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PREFACE

The work reported here was undertaken in connection with a position deter-
mining system that uses the ranges from a receiver on the ground to several satellites
having known positions to determine coordinates of the ground location. These ranges
are proportional to the delay time between transmission by the satellite and reception
on the ground. The delays are determined by correlation with a signal generated on
the ground that is a replica of the satellite signal. Since it is desirable to use the system
in the presence of vegetation and other potential scatterers, it is important to know the
characteristics and extent of errors that can be introduced by multipath signals caused
by such scatterers. Field measurements had been performed in the presence of vegeta-
tion and the results indicated that anomalous range measurements sometimes occur.
The present study is intended to provide a plausible explanation for anomalous range
measurements obtained in such a scattering environment.

The work was performed in the Center for Theoretical and Applied Physical
Sciences in the Research Institute of the U.S. Army Engineer Topographic Labora-
tories, under Project 4A161102B52C, Task S3, Work Unit 1752CS30003.

The authors are especially grateful to Mr. Jack Jacobson and his co-workers for
making available the results of the field experiments in a reduced and usable form.
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SCATTERING OF A CODE-MODULATED RADIO SIGNAL

AND ASSOCIATED MULTIPATH RANGE ERRORS

INTRODUCTION

Objective. In making range measurements using a code-modulated radio signal in
the presence of scatterers, sometimes large range measurement errors were obtained.
In all cases, the range measurements obtained were larger than the actual range. Often,
a proper measurement of the range could be restored if the receiving antenna was
moved less than three-tenths of a meter (about | foot). Figures | through 3 show
examples of actual measurements. The purpose of this study was to develop a mathe-
matical model that would account for the anomalous range measufements and would
also provide for computations leading to a numerical simulation of these measure-
ments. The computations were to be performed for some representative cases to dem-
onstrate the plausibility of the model and to give some insight into the mechanisms
and relative significance of the various parameters involved.

The basic scattering phenomena upon which the characteristics of the received
signal ultimately depend were not investigated because such an undertaking would
have exceeded the scope of this study. It is sufficient to know that diffraction and
scattering of radio waves in foliage will generate interference patterns with spatial
distributions of electromagnetic energy that show considerable local variations. For
that reason, the effects of scattering were included only in the form of delayed multi-
path signals with somewhat arbitrarily assigned delay times and amplitudes. Also, no
attempt was made to model the receiver in detail, but it was considered to possess
idealized characteristics of receivers in general.

The Experimental Configuration to be Simulated. The distance between two
points is measured by determining the travel time for a signal between a transmitter
and receiver as shown in figure 4. A biphase code-modulated signal sent by the trans-
mitter is received and correlated with an identical signal produced at the receiver. By
using an accurately synchronized system of clocks, the time delay is obtained and
hence, the corresponding range or distance from the transmitter to the receiver.

When such a system is used in an environment containing scatterers such as trees
and foliage, several signals transmitted over different paths can possibly be received
(figure 5). In such surroundings, it is important that the wave propagated over the
most direct path transports sufficient energy that the receiver may lock onto this
component; otherwise, the receiver may lock onto another component and give a
faulty range. One mechanism that can cause this to happen is destructive interference
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Figure 5. Range Measurement in the Presence of Scatterers.

between several of the more direct waves, leaving the strongest signal present to be
one that has been propagated over a longer path length. Because this interference is
associated with the wavelength of the carrier, it has been termed *‘carrier cancellation.”
To explain how and when it occurs, an understanding of the detailed structure and
properties of the modulated signal is necessary.

Signal and Code Characteristics. The transmitted signal consists of a carrier with
an impressed modulated signal with a repeated code or string of pulses having a value
+1 or -1 (figure 6).

+1

Figure 6. Modulated Signal.
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At each discontinuity of the modulated signal, the phase of the carrier is shifted by
180° (figure 7).

A S A, A D T & L BA /\/\/\/\ Y\
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Figure 7. Biphase Modulated Carrier.

The basic lengths, periods, and frequencies describing the carrier, pulses, and code,
together with the other parameters used, are given in Table |

Table 1.
Length Period Frequency
1.903429 x 10" m 6.349841 x 1070 sec 1.575 x 10° Hz
Carrier (~ 20 cm)
~ 8 in. (~ 6 nanoseconds) (1.575 GHz)
2.997925 x 10" m 1077 sec 1.0 x 107 bit/sec
Pulse (~ 30m ) ( ~ 0.1 microsecond ) (10 megabits/sec)
~33yd ~ 100 nanoseconds
3.0669 x 10* m 1.023 x 107 sec 9.77517 x 103 sec™!
String (~ 31 km) (~ 0.1 milliseconds) (~ 10,000/sec)
~ 19 mi

Signal Velocity = C = 2.997925 x 10®* m s™!
Pulse Length - =157.5 Wavelengths
Code Length = 1,023 Pulses

The various parameters given are important in determining the ranges of path length
difference over which the different mechanisms to be described become operative.

