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This paper describes an extended series of experiments in beyond-the-
horizon propagation on a 171-mile overland path using 460 and 4110 me.
The following aspects of the propagation were investigated: the effect of an-
tenna size on signal level and fading characleristics, wavelength dependence,
seasonal and divrnal cffects, a new form of diversity reception, the band-
width capability of the medivm. Many of the experiments were directed to-
ward a beller understanding of the mechanism of propagation.
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I. INTRODUCTION

There has been a tremendous increase in interest in tropospherie
propagation beyond the horizon since Bullington' first suggested its
useful properties in 1950. Early studies at Bell Telephone Laboratories
and elsewhere? led to the design and installation of large-scale military
and commercial systems. To a great extent, the design of these systems
was based on limited data, since time did not permit the implementation
of long-term research programs specifically designed to study the mech-
anism of the propagation. Hand-in-hand with the interest in the systems
themselves, several theories were proposed to explain the propagation.
These can be classified into three general types: scattering by atmos-
pheric turbulence (Booker-Gordon),* mode propagation (Carroll-Ring)*
and reflection from atmospheric lnyers (Friis, Crawford and Hogg).®

This paper describes the results of a series of experiments conducted
on a 171-mile overland path between Pharsalia, New York, and Craw-
ford Hill, New Jersey, during the period from May 1955 to September
1958.

At the time these experiments were planned, some of the character-
isties of beyond-the-horizon propagation were known, but other im-
portant properties had not been investigated thoroughly. Some of the
aims of our experiment were: to study the effect of antenna size on
signal level and fading characteristics; to determine the wavelength
dependence of the propagation; to look for seasonal and diurnal effects;
to investigate a new form of diversity reception which combines the
outputs of twin-feed horns horizontally or vertically disposed at the
focal point of a single paraboloid; to study the bandwidth capability of
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Fig. 1 — Propagation path.

the propagation; to learn as much as possible about the mechanism
involved.

Previous experience in the short-wave and microwave fields had
shown that a valuable research tool for studying propagation mecha-
nisms is o narrow beam receiving antenna capable of being scanned
through the incoming wave fronts. For the present experiment, a solid-
surface aluminum paraboloid, 60 feet in diameter,* was constructed on

* This antenna was designed by H. T. Friis.6

1069



1070 THE BELL SYSTEM TECHNICAL JOURNAL, SEPTEMBER 1959

: = mbal

Fig. 2 — Terminal sites: (a) transmitter; (b) receiver.

Crawford Hill. Means were provided for scanning the antenna through
an angle of approximately three degrees in azimuth and elevation at a
rate of about four scans per minute.

The map in Fig. 1(a) shows the location of the transmission path for
the experiment. The immediate foregrounds of the transmitting and
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receiving sites are unobstructed, as shown in the profile map. This
particular path was chosen to pass over the Murray Hill Laboratory,
thereby providing a line-of-sight path with good clearance above ground
between the Crawford Hill and Murray Hill locations [Fig. 1(b)]. The
Murray Hill tower therefore was an excellent location for a monitor
transmitter to be used in measuring the performance of the receiving
.antennas and to serve as a reference point for the angle of arrival meas-
urements.

To investigate the effect of antenna size, two transmitting antennas,
10 feet and 28 feet in diameter, and three receiving antennas, 8 feet, 28
feet and GO feet in diameter, were available (see T'ig. 2). To study the
propagation at two widely separated wavelengths, low-power trans-
mitters designed for unattended operation at 4110 me and 460 me were
installed at the Pharsalia site. Composite-feed horns consisting of a
small 4110-me horn within a 460-mc¢ horn were available to permit
operation at either of the two frequencies. Table I lists the frequencies,
transmitter power, antenna gains and other data relating to the experi-
ment.

In discussing the experimental results, comparisons are made with
the theory of reflections from atmospheric layers.? This theory is based
on the simple assumption that propagation beyond the horizon is due
to reflections from a large number of randomly disposed layers in the
volume of the atmosphere common to the beams of the transmitting
and receiving antennas. The reflecting layers are formed by relatively
steep gradients in the dielectric constant of the atmosphere; these gra-
dients have been observed by refractometer measurements. While no
claim is made that this theory is unique in explaining beyond-the-
horizon propagation, it has been found to be in good agreement with
experimental data.

References to some of the published work in the field are given in
the paper but no attempt has been made to present a complete list of
references. Ref. 2 contains many papers on the subject and references
to many others. Refs. 8 and 9 give a list of references up to 1958.

The remainder of this paper is divided into seven sections, as follows:

Section IT deseribes the design of the experiment and discusses the
transmitting and receiving-recording apparatus.

Section 1T is concerned with the median received power and its de-
pendence on antenna size and wavelength. It was found that, over a
one-year period, the median signal level at 4110 me received with the
60-foot antenna exceeded that received with the 8-foot antenna by only
6 db, compared with the difference of 17 db in the gains of the antennas.
Comparing transmission at 460 me and 4110 me in a sealed experiment,
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it was found that, on the average, the median received power was pro-
portional to the wavelength, as predicted by the theory.

Section IV gives the results of scanning or beam-swinging experiments
using the 60-foot antenna at 4110 me. The angular distribution of the
received energy varied from day to day; it was found to be directly
related to the ratio of the median power received on the 60-foot and
8-foot antennas. On the average, the apparent half-power beamwidth
of the 60-foot antenna was about 1.0°, compared with the free space
value of 0.3°

Section V is a study of instantaneous fading rates. It is shown that
the fading rate (at 4110 me) is related to the size of the antennas and
to the velocity of horizontal drift winds normal to the propagation path
in the common volume of the antenna beams. In a scaled experiment,
the ratio of the fading rates at 460 me and 4110 me was found to be
significantly greater than the ratio of the frequencies.

Section VI discusses the twin-feed diversity experiments. At 4110 me
this type of diversity proved to be effective for both horizontally and
vertically disposed feed horns. At 460 me the diversity was effective at
all times only for vertically placed feeds; with horizontal feed disposition,
the effectiveness was a funetion of the rate of fading.

Section VII is a theoretical and experimental study of the character-
istics of the short-term fading of the received signals; in particular, the
number of one-way signal crossings and average duration of fade at a
given signal level are treated for a single channel and for multichannel
diversity systems.

Section VIII describes the results of frequency-sweep experiments in-
tended to yield information on the bandwidth eapability of the propaga-
tion. The transmission in a band of 15 me centered at 4110 me was
characterized by the selective fading typical of multipath propagation.
The bandwidth, defined as the frequency spacing of nulls in the trans-
mission band, was about 5 me on the average and was sensibly inde-
pendent of antenna size, rate of fading and median signal level.

II. DESIGN OF THE EXPERIMENT

The experiments to be described have been carried out at Holmdel
on beyond-the-horizon propagation using an experimental ecircuit of 171
miles between Pharsalin, New York, and Crawford Hill, New Jersey
(Figs. 1 and 2). There are no obstructions in the transmitting and re-
ceiving foregrounds. The foreground profile at the receiving location is
shown in Fig. 3.

The design of equipment for experiments in this type of propagation
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Fig. 3 — Foreground path profile at receiving end.

is dictated by the transmission path selected as well as by the experi-
ments to be performed. Since propagation conditions vary considerably
from hour to hour as well as from week to week and month to month,
a particular experiment may run from several months to a year, with
continuous recording of data being taken for several days each week.
Several different equipment setups may be used in any one week. These
are then repeated in succeeding weeks.

Equipment reliability and gain stability are important design con-
siderations if a large amount of experimental data is to be obtained with
minimum personnel. Flexibility of equipment setups and automatic
data-taking also reduce the manpower needed and increase the time
available for recording.

For our experiment, the transmitting equipment was designed for
unattended operation with bimonthly maintenance periods; the receiv-
ing equipment was calibrated every four days.

2.1 Recetver Design

The receiver design is determined by the power available at the trans-
mitter, the path loss and the antennas employed.

Table I summarizes the parameters used in this particular propaga-
tion path. The estimated beyond-the-horizon loss of 73 db was taken
from Bullington” and gave the best estimate available at the beginning
of our project. The signal will vary about 15 db around this value be-
cause of seasonal changes in transmission. I'rom Table I it is seen that
the average median level of received power will be —109 dbm at 4 kme;
during the worst period it will drop to —124 dbm.

It is known that the instantaneous signal is usually Rayleigh-dis-
tributed; it will drop 10 db below the median for 6.7 per cent of the
time, 20 db below the median for 0.7 per cent of the time and 30 db below
for 0.07 per cent of the time. The lowest expected signal level for 0.07
per cent of the time for the worst period would be —124 dbm — 30 db =
—154 dbm.
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TaBLe II — REQUIRED RECEIVER BANDWIDTHS FOR VARIOUS
SiaNAL-To-NoI1sE Ratios

Bandwidth, ke Signal-to-Noise Ratio, db, for P = —109 dbm
150 1
25 9
6 15

Assuming an over-all noise figure of 12 db and a median received power
of —109 dbm, we can calculate the bandwidth needed for various sig-
nal-to-noise ratios. The results are shown in Table II. Thus, from the
table it is apparent that a 6-ke bandwidth is needed at low signal levels,
since the median signal level can drop to —124 dbm. For that level,
the signal-to-noise ratio would be 15 db + (—124 dbm 4+ 109 dbm)
= 0 db. The use of the 6-ke bandwidth means that the transmitter
and receiver frequencies must be controlled to better than one part
in 108

The description of the equipment follows; the receivers will be dis-
cussed first, then the transmitters and finally the recording equipment.

2.2 Recetvers and Transmitlers

Two receivers are used; each has two rrF heads, one for 4 kme and
one for 460 me, with both feeding into the same 1r portion of the re-
ceiver. Hence two channels of a single frequency or two different fre-
quencies can be recorded simultaneously. The 4-kme receiver will be
discussed first; it is to be understood that the only difference between
it and the 460 me receiver is in the rr section and first beating oscillator.

In the 4-kme receiver the rr signal is mixed with the first beating
oscillator in a balanced converter. A matched pair of 1N23C and
IN23CR erystals are used, the 1F cable to the first amplifier being ad-
justed for the best noise figure. The converter noise figure is 9 to 11 db,
depending on the crystals selected.

To achieve the narrow bandwidths required, we used the conventional
technique of quadruple detection. The details are indicated on Fig. 4.
The gain of each 1r stage (66 me, 1.8 me bandwidth; 3 me, 150 ke band-
width; 150 ke, 25 or 6 ke bandwidth) is adjusted so that its gain is
equal to the signal-to-noise ratio improvement when that 1r is added
in the receiver. In other words, a broadband detector at the output of
any of the 1F stages will read the same amount of noise when the rr
converter is connected to a matched load.
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The 66-me amplifier* has five stages with a grounded-grid WE417A
input stage. The gain of the amplifier is 95 db, for low-level input.
Automatic gain control is applied to two stages to increase the dynamic
range from 28 db to 60 db. Compression is applied only to the 66 me
amplifier and is controlled by the output of the last detector; this means
that the relative db calibration at the last detector is the same for any
r bandwidth selected, assuming that the other 1 amplifiers are linear.
Additional loss must be inserted at the rF end if the signal is high and
the narrowest 1r bandwidth is used.

Succeeding 17 amplifiers are linear over the intended range of opera-
tion. The automatic gain control amplifier is a high-level 40-db linear
amplifier with a low output impedance (5000 ohms); it is linear up to
0.7 volt input. Hence the de output after the detector is at a high level
(=100 volts for —71 dbm input to the receiver using the 25-ke band-
width) and at low impedance. A portion of this output voltage is used
as the acc voltage, which is fed back to the 66-me 1. Gain stability
problems are considerably reduced by not using any de amplification in
the receiver.

I'requency stability is achieved by using erystal-controlled beating
oscillators. The one with the most eritical stability problem is the first
beating oscillator, which consists of a modified Western Electric micro-
wave generator.

The gain stability of the over-all system is 41 db for about one-half
week; this is using the 50-db range on the receiver and the 6-ke band-
width. The frequency stability for that same period is £13 ke. The
frequency deviation is recorded on a recorder with a 0-10 ke scale.

The 460-me receiver consists of a WIE416B triode as an rr amplifier,
a crystal-controlled beating oscillator and two 1 stages. The 1F output
is connected through an 1F attenuator to the rest of the receiver, as
shown in Fig. 4.

There are two ew transmitters used in these propagation tests. Both
are crystal-controlled and designed for unattended operation by remote
control. The control circuits incorporate time sequence, with air pressure
and safety interlocking devices. The transmitters will be described with
the aid of Fig. 5.

The power output of the 4-kme transmitter is obtained from a Sperry
SAC41 three-stage klystron amplifier. The rr output is 20-30 watts
with a drive of 50 mw.

As stated in the last section, the frequency stability of the transmitter
must be better than =412 ke (four parts in 107), when the narrowest 1r

* Designed by W. C. Jakes, Jr., of the Holmdel laboratory of Bell Telephone
Laboratories.
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amplifier of the receiver is used. To achieve this, the driver for the
klystron amplifier is a modified TD-2 Western Electric microwave gen-
erator. The modifications include increased temperature stability of the
crystal oscillator by the use of specially cut crystals and a different
crystal oven. The complete generator is also temperature-controlled.

An Esterline-Angus recorder monitors the power delivered to the an-
tenna. Calibrated rr attenuators, directional couplers and power meter
are used to calibrate the E-A recorder.

The 460-me transmitter uses a crystal-controlled oscillator with fre-
quency multiplication and amplifying stages to obtain the required 500
watts output. The component parts of this transmitter are: Motorola
Type TA110 15-watt erystal-controlled exciter; Radio Engineering Labs
transmitter output amplifier and power amplifier.

Since the frequency is about one-tenth that of the 4 kme transmitter,

4,110 KMC
1
} 4.044 KMC
BALANCED ! BEATING
CONVERTER |+ |OSCILLATOR
[ 150 KC
BW-25KC
—T 95 DB GAIN r——— 10.8 DB GAlN——--T MIXER b—e{ 370 1F {
66 MC 3IMC H i
i BW-1.8 MC BW-150 KC 708 cAIN--
1 ) ’l
M 1ST IF —+‘MIXER s
/
[ 74 -——-14D8B GAlN——*I
K |
! MIKERH 3RrRD [F
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IF BEATING BEATING
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Fig. 4 — 460-me and 4-kme ew receivers.
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Tig. 5 — 460-me and 4-kme cw transmitters.

the frequency stability need only be one-tenth as good when measured
on a percentage basis. However, the stability of the transmitter is only
421 ke. Since the transmitter power output is higher at 460 me than
at 4110 me, the 6-ke receiver bandwidth is not required, and the stabil-
ity of +2% ke is satisfactory when the 25-ke bandwidth is used.

2.3 Recording Apparatus

In propagation studies it is desirable to record the data so that the
maximum information can be obtained without having to convert the
original data into other presentations. Hence the presentation of the
data depends on what use is to be made of them. Our program has con-
sisted of the following analyses: statistical distribution of median signal
levels and short-term fading for a long period, say a year (operation 60
hours a week); angle of arrival studies; diversity studies; and frequency
sweep experiments.

Fig. 6 shows the setup for recording median signal levels with periodic
sampling of the short-term fading. The output of the receiver is con-
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nected to a Sanborn two-channel recorder. This recorder has a time
constant (t.c.) of 0.015 second and has a recording speed of from 0.5 to
50 mm per second. The receiver output is also connected to a Doelcam
de amplifier which drives the Esterline-Angus (E-A) recorder through
a 0 to 25 second t.c. circuit. The de amplifier has a frequency response
from 0 to 42 eps and is stable to 1 per cent full scale on a long-term basis.
The Sanborn recorder is energized to take a sample of short-term fading
every half-hour for an interval adjustable from one-half to five minutes.
A marker pen on the E-A recorder is also energized during that period.

The recording setups for the angle of arrival, diversity and frequency-
sweep experiments will be discussed in the sections where the experi-
ments are described.

2.4 Calibration Procedure

The calibration procedure of the receivers consists of several steps.
Trirst, the rF input of the receiver is terminated in a matched load. Then
each 1r amplifier is adjusted to have the same noise output as the 66-me
7 amplifier of that receiver. This is done by means of a broadband
crystal detector whose frequency response is constant within 41 db
from 100 ke to 70 me. The high-level 150-ke amplifier and high-level
detector are adjusted to give —100 volts de out with 0.7 volt ae in.

The matched load is removed from the input of the receiver and is
replaced by a 4-kme rr signal generator. This rr signal generator uses
a microwave generator similar to the one used at the transmitter. Its
output, monitored by a microwave power meter, is fed to the receiver
input through ecalibrated directional couplers and rr attenuators. For
an RF signal of —71 dbm (25 ke 17 bandwidth), the Acc control is

NO.1 DC TIME E.A. MEDIAN
== AMPLIFIER ConSTANT RECORDER
RECEIVER
OUTPUTS "
TIME 0
pc E.A.MEDIAN 0
- - CONSTANT
NO. 2 AMPLIFIER iyl RECORDER 2
14
g
~ START-STOP e
2 CHANNEL CONTROL SAMPLER 2
SANBORN 0-5 MIN. LENGTH
RECORDER 30 MIN. INTERVAL
SHORT—TERM
FADING

Fig. 6 — Recording setups for measuring median signal levels with periodic
sampling of short-term fading.
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adjusted to give —100 volts de output. A calibration curve in steps of
5 db is taken; this completes the calibration.

To calibrate at 460 me, a Hewlett-Packard Type 608A signal generator
is used. This unit has a built-in power meter and calibrated attenuator.

