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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 b)undary 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 1800 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 [21.
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Fig. I - Comparison of theoretical results from Wait and Spies
121 with observed records in flight from San Francisco to Hono-
lulu, May 18-19, 1965, for radiated power P, - I kW

When an airborne facility transmits VLF waves using a trailing-wire antenna, a complicated time-
varying field is produced at a receiver 13,41. 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, 19111.



KELLY. HAUSER, BECK. AND RHOADS

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 radaily toward an airborne time hours on aircraft flying radially toward airborne broad-
broadcasting facility in good orbit near Jacksonville, Florida casting facility in poor orbit near Jacksonville, Florida 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 cnm-

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 Rothmuller
[51 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 separated in receiver synchroniza-
tion time tR 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 peak. In the present report we
go 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-keyins (MSK)

2
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NRL REPORT 8521

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 h (t) and to multiply
them by the desired waveform hI(t) and h2(t) and to integrate over a time equal to a bit-keying-
element period TB, centered about the time tt the midpoint of the I th expected bit interval. The
transmitted waveform is constructed as a linear superposition of h I(t) and h2(t) according to

h(t) - X1 hI(t) + Y, h2(t). (1)
The outputs of the integrators will yield the values of X, and Y1 which contain the transmitted informa-
tion,

X,- (T) - ' fT/2 hI(t)h(t) dt (2)

and

Yl" (TB) -  I+ T/2 h2(t)h(t) d, (3)

as long as hI(t) and h2(t) are orthonormal to each other:

(T 8)- t ,TRZ h,(t) h,(t) dt - 8o. (4)

Here 81 is the Kronecker delta function, equal to zero for i d j and equal to 1 for i - j.

Correlation of Orthogonal Waveforms

A set of orthogonal wideband waveforms hI(t) and h2(t) can be generated by using a baseband
waveform ha(t) to modulate both a sinusoidal and cosinusoidal wave:

h1(t) - hB(t) cos Wot. (5)

h2(t) - hs(t) sin wet, (6)

h(t) - h,(t)(XI cos wo0 t + Y sin ai0 t). (7)

NOISE

XMR ATNA EARTH-IONOSPHERE] + RCV DEJ M J OU'

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 Y1:

X,- 2(Ta)- 'f'' h8 (t)(XI cos wot + Y sin o)0t) h (1) cos a 0t dr (8)

and

Y 1- 2(T 8 )- tI+T&/ 2 hB(t) (XI Cos waO + Y sin 0ot) ha(t) sin wot dr. (9)

A propagation delay time of tr modifies the correlator outputs to give new ones which we call X,(r,)

and Y, (r,):

Xl(r,) - 2(T) - ' + Ta 2 h8(t + 7,) [XI cos oo(t + r,) + YV sin o0(t + 7)]

X ha(t) cos w'ot dr (10)

and

YI(p) - 2(T,)-' ftl l h8(t + 7')([X cos do(t + r,) + YV sin o(t + 7

x h,(t) sin 0ot dt. (11)
We find that the vector uI(r,) - (X,(r). )t(,)) is approximately the phase-rotated version of
R,- (X, Y). We have

X(7,)- Tj'(X cos wor, + Y sin woo7,) Jt.T / 2 hB(t) hB(t + 7,) dr (12)

and

Y(r) - T5'(-X sin wox, + Y cosg orp) f 'd, h8 (t) h (t + 7,) d.. (13)
,r (13)

Thus we can write this equation in vector form if Al - (X,, Y):

) T ,-T/2 h,(t)h,(t +)d Ic- sin cos0,o (14)

The magnitude of the vector jRl(,e) - [X(r) 2 + y1(r,)
211/ 2 is given by

I(*p)l- Tilx'I, I'+ :2 h(t)hS(t+r,)d. (15)

The phase of the vector RI(r,) is given by

#(r) - arg(X,(r,) + IY,(r,)) - arg(X + IW,) + 0)oT (16)

Thus, the magnitude of the i,(r) vector varies slowly with r,, and the phase (t) 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 h,1 (t) and h#2(t) such that for i, J - 1, 2
I I'+ T,/2

(T) - jfr'T,/2 ho (t)hBj(1) dt - 8o. (17)

where 8 is the Kronecker delta function. The transmitted waveform h (t) is given by

h(t) - X1h 8 I(t) cos Wot + Ytha 2(t) sin wot. (18)

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

- 2(TT) ,12 [Xiha,(t) COSo 0 1 + Y1hB 2(t) sin owot[ha,(t)+hB2(t)] cos wot dt (19)

and

YV - 2(TB) - I 5I'T7 [Xih 8 I(t) coSo 0 1 + YlhB2(t) sin oot1[h8I(t)+hB2(t)] sin 1t dt. (20)

