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ABSTRACT 

The final  report for this effort is prepared in three volumes.    Volume 
III contains the results of troposcatter multipath measurements. 
Scatterinq functions are presented for data collected on other nroqrams 
usinq a Rake receiver on  two paths, one alonq  thp eastern seaboard, and 
the other in the Caribbean. 

Volume  I of the final  report contains the analytical  results and per- 
formance predictions for the tropo A-J systems.    Volume  II contains the 
the various A-J system descriptions. 
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SECTION  L 

INTRODUCTION 

Sylvania Electronic Systems has carried on a continuing program 

of research in tropospheric-scatter propagation aince 1964. Experi- 

ments on over-land and over-water paths have been performed.     Some 
■i   9   ft 

results were previously  reported in the  literature  '   '     as an applica- 

tion of the Rake concept  to such radio paths. 

The  transmitted signal used in the propagation experiments was 

an RF carrier at about 900 MHz,   phase-shift keyed by a 10-megabaud 

pseudo-random binary stream and subsequently filtered to a bandwidth 

of  10 MHz.    At the receiver an identical binary stream wfs used in a 

series  of 10 cross-correlators  (Rake taps)   where each stream was  de- 

layed 0.1 microsecond with respect to the stream in the preceding tap. 

A multipath resolution was obtained corresponding to a separation of 

the common volume into  layers  varying in thickness  from about 200  to 

550 meters  depending upon the  test path and the height of the  layer. 

During testing  the multipath structure  could be observed directly 

by  looking at  the magnitudes  of the tap outputs,   displayed on an oscil- 

loscope.    An alternative way of viewing the  delay structure was  pro- 

vided by advancing or retarding the clock reference of the binary 

stream in lO-nanosecond steps.     In this way any  individual tap refer- 

ence  signal is caused to  "sweep"   through the full range of propagation 

delays,  and the amplitude of  the  tap output,   recorded during  the sweep, 

gives  a gross  record of  the multipath profile. 

The principal goal of the propagation experiments, however, was 

to record the in-phase and quadrature components of each tap output, 

so that it would be possible to study the phase variations caused by 

fading,  as well as  the variations  in amplitude.     To obtain adequate 



phase stability in  the equipment,   all heterodyning frequencies  and 

timing sequences at each terminal were synthesized from a  single stable 

oscillator. 

Our digital  tape records of  the quadrature components contain the 

most detailed multipath data yet obtained for the  tropospheric-scatter 

medium.     Some  of the available records have been analyzed with  the 

help of a  digital computer,  and some new results are  presented here 

with a brief review of previous  results. 

Data  taken from two paths—one ovar-land path near  the Eastern 

seaboard and one over-water path in the Caribbean--are presented and 

discussed.     The over-land path was  440 km long,  with  the northern ter- 

minal near Washington,   D.C.,  and the southern terminal at Ft.   Bragg, 

North Carolina.     The over-water  path was   located in the Caribbean be- 

tween San Juan,   Puerto Rico,  and Grand Turk Island.     This   is a  path 

length of about 614 kilometers.     The actual routes are  shown in Figures 

1 and 2.     It  should be pointed out  that  the two areas  differ markedly 

in climate,   and therefore the experimental results can be expected to 

be different.     The major differences  observ3d in the experimental re- 

sults are as  follows. 

The multipath  time-delay spread for  the over-water  path was  or- 

dinarily less   than  1 microsecond.     This   is considerably  less  than that 

for the shorter,  over-land path where spreads of 3 jia were common. 

However,  much of the difference can be attributed to  the difference  in 

antenna size  (8.5-meter diameter for the  over-land tests,   18-meter 

Jiameter   for  the  over-water  tests) . 

The fading rates were markedly different, with several fades  per 

second being  typical of the over-land path,  and one fade  per several 

seconds being typical of the over-water path.    Doppler shifts  of 5 Hz 
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or more were sometimes  observed on the over-land path,  but not on the 

over-water path. 

Tb? following sections  discuss  the experimental system,   the cal- 

culations,  and Che results  obtained. 
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SECTION 2 

THE EXPERIMENTAL SYSTEM 

The  experimental  system was  essentially  the same  for all tests 
a 

and has  been described in the  literature.       However,   there were some 

differences  that should be  pointed out.     The  transmitter power was  8 kW 

in the over-land  tests  and  5 kW  in the over-water  tests.    An 8.5-meter 

(28-foot)   parabolic dish was  used at each  terminal in  the over-land 

test,  while  18-meter  (60-foot)   antennas were used in  the over-wacer 

tests. 

2.1     OVER-LAND  PATH 

Tests  on the 440-km over-land path were carried out during 

February  1965.     A standard Air Force  transportable  tropospheric-scat- 

ter communications equipment,   the AN/MRC-98,  was modified for use  in 

these  tests.     The MRC-98 equipment  normally operates   in  quadruple  di- 

versity,   with two spaced antennas,   differing in polarization,  at each 

terminal.     For  the Rake  tests,   only one antenna at each  terminal and 

one  transmitter were used,  with  the Rake transmitter  feeding the MRC-98 

exciter and the Rake receiver operating from a single   IF output of  the 

MRC-98. 

The  transmitting site was   located at  the south terminal.  Ft.   Bragg, 

N.   C.     The antenna was  vertically  polarized,   and the  signal was  trans- 

mitted at a center frequency of 910 MHz. 