As an example, consider the case when the strongest and most direct component
of the incident signal hits an obstacle, such as a trunk or branch of a tree. The obstacle
may diffract the signal into a diffraction pattern having a characteristic spatial intensity
distribution. At certain locations. of the pattern, the intensity may be very small. A
receiver that is locked to this signal may lose it if the receiver antenna is moved to a
low intensity point of the diffraction pattern. If there is another sufficiently strong
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but delayed component, the receiver may acquire it at this point and the resulting
range measurement would produce a faulty range.

The intensity vanations in the diffraction pattern can be explained by the
processes of constructive and destructive interference. This type of interference is
observed when coherent signals or waves are supenimposed. However, incoherent sig-
nals or waves do not produce observable interference patterns. Strictly speaking,
destructive interference doesn't exist for pseudo-noise biphase-modulated signals
because the phase of the carrier changes almost randomiy by 180° in accordance with
the modulation. If the path difference of two components is larger than the modula-
tion pulse length, the interference at a given point changes on the average with each
clock pulse. Because of the very high clock rate, no destructive interference can be
observed. For path differences less than the modulation pulse length, destructive
interference may be observed. If € is the path difference and L the pulse length and
0<¢<L, the observable portion of the interference is L - ¢/L, and the nonobservable
portion is ¢/L.

However, if two signals were present, but separated in path length by about a
pulse length (30 meters) or more, the tendency toward carrier cancellation would
depend on the autocorrelation function for the code. The actual codes used are Gold
Codes possessing pseudorandom characteristics; therefore, beyond a relative path
difference of about a pulse length (30 m), the signals tend to interfere constructively
about as often as destructively, and the mechanism of carrier cancellation is inoperative.
In the past, the combination of (1) normal operation in a nonscattering environment,
and (2) over-emphasis of the dependence of the signal correlation on the code correla-
tion properties led to the neglect of possible carrier interference effects when operating
in a scattering or multipath environment. Consequently, the importance of the
phenomenon of carrier cancellation was underrated.

The actual codes used in the simulations were shorter than the codes normally
used in the field, but they possessed similar characteristics. The code generation
system that was simulated consisted of a pair of shift registers, connected as shown in
figure 8. Each shift register consists of 10 consecutive binary storage elements called
stages and a feedback network. The binary values (e.g. two discrete voltages) that can
be stored in each stage are for the purpose of this treatment defined as value zero (0)
and value one (+1). All stages of the two shift registers in figure 6 show the value (+1).
The feedback network feeds the values of some designated stages into a modulo two
adder. Depending on the input values of the adder, the output of the adder will assume
the values 0 or +1. The output of the adder is applied to the input of the shift register.
The outputs of both shift registers are fed into a modulo two adder that generates the
Gold Code modulation s(t). If the values at the output of both shift registers are
equal, a value of (+1) is assigned to the code; if they are unequal, a value of (-1) is
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Figure 8. Gold Code Generation.

assigned to the code. The shift registers are operated by applying a clock pulse to each
stage. The application of a clock pulse causes the value of any stage to be shifted to
the next stage on the right and the output of the feedback network to be shifted into
the first stage of the shift register. To initialize the registers, each element of the
registers was set to +1. Provision was made in the computer program for representing
different feedback connections (only certain ones would be capable of generating a
maximum length code). Also one of the registers could be advanced independently of
the other to change the code and to determine the effects of such changes. An
example of one of the Gold Codes actually used is given in figure 9. The autocorrela-
tion function for this code is given in figure 10. Its principal correlation value is 1,023
and is determined by the integration range that, in this case, is equal to the code length.
The other values assumed by the correlation function are 63, -65, and -1. It would
seem desirable to use a code that has correlation values of -1 as the only value occur-
ring near the principal correlation value of 1,023. Some simulations have shown that if
the code is improved in this respect by advancing one shift register relative to the
other, the ability to correlate can be improved.

MATHEMATICAL ANALYSIS

Correlation of the Received Multicomponent Signal with a Reference Signal.
To perform the simulations, it was necessary to derive the computational equations
and to formulate a method to reduce the computations to a tractable size. Also, the
resulting equations should lend themselves to a convenient interpretation of the
problem. The signal was assumed to be repeated periodically without pause. The
equations were presented in the time domain rather than in the spatial domain.
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The signal produced by the transmitter is given by

S(t) = A s(t) cos wt (1)

where A is the amplitude, w is the carrier frequency, t is the time and s(t) is the
modulation representing the code (s(t) =+ 1). The signal at the receiver S, (1) is the
superposition of a number M of component waves S. (1); each being a replica of the
transmitted signal and having an amplitude A] and a time delay 7

M
S ()= E S,(t) 2)
M I
8.4 = E A,s(t-ri)cosw(t-rj) (3)

=1

The delays 7, must account for (1) increased travel distance, (2) altered velocity of
propagation, and (3) phase changes due to scattering. For purposes of computation,
they are expressed in terms of equivalent ranges (optical paths) r

L=cr, 4)
where c is the velocity of propagation in a vacuum.