When the time of arrival is changed to I - t + r., we have

r + Trt
X,(r,) - 2(TB)-' , XlhB1(t + 'r) cos W0(t + 7,) + YhB2(t + 1-) sin wo(t+,)]

x 1h 1(it) + hB2(t)] cos0 0t dt (21)

and

Y,(r,) - 2(TT) ,2 X 1h(t + 7,) cos Wo(t + 7') + YihB2(t + 7,) sin w0(t + 7,)]

x fh,,(t) + hA2(t)J sin WOot di. (22)

This gives

XI(r,) - X cos oirT I f hBI(t + rP)[hI(t) + hB2(t)] dt

+ Y, sin OroTa'fhB2(t + 7rp)[hB(t) + ha2(t)] di (23)

and

l - -X, sin0 5'p~ J, iTB2 h81 (t + r,)[ha,(t) + h8 2(t)] dr

+Y¥1 cos o~ovr, T fJi , 2 ha2(t + T,) [h(t) + hB2(t)] d. (24)

If the two baseband modulation functions are sufficiently orthogonal that

Ti' t+TB2 h,1( + t,)h 2 () e d 0 (25)

and sufficiently similar that

Ti1 J1+r42 h81ti + r-)h,,(t) dt - Til J I+TW2 hA2( t + 7,) hB2(t) d. (26)

we again obtain

X,(r.) - (XI cos wr + Y, sin odrp)Tj frrB/ k(t + r,)hvl(:) dt (27)

--- -------
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and
,,+TS/2

Y(t,) - (-XisirnoT + Ycos woT,) ' J hi(t+T,)hsi(t) d. (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 , can be modified at the transmitter to initiate the communication of information.
In amplitude modulation the magnitude of , is varied. In phase-shift keying the phase angle 01 is
modulated. Thus, in general, information may be transmitted by changing the transmitted vector , in
some prescribed way. The stability of the received vector ,(7.) in amplitude and phase is important in
the performance of communication systems. In the realistic communication channel the values of
,(,) will also depend on the noise present. In this study we neglect noise and simply study the

effects of propagation on N1(7.).

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(t). a baseband modulation u(t), and a chip waveform p(t), as follows:

s(t)-Re lu(t)e' (29)
N_1

22

U (t) - : [ X. p (t - aT) - i Y, . p (t-T12- nT) , (30)
X-O

In ~ ~ ~ ~ Pt ths abov eqain TI, an < aesudrnoychentegr of valu 2, r .ti

- . Ithe > Ti2. Sc

This is a specific version of the signal described in general by Eq. (1g), in which the orthogonal
baseband waveforms hi(t) and h a2(t) are euven by

N_
--- I

ht t sate toT- c ip(t- nT) v32)

and

N_(
2hB2(t) - 'f T :. Os(t - T/2- naT). (33)

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 i, and Q, sequences. The frequency o 0 is the carrier frequency of the
broadcast. The time interval T is the duration of a chip. Since two chips are transmitted during each
chip duration, the chip length 7, is T/2. The MSK modulation method gives rise to a constant-
amplitude waveform with continuous phase as long as X, and Y1 are equal to *:1. The bandwidth of
the transmitted signal is inversely related to the chip period. The value of the waveform s (t) depends
on one value of I. and one value of Q. simultaneously except at the instant when a transition is being

6l



NRL REPORT 8521

made from one value of I, or Q. to the next. At the transition time the amplitude of the waveform
undergoing transition is zero, because the p (t) 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 Q, or I.. Let us con-
sider the autocorrelation function B (T) for the MSK waveform s (t):

B(T) - tim f'T 3S()S( + 7) dt. (34)

Use of s(t) from Eq. (29) will make B(7) nonzero as long as 17] < 7 When r I > T, the contribu-
tions to B(7) will all be from terms having the products Q. I., Q. Q., and 1. 4. with n *nL These
terms are as often + I as they are -1 for an orthogonal or uncorrelated set of {Q. ) and I. ) ; so a
summation based on these values should remain small. Thus a large value for the autocorrelation func-
tion occurs only for 171 < T, when I,2 and Q,2 terms contribute. Since I. - Q 2 - 1, these terms are
easy to evaluate. The correlation vector R(7.) is closely related to the autocorrelation 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 [61-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 hT(t) is the transmitted wave and the received wave is

Nhjt ( t) - A, br (t - 7,), (35)
I-i

where 7, is the propagation time for the th mode or hop and A1 is the amplitude for the ah 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 G)

and r (). The phase delay of the baseband modulation is governed by 7,), and the group delay is
governed by 7

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
1(r) obtained when one uses MSK modulation is explicitly calculated by substituting the expression

for hb,(t) from Eq. (32) into Eqs. (27) and (28). The integral l8(r), defined as

Is(7P) - TiI j,+Tj2 hB8 (t + 7,)hal(t) dt
N _f r I ' + TM~r/2

-Tt 1 .,rM/2 p(t - nT)p(t + 7, - nT) dt (36)

-0

is readily evaluated. The limits of integration in this equation ey4end far beyond the region of variable
, for which the integrand is nonzero. We canchange the integration variable to

t'- t- nT. (37)

The limits of integration are thereby changed to t, + T8/2 - nTand t - TO/2 - nr.
N _

p J. W - (38)
18( ) t - -rt + T + - nT) dt.