The receiving site was   located at the  north terminal,  approxi- 

mately 20 km northeast of Washington,   D.C. ,   a  great-circle distance of 

440 km (about 275 statute miles)   from the transmitter.     The  lower edge 

of  the 8.5-meter receiving antenna was about  3.5 meters  above ground. 

The  foreground at  the receiving site was concave,  with a maximum de- 
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prosslon of about  10 meters at  150 meters   from the antenna.     The  beam- 

widths at  this  terminus were checked and determined to be  3    +  0.5  . 
3 

In order  to estimate  the  dimensions of  the scattering volume, 

the following path model will be examined.     The antennas at both  ter- 

minals are assumed pointed at an elevation equal to one half  their 

3-dB beamwidtl.     The  scattering volume  is   then defined by the   inter- 

section of the upper and  lower  3 dB points.     The antenna beamwidth be- 

tween 3-dB points  is  3   . 

Then the bottom of  the scattering volume  is at 3 km and  the  top 

of  the scattering volume  is at   14  km.     The   successive  tap outputs  of  the 

Rake system represent contributions  from layers of the common volume 

that are about 550 meters  thick near  the bottom of the common volume 
3 

and 200 meters  thick near the  top.       The  total differential time  delay 

between the  top and bottom of the scattering volume is 4.0 ^a.     The 

path parameters are  summarized  in Table  1. 

2.2    OVER-WATER PATH 

As already related,   this  path was  largely over-water,  a total dis- 

tance of 614 kilometers  (or 382 miles).     The bottom of the antenna at 

Grand Turk Island was  about 5 meters  above  sea level.     The antenna in 

Puerto Rico was  located at Punta Salinas,   across the bay from San Juan 

with the bottom of  the antenna about   17 meters above  sea  level.     For a 

4/3 earth,   this means  the radio horizons were at 15 and 21 km respec- 

tively.     Here,   the  path model for estimating the dimensions of  the 

scattering volume is  as  follows.     The  path  length of 614 km is  de- 

creased by the sum of the optical horizon distances over 4/3 earth. 

The antenna beams  for this reduced path are assumed pointed at a 0 

elevation.     The scatter volume  is defined by the intersection of  the 

0    elevation rays and the upper 3-dB points  of the antenna beamwidth 



TABLE 1 

SUMMARY OF  SOME PATH   PARAMETERS 

Operating Frequency 

Path Length 

Antenna  Size 

Beamwldth 

Height of Bottom of 
Scattering Volume 

Height of Top of 
Scattering Volume 

Shell Thickness Corres- 
ponding to Single Tap 
Near Top of Conmon Volume 

Shell Thickness Corres- 
ponding to Single Tap 
Near Bottom of Common Volume 

Differential Time Delay 
Between Top and Bottom of 
Common Volume 

14 km 

200 meters 

550 meters 

4.0 /isec 

9.5 km 

300 meters 

400 meters 

1.2 jisec 

Over-land Over-water 
Path Path 

910 MHz 907 MHz 

440 km 614 km 

8. 5 meters 18 meters 

3° 1.5° 

3 km 5 km 



(0.75    elevation).     Although exact beam alignment data  is not available 

for the  two paths,   there is  good reason  to believe  that  the antennas 

were aligned approximately as assumed.     The bottom of  the scattering 

volume,   is   then at  about 5 km (16,000  feet).       The  top of  the  scatter- 

ing volume  ( intersection of  the upper  3  dB  points  of  the antenna  beams) 

would be at   10.5 km.     The successive  tap outputs  of  the Lake  system 

then represent  the  contributions  from  layers  of  Che common-volume sep- 

arated roughly by 400 meters  near  the bottom of the common volume and 

300 meters  near  the  top.     The  total differential  time  delay between the 

top and bottom of  the  scattering volume   is   1.2 jiS.     These  path  param- 

eters are also summarized in Table  1. 

2.3    CLOCK SYNCHRONIZATION 

Tests were made  throughout  the experiments  to check the stability 

of the  frequency standards  located at each end of  the  link.     The rp.adcr 

will appreciate  that  the measurements  of relative  delay components  de- 

pend critically on having the  two clocks  stay in step.     These checks 

of relevant clock stability proceeded in  two different ways.     The  first 

technique was   to  turn r>ff the automatic   frequency tracking system for 

a number of minutes  and then to record the number of  lO-nanosecond 

steps  in one  direction required to bring  the signal back into  the Rake. 

The second technique was  to estimate  the average frequency offset as 

shown by one  pair  of  the quadrature components.     In general,   the  first 

technique was  the more useful during the over-land tests,  where  fading 

* 7 Measurements  of the refractive  Index    indicate that ray bending was 
often greater than that described by a 4/3 earth radius assumption. 
On the basis  of these measurements,   ray tracing results'   indicate  that 
the bottom of the common volume should have been between 4.4 and 4.8 
km in December 1965,   the month following our over-water tests. 

10 
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was comparatively rapid,   and  the technique  of observing quadrature com- 

ponents was preferred in the over-water  tests,  where  the very slow 

fading made it quite effective. 

We  believe  that during  the over-water  testing  the frequency dif- 

ference between the  transmitter and receiver clocks was only a  few 

parts   in 10    .     A  difference  of  1 Hz,   or  11   Darts   in  10    ,   would have 

caused a  drift of one  tap (0.1 /is)   in 90  seconds.     Most experiments 

were much longer  than 90 seconds,  and it was  not unusual to record for 

five minutes without observing a drift of  the multipath structure 

through more than a  tap or  two. 

