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EVALUATION

RADC's Technical Program Objective IV, Communication for Command
and Control identified a need for media simulators to enable the Air
Force to continually provide a capability to evaluate advanced tech-
niques and equipment. The costs and channel characterization problems
normally associated with live channel testing can be overcome with the
development and application of realistic media simulators which dupli-
cate natural and man-made phenomena. Past experience with channel
simulators has dramatically pointed out the great value inherent in

the use of this type of device for technique and equipment evaluations.

This effort has provided the RADC Digital Communications Experimental
Facility (DICEF) with a system for performing reliable, repeatable simu-
lations for various types of Line~of-Sight (LOS) channels. Immediate
applications will include the evaluations of wideband ECCM modems,
satellite communications techniques, and point-to-point microwave equip-
ment. In addition, the channel prober /analvzer developed as part of
this effort will serve as an invaluable tool for wideband channel
characterization.

/Q“L*v /i‘ l;ﬂn-494/47}a

JOHN B. EVANOWSKY
Project Engineer
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SECTION 1

INTRODUCTION AND SUMMARY

This report will describe the theoretical background,
methods of implementation, and utility of a multi-purpose wide-
band LOS (line-of-sight) channel simulation system developed by
CNR, Inc., for Rome Air Development Center as a means for eval-
uating wideband digital modems. The system provides both a
channel probing/channel playback capability and a synthetic
stochastic channel simulation. Propagation media effects simu-
lated include both multipath due to refractive anomalies
(refractive multipath) and scattering off the surface (surface
multipath). The types of LOS channels handled by the system
include airplane-airplane, ground-airplane, ground-ground,
airplane-satellite. 1In addition, the simulator allows the
introduction of controlled amounts of nonlinearity, phase jitter,
and frequency offset. The simulator operates at selectable IF
frequencies of 70, 300, or 70D MHz. At the two higher IF fre-
quencies, signal bandwidths up to 100 MHz may be accommodated,
while at 70 MHz, bandwidths up to 25 MHz may be handled.

1.1 Background

The development of reliable high-speed digital modems
(modulators-demodulators) for use over fading dispersive radio
channels can be facilitated greatly with the aid of channel
simulators. Two important classes of simulators can be
identified:

® Synthetic channel simulation
®¢ Playback or stored channel simulation

In the case of synthetic channel simulation, deterministic or
stochastic models are implemented based upon either, or both,
theoretical calculations and previously measured statistics.
In the case of the playback channel simulation, a long record
of parameters characterizing the time-varying system function
of a channel (such as tapped delay line weights) are measured
with the aid of a channel prober/analyzer and recorded on mag-
netic tape. This tape is played back into a model of the
channel which utilizes the measured parameter values in a
corresponding canonic channel model (such as a tapped delay
line with weights).

l1-1




With the playback of a measured and stored channel, there
will be identical instantaneous time- and frequency-selective
channel conditions as occurred in the field. In the synthetic
channel simulation, there will be only statistically similar
channel conditions, but they will be adjustable to cover situa-
tions expected to occur but not measured due to the limited
duration of the field tests. These simulation techniques com-
plement each other in providing tools for modem development.

The simulator described in this report includes both
playback channel and synthetic channel simulators and probably
represents the most versatile and flexible radio communications
chamnel simulator yet developed. Some of the concepts in the
present system design have been developed by Bello [Ll.1] - [Ll.7]
in previous synthetic and stored-channel simulators he has
designed. However, the present equipment represents an expan-
sion of capabilities in terms of simulation bandwidth, flexi-
bility, and operational modes.

1.2 Applicable Channels

The major cost of the simulator is associated with the
measurement and simulation of propagation media fading and
multipath associated with particular links, namely:

Ground Aircraft (GA)
Aircraft-Aircraft (AA)
Aircraft-Satellite (AS)
Ground-~Ground (GG)

Since propagation media are linear, their input-output behaviors
are completely determined by corresponding impulse responses or
transfer functions. Because radio channels are time-variant,
both the impulse response and transfer function must be regarded
as time-variant. It may be shown that the complexity of equip-
ment required to measure, record, and reproduce the characteris-
tics of the propagation channel over a finite bandwidth depends
directly upon two gross channel parameters, the multipath spread
and the Doppler spread. The multipath spread is a measure of
the duration of the impulse response of the channel while the
Doppler spread is a measure of the width of the spectrum of a
received carrier.

In discussing the values of Doppler spread and multipath
spread of a channel and their impact on channel simulator
design, it is necessary to distinguish various propagation

1-2




modes. For the four canonic LOS channels of interest here (GA,
AA, AS, GC), the following three propagation modes are of
interest:

® Refractive multipath
® Surface multipath
® Tonospheric scintillation (AS only)

An elevated tropospheric layer with a scale much larger
than the wavelength of the carrier can act as a lens which,
under proper conditions, focuses the transmitted signal into
the receiver over multiple paths. The frequency and intensity
of the meteorological conditions which result in such multipath-
producing propagation have been studied experimentally [1.8] -
[1.21]. The resulting multipath structure has been examined at
CNR under three contracts with RADC [1.22] - [1.24], and the
numerical results [1.25] agree quite favorably with the experi-
mental data [1.8] -[Ll.21].

Refractive multipath is a term used to describe the channel
characteristics caused by these steep negative gradients in
refractive index. The net effect of this gradient is to produce
discrete multipath, i.e., a finite set of paths in addition to
the direct path between transmitter and receiver. An analysis
of the impulse response structure by CNR indicates a maximum of
seven paths for a path length of 200 miles. Calculations of
multipath are not made beyond 200 miles because the theory
assumes a continuous layer and it does not seem likely that
layers will extend so long. However, there is a lack of experi-
mental knowledge on layer lengths, so the assumption is purely
arbitrary at this point.

Refractive multipath will only occur on LOS paths having
an elevation angle of less than 29 - 3°, and is not normally
experienced on channels employing a satellite relay which
usually do not attempt to communicate at such low elevation
angles. On the other hand, the AA, GA, and GG channels perforce
operate at low elevation angles of the line-of-sight and thus
experience refractive multipath whenever the corresponding
propagation conditions exist. On the basis of the propagation
model used by CNR, it is found that over most of the world, the
worst-case multipath spread is within 65 nanoseconds. The
worst Doppler spreads are found to be less than .5 Hz/Mach No./
GHz of carrier frequency. Channel measurement would probably be
undertaken at speeds of less than Mach .7. For the typical
military operating frequency of 8 GHz, we find an expected
worst-case Doppler spread of 5.6 Hz.
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We consider now the multipath and Doppler spread associated
with surface multipath. CNR has carried out considerable study
on modeling surface multipath. Although the underlying scatter-
ing process which causes this multipath is the same for AS/GS
and AA/GA links, operational as well as numerical considerations
make the models somewhat different. The AS/GS model was de-
veloped at CNR under contract to the Department of Transporta-
tion [1.26],[1.27] while the AA/GA model was developed at CNR
under contract to RADC [1.29].