X-0

7
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Since p(t') - 0, for t'l > T/2, we need integrate only between - T/2 4 t 4 7"/2. We obtain
N
N - I

)- Ti I.I., [2 pt')p[' + r, + (n - n')T] d. (39)

n'-O

From this formulation we see that the integral depends only on the difference between n and n'and not
on the individual values of n and n' separately. Let us define

Ck(r,) - 1-2 p(t')p(t' + ", + kT) dt. (40)

Since k - n - n, Eq. (39) becomes

15(T,)- Ti' T./d, (7,)
n-0
ii'-0

N_ 1 +IN

Ti 1.1 - i Tp . .(1M Tk-- l  -  )-

where

2
N

-0, if n - k < or n - k > --
2

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

2 2
IB(-P T - _ Ck(7p) "- l.le-kUn-- (42)

Because of the orthogonality of the set 1i1.1 with any sequentially shifted copy of itself, we can write

2 N
S4.,-kU.,- - N 8 k.o. (43)

This assumes that the binary sequence (I.) has been generated by a method which has "good" auto-
correlation properties for the pseudo-noise-coding application (7]. We obtain

NT;'
1(r)- T Co(r). (44)

2
To calculate Co(r), we substitute into Eq. (40)

T/2
CO(r) - f-TI 2 p(t')p(t' + r,) d. (45)

The value of CO(r,) is symmetric with respect to r, and can be obtained by using elementary integra-
tion methods:

i8
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C(rp) - - _T/2 P p(')p(t + r.) d. if 7> 0.

2

- -f T/2 j Cos cos Iw 1, + T 11 dt'

2

- 4T cos +- sin (46)

Equations (27) and (28) become

X,( P) - (XI Cos wOoTp + Y sin woo0 p)NT'C 0 (P) (47a)

and

Y(7p) - (-X sin oo "p + Y cos aoo7)NTTICo(?p). (47b)

In matrix form we have
, (,-NTj'T-' [ Cos (007 sin w0T i , Td (7

I -sin coOp CosOS p ' o ) (47c)

A receiver can be adaptively synchronized to the incoming signal by introducing a variable delay
TR into the stream of baseband keying elements to generate a family of ideal baseband keying elements
hBj and hB2. Mathematically this simply means the introduction of the variable I + T R into the expres-
sion for hB1 in Eqs. (27) and (28) in place of t. The selection of the synchronization time rR can
greatly affect receiver performance when the actual propagation delay time 7p is unknown (or
equivalently the clocks that generate the chip streams are not in perfect initial synchronism). Therefore
we rewrite Eq. (47c) to exhibit the dependence of system performance on 7,R. We obtain the follow-
ing expression for , 1 (P. "r,):

RTPTR -NT' coswo0r, sin wo,,j I
R-(Tp ' R ) - NT S sin w0p cos koTJ CO(TP - TR). (48)

The magnitude of the components of ,f('p, TR) are proportional to the in-phase and quadrature com-
ponents of the received radio-frequency carrier wave because of the multipliers cos OoT p and sin oor p
in the matrix. However, the magnitude of ,RI(7. TR) depends on the propagation delay time r-, and on
the receiver time TR by the factor -r, - 'R. If the receiver is badly out of synchronization, this factor
can be zero or very small. If the receiver is employing phase-shift keying, any change in the propaga-
tion time 7., even after the receiver is perfectly synchronized on the chip ( 0 = I"p - RI << 7), will
induce a corresponding phase change in the phase of the vector , - (T,. R); that is, the doppler
phase variation of the radio-frequency carrier induces an equal doppler shift on the phase angle $R.

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,(t) 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 ,l(T-PrR) if the delay time is slowly changing within a bit period, we must average the instan-
taneous values of R,[-,(). W,7] over an entire bit period:

) - NT5'T-' rt,+T, 2 1 cos w#0 r,(1) sin o0 ,(0)(
J ,r,, 2 I-sin 0bo,(t) cos 4u07,(t)J 9 C0[v,(t) - 7R]. (49)

From this expression one can approximately evaluate the affect on the N1 - [Tp(t). 7itI vector for vari-
ous conditions of r-,(t) and synchronization conditions for a single path propagation.

