pptia Block liagram

3.? Hardware P)escr•p0o.

The modulator and denodulator are individually packaged in

19-inch ch '-,•ith Iittegral power ,uwpliqs. On the tf.vtatmlt side, the

"wdel<tvr 1,rovidev a tran.mit clock ond acclpts either a single bit rate

data stream avid assvcia'ted tfming or 2-112 bit rati detA streami to be

fJXrd together and hssociated timinip. The tri•rist c~ock autoskV,.k:cAlly

adjusts rate for the chosen mode of operation, 4& dgMtal interfaces Vol

75-rf. unbalincad, bipo!ar intorfaces,. The modutated, 70 MHx carrier Is

outputted at +1 dBm 1,2vtl to thq radio. Trr. 6cmulatm' accepts a •1 dim,

70 WHe 0ignal from the radio and .. stputs datli md syvnchronous timing. The

.totulator's 20-s.tage r4n~t~ z" r.an be .onlTgurod to coprat.'as a
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randomizer and derandoiniper by-:,viv!d. Thi. may be accomplished by a

simple internal wiring change in both boxes. An external data source and

error counter are then required.

4.0 TEST PROGRAH

The test program includes tests at Harris ESO in Nplbourne,

Florida, and at RADC. The in-plant tests are designed to provide a

performance baselinc from which to interpret results from the later radio

and link tests and to verify the characteristics of various internal

parameters. Most of these tests are performed with the modem looped back

at 70 MHz with 3dditive thermi) noise. In order to meet the spectral

efficiency reqeiirements of Fr!: Docket 19311 an RF waveguide filter at 8.075

GHz is to be employed. Although final performance verification of this

technique must await installation of the filter in the LC8D radio, initial

tests at Harris employing an upconverslon from 70 MHz to 8.075 GHz and back

down to 70 MHz with thermal noise added to the IF input to the demodulator

will be porformed. The RADC tests. intl ide bnth bat.k-t-back tests with the

radio simulator and link tests utilizing the Stockbriaoe radiu.

4.1 In-Plant Tests

The test configuration for in-plant tests is shown in Figure

C-3. A dia!pram of the up/downconveoter for wavequide filter tests is shown

in Fl,;uro C-4.

4.1.1 Spectral Effictiency

The objective of this test is to demonstrate that the output of

the modulator upconves-ted to 8.075 GHz and filtered with the iuppl led

waveguide filter meets FCC Oocket 19311 requirements. A computer generated

spectval mask, plotting enerqy in 4 kHz bandwidth versiss offset frequency

frum center, is available. The actual transmit spectrum is plotted using a

spectrum analyzer set for a 3 kHz IF bandwidth. The absolute level is

calibrated by observing the difference in spectral height at center

frequency between an unmodulated tone and a randomly modulated signal. If
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the plotted transmitter spectrum falls on or below the mask, the FCC 19311

requirements will have been met. The test is performed for both 1 B/Hz and

2 B/Hz operation.

4.1.2 E /N CajrN•ri

The c.alibvat•';- of Eb/No is accomplished directly at the

demodulator input. The 'jignal attenuator Is set at 120 dA and the noise

power is measured using , filter with a known noise bandwidth. The noise

bandwidth is established by qriphical integration techniques. The noise

attenuator is then set at 120 dB and the signal power is adjusted to give

the same meter reading as the noise power did previously. The noise

attenuator is then restored to its original position, establishing a 0 d6

SNR in the filtt, bandwidth. Eb/No is then determined by idding a

correction factor that is equal to 10 log NBW where NOW is the measured

noise bandwidth of the calibrated filter and BR Is the bit rate. The

desired Eb/No is obtained by adjt.sting the :ittenuator setting.

4.1.3 Bit Error Rate Versus E /Na

The objective of this test I% to ýharacterize the SER

pee'formance of the modem over the rdsige frow 10-2 to 10"9 as a function

of Eb/No. The test setup is calibrated as in ParAagraph 4.i.2. The

attenuator is adjusted to provide an E b/No of 10 d•. The etro.

detector is adjusted to provide an error sample of at leait 100 events.