At the receiver, the modulated signal is separated from the carrier. This is repre-
sented mathematically by multiplying the incoming signal S,(t) with an internally
generated signal Sp()=A_ cos w(t - 7,)- The demodulated signal S, (D) is

M
Sm(t) = S'(t) SR(t) = E A0 Aj s(t - rj) cos w(t - rj) cosw(t-7) (5)
=1
M
S, (1) = E A, A s(t-7) { % cos W2t-7-7,)+ % cos w(r; ’70)' (6)
i=1
In practice, demodulation may be accomplished by a somewhat different procedure,
but the result will correspond ideally with the mathematical results given here. The
term in (6) with the factor Y2 cos w(2t - 7. - 7,) = %2 cos (2wt - ¢) represents the high

frequency component with the angular frequency 2w. This component can be filtered
out by a low pass filter. The other component of (6) represents the detected signal,




Sy = E A“:Al cos w(r -7 ) s(t-7) (7)

or

M
S; = E B, s(t-1,) (8)
i=1
with
A, A
BJ so ol cos w(7; - 7,)

Equations (3) and (7) are suitable to demonstrate that carrier cancellation is a property
of the scattered signal and cannot be influenced by receiver manipulations. Consider
the case that the signal S (t) at the receiver consists of the three components:

S;(t) = A, s(t-7))cosw(t-7)
S,(t) = Ay s(t-173)cos w(t-7,)
S;(t) = Ay s(t-73)cos w(t-73)

Withr, =7, + , and f = carrier frequency, S, (t) and S, (t) are the components of

ad,
2f
the direct signal, and S;(t) is the delayed component. Because the pulse duration T of
the modulation is large compared to »2%; ,S(t-7,) is equal to S(t - 7, ), except in the
vicinity where S,(t) or S,(t) change signs. For the cosine terms of S,(t) and S,(t),
it is

cos w(t -7,) = cos (wt - wr, - w/2f) =cos [w(t-7,)-7] =-cos w(t-7,).

Therefore, S,(t) and S,(t) cancel out except in the vicinity where S, (t), or S,(t)
change signs. The remaining component S;(t), on which the receiver may lock, will
cause a range error that is proportional to 73 - 7,.

In the detected signal of equation (7), only A and 7 are determined by the
receiver. Normally 7_ is adjusted by the receiver such that cos w(ry -7, ) = 1.

The detected signal is to be correlated with a reference signal that has the form

12
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R(t-8)=A, s(t-5) 9)
where § is the phase of the modulation. It should be emphasized that the phase of the
reference carrier 7 and the phase of the reference modulation § must be retained as
independently variable quantities, if a realistic simulation is to be obtained. The cross-
correlation function C(8) between the received and the reference signal is to be

cvaluated.

) - lim I £
C(5) e fR(l 5)S, (v dt (10)
- L

The value of § that maximizes it will give the time delay and, consequently, the range.
The signal s(t) is composed of a series of pulses, each having duration T, that

make up a coded string of N pulses having duration NT. By introducing the function
o (x) given on the interval (0, N) by

1, 0€x< 1
o(x) = (1)
0; 1<x<N

a single pulse assumes the following form:
{l; 0<t<T
0; TSt<NT
: t
with — = x.

r

Outside of this fundamental interval 0 < x < |, the function will be defined as
periodic of period N:

o(x+kN)=0(x) (13)
¢ (S1)- o (4)

where k assumes positive and negative integral values. The function o (x) is shown in
figure 11.
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Figure 11. The Function o(x).

The coded string of pulses now assumes the form

N
%% 2 : . t=jT
s(t) dio(—~:r»- ) (15)
=1
or
: t ;
= o ‘ =
s(t) = a,, i< 1 \J"’I.d' % -1 (16)
the actual values of a].‘s being given by the code. The periodicity of o accounts for the

fa“t that s(t) is transmitted periodically:
s(t+kNT)=s(t), k=0, 1,+2,..... (17)

The detected signal and the reference signal may now be expressed in more explicit
terms in the forms given by equations (18) and (19), respectively.

M N

t=r =%

i=1 =1

N

R(t - 5) =Z A, a0 <5-'-»5TJ"T) (19)
k=1

Because of the periodicity of its integrand, the expression for the correlation function
given by equation (10) may be replaced by one having an integral over only one
period:

NT

4 I

. R(t-6 20

C® = 7 f( ) Sy(t) dt (20)
0

14
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A M N N NT
2: 2 : z : “T'J'T> t-5-kT
D/ - r r [’ ,,.'__. -
C($) = r?f Bid]dk f0< T 0( T )dl (21)
i=1 i=1 k=1 0

By making the substitution
t'=t-6-kT, (22

equation (21) can be expressed in the following form:

b3 U+ 8+ KT -7, -jT
T, =) '
( 6 I T l. '
)= E E E B“kf ( )a(T)dt (23)
j -6-kT

Again because of periodicity of the integrand, the integral may be taken over any
complete period:

(+5 T‘(Jk)T t' :
m,uzzz i fo(E50T) ) o

Using equation (12) to define o in the second factor of the integrand, the form of the
integral may be further simplified:

M N N T
; A, (('+6-ri—(j-k)T) : ;
Ol = — 2 z : z Biajakfo Seme T B (25)
i=1 i=1 k=1 9