III. MEDIAN RECEIVED POWER

In this section we shall discuss the median signal levels received on
a tropospheric beyond-the-horizon system. In the first part our discus-
sion will be limited to one frequency of transmission, 4 kme; here we
receive simultaneously on two antennas with different aperture areas.
One of the interesting aspects of this type of propagation is that the
power received by an antenna does not increase linearly with an in-
crease in aperture area. The effect has been called “aperture-to-medium
coupling loss” and “loss in antenna gain.” The phenomenon has not
been noticed at the lower frequencies primarily because it does not be-
come appreciable until the aperture is of the order of a hundred wave-
lengths for a path of two hundred miles or so. Antennas of this aperture
are physically realizable at present only in the microwave region.

In the second part of this section a scaled experiment to determine
the wavelength dependence in this type of transmission is described; it
is performed using simultaneous operation at two radio frequencies, 460
me and 4 kme, using almost equal antenna beamwidths. The antenna
beamwidths are broad enough to make the “loss in gain” negligible;
hence the atmosphere is the controlling factor in the transmission.

3.1 Dependence on Anlenna Size at / kme

In this study the received signal level was recorded for about 60 hours
each weekend; the period of the experiment was from January 1956 to
January 1957. The 4-kme transmitter was used with the 10-foot antenna.
Fig. 7 shows the common volume subtended by the antenna beams and
the elevations involved. The results of this study show that the ratio of
the median signal levels received by the 60-foot antenna and the 8-foot
antenna are usually much smaller than would be expected on the basis
of the antenna gains. The ratio of the gains of these two antennas is
17 db at 4 kme. The ratio of the power levels received by the two an-
tennas varies considerably from day to day and in some instances from
hour to hour; on a yearly basis it is 5.7 db.

A strong seasonal dependence, as reported by Bean and Meany'® and
Bullington, has also been observed. The data indicate that the received
signal level is approximately 15 db higher in summer than in winter.
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Fig. 7 — Common volumes in elevation plane for the 4-kme circuit. The half-
power beamwidths are shown for the 10-foot transmitting antenna (7) and the
60-foot (/1) and 8-foot (R.) receiving antennas. The dotted lines show the bend-
ing of the beams of the receiving antennas during unusual weather conditions at
the receiving end (see Section 4.2).

This dependence is shown to be closely related to the refractive index
of the atmosphere derived from data taken at ground level near the
center of the path.

The fading range of the 15-minute medians is obtained for each week-
end’s recording. The fading range is taken as the ratio of the power levels
at the 10 per cent and 90 per cent points of the distribution curve. The
fading range of the 15-minute medians averaged over the year is 13 db
for the signal on the 60-foot antenna and 9 db for the signal received
on the 8-foot antenna.

3.1.1 Method of Data Analysis — Samples of Recordings

The received signal levels were recorded on Esterline-Angus recorders
using a time constant of 25 seconds. The 15-minute medians were then
tabulated and reduced to a percentage-of-time basis. The resultant
distribution of these medians for the particular weekend period was
plotted in percentage of time versus dbm on arithmetic probability
paper. By this method the median received power level is established
at the 50 per cent of time point for the given weekend. We will now dis-
cuss some samples of weekend recordings.

Fig. 8 shows a segment of the weekend recording for May 25-28, 1956.
This record is typical of the field strengths encountered during the year.
In this case the distributions for both antennas are fairly linear and
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indicate that the received power is distributed randomly when plotted
in percentage of time versus decibels. The difference between the 50
per cent points of the two distributions is about 5.0 db, as indicated
by the circles marked on the curves. When adjusted for antenna line
losses, this difference becomes 6.3 db.

During the weekend of October 21-24, 1955, the difference in the
medians of the two antenna was about 8.5 db, as shown in Iig. 9 (9.8
db when adjusted). Some of these distributions were far from linear,
since there often was a departure from linearity in the curve at the higher
signal level and low percentage-of-time regions. This condition was ob-
served several times during the year; it is believed to be due to large
stratified layers in the atmosphere.

The weekend of March 23-26, 1956, gave us our lowest medians of
the year. A segment of the record is shown in Fig. 10. In this case the
medians for the two antennas are almost equal; this is often found when
the received power level is low.*

3.1.2 Distribution of Weekend Medians for One Year

The median signal levels of each weekend are plotted for the year
from January 8, 1956, to January 13, 1957, in Fig. 11. The points rep-
resent the average power available at the output of the antenna feed
horns. Tt may be seen from this curve that small ratios of the power
received by the two antennas are most prevalent during the winter
months.

In Fig. 12, the weekend (60-hour) medians of Fig. 11 have been plotted
on a percentage-of-time basis for the year. The median values of these
curves establish the performance of the antennas on a yearly basis.
From the ratio of these medians we find that the power output of the
60-foot antenna is 5.7 db above that of the 8-foot antenna.

The median power output of the 8-foot antenna (on a yearly basis)
was —109 dbm. Since the power received under free-space conditions
for the 8-foot antenna would be —36 dbm, the transmission loss, rela-
tive to free space, was 73 db at 4110 me for this 171-mile path.

3.1.3 Comparison with Theory

In the theory of reflection by layers, the transmission loss in radio
propagation beyond the horizon for equal size transmitting and receiv-

* The numerous spikes in the record are reflections from aircraft flying through
the path. These reflections are much more evident on the record obtained from the
8-foot antenna, since the 8-foot antenna gives a greater common volume than the
60-foot antenna (see Fig. 7).



1084 THE BELL SYSTEM TECHNICAL JOURNAL, SEPTEMBER 1959

‘puoyaIMm —.ﬁ:N_m usBlpauI UaTq B 10} S9AIID UO LY LIYSIP PUE SPAUUDd [9AT] [BULLS UDIPTW ju Spuvisy = g wyg

Wea
oSi= O¥l- Ofil- 02il- Oll- 00l- 06— 08- OL-
T 566 £
] [}
\ £v
\ S6 —m
SNVIQIN  y m?
3LNNIN §1- 252 og %0
YNNILNY ;8 SNYIaTN am
alnNInsL-lezHos 5
4 _ / /r<zzu._.z<.om Wm
X o2 Wll.
NN b \ / az
GG6l‘ve-12 100 \ L} S @
LY 3

—

- 30
= EE=— NW
i E R
iR Bt N ok
s =—— 3
Tt A= s = 02
mmﬂ ‘€2 °380120 ==
WNNILNY ,09 ‘¥3mOd nm>_m_umm / ,,, r.fﬂ.m L/L/Luﬂ ==
OO b0oO0ODOOQ@OCODDO 0D 0O0O0O0O0O0O0GOCGC
N 3SI0N
|. = w MW
= =t orC
===== = 23
g =t —= w__w_
mﬂ — ;mll.* ; — [y
5561 ‘€2 4380150

f YNNILNY ,843MOd Q3A13038=




1085

TROPOSPHERIC PROPAGATION BEYOND THE HORIZON

WP 9L— ST SPIOIAIL AY) UO B[BIS [[Nf YT,
"PUIY2IM [RUTIS UBIPIW MO] T 10} SOAIND UOTIN(LIISIP PUE SPI0IAT [9AI] [FUSIS UBIpPaW Jo sjuswdog — o7 "Hi,]

wea
091- 0Sl— Ovl— OE€I- 02l- Oli- 00I- 06— 08-

T 566 <

_ , 0

L f | z
- IE& T 66 _I_..m
SNvigaw - - ; m®
JLNNIW SI-892 | A 08 X0
YNNILNV ,8 | nm
L S — S N L oS Mi
no
E SNVIG3W T
- : +3LNNIW 61-892 02 24

VN

~W P \ N3ILNVY ,09 w..m_

9561 ‘92-€2 HOHVA [\ S G

_ 1 1 A F n“

o o

W eSS == \ £ F w =7 77 W =7 1\\ i \ / m 77
FE==cc=s=scoa= : ;7 =S
e ? : i ov-
e == = — i g
= == ====S o g5
§ =t 1 A1 : e o Al L
m_|, T e —— == ..., 4 ,, - f Y S\ 1 o3
T 966l vm HOYVYW - - A 8 f» , f__ / / .,_ ._,,@,..m:_n nz
,v YNNILNY Ow w_m_BOn_ 0m>_m_um_a, Y / e e e /L,.,|M|
& ) ! hoeono }
==" = LF F .w —~—F 7 M T e oy S j
: \Jm L I 7 : xﬂ,-wmﬁz

; T|¢ . s
= i G
=== 03
=== ma
M 9561 ‘p2 HOUV ——— 02
VNNILNV 8 ‘Y3IMOd Q3AIFOTY e



1086 THE BELL SYSTEM TECHNICAL JOURNAL, SEPTEMBER 1959

=90 T T
. g ARANA\
: -100 .DAVN J Y
z f Boond |\
o F\/’ ] Bﬂ\f& JF\\ Rm
2 -0 A INAA MW N A

L RN 4 LAY . I

i A A 7| 8’ RECEIVING \
= L)) U;! IFAN ANTENNA ! b.q
§ 120 E gl b
4

-130

JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOY DEC JAN
1955 1957

Tig. 11 — Weekend medians (60 hours) for one year of power received at 4110
me. The 10-foot transmitting antenna was used with a power input of 43 dbm.
Received power adjusted for antenna line losses. Period: January 1956 through
January 1957.

ing antennas is given by three factors, as shown below in (1). The first
term in brackets represents the power that would be received in free
space, the second term involves the characteristics of the atmosphere,
and the third term is a correction factor for narrow beam antennas:

Py = [I’r)\z:l [4]1-[7\] g-f (:) , (1)

4a*e® 36 9+ g

where

P and Py are the powers received and transmitted,

a, for actual antennas, may be taken as the half-power beamwidth,

9 is the angle between the lower edge of the idealized antenna pat-
tern and a straight line joining the terminals and

2a is the distance between the terminals.

These parameters are shown in Fig. 13 (Ref. 5, p. 636). Also,
A is the wavelength,
M is a factor which includes the average size, number and strength
of layers in the atmosphere, and

IR IR

2+
1+

[/

f(g)—1+(l;g)4—é

We now compare the power received by the 60-foot and 8-foot antennas
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at 4 kme using the theory. Since unequal beamwidths are involved, a
generalization of (1) is necessary. (This is carried out in the Appendix.)
The result is

an; (ar + 20) [f( e) +/ ( 6 ) (e +0a,¢ .)41 (C;Tn: ii)] @

aryar(an, + 26) [ (9;“) ( ) (af ar)tf(ag#_ajq‘):l.

Fig. 13 — Parameters in a beyond-the-horizon circuit.
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Substituting the appropriate parameters for this circuit, 8 = 0.9° (4/3
earth), ar = 1.8° (10-foot antenna), ax, = 2.2° (8-foot antenna), ar, =
0.33° (60-foot antenna), we get

Prs _ 65 (8.1 db).

Ry

This compares favorably with our measurements of 5.7 db. This meas-
ured value is somewhat smaller than one might expect purely from the
“loss in gain” of the 60-foot antenna, since it also includes the effects of
loeal bending at the receiving site, as discussed in Section 4.2.

3.1.4 Relationship belween Propagation Data and Meteorological
Conditions

It is apparent from Fig. 11 that the received power has a strong sea-
sonal dependence, being as much as 15 db higher in summer than in
winter. In Fig. 14 the weekend values have been averaged over the
month and replotted along with the average monthly temperature. The
temperature, relative humidity and atmospheric pressure at ground level
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Fig. 14 — Monthly medians of received power at 4110 me compared with sur-
face temperature and refractive index from weather station at Avoca, Pa.
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were obtained from the weather station at Avoea, Pennsylvania, which
is near the middle of the propagation path. From these data the refrac-
tive index at the ground level was calculated and is also shown in Fig.
14. The formula' used for calculating the refractive index is:
77.6 4810 e, RH)
- m )

N=(n—1)><1(}5=—(p+ T

; @

N = refractive index in “N?’ units,
n = refractive index of the atmosphere,
p = atmospheric pressure in millibars,
T = temperature in degrees Kelvin,
e, = saturation vapor pressure in millibars for the temperature, T,
and
RH = relative humidity.

The correlation between the received power level and the refractive
index is believed to be due in part to the bending of the radio waves,
as discussed in the theory (Ref. 5, p. 640). Thus, in the summer season
when the refractive index is highest, more bending occurs and therefore
the received power is higher.

3.2 Wavelength Dependence

This section describes a study in which measurements were made
simultaneously at two widely separated wavelengths to investigate the
wavelength dependence. The half-power beamwidths of the antennas
are fairly broad at both frequencies, the vertical and horizontal beam-
widths along with antenna sizes being shown in Fig. 15. While the
beamwidths of the antennas used for the two wavelengths are not
exactly equal, there is supporting evidence from our other experiments
that the beams in all cases are sufficiently broad to insure that atmos-
pheric effects are controlling over the effects of antenna size.

The method of analysis was the same as that for the experiment de-
seribed in the previous section.

3.2.1 Received Power at 460 and 4110 me

Fig. 16 shows the median power levels for both the 460-me and 4110-
me signals. While the data are for a 21-month period (from April 1956
through December 1957) the data are plotted as a yearly period; the
data from April through December 1956 were combined with data for
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(a) 4110 MC CIRCUIT (b) 460 MC CIRCUIT

Tig. 15 — Antenna beamwidths and common volumes for wavelength depend-
ence study: (a) 4110 me; (b) 460 me.

the corresponding month in 1957 and plotted as one month. The avail-
able data for the months of January through April 1957 were sparse. A
seasonal variation in the received level similar to that noted in the
previous section is evident in Fig. 16.

The weekend (60-hour) medians of received power were normalized
to the power that would be received under free-space conditions for
both wavelengths and cumulative distributions were made. These data
are shown in Fig. 17. The median beyond-the-horizon transmission loss
is 61.5 db at 460 me and 69.8 db at 4110 me. The long-term median
received power relative to free-space transmission is 8.3 db greater at
460 me than at 4110 me.

3.2.2 Variations in Wavelength Dependence — Comparison with Theory

The wavelength dependence was found to vary considerably from
day to day. In order to determine the variability of the wavelength
dependence, the weekly median beyond-the-horizon transmission loss in
excess of the free-space loss at 460 and 4110 me was expressed as a ratio.
A cumulative distribution curve of these ratios is shown in Fig. 18.*
The ratio, Tieo/Tio , is the relative transmission coefficient at 460 and
4110 me. It should be emphasized that, since the antenna beams used

* Bolgiano' has found a similar wavelength dependence using Lincoln Labora-
tory data.
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Fig. 16. — Median received signal levels for one year at 460 and 4110 me. At 460
me the 28-foot transmitting antenna was used with a power input of 57 dbm, sig-
nals were received on the 60-foot antenna. At 4110 me, the 10-foot transmitting
antenna was used with a power input of 43 dbm, signals were received on the 8-foot
antenna. The data have not been adjusted for antenna line losses (see Table I).
Period: April 1956 through December 1957,

were large, it is believed that this distribution is a true representation
of the effect of the atmosphere on the propagation at the two widely
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Fig. 17 — Distribution of the beyond-the-horizon transmission loss in excess of
the free-space loss at 460 and 4110 me. Period : April 1956 through December 1957.
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separated wavelengths. Since the distributions were obtained using the
60-hour weekend medians instead of the 15-minute medians, an abrupt
change of slope occurs in the extreme values.

With the aid of Fig. 18 we see that the median value of the relative
transmission loss is 8.3 db. At the 95 per cent point on the distribution
the 460-me signal is about 19 db greater than the 4110-mc signal. At the
2 per cent point the received signal levels at both frequencies are about
equal (all relative to free space).

Wavelength dependence has also been considered in the theory. In
the last section we were concerned with the antenna sizes at one fre-
(uency; here we keep the beamwidths constant and vary the frequency.
Using (1) one obtains

Pr,/Pr, (beyond horizon) _ (ﬁ)l
Pr,/Pr, (free space) A/

when we have intermediate size layers (Case 3) (see Ref. 5, p. 637,
Equation 17). For large layers (Case 1) this ratio becomes

Pr,/Pr, (beyond horizon) _ ()ﬁ)2
P,/ P, (free space) Ao/

while for small layers (Case 2) we have

P,/ Pr, (beyond horizon) _ (ﬁ)"
Pr,/Pr, (free space) v

Ior large layers in the atmosphere (Case 1), the wavelength depend-
ence is 19.0 db for the frequencies used; if layers in the atmosphere are
small (Case 2) the wavelength dependence is 0 db. For intermediate
size layers (Case 3) we get 9.5 db, which compares favorably with the
measured value of 8.3 db.

IV. CHARACTERISTICS OF THE SIGNALS RECEIVED ON A LARGE APERTURE
ANTENNA

In order to learn more about the mechanism of the propagation, an
experiment was carried out using the scanning feature of the 60-foot
paraboloid antenna.® The experiment was designed to investigate the
variation in received power as the beam of the antenna was scanned in
azimuth and elevation. A further aim was to look for relationships be-
tween the scanning data and the median signal levels received simul-
taneously on the 60-foot antenna and on the 8-foot comparison antenna.
A discussion of the aiming of narrow-beam antennas as it is affected by
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Fig. 18 — Disitrbution of the wavelength dependence of the relative trans-
mission coefficient at 460 and 4110 me. Period: April 1956 through December 1957.

foreground terrain and local atmospherie conditions concludes the see-
tion.

4.1 Beam Swinging Fxperiment

In this experiment the 10-foot transmitting antenna and the 4-kme
transmitter are used; Fig. 19 shows the setup at the receiving end. A
de voltage which is proportional to the angle of rotation of the 60-foot
antenna is derived from potentiometers and fed to the X-axis of an
oscillograph. The signal from the receiver is placed on the Y-axis and
is recorded by using a Polaroid camera attached to the oscillograph.
The total scan is 2.8° in azimuth and 3.0° in elevation. The period of a
single scan is 15 seconds. Since the period of the short-term fading ean
be an order of magnitude smaller than the scan period, an integration
method is used to average out the time variation of the received signal.*

* A rapid beam-swinging experiment has recently been performed by Water-
man.?
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Fig. 19 — Recording setup for beam-swinging experiment.

