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EVALUATION

RA I)C ’s Technical Program Objective IV , Communica tion f or 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 channe l characterization problems

normally associated with ltve channe l testing can be overcome. with the

developmen t and application of realistic media simulators which dupli-

cate natural and man—made phenomena. Past experience with channel

simula to rs has dr amatically poin ted out the grea t val ue inherent in

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

This effort has provided the PADC Digital Communica tions Exper imental

Facili ty (DICF:F) with a system for performing reliable , repeatable sitru—

la t ions  for  various types of L i n e — o f — S i g h t  (LOS ) channe ls .  lmrn ediat€

app l i ca t ions  w i l l  include the eva lua t ions  of wideband ECCM moderns ,

s a t e l l i t e  communicat ions t e chn iqueb , and p o i n t — t o — p o i n t  microwave equ ip —

r e n t .  In a d d i t i o n , the channel  p r ob e r  / a n a ly z e r  deve loped as p a r t  of

th i s  e f f or t wil l  serve as an invaluable  tool for  wideh a nd channel

c h a r a c t e r i z a t i o n .

J(IHN B. EVANOWSKY
P r o j e c t  E n g i n e L -r

v ii



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 Deve lopment Center as a means for eval-
uating widehand digital modems . The system provides both a
channel probing/channel playback capability and a synthetic
stochastic channel simulation . Propagation media effects simu-
lated inc lude both multipath due to refractive anomalies
(refractive multipath ) and scattering off the surface (surface
inultipath). The types of LOS channels handled by the system
include airplane-airplane , ground-airp lane , ground-ground ,
airplane-satellite . In 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 700 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 reliab le high-speed digital modems
(modula tors-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 s tored channel simulation

In the case of synthetic channel simulation , deterministic or
stochastic models are implemented based upon either, or both ,
theoret ical calculations and previously measured statistics.
In the case of the playback channel simulation , a long record
of parameters characterizing the time-vary ing sy stem funct ion
of a channel (such as tapped delay line weights) are measured
with the aid of a channel prober/anal yzer and recorded on mag-
netic tape . This tape is played back into a mode l of the
channel which utilizes the measur ed parameter values in a
corresponding canonic channel mode l (such as a tapped delay
line with weights).
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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
p layback channel and synthetic channel simulators and probab ly
represents the most versatile and flexib le radio communication s
channel simulator yet developed . Some of the concepts in the
present system design have been developed by Bello [l.lJ -[1.71
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 oper ational modes.

1.2 App licable 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 (A~’)
• 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  channe l s  a~~e t i m e - v a r i a n t,
both the impulse response and transfer function must be regarded
as time-variant . It may be shown that the comp lexity ot 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 Dopp ler 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 Dopp ler spread and multipath
spread of a channel and their impac t on channel simulator
design , it is necessary to distinguish various propagation

1-2
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modes. For the f our r a n on i c  LOS c h a n n e l s  of interest here (GA ,
AA , AS , CC), the foiJ owing three propagation modes are of
interest:

• R e f r a c t i v e  m u l t i p a t h
• Surface multipath
• Ionosp heric 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 condi t ions , focuses the t ransmi t ted  signal into
the receiver over multip le paths. The frequency and intensity
of the meteorological conditions which result in such multipath—
produc ing propagation have been studied experimentall y [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 [1.251 agree quite favorab ly with the experi-
menta l data [1.81 -[1.21].

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 toat
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 - 30, an d is no t nor mall y
experienced on channels emp loying 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 condition s exist. On the basis of the propagation
mode l used by CNR , it is found that over most of the world , the
worst-case multipath spread is within 65 nanoseconds . The
wors t 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 typ ical
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 considerab le 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 mode l was de-
veloped at CNR under contract to the Department of Transporta-
tion [l.26],[l.27] while the AA/CA model was developed at CNR
under contract to RADC [1.29].

The earliest arriving component of the surface multipath
is from the “specular” poin t, i.e., the point of mirror reflec-
tion from the surface . Later multipath components come from
annular rings at successive ly 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 general l y
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 ” reflec tion emana ting fr om
the average surface around the specular point , the surface
mul tipath consis ts of a very large number of very small com-
ponents distributed in delay. Thus it is of a “con tinuous ” 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 thc direct path , deviating only tenths of a
degree . Surface multipath is strong ly affected by the antenna
pat tern  which can , in pr inc ip le , be focused to eliminate reflec-
tions and s c a t t e r i n g  f r o m  the sur face . In practice , antenna
sizes are sharp l)~ 1ii~~~ed for afrplane use and surface multipa th
cann ot always be e l i m i n a t e d .

Conside r now the effect of changing the operating f re-
quency. In the case of refractive multipath , the relative
path delays are to first order , no t a func tion of opera ting
frequency. However , as the operating frequency is lowered
sufficiently ,  the multipath spread will become less than a
period of the carrier frequency, an d the channel will  behave
like a sing le fading path for information transmission . As
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the frequency is lowered such that the multipath spread is a
small f rac t ion of a carrier frequency period , the fading wil l
disappear because the mul t ipath  components wil l  add in-phase.

In the case of surface rnu lt ipa th , the f requency  and angle
of inc idence to the specular point can have a pronounced e f f e c t
on mul t ipa th  characteris t ics.  The signal scat tered from the
surface of the earth ( land , water , ice , e t c . )  has a discrete
or specular and a d i f f u s e  component . The specular component
characterizes the mean signal scattered from the sur face , while
the d i f f u s e component characterizes the random return due to
the roughness of the sur face  and produces the “continuous”
mul t ipa th .  I t  may be shown that , for  a fixed grazing ang le and
surface roughness , the mult ipath will  tend to be continuous
at the higher (microwave) frequencies and specular  or discrete
at the lower (UHF ) frequencies . For the mi l i ta ry  links being
considered he re , there are many natural ly-occurr ing sur faces
( e . g . ,  the ocean , hilly terrain , desert , snow drif ts , etc.)
which will cause diffuse scatter to exist.

The delay di f ference between the specular and direct signal
paths can amount to tens of microseconds for an AS link , while
the Dopp ler di f ference would be at most 7 Hz/Ma ch No ./ GHz of
carr ier  f l igh t  for leve l f l igh t .

We consider now the amount of mul t ipa th  spread produced by
the surface mul t ipa th .  It has been shown by CNR [1 .26]  - [1.28]
that  for su f f i c i en t ly wide beam antennas and low e levation
ang les to the satellite , up to 10 ~ s of multipath spread exis t .
Since mi l i t a ry  operational an tennas are directive to provide for
inc reased gain , mult ipath rejection , secure communication , etc .
(see [1.30]), mul tipa th spread calculation s should be made for
typical military situations . It is assumed that the satellite
antenna provides broad coverage in a sector which con tains the
military aircraft , and therefore provides little or no multipath
discrimination . However, the aircraf t an tennas used to comm uni-
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 tes ting [1 .31], blade , dipole , and
crossed slot UHF antennas were used to provide upper hemi-
spherical coverage ; at S-band , a ±20 bearnwidth antenna was used.
In [1.30], a 32-inch Cassegrain with a 30 beamwidth at SHF was
mounted on a KC-135.
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in Figure 1.1. Since the antennas are designed for  satel l i te
communications , the usua l case is for the multipath to occur
in a sidelobe , as shown in Figures 1.1(a) and (b). However ,
when the s a t e l l i t e  is at a very low e levat ion ang le , the m u l t i -
pa th  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
gra zing ang les  ~ and beamwidths 8 for d i f f u s e  s c a t t e r  at micro-
wave frequencies. For antenna beamwidths less than about 30,
the maximum (sidelobe) de lay spread has been found to be about
200 nanoseconds at an aircraft altitude of 30,000 feet.

If the main beam illuminates the earth ’s surface as
it may when the satellite is near the horizon , the scattered
powe r can be ca lcu la ted  f r o m  the s c a t t e r i n g  cross  section , the
surface roughness , and the l/R2 losses. In calculating the
multi path power, we have assumed worst-case rms surface slope a.
i.e.,

= tan y (1. 1)
max

where y is the g raz ing  angle  to the s p e c u l a r  point. (The rougher
the surface , the larger the surface area over which scattering
takes p lace and the larger the multipath spread.) When
a —

~ tan y ,  a s i g n i f i c a nt par t  of the surface becomes shadowed
by the surface irregularities , and Lhe multipati power is
typically reduced by an order of magnitude [1.31 , p . 116].
The results of such an approximate calculation show that , for
grazing ang les less than about  30 , ~he mvltipath spread (de-
fined here as the delay beyond the specular delay at which the
multi path power drops to l/e of its maximum value) is les’~ than
200 ns .

Similarly , one may calculate the Dopp ler spreads for the
cases of sidelobe illumination and mainbeam illumination of
the surface at low grazing ang les. One may show that , for  an
8-GHz carrier frequency and Mach .7, Do pp ler spreads of less
than 10 Hz are predicted for a beamwidth of 30 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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Multipath Region I
( C )  Higher Frequency Microwave Antenna

Coverage at Low E levation Angle

Figure 1.1 Antenna Coverage on Military Aircraft-
Satellite Links
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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
d i f f e r  f rom the AS l ink , however , in t h a t  the m u l t i p a t h  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  wi th  antenna  beamwidths less than 30 experience
diffuse multipath with delay spreads of less than about 150 ns
for grazii~g ang les above 1

0. A t angl es be low 10, the d i f f u s e
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
f or 8 GHz , Ma ch .7 , and 3° heamwidths .

In the case of CC 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 f or AS
l inks  in which the LOS pierces regions of the ionosphere which
are p e r t u r b e d  a n o m a l o u sly  in the  ~‘i ci i lt y  of the q u a t o r .  From
an i n p u t - o u t p u t  po in t  of view , the e f f e c t  is one of caus ing
amp litude and phase fluctuations , i.e., Doppler spread with
neg lig ible multipath spread . The effect is q u i t e  importan t at
UHF bu t  w il l  be u g lig ible  at the hi gher microwave f requencies ,
e . g . ,  8 G H z .  The Dopp ler spread , in any case , is quite low —

a few Hz at rno~ t.

The simulation system described in this report is designed
Co measure and j-laybac k or synthesi-:e the fading dispersive
characteristics of GA , AA , AS , and CC link s f or var ious combi-
nation s of refractive multipath , surface multipath , and
ionospheric scintillation .
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1.3 Measucement and Simulation Approach

The problem of channe l measurements on fading d i spe r sive
channels has been studied extensive ly by Bello [1.34 ] -[1.39].
We consider in sequencies the approach used tor channel measure-
ment , p layback simulation , and synthetic simulation .

1.3 .1 Chann el Measurement  and Play back

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 (comp lex) correlated
with delaye d rep licas of the pseudo-random p r o b i n g  s ignal  to
produc e lowpass in-phase and quadrature estimates of the channeL*
t i m e - v a r i a n t  impulse  response at a set of equall y-spaced delay
samp les. This set of time-varying samples is digitized and
recorded on magnetic tape . In playback , the reverse operation
takes place - the tape is playe d back i n to  a u n i t  t h a t  unpacks
the samp les , 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 comp lexity reasonab le , provision is made
f o r  separately and s i m u l t a n e o u s ly measur ing  the surface multi-
path starting at the earliest arriving specular component and
ignoring the “empty ” region between the direct/refractive multi-
pa th and the sur face  m u l t i p a t h .  By us ing th is  procedure , maxi-
mum utilization is made of the hardware in measuring and
reproducing rnuttipath.

The preceding  d i scuss ion  i n t r o d u c e d  some of the basic
signal processing elements in the channel p lay back simulation
system. However , practical utilization of this system requires
the incorporation of additional features for the LOS channels
whi ch have moving term inals (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 , re f ra ct ive
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 tr acker removes

*The channel impulse response inc ludes all terminal equipment
filters.

1-9

1 -



the time-variant group de lay of the direct/refractive multipath
group while the late tracker separately removes the time -
var iant 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 Dopp ler shifts . A Dopp ler tracking loop is pro-
vided to track out the Doppler shift of the direct/refractive
multipath group .>C 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/refrac tive multipath
group , but for  channe l measurement with airp lanes f l ying 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 Dopp ler tracker is provided fo r  the
surface multipath.

In channel playback , ideally ,  the variable delays and
Doppler shifts should be reinserted. It has been found pro-
hibitive ly expensive to provide time-variable delays covering
the range of delays required. Moreover , there appears no need
to have this fea ture , from a modem eval uation poin t of view .
Differential and direct path Doppler may be se t manually at
measured values recorded in the log of the flight test. Dif-
f eren tial delay is fixe d bu t manually-selectab le from a range
of values. Again , information from the log of the experimen t
would provide suitab le values for this delay . Direct path delay
would not be reproduced since It is irrelevant for modem test-
ing . Note that simp ly setting the bit sync clocks at differen t
rates for the digital modulator and demodulator simulates
changing relative path delay .

Path loss var iation will  be sign i f icant 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 exces s
of a 20-dB variation in average SNR during a measurement inter-
val. To make maximum utilization of the dynami c range of the
analog correlators emp loyed in the anal yzer , an AGC is provi ded .

