AD=Al08 408  NAVAL RESEARCH LAB WASHINGTON DC F/Grzollﬂ

MULTIPATH VLF PROPAGATION EFFECTS ON CORPELATION RECEIVERS, (y)
X

. NL

SEP 81 F J KELLY» J P HAUSER: N M BEC
UNCLASSIFIED NRL-8d21

END
oare
Pty

[P

orIc




Y

"

Yok
ot &
TRE-

= WI.B
-

22 it e

MICROCOPY RESOLUTION TEST CHART
NATIONAL BUREAU OF STANDARDS-1963-A,

p—
ead




ADA108408

Multipath VLF Propagation Effects
on Correlation Receivers

F. J. KeLLy

E.O. Hulburt Center for Space Research

lonospheric Effects Branch
Space Sciences Division

and
I. P. Hauser, H. M. Beck, anD F. J. RHoADS

Information Technology
Communication Sciences Division

September 18, 1981

NAVAL RESEARCH LADORATORY
Washiagiea, D.C.

Wh*“mw

LEVEL”

DTIC

ELECTE
- DEC 11 198\




SECURITY CLASSIFICATION OF THIS PAGE (When Daie Entered)

REPORT DOCUMENTATION PAGE BEF O N R
REPONT NUMBER 7 GOVT ACCESSION NO.| 3. RECIPIENT'S CATALOG NUMBER
NRL Report 8521 A b__ Ar0 /]LDB
4. TITLE (and Subtitle) $. TYPE OF REPORT & PERIGO COVERED
MULTIPATH VLF PROPAGATION EFFECTS ON
CORRELATION RECEIVERS §. PERFORMING ORG. REFORT NUMBER
7. AUTHOR(S) 8. CONTRACT OR GRANT NUMBER(s)
Francis J. Kelly, J.P. Hauser, H.M. Beck, and
F.J. Rhoads
9. PERFORMING ORGANIZATION NAME AND ADDRESS “ 10. PROGRAM ELEMENT. PROJECT, TASK
/ ) AREA & WORK UNIT NUMBERS
Naval Research Laboratory - 7
Washington, DC 20375 - e
1. CONTROLLING OFFICE NAME AND ADDRESS 12. REPOART DATE
. September 18, 1981
13. NUMBER OF PAGES - )
Sl ’
14. MONITORING AGENCY NAME & ADDRESS(!f dtiferent from Controlling Ollice) 1. SECURITY CLASS. (of this l.';:l)
. UNCLASSIFIED
» Naval Electronics Systems Command T8a. DECL ASSIFICATION/GOWNGNADING
Washington, DC 20360 SCHEDULE

16. OISTRIBUTION STATEMENT (of this Report)

{ Approved for public release; distribution unlimited.

17. DISTRIBSUTION STATEMENT (of the sbatract entered in Block 20, if different from Report)

19. SUPPLEMENTARY NOTES

19. XEY WORDS (Conti on side 1f y and ly by block ber)
VLF propagation Correlation
Multipath Minimum shift keying
Earth-ionosphere waveguide Waveform distortion
g
20. APSTRACT (Continue an reverse side il y and by block nuarder) ,

- The effect of electromagnetic probagation at very low frequency in the earth ionosphere
waveguide can distort wideband communication waveforms and produce a splitting of the
correlation peak of the received signal at a model interference null where multipath signals
arrive out of phase. Propagation from an inclined dipole antenna trailed behind an orbiting
aircraft can cause split correlation pattern to fluctuate throughout the orbit period. For the
case of an MSK (minimum-shift-keying) signal format, expressions and graphs are given for the
correlation vector, as a function of receiver synchronization time and aircraft flight direction.A

DD %" W73 eoimon or 1 maves s ontoLETE ’
/N 0102- 014+ 6801

SECURITY CLASSIFICATION OF THIS PAGE (When Dere Bntered)

S5.9:50 b

G




CONTENTS
INTRODUCTION ..ottt ettt as st ees s assseesssases s eseressassensarsnenintesentonssntonssesestencas 1
THEORY ottt ettt ettt et st et es s st st e s et st s b e st ssaasosessaaseoesenasenersesansssnosensenessanson 3
Elementary SigNal TREOTY ........ccccviiiiiiiiiccieieeriieecsetscereesse e s e essnres s ssessess st seeessbraessnarssons 3
Modulation MEhOAS ...........ccoiiiiiiiniiiiireti e e ccerere s sss e s n e satn st s e eseesat s s sasasbane 6
MSK SIZNAIS ..ottt re et et an st e e e e vt neasseneenes 6
THE MSK CORRELATION RECEIVER ......ccccooiiiiminieeeeneteeeerteneeneeeeensesae s e sasnssessenes 7
TWO PROPAGATION MODES AND A STATIONARY TRANSMITTER .........c.ccovviivennnnnne 10
FIELD-STRENGTH EXPRESSIONS .......cocioiiiiiincnenieicsinceirescentssentsesaerensssesesaesesssases 10
CORRELATION EFFECTS OF ANTENNA ROTATION .....cccccovininmminiinntininienecssseasesanecse 1
DIAGRAMMATIC REPRESENTATIONS .........cciiiiiiniirninnenaecetnesnererernessesessanseressssessenssens 13
NUMERICAL CALCULATIONS ...ttt sessesesseeeseeeseseesesesssesessestsssassssssassssssnsns 19
PIOCEAUIES ...ttt crerassacesorbss s s a s bt sae e ssasnasan 19
RESUIS ..o ettt st e s st b na st e aa e e e s 21
DHSCUSSION ....ooiviniiiiiiiiititintie e sttt s e rat et s ee s ae b e ase e sabesb et e senanenesenesbenesaeoae 48
CONCLUSIONS .ottt et st bbb s be s e et sesstshsbesbobess st sesanssessserasecasnests 49
REFERENCES ..ottt rssesn et se e sas st saesesssssas i sesastonnasssssansseseseses 49

Acoession Por
NTIS GRAY -

prc T Xg DTIC

Justification | ELECTE
By DEC 11 1981
| Distridution/ ,
| _Availability Codes D

Avail and/or
Dist Special

A




.