If v, is taken to be the largest integer such that

-6+'ri £
vi< ~1-_ (26)

and X; is taken to be the fractional remainder

~8+7,
B e A 27
0<x <1 (28)
or
15
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(u'*'x’)T=-<‘:+rI (29)
the correlation function assumes the form

M N N 1
r Av t' : '
C(6) = NT B, a; a a(f -(u.-1+k)-xl)dt (30)
o

A ot B

. " t
lett t = —
or letting 1
M N N 1
N Al‘ " . "
C($) = NT BiajakT o(t" -y +j-k-x)dt (31)
i=1  j=1 k=1 5

From the actual physical situation, it is known that signal components for which the
inequality

0<7, <<NT (32)
does not hold will give only an insignificant contribution to the received signal, since
otherwise the signal will have traveled over such a long path (with possible multiple
scattering) that it will be severely attenuated. Thus, for correlation, the only realistic
phases for the reference signal correspond to

0< § << NT (33)
or

Ivl+x||<<N (34)
In evaluating the integral, values of v, need only be taken in the following range:

Iy, I<K<N (35)
As an example, more than 500-meter foliage penetration will completely destroy the
incident wave; hence, Iui|< 17. Within this range of values of v,, the integral in the

expression for C(8) is readily evaluated (figures 12 and 13).

By introducing a periodic analog of the Kronecker 6 defined by

16
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e

(2"~ -7'-4! =x.)

-

1 )Q—Z‘-Me:—l

7,
/// S'v(x”—u 7 A=) =X.
1{7+4c+7(,2 , 5 .

4 2, e P
-1 2 t”
% 1
Figure 12. Evaluation of the Integral in C(§) for v;-j + k = -1.
\ (X"t —A=X,)
‘y‘- -/ + == "__,_4‘

1-» /
AR
5 o(x* v, ) K )dt =1-X. /
-i ﬁ; { a*t o

4

Figure 13. Evaluation of the Integral in C(5) for v;-j + k = 0.
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I ii=iwnN. e O] £2. .. ...
i = (36)
0; i-jisnota multiple of N
the value of the integral may be written in the form given below:
1
fo“ 'V|+i-k"‘|)dl”=x| 6y|-’0k_-| +(l-x|)6y|-lok,(] “7)
I'he correlation function C(8) given in equation (31) may now be expressed in the
form
M N N
N 1 j\l
Co) = N B, a a [xi 6,‘%’“' +(l-x.)6,_vl’k] (38)
i=1  j=1 =1
and by periodically extending the range of subscripts of 4, such that
AN =8, (39)
summation over j may be performed:
M N
ciy= M B. a [x a +(1-x)a (40)
N YRR i Ak
i=1 k=1
The autocorrelation function for the code is defined by
N
Y ® E a a,,., (41)
k=1
and may be used in the expression for C(5):
M
AI‘
C(§) = 5 B, [7"i +x; ('7‘,‘,l -7"i)] (42)
i=1

If the y,’s are calculated once and stored in a computer, they may be used repeatedly
in the computation of C(§).

18
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Adjustment of the Receiver’s Carrier Phase and Equations for Computing the
Correlation Function. By using equation (8) and by introducing the coefficients

I\' /\“ AI i
- + - :

dl 2N [7v| “l (7;»" | 7vl)] ( )
an alternative expression for the correlation function may be written in a form where
the carrier phases of the component waves is emphasized: !

M
(’(8)=E Bcosw(r -7) (44)
i=1

If the carrier phase T of the receiver generated signal is considered to be variable, but
all of the other p.nramctus in equation (44) are fixed, then the ‘correlation function
C(8) may be written as

('(6)=6'cosw(?-1’o) (45)

since a sum of sinusoidal functions of a singie frequency is again a sinusoidal function
of the same frequency. At the receiver, § is shifted to find the maximum value of
C(8), but as & is shifted 7 also follows in such a way that C(8) is maximized in equa-
tion (45) so that C(§) = C and 7, = 7+ 2nmw (where n =integer). Again, this is an
idealization, and the design and construction of actual receivers may correspond only
in this ideal. In actuality, § is shifted by the voltage controlled oscillator (VCO) that
drives the code generator, and 7 is adjusted by the voltage controlled oscillator (VCO)
of the carrier phase lock loop. After signal acquisition, code tracking loop and phase
lock loop may operate coherently. From equations (44) and (45),

M
C cos w (7- T 1. E B, cosw(r, -7.) (46)
i=1

and the functional form of the equation must be preserved for any translation of the
T_ axis:
(V)]

Csinw (7-71,) = E sinw (1, -7,) (47)

Also, for the same reason, equations (46) and (47) must hold for the particular choice
7, =0,

19




i=1 (4¥)

Ccosw 7= E B coswr, (49)

and from these relationships, C is readily determined:

C? = (Csin w? +(Ccos wm? (50)

|
C-= E Bisinwr | + E B, cosw T, (51

Equation (51) was used in the calculation of the correlation function Fby computer.
If desired, the phase 7 can be found from equations (48) and (49) if care is taken in
removing phase ambiguities that can arise in calculating inverse trigonometric functions.

