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STUDY OF APPLICATIONS OF RETRODIRECTIVE AND SELF-ADAPTIVE
ELECTROMACGNETIC WAVE PHASE CONTROLS TO A MARS PROBE

FINAL REPORT - PART II

By A.T. Villeneuve, J. E. Howard, and N, J, Bershad
Hughes Aircraft Company

SUMMARY

The report presents the results of the second phase of a study of the
applicability of self-steering and adaptive arrays to planetary probe missions
Analyses were performed of arrays that obtain self-steering by the use of
either phase-locked loops or phase inversion by mixing. The performance

of these systems was studied during their assunied reception of multipath
signals with various digital modulations.

Probabilities of error in reception
of these signals were computed.

The problem of determining the character of a multipath signal that is
scattered by a rough spherical scatterer was also attacked. A vector formu-

lation was used, and integral expressions were obtained for the scattered
signal autocorrelation function.

The possibility of using millimeter waves to overcome entry blackout
was also considered for several Mars entry profiles, Results indicate that

for these profiles, signals in the 100-GHz region may not be significantly
attenuated,

Several self-steering configurations were considered at microwave
and millimeter-wave frequencies, Estimates were made of expected

effective radiated powers and weights of these systems. The resuits are
presented in tabular form.
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INTRODUCTION

This report is Part II of the Final Report on Contract NAS 2-3297 and

covers work performed from 26 January 1967 to 31 December 1967 (refs. 1-3),

Work performed from 8 November 1965 to 8 October 1966 is reported in
Quarterly Reports { through 4 and in Part I of the Final Report (refs, 4-8),
The problem under consideration is the applicability of retrodirective and
self-adaptive electromagnetic wave phase controls to a Mars Probe,

The situation of interest is illustrated in figure 1, A lander vehicle is
ejected from a fly-by or orbiting bus in the vicinity of the planet, During its
descent, the lander communicates with the bus which, in turn, cornmunicates
with the earth, In an alternative mode of operation, the lander may communi-
cate directly with the earth, The lander may be spinning and may undergo
unpredictable motion during its descent., If it is desired to use high-gain
antennas to communicate, the relative rmotion of bus and lander makes beam
steering necessary. Because of the unpredictable nature of the motion,
self-steering techniques look very desirable for this application. A number
of theoretical and experimental studies dealing with the general properties of
self-steering antenna arrays have been reported in the literature (refs, 9-19);
none of that work has been concerned with the specific problems under con-
sideration in the present study.

The subject of prime interest in the phase of the study reported here
has been the performance capabilities of two general types of self-steering
arrays when they are applied to planetary probes as communication antennas.

Figure 1. Relative positions of bus, lander, and planet,
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The types of arrays investigated utilize either phase-locked loops or phase
inversion by mixing to obtain self-steering. Their operating principles are

described in general terms in the First Quarterly Report on this contract
and in Part I of the Final Report.

During this portion of the study several topics were considered. The
first of these topics was the effect of input noise and simple multipath struc-
tures on the probability density function of phase errors in self-steering
circuits. This study included an analysis of the effects of various signal-to-
noise ratios and multipath models on the phase-locked-loop output. Both slow
fading and fast fading signals due to the multipath environment were considered,
and numerical values were computed of the probability density functions of
the resulting loop phase errors. A study was also made of intermediate

fading signals and their effect on the probability density functions of the phase
errors in first-order, phase-locked loops..

The second topic studied was loop lock-on stability, tracking, and

acquisition in a multipath environment. Such factors as lock-on probabilities
and the probability of loss-of -lock were consaidered.

The third topic was the shape of tiie probability density function of the
phase errors that result in a signal consisting of the sum of the outputs of
two and three phase-locked loops. While the density functions of the phase
errors of single loops are not gaussian, the density functions of phase errors
of the sum signals should tend toward gaussian as a large number of outputs

are combined. The rate of convergence of the density function toward a
gaussian density function is considered.

The effects of simple multipath models on the probabilities of error in
detection of digitally coded signals were also considered. The efiects of time
delay on the error probabilities was included in the study.

The effect of multipath signals on the operation of self-steering arrays
that use phase inversion by mixing was also considered. Expressions were
derived for the outputs of correlation detections when the signals are digitally

modulated, These correlator outputs can be employed to determine error
probabilities in signal detection.

The multipath model that was used in the probability of error studies
was a simple one, However, since the secondary path signal arises from
reflection by a rough scatterer, the actual signal may be quite complex and
its spectrum is not easily calculated, The problem of determining the
spectrum of the reflected signal was attacked using a vector formulation,

and integrals were obtained for the autocorrelation function of the reflected
signal.

When a lander enters the Martian atmosphere, it will be surrounded by
a plasma sheath during a portion of its descent, This plasma may interfere
seriously with the propagation of radio waves unless the frequency of the

[ i




waves is sufficiently high. The attenuation versus time for several frequen-
cies is presented for two entry paths. It is shown that at 94 GHz blackout

may be avoided.

Finally, several configurations of possible self-steering systems are
presented, and estimates are given of weights and effective radiated powers
of systems implemented at 8 GHz and 94 GHz for the constraint of a fixed '-

available prime power,.

The conclusions drawn from the research results are presented at the
end of the technical discussion along with recommendations for further
work. The details of the several analyses are given in the appendices. *

The authors wish to thank Dr. G. O. Young for valuable discussions
during the course of the study, R. A. Birgenheier for supplying material
for power and weight estimates, and Marjorie Delzell for her very diligent

editorial assistance in the preparation of the reports.
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DISCUSSION

1.0 Multipath Model

The most significant multipath problem in a communications link among
Earth, Mars, and a bus orbiting about Mars (figure 1) or armong an orbiting
bus, a lander, and Mars is the dual path in which Mars acts as a major reflec-
tor. The phases of the two signals will differ as a result of different path
lengths as well as the random multipath fluctuations arising from fluctuations

in the external media. The modulation in each signal will also differ because
of a time delay 7.

If the original signal sent is of the form
s(t) = &(t) sin (wot + m (t)) (la)
then a signal received aloag the primary path may be characterized as
sp(t) = ap(t) sin (wot + m(t) + Op(t)) (1b)

(excluding the additive noise for the moment), and a signal received along
the secondary path will be

ss(t) = as(t) sin (wot +mit+ 1)+ es(t) {lc)

Then the composite signal as received by a noisy receiver is
s(t) = ap(t){i + 28icos [AG + Am]

2 1/2

+ 0 } sin wot + mit) (1d)

+ Op(t) + si.n-1 §2sin M’—m + Q(t)

(1 +2Q cos [AB+Am] -!»SZ?')

Figure 2, Multipath model.
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where

Q= as(t)/ap(t)
A9 = es(t) - ep(t)
Am = mit + T) - mft)

The modulation is inherently restricted to frequency or phase modulation since
bandpass limiters will be used. Amplitude modulation is thus ruled out.

As described in more detail later, the first operation of the receiver
will be to limit the received signal so that the signal seen by the loop will
have constant amplitude. Furthermore, the modulation rate is assumed
much greater than the rate of change of phase errors so that the phase or
frequency tracking loop does not see the modulation because of its low pass

characteristics. Consequently, the signal input to the phase-locked loop is
of the form

[ Qsin (A6)

s(t) = /Z A sin Jut + 6p(t)+sin-l

o 1/2) +n(b

;ul + 2Qcos (A@) +8
(2)

where A is constant and n{t) is gaussian white noise with a one-sided spectral
density NO' The output of the loop to be demodulated will then be

s{t) = J2 Asin {wot + 4y tm () tmi, 'r)}

where ¢4 is the steady-state phase error random variable-arising from
equation (2) after passing through the loop, and m(t, T) is the modulation
perturbation caused by a time delay T between the two major paths.

In this section of the report the emphasis is on *he solution for ¢gg and
its effect on phase-locked loop operation. In a succeeding section, the accu-
racy of demodulation of the term g5 + myp (t) + m (t, T) will be explored.

In the first year of this study, the problem of demodulating $g5 + mp () was
considered in the absence of multipath effects where §,5 was gaussian. (It
may be noted that §g4 is the composite of phase errors of all loops, assuming

demodulation after summing, and so is approximately gaussian by the Central
Limit Theorem.)
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2.0 Phase-Locked-Loop Operation in a Multipath Environment

2.1 Phase-Locked-Loop Model

To analyze the operation of a phase-locked loop, a basic component of an
adaptive array, the loop model to be used must first be defined (see figure 3).
The most general phase-locked loop consists of a phase detector, a filter, and
a voltage-controlled oscillator (VCO) as shown in figure 3a, Since the VCO
frequency is linearly controlled by the feedback voltage e(t), the ideal opera-
tion for the phase detector is linear. That is, if s(t) and 8,{t) are separated
by ¢ radians in phase, then g(é) =¢is the preferred output of the phase detector.

The analysis for such a loop is particularly simple; however, the mech-
anization of the proper phase detector is difficult. A phase detector with a
linear phase response (modulo 27) is possible by the use of flip-flops syn-
chronized with the carrier. However the flip-flops require a very high
input signal-to-noise ratio for reliable triggering. In space communications
applications, in which the signal-to-noise ratio (SNR) is typically low, such
an ideal phase detector is not possible. A reasonable approximation can be

achieved by a "tanlock" phase detector2ls 22 put greater circuit complexity
results.

: The most common phase detector (figure 3b) acts like a multiplier so
‘ that in the noiseless case

£o) = s(t)Xs (t) e sinf6(t) - 0 (t)]

Instead of a linear phase characteristic, the detector has a ginusoidal non-
linearity, To be precise A and @ (t) are defined:

ERELIEE s e LA I

,/'z' A = a(t) [1 +2 fcos (Ss(t) - 6p(t))+ 92] 12

3)
B(t) = wt + Bp(t)-l-sin-lf & 5in (4.0) zwz]
(1 +2Qcos (A6) +Q7) j
Then equation (2) may be written
s(t) = J2Asin 6(t) +n(t) (4)

If the filter in the loop is a linear filter with transfer function F(s) and

impulse response f(t), then an output voltage e{t) is related to an input volt-
age x(t) by

6
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PHASE- L)
3] sl DETECTOR FULTER
olt)
5,1 VOLTAGE-
CONTROLLED
OSCILLATOR

a. General model

i) ) = i#) = K sin 9(1) Fo)

=slh s (8

ot}

s"t) VOLTAGE-
CONTROLLED
OSCRIATOR

L |

b. Common model

Figure 3, Phase-locked loop models.

e(t)
E(s)

x(t)*£(t)
(5)

X{(s)F(s)

where E(s) and X{(s) are, respectively, the transforms of e(t) and x(t) and *
denotes a convolution, If the output rms amplitude of the VCO is K}, then

s (t) = ﬁKl cos 6 (t)
and the phase detectur output is
x(t) = AK, [sin [6(t) - 0 (t)] +sin [6(t) + o,(t)]}

+ ﬁKl n{t)cos Bv(t)

If the quiescent frequency of the VCO is wg, then 8(t) - 8,(t) is a low
frequency term but 8(t) + 8,(t) is centersd at 2 wg rad/sec. However the
VCO cannot respond to such a high frequency signal and so it has no effect
on the loop oneration. Similarly, the high frequency noise components do
not affect the loop. Aiter the noise has been filtered, it can be represented
as a narrow-band gaus+.ian process,




n(t) = ﬁnl(t)sin uot + an(t)cos uot

then the phase detector output is effectively

x(t) = AK, sin #(t) +x13(t) (6)

where

#t) = o(t) - @ (t)

: B(t) = -n,(t) sin (8 (t) - wot) + n,(t) cos (6_(t) - wyt)

thus, ﬁ(t) has a low-pass spectrum. and the random coefficients are inde-
pendent and gaussian. If the VCO has a proportionality constant of K rad/

sec/volt, then

do_(t) B
at = wo-i-Kze(t) {(7)

Equations (5) through (7) completely describe the phase-locked loop
operation, In fact they may be combined to yield the operating integrodif-
ferential equation of the loop. After 8(t) = wgt + 8;(t) has been defined, then

~ ae( _ 98(t)

t )
. A
rantllir randie Klebf ‘A sm¢(c)+n(c)}f(t-o’)dc‘ (8)

where the variables are

A = 715— a(t) [1+zrzcos (es(t)- ep(t)'l'ﬁz)] te

1[ Qsin (6, - 6,)

P

0,(t) = Gp(t)'*sin l 2)1 z
1 + 2Qcos (es -ep)+§2




and the loop parameters are K, K,, f(t). The velocity constant of the loop
(the d-c loop gain) is AK) K, Fl (s =0).

Equation (8) has a graphical representation that is very convenient for
demonstrating the operation of this phase-locked loop (figure 4). This rep-
resentation is the exact model that is used for the exact analyses that are
necessary for determination of acquisition and unlock thresholds. For low
error tracking, sin (t) is approximated by &(t); this modification linearizes
the loop for simple analyses.

If frequency or phase modulation but not amplitude modulation is used
to carry the transmitted information, a bandpass limiter is beneficial. It
provides a constant power input to the phase-locked loop that permits consist-
ent, well defined action, Furthermore, the noise bandwidth of the loop will
automatically decrease as input SNR decreases; the resulting adaptive loop
bandwidth will improve the loop SNR. The analysis of this improvement

follows.

|l||||-’:ii-ilmlh’lli|IiIIIiixiuzﬁiil!IIIihilIliii|IIIIIliifllI“IiI!iliiiIm\4iui5,|llli(iiu!un!inmm!|i|i|I‘uhiiil|||;i|i;|||l||i|||’m‘n|i"iim;ij|i|i|[ml|”i“Hmlmi"“ii"il‘i“"“"ii”i

A bandpass limiter consists of an ideal limiter and a bandpass filter.
A signal input is limited to a constant peak voltage output =L, and then filtered
to produce the desired bandpass limited signal. If (SNR); is the signal-to-
additive-noise ratio of the received signal, then the peak output power from
the bandpass limiter is

Po = Ps+Pn

The signal power ig20
4 =
2 —(SNR). g
P, = I |2 9 :
and the noise power is %
n b 1+2 (SNR)i =

# (1) = 00} -0 ()

0i1) = o) - u,m

*

020) =00 - wt

Figure 4, Exact mathematical model of
phase-lock-loop.




Again, the total output power is

L2 (SNR)f + (SNR), + 2/v
P, = P +P_ = <

neom | snr)Z + (B4 D) (snR), + 27w

(11)

From equation (11) it is seen that the bandpass limiter output is 8L.2/T within
4#1/2 db for all input signal and noise levels {(above the threshold required for
limiting voltage to reach L). The output signal-to-noise ratio is also approxi-
mately constant:

P (SNR), + 1/2
- -—s; =
(SNR), B 2 (SNR), {(SNR): +4/1r} (12)

In fact (SNR), > (SNR); for (SNR); = 0.27 (-5.7 db). The bandpass limiter
thus achieves up to a 3 db improvement in SNR to the phase-locked loop.
The new complete phase-locked-loop model is then as shown in figure 5.

As set earlier, the input is s(t) =~/EA sin 8(t) + a(t). After the signal
has passed through the bandpass limiter the portion reaching the phase-locked
loop is defined as

;(t)= \/I;A sin 0(t) 'H;(t)

where
A 1/2 _ 2L |_(SNR);
A= (P /27" = S5\ (SNR), (13)

RV e 1/2 - 2L 1
oz =\ a2 (t) = (P_/2) w \/T¥ 26N R),

Hereafter, A and o’ﬁ' take the place of A and oA in equations (4) through (8).

The 'limiter signal suppression factor' of equation (9) may be redefined as

- A _ t
a ot GNR), = = ‘ - yy (14)
-..v(S;NR)i
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Figure 5. Phase-locked look with bandpass limiter.

This expression describes the effective decrease in loop gain when (SNR);
decreases. This decreased loop gain then implies decreased loop bandwidth,
which in turn reduces the noise power seen by the phase-locked loop. There-
fore, A may be rewritten as

A ~
A= aA
where

A= iﬂ’: = constant (15)

2.2 Loop Performance Criteria

Before the statistics of loop phase errors are determined, the criteria
used to describe loop performance for deterministic perturbations will be
demonstrated. The fluctuation limits on A8 for the noiseless deterministic
case will be calculated. These calculations will demonstrate the guidelines
necessary in the calculation of lock-on and lock-loss probabilities in the
noisy random case.

Loop fundamentals. — The most common phase-locked loop is a second-
order loop. The perfect second-order loop uses a filter transfer function:

F (s) = C, +C1/s (16)

Then the closed-loop transfer function of the phase-locked loop is

ﬁxlxzr(s) ) Axlxz(cga-;cl)
3 — 7

A A
+C0AK1K23+C1AK1KZ

H(g) = =
s+ﬁxlxzr(s) s

11




The denominator of H(s) is of the form

2 2
8 +Zunl‘,s +wn

The loop acts like a low pass filter with natural frequency,

w, =\ /CIAKIKZ

(18a)
and damping factor,

o K. K
0 172
{ = - V—-C—"-— (18b)
1
The rate of cutoff of the loop may then be partially described by the 3-db band-
width of the effective filter:

2 NG
oy = @ \2tie1+ \2elen 41

The linear filter in the second-order loop is mechanized by the opera-
tional amplifier circuit shown in figure 6. If the operational amplifier does
not have infinite gain, the resulting loop will not be perfectly second-order.
In other words, under the conditions of an imperfect second-order loop, the
new filter transfer function will be

C,s8+C
F(g) =_0...—__—1

8 + ¢
where 0 <€ € C}/Cy

(19)
The closed-loop transfer function is
A‘lez(couc )
H(s) = ) r (20)
8 +s(AK1KZCO+¢)+ KIK C
b} c
A -

Wy

v

o~
L

Figure 6, Filter for second-

order loop.

_éi;
=

The second-order loops described here use filters of the proportional
plus integral control {or Wiener) type.
12
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and the loop response is described by
o = \[c,AK K,

CO AKle '€
L:T C + W‘
1 2 CIAKIKZ

Lock loss and acquisition — noiseless case. — The bandpass limited
sigral can be considered to be

(21)

S (t) = aAsin (wg t +m (t) +8 (t) (22a)

where

Qsin {6_ (t) - 6_ (t)
B = o, (t) + sin~} (“ P ) -

—7z| (220)
(1 +29cos (8, (t) - 8 (tnm)

The only assumption inherent in equations (22) is zero additive noise. It is
next assumed that the composite phase 8(t) may be written in a quadratic

form,
() = (68) + (68) t + 3 (68) ¢° (22¢)
which neglects any nonlinearities in 3(?.) higher than second degree in t.

For the noiseless case, the phase-locked loop equation for a bandpass
lirnited signal is, from equation (8),

t
d¢() _ d gtitl -aKK K, [ siné (o) (t-0) do (23)

0

In the Laplace transform s-plane, this expression becomes

s®(s) = s& (s) - a XK, K, F (s) L [sin & (t)] (24)

13
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When the expression is solved for sin ¢(t),

L[sin (t)] = 28 (s) -8 @ (s) (25)
a A K, K, F (s)

By the final value theorem, the steady-state value is

sin¢ = iﬁ [sin & (t)] = :2:10 s L [sin ¢ (t)]
(26)
2~ ’ 2
sin ¢ = lim s 8 (s) - lim s & (s)

8s s--()c:rj’lK1 KZF(s) s—-OaxKl K, F (s)

But if ¢ , is bounded, then

|é = |im s @ (s)]| <@

B8

so that
[lim 2@ (s) = o]
s—0
But
s + C
F(s) = Cas + C1
so that
s 2
[hm s~ ® (s)/F (s) = o]
14
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Then equation (26) becomes

2
lin¢.’ = lim _'J (s) (20
s—-OazAKl K, F (s)

In the application of equation (27), care must be taken to satisfy the con-
dition of the final value theorem. For an application of the theorem to {(t),

lim f(t) = lim s F (s)

tem® 8 ~0

the hypotheses of the theorem are3

{1) £(t) is L-transformable.
(2) f'(t) is L-transformable.

(3) If F(s) = L [£(t)], then s F(s) must be analytic on the imaginary
axie and the right-half plane.

Condition (3) automatically rules out the use of nondecaying periodic functions
of t for f(t).

When the quadratic form for F(t) given in equation (22c) is used, equa-
tion {27) becomes

sin ¢ = lim ® (65 + 66./3 + 63/32)

s — (28)
s 8—0 a A Kl KZ F {s)

For the perfect second-order loop, F(s) = C; + C;/s, and equation (28) yields
sin ¢, = 53/ @ AK, Kz)

To prevent loss of lock, the requirement must be met that ‘sin $ ‘l <1,
The maxiinum linear rate of frequency change allowable in a pert’ect second-
order loop is

& ~ 2 .
[60] jock ® C1oAK Ky = w (2%

15



For the imperfect second-order loop,

C03+C
8 + ¢

1

F(s) =

L3
Then if 6@ = 0 (required for fini‘e steady-state phase error), the maximum
frequency shift allowable is

|58 | = C,a kK Ky/e = v /e (30)

unlock

The above requirements insure proper stéady-state values for ¢(t) with
the assumption of no cross-over into the ﬁ in ¢(t)| 2 1 region for t < .
However, a transient of frequency shift in 8(t) may well cause an overshoot
of sin ¢(t) before t+®, For this rcason the maximum allowable transient
frequency shift is considerably smaller than the maximum allowable static
frequency shift, or as can be shown from empirical data of a high-gain
second-order loop, 29

@

lE’e'ma:r.tra.ns = 1.8 “n (t+1)

~ 0.9CoaAK, K, +1.8 \/clalxlxzw.% (31)
<« |88] ,, = C,aAK, K,/

In the analysis thus far, the limits for loss-of-lock have been considered
from the standpoint that the loop is initially locked-on. The limits for achieve-
men¢ of lock (acquisition) when no lock has yet been achieved are now esti-
mated. Geonerally, the acquisition limits will be mauch narrower than the
loss-of-lock limits, as will be shown.

It is constructive to analyze first the acquisition problem for the first-
order loop. It will be shown later that the result is also applicable to the

second-order loop. For the first~order loop (F (s) = Cq, f(t) =Cg 8 (t)),
equation (23) becomes

d_gg(fl - d_gi&,coa}lxlx?_ sin &(t) (32)

16



This equation exhibits the stability of lock-on in a first-order loop. If [} (t) =
(66) t, that is, frequency shift only, then equation {32) becomes

420 . s§.coakK K, sin 4(t)

A plot of this equation is shown as the phase plane plot of figure 7; it demon-
strates that as long as the locus crosses the d ¢ (t)/ t =0 a:gs, lock-on is
immediate since the only stable point is ¢g = sin~ I's /Coga AK (modulo
27), and this point is reached in less than one cycle of ¢, prow&ed io exists.
For the first-order loop, the condition for acquisition is the same as the con-
dition for no loss-of-lock. That is, Isin ¢ (t)] <1 is required for the solution
to equation (32) at d ¢ (t)/dt = 0. Therefore, the maximurn frequency differ-
ence between the received carrier and the VCO that will ensure acquisition
without cycle slipping is

faﬁ]acq = CoeAK K, (33)

The first-order loop has a linear filter with transfer function F (s) =
Co- The second-order loop has a linear filter with transfer function F (s) =
CO + Cy/s. However, for high frequencies (!sl 'jwl = @ high), there
exists F (s) =~ Cg. As long as lCol > |Cy/s}, or

w > [C /Cl

it may be assumed that the second-order loop acts like the first-order loo 6)
The acquisition frequency will be expected to be at such a high frequency?

for a phase-locked loop with high loop gain (a A K; Kj3), so that equation (33)
is valid for the second-order loop as well as for the f?trst order loop., It
describes the frequency shift limit for immediate lock-on, that is, with no
cycle slipping. The acquisition timeZ0 is about 1/w, sec.

The second-order loop is actually capable of eventually locking a signal
with deviation greater than {§ I However, cycle slipping may occur for
some time before the lock-on is achieved. The more 11beral frequency devia-
tion allowance will be called the pull-in frequencgb pull’ For a second-
order loop with a high gain operational amplifier

. c, aKK K, C
|88 |

C
~ 1
pull = \’gw C /E J +—2'— (34)

17
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Figure 7. First-order loop locus.

For the perfect second-order loop (€ = 0), pull-in is possible from any fre-
uency. However pull-in time may be prohibitive; for example, if
?ﬁlacq << |w] << ]a‘é‘lpun, pull-in time is20

2 2
™ o C NZ
T 1 o zlg .Q) - (W) - lw4 (35)
pu w o ~ ~
h “n C,aiK, K, (CoaAKlK2+e) 0w

The perfect second-order loop may acquire a signal with linearly vary-
ing frequency, as well as constant frequency shift. From Viterbi's phase plane
plots of the phase-locked loop equations, 4 it can be seen that the maximum
allowable frequency change rate for which acquisition is always ensured is

. i ~ )
]wlacq = 3C,aAK K, = 50 (36)

2.3 Statistical Description of Loop Errors

The above results described the allowable limits on 8 (t) for perfect loop
performance in a noiseless environment. In reality, noise will exist. For the
present analysis, the noise is separated into two parts; one will be the additive
gaussian white noise n (t) discussed previously, while the other will be the
statistical behavior v 8 (t) (assumed deterministic above). Either of these
noises will make perfect loop operation impossible. The quality of loop opera-

tion may be described statistically with assumed independent probability dis-
tributions for the coefficients of 8 {t) and n (t).

