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PORÜWORl) 

This report, AFAL-TR-71-218, OSURF Report Number 2734-1, 
describes the Measurement and Analysis of Multipath in Aircraft- 

Satellite Communications Links at UHF and was submitted by the author 

on 29 June 1971. This work was conducted during the period 
l November 1969 through 22 March 1971 by the ElectroSclence Laboratory, 

Department of Electrical Engineering, The Ohio State University, 
Columbus, Ohio under Contract F33615-69-C-1089, Project No. 4164. 

Mr. L. L. Gutman, AFAL/AA1, was the Air Force Avionics Labtratory 

Program Monitor. 

The report describes UHF up-link multipath data taken on 
24-25 August 1970 with the airborne UHF transmitter terminal flying 

southeast of Goosebay, Labrador over water. Approximately 13 hours 

of data was acquired for satellite look angles from 0 to 12 degrees 

and an aircraft altitude of between 27,000 and 30,000 feet. 

The multipath data acquisition, reduction, and analysis work was 

performed by the following OSU personnel: John W. Mayhan, William G. 

Swarner, Robert C. Taylor, and Judd D. Clover. Publication of this 
report does not constitute Air Force approval of thr. report's findings 

or conclusions. It is published only for the exchange and stimulation 

of ideas. / 

WILLIAM A. STUDABAKER, Lt Col, USAF 

Chief, System Avionics Division 

AF Avionics Laboratory 
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ABSTRACT 

This final report summarizes the results of work performed 
during the period 1 November 1968 to 22 March 1971 under United 
States Air Force Contract F33615-69-C-1089. A major accomplishment 
of the work included measurements of multipath in an aircraft- 
satellite communication link at 300 MHz. Theoretical studies of 
aircraft-satellite communications links were also performed. 

The experimental multipath tests were performed between an 

aircraft flying off the coast of Labrador and The Ohio State 
University Satellite Facility via the TACSAT satellite relay. 
Multipath returns were observed during various portions of the 
flight tests primarily while the aircraft was in a bank. Polaroid 
pictures and high speed motion picture data of the received signal 
were taken throughout the flight tests. The results of reducing 40 
seconds of motion picture data (100 frames/second) indicated that 
the multipath return was essentially specular in nature (i.e., 
single ray multipath) with an amplitude 6 dB down from the direct 
signal. The polaroid photographs showed a range of multipath depths 

ranging from -4 to -9 dB. 
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I. INTRODUCTION 

The purpose of this report is to sunmarize the results of work 
performed under Contract F33615-69-C-1089 with the Air Force 
Avionics Laboratory, Wright-Patterson Air Force Base for the period 
of 1 November I960 to 22 March 1971. The primary area of investigation 
was the measurement and analysis of multipath in an aircraft-satellite 
communication link at 300 MHz. Although the program emphasized experi¬ 
mental techniques, theoretical work was also performed to establish a 
base for the interpretation of results as well as to provide a better 
understanding of the phenomena governing the performance of aircraft- 
satellite communication links. 

II. MEASUREMENT OF MULTIPATH IN AN AIRCRAFT-SATELLITE 
COMMUNICATION LINK AT 300 MHz 

During the contract period, experimental tests were conducted 
to measure multipath in aircraft-satellite communication links at 
UHF. These tests were performed using an instrumented USAF/ASD C-135B 
jet aircraft S/N 61-2662, the TACSAT Satellite relay and a ground terminal 
provided and operated by ElectroScience Laboratory personnel of The Ohio 
State University. The aircraft-satellite-ground station geometry is 
shown in Fig. 1. 

A simplified block diagram of the O.S.U. ground terminal system 
used to perform these tests is shown in Fig. 2. In this system, 
a thirty foot diameter antenna was used as an automatic tracking 
antenna (locked to the beacon signal of the satellite). A second 
thirty foot diameter antenna, which was used to receive the probing 
signal, was slaved to the tracking antenna. The received signal was 
appropriately amplified, translated to a 60 MHz I.F. frequency and 
demodulated by the Hazel tine modem. 

The aircraft was equipped with three blade antennas, one dipole 
antenna and one crossed slot antenna mounted as shown in Fig. 3. 

The experiment utilized a 6 Mb/s PSK, pseudo noise spread spectrum 
signal (i.e., a coded pulsed waveform). It was generated by the 
Hazel tine VIM-IA modem and was transmitted by the aircraft so that 
both the satellite (hence the direct path) and earth specular point 
(multipath) were included within the antenna beamwidth. The carrier 
frequency on the up link transmission (aircraft to satellite) was 
300 MHz and 7.2 GHz on the down link transmission (satellite to 
O.S.U.). The spread spectrum signal was received at the O.S.U. 
ground terminal using a 53.5 dB gain (0.3° beamwidth) antenna so 
that no additional multipath effects would be introduced to the 
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satellite to ground link. The received signal was then demodulated 
using the Hazel tine Vericode modem and single trace photographs of 
the correlator output were obtained from an oscilloscope display 
using an O.S.U. high speed (400 frames/sec maximum) motion picture 
camera synchronized with the received signal. The high speed motion 
picture film data was translated into digital form and onto magnetic 
tape by using the O.S.U. FOSDIC (Film Optical Scanning Device for 
Computer Input). The digital data, stored on magnetic tape, was then 
processed by means of appropriate computer algorithms. Polaroid 
photographs of the correlator output were also obtained. A description 
of the Hazeltine Vericode modem used in performing these experiments 
is provided in References 1 and 2. 

SATELLITE Q 

Fig. 1. Aircraft-satellite geometry. 
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Fig. 2. Ground terminal system. 

A. Test Results 

Although there were various flight tests conducted the only 
successful ones were the flight tests conducted on the 24 and 25 of 
August, 1970, while the aircraft was in flight off the Coast of 
Labrador. At 15:00 z on the 24 of August 1970 the initial phase of 
the test series began. The signal from the Hazel tine VIM modulator was 
transmitted from the aircraft to O.S.U. via the TACSAT satellite 
relay during various periods of the scheduled flight plan. Although 
the direct signal was received at O.S.U. and classified as good, 
there were no observable multipath effects until approximately 18.40 z. 
At this time the aircraft was in a bank. Therefore, the remaining 
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Fig. 3. UHF antennas on C-135 test 
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flight scheduled for that day was modified to include more banks. 
Multipath effects were observed during each bank. Polaroid pictures 
and high speed motion picture data of the received signal were taken 
throughout the flight test. 

At 10:00 z on August 25, the remaining portion of the test 
series was initiated. The first multipath effects were observed 
at approximately 10:37 z, again while the aircraft was in a bank. 
Further banks were performed by the aircraft throughout the re¬ 
maining portion of the test and multipath effects consistently ap¬ 
peared during the banks. Furthermore, during the 13:00 z - 13:30 z 
flight plan, multipath effects were observed while the aircraft was 
flying in a straight line with a 4° angle of attack. Polaroid 
pictures and high speed motion picture data of the received signal 
were taken throughout the flight tests. 

Polaroid pictures of typical signals received at O.S.U. during 
the flight test are shown in Figs. 4 and 5. Most of these pictures 
were taken while the aircraft was in a bank. The first correlation 
pulse at the far left side of each photograph represents the cor¬ 
relation pulse due to the direct path. The second correlation pulse 
appearing in each photograph represents the correlation pulse due to 
the reflected path. The time delay between these respective pulses 
represent the difference between the time delay associated with the 
reflected path and the time delay associated with the direct path 
(i.e., differential time delay). The photographs of the received 
signals are presented in a sequence corresponding to the time of flight 
at which they were taken. The approximate elevation angle and bank angle 
of the aircraft corresponding to these times, as well as the differential 
time delay, are also labeled in the figure. The transmitting antenna 
corresponding to the data of Figs. 4 and 5 was the Collins blade. 
A photograph depicting single sweep motion picture data taken while 
the aircraft was flying in a straight line with a 4° angle of attack 
is given in Fig. 6. The explanation of the Polaroid picture data of 
Figs. 4 and 5 also applies to the motion picture data shown in Fig. 6. 