In  the over-land experiments,  we accepted data   in which a  drift 

of one   tap per  100-second experiment occurred.     In analyzing the  data 

we have examined successive  files and inferred  the  frequency offset 

between  transmitter and receiver clocks,   a  technique  to be  discussed 

in greater detail.     The  data  presented in our scattering functions 

have  been corrected accordingly,   and we believe  that  the Doppler  fre- 

quency  scales are correct   to a  few tenths  of a hertz. 

11/12 



SECTION 3 

CALCULATED QUANTITIES 

The starting point for our calculations is Eq. 2-10 of Ref. I. 

This equation is reproduced below for convenience: 

i <Jh*(T;t)h(T+AT;t+At)^ = PT(T;At)fl(AT) (1) 

Here h(T;t) is the low-pass, complex impulse-response function of the 

medium, t represents time, T represents multipath delay, p is the 

multipath delay profile cc^ariance function (sometimes called the tap- 

gain correlation function), and ö(AT) is the usual delta function.  The 

presence of the delta function makes it clear that Eq. (1) is not an 

entirely proper representation of the physical situation.  The diffi- 

culty is a formal one only; it comes from the fact that in setting up 

a mathematical model for the medium we have assumed the medium to be 

"frequency stationary" over all frequencies, and have imagined a probe 

signal which was a true impulse.  In fact, the probe signal is a short 

pulse, and ö(AT) is, in the physical situation, really a narrow window 

function, finite and well behaved. 

The actual observations, furthermore, are a series of samples of 

estimates of h(T;t), taken for 10 different values of T separated by 

0.1 ßs.     The estimates are not perfect because short pulses, rather 

than impulses, are used to probe the medium, and because the observa- 

tion time is finite, so that spurious noises are not entirely elimi- 

nated.  In the actual experiments, each of the 20 quadrature components 

(the real and imaginary parts of the 10 complex-valued estimates of h) 

was sampled at a rate of approximately 244 times per second, and ex- 

perimental records of approximately 100 seconds in length were taken. 

13 



As has been pointed out in Ref. 1, the experiment, at best, can yield 

frequency resolution of no better than 0.01 Hz In the power spectrum 

of the fading process, and yields rime resolution no better than 0.1 pis 

in the multipath structure. 

3.1 CALCULATION OF TAP VARIANCES 

We may represent the output of an experiment as a set of samples 

h  where h is a complex number (a phasor), m is an index replacing T, 

and n is an index representing observation at time t.  Thus m identifies 

the tap being considered in the Rake receiver, and n identifies the time 

of the observation. 

Our first significant calculation in analyzing the data is to cal- 

culate the tap variances: 

h h* = 
m m 

h 
m (2) 

Here the overbar indicates a sample mean taken over the n samples (i.e., 

a time average taken over the finite time of the experiment), and there- 

fore the subscript n has been dropped.  In performing the actual experi- 

ments, the data were recorded in five-bit digital form, with the mean 

of the quadrature components adjusted to fall near the middle of the 

quantizing range.  The observed mean values were then subtracted from 

the samples at an appropriate point in the calculations before the vari- 

ances were formed.  In Eq. (2) and in the following work, we shall as- 

sume that this has been done. 

If we forget about the constants that appear on both sides of Eq. 

(1), we may Identify the expression of Eq. (2) with PT(T;0), where T 

is to be given a value corresponding to the particular multipath delay 

associrted with tap m In the Rake receiver.  The full set of 10 computed 

14 



values  of P^i^iO),   for each of the  10 taps,  gives a multlpath-power pro- 

file  for  the tropospheric-scatter medium.     The  physical significance  of 
12 3 the multipath-power profile has already been discussed.   '   '      Roughly 

• peaking,   activity at short  path delays may be  associated with  ehe  lower 

parts  of  the common volume  (the volume  in the  intersection of  transmit- 

ting and receiving antenna beams), while activity at  longer de!ays cor- 

responds  to higher altitudes. 

In carrying out the calculations,   the variance of h    is of course m 
equal  to the sum of the variances of the  two quadrature components. 

Except  for experimental errors,   due to noise  in  the  system or  to the 

■mall  sample size,   one  expects  the variance of the real part of h    to 

be equal  to that of  the  imaginary  part.       In this  report the experiments 

chosen for presentation all had nearly equal quadrature variances. 

Just  as  tap variances  are calculated,   it  is  possible to calculate 

cross-covarlances between outputs  from different  taps.     If the  propaga- 
i 

,        tlon mechanism which produces the signal is in fact scattering, we ex- 

pect the various tap outputs to be statistically independent, except 

for a little correlation between signals on adjacent taps, as a result 

of the type of probe signal that has been used.  In fact, however, 

finite cross-covarlances have been observed. These have been checked, 

however, against covariances observed during back-to-back testing, and 

the results Indicate that the observed cross-covariances may be ex- 

plained entirely in terms of the equipment. This does not mean that we 

have demonstrated that the different tap outputs are statistically in- 

dependent, but rather that the results are such that we cannot claim 

Co have demonstrated dependence due to the propagation medium. 

If these two variances were truly unequal, it would imply a phase- 
related type of non-stationarity in the medium. 