The earliest arriving component of the surface multipath
is from the ''specular" point, i.e., the point of mirror reflec-
tion from the surface. Later multipath components come from
annular rings at successively large distance from the specular
point. There are two sharp contrsts between surface multipath
and refractive multipath. First we note the gap in delay be-
tween the direct path and the specular delay within which no
surface multipath may occur. Refractive multipath is generally
clustered soon after the direct path and will frequently be so
close as to be unresolvable from the direct path. Second, we
note that except for reflections from large objects like moun-
tains or buildings or a '"specular'" reflection emanating from
the average surface around the specular point, the surface
multipath consists of a very large number of very small com-
ponents distributed in delay. Thus it is of a "continuous' na-
ture as opposed to the discrete nature of refractive multipath.

Two other contrasts we wish to make are the behavior of the
these modes of propagation as a function of antenna size and
operating frequency. Refractive multipath is virtually unaf-
fected by antenna size because the discrete paths are clustered
very close to the direct path, deviating only tenths of a
degree. Surface multipath is strongly affected by the antenna
pattern which can, in principle, be focused to eliminate reflec-
tions and scattering from the surface. In practice, antenna
sizes are sharply lim.ted for airplane use and surface multipath
cannot always be eliminated.

Consider now the effect of changing the operating fre-
quency. In the case of refractive multipath, the relative
path delays are to first order, not a function of operating
frequency. However, as the operating frequency is lowered
sufficiently, the multipath spread will become less than a
period of the carrier frequency, and the channel will behave
like a single fading path for information transmission. As
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the frequency is lowered such that the multipath spread is a
small fraction of a carrier frequency period, the fading will
disappear because the multipath components will add in-phase.

In the case of surface multipath, the frequency and angle
of incidence to the specular point can have a pronounced effect
on multipath characteristics. The signal scattered from the
surface of the earth (land, water, ice, etc.) has a discrete
or specular and a diffuse component. The specular component
characterizes the mean signal scattered from the surface, while
the diffuse component characterizes the random return due to
the roughness of the surface and produces the '"continuous"
multipath. It may be shown that, for a fixed grazing angle and
surface roughness, the multipath will tend to be continuous
at the higher (microwave) frequencies and specular or discrete
at the lower (UHF) frequencies. For the military links being
considered here, there are many naturally-occurring surfaces
(e.g., the ocean, hilly terrain, desert, snow drifts, etc.)
which will cause diffuse scatter to exist.

The delay difference between the specular and direct signal
paths can amount to tens of microseconds for an AS link, while
the Doppler difference would be at most 7 Hz/Mach No./GHz of
carrier flight for level flight.

We consider now the amount of multipath spread produced by
the surface multipath. It has been shown by CNR [1.26] - [1.28]
that for sufficiently wide beam antennas and low elevation
angles to the satellite, up to 10 us of multipath spread exist.
Since military operational antennas are directive to provide for
increased gain, multipath rejection, secure communication, etc.
(see [1.30]), multipath spread calculations should be made for
typical military situations. It is assumed that the satellite
antenna provides broad coverage in a sector which contains the
military aircraft, and therefore provides little or no multipath
discrimination. However, the aircraft antennas used to communi-
cate with satellites can range from upper hemispherical coverage
at UHF to*a few degrees beamwidth at the higher microwave fre-
quencies. The coverage provided by these antennas is indicated

*ln three years of airborne testing [1.31], blade, dipole, and
crossed slot UHF antennas were used to provide upper hemi-
spherical coverage; at S-band, a +2° beamwidth antenna was used.
In [1.30], a 32-inch Cassegrain with a 3° beamwidth at SHF was
mounted on a KC-135.
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in Figure 1.1. Since the antennas are designed for satellite
communications, the usual case is for the multipath to occur

in a sidelobe, as shown in Figures l.l(a) and (b). However,
when the satellite is at a very low elevation angle, the multi-
path may occur in the main beam of the antenna, as shown in
Figure 1.1(c).

Approximate calculations of multipath spread due to side-
lobe illumination have been carried out by CNR for various
grazing angles y and beamwidths 6 for diffuse scatter at micro-
wave frequencies. For antenna beamwidths less than about 3°,
the maximum (sidelobe) delay spread has been found to be about
200 nanoseconds at an aircraft altitude of 30,000 feet.

I1f the main beam illuminates the earth's surface as
it may when the satellite is near the horizon, the scattered
power can be calculated from the scattering cross section, the
surface roughness, and the l/R2 losses. 1In calculating the
multipath power, we have assumed worst-case rms surface slope o,
(8 S

= = : (1.1
o (073 % tan vy L )

where y is the grazing angle to the specular point. (The rougher
the surface, the larger the surface area over which scattering
takes place and the larger the multipath spread.) When

o > tan Yy, a significant part of the surface becomes shadowed
by the surface irregularities, and the multipath power is
typically reduced by an order of magnitude [1.31, p. 116].

The results of such an approximate calculation show that, for
grazing angles less than about 39, the multipath spread (de-
fined here as the delay beyond the specular delay at whick the
multipath power drops to l/e of its maximum value) is les< than
200 ns.

Similarly, one may calculate the Doppler spreads for the
cases of sidelobe illumination and mainbeam illumination of
the surface at low grazing angles. One may show that, for an
8-CHz carrier frequency and Mach .7, Doppler spreads of less
than 10 Hz are predicted for a beamwidth of 3° in the case of
sidelobe illumination and for any beamwidth in the case of
mainlobe illumination of the surface. Note that the Doppler
spread decreases with decreasing grazing angle.
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In the case of the AA and GA links, surface multipath will
occur in addition to refractive multipath. The AA/GA links
differ from the AS link, however, in that the multipath is
always generated at low grazing angles and within the radio
horizon. As a result of these differences, the surface scatter
multipath on AA/GA has a specular component which is delayed
only a few hundred nanoseconds from the direct path and shifted
by at most 10 or 20 Hz. The multipath spread is worst for AA
links. For AA links, one may calculate that aircraft at
30,000 feet with antenna beamwidths less than c g experience
diffuse multipath with delay spreads of less than about 150 ns
for grazing angles above 19, A angles below 10, the diffuse
multipath power decreases due to shadowing and due to the ten-
dency of the multipath to be specular near grazing incidence.

Calculations of Doppler spreads indicate small values of
the order of these found in other cases, e.g., 10 Hz or less
for 8 GHz, Mach .7, and 3° beamwidths.

In the case of GG links with parameters representative of
those used in conventional microwave relay communications,
multipath spreads and Doppler spreads will be much smaller than
those quoted for other links. Calculations are available in a
report by CNR [1.22].

As a final channel characteristic, we consider ionospheric
scintillation. This phenomenon is of relevance only for AS
links in which the LOS pierces regions of the ionosphere which
are perturbed anomalously in the vicinity of the cquator. From
an input-output point of view, the effect is one of causing
amplitude and phase fluctuations, i.e., Doppler spread with
negligible multipath spread. The effect is quite important at
UHF but will be negligible at the higher microwave frequencies,
e.g., 8 GHz. The Doppler spread, in any case, is quite low —

a few Hz at most.