Actuall y ,  different frequency and time error discriminators
are provided for tracking refractive multipath as opposed to
t r a c k i n g  a resolvable d i r e c t  path  in order  to opt imize  t r ack ing
performance under the fading dispersive condition s of
refractive multipath.
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Since the path loss var ia t ion  wil l  be slow , a long t ime-constant
is provided in the AGC . Cases may exist where the fading multi-
path could have low enough f requency  components  to be a f f ec t ed
by the AGC , and provision is made for recording the gain varia-
tions and reproduc ing them in the channel playback by means of
a variab le attenuator.

1.3.2 Synthe t ic  Simulation

We consider now the synthetic simulation of the propagation
channel .  The s ame tapped delay line is used as in p layback
simulat ion , but now the c omp lex tap gains must be generated
syn the t ica l ly .

The two major harmful propagation effects that require some
comp lexi ty  in imp lementat ion are re f rac t ive  and sur face  mul t i -
pa th .  From a ma thema t i ca l - s t a t i s t i ca l  point of view , these two
propagation e f f e c t s  present a stud y of contrasts. The refractive
mul t ipa th  consis ts  of a small  number of individual  paths while
the sur face  mul t ipa th  (aside from a possible specular component)
consis ts of a very large number of small d i f f u s e scattered c om-
ponents and has a continuous type of representation .

From a s t a t i s t i c a l  point of view , the r e f rac t ive  mu l t i pa th
is fa r  more nons ta t ionary  than the sur face  s c a t t e r .  Conside r an
AG link . As the airp lane passes near the layer of steep negative
gradient in ref rac t ive  index which causes the ref rac t ive  mul t i -
path , mul t i p le ray paths appear , move in de lay relat ive to one
another , coalesce , disappear , and new paths  appear . As discussed
in [1 .231,  the amp l i tudes and delays change much slower than the
relative phases. Compare this behavior with the surface scatter
in an A S link . The a i rp lane antenna is i l l umina t ing  ( th rough  a
main or sidelobe) a large portion of the surface of the earth .
Many small  r e f lec t ions occur from the sur face , and the law of
large numbers give s some s t a t i s t i ca l  r egu la r i t y  to the continuum
of multipath components. No abrupt changes will be noticed un-
less the terrain or airplane antenna orientation changes abruptly.
Ove r the ocean , s t a t i s t i ca l  r egu l a r i t y  wi l l  be the rule rather
than the exception .

I t  may be shown [1.331 that , as the reciprocal  channel
bandwidth to be charac te r i zed  becomes small compared to the
mul t i pa th  spread in su r face  or volume s ca t t e r , the tapped delay
line mode l of the channel approache s the case in which the tap
gains are comp lex Gaussian and i ndependent. This is the basic
model emp loyed fo r  s ynt h e t i c  s imula t ion  of su r face  m u l t i pa th .
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The comp lex Gaussian we ights are obtained by f i l t e r ing  pseudo-
random sequences .

Since the tapped delay line model , wi th  taps spaced 11w
apart and c omp lex weights , provide s a per fec t ly general repre-
sentat ion for  a linear operation over a ban dwidth W , it is
possible to f ind  a mathematical  relat ionship between the delays
and amp li tudes of a discrete set of paths and the c omp lex
weights  in a tapped delay line model .  This re la t ionship  is
imp lemented with the aid of a small c omputer whose input is
a tape providing the t ime-varying path delays and amp li tudes
associated with  the re f rac t ive  mu l t i pa th  of a given AA/AG/GG
scenario . The calculated tap weights are cont inual ly generated
by the computer  and fed as control  inputs to the tapped delay
line comp lex modulators . Continuous movement of up to seven
discrete paths is provided with the software .

The computer also generates the ionospheric sc in t i l l a t ion
modulation . The mode l used involves independent Gaussian noises
of d i f f e r en t  s t rengths  on the in-phase and quadrature inputs of
the comp lex modulator together with a specified nonfading corn-
ponent on the in-phase part .

1.4 Summary of Prober/Anal yzer /S imula tor  System Features

This section summarizes the basic fea tu res  of the Prober/
Analyzer /S imula to r  sys tem.  We consider  the prober /analyzer
first.

The prober /analyzer has several classes of operating modes:

• Charac te r i za t ion  Bandwidth  Mode ,
• IF Frequency  Mode s
• Integration Time Modes
• Correlator Grouping Modes
• Tracking Modes
• Cain Control Modes

Characterization bandwidths of 25 and 100 MHz may be
selected. In the 25-MHz case , an IF f r eq uen cy of 70 MHz only
can be se lected , while in the lOO-M1 -Iz case e i ther  300 MHz or
700 MHz can be selec ted .  I t  is impor tan t  to note tha t  the
quoted bandwidth charac te r iza t ion, e. g . ,  100 MHz , is no t a
nominal  cha rac t e r i za t ion  but  a precise charac te r iza t ion  in the
sense that  the sys tem provides e s sen t i a l ly t r ansparen t  perfor-
mance over this bandwidth as far as modern error rate reproduc i-
bi l i ty is concern ed in chann el p layba ck.  (of cours e , this
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statement is subject  to the requirement that  su f f i c i en t  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 samp ling of the
impulse response and also separa te equalizing f i l ters mus t be
switched into the simulator in the p layback mode to counterac t
the coloring of the prober spectrum . The probing s ignal in the
case of 100-MHz characterization consists of a pseudo-random
(0 ,1800) sequence with chip period A~ of 10 ns , i . e . ,  a
lOOM chips/second rate , while in the 25-MH z character izat ion,
~~=40  ns and the chip rate is 25M chips/second.  A sequence
length of 2047 is used in the 100-MH z mode providing a PM
sequence period of 20.47 ~is , while in the 25-MHz mode , a Se-
quence length of 511 is used providing a PN sequence period of
20.44 ~s.

Analog integrate-and-dump takes p lace over exactly one PN
sequence period at the corre lator output . Further integration
is done digi tally 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 Tab le 1-1, for  the
various value s of total  integration time T possible for  the
system , where T = I T 0, I 1, 2 ,4 , 8 , 16 ,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-~.~s period
of the PN sequence , an ambiguity in multipath delay will occur
for paths delayed from the direct path more than 20 ~ts. This
20-M s ambigui ty  does not cons t i tu te  a real l imitat ion to col-
lection of data by the system because long di f ferefI ’t ial  de lays
occur only in the AS channel fromwhich the mul tipa th spread is
predicted to be much less than 20 ~s. The differential delay
can be computed f a i r ly accurate ly for the radio link geometry
so t ha t  one may avoid foldover effects for multipath near the
20-M s b o on d a r y .  In addit ion , it is onl y at low grazing angles
that any nultipath is predicted , and for  these grazing ang les
the differential delay will be smaller than 20 ~s.

As discussed above , the channel  mu l t i pa th  s t ruc tu re  wil l
consis t of ei ther a single group of paths or two groups , de-
pending on the simultaneous existence of refrac tive and surface
multipath. Flexibility exists within the analyzer to appor tion
one subset of the correlators to the early mul tipath group and
one subset to the late multipath group . However , for  p layback ,
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TABLE 1-1

DEFINITION OF SOME MODES OF OPERATION OF PROBER/ANALYZER

Samp les
Integrated

Characterization PN Sequence Prior to
Mode Bandwidth Length Recording

____ (MHz) 
_ _ _ _ _ _ __ _ _ _ _ _

100 2047 11 25 511

100 2047 2II 25 511

100 2047
25 511 4

100 2047IV 25 511

100 2047 16
V 25 511

100 2047 32VI 25 511
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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

______ 

(neares t ~s) ___________________  ____________

I 20 ~ss 15 mins 120 ips

II 20 ~s 30 mins 60 ips

III 20 ~s 60 mins 30 ips

IV 20 ~s 2 hrs 15 ips

V 20 MS 4 hrs 7½i ps

VI 20 ~s 8 hrs 334 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-M H z mode~~) becau se of t he
physical construction of the simulator . In this split mode of
operation , 52.5 ns of refractive multipath (including the equip-
ment channel) can be mem sured . A direct path is separate ly
measurable when there is no refractive multipath , leaving
31 samp les to characterize the surfac e multipath.

The direct pa th 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 leve l flight show that it is small enough
to be h and led b y the ban dwidths used in measuring the tap ga ins .
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 rnult ipa th  and fading are provided and may be
selected when re f rac t ive  mu l t i pa th  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 s ignal strength can vary signi f ican tly
during a run , say,  20 dB. Two modes of gain control are pro-
vided , manual and automatic , both over a range of 60 dB. In
the AGC mode , a long time constan t is used to attempt tracking
only the slow path loss variations . However , refractive multi-
path can vary slow ly and , to av~ id a~ y possille dis tori ion
caused by tracking out refractive multi path Lluctuations , the
automatic gain fluctuat iuns are ~ - co:Jed on ti~pe ~nd reproduced
by a variable atten~ ator in the c - ! ~T~ei playback process.

~\dditioii at fear -tres in th~ anm . ’ - er irclL ~de a received
sign al leve l (R SL ’~ indi ator w t t i ~ a LED numeric disp lay , a
multipath signal disp la-z showing the correlator I&D outputs
on an oscil1osco~ e , ~-“d a differential path delay indicator
with a LED numeric dis 1~lay. Direct-path Dopp ler may be esti-
mated from the vernier on the Dopp ler tracking VCX O . Ther e is
also an indication for overflow of the AID converters and under-
driving of the corre llators.

Because of equipment impulse response spreading , the use of
two taps to represent a multi pa th gr oup appears r i sk y . Thus
it  may be p r e f e r ab l e  not  to use the 25-MHz mode when both
refractive and surface multipath occur.
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The s imulator  has several mode s of operation . As fa r  as
control of the c omp lex modulators  is concerned , there are five
basic mode s of operation , each one of which may be independently
selected for  each comp lex modulator  input:

• Playback
• Computer Control
• Synthetic  Comp lex Gaussian
• Cal ibra te  Check
• External  Modulation

The p layback mode derives its complex modulator input from
p layback of the recorded mul t ipa th  analyzer outputs . When
this mode is used , an analog equal izer  must be switched in
to compensate for  the non-white prober spectrum . In addition ,
as pointed out above , if the AGC mode is used in the analyzer ,
then a gain voltage will  be p layed back to control  an output
attenuator .

Any set of comp lex modulator inputs may be controlled by
the PDP- 11/04 minicomputer provided with the s imulator .  This
computer can provide simulations of refract ive mul t ipath ,
ionospheric scinti l lat ion, specular components , arbitrary
complex fixed f i l t e r s, and special programs for  checking out
the tap modulators and D/A converters . The simulation of
refract ive mult ipath u t i l izes  the minicomputer to prepare
digital  tapes of relative amp litudes and delays of discrete
mul t ipa th  components vs .  time , corresponding to a part icular
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
sc int i l la t ion  is mode led by use of programs to generate pseudo-
random Gaussian modulations .

Special hardware generates the pseudo-random complex
Gaussian noise tap modulation used to mode l surface mul t ipa th .
The rms Dopp ler spread of this noise is selected at the f ront
panel in the range 0. 1 Hz to I kHz . This noise can be reset
to the same starting point. A very long PN sequence (shift
regis ter  length 52) is used to provide an accurate Gaussian
probabi l i ty  dens i ty ,  and the period of the PN sequence is very
much longer than any measurement interval of interest .

In the cal ibra te  mode , each tap may be set to one of four
phases , 0 , 1800 , 900 , -90°, or OFF manual l y .  By sending a test
signal into the s imulator  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 verif y performance .

Finally, the re is an external modula tion 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
d i f f e r en t i a l  de lay for AA and AG links , and a long diff eren tial
delay for AS links. The value of the short differential delay,
imp lemented wi th cable , may be selected from the value s 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 ~s.

Figure 1.2 , 1.3, and 1.4 show photogr aphs of the fabricated
system.  Figure 1.2 shows the prober , Figure 1.3 the multipath
anal yzer , and Figure 1.4 the simulator. The analog and RF sig-
nal processing elements are in a doub le-bay rack cabinet along
with the digital signal sources for synthetic surface scatter
mul tipath genera tion and tes t mode s. The computer and p layback
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 c r i t e r ia  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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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 s ome f undamentals of channel
modeling and simulation . Consideration 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 in teres t  inc lude 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-vehic le (RPV) paths
• Ground-RPV-ground paths
• Ai rc ra f t- a i r c r a f t  paths

Some of these channels are composed of a single link , and others
may be subdivided into separate link s 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)
• Ai rc ra f t -Sa te l l i t e  (AS)
• Ground-Ground (CC)

where we have listed acronyms to simp lif y discussion .

Figure 2.1(a) shows some basic signal processing operations
in a single LOS link utilizing a digital modem interfac ing at an
intermediate frequency (IF). In modeling the effects of the
link on the digital modem IF output , it is convenien t to regard
the signal processing operation s as subdivided into a cascade of
“channels” as shown in Figure 2.1(b): a transmitter channe l, a
propagation channe l, and a receiver channe l.
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The transmitter channel includes all signal processing
operations between the IF input interface and an RI’ interface
defined at the antenna input . These operations include fre-
quency translation , amplif ication, and f i l t e r i n g. In most cases
of interest in LOS links, the filtering in the transmitter
channe l is mild prior to the power amplifier (PA), which usually
operates in a saturated or hard-limiting mode . This type of PA
is sa t i s fac to ry  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 af ter
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 amplifi cation, frequency shifting , and perhaps some IF
preamplifi cation . Usuall y 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 nominall y linear opera tions wi th
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 channe l characterizes the signal
processing of the radio relay, which includes amplification ,
f i l t e r ing, f requency sh i f t ing , and power amplification . This
power amp lification is fre quently of the saturating type .

