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CHAPTER 1 ?z\:;'j
INTRODUCTION -4

An adaptive antenna is an array of antenna elements whose pat- oo
tern is automatically controlled [1,2]. The signal from each element il
of the array is multiplied by a controllable weight, which adjusts o
the amplitude and phase of that signal. The pattern of an adaptive .
antenna is automatically changed to null interfering signals and
optimize desired signal receiption.

Adaptive antennas can be combined with spread spectrum communi-
cation techniques [3] to yield even greater interference rejaction
capabilities. With a system that combines the temporal processing of
spread spectrum with the spatial processing of adaptive antennas, pro-
tection can be obtained against a wide variety of jamming techniques.

The weights in an adaptive array may be controlled by several
techniques. The techniques include those employed in the LMS array
[1] and in the Applebaum array [2]. In the LMS array, the weights are
adjusted to obtain the least mean-square error between the array out-
put and a so-called reference signal. This reference signal is a
locally generated signal that allows the array feedback to differen-
tiate between the desired signal and interference. It must be a
signal correlated with the desired signal and uncorrelated with any
“interference. In the Applebaum array, a steering vector is used in-
stead of a reference signal to maintain a strong response in the
direction of the desired signal. The weights are then adjusted to
minimize interference from other directions.

The Applebaum array is easier to implement because no reference
signal is required. However, if the angle of arrival of the desired
s:gna} is not known, then one must use the LMS array with a reference
signal.

This report concentrates on the problem of generating a reference
signal with a four-phase modulated signal. The most difficult part of
the problem is the acquisition of the signal by the receiver. The
problem is especially difficult if the timing of the pseudonoise code

X used in the spread spectrum system must be acquired by the receiver.

§ A reference signal generation technique has been previously
. described for spread spectrum signals using biphase modulation [4].
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In this technique, the desired signal is modulated with a pseudonoise
code combined with data at a lower symbol rate than the code. Thus,
the desired signal is"a spread spectrum signal. The code timing is
acquired at the receiver by a sliding correlation method. To deter-
mine the correct code timing, the code generated at the receiver is
correlated with the received signal for all possible timing offsets
[5]. The biphase reference signal generation technique works well
but does have two shortcomings. First, it is vulnerable to repeat
Jjammers with biphase remodulation. Second, short codes must be used
for reasonable acquisition times, and short codes may not have ade-
quate security for many applications.

Four-phase modulation is considered in this report as a means to
jmprove upon the biphase system. Previous studies of four-phase
modulation [6,7,8] have shown it to have several advantages over bi-
phase. First, four-phase signals transmit twice the information in
the same bandwidth as biphase signals [6, p. 305]. Second, the four-
phase signal can be structured as two orthogonal biphase signals.
Thus, an additional biphase signal is available to increase system
capabilities. The GPS system [7] demonstrates an example of the use
of this signal structure. Third, the four-phase signal may be
affected less than a biphase signal by cw jamming when a hardlimiter
is used in the receiver [8]. Biphase modulation may be lost when
hardlimited with cw interference. However, some residue modulation
remains when a four-phase signal with cw interference is hardlimited.

This report presents a four-phase modulation system that may be
used with an LMS adaptive antenna. The modulation system is a spread
spectrum communication system and it is assumed that the location of
the desired transmitter is not known at the receiver. System code
timing must be acquired by the receiver. A four-phase system had been
developed that overcomes the shortcomings of the previous biphase
system [4], without sacrificing the system's rapid acquisition and
conventional (i.e., noise and cw) jamming protection capabilities.
This four-phase system is described here.

The four-phase signal consists of two orthogonal biphase sig-
nals. One signal contains a short code for rapid acquisition. The
other contains a long code to be used for protection against smart
Jammers (jammers that the biphase system is vulnerable to). A ref-
erence signal generation technique and a signal acquisition techni-
que are.developed for the four-phase signal. This report analyzes
the signal acquisition technique in detail. Analytical and experi-
mental results demonstrate both rapid acquisition and protection
against conventional and smart jamming with the four-phase system.

Chapters II through V of this report discuss four~-phase modu-
lated signals and their use with an adaptive array. Chapter II
discusses several methods for combining two codes to generate a
four-phase signal and discusses the problem of generating reference




signals for this four-phase signal. Chapter 11l describes several e
neggods for combining data with the codes and discusses the problem be
of ?enerating reference signals for the data modulated signal. As e
will become clear, the reference signals discussed in Chapters II and S

~ I11 may be only partially correlated with the desired signal. Chapter o
IV discusses the performance of the adaptive array with a partially Y
correlated reference signal. A particular type of four-phase modu- —
lated signal 1is chosen in Chapter V, and a communication system is
developed for this signal.

. e
o Ala gt s

; Chapters VI throu?h X analyze this four-phase system theoreti-

M cally. Chapter VI studies the acquisition of the short code timing

: by the receiver. Chapter VII studies the short code tracking error

i after acquisition. The next step in the signal acquisition process,

3 the long code acquisition, 1is studied in Chapter VIII. Chapter IX
discusses the conmunication security of various types of long codes.
Chapter X discusses the conmunication security of the system when
conventional (e.g., noise and cw) and/or smart jamming (e.g., repeat
Jawmers) are present at the receiver.

- Finally, Chapter XI describes an experimental four-phase system

e based on the analysis in Chapters VI through X, and discusses the
experimental results obtained with this system. Experimental results
are compared with the analytical results of these chapters. The
summary and conclusions are given in Char™ - XII.

1
4
1




reyerYTre ——— 4 .
REAAAAAALE ™ SIOCLANRINY P DA

AR P O

Y
EREAR
P

CHAPTER II
FOUR-PHASE MODULATION TECHNIQUES WITH TWO CODES

A. Introduction

This chapter describes a previous biphase system [4] used for
interference rejection and examines the four-phase modulation tech-
niques that can be used to improve the system. Section B describes
the previous biphase system. The shortcomings of this system are
then discussed. Four-phase modulation is shown to overcome these
shortcomings. Section C describes the various four-phase modulation
techniques. One problem to be solved with four-phase modulation is
the generation of a reference signal for the adaptive array in the
system. Section D discusses reference signal generation with the
four-phase signal. Results are summarized in Table 1.

B. The Biphase System

This section discusses a biphase spread spectrum communication
system [4] developed for use with an LMS adaptive array. The section
first describes the LMS array and then the biphase modulation tech-
nique.

A block diagram of an N element LMS adaptive array [1] is
shown in Figure 1. The signal received by the i-th element, yl(t).
is split with a quadrature hybrid into an inphase signal, xli( ),

and a quadrature signal, XQi(t). These signals are then multiplied by
a controllable weight, Wy or wqi. The weighted signals are summed to

form the array output, s,(t). The array output is subtracted from a
reference signal (descriged below), r(t), to form the error signal,
e(t). The element weights are generated from the error signal and
the X1, (t) and XQi(t) signals by using correlation feedback loops as

shown ln Figure 2.

