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PREFACE

The work reported here was u ndertaken in connection with a position deter-
mining system that uses the ranges from a receiver on the ground to several satellites
havi ng 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 determ ined by :orrelation 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 Proje ct 4A 161 102B52C, Task S3, Work Unit I 752CS30003.

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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SCA1TERING OF A (ODE MODULATED RADIO SIGNAL

AND ASSO(IATEI) MULTIPATH RANGE ERRORS

I NTROI)U( lION

Ob~ ct ive . In making range measurements using a code-modulated radi o signal in
the presenc e of scatte rers , sumetimes large range measurement errors were ohta in d
In all cases , t he range me~’surenwnts obtained we re larger than the actua l range . Often .
a prope r measurement of tue range could be restored if the retciv ing antenna ~~as
moved less t han three-tenths of a met er (about I fool). Figures I through 3 show

~samples of actual measurements. The purpose of this study was to develop a mat he-
riiatical model that would account for the anomalous range measutements 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 mechanism s
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
‘~ atter ing of radio waves in foliage will generate interference patterns with spatial
distributions of electromagnetic energy that show considerable local variations. For
that reaso n, 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 scattere rs 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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TRANSMITTER RECE IVER

Figure 4. Range Measurement for a Single Direct Path.

TRANSMITTER RECEIVER

Figure 5. Range Measurement in the Presence of Scattei-ers.

between severa l 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 understand ing 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— I ( figure 6).

:1 _ 
_ _  

_ _

Figure 6. Modulated Signal.
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At each discontinuity of the modulated signal, the phase of the carrier is sh ifted by
180° (f igure 7).

~~~~~~~~~~~~~~~~~~~~~~
Figure 7. Biphase Modulated Carrier.

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

Table I.

Length Period Frequency

1.903429 x 10” m 6.34984 1 x 10-10 sec 1.575 x 10’ Hz
Carrier ( -  20 cm\

“~ 8 in. / ( 6 nanoseconds) ( 1.575 Cl-li)

2.997925 x 10’ m l0’  Sec l O x  101 bit/sec
Pulse (—  30 m (—  0.1 microsecond 

\ 
(10 megabits/sec)

33 yd/ 100 nanoseconds/

3.0669 x 10’ m 1.023 x 10” sec 9.775 17 x l0~ sec~
String f ’ - 31 km\ ( -  0.1 milliseconds) ( -  10,000/sec)

\ - -  19 mi I

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

6
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hut delayed component. the receiver ina~ acquire it at this point and the resulting
range measurement would produce a IaulR range

Ihe intensity vanations in the di f f r ac t ion pattern can he explained by the
processes of constructive and destructive inte rfe re nce . t h i s  type of interference is
obsI. ed w hen coherent signals or wave s arc superimposed h owever , incoherent sig-
nals or waves do not produce observable interf erence pat t e rn s ‘~tr ict I~ speaking.
destructive interference doesn’t exist for pst-udo-noise hiphase-niodulated signals
because t he phase of the carrier changes almost randonily by I ~

(1 in act ordance with
the modulation. I t he path difference o two components is lj ret ’r than the modula-
tion pulse length, the interference at a given point changes on the aserage 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, destruct ive
interference may be observed. If ~ is the path difference and I the pulse length and
0 ~ Q ~ L, t he observable portion of the interference is I - ~‘L, and the nonobservable
portion is Q/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 destruct ively, and the mechanism of carrier cancellation is inoperative.
In the past , the combination of (I) 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 (+ I). All stages of the two shift registers in figure 6 show the value (+ I).
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 + I. 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 t~~ code; if they are unequal, a value of (-I) is

7
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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 I ,02 t
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 , —6 5. and — I. 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 ii
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
equat ions were presented in the time domain rather than in the spatial domain.

8
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Figure 10. Autocorrelation Function for a Gold Code.
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[1w signal produced by the transmitt er is given by

SW = A s ( t ) c o s wt ( I )

where A is t he amplitude . ~ is the carrier frequency, t is the time and s( Ii us the
modulation representing the code (s( t)  = ± I ) .  The signal at the receiver S~ ( t J  is t he
superposition of a number M of component waves S1 U); each being a replica of t he
transmitted signal and having an amplitude A~ and a t ime delay r1.

S5 U) = S1 ( t )  ( 2 )

S5 ( t )  = A1 s ( t - r ~) cos~...~( t - r )  (3)

The delays r1 must account for ( I )  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~,

r5 = c r 1 (4)

w here c is the velocity of propagation in a vacuum.

At the receiver , the modulated signal is separated from the carrier. This is repre-
• sented mat hematically by multiplying the incoming signal S1(t)  w ith an internally

generated signal SR (t) = A0 cos o.’(t - r0 ). The demodulated signal Sm (t) is

Sm (t) = S5 (t) SR (t) = A0 A1 ~ t - r1) cos ~ (t - r~) cos ~ (t - r ,, ) (5)

Sm ( t )= A 0 A1 ~ t - r 1) ~ ‘/s cos w (2 t- r1 - r 0 ) + ’/z cos~~(r1 - r 0 ) I  (6)

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) w ith the factor ‘/zcos .,(2t - - r

~
) = ‘Ii cos (2~~t -0) 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.

II

I 
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or 

Sd 
~~ 

