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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.
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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




S)uUI1 VH/VV uo peaads Ae1ad yaediI[nW SATIOBIIIY WNWIXEBW ¢°7 2an814

SATIW NI dONWVY

002 0S1 001

*514
‘XNVA@IOd ‘ANVISI NVMS
‘SINVEEIVA ‘NOLONIHSVM

S(dTIINIO¥Ad 66) dASVO LSUOM

A'INO TIVOINAIS dO
01749NdAY “¥WMIVA AATMATIOM ASVD LSUOM

00T

00¢

00¢

0oY

00¢S

SANOODISONVN NI aviadds AVIId WAWIXVW

2-7




————

SHUTT V/ .V uo peaads aa1ddoq aAT3oRIIOY WnWIXeW +°g 2an31J

SATIAN NI HONVY
00¢ 0ST 00T 0S

*01d ‘XnvaAaqdod
‘ANVISI NVMS
‘ANVEIIVA
‘NOLONIHSVM :3ASVD

AINO "1V9IANIS
d0 0119Nd3¥ “¥WIVa
*AAIMATION HSVD LSYOM

0'T

0°¢

0%

) NI dvdddsS d¥d71ddod

# YoBW/ZH

dATIIVO 40 ZHO

(

2-8




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)
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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 depends
upon the time constants of the transmitter and receiver filters
and upon the pulse duration in the probing signal, 8-

In [2.18] it is shown that for an analog correlator system
the time-variant transic: function associated with the measured
impulse response is given by:

/;in TTfAOZ

K{E,t) = \‘WTAO— HT(f) HR(f) H(E,t) (2.3)

where &y is the pulse width of the probing signal, HT(f) is the
transfer function of the transmitter filter, H,(f) is the trans-
fer function of the receiver filter, and H(f,t§ is the time-
variant transfer function of the propagation medium. The
squared term corresponds to the power spectrum of the probing
signal. All of the filters are complex lowpass equivalent
filters with zero frequency corresponding to the carrier fre-
quency of the real filters. In our subsequent discussions we
deal entirely with complex lowpass equivalents, where f=0
corresponds to the carrier frequency.
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If the transfer function, Eq. (2.3), were to be identical
to that of the propagation medlum over a limited bandwidth w
centered on the carrier frequency, then it is necessary that™*

sin n:fcb
i AU

where K(f) is a composite filter describing the filtering

effect of the terminal equipment and the nonwhiteness of the
prober spectrum., If the transmitter and receiver filters are
wide in bandwidth and flat, only the prober power spectrum
remains on the left side of Eq. (2.4). For the 100 Mb/s PN
sequence, (A, =10 ns), and a desired W= 100 MHz, then

K[+(W/2)] A?Z/ﬂ) Thus, the probing signal itself
produces a droop at the band edges of approximately 8 dB, and
the reproduced channel would normally be colored by this charac-
teristic. An equalizer is provided in cascade with the simula-
tor tapped delay line to remove this coloring of the played-back
trancfer function.

- et W
K(£f) HT(f) HR(f) SR A > (2.4)

Recording the measured channel impulse response on magnetic
tape involves sampling processes aleong two independent time axes.
Sampling along the 'age' or multipath axis is represented by the
act of uniformly correlating delayed replicas of the local PN
sequence (a replica of that transmitted) with the received sig-
nal, where the spacing of adjacent delayed replicas is A < 4

. seconds. Thus, the sampling rate of the impulse response along
the multipath axis is 1/A samples per second. Each correlator
output is a '"'sample'" of the impulse response along the multipath
axis. If the channel were time-invariant, each '"'sample'" would
be fixed in time at a particular value of delay. 1In practice,
the channel is time-variant and each correlator output is time-
variant. The other independent sampling process occurs at the
correlator outputs which are sampled to prepare the measurements
for A/D conversion,

We are now in a position t ippreciate the relationship
between the size of the multipat! rea ) ppler spread of
the channel and the complexit f the Itor As is well-
known from sampling the : 1% " truction of a con-
tinuous process fro t \ es that the

“For simplicity, we ‘ shase or delav
is acceptable instea ‘ terva
£! < W/,

g




sampling rate be sufficiently high, otherwise the filtering or
interpolation process cannot eliminate crosstalk from aliases
of the spectrum of the desired process. If one assumed that the
channel impulse response at t=¢, [Fourier transform of K(f,to)
vs, f] were of finite duration Liot and, in addition, that the
transfer function K(f,t;) had a bandwidth exactly equal to W,
the bandwidth that the prober/analyzer is to characterize with-
out distortion, then exactly WL¢op correlators (samples along
the multipath axis) would be required for reconstruction of the
impulse response at t=t,. The cost of the simulator is a
strong function of the number of correlators (or, equivalently,
the number of taps) on the simulator tapped delay line. Thus,
we see that for a given desired characterization bandwidth W,
the simulator complexity and cost increases very nearly propor-
tional to the multipath spread.

Of course, in practice, K(f,t) will be larger in bandwidth
than W. This may be seen from the fact that [see Eqs. (2.3)
and (2.4)] since (sin WfAO/ﬂfAD)Z and H(f,t) cannot be band-
limited (the latter being the transfer function of an LOS
propagation channel), either (f) or HR(f) would have to be a
nonphysical filter with abrupt cutoff frequencies. Moreover,
any attempt to make the product transfer function HT(f)HR(f)
have sharp skirts will cause the channel impulse response to
"ring" and increase the system cost through increase of impulse
response duration Li,+. Since the prober/analyzer has no con-
trol over the characteristics of the radio it must work with,
the normal procedure is to employ a characterization bandwidth
which is narrower than the filters in the radio. A special IF
filter is then supplied at the input to the analyzer which
dominates the product HT(E)HR(f). This filter is optimized to
provide an impulse response of minimum duration consistent with
a specified attenuation of all alias energy below the desired
transfer function at a specific sampling rate of the impulse
response 1/A. Then A is adjusted to minimize the number of
samples required to measure the desired multipath spread range.
This double optimization has been carried out in the equipment
and yields AJAO = 0.75.

As discussed above, each of the correlator outputs is
sampled in time. The bandwidths of the correlator outputs are
bounded by B , the "total" Doppler spread of the channel. By

. tot " : 5 ] :
this term we mean the bandwidth outside which there is negli-
gible power (using an appropriate criterion for '"nmegligibility'').
Assuming the same sampling rate for each correlator, we see that
each (complex) process must be sampled at a rate of at least
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Btot per second to allow reconstruction of the continuous
process. Clearly, the amount of storage required and the rate
of processing in the playback channel are directly proportional
to the Doppler spread. Thus, the larger the channel's Doppler
spread, the greater the system complexity and cost. Considering
both sampling procedures, we find that if it is desired to
characterize a channel for a bandwidth W over a time interval T,
the number of samples that have to be stored is given by

N = (B

- ) (TW) (2.5)

totLtot

where a is a number lying between 1 and 2.

To keep the system complexity reasonable, provision must be
made for separately and simultaneously measuring the surface
multipath starting at the earliest arriving specular component
and ignoring the "empty' region between the direct/refractive
multipath and the surface multipath. By using this procedure,
maximum utilization is made of the hardware in measuring and
reproducing multipath. 1In effect, Leop in (2.5) must then be
interpreted as the sum of the multipath spreads for the direct/
refractive multipath and the surface multipath.

The preceding discussion introduced some of the basic sig-
nal 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
the time-variant group delay of 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 pro-
duce Doppler shifts. A Doppler tracking loop is provided to
track out the Doppler shift of the direct/refractive multipath
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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, no separate Doppler tracker has
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, as discussed in
Section 2.3, 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. Differential delay will be fixed,
but manually-selectable, from a range of values. Again, infor-
mation from the log of the experiment would provide suitable
values for this delay. Direct path delay would not be repro-
duced since it is irrelevant for modem testing.

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 interval.
To make maximum utilization of the dynamic range of the analog
correlators employved in the analyzer, an AGC must be provided.
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 must be made for recording the gain
variations and reproducing them in the channel playback by means
of a variable attenuator.

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.

"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 refrac-
tive multipath.

2-30

S i Y




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 refrac-
tive 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 components 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 refrac-
tive multipath, multiple ray paths appear, move in delay relative
to one another, coalesce, disappear, and new paths appear. As
discussed in [2.16], 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 pattern 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 unless the terrain or airplane antenna
orientation changes abruptly. Over the ocean, statistical
regularity will be the rule rather than the exception.

From these comments it should be evident that the character
of the complex tap gain functions used for synthetic simulation
will be quite different for refractive and surface multipath.