The quality of loop operation is described by such parameters as lock-on
and lock-loss probabilities. Any such probabilities are found by integrating

18
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the probability density function (p.d.f.) of loop errors over the appropriate
limits, which were described in the previous section. In general, a ''loop

quality probability' will be of the form

p= [ podes (37)

A

where A is the appropriate ""perfect operation' region for ¢ and p(¢) is the
probability density function of loop phase errors.

The probability density function of loop phase errors depends on the
probability density functions of the coefficients o'fg'(t) and n (t):

© [ ] [+ ] @
p@ = [ [ [ [ »ob 68 68, n) p (4|68, 68, 68, n) a (s5)
~0 -0 0 -0

a (68) d (68) an

All coefficients are assumed to be independent gaussian random variables so

that -
p (68, 68, 68, n) = p (68) p (68) p (66) p (n)

From these relationships the expression may be written
© @© 0
p@ = [ [ [ o) p(s8) p(s¥ pe]oB, 58, 58) a(5¥) d (5B a (s
0  uf 0 (38)

where

p (4[5, 68, 68 - [ p @ p (4|68 o8, 68, n)an.

The parameter p (¢|6'9', 88, 88) will be found first from a knowledge of the

statistical character of the additive noise. (Viterbi24 does this calculation
for a somewhat simpler case than that which is treated here.) Then, from
a knowledge of the statistical character of 6'9', 8%, 66, p(4) will be found as

shown above.

19
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Because of the presence of gaussian white noise, the phase error ¢,
given 8%, 6?, 6‘5, satisfies the Fokker-Planck equation.24 For the first-order

loop with ¢ = 0, this equation reduces to

d 4aA . ]
0 - 2 |2aa _ & - p (6|68, 56 = 0)
dé {Kl K, Ny (sm Cya XK, KZ) |

+

dp (6|56, &8 - m]
¢

The general solution to the conditional probability density function is
then '

0) = Cexp T(—iégﬁ—coseh + 456 - ¢

p (68,68

) Ny

¢ 40A 458
1+D f exp | - cos X - x } dxj{modulo 2 )
K KN, C, (K, K,)°N
-7 012 0
(39)
- 858w
exp > -1
CO (Kl KZ) NO
D =
iy 404 45§
fexp -Tig'—ﬁ—cosx- 5 x ) dx
o 17270 Co (K1 Kz) N0
[ =
c =1/ [Erefsd, 58 = 0de
- i j:
as shown by Viterbi.24 é
The perfect second-order loop case is much more difficult. Viterbi
solved it for §8 = 0; however in this report, the more general case in which

Y] # 0 is considered. The details of the analysis are included in Appendix A.
The results are given here, For high signal-to-noise ratios the probability
density function of the steady-state phase error is

20
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4(&)2/1\10

p(8]68) = C exp , % (cos §) +
aAK K, + -—!2-

Co

488 ¢
3
C Nyl K,)

1

® ~ s '
s D] exp | - 4(0.A)2' cos x ) 4866 x dx | -ned<n
o (aBK K, + C,/C5 )Ny €Ny (K K,)

(40)

where

exp (-Zﬂ 45’e‘/clNo(K1K2)2) -1

ﬂ e
4 (G,A)z cOos X 458x
exp { - X —5 - 5 dx
- NO o KIKZ + C1/C0 CINO(KIKZ)

D =

and C is chosen to make

m

/ p(ﬂ&"é) dé=1

-1
A second approximation valid for 0<C,<<Cja KKIK2 is given by

4aA (cos  + 50 ¢)1

P(¢|6:é:) = C exp

4ol 58 L
1+D f exp {- (cosx+-———x) dx| -w<déd<7
[ M { K\ K,N C,a&K K, ] '

(41)

where =
exp (—211 460 ) -1
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There are now two approximate solutLons top (¢|63) for the second-
order-loop, equations (40) and (41). For 80 = 0, these solutions reduce to

Viterbi's results. In addition, if 8¥is not random, these solutions are the
same as those for p(¢) and may be used in eguation (37) to calculate the
""loop qua.hty probabilities, " However, if 8% is random, the integration
indicated in equation (38) must be performed first:

pé) = [ pleb) plo|sB) d(eh) (42)

-0

Assuming 09 is a gaussian random variable thh mean WU, and variance
Tq's then p(¢) is of the form

P(4) =1, +1, (43)

where

) uoexp[- (6%—;4.3)2/20-32]
L =
3

P 2 2
mexp[-(ﬁe-p3) l20, ]
12-_-[@ - > o] exp’a cos ¢ +b (50) ¢
21\'0'3

C exp Ia cos ¢ +b (6;6:) ¢ |d(s8)

¢ S
[ exp{-acosx-b(ba)x}dx

e

exp {-Zﬂb 63} -1

w B
f exp {-a cos x-bé&x} dx

-1
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The values of a and b are implied by either equations (40) or (41),
depending on the pertinent approximation, and C is chosen so that

[P de=1

-7

The integral I} may be evaluated exactly by completing the square of
the functions of §¥in the exponent. Performing this function results in

I = C exp acoa¢+bp3¢+bz¢2 '0-32/2l (44)

For lul + 03 small, D is small since exp {-2mb 65'} s~ 1. Thenl; =0,
and equation (24) is a good approximation to p(¢). However, for |u|3 + 03
significant, I must be calculated numerically since it provides an important
contribution to p(d). :

Equation (44) was evaluated through a numerical integration of Cbya
computer. The resuliing density functions were plotted for various loop
signal-to-noise ratios, a, and doppler change rate multipliers, b, in figures
8a through 8d. The statistical parameters of the doppler change rate, M3 and
O3, are used as parameters. The a and b terms from equation (44) corre-

-~ spond to the following loop and noise parameters.

1. For C, « CoaKKlKZ, any signal-to-noise ratio:

1
_ 4ak
K, KNg
(45)
1
b = ClaxKIKZ
2. For high signal-to-noise ratios, any Cl:
4(0&)2/1\10 )
® % WK K, + G, /C2
AR Bt 510
} (46)
b = —
No(K, ;)
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For small b, equation (44) yields a good approximation to p(¢) for all
-f<ésn. For larger b, the expression becomes inaccurate as 7. In fact,
it can be seen with reference to equation (43) that I, vanishes at¢=" and
progressively subtracts from p($) (for u;>0) as ¢ increases. Essentially
the term I, insures that

lim p(¢) = lim p($) (46)
¢—l-ﬂ’ ¢-o+‘n‘

but does not significantly change any other characteristics of the density
function. Consequently, equation (44) is plotted in the graphs of figure 8
with an estimated correction due to I,.

A few major conclusions may be based on these figures. First, for a
given parameter b, the effect of 8% on p.{¢) becomes negligible for high signal-
to-noise ratios (a-=* ®). The mean of §§, U3, shifts the peak of p(4) away
from ¢=0. On the other hand, because 0%2, the variance of 6? does not
vanish, the tails of p(¢) are raised significantly and the peak is lowered.
Thus, the nonvanishing variance in 8% results in the expected equivalent
degradation of the signal-to-noise ratio.

2.4 Multipath and Phase-Locked-Loop Models for Fast Fading Signals

The tracking behavior of phase-locked loops for a very slowly fading
signal was discussed in the preceding section. The amplitude and phase
fading rates were assumed small in comparison with the response rates
of the phase-locked loop so that the signal amplitude and phase could be
described by random variables. Derivations were then carried out for fixed
amplitude and phase, and these results were averaged over their respective
probability density functions.

The tracking behavior of phase-locked loops for a very rapidly fading
signal was the subject of the present investigation. In this case the amplitude
and phase fading rates were assumed large in comparison with the response
rates of the phase-locked loop so that the signal amplitude and phase could be
described by white random processes. The Fokker-Planck diffusion equation
was then used to describe completely the phase error process, ¢(t).

The multipath model from which the fading arises was the same as that
used for the slowly fading case. The modulation was assumed to be phase or

frequency modulation, since rapid fading degrades any information contained
in an amplitude-modulated carrier. The transmitted signal may be written

s(t) = A(t) lin[wot + m(t)) (47a)
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The received signal in a rapidly fading environment may be written
s(t) = ﬁA(t) sin [uot + mit) + 3(t)] + n(t) {47b)

The phase error term s(t) in equation (47b) includes intersymbol interfer-
ence arising from the secondary transmission paths, However, the present
analysis will be concerned only with phase-locking capabilities, The spectrum
of m(t) and the intersymbol interference part of 6(t) are assumed to be outside

Tt

the passband of the phase-locked loop. Consequently, the signal effectively
seen by the loop is

g(t) = Y2 A(t) sin [wot + 8(t)] + n(t) (47¢)

where n{t), 6(t), and A(t) are random processes.

The additive noise, n(t), arises mainly from noise in the receiver and
is therefore independent of the channel multipath noise, A(t) and 6(t). It is
assumed white since it appears white to the narrowband phase-locked locp.
Since the multipath signal results from contributions from a large number of
randomly located and oriented scatterers, the quadrature components ap-
proach independent gaussian random processes., The fluctuation of these

components results from motions of the signal source and receiver relative
to the scattering surfaces, and for large relative velocities, the fluctuations
will be rapid compared with fluctuations within the phase-locked loop, Con-

sequently, in the ensuing analysis, the fading signal is considered white, and
the associated fading is rapid.

The multipath signal is a perturbation of the transmitted signal so that
the total received signal has quadrature components with nonzero means.
Written in terms of amplitude and phase, the amplitude of the received sig-

nal forms a Rician random process, while the phase fcrms a dependent non-
uniform random process,

2.5 Statistical Description of Loop Error for Fast-Fading Signals

In a multipath environment, the received signal may be assumed to con-
sist of a stationary signal (i. e., the nonfading mean) s)(t), a Rayleigh fading

signal s2(t), and additive noise. The resulting signal, s|(t) + s;(t), is 2
Rician fading signal and

s(t)

’l(t) + 'z(t) + n(*)

V2 Asin (8, +wyt) + V2 B(t) sin [ez(t) + uot] +n(t) } (48)

Y2 Asin (8, +wyt) + np(t) + n(t)

where n_(t) and n(t) may be represerted as narrowband gaussian processes
(compared with wg):
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ngp(t) = V2 B, (t) sinwgt + Y2 B, (t) cos wt
n(t) = J'z'nl (t) sinwyt + ﬁnz(t) cos wyt
where
Bl (t} = Bf{t) cos Gz(t)

B,(t) = B(t)sing,t)

"

independent gaussian processes

n, {t) and nz(t)

The phase detector output is then

x(t)

s(tV2 Kl cos Gv(t)

AKI{ imlel +wgt - av(t)] + sin[el +uwgt+ ev(t)]}

+ V2K, [np(t)+ n(t)] cos 6 (1) | c49)

AK, sin[el +wgt - ev(t)} + AK, sin {el +wgt+ Bv(t)]

+ Kl{ .{nl (t)+ Bl(t)] sin[ev(t) - mot]

P

+[n,(t)+ B, () cos lo, (t) - mot]}

where 0 is the total instantaneous phase of the signal from the voltage-
controlled oscillator.

If higher frequency terms (=2wg) are neglected (because of low pass filtering),
the phase detector output may be written

x(t) = AK, sine(t) + Kla(t) (50)

where

o(t) 8, + wyt - 0_(t)

A = -[nl(t)+Bl(t)] sin[6_(t) - wt]

+ [nz(t) + Bz(t)} cos [Gv(t) - wt)

T e
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The phase-locked loop equation is

d ¢ de,

t
: _&t—' K sz(; [A sin ¢(0) + (o)l f(t - 0) do (51)

As shown previously, the steady-state probability function for ¢ is
the steady state solution to the Fokker-Planck equation: :24

0 = -537()@()(1_);:(!.)]-371[4&1(@:»(:.)]

2
19 1 8
_2[ oo(YJP(l’] t235
dyq Yoy

2

[20;(we(w)]

9
ay

NI'—'

ay[ Jolwr(wl]+ —:Lu‘ﬂp‘l’] (52)
1770

in which

Ay = 1 E(Ay, | 1)
Y ¥ lim ————
k At—o At

A (y) = 1 E(Ay, Ay, |w)
L = im
ke At—0 At

But ¢(t) = Clyo(t) + Coyl(t) where dyO/dt =Y, The increments in y for use
in the Fokker-Planck coefficients are

AYO =" (t)at

; ; Y
Ay, = -[KIKZaKsm(Clyo+ Covl) - CI(GB)] At

t+ At R
- Kll(zf fi(u) du (53)

Consequently, the coefficients are

Ely, (t)at]
Aglw) = Altifo _-}St_ =y,
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i i

and

- +At
y E[- [lezax sin (C,y,+Cyy,) - a(st)] At- KK, |, fi(u) du}
im

At -0 At

{zero mean noise
assumed)

. 1
- KIKZQK sin (C1Y0+ Coyl) - -6-1(53)
Aoo(y_) = AOI(y_) = Alo(y_) = 0 since numerators are O(At)z.

t+At 2
E{[KIKZ ¢ fi(u) du] }
All(y.) = lim |

At —0 ot
t+A‘li[t+At
2 .. 1 A
= (K,K,)" lim — fi(v) B{u) dv du
172 At—0 at Lt v=t
t+ At t+ At
- ®K,K,)? 1m Elfitv) f(u)] av du
At-'. 0 u=t v=t
t+ At t+AL
2 .. 1
A, (y) = (K,K,)" lim --f f Ra(u,v) dv du (54)
11 172 At--0 Atu:t v=t 2
where (u,v) = E[fi(u)fi(v)] is the noise covariance function (which describes

the additive combination of the receiver noise and the fading noise). If the
Rician fading noise has a white noise spectrum with one-sided spectral density,
Ny, and if the additive noise has a white noise spectrum with one-sided spec-
tral density Ng, then

i}

Rﬁ(“’ v) Rn(u, v) + RnF(u, v)

(55)

%Nob(u-v)-r%NFé(u-v)
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Then

X lt+Att+At
AL (%) = 3 KN +NL) lim Z‘Ef §(u- v) dv du
At t t
y 5 | j_t+At
= z(K,K,) (N, +N )hm - ! du
2K R Wo* Vgl B Bt
A (3) = (K K )N +N_) ' ' 6
11\8) = 188 g™ 8p (56)

The only difference between the equat1ons for rapidly fading signals and
those derived previously for nonfadmg signals is in the coefficient A} (V) In
effect, the fast Rician fading only raises the noise level from Ng to Ny h¢ Np,
without changing any other part of the phase error calculation. This fact
leaves intact the analysis of the signal-to-noise ratio for bandpass limiting
that was performed previously. The implication is that bandpass limiting is
beneficial to fast-fading systems as well as to nonfading systems.

The spectral density, Ng, of the fading signal is determined by the
intensity and rapidity of fluctuation of the multipath signal. The relationships
among these quantities will be discussed in a later section of the report.

A preliminary estimate of the relations may be obtained, however, if it is
assumed that the actual fading spectral density is uniform and band-limited
to a bandwidth By. The bandwidth By is much greater than the bandwidth of
the loop noise, B, so that the assumption that the fading is white is still
valid as far as the loop is concerned. With these assumptions, the spectral
density is given by

= =— B_.>>B (57)

where T is defined as the ratio between the rms value of the fading portion of
the signal and the nonfading portion of the signal, i.e., the ratio of the power
in the indirect path signal to the power in the direct path signal, AZ,
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2.6 Comparison of Loop Performance for Slow
Fading and Fast Fading

In the previous sections, analyses were carried out for the prob-
ability density function of phase errors in phase-locked loops for the two

extremes of very rapid fading and very slow fading. In both analyses
the received signal was assumed to be a constant phasor plus a Rayleigh
phasor, The results of the analyses are presented in this section.

If the amplitude of the constant phasor is A, and the variance of
the quadrature components of the Rayleigh random phasor is 02, then

A, the received signal amplitude process, has a Rician density function?3

which is given by

AA
p(A) = & exp {_‘_2 (a% + A(z))] 1, (—23) 0<A<® (58)

o 20 o

where Ig(x) is the modified Bessel function of the first kind and of
order zero,

The associated phase process is distributed as

A,. cos9+A, B8ind
1 1 . 0x oy )
8) =) — + A 8 +A,  8in 8} |1 - erf
e R B e
i 2
+ exp -;—2- (on smG+A0Y cos 9) m<O< T (59)

In a fast fading environment the randomly fading signal appears
to have a white spectral density function if the fading bandwidth, By, is
much greater than the phase-locked loop bandwidth, By, Then the
fading noise looks like additive white noise to the loop,7/ If this additive
fading noise is assumed to have a one-sided spectral density Np
watts /hertz and is band-limited to B hertz, then ¢2 = NpBF. Simi-
larly, if the non-fading noise is ''white' gaussian with spectral density
Ng watts /hertz and is band-limited to By hertz, then the non-fading
noise variance is NgBg. At any rate, the loop sees only the noise
variance, (N0 + NF)B]1,. Consequently, the fading effectively raises the
overall noise power by a factor 1 + Np/Ny,.

In a slowly fading environment, the fading bandwidth, By, is
much smaller than the loop bandwidth, By, If it is assumed the time

i
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derivative of the random phase, W, is band-limited to
W << w = Cl AK

then all phase and frequency fluctuations due to the fading are complet-
ely tracked by the phase-locked loop. In the expression above, the
loop parameters are

w, = the natural frequency of the loop filter

C1 = the second-order-loop filter constant, defined on
pages 15 and 16

A = the rms amplitude of the signal input

K = K{K2 (where K1 is the rms amplitude of the voltage-
controlled oscillator and K is a proportionality
constant of the voltage-controlled oscillator)

As a result the phase error probability density function conditioned on
the amplitude and phase of the noiseless fading input is

p($1A,8) = exp (f‘*ﬁéo- cos ¢y2u 1, (i‘%ﬁ_) (60)

the unconditional phase error probability density function is available
from equations (1) and (2) as

[- o]
p(¢) = { p(é1A.8) p(A) dA (61)

The fading signal is statistically described by Ay and
o2(= NpBg). However, the mean and variance of the amplitude of the
signal are only approximated by Ag and 262 for ¢/Ag<<1. In fact, for
the Rician distribution, the mean amplitude is always greater than Ay
and the amplitude variance is always less than 202,

The probability density functions of phase errors in phase-
locked loops with various signal-to-noise ratios in muitipath fading
environments are plotted in figures 9 through 1l for fast fading, slowly
fading, and non-fading signals, These curves again show that fast
fading just raises the effective system noise level. The curves also
display the fact that slow fading improves performance if the perform-
ance criterion is based on p{(¢) for l¢}<< w/2. It is especially obvious
at low loop signal-to-noise ratios (a = Aﬁ/ By Ng) that phase error
variance is reduced by the presence of a slowly fading signal., How-
ever, average error probability calculations depend most critically on
p(¢) for [¢] >n/2, On this basis a no-fade performance is usually
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better than a slowly fading performance, with an exception for low a
and high ¢/AQ (see 0/Ag = 2 in figure 9),

The improvements due *> slow fading are unrealistic in the
present system, however, For the communications channel considered
here, it is highly unlikely that the rms value of the random phasor
fluctuations will exceed the constant phasor amplitude, since selective
focusing of the fading signal is unrealistic. Consequently, the variance
of the random fluctuations will be small, or ¢2 < Aoz. For these
cases the slowly fading signal is normally inferior to the non-fading
signal.

Performance for fast fading signals is improved by decreasing
the loop bandwidth, while the performance for slowly fading signals is
independent of loop bandwidth. The reason for these properties is
that, for fast fading, By >> B], so that the loop sees only the fading
noise variance NyBj, while for slow fading, By << By, so that the loop
sees NpBF irrespective of By, For fast fading, the extreme case of
BF = B, is plotted as a lower limit to fast fading performance, although
it should be recalled that By >> By, is required for quantitative ac-
curacy of the fast fade calculations,

2.7 First-Order Phase-Locked Loop with Arbitrary
Fading Spectrum

In this section of the report the problem of determining the
probability density function of phase errors is considered in a first-
order phase-locked loop in the presence of a non-white multipath sig-
nal,

It is assumed that the loop is initially in lock on the primary
signal and that the increase in the multipath signal as the planet sur-
face is approached tends to disturb the system and to cause it to lose
lock. Expressions are derived here for the probability of loss of lock
as a function of the relative received powers of the primary and sec-
ondary paths, of the power spectrum of the secondary fluctuating path,
and of the receiver noise power,

The re-eiver is assumed to be approximated by a first-order
phase-locked loop as shown in figure 12. This model differs from
conventional loop models since the gain of the loop A(t) (proportional
to the received signal amplitude) and the input reference phase 8(t},
in addition to the additive noise n’(t), are random processes,

It is assumed that, for the primary path signal, doppler shift is
automatically compensated and variations in A due to increasing range
are relatively slow, so that the primary path signal can be written

s,(t) = NZ A sin (wgt + B (1) (62)
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Figure 12. First-order loop with random gain and phase.

where
wg = carrier frequency
ﬁp = the phase of the primary path signal

The secondary path signal ss(t) is given by

s,(t) = N2 Vit)sin (gt + B (t)) (63)
where
ﬁs = phase of secondary path signal
V{(t) = amplitude of secondary path signal

It is also assumed that V(t) and Bg(t) vary siowly enough in
comparison with the reciprocal of the carrier frequency so that
equation {(63) can be written as

s (t) = 'Jivs(t) sin w.t + »Jivc(t) cos w.t (64)

0 0

where Vc(t) and Vg{t) are the in-phase and quadrature components of
sg(t). Hence, the total inpwt signal is

s(t) = w2 [A cos B(t)+V, (t)]sinwot "B [A sinB (1) +V, (t)] coswgt  (65)

vz (AZ + 24 fcos BV, (t) + in B0V 0] +V 0+ v )

. sin [wot +¢(c)] (66)
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where

A sin B_(t) + Vc(t)

A cos t) + t
p s

tan ®(t) = (67)

If it is assumed that the indirect signal pgwer is inuch smaller than the
direct signal power, that is that A2 >>Vg“(t) + V_“(t), then equation (66)
becomes approximately

s {t) S\/Z[A + Vs(t) cos Bp(t) + Vc(t) sin ﬁp(t)] sin[mot +¢(t)] (68)

When the loop is initially locked onto the primary signal, it can be
assumed, without loss of generality, that ﬂp(t) = 0, Thus,

V. (t) Vc(t)
tan o) = gE vy ¥ A& (69)
s0 that s(t) can finally be written approximately as
v_(t)
= /2 i
s (t)=~2 [A + Vs(t)} sin wot t— (70)
Association of equation (70) with figure 12 indicates that
V_(t)
. C
a(t) = y
Aft) = A +V_(t) (71)

It is now assumed that

1) V(t) and Vg(t) are zero mean stationary gaussian processes
with correlation matrix

Ucz Rc(T) 0 Rcs(ﬂ
2
£ - RC(T) L -RCZ‘(T) 0 (12)
0 -Rcs('r) o Rc('r)
R () 0 R (1) ol

where cré = the variance of V¢ and R.g, the autocorrelation function of
Ves and R.g(T), the cross-correlation function of V¢ and Vg, are
represented by
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RC(T) = E{Vc(t) Vc {t - T)] = i—r j(; Sv(w) cos (w-wc)‘r dw (73)
Rcs(T) = E[Vc(t) Vs (t - 1-)] = %_ Lmsv(w) sin (w -wc)'r dw (74)

where Sv(w) is the narrow-band power spectrum of ss(t), centered about
wo.

2) n’(t) is a white gaussian noise process with two-sided spec-
tral density Ng/2 which is independent of V.(t) and Vg (t).

2.8 Mathematical Analysis of First-Order Loop

The mathematical analysis of the system in figure 12 proceeds
in three parts:

1) The system is represented in a form such that Fokker-
Planck diffusion techniques may be applied. A differential equa-
tion is derived that describes the probability density function of the
phase error ¢. The equation cannot immediately be solved directly
for p(¢) since it involves the conditional moments E [V’ | ¢] and
E[Vslcb] where V.’ represents the time derivative of V.. These
moments are unknown,

2) The system is linearized so that a closed form solution for

¢(t) can be obtained., By assuming that V./, and Vs ,and ¢ are

jointly gaussion, calculation of Var ¢, E[%c’ ¢], and E [V, ¢] yields
svsee  E[ed
E[vcl’¢] - Vacr ¢ = Var ) ¢in ¢
s, oo B[hd
E{Vs“’] = \T:r ) ® Var ¢ sin ¢

for small ¢.