The Maximum Value of the Correlation Function. Although equation (51) will
suffice for computing C(8), computing this function at enough points to insure finding
its maximum can still present a formidable problem. However, by introducing a com-
plex function C(8) and by dividing the §-axis into certain intervals, an interpretation
can be made that will permit C(5) to be computed only at a finite and reasonable
(although large) number of predetermined points. 1fC(8) is given by

M
C(d)= E Boe 'k (52)

k=1

then by using de Moivre’s relation for the complex exponentials,

M M
C) = E B coswr, +i E B, sin w7, (53)
k=1 k=1

it is evident that C(8) is the modulus or distance from the origin to the point C(8)
in the complex plane:

C(8) = 1C(8) | = [C(8) C*(8)1" (54)

20




If the quantities x; are taken to be a permutation of the quantities x; such that
L <x, (55)
then the particular values of § denoted by

5 = (xp, +m) T (56)

m+Mn

will have the following property.

6, <8,,, (57)
Furthermore, examination of equation (43) and (53) reveals that between successive
values of 51' C(8) is a linear function of § and will move in the complex plane along
the straight line joining the two points C(Gk ) and C(3, ,, ) (figure 14),

e L 6-5k
(‘(6)=(‘(6k)+ -
bkol- k

[y -Cp)i8, <8 <8y, (58)

C — PLANE

s

Figure 14. Complex Plane Construction for the Correlation Function.
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Within each interval defined in this way, C(5) can have at most one minimum value,
and its maximum value must occur at one of the endpoints. It can easily be shown
that on any one of the intervals, C(8) is represented by a conic section. The endpoints
of the intervals are the points that have been calculated in the computer program.
Thus. for a code of length N and for M components, the correlation function C(5)
needs to be computed only at NM points to insure finding its maximum.

The Incoherent Limiting Case. In the case where a very large number of com-
ponent waves are present and all have about equal amplitude and randomized phases,
the correlation function can be shown to be independent of the carrier phase. Equa-

tion (51) may be rewritten in the form

M M
¢ = 2 E B; B; (cos ¢ 7 cos w 7; + sin w 7; sin w 7;) (59)
=1 j=1

or, by using a familiar trigonometric identity, in the following form:

M M
¢ = E E B; 5; cos w (T, - ‘rj) (60)
=1 j=1

In equation (60), terms for which i is different from j will occur in pairs with the roles
of i and j interchanged; and since the value of the cosine is independent of the sign of

its argument, the second summation can be replaced by an expression involving fewer
terms:
M

i-1
C? = E B, |8 +2 E B; cos w (1, - 7)) (61)
i=1

i=]

M M i-1
o E g+ 2 E E B; B, cos w (1, - 7)) (62)
i=1 j=1

i=1 J

In the case of a large number of components with randomized relative phases, the
second term will tend to be small relative to the first since the positive terms can be
cancelled by negative ones; whereas, in the first term all contributions are positive.
In this incoherent limiting case or random phase approximation, the correlation func-
tion becomes independe it of the carrier phases of the components

22
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Y |
) = E 8} (63)
i=]

and this corresponds with the presence of many mulitipath signals of about equal ampli-
tude whose path lengths are randomized relative to a wavelength.

DISCUSSION OF COMPUTED EXAMPLES

By using the formulas and methods previously outlined, a computer program was
written and the results were computed for examples that seemed to conform
reasonably with the experimental situation and that would demonstrate the
phenomenon of carrier cancellation. Examples of correlation functions are given in
figures 15 and 16. Both examples show results for seven components with the assigned
amplitudes and path lengths shown below:

Range (meters) Amplitude
200.0 m 1.00
2010+8 m 0.95
230.07442 m 0.20
260.05367 m 0.20
290.03292 m 0.20
320.01217 m 0.20
349.99142 m 0.20

For the correlation function in figure 15, the path increment § corresponded to 270°
in carrier wavelength, and in figure 16, § corresponded to 90°.

The data are plotted again in figures 17 and 18 for comparison purposes. Here,
suggestive connecting curves have been added, although their exact form is not known.
The change at around 200 meters is a clear example of carrier cancellation. In this
example, either one of the first two components contain more than eight times the
combined energy of the remaining five components; yet, in the case of carrier
cancellation, the latter five components all show correlation values at least twice as
high as that of the two larger components. This all occurs because the path length of
one of the strong components is changed by half a wavelength, or about 10 centimeters.
It should be noted that the five minor components shown appear to be almost
completely unaltered by the large changes associated with the two principal com-
ponents. The reason that they remained unalitered is that the minor components are
separated from the principal components in path length by a pulse length or more.

23
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The change in correlation peaks can be followed as the phase of one of the com-
ponents is changed. For example, the curves in figure 19 are plotted for three com-
ponent waves corresponding with the following ranges and amplitudes:

Range (meters) Amplitude
300.0 m 1.0
3000+86 m 1.0
400.0 m 0.5

In this case, the abscissa gives the increase in the path length § associated with com-
ponent 2. The correlation peaks that are followed correspond to 300 and 400 meters,
respectively. The complete cancellation in the 300-meter correlation peak occurs
because the first two components have exactly the same amplitude and almost no
range separation.