This is accomplished by superposing 12 scans on a single photographic
exposure. During this interval the type of fading as well as the median
signal level remain fairly constant.

The median signal levels received simultancously on the 60-foot an-
tenna and on an 8<foot comparison antenna are recorded on Esterline-
Angus recorders; the time constant of the recorder circuits is 25 seconds.
The 60-foot antenna is aimed for maximum signal for recording the
median level.

4.1 Examples of Beam-Broadening

Figs. 20 and 21 show sample scans taken with the 60-foot antenna at
4.11 kme; these were chosen to illustrate interesting characteristics of
the received signal. The angles, 8,0 and y1o , represent the width of the
patterns in degrees at the 10-db points for horizontal and vertical scans
respectively; they are obtained by drawing an envelope through the
maxima of the photographed signal and measuring the width of the
envelope at points 10 db below the maximum signal level. The zero on
the angle scale repr esents the same antenna orientation for all the pic-
tures; it is otherwise arbitrary.

Fig. 20(a) shows azimuth and elevation scans on the line-of-sight
Murray Hill-Crawford Hill path. It will be noted that there is some
asymmetry in the patterns of Fig. 20(a); this is because the feed horn
used was one of an assembly of horns used for other experiments. Thus,
the gain and beamwidth were not optimum.

Fig. 20(b) shows a rather unusual transmission phenomenon. It is
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characterized by a very high median received signal level (about 35 db
higher than that usually observed) and by very slow fading (on the
order of one fade per minute). At this time the free-space beamwidth
and gain of the large antenna were realized. These observations point
to the existence of a large stratified layer in the region common to the
beams of the transmitting and receiving antennas.

Fig. 20(c) has a pattern width slightly broader than the free-space

HORIZONTAL SCAN VERTICAL SCAN
o= 0.5° %10=0.5° (a)
DIFFERENCE

IN MEDIANS

60’ TO 8' DISHES
=16/ DB
MEDIAN OF 8’
DISH = — DBM
SEPT. 14, 1956
2:40 PM

DECIBELS

(b)
— DB
— 65 DBM
SEPT.18, 1955
10:30 AM

(c)
15 DB
—80 DBM
SEPT. 1,1956
3:40 AM

{d)
1408
—1161/2 DBM
JAN. 16 , 1956
4:00 PM

DECIBELS

(e)
81/2 DB
—96 DBM
JULY 9,1956
9:50 AM

wv
-
w
[ua]
Q
w
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z
o
I
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1 ]
. 05 1.0 1.4 1.5 1.0 05
WEST EAST DOWN uP

ANGLE IN DEGREES

Fig. 20 — Sample scans of signals received on the 60-foot antenna at 4110 me.
The zero on the angle scale represents the same antenna orientation for all pie-
tures; it is otherwise arbitrary.
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beamwidth, but it is characterized by more rapid fading than in Fig.
20(b). Fig. 20(d) shows that it is possible to have very little beam-
broadening (near free-space characteristic) for low median signal levels.

IMig. 20(e) is an example of the average beam-broadening observed on
this circuit. Two features of the vertical scan are worth noting: the linear
decrease in received power (in db) as the angle of elevation of the an-
tenna is increased from 0° to 1.5° is typical; the lobe near 1° down is
due to reflection from the foreground of the receiving site and will be
discussed in more detail later,

Fig. 21(a) shows a very broad pattern; the received power is essen-
tially independent of the azimuth setting of the antenna. We believe
that this condition is due to numerous reflecting layers of small dimen-
sion in the atmosphere.

HORIZONTAL SCAN VERTICAL SCAN

Jio=>2.8° Z0=1.1° (a)
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= 22 DB
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(b)
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Fig. 21 — Additional sample seans of signals received on the 60-foot antenna
at 4110 me.
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The vertieal sean in Fig. 21(b) indicates the existence of two strongly
reflecting regions in the atmosphere at heights corresponding to 3000
and 11,000 feet above the ground at midpath.

The rapidity with which atmospherie conditions can change is illus-
trated by comparing Figs. 21(¢) and 21(d), which were taken on the
same day five hours apart. The horizontal beam-broadening in Fig. 21(d)
exceeds that in Ifig. 21(c) by about three times, yet the median signal
level is the same in the two cases. The weather map for that day indi-
cates a front moving perpendicularly to the transmission path from the
west.

The range and rate of fading at the edges of the pictures are greater
than at the center. This is caused by two factors: the scanning motion
of the antenna is sinusoidal, so that the antenna beam spends more
time at the edges of the scan than in the middle, hence both the exposure
time and the probability of a high signal are increased at the edges; and
the fading rate off the great circle route is greater due to longer path
delays.

4.1.2 Average Scanning Patterns — Comparison with Theory

To find the average beam-broadening, 30 sets of pictures, similar to
those in I'igs. 20 and 21 were taken over a period of several months; the
envelopes of these were normalized and then averaged. In other words,
the average envelope of received power versus angle was obtained. T'ig.
22 shows the results of this analysis. The free-space patterns are shown
for comparison.

The composite horizontal sean [IFig. 22(a)] shows that, on the aver-
age, most of the power directed toward the receiver is contained within
an angle of one degree (measured at the 3-db points) in the horizontal
plane. Thus the free-space pattern is broadened by a factor of three.
There is definite asymmetry in this composite pattern; this is due to
the fact that some of the horizontal sean patterns peaked between 0
and 0.5° west rather than at the dead-reckoning position (0.35° east).
The cause of this anomalous condition is unknown at present. Large
horizontal beam-broadening and rapid fading were present when the
shift was evident [see Fig. 21(a)]. When the anomaly was present, a
check on the orientation of the antenna was made using the Murray
Hill transmitter, and it was determined that the shift was not due to
deformation of the antenna itself.

Fig. 22(a) shows the measured azimuth position of Murray Hill with
respect to the horizontal scan. Caleulation of the initial course angles
(dead reckoning) between Crawford Hill and Murray Hill and between



1098 THE BELL SYSTEM TECHNICAL JOURNAL, SEPTEMBER 1959

(a) ‘ ,/’

- Vi
ﬂ 4 /,‘r
w
o g o
9 s
Vi |
a / /
-8l 7
/ | MURRAY
HILL PHARSALIA
10— -0.24 0.35 T
[
l(—c.59°——l |
-12 | 1 | |
-1.5 -1.0 -0.5 0 0.5 1.0 1.5
WEST SCAN ANGLE, ¢, IN DEGREES EAST
0
(b)
-2 —
-4

BEYOND
HORIZON
(MEASURED)

DECIBELS
1
[
T
=
=
/
p
-~

~ | \
-10 — — — | - —
‘ FREE spAcej\
PATTERN \
-12}— ifﬁﬂ I — e N
_14 e : ——— —
_ -0.28 HORIZON
18F——-1.2T-019 - 1 |
ram—nl ¢ —0.19 MURRAY HILL
-18 L L \
-1.5 -10 -0.5 ) 0.5 1.0 1.5
DOWN SCAN ANGLE, 7, IN DEGREES up

Fig. 22 — Average (a) horizontal and (b) vertical seanning patterns. The ex-
perimental eurves represent a composite of 30 scans. The theoretical curves are
caleulated from the theory, using intermediate-size layers.

Crawford Hill and Pharsalia gives a difference in azimuth of 0.59°. This
angle also is Inid out on the figure; it will be noted that peak signal on
the composite scan coincides with the calculated position of Pharsalia.

The composite vertical sean is shown in Iig. 22(h). Reflection from
Raritan Bay (shown on the foreground profile in Fig. 3) accounts for
the strong lobe which appears when the antenna beam is pointed below
the horizon. Using this profile, the position of the bay and other infor-
mation were caleulated and superimposed on the angular scale. It is
interesting to note that the drop-off in power as the antenna scans below
Murray Hill closely follows the free-space pattern. The power directed



TROPOSPHERIC PROPAGATION BEYOND THE HORIZON 1099

toward the receiver is contained within an angle of 0.6° (measured at
the 3-db points) in the vertical plane. A comparison with the free space
pattern shows that a three-to-one broadening occurs.* The average
curve shows that the received power (in db) falls off rather linearly as
the angle of elevation of the antenna is increased from the horizon to
higher elevations. If one converts elevation angle to height at the center
of the path, one finds that the power fall-off between 3500 feet above
sea level (—0.1° on the secale) and 13,500 feet (+41.1°) is 10 db; thus
the average rate of fall-off of received power with height is about 1 db
per thousand feet.

Using Fig. 78 in the Appendix, one can calculate the beam-broadening
of an antenna of given beamwidth. The free-space antenna pattern used
in the theory is wedge-shaped, so that the theoretical eurve for the vertical
beam-broadened pattern rises very steeply for angles near the horizon.
The theoretical patterns are shown in Fig. 22; the vertical pattern is
normalized with the experimental one at the 3-db point.

The theoretical curves plotted are those for the intermediate size
layers (theory, ease 3). If one considers the atmosphere to be composed
of several large horizontal layers, then one would expect the beamwidth
at the receiver to approximate that of free space; this is consistent with
the result shown in I'ig. 20(b). On the other hand, if one considers sev-
eral large layers which may be tilted with respect to the horizontal
plane (theory, case 1) then a broadened pattern similar to that of Iig.
21(c) is obtained. Furthermore, if sinall layers (theory, case 2) which
are uniformly distributed throughout the atmosphere are considered, a
pattern broader than that of Fig. 22(a) is obtained. However, the theory
in its present state does not account adequately for very broad patterns,
such as Fig. 21(b).

4.1.3 Beam-Broadening and the Ratio of the Power Recewved on the 60-
Foot and 8-Foot Antennas

Since the beam-broadening of the 60-foot antenna varied so much
from day to day, as shown by the data just discussed, it seemed desir-
able to try to obtain a quantitative relation between the beam-broaden-
ing and some other parameter such as median signal level. The follow-
ing experimental procedure was adopted: the horizontal and wvertical
scans were taken and the 10-dbh widths of the patterns (81 and v1) were

* The beamwidth measured from the peak to the half-power point above the
horizon is about 0.4°.

t The very broad patterns might be explained with the assumption of numerous
isotropie reradiators.
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measured from the photographs. Both before and after the scans, the
median signal levels on the 60-foot antenna and on the 8-foot antenna
were obtained from the Esterline-Angus recorders. From theoretical
considerations, it was believed that the product of the 10-db widths in
the two planes and the ratio of the power levels on the large and small
antennas were the significant parameters.

In Fig. 23 observed values of the ratio of power on the two antennas
are plotted versus measured inverse products of the 10-db pattern
widths. The points fit the curve that is discussed in the next paragraph.

Consider antennas as used in a line-of-sight path with plane waves
incident upon them. Then the ratio of the power received in free space
by a paraboloid of a certain aperture relative to that received by an
8-foot paraboloid can be plotted as a function of the inverse product
of the free-space horizontal and vertical beamwidths of that paraboloid
as its aperture size is increased, as shown by the curve of Fig. 23. The
end points of the curve correspond to the measured gain and beamwidth
of the 60-foot and 8-foot antennas; the curve is normalized to give a
gain of 0 db for the 8-foot antenna. The ratio of the gains of the 60-foot
and the 8-foot is 16.5 db; the 10-db beamwidths are 0.5° and 2.8° respec-
tively.

Consider now two antennas, a 60-foot and an 8-foot paraboloid, used
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Tig. 23 — Ratio of median signal levels received simultaneously on 60-foot and
8-foot antennas as o funetion of the inverse product of the 10-db beamwidths;
810 and 1o are the beamwidths in degrees for the horizontal and vertical seans,
respectively. Points are experimental ; curve is theoretieal.
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in a beyond-the-horizon propagation test. This experiment is a duplicate
of the one on the line of sight, except that antenna size is not a variable.
The ratio of the power received on the two antennas is measured simul-
taneously with the horizontal and vertical beam patterns of the 60-foot
antenna, and this ratio is plotted against the inverse product of the 10-db
widths of the measured patterns as discussed previously.

Since the experimental points in Fig. 23 lie close to the theoretical
curve, it is concluded that the beam pattern and received power of the
60-foot antenna in a beyond-the-horizon cireuit change from day to day
in a manner corresponding to an antenna of changing size in line-of-
sight propagation. The ratio of the power received on the 60-foot and
8-foot antennas in the heyond-the-horizon path is less than that in free
space, because the incident energy over the face of the 60-foot antenna
has components which are not of equal amplitude nor of equal phase.
It is believed that the smaller ratio results from an atmosphere which
is made up of layers of small dimension. The 8-foot antenna was used
as a reference in this experiment, since it is believed that the received
field is correlated over its aperture most of the time.

There is some scatter of the experimental points in Fig. 23 because
of the difficulty of measuring the angular widths of the beam patterns,
especially if the width is large. If it is greater than 3°, an extrapolation
has to be made.

T'rom a year's recording of the power received on the 60-foot and
8-foot antennas (Section 3.1.2) we have found that the average difference
in medians is 5.7 db. This corresponds to an average pattern width of
1.8° at the 10-db points compared with the free-space pattern of 0.5°.

4.2 Antenna Aiming

As ean be seen from the previous section, a problem arises as to how
to aim a high-gain antenna (3-db beamwidth <1°) in a beyond-the-
horizon ecircuit. The previous section showed that, on the average, the
maximum signal level is received when the antennas are aimed along
the great circle between transmitter and receiver location, with each be-
ing aimed just above the horizon. However, local atmospherie refraction
can exert considerable influence on the signals received on narrow beam
antennas.

An example of what is believed to be the effeet of local meteorological
conditions is shown in Fig. 24 for June 8, 1956. In the early part of the
evening the atmospheric conditions at the receiving site were quite
stable. During the evening the humidity rose slowly, as plotted in the
figure, and at about 11:00 p.m. the winds increased considerably. As
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observed between the hours of 6:00 p.m. and 11:00 p.m., the power
level of the signal received on the 60-foot antenna at 4 kme slowly de-
creased some 20 db, whereas the signal on the 8-foot antenna decreased
only about 9 db; and then the signal levels of both antennas suddenly
returned to their normal levels at 11:00 p.m. This effect is believed to
have been caused by increased local bending of the radio waves during
the period from 6:00 p.m. to 11:00 p.m. followed by a break-up in this
stable condition by the winds at 11:00 p.m.

Fig. 7 illustrates the local refraction which is believed to have taken
place. The narrow beam of the 60-foot antenna, as indicated by the
broken lines in the figure, is bent some 0.3 degrees into Murray Hill in
the foreground of the receiving site; thus the signal level on this antenna
decreases considerably. On the other hand, the beam of the 8-foot an-
tenna, although bent, is not completely shadowed and the decrease in
signal level is not so pronounced.

Bending of this order of magnitude was frequently observed on the
line-of-sight path between Crawford Hill and Murray Hill during the
course of angle-of-arrival measurements. Similarly, in these measure-
ments it was observed that the angle of arrival would return to its nor-
mal value when winds broke up a stable atmosphere.

This loeal bending may affect the median signal level over extended
periods, as is shown by the data on March 9-12, 1956, and April 6-9,
1956 (Fig. 11). During these weekends the 60-foot antenna was oriented
to receive the maximum signal level at the beginning of the period of
recording. However, during the run the direction of the received energy
changed, thus reducing the median signal level on the narrow beam
antenna. The weekend median signal level received on the 60-foot an-
tenna was about the same as that on the 8-foot antenna. The cumulative
effect of the local bending undoubtedly decreases the ratio of the power
received by the 60-foot and 8-foot antennas, hence the measured 5.7 db
yearly difference includes both loss of gain and local bending effects of
the 60-foot antenna.

The orientation of the antenna will depend on the beamwidth as well
as on the foreground. If one assumes a flat foreground with unity reflec-
tion coefficient, then aiming at the horizon will be best for maximum
median signal level. If the foreground is not flat, or does not have unity
reflection coefficient, an aim slightly above the horizon is preferable.
(We are considering a very narrow beamwidth antenna situated at
ground level.) For large beamwidth antennas (>2°) the aim is not as
critical; an aim toward the horizon is satisfactory.*

* Throughout the paper we have used the conventional common volume dia-
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V. RATE OF FADING OF RECEIVED SIGNALS

Part of the program of study has been the observation and interpreta-
tion of the short-term fading of the received signal. In the first experi-
ment to be described, a 4-kme cew signal is transmitted; the received
power is found to vary in noise-like fashion at a rate of a few cycles per
second. The rate of fading varies considerably from day to day and, at
times, from hour to hour, due to changes in the atmosphere. The rate
is found to depend upon the beamwidths of the transmitting and receiv-
ing antennas. Data taken at various times throughout the year have
been analyzed and a quantitative relation for fading rate has been de-
veloped which is consistent with the experimental results.

A further study is described using simultaneous transmission of two
frequencies, 460 and 4110 me. Here the wavelength dependence of the
fading and its relation to the characteristics of the atmosphere is dis-
cussed. Antennas of comparable beamwidth are used.

5.1 Rate of Fading at 4 kme — Relation to Antenna Beamwidth

The basic measuring circuit consists of a 10-foot paraboloid transmit-
ting at 4110 me and two receiving antennas — a 60-foot paraboloid and
an 8-foot paraboloid. The outputs of the antennas are recorded sepa-
rately and the simultaneous short-term fading is examined on a per-
centage-of-time basis to obtain cumulative probability distributions.
Also, the median signal levels are drawn on the records and the fading
rates (the number of one-way crossings of the median levels per second)
are determined.

From these data one can obtain significant ratios in addition to the
absolute fading rate: for instance, the ratio of the fading rate of the
signal received on an 8-foot antenna from a 10-foot transmitting antenna,
Nuaos) , to the fading rate observed simultaneously on a 60-foot antenna,
N sy - This ratio K = Noao-s)/N maosn has turned out to be sensibly
independent of the absolute fading rates.