~~~~~ cos c.(r1 - r 5, su - r 1 1 (7)

Sd = B~s (t - r ,) (8)

with
A A

B,= ~~~~ cos w(r 1 - r 0 )

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 Sr (t) at the receiver consists of the three components:

S~(t) = A , s(t —r 1)cos w ( t — r ,)

S2 ( t )  = A 2 s(t—r 2 )cos w (t-r 2)

S3(t) = A 3 s ( t — r 3) c o s w ( t — r 3)

With r2 = + .
~f 

, and f=carrier frequency,S 3(t ) and S2(t) are the components of

the direct signal, and S3(t) is the delayed component. Because the pulse duration T of

the modulation is large compared to , S(t - T i) IS equal to S(t - r2), except in the

vicinity where S1(t) or S2(t) change signs. For the cosine terms of S ,(t) and S2(t ) ,
it is

cos w(t - r2) cos(wt - - w/2f) = cos Iw(t - r1 )- iii = - cos w(t -r 5).

Therefore, S i(t) and S2(t ) cancel out except in the vicinity where S,(t), or S2(t)
change signs. The remaining component S3 (t ), on which the receiver may lock , will
cause a range error that is proportional to r3 - r~.

In the detected signal of equation (7), only A0 and r0 are determined by the
receiver. Normally i~, is adjusted by the receiver such that cos w(T3 

- r0) = I.

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

12
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RU -6 )  = A 5 s4t - 6  (
~~

~ here 6 is the ph•isc of the niodulation. It should he emphasized that the phase of the
reference carrier r0 and t he phase of the reterence modulation 6 must be retained as

independently variable quantities , i f  a realistic simulation is to he obtained. The cross-
correlation function 06) bct~ cen the received and t he reference signal is to he
eva I ua ted.

( (6 )  = 

~~~~ 211 
R ( t - b Sd ( t )d t  ( 10)

The value of 6 that maximizes it will give the time delay and, consequent ly, 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
a (x) given on the interval (0. N) by

~ I; 0~~ x< I
o ( x )  = ( 11

~ 0; l~~~x < N

a single pulse assumes t he following form:

( l ; 0 s ~ t <T
(1 2)

T 
~ 0 ;T ~~ t~~ NT

with -
~~ 

= x.
T

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

o ( x + kN) a (x)  (13)

0 (t .+k NT ) ... o (4- ) (14)

where k assumes positive and negative integral values. The function a (x ) is shown in
figure 11,
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I~i7’ 5~~~A L

-

Figure 11. The Function o(x) .

The coded string of pulses now assumes the form

or 

s(t) = a~a (.~— I!-
)  

( IS )

s(t) = a~. j < ~ j +  l.a3 ± I ( 161

t he actual values of a1’s being given by the code. The periodicity of a accounts for the
fa-~t that s (t ) is transmitted per iodically:

s4t + kNT) s(t), k = O ,± l ,± 2 i I7~

The dc’ected signal and t he reference signal may now be expressed in more explicit
terms in the forms given by eq uat ions ( 18) and (19) , respective ly.

M N
/ t -r -jT  \

Sd U) = B1 a1 o ~,, ) ( 18)
i= I 1 1

R( t - 6 )  
~~~~~Al ak a (t 6

1:
kT) ( 19 )

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 

( 20)

14

- .—.-. -- — - — -C  - - — ----- - ~~~~~~~~~~~~~~~~~~~~~ — -



~~~~~BI a,akfa  (
t _ r 1

_ .iT)  
~ 

( t _ .6 _ k T ) d t  ( 2 1 )

By making the substitution

t ’~~t - 6 - k I , ( 2 2 )

equat ion ( 2 1 )  can he expressed in the following form :

(‘(6) = 
~~~~~~~~~~~~~~~~~ ~~~~~~~~~~ a~ ak f o (  