MULTIPATH VLF PROPAGATION EFFECTS ON
CORRELATION RECEIVERS

INTRODUCTION

The propagation of very-low frequency (VLF) waves over terrestrial paths is often treated by con-
sidering the space between the earth and the ionosphere to be the interior of a waveguide, with the
earth as a lower boundary and the D and E layers of the ionosphere as an upper boundary. Ordinarily
several waveguide modes can propagate with low attenuation in the guide. Where two modes have
approximately equal strength and arrive with approximately 180° phase shift between their wave com-
ponents, a modal interference null is said to occur. Typical examples of such modal interference nulls
are shown in Fig. 1, taken from Rhoads and Garner [1]. The predicted curves for Fig. 1 were those
generated using the theoretical waveguide formulation of Wait and Spies [2].
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Fig. 1 — Comparison of theoretical results from Wait and Spies
[2] with observed records in flight from San Francisco to Hono-
lulu, May 18-19, 1965, for radiated power P, = | kW

When an airborne facility transmits VLF waves using a trailing-wire antenna, a complicated time-
varying field is produced at a receiver [3,4]. The inclined antenna can be considered a superposition of
an elevated vertical and horizontal antenna. Both quasi-transverse magnetic and electric modes are gen-
erated by the inclined antenna. The amplitudes of these modes vary with the angle between the hor-
izontal component of the antenna and the direction to the receiver. If the horizontally and vertically

Manuscript submitted August 6, 1981.
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generated resultant fields are nearly equal in magnitude at a receiver location, rather deep oscillations in
the received field strength may occur during the period of an orbit. These oscillations often occur dur-
ing nighttime propagation conditions but can occur during daytime also. Figure 2 shows the signal
reception pattern versus distance and time for an airborne transmitting facility flying in good orbit (ver-
ticality =70%) during daytime. Figure 3 shows the same pattern for a poor orbit (verticality = 10%)
during nighttime. The observed fluctuations range from mild to extreme.
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Fig. 2 — Field strength versus distance measured during day- Fig 3 — Field strength versus distance measured during nigh-

light hours on an aircraft flying radially toward an sirborne time hours on aircraft flying radially toward airborne broad-
broadcasting facility in good orbit near Jacksonville, Florida casting facility in poor orbit near Jacksonville, Florids on
on March 27, 1971, with the frequency being 19.4 kHz April 5, 1971, with the frequency being 25.6 kHz

An important task of airborne VLF facilities is to broadcast wideband spread-sprectrum VLF com-
munication signals. These signals may be distorted by the propagation through the waveguide and by
the variation in aircraft direction in orbit. To determine the deleterious results caused by these cir-
cumstances, it is necessary to examine the correlation of the received signal with an exact replica of the
transmitted waveform to estimate the effective signal reduction.

A study of correlation receiver distortion due to propagation effects was performed by Rothmulier
[5] for the case of broadcast from a fixed transmitter to a fixed receiver. Rothmuller showed that when
two multipath signals interfere at a point, two correlation peaks occur separsted in receiver synchroniza-
tion time r, by approximately the duration of a spread-spectrum signaling element (chip). The max-
imum value of the correlation could be on the earlier or later correlation pesk. In the present report we
g0 a step further by including the effects of aircraft orbit on correlation receiver signal output. We
study the condition of a time-varying wideband multipath situation common in airborne facility usage
by considering the case in which the signaling elements (chips) are minimum-shift-keying (MSK)
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waveforms and the communication decision is based on the coherent integration of a series of such
waveforms.

In some circumstances the performance of the correlators depends greatly on which instant within
a chip the correlator is synchronized to. It appears probable that a bit decision based on several correla-
tions within a chip period would be superior to a decision based on a single correlation within a chip.

THEORY
Elementary Signal Theory

Figure 4 shows schematically the outlines of the communication system under discussion. Figure
5 shows a conceptual version of a receiver and demodulation portion of Fig. 4. The operation of the
integrator portion of the equipment in Fig. 5 is to sample the received waveforms A (¢) and to multiply
them by the desired waveform h,(r) and h,(¢) and to integrate over a time equal to a bit-keying-
element period Ty, centered about the time f the midpoint of the /th expected bit interval. The
transmitted waveform is constructed as a linear superposition of 4,(1) and h,(r) according to

h(t) =X, (1) + Y, hy(e). )

The outputs of the integrators will yield the values of X; and ¥, which contain the transmitted informa-
tion,

Ty/2
X, = (Ty)! f,:_';;: h(e)h () dt (2)
and
+Ty/2
o= (1 [ 0@ a ®
as long as h;(¢) and h,(¢) are orthonormal to each other:
Tt L7 ) ) dt =8 @
B ' Tan ) By L) db =By,

Here 8, is the Kronecker delta function, equal to zero for i  jand equal to 1 for i = j.

Correlation of Orthogonal Waveforms

A set of orthogonal wideband waveforms &,(¢) and k,(¢) can be generated by using a baseband
waveform hg(¢) to modulate both a sinusoidal and cosinusoidal wave:

hy(t) = hg(‘) COS wol, (5)
hy(t) = hg(t) sin wgl, )
h() = hg(r) (X, cos wot + ¥, sin wot). ¢))
NOISE
== =" y|
XMTR ANTENNA AR oo ERE RCVR HDE:‘?&”'

VLF PROPAGATION CHANNEL

Fig. 4 — Model of the communication system
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Fig. 5 — Model of the receiver-demodulator

The values of X, and Y, give the strength of the cosinusoidal and sinusoidal components. A correlation
receiver can then be made to extract the value of X; and Y;:

4y,
X, = 2(Ty)"! - ,;: hg (1) (X, cos wet + Y, sin wqt) hg(t) cos wor dt 8)
and
§+Tyl2
Y, = 2(Tp)—‘ J:I_T‘/.‘, hg(l) (XI cos wyt + Y, sin mol) h,(') sin wyt dt. 10))

A propagation delay time of v, modifies the correlator outputs to give new ones which we call X (z,)
and yl(‘f )

X, (r,) = 2(Tp)! f’ T,/T;/ hg(t + 7,) (X, cos wolt + 7,) + ¥, sin wy(t + 7))
x hg(t) cos wot dt a0
and
Y, (z,) = 2(Tp)! f ,:2/ hg(t + 7,)([X, cos wo(r + 7,) + ¥, sin wo(t + 7,)]
x -hg(t) sin wot dt. a1

We find that the vector R,(r ) = (X,(z,). V(r,)) is approximately the phase-rotated version of
= (X,.Y;). We have

X,(r,)=~ T5'(X, cos wor, + Y, sin wgr )f h,(t) hg(t +1,) dr (12)

1,/2
and
iyl

~Tp/2
Thus we can write this equation in vector form if R, = (X, Y,):

Y,(z,) = T5'(~ X, sinwer, + Y, cos wgt,) f hg(Dhg(t +7,) dt.. (13)

1 T
R, = 13|, '*,:,': ha(0) hg (e + r,)m"_c::::;:’ :o: :‘:ﬂ: - a4
The magnitude of the vector R,(r,) = [X,(r,)? + ¥,(r,)%]"2 is given by
_ . pitTy2
LACRIER VAN A NOTREERT s
The phase of the vector R,(r,) is given by
é,(r,) = arg(X)(r,) + iY,(x,)) = arg(X; + iY)) + wer,, (16)

Thus, the magnitude of the R, (r ») vector varies slowly with 7,, and the phase ¢,(r,) changes rapidly.

