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ABSTRACT

This dissertation is concerned with performance analysis of diversity combining
schemes in frequency-hop spread spectrum communications under the worst case
partial-band noise and multitone jamming.

Performance of a ratio-threshold diversity combining scheme in fast frequency
hop spread spectrum systems with M-ary frequency shift keying modulation
(FFH/MFSK) under partial-band noise (PBN) and band multitone jamming with-
out and with the additive white Gaussian noise (AWGN) is analyzed. The analysis
is based on exact bit error probabilities, instead of bounds on the bit error probabil-
ities. A method to compute the bit error probability for ratio-threshold combining
on jamming channel is developed. Relationship between the system performance
and the system parameters, such as ratio-threshold, diversity order, and thermal
noise level, is illustrated. The performances under band multitone jamming and
under partial-band noise jamming are compared. For binary FSK modulation, the
performance under the two types of jamming is almost the same, but for 8-ary
FSK modulation, tone jamming is more effective against communications. The
structure of the combiner is very simple and easy to implement. Another merit of
this combiner is that its output can be directly fed to a soft-decision FEC decoder.

Maximum-likelihood diversity combining for an FFH/MFSK spread opectrum

system on a PBN interference channel is investigated. The structure of maxiraum-




i

likelihood diversity reception on a PBN channei with AWGN is derived. It is
shown that signai-to-noise ratio and the noise variance at each hop have to be
known to implement this optimum diversity combining. Several sub-optimum di-
versity combining schemes, which require the information on noisz variance of each
hop to operate, are also considered. The performance of the maximum-likelihood
combining can be used as a standard in judging the performance of other sub-
optimum, but more practical diversity combining schemes. The performance of
the optimum combining scheme is evaluated by simulations. It is shown that the
Adaptive Gain Control (AGC) diversity combining actually achieves the optimum
performance when interference is not very weak. But the performance difference
between some of the known diversity combining schemes, which do not require
channel information to operate, and the ¢cptimum scheme is not small when the
diversity order is low.

An error-correction scheme is proposed for an M-ary symmetric channel char-
acterized by a large error probability p.. Performance of the scheme is analyzed.
The value of p. can be close to, but smaller than, 1 — 1 /M for which the channel
capacity is zero. Such a large p. may occur, for example, in a jaraming envi-
ronment. The coding scheme considered consists of an outer convolutional code
and an inner repetition code of length m which is used for each convolutional
code symbol. At the receiving end, the m inner code symbols are used to formn
a soft-decision metric, which is subsequently passed to a soft-decision decoder for
the convolutional code. Emphasis is placed on using a binary convolutional code
due to the consideration that there exist commercial codecs for such a code. New
methods to generate binary metrics from M-ary (M > 2) inner code symbhols
are developed. For the binary symmetric channel, it is shown that the overall
code rate is larger than 0.6Ry, where Ry is the cutoff rate of the channel. New
union bounds on the bit error probability for systems with a binary convolutional
code on 4-ary and 8-ary orthogonal channels are presented. Owing to the variable

m which has no effect on the decoding procedure, this scheme has a clear opera-




tional advantage over some other schemes. For a BSC and a large m, a method is

presented for BER approximation based on the central limit theorem.
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Chapter 1

Introduction

In many communication systems, in addition to background thermal noise, there
are some other forms of disturbance to the transmitted signals. The disturbance is
called interference to the communications. One type of interference is intentional,
and this type of interference is called jamming. lu order to provide adequate perfor-
mar.ce of the communication link in an environment with interference or jamming,
communication systems have to be designed with the capability of working prop-
erly in such a severe environment. Spread spectrum is a technique which can be
used to increase the anti-jam capability of communication systems. One of two
major classes of spread spectrum techniques is frequency hopping. This disserta-
tion is concerned with the anti-jam capability of frequency-hop spread spectrum

commurications.

1.1 Frequency-Hop Communications

A diagram of frequency hopped frequency shift keying spread spectrum (FH/FSK
SS)} communication system is depicted in Figure 1.1. The FH/FSK SS system
is basically an ordinary FSK system with the carrier frequency hopping over the
spread spectrum communication bandwidth, denoted as W,,, under the control of
a psuedonoise (PN) code. The FSK modulated signal is called data symbol, or
for short, symbol. The bandwidth of the FSK modulated signal is much smaller
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Binwy = f, -
Data \
*
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> fM 1 >

Figure 1.1: The FH noncoherent FSK spread spectrum system

than W,,. But by averaging over rnany hops, the spectrum of FH/FSK signal
has a bandwidth of W,,. The carrier frequency changing rate is called hop rate.
For a FH system, if the hop rate is greater than symbol rate, the FH system
is called a fast frequency hopping (FFH) system. Otherwise, it is called a slow
frequency hopping (SFH) system. In a FFH system, one symbol is transmitted
over more than one hop. In this case, one hop is also called one chip. Let the
duration of one symboi be T, aud the duration of one hop, o1 chip, T.. Suppose
one symbol is transmitted over m (m > 1) hops, then T, = mT,. Since one symbol
is transmitted over different time intervals, the transmission is a time diversity
transmission. The transmission is also a frequency diversity transmission since
one symbol is transmitted over different [requency by carrier frequency hopping.
The parameter m is called diversity order. The unit of m is chips/symbol. When
the energy of a symbol is fixed, there is usually an optimum diversity order, in the
sense that there is a value of m which requires the least signal-to-noise ratio to

achieve a given final bit error probability, F,.
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1.2 Intelligent Jamming

An intelligent jammer is a jammer which can adiust its jamming power distribution
over the entire spread spectrum signal bandwidth W,, to maxinsize its jamming

effect based on the certain amount of information about the structure of the com-

munication system to be jammed. In other words, the jamme: can find and use
the best strategy to maximize its jamming effect. From the communicator’s point
of view, this kind of jamming is the worst case jamming. In this dissertation, we
are concerned with the performance of FH communication systems under worst
case jainming. We assume that the jammer knows everything about the system
except the PN code which controls the carrier frequency hopping sequence. We
also assume that the total jamming power of the jammer is finite and fixed.

Two types of intelligent jamming are considered, partial-band noise (PBN) and
multitone jaraming. Partial-band noise jamming concentrates the total jamming
power in a fraction of the spread spectrum signal bandwidth, and injects jamming
power into a receiver in the form of additive Gaussian noise. Multitone jamming
injects the total jamming power into a finite number of tones, which coincide
with some of the FSK signal tones used by the communicator. According to
the distribution of the jamming tones, muititone jamming can be divided into two
classes: band multitone jamming ~ud independent multitone jamming. It is known
that the worst case multitone jamming usually occurs when there is only one tone

in a jammed frequency hop slot (or a M-ary FSK symbol bandwidth) [1, 2].

1.3 Diversity Reception in FH Communications
under Jamming

Since the jamming power distribution in the spread spectrum bandwidth is non-
uaiform, time variant, and unknown to the receiver, then after FH demodulation,

the channel is stationary only in every hop interval T, and the channel is nonsta-




Chapter 1. Introduction 4

tionary for the symbol duration 7T,. Several diversity receiver structures for this
kind of channel have bcen proposed [3, 4, 5, 6] in last decade.

The information on the channel condition for a hop, whether jamming is present
or not, is called side information. Some diversity combining schemes require side
information, or some other channel information. Soft decision linear energy com-
bining (or soft decision square-law envelope combining) needs side information to
work well in strong jamming. If no side information is available, the performance
is very poor [7]. Clipped-linear combining needs information on the signal ampli-
tude [5). Adaptive Gain Control (AGC) comkining requires the noise variance of
each hop [8]. Providing side information or other information increases the system
complexity, and the imperfection of ihe information may cause some performance
loss. Therefore, diversity combining schemes which do not require side informa-
tion or information other than outputs of M non-coherent matched filters are more

attractive.

In most of the previous works on analysis of diversity receivers, the influence
of the background thermal noise is ignored. This approximation is accurate when
the jamming is so strong that the worst case jamming is simply full hand jamming
(distributing jamming power uniformly over the full spread spectrum bandwidth
W,,). But when the jamming is not very strong, this approximation is no longer
valid, due to the noncoherent combining loss in background noise, which is modeled
as addiiive white Gaussian noise (AWGN), and lower signal-to-noise ratio at the
chip level. The influence of these two factors increases as the diversity order
increases. Another reazon to consider background noise is that it is the existence of
background noise that makes the extraction of accurate side information difficuit.
Thus, performance of diversity combining schemes without the requirement of
side information should be analyzed in an environment where the influence of
the background noise is not small. Therefore, in a complete analysis for strong,
moderate, and weak jamming or interference, background thermal noise should be

considered.
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1.3.1 Diversity Combining Using Ratio-Threshold Test

Technique

Viterbi [9] first proposed to use ratio-threshold test technique to combat jamming
in FH/FSK spread spectrum commuuication svstems. By using a ratio-threshold
test, an estimation of channel condition can be obtained. This estimation can then
be used to form a soft decision decoding metric. Viterbi analyzed the performance
of this technique in a FH/FSK system with coding but without diversity under
multitone and PBN jamming, using the computational cutoff rate technique [9, 10].
The results indicated that certain performance improven ent is possible.

Since then, there have been further works in this ditection. Chang analyzed
the ratio-threshold (R-T) anti-jam technique from the information theory point
of view and used game theory approach in the analysis [11]. She showed the
performance improvement by R-T technique over a hard decision receiver. Clifford
and Schounhoff analyzed the performance of R-T anti-jam technique in multitone
jamming channel with background noise {12]. Their analysis is also based on cutoff
rate. The above analyses concentrated on systems without diversity. There are
several ways to use the R-T technique in diversity combining [13, 14]. The scheme
proposed in [14] is further studied in this dissertation.

Since the R-T diversity combining scheme has a very simple structure, it is
quite easy to implement. This type of diversity combining does not require side
information but with an adjustable parameter. The purpose of our research is to
investigate the performance of ratio-threshold test technique when used in diversity
combining and the influence of the parameter of threshold to the system perlor-
mance. This dissertation analyzed the performance of the R-T diversity combining
scheme under partial-band noise jamming and multitone jamming with the influ-
ence of background thermal noise taken into account. The analysis is based on
the =xact bit error probability instead of bounds on bit error prohability or cutoff

rate. Thus more accurate and direct results on system performance are obtained
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in this dissertation. The performance comparison of the various diversity combin-
ing schemes is more accurate when it is based on the exact bit error probabilities

rather than bounds.

1.3.2 Optimum Diversity Reception in PBN with AWGN

According to signal detection theory, the optimum diversity receiver structure can
be derived given the properties of the transmission channel. Although many pro-
found works have beea done in design and analysis of diversity receivers in jammed
channels, the optimum structures of diversity receiver on partial-band noise and
multitone jamming channel with background thermal noise are unknown. Keller
considered optimum diversity reception on PBN channel with perfect side infor-
mation and no background thermal noise [13]. In this case, the optimum diversity
reception in PBN can be treated as the problem of the optimum diversity reception
in additive white Gaussian noise. The optimum diversity reception on PBN chan-
nel with thermal noise is investigated in this dissertation. Although the optimum
structure may require even more channel information, and thus is impractical,
the performance of optimum diversity reception can provide a upper bound on
the performance of a ncn-optimum diversity receiver on PBN ~hannel. And the
upper bound can be used to jundge non-optimum but practical diversity receivers.
The impractical scructure may provide guidance when designing practical diversity

recelver.

1.4 Concatenated Coding for High-Error-Rate
Channels

Fiom a channel coding theory point of view, since one symbol is independently
transmitted severa: times in a fast frequency hop system, there is repctition cod-
ing inherently in the system. If the transmitted data are encoded with an error

correction code, then the entire system is equivalent to a concatenated coding
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-cheme with a repetition code as the inner code.

The inner most transmission channel, i.e., the channel in which the data with
repetition coding are transmitted, can be quite different depending on, such as, the
modulation, the presence or absence of interlerence, and the types of interference.
For different inner channel models, differ-nt analysis methods have to b used to
analyze the system performance.