The propagation channe l includes all  the signal processing
exis ting between the input to the transmitter antenna and the
output of the receiver antenna . In particular , this component
channel includes the fading multipath behavior of the link .
Since the pro1~agation channel is linear , its input-output be-
havior is con •etely determined by its impulse respose or
transfer funct4on . Because radio channels are time-variant ,
both the impulse response and transfer funct ion must be re-
garded as time-variant. As will be discussed in Section 2.2,
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the comp lexity of equipment provided to measure , record , and
reproduc e 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 Dopp ler spread is a measure
of the width of the spectium of a received carrier.

In discussing the values of Doppler spread and multipath
spread of a channe l 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
• Surface multipath
• Ionospheric scintill ation (A S only)

An elevated tropospheric layer with a scale much larger
than the wavelength of the carrier can act as a lens which,
unde r proper condi tions , 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 .141. The resulting multipath structure has been exp lored in
great detai l at CNR under two contract  to RADC [2.l5J,[2 .16],
and the numerical resul ts  [2.17] agree quite favorably with the
experimental data [2.1] - [2.141 .

Refractive multipath is a form used to describe the channel
characteristics caused by these steep negative gradients in
refract ive index. The net effect of this gradient is to produce
discrete multipath , i.e., a fini te se t of paths in addition to
the direct path between transmitter and receiver. An analysi s
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 mi les because the theory
as sumes 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 pure ly
arbitrary at this point. Refractive multipath will only occur
on LOS paths having an elevation angle of less than 2° - 30 and
is not normally experienced on channels emp loying a satellite
relay , which usually do not attempt to communicate at such low
elevation angles. On the other hand , the AA , GA , and CC chan-
nels perforce operate at low elevation angles of the line-of-
sight and thus experience refrac tive 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 wi th in  65 nanoseconds.  A sing le rare case reported in
Senegal , Africa , y ields larger delay s preads. However , this
particular combination of events is of extremely low probabili ty
of occurrence and should not be used to specify equipment
complexity.

Calculations of Dopp ler spread yield the result :3 s~i ”~~ in
Figure 2.4. Disregarding the rare event in Dakar, the ~nrst-
case Doppler spreads are seen to be less than .5 Hz/Mach No.1GHz
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 considerab le study
on modeling surface multipath . Although the underlying scat-
tering process which causes this multipath is the same for AS/CS
and AA/GA l inks , opc rationa~ as well as numerical consideration s
make the models somewhat different. The AS/GS model was deve-
loped at CNR under contract to the Department of Transportation
[2.l8],[2.19], while the AA/GA mode l ~.ias developed at CNR under
contract to RADC [2 . 2 0 7 .

The earliest arriving component of the surface multipath is
f rom the “ specular” ‘oint , i . e . ,  the point of mi r ro r  re f lec t ion
f r o m the suL~ act . ~ate 

• Inu l ti p a t l l  coit iponents  come from annular
rings at successive ly larger distance from the specular point .
There are two sharp contrasts between surface muitipath and
refractive multi path. First we note the gap in delay between
the direct path aLl i tF- spucular delay within which no surface
multipath may occur. ~efractive multipath is generally c lus-
tered soon after the direct path and will frequently be so close
as to be unresolvab le from the direct path . Second we note that
except for  r e f l ec t ions  from large objects like mountains or
buildings or a “specular ” reflec tion emanating fr om the average
surface around the specular point , the surface multipath c on-
si sts of a very large numbe r of very small components distri-
buted in delay. Thus it is of a “con tinuous ” na tu re  as opposed
to the discrete nature of refractive multi path.

2-b

- _ _ _ _ _ _



CL) U)

< Cl) .
~
-~

c~o ~~~Z Z
0<

O~~~~ C/)

~~ 
I—I

,_) ..-“ 
—..---.-- C/~~C ’) < L )

< < ~~~~E-~ 1\ •0
C -.. cli

CL) C/) 0.
(I)  - ~~~~~~~ 0
U >~

‘-4
C/) - ‘

~~~~ 
C,

0
- - - - - - - - - 4:

Cl) 4..J
CL)

0.
~~4 •~

-
~

- - -

- -- - -- -

U
Z ~~

_ _  

c~ - ___ -~~~ -- - - 

— -.

0
E

— -  - -—  - e..4
- - - — --  —- - - - - - - -

Cliz
1 1 o

0 0 0 0 0 0
0 0 0 0 0

C~4 ,-~

SUN03~SONVN NI crva’ad S AV’13U Nf1NIXVW

2-7

I



U
Z ~ E-~0 ~~~~E-~ ‘Z

C/) c~ CL)

0

Cl)

C

cli
0 a)

- -

‘ I

a)
‘—4
0.

Cl 0.

‘-4

- - 0

C)\ _ _\

C)

E
0 E— .

Cli\
\ 

~z1-\
- a)t

0 00 0 . . 
CL-r

f~nnI~1vD dO ZH~~ NI UV3~idS ~131ddOU
~
fr q3~ N/ ZH 

/

2-8

- 
~g 

- 

- 
- . 

- - _ _ _ _ _



Two othe r con t ras t s  we wish to make are the behavior of
these modes of propagation as a func t ion  of antenna size and
operating frequency. Refractive multipath is virtuall y 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 strong ly affected by the antenna
pattern which can , in princip le , be focused to eliminate reflec-
tions and scattering from the surface . In practice , antenna
sizes are sharp ly l imited for  a i rp lane use and su r face  m u l t i p a t h
cannot a lways be eliminated .

Consider now the e f f e c t  of changing the operating frequency.
In the case of refractive multipath , the re lative path delays are
to first order not a function of operating frequency. However,
as the operating frequency is lowered sufficientl y,  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 multi path com-
ponents will add in-phase .

In the case of surface multipath , the f requ ency 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 me an signal scattered f rom the sur face , while
the diffuse component characterizes the random return due to the
roughness of the surfa ce and produc es the “continuous ” multipath.
A surface is cDnsidered “roug h” if the rms height , h , of the
surface irregidarities satisfies the Ray leigh criterion [2.21]:

h > (2 . 1 )8 sin y

where X is the waveleng th of the in c iden t radia tion and y is the
graz ing  angle of the incident ray . The rms height above which
the scat ter  is considered d i f f u s e  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 onl y for grazing angles above 10 at 10 GHz , above ~0 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 d r i f t s , etc.) which will cause diffuse
scatter to exist.

The de lay d i f f erence be tween 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 y, which the specular
point ray make s with the ea r th ’ s surface , is also indicated by
the dotted lines for  the various a i rc ra f t  alti tudes 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 de lay di f f e rence changes
as the fligh t progresses can be determined by examination of
the legend which indicates the distance traveled in one hour
by an RPV , a M a c h - I  a i r c r a f t , and a Mach-2 a i r c r a f t .

The Dopp ler f requency  d i f fe rence  between the direct and
specular signals is shown in Figure 2 . 7  for a i r c ra f t  a l t i tudes
of 30 and 60 thousand f e e t .  Again , a synchronous sa te l l i te  is
assume d , e~ d to get the worst-case ( i . e . ,  largest)  Dopp ler dif-
fet2nce , the aircraft is assumed to he 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
fre quency. Thus , for a Mach- .5 aircraft flying at 30 thousand
fee t, there is an 18-Hz direct-specular Doppler shift at 10 GHz.

Experiments which verif y the theory presented here have
been conduc ted during three years of airborne commun ication
testing via satel l i te  relay [ 2 . 2 2 ] .  Measurements of received
signal s t rength  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 sa te l l i te. Cyclic fades were observed with a rate
of about 0.6 Hz above grazing angles of 10° [ 2 . 22 , p. 551.
From Figure 2 . 7  it is seen tha t the predi cted Dopp ler is
(3.5)(0.7)(O.25) = 0.61 Hz , in agreement with the f l i g h t  test
resu l t s .  Thus , during the f l igh t  test at UHF , a specular
mul t ipa th  component was present  to cause cyclic fade s with
—~O.6 Hz rate

Measurements were also taken at 8 GHz with grazing angles
less than 2° (the SHF antenna had a + 2° beamwidth) . This time
fading was experienced but no cyclic variat ion was present .  This
indicates that the multipath component was continuous rather than
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SAMPLE CALCULATION

h
A 

= 30 ,000 f t

VELOCITY = M a c h - 0 . 5
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DOPPLER = ( 3 . 6 ) (0 . 5 ) ( l 0 )  = 18 Hz
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Figure 2 . 7  Di rec t-Specular  Dopp ler Di f fe rence  for A i r c r a f t  in
Leve l Flight Fl ying Toward or Away f rom Satellite
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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 ang les ar ound 10°, but cau se d i f f use
sca t te r  at SHF (8 GHz) at 10 and 20 grazing angles.

It should be noted that the direct-specular Doppler di f fer-
ence or , f or short, differential Doppler shown in Figure 2.7
applies to level flight and a synchronous satellite . Nonleve l
f l ight and/or a nonsynchronous satellite can yield much larger
values of diff eren tial Doppler. Figure 2.7 is of particular
in terest for channe l probing , which would normally be done wi th
an airp lane in leve l f l igh t  and a synchronous satel lit- .

We consider now the amount of multipath spread produced by
the surface mult ipath . It has been shown by CNR [2 . l8 ] , [ 2 . l9 }
that for  s u f f i c i e n t ly wide beam antennas and low elevation
ang les to the satellite, up to 10 ~s of mul t ipath  spread exis t .
Since military opera tional antennas are directive to provide for
inc reased gain , mult ipath  rejection , secure communication , etc .
(see [2.23]), mul tipath spread calculations should be made for
typical mi l i tary  si tuat ions. It  is assume d that  the sa te l l i te
antenna provide s broad coverage in a sector which contain s the
military aircraft and , therefore , provides for li tt le or no
mul tipath discrimination. However , the aircraf t an tennas used
to communicate with satell i tes can range from upper hemispheri
cal coverage at UHF to , a few degrees be amwidth at the higher
microwave f requencies .’~ 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
ang le , 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 i l lumination for  various grazing angles y and beam-
widths 0 for  d i f f u s e  scatter  at microwave f re~~uencies . Note
that for antenna beamwidths less than about 3 , the maximum
(sidelobe ) de lay spread is about 200 ns at an a i rc ra f t  a l t i tude
of 30 ,000 feet.

“ In three years of airborne test ing [ 2 . 2 2 ] ,  blade , dipo le , and
crossed slot UHF antennas were used to provide upper hemi-
spherical coverage ; at S-band , a ± 2° bearnwidth antenna was
used. In [2.23], a 32-inch Cassegrain with a 30 beamwidth
at SHF was mounted on a KC-l35.
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TABLE 2-1

DELA Y SPREAD OF DIFFUSE COMPON ENT FOR
SIDELOBE ILLUMINATION ON AS LINK AT MICROWAVE FREQUENCIES

Delay Spread Per 10 K Feet of
Aircraft Altitude

Specular Point (Nanoseconds/lO ,000 Feet)
Grazing Ang le -________  ________  _________  ________  ________

y (Degrees) 0 1  0=2 8=3 0=4 E3 5

1 22 — — — —

(Main B eam IlILui m ates
2 11 44 — — —

s i r f ac e  ii th i s
3 7 29 65 — . —

rcgi n)

4 5 22 49 87 —

5 4 17 39 70 109

10 2 9 20 35

8 = Antenna ei ~‘~aLion angle bcaii ’~’idth .
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If the main beam illuminates the earth ’s surface as it may
when the satel l i te  is near the horizon , the scattered power can
be calculated from the scat ter ing cross section , the su r face
roughness , and the h R 2 losses. In calculating the multipath
power, we have assumed worst-case rrns surface slope c~, i.e.,

tan y (2.2)max

(The rougher the surface , the larger the sur fa ce area over which
scattering takes place and the larger the multipath spread.)
When a > t a n  y ,  a signif icant part of the surface becomes sha-
dowed by the surf ace irregulari ties and the mul tipath 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
tha t for grazing ang les less than about 30 , the multipath spread
(def ined here as the delay beyond the specular delay at which
the mul t ipa th  power drops to l/e of i ts maximum value ) is less
than 200 ns .

Similarly,  one may calculate the Doppler spreads for the
cases of sidelobe illumination and mainbeam i l luminat ion of the
si~r Face at low grazing angles. The resul ts  of these calcula-
t ions are shown in Tables 2-3 and 2-4.  For an 8-GHz carr ier
_r ’~quenc y 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 su r f ace .  Note that the Dopp ler spread decreases with
decreasing grazing angle .

In the case of the AA and GA links , sur fa ce mul tipath will
occur in addi tion to re f r ac tive mul tipath. The AA/GA links
di f f e r  f r om the AS link , however , in that the multipath is
a lways generated at low grazing ang les 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
onl y a few hundred nanoseconds from the direct path and shifted
by at most 10 or 20 H z .  The m u l t i p a t h  spread is wors t for  AA
links. For AA links , the maximum valu e of mul tipath del ay
spre ad is shown in Figure  2 .9  as a function of the specular
point grazing angle for various antenna beamwidths. It is seen
that a i r c r a f t  at 30 ,000 feet  with antenna beamwidths less than
30 experience d i f f u s e mul tipa th wi th delay spreads of less than
about 150 nanoseconds for  grazing angles above 10 . At ang les
be low 10 , the d i f f u s e  inul t ipath  power decreases due to shadowing
and due to the tendency of the mul tipa th to be specular near
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TABLE 2-2

MULT IPAT H SPR EAD AT LO~ CRAZING ANGLES FOR AN
AIRPL\ ~~l- 1 -SATI-1LITE L i N K  AT MICROWAVE FREQ UENCIES

Nominal  Mu l t i p a t h  Spr € - i~S p e c u l a r  P o i n t  1Gr azing Ang le (~ Wid th) Nanoseconds

1 70

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

Dopp ler Spread Per Mach #
Per GHz of Carr ier

(Hz/Mach #/GHz )

Specular Point
Grazing Ang le

y (Degrees)  0 l  0 2  0 3  0 4  0 5

1 0.17 — — — —

(Main beam
2 0.34 0.68 — - . — —

illuh m a tes si rface

3 0.51 1.02 1.53 — —
in this egion)

4 0.68 1.36 2.04 2.72 —

5 0.84 1.68 2 . 5 2  3.36 4 .20

10 1.68 3.36 5.50 6.73 8.41

0 = Antenna beamwid th
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TABLE 2-4

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

Specular Point Dopp ler Spread* per Mach ~
Grazing  Ang le per GHz of Carrier
y (Degrees) (Hz/Mach #/GHz)

1 
- 0.17

2 0.68

3 1.52

4 
- 

2.71

5 4 .23

*Dopp ler spr~ ad calculated from 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 , Ma ch- .7 and 3° beamwidths .

In the case of GG links with parameters representa t ive  of
those used in conventional microwave relay communication , multi-
path spreads and Doppler spreads will be much smaller than thc~e
quoted for  the other links. Calculations are available in a
repor t by CNR [2.151.

As a final channel characteristic , we consider ionospheriL
scintillation . This phenomenon is of relevance only for A S
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 fluc tuations , 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 Dopp ler spread , in any case , is quite low —

a few Hz at most. A detailed pres entation of the current li tera-
ture at UHF and higher microwave frequencies was performed at
CNR under contract to DOT [2.25]. In addition , a mode l of
scintillation was constructed and measurement recommendations
were made . The mode l presented in [2.25j can be used to con-
struc t a realistic simulation and comparison with probing data
well within the capabilities of the LOS s imula tor .

2 . 2  Channel Mode l ing, Sim u l a t i o n,  and Measurement

Figures 2 .1  and 2.2 break down the signal processing opera-
tions of an LOS channel into a cascade of co mponent channels
which may be grouped into two categories: propagation channels
and equipment channels (transmitter channel, receiver channe l,
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 f ilter
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 nonl inear  and do not
allow the use of the sim p le canonic mode l approach to simula-
tion . Whenever linear portion s of the equipment  channel  can be
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combined with the propagation channe l, their signal processing
effects are included in the canonic mode l simulation ; otherwise ,
separate nonlinear “black boxes” need to be provided .

Two special uni t s  to s imulate  equipment character is t ics
are provided: a phase jitter device and an adj ustable non-
linearity. With the former , one may simulate oscillator insta-
bilities. The latter may be used to simulate nonlinearities in
a power amp lifier. With the aid of this nonlinearity and the
adjustable additive noise source , one may form a simple mode l 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 channe l simulation , it is important to
recognize two basic types , each with its own role in modem
evaluation : p layback 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
mode l simulator such as a tapped delay line . The basic forts
of this type of simulation is that it :involves no assumptions
about the characteristics of the channe l. 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 . Its drawback is the time and expense of the
flight tes ts required to conduc t the channel measurements and
the unpredic tabi l i ty  of the time of occurrence of cer tain dele-
terious radio-propagation effects. The synthetic channe l
simulator must make assumptions about the stationary or non-
stationary statistics of the time-varying complex gains on the
taps of the s imula tor  tappe d delay line ; but one may simulate
ranges of propaga tion conditions at will, in particular condi-
tion s that are known to occur and must be considered in modem
evaluat ion , but  are d i f f i c u l t  to “capture ” in channe l
measurements.

We consider first the p layback channel simulation process.
For the purposes the of the present  discussion , we present
extreme ly simp lified block diagrams for the channel measurement
and p layback in Figures 2.10(a) and (b), respective ly. No
heterod yning ope rat ions or multipath tracking operation have
been exp l i c i t ly indica ted , and f i l t e r s  in cascade have been
lumpe d togethe r . Thus , in the prober /ana lyzer , Figure 2 . 10(a) ,
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the t r ansmi t t e r  and the receiver are represented by single
f i l t e r s, called t ransmit ter  and receiver f i l t e r s , respectively.
Since the playback system is a tapped delay line system , the
probing equipment is designed to directly measure the channe l
impulse respo~ise .

The measurement technique used involves the transmission
of a pseudo-random binary PSK (0,1800) with the (0,1800) states
controlled by the (0,1) states of a maximal-length shift regis-
ter sequence [2.27]. The received process is (comp lex) corre-
lated with delayed replicas of the pseudo-random probing signal
to produce lowpass in-phase and quadrature estimates of the
channe l impulse response. When a t ime-mul t iplexed correlator
is used , as in the present design , the correlat ion with de layed
replicas of the local PN sequence takes p lace in s uc cession
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]. In the analyzer , a process of samp ling , time-division
mult i p lexing , and A/D conversion takes place prior to tape
recording .

In playback , the reverse operation takes place — the tape
is p layed back into a unit that demultiplexes , f i lters , and D/A
converts the tape information into the lowpass in-phase and
quadrature data required to drive the comp lex modulators at the
tapped delay line output.

It should be emphasized that the above p layback 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 hardh imi t ing  satell i te
repeater in an AS link , the nonlinearity need not be harmful if
the m ult i p a t h  signal is buried in the ambient noise of the
repeater amp l i f ier , because then , in e f f e c t , l inear operation
is taking p lace for the s ignal .  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 NT. The NT is driven nonlinearly and any
amp litude modulation gets converted into phase modulation through
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an AN/PM conversion e f f e c t .  This modulat ion may degrade the
e f f e c t  of the channel  measurement and must  be examined
carefully.

The oscillators used for IF to RF frequency translation
m ay have poor short-term stability, and the spectral width of
the transmitter carrie r must then be regarded as adding to the
Dopp ler spread of the propagation channel. Provided the low-
pass f i l t e r s  in the anal yzer  are adequate to pass this  extra
spreading , no harm is done . However , as will  be discussed
below , i t  is des i rable  to keep the bandwidths of the lowpass
filters as narrow as possib le to minimize the effects of add’-
tive noise so that , in some cases , it may be desirable to
stabilize the radio ’s local osci l la tor  generation with new
sources .

We have noted that the actual channe l measured (neglectin;
non l i riear it ies)  is the propagation medium in cascade with  any
linear filters and operations associated with the path from
prober output to corre lator output . One immediate consequence
of this observation is that the impulse response measured must
be longer than the rnu lt ipath spread of the propagation medium .
Pr ovision must be made in the hardware f or samp ling this
stretched impulse response. The amount of stretching depends
upon the time constants of the transmitter and receiver filter~-
and upon the pulse duration in the probing signal , A~.

In [2.18] it is shown that  for an analog correlator system
the t ime-var ian t  t ran s~ c: func t ion  associated with the measured
impulse response is given by:

ir f
K ( i , t )  = 