3) The results of part 2) are placed in part 1), and the differen-
tial equation is solved to obtain an expression for the probability
density function of ¢.
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Mﬁ&l&ﬁhﬂm. ~ To make use of the Fokker-Planck
diffusion equation, it is necessary to exhibit a set of system variables
that are components of a first-order vector Markov process. This
procedure requires generating Vg (t) and V.(t) by passage of two
stationary white gaussian processes, ng(t) and nc(t), through two identi-
cal fixed parametric filters as is shown in figure 13, (The in-phase and
quadrature spectra of a narrowband process are identical.) The filters
have a low-pass transfer function, H(jw), whose square magnitude is the
same shape as S, (w + wg) + Sy(w - wy) for ln| <<wg. From equation(74),
it is seen that the random processes Vc(tl) and Vg(ty) are not inde-
pendent unless t; = t,. Therefore, nc.(t) and ng(t) must have a cross-
power spectral density Sn.ng(w) that satisfies the equation

R_ ()= I“” lH(jw)IZ Sn n_(w) exp [jur] dw (75a)
L c s
whe_re
H(s) = . 1 {75b)
s + a;s + a,

Therefore, sn n (w) must be assumed an imaginary odd function of w
]
which is sufficient information to solve the present problem.

nelt) ng(t)

Hijw) H(jw)

ve(t) v(t)

Woeelt ) + su1) SING ) +

9glt) 'S
0

Figure 13, Equivalent phase-locked loop with only white gaussian inputs.
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The differential equation describing the system in figure 12 is
given by

g% = (w - wg) + 8(t) - K A(t) sin o(t) - Kn' (t) (76)

where K is the gain of the amplifier as illustrated in figure 13 There-
fore, from (14), Vo(t) must be a differentiable random process. Hence,
H(jw) must have a denominator polynomialin w at least 2 degrees greater
than the numerator polynomial, The simplest system that satisfies
this criterion has a differential equation that is second order. Hence,
choosing this simplest form for H(jw) yields a set of first-order dif-
ferential equations:

x.{t)
g% 2w - ?}. - K (A + V() sin $(t) - Kad (t) a7
dxl(t)
T— = -alxl (t) - aZVs(t) + nc(t) (78)
av._ ()
-3 = xl (t) (79)
: dxz(t)
—F— = -a %, () - 3,V (t) + n_(t) (80)
av_(t)
o xz(t) (81)
with
No
Efd @t +m)] =8 (82)
N
E[n W nge+ )] = 60 (83)
N
E[n'(t) n(t+ T)] - Tl 5 (1) (84)
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o (t) independent of n e(t) , ns(t)

snlnz(w) an odd imaginary function of w.

Now equations (77) - (84) constitute a set of differential equations that
describe a five-dimensional, first-order vector Markov process as
can be seen by noting that the rates of change (j. &, , hence the future
values) of 4, xj, x3, V,, and V. depencd only on the present values of
é, x1, x3, Vg, and V.

The multidimensional Kolmogorov diffusion equation for the
joint density function of a vector Markov process is given by

9p,(z) (-1 atptatr
. méntprqtr> 0 m.nlplq/r,
am+n+p+q+r

A (2)p,(2z) (85)
86™ 8V "ax Pav ax* [ m,n,p,q,r "1 ]

where z = (¢, Vs. Xy Vc, xz) and

o 1
(¢'v8’xl uvc'xz) = lim rt

A
m,n,p,q,r At—~0

m n p q r
-[(A«n (av )" (ax )P (av )? (ax,) ¢.v,.x,.vc.x,_]

(z) (86)

m,n,p,q,r
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Formal integration of equations (77) - (81) over (t, t + At)

yields

t+At +4t
Ad = (w - uo)At + lzf xZ('r)d-r - K Aj siné(T)dr
t

t
t+At t+4At
- K V'('r) sin &(T)dT - Kf n(r)ar
t t
t+it t+4t t+At
Ax, = -alf x,(r)dr - a, v, (r)dr +f n_(r)r
t t t
t+4At
AVs = x; {t) dr
t
t+At t+At t+At
Ax, = -a, f x,(T)dT - a2, f V. (r)ar +f n_(r)dr
t t t
t+At
AVc =j xz(T)dT
t

Use of equations (87) - (91) in equation (86) yields

X

- 2 _ S e o
AI.O.O,O,O(z)"w-w0+T KAasing KV‘ sin ¢

£9.1,0,0,0'2) = ¥}

-a. V

Ap.0,1,0,08) % "31%; -3, V,
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A9,0,0,1,0%) = %,

Ag.0,0,0,102) = -3 x, -2, V.

KZNO
A; 0,0,0,0'% = —5—

A9,2,0,0,01%! = A9,0,0,2,012) = ©

N

1
A (2) = A4 0,0,0,28) = 7

0,0,2,0,0

All other combinations of subscripts yield zero, including

t+At t+At

. 1
A = lim E Ax ‘Z] = lim f f
0.0.1,0,1 At—*0 12 At 0 & t t

E [ns(Tl) e ('z)] drydr, =0

since Rcs(T) is an odd function of T,

(92d)

(92e)

(92f)

(92g)

(92h)

(92i)

Therefore on using equation (92) in equation (85) and requiring only

the steady-state density

P, (z) = lim p, (2)

{——p GO
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The following ejuation results:

X

0= 5% [lu - Wy +—§- - KA sind - KV' sin ¢' pz(z)]
- x,p,{z)]| + i a. x, +a,V.| p,(z)
5v_| M1P2 %, ‘ 11 7 %2 s| 2

9 2
RaA [xzpz("’] T ox, [‘ i b I a‘zvc‘ pz(z)]

R .
K°N 2 N 2 N 2
0 9 1 3 v 1 3 , :
teg sz PB) g —7 Ple) g 5 pple) (93)
3¢ 8x1 3x2

The solution to (93) is extremely difficult to obtain. However,
if the equation is integrated over xl,xZ,Vs. and Vc, there results

ELX_"‘%—Q,] - K Asin ¢ - KE[vslq;] siné} Py (4)

0=§% {w—wo"'

2
KN 2
0 9
t —g— —3 P3¢ (94)
3 02 3

where P, (¢) is the desired probability density function of the phase
error. ~Equation (94) would be relatively easy to solve if E[x }¢} and
E{V_ | 4| were known. However, they are only obtainable exactly from
the solution to equation (93). Therefore, at this point, a linearized
version of the system will be considered to obtain an approximate

evaluation of the unknown conditional expectatiorns,

Linearized Analysis of System. — In the preceding analysis, a dif-
ferential equation for the density function of the phase error was obtained,
but it was not easily solvable. In this part, an easily solved differential
equation for the phase error process itself is obtained, and from the
solution for the phase error process various moments are calculated for
use in equation (94).
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On replacing sin 4(t) by 4(t) and letting w = wg (frequency lock
is initially achieved) in equation {77), the following equation results,

v!(t)

R+ K@+ 60) = S - Kn'lt) (95)

The solution to equation (95}, subject to the initial conditions

¢(t0) = 01 is
t t )
b(t) =I n{T) exp {-If(xl)dxl]d-r (96)
tO T
where
Vi(t)
n(t) = _Cr - Kn'(t)
£(t) = K (A + Vg(t)) (97)
t t
E[¢(t)] =E f n(t) exp [-f €(xl) dxl] dr ‘ {98)
t T
0
[t ot t
2
E[¢ m] =E f[n(tl)n(tz) exp[-[é'(xl)dxl
L0 to - h
k:
—‘ €(xl)dxl] dt, dt, (99)
t
2
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t

t
E[Mt) Vs(t)] =K [r{T) Vs(r) exp -le(xl )dxl dr
0

(100)

o
[ ]

. l_ ¢
E[¢(t) Vcl(t)] =E [fn(‘r) VC'(T) exp{-ff(xl )dxl dr (101)
t T
0

By using the techniques described in reference 27, equations (98) -
(101) can be evaluated to yield the steady-state results:

t—>»00

wz . 2 2
2 N, o H(Jw)' + KON
lim Var é(t) = _41 f A dw
w

2 2
- C" + w

+ [_%. slz(o)]2 [exp [Kzf{vsz(t)]] - :11-] (102)
lim

S,,(B) s,,(0)
¢ oo E[cb(t)va(t)] =§ { 1; A 122 (1+%)} (103)

lim

N
’ ~ 1 C
¢ v E[00) ©] = 5
2A 2a.{C" +a,C +a
1 1 2
K2s. . (0)
12 . z‘
t —ZAB “’lH(J“’)' w=0 (104)
where
KNIIH(O)I"'T
B=K |A e

I {(105a)

-

b

[ KN [H(0)]?]
Ar——

2

(105b)
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and

>

s 2(34:) = Zf Rés (t)exp(-x7) a7 x>0 (106)
0

If it is assumed that ¢,

V., and V; are jointly gaussian, *
then

" OE[ew) V()
K,E[vs(t)|¢(t)]' ~ K L,ﬁ;r]- =R, ¢ ~R, sin o(t) (107)

e[V, (t)] _
[ @ 1et)] = Ligarsar ¢ = Rpe = R, sinott)

(108)

for small ¢.

1f ¢, V., and V  are not exactly jointly gaussian, then they are
at least apprognmatelg so. From the form of (96), 4(t) is the sum of a
large number of dependent random variables, each with a density func-
tion of a random variable which is the product of gaussian and log-
normal random variables. Application of the central limit theorem

would indicate that ¢(t) is approxlmately gaussian, and thus, ¢, V and
V are approximately jointly gaussian,

Results of linear model.

— The quantity of interest is the deter-
mination of the probability of loss of lock as a vehicle approaches Mars

Hence, the loop is initially in phase-lock so that the censity function of
the phase error is concentrated about zero, and for relatively high
signal-to-noise ratios and negligible secondary path returns p (¢) is
very close to a gaussian.shape. Therefore, the results of the linear

1t is assumed that the system

Qeecnbed by (95) is stable in the mean
square so that A > K N1 H(0)]

57



B

model are very good approximations to the actual conditional moments
of the first-order phase-locked loco.t

Use of (107) and (108) in (94) yields
0=-8 'u-u +R, 8iné - KAsiné - R sin2¢ (o)
5 0" "2 1 } P3

2
KNO

+

8
9¢

If it is assumed that W = wp and equation (109) is integrated twice, then

& £
p3() = exp [ -f A(¢’)d¢’] I cDh epr A(T)dT] dt

-

o
+ C exp [-f Aft) dt]
(110)

where
¢ ¢ gsin 2¢
f A(d)dd= - acosd+p (-5 - —T—)
—+— (KA-R,) , B —2-—4R‘
a = A - , =
K NO 2' K NO

Equation (110) is subject to two conditions:
p3(ﬂ) = p3(°n)

il
[ P4(4) db = 1
J=T7
1.

Actually it is only necessary that the conditioned density functions of
Vg and V! in the linear and non-linear model be close to each other for
the high probability portions of their density functions.
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The terms and R, can now be evaluated from equations (105) and
(106). Integration ot‘l(l()b) by parts yields

Slz(x) = ZRCS(O)—Z'x /O RCB(T) exp (-xT) d7 (111)

Substitution of the spectral representation of Rcg(T) (equation (74)), inter-
change of the order of integration, and integration on T yield

® S (wlw-w)
S (x) = 2X v S dw (112)
12 mn ( 2 2
. 0 U) - wc) 'l" X
It may be noted that Rcg(0) = 0. When the narrowband signal spectrum S (w)

which is symmetric about w., is used, equation {112) becomes

L) w2X M?Ml— du m 0 (113)

w+x

Since Sy{w) is the spectrum of a narrowband process, the fold-over term that
has been ignored in going from (112) to (113) is negligible.

When equation (113) is used in equations {102), (103), and (104), there
results '

2 v
- - w? H w! e No [ _dw
t+w 411A —® 4m . Cz+wZ

lim Var &(t)

N 1 K’ Ny
= 2 2 + 4C (114)
2A*° Zal(C + a1C + az) ’
lim E [cp(t) v, ]= 0 (115)
tdw
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afila

np e

lim E [¢(t) Ve (t)] s ?1 c

(116)
t-o A Zal(CZ+alC +az)
Evaluation of R.l and R2 results in
R.1 = 0 (117)
2
R, = c (118)
: c+(xA)"'-N-9a (€2 +a.C+a))
N, Y1 3 )

With R} =0, P = 0 so that use of the above in equation (110) yields the
well-known resulté4 for the phase error probability density function:

p4(é) =”‘£(ﬂ——%°“;—°(§y?—) m<é<m (119)

As a check on the validity of the various assumptions that led up to
equation (118), Var ¢(t) can be calculated from equation (118) and compared
with Var 4(t) in equation (114). For small a, from equation (118),

1 K% Ny
Varelt) = 3 = TEATR,) (120)
Using equation (108) in equation (120) yields
L4 —C_ .
2 N, . ~2
KN, ®a)2 No a ic®+a C+ay)
Var é(t) = —¢ (121)
1-C/KA
1+ 7N
Q(%L FO- al(Cz' + a.lC + az)
i

In the region in which C s KA (small multipath fluctuations in com-
parison to loop damping)
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0, __C 1

4A 4 AZ(KA)Z al(Cz + a.IC + az)

Var &(t) (122)

which is in first-order agreement with equation (114), As C decreases away
from KA, equations (122) and (114) will diverge. Thus, in the region in which
C m KA, equation (120) is a valid representation of 1/a, Therefore, @ may be
used in the equations derived in ref. 24 to obtain such results as first passage
tirce and frequency of slipping cycles.

The results in (114) and (116) are precisely the results that would be
obtained from the linear fixed parameter system governed by the differential
equation

)
440 L c o = E— - Kn'() (123)

Comparison of equation (123) with equation (95) yields the following conclusions:

1) The portions of the secondary path signal fluctuations that are out-of-
phase with the primary path signal act as a random additive noise input to the
phase-locked loop. The power spectrum of the noise is proportional to the
power spectrum of the derivative of the envelope o1 the secondary signal.

2) The portions of the secondary path signal fluctuations that are in-
phase with the primary sxgna.l act as a modulation oun the loop time constant.
The effect of the modulation is to broaden the loop bandwidth and increase the
loop sensitivity to noise,

Comments (1) and (2) above are valid over the region of phase errors
¢ in which siné m~ ¢,

3) In the nonlinear region of phase-locked loop operation, the resuits
of equation (121) are more appropriate,

In summary, it has been shown that for small multipath disturbances,
the linearized model of the phase-locked loop yields results that are in agree-
ment with the nonlinear results obtained from an analysis of small multipath
disturbances using Fokker-Planck techniques.
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2.9 Lock-On and Loss-Of-Lock Probabilities for Slow Fading

The "'loop quality probabilities" will be calculated exactly for the case
of no additive noise (i. g., SNR #®) but with the slow fgding multipath phase
inputs described by the random coefficients 83, b'é', 8§8. These qualities will
then be discussed for the more general case including gaussian white additive

noise.

Noiseless case. — In the case of no additive noise, the steady-state loop
phase error, given 4%, &%, 59, is given by equation (28). The solution was
actually for sin ¢ rather than ¢ because of the nonlinearity of the phase detec-
tor. In that form sin & was a linear function of 5%, 8%, and 8%. So sin ¢ is
a gauesian random variable since 8%, 6‘5’, and 6@' are gaussian.t Since, as
shown previously, the acquisition and loss-of-lock limits can be described
as limits on lsin ¢| » the ""loop quality probabilities'' may be written precisely
in terms of error functions.

It may be recalled that for prevention of loss-of-lock, 'sin ¢| < lis
required or, from equation (29), for a perfect second-order-loop, léB’l <C
a AK1K; = wé is required. The probability of loss-of-lock is just

= 2y w. 2
Punlock = F* ”53' 2w, ) =1 - Pr (!66‘< n )
2
W - Ky
2 _—o
[ o z 2 3
nexp [-(68 - u;)720]) 2
oz ] A f P i 3 3 d(&a) =1 exevz_lx //z! doe
2 \/Zmr32 2 a
n “wn "3
a
3
2
- (8} - p
= 1 - erfc
73
2 2
wn t w - K
= _n_ '3 n” "3 .
Punlock = ®¥ic A + erfc _——a3 (124)

*63, 6'9', 58 are gaussian with respective means U}, 42, U3 and varianc~s
of, of of.
.
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where

erfc (a)

i 2
[ exp !-x / Zl dx
. ‘/Zw
a
Similarly, from equation (30), for the imperfect second-order loop with

2 2
“n /e i) “n /e -2

S (125)

Punlock = erfc 0_2 + erfe >

The limits on 58, 589, 63" for acquisition of lock are given by equations
(33) and (36). .For either a first- or second-order loop, the probability of
lock-on with §8 = 0 is

Pacq. > Pr (lb§l< C, a« AK, KZ)
(126)
CO ¢1»AKl Kz+p2 COQAKI Kz-p.z
P > 1 - erfc - erfc
acq. T, T,
For the perfect second-order loop with 6;5 # 0, from equation (36),
there results
w:/l + 3 wj/z - ity
P > 1 - erfc (———-———— - erfc (————-—-)
acq. o G
3 3
(127)

C,aAK K, +p C. a AK K, -p
 erfe (o 152 z)_erfc(o 152 z)
0'2 . 0'2

These results are directly applicable whenever the signal-to-noise
ratio is so high that the random phase fluctuations in 3(t) override the additive
noise. Otherwise, the situation is more involved, as is disrussed in the next
section.

Noisy case. — When additive noise is significant, equation (124) still
gives the probability of permanent loss-of-lock. However, the presence of
additive random noise permits a temporary loss-of-lock in the form of cycle
slipping. Therefore, a complete description of the tracking capabilities of
a phase-locked loop includes the probability of cycle slipping, or the mean
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cycle slipping rates, as well as the probability of permanent loss-of-lock
previoualy calculated.

The derivation of the acquisition probability is greatly complicated by
the presence of the additive noise. A steady-state solution of the Fokker-
Planck equation no longer exists. In fact, the phase fluctuations are solu-
tions to a nonstationary Fokker-Planck equation. If the signal-to-noise ratio
of the signal is very high, then equation (127) gives a sufficiently accurate
estimate of acquisition probability.

3.0 Convergence to Gaussian Statistics

In the adaptive antenna array, the outputs of the N antenna elements are
added approximatel; in phase. The phase error in the resultant signal is

Mz

Aksin Bk

-
~
[0}

ot

Y = 6+ £ = tan”

+8 (128)

=z

Akcos pk

=
"
—

b -t

wlll_lere By is the phase error in the kth phase-locked loop (associated with the
k*? antenna element); Ay is the amplitude weighting of the signal summer; and
6 is a phase error common to all loops. If § is assumed to be equal to zero

or if 0 is largely removed by a phase reference return, then y=£. In the Third
Quarterly Report,6 it was assumed that y was a gaussian random variable, an
assumption justified by the central limit theorem for very large N (i.e., a
multi-element array). However, under significant multipath fading, many of
the coefficients Ay may be very small so that only a remaining few large co-
efficients contribute to y. For this reason, it is important to know the accu-
racy of the gaussian distribution as an approximation to'py(y) for small N,

The probability density functions derived here for a single-element
antenna are reduced to modulo 2. Consequently, for a direct comparison of

probability density functions, the gaussian distribution must also be reduced
to modulo 2m. The gaussian distribution is

= —'—"——1 2 e © @©
Py(d) = e exp [-¢°/26] o< b < (129)
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The polar variable into which ¢ is transformed is
Y = ¢ - 2mm -wm+2rn< ¢ < w+2mn

The Jacobian of this transformation is unity (dy/d¢ = 1) so that the density
function of y is just

PY(Y) = 2 p¢(y+ 2mn) -r< ysw (130)

n=-w

Consequently, from equations (129)and (130), Py the gaussian reference func-
tion, becomes

2,2 =
poly) = = [y /2o, , 2 exp [ - 2(wn/ of] 2cosh(2L§1) -m<ySw
21 & n=1 d (131)

For low variance, 02, the infinite series is negligible and equation (131) be-
comes essentially a truncated gaussian density function. This function is the
one that was assumed for the error probability calculations contained in the
third Quarterly Report. 4 It is precisely the density function of an infinite
array.

The density function of phase errors in a single-element array with no

doppler offset is given by equation (44) with b= 0;

1
P;(Y) = g;fgm exp (acosy) r<y<ST (132)

where Io(a) is the modified Bessel function of the first kind and order zero,

The density function of phase errors in a two-element array may be derived
from equations (128) and (132) through the use of probability theory characteris-
tic functions. It is assumed that A} =A# 0, Ak =0, k #1,2. Then
equation (128) yields

sin ﬁl + sin ﬁZL
cos 51 + cos 52

tany =

whose exact solution is

~
(B, +B)) (133)

<
"
rol —
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The density function of §, or P2 is given by equation (132). The resultant
density function of vy, der:ved m Appendix B, is

7= ly]

Poly) = f expl2acosy cos ] do -m<ysS™w (134)
T I (a)

The density function of phase errors in a three-element array may be
similarly derived from equations (128) and (132). For multi-element arrays,
however, the assumption of small errors must be added so that

3

ZSin ﬂk

Y = -kg:l———— = %(ﬂ1+|52+ﬁ3) (135)

z cos ﬁk

k=1

The linearization permits the convenient use of characteristic functions as
before, and the density function of y for a three-element array (Appendix B)
results:

d
____3_.___3 dx f'dy exp[a cosx+acosy+acos (|3yl -x-y)]
[Zvlo(a)] '3_{‘_,2“, ‘3Yl'x'"

for-g< ¥l <
p3(Y) = 4

f dxf dy["xp acosx+acosy+acos (|3yj+x- y)
[ZwIO(a)} -13y] [3yl+x

(136)

+jﬂ dxfdy exp[a cosx+acosy+acos (-|3y| +x-y)]
+13y] ~|3y] +x-m

for |yl < -g
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The distributions po(y), P {(v), py(y), and p,(y) were evaluated by a
computer with the results shown in fxgure 14. For a meaningful comparison
of the distributions, the four cases shown were plotted for equal variances
of their dxstnbutmns, rather than with a as a parameter. The variance of
g&(y) is approximately the parameter e (to a very high accuracy for o< 1).

e variance of pl(y) was calculated by numerical integration as

v
2 1 2
o = zwI(a)_j;_ Y exp (acos y) dy (137)

The computed results of this integration are shown in Table I,

TABLE I. - VARIANCE OF ERRORS IN SINGLE PHASE-LOCKED LOOPS

Loop signal-to-noise ratio Variance (clz)
| —
6 . 1885
10 . 1071
30 . 0341
60 .0168

The varéances of pa(y) and p3(y) for a given a are Just 622 = 0 /2 and
= 061°/3, respectively, since these distributions arise from the sum of in-
dependent random variables with variances ¢}“.

From the graphs of figure 14itcan be seen that the small array error
distributions (p;, p, P3) differ from the large array error distribution (pg)
most significantly for y > n/2, The effect of this deviation on the error proba-
bilities calculated for the ThirdQuarterly Report6 is to greatly increase P, for
high signal-to-noise ratios (E/2N,), since at high signal-to-noise ratios $he
principal contribution to the error integrals comes from phase errors y > n/2,
at least for the binary cases. On the other hand, at low signal-to-noise ratios
or for m-ary codes with m > 4, contributions to the error integrals for
Y < /2 are the most significant, In these cases, F, is increased only slightly
by the use of the small array density functions mstead of the gaussian density
functions,

The convergence of the density functions to gaussian for a large number
of elements is portrayed by the graphs. It is seen that the p3 curve simulates
the shape of pg better than pz and, especially, p;. However, the tails of the
distribution, although of semigaussian shape, would come from a gaussian dis-
tribution with higher variance than that of p3. It appears that arrays larger
than five elements could utilize the previous error calculations directly, but
for arrays of betweenfive and ten elements, the equwalent phase error vari-
ance must be raised,
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4.0 Effect of Multipath on Detection

4,1 Multipath Environment and Modulation

The multipath environment in a Mars probe mission presents
some special demodulation problems to the retrodirective array since
the secondary path signals contain time-delayed modulation. Calcula-
tions of the error probabilities in the demodulation of the received sig-
nals are presented here, A dual-path model is assumed, although the
later results may be generalized to include many paths by the replace-
ment of the secondary path signal parameters with random variables
and averaging.

The primary path signal is of the form

2E
sp(t) = —TP cos (wpt +l’,p) (138a)

and the secondary path signal is

2E
8

ss(t) =Q ~7~ cos [.ns t+ 1)+ t_.s} (138b)

where Q2 is the relative amplitude of the multipath signal.

The composite received signal is
s(t) = 8 () + 8 (t) + nt) (138¢)

where n(t) is white gaussian noise with one-sided spectral density N,
the subscripts p, s = 1,2,.,..,m denote the m-ary modulation symbols,

and 7 is the time delay of the secondary signal referenced to the pri-
mary signal.

The modulation codets are selected as optimum codes and are
therefore pseudo-random codes to make full use of the available
transmission energy. As long as > T, where T is the duration of a
single m-ary symbol, the modulation received from the secondary
signal is independent of the modulation received from the primary
signal so that s is independent of p, For maximum utilization of avail-
able energy, any p = 1,2,....,m must be equally likely to occur, Con-
sequently, p and s have uniform discrete probability density functions.
These properties permit the computation of average error probability
in terms of error probability conditioned on p and s:
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m m
P, =t-11- Y. = 2 P (pe) (139)
s=1 p=1

In the ensuing sections, the average error probabilities in
multipath environments are calculated, following the methods used in
the no-multipath environment described in the appendices of the Final
Report - Part 1 of this contract. 8

4.2 Error Probability

Error probabilities were calculated for various m-ary coding
schemes, It was assumed that the demodulators were those that are
optimum for no multipath., It was also assumed that the demodulator
was synchronized to the primary signal, an assumption which is quite
reasonable for smail  (secondary path amplitude ratio) but which re-
duces error probability for § near unity.