If the channel is modeled as a soft decision non-coherent MFSK chanrel, then
decoding of repetition code is a form of diversity combining. However, if the

inner most transmission channel is modeled as hard decision non--oherent MFSK

channel, or M-ary orthogonal channel, then the channel belongs to the M-ary
symmetrical channel (M5C). The case where the error rate of the communication
channel is very high (as high as in the arder of 0.1) is considered. This high error
rate may be due to strong interference and/or a relatively low signal-to-jamming
ratio at the chip level (i.e., chip energy-to-jamming power spectral density ratio).
Since the jamming is assumed to be very strong, the worst case jamming is full-
band jamming. Thus, the channel is assumed to be stationary. Low rate coding has
to be employed in a channel with such high error rate. Concatenated coding with
a repetition code as the inner code provides a way to implement low rate coding.
As we mentioned before, this coding structure is inherent in coded FF!/MFSK
systems. On M-ary symmetric channel, the maximum-likelihood decoding (MLD)
of repetition code is by a simple majority vote [15, page 60]. But in order to
implement soft decision decoding of the concatenated code, a method must be
found for the decoder of inner repetition code to generate soft decision metrics
for the soft decision decoder of outer code. Furthermore, the outer code and the
inner code are rot necessarily in the same domain. For example, the outer code
may be a binary code, and the inner code may be an M-ary repetition code.
Thus, it is interesting to investigate the performance of a code with decoding
metrics generated from a different domain. A convolutional code concatenated

with repetition code as ‘he inner code is called repeated convolutional code. In
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this dissertation, a new coding scheme with a binary convolutional code as the
outer code and an M-ary repetition code as the inner code is proposed. Methods
of generating the decoding metrics for this coding scheme are developed, and new
generating functions of a binary convolutional code are found. The performance

of the new scheme is analyzed in various conditions.

1.5 Dissertation Outlire

In Chapter 2 and 3, the performance of a F'H/MFSK system with R-T diversity
combining scheme is analyzed under partial-band noise jamming and band multi-
tone jamming. respectively. By using an average computation model developed in
Chapter 2, the exac! bit error probability of the FFH/MFSK system under worst
case PBN and multitone jamming including thermal noise influence is computed.
Effects on the system performance of different system parameters, such a- diversity
order, ratio-threshold, and signal-to-thermal-noise ratio, and jamming parameters
are also analyzed.

Chapter 4 discusses maximum-likelihood diversity combining vn a PBN chan-
nel. The structure of maximum-likelihood diversity combining in PBN, and some
sub-optimum combining schemes are investigated. The optimum performance is
obtained by Monte Carlo simulation. The results show that the AGC diversity
combining scheme is actually optimum with regard to the system performance
under worst case jamming when the PBN jamming is no: too weak.

In Chapter 5, a repeated convolutional code for an M-ary symmetric channel
(MSC) characterized by a large error probability p. is considered. Emphasis is
placed on using a binary convolutional code. The effec. of finite quantization and
methuds to generate binary metrics for M > 2 are investigated. New union bounds
on the bit error probability for systems with a binary convolutional code on :-ary
and 8-ary orthogonal channels are presented.

Conclusions and suggestions for future research are given in Chapter 6.




Chapter 2

Performance of Ratio-Threshold
Diversity Combining Scheme in

FFH/FSK Systems under
Partial-Band Noise Jamming

2.1 Introduction

The Ratio-threshold technique, proposed by Viterbi [9], can be used in fast fre-
quency hop M-ary frequency shift keying (FFH/MFSK) spread spectrum com-
munication systems to combat jamming. Viterbi analyzed the performance of this
scheme in coded FFH/MFSK systems under multitone and partial-band noise jam-
ming using the computational cutoff rate technique [9] [10]. His results “adicated
that certain performance improvement is possible.

When diversity is used in a frequency hop system, with or without an outer
error correction code, the ratio-threshold technique can be used in diversity com-
bining. This, in fact, is equivalent to implementing soft decision decoding of a
repetition code. Laufer and Reichman [14] discussed this scheme, and analyzed
the performance of the scheme in worst case partial-band noise (PBN) jamming,.
However, their emphasis is on the effects of non-ideal ‘nterleaving.

In this chapter, we first give a brief description of the ratio-threshold (R-T) di-
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versity combining scheme. Then a method for con.putation of the hit error prob-
ability of a FFH/MFSK system with ratio-threshold diversity combining under
jamming is introduced. Next the bit error probabilities of the FFH/MFSK syster
with ratio-threshold diversity combining under worst case partial band noise are
computed. Some results are compared with the performance of the FFH/MFSK
systems with diversity utilizing the soft decision metric with side information. Ef-
fects on the system performance of different system parameters, such as diversity
order, ratio-threshold, and signal-to-thermal-noise ratio, and jamming parameters

are also analyzed.

2.2 Ratio-Threshold Diversity Combining

The structure of ratio-threshold diversity combining scheme is quite simple and is

described as follows.

The ratio-threshold test is made on every matched filter output at each hop,
and a hard decision is made with a quality bit. The hard decision of each M-ary
symbol is mapped back to A = log, M bit binary symbols. The outputs of all
hops (in the form of binary symbols) aie accumulated with good quality bits and
with poor quality bits, respectively. If there is at least one hop decision with a
good quality bit and there is a majority decision without a tie, then the output of
the combiner is the majority decision with a good output quality bit attached. If
there is a tie between 0 and 1 (or “space” and “mark”) with good quality bits, or
there is no hop decision with a good quality bit, a decision is made based on hop
decisions with poor quality bits (if there is a tie, flip a coin), and this output of
the combiner is attached with a poor output quality bit.

If there is no outer error correction code, the outputs of diversity combiner are
also the output of the receiver, and the output quality bit has no use and can be
discarded. However, if there is an outer error correction code, the soft decision

decoding can be carried out based on the outputs of the diversity combinar.
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2.3 Average Computation Model for Bit Error
Probability

Consider a FFH/MFSK spread spectrum system (Figure 1.1) with a R-T diversity
combiner. Assume that the diversity order, the number of chips or hops per data
symbol, is m. Let the output of the non-coherent matched filter for the ith symbol
at the kth hop be X, where ¢ = 0,1,---,M, and k = 1,2,---,m. Let the ratio
threshold be 6, which is a parameter chosen by the communicator. At first we
assume that there is only system thermal noise, but no jamming.

First we consider a binary FFH/FSK system. The hop decision is made based
on which non-coherent matched filter output is larger, and the quality bit ¢ is set

according to

0 (good) if me=ld > g,

1 (poor) otherwise,

q(k) = {

wher=
Xmaz(k) = max{Xox, X1x},
Xm,'n(k) = min{Xok,Xlk}.

and k = 1,2,---,m. This results in a channel with binary inputs and quaternary
outputs, as shown in Figure 2.1. The transition probabilities of the channel are

known to be [10]:

Pc

1

Fe(0),

Pox = F¢(1) — Fe(9),

Pgx Fg(1) - Fg(0),
Pg = Fg(0),

where
Fo(0) = Pr{Xox > 0X1k| “0” sent},
Fg(0) = Pr{Xix > 0Xok] “C” sent}.
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Output

10

Figure 2.1: The Channel Model
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Fo(0) and Fg(8) can be derived from the distribution of the two matched filter

outputs, Xo; and Xjx. The bit error probability at the output of R-T combiner

can be derived from Pc, Pox, Pex and Pg accordingly.

Let ! be the output of the diversity combiner before flipping the two-sided coin.

There are five possible values for !:

00 decision is 0, good quality,

01 decision is 0, poor quality,
l=¢ ¢ tie

11 decision is 1, poor quality,

10 decision is 1, good quality.

The conditional distribution of ! given that “0” is sent is

Pr(l=00]0 sent) = > Crvheksh phpha phs ply (2.1)

Sk.k1>k2

i

Pr({ = 01{0 sent)
Sireika=k1 k3 >ky

Ckkeks ks phi pha phs ke (2.2)

Pr(l = 11]0 sent) = 3" Chvknkekiphplaphs ply (2.3)

Sy ke=ky,ka<ky
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Pr(l =100 sent) = ; k Chikakake pli pha pha, phs, (2.4)
Sg ki <ka
Pr(l = z|0 sent) = > Chubaks ke ply PR PEy Py (2.5)

Sic ka=ky ka=ky
where
Sk = {k1, kg, k3, k4]0 < Ry, ko, ka ks < by + ky + ks + by =m}
and CkF2k3:k is multinomial number, which is given by

m!
Fylkolkatk,!

Ckl k2.kaky
m

Suppose that the two symbols are equiprobable, then the bit error probability

at the diversity combiner output is
P, = Pr(l = 11/|0 sent) + Pr(! = 10{0 sent) + —;—Pr(l = z|0 sent). (2.6)
For M-ary FFH/FSK systems, the hop decision is made by choosing the largest

output of M matched filters. Suppose that, for the kth hop,

X;r= max X;
k= ogicmr—1

then the quality bit ~an be assigned as:

. i{Jﬁ > . .
o(k) = 0 good if 3~ _'_0f0r all 7 # 7,
1 poor otherwise.

Assume that the K = log, M binary information bits associated with each trans-
mitted M-ary symbol are ideally interleaved. Then the channel model is the same
as the binary case shown in Figure 2.1. But the transition probabilities are changed

into [10}:

Po = Fol0)+ (5 —1) Fsl0), (27)
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Pox = [Fol) = Fo(0) + (5 = 1) l6s() = Fe@)],  (28)
Pox = S {Fs(1)~ Fe(8)], (2.9)
Ps = w5 Fs(0) (2.10)

where
Fe(0) = Pr{X;c > 60X for all i # j|j sent},
Fg(0) = Pr{X,x > 0X; for aspecificn # j and all ¢ # n|j sent }.

Similar to the binary case, F(#) and Fg(0) can be derived from the distributions
of M matched filter outputs Xok, X1k, -+, X(ar-1)x- Then bit error probability at
the output of the combiner can be computed by using (2.6).

Note that the above results are for channels without jamming. The statistics
of these channels are stationary. A channel with jamming present, however, is
nonstationary. For one hop, the signal is either jammed or not jammed. Therefore
the channel has two states. One is that a hop is being jammed; and the other one
is that a hop is free of jamming.

Let Q¢, Qr, Qcx, and Qgc be the transition probabilities of the channel state

without jamming. They can be computed by

Qo = Foul®)+ (% —1) Frol0),

Qex = [Fool1) = Feol®)] + (-~ 1) [Fr(1) ~ Frof0)],

Qex = G1Fso(1) = Feo(0)],

Qr = B Fnl0)

where

Feo(9) = Pr{Xj > 60Xy for all ¢ # j|j sent, without jamming},
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Fgo(0) = Pr{X,x = 06X, for a specific n # j and all i # n|j sent,
without jamming}.

Similarly, let Rc, Rg, Rcx, and Rgx be the transition probabilities of the channel
state with jamming. And they can be computed in the similar way as Q¢, etc. by
using
Fci(0) = Pr{Xjx > 0X; foralli# j|j sent, with jamming},
Fr1(0) = Pr{Xu > 0X;; for a specific n # j and all i # n|j sent,
with jamming}.
Assume the probability of a hop being jammed is p, then the conditional prob-

ability distribution of I given that “0” is sent is

Pr(l=00[0sent) = Y fao(ki, ko, ks, ks, Qc, QEs Qox, Qrx,

Sy ka1 >k

Rc¢, Rg, Rex, Rex, p) (2.11)
Pl‘(l = 01{0 Sent) = Z f2(k17k2ak3’k41 QC’ QE,(2(7X1QEX1

SI\' 1kl =k2 1k3 >k4

R6'1REaRCX1REX~p) (2.12)
Pr(l = 11]0 sent) = > Ja(ki, koy ks, ke, Qey QE, Qox, Qrx.

Siooky=kz k3 <ky

Re, Rg, Rox, Rex, p) (2.13)
Pr(l=10[0sent) = > fo(ki, ks, ks, ks, Qcy Qr, Qox, Qux,

Speoky <kz

Rc, Rg, Rex, Rex, p) (2.14)

Pr(l = z|0 sent) = > falky ke ks, kay Qcy Qs Qox, Qux,s

Sy k1=k2,k3=k4
Re¢, R, Rex, Rex, p) (2.15)
where

fa(k1, k2, k3, ke, G4, G2, 43, 94,71, 72,73, T4, P)




“hapter 2. R-T Combining in PBN Jamming 16

ki ka ks kg
= Z Z Z Z cvg,lz.ls.lq,kj ~ly kg —lg k3 —la,ke =14

1y =0l3=0 I3=0 I4=0

X (1 _ p)11+12+la+14 pm—lx —ly =31y q{l qézqéaq‘l: ,,.f: U] r’2€2—12 7.:1;3—13 ,,.iﬂ =l

In order to simplify the computation, it can be shown that equations ( 2.11)
- (2.15) can be computed with (2.1) - (2.5) by substituting Pc,Pg,Pcx, and Pgx

with the average transition probabilities (see Section 2.7 for detail) :

Fc = (1-p)Qc+pRc (2.16)
Pg = (1--p)Qe+pRE (2.17)
Pox = (1= p)Qcx + pex (2.18)
Pex = (1-p)Qex + pRex (2.19)

Further, the average transition probabilities P, etc. can be computed with (2.7) -
(2.10) by substituting Fc(f) and Fg(0) with averaged version of F¢(8) and Fi(0)

which ar.: given by:

Fo(0) = (1-p)Fool0) + pFex(6) (2.20)
Fe(0) = (1-p)Fuol0) + pFea(6) (2.21)

Thus, even the jamming channel considered here is a two state channel, the
bit error probability can be computed by using an equivalent single state channel
which is characterized by .ne average of statistical properties of the two channel
states. To simplify the notations, F¢ and Fg will be just written as Fo and Fg

respectively in the following part of this chapter and the next chapter.
2.4 Performance in Additive White Gaussian
Noise

We first analyze the performance of the R-T diversity combiner in additive white

Gaussian noise (AWGN) only. This is the simplest case, and it also represents the
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asymptotic situation when jamming is very weak.