On the assumption that propagation beyond the horizon is due to
reflections from randomly positioned layers which drift through the
atmosphere, a simple formula which prediets the fading ratio, K, for
any given combination of antennas is developed. Values of K obtained
experimentally by using several combinations of transmitting and re-
ceiving antennas check well with the formula.

grams which show idealized antenna beams with the lower edge of the beam along
the horizon. It is elear from our vertical beam-swinging experiments that for an
actual antenna pattern an zim along the horizon results in maximum received

power.
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From these investigations it has been possible to estimate the effective
horizontal scattering angle of the atmosphere for the 171-mile path at
4 kme. The scattering angle is a measure of the directional properties
of the reflections from the layers in the atmosphere. From the data, this
angle has turned out to be 0.8 degree, which is in good agreement with
the average horizontal beam-broadening of 1 degree discussed in Sec-
tion 1V,

The absolute value of the fading rate for given transmitting and
receiving antennas can be estimated with fair accuracy if the winds in
the upper atmosphere are known in the region near the center of the
path of propagation. Fading rates ealculated from known wind data
compare favorably with measured fading rates.

5.1.1 Instantaneous Signal Level Recordings — Analysis

The horizontal and vertical half-power beamwidths of the antennas
used in the basic measuring circuit are shown in Fig. 25. The approxi-
mate volume of the atmosphere common to the beams of the 10-foot—
8-foot antenna combination is shown by the shaded areas in the figure.
The cross-hatehed areas show the smaller volume utilized by the 10-
foot—60-foot antenna combination, Approximate dimensions are scaled
on the left of the sketch.
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Fig. 25 — Antenna beamwidths and common volumes for fading rate studies
at 4110 me: (a) horizontal; (b) vertical.
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Fig. 26 — Sample and distribution of instantaneous signal levels — very rapid
fading at 4110 me.

The fluctuations in the received signal are recorded on a Sanborn
recorder with a time constant of 0.015 second. It is believed that no
fluctuations in the received signal were too rapid to be followed by this
instrument and, therefore, that the records are a true representation of
the received signal.

Sample records of the signal received on the 60-foot antenna, chosen
to show the variety of fading rates encountered, are shown in Figs. 26
and 27, with the distribution for each record plotted above the sample.
Analysis of Fig. 26, a sample of very rapid fading, indicates a Rayleigh
distribution of the signal. Fairly slow fading is shown in Fig. 27 with its
distribution curve; within the accuracy of measurement, the Rayleigh
distribution is obtained. The Rayleigh distribution indicates that the
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Fig. 27 — Sample and distribution of instantaneous signal levels — slow fading
at 4110 me.

received signal is due to propagation through the atmosphere via many
paths of random relative phase.

As previously stated, the rate of fading varies considerably from day
to day, and often within the hour. Samples of very rapid, rapid and slow
fading signals recorded during one day are shown on Fig. 28. The output



1108 THE BELL SYSTEM TECHNICAL JOURNAL, SEPTEMBER 1959

—eo— I — I —— —
o ‘ | A HWH . ANTGEor:luA
B 1O L O Y O
ool wmr' TG AT ‘1!“‘ AL
~110| il |l“|'|| \UI I.ML‘IHIJIII\I \k Mhl il Nf ]N" whmﬂlh [‘ ||LI|”M||LHMM i
NoISE ,
° ® ° TIME |N155ECONDS ® 2 %
(a) VERY RAPID FADING
100 ] A -
-0 A {\A‘ n. M n' M \ AK\W'ANT&&NA
S| T AN R I
5 NOISE ! I
° -100 [ [
1o Ay Jm %M%%M .M. MMMWANTBE’NNA
-m”w VYW | Wy f
NOISE I
(5] RAPID FADING
-0 B N
N\, W/ /N oo
o V V \/ }ANTENNA
= -120 V
—100 ’\m\ -~ A ~T\/
Y \ P P | i
20 v W v

TIME IN SECONDS
(c) SLOW FADING

Fig. 28 — Samples of simultaneous recordings of instantaneous signal levels
on the 60-foot and 8-foot antennas at 4110 me,



TROPOSPHERIC PROPAGATION BEYOND THE HORIZON 1109

o]
95 \

90 \
80 \

\
. \
50 i \

40 Y
30
20 \\K

. N

PERCENTAGE OF SAMPLES IN WHICH RATIO EXCEEDS ABSCISSA

2 Q\
1
05
0.2 -
[oR]
0 | 2 3 4 5 6 7 8 9
_Nmio-s
Nm10-s0

Fig. 20 — Statistical distribution of the ratio of fading rates of the 10-foot-
8-foot antenna combination to the 10-foot-60-foot combination at 4110 me, using
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of the 60-foot antenna is shown on the top trace of each sample, the
output of the 8-foot antenna on the bottom trace. In analyzing the data,
the estimated median signal level is drawn on the record and the num-
ber of one-way crossings of the median levels is counted; from these, the
fading rate and the ratio of the fading rates are derived.

The range of values over which the ratio of the fading rates varies
may be seen on the plot of IFig. 29. These data were obtained from a
study of 392 sample records taken during the period October 1955 to
April 1956 and September to November 1957. The median of the ratios
of the fading rate of the signal received on the 8-foot antenna to the
fading rate of the signal received on the 60-foot antenna is 2.60. The
ratio is well-defined, the spread of values being small.

Table I1I lists all the antenna combinations used during the measure-
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TasLe III — MeAsURED AND CarcuraTED FApING RATE RATIOS FOR
Various ANTENNA COMBINATIONS — 4 KMC

K = Ratio of Fading Rates
Transmitting Receiving K Number of
Antenna, feet | Antennas, feet Samples
Measured Calculated
10 8 N mto-8 392 2.60 —
60 N m(10-80)
10 8 Nomao-s) 98 1.61 1.47
28 Nmi0-28)
10 28 N m@o-28) 181 1.62 1.67
60 N mqo-60)
28 8 Nomzs-5 61 1.85 1.86
60 N m(z8-60)
28 8 Nomgza-5) 36 1.18* 1.26
28 N m(2s-28)
28 28 N m(28-28) 37 1.65% 1.47
60 N om(2s-60)

* Limited data, not necessarily typical.

ments, the ratio of fading rates obtained using the various combinations
and the number of sample records analyzed.

5.1.2 Rale of Fading — Theory

On the assumption that the short-term fading is due mainly to hori-
zontal drift of many randomly positioned layers in the atmosphere which
reflect the radio waves, several simple conclusions can be drawn regard-
ing the relation of antenna size and winds to fading rate. The purpose
here is to try to obtain a method for caleulating the fading rate from
known wind data and known antenna beamwidths.

Fig. 30(a) shows a horizontal plan view of a tropospheric circuit in
which three rays have been drawn from the transmitting antenna T' to
reflecting layers A, B and C and thence to the receiving antenna E. The
layers are assumed to drift with velocity V at angle é to the line T-R;
the wind component normal to the great circle route is therefore V' sin 3.
The length of the path via layer B in excess of the great circle route,
TAR, is TBR — TAR = 22%/2a, where 7 is the distance from layer 4 to
layer B and 2a is the distance from T to R.* The phase difference between

* Disposition of the layers in the vertical plane causes path differences larger

than this, but, since horizontal winds are much stronger than vertical winds, fad-
ing due to vertical motion is not considered here (see Section 6.1).
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the two paths is ¢ = [(2x/\) (2*/a)] and the frequency of fading is

g Lde 2zdr B
F=f=h=5@ “xa@ -~ x" 0%

where

fo = transmitted frequency,
A = transmitted wavelength,
f = instantaneous frequency, and
B8/2 = z/a = angle in the horizontal plane between great circle plane
and the ray to a layer.

Thus the frequency of fading F is due to the Doppler shift caused by
drift of B at velocity Vsind normal to the path. The rate of change of
path length due to the wind component along the path is relatively
small and is neglected.

The amount of power that reaches the receiver via layer B [Fig. 30(a)]
depends on three factors. First, the radiation pattern of the transmitting
antenna (,(8) controls the power transmitted in direction 8, and there-
fore the amount of power incident on layer B. Similarly, the radiation
pattern of the receiving antenna (7.(38) determines the power received
from direction 8, and therefore influences the amount of power reflected
by layer B that enters the receiver. Finally, the power reflection coeffi-
cient @ of the layer depends on the angle of incidence of the ray, and
therefore on angle 8; both experiment and theory* indicate that )
decreases as B increases. Since all three factors tend to decrease the
power received from angle 8 as 8 increases, and since the frequency of
fading, F, is related to 8 by F = (8/X) Vsins, one would expect the
high-fading-frequency components to contribute only small amounts
of power to the received signal. In fact, both the atmosphere and the
antenna radiation patterns are low-pass filters as far as the frequencies
of fading are concerned.

Consider first the effect of the reflection coefficient, @, on the fading
of the received signal. Iig. 30(a) shows numerous layers positioned at
random along the z-axis; these are assumed to drift in the x-direction
with velocity V sin 8. At first the transmitting and receiving antenna
patterns will be assumed to be omnidirectional; thus, the only factor
affecting the power received from a layer at a given angle g8 is the re-
flection coefficient . Since ( is assumed to be related to § in a gaussian
manner, as shown in Fig. 30(b), the power reflection coefficient is

a

Q(8) = exp [W—‘Sfjﬁ—)] QB =0) =1,

* See Section 4.1.
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where g, is the angle at which Q = %. 8. is of the order one degree for
a 171-mile path at 4 kme; a detailed discussion is given in Section 4.1.

The received signal is the sum of reflections from all of the randomly
positioned layers and, since the reflections are randomly phased, the
envelope of the received signal (the rectified signal) is Rayleigh-dis-
tributed. For the case of omnidirectional antennas, the distribution of
received power versus frequency (the power spectrum) is directly related
to the power reflection coefficient, Q. Thus the received power is dis-
tributed according to

—F
P.(F) = exp ('7-0' 2) ,

where ¢, =(0.85 8./A\)Vsiné is the standard deviation.* Note that
P.(F) can be obtained directly from Q(3) by substituting F = (8/)\) Vsiné
for 8.

The antenna patterns are taken to be gaussian; that is,

Gi(B) = exp [XO—SBW}

and

_ —6 ] .

Gr(B) - exp [2(0-85,6r)2 2

B¢ and B, are the half-power beamwidths of the radiation patterns [Iig.
30(h)]. The power spectrum of the received signal now depends on G,(3)
and G.(8) as well as on Q(8). The power received from a layer at angle
Bis

P(@) = e - oo (L+ L+ L)) @

&

where
Tter = gg)rgl—e—" Vsing. (6)
If we let

* A formula similar to this was given by Rice!® (see also Ref. 14). His discus-
sion is based on the assumption of small seattering discontinuities which move in
random fashion similar to the thermal motion of the molecules of a gas, and it
involves angles in the vertical plane of the propagation path. In the present dis-
cussion, horizontal drift of relatively large discontinuities and angles in the
horizontal plane are considered to be of major importance.
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then

P.(8) = exp (‘F). (8)

257
Substituting (6) in (7), one obtains

5 = 2% (Vising) B:puP- , (9)
A VBB + B2 + BB
where @ is the standard deviation of the power spectrum that one would
expect for the received signal in the circuit of Fig. 30(a). The antenna
patterns and reflection coefficient shown in Fig. 30(b) result in the power
spectrum of Fig. 30(c).

S. O. Rice has pointed out that fading in beyond-the-horizon circuits
behaves like thermal noise that is passed through a filter. In both cases,
the rectified signal is Rayleigh-distributed. Similarly, the width of the
power spectrum of the signal (the standard deviation, ¢) in both cases
is related to the fading rate of the envelope. If fading rate, N, , of the
envelope is defined as the number of one-way crossings of the median
level per second (this is the definition used in analyzing the experimental
data), then the theory of random noise gives N,, = 1.5 . Using the
value in (9) for ¢, one obtains

N, = 127 (Vsins) BB,

Ry VBB + 8282 + BB
= 27 (vsins)g(8., 6., 6.

(10)

for the caleulated fading rate, where

9B, e, Br) = 8.5.5: .

VB2 + B8, + BB

We are now able to compare fading rates and ratios of fading rates
as calculated by means of (10) with the measured data. I'irst consider
the ratio K = Nnaos/Nmuom of the fading rates of the 8-foot and
60-foot receiving antennas with a 10-foot transmitting antenna. Using
(10), one obtains after simple reduction

K = Nnoon _ g(Bo, Be, Bs)
Nouasoy  9(Bo, Be,s Brn)

_ B 1/ 1 4 (Bso/Be)? + (Boo/Brw)?
IGED 1+ (135/.3::)2 + (.88/.610)2 )

(11)
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Substituting the known antenna beamwidths, and the measured value
of K = 2.60, one can solve for 3, , which turns out to be 0.8°, This value
is in good agreement with the 1° obtained for 8. in the beam-swinging
experiment. In Table IIT measured values of K for various antenna com-
binations are compared with values calculated, using (10) and 8, = 0.8°.

The good agreement between the measured and calculated values in-
dicates that the term g¢(8,,8.,8.) in (10) is essentially correct. There-
fore, the relationship between fading rate (at 4 kme) and antenna
beamwidth is essentially correct.

5.2 Rale of Fading at 4 kme — Relation to Wind

So far, the discussion has been limited to drift of layers in a horizontal
plane in the atmosphere. However, there are two effects with altitude
which should be taken into account. First, the contributions to the re-
ceived power by reflections from layers at high altitudes are less than
those from low altitudes (it was shown in Section 4.1.2 that the received
power decreases about 1 db per thousand feet of altitude). Also, the
drift winds vary in both speed and direction with altitude. Both of
these effects, in their relation to fading rate, can be taken into account
approximately in the following manner.

The volume, V, common to the transmitting and receiving antenna
beams is divided into horizontal segments 1000 feet thick, as shown in
Fig. 31(a). Ilach segment is assumed to contain many randomly posi-
tioned layers of finite dimension. The power received from segment 1
is weighted by the factor unity, and the standard deviation of the power
spectrum for signals reflected from segment 1 is

085

aqy = A

g(ﬂl ’ ﬂs,ﬁr)V]. sin 51 R

where V, and & are the speed and direction of the wind in segment 1
(as obtained from meteorological data). The power spectrum due to

segment 1 is therefore
exp (ZE
p 2012/

The power from segment 2 is down (on the average) 1 db from the power
from segment 1; the power spectrum for segment 2 is therefore

0.8 exp (;::; ) ,

where
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_ 085
A

with V. and 8, being the speed and direction of the wind in segment 2;
and so on to the nth segment. The resultant power spectrum of the
received signal is obtained by summing the power spectra for the indi-
vidual segments as shown in Fig. 31(b). This sum, or resultant, is con-
sidered gaussian-shaped for our purposes, although, strictly speaking,
this is true only when the winds have the same speed and direction in

g(ﬁl 3 132 3 )61‘) VE Sin 52 ’
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(b) EXAMPLE OF A RESULTANT DISTRIBUTION.
DISTRIBUTIONS 1,2-—-N ARE PLOTTED FROM WIND DATA
FOR THE CORRESPONDING SEGMENTS IN (a)

Fig. 31 — Distribution of winds in the common volume region: (a) vertical
plan view of a beyond-horizon circuit; (b) example of a resultant distribution,
with distributions1,2, - - - , # being plotted from wind data for the corresponding
segments above.
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Fig. 32 — Comparison of measured and calculated fading rates. Samples were
chosen from data at 4110 me on 13 different days in the period January through
August 1956.

all segments. The estimated fading rate is obtained from the width of
the resultant curve. This estimated rate can be compared with fading
rates measured from actual records of the received signal.*

In Fig. 32 measured fading rates are compared with fading rates cal-
culated by the method just discussed. The speed and direction of the
winds used in the calculations were obtained from the U. S. Weather
Station at Binghamton, New York (see Fig. 1). The wind data and the

* If the wind speeds normal to the path are almost the same at all altitudes, the

fading rate is given approximately by (10): N,, = (1.27/x) ¢(8:, 8., 8,) V sin &,
where 17 sin 6 is the average normal wind speed.
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signal records from which the fading rates were measured were taken
at approximately the same time for each point shown.

It is apparent from Fig. 32 that the measured fading rate usually
exceeds the calculated rate; this may be due to vertical winds or to
turbulent winds, neither of which have been considered here. However,
it is significant that no constants need to be adjusted in (10) to calculate
fading rate of the correct order of magnitude. The rate of fading at 4
kme is a strong function of horizontal drift wind.

5.3 Wavelength Dependence of Fading Rates

This section is concerned with a comparison of fading rates of signals
received simultaneously at 4110 and 460 me. Since it is known that the
beamwidths of the antennas affect the fading rate, the present experi-
ment employs two pairs of antennas, the beamwidths of the 4110-me
pair being of the same order as the beamwidths of the 460-mc pair.
Furthermore, we have shown that antennas with very narrow beam-
widths (less than about 1° at 4110 me) reduce the rate of fading. There-
fore, antennas with relatively large beamwidths were used to minimize
such effects.

5.3.1 Instantaneous Signal Level Recordings — Analysis

In this study, the 10-foot transmitting and 8-foot receiving antennas
are used at 4110 me and the 28-foot (transmitting) and 60-foot (receiv-
ing) antennas are used at 460 me. The setup is the same as that used
in Section 3.2.

The rate of fading at both frequencies varies considerably from day
to day and sometimes within the hour. Portions of samples of rapid,
slow and very slow fading at 460 me, and the corresponding 4110-me
signal, are shown on Fig. 33. The 460-mc signal is shown on the top
trace of each sample, the 4110-me signal on the bottom trace. The sam-
ples are normally two to three minutes long and are taken each half-
hour during the recording period. It may be noted in Fig. 33 that the
fading rate of the 460-mc signal, N mi0 , changes considerably from sam-
ple to sample, whereas the fading rate of the 4110-mc signal, N pano
remains fairly constant; therefore, changes in the ratio of the rates of
fading at the two frequencies are due predominantly to changes in the
460-me fading rate.