The demodulators depend on correlators for their operation,
They correlate the orthonormal bases of the transmitted signal with
the received signal. Allowing for a random phase uncertainty in the
phase-locked loops, 8, the orthonormal functions are generally

¢lk =\/£T cos (ukt - Gk)
Bk =\/'Z—r sin (ot - 8, ) (140)
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Then the correlator outputs are

T

X = f s(t) ¢lk(t) dt

0

T
=y /EP;’} f cos (ut + &) cos (vt - 8 ) dt
0
T
+Qy / E'3 f cos [ws(t + r) + ¢s] cos (wkt -Ok) dt
0

+ nlk

e

T

Vi = f 8{t) ¢2k(t) Gt

s T
= \/Ep-z.f f cos (wpt + ¢P) sin (w, t - ek) Gt
A 0

T

s T f co {ws(t + 1)+ 4)’] sin (wkt-ek) dt
0

+n, (141)

Coherent receivers use x;%only for decisions, while incoherent re-
ceivers must use zy?Z = Xic4s The major difference among various
demodulating schemes is in the values of the correlation integrals.
From these bases, the average error probabilities are derived in

Appendices C through H,

The conclusions are discussed here,

WM g
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All error probabilities below are given conditioned on the phase
and amplitude of the summand of the adaptive array and the time delay
between the secondary path and the primary path. The overall average
error probabilities and associated probability percentiles are then avail-
able directly from a knowledge of the probability density functions of the
amplitudes JE (which are Rician distributed for gaussian quadrature
fading), the phase-locked l~op composite phase error £ and the time
delay 7 {which depends on the environmental conditions).

To compare these results conveniently with the probabilities
calculated under no-multipath conditions, the general expressions for
error probability are specialized to binary coding and zero phase
error, The latter assumes ideal phase-locked loop opération as well
as in-phase addition of primary and secondary signals. The latter is
the worst possible case since phase information cannot be used to
discriminate between primary and secondary signals.

As derived in Appendix C, the error probability for coherent
phase shift key {PSK) systems is

. )

e  xma("EE)
p(ef)-l-f& f éy-——zyp{x,y{m,ﬁﬂ

o xun (2-5)"

{142)
where

S ‘
?{1.}’;1-3; f} - 36‘{‘ exp

 [atgl (= - v e 6-22)

+ Qcos (9 - §_;%s, “7,})2 i\ 3
e b8 vt )

For perfectly coherent reception and binary coding this expression
reduces to

P ()= %e{ -@1 - ﬁ?‘ ‘“"’i)} * :




It can be seen that the multipath signal modulation has no effect
on the error probability when it is 90 degrees out-of-phase with the

primary signal modulation.
As derived in Appendix E the error probability for coherent
frequency shift key (FSK) systems is

m )
7 ([e] ) j :1:-1 “m fwd"
. exp-ﬁ-{x \/E-(cose + Qcos{8_ +w -r))]2

m m [+ o]
+_12_2 ) 1.__..__,_(2 lmZ fdx (144)
wN_.) -

4]

o]

o)
greremrmseranny

2
- 00 0
m=-2
- 2
. fexp(-é—z&.—) dz
- Q0 o
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For perfectly colierent reception and binary coding this expression
reduces to

—NE '(I+Q(—l)kcos‘»-r)}

0 £
2 2 V
1 /E k
= Z E Z Q[- 2_1_\1_0— (1 + Q(-1) cos wlT)} (145)
k=1 f=1
2
1 sl E
=3 e E@[- TI%- (1 - Qfcos wl‘f')]
=1

+ 1l - —E—'1+mcosm7|)
3 N | 1

The results are similar to the those obtained for coherent PSK
with the exception that, since two frequencies exist here, the multi-
path signal will always degrade performance since w7 = nr/2 does not
imply w,7 = nw/2, n odd.
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As derived in Appendix F the error probability for incoherent
frequency shift key (FSK) systems is

m m (- m Vp
- 1
Pe(T) =1 - ;;T E Z fdvp p(vp'p,s) n f deP(VP'Po’)
s=1 p=1 0 k=1 0
k#
P (146)
where
E 1 2 E 2
P (Vk|p' 3) = vilo <vkcpsk\/tl\-16 )e"P {' z ("k YN, Cpsk)]
1+§_22+2§2cosw7 , P-k=s
5 1, prKkK=S8
C = 2
psk Q- p2rk=38
0, p=k=#s
For binary coding, this equation reduces to
2 © 1/2
i : 2
Pe('r) =1 -3 Z f dv vI0 “WIN (1 +Q7 + 2Q cos wiT)
i=1 70 0
1 2 E 2
. exp [- -2- (/ + -N—o- [1 + Q + 29 cOs wi'r])]
14 0
2 1 E
. dowexp |-w /2 -—_[dva Ve [
1/2 E v [E 1{ 2 ,2E
* exp|- v + ] dowlfwf exp |- (w + 8 }
{ 2'( N’&) /(') 0( 'NE) [ Z\ N'a
(147)
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As derived in Appendix G the error probability for coherent amplitude =
shift key (ASK) systems is £
1 m-1 A
P@,7)=—5 2 - 1 - 20v cos (0 + wr)| | + 22
m~ v=0 2N, m z
m-1m-2
_—1—2 Yy @ ua [1+21-6-cos9—9-:—;cos (9+w1’)]
m~ v=0u=zl ‘/-1\-10
| m:lm-1 y
+t— 2 o E [1 - 55 - cos G-QE cos (0 +m1‘)] (148) £
m v=0u=l {‘/FO

For perfectly coherent reception and binary coding this equation reduces to

1 A 1 A
P(1)=5 & (- += & |- 1 - 2Q]cos
; e 2 ( 5 /—‘No) 7 > (—'No ( | w‘rl)
+% ® [- a (1 + 2Qfcos wT I)] (149)

ZJNO

As can be seen from a comparison of equations (143) and (149). the perform-
ance degradation in coherent ASK systems due to multipath time delays

is similar to that of coherent PSK systems.
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As derived in Appendix H the error probability for incoherent amplitude
shift key (ASK) systems is

-1 @ 2.2.2
11 8 1 vavA 1 {2 q@°va
P (1) = 2= +— —[ L[ =m==—] exp -"‘(v* dv
e m m v§0 m /2 NO 0 ‘/EO- AZ N0
m-1 & 1/2
L Z f v IOI—V—A— [2 +92v2+29uv cos un-]
M az1 (u 1) a_|VN,
2
N0
1[2 o /2 22
sexp {-3 |V N (u +°v +28uv cos u-r) dv (150)
0 A
m-2 ¢ 1/2]
+-riT v I0 va [u2+$22v2+29uv cos wr]
u=1 (u+.1.) A NO
2 [—"No
2
+ exp { -% [vz + -I%— (u2+{!2v2 + 2Quv cos WTE}dV
0

For binary coding, this equation reduces to

4 2.2
P (v =lfvexp(-v2/é) Lida ---Y-A--s-z-exp.An dv
e 2 2°20 2N
N VN 0
Al2 Ny 0

® 2
1 12, & |1l [x&a
+3 1-/vexp-iv+l_q_>210f_ (151)
( 0 VN,
alzyN,

\ 2
1 vA ‘/ 2 ) A
+=1 (——— 140 420 cos wt] exp - N {042 cos wT)jdv
270 2
v 0 .
N0

which displays a multipath modulation degradation for all time delays,
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For a quantitative comparison of error probabilities, binary coherent
PSK, FSK, and ASK modulations were evaluated numerically for a number
of cases and plotted in figures 15a, b, c. Parameters of the graphs were
the relative amplitude of the secondary signal, Q (Q=0 for no multipath,
Q=1 for maximum multipath), and time delay of the secondary signal, .
Error probabilities are plotted forQ=0, 0.1, 0. 5, and forthe time delays thatpro-
(2n-1h

vide maximumor minimumerrors, = and nm/w, where n=any integer.

A direct comparison of results for the three modulations shows that the
coherent FSK svstem is always degraded 3 db with respect to the coherent
PSK system. This relation is the same as that when there is no multipath
environment. However, the coherent ASK system is degraded even further
when multipath signals exist. For @ = 0.1 and 7 =n7n/w (maximum
multipath interference), the presence of multipath signals degrades P _by
0.6 db at high signal-to-noise ratios for coherent PSK and FSK SYItemel
On the other hand, P _ is degraded by 1.2 db for coherent ASK systems
under the same conditions. At larger values of , the effect is even more
drastic. It is especially evident for 0.5 =Q =1 since P has a lower
bound of 0.125 for T = nn/w in coherent ASK systems, while no lower
bound exists for <1 in coherent PSK and FSK systems.

As a result, the coherent ASK system is automatically eliminated from

consideration as an optimum code. The rclative advantages distinguishing
the PSK and FSK systems are the same as those when no multipath exists.
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4.3 Effect of Doppler Shifts on Demodulation Exrrors

The error probabilities calculated previously assume no difference in
doppler shift between the primary and secondary signals. The effects of
such a difference on demodulation accuracy is considered here.

If the reflector that generates the secondary sigral is in motion with
respect to the receiver, then the secondary signal will carry a doppler
shift that is different from the shift of the primary signal. The demodulator
is a correlation detector, so that optimal decoding requires a knowledge of
the primary path doppler shift., If it is assumed that the primary path
signal strength is much greater than the secondary path signal strength
(2 << 1), the frequency of the primary signal may be found by selecting
the frequency of greatest received power over the band, Af, where
Af is the expected range of doppler shifts.

If the primary signal frequency, f , is found by this technique, then
the demodulator uses correlators referénced to this frequency, (For FSK
decoding, an (rn+1)"-h carrier must be continuously transmitted and tracked;
then the correct correlator frequencies may be obtained from this
frequency.) Setting w, = w_ in equation(l42)and w_ s ,_, then the correlator
outputs contain the term s P

T
/K, gf'o[ cos [uy(t+7) + ¢,] cos (w_t-8 )dt (152)
instead of
Q 3‘-[T fw (t+r) + ¢_] w_t-6_)dt (153)
\/f; T), cos [w o) cos (wp -ep

The inlegral in expression(152)is always less than the integral in
expression (153), except for a small number of noise-generated errors,
since the(153) contains perfect frequency correlation. As 2 result, the
effect of wg # wy is a reduction in the secondary correlator term or is the
same as that of a lower secondary signal power (lower §1). But the
demodulators operate optimally for @ —» 0, so that the secondary signal
doppler sh’ft (with respect to the primary signal) improves system perfor-
mance by the proportionate amount,

The foregoing analysis leads to the important conclusion that the
demodulatior. analyses contained in the preceding sections are actually
worst case analyses with respect to doppler shifi environments. That is,
the case in which the secondary and primary signals carry the same doppler
shift yields the highest error probability. The improved performance due
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to doppler shifts is greatest when the moving reflector is moving parallel
to the signal path lines. The resulting average and/or percentile error
probabilities may then be calculated through a knowledge of mission
trajectories.

4.4 Optimum Weighting of Phase-Locked-Loop Outputs

The weighting of the outputs of the individual elements of a retro-
directive array may be adjusted so that the signal-to-noise ratio of the
sum is maximized., It is known that if the elements are identical and the
incident wave is plane, then the optimum weighting is uniform. However,
situations may arise in which the above conditions are not met and uniform
weighting is not optimum. One such situation is that in which the elements
are identical but the signal arrives from a variety of directions (multipath
signals) without significant delay or distortion of the modulation. A second
situation is that in which the elements are not identically oriented. As the
array position changes, the relative amplitudes of signals received by the
various elements fluctuate. The weighting problem is considered here
with specific reference to the first situation, but the results may be
extended to the second situation as well.

The retrodirective array st=ucture will he reviewed first. The array
consists of N antenna elements, cach with independent phase-locked
loops. (See figure 16.) The signal at each element is independently ampli-
fied and tracked by a phase-locked loop. Then the phase corrected output of
each phase -locked loop is weighted (that is, amplified or attenuated) in
accordance with some optimization criterion, which will in general depend
on the original uncorrected signal. These weighted phase-corrected signals
are then linearly added and detected, in that order. A system could he
conceived in which the signal at each antenna element is detected first with
the detector outputs subsequently added in some optimum manner.
However, the method of adding first and then detecting is not only less
costly, since only one detector is required rather than N, but is also best
in the mean-square-error sense.

] I - N «
D mufolagcxto e} WEIGHTER Ll

: 2 [ > PNASS;QCKED $g > WEIGHTER (1))

M DETECTOR i DECISION

]

N -
> MSEO‘I}.POCKED N, WEIGHTER Wy

Figure 16, Adaptive array receiver.
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The use of this system justifies the gaussian phase error assumption
in the calculation of detector error probabilities; that is, although the
phase error outputs of the phase-locked loops are not gaussian,! the sum
of these independent errors, as seen by the detector, approaches gaussian
by the Central Limit Theorem, provided the number of antenna elements is
large. An exact analysis requires the use of error distributions derived
elsewhere in this report. However, for the present, more qualitative
analysis, a large number of elements will be assumed.

The optimum weighter will essentially weight most heavily those sig-
nals for which the primary and secondary (multipath) signals are most
nearly in phase. The optimization criterion is to maximize the signal-to-
noise ratio in the signal sum. The precise way in which this operation is
accompligshed is shown in the next section.

Optimum phase-locked-loop weighting. — A set of weighting coeffi-
cients {wj} is desired that can multiply phase-locked-loop outputs to maxi-
mize the signal-to-noise ratio in the output sum of a rztrodirective array.
If s;(t) + nj(t) is the signal-plus-noise output of the ith phase-locked 1o0p,
then the weighted sum of N loop outputs {(associated with N antenna array
elements) is

N
s(t) = Z w. [5,(t) + n,(t)] (154)

i=1

and the signal-to-noise ratio of this sum, referenced to a single modulation
period T, is

(155)

This definition of signal-to-noise ratio uses signal power and noise power as
quotients, However, the probability of error results presented in this report
and in previous reports were given as functions of the quotient of signal
energy and rioise spectral density, The maximization of the former quotient
is identical with the maximization of the latter quotient since the two differ
only by constants; that is, the noise spectral density is N, whereas the
average noise power is NyB(y (By—>» for white noise) in a single phase-
l1ocked-loop output. The signal energy is just the signal power times the
signal duration T. Consequently the two quotients differ by a factor T/BO.

87




The general problem of choosing wi to maximize SNR is discussed
first, for general forms of si(t) and nj(t). Then the problem will be
specialized to fast and slowly fading signals with white additive receiver
noise.

General signal-to-noise ratio maximization. — To maximize the signal-
to-noise ratio, equation (73) is differentiated! and set equal to zero, while
N

the normalization Z wi = 1 is maintained. 30
i=1
T 2 T
ElT f (z:wlni dt .lrj 2 ZWS s.dt
d(SNR) _ 4 - 0 , 0
dw: T 2

- (156)
T T
2
1 1
{ (Zwlsl) dti E T-!; Zzwnn dt
} T > 112
1
E 'ffo (Zwpm,) e
The Wj must satisfy
N N N
w.R (i, j) 2 L ww R (k)
e - 24=1 k=1 (157)
N N 2N: )
w.R_(i, j) ww, R_ (8, k
&y "ial 1 AR

*The problem can also be formulated in matrix notation. It then becomes
one of determining the largest eigenvalue and the corresponding eigenvector

of a pencil of matrices, Cf. Ref. 29.
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where the signal and noise correlation coefficients are defined as

T
A *
RS(I,J) = T.{ sisjdt
(158)
e
R_(3,§) = E[ni(t)nj(t)]

The noise is assumed stationary.

- More specific results arise from the specialization to fast or slowly
5 fading signals. Specific forms for Rg (i, j) and Ry, (i, j) become available.
It is assumed that no limiters are used in phase-locked loops.

. Slow fading. — For the dual-path model, the fading signal is of the
. form

si(t) = a.p (1 + 28 cos Ai + 92)1/2
. 1 Q sin Ai (159)
.5in wot + mp(t) + Gp(t) + 8in (l s 0 s Qz> 172
cos A,
: i
g where
A, = 8 (1) - ep(t) tmt+r) - mt)

1

The signal power at the ith loop is

R, (i,i) = _%_/()‘T lsilz dt = apz (1 +2Q cos A + 92)
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where A; is essentially constant over the period T. The correlation among
signals at different antenna elements follows from equations (158) and (159):

2 1/2

N |
Rs(1,3) =5 ap

1/2
(1+2acos 8, +a 2)"" (1 + 29cos A, +a?)
i j
r o _ (160)
-1 sinA, 1 2 sinA,

cos|sin 173 sin
2
14+20cosA, +Q
L i

; 5 1/2
1+Z$'2c:osAj + 8 )

al1+a (cosAi + cosA.) ¥ Qz]
i J
The only noise present is white receiver noise, which is independent at each

antenna element since independent RF amplifiers are used. The noise
correlation is

R, (,5) =6, NoBy

where N_ is the noise spectral density, BO is the true noise bandwidth,

6ij=0fori=j, and 6., = 1.

The set of equations for le' then simplifies to

2
AU
w.l = R (’)
"7 ST

Since the ratio on the right-hand side is independent of i and j, the set lel
satisfies

J - all j, k (161)

zi: w.R_(i,j) " zl; w.R_(i,k)

The optimum choice of the set {w;} then requires an optimum estimate for
the set |Rg(i, j)} . The estimation of R,(i, j) is complicated by the
presence of the'noise. This operation will be discussed later.

Fast fading. — For the fast fading case, the fadingnoiseisassumedto
fluctuate sufficiently, ina period T, to be considered white to the phase-locked
loop. Then the loop output may be written as a signal-plus-noise where
all the multipath fading is incorporated into the noise term. 2 Conse-
quentdy, the signal correlation function is
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T
R, (i) = -%.é‘ sis’; dt = apz/z for all i, j

The noise correlation function is the sum of the receiver noise correlation
function and the muitipath noise correlation function.

Rn(i’j) = Rn(i’j) + Rm(i’j)

8,;NgBg *+ R (i,))

But the multipath noise at the ith elemﬁnt is often just a time-delayed
version of the multipath noise at the j'! element. Therefore, if the mutual
time delays in the secondary path signals are large enough, the correlation
function is that of white noise samples at different times. Then,

R,(bi) = 8,.NB,

It must be remembered that this assumption is valid only when the multi-
path signal source appears at a significantly different angular position than
the primary signal source. Otherwise, all elements would see correlated
time samples of the white fading noise at a given instant. This case is
more complicated than the uncorrelated case and has not been considered
in the present study.

Since the noise variance is the variable in this case, instead of the
fading signal levels, the set !Wj' must satisfy the set of equations

0000 00500000000 i

+NB) = w(N By +NB,) all i, j. (162)

wi(NgBg

0
This equation demonstrates that in the usual case, where

N;jB; = all i, j, the optimum weighting is equal weighting.

In other w%)rds nothing can be done to improve performance if the fading

is white, On the other hand, if the fading is directional (or if the fading is
non-stationary across the array although appearing stationary at one element
for a period T), then equation(162)willdefine the optimum weighters,

Physical realization. — The weighting coefficients for slow and fast
fading are described by equations (161) and (162), respectively. The first
requires a knowledge of the signal with fading. The second requires a
knowledge of the receiver and fading noise variances. Since a knowledge
of these quantities is generally difficult to obtain, the practical usefulness
of the preceding analyses is greatly impaired. Reasonable estimated of
these values can be made by judicious use of a knowledge of the process
bandwidths. However, these techniques are useful only under extreme
conditions on fading and noise bandwidths.
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For slow fading the pertinent quantity is

T
A | *
R'(l,j) = T_{ aiajdt
A gross estimate of Rs(i,j) is available directly ast

R ) = 7 _6 (s;#,) (sjhj)*dt
(163)

T T
. 1 * * 1
R_(i,j) + "'l".é (sinj + sjni) at + T{ nynt dt

T

Thenﬁ(ii):R(iinf e.n. dt + Tnzdt
sl sV TT L SN T/ |3

When receiver noise is low, R (i, j) approximates R _(i, j) well.
However, when receiver noise is high, equation(163)will yield high variance
random variables as estimates of Rg(i, j). This situation may be improved
if the modulation bandwidth is very much greater than the fading bandwidth.
Then the estimator

A ) 1 mT 1 mT
Rs(l,]) = RS(I,J) + ;T-)T 4 (sinj + sjni) dt +E-T. £ ninj dt

may be used. This estimator is a great improvement over equation (163)
since

; mT

lim 1 'zT
m—so mT pinj dt = E(ninj) = GijNOBO
Therefore as long as Bp « E'IT « IT and m is a large integer,

the latter ’ﬁs(i,j) provides a good estimate of R,(i,j). Furthermore, if
zero-signal testi~ is used, the noise variance NOBO may be estimated by

+Ordinarily the estimator is an ensemble average, not a time average.
The time average is used here since it can be easily implemented. If
the process is ergodic, the time average is the same as the ensemble
average.

i
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"N
the same technique and subtracted from Rs(i, j). The final estimator is

m {(n+1)mT
# f (si-lmi)(ajmj)dt -m—lf ? .Zr nyn, dt

n

muum«nmmmnuummmmHiliiiliimmllllilililm;

A s »
Rs(l’ k)]

1 1
= === { sisjdt+mT ( (sinj +sjni)dt {164)
m

=]

3
~
il

where, since separation of antenna elements is much less than C/fmod n’

T mT

A | . |

Rs(l,)) = F f ssisj dt = —~ f sisj dt
0 0
and where, for stationary receiver noise,
mT (n+1)mT
/ n.n, dt — f nn,dt —» 0
i i}
nmT

and for zero mean white noise

(sinj + sjni) dt — 0

1
mT

A A B o

For fast fading, the fading-plus-receiver-noise variance must be
estimated. Since white noise (with respect to the modulation frequency) is
assumed, Rp(i,j) = 0 for i # j. On the other hand, for fading that is
stationary for a period ® mT, use may be made of the estimator

T e
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P mT
R _(i,i) = = o[ B +n| dt

o s !l dt+— ([sndw—— flnl dt
m 1

2 m

R _(i,i) + = 0/ s;n, dt + R (G, 1)

A

HI

I

mT
= A s o 2 ™
Rn(1,1) = Rs(l’l)_Rs(l’l)_FT_ s;n, dt

But

and
;% 2
Rs(1, i) = ap /Z

For a good estimate of R (i, i), the non-fading signal amplitude must be
known. If precise transm1tt1ng power, distance, and attenuation are
available, then a_ may be calculated precisely. But if these factors are
unknown, more S%phisticated techniques are necessary. If the former is
assumed, a reasonable estimate of the noise variance is

A A 27
R (4,1 = R_(,i) —ap/Z (165)
Finally, with the above estimators, the equations for the weighting
coefficients simplify to
Slow Fading:

W, W

y 1 ~ k (166)
- . . - A . A
zi:WiRs(l,_]) —wiR, () zi:wiRs(l,k) -wd, (1

Fast Fading:

[ a 2 " 2
A A
R | T i e R ;
w, R _(j, §) —~5—]m wkle(k,k) 5 , all j,k (167)
where
1 mT
Rs(l,J)_ = / (s +n)(sj+n))dt
0
(n+1)mT
Lo 1 3
R (j,i) = == dt = R _(j,j) s, =0
ngy’ mT an' | 51 J
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4.5 Effect of Multipath Signals on Operation of Systems That Use
Phase Inversion by Mixing

The effect of multipath signals on the operation of self-steering sys-
tems that use phase inversion by mixing is considered in this section. The
system to be analyzed is the same as thgt considered previously and
described in the Final Report — Part 1.” The diagram is reproduced here
in figure 17. The signal incident on the nth element consists of the direct
path signal plus the multipath signal scattered by the planet. The direct
path signal consists of the information signal and the pilot signal and may
be written as

v = E /gen A, f(t) cos [(““c ~wdt+ @+ 9t) - C+ ;n]

t K| J/Bapiter fi(thcosT(w | - wo)t+d [+ & (t)-C+

uw

nlj
& n;l (t) cos [(»C - wo)t +8,.(t)] (168)

where {(t) uenotes any amplitude modulations and §(t) represents phase
modualation of the direct path signal and f](t) and §)(t) represent, respec-
tively, amplitude and phase modulation on the secondary path signal. Both
f1(t) and §1(t) are delayed and distorted versions of f(t) and §(t). K. and
K.] represent, respectively, the system response to the direct path infor -
mation signal at angular frequency W and the secondary path information
signal at w.). The signal phase at the nth element is ¢, for the direct path
carrier frequency and &, ] for the secondary path carrier frequency. The
element field patterns in the directions of the direct and secondary paths
are respectively /gen and /gen] Wwith the phase angles §, and £,]. The
signal has already been mixed with a local oscillator operating at an angular
frequency Wy with phase {. The noise generated by the receiver at the n

elerment is denoted by the term
] ] ; = 1 = ! . o ET
nn(t) cos [(JJC - J)O) t + Gnc(t)] = dn(t) cos (UJC wo) t + bn(t) sin (mc JJo)t

(169)

' U s s .
where a, and b, are independent gaussian random processes with zero
means and variance 0. The signal in the pilot channel is given by

= oy 0§ = £
¥p = Kp /gen )\p C cos [(mp J)O) t + Qpn ¢+ ’n]

- W - =
+ Kpl SBeny )\pl Cl(t) cos [(u)p1 ‘”0) t + ’pnl ¢+ ’nl]

+ n'r;(t) cos [(wp - wp) t + Bnp(t)] (170)

95




SIGNAL, PILOT,
lmo EXTERNAL
NOISE

EQUIVALENT
LOSS NOISE
ADDED MERE

LOSS FROM

ELEMENT

TO MIXER

TO OTHER
ELEMENT MIXERS

ADGED MERE
LOCAL
OSCILLATOR ALEN
1-F AMPLIFIER
NOISE ADDED

RELATIVE SIGNAL
=" AND NOISE LEVELS

Figure 17. Portion of self-steering array that

illustrates signal and noise per-
formance of the system.

where C and Cj(t) represent, respectively, the amplitudes of the direct
path pilot signal and of the secondary path pilot signal. The C(t) is shown
as a function of time to illustrate possible dictortions introduced by the
reflecting surface as the source and receive: .nove. Other quantities are
similar to those defined for the information signal except that the subscript
p (for pilot) replaces the subscript ¢ and the double prime is used on the

noise term.

