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SECTION 1
INTRODUCTION AND PROGRAM SUMMARY

-

The effort reported here supports the Department of Defense

program to provide an anti-jam protected multiple-access comm- d-

and-control communications system for remote-controlled-vehicle
(RCV) applications. Such protection requires pseudo-noise (PN)
carriers of wide bandwidths. This study investigates the limita-
tions on the use of wide-band PN carriers imposed by the tiopo-
spheric radio propagation medium in the 4 - 10 GHz band for air-
ground and air-air paths. 1In addition, channel measurement experi -

ments are specified to check the analytical results.

The method of approach for meeting the program objectives
involves modeling the relevant propagation effects to develop
multipath fading system-function models of RCV communication links
as a function of system parameters. These models combined with
appropriate signal-processing models of the terminal equipment
allow a determination of data transmission error rate and thus
provide the basis for a determination of the limitations on the

use of high baud rate PN carriers imposed by the propagation medium.

In Section 1.1 below a concise summary is presented of the
results of the stud-. Following this summary the organization

of the report is outlined in Section 1.2.

ksl Summary

An eppropriate system function model of an RCV propagation
channel consists of the cascade of two "filters." The first

filter characterizes the frequency selective effects of the com-

plex refractive index of the atmosphere (rain, water vapor, and

1-1




oxygen). The second filter is a time-variant linear filter
having, under appropriate atmospheric conditions, the structure

of an essentially discrete set of delayed paths whose amplitudes,
phases, and relative delays are slowly time-varying. Around

each of these paths there exists a low-level continuously distri-
buted multipath due to scattering. The second filter structure

characterizes the effects of refractive layers, atmospheric tur-

bulence, surface scattering and reflection, and discrete reflections.

It is shown in this report (Section 3.4) that the frequency
selectivity of the first filter, the atmospheric filter, produces
no limitation on the use of wide-band PN carriers in the & - 10
GHz band. The coherence bandwidth, wcoh’ of the second filter,
which may be called the "multipath" filter, is given by some
small fraction of the reciprocal of the multipath spread between
the first and latest arriving paths. In Section 3.2 this multi-
path spread is computed to range from less than a nanosecond to
tens of nanoseconds which leads to values of wcoh as small as a
few MHz. At first glance it might be supposed that a PN carrier
data transmission system will suffer increasing degradation as

the bandwidth of the PN carrier increases beyond W because

>
this is just what happens with conventional data tiggsmission
Ssystems. However it is shown in Section 2 that for the discrete
muiicipath structures present in RCV channels, just the opposite
will occur. The PN correlation process in the receiver allows
the rejection of multipath components which differ from the
desired path by more than a time duration equal to the duration

of the autocorrelation function of the PN signal. The individual

paths are extremely broadband, so that when the PN correlation

process isolates one path, no significant coherence bandwidth

k=7
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limitations will exist for PN bandwidths of interest in the

4 - 10 GHz band. 4

Even though the troposphere does not pose a coherence band-
width limitation for wideband PN carrier systems, transmission ;
difficulty still occurs when two or more paths are less than a :
PN correlation function width. In this case the output data

signal after the receiver PN correlation processing,will be

Lt S LAl b

subjected to amplitude and phase fluctuations. To assess the

effect of multipath on error rate a computer prdgram was developed

to evaluate PSK error rate performance in the presence of dis-

crete multipath for a representative PN carrier demodulator. g
The formulation includes local PN timing and phase errors intro-
duced by the code and carrier tracking loops as they track the
combined multipath signal. Error rate calculations were carried
out for the common two-path case as a function of path delay
difference and relative amplitude with the relative phases of

the two paths assumed randomly distributed. Clearly, as one

might expect, when the two paths are equal or nearly equal in
strength, the performance degradation is very large. However,
perhaps less obviously, when the delay difference is not a small
fraction of a PN pulse width, the paths have to be surprisingly
close in amplitude to cause significant degradation. Thus for two
paths separated by one half a PN pulse width, the path gains

must be closer than 1.4 dB to produce a performance degradation

in excess of 3 dB.

An adaptive two-correlator system with corresponding loc-
ally generated PN sequences separated by a delay less than a

PN correlation function width is analyzed to determine its
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effosctiveness as an anti-multipath technique for the two-path
multipath case. Considerable performance improvement is

shown to be possible with this approach because of the effec-
tive multipath diversity combining achieved. With this sys-
tem, in contrast to tie single correlation system, equal strength
paths do not cause large performance degradation unless the

paths are separated by a delay small compared to a chip width.

One potentially serious communication problem was identified

as arising from the discrete multipath caused by refractive

layers. For this type of propagation phenomena, especially in

ground-to-air links, the spurious multipath components are gen-
erally larger than the direct path. Since the spread spectrum
modem will tend to lock onto the stronger path and since the
multipath effect exists in limited spatial regions, it is pos-
sible for the spread spectrum modem to lock onto a spurious
multipath component and then to lose synchronization when the

component disappears.

Some consideration was given to the signal design problem
in coherent frequency-hopping PN modems to achieve resistance
to multipath. It was found that an sppropriate tapering of the

probabilities of the various frequency hops can be quite helpful.

A study of channel measurement techniques for RCV channels
was carried out. Consideration was given to both time and fre-
quency domain techniques, to the special requirements of RCV
channels, to performance, and to relative cost and complexity.
As a result of the study it was found that for bandwidths up
to 200 MHz a pseudo-random prober and a multiplexed correlation

receiver processing technique provide the least complex means of

1-4
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gathering both the required multipath data needed for channel

modeling and for comparative evaluation of modems by '"recreating"

and "playing back' the channel in the laboratory via stored

channel simulation. Some consideration was given to the pos-
sible utility for channel measurement of a frequency-hopping PN
modem due to be shipped to RADC in the near future. It was
found that some useful channel parameter information could be
achieved by interfacing with this modem at an appropriate point 1

with some relatively simple signal processing hardware.

1.2 Contents of Report

The limitation on the use of wide-band PN carriers imposed
by the propagation medium (including the relevance of coherence
bandwidth) is developed in Section 2 by combining appropriate
signal processing models of the terminal equipment with the sys- 4
tem function models of the propagation channel. 1In this way the
relationship between the output data signal characteristics and
the input data signal, PN carrier parameters, and channel para-

meters is revealed.

Section 3 documents the results and details of the channel
modeling investigation. Consideration is given to both pro-
pagation modeling and system function (i.e., ''black-box'")
modeling of various canonic propagation effects. In particular ;
the refractive layer, volume scattering, surface reflection and

scattering, and complex refractive index of the atmosphere are

studied.

The effects of discrete multipath on a PN carrier modem
data transmission error rate are taken up in Section 4. Sec-
tion 5 discusses the channel measurement problem for RCV chan-
nels. The final section presents conclusions and recommenda-

tions for future work.
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SECTION 2
3 SYSTEM FUNCTION MODELING OF RCV CHANNELS

In order to dete:mine the interrelationship between the
RCV system requirements, the propagation channel, and modula-

tion techniques, it is necessary to develop an RCV system model

in which all important signal processing operations in the RCV
system, both man-made and natural, are adequately character-
ized and related to the important RCV system parameters.
Figure 2.1 presents a basic system model block diagram of a
ground-RCV command-control configuration, depicting major sig-
nal processing operations. As pointed out in the work state-
ment for this study, the major modeling deficiencies in the RCV
system (ground-air or air-air) are connected with the up-link
and down-link propagation channels. This section, with the
aid of results from Section 3, discusses the nature of the sys-
. tem function models of the propagation channels. The character
: of the limitation on the use of wide-band PN carriers
imposed by the propagation medium (including the relevance of
coherence bandwidth) is developed by combining appropriate
signal processing models of the terminal equipment with the
3 system function models of the propagation channel in order to
' relate the output signal to the input data signal and PN car-

rier waveform parameters.

2.1 System Functions for Time-Variant Channels

The propagation channels are linear systems and may be
characterized by time-variant transfer functions (e.g., TU(f,t)

and TD(f,t) as indicated in Fig. 2.1). This section reviews

2-1
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briefly the characterization of randomly time-variant systems
with the aid of system functions. In particular, the relation-
ship between multipath spread and frequency selectivity is
brought out initiall: without making any statistical assumptions.
It is desirable to characterize the propagation channels as

far as possible without introducing statistical assumptions,

because these channels will be nonstationary.

There exist a variety of system functions for character-
izing the input-output behavior of linear time-varying systems
[2.1] [2.2)}. For the purposes of the present discussion it is

} sufficient to confine attention to the time~-variant transfer

function T(f,t) and the time-variant impulse response g(t,£). ﬁ

For simplicity of presentation we shall use complex envelope _
representation throughout. Thus the input signal would be .
represented by the complex signal z(t). The real signal would
J be a narrow-band process with envelope |z(t)| and with phase
4 ¥ z(t) measured with respect to carrier phase 2nfot, where f0

is the carrier frequency.

In complex notation the input-output relationships corres-

ponding to use of T(f,t), g(t,£) are

w(t) = [ z(E)T(E,t)el?TE 4¢ (2.1) | &

w(t) = [ z(t-£)g(t,t) dg (2.2) |

where w(t) is the output signal (complex) and Z(f) is the spec-
trum of z(t).

2-3 ! {




The transfer function T(f,t) and impulse response g(t,t)

are Fourier transform pairs,

T(E,t) = [ g(t,e)e I27EE 4, (2.%)

o(t,8) = [ T(f,t)el2TEE 4f (2.4)

It is readily seen tha: the time-variant transfer function
at the frequency f (actually f Hz away from carrier frequency
fo) is just equal to the complex modulation observed on a re-
ceived RF carrier transmitted at fo + £ Hz. Thus the time-
varying envelope of this received carrier is |T(£,t)]| and the
time-varying phase of chis received carrier measured with res-
pect to the input phase is ¥ T(f,t). The width of the spectrum
of a received carrier, i.e., the spectral width of T(f,t) with

f fixed, is called the Doppler spread of the channel at f SEIS

This Doppler spread clearly determines the rate of fadlng of

the channel.

If another carrier is transmitted at a different frequency
fo + £ + Q sufficiently close to fo + £, it will be found that
the envelopes and phases of the two received carriers essen-
tially fade in step. As the separation frequency is increased,
however, T(f,t) and T(£+Q,t) will begin to depart. The term

coherence bandwidth wcoh’ is used to define the frequency inter-

val, i.e., maximum value of {l, for which T(f,t) and T(f+Q,t)

may be regarded as the fluctuating in step,

T(f,t) ~ T(£+8,t) ;5 Q< W




From Eq. (2.1) we note that if the spectrum Z(f) of a transmitted

signal occupies a bandwidth W < wcoh’ then the output is given by

w(t) = z(£)T(0,t) (2.6)

i.e., the channel acts as a complex multiplier T(0,t) causing
all frequency components of z(t) to fluctuate in step. Such a
chaunel is called '"flat'" fading. (Note that T(0,t) is just the
complex modulation observed on a received carrier at the car-
rier frequency fo') For input signals with bandwidths exceed-
ing W

Ik frequency selective distortion will result, i.e.,

all frequency components will not fluctuate in unison.