Let E, be the energy per information bit, Ny the power spectral density of
AWGN. Then the energy per hop to noise spectral Jdeusity ratio is K Ej/mNo.
Fc(0) and Fg(9) are:

- /0 M-1
Fo(0) = [ pen(e) [ A pn(y)dy] dz,

Fg(0) = /ooopn(-r) [/Ox/omn(y)dy] [/oz/opn(z)dz]M_zdar,

z? 4 25% 2KE,
_ _ mNg OO Bt 4
Ps+n(T) = Texp ( 5 Iy (.v N } ,

Pa(z) = zexp (—-7;—) ,

where

and Io() is the modified zeroth order Bessel function. Carrying out the integrals,

we can obtain

M-1 2 .

k M-1 0 k K [’Jb ac

= - T &P | 2.22)

Fe(6) 1+l§( 1) ( E >k+02exp F N (2.22

aud
Fe0) = 33 :4;;(_1) ko JE+02k+07 -1

k+6>-1KE, e

X exp (— P mN(,) . (2.23)

Egs. (2.22) and (2.23) can also be obtained from equations (3.9) and (3.10) in [10]
by substituting p = 1 and changing E, into E;/m, and N; into Ny, respectively.
Figure 2.2, Figure 2.3 and Figure 2.4 show the bit error rates of the binary

systems with m = 4,5, and 9, respectively. Bit error rates of the binary systems
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without diversity are also plotted in these figures for reference ( it is known that
time diversity can rot generate any gains in AWGN, and in contrast, there are
some diversity combining losses). it can be seen that § = 2 is roughly optimum in
all three cases. The performance of a system with very large 6 (6 > 10) is almost
the same as the performance of a system with hard decision only (§ = 1). To
see the performance dependence on 0, the E;/N, required to achieve BER = 10~°
versus reciprocal of 6 is plotted in Figure 2.5. For a fixed m, it can be seen that
the left end (# — oo) and right end (6 = 1) of the curve have the same height.
This means that the performance of a system with sufficiently large 8 is the same
as that of a system with 6 = 1. This is because large § causes the decision output
for a hop to be almost always with bad quality bit, forming a two quantization
level, instead of four. Thus it is equivalent to hard decision system. It also can
be seen that the optimum 6 which requires the least E,/Np to achieve BER=10"%
is less than 2 and the exact optimum 6 depends on diversity order m. For m = 2
with optimum @, the minimum E, /N, required to have a BER of 10~° is about 1.5
dB more than that for the system without diversity.

The bit error rate of 8-ary system with m=4,5, and 9 are plotted in Figure 2.6
to Figure 2.3. The required FE;/Ny to achieve BER=10"° versus the reciprocal of
0 for 4-ary, 8-ary and 16-ary systems are plotted in Figure 2.9, Figure 2.10, and
Figure 2.11, respectively. Simiiarly, the performance of & M-ary system (M > 4)
with large enough 6 is almost the same as the performance of the system with hard
decision in each hop (§ = 1). When m is small, # = 1 and very large 8 gives worse
performance. But when m is large, the performance is quite sensitive to 8. The

optimum 4 is also less than 2, and the specific optimum point depends on m.
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E,/N, (dB)

Figure 2.2: Performance of FH/BFSK with diversity m = 4 chips/bit and R-T
diversity combiner with threshold # in additive white Gaussian noise.
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E,/N, (dB)

Figure 2.3: Performance of FH/BFSK with diversity m = 5 chips/bit and R-T
diversity combiner with threshold 8 in additive white Gaussian noise.
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Figure 2.4: Performance of FH/BFSK with diversity m = 9 chips/bit and R-T

diversity combiner with threshold @ in additive white Gaussian noise.
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Figure 2.5: E,/Np required to achieve BER=10"* versus 1/6 for FH/BFSK systems
with diversity m in additive white Gaussian noise. E;/Np = 13.35 dB for m = 1.
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Figure 2.6: Performance of FH/8FSK with diversity m = 4 chips/bit and R-T
diversity combiner with threshold 8 in additive white Gaussian noise.
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Figure 2.7: Performance of FH/8FSK with diversity m = 5 chips/bit and R-T
diversity combiner with threshold 8 in additive white Gaussian noise.
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Figure 2.8: Performance of FH/8FSK with diversity m = 9 chips/bit and R-T
diversity combiner with threshold @ in additive white Gaussian noise.
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Figure 2.9: E,/Np required to achieve BER=10"° versus 1/0 for FH/4FSK systems
with diversity m in additive white Gaussian noise. Ey/Np = 10.61 dB for m = 1.
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Figure 2.10: E,/Np required to achieve BER=10"% versus 1/60 for FH/8FSK sys-

tems with diversity m in additive white Gaussian noise. E,/Ny = 9.10 dB for m
= 1.
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Figure 2.11: E,/Ny required to achieve BER=10"° versus 1/8 for FH/16FSK sys-
tems with diversity m in additive white Gaussian noise. Ey/N, = 7.07 dB for m
= 1.
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2.5 Performance under Partial-Band NHise Jam-
ming

When a partial-band noise jammer jams a fraction p of the transmission baad with

noise power density Nj/p, Fc(6) and Fg(0) cab be computed according to (2.20)

and (2.21):

and

Feo(0) =

Fei(0) =

FEo(o) =

Fo(8) = (1 — p)Fco(0) + pFeu ()

Fp(6) = (1 - p)Fso(0) + pFia (6)

M-1

/Ooo Pstn(T) [ /0 i Pn(y)dy] dz

5] .’132 + 2'—‘“5 21\’Eb\
— e
jo “"p( 2 fo ("” mN,

[

z /6 M-1
. [ | yexp(—yZ/z)dy] do
0

M-1 2 S\
o M-1) 0 __k_KE,
Z( 1) ( k )02+kexp 02+kmN0)’

k=0

o0 z /0 M-1
/0 Ps4-j+n ((E) [ o Pj+n (y)dy] dz

/Ooo pexo (_ o 2I(Eb/[n2z(No + N,/p)])

9K Ey =/0 N
x Iy (m\/m) {/0 exp(—y /Z)dy] dz

k=0

M-2
Lo | [ pntorts] [ paonte| e

M_l 2 rd A )
2 (=1) ( ko )@+ P\ "0 km(No+ Najp) )’
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The worst p, denoted as p,., and the corresponding worst case performance,
can be easily computed numerically using the above equation. The bit error rate
(BER) of the binary system under PBN jamming with the worst p verses Ey/N,
with 0 as parameter and E;/No = 17 dB for m = 4,5 and 9 are plotted in upper
figures of Figure 2.12, Figure 2.13, and Figure 2.14, respectively. The worst p verses
Ey /Ny for m = 4,5, and 9 are depicted in lower figures of Figure 2.12, Figure 2.13,
and Figure 2 14, respectively.

From these figures, it can be seen that § = 2 is the best. However, when E,/N,
is small, i.e., jamming is dominant, the differences in BER for different 0 are not
large. At the high end of E,/N;, where AWGN becomes dominant, noise floors
form in BER curves. The height of the floor is determined by 6. The results in
last section can be used here to determine the floor level from 4.

The worst jamming parameter p,,. is almost a linear inverse function of Iy /N,
when E,/N; exceeds a certain threshold. For FEy/N; less than the threshold,
pwe = 1. For m =4 and 5, p,,. for different 0 are almost the same. But for 1 = 9,
Pwe 1s different for different 6.

The worst case BER of 4-ary, 8-ary and 16-ary systems and the corresponding
pwc are plotted in Figure 2.15 to Figure 2.23. 6 = 2 is the best in F,/N; region
of interest for m = 4. The behavior of BER and p,,. are similar to those for the
binary case. However as M increases, the differences in BER for different # become
small.

To see the influence of # and m on the system performance clearly, k,/N,
required to achieve a fixed BER = 107> versus % with m as parameter are plotted
in Figure 2.24, Figure 2.25 and Figure 2.26 for binary, 4-ary and 8-ary system,
respectively. First, it can be seen that all curves have a property: the values
of left end {# — oo0) and right end (8 = 1) are identical. This means that the
performances for # = 1 and very large 4 are the same. The reason, as discussed

in last section, is that sufficiently large 6 will cause almost all decisions to be of
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bad quality and in fact form two level outputs instead of four levels. Secondly,
the optimum 0 which requires the least E,/N; to achieve certain BER, are located
in the range of 1 < 6 < 3. The maximum points are located either 3 < § < oo
(if there is a peak in the curves), or at § = 1 or § — oo. Finally, some curves
are rela‘ively flat, which indicate that the choice of 8 is not very critical to the
performance. Others have a deep valley and high peak shape, meaning that the
performance differences among different 4 are quite large. Thus, the performance
is very sensitive to 8 for some diversity order m, but not for others. Therefore,
the proper choice of diversity order m should be the one which makes the system
sustain certain BER with the mini~wm E,/N; while not being very sensitive to 6.

In the binary FSK system, Figure 2.24, the curve for m = 2 is the most flat
one. But the minimum point is quite high. It requires more than 40 dB in E;/N;
to have BER=1073. Curves for m = 5,9, and 10 have much lower minimum points
(about 23 dB). But m = 9 and 10 have very high peaks. Therefore, there may be
a trade-off between the sensitivity to # and the minimum E,/N; required.

In 4-ary and 8-ary systems, m = 5 requires lower E,/N; to achieve BER=
1075, and is also insensitive to 0.

In order to evaluate the performanc. of R-T diversity combiner, the worst case
BER of soft linear diversity combiner with perfect side information (SLC with PSI)
aud without AWGN for m=4 is also plotted in Figure 2.12, Figure 2.15, Figure
2.18 and Figure 2.21. The worst case BER for the soft linear diversity combiner
with perfect side information for large E; /Ny is given by [1]:

P=p (%)m when Ey/N; > (2.24)
where K =1 in the binary case, and K = log, M for M-ary modulation; 8 and v
are constants given in Table 2.4 in [1]. In the region of E;/N; < v, simulation re-
sults are plotted. The BER performance of the soft diversity combiner with perfect

side information without AWGN can be viewed as the best possible performance
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Figure 2.12: Performance of FH/BFSK with diversity m = 4 chips/bit and R-T
diversity combiner with threshold 8 in worst case partial-band noise jamming.
Ey/No = 17 dB. Upper: BER. Lower: the worst jamming parameter p,..
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Figure 2.13: Performance of FH/BFSK with diversity m = 5 chips/bit and R-T
diversity combiner with threshold # in worst case partial-band noise jamming.
Ey/No = 17 dB. Upper: BER. Lower: the worst jamming parameter py..
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Figure 2.14: Performance of FH/BFSK with diversity m = 9 chips/bit and R-T
diversity combiner with threshold # in worst case partial-band noise jamming.
Ey/Ng == 17 dB. Upper: BER. Lower: the worst jamming parameter p,..
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Figure 2.15: Performance of FH/4FSK with diversity m = 4 chips/bit and R-T
diversity combiner with threshold @ in worst case partial-band noise jamming.
Ey/No = 15 dB. Upper: BER. Lower: the worst jamming parameter p,..
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Figure 2.16: Performance of FH/4FSK with diversity m = 5 chips/bit and R-T
diversity combiner with threshold 8 in worst case partial-band noise jamming.
Ey/No = 15 dB. Upper: BER. Lower: the worst jamming parameter py,..
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Figure 2.17: Performance of FH/4FSK with diversity m = 9 chips/bit and R-T
diversity combiner with threshold # in worst case partial-band noise jamming.
Ey/No = 15 dB. Upper: BER. Lower: the worst jamiming parameter p,,.
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Figure 2.18: Performance of FH/8FSK with diversity m = 4 chips/bit and R-T
diversity combiner with threshold # in worst case partial-band noise jamming.
Ey/No = 13 dB. Upper: BER. Lower: the worst jamming parameter py..
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Figure 2.19: Performance of FH/8FSK with diversity m = 5 chips/bit and R-T
diversity combiner with threshold 8 in worst case partial-band noise jamming.
Ey/No = 13 dB. Upper: BER. Lower: the worst jamming parameter py..