The simulation system described in this report is designed
to measure and playback or synthesize the fading dispersive
characteristics of GA, AA, AS, and GG links for various combi-
nations of refractive multipath, surface multipath, and
ionospheric scintillation.
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1.3 Measurement and Simulation Approach

The problem of channel measurements on fading dispersive
channels has been studied extensively by Bello [l.34] - [1.39].
We consider in sequencies the approach used for channel measure-
ment, playback simulation, and synthetic simulation.

1.3.1 Channel Measurement and Playback

The channel measurement approach used here involves trans-
mission of a pseudo-random binary PSK (0,180°) with the (0,180°)
states controlled by the (0,1) states of a maximal length shift
register sequence. The receive process is (complex) correlated
with delayed replicas of the pseudo-random probing signal to
produce lowpass in-phase and quadrature estimates of the channel®
time-variant impulse response at a set of equally-spaced delay
samples. This set of time-varying samples is digitized and
recorded on magnetic tape. In playback, the reverse operation
takes place - the tape is played back into a unit that unpacks
the samples, filters them, and D/A converts the tape information
into the lowpass in-phase and quadrature information needed to
drive the analog complex modulators of an analog tapped delay
line model of the channel.

To keep the system complexity reasonable, provision is made
for separately and simultaneously measuring the surface multi-
path starting at the earliest arriving specular component and
ignoring the "empty'" region between the direct/refractive multi-
path and the surface multipath. By using this procedure, maxi-
mum utilization is made of the hardware in measuring and
reproducing multipath.

The preceding discussion introduced some of the basic
signal processing elements in the channel playback simulation
system. However, practical utilization of this system requires
the incorporation of additional features for the LOS channels
which have moving terminals (GA, AA, AS). The changing path
length causes both a time variation in path loss and a time
variation in mean path delay for the direct path, refractive
multipath, and surface multipath. To handle the time-variant
delays, two tracking loops are used which adjust the timing of
two separate PN sequence generators. The early tracker removes

ol

"The channel impulse response includes all terminal equipment
filters.
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the time-variant group delay of the direct/refractive multipath
group while the late tracker separately removes the time-
variant group delay of the surface multipath. Frequently,
refractive multipath will be absent and the direct path alone
will be tracked in the early group. The changing path delays
also produce Doppler shifts. A Doppler tracking loop is pro-
vided to track out the Doppler shift of the direct/refractive
multipath group.”™ Otherwise, the output lowpass filters would
have to be made very wide in bandwidth to accommodate this
Doppler shift. The Doppler shift of the surface multipath
group will differ from that of the direct/refractive multipath
group, but for channel measurement with airplanes flying at
level height, the differential Doppler will be at most 10 - 20 Hz,
and this shift is small enough to be absorbed by the analyzer
lowpass filter bandwidth ranges. Therefore, in the interest of
cost savings, no separate Doppler tracker is provided for the
surface multipath.

In channel playback, ideally, the variable delays and
Doppler shifts should be reinserted. It has been found pro-
hibitively expensive to provide time-variable delays covering
the range of delays required. Moreover, there appears no need
to have this feature, from a modem evaluation point of view.
Differential and direct path Doppler may be set manually at
measured values recorded in the log of the flight test. Dif-
ferential delay is fixed but manually-selectable from a range
of values. Again, information from the log of the experiment
would provide suitable values for this delay. Direct path delay
would not be reproduced since it is irrelevant for modem test-
ing. Note that simply setting the bit sync clocks at different
rates for the digital modulator and demodulator simulates
changing relative path delay.

Path loss variation will be significant only for the AA
and GA links where variations of path length greater than 10:1
may occur during a channel measurement period, causing in excess
of a 20-dB variation in average SNR during a measurement inter-
val. To make maximum utilization of the dynamic range of the
analog correlators employed in the analyzer, an AGC is provided.

“Actually, different frequency and time error discriminators

are provided for tracking refractive multipath as opposed to
tracking a resolvable direct path in order to optimize tracking
performance under the fading dispersive conditions of
refractive multipath.
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Since the path loss variation will be slow, a long time-constant
is provided in the AGC. Cases may exist where the fading multi-
path could have low enough frequency components to be affected
by the AGC, and provision is made for recording the gain varia-
tions and reproducing them in the channel playback by means of

a variable attenuator.

1.3.2 Synthetic Simulation

We consider now the synthetic simulation of the propagation
channel. The same tapped delay line is used as in playback
simulation, but now the complex tap gains must be generated
synthetically.

The two major harmful propagation effects that require some
complexity in implementation are refractive and surface multi-
path. From a mathematical-statistical point of view, these two
propagation effects present a study of contrasts. The refractive
multipath consists of a small number of individual paths while
the surface multipath (aside from a possible specular component)
consists of a very large number of small diffuse scattered com-
ponents and has a continuous type of representation.

From a statistical point of view, the refractive multipath
is far more nonstationary than the surface scatter. Consider an
AG link. As the airplane passes near the layer of steep negative
gradient in refractive index which causes the refractive multi-
path, multiple ray paths appear, move in delay relative to one
another, coalesce, disappear, and new paths appear. As discussed
in [1.23], the amplitudes and delays change much slower than the
relative phases. Compare this behavior with the surface scatter
in an AS link. The airplane antenna is illuminating (through a
main or sidelobe) a large portion of the surface of the earth.
Many small reflections occur from the surface, and the law of
large numbers gives some statistical regularity to the continuum
of multipath components. No abrupt changes will be noticed un=-
less the terrain or airplane antenna orientation changes abruptly.
Over the ocean, statistical regularity will be the rule rather
than the exception.

It may be shown [1.33] that, as the reciprocal channel
bandwidth to be characterized becomes small compared to the
multipath spread in surface or volume scatter, the tapped delay
line model of the channel approaches the case in which the tap
gains are complex Gaussian and independent. This is the basic
model employed for synthetic simulation of surface multipath.
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The complex Gaussian weights are obtained by filtering pseudo-
random sequences.

Since the tapped delay line model, with taps spaced 1/W
apart and complex weights, provides a perfectly general repre-
sentation for a linear operation over a bandwidth W, it is
possible to find a mathematical relationship between the delays
and amplitudes of a discrete set of paths and the complex
weights in a tapped delay line model. This relationship is
implemented with the aid of a small computer whose input is
a tape providing the time-varying path delays and amplitudes
associated with the refractive multipath of a given AA/AG/GG
scenario. The calculated tap weights are continually generated
by the computer and fed as control inputs to the tapped delay
line complex modulators. Continuous movement of up to seven
discrete paths is provided with the software.

The computer also generates the ionospheric scintillation
modulation., The model used involves independent Gaussian noises
of different strengths on the in-phase and quadrature inputs of
the complex modulator together with a specified nonfading com-
ponent on the in-phase part.

