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Abstract

SYNCERONIZATION OF FREQUENCY HOPPED
SPREAD SPECTRUN SYSTEMNS
by

CLIVE A. PUTMAN
Adviser: Professor Donald Schilling

The frequency hopped spread spectrum waveform is
commonly used by communications systems for its ability to
combat intentional jamming and its inherent diversity. It
can therefore be eoxpected that these systems will be
tequired to operate in jamming and fading environments.
Since synchronization is a vitsl aspect of spread spectrum
communications, it is important to predict synchromization
performance in such adverse environments.

Several schemes for the acquisition and trackinmg of
frequency hopped signals are discussed. Formulas for
describing system performance in terms of detection
reliability, acquisition time and mean time to loss of lock
are presented. Mathematical models characterizing the
interference and multipath fading channel are developed,
The performance of some example systems, with application to
particular cnvifon-onts. is then analysed and results

computed.
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1. INTRODUCTION

1.1 FREQUENCY HOP AS A SPREAD SPECTRUN VAVEFORM

Original work by Shannon in the field of statistical
communications showed that the capacity of a channel to
transfer error-free information is enhanced with increased
bandwidth. This is the bDasis for spread spectrum
techniques. A spread spectrum system is a systems that
produces a signal with a bandwidth much wider than the
information bandwidth, Through the properties of
pseudorandom code modulation these systems can provide
resistance to interference and multipath fading, low
detectadbility, multiple access and other useful
capabilities.

The more common modulation formats include direct
sequence (DS), in which a carrier is phase modulated by a
digital code sequence having a bit rate much higher than the
information signal bandwidth, and frequency hopping (FH), in
which the carrier is frequency shifted in discrete
increments in a pattern determimed by a digital ocode
sequence. For short, intermittently established mobdile
links, DS suffers from the 'near-far’ problem associated
with other channel mwsers located close to the receiver
causing a8 severe reduction in processing gain. The FH
waveform is less severely affected in this situation and,
coupled with its inherent diversity and ease of

implementation, is more likely to be used.
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1.2 SYNCHRONIZATION REQUIRENENTS

A generalized FH spread spectrum system [1]-[3] is
illustrated in Fig. 1.1. A central feature is the
psendorandom code generators at both transmitter anq
receiver, capable of producing identical codes with proper
synchronization. The pseudorandom code sequence is used to
switch the carrier frequency via a frequency synthesizer and
wideband mixer. When the synthesizer in the receiver is
switched with the synchronized sequence the frequency hops
on the received signal will be removed, leaving the original
vuamodulated signal. The requirement for accurate
synchronization is thus of major importance inm the snalysis
and design of FH spread spectrum systems.

Synchronization is typically established through the
follovinj processes: coarse synch, or acquisition, which
aligns the receivors local code to within half a code bit
{chip) of the received code, followed by fine synch, or
tracking, which reduces the alignment error to as small a
value as possible and maintasins it that way. For long codes
it is generally not feasible to search the whole code for
the correct code phase and some apriori information about
the code phase must be provided by other means such as a
known code preamble or time of day synchronism. A tactical
communications environmeat obviously implies zrapid and
reliable acquisition and accurate tracking of the FH

waveform,.



1.3 ENVIRONMENTAL CONSIDERATIONS

Several schemes for the acquisition and tracking of
spread spectrum signals in additive white Gaussian noise
have been well described in the literature (3]-[S5]. The
intention here is to develop analytical models and
mathematical formulas which characterize the performance of
these schemes in adverse environments.

A typical scenario for a mobile tactical communications
receiver is depicted inm Fig. 1.2. Propagation is likely to
occur through fading media. The ochannel is physically
characterised as having a dominant signal path im addition
to a large number of independent multipaths. Generally,
this model typifies observed behavior for fast fading
channel variations, although in addition ‘there may be long
term slow variations., The result is a random amplitude and
phase change at the receiver, Severe multipath results in
distortion of the received hop waveform.

Unwanted signals doe to intentional jamming by enemy
transmitters and unintentional jamming due to other friendly
users in s multiple access environment will be picked up at
the receiver., Assuming these signals are unsyanchronized,
they will be removed most of the time by the IF filter in
the receiver, but there is a certsinm finite probability that

interception will occur and degrade receiver performancd.



2. GENERAL ANALYSIS

2.1 SIGNAL CORRELATION

The acquisition and tracking processes will normally
involve some type of correlation of the received FH waveform
with a locally generated signal. The essential elements are
shown in the block diagram of Fig. 2.1a. The received
signal is first multiplied by the locally generated signal
and then filtered by an IF bandpass filter. The output

h

waveform during the it hop interval caa be characterized as

8,(t) = a cos(u,t + 8,) + g,(¢) (2.1)

i
where '1‘t) is a Gaussian process with zero mean and
variance o2, and e, is the IF midband frequency. In the
case of the benign environment, gi(t) is a noise process.

This signal can also be written as

$,(t) = r . (t)coslu,t + 0, + o,(¢)] (2.2)

where ‘1(t) is a Rician distributed process. The signal is
applied to an envelope detector which rejects the carrier
frequency but passes the modulation envelope. The output
voltage during jth hop, ti(t)’ has a Rice probability
density function given by

~(r3+8,3) /203

p"n(r) = 510 Io("il“) (2.3)




where Io is the modified Bessel function of the first kind,
order zero. When there is no correlation between the
received and locally generated signal L is zero, 'i(t) is a
noise process, and the probability density fumoction of ri(t)

becomes the Rayleigh distridbution fuaction,

Palz) = 2, o . (2.4)

Consider correlation over a period of M hops, resulting
in M pulses with amplitudes Tys Tye Tas ceeee Ty available
from the receiver. The problem consists of determining
whether or not these M pulses are due to signal-plus-moise
or whether they are due to noise alonme., It is assumed that
envelopes of distinct received bops are statistically
independent. The probability density fumctiom for the
envelope of M pulses of noise only is then

|
pn(l.r) = 1 Pn(ri)' (2.5)
i=1
and the probability density function for the emvelope of M
pulses of signal-plus-noise is
|

(M,z) = ] p
» B i=1

P (ti)' (2.6)

The detection process is equivalent to determining which of
the two density functions (2.5) or (2.6) more closely

describes the output of the receiver.
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2.2 LINEAR INTEGRATION DRTECTION

For analytical convenience we consider the use of a
square—law detector combined with an integzrator as shown in
Fig. 2.1b. As shown in Appendix A, by forming the sum of
squares of Rician variates this arrangement comprises the
optimum detector for low signsl-to-noise ratios and is.
approximstely optimum for high signal~to-noise ratios. Thus

the output of the integrator is
- 3
2 } r 2 (t) (2.7)
For convenience we define a normalized variable Z such that
Z = z/03 (2.8)

It can be shown [6] that the probadility density function of

Z is the chi-squared function,

(M-1)/2 -(x+8)/2
pz(x) = $(2/8) o Iy-q(VT3) (2.9)

where we doefine

M
S = } a 3/63’
i=0
and Il-l is the modified Bessel functiom of the first kinmd,
order M-1.