B. Data Analysis 

The high speed motion picture data taken during the flight test 
consisted of single trace recordings of good photographic quality 
suitable for scanning by the O.S.U. digital film reader. The 
examination of the film data showed that the multipath effects 
essentially consisted of a single sharp correlation pulse distinctly 
separated from that of the main correlation pulse. Spreading of the 
multipath signal (i.e., the appearance of either multiple peaks or a 
broad hump in the match filter output rather than a single sharp peak) 
was not evident by viewing the films. 

The particular reel of film in which the maximum number of con¬ 
secutive frames of obvious multipath appeared was chosen to start 
the data processing procedure. This reel of film corresponded to 
the case where the aircraft was flying in a straight line with elevation 
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Time ' lO.SSz 
Elevation Anj>le ■ 
Differential Time 

Delay > 3|i seconds 
Bank Angle 30° Left

.0^

Time 10.5bz 
Elevation Angle ^ 3® 
Differential Time 

Delay 3^ seconds 
Bank Angle 30° Left

f

Time 11.13z 
Elevation Angle Z” 
Differential Time 

Delay - 2ji seconds 
Bank Angle 30° Left

Fig. 4. Signal Received at OSU From an Aircraft Over the Atlantic 
Near Goose Bay Labrador. Antenna-Collins Blade.
Date: 2 5 August 1970.
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Time ' 14.13z 
Elevation Angle 11’ 
Differential Time 

Delay 1 l^i seconds 
Level Flight

Time 14.26z 
Elevation Angle 1^° 
Differential Time 
Delay IZg. seconds 
Bank Angle 30° Right

■ mm
5^?

Time 14.59z 
Elevation Angle 8’ 
Differential Time 
Delay ~ 7.8|i seconds 
Bank Angle 30° Right

Fig. 5. Signal Received at OSU From an Aircraft Over the Atlantic 
Near Goose Bay Labrador. Antenna-Collins Blade.
Date; 25 August 1970.
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angle, altitude and velocity of approximately 4 degrees, 30,000 feet 
and 400 miles/hour, respectively. The transmitting antenna correspond- 

♦ ing to this data was the Collins blade. The motion picture data was 
scanned and digitized frame by frame using the O.S.U. digital film 
analyzer and the resulting digital data transferred to magnetic tape 

4 for further analysis. This transfer consisted of 4096 consecutive 
frames of motion picture data. The average speed of the camera at 
which these motion pictures were taken was 103 frames/sec. Thus the 
time sampling interval was approximately .01 seconds and the total 
duration of digitized data was approximately 40 seconds. 

In order to calculate the differential time delay between the 
direct and multipath correlation pulses the entire waveform photo¬ 
graphed (i.e., direct and multipath components) was digitized with a 
resolution of 7/64 useconds. This resolution was sufficient for the 
accuracy desired in the calculation of the differential time delay. 
However, to accurately determine the peak amplitude of the direct and 
multipath components a greater resolution was required. In order to 
achieve this the direct and multipath components were digitized separately. 
The direct component was digitized with a resolution of 5/64 ^seconds 
and the multipath component was digitized with a resolution of 1/16 
useconds. These latter two resolutions represent the maximum resolution 
that can be obtained for the direct and multipath components using the 
present capabilities of the O.S.U. scanner. 

The first parameter calculated from the digitized data was the 
differential time delay between the direct and multipath components. 
For a single frame, this parameter is defined as the difference between 
the time of occurrence of the maximum of the multipath component and the 
time of occurrence of the maximum of the direct component. The calcu¬ 
lated value of the differential time delay was found to be essentially 
constant over the entire data processing interval with a value of 3.9 y 
second. This value agrees well with theoretical predictions of the 
differential time delay. 

The next goal was to determine if any spreading of the multipath 
component had occurred. To achieve this an estimate of the time 
duration of the multipath component was obtained. In order to improve 
the accuracy of the time duration estimate frame by frame averaging 
was used. To explain this more precisely, reference is made to Fig. 7. 
Figure 7 depicts the motion picture frames of the multipath component 
arranged in a vertical sequence with the photographed signal of each 
frame digitized at values of t corresponding to Tj = jat (j = 0, 
1, ... 63, At = 1/16 ysec). The variable t represents the time 
coordinate on each frame. The sampled signal of the first frame is 
denoted by m(0, jat), with the functional notation of zero denoting 
the first frame. Since the second frame corresponds to a time aT 
seconds later than the first frame (aT = 1/103 seconds) the sampled 
signal of the second frame is denoted by m(AT, jat). This process is 
repeated until all the samples m(nAT»Jat) (n = 0 4095, j = 0, ... 63) 
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Fig. 7. Sampling process. 
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are obtained. For the subscript j fixed, the time sampled siqnal is 
denoted by m^n.M) and represents the time behavior of the jth sample 
of the photographed siqnal. The time averaqe of this sampled siqnal, 
ñíj, is defined as 

1 N'1 
(1 ) = fl ). m.(nAl). 

J n=0 J 

Figure 8 depicts the values of mj for values of j between 19 and 
36 for N = 4096. The results of Fig. 8 show that there are at most five 
consecutive samples averages which may be considered to be above the 
average noise level of the system. These sample averages correspond to 
values of j between 25 through 29. The average noise level has an apparent 
nonzero value because of the position of the photographed signal on the 
digital scanner. It is concluded from the results of Fig. 8 that the time 
duration of the multipath component is essentially equal to the time 
duration of the correlation pulse width and therefore no multipath 
spreading was detected. Short time averaging was also performed using 
a value of N in Eq. (1) of 30. The results of these calculations also 
indicate that there are at most five consecutive sample averages which 
are above the mean noise level. 

Fig. 8. Sample averages of the multipath component. 

Estimates of the oirect and multipath signal amplitudes were then 
obtained by determining the peak sample of each respective digitized 
signal. However, since the ratio of the resolution of the optical 
scanning device to the correlation pulse width is 15/64 for the direct 
component and 3/16 for the multipath component it was not certain that 
a reasonable estimate of the peaks had been obtained. Therefore, an 
alternate approach was taken in which the peak sample of the multipath 
signal along with two adjacent samples were jointly used to obtain an 
improved estimate of the peak by fitting these points to a parabola. 
An analogous procedure was also performed on the direct signal. Since 
the comparison of the peak sample to the improved estimate yielded 
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insignificant differences the actual peak value of each respective 
digitized component were used as an estimate of the direct and multi¬ 
path signal amplitudes. 

The fluctuation characteristics of a filtered version of the 
direct and multipath amplitudes were then analyzed by examining their 
frequency spectra and auto covariance properties. A filtered (averaged) 
version of a sampled signal is defined as that signal obtained by 
averaging over a given number of previous samples. Thus, if g(n'J) 
represents a sampled signal (n = 0, ... N-l) then a filtered version of 
g(nM) using k-1 previous values is denoted by g|.(nAT) and is given by 

(2) gk(n/J) = ,- I g(iAT). 
k k i=(n+l-k) 

A filtered version of the signal is desirable in order to improve 
signal to noise ratio. The choice of k = 10 was used to obtain the 
filtered version of the direct and multiple amplitudes and corresponds 
to an averaging interval of 10 frames, or approximately 0.1 secs. 

The square of the absolute value of the frequency spectrum 
(D.C. component removed) of the filtered version of the direct and 
multipath amplitude are shown in Fig. 9. These spectra were obtained 
by taking the absolute value of the discrete Fourier coefficients re¬ 
sulting from a fast Fourier transform of the filtered version of the 
oirect and multipath amplitudes. It is evident from Fig. 9 that both 
the direct and multipath spectra have fluctuating components correspond¬ 
ing to the frequencies of 0.025 and 0.39 Hertz. Also labeled in Fig. 9 
are the values of the D.C. components of the direct and multipath 
amplitudes. 