The purpose of the reference signal is to make the array track
the desired signal. The reference signal must be a signal correlated
with the desired signal and uncorrelated with any interference. Gener-
ation of the reference signal with a biphase modulated signal is
described below.
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Table }
Four Phagse Modulation Techniques and Locally Generated Correlated Signals
5, (t) Correlation
Case s(t) L between s(t)
No. {Recefved desired signal) (Locally generated sigrals) and r(s)
1| sin(ogtralt)es(t)) sin(uptéa(t)sy) 3
[8(t) = b,n/2 only] sin(uyta(t)+a(t)+e) 1
(coherent encoding only)
2 | sinfoytea(t)+s(t)) sin{wytta{t)+a(t)+y) L
3 | sinloptr(tiale)/aen(e)) stnuytealt)a(t)/2¢y) ¥
[8(t) = bn/2 only] sinfu tra(t)sa(t)/2tg(t)+y) 1
(coherent encoding only)
4 sinu;téa(t)+a(t)/2¢8(t)) sin{u téa(t)+a(t)/248(t)+y) 1
1 ] 1
5 E s‘ln(u‘tﬂ(t)) 71- S‘ln(uztﬂ(t)W) 7
] l YY) 1
+ 7_2: cos(u]tu (t)) 75' au‘i\lztﬂ(t)ﬂ) 4
75 stnlugteo(t)n) ¢ Lo costugtiy(t1) 1
] 1 1
6 7 sin{wtea(t)) Z sin(uytes(t)+y) 7
+ L costtratenae) l.E stnuytea(t1oo(t)y) 3
1/-2.sln(wztoo(t)ﬁ)"?{cos(nztﬂ(t)*(t)ﬂ) 1
where alt) = ny, m1) Actsma
or
% * Gy * T,
8(t) = [ w/2b, (m1) astsama
or
By = Bpy * 7/2y
. o(t) = [wa, m-1)actome h"_.:_
: or B d
5 O ® Opq * "0, ' R
t1 - ——y
- #(¢) = | (m=1)2stsma
3 or '
- UL S Y ,
: 3
a L
4 4
- .
3 .
. ’
. : :
- - . i ‘ . o o
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Figure 1.--Block diagram of an N element
LMS adaptive array.
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The binary phase shift keyed or biphase signal described in [4]
can be written as

s(t) = A sin(ugt + £(t)), )

where A is an amplitude constant, w) is the carrier frequency and
g(t) is a binary waveform whose value switches between 0 and ». The
waveform ;st; {s made up of the modulo 2x sum of two symbol streams,
a(t) and y(t). vy(t) is the useful information (or data) sent over
the communication system. The data symbol interval has a duration of
{? seconds. a(t) is a pseudonoise code, 1.e., a maximum length

n

ear shift register sequence [9]. The code symbol interval has a '__,1
- duration of A seconds (one chip interval). Thus, z(t) can be written R
' as ]
" :: - 4
g Z(t) = modulo 2n(a(t) + v(t)), (2) S
F R
; 7

»




where

a(t) = na for (m-1) A <t <m (3)

and
y(t) = "di for (i-1) Tb <t«< 'in . (4)

In the above equations, ay (equal to 0 or 1) is the m-th code symbol
and dj (equal to O or 1) is the i-th data symbol. The data symbol
interval is greater than the code symbol by the ratio

k = Tb/A’ (5)

where k is an integer and is defined as the spreading ratio. It is
assumed that the data symbol transitions coincide with the code
symbol transitions.

It should be noted that, in many practical systems, the code
?nd gata :ymbo]s are differentially encoded. In these systems z(t)
s given by

g(t) = a(t) + y(t), (6)
where

a(t) =ay=a ;+m  for (m-1) A<t <m (7)
and

v(t) = Y{ = vy *omd, for (i-1) Ty <t < iT,. (8)

For the biphase modulated signal, a reference signal can be
generated from the array output signal as shown in Figure 3. The
array output is first mixed with a locally aenerated sional given by

s,(t) = B sin(upt + alt) +y), (9)

8
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Figure 3. Reference signal generation loop
with the adaptive array.
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where B is an amplitude constant, wp is the local oscillator (LO)
frequency, and ¢ is the phase difference between s,(t) and s(t) in
Equation (1) at t equal to 0. When the codes of tﬁe locally gener-
ated signal and the array output signal are synchronized, the lower
frequency component of the mixer output is given by

S(t) s,(t) = 5B sin((u)-up)t + y(t) + v). (10)

Thus, the lower frequency component has a bandwidth corresponding

to the data rate. The mixer output is passed through a filter with
this bandwidth. The desired signal component is, therefore, unchanged
by the filter. The filter output is then hardlimited so that the
reference signal will have constant amplitude. The hardlimiter out-
put is mixed with the locally generated signal to produce the ref-
erence signal. The reference signal is then given by

r(t) =R sin(wlt + z(t)) (1)

where R is the amplitude. Thus, the reference signal is an ampli-
tude scaled replica of the desired signal.

Any interference signal without the proper pseudonoise code
has 1ts waveform drastically changed by the reference 1oop. When
the coded local oscillator signal is mixed with the interference,
the interference spectrum is spread by the code bandwidth. The
bandpass filter, therefore, changes the interference component out
of the mixer. As a result, the interference at the array output is
uncorrelated with the reference signal.

In the biphase system, the timing of the pseudonoise code is
acquired and tracked at receiver by a delay lock loop shown in
Figure 4. To acquire the code timing, the code generator at the
: receiver is run faster than the received signal's code. This code
{ slewing is continued until the sum channel voltage in the delay lock
¥ loop exceeds the acquisition threshold (indicating the two codes
: ::e aligned). The sweep voltage is then switched off as shown in
5 gure 4,

; With this so-called sliding correlation method, the code gener-
L ated at the receiver is correlated with the received signal for as

- many as all possible timing offsets. Thus, the acquisition time is

5 proportional to the code length, and the code length must be short
for reasonable acquisition times.

g 10
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Short codes, however, may not have adequate security for many
applications. The short code repeats often during transmission of
the signal and, therefore, the code can easily be determined and
used by a jammer. When the code modulates the jamming signal, the
receiver is unable to distinguish the jammirig signal from the desired
signal. To overcome this problem, codes with very long periods are
required.

For security and rapid acquisition, the signal must contain
both a long and a short code. One method of combining the two
codes is four-phase modulation. The next section discusses four-
phase modulation with two codes.

c. Four-Phase Modulation Techniques

For security and rapid acquisition in a spread spectrum com-
munication system with an adaptive array, the signal must contain
both a Tong and a short code. This section considers how the two
codes can be combined into a four-phase modulated signal. Both
coherent and differential phase shift keyed modulated methods will
be considered.

Two codes can modulate a four-phase or quadriphase shift keyed
signal in two basic ways. Although these two modulation techniques
could be described by one equation, the generation of reference
signals (see Section D) is much clearer if two equations are used.
Let the i-th code symbols for the two binary code streams be denoted
by aj and b; (equal to 0 or 1). Then, for one modulation technique,

the four-phase signal is
s(t) = sin(m1t + a(t) + g(t)) (12)
where for céherent encoding

a(t) =y, (13)
(m1) A<t <m
B(t) = §,n/2 (14)

and for differential encoding

alt) = om = ap-l ¥ vpr (15)
(m1) a<t<m
8(t) = g = g g * o/ (16)
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where

Yn = fl(‘m'bm) =Qorl, (17)

and
b * fz(am.bm) =0orl, (18)

The f1(-) and fp(-) are two arbitrary functions.

For the other modulation technique, the four-phase signal is
)| 1

s(t) = — sin(w,t+o(t)) + — cos(w,t+e(t)) (19)
Zo sz

where for coherent encoding

o(t) = Yo' (20)
(m1) A<t <m
¢(t) = 8" (21)

and for differential encoding

o(t) = O = Oy * Yo" (22)
(m1) a<t<m.
$(t) = 0y = 0y g * 87 (23)

The factor of 1//Z has been used fn Equation (19) so that
the signal power is the same as in Equation (12).

The functions fi(-) and f2(-) will now be considered to de-
termine the number of different four-phase signals which combine two

codes. These two functions can be combined into one function f,
given by

(YM'GM) - f(amobm)- (24)
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For the signal, s(t), to contain the same information as the -
two code symbol streams, the function f must be one-to-one. There L
are four combinations of two code symbols. Therefore, there are 4!
possible mappings between the four permutations of (ay,bp) and the
four permutations of (yp,5m), or 24 one-to-one functions. As an
example, five of these yunctions are given by

Yo = n (25a)
&n = bpys (25b)
Yo = (26a)
& = am@ bm, (26b)
Ty = bm (27a)
8y = Ao (27b)
Ty = 3& (28a)
Sp = bpys (28b)

5 and

Yy = 3, @b, (292)

g

& =

- 6m ans (29b)

3 where ® represents the exclusive-or operation and the overbar

Q denotes the inverse of the code symbol.