1.4 Summary of Prober/Analyzer/Simulator System Features

This section summarizes the basic features of the Prober/
Analyzer/Simulator system. We consider the prober/analyzer
first.

The prober/analyzer has several classes of operating modes:

Characterization Randwidth Modes
IF Frequency Modes

Integration Time Modes
Correlator Grouping Modes
Tracking Modes

Gain Control Modes

Characterization bandwidths of 25 and 100 MHz may be
selected. 1In the 25-MHz case, an IF frequency of 70 MHz only
can be selected, while in the 100-MHz case either 300 MHz or
700 MHz can be selected. It is important to note that the
quoted bandwidth characterization, e.g., 100 MHz, is not a
nominal characterization but a precise characterization in the
sense that the system provides essentially transparent perfor-
mance over this bandwidth as far as modem error rate reproduci-
bility is concerned in channel playback. (0Of course, this
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statement is subject to the requirement that sufficient SNR is
available during measurement and that the Doppler and multipath
spread do not exceed the design values.) Separate IF channeli-
zing filters must be switched in for the 25~ and 100-MHz band-
widths to limit alias crosstalk due to the sampling of the
impulse response and also separate equalizing filters must be
switched into the simulator in the playback mode to counteract
the coloring of the prober spectrum. The probing signal in the
case of 100-MHz characterization consists of a pseudo-random
(0,1809) sequence with chip period of 10 ns, i.e., a

100M chips/second rate, while in the 25-MHz characterization,
A=40 ns and the chip rate is 25M chips/second. A sequence
length of 2047 is used in the 100-MHz mode providing a PN
sequence period of 20.47 us, while in the 25-MHz mode, a se-
quence length of 511 is used providing a PN sequence period of
20.44 us.

Analog integrate-and-dump takes place over exactly one PN
sequence period at the correlator output. Further integration
is done digitally by summing successive analog I&D outputs. It
is convenient in discussing system performance to define six
modes of operation I -VI, as indicated on Table 1-1, for the
various values of total integration time T possible for the
system, where T = 1Ty, I = 1,2,2,.8,00,32,

Table 1-2 presents the recording time and tape speed for a
roll of instrumentation tape for each mode I -VI listed in
Table 1-1. Note that because of the approximately 20-us period
of the PN sequence, an ambiguity in multipath delay will occur
for paths delayed from the direct path more than 20 us. This
20-us ambiguity does not constitute a real limitation to col-
lection of data by the system because long differential delays
occur only in the AS channel fromwhich the multipath spread is
predicted to be much less than 20 ps. The differential delay
can be computed fairly accurately for the radio link geometry
so that one may avoid foldover effects for multipath near the
20-pus boundary. In addition, it is only at low grazing angles
that any nultipath is predicted, and for these grazing angles
the differential delay will be smaller than 20 us.

As discussed above, the channel multipath structure will
consist of either a single group of paths or two groups, de-
pending on the simultaneous existence of refractive and surface
multipath. Flexibility exists within the analyzer to apportion
one subset of the correlators to the early multipath group and
one subset to the late multipath group. However, for playback,
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DEFINITION OF

TABLE 1-1

SOME MODES OF OPERATION OF

PROBER/ANALYZER

1-14

Samples
Integrated
Characterization PN Sequence Prior to
Mode Bandwidth Length Recording
(MHz)
100 2047
: 25 511 L
' 100 2047
Ly 25 511 .
! 100 2047
L 25 511 4
100 2047
L 25 511 8
v 100 2047 16
25 511
100 2047
L 25 511 -




TABLE 1-2

DIFFERENTIAL DELAY AMBIGUITY, RECORDING CAPABILITY,
AND TAPE SPEED FOR EACH MODE

Unambiguous Recording
Delay Duration of
Mode Resolution One Roll of Tape Tape Speed
{nesrest us)
I 20 s 15 mins 120 ips
L 20 s 30 mins 60 1ips
II1 20 us 60 mins 30 ips
JAY 20 us 2 hrs 15 ips
v 20 us 4 hrs 7% ips
V1 20 us 8 hrs 3% ips
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the early group must consist of no more than eight taps in the
100-MHz mode (and two taps in the 25-MHz mode*) because of the
physical construction of the simulator. 1In this split mode of
operation, 52.5 ns of refractive multipath (including the equip-
ment channel) can be measured. A direct path is separately
measurable when there is no refractive multipath, leaving

31 samples to characterize the surface multipath.

The direct path and surface multipath are separately
tracked in delay while only the Doppler shift of the direct
path is tracked. Calculations of differential Doppler for
collection of data in level flight show that it is small enough
to be handled by the bandwidths used in measuring the tap gains.
When refractive multipath is present, the fading distortion can
affect operation of the coherent direct path tracking. Con-
sequently, alternate delay and Doppler error discriminators
more tolerant to multipath and fading are provided and may be
selected when refractive multipath is being tracked.

Due to the fact that the path length can change signifi-
cantly during a collection interval of 30 minutes for AA and
AG links, the received signal strength can vary significantly
during a run, say, 20 dB. Two modes of gain control are pro-
vided, manual and automatic, both over a range of 60 dB. 1In
the AGC mode, a long time constant is used to attempt tracking
only the slow path loss variations. However, refractive multi-
path can vary slowly and, to avoid any possible distortion
caused by tracking out refractive multipath fluctuations, the
automatic gain fluctuations are »:corded on tape and reproduced
by a variable attenuator in the channel playback process.

Additional features in the analyzer include a received
signal level (RSL) indicator with a LED numeric display, a
multipath signal displa’ showing the correlator I&D outputs
on an oscilloscope, and a differential path delay indicator
with a LED numeric display. Direct-path Doppler may be esti-
mated from the vernier on the Doppler tracking VCXO. There is
also an indication for overflow of the A/D converters and under-
driving of the correlators.

‘Because of equipment impulse response spreading, the use of
two taps to represent a multipath group appears risky. Thus
it may be preferable not to use the 25-MHz mode when both
refractive and surface multipath occur.

1-16




The simulator has several modes of operation. As far as
control of the complex modulators is concerned, there are five
basic modes of operation, each one of which may be independently
selected for each complex modulator input:

Playback

Computer Control

Synthetic Complex Gaussian
Calibrate Check

External Modulation

The playback mode derives its complex modulator input from
playback of the recorded multipath analyzer outputs. When
this mode is used, an analog equalizer must be switched in

to compensate for the non-white prober spectrum. 1In addition,
as pointed out above, if the AGC mode is used in the analyzer,
then a gain voltage will be played back to control an output
attenuator.

Any set of complex modulator inputs may be controlled by
the PDP-11/04 minicomputer provided with the simulator. This
computer can provide simulations of refractive multipath,
ionospheric scintillation, specular components, arbitrary
complex fixed filters, and special programs for checking out
the tap modulators and D/A converters. The simulation of
refractive multipath utilizes the minicomputer to prepare
digital tapes of relative amplitudes and delays of discrete
multipath components vs. time, corresponding to a particular
scenario of interest. This tape is played back by the mini-
computer so that it may generate the complex modulator time-
variant gains corresponding to that scenario. Ionospheric
scintillation is modeled by use of programs to generate pseudo-
random Gaussian modulations.