4
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Correlation of Other Orthogonal Waveforms

A more complicated set of orthogonal waveforms can be generated using two orthogonal baseband
waveforms hg;(¢) and hg,(t) such that for i, j= 1, 2

+Ty/2
(T [0 b (Ohey o) dt =8, amn
where 8, is the Kronecker delta function. The transmitted waveform A (¢) is given by
h(t) = X;hg (1) cos wot + Y hg(1) sin wgt. (18)

To extract the value of X, and Y, from this waveform, we need a correlator receiver to do the following
integrations:

- 2Ty} [X,h,.(t) cos wol + Y hgy(1) sin wotllhg (1)+hg,(t)] cos wot dt (19)

s T.IZ
and
+ Ty
- 2(Ty) ! f Tyl [Xﬂl.](l) cos wot + Ylhpz(l) sin wol][hgl(f)"'hgz(l)] sin wot dt. (20)
When the time of arrival is changed tot=1t+ 71, we have

x,(T )= 2(T,)— f " [Xﬂl,](f +7 )COS (llo(l +7 ) + Ylhnz(t +7 ) sin ﬁ)o(‘+f N

r,/z
x [hm(l) + hyy(1)] cos wet dt (21)
and
y’(‘f )- 2(T3) IJ', ~Ty/2 [X,h,,(r + 7 )cos«»o(t +7 ) + Y,hnz(l + 7 ) smwo(t +7 )]
x {hg (1) + hgy(0)] sin wet av. (22)
This gives
X(r,) = X, cos wqr, T5" [ hy(t +7,) gy (6) + hgy(0)] dt
+ Y, sin (no‘l"TElfhgz(l + f,)lh3|(‘) + hgz(l)l dt 23)
and

1+ Tp/2
y[(‘l’,) = — X, sin wer, Tg-lf T,/Z hg|(f + Tp)[’lyl(f) + hnz(l)] dt

+Y, coswer, Ty J: Ty2 hp;(l + 1") (hg, (1) + hgy()] dt. (24)
If the two baseband modulation functions are sufficiently orthogonal that
1yt ./
T;! f, T M1t + 7)) haa()3% di = 0 25)

and sufﬁciently similar that

+7T
Tt S b+t b @) de= T3 1 b+ 1) b0 @, 26)
we again obtain
Xr,) = (K con o, + Vsinagr ) T3 [, baile + )b (0 @
]
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and

. 1,+T,/2
Y(r,) = (= Xsinwgr, + ¥c08 wor,) Ty f,,_, 7 (t+7,) gy (1) di (28)

When the more complicated correlators of Eqs. (19) and (20) are used, and the orthogonal waveforms
satisfy the conditions of Eqs. (25) and (26), the type of waveform of Eq. (18) gives a behavior similar
to that of Eq. (7).

Modulation Methods

The values of R, can be modified at the > transmitter to initiate the communication of information.
In amplitude modulation the magnitude of R, is varied. In phase-shift keying the phase angle ¢, is
modulated. Thus, in general, information may be transmitted by changing the transmitted vector R, in
some prescribed way. The stability of the received vector R(r,) in amplitude and phase is important in
the performance of communication systems. In the realistic communication channel the values of
R,(f,) will also depend on the noise present. In this study we neglect noise and simply study the
effects of propagation on R,(r,).

MSK Signals

In the field of VLF communications, minimum shift keying (MSK) is a commonly used type of
spread-spectrum modulation. MSK is mathematically described in terms of a transmitted waveform
s(1), a baseband modulation u(¢), and a chip waveform p(¢), as follows:

s(t)-Re[u(r)e'"°'], (29)
%—1
w@® =3 [Xhp = aT) =i ¥,0,p G-T/2 a7)], (30)
=0
2 t
p(i) = \/;lm["? I ST T

-0 |t]> T/2. G

This is a specific version of the signal described in general by Eq. (18), in which the orthogonal
baseband waveforms kg, (1) and hg,(¢) are given by

X

2
hp (1) = vT 2 l,.p(t - nT) 32)
n=0 .
and
T-l
hgy(t) = VT ¥ Q,p(t— T/2- nT). (33)
n=0

In these above equations /, and Q, are pseudorandomly chosen integers of value +1 or -1. It is
assumed that both the transmitter and receiver possess synchronized pseudorandom-number-sequence
generators that provide the /, and Q, sequences. The frequency w, is the carrier frequency of the
broadcast. The time interval 7 is the duration of a chip. Since two chips are transmitted during each
chip duration, the chip length 7. is 7/2. The MSK modulation method gives rise to a constant-
amplitude waveform with continuous phase as long as X; and Y, are equal to £1. The bandwidth of
the transmitted signal is inversely related to the chip period. The value of the waveform s(¢) depends
on one value of /, and one value of Q, simultaneously except at the instant when a transition is being
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made from one value of I, or O, to the next. At the transition time the amplitude of the waveform
undergoing transition is zero, because the p(¢) function goes smoothly to zero at the beginning and end
of its range. At that instant the value of s(¢) depends only on the other integer O, or /,. Let us con-
sider the autocorrelation function B(r) for the MSK waveform s(r):

BE) = lim % LT sse+o a (4)
Use of s(r) from Eq. (29) will make B(r) nonzero as long as |r| < T. When |r| > T, the contribu-
tions to B(r) will all be from terms having the products Q, I, Q. On, and I, I,, with n # m. These
terms are as often +1 as they are -1 for an orthogonal or uncorrelated set of [Q,, } and {7, ) ;s0a
summation based on these values should remain small. Thus a large value for the autocorrelation func-
tion occurs only for |7| < T, when I} and Q? terms contribute. Since /2 = Q2 = 1, these terms are
easy to evaluate. The correlation vector R,('r,,) is closely related to the autocorrelanon function B(7).
At very low frequencies the electromagnetic waves may be considered to propagate by distinct
waveguide modes or hops. The time delays between dominant modes and hops are small—less than a
millisecond [6] —producing the coherent overlap of one chip with its time-delayed image. At some
receiver locations the interference of the two waves with each other results in "selective” fading. Such
fading is called "selective” because it occurs only for frequencies for which the interference condition is
satisfied. At other nearby receiver locations or frequencies the time delays will be such as to produce
two pulses which reenforce each other. The propagation channel can be simulated by a multipath
model in which Ar(¢) is the transmitted wave and the received wave is

he()) = 3 A, by (= 1), (35)
j=1

where 7, is the propagation time for the Ah mode or hop and A4; is the amplitude for the th mode or
hop. In the case of earth-ionosphere waveguide propagation sometimes the waves have distinctly
different group and phase velocities. Then, we must consider both the phase and group delay times 7, (N
and 7. The phase delay of the baseband modulation is governed by 7.”, and the group delay is
govemed by 740,

THE MSK CORRELATION RECEIVER

One can readily evaluate the performance of a correlation receiver for MSK modulation and
coherent detection for signal reception on a single-path propagation channel. The correlation vector
R,(r,) obtained when one uses MSK modulation is explicitly calculated by substituting the expression
for hp,(¢) from Eq. (32) into Eqgs. (27) and (28). The integral /z(r,), defined as

T2
ln(‘l’,) - Ti‘ J'l";./'; h3|(' + T,)h.](l) dt
31
= 73! z 1,1, f Ty2 p(l - nDplt +1,— nT) d, (36)

n-o

is readily evaluated. The limits of integration in this equation exgend far beyond the region of variable
¢, for which the integrand is nonzero. We camrchange the integration variable to

f=t—nT a7

The limits of integration are thereby changed to # + Tp/2 — nTand 4, — Ty/2 — nT.

