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4 ABSTRACT

o A Multiprocessing Approach To Spread Spectrum Code
Acquisition Under Jamming

\ _ ;
Ehawn A.M. Liebrecht
. A )

Spread Spectrum (SS) communication systems, although primarily
used for military applications, are currently being examined for use in
a commerical environment (such as mobile networks). H&wevever, before
spread spectrum ‘systems adapt to commﬁrcial applications, key aspects
such as multi-user interference, mobility, cost, acquisition and

,tracking techniques, etc., must be considered. In this thesis two
applications of a new parallel detection scheme for spread spectrum
signal acquisition are proposed.' Bofh applications employ natcheg
filtering as a first stage of signal acquisition, and several sedﬁence
detection circuits (SDCs) to allow the receiver to begin tracking.

The first application of the parallel detection scheme is for a
dire;t sequence (DS) spread spectrum system. By modelling the system‘as
a flow grabh, the overall generating function is obtained, and
expressions for the mean and standard deviation of the acquisition time
are determined. The system is examined to determine what effect
changing the codelength and the number of sequence detection circuits
has on the acquisition time statistics.

The second application of the parallel detection scheme is for a

frequency hopping (FH) spread spectrum system. With slight

modifications, the expressions, obtained for the mean and standard
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deviation of the ac‘uisition. time from the DS system, are applied to the

»

R r s : .
FH system. The effect of multi-user interference, jamming, deployment,’ .

and sequence detection circuitry_on the acquisition time is analyzed,

»

‘pd the results presented.

many of the design parameters, such as cod‘elyigth,/ number of SDC

systems, acquisition threshold Yimits, number of ‘poténtiﬂ interferers,

and jamming levels.

A

The computed results allow for the study of the interaction of
)

.

A summary and concluding remarks are made about the effectiveness

of the new multi-SDC acquisition technique, in. reducing mean acquisition

time, for both direct sequence and frequency hopped SS signals. '
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B CHAPTER 1
INTRODUCTION

1.1 _ General

Although spread spectrum, (SS): communication is used primarly for
military applications, there is an increasing interest in the commercial
aspects of SS communication, especially in mobile communication
netwofks. By spreading the spect?um, several desirable results can be
obtained: :

(1) Code division multiplexing allows several users in the

network, N “ K
(ii) Interference rejection capabilities,
(1i1) Anti-jamming properties,
‘(1v) High resolution ranging.
Clearly, the benefits are overwhelming." T
Many aipects of spread spectrum research are currently under

investigatiod, with a large portion of the work focusing on signal

acquisition. In this thesis, a neﬁtspread‘spectrum signal acquisition

© technique 1s proposed, and examined under various transmission:. schemes.

The reader is eqsouraged to read the remainder of Chapierul, for
background into some areas of spread spectrum communication. However, a
re;der with sufficient knowledge in the area of spread spectrum '
communication can proceed to Chapter 2 without any loss of

understanding.
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1.2 Pseudonoise (PN) Sequence Generation

In arder for a spread spectrum system fo obtain the benefits
outlined in Section 1.1, the spectrum of the signal has to be spread at
the transmitter, and then despread at the receiver. The spreading \
effect is achieved by a random sequence and various modulation
t&ﬁhn1ques. However, if a purely random sequence is used to spread the
signal, recovery (synchronization) wi{l be very unlikely. Thus, a
pseudorandom or pseudonoise (PN) sequence is used to spread the spectrum
of the signal. The pseudorandom sequence satisfies the following
properties.

(1) the sequénces are simple to generate,

(i1)* the sequences have randomness properties, '

(i1i) the sequences have long periods,

NN

(iv) the sequences are dificult to reconstruct from a short >
segment. ‘
d{ten a linear feedback shift register\(LFSR) is employed to generate
the, pseudorandom sequence. The LFSR exhibits most of the above ‘
properties. With a LFSR it is possible to generate codes of various

length, however, for spectrum spreading we are primarily concerned with

" maximal length sequences having a period of 25-1 (where s is the number

" of stages in the LFSR). If the feedback connection is chosen properly,

to generate a maximal length sequence; the fo11owjng properties will
result
(a) }n one complete period, the number of ONES will differ from
the number of ZEROS by 1. '
\
\ -

)
3
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(b) 1in any period, arilong the runs of consecqutive ONES and ZEROS,
one half of the runs will be of length one (for both ONES and
ZEROS), one quarter of }:he runs are of length two (for both
"ONES and ZERQS), one eigth of the runs are of length 3 (for
both ONES and, ZEROS), and so on. '

(c) 'in‘one complete period, a bit by bit comparison of a sequence
and any shifted version of ifse1f‘, will result in the number
of agreements differing from the nun;\ber of disagreements by

-

at most 1.

Property (c) is extremely important in spreadrépectrum communic,g}tion:.
We note for two binary sequences, that the correlation can be defined by
t_aking‘ bit-by-bit MOD-2 sum of the sequences, and comparing the number
of agreements and disagree;ments between the two. It can be shown, [1]
that the auto-correlation is

R = # of ZEROS - # of ONES v (1.1)
where ZEROS refer to agreements between the two codes and ONES refer to
disagreements between the two codes. Further, expressing the auto-
correlation in a normalized form yields

R' ‘ -1/p for all shi'fts + 0

—3 o (1.2)
l 1 for shift = 0

where p = 2%-1 and p is the number of‘bjts in a codelength and R' refers

_to the normalized auto-correlation. The auto-correlation is shown in

Fig. 1.1. By taking the Fourier transform of the
auto-correlation, it can be shown [2], that the power spectrum, S(f), of

the auto-correlation in (1.2) fs,



. !
: _a- ) A
. \
) - ] = 2,n " ] ‘
S(f) = 1 osinc™(s) s(f-=5) + 8(f) (1.3)-
}pz.g_ ry P T2 \
;3

where p is the number of bits in the codelength and T is the bit

- duration. The spectrum is shown in Fig. 1.2.

Cross-correlation is also an important fonsideration in choosing a
N sequence. However, there is no simple method for predicting the
cross-correlation between two codes.

1.3 \Direct Sequence (DS) Spread Spectrum Systems

. l irect séquénce (DS) "is a common gechn1que used in spread spectru%E
(SS) communication, primarily because of the relative ease in

fmplementing these systems, over other SS techngiues. Direct sequence

is precisely the modulation of a carrier by a code sequence

(usually a|PN sequence), as shown in Fig. 1.3. The baseband information

carrier is transmitted with one phase when the code sequence is a "1"

and by a phase shift.of ;80’ when the code is a "0". Biphése‘balanced

- : 4
modulation fs prefered for several reasons [3];

> . .
- N - vy PR
b eee— - G Y oy . B ) . =
. .7 ' .



u
es v

FIG,

D

- "N N~

a 4 4 4

AL i

] L~

p= codelength

L p-s

1.1:" NORMALIZED_AUTOCORRELATION FUNCTION WITH BIT DURATION T

. U

-7 SR T ¢
s
| ”\ ENVELOPE o 2

R ———

oy ,(f [ “l “Ih_ﬂﬂﬂ -

LINE SMCING - - CARRIER POVER f_{_"

: P .
4 ’ o ' \

. FIG'1.2: POWER SPECTRUM OF A BINARY PN WAVEFORM

. “ac . ¢ . .
T pene- P Lhoner s -o- -
4 v e “



WILSXS WNY1LI3AdS aqv3IUdS FONINDIS 1OFYIA DISVE €°T *91a

4ONINDIS Nd

YIATIDTY
y
- Vit
49VSSAN 49VSSIW
] QILVINAOW
Hm
NOILVWYO4NI dNvgasve
) OdNTy  Ndy
YALLINSNVYL - Ndy _ q1vy 116 ﬁ
K ¥OLY¥d
. IONINDAS ANO3 a/v
zuwu (Nd) 3402
ad RYVNIE ONIQVIULS 04NI . ‘
) - ¥ = 31Vy 118 ‘e | °

- YOLVINAOH

NOILVIWYOJINT AYVNI4

YOLVINAOW

QIONVTVE

TVNOIS
(3
v.m avaads ’

AUVHm TVNO1S
QILVINAOW 3ISVHIIY

Q3IONVTIVE




(1) it is difficult to detect the suppressed carrier 6roduced
when‘biphasg balanced moduldtion is used
‘ (i11) more power can be used to send useful information since the
carrier is suppressed.
{ii1) efficiency of the transmitted power is maximized for the
bandwidth uséd, since the signal has a constant envelope.
(iv) the simplicity of the biphase modulator (consisting of one
pair of ‘transformers and a few diodes).
More commonly, transmission is achieved by using one balanced modulator
to modulate the MOD-2 sum of the binary information and the PN code
sequence, as shown in Figs. (1.4 and 1,5). The bits of the sequence
Vformed by the MOD-2 addition of the bimary information and the PN code
sequence are referred to as "chips".

At the receiver, Fig. 1.6,‘thé recéived signal passes through'a
wideband filter and the signal is then synchronized, (synchronization to
be discussed iater). A locally henerated PN code sequence is used to
demodulate the received signal in order to recover the modulated
message. Further demodulation allows recovery of the data. Without
knowledge of the Pﬁ code sequence, it is impossible to recover the
transmitted signal.

Interference from users using a different PN pode sequence- will be
minimal, Fig. 1.7, provi&ed the codes are chosen to minimize the

cross-correlation properties (previously mentioned in section }.2).

-
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A key consideration in DS systems is the radio frequency (RF)
bandwidth. .The BS systems bandwidth is related to the code bit r~a‘te,l

and reflects itself in the processing gain, G_, (the processing gain is

b’
a function of the RF bandwidth and the information bit rate). Quite
often it is necessary to put limitations on the bandwidth, thereby
reducing the processing gain of the system.

It is assumed, that the RF bandwidth is typically that of the main
lobe of the direct sequence spectrum, or twice the réte of the clock
used to generate the spreading code. As an example consider a system
with a code clock rate or 15 Mbps. and an information rate of 1.5 Kbps,
the processing gain would be (2x15x106)/(1.5x103) = 2x10% or 43db. It
would appear that the processing gain can be infinite by choosing a
sufficiently fast code clock, thereby increasing the RF bandwidth.
However, physical limitafions.on current technology restrict code rates
to 200-300 Mbps. As well, increasing the code rate would require a
lower bit error rate. Presently, high-speed logic circuits, have a
large sensitivity to noise making them susceptible to errors, as well,
they consume large amounts of current and dissipate‘a Targe quantity of

”~

power. A further increase of processing gain is possible by decreasing

]

the information (data) bit rate. However, reducing the data rate too
much ( 10 bps) can cause significant errors, either through local
oscillator phase noise or instability in the propagation medium [3].

Current limitations restrict direct sequence processing gain to about

75dB.

<

o
a
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1.4 Frequency Hopping (FH) Spread Spectrum Systems

_ Frequency Hopping (FH) is another popular technique used in spread
spectrum systems. The FH system is primarily composed of a frequency
synthesizer, and a code generator, used to select a pseudorandom
frequency pattern, Fig. 1.8.

Theoretically, the frequency spectrum for a FH sjstem should be a
band of sharp spikes, Fig. 1.9. However, the resulting spectrum is
usually composed of desired frequencies, sidebands resulting from
hopping, and other extraneous frequencies.

At the receiver a locally generated PN code sequence, is used to
create a replica of the frequency pattefn produced by the transmitter.

After synchronization is achieved, the wideband filtered received signal

_13 demodulated with the lTocally generated frequency pattern, to recover

the modulated information. Further demodulation leads to recovery of
the transmitted information.

Any signal that has an alternate PN code sequence is rejected as
noise, similar to ‘the direct sequence (DS} system. In general, DS and
FH are identical. However, the two systems differ in some ways.

Processing gain for the FH system is identical to the DS system

BW _ -
G = X " (1.4)
P Riwro
where the frequencies (channels) are contiguous. If the frequencies
(channels) are not contiguous, the processing gain is more readily
defined as

Gp = the total. number of available frequency choices = g

\
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The FH system, should then\ﬁSVe a Targe number of available

frequencies for increased processing gain. The number of frequencies

redquired however, depends on the tolerable error rate and effects of

jahming (to be discussed later). For a FH system without any error

correction capability, the error rate is J/i', where J is the number of

channels the interferer can hit, and 2' is the number of available

channels to choose from.

If binary FSK modulation, Fig. 1.10, is used for the FH system,

each code bit (symbol) is transmitted using one of two frequencies. One

frequency represents a logical one (mark), and the other, a logical zero

(space).

Wi

th each hop the pair of frequencies used for transmission

changes. The channel (frequency)“%ﬁat is used to transmit the code bit

is the transmission channel. The channel (frequency) that would be

occupied if the logical state of the transmitted bit was reverSed, is

the complementary channel. From 3], it is shown that binary FSK has an

error rate of

where

X

() v* &% | ©(1.5)

ner-10

r

error probability on a single trial,

& ~

°

J/2t, ‘
number of jammed channels,

number of channels available to frequency hopper,
probability of no error for a single trial i

l-v,

number of chips (frequencies) sent per information bit,

number of incorrect chip decisions necessary to cause a bit -

erraor.
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° When ‘the interferer causes the power in the “"space" channel to eiceed
the power of the “mark" cﬁann¢1, a chip error will result. A large
increase in chiﬁ error, will make the error code iécreaée as well. It
is evident from (1.5) that increasing the number of chips sent per bit,
c, will result in a Tower bit error rate. Thus, the hopping rate, and
RF bandwidth must increase in proportion. Restricting the numbe; o%
frequencies avai]aﬁae or the bandwidth will result in trade offs between
the chip per information bit rate and the numbeﬁ o; available
frequencies. To take full advantage of a frequency hopping system, an
error correcting code should be used to maximize the number of to1er$b1e
errors, 'r. . >

Frequency hopping rates usually take one of two forms. Slow
frequency-hqpping is the transmission of two or more symbols in the time
between each frequency hop. While fast-frequency hopping is the
transmission of one §ymbol between each frequency hop.

In slow frequency hopping, the ¢ bits of the code word must be
1nte§1eaved over ¢ hopping periods to ensure each bit is transmitted in
a-different channel (i.e. less susceptible to jammiﬁg). The block code
used for slow frequency hopping with bit interleaving, will provide
corrbction capabilities equal to that of a fast frequency hopping system
with the same L]ock code. \\\\

1.5 Spread Spectrum Signaf Acquisition

The most important aspect of a spread spectrum system is its
ability to synchronize the received signal with the locally generated )
pseudonoise code. The problem of signal synchronization results from

various conditions, such as Doppler effect, clock discrepencies, etc.
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A1l of the aforeﬁentioned conditions produce an hncértainty at the
frequency and time of the incoming signal commonly referred to as the
un;értainty region. Code synchronization is necessary since it allows
‘the receiver to despread the received signal and recover the modulated
“information (hata). -

Syncﬁroﬁization is divided into.two components, (i) acquisition or :
' course alignment, t9 bring the receiver code to within one chip of the
transmitted code, (ii) and tracking or fiﬁeya1ignm€nt,“}n wﬁich errors

of alignment are furtﬁerhreduced or at least maintained within one cﬁfp.
HoweVér, only acquisition will be considered throughout'this section and
thé remainder of the thesis. Quitedbften; acquisition time is ugeg as a“
performance measure of a sp}ead spectrumracquisitioﬁ technique. .