In order to determine if there were any random components associ¬ 
ated with the multipath amplitude fluctuations that could be attributed 
to rough surface scattering the time covariance function of the filtered 
version of the direct and multipath amplitudes were examined. The 
time auto covariance function of a time sampled signal f(nAT)(n=0..‘N-l) 
is defined as ii^(kAT) (k = 0 ... N-l) and is given by 

(3) *f(kAT) = 
, N-l-k 

flTjr I fR(nAT) fR(nAT + kAT) 
n=0 

where 
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A portion of the sampled time auto covariance function of the filte 
version of the direct and multipath amplitudes are shown n Fig. 10 
where a smooth curve has been drawn between the sample values. Both 
covariance functions are normalized to their values at i - 0. Figure 10 
indicates that the direct and multipath covariance functions are very 
similareSexce t for an amplitude factor The periodic vana ions cor¬ 
responding to the frequency of 0.39 Hertz (period2.5 seconds) are 
clearly evident from the figure. The slow variation of the Time 
covariance function i.e., the total nature of the curve, is due to the 
lower frequency components 0.025 Hertz, period % 40 seconds of the 

Sect and multipath amplitudes. Only a ' L °t f om t e 
corresponding to this lower frequency component is evident from the 
covariance function since the total time displacement for 
covariance function is depicted is approximately one half of the period 
of the lower frequency component. 

A final calculation was performed of the digitized data in order 
to provide an indication of the relative amplitudes of the direct and 
multipath signal. This was achieved by determining the ratio of the 
time average^value of the multipath amplitude to the time average value 
of the direct amplitude. This ratio was determined to be approximately 

1/2 or -6 dB in power. 

During portions of the U.H.F. multipath test series a sinusoidal 
(c w ) signal was also transmitted to the satellite and received at the 
Ohio State University Satellite Facility. This was in addition to the 
coded pulsed waveform processed through the Hazel tine modem. A portion 
of thePrecorded results depicting the amplitude variations of the re¬ 
ceived signal is shown in Fig. 11. These amplitude variations were 
present throughout the test flights. The est mated period of these 
amplitude fluctuations determined from Fig. 11 is approximately 2.7 
seconds This independent estimate of the period of the amplitude of 
the received signal returning a transmitted sinusoid 39™*es (within 
experimental error) with the estimate of the period of the variations 
ofPthe direct and multipath amplitudes as determined from the digitized 

data. 

C. Interpretation of Results 

The first important result obtained from the experiment was the 
fact that a multipath component of considerable magnitude was detected. 
Furthermore, the results obtained from the data 
that there was no detectable time spreading ^sociated with the multi- 
path returns. From this result a model for the multipath channel at 
300 MHz (valid over the bandwidth of the transmitted signal, i.e., 
approximately 6 MHz) may be postulated. The channel reproduces the 
transmitted signal except for a modification ofits amplitude and 
phase. A complete characterization of the multipath channel therefore 
requires only a characterization of the amplitude and phase. Since 
the Hazeltine modem is not a coherent system it was impossible to 
measure the phase variations of the channel. 

t 
* 
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Fig. 11. Recording of the amplitude of the received cw signal. 

The fluctuation characteristics of the direct and multipath 
signal amplitudes were analyzed by examining their frequency spectra 
and auto covariance properties. The results indicate that the direct ^ 
and multipath signal variations are similar in nature and essentially 
consist of a periodic component with period approximately 2.5 seconds, 
and a much more slowly varying component of period approximately 40 4 
seconds. Since the periodic component corresponding to the period 
of 2.5 seconds was also evident in the recordings of the amplitude of 
the received signal due to a transmitted sinusoid, it is concluded that 
satellite modulation (due to the motion of the satellite antenna) is 
the cause of these periodic variations. Furthermore, there is no evi¬ 
dence of any random components of appreciable magnitude in the multipath 
amplitude fluctuations that can be attributed to rough surface scattering. 

The time variations corresponding to the lower frequency com¬ 
ponent observed in the direct and multipath amplitude spectra, how¬ 
ever, did not appear on the strip chart recordings of the received 
signal due to a transmitted sinusoid. The precise nature of this 
slowly varying component cannot be fully characterized due to the 
duration of the processed data. It is possible, however, that this 
slow fluctuation of the amplitude is caused by variations in the 
processing gain of the modem. 

Due to the above results, it is concluded that during the time 
interval corresponding to the processed data the scattering associated 
with the multipath channel at U.H.F., over the bandwidth of the transmitted 
signal, may be characterized as being essentially specular in nature. 
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The ratio of the amplitude factor associated with the multipath channel s 
transfer function and the amplitude factor associated with the direct 
channel's transfer function is -6 dB. Because of the uncertainties in 
the antenna pattern, this result has not been corrected for antenna gain. 
However, since the elevation angle of the aircraft during the time of 
flight corresponding to the processed data was small (approximately ^ ), 

this correction factor may be assumed negligible. 

III. THEORETICAL CONSIDERATIONS OF MULTIPATH IN 
AIRCRAFT-SATELLITE COMMUNICATION LINKS 

In order to provide a base against which experimentally determined 
results may be compared, as well as to provide a better understanding 
of the phenomena governing the performance of aircraft-satellite com¬ 
munications links, theoretical studies relating the physical parameters 
of an aircraft-satellite communication link to the measurable parameters 
were performed. The physical parameters of the communication link 
considered were 1) the directivity of aircraft and satellite antennas, 
2) geometry (including motion) of aircraft and satellite and 3) the 
average reflection coefficient and radar cross section per unit area 
of the scattering surface associated with the multipath transmission. 
The average reflection coefficient and radar cross section per 
area in turn depend on the geometry (i.e., angle of incidence and 
reflection), frequency and polarization of the transmitted signal, 
and the electrical and statistical properties of the scattering 

surface. 

Consideration was given only to the cases where the earth's surface 
associated with the multipath reflection may be modeled as 1) a per¬ 
fectly smooth reflecting surface, and 2) a very rough reflecting 
surface. The experimentally measured parameters (i.e., the differentia 
time delay and the ratio of the power received over the reflected path 
to the power received via the direct path) determined from the multipath 
tests described in the previous section are also compared with the 

theoretical results. 

A. Smooth Earth Reflections 

The important measurable parameters corresponding to the case 
of reflections from a smooth spherical earth are 1) the differential 
time delay, Ax, defined as the difference between the time delay 
associated with the reflected path and the time delay associated with 
the direct path 2) the differential doppler, Av, defined as the 
difference between the carrier frequency received over the direct 
path and the carrier frequency received over the reflected path, 
and 3) the power ratio, p, defined as the ratio of the power received 
over the reflected path to the power received via the direct path. 
These parameters are more precisely defined with reference to Fig. 12 
which shows the reflection geometry for a smooth spherical earth. The 
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Fig. 12. Reflection geometry for a smooth spherical earth. 

reflection geometry considered in Fig. 12 is specialized to the extent 
that the aircraft's velocity vector is assumed to lie in the plane 
containing the direct and reflected paths. Furthermore the satellite 
is assumed to be a synchronous satellite. Thus, no relative motion 
between the satellite and the earth is considered. In terms of the 
notation used in Fig. 12 the differential time delay is At = (R? + 
R3 - Ri)/C, where C denotes the velocity of light and R-|, R2 and R3 
denote the distance from aircraft to satellite, aircraft to earth's 
specular point, and earth's specular point to the satellite respectively. 
The differential doppler is Av = woV (cos ei - cos 62)/C where wq 
denotes the carrier frequency and V the magnitude of the velocity 
vector of the aircraft. The angle ei represents the angle between the 
velocity vector of the aircraft and the direct path and the angle 02 
represents the angle between the velocity vector and the line joining 
the aircraft and earth's specular point. • 
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The ratio of the power received via the reflected path to the 
power received via the direct path depends on the electrical properties 
of the reflecting surface as well as upon the specific geometry. An 
expression for this parameter corresponding to the geometry of Fig. 12 
is derived in Reference 3 and consist of the products of four factors 
as p = |r|2 D2 A2 d2 where r represents the Fresnel reflection coeffi¬ 
cient for a smooth plane surface and depends on the frequency, polari¬ 
zation, grazing angle and the electrical properties of the reflecting 
surface [see p. 396, Reference 3, for detailed expressions). The 
factor 1)2 represents the divergence factor (Reference 3, p. 404) which 
accounts for thg scattering from a spherical rather than a plane surface. 
The parameter A£j represents the effect of the antenna gains of the 
aircraft and satellite antennas and d2 represents the extra attenuation 
due to the additional path length traversed by the reflected path 
relative to the direct path. 