IV. CONCLUSIONS
It is concluded that

1. The proposed mechanism of carrier cancellation is a plausible explanation
for anomalous range measurements obtained in a scattering environment using a code
modulated signal.

2. Carrier cancellation is a property of the scattered signal only and cannot be
influenced by receiver signal processing.

3. Carrier cancellation may occur when the path difference of the interfering
signals is less than the length of the modulation pulse.

4. In the incoherent limiting case where a large number of component waves
are present, the correlation function becomes independent of the carrier phases of the
components. Then, a receiver will lock onto the signal only when the correlation
function has distinctive peaks.

5. The probability of large ranging errors due to carrier cancellation is inversely
related to the modulation bit rate.
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APPENDIX

THE COMPUTER PROGRAM

The computations were performed on a CDC 6600 computer using a program
written in FORTRAN. The program consisted of a main program and three sub-
routines. Subroutine CODEIN is used to generate the Gold Code and to store it in a
COMMON area. Its argument, NADVA, specifies the relative advance of the two shift
registers. The amount of relative advance may be changed without altering the con-
figuration of shift register connections by using ENTRY SHFTADV. The autocorrela-
tion function for the code is computed by calling subroutine CORVAL, which in turn
computes each value of the autocorrelation function by calling subroutine CODECOR.
The main program computes the correlation function of the multicomponent signal
with the receiver generated signal. This is computed at all of the predetermined points
(mentioned previously). The correlation function is printed out in detail for the
principal range (or range differences) of interest. For the rest of the correlation func-
tion, the largest values and their corresponding ranges are stored, and only these are
printed out. A list of input data with the corresponding card formats is given below
followed by a listing of the actual computer programs.
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INPUT DATA

Field Card
Specification  Column
CARD 1 NCC Number of Computed Simulations IS 1-5
to be Run
FREQ Frequency of Carrier (Hertz) E1S 6-20
PULF Pulse Frequency (1.023 E+07 ElS 21-35
(bit/sec))
VEL Velocity of Propagation (Meters/ ElIS 36-50
Second)

CARD 2 Contains shift register configuration for the two 1011 1-10
shift registers used in generating the code, e.g. 1011 21-30
0010000001, 0110010111 specifies connections
for feedback of the sum (mod 2) from the 3d and
10th registers of the first shift register and from
the 2d, 3d, 6th, 8th, 9th, and 10th register in the
second.

NCC Card Sets for each Complete Simulation

CARD 1 NPW —  Number of Partial Waves IS 1-5
NCRV — Number of Correlation Values to be IS 11-15

Computed
IADVA - Relative Advance of the first Shift IS5 21-25
register with respect to the second

NPW Card Sets for each Partial Wave (One Card per Set)

CARD1 PL — Path Length for the Partial Wave El1S 1-15

(meters)
AMP —~  Amplitude of the Partial Wave FS 21-25
(arbitrary units)
NPI — Number of Phase Increments IS5 31-35
TPI — Total Phase Increment or Range of F5 4145

Phase Angles to be Covered (degrees)
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10