+k T - r 1 _ J
T ) (

e
) dt ’ (2 3

i~~1 j 1  k = i  -6—k r

Again because of per iodicity of the integrand , t he integral may be taken over any
comp lete period :

M N N NT
A f t ’ +6 -T 1 - U-k )T\ t ’C(6 ) =  
NT~~~~E~~~~

’
~
i a~ akJ

” o 
~~~~~~~~~~~~~~~~~~~~~ 

— -

,,~ 

a &_) 
dl’ ( 24 )

i= i  J I  k = i  
0

Using equation ( I  2) to define a in the second factor of the integrand . the form of the
integral may be furt her simplified :

C(6) = -
~~~~~~ ~~~~ B1 a~ a~ j ~ o (t

’ + 6 _ r 1 _ J _ k )
T) dl’ (2 5)

If v1 is ta ken to he the largest integer such that

- 6  + T-
p.~~~~ 

--  - -f -  ( 26)

and x is ta ken to he the fractional remainder

- 5 + - i -
x 1 T 

‘ ( 27)

0~~ x 1 <l  (28 )

or

_ _ _ _ _ _ _ _  - .  - - — -



( v + x ) T = - 5 + r 1 129

t he correlation function assumes the form

(‘(6 ) = 
NT ~~~~~E~~~~~

B a j ak f a (~- _U’, _ j + k ) _ x 1)dt ’ ( 30)

s — i  j - - i  k i  0

- ‘p tor letting t =

C( S) = 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

B1 a1 a~ 1 fo (t ” _ P 1 + i- k _ x j )d t s’ ( 31 )
t = i  j~~i k~~i 0

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

0~~ r<< 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 t he reference signal correspond to

0~~6<< NT (~ 3)

or

(3 4 )

In evaluating the integral , values of need only he ta ken in the following range :

1v 5 1<<N (3 5 )

-\~ an example , more than 500-meter foliage penetration will completely destroy the
incident wave; hence , I I < 17 . W ithin this range of values of s~ . the integral in the
expression for (‘(6 ) is  readily evaluated (figures 12 and 13).

By introducing a periodic analog of the Kronecker S defined by

lb 
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_ _ _—_ _  
__ _  I

I ‘- A-
4.

Figure 12. Evaluation of the Integral in C(S) for s’,-j + k — -1.

çj-(~~~~7.i. 4-fr —i* -

~~

Figure 13. Evaluation of the Integral in C(S) for v,-j + k 0.
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( I; i — j tiN . ii = 0. I. 2 .
S

IP 
= ( ~( )

( 0; I — j is nut .t multiple of N

the va lue ul the integral iii.iv he written in the Form gi~- i.n below .

U ” - v + I - k - ~ ~lt ” = 
~~ 

5
~~~- i + k .-i + ( I -x ,) 

~~~~~~~~

[he correlation function (‘(5) given in equation ( 3 1 )  ii3a~ n1u’~ be esp ressed in the
to nil

=1 
\~~~~~E~~~~

B a J ak ~ 5j.v 1+ k + i  +( l_ x I)h l.~,.k]
5 =  i J r  i = i

and by peflodically extending the range of subscripts of a 1 such that

aJ +N 
= a

1
,

summation ovcr j may be performed:

B1 ak [x 1 aV + k + I  + ( I — x ) a k]  (40)

The autocorre lation function for the code is defined by

-V S = ak aQ +k (4 1)

and may be used in the expression for C(S):

(‘(S) B~ ~~ +x . (7~~ 1 -7 k )] 42)

If the -~‘5 ’s are caltulated once and stored in a computer , they may be used repeatedly
in t he computation of C(S).

18
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Adjustment of the Receiver ’s (‘amer Phase and Equat ions for Computing the
(‘m’relat ion Fun ction. 14 ) sisiii~ equatiOn ( K)  and by introducing the c~ c l i  ~. ents

\ A -\
= 

2~s [
~ 

+ 
~~V +  i — (43 )

an .ilt e rn ia t i vc  ex pression for the corre lation function ma~ be wr i t t en  in a form where

t h e  carri er I)hascs of the component ~ .Ives is emphasized -

(‘( S ) =~~~~ ~1 c o s w ( T 1 - T 0 ) t 4 4 )

II the carrier phase T0 of the receiver generated signal is considered to he variable , but
all of the other parameters in equation (44 ) are fixed , then the correlation function
( ( 6 )  may he written as

((6) (’ cosw(~
’-r 0) 

(45 )

since a sum of sinusoidal functions of a single frequency is again a s inusoidal function
of the same frequency. At the receiver . 6 is shifted to find the maximum value of
(‘(6) . hut us 6 is shi fted r ,, also fol lows in such a way that (‘(6) is maximized in equa-
tion (4 5) so that C(S) = ~~ and = ~~+ 2nir (where n = integer). Again, this is an
idealization, and t he design and construction of actual receivers may correspond only
in this ideal. In actuality, 6 is shifted by t he voltage controlled oscillator ( V(’O) that
drives t he code generator , and is adjusted by the voltage controlled oscillator (V (’O)
of the carrier phase lock loop. After signal acquisition, code trac king loop and phase
lock loop may operate coherently. 1-ro m equations (44) and (4 5) .