At the end of the integration period "TH- wvhere TB is$

-6~



the hop period, the output z is compared to a threshold
level v. The probability that z exceeds the threshold is

the probability of a ‘hit’ givem by

-
Ph = P(zdv) = vaz(x)dx. (2.10)
where V is the normalized threshold, V = v/o32, This can bde
expressed in terms of the generalized Marcum Q function (7]

P, = qu(fS..N) (2.11)

where Q.(n,') = I x(‘/‘)l-1.-(ul+xl)/2

v

I._l(nx)dx .

Defining the average energy per hop inm the IF waveform
for the case of the benign environment as
|

- (Tg/W). } 8,22, (2.12)
i=]

By

and the noise power ass o2 = Nol'rn where 1/'1'n is the IF
equivalent noise bandwidth and N° is the one sided noise

power spectral density, then

8§ = Zan/NO (2.13)

is seen to be indicative of the signsal strength.

Now we are interested in two error comnditions which can

-7~




occur., Firstly, there is the probability of a false hit due
to interference and noise causing a threshold exceedence.

This is obtained from (2.11) as

Py = Qu"gi'IV) | (2.14)

where S_ is the signal strength due to received interference

I
waveforms (in the oase of the benign environment this is
zero). Secondly there is the probability that the threshold
is not exceeded when in fact the desired signal with the
correct code phase is present at the receiver input, This

is the probability of no hit given by the complement of

(2.11) expressed as

(]
P =1-P = Q (IBT.IV) (2.15)

nh
where ST is the signal strength due to desired and unwanted
signal waveforms, and im which the notation duc is used to

denote the complementary Q" function.

2.3 BINARY INTEGRATION DETECTION

The problem with a detector vhich integrates linearly
over several hop intervals is that during the process
interfering signals may be received on a relatively small

number of hops yet are sufficiently strong to cause s false



hit condition. A method of detectiom which reduces this
problem is shown in Fig. 2.1c¢. Basically it uses the
criterion that correlation must occur for L out of N hop
intervals, a form of binary integration [(8]. At the end of
each hop interval the output of the integrator is compared
to the first threshold V and the result stored digitally.
After N such comparisons the results are summed digitally
and if the sum exceeds the seocond quantized threshold L, a
hit is declared.
The probadbility of j threshold exceedances in N
comparisons is the binomial distributed funcfion.
N
b(J.N,Py) -(j)ph3(1-ph)"" , (2.16)
where Ph is given by (2.11) with & value of unity for M.
Since the overall probability of a hit is the probability of
L or more threshold exceedances, the probability of

detection for this system is
N
i)
- J(1- N-J
Py 2 (j p,d(1-p,) . (2.17)
j=L

Similary the overall probabdility of mo hit is the

probability of less than L threshold exceedances, or

L-1

= N N-j
i 5 (i)‘1°9,h’jpnh , (2.18)
i=o0

and the overall probability of a false hit is

-0~



P

Fe = Puls=s (2.19)

I "
An obvious extension to the above scheme is to relax the
requirement that N is unity and integrate over N hops before
comparing the integrator output to the first threshold.

Thus the advantage of the binary integrator is that it
is less sensitive to the effects of a single large
interference pulse caused by correlation with a jammed
frequency slo}. In the usual integrator, the full energy
of the interference pulse is added. In the bdinary
integrator detector, bhowever, it contributes no more that
would any other puiao that crosses the first threshold since
a8 quantized level is recorded for that slot no matter what
the amplitude.

Equations (2.18) and (2.19) are then general in the
sense that they yield the probabilities of no hit and a
false hit after a correlation dwell time of NN bops, with
N=1 for the case of pure linear integration, and M=1 for the
case of pure binary integration. Inherent in each of the

equations are two thresholds, V aad L.

2.4 SEARCE/LOCK STRATEGY

The soarch/lock (S/L) strategy is s logical procedure

by which the operation of the synchronizer is controlled.

-10-



Information received from the threshold detector, that is
whether or not the threshold is exceeded after signal
correlation, is interpreted by a control system which
decides whether or not a signal of the correct code phase is
present at the receiver inmput and takes the appropriaste
action, Selection of the S/L strategy will have an
important effect on the time required to test a phase
position (cell), snd thus on the time required to achieve
synchronization and the time for which syrchromization is
likely to be maintained.

One type of strategy is shown in stat: transition form
in Fig. 2.2a. The first state represents the initial test
of the cell during the search process. A hit at the end of
the test roesults in a transition to the next states,
otherwise the cell is rejoected, resulting in a phase step to
the next cell. A further test im the second state results
in either a transition back to state one or om to the next
state, and so on. A hit in state m results in a traansition
to the lock mode, whereupon continned hits will maintain
control in the lock state, otherwise control is transfered
to the alternative lock states as during the search phass.
A miss in state n results in rejection of the cell and a
return to the search phase with the next cell. This S/L
strategy is snalogous to a counter with a possible counts
and is referred to as an ‘'up-down counter’ strategy.

Another type of S/L strategy is the 'comsecutive count’

strategy of Fig. 2.20. In this case a miss at any time

-11-~-




during the search phase causes immediate rejection of the
cell, and a hit at any time during the lock phase causes
immediate return of comtrol to the first lock state.

A convenient analytical approach is to descridbe the S/L
strategy as a finite Markov chain with absorbing boundaries
[9]. The Markov chain representations for the ‘up-dowan’ and
‘consecutive count’ strategies are shown in Figs. 2.3a,)b
respectively. In each case there are two absorbing states,
1.0. states from which there is no exit, representing
rejection of the current ocell. The diagrams are
characterized by states connected by directed lines that
indicate the probability of going from the originating state
to the terminating state. We define P, and q, ss the
probability of a hit and no hit respectively, given that
control is in the search mode. These probabilities are held
distinct from Py and 9. the probability of a hit or no hit
in the lock phase, since it is likely that detector
parameters will differ for the two phases. It is assumed
that these probabilities are constants. The times required
to make transitions are times taken to perform the
correlation tests. Once again we differentiate betwoen the
search and 1ock phases and define the test times as <, and

v, respectively.

1
A Markov chain can be described by its transition

matrix P whose element pij is the probability of transition
from state i to state j, and its state at any initial time.

If x. is the vector probability whose element xij is the

i

-12-




probability of being in state j at the ith step, then

PP "1 . (2.20)
Now when the Markov chain possesses absorbing states, P can

be rearranged so that

19
=l 2 a
(2.21)

where I is an identity matrix relating to all absording
states, § is s matrix of all zeros, @ is a submatrixz
containing the transition probabilities of the transient
states, and R is a submatrixzx containing tramsition
probabilities from transient to absorbing states.

Given that the process begins in state i, it may be
absorbed in state §j in one or more steps. For a single step
the probadbility of absorbtion 1is pij‘ If the process is not
absorbed, it can move to either another absorbimg state (and
cannot resch state j) or to a tramsient state k. In the
latter case the probability of being absorbed in state j is
bjk for any transient state k. If T is the set of all

transient states we camn write

byj = Pyy 2

p b »
rer iF R

which in matrix form is

-13-



B =R+ QB = NR (2.22)

1

where N = (I - Q) is known as the fundamental matrix.