15

20

25

30

35

.0

“5

59

55

63

65

e

PROGRAM COUCIRCINPUT4OUTPUT, TAPES=INPUT,TAPEG=0UTPUT)
COMMON IC11023),ICRVLE102%3),TA(10),T8(10)
DINENSTON PLUL10D AMPC10) JNPICL10) TPIC10),CHICL10),CHIOCL10),T0ANC1 )
® BESYI10),BECNIL10D),DISTI15),COPP(15),CORRI15),CORI(15)
PI=3.,16159265358979
READ 10,NCC,FREQyPULF,VEL
10 FORMAT(IS,3c15.0)
WYL=VEL/FREQ
PULL=VEL/PULF
AFAC=MVL/360.0
QFAC=2.0°PI/ZdVL
REF=2.0
LADVA=0
CALL CODEINCIADVA)
CALL CORVAL
DO w00 NNN=z1,NCC
PRINT 20,FREQ.PULF,VELNCC
20 FORMAT(26HICARRIER FREQUENCY (HZ) = ,1P1E15.647,
®29H 2ULSE FREQUENCY (UIT/SEC) = (1PL1EL15.64/4+25
®H VELOCITY (METERS/SEC) = Li1P1E15.6,7425H NUMBER OF SIMULATIONG
®,1547)
PRINT 30,(TA(J)oJ=1,10)0(I8(I)4J=1,10)
30 FORMAT (32H SHIFT REGISTER CONFIGUKATIUN = ,10It,2X,t0lt)
IBOVA=TIADVA
READ O ,NPW,NCRV,IADVA
40 FORMAT(115,5X4115,5%,115)
NAOVA=zTADVA-IBOVA
IFINADVA.EQ.0) GO TO SO
CALL SHFTAJV(NADVA)
CALL CORvAL
50 PRINT 60,IADVA,(IC(J),J=1,102%)
60 FORMAT (35H RELATIVE SHIFT REGISTER ADVANCF = 41lee//4104 oULD (D¢
So/v01lLH 42515,/))
PRINT 70,(TCRVLIJDI,J=1,1023)
70 FORMATISLIHIGILO CODE CORRELATION FUNCTION,Z.8F (14 412110,7))
REFAD 110, (PLUJJD) ,AMPLIID JNPL(JIJI) 4TPICIUD) ¢ JJ=1,NPH)
110 FORMAT(1E15.3+55¢1F5.3,5X,11545%,175.3) 1
PRINT 1204NNNNPH
120 FORMATU(////7/7¢21H SIMULATION NUMSER = 4115,10X,2h4NUMJER OF 2AxTTAL
® WAVES = g1124/777+7H NUMBERBX 11HPATH LENGTH 9, JHAMPLTITU) 48X,
®10HNO JF INCSeS5X,13HTOT INC (DEG) /)
PRINT 1305(JJsPLIJJII JAMP (JU)JNPI(IIDZTPT(JJ) 4y JI=14NPH)
130 FORMAT (1Xs1I5,6Xs1P1F15e695Ne1P1ELS.648K4115,10%,0P1F3.5,7)
ANORY=0,1
W 150 TI=1,4PW
IGAACIID)=PC(LTY/Z2ULL
CHICIII =PLUITId) =FLual tivAn(I))* UL
CHIO(IIN=CHICIT)
ANORM=ANURMSANP (L])
150 CONTVINUE
XNORY=REF/(ANORMN*2040,0)
DO 400 II=1,NPW
IFLIT.EQ.1) 50 T 160
IFINPIC(ITIN.E240) GO YO w00
160 PLTEM=PLIIT)
CHITEM=CHT (LT)
IGVEN=TIGAM(ID)
IIT=NPI(II) ¢l
IFINPTICII)acQs0) GO TO 170
DFELANG=TPICIL)®AFAC/FLOATI(NPICITD)
ANGI=TPI(IIN/FLOATINPI(LT))
GN Ty 180
170 DELANG=0.0
ANGI=0.0
180 DO 380 JJ=1,I1T




B ]

70

75

L]

a5

30

95

110

120

125

130

190

200

210

220

230

250

260
280
29¢

<95
500

DJJ=Jd=-1

PLITITI=PLTY M+ DJIJ®DELANG

IGANCIT)=PLIIT)ZPUCL

CHICMIDI =PLITI) =FLOAT(LIGAMILLYD®PULL

00 13J KK=1,4PH

CHIDIKK) =CHI(KK)

CONTINUF

ANG=DJJ®ANGT

NPAM=NPH=-1

DO 200 K=t ,NPWY

KKK=<(Ke1

U0 200 LL=KKK 4NPH

TRACHIDILL) o5k CHIOIKK)D GU TO 2WU

CHI3=CHIOILL)

CrIVILLY=CHIDIKK)

CHIJIKKD) =CH 1y

CONTINUE

DO 21U KK=1,NPHW

AnG=QF AL®PL (KX)

BESNIKK)=STNUARSG)

BECNIKK)I=LOS(ARG)

CONTINUE

PRINT 220,11, ANSG

FORMATI2IHIPARTTAL WAVE 8FING VARICD = 41712,7,
®374 ANGULA? PHASL INCREMFNT (OFGRCEFS) = J1FL.2,/77,
P4bH CORRELATION FUNCTTION (IN RANGE OF INTFREST), /)
PRINT 230

FORMAT (2x 4 306 3H  RANGF AMPLTTUNF REAL FAPT THMAL PAKT Yo/}
NN=1

NLRvA=0

DO 230 KK=1,15

D0 290 LL=1,NPHW

NCRVA=NCRVA 41

CORRINN) =D,

CORI(NN)=0.10

DELT=FLOAT(KK=1) +CHIU(LL) 7PULL

DO 250 MM=1,NPW

RNG=2LUMM) 7PULL=-DELT

IFIRNGLT.1.0)RNG=ONG1023.0

NUMM=R@NG

CHINM=RNG=FLOATI(NUMM)

NUMP=NUMM4+1

IFINUMP,.GT.1073) NUMP=NUMP=1023

BETB=ANMP (M4)* (ICRVLINUMM) ¢ CHIMM® LICRVL (NUMP) =TCVL (NUAM) 1)
CORRINN) =CORR(NN) *BETB*BECNINMY
CORIUNN)=CIRI [NN) ¢BETE*BESNINN)

CONTINUVE

CURRINND =XNORM®ZIRRINN)

CORT (NN) =XNORM®CORI(NN)

DIST(NN) =PULL®DELT

CURP(NND =SNAT (CIORINNIPCURRINND ¢CORTUINMI®C LRI (1))
IFINNGLY3) GO TO 240

PRINT 2604 (DIST(NH) g CURPPINH) 4CORRINHD JCORPTINHY JMNn=1, 1)
FURMAT (1M , 3(1Pe_10.2,43X))