~~c o s w ( ~~- T 0 ) 
~ 

COS W (T 1 T ,, ) ( 4t )

and the functiona l form of the equation must be preserved for any translation of the
a xis

( sin w (
~~- r0 ) = sin w ( T 1 - r 0 ) (47)

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

=

19
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C sI n~~’ T =  j 31 s inwr
i n

C cos 

~~

= cos (~ T , (4~)

and from these relationships . Cis readily determined:

= (C sin ~~~~ +(C cos c~,,p)2 ( 50)

r ~~~~~~~~~~~~~~~~~~~ 

~~~~ 
COS (A) T

I)] 

( S I )

Equation ( S I)  was used in the calculation of the correlation function ~
‘hy computer.

If desired, the phase Ycan be found from equations (48) and (49) if care is taken in
removing phase ambiguit ies that can arise in calculating inverse trigonometric functions.

The Maximum Value of the Correlation Function. Although equation (51 ) will
suffice for computing ~(6), comput ing this function at enough points to insure finding
its maximum can st ill present a formidable problem. However , by introducing a com-
plex function ~(6) and by dividing the 6-axis into certain intervals , an interpretation
can be made that will permit ~(6) to be computed only at a finite and reasonable
(although large) number of predetermined points. If(’(&) is given by

~k e”~
T k ( 5 2 )

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

= 
~k cos cA) Tk + 1 

~k sin (4
~
rk

it is evident t hat r(6) is the modulus or distance from the origin to the point (‘(6)
in the complex plane:

C(S) = l~~(6) l = Ir(6) r(6) l~ 
(54)

20
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If the quantit ies ~; are taken to he a permutation of the quantities x 1 such that

~ x ’2 ~ ~ x ’~, (55)

then the particular values of 6 denoted by

6m + M n  (x~ +n) T (56)

will have the following property.

6k ~~
6k+ I  

( 57)

Furthermore , examination of equat ion (43) and (53) reveals that between successive
values of 6k’ c(s) is a linear function of 6 and will move in the complex plane along
the stra ight line joining the two points C(Sk ) and C(bk+I  

) (figure 14),

- 6 - 6  r
— 

k 

~ L”6k+I )-
~

6k )];6k ~~~
6

~~~~
6k+I 

(58)
6k+ i ’ ” k

— PLM4 E

/ E (S 41~~,
)