For S/L strategy Markov chains bn is the probability of

1
entering the lock mode PL.

Let nj be the total number of times that the process is
in state j where j is a transient state. The total tiwme t

that a process is in transient states is then

t = § ay - (2.23)
JE€T

Now it can be shown [10] that the matrix [Biin }J] composed

J
of elements formed by the meaz number of total times the
process is in state j starting in state i is

[Ei{n }J] = N, i,j €T (2.24)

J

Hence the moean time the process is in a transient state

starting in state i is the m-compomnent vector
I-=- [Ei(tl] = Nz, (2.25)

where t is an n-component column vector whose components are
the respective cell test times for each state. This
equation allows us to find the mean time taken to test a

cell, or the mean dwell time, from the first element of I,

-14-




(2.26)
and the mean time spent in the lock mode, from
(2.27)

An alternative analytical technique which does not
require matrix computations involves transformation of the
state transition diagrams into signsl flow graphs [11]. The
‘up-down'’ and 'consecutive count’ strategies of Figs. 2.2a,)
can then be represented by the signal flow graphs of Figs.
2.4a,b respectively. The variable z represents a delay of
one unit time, in this case the detector integration times,

and we assume that,
T, = BT _ . (2.28)

Discrete linear system anaslysis canm now bde applied.
Defining Plj(n) as the time invariant prodbability of
going from state i to state j in n steps, we may obtain the

generating function Pi (z) as the Z-transform of pij(n).

3

(z) = } znpij(n). (2.29)

na=0

Pij

The generating funmction is identicslly the graph transfer

function and can be obtained using signeal flow graph

-15~-



reduction techniques [12]. The probability of going from

state i to j is then

Pyy - } pyyim) = Py (D) . (2.30)

n=0
The mean time to achieve this transition is

Ty " 2 apy(n) = dzp“u) . (2.31)

n=0

The probability of entering the lock mode for the

system can then be obtained from

P, =P (1) . (2.32)

L 1l,m+l

and El n+1 yields the mean dwell time normalized to the

detector integration time, so that

T, = T, 4P (1) . (2.33)

D dz 1,n+1

Similarly the mean in-lock time is given by

T, = = (1) . (2.34)

L 4P

1 dz

m+l,n+l

The above analysis techniques provide s unified
approach to the S/L strategy problem. It may however be
desired to investigate the search process or the tracking

process separately. In the case of the latter there is no

-16-




problem - the search states are simply deleted. In the case
of the search process, entrance into the lock mode must bde
considered. For Markov ochain analysis the entire lock mode
is represented by a single transition with unit probability,
Fig.2.5a, since, given enough time, a system will always
lose lock. The signal flow graph analysis equivalent is
shown in Fig.2.5b, where kK is the number of unit time
intervals spent in the lock state.

In general it was found that the Markov chain analysis
is more elegant for a unified approach, whereas the signal
flow graph technique is more convenient for analysing the

acquisition and tracking phases separately.

2.5 PERFORNANCE CRITERION

In order to measure and compare the performance of
various acquisition and tracking systems we need to choose
some criterion, The choice will essentialy depend on the
application.

With regard to the search mode we are interested in the
probability of detecting s wanted signal of the correct cods
phase when present at the receiver input, This is the
detection probability PD. Since we would expect this
quantit} to be close to unity we choose as our performance

parameter its complement, the miss probability Pu.

_17_



P, =1-P, . (2.35)

Since these quantities depend onh the detector threshold
setting, they are only defined for a given probability that
a signal of the correct code phase was deemed present at the
receiver input when in fact it was not, i.e. the false alarm

probadility P The detection probability is given by PL

FA®
with 8 = S.r and PFA is given by PL with 8§ = SI‘

Another quantity we are interested in for search mode
performance evaluation is acquisition time., Given the mean
dwell time TD' acquisition time is clearly determined by the

number of cells, Ns. to be tested in each search of the

uncertainty region. The mean sesrch time is then,

Te = NT. . (2.36)

It should be observed that T is computed using tranmsition

D
probabilities equal to the false hit probability ian the
search mode.

The miss probability and the mean search time are
meaningful performance parameters for systems which are
required to reliably detect the first occurence of the
correct code epoch during a single search of the uncertainty
region. Such s system might, for example, rely om a fized
code preamble to define a synch prefix.

If we consider a system which can tolerate one or more

code epoch detection misses and yet continue to seek

-18~



acquisition it is of interest to characterize acquisition
time distribution in {er-s of PD and Pl as follows: Let us
assume that the mean search time Ts is a constant for each
uncertainty region search. We can then sketch the
distribution and density functioms of the acquisition time
T as in Figs.2.6a,b respectively. The mean and variance

acq
of this random variable can then be found as outlined in

Appendizxz B.

A more informative statistical measure of acquisition
time is that time within which acquisition is achieved 90
percent of all attempts. This we shall call the 90th
.porcontilo acquisition time, T90' Define { as integer part

of t/Ts. Then from Fig. 2.60

:-1
- 2 T ~ 4
PIT, <t Y PpR ¢ (t/TgE)P P,
n=0
=1 - p.%[1- -
1 Pl [1 (t/Ts t)PD] . (2.37)
Hence for 90th percentile acquisition
1 Pl {1 (T90/T8 {)PD] 0.9
so that
- - :
T9° Ts[(l 0.1/Pu )/PD + 8] . (2.38)

Note that this equation does not have a umique solution, and

must be solved by imcrementing ¢ from 0 until [T'cq/Ts-¢]<1

-19~




is satisfied.

With regard to the tracking mode, there are two
possibilities for entering the lock state. Either the
correct code epoch may have dbeen detected causing the system
to correctly enter the lock mode, or a false alarm may have
caused the system to incorrectly enter the lock mode. The
requirements for the tracking phase are to maintasin tracking
of the correct code phase in the former case, yeot quickly
reject the false lock comndition to allow resumed search in
the latter case. In-lock performance is therefore
charscterized by mean time to loss of lock TLL for a given

mean time to reject falso'lock T Detector threshold

FL~
setting is then encompassed by this definition., It should

be observed that T is computed using transition

LL

probabilities equal to the hit prodbadility im the lock mode,
and TFL is computed using trasnmsitionm probabilities equal to

the false hit probability inm the lock mode.
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3. ENVIRONNENTAL NODELLING

3.1 FADING CEANNEL NODEL

We consider a channel in which fading manifests itself
as a single scattering from a large number of independent
elemoents or 'scatterers’. These scatterers might dbe ordital
dipoles or differential elements of either the troposphere

or the iomosphere.

Let the component received from the jth scatterer
during the ith hop be
'ij(t) = aijA(t) °°'['o(t-'1j)] . (3.1)

where A(t) is a rectangular pulse of duration Tn. amplitude
A, and tlj is the initiasl propogation delay. Since we
seldom know the value of each tij precisely, and since small

perterbations in the value are important, we express tij in

the form

tij = :ij + 71j/ui ’ (3.2)

where = is the known or gross value of tij and 7ij

ij
accounts for the perterbations and is s uniforaly
distributed variable over the interval (-xn,n).