Severp1“téchni§ues are available for spread spectrum sighal écquil
sition, although two schemgs are primarily used, (is serial search or
“sliding correlator”, and (ii) matched filtering. “

In a serial séarch acbuisition scheme, a search is made over a1i
refative<phase shifts‘between the received signal and the locally geﬁérr
atéd-PN code sequence.’At the receiver the 1aca11y gene}atéd PN code v
séquence is operated St a rate different than that of the‘transmjtteft |
code. The product of the‘locai1y generated PN code and‘the received
signal isl;hen\bandpass filtered and is integrated over a.fixedﬁpeniod

(dwell time), r;‘to determine the power contained in the signal. When

Pl

the lTocally generated code aligns itself with the received signal, a .
preset power threshold will be exceeded, and the receiver will move‘to“
tracking. This method of acquisition is referred to as sfng1e dwell |

“e

serial search.
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A faster acquisition time can be obtained by using a multiple
d§e11 serial search scheme. This scheme is similar to the single-dwell
écquisition technique, except integration is performed over several
short dwell periods. Each short integration will continue in succession
as long as the threshold islexceeded. If the power contained in the
signal falls bglow the threshold, the integration process will return to
the first integration.

Serial search acquisition”can be applied to bqth direct sequence

(DS), and frequency hoppedu(FH) spread spectrum systems, Figs. (1.11

a,b).

Matched f?itering is another scheme that can be used for both
direct sequence and frequency hopped spread spectrum signal acquisitio;.
For a DS spread spectrum system a delay line is commonly used as a
matched fi]te}, Fig. 1.12(a). The binary representation of the received
signa]lis shifted into the delay line and multiplied chip-by-éhip by the
stored PN code sequence. Acquisition is declared when integration
(summing) over M chips produces a.value in excess of a preset threshold;
whéré M is the numﬁer of taps on the delay line.

Matched filtering for a FH spread spectrum system varies from that
of a DS system. The filter is designed to match to a specific frequency
hopped pattern, Fig. 1.12(b). 1In the K™ arm of the matched filter, the
received signal is mixed with a tone fK = fi + fo. The bandpass filter
is centered around fo’ thus if the received frequency is fi that arm
will contribute significantly to the overall summation. The fixed delay
allows the uncertainty region to be searched in real time, and providgs

) \
a sliding window to the arriving signal. AN
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1.6 Jamming

L i ]
Jamming is the deliberate interference imposed on a transmitted

signal. There arentwo bﬁs?c wéys by which th; jammer can disrupt the ’
. conmunication systems. Either the synchronization system can be |
effected or the number of bit errors can be increased beyond correctiqn
) ;apabi]ity."Several jamming techniques can be imp]emenied to achieve
. e{ther form 6% jamming mentioned above. . .
In a direct sequence (DS) spread spectium system, the ability to
reject jamming depends uﬁon the integrity of the pseudonoise (PN) code.
If the jammer‘is unable to access the PN coge,;then tone jamming at the
' center frequency of the PN spectrum 1§-the most effeétive form of
jamming. When the car‘r:ierl frequency and chip rate of the PN code‘ can be
approximated, the japmeﬁ can achieve effegtive‘forms of jamming, by

generating an alternate PN code at that particular carrier frequency and

chip rate. * Finally, it is important to note, that a DS spread spectrum

@ .

"

system becomes more susceptible to jamming when the PN codes used are
permanent (non-programmable). »

~’ In a frequency-hopped (FH) spread spectrum system, partial-band )
jamming and repeater jamming are among fhe most popular jamming
techniques. | '

. The partial band jamming‘technique is commonly used if the
jammer's power is'1ess than the product of the trqnsmitter power and the

number of hopping channels. .In partial band jamming, the jammer

concentrates his jamming power in only a.portion of the overall hopping

°

. band. If the jamming power is -1imited, the jammer must reduce the

jamming strength per channel in order to increase the total number of
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jammed channels, (i.e. jam a larger portioﬁ of the hopﬁing band}. Thf’//i /
rate of bit errors .is greatesta\and hence the jamming most effectiQe, in

a p;rtig]-band jamming system, when ;he jamming power in a jammed

channel is, approximately equal to the signal power.

Aﬁbther common form of jamming is repeatef Jjamming. Rebeater
jamming is most effective in a slo@;frequency hopping system, because of
the way'jamming result. In repeater jamming, the transmitted signal ts
captured and analyzed to determine the hopping frequency being used.

The analyzed signal is then jammed and transmikted, by the jammer, with
the same’hopping frequency. The jammed signal must reach the system
receiver, before the receiver hops ?9 a_new set of channel frequencies.

v
Kl

1.7 Spectral Splatter

It should be noted, that thé acquisition iime will be Tér§e1y
increased, if the bit error is also increased. .Both jamming and an
effect refered to as spectral splatter, can produce a significant \
increase in bit error. . Y]

Spectral sﬁlatter, refers to the interfering ;pecfrum overlaﬁ jn'
adjacent channels,.produced by a-transmittéd pulse. The effect, of
spectral splatter on bit error is dependent on several factors: hoﬁping
rate, frequency seperation Between channe]S;'t}ansmitte}—receiver
qeployment, and the transmitted signals spectrum. . '

In a fast-frequency&hopped system, the spectrum of the transmitted
signg] qnd the channel availability are strongly effected by the hopping
rate. For a slow-frequency hopped system, the switching time (i.e. the

time interval when the frequency synthesizer is not operating between

frequency hops), effects the signal spectrum. It is possible to

-
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increase the'freéuency sepera;ion, thereby reducing the splatter effect.

However, by reducing the number of available channels, {i.e. increasing

frequency seperation) repetition of the same transmission channel

results more frequently, making.the user more susceptible to

interference (jamming).

Various pulses can reduce the effects of spectral splatter.

Figure 1.13, from [4], shows the relative spectrum splatter effect for

various transmission pulses. It is evident, that the spectral sidelobes
‘ are strongly reduced for Gagssian (a Gaussian aﬁproximation can be

generated, since a perfecfkéaussian Shéped pulse is impossible to

. T

gener{te) and squared cosing (or raised cosine) pulses. Ideally,
l’transmission of a constant envelope signal is desired, however, with
pulse shaping (approximafe Gaussian and raised cosine pulses), the
‘nonlinearities of the final transmitter power amplifier and the g
.‘probagation channel produce added spectral sidelobes. HitH the use of

lacontinuous phase frequency shift keying, CPFSK, the spectral sidelobes

can be minimized (ie. sharp roll-off characteristics).

1.8 Review of Some Recent Work on Signal Acquisition

o The problem of signal acquisition has been the focus of much
‘research work in the area of spread spectrum communications. A variety
of signal acquis}tion schemes for both direct sequence and frequency
~hopping spread spectrum systems, have been proposed and ané1yzed. Some
20f the more relevant signal acquisition research work 5 - 16], will ée
examined. in this section.

Much of the work in spread spectrum signal acquisition tends to

gfve a biased preference to one technique over the other, (i.e. dirgEt
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. ]
sequence versus frequency hopping). However, in [5], an unbiased

comparison between frequency hopping and direct spread pseudonoise
(diréct sequence) techniques.are based on- several parameters:
processing ga?n, signal-to-noise performance, iow probability of
intercept, ranging, antenpa tracking and propagation and acquisition.
A]thougH, we will only concentrate on the acquisition aspect of the
comparison, the effect of the other parameters will also be considered.
The acquisition performance comparison is based on the assumption that
the amount of timing offset between the transmitted signal and stored
reference code is identical. for both techniques, and the processing gain
for both techniques is also identical. Ba;ed“on this premise, the

,uncertainty region for'a frequency hopping technique is somewhat smaller
than for the direct spread, PN technique, and the frequency hopping
technique tends to provide acquisition in a shorter period of time.
However, this frequency hopping advantlage exists only when a serial
search method is used to acquire the signal. If matched filtering is
used for acquisition, neither technique has an added advantage.
Spellman also demonstrates how the direct spread PN technique is advant-
ageous in, providing protection against processimg gain attacks, brovid-
ing good signal-to-noise performance and has a low probability of inter-
cept, amongst ofher benefits. The frequency hop technique provides an
extremely large nominal processing gain, and the ability to provide

- short acquisition times.
A more practical approach to the spread gpectrum signal acquisi-

tion problem is given in [6] by Rappaport and Grieco. Rappaport et al
provide insight into some of the current technologies available for

spread spectrum systems and the application of the technology to direct

1)
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sequence, frequency hopping, and hybrid acquisition techniques. Several

.schemes for signal acquisition are outlined, including matched filtering

serial search, variable dwell time, estimation and two-level schemes.

The choice of scheme is dependent on several factors, but primarily on

the spreading modulation used and the anticipated application for the

system. Matched filters, correlators, and convolvers are the primary
devices used in these schemes, with four nnjorvtechnologies tending to
dominate for these devices: Surface Acoustic Wave (SAW) matched
filters; Charged-Coupled Device {(CCD) matched filters; Digital matched
filters and SAW monolithic convolvers. Rappaport et al, conclude that
SAW convo]yers will find significant application where high frequencies
{ 60 MHz) are required, while digital matched filters will find
application in systems operating below 25 MHz. The SAH matched filter
may be used in applications where the operating frequency of the system
lies between 25 MHz and 60 MHz, while the future of CCD matched
filtering does not look optimistic. '

In [ 7], three frequency hopped spread spectrum signal acquisition
techn%ques are comparéd on the basis of miss probability, mean search
time, and complexity. The performance of serial search, matched filter,
and two-level acquisition tchniques is determined for an adverse
operating environment. Putman et al [7], found that the serial search
scheme provides good detection capabi1ity'and is easy to implement, but
the acquisition time is long, as compared to the matched filter or
two-level scheme. Because of its relatively quick acquisition time, the
matched filter scheme, although somewhat cémplex to implement, is

prefered for acquisition systems operating in a less adverse

)
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environment. The two-level scheme combines the merits of both the
serial search and matcned filter schemes, and would be best utilized in
systems requiring acquisition of a long code in‘ a short period of time.

In [8], Holmes et al, analyzes serial search acquisition
techniques with the aid of Markov models representing each acquisition
scheme. Holmes et al, develop expressions for the statistical behaviour
of the acquisition time for both a single dwell and double dwell PN type
serial search acquisition scheme. Consideration is also given to the
effect of Doppler on the system performance. The somewhat systematic
apprcl)ach to analysis, of the acquisition technique, lends itself quite
easily to other models.

. An alternate system peformance expression is derived in [9] by
DiCarlo and Weber. Using the generating function derived in [8],
piCarlo and Weber develop an expression for the probability of
successful synchronization for a single dwell serial synchronizati&n
system. The system performance is evaluated u‘sing the probabilty '
expression, for various dwell times, false alarm probabilties and
detection probabilities, thereby providing insight into the tradeoffs
involved in minimizing synchronization time.

Quite often, a more rapid acquisition technique, commonly referred
to as multiple dwe1{—time system, 1is employed at the cost of increased
complexity. In [10], DiCarlo and Weber, again apply the analytical
techniques of Holmes et al, to determine the mean and variance
acquisition time expressions for a multiple dwell serial search scheme.
DiCarlo and Weber determined that the improvement in performance for the

multiple dwell scheme is significant when two dwells are chosen over a
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single dwell. However, increasing the number of dwells beyond two only
produces a sh‘ghwt reductign in mean acquisition time.

Hopkins [11], analyzes the complete syn‘;:hronization problem, by
developing a relationship between coarse acquisition and fine
acqu%sition. and presentin§ a technique for determining the mean acquis-
ition time, of a multiple dwell acquisition scheme. A functional repre-
sentation of the acquisition scherﬁe is propos'ed, including a delay lock
Toop system for tracking, a search/lock strategy, modelled as a Markov
chain, for synchronization control, and a correlation detector for
coarse acquistion. * The acquisition technique is demonstrated for a
particular system, to reveal performance characteristics under various
signal-to-noise ratios. It is interesting to note that Hopkins
determined that the mean acquisition time, for the multiple dwell
scheme, was effected (increased) more rapidly by a decre(asing signal-to-
hoise roatio with a small false alarm probability, then by a decreas‘ing
signal-to-noise ratio with a large false alarm probability.

Another serial search ap“‘proach used for acquisition, is the
-variable dwell-time scheme. In [12], Braun presents a numerical
approach for computing the performance of this scheme. The acquisition
performance of the variable dwell-time scheme is compared to a fixed
dwell-time system and an optimum detection algorithm; for a high SNR
the multiple dweld techniqﬁe s1lightly outperforms the fixed dwell
technique, while for a low SNR, the multiple dwell technique nears the
performance of an optimum sequential detector.

In [13], Braun analyzes an expanding search acquisition scheme

that assumes some a priori information on the PN code approéch is

t
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available. 1In the scheme, a segrch is made over a small assumed
uncertainty region, the region is continuously increased until
acquisition results. An approximation for the characteristic function
expression of the acquistion scheme is compared with results from [9]
i1lustrating the va1idif} of the approximation. As well, an expression
for the mean acquisition time is developed for the expanding search
scheme, a]]owiﬁg for comparison with other acquisition schemes. A key
feature of Braun's analysjs is that the reusits can be applied to both
fixed and variable dwell-time systems. We note the expanding search
technique is particularly effective for re-acquiring signals that have
peen temporarily lost. ‘

El-Hakeem et al [14], present and analyze new acquisitioa schemes
for hybrid spread spectrum systems. By using a technique referred to as
ASEAT (autoregressive spectral estimation acquisition technique),

" outlined in [15], the signal acquisitton time was significantly reduced
for a frequency hopping sygtem with moderate hopping rates and
processing gain and a low carrier-to-noise ratio. Further, simulation
results indicated that acquisition times for hybrid spread spectrum
systems (FH/TH and FH/DS), were much less when the AEEAT was used ovef
other acquisition techniqueg.

In [16], Baier et al outlines and analyzes a somewhat comp1ex~
spread spectrum synchronization (acquisition and trackihg) scheme in
which SAW tapped delay lines are used as matched filters. The technique
employs a modulation cancellor to improve the synchronization

characteristics. However, simulation and experimentation results
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indicate that the mean acquisition time increases with the use of the
moddlation cancellor, and in fact the modulation cancellor should be

[

.disabled during the acquisition stage. .

Another point of interest that wuﬂ] be exaumined in .this thesis is
-thé effect of multi-user interference o;fa spread spectrum system. In
[17] the problem of multi-user interference on pgeudono’ise, time

division multiple access/P;wl, synchronous and asynchronous frequency
hopping spread spectrum systems is considered. Simulation results
revealed that the probability of bit error for each.system depended4on
the location and number of the inte(rfer;ers, and the level of the
signal-to-noise ratio. The synchronous FH spread spectrum s';'stem was
ab1é to.to‘lerate the greatest number of interferers but required more
compléxity than the other systems.