/15~
42. 

~~~~~

/ /1cE(S)

Figure 14. Complex Plane Construction for the Correlation Function.
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Within each interval defined in this way, C(S) can have at most one minimum value,

and its maximum va lue must occur at one of the endpoints, It can easily be shown
that on any one of the intervals , r(6) is represented by a conic section. The endpoints
of’ t he intervals are the points that have been calculated in the computer program.
Thus, for a code of length N and for M components , t he correlation function ~~6)
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 (S I )  may be rewritten in the form

M M

~~ 2 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
(59)

~ j = i

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

~~ ~~~~cos~~, (r 1 - r ,) (60)

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:

~ + 2  cos w (r1 - (61)

= + 2~~~~ ~~~~ cos w (r 1 - r)  (62)

In the case of a large number of components with randomized relative phases, the

second te rm 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-

t ion becomes independ”;it of the carrier phases of the components

22
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and this corresponds w ith the presence of many muftipath signals of about equal ampli-
tude whose path lengths arc randomized relative to a wavelength.

DISCUSSION OF COMPUTED EXAMPLES

By using the formulas and methods previously outlined, a computer program was
wr itten 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
20 1.0+6 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 6 corresponded to 270°
in carrier wavelength, and in figure 16, 6 corresponded to 90°.

The data are plotted again in figures I 7 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 unaltered is that the minor components are
separated from the principal components in path length by a pulse length or more.
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[he change in correlation peaks can he followed as t he phase of one of the coin-
ponents is changed. For exam ple , the curves in figure 19 are plotted for three com-

pon ent waves corresponding with the fol lowing ranges and amplitudes .

Range (meters ) Amplitude
300.0 Ui 1.0
300.0 + 6  m 1.0
400.0 in 0.5

In this case , the abscissa gives the increase in t he path length 6 associated with corn-
ponent 2. The correlation peaks that are followed correspond to 300 and 400 meters .
respective ly. The complete cancellation in the 300-meter correlation peak occurs
because t he first two components have exactly the same amplitude and almost no
range separat ion.

IV. CONCLUSIONS

It is concluded that

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

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

3. (‘amer 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 earner phases of the
components. Then, a receiver will lock onto the signal only when the corre lation
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

TIlE COMPUTER PROGRAM

lhe computations were performed on a ( l)(’ 6600 computer using a program
wr i t t en  in 1-ORI RAN . The program consisted of a main program and three sub-
routines. Subroutine (O DEIN is used to generate the Gold (‘ode and to store it in a
(‘OMMON area . Its argument , NADVA , specifies t he 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 E NTRY SHFTADV. The autocorrela-
tion function for t he code is computed by calling subroutine CORVAL, which in turn
computes each va lue of the autocorrelation function by calling subroutine (‘ODECOR.
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.

30 
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INPUT DATA

Field (‘ard
Specit’ication (olumn

(‘AR D I N(’(’ Number of(’omputed Simulations 15 1-5
to he Run

I-REQ - Frequency of(’ arriei- ( Hertz) I- 15 6-20
PULF Pulse Frequency (1.023 E+07 115 2 1- 3 5

( bit/ sec))
VEL Velocity of Propagation (Meters! F 15 36-50

Second)