Chapter 2. R-T Combining in PBN Jamming 41

10° TIrIrTTTY
10"
10°
o’
107
10"
10-5 .1 N nni|i11;nin;;;iié;ni‘nnnli;;i
0 10 20 30 40
T T L LS !!!?.Flll‘l!!!!!'ll""l‘l'!!
1 TR
0.1F v e
d

0.01

0.001 111111 nn

v .
s,
g

NN RENEE NN NN NS N RN NEWES

10

20 30 40
E /N, (dB)

Figure 2.20: Performance of FH/8FSK with diversity m = 9 chips/bit and R-T
diversity combiner with threshold @ in worst case partial-band noise jamming.
E,/No = 13 dB. Upper: BER. Lower: the worst jamming parameter p,,..
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for a diversity combiner without side information. The BER of R-T combining
scheme without AWGN (or with a very large E,/No, e.g., 100 dB) for m = 4 and
0 = 2 is also plotted in Figure 2.12, Figure 2.15, Figure 2.18 and Ifigure 2.21. It
can be seen that the difference in E,/N; at BER = 1075 between R-T combiner
with @ = 2 and soft linear combiner with perfect side information is about 2 dB
for 4-ary, 8-ary and 16-ary systems (excluding the effect of AWGN). But in binary

systems, the difference is as large as 5 dB.

2.6 Conclusion

The performance of FFH/FSK spread spectrum system with ratio-threshold diver-
sity combining has been analyzed. The exact bit error probabilities in worst case
partial-band noise jamming and additive white Gaussian noise are computed.

In partial-band noise jamming, for a given M, the optimum BER. performance
with an optimum ratio-threshold # is almost the same for diversity order m =
4 - 10. However, only when m is around 5, the system performance is not very
sensitive to the choice of 0. For large m (m=9, or 10), the performance can be
very poor for some # which may not be far away from the optimum 6. It is also
observed that for m around 5, higher the M for MFSK modulation, less sensitive
to  is the system performance. The difference in required Ey /Ny to achieve BER
= 10~° between the ratio-threshold combining with m = 4 and optimum 6 and
soft linear combining with perfect side information is about 2 dB in 4-ary, 8-ary,

16-ary systems, and 5 dB in binary systems (without AWGN).

2.7 Proof of Equivalence between Two States
Model and the Average Single State Model

We only need to show that the summation terms in (2.1) - (2.5) using average

transition probabilities Pe, Pg,Pox, Pgx and those in (2.11) - (2.15) are equal.
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Figure 2.21: Performance of FH/16FSK with diversity m = 4 chips/bit and R-T
diversity combiner with threshold 8 in worst case partial-band noise jamming,
Ey/No = 12 dB. Upper: BER. Lower: the worst jamming parameter p,..
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Figure 2.22: Performance of FH/16FSK with diversity m = 5 chips/bit and R-T
diversity combiner with threshold 6 in worst case partial-band noise jamming.
Ey/No = 12 dB. Upper: BER. Lower: the worst jamming parameter py..
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Figure 2.23: Performance of FH/16FSK with diversity m = 9 chips/bit and R-T
diversity combiner with threshold @ in worst case partial-band noise jamming,.
Ey/Ng = 12 dB. Upper: BER. Lower: the worst jamming parameter p,,..
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in worst case partial-band noise jamming. E;/Ng
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Figure 2.26: Ey/N; required to achieve BER = 10~° versus 1/6 for the 8-ary system
in worst case partial-band noise jamming. E,/Np = 14 dB.
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Chapter 3

Performance of Ratio-Threshold
Diversity Combining Scheme in

FFH/FSK Systems under
Multitone Jamming

3.1 Introduction

In this chapter, the bit error probabilities of the FFH/MFSK system with ratio-
threshold diversity combining under worst case multitone jamming with and with-
out background thermal noise are computed by using the average computation
model developed in the psevious chapter. Results are compared with the perfor-
mance of the FFH/MFSK systems with diversity utilizing the soft decision metric
with perfect side information. The effect on the system performance of different
systern parameters, such as diversity order, ratio-threshold, and signal-to-thermal-
noise ratio, and jamming parameters are also analyzed. Finally, the performance
of the system with ratic-threshold diversity combining under partial-band noise

and band \one jamining are compared.
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3.2 Performance under Band Multitone Jam-
ming without Thermal Noise

We consider band multitone jamming with the number of jamming tones in each
M-ary FSK band n = 1. We illustrate the performance of R-T diversity combiner
under band tone jamming without thermal noise at first. Some interesting behavior
of the worst jamming parameter a has been found. In next section, we analyze the
performance of R-T diversity combiner under band tone jamming with thermal
background noise which is modeled by AWGN.

The analysis for n = 1 band multitone jamming is relatively simple, because
the random jamming phase has no effect on the system performance in this case.
This type of band multitone jamming seems to be the most effective in almost all

cases [1].

3.2.1 Binary Case

It can be shown that Fc(8) and Fg(0) are (see Section 3.6 for detail derivation):

1 if a > 0%
- l 1 — £ otherwise.

Fc(0)

£ if0<a<
_J 2 62"
Fg(0) = { 0 otherwise.

Here « is the power ratic of signal to one jamming tone, and can be optimized by
the jammer on the range 0 < a <. +oc. g is the probability of one binary band
being jammed, and in our case is given by [1]:

2ma

= e (3.1
H E+JN, )
Then Pc, Pox, Pex, and Pg are given hy:

1 if a > 6%
1 - ‘21 otherwise.

Fe(8) = {
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£ ifl<ac<b?

v = 2 ’
Fex(9) { 0 otherwise.

L jfl<cacxl,

_J 32 [ ;
FPex(0) = { 0 otherwise.

L fl<a<i;

—_ 2 62
Pr(0) = { 0 otherwise.

We can see that when a > 1, Pg and Pgyx are always zero, and therefore, there
are no errors in transmission, i.e., P, = 0.

When 5’; <a<l,Pg=0, Pex =4, Pox =0, and Pc =1 — £. According
to the combining rule, the hop decisions with good quality have priority. So an

incorrect decision can be made only when all m hop decisions are bad. Hence,

P=Pp = (é,‘-) .

-

When a < ol,, both Pcx and Pgy are zero. So the final decision is based on

those hop decisions with good quality bits. Therefore,

P, = ké_] [1 — 0.58(k — g)] ( m )ngén—k
- kz';z; [1 ~0.56(k — -’;-)] ( " ) (iz‘_)" (1 _ g)’"“’,

where

0 otherwise.

6(.1'):{1 if z = 0;

Thus the bit error rate under band tone jamming with n =1 is:

(0 ifa>1;
(@m if s <a<l;
Py = Shirm (1 - 0.58(k — 2)] ( " ) (3.2)
| (&) (1-4)" if @ < .
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We can now analyze the worst case, in which the jammer optimizes a to cause
the worst transmission performance. First we note that P, given in (3.2} is a
piecewise monoto iically increasing function of ¢ when x < 1. And from (3.1) we
know that u is a monotonically increasing function of a. When g = 1, it means
that there is one jamming tone in every binary FSK band. Thus, a cannot be
further increased to provide more jamming tones under the assumption that there

is at most cne jamming tone per binary FSK band. Therefore,

When a,.; < -017, or %‘}- < —2@%, because P, is a monotonically increasing function

of a, the only choice for a is

_ Eb /’N J

Qe = Aoz =

2m

This a causes P, to be 0.5.

When % < amaz <1, 0or 22 < % < 2m, a has two possible choices:

Ey / N;
O = Oypar =
2m
and the corresponding
P =0.5m

or

where (A)™ = limz<a,—4 T, and the corresponding

= 5 a2 (1) (202"

k=21
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The worst a should be the one which gives larger P,.

When a0z > 1, a also has two possible choices:

and the corresponding

or

and the corresponding

- 5 i-ose- ] (1) (8 (0-5)7

k=[2

And the worst a should be the one which gives larger P;.
In order to determine what the worst a is, we have to know the behavior of the

following two functions

ha(z,0) = Z]C(m,k) (%)k(l—%)m-k,

where

C(m, k) = [1 ~0.56 (k— -’;3)] ( " )

We are only interested in the regions 0 < & <1 for hy(z) and 0 < z < 6? with
0 > 1 for hy(x,8).
First, we note that k,(z) equals 0.5™ at = = 1, and that h;(z) decreases as

decreases. When r = 0, hy(r) = 0. Secondly, it can be seen that hy(z,0) equals
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1/p0
1.000

2.000
2.262
3.284
3.144
4.039
3.762
4.541
4.216
4.902

S| m| oo coptol = 3

Table 3.1: The cross point of hy(z,1) with 0.5™, pu,.

0.5at z =1 and @ = 1, and that hy(z,0) decreases as = decreases with a fixed 0
or as § increases with a fixed z. Also there is h3(0,0) = hy(z, 00) = 0.

Now we compare hy(z,1) with 0.5™. Because hy(1,1) = 0.5, ha(0, 1) = 0, and
ha(z,1) is a monotonic function of z, there is one, and only one point of x such

that ha(z,1) = 0.5™. We call this point as po. And pg is solution of the following

equation:

m k p\ Mm—k
S C(m, k) (3’-) (1-?-) =0.5™, (3.3)
A 2 2

ulg

It can be seen later that 1/pg is a very useful parameter. 1/puq for m =1 to 10
are given in Table 3.1.

hi(x) and ha(zx,0) versus 1/z with @ as parameter for e = 4 are plotted in
Figure 3.1. Because when 0 = 1, hy(z) is one term in the summation of hy(x,0),
and all terms in the summation of hy(z,0) are nonnegative, hy(z, 1) is always
greater than or equal to h;(z). Now we focus on the region for 0 < z < 1. The
figure shows that as 0 increases, the curve of hy(z,0) moves lower. There is a 0y so
that when 8 < @y, hy(z, ) is always greater than h,(z), and there is no cross point

between them. And when 8 > 6, we can show that there is one and only one cross
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point between ky(z) and ha(z,8). At the left side of cross point, ki(z) > ha(z,0).
While at the right side of cross point hy(x,8) > hy(z).

6, is such that hi(z) equals hy(z,8) at z = 1. @ always exists. Because when
z =1, hy(1) = 0.5™, and ho(1,1) = 0.5, ha(1,00) = 0, and hy(1,0) is 2 monotonic

function of 8, there must be one and only one @ such that
hy(1,0) = hy(1).

0y can be determined by solving the following equation:

m 1 k 1 m—k
>, C(m,k) (ée_g) (1~§53) =0.5

k=131

Comparing with Eq. (3.3), it is easy to find that

Consider 22029 1 the regionof 0 <z £ 1.

(@)
h’z‘(jx) B k:% C(m, k) () (1§;ma§—z)'""‘

) 5::_] C%’l’;’“)(‘;% —-—)m

_ ki]g%?iﬂ(g::ﬂ)m_k.

It is easy to see that every term in the summation is positive and increases with z

decreasing. Thus —:f is a monotonic function of z in the specified region. Also note

that Lh‘?l- > 1 when «r is small enough. Furthermore, when 8 > 6, hy(1) > ho(1,9),
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] lllllll

h, (x,0)

Figure 3.1: hi(zx) and hy(z,0) with  as parameter versus l/z. m = 4;
0 = 1,1.5,2,4, and 10.
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ie., —Z—f < 1 at £ = 1. Therefore, there is one and only one cross point between

hi(z) and hy(z,0) when 6 > 6.
With the knowledge of h;(z) and hy(z,0), now we can continue the work to
determine the worst a.

E
When;%<ama,<l,or3ﬁ<-ﬁ‘;<2m,

2 _ 2m _ Eb/NJ
P —hz(Eb/NJ,G)-.hg (1,,/—2m 0).

According to “ he analysis of hy(z) and hy(z,8), we can see that if ,/E;Z”-’:’-Ja > 6o, or

) ‘ 2 2 1 3
—,{7’; > 5»2;% = (%)Tl, Pb( ) < Pb( ) = 0.5™. So Qe = Omar, and the corresponding

_ p() o E E (2 (1) . (1\~
Py = B, On the other hand, if < (N:)Tl’ by > Byl So aye = ('19') , and

the corresponding P, = Pbm. In summary, the worst « is

Ve = { (77!5)- if % < (%)Tl; (3.4)
Qmar Otherwise.

The corresponding P, is

m m k m m—k g E .
p= T Cm k) () (- adims) i < (R (3.5)
0.5™ otherwise.

When aar > 1, or Ey/Njy > 2m, there are

2m
NES
b ! E,/N,
2m
PP = byl ,0].
’ 2<E¢,/NJ’0>

If6* < 0 = -, P® is always no less than P{"). When 62 > 62, there is a

cross point between Pbm and Pb(z). Define the cross point as (%)Tz' Then for
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% < (%)TZ’ b(l) > Pb(z): and for 1—% > (1%’;) o I’bm > Pb“). Therefore, the
worst a is
(%) if6* <L
- : E BY . .
ape=4 17 if07>L and B < (&) (3.6)
- E Ep .
(Flf) if 02 > L and g > (7,;';)7,2,
where the crossing point (I—IV’;-'JL) - is the solution of the following equation:
m \" = m m m k
- 1—0.56k——]( )<—-——~—
(Eb/NJ) k__E:(%] [ ( 2) k 02['1[,/NJ/
m—k
x11- __L\
02E,/N; |
The corresponding P, is
( m (' k m )k
Li=rg1 C(m, )(_ozb‘b/m,
x(l———————%E’:/NJ) if 02 < L,
P=! (53 if 02 > L and £+ < (£2) (3.7)

k
Y=z C(m, k) ('okab/NJ)

_ m m-= .r 02 1, Ey (!;;‘L
X (1 m) if 0% > o and N, > N,

.