The coherence bandwidth does not sharply divide signals
into those which are seriously degraded by frequency selective
distortion and those which are not. Rather as W decreases, the
frequency selective distortion will get less and less until it
approaches a level which causes a small enough distortion to
be ignored relative to other system nonidealities. 1t is a
basic objective of the study to determine how much
bandwidth can be employed for signaling elements in candidate
RCV wavelorms on the basis of system perforinance degradation

caused by frequency selective fading.

The time variant transfer function of a microwave radio
channel differs from the transfer function of a conventional
filter in that the latter has a well-defined bandwidth outside
of which attenuation is large. While the former has a coher-
ence bandwidth, it is clear from the above discussion that it
is not at all like a passband bandwidth. 1In fact the radio
channel will transwit power over bandwidths very very much

larger than the coherence bandwidth.




We note from Eq. (2.4) that the time-variant impulse ﬁ

response g(t,t) is the Fourier transf

orm of T(f,t) along the !
frequency variable,

. i
Due to thig transform relation we know

1
of variation of T(f,t) with f is deter-
mined by the maximum path delay, i.e.,

which g(t,t) is negligible.

delay occupancy region as the

that the maximum rate

the value of ¢ beyond
It is convenient to define the

set of delay values over which

g(t,t) is significantly different from zero, Thus if

g(t,e) ~ 0 for £ < Emin’ £ > gmax (2.7)

then the delay Occupancy region is th

I ]l . < £ < 3
e Interva gmln £ gmax

nnel, L is the differ-
tot
ence between the longest and earliest multipat

The total multipath spread of the cha

h delay. 1In
the case of (2.7),
Ltot 3 gmax i gmin (2.8)
If the delay Occupancy region iscentered* so that
=1
bmin = " Dltor
(2.9)
=1
gmax k7 Ltot

then the "period" of the most rapid variation of T(f,t) with

f is just

2-6
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W =T (2.10)

where we use the subscript "max" to indicate that W ax 1S the

maximum separation between samples of T(f,t) vs. f for recon-
struction of T(f,t) via the sampling theorem. We shall call

- the sampling bandwidth. Clearly the coherence bandwidth

must be much less than the sampling bandwidth,

_ 1
wcoh =< wmax i (2.11)
tot
If, as a rule-of-thumb, one arbitrarily selects w as 1/10

oh
of w ax then from (2.11) we see that a total multlpath spread

of 10 nanoseconds (not unlikely for multipath due to refrac-

tive layers) implies a coherence bandwidth of 10 MHz.

One may define a total Doppler spread parameter B ot? 8

sampling interval T oy and a coherence duration parameter T

@ik wmax’ and wcoh

for frequency selective effects. Btot defines the maximum

bandwidth over which the spectrum of a received carrier (T(f,t)

coh
for time-selective effects analogous to L

for fixed f) has significant values and Tmax is maximum separa-
tion between samples of T(f,t) as a function of t for recon-
struction of T(f,t) via the sampling theorem. TCoh may be re-
garded as the interval of time over which the time variant
channel changes negligibly, i.e., for such intervals of time
the channel may be regarded as "frozen" although possibly dis-
persive. For multipath due to tropospheric effects T coh will
be very much larger than the duration of any typical signaling
element in RCV data transmission. Thus computation of inter-
symbol interference effects can proceed on a '"frozen chamel"

basis.

2-7




2.2 The Structure of System Function Models Corr

esponding to
Frequency-Selective Propagation Effects

The general character of the system functions correspond-
ing to frequency selective tropospheric propagation effects
may be deduced from Fig. 2.2 which diagrams the way specific
frequency selective mechanisms are combined ag signal process-

ing operations on the transmitted signal.

As indicated in
Fig. 2.2,

the propagation channel may be represented as the

Parallel combination of several 'paths" each havin the same
P g

This structure consists of the cascade of

general structure.

three operations:

a) A time invariant "atmospheric" filter charac-
terizing the frequency-selective proverties

of the complex dielectric constant of the
atmosphere

b) An ideal (generally time-varying) delay

operator

c) The parallel combination of a time variant
filter modeling the volume scattering and a
complex (slowly time varying) gain modeling
the strength and phase of the path in the
absence of frequency selectivity of the

dielectric constant and in the absence of
volume scattering.

Strictly speaking, each path should have a separate atmos-
pheric filter,

but the paths traverse atmospheric regions suf-
ficiently close to make these filters essentially identical.

Section 3.5 shows that in the 4 - 10 GHz band the atmo

spheric
filter,

even under worst case conditions, has negligible

frequency selectivity, Since it may be assumed

that the PN carriers of interest in the 4 - 10 GHz band have

bandwidths less than a few GHz, the atmospheric filter may be

garded as essentially non-frequency selective.

2-8
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In Section 3.3 it is also shown that even under extreme
atmospheric conditions the multipath spread of the volume
scattering portion of the troposphere is a small fraction of a
nanosecond in the 4 - 10 GHz range. Thus in this frequency range
the volume scattering filter in Fig. 2.2 will cause essentially

only a flat fading on RCV PN carriers.

The net result of the mild degree of frequency selectivity
exhibited by the atmospheric and volume scatter channels rela-
tive to the bandwidth of the input signal is to allow the fol-
lowing simple input-output representation for the system of
Fig. 2.2 in the absence of additive noise

N j27F t

w(t) = T [G_ +H (t)]e 5 z(t-7_) (2.12)
n=1

where z(t), w(t) are the complex envelopes of the input and
output signals, Gn’ ik and Fn are the slowly varying complex
amplitude, delay and Doppler shift of the n'th path due to
aircraft or layer motion in the absence of volume scattering,

and Hn(t) is the more rapidly varying complex gain due to the

volume scattering.

The impulse response corresponding to (2.12) is

=

j2nFnt
g(t,€) = nzl [G, +H (t)]e b(g-1) (2.13)

where 6(-) is a unit impulse function. Fourier transforming

(2.13) we obtain the time-variant transfer function

N j2nFnt j217fTn
T(f,t) = % [Gn + Hn(t)]e e (2.14)
n=1




The frequency selectivity in this transfer function is due to

the reinforcement and cancellation of the phasor termsexp(janTn).

While this type of frequency selectivity can be quite severe

and can prnduce coherence bandwidths much smaller than the band-
width of typical pulses used in the PN carrier, it will be shown
that this selectivity causes no ''coherence bandwidth'" limitation
as far as the use of high PN symbol transmission rates is con-
cerned, because in the limit of high PN symbol rates, the indi-
vidual path components can be resolved by the correlation pro-

cess and the PN system can operate with the aid of a single path.

Of course if the symbol rate increases to the point where the
bandwidth becomes much bigger than 1 GHz, one must consider the
possibility of extreme atmospheric conditions under which the
simple model (2.12) will be inadequate and the frequency
selectivity of the atmospheric dielectric constant will have
to be considered. Section 3.5 indicates that such a condition
may occur in the 4 - 8 GHz band only in the case of heavy
rainfall. However in this case the attenuation produced
by the rainfall is more harmful than the frequency selective

degradation of the PN carrier system.

The volume scatter will also become frequency selective
under turbulent atmospheric conditions for bandwidthssufficiently
larger than 1 GHz. As discursed in Section 3.3, the strength of the
volume scatter channel output for a given path is small enough
to cause at most only a few dB and a few degrees fluctuation
on the paths received signal. Moreover, increasing the PN car-
rier bandwidth can only improve performance by allowing some
of the volume scatter multipath to be discriminated against by
the correlation process, as discussed below. Thus volume

scattering cannot provide a coherence bandwidth limitation to

the use of wideband PN carriers.
2-11
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Other possible frequency selective propagation etfects

have been mentioned: scattering and reflection from the sur-
face of the earth and other discrete reflections. The general
structure of the system functions corresponding to these pro-
pagation effects take the same form as Fig. 2.2 with the box
labeled '"volume scattering'' replaced by an appropriate linear,
possibly time-variant operation. For these propagation ef-

fects also, in the limit of large PN carrier bandwidths,a partic-
ular path can be singled out to the exclusion of the other

propagation paths and no coherence bandwidth limitation appecrs.

2.3 Characterization of RCV PN Carrier Channels

Here we wish to characterize the RCV channel between the
baseband data input and output signals so that the relationship
between propagation channel characteristics, PN carrier pare-
meters, and data signal degradation may be made explicit.
Figure 2.3 shows the signal processing operations of an RCV
link including PN carrier modulation and demodulation. The
baseband data signal is modulated on a PN carrier. For the
purposes of the present discussion this PN carrier may be
assumed to have a very general structure, consisting of se-
quences of M'ary PSK pulses which are frequency-hopped, time-

hopped, and time gated for multiple access operation.

At the receiver, a locally generated PN carrier, essen-
tially identical except for a time delay 1, phase shift y, and
a possible frequency shift, is mixed with the incoming signal
and the difference frequency component is selected either at

zero frequency or some assigned offset frequency. In Appendix

A it is shown that the relationship between the complex
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envelope of the input data signal d(t) and the output signal
after the PN carrier demodulation, v(t), is given very closely by

a simple complex multiplication plus an additive noise, i.e.,

v(t) = d(t-TO)eij(t,T) + n(t) (2.15)

where n(t) is an additive noise, and the complex gain

G(t,7) = [ R(r-¢)g(t,&) d§ (2.16)

where R(r) is the autocorrelation function of the PN carrier.

The simple relationship (2.15) applies when the data
signal symbol duration is much greater than the g£-duration
of the product R(r-£)g(t,£). This duration can be no bigger
than the multipath spread of the channel, which in the present
case is surely very much smaller than the duration of a data

symbol.

We see from (2.15) that as far as the data signal is con-
cerned the PN carrier waveform and chamnel enter into a deter-
mination of the output signal only through the integral of the
product R(r-£)g(t,£). The unimportance of coherence bandwidth
for high baud rate PN carrier systems transmitted over channels
with the discrete multipath structure of the troposphere (2.13)

can be made evident by examination of (2.16) and Fig. 2.4.
In Fig. 2.4(a) the three-path structure

j2rF
g(tag) = e

ta j2nf
[G1 + Hl(t)]ﬁ(g-rl) + e

t

1

2

j2nf t

3

+ e [G3 + H3(t)]6(g-r3) (2.17)

G 2t e ittt el ¢ Diascn e i e ol



has been sketched. The shaded regions are used to depict the

volume scattering multipath. A triangular autocorrelation
function of base 2A/m has been assumed such as would apply to
a binary PSK PN carrier with "chip" width A/m for m = 1,2,6.
The delay parameter T has been set equal to T, SO that R(Tl-g)
is a triangle (unit peak) centered on the first path delay at
£ = Ty Note that increasing the integer m increases the PSK

chip rate of the PN carrier.
For m=1 we note that G(t,Tl) contains three terms

t

j2nF1t j2nF
[G2 + Hz(t)]

[G1+H1(t)] +§e 2

G(t,Tl) = e

j2nF  t

2 Gy + Hy(t)] (2.18)

+ % e
It follows that for m=1, G(t,r) will fluctuate considerably
in amplitude and phase causing the received data signal SNR
to drop to low values, occasionally producing error bursts.
(The phase fluctuation problem can be countered somewhat by
using differential PSK for the data.) Figure 2.4(b) presents
plots of the transfer function* of the channel and of the PN
carrier for m = 1,2,6. Note that for m=1 (chip width = A)
the PN carrier spectrum is mostly within the coherence band-

width and yet the PN carrier system is suffering considerable

degradation.