15 



3.2    CALCULATION OF MULT I PATH-PROFILE COVARIANCE FUNCTION 

The multlpath profile calculated from the tap variances gives us 

very useful information about  the multipath properties  of  the  medium, 

but it  tells nothing whatever about  the  fading in  time.     We are  thus 

interested  in calculating the entire multipath delay profile covariance 

function.     To carry  out these calculations we follow the   procedures  sug- 
4 

eested by  Blacktnan and Tukey,     extending  them to consider  complex sto- 

chastic  processes  rather  than real  ones. 

Our basic  calculation is  that  of  lagged products,   as   in the equa- 

tion below 

mn    m,n+K        1 
.1 

In this expression the subscript m is to be identified as before witn 

multipath time ^i.e., with a tap in the Rake), n is the subscript de- 

noting real time, and k denotes a time shift and is to be identified 

with At.  It may be noted parenthetically that the data were smoothed 
4 

by groups in order to reduce the amount of calculation required. This 

means essentially that, sine? the sampling rate during th   .periment 

was much faster than the fading rate, the observations wer., passed 

through a digital low-pass filter in the computer, thus decreasing the 

number of calculations to be performed in order to compute each of the 

lagged products in Eq. (3).  The averaging time used in the calculation 

was 100 seconds.  The mean values were subtracted although this is not 

indicated in Eq. (3). 

16 



3.8 CALCULATION OF SCATTERING FUNCTION 

The scattering function lo obtained by carrying out a Fourier 

trans format ion of the aultlpath-profile cover lance function.  (That is, 

the power spectrum of each tap output is calculated.)  In carrying out 

this transformation, a spectral smoothing process such as "haaning," 
4 

described by Blackman and Tukey,  lb absolutely essential.  This is be- 

cause the autoeoverlance function, calculated as already discussed, has 

to be truncated where there is still significant correlation.  With 

records of 100 seconds it is not reasonable to introduce Lime shifts 

greater than approximately 10 seconds when calculating lagged products. 

For the Caribbean tests it turned out that the fading was so slow that 

the autocovarlance at shifts of 10 seconds was ordinarily still quite 

significant.  If banning is not performed, therefore, any sharp peak in 

the true power density spectrum will show up as multiple peaks in the 

calculated spectrum, these peaks being roughly of the (sin x)/x type. 

Because of clock Instability, it is difficult to analyze records that 

•re much longer than 100 seconds. The effects of clock instability 

have been discussed in Ref. 1. The general effect is to cause some 

broadening of peaks in the spectral estimate of narrow spectra.  The 

composite result of instability and of finite record length is such as 

to give a real resolution in frequency spectrum of something greater 

Chan 0.1 Hz. 

It should be observed that the covarlance function of Eq. (3) is 

real only if the power spectrum of the fading ij  even.  In general this 

la not to be expected, since any frequency offset, to say nothing of 

any process which would make for an asymmetrical power spectrum, will 

Introduce an Imaginary part Into the covarlance function. 

Although it Is possible to plot the real and imaginary parts of 

the covarlance function, it Is difficult to Interpret the results, and 

i 
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for this reason the covarlance function which Is presented In this re- 

port Is given as an envelope function only. The 8c<t*:terlng function 

(tap power spectrum) Is used to present the same Information In what 

Is believed to be a more easily viewed form. 

3.4  CALCULATION OF MEAN FREQUENCY AND SPECTRAL WIDTH 

The mean frequency is calculated from the discrete analog of 

f VWiT;V)dV 

j "^ ■   PT<r;0) 

where V{T;V)   is  the scattering  function and p (T;0)   is  the autocovari- 

ance for zero time  shift,  each available  for discrete values  of the 

multipath delay time r.     The covariance  is given by 

« 
PT(T;0)   = /v(T;i/)di/ 

The Doppler  spread or  spectral width is calculated  from the dis- 

crete analog of 

a  = 
7 (v-v)2 V{T;v)dv\l/2 

PT(T;0) 

The mean frequency v  is the first moment of the power spectrum, 

and is a measure of the central frequency; the RMS spectral width a  is 

the square root of the second central moment of the spectrum.  The 

former corresponds to Doppler shift in the medium or to frequency er- 

18 



rors  between the  trannmitter and receiver clocks,  which would  affect 

each tap in an  identical  fashion,  and the   latter  to Doppler spread, 

which is directly related  to fading rate. 

19/20 
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SECTION 4 

RESULTS 

4.1     BACK-TO-BACK TESTS 

Before  the experiments  began,   the transmitter and receiver were 

connected back-to-back at radio  frequency to assure  proper operation 

of  the equipment.     Figure  3  presents a scattering function calculated 

from one of  the back-to-back tests.   Record No.   117.     The  spectra as 

plotted are normalized to  the largest spectral  peak.   In this case at 

0.7  /is   multlpath delay.     The   tap numbers  are   indicated  and circled 

adjacent  to  the spectra.     Establishing the origin of  the multlpath de- 

lay  time  Is  arbitrary since  the absolute path delay can not be estab- 

lished In the propagation tests. 

In Figure 3 It  Is clear  that  the transmitter and receiver frequen- 

cies  differed by 0.2 Hz,  mean value,  with the reference  signal at  the 

receiver being the higher.     This   Is a fractional relative offset of 

-2.2x10       .     The negative  sign Indicates  that  the measured spectral 

center of  the received signal  Is   low with respect  to the receiver ref- 

erence  frequency.     Table  2  summarizes  the calculation of mean frequency 

and spectral width for  taps  2  through 4. 