1+ Ty/2-
Iy@r,) = Ti! ); Ihe f, v ur 7 PP + AT + 7, - wT) dt. (38)
.'-o
7
- s RPN AR —— -
vl g
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Since p(¢t') = 0, for |¢'| > T/2, we need integrate only between —7/2 € ¢ € T/2. We obtain
_lT-l +T/2 , ,
Iyz,) = T; .;o Li, f_m p()plt +7,+ (0 — m)T) at. (39)
n'=0
From this formulation we see that the integral depends only on the difference between 7 and n’and not
on the individual values of n and n’separately. Let us define

7/2
G,y = f L pWp e+ 1, + kT) dr. (40)

Since k = n — n* Eq. (39) becomes
Ig(r,) = Ty! Y 1,1,Cpp(x))

n=0
n'=0
N_ 1 ntl- 2ﬂ

- TEl 2 2 l,,l,,_,,C,,(‘rp)
n=0  k=n
N N

2
=T;' ¥ 11, ,C()U,_, (41)

n=0

k=—|5 -1

where

N
3 1,

= 0, ifn-—k<00rn—k>%-—l.

Ui = 1, foSsn—k <

We then interchange the order of summation in Eq. (41) to get

N r,
2 2
Ig(r,) = ;! Clr)) ¥ L1, Uy 42)
P n=0
Because of the orthogonality of the set {/,} with any sequentially shifted copy of itself, we can write
X
2 N
2 I,.I —kU k™= = sk_o_ (43)
a=0 2

This assumes that the binary sequence {/,] has been generated by a method which has "good” auto-
correlation properties for the pseudo-noise-coding application {7]. We obtain
—1

oty = 2 Cyfe,).

(44)

To calculate Co(r,), we substitute into Eq. (40)
/2
Colr,) = f_m p(p(t' +7,) dt. (45)
The value of Co(r,) is symmetric with respect to v, and can be obtained by using elementary integra-
tion methods:

L e A o0
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T/2-1
G- 2 ety a4 ifr, >0,
2

4 T/2-7, ' '+ T, ,
- —ff_{ cos - cos dt
4 l7, LA I T lf,,l
-7 ”1 = —] cos —= + — (46)
Equations (27) and (28) become
X)(z,) = (X, cos wgr, + ¥, sin wr , )NT5'Colr,) (47a)
and
Y[(Tp) - (—X, sin woT, + Y, cos (l)oT,)NTE'Co(Tp). (47b)
in matrix form we have
RiG,) = NIz ' [ 90 SOl B o). (47c)

—sin wgr, €OS Wy,

A receiver can be adaptively synchronized to the incoming signal by introducing a variable delay
7x into the stream of baseband keying elements to generate a family of ideal baseband keying elements
hg) and hg,. Mathematically this simply means the introduction of the variable ¢ + 7 into the expres-
sion for hg, in Eqs. (27) and (28) in place of r The selection of the synchronization time 75 can
greatly affect receiver performance when the actual propagation delay time 7, is unknown (or
equivalently the clocks that generate the chip streams are not in perfect initial synchronism). Therefore
we rewrite Eq. (47¢) to exhibit the dependence of system performance on 7z. We obtain the follow-
ing expression for R, (r,.7,):

Cos WoT, SIN woT,

R, = NTg'| .
(o mR) = NT3 ' gy wT, COS woT,

E[ Co(‘rp - TR). (48)
The magnitude of the components of l—i,(-r,,,r g) are proportional to the in-phase and quadrature com-
ponents of the received radio-frequency carrier wave because of the multipliers cos woT, and sin wyt,

in the matrix. However, the magnitude of R,(‘r,,r r) depends on the propagation delay time 7, and on
the receiver time 7, by the factor 7, = 7. If the receiver is badly out of synchronization, this factor
can be zero or very smail. If the recelver is employing phase-shift keying, any change in the propaga-
tion time 7,, even after the receiver is perfectly synchronized on the chip (0 = |r, — gzl << D, will
induce a correspondmg phase change in the phase of the vector R, - (r,,,rk) that is, the doppler
phase variation of the radio-frequency carrier induces an equal doppler shift on the phase angle ¢g.

These types of doppler-signal phase variations are often seen when an mobile transmitter or receiver is
used. In such a circumstance we cannot assume r,(¢) will be constant at each instant within a bit
period to permit the factorization shown in Eqs. (21) and (22). However, the other manipulations that
we performed on the expression for R are all valid up to this point. To obtain the resultant correlation
vector R,(f,,‘rk) if the delay time is slowly changing within a bit period, we must average the instan-
taneous values of R,[r (1), 7,] over an entire bit period:

*Tan2 | cos wor, (1) sin wyr, (1)

5 - NT T
R/(r,, 1) = NT3'T 4Ty |—Sin wyr, (1) cos wqr, (1)

R Colr,() — gl  (49)

From this expression one can approximately evaluate the affect on the R, = fr »(1). 7] vector for vari-
ous conditions of 7, (/) and synchronization conditions for a single path propagation.

A Corn e L eSS S -
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We have reviewed the elementary cases of a stationary and moving transmitter having a single
path of propagation, because this is the simplest case. Linear superposition holds for the waves and
correlation procedures; so a resuitant from a case having several propagation paths can be obtained by
addition of terms from single-path cases.

TWO PROPAGATION MODES AND A STATIONARY TRANSMITTER

When a stationary transmitter produces a signal at a receiver that comes by two propagation paths,
there are two propagation delay times 7,; and 7,; and two (real-valued) amplitudes of the two modes
A, and A4,. Alternatively, we may say that each mode is described by a complex amplitude, with the
magnitude of each complex amplitude being the real amplitude and the phase being related to the pro-
pagation time. The voltage impressed on the receiving antenna by the received signal represents a
waveform that is the sum of two time-delayed replicas of the initial waveform. Let the subscript i
q;;\ote the mode index. Then we will get the following expression for the total correlation vector
R (Tk)i

— 2
RII(TR) - z R[(Tp.,.fk)

i=1

2 .
= NT-1 71 €OS wg7 Sin we7 X '
NTY'T ,._zl 4 1 _sin wgT cos wof:l] [YI Colr,; — Tg). (50)

The behavior of E,T(‘rp) as a function of the receiver chip synchronization time 7z can be quite
different from the behavior when there is only a single path. A splitting of the correlation peak can
occur. Indeed, instead of the correlation being best when 7,, = 74, it could be bad at this time.
Numerical examples given later exhibit this circumstance.