9
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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 resultant 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 7,1 and r, 2 and two (real-valued) amplitudes of the two modes
A, and A 2. 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
denote the mode index. Then we will get the following expression for the total correlation vectorT(7 R):

2

Er,,- T_.',',",
I- I

=NTi ' 17-1 £ Al co .s woi~ sifl &)0TP ~f 0(,r,, - TR). (50)M-sin W0,rA i COS W0"P./ Y

The behavior of ,[(TR) as a function of the receiver chip synchronization time rR 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 r,, - 7R, 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 RfT(rR). For
an inclined short dipole antenna, the endfire-generated components are modified by cos C sin y, and the
broadside generation depends on sin C sin y, where C 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) - cos y E," + sin y E,!. (51)

In this expression

Eve -i Ids S AI Ge(z )G,(z)exp(ikoD S, - ir/4) (52)
It -,/aAsine ,

and

-, Ids A G. Qz)A Q.) cost

+ Z'h sin , G,(z) exp (koDSq - ir/. (53)

10
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The quantities in these expressions are explained in Ref. 4 and are summarized below:

Ae is the excitation factor of the qth mode for a vertically polarized electric dipole,

A is the excitation factor of the qth mode for a horizontally polarized electric dipole,

Ge(z) is the height-gain function of the quasi-TM vertical electric-field component,

G,(z) is the height-gain function of the quasi-TE vertical magnetic-field component

S. is the sine the complex eigenangle of the qth waveguide mode,

z is the height of the receiver,

Z3 is the height of the transmitter,

a is the radius of the earth,

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

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

A(z) is the normalized impedance of the quasi-TE-mode fields,

Ze, is the coupling impedance in the mode - E#(O)/H#(0) at the earth's surface,

7 is the impedance of free space-

k0 is the free-space propagation constant (-w/c) for an electromagnetic wave of frequency
(0 0 ,

h is the reference height of the ionosphere,

A is the space wavelength, and

Ids 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 (A,) and delay times (-,,,) 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 tho 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 (A,), four phase time delays {r-'}, and four
group time delays 17 f). 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
C 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.

Il
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x .*(VERT)

4I0
-20I

Q 10
r, 0 y 90(ORIZ) '

/ ,\ \ /

-

-20 0 2 0 O

2A 0 - r*0

RANGE (k!!2

Fig 6 - Predicted variation of field strength and phase with
distance for 20 kHz and vertical, inclined, and horizontal an-

tenna inclinations

Denoting the Xlj)(Tr) from the vertically electrically gen~erated modes as X(""1-(Ra) and the
Xjt) (T I) from the horizontally electrically generated modes as Xj() 1(r ), we can write

' 
N ,Xr(7) - Cos , Xl')v" (,rR ) + co s C sin y,, Xl')h' (,r). (54)

Parallel definitions can be made for YT-Re), YOI)v(7r) and Y/j)1(r), and we obtain

N' N,

YT(r R )  _ COS "y Y,)v(7 )  + cos C; sin y y1MI) (Ire). (55)

The vector Ar-I (r e) is a sum of two vectors 91h (R s) and N lv" (R ):

RWT(7R) - COS ', ,Rlve (7Re ) + cos C; sin y ,fq (TR). (56)

The vectors ,11v, (Re) and ,k' (rd) can be parallel, perpendicular, or opposed to each other, depending
oncircumstances and the value Of TRe. The resultant ,j (R ) vector can change quite dramatically dur-

ing a complete orbit. For example, if kv, (tr) and Rl' (7j ) are of the same magnitude and phase,
there would be one large oscillation of Rritev)a per orbit (provided pa45s . If th "r e ) and ,fl,(re )

aeperpendicular toeach other, there would be two oscillations of I RT(rs) I with one cycle C. There is
a mathematical isomorphism between the phasor Er, (D) and the vector RT(r), since the composition

of various phasors which form the complex phasor sum E,(D) is isomorphic to the composition of vari-
ous correlation vectors which form the two-dimensional correlation vector sum ns( 1). When both

TE and TM waveguide mode propagation from an airborne transmitting facility are taken into account,

we obtain
IT(TR) " -'(re) cosy + siny, (cosC R (TM.,r) + sin C K(TEt)]. (57)

12
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The total vector KT(-r R) 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 illustrate the behavior of the various , vectors as T R and C
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 ,.(t)ve(r t) from a stationary
vertical electric transmitter. Figure 8 shows an output function a,(2)ve(r R) for a signal coming slightly
later on a second-order mode and 1800 out of phase with the first. Figure 9 gives the resultant
Rv'(r R), which is the sum of the correlation outputs of the first and second modes. Figure 10 shows
the phase of the vector Ri"'(7 R) as a function of t.