The signal from the second mixer is combined with similar

signals from the remaining elements in the array and may be written as
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vo(t)=

] ) r y
5 KCKplrkpCf(t) Z Rep €OS ‘“p"‘c’t + Opn - On - §(1).
n

e o " :

g Bt Z [Bysn (an cos[(w - )t -8 -¥t)+ -2 ]
n

+ b;; sin [(Lp-v,,c}t & ‘n -%(t)+ 2 -2 ])

ber 0 = falcoe i o L
+3Kp:.pC 2. on (dncc)s _(Lp J.C)t+ Qpn-"l' nJ

n

[ r - P H
bn sin L(Lp Lc)t + @pn ¢+ :n])

1 P oo - "o LI O o
3 Zw_(un a4 bn bn) cos (ll/p-.l.c)t* (bndn -anbn) sin (Lp--.bc)t]
n
1
t3 Kchlkaclcfl(t) Z /Ben Benl €08 [(wp-&cl)t+ lpn-’nl-il(t)]
n

1 -
1 X ) 0 . - -8 -
+ ZKCKplapl.cCI(t)f(t) § /gen genlcos[(.hpl v s opnl in $(t)]
n

I :
+ - ) - - -
2 Kei¥pirehp1 C1 0 (V) Z oy 2om LI o o B8y ~HEH

n

l . i r -
t 3 Kclkclfl(t)z /B (dn cos L(mp-.\.cl)t -8 -0 C- ‘nl}
n

P .

" . [ a q - - » _ B
+ b sin [(4 Lot in Ql(t) + < :nlj)

n P cl

1 1
L 3 ) ) P
"2 Kpl .plCl(t) E J/gpnl (dn cos [(.1.})l L+ .pnl '+’;n]
n

LI rys, = ~
- b sin -“pl Lt ’pnl {4+ ?_n])

(171)
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The first summation in equation (171) represents the desired direct
path signal received with full array gain since the Qpn and &, nearly cancel.

The seventh summation represents the seccendary path signal received
with a gain that depends on the spectral characteristics of the reflected sig-
nal. For example, if the doppler shifts of the secondary path pilot signal do
not move it out of the passband of the pilot amplifier and the spectrum is not
spread significantly so that the secondary path information signal and pilot
signal are still closely correlated, then the signal will be received with
essentially full array gain. Any decorrelation between the reflected pilot
and information signals introduced by the reflecting surface reduces the
magnitude of this term. It should also be pointed out that, since the ampli-
tude of this secondary path term is proportional tc the product of the sec-
ondary path pilot amplitude and the secondary path information-signal
amplitude, its amplitude relative to the direct path amplitude is where
(1 is the ratio of secondary path signal amplitude to primary path signal
amplitude. Therefore, if the secondary path signal were 10 db below the
direct path signal, this term would be 20 db below the desired direct path
signal in the first summation. This observation assumes that there is no
limiting used in the system.

The fifth summation represents the secondary path signal arriving on
a sidelobe of the pattern pointed toward the direct path signal. This term
would be present in any system.

The sixth summation represents the direct path signal arriving on a
sidelobe of the pattern pointed toward the secondary path signal. It is intro-
duced specifically by the nature of the self-steering technique being used.

The third summation is the noise in the information channel and is the
same as would exist in a conventionally steered system.

The remaining sums are noise-signal and noise-noise cross terms that
arise from the type of self-steering system being considered.

The probabilities of error in the detection of coded signals are the
quantities of interest. All the demodulators depend on correlators for their
operation. They correlate the orthonormal bases of the transmitted signal
with the received signal. Allowing for a random phase uncertainty in the
orthonormal function generators, the orthonormal functions have the general

representation,
/Zcos(mt -8,.) (172a)
T k k

- = i =1 ) -
J)Zk = \/T_ sin (d.kt ek) (172b)

21k

96




The correlator outputs are
T
= vo(t) @lk(t) dt {173a)
0
T
= 173b
0
In digitally modulated signals, the amplitude, phas.e, or frequency may
take on only quantized values f_ (t), & (t) or Wy, depending on whether ampli-

tude, phase, or frequency modulation is used. The outputs of the correlators
may be written as

T
' -1 f2 .
B X =3 '/;chp\cxPcZ &, j fa{t) cos [“p"‘:m"‘k" + Opn.ln-tmm + g idt
.o n 0

T

1 /2 "

‘Y .—r-xcke Z /gm l f{tha, cos &‘p"'cn"k)‘ - ln-lm(uf (-1t ak}dz
;]

'3
i f2 .
iy /:r— K Z /gu/ £ (b7 sin [("‘p"“cm"‘kk - i“-!m(l) LR A ledl
[ 0

T
-—:-/%KPXPZJ_CI s;-‘m[(.P- LS P .,n-c&fnkﬂk3dt

a ]

T
1 2 .
+3 /5 KPAPZ /gﬂ‘ [+ [0 a_ cos {(tp-acm-.kk + .P" SLet 4 ik] det
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The first seven terms are the terms that exist in the absence of multi-
path. These terms are discussed in Part I of the Final Report. 8 The last
seven terms arise from the presence of the secondary path, and their effects
on the probability of error are not easy to assess for several reasons. First,
since the secondary path pilot and signal are both reflected from a rough sur-
face, they each have in-phase and quadrature components that are independent,
zero-mean, gaussian processes. Further, their spectra are distorted in an
unknown manner by the reflecting surface so that an evaluation of their effects
on the detection process is difficult to make. In addition, the secondary path
signal modulation is delayed with respect to the direct path signal so that the
secondary path modulation does not generally coincide with the synchronizing
signal of the detector.

In spite of these difficulties, the conditional probabilities of error can
be computed, conditioned on the transmitted signal, S,,, the time delay, T,
the correlator phase error, 6y, and the multipath signal S]p,. This com-
putation can be performed because when the noise-noise product terms are
small, the conditional probability density functions of x and yyx are approxi-
mately gaussian. Once the conditional probability of error is computed, the
unconditional probability can be computed, provided that the joint probability
density function of the transmitted signal, the time delay, the correlator
phase error, and the multipath signal are known.

As mentioned in the preceding paragraph, when the noise-noise terms
are small, the correlator outputs, Xk and yk, conditioned on Sy, Sims T
and 013 are mdependent, gaussian, random variables. They have means

Ulk( and qu m), respectively, and equal variances, o) . These quan-
tities are given by
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The probability of error conditioned on 8y, Sp, Slm, and T can then
be obtained from the probability density functions of x) and yyx by use of the
relation

P(S S

T)=1-Pr(x, y ¢R v S B T (178)

Im’ ek' m‘sm

where Ry, represents the region in signal space corresponding to S,.

4.6 Effective Radiation Patterns of Self-Steering Arrays with
Phase -Locked Loops

The previous sections are concerned in part with analyses of detection
error probabilities when multipath signals are present in communication
systems that use self-steering arrays in which the phasing of the arrays is
accomplished by the use of phase-locked loops. The communication theory
approach that was used in the analyses masked the usual antenna concepts,
specifically, pattern and gain. In this section, the effective patterns of this
type of array are considered,

The signal received by the nth element is represented by

sn(t) = spn(t) K ssn(t) (179)

where s, and sg, represent, respectively, the primary path signal and the
secondary path signal.

spn(t) = apn(t) sin (wpt + epn) (180a)

ssn(t) = asn(t) sin (u.)st + esn) (180b)

The sum signal can be rewritten as

z
splt) = la_ | J1+0F+20 con [l -w) e+ 8, -8 Jcos (w t+8 +1¢)

(181)
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where

-1 Q sin [(ms-wp) t+ esn-epn]

wn = tan
1+ Qcos [(ms-wp) t+ esn-epn]
a
(= aﬂ-(assumed independent of n)
pn

The phase of the signal at the nth element is therefore

Osin[(w -w )t+ 8 -8 ]
S p sn pn (182)
1+ Qcos [(ms-wp) t+ esn-epn]

8 =18 + tan
n pn

It is evident that both the amplitude and the phase of the total signal fluctuate
periodically at a.frequency equal to the difference in primary path and sec-
ondary path doppler frequencies. Several conditions are possible: first,

the separation in frequency may be greater than the loop bandwidth; then,
the secondary path signal will not get through the tracking loop and a con-
ventional pattern will be steered in the direction of the primary path signal.
Second, the difference in the primary path and secondary path doppler fre -
quencies may be within the loop bandwidth; then the loop will track the com-
bined signai so that the effective pattern will fluctuate periodically about the
correct pattern. A limiting case is that in which wg and w, are equal. In this
case there will be no fluctuation and the effective pattern will assume some
shape distorted from the desired shape. Some special cases of this latter
condition were computed for a linear array with a uniform aperture distri-
bution. It was assumed for the computations that the amplitude of the com-
posite tracking signal had been amplified and limited so that the effective
pattern could be written as

N
1 ; .
E(8) = ZNFT) z exp j(nkd sm:D-en) (183)
-N

where, for this special case,

Q0 sin [nkd (sin v -sin 'J)p)]

8 =nkdsin®_ + tan
n P

1+ Qcos [nkd (sin P, - sin wp)]

105




This equation, withd =\/2, was programmed for the GE-265 Time -Sharing
Computer system. The results are plotted in figures 18a through 18h for a
range of () between 0 and 1. It was assumed that the primary path signal
arrives along vy = 0. Two different values of vg were assumed, 95 = 25
degrees and ¥4 = 70 degrees. It should be noted that the curves give the
effective pattern of the array and not the relative signal strengths of the
primary path signal and secondary path signal at the combining point. That
is to say, the primary path signal is given by

v, = ap .LE(:E,‘S (185)

Consequently, the relative powers are in the ratio

vs?‘ " 1E('35)|2
V— = ] ——2 (186)
p | E (0)]

5.0 Scattering By a Rough Surface

When a communication link exists between two vehicles in space and an
object that scatters electromagnetic waves is ''visible' to the antennas on
both vehicles, then the waves ucattered by the object will interfere with the
waves that move along the line-of -sight path. To determine the effects that
the scattered signal has on the reception of the direct path signal, it is nec-
essary to ascertain the nature of the scattered signal.

If the scatterer is a rough object whose characteristics are known only
statistically, then only the statistics of the scattered signal can be deter-
mined. The statistical quantities of interest are the probability density
function of the scattered signal as it is received by an antenna on one of the
vehicles and the autocorrelation function of the received signal as a function
of the positions of the source and receiver. The spectrum of the scattered
signal is then the Fourier transform of the autocorrelation function as the
position of the source and the receiver change with time. In general, the
spectrum will change with time since the signal statistics will vary as the
positions of transmitter and receiver change. The spectral characteristics
depend on the statistical properties of the surface and on the motion of the
source and receiver.
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Calculation of the spectrum is a ﬁomplicated problem. A scalar
approach has been employed by Staras’® who applied the technique followed
in Beckmann and Spizzichino3Z toobtain approximate expressions for the
autocorrelation function, In addition to being a scalar theory, the analysis
is restricted to surfaces whose mean value is a plane and only one of the
terminals is allowed to move. A vector method of calculating the spectrum
is outlined in this section. A vector study of scattering by rough planar
surfaces has recently appeared.33 However, the study does not consider
the spectrum of the signal when source and receiver are in motion and is
restricted to far zone scattering from planes of restricted size rather than
to scattering from curved surfaces.

If the amplitude and polarization characteristics of the scattered
electric field do not vary significantly over the region of the receiving
antenna, then the signal received by the antenna can be expressed as some
linear combination of the three orthogonal components of the electric field.
Therefore, the received signal, ¥s (in phasor notation) can be written as

Vr=o/I-.‘.l+BEZ+YE3 (187)

where E,;, (m=1,2,3) represents the three orthogonal spatial components of
the electric field vector, E, and o, B, and Y are complex constants
characteristic of the receiving anterna and its orientation. The time sig-
nal is then given by

vr(t) = \Zla El |cos(-..a t4 g+ U,a“ + ¢o) + N2 ,p E2|c°s(‘”ot + ¢20+ le + d‘fi)
(188)

0 10

#NZ|Y Eg| cos(ugt+ g + Uy +by)

where ¢ _ o represents a predictable component of the phase of E,, and

¥Ym1 represents the random cornponent. The iield components E.,, are
computed by an integration over the scattering surface. Since the

surface height above some mean is a random process with a finite auto-
correlation distance, the integral is essentially the sum of many independent
integrals. Consequently, each spatial component, E_., has quadrature
components that approach independent gaussian random variables.
Therefore, vr(t) may be written as

vr(t) Vo cos(wot + uo) + vy sin(wot + vo) (189a)

vr(t) v cos(wot + U +v) (189L;

0

where Y, represents the predictable portion of the phase of v _(t). The
components vy and v, are independent gaussian random variables of
variance “3‘, so that v is Rayleigh distributed and ¢ is uniformly
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distributed from - mtonw, In the absence of motion of source and receiver,
vp(t) varies cosinusoidally at angular frequency w,. When there is pre-
dictabl: motion of the source and/or receiver, then ¢, is time varying and
the angular frequency is given by wg * Yo+ In addition, v, and v] become
random processes so that the signa? spectrum is spread about wy + 4.
The spectrum of the resulting v,(t) may then be determined as the Fourier
transform of the 2utocorrelation functior Ry(t, t + v ) where

Rylt, t +7) = E [vr(t)vr(t ¢ f)] (190)

The surface is assumed to be a random process of two independent variables
{,€ and is denoted by g(g, £ ); the E | are given by integrals of the following

forms,
E, =f/fm [Py Py seh g (ue), g (1, ¢)]dtas (191
where
. o (191b
gé aL )
_ 98 1
gg - % (191c)

Pi represents the point of origin of the incident wave
PS represents the receiver location
The correlations of the signals are then represented by
Rmn (pil’ psl’ piZ’ PSZ) :f//[E <(m[pil’ Psl' glL, £),
’ s’ ’ ’
g, (), gg(g,g)] £ [pi?_' P, 8L €8, (108 (192)
’ ’ ’ ’
B¢ (e ‘i)]dﬁdé dé d§>
where E(f) denotes the expectaticn of f.

Consequently, the expectation of f_  f, must be evalvated and the resulting
integrations performed. The expectation of f,, f,, is given by

E(fmfn) i/:/:/:/;mfnp(g, g% g(' gé'- E’E,' gg')

dgdg'dg;dgg’dggdgg'

(193)
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where p(g. g% 87 &/ gg, g/ )is the joint probability density function of
g, g% gy g[_" ’ é ’ é ‘. ° It rfay be readily determined when g is gaussian
with autdcorfelatidn function Rgg»(g,g , t’, £'). The form of p is?

6 6
exp ZT%WZE Ppql*p *q
p=1 g=1

p(g. 8% By Bt Bg o gg') &

(194)
(2m)la]* 7%
where X, =g X, = g’
X, = gg Xy = gt: (195)
x3 = gg x6 = ggl
and A is the covariance matrix of elements
N alR s S 'v ‘)=E :
Pq = Pq(g S g ) (XP x’-'l) (e
That is, A is given by
-
gy Mg Mé
A =|*21 ) (197)
% A
| 61 . . 66_

The next task is to obtain expressions for the f to enable the averaging
process to be carried out. If the averaging can be carried out then the four
dimensional integrations over the sources on the surface must be carried out.
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34
From Silver  the fields radiated by a suriace distribution of electric

and magnetic currents are given exactly by

S

E=-_j__f [(T -v)v+kZTs-juel\—dsxv]
S

(198)

[(1\715- v) v+ kzﬁs +jopT XV

(199)

eEE’(:-jkr) ds

where Ts and I\—IIS are, respectively, surface densities of electric and magnetic
currents distributed over S, and r is the distance from source point to field

point.

and
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The propagation constant is denoted by k (z w
operates on the source coordinates so that

vV Ho 60). The operator v

. <e)_{2 [r-jkr]>:(jk + %\ﬂ&r[-_&r_ EN {200)
\ Y/



For kr > 1, which is the usual condition for the scattering problem of
interest, equation (189) and (190) reduce to

<exp [-jkr]> exp [jkr] _
v =jk r (202)

P r 1

- exp [-ikr] TV
(7-9) v ——)=-x%(7 - 7))7, (203)
On using these approximations, equations (198) and (199) are reduced to

- (- ][sz k2 (7. 7)) T
S

4T we s s 1
O S
(204)
- exp [-jkr]
+kwe M Xrl T d
PN S [kzm-kz(m 3
4Trwp S S S 1 1
(205)
- ) B -jk
~kwp Jer xp[_]r] ds
o's 1 r

If Jg and Mg are known, then the fields in regions for which kr > 1
can be calculated exactly from equations (204) and (205).Ordinarily Jg and Mg
are not known and must be approximated. An approximation can be used
when the radius of curvature of the surface is everywhere much greater
than A\, the wavelength. In this case the surface and fields are assumed to
be locally »lane. Plane wave reflection coefficients are then used to
describe the fields at the surface. With the plane wave approximations, the
following expressions result for the surface currents

(206)
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where

A . .
n is a unit normal vector out of the surface

E' is the incident electric fizld intensity at the surface

k is a vector of magnitude k directed along the direction of incidence
of Ei

R is the reflection coefficient of a plane wave polarized perpendicular
to the plane of incidence

R~ is the reflection coefficient of a plane wave polarized in the plane
of incidence

The two reflection coefficients are given by the following equations

ﬂo cos vi
1-+
. 2 \/1 , (k/kz) £ sinzé»i
R" = e (207a)

-t
(4%
<
[
]

(k/kz) - sinzv'i

.
o
Q
—
1

(k/kz) & gin® g
_ *12 cos ‘bi
R™ = (207b)

L4 0 z’z/kz)2

-
(o] .
712 c svl

=
(=
e

b—t

1

where ¥; is the angle between ® and -k; "g and M, are, respectively, the
intrinsic impedance of free space and of the planetary material; and the
symbol k) is the propagation constant of the planetary material.

Implicit in the use of the plane wave approximations are several
assumptions. It is assumed that the radius of curvature of the surface is
much greater than the wavelength of incident radiation. In addition, any
multiple scattering that might take place amoeng the surface irregularities
is ignored. The possibility of shadowing of portions of the surface is also
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ignored. This latter condition is reasonable provided that the angle of
incidence to the average surface is not near grazing and the actual surface
slopes are not too large.

The planetary surface can be denoted by

rP=Ro+g(e.¢) (208)

where R, is the mean radius of a smooth spherical planet and g(g,¢) is a
gaussian random process with zero mean and variance o ,“. Then the

i % : 5 g
probability density function of g is

P,(g) = exp (—gZ/Z "gz) (209)

2T O
g

It is also assumed that ghasanormalized autocorrelation function p given by

p = exp (—!Z, LZ)
“ccenn (210)

where f is the distance between twc points on the planet surface as measured
on the mean surface and L is the correlation distance. The distance £ is
given by

1= R0 cos-1 [cosecos 0’ + sin 6 sin @’ cos (¢’-d>)] (211)

where 8,6 snd 8%¢” are respectively the coordinates of the two points on
the surface.

In terms of the spherical coordinate system shown in figure 19, the
vectors 7 and k on the planetary surface are given by

1] = - _ sin¢
f=x19, L(R0+g) sing cosé - %écose e ¢+%§sine]
- T . o . 0E - _ g cos®
+ uy _(Ro + g) sin6 sin¢ 96 €08 0 sin® ‘3‘5 sin 6]

+GZ (RO + g) cos B + gg-sine:” (212)

115



Figure 19. Coordinates for scattering problem.

i

u '(Ro + g) sin® cos ¢ - r; sin g, cos 0]
+ o - + - - ¢- . -
uy [(“0 g) sin 6 sin r, sin ei sin ¢']

i (213)
+ﬁz [(RO v5 g) cos - r, cos Gl]l

where
> og 2 1 2
= - o*g) + (ae) +(sin6 g’%) i
r,=\/[R +a)2+r2-2(R +g)r [ 0sin6.cos(¢-6.) + 21
) = ote i o Tgr; |3in@sin icos;( - i) cosecosai (215)
In addition,
coath w2 8 _ 1 R +g)2
T Tk T Fr, (o g)
- T (RO + g) [sine sin ei cos (¢i - d)) + cos 6 cos ei]
+ rigg- [sin 6, cos 6 cos (¢i -¢) - cos @, sin e]
r,

t e o sin; sin (9, - 4’)} (216)
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The incident electric field is expressed in terms of its components in
Cartesian coordinates as

E'z=u_E_+u E_ +u E (217)

For the case of interest here it is assumed that the source and receiver
move about the planetary surface in coplanar orbits. Without loss of
generality, these orbits are assumed to lie in the plane 8; = 6, =% . In
that case

r, = \ﬂR0+g)2+riZ Z(R +g)r sin O cos @-tbi) (218)
E=—l R +g) sinOcosO-ricos¢i]

uY [(RO + g) sin@ sin ¢ - r, s1n¢]
+EZ (RO +g) cosO]

An arbitarily polarized incident wave may be expressed as a sum of
two waves, one polarized perpendicular to the plane of incidence and one
polarized in the plane of incidence. Each polarization can be treated
separately. The case to be treated here is that for which the incident
electric field is z polarized at O = /2. If the source is sufficiently far from
the planetary surface, the incident field will remain essentially z directed
over the illuminated planetary surface. Then the incident field is given by

El =3, gl (220)

(219)

In addition, over the scattering surface the vector k will lie nearly parallel
to the x - y plane so that

k ~-k|lu cos$, +u_ sin®, (221)
X i y i

When these specializations and approximations are applied to the expressions
for the surface currents that appear in the integrals for the scattered field,
a tedious but straightforward procedure results in the following expressions.
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The unit vector —r-l that appears in the integrals is given by

- _ = .= =
r ug T uy rly + u, ., (223)
where
1 . .
By ™ = [rs sin es cos cbs -(Ro+g) sin @ cos ¢] (224a)
| . : . .
rly o [rs sin es sin ¢s - (Ro+g) sin @ sin cb] (224b)
r =1 r cos@ - (R +g) cos 6 (224c¢)
1z r [ s s 0

r = \/:SZ + (R0+g)2 - er (R0+g)[sin Gs sinecos(¢s-¢)+ cos Gscos 8]

The components of the scattered electric field intensity when the incident
field intensity is z-directed are then given by

E = oode [kZ.I -kZ(J ro 41 r 47 r \r
X 4nwc0 sX sx 1x sy ly sz lz 1x

+ ke (M )] expljkr) s (225a)

0(MsyT1z ~ Mszrly

T 2 k2
Ey 41rweo [k sz . (Jaxrlx * szrly ¥ Jszrlz) l.ly

E kme0(Mszrlx " Msx"1z

)] —"5&%1“—” ds (225b)

E'-—-A—-l— [kZJ -kZ(J e ®J . A0 ¥ r
z tTwe sz sx Ix sy ly sz lz 1z

exp (-jkr
+ kueO(Msxrly - Msyrlx)] . ds (225¢)
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The integrals are extremely complicated for arbitrary scatterer
conductivity, permittivity, or permeability. One limiting case, in which the
surface is perfectly conducting, results in a great simplification. Then

+

R = R~ = -1 so that the surface currents become
-2[(Ro+g) cos@ + %% sme] cos &, E'
Jsx = ! qo R (226a)
-2 [(R0+g) cos @ + -%% sin 6] sin L Ei
J = : (226b)
sy “10 R
. _ -2 [(Ro+g) sine:os(¢i- ¢) - %% cochos(cb 1--d))
sz n. R
0
i _a_% sm(d’i'd’)] .
d su;e gl (226¢)
qO
Msx =0 (226d)
%
Msy =0 (226€)
Msz =0 (226f)

The element of area on the surface, dS, is given by
ds = (R0+g) Rsin® do dé (227)

If it is further assumed that the receiver height above the mean surface
is much greater than o, then the following approximations may be made;

g’
1 : x
Tia * ;(ra sin 6 g oS ¢s - RO sin 6 cos ¢) (228a)
1 - - :
rly = ;(rs 5in 6 g Sino_ - Ro sin 6 sin ¢) (228b)
1
L =;(rs -.oses-RO cose) (228c)
r = T 2+R Z-Zr R, (sin 6 sinecos(d) -¢)t cos B cose) (228d)
S 0 s O( s s ) s
When these expressions are inserted into the integrals for Ex, E, Ez,
the following express.ins result; y
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If rg-Rg is sufficiently large, i.e., if the point rg is sufficiently elevated
above the surface, and if the frBjuency is not too grezt, then in the
exponential terms r may be approximated by

rmRl - g cos *1 (230)
where
R Eﬁz-rrZ-ZRr sin 8sin © cos(cp-cp )+cosecose] {231a)
1 0 s 0's s s s
r [sine 8in@cos($é-¢ } + cosbcos 6 ] - R
cos ;= = 2 ( 5) sd 0 (231b)
R
1
In the 1/r terms, r may be approximated by
1 (232)

1
R,

In a similar manner, T, in the exponential terms may be approximated t.y

R, = R_2 - g cos 4:2 {233)
where
R, = r 2 + R 2. 2r.R_|8in @ sinecoé (¢: -¢)+ cos 6. cos 0 (234a)
rA i 0 i 0 i i i
r. [sin @, sin6cos (¢.-¢> + cos 9.cose] - R (234b)
_ i i i i 0
cos \PZ = ,
R
2

With these last approximations, the incident field may be written in the form

i E? (r - Ro)

Ra

E

exp (-ij2> exp(jkg cos 412) ) (235)

where EO is the value of the incident field ata point on the mean surface

i
directly below the source, The term Er' exp (-jkr) is now given by

. 0
P;-l- exp (-jkr) = E——R({-;-{-;-g) exp [—jk (R1+Rz)] exp[jkg (cos ¢1+ cos 412)]

(236)
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The terms in the integrals that include the derivatives of g can be
replaced in a manner similar to that used by Staras3] so that they appear
as derivatives of the exponential term, (exp jkg[cos ¢; + cos 412]). This
artifice eliminates the need for the joint probability density function of g and
its derivatives when the autocorrelation and cross-correlation functions of
the scattered field components are being evaluated, Only the joint probability
density function of the values of g at two separate points on the surface is
required. The terms containing derivatives of g can be rewritten as {ollows,

ay
1 g . _ 1 . 1
- exp (jkfcos ¥, +cos Y, ])= {g(smtb _—
R, o6 ( L 1 2]) R, [cos 4)1 + cos 4‘2] 1 a6
. aq'2 1 98
+ smq:z W)+ 3? 35]
exp (jkg [cos Lpl + cos ¢2]) (237a)

1 . _ 1 L
Rosine %% exp (Jkg {cos LPl * Cosq’Z])' (cos ¢1+cos4‘2] R()sin e [g (squl KX}

By
+ siny, -a—¢Z~)+ 'JIE .é%] exp (jkg [cos ¥ + cos 4:2]) (237b)

All the components are now available to evaluate the expectations given
in equation {193).