FIELD-STRENGTH EXPRESSIONS

For the case of an antenna trailing behind an airborne transmitting facility, the correlation vectors
generated by both the horizontal and vertical components of the antenna are included in ﬁ,’(r r). For
an inclined short dipole antenna, the endfire-generated components are modified by cos { sin y, and the
broadside generation depends on sin { sin y, where { is the angle between the horizontal portion of the
inclined dipole and the great circle path to the receiver and y is the inclination angle of the antenna
measured from the vertical. The expression for the resultant vertical electric field E, (D) at distance D
from the transmitter can be written as follows [4, p. 332]:

E. (D)= cosy E' + siny EN (s1)
In this expression
VE o _J_Ils__ LS e e e ik —_ 4
E, YT g S.° A Gi(2,)GS(2)explikoD S, — im/4) (52)
and
—nlds e
R 3 [r¢ Gitzag ) cost
ArGMz) |
+hﬁ— sm{l 5.7 G;(2) exp (ikoDS, - in/4). (53)
10
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The quantities in these expressions are explained in Ref. 4 and are summarized below:

Af is the excitation factor of the gth mode for a vertically polarized electric dipole,
Al is the excitation factor of the gth mode for a horizontally polarized electric dipole,
G(2) is the height-gain function of the quasi-TM vertical electric-field component,
Gq"(z) is the height-gain function of the quasi-TE vertical magnetic-field component

S, is the sine « " the complex eigenangle of the ¢gth waveguide mode,

z is the height of the receiver,

Z, is the height of the transmitter,

a is the radius of the earth,

D = qaé is the great-circle distance between the transmitter and the receiver,

Al(z) is the normalized impedance of the quasi-TM-mode fields,

AN2) is the normalized impedance of the quasi-TE-mode fields,

z,, is the coupling impedance in the mode = E,(0)/H4(0) at the earth’s surface,

” is the impedance of free space;

ko is the free-space propagation constant (=w/c) for an electromagnetic wave of frequency
wg,

h is the reference height of the ionosphere,

A is the space wavelength, and

lds is the current moment.

The dispersion that occurs on each individual waveguide mode is usually minimal when well-
behaved types of D- and E-region boundary conditions are present [6]. Each individual waveguide
mode can be considered as a dispersionless path over a sufficiently narrow fractional bandwidth. The
effect of propagation is to produce several time-delayed images of the transmitted waveform at the
receiver. The amplitudes of these waveform images vary independently with time, as the inclined
antenna is transported about by the aircraft. This variation with position of the aircraft can be modeled
readily by letting the amplitudes {4, and delay times {r,,} vary in an appropriate way.

CORRELATION EFFECTS OF ANTENNA ROTATION

It is easy to show the effects of rotation by an inclined elevated antenna given the previous
development of the mathematics. The horizontal component of the inclined antenna generates both TE
and TM modes according to Eq. (53), because the horizontally generated fields have phases and ampli-
tudes different from those generated by the vertical antenna components. The waveguide modal
interference pattern for an elevated horizontal antenna differs from that of a vertical antenna. This
effect is illustrated in Fig. 6 (taken from Ref. 3), which shows the fields generated by variously inclined
antennas at 20 kHz. The amplitudes of the horizontally generated fields vary as the cosine of the angle
between the horizontal antenna component and the direction of propagation.

In simulating the effect of this variation on the receiver output vector, we use Eq. (50) for the
received correlation vectors, and we use four amplitudes {4,], four phase time delays {rf}, and four
group time delays {rf). Two of the amplitudes represent two vertically generated mode fields and vary
as sin y. The other two represent horizontally generated TM mode fields and vary as the product cos
{ cos y. The resultant expression for the correlator output is the same as Eq. (50) except that in this
case the correlation output is the summation of the outputs for the four individual modes.

11
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Fig 6 — Predicted variation of field sirength and phase with
distance for 20 kHz and vertical, inclined, and horizontal an-
tenna inclinations

~ Denoting the X”(r,) from the vertically electrically generated modes as X,'’**(r) and the
X (r ) from the horizontally electrically generated modes as X,'’*(r z), we can write

N N
XT(rg) =cosy T X[ (1) +ces{siny T X% (rp). (54)

j=1 =1
Parallel definitions can be made for ¥/ (rg), ¥ "¥é(rg) and Y,“”"(-rk) and we obtain

N
Y/(rg) =cosy 3 Y (rg) + cos{ siny 2 Y ke (1p). (55)

=] =1

The vector R} () is a sum of two vectors R (rz) and R (7 ):
RT(rg) = cos y R (r5) + cos { siny Rj*(z5). (56)

The vectors R, () and R/® (1) can be parallel, perpendlcular. or opposed to each other, depending
on circumstances and the value of 7. The resultant RJ. () vector can change quite dramatically dur-
ing a complete orbit. For example, if R"' (rz) and R* (rg) are of the same magnitude and phase
there would be one large oscillation of IR, ()| per orbit (provided y = 459. If R(r3) and R/*(rp)
are perpendicular to each other, there would be two oscillations of [R7(r _,)l with one cycle {. There is
a mathematical isomorphism between the phasor E,(D) and the vector R/(r,), since the composition
of various phasors which form the complex phasor sum E, (D) is isomorphic to the oomposmon of vari-
ous correlation vectors which form the two-dimensional correlation vector sum R, T(r). When both
TE and TM waveguide mode propagation from an airborne transmitting facility are taken into account,
we obtain

RTGg) = R(rp)cosy + sinylcos{ R¥(TM, 1) + sin { R™(TE, 7)) £3))

12
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The total vector R](rz) is the sum of independently propagated vertical endfire- and broadside-
generated components. These components are themselves sums of components which are propagated
by different waveguide modes.

DIAGRAMMATIC REPRESENTATIONS

It is instructive to view diagrams that iilustrate the behavior of the various E, vectors as 75 and {
vary. The following example illustrates what can happen in a particularly severe case of modal interfer-
ence. Figure 7 depicts the variation of a single-mode correlation output RV¥(r z) from a stationary
vertical electric transmitter. Figure 8 shows an output function R,®¥*(r ) for a signal coming slightly
later on a second-order mode and 180° out of phase with the first. Figure 9 gives the resultant
R (r ), which is the sum of the correlation outputs of the first and second modes. Figure 10 shows
the phase of the vector R;'“(r g) as a function of 7 4.

ﬁ(‘l)ve(TR) x('l)VE(.‘.R 0)
v R
Y(ﬂve(TR 0)
Y
Fig. 7 ~ Graph of R""(z z) versus r» for a stationary
vertice) electric-dipole transmitter
X
Y(Z)ve(.‘,R = 0)
v \iw o~ TR
X)) -
R(Z)ve(m)
X(Z)ve(TR - o’
Y

Fig. 8 — Graph of R/?"(r,) versus 1, for a stationary vertical electric dipole
transmitter. The phase of this wave is 180° opposite to that illustrated in Fig. 7.
The maximum value of | R,*(r p}| occurs at slightly greater 7 values than
does the maximum value of | R"*(z )| shown in Fig. 7.