X

R(l)ve( 1R) X(1)ve(rR - 0)

, J Y (I Ve (R = 0)

Fig. 7 - Graph of Kt't()() versus rt for a stationary
vertcal electric-dipole transmitter

x

y(2)ve(T = 0)

Y x()ve(11R 0)Y

Fig. 8 - Graph of Rit2 )wr,) versus rt for a stationary vertical electric dipole
transmitter. The phase of this wave is 1W opposite to that illustrated in Fig. 7.
The maximum value of I RI'2)'(R)I occurs at slightly greater vR values than
does the maximum value of I R' 1 vp)l shown in Fig. 7.

13
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R ve()0

Xve yve xve

Fig. 9 -Graph of +,(kR)(2)+ R,(TR)
showing an abrupt change of phase at TrR -0 and a large
shift in the value of rw for which I k Iw~g is greatest

1800

-900

-- 1800

Fig. 10 - Graph of #*p(T), the angle of the R,*(7R) Vector
with the x axis in Fig. 9. showing an abrupt shift of phase at

7- 0

14



NRL REPORT 8521

Figure I I shows the resultant KRJ(r R) - cos -y NI'(r I) + sin y cos CWl( I), where C 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 - 450 and C - 0 for this example. Figure 12 shows the
same resultant except for the conditionj - 180*. The conditions for C - 900 and C - 2700 are both
shown by the pattern of Fig. 9, since Rjf( &. is composed solely of the vertically generated modes in
these cases. These figures give a picture of RIT(7 ) at the four cardinal points of an orbit.

X

RT(,R, -= 0) Rve(TR) + Rhe(TR)

Y

Fig. I I - Graph of RT(r) for an endfire case (cos ( - +l), illus-
trating the change in the value of 7R for which I T(rR) I - 0 and
the variation in the size of the peak values of I R(, R) I on opposite
sides of 7R - 0. Hcre a relatively small value of j R, (rR ) I is as-
sumed.

X

RT( .R, b = 180') - ve(rR) Rhe(TR)

*m.

Y

Fig. 12 - Graph of T(rIt) fbr the opposite endfire case (cos C - -I) to the
case in Fig. 11. Here the largest value of I Ir(,)I occurs for rt > 0
whereas, in Fig. II it was for v t < 0. Synchronization times ( R) to be con-
sidered in subsequent figures are shown.

15
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In Fig. 12 four sample synchronization times, designated Trt1, R2, ijt3, and 7 R4, represent possi-
ble correlation times that might occur within a receiver. We look at the variation of the correlation
vector magnitude IRT(I)I and phase. 6/f(R,) during a complete orbit for these times. Figures 13 and
14 show the phase and magnitude of R, (7R,). The phase is constant in this case, because ,vE(-R,) is
greater than and parallel to ,j( R). The magnitude varies in a mild way. In Figs. 15 and 16 showing
the phase and amplitude for the time 7,R2, the phase makes two quick successive 1800 changes in the
neighborhood of C - 1800, and the amplitude goes through two successive nulls. Figures 17 and 18
give WT(). This vector varies cosinusoidally, because there is no contribution from the vertical elec-
tric antenna component. Figures 19 and 20 show the behavior of ,T(T 3), which is similar to the
behavior of JFT(1R2) except that the nulls occur near C - 00 rather than C - 1800. Figures 21 and 22
show the behavior of kR(7t 4 ), which is similar to RAT(TRI) except for a shift in orbit angle C of 1800.

(T( TR ="R1)

180

900

I I I I
180 900 00 900 1800

90

180

Fig. 13 - Graph of 0,T('RI) as the angle of turn C of an inclined antenna
changes from -180* to + 180* for the synchronization time PRI. This phase
is constant because the contribution of the vertical antenna component always
exceeds that of the horizontal component for this synchronization time.

IRT(TR = 11

-I--+ I I

180o 900 90 1800

Fig. 14 - Graph of I Rjr(T) I as
varies from -18W to + I3W. The rela-
tively gentle variation of I ,r(r i,) I oc-
curs because I Mr(, 1) I > I ) 1
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(b T( T TR2)

.90 IT(R)

1800 900 0 900 1800
90

180 1800 900 00 900 1800

Fig. 15 - Graph Of 4,rT1R2) versus orbit angle C. Fo- Fig. 16 - Graph of IWI R[&2)1 versus orbit angle C, show-
this lock-on time there are two rapid and large phase ing how this function goes to zero when #,7T(rR 2) is making
changes near j - 180* the abrupt phase transition

1800- (b oT 0 IR=0

_900

1800 40 00 1,800 1800o 400 900 1800

1800;

Fig. 17 - Graph of #f(TR - 0) versus angle ~.Fig. 18 - Graph of I RIT(TIt m 0)1 versus orbit angle C.
There is essentially no contribution from the vertical The cosinusoidal variation is caused by the cos 4
component for this value of r,,, so the phase is con- modulation of the horizontal component. The vertical
trolled by the horizontal component of the transmit- component contributes essentially zero.
ting antenna.