The acquisition schemes that will be presented in this éhesis
employ some of the analysis techniques in [5] té [17]. However, it will
be shown that the perforn;ance of these new spread spectrum acquisition
techniques, in terms of mean acquisition time, .is bettﬁe“‘ than other

proposed acquisition techniques, and requires a minimum of compiexity to

implement.

1.9 Outline of the Thesis

The thesis is divided into four chapters. Chapter 1, provides
some background information into spread spectrum communication theory.
As well, some recent papers in spread spectrum signal acquisition are
examined.

In Chapter 2, the new direct sequence spread spectrum signal

acquisition scheme is proposed, and a flow graph representation of the
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; {jew acquisition scheme is obtained. The mean and the standard deviation

]

_of "thé acquisition time are determined for the new acquisition
u~ga .

. ‘technique, under various detectiqn and false alarm probabilities.
- . In Chapter 3, the new freqﬁency hopping spread spectrum s{gnal
L aEquisi;ion scheme is proposed. The expression for the mean acquisiﬁién
o time is generated by showing the analogy between the acquisiEion scheme
outlined in Chapter 2, and the frequency hopping Fechnique of Chapter 3.
'Fina11y, tﬁe peformance characteristics are examined for the féequency
hopping acquisition techﬁique, under various oﬁera%ﬁng énvironments.

Chapter 4 contains the summary, concluding remarks and

recommendations.
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CHAPTER 2

A NEW SIGNAL ACQUISITION TECHNIQUE FOR A DIRECT SEQUENCE (DS)
}[ ' SPREAD SPECTRUM SYSTEM

'

2.1 Introduction

Several approaches [6] are possible for siénal acquisition. The
technique presented in this paper is based on the use of tappéd anq]og
delays as matched filters for the acquisitioh of a direct sequence iDS)
signal. The acqufsition scheme could find application in a multi-user
environment, where long acquisition codes are required to incorporate
several users. A bank of TADs is used, where each TAD is uniquely
matched (by proper weighting) to a specific segment (subdivision) of the
i overall code. Subdivision of a long code is possible w1thout loss of
o such desired characteristics as large autocorrelation and small cross

correlation, by using Gold codes, for instance as in [2]. For mnalysis,
it is assumed that a code of length z is.used for signal chu%sition,
and the code is composed of n maximal lengtﬁ codes having the desired
properties of JPE codes (i.e. Tlarge auto-correlation and small
cros;-corrélation properties). Fugther, Eiph maximal length code
sequence is generated by a linear feedback sh{ft register (EFSR)’ with a
“unique feedback connection, Fig. 2.1. Thus, a code of length %, is the
re;ult of several LFSR's of equal length, each with a unique feedback
connection. Since, the code of length i; subdivided into n-sectiqns
(n maximal length code sequences of equal length), sequence detection
circuits (SDC) can be used to detect when all or a portion of the
received signal is acquired. Clearly, from Fig. 2.1, the sequence

‘1+2-3+...on must occar (i.e. the recei?ed signal must match with the

-
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TAD's and be detected) for the code of Tehgth to be acquired. By using

several SDCs in parallel, each designed to detect a shorter unique

. sequence, it will be shown that the.mean acquisition time can be

A . significantly reduced. - = .

A flow graph representation of the signal acqu%sition tech-

’

nique is illustrated with consideration given to getection probability,
false alarm probability and probability of alignment. The generqting '
function of the acquisition timg'is determined from the flow graph of

. the new technique, and the mean and standard deviation of the acquisi-
tion tiﬁé forvvarious detection, false alarm, and é]ignment probabfli-
ties are ca]cu]éted. ‘

-~

'2.2_The Acquisition Aldorithm -
. % '

v The proposed apqgisition'system is composed of a bank of
. S , : .
matched fild#ers and SDC systems. Each filter is assumed to be matched

to a unique $egﬁent of a'direct“sequence (DS) codé, further, it is
. o

assumed that M-chip tapped analog delays (TAD), are used to make up
each matched filter. Hence;lphe overall DS code with codelength 2, is
contaihéd entirely in n TADs, and.eaEh TAD can be matched to M chips,

\such that

-

M = 2/n {in chips) ~ (2.1)

s

Clea ly, the number of TADs will inc?ease éubstantiaﬁ1y as the code-
' *

, ' _;length 1 increases, (for-a fixed value of M)?‘ For analysis purposes,

it win be assumed that M is an unconstrained variable; tﬁ%s is jusi-

ified in practice,; since it is‘possib1e to cascade several TADs toge-
. ther to form a larger codelength M. -

o

e e e =
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By using TADs, each matched to ﬁ chips, it is Eoss%b1e to
match to‘the~gntire codelength 2, with n TADs, providedaeagh TAD is
we%ghted to a unique segmen% of the codelength. By adjusting the
vweights of the TAD taps, sgch that TAD1 is matched to the first M chip
‘segment, TAD2 %s matched to the second M chip segment, etc. It |
becomes evident that the TADs will peak in sequence if the proper
segments of codelength are rec;ived in the correct order. THPS, sequence
detection circuitry is required, Fig. 2.2. Once it has been estéblished
that a TAD is matched with the received signal, thé sequence detection
circuits (SDCs) must determine which TAD has peaked, and w?é%her the
5;aking TAD js correct in seguence, Fig. 2.31 Every SDC'%s designed
such that it is in a waiting state, and begins operating only on;e the ”\\
correct "start-up" Ftate occurs, {for SDC1 this means that TAD1
matches). Once the SDC begins.opergtion, it will wait for the next M
chips to be sampled and shifted in, then a decision must be made to
" determine if the next peaking TAD, is in co;rect ;equence. The SDC will
continue to operate as.long as the peaking TAD sequence i$ correct,
however, if the peaking TAD is out of sequence,’the SBC will return back
to the waiting state. I% the entire sequence is correctly received,
acquisition will be declared, and the receiver wi?] move to the trackihg
phase of‘synchronization,

[y

By using several SDCs, Fig. 2.4, all working simultaneously and

o

each designed to begin operating forra unique TAD peak, the acquisition .
time can be reduced, (i.e. by keeping & constant and increasing n, the
acquisition time will decrease). The effect of increasing SDCs will .be

examined later. It is important to note that'n refers fo the number of

a - .y 3
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RECEIVED SIGNAL
| SAMPLED AND SHIFTED
INTO TAD

010

HPUT
SIGHAL

IS IT

EXPECTED
TAD

ves IS IT

- |

MOVE TO
TRACKING

(. stop

TAD MATCH
WITH RECEIVEL

yes

THE CORRECT -

SHIFT [
NEXT i CHIPS

FIG. 2.3: FLOWCHART OF THE ACQUISITION- TECHMIQUE
(Action taken by one of tHe sequence detection circuits)

&
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A =

SDCs and to the number of divisions of the code]ezgﬁh 2. For n equal to
4
r

unity the codelength is not divided, and hence thére is no need to use a

soC. -

The flow diagram, to be presented, is based on the assumption
that a multiple of SDCs, operating in pgrg\]eW are used to acquire the
input, where each SDC is designed'to detect one of the following unique

sequences:
1+2+3+ ...+n
2+3+ ...+

n-1-»n
n

TAD TADncorrectly

1, 2, 3,...,n-1, n refers to TADl, TADZf TAD3,..., AD 1o

!

matching to the received input signal.
If one or more of these sequences is correctly detected,

acquisition will be declared and the system will move to tracking.

2.3 Flow Diagram Representation of the n-SDC Acquisition Technique

To aid in analyzing this multi-SDC acquisition scheme, a flow
diagram representation of the acquisitibn technique is presented in Fig.
2.5. By using this flow diagram approach, it 1s,pqssib]e to obtain the
statistical behaviour {(mean and standard deviation), of the acquisition
time, as in ' B8) and 10;. Since there are n SDCs, working in parallel
to acquire a code of length 2, the probabilty of alignment can be

expressed, using (2.1), as

14
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. 1
Thus, the probability of misalignment is, '
_m-1

We also define probability‘of detection or no detec;ﬁon, and the

/ .
11ty of false alarm or no false alarm as Wgs Ape Bf and Ay
respectively.
If 'the input signal is aligned with one of the weighted TADs,

with probability P " then there is afprobability that the aligned

align®
signal may not be detected (missed3 due to interference, noise, jamming,
etc. This is denoted as

Ay T probability that the aligned signalois not detected
However, if the signal is aligned and is detected acquisition will be
dec1§red and the system will move to tracking. This probabi]ity; of
detection is denoted as

My = probability the aligned signal is detected

If the received signal is misaligned, which occurs with probability

(1

o
’Pa1ign)’ there is a probability that the SDCs will correctly indicate

the recejved signal is mialigned with the TADs, denoted as

A= probability that misalignment is recognized :
However, also associated with misalignment is a probability that the
misaligned received signal is falsely declared to be aligned, resulting
in false acquisition, denoted as

ue = probability of false declaration of acquisit{on

The probabiltiies Mg s Apo Bg will be examined in detail later.
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In Fig. 2.5, z is used to represent a delay of one codelength.
The additional delay, zK, associated with false acquisitiog.probability,
M is a delay'pena1ty resulting from the time spent trying to track a
misaligned input signal, and K is an integer multiple of ‘the codelength.
For ;xamp1e k=2, indixates a penalty of two codelengths.

Cansider a probahility tree, Fig. 2.6, for a properly aligned

input signal. It is possible to determine an expression for the
probability of miss Ap and the probability of detection .. Clearly,

there is a probability at each node of detection or no detection

y K
d;

" SDC, (both uy and (1-uy ) will be discussed in

j N
detail later). Since each SDC is working seperately, we assume

_(l-pd.), for the jt
J

independence. Thus a miss wii] result with the following probability,

Pmiss=xm=(1-“d1)(l-ud )(l-ud )...(l-pdn) ‘ (2.4)

2 3

While the detection probability is given by

Pdetection ~ *d = 1™p

)pd +...t

=g Hlep oy H1-p ) M1y
d " TdyTdy T T Ty Ty

(2.5)

)le

(1-u, M1, M-, )oo o (1l-p
dy7 " Tdy T Tdy d.1 79,

If the received signal is misaligned then from Fig. 2.7, the expressions
for the probéb11tiy of recognition A and the probability 'of false

acquisition g can be obtained. At each node there is a probability of

false acquisition ng Or no false acquisiiion (1—-,1f ) for the jth SoC.
j J

J

(uf and (l-uf } to be discussed in detail later).
J J
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Assuming independence, the probability of recognition (no false

alarm) is

A= (Lepe Wlmpe MIope Vonellopy ). (2.6)
‘i uf,l )sz l»lf3 an

’ e

. and probability of false acquisition is given by

A

= ufl+(l—pf1)uf2+(l—ufl)(l'pfz)Uf3+' .ot (2.7)

(Lope Ylope M1mpi Vooollopy )
Hfl Hfz ‘uf3_ \ Lufn_lx Hf

The branch n g in Fig. 2.5, indicates the probability of correct

detection, and is composed of several subsets pd , j=1,2,3,...,n, where
" each pd represents the probab111ty of detectlon for a specific SDC.
.The branch Mg is shown in F1g. 2.8. Associated with each subset pd ,

.in Fig. 2.8, is-a transition probab1T1ty denoted as a., where

i

ay = d (the probability that the correct]y peaked TAD will
be detected) (2 8)

/s

(i=1,2,3,...,n)
For a movement to occur along any subset branch pa., the TAD

corresponding to that node must peak. As an gxample, consider By
L 1

{(corresponding to the SDC for detecting sequence 12+3-...»n), in Fig,

2.8. ff'TAD1 peaks and s detected, SDC moves to State 2, this happens

s
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_ with probabilifyfal, where

ay =Py, (probability of correct peaking TAleeing detected)
' ‘ e '

Oncevfhe next M cHips are recei@ed, a decision is made to determine
which, ff any, TAD has peaked, if TAD, peaks a transition to state 3 -

results with probability e This process proceeds in a similar manner
| ~ for subsequent transitions. When the correct sequence is detected, .

. o
(i.e. all transistions have¢occured) for any of the subsets My .

J
j=1,2,3,...,n, then acquisition is declared and tracking begins.

If for some reason (noise, jamming, etc¢.) a TAD does not peak,

even though the code is propertly aligned,‘thé SOCs will declare

<,
misalignment (miss) of the correct sequence, thi§ occurs with the
' probability Apt The branch A is a probability composed of several

subset probabilities - =41-gd ) j=1,2,3,...,n, as shown in Fig. 2.9.
J J

< 5.
Glearly,; each subset will eventually lead to a decision that the

threspoﬂd was not exceeded by one of thq TADs, denoted by a branch €4
where €5 is defined by, ‘

e;=(1-a;) = (the probability that the jth
but will not peak)

TAD will be aligned
(i=1,2,3,...,n)

(2.9)

The value of oy remains the same as in (2.8). As an example, consider
the subset My

=(1-py ) ip Fig. 2.9. At'node 1, SDC is waiting for TAD,
1 1 -
to peak, however if TAD

1-doesn‘t peak a transition along €5 wily result,
this happens with probability (1-Pd ).

If TAD1 does peak, a movement
1 -
along branch ay will result, with probahility P

4 Eventuatly, there
o 1
will be a transition alon

g'the,ei (i=1,2,3,...,n) branch,. dndicatingg the

N
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ith TAD. did not peak, (i.e. detection missed).

The branch marked “f in Fig. 2.5, is the probability of

declaring false acquisition, it is composed of several subsets ug
J

§=1,2,3,...,n, where each .. represents the probability that the j
j .
SDC will falsely declare acquisition, shown in Fig. 2.10. The

th

probability associated with a transition in any subset is denoted by &,,

where,

s, = P, (1=1,2,3,...,n) (the probability that the i'" TAD

! i . will falsely peak) (2.10)

\

The branch h is the probability that the receiver will
recognize that the input signal is misaligned. A is composed of

several subsets zr‘=(1-,f_

. . J J .

where 5. 'is the probability the jth SDC will recognize misalignment.
J

For recognition of misalignment to occur, all subsets of Ny must

), §=1,2,3,...,n, shown in Fig. 2.11,

indicate misalignment. o
This corresponds to a.transition along a branch marked Y3 where

vi = 1(1241.) (the probability the i'" THD will (2.11)
_ ' not falsely peak) .

(§=1,2,3,...,n)

[

The parameter :. remains the same as in (2.10).

*

2.4 Probability Expressions of the Flow Diagram Representation

The parameters A Bgr My and g are various probabilities
associaﬂ@d with miss, detection;'recognition and false acquisition
respectively, of the systems. In this section, expressions for these

) . N '

.-

» ’
. »
'-. '
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* \

four probabilities will be determined. The branch Hq» Tepresents the
prbbabﬂity that an SDC will correctly detect alignment, and move to

tracking. From Fig. 2.8, the probability B is given by,
] .