To obtain numerically the above three parameters for a fixed 
position and velocity of the aircraft requires the determination of 
the earth's specular point. With the earth's specular point determined 
all other variables, i.e., grazing angle, range, etc., required to cal¬ 
culate the above parameters may be obtained. As the aircraft moves, 
however, the specular point changes and the parameters become a function 
of the aircraft's position. Figure 13 shows the dependence of the 
differential time delay on the elevation angle of the aircraft with 
respect to the satellite (i.e., the angle EA of Fig. 12) for altitudes 
of the aircraft corresponding to 10, 20, and 30 thousand feet. The 
altitude of the satellite used to obtain these results corresponds to 
that of a synchronous satellite (19327 n.m.). Also shown in Fig. 13 
is the differential time delays as determined from the experimental 
multipath tests described in Section II. The experimental point de¬ 
noted by the cross mark represents the value of the differential 
time delay as determined from the digitized data. The remaining ex¬ 
perimental points (circles) represent the differential time delay as 
estimated from the Polaroid photographs that were taken during the test 
series. The experimental values agree well with the theoretical 
predictions based on the smooth earth model. 

Figure 14 depicts the differential doppler for the corresponding 
altitudes of the aircraft used in Fig. 13. The transmitted carrier 
frequency and aircraft velocity used to determine Fig. 14 were 300 KHz 
and 400 miles/hour respectively. Furthermore, the velocity vector of 
the aircraft was assumed to be tangent to an imaginary circle con¬ 
centric with a spherical earth (see Fig. 12). The radius of this 
imaginary circle is aç + h/\, where ae denotes the radius of the earth 
and hß the altitude of the aircraft. 
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The power ratio vs elevation angle of the aircraft for horizontal 
polarization, pfj, and vertical polarization, pj, is shown in Fig. 15. 

Fig. 15. Power ratio vs elevation angle. 

The superscript S denotes the calculated value of the power ratio 
assuming a smooth surface model. Also shown in the figure are the 
power ratios of the direct and multipath signal amplitudes as de¬ 
termined from the previously described multipath tests. The curves 
labeled pS and pÇ of Fig. 15 denote the values of the power ratio 
corresponding to a rough surface model and will be explained in the 
next section. The curves corresponding to the power ratio of a smooth 
model of the reflecting surface were obtained by assuming an antenna 
parameter, An, of unity, a synchronous satellite, a carrier frequency 
of 300 MHz and an altitude of the aircraft of 30,000 feet. A relative 
dielectric constant of 80 and a conductivity of 4 mhos/meter were used 
in order to calculate the Fresnel reflection coefficient, r. These 
values are representative of an ocean surface. 

# 

/ 
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The experimental point of Fig. 15 which is denoted by the cross 
* mark represents the value of the power ratio as determined from the 

digitized data. The remaining experimental points (circles) represent 
the power ratios as estimated from the polaroid photographs that were 

\ taken during the test series. As is noted from Fig. 15 all the ex¬ 
perimental points lie somewhere between the theoretical values pre¬ 
dicted for a smooth surface assuming horizontal and vertical polarization. 
This result supports the conclusion that the multipath returns observed 
during the flight tests are primarily specular in nature. 

A possible explanation for the fact that all of the experimental 
points fall between the horizontal and vertical polarization curves 
is that most of the multipath data was taken while the aircraft was 
in a bank. It is therefore possible that the polarization of the 
electric field incident on the reflecting surface was somewhere 
between vertical and horizontal polarization. 

B* Rough Surface Reflections 

The irregularities of the surface of the earth will introduce 
additional effects not contained in the smooth earth reflecting model. 
Two primary effects are the time and frequency spreading associated 
with the received signal. The gross transmission parameters char¬ 
acterizing these effects are the multipath spread, Tc, and the fading 
bandwidth, Bf. The multipath spread parameter is a measure of the 
maximum delay difference between the first and last significant 
propagation paths associated with the multipath reflections. It is 
completely determined by the relative geometries of the possible paths 

\ and by the relative velocity of propagation over the various paths. 
The fading bandwidth provides a measure of the bandwidth of the random 
component of the received waveform when the input to the multipath 
channel is a pure sinusoid. It is completely determined by the fre¬ 
quency of the sinusoid and by the relative motion of the various physical 
scatterers associated with the multipath transmission as well as the 
relative motion between the physical scatterers and the transmitting and 
receiving sites. 

The power ratio corresponding to the case of reflections from a 
very rough surface (specular return absent) can be conveniently ex¬ 
pressed in terms of the average radar cross section per unit area of 
the scattering surface associated with the multipath channel. In 
terms of the variables defined in the previous section, the power 
ratio pR, is given by 

(5) 

where 

dA 

l 
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(6) 

and a denotes the average radar cross section per unit area of the 
scattering surface. The integral of Eg. (5) is to he evaluated over 
the area defined by the intersection of the aircraft and satellite 
antenna patterns. 

In order to numerically calculate the integral of Eg. (5) a 
model for the average radar cross section per unit area must he de¬ 
termined. The determination of the average radar cross section, 
given the electrical and statistical properties of the reflecting 
surface, has been the subject of considerable investigation in the ^ 
literature.^»5.6 The model chosen for a is that derived by Beckman 
and also utilized by Durrani' for similar calculations. It is given by 

(7) 

In Eg. (7), S is defined as the rms slope of the rough surface, 
r the Fresnel reflection coefficient of a smooth model of the surface, 
and > is the angle mode by the bisector of the incident and reflected 
rays with the mean normal to the surface. Some of the more important 
assumptions on the derivation of Eg. (7) are 1) the surface height may 
be described by a Gaussian distribution about its mean level with an 
r.m.s. value of surface heights (i.e., the standard deviation) de¬ 
noted by o0 and its correlation length denoted by T (S^JIcq/T), 
2) the physical optics approximation is valid with diffraction and 
multiple scattering neglected and 3) that a0A is "large" (x is the 
wavelength of the incident radiation). For a more detailed discussion 
of the derivation of Eg. (7) Reference 6 should be consulted. 

The calculated value of the power ratios for vertical and hori¬ 
zontal polarization corresponding to the above rough surface model 
are depicted in Fig. 15 for comparison with the specular values. 
In Fig. 15, pR denotes the value of the power ratio for vertical 
polarization and pf} denotes the power ratio for horizontal polari¬ 
zation. The superscript R denotes calculation based on a rough surface 
model. The values of the rough surface power ratios depicted in Fig. 15 
were obtained by using a value of a0/T of 1/40 and carrier freguency 
of 300 MHz. The altitude of the aircraft was 30,000 feet and the 
Fresnel reflection coefficient was obtained using the previous values 
of the relative dielectric constant and conductivity, i.e., 80 and 
4 mhos/meter respectively. The antenna parameter Ap was again assumed 
unity. The results of Fig. 15 indicate that the corresponding power 
ratios of the rough surface model at large elevation angles are com¬ 
parable to the values obtained from a smooth surface model. The large 

» 
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ratios encountered at the high elevation angles (for both the smooth 
and rough surface models) however, can be reduced considerably by 

proper antenna design. 

An approximation to the fading bandwidth and multipath spread 
as previously defined were also obtained using he *odel of the 
average radar cross section as defined in F.q. (7). ^ 
these oarameters were determined by locating the points on 
surface Lhere the integrand of Eg. (5) is down 10 ÖB from its na*«™ 
value The resulting difference in doppler shifts, and the maximum 
time delay, were then used as an approximation to the band-_ 
width and multipath spread respectively. The res“’^ “ th 
culations are shown in Figs. 16 and 17. Figures 16 and 17 dep ct the 
fading bandwidth and multipath spread dependence 
angle of the aircraft with <.0/T as a parameter. The auxil'aryaram 
eters i.e., velocity, altitude and carrier frequency used to de¬ 
termine these results are also indicated in the figures. As wit 
the previous case involving doppler effects, the velocity vector 
of the aircraft was assumed tangent to an imaginary circle concentric 
with the earth. The radius of this imaginary circle is aç + hA when 
ae denotes the radius of the earth and hA denotes the altitude of 

the aircraft. 