We now present the mathematical foundations upon which the
generation of the complex tap gain functions is based for these
two multipath modes. First we discuss the character of the
impulse responses. Then, via integrals previously developed by
Bello [2.26], relate the character of the complex tap gains of
the tapped delay line model to the impulse response characteris-
tics of the refractive and surface multipath.

If z(t) and w(t) are the complex envelope representations
of the input and output of a linear time-variant channel with
impulse response g(t,£{) and transfer function T(f,t), then we
have the input-output relationships

w(t) = [ z(t- &) g(t,€) dg (2.6)

jinkk

w(t) / 72(£) T(f,t) e af 2.7
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where Z(f) is the spectrum of z(t) and T(f,t), g(t,£) are
related by Fourier transforms

TCE, &)

I

fg(t,ﬁ) eTI2ME 4¢ (2.8)

g(t,6) = [ T(£,t) 2T ar (2.9)

Neglecting small amplitude and phase scintillation due to
volume scattering, it is shown in [2.16] that the impulse
response and transfer function of refractive multipath are
given by

K -jZnEOTk(t)

g(t,8) = Zl a, (t) e 8[€ -7, ()] (2.10)
k=
K -j2nfork(t) -j2nfrk(t)

TCE,E) = ¥ a (t) e e {2.113
k=1

Equation (2.10) is just the expression for the (complex
envelope of the) impulse response of a channel consisting of
K paths having real time-varying amplitudes a;(t) and time-
varying delays 7, (t). The exponential term accounts for the
time-varying phase shift (i.e., Doppler shift) produced at mid-
band (fy Hz) by the changing path delay. Although 7, is slowly
changing, f; can be a very large number (up to 12 GHz in the
present case) so that even very small changes in 7, (fractions
of a nanosecond and greater) can cause radians of phase shift
and even several complete rotations of exp{-j27mfnTi (t)). On the
other hand, for bandwidths of interest, f in exp;-jZﬂka} is of
the order of 12.5 - 50 MHz (relative to midband), so that the
same variations that make exp{-j2mfgTk(t)} rotate many times
could cause only a few degress change in exp{—janTk}. I1f the
delay separations between the refractive paths and the carrier
frequencies are large enough as the airplane moves the various
factors, exp(-j27fyT (t)} will appear like a set of phasors of
incommensurate frequencies rotating relative to one another
several cycles apart, while the relative amplitudes and delays
seem frozen by comparison. Deep nulls will occur in the trans-
fer function. On the other hand, when the delays get close or
the operating frequency is low enough, the phases may change
much less and the fading will be shallow.
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Although the individual paths do not have complex Gaussian
statistics, as should be clear from the above discussion, it is
nonetheless true that the probability distribution of the enve-
lope of a received carrier at deep fades has been observed to
have the same slope as Rayleigh fading, i.e.,

Pr:".T(f,t)i‘l S (2.12)

As shown by Lin [2.28], the Rayleigh slope behavior is a general
property of deep fades on wide classes of fading channels and is
in large measure independent of the actual statistics of the
individual paths. Thus, if narrowband channel simulation is of
interest, where the fading is essentially flat and nonfrequency-
selective, a fading simulation using complex Gaussian statistics
would be useful. However, when the bandwidth to be characteri-
zed is broad, so that frequency selectivity is important and the
individual path can separately affect modem performance (as in
the current situation), the use of complex Gaussian modeling
cannot be justified. This is the case at hand in the LOS
simulator.

Consider now the case of surface multipath where the terrain
or water [2.28] has some statistical regularity. The diffuse
portion of the multipath return is virtually a continuum of
differential-sized scatterers randomly phased and with dif-
ferent amplitude. This is the same type of statistical model
applicable to troposcatter channel modeling [2.29],[2.30] — the
complex Gaussian WSSUS (wide-sense-stationary-uncorrelated-
scattering) channel model. For this model, the differential-
sized path fluctuations at any delay have complex Gaussian
stationary statistics, and fluctuations at different delays are
independent. Mathematically, the WSSUS property is exhibited
by the singular correlation function behavior:

g*(t,8)g(t+7,n) = Q(T,6)6(n-¢§) (2.13)

where Q(7,£) is called the tap gain correlation function.

Equation (2.13) states that fluctuations at different
delays are completely uncorrelated no matter how close the
delay separation. Physically this is clearly an idealization,
but, for the bandwidths of interest, which in effect limit the
resolvability of very small delays, this is exactly the way the
channel behaves. The stationary complex Gaussian property is
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attached to g(t,§) as a function of t for fixed delay &, i.e.,
the complex gain fluctuations at a given delay. The relative
strength of scattering as a function of path delay is given by

Q(&) = Q(0,8) (2.14)

called the delay power spectrum. Clearly, the multipath spread
of the channel may be defined in terms of the width of the delay
power Spectrum.

The Fourier transform of Q(7,£{) with respect to 7,

-j2mvT

S(&,v) = [Q(T,£) e dr (2.15)

is called the scattering function of the channel. This function
can be interpreted at the power spectrum of the channel fluctua-
tions for path delay §. By integrating S(§,V) over §, one
obtains [2.26] the power spectrum of a received carrier,

P(v) = [ S(&,v) dt (2.16)

The Doppler spread of the channel can be defined in terms of the
width of P(v).

We now consider the character of the complex tap gain func-
tions of the tapped delay line model corresponding to surface
and refractive multipath. The derivation of the tapped delay
line model [2.26] is based upon the assumption that the spectrum
of the input signal complex envelope Z(f) is confined to a
finite bandwidth, say -(W/2) <f < (W/2). Then the time-variant
transfer function outside this interval cleariy does not affect
the output signal since only the product Z(f)T(f,c) occurs in
(2.7). One may then replace T(f,t) by a periodic function in f
of period Wy > W,Tg(f,t), which is identical to T(f,t) within
-(W/2) < £ < (W/2), without changing the output complex envelope
w(t). However, since this modified time-variant transfer func-
tion is periodic, it has a Fourier series expansion, and its
Fourier transform on the frequency variable go(t,g) may be shown
[2.26] to have the discrete representation

B0 (E:8) = 3 g (©) o(e Wio) (2.17)
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where gk(t) are the (time-variable) Fourier coefficients in the
expansion of T(f,t).

Equation (2.17) leads to the input-output representation
wit) = ﬁi o e e (2.18)
& "k Wy g
which is identical to the output of a uniformly tapped delay
line with taps spaced 1/W, seconds apart and with time variable

complex tap ''gain" g, (t) applied to the tap providing delay k/W.

In [2.29], Wy was chosen equal to W, which leads to the two
equivalent expressions for the kth tap complex gain:

g, (t) = Jﬁsinc w(;-%) g(t,€) dé (2.19)
1 W/2 / jZWka
g, (t) = T(f,t) e df (2.20)
-w/2
where
sinc WE = 53%3§gié (2.21)

The question of the number of taps needed in the tapped
delay line model to provide adequate representation of the
channel is equivalent to the well-known question is spectral
analysis: How many Fourier components are needed to represent
a record of a random process? 'Window' functions are used on
the random process to minimize the number of Fourier components.
Equations (2.19) and (2.20) correspond to the use of a rectangu-
lar window function which does not minimize the number of
Fourier components. By choosing w0:>w and defining

To(£,t) = H(E) T(£,¢) (2.22)

where H(f) is a "window'" transfer function which is satisfac-
torily close to unity over |f| =W,/2, we may minimize the number
of tap gains needed to represent the channel. One may show tchat
with (2.22) the complex tap gains are now given by the
expressions
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)

g, (t) wi h(e )g(t £) de (2.23)

N

Wy j2n£if

L / H(f)T(f tye O df (2.24)

W i ’
W

gk(t)

Consider now the characteristics of the complex tap gain
functions for a complex Gaussian WSSUS surface multipath link.
First, because of the linear relationship (2.23) between the
complex tap gain 81 (t) and the complex Gaussian system function
gt &), gk(t) is complex Gaussian. The strengths and cross
correlations between these tap gain functions are readily
found to be

gE(DE, (E+7) = ith"‘(é-%((;) h( ‘»TZ‘)Q”»Q aé
Yo (2.25)
’ 2
= 1 k
BE (D (E+T) = 5 | h( w——)' Q(T,€) de (2.26)
WO 0
. Z 1 k - =
g !" = 5] h(e-w—> Q(e) de (2.27)
WO 0

I1f the delay power spectrum Q(§) is smooth and does not
change much over an interval of delay variation equal to the
duration of h(§), then we see that

s k L
g (s, (t) 1 e Wa)h(g ; #;) i (2.28)
[ e

J\gkm\z g, (0|2

. k ~ 2
gr(E)g (£ +1) =~ ﬁ; Q(r, ) ﬁ; | Ince)1” de (£
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g 1%~ oY) w—lojlh(a)i2 de (2.30)

0

Thus, in general, even in the limit of a 'smooth" Q(¢), the tap
gains are correlated with the correlation function proportional
to the sampled autocorrelation function of the window function,
while their strengths are proportional to samples of the delay
power spectrum.