The ratio, k, of the fading rates of the signals received simultaneously
at the two frequencies (k = Nsuo/N i) varies widely, as shown in
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Fig. 33 — Segments of samples of simultaneous recordings of instantaneous
signal levels at 460 and 4110 me.

Fig. 34. The data are taken from a study of 387 samples and show that
the median value of the ratio of the fading rate of the signals received
at 4110 me to the 460-me rate is 12.7. It is believed that this ratio is
significantly higher than the ratio of the radio frequencies due to the
effect of layer size, as discussed in the following section.
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Fig. 34 — Statistical distribution of the ratio of fading rates recorded simul-
taneously at 4110 and 460 mc — 387 samples of 2 minutes duration. Period: March
through December 1956.

5.3.2 Ratio of Fading Rates and Layer Size

A discussion of fading of 4-kme signals was given in Section 5.1.
There it was assumed that short-term fading was caused by drift of
numerous randomly positioned layers formed by changes in the gradient
of the dielectric constant of the atmosphere.

Consider now the effect of the size of the reflecting layers on the fading
rates. It will be shown that small layers result in a ratio of fading rates
equal to the ratio of the radio frequencies, whereas large periodic layers
must be assumed to explain higher ratios of the fading rates.

Small Layers — The diagram in Fig. 30(a) is applicable if the hori-
zontal dimensions of the reflecting layers are small compared to the
horizontal dimension of the antenna beam at the operating wavelength.
If this condition is fulfilled at wavelengths A, and A, (10) applies to
both wavelengths, and for k one obtains the ratio of fading rates meas-
ured simultaneously at wavelengths A, and Ay with antenna beamwidths

ﬁi: y !5.?1 and ﬁlg ) Br-_» .
— le _ ﬁgl(ﬁtljﬁﬁ)ﬁrl) (12)

= —— =

Nm2 Al gﬁ(ﬂfgyﬁﬂziﬁ"ﬂ).

The factors g; and g, are very nearly equal if the beamwidths of the
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antennas used are equal and if the reflecting layers are small compared
to the Fresnel zone at both wavelengths (8., = B.,). For this case, the
ratio of fading rates is just proportional to the ratio of the operating
wavelengths. Letting subseripts 1 and 2 refer to 4110 and 460 me re-
spectively, one obtains

Noamo  As 0.65m

I = == 7 =0, 13
A'\T-rn-iﬁl) Al 0.0?S?n ( )
The experimental data of I'ig. 33(a) are an example of the condition

where the layers apparently are smaller than a Fresnel zone at both
wavelengths, resulting in a value of £ 22 9.

VERTICAL WAVELENGTH A, = A/A

A = 4.2 METERS AT 4110 MC

171 MILE PA
Azy= 37.4 METERS AT 460 MC} i

Fig. 35 — Idealized structure representing a single layer at 460 me and several
layers at 4110 me.

Large Layers — Analysis of many samples makes it clear that the
ratio of the fading rates, N ,i10/N w0, often far exceeds the value
given by (13); the ratio may reach values in excess of 50. This condition
is due to a very low fading rate at 460 me rather than a very high
4110-me fading rate. When these high ratios exist, the atmosphere ap-
parently acts much differently at 460 me than at 4110 me.

A layer such as that shown in Fig. 35 will act as a smooth reflecting
surface at the lower frequency, and simultaneously will represent many
reflecting surfaces at the higher frequency.* The layer is considered to
be a smooth reflecting surface if the roughness as indieated by the spatial
amplitude, yo , in Iig. 35 is less than one-eighth of a vertical wavelength
(Rayleigh’s criterion). The vertical wavelengths A\, = A/A for a 171-

* A similar argument is used by Anderson and Smyth.s



1122 THE BELL SYSTEM TECHNICAL JOURNAL, SEPTEMBER 1959

LARGE LAYER
-~ (460 MC)

(a)

/k

T ~sMALL LAYER
(4110 MC)

__LARGE
- "LAYERS

T R

Fig. 36 — Large idealized periodic layers in the propagation path: (a) hori-
zontal; (b) vertical.

mile path and frequencies 4110 and 460 mc are shown in the figure, A
being the grazing angle.

Thus, if yo < Aw/8 = 4.6 meters, the layer appears large and smooth
at 460 me. On the other hand, this value for the roughness amplitude,
7o , exceeds an entire vertical wavelength at 4110 me (A, = 4.2 meters).
Therefore, the loops and nodes of the idealized periodic layer will appear
as individual layers at 4110 me.*

The idealized layers which are assumed to exist in the propagation
path are shown in Fig. 36. In the vertical plan view, several of the
periodic layers are drawn in the volume common to the antenna beams,
and in the horizontal plan view, Fig. 36(a), one of these is shown sub-

* Periodie layers such as these probably can be produced by changes in mag-

nitude and direction of winds with height in the atmosphere; no doubt actual
layers are more irregular and less systematic than the one shown in Fig. 35
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divided by dotted lines to illustrate the periodic structure. Since the
layers at 4110 mc are the loops and the nodes of the periodic structure,
the situation at 4110 me is much the same as that already discussed in
connection with Fig. 30(a), and the fading rate at 4110 me will have
fairly high values depending on the horizontal wind, as given by (10).
However, at 460 me the horizontal drift wind has little effect on the
fading rate if the layers are large and smooth at that frequency, since
most of the power is propagated to the receiver along the great circle
route Tar and very little along delayed paths such as TBr. Nevertheless,
relative delays at 460 mc do exist in the vertical plane as shown by
rays Tcr and TDR in Fig. 36(b), and some fading will occur due to inter-
ference of reflections from the several periodic layers. But the fading
rate at 460 me will be relatively low, sinece the vertical motion of the
layers V, is usually very much less than the horizontal drift V. Large
periodic layers therefore can give rise to high ratios N /N naeo .

5.3.3 Fading Rate Ratios and Ratios of Median Received Powers —
Diurnal Effects

It has been observed that the ratio of the fading rates N nauo/N maco
may change considerably during the course of a day, as shown in I'ig,
37. Moreover, the relative median received power at the two frequencies,
P/ P , 18 found to change simultaneously with the fading ratio; the
out-of-phase relationship between fading ratio and received power ratio
is evident in I'ig. 37. The median received powers Pyip and Pgg used in
Iig. 37 both have the free-space transmission loss factored out; the
ratio Paio/Pago therefore is a measure of the relative transmission coeffi-
cient of the atmosphere at the two frequencies. When the fading ratio
is low (k == 9) the ratio of received powers Puio/Pugo is between 0 and
—5 db, whereas a high ratio of fading rates (k& = 20) occurs when the
power ratio is between —10 and — 15 db. The relationship between fad-
ing ratio and power ratio can be discussed qualitatively by means of
the theory, as follows:

In Section 3.2.2 the median received power is discussed for three
eases depending on the horizontal dimensions of the reflecting layers.
The received power, relative to the free-space value, at two wavelengths
A oand Ap is:

Case 1. Large Layers (Dimension > Fresnel Zone):

reom = ()
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Tig. 37 — Correlation between ratio of median fading rates and ratio of median
received powers (relative to free space) at 4110 and 460 me.

Case 2. Small Layers (Dimension < Fresnel Zone):
Pr(M) _ (g)”
Pr(h) Yy
Case 3. Layers of Intermediate Size (Dimension ~ Fresnel Zone):

Pp(M) _ (g)
Pr(Xa) Y
Consider Case 2. This formula indicates that both wavelengths, A, and
X, are propagated equally well when the atmosphere contains small
reflecting layers. In terms of Fig. 37, it means that small layers are
present when Piu0/Pswo = 0 db (various portions where Pyo/Pio = 0
are labeled s). During the same periods the ratio of fading rates is low
(k =~ 9), as discussed previously. Thus, the observed ratio of received
powers and the observed ratio of the fading rates are both consistent
with the existence of small layers during the period labeled s.
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If the formulas for Cases 3 and 1 are applied to the 4110- and 460-mec
circuits, one obtains

2
Case 3: {Pmo = —9.5 db for layers of intermediate size
460
Ij‘ilIO
Case 1: b= 19 db for large layers.
460

Thus, the propagation at the lower frequency is favored more and
more as the layer dimensions increase. It is believed that the observed
power ratios of between —10 and —15 db, shown in the portions of
Fig. 37 labeled L, are due to large layers at 460 mc and small layers at
4110 me (Fig. 35). However, this case cannot be caleulated with con-
fidence by theory, since our knowledge of the sizes and refractive index
gradients of the layers is insufficient. Nevertheless, the observed power
ratios during periods 1 (I'ig. 37) are consistent with the concept of large
layers at 460 me and with high ratios of fading rate as discussed pre-
viously.

Additional data have been plotted in the manner of I'ig. 37; all of
these show the out-of-phase relationship between Nai0/Nneo and
P10/ Piso . The two plots shown in Fig. 37 were chosen to illustrate the
diurnal effect; it will be noted that large layers exist in the early morn-
ing hours when the atmosphere is believed to be more stable.

Diwirnal Vartation. An analysis was made of the fading rate at 460 me
as o funetion of time of day; Fig. 38(a) shows these results. It indicates
that the atmosphere is stable at night and during the morning hours.

The fading rate is low between the hours of 9:00 p.m. and 9:00 a.m.
As heating by the sun occurs, the fading rate increases rapidly between
9:00 a.m. and 11:00 a.m., staying relatively high until 7:00 p.m. It
drops rapidly between 7:00 p.m. and 9:00 p.m., as radiation cooling
OCCUrs.

The diurnal effect is not strong so far as the median signal level is
concerned, particularly in the winter months; however, there is a trend
which follows the fading rate variations; i.e., at higher fading rates the
median signal level decreases. Fig. 38(b) shows this relation.

5.3.4 Fading Ratio and Fading Rate

An interesting relationship shows up if the measured ratios of fading
rates & = N/ N e are plotted versus the rates themselves. Fig. 39
shows plots of 387 ratios obtained from fading rates measured on the
4110- and 460-me circuits. It is evident that there is a sharp break in
the data of Iig. 39(a), in which the ratios are plotted against the 460-
me fading rate. The ratio varies only slightly (k¥ = 9) as the fading rate
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decreases from 1.4 cps to 0.2 cps, at which point the ratio begins to
increase rapidly. This plot emphasizes that the high ratios Nnao/Nmaso
are caused by very low values of N . A similar effect is seen in Fig.
39(b), where the same measured data are plotted versus the fading
rate at 4110 me.

Consistent with all previous discussion, these data show that two
rather well-defined ranges of 460-me fading rate exist. One concludes
that, when the periodic layers illustrated in Fig. 36 are present, the
460-me fading rate is less than 0.2 cps [Fig. 39(a)] and the 4110-mc
rate is less than about 2 eps [Fig. 39(b)], and the rates are higher than
these values when the layers are broken up.

The rate of fading of 4110-me signals, N o, is related to the hori-
zontal drift winds in the atmosphere. The fading rates calculated by

20

(a) ﬂ

" _ 1
N
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Fig. 38 — Diurnal variation in (a) median fading rate and (b) median signal
level at 460 me — 1680 samples. Period: September 1956 through April 1957.
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Fig. 39 — Ratio of median fading rates at 460 and 4110 me¢ as a function of
absolute median fading rate — 387 samples.

(10), that is, N, = (1.27/A)g(8. ,8. ,8-) Vsiné, using measured wind
velocities (V,8), were shown to agree fairly well with the actual fading
rates of the received signal. Therefore, since N 4110 = 2 eps is the value at
which the curve of Fig. 39(b) suddenly changes slope, one can write
the equation

sz 9(B:, B.,8:) Vsing = 2 eps,

and solve for the wind velocity corresponding to the breaking point of
the curve. This results in V' &~ 15 meters per second (30 knots) for the
“eritical” velocity below which large layers can exist. One concludes
that formation of the large layers depends not only on the stability of
the atmosphere as related to time of day but also on the wind conditions
in the volume of the atmosphere that is common to the beams of the
transmitting and receiving antennas.

VI. TWIN-FEED DIVERSITY STUDIES

In propagation beyond the horizon there are two principal types of
fading, defined somewhat arbitrarily as ‘“long-term” and “‘short-term”
fading. The long-term fading is caused by changes in the refractive
properties of the atmosphere over periods of from several hours to days
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(Section III); short-term fading is due to multipath changes caused by
movement of discontinuities (Section V). In short-term fading the re-
ceived signal level follows, in most instances, a Rayleigh distribution.

A system is designed to operate for a given percentage of the time
above a certain signal-to-noise level. To decrease the time the signal
spends at low levels for a given system, diversity reception is used to
obtain two or more uncorrelated signals at the receiver. The usual type
is space diversity: two or more receiving antennas are spaced about 100
wavelengths perpendicular to the great circle between transmitter and
receiver. The output from each antenna is amplified and combined with
the outputs of the other antennas.'® If the signals are uncorrelated, the
percentage of time the combined output stays below a certain level will
be less than the time the signal from either channel stays below that
level.

The diversity systems to be described use one receiving antenna with
two feeds.* Uncorrelated signals should be obtained from the two feeds
because they are oriented to illuminate different parts of the atmosphere.
Two types of feed positions are described: horizontal feeds placed side
by side and vertical feeds placed one on top of the other.

In order to check the experimental results with theory, we first must
determine whether or not the envelope of the signals is Rayleigh-dis-
tributed, since the subsequent caleulations on the diversity systems are
based on a Rayleigh distribution. The following few paragraphs discuss
this aspect.

6.1 Types of Distributions of Instantancous Signal — Non-Rayleigh

The distribution of the envelope of the instantaneous signal level
usually follows a Rayleigh distribution. A sample is shown in Fig. 40.
Other examples of the distributions may be found in Section 5.1.1.

An analysis of numerous short-term fading samples has shown that
the envelope of the signals is Rayleigh-distributed when the fading rate
is greater than about 8 fades per minute at 460 me and 12 fades per
minute at 4 kme. In Fig, 41, distributions of fading rates taken over a
considerable period of time are shown for both 4110 and 460 me. From
these data one eoncludes that the signals are not Rayleigh-distributed
for 35 per cent of the time at 460 mc and 3 per cent of the time at 4 kme.

The distributions which are not Rayleigh-distributed usually oceur
when the median fading rate is very slow. While the very slow fading
rates occur at both 460 me and 4.11 kme, they occur more often at 460

* Suggested by H. T. Friis.
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Fig. 40 — Segment of recording and distribution of instantaneous signal levels
of Rayleigh-distributed signal.

me; hence the examples cited are for 460 me. During these periods of
very slow fading the number of layers or discontinuities in the common
volume is reduced to a few, and also the drift of these layers is slow.
It is possible to fit these distributions to some theoretical models. Fig,
42 shows the distribution for the model of a constant vector and a
Rayleigh-distributed vector;' the points are experimental. I'igs. 43, 44
and 45 show the model for two, three and four equal-amplitude but
randomly phased veectors, respectively. Some of the distributions ob-
tained from other samples do not fit any simple theoretical model. One
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Fig. 41 — (a) Distribution of median fading rates at 460 me — 1680 samples
each 2 minutes long; 28-foot transmitting antenna, 60-foot receiving antenna.
Period: September 1956 through April 1957. (b) Distribution of median fading
rates at 4110 me — 780 samples each 2 minutes long; 10-foot transmitting an-
tenna, 8-foot receiving antenna. Period: October 1955 through April 1956.

would expect the lower fading rates to be due to a stable atmosphere
composed of a few large layers. That there is a relationship between
fading rate and horizontal wind speed has been shown in Section 5.2.
These results do not indicate the correlation between vertical winds and
fading rate, since the vertical component usually produces only a sec-
ondary effect.
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During the periods of very slow fading it is sometimes possible to
infer that the fading is caused by the vertical component of the wind.
The 60-foot paraboloid is seanned in order to find the angular dependence
of the scattered energy. (The rate of sean is four per minute; the trans-
mitter frequency is 4,11 kme.) Consider Fig. 46, which shows these
scans. The horizontal patterns in Figs. 46(b) and 46(c), while changing
in amplitude, do not move in position; the vertical scans have a tendency
to change in position as well as in amplitude. If large layers tend to
move vertically, one would expect the signals from two adjacent parts
of the atmosphere to be correlated in the horizontal plane but not
necessarily in the vertical plane. Fig. 46(d) shows an instance of some-
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Fig. 42 — Segment of recording and distribution of instantaneous signal levels
of the resultant of a constant vector plus a Rayleigh-distributed vector of equal
amplitude. Points are experimental; curves are theoretical.
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Tig. 43 — Segment of recording and distribution of instantancous signal levels
of the resultant of two unit vectors with random relative phase. Points are experi-
mental.

what the opposite effect. However, here the fading is more rapid, indi-
cating the effect of horizontal winds.
6.2 Two-Channel Switch-Type Diverstly

We will first analyze the advantages obtainable in diversity systems.
In this analysis we assume that the uncorrelated signals of two receivers
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are combined by a switch-type combiner, which selects the higher of
the instantaneous signals. The signals need not have the same median
level.

The envelope of the instantaneous signal level will be Rayleigh-dis-
tributed in most cases, as was pointed out in the previous section. This
probability distribution results from an addition of an infinite number
of components of random phase and amplitude. The probability, P, that
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Fig. 44 — Segment of recording and distribution of instantaneous signal levels
of the resultant of three unit vectors with random relative phase. Points are ex-
perimental; curves are theoretical.