4 T(R TR3)

1800- 
1AT( R = rR:3)1

900.

_480o 4001 90 1800

900

1W. gWS- g-10

Fig. 19 - Graph of 4j(rptj) versus orbit angle C. For this syn- Fig. 20 - Graph of IKJ(v5t3)1 versus orbit an,
chronitatlon time the abrupt changes in phase occur around the Sic, C. The smallest values of Ira)I occur for
C - 0 point rather than around the C - ItV for the T2 CAse 11- orbit angles near zero degrees rather than near

lutae nFig. I5. 1Wo as Was the case for L*NrT,2)I as shown in
Fig. 10.
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T ( ,R I = 1R 4 )

1800

900

I I I' I
-180 -900 900 1800

,-900

-180 °

Fig. 21 - Graph of rT(jt 4) versus orbit angle C.
For this receiver time the vertically generated
correlation vector dominates; that is IR(r R4)I >

I P' (TR4)L No change of phase can occur, since

• : R4) and R'f(r R4) are parallel.

I RT (rR = 
"R4)

I IH- I' I

1800 900 900 1800

Fig 22 - Graph of INI(1 4 )I versus orbit angle

C. For this receiver time the maximum correla-
tion vector occurs for C - 190% whereas for 7rtI
the maximum correlation-vector magnitude oc-
curred at C - 0° .

Finally, Fig. 23 shows an estimate of 1rjt, the optimum value of receiver correlation time for
different values of orbit angle C. This graph shows that rt1 and T'r4 are preferable when IR,(r It) and
i, ( iA) l are largest. The phase is constant, and the amplitude varies gently. Relatively mild ampli-
tude behavior occurs for this correlation time because I ,kv'(rR)I > Ii, (rT 1) 1. The phase is constant
because ,N 7 1VE ) is parallel to N,'( R 1). Although RE(r I) can change the magnitude of N( RI), it
does not change the phase.

TR, opt

1R4
"7 R3[

-180, -900 T29W010

T"R1

Fig. 23 - Graph showing the values of ?& that should be
chosen for various orbit angles C for the cage illustrated in
Figs. 7 through 22
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In the preceding example, there was minimum correlation near the middle 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 .1 - Tp2
changes the optimum chip synchronization time rjt 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 Tn - T2. 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 differedt 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 " R 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 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 I - Constants Used in the Calculations

A, - 0.4 GJ(z) - I
A2 - 1.2 G 2(z)- I
Sn - 1.002 + 0.000689i A(z,) - -0.02i
S2 - 0.003 + 0.00138i 6 2(z,) - 0.05i
z-0km ro-4km
G,(z,) - 0.965 + 0.259i z, - 10 km
G2(z) - 0.95 Radiated power - I kw

These constants were used in the following equations to generate the field -strength values in Fig. 6:
Evf(r,9) - (l 0/e 0 )1/21 dS £S2.F (57)

I,

and
E, (r.9) - I('/E)/21 dS,"cos# £ ,A&(z,)S?'.F," (58)

where
I I Dla 112

F I (*(D /J G.(z)G.(z,)A. exp (i/4 + Ike DS0). (59)

19

, uiT--a .nmmn e munNlll =m m
l m



KELLY, HAUSER, BECK, AND RHOADS

These equations are simplified versions of Eqs. (51) through (53), since they contain only TM-
mode constants of an isotropic ionosphere. We calculate (I)vi for each mode according to

X/'#) (71.,) - NIAvI Cos[W,7f'"(C)I C (f'"() - 7R) (60)

and

Y1 (i)ve (7R,) - NIA1 'i sin(woi7f-'(j)J C (rf,"(C) - TR), (61)
where

N is a normalizing constant,

Atv e  is amplitude of the th TM mode generated by the vertical component of the transmit-
ting antenna,

WOJ is the angular frequency of the wave,

r f Ve(C) is the delay time of the phase of the wave when the aircraft is at angle C of its orbit for
the h waveguide mode, and

Tf, ve(C) is the group delay time of the wave when the aircraft is at angle C of its orbit for the Ah
waveguide mode.