In the particular case of an ideal rectangular window func-
tion [see (2.19) and (2.20)], however, the sampled autocorrelation
function in (2.29) is identically zero at the sample points,
yielding

0 - k#4

gr(t)g, (t+7) ~ (2.31)
1 . aj
= Q( ;I> ; k=12

Thus, the independent complex Gaussian tap gain model may be
used for surface multipath in the limit, as the bandwidth
characterized, W, becomes large enough so that the delay power
spectrum Q(¢) varies little in a delay interval 1/W. The above
analysis constitutes a justification for the use of this model
for surface scatter simulation. Note, from (2.15), that the
power spectrum of the fluctuations in g, (t), consistent with
(2.31), is proportional to the scattering function evaluated

at £=k/W, i.e., S(k/W,v).

Strictly speaking, then, the power spectra of the synthetic
complex tap gain fluctuations should be adjusted to match the
scattering function. This matching procedure would be a very
expensive undertaking and, in fact, would not significantly add
to the utility of the synthetic simulator in '"exercising"
modems. Moreover, consider the following heuristic argument.
For high-speed data transmission where the channel essentially
looks '""frozen' for the duration of a few bits, error rate per-
formance depends only on the delay power spectrum Q(£). On the
other hand, in high-speed data transmission the first harmful
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effects of fast fading are noticed in the channel measurement
process (e.g., extraction of phase references in coherent and
differentially coherent detection and predetection combining)
and are determined by the Doppler power spectrum. Thus, for
high-speed data transmission, one may replace the actual scat-
tering function by a simpler scattering function,

S(E,v) = S(€) P(v) (2.32)

and yet have the error rates due to multipath and fast fading
be essentially identical. Moreover, as discussed in [2.30],
these effects are dependent, to first order, on a single first-
order parameter of the Doppler spectrum, the rms Doppler spread
B. This parameter is simply twice the standard deviation of
the power spectrum when it is made to look like a probability
density function by normalizing it to unit area. As a result
of these considerations, the synthetic surface multipath simu-
lator has complex tap gain functions with identical unimodal
power spectra. Front panel controls allow selection of the
desired rms Doppler spread.

We now consider the behavior of the complex tap gain
functions for the case of refractive multipath.

Using (2.10) in (2.19) we find that the tap gain function
for refractive multipath takes the form

K -j2nf 7. (t)
o 3 0 k E
gL(t) = WO i ak(t) e h[wo-rk(tﬂ (2.33)

This expression contains K terms, each corresponding to a
particular discrete moving path of the multipath structure.

To simplify the discussion, let us examine a single moving path
and drop the k subscript. This moving path is characterized by
the two time-variant parameters, delay 7(t) and amplitude a(t).
It has a discrete tapped delay line model representation with
the 1th complex tap gain given by
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. -j2mE,T(e)
g (t) = — a(t) e h[——-—r(t)]
1 WO WO
-j2nf _T(t)
- ‘_41_ alEy o y [h(E) - T(t)] g=ﬁ (2.34)
0

We see that gL(t) at a given time instant is just a sampled
version of the window function which has a delay and complex
amplitude determined by the value of a(t) and 7(t) at that time
instant. The complex tap gains are completely correlated in
complete contrast to the tap gains for surface multipath.

A convenient picture describing the variation of the tap
gain with time for a single path is of a slowly moving and
slowly amplitude changing window function moving along an axis
with pickets every 1/W,, as shown in Figure 2.1l for a tri-
angular window function. For simplicity, only the amplitude
change a(t) is indicated in this figure by the dashed line
connecting the peaks of the triangle. The tap gain function
g,(t) is obtained by "sitting" on §=1/W; and watching the
complex values observed as the triangle moves.

The complete refractive multipath structure is obtained by
adding up the moving window functions for each path. Thus,
g (t) would be the summation of complex samples from the delayed
moving window functions for each path. It should be clear at
this point that independent complex Gaussian tap gain functions
cannot be expected to represent refractive multipath. CNR has
provided a true refractive multipath simulation. Complex tap
gains are generated for up to seven moving paths, as described
in Eq. (2.33), by the use of a minicomputer into which is fed
(via digital tape) the time variable amplitudes and delays of
the paths previously computed according to some desired scenario.

The synthetic simulation of ionospheric scintillation in-
volves the use of one complex multiplier to insert time-variant
amplitude and phase fluctuations on the direct path, because
this phenomenon is not frequency-selective. The same minicom-
puter is used to generate these fluctuations. 1In [2.25], it is
shown that an appropriate model for the ionospheric fluctuations
consists of in-phase and quadrature Gaussian fluctuations of
different mean strength, with the relative strength dependent
on the operating frequency and intensity of the anamalcus iono-
spheric electron density.

2-39




yled SutAoW B 10J suorjoung ured del Jo uoTiealsnyil

11°¢ @an314

‘.ll\l‘lw
M M M
T+7 7 T-7
_
|
| _ |
|
|
_ I
=
i |
BB Y o |
\\\v | _ HIVd
_ | | ONIAOW ¥0d
NIV dVl

2-40

9



& W P aiupF T ey 9 — -
is acceptable instea ' terva
£ < W/k.

2.3 Effect of \'i.nulalu}' }-)'Vlllillrt'.irllt ies on \h:r«l_c:n_!_x ror
Rate Reproducibility

The function of the wideband 1LLOS simulator is to test

! digital modems so as to determine, in the laboratory, the effect
on performance that LOS radio channel characteristics would have
if the modem were actually field-tested at some future date. 1In
designing the simulator, this objective was kept in mind because
it allowed placement of practical design constraints on the
simulator and kept the cost of development from being increased
unnecessarily. Thus, for example, in channel playback simula-
tion, it is only necessary to reproduce the channel characteris-
tics with sufficient fidelity to reproduce modem error rate
behavior. Design nonidealities and channel perturbations which
have an imperceptible effect on modem error rate performance

may be ignored. We consider first the effect of undesired addi-
tive noise on modem performance and then the effect of undesired
signal distortions. Both spread-spectrum and nonspread-spectrum
modems are considered.

Undesired additive noise contributions may enter into the
simulator in two different ways. First we note that, in channel
measurement with the prober/analyzer, additive noise at the
analyzer input will result in noise contributions to the measured
channel tap gains. Then, in channel playback. the simulator will
produce a spurious output due to these noise contributions. The
effect of the noise in the tap gains may be modeled as a dis-
persive ''moise'" channel in parallel with the desired played-back
channel. Another way that noise enters into the simulation is
via thermal noise effects in the simulator itself. This level
has been specified to be no greater than -50 dBm in a 100-MHz
bandwidth at the output. For the nominal output signal level
of 0 dBm, this constitutes a 50-dB SNR.

L Consider the effect of additive noise in the simulator and
consider conventional digital communication techniques used in
radio communications, e.g., FSK, PSK, DPSK. At high SNR, the
error rate performances of these techniques are within a range
of 3 dB, with binary PSK being best and noncoherent FSK worst.
| For noncoherent FSK™, bit error rates of 6.3x 10715 and

L 9.6 x 10723 occur for SNR's of 18 and 20 dB, respectively, where
SNR is defined as the ratio of signal power to the noise power

*

by L e SRR el Ly M)
L e R 2
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in a bandwidth equal to the bit rate. From this calculation
we see that additive noise, per se, can be as high as -18 dBm
without causing a significant bit error rate. The effect of
such a system noise level is to cause an irreducible error
probability of 6.3 x 10-15 for the noncoherent FSK modem. That
is to say, a curve of error rate vs. SNR obtained by adjusting
the noise level in the simulator would show a bottoming-out as
SNR's approach and exceed 18 dB. At an apparent input SNR of
12 dB, the actual SNR will be 11 dB. This one dB shift is
undesirable since it occurs at SNR's where significant errors
occur (Pe = 1.1x 104 at SNR = 12 dB). A system noise level
of -24 dBm would produce a shift of 0.5 dB at an input SNR of
15 dB (Pe = 5.6 x1078). cClearly, the -50 dBm specified in the
simulator is more than adequate to remove the effects of simu-
lator noise on modem performance even at signal levels lower
than -20 dBm.

In the case of DCS microwave links, consideration is being
given to transmission of 2 bits/sec/Hz of bandwidth with satura-
ting power amplifiers. Such modem techniques require more SNR
for the same error rate than the conventional modems mentioned
above, sometimes as much as 10 dB greater [2.16]. 1In such a
case, one would like the system SNR to be 34 dB or greater.
Clearly, the simulator reaches this objective also.