The computation of the expectations in equation (193) results in terms
of the form (Appendix I)..

2
E [exp(jk[ga-g' a"))] = exp <- %kz a'gz [az +a’ - Zaa’p]) (238a)
. N 1.2 2[.2
E [g exp(;k[ga-g’a’])} = jk L (a -a p) exp ('f k Ty [
2 .

+a’ - 2aa’p] (238b)

’ : - 2/ . 1,2 2 2

E [g exp (_]k [ga-g’ a’])]— -jk Ty (a -ap)exp(--z-k g [a

12 ’

+a" - 2aa P]) (238c¢)
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E [g g'exp(jk[ga-g’ a’])] = o'gz ,:»-k2 cgz([a’ 2 +a% - aa’}p -a a’)

2
2 .
exp (— %kz og [az +a’ -2aa p]) (2384)

where

a = cosy, + cosy,
a = cosq,all + cosq;z'

The primes denote the values of the various quantities at ¢, ¢, 029

42’ 042’ ¢s2 while the absence of a prime denotes their values ate, ¢, :
%1, %1, %1, % |

If kzo-z is large, then the exponential term is very small except when

a=xa andP = 1, This condition corresponds to

6 = 0 (239a)
¢ = ¢ (239b)
851 = g2 (239c)
®s1 = %s2 (2394)
%1 =02 (239e)
%1 = %2 (239%)

When these expectations are substituted in equation(192)and integrated over

8, &, 0, ¢ they result in the desired correlation functions from which the
spectrum can be computed, The major variations in the integrands will

occur in the exponential terms. All other terms remain nearly constant over

the ranges of integration in which the exponentials are significant, Therefore,
the integrals of equation (192)willcontain terms of the form

1,22 [2,,2 .
exp ('zk T g [a ta’ -Zaa'F:D exp(— jk [Rl +R, - R} - Ré]) (240)
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To perform the integration over @' and ¢, the terms a’, R, and Ré
are expanded in power series about their values at 6, ¢ as followL.

a' = al tay A8 +aly Ab+ 3 abe (A0) + 1 aky (A4)7 +ahya000+, .,

)
{241a)
! [} - ? [ ] [} N ¢
-R| -R) = -(R10+R20)- (Rl + RZ)GAO - (R + R2>¢A¢
1 /ot ' 2 l ¢ P) 2
-3 R+ RZ) (40)° - 5 (R + R2>¢ (Ad)
- (R, + R! A0AG+ ., , ib
( 1 2)e¢ (241b)
where
ae = 6-8 (242a)
adb=  ¢-o (242b)
a'o =a' (242c¢)
[
6=6 ,
¢=¢
_ 9a
ah =<5 ' (242d)
6=6
$=¢
etc,

In addition, the correlation coefficient for the surface is approximated by the
first two terms of its series expansion in 42/L2 and takes on the form

2 R.2
p=1- -II:Z— = 1- .70_ [(Ae)z + sine (A¢)2] (243)
L

In terms of these series expansions, the exponential term takes on the
following form,
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(2450}

At this point it is desirable to examine the relative magnitudes of the
various terms to see what additional simplifications can be made before
the integration is performed. The examination was performed for the
following assumed values of parameters.

frequency = 6 GHz
¢ = 0.01 mile

L =205 = 0.2 mile

R0 2100 miles
It was aiso assumed that angles of incidence and reflection are less than
60° to the normal of the average surface. Under these assumptions the
magnitude of the last exponential term is controlled by terms containing
R0 /L2 so that the magnitude is less than 0.001 within a region given by

n

2 -14

(a0) + sin® 0(a®)® < 6.1x 10
thus, A® and sin 0A¢ lie inside a circle of radius 2.47 x 10'7 radian,

If the magnitudes of other terms are examined for A8 and A% within the
prescribed region and for r,~ 12,000 meter, r_~ 2110 miles, and for
angles of incidence and reflection near 45°, it if found that k(RY + R
(Ae)2 and k(R{ + Ré)¢ (A¢)2 are negligible. For r; greater than 2110
miles, the quadratic%hase terms are even smaller so that unless rg is
very close to the surface, i.e. much less than 10 miles, they may be
neglected. The cross term k(R{ + R5) & ABAd is also negligible.
Calculation of ag, a4, ag, and afy about the specular point indicates that
they are also negligible compared with the terms containing ROZ/LZ and
may be neglecied. The integral then simplifies greatly to

exp (-%kza:'[a - ao']z) exp (- ik [Rl +R, - R Rzo’] )

(246)

2
R
oexp ( 32 [z..o’ —2,] [umz +uinto a ¢>2] iR E R 88 4k (RS oy
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As stated previously, the other terms not contained in the exponential vary
slowly over the region for which the exponentials are significant and are,
therefore, considered as consiants at their values for A® and A4 = 0 during
the integration., When the integration over A8 and Ad for the exponential
term is carried out, there results.

3 = exp ( Ly 2[‘ a ’]2 L ‘ ~ (Ry* Ry) :
T T, 3 A -3 - ———— R, * R « 3 : )
s e e < °f iR Ty (&) 2) “—'Z"Mn - J) (247)

\T/ o

ool e ‘
P EXE R T Ry - Ry - ch'),)

Performance 4f the remaining iategrations over 8 and ¢ requires
some more detailed study of the exponential as a function of @, ¢, ¢-11,
bs1, 2, %s2. This study has not been completed, but perhaps the
conditions will allow application of the methods of steepest descent to
accomplish the evaluation,

Once the integrations over 8 and @ have been carried out, the
expressions that result are the various correlation functions. Unfortunately,
the study of the spectrum has not been completed during this report period.
It would be of interest to complete the work since it would allow a com-
parison between the scalar treatment of scattering by a rough planar sur-
face with the results of the present vector treatment of scattering by a
rough sphere.

6.0 Use of Millimeter Waves to Overcome Blackout

A critical portion of a Mars probe mission is that during which the
landing capsule is entering the planetary atmosphere at high velocity. Dur-
ing this period the shock waves will cause the atmosphere to become ionized,
as illustrated by the sketch of an entry vehicle shown in figure 20; the
ionization causes severe effects on the propagation of radio waves in the
vicinity of the probe. These effects result primarily from interaction of
the electric field with the free electrons in the ionized sheath. The major
effects on propagation that occur may be expressed in terms of a modified
permittivity of the ionized medium or plasma. Since this permittivity is
non-uniform and lossy, the propagation phenomena that occur are extremely
complicated and very difficult to describe analytically. Their overall effect
on communication systems is generally a reduction in signal level resulting
from detuning of antenna elements, distortion of their radiation patterns,
dephasing of elements in an array, and attenuation of signals because of
dissipation within the plasma. Further, if the plasma is in the vicinity of
a receiving antenna, there will be additional noise contributed by the plasma.
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Y —

ENTAY \ — ONIZED SHEATH

Figure 20, Illustration of plasma
sheath about entry
vehicle.

An extensive literature already exists on the subject of interaction of
antennas with é)lasmas and the propagation of electromagnetic waves through
plasmas. 35,36, 37,38 The antenna plasma interaction studies are usually
quite specialized and it is difficult to generalize results. The propagation
studies are essentially restricted to propagation through media that vary only
in one dimension, an idealization that is seldom approached in practical situ-
ations. Consequently, only estimates can be made of the magnitudes of effects
to be expected as far as total signal level variations are concerned and as far
as increased noise levels are concerned. More detailed discussion of the
plasma -electromagnetic wave interaction is contained in Appendix J.

Since all but relatively simple plasma-antenna configurations are
extremely difficult to analyze, a simple model was assumed in this study.
The model assumed is a plane wave propagating through a plasma that varies
only in one direction. This assumption may not be as impractical as it might
fir st appear since for electrically large arrays phased to form a beam in a
particular direction, the field in the vicinity of the aperture is nearly plane
except very close to the individual radiating elements.

Signal attenuation calculations were performed for four different entry
profiles for a Mars VM -7 atmosphere. 28 ‘The lander model employed in the
calculations is illustrated in figure 2. The calculations were done for an
antenna that looks sideways through the sheath. The entry trajectories were
calculated using the Hughes Planetary Glide program which solves stepwiee
the equations of motion for a point mass vehicle entering the atmosphere. 39
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The entry profiles are shown in figure 22. The ratio of weight to drzag,

W/CDA, has been selected as 3 for these profiles. The angle a in these
figures is the entry angle relative to a horizontal line. Attenuation was

computed with the aid of a machine solution of the equation

2
4 E, ¥ ez)E=0 (248)
dz2

which assumes that the waves are normally incident on the sheath. Calcula-
tions were performed for radiation at 1, 10, and 94 GHz, and curves were
plotted of attenuation versus time measured from the 500, 000 foot altitude
for the four entry proiiles considered. A VHF or UHF frequency was not
inciuded because extremely severe blackout was expected in nearly all VHF
and UHF cases and therefore the data would be of little comparative value.
The attentuation curves are shown in figure 23, It is evident that even

the microwave frequcacies suffer severe blackout for all cases con-
sidered and that the 94 GHz suffers severe blackout for two of the nrofile=.
However, the two remaining profiles show that no signal degradation occurs
at 94 GHz. Although the caiculations are not to be considered conclusive,
they do indicate that millimeter -wave systems may overcome the entry black-
cut problem provided that they may be satisfactorily implemented from the

point of view of power, weight, and complexity. These aspects are considered
in the next section.

R=6.25 INCHES s00™

pam————— 50 INCHES

- i

Figure 21. "Assumed shape
of entry vehicle.
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Typical entry profiles for non-survivable probe.
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7.0 Evaluation of Systems at Different Frequencies

There are many evaluations of self -steering arrays that can be made.
The standards of evaluation will differ depending on the quality criterion that
is important in any application. For example, in the Final Report — Part I,
a system that used phase inversion by mixing was considered. The assump-
tions made were that the total radiated power was fixed and that the number
of elements was limited only by the available aperture and by the spacing
required to suppress grating lobes for a specific region of coverage. The
signal-to-noise ratio of the received signal was the quantity of interest. The
primary power requirements and system weight were not considered.

In this section, a different criterion is applied. It is assumed that the
available power is limited and the effective radiated power (ERP) and weight
are estimated for several self-steering systems. Two frequencies, 8 GHz
and 94 GHz, are selected; the higher frequency was selected because the
calculations of blackout reported in the previous section indicate that 94 GHz
may not be blacked-out during planetary entry. It is emphasized that, while
the numerical values of ERP and weights are only estimated, the estimates
are based on knowledge obtained from past experience in building space elec-
tronics and on experience in the development of millimeter -wave sources.

The systems considered are shown in figure 24. Each system has a
single doppler tracking loop in addition to the self-steering circuitry. The
estimated weights and required powers for the various circuits are presented
in Table II. It is assumed that at 8 GHz 80 mw can be obtained from each
high-level mixer with an input of 470 mw. It is assumed that at 94 GHz
5 mw can be obtained from each high-level mixer with an input of 50 mw.

The transmitter at 8 GHz is assumed to be a solid-state source with a waight
of 0. 13 pound p- r watt. The power supplies for the 8-GHz system were
assumed to weigh about 0. 61 ounce per watt of d-c output power. At 94 GHz
backward-wave oscillators are assumed to supply the {first local oscillator
and transmitter powers. Their weights are considerably higher than solid-
state sources and, for the systems assumed, are estimated at about 10 pounds
each. Their power supply weights are estimated at a total of 10 pounds. At
each frequency, an additional 30 percent is added to the weight to account for
housings, etc. The available raw power was assumed to be 52 watts in all
cases, and power supplies were assumed to be 65 percent efficient. The

52 -watt figure was selected because it will provide about 10 watts of trans-
mitted power at 300 MHz, a frequency considered for the lander orbiter

link. 1 If more prime power was available, additional elements could be used
in each array. The effective radiated power increases as the square of the
number of elements if the power radiated per elementis kept fixed. Forthese -
systems this relationshipwould exist since the power per element is limited by
the capabilities of the output high-level mixers, However, the weightof thesys-
tem rapidlyincreases as a function of the number of elements so that, ifweight
is a limitation, increasing the power beyond a certain limit may not be practical.

The effective radiated powers and estimated weights are illustrated in
Table III. It is apparent that for the power constraint employed, the effective
radiated powers are quite small,
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Another aspect of interest is the noise figure of the systems,
mated that noise figures of 6 to 8 db can be realized at 8 GHz, and at 94 GHz,

noise figures of 16 db might be expected.

TABLE II,

SELF-STEERING ARRAYS
a) ORBITER ANTENNA NO, 1 (FIGURE 24a)

It is esti-

ESTIMATED WEIGHTS AND POWER REQUIREMENTS OF

8 GHz 94 GHz
Power Power
required, required,
Weight, | mW per | Weight, mW per
Components Quantity ounces element |ounces element
Microwave
Antenna element K+1 1.5 each 0.2 each
Diplexer K 2.0 each 4.0 each
Low noise mixer K+1 1.0 each 3.0 each
High-level mixer K 1. 5 each 4.0 each
Power divider 2 1, 0 each 1.0 each
Times-M multiplier 1 1.9 each -
Times-Q multiplier 1 1, 9 each -
Local oscillator 1 6. 4 each 30 160 each 5
Transmitter | 1. 6 per 1400 160 each 250
watt
Intermediate frequency
{for both r-{ frequencies)
I-f preamplifiers K 1. 0 each 110
Second mixer K 0.5 each
I-f divider -summer "2 0.5 each
Local oscillator 1 0, 1 each 10
Crystal diplexer K 1,0 each
Pilot amplifier K 2,0 each 190
Third mixer K 0.5 each
I-f power amplifier K 1. 5 each 300
I-f high-gain amplifier 1 3.0 each
Loop filter 1 0.19 each 320/K
Phase detector 1 0.51 each
Receiver 1 6. 4 each 640/K
D-c amplifier 1 0.51each 102/K
Power supply 1 0,61 per | 18,200/K
{65 percent efficient) watt
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TABLE II

1 (FIGURE 24b)

ESTIMATED WEIGHTS AND POWER REQUIREMENTS OF
SELF-STEERING ARRAYS — CONTINUED

b) LANDER ANTENNA NO,

Weight, mW per | Weight, mW per
Components Quantig ounces element | ounces element

Microwave

Antenna element
Diplexer

Low-noise mixer
High-level mixer
Power divider
Times-N multiplier
Times-R multiplier
Local oscillator

Transmitter

Intermediate frequenc
{for both r-f frequencies)

I-f amplifier
Second mixer

1-f power divider
Pilot amplifier
Loop filter
Phase detector
Local oscillator
D-c amplifier

Power supply
{65 percent efficient)

K+1
K
K+1
K

b e e e RN

8 GHsz 94 GHz
Power Power
required, required,

1, 5each
2.0each
1,0each
1, 5each
1,0each
1.9each
1,9 each
6. 4each

1. 6 per
watt

3. 0each
0. 5each
0.25each
1. 5each
0.19each
0.64 each
0.1 each
0,51 each

0.61 per
watt

30
1400

300

300

10
102/K
18, 200/K

0.2 each
4.0 each
3.0 each
4.0 each
1.0 each

160 each
160 each

250
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TABLE II. ESTIMATED WEIGHTS AND POWER REQUIREMENTS OF
SELF-STEERING ARRAYS — CONTINUED
c) ORBITER ANTENNA NO, 2, (FIGURE 24c¢)
8 GHz 94 GHz
Power Power
required, required,
Weight, mW per | Weight, mW per
Components Quantity ounces element | ounces element
Microwave
Antenna element K+1 1. 5each 0. 2each
Diplexer K 2, 0each 4, 0 each
Low-noise mixer K+1 1. Oeach 3. 0each
Power divider 2 1, O each 1.0 each
High-level mixer R 1. 5each 4. 0each
Times-N multiplier 1 1.92 each -
Times-Q multiplier 1 1.92 each -
Local oscillator 1 6. 4 each 30 160 each 5
Transmitter i 1. 6 per 1400 160 each 250
watt
Intermediate frequenc
{for both r-i Irequencies)
1-f preamplifier K 1. 0 each 110
Second mixer K 0. 5each
I-f amplifier K 2.0each 190
Phase detector K+1 0. 5each
Loop filter K+1 0. 2each
Voltage-controlled K 1. 0each 200
oscillator
1-f power divider 2 0. 5each
D-c amplifier K+1 0. 5each 100
I-f power amplifier K 1. 5each 300
Receiver 1 6, 4each 640/K
High-gain i-f amplifier 1 3. 0 each 320/K
Voltage-controlled 1 0. 2 each 20
oscillator 2
Power supply 1 0.61 per 18, 200/K
(65 percent efficient) watt
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TABLE II.

SELF-STEERING ARRAYS — CONCLUDED
d) LANDER ANTENNA NO, 2 (FIGURE 24d)

ESTIMATED WEIGHTS AND POWER REQUIREMENTS OF

8 GHz 94 GHz
Power Power
required, required,
Weight, mW per Weight, | mW per
Components Quantity ounces element ounces element
Microwave
Antenna element K+1 1.5 each 0. 2 each
Diplexer K 2.0 each 4. 0 each
Low-loss mixer K+l 1.0 each 3.0 each
High-level mixer K 1.0 each 1. 0 each
Power divider 2 1.5 each 4.0 each
Times-M multiplier 1 1.92 ¢éach
Time s-Q multiplier 1 1.92 each
Local oscillator 1 6. 4 each 12 160 each 5
Transmitter 1 1. 6 per 1400 160 each 250
watt
Traveling-wave tube 1 0, 19 per 40
element
Intermediate fr
{for both r-f frequencies)
I-f amplifier K+1 3.0 each. 300
Phase detectors K+1 0.5 each
Loop filters K+ 0.2 each
D-c amplifier K+1 0.5 each 100
Voltage-controlled K 1.0 each 200
oscillator
Voltage-controlled 1 0. 15 per 15
local oscillator 2 element
1-f power amplifier K 1.5 each 300
Power supplies 1 0.61 per | 18,200/K
(65 percent efficient) watt
143
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TABLE III, SUMMARY OF CHARACTERISTICS OF REPRESENTATIVE
SELF-STEERING SYSTEMS FOR FIXED PRIME POWER

Characteristic 8 GHz ! 94 GHz
| ————————— =
Orbiter Antenna No. 1
Raw power, watts 52 52
Number of elements, K 16 38
Effective radiated power, watts 20,5 ge* 7.20 g:
Weight, pounds 22. 4 100
Lander Antenna No. 1
Raw power, watts 52 52
Number cf elements, K 16 39
Effective radiated power, watts 20,5 ge* 7.6 ge*
Weight, pounds 19. 4 100
Orbiter Antenna No. 2
| Raw power, watts 52 52
Number of elements, K 14 28
Effective radiated power, watts 15. 7 8, 3.9 B,
Weight, pounds 21 86
Lander Antenna No, 2
Raw power, watts 52 52
Number of elements, K 14 29
Effective radiated power, watts 15, 7 ge 4.2 g
Weight, pounds 19 84
*ge is the element gain,
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CONCLUSION

Analysis of Results

During the course of this study, the applicability of self-steering
arrays to planetary probe missions has been considered. A consideration
of possible mission requirements indicated that self-steering arrays that
use phase inversion by mixing may be applicable to the lander-bus commu-
nication link because of the relatively short distance involved. Phase-
locked loop: with their extremely narrow noise bandwidths will probably be
required for the bus-earth link because of the large transmission distances
and corresponding low signal leveis. Effort has been concentrated on deter-
mining the performance capabilities of both types of self-steering arrays
when they are used with various digital modulation schemes. To make the
desired assessment, a number of different problems were analyzed. The
results are summarized in this section.

As one problem of interest, the effects of the communications envi-
ronment on the successful operation of each phase-locked loop of an adap-
tive array must be determined. In this report, the criteria for successful
loop operation, acquisition, and loss-of-lock probabilities are calculated
for a multipath environment. The model for the environment consists of
two signal paths, the direct or primary earth-bus path and the secondary
earth-planet-bus path. In the most general model, additive gaussian noise
is also included.

The results for slow-fading multipath signals consist of simple acqui-
sition and loss-of-lock limits {¢r the noiseless deterministic case in which
only the interaction between the two signal paths is significant enough to
affect the loop operation. For the dual-path plus random perturbations case
{without additive receiver noise), loss-of-lock probabilities are calculated,
and elementary error functions of the loop parameters result. Finally,
complex integrals are evolved for the general case in which dual-path,
random fluctuation, and additive noise effects are all included.

For the analysis of fast-fading multipath signals, Rician fading pro-
cesses with flat spectra were assumed. The result was just an equivalent
rise in additive white noise level. Consequently, early results on this pro-
gram are directly applicable with an appropriate scale change in the signal-
to-noise ratio. It is interesting to contrast this result with the results of
the slow-fading analyses. For fast fading, both the amplitude noise and the
phase noise contribute to a lowering of the loop signal-to-noise ratio. How-
ever, for slow fading, the phase noise component of the fading signal may
be tracked by the loop so that only the amplitude noise affects the resultant
density functions of the phase errors.



The density functions derived for slow and fast fading are density
functions of phase errors in a single phase-locked loop. In an antenna array,
the signal to be demodulated consists of a sum of the outputs of many inde-
pendent phase-locked loops. The density function of this sum approaches
gaussian for a multi-element array, But, as can be seen from the calcula-
tions presented here, the density function of an array of a few elements
differs significantly from gaussian at large phase angles, The resultis a
larger error probability in demodulation than that calculated with a gaussian
density function and the same variance.