- Most of the twenty four functions need not be considered for

5 two reasons. First, the inverting of a symbol stream changes the

code, but not the modulation method. For each of the twenty four

- functions, there are three others (in the set of twenty four) that

e can be obtained by inverting either one or both code symbol streams,

; 14
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For this reason, only six functions need be considered. The func- -
tions given in Equations (25) and (28) provide an example of the -
inverting of a symbol stream. Second, the designation of the two -
symbol streams as ay or bj is arbitrary. For each of the remaining
six functions, there is one other (in the set of six) that can be
obtained by interchanging the aj and bj code symbols. For this
reason, only three functions need be considered. The functions given o
in Equations (25) and (27) provide an example of this interchanging -
of symbols. Three functions which represent all twenty four functions e
are given by Equations (25), (26) and (29). Because the function ]
given by Equation (29) can be obtained from that of Equation (26) o
by interchanging yym and &y, the former function will not be considered
& in determining different four-phase signals. Thus, the two functions

4 . T

e

or mappings to be considered are given by Equations (25) and (26).

- With the above two mappings used with each of the two modu-
2 lation techniques (given by Equations (12) and (19)) four different
. four-phase signals can be obtained. These are given by

s(t) = sin(ut + a(t) + 8(t)), (30)
s(t) = sin(m]t + a(t) + a(t)/2 + 8(t)) » (31)
s(t) = ‘E sin(uytea(t)) + :—z cosuyte(t)) » (32)
and
; s(t) = 15 sin(uyt+o(t)) + ‘72- cos(uy t+o(t)+o(t)) (33)
E where for coherent encoding
E;
. a(t) = amw (34) T
{ m1)a<t<m o
; B(t) = b /2 (35)
£ . .
by or ]
3
) o(t) = apn (36) R
E (m1) a<t<m -
oft) = b ' (37) 1
o
15 L
'
=




and for differential encoding

a(t) = % = Gl + a,m (38)
(m-1) A<t <ma
8(t) = 8, = 8, 4 + byn/2 (39)
or
o(t) = 6, =0, +am (40)
(m-1) A<t <m.
o(t) = ¢ = ¢y + by | (1)

Therefore, because either of two encoding methods (coherent or dif-
ferential) may be used with each of the four signals, there are
eight different ways to generate a four-phase signal from two
codes.

D. Reference Signal Generation

To use a four-phase signal with an LMS adaptive array, a ref-
erence signal myst be generated from the signal. This section
discusses reference signal generation for each of the signals given
in Equations (30) through (41). For each signal, the locally
generated signals will be determined that can be used to generate
reference signals when either one or both codes are synchronized
at the receiver. .

With a four-phase signal the same type of reference signal
generation loop may be used as with the biphase signal (see Figure
3). Reference signal generation with this loop is described below
for each of the different four-phase signals.

For s(t) as given in Equation (30), if only the first code

stream is synchronized, a reference signal can be generated as fol-
Tows. The locally generated signal, s,(t), in this case, is

s,(t) = sin(ut + a(t) + ). (42)
The product of sz(t) and s(t) is given by

s,(t) + s(t) = %-cos((m1-u2)t +8(t) - y) +5.(t), (43)

16
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where sp(t) contains the-products not of interest. If g(t) has
been derived from by through coherent encoding (Equation (35))
then g(t) is either 0 or #/2 and the product may be expressed as

s,(t) s(t) = El/'z cos((uy-up)t + /4 = ¥)
# = sin({un-ug)t + 0/4 ¢ aby - ¥)
+ 5, (t) (44)

for (m-1) A <t < ma. Therefore, a cw component is present in the
mixer output. Because of this cw component, a reference signal
correlated with the received signal can be generated as shown below.
The output of the bandpass filter* in the reference 1oop will mainly
consist of the component given by the first term in Equation (44).
A11 other signal components will be drastically altered. The ref-
erence signal, r(t), as given in Figure 2 is then

r(t) = Fyp {s,(t) == cos((uy=up)t + /4 - w)} (45)
/7
where FHP{-} is the output of the high-pass filter or
r(t) = - sin(uyt + a(t) + 2/8). (46)
4y2
(Note that R in this case is 1/(4v2).)
This reference signal can be shown to be correlated with s(t) as

follows. The signal, s(t), as given in Equation (30) for coherent
encoding, can be expressed as

s(t) =-§E sin(uyt + a(t) + «/4) + sin(s(t) - =/4)

. cos(w1t + at) + v/4). (47)

*Because data is not modulating the four-phase signal, the filter
bandwidth can be very small.

17
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The correlation of s(t) and r(t) is then given by

- E [s(t) r(t)] - %_ , (48)
2 2
\/E[s (t) re(t))]
where E[-] denotes expected value. Thus, the reference signal is fL~

partially correlated with the desired signal. The effect of partial
correlation on array performance is discussed in Chapter IV,

For s(t) as given in Equation (30) with differential encoding
(Equation (39)), s(t) may take on any of the four phase values.
Thus, the product of s, (t) (as given in Equation (42)) and s(t) as
given in Equation (43) does not contain any cw component. Therefore,
in this case no reference signal can be generated with only the one
code synchronized at the receiver.

For s(t) as given in Equation (30), if only the second code
symbol stream is synchronized, s,(t) is

s,(t) = sinuyt + B(t) + v). (49)
The product of sz(t) and s(t) is given by
sz(t) s(t) = %-cos((w]-mz)t +a(t) - ¢) + sp(t). (50)

For both coherent and differential encoding there is no cw component
in the product term and, therefore, s,(t) as given in Equation (49)
cannot be used to generate a reference signal.

For s(t) as given in Equation (30), if both code svmbol streams
are synchronized, s,(t) is
sz(t) = sin(mzt + a(t) + 8(t) + v). (51)

The product of sz(t) and s(t) is given by

5,(t) s(t) = % cos((uy-up)t = ¥) + s (t). (52)

.

Thus, s,(t) can be used to generate a reference signal. It can
¢ easily Be shown that the correlation of s(t) and the reference
signal 1s one.

18




For s(t) as given in Equation (31) the same results as pre-

sented above apply with a(t) replaced by a(t) + a(t)/2. This is
shown in Table 1.

For s(t) as given in Equation (32) if only the first code
symbol stream is synchronized, sz(t) is

5, (t) = ]E sin(uyt + 8(t) + ¥). (53)

The product of sz(t) and s(t) is given by

5,(t) s(t) = F cos((ug-uy)t - ¥) + s (t). (54)

Thus, s,(t) can be used to generate a reference signal. It can
easily ﬁe shown that the correlation of s(t) and the reference
signal is one half. A similar result is obtained if only the second

code symbol stream is synchronized. If both symbol streams are
synchronized sz(t) is

5, (t) = -‘/—2 sin(upt + 8(t) + ¢) + ]E cos(upt + o(t)). (55)

The product of sk(t) and s(t) is given by

sz(t) s(t) = %-cos((m]-mz‘t -p) + sn(t). (56)
Thus, s,(t) can be used to generate a reference signal. It can
easily ﬁe shown that the correlation of s(t) and the reference signal
is one.