1134 THE BELL SYSTEM TECHNICAL JOURNAL, SEPTEMBER 1959

99.99 ——
. | FREQUENCY, 460 MC

ool N\ | MARCH 23, 1957
« \ TIME, 1:32 PM
@ \P‘ FADING RATE, 6.5/MIN
G o0 [ I~ LENGTH, 2 MIN N
0 \0 | _ -
) T T
<
vV 60
w N
a N |
2 4ol i T ]
5
o
2 20 —
: N\
>
r \
= | \ =4
J s : T 3
[sa] |
< f
[a1]
£
o 2 [
- © MEASURED DATA \3
a ‘ <
J RAYLEIGH N\
% N=o00 \\
a 05 A

0.2

0 5 0 -5 -0 -15 -20 -25 -30

DECIBELS

-72.5
-77.5

Z-B2.5
18]
c-87.5

-92.5
-87.5

I | |
0 10 20 30 40 50 60 70 B8O 90 100 110 120 130 140
TIME IN SECONDS

Fig. 45 — Segment of recording and distribution of instantaneous signal levels
of the resultant of four unit vectors with random relative phase. Points are experi-
mental; curves are theoretical.

the signal amplitude E; is less than a given value E is

P(EL < E)=1— exp[—(%)z], (14)

where E, is the rms value. For P = 0.50, E is equal to the median value
E., ; hence,

E.? = (In2) E} (142)



TROPOSPHERIC PROPAGATION BEYOND THE HORIZON 1135

HORIZONTAL SCAN VERTICAL SCAN
1o = 0.5°

(a)
DIFFERENCE
IN MEDIANS
60' TO 8' DISHES
=161/ DB
MEDIAN OF 8’
DISH = — DBM
SEPT.14, 1956
2:40 PM

710=0.5°

710 =0.6°

(b)
— DB
— 65 DBM
SEPT.18, 1955
10:30 AM

(c)
16Y/2 DB
—80 DBM
SEPT. 19,1957
9.30 AM

(d)
15 DB
~80 DBM

SEPT. 1,1956
3:140 AM

”
-
w
o
o
w
a

5
NOISE

I
1.0 1.4 1.5 1.0 0.5
WEST EAST DOWN upP

ANGLE IN DEGREES

Fig. 46 — Scans of signals received on the 60-foot antenna at 4110 me.

and

P(Ey < E) =1 — exp [— In 2 (Eﬂ):l (15)

This equation, plotted in Iig. 47, is labeled “‘single channel.” If we
have two signals, #; and E,, then

E 2
P(E1<E)=1—-—exp|:—1n2< ):|,
B,

o 2

(16)
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The probability that both £; and F; are less than £ is
P(E\,E, < E) = [P(E, < E)IP(E: < E)]

e[ 0
. {1 — exp |:— In 2 (Iff)z]}
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IFor equal medians £,,, = E,, = E,., (17) reduces to

P, E <E)= {I — exp I:— In 2 (g)ﬂ:l}” (18)

The probability that both signals are below a pre-set level is the square
of the probability of one signal channel being below that level.

For very small signal levels (£ less than 0.3 ¥,,) we now compare the
various systems — single-channel, equal median diversity and unequal
median diversity — at the same percentage of time. We shall use as
reference the median of the single-channel £, .

1. Single-Channel:

F 2
PEy, <E)=~In2 u ; (19)
“my

ii. Two-Channel, Equal Medians:

E 272
P(F, B, < F) =~ [ln 2 (E—) ] ; (20)
”Il
iii. Two-Channel, Unequal Medians:
, , E” T
P(El,E2<E)%|:ln2mj|. (21)

Tor the same probability, P = P’, the degradation of the switched sig-
nal for an unequal median system over that of an equal median signal
is (set By, = E,,):

B e K VE:
= =5 2= 2
Bulw, B, Denee g fo (22)

In this comparison we have set the median of the single channel for
the equal median case (F,.,) equal to the median of the single channel
with the larger median (%,,,) for the unequal median case. At a given
probability, the level for the two-channel switched diversity with un-
equal medians will be below that of the two-channel switched diversity
with equal medians by one-half of the difference in decibels of the two
medians. Tor a difference of 10 db in medians, the level of the switched
channel with unequal medians will be 5 db below the level of the switched
channel with equal medians. Fig. 47 shows the distributions for various
ratios in medians.
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6.3 Twin-Feed Diversity — Horizontally Disposed Feeds

In this type of diversity, the two horns are mounted side by side on
one paraboloidal reflector so that each beam illuminates horizontally
adjacent volumes in the common volume region (I'ig. 48). The antenna
is oriented so that each feed receives the same median signal level.

Successful diversity reception requires that the signals received on the
two horns be uncorrelated. If the discontinuities in the common volume
are so large that most of the energy is transmitted to the receiver along
a great circle route, then the signals received on the separate horns will
be correlated. An attempt to correct this condition by separation of
horns will lead to degradation in the median signals received.

6.3.1 Experimental Setup and Analysis of Data

Tig. 49 shows the free-space antenna patterns at 460 me using the
60-foot paraboloid. The separation of the beams is 2.33°, which cor-
responds to 3.5 miles at the midpath. The signal level received is 4.5 db
down at the crossover point.

TRANSMITTER RECEIVER
28" PARABOLOID 60’ PARABOLOID

———————————————————— 171 MILES —————————————=—— ===~

(b)

Tig. 48 — Common volume configuration for twin-feed diversity system with
horizontally disposed feeds, at 460 me, using 60-foot antenna: (a) horizontal; (b)
vertical.
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Fig. 49 — Free-space patterns for twin-feed diversity system with horizontally
disposed feeds, at 460 me, using 60-foot antenna.

The purpose of the experiment is to determine whether or not an
advantage is obtained when the higher of the two signals is chosen
instead of the signal from one channel. The degree of correlation be-
tween the two signals determines the diversity improvement of the
system. The signal levels below the median value are chiefly of interest,
since the low levels determine the operational reliability of the system.

Fig. 50 shows the setup wherein the signals are combined in the di-
versity combiner; the output of the combiner is put on one channel of
the Sanborn recorder. One of the signals is put on the other channel.
The median level of each channel is recorded on the E-A recorders.
The eombiner consists of two vacuum tube diodes whose plates are tied
together, each cathode being connected to one of the two channels; the
output is taken from the plates. Since the receiver output impedance is
low compared to the diode resistance and the voltage into the combiner
is high (0 to —100 volts de), no appreciable error is introduced because
of the diode resistance and emission current.

Since the nature of the received signals is such that the signal spends
little time at levels well below the median, it becomesdifficult to measure,
using the Sanborn records, the time that the signal spends at these levels.
This problem is especially acute in the diversity studies, since these
levels are the ones of interest. More accurate results can be obtained by



1140 THE BELL SYSTEM TECHNICAL JOURNAL, SEPTEMBER 1959

RECEIVER MEDIAgEé‘:tIJGRrg'élh LEVEL
ANTENNA
TWIN FEEDS u
T -
MEDIAN SIGNAL LEVEL >
RECEIVER o
RECORDER
RECEVER | | RECORDER | .
w
X
14
| _-ONE CHANNEL g
SWITCHING m TWO CHANNEL SAMPLER
DIVERSITY SANBORN 0-5MIN, LENGTH
COMBINER T RECORDER 30 MIN. INTERVAL
\ - —_—

A\,

“~_SWITCHED OUTPUT
(THE HIGHEST OF THE
SIGNALS IS SELECTED)

L ___ LEVEL DISTRIBUTION
COUNTER —
| COINCIDENCE
- COUNTER
L____FVEL olsTmBUTEI___
COUNTER

Fig. 50 — Recording setup for measurement of diversity properties of two-
channel switched diversity system.

using level distribution counters which totalize the time the signal is
below a certain set level. These counters are gated, with the gate opening
when the signal drops below the preset level. The counting frequency is
2000 cps. The level can be set to an accuracy of 0.3 volts input for the
gate to open or close. A clock is used as a time totalizer.

The counters can be so connected that one counts on one channel,
the second counts on the same level on the other channel and the third
counts when both channels are below the common preset level; the third
counter registers coincidences, and hence gives a direct measure of the
properties of the diversity system.

There is an important difference between using the Sanborn recorder
with the diversity combiner and the level-distribution counters. The
Sanborn recorder gives the diversity action at all levels of signal, while
the counters only give information about one level. To get equivalent
information a bank of counters would be needed.

Tor the recordings on the Sanborn to give quantitative results, a
further condition is necessary. The combiner does not select the higher
of the two signal levels but only the higher of the two receiver outputs,
thus for quantitative results the calibration of the two receivers must
be identical. By adjusting the gain and acc level it is possible to get
the calibrations to be within =1 db over the 50-db range.
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For the horizontally spaced twin feeds the instantaneous signal levels
are recorded on the Sanborn recorder and the following analysis of the
data is made. A probability distribution is plotted for the single channel
as well as the switched channel. Fig. 51 shows a sample distribution,
Since the experimental points lie close to the theoretical curve, the
signals are Rayleigh-distributed and uncorrelated in this case. We define
diversity improvement as follows: at 10 db below the median of the
single channel the probability is 6.70 per cent for the single channel and
0.45 per cent for the switched channel; hence the diversity improve-
ment is 6.25 per cent. It is possible for the single-channel distribution
to be Rayleigh, but for the switched channel not to follow the theoretical
curve, due to correlation between the two signals.
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Fig. 51 — Distribution of instantaneous signal levels of a two-channel switched
diversity system with equal median signals at 460 me. Sample length, 45 minutes;
median fading rate of single channel, 47.2 epm,
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6.3.2 Resulls of the Experiment

The experiments at 4 kme using the twin feeds on the 60-foot antenna
as well as the 28-foot antenna show that the theoretical improvement
was obtained in nearly all cases. The only time it did not occur was
when the fading rate was extremely slow, indicating the presence of
very large horizontal layers.

At 460 me the theoretical diversity improvement was not obtained
in many cases. Since the fading rate is an indication of the stability of
the atmosphere, one might expect a relation between the fading rate
and diversity improvement. To check this hypothesis, 460-mc¢ records
for several days during the year were selected. For each sample the
probability distribution was plotted. In Fig. 52 the diversity improve-
ment is plotted against the fading rate of a single channel. It shows that,
when the fading is relatively fast (40 fades per minute or more) the
theoretical improvement of 6.25 per cent is approached. As the fading
becomes slower, the diversity improvement becomes less. The data give
the same results for the three periods showing no seasonal dependence.

Since the individual signals are Rayleigh-distributed for fading rates
greater than 8 per minute, it is possible to calculate a cross-correlation
coefficient for two signals from the observed diversity improvement (as

B |
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Fig. 52 — Improvement of twin-feed diversity system with horizontally dis-
posed feeds as a function of the median fading rate, at 460 me.
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Fig. 53 — Median signal level as a function of the median fading rate. Each
point represents the median signal level of 41 samples that had approximately the
same fading rate at 460 me — 1680 samples. Period: September 1956 through April
1957 .

shown in Fig. 52) using S. O. Rice’s theory.’®1® The coefficient* of the
envelope is indicated in this table:

Fades per Minute, Single Channel ‘ 0 ‘ | 5 | ‘ 3 70
|
|
Correlation coefficient, k... ........... 1,00 | 0.88 | 0.77 | 0.59 | 0.38 | 0.00

For two uncorrelated signals of equal median, the combined output
is 0.45 per cent of the time below the level which is 10 db below the
median of one of the channels. For a correlation coefficient of 0.6, the
per cent of time increases to about 1 per cent, indicating that most of
the diversity advantage is still obtained. For the system discussed, the
correlation coeflicient is less than 0.6 for fading greater than 30 cpm.

It has been observed that there is a seasonal dependence in the median
signal level. During low-signal periods there is a tendency for the fading
rate to be greater than during high-signal periods. If this trend is suf-
ficiently strong, then this system will be as reliable as one which re-
ceived uncorrelated signals at all signal levels, since a system has to be
engineered only for low-signal levels.

An analysis was made to determine this effect. Fig. 53 shows a study
of 1680 samples during the period of September 1956 to April 1957.
This period was chosen because the median signal level is low during

* The correlation coefficient is calculated from the approximate expression:
Pi=11 — 2)[(1 — e)? + k2(u2/2 — w3/3 + w*/8 — u5/30)2),

where
,- = probability of the switched channel,
= probability of a single channel,
1.2 = correlation coefficient of the envelope,

p/(1 — k2).
ThlS equatlon holds for 0 £ k* £ 0.9 when p < 0.1,
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the winter months. Each point represents the median signal level of 41
samples that had approximately the same fading rate. From 30 fades
per minute (where diversity improvement begins to decrease) to 1 fade
per minute, the increase in signal level is about 7 db. A trend is definitely
apparent, but it is not significant enough to compensate for the increase
in correlation between the signal channels.

One can conclude that the diversity is no longer effective for a fading
rate less than 30 epm. The percentage of time that the diversity is not
fully effective can be obtained from Fig. 41(a); 80 per cent of the time
the fading rate is less than 30 epm. Horizontally spaced feed diversity at
460 me is not useful from a systems viewpoint.

6.4 Twin-Feed Diversity — Vertically Disposed Feeds

In this section we discuss an experiment in which separate signals are
obtained from two horns stacked vertically at the focus of the receiving
paraboloid. The two feeds are placed one above the other; they are so
aimed that the upper feed (in-line) receives the maximum signal level.
Under these conditions, the lower feed (off-axis) receives a median
signal level which is 10 db or so lower (Fig. 54). The diversity results
from the fact that each receiving beam subtends a different volume in
the atmosphere. The median signal level from the off-axis feed normally

RECEIVER

TRANSMITTER
28’ PARABOLOID 60’ PARABOLOID

(b)

Fig. 54 — Common volume configuration for twin-feed diversity system with
vertically disposed feeds, at 460 me: (a) horizontal; (b) vertical.
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Fig. 55 — Free-space patterns for twin-feed diversity system with vertically
disposed feeds using 28-foot antenna, at 4110 me.

will be lower than that from the in-line feed because the power received
from discontinuities at higher elevations is less (Section 4.1.2). The
median signal level will vary between feeds depending on the strength
of the atmospheric discontinuities.

6.4.1 Kxperimental Setup and Analysis of Data

Fig. 55 shows the antenna patterns taken on a line-of-sight path for
twin feeds on the 28-foot antenna at 4 kme. The signal is down 5.6 db at
the crossover point. The level distribution counters are used to find the
time that the signal spends below a preset level. The time when hoth
channels are below the same level simultaneously is also measured on a
coincidence counter. To check the theory the following is done:

i. The median signal level from each feed is recorded.

ii. The level at which the counters are set is recorded.

iii. The time the amplitude of the switched channel should spend be-
low the level where the counter is set (if the signals are uncorre-
lated and Rayleigh-distributed) is computed using the curves of
Fig. 47.

iv. The time the switched channel actually spends below the setting
is read off the coincidence counter,

The percentage of time for the switched channel is computed with the
aid of Fig. 47, using the medians of the two signals and the switched-
channel level distribution counter setting; it is called “‘theoretical per
cent of time.” The percentage of time read off the coincidence counter
is called “measured per cent of time.” For uncorrelated signals, a plot
of the measured versus the theoretical per cent of time should result in
o 45° straight line.
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6.4.2 Resulls.

Fig. 56 shows the results of a study of several months’ data for both
460 and 4110 me. The experimental points fall on both sides of the theo-
retical curve due to experimental inaceuracies. Several errors are intro-
duced in recording the data, the most pronounced being that of estimat-
ing the median signal level.

The curves indicate that the predicted theoretical diversity improve-
ment is realized in all cases; thus, the signals from the two vertically
spaced feeds are not correlated.

It should be noted that the difference between the medians of the
two feeds changes continuously as the structure of the atmosphere
varies. Fig. 57 shows an extreme case. At 1:00 p.m. the difference be-
tween the medians on the feeds of the 28-foot antenna was about 8 db,
with the in-line feed at the higher median signal level. By 4:00 p.m. the
median of the off-axis feed had increased by 5 db, while the in-line feed
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Fig. 57 — Segment of median signal recordings for twin-feed diversity system
with vertically disposed feeds on the 28-foot antenna. Also shown are seans on
the 60-foot antenna (at 4110 me) taken at the same time.
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median had dropped by 7 db, giving a difference of 4 db in favor of the
off-axis feed. The lower part of Fig. 57 shows a scanning sequence using
the 60-foot dish taken at 4:00 p.m. The vertical scan indicates that the
maximum energy was coming from 0.6° up. The positioning of the feeds
on the 28-foot antenna was such that the beam of the in-line feed was
pointed 0.15° down and the off-axis feed was at 0.60° up. (The zero on
the angle scale is arbitrary.*) This demonstrates why the off-axis feed
was receiving the higher median signal in this case.

6.5 Summary

The twin-feed diversity studies give more evidence that the region
in the common volume of two antenna beams used in a beyond-the-
horizon system is composed of horizontal striations. Since the striations
are essentially horizontal, uncorrelated signals will be received with the
vertically placed feeds at both 460 me and 4110 me. These discontinuities
are in the form of layers whose undulations are of such length and shape
that they affect the propagation frequencies in different ways. Most of
the time the layer size is large for 460 me and small for 4 kme. Under
these conditions, diversity systems using horizontally disposed feed
horns are effective at 4 kme but not at 460 me.

VII. CHARACTERISTICS OF SHORT-TERM FADING

In a beyond-the-horizon system using data transmission the length
of fade at various levels is of importance in relation to the number of
allowable errors.

Since rapid fluctuations in the level of received signal are always
present, a problem exists in choosing the pulse width required for
reliable transmission in systems using pulse-type modulation. For
example, the simultaneous occurrence of a fade and the transmission of
a pulse with a width less than the duration of the fade may result in
the complete loss of that particular pulse. Accordingly, then, the choice
of pulse width in these situations concerns the length of time the signal
fades below a given level. If the length of fade is such that a sequence
of pulses is lost, then knowledge of the length of fade will enable the
system designer to devise the appropriate error-correcting code.