For the case of PN spread-spectrum modems, the basic sig-
naling elements are orders of magnitude wider in bandwidth than
the bit rates. Thus, the SNR in a bandwidth equal to the bit
rate is correspondingly orders of magnitude larger for a given
system noise than for the case of a conventional modem. As a
consequence, we have assumed that if system level noise is small
enough for conventional modem error rate reproducibility, it
is more than small enough for the case of spread-spectrum modems.
This phenomenon appears true for all nonidealities. That is to
say, if an equipment nonideality is small enough not to affect
conventional modem error rate reproducibility, it is more than
small enough for the case of spread-spectrum modems.

Consider now the case of noise introduced in the prober/
analyzer. When the channel is probed, there will always be a
background of Gaussian receiver noise. Thus the measured im-
pulse response will actually consist of a desired impulse
response and a ''moise'" impulse response. The resulting played-
back channel will behave as the parallel combination of two
channels — the desired channel and a '"'noise channel". The
following useful theorem has been proven by Bello [2.31]:
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If channel probing takes place with a received probing
signal having power P and noise bandwidth Bt in the
presence of receiver noise of one-sided power density
Ng, then the noise channel acts like a surface multi-
path channel in which the ratio of the average strength
of the desired played back channel transfer function

to the noise played back channel transfer function is

given by:
Lo 2 = .35)
NCh NO K BTA

where it has been assumed that the prober demodulator
consists of K adjacent correlator taps A seconds
apart in delay, with an integrate-and-dump filter
having a total integrate time T* for extracting the
tap gain estimate at the correlator output. The
noise scatter channel has a uniform rectangular delay
power spectrum of duration KA and a Doppler power
spectrum of shape \HL(V)\Z, where Hj (v) is the
transfer function of the tap gain low pass filter-
ing including all low pass filtering up to the

input to the complex modulators of the tapped delay
line.

Since the noise channel fluctuations and the modem signal
are statistically independent, and since the noise fluctuations
are complex Gaussian, one may show that the effect of the noise
channel in producing error rates for a given Sch/Nch can be
equal in some cases (e.g., binary PSK) to that produced by
additive noise for an SNR equal to the value of S.p/N.j. How-
ever, it must be recognized that the noise channel produces
intersymbol interference and is a multiplicative effect. Thus,
a change in the modem signal level leaves Sch/Nch unchanged.

In addition, a reduction in bit rate (as in the case of a spread
spectrum modem), which increases the SNR for a given system
noise level, will leave S.p/N.p unchanged.

*This integrate time is selectable as a multiple of the PN se-
quence period, depending on the Doppler spread of the channel,
Lo, T‘=ITO, where 1=1,2,4,8,16,32.
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If the only significant nonideality present in the system
was that due to noise received in the prober/analyzer, one could
argue that an S.p/Nqp of at least 24 dB would be satisfactory
as in the case of SNR. However, there are a large number of
possible multiplicative perturbations in the overall system, and
it is necessary to consider the cumulative effect of all these
perturbations in assigning tolerable levels. Thus, the follow-
ing sources of multiplicative perturbations may be identified:

¢ Amplitude and group delay distortion in filters

® Amplitude and group delay distortion in acoustic
delay line

® Amplitude and phase insertion errors in complex
modulators and tapped delay line

® Leakage through complex modulators

® Phase shifts on tapped delay line produced by
temperature changes

e Aliasing crosstalk due to sampling impulse
response in prober/analyzer

® DC components at the correlator outputs of the
prober/analyzer

® (rosstalk components at the correlator outputs
produced by pseudo-noise sequence signal probing
and correlati on

e Aliasing crosstalk and distortion appearing in
recovery of complex tap gains from sampled
versions

We consider each of these disturbances. Consider first
amplitude and group delay distortions in filters. One may
regard the distortions as being produced by a "distortion"
channel with transfer function D(f) in parallel with the de-
sired distortion-free transfer function. This distortion
channel, being a linear filter, has a representation in terms
of a tapped delay line. Thus, one may always regard the dis-
tortion as being produced by a set of discrete echoes, i.e.,
discrete nonfading multipath. For a given small peak amplitude
or group delay ripple departure from ideal, one may argue
heuristically that a single echo which produces such a peak
departure provides a worst case as far as affecting modem error
rate behavior. A multiple path model providing the same peak
distortion would have the sum of the peak values of the complex
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path gains bounded by the peak distortion in the transfer
function. But multiple paths spaced farther apart than the
symbol durations would produce intersymbol interferences which
would add independently. Thus, with a single path model pro-
viding the same peak distortion, the peak value of total inter-
symbol interference will occur 507 of the time for binary PSK
but less often with a multiple path model, and the error rate
with the single path model would be larger.

Consider then the sizes of the single interfering path
which produces various peak distortions and the impact of this
distortion on error rate for a binary PSK system. For a path
18, 24, and 30 dB below the direct path, we find peak amplitude
ripples of 1.02, 0.52, and 0.27 dB in the transfer function
amplitude and group delay ripples of 7/8, 7/16, and 7/32 seconds
where 7 is the delay of the path relative to the direct path.
The distortion specification in the work statement calls for a
peak amplitude ripple of 0.5 dB, which corresponds to a dis-
turbing echo or path 24 dB below the direct path. From a modem
performance point of view, the echo produces an interfering
pulse 24 dB below the desired pulse and changes the detector
output by +0.5 dB. For low error rates, the error rate will be
dominated by the 0.5-dB reduction in signal strength. In
summary, then, the effect of a peak distortion of +0.5 dB in
the amplitude characteristic, or +(7/16) in the group delay
characteristic, is bounded by 0.5 dB in the modem error rate
vs. SNR behavior at high SNR. To select the worst-case path
delay 1, one should choose the minimum value of 7 yielding the
maximum interference; namely, 7 equal to the duration of one bit.
Thus, at 100-Mb/s binary PSK, a peak group delay ripple of % ns
can be expected to produce, at most, a 0.5-dB degradation.

As far as amplitude and group delay distortion in the
acoustic delay line is concerned, the same arguments just pro-
posed for filter distortion clearly apply, as they do for any
linear system.

In dealing with the type of distortion introduced by the
lumped filters in the simulator, however, it must be recognized
that some distortions follow characteristic slow changes over
the passband that are not simply characterized by 'ripple" in
group delay and amplitude. For these cases, one must carry
out error rate performance calculations specialized to the
types of distortion as have been carried out by Sunde [2.33].
Because of the fact that the major group delay and amplitude
distortions of the lumped filters occur at the band edges where
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the power level of the data signal is low, it is found that

much larger distortion in amplitude and group delay are actually
tolerable before significant SNR performance degradation occurs.
The effective analyzer/simulator filtering has been designed
using [2.33] in order to keep the corresponding distortions from
causing significant performance degradation.

Complex modulators are used in the tapped delay line to
vary the amplitude and phase of the tap output according to an
appropriate time-variant complex gain obtained either by play-
back of the measured and stored channel or by synthetic genera-
tion. These modulators have been built to have a wide dynamic
range. However, practical limitations will prevent perfect
linearity. Thus, as the input complex gain changes over a set
of values, the actual complex gain inserted on the tap output
will differ from the input slightly in its amplitude and phase
or in its in-phase and quadrature components. The cumulative
effect of these small insertion errors for the whole set of tap
outputs will result in a distortion of the reproduced or syn-
thetic transfer function.

One may model this distortion by a 'distortion channel"
in parallel with the undistorted channel, where the tapped delay
line model of this distortion channel has complex gains equal to
the in-phase and quadrature components of the insertion errors
at each tap. Making the reasonable assumption of independent
insertion errors at each tap, we see that the distortion channel
transfer function has characteristics similar to those of the
"noise'" channel discussed previously. However, in one important
respect the distortion channel differs from the noise channel:
the level of distortion depends on the level of the desired
multipath signal generated by the distortion-free tapped delay
line model. A strong multipath signal will considerably degrade
digital transmission performance over an LOS link. Small per-
turbations in the multipath signal, caused by the distortion
channel, renresent a spurious multipath signal considerably
below the actual multipath signa, and should have minor impact
on error rate responsibility.