13
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Fig. 9 — Graph of R/(rg) = RMV*(z,) + R D%(zp),
showing an abrupt change of phase at 7z = 0 and a large
shift in the value of 7 for which | R(r z) | is greatest

&Ve(7g)
T 180°

R

4 -90°

L 180°

Fig. 10 — Graph of *(r,). the angle of the R*(r,) vectot
with the x axis in Fig. 9, showing an abrupt shift of phase at
e
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Figure 11 shows the resultant R (rz) = cos y R;“(rz) + sin y cos {RM(rg), where { is the
angle between the direction of propagation and the endfire direction of the antenna. The angle y is the
inclination angle of the antenna; we take y = 45° and { = O for this example. Figure 12 shows the
same resultant except for the condition _; = 180°. The conditions for { = 90° and { = 270° are both
shown by the pattern of Fig. 9, since R/ T(r ) is composed solely of the vertically generated modes in
these cases. These figures give a picture of R, T z) at the four cardinal points of an orbit.

RT(rpb = 0) = R¥®(rg) + R"®(zp)

N

é\

Y

Fig. 11 — Graph of R (rg) for an endfire case (cos { = +1), illus-
trating the change in the value of 7, for which |R, (rg) | =0 and
the variation in the size of the peak values of | R, (7R) | on opposite
sides of rg = 0. Hore a relatively small value of | R(rz) | is as-

sumed.
X
RV(rg, & = 180°) = R¥®(rg) R"™(rg)
T R
Y -
1“'\ “Q?‘ 1@:5 1$‘“J
Y

Fig. 12 — Graph of R (r ») for the opposite endfire case (cos { = —1) to the
case in Fig. 11. Here the largest value of | BT(rp)| occurs for 7y > 0
whereas, in Fig. 11 it was for 7, < 0. Synchronization times ( 75) to be con-
sidered in subsequent figures are shown.
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In Fig. 12 four sample synchronization times, designated 7z, Tz2, Tg3, and 74, represent possi-
ble correlation times that might occur within a receiver. We look at the variation of the correlation
vector magnitude |R(z,)| and phase ¢ [(rz,) during a complete orbit for these times. Figures 13 and
14 show the phase and magmtude of R/(rx)). The phase is constant in this case, because R,"“(r5,) is
greater than and parallel to R, M(72,). The magnitude varies in a mild way. In Figs. 15 and 16 showing
the phase and amplitude for the time 7g,, the phase makes two quick successive 180° changes in the
nelghborhood of { = 180°, and the amplitude goes through two successive nulls. Figures 17 and 18

give R, T(0). This vector varies cosinusoidally, because there is no contnbuuon from the vertical elec-
tric antenna componem Figures 19 and 20 show the behavior of R, T(rg3), which is similar to the
behavior of R (rz,) except that the nulls occur near { = 0° rather than { = 180°. Figures 21 and 22
show the behavior of R/ (rg,), which is similar to R7(rg,) except for a shift in orbit angle { of 180°.

th(TR = 7R1)

L180°
4 90°

——t +——t L
-180° 90° 0 90° 180°
<+ 90

- - 180°

Fig. 13 — Graph of ¢[(rg,) as the angle of turn { of an inclined antenna
changes from —180° to + 180° for the synchronization time 7g,. This phase
is constant because the contribution of the vertical antenna component always
exceeds that of the horizontsl component for this synchronization time.

'F*T(Tn = TR1)|

/\

rs i 4

‘# L \J
180°  90° 90° 180°

Fig. 14 — Graph of |R(rp,)| as {
varies from —180° 10 +180°. The rela-
tively gentle variation of | R(r ) | oc-
curs because |R'(f,|)| > l“, (7R|)|

16




NRL REPORT 8521

(bT(TR - TR2)
180
190 |RT(rp2)|
+ +- t t ¢
180° 90° 0 90° |180°
e 90 )
— b L N
L) ¥ L} L4
+ 180 - 180° -90° |0° 90° 180°
Fig. 15 — Graph of &/ (r z,) versus orbit angle {. Fo Fig. 16 — Graph of | R7(+g,) | versus orbit angle {, show-
this lock-on time there are two rapid and large phase ing how this function goes to zero when do,'(rk ;) is making
changes near { = 180° the abrupt phase transition
T
&' (rg = 0)
|R7trs = 0)
180°T
T
) _— I -
A0° . O0° M 100 ¢ +
- 180 "90 1 90 180 -180° - 900 900 1800
b 900
4
180°

Fig. 17 — Graph of ¢(ry = 0) versus angle {.
There is essentially no contribution from the vertical
component for this value of 7, so the phase is con-
trolled by the horizontal component of the iransmit-

ting sntenna.
¢T(R = TR3)
180° 4
90°4
A AL L i
v L L L C
-180° -90° 90° 180°
90°-1¥-
|
180°<-

Fig. 19 — Graph of ¢(r ;) versus orbit angle {. For this syn-
chronization time the abrupt changes in phase occur around the
{ = 0 point rather than around the { =~ 180° for the 7, case il

lustrated in Fig. 15.

PR g ataand

17

Fig. 18 — Graph of | R (r o = 0)l versus orbit angle {.
The cosinusoidal variation is caused by the cos {
modulation of the horizontal component. The vertical
component contributes essentially zero.

IRT(TR = TR3)|

e 4 ' -5 (

\J \J LS L)
180° - 90° 90° 180°

Fig. 20 — Graph of IR (ra,) versus orbit an-
sle.{. The smaliest values of IR,T(r g2)l occur for
orbit angles near zero degrees rather than near
180° as was the case for [R(rz,)l as shown in
Fig. 10.
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¢(rg = TRe)
'F180°
F 90°

-180° -90° a0° 180°
. _90°

T+ -180°

Fig. 21 — Graph of ¢ /(r z4) versus orbit angie {.
For this receiver time the vertically generated
correlation vector dominates; that is [R*(r g} >
| R (r adl No change of phase can occur, since
R g4) and R}(r ) are parallel.

lﬁT(TR - TRe)

'L 2 i g

180° -90° 90° 180°

Fig 22 — Graph of IR (r 4| versus orbit angle
{. For this receiver time the maximum correla-
tion vector occurs for { = 180°, whereas for 7 5,
the maximum correlation-vector magnitude oc-
curred at{ = 0°.

Finally, Fig. 23 shows an estimate of rp,,, the optimum value of receiver correlation time for
different values of orbit angle {. This graph shows that 7 »; and 7 g, are preferable when |R,(r x,)| and
IR,(r ,4)| are largest. The phase is constant, and the amplltude varies gently. Relatively mild ampli-
tude behavior occurs for this correlation time because IR,"'(r 0| > |R™(rz,)]. The phase is constant
because R,“(r ;) is parallel to R(rx,). Although R(r z;) can change the magnitude of R (7)), it
does not change the phase.