~~~~~~~~~~~ ~ 
FL~(f) H R ( f )  H ( f , t )  ( 2 . 3 )

where A-j  is the pulse  width of the probing s ignal , 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 comp lex lowpass equivalent
filters with zero frequency corresponding to the carrier fre-
quency  of the real f i l t e r s .  In our subsequent  dis cussions we
deal entire ly with comp lex lowpass equivalents , where f 0
corresponds to the carrier frequency.
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If the transfer function , Eq. (2.3), we re to be identical
to that  of the propagation medium over a limited bandwidth w
centered on the carrier frequency, then it is necessary that”

/sin n f40
’\
2

K ( f )  ~ ~ f 
~~ 

) H,~ ( f )  H
R

( f )  I ; !f~ < ( 2 . 4 )

where K(f) is a composite filter describing the filtering
effect of the terminal equipment and the nonwhiteness of the
p rober spect rum . If the t ransmit ter  and receiver filters are
wide in bandwidth and f l a t , only the prober power spectrum
remains on the le f t  side of Eq.  (2 .4 ) .  For the 100 Mb/s  PN
sequence , (i~~~= 10 ns), and a desired W= 100 MHz, then
K [ ± ( W / 2 ) ]  = ~‘2/ 17 ) 2 0.4.  Thus , the probing signal itself
produces a droop at the band edges of approximately 8 dB , and
the reproduced channe l 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
transfer function .

Recording the measured channel impulse response on magnetic
tape involves sampling processes along two independent time axes .
Sampling a long the “age ” or multipath ax is is represented by the
act of un i fo rml y correlat ing delayed rep licas of the local PN
sequence (a replica of that transmitted) with the received sig-
nal , where the spacing of adjacent delayed replicas is i~ <
seconds . Thus , the samp ling rate of the impulse response along
the m u l t i p a t h  axis is l/~ samples per second. Each correlator
output is a “ samp le” of the impulse  response along the multipath
axis .  If  the channe l  were time-invariant , eac h “samp le” would
be fixed in time at a particular value of delay . In practice ,
the channe l is time-van -~~i t and -a c h c o r r * -  la t o r  o u t p u t  is t ime -
va r i a n t .  The othe r I n~~~~- : i  - 

~i - -  t s - i  ii n~ - j ) r o t - t - ~~~s L)(- t - c m r s  at t h e
co rre l a to r  outpu t ~- which ;Irt sar np  I .- - t o n r . -p a r e  t i l  ~-isurements
for  A /f )  c o n v e r s i o n .
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samp ling rate be sufficiently high, otherwise the filtering or
interpolation process cannot eliminate crosstalk from aliases
of the spectrum of the desired process . If one assume d tha t  the
channe l impulse response at t = t 0 [Fourier  t r ans fo rm of K ( f , t 0)
vs .  f ]  were of f in i te  duration Ltot and , in addition , that  the
t r ans f e r  funct ion K ( f , t0) had a bandwidth exactly equal to W ,
the bandwidth that  the prober/analyzer  is to character ize  with-
out distortion , then exactly 

~ -~tot 
correlators (samples along

the multipath axis) would be required for reconstruction of the
impulse response at t t 0. The cost of the simulator is a
strong funct ion of the number of correlators  (or , equivalent ly ,
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—
t ional to the mul t ipath  spread .

Of course , in practice , K ( f , t) will be larger in bandwidth
than W.  This may be seen from the fac t that [see Eqs . ( 2 . 3 )
and ( 2 . 4 ) ]  s ince (sin 1rf 1~cj/ 7Tf A~) 2 and H(f , t) cannot be band-
limited (the latter being the transfer function of an LOS
propagation channe l ),  e i ther  l

~L.r ( f )  or HR ( f )  would have to be a
non physical filter with abrupt cutoff frequencies. Moreover ,
any attempt to make the produc t t ransfer  funct ion HT ( f ) H R ( f )
have sharp skirts will cause the channel impulse response to
“ ring ” and increase the system cos t through increase of impulso
response duration Ltot. Since the prober/analyzer has no con-
trol over the characteristics of the radio it must work with ,
the norma l procedure is to emp loy a charac ter iza t ion  bandwidth
which is narrower than the f i l t e r s  in the radio. A special IF
f i l t e r  is then supp lied at the input  to the ana lyzer which
dominates the produc t HT ( f ) H R ( f ) .  This f i l t e r  is optimized to
provide an impulse  r esponse of m i n i m u m  dura t ion  cons i s t en t  wi th
a specified attenuation nf a l l  al ias en ergy  below the desired
transfer function at a specific samp ling rate of the impulse
response i/a. Then ~ is adjusted to minimize the number of
sam p les required to measure the desired multipath spread range .
This double opt imizat ion has been carr ied out in the equi pment
and yields A’40 = 0 .75 .