To estimate the level of this spurious multipath signal in
relation to the desired multipath signal, we may make use of
calculations by Bello [2.18] who shows that the strength of the
spurious multipath signal relative to the desjired multipath
signal at the simulator output is given by (0-+—02) where © ,02
are the mean-squared values for an assumed random distribution
of insertion phase error (in radians) and loss error (in nepers)
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on each tap. Thus we see that an rms phase insertion error of
29 (+ 6° peak errors for three standard deviations) produces a
spurious multipath signal 29 dB below the desired multipath
signal. Also, an rms error in insertion loss of 0.3 dB

(+ 0.9 dB peak errors) produces the same level of spurious
multipath signal. It should be realized that weak multipath
signals, say 20 dB below the direct path signal, will have
negligible effect on conventional digital modem performance,
since such multipath will affect modem performance as random
noise does. Recall that, for a noncoherent FSK modem,

Pe = 9.6 x 10"23 at 20-dB SNR.) The simulator, as implemented,
utilizes 32 complex modulators. For the case of independent
complex tap gain modulations on each tap (corresponding to
worst-case surface multipath), the multipath output is enhanced
by 15 dB relative to the strength of a single tap. For the
output multipath signal to be 20 dB below the direct path signal
then requires that the level of the input multipath modulation
per tap be at a level of 35 dB below the direct path modulation
(the latter being set at the maximum by the simulator). At this
low input, the distortion multipath signal at the output is at

a level 24 dB below the multipath signal (+ 0.5 dB rms insertion
loss error domination) or 44 dB below the direct path.

The maximum level that surface multipath can be expected to
have at the simulator output is that of the direct path signal.
In such a case, the uniform multipath model, described above,
will require tap modulations at a level 15 dBR below the maximum
modulation level. The distortion multipath signal would be at a
level of 24 dB below the direct path and will be totally ob-
scured by the valid multipath signal as far as affecting modem
error rate.

In the case of refractive multipath, there will be a few
discrete paths (rarely reaching 6 -7 for the longer paths), but
these can be comparable in size, or even larger than the direct
path. As a result, the distortion multipath signal can be ex-
pected to be 30 - 40 dB lower than the valid multipath signal
at the simulator output. Again, since the valid multipath
signal is dominating the error rate behavior by interference
with the direct path, the small distortion component 30 - 40 dB
below the mutlipath will have negligible additional effect on
modem error rate behavior.

We consider now the effect of temperature change on the

tapped delay line. A temperature change will cause the length
of the delay line to change, which is mathematically equivalent
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to a time scale change of a channel snapshot impulse response.
From elementary Fourier theory, we know that if a change in
time scale occurs in a function h(t), there is a corresponding
inverse scale change in the transform H(f), i.e.,

1 £
T% & H<1 2 a) (2.36}

A thermal coefficient of expansion for the delay line is typi-
cally 4x10-5/°%C, i.e., a~ 4x10™2 per °C. Thus, if the band
center of the reproduced channel were at f, and a change in
temperature of AT ©°C occurred, the band center would shift by
Af, given by

h(t) » h[(1l+ a)t] == H(f) -

5

Af = 4x10 7 AT £ (2.37)

0

Table 2-5 shows some representative calculations assuming a band
center at 400 MHz and temperature changes of +0.5°C and + 5 °C.
Since a range of +59C seems reasonable for the laboratory
environment of the simulator, there should not be any need for
an oven.

The harmfulness of frequency shifts of the channel transfer

function

cultated.

view, we

on modem error rate reproducibility is not simply cal-
However, by adopting a somewhat different point of
can use previous arguments to determine when it is

negligible. This point of view regards the frequency shift of
the transfer function as having been caused almost entirely by
the uniform phase shift introduced between adjacent taps of the
delay line by the slight change in delay. This may be proven
by expressing the impulse response h(t) in the complex envelope
form

J2nE_t

0

h(t) = e hy(t) (2.38)

The change in time scale is so small that its effect on hp(t) is
imperceptible. However, since f, is so large (f3=1 Gec, say),
the change in time scale does afgect the exponent, changing the
impulse response effectively to
JenEt  JaATh

ot
h(t) — e S e 2 hO(t) (439
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TABLE 2-5

CENTER FREQUENCY SHIFTS IN PLAYED-BACK CHANNEL AND

CUMULATIVE PHASE SHIFTS OVER 200-ns DELAY PRODUCED BY

TAPPED DELAY LINE AMBIENT TEMPERATURE CHANGES

Temperature Change

(o]

+ 0.5°C + 5C
..___—-— e —————
Phase Shift* - G
for 200-ns + 0.59 + 5.92
Delay at 400 MHz
Band Center™
Frequency Shift + 8 ke + 80 ke

Caused in
Simulator

" Assumed delay line coefficient of thermal expansion

R
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which is exactly a frequency shift. However, note that for the
tapped delay line representation

hy (£) =ng 6(t - ka) (2.40)

where A is the delay between taps (7.5 ns for the design).
Equation (2.39) says that the complex envelope has been changed
as follows:

JZﬂant JZWfOkA

hy(€) ~ e hy(t) —»):gk e 6(t - kA)

(2.41)

which exhibits the described phase shift property between taps.
Table 2-5 shows that over the length of the delay line

(233.5 ns) a phase insertion error of less than 5.9° will accu-
mulate on the last tap, or less than 0.2° per tap, if the
temperature stays within + 5 ©C.

As discussed in the previous section, the process of using
a tapped delay line model for channel playback simulation is a
sampling process along the delay variable of the channel impulse
response, and, like all sampling processes, introduces some alias
crosstalk. To control this crosstalk, a filter is used at the
input to the multipath analyzer to limit the spectrum of the
received signal prior to correlation processing. Unfortunately,
this filter must also satisfy the conflicting requirement of not
distorting the channel in the reproducible bandwidth (e.g.,
100 MHz). The filter design problem is simplified by making the
sampling interval, i.e., spacing between taps on the delay line,
as small as possible. However, the cost of the simulator in-
creases linearly with the number of taps so every attempt is
made to keep the tap spacing as large as possible consistent
with a maximum level of alias crosstalk and inband distortion.
It was found that a choice of tap spacing equal to 3/4 the
duration of a PN sequence chip (e.g., 7.5 ns for 10-ns probing)
and a sixth-order Butterworth filter of the proper bandwidth
allowed the alias crosstalk to be limited to 40 dB below the
desired channel transfer function and the inband distortion to
be negligible provided an appropirate equalizer is used in the
simulator to counteract the spectral shaping of the PN sequence
transmitted spectrum. From our previous discussions we see that
this level of crosstalk will be totally negligible in its effect
on modem error rate reproducibility. Table 2-6 presents some
parameters for a set of sixth-order Butterworth-Thompson
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filters [2.32] that reduce the alias crosstalk to -40 dB for a
tap spacing of 3/4 &) (& = 10 ns for 100-MHz characterization).
Butterworth-Thompson filters are indexed on a parameter m which
ranges from O (Butterworth filter) to 1 (Bessel filter). The
3-dB bandwidth, gain at the edges of the characterization band-
width(+ 1/2 4y about band center), and group delay difference
between midband and edges of characterization bandwidth are
presented for values of m=0, 0.2, 0.4, 0.6, 0.8, and 1.0. Note
that the amplitude distortion is negligible for the Butterworth
filter and the group delay distortion only 0.36 ns for the
100-MHz characterization.

The existence of an IF filter with transfer function H(f)
in the analyzer and a rectangular '"chip" of duration in the
prober implies an inherent single-path transfer function [see
(2.4) and the surrounding discussion]:

sin nffADZ
mf Ab

Figure 2.12 presents the Fourier transform of K(f) or channel
impulse response k(t), for the Butterworth and Bessel filters
listed in Table 2-6. The dashed triangle indicates the single-
path channel impulse response without any IF filter. Note that,
in the case of the Butterworth filter, the impulse response
duration increases by around 1.5 4, beyond the 2 4y of the tri-
angle, while the increase is only around 0.6 4, for the Bessel
filter. It should be recognized that this spreading subtracts
from the multipath spread measuremeat capability of the prober/
analyzer. 1In the present design, the spreading is small. How-
ever, any attempt to increase the tap spacing significantly
forces the bandwidths of the filters to be reduced considerably
to achieve the -40 dB alias crosstalk. This bandwidth narrowing
rapidly extends the '"tail'" of the system impulse response.
Figure 2.13 illustrates this behavior for a tap spacing of

0.8 Ay with a fourth- and sixth-order Butterworth filter.

K(f) = H(E) (2.42)

Analog correlators suffer from certain dynamic range
limitations. At the small signal end of the range, the limita-
tion of the correlators is in the apparance of low-level dc
components. Because there are only two complex analog corre-
lations, which are time-division-multiplexed, the same spurious
dc is fed to up to 16 multiplexed correlator outputs corres=-
ponding to a particular analog correlator. The two pairs of
16 correlator outputs are interlaced. Consider the effect on
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the reproduced transfer function of a spurious dc y on one set
of 16 correlator outputs. Mathematically, the corresponding
distortion transfer function is:

16 .
B j2nf2a sin 7 £32A j6
D(£) y ké e ~ 16y ~7f32a © (2.43)

Thus, at the center of the band, the distortions add coherently
to produce a level 16 times, or 24 dB, larger. However, this
perturbation damps out away from the center of the band accor-
ding to a (sin m£32A/7m£32A) behavior. The other set of 16 taps
produces an effect of the same size, but phased differently.