)'1'2'

The bit error rate of a R-T combiner under band multitone jamming withn = 1

for m = 2,4, and 9 in worst case are plotted in upper figures of Figs. 3.2, 3.3, and

3.4, respectively. The worst case performances are obtained by using (3.2) with

a numerical search for the worst . The numerical results verify our analytical

results in (3.4), (3.5), (3.6), and (3.7).
These figures show that unlike the PBN case, choice of the

parameter 0 is

very important. Larger 0 gives much better performance. The lowest curve in the

family of curves is the bit error probability of the R-T combiner with the largest 0

and this is the best performance. This curve also forms the lower

envelope of the
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family of curves. In fact, the lower envelope of the BER curves with sufficiently
large 0 is the BER of a soft linear diversity combiner with perfect side information
under the worst case band multitone jamming with n = 1, given by [1, Eq. (2.76)).
So, when @ is large enough, the performance of a R-T combiner can achieve the
optimum performance without sidr: information.

The worst a for m = 2,4 and 9 are plotted in lower figures of Figs. 3.2, 3.3,
and 3.4, respectively. Here we can see why a larger 8 provides better performance.
First, a ]arge 6 forces a,, to be small, which means that the jammer must increase

the power at each tone and jam fewer BFSK bands. Secondly, a large § makes

the crossing point (%)n high. When }—% < (%)n, the BER curve coincides

with the lower envelope, which is the optimum performance. So larger the (%)n,

larger the region in which the performance achieves optimum.

However, the conclusion that a larger 6 is better is made under the assumption
that there is no thermal noise. When noise is considered, too large a § could cause
performance degradation. Thus there should be a finite optimum @ when the effect

of thermal noise can not be ignored.

3.2.2 M-ary Case

Under band multitone jamming with n = 1, and ignoring the background noise,

Fc(0) and Fg(0) are (see Section 3.6 for details):

{1 if a > 6%
Fo(9) = i 1 - MX‘;‘I"‘ otherwise.
s if0<a<k;
¢ = M 0 ’
Fg(0) { 0 otherwise.
Here u is given by [1):
amM

= KEIN,
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Figure 3.2: Performance of FH/BFSK with diversity m = 2 chips/bit and R-T
diversity combiner with threshold 8 in worst case n = 1 band multitone jamming
without noise. Upper: BER. Lower: the worst jamming parameter «,,.
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Figure 3.3: Performance of FH/BFSK with diversity m = 4 chips/bit and R-T
diversity combiner with threshold # in worst case n = 1 band multitone jamming
without noise. Upper: BER. Lower: the worst jamming parameter a..
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Py

10 15 20
E, / N, (dB)

Figure 3.4: Performance of FH/BFSK with diversity m = 9 chips/bit and R-T
diversity combiner with threshold 6 in worst case n = 1 band multitone jamming
without noise. Upper: BER. Lower: the worst jamming parameter a,,.
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Fe: and Fj; are plotted in Figure 3.5 as functions of a for fixed 8. Then, P¢, Fcx,

Pr:x, and Pg can be easily derived,

1 if a > 0%

1- M1y if £ <a< 6%

1-£ otherwise.
U

Pc(8) = {

if1 < a<6?

—ﬁ)p if % <a<l
otherwise.

Pox(0)

otherwise.

Pgx(0) = {

if 0 < a< 4

0

& if 5 <a<l;
0

&

2 .

0 otherwise.

Pg(0) = {

When 6 is fixed, the relation of these {ransition probabilities with jamming param-
eter a is also plotted in Figure 3.5.

When a > 1, since Pg and Pgy 2re always zero, no erroneous decision can be
made at the receiver. Therefore, P, = 0.

When 5‘; < a < 1, Pg = 0. This means good quality decisions are always
correct ones. Erroneous decision is possible only when no good quality decision
exists, which occurs with probability (1 — Pc)™. So the conditional bit error

probability is
Pr(bit error | no good quality decision exists)

- oo 21(7) (25 (25

e

So thie bit error rate is

(1= Pe)™ Em:,] [1 ~ 0.58(k — %)] ( v ) (1{’_13;0)" (1110;0,\)m—k

k=[
;‘ m
(5)"

I

By

w3
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Figure 3.5: Relationship between Fi, Fg, Po, Fox, Pgx, Pr and a for a fixed 0.
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where

v= 3 [1 ~ 0.58(k — 52’1)] ( " ) (%A%g)m_k.

k=[5

o3

Note that 7 is a constant when M and m are given.

When 0 < a < 3’7, Pex = Pgx = 0. So there is no bad quality decisions. The

bit error rate is

m ™ m —
ro= Y [1 —0.56(1:--7)]< . )PgPC k
k:[%‘-]
- 3 [1 ~0.56(1 — —7;3)] ( i ) (g)m (1 - iz‘-)m"k.
k=2 /

In summary, the bit error rate under band tone jamming with n =1 is:

0 ifa>1;
(&)™ if-017<a<1;
% = m m m .
Bo=9 vorie [t — 0560k - -2-)]( . ) (3.8)
x (&) (1-2)"" if0<a<g

The worst case a,alysis is almost the same as that in the binary modulation.

Again u < 1, so a < aqr, and

. _ KEJN,
mar T mA{ .

Following the same way as we did for the binary case, we can find the worst a.

Here we just need to change the definition of hy(z) into

hy(z) = (;—)m .
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Because

hi(z) = (%)T’Y

= Z C(n k) (M - ‘))m—k (E;)m

m r M—=2 m-k
2. ¢ ’"”( ) (5 M ) ’

21

Il

comparing with hy(x,8), it is easy to see that hy(z) < hy(x, 1) for 0 < < 1. Then

by using the same approach as in the binary case, we find that

: 1 (o E M.
Omar I amar<,—ﬁ(n—'ﬁ<""‘7;)

AT U M E [
(0—2) if 27 < ez <1 (or 3 T\'(?f < ——‘L < %F) and a < éﬁ";

{

Omax if 'glf < Qpar < 1 (01‘ —T < L‘h' < mhl) and Ly >

Quwe = 71\7 mM 2
\55) if amer >1 (or Tv—g > B2 and 0° < E
- £y 5, mM 25 Lt (L
1 if  Qmaz > 1 (or £ > ZM) and 0 M,N, < ($4),,;
U R ' By mM 2 L By (Lh.) .
{ (02) if  amar > 1 (or g2 > 55) and 0% > wr N AN )

where pp is the solution of the following equation:

5, cma () (1-5) o

k=T
(%) - is given by
(%), = 7
NyJg K0

and the crossing point { £t is the solution of the following equation:
gp Ni)r2 geq

mM \" o [ ]
- = 1 - 056k — 2
(21{13,,/NJ> 7 sz:] )
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m ( mM k 1 mM m-k
*\k ) \202K E;/N; 22K E,/JN;)

The corresponding P, in worst jamming case is

[ 0.5 if amu <z (or N <z W ;
0.5™~ if 02 < amaz <1 (or & )\02 < 3+ NJ <= K
anel _'L > ( )Tl'
M_\™ E mM
J (*—""zk’ﬁ/m) v if "‘m~w>1 SZOTN’,‘; =)
) e 2 1 Ep By .
Py = and ¢ uo’ Ny < (NJ)TQ’

Sirg [1 - 0.88(k ~ 5)]

m / mM k
k ) \’051\'501/1"1)

m-k .
| ¥ (1 - ﬁm) otherwise.

(3.10)

The bit error rate of FFH/4FSK system with R-T combiner under the worst
band multitone jamming with n = 1 for n1 = 2,4 and 9 are given in upper figures of
Figure 3.6, 3.7 and Figure 3.8, respectively. BER for 8-ary modulation system with
same other parameter are plotted in upper fignres of Figure 3.9, 3.10 and Figure

11. The worst case performances are obtained by using (3.8) with a numerical
search for the worst a. The numerical results also verify the analytic results in
(3.10). For comparison, the BER of MFSK systemns with linear soft combining
and perfect side information under the worst case multitone jamming (discussed
in [1, pp. 118-121}) are also plotted in these figures.

It can be observed that when m is smal (m = 2), the lower envelope of BER
curves for variant 8 is about 2 dB worse than the worst case performance of soft
combining with perfect side information. However, when m is large (m = 9), the
differe’ ce between the lower envelope of BER curves of R-T combining and the
worst case performance of soft combining with side information is about 3 dL for
4-ary modulation and 4 dB for 8-ary modulation.

In general, the R-T combining scheme can not provide good combining when
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both M and m are large, especially under band tone jamming. However, when
either M or m is not large, the performance of R-T combining is quite close to
that of soft linear combining with side information.

The worst a for 4-ary and 8-ary modulation with m = 2,4 and m = 9 are
plotted in lower figures of Figure 3.6 - Figure 3.11. The behavior of ay,. is similar

to the one in the binary case.

3.3 Performance under Band Multitone Jam-
ming with Thermal Noise

We model the thermal noise as additive white Gaussian noise (AWGN). According
to the average model discussed in Section 2.3, F¢:(0) and Fy(0) can be computed

with (2.20) and (2.21),
Fe(0) = (1 — p)Feol0) + pFen(9),

Fg(0) = (1 — p)Fro(0) + pFr1(9),

where g is the probability of an M-ary band being hit by a jamming tone, and the
definitions of functions Fro, Fo1, FEo, and Fgy are given in Section 2.3. Under

n = 1 band tone jamming, they are given by

o /8 M-1
Feo = /0 Pstn(T) [/0 pn(y)dy] dr,

_ 1 o /1'/9 M-1 ’
FCI = HL ps+]+n(x) [-’0 pn(y)dy] dr

M~-1 = [ rz/0 z/0 M-2
+_—M_—/(; ps+n("~") l o pj+n(y)dy] [/0 Pn(z)dz] (Ll,,

co z/8 x/0 M-2
/ Pn(z) [ p,+n(y)dy] [ / pr\Z)dZ] dz,
0 0 0]

<
o
I




Chapter 3. R-T Combining in Multitone Jamming

2 YT 7o 1 1T 7T 1 | B B B |
T / : : 7 E
ol . ot S A R -]
6!— . v ‘. 1 “ “ h -
41 . B u. ;‘ . . “ -od
. : l :
0.1 ; \ | I :
S [ i . s - o
J 8f : ; S IR P d
1% - Avdasireecpos semrerthessacenccedensesad
= S : " ; :
4.~ ' ‘
- v‘ >
2+ - . : 1 -
: )
: i
0.01F - R . -
= ; i
b S ? S R
4 2 1 ) 1 l 1 2 1 i i i i ] 1 1 H 1
0 10 20 30 40
£ / N, (dB)

Figure 3.6: Performance of FH/4FSK with diversity m = 2 chips/bit and T-T
diversity combiner with threshold ¢ in worst case n = 1 band multitone jamming
without noise. Upper: BER. Lower: the worst jamming parameter ay,..



Chapter 3. R-T Combining in Multitone Jamming 71

Py

!
i
1
1

PO
DR L3, b

L i A 1 ti1L

3 L el

1isl

30

Ey /Ny (.7

Figure 3.7: Performance of FH/4FSK with diversity m = 4 chips/bit and R-T
diversity combiner with ti.reshold 8 in worst case n = 1 band multitone jamming
without noise. Upper: BER. Lower: the worst jamming parameter ..
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Figure 3.8: Performance of FU/4FSK with diversity m = 9 chips/bit and R-T
diversity combiner with threshold # in worst case n = 1 band multitone jamming
without noise. Upper: BER. Lower: the worst jamming parameter or,.