The total received scatter component is obtained by

summing over all the scatterers composing the medium.

Specifically,
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s, (8) = ACt) DB, cosle (t=r, ) = 7,1 . (3.3)
3
It is reasonable to assume that the Bij are independent of
the 713' Since the number of scatterers is large, the
.contral 1limit theorem permits us to assume that the scatter
component is Gaussian,
These assumptions imply that the mean value of s(t) is
zero and that, since the total delay r is many

1j
th

wavelengths, the total received signal during the i hop is

descridbed Dy,

St(t) = A(t)[aicoc(uit+0i) + }”11°°'[“1“"1j"71311 + a(t)

] (3.4)
where n(t) is a Gaussian noise process. In this equation
the first term reprosents a specu.ar component Gefined as a
dominant signal path being assumed to arise from a
relatively stable ray path such as a well formed layer
reflection or ground wave.

The autocorrelation functiom of 'i(t) is given by,

b § —
R (t,%) = 3 }p“u(t-:“u(t-:1
3

j)cos[ui(t-t)] . (3.5)

It is convenient to introduce the multipath delay scatter

function p(r) associated with each delay r, and frequency

3

i
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pyle) = }p:t (3.6)
3

N

and the channel multipath spread as

T, = (p3())1~ 1 . (3.7)

Since attempts to messure the characteristics of fading
dispersive channels yield smooth densities, received
waveforms from different scatterers deing indistinguiskhabdle,
we envissge p(r) as a smooth density rather than s point

function. VWe casn now rewrite equation (3.5) as
R, (t,z) = ;j pi(r)A(t-r)A(t-t)cos[ui(t-t)ldr . (3.8)
We further specify that,
I pi(t)dt = coastant = b,. (3.9)

The average received scatter power at time t is defined

by

h

so that during the 1t hop,

b §
P .(t) = ;J py(r)A3(t-z)dr . (3.11)
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This is precisely the convolutioa of A2(t) and the delay
scattering fumoction p(t). If A2(t) is an impulse funmction
the profile of the fil. distribution of average power P(t)
will be proportional to p(t). This situation prevails when
Tn is much less than Tl' and A2(t) appears to be impulsive
with respect to p(t). This suggests a means for measuring
the channel scattering fuamction,

In an endeavour to obtain a si;plo description of the
fading channel, let us adopt as an exasmple scattering
function the uniform density of Fig.3.1s. Although this
results in a gross description of the channel model, the
analysis can be applied to any suitable fumction.
Performing fho coanvolution with our pulse amplitude function
of Fig.3.1b results in the average power function of
Fig.3.1c. Thus the received process is spread over a time
duration of Tn+Tl sseconds. In fact, this will be
approximately correct for -o:f scattering functions [13].

Now the receiver correlates this process with a
locally generated waveform, so that the receiver is
essentially matched to a waveform of pulse duration TB'

Multipath spread therefore results in a loss of correlation,

h

Specifically, the scatter component emergy in the it hop of

the IF waveform is

Ty
E, - P (t)dt . (3.12)
0

Applying this to the function of Fig.3.1c results in the
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correlation diagram of Fig.3.1d, where t is the relative
delay betwoen the received and locally generated waveforms.

The pertinent question now is, what is the time
distribution of the power in the specular component relative
to the scatter component? A reasonable and tangible
assumption is that peak correlation instants coincide. In
the uniform fading case this implies that the specular
component receives a relative delay of T'/Z seconds,

We are now in a position to compute the average energy
per hop in the IF waveform of equation (3.5). The average
energy per hop in the specular component is

|

E, = (Tg/W). } Ata, /2 = By . (3.13)
i=1

M
where & = (1/N) 2 °1’ ’
i=1

and the energy per hop in the scatter component is

Eg = (1/M). } E, = BaE . (3.14)
im]

M
wvhere b = (1/N) } bi ,
i=1
and 4 is a factor which accounts for the average loss in

correlation due to multipath spread. Essentially b is

summed over all multipaths received during the N hop
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integration period. Assuming peak correlation,

d =1 - T./4T (3.15)

'
where T' typifies the channel multipath spread for the band
over which the M frequencies are distributed. Common values
for this quantity over a given frequency band are obtainable
from the literature [14].

We recall that the received process is the
superposition of the contributions from all the scatterers
composing the medium. Therefore it includes components that
have boo} subjected to range delays of approximately 3rl/2
seconds, and the received process for any scattering
funotion will be spread over approximately Tn+'l'l seconds.

Thus 12 T is much less than TI there is no apparent

M
spreading of the received waveform. There are two possibdble
reasons for this. Either Tl is made large, i.0, a slow hop
rate, in which case multipath spread is negligible, or T“ is
small and in the limit p(r) tends to an impulse function
8(r). In the latter case the channel is the nondispersive
Rician flat~-fesding channel, a situation which is
approximated in the former case. However, as Tl approaches
Tn the channel becomes time dispersive, often referred t6 as
a frequency selective fading channel. It is under these
conditions that the inherent frequency diversity of the

frequency hopped waveform finds advantage.

Consider the cross correlation function defimned Dby
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C(to“‘oﬂ’) = B{.‘(t)n.’(t)}
- ;I p(r)cos[(w,~w,)(t-r)])dr . (3.16)

We enquire about the difference w,-w, for which the cross

correlation function vanishes, that is
C(t.u‘-u,) = 0 , (3.17)

thereby specifying the frequency separation Bc beyond which
two samples of the received process are independent. For

uniform spreading where
w, "%, = 28/T, (3.18)
we have

T
Cl(t,u,~w,) = ;I M (3/Ty ) cosl2n(t-2) /T )dr . (3.19)
0

This motivates the definition
B° = 1/Tl (3.20)

as the channel coherence frequency. V¥Ve now assume that the
number of frequency slots avsilable, F, have center

frequencies that are uniformly distributed over a band of
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width B. Then in order for our model to be valid in the
sense that fading is independent froam hop to hop, we require

that
Bc << B/F , (3.21)

a situation which will, with good design, normally prevail.
For comparitive analysis we equate the sum of the
energies in the specular and scastter components to s

constant, E Hence we take

(3.22)

.l
+
(-2

[}
[
.

The quantities a and b are indicative of the relative
strengths of the specular and scatter components
respectively, and are assumed fixed over the acquisition
period although they may have long term slow variations.

The variance of gi(t) is now the sum of the rms power

in the noise and scatter processes, or
o2 = Nol'l'n + deH/TH (3.23)
Signal strength can thea be calculated as

SF - ZlEna/(N°+den) . (3.24)

This is the fading channel model, equation (3.24)
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permitting us to predict detection reliadbility im such
environments. It should be noted that although the scatter
component has been modelled as a Gaussian process, it is not
being treated as noise. This camn be seen by noting that the
detection threshold is normalized to V-v/(NOITn) for noise

only conditions, but must be re-normalized to
L g
vy V/(1+denlN°) (3.25)

when signal is present.