The scattering functions which are presented later must be Inter- 

preted In terms of the finite frequency resolution of about 0.1 Hz and 

the finite multlpath delay resolution of about 0.1 /is.     The multlpath 

width  is a result of signal  design and tap crosstalk.     The relatively 

low tap-to-tap crosstalk level Indicated in Figure 3 applies during the 

period  in which the  over-land  test  series was  taken  in February   1965. 

Crosstalk was  slightly worse during the over-water series  In November 

and December  1965 due to equipment readjustment. 

21 
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Figure 3.    Scoftering Funcfioo,   Record No.   117,   Token  During RF Bock-ro-Bock Tests in February  1965 
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TABLE 2 

MEAN FREQUENCY AND SPECTRAL WIDTH FOR THE  BACK-TO-MCK TEST, 
RECORD NO.   117 

Tap No. Mean Frequency (Hz) RMS Spectral Width (Hz) 

2 - 0.25 0.13 

3 - 0.28 0.11 

4 - 0.22 0.10 

4.2     OVER-LAND TESTS 

The  test series  conducted in February  1965  involved the 440 km 

path previously discussed.     Scattering functions  from these data are 

presented in Figures  4   through  12.     The mean frequency and spectral 

widths  for these scattering functions are  presented  in Figures   13 and 

14. 

Table 3 summarizes   information about  the  records reduced for  pre- 

sentation here.     The  first  two columns  give  the  date and time 

(EST = GMT-5)   of the  recording.     The column headed "Run"  gives  the  se- 

rial number used to identify the recording  throughout  this report. 

Most records were  long enough to provide several "files",  each ap- 

proximately 100 seconds   long,   for analysis,  and the  fourth column 

lists  the  files used for  the  data presented herein.     The tests were 

made with the automatic  gain control disabled,   and with an adjustable 

attenuator set to provide appropriate  levels.     The  setting of the at- 

tenuator  is recorded to give a rough idea of relative signal strengths 

observed during the experiments.       Finally,   the   last column lists a 

few pertinent comments made in the log during  the experiments. 

The scattering functions shown later in this report were all normal- 
ized in amplitude and therefore do not contain any information about 
total signal level. 

23 



■ 

r   tm ■■!■ 

3 

Q 
U 

PQ 

O U 

«0 

u 
o 

T3 
O 
O 
O 

pq 
M no 
o 
u 

C «^ 
0)   4-1 

<  CO 

0) 
r-t 

oi 

00 
c 

4J 
»4 
m H 
4J 
cn 

4) 
4J 

'S M 
9i 

U U 
0) « 
00 <d 
c u-i 
o 

r-t 0) 
1 u 
i (0 

4J r-l 
•H «H 
^ O 
•rl W 
•C O 

« O 
a u 

8 

o 
O Ü 
u 

0 
a) 
0) 
« 

0] 
a 
cd 

o   o   o 
M   ci    m 

m n 

^ 5 ^ 
«    eo    TT 

0) 
D. 
a 

I 
^ .-• 
iJ CO 
•H 

s t> 

J3 •H a 
R) 73 cd 
4J cd H 
10 M-l   j-i 

4J 0) c 
U ,* a u •H 

3 u a « 
T3 0 «a cd 9i 

r-l 4J «M c 
00 u « 
c M  as r-l 

o T3 « a a 
M 0 > a) 

O  *J 
u 

U 0 ■H 
w O M < 

csi    in    in 
i-l     M     C4 

CO      CM 

PQ PQ o Q 
N t-l i-t i-i eo 
^ m m m «O 

«     «C     PQ     U     Q 
SrJ       r-l       t-l       r-4 

co    ao   co   ao 

o o o 
M f« M 
• a» t- 
ci c« m 

w   co   t- 

oooo   ot-t>ooooo 
i-<      r-l      CJ      CO       ^«Ifir-lOi-IMOO 

O •-* t- CO 
O C« Ct CO 
esi eo co co 
•-I o o o 

cacacor-it-eooa) 
eooococotfiiow 
c-oocoeoeoeoo 

rH     CO 

r-l     'V     ^ 
O     O     O 
w   CM   ca 

O tn tn 
o o esi 

CM o co 
m m in 
r- l-l r-l 

r-   oo    co    oo    aocoaoo>a>a>a>o 
r-l      r-l      r4       r-l        r-lr-lr^r-*r-lr-li-ieM 

M     CO     CO 
CM     CM     CM 

01 

24 

• 



Most of the  scattering  functions  are constructed from multiple 

records.    That  Is,   a  six-minute record of data was recorded;   the  tim- 

ing at the receiver was retarded,  usually by about 0.6 ßs,   and a  sec- 

ond six-minute record was recorded.     In some  cases,   there were addi- 

tional retards  and recordings.    Two or  three   100-second files were 

made   from each  six-minute  record.     In analyzing  the  data,   successive 

files  from the  same  record were examined and compared.     In some cases, 

it was  observed that  a  second file could be made  to match a  first   file 

only  if the  second  file was   shifted forward  or  backward by one  Rake 

tap.     In some cases  a  shift  of one  tap occurred between the  first  and 

third  file.     From  the   shift   in tap delay and  the  interval  between 

files a fractional  frequency offset between the  transmitter and re- 

ceiver clocks can be   inferred.     In fitting  together the multiple  rec- 

ords   in order  to form a single scattering function,   the  inferred clock 

offsets were used to correct  the Doppler  frequency scale and  the  rec- 

ord-to-record  timing. 