( ARI) 2 (‘onta ins shift register configuration for the two lOll 1-10
shift registers used in generat ing the code, e.g. lOl l 2 1 -30
00 10000001, 0110010111 specifies connections
for feedbac k 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 I NPW -- Number of Partial Waves IS 1-5
NCRV — Number of Correlation Values to be 15 11- 15

Computed
IADVA — Relative Advance of the’ first Shift 15 2 1-25

register with respect to the second

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

(‘ARD I PL -- Path Length for the Partial Wave El 5 I-IS
(meters)

AMP Amplitude of the Partial Wave F5 2 1-25
(arbitrary units)

NP! — Number of Phase Increments 15 3 1-35
TPI — Total Phase Increment or Range of F5 41-45

Phase Angles to be Covered (degrees)
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PR3c.RAPI COUC)R(P4PUf ,OUt PUf ,TAP ~ S : 1N PUT , tAPFb z O U IPL4 f p

CONPION IC I I O Z 3 ) . I C RV L( 1 0 2 3) , I A ( I J )  .19(50)
DIPSEN STON DL (t0I ,AMP (1O ), NPI( 1CI . TPI(10),C$1(10) ,CHI O (10), I .~ ‘iU - I
‘,8ESV(10).9EC Nft0 ),OIST (I,),COD ’I1S ),CORRIts) ,CO~ In 5)

S pI~~3.1~~1’,9?65 3 Ss9P q
R E A O  Lo,NC:,FREQ, I’ULr ,VEL

10 FOAPSAY (I5 , 3r~tS .0)
WWL ’ VE L# F lEQ
PULI,.~ V EL/PULF

13 AFA C .WV L / 36A .O
QFAC*Z.O’P !FdVL
~EFz2 .O
Z A D V A Z O
CAL L COQEIN(IADVA )

15 CAL L CORV A L
DO ~0O NNN.1.NCCPRINT ~0,~~~~~,pULF ,V E L , N C C

20 EORM* f I26HI C *RRI E R FRCQu ~ NCY (HZ ) ,LPS*.15.6,/.
‘2914 ‘UC.~~~ FREQUENCY ( d I T I S E L P  =

20 ‘H VELOCITY (PIEIERS/ SEC) ~ ,LPI ( t5 .b, F, 23 H  NUII9E,t .f  SX f lU L * 1 , -
,15,f l
PR INT , S 0 , ( T A I J ) . J a 1 , 5 0 , t ! 9 ( J ,J r l ,j O )

30 FORIAA T (32H S~I I F T  R F G I S T E I CONFIt UKATIUN -
I9OVA .IAOV A

25 DEAD ‘.0,NPW.M CI(V .IAOVA
i,~ FORNAY (115.5*, 115 ,5X,t15 )

NIOVAz  I A D V A - I B O V A
IF1NAD VA . E~~.O) G3 TO 50
CALL SHFTA’3 V (NAOV *)

30 CALL CO RV I L
50 PRINT 6O, !*~j VA , ( j C ( J ) , Jrj , 1 Q 2 J)
60 F O R M A T  (35H ‘(..LATt ~~E SHIFT RL~~ISTER A O V A N C F  ,tIi.,I/ ,IC i .,~~ L i  C •  I-
‘.1,414tH ,‘S!S,F))
PRINT 70. (TC ~ V L I f l  ,J~ 1 ,1023)

35 70 FORPIAf (J1H1~ JLa 00L c~~~~Ii.AT1O r4 FJ 1TQN, ,,8~~~1.1 ,l~~:!), ’) ’
RFA D 110, (PL (JJ) , A ’IP(JJ) ,P4P I (JJ ) .tP I (JJ I ,JJ’1, NP.4)

2 10 FORMAT I1E15. 5,~~~, 1r5 .3,5 x,1I5,5~~,1~ 5 . 3 )
PRINT i2O,NNN , NPW

12D FO R’4A T (/ / / / / ,2 1H  SI M ULATION NUPIj FR ,j I S , 1 0 x , NuMi( ’ j
~40 • ~4 A V E S  ,U2,/l/I,71 N L 4 M DE R , SX , I 1’ I PA Y H  L F N b T H , 3* , - 4 H A M P L T T U ) , ” .

‘IONNO JF IHCS,5X,iJHTOT I~ C (Oti ,) ,/ )
PRINT 13i,(JJ,PL (JJ ) ,AMP(JJ), N PI( JJ i,I P!( J J), JJ =t, s~~4)

130 FORMAfIj*,jI,,6X .jPt~~t~ .6,5*,jPtE1~ .6,8*,1I~~, t~~* ,0Pt’ ~,5./)R~~~O . ‘3
‘ .5 ‘h,. 1,1 II~~(, 4 PW

I1~A 4 ( 1 1 )  P~. U t  I /~~U LL
,.HI1II) PLI I I )  —~~ ., -J ..i (~ -..~‘ . . ( 11)  I • JUL .
CHID ( I I ) zC 4 1 (  U)

A N O R M z A N uR N+ A P ( P ( L I )
50 550 CON TINUE

I N O R I.R EF /(A NO R M ’ 2 l ) 4b . 0 )

DO P.00 1I~ 1 ,NPW
T F ( 1 t . E ~~.1) ~O T t 1 9 fl
IF(N~~1( I I) .~.i. I)I laO 10 4 00

55 160 ~‘LV E 1 =PLu’
CIII T Mr C HT ( U P
IGfF 1.t~~*M (II)
L II:MPI (11 1 . 1

Le i N’ I(t I) .~~~ .uI GO TO 170
DFI.ANG ’V P I(II)’A FA C /rLOA t (Ns’I(IIII
£NC I~~fP I(I1I/FL Q A T ( N p 1 ( L T ) I
On T i 1~~O

t,(~ o~LANc . o.n
aS 160 00 380  J J ’ t . I I I
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iJJ~ ii- I
~L ( t t ) =PL ’~~” .3JJ ’0EL~~~f,IGA’4( it )- ’ ~, 

( I I )  / - ‘ tJ. .L

Ci’~ ( I I I  ~Pl (11 —~ L J A T (~ . A M  I ~1 I) • ‘ • j ~. 
—

‘0 CL. UJ KI( : ’ .’4 P.4
CHI’) ~~~~ .riII .c i: p

(‘10 C ’ 1NT~~’IW
AN,. T ) J J ’ A N  .1
N 1 . 4  ‘I ‘4 ‘-‘ ~ - I

75 IJC 2 0 0
- 

~~‘ .1
00 nO LL -~~~c , ’.’~t~~t : ’4 1) c L 1 ) ., .~~.~~H : o l ~~ . , i  ;~ T O p4. u

H1 ~ r . - ‘ I I IL L)

L. P ’ i J IL . . J ~C- 4I )  ( ( ( P
C~~~~( K ( )  C ’ T a

, 0 ”  1~~IUt
‘J~ ~~~ P,~~~~I . ’ 4 P W
A .~~~= ~~~ 5~~~’P , ( ( I ( )

8’, ‘3 E ,i• 4 ( - . c I  ~S ! M ( A R ~.)
~~~~~~~~~~~~~~~~~~~~~~~~ A .4~~)