3.2 THEE INTERFERENCE MNODEL

We now consider the effect of interference generated by
other users snd intentional jamming. In the situation where
other unsynchronized users in the band are hopping over the
same set of frequencies there is a finite probability that
during an attempt to synchromize to the desired signtl.'a
signal from ome or more of the other trasnsmitters will be
received, thereby increasing the false alarm probadbility.
If there is one other user active the probadbility of
reception during a given hop is simply 1/F. If there are I
.othet users sctive the probadbility that no interfering

signal is received during a given hop 1is

2= (1-1/B)N . (3.26)
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In a tactical eavironment the major threat to
communications is intentional jsmming. Faced with frequency
hopping evasion, thke jammer would be forced to jam & random
selection of frequencies. If a single transmitter hopped
randomly over the F frequency slots is used, the threat is
limited to that of another user, althouogh the received
energy may well be greater. If seversl, say I, transmitters
are used continuously, known as comdb jamming, equation
(3.26) is approximately valid when F is large. We therefore
henceforth refer to other nsers and jammers collectively as
interferers, the magnitude of the threat being determined by
the interfering signasl strength.

Equation (3.26) ocan be written in terms of the

fraction of the hop set ococupied,
G = I/F , (3.27)

n=1-G+ G3/21! - G*/3) - - - (3.28)

The probability that at least onme other interfering signal

is received during a given hop is then
p = 1-n . (3.29)

If we integrate linearly over M hops, the probability that

at least one interfering signal is received on j slots is
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bu.mp)-(np%”1 : (3.30)

The probability of a false hit is then determined by
multiplying the probability of j slots being jammed and
summing over j,

M

Py, - } b1, M,0)Q (/T ,./V) (3.31)
j=0

with SI = ZjJEn/No. where J is the average interfering
signal power to desired signal power ratio per slot
occupied,

Ve now assume that where an interferering signal and
the desired signal are present in the same slot their powvers
are additive. This is not unreasonable since the phases of
the wanted and unwanted signals are expected to be random
and independent. We can them write that the probadbility of
no hit is given by

M
P, = ) b(5.0Lp)Q S WEL/T) (3.32)
j=0
with

8.r = 2(3j7 + I)BB/N° .
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3.3 THEE CONBINED MNODEL

To quantify performance for a fading environment with
interferers present it is analytically convenient to assume
that the power of the interfering signals 1ie in the
specular components. The probadbility of no hit is then

|
e
P,o= ) b(3.Mp)Q°(/BL/V) (3.34)
=0
with

S, = z(JJ+uI)zn/[N°+den1 .

T
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4, SYNCHRONIZATION TECENIQUES

4.1 MNATCHED FILTER ACQUISITION

A matched filter is a passive correlator intended to
recognize a particular M hop sequence in an FH waveform. As
shown in the block diagram of Fig. 4.1a, the selectively
delayed outputs of N parallel correlators and detectots are
summed and compared to a threshold. The M hop sequence
establishes a code epoch and the filter searches the
incoming hop sequence for this prefix. The structure as
shown provides near optimal detection as the prefix 1is
roceived. Synchromization is declared when the threshold is
exceeded.

The prefiz must be chosen from the particular sequence
of frequencies which is expected to arrive during the
interval that the search takes place, and this interval must
be sufficiently long so as to accommodate the entire
uncertainty region. By changing the N local oscillator
frequencies, the synch prefix is varied.

Since the matched filter arrangement of Fig. 4.1a forms
the sum of squares of M Riciamn variates, the analysis of the
previous sections applies and a statistical measure of the
reliability of the synchronization indication is provided by
equations (2.14) and (2.15). Also since the search process
takes place in real time, T, " TB' the number of cells to be
searched Ns is just the number of hops in the umncertainty

region N plus the ndmber of delays, i.e.,

U
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N, = N, + N . (4.1)

A matched filter utilizing quantized integration is
shown in Fig. 4.1b, As discussed in sectiom 2.3 this
arrangement prevents the system from being overvhelmed by s
few strong narrowband interfering signals. Equations (2.17)

and (2.18) now apply.

4.2 SERIAL SEARCH ACQUISITION

Serial search involves active correlation of the
received FH waveform with a similar locally generated FH
waveform, as shown in Fig. 4.2a. At the end of the
integration period the correlator output is compared to s
threshold, and if the threshold is exceeded a hit is
declared. Depending on the control strategy, one or more
hits may be required bdbefore synchromization is declared. If
the threshold is not exceeded after the first or, asgaiun
depending on the control strategy, later integration
periods, the cell is rejected and the search continued.
Searching of the received FH waveform for the correct code
phase is achieved by adjusting the phase of the receiver
clock and correlating again, The soerial search schenme
implemented with binary integration is shown in Fig. 4.2%.

Thus the cell test time is the integration time HNTB.
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In general there are two possible methods for adjusting
the local code phase: Either the receivers cnde generator
¢lock is inhibited for a fraction of a period theredy
retarding the local code phase, or the clock is advaanced for
a fraction of a period theredby advancing the local code
phase. The diagram of Fig. 4.3 demonstrates, with the aid
of a simple example, the relative differences in the
resulting search rates. Recoeiver waveforms (a) and (b) are
the result of inhibiting the local waveform generator for up
to one transmitter hop period after each cell rejection
(M=N=1 here), called 'stepped serial search’. In both cases
the receiver code must be advanced to the end of the
upcertainty region (here 3 hops). Receiver waveforms (¢)
and (d) are the result of a 'fast hop’ search in which the
receiver code must be retarded to thoe beginning of the
uncertainty region, and the receiver hop period subsequent
to cell rejection is less than the transmitter hop period.
In all examples the worst case initial phase alignment is
shown., Waveform (a) corresponds to slipping the receiver
code half a bit after every cell rejection and is seen to be
the slowest search method. VWaveform (d) corresponds to a
receiver hop rate twice that of the transmitter and is seen
to be the fastest.

Ve define the receiver to translittor'hop period ratio

§ = [Tn*'A]/Ta (4.2)
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where A is either a positive time delay increment for
stepped search or a negative time delay decrement for fast
hop search. It is easily shown that the search rate for

either search method is 8/18-1| so that for serial search,
N, = Nnbllb-ll . (4.3)

Increasing the search rate to speed up acquisition time
is not without its compromise - the average energy detected
is less. It is found, Appendix C, that the average desired

signal energy must multiplied by the factor,

dg = (5-8)/4 , 81 (c1)

a4 =8 , 8<1 (c2)

in order to account for this loss.

4.3 TVO LEVEL ACQUISITION

In those applications where integration over many hops
is required for satisfactory detection performance, the
implementation of matched filters can be formidable since
the number of correlators is M, while serial search results
in excessively long acquisition times. A possible

compromise is to incorporate matched filtering as an
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scquisition aid for starting the receiver’s code generator
at a pre-arranged code phase and then performing active
correlation over a longer code segment to confirm cosrse
alignment. However, a false alarm from the matched filter
will engage the active correlator and can prevent
recognition of the true code epoch. This leads to the two
level scheme of Fig. 4.4,

In this scheme a matched filter with a first threshold
is used to detect a relatively short M hop sequence, and
will generate code start signals for those hop intervals in
which its detection threshold is exceeded. Each code start
signal will engage any one of ¢ sctive correlators that is
idle, and cause it to cycle through a sequence of K hops.
At the end of the K hops the output of the active correlator
is compared with a second threshold and if the th{o.hold is
excoeeded a synch indication is given, otherwise the
correlator is again made lvtil(blo to the common bank,

Now a false synch indication will be given only when
all the following ocour:

(a) The matched filter generates a false code start signal.