Chapter 3. R-T Combining in Multitone Jamming 73

.
A1 21 t a1l

L1 1 I:Illl

LS
| 4
1

LiLlA

20 30 40
E, / N, (dB)

Figure 3.9: Performance of FH/8FSK with diversity m = 2 chips/bit and R-T
diversity combiner wich threshold 8 in worst case n = 1 band multitone jamming
without noise. Upper: BER. Lower: the worst jamming parameter ay,..
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Figure 3.10: Performance of FH/8FSK with diversity m = 4 chips/bit and R-T
diversity combiner with threshold & in worst case n = 1 band multitone jamming
without noise. Upper: BER. Lower: the worst jamming parameter ay,..
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Figure 3.11: Performance of FH/8FSK with diversity m = 9 chips/bit and R-T
diversity combiner with threshold 0 in worst case n = 1 band multitone jamming
without noise. Upper: BER. Lo- er: the worst jamming parameter a,..
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1 oo /0 J z/6 d M-zd
Fgp = ‘M‘/(; p"(.’l:) [/0 ps+j+n(y) y] [/0 pn(z) z] z
1 o /6 z/6 M-2
+_M/0 ,’7j+n(x) [ A pa+n(y)dy] [/0 pn(z)dz] dzx
M- 2 w/é
+_'M"‘_ A Pn [/ ps+n .'E)d.’l,‘] [/(; pj+'n(y)dy]
-3

M
X [/OW/O pn(z)dz] dw,

where

Pa(z) = Texp (—f;) (3.11)

4 2KEBp

Pan(z) = zexp( "‘”°) [\/”{E”] (3.12)
+ 2KE,

pi+n(T) = mexp( amNo) [ /3{;?;’;] (3.13)

1 for _Q_Ll
Dstjin(T) = 5;/0 T exp dd), (3.14)
and
- , 2 1
E,(¢) =K Eb(l + .—\/—E COS¢ + E)
Carrying out these integrals (see Section 3.7 for detail), we obtain,
-1 6? ( E K Eb)
Feo = 1) — — : 3.15
co — ;0( ) ( )02+kexp 02+k7nN0 ( )
1 M-1
Fer e + e (3.16)
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-1
-1

where

B :1(_l)k AI -1 02 ox _ k (l + l) 1\'1'1‘!\
gela = 2 ( 2 g2+ kP |7z + k a/ mNy

XIO( k 2 I&Eb>’

02 + k \/JamN,
and
M—2 P 2 - T
A/I—‘Z 0 k 1\ b/b
_ 1\ - ——
g = 2, (=1) < k )02+kexP( 02+kmN(,)
02 + k Q(Vh, Va)
_ 6*+ k 2K B,
TR Tk LamN,
- 0? 2K k),
T (02 kY024 k4 1) mN,
F, “1\%—:2(--1)’c M~z e ! exp Crh Kb, (3.17)
Eo_k:O k 02+k02+k+1 I ﬂ‘}’k‘Fl"l,/V{) e
1 1 M -2 \
Fg, = _M—gf‘la“’“ﬁgelb’*'ngc (3.18)
where

M-2 2
N~k [ M =2 0 1
Yeta = kzzg( D ( k )92+k02+k+1
g P +k <1+_1_)KE,, 0’+k 2 K&y
PITE R+l a) mNg| ° P+ Ek+1/amNy

M2 2 ¢
_ ok M-2 ] ) 3 k Kk
Gerb = k};)( 1) ( k ) 02 + k P\ " + kamN,




Chapter 3. R-T Combining in Multitone Jamming

x {i“f'“—u _ Q(va Vi) + 2 ﬁ’}

-3
or

¥k +1

@ ?+k 2KE,
T 024+ k+1mN

_ 0? 2K E,
(O +E)02 4k +1)amN,
and
—'%fkhk M-3)\ 0? P(Wklﬂ% K&)
Jete = s k )(02+k)(92+k+1) ""mNy amN,
s 1 KE, I\’Eb>:|
+f (0 ’L, (,(mNo,mNo
f(w, k. X,Y)
w+k+1 1-Q w-}-lc+12X7 2%
wt+k+2 Vw+k+2 (w+k+D(w+k+2)

1 2Y w4 k41
- , 2X
+w+k+2Q(¢wH%H4xw+k+2) wtFt2 )}
w+k
X exp (—mY) .

By using expressions derived above, F:(0) and Fg(0) can be evaluated numeri-
cally. A method discussed in [16] is used to compute the Marcum Q-function which
is used extensively in computations of these F'() functions.

The bit error probabilities of .he binary system under the worst case band tone
jamming versus Ey/Ny for m=4, E;/Ny=11,13 and 15,17 dB are plotted in Figure

3.12 and 3.13, respectively. The corresponding worst a versus F,/Ny for m = 4,

Ey/No=11,13,15,17 dB are plotted in Figure 3.14 - 3.15, respectively. The worst «
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is found by searching in the interval [ag, am,.) numerically. aq, the lower searching
bound, should be small enough so that the lowest point of the worst a is higher
than it, and is deteimined by tual and error. oy,q, is such a a that causes pu=1
and it is given by
K E

Amar = WE
for n = 1 band tone jamming. The physical meaning of .. is the power ratio
of signal tone to one jamming tone when jamamer puts one jamming tone in every
(frequency hop) M-ary band.

It can be seen that § = 2 is the best when E,/Ny is not very low (> 8 dB for
all cases). When signal to noise ratio Ey/N, is high, the worst o versus Ey/N;
approaches to that without noise. Furthermore, the worst a can Le greater than
1 when noise exists. This means that the amplitude of the jamraing tone does not
need to be greater than the amplitude of the signal tone to achieve the maximum

interference effect.

In these figures, there is a region of E;/N; where a is piecewise linear. In this
region, the worst « is apmqer. Thus in this case, the optimum strategy of the jammer
is to put jamming tone in every frequency hop M-ary band.

It can also be seen that when jamming is strong, the jamming may even help
the communication due to random cancellation. In other words, lower E;/N;
may have a lower bit error rate and BER is no longer necessarily a monotonically
decreasing function of E,, N; as might be expected.

The bit error probabilities of the 8-ary system under worst case band muliitone
jamming versus Ey/Nj for m = 4, and F,/No = 10,12, 14 dB are plotted in Figure
3.16. The corresponding worst « versus Fy/Ny are plotted in Figure 3.17.

To see the influence of § and m on the system performance cicarly, £,/Ny
required to sustain BER=10"% versus 1/ with m as a parameter is plotted in

Figure 3.18 for the binary system with E;/Np=17 dB, and in Figure 3.19 for the
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Figure 3.12: The bit error rate of FH/BFSK system with diversity rn = 4 chips/bit
and R-T aiversity combiner with threshold 8 in the worst band multitone jamming
with n = 1. F;/Ny=11,13 dB; 0 =2,4,6,10.
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Figure 3.13: The bit error rate of FH/BFSK system with diversity m = 4 chips/bit
and R-T diversity combiner with threshold # in the worst band multitc.ie jamming
with n = 1. E,/Ns=15,17 dB; 6 =2.4,6,10.
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Figure 3.14: The worst a for FH/BFSK system with diversity rm = 4 chips/bit and
R-T diversity combiner with threshold ¢ in band multitone jamming with n = 1.

E,/No=11,13 dB; 6 =2,4,6,10.
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Figure 3.15: The worst a for FH/BFSK system with diversity m = 4 chips/bit and
R-T diversity combiner with threshold 8 in band multitone jamming with n = 1.
Upper: Ey/No=15 dB. Lower: E;/Noy=17 dB. 6 =2,4.,6,10.
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Figure 3.16: The bi, error rate of FH/8FSK system with diversity rn = 4 chips/bit
and R-T diversity combiner with threshold 0 in the worst band multitone jamming
with n = 1. Ey/Ny=10,12,14 dB; 0 =2,4,10.
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Figure 3.17: The worst a for FH/8FSK system with diversity m = 4 chips/bit and
R-T diversity combiner with threshold 6 in band multitone jamming with n = 1.
I'I‘b/IN0=10‘12,14 dB; 0 =2,4,10
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8-ary system with F3/Np-=14 dB.

From these figures, we can see that m = 5 with § = 2 gives the minimum
required E,/N; for binary system and m = 9 with 8 around 1.2 1.4 gives the
minimum required FE,/N; for 3-ary system. It can be seen that the optimum &
is around 2 for binary system, but less than 2 for 8-ary system. In 8-ary system,
when m is large (m > 5), the performance of ratio-threshold diversity combiner is
close to that of the hard decision diversity combiner in tone jamming.

The worst case sensitivity

All performances that we have analyzed have been under worst case jamming.
In other words, we assume that the jammer has all necessary information to choose
certain p for partial-band noise jamming or « for band multitone jamming to
maximize the jamming effects.

If a communication systein makes the jamming eflects very sensitive to the
jamming parameters, the jammer may have difficulty to choose appropriate jam-
ming parameters since not all necessary information 1s availalle to the jammer in
practice.

Ey/Nj required for the binary and the 8-ary s,stems to sustain BER=10"°
versus a in multitone jamming with 0 = 2, m =4, and F,/Ny = 17 dB and 12 dB,
respectively, are plotted in Figure 3.20 to illustrate the worst case sensitivity.

Comparing two figures, it can be seen that the worst case performance of the
binary system is not very sensitive to a. Specifically, a=0.1-1 can resuit in the
performance which is at most 3 dB away from the worst case performance. How-
ever, the parformance of 8-ary system is more sensitive to «. The corresponding

region is about a=0.08-0.4.
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Figure 3.18: Ey/N; required to achieve BER = 107° versus 1/9 for the binary
system in worst case band tone jamming. E,/No= 17 dB.
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Figure 3.19: Ey/N; required to achieve BER = 10~° versus 1/0 for the 8-ary system
in worst case bind tone jamming. E,/Ny= 14 dB.
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Figure 3.20: The E,/N; required to sustain BER=10"° for FH/FSK with diversity
11 = 4 chips/bit and R-T diversity combiner with threshc!d § = 2 in n = 1 band
multitone jamming. Binary system: E;/Ny=17 dB. 8-ary system: E,/Ny;=12 dB.




Chapter 3. R-T Combining in Multitone Jamming 90

3.4 Comparison of Performances in Partial-Band

Noise Jamming and Multitone Jamming

In order to see which type of jamming is mure effective for the ratio-threshold
diversity combiuer, the performance of the binary and &-ary systems under worst
case partial-band noise and multitone jamming with £,/No=17 dB and 14 dB an..
with @ as parameter are plotted in Figure 3.21 and Figure 3.22, respectivelv. It
is interesting to see that the effzcts of two types of jamming are almost the same
as in the binary system. However in the 8-ary system, the ‘one jamming is more
effective than partial-band jamiming. Specifically, it requires about 10 dB more
in &y /N; to achieve BER = 10~° under tone jarnming in the 8-ary system with
0 =2

For comparison, the minimum E,/N; required to sustain BER = 107 under
partial-band noise jamming for the bina.y and the 8-ary system are depicted in
Figs. 2.24 and 2.26, respectively. Then we can compare Figs. 3.18 and 3.19 with
Figs. 2.24 and 2.26 respectively. In the binary system, the curves of required
Ey /N versus 1/6 wre quite similar for partial-band noise and tone jammings. This
confirms the results in Figure 3.21. In partial-band noise jamming (Figure 2.24),
the minimum requircd Ey/N; to sustain BER = 107® is about 23 dB for m=5 and
9 and 6=1.4-2. In tone jamming (Figure 3.18), the minimu.n required F,/N; iy
about 23-24 dB for for m=5 and 9 and 0=1.4-2.

However, in the 8-ary system, the curves of required F,/N; versus 1/0 are
quite different for partial-band noise and tone jammings. It appears thal the
performance is much more sensitive to § under tone jamming. In Figure 2.26, the
variation for m=>5, which is the smallest one on the figure, is within 5 dB. While
in Figure 3.19, the variation for m=>5, which also is the smallest one on the figure,
is more than 20 dB. Furthermore, in partial-band noise jamming, the minimum
required E,/N; to sustain BER=107* is about 18 dB for m = 5 and # around 1.6,

And in tone jamming, the minimum required F,/N; is about 24 dB for i = 9 and
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Iigure 3.21: The bit error probability of F.I/BFSK syste.u with diversity m = 4
chips/bit and R-T diversity combiner with threshold 4 in the worst partial band
noise and n = 1 band multitone jamming. E,/No=17 dB; 8 =2,4,10.
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Figure 3.22: The bit error probability of FH/8FSK system with diversity rn = 4
chips/bit and R-T diversity combiner with threshold 0 in the worst partial band
noise and n = 1 band multitone jamming. E,/Ny=14 dB; ¢ =24,10.
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0=1.2-1.4. Theis is a 6 dB difference in the best performances on the two figures.

3.5 Conclusion

The performance of FFH/FSK spread spectrum system with ratio-threshold diver-
sity combir ing has been analyzed. The exact bit error probabilities in worst case
n = 1 band tone jamming with additive white Gaussian noise are computed.

Under n = 1 band tone jamming, for a given M, the optimum BER performance
with an optimum ratio-threshold 0 is almost the same for diversity order m = 4 - 9.
However the performance is quite sensitive to the choice of §. For 8-ary modulation,
the optimum performance is close to the one of hard decision combining, especially
when m is large.

The performances of ratio-threshold combining under partial-band noise and
band tone jamming is almost the same for the binary system, but not for the 8-ary
system. In general, tone jamming is more effective to the system with the ratio-
threshold combining than partial-tand jamming. Furthermore, in contrast to the
binary FSK systems, the bit error probability is much more sensitive to § under
tone jamming in the 8-ary systems than under partial-band noise jamming. For
optimium performance with the optimum 6 under tone jamming, there is a 6 d3
difference in the required E,/N; to achieve BER = 10~° between the twe types of

jamming against 8-ary FSK systems.