For s(t) as given in Equation (33) if only the first code
symbol stream is synchronized, sn(t) is

s, (t) = l',E sin(upt + 8(t) + v). (57)

The product of sz(t) and s(t) is given by
s, (t) s(t) = 7 cos((ug-up)t = ¥) + 5, (t), (58)

19
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Thus, sy(t) can be used to generate a reference signal. It can easily r“‘J
be shown that the correlation of s(t) and ‘he reference signal is o9
one half. If only the second symbol stream is synchronized, then it ’
can be shown that no reference signal can be generated. If both

symbol streams are synchronized, then there are two possible locally

generated signals. One signal is given by

5, (t) = JE sin(ust + 6(t) + 8(t) + ). (59)
The product of s, (t) and s(t) is given by
s,(t) s(t) = J sin((uy=uy)t - ¥) + s (t). (60)

Thus, s,(t) can be used to generate a reference signal whose cor-
relation with s(t) can be shown to be one half. Another locally
generated signal is

sz(t) = %E sin(wzt +o(t) +y) + %E cos(mzt + ¢(t)
+ o(t) +y). (61)
The product of Sz(t) and s(t) is given by
5,(t) s(t) = ¥ cos((ug=up)t - ¥) + s (t). (62)
Thus, s,(t) can be used to generate a reference signal whose cor-

relation with s(t) can be shown to be one.

The results of this section are summarized in Table 1. Thus,
in this chapter eight possible ways to modulate a four-phase signal
with two codes have been shown, and several ways to generate
reference signals for these four-phase signals have been determined.

20
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CHAPTER III
DATA MODULATION METHODS

A. Introduction

In Chapter II four-phase modulation techniques were discussed
which involved two codes. In this chapter the addition of data to
these four-phase signals is considered. Several methods for adding
data to the signals will be described. For each method the resulting
four-phase signals will be examined to determine if each of the
locally generated signals listed in Table 1 still generates a ref-
erence signal,

For a reference signal to be generated it is necessary for
the product of the locally generated signal and the received signal
to contain a component whose bandwidth is much narrower than the
received signal itself. Thus, there will be a processing gain for
the desired signal in the reference loop of Figure 3. Specifically,
some type of spread spectrum signal is required as in the biphase
system. That is, the data rate must be less than (in general, an
integer multiple less than) the code modulation rate.

There are several ways to add data to the four-phase signal
which result in some type of spread spectrum signal. The three
methods considered in this chapter are 1) mixing a data bit stream
with one code, 2) mixing two data bit streams with the two codes and
3) mixing one data bit stream to both codes (i.e., the same data
bits are mixed with each code).

In Chapter II the code symbols were encoded either coherently
or differentially because the detection of the code symbols was not
required. However, the data bits must be detected. If the signal
is to be rapidly acquired by the receiver and the data detected
immediately, then differential encoding (with differential detection)
of the data is required. Therefore, only differential encoding of
the data is considered in this chapter.

The three data modulation methods are described below. For
each method the various four-phase signals are analyzed to determine
if the locally generated signals listed in Table 1 can be used.
Results are summarized in Table 2.
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Table 2

Locally Generated Signals for Several Data Modulation Techniques

Four~Phase Signal
With Two Codes Only

Code Symbol Stream
To Which Data is
Added

Locally Generated Signal
Which Generates Reference
Signal

sin(u1t+¢{t)+s(t)) ay sin(u2t+a(t)+w)
B(t)'biwlz only by sin(w2t+a(t)+a(t)+w)
(coherent encoding) a1+b1
ai+b1 (equal data)
sin(ut+a(t)+s(t)) 3 sin(u,t+a(t)+8(t)+v)
b
a1+b1

a,+b, {equal data)

sin(m]t+c(t)+a(t)/2+5(t) a, s1n(u2t+n(t)+a(t)/z+a(t)+w)
(t)-biw/Z only by
(coherent encoding]
sin(u,t+u(t)+a(t)/2+s(t)] 2 sin(u2t+u(t)4u(t)/2+B(t)*v)
b
J;i-'sin(u‘tw(t)) 3 ;7: stn(uptee(t)+)
+ 75 cos(u]t+o(t)) :1+b 7; sin(uzt+o(t)+w)
i1
'1’b1 %E sin(u2t+o(t)+o)
:—! sin(wyte(t)+y)
[%E sin(u2t4o(t)*t)
+ '3 COS(szt*o(t)ﬂ)]
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Table 2 (Continued)

?Z sin(o t+e(t))

+ 1 cos(uytta(t)+e(t
'Q_cos(‘ o(t)+e(t))

:—2: sin(u,t+o(t)+s)
-‘Z sin(u tee(t)+p(t)+v)
[]3 sinlu,teo(t)+y)

+ 37[ cos(uzt#O(t)*O(t)**)]

b

24*by
a 4, (equal data)

13 sin(uyteo(t)+s)

'3 stn(uyt+0(t)+e(t)+)
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B. Data Mixed With One Code

In this section data modulation is considered where the data
bits are added to one code symbol stream only. First to be con-
sidered is the addition of data bits to the aj code symbols, fol-
lowed by the bj code symbols.

For case No. 1, Table 1, wken data is added to the aj code
symbols, the resulting signal may be expressed as

s(t) = sin(wyt + g(t) + 8(t)), (63)
where

z(t) = a(t) + v(t) (64)
where

v(t) = vy = vy_q + ndyy (65)

for (i-1)Tp < t < iTp, where dyj is the i-th data symbol in the first
(and in this case, only) data symbol stream, T, is the bit inter-

val and yq is equal to 0. It should be noted Qhat the spreading
ratio, k, is given by

k=Tp/8 . (66)

From Table 1 one possible locally generated signal is given by

sz(t) = sin(wzt + a(t) + y). (67)
The resulting product of sl(t) and s(t) is given by

21
sz(t) s(t) = 575 cos ((w]-wz)t + y(t) + n/4 - ) + sn(t).
(68)

Because the first term in the above equation has a bandwidth on the

order of the data modulation rate, a reference signal can be
generated using the locally generated signal given in Equation (67).

24
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From Table 1 another possible locally generated signal is given by
s,(t) = sin{u,t + a(t) + 8(t) +y). (69)
The resulting product of sz(t) and s(t) is given by
5,(t) s(t) = 3 coslluy=up)t + v(t) +9) +s5,(t).  (70)
Thus, a reference signal can be generated using sn(t) as given in

Equation (69).

For case No. 2, Table 1, with data added to the a; code
symbols, the locally generated signal given for this case can easily
be shown to generate a reference signal.

For cases No. 3 and 4, Table 1, with data added to the a; code
symbols, the resulting signal may be expressed as
s(t) = Sin(m‘t + z(t) + g(t)/2 + 8(t)) (71)

where z(t) is given in Equations (64) and (65). For cases No. 3

and 4 it can easily be shown by the same method presented for cases
No. 1 and 2 that reference signals can be generated using the locally
generated signals listed in Table 1.

For case No. 5, with data added to the a; code stream, the
resulting signal may be expressed as
1 1
s(t) = — sin(uw,t + g(t)) + — cos(uw,t + ¢(t)) (72)
Zo] Z
where

g(t) = o(t) + v(t) (73)

and y(t) is given in Equation (€5). For the locally generated
signals given by

s, (t) = ]Z sin(uyt + o(t) + v) (74)

25
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and

5,(8) = = sinlugt + 4(t) + ¥) (75)

it can easily be shown that a reference signal can be generated.
If the locally generated signal is given by
s, (t) = %-2 sin(upt + o(t) + v) + 1/-2- cos(ugt + () + ¥)
(76)

then the product of sz(t) and s(t) as given in Equation (72) is
given by

s,(t) s(t) = F cos((uy-up)t + v(t) - ¥)
+ § cos({uy-up)t = v) + s (t)." (77)
Equation (77) may be expressed as

5,(t) s(t) = % cos((oy-up)t - ¥) + 5, (t) (78)
for y(t) = 0,

and

s,'(t) s(t) = sn(t) (79)
for y(t) = =.

From Equation (65), ft should be noted that y(t) may only take on
values of 0 or ». Thus, the output of the bandpass filter and
hardiimiter shown in Figure 3 will be 2 cw signal randomly turned on
and off at the data rate. The pulsed signal results in a pulsed
reference signal which is correlated with the desired signal only
half the time. Thus, the locally generated signal given by Equation
(76) cannot be used to generate a reference signal for use by the
adaptive array.
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- For case No. 6, with data added to the a; code symbol stream, L
gi the resulting signal is given by —
A ] ]
4 s(t) = — sin{wyt + ¢(t)) + — cos(w,t + z(t) + o(t)).