-
We cannot plot complex functions in Fig. 2.4(a) and (b) so
we plot real parts of these functions instead.
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Refractive Layer Multipath Structure
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Figure 2.4 TIllustration of Effect of Tropospheric Channel
Multipath on PN Carrier System
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If m is increased to 2 (chip width = A/2) we note that

one path has been '"gated-out" of G(t,Tl),
jZWFlt 1 j2nF2t
G(t,'rl) = e [Gl + Hl(t)] + 3e [G2 + Hz(t)]

(2.19)

The fluctuations in G(t,Tl) have been considerably improved
by increasing the PN carrier bandwidth beyond the coherence
bandwidth! Furthermore, increasing m to 6 (chip width = A/6)
eliminates two of the paths,
j2wF1t
G(t,7) = e [6, + Hy(t)] (2.20)

and reduces the fluctuations on G(t,Tl) to those caused by

volume scattering effects alone. Examination of Fig. 2.4(b)

shows that for m=6 the PN carrier spectrum is violently

"chopped" up by the channel's frequency selectivity. The

above exercise has proven that the coherence bandwidth of the

tropospheric discrete multipath structure does not produce

a limitation on the use of ever larger PN carrier bandwidths.

In order for the tropospheric multipath structure not to appear

discrete, extremely large PN carrier bandwidths virtually ex-

compassing the entire 4 - 10 GHz band would have to be used.

It is evident that to achieve the desired "gating out" of

the multipath in the integral (2.16) the autocorrelation func-

tion of the PN carrier should be as narrow as possible for a

given bandwidth of the PN carrier. To practically achieve very

large PN carrier bandwidths, say approaching or exceeding a




T R e

Gigaherz, requires some form of frequency hopping. In Appendix
B it is shown that very good autocorrelation functions can be
achieved for the frequency hopped PN carrier if the probability
distribution of the frequency hop is appropriately tapered.

e D R T P

Thus in Fig. 2.5 we show the PN carrier (complex envelope) auto-
correlation functions for uniform and raised-cosine tapered

! frequency hop probabilities. It is assumed that the PSK pulse

5 width is A and that there are . frequency hops n/A; n=0,+1, o alouts
: about the carrier center frequency. The importance of good

sidelobes on the PN signal will become even more evident in

Section 3.2 where it will be shown that spurious discrete mul-

tipath components may exist which are much stronger than the

desired path.
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SECTION 3
CHANNEL MODELING

This section documents the results and details of the
channel modeling investigation. Section 3.1 discusses the
rationale for the approach taken in propagation modeling and
summarizes some of the results of the multipath and frequency
selectivity calculations. Section 3.2 discusses the most ser-
ious multipath phenomenori--that caused by refractive layers
having a steep negative gradient of refractive index with increas-
ing height. Following this section, Sections 3.3, 3.4, and
3.5 consider in succession the volume scattering channel, the
atmospheric channel, and the surface scattering and reflection

channel.

3.1 Methods of Approach

In Fig. 3.1 we have presented a classification of pro-
pagation effects according to their potential harmful effects
on wide-band PN systems. Propagation effects may be broadly
classified into those that cause frequency-selective distor-
tion on communication signals and those that do not. It is
only the former that may cause special difficulty to high baud

rate PN systems. Consequently it is only the former which we

have studied in detail.
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The frequency selective effects may be further subdivided
into those that are caused by multipath and those that are not.
The latter type of frequency selectivity is due to the fre-
quency dependence of the complex refractive index of rain, water
vapor, and oxygen. As discussed in Section 3.4, in the fre-
quency range of interest, 4 - 10 GHz, these frequency selective
effects do not impose significant performance limitations for

high baud rate PN systems.

We further subdivide the multipath-producing propagation
mechanisms into those that are markedly influenced by the size
of the antenna beam width and those that are not. This sub-
division is clearly of practical significance in RCV system
design. If one assumes well-designed aircraft antennas and
large adaptive phased arrays for the ground station with flight
patterns prohibited from very low elevation angles it may be
possible to greatly reduce multipath caused by reflection and
scattering from the surface of the earth and discrete reflec-

tions from mountains, buildings, etc.

If care is taken to reduce these multipath effects by sys-
tem design, there will still remain the multipath effects due
to the troposphere itself. These tropospheric effects are of
two types: those which produce an essentially spatially random

fluctuation in refractive index (labeled volume scattering in

3-3




Fig. 3.1) and those which produce layers having sharp rer-

tical negative gradients in refractive index.

Volume scattering effects are essentially ever-present
but their intensity varies with weather conditions. From a
system-function point of view, the spatially random fluctua-
tions produce a continuously distributed multipath. It is
shown in Section 3.3 that even under extreme postulated con-
ditions the continuously distributed multipath spread caused
by volume scattering is sufficiently small to cause negligible
frequency selective effects even for very high baud rates

(say 1 Gigabaud).

The refractive layers can produce discrete multiple
paths between transmitter and receiver when the path geometry
and layer characteristics assume certain values. The most
typical situation is a single dominant layer and two or three
paths. Multipath spreads may vary from less than a nanosecond

to tens of nanoseconds. It appears that path strengths are of

equal strength only in limited regions of space (several miles).

In contrast to volume scattering, refractive layers may only
occur a small percentage of time for certain geographic areas
and a high percentage for other geographic areas. Also, when
layers are present, small elevation angles (less than 2 - 30)
between terminals are required to produce the multiple paths.

Nonetheless they appear to be the most serious multipath ef-

fects because they cannot be discriminated against by antennas.

3-4




3.2 Tropospheric Refraction Channel

Propagation in the troposphere is affected by variations
in the refractive index structure which have a scale much lar-
ger than a wavelength. These variations act as a complicated
lens system which focuses (and defocuses) the transmitted sig-
nal into various regions of space. When the same signal is
refracted into a region via more than one path, a receiver in
that region experiences multipath fading. When the refractive
index structure acts to defocus the signal, i.e., focus the
energy away from the receiver, a deep signal fade is observed

on the link.

With the aid of the equations of geometric optics, the
relative amplitudes and delays of multiple paths caused by the
commonly occuring layered refractive index structures may be
calculated. The propagation modeling is presented in 3.2.1
and the resulting multipath characteristics are given in 3.2.2.
Figure 3.19 presents an example of a copputation of multipath
structure. A number of important features of the multipath
structure in LOS links is brought out in the analyses and sum-
marized in Tables 3-1 and 3-2. Some of the more significant

results are restated below:

1. 1In the presence of a stratified refractive index layer,
there is a maximum elevation angle for which multipath can occur
on ground-air (g-a) links. This results from the fact that in
order for multipath to exist, both the terminals must be in
close proximity to the layer, (see Section 3.2.2.2). Since
under steady-state conditions these layers are measured to have

maximum tilt angles of a few degress ([3.2] reports about 2.30,

[3.10] reports about 1.10), multipath interference on g-a links

is limited to flights with elevation angles less than a few degrees.
3-5
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2. On g-a links, the minimum range at which multipath
occurs is dependent on the height of the layer above the ter-

minals. As the layer height increases, the range increases.

3. On g-a links, the number of multipath signals is depen-
dent on the height of the layer above the terminals. As the

layer height decreases more multipath signals appear.

4. The strength of these multipath signals is greater than
or equal to the direct path signal strength. This phenomenon
has been observed by Delange [3.40] on a 22 mile ground-ground ?
(g-g) microwave link. It should be noted that the spread spec-
trum modem will tend to lock onto the stronger path. Since the
multipath signals will appear and disappear with variable delay,

this could capture the modem receiver and then leave it in an

out-of-synch condition.

5. The above results also apply to air-air (a-a) links

for which the layer is above the terminels.

6. On a-a links for which the layer is below the terminals,
the onset of multipath is dependent on the distance of the layer

below the terminals. As the layer height decreases, the minimum

range at which multipath occurs increases.

1 7. In both g-a and a-a links, the multipath structure has

the same character: at the onset of multipath there are two

strong paths at the same delay. As the range increases, these

paths separate in delay. The amount of delay separation and rela-
tive strengths of the paths is dependent on the refractive index
Structure and the system geometry (see Sections 3.2.2.2 and B 2r 30N
Multipath spreads of less than 10 ns will be common on ground-

air links.

3-8
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Fading can also occur in a LOS link when the receiver is

in an attenuation region. Unlike multipath fading, this is

due to a loss in signal strength within a radio hole or an earth

shadow region. The shadowing caused by the intercession of the

earth's surface in the propagation path is summarized in Table a
3-3. It is seen that the location of the shadow region is af-

fected by the location of a layer when that layer is between

the terminals. Thus for a fixed terminal link, a wave-like

movement of the layer could cause alternate fading of the re-

ceived signal. More detailed analyses on each type of fading

phenomenon is presented in the main body of this section.

3-9
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3.2.1 Propagation Modeling

3.2.1.1 Physical Basis for Layers

The refractive index of the lower atmosphere can be deter-
mined directly from microwave refractometer measurements or
indirectly from meteorological data. The refractometer utilizes
a microwave cavity which has a resonant frequency dependent on
the test atmosphere it contains. By tracking the difference in
resonant frequency between the test cavity and a sealed cavity,
one may monitor refractive index changes with a great deal of
accuracy and very little time lag. Since the measurements of
temperature, pressure, and humidity are readily available around
the world, it is also a common practice to obtain the refractive
index indirectly from these constitutive parameters. The refrac-
tive index n can then be expressed empirically in N units as

(see Ref. [3.1])

i AR50 4810e
N T (e =) (3.1)
where N is the refractivity, given by
6
N = (n-1) 10 (3.2)

and P, T, and e are the atmospheric pressure, absolute temper-
ature and vapor pressure respectively. Processes

such as heating and cooling from the land or sea, wind eddy
diffusion, large air mass movement, etc., influence the refrac-
tivity profile and in turn cause anomalous propagation in the

troposphere.

3-11

B a3

e e g




Measurements of the mean refractive index structures of
the troposphere indicate that N decreases with increasing

height in an approximately linear fashion with occasional marked

)
:

departures from this mean. These marked departures manifest

themselves as steep gradients of refractive index existing over

—

thin horizontal regions, as shown in Fig. 3.2. Typical refrac-
tivity measurements showing this type of profile are given by
Kerr [3.2], Beckmann and Spizzichino (Ref. [3.3], Figs. 19.1 -
19.8), Ikegami {3.%4], Wong [3.5], and Guinard et al., [3.6].