TR, opt

5 4
-180° —90° T "R2} 90° 180°
L

Fig. 23 — Graph showing the values of 7 5 that should be
chosen for various orbit angles { for the case illustrated in
Figs. 7 through 22
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In the preceding example, there was minimum correlation near the middie of the correlation
envelope, and the correlation maximum was greatly displaced from the maximum point of the correla-
tion of either individual multipath signal. Thus, the rather small difference in arrival times 7,, — 7,,;
changes the optimum chip synchronization time 75 by a major amount. This effect is fairly easy to
explain. The condition described by our equations is a severe case of multipath interference. Two sig-
nals come to the receiver antenna offset in time by 7,, — 7,,. The first and second signals travel
independently of each other, so when the first signal pulse arrives, the signal begins to build up. Then
the second signal arrives out of phase and cancels out the first signal for a long interval of time while
both are strong. Then the first signal goes to zero because its waveform has passed by, while the
second signal remains to give an excitation of the antenna again. Thus the strongest portions of each
signaling element in this case of interference occur at the beginning and the end of each signaling ele-
ment. In the middle of the element, the two signals arriving from different paths interfere, and there is
a reduction of the field present.

When a receiver tries to synchronize with the signal at its strongest point, it must search for syn-
chronization either at the beginning of the chip or at the end but not in the middle. Thus, if a system
were presynchronized with an optimum 7 g for either of the individual mode delays or for an average of
the two mode delays, it would actually be poorly synchronized for optimum operation! For better
operation three correlators might be used—one adjusted at the central expected time of arrival of the
wave, and one at each end of the chip. If the two waveforms reinforce each other to give the max-
imum in the middle, the central correlation peak will be large and the two side peaks will be small. If
however, an interference condition is present, the middle correlator will be weak and the two side
correlators will be strong.

NUMERICAL CALCULATIONS
Procedures

We will calculate some values of l—i,r for cases that are inspired by realistic mode-theory calcula-
tions of the phase and amplitude of VLF waves. For the calculated fields shown in Fig. 6, the

waveguide mode constants are given in Table 1.

Table 1 — Constants Used in the Calculations

A =04 G =1

Az- 1.2 02(2)- 1

S = 1.002 + 0.000689i Ay(z,) = —0.02i

S, = 0.003 + 0.00138; A,(z,) = 0.05i

z= 0 km ro= 4 km

G(z,) = 0.965 + 0.259i z;= 10 km

G,(z,) = 0.95 Radiated power = 1 kw

These constants were used in the following equations to generate the field -strength values in Fig. 6:

EX(0) = iGuo/edH do¥ 3. SI5F, 57
and

EX(r.0) = i(uo/e) V2l ds™ cos ¢ ¥ A,(2,)SP5F,, (58)

where

. pla |
= (DA )Y? | sin(D/a) Gu(Z)Gn(z:)An exp (in/4 + ikp DS,). (59)
19
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These equations are simplified versions of Egs. (51) through (53), since they contain only TM-
mode constants of an isotropic ionosphere. We calculate R,‘”‘" for each mode according to

X (rg.8) = N4 coslwgr Q)] C (xF¥Q) — 15) (60)
and
Y,(ve (10,0) = NIA" sinlwgr P ¥*(Q)) C (FveQ) — mp). (61)
where
N is a normalizing constant,
AYe is amplitude of the th TM mode generated by the vertical component of the transmit-
ting antenna,
wp is the angular frequency of the wave,

TPve(() is the delay time of the phase of the wave when the aircraft is at angle { of its orbit for
the &h waveguide mode, and

TFve(Q) is the group delay time of the wave when the aircraft is at angle { of its orbit for the &h
waveguide mode.

The amplitude is given by

A = S'3G,(2) G, (z)A, explin/r + i koDS,). (62)
The phase delay time 7 f:¥°({) is obtained by evaluating the phase of 4;:
wo TP Ve(Q) = arg(4,"). 63)
The group delay time 7 £¥°({) is obtained by evaluating the derivative of the phase of A;:
TP = 2 larg (49 (64)

The path length D from the transmitting antenna to the receiver location is a function of the orbit angle
¢ and the orbit radius r according to the approximation

D =Dy+rsing, (65)

where Dy is the distance from the receiver to the center of the orbit. To calculate R,"*({,rz), we per-
formed summations as indicated in Egs. (54) through (56).

We calculate the horizontally electrically generated fields in an analogous manner:

X% (1 2.8) = NIAM| coslwgr P2@)) Co (252Q) — 72) (66)
and
Y% (rg,¢) = N1A| sinlwgr ()] Cy (r£%(Q) — 15). (67)
The amplitude of the i/ th mode is given as follows:
AP = G(2)G/(z)A, explim/4 + iko D S)) S5 A,(z) = A S, A,(zp). (68)

The phase and group delay times are given in the same manner as for the vertically generated modes:

wo 7/M(Q) = arg(A4}) (69)
20
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Tables 2 and 3 give the numerical values used in making the correlation calculations.

Table 2 ~ Set of Quantities Used in Calculation

NRL REPORT 8521

M) = %[arg(,{,"')l.

of Correlation Vectors

Mode | Quantity Value

1 [ayeT 1.26500262 x 107"
Tpve 1.33658211 x 1072
Tfve 1.34400 x 1072
jAa¥| 2.52495471 x 1073
T{he 1.33533157 x 1072
S 1.34400 x 1072

2 {43l 1.11773228 x 107}
e 1.32437617 x 1072
e 1.356666 x 1072
|4 5.62805237 x 10°*
Tohe 1.32562578 x 1072
7 fhe 1.356666 x 102

Table 3 — Second Set of Quantities Used in

Calculation of Correlation Vectors

Mode | Quantity Value

1 VTl 1.26500262 x 107"
TP 1.33658211 x 1072
Tfve 1.34400 x 1072
V1 2.52495471 x 1073
] 1.3315820 x 1072
L 1.34400 x 1072

2 [4}e] 1.26500262 x 10~!
Ve 1.33908211 x 1072
T§ve 1.356666 x 1072
Vg 5.62805237 x 107}
The 1.3365820 x 102
3 1.356666 x 1072

(64)

Figures 24 through 29 show R/(r) and ¢ (r,) contours for y values of 90°, 85°, 80°, 60°, 45°,
and 0° with the propagation parameters of Table 2. Figure 30 shows R"¥*(r,), the correlation vector
of the first-order mode. Figures 31 through 36 show the correlation vector for propagation parameters
of Table 3 for y values of 90°, 85°, 80°, 60°, 45°, and 0°. The "average" chip duration for each of these
calculations was 7, = 1 ms. The total length of each chip is T = 27, = 2 ms. The radius of the orbit is
3 km; the distance from the center of the orbit to the receiver is 4000 km.