Special hardware generates the pseudo-random complex
Gaussian noise tap modulation used to model surface multipath.
The rms Doppler spread of this noise is selected at the front
panel in the range 0.1 Hz to 1 kHz. This noise can be reset
to the same starting point. A very long PN sequence (shift
register length 52) is used to provide an accurate Gaussian
probability density, and the period of the PN sequence is very
much longer than any measurement interval of interest.

In the calibrate mode, each tap may be set to one of four
phases, 0, 180°, 90°, -90°, or OFF manually. By sending a test
signal into the simulator and examining the system output for
each separate modulator, it is possible to check directly on
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the complex modulator performance. This check, in conjunction
with similar tests directed from the minicomputer, can be used
to isolate and verify performance.

Finally, there is an external modulation mode where the
in-phase and quadrature components of any tap complex modulator
may be controlled by an external modulation source.

There are two basic differential delay options: a short
differential delay for AA and AG links, and a long differential
delay for AS links. The value of the short differential delay,
implemented with cable, may be selected from the values 100,
200, 300, and 400 ns, while the long differential delay, imple-
mented with SAW devices, may be selected from the values 4.1,
8.1, 12.1, and 16.1 pus.

Figure 1.2, 1.3, and 1.4 show photographs of the fabricated
system. Figure 1.2 shows the prober, Figure 1.3 the multipath
analyzer, and Figure 1.4 the simulator. The analog and RF sig-
nal processing elements are in a double-bay rack cabinet along
with the digital signal sources for synthetic surface scatter
multipath generation and test modes. The computer and playback
tape signal sources are in a second cabinet.

The bulk of the remainder of this report is contained in
Section 2 which delves into the theoretical background for the
system and develops design criteria based upon the objective
of producing a simulator that will allow reproducibility of
modem error rate behavior. Section 3 is a relatively brief
description of the equipment with tables of specifications.
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Figure 1.3 Analyzer
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SECTION 2

THEORETICAL BACKGROUND AND DESIGN CONSIDERATIONS

In the discussion below, we first present technical back-
ground sections which include a brief discussion of the charac-
teristics of these links and some fundamentals of channel
modeling and simulation. Comsideration is then given to the
effect of simulator nonidealities on reproducibility of modem
error rate behavior.

2.1 Characteristics of Links to be Simulated

The LOS communication channels of interest include the
following:

® Ground point-to-point microwave links

® Ground-satellite-aircraft UHF and microwave paths

® Aircraft-satellite-aircraft UHF and microwave
paths

® Ground to remote-piloted-vehicle (RPV) paths

® Ground-RPV-ground paths

® Aircraft-aircraft paths

Some of these channels are composed of a single link, and others
may be subdivided into separate links connected by relays. The
major complexity of the simulator is associated with the simu-
lation of propagation media distortion (multipath and fading)
associated with particular component links; namely,

® Ground-Aircraft (or RPV) (GA)
® Aircraft-Aircraft (AA)
® Aircraft-Satellite (AS)
® Ground-Ground (GG)

where we have listed acronyms to simplify discussion.

Figure 2.1(a) shows some basic signal processing operations
in a single LOS link utilizing a digital modem interfacing at an
intermediate frequency (IF). In modeling the effects of the
link on the digital modem IF output, it is convenient to regard
the signal processing operations as subdivided into a cascade of
""channels'" as shown in Figure 2.1(b): a transmitter channel, a
propagation channel, and a receiver channel.
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The transmitter channel includes all signal processing
operations between the IF input interface and an RF interface
defined at the antenna input. These operations include fre-
quency translation, amplification, and filtering. 1In most cases
of interest in LOS links, the filtering in the transmitter
channel is mild prior to the power amplifier (PA), which usually
operates in a saturated or hard-limiting mode. This type of PA
is satisfactory for the constant envelope modulation which is
used most often. Filtering is usually excluded from the opera-
tions prior to the PA because such filtering will produce ampli-
tude modulation which will be converted into spurious phase
modulation by the AM/FM conversion characteristics of the PA.

As shown in Figure 2.1(a), filtering is sometimes provided after
the PA to limit the radiated spectral splatter.

The receiver channel lumps together all signal processing
operations between the output of the receiving antenna and the
IF output fed to the modem demodulator. These operations in-
clude RF amplification, frequency shifting, and perhaps some IF
preamplification. Usually there will be no automatic gain con-
trol, a function usually included in the modem demodulator.
Under normal operation, the receiver channel and the transmitter
channel prior to the PA provide nominally linear operations with
some small incidental nonlinearities. Provided the modulation
technique is constant envelope and negligible AM is produced by
filtering prior to the PA, the complete transmitter channel may
be regarded as nominally linear.

When a radio relay is incorporated within the channel as
indicated in Figure 2.2(a), additional signal processing func-
tions must be characterized. As indicated in Figure 2.2(b),
an additional propagation channel and a '"radio relay channel"
must be defined. The latter channel characterizes the signal
processing of the radio relay, which includes amplification,
filtering, frequency shifting, and power amplification. This
power amplification is frequently of the saturating type.

The propagation channel includes all the signal processing
existing between the input to the transmitter antenna and the
output of the receiver antenna. 1In particular, this component
channel includes the fading multipath behavior of the link.
Since the propagation channel is linear, its input-output be-
havior is con .etely determined by its impulse respose or
transfer function. Because radio channels are time-variant,
both the impulse response and transfer function must be re-
garded as time-variant. As will be discussed in Section 2.2,
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the complexity of equipment provided to measure, record, and
reproduce the characteristics of the propagation channel over
a finite bandwidth depends directly upon two gross channel
parameters, the multipath spread and the Doppler spread. The
multipath spread is a measure of the duration of the impulse
response of the channel while the Doppler spread is a measure
of the width of the spectrum of a received carrier.

In discussing the values of Doppler spread and multipath
spread of a channel and their impact on channel simulator design,
it is necessary to distinguish various propagation modes. For
the four canonic LOS channels of interest here (GA, AA, AS, GG),
the following three propagation modes are of interest:

® Refractive multipath
e Surface multipath
e TJTonospheric scintillation (AS only)

An elevated tropospheric layer with a scale much larger
than the wavelength of the carrier can act as a lens which,
under proper conditions, focuses the transmitted signal into
the receiver over multiple paths. The frequency and intensity
of the meteorological conditions which result in such multipath-
producing propagation have been studied experimentally [2.1] -
[2.14]. The resulting multipath structure has been explored in
great detail at CNR under two contract to RADC [2.15],[2.16],
and the numerical results [2.17] agree quite favorably with the
experimental data [2.1] - [2.14].