For intermediate fading rates, an expression is derived for the proba-
bility density function of the phase error of a first-order, phase-locked loop
which is tracking a fading signal embedded in noise. The resulting expres-
sion is in terms of the average input signal amplitude, the fluctuating power
spectrum of the signal amplitude, and the additive noise spectrum. For
zero fluctuating power, the phase error density function reduces to the well-
known non-fading result,

In subsequent sections, the dermodulation of the set of signals obtained
after independent processing at each antenna element is treated. The fact
that the processing is effected by a phase-locked loop is of no consequence
in these analyses, although the noise levels and phase variances are numer-
ically determined by the specific processor utilized, The only inherent
assumption is that of a large number of antenna elements. If few antenna
elements are used, the phase probability density function derived in the sec-
tions on convergence to gaussian statistics must be used in place of the
gaussian function, However, the results would qualitatively be the same as
those derived here.

The exrror probabilities are calculated for detection in a multipath
environment (including time delay anomalies), The modulation systems con-
sidered were coherent phase, frequency, and amplitude shift keys and
incoherent frequency and amplitude shift keys, The effects of the time-
delay anomalies are presented in graphic form. Inthe calculations doppler
shifts were ussumed to be identical for all multipath rays, The effect of the
doppler shift anomalies on the results was considered separately, It was
found that these anomalies actually improve demodulation accuracy, pro-
vided that the doppler shift of the primary signal is known,

Some time was devoted to a study of the manner in which the outputs
of the phase-locked loops (which are independently associated with each ele-
ment of the retrodirective array) are optimally added so that the modulation
distortion is minimized, The required weighting coefficients were derived
and defined,

An analysis was performed that leads to estimates of error probabil-
ities in the detection of digitally modulated signals received by a system
that uses phase inversion by mixing., Expressions were derived for the out-
puts of correlation detectors and can be used to calculate error probabil-
ities for digitally coded signals,
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Several studies are concerned with the problem of determining the spec-
trum of the fields scattered by a large rough spherical scatter when a spheri-
cal monochromatic wave is incident on it. The treatment employed a vector
approach rather than a scalar approach and differs from other approaches in
that it takes the curvature of the scatterer into account. The problem was
carried to the point at which the correlation functions of the three components
of the scattered electric field intensity were obtained as double integrals over
the scatterer coordinates. Evaluation of the final integrations remains to be
carried out.

The effects of entry-induced plasmas on propagation of radio waves to
or from an entry probe were considered. An analysis was made of attenua-
tion versus time for four entry profiles of a non-survivable probe. The
analysis indicates that at 94 GHz there may be no blackout. From this result
it would appear that millimeter waves may be useful in entry-vehicle com-
munication systems to overcome the entry blackout problem.

Four self-steering systems were devised to obtain an estimate of the
effective radiated power, the weight, and the noise performance of microwave
and millimeter-wave self-steering arrays. A fixed, available prime power of
52 watts was assumed as a constraint. Although the effective radiated powers
for this constraint were relatively small, the availability of increased prime
power and increased coriuponent efficiencies will increase the effective radi-
ated power even more rapidly. This conclusion follows from the fact that
more available prime power or higher efficiencies permit the use of more
radiating elements and, consequently, provide greater array gain. For
example, a tenfold increase in the available prime power would allow approxi-
mately a tenfold increase in the number of elements, thereby resulting in an
increase of effective radiated power by a factor of one hundred. Improve-
ments in system noise figures will further improve overall performance by
increasing signal-to-noise ratios for a fixed available power or by allowing
reduced effective radiated power for a given signal-to-noise ratio.

Recommendations

The studies that were performed during the course of this program have
resulted in considerable new data concerning the effects of noise and simple
multipath signals on the operation of self-steering arrays. Phase errors in
phase-locked loops were computed, and probabilities of error in detection of
various digitally modulated signals were determined when detected by self-
steering systems. A vector analysis of the nature Jf radio signals scattered
by rough spherical surfaces was partially completed to obtain improved esti-
mates as to the spectrum of the scattered signal.

An analysis of blackout during entry into a Martian atmosphere has sup-
ported the belief that use of millimeter waves can alleviate the entry blackout
problem, and a study of power and weights of several specific systems indi-
cates that self-steering arrays are feasible for planetary entry
communication systems,
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As a result of the study, many of the tools necessary for the evaluation
of the application of self-steering arrays to specific missions are available.
At this juncture, it is recommended that these results be incorporated into
some specific mission analyses to permit an overall assessment of the appli-
cability of the systems. It is also recommended that further study be made of
the spectra of scattered signals in the presence of moving sources and
receivers.

Finally, additional upper microwave and millimeter-wave components
should be further developed to improve the predicted capabilities of self-
steering antennas in these frequency ranges.

Antenna Department, Aerospace Group
Hughes Aircraft Company
Culver City, California, 25 March 1968.
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APPENDIX A

PROBABILITY DENSITY FUNCTION OF STEADY-STATE
PHASE ERRORS IN PHASE-LOCKED LOOPS

For the problem under consideration, the differential equation of the
phase-locked loop is, from equation (8),

.3_3 = (s8) t+ (88) - C K, K, [eKsin¢ (t) + n' (t)]

t
‘01K1Kzf [ & sin ¢ (u) + n' (u) ] du (A1)
0

For the method of analysis employed, ¢ (t) is written

d ¢ (t)

d(t) = Cl e (t) +C0T

(A2)

On substitution of equation (A2) into (Al), there results the following equation:

2
d e < . de
Co;;?* Co K, K, [aAsm (Clc +C, E) + ! (t)]

= -, 4 (68) e+ (58)

t
~ . d e
-ClKlef [aAsm(Cle+CoTu-)
0

+ n! (u)] du (A3)
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If the left-hand side of this equation is denoted by Q¢ (t) and the right-
hand sic.e by fip (t), then the expression may be writlen that

da @ - 51—9 Y] (Ad)
g g ) = - g *(86)

This equation has a solution of the form

Co o c,
Qp () = 51-(66)+Dexp -q (A5)

where D is determined from initial conditions. Since the steady-state
solution is of interest, the solution approaches the first term of
equation (A5) as ty»o, Consequently, as t—o, the quantity QL satisfies

2 C

d e I d e _ 0 ,.%
CO:;Z- +Co K1 K2 [aA sin (C1 € 4+ Co-cTt-) 4+ n! (t)] = q(&’é’)
(A6)
On using the definitions Yo = ¢ and Y= Sldit, the system equations
become
! A si +C - -K, K n'(t) + o (6§
—at tK KgeAsin(C y,+Chy;) = - K Kyn'(t) o (&6)
(A7a)
o
dt " (A7b)

Vii:erbi24 has shown that insofar as the loop is concerned, n' (t)
looks like white noise. Consequently, ys [yo, y forms a vector
Markov process, The probability density function of this vector
satisfies the two-dimensional Fokker-Planck equation,
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brle. ) 8 ., 8 [a (y» t)]
3t ° -Wo‘[ 0(1)?(1: t)]"W{ 1(1.)' P\Y»

1 _8?
+3 5_3“‘00 (x)p(y, t)]

Yo

_l._lZ_[A
tz 8y, ayl 01 (3)p (Y, t)]

1 8¢
+5 5';1—8;;5[!\10 (y) P (y )]

2
+ %,_ —a-z[A“ (y)p(x. ¢t} (ABa)
Byl
in whic:hT
, E(Ay |y
A = U —_—
k()= Oy At
(A8b)
| E(by, 8y, | )
. |ttt ]
A = 1
ke () = 07 at

From equations (A7), the increments in the y; are

Yy (t) Ot

Ayo

Ay

~ 1 e
1 -[Kl KzaA si.n(Cl yo-t»Coyl)-c—l-(&g)] At

t+At
'KI KZ f n' {u) du
t

«
S
2,
Crs

T(For notational convenience, the expression ''given 68, 63. 58
is not written explicitly, although it is implied.)
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so that the A, and A, , are given by

Ag(y) = Ely, | x) = v,

Aj(y) = E (- [Kle"K’i“ (C1¥9+Co Yl)'tl',(ag)]lz-)

- [K1 K, o X sin (C, yy + Cq v)) - Cl-1 (5'3')]

Agg = Ajg = Agp = 0

t+At 2
2
E (Kl KZ) f n' (u) du
t N

. 0
A . (y) = lim = (K, K,)>5
1t = o At 152772

On using these values, the Fokker-Planck equation becomes

—a-Ez- -—82 .—2— A si L ¥
3t Yy ayo+aYl KleaAsm(ClY0+C0Yl)p'Cl 60 p
K, K)\° 2
( 12 ?-) No_a_z (A9)

2
8Yl
with p (y, t) satisfying the initial condition

Py, 0) = 8(yo-vo @) 6 (v, - v, @) (Al0)

From equation (A2) and the definitions of y; and y,, the probability
density function of ¢ may then be found from

-]
$-C,vy
p(¢.t)=5-(:-f p( Collsvl.t)dvl

Since the calculations are for the steady-state solution,

Pyge vy) = trg Plyge vyr t)
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and

dp(yyyye )
lim 2 t‘t=0=1im 39,‘1
- ¢ —e0

The steady-state equivalent of equation (A9) is

aP(Yoa Yl)

8
0 = - v ayo +K1Kza1ng[sin(Clyo*'Coyl)P(Yov Yl)]

2 .2
1 s aP(Yoo Yl) KIKZ \/No 8 p(yOo Yl)
- & (88) — + ) 3
1 "1 By,

Using the relation between ¢ and y,; and y, and the substitution z = C1 Yo
results in

o = #/Cps y, = =2

0

o i) r (6 65) s comikan s me o (¢ 2]
. - 2 2
-61;(5‘5) CO%p (g—l.%oi) +(ﬁf%"ﬁ) Co'zpp(g;'%g-)

Transforming to p ($, z) by

pl(z,6) = P (Ez-lo%g") j3l
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this expression becomes

c y
2:'(':7“"” (B +5s) p @ =) = K, K, a & 25 (siné) p (4, 2)

-2 (68) 2P (4, 2)

-y 2
/K K ,/N ) 2
1772 0 9
+ \ 2 8452 p (4, 2)

{All)

In terms of the probability density function of the steady-state phase error,

p@) = [ e zhda

0

and equation (A11) reduces to an ordinary differential equation by

integration:
C Cc ° c ®
1 d 1 ) 1 9
— ¢ - - , z)dz + —5 ¢ 2 p (4 2) d
c PP @ C—zf z 5P (¢, 2) dz g-z f 5z P (4 2) dz
0 0 - 0 oo
C [ -]
1 8 ~d .
""C—oz f ZEP@. z)dz = K, KZaAE;{smdip(ﬂ]
0

2
K. K N) 2
1 K2 VN 4’ p (9
( 2 dé

1%, d
--c—l(53)3;P(¢)+

154

i f

B



or

c @
—15_ {¢g—¢p(¢)--&%f z P (4 z)dz+¢f §;p<¢. z) dz
- 0

0

- f Z%P(¢vz)dz] =K1KZGK%[CM¢9(¢”
-

2

--C‘-l(a'ﬁ')%pmn(x—’l%—@) %P;Z(ﬂ
But
f -g—zp(tb.z)dz=p(¢,+°)-p(¢.-°)=0
-0
Let
u =2z and dv=g;p(¢,z)dz;
then
© o ®
f z-g—zp(¢,z)dz=uv-fvdu=zp(¢,z) -fp(¢,z)dz
=0 ‘ -0 -0
But
o
[ pizras =1
-0

by definition of a probability density function so that p (z) must vanish faster -

than 1/z as z— % ©, Therefore,

]

E
f z-ga;p(¢.=)dz=—-fz-; . ~P(¢) = -p(4)
D z l-g
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The equation becomes

Sl Br ] - & [ Cepthmras] = K KoK [staepi@)
'é';é?;? T{_Qp¢o = 12“3’;‘ P ()]

. K K ‘/
-%a@%;:wn( < ) dp{ﬁ-
1
But
-] -+
sz(¢,z)& = p(¢)sz(z|¢)d: = p($)E(z|4)

so that the differential equation becomes

d 8 ©1. <
0 ol r ¥ lezaxsin‘b-c—-—z'ﬁ'* TE(ZH’) p(4)

(40 e

4 { 2V S 463 4C, N
T K. N - 2 T T 200 u 8
@ KK, N, C (K, Kz) N, Cg (K K )°N;
4c,
+ E( ¢) P(¢)+ {A12)
Co (K K )"N * ]

From the definition of z and ¢ in terms of Yo and Y, it may be seen that
E(z|#) = E([6- Coy,)le) = ¢ - CoE(y,14)
Equation (AlZ) then becomes

d

) 4 . 58
’ -?s{'ﬁ;rgn; ('““ C kKK, )

172

4C
— | S d
- )ZNOE w,m] plé) + —5?)-} (A13)

ColK K,
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=
b

gl Wt

i s,

(o R e [ end

L e

For small C, 40 (C, « cOalexz). equation (A13) may be written

_d 4aA : 8 dp(é)
° 3% [R‘K—ﬁ' (sm‘*"c—nim)?(*“‘%&]

as

17270 1

By integration, a first-order linear differential equation results in the
solution

p(6]568) = C exp {R{%“ﬁa (cos 6+ ET%%T*)]

1 172
¢ 40k 58
1+ D exp . T (cos x + x) dx| -m=sé<T
[ _£ K K2Ng CeXK K,
(Al14)
where
D = CI(KIKZ) NO

]we -—491—- cos X + 63 x1} dx

*P I"K KN C.oAK K.
s 4 17270 1 172

and C is chosen so that
“ .
[ e toled)as = 1
-

The general characteristics of p(¢| 6'5') may be seen from a few approx-
imations to equation (Al4) for small 66. If 68 « C, AK|K,, then D = 0 and

4aA

5 56
p($|568)~ C exp K K,N, (cos¢+ EI—QKK—I-K—Z'#’)]

The mean phase error is approximately the same as the most likely error;
that is, the value of ¢ which maximizes

86
{*m“"}

This value is determined from the following equation,
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d 8 . g
0 ==—{cos ¢ + , ¢ | - —s1n¢:+—-%§—
d C,a 1K2 } Cla K K2

¢ 1

Consequently,

. -1 68
E(¢|68) = sin T eAK K, (Al5)

The variance of phase errors is apprommated through a linear analysis
assuming a high signal-to-noise ratio (SNR), 40 The result is

2 N.B N
081 _ No
o = - 5 (a.l C KK +c1/c0) (A16)

®  (wK)?  (2aK) 2

The above approximate analysis shows that the effect of 58 is to shift
the mean error from zero and to introduce asymmetry into the probability
density function, while the effect of the second-order part of the loop
(represented by Cl) is to decrease this shift while increasing error variance.

With a high SNR assumption, an approximate solution to equation (A13)
can be found without the assumption of a small second-order part {(C,} of the
loop. This result is possible through a linear approximation to sin¢, which
arises in the evaluation of E(y, | ¢). Specifically, the discussion will utilize
equation (A13) which has a term with E(y,|¢,. When C. is small, this term
is small. But with a general C, this term can ot be ignored; some estimate
of E(y,| ¢) must be provided. The parametric definition of ¢ can be recalled:

#(t) = Cye(t) + Co S5t

Yo (t) = «€{t)
y,(t) = __(J;tt

And from equation {A9), it may be recalled that

dy, (t) % . . ' _l_ o
dlt -KIKZC(A sin (CIYO + Coyl) Klen (t) + Cl (80)

-xlxzax sin (&(t)) - n ®) + & (68)
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Integrating yields

yl(m) - yl(t) = “KIKZQK-{. (sin¢(u) - 69

e { du
ClKleaA ]

K Kzf ' (u)du

Taking expectations and recalling that n' (t) is a zero mean process results
in

E[yl(m)|¢(m) ' -Elyl(t)|¢(t) ] = -lezauilﬁs ’Elsin¢ (u)] 'c—zf%—a:& du
t

But ¢ (o) = () + C oY (@), so that since ¢ {=) is a finite constant (if a
solution exlstls), then yo( ]') and Y1 (@) must be finite constants also (since C
C are arbitrary). But

Yl(t) = %" Yo(t)

so that for YO (o) ( lim y (t)) to exist, Yy () (: lim yl(t)) must vanish,

t-om

" Hence E[YI(‘D) ¢ (=) ] = 0, and there is

t-’m

E[YI

sin ¢(u)|¢'(t)] - (—-J-IT&%?K

Then equation (A13) becomes, still without any approximations,

_4d | _4eA - 58
0=3¢ |R KN [('““”“’ €K K,

j {ssm ¢(u)|¢(e)]

’ (Al17)
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The high SNR approximation that is necessary for a convenient analyti-
cal form can be demonstrated next. In the case of high SNR, the random
fluctuations of ¢ (t) about its mean are small so that

E [sin é(u)]#(t)] - 63/(C1K1Kzal)

=

may be linearized. In fact, because of a linearization,

..
~

68
sine(t) - TR K,k

is gaussian with zero mean (at high SNR); this gaussian approximation is used
to evaluate E (ysltb) only — it is not used in the other more significant terms

in equation (Al7)., Let
‘ 58
yp(u) = sin ¢(u) - ———=
2 C,K(K,dX
y,(t) = &(t)

yz(u) is approximately gaussian with zero mean and 1l/a variance, as is yl(t).

But
[ ’ ]z_:/:_a—__ o _[a(yz-pyl)z
PIY,|Yy ‘/2_“ l_pZ P l ) (l-pz)
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%

where p(u-t) is the normalized covariance function. Then defining normalized

variables z, = Nay, and z, = Jay),

I @ ‘
- ¥
E [zz!zl] = f z, p(zzlzl) dzz

{z, -p2z
=f—-—-%——ex ZPl) dz

p -
E ey KT

2
1 -p © - (zz - le) - (zz - pzl)
= ex > 5 dzz
2n _G.[ 2(1 -9%) (1-p¢)
o
2
1 (2, - p2y)
+ - Pz, exp | - ——3— dzz
VZ_;T 1 _pz -0 2 (1 - P )

The first term is just of the form

2 o
- _E__p_-—f exp[— az]a. da =
var )

= 0 (by odd symmetry)

Then

[ (z.z "le)z]
) Eears
E(zzlzl)_ 2(1 -P7)

]
o}
‘_‘N
[ ]
8~
§|
=
o
[]
)
N
[« 9}
N
[W*)

1]
]
N
[
-
n
»%
o
U
®
™~
| N

E (zzlzl) = P2y
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Therefore,

© 68 ® .
J HE sin ¢(t+-r)l¢(t)] - W]dfa Joo (at] &)

=0 -0

x .'[0 plr)dt| siné(t)

By the Wiener -Khintchine theorem,

where the phase spectral density is

2

K. K, F (iw)/iw
12 5, ()

1+ai§lxzr(iu)/iw

S¢ ((a)) =

No

2(ak)?

2
|H (w)]

Where S_ («) = N,/2 is the one-sided white noise spectral density and H(iw) is
the closed-loop transfer function of the phase-locked loop. For the second-
order loop being discussed,

Cos + C1

F(s) = 3

The closed-loop transfer function is

aAlez (_cos +C))

H(s) = 5
s“+aAK K,(C s+C))
0AK . K.C
_ 1 1 _
H(0) = kK K,C, ~ 1
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Therefore,

_ 2
S4(0) = NOIZ(aA)

The phase variance is

o ;‘_‘:"‘le,r[ ]da(t)lzdt:z—f S (v) dw
P 2
N’ (K.K,C.)>
1 N KoCy
T 2n 2 2

f dw
2 ~ Cl
' 0
N, C
O = o K,C_ +
¢ A?:(arﬁ)2 17270  Cy
Then
® " | 6% :
J ’E[s"“"“ ) ““"]'m]dﬂr—ﬁJ—v—a R R T
9 1712 122% 1S A18)

which is valid only for high SNR and small 58.

Finally, equation (Al7) may now be rewritten as

°=‘§¢ {—__K4§AN [‘3““*’) (1' 1 3 - ;5 7 | p(®
1¥2Np okK K,C 2/c,+1 C,aAK,K,
dp(¢
+‘§'5rl}

2 L
=i{ 40k ("‘AszzCo Cr e 58\ o
d¢ |K, K, N, oAK K Cole +1 €« XX K,

2
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With the boundary conditions
p(r) = p(-w)
™
[e@ ae=1
-7
the rewritten equation gives the solution for high SNR:

4 (aE)Z/N

CO (cos ¢) + _(466) ¢
akK K, + —iz C NolK,
Co

p(¢]86) = C exp

4(a§)2 CO8 X
z 2
(aAKlK +C1/C0 )No

¢
. 1+Df exp {-
4 66 x

B Z
CINO(KIKZ)

dx| -v < b«

where

X % 2\
exp (-2m 488 /C Ny(K/K,) )-1

2
KZ)

(Al9)

D= — -
]’“ ( 4(aA)z cos X 468 x
exp {-

- - T
- Nole AK K, + 01/007_) C, N, (K, K,)

™
| C= ‘/f 20 40
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APPENDIX B

PROBABILITY DENSITY FUNCTIONS OF PHASE
ERRORS IN MULTI-ELEMENT ARRAYS

For independent phase-locked loops, the characteristic function of the
sum of the phases is the same as the product of the characteristic functions of

the components, i.e., N
M(Gv) =TT M_ (jv) (B1)
i=1 ?i

Consequently, the density function (p(y) = ?[Mv(jv)]) of the sum is an (N-1)
dimensional convolution of the density functions of the components.
(1) For N = 2, this procedure yields

@
Poyx) = [ 2 - 0glp, le)de, (B2)

But

p,l9) = C expla cos ¢} [U(e+ m) - Ulp - m)]

where U(x) is the unit step function, so that

p Zy(x) c? !: exp [a cos(x-.pz)] exp [a cos ¢2] [U (x-¢z+w)-U(x-¢2-w)]

[U(¢2+v) - U(vz-v)] de,

sz'f exp
-

a[cos(x-wz) + cos 72]}[U(x-¢z+w) - U(x-%-w)]ﬁqz

Ci{r'“ exp[Za cos % cos (4’2--’2‘-)] ["(x-qazhr) - U(x-¢2-1r)]§d¢z

The substitution is made that ¢ = ?; - x/2, Then
x+mw-x/2

JCZI ex;; Zacos%cotw] de ~2nsx =0
- "1l-x
pZy(x) - n-x/2
lczf exp£2a cos% cosp] de 2n2zxz 0
X=mex/
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(w+x/2)

sz exp[Za cos’%cos ¢] de x=0
Pz. (x) = -(m+x/2)
v (m-x/2)

C'T'[ exp[Za cos% cos cp] dg x20
-(m-x/2)
(w-lx/?.l)
sz(x) = sz exp|2a cos xz—cos ¢] do |x| < 27w

HAn-1xs21)

5 lm=1vl)

pZY(ZY) = C exp[Za cosy cos ¢p] do ly‘ <7
2m-1v1)

-yl

p(Y) = 2p, (2y) = - / expl2a cosy cospl do |v|< = (B3)
Y Y n Io(a) 0

which is equation (21).
(2) For N=3, £# -;-(q:! to,t ¢3). In general

simpl + slnqaz + sin¢3
tan § = —_ —

cos ¢, + coswz + cos ¢4

However, for small o ,

sinq:l + simpz + sin¢3

£ = c03¢1+cos¢z+ cos g, e (¢1+¢2+¢3)/3

M3§(jv) = E{exp{jvg]} = M¢(jv) Maz(jv) M¢3(jv)

(B4)

= [ [ :de’}p(q )exp(ivwl)] [f_ :dﬁl"ﬁ’e"?(j""z)] [f :’3?"3)”?(*"’3)]

-

v
= ;/; d¢1 p(ﬁ) ;[r" dﬁp(’z) ;[:r d¢3p(¢3)'33‘?[j"(¢1+¢3+¢3’]
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Pyglx) = !::exp[jvx][ :dqlp(ﬁ) [:dvzp(qu) f_’; d¢3P(¢3)exp[jv(¢l+¢2+¢J]

= ] :a,,p(ﬁ [ :d.pzpw [ :‘393?(%) / dv exp{'j"["'("l“‘z*"s)]}

- [ dapie) [ dopoipleeny-e)[ufeeny-ete) - ufe-eyros=1)

”
= [wdvzp(ﬁ) [}gp(qu)p(xwz-%)[u(ﬁw) - U(%.ﬂ)]

. [U(x-.pz-‘psw) - U(x-qnz -¢3-11)j

4]
: /' i:;_gfvs’l’(*-vz ) for
[:vzp(qu)w o ‘H
[ . dw3?(¢3)9(x-¢2-¢3) for

J d¢zP(¢z) d¢3P(¢3)p(x -9, - w3) for
x-¢2-ﬂ

f de,ple,) ]d¢3p(¢3)p(x ?5 - ¢3)
-¢zo1f
for
™ X=9P2¢7

+ [dV?. P(Qz) !d'3p(¢3’ P(K'Qz '?3)

x+2n<p,<®
.n<¢2<x-21r

x-21r<¢2<x

x<¢z<x+21r

n<x<3n

-<XL<T
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SRt

and
x+27 X=@+m
p3et) = [ do,p(e,) [ doyplog)ple-0,-0y)  for -Imexcen
-7 -~

But p(¢) = p(-¢) so that
- ‘x"l‘z'n - |"%'¢2+‘“’