In the worst case, it may add directly, producing a net pertur-
bation 30 dB higher than the dc on a single correlator output.

While such a distortion is large in the vicinity of the
center of the band, its effect on modem error rate can be sur-
prisingly small because, in analyzing the statistics of the
intersymbol interference produced, it becomes evident that the
coherency effect is largely negated by the data randomness. On
the other hand, any carrier component of the modem near the
center of the band will certainly be grossly affected unless
the dc component is very small. To keep the perturbation at
the band center to within + 0.5 dB requires that the dc compo-
nent be 54 dB down in the worst case. Unless the modem uses
some special signaling element near the center of the band,
e.g., a carrier component for phase reference extraction, this
is an unnecessarily severe specification.

The analyzer meets the -54 dB specification at each corre-
lator output for all modes of operation of the prober/analyzer
except the maximum Doppler spread mode. Except in this mode,
180° reversals are inserted into the multiplexed correlation
operations on alternate correlations, and a compensating rever-
sal is used at the correlator output. 1In this way, the spurious
dc components alternate in sign on adjacent taps in each set of
16, and their contribution cancels at the midband. The ripple
builds up to a maximum at a frequency + (1/24) on each side of
midband. For A4=7.5 ns, + (1/2A) corresponds to + 66 2/3 MHz.
Since the reproducible bandwidth lies in the interval + 50 MHz
about midband, this ripple is attenuated at the edge of the
reproducible bandwidth by around 22 dB. Thus, dc components
35 dB down from maximum at the multiplexed correlator outputs
will still only produce perturbations which, under the worst
combination of conditions, correspond to a perturbation
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35-30+22 = 27 dB down. Moreover, as pointed out above, in
examining the effect of intersymbol interference, it is more
sensible in evaluating the effect oa modem error rate to regard
the dc components as producing a spurious multipath signal at

a level 35 dB below the direct path.

It has been shown that two types of spurious components,
called dc crosstalk and harmonic crosstalk, are introduced into
the correlator outputs of the multipath analyzer by the correla-
tion process. The former is caused by the small carrier compo-
nent transmitted by the PN sequence prober (the number of 1's
and 0's of a PN sequence differ by one) and produces an identi-
cal component at all correlator output proportional to the time-
variant transfer function of the channel at midband. The latter
consists of components at harmonics of the PN sequence funda-
mental frequency. Both have bandwidths of the order of the
Doppler spread of the channel.

Since the dc crosstalk is the same for all taps, its effect
on the played-back transfer function is the same as the dc un-
balance of the correlator output discussed above. However, one
may not cancel this term out by alternately changing the PN
sequence phase + 180°. The major perturbation occurs at band
center. From Eq. (5.51) of [2.18], one may show that this
maximum perturbation at band center has a magnitude of

Ab

K
. (2.44)

where AO is the PN sequence pulse duration, A is the tap spacing,
K is the number of taps used, and N is the length of the PN
sequence. For the prober/analyzer parameters chosen, this per-
turbation is 35 dB below the value of the played-back transfer
function at midband and, in addition, is correlated with it.
Thus, at midband, it causes at most a perturbation of 0.15 dB
in the multipath signal transfer function. When one recalls
that such a localized perturbation is considerably less harmful
from the point of intersymbol interference than that caused by
a single path, it is concluded that dc crosstalk effects may be
ignored.

The upper bound for harmonic crosstalk appears at the
output of the integrate-and-dump (I&D) circuit following the
correlator. This I&D integrates over exactly one period of the
locally-generated PN sequence, and thus has nulls in its trans-
fer function at harmonics of the PN sequence fundamental
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frequency. These nulls tend to cancel the harmonic crosstalk
components, but the nonzero Doppler spread of the components
prevents complete cancellation. Assuming an rms Doppler spread
B, one may compute that the qth harmonic crosstalk component on
any correlator output normalized to the desired multipath signal
at the playback tapped delay line output is given by

2

Sharm,q _ 2 (2o
3 N (2.45)
ch q

where Ty is the period of the PN sequence.

Due to the sampling process following the I&D, the harmonic
crosstalk components get folded into the lowpass region of the
correlator output. Making the worst-case assumption that all
components appear around dc, the total normalized harmonic
crosstalk per correlator output becomes

Sh rm, ta 2 BT0 : = 1
_harm,tap _ £ 122:
1

Sch N 2 q2
2
BT
0 (2.46)
N 2 3

Finally, assuming independent crosstalk fluctuations on each
tap, the output signal due to harmonic crosstalk normalized to
the desired multipath signal is given by

2
Sharm » 2K (BTO) 13 (2.47)
Sch N o 3

Assuming a worst-case Doppler spread of 1 kHz, Eq. (2.47) yields
a harmonic crosstalk contribution 50 dB below the multipath
signal. A Doppler spread of 10 kHz would increase this by

20 dB to a level 30 dB below the multipath signal. Thus, it

is also clear that harmonic crosstalk will have negligible
effect on modem error rate reproducibility.

We consider now the introduction of degradation into the
simulation caused by the sampling and reconstruction process
that takes place for each measured complex tap gain. Due to
the time-division-multiplexing process and the need to provide
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settling time for the analog integrate-and-dump, the interval
between samples of a particular complex tap gain, 7_, is much
larger than the total integrate time T associated with that tap
gain measurement. The spectrum of the sampled signal contrains
aliases of the desired spectrum centered at multiplex of

s l/TS Hz. Figure 2.14 shows two of these aliases straddling
the desired lowpass tap gain process.

To extract the desired signal, the equipment includes a
linear interpolator which acts like a filter with transfer
function (sin mfr /7fT )“, as shown in Figure 2.14. This
filter suppresses considerably the aliases while passing the
desired signal with small distortion.

Calculation of the total distortion power after interpola-
tion relative to the desired signal power, assuming a Gaussian-
shaped signal spectrum, yields the values indicated in Table 2-7
as a function of the ratio of the rms Doppler spread to the
sampling rate. Even at a Doppler spread as high as 0.354 times
the sample rate, the level of distortion indicated on the table
is 17.6 dB below the desired signal. Thus, the total distortion
effect on the simulator output is a distortion signal 17.6 dB
below the multipath signal. Operation at such a high value of
Doppler spread in relation to the sampling rate is not likely to
be needed since the highest sampling rate of the system for
32 measured samples of the impulse response (i.e., 32 correla-
tors) is approximately 2 kHz, yielding a value of rms Doppler
spread of around 700 Hz to produce the -16.7 dB alias distortion.
Such large Doppler spreads are not predicted by the models avail-
able. Thus, under expected channel conditions, the alias dis-
tortion can be made negligible since it drops rapidly with
Doppler spread, e.g., at a 354-Hz Doppler spread, the alias
distortion drops to a value 33.2 dB below the multipath signal
when the sampling rate is at the maximum.

We explore next the effect that the lack of inclusion of
time-variant delays in the channel simulation has upon modem
error rate reproducibility. Consider first the direct path
alone. Let the transmitted signal be given by

jZWfOt' =
x(t) = Re{z(t) e 5 (2.48)

where z(t) is the complex envelope of the transmitted signal and
fo is the center frequency of the transmitted signal. Making
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TABLE

RESIDUAL ALTIAS DISTCRTION

AS

2-7

RELATIVE TO DESIRED SIGNAL POWER
A FUNCTION OF THE RMS DOPPLER SPREAD NORMALIZED TC
1THE SAMPLING RATE

RMS Doppler Spread
Normalized to

Total Distortion Power
Relative to Desired
Signal Power

Sampling Rate in dB
el#? =33.2
250 =252
.354 -17.6
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the valid assumption that a linear variation of delay with time
characterizes the delay 7(t) over intervals of time long com-
pared to many data bits,

T(E} =7, + ¢ (2.49)

where v is the rate of change of the line-of-sight path, c is
the velocity of light, and 7o is the delay at t=0. The re-
ceived signal in the absence of noise is given by

y(t) = x[t -7(t)]

s \A
-j2nf,~t -j2nf cI
Re z(t-gt-r())e ge= 0 (2.50)

where the term exp(—j2ﬂf0%t) may be recognized as providing the
Doppler shift -f0§ Hz.