It was also necessary  to infer relative  tap amplifications.     That 

is,   the voltage amplification was not  the  same  for all Rake taps.     We 

have  Inferred tap-amplification corrections  from a comparison of  suc- 

cessive files  throughout the experiment and have applied these  to  the 

scattering functions   presented here. 

For the overwater  tests,  reported in a  later  section of  this  re- 

port,   a calibration run was made, which was used to correct for unequal 

tap amplifications,  before that phase of the experiments.     The experi- 

mental adjustment of  the receiver clock during this test series could 

be more accurately performed due to the slow fading.    Therefore,   no 

adjustment of the Doppler  frequency scale of the scattering functions 

from the overwater test series was  found to be necessary. 
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4.2.1 Record No.   134 

Figure 4  gives  the  scattering  function for "ecord No.   134  taken 

at  1726 EST on  16 February 1965.     As  presented,     he  figure  represents 

the composite  of  two separate runs.     Record No.   134A was  first re- 

corded.     Tho  timing at the receiver was  then retarded and Record No. 

134B was   started approximately  170  seconds following  the beginning of 

134A,   file  3.     Each run analyzed represents  100  seconds  of  data.     The 

calculated mean  frequencies  and  spectral widths are given  in Figures 

13 and  14. 

A striking feature of Record No.   134  is  the obvious  decrease of 

mean frequency with increasing multipath delay.     More will  be  said on 

this  in the  later discussion of Figure  14. 

4.2.2 Record No.   142 

Figure  5  presents  the  scattering function for Record No.   142 

taken at  1157 EST on 17 February  1965.     This  scattering function rep- 

resents  the composite of two records  spaced by 170 seconds  in start- 

ing time.     In Figure 5,   as  in Figure 4,   the decrease  in mean frequency 

with increasing multipath delay  is obvious. 

4.2.3 Record No.   151 

Figure 6 presents the scattering function calculated from Rec- 

ord No.   151,   recorded at 0321 EST on 18 February 1965.     This  figure 

represents  the composite of three records.    Record No.   151B was re- 

corded,   the receiver timing was retarded and Record No.   151C was re- 

corded beginning six minutes after 151B.    The receiver timing was 

again retarded and Record No.   151D was recorded beginning six minutes 

after 151C.     The same decrease in mean frequency with multipath delay 

appears here as  in the previous  scattering functions. 
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Figure 6.   Scattering FuncHon, Record No.  151 
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4.2.4    Record No.   163 

Figure 7 presents  the scattering function from Record No.   163, 

file 3,   taken at 0733 on  18 February 1965.     The  operator's conments 

Indicate  that a strong duct  phenomenon appeared at this early morning 

hour.     (Notice the attenuator setting In Table  3.)     The spectral width 

for  this   scattering function Is  as narrow as  that observed In the back- 

to-back  tests,   and the tnultlpath width Is only slightly wider than for 

the  back-to-back test. 

4.2.5    Record No.   164 
i 

Figure 8 presents  the scattering function from Record No.   164 

taken at   1003 EST on  U  February  1965.     This  scattering function repre- 

sents  the  composite of  two runs. 

Record No.   15i and  163 preceding plus  this record present a brief 

glimpse   Into the history of the growth and decay of the duct In the 

morning of 18 February.     The scattering functions  from Records  151 and 

164  appear quite similar.     Initial delay components are centered near 

zero frequency and are relatively narrow (slowly fading).    Successively 

later delay components are shifted toward more negative Doppler  fre- 

quencies  and are wider (relatively faster fading).     The duct scattering 

function,   and also the  Initial delay components   for the other two scat- 

tering functions,  appear relatively narrow and centered near zero 

Doppler frequency.     It may be that the Initial delay components  for  151 

and  164  are caused by the  same scattering phenomenon which produced 

what we call the duct.  Record No.   163,  except  that the  level Is   lower. 

(Note the relative attenuator settings In Table  3.) 
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Figure 7.   Scattering Function,   Record No.   163 
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4.2.6 Record No.   181 

Figure 9 gives  the  scattering function for Record No.   181 col- 

lected at   1337 EST on  19 February  1965.     This   is  a composite  of  four 

records.     The spectral widths  observed on this  record are  the widest 

of  the calculated set.     The mean  frequencies   for  the   individual spectra 

are  the most negative  of  the calculated scattering functions.    Note 

the  three-humped spectra at  delays of  1.0  to  1.4  /is. 

4.2.7 Record No. 191 

Figure 10 gives the scattering function for Record No. 191 col- 

lected at 1029 on 20 February 1965.  The numbers written on the in- 

dividual spectra art tap numbers.  The operator's log makes the comment 

that the early taps appeared to fade more slowly than the later taps. 

However, the calculated spectral widths are not significantly different 

between the early and late taps.  The mean frequency variation with 

delay would give rise to the noted operator's comment based on obser- 

vation of the quadrature components. A mean frequency difference 

would give the appearance of rapid fading in the quadrature components, 

whereas the envelope of the tap output would fade more slowly. 

4.2.8 Record No. 201 

Figure 11 gives the scattering function calculated from Record 

No. 201.  The tap numbers are indicated on the spectra.  The record 

was made at 1752 EST on 22 February 1&65. 