The amplitude is given by

A ve - SsG,W(z) G,(z)A, exp(ilr/r + i ko.DS). (62)

The phase delay time 7 V.e(C) is obtained by evaluating the phase of A,:

-o "(0 - arg(Aive). (63)

The group delay time 7f 'e(C) is obtained by evaluating the derivative of the phase of A,:

7F'v'(C) - -L[arg(AV')]. (64)

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

D - D o + r sin C. (65)

where Do is the distance from the receiver to the center of the orbit. To calculate R 7( r), we per-
formed summations as indicated in Eqs. (54) through (56).

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

XIMI) (e.R) - NIA!I cosIw0"7f(j)] Co (tf Q) - 7R) (66)

and
yIrh" (7R,C) - NIAlktI sin[orof'h'(C)] Co (rf'e(C) - 7-). (67)

The amplitude of the i th mode is given as follows:

Ar' - G(z)G1(z,)A, exp(iir/4 + ik0 D S,) SI, Ai(z,) - A, ve S, A,(zo). (68)

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

WO I'"f'() - arg(Ahe) (69)

20
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and

rf~'~)- ~--Lrg(A~)!.(64)

Tables 2 and 3 Live the numerical values used in making the correlation calculations.

Table 2 - Set of Quantities Used in Calculation
of Correlation Vectors

Mode Quantity Value

1 TA~WFe 1.26500262 x 10'
1f e 1.33658211 x 10-2

VeW 1.34400 x 10r2

IAt'I 2.52495471 x w
t~fhe 1.33533157 x 07

f, 1.34400 x 10-2
JA e 1 1. 11773228 x 10-r
7 1v 1.32437617 x 102'
1. f. Vt 1.356666 x 10-2

IJ 5.62805237 x 10-'
1.32562578 x 10-2

r____ 1.356666 x l0r2

Table 3 - Second Set of Quantities Used in

Calculation of Correlation Vectors

Mode _Quantity Value
'i _11-F 1.26500262 x 1-'r

T Ve 1.33658211 x 10-2
Tv 1.34400 x 10-2

1.3315820 x 10-2
___the 1.34400 x 10-2

2 IAje 1 1.26500262 x 10'
Ir1 e 1.33908211 x 10-2

.fve 1.356666 x 10-2
1A&I 5.62805237 x 10-1

1.3365820 x 10)-2
______ 7 f~hI 1.356666 x w02

Results

Figures 24 through 29 show AR(rit) and OIT(,rj) contours for v values of 900, 85', 80-, 60% 450,
and 0* with the propagation parameters of Table 2. Figure 30 shows N(t)vTjrt), 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*, 850, 80% 60*, 450, and 00. The "average" chip duration for each of these
calculations was r~, - I ms. The total length of each chip is T - 2?,. - 2 ins. The radius of the orbit is
3 kin; the distance from the center of the orbit to the receiver is 4000 km.
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Fig. 24a - Amplitude behavior of jFT(T) fory - 90*,
calculated with the parameters of Table 2

Fit. 24b - Phane behavior of NT (rt) ror y - 90r,
calculated with the parameters of Tsble 2
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Fi.24d -Phase behavior corresponding to Fig. 24b
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Fig. 25a Amplitude behavior of M, (TR) for y-850,
calculated with the parameters of Table 2

4,~

Fig. 25b - Phase behavior of rjt) for y 50,
calculated with the parameters of Table 2
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Fig. 25c - Amplitude contours corresponding to Fig. 25a
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Fig. 23d - Phase behavior corresponding to Fig. 25b
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Fig. 26a - Amplitude behavior of KR7(TR) for v-y 800.
calculated with the parameters of Table 2

Fig, 26b - Phase behavior of R:T(7R) for vy - 8W,
calculated with the parameters of Table 2
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0 I1t 31 5110 ii 2 13 1 1T I

Fig. 26c - Amplitude contours corresponding to Fig. 26a
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Fig. 26d - Phase behavior corresponding to Fig. 26b
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Fill. 27a - Amplitude behavior of iFT(i') for v 60-,
calcjylated with the parameters of Table 2

Fig. 27b -Phase behavior of r(r t) for -y - ( 0%
calculated with the pararneters of Table 2
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Fig. 27c - Amplitude contours corresponding to Fig. 27a
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Fig. 27d -Phase behavior corresponding to Fig. 27b
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Fig. 28a - Amplitude behavior ofr rt&) for v-y 45',

calculated with the parameters of Table 2

Fig. 28b - Phase behavior of RF(IR) for vy - 45*.
calculated with the parameters or Table 2
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Fig. 29a - Amplitude behavior of' WT(-r t) for y 0*
calculated with (he parameters of Table 2

Fig. 29b - Phane behavior of W(rt) for 0*-
calculated with the parameters or Table 2
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Fig. 29 - Anplitude contours corresponding to Fig. 29
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Figl. 29d - Phase behavior corresponding £o Figl. 29b
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Fig. 30a - Amplitude behavior of if,") () for y-00.
calculated with the parameters of Table 2

..
1I.