As discussed above , each of the correlator outputs is
samp led in time . The bandwidths of the corre lator outputs are
bounded b y B t ot ,  the “to ta l”  Dopp ler spread of the channe l .  f~
this term we mean the bandwidth outside which there is neg li-
gible power (using an appropriate criterion for “neg ligibi1itv ”~~.
Assuming the same samp ling rate for  each corre la tor , we see tha t
cacti ( c omp lex) process must  be samp led at a ra te  of at leasL
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B tot per second to allow reconst ruct ion of the cont inuous
process.  Clearly,  the amoun t 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 comp lexity and cost. Considering
both samp ling procedures , we f ind 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

NST 
= cx (B

~~~~L~~~t ) (N) (2 . 5 )

where ~ is a number ly ing between 1 and 2.

To keep the system comp lexity reasonab le , provision must be
made for separately and simultaneously measuring the surface
mul t ipa th  s tar t ing at the ear l ies t  arr iving specular  componen t
and ignoring the “empty ” region between the direct/refractive
multipath and the surface multipath. By using this procedure ,
maximum u t i l iza t ion is made of the hardware in measuring and
reproducing multipath . In effect , Lt0t in (2.5) must then be
interpreted as the sum of the multipath spreads for the direct!
ref ract ive  mult ipath and the surface mul t ipa th .

The preceding discussion introduced some of the basic sig-
nal processing elements in the channel p layback s imulation
sys tem. However , practical utilization of this system requires
the incorporation of additional features for  the LOS channels
which have moving terminals (GA , AA , A S ) .  The changing path
length causes both a time variation in path loss and a time
variation in mean path delay for the direct path , refract ive
multipath , and surface multipath. To handle the time-variant
de lays, two tracking 1oops are used which adjust the timing of
two separate PN sequence generators . The early tracker removes
the t ime-var iant group delay of direct/refractive multipath
group while the late tracker separately removes the time-variant
grou p 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 shif t of the direc t/refractive multipath
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group .* Otherwise , the output lowpass filters would have to be
made very wide in bandwidth to accommodate this Dopp ler shift.
The Doppler shif t of the surface multipath group will differ
from that of the di rec t / re f rac t ive  mul t ipa th  group ; but , for
channel measurement with airplanes flying at level height, the
d i f f e r e n t i a l  Dopp ler will  be at most 10 - 20 Hz , and this shif t
is small  enough to be absorbed by the ana lyzer lowpass f i l t e r
bandwidth ranges. Therefore , no separate Dopp ler tracker has
provided for the surface multipath .

In channel p layback , 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 , f rom
a modem evaluation point of view. Differential and direct
path Dopp ler may be se t manually at measured values recorded
in the log of the f l i gh t  tes t .  Diff erential de lay will be fixed,
but manually-selectab le , from a range of values. Again , inf or-
mation from the log of the experiment would provide sui tab le
values for  this delay . Direct path delay would not be repro-
duced since it is irrelevant for mode m test ing .

Path loss variation will be significant only for the AA and
GA links where variation s of path length greater than 10:1 may
occur during a channe l measurement period , causing in excess of
a 20-dB variation in average SNR during a measurement interval.
To make maximum u t i l i za t ion  of the dynamic range of the analog
correlators emp loyed in the analyzer , an AGC must be provided.
Since the path loss variat ion wil l  be s low , 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 channe l playback by means
of a variab le attenuator .

We consider now the synthetic simulation of the propagation
channel .  The same tapped delay line is used as in p layback
s imula t ion , but  now the comp lex tap gains must be generated
synthe t ically .

A c t u a l l y ,  d i f f e r e n t  f requency  and time error discr iminators
are provided for  t racking re f rac t ive  mu l t i pa th  as opposed to
tracking a resolvable direct path in orde r to optimize tracking
performance under the fading dispersive conditions of retrac-
tive multipath.
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The two major harmful propagation effects that require some
comp lexity in implementation are refractive and surface multi-
path. From a mathemat i ca l- s t a t i s t i ca l  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)  cons is ts  of a very large number of small diffuse
sca t te red  c omponents 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 l ink.  As the a irp lane passes near the layer of steep
negative gradient in refractive index which causes the refrac-
tive multipath , multip le 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 ot the ea r th .  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. Ovem. the ocean , statisticaL
regularity will be the rule rather than the exception .

From these comments it should be evident that  the character
of the comp lex tap gain functions used for synthetic simulation
will be quite different for refractive and surface inultipath.
We now present the mathematical  foundat ions  upon which the
generation of the c omp lex tap gain funct ions  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], re late the character of the comp lex 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 comp lex envelope representations
of the input  and output of a linear time-variant channel with
impulse  response g ( t ,~~) and t r ans fe r  func t ion  T( f , t ) ,  then we
have the inpu t -ou tpu t  re la t ionships

w(t) = 
f 

z(t-- 
~
) g(t,~~) d~ (2.6)

w( t) =f  Z ( f ) T ( f ,t)e
32~~~

t df (2.7)
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where z(f) is the spectrum of z(t) and T(f,t), g(t,-~) arerelated by Fourier tran sf orms

T(f , t )  = f g ( t ,~~) ~~~~~~~~ d~ (2.8)

g(t,~~) = f T(f ,t) ~~~~~~ df (2.9)

Neglect ing small ampli tude and phase scintillation due to
volume sca t te r ing, it is shown in [2 .16 ]  that  the impulse
response and t r ans fe r  funct ion  of refractive multipath are
given by

K _j2rT f
O
r
k(t)g(t,~ ) ~~ 

ak ( t )  e o[
~~

_ r
k(t)] (2.10)

k=l

K _ j2iif
O
-r
k(t) 

_j2lr fr
k(t)T(f ,t) = 

~~ 
ak(t) e e (2.11)

k= 1

Equation (2 .10)  is j u s t  the expression for the (comp lex
envelope of the ) impulse response of a channel consis ting of
K paths having real t ime-varying amp litudes ak ( t ) and time -
vary ing de lays Tk(t). The exponential term accounts for the
time-varying phase shift (i.e., Dopp ler shift) produced at mid-
band ( f 0 Hz) by the changing path delay . Al though  T k is slowl y
changing , f 0 can be a very large number (up to 12 GHz iii the
present case) so that even very small changes in T

k 
(fract ions

of a nanosecond and greater) can cause radians of phase shif t
and even several complete rotations of exp3._ j21Tf0r~~(t)J . On the
other hand , for bandwidths of interest , f in exp .-j27Tfr~~} is of
the order of 12.5 - 50 MHz (relative to midband ), so that the
same variations that make exp~ -j27Tf~r~~(t)) rotate many times
could cause only a few degress change in exp [_j27rfr~ b If the
delay separations between the refractive paths and the carrier
frequencies are large enough as the airplane moves the various
factors , expL-j2nf0r~~(t)} will appear like a set of phasors of
incommensurate  f requenc ies  ro ta t ing  relat ive to one anothe r
sever al cyc les apar t , while the relative ampli tudes and delays
seem frozen by c omparison. Deep nulls will occur in the trans-
fer function . On the other hand , when the delays get close or
the operat ing f requency  is low enough , the phases may change
much less and the fad ing  will  be shallow .
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Although the individua l paths do not have complex Gaussian
s ta t i s t ics, as should be c lear  from the above discussion , it is
nonethe less 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~~I T ( f , t ) I ~ ~ ~ 2 ( 2 . 12 )

As shown by Lin 12 .28] , the Ray leigh 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 channe l simulat ion is of
interest , where the fading is essent ia l ly f l a t  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 comp lex 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-
feren t amplitude . This is the same type of statistical model
app licable to troposcatter channel modeling [2.29]- ,[2.30J — the
comp lex Gaussian WSSUS (wide-sense-stationary-uncorrelated-
scattering) channel model. For this mode l, the differential-
sized path fluctuations at any delay have comp lex Gaussian
stationary statistics , and fluctuations at different delays are
independent. Mathematically, the WSSUS property is exhibited
by the s ingular corre lation funct ion behavior:

g*(t,~ )g(t+r ,fl) = Q(r ,~~) 6(17 - ~
) (2.13)

where Q(r ,~ ) is cal led the tap gain correlation function.

Equation (2. 13) s tates that f luc t uations at d i f f e r e n t
delays are completely uncorrelated no matter how close the
delay separation . Physically this is c learly an idealization ,
but , for  the bandwidths of interes t , which in effect limit the
resolvability of very small delays , this is exactly the way the
channe l behaves. The stationary comp lex Gaussian proper ty is
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a t tached  to g ( t ,~~) as a funct ion  of t for fixed delay ~~ , i.e.,
the complex gain fluctuations at a given delay . The relative
s t r e n g t h  of scat ter ing as a funct ion of path delay is g iven b y

Q(~) 
= Q(0,~) (2.14)

called the delay power spectrum. Clearly ,  the multipath spread
of the channe l may be defined in terms of the width of the delay
p owe r spectrum .

The Fourier transform of Q(r ,~ ) with respect to T ,

S(~~,v) = f Q ( T ,~) e 32~~
T 

dT (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(~~,t-’) over ~~~, one
obtains [2.26] the power spectrum of a received carrier ,

P(v) = 
f 
S(~~,ti) d~ (2.16 )

The Dopp ler 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
l ine model 12 . 2 6 ]  is based upon tue assumption t h a t  the spec t ru mu
of the input  s ignal  comp lex envelope Z ( f )  is c oiT fined to a
f i n i t e  bandwidth , say _ ( W / 2 ) ~~~f - :  (W/2 ’I .  Therm the t ime-var iant
t r a n s f e r  f unc t i on  outs ide this  interval clear~ y does not a f f e c t
the ou tput  signal since onl y the prod uct Z(f)T(f ,L) occurs in
( 2 . 7 ) .  One may then rep lace T ( t , t )  b y a periodic func t ion  in f
of per iod W 0 > W ,T0 (f , t ) ,  which is iden t i ca l  to T( f , t )  wi thin
- ( W / 2 )  < f — ( W / 2 ) ,  w i t hou t  changing the o u t p u t  comp lex 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 variab le g0(t ,~ ) may be shown
[2.26] to have the discrete representation

g0(t,~) 
= ~~~ ~~~~~~ o (~ -

~~~
) 

(2. 17)
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where g~ (t) are the (time-variable) Fourier coefficients in the
expansion of T(f,t).

Equation (2.17) leads to the input-output representation

w ( t )  = ~~~ g~ (t) Z(t -â~;) 
(2 .18)

which is identical to the output of a uniformly tapped delay
line with taps spaced l/W0 seconds apart and with time variab lecomp lex tap “gain ” g~ ( t )  app lied to the tap providing delay k /W.

In [ 2 . 2 9 ] ,  W0 was chosen equal t o W , which leads to the two
equivalent expressions for the k th tap comp lex gain:

= Js inc [w (
~ -~~

)] 
g ( t ,~~) d ~ (2 .19)

1 
w /2 j2 7T~~

= 
~ J T( f , t )  e df ( 2 . 2 0 )

-w/2

where
sin ?T~~~~~sinc W~ = 

1TW ~~ 
(2 .21)

The question of the number of taps needed in the tapped
de lay 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 funct ion which doe s not minimize the number of
Fourier components . By choosing W0~~W and defining

T0
(f ,t) = H(f) T(f ,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 chat
with (2.22) the complex tap gains are now given by the
expres sions
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g~ (t) = f ~ h~~ 
~~~~~~ 

g(t,~~) d~ (2.23)

w0/2 j2 ii~~-f
= 

~~~~

— f H(f )  T(f , t) e 0 df (2 .24)
0 -w 0!2

Consider now the characteristics of the comp lex tap gain
fun ctions for a complex Gaussian WSSUS surfac e mul tipath link .
First, because of the linear relationship (2.23) between the
comp lex tap gain g~~( t )  and the comp lex Gaussian system func t ion
g(t,.~), g~(t) is complex Gaussian. The strengths and cross
correlations between these tap gain functions are readily
found to be

g~ (t)g~(t+r) = ~~~fh*
(
~~~~~
) 
~~~~~~~~~~~~~~~~

0 (2.25)

g~ (t)g~ (t+r) = ~~ j~ h~~ 
~~~~~~ 

Q(T,~~) d~ ( 2 . 26)

= 

~~~~~~ 
Q(~
) d~ ( 2 . 2 7 )

If the delay power spectrum Q(
~
) is smc-oth and does not

change much over an interval of delay variatIon equal to the
dura tion of h(~~), then we see that

g~ (t)g~ (t) 
- ~~ )h(~ - d~

- (2.28)

1 2 2 f 1h(~~~
2

~~~g~ (t)i l g~ (t)~

g~ ( t )g~(t +r) ~~ Q(r, ~
) 
~~ J lh(~~~

2 
d~ 

(2.29)
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~-Q (~) ~~_ J f h(~~)J
2 

d~ (2.30)

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 samp les 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 autocorre lation
function in (2.29) is identically zero at the samp le poin ts ,
yielding

0 ; k~~~

g~(t)g ,~(t+r) (2.31)

~~Q(r ,
~ ) ; k= - t

Thus , the independent c omp lex Gaussian tap gain mode l may be
used for surface multipath in the limit , as the bandwid th
charac terized , w , becomes large enough so that the delay power
spectrum Q(~) varies little in a delay interval l/W . The above
analysis consti tutes a jus t i f i ca t ion  for  the use of this model
for  surface scat ter  simulation . Note , f rom (2 . 1 5 ) ,  that the
power spectrum of the f l uc tua t i ons  in g~~( t ) ,  consis tent  with
(2.31) , is proportional to the scat ter ing funct ion evaluated
at ~ = k/W , i . e . ,  S(k !W , v ) .

Stric tly speaking , then , the power spec tra of the synthetic
comp lex 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 heur is t ic  argument.
For high-speed data transmission where the channe l essentially
looks “frozen” for the duration of a few bits , error ra te pe r-
formanc e 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 channe l 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(~~,i~’) = S(~~) P(tI) (2.32)

and yet have the error ra tes due to rnul tipath and fas t fa d ing
be essentially iden tical . More over , as discussed in [2.30],
these effects are dependent , to first order , on a sing le first-
order parameter of the Doppler spectrum , the rms Dopp ler sprea 1

B. This parameter is simp ly twice the standard deviation of
the power spectrum when it is made to look like a probability
densi ty fun ct ion by normalizing it to unit area. As a result
of these considera tions , the syn the tic surface mul tipa th s imu-
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 comp lex tap gain
funct ions  for the case of re f rac t ive  mu l t i pa th .

Using (2.10) in (2 .19)  we f ind that  the tap gain funct ion
for refractive multipath takes the form

1 K -j2~if r (t)
g~~( t )  = ~— ~~~ ak (t )  e 0 k 

h [~
— _ r

k ( t)]  (2 .33)

This expression contains K terms , each corresponding to a
pa r t i cu la r  discrete  moving path of the mul t ipa th  s t ruc t ure .
To s imp lif y the discussion , let us examine a single moving path
and drop the k subscr ip t . This moving path is character ized by
:-he two t ime-var iant  parameters , delay r ( t )  and amp li tude a ( t ) .
I t has a discrete tapped delay line model represen tation with
the ~~~ comp lex tap gain given by

2-38

- - — - -- —



—j2 -ir f0
r (t) r~= 