Bg S @ptap tagcoeee o

1
o , (2.12)
= 1 a;
i=1 !
The probability My is given by
2
. n ’
py, = 11 a, (2.13)
d) gmp ' \
and in general /’-
.n ¢
g = 0 o ) - o (2.14)
dJ. i=j Jv .
yHence the probability My from (2.5) is
i‘ i1 ‘
by = B T (lep,)
d 421 Y51 TR
j*l ) .
n o n j-1 n )
= E H ai H (1' H al) (2-15)
j=1 1i=j A=1 I=A
Jz1

The probability of miss A_, is composed of several subsets \"" =

J
“’“d.)’ j=1,2,3,...,n. Each subset represents the probability that -
J

y

m!

th

the j~ SDC will miss detection. We note that for a miss to bccur, in

is given

1 /
by ' _ ' < *

‘ ,
)

the.whole system, all SDCs should miss. The probability Ao




- . > /n-l
p T (lmwg ) ep tagep vagapeg b Lot eg 1oay
! ! ;o 1 (2.16)
n g-1 / g )
= ¥ ¢ 0 a; ' :
g1 i1 V)
. g'l . . ‘/; s
_where the expression 1 a;, in (2.16) equals unity for g=1.
i=1 ’ f ‘
_- |
The probability Ao is given by,
. , n-1
sz = (l..udz) = €9 + azs; + aqxyE, + ... ¢ €n 132 ay
n g-1 (2.17)
‘v = 7 £ I a, '
' 2 9i=2 T
g-1 '
where the expression 11 a., in (2.17), is unity.,
: ' i=2
In general,
n g-1
Ao = l-u )= ) e 0 ay (2.18),
R 4 gsh 9 qen o
L}
g-1 ‘
where the expression 11 s, in (2.18) is unity for g=h.
i=h
Now A is given ﬂy (2.4),
g g-1 g . g-1 g g=1'
A = €, T a;e ) e, T a;e ) €. 1 a;:
Mg 94 T g2 Y4 1 ge3 9=y
2 n g-1 ‘ ) o
» sse * z € n a_i 4 . ‘(201‘9)
g=n 9 i=n . .
n n°' gl ' ‘ ~
= 1 e, I .a; - i
h=1 g=h 9 i=h ' : .
. g_l ’
where the expression o

, in (2.19), is unity for g=h. The probability
j=h . ‘
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i

he is the probabi[ity of falsely declaring gcquisition, as in Fig. 2.10,

where
H¢ =,Bl'62’ﬁ3' j"'Bn "
b 7" (2.20)
= ﬂ ﬁ. / . - [
=1 ' ’
The probability of e s is |
, "2
e, T Bpt B3 Byt et By ‘
¢ {2.21)
= 7 6
j=p ] )
.aﬁd in general
n - : '
¢ isc .
Thus, the probability of ﬁf, given by (2.7) is
: g k-1
pe = " n (leug )
LRSI P S R
c*1
nn ¢l n
= moe; 0 (1- 1 gy (2.23)
¢=1 i=c B=1 - I=B
¢zl

Finally, the branch xr,.the probability+of recognizing misa]ignmengb is

composed of the product of subsets Ao = (l-uf ), 3=1,2,3,...,n. The
J J

probability represented by the first subset xr.=(l-pf ) is given by
' 1

1
~ R
. ) ‘ n-1
O R FUPAS L E A AR LY
1 1 i=1 (2.24)
rg '
¢f1 Fis1 !
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4
g-1 ‘
where \he expression 1 8., in (2.24), is unity-for q=1.
) i=1 B :
For the! probability A
2
' n-1 .
My = g ) = vp¥Borg®BaBargteetyy 18y .
) . | n q-1 : e
' \ o= LYy By
4 q=2 i=2
-
. q"l
< . where the xpression 1i By in (2.25), is unity for q=2.
a "z
In general,:
ln g-1 ’
A, = ) vy, 0 B, ’ (2.26)
r q=s q 1= 1 RN
q-.l
where the expression 1 B, in (2.26), is unity for g=s.
I £
Thus the probability x , given by (2.26) is
Z q-1 2 q-1 g . q-1
= Yq [T By y, O B; Yo I By *
" g1 3421 ! 9 =2 =3 %i=3 -
‘ ‘ o q-1 A
ese ® 2 Y n B - (2 27)
q=n 9 i=n
n g q-1 “ 4
= 1 y. I B,
s=1 g=s qjzg !

q-1 -
where the express1on n By in (2.27), is unity for g=s.
i=s :

D L
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2.5 Statistical Behaviour of the Acquisition Technique

. The flow diagram, Fig. 2.5, can be simplified to-form a
geﬁerating function, from which tﬁe mean and standard deviation of the
écquisjtion time (in codelengths) can be obtained, similar to the
teéhnique in [8].

Examining Fig. 2.5, we see that the feedforward paths of the flow

diagram are given by:

M1 = Patign #¢?

and the single feedback paths

P P A2

1 align "m

+1

P (1

K
A'P@1ign)(“f2 +Xr2)

21

where z refers to a delay of one codelength.

Hence the generating function of the acquisition time is

P.5s Wz
6F(z) - 21ign d - (2.28)
1'[(Paﬁgn Km2)+(1'Pa1ign)(“fz ) +xr2)}
1t is now possible to determine the mean and standard deviation of the
acquisition time, by evaluating the proper derivatives of (2.28).

The generating function can be defined as,

Flz) = T f(m 2" (2.29) .
. n=0 . . .
and the mean as - -
T=17 nf(n )
n=0 ' o (2.30)
=\\aFT(z) ) ’
\62‘ z=1
\ w
\
\ -
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Thus, the mean of (2.28) is,

T - a GF(z) v

3T |pay

g_ r Palign et

1-[ (P

.
CP

' ey
align KmZ)+(1fPa1ign)(“fz +kr?)]

]
—

¥4

Evaluating (2.31), with (A =1-,) and (x;=14uf) yields

1+K uf(l'P )

- align
(P§1ign kg

Substituting (2.23) and (2.15) into (2.32),

1+K. 7 kl By - n
c=1

n
(- m gy)e(1-P ;. )
X=B X align
. T - . C#l
g n j-1 n
P_,. 1 ay 0 (- 1T «a)
AN 52y vy YAl zea C
j*l
where P

align
the the penalty time. '

The variance of the generating function,

given by, ' ' r
ofr= § nffim - [ nffén)
.. n=0 n=0
2 2
d FT(z) bFT(z) bFT(z)
B aiz Y ez

2=1

Thus the variance of the acquisition time is given by

(2.31)

(2.32)

(2.33)

is given by (2.2) and K is an infeger value associated with

defined by (2.29) is

) (2.34)

{2.35)
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After some calculations, Appendix A, the variance of (2.28)‘is found to-

" be .
T v 2 El h . l-
- f . - .
2 1Parign ughtIK mpll-Paygnd 74K wpll-Poqyqn) (24K g Byyygp)
T | (p ) ‘ °
| ian - 2y
where Jd‘and wg are given by (2.15) and (2.23) respectively. Py, . is

given in (2.2) and K is an integer value associated with péna]ty time.
With expressions obtained for the mean (2.32) and variance

. (2.35) of the acquisition time, it is possible to determine the effect

. of varyiﬁg detection probability, false alarm probability, n (number of

SDCs), and alignment probability, on the mean, and standard deviation,

where
3; ® (GZT)I,/Z ’
TPy ign wg K g (P gn TR o 1P (25K g Patign)

) "aign - T (2

hY

represents the standard deviation of the acquisition time.

2.6 Results

R

The mean and standard deviation values of the acquisition time
are evaluated,. using.equations (2.33) and (2.37) respectively, for’
various alignment propabilities, detection and false alarm

J :

probabilities, and sequence detection circuit configurations.

The probabitity of detection and the probability of false alarm

“

a?e varied for a fixed codelength 1=1000 chips and a fixed number of

tapped analog delays (or equivalently a fixed number of sequence

detection circuits). The results presented are in units of codelength



- 62 -
“fa néan acquisition time of 7.32 would represent 7.32 codelengths). The
Jprobabiiity,of false alarm and probability of detection are the probabi-
lities associated with each tapped anaiog delay, (2. and a.

i j
respectively). As in {8], it is assumed that 3; = 8 (for a1l i), and a;

"

a (for all i). : ’

- Tables 1-5 show the effect of varying the probability of
de;gétion,-z, and the probability of false alarm, &, on the mean and
standard deviation of the acquisition ;ime. From Table 1 we see some
very interesting results. First, we note tﬁat increag}ng the™qumber of
sequence detection circuits,'n, (or the numper of tapped analog delays),

increases the probability of alignment, P Thus, one would expect,

align’
tke‘hean'acquisition time to decrease for an increasing n, however,‘this
is only true for some of the results. fo% a low probability of
detection’a, (a2 = 0.5), the mean acquisition time tends to increase as

n, the number of -sequence detection circuits increases. As the
detection probabi]ity,’at incre;ses, (2=0.9), the mean*acquisition time
aecreases, until n reaches a set fimit. By comparing the results for n=1
and n=10 where 1=0.9 and e=0.5x10'4, (it is known that tﬁe SNR during
agquisition is very low, thus justifying the pessimistic values selected
for 2 and «), we observe that the mean acquisition time for n=10;(318.68
codelengths) is significantly less than the mean £ime for n=1 (1234.63

3

'code1engths). However, if we compare the results for n=10 and n=20
(2=0.9, 2=0.5x10™%) we flotice that the mean acquisitio; time for n=20
is 456.98 codelengths, while the mean acquisition time for n=10 is
318.68 codelengths. Thus, it is evident that increasing the number of

sequence detection circuits n, is beneficial only up to a certain limit.

Fig 2.12, shows the effect of‘?ﬁcreasing the sequence detection
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1
X

.
o -

circuits, n, on the mean acquisition time, for various detection and
4
)

false alarm pﬁoQabi]ities, {(8=0.5x10"
As expected, increasing the probability of false-alarm, 8,

results in an increased mean acquisition time, (all other parameters
7 ) .
constant), although the increase is insignificant, Fig. 2.13. The,

effect of other paramters dominates thejeffect of the false alarm

probabitity 8; for this case. However, there is a major reduction in

the mean acquisition time for an increasing detection probability, «,
' - ~

{all other parameters constant), Fig. 2.14. It is important to note,

'

that the standard deviation of the acquisition time is approximately

» .

equal to the mean acquisition time. Thus, at worst, the signal will be

acquired in a period equal to twice tﬁe mean, or in some instances the

’ .

signal can be obtained within g few code 1bngth periods. As is typical

with other acquisition techniques, the highest efficiency (i.e. mipimum
( b

' acguisition fime), occurs when the detection prqbabi]ity, a, iS

maximized. ) .
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) TABLE 1- MEAN AND STANDARD DEVIATIONUNDER VARIOUS - DETECTION ’
) ' PROBABILITIES USING'] SDC-
- ' . i i3 ‘xlO—Z) ',. X ‘
v ; ;- = TS U5 Y07 0¥ 0.9 ¥ 3
. . .| «000.20 | 4000.24 |4000.28 | 40GQ.32 4000.36 . \ .
Sl ools , . ‘
: 1999.70 | 3999.74 3999.78 |  3999.82 3999.86 )
A , ’ 2177.92 | 2777.94 | 2777.97 | 2778.00 | 2778,03 !
Oxf) "' . ’ ’
, AR E 2777.42 | 217706 | 2277.41 | 2727.50 | 2777.53 o ,
‘e a .| 20%0.92 2040.94 , | 20€0.96 | 2060.98 2041.00 ;
) 0.7 . , )
. - 2060142 2040. 43 ’(zoz.u.as 2040.48 | ©2040.50
Ly 1562.58  |'1562.59 562.61— 1562.62 1562.66 .
0.8 .. - '
* 1562.08-" ] 1562.09 1562.11 1562.12 1562.14
* 1Y 81234.63 lade.et” ] 1234.65 1236.67 1231..65\ e
‘ 0.9 . N B .
. 1234.1% 123416 | '123€.15 | 1234.17 1234.18
n= 1 1 = 1000 chips : Sy . —_
o : MEAN (units of codelengths)
- - Palign = 074 = 0.00W STD DEWIATION (units of codelengchs)
] i : -
, ' ; f, a: probabil\ty of defection (for each TAD)
’ .- ‘B: probabili %e; alarm’(for each TAD) .
o - n: number 6f sequ detecrion circuits
. x:'codelength . ' }
\. . h ~ ‘ B ’ N | » ‘
a . TABLE 2: MEAN AND’ srmnm DEVIATION UNDER v 10US DETECTION ,
- _ * PROBABILITIES USI ﬁ)‘ Y
RN . B(x107"). : Py
: \\ . . a 0.5 0.6 0.1 1 0.9
: o.s | 4000.20° | 4000.24 |4000.28 ,4000.32 © 14000.36
y i N 3999.70 3999.74 3999.78 | 3999.82. [3999.86 . ;
. 6.6 (2314.93 . 23\1:.95- 2314.98 | 2315.00 | 2315.02 :
i T 2314443 231,45 2314.48°]. 2314.50. | 2314.50 )
. o 1457.80 | 1457.81 | 1457.83 | 1457, Bl | 14s57.86 Lo
: * y . L v
, g b 1457.30 *} 1457.31 '} 1457.33 1457, 36.1 | 1457.36 ot
o 06 976.61 1976.62¢ | 976.63 976.95 "l 976.8% ) ﬁ :
S ‘ : 976.11 | 976.12 976.13 | ~976.18 Y| _976.1s oo
o | 685.91 685.91 685.92 685.93 685.93
d X C 685.41 685.41 | " 685.42 685.43 685.43 -
" LI * * ‘
» n=2 £ =.1000 chips. . * : . . -
_] i ' . MEAN (unics of codelengttfs) Tt .
Pali - n/l - O-\OOZ 1.[.D. h . »
s gn v STD" DEVIATLON (unics  of codelﬂxgc.-w
) a: probabxlxcy of detection (for eachfl‘l\l)) " \
B: probability of false alacm (for each TAD) -
n: rémber of sequente detection ?ucuxts
’ A: codelength . A\ .
. ", . .
' * L, ! : '
B N . * '
‘ - e L C e -
; ' _ \ J\ . L
\ v . '

i
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TABLE 3: MEAN AND STANDARD DEVIATION ‘UNDER VARIOUS DETECTION .
' PROBABILITIES USING 5 SDC '
=% . p
g(xlQ0 )
2 0.5 0.5 .71, T8 0.9
12800.64 . 12800776 |1280C. 89 12801.02 12801.15
0.5 : . ,
4 12800.14 12800.26 112800.39 12801.52 12801.65 ] .
0 4286.91 |- 4286.95 | 4286.99 4287.04 4287.08 J
.6 :
L286.41 428B6.45 4286.49 # 4L286.54 4286.58
. o, | 1700-06 } 1700.07 1706.09 |- 17200.11 | 1700.12
T 1699.56 1699.57 1699.59 T 1699.61 1699.62
’ .8 762.98 762.99 762.99 763.00 763.01
' ) 762.48 | < 762.48 762.49 762.50 762.51
i 3176.35 376.36 376.36 376.37 76.37
0.9
' 375.87 375.86 375.86 375.80 75.87
. , v ¥
a =5 ‘& = 1000 chips. . - ==
( MEAN (unlts of codelengths)
P_,. - £ = 0.005
align o/ ’ | STD DEVIATION (units of codelength
b: probabilicy ,of detection (£for each TAD) f
! g: ,probability of false alarm (for each®TAD)
n: number of sequence detection circulrts -
\ (

i codelength

( ‘ .
, .
TABLE 4: MEAN AND STANDARD DEVIATION UNDER VARIOUS DETECTION
PROBABILITIES USING 10 SDC
B(x107%) ,
P TS 05 K" 0.8 T
0. 206810.14| 204812.17[2068164.19] 204816.22 |204818.25
) N ‘
206809.6% | 704811.67|204813.69] 206815.72 |204817.75
0.6 27564.98 | 27565.26 |27565.53 | 27565980 27566.08
o 27564:48 | 27564.76 |27565.03 | 2756530 | 27565.58
. o 7’ 5057.58 | 5057.63 |.5057.68 5057.73 | 5057.78
€l ] s0s7.08 |.5057.13 | s0s7.18 | 5057.23 | s057.28.
0.8 11.64.21 11664.22 4 | 1164.23 1164%25 1164.26
. f 1163.71 | 1163.72 1163.73 1163.75 1163.76
318.68 318.68 318.69 318.69 318-.69
° , 0-9 . . - @, o Ly
: 318.18 318.18 318,19 318.19 |- 318.19 " |
. .

angn
£ 7 T

>3 W, R

codelength
v.