Pag(x) = .]1" de, p(fpz):[d%p(%)p(&“ ¢2+¢3) for  m<x<37w

X ™

= ‘/.d¢2 P(¢Z)[d¢3 P(¢3) p(x ) ¢2 ) ¢3)
-n X=@2-T

X w

+ £d¢2p(¢z) l :¢3$(¢3)p(x+¢2+¢3) for bl
- egye

[where p(x to,t ¢3) = p(-x-qu-cp 3)]
- H+Z1r - lx‘ '?Z"'"

= quvzp(«pz)f d¢3p(¢3)p(- H-qu-¢3) for  -3m<x<-m
= =7

[va;here p(— H -9; -¢3) = P(H“’z +¢’3)]
- kb2 - ‘X‘-vzﬂ

= fdeozpwz)f d¢3p(¢3)p(kl+¢z+¢3) for  wchl<3n
-1 -y

b "

[T i:1||||Iiij|1i|||‘ii|lIHiiI||ilii||IiiliiiiiiilllllllllilllllilllliiliiIIIEIIiliiiIi‘uleilil!Ii|'|iIiiil|imuimiili;iiillililiil|ii|nnu||unnimumanﬁniz.nfmif:nu.n.umumlnunmum...mmf,un.mn..‘n.mum

= /d¢2 p(¢2Jd¢3p(¢3)P(H-¢Z -¢3) E
- ‘ "¢2“" %
- ‘x‘ " %
*fd(’z P(Vz)[“:; p(¢3) P(" L‘"QZ "¢3) for ‘x‘(w %
T - i|#"F =
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P3Y(X) = fd¢zp(¢2)£ ¢3P(¢3)P 'x! “®y- ¢3) for 'rr<|xl<31r
x|-2n -cpz-w
'n
= [d¢2p(¢2) fd¢3p(¢3)P(|Xl+¢z ¢3)
- x| b:l-l-:pz-v
n 1r
+fd¢2 P(tpz) 4‘1‘?3!’(?3)?(' lxl+¢2'¢3) for !xl<1r
kel e
Therefore,
w n
p, 0 = 3[deyptey) [ao,pie)p(l3vl-0;-0,) for Jehvke

‘37'-21? '3Y“?3'"

ki
3[d¢3p(¢3) fd¢2p(¢2)9(|3vi+¢3‘¢2)
-I3y I3 ’3'"

¥ 3/""’3"‘"3’ f do,plo,)p(- 131+ 05 - v,) for kI
l3Y| "3Y‘+¢3'“
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3 T 3
T 13 dx explacos x] J dy explacos vyl
[2to) 5y -2 3y

'exp[a cos(;3y1 -x - v)]

for %<’Y[< L

PY(Y)

G T

(B5)

™ L

3

3 dx explacos x) fdy exp[a cos y]
[2"10(3)] -13v] 3By|+x-m

. exp[acos(Bny-y)]

g ] i i i

™ m
+ [dx explacos x] fdy explacos v)
3yl -3yl=x-m

- explacos (|3yl+x -y)]

for |yl< %

which is equation (136).

s
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APPENDIX C

AVERAGE ERROR PROBABILITIES OF COHERENT PHASE SHIFT KEY
MODULATION IN A MULTIPATH ENVIRONMENT

For coherent phase shift key (PSK) demodulation, ¢, andé
independent of k are

¢1(t) = jg,r-_cos(wt -0)
- {2 .
¢2(t)— /;sxn(wt -8)

The signal energies and frequencies are similarly independent of coding
subscripts so that

(Ch)

=
n

=
I

: E
(C2)

W T W =W

Then the correlator outputs become [from equation (60)]

Xx=a cos 6+ b sin 6+ n
lps

1

(C3)

cos B8+ Db sin 6+ n

2ps 2

X
=

where
a = JE cos ¢p+ Q\/E cos(¢s+wr>

=-VE sin ¢ - QVE sin(¢s+w'r)

=
1]

1ps VE sin 4yt avE sin($, +wr)

b, = JE cos ¢, + Q\/E cos(¢s+wr)

and the phase code is ¢i = 21;; . (C4)
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The noise terms n,, n, are independent gaussian variables of variance

variance N

1
P(x,y|P,8,08,7) = TN exp

0

+ (y'aZp cos 8- b ssme)z

1 . 2
- 7_1\'1'6 [(x - 20 cos e-blpssme)

1
™~
=
2
(]
o
el
g el
e
e
Z N
o
ﬁ
P
]
m
G)
\L.';

racos (9-__-m))2

(7 R [l
+asin(o- 22 -ur)]) 2]

Average error probability is then

CD

m m
dep(T) J dep(e) IEZ Lmz P, (p, 8,0,T)
0 0 s=1 p:l

But
Pe(p,S,G,T) = Pr (x,y ¢ Rp l P, s,e,-r)
xtan (-QT-‘E +_1r_)
m m

1 -/dx dy p(x,y|p,s,6,7)
xt:a.n(--%lr-E -—T"—)
m

m

Then, by symmetry,

(C5)

(C6)

(C7)

(C8)

0 O it

it

il




For perfect coherence (0 = 0) and binary coding (m = 2), this

expression yields
xtan (+ %)

[+ +]
2
. 1
pe(.r) =71 . /(;d:: dyz' Z P(x,Y|0; 8, 0,7)
s=1
xtan (— %)
where

X

e R
0 N,

(C9)

"‘\/;ENBT (1 + Qcos [wr + 1r.=:])]2

2
Yy _ 4+ [E . + ]
+ Q sin (wtt7ws)
[JNO VMo

-

exp |-

] (C10)

2
Therefore, ° 1/ x _/.ll:_ [1+Qcos(w‘r+n's)]
‘/ NO NO

g b
f dy 27N

-0 0

Pe(T)

i

o—
8
M N

. E

-

1
exp | -5

2
Y Qsin(w-rhrs))
N N
( 0 V o -

2

2

0

s=1 \/—
2
R

2]
© exp - ..é- [x - \E (1+Qcos[w'r+1rs])
[dx »0 J

0 27

%q,[_\/;% (1-2]cos m|)}+ le [_\/% (zm.;osm;)]

(C11)
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APPENDIX D

AVERAGE ERROR PROBABILITIES OF DIFFERENTIALLY COHERENT
PHASE SHIFT KEY MODULATION IN A MULTIPATH ENVIRONMENT

The operation of differentially coherent phase shift key (DPSK)
demodulators is the same as that of PSK demodulators with the exception
that the decoding is achieved by the detection of phase differences rather
than absolute phase.

The present correlator outputs are then

VE cos (—2—%2+¢p+9') + Q /E cos (mes

Xy =
+¢s +w1‘+9) +n“
(D1)
_ . (ZwE ) (2#3
¥y = \/_E—sm m +¢p+0) -Q VE sin \7/~
+¢S+w1'+ 9)+nlz
and the preceding correlator outputs are
X, = ‘/Ecos(¢p+6)+9\/Ecos (¢s+w7+6)+n21
, (D2)
Y, = - VE sin(¢P+ 9) -Q JE sgin (¢s twTt 9)+n22

The demodulator then calculates the phase difference between x,, y, and
X3, y2. The difference is used as a basis for the decoding decision’accord-
ing to its closeness to the phase 2wi/m.,

For Q = 0, the phase difference, n, is just 2mp/m perturbed by the
phasortransformation of the gaussian noises n}1, ny,, njy, nz3.
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This noise perturbation must be more than m/m (in phase magnitude) for
an error to arise. The error probability is given by

E f dnpin{s,7) (D3)

P(T)::...].'.
e m
s=1 n/m

The probability density function, p(n|s,t), has been derived for 2 = 0 by
Fleck and Trabka;41

w/2 :
p(nl$z=0)=% ! siné [1 ZIE\:I (1 +cosn s1n¢)]
(D4)
exp [-zﬁz—(l-cosnsinﬂ]d¢ n>0
0

This expression must be modified in accordance with the phase distortions
introduced by the Q-dependent terms in equations (Dl) and (D2).
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APPENDIX E

AVERAGE ERROR PROBABILITIES OF COHERENT FREQUENCY
SHIFT KEY MODULATION IN A MULTIPATH ENVIRONMENT

For coherent frequency shift key (FSK) detection, only ) is used for
the correlator, The correlator outputs are then

T T
x, = ({ s(t) ¢y, (t) dt = 2—@ of cos(wpt) cos(wkt -8, ) dt

Is

T
O[ [ws(t +T)] cos(wkt - Ok) dt tn oo (Ela)

= \/Eapk+ Q\/E_lbsk+n

k
where
2 T cos ep ,» k=p
« T-[ cos w tcos(wkt - Gk)d =
P 0 0 , k=p
(Elb)
T -
+w T k=s
Zf cos (8, + w_T),
= cos w {t +7) cos {w, t - O dt =
sk TO s (k k) 0 ,k=s
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Since nj, n2, «..., N, are independent gaussian variables, the joint prob-
ability density function of correlator outputs, conditional on p and s, is

1

p(xl, Xyrevens xmlp,s, eP, 93,1-) = W

(E2)

?.No

m 2
n i [xk - JE (apk +Qbsk)l
expy -
k=1
The error probability conditioned on p and s is then

1

P =1 -
e (p’ 8, 8p 0, T) W

(E3)
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© 2
: [dxp exp{ - 3 [p - VEp, ¢ Qbsp)] } (E4)




An
d by symmetry

(P= 5 Opr 80 7 ) +‘?::-§§Pe(9.s. 8
p’ Os.r)

p=1s=1
-L m SED
m
=—r§=—l 1 - 1 ©
l (Z7N,) m/?.__!dx e,p{_ o [x
NG

- VE (cos )
v + O
p * Teon (8 + “’p")] 2}

- {2%:’;[‘/ VE qcos (o, + 2
[l -]

i mﬂmmulllIIlll|u|n.un...u..m...,



m
©

Then P (r) = ff de, n de, p (el)p (°s) P, (91' e’.f) (ET)

-© -®© 8=2

For perfect coherence ( lei' = 0) and binary coding (m = 2), this
expression yields

[ ® 2
|L!. - [ {-ml-— [ - VE (1 +5cos up'r)} }
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m +\F:‘%— {l +Qcos wlr)

. 1 fdx __ r 2 dy 2
=1-5 |=expl-x"/2 exp |-y /2
1) el e [y
x +y /% (1 +Qcosw29
o
1 [fdx

exp [-x / —Yexp [y /2]

4—@\/2—11'- 0o

x +\/£ (l —Qcos;.:l-r)

-i;mJg_iexp[x /2]f—zexp ['Y /2]

x +\/1;§ (1 Qcos.mz-r)

exp[_-x /Zlfl xp[ y /2]

2 2. . |
Z E fﬂ[‘ﬁ.@]@[xﬂ’g—o (1 +(-l)kc05wlr)] dx

These integrals are of the form (E8)

m—-ex X -Xex
!\[z'w pl- /2]] p [-y%/2] (=9

which can be simplified by a change of variable, a reversal of order
of integration, and the completion of squares in the exponents:

x +K,
exp[-x /2]! -Xexp[ $212]- 2 (& f2) (E10)
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Therefore,

-1.1
Pe"r)‘l‘4

1
P

Mw

1=1

k=1

[

22: ° .2.5_0_ [1 + -1k coswl"']

{_ IZ_N%_(I-Q ]coswfl)}
+_§. Py [- /—ZNLO (l +Q]co&.:,ﬂ)]} (E11)
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APPENDIX F

'AVERAGE ERROR PROBABILITIES OF INCOHERENT FREQUENCY
SHIFT KEY MODULATION IN A MULTIPATH ENVIRONMENT

The correlator outputs for incoherent frequency shift key (FSK)
detectors are ‘

T
- X, = { s(t) ¢1k (t) dt = \/E alpk + Q‘/Eblsk + n
? v, = ]-T st) 6, (dt = VE a, _ + @VEb, . + n
k 0 2k 2pk 2sk 2k
where
T ' cos 0 k=p
2 [ ’ 244
a = = cos w tcos fw, t -0, Jdt =
Ipk T P ot - O ) l o , k=p
T -sin @ k=p
_ 2 f . ’ P °’
a = = sin w_t cos {w,t - 6, }Jdt =
zk T Ty Smeptees et )i Ty T
T {F1lb)
- 2 .
blsk = 53 ‘I;) cos w (t +T) cos (wkt - ek) dt
tcos (es +us1-) , k=s
0, ks
b =2 fT ain (t +7) cos t-9o,)dt
2sk T IR wg ¢ (""k - k)

0

-sin (es + us'r) , k=8

i

0, k =8
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Since lnlk’ n l is a set of mutually independent gaussian random
variables with means zero and variances N,, the random variable

2 2
v o= 2| =V K Yy (F2)
kU, VAR
is Rician distributed:
‘ E 2 1/ 2 E 2
P (Vkls) p) = Vk Io [Vk NT Cpsk] €xp ['E(V K + W Cpsk)] A
wvhere
i Cosk = (1pk *1a) * (32pk +ab, ) (F3)
1-Pe(s,p,-r, lek‘) = Pr(v >V k#p)
fod 2P (*3) kD o TP ()
k= p
B © Vv
_ p m 1 m / m P
_ A NEREE 310 EETNN VAL SR

kep

Then given the probability density function of phase-locked -ioop phase outputs,

© <
P(r) = f.... faede, . .46 p(o)P(e,)- - - -P(6r) Pe (7104))
-0 -0
(F5)
Then specific values for Cyzask are
Czss = C;pp = [cosep +Qcos {0 mpr)] 24 [— sin@ —sin (ep+wp'r)] 2

(1 +9% + 29 cos wp‘l)
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APPENDIX G

AVERAGE ERROR PROBABILITIES OF COHERENT AMPLITUDE
SHIFT KEY MODULATION IN A MULTIPATH ENVIRONMENT

For coherent amplitude shift key (ASK) detection, only the function
¢1(t) = /'T cos{wt-8) is used for correlation. The correlator outputs,

then, are

T
x =4 s(t)¢1(t)dt
(G1)
= '\/EP cos @+ Q\/i‘—s cos(@+wr) + n
Since n is gaussian,
pi{x|p, s,6,7) = ——-l——-exp —[2—1%— (x — ~E cosg- QVE cos(e-h..rr))z (G2)
VZTN, 0 P s

Therefore, the conditional error probability is
Pe(P’ 8,0,7) = Pr (x¢va|'Pr 539’7)

The decision regions are based on the amplitude coding levels that are
described by

E1=_‘-0

VE4 —VE =8
JE_ = (k-1)a

or therefore

Pe (1,s,6,7) Pr (del 1, s,G,T)

®
,[ P(xtls 8,6, T)dx
Al2
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/E 2
= 1 exp{—- %lx -9 NE cos(9+w'r)] ldx
A VY 2x 0

2 /N,
P (l,s,0,7T) = 1 -9 4 l—ZQ(s-l)cos(6+wT)z}
2VN, | | (G3)
P (m,s,6,7) = Pr(lem‘m, s,S,T’\
a
v Em - 2
=f p(x|m,s,0,7) dx
3 A
(m-3)
= 2
3 =fd.x 1 exp{ - %- [x - M—cose-ﬂw cos(a-fuf)] }
: o y2m VN, No )
= [
=& 2m-3-(2m-2)cosg-Q(2s-2)cos(6+wT) }
2 N, ]
=& A
2 N,

[—1+Z(m- 1)(1-cosG)-Zﬂ(s-l)cos(ehm')]}
0

Ty - cose-Q(x-:ﬁ_l)cos(a-l-wT)]} (G4)
0
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m
1 A
= —2-2 1-9 {l - Zﬂ(s-l)cos(6+u1-)]}
1 z m-1)4a [ 1 s-1
+ @ 1 - - c080 -Q cos(® +w-r)]l
me & N Zm-T) (=1)
s=1 0
m m-l
m-2 1 (p-1)A { 1 -1
+ - mz Z ® ~ 1+ 1) cos5@ - —-p_ l)cos(e+w1-)]l
s=1 p=2 Vo ;
m m=1
tr Y Y eflele ol cose-n(25) cos(e ]
m N p- P- H
s8=1 p=2 0
Letu=p-1, v=s-1
m-1
1 A
Pe (e,7) = — oy — [1 —2Qvcos(® +uT)]}
mog=g | 2VNg
m-lm-2
+‘_7:__n:.§. __17 ol 2 A [1 + 71\? —cose-Q:’T cos(® +w-r)]l
™ ya20 u=l v NO
m-1im-1
+ _17. E E ol v 1: [— -2-13 - co86 -Q‘l:- cos(@ +w1')]}
™ vy=0u=1 Vi
Then, given the probability density function of phase-locked-loop phase errors
Y P ’
@®
P (1) = fdep(e) P_(6,T)
o)
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And forpw 1, m: z

P, (p,5,0,7) = Pr(xfR_|p,5,0,7) = 1- Pr(xmp;p,s,e,-r)

VE, + 5

1 - f p (x|p,s,6,T) dx

A .
VE, -7

(r-3)—
vy
- 1
= 1—/ Jz___gexp
(p-3) —
vNg

-

ORI

2
- e conenle=le coniorn)] o
VN VN

0 : 0

i

=1 —|o|tRo1LA l_ _ cose-o(Z4
Pe (p, s,6,7) 1 ® Jﬁ—a [1+ﬂ___p-1) cosh Q(;_—r)cos(ehur)] (G5)

0

Consequently, the average error probability, conditional on the parameters
6, 7 is

=
=
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APPENDIX H

AVERAGE ERROR PROBABILITIES OF INCOHERENT AMPLITUDE
SHIFT KEY MODULATION IN A MULTIPATH ENVIRONMENT

For incoherent amplitude shift key (ASK) detection, the pertinent
orthonormal functions are

¢1 = /—%— cos (wt-0), ¢2 = /,%sin (wt-86).

The correlator outputs are

T
X = f s(t)tbl(t)dt = \/Ep cos 0+Q2 ‘/Es cos (6+wT; + n1
0 ,
(H1)
T .
vy =j; B(t)¢2 (t)dt = - \/Epsin e-Q s/E}s sin (0twT) + n,
The decision is based on
v = z = VX + y
vN v NO
Since n,, n, are independent gaussian random variables, v is Rician
distribdted? In fact if Xos and yp‘ are defined as
xps = ‘/Ep cos 6+Q ‘/Es cos (B+wT)
(H2)

Yps © -,/Ep sin 9-0 \/'E; sin (6+wT)
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then

x +tvy Y
p(v’p’ s, 9,1-) =y 10 (-V—‘E!I:J.:Ls)e"p[- % (vz + _-L.N_—Es—)] (H3)

Recalling \/Ek = (k-1) 4,
alz /N _
P l,s,0,7)= l-f v IO [vﬂ(s-l)A/,/ﬁB] =
0 ' (H4) .

2 2.2
.exp[-%(vz-& 8 S;Il) a > dv
0

Pe(m) 8, 9,1‘) =1- v 10 v o [(m'l)z + 92(5'1)2
( _2).._6_
2
VN,

1/2
+ 2Q(m-1){s-1)cos w1]

2
. exp{- %—[v2+£. ((m—l)z +9% (s-1)%

No
+2Q(m-1) (s-1) cos u'r)]‘ dv (H5)
for p#*l, m

(I,

P, (ps,06,7) =1

(p-3/2) ==
o321 7
1/2

+ 2Q(p-1){s-1)cos w-r]

. exp{-%[vz + ﬁ% ((p- 1)2+ ﬂz(s- 1)2

+ 20(p-1)(s- 1)cosm)], dv (526)

[(p-l)z + 0%(s-1)2

of

192




Wb

Then the mean crror probability conditioned on 8, 7 is

o
g vgva 1 g2 abv%al
rn =k 3 [ [ (222 = P10
| A/z,/ﬁ{,

411 vA 1/2
m m (m 1) +9 ve +2Q(m-1)v cosun’]

(m_..

2
2 . A ((m-l)z + szl + 22{m-1)v cos QT)] ldv

(u+l) ",',A

£ NG s r2l 22, /2

p— 17—_5: [u +Q7v +Zﬂuv<:osw1']l ‘
0

L2 ti-f vy
u=}
u_l)__A_
(2075
0
. ex _l[vz-}-éi(z-}- 2,2 4 29uvcos 1') d
P1— 2 Ny U “ Y
. - ]
1mz':l 1 vQva 1.2 czszAZ)
o - —— VI [,," ] exp[-— v + ] dv
m &t (m ol /R 2( N,
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@«
m-1 1/2
+% -% vIo V"A [u2+92v2+29uvcos;n'r]
u=1 v Ng
A
No
1} 2,42 72 .22
. exp -E[V +T\?-5-(u + 827y +2qucoswr)] dv (H7)
®
m-2
- 1 3
+m-«—--m2 = v |22 {uz +a% +2Qu v coswT 1/2]
0 \/_
u=l No -
1y, A
SN w
2
. exp -% [VZ +—%‘; (uz +92v2 + 2Qu vcosw'r)] dv >
/

For binary coding this expression becomes

H

Pe(ﬂ

1
1 1 « 1. QvA
242 N £l vy
2tz 2,12 vig [T
v=0 \/Ng
A/Z\/NO

22,2
(V2+QVA) dv
N0 :

1 1/
‘% Z v IO (VA [u2+92v2 + 20u vcoswf.l Z)‘
) J

vz +92 v2 + 2Quvcos w-r)]. dv

L ]
%
o
]
L
<
™~
+
A,
——
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[+ ] - <]
1,1 2.° 1 v QA
=+ v exp[-v&/2]av + ¢ vl ( )
z 2 : r 0
v Ny

A/Z‘/ No A/ZJNO

=

i
1
L [
<
| qul
(-]
rm—
Q
5
]
]
<
™
o+
A
\._/
[« N
<

1/2

2+29cosw7)

v I |2 (1+n

va
VN,

1
)
A

2 /i,

oAt i e o s e

1

2
. exp{-%[vz +‘%po- (l +92 + 20co0sp T)]}dv (H8)

-1
. \ zﬂz
) 1 2 1.1 vaQ X
Y S A i
Al2 ‘/NO

F
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5

-
1 1.2 Az)] 1 (vA )
2 z No/i12 O\ AN,
| 0 Ng
| a/2 Ny
: +%Io(m 1+Qi+2$2cos w T)
: vNg y

2
exp[(.-z-%——)(ﬂz-%ZQ cosw'r)] dv (H9)
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APPENDIX I
EVALUATION OF EXPECTATIONS

In equations (238a-d), several expectations were given without proof.
Their method of calculation is outlined here. The expectation of a function
f(x,y) where x and y are stationary random processes is given by

Elf] = [f(x,y)plx,y) dx dy (11)

where p(x,y) is the joint probability density function of x and y and the
integration is performed over all allowable values of x and y. In the cases
of interest the random processes are g and g”. They are jointly gaussian
with joint density function

| 2, .2
Plg,g') = —3—5 exp -57"5—%—"“: (12)

2uo_(1-P7) 20, (1-07) -
g g

where og and p are defined in the body of the report, When this density
function is used in equation (I1) and the integrals are evaluated, the
expectations of equations (238a-d) result,
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APPENDIX J
INTERACTION OF ELECTROMAGNXTIC WAVE WITH PLASMAS

It is assumed that the plasma is electrically neutral and that the
temperature is sufficiently low that the interaction of electromagnetic waves
and acoustic waves may be neglected. It is also assumed that the inter-
action of electromagnetic waves with positive ions may be ignored. The
equation of average motion of electrons can be written

cef - mdt tmie (31)
where
e = magnitude of the electronic charge in coulombs
m = mass of electron in kilograms
s = the average electron velocity in meters per second
v = the average collision frequency of the elactrons in 1l/sec
& = the electric field intensity acting on the electron in volts per

meter,

This equation reflects the further assumption that forces due to the inter-
action of electrons with the magnetic field are negligible.

Maxwell's equations for the electromagnetic fields are

- vxE = u2¥
Ux & = By 3t {J2a)
vk = 28+ 3 (J2b)
where
X = the magnetic field intensity in amperes per meter

o = frée space permeability in henrys/meter

€, = free’space permittivity in farads/meter

[

electric current in amperes/sq meter

@|
]
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In the case of interest, 2 results from the motion of the electron and may be
written as

3= - New (J3)
where N is the electron density in electrons/cu meter.

If it is assumed that z2ll time varying quantities vary as exp (jwt),
equations (J1), (J2), and (J3) may be rewritten

-eE = m(v +jw)V (T4a)
-V xE = juyH (J4b)

vxH = jugE +7 (T4c)
J = Nev (J4d)

where the vectors are complex representations of the original time varying
vectors. On combining (J4a) and (J4d) with equation (J4c), Maxwell's
equations may be rewritten as

- xE = 5@,;02‘1 (I5a)
vxH = juE (I5b)
where
w 2 R
€ = € 1- -j-— —
o0 -7 Er)- 8 75|
and Z_Nez

Qp 'M€°

The term ¢ appears in equation (J5b) as a modified permittivity that depends
on the electron density and the collision frequency and that consequently is a
function of position when the plasma is inhomogeneous.
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