~~~
— a(t) e hI~

— -T (t) -

0 L O

1 -j2irf
0
r ( t)

= 
~~~

— a(t) e [h(~ ) - T ( t ) J  ~~~~~~~~~~~~~~ (2.34)
O 0

We see that g~ (t) at a given time instant is just a sampled
ver sion of the window func tion which has a delay and comp lex
amp litude de termined by the value of a(t) and r(t) at that time
instant . The comp lex tap gains are comp letely correlated in
comp lete contras t  to the tap gains for  surface mul t ipa th .

A convenien t pi cture describing the varia tion of the tap
gain with time for  a sing le path is of a s lowly moving and
slowly amp litude changing window func t ion  moving along an axis
with pickets every l/W 0, as shown in Figure 2.11 for a tri-
angular window function . For simplicity,  only the amp litude
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 ~=~~/W0 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 eac h path . Thus ,
g~,(t )  would be the summation of comp lex samp les from the delayed
moving window fun ct ions for  each path.  It should be c lear at
this point that independent comp lex 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 desc ribed
in Eq.  (2 .33) , by the use of a minicomputer into which is fed
(via digital tape) the time variable ampli tudes and delays of
the pa ths previously computed according to some desired scenario.

The synthetic simulation of ionospheric scintillation in-
volves the use of one complex mul tip lier to insert time-variant
amp li tude and phase f lu ctua tions on the direc t path , because
this phenomenon is not f requency-select ive. The same minicom-
puter is used to generate these fluctuations . In [2.25], it is
shown that an appropriate mode l for the ionospheric fluctuations
consists of in-phase and quadrature Gaussian fluctuations of
different mean strength , with the rela tive streng th dependen t
on the operating frequenc y and intensity of the anomalous iono-
spheric electron density.
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2 - 1-1 1 icc t ot S i  n i l  a t  ou  ~on i d i a  l i t  ic s u n  ‘1t u I s - m I-~~n o r
Ra t e  R e p ro du  i h i i i  t-

The f u n c t i o n  of t he  wideband 1. 05 ~.i -n ulatu r is to  t e s t
digital modems so as to de te mii i iit- , in th u  l a b o r a t o r y , the e f f e c t
on performance that LOS radio channe l characteristics would have
if the modem were actuall y field-tested at some future date . In
designing the simulator , this objective was kept in mind because
it allowe d placement of practical design constraints on the
simulator and kept the cost of development from being inc reased
unnecessarily. Thus , for  examp le , in channel p layback simula-
tion , it is only necessary to reproduce the channel characteris-
tics with sufficient fidelity to reproduce modem error rate
behavior . Des ign nonideali ties and channe l 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
anal yzer input will result in noise contributions to the measured
channel tap gains . Then, in channe l p layback. 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 “noise” channel in paralle l 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.

Cons ider the e f fe ct of add itive noise in the simu la tor and
consider conventional digital communication techniques used in
radio communications , e.g., FSK , PSK , DPSK . A t high SNR , the
error ra te perfor mances of these techniq ues are wi thin a range
of 3 dB , with binary PSK being best and noncoherent FSK worst.
For noncoherent FSK , bit error rates of 6.3xl0~~

-5 and
9.6 x 10-23 occur for SNR ’s of 18 and 20 dB , respe ctively, where
SNR is defi ned as the ra tio of signal power to the no ise powe r

* 1 / SNR\ I ,‘ 10SNR(dB)Pe = ~ exp~ - —i----) = ~- exp~ - 
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 6.3xl0~~-5 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
undesirab le since it occurs at SNR ’s where significant errors
occur (Pe = l.1xl0 4 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 = 5.6x10 8). Clearly,  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, cons ideration is being
given to transmission of 2 bi ts/sec /Hz of bandwi dth with satur a-
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]. In such a
case , one would like the system SNR to be 34 dB or greater.
Clearl y,  the simulator reaches this objective also.

For the case of PN spread-spect rum 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
ra te is correspondin gly orders of magni tude larger for a given
system noise than for the case of a conventiona l modem. As a
consequence , we have as sumed that if sys tem level noise is small
enough for conventional modem error rate reproducib ility, 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 no t to aff ect
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!
anal yzer. When the channel is probed , there will  always be a
background of Gaussian receiver noise. Thus the measured im-
pulse response will actually consis t of a desired impuls e
respon se an d a “noise” impulse response. The resulting p layed-
back channel will behave as the paralle l combination of two
channe ls  — the desired channel  and a “noise channe l” . Thc
following usefu l theorem has been proven by Bello [2.311:
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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 densi ty
N0, 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 p layed back channel transfer function is
given b y:

S
- 

__i__ (2 .35)
Nch N

0 
K B

T~

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 f i l ter
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) ~

2, where HL(v) is the
transfer  func tion of the tap gain low pass f i l ter-
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 independen t, and since the noise fluctuations
are comp lex Gaussian , one may show that the effect of the noise
channel in produc ing error rates for a given SCh /N~h can be
equal in some cases (e.g., binary PSK) to that produced by
additive noise for an SNR equal to the value of Sch /N ch. How-
ever , it must be recognized that the noise channe l produces
intersymbol interference and is a multiplicative effect. Thus ,
a change in the modem signal level leaves Sch /N ch unchanged.
In addition , a reduction in bit rate (as in the case of a spread
spec trum modem), which increases the SNR for a given system
n oise level , will leave Sch /N ch unchanged.

*This integrate time is selectab le as a multip le of the PN se-
quen ce period , depending on the Dopp ler spread of the channe l ,
i.e., T 1 T 0, where 1= 1 ,2,4,8,16,32.
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I f  the onl y s i g n i f i c a n t  nonideali ty  present in the sys tem
was that due to noise received in the prober/analyz er , one could
argue that an sCh/NCh of at least 24 dB would be satisfactory
as in the case of SNR. However , there are a large number of
possible multip licative perturbations in the overall system , and
it is necessary to consider the cumulative effect of all these
perturbations in assigning tolerable levels. Thus , the fo l l ow-
ing sources of multiplicative perturbation s may be identified:

• Amp litude and group de lay distortion in filters

• Amp lit ude and group delay d is tor t ion  in acoustic
delay line

• Amplitude and phase in ser tion errors in comp lex
modulators  and tapped delay line

• Leakage through complex modulators

• Phase sh i f t s  on tapped delay line produced by
temperature changes

• Aliasing crosstalk due to samp ling impul se
response in prober/analyzer

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

• Cross ta lk  c omponents at the correlator  outputs
produced by pseudo-noise sequence signal probing
and correlati on

• A l i a s i ng  c r o s s t a l k  and d i s to r t ion  appearing in
recovery of comp lex tap gains from sampled
versions

We consider each of these disturbances. Consider first
amp litude and group delay distortion s in filters . One may
regard  the distortions as being produced by a “distortion”
channe l with transfer function D(f) in parallel with the de-
sired distortion-free transfer function . This distortion
channel , being a linear filter , has a repr esen tation 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 amp li tude
or grou p delay ripp le departure from ideal , one may arg ue
heuristically tha t a sing le echo whi ch produces such a peak
departure  provides a worst  case as far as affecting modem error
rate behavior. A multip le path model providing the same peak
d is tor tion would have the sum of the peak val ues of the complex
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pa th gains bound ed by the peak distortion in the transfer
function . But multip le paths spaced farther apart than the
symbol durat ions would produce intersymbol interferences which
woul d add independen tly. Thus , wi th a sing le path mode l pro-
viding the same peak dis tor tion , the peak value of total inter-
symbol interference will occur 5O~, of the time for binary PSK
bu t less of ten wi th a mul tiple 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 direc t path , we find peak amp litude
ripples of 1.02, 0.52, and 0.27 dB in the transfer function
amp litude and group de lay ripples of T/8 , r/16 , and r/ 32 seconds
where r 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 ra te 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 characteris tic , or ±(T/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 -r , one should choose the minimum value of -r y ie lding the
maximum interference ; namely,  r 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 ampli tude and grou p delay dis tortion in the
acous tic de lay line is concerned , the same argumen ts just pro-
posed for filter distortion clearly appl y, as they do for any
linear system .

In dealing with the type of distortion introduced by the
lumped f ilters in the simula tor , howeve r , it mus t be recognized
that some distortions follow characteristic slow changes over
the passband that are not simply characterized by “ripple” in
group delay and amp litude . For these cases , one mus t carry
out error rate performance calculations specialized to the
types of dis tor tion 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 leve l of the data signal is low, it is found that
muc h larger  d i s tor t ion  in amp li tude and group delay are ac tua l ly
t o l e r ab l e  before  s ign i f ican t  SNR performance degradat ion occurs .
The e f f e c t i v e  anal yze r / s imu lator f i l t e r ing  has been designed
u s i n g  [ 2 . 3 3 ]  in order to keep the corresponding d i s to r t ions  f rom
causing significant performance degradation .

Comp lex modulators are used in the tapped delay line to
vary the amplitude and phase of the tap output according to an
appropr ia te  t ime-va r i an t  comp lex gain obtained e i ther  by p lay-
back of the measured and stored channel or by synthetic genera-
tion . These modulators  have been bu i l t  to have a wide dyn ami c
range . However , practical limitation s will prevent perfect
linearity. Thus , as the input comp lex gain changes over a set
of value s , the actual complex gain inserted on the tap output
wi l l  d i f f e r  from the input sl ight ly in its amp litude and phase
or in i ts in-phase an d quadra ture  components .  The c umu lative
e f f e c t  of these small insert ion errors for the whole set of tap
outputs  wil l  resu l t  in a distortion of the reproduced or syn-
the t ic  t r ans fe r  func t ion .

One may mode l th is  d is tor t ion  by a “dis tor t ion channel”
in parallel with the undistorted channel , where the tapped delay
line mode l of this distortion channel has comp lex gains equal to
the in -phase and quadra ture  c omponents of the insertion errors
at each tap .  Making the reasonable assumption of independent
insertion errors at each tap, we see that the distortion c~ianrie 1
transfer function has characteristics similar to those of the
“noise ” ch anne l discus sed prev ious l y .  Howeve r , in one impo r tan t
respect  the d i s to r t ion  channe l  d i f f e r s  from the noise c !iannel:
the leve l of d i s t o rt i o -~ depends on the leve l of the desired
mutti path si~ -~al  ~~en c-  :ated by the distortion-free tapped delay
line  model. A strong m i ’ti path signal will considerab ly degrade
dig i t a l  t r ansmis s ion  pe r fo rmance  ove r an LOS l ink . Small per-
tu rbat ion s in th~ m u l t i .pa th  s ignal , caused b y the d i s to r t ion
channe l , r enr e s e n t  a sn h l r i o u s  m u l t i pa th  s igna l  cons ide rab ly
below th e ac tua l m u l t i r a t h  signa , and shou l d have mi no r im pac t
on e r ror  rate  r e s p o n s ih i l i t y .

To e s t ima t e  the leve l of this spurious multipath signal in
re la t ion  to the des i red  m u l t i p a t h  signal , we may make use of
cai.utation s by Bello [ 2 . 1 8 ]  who shows that  the s t r eng th  of the
spurious multipath signal relative to the desjçred multipath
s igna l  at the  s i m u l a t o r  output is given by (~~~+~~~) where
are  the  mean-squared  value s for  an assumed random d i s t r ibudion
of i n s e r t i o n  phase erroi - ( in  r ad ians )  and los s e r ror  (in nepers)
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on each tap . Thus we see that an rms phase insertion error of
20 (± 60 peak errors for three standard deviations) produces a
spurious mul tipath signal 29 dB below the de sired mul tipath
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 direc t path signal , will have
negligible effect on conventional digital modem performance ,
since such multipath will affect modem performance as random
noise does. ~Recal1 tha t, for a noncoherent FSK modem ,
Fe = 9.6x10 ’3 at 20-dB SNR.) The simulator , as imp lemented ,
utilizes 32 c omp lex modulators . For the case of independent
comp lex rap gain modulations on each tap (corresponding to
worst-case surface multipath), the mul tipa th ou tpu t is enhanc ed
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  lat ter  being set at the maximum by the simulator). At this
low inpu t, 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 leve l that surfa ce mul tipath can be expec ted to
have at the simulator output is that of the direct path signal.
In such a case , the uniform multipath mode l, described above ,
will require tap modulations at a level 15 dB below the maximum
modulation level. The distortion multipath signal would be at a
level of 24 dB below the direct path and wil l  be to ta l ly ob-
scured b y the valid mul t ipa th  signal as fa r  as affecting modem
error rate.

In the case of re f rac t ive  mul t ipa th , there wil l  be a few
discrete  paths (rare ly reaching 6 - 7 for  the longer p a t h s ) ,  but
these can be c omparable in size , or even larger than the direct
path . As a result , the dis tor tion mul tipath sign al can be ex-
pected to be 30 - 40 dB lower than the val id m u l t i path signal
at the simulator output . Again , since the valid rnul t ipa th
signal is dominating the error  rate behavior by interference
with  the direct  path , the small d i s to r t ion  component 30 - 40 dB
below the mut l ipa th  will  have negligible additional e f f e c t  on
modem error rate behavior .

We conside r now the e f f e c t  of tempera tur e change on the
tapped delay line . A temperature  change wi ll  cause the length
of the delay line to change , which is mathemat ica l ly equivalent
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to a time scale change of a channel snapshot impulse response .
From elementary Fo urier theory , we know tha t 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.,

h ( t )  -• h [(l+a )t] H (f) 
1 a H(1 

~ 
) ( 2 . 3 6 )

A the rmal  c o e f f i c i e n t  of expansion for the delay line is typi-
cal l y 4x10 5/°C, i.e., a 4x10 5 per °C. Thus, if the band
center of the reproduced channe l were at f0 and a change in
tempera ture  of AT °C occurred , the band center  would sh i f t  b y
M , given by

s~~ 4xl0
5 A T f

0 
(2.37)

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

The ha rmfu lness  of f r equency  s h i f t s  of the channe l t r a n s f e r
function on modem error rate reproducibility is not simp ly cal-
cu l t a t ed .  Howeve r , b y adopt ing  a somewhat d i f f e r e n t  point of
view , we can use previous arguments to determine when it is