Apart from the Doppler shift, which is provided for in the
simulator, the effect of the time-variant delay is to cause a
change in time scale of the transmitted signal by the very small
amount -(v/c). For a Mach-1 speed v, this corres onds to ap-
proximately one part in 106. From the point of view of digital
modems whose output complex envelope timing is controlled by a
crystal oscillator, such a change in time scale produces an
effect identical to a change of one part in 10® in the frequency
of the crystal oscillator.

The only types of military modems whose output complex
envelope timing is not completely controlled by a crystal os-
cillator are those which employ spread-spectrum pulse-forming
networks at the transmitter and a corresponding matched filter
at the receiver. These modems may exhibit a change in time
scale of the order of 1/10% in the received pulse as compared
to the matched filter impulse response. However, if such a time
scale change can cause perceptible degradation in a modem, that
modem will likely never be built, because small temperature
changes will cause much greater changes in time scale of the
impulse response of the matched filter in the receiver. We have
already pointed out that a typical time-scale change for cable
is of the order of 4 x10-3/9C. For acoustic surface wave
matched tilters, the change is much larger. In a sense, the
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effects of time-scale change on modem performance caused by
time-variant delay in a radio channel will be lost in the
effects of temperature fluctuations.

If no temperature sensitivity is assumed, it may be shown
that, if the time-bandwidth product of the spread-spectrum
pulse satisties the inequality

W e (2.51)

RMSTRMS

wnere Wpyg and TpMg are the rms bandwidth and time duration,
respectively, of the pulse

[ £21pee)12 ar
[ 1ece))? at

W = 2

i (2.52)

44 ft?‘lp(t)'2 dt
[1ped? ae

RMS (2.53)

then no perceptible degradation can occur. In defining W
and Tgmg, it is assumed that the pulse p(t) is centered at t=0
and its spectrum P(f) is centered at f£=0.

Considering that v/c¢ is of the order of 106, it is clear
that time-bandwidth products approaching 100,000 would be needed
before any possibility of degradation might occur! To our best
knowledge, such large TW products are not practical for the
impulse response of matched filters with the present state-of-
the-art of fabrication techniques. Thus, time-scale change
induced by relative motion of the terminals does not need to be
provided in the simulation of a single line-of-sight path apart
from simulation of the Doppler shift at the band center. More-
over, since the more general multipath situation can be broken
up into a set of discrete paths wi..a the aid of the tapped delay
line model, it is clear that exactly the same conclusion is
reached for the general channel with multipath.
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In conclusion, reviewing the potential harmful effects of
the many small simulator nonidealities, it becomes clear that,
as far as modem error rate reproducibility is concerned, the
only impediments to modem error rate reproducibility possible
with the prober/analyzer/simulator, as specified herein, are
connected with measuring a channel in which one of the following
three effects occurs:

(1) The ambient noise level is too high in channel
measurement [see Eq. (2.35)].

(2) The Doppler spread exceeds the sampling rate
capacity of the system (Table 2-7).

(3) The propagation channel multipath spread
exceeds the measurement capability of the
system.

Every reasonable effort has been made to reduce the limita-
tions imposed by (1), (2), and (3). Moreover, the propagation
analyses summarized in Section 2.1 show that, on the basis of
reasonable scenarios for military links, the ranges of multipath
and Doppler spreads measurable by this equipment is more than
adequate for refractive multipath and reasonably adequate for
surface multipath although, in the latter case, the unknowns of
propagation channel modeling limit an assessment of adequacy.

In any case, the prober/analyzer is sufficiently flexible to be
able to identify channels for which (1), (2), or (3) occurs,
and thus provides guidance for expansion of the system capabil-
ity, if necessary. Table 2-8 defines the basic envelope of
performance capability for the three conditions listed above.
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TABLE 2-8

MAXIMUM RMS DOPPLER SPREAD (IN Hz) AND REQUIRED SIGNAL POWER/
NOISE POWER DENSITY (IN dB) AS A FUNCTION OF MEASURED MUTLIPATH
SPREAD FOR REPRESENTATIVE OPERAEJNG MODES OF THE

PROBER/ANALYZER
Multipath Spread'
37.5 ns 52.5 ns 112.5 ns 202.5 ns 233.5 ns
te1*t (8 (16] (28] (32)
Mode
(Hz) (dB) (Hz) (dB) (Hz) (dB)| (Hz) (dB) | (Hz) (dB)
(| 31935~ “fasi3a. < fises3 |83 _ < e9rs
-~ -
e ) - e .~ 8T - Tera ~92.7
o~ > ol
- = - ~
x| 157.e 1256.7_ 699.2 419.5_ 48.7 .
- B3k -~ 832} - Tes7| . E9.1]| - 89.7
ip| 7852 - | ezs.a. 349.6 209.7 - 174.3_ -
- Tl o ses] . < B3l 7 skl - 662
392.9 ~ | 3.2 -~ 17104 o e g 7ils
W TP aeal L anel el s Teal - 8
= =
196.5 ~ | 137.1. -~ | 2.4 - | sse ~ |43 ~ |
VI oo T L Ty s Tma) s e~ et
vl 982~ R R B e T T
s T B o T e T )
o > ~

%
When the Doppler spread reaches the value indicated, the total
distortion power due to lowpass filter is at a level 17.6 dB

below the desired signal.
0.707 or 0.5,
the desired signal, respectively.

For a reduction of Doppler spread by
the aliased power reduces to 25.2 or 33.2 dB below
When the signal power/noise

power density is at the indicated value, the played-back channel
will have an output noise contribution 30 dB below the desired
playback channel output for the 100-MHz characterization.

+
These multipath spread values are for the 100-MHz characterization.
For 25-MHz characterization, the same multipath spread would be measured

with 1/4 the number of impulse response samples.

Only the first two

columns are then applicable for playback with the multipath spread
changed to 150 and 210 ns from 37.5 and 52.5 ns, respectively.

+s
Numbers in brackets are the total number of impulse response samples
spaced 7.5 ns apart measured for the multipath, including direct path.
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SECTION 3

DESCRIPTION OF EQUIPMENT

Three separately packaged units are described in this
report: the simulator, the analyzer, and the prober. Tables
3-1, 3-2, and 3-3 review the basic specifications for each of
the three separate units.

Because of the flexibility of the equipment and the wide
range of radio links which can be measured or simulated, there
is no simple generalized operating procedure or configuration.
Specific procedures for the measurement and simulation of radio
propagation conditions, defined and described in Section 2, are
presented in the Operations Manual.

3.1 Analyzer

The channel prober generates a 25- or 100-MHz chip rate
PN sequence which is phase-modulated on an IF carrier at 70,
300, or 700 MHz and transmitted from either a ground site or
an aircraft. The multipath analyzer accepts the IF output from
a receiver at 70, 300, or 700 MHz and estimates the delay line
channel model tap gains for the radio transmission channel from
the prober to the analyzer. The mutlipath analyzer will be
located at a ground site whenever possible, but must be located
on a test aircraft for analysis of AA and ASA LOS channels. In
addition to estimating tap gains, the analyzer tracks mean
Doppler shift and will track differential multipath delay between
the direct path and the earliest surface scatter path.

In order to permit accurate playback simulation of the
multipath channel differential delay, tracking is continuous,
not quantized, and no step changes in differential delay will
be required from the channel simulator.

The multipath analyzer interfaces to a radio receiver at IF
and processes the received probing signal to generate, display,
and record the tap gains for a tapped delay line model of the
radio channel., An extremely broad range of operating parameters
is provided to characterize the largest range of radio channels
possible.




TABLE 3-1

PROBER SPECIFICATIONS

Poron

Output Frequency:
Output Level:

Chip Rate:

PN Sequence Length:

Modulation:

Input Power:
Dimensions:

Test Outputs:

70, 300, or 700 MHz
+10 to -59 dBm in 1-dB steps
100 M chips/sec or 25Mchips/sec

2047 for 100M chips/sec
511 for 25Mchips/sec

PN sequences 0,180o modulated at
chip rate

No Modulation

150 watts @105 - 125vac, 50 - 400 Hz

22" wide x 24" deep x 9" high

Chip rate clock 100/25 MHz,

Sequence sync, both 50 ohm ECL
compatible
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TABLE 3-2

ANALY™ "R SPECIFICATIONS

Input Frequency:
Input Level:

Gain Control Range:

Dynamic Range of Correlators:

Multipath and Doppler Spread
Measurement Capability:

Real-Time Display:

Tape Recorder:

Correlator Multiplexing:

Physical:

700, 300, or 70 MHz
-80 dBm to -20 dBm

60 dB manual or
60 dB automatic (recorded for
playback)

55 dB except in highest sampling
rate mode where it exceeds 35 dB

As specified in Table 2-8

Monitor oscilloscope will dis-
play complex voltage for up to
32 correlator outputs

Direct path Doppler
Refractive multipath Doppler
Direct path delay

Refractive multipath delay
Surface multipath delay

Selectable from 2 to 32 correla-
tors. These outputs can be
recorded for both 25- and
100-MHz correlation modes.