Fig, 30b - Phase behavior or R(7() fof. v 0.,
calculated with the parameters of Table 2
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Fig. 30c - Amplitude contours corresponding to Fig. 30a
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Fig. 30d - Phase behavior corresponding to Fig. 30b
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Fig. 31a - Amplitude behavior of ITT(,R) for v - 90calculated with the parameters of Table 3

Fil. 31b - Phase behavior ofRT(l.) for - 90 ,

calculated with the Parameters of Table 3

36

,.d .



II

NRL REPORT 8521

, .t ,

(7-,

'bo

60

- s

,3b

11 . 12 I 14 1 16

Fig. 31c - Amplitude contours corresponding to Fig. 31a

-30

60

-90

! 0

~190

Ig

13o 14 15, 1,' .4 6

LFig. 3 1d - Phase behavior corresponding to Fig. 3 1b
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fig. 32a - Amplitude behavior of k(1-R) for v-y 85*
calculated with the parameters of Table 3

F, -Ib - Phane behavior of A7(TR) for y - 850.

calculated with the parameters of Table 3
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Fig. 32c - Amplitude contours corresponding to Fig. 32a
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Fig. 32d - Phase behavior corresponding to Fig. 32b
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Fig. 33a - Amplitude behavior or KIT(7R) for y go*0,
calculated with the parameters of Table 3

Fill. 33b - Phase behavior of )FI(.ij) for y - 500,
calculateld with the parameters of Table 3
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Fig. 33d Pha Am biuehaor corresIPoding to Fi. 33
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Fig. 34a - Amplitude behavior of jfl(-t) for -y W 6,
calculated with the parameters of Table 3

Fig. 34b - Phaae behavior of 1,7(,rIt) fort 60%
calculated with lbe parameters of Table 3
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Fig. 358 - Amplitude behavior of Mf(7t~) for v-y 45.,
calculated with the parameters of Table 3

Fig. 35b - Phas behavior of ITriR.for y - 45*,
calculated with the parameters of Table 3
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Fig. 36a - Amplitude behavior of Nfr(rp) for y 0%
calculated with the parameters of Table 2

JI-

Fig. 36b - Phase behavior of J(rR) for y - W
calculated with the parameters of Table 3
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Discusio

Figure 24 shows the correlator performance for the case of a completely horizontal antenna. For
this case I , (7 R) I goes to zero at C - 90* and 2700, and there are sudden 1800 phase flips at these
angles. The best correlation time appears to be at TR - 13.5 ins, which is the middle of the correlation
peak.

Figure 25 shows the correlator performance for the case of an antenna with inclination v - 850
from the vertical. For this case it is difficult to say if there is a single best receiver synchonization time
tR. During most of the orbit it appears that the time TR - 13.5 ms would be the best. However, this
value of TR appears to give a value of I ,T(AR)I that is severely reduced at C - 900 and C - 2700. For
this case a system of selection of three values of Tr separated by 1-ms intervals (12.5, 13.5, and 14.5
ms) would give a more stable average performance in the evaluation of ,7(TR). The discontinuity in
Fig. 25d at rjt - 13.8 ms, signified by the heavy vertical line, is due to a 3600 ambiguity which has no
real significance except at the nulls (Q - 1200 and - 2400), where I ,T(TR) - 0. Comparison of
Figs. 25c and 25d illustrate this feature clearly.

Figure 26 shows the correlation performance for an antenna with y - 80 ° . In the vicinity of rit
- 14.0 ms and C - 1800 there is an abrupt drop of signal and jump in phase. Otherwise the Ik,(rR)
function seems fairly well behaved.

Figure 27 shows the behavior of RIT(T R) for an antenna with 1 - 600. The amplitude and phase
variation of the correlation are much milder than for the cases with smaller values of y, 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 450 and then to 00 in Figs. 28 and 29.

Figure 30 gives the value of ,(I)ve(" R). 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 -,T(itR) for the propagation parameters of Table 3. The results
are almost identical to those of Fig. 24, since y - 900 and the only changes made in the parameters of
the horizontally generated modes are to the phase delay times 7 t'. and 7 f".

Figure 32 shows the behavior of R,( Rt) for the case of y, - 850. 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 rT(,rR) 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 r I and C. 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 I ( ,)I versus C, and the phase of the correlation
function 7(rt) varies only moderately with C. As a function of rjt, these variables show the expected
splitting.
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The phase /(7iR) changes gradually with 7,R in Figs. 27 through 29, whereas in Figs 34 through
36 it changes abruptly at certain 7,R 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 R,(1)('R) 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 RT(7 p) 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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