neg ligib le . This point  of view regards  the f r equency  s h i f t  c-f
the t r ans fer func t ion  as having been caused a lmost e n t i r e ly b y
the un i fo rm phase s h i f t  in t roduced between adj acent  taps of the
delay line b y the sli ght change in de lay . This may be proven
by expressing the impulse response h ( t )  in the c omp lex envelope
form

j2lTf
0
t

h (t) = e h
0
(t) (2.38’)

The change in time scale is so small  that  its e f f e c t  on h0 ( t )  is
impercep t ible . Howeve r , since f~ is so large (f 0 = I Gc , say) ,
the change in time scale does a f f e c t  the exponent , changing the
impulse response effective ly to

j2lTf
0
t j2nf

0
at

h(t) —— e e h0 ( t )  ( 2 . 3 9 )
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TABLE 2-5

CENTER FREQUENCY SHIFTS IN PLAYED-BACK CHANNEL AND
CUMULATIVE PHASE SHIFTS OVER 200-ns DELAY PROD UCED BY

TAPPED DELA Y LINE AMBIEN T TEMPERATURE CHANGES

Temperature Change

0~~~ 0
+ O.5 C + 5 C

Phase Shift*
for 200-ns ± 0.59 ± 5~ 92
Delay at 400 MHz

Band Cen ter*
Frequency Shift + 8 kc + 80 kc
Caused in — —

Simulator

*Assumed delay line coefficient of thermal expansion

4 x l0 5
/°C.
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which is exact l y a frequency sh i f t . Howeve r , note that  for  the
tapped delay line representation

h
0(t) ~~~~~~~ 

6 (t-kA ) (2.40)

whe re A is the de lay between taps ( 7 . 5  ns for  the design) .
Equation ( 2 . 3 9 )  says that  the comp lex envelope has been changed
as fo l lows:

j2iif
0
at j2~Tf0

kA
h
0(
t) — e h

0(t) ~~~~~~~~~~~~~~~~~ 
e 6(t - ku)

(2.41)

which exhibits the described phase shif t property between taps .
Table 2-5 shows that over the Length of the delay line
(233.5  ns) a phase insert ion error of less than 5~~90 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 p layback s imulation is a
sampling process along the delay variab le of the channel impulse
response , and , like al l  sampling processes , introduces some alias
crosstalk . To control this crosstalk , a filter is used at the
input to the mul t i path analyzer to limit the spec t rum of the
received signal prior to correlat ion processing . U n for Lu n a t e l ’~- ,
th is  f i l t e r  mus t also satisf y the conf l ic t ing  requirement  of not
d i s to r t ing  the channe l in the reproducible bandwidth (e.g.,
100 M H z ) .  The f i l t e r  design problem is simp l if ied by making the
s amp ling interval , i . e . ,  spacing between taps on the de lay line ,
as small  as possible . Howeve r , the cost of the s imulator 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 leve l of alias cro sstalk and inband dis tor tion.
It  was found tha t a choice of tap spacing equal to 3/4 the
duration of a PN sequence chip ( e . g . ,  7 . 5  ns for l0-ns probing)
and a s ix th-order  B u t t erw o r t h  f i l t e r  of the proper bandwidth
allowe d the alias cross ta lk  to be l imited to 40 dB below the
desired channe l t r ans f e r  f u n c t i o n  and the inband dis tor t ion to
be neg ligib le provided an appropira te equalizer is used in the
s imula to r  to counteract  the spectral  shap ing of the PN sequence
t r ansmi t t ed  spec t rum . From our previous discussions we see that
this level of cross talk will be totally negligible in its e f fec t
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 spac ing of 3/4 4~ (Aj = 10 ns for 100-MHz cha rac te r i za t ion ) .
But terworth— Thompson f i l t e r s  are indexed on a parameter m which
ranges from 0 (But te rworth  f i l t e r )  to 1 (Bessel  f i l t e r) . The
3-dB bandwidth , gain at the edges of the characterization band—
width(± 1/2 

~~ 
about band center), and group delay d i f f erence

be tween midband and ed ges of char acterization bandwidth are
presented for  values of r n = O , 0 . 2 , 0.4 , 0.6 , 0.8 , and 1.0. Note
that the amplitude dis tor tion is neg ligible for the Bu tterwor th
f i l t e r  and the group delay di stor tion only 0.36 ns for the
100-MH z characterization.

The existence of an IF filter with transfer function H(f)
in the analyzer and a rectangular “chip” of duration in the
prober imp lies an inherent s ingle-path t r ans fe r  funct ion [ see
(2 .4 )  and the surrounding discussion]:

fsin n f~~\
2

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

Figure 2.12 presents the Fourier transform of K(f) or channel
impulse response k ( t ) ,  for  the But terworth  and Bessel f i lters
listed in Table 2-6. The dashed triangle indicates the sing le-
path channel impulse 1-ebponse without any IF filter. Note that ,
in the case of the Butterworth f i l t e r , the impulse response
dura tion increases by around 1.5 ~~ beyond the 2 of the tri-
ang le , while the increase is onl y around 0.6 for the Bessel
f i l t e r .  It should be recognized that this spreading subtracts
from the mul t ipath  spread measuremeat capabi l i ty  of the prober/
analyzer. In the present design , the spreading is small . How-
ever , any attempt to increase the tap spacing significantly
forces  the ban dwidths of the filters to be reduced considerably
to achieve the -40 dB alias cross talk . This bandwi dth narrowing
rapidly extends the “tail” of the system impulse response .
Figure 2.13 i l lus t ra tes  this behavior for  a tap spacing of
0.8 with a fou r th -  and sixth-order But te rwor th  f i l t e r .

Analog correlators suffer from certain dynamic range
l imita t ions. 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-
la tions , which are time-division-multip lexed , the same spurious
dc is fed to up to 16 multip lexed correlator outputs corres-
ponding to a particular analog correlator. The two pairs of
16 correlator outputs ale interlaced. Consider the effect on
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the reproduced transfer fun ction of a spurious dc y on one set
of 16 correlator outputs . Mathematically,  the corresponding
distortion transfer function is:

D(f) = 
k~~. 

e~
2
~~

2
~~’~ ~~~ 

sin 7rf32,A 
e~

0 (2.43)

Thus , at the center of the band , the distor tions add coheren tly
to produce a level 16 times, or 24 dB , larger. However , this
perturba tion damp s out away from the center of the band accor-
ding to a (sin ITf32A/7Tf324) behavior . The other set of 16 taps
produces an effect of the same size, bu t 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 eff ect is large ly negated by the data randomness. On
the other han d , any carrier component of the modem near the
center of the band will cer tainly 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 unnecessari ly 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 Dopp ler spread mode. Except in this mode ,
1800 reversals are inser ted into the mul tiplexed corre lation
opera tions on alterna te correla tions , and a compensating rever-
sal is used at the correlator output . In this way , the spurious
dc componen ts alternate in sign on adjacen t taps in each set of
16, and their contribution cancels at the midband . The ripple
builds up to a maximum at a frequency ± (l/2~) on each side of
midband . For ~~= 7.5 ns , ± (l/2i~) corresponds to ± 66 2/3 MHz.
Since the reproducible bandwidth lies in the interval ± 50 MHz
about midban d , this ripp le is attenuated at the edge of the
reproducible bandwidth by around 22 dB. Thus , dc componen ts
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 per turba tion
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35 - 30+22 = 27 dB down . Moreover , as pointed ou t above , in
examining the effect of intersymbol interference , it is more
sensible in evaluating the effect on modem error rate to regard
the dc components as producing a spurious multipath s ignal  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 introdiced into
the corre lator outputs  of the mul t ipa th  anal yzer by the correla-
tion process. The forme r is caused by the small carrier compo-
nent transmitted by the PN sequence prober (the number of l’s
and 0 ’s of a PN sequen ce diff er 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
consi sts of componen ts a t harmonics of the PN sequence funda-
mental frequency. Both have bandwidths of the order of the
Dopp ler spread of the channel .

Since the dc c ross ta lk  is the same for  all taps , its e f f e c t
on the played-back transfer function is the same as the dc un-
balance of the correlator output dis cussed above.  However , one
may not cancel this  term out by alternately changing the PN
sequence phase ± 1800. The major per turba tion occurs at band
center. From Eq. (5.51) of [2.18], one may show tha t thi s
maximum perturbation at band center has a magnitude of

( 2 . 4 4 )

where is the PN sequen ce pulse dura tion , ~ 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-
tu rba tion is 35 dB below the val ue of the played-back transfer
fun c t ion at midband and , in add ition , is correla ted with it .
Thus , at midband , it causes at most a pe r tu rba t ion  of 0.15 db
in the m u l t i p a t h  s ignal  t ransfer funct ion . When ~ne recalls
that such a localized perturbation is considerab ly less harmful
from the point of intersymbol interference than that caused by
a single pa th , it is concluded that dc crosstalk effects may be
ignored.

The upper bound for harmonic crosstalk appears at the
output of the integr,~te-and-dump (I&D) circuit following the
cor re la to r . This I&D integrates over exactly one period of the
locally-generated PN sequence , and t h u s  has nu l l s  in i ts t ran s-
f er fun ct ion at harmonics of the PN sequen ce fundamen tal
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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 cross talk componen t on
any correlator out ut normalized to the desired multipath signal
at the p layback tapped delay line output is given by

S /B T \ 2harm ,g = 2 ~~~~~
S h N \ q /  

( .45)

where T0 is the period of the PN sequence.

Due to the samp ling 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 aroun d dc , the total normalized harmonic
crosstalk per correlator outpu t becomes

S /BT~~
2

harm ,tap — 2 ( O ~ 1
S N \ 2 J  

L 2ch 1 q

‘BT~~
2 

2
2~ LJ~i ‘r (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

S /BT \ 2 2harm 2K 1 01 
~ 247S h 

— 
N~~~~~2 /  ~

Assuming a worst-case Dopp ler spread of 1 kllz , Eq.  ( 2 . 4 7 )  yie lds
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 samp ling and reconstruc tion process
that takes p lace for  each measured comp lex 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 samp les of a par ticular complex tap gain , r~~, 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 multip lex of
± l/r 5 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 iifr 5 / 7rfr s ) 2 , as shown in Figure 2.14 . This
filter suppresses considerab ly 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 funct ion of the ratio of the rms Doppler spread to the
sampling rate. Even at a Doppler spread as high as 0.354 times
the samp le rate , the leve l of d is tor t ion 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
Dopp ler spread in relation to the samp ling rate is not likely to
be needed since the highest sampling rate of the system for
32 measured samples of the impulse re spons e ( 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 neg ligible sin ce it dro ps rapidl y wi th
Dop pler spread , e.g., at a 354-Hz Dopp ler spread , the alias
distortion drops to a value 33.2 dB below the multipath signal
when the sampling rate is at the maximum .

We exp lore next the effect that the lack of inc lusion 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

( j2-rTf
0
t~

x(t) = Re z(t) e (2.48)

where z ( t )  is the comp lex envelope of the t r ansmi t t ed  s ignal and
f0 is the center frequency of the transmitted signal. Making
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‘[ABLE 2-7

RESIDUAL ALIAS DISTORTION RELAILVE TO DESIRFI) SIGNAL POWER
AS A FUNC TI ON OF THE RMS DOPPLER SPREAD N ORMALIZE D TO

‘[HE SAMPLING RATE

Tota l  D i s t o r t i o n  Power
Nt-IS Dopp ler Spread Relative to Desired

Normalized to Signal Power
Samp ling Ra te in dB

.177 -33.2

.250 - 2 5 . 2

.354 —17.6
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the valid assumption that a linear variation of delay with time
characterizes the delay r(t) over intervals of time long com-
pared to many data bi ts ,

T ( t )  = + ~~t (2.49)

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

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

V
/ ~ 

—j 2irf1~-—t -j2iif,~t= Re z 1 t -~~~t - r  )e uc 
e u (2 .50)

C 0/

whe re the term exp(-j2 iT f 0~ t) may be recognized as providing the
Dopp ler sh i f t  -f ~~ Hz.

Apart  from the Doppler sh i f t , which is provided for in the
simulator , the e f f e c t  of the t ime-variant delay is to cause a
change in time scale of the t ransmit ted  signal by the very small
amount - ( v / c ) .  For a Mach g l speed v , this corres nnds to ap-
proximately one par t in 10 . From the poin t of view of digi tal
modem s whose output comp lex envelope timing is con trolled by a
crystal oscillator , such a change in time scale produ ces an
ef fec t iden tical to a change of one part in 106 in the frequency
of the c rys ta l  osci l la tor .

The only types of military modems whose ou tpu t comp lex
envelope timing is not comp letely controlled by a crys tal os-
c illator 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 1/106 in the received pulse as compared
to the matched filter impulse response . However , if such a time
scale c hange can cause perceptible degradation in a modem , that
modem wil l  like ly never be bui l t , because small temperature
changes will cause much greater changes in time scale of the
impulse response of the matche d f i l t e r  in the receiver.  We have
alread y pointed out that a typical time-scale change for cable
is of the order of 4 x 10 5/0C . For acoustic surface wave
matched tilters , the change is much Larger. In a sense , the
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e f f e c t s  of t ime-sca le  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 he shown
that , if the time-bandwidth produc t of the spread-spectrum
pulse  s a t i s f i e s  the inequal i ty

WRMSTRMS (2.5 1)

where WRMS and TRMc are the rms bandwidth and time duration ,
respective ly ,  of the pulse

WRMS 
= ~~~~~~~~~~~~~~~~~~~ ( 2 . 52 ~

— 2 f7~ 2I ( L)
2 dt

- 

~ f ; p ( t )~~
2 dt 

(2.53)

then no pe rcep t ib le  degradat ion can occur . In de f in ing  WRMSand T RM S, it is assumed that  the pulse p ( t )  is centered at t 0
and i ts spect rum P ( f )  i’~ centered at f 0 .

Consider ing  thaL v/~ is of the order of 106, it is clear
that  t ime-bandwidth  products  approaching 100 , 000 would be needed
before any pos s ib i l i t y  of degradation might occur ! To our best
kn owledge , suc h large TW products  are not p rac t ica l  for  the
i :-p~~1se response of matched  f i l t e r s  with  the present  s t a t e - o f -
the-art of f ab r i ca t i on  techni ques .  Thus , t ime-sca le  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
f rom simula ti on of the Dop pler shift at the band center. More-
over , since the more general multipath situation can be broken
up in to  a Set of discrete paths wi. i the aid of the tapped delay
l ine  mode l , i t  is clear tha t  exact l y the same conclusion is
reached fo r  the general  channel  wi th mul tipath .
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In conclusion , reviewing the potential harmful effects of
the many small simulator nonidealities , it become s c lear that ,
as far as modem error rate reproduc ibility 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 measuremen t 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 measurab le 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 flexib le 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 . T~ib1e 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 OPERATING MODES OF THE
PROBER /ANALYZER*

Multipath Spreadt

37.5 na 52.5 ns 112.5 ns 202.5 ns 233.5 ns

(6J
tt [8) (161 (281 [32)

Mode
(Hz) (dB) (Hz) (dg) (Hz) (dB) (Hz) (dS) (Hz) (dB)

3193.5 ~ 
—

- 

2513.4 ~ 
- 

1398.3 — 839 697.4 ~
— 

— 85.4 — 86 .7 — ~~ 89.7 — 92.1 -~~ 92.7

~ 
1571.8 — 1256.7_ 699 .~~ 

- 
419.5 348.7 — 

—

— 82.4 — 83.7 — 86.7 — 89.1 89.7

7854 — 
- 

628.4 349.6 — 
— 209.7 — 174.3_ 

-

— 
...- 79.4 

— — 80.7 — 83.7 _ 
— 86.1 

— 
.— 86.7

392.9 314.2 174.8_. 104.9 —
~~~~ 87.2 _ — 