2 1 ’  C.. 
P.~j ,T  2 2 0 ,  ~~~~~~

~~ 0 FO R M~~T ( 2 ) H 1 P 4 K T T ~~L . 4A-J E ~~ t 1 G  vA . I~~0 • • 1 T 2 , F ,
~~~ ,~j i A ?  ~~~~~ ~~~ ~ r1r ,T (J r ,4~~r ,~) • :~~~..‘, ‘/ ~‘44 -4  ‘~) R R C LA T i O N  F u’~;y1 ”~ ( I ’ 4  RA M ’ t OF ‘‘4 r r ” ;ii,/ )

~“.I’4 1 2 3 )
2 30  F O R M A T ( 2 K ,i(43 H ~~~~~~ ,~~1 P L V 1 U 1 V  

~~
F ( . ‘-A ~~1 ~‘IA~. ? A .~~ T 1 , / I

NH: I
95 N C R V A Z O

DO 2~~0 ‘~I(zI, I5
00 2’) 0 LL:1, ’ .4 PW
NC .4ViP~~MC~~V A + 5
C0~ R ( r . N I  r f l . ”3

103 C O R I ( N N ) z O . ’i
DELI LOA 1~~ K—1 ), C l4IU ( LL)/ ) - ’ ULL
00 250 M$ :I,N°W
RN~~~’L4 MII I /P4aLL -ILIT
1F(~ M~ .L J . I . L) R N~~~~~~.1.)?3.’)

105 NUMN:~~NG
CMI IN: RNG— FL OA I ( NUMM I
NUPPP:MUMM•i
!F(NUPIP.Gt .t0’3)  NUMP’NUMP—13.~~
dEf9 zANP(M’4)’(ICRVL (NUMMI. C~lZMN’(LC L I N u P P I - t C ~~VL (’4 J1IMiII

110 CO .4R ( NH) : C 3 R R ( N N )  .BET8’8~~C N(M M)
CO RI( NM)x ~~3RL IP4N)•8&TU’BLSNIMM )

250 CUNT INUE
CU RRI NH) .X’40RM’~~~RRI NM)
C0141 (NN) .XN ORM ’CODI(NN)

115 0I.I (N~d ) r PU L L ’OLL T

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
I F ( M N . L T . 3 1  (,3 10 2 A 0
~kI.1I 2 6 0 ,( 1 I~.T ( ’ 4 H ) , C (aPP ( NI1P, C O- ~’ .( ’1Hl , C Q Q I ( ~,4I ,N f i ’ 1 ,  t i

76 0  F U R M A t ( l ’~ .3(i P~:1o .2,.sx))
120

24 0 HNard’d.l
IF( N~~~V A — ’ v 1 ~~v . i .~~. i )G ~ TO ?9 5

290 CONT ~ NUE
TF N V A . I . I .-4 L . R V  Ga T O 3 4 C

125 ~~9S PR I N T  3 0 0
.so o i.~1l ~~/,,s~~i . . R~ E L A T I O N  F i ; 4 C T I J ’ 4  (JUf’ilL~ ‘ •t  4 ’ I’ L t  - ~~~~~ 4

T L t E S I )  .1)
D*L ,II 2 30

3 ( 1  N NZ I , l 5

130
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CO~~I ( - ~N) r ) . 3
31 0 O~~’ 4T T ’ 4 J 1

1)0 3 .1  ~ 1~..1i23
135 ~J ’  S , 3  LL’~~.’~PW

NCP( .I .1 N ~~ V A .1
“(WA:O. I

C,j ’UA • 1 .0
J EL I L JA I l  (( j )  .L’U a ILL)

1lf l  DC 3 7 0  ~~~~~~

t4UMM:~~l~~
‘ 1IMl~~~C 4 ~,~~~LJ A T ( N U ’j M )
IF ( M M .L T . t I N i A.l r N U 1 w,1~~ , 3

II.-, PJt .. I -’~~ dj P4U, 1
1F( JM P .’ ’.1u 23INJMP :~,J ’l~~— ’. J . ’1
u r T 4 :  A M.- ( •4~ P ( IC  ~ ~ L I ~.a ’4’I I * C..-’ I ~ M’ ( . ‘ VI. I P . -) ”  ‘I — I “ a ,  I ’ . J~’’~ ) p  P

• I.. T ’ .s C s (  ~I4 )
l i t  i~~~~ kS N( l” I

J~’ 
_,‘)~~~‘4 J ,

,,~ , , . ( “ . ir ( 4,J4 •
~ • ~~~~~

‘~CD~~a~. * I N j t ’ ’ ~ . )
~~L’~