I
A

n = 10 £ = 1000 chips.

= /2 = 0.010

]

MEAN (units of codelengths)

STD DEVIATION (units of codelengchs)

n
.

"probability of detection (for cach TAD).
» probabilicy of false alarm (for cach TAD)’
i nunber of sequence decect? n CLfCulCS

e .
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. o CHAPTER 3
\ CHAPTER 3
. .A NEW SIGNAL ACOUISITION TECHNIQUE FOR A FREQUENCY HOPPING
7 (FH) " SPREAD SPECTRIN SYSTEW

; ] . “
3.1 Introduction ! . :

In Chapter 2, .t kss'assumed that the n-SDC acquisition technique

was used to acquire a pséﬁd@noi§e (PN), direct sequence {DS) spread
spectrum {SS) signal. However, Jbth slight modifiéations the n-SDC

acquisition scheme can be used t& quire received signals that are
N g

transmitted by frequency h0pp1né. ’

- s

In this chapter, an i SDC acq&151t1on scheme is presented for
4

frequency hopped spread spectrum signal transm1ss1ons The values of

detection probab1]1¢y, x5 from (2.3) and false a]arm probability, By

A
-

from {2.10}), are determined for tle system under various operating
' /T ‘
sition time is evaluated

environments, and the corresponding mean ac
asing (2.33). Since coﬁmunicatio in a frequency hopping network is{not
always isolated (i.e. a single/transmitter-reciever network), tﬁe effect
of. tike user interferenc d intentional jamming will also be ’ ‘<%
considered. “
, . The results of‘[ZT, for spectral splatter effects will be
presented and used to deterhine the‘performance7of the new acquisition
scheme in 4 more realistic operating enviyonment. |

» In [7], performance characteristics are given for various schemes
of coarse synchronization of frequency-hopped épread spectrum‘§Tgna1s.
The analysis provi’i in this chapter w1'11‘ be based on a matched fﬂfcer

scheme similar to that presented by Rutman et al. However, the

- acquisition scheme will have a degréde of flexibility, in that the tota],

3

wt
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number of available frequencies, 2', (equivalent to the codelength in
Chapter 2) and the nuﬁber of frequencies per matched filter bank M',
(equivale;t to thgiBymber of taps per TAD in Chapter 2) can be varied by
the designer. Thds:ﬂtradeoffs will be discussed for choos%ng the
optimum number of total channels and the number of frequencies per
filter bank, under various operatihg environments.

@
|

. ¢
3.2 The Frequency Hopging (FH) Acquisition Technique
Y

It is assumed, for analysis, that the acquisition scheme~for

frequency hopped signals is composed of nzbanks of matched filters. .

\ Ejgure 3.1, shows one bank of the matched filtering technique. The bank
b [ 4

quresents a standard matched filter scheme, where the fi1ter§ are

- matched to a -specific frequency hopp}ng pattern consisting of M'.

N . N 1
frequencies. Further, it is assumed that the frequency hopping pattern

is generated by a linear feedback shift register (LFSR) -and a frequency

’
synthesizert Thus, the M' frequency pattern is determined by a unique

<
feedback connection or the LFSR. If the totg} number of available
frequencies 2', ¥s small say 2' = M', then the user is susceptible to '

both like user interference (assuming a like users share the same 2' -

frequencies), and jamming interference. To minimize the susceptibility )

to external interference, the number of frequencies %' is increased.

This increase -in frequency results in the need for additiongl banks of

| matched f11teré%g. It is-Mysumed, that each bank of the n'-bank system,

wiﬁ]fbe matched to a unique frequency hopping sequence composed of M'/n'
frequencies, and none of the M' available frequencies will repeat, (i.e.

each of the 2' frequencies is used only once).

!

»

;7
/
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The analogy can now be drawn between the FH acqggsition scheme and

‘ the direct sequence (DS) acquisition scheme presented in.Chapter 2.

Each matched filter bank in the .FH system can be thought of as a tapped
analog delay (TAD), where each tap is represented by the bandpass
filter, square law detector, énd delay, ﬁ?@. 3.1. wggn the proper
frequency sequence is received, and the thfeshold exceeded, the
corresponding bank will peak. Since n' banks of matched filters are
usea to acquire the received signal, sequence‘detettion circuits {SDC)
are|rgquired. Thé SDCs are used to detect the cor;ect sequence
1»2»3*...+n'/f;here 172¥§$...+n‘ refers to matched filter bank 1-

-~
matched filter bank 2> matched filter bank 3»...-matched fi}ter bank

!
'n' peaking in correct order), as well, sMa]]éF‘EequenCes cah also be

b
detected 2»n', 3»n', etc., Fig. 3.2, The analysis presented for DS
acquisition can now be applied to a FH acquféition scheme, and the
resulting detection and false alarm probabilities can be determined .

under various operating conditions, to yield the mean actuisition time.
* 3

3.3 Bit Error Probability for the.fFrequency Hopping Acquisition
T —

Scheme

In the analysis of a frequency hopped spread spectrum system,
consideration is often given to the operating environment. The operat-
ing environment, consists of; the number of users, thé presencé of

¢intentional jamming, the type of jamming used, the number of availalbe
frequencies {(channels), the transmission power, the jamming power, spec-

tral splatter effecty, etc. Analysis of the new frequency hopping

spread spectrum acquisition technique, is é@§ed on the assumption that

13
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. . ' .
signal transmission occurs in the presence of partial band jamming. As

well, the effect of spectral splatter is examined in the analysis under

“various signal-to-noise ratios, éota1 jamming power and channel
availability conditions.,

To détermine the mean acquisition time using (2.33) }or a
frequency hopped system, the detection and false alarm probabilities for
the ith_filter bank,'ai and B respectively, must be evaluated from the
bit error value producei for a specified operatiﬁg'environment.

The equation fqr bit error probabi1it}, Pb,‘wi1] be presented for
the.case where spectral sﬂlatter is §ign{}icant only in the two chgnﬁ%1s
adjacent to the transmission channel. The network is composed of
indepehdént frequency hopping systems each generating an equivalent
amount output power, each user having the same total’ frequencies &',
Feach user is approximately §}ationary over one bit interval, and éagh
user transmits gimilar waveforms. c

To determine the bit error probability, Pb, several .intermediate
probabilities must first be defined. Initially, P(Ejk), the probability
of the event Ejk occuring, must be determined. Ejk is de?ingd'as the
event that j interferers use the transmission channel and k interferers

use one of the two adjacent channe]%. The probability of bit error

given Ejk is denoted as PbE(j,k) and thus the bit error probability is

g Nij ( ' (3.1)
P, = P(E. ) P .(j,k) 3.1
b 320 K=0 jk’ "bEt

where (l is the total number of potentially interfering hoppers in the

network .
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Each 1nter%erer can transmit in any hopping channel with equal
‘proﬁabflity, and therefore the interferer can hit the transmissioﬁ
channel with probability d/s2'. The variable d is defined as the duty
factér and represents thelproducf of the'pfobabi1ity that-a significant
portion of the intefferer's waveform occurs during a bit interval and
the probability that an interferer is transmitting. The probability
that an interferer hits one of the two adjacent channels s 2d/x'. It
1s‘assumed that thg total number of available channels g', is large
enough to neglect the fact that the channels at the end of the bandwidth
have only one adjacent channel izé?eadvof two.

,THe probability that 'the power does not hit the transm%ssion
channel or one of the adjacent channels is defined as (1-3d/2'). The
number of ways in which the interferer can hit the transmission channel

is (?) where

Ny _. ! ’
(.])— _‘]'-'_(NT,]F’T" | {3.2)

If j+k<N then the number of ways of hitting one of the adjacent channels

is (N;j). Thus, P(Ejk) is defined as

j . k “N-j-k -
Ny d I N-jy 2d 3d
substituting (3.3) into (3.1) yields . ) ' *

NoN-T e Ny Negy d T g N3k
J-Zo k2=02 (GO g - ge) Pppld k) (3.4) .,

b
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N N ke N-j-k
po= 11 2T a3 e @)
j=0 k=0
JHke L

and the upper limit of the bit error probability, for j + k > L is

@

N N-J L§~?J+k N-j-k

IR A A A T T SRR (3.6) 7
3=0 k=0 . .
JkoL :

The conditional probability PbE(j,k),'in (3.5) is defined by :

: j k k

P k) = .0 SP0T x. 4K Ty W fix)n fly,)dx,.

. BE™ o o i1 o4 iyep tyep TV
c , (3.7)

.

..dxj dyl...dyk

th

The expression x. is the ratio of power from the i 1nterferer using:

j
the transmission channel to the power of the desired s1gna1 at the

.

demodulator. The expression Y; is used as a variab]e change, to

'

~a

simplify'the expreséion (3.7), where Yi *® zj/K.
. th

The variable z, is the ratio.of power from the i~ interferer using one

of the adjacent thahnels to the power of the desired signal at the
demoduiatpr; K is the ratjo at power from an adjacent channelt

5 ’ ' ' '

interferer to the corresponding power that would be produced if the

interferer were using.the transmission‘channe1. Basica11y, X5 and Y3

- . i k
are ihterference-to-signal ratios. The expression P( 2 Xs +K y Y; ) +is
i=1g j=1

the ﬁvbbabi1ity of bit error given j interferér§ in the transm1ss1on

v

channel with interference-to-signa1 ratios X, X,, Xé,....,xj and k
interferers in one of the two adjacent channels, with

interference-to-signal ratios Ky,, Ky,, Ky,,...,Ky,, where the change
, 1 2 3 K

¢ -
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of variable y, = ziVK'is substituted for simplification. By modelling

each interferer as an independent zero-mean process, it _is possible to
: ~ .

'treat'the'probabi1ity as a funcfion of the's&m of ratios x; and Y For

’ B

. : R N ke Co
ease of analysis, the expression P( § Xt K } fi)'Wj1J.be defined as
! . i=1 i=1 | '
follows - o
Jjooe k :
i=l i=1 '

¢ A

3.4 The Operating Environment: Jamming and Deployment .a

Thus far, it has been assumed that j inté%ferers use the

transmission channel and k interferers use one of the two adjacent

0

channels. As well, each user shares the same 1'"frequencies. We now ™ -

consider the effect of jamming and the deployment of the transmitter and

.

receiver.
If we assume the use of binary MSK, differential demodulation
yields an expression for the bit error probability given in [18]

. . 1 eRS ' o ) .
P(E} = 7 exp (;-7¢F) . (3.9)

3 i

where RS is the desired signal power, NT is .the total white Gaussian

noise power, and ¢ (approximately unity) is a variable depending on the

demodulation. 1In .the presence of other ugers_and jamming, the noise NT
can be modelled as

Np = Nth + Nj'+ Rsx - o (3.10)
where Nth is the background and thermal noise, Nj is the power (noise)

produced by the jammer, Nj = 0 when no Jjamming is present, and Rsx' is

k4

F O Y

FRY
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the summat1on of the power resu]ting ‘from the other users in the
network I . . '

t

If repefter jamming is used, and the repeater is’éufficient]y:

close, the probability of bit error (3.8), becomes , . , .
i eR . . . - . .o
P(x ) = 7 exp (- A N’ T ) . (3.11) . .
th
. -The resylts io belp§esented in a 1atter‘§ection, will be baﬁsd on the .

total £' channels. S (x') ds the probability of b1t error g1ven X, and

A3

’

,the event that ¢he transmission channe] is not Janmed, defined as :

assumption that the signal RS s transmitted in the presence of

partial-band jamming. ‘The probabi1ity'of.bit error (3.8), for”

0

partial-band jamming is ‘given by : L .
i - . at
Px) = -—r) s, (x' +§.Tsl(x') o (32) .
J is def1ned as the nunber of channels the interferer h1ts out of the. . . .

' 1 ’ E:RS | ! . - 4‘ '
SO(X ) ='2' exp {- N—TR_T_) . / . .(3-1.13) '
th s g,
We see that Sé(x') is the probability of error caused 07;y by background -
noise, thermal noise, or like user interference. The exﬁre%s?on,sl(x'),
is the probability of bit error given x' and the event that the’
transmission channel is jammed, defined as ‘ . '
E‘i ) . ”' - : ’ %
S (X ) '. exp (- W) . - ’ (3-14). - '
A J .o . L
°y
The der1vat1on of S (x* ) and S (x ) is outlined in Appendix B. ‘
07
e In (3 7), f(x ) represents the probability dens1ty functlon for an

e’
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interference-to-signal .ratio givsp that the interference enters the

transmission channel; and f(yi),.represénts the probability density

. function for an interference-to-signal ratio given that the interference‘,b

enter§ one o} the adjacent channels.  The probability density functions
are dependent‘on the deployment statistics. /

! The distance between a possible interferer aqd a receiver is
significant in determing if the interference will cause a bit error. We
assume the effect of the intererer is negligle past an outer radial
d1stance RO’ and the minimum inner rad1a1 dIytance between the receiwer
and an 1ntgrferer is RI’ Figure 3. 3, shows the boundary allocation,

where D is the distance between the receiver and the transmitter.

The radial density for a uniform location probability is given

by, . -
— - Rk
Ro =Ry~ -
fr) = 0 elsewhere '"l/ (3:15)
and is shown in Fig. 3.4. ;
By deriving an equation that relates d;ployment statistics to the .

interference—to-sfgna1 ratio, we can determine the density funcf?oﬁ for
the 1nterference to-signal ratios, f(x ) and f(y ). If we define the
interference-to-signal ratio as U, and assume the rece1vqu;ower varies
inversely with v th power of the d¥stance D, between receiver and

transmitter, we obtain
u= (% - (3.16)

It is posible to take the Jacobian of (3115), since all the conditions,

as in [19], are satisfied for its existence.
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yields the e&pressﬂon(foﬁ‘thg density function of the

~

interference-to-signaj ratio f(U).