4.2.9 Record No. 204 

Figures 12a and 12b show Che scattering functions calculated 

from Records 204, File 1, and 204, File 3.  These files started at 

11:50:05 and 11:53:25 EST respectively on 27 February 19(5. There was 
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no adjustment  (retard or advance)   of receiver timing between  these 

files.     (The  tap numbers  from the original  data are  indicated on the 

individual spectra.)     The mul^ipath delay scale and Doppler  frequency 

scale have been drawn so as  to give what we  infer  to be  the approxi- 

mately correct  scattering function,   following the  technique used on 

previous multiple-record scattering functions.    One conclusion  to be 

drawn is  that  the medium is  statistically stationary for the  elapsed 

time involved in collecting the files  of data. 

The operator's   log indicates  that an aircraft flew through  the 

portion of the common volume corresponding  to tap number seven while 

File  1 was  being recorded.     The operator  observed a strong signal  in 

tap 7,   shifted  in Doppler frequency.     Such signals were very apparent 

on the oscilloscope  display of the quadrature components.     Usually the 

beat frequency was  observed to change rapidly (within a few seconds) 

and sometimes  go  through zero beat.     Presumably the reason that  the 

presence of the aircraft  is not apparent  in Figure   12a  is  that   the 

aircraft did not  stay at one Doppler and one  delay position  long enough 

to cause an indication of its  presence when an averaging time  of  100 

seconds  is used. 

4.2.10    Mean Frequency and Spectral Width for the Over-Land Data 

Figures   13 and 14  present  the mean frequency and RMS  spectral 

width for all the over-land scattering functions discussed here.     The 

outstanding feature of Figure  13 is  that  the mean frequency for any 

given run is relatively flat for  the earliest few Rake taps and  then 

decreases at a slope of roughly 4 Hz  per pis. 

We have examined the cross-path wind component for the  period 

of time during which testing occurred.     During the test series,   the 

cross-path wind component, at all altitudes  in the scattering volume. 
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is from west to east.  It Is our present conviction that the observed 

shift in mean frequency is accounted for by a combination of the cross 

path wind and a misalignment of the antennas.  Some years ago Chisholm 

et al. (10) discussed the role of off-great-circle path contributions 

to fading.  At that time they were dealing with envelope fading rates, 

although the geometrical picture presented was similar to that used 

today.  It is Interesting to note that the envelope fading rate in- 

creases slightly as the antennas are rotated away from the great circle 

path.  A much larger effect is seen in the present studies because the 

absolute shift is detected as well as the Doppler spread.  Interest 

in the correlation between winds and fading rate have continued Lo this 

day.  For example, one of the authors published a correlation between 

the knee of the fading spectrum and tha cross-path winds in 1959.  (See 

Abraham and Bradshaw (11).)  Recent work by Birkemeier et al. (9), that 

seems to deal directly with this problem of misalignment of the anten- 

nas and its effect on the coherent descriptions of signal, has come to 

our attention.  Following his work we have drawn a cross-section of the 

scattering volume at midpath showing the lines of constant time delay 

and a hypothesized beam position.  For the limited number of cases for 

which calculations were performed as of the present, we can approxi- 

mately explain the spectral shapes observed if we hypothesize that the 

transmitting and receiving antennae were misaligned so that the active 

portion of the common volume was on the eastern side of the great cir- 

cle path.  This investigation is a continuing effort, and more work re- 

mains to be done. 

A comparison of Figure 14 with Figure 13 shows that the spec- 

tral width is sometimes correlated with the mean frequency, especially 

at low multlpath time delays, and is sometimes not correlated.  Fur- 

ther work remains to be done in Interpreting this result and in corre- 

lating the spectral width with the available wind data. 
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4.3 OVER-WATER TESTS 

The test series conducted in November and December 1965 Involved 
7 

the 614 km over-water pa'-h previously discussed.  A separate report 

presents the detailed calculations from data collected on this path. 

Here, we will summarize some of the salient features of the results. 

4.3.1 Record No. 3022 

Figure It  presents the magnitude of the complex covarlance func- 

tion calculated from record number 3022.  The covarlance functions for 

all ten Rake taps have been superposed. All are normalized to the 

peak correlation, that for tap 7 in this case. Figure 16 presents the 

scattering function for this same record.  This scattering function is 

typical of the narrow spectra obtained for the over-water data. The 

fading during this test series was characterized by the operator as 

slow fading, which is consistent with the narrow spectra calculated. 

4.3.2 Record No. 3703 

Figure  17 gives  the scattering function calculated from Record 

No.   3703.     Of the set of over-water  data for which calculations were 

performed,   this scattering function has an atypically large Doppler 

spread. 

4.3.3 Mean Frequency and Spectral Width for the Over-Water Data 

Figures  18 and 19 give  the mean frequency and RMS  spectral 

width for the complete set of over-water calculations  performed to 

date.     In contrast to the over-land results  the mean frequeiuies are 

quite  small and relatively flat as  a function of multipath delay for 

the runs  indicated. 
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It can be seen from Figure 19 Chat, except for Record 3703, all 

runs showed rather consistent slow fading (narrow spectra), as had 

been noted by the operator during the tests.  The variations in the 

typical runs are not significant, although the low spectral width that 

seems to be general at 0.6 its  (correspolndlng to tap 4 in all cases) 

cannot easily be explained.  Certainly, it is a property of the equip- 

ment and not the medium. 

Run 3703 does show a significant spectral broadening (faster 

fading) at long multlpath delays. 