3.6 Derivation of F¢(6) and Fg(f) under Band

Multitone Jamming

Because n = 1, there is at most one jamming tone in an M-ary orthogonal band.
An erroneous decision can possibly be made only when the jamming tone falls in
an empty frequency bin that does not contain a signal tone, and in this case, the

ratio of the output of the signal tone envelope matched filter Xg and the output
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of ihe jammed tone envelope matched filter X; is (see [1] for detail)

Xs _

x, = Ve

So, when v/a > 0, Fo(8) = i. Oiherwise, %}fg— > 0 only happens when either the

M-ary band is not hit by the jamming or the jamming tone hits the signal tone

(where Xs is the output of a matched filter corresponding to an empty frequency

bin), so we have

1 e, M-1
Fe(6)=1 u+M—1 T

Only when an M-ary band is hit by the jamming and the jamming tone falls
in an empty bin, the ratio of the output of the matched filter corresponding to
the empty frequency bin to the output of the matched filter corresponding to the

signal tone is possibly greater than threshold 6. In this case, the ratio is

Xy 1

Xs a

If —\71-‘; A % is always less than 8. So Fg(0) = 0. However, the probability that

the jamming tone falls in an empty frequency bin is p/M, so F(0) = 4; when

va < 3. In summary, we get

—_

if a > 0%
— M1, otherwise.

Fo(0) = {

£ if0 <a<k;
_Jwm 5%
Fg(0) = { 0 otherwise.

In binary case, M = 2, then we have

1 if a > 0%
Fe() = { 1 -2 otherwise.

£ if0<a< g

re(o) = { &

0 otherwise.
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3.7 Derivation of ' Functions

We are cencerned with following functions.

Foo = /0 ” Potn(®) [ /0 7 pn(y)dy] o dz

1 oo /6 ; M-1
For = 7\7/0 Pa+j+n($) [/0 Pn(y) y] dzr

M — ) z/ z/ M-2
+ Ml /0 Pstn(T) [/0 epj+n(y)dy] [/0 9pn(z)dz] de

Fio = [0 [ ] [ et e

Foo = g [0 [ et [ nierie] e
ot [ psnte) [ bttt [ paerae] o
+M7"3 I o) [J{ ’ p,+n(y)dy] [ / o p,-+n(z)dz]

2/ M-3
X [/ pn(w)dw] dx
()

and pn, Psyn,Pj4n, and Pyyjy. are given in (3.11) - (3.14).

3.7.1 Computation of F

Feo = /0 " Potn(®) [ /0 7 pn(y)dy] o dz

Since

/6 z/8 y2 z?
/0 pn(y)dy = /0 y exp (-5) dy =1 —exp (”"2_05)

95
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S0

oo z? KE, /21\’E¢,) w2 \]M!
Foo = /0 wexp(—a-—mNo)l()(a TnNo‘ 1 —exp ~5p2 dr

M -1 M i 2 R,
M1 e K\ KE,
— E: [ 1) . — — ).
- - (1) ( k ) /o T Exp [ (1 + 02) 2 mNo]

into above equation. Then there is

M-1 2 2 .
_ ok M=1Y e P KE
Foo = 3 (1) ( k /02+k/o YR\ Y T N,

k=0

92 9K E,
xTo (y\/02+k mNo)dy

M-1 .l
S (M) (- K
£t k 02+ % 02 + kmNg

k=0

x/”,ex Y0 KR, gy )
o VEPA\T T T kmNe ) NV e TN, | Y

-’

=1

M-1 2 rrr
i 1\ M-—-1 0 _ k 1‘[’/5
= 2 (-1) ( k )(02+k)exP( 07 + k mNo

k=0
3.7.2 Computation of F¢,

P 1 +M——l
= T7Y9c1a <Y
C1 Mgl M Ye1b

96
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Ge1a and gy can be computed as following.

00 z /6 M-1
Gela = A pa+j+n($) [ A pn(y)dy] dzr

L = ~1 6* k KE,(¢)
y / 27rz( D ( )(a2+k)exp["02+k mNo }‘M

k=0

1 M-t 2 k I(Eb]

[/
= ”( )Zo‘a‘ze"f’[ ArE )mNo

n k KE, 2
x/o exp( 02+kmNo\/_c s¢)d¢

M-1 2
_M (M1 6 A (L)
- ,Z%( 1) ( & )————02+kexp iR 1+a —y

In the last step, we have used the following relationship

Ib(z) = 2—17; /Oh exp(z cos §)d¢d

oo ( rz/0 z /8 M-2
gt = _/0 Ps+n(z) l A Pj+n(y)dy] [/0 Pn(z)dz] dz
/ooa:ex _;f_"’-_ 3 KE, I 2K E, 1-Q 2K E, T

0 P 2 mN,/° v mNg amNy’ 0
.7}2 M-2
X [1 — exp (_Wﬂ dz
M-2 2
f M -2 o k\ =z KE
= z—:(—l)k< " )/0 xexp[— (1+5§>?-—mNz]

" [2KE, /2KEb x
I {. —_ ot .
x4 (r mNo) [1 Q( mNg’B)] de

i
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= X-Y
where

M-2

_ gk M2 e B k\«*  KE
X = kz:T)( 1)\ k )/0 rexp[ (1+ 2] 5

XIo ((L\ 27'1’:‘}5:':) dx.

Changing variable z into y by substituting

0
= 7R

into above equation. Then there is

M-2

M-2\ 0 v KE,
X = —1k —_— > — e
:4:3( )( k )02+k o y”‘"( 2 " mlNy
21&Eb di
01+kmN0 Y

MZ—:Z("I)’C M—2\——————02 exp ———k Kk,
Pl k)P vk P\T e kmiN,

02 I\’Eb I 0? 21\'1'/'1, J
02 + kmnN,) ° y 02 + k mN, Y

=1

= M_z(—l)k M~z —02 exp ———~k —-——I\’Eb
- = k 02+ k I 02 + kmNy

\.
<
]
k]
o]

/—\

[\DIN

and

M—2\ = ko KE,
— 1}k — -
v o= S (MO0 ) [Ceenl-(145) 5 - )
5K Es 9K E, z
XI"(”” mNO)Q(V amN,’ o)d“”

93




Chapter 3. R-T Combining in Multitone Jamming 99

Changing variable z into y by substituting

into above equation. Then there is
= %;2(_1)k ( Mk—2 ) 070_:__k~exp (—02ik:§1€2)
x Iy (y"%;—zgn%) dy

By using an integral discussed in [17],

) N\ 2
/ ) (ag :1:) T exp( 4+ a )Io (alz) dx
0 o? 202 o}

2
0 _ 3.10
o7 L~ QB V)] + Qs V) (3.19)
where
__ 9 o
s = ’
o? + o} o? + o}
we obtain
M-2 .
. — M-2 6? k KE,
2 =1 ( k )02+kexP( 92-{—kmNo)
1 0 +k
S [ -0 (Bva)] + e v
where

0?+k 2KE, ) 62 2K E,
92+ k+1amNo' TR T k1) mNy

a=
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i hen
Gerb = ‘\’—Y'
— Mz_:z(—‘l)k M =2 __02—ex —_—k ‘1\"[%
= L R S Wy S
6% + k !
y {__+_ [1 - Q(Va, VB)| + - Q(Vb, ‘/‘7)}

02 +k+1 02+ k+1

3.7.3 Computation of Fj

00 z/0 r/6 M-2
Feo = [ pale) [/ p,+n<y)dy] [/ p,.(:)dz] de

M—2 . e - e g
= Y (-1 ( Mk 2 )/0 T exp [-— (1 + 5;) Tz_]

a=0
Y
X [l -Q (\/%I:_jé;k’_;)} dr
= U-V
where
M-2 /M -9 - [ 22
— _1\k _ oo el
U = z=.:,( 1)( & )/0 :cexph (1-}-02) z]dz
M-2 2
M-=2 0
= —1)k
Eg( )( k )01+k
and

M-2 2 I
M-=2 o0 k\ z 2K F, =
=3 (1) [— ) SRy e 7 | de
174 k=0( ) ( k )/0 :texp_ (1 {-02) 2]()( mNU’ﬂ) dx

Changing variable z into y by substituting

0
VELE
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into above equatior.. Then there is

M-2
M- 9KE, y
= Y (-1)F
v k=‘6( )( )02+k/ verp(= ( mNo ’ V02+)

By using Eq. (3.19) once more, we have
M- 2
= 0%+ k
. +k 2KE,
6"’+k-1—1 02—Lk+1mNo

0+ k 0 02+ k 2IsEb0
HWIETES \/02+k+1 mNp ’

M-2 ‘ 2 2
_ k[ M-2)_96 1 0 +k KE\]
- é( ) ( o )ErR| T Er R P Bk im|

In the last step, the following Marcum Q functior. properties have been used:

2
Q(0,7) = exp (--12—) ; Q(z,0) = 1.
Terefore,

Fro = U=V

= ko )OO+ +k+1) P\ 025 k+ 1mN,

3.7.4 Computation of Fpg;

1 1 M-2

FEI = nglu + ju-gelb + M 7 Gelc

Jelas gers, and g1 are computed as follows.
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Note the similarity between gy, and Fpyq.

oo /0 x/0 M-2
Gela = / Pn(l’) / ps+j+n(y)dy] [/ Pn(z)dl’] dr

0 1] 0

1 or M2

2 02
= — 1)
2 Jo Z( ( k )(0‘2+k)(02+k+1)

02+ k KE9) dé
024+ k+1 mN,

= T ( M =2 ) 6?
k=0 k)@ +R)@ +k+1)
X ex __M <1+l) K E,
P 02+k+1 a) mNg
L +k 2 KE,
Xﬂ_/(; exp (—02+k+17—&mN0(05¢>d¢
M-2 92
= 1)
Z( ( k )(02+k)(02+k+1)

< exp | — 0%+ k (1+l)1\’E,, I 0+k 2 KE,
p 02+k+1 a/ mNy 0 0+ k+1amN,

X exp [-—

M -2

z/0
Gelb = / Pnti(z [ / Psin(y)d J] [ /0 pn(z)dz] dr

It can be seen that the integral in above equation is the samie as the one in g.
with exchange positions of psy, and pjin. S0, ge1y can be obtained by exchanging

the positions of E, and Ey/a in g, i.e.,

M-2 ‘ 2 CF
_ ok M =2 0 . 3 k “I\ E),
gerv = kX:%( 1) ( k 02 + k exp 0% - ko Ny

0% + k -
x {-———-02 o [ - ewve V) +

92 +k+ TErTeVe V")}
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where

_ 0?+k 2KE, . d= 0? 2K E,
T+ k+1 mNy' T (024 k)02 + k+1)amNy

[

e = /:o pa0) [/Ow/!? p,+n(m)dm] l:/o‘“/a pj+n(y)dy] [/0'”/9 ;"n(z)dz]M_3 dw

o o0 =8 2/8 M-3
= p,»+n<w){ /. pn(x)[o p,+n(y)dy] [/0 pn(z)dz] dx}dw
= [ pia(w)h(w)dw

where h(w) is

hw) = [ pule) [ [ p,+n(y)dy] [ I m(z)dz]M"S dz

oo x? 'Ey T
- [T [1-e (a5 )]

M-3 . 2
N, M - 3 k T
X Y (=1)* ( P ) exp(—ﬁ-—i-)dm

k=0
_ t{: _1)*‘( MI;-3)(J_I,)
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= _620ikQ( 2n]1\£b’y) exp[ (6°+ ) z] e

J2+k/°o""f’[ GEDE ] (\/ﬁz\?”)d“’

020:_kQ(\/§m )exp[ 02+k ]-i-l\

S b 2, ¥ d 2KE,
K = m/w exp [— (0 + k) E @'Q NO (ll[

Since
[2K E, o< t* KE, 2K F,
@ ( mNg ’y> h /y texp ("5 h mNo) lo (t mNy l
SO
—d—Q ! 2K E, o ex __y2 K Lb ! 2K L,
dy kmNo’y—Jp 2 kv niNy
then

. 02 oo y? KE, 2K F,
= - —(PP+Ek+1)—-—F I dy
K 02 + k ~/w yexp [ ( TR ) 2 N() 'ITLNQ v
Changing variable y into z by substituting

-~
4

V= ETTTT
into above zquation, then
7 ik /w . 22 K 191,)
= - ze —— -
@+ )07+ k+ 1) Juwmrm "0\ 2 T miy )

y I__2KE)
NN T Er 1 mN, ) F
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L 0 o (O +E KE,
T TR ERD P\ 1 k+ 1 mN

1 2K E, 5
xQ (\/02+k+1 mNo,w\/H +k+1)

, 9? 2K E, ; w? 62
K= w17 (\: mNo’w)exP[_(o +’“)T2"]"(02+k)(02+k+1)

02 +k KE, T —
XCXP("02+k+1mNo)Q(\/02+k+1mNo’w”9 th+l

Therefore

M-3 2

093] -0 ()

2 1 6 +k KE
/L AR . - )
xe"p[ (0*+#) 2]+02+k+1e"p< 2 T &+ 1mNy

L ——
XQ(\/02+k+17nND’w”o+k“)f

Then we have
ge = [ pia(w)h(w)du

o0 2 - o
= /0 wexp (—-‘;— _ KEs ) Io (w 2I‘E") h(w)dw

amNy amNg

M-3 2
_ M [ M-3) 8
= X 1)( : )—02+k(R $+1T)
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where

N w?  KE, 2K E, [ /. w?| |
R= /0 w exp (— > amNo) Iy (w amNo) exp [— (() + k) > dw.