Refractive multipath is a form used to describe the channel
characteristics caused by these steep negative gradients in
refractive index. The net effect of this gradient is to produce
discrete multipath, i.e., a finite set of paths in addition to
the direct path between transmitter and receiver. An analysis
of the impulse response structure by CNR indicates a maximum of
seven paths for a path length of 200 miles. Calculations of
multipath are not made beyond 200 miles because the theory
assumes a continuous layer, and it does not seem likely that
layers will extend so long. However, there is a lack of experi-
mental knowledge on layer lengths, so the assumption is purely
arbitrary at this point. Refractive multipath will only occur
on LOS paths having an elevation angle of less than 20 - 39 and
is not normally experienced on channels employing a satellite
relay, which usually do not attempt to communicate at such low
elevation angles. On the other hand, the AA, GA, and GG chan-
nels perforce operate at low elevation angles of the line-of-
sight and thus experience refractive multipath whenever the
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corresponding propagation conditions exist. Figure 2.3 presents
a plot of maximum delay spread between the latest arriving
multipath component and the direct path as a function of path
length for some extreme rare refractive gradient conditions.

It is seen that over most of the world, the worst-case multipath
spread is within 65 nanoseconds. A single rare case reported in
Senegal, Africa, yields larger delay spreads. However, this
particular combination of events is of extremely low probability
of occurrence and should not be used to specify equipment
complexity.

Calculations of Doppler spread yield the results showm In
Figure 2.4, Disregarding the rare event in Dakar, the worst-
case Doppler spreads are seen to be less than .5 Hz/Mach No./GHz
of carrier frequency. Channel measurement would probably be
undertaken at speeds of less than Mach .7. For the typical
military operating frequency of 8 GHz, we find an expected worst
case Doppler spread of 5.6 Hz.

We consider now the multipath and Doppler spread associated
with surface multipath. CNR has carried out considerable study
on modeling surface multipath. Although the underlying scat-
tering process which causes this multipath is the same for AS/GS
and AA/GA links, operational as well as numerical considerations
make the models somewhat ditfferent. The AS/GS model was deve-
loped at CNR under contract to the Department of Transportation
[2.18],[2.19], while the AA/GA model was developed at CNR under
contract to RADC [2.20].

The earliest arriving component of the surface multipath is
from the "specular'" )Hoint, i.e., the point of mirror reflection
from the surface. Later multipath cowponents come from annular
rings at successively larger distance from the specular point.
There are two sharp contrasts between surface multipath and
refractive multipath. First we note the gap in delay between
the direct path and th. specular delay within which no surface
multipath may occur. Refractive multipath is generally clus-
tered soon after the direct path and will frequently be so close
as to be unresolvable from the direct path. Second we note that
except for reflections from large objects like mountains or
buildings or a ''specular'" reflection emanating from the average
surface around the specular point, the surface multipath con-
sists of a very large number of very small components distri-
buted in delay. Thus it is of a '"continuous' nature as opposed
to the discrete nature of refractive multipath.

2-6
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Two other contrasts we wish to make are the behavior of
these modes of propagation as a function of antenna size and
operating frequency. Refractive multipath is virtually unaf-
fected by antenna size because the discrete paths are clustered
very close to the direct path, deviating only tenths of a
degree. Surface multipath is strongly affected by the antenna
pattern which can, in principle, be focused to eliminate reflec-
tions and scattering from the surface. 1In practice, antenna
sizes are sharply limited for airplane use and surface multipath
cannot always be eliminated.

Consider now the effect of changing the operating frequency.
In the case of refractive multipath, the relative path delays are
to first order not a function of operating frequency. However,
as the operating frequency is lowered sufficiently, the multi-
path spread will become less than a period of the carrier fre-
quency and the channel will behave like a single fading path for
information transmission. As the frequency is lowered such that
the multipath spread is a small fraction of a carrier frequency
period, the fading will disappear because the multipath com-
ponents will add in-phase.

In the case of surface multipath, the frequency and angle
of incidence to the specular point can have a pronounced effect
on multipath characteristics. The signal scattered from the
surface of the earth (land, water, ice, etc.) has a discrete
or specular and a diffuse component. The specular component
characterizes the mean signal scattered from the surface, while
the diffuse component characterizes the random return due to the
roughness of the surface and produces the ''continuous'" multipath.
A surface is considered '"rough'" if the rms height, h, of the
surface irregularities satisfies the Rayleigh criterion [2.21]:

A
" g siny S

where X is the wavelength of the incident radiation and y is the
grazing angle of the incident ray. The rms height above which
the scatter is considered diffuse is shown in Figure 2.5 in the
frequency range from 1 to 10 GHz. It is seen that a surface
with an rms height of 0.5 meter will exhibit some diffuse scat-
ter only for grazing angles above 1° at 10 GHz, above 59 at

1 GHz, and above 10~ at 300 MHz. It is evident from Figure 2.5
that, for a fixed grazing angle and surface roughness, the
multipath will tend to be continuous at the higher (microwave)

2~9
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frequencies and specular or discrete at the lower (UHF) fre-
quencies. For the military links being considered here, there
are many naturally-occurring surfaces (e.g., the ocean, hilly
terrain, desert, snow drifts, etc.) which will cause diffuse
scatter to exist, :

The delay difference between the specular and direct signal
paths is shown in Figure 2.6 as a function of distance from the
sub-satellite point. The grazing angle ¥, which the specular
point ray makes with the earth's surface, is also indicated by
the dotted lines for the various aircraft altitudes from 10 to
50 thousand feet. It is seen that for the (synchronous) satel-
lite link, tens of microseconds of delay difference can be
expected. The amount by which this delay difference changes
as the flight progresses can be determined by examination of
the legend which indicates the distance traveled in one hour
by an RPV, a Mach-1 aircraft, and a Mach-2 aircraft.

The Doppler frequency difference between the direct and
specular signals is shown in Figure 2.7 for aircraft altitudes
of 30 and 60 thousand feet. Again, a synchronous satellite is
assumed, oend to get the worst-case (i.e., largest) Doppler dif-
feronce, the aircraft is assumed to be flying toward or away
from the satellite. Note that the curve is normalized to the
Mach number of the aircraft and the number of GHz of carrier
frequency. Thus, for a Mach-.5 aircraft flying at 30 thousand
feet, there is an 18-Hz direct-specular Doppler shift at 10 GHz.

Experiments which verify the theory presented here have
been conducted during three years of airborne communication
testing via satellite relay [2.22]. Measurements of received
signal strength were taken at UHF (250 MHz) on an AS link. The
aircraft flew at 30 thousand feet at a velocity of Mach-.7
toward the satellite. Cyclic fades were observed with a rate
of about 0.6 Hz above grazing angles of 10° [2.22, p. 55].
From Figure 2.7 it is seen that the predicted Doppler is
(3.5)(0.7)(0.25) = 0.61 Hz, in agreement with the flight test
results. Thus, during the flight test at UHF, a specular
multipath component was present to cause cyclic fades with
~0.6 Hz rate

Measurements were also taken at 8 GHz with grazing angles
less than 2° (the SHF antenna had a + 29 beamwidth). This time
fading was experienced but no cyclic variation was present. This
indicates that the multipath component was continuous rather than
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discrete (specular). It is seen from Figure 2.5 that rms sur-
face heights of 0.2 - 0.4 meter cause specular scatter at UHF
(250 MHz) at grazing angles around 10°, but cause diffuse
scatter at SHF (8 GHz) at 1° and 20 grazing angles.