1 

Fig. 16. 
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Fig. 17. Multipath spread vs elevation angle. 
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IV. PRtLIMINAKY INVESTIGATIONS OF EXPERIMENTAL 
TECHNIQUES FOR MULTIPATH CHANNEL 
CHARACTERIZATION 

During the contract period an investigation was also performed 
to determine basic experimental techniques which are capable of 
achieving an adequate characterization of communications channels 
containing multipath transmission. These investigations put prime 
emphasis on the determination of modulation and demodulation tech¬ 
niques which are capable of measuring the impulse response function 
and transfer function of the transmission channel, Considérât ion 
was also given to the data processing required to obtain the mean 
values and covariance function of the experimentally determined 
impulse response function and the transfer function. These quantities 
are required to accurately evaluate the degradation in information 
transfer due to the transmission channel as well as to determine the 
modulation and demodulation techniques to combat adverse multipath 
effects. 

The basic approach used to study transmission channels was the 
system function approach. In this approach the transmission channel 
is modeled by a randomly time variant linear filter. As is well 
known from the theory of linear system, the complete specification of 
a linear filter may be described by either its impulse response (time 
domain characterization) or by its transfer function (frequency domain 
characterization). Each of these system functions are defined as 
the characteristic response of the channel to a specific elementary 
excitation; namely, the impulse in time for the impulse response 
function and the impulse in frequency for the transfer function. When 
the filter is randomly time varying, however, the system functions be¬ 
come random processes and the channel is thus modeled by a randomly 
time varying system function. This appnach is essential if a model 
of the communications channel is to be obtained which may be used 
with different waveforms. Therefore, before presenting the modu¬ 
lation and demodulation techniques which are theoretically capable 
of approximating the impulse response function, or transfer function, 
of the communications channel a brief discussion of the basic concepts 
underlying the system function approach will be given in the following 
section (Section A). This section also defines more precisely the 
mean value and covariance function of the transmission channel's 
system functions. Furthermore, the relationship between the gross 
transmission parameters characterizing the communication channel, i.e., 
the multipath spread, fading bandwidth, decorrelation time and co¬ 
herence bandwidth, to the covariance function of the transmission 
channel's system function is presented. 
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A. Basic Description of the System Function 
ReFhmF of "Channel diaracten zatTon 

The system function method of characterizing coimunication ctiannels 
has been used for some time (see Reference 8), In this approach one 
attempts to develop a general transfer relation between the transmitting 
and receiving terminals of a communications link. For this purpose it 
is convenient to use complex envelope notation. In this notation a i ft 
narrow band transmitted signal x(t) is represented as x(t) = Real lu(t)e 0 ) 
where the amplitude and phase of u(t) represents the amplitude and phase 
modulations, and wo denotes the carrier frequency. In the system function 
approach the channel is modeled as a linear time-variant filter. It there¬ 
fore follows from the theory of linear systems that the output of the 
channel may be expressed as y(t) = Real {v(t)e ) where 

(8) 

OD 

■•OP 

T (t.o.) uuie1“1 
U) 

dw 

or equivalently as 

(9) K (t,r) u(t-T) d-r, 
U) 

where ITU) denotes the Fourier transform of u(t). In (8) and (9) 
T (t,uj) denotes the complex equivalent low pass transfer function 
of the channel and (t.r) denotes the complex equivalent low pass 
impulse response function of the channel, both referred to the carrier 

frequency u)0. 

Although the characterization of the channel via the system 
functions T or may, in principle, be described, given the de¬ 
tailed knowledge of'the mechanisms at work over the transmission medium, 
this approach is usually handicapped by the inability to predict these 
mechanisms in a deterministic sense. Therefore the system functions 
T and K are also modeled as random processes. Hence, a complete 
statistical characterization of the channel implies a knowledge of all 
probability distributions of the system function. It is usually impossible, 
however, to experimentally obtain this complete characterization. A more 
practical goal involves a second order statistical characterization in 
terms of mean values and covariance function of the system functions. 

In general, the covariance function of K , denoted by R« and 
the covariance function of T^, denoted by RT are expressed in terms 
of ensemble averages as 

(10) RT(t-| .tg'.uji »‘*)2)=<(Tü,0(ti »“i •ü)i)>)*(TU)0(t2*ü)2)”<Tíj0(t2,a)2^>^> 

(11 ) RK(t| ,t2;Ti,T2)=<(KU0(ti,Ti)-<Kü)0(ti •Ti)>)*(Kü,0(t2.T2)-<Kaj0(t2,T2)>)> 

where * denotes the complex conjugate and < > denotes ensemble averages. 
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In many physical channels the random component of the system function 
may be assumed approximaiely stationary in the time variable so that the 
time-frequency covariance function, RyUi ,t?;u)i .w?) i and the cross co- 
variance function of the impulse response, RkU] .t?; n »'2) depend only 
on the time difference AT = t2 - t]. This assumption results in a wide 
sense stationary (w.s.s.) channel model. 

One additional assumption is often made which allows a particularly 
simple characterization of the channel. This is the uncorrelated scat¬ 
tering (u.s.) assumption. Under the u.s. assumption the frequency de¬ 
pendence of the time-frequency covariance function depends only on the 
frequency difference = w2-uq. The w.s.s. assumption together with the 
u.s. assumption constitute a wide sense stationary uncorrelated scattering 
(w.s.s.u.s.) model of the channel. Under a w.s.s.u.s. channel model the 
time-frequency covariance function is denoted by Ry(AT,s¿) and the cross 
covariance function of the impulse response reduces to 

V 
N i 

(12) R|-(ûT,t1 ,t2) = r|((aT»t-j ) 6(t^-t2). 

9 10 
In (12) r|((AT,T) is defined as the channel autocovariance profile, ’ 
and 6(t) is the delta function. Admittedly, the uncorrelated scattering 
assumption is truly a nonphysical one since it assumes that the random 
components of the impulse response are uncorrelated for an arbitrarily 
small separation between sampling points. As will be discussed later, 
however, an approximation to the impulse response is obtained only at 
intervals comparable to the pulse width used in the probing signal. 
The actual assumption made, therefore, is that the random components 
of the impulse response are uncorrelated over sampling intervals sepa¬ 
rated by the duration of the pulse width, or greater. If this can be 
justified, then modeling the channel as an uncorrelated scattering 
channel will have no effect on the characterization of the channel 
over the bandwidth of the transmitted signal. The u.s. assumption 
will, of course, break down if one uses excessively wide band signals. 

There are alternate representations of the covariance functions 
when the channel is a w.s.s.u.s. channel. The one most frequently used 
is that of the scattering function representation. The scattering function 
can be obtained by either a single Fourier transform of the auto covariance 
profile (with respect to AT) or by a two dimensional Fourier transform 
of the time-frequency covariance function. Other auxiliary or less in¬ 
clusive, characterizations of the statistical properties of a w.s.s.u.s. 
channel are the delayed power density spectrum, frequency covariance 
function, doppler power density spectrum and time covariance function. 
In order to show the precise relations among these various descriptions 
reference is made to Fig. 18. In Fig. 18 the notation S(t,v), Rj(aT,p), 
r|((aT,t) and P|<(v,q) denote the scattering function, time-frequency 
covariance function, auto covariance profile and doppler cross power 
spectral density and are four equivalent statistical characterizations 
of a w.s.s.u.s. channel. In Fig. 18 the notation denotes a double 
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Fig. 18. The relationship between various statistical 
characterizations of a w.s.s.u.s. channel. 
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Fourier transform relation and < ► a single Fourier transform relation. 
All quantities imply a carrier frequency As will be discussed later, 
the use of a set of impulses in time essentially enables one to obtain 
r|((AT,i), or the auto covariance profile, for discrete aT. The use of 
a set of sinusoids as a probing signal enables one to obtain the time- 
frequency correlation function for discrete u. 

As shown in Fig. 18 a single Fourier transform (with respect to aT, 
V being the inverse variable) of the auto covariance profile results in 
the scattering function S(r,v). It can be shown that b(r,y) is a real 
function. Physically, the scattering function represents the dverage 
power in the random component of the received signal at delay t and 
doppler shift v, when a unit sinusoidal tone is transmitted. The in¬ 
tegral over all t and v gives the total power received. 

The delay power density spectrum, r(t). shown in the upper right 
hand side of Fig. 18 may be obtained by an integration of S(t,v) over 
all v or by evaluating the auto covariance profile at aT = 0. 
Physically r(x) represents the distribution of average power in the 
random component of the impulse response over the time delay t. The 
frequency covariance function, shown in the lower right hand side 
of Fig. 18 is obtained by evaluating the time-frequency covariance 
function at AT = 0, or by a Fourier transform of r(T). 