(b) The false code start signsl finds at least ome active
correlator idle.

(c) The active correlator engaged falsely detects the
in-syach condition.

We denote the false hit error probability for the matched

filter and active correlators as PFRI and PFHK respectively.

The matched filter makes s threshold comparison every hop
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interval and therefore goenerates false code start signals at
an aversge rate of

R = /Tn. (4.4)

Pran
Each code start signal engages an active correlator for ITﬂ
seconds, if at least one is idle. The activity of the bank
of ¢ active correlators can be modelled as a queuing systenm
with Poisson arrival, arrival rate R, a finite number of
servers, ¢, and fixed holding time ITH with no room for
waiting. The probability that a code start signal finds all
¢ correlators engaged is then just the blocking probability
for this quene. This is given by the Brl;n; B loss formula,
B(c,a), where

a = RlTn = KP (4.5)

FHN '’
and can be conveniently computed using the recursion

formuls,
B(c,a) = aB(c-1,8)/[c+B(c-1,2)] (4.6)

beginning with B(0,a)=1, When the false code start signals
arrive according to a Poisson process the events (a), (b)
and (c) above are statistically independent. Thus the
probability of a false synch‘indication is the product of

the probabilities for each event,
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P (4.7)

FA " PFRM(I-B(c"))PFﬂx
A message preamble can be missed in any of the
following ways:

(a) The matched filter falsely dismisses the M hop synch
prefix when it ocours.

(b) The matched filter correctly detects the prefix bdut
finds all active correlators engaged.

(c) The matched filter correctly detects the prefizx and
finds an jidle active correlator, but the active
corrylator falsely dismisses the correct ia-synch
condition.

Wo denote the no-hit error probabdbility f;r the matched

filter and active correlators as PNHI and PNBK respectively.

The events (a), (b) and (o) above are mutually exclusive so

that the probability of missing the message preamble is the

sum of the probabilities for each event,

(4.8)

P, =P + (1-P

X NEM )[B(c.l)+(1-B(c.l))]PNn

NHK K

Since the two level scheme searches the uncertainty

region in resl time,

N =N + N+ K. (4.9)
s T
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4.4 EARLY-LATE GATE TRACKING

The early-late gate tracking loop as used for range
tracking in radar systems [15] lends itself well to the FH
signal application. The diagram of Fig. 4.5a shows the
system required to track FH signals, while Fig. 4.5b shows
the waveforms associated with the early~-late gate control
loop. The gating waveform g(t) derived from the VCO is
alternately positive and negative vith.plus and minus
transitions coinciding with the edge and centre of the
frequency hopping intervals in the locally generated FH
wavefors SL(t). The detected correlator output v(t) is
essentially multiplied by this gating waveform anmnd the
result u(t) integrated to form the error signsl e(t). This
error signal will then be proportionsl to the delay ¢
between the 10cal snd received FH waveform according to the
discriminator characteristic in Fig. 4.5b, and is used to
advance or retard the local waveform into aligament,

Inherent in the loop operation will be some phase
jitter which will increase with decreasing signal-to-noise
ratio. The variance of this phase error is given in [15]

for a 'in'l. received pnlto as,
g3 = T /N 4.10

where T. is the gating interval, Tp is the pulse width, and

Ep is the pulse energy. For the FH system early—late gate,
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T' equals the hop interval Tﬂ' while Tp equals TH+TI' Hence
G = Tn(Tn*Tu)/(Synn/No) ’ (4.11)

where y is the number of hops in the loop integration time.
This result agrees with that in [16] with Tl-o and the loop
bandwidth written as BL-1/7Tn.

In addition to providing a fine control for accurate
synchronization of receiver and transmitter, it is also
necessary, once the system enters the lock state, to monitor
whether or not tracking of the correct received code phase
is taking place. This is the purpose of the in-1lock
detector included in Fig. 4.5a. Depending on the lock mode
control strategy, one or more failures of the lock detector
integrator output to exceed the threshold will indicate loss
of lock and retura control to the search modes.

Tracking loop phase error will reduce signal

correlation thereby degrading in-lock detector performance,

and this must be accounted for as follows. Since the phase

error is spproximately Gaussian [16], it will be less than

30,, 90 percent of the time. It can then be seen from the
diagram of Fig. 4.5d that correlation is reduced by a factor
less than 30./‘1‘a so that signal energy must be scsled by a

factor greater than,

a4, = (1-30,/Tp)* . (4.12)
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S. RESULTS FOR SONE EXANPLE SYSTENS

5.1 A FAST ACQUISITION SYSTEN FOR NOBILE USE

As a first example we consider a system for use in a
vehiocle configuration for medium range mobile tactical
communications. Operators are assumed to communicate in a
push-to-talk mode, synchronization being initiated with
every transmission. A fast and reliable acquisition system
is therefore required. Medium range communications networks
operate typically in the VHF frequency range, vwhere
tropospheric scattering is not of concern. The most serious
threat to mobile units is enemy jamming, against which FH is
used as s counter measure, Our design philosphy i
therefore dictated by the need for reliable acquisition in
the face of such a thresat,

Since for vehicle configurations space and power
limitations 40 not cause too much of a problem, we consider
the use of s matched filter for coarse acquisition, together
with an early late gate and in-1loock detector for'fine
acquisition and tracking. The S/L strategy chosen for this

example is the simple strategy of Fig. 5.1. For this case,

P, =p . (5.1)

Since acquisition is achieved by the detoction of some code
prefix, probably buried in an initial header, there is only

one opportunity for correct synchronization. False alarms
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will cause entry into the tracking mode which incurs a time
penalty and may result in the true synch prefix being
missed. The probadility of false alars must therefore be
kept small, and provided the miss probability is low, radio
operators’ procedure can sccommodate the rare miss.

Applying equation (2.25) we find that,

TD = Tn(1+TFLPFA) (5.2)
where
TFL = u/q1 .

The first design task is to select the matched filter
complexity requirement, Consider the curves of Fig. 5.2
which show miss probadbility vs energy per hop to noise
density ratio for various filter complexities using linear
integratiion. It should be noted that each point on the
curves is cnlculntoa for a fixed false alarm probability.
It can be seen that a miss probability of less that 1.0-'3 is
achieved for N=4 at s 10dB signal to noise ratio, which we
shall deem to be adequate.