We will first outline the derivation for the number of crossings of the
envelope of the instantaneous signal at any signal level. The results are
given for the single channel, two-channel switch-type diversity and two-
and four-channel combiner diversity — all for uncorrelated Rayleigh-

* See Section 4.1.1.
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distributed signals with equal median signal levels. Results are also
given for the average length of fade for these systems. A comparison is
made between theory and experiment for the single channel and for
the two-channel switch-type diversity. Finally, the system reliability is
considered from the point of view of the length of fade.

7.1 Number of One-Way Crossings and Average Length of Fade
I'rom the theory of random noise it is possible to find the number of
crossings of the signal at a given level when the probability distribution
of the signal is known. In our derivation, a Rayleigh distribution will be
assumed for the envelope of the received signal. If we define N(F) as
the number of one-way crossings at a level E, then™*
N(E) = (\/2x oE,) (probability density of E). (23)

This relation holds if the power spectrum is of gaussian form (o is the
standard deviation)., With the aid of (14), we obtain for the single chan-

nel
P, 2F EY
= e[ (5) | (21)

Let us write the number of one-way crossings N(#) in terms of the
median signal level #,, . Using (23), (24) and (14a), we obtain

N(F) = 2 (=) ex - .
N(It) = (87 In 2)""¢ (Em) exp |: In 2 (Em) ]

At the median signal level, the number of one-way crossings will be
N(E,) = 8rIn2)"e " = /27 n 2 0. (26)

Hence the number of one-way crossings at any level E with respect to
the number of crossings at the median F,, is

N(E) E EY
1 =_""" =9 Y —_ 2 e .
“l ‘\!( L‘m ) - (Em) exp |: ln (EWI) ]

The average length of fade is the ratio of the probability distribution
and the number of crossings.* For the single channel we have (14)
divided by (27) [also using (14a)]:

i | — o (BIED?

h = .

2 1‘1 eu(smr)ﬁ (28)
vIn 2\ E,

* Rice?® has studied in detail the question of the distribution of the duration of
fades.

(27)
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Fig. 58 — Rayleigh distributions of uncorrelated signals for various diversity
systems. Curves are normalized to the median of a single channel. Results are for
signal channels with the same median.

For small values of E/E, (E/E, < 0.3), (28) reduces to

W~ vina (%),

The equations for the probability distributions, number of crossings and
average length of fade for the single channel, two-channel switch-type,
two-channel and four-channel combiner diversity are listed in Table IV,
The equations are plotted in I'igs. 58, 59 and 60. The equations and
curves are all for the combination of individual channels which have the
same median signal level. (The case of unequal medians for the switch-
type diversity was treated in Section VI.) In looking at the curves it
must be remembered that the median level increases (as compared to
a single channel) by 2.49 db for switched diversity, by 3.89 db for the
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Fig. 59 — Number of one-way crossings, N(E), of the instantaneous signal
level for various diversity systems. Curves are for uncorrelated Rayleigh-dis-
tributed signal channels with the same median; curves are normalized to the
number of crossings at the median of a single channel, N (En).

two-channel diversity combiner and by 7.24 db for the quadruple diver-
sity combiner.

This analysis applies for ew transmission. If M or AM modulation
gives a frequency diversity effect, then the results shown here should be
modified to include it.

7.2 Analysis of Experimental Resulls

The measured number of crossings at various signal levels will now
be compared with the theoretical values of a Rayleigh-distributed signal,
given by (27).

Fig. 61 is a detailed analysis of a two-minute sample of the 460 me
signal with a fading rate of 1.2 cps; there is good agreement between
the measured data and (27). The signal level as shown in Fig. 62 is, in
fact, Rayleigh-distributed. Fig. 63 shows another comparison between
data and theory. The agreement between the theoretical curve of (27)
and the data points for the number of crossings is not good; a look at
the corresponding signal-level distribution, Fig. 64, shows that the
signal is not Rayleigh-distributed. In this sample the median fading
rate is quite slow, hence a deviation from a Rayleigh distribution oceurs,
as discussed in Section 6.1. From the experimental signal-level distribu-
tion of Fig. 64 it is possible to calculate the corresponding distribution
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of the number of crossings.”® The results of this calculation are shown
by the solid curve of Fig. 63; the agreement between the curve and the
experimental points is good. It might be noted that the distribution of
the number of crossings is very sensitive to a deviation from the Rayleigh
distribution and offers a means of obtaining the distribution without the
need for measuring the percentage of time the signals spends at various
levels.

7.3 Compuled Average Duration of Fades

The average length of time that the signal remains below a fixed
threshold level in a system depends on two factors: the long-term

10°
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Fig. 60 — Average length of fade at a given level for various diversity systems.
Curves are for uncorrelated Rayleigh-distributed signal channels with the same
median; the curves are normalized for one crossing per second at the median of a
single channel.
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changes in the median level of the signal with respect to the fixed level
and the rate of fading of the signal, assuming the median signal level to
be fixed.

The following will show how the average length of fade at a given
signal level can be computed using the distribution of fading rates
(Iig. 41), the signal-level distribution (usually a Rayleigh distribution)
and the number of times the signal crosses the particular level [from
(27)].

In the following example it is arbitrarily assumed that, for a given
system, the signal threshold during the worst period of transmission is
at a level 18.5 db below the median (the 1 per cent point on the distri-
bution curve). From the distribution of fading rates at 4 kme (Fig. 41),
the median fading rate of 150 cpm is obtained. The ratio of the number
of crossings N () at the threshold level (in this case —18.5 db) to the
fading rate at the median N(E,) is obtained from Fig. 59. This value
is 0.239; therefore

N(E)
N(E.)

150

=023 and N(F) = 0239 (0—0) = 0.6 cps

is the average number of crossings at the —18.5 db level.

The average length of fade is equal to the percentage of time the signal
is below a given level, divided by the number of one-way crossings at
this level. Since the time spent below the —18.5 db level is 1 per cent,
i = 0.01/0.6 = 16.7 milliseconds. Hence, 16.7 milliseconds is the average
length of fade that will be exceeded 50 per eent of the time at the assumed
threshold level of —18.5 db. A tabulation of the spread of average fade
lengths to be expected using the 10 and 90 per cent values from the dis-
tributions of fading rate ([Fig. 41) is given in Table V for both the 4110
and 460 mc signals.

From Table V, the average length of fade for a 4-kme signal at the
assumed threshold level of —18.5 db will be between 6.2 and 92 milli-

TaBLE V — AVERAGE LENGTH OF I'ADE AT THE AssUMED LEVEL or
18.5 pB BELow THE MEDIAN S1GNAL LEVEL (RAYLEIGH-DISTRIBUTED
SieNaLs ARE ASSUMED)

Percentage of Time That Length

of Fade Exceeds ! 4110 mc, ¢ in Milliseconds 460 me, | in Milliseconds
10 92 1590
50 16.7 233

90 6.2 61.2
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TFig. 65 — Number of one-way crossings at a given signal level for a two-
channel switched diversity system. The number of crossings is normalized to the
number at the median of the single channel. Curves are theoretical; points are
experimental.

seconds for 80 per cent of the time. Similarly, a Rayleigh-distributed
460-me signal at the same threshold level has average fade lengths be-
tween 61.2 and 1590 milliseconds for 80 per cent of the time.

7.4 Twin-Feed Diversity — Average Length of Fade

I'ig. 65 shows the analysis of the number of crossings for a simul-
taneous recording of a switched channel and the single channel. (Fig.
51 gives the analysis of the probability distribution for this sample.)
The agreement is very good between theory and experiment below the
median level but does depart somewhat for the levels above the median.
This is probably due to inaceuracies in receiver and recorder calibrations,
since we depend on equal receiver calibration for quantitative data.

It is interesting to note that, while the number of crossings decreases
very rapidly when more diversity channels are used, the average length
of a fade stays fairly constant; this results from the fact that the time
spent at low levels is also very small. This point is worth noting in the
design of digital systems, since diversity will not reduce the average
length of a drop-out as much as one might expect at first glance. We will
discuss this aspect in the next section.
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TaBLE VI — CHARACTERISTICS OF DIVERSITY SYSTEMS FOorR GIVEN
VAaLUEs oF PoweRr RELIABILITY

. X - Average Length | 1.1 gel Reduction in
iversty Crosings® ||l Fadey | yfodian cbt | Framsmitier
Power Reliability T 99.0 per cent
None..........ccoiviiinin. 0.23 42 18.5 0
Two-Channel Switched. .. .. 0.148 73 8.0 10.5
Two-Channel Combiner..... 0.126 86 6.7 11.8
Four-Channel Combiner. ... 0.028 116 —0.6 19.1
Power Reliability 7 99.9 per cent
None...........ooiiiuinnn 0.0751 13 28.5 0
Two-Channel Switehed. ....| 0.025 38 13.3 15.2
Two-Channel Combiner. .. .. 0.023 44 11.8 16.7
Four-Channel Combiner. ...| 0.014 75 2.0 26.5

* Normalized to number of crossings at median of single channel.

t Normalized to one one-way crossing per second at median of single channel.
f With respect to median of single channel.

§ At the stated reliability.

% Defined as percentage of time the received power level stays above a given

absolute power level.

7.5 Reliability

The usual definition of “reliability’ is concerned with the percentage
of time the received power stays above a given absolute level. Table
VI illustrates the power reliability of a transmission system which
employs diversity reception to reduce the power requirement on the
transmitter. The received power at the output of the combined channel
is maintained at the same absolute level as the order of diversity is
changed. For example, for the 99 per cent reliability, the amount of
transmitter power needed is 19 db less for quadruple combiner diversity
than for a single channel. If we now look at the average length of fade,
we note that it has increased about threefold. To keep the average length
of fade constant when going from a single channel to the quadruple
diversity combiner, a decrease of only 11.8 db in transmitter power
could be realized (see Fig. 60). Table VI also shows the reliability factors
when a 99.9 per cent power reliability is the design criterion.

VIII. BANDWIDTH IN TROPOSPHERIC PROPAGATION

In previous sections we have discussed the various eharacteristics of
the received signals when ew signals are transmitted. In this section we
consider the bandwidth eharacteristics of the propagating medium. To
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make this study a frequency-sweep experiment* was performed using a
4.11-kme transmitter sawtooth-modulated at a 1000 cps rate over a
20-me band. The receiver was swept nonsynchronously over the same
band at a 30-cps rate. The resultant pulses were displayed on an oscillo-
graph and photographed at the rate of one frame every two seconds.
The experiment used a 28-foot transmitting antenna and 8-, 28- and
60-foot receiving antennas.

Samples of sweep-frequency pictures are shown for various antenna
combinations and transmission conditions. The bandwidths deduced
from the experimental data are compared with a calculation based on
the geometry of the common volumes.

An analysis of the sequences of frequency sweep photographs is made
and the frequency auto-correlation function and distribution of band-
widths are computed. Photographs of signals received simultaneously
from a twin-feed horizontal diversity system are also shown and dis-
cussed.

8.1 Kxperimental Setup

The transmitter consists of a klystron oscillator frequency-modulated
by a 1000-cps sawtooth voltage applied to the repeller. This signal is
amplified by a stagger-tuned klystron-amplifier. The output power is
about 10 watts with a bandwidth of 10 me at the 1-db points and 15 me
at the 3-db points. No ripples oceur across the band.

The receiver consists of a triple detection set with two 1r amplifiers
whose center frequencies are 66 me and 3 me. The output of the second
ir amplifier (150-ke bandwidth) is connected to the Y-axis of an oseillo-
scope (Fig. 66). The first beating oscillator is frequency-modulated at a
30- or 60-cps rate in a manner similar to the transmitter. These rates
were chosen to be an order of magnitude higher than the fading rates
usually encountered on this cireuit.

With the aid of Fig. 67 we see that, whenever the difference between
the transmitter frequency and the beating oscillator frequency is 66 me,
a pulse will appear on the oscilloscope connected to the last 1r amplifier.
The oscilloscope presentation is therefore amplitude versus frequency.

8.2 Sweep-Frequency Photographs

Samples of sweep-frequency photographs selected from runs taken on
different days are shown in Fig. 68. Each run consisted of a series of 150

* It is possible to obtain equivalent information using pulse techniques but
the interpretation of overlapping and distorted pulses is often difficult.2
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Tig. 66 — Block diagram of sweep-frequency receiver.
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frames taken at 21 second intervals with a ¢ second exposure. In the
first three sets, I'ig. 68(a), (b) and (c), the antenna sizes (28-foot to 60-
foot) remain fixed; these sets were taken on different days to show the
variability of transmission conditions.

I'ig. 68(a) shows the photographs for the 28-foot—60-foot combinations

, 4120
(8]
TRANSMITTER 2y
RF FREQUENCY L
(1000 CPS 3% 4.0
REPETITION RATE) &13
v 4,100

TIME =

REPETITION RATE)

5 4054
]
RECEIVER zy |
B.0. FREQUENCY 2 L
(60 CPS g 4044
wZ !
a~ ]

uw

4,034 LT _L

t
I
|
1
1
1

OSCILLOSCOPE
DISPLAY

AMPLITUDE
IN DB

Fig. 67 — Combination of transmitter and receiver sweep-frequency waveforms.
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on a day when the median signal level was high with a very slow fading
rate (for a 4-kme ew signal). Since the fading rate is slow, the sequence
appears continuous. The signal goes to one deep fade for the samples
shown. It should be noted that the amplitude fall-off at the extremities
of the photographs is due to the limited bandwidth of the transmitter.
In this case, the usable bandwidth of the medium exceeds 15 me. The
wide bandwidth suggests that rather large layers are primarily re-
sponsible for the propagation and that they are contained in a rather
small height interval. In Fig. 68(b) we observe at times a narrower
bandwidth (Photograph ¢) as well as a very wide one (p). The char-
acteristic which is most noticeable is the variability from sample to
sample. Had a continuous record been taken, continuous changes would
have been noted. Fig. 68(c) shows, on the average, a broader bandwidth
than the previous one. However, the narrowest bandwidth (a) is about
6 me wide. (For the qualitative discussion we define the bandwidth as
the frequency difference between two adjacent amplitude minima.)

Tig. 68(c) is for the 28-foot-60-foot antenna combination, as were all
the preceding ones. This and the following figures were taken on the
same day, with the receiving antenna as the variable. Fig. 68(d) shows
the received signal using the 28-foot—28-foot antennas; these photo-
graphs were taken 7 minutes after those of Fig. 68(c). Here the nar-
rowest bandwidth is about 3 me (c). Fig. 68(e) shows the received signal
on an 8-foot antenna a few minutes later. Due to the lower gain of the
8-foot antenna, the signal level is closer to the noise level of the system.
However, one notes the narrowest bandwidth to be about 3 me (c).

The photographs show that the medium introduces selective fading
which bears a remarkable similarity to the fading which occurs on a
line-of -sight path during anomalous propagation conditions.?® This raises
the question as to how many layer-like discontinuities are present at
one time. The hypothesis that there are a limited number of regions of
discontinuities does not necessarily contradict the fact that the received
signal is Rayleigh-distributed as a function of time. In each region several
layers can be present; these can change both in amplitude and position
with time, therefore giving a Rayleigh distribution.

8.3 Caleulation of Bandwidth

The bandwidth can be estimated by calculating the relative delay
produced by the two limiting paths obtained from the common volume
geometry. I'rom the ecommon volume conecept it is apparent that the
delays will be greatest in the vertical plane. Assuming the 3-db points
of the antenna patterns to define the boundaries limiting the transmis-



1162 THE BELL SYSTEM TECHNICAL JOURNAL, SEPTEMBER 1959

‘oynuimr 1ad ggg ‘018l JuIpE) UBIPOW MO {SBUUSIUE J00J-8-100]-87 LGAT ‘8 I9QUAAON (3) .wﬂEwE 19d ce1 ‘oyea Suipey
UBIPAW M) {SBUUIIUB }00J-87-100J-87 ‘LG6I ‘8 JoquvaoN (p) -ejnutw Jod 1O ‘@jwr Furpwj ca%wﬁ MO LSEUUIUE 300]-()9-}00]
-wm... {2661 ‘g IequuaaoN (0) eynurw Jad g ‘9)BI FUIPE] UBIPAW MD !SBUUIIUY J00J-(00-}00]-87 :LGHT ‘GT 199030 (q) ‘9jnurmx
1ad g1 ‘9yel BUIpe] URIPIUWT M2 (SRUULIUE J00]-(9-100]-87 ‘1661 ‘0¢ Jequaydog (w) :sydeidojoyd Louanboaij-deamg — g9 "Sig

SITDADVOINW NI ADNINDIHS

FAR (Y 8 S 20 FAR (Y 8 S 20 VAR Y 8 S 20 BlISlI <l
|

6 9 €0 Sl 2l 6 9¢€0

3SION

o
o
$738€153a

oo

- ISION

o
]
S$71381234d

Ol
=0

$7381034

§738123a

JLANIN ¥3d §GE 3LNNIW Y¥3d SEl 3LANIW ¥3d 101
(8) (P) (9) (9 (e)

31NNIW Y3d 81 ALNNIW Y3d S°1



TROPOSPHERIC PROPAGATION BEYOND THE HORIZON 1163

sion, we caleulate the maximum path difference, 8. With the aid of Fig.
13, we see that the path length difference 5 will be

a=aa“[(1+%)(1+";—’")—1], (29)

where ar and ap are the 3-db beamwidths in radians of the transmitting
and receiving antennas and 8 is the angle in radians between the lower
edge of the beam at the horizon and the straight line joining the ter-
minals. For our path, 2a = 171 miles and 6 = 0.9° (4/3 earth).