(80)
For the signal given by Equation (80) it can easily be shown that the

locally generated signal listed in Table 1 will generate reference
signals.

When data is added to the by code symbol stream only, the
resulting signals for the first four cases in Table 1 may be expressed
as

s(t) = sin(u;t + alt) + &(t)) (81)
for cases No. 1 and 2, and

s(t) = sin(u;t + alt) + a(t)/2 + &(t)) (82)
for cases No. 3 and 4, where

g(t) = 8(t) + &(t) (83)
where

s(t) = 85 = 8,y + 7/2 dy, - (84)

for (i-1) Tp < t < Ty, where d51 is the i-th data symbol in the
second (and in this case only) data symbol stream and &, is equal
to 0. For each of these cases the locally generated signals Tisted
in Table 1 can be shown to generate reference signals.

With data added to the by code symbol stream, the resulting

, signals for the last two cases of Table 1 are given by

X ] ]

. s(t) = — sin(w,t + 6(t)) + — cos(w,t + v(t)) (85)
Zo o1 oo

for case No. 5, and

- 27
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1 1
s(t) = — sin(u,t + o(t)) + — cos(w,t + 6(t) + v(t)) (86)
/5 1 V3 1
for case No. 6, where
v(t) = ¢(t) + n(t) (87)
where
n(t) = ny N0 + T'd21 (88)
for (1-1) Tp < t < iTy and n, is equal to 0.
For the signal given by Equation (85) the same reference
signal generation results apply as for the case where data is added
only to the a; code symbol stream. That is, the locally generated

signals given by Equations (74) and (75) but not Equation (76) can
be used to generate a reference signal.

For the signal given by Equation (86), the locally generated
signals given by
1
sz(t) = 75 sin(wzt + o(t) +v) (89)
and

3,(8) = L sinlugt + o(t) + 4(2) + 4) (%0)

can be shown to generate reference signals. If the locally gener-
ated signal is given by

s, (t) = l—? sin(uyt + 6(t) + ¥) + 13 cos(upt + 0(t) + o(t) + v)
(91)

then the product of sz(t) and s(t) as given in Equation (86) is
given by
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5,(t) s(t) =  cos{luy-u))t - ¥)
+ 7 cos((w=up)t + n(t) - ¥)
+ s,(t). (92)
Equation (92) may be expressed as
5,(t) s(t) = % cos({w=up)t - ¥) + 5, (t) (93)

and

5,(t) s(t) = s, (t) (94)
for n(t) = =.

Therefore, as before, s,(t) as given in Equation (97) cannot be used
to generate a reference signal

Thus, when data is added to the a; code symbol stream, all
but one of the locally generated signals listed in Table 1 can be
used to generate a reference signal. When data is added to the

by co:: stream, all but two of the locally generated signals may
be used.

C. Data Mixed With Both Codes

In this section data modulation is considered where two data

bit streams, dy; and dy;, are mixed with the two codes. The
resulting four-phase s?gna1s are first listed and the generation

of reference signals for each case investigated.

With data added to both code symbol streams, the resulting
four-phase signals for each case in Table 1 are given by

s(t) = sin(uyt + g(t) + £(t)) (95)
for cases No. 1 and 2,
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s(t) = sin(uwt + z(t) + z(t)/2 + ¢(t)) (96)
for cases No. 3 and 4,
1 1
s(t) = — sin(uyt + ¢(t)) + — cos(wyt + v(t)) (97)
vz o) oo
for case No. 5, and
1 1
s(t) = — sin(w,t + g(t)) + — cos(w,t + (t) + v(t)) (98)
oo Zoo
for case No. 6, where z(t), g(t), and v(t) are given by Equations
(64), (83), and (87), respectively.

For the signals given by Equations (95) and (96), it can easily
be shown that the locally generated signals listed in Table 1 for
cases No. 1 through 4 will generate reference signals. However,
for the signal given by Equation (96) it can be seen that it is
impossible to determine the data values when di; is equal to daj.
Therefore, the signal given by Equation (96) cannot be used to trans-
mit two data streams.

For the signals given by Equations (97) and (98) the locally
generated signal given by

5, (t) = ]E sin(upt + 6(t) +9) (99)

can be shown to generate a reference signal. Also, for the signal
given by Equation (97) the locally generated sianal given by

s, (t) = ‘E sin(ugt + (t) + v) (100)

can be shown to generate a reference signal. Furthermore, for the
signal given by Equation (98), the locally generated signal given

by
s, (t) = :72 sin(ugt + 8(t) + ¢(t) + ¥) (101)

can be shown to generate a reference signal. The remaining locally
generated signals will now be examined in detafl. For s(t) as given
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in Equation (97) and sl(t) given by
sz(t) = ]E sin(mzt +a(t) +y) + -1-/2-_ cos(mzt + ¢(t) + ¢)

(102)
the product of the two signals is given by
5,(t) s(t) = 7 cos{{ug-up)t + ¥(t) - ¥)
+ %-cos((u1-m2) t + n(t) - v)
+ sn(t) . (103)
It can be seen that Equation (103) may be expressed as
S,(t) 5(t) = 7 cos((up-up)t + ¥(t) = 9) + 5, (1) (104)
for y(t) = n(t)
and
sl(t) s(t) = sn(t) (105)

for y(t) = n(t) + =.

From Equations (65) and (88), it should be noted that the two re-
lationships between y(t) and n(t) given above are the only ones
possible. Thus, the output of the bandpass filter and hardlimiter
is a cw signal randomly turned on and off at the data rate. The
pulsed signal results in a pulsed reference signal which is correl-
ated with the desired signal only half the time. Thus, the locally
generated signal given by Equatfon (102) cannot be used to generate
a reference signal for use by the adaptive array.

For the signal given by Equation (98) and sl(t) qiven by

£yt = = stnlugt + 0(t) + 9) + Lo cosugt + o(t) + 4(8) + v),
(106)
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results similar to those presented above are obtained. Thus, the :
locally generated signal given by Equation (106) cannot be used to -
generate a reference signal for use by the adaptive array. 8
!

]

g

Thus, when two data symbol streams are added to both code
symbol streams, all but two of the locally generated signals listed
in Table 1 can be used to generate reference signals.

D. Like Data Mixed With Both Codes

In this section data modulation is considered where the same
data bit streams are mixed with the two codes. Thus, the resulting
four-phase signals are given by Equations (95) through (98) with

d]i = dZi' (107)

Reference signal generation for the individual cases is discussed -
below. )

For s(t) as given in Equation (95) the locally generated signals
from Table 1 for cases No. 1 and 2 can be shown to generate reference
signals.

For s(t) as given in Equation {96) it can be seen that, since f
d1j is equal to d2i, there is no net phase shift in the signal due v
to data. Therefore, data modulation of this type cannot be used
with this signal.

For s(t) as given in Equation (97) with dy;j equal to dzj it o
can be shown that the locally generated signals 1isted in Table 1 '
can be used to generate reference signals.

For s(t) as given in Equation (98) with dy; equal to dp; it
can be shown that the locally generated sionals given by

s,(t) = L sin(ust + 6(t) + v) (108)
” R
and
’
5, (t) = }-; sin(ugt + 8(t) + o(t) + ) (109) -

can be used to generate reference signals. With the lncally
generated signal given by
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s (t) = —-sin(w t + o(t) + ) .
iz 2 '
;
+ l—-cos(wzt +o(t) + o(t) + ), (110) ;
V2
#! the product of sl(t) and s(t) as given in Equation (98) is given by .
!

s, (t) s(t) = %’COS((ml-mz)t + y(t) - ) ;

+ %-cos((w]-wz)t - p) + sn(t)' (111)

Equation (111) may be expressed as

s,(t) s(t) = % cos((ug-up)t = ) + s (t) (112)
for y(t) =

and L
5,(t) s(t) = s (t) (113) -
for v(t) =

Thus, the locally generated signal given by Equat1on (110) cannot .
be used to generate a reference signal.