It should be noted that the direct-specular Doppler differ-
ence or, for short, differential Doppler shown in Figure 2.7
applies to level flight and a synchronous satellite. Nonlevel
flight and/or a nonsynchronous satellite can yield much larger
values of differential Doppler. Figure 2.7 is of particular
interest for channel probing, which would normally be done with
an airplane in level flight and a synchronous satellit«,

We consider now the amount of multipath spread produced by
the surface multipath. It has been shown by CNR [2.18],[2.19]
that for sufficiently wide beam antennas and low elevation
angles to the satellite, up to 10 ws of multipath spread exist.
Since military operational antennas are directive to provide for
increased gain, multipath rejection, secure communication, etc.
(see [2.23]), multipath spread calculations should be made for
typical military situations. It is assumed that the satellite
antenna provides broad coverage in a sector which contains the
military aircraft and, therefore, provides for little or no
multipath discrimination. However, the aircraft antennas used
to communicate with satellites can range from upper hemispheri
cal coverage at UHF to a few degrees beamwidth at the higher
microwave frequencies.” The coverage provided by these antennas
is shown diagrammatically in Figure 2.8. Since the antennas are
designed for satellite communications, the usual case is for the
multipath to occur in a sidelobe, as shown in Figures 2.8(a) and
2.8(b). However, when the satellite is at a very low elevation
angle, the multipath may occur in the main beam of the antenna,
as shown in Figure 2.8(c).

Table 2-1 shows calculations of multipath spread due to
sidelobe illumination for various grazing angles ¥y and beam-
widths 6 for diffuse scatter at microwave frequencies. Note
that for antenna beamwidths less than about 3%, the maximum
(sidelobe) delay spread is about 200 ns at an aircraft altitude
of 30,000 feet.

"In three years of airborne testing [2.22], blade, dipole, and
crossed slot UHF antennas were used to provide upper hemi-
spherical coverage; at S-band, a + 29 beamwidth antenna was
used. 1In [2.23], a 32-inch Cassegrain with a 3° beamwidth
at SHF was mounted on a KC-135.
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TABLE 2-1

DELAY SPREAD OF DIFFUSE COMPONENT FOR
SIDELOBE ILLUMINATION ON AS LINK AT MICROWAVE FREQUENCIES

Specular Point
Grazing Angle

Delay Spread Per 10 K Feet of

Aircraft Altitude
(Nanoseconds /10,000 Feet)

v (Degrees) 6=10 6=20 8=3O 8=40 5=5°
1 22 — —_ — —_
(Main Bpam Illunpginates
7 11 44 — _— —
shirface in this
3 7 29 65 ;zgibn) —
4 5 22 49 87 o
5 4 17 39 70 109
10 2 9 20 35 55

8 = Antenna elevation angle beamwidth.
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If the main beam illuminates the earth's surface as it may
when the satellite is near the horizon, the scattered power can
be calculated from the scattering cross section, the surface
roughness, and the 1/R2 losses. 1In calculating the multipath
power, we have assumed worst-case rms surface slope «, i.e.,

& Tl [ tan ¥ (2.2}

(The rougher the surface, the larger the surface area over which
scattering takes place and the larger the multipath spread.)
When a> tan y, a significant part of the surface becomes sha-
dowed by the surface irregularities and the multipath power is
typically reduced by an order of magnitude [2.24, p. 116]. The
results of this calculation are shown in Table 2-2. It is seen
that for grazing angles less than about 3°, the multipath spread
(defined here as the delay beyond the specular delay at which
the multipath power drops to l/e of its maximum value) is less
than 200 ns.

Similarly, one may calculate the Doppler spreads for the
cases of sidelobe illumination and mainbeam illumination of the
surface at low grazing angles. The results of these calcula-
tions are shown in Tables 2-3 and 2-4. For an 8-GHz carrier
-requency and Mach-.7, Doppler spreads of less than 10 Hz are
;redicted for a beamwidth of 3° in the case of sidelobe illumi-
nation and for any beamwidth in the case of mainlobe illumination
of the surface. Note that the Doppler spread decreases with
decreasing grazing angle.

In the case of the AA and GA links, surface multipath will
occur in addition to refractive multipath. The AA/GA links
differ from the AS link, however, in that the multipath is
always generated at low grazing angles and within the radio
horizon. As a result of these differences, the surface scatter
multipath on AA/GA has a specular component which is delayed
only a few hundred nanoseconds from the direct path and shifted
by at most 10 or 20 Hz. The multipath spread is worst for AA
links. For AA links, the maximum value of multipath delay
spread is shown in Figure 2.9 as a function of the specular
point grazing angle for various antenna beamwidths. It is seen
that aircraft at 30,000 feet with antenna beamwidths less than
39 experience diffuse multipath with delay spreads of less than
about 150 nanoseconds for grazing angles above 1°. At angles
below 19, the diffuse multipath power decreases due to shadowing
and due to the tendency of the multipath to be specular near
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TABLE 2-2 .

MULTIPATH SPREAD AT LOW GRAZING ANGLES FOR AN !
AIRPLANE-SATELLITE LINK AT MICROWAVE FREQUENCIES ‘

] |
. 3 > sl | |
Specular Point Nomlinal Multipath Sprenc |
Grazing Angle (3 width) Nanoseconds 1
1 70 J
2 130 ‘

3 195

4 260
|
|
{
|
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TABLE 2-3

DOPPLER SPREAD OF DIFFUSE COMPONENT FOR
SIDELOBE ILLUMINATION ON AS LINK AT MICROWAVE FREQUENCIES

Doppler Spread Per Mach #
Per GHz of Carrier
(Hz/Mach #/GHz)
Specular Point
Grazing Angle
y (Degrees) 6=1° g=2° 6=3° 6=4° 9=5°
| 0.17 e = s S
(Main |beam
. G Ll “illufinates syrface
3 .51 1.02 1.55 g ay
in this region)
4 0.68 1.36 2.04 272 e
5 0.84 1.68 2.92 3.36 4.20
10 1.68 3.36 5.50 6.73 8.41

8 = Antenna beamwidth
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TABLE 2-4

DOPPLER SPREAD OF DIFFUSE COMPONENT FOR
MAINBEAM ILLUMINATION ON AS LINK AT MICROWAVE FREQUENCIES

Specular Point Doppler Spreadx per Mach # !
Grazing Angle per GHz of Carrier
y (Degrees) (Hz/Mach #/GHz)
L 0.17
2 0.68
3 1.52
4 2,71
-, 4.23

¥
Doppler spread calculated tfrom specular point to horizon.
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grazing incidence. It should be noted that when one terminal
is lowered as in the GA case, the same beamwidth antenna can
provide increased diffuse multipath discrimination.