As discussed in section 2.3, binmary integration offers
better performance than linear integration in a jamming
eavironment. But what are the tradeoffs? We consider a
matched filter with N=4, MN=1,. In order to establish a
setting for the second threshold, we plot miss probability

vs the second threshold for various PFA (i.e. first

.
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threshold) ss shown in Fig.5.3. Here, and in general it was

found that the optimum setting is the nesrest integer to
L = (N+0.5)/2 . (5.3)

The curves of Fig. 5.4 and Fig. 5.5 demonstrate the
trade-off in performance in a bdenign environment for
interference immunity. When there is no interference,
binary integration is adbout 1.5dB inferior to linear
integration, whereas b{nl:y integration is superior when the
interference to signal ratio exceeds adbout -1dB with 1% of
the band jammed.

Finally, we wish to determine the effect of the jamming
environment on tracking performance. The curves of Fig.5.6
compare the predicted mean time to loss of lock vs energy
per hop to mnoise density ra;lo for the benign enviroament,
and when 10% of the hopping band is jammed. It should be
noted that each point on the curves is calculated for a
given mean time to reject a false lock. Hence the effect of
s jamming environment is to force an increased threshold
level in order to maintain a fixed TFL' reflected in the
results by a reduction in TLL' As can be seen from the
corves, the effect of jamming when binary integration is
used is minimal, whereas when linear integratiion is used
the effect is quite severe. An actual time scale is
provided for the example of &2 hop rate equal to 100 hops per

second and adequate performance is obtained.
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5.2 A CONPACT SYSTEN FOR HAND-EELD USE

We next consider the application of a hand-held radio
for use in an urban environment, operating typically ia the
UBF range. In this context FH modulation is utilized mainly
for its multiple acocess capability and its inherent ability
to counter the multipath problems associated with this
environment,

Due to size and power limitations the introduction of
the more complex acquisition schemes is precluded, and we
are led to a choice of the serial search scheme for coarse
scquisition,. Combining this with the early-late gate
tracking scheme results in the relatively compact system of
Fig.$5.7. A possible syanch procedure here is to gain
acquisition over a subset of the frequency hop set in order
to produce realistic acquisition times. The early-late gate
is needed more here for fine acquisition thaa tracking,
since transmissions are generally very short.

One of the advantages of serial search is the
versatility of choice in search strategy, while its main
disadvantage is longer acquisition times. It is possibloe
however, by the careful choice of search strategy and by
maintaining a short uncertainty regiom, to keep acquisition
time to a minimum. Ve therefore compare several strategies

h

in terms of 90t percentile acquisition time. The
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strategies considered are shown in Fig.5.8. The scheme in
(d) is the ’'double dwell' strategy in which the second
detection integration is extended, In order to make

comparison feasible, the following criterion is applied:
l1im T = 4+k = const . (5.4)

p~1 D

Applying equation (2.32) we find that the probadility

of loock for the various schemes is:

(a) P = p

(b) P, = p¢

() P p*/[(1-3pq+p3q?]

(d) PL " PyP,-
(5.5)

Applying equation (2.34) we find that the mean dwell time

for the various schemes is:

(a) T. = 4+pk

(b) TD = 1+p+p3+pl+p4k

(¢) TD = [1+p+p3+pd+p4k]}/[1-3pq+p3q?]
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(d4) TD = 1+391+p1p2k
(5.6)

Consider the curves of acquisition time vs probability
of false alarm in Fig.5.9 for each of the strategies in
Fig.5.8. 1In each case there is san optimum valune for PFA for
minimum acquisition time at the chosen signal to noise
ratio. A high probability of false alarm results in s long
average dwell time, while a low probability of false alarm
implies a high threshold and hence & Ligh miss probabdbility.
These results are utilized in the comparisons to follow. It
should be noted that scquisition time ﬁna been normalized to
Nn'

Consider next the curves of Fig.5.10 which plot miss
probability vs energy per hop to noise density ratio for the
chosen strategies. The simple strategy is seen to afford
the best detection performance. However, on observing the
curves of Fig.5.11 which compare the acquisition time
performance of the example strategies, we find that the
simple strategy is mno loager the best. As expected,
strategy (a) yields poor results, but it is interesting to
note that while strategies (b) and (c) yield similar
performance strategy (d) provides a marked improvement.

While we might have been persuaded to choose strategy
(d) for the best performance in a benign environment, the
curves of acquisition time vs frsction of hopping band
ococupied in Fig.5.12 show that in a multiple access

environment this strategy is not the best. In this
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situation strategy (b) turms out to be relatively
interference immune.

Finally, considering the curves of Fig.5.13 which show
acquisition time performance of the various strategies for
an incressing hop rate, we find that in a multipath
environment strategy (d) again out performs the others. As
can be seen, hop period should not be smaller than the
channel multipath spread, otherwise performance becomes

seriously degraded.

5.3 A ROBUST SYSTEN FOR BASE STATION USE

As a final example let us consider a system for use in
a8 long distance base station communication link, Such
systems operate generally in the HF frequency band, relying
on troposcattr reflections for beyong the horizon ranging.
The effoect of fading is thus of prime importance in the
design of a synchronization system.

The role of the base stationm communication link demands
high security in order to combat interception by frequency
hopping pattern decoding. A time of day reference is
possibly established by sn initisl synchromization
procedure, with subsequent coarse ncquitition at the start
of each transmission compromising a search through a code
uncertainty region cavsed by clock instability. Late entry

(newcomers to the network) is achieved by searching an
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uncertainty region relative to the time of day reference.
The coarse acquisition system is therefore required to
rapidly and reliadbly sesrch through a given code uncertainty
region in a signal subjeot to fading. Since space and powser
limitations are of secondary importamnce we consider the use
of the two-level scheme for this applicstion.

Tracking is once again performed by the early late gate
and monitored by the in-lock detector. However, due to the
possible occurrence of deep fades we shall investigate the
ase of the consecutive count lock strategies shown in
Fig.§5.14, This comparison is dome according to the

following criterion:

1im T = a(n+l) = const. (5.7)

q+1 LL
The generalized graph transfer fumctiomn for Fig.5.14 is

obtained by inspection using Mason's formula [12] as

P(z) = ¢**1:2*1/(1-p2 2 Jaly . (5.8)
i=0

Applying equation (2.40) and using p=l-q it is found that

n+l n+1]

T, = lTn(l-q )/ {(1-q)q . (s.9)

L

Two-level acquisition performance is demoanstrated bdy

the curves of Fig.5.15, which show miss probability —s
energy per hop to noise density ratio for a varying number

of active correlators. The advantage to be gained im going
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from one to two active correlators is evideant. However, it
is likely that the extra complexity for four correlators
would not be warranted in the benign environment,

Turning now to the counrves of Fig.5.16 which show miss
probabdility vs relative strength of scatter component, again
for a varying number of active correlators, we find that the
fading channel severely affects performance, and for the
chosen integration parameters N and k, the extra active
correlators are warranted,

The fading environment is also likely to have a serious
effect on tracking performance. But first let us consider
the difference in performance for the chosen strategies, as
depicted in the curves of Fig.5.17., It is comforting to
find that there is little loss in performanmce incurred for
trading detector integration time against the number of
in~1look states. Sample times given are for a hop rate of 10
hops per second, oonsidorod as reasonable for the HF band.
The curves predicting performance in a fading channel
indicate the severe effect of such an environment., In order
to improve on this situation it is necessary to inocrease the
in~lock detector integration time. However this must be

done subject to the comstraiat

M(n+1l) < 1im T (5.10)

- q-1 L
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6. CONCLUSIONS

6.1 COMNPARISON OF COARSE ACQUISITION SCEENES

In the course of selecting an acquisition scheme for
application in each of the example scenarios in sectiom §,
an attempt has been made to choose common parameter values,
in particular the false alarm probability. This enables us
to compare the performance of each of the schemes outlined
in section 4,

Let us compare the curves of rij.s.z. 5.10 and 5.15.
Clearly the matched filter offers bdetter detection
performance than the serial search scheme., This is due to
the ability of the matched filter to find the peak
correlation with the correct code phase in the received
waveform. In addition, the way in which the matched filter
searches the received code in real time provides a speed
advantage over stepped serial search at the cost of extrs
complexity. Techniques such as fast hop search and the
double dwell strategy can yield a considerable increase in
search rate for serial search, at the cost of detection
performance., If the search process can accommodate ome or
more code epoch detection misses, the serial search scheme
wtilizing these techniques can provide adequste performance
for low complexity.