Tor the 28-foot—60-foot antenna combination ar = 0.6° and ar =
0.33°. Using (29), we get § = 142 feet, which gives a corresponding
bandwidth of 7.0 me between adjacent amplitude minima. For the 28-
foot—28-foot and 28-foot-8-foot, antenna combinations we note that the
limiting factor in transmission is the atmosphere. From our beam-swing-
ing experiment (Section 4.1.2), we found that the received power was
contained on the average within an angle of 0.6° (half-power points) in
the vertical plane. Hence, using ar = ar = 0.6, we obtain a maximum
path difference of § = 198 feet; the corresponding bandwidth is 5.1 me.

Depending on the structure of the atmosphere, these bandwidths will
change. The actual bandwidth will be determined by the distribution
and strength of the discontinuities in the common volume region. For
example, if there were only one discontinuity, then one would expect a
fairly large bandwidth. Nevertheless, the prediction of a bandwidth of
the order of 5 to 7 me is consistent with experimental data. In the next
section 2 more quantitative analysis is made of the data.

8.4 Statistical Distributions of Bandwidth

While a qualitative presentation of bandwidth gives one a feeling for
the capabilities of the propagating medium, a quantitative analysis
should yield data which can form a basis for the design of communica-
tion systems.

The reduction of the photographic data consisted of the translation
of the amplitude-versus-frequency function on each photograph into 30
diserete amplitude values; i.e., an amplitude value was obtained at $-me
intervals for the 15-me band. The majority of the data reduection was
accomplished using semiautomatic machines, which punched the co-
ordinates for each discrete amplitude into IBM cards for computer
processing.

A run of data for any antenna combination consisted of approximately
150 photographs. It should be noted that the median ew fading rate can
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be of the order of magnitude of the rate of photographic sampling;
hence one must insure that the number of photographs analyzed is
sufficient to obtain a valid distribution. A test was therefore made to
determine the amount of data needed for analysis. The ew fading rate
for the run selected was 85 fades per minute; the rate of photographic
sampling was about 25 frames per minute. For this analysis the same
frequency was selected on each frame and a signal level distribution was
plotted for the first 50, 100 and 160 frames. As the number of frames
included in the distribution was increased, the level distribution curve
approached the Rayleigh curve. While there was some deviation from
the theoretical distribution, no significant change was introduced with
the increase in sample length from 100 to 160 frames. One therefore con-
cludes that 100 photographs are sufficient for analyzing the bandwidth.
This test is perhaps more stringent than necessary when computing the
frequency autocorrelation function, since each photographic frame con-
tains 30 frequency points instead of only one.

There were two main analyses made on the data. One was the fre-
quency autocorrelation funection, the other was the amplitude-frequency
distribution.

8.4.1 Frequency Awtocorrelation Function

We define the frequency autocorrelation function of the envelope

o0

f NOROY
S S (30)

@0

Lo U () di

where v is the amplitude function of the envelope; m and n are different
frequencies (see Fig. 69) and r is a function of the frequency difference
m — n.

Since the data are quantized in 3-me intervals and only a limited fre-
quency band is available, the integrals are converted to these summa-
tions:

M

Z Um(tN)Uﬂ(tN)
T = V=L . (31)

5 2 [a(tn) + 02'(tw)]

The averaging is done in the denominator to smooth out transmitter
amplitude fluctuation. This method works best for m — n small. Due to
the decrease in power output of the transmitter at the edges of the band,
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Fig. 60 — Sweep-frequency patterns; »(f) is the amplitude function.

only the center 10 me are used in the computation. The r’s for the same
m — n are calculated and averaged for each run. For m — n = 3 me
(the smallest increment) one obtains 3000 values from a 150-frame
sample when the center 10 mec are used in the computation; for
m — n = 10 me only 150 values are available.

From the frequency autocorrelation function, 7, of the envelope, we
can compute the frequency autocorrelation coefficient, k. The equation
relating the two is given® by

1'=E(k}—(

2

1 -5k

&

)K(k), (32)
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where E(k) and K (k) are the complete elliptic integrals of modulus k.
Booker, Radecliffe and Shinn®” have shown that k* is approximately the
correlation coefficient of the envelope. It ean be shown from (32) that
as the frequency interval m — n becomes large, 7 — /4.

In all, 10 runs were analyzed, using different combinations of receiv-
ing antennas. The runs were chosen to give a wide range of transmission
conditions, and the cw fading rate and the median signal levels were
the parameters measured hefore and after each frequency-sweep run.

Fig. 70 shows the autocorrelation function for the 28-foot—60-foot
combination. Except for the data of September 30, 1957, the curves for
the autocorrelation function do not change appreciably. The unusual
propagation conditions on September 30, 1957, were discussed in Sec-
tion 8.2 in conjunction with Fig. 68(a). We note that + — /4 as
(m — n) — 10 me.

1.0 0

N\l\\ SEPT. 13, 1957
0.8 "-0._,__0___0
'OH—‘W

- O
~

AUTO-CORRELATION FUNCTION, 7
o s
© o
JX

0.9
SEPT. 30,1957
0.8
OCT. 15, 1957
O T T T

~ |

-8 — —C—
~ .-QTT
1.00-=
N NOV. 8, 1957

o] 2 3 4 5 6 7 8 9
FREQUENCY INTERVAL IN MEGACYCLES

o

Fig. 70 — Frequency autocorrelation functions, 28-foot-60-foot antennas.
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TaBLE VII — PARAMETERS IN SWEEP-FREQUENCY RECEIVED DaTa

frequency: 4110 me
ew transmitting power: 43 dbm (10-ft transmitting antenna)
k2 = correlation coefficient of envelope of received signal

‘ o M(E,diﬁjn f;ignal Bandwidth in mc
Antennas, Date m cw Median Fading at Curgc!a.lion
feet | — | Rate, per Minute C()”Eﬂllilent',
| Before After | P =05
28-60 9-13-57 97.5 93 85 5.2
9-30-57 58 65 1.5 =~16.0%
10-15-57 96 95 18 4.5
11-8-57 89 89 101 6.3
28-28 9-13-57 92 94 148 7.4
9-30-57 68.5 62 1.25 =12 5%
10-15-57 99.5 102 18 5.6
11-8-57 92.5 94 135 5.5
28-8 9-30-57 70 73.5 3 ~16.0*
11-8-57 99 96 355 4.5
*(2 =08

Table VII summarizes the bandwidth for the various runs. A more
meaningful definition is used than that employed in our qualitative
analysis of bandwidth in Section 8.3. The bandwidth may be defined as
the frequency separation for which the correlation coeflicient 1 = 0.6
(r = 0.904). [Since the bandwidth was extremely large on September
30, 1957, we have used the eriterion £* = 0.8 (r = 0.952).] It is seen
that the bandwidth varies from 4.5 to 6.3 mc (omitting the data of
September 30, 1957) and does not appear to be correlated with_cw
median signal level, cw median fading rate or antenna size.

8.4.2 Amplitude-Frequency Characlertstics

The analysis of the amplitude-frequency characteristics consisted of
caleulating the maximum ratio of signal amplitudes in a given frequency
interval m — n. A cumulative distribution is plotted as a function of
m — n. The distribution of slopes can be obtained by looking at the re-
sults for the smallest frequency interval (Af = § me). I'or larger intervals
the results do not give the slopes but only the ratio of amplitudes. [In
frame 2 of Fig. 69 for m — o the maximum amplitude ratio is
1'0(52)/15:({'2)-]

Tig. 71 shows the amplitude-frequency distributions. These give the
frequency separation for various amplitude ratios which are exceeded
10, 50 and 90 per cent of the time. Figs. 72 and 73 give the corresponding
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Fig. 71 — Bandwith exceeded 10, 50 and 90 per cent of the time — 28-foot-60-
foot antennas.

distributions for the 28-foot—28-foot and 28-foot—8-foot ecombinations.
While the curves differ somewhat, there are no significant differences
except for the curve for September 30, 1957.

Fig. 74 gives the amplitude ratio distribution for the 28-foot—60-foot
antenna combination on September 13, 1957. This curve gives the
distribution for a day when the bandwidth was about average.

Except for the unusual propagation of September 30, 1957, the auto-
correlation functions, as well as the bandwidth distributions, are sensibly
independent of the median signal level, ew fading rate and antenna
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sizes used in these tests. To obtain a wider bandwidth, one must use
extremely narrow beam antennas on the order of (.1°. In that case, one
probably would expect a marked increase in bandwidth with antenna
size.

8.5 Synthesis of Sweep-Frequency Photographs

One of the interesting questions in the analysis of the sweep-frequency
records is the number of signal components present in the received signal
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4__.T. jf Yo
\R \m\J\
° \
|
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Fig. 72 — Bandwidth exceeded 10, 50 and 90 per cent of the time — 28-foot-28-
foot antennas.



1170 THE BELL SYSTEM TECHNICAL JOURNAL, SEPTEMBER 1959

Q) el
A
50% o
4 | 10%

| - 1 T T—C)
B = \ : e
i | | | SEPT. 30,1957
12 | | | | ! L
0

10% NOV. 8, 1957 L
—

fo)
[50% |
- | —
: i —
gon’cl j
12— N‘**:i-l::_ '
| i |
1 | . | ; '*f
| | ‘ | | |
o 1 z 3 4 5 & 7 8 9 10
FREQUENCY INTERVAL IN MEGACYCLES

AMPLITUDE RATIO IN DECIBELS

Fig. 73 — Bandwidth exceeded 10, 50 and 90 per cent of the time — 28-foot-8-
foot antennas.

at any one instant. We indicated that the photographs bore a striking
similarity to those obtained on a line-of-sight ecircuit under anomalous
propagating conditions.” We have synthesized a sequence of seven
photographs from the run of November 8, 1958. The analog computer
was the one used previously by Crawford and Jakes,*® which combines
four components of arbitrary amplitude and phase. Tig. 75 shows the
synthesis of one of the samples. It was possible to synthesize all seven
photographs approximately with only four components. Due to the
limited band of the frequency sweep, it is difficult to tag the components
with small delays, but the four components give an adequate representa-
tion of those with large amplitudes and relatively short delay.

8.6 Twin-Feed Diversity

Twin-feed diversity experiments using ew transmissions have shown
that signals from the two received channels are uncorrelated most of the
time at 4 kme. There has been speculation that a frequency effect gives
an additional improvement in signal to noise for a single FM channel .
If the rF energy spectrum is distributed over several megacycles and if
the dropout at low signal levels is only several hundred kilocycles wide,
then only a small part of the signal information may be lost. This is in
contrast to a ew channel, where the complete channel would be lost.
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To examine the frequency correlation between two diversity channels,
tests were made using the 28-foot transmitting antenna and the 28-foot
receiving antenna with horizontally disposed twin feeds. Simultaneous
recordings were made on the two sweep-frequency channels using a dual
trace oscilloscope. Photographs were taken with a Polaroid camera, using
a #s-second exposure. Fig. 76(a) shows the calibration for the photo-
graphs. Several frames have been selected to illustrate the frequency
diversity characteristics. Figs. 76(b), (¢) and (d) were taken on a day
when the bandwidth was rather broad, whereas the remaining ones were

FREQUENCY INTERVAL|
- IN MC |

PER CENT PROBABILITY THAT AMPLITUDE < ABSCISSA

S\[\

\\
RN

2 4 6 8 10 12 14 16
AMPLITUDE RATIO IN DECIBELS

99.9

99.99
o]

Fig. 74 — Distribution of amplitude ratios for a run where the bandwidth is
about average.
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recorded on a more representative day. In Figs. 76(b) and (f) the
amplitude-frequency characteristics are very similar for the two feeds;
on the remaining ones there is little similarity. In all the runs the signals
on the two feeds were uncorrelated at any particular frequency. An
examination of several hundred frames shows that a frequency effect
does occur between the two diversity channels when the frequency sep-
aration is of the order of several megacycles at 4 kme.

If the received channels are combined in a switch-type combiner, the
percentage of time that the switched signal (at one frequency) spends
below a certain level will decrease and the bandwidth will be broader.

DECIBELS

AMPLITUDE
o

DATA OF
RECEIVED SIGNAL
VERSUS FREQUENCY

02 5 8 1n 14 17
FREQUENCY IN MEGACYCLES

|
I
REDUCED DATA
| | | | ++} I” || “—I—I- (NORMEEI%ED AMPLITUDE
| | I || || || | AND FREQUENCY)

FREQUENCY IN MEGACYCLES

0 1.00 o]

1 0.90 88
0,49 95
0.32 157

SYNTHESIZED DATA

Fig. 75 — Synthesis of a sweep-frequency photograph.
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Fig. 76 — Sweep-frequency photographs of single channels in a twin-feed
diversity system — horizontally disposed feeds, 4110 me.

IX. CONCLUDING REMARKS

The results of the several experiments discussed in the foregoing sec-
tions are interrelated in various ways, but it is perhaps most significant
that the results ean be interpreted in terms of reflections from layers in
the troposphere. In many ecases, such as the dependence of the propaga-
tion on wavelength, antenna size and beam orientation, quantitative
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agreement is obtained between experiment and the theory of reflection
by layers of intermediate size. The 4110-me data on bandwidth and on
fading rate are consistent with the theory. Moreover, one concludes that
delays in the vertical plane of propagation are most important in de-
termining the bandwidth, whereas delays in the horizontal plane de-
termine the fading rate. The propagation mechanism itself determines
the bandwidth and fading rate unless antennas with extremely narrow
beamwidths are employed. The 460-me experiments on twin-feed di-
versity and those dealing with the dependence of received power and
fading rate on wavelength indicate that the effective horizontal extent
of the layers increases significantly as the frequency of propagation is
decreased. Where possible, the influence of these concepts on the design
of systems has been discussed.
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APPENDIX

Calculation of Received Power Using Unequal Transmitiing and Receiving
Antennas

The formula for received power using antennas with equal beamwidths
is given by (1) in Section 3.1.3 and in the theory (Ref. 5, p. 635, Equa-
tions 5 and 7):

B

Pp = PrMaA A\ f p AV = PerMad- AT ——f(2)]. (33)
v 66'a*" \o
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0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
o/e

Fig. 77 — Power received beyond the horizon on antennas of equal size, ap =
ap for symmetrical volume V = Ve, 6).

The symbols are defined in Section 3.1.3 and in Fig. 77, and 4, and 4z
are the effective areas of the antennas. For antennas of equal size with
beams of unity aspeet ratio (see Ref. 5, pp. 635-6306):

AN

C 2
ar” aR”

E6)]

depends upon the magnitude and location of the symmetrical volume,
V(a,0); a plot of f(a/8) [see (2)] is shown in Fig. 77. For the idealized

4"17’:44.13:

The factor

antenna beams used in the theory, the wedge angle 8 is given by

2a

6:a+29

where « is the 3-db beamwidth of the actual antennas.

Consider now the case of unequal transmitting and receiving beams,
as shown in Fig. 78. The resulting common volume is asymmetrical
about the center line oa, thus one cannot apply (33) directly. However,
the asymmetrical volume can be expressed as a sum of symmetrical



1176 THE BELL SYSTEM TECHNICAL JOURNAL, SEPTEMBER 1359

Fig. 78 — The asymmetrical volume B’EFG’ expressed in terms of symmetrical
volumes, valid when 8z + er = 0 + a7 and 8z < 87 (unequal transmitting and
receiving antennas). We require V = B'EFG’ = ADOD’ — ADEB’ — G'D'OF.
Now, ADEB’ = ABMB’ + BDEM and ADOD’ — MEQOE’ = B'D'E'M + BDEM
-+ ABMB’. Therefore, ADEB’ = 3(ADOD’ — MEOE’ + ABMB’). Similarly,
G'D’OF = 3(ADOD — AGNG’ + NFOF"). Therefore, V = $(AGNG’ 4+ MEOE’
- ABMB’ - NFOF') = %[V[(ﬂ{r + g — ﬁ'ﬂ 1} Gﬂ) + Vz(c!R + ﬂ;g - ﬁ, 9) -
Va(ct'p + f— ap — 3)3 y BR + QR) - Vg(ﬂn - B, ﬂ)]

volumes as shown in the figure. If both beams are oriented along the
horizon, 8; = 0 and the asymmetrical volume becomes
V= %[VI(QT ) 6) + Vﬂ(ﬂ’}? ,6) - Va(ﬂfT - R, 0 + Olk)]- (34:)

The received power is obtained by substituting the appropriate angles
from the Vy, V2, V3 into the factor in (33) and summing. Thus

_ -1 Br |1 ar 1 . (ar
Pr = PrMArAxN 3 [“f(§> + b—qf(e—)

12a? | 6
()]
(9 -+ C\!R)'1 7 + ag ’

which holds for 8; < 8r. For this case the effective areas of the idealized
antennas with beams of unity aspect ratio are

A 2\’
A Ay =
As ar? and Az axBrlar + 20)°

(35)

which results in

M A 1 1 ar o
Pe = Priss o anlan +90) (5) [f (7?) +7 (7)
)
(9 + 03)4 0 + 2573 '

Special treatment is required when the elevation and beam angles

(36)
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T~ (3) COMMON VOLUME WHEN ar<8g-6
v=12[V(ap+6r-6,6)+V(6r-a7 -6, 0tg+6)
-V(6r-6, 8)-V(atp+6g-a -6, &t +6)|

T (b) COMMON VOLUME WHEN 6+oap-&p<fp<&t+té
V= vzl:v{eguxﬂ—a, 8)+v(e+at-6g,8)
-V(6g-6, 6)-V(6a+ag-6-ar, 6 +ar)

Fig. 79 — Asymmetrical volumes — special cases.
g P

involved are such that the apex of the common volume in Tig. 78 is
situated to the right of centerline oa; the resulting common volumes
are shown in Fig. 79. Again, one can express these asymmetrical volumes
in terms of symmetrical ones. The resulting expressions for the common
volume and the range of validity are given in the figure; with these, (33)
can be applied to obtain the received power.
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