PATINY, LR SR 2 8 e
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Fig. 24a — Amplitude behavior of I—(',T(r g) fory = 90°,
calculated with the parameters of Tabie 2
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Fig. 24b — Phase behavior of R[(r,) for y = 90°,
calculated with the parameters of Table 2
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Fig. 24c — Amplitude contours corresponding to Fig. 24a
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Fig. 24d — Phase behavior corresponding to Fig. 24b
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Fig. 25a Amplitude behavior of

calculated w

R) for vy = 85°,

calculated with the parameters of Table 2

Fig. 25b — Phase behavior of K/ (~
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T
d, (1,)
F — T
® I -y
; e |
//" - ’ '
’:m {:p {o
i ) .
‘ 0
. S ®
( Y
- r ©
190 == ¢
P . 180 /
’ - 119 o~ i "‘-
»
L
//
o
10 n 12 13 14 M 18
T.(mdlm«Mula)

Fig. 25d — Phase behavior corresponding to Fig. 25b
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Fig. 26a — Amplitude behavior of R (r ) for y = 80°,
calculated with the parameters of Table 2

Fig. 26b — Phase behavior of R(z ) for y = 80°,
calculated with the parameters of Table 2
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Fig. 27a — Amplitude behavior of RT(z ) for y = 60°,
calcylated with the parameters of Table 2
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Fig. 27b — Phase behavior of R/ (r ) for y = 60,
calculated with the parameters of Table 2
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Fig. 29a — Amplitude behavior of R (rg) for y = 0°,

calculated with the parameters of Table 2

Phase behavior of R(rp) for y = 0°

calculated with the parameters of Table 2

Fig. 29b —
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calculated with the parameters of Table 2

34

=




oLe o8t

0L

o8t
(zebop)

e 2
55 T 1
- \lw ST e !.,‘Moml;wlo SR \r\‘“)]\m - ' .
R 19 -- —-—v = &=
T ” £
% - — e 8
~
-20 - - - ] .
R
18 e — —— - '3 . )
e i ,
- - ]
EE— ———————— - m | F2
° 1
e |
J— ® I
m — “ _ ,
% x m —~ |8 g & 8
e - =3 2 =) _
2 Ti: — |
W o g =~
€ b g 1 g 3
O :
o N — g — “
z _ e 3
b — e ———— s2z- =
A — “ R—— K B
— P <
—— 0% —4
" 9s-— i )
&
[ag]
k-]
- & n
=] S e

Fig. 30d — Phase behavior corresponding to Fig. 30b

35

e v e

© B At T oty ~ S




KELLY, HAUSER, BECK, AND RHOADS

S} e
\ ’,‘ ’I:"':ié“:\\\\\
. ’l/’;ll’l:'. .\:\ “‘i ‘:‘\\\
RN TN
ZAa NN \/ A
,. hl h L AL il
S RIAL
N .t\\\\\\',‘“‘\\‘\\\\\\\ *
RV
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calculated with the parameters of Table 3

Fig. 31b — Phase behavior of R](r,) for y = %°,
calculated with the parameers of Table 3
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calculated with the parameters of Table 3

F:  Zb —~ Phase behavior of R/(1z) for y = 85°,
calculated with the parameters of Table 3
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Fig. 34a — Amplitude behavior of R(rx) for y = 60°,
calculated with the parameters of Table 3

Fig. 34b — Phase behsvior of K/(r ) for y = 60°,
calculated with the parameters of Table 3
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Discussion

Figure 24 shows the correlator performance for the case of a completely horizontal antenna. For
this case |R,(r )| goes to zero at { = 90° and 270°, and there are sudden 180° phase flips at these
angles. The best correlation time appears to be at 1 = 13.5 ms, which is the middie of the correlation
peak.

Figure 25 shows the correlator performance for the case of an antenna with inclination y = 85°
from the vertical. For this case it is difficult to say if there is a single best receiver synchonization time
7. During most of the orbit it appears that the time 7z = 13.5 ms would be the best. However, this
value of 7, appears to give a value of IR, (rz)| that is severely reduced at { = 90° and { = 270°. For
this case a system of selection of three values of T separated by 1-ms mtervals (12.5, 13.5, and 14.5
ms) would give a more stable average performance in the evaluation of R T(rg). The discontinuity in
Fig. 25d at v, = 13.8 ms, signified by the heavy vertical line, is due to a 360° ambiguity which has no
real significance except at the nulls ({ = 120° and { = 240°), where |R/(rg)| — 0. Comparison of
Figs. 25¢ and 25d illustrate this feature clearly.

Figure 26 shows the correlation performance for an antenna with y = 80°. In the vicinity of 74
= 14.0 ms and { = 180° there is an abrupt drop of signal and jump in phase. Otherwise the lR,(-rR)l
function seems fairly well behaved.

Figure 27 shows the behavior of l_f,r(f,,) for an antenna with y = 60°. The amplitude and phase
variation of the correlation are much milder than for the cases with smaller values of vy, since the verti-
cal electric-field components exceed the horizontal components by it least one order of magnitude at
this droop angle. This trend is continued as y is decreased to 45° and then to 0° in Figs. 28 and 29.

Figure 30 gives the value of R, V**(z ). It illustrates the case of pure first-order-mode propaga-
tion from a vertical electric-dipole source.

The values of the propagation quantities in Table 3 are similar to those of Table 2 except for an
adjustment to produce maximum mode cancellation and interference effects. We have made the first-
order and second-order vertically generated modes have opposite phase and equal magnitude. We have
modified the phase of the horizontally generated modes so they are in the same phase plane with the
vertically generated modes to produce maximum field-strength variation. Hence both severe effects
appear in Figs. 31 through 36.

Figure 31 gives the behavior of R/ (rz) for the propagation parameters of Table 3. The results
are almost identical to those of Fig. 24, since y = 90° and the only changes made in the parameters of
the horizontally generated modes are to the phase delay times 7 and 7 {-%,

Figure 32 shows the behavior of I-l',r(r,) for the case of y = 85°. The influence of the splitting
of the vertically generated function is more evident on the phase plot than on the amplitude plot.

Figure 33 shows the behavior of R(rg) for the case of y = 80°. Here, the influence of the
correlation-peak splitting of the vertically generated function is quite evident as the notch in the corre-
lation peak makes its way from side to side through the values of 7 and {. This is illustrated further
in Figs. 34 and 35, which give the graphs for y = 60° and 45°.

Finally, Fig. 36 shows the split correlation peak for a purely vertical antenna being carried around
an orbit. Here we find a nearly constant variation of |R7(r,)| versus {, and the phase of the correlation
function ¢ () varies only moderately with {. Asa funcuon of 75, these variables show the expected
splitting.
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The phase ¢,’(1R) changes gradually with 7 in Figs. 27 through 29, whereas in Figs 34 through
36 it changes abruptly at certain 7, values but then achieves a constant value again on either side of
the change point. This is readily explained using the diagrammatic techniques previously discussed,
since in the first case the correlation function for the individual modes K, (z,) are not coplanar, and
in the second case they are coplanar, so that only abrupt phase changes are permitted.

CONCLUSIONS

This report shows possible types of variation of the correlation vector ﬁ,’(r,) when an airborne
VLF transmitting system is employed. Use of a single correlator-synchronization time can result in loss
of communications because of possible signal degradation and phase change caused by orbital and

modal interference effects. Multiple and/or adaptive correlation and decision techniques seem indicated
for this channel.
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