An extensive world-wide treatment of refractivity profiles isg

given by Bean and Dutton [3.7] and Bean et al., [3.8].

3.2.1.2 Refractive Index Structures ]

Measurements taken by the World Radio Refractive Index ;

Data Center at Boulder, Colorado (see Ref. [3.9], Fig. 3)

indicate that the mean value of the initial refractive index !
gradient (measured at Cape Kennedy, Florida) is about :

.O—N = 3
| (bh) 60 N units/km. (3.3)

whereas the standard value given by Kerr (Ref. [3.2], p. 53) is

N .
- = =40 N units/km. (3.4) :
(bh>std. §

The statistical distributions of layer thickness were mea-
sured over a three year period in an arctic, temperate, and
tropical maritime climate (see Ref. [3.7]1, pp. 140-145). The ;

data indicate the existence of layers with thickness varying

from about 40 to 400 meters, with mean values given by

66 meters in arctic climate
w= (97 meters in temperate climate (3.5)

( 106 meters in tropical maritime climate.

3-12
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Refractivity N
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Figure 3.2 Typical Refractivity Profile

a.
b.

Total profile
Distribution of layer thickness (taken from

Ref. 3.7).
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The distribution of w obtained from this data as shown by Bean
and Dutton is reprinted in Fig. 3.2 for reference. Beckmann and
Spizzichino (Ref. [3.3], p. 442) have deduced the thickness of
these elevated layers to be less than 100 meters 90% of the time.

The steepest gradient of N observed in the data presented

by Bean and Dutton was given by

steepest (%%) = =420 N units/km. (3.6) |
layer g
The steepness of this negative refractivity gradient exhibits

climatic as well as seasonal variations.

These layers are usually assumed to be horizontally strati-
fied, although in the presence of wind shear and frontal inver-

sions, they have been observed (Ref. [3.2], p. 363) to have tilt

angles of up to 2.3°. In the presence of multiple convective
processes, there may be perturbations in the layered structure
which manifest themselves as random wave-like disturbances [3.10].
These would act to change the tilt angles of the layers as a
function of both space and time. Due to the complexity, vari-
ability, and lack of definitive statistical data, such refractive
index structures, along with other possible but infrequent struc-

tures, are only listed here under the category of "other structures'
(see Fig. 3.3).

3.2.1.3 Radio Propagation in the Presence of Layers

3.2.1.3.1 Geometric Optics for RCV Applications

Geometric optics is the limiting form of physical optics
as the wavelength approaches zero. Physical optics results
from solutions to the wave equation, while geometric optics
utilizes frequency independent ray tracing techniques. For
tropospheric communication links at microwave frequencies, ray tracing

yields approximate results on delay differences, angle of arrival,

3-14
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Tilted Layer (accompanies frontal inversion)

Mﬂmﬂ

Other 3tructures (data limited)

Figure 3.3 Horizontal Variation of N-Profile
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and signal power levels. A brief description of the method of

geometric optics is presented in Appendix D. The time delay ¢
associated with a given ray path is derived in terms of the

refractive index profile. It is shown that
_ 1
£ = I n do (3.7)
0 path

where <y is the velocity of propagation in free space, and the
integration is performed over the path trajectory. The path
trajectory has a local radius of curvature R in a vertical

n-gradient of
R = =1/(dn/>z) (3.8)

In addition, Snell's law is satisfied along any ray. It is

shown below that rays can be traced with respect to the spherical

earth by using an earth-flattening coordinate transformation
which only has the effect of modifying the refractive index

(n —™ m) in the flat earth geometry.

3.2.1.3.2 Flat Earth

Assuming that a ray is launched from a height hT at an
angle ¢ over a flat earth (see Fig. 3.4), then Snell's law

at any point along that ray can be written as
n(z) cos B = n(hT) cos a = K (3.9)

where B is the inclination of the ray, n(z) is the refractive

index, and K is constant. From Ea. (3.9), the tangent of B

can be derived as
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and signal power levels. A brief description of the method of

geometric optics is presented in Appendix D. The time delay ¢

associated with a given ray path is derived in terms of the

refractive index profile. It is shown that

£ = éL- [ ndo (3.7)
0 path
where o is the velocity of propagation in free space, and the
integration is performed over the path trajectory. The path
trajectory has a local radius of curvature R in a vertical

n-gradient of
R = -1/ (on/>v2) (3.8)

In addition, Snell's law is satisfied along any ray. It is

shown below that rays can be traced with respect to the spherical
earth by using an earth-flattening coordinate transformation
which only has the effect of modifying the refractive index

(n —m) in the flat earth geometry.

3.2.1.3.2 Flat Earth

Assuming that a ray is launched from a height hT at an
angle o over a flat earth (see Fig. 3.4), then Snell's law

at any point along that ray can be written as
n(z) cos B = n(hT) cos a = K (3.9)

where B is the inclination of the ray, n(z) is the refractive
index, and K is constant. From Ea. (3.9), the tangent of B

can be derived as

3-16
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Summary of Geometric Optics (Flat Earth)

Refractive Index: n

Transmitter Height: hT

Receiver Height: h

R
Snell's Law: ncos B = constant
Ray Curvature: R = -1/|Vn|
Delay: ¢ = éL-f ndo
0
z
‘ )
hy =
13 dz
dL
o
hT

Figure 3.4 Flat Earth Geometry
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- bl - x (3.10)

The differential arc length do can be written as
do = cos B dL + sin B8 dz (3.11)

Substituting (3.9) - (3.11) into Eq. (3.7) for the path delay,
and evaluating ¢ from the transmitting point to the receiving
point (L,hR) gives

h

L. R
¢ =L [ Rar + cl [ In%(2) - ¥2 4z (3.12)
0
0

CO hT

The evaluation of this integral requires the knowledge of
the specific n-profile. However, more importantly, it will now
be shown that an identical expression can be derived for a
spherical geometry with the exception that the actual n-profile
is replaced by a modified profile. The calculations for a
stratified atmosphere over a spherical earth can then be car-
ried out assuming a flattened earth with an appropriately modi-

fied refractive index profile.

3.2.1.3.3 Spherical Earth and the Modified Index

Assuming that a ray is launched from Theight hT above a
spherical earth at an angle a with respect to a concentric
sphere (see Fig. 3.5), then Snell's law at any point along that

ray can be written as

(atz)n(z) cos B =~ (a+hT)n(hT) cos o (3.13)

3-18
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Summary of Geometric Optics (Sperhical Earth)

Modified Refractive Index: m=n+z/a
Transmitter Height: hT
Receiver Height hR
Snell's Law: m cos B = constant
Ray Curvature: R = -1/|Um|

1
Delay: ¢ = — [ mdo

z (measured
radially from
earth surface)

= distance
along su:face

Figure 3.5 Spherical Earth Geometry
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where a is the radius of the earth, and z and hT are measured

radially above the surface. Letting

& m(z) = (1 + —z-)n(z) ~ n(z) + (3.14)

o N

The approximation is close since nw~l and z << a. Equation

(3.13) can be written as

m(z) cos B = m(hT) cos ¢ = K (3.15)

The elemental arc length do is now given by

do = rdf cos B + dr sin B (3.16)
where
ap = <& (3.17)

and L is measured along the surface. Using (3.13) - (3.17) in

the evaluation of (3.7), gives the path delay as

h
S 1 R 2
t=— [ KL +— | /m (z) - K* dz (3.18)
€0 €0
0 by

which is identical to the expression (3.12) for the flat earth
-; except that n has been replaced by the modified parameter

m = n(l + 3/a).
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It is important to note the effect on the ray trajectories of !
treating the spherical earth as a flat earth with a modified
n-profile. Assuming that n varies only in the vertical z-direc- :

B

tion, the radius of curvature of a ray is given by Eq. (3.8) as

R = -1/(3n/>z) (3.19)

Under the earth flattening coordinate transformation, the

modified radius becomes

R 4= -1/om/dz) (3.20)

but from Eq. (3.14)

om . 20, 1 (3.21)
Dz DZ a
Therefore
1 1
od - T 1 (3.22)
R a

Equation (3.22) indicates that if the actual radius of

curvature of a ray is equal to the radius of the earth, i.e.,

(3.23)
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then under the earth flattening coordinate transformation ;

= @ (3.24)

Rmod

Likewise if the actual radius of curvature of a ray is infinite,

then the modified radius is -a, i.e.,

R = (3.25) i

for

Rmod = =a, (3.26)

Thus it is seen that the coordinate transformation preserves

the relative curvature hetween the ray and the earth. This is

shown diagramatically in Fig. 3.6, and a graph of the modi-

fied radius as a function of the N gradient is shown in Fig.

3.7. It should be noted that a similar coordinate transforma-

tion can be performed which straightens the rays and changes

the radius of the earth to an effective earth's radius. f
Since this report utilizes the earth flattening transforma- [
tion, the effective earth's radius (nominally 4/3 earth's radius)

model will not be discussed herein. _ E

3.2.1.3.4 Signal Strength ]

Consider a bundle of rays traveling from the transmitter i
to the range L as shown in Fig. 3.8. Although the intensity :
of the source is infinite (becaise a point source is assumed),
we can express the source strength as the energy per unit time

that leaves a unit sphere surrounding the transmitter. Calling

this I, the conservation of energy can be expressed as [3.14]




actual radius of curvature

modified radius of curvature

radius of earth

n-profile
w> m-profile

n-profile
= m-profile

ray Rmod= @

TTTITTITTrrrrrr

Flattened Earth

ray R a

\“‘j/
T~ PR S

Flattened Earth

Figure 3.6 Effect of Earth-Flattening Coordinate
Trensformation on Ray Trajectories




Modified Radius Rmod in Thousands of Miles

N = (n-1) x 106

11 |
i
0 1
~
|
5
-1 -+
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A
|
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o
el
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0
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Refractivity Gradient in N units/kilometer

Figure 3.7 Modified Radius of Curvature Versus Refractivity

Gradient
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Unit sphere around
trarsmitter

R e
IIL sin 61 dL = IQ d61

Figure 3.8 Intensity Law
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I.dA, = I, 6Q (3.27)

*' 194, 7 Ig
E

? where I1 is the intensity of the signal at L, dAL is the incre-

mental area normal to the ray trajectory, and 0Q is the area

R L W L P L L LR i TR S e

that the ray bundle intercepts on the unit sphere around the

source. The area of the ray bundle at L is

6A = LopdL (3.28) :

where 6¢p is in the azimuthal direction. Therefore, the pro-
jection of 06A normal to the ray trajectory is

e . R _ . R
6AL = 0A sin 6, = L sin 61

) 5bL (3.29)

where 9? is the angle of the ray at the reception point. 6Q is 3

similarly given in terms of GT, the ray angle at T, by

66 = cos 6{66{6¢ ~ 69{6¢ (3.30)

where the last approximation stems from the fact that for
tropospheric LOS links the inclination angles are small. Sub-
stituting (3.29) and (3.30) into (3.27) and shrinking the ele-

mental areas to zero gives

I
1 _ 1
I - (3.31)

8 L sin 9% el

Likewise, if a second bundle of rays with intensity 12

reaches the element dL by a different path, then i
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R
2 _ 1 2
1. = i (3.32)

Dividing Eq. (3.31) by (3.32), gives the ratio of the inten-
sities of the two signals which reach this region of space by
different paths as

sin 0 dOI/dL

kit
i

2 sin 6

(3.33)

=N =

Gy
dez/dL

Note that if the effective area of the receiving antenna is
the same for both multipath signals, (i.e., the antenna does
not discriminate against either path), then the power ratio is
the same as the intensity ratio and Eq. (3.33) can be used to
evaluate the relative power levels of multipath signals. It

is interesting to note that the relative power is proportional

to the relative slopes of an initiad angle versus range (OT vs.