The doppler power density spectrum, P(v), shown in the upper left 
hand side of Fig. 18 may be obtained by an integration of S(t,v) over 

' all t or by evaluating the doppler cross power spectral density at 
Ü = 0. Physically P(v) represents the distribution of average power 
(over the doppler shift v) in the random component of the received wave- 

* form when the input to the channel is a pure sinusoid. The time co- 
variance function RT(aT,0), shown in the bottom left hand side of Fig. 18, 
is obtained by evaluating the time-frequency covariance function at 
q = 0, or by a Fourier transform of the doppler power density spectrum. 

The gross transmission parameters characterizing the propagation 
medium (depicted in Fig. 18) are defined as the multipath spread, Tc, 
the fading bandwidth, Bf, the decorrelation time, Tf, and coherence 
bandwidth, Bc. The above parameters are not all independent. The 
multipath spread and coherence bandwidth are inversely proportional 
to each other as are the fading bandwidths and decorrelation time. 

The multipath spread is defined as an appropriate width of either 
the scattering function over the variable t or of an appropriate width 
of the delayed power density spectrum. Physically, this parameter is 
a measure of the duration of the random components of the impulse 
response. It is completely determined by the relative geometries of 
the possible paths and by the relative velocity of propagation over 
the various paths. 
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The fading bandwidth is defined as either an appropriate width 
of the scatter function over the v axis or an appropriate width of 
the doppler power spectral density. It is a measure of the bandwidth 
of the random component of the received waveform when the input to the 
channel is a pure sinusoid. It is completely determined by the relative 
motion of the various physical scatterers associated with the channel as 
well as the relative motion between the physical scatterers and the trans¬ 
mitting and receiving sites. 

B. Measurement Techniques 

In the system function approach the second order statistical char¬ 
acterization of the channel is obtained via the mean values and covariance 
function of the system function. In order to obtain experimentally this 
characterization, however, one has to have available for suitable data 
processing a member of the respective system function. This section 
considers modulation and demodulation techniques which, in principle, 
can be used to obtain an approximation to the impulse response and 
transfer function of the communications channel. 

1. Time domain measurement 

The basic goal of the time domain measurement is to obtain an 
approximation to the impulse response function of the channel, 
Ku)0(t»Th In words, K^U.t) is described as; ^-(t.i) = complex envelope 
of°the channel response at time t, due to an impulse at carrier fre¬ 
quency, u)q, applied at time t-T. Of course, an exact reproduction of 
the impulse response is physically impossible due to the unavailability 
of a true impulse. However a good approximation to the impulse response 
function, or more precisely a useable function of the impulse response 
function, may be obtained by probing the channel with extremely short 
pulses spaced periodically such that the response to one pulse does 
not overlap the response to the preceding pulse. More than one trans¬ 
mitted pulse is required in order to obtain the time variations of the 
channel. The response to a single pulse can be thought of as an approxi¬ 
mation to KuqUí.t) where t-j is the time of pulse transmission provided 
the channel does not change over the repetition period of the pulses. 

To put the above idea on a more precise basis consider the system 
shown in Fig. 19. Figure 19 depicts the basic elements of a system that 
would be required to obtain a useable functional of the impulse response 
function using short pulses as a probing signal. In Fig. 19 the trans¬ 
mitted signal is assumed to consist of a periodic repetition (period T) 
of a narrow base band pulse, u(t), amplitude modulating a carrier signal 
at frequency w0. The received signal is processed at the front end of 
the receiver by a wide band amplifier. The output of the filter is then 
quadrature detected, filtered and recorded. Now let the quadrature 
outputs, labeled a(t) and ß(t) in Fig. 19, be expressed as a complex 
function of time z(t) = a(t) + iß(t). In the absence of additive noise 
the observed signal in the interval nT < t < (n+l)T (i.e., between pulse 
transmission), may be then expressed as 

I 

T 
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(13) z(nT,i) = K (nl,x) u(i-x)dx, 
U) 

o 

where i(0 i T) is measured from the point t = nl and represents 
the time scale between pulse transmissions. In the derivation of 
£tj. (13) it was assumed that the transmission medium does not change 
between successive pulse transmissions and also that the duration of 
the response of the channel to the transmitted pulse does not exceed 
the spacing between pulses. 

Equation (13) represents the usable functional of the impulse 
response on which suitable data processing may be performed. In the 
ideal limit as u(t) approaches the impulse function the observable 
output in the interval ni < t <_ (n+l)T tends to Kwo(nI,T ) directly. 

In some applications, however, the use of a single narrow pulse 
has the principle disadvantage of requiring the generation of high 
peak power. This limitation can be overcome by transmitting an 
appropriately coded waveform of longer duration and using a filter 
matched to the transmitted signal at the receiving site. The basic 
elements of such a system is shown in Fig. 20. In Fig. 20 the 
transmitted signal is assumed to consist of a suitable code (i.e., 
a maximal length pseudo-noise (PN) sequence) phase modulating (0 or 
tt) a carrier at frequency u)0. Since a 0 or n phase modulation can 
be expressed as an equivalent ±1 amplitude modulation, the trans¬ 
mitted signal is represented by a(t) cos u)0t where a(t) consists of 
the periodic repetition of the code (for the case shown in Fig. 20, 
also of period T). The received signal is processed at the front 
end of the receiver by a filter matched to a(t)cos cogt. The output 
of the matched filter is then quadrature detected, filtered and re¬ 
corded. As in the short pulse case, let the quadrature outputs 
labeled a(t) and ß(t) in Fig. 20 be expressed as a complex function 
of time z(t) = a(t) + iß(t). In the absence of additive noise the 
observed signal in the interval nT < t < (n+l)T (i.e., between code 
transmissions), may be then expressed as 

r 

i 

I 

(14) z(iiT,t) = K (nT,x) R (T-x)dx 
o 

where r(0 < t < T) is measured from the point t = nT and represents 
the delay interval between code transmissions. In Eq. (14) Raa(t) 
denotes the function composing the periodic correlation function of 
a(t), i.e., <f>aa(t), defined in Fig. 20. In the derivation of Eq. (14) 
the previously used assumptions were again employed; that is, the trans¬ 
mission medium does not change during a code period and also that 
the duration of the response of the channel to the transmitted code 
does not exceed the code period. 
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Fig. 20. Basic elements of the matched filter technique. 

Equation (14) represents the useable functional of the impulse 
response for the matched filter case and is basically the same as 
Eq. (13) with the function Raa(t) replacing the .ransmitted pulse. 
In the ideal limit as Raa(t) approaches the impulse function the 
observable output tends to K^inTtt) directly. 

Theoretically, the measurement techniques just described require 
exact coherence between the transmitting and receiving sites in order to 

determine the complex impulse response of the c!jjnnel- ^x®JttP°h^®nce* 
of course, can never be achieved in practice. The effect of the dif¬ 
ferential phase instabilities between transmitting and receiving 
sites may be represented by a factor multiplying the received signal 
in Its complex form (1.e„ ztt.x)). This factor is given by MPtue(t)]. 
where 49(t) represents the differential phase between the reference 
oscillators employed at the transmitter and receiving sites. The con¬ 
sequence Sf the differential phase fluctuations is that they may become 
falsely interpreted as a phase variation of the channel which is being 
measured. When calculating power spectra of the received signal 
the multiplication of the output signal by the error term corresponds 
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to a convolution in the frequency domain by a spectral 
bandwidth is inversely proportional to the differential 

function whose 
phase fluctuations. 

Usually, the differential phase variations may be modeled as 
Ao(t) = wat + f(t) where u.d denotes a frequency error (constant over 
the observation interval) defined so that the mean value of the random 
variations, *(t), is zero over the observation interval The effects 
of in the frequency convolution is to simply translate the spectrum 
while preserving its shape. This will manifest itself as an error in 
determining the mean frequency of the received signal. The random 
phase fluctuations, however, will limit the power spectral resolution 

that can be achieved. 

In order to minimize the effect of the random component of the 
differential phase fluctuations crystal controlled frequency standards 
should be used at the transmitting and receiving sites. With the 
utilization of good reference sources the effect of the random com¬ 
ponent of the differential phase should be negligible. Furthermore, 
an estimate of the frequency offset, wd, could be made in order to 

compensate for its effect. 