P .
- ALY

) - “ - \
’ f(u) = f(r =D llv)'.|%61 ) RI< (r = DU I(V) < RO
. K Lt
‘ -f/v -(i+v)/v v v
. - 20U |-%ou' (%—) <U<(%—)
\ (ROZ-RIZL I 0
. " 1 ,
2 ~(2+v)/v . v .V
» 207 U D D
. © (g < U< {g)
v(ROZ-RIZ) “; “3
-~ F - ' [}
] . .
0 ; elsewhere (3.17)

Typically v is equal "to 4.
| To evaluate the mean acquisition time using (2.33), we must first
getermine the detection probabi1itiés per bank s and the fa]sehalarm'
probabilities per bank Bj‘ To calculate the detection and false alarm
probabilitjes, as iin [8] we assuwe a; = a and g, = g.(for all i). The
detection probability per bank a is then defined by the bit error
\\\ probability (i.e. the probab%]ity th;t the power in the complementary
channel is stronger than the power in the transmission channel for a
;éceived §§9"61 RS): 1f we assume each filter bank nusthexceed a set
thresho]d“ﬁimit, TH, Fig. 3.1, and the detection probability per bank is
binomially distributed (due to the randqmnesg of interferers), then the
deteé%ion probability can be written as,. ‘

m ' -
a1 R0 pp)¥ip)™ ¥ . (3.18)

N

[p——

; ‘ . > :Taking the Jacobian of '(3.15), with the relation given in|(3.16)t‘
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. s
Pb 1§jdefined by (3.1), and M' is the number of channels per matched
h 4

~

filter bank. -

Similarly, the probabiWi}y of f;T;e‘a1arm is defined by the bit
error probability Py given by (3.1). However, P; is n;w the prdbabi]ity
that the power in the transmission channel exceeds the power. in the
complementary chznnel, and is evaluated for R, = 0 in (3.13) and (3.13).

" Again, assuming the threshold, TH must be exceeded; and a binomial

distribution, the probability of false alarm g becomes, (

m' i’ \ . ‘ A ¢
p= 1 (M- Ve (3.19)

.Y=TH

3.5 Results .

The results_are based on the ope?ating environment outlined in
section 3.4. The progab111ty.of bit eyror is calculated for a varying
}umber of total available channels %', a varying number of pdten;ia]
interferers N, a J;rying number of jammers J, and a vary!ng number of
channels per matched filter bank M', using the expression obtained in

(3.12) to (3.19).

computational time 1\ evaluating'PbE in (3.7), (L = 2 implies we only
consider the effeé%,on mean acquisition time for two or ;éwer interferern
hitting the transmission channel and/or adjacent channels),

and using the software routine outlined in Appendices C.and D; the
following results were obtained. Intuitively, we assume for L 2 the mea

acqu1si£%on time should increase. -

-

' Setting, the limit L in (3.5) and (3.6), to two in order to minimize s
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These results illusgrate the behaviour of the frequency hopping
. » »

acquisition technique, in terms of mean acqbisition time, under various
operating conditions. Comparing Figs. 3.5 - 3.7, we see that incregsing

the nu'ber of jamming tones causes the mean acquisitiop time to increase

»
significantly, for a high th;esho]d limit. The mean acquisition time

is measured in units of the duration of a single frequency hop; since the

mean acquisition time (2.33) is caltulated in units of total available

channels 2', we mu};tbfy the resulting valug of the total number of o

Ak, P

available channels %n order to represent the méan acquisition tiTg,in

standard units, independent of'x'. If we compare Fig. 3.6 and Figs. 3.8
to 3.10, we see that'increasing Ehe nuﬁber of potential interferers (1ike
users), other parameters held f1§§d, has the same basic effect as increa-
sing the number of jamming tones. Figure§"3.15 and 3.16 11Wstrate the -
effect of increasing the number of sequence'delection circuiis,’for a

given 2', on the mean acquisition time. As the n@hber of sequence detec-
tion circuits is increased for a set ﬁumber of'tqlerable limits, the meaB

acquisition time is significantly reduced. If we compare the mean acqui-

. sition time for £'=512, in Fig: 3.16, for n'=16 and n'=32: we see that

there is a noticable reduction in the mean acquisition time for the case
of n'=32. This inversé relation between mean acquisition time and the
number of sequence detection circuits is observed at 2'=128 and &'=256,

as well. . .

‘q

,’\'1'.:“ i
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CHAPTER 4
i ~==~ SUMMARY, CONCLUSIONS AND RECOMMENDATIONS

In this thesis, a new technique f6r spread spectrum sigﬁa]
acquisition is proposed. The new acquisition techpique is first applied
to a direct sequence (DS) spread spéctrum sysgem, and its peformance, in
terms of mean and standard deviation of the acquisition time, ‘evaluated
for various detection and false alarm probabilities. 'Second1y, ;ith
minimum modifications, the new acquisition scheme is applied to a
\frequency hopping (FH) spread spectrum system, and the mean acquisition
time is determineq for a hostile environment (spectral splatter under
jamming). It is evident that-the n-SDC acquisition scheme lends itself
quite easily to both direct-sequence and frequency hopping applications,
because of its "self-contained" nature, and also provides acquisition in
a relatively short period of time.

. Use of the n-SDC acquisition technique for direct sequence (DS)
spread spectrum systems, has a significant effect in reducing the mean
chuisition time. It was demonstrated that the reduction in the mean
acquisition time was enhanced with the use of several SOCs, provided the
detection probability was large. By -increasing the number of sequence
detection circuits in the system, the mean acquisition time can be'
lowéred, however, there is an upper limit to the nuﬁber of SDCs that can
Be used to reduce the acquisition time. We therefore must conijder the
tradeoff involved in selecting'an appropriate number of sequence
detection circuits for acquiring the signal. The codelength presented

for the direct sequencevcase is acquired in the least amount of time,

”~
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N
when 10 SDCs are use (a=0.9), however, as the number of sequence
detection circuits is increa%ed, the circuit complexity involved in
implementing the system increases too. .If we consider the use of 5
SDCs, to acquire the codelength, then the increase in mean acquisition
time is not much more than that of the 10 SDC system, (z=0.9). Thus
there is a tradeof% between the cost factor (i.e. the circuit complexity
associated with using more SDCs) and the mean acquisition time. It
should be noted that 1ncreaéing the false alarm probability g, has
1ittle effect on the mean acquisition time, (for the results obtained in
this‘ana1y;is).

The extension of the n-SDC acquisition scheme to a frequency
hopping (FH) system can also provide better acquisition performance. It
has been shown that the mean acquisition time is reduced when more SDCs
are employed to acquiﬁe the frequency hopped signal, independent of the
total number of avaikab]e channels. We have also observed the existence’
of a certain threshold level, which provides a minimum mean acquisition‘
time for, one operating environment, but as the number of jamming tones
or potential interferers increases, the same threshold value no longer i
leads to agquisition in a minimum amount of time. As expected, reducing
the signal-to-noise ratio resu]ied in longer acqujsition times,
particularly under heavy jamming and a high threshold level, TH.
© A few words a?g worth mentioning, at the end, concerning the
complexity of the proposed multi-SDC system acqhisition technique.
Using off the shelf technology and CCD delay lines, a prototype model,

'y

employing 8 SDCs can be easily implemented. With VLSI technology and

o~

better resources, implementing a 32-SDC acquisition sxstem will not
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pose any serfous problems. The crucial rule of the acquisition problem
in SS systems and the appeciable decrease in the acquisition times
obtained from the new multi-SDC system technique, should justify the
complexity (if any), involved in implementing a 32-SDC system.

We have seen how increasing the number of sequence detection

\ circuits’n, increases the probability of alignment and the probability

\ of detection, yet at the same time, increases the false alarm
& probability. It is left for fu£ure research to fhplement and test
\?erformance of large (n~ 32) and small (n~ B) §OC systems.

Finally, we should note that it is possible for one SDC to
ihdicate false acquisition and move to tracking, while another SDC
correctly detects acquisition, thereby causing the acqu¥sition to be
missed. For future research, a system can be designed a&d tested that
is c;pab1e of 1mmedfate1y moving to tr¥cking, once the previous false
tracking has failed, and another SDC has 1ndicated‘acquisitioﬁi Such a
system will make full use of the multi-SDC acﬁufsition technique

<

benefits.\
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APPENDIX A
DERIVATION OF THE VARIANCE OF THE MEAN ACQUISITION TIME

The generat1n§ function for the mean acquisition time is given

v

oy 4

by,
' P Ty 4 .
iz = AHand o (A.1)
To determine the variance of the mean acquisition time the
following expression f
2 2
2. Bopl) . 2 grl2) ) (aGF(z)) ' (1.2)
T l dZ dF '

mst be evaluated.
, .
If we denote the numerator and denominator in (A.1) as N(z) and
D(z) respectively, then the expression for the variance in (A.2) can be

written as,

g’29 =‘aZM(z) U%“) - CaNfz) 1 30(2) _ dN(z) é aD(z)I
T. Z z) | Y IY 4 oz d2 Y3
. oz =1 .. (z) |z=1 0%(z) lz=1
) “ 2 2
+ 2 Nl2) [aD,,(z)] _Nz) @ D(z)I
v a’ ';’; .
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“Substituting (A - 1 =4,) and (A =1 - ) into (A.1), and evaluating
(A.3) yields, “

»

2 2, 2 2
o1 = [g Patignt et g pa]ign(l'ealign)'ZK“f“dpalign

2 2 2 2 2 o2
K e Parign 1P arign) ¥ & ke vePaTign /

)

(1-p )

align

-
-

-p (1-p

Lo 222
align*d - “*d "align ~ hpng P a11gn align

] - L J

2 2 2,2 2 2
v, g “dpalign(1+Pal1gn) - Kug “dPalign

¥ 4K“f“dpalign(l'Pa1ign) * 2p'dpah'gn

2 2,2 3 ’
* Kugy pa]ign(l'palign)}/(Pa1ign“d) (A.4)

Further simplification produces .

2 2

2 _ 2 2
a11gn - Kug “dpa11gn

‘ 2
. or- = [-n4 Pah'gn ¥ “dp

2 2 2
* Kug “dpah'gn(1 ¥ Pa]ign) * 2Kuf“dPaHgn(l - Pa]ign)
2 2, 2 3
N Pah’gn(1 - Pa]ign)]/(Palign“d) (A.5)

Fina]]y‘the variance can be represented by

| 2
o2 = (-Parignta e ¢l1-Parign!] *"“f“ Patign! (2*KedPa11gn)
' (Pal1gn “d) o,
(A.6)
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APPENDIX B
CONDITIONAL BIT ERROR PROBABILITY FOR FSK

For completeness, the procedure for evaluating the conditionél bit
error probability for FSK, FTorrieri [2]) is summarized here.

If binary frequency-shift keying (F8K) is used to modulate ‘the
transmitted signal, then a demodulator, such as the one shown in Fig. ’
B.1, is necessary for data recovery. The noise entering the bandpass

L
filter is assumed to be additive white Gaussian {AWGN), with a flat

_spectrum across the filter passband. The band limited AWGN, at the

output of the bandpass filter i, has the narrowband rebresentation
ni(t) = "ci(t) cos ”it - "si(t) sin “it’ i ='1,2 (B.1)

where w. is the center fregquency and n.;(t) and ng.(t) are independent
Gaussian processes wi!h noise powers equal to Ni‘

‘The jamming signal at the output of the bandpass filter is given

by
-
Ji(t) = B(t) cos[wyt + o, (t)] i =1,2 " (B.2)
If/Qe assume a bina%y symbol répresented by
sl({) = A cos w,(t) ) (B.3)

is received and is bandpassed through filter 1 with 1little distortion,
then the total power at the outputs of bandpass filters 1 and 2 is
respectively given by,

N

xl(t) = A cos wit+ B1 cos(wlt + ¢1) +n_, COS mlt - ngy

cl
and

xz(t) = 82 cos (wzt t,¢2) + n;z cos wzt =Ny sin 92t (8.4)

- B e ¢ e SRR
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A typical bit *interval is defined by 0 < t < Tb’ and the §amp1ing time, -

can occur anywhere during this interval at s time, t = T' The-

1"

equations in (B.4) can be represented by x,i(_t)\z Ri(t) cos (wit + ""‘i)’
L

i=1,2, and the outputs of the two envelope detectors at time t = T1~

are found to be

.2 2,1/2 "
l-(z1 +‘22) \ /\

R -
and "‘/ N (8-5)
' - G 2,1/2 : | R
Ry = (23" + 2,°) : ,
respectively, where d .
z; = A+ By(Ty) cos [¢1(T1)] + 0 (T))
. )
z, --Bl(T13 sin [0,(T))] + ne (Ty)
° (B.G)
23 = By(Ty) cos [0,(T))] + no(T)) oy
z, = B‘g(.Tl) sin [o,(T))] + n,(T))
Denoting the mean of zil by M., we have "
MI = A+ Bl(T11 cos [¢1(T1¥]
My = B1(T)) sin [¢,(T))] ' (6.7}
-
;+ M3=B,y(Ty) cos [¢2(®T1)]
M

5 = By(Ty) sin [6,(T))]

.since the noise is assumed to be a zero-mean process. Assuming Bl(Tl)

and ¢1(T1). are given, the J;oint probability density function of z and

"z, s, ' . ?

- T
| -2y -M)? - (2,My)

LTRSSk N —] ¢ v 8

1-
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¥

Defiﬁ%ng z, = R1 cos 6 and z, = R1 sin g, the Jacobian-is equal to |R11{

and hence the joint density of R1 and g is

2 ' L 2 g 2
f1 -rll+2r1M1cose+2r1Mzsine-M1 -M2

gz(rl,e) = ?ENI exp i

.

(B.9)

1

! rl_> 0,\\e| <7

To determine the qenéity of the envelope, R1 we integrafe {B.9) with: .
\

respect to 6, yielding

.y . . 1

¢ ir )= L ex (7012-r12*) I (Dlrl) P> 0 W (B.10)
PR T e N '
‘ . ,
where (
2 w22 e a2r e o (T Y cae e (T A1 (RAT)

and Io is the modified Bessel function ofifpe first kind satisfyﬁpg

’ I,(x) = jz" exp [x cos (u + v)]du ‘ g . (B.12)

|

”n

regardless of the value of v.
Siﬁjlar\j, we can obtain the density function of ‘the oﬁtput from -the

envelope detector in the alternate branch

- .
2 .
r -8,7-r," % B,r . . .
_ M 2 "2 2"2 |
fz(rz) = N-Z’ exp (-——-Z-N———) IO (—N-z-), rs>0 . | !B-l?ﬁ)

reyam . TR e ' C e stk biherl, T

e
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/

Since sl(t) has been transmittqd. an error wif] result if R2 . Rl'

. Therefore, the probability of error is

P(E|1) = jz flr) [ 7 fplrydryJdr, - . (B.14)
N .
Substituting equations (B.10) and (B.13) into (B.14) yfelds N
L .
PEE[D) = [Tg (=, x) Q= , —) dx .. (B.1B)
T . \

where the Rician function is defined as
) oxPea? |
qh}x)=‘xe p (=) I {ax) - (B.16) '

"and the Q-function

{
Qla,B) = /7 qla,x)dx . ' 7/ (B.17)
B '
By ﬁsing,the following ideniity, the 'integral in (B.15) can . he
evaluated ‘
~ 1" qla,%)Q(b,rx) ( )—72 [22"2] ——Z“""‘) '
“ [7 qla,x)Q(b,rx)dx = Q(v ,v - exp x I ( :
.0 - 2l Ler 2(1+r") O 1t
(B.18)
where s
\ ’ ’ ‘
) _oar _ b
Wit T =
/1+r /1+r
~
J .