-

— 
— 76.4 — 

77 .7 
— 

...- 80.7 
— 

— 
‘
~ 83.1 

- 
— 83.7

— 

196.5 — 157. 1_ — 87.4 — 52.4 43.6 - 
-

- 
— 73.4 — 74.7 

— 
.- ~~77.7 - 

- 80.1 80.7

98.2— 78.5 — 43.7.. 26.2 .— 21.8_ —

— 70.4 ...— ~~71.7 — 74.7 — 77.1 ,.- 77.7
— - __________ _________ _________

*When the Doppler spread reaches the value indicated , the total
distortion power due to 1o~pass filter is at a level 17.6 d8
below the desired signal. For a reduction of Dopp ler spread by
0.707 or 0.5, the aliased power reduces to 25.2 or 33.2 dB below
the desired signal , respectively. 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 characterizntion .

+ These multipath spread va lues are for the 100-MHz characterization.
For 25-MHz characterization , the same multipath spread would be ~neasured
with 1/4 the number of impulse response samples. Only the first two
columns are then applicable for play back with the multipath spread
changed to 150 and 210 ns from 37 .5 and 52.5 ns , respective ly .

tt Numbers in brackets are the total number of impulse response samp les
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 condi tions, 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 , bu t mus t be located
on a test aircraft for analysis of AA and ASA LOS channels. In
addi tion to es timating 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
muitipath 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 .
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TABLE 3-1

- 
PROBER SPECIFICATIONS

Output Frequency: 70, 300, or 700 MHz

Output Level: +10 to -59 dBm in l-dB steps

Chip Rate: iOO M chips/sec or 25 M chips/sec

PN Sequence Length: 2047 for lO0 M chips/sec
511 for 25M chips!sec

Modulation: PM sequences 0,180
0 modulated at

chip rate
No Modulation

Input Power: 150 watts @105 - l25Vac , 50- 400 Hz

Dimensions : 22” wide x 24” deep x 9” high

Test Outputs: Chip rate clock 100/25 MHz,
Sequence sync, both 50 ohm ECL

compatible
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TABLE 3-2

ANALY~~~ SPEC IFICATIO~S

Input Frequency: 700, 300, or 70 MHz

Input Level: -80 dBm to -20 dBm

Gain Control Range : 60 dB manual or
60 dB automatic (record ed for

playback)

Dyn amic Range of Corr elators : 55 dB except in hig hest samp ling
rate mode where it exceeds 35 dB

Multipath and Dopp ler Spread .

Measuremen t Capabili ty: As specified in Table 2-8

Real-Time Display: Monitor oscilloscope will dis—
p lay comp lex voltage for up to
32 correla tor outputs

Tape Rec order: • Direct path Dopp ler
• Refractive multipath Doppler
• Direct path delay
• Refractive multipath delay
• Surface multi path delay

Correlator Mult ip lexing: Selectable from 2 to 32 corr ela-
tors . These outputs can be
recorded for both 25- and
100-MHz correlation modes .

Ph ysical:  Size - 22” x 26” x 60”
Power Requirements - 11OVAC ,

60 Hz , 20A
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TABLE 3-3

SIMULATOR SPECIFICATIONS

Input

Center Frequencies: 70, 300 , 700 MHz
Signal Processing 25 MHz minimum for  20-MHz input
Bandwidth: f requency.  100 MHz minimum for

- 
300-MH z and 700-MH z input
frequencies .

Input Signal Level: -20 dBm to +10 dBm. Also ad-
jus tab le over a 40-dB range in
l-dB steps by input attenuator.

Impedance: 50 ohms

Output

Center Frequencies: Same as Input

Output Signal Level: 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.

Spurious Contributions: -50 dBm max , wi th any one tap ON
System Noise: -48 dBm ± 3 dB with any one tap

ON

Two-Tone Intermodulation
Distortion for 0-dBm -48 dBm max, wi th any one tap ON
Inpu ts:
Impedance: 50 ohms

Physical One rack: 44”x 38” x 90”
One rack: 22” x 38” x 90”
Power requirements: llOVac ,

60 Hz ,
3p, 30A /~

Environmental Typical laboratory environment
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TABLE 3-3 (Continued)

Complex Modulator • Playback
• Computer synthesized
• Synthetic comp lex Gaussian
• External modulation
• Fixed 0°, 180°, 90°, or _900

• Off

Tes t Equipme nt and Modes

Signal Sources: CW at 300 MHz.

Precision Power Meter: Required to adjust input and
output levels and available for
System test.

LED Fault Moni tors : Individua l powe r suppli es and
major RE subsection fault-
isolating indicators .
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TABLE 3-3 (Continued)

Noise Genera tor

Level: -50 dBm to +10 dBm in 1-dR steps .

Gaussian : ± 6 standard deviation.l07~ accuracy in densi ty function .
Spectral Shape: Flat over selected input

bandwid th.

Jamming

Level: Controllable by input attenuator
in l-dB steps over 40-dB range .

Frequency Response

Amp litude Response with + 0.5 dB over 100 MHz.One Tap On: —

Nonlinear Dis tor tion Variab le in 19 discre te s teps from
OFF to maximum (hardlimitiñg).

Internal Frequency Control

Frequency Offset: 1 kHz in 1-Hz steps

Doppler Shift: ± 125 kHz in 1-Hz steps
Dif f e r en t i a l  Dopple r Sh i f t :  ± 125 kHz in 1-Hz steps

Phase Control ( J i t te r)

Internal: Sinusoidal up to 360
0 and up to

l-kHz rate in 10-Hz steps .

External: Up to 360° and bandwid th up to
3 kHz.

Differential Delay 0.1, 0.2, 0.3, 0.4, 4.1, 8.1,
12.1 , and 16. 1 ~s.

Tapped Delay Line 31 taps spaced 7.5 ns ± 25 Ps.
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Figure 3. 1 is a bl ock d iagra m of the multipath analyzer.
The basi c sig nal pro ces sing fun ct ions for a singl e tap samp le
are shown in Figure 3.2. Figure 3.2 has been simp lified to
elimina te the carrier and del ay tracking loops and mos t of the
IF signal  processing .

The multi path anal yzer time-division multip lex es 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
de lay line channel model. The analyzer can operate at eithe r
100-MHz or 25-MHz chip rates . The set of tap gains can be
c lustered in to one of two groups , with 2 to 34 taps in the
first (earl y or E) group and 0 to 32 taps in the second (late
or L) group . Optimal channel characterization for p layback
through the simulator will be provided with a maximum total
number of 32 tap position s sampled.

The analyzer contains tracking loo ps to kee p the E and L
tap gr oups centered in delay on the de sired mul tipath signal s
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 us e of the analyzer and p layback mode
simulator with Air-Ground , Air-Air , and Satellite-Air radio
channels with wide ly varying path losses .

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

The sam pled tap gain output and AGC level from the analyzer
is recorded as encoded digital data on an instrumentation tape
recorder. The analyzer inc ludes a real-time disp lay whi ch is
used to evaluate  sys tem performance and to assist in signal
acquisi t ion .

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/anal yzer sys tem us es ex ternal transmi tte rs and
receivers as its radio channe l interface . The prober generates
the IF signals which are required by th~ multipath analyzer.
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The channe l pr ober provides only 511-bit and 2047-bit PM
sequences. The 511-bit sequence is always used at the 25-MHz
chi p ra te , 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. If
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 controllab le nonlinear distortion
element and the direc t path signal gain mul tip lier are inc luded.
The section contains switches and attenuators for mode and
level control , and provides several test and monitor inputs
and outputs.

The analog signal processor sect ion inc ludes delay lines
and tap gain multiplier arrays to simulate multipath propagation .
Differential Doppler shif t 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 p lus direct path output s ignal .  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
spec tral puri ty for accurate radio channel simulation and
p layback.

The digi tal signal processing section includes the linear
interpolator and linearizer sections and several signal sources .
The linearizer provides a digi tal 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 lOO-kHz
sample rate . The signal sources are the following:

• A p layback instrumentation tape to reproduce
radio channe l condi tion s recorded by the
prober/ analyzer.

• A hardware surface scatter multipath simulator .

• A computer with low-speed computer tape which
is programmed to simula te ionospheric scin til-
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 (comp lex) tap multip lier units
implemented with PIN diode voltage-controlled attenuators .
Each tap contains a complex mod ulator wi th separa tely con trolled
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 differentia l delays are implemented with semi-
rigid coaxial cab les f or the shor t delays and a Surf ace Acous tic
Wave delay line for the long delays . Independent Doppler shift s
for the tap 0 and taps I - 31 are in trodu ced b y a separa tely-
controlled frequency conversion from 400 to 1700 MHz at the two
ou tputs from the tapped de lay line sections .

Figure 3.6 shows the physical configura tion of the simu-
lator . The analog and RF signal processing e lemen ts are in a
double bay rack cabinet along with the digital signal sources
for syntheitc surface scatter multipa th genera tion and tes t
modes . The computer and p lay back tape signal sources are in
a second cabinet.
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MISSION
of

Rome Air Development Center

RAX plans and conducts research, exploratory and advanced
development programs in conmiand , control, and cortwnu.nications
(C3) activities, and in the C3 areas of inforrnatior4 sciences
and intelligence. The principal technical mission areas
are coninunications, electromagnetic guidance and control,
surveillance of ground and aerospace objects, intelligence
data collection and handling, informa tion system technology,
ionospheric propagation, solid state sciences, microwave
physics and electronic reliability, maintainability and
compatibility.
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