5 Thus, when the same data bit stream is mixed with the two codes
;1 all but one of the locally generated signals listed in Table 1 can
i be used to generate reference signals. A summPry of the results of

[} this chapter is presented in Table 2. )
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CHAPTER IV

LMS ADAPTIVE ANTENNA PERFORMANCE WITH A
PARTIALLY CORRELATED REFERENCE SIGNAL

A. Introduction

In Chapters II and III some of the reference signals considered
were only partially correlated to the received signal. In this chapter
the effect that a partially correlated reference signal has on the
adaptive antenna performance is studied and compared to the performance
where the reference signal is fully correlated with the received
signal. "

As seen in Table 1 the correlation of the reference signal and
the received signal is either 1 (fully correlated case) or 1/2 (par-
tially correlated case). These two cases are analyzed and compared
below. The parameters of interest include the steady state element
weights, the array output signal-to-noise ratio, and the error signal
in the array. The first parameters considered are the steady state
element weights for an N element antenna array with desired signal and
noise present at the receiver. The resulting signal-to-noise ratio for
both types of reference signals is then determined. Finally, the error
signal for one loop of the adpative array is examined in detail.

B. The Steady State Element Weights

In this section the steady state adaptive array element weights
are compared for the partially and fully correlated reference signals.
A block diagram of an N element LMS array is shown in Figure 5. The
signal received by the ith element, yij(t), is split with a quadrature
hybrid into an inphase signal, x1;(t), and a quadrature.signal, xq;(t).
These signals are then multiplied by controllable weight wyy or wQ; -
The weighted signals are summed to form the array output, sq(t). *he
array output is subtracted from the reference signal to form the error
signal, e(t). The element weights are generated from the error signal
and the Xli(t) and xqi(t) signals.

The four-phase signals to be considered in this chapter is given
by
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Figure 5. The LMS adaptive array.

s(t) = E] sinfort + 8(t)) + 7;_- cos(ut + o(t)) . (114)

The results of this chapter will be the same for the other four-phase

signals as well. The signal received by the ith element may be ex-
pressed as

A
y5(t) = R sin(ut + o(t) + <)

A
+ Rcos(ut + o(t) + ) +0y(t) (115)

where Aﬁ/z is the power of the received signal, ki is the phase differ-

ence in the signal between the first and the ith element, and nj(t) is
the noise received by the ith element. The reference signal for the
fully correlated signal case, rj(t), may be given by
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ry(t) = 22 sinut + 8(t)) + & cos(uyt + o(t)) (116)

where R2/2 is the power of the reference signal. The reference signal
for the partially correlated case, rp(t), may be given by

rz(t) = R sin(mzt + o(t)) . (117)

For the received signal given by Equation (115), the inphase signal
out the quadrature hybrid is given by
Aq
XIi(t) = ’72-" an(w]t + G(t) + Ki)
A4
+ 7 cos(ugt + ¢(t) + «) + np,(t) . (118)

where ny.(t) is the inphase component of the noise. Similarly, the
quadratu}e signal out of the quadrature hybrid is given by

A
xqi(t) = 72 sinlet + 6(t) + &y + 2/2)

A

+ -2 coslupt + ¢(t) + kg + w/2) + ng . (M9)

where "Qi(t) is the quadrature component of the noise.

b For the N element array, let the element weight vector be given
y

W, = . (120)

and the signal vector, Xr. be given by

b IS

_ A N
L e




O

v ” =
- 7, oy 7
} LN

.......
.........

X, =| : (121)

The signal covariance matrix, L is defined by
o & E[x XTI ' (122)
r r'r

where E[-] denotes expected value and XI denotes the transpose of X..
The reference correlation vector Sr is defined by

S, = E[Xr(t)] . (123)

For the LMS algorithm [1] it can be shown that the steady state
element weights are given by

W, =0, S, (124)

(where o~ denotes the inverse of ¢ ) when ¢_ is nonsingular (this will
always bE true when noise is presenf at the Feceiver). A comparison
will now be made between the fully and partially correlated cases. For
the fully correlated case, the element weight vector is given by

W, = o7 E[Xri(t)] : (125)

After substituting Equations (116), (118) and (119) into the above
equation, the weight vector is given by
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AR (127)
W =20 .
ror 272 cos(xy)

°°s("N * %)

gor the partially correlated case, the element weight vector is given
y

W, = ool EX r,(t)] : (128)

Afte. substituting Equations (117) through (119) in the above equation,

:i the weight vector is given by
;. 1
{
- -1 AdR 9
:‘?: "" = Qr =T : . (129)
5 cos(xN)
;- .
f Therefore, the element weights are less by a factor of v2 in the parti-
P ally correlated case as compared to the fully correlated case. The
o reduction in weights results in a three decibel reduction in signal
- power at the output of the array for the same reference signal level.
4 There is a similar reduction in noise and interfering power levels,
¥
b
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- t h, a d the array oytpyt signal-to-noise ratio will, therefore, : R
L‘ thevghae th Correlation cases. o ° » therefore, be i

I It should be noted that in an actual implementation of the LMS o
. algorithm the decreased signal level for the partially correlated case C
may effect the array performance. Any noise generated in the circuitry
itself will degrade the array performance more in the partially corre-
lated case. Furthermore, in the partially correlated case the component
of the signal from which the reference signal is derived contains only
half the total signal power. This component, therefore, is six decibels
lower in the partially correlated case. Thus, the generation of the
reference signal may also be affected.

C. The Error Signal

The previous analysis considered the steady state performance of
the array, but ignored the weight jitter that might be caused by changes
in the error signal. In this section, the error signal is studied for
both the partially and fully correlated cases. To simplify the dis-
cussion the error signal is determined for a single loop in an adaptive
array without noise present. Results can be extended to an N element
array with noise at the recejver.

From Equations (127) and (129) it can be seen that for a one loop
adaptive array, the steady state weight, wy, is given by

1 * R/Ad (130)
for the fully correlated case, and
w = R/J?Ad (131)

for the partially correlated case. The signals involved in both these
cases are shown in a one loop implementation of the LMS adaptive array
in Figures 6 and 7. As seen in Figures 6 and 7 the error signal is
zero for the fully correlated case. However, for the partially corre-
lated case, the error signal is given by

e(t) = § sin(uyt + o(t)) - 3 cos(uyt + o(t)) . (132)

Thus, the error signal has the same power as the array output signals.
In this case the product of e(t) and s(t) is given by

z(t) = e(t)s(t) (133)
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Figure 6. Single loop adaptive array in
steady state with a fully
correlated reference signal.
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Figure 7. Single loop adaptive array in
steady state with a partially
correlated reference signal.
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or, using Equations (132) and (114),

2(t) = [g sin(ugt + o(t)) - § cos(ut + ¢(t))]

. [% sin(ut + 8(t)) + § cos(ut + ¢(t))] . (138)
Equation (134) can be reduced to give
RA4
z(t) = v cos (2uwyt) . (135)

As shown above, z(t) consists of a sinusoidal waveform at twice the
carrier frequency of the received signals. Because this frequency
would typically be outside the response range of the integrator in the
loop, the variation in z(t) would not cause any weight jitter. However,
in a hardware implementation of the LMS algorithm with non-ideal com-
ponents, the additional error signal in the partially correlated case
could cause some weight jitter.