~~~~~~~~~~~~~~ ~~~~~~~~~~~~~ ~..* • P

J_ .~ ~
-...a I’I’~- 1~~j

IF I C • [ t  , 1) )  1 ‘P ” )  ) , 1’ ‘ •~~
: t -  i i~~ , ,~ •~~ 

,, -“.
~~ ~~~

‘N’~~( , - ‘l .I

~L

~ ‘~~f . 4 4 :-  P

~~~~~~~~~~~~~ 1’~~~t
C

1 ’ ‘i~~-’ ~‘l~~) :r ) <

~ I I f M M ) r ’ 1  • I A
~ F I 1, , . i JA— P , 

~V . , .1’ ) ‘.,~. I’ t’, ’
C~J I’1 3 c0

!P.~, Cj ~~T T ’4 U E
-~50 C O N T INUE

115 ~FjC ~. N A A r L L . ( K ( — 1 6 ) ’ N PW
I F ( ’ - 4 ’ 4 A A . G r . ( , ) P 4 N A A : 1 6
PRINT 37 1 .  ( l IS T  INN) ,COPP(NN l , CC ~~k( N P4 ) ,C O Q I ( N N ) ,N~~~1,N N A A )

. IFC F0~~MA I I3(1~~.t D’ . € t 0 . 2 ,2 X )  )
IP O CONT INUE

180 P~~(II)zPL1FM
C.HI (IIIZCP4TTE N
IG A MI III:T’~TCM4 0 0  C O N T I N U E
STO P

105 ~NO

SUBR3 UTIP* C O R V A L
COM MON IC ( 1 0 2 3 ) , I C R V L I I O 23 , , IA U O ) , f 9 ( j D ,
00 100 KO IF.I ,1023
CALL ODEC3R( KD1F , j C R V L ( p ~DIFI)

100 CONTI’4u~
RET U~ M
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1 -;~~j .-~~ - , t I’* . J0c IN( NA r ) V A )
O I I~ 5 . iJPt 1 ” I A( l i) , I . ’P t I ll)
r.ijM l i 1  IC IIO2i ) , L C R V L ( 1 0 2 3 . !A ( 1 ( a ) ,  - ) (  1-1 )

~FA ~) 10 0 , I ’ A I J ) , J : t .  10 ) .  I T - i ( J I  ,.a~~1,j O )
5 10 ”  F. —P$ A T I 1 O ! I , 1 3 X , L V I I )

On 1 3 J~~1. 1 O
1~ RA IJ) ~II5~ 4 1(J) .1

150 CONT INUE
10 1NT~~V S HF T A O V

200 !~~INA)VA. &I .0) ~.) TO 210
t f ( N A U W A . ~~4 . ) ) G O  10 250
N A D V A ~~1 Q 2.S4NA O V A
GO Ii 20 0

1) 210 DU 2I.~
) J : 1 ,M A I ) V A

NA r O
00 2 7 0  (* 1 ,10
NA ~~NA. LA ( I ’ . P I  SPA IX )

220 CO N T I N U E
20 00 2 3 0  X~ 1.9

L~ Lt—(
LL~~L 0— ~
1.4 A IL) :  I~~~A I Li. )

230 CONTINU E
25 I S R A ( l ) z i , A - 2 ’ ( NA ~~2 )

240 CONTINUE
250 JO 500 J’l ,IflZS

N A : )

30 00 300 (rl,10
N A : P V A ,  t A l K )  ‘ 1 5 4A (  ~ )
N9 : N 6 . ! 9 (K ) ‘1 SRB( K)

300 CONT INUE
IC(J )  ~~ i

35 IFII SRA(10 ) .tQ .I3R B IIO )) IC (J IrI
DO P.J0 I(.I,~~
L z11-(
LLs 1 0 K
ISRA ( I .  )r  1S~~A ( IL)

P.S IS R 8 I L ) z L S ~~3( L L )
400 CONTINUE

ISRA (i) .NA—2’ (NA/2)
ISRO II ) ~N3-2’ (~l8/2)

500 CONI ’TNI)E
P.S

ENO

4 1 SUJR3UTU4L. L U D L ; J H ( K O A F .1SU~~P¶ COMMO N IC I10~~3) , II. RV LI i 0’ t )  .11(11) , I t O ( I C P
KOIF.’(DAF

10 IF IK )TF.vF .u) GO TO 243
S KDD XOTF ,13?3

GO Ii 10
20 IFIXJIF.G1 •1023I<O Ir :K. .~IF—1J23 . I , ,,JlF,j ’j )

T SUM’O
00 130 I:1, ’~~73

10 K ’ a I . K D I F
I F( K .GT .  1023 )  K~~r(—1 02j
L SUMRISUPI4TC( I ) ’ L c  IX)

100 CONTINUE
A F T  UDN
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