L) diagram. If for a small change in OT, there is a large
change in L, the transmitted energy is spread over a large
region of space. Likewise, dOT/dL is small, and there is an

accompanying reduction of power at a 3iven range L.

It will be convenient in the analysis to express the rela-

tive intensities in terms of the normalized parameter kT and k

2R
Ry ¢
kT = -1 sin 2] (3.34)
2R
_“Rg R
kR = sin 3] (3.35)

whereR.0 is the radius of curvature of the ray.
3-27
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Then it is simple to show that

L ) -k N ke gt 3.36)
oL L . R »L ’
sin 6

Substituting (3.36) into (3.31) gives the intensity law as

_Ii _ ka/oL + kT/L @i
1 LkR )

0]

3.2.2 System Function Characteristics

From an input-output point of view, the tropospheric rcfrac-
tion channel can be characterized in terms of the time-variant
impulse response, h(t,£), [3.28], which is the response at time t
to an impulse applied ¢ seconds previously. Since tropospheric
refraction has the effect of delaying and attenuating the signal
as it propagates from transmitter to receiver (over possibly many
paths), the impulse response can be written as

h(t,£) = I o 0(t-g;) exp [j(eo0+2nf0£i)l (3.38)

all

paths
where a, and gi represent the attenuation and delay of the i'th
path, 0, the initial carrier phase, and 2nfogi the phase change
on the carrier (at f=f0) due to the path delay &£.. 6(-) is the
unit impulse function. Note that random phase fluctuations due to
volume scattering have not been included (see Section 3.3 for a
consideration of these). It should be noted that very su.all changes
in delay (0.1 nanosecond for f0==10 GHz) cause the phase to change
by 27 radians. Therefore, from a modeling point of view it may

be more reasonable to assume that the phase can be regarded as

uniformly distributed. Then the amplitude and delay profiles of
3-28




the multipath signals can be used to characterize the channel

from an input-output point of view.

Utilizing the propagation theoretic results of 3.2.1 and the
system function calculations of this section it is possible to i
3 compute impulse responses. A typical calculation of a '"'snapshot"
of the time-variant impulse response is described in Section 3.2.2.2
and the results are shown in Fig. 3.19 (reproduced here for con-
venience). It shows the magnitude of h(to,g), with to chosen to
be that instant at which the range to the receiver is 90 miles.

The amplitudes and delay are shown relative to the direct path. 3

3.2.2.1 Earth Shadowing in the Standard Atmosphere

In the standard atmosphere (%E = -40 Nu/km) the rays curve

away from the earth with a modified radius of curvature R equal

to -5280 miles. The ray which just grazes the surface of the earth
defines the transition between the region of normal propagation and
the shadow region caused by the intercession of the earth in the
propagation path. It should be noted that due to diffraction ef-
fects near the earth's surface, this transition is not abrupt, but
rather, extends over a small interval to either side of the graz-

ing trajectory.

] As shown in Fig. 3.9, with the transmitter at a height hT

above the earth, the range to the shadow zone, L is given as a

S’
function of the height of the shadow zone, hS’ by

Ly = Jerp? - (Rgh 4[R2 - (-Rphg)? (3.39)

Assuming that the transmitter and receiver heights are much laocs
than RO (as is the case for all RCV applications), Eq. (3.39)

can be solved for hS in terms of L
LS ) 2h,

h, = h,, + L_( =)
S T S -ZRO -RO

S

(3.40)
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hT = height of transmitter

—RO = radius of curvature of ray trajectory
hS = height of shadow zone transition

LS = range to receiver at height hS

Figure 3.9 Geometry of Earth Shadow Zone
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For ranges much larger than the transmitter height, this is

well approximated by

2
ks

hS = hy + m (3.41)

A graph of the height above the transmitter at which earth
shadowing begins versus the range at which it begins is shown
in Fig. 3.10. For example, it is seen that an aircraft at
5000 feet experiences earth shadowing at ranges greater than
100 miles, while an aircraft at 20,000 feet experiences shadow-

ing only at ranges greater than 200 miles.

When an aircraft passes into this shadow zone caused by
the intercession of the earth's surface in the direct propaga-
tion path, the received signal experiences a slow, deep fade.
It is important to note that this type of fading is different
in both character and cause than that which results from multipath.
The multipath fading is caused by the interference of two or
more signals at the receiver. Generally multipath fading is
much more rapid than earth bulge fading, and in addition is
more amenable to correction by modulation and coding techni-
ques. The remainder of this section is used to calculate the

height that a transmitter must have in order to avoid earth-

bulge fading to receivers at various ranges and elevation angles.
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The distance a ray descends below the transmitter is given

by .
d = -Ry(1 - cos o) (3.42) ?
which for small Qg can be well approximated by
-RO sinzaT
d = 2 (3-43)

To determine the transmitter height necessary to insure that

the direct path is not cut off by the earth, we can set d = h

T

Ea. (3.43) can then be written

sin ap = [ (3.44)

Substituting (3.44) into (E.7) (see AppendixE) and solving forhT

gives

L
hT :-Eﬁg - Ry tan B (3.45)

where B is the elevation angle of R with respect to T
tan 8 = (hR-hT)/L (3.46)

Note in the derivation of (3.45), it has been assumed that
tan B ~ sin B << 1 and L << -ZRO, which are both satisfied in
LOS links. A graph of the necessary transmitter clearance

height as a function of both range to the receiver and the ele-

vation angle of the receiver is given in Fig.3.11.
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3,2.2.2 Single Stratified Layer Above Terminals

This section considers the case of a single stratified
layer of steep negative m-gradient existing above the terminals
and embedded in a standard atmosphere. As shown in Fig.F.l,
the heights of T, R, and the layer are‘hT, hR and h, respectively.
The layer has a thickness w and a negative m-gradient equal to
B> whereas outside the layer the m-gradient is positive and

equal to go*

The Maximum Height for Refractiye Multipath

Refractive multipath occurs when ascending rays are bent
back toward the earth. At the turning point the ray angle 6
goes to zero and Snell's law can be written as

= 3.47
m, £08 60 m ( )

where 60 and m, are the initial ray angle and m-value, and m

is the modified refractive index at the turning point. The
maximum height at which a turning point can exist is at the top
of the layer, and the value of m at that altitude is given by

m = my + go(h-hT) + g W (3.48)

Substituting (3.48) into (3.47) and solving for h, we get

g (1 -cos 8,)m
B S e WL 2in0 (3.49)
T g 80
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The maximum height is reached when g1 is a maximum (negative)

value and 91=0. Then

—max . (3.50)

(h-hT)max - 2o

The maximum negative gradient observed by Bean and Dutton [3.7] is
-7.8 x 10_8 mu/ft (-420 N units/km) and the standard gradient
is 3.6 x 10_8 mu/ft (-40 N units/km), so that

(h-h =2.2w , (3.51)

T)max
A graph of this maximum separation over the range of observed

layer thickness is shown in Fig. 3,12.

This simple result is an important consideration in
understanding multipath interference in both air-air and gzround-

air links. It states that in order to have refractive multi-

path when the layer is above the terminals, the transmitter

can be separated from the layer by no more than about twice the

layer thickness. An identical analysis indicates the same is

true for the separation between the layer and the receiver.
Since the mean thickness of layers is found to be about 300
feet, this means that in order to get refractive multipath, the

layer can be no more than about 660 feet above the terminals.

Thus refractive multipath can occur on an air-air or
ground-ground link in which the terminals are situated just
below a horizontal layer, or in a ground-air link in which the
terminals are situated just below a tilted layer. In the latter
case, the elevation angle of R with respect to T is then ap-

proximately the same as the tilt angle of the layer. 1In the
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presence of a frontal inversion, this tilt angle has been mea-
sured [3.2] to be as much as about 2.3°. Thus when the ter-
minals are below the layer, refractive multipath is limited to
links in which the elevation angle of R with respect to T is
less than the tilt of the layer (~2.3O). This has been sub-
stantiated by measurements made at Cheyenne Mountain, Colorado
[3.11] in which it was found that over a 14 month period

"...no significant multipath propagation occurs for path

angles greater than 2°."

Total Path Delay From T to R

In Appendix F it is shown that the total path delay of a
signal which is refracted by the layer in the process of pro-

pagating from T to R is given by

i ) SIS
s s .3 [3k(kT+kR) - (kT+kR) v 2(k_1)3
c 2 2 2 2
0 24R0c0 (n+l) (l-R/RO)
2,,2
3(ks +k2)
- _TT_B—] (3.52)

where R0 is the modified radius of curvature of the ray in the
region below the layer (see Fig. F.l) and n is the number of
extra times the ray trajectory passes in and out of the layer.

The parameters kT, k, and k are given by

R
n=20,1,2, ... (3.53)
2R T
kT = 4 sin 60 (3.54)
2R R
kR = I sin 60 (3.55)
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where

k=-1-t‘_K

> -+kR) (3.56)

T
The angles 63 and 9% are the take-off and arrival angles of the
ray trajectory. The parameters kT and k. must simultaneously

R
satisfy the following equations

8R.(h_-h.)
2 2 ___O0O R T
kR - kT = ———_I?_——— (3.57)
, gt -° 5 8Rg
kR = 5 5 + kT = — (2h-hT-hR) (3.58)
1(n+1) (1-R/RO) L

It is also shown in Appendix F that the range of values over
which kT and kR may vary is constrained by the thickness of

the layer and the system geometry, s.t.

ke o =lkpls kg (3.59)
min max

where

_ J;SRO(hR-hT)
L

kR - (3.60)
min
-2R h-h
= 0 W R
kR Ly 2(R + —E——) (3.61)
max 0
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a2

R is the known radius of curvature of the ray in the layer
(see Fig. 3.7). Note that R is positive because the ray curves
toward the earth inside of the layer, while Ry is negative

because the ray curves away from the earth outside of the layer.

The delay of a ray which travels directly from T to R

without passiag into the layer is shown in Appendix E to be

3 h,-h_, 2 2R, 2

L L R T 0
Edirect - c. 2 {1+ 3 ( I ) [« S ) - 1]

0 24R0c J

0
(3.62)
where S is the slant range
_ 2 _ 2

S = /L S (hR hT) (3.63)

The delay difference A{ between the refracted and the direct
paths is then obtained simply by subtracting (3.62) from (3.52)

as indicated below

BE= € = £yirect (3.64)

The complexity of the simultaneous equations (3.57) and (3.58)

necessitates a numerical solution for k. and k.. from which A
T

R
can be evaluated. The nature of this numerical solution is

discussed in Appendix F.