. i .. ) . ¢ St 4 £ 1,2 |
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Substituting the identity (B.18) into (B.15), we obtain

»

a2 2

PIE|1) = Q (—2, ) - exp x1_{
| AT, T L) * Lo 0¥,

(B.19)

This expression yields P(E/1) for fixed values of B(Tl)'and'gl(Tl).
However, if these paramete;s aré modelled as random variables, an
overall P(Ell) can be determined by integrating the product of equation
(B.19) and the joint density functions of Bi(Tl) and ¢1(T1).
ﬂe assume narrowband angle-modulated jamming and thus Bi(t) =
Bi(Tl) = B,, a constant. The density function for ¢1(T1) is assumed ts
be uniformly distributed over 0 to 2x radians, since ¢1(t) is
nonsjnchronOUS with the carrier frequency of sl(t). Thus the overall
probability of error becomes o “
BE[D) = 2 ple|D) dp, (8.20)
Zn o _
The bit error probabilidy can be determiﬁed, by an analogous
manner, for a received symbol represented by

L4

.sz(t) = A cos w,t | ) (B:21)
Defining
D, 2 = A2 + B,2(T,) + 288,(T,) cos [6,(T,)] ° . (B.22)
2 21 2''1 2''1 ' o )
v , 'L:U
e - ) \ - n}l;:-\i\'u';u;w-z'{" W

1 . '
Yao,
.
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yields

P(E[2) = Q ¢ , ) - " exp x I
| Ve e LR [2‘N1*"z’] o T,

(B.23)
If Bi(t) = Bi(Tl) = Bi’ a constant, and ¢2(T1) is uniformly distributed,
then

. P(E|2) = I” P(E[2) do, . | (B.24)

1
2R
Now,‘if the transmissign of sl(t) or sz(t) is equally likely, the bit

error probability becomes

s

P(E) = 3 P(E[1) + 5 B(E|2) | _ w&m ,

'~Substi¢u€;;g (B.20) and (B.24). into (B.25), forms

: 1 .2 B, D, (x) By D, (x)
P(E) =E fondx {Q[ ’ ]*Q[ »
N, N, LT L
Ny 8,20, %00 0 0,(x)
-y P [y o ) ~
1 1% 172
| Ny’ -Blz—Dzz(x) ‘ By D, (x) ~
- W exp [m;)—] IO —N—+n——]} ' (8.26) .

172

S e - B ) B ———



i B
where

0;2(x) = A% + Biz + 208, cos x , i=1,2

’
. The various conditional bit error probabilities can now be calculated

form (B.26).

" The probability of bit error givewn that an equal amount of

., Jjamming enters both channels, S,, is found by setting B,'= 8, = /7Kj in

.}

(B.26), where R, is the jamming power. Setting A = /2R, where Rz is

the power of the received signal, yields

.. 2R, .
.1 .2 j D{x) o |
| Sz - . Ion dX{Q[ —N'T1+ > ’ /—+ ~ ] . .

172

-ZRJ-Dz(x) /2R, D(x)
-z [ 70N ] 151 N | \
where -

) K ,
D™(x) = 2R  + 2R; + &/RR, cos x

By setting B, = /?ﬂ;; and B, = 0 in equation (B.26) the probébility of
bit €rror given that narrowband jahming enters a sinble channel, Sl'
can be found. The result is simplified by using equation (B.12),
IO(O) = 1 and

) .
0(0,8) = exp ( - 5-) C | " (B.28)
to obtain 5 . ) ° .
s, =L 3 s_ )  (8.29)
91 T 7 Q N1+N2 o N1+N2 . el
/‘--
éf .

" ) ' (8.27)
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where N1 is the noise power in the janﬁnd channel and N2 is the noise
“

power in the alternate (unjammed) channel.

o

For binary MSK with spectral splatter, we set Rj = 0, Rs s eRs and

-
N1 + N2 = Nth + Nj Rsx' in equation (B.29), to obtain
st = L e (s (8.30)
x') = 5 exp . : B.

1 Z mwﬂlj +Rs§ .
where ¢ }xypically unity) is a parameter which depends on demodulation,
Nth is thermal and backround noise power, and N, is the jamming power in
the jammed channel.

The probability of error when neither channel is jammed,‘sgf is
given by
s =1 e s : (8.31)
o~ 7 PN, - .
~,For binary MSK with spe;tra1 splatter, Rs = eRS and N1 + N2 =
Nth + Nj + Rsx'. where N',j = 0 (neither channel is jammed) in equation
(B.31), thus
| eRs .
AN
- , A~
\
S
- . /
g .
4 P




[ \) * ’
SRR - 113 -
LTy F ' , " APPENDIX C

s MEAN ACQUISITION TIME LISTING FOR CHAPTER 3

a . .

1 PAOGRAM BITERR(INPUT,0UTPUT) . :
2 , REAL STDEVN, PL, PU, FU1, COMH, SHMALLD, PIF, RS, J&M, PE
3 REAL MEAN, VAR, STDEV, ALPHA, BETA, MUF, MUDEE, PALIGH
4 REAL MEANOR, PENTIM
) INTEGER NWOP, LIM, TH, H, MPRIME, NPRIME, LPRIME, R, Z, LP
- 6 DOUBLE PRECISION PD, PF
7 c -
. 8. " c ¢ '
g c , .
N - c lll.’l..\'l'lll'llllllllllllll..lllll..!.'l.....ll..l!ll.!ll.
'll C [ X R J RSN BUSREI NN E TR IROONRRERNNIBABITREBEOENSERERRORAEDY
"2 c "er VARIBLE LISTING see
‘3 C 'EX} [ X R J
w7 c LR R PL: LOWER LIMIT OF BIT ERROR PROBABILITY ves
15 c e PU: UPPER LI'MIT OF BIT ERROR PROBABILITY (LR
16 c e PU1: INTERMEDIATE VALUE OF PU wew
17 c "o COMB: FUNCTION U TO DETERMINE THE COMBINATION s#»
18 c e OF TWO NUMBEXS ses
19 C vee SMALLD: DUTY FACTOR EQUIVALENT TO THE PROBABILITY ®e®
20 c LN THAT AN INTERFERER IS EMITTINGC POWER s
21 C tee DURING A BIT INTERVAL eee
22 ¢ LY PBE: PROBABILITY OF BIT ERROR GIVEN THAT J OF THE tse.
23 c see INTERFERERS USE THE TRANSMISSION CHANNEL AND '(--t
24 c’ see X INTERFERERS USE AN ADJACENT CHANNEL LEL N
25 c see PE: THE PROBABILITY THAT J INTFERFERERS USE THE tes
26 c see THE TRANSMISSION CHANNEL AND X INTERFERERS LRR]
217 o see . USE AN ADJACENT CHANKEL vee
8 ¢ see RS: THE AVERAGE POWER IN THE INTENDED TRANSMISSION tes
29 c aee CHANNEL AT THZ RECIEVER boe
30 c e JAM: THE NUMBER OF CHANNELS THAT ARE JAMMED tee
31 * p C ese NHOP: NUMBER OF POTENTIALLY INTERFERINGC LIKE tes
32, c toe USERS IN THE NETWORK vee
33 c cawe LIM: UPPER LIMIT FOR -THE NUMBER OF ALLOWABLE AR
‘¢ 3u C tes INTEGRATIONS soe
35 c vee LPRIME: NUMBER OF AVAILABLE USER CHANNELS tee
36 c eee EQUIVW@E LENGTH see
37 c see TH: THE THRE A FILTER BANK MUST EXCEED IN sus
18 c R XN ORDER TD DECLARE SYNCHRONIZATION sue
39 c see MPRIME S THE NUMBER OF CHANNELS (FREQUENCIES) IN see
49 c “ee A MATCHED FILTER BANK vee
U G @8+  NPRIME: THE TOTAL NUMBER OF MATCHED FILTER BANKS - see
42 ¢ vee PD: THE DETECTION PROBABILITY USED IN DETERMINING *e¢
43 c ces THE ACQUISITION TIME e
Ly ¢ see PF: THE FALSE ALARM PROBABILITY USED IN . tee
45 c one DETERMINING 'THE ACQUISITION TIME * Tane
45 c ®ee PENTIM: IS THE PENALTY TIME ASSOCIATED WITH (22
Ly c see FALSE TRACKING LR
ug <, ees  HEANOR: IS THE NORMALIZED MEAN iee
43 c es¢ STPEVN: IS THE NORMALIZED STANDARD DEVIATION VALUE oww
50 ¢ 'YX aee
5] c IOOOIII'lilll.!llil!lll.IOUCI..IOII..!CI.IIC.I.i...l'l!l!ll.
52 c [ E XX R RN R X Y R R R R R R R N N R RN N RE RN RRRRSRNNRERRNENENRNNY
53 [ )
S5u [
5% c s
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100
101
102
103
104
105
106
107
108
109
110
1
112
113
114
115

C

@

o

20
10

1]

99

PE =

PRINT $80 VY
bo 25 NHOP =
bo 26 LR x 7
LPRIME = 2%%Lp
DO 27 4
JAM = 10.0°°Z
SMALLD = 1.0
HPRIME = 32
bo 28 TH £ 2
PFez 0.0 -
0o ,29 R =0,
IF (R ,NE. O
IF (% .NE.
coTO 29
ELSL
RS . =
ENDIF
ELSE
RS = 3.1623
END IF ¢
PL = PUY =
LIM = 2
DO 10 ~J =
Do 20 X, =

0.0

0,N
0,(

ZC.K .

LAND.
10) THEN

10,40,10

o9

.-0,2

I, MPRIME

10

3.1623 * R

3

HOP
NHOP-J)

R..NE. 1)THEK

a

*q

@

$1-395MALLD/LPRIME)®® (NHOP-J-K) ¢

o
“
.
.
.
.
: .
R B
'l o
® 0
.
R P
.
. @
. oo
. .
d ‘.
.
y "
+ »
9, +
. IS Q
5 .
.
A
LN 1
.
L]
v
: s
2
©

(SMALLD/LPRIME)®®(J+K)?COMB(NHOP,J)*CONB((NHOP- ) ,K)

IF ((J+X)
PL =

ELSE
PUT = PUY »

END IF .

.LE.

CONTINUE
CONTINUE .
PU = PL « PUY

LIM) THEN

PE ® 0.5

1F°

0.0) THEN
TH,MPRIME

(RS .EQ.
DO 88 H =
PF =z PF

CONTINUE
GOTO 212

ELSE .

DO 99 H 5 TH,MPRIME
PD =
CONTINUE
GOTO 212

Iy

END IF

If

(RS .EQ. D.0) THEN

'

+ COMB(MPRIME,H)

PD « COMBIMPRIMI,H)

N

PL + PE * PBE(J,K,LPRIME,JAM,RS)

&

)

¢ pPUSEY & (1.PU)**(MPRIME~H)

y/(1-9uw-'u * PUYS (MPRIME-H) '

\

PRINT 590,NHOP,LPRIME,JAM

PRINT S91,TH,MPRIME
BRINT 592,RS

a.
4

u

e TR A i

-
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. v
116 c PRINT 595,PL,PU | _ - . .
117 c PRINT 600 ,PF , . "
18 o, ELSE ' : ,
119 PRINT 592,RS R
120 c PRINT 595,PL,PU ’ ' .- > v
121 c PRINT 601,PD , :
122 c : et
123 c o 4 ) .
124 NPRIME = LPRIME / MPRIME ' .
125 © PALIGN = 1.0 7/ MPRIME
126 PENTIHM =z 1.0 .
127 MUDEE = MUF = 0.0
158 CALL MUFCAL (PF,NPRIME,MOF)
129 CALL MUDCAL (PD,NPRIME,MUDEE)
130 c L
131 c :
132 c. PRINT 709 ,MUDEE ' \ B
133 ¢ PRINT 790,MUF -
134 709 VFORMAT(' ¢, ‘THE MUDEE IS ',F15.10) v
135 790 FORMAT(* *,* THE MUF IS ',F40.35) ) ,
136 c .
137 c
138 c
139 MEAN = (1 « (1-PALIGN) * PENTIM * MUF) / (PALIGN ® MUDEE)
140 VAR = ({((PENTIM ® MUF * (1-PALIGN))*"2)e(1 - MUDEE ®* PALIGN)
141 . ' + (PENTIM ¢ MUF * (1-PALIGN)
142 . ¢ (2+PENTIMYHUDEESPALIGN))) 7 ((PALIGN ® MUDEE)}®**2)
Rk} Cc .
144 . STDEV = SQRT(VAR)
145 . MEANOR = MEAN * LPRIME
156 STDEVN = STDEV * LPRIME .
LY 4 PRINT 602,NPRIME .
148 - PRINT 603,MEANOR
LY} c PRINT 604 ,STDEYN i .
150 * END IF . :
151 C '
|52 C R * + 3
163 c .
154 29  CONTINUE . -
155 28  CONTINUE '
156 27  CONTINUE v
157 26  CONTINUE .
158 25 CONTINVE _ . o
159 c . .
160 c
161 580 FORMAT('1*,10X,*' RESULTS ::}\dnnuzuc TO SIGNAL RATIO OF ODB!)
162 590 FORMAT('-',' ALIKE USERS =',IM,* AVAILABLE FREQ OR CODELENGTH =°*
163 ¢ (I5,¢ JAMMING FREQ = ' ,F7.%)
164 591 FORMAT(' ',* THE THRESHOLD IS = ',I3,° tHE ¢ OF TAPS IS *,13)
165 592 FORMAT(* *,' THE VALUE FOR SIGNAL RS IS ',F10.5) ’
166 595 FORMAT(® ',* LOWER LIMIT IS *,F15.10,' UPPER LIMIT IS *,F15.10)
167 600 FORMAT(' ',' THE PROB OF FALSE ALARM, BETA IS5 ',EN0.35) :
168 60t FORMAT(* ',* THE PROB OF DETECTION, ALPHA IS ',EN0.35) .
169 602 FORMAT(' ',° NUMBER OF FILTER BANKS = NUMBER OF SDC IS ',IS)
170 603 FORMAT{' ',* THE MEAN ACQUISITION TIME IS ',F35.5)
17 604 FORMAT(' ',* THE STANDARD DEVIATION IS ',F35.5)
172 c
173 [
174 k23 FORMAT(* ',° THE INTERMEDIATE VALVUE PB IS',F30.25)
175 N24  FORMAT(® *,°* THE VALUE OF PS5 IS ',F30.25) .
-

pe b eepepesa—p I S S e . .