In this chapter it has been shown that, theoretically, the use of
a partially correlated reference signal in an LMS adaptive array will
not change the output signal-to-noise ratio or weight jitter as com-
pared with the use of a fully correlated reference signal. In an
actual hardware implementation of the array, however, the decreased
signal level and increased error signal in the partially correlated
case may degrade the array's performance.
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CHAPTER V
USE OF FOUR-PHASE SIGNALS IN A JAMMER ENVIRONMENT

A. Introduction

In this chapter a four-phase communication system with an adap-
tive array at the receiver is developed. As discussed in the Intro-
duction, the four-phase system was developed to overcome some of the
shortcomings of a previous biphase system [4]. The four-phase system
must still allow for rapid acquisition of the signal at the receiver
and suppression of conventional (e.g., noise and cw) jamming as in
the biphase system.

The shortcomings of the biphase system are discussed first.
The results of Chapters II and III are used to determine which modu-
lation techniques can be employed in overcoming these shortcomings.
As in any technique where the reference signal for the array is
generated from the array output, signal acquisition is the most
difficult part of the problem in designing the system. Several
methods for signal acquisition are discussed and one method is chosen
for the design of a system. Finally, the design of the entire system
is briefly discussed and the operation of the system is described.

B. Modulation Technique

Noise and interference with a greater power than the signal
itself may be present at the receiver during acquisition. Thus,
in the biphase system, the code timing is acquired at the receiver
by the sliding correlation method, whereby, for all possible code
timing offsets, the code generated at receiver is correlated with
the received signal to determine the correct code timing. With
an adaptive array the code generated at the receiver is also used
to produce the locally generated sicnal for the reference loop.
Therefore, when the receiver's code timing is correct the adaptive
array will increase the signal-to-noise ratio out of the array.
This method for acquiring the code timing works quite well but does
have a shortcoming. The number of code timing offsets is equal to
the code length, and, thus, the code must have a short lenath, and
repeat numerous times during the acquisition period. It is, there-
fore, not difficult for a jammer to determine the short code and
generate its own biphase signal. Since the adaptive array has no
way to distinguish the jammer's signal from the desired signal, the
array may acauire the jarmer's signal and null the desired signal.
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A very long length code is, therefore, required for greater communi-
cation security; preferably, a code which doesn't repeat over a long
period of time.

As shown in Chapter II, four-phase modulation offers a method
to combine a short code for rapid acquisition with a long code for
communication security. The short code will be used to generate the
reference signal only during acquisition. If the long code can be
quickly acquired after acquisition of the short code (as discussed
in Section C), then the long code can be used to generate the refer-
ence signal to provide communication security for the system.
Because four-phase modulation is used, it is more difficult for a
Jammer to determine that a short code is present in the signal and
what the short code symbols are. But even if the short code is
determined, the receiver can distinguish between a jammer with only
the short code and the desired signal because the jammer would not
contain a long code. Thus, the system can be made secure against
this type of jamming.

Thus, for the four-phase system to overcome the short code
shortcoming of the biphase system, two possible reference signals
must exist for the four-phase signal. One reference signal is
generated knowing only the short code timing and the other by also
knowing the long code timing. From Table 1, it can be seen that
the four-phase signals in cases 1, 3, 5, and 6 have at least two
reference signals (i.e., two different locally generated signals).
Furthermore, for the system to remain secure after long code
acquisition, the reference signal generated from the lorng code must

be uncorrelated with a biphase signal containing only the short code.
Only the signals in cases 5 and 6 can be used to meet this condition.

The four-phase signals and locally generated signals that can be
used to provide security against a jammer with a biphase signal
containing the short code, are, therefore, given by

s(t) = ‘72- sinugt + 0(t)) + L coslart + (1) (136)
with

s, (t) = l—z sin(ugt + o(t) + y) (137)
and

5,(8) = = cosagt + (1) + 0, (138)

43




and

s(t) = 1/; sin(ut + 6(t)) + l/{- cos(uyt + o(t) + o(t)) (139) | :
with ' 

s, (t) = :/_z sin(u,t + 6(t) + v) (140) g
and

s, (t) = l/E sin(uyt + o(t) + 8(t) + ¥). (141)

It should be noted that either differential or coherent encoding of
the codes can be used.

The method of data modulation for the four-phase signal will
now be examined as a way to overcome the second shortcoming of the
biphase system, the vulnerability to a repeat jammer with remodu-
lation. With a biphase signal data is added to the coded signal by
additional 180 degree phase shifts in the signal. Therefore, the
signal from a jammer which repeats the desired signal and adds 180
degree phase shifts cannot be distinguished from the desired signal.
As before, the array may acquire the jammer's signal and null the
desired signal. To overcome this problem, the four-phase data
modulation technique must not produce additional 180 degree phase
transitions. The modulation possiblities from Table 2 are s(t) as
given in Equation (136) with data added to either the aj or bs code
symbol stream and s(t) as given in Equation (139) with 3ata added
to the by code symbol stream. For these four-phase signals, biphase
remodulalion produces changes in the data and data on the previously
unchanged code symbol stream. Because the component of the signal
which contained only the code symbols will now contain data (i.e.,

- it is now a spread spectrum signal), the remodulated signal can
- easily be distinguished from the desired signal.

With data added to only one code, the phase shift due to a
g "1" data bit is either plus or minus 90 degrees. The actual phase
) shift depends on both codes. If a phase shift of plus or minus
- ninety degrees is added to the four-phase signal, it is as likely
& to produce an apparent data bit on the code stream without data as
- it is to change the data. Therefore, a repeat jammer with remodu-
3 lation involving random phase shifts can not effectively jam the
: system. The repeat jammer is required to have a detailed knowledge
| of the signal structure and the codes involved.
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Therefore, if the four-phase signal is given by Equation (136)
with data added to the a; or b; code symbol stream, or Equation
(139) with data added to the bj code symbol streams, a svstem can be
designed to overcome the shortcomings of the biphase system. The
design of the system is described in Section D. The long code ac-
quisition will be determined first, though, in Section C.

C. Long Code Acquisition

As stated previously, signal acquisition is the most difficult
aspect of the four-phase communication system. Acquisition of the
signal by the receiver requires the acquisition of both the short
and long code timing. The short code timing can be acquired by the
sliding correlation method as in the biphase system. In this section
the acquisition of the long code timing is discussed.

It is desirable to have the long code acquisition time less
than the short code acquisition time, so that the total acquisition
time for the four-phase system is not significantly greater than
that for the biphase system. Rapid acquisition of the long code
can be obtained after the short code acquisition because of two
factors. First, after acquisition of the short code, any jamming
signals will be nulled by the array and the output signal-to-noise
ratio will be greater than that at the input. Also, the symbol
transition timing for the long code is already known since the short
and long code symbols have the same transition timing. The possible
methods for determining long code symbol timing will now be discussed
and one method will be chosen for use in a system.

One method for determining the long code timing involves a
long code which contains several shorter codes as described in [10]
and[11]. The sliding correlation method could be used to determine
the code timing of these shorter codes and, thus, the entire long code,
very quickly. However, the system would now be vulnerable to jamming
by signals using shorter codes and, therefore, some of the security
of the system would be lost.

Long codes can also be generated from an n-stage feedback shift
register. With the proper feedback, codes of up to length 2M-1
(1.e., pseudorandom) can be generated from the n-stage shift register.
Thus, very long codes can be generated from relatively short length
shift registers. To determine the code timing for a code generated
from an n-stage shift register, it is only necessary to determine
the n symbols in the shift register at a given time.

One method that the receiver can use to determine the n symbols
involves transmitting the n symbols as data on the short code during
acquisition. The n symbols could easily be detected at the receiver
and loaded into the shift register, Since the probability of a data
error at the receiver is usually very small, these n symbols would
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have a high probability of being detected and loaded into the shift
register correctly. The disadvantage of this method, however, is that
the transmitter must first send the n symbols and then the data.

Since the transmitter does not know when the signal has been acquired,
it may stop sending the n symbols before they have been detected

by the receiver. In this case the entire transmission would be

lost by the receiver.