The data recording techniques used by O.S.U. in recent aircraft 
to satellite multipath experiments would also be applicable to the 
record!nq of the quadrature outputs from the time domain experiments. 
In this technique single trace photographs of the quadrature com¬ 
ponents would be obtained from an oscilloscope display (dual beam 
scopel using a high speed motion picture camera synchronized with 
the received signal. The high speed motion picture data would be 
analyzed by computer using the O.S.U. FOSDIC (Film Optical Scanning 
Device for Computer Input) for translating the photographic records 
into digital form and onto magnetic tape. 

2. Frequency domain measurements 

The goal of the frequency domain approach is to determine the 

time varying transfer function, defined as 

i(u)0+n)t i(u>0+fi)t 

(15) T(t) (t,ft) = [response of the channel to e ] /e 

The basic elements of a system which is capable of measuring 
T (t.fi). for a fixed n, is depicted in Fig. 21. In Fig. 21 it is 
assumed that a c.w. signal of the form cosWjH is transmitted over 
the channel. It therefore follows from (15) that the received signal 

takes the form 

r 

t 

i 

(16) |Tu (t,p)| cos [(o)0+ii)t + eT(t,n)] 
o 
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where <»T(t,i¿) denotes the phdse of the 

The reived siqnal is then 
I.F. frequency quadrature detected and 
The filtered outputs of the quadrature 
represent the real and imaginary parts 

complex transfer function 
translated to an appropriate 
filtered as depicted in Fiq. 21. 
channels may then be shown to 
of the complex transfer function 

TRANSMITTED 
_SIGNAL 

COS (uu 4 it ) t 

CHANNEL TO OE 
CHARACTERIZED 

TRANSFER function 
f (il0 i t , Í1 ) 

Fig. 21. Basic elements of a receiving system for a 
single frequency measurement. 

This basic result leads quite naturally to a more complex system 
which simultaneously transmits a number of sinusoidal function as 
proposed by Belloll. In this system the transmitted signal is repre¬ 
sented by a simultaneous transmission of N sinusoids having frequencies 
ujq + n,- =in, i = 1,N) where represent the increments of the 
transmitted frequencies). The signal received at the front end of 
the receiver consist of a summation of a number of terms like that of 
Eq. (16). After hetrodyning to an appropriate I.F. frequency the in¬ 
dividual received carriers are extracted by a bank of filters. In 
order that this may be achieved successfully in practice, however, 
the bandwidth of the individually received carriers must be significantly 
less than the increments of the transmitted frequencies. The output 
of each selective filter is then quadrature detected and filtered. 
The filtered output of each quadrature channel associated with the ith 
selective filter represents the real and imaginary parts of the 
complex transfer function T^it.q.) (i=l,N) and are recorded on 
magnetic tape. 

% 
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As discussed in the previously described time domain measure¬ 
ments, the frequency domain approach also requires the use of suf¬ 
ficiently stable frequency standards at the transmitting and receiving 
sites in order to obtain the complex transfer function of the trans¬ 
mission channel. 

3. Data processing 

The proceeding sections have described the basic elements and 
underlying principles of the modulation and demodulation techniques 
which have as their goal the attainment of a useable functional of 
the impulse response function of the channel, or the transfer 
function of the channel. In the time domain approach the observable 
output takes the form of a convolution integral involving the impulse 
response function, i.e., Eqs. (13) or (14), and in the frequency 
domain case the transfer function is recorded directly. The subject 
of the extraction of the mean values and covariance functions of the 
channel from the observed outputs will now be considered. 

The data processing problem is not a trivial one and, in general, 
a solution cannot be obtained without making some physical assumptions 
about the nature of the observed process. The primary difficulty is 
that the desired quantities, i.e., the mean values and covariance function 
of the system functions are defined as ensemble averages. Unfortunately, 
in practice one does not have an ensemble of responses available, but 
only an observation of a single member of the process. 

The first assumption required is that the random component of the 
observed output is such that ensemble averages can be obtained by time 
averages over variou' time intervals of the data. Although this assumption 
is reasonable, it deserves some comment since it is known that many 
physical channels do not exhibit statistical regularity over indefinitely 
long intervals of time. For example, many channels have been shown 
to exhibit a "fast" fading effect superimposed on slow (nonstationary) 
variations. In order to measure the covariance function of the fast 
variations of such a channel by time averaging, the data processing 
interval must be much less than the correlation time of the slow 
variations. However, in order to keep the measurement errors due to 
a finite sample length small, the data processing interval must be 
much greater than the correlation time of the "fast" fluctuations. 
Fortunately, many channels seem to satisfy these constraints and there¬ 
fore it does not seem unreasonable to assume that time averaging may 
be performed over various intervals of the data. In general, however, 
the precise length of the data processing interval, as well as the actual 
justification of stationarity, is difficult to give prior to any specific 
experiment. Furthermore, the shortness of the interval over which 
stationarity may be assumed places a restriction on the frequency 
resolution that can be obtained. 



To be more specific in the discussion, consider the case of the 
short pulse experiment. Due to the similarity of the recorded outputs 
of the short pulse technique and the matched filter approach, T.e., 
Lqs. (13) and (14), similar comments apply to the matched filter ca.e. 

Under the assumption of stationarity the cross covariance function 
of the random component of the recorded output of the short pulse 
technique, denoted by (MaT,,i,.j), may be obtained by time averaging. 
In particular for each delayed sample values, t. and 

(17) C.(AT.,rlj) « ZrU^V'jK 

where the subscript t denotes time averaging and ZrU.tí) represents 
the random component of the recorded output. In the q 
the observed output is related to the impulse response function of the 
channel by an integral equation of the convolution type. ^ 
follows that the cross covariance of the random components of the ob¬ 
servable output is related to the cross covariance of the impulse re- 
socnse i e , Rk(aT.títí) of Section IVA, by a double integral equation. 
If it «n'be shown thltJCZ(nT.„ .tj) = 0 for :1 and y separated by the 
duration of the probinq signal, then the uncorrelated scattering assumpt on 
can be made. For this case the autocovariance profile completely 5Pedflcs 
the covariance function of the impulse response and is related to the 
autocovariance function of the observable output, i.e., uzUT.títtI* 
by a single integral equation. Furthermore, for the case where the 
auto covariance profile, rKÍAT.x), has a duration ^ nal 
t variable) which is much greater than the duration of the probing signal, 
the auto covariance function of the random component of the observed output 
for values of t separated by the duration of the probing signal may be 
directly used to approximate the auto covariance profile. In particular, 
Cz(aT,tí,tí) is proportional to r|((AT,xi) of Section IVA. Also, the value 
of aT for which Cz(aT,tí,tí) may be obtained is limited to integral values 
of the time sampling rate of the channel. In practice, the values obtained 
for the auto covariance function by the above procedure would be compensated 
for the effects of additive noise by subtracting out che autocovan anee 
function of the additive noise. 

Any of the alternate statistical characterizations of the channel, 
as well as the gross transmission parameters of the channel, as described 
in Section IVA may be obtained from the auto covariance profile. In par¬ 
ticular, the Fourier transform of the auto covariance profile results in 
the scattering function characterization of the channel. It should also 
be noted that before performing the indicated operation in order to obtain 
the covariance function of the random component it may be possible 
to smooth or filter the data in order to improve signa! to noise ratio 
as well as to reduce the number of calculations required to determine the 
auto covariance function. This is possible when the time sampling rate of 
the channel is much faster than the time variations of the random components 

of the received signal. 
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The probleii of extracting the mean values of the impulse response, 
however, cannot always be approached from the point of view of time 
averaging. Physically, a non zero mean value of the impulse response 
results from the direct path or any specular path associated with the 
multipath mechanism. These returns can make the total observed signal 
nonstationary so that time averaging cannot be performed on the total 
signal. The particular method of isolating the mean values or specular 
returns from the random components of the received signal will depend 
greatly on the characteristics of the particular output. The most fre¬ 
quently used method is to employ some sort of modeling procedure based 
on an examination of the recorded output. In many cases, for example 
it may be possible to represent the channel as a combination of one or 
more specular components containing a number of unknown parameters 
(i.e., amplitude and doppler frequency) along with a purely random com¬ 
ponent. The representation of a channel output in terms of one of a 
set of possible models containing specular as well as purely random com¬ 
ponents transforms the characterization of the channel into the determi¬ 
nation of the unknown parameters as well as the characterization of the 
random component via its covariance function as has been discussed. 