For the same matched filter complexity the two level
scheme yields oextremely reliable detection performance,

provided that a bank of three or more active correlators is
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used for code start signal verification. This, of course,

is at the cost of comnsiderable complexity.

6.2 TRACKING IN ADVERSE ENVIRONMNENTS

Consider the curves of Figs.5.6 and 5.16. Once again
common parameters, in particular the mesn time to reject a
false lock, have been chosen in order to make comparisons of
performance in different environments possible.

The best performance in terms of mean time to loss of
lock is obtained by linear integration with a simple.
strategy. However, the jamming environment was found to
seriously degrade performance when this strategy is used.
The use of binary integration with the simple strategy was
then shown to sufficiently overcome the jamming problem.

The fading channel on the other hand was found to cause
a severe reduction in mean time to loss of lock for which
the only solutiom is to inmcrease in-lock detector
integration time. However this must be done within the
constraint of mean time to reject a false lock and may
necessitate a lower detector threshold, which implies a
longer mean time to determine anm out of lock condition,
This affects acquisition time and end of message detection,.
It is felt that the loss of approximately 1dB in performance
for going to a more complex in-lock control strategy is

warranted for the case of the selective fading channel.
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Although not presented ia the results for reasons of
clarity, there was found to be little difference between 'up
down' and 'consecutive count' strategies for in-lock

control.

6.3 PRACTICAL CONSIDERATIONS

In the results of section 5, the parameter used as a
measure of signal to noise ratio is the energy per hop to
noise density ratio. This ratio assumes (sectiom 2) that
the IF filter bandwidth is the reciprocal of the hop
interval. However, in practical configurations this 1is
gonerally not the case, unless the data modulation bit rate
equals the hop rate, since we cannot specify that the signal
be without information modulation during acquisition. It
is the task of the post detection integrator to restrict the
noise bandwidth. The energy per hop to noise density ratio
is then indicative of the post detection signal to noise
ratio.

It will also have been noted that the results predict
performance for what is known as a constant false alarm rate
receiver. In practice this implies an adaptive threshold,
which can generally be achieved by measuring the noise just
outside the information bandwidth. However, this
measurement will not be indicative of the amount of
interference presont. A possible solution in the case of

the matched filter using dbinary integration is shown in
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Fig.6.1. The threshold input to the digital comparator is
derived from the number of frequencies inm the prefix
simultaneously received, which is an indicatiom of the

amount of interference. In this way false alarms are

minimized.
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APPENDII A

The ratio of the density function for signal-plus-noise
to that for noise alone is the liklihood ratio. This ratio
is required to exceed a predetermined threshold value in
order to declare that the signal is present., The liklihood
ratio is given by (2.6) divided by (2.5),

-Ici‘lz |
L(v) = ¢ i I (ve), (A.1)
o i
i=1
where s, is the ratio of signal amplitude to rms noise
voltage, ailc. and v is the ratio of the IF envelope

amplitude to rms noise voltage, r/o. It is required that
L(v) > A, (A.2)

where A is a constant which depends on the probability of a
false threshold exceedence. Taking the logarithm gives

M

3

Y 1n I_(ve,) > 1n A + Me,3/2 . (A.3)

i=0
This states that for optimum processing one should take the
pulses, each of amplitude r,, sum them according to the law
given by the left-hand side of (A.3), and compare the result
with a threshold given by the right-hand side of (A.3).

Therefore the detector must have a law given by
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y = 1n Io(vc). (A.4)

in order to maximize the 1iklihood ratio L(r) for a fixed
probadbility of false alarm, A suitable approximation for

small L is the square-law characteristioc,

y = *(vc)‘. (A.S)

and for large L a suitable approximation is the linear

charscteristic

y =~ vs. (A.6)
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APPENDIIX B

The mean acquisition time is obtained from Fig. 2.6b

B(T.cq} = I.tp(t)dt

[ ]
n
- P Tg/2 2 (2a+1) P,

n=0

= Tslz-PDIIZPD . (B1)

Similarly the variance of the scquisition time is obtained

as follows,

E(T i} = I tip(t)dt
[ ]

P Tg?/3 [1 + 2 3(a+1)aP,"]

n=0
= Ts‘[1/3 + 2PulPD + 2P“‘/PD‘] (B2)
and hence
vnr(T.cq} = Ts’[1/12 - 1/PD + IIPD’] . (B3)
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APPENDIX C

Consider the correlation diagram of Fig.Cl. Let x be
the absolute value of the relative delay t between the
transmitter and receiver codes, v uniform on the time axis.
Best correlation ocours for y=min(x,2a-x). Since x is

uniform on [0,2a), y is uniform on [o0,a) so that
y = a/2 and ;“ = a3/3 ,

Considering the stepped search technique, worst case

correlation occurs for
s = Al2 = rn(a-1)/2 ’

where A and 8 are defined by equation (4.2). The
correlation output is scaled by x-l-y/'l'n so that the signal

energy Bn is ;calod by
- = - e ]
d' z 3 1 2y/‘l‘n +y /Tn'

= (5-8)/4 , 81 . (C1)

Considering now the fast hop search technigue, we find that
there is always some code alignment for which peak
correlation in terms of the receiver hop interval occurs.
However, the correlator bandwidth has effectively been

increased by A, so that the ratio EH/No is degraded by
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. , 8«1 (C2)
Note that this applies to the first signal correlation for

each cell only, subsegquent correlations being done at the

transmitter hop rate. The degradation factors for the

examples in Fig. 4.3 are given in Table C1l.
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£1G.2.3a Markov Chain For "Up -Oown’ Strategy

FIG.2.3b Markov Chain For ‘Consecutive Count’ Strategy

-66-




p 2’

psz qlz' moz Q'z” n qlz'. Nl

FIG. 2.4 a "Up-Down Counter’ Signal Flow Graph

me2 q|z" n qz’ Nel

FIG.2 4 b "Consecutive Count’ Signa! Flow Graph

_67-




l

F1G.2.5a Markov Chain For Search Mode Only

FIG.2.5b Signal Flow Graph For Search Mode
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