Another method that the receiver can use to determine the n
symbols involves the detection of the code symbols on the signal.
. The n consecutively detected code symbols will be the current contents
of the shift register if the only feedback in the shift register is
to the first stage. This feedback requirement is not very restric-
tive because most codes are generated with feedback only to the first
stage. This acquisition method is called the Rapid Acquisition by
Sequential Estimation (RASE) method and is described in [12]. A
block diagram is shown in Figure 8 of the circuitry needed for imple-
mentation of this technique. For this technique, the code symbols
on the received signal are demodulated and loaded into the feedback
shift register. This shift register has the same length and feedback
connections as that used to generate the code at the transmitter.
When the shift register is fully loaded the feedback is connected
by the load and track logic. If the code bits have been detected
correctly, the output of the shift register is synchronized with
the code on the received signal. To verify synchronization, the
correlation between the received signal and the generated code is
determined by the load and track logic. If the correlation value
does not exceed a given threshold, the above process is repeated
(i.e., the shift register is reloaded) until synchronization is ob-
tained. Using this method synchronization for a 2"-1 bit pseudo-
noise code can be obtained after detection of as few as n code
symbols. Even with a large amount of noise present with the received
signal, although many loadings of the shift register may be reauired
before the signal is acquired, the average time required for ac-
quisition is still much less than for the sliding correlation method.

For use with the four-phase signal the RASE method must be
slightly modified. First, for rapid acquisition, the code symbols
must be differentially encoded so that they can be differentially
detected at the receiver. Thus, a differential detector will be
used to determine the phase shifts in the received signals. Also,
since the phase shifts in the signal corresnond to the short code,
data, and the long code symbols, detection logic must be used to
determine the long code symbols from the phase shifts.

A block diagram of the RASE method is shown in Figure 9 for
the acquisition of the long code timing. As shown in this figure
the array output containing the desired four-phase signal with noise
is differentially detected using the symbol transition timing from
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, the tracking of the short code. Information about the phase shifts o
L present at each bit is then passed to the detection logic. Since 1
& the short code bits are known, the detection logic can determine I
the long code bits and in some cases also determine if errors have
been made by the differential detector. If no errors are detected, .
the long code bits are loaded into the shift register. The shift o
register is then connected in the feedback mode and the output of P
the shift register correlated with the array output to verify code o
timing. If the-correlation of the two signals after a given time e
exceeds a threshold value, the output of the shift register is used

to generate the reference signal for the array. Otherwise, the shift
reglcter is reloaded and the process repeated until code synchroni- .
zation is obtained. e

If the long code acquisition time with the RASE method is too
long, there are methods to decrease the acquisition time, although
increased circuit complexity is required. The Recursive-aided RASE
method can be used as described in [13]. Also, if the inftial -
loadings of the short and long code shift registers in the transmitter r -
are known at the receiver, then the long code timina can be seen
to be just the short code timing plus some multiple of the short
code length., It is, therefore only necessary to determine this
multiple to acquire the long code timing. Thus, the long code
acquisition time may be reduced by a factor of the short code length, o
although very complex circuitry may be required with this method. vy
The above two techniques were not used in the four-phase system be- -
cause the long code acquisition time as determined in Chapter VIII
was not too long.

A four-phase modulation technique will now be chosen from those
given at the end of Section B, As stated above, the long code must
be differentially encoded so that the code symbols may be differen-
tially detected. Also, the Tong code acquisition time using the RASE
technique can be shown to be much less if data is not added to the
long code. Thus, if the aj code symbol stream is arbitrarily chosen

Ak A

as the short code symbol stream and b; as the long code symbol stream, }"?
then the only four-phase modulation technique that can be used is p
, given by -~
. .
5 ]
3 1 1 N
R s(t) = — sin(w,t + z(t)) + — cos(u,t + ¢(t)) (142) :
3 2 1 V2 1 :
f; where :
% ]
F 2(t) = 6(t) + v(t) (143) ,J
;; ’
8 where e
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o(t) = o

[}
<D

+ ra (144)

for (m-1) 4 < t < ma,

and

v(t) = vy = vy + wdy (145)

for (i-1) Tp < t < iTy

and
6(t) = oy = o5 1 + by (146)
for (m-1) A <t < ma,

The am, by, and d; are the m-th short code symbol, m-th long code

symbol, and the i-th data symbol, respectively.
D. System Description

The entire four-phase communication system as developed in
the preceding sections will now be described. First to be discussed
is the acquisition procedure. A block diagram of the entire system
is then described and the areas of study in the next chapters are
mentioned.

In summary, the signal acquisition procedure is as follows:

1)  The short code timing is acquired using the sliding
correlation method.

2) The short code is.used to generate a reference signal
in the array to null jammers and increase signal-to-noise
ratio.

3) The long code timing is quickly acquired using the RASE
method.

4) The long code is immediately used to generate the
reference signal to provide system security.

To provide protection against smart jammers (i.e., jammers using only
the short code or repeat jammers with remodulation), if the long

code timing is not acquired in a short period of time (step 3),

the short code timing is changed and steps 1 through 4 are repeated.
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A block diagram of the entire four-phase communication system
is shown in Figure 10. The four-phase signal is transmitted and
received by the adaptive array. From the array output the short
code timing is determined and then tracked by the delay lock loop as
in the biphase system. Long code timing is acquired by the long
code acquisition circuitry. The control logic controls the acqui-
sition procedure steps, including which codes are used in the ref-
erence loop.

There are several areas of study for this system which are
covered in greater detail in the next several chapters. These areas
include the short code acquisition (Chapter VI), the tracking of the
short code by the delay lock loop (Chapter VII), and the long code
acquisition (Chapter VIII). Also, the structure of the long code
required for a secure system (Chapter IX) and the effect of smart
jamming (Chapter X) are discussed.
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CHAPTER VI
SHORT CODE ACQUISITION

A. Introduction

The first step in the acquisition of the four-phase signal by the
receiver is the acquisition of the short code timing. In this chapter
short code acquisition is considered for the sliding correlation method
using a delay lock loop. Although the acquisition method was also used
in the biphase system, the acquisition method was not analyzed in de-
tail. Results presented in this chapter are applicable to both the
four-phase and biphase systems.

The purpose of this chapter is to study the acquisticn process
and determine the equations involved so that the results can be used
in the design of the four-phase system. In Section B a general di.-
cussion of the sliding correlation method is presented. The maximum
code length for acquisition in a given time in determined and related
parameter discussed. In Section C the acquisition without.noise is
studied. The time response of the delay lock loop is determined
during the acquisition period. In Section D the acquisition with
noise is considered. Equations are derived which determine the proba-
bility of acquisition with noise. Filter bandwidths and threshold
levels are determined for optimum performance of the sliding correla-
tion method for given operating conditions.

B. Maximum Code Length and Sweep Rate

The first step in the acquisition of the signal by the receiver
is the determination of the proper timing of the short code. Proper
code timing is then maintained by a delay lock loop. The discussion
in this section concerns the performance and the parameters involved
in the acquisition of the short code by the sliding correlation method.

Noise and interference with a greater power than the signal itself
may be present at the receiver during acquisition. Because of this,
the best method for determining the short code timing must involve a
checking, for all possible code timing offsets, of the correlation of
the recefved signal with a locally (or receiver) generated signal con-
taining the short code. The timing offset which produces the greatest
correlation 1s then used by the delay lock loop to track the short code.
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To reduce the magnitude of false correlation peaks, the correlation
should be made over an entire code period (the time it takes before the
code repeats itself), Thus, the code rate, acquisition time, Tacq» and
code length (number of bits in the code before it repeats), N, may be
related by the equation

S

Code rate = N - N - ] (147) —
Tacq S

The above equation assumes that once an estimate (within 1 chip f¢j

on code bit interval) of the timing offset has been made, the time re-
quired to reduce the timing accuracy to within the steady state error ¢
of the delay lock loop (final transient time) is negligible. Although 3
this is not always the case, as will be seen later, this is a useful o

approximation at this point.

For a given code rate and acquisition time, the maximum code
length is, from Eq