An analytic solution is possible when the receiver and
transmitter are at the same height relative to the layer.
Since the layer may be tilted as well as horizontal, this be-
comes a representative situation for ground-air as well as

air-air geometries. Thus if we measure hR and hT relative to
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a plane parallel to the layer, then by specializing the general
expression for A¢ such that hR=hT, the resulting multipath
profiles can be applied to ground-air links with a tilted layer :

as well as air-air links with a horizontal layer.

Letting the difference in height of the layer and the ?

terminals be Ah, i.e.,

Ah = h-h, = h-hp (3.65) 4
the delay difference Af{ becomes j
D2 3,.3 )
L3 3k(kT-+kR) (kT-FkR) 2(1{_1)3 3(kT-+kR)
ag= —5— | 7 - 2 7 " 2 +1]
24R\c (n+1) (1-R/R0)
(3.66)

and from Eq. (3.57), it becomes evident that

kp = & kg (3.67)

These two possibilities are studied separately below.

Case I: kR = -kT (k=0)

Inserting kR = -kT into Eq. (3.58) gives a solution for

kT directly

" _ +1
kp = “Kp = TFD) (1-R/Rp) (3.68)

where
Lriin 5 '8Ro(“+1)2(1-R/R0)2Ah (3.69)

1
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1 Note that in order for kT and kR to be real, it is required
| that

This could also have been derived from the general expressions
for kR and k | u; (3.68) and (3.60), with hR=hT' An upper

bound on L is' obtained by requiring |kR| < kRm in Egs. v
(3.68) and (3.01). This leads to .
@

o) - ¥

L" < Lhax (3.71) 3
where

= -8R (:EQ)(n+l)2(l-R/R )2 (3.72)

max 0" R O ’

Thus the range over which multipath interference occurs

is defined by

; L2, <12 .2
mlnI - - max

(3.73)

Inspection of (3.69) and (3.72) indicates that the onset of

multipath at LminI is affected by the height of the layer

above the terminals, Ah, while the extent of the multipath region ]
is determined by the layer thickness w. Inserting (3.68) into

(3.66) gives the delay difference as

| L2.
\ L3 8R0Ah ming
3 NEs = (1 + (1 - )] (3.74)
; 2 2 2
24R ¢ L™, L
0-0 mlnI




el i

for both values of kT. Thus there are two separate paths with
the above delay difference. It should be noted that this multi-
path delay difference has been referenced to the direct path
delay, whether or not this direct path actually exists. The
regions in which the direct path is cut off by the intercession
of the earth's surface in the propagation path can be seen from
Figs. 3.10 and 3.11.

The power in the direct path signal is shown in Appendix E

to be proportional to inverse range squared. i.e.,

~ L

Pdirect L2

(3.75)

Similarly, the power in the multipath signal is shown [see

Eqs. (3.31) and (3.37)] to be proportional to

T
—— - °;’L (3.76)
L sin 6
where

T ok k

1 de” _ T =0
. R dL <bL + L)/kR (3.77)

sin 6

A direct calculation of these quantities for case I where

kT and kR are defined by Ea. (3.68) gives

P
direct _ 2
P = 1-<LminI/L) (3.78)

Case II: kR=kT=k

Since solutions for which kR=kT are also possible this case
must also be examined to provide the total multipath profile. Going
through the same steps outlined in case I, it can be shown that the

multipath regions lie within the limits of range defined by
3-43
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L™, < L7 < L (3.79)
min 1 3 max
II
where
12 = _8R.[(n+1)2(1-R/R.)?-1] ah (3.80)
minII 0] 0 '

and Lmax is the same as in case I. The corresponding delay

difference is given by

L3 16RyAh
ag = —5— (1-kK) [(1+k) - ——=—] (3.81)
24R0c0 L
where
5 L2.
-8k0Ah ming
k = ——— [-1 + (o+1)(1-R/R,) {1 - ——=—] (3.82)
L2 0’ . L2
mlnII

The corresponding ratio of direct path power to multipath power

is given by

P (Hmin i
direct _ ; _ IT

P

/1)

1 ;\]1-(Hnin /L)z/(n+1)(1~R/RO)
]
(3.83)

As 1in case I, there are two separate paths; in case II, however,
they have different delays and signal strengths relative to the
direct path. It is interesting to note that when L = LminI’ bcth
values of kT in case I are equal to zero, and one value of kT is

zcroin case II. Then, at the range Lminl’ both paths in case I
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and one path in case II coincide in delay. The corresponding §
ratio of direct path to multipath power for all three of these

paths is zero at Lgj, -
I - 3

The multipath delay profiles as a fiunction of range are
outlined in Figs. 3.13 through 3.16 with the distance between
the terminals and layer as a parameter. Typical conditions ]
were chosen with a 300 ft. thick layer (sN/ph = -325 Nu/km) \
embedded in a standard atmosphere. When the distance Ah is 5
800 feet, there is no multipath over the 200 mile range. At
Ah = 600 feet (Fig. 3.13), there is a small multipath region

generated between 92 and 100 miles with delays in excess of

10 nanoseconds. Since these are outside a chip width, the

receiver will discriminate against them.

At Ah = 300 feet (Fig. 3.14), a typical multipath situa-
tior. is shown. Two multipath regions [corresponding to n=0
and n=1 in (3.68) and (3.82)] are generated within 200 miles.
The first extends from 65 to 100 miles, while the second ex-
tends from 155 to 200 miles. In each region, two paths (in
addition to the direct path) first appear at LminII with the
same delay; as range increases, these paths separate in delay
up to Lmax at which point they disappear. Between Lg;,  and

max
closely the delay of one of the earlier occuring paths. The

L , two other paths appear (at LminI’ where k=0) and follow

earlier occurine paths are designated (IT.1l) and (IL.2) to
correspond to the two values of kT in case II, and the later

paths are designated (I) to correspond to the two paths (of

equal delay)'in case I.
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At Ah= 200 feet (Fig. 3.15), the same type of delay profiles exist,
except that the multipath regions now extend from 52 to 100

miles and from 75 to 200 miles. At Ah= 100 feet (Fig. 3.16), several
overlapping multipath regions exist from 38 to 200 miles. In

each region (corresponding to each value of n), the multipath
exhibits this same character, i.e., two paths separating in

delay as range is increased, with two closely aligned paths

joining in at a larger range.

The amplitude of the direct path with respect to each of
these multipaths is shown in Fig. 3.17. The curves are nor-
malized so as to be universally applicable to all the delay
profiles shown. For each path, it is seen that at the onset
of inierference (L = Lmin)’ the multipath is focused to give a
high intensity with respect to the direct path. Although the
curves indicate that at that point the multipath is infinitely
greater than the direct path, (i.e., Pd/P = 0), this is not
the case, since at such a focal point, the assumptions of geo-
metric optics break down. It suffices to say that the multi-
path is the stronger signal, and as one moves away from Pd/p

= 0, the curves become an accurate representation.

As the range increases from Lmin’ both multipath signals
in case I and path 2 in case II attenuate toward the direct
path signal strength. Path 1 in case II likewise begins to
attenuate, but then intensifies once again at L = Lnin.  (where
kT=kR=O), before attenuating once more toward the direct path
signal strength. This same behavior is repeated in each

multipath regiocn that exists in links with the layer a distance

Ah abocve the terminals.
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It is interesting to note the behavior of the multipath
as the terminals approach the layer, i.e., as Ah —= 0. The

minimum range at which multipath occurs becomes zero for both

case I and case II, i.e.,

Lim L . Lim L R 0 (3.84)
Ah—0 ™01  Ah—0 ™0y

Since the maximum range at which multipath occurs for each
value of n is not dependent on Ah, Lhax remains unchanged.
Taking the limit of A¢ as Ah approaches zero gives

At = an3 (3.85)

1 1
Gia= [1 - ] (3.86)
n 24R(2)c0 (n+1) 2 (1-R/R0)2

for case I and

Af =D L (3.87)



-y R L R g —_

and
ko = 1/01 # (n+1) (1-R/R) ] (3.89)

for case 1II.

In both cases the multipath power becomes the same as the

direct path power, i.e.,

P
~direct . (3.90)

In both cases, the maximum value of A¢ is approached as n

goes to infinity, and is given by

L3

2
24ROC

BEmax ”

(3.91)
0

The minimum value of A{ 1is obtained from case II when n
is as small as possible in the multipath region under consider-
ation. For the regions corresponding to n = 0,1, the minimum

delays are given by

1-(R0/R)2 3
At = ——— L°, n=0 (3.92)
min 2
24ROC0
-4R R
T e
Bhq, * 5 ey -, n=1 (3.93)
24ROC0(1-2R/R0)

A graph of AE o« and Mg ., 23S @ function of range is given
‘n Fig. 3.18.
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To generate the time-varying impulse response h(t,¢) at
any value of range, one would simply take a cut parallel to
the delay axis at that range and read the delay values. These
represent the relative deluys at which impulses would reach
the receiver due to a singie transmitted impulse. The relative
strengths of the impulses can be read off the universal ampli-
tude curves of Fig. 3.17. For example, in Fig. 3.15 at L = 90
miles, there are 4 paths with delays of

.6 nanosec. (case II.1l)
Path delays
at 90 miles /7.2 nanoscc. (case I)
relative to }7 2 nanosec. (case 1)

direct path
0.8 nanosec. (case II.2)

Since in that region LminI = 66.5 miles and LminI = 33l
miles HninI/L = 0.74 and LminII/L = 0.59. Since n=0 and
-R/RO = 0.66 the parameter A has the value 0.6. Therefore, the
relative strength of the direct path with respect to each

multipath signal is obtained from Fig. 3.17 as

Direct path 0.57 (Case II-l)
strength 0.67 (case 1)
relative to

multipath 0.67 (case 1)
strengths 0.88 (case II.2)
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Assuming that the direct path has unit strength, then the
strength of each multipath with respect to the direct path is

Multipath strengths 1.75 (case II.1)

relative to 1.49 (case I)
direct path
strength 1.49 (case I)

J.1l4 (case 11.2)

The impulse response can then be written as

h(ty,€) = 8(ty-E,) exp (jo ) +1.14 6(t,-€,-0.8 x10™°) exp (jo,)

0 &4

-9 )
+ 1.49 6(t0-gd-7.2:<10 ) exp(Joz)
-9 .
+ 1.49 6(t0-gd-7.2:<10 ) exp(Jo3)
& T.7% 6k <f. o7 60" ) sap (Guid
' 0 64" P RJo,

where ty is the time at which the range to the receiver is 90
miles, and gd is the direct path delay. One may relate the
phases éd’ dl, b4% dh to phase shifts at the carrier frequency
corresponding to the different path delays, if desired. However
it may be more mraningful to regard these phase angles as uni-
formly distributed random variables when, (as appears to be
typical) the delay differences are much larger than a period at

the carrier frequency. The magnitude of H(t,,£) is shown in

Fig. 3.19 as a function of the delay differenc.. Ag==g-gd.
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3.2.2.3 Single Stratified Layer Below Terminals