Similar comments also apply to the extraction of the mean values 
of transfer function, T^t.ft), from the recorded outputs of the fre¬ 
quency domain measurements. Once the mean value has been determined 
the process of obtaining the complex time frequency covariance function 
from the recorded data is adequately given in Reference 11. 

4 

V. SUMMARY AND CONCLUSIONS 

During the contract period, experimental tests were conducted to > 
measure multipath effects in aircraft-satellite communications links. 
These tests were performed at 300 MHz between an aircraft flying off 
the coast of Labrador and the Ohio State University Satellite Facility 
via the TACSAT satellite relay. The aircraft was supplied and operated 
by the Avionics Laboratory, Wright-Patterson Air Force Base. In these 
tests a coded pulsed waveform (6 MHz bandwidth) was generated by the 
Hazel tine Veri code modem and transmitted by the aircraft. The received 
signal at O.S.U. was demodulated and recorded using an O.S.U. high 
speed motion picture camera. The particular reel of film in which 
the maximum number of consecutive frames of obvious multipath appeared 
was translated into digital form and onto magnetic tape for further 
analysis. This transfer consisted of 4096 consecutive frames of 
motion picture data. The average speed of the camera at which these 
motion pictures were taken was 103 frames/sec. Thus the time sampling 
Interval was approximately .01 seconds and the duration of digitized 
data was approximately 40 seconds. This data corresponded to the case 
where the aircraft was flying in a straight line with elevation angle, 
altitude and velocity of 4 degrees, 30,000 feet and 400 miles/hour 
respectively. The differential time delay determined from the 
digitized data was 3.9 useconds and the ratio of the power received 
via the reflected path to the power received via the direct path was 
-fi dB. No time spreading of the multipath component was detected. 
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The fluctuation characteristics of the direct and multipath siqnal 
amplitudes were analyzed by examining their frequency spectra and auto 
covariance properties. The results indicate that the direct and multi- 
path fluctuations are ven similar in nature and essentially consist of 

Í a periodic variation of period approximately 2.5 seconds. It was con¬ 
cluded that this periodic variation was due to the motion of the 
satellite antenna. Furthermore, there was no evidence of any random 
components in the multipath amplitude fluctuations that could be 
attributed to rough surface scattering. From these results, it is 
concluded that the scattering associated with the multipath transmission 
at UHF, over the bandwidth of the probing signal, may be character¬ 
ized as being essentially specular in nature during the time interval 
corresponding to the processed data. 

An analysis was performed to determine the relationship between 
the physical link parameters of an aircraft satellite conwiunication 
link and the observable parameters of the communications link. The 
physical link parameters considered were 1) the directivity of aircraft 
and satellite antennas, 2) geometry (including motion) of aircraft and 
satellite and 3) the average reflection coefficient and radar cross 
section per unit area of the scattering surface associated with the 
multipath transmission. Numerical results showing the dependence of 
the differential time delay, differential doppler, power ratio, multi- 
path spread, and fading bandwidth for the above physical link parameters 
were obtained for two specialized cases. These cases were 1) scat¬ 
tering from a perfectly smooth surface, and 2) scattering from a 
rough surface. The parameters determined from the multipath flight 
tests were compared with the calculated results. The results of 
this comparison tend to support the conclusion that the multipath 
returns observed during the flight test are primarily specular in 
nature. 

A preliminary investigation was also performed to determine 
basic experimental techniques which are capable of achieving an 
adequate characterization of multipath communication channels. In 
these investigations prime emphasis was put on the determination of 
modulation and demodulation techniques which are capable of measuring 
the impulse response function and transfer function, of the trans¬ 
mission channel. Consideration was also given to the data processing 
required to obtain the mean values and covariance function of the 
experimentally determined impulse response and transfer function. 
These latter quantities are required to accurately evaluate the 
degradation in information transfer due to the transmission channel 
as well as to determine the choice of modulation and demodulation 
techniques in order to combat adverse multipath effects. 

The basic concepts underlying two specific modulation and de¬ 
modulation techniques which are theoretically capable of generating 
a useable functional of the impulse response function have been pre¬ 
sented. These were the short pulse and coded pulse waveform (matched 
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filter) techniques. A frequency domain approach in which a discrete 
number of c.w. signals are simultaneously transmitted in order to 
achieve an experimental determination of the transfer function of 
the channel was also presented. 

VI. RECOMMENDATIONS FOR FUTURE WORK 

Further study is required to determine basic experimental tech¬ 
niques which can be successfully implemented in order to achieve an 
adequate characterization of multipath channels. In effect this 
study would be a continuation of the preliminary experimental design 
study of Section IV. These investigations would put prime emphasis 
on the practical implementation of the various techniques discussed 
in Section IV, i.e., short pulse, matched filter and c.w. approaches 
in order to determine the impulse response function or transfer 
function of the transmission channel, as well as on the data processing 
required to obtain the mean value and covariance function of the ex¬ 
perimentally determined impulse response function or transfer function. 
These latter quantities are required to accurately evaluate the de¬ 
gradation in information transfer due to the transmission channel as 
well as to determine the choice of modulation and demodulation tech¬ 
niques in order to combat adverse multipath effects. 

Specifically, detailed considerations should be given to: 

1) The selection of an appropriate probing signal 
(or signals) (i.e., digital cw or their combination) 
for a given bandwidth of the transmission channel to be 
characterized; 

2) Modulation and demodulation techniques; 
3) Methods of obtaining an adequate signal to noise ratio 

by means of 
a) signal processing techniques (modems) 
b) antenna gain 
c) transmitter power; 

4) Data recording techniques; 
5) Data processing techniques. 

More multipath measurements at both UHF and L band are also 
required. A relatively simple and inexpensive method for assessing 
experimentally communications links at UHF and L band is the short 
pulse technique. For the actual implementation of the short pulse 
technique it is recommended that two aircraft be used as the trans¬ 
mitting and receiving sites in order to conduct air to air flight 
experiments. A characterization of the multipath channel inherent 
in air to air communication links would not only be of value in 
itself, but would also serve to characterize multipath channels in¬ 
herent in aircraft-satellite links due to the similar geometry en¬ 
countered. Also, in the short pulse air to air configuration a great 
deal of control over the experiment could be achieved thus providing 
more reliable data. Furthermore, a large dynamic range (i.e., large 
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signal to noise ratios) could be obtained in order to determine 
low level multipath effects. 

In the air to air short pulse experiment, short pulses (.1 - 
.2 ^seconds) would be periodically transmitted by the aircraft so 
that both the direct path and earth's specular point (multipath) 
will be within the antenna beamwidth. The direct and multipath sig¬ 
nals will be received and appropriately demodulated to obtain quadrature 
components. Single trace photographs of the quadrature components will 
then be obtained from an oscilloscope display (dual beam scope) using 
an O.S.U. high speed motion picture camera synchronized with the 
received signal. In addition, an envelope detector can be inserted 
prior to the quadrature detection in order to obtain Polaroid photo¬ 
graphs of the envelope of the received signal. The high speed motion 
picture film data would be analyzed by computer using the O.S.U. FOSDIC 
(Film Optical Scanning Device for Computer Input) for translating the 
photographic records into digital form and onto magnetic tape. The 
digital data, stored on magnetic tape could then be processed by means 
of appropriate computer algorithms to obtain the characteristics of the 
transmission channel, i.e., the mean value and covariance function of 
the channel impulse response function, which may be directly used in 
the analysis and design of communication systems. 

In order to fully utilize the experimental results obtained from 
the multipath test series conducted during the current contract period, 
as well as results from subsequent test series, it is further recommended 
that theoretical studies be performed to determine modulation and de¬ 
modulation techniques to combat adverse multipath effects. These 
studies would put prime emphasis on digital communication systems and 
would use the channel model determined from the experimental measure¬ 
ments. Theoretical comparisons would be made of several types of modu¬ 
lation and demodulation techniques to determine which gives the best 
performance. 
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