1



v

%)
-~

176
177
178
179
180

\

-0 TR V. R R UPRY VR

PN NN NN o ot o ot ot a i
OV EWwN -~ QO BIOWV W N -

VWMV VAN EEERESEE D LD WWWWWL W
-l NN
Ildﬁ)d QOO WA - O @~NOOV B LN OO0

e lal

OO0NANONAOO000

30

LB

~

60
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FUNC
oo GIVE
soe CHAN
See CHAN

FUNCTIOK PB
INTEGER SM

© o N6-

3 v

TION PBE CALCULATES THE PROBABILITY OF BIY oer

N THAT J INTERFERERS USE THE TRANSMISSION LI

NEL AND-X INTERFERERS USE AN ADJACENT ' ooy :
NEL . " 4 L

S60ABOEBONINSENENACROASRRONOORINREITOBIOUITVREDORTS

¢

E(SMALLJ ,SMALLK,M,JAN RS) ° ,
ALLJ, SHMALLK, LIM, M, Y1, Y2, X1, X2 $ ¢
P, F, PBE, KK, DIV, JaM, RS . ) .,
0.0 o . .

. L
/ LIM ' - . .

.EQ. 0 .AND. SHMALLK .EQ. 0) THEN «
0,H,JAM,RS) . -

LJ .EQ. 1 .AND. SMALLK .FQ. 0) THEN - . L
Xtz 0,LINM . ‘

IF (X1 .EQ. 0 .NR. XV .EQ. LIM) THEN o .
PBE=PBE o DIV ¢ {P(DIV*X1 M, JAM RS) ® F(DIVeX3) / 2)

REAL PsS1,
PBE = PS1 =
XK : 0.0S
LIM = 25
DIV = 10.0
IF (SMALLJ
PBE = P(
COTO 4uu
ELSE ’
IF (SMAL
00 30
E ELSE
¢ P8
. END I
CONT!
cOTO
ELSE
IF (S

EzPBE + DIV ¥ (P(DIVOX!,M,JAM RS} * F(DIVOXV))
¢ .

NUE 7 - . .
wi o : ¢ .

MALLJ.EQ. O .AND. SMALLK .EQ. 1) THEN

3

GO 41 Yi:n, LIM .

If (Y' .EQ. 0 .OR. YV .EQ. LIM) THEN

PBE:PBE - DIV'(P(KK'D]V'YI,H,JAH,RS) * F(DIvVeYV) 7 2)

‘ ELSE > : ,
, . P3EzPBE ~°DIV ® (P(XK®DIV®Y1,M,JAH,RS) ¢ F(DIV Y1)}
END IF 4 ‘
., "CONTINUE : . © 7
ELSE, ’

IF (SMALLJY .EQ. ' .AND. SHMALLX .EQ. 1) rdﬁn

DO S0 X1=z0,LIM
DO 60 Y1=0,LIM . . .
IF (Y! .EQ. 0O .OR. YV .EQ. LIM) THEN o )

P51zPS1DIV*(P(DIVOX1eKK®DIV®*Y1 M, JAM RS)*F(DIVeX1) ®
SF(DIVeY1)/2) ’ ‘

[

ELSE . oo
PSI:PSI.DIV'(P(DIV'X\.KK*DIv'rt,H.JAn,ns)'s(D!v'X1)_
SF(DIVUY1)) . .o
END IF . PR
. . . o o«

CONTINUE . ‘ ‘
IF (Xt .EQ. 0 .OR. X1 .FQG. LIM) THEN ° e

o .

- ve

o Ss @ i
© o ' °
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55 . PBE + PBE < DIV * PS1/2
56 ELSE .
5y Ce ¢ PBE » PBE « DIV'S PS1 .
58 . ‘" END IF . K y ,
. 59 A0 < CONTINUE : . : ¢
60 g GOTO Wik o e , ,
61 . . ELSE v . ' W, .
62 IF (SHALLJ .EQ. 2 .AND. SMALLK .EQ. O) THEN 0
63 - DO 70 X1 .= O,LIM .
Y] 4 DO B0 X%2°: O,LIM .
65 .., IF (X2 .E0, 0 .OR. X2 .EQ. LIM) THEN
66 ° PS1zPS1+DIV¢(P(DIVeX1.DIV®X2,M,JAM,RS)*F(DIV?XY)
67 o *R(DIV®X2)/2) “
68 . . . ELSE u .
69 . .- PS1=PS1+DIVO(P(DIVOXT.DIVOX2,M,JAM, RS)F(DIVXI) ,
70 . . . *F(DIV*X2))
T . ’ s END IF ‘ ’ o
“ 12 80 N CONTINUE .
13 « IF (X1“.EQ. 0 .OR. XV ,EQ. LIM) THEN
l PBE = PBE + DIV ® PS1/2 T
: : . . CELSE S -
“7 ’ ‘ PBE = PBE » DIV *® P31 .
1T , END IF . . . .
0, 70 CONTINUE . n S
79 © GOTO Wuu ’ S
. 8o ‘ ELSE . . «
8y " » IF (SMALLJ .EQ. © .AND. SMALLK .EQ. 2) THEN
82 Lo “po $0 Y1 = O,LIM v
L ) DO 100 Y2 = °O,LIH
-1 . IF (Y? .EQ. 0 .OR. Y2 .EQ. LIM) THEN
‘85 . . PS1:PS1+DIV® (P (KK*DIVOY 1aKKIDIVIY2,H, AN, as)
ee L . 4 2 F(DIVOYY) ¢ F(DIV®Y2)/2)
087" e ‘ ELSE
68 e . . S PS1zPS1+DIVE(P(KK*DIVOY1+KKSDIV®OY2 H,JAN,RS)
89 - T ‘ ¢« F(DIV®Y1) ¢ F(DIV®Y2})
90 " o . END [F '
v 91 100 “ CONTINUVE . M -
92 | ' o IF (Y' .EQ. O .OR. Y1 .EQ. LIM) THEN
.93 o ‘ PBE = PBE - DIV * PS172
9u o ELSE ¢
95 \ ’ cot PBE = PBE « DIV * pS1
96 . » END IF
97 §0 . : -JconNTINUE j//j
¢ 98 : COTO AUk \ o
99 . . «- END BF K N oo
100 < END" IF Wt ’
10 > END IF “
102, ° ©  _ ERD IFf : .
103 END IF R ‘ ‘ . . N
04 ., END IF ” N
<105 . MNN.  RETURN - ¢ “;.\
106 ' END . bl
v . ‘v\
p b, u‘ ‘ - a
| SRR (
y ‘ . ‘u }’[
o © h 7
A o ) ” a
v ! : v '
. . , .
€ ! “
“ fo vy . 2 : T (R e ¢ " T e O
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FUNCTION F CALCULATES THE DENSITY FUNCTION
FOR AN INTERFERENCE-TO-SICNAL RATIO GIVEN

THAT THE INTERFERER ENTERS THE CHANNEL
IR R R N N R R NI Ry R N RN N N RN RN R Y]

FUNCTION F(VARI)

REAL F,VARI,D,RIN,ROUT,SHLN,LOWLIM,UPLIM

D s 5.0 .

RIN = 1.0 °

ROUT = 10.0 -

SMLN = 4,0

LOWLIM = (D/ROUT)®*SMLN .

UPLIM = (D/RIN)®¥SMLN
IF (VARI .CT. LOWLIM
= {((2%(D*92))/(SMLN*"((ROUT®®*2). - (RIN®**2})))
® VARI®O(-1,0%((SHLN«2)/5HLN})

F

ELSE

F

= 0,0

END IF
RETURN

D

AND. VARI .LT. UPLIM) THEN

o

FUNCTION P CALCULATES THE PROBABILITY OF
A BIT ERROR GIVEN VARI, A VARIABLE THAT
REPRESENTS THE INTERFERENCE-TO-SIGNAL

* RATIO CAUSED BY J INTERFERERS USING THE
TRANSHISSION CHANNEL AND K INTERFERERS
USING AN ADJACENT CHANNEL

28R 2CLEVATHBANNERESNUNRUNIRROBUBORDEOIBURNIERCOORETRERTS

LE N
en e
ene
tee
ane
N
tes

FUNCTION P(VALU,M,JAM,AS)
REAL, P,VALU,ECTA,NT ,NJ,RS,JAH -

A

* 0.5

* EXP(({-ECTA®RS)/(NT+RS*VALU))

v axp(g-ECTA-ns)/(NT«MJ.RS'VA ))

-~

o

INTEGER M

ECTA = 1.0

NT = 1.0 °

NJ = RS

IF (RS .EQ. 0.0) THEN
P = 0.5

ELSE

Pz (1 - JAM/M)

(JAM/(2%M))

END IF

RETURN

END

{

e

te e

+
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ssa FUNCTION FaACT CALCULAfES THE FACTORIAL NEEDED see
tee FOR THE EVALUATION OF , THE COMBINATION OF TWO LR
ana . NUMBERS LA

A
AU QRN RGIBNEOQINRIREENERNIRECGEERBRRNRNENEEBOROUSRGQEROOERUS

“ -

FUNCTION FACT(BEGIN,FIN) '
REAL FaCT :
INTEGER BEGIN,FIN
FACT = 1.0 \

DO %5 N = BEGIN,FIN

FACT = FA¥T * N
CONTINUE
RETURN X . .
END ' -

E}

' '..I'.l.l'.'l.......Ill..lll..l..l.l.l'.III......:I.I.....I

ves FUNCTION COMB GENERATES THE VALUE FOR THE LA R

e COMBINATION OF TWO NUMBERS LAR]
R R N N R Ry Ry RN NN N ENY

€

FUNCTION COMB(NUM, DENOM) ,
REAL COMB,FACT

INTEGER NUM,DENOM,DIFF,START .

DIFF = NUM - DENOM

IF (DENOM "EQ. 0) THEN > . . '
COMB = 1.0 .

ELSE p

IF (DENOM .GE. DIFF) THEN
START = DENOM « ‘1

K COMB = FACT(START,NUM)/FACT(1{,DIFF)
. ELSE
START = DIFF «» 1 .
COMB = FACT(START,NUM)ZFACT(1,DENOM)
END IF
END IF
RETURN - °
END . ' .
LA
;r 7
{
.\’ )?.\ N
ol ]
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ll...ll.l!.ll.‘l.l.l 00 0ECRARCCRNSNEDBROENBSNEERREERVITFIBNGROGOEY
e SUBROUTYNE MUDCAL CALCULATES THE DETECTION see’
ve PROBABILITY (MUDEE) FOR THE ENTIRE SYSTEM see
LLL) ,  « GIVEN THE PROBABILITY OF DETECTION (PD OR ° XN
“we ALPHA) FOR EACH FILTER BANK “ne
I.r.|.'l..!.!.l...l..l..lll..IOOQI.IOC.!!l.l.l.'ll.lIII'IOQOI:O
- . . e - “ - . -~ .
SUBROUTINE MUDCAL (ALPHA,N,MUDEE) ' :
REAL ALPHA,MUDEE,PROD1 .
INTEGER ¥ b
DO 101 Cs1,N .
PRODY = 1.0 ) ”
IF (C “NE. 1) THEN :
Dg 102 A=z1,(C-1) i
oDt = Paom ¢ (1-ALPHAW O (N-A+1)) ‘
102 courrnus <
’ END IF |
MUDEE = MUDEE + ALPHA'®(N-C+1) * PROD1 - )
101 CONTINUE. ] «
RETURN "
END o §, .
A A aad -
u"l{;ﬁ ) b -~
\\
i \\»j\ ’
ll!l...l..l.l!l..lllll!.!.l.\ (A AR R R R NN R AR SN R EANERRENNN] !
e . SUBROUTINE MUFCAL CALOWLATES THE PROBABILITY. ewe
ve¢® «  OF FALSE ALARM (MUF) FOR THE SYSTEM GIVEN THE - ***
ve PROBABILITY OF FALSE ALARM (PF OR BETA) FOR “re >
es EACH FILTER BANK Y
(J .CI!.!!..I.I.IOI..I.I.l..‘..!l.'.!.l.!I!.‘QOII.II.IQ..'.CII
{ bl
SUBROUTINE MUFCAL (BETA,N,MUF) .
. REAL BETA,MUF,PROD2 .
INTEGER ¥
DO 103 Dz1,N .
PROD2 = 140
IF (D .NE. 1) THEN i
: { bpo 104 B=1,(D-1)
PROD2 = PROD2 ® (1-BETA*%(N-Be1)) ¢
104 CONTINUE
END IF ' . ‘ Y
MUF = MUF « BETAS®(N- 9.1) * PROD2
-103 CONTINUE 6 3
RETURN s
END
- Fl
1 Y
i) .
* ‘ 4 '
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APPENDIX D
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FLOW CHART OF THE MEAN AND STANDARD DEVIATION EVALUATION ROUTINE - )

A

1

. SET
LEMIT (L) AND .
NUMBER OF FREQUENCIES

PER FILTER BANK (H')

!

INITTALIZE
' NUMBER OF
POTENTLAL INTERFERERS

. (NHOP)

INITIALLIZE
TOTAL NUMBER OF
AVALLABLE CHANNELS

w"

o

v

INITIALIZE NUMBER OF
JNOING TONES

‘

’

INITIALLZE
THRESHOLD VALU‘E (TH)

mm::uze
. SIGNAL TO NOILSE RATLO

INITIALIZE
NUMBER
OF INTERFERERS USINC THE
TRANSHISSION CHANNEL
()

4

INITIALIZE
NUMBER OF INTERFERERS
USING UNE OF THE T™O

ADJACENT CHANNELS

(&)

©

”

~1

g

i e T



INCREMENT

CALCULATE UPPER LIMLIT
OF BIT ERROR PROBABILITY

(PU)

iV ' :
’ CALCULATE THE PrOSAMILITY
. OF § INTERFERERS USINGC THE
, TRANSHISS LON CHANNEI. AND'k
INTERFERERS USINC
THE ADJACENT CHANNELS / .
. (PE)
‘Q 2
no ls . W
L]
J+k <L l
CALCULATE PROBABILITY
OF BIT ERROR )
PBE~0.S CIVEK j AND k
. (PBE) e
{ — i
CALCULATE INTERMITTENT - CALCULATE LOWER LINIT OF
BIT-ERROR PROBABILITY . 81T ERROR PROBABILITY
PuL) (PL)
3 i 1 '
INCREMENT &
\ .
’ )
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CALCULATE
FALSE ALARM PROSBABILITY

—

CALCULATE
*‘\'ECT 10N PROBABILITY

3

INCREMENT SNR

CALCULATE uf

|

CALCULATE Uy

i

t

CALCULATE MEAN, VARIANCE
AND STANDARD DEVIATION

-

[

INCREMENT TH

INCREMENT
JAMMING TONES
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