The indicated error rate is -'eorled on seven cyCle semilog pa!.r. The

atteetuator is adjustect to provide an Eb/No of 11 d4 and the Indtcated

error rate is recorded. This Orocess is repeated until an EbfNo of ?2

dS Is reached. The test is performed with the modulator *nd dmodulator

back-to-back and also with the up/dowconverter aknd Rk filter. Resuilts are

obtained for both 2 WO/HO and I 9/Hz operat~ion,

4A1.4 !mm is it on

The objective of thit test Is to doterm-i". Uwe t* Intervl al

required for the dwodulator to acquire synchrOnization following the
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,Wplication of IF signal. The de4,gn ti"I .itve is 20 ms at an Eb/NO

tvrresppndintj to a I , 10"1 BER with j ,,equency offset of 20 kiz. A

,t.iqram of the tet ý,ettup Is shows Ili ' .,e C-5. The 70 MHz IF is offset

t•y rep].ainq the lodulator's interndl 97.658125 MHz L0 isith a frequency

synthesizr or stabiiized ,.cillIJtor. Varying the frequency of this source

will directly vary the center frequency of the modulator output. The IF

signal plus vniee Is. nated on with a digitally controlled switch. The

\Wrth ,,wt'ol siqnal also triggers ar , ,tloscope which monitors the

,orror •otptt c'? the %ol.modutltor. The !imw of transition from a 50 percent

Prrtor taL to une of I -l W can be obseiv ed on the scope and the time

interval noted. The test is tun with both the 2 B/Hz operation and 1 B/Hz

operat ion.

i I ERROR? - .L OUT

MOO•LATORArITIMATOro

L~~A ------ RA IN
VARIA&BIA

O•,ILLATM~ _

Fiqure C-S. Accuisitior Test Set Confiquration

4.2 RADE Tests

Ttw test configuration for the RADC tests is shown in Figure C-6.

1he ovswall object;ve of these tests is to characteri?.e the modem

perfoý-mhnce when interfaced with the LC80 radio. The link analyzer is used

to doctonent tUe amplitude and delay characteristics of the test

nonfi~urat ICf,1
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The object ive' of ttvii, t.¶St 1-- %r) dtevutw the ijo*C tr) whr

ttiq trangnitted %pectvia cwtf-vwu 0' the requtriiti4 of FCC TO9l Ow'

mo4utlator outpu! os w~l'.4"') Ot~ Uhp onvierter me* Wh .0191 GM ivmew

t ' t O-rO'd N Ith th 4Wave"ut I& t~ P~ 191? tfted I w tOW the te~rio m Y.'#~-
atnd X-Y p'ottt"-. Result% say be cm.Wared tuith the 70 OW smectrw %n

delottmto- tIW effect% of tow 'titer.

The calibrati-in of AP is 1. -Ktý W ItMhe 4OeCtly 4t tIe

dexiodu lator input . A f ltied go in alpI f for is reWWir-d ,utboard to tow

radio to proi& the PMCT level nfeesswy for W W IIII3C Meter. ýII the

wavequjid shutter closed and the sftlater ceof ipwvd for low bac~k at

8% tfi. the dow'mconwveter (D/C) noise is read tkveou. the csl$'w-to4 f Oter

with the receive ottefluater Set at 90 41. The- Ottcwitor is then

I' i i the mflt-r readni" *i vac r-s,- by 3 46a *CO, asd ca tk,- the SOW wtf

calIibrated f i ter i ~ Aý 44SCrtbed in Paerajha 4.1.2, 9.Wrt is

Ai * K Al ct this polat.. who.t K ~se Uie ce,~ -I am fwtuw fm tIW 404SO

f i Iter. 1Wv *sheid E b/111 is *btalod by ad)..stiog the attvma.tor

setting.

4.23 Stt Er~ror Rat* VersusE.5 -

Th OW OWectiv* of thil, test too tv cI~ar~teIz th61' K2a, o

rocovoured clock Jitter Wformaxtic of the @Im *s a fumtte of

tbi .*Tests art run with the sftmlator 4wod at G and ,vw the

link v% Stockbr~et n back*. TW* test iwto* is ca!46u4tod as 09-wtte

Powaqr.Ph 4.?.?. TVW 'iw(tve atte**t0'Io is -1 to adjq.t E ý%/ i"

'a 4S stepi. The SE is r'tor-Jed -at eac% %tep to ow~dt~e a tqm,*tt 7 ? 4

graph of per forsane as a fVVWwt*I% of E,ý/. Tow eIOwtlg -Otor is

used to measure rq'couered (lock jItte.r as apowe tote. '-04%tr*w r"" with

and without t'*. FCC 11311 %favg~us ftiter sd fogr bftht 7 SII& sod

operatio'n
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