NN=1T

NN=NN+1

IFENCRVA-MCRY LGELSIGU TO 295

CONTANUE

TFANCRVALGF JNCRVY GU TN 38C

PRINT 300

FORMAT(///7,59H LIORRELATION FUNCYION (QUTSILT FwINfIPLE =an’e UF 1IN
PTEREST) o /)

PRINT 240

Du 317 NN=1,15

CURPINND=0,1
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135

16>

1bhd

185

3en

$30
3140

L5
350
36C

370

3e0

«00

100

CORRINND =y,

CORT(NNI=0,0

CONTINUE

D0 3,50 KK=156,1023

00 350 LL=1,NPW

NCRVA=NCPVA +1

CORRA=z(0,0

cCoIa=0,n

OELT=FLCAT(KC=1) eCHIULLLD 7PULL
00 320 MM=1,NPA
RWG=2L (MM /7PULL=DELT

NUMM=ING

CHIMY=QNG="LJAT (NUMM)
TFONUMMGL T 1) NUMMENUMMeL IS
NUAP =NUMM+1

TFINUMP 6T, 102 3INUNP=NUNP=11023
OFTA=AMP (M) ® (ICRVLE UMM +CnIMME LTIV (NUMEY =TLR UL (NUMM)
TOXRA=COPPA+ULTB*SECNIMM)
COXIA=,0P1A¢3 ¢t TR®*Pe SN
CONTINUE

LUtRATXNYFES IR
CURLA=XNURMS 70| Q
OISTA=zPULL®I LY
CURPA=,QRT(SOR2R% ONRueIFTA®COR]IA)
W 4o MM=1,1%
TF(CURPALLE 20?2 (MM))GO T 34Y

IF(4M.6E.150 63 TO 344
NM=15=-MY

330 N=3,4M
NAz1,=iN
if=15=-4N

CuUtPIN§I=L IR (NA)
CURR(NY=CCINA)
C22ItNs)=C 32U (NA)
OIST(NE)=NTST (NA)
CONTINUE

:"Jll'{\l):r')(‘

CORI(MM)=CC2) 8

COLP (MMY =022

ISV (M) =DT1 578

TFUA_XVA=N"Y 0l el) Gu TT 301

GO TI $50

CUNTINUE

CONTTINUE

NNAA=LL ¢ (KK=16)°*NPW

IFINNAALGF,15)NNAA=LS

PRINT 370, (DISTINN),CORP(NNI,CORRINN) ,CORTI(NN) ,Ni=1,NNAA)
FORMAT (3(1X41P6ELDL2,2X))

CONTINUE

PLlII)=PLTFM

CHI(IIVN=CHITZN

IGAM(IIN=TCTEM

CONTINUE

sroe

END

SUBRIUTINE CORVAL

CUMMON IC(1023), ICRVL(1023),IA(100,TIB(10)
D0 100 xDIF=1,1023

CALL CODECOR(KDIF,ICRVLIKDIF))

CONTINUE

RETURIN

END
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SUGRIUTINE CODFININADVA)

OIMENSION ISRAC1DD,IS5RS(10)

COMMON IC(1023) 4 ACRVL(L023),TAC10GY,IB(10)
READ 100,(TACJD) 9J=1,1004(T3(J)sJ=1,10)
FURMAT(10T1,10Xs1411)

00 150 J=1,10

ISRA(J) =1

1s°8(J) =1

CONTINUE

ENTRY SHFTADV

TFINADVA.GT.0) 53 TO 219
TF(NADVA.c4e0)GO TO 250
NADVA=1023¢NADVA

GO T2 200
DU 260 J=1,NANVA
NA=Q

00 220 K=1,10
NA=NA®LA(K)®[SRA(K)
CONTINUE

D0 230 K=1,9
L=l1-X

LL=10-K
ToRA(LI=TS2A0LL)
CONTINUE
ISRA(1)=iwA=2% (NAZ2)
CONTINUE

00 500 J=1,1023
NA=10

NEB=1

00 300 K=1,10
NA=NA+TA(K) ®*ISRAIK)
NB=N3+T1B(K)®ISRB(K)
CONTINUE

ICtJ)=~1
IFCISRA(L10).cC.ISRBIL10NICIUI=]
DO &30 K=1,9
L=11-K

LL=10=-K
ISRA(L)=]ISPACLL)
ISRAILI=LSRA(LL)Y
CONTINUE
ISRA(1)=NA=2" (NA/2)
ISRB(1)=NB=-2% (NB/2)
CONTINUE

RETURN

END

SUJROUTANE CUDECUR(KDAF, ISUN)

COMMON IC(1023), ICRVL(1023),1A(1G),I8(10)
KOIF =X DAF

IFIK)IF.uF.u) GO Tn 20

KOIF=KDIF#1023

G0 17 10

IF(KUIFaGE «1023)K0LF=KUIF=1023*(KUIF/1023)
TSUM=0

00 100 I=1,2323

K=I¢KDIF

IFIK.GT.1023)K=K=1024
ISUM=ISUMATICLID® [0 (K)

CONTINUE

RETUPN

FNO
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