Calculations of Doppler spreads indicate small values of
the order of those found in the other cases, e.g., 10 Hz or less
for 8 GHz, Mach-.7 and 3° beamwidths.

In the case of GG links with parameters representative of
those used in conventional microwave relay communication, multi-
path spreads and Doppler spreads will be much smaller than those
quoted for the other links. Calculations are available in a
report by CNR [2.15].

As a final channel characteristic, we consider ionospheric
scintillation. This phenomenon is of relevance only for AS
links in which the LOS pierces regions of the ionosphere which
are perturbed anomalously in the vicinity of the equator. From
an input-output point of view, the effect is one of causing
amplitude and phase fluctuations, i.e., Doppler spread, with
negligible multipath spread. The effect is quite important at
UHF but will be negligible at the higher microwave frequencies,
e.g., 8 GHz. The Doppler spread, in any case, is quite low —

a few Hz at most. A detailed presentation of the current litera-
ture at UHF and higher microwave frequencies was performed at

CNR under contract to DOT [2.25]. 1In addition, a model of
scintillation was constructed and measurement recommendations
were made. The model presented in [2.25] can be used to con-
struct a realistic simulation and comparison with probing data
well within the capabilities of the 1.LOS simulator.

2.2 Channel Modeling, Simulation, and Measurement

Figures 2.1 and 2.2 break down the signal processing opera-
tions of an LOS channel into a cascade of component channels
which may be grouped into two categories: propagation channels
and equipment channels (transmitter channel, receiver channel,
relay channel). The propagation channels are linear and, like
all linear systems, may be represented in terms of canonic
channel models such as tapped delay lines or parallel filter
banks [2.26]. These canonic models can be used to provide the
basic building blocks for channel simulation. However, some
portions of the equipment channels are nonlinear and do not
allow the use of the simple canonic model approach to simula-
tion. Whenever linear portions of the equipment channel can be
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2.

combined with the propagation channel, their signal processing
effects are included in the canonic model simulation; otherwise,
separate nonlinear ''black boxes'" need to be provided.

Two special units to simulate equipment characteristics
are provided: a phase jitter device and an adjustable non-
linearity. With the former, one may simulate oscillator insta-
bilities. The latter may be used to simulate nonlinearities in
a power amplifier. With the aid of this nonlinearity and the
adjustable additive noise source, one may form a simple model of
a satellite relay with different degrees of limiting to be used
in cascade with a tapped delay line. The latter could be used
to simulate the propagation channel and those contiguous trans-
mitter and receiver linear filtering operations in cascade with
the propagation channel.

In discussing channel simulation, it is important to
recognize two basic types, each with its own role in modem
evaluation: playback and synthetic channel simulation.
Playback channel simulation is a two-stage process in which a
channel system function is first measured and recorded for some
length of time and then '"played-back'" or recreated in a canonic
model simulator such as a tapped delay line. The basic fortd
of this type of simulation is that it nvolves no assumptions
about the characteristics of the channel other than the maximum
Doppler spread and maximum multipath spread, together with a
specification of the bandwidth of the channel that it is desired
to characterize. 1Its drawback is the time and expense of the
flight tests required to conduct the channel measurements and
the unpredictability of the time of occurrence of certain dele-
terious radio-propagation effects. The synthetic channel
simulator must make assumptions about the stationary or non-
stationary statistics of the time-varying complex gains on the
taps of the simulator tapped delay line; but one may simulate
ranges of propagation conditions at will, in particular condi-
tions that are known to occur and must be considered in modem
evaluation, but are difficult to '"capture'" in channel
measurements.

We consider first the playback channel simulation process.
For the purposes the of the present discussion, we present
extremely simplified block diagrams for the channel measurement
and playback in Figures 2.10(a) and (b), respectively. No
heterodyning operations or multipath tracking operation have
been explicitly indicated, and filters in cascade have been
lumped together. Thus, in the prober/analyzer, Figure 2.10(a),
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the transmitter and the receiver are represented by single
filters, called transmitter and receiver filters, respectively.
Since the playback system is a tapped delay line system, the
probing equipment is designed to directly measure the channel
impulse response.

The measurement technique used involves the transmission
of a pseudo-random binary PSK (0,180°) with the (0,180°) states
controlled by the (0,1) states of a maximal-length shift regis-
ter sequence [2.27]. The received process is (complex) corre-

- lated with delayed replicas of the pseudo-random probing signal
to produce lowpass in-phase and quadrature estimates of the
channel impulse response. When a time-multiplexed correlator
is used, as in the present design, the correlation with delayed
replicas of the local PN sequence takes place in succession
instead of in parallel.

The lowpass filters indicated in Figure 2.10(a) [hL(t)] are
just simple integrate-and-dumps for the analyzer. While the
block diagram indicates parallel correlators, time-division
multiplexing of this correlator is possible, as discussed in
[2.20]. 1In the analyzer, a process of sampling, time-division
multiplexing, and A/D conversion takes place prior to tape
recording.

In playback, the reverse operation takes place — the tape
is played back into a unit that demultiplexes, filters, and D/A
converts the tape information into the lowpass in-phase and
quadrature data required to drive the complex modulators at the
tapped delay line output.

It should be emphasized that the above playback channel
simulation concept assumes a linear system between IF interfaces
of the radio. For each case of channel measurement, the radio
must be examined to determine if this assumption will be violated
for the particular input signals and operating conditions to be
used in channel measurement. Thus, for a hardlimiting satellite
repeater in an AS link, the nonlinearity need not be harmful if
the multipath signal is buried in the ambient noise of the
repeater amplifier, because then, in effect, linear operation
is taking place for the signal. On the other hand, suppose a
GG microwave link were probed with a PN signal whose bandwidth
exceeded the IF and/or RF bandwidths of the transmitter. Ampli-
tude modulation would appear on the output of the filters and on
the input to the TWT. The TWT is driven nonlinearly and any
amplitude modulation gets converted into phase modulation through
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an AM/PM conversion effect. This modulation may degrade the
effect of the channel measurement and must be examined
carefully.

The oscillators used for IF to RF frequency translation
may have poor short-term stability, and the spectral width of
the transmitter carrier must then be regarded as adding to the
Doppler spread of the propagation channel. Provided the low-
pass filters in the analyzer are adequate to pass this extra
spreading, no harm is done. However, as will be discussed
below, it is desirable to keep the bandwidths of the lowpass
filters as narrow as possible to minimize the effects of addi-
tive noise so that, in some cases, it may be desirable to
stabilize the radio's local oscillator generation with new
sources.

We have noted that the actual channel measured (neglecting
nonlinearities) is the propagation medium in cascade with any
linear filters and operations associated with the path from
prober output to correlator output. One immediate consequence
of this observation is that the impulse response measured must
be longer than the multipath spread of the propagation medium.
Provision must be made in the hardware for sampling this
stretched impulse response. The amount of stretching d<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>