This section considers the case of a single stratified
layer of steep negative m-gradient existing below the terminals
and embedded in a standard atmosphere. This corresponds to
typical conditions for air-air communication links. As shown

in Fig. H.1 if the positive z direction is defined downward,

the resulting ray trajectory can be viewed as that of a layer

of positive m-gradient existing above the terminals and embedded
in a negative m-gradient. The multipath profile remains un-

changed, but the geometry then becomes analogous to trat studied

in 3.2.2.2. 1In the inverted geometry the heights of T, R and

the layer are hT’ h, and h, respectively. The layer has thick-

R
ness w and a positive m-gradient equal to 81> whereas outside

the layer the m-gradient is negative and equal to 8o

The total path delay from T to R is shown in Appendix H
to be given by

R
& L3 Ty 2ol _ j o A, L
€ = 2 [(mo + cos 90)(90 61) sin f, + sin 91]

o

T . ;
[(m0 + cos 60)(91-62) - sin 6, + sin 92]

)

R
0 L
+ -y [(m0 + cos 90)92 - sin 92]

o

o

R R : R .
P [(mo + cos 90)(60 - 91) - sin 65 + sin 91]

0
()

(continued on next page) (3.94)
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R R 3
+ -~ [(mO + cos 60)(91-62) - sin 6, + sin 62]

0
Ro R
+ = [(m0 + cos 60)62 - sin 62] (3.94
0 Continued)

where R and Ry are the radii of curvature of the trajectorv
inside and outside the layer, 6, and 6, are the angles of the
ray trajectory at the bottom and top of the layer, and Gg and
Bg are the take-off and arrival angles of the ray. These

angles are shown in Appendix H to be constrained by

R0 sin Gg - 2(R0-R)(sin 91 - sin 62)4-Rosineg = L
(3.95)
h-h_ = R,(cos 8, - cos 6T) (3.96)
T 0 1 0
h-h_. = R,.(cos 6, - cos GR) (3.97)
K 0 1 0 ¥
w = R(cos 62 - cos 61) (3.98)

where L is the range to the receiver measured along the earth.

The delay relative to the direct path is then given by

BY 0§ = Eop . (3.99)

where gdirect is given by Eq. (3.62).
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The exact analytic solution to the simultaneous transcen-
dental equations (3.95) - (3.98) is not possible. However, the
angles have been determined using a standa:d Newton-Raphson
technique for various values of the parameters. The results
are presented below for both fixed and moving terminals. The
fixed terminalsg correspond to a higher altitude experimental
link (Mt. Haleakala-Mauna Loa, Hawaii) while the moving terminals

represent typical air-air links

Fixed Terminals

The high altitude experimental link which exists between
Mt. Haleakala and Mauna Loa, Hawaii, is representative of a
typical air-air communication link, and for that reason, it is
given particular emphasis in this section. The terminals are
100 miles apar+ at a height of about 2 miles, [312]: 1In this
region there is g warm, moist air layer known as the trade-
winds inversion formed by the meeting of low altitude surface
winds with high altitude tropical air [3.13). This process
builds up a stratocumulus cloud layer along with a temperature
inversion and results in a steep negative gradient of refrac-
tive index. A: this layer rises, it bujilds up a cumulus struc-
ture which firally breaks up and bYe:omes unstable a* high alti-
tudes. Guinard et al. [3.6] have observed the Presence of thig

layer in Oahu, Hawaii at heights of about 8 thousand feet.

Since the terminals are fixed, multipath characteristics
will change when the layer is in motion. Thi. section examines
the ramifications of a rising layer of steep negative gradient
of refractive index below the terminals. Although the layer is

likely to become unstable at higher altitudes, that eventuality
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has not been treated in this analysis. The sequence of events

which generate multipath is shown in Fig. 3.20.

(a) A direct path exists between the transmitter
T and the receiver R when the layer is far
below the terminals. Although this ray actu-
ally curves downward over the (spherical)
earth, an earth-flattening coordinate trans-
formation has been performed which causes the
ray tracing to curve upward (see Section3.2.1.3).

As the layer rises, it cuts off the direct
path and refracts rays toward R, although
not enough to cause interference at I.

(c) Here the layer continues to interrupt the
direct path and refracts two paths into R
causingmultipath interference.

(d) When the layer rises above the terminals, the
direct path again appears and in addition
some refracted paths are present.

(e) At a higher altitude, these refracted paths
are again diverted away from R, leaving only
the direct path.

Conditions (d) and (e) were examined in detail in Section 3.2.2.2.

Case I Nominal Layer Below Terminals

The nominal conditions chosen for the Hawaii experimental

link correspond approximatel to the meteorological conditions
p PP y 4

discussed in Section 3.2.1.2. The gradient of refractive index

outside the layer is chosen as the standard value given in (3.4)

gg = =40 N units/km outside layer (3.100)




Transmitter Receiver

T k\“uhh_‘_____’#f,ﬂf’##R (a)

T R (b)

layer

(c)

T, R

Tm——

(e)

direct path in standard atmosphere

direct path is cut off by layer

two rays are refracted into R

direct path plus refracted paths

multipath ray does not reach R

Figure 3.20 Ray Trajectories as a Function of layer Height
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while inside the layer the index has a steeper gradient given
by

2—‘;‘ = -160 N units/km inside layer (3.101)
From Ec. (3.22) and Fig. 3.7, the radii of curvature of the

rays can be found to be

=
]

o = -5280 miles outside layer (3.102)

=
]

200,000 miles inside layer (3.103)

The negative sign indicates that the rays outside the layer
curve away from the earth. The refractivity N is related to
the refractive index n by

N = (n-1) x 10° (3.104)

The thickness of the layer is given by

w = 140 meters (3.105)

This corresponds to a relatively thick layer for a tropical
climate, (see Fig. 3.2). Multipath calculations for a rela-
tively thin layer are made in Case II. The layer is considered
to be a distance Ah below the terminals. Figure 3.21 gives

a graph of initial angle at which a ray is launched versus the

range L at which the ray reaches a point at the same height as
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the transmitter. A family of curves is generated by chang-
ing the height of the layer such that Ah varies from Ah =
0.1 mile (528 ft.) to Ah = 0 mile.

It is seen from Fig. 3.21 that when the layer is 0.1 mile
below the terminals there are no rays which intercept the re-
ceiver (at L = 100 miles). When the layer rises to about
0.035 mile below the terminals, the first refracted ray reaches
R. As the layer continues to rise, two refracted rays reach
the receiver. At Ah = .025, one of these rays is launched at

an initial angle of -0.37 degree while the other is launched

at -0.26 degree. These two rays arrive at the receiver at
different delays and with different amplitudes. The power
delivered to the receiver over each of these two paths is pro-
pertional to the slope of the angle vs. range diagram (see
Section 3.2.1.3), and the delay difference can be calculated
from the initial angles. As the layer rises toward Ah=0,
the two paths separate in angle and one path is attenuated

with respect to the other.

Letting the signal received over one path be Sl(t), then

the signal received over the other path is given by

Sz(t) - asl(t-Ag) (3.106)
)
where the relative power level P is proportional to ~“, and
L€ is the relative delay. A graph of P versus A¢ 1is given
in Fig. 3.22 . It is seen that the multipath delay difference
is less than a nanosecond, and further, that the second path

is quickly attenuated with respect to the first.
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Relative Power P in dB

5, (E) = JP s, (t-A8)

Figure 3.22

1.0
Relative delay

A¢ in nanoseconds

Relative Power Vs. Relative Delay

Case 1:

Ray Curvature
Outside Layer:

Ray Curvature
Inside Layer :

Layer Thickness:

Nominal Conditions, lLayer Below

Terminals

Ro = =5280 miles

200,000 miles
140 meters




In the length of time it takes for the layer to rise
from Ah = .035 mile, a 10 GHz signal would therefore exper-

ience about 10 fades, i.e., one fading cycle each time the
delay difference changed by 0.1 nanosecond. Ikegami [ 3.4 ]
has observed layers near Mt. Tsukuba, Japan, rising this dis-

tance in about 30 minutes. This would produce a fading period

of about 3 minutes. Measurements taken on the Hawaii experi-
mental link at 10 GHz by Thompson [3.12] indicate the occur-

rence of deep fades at intervals of from 1 to 3 minutes (see

Fig. 3.23). The faster fading observed in Fig. 3.23 is most
likely due to the breaking up of the layer by high altitude

turbulence. This phenomenon has not been treated in the

analysis presented here.

Case IT Thin Layer Below Terminals

The effects of a layer thinner than that reported in

Case I is given here. The layer thickness w is

w=42.7 meters, (3.107)

while the other parameters remain the same, s (IR

28 - 40 N units/km outside layer (3.108)

%g = -160 N units/km inside layer (3.109)

RO = -5280 mii~s outside layer (3.110)

R = 200,000 miles inside layer (3.111)
3-67
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Figure 3.23 Fading Record on Hawaii Experimental Link at 10 GHz

(Taken from Ref. 3.12)
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The diagram of initial ray angle versus range, L, is shown in
Fig. 3.24 . Here it is seen that the refracted rays first
reach the receiver (at L = 100 miles) when Ah = 0.135 mile
(723 ft.) compared to Ah = 0.035 mile for the thicker layer.
Thus as the layer becomes thinner, it has the ability to pro-
duce interference at R from a lower altitude. Again it is ob-
served that as the layer rises (Ah — 0), the difference be-
tween the initial take-off angles of the rays increases, and
one of the paths attenuates rapidly with respect to the other.
The relative power and delay of the two paths is plotted in
Fig. 3.25. Here the total range of delay difference is larger.
Howevel, since the second path is attenuated by more than 10 dB
at 1 nanosecond, it will not appreciably interfere with the

first path at larger delay differences.

Case III Layer of Steep n-Gradient Below Terminals

In this case the nominal conditions were varied to pro-
duce a much steeper negative gradient of refractive index in

the layer, i.e.,

A

o
dz

= -300 N units/km in layer (3.112)

From Fig. 3.7 this produces a radius of curvature within the

layer given by

R = 4300 miles in layer (3.113)

The n-gradient outside the layer was varied slightly to give

>N

Tl -60 N units/km outside layer (3.114)

N

3-69




.....