Size - 22" x 26" x 60"
Power Requirements - 110VAC,
60 Hz, 20A
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TABLE 3-3

SIMULATOR SPECIFICATIONS

Input

Center Frequencies:

Signal Processing
Bandwidth:

Input Signal Level:

Impedance:

Output

Center Frequencies:

Output Signal Level:

Spurious Contributions:

System Noise:

Two-Tone Intermodulation
Distortion for 0-dBm
Inputs:

Impedance:

Physical

Environmental

70, 300, 700 MHz

25 MHz minimum for 20~MHz input
frequency. 100 MHz minimum for
300-MHz and 700-MHz input
frequencies.

~20 dBm to +10 dBm. Also ad-
justable over a 40-dB range in
1-dB steps by input attenuator.

50 ohms

Same as Input

In the synthetic mode, the output
signal and noise can be attenu-
ated over a 40-dB range. The
output level assuming 0-dB at-
tenuation at both input and
output and 0-dBm input level will
be 0 dBm.

-50 dBm max, with any one tap ON

-48 dBm + 3 dB with any one tap
ON

-48 dBm max, with any one tap ON

50 ohms

One rack: 44" x 38" x90"

One rack: 22" x38"x90"

Power requirements: 11lOVac,
60 Hz,
30, 30A/¢

Typical laboratory environment
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TABLE 3-3 (Continued)

Complex Modulator

Test Equipment and Modes

Signal Sources:

Precision Power Meter:

LED Fault Monitors:

® Playback

¢ Computer synthesized

® Synthetic complex Gaussian

® External modulation

e Fixed 09, 180°, 90°, or -90°
® Off

CW at 300 MHz.

Required to adjust input and
output levels and available for
system test.

Individual power supplies and
major RF subsection fault-
isolating indicators.
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TABLE 3-3 (Continued)

Noise Generator

Level:

Gaussian:

Spectral Shape:

Jamming

Level:

Frequency Response

Amplitude Response with
One Tap On:

Nonlinear Distortion

Internal Frequency Control

Frequency Offset:
Doppler Shift:

Differential Doppler Shift:

Phase Control (Jitter)

Internal:

External:

Differential Delay

Tapped Delay Line

-50 dBm to +10 dBm in 1-dB steps.

+ 6 standard deviation.
10% accuracy in density function.

Flat over selected input
bandwidth.

Controllable by input attenuator
in 1-dB steps over 40-dB range.

+ 0.5 dB over 100 MHz.

Variable in 19 discrete steps from
OFF to maximum (hardlimiting).

kHz in l1-Hz steps
125 kHz in l1-Hz steps
125 kHz in 1-Hz steps

I+ 1+ -

Sinusoidal up to 360° and up to
1-kHz rate in 10-Hz steps.

Up to 360° and bandwidth up to
3 kHz.

6.1, 0.2, 0.3, 0.4, 4.1, 8.1,
12.1, and 16.1 us.

31 taps spaced 7.5 ns + 25 ps.




Figure 3.1 is a block diagram of the multipath analyzer.
The basic signal processing functions for a single tap sample
are shown in Figure 3.2. Figure 3.2 has been simplified to
eliminate the carrier and delay tracking loops and most of the
IF signal processing.

The multipath analyzer time-division multiplexes two com-
plex correlators to measure up to 34 complex tap gains. The
tap gains are spaced 0.75 PN sequence chip apart on a tapped
delay line channel model. The analyzer can operate at either
100-MHz or 25-MHz chip rates. The set of tap gains can be
clustered into one of two groups, with 2 to 34 taps in the
first (early or E) group and O to 32 taps in the second (late
or L) group. Optimal channel characterization for playback
through the simulator will be provided with a maximum total
number of 32 tap positions sampled.

The analyzer contains tracking loops to keep the E and L
tap groups centered in delay on the desired multipath signals
and to track out the E path mean Doppler shift.

An AGC is included to track slow changes in received signal
level to allow the optimal use of the analyzer and playback mode
simulator with Air-Ground, Air-Air, and Satellite-Air radio
channels with widely varying path losses.

Two PN sequence lengths and a range of correlator inte-
gration times are provided to allow the delay ambiguity, Doppler
characterization bandwidth, and tap gain estimate SNR to be
optimized for the radio channel being characterized.

The sampled tap gain output and AGC level from the analyzer
is recorded as encoded digital data on an instrumentation tape
recorder. The analyzer includes a real-time display which is
used to evaluate system performance and to assist in signal
acquisition.

Figure 3.3 is a picture of the analyzer; the tape recorder
used for recording channel characterization data is not shown.

3.2 Prober
The prober/analyzer system uses external transmitters and

receivers as its radio channel interface. The prober generates
the IF signals which are required by tho multipath analyzer.
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The channel prober provides only 511-bit and 2047-bit PN
sequences. The 511-bit sequence is always used at the 25-MHz
chip rate, and the 2047-bit sequence is always used at 100 MHz.
The prober also incorporates a fault detection circuit which
senses the presence of modulation and the IF output level. 1If
either is disabled, a LED fault indicator is illuminated.
Figure 3.4 shows the prober.

3.3 Simulator

Figure 3.5 is an overall block diagram of the simulator.
The input section accepts the primary input at a 70-, 300-, or
700-MHz frequency. The input section also accepts a jamming
signal at the same set of input frequencies, and generates an
additive noise signal. A controllable nonlinear distortion
element and the direct path signal gain multiplier are included.
The section contains switches and attenuators for mode and
level control, and provides several test and monitor inputs
and outputs.

The analog signal processor section includes delay lines
and tap gain multiplier arrays to simulate multipath propagation.
Differential Doppler shift between two propagation paths is
introduced here. Separate equalizers are provided at both the
25- and 100-MHz characterization bandwidths to maintain flat
system response for channel playback. These are switched out
for synthetic channel simulation.

The output section includes summing circuits and a down-
converter to generate the composite multipath plus noise plus
jamming plus direct path output signal. Test and monitor inputs
and outputs are also provided.

The reference and local oscillator section synthesizes
several fixed and variable oscillator frequencies for the up-
and downconverters in the input and output section, and for
differential Doppler simulation. Phase noise simulation control
signals are introduced here. The oscillators provide extreme
spectral purity for accurate radio channel simulation and
playback.

The digital signal processing section includes the linear
interpolator and linearizer sections and several signal sources.
The linearizer provides a digital control signal mapping to
provide linear tap gain response. The linear interpolator
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provides smooth gain step transitions at a 50- to 100-kHz
sample rate. The signal sources are the following:

® A playback instrumentation tape to reproduce
radio channel conditions recorded by the
prober/analyzer.

®¢ A hardware surface scatter multipath simulator.

¢ A computer with low-speed computer tape which
is programmed to simulate ionospheric scintil-
lation, refractive multipath, and static propa-
gation situations, as well as to generate test
signals.

® An analog-to-digital converter for direct
control of tap multiplier units.

The simulator analog section converts the input signals
at the selected input frequency to a 400-MHz IF for processing.
The tapped delay line is implemented with delay lines of semi-
rigid coaxial cable and the (complex) tap multiplier units
implemented with PIN diode voltage-controlled attenuators.
Each tap contains a complex modulator with separately controlled
In-phase and Quadrature components as well as a series voltage-
controlled attenuator to scale the overall tap gains. A dynamic
range of 60 dB is provided for the I/Q control input, and this
relative gain of different taps can be shifted by 60 dB by
manual setting of the series attenuator.

The long differential delays are implemented with semi-
rigid coaxial cables for the short delays and a Surface Acoustic
Wave delay line for the long delays. Independent Doppler shifts
for the tap 0 and taps 1 - 31 are introduced by a separately-
controlled frequency conversion from 400 to 1700 MHz at the two
outputs from the tapped delay line sections.

Figure 3.6 shows the physical configuration of the simu-
lator. The analog and RF signal processing elements are in a
double bay rack cabinet along with the digital signal sources
for syntheitc surface scatter multipath generation and test
modes. The computer and playback tape signal sources are in
a second cabinet.
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RADC plans and conducts research, exploratory and advanced :
development programs in command, control, and communications o
(¢3) activities, and in the C? areas of informatior. sciences
and intelligence. The principal technical mission areas
are communications, electromagnetic guidance and control,
surveillance of ground and aerospace objects, intelligence
data collection and handling, information system technology,
ionospheric propagation, solid state sclences, microwave
physics and electronic reliability, maintainability and
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