No attempt has as yet been made to correlate these results with 
g 

the weather data available. 
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Figure 16.    Scattering Function,  Record No. 3022 
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SECTION 5 

CONCLUSIONS 

The scattering functions  presented here and  In Reference 7 are  to 

the best  of our knowledge  the first such presentations  obtained for 

tropespheric-scatter  transmission paths.     The unique  features  of  the 

instrumentation that allowed us   to obtain the scattering function were 

the  path-delay resolution and the  phase-coherent  sampling of the out- 

put signals.     Delay resolution was  obtained by means  of direct sequence 

modulation of the  transmitted carrier coupled with a Rake receiver. 

By coherently sampling and recording the Rake "tap"  outputs we were 

able  to calculate,  using a  digital computer,   the  complex autocovari- 

ance  function and its related spectrum.     The advantage of coherent 

sampling is  that Doppler shifts  and asymmetric  spectra  can be observed. 

Scattering functions  are presented in this  report  for both an 

over-water and an over-land path,  with chief emphasis  on the  latter. 

More  data on the over-water  path are available in Reference 7.     The 

over-water data are characterized by very slow fading rates  (typically 

a few tenths  of a hertz)   and by relatively narrow multlpath spread 

(typically a microsecond or  less).     The limiting factor on multlpath 

spread may at times have been the narrow antenna beams.    At other  times, 

however,   the multlpath spread was  narrower than the estimated limita- 

tions  implied by the antanna beamwidth would indicate. 

The over-land data are characterized by faster fading rates 

(typically several hertz)   and by wider multlpath spread (typically 2 

or 3 microseconds).     The  larger multlpath spread is  expected because 

of the wider antenna beam patterns.    One of the most  interesting dis- 

coveries  found in the over-land data is the variation of mean Doppler 

frequency with path delay.     Except for the first  few taps corresponding 
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to shortest path delay,   the mean frequency tends to decrease at a con- 

stant slope of roughly 4 Hs per ;is.     The  spectral width,  on the other 

hand,  tends to remain more nearly constant as a function of multipath 

delay for any given record.    We feel that the explanation for  this be- 

havior lies in the phenomenology discussed already in subsection 4.2.10. 

The fact that  the  spectral width remains more constant as a function of 

multipath delay than the absolute shift   is extremely interesting.     This 

spectral width is   proportional to the envelope  fading rate reported by 

Chisholm et al.   (10) .     It has already been pointed out  in the  text 

that  in their experiments  the envelope  fading rate had much less var- 

iation with rotation of the antennas.     This would appear to agree with 

the  fact that  in our experiments  the  spectral width was more   insensi- 

tive also  to multipath delay.     The geometrical  picture  is   that,   as   the 

multipath delay Increases,   the apparent  band of contributing  turbulence 

Is mere and more completely displaced from the great circle  piano.      J.n 

effect,   then,   Increasing multipath delay should roughly correspond  to 

rotation of the antenna away from the great circle path direction. 

Good oscillator accuracy and stability is  of course necessary  for 

the phase sensitive measurements we have made.     The most severe re- 

quirements on oscillator stability comes,   however, when we try to piece 

together scattering functions, which were recorded several minutes 

apart.    This was necessary to obtain complete scattering functions 

when the total multipath spread exceeded  1 ßa,   the maximum that could 

be accommodated in the Rake receiver at one time.    As discussed earlier, 

a frequency error of one hertz (an error of 1 part in 10 )  would cause 

the multipath to drift approximately ono  tap within the duration of 

one record file, which was 100 seconds.    When scattering functions 

from three recordo were pieced together,   the delay between first and 

last record was approximately 12 minutes.     To keep the drift  in refer- 

ence time less than 0.1 /is (one Rake tap),   the frequency accuracy 
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would have  Co be within 0.13 hertz (a frequency error  less  than  1.4 

parts  in  10    ). 

By checking the  file-to-file behavior of  the scattering functions 

we have  inferred a correction to the  frequency axis and the multipath 

delay axis  to present  scattering functions  that we feel are accurate 

to + a few tenths of a he^tz  in Doppler  frequency.    We  feel that ve 

have  fitted together  scattering functions consisting of multiple runs 

to approximately +^0.1  jis  or one  tap. 

Several other aspects of  the available  data remain to be examined. 

First,   further attempts   to correlate the scattering functions with 

available weather data  should be made.     So far,   only a  tentative  first 

look at  some available weather  data has been attempted in conjunction 
g 

with the  over-land data.     Weather data    available covering the over- 

water  tests  should also  be examined.    Unfortunately the detailed atmo- 

spheric measurements  given in Reference 8 were   taken  in December  1965, 

whereas  the majority of  our data collection was   in November 1965. 

In addition to  presentations of scattering  functions we have  sum- 

marized in this report  the reduced data in the  form of mean frequency 

and RMS  spectral width as  a function of multipath delay.    Another  sum- 

mary that  should be useful  in detecting important correlations  is a 

table of  three parameters  characterizing the scattering functions: 

total power level, multipath spread,  and total spectral width. 

As  interesting as  the data collected so far on only two paths has 

proven to be,  it in no way can be expected to characterize a fading 

channel model applicable  to tropospheric scatter  paths  in use or con- 

templated for use throughout the world under many types of atmospheric 

conditions and path geometries.     It would therefore be desirable to 

collect more such data--preferably under conditions where enough atmo- 

spheric measurements  could also be made that  perhaps   the phenomenon of 

> scatter communication could be better understood. 
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