_
_seIymG/n'n=

¥ B2251 BSNE

: -h_._m_.:.m@.ﬁ rsod) [

1

*_
&

sTeuTmIa], moyag 19de] uRyl

7L

:11 @sep aduey

R —

‘Isp a13uy

T e

ST 000
saT T 0gZs- = Cu—t

-
i =¥

By THEITUL

s99a3aq uy 978uy Aey jeTITUI
3-70




Relative Power P in dB

s,(t) = VP s, (t-A%)
-101

-20

0 1 2 3 4 5
Relative delay
A¢ in nanoseconds

Figure 3.25 Relative Power Vs. Relative Delay
Case II: Thin Layer Below Terminals

Ray Curvature
Outside Layer: Rg = -5280 miles

Ray Curvature
Inside Layer : R

200,000 miles

Layer Thickness: w = 42.7 meters
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RO = -6400 miles outside layer (3.0215)
and the nominal layer thickness was used
w = 140 meters (3.116)

From the initial angle versus range diagram (Fig. 3.26), it
is seen that there are no refracted rays reaching the Mauna
Loa receiver (L = 100 miles) and there is in turn no interfer-

ence under these conditions.

Case IV Thin Layer of Steep n-Gradient Below Terminals

In this case the nominal conditions were varied to pro-
duce a much steeper negative n-gradient in addition to a much

thinner layer, i.e.,

f—g = =300 N units/km in layer (3.117)
w = 42.7 meters (3.118)

From Fig. 3.7, it is seen that

K
3

ke

R = 4300 miles in layer (3. T18)

The n-gradient and radius of curvature outside the layer re-

mained at their nominal values
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=40 N units/km outside layer (3.120)

]
]

0 -5280 miles outside layer. (3.121)

The initial rav angle versus range diagram is shown in
i Fig. 3.27. Here it is seen that the refractive rays first
enter the receiver when Ah = 0.1 mile and again separate in
delay as one path becomes attenuated. The relative power of
the two paths as a function of their relative delay is shown

“ in Fig. 3.28. Again the second path is attenuated by about

10 dB at a delay difference of 1 nanosecond.

Moving Terminals

The above calculations for the Hawaii experimental link
were carried out at a range of L = 100 miles. However, the
analysis was done with enough generality to gain insight into
the case where the relative distance between terminals is chang-
ing as in the case of air-air communications. In this case,
the movement of the aircraft through an interference region
causes the signal to experience fading. 1In addition to the
delay difference between signals arriving at the receiver over
different paths, there is an induced Doppler frequency shift

due to the different angles of arrival of the rays.

Analysis of the air-air link can be provided by inspec-
tion of the initial angle versus range curves given
in Figure 3.24, where the case of a thin layer a
distance Ah below the terminals is considered. When Ah is a

constant 0.1 mile below the aircraft, there is no reception of

3-74




_ | | satin uyf 7 2Fuey _

002 081 091 | om 0z1 00t | op 09 o 02,
_ ﬂ.un.ﬁ) _
r T
= ...u_q — - A Y . s IUII tmuumw.l.l
|

Sy— < feao=
\\

Ik N S o=

e e I —— E—

I
(] o
:f o
]
S99139( UT I¥T3uy Ay [EIITUl

3-75

§I12j9m [1ZHh = @ t

SaTTW 0QEYy = ¥

u ; sattm 0ggc- = Oy | : :
| | sjeujuwia]

Mo73g JuaTpean-N daa3jg jo 19Le] ulyl| :AI mmwu_mmzum *SA [218uy hmm_HNAUﬂdH [T°€ 2an313

P S | S——— e SRR I S | N—




sz(t) = /P Sl(t"AE)

-10

Relative Power P in dB

-20 ; .
0 1 2

Relative delay
At in nanoseconds

Figure 3.28 Relative Power Vs. Relative Delay
Case IV: Thin Layer of Steep
N-Gradient Below Terminals

Ray Curvature
Outside Layer: Ry = -5280 miles

Ray Curvature

Inside Layer : R = 4300 miles

42.7 meters

Layer Thickness:



refracted rays until the range between terminals is greater

than 89 miles. At this point, two paths reach the receiver 1
and begin to inte-fere. As the range to the RCV (receiver)
increases, the two paths separate in delay, and one becomes
attenuated with respect to the other. Calculations show that
at 100 miles the second path is about 9 dB down from the first,
and the delay difference between the paths is about 0.6 nano-
seconds. As the range to the RCV increases, the second path
becomes negligibly small compared to the first. This is

evidenced on the initial angle versus range diagram (Fig.3.27) by the

P np—

fact that the slope of the diagram reaches a steady value for

the upper ray while it approaches zero for the lower ray.

Thus, the effect of a layer on an air-air link in which
the range to the RCV continually increases, is to create a
small region of non-negligible interference, (in the above
case, about 8 miles long), through which the RCV passes. A
quantitative measure of the fading rate can be derived by con-
sidering a 10 GHz signal arriving at the RCV over two paths.
As the two paths went from O to 0.6 nanoseconds delay differ-
ence, their sum would go through 6 fading cycles. A jet air-
craft traveling at 600 miles per hour would take 48 seconds
to pass through this 8 mile interference region, so that the
time for a fading cycle would be

_ 48 seconds

T = m = 8 seconds/cycle (3.122)
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Now from Figs. 3.27 and 3.28, it is seen that the two
rays are separated by at most about 0.001 radians (= 0.06 !
degrees) before one path becomes negligible (down 10 dB). '
The maximum Doppler shift Avmax’ between the two signals is
obtained when the two aircraft are moving in opposite direc-

tions a. '7g one of the ray trajectories, and is given by

2f0v

Av = [. = cos (.001)] (3.123)

max Cc

Again considering a jet aircraft moving at 600 miles per hour
with a 10 GHz carrier frequency, the minimum time between
fades is given by

e S TE. 112 seconds/cycle (3.124)

min

AUmax
It is evident then that the fading caused by the relative
Dopplers between the two path signals is much slower than

that caused by the changes in refractive path structure.

An in-flight test which substantiates the existence of
this interference region was reported by Wong [3.5]. A thin
layer was measured 3,000 feet below the airborne terminals,
and the onset of multipath was at a range of about 180 miles.

A ray tracing given by Wong and reproduced as Fig. 3.29 in this
report, indicates that this interference region spans about

10 miles at 10,000 feet. The analysis provided in Case II

of this section also indicates that for Ah = 3,000 feet

(0.57 mile), interference begins at a range of 183 miles.




ra s
i .
h 000 FEET) i

)
O—

Figure 3.29 Ray Tracing for Measured N-Profile (from Ref. 3.5)




(This was obtained by a linear extrapolation of the data pre-
sented in Fig. 3.24.) Thus the onset and duration of the
multipath interference predicted by the analysis presented in
this report, are reasonably close to those shown in Wong's

ray tracing and measured in the in-flight test.

The actual N-profile presented in Wong's data indicates
the presence of several layers. Frecm the ray tracing pre-
sented by Wong, it is apparent thtat tne effect of additinr.-1l
layers is to focus the rays intou separate regions of space.

It is to be expected that as the RCV executes its flight plan,
it will pass through thes~ separate interference regions
experiencing the type of multipath described by the single
layer theory in each region, i.e., two separate paths, separ-
ating in delay and Doppler, with one becoming quickly atten-
uated with respect to the other. A detailed analysis of the

multi-layered profile is given in Section 3.2.2.5.




3.2.2.4 Single Stratified Layer Between Terminals

When a layer of steep negative gradient of refractive
index intercedes in the propagation path between the receiver
and transmitter, it acts to focus the signal to a region of
space dependent on the relative positions of the layer and
terminals. The essential effect is to change the location of
the shadow zone discussed in Section 3.2.2.1. If the terminals
are fixed and the layer is moving vertically, it is possible
that the receiver may be brought into a shadow zone induced
by this motion, thus causing a fade on the link. Unlike mul-
tipath fading which is caused by the interference of signals,
this type of fading is caused by the absence of signal iu a

radio-hole.

To quantitatively describe this process, the trajectory
of a typical ray is shown in Fig. 3.30. The layer has thick-
ness w, and is at a height h. The ray is launched at an angle
60, enters and leaves the layer at 61 and 62, and is received
at 93. If it is assumed that 8o is the minimum angle at which
a ray is launched, then the region below the trajectory lies
in an attenuation zone. The trajectory itself defines the
transition between the region of normal signal strength and

attenuated signal strength.

Using the methods outlined in Appendix F, it is easy to

show that the distance from T to R measured along the earth is

L = -Ro(sin Ay - sin 90) + R(sin 61 - sin 62)

-Ro(sin 63- sin 62) (3:125)
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where -RO and R are the ray curvatures outside and inside the
layer, respectively. Each of the angles is known in terms of

8, from Snell's law, i.e.,

3

cos 6, = = cos 6 i=1,2,3 (3.126)
i m 0

where the various values of refractive index m. are given by

m, =my - R (3.127)
0
(h-h)
m, = my - — ' % (3.128)
0
(h-h._.) h, ~h-w
m3 = mO - R—T- =1 B RR (3.129)
0 0

If the initial launch angle of the ray is zero, then the small

angles ei can be determined from (3.126) as

(3.130)

Substituting (3.127) - (3.130) into (3.125), the range to the

shadow zone can be well approximated by

L& (1= &)J-ziz (h=h,.) [1- jl- :—Rg)(-w—)]
R, 0 T R hefy,

R

+ /-ZRO[(hR-hT) - w(l - TO)] (3.131)
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A graph of the range to the shadow zone versus
of the shadow zone is shown in Fig. 3.31. With the
the intervening layer as a parameter, it is evident
terminals are fixed, a moving layer could cause the

to be placed in a radio hole. A wave-like movement

the height
height of
that if the
receiver

of the

layer could thus cause periodic fading of the received signal.
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Figure 3.31 The Location of the Earth Shadow Zone With a Layer
in the Standard Atinosphere

(Layer Thickness = 300 feet, Ray Curvature in Layer = 3500 miles)




3.2.2.5 Multilayer Profile

In the presence of a multilayered refractive index pro-
file, the multipath characteristics will be similar to those
outlined in the previous sections for the single layers.

When the layers are above the terminals, for the reasons given
in 3.2.2..", only the one in close proximity to the terminals
will cause multipath. Thus the analysis pertaining to a single
layer above the terminals applies directly. When several

layers are between the terminals, the shadow region will be
modified in the same manner as discussed in 3.2.2.4 for a single
layer. When the lavers are below the terminals, the effect

of the several layers is to focus the signal into several mul-
tipath regions, each with th:: same character as those outlined

for the single layer.

Since it is prohibitively difficult to obtain analytic
expressions for multipath in arbitrary multilayer profiles, a
ray tracing technique was developed (see Appendix I) in which
the propagation delay (relative to free space) was computed

as a function of range for each ray trajectory.

The refractive index profile used to illustrate the ef-
fect of multilayers is a piecewise linear approximation to that
presented by Wong (Fig. 3.29). Table 3-4 gives the multilaver

profile which was used in this analysis.

An air-air flight path was executed with the transmitter
and receiver at 10,000 feet. A graph of the initial launch

angle § of a ray versus the range L at which it intercepts the

receiver is given in Fig. 3.32. Since the signal strength is

3
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Table 3-4
MULTILAYER REFRACTIVE INDEX PROFILE

Height of Layer dN/dh dm/dh
.‘ K Feet Nu/ft mu/ft
1<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>