Substiiuting

r

0T+ k+1

into above equation, then

Ro L oy _2'  KE, ; T\/ 1 2K,
T 24+ k+10b xPp 2  amNg o\ 02+ k+1amNy)

1 B ?+k KE,
02 4 k+1amN,

o[ s 21 KB\, LA
0 P 2 024+k+1lamNy)° ‘ 02 4+ k+ 1 amNg o

s

|
o
»
S|

=1

_ 1 0+k KE,
T Rkl CP\T R k4 LamN,

oo w? KE, 2K E, ) w?
5 = ./o wexp <_7 B amNo) I (w amN()) °xp [— (0 + k) )

2K E,
XQ ( m,ﬂ)) dw

Do the same variable change as we did in the computation of R, then

§ = 1 /mwex __:If__ KE, In | 2 1 2K F),
= ®xk+1Jo PAT T ami, ) P\ ¥ k+ 1 amN,

XQ( 2K E, T )dx
mNo V02 + k + 1
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1 [ O+k KE
Prktl P\ X k+1amN,

x/“’zex 2 1 KE, 1 x\/ 1 2KE,
(i P 2 0 +k+1lamNy/)° 024+ k+1amN,

XQ( 2K E, T )
mNo O+ k+1

Using (3.19), we have

S =

1 (__0+k KB
Pkt P\ @kt IamN,

1 2 +k+1
X {WE [1 - Q(\/S’ \/:’;)] 92 +k+2Q(\/_ \/_)}

where

0’4+ k+12KE, 5= 1 2K E,
T 024+ k+2mNy’ T (02 + k4 1)02 + k+2)amN,

T = ————————1 /wwex ——Ef— KE,
T ®tk+1do PA\7™% ™ amN,

In (w 2K Ey exp | — 0%+ k KE,
0 amNy P Z2+Ek+1mNg

1 2K E, 5
XQ(\/02+k+1 mNo,w\/ﬂ +k+1) dw

1 exo [ — 0?+k KBE,
PrE+1 P\T @ k+1mN,

oowex _2_2___ KE, 1w 2K E,
P 2 amNy 0 amNy

1 9KE,
XQ(\/02+k+1 mi Ve +k+1)dw
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Using (3.19), we have

- 1 (__¢*+k KE
T IR+ IOP\TR Y k+1mN,

where
¢ = 1 2KE, 0P+ k+12KE,
(0 + k+1)(0 + k+2) mNg ' T= 91 k+2amNo’

Comparing R — S with T, we found that R — S + T can be written as

_ 1 K Eb KE, ) ( 2 K E), 1\’]'};,)]
Rk S+T_02+k+1[f< "mNy’ amN, +f o’k’amNo’mNo

where

f(w7 k’ X’ Y)

w+k+1 -0 \/yz+k+12X 2Y
w+k+2 w4+ k+27 "V(w+k+1)(w+k+2)

1 2Y w4 k41,
+w+k+2Q (\/(w+k+1)(w+k+2)’\/w+k+zzx)}

w+k
X exp (—mY)

Then finally, we have

M-3 2
oMz (M-3) 021
gac = 2 (=) ( E) P kE TR+

X [f (02 k,@’i{_@_> +f<02,k, KE, , .".’Eb)]

mNy’ amNy amNy  mNy




Chapter 4

Maximum-Likelihood Diversity
Combining in Partial-Band Noise

4.1 Introduction

There have been several diversity combining methods proposed in the last decade
for fast frequency hopped FSK spread spectrum systems working in a channel with
partial-band noise interference [3, 5, 6, 9]. Their performances in various conditions
(with or without channel information, with or without background thermal noise,
etc.) have been wualyzed and compared.

Although much profound work has been done in this area, there is still lack of
a general theoretic framework in this subject, which may provide some theoretical,
if not practical, insight and guidance. For example, the structure of the optimum
diversity combining on a channel with both PBN interference and background
noise modeled as additive white Gaussian noise is unknown. How far away the
performances of those proposed combining schemes are from the optimal perfor-
mance is also unknown. It is also not clear on what type of channel information is

required to implement certain optimum diversity combining on the PBN channel

with AWGN.

In this chapter, we consider maximum-likelihood diversity combining in a par-

tial-band noise. In Section 4.2, the assumptions, on which our analysis is based, are
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presented. In Section 4.3, the structure of optimum diversity combining is discussed
and performance of the optimum diversity combiner is illustrated. In Section
4.4, some sub-optimum combining schemes are analyzed. The performance of the
optimum combining scheme is compared with that of some well-known diversity

combining scheies in Section 4.5. Summary is given in Section 4.6.

4.2 Assumptions

We consider an FFH M-ary FSK receiver, as shown in Figure 4.1. Suppose the
diversity order is m chips/symbol. The samples of the enve! pe detection output
of all hops corresponding to one symbol are combined together in the diversity
combiner. The background thermal noise is assumed to be additive white Gaussian
noise (AWGN) with two-sided spectral density No/2.

The channel model is the PBN interference channel with parameter p and the
equivalent two-sided spectral density N;/2. For this channel, the total interference
power is distributed uniformly over a fraction p of the total spread spectrum system
bandwidth.

With above assumptions, the decision of which M-ary symbol was transmitted

after dehopping can be formulated as the following hypothesis:

[

Hiogicm-1) : r(t) = si(t) + n(t) 0<t<T,

where T} is the duration of a symbol, r(¢) is the reccived signal contaminated with
interference and noise, si(t) is dehopped FH/MFSK modulated signal and n(t) is
the sum of interference and AWGN. s;(t) and n(t) are given by

si(t) = gj sik(t)gr(t)

= i Ag cos(2r fit + 0:)gk(t)

k=1
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Figure 4.1: The FFH noncoherent MFSK spread spectrum receiver
n(t) = 3 ni(t)gr(t)
k=1

and

1 (k=1)T. <t < kT
0 otherwise.

9k(t) = {

In the definition of gx(t), T, is the chip interval, and T; = mT,. We assume the

signal amplitude does not change for ithe different hops corresponding to one M-ary

/2E /2E
= A = 3 = < < <
Ak T_, Tc 1 =~ k sm,

where E, is the M-ary symbol energy and E. = E,/m is the chip energy. f; is the

symbol, so

M-ary FSK modulation tone. 8, is the phase of the signal in the kth hop and is
assumed uniformly distributed in [0, 27). The phases in each hop are mutually

statistically independent. ni(t) is additive white Gaussian noise (AWGN) with
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spectral density Ni/2. Ny is given by

Ny = Ny if the kth hop has no interference;
E=) Ny = No+ Epf- if the kth hop has interference.

nk(t) are mutually independent. It can be shown that the outputs of the integra-
tors x; and yix are random variable with distributions N(\/E, cos8;;, Ni/2) and

N(VE_sin 0, Ni./2), respectively, if the ith symbol is sent. Otherwise, both .r;
and y;; have distribution N(0, Ny/2) [18, pages 300 - 305).

4.3 Maximum-Likelihood Diversity Combining

The observation space is the outputs of A/ noncoherent matched filters. A non-
coherent matched filter consists of a matched filter followed by an envelope detec-

tor. Let the output of the filter matched to the ith symbol in kth hop be Xy,

Xie = =k + vk

wherez =0,1,2,--- ;M —1and k= 1,2,---;m. Let X be the matrix representing

all samples:

XOI X02 o XOm

X = X.u ).(12 X.lm

(4.1)
Xm-1mn Xm-1z2 - XM-1)m
The conditional probability density function (PDF) of X, conditional on the
tth symbol being sent and the kth hop being without interference is given by

PO(z) = Pyx,, (z|ith symbol sent, no interference in kth hop)

2z [ z? + Ec] (2:1:\/Ec)
xp |— Iy .
No

(4.2)
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The conditional PDF of X;; conditional on the ith symbol being sent and the

kth hop having interference is

m(a:) = Px, (z]ith symbol sent, interference in kth hop)

- 2w [_ ""2;1&] I (2"’”‘/F) : (4.3)

The conditional PDF of X;; conditional on the zth symbol not being sent and

the kth hop having no interference is

i

QP(2)

Py, (z|ith symbol not sent, no interference in kth hop)

2z z?
= 3 eXp ( N0> , | (4.4)

and the conditional PDF of X;; conditional on the ith symbol not being sent and

the kth hop having interference is

Q%W(z) = Px,(zlith symbol not sent, interference in kth hop)

2z z?
A exp ( Nl) . (4.5)

Suppose PBN interference are present in j out of m hops, where 0 < j < m.
Without loss of generality, it is assumed that first j hops of total m hops suffer
PBN interference. Then, the joint PDF of the samples X conditional on Kth

symbol being sent is

P(X|K) = Pr(X|Kth symbol sent)

J M-1 m M-1
[H ol Qf-,?] [ i ro T Qs;?].
k

k=1 i=0,iK =j+1 i=0,izK

Comparing P(X|K) and P(X|J), where J # K, is equivalent to compare:

J m M-1
T T o] | 01 e 1T ot
k=1 1=0,i#K k=j+1 1=0,i#K
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and
J ) M-1 1) m ©) M-1 ©)
ITew II Qi HPJk I Qwy.
k=1 1=0,i#J k=j+1 i=u,i¢J
Removing the common factors from both expressions. the comparison becones
j m
1) H(1 0) (0 1) (1 (PN
H PR TT PN ~TT PP TT Pive.
k=j+1 k=1 k=j+1
where ~ means versus. The above comparison is equivalent to
1 0 j 1 0
P(»g k=J+1 P( ) i P.sk) 7kn=j+l P( )

1 0 1
QO Q‘:\L T QW IR 41 QY)

Substitute Egs. (4.2)-(4.5) into the above expression, it can be shown that the

comparison becomes

2XkiVE. 2X I (2XnVE: 2X i /1
HI( I\Ak[ ) HIO( l\k\/—) HIO( Jk ) HI()( Jkﬂ)
k=1 1 k=j+1 k=741 No
Therefore, the maximum-likelihood diversity combining is to compute

2XuVE i
,\—21 IO(X" )+§jl IO(ZX"‘/—) (4.6)
k=j+1

fori =0,1,---,M —1, and choose the index of the largest A; as the decision. Note
that it requires the knowledge of E., Ny, N, p and side information to compute A;.
It is easy to see that knowledge of Ny, p and side information is used to determine

N;. So equivalently, Eq. (4.6) can be rewritten as:

2X1k\/_— - lec Xik

where N;/2 is the noise variance (power) at each hop. Thus the required infor-

mation to compute ); is equivalent to the information on signal-to-noise ratio and

noise variance at each hop.
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4.3.1 Perfcrmance of the Optimum Diversity Combining

The worst case bit error rate for optimum diversity combining versus E;/Nj is ob-
tained by Monte Carlo simulation. Figure 4.2 shows the BER of a binary FSK/FFH
spread spectrum system with diversity order m =2, 3, 4, and 7. The E;/N, is 13.35

dB, which is the signal-to-thermal noise ratio required to maintain a BER of 10~°
for the same system without diversity and interference. Also shown in the figure
are the BER of the same system without diversit, under full-band noise interfer-

ence (p = 1), and the BER of the same system without diversity under worst case

PBN interference, whici. is given by [19, page 574]

Py = max {pPras(Es/N:) + (1 ~ p)Pyok(Es/No)}

where

3 M/2 M-1 (__l)k+1 M-=1 k
Phk(x)_M—lg P k exp —k+1a:log2M .

The BER for full-band interference represents the damage a jammer with fixed
average power can do to the system, when all other jamming strategies fail to
provide better effects. In other words, this is the least effect that a fixed average
power interference can have on the system.

It can be observed in the figure that at low F,/N; and high E,/N; regions,
the optimum diversity order is 2, and for E,/N; between 15 dB and 28 dB, the
optimum diversity order is 3. For a BER around 0.1, or for E,/™ » less than 8
dB, in fact, there is no need to employ diversity reception, as the no diversity case
gives the best results. This phenomenon is due to the noncoherent combination
loss in AWGN. When E;/N; is small, the interference or jamming is so strong that
the worst case interference is full-band interference, which is seen by the system as
AWGN. So in this case, there is no advantage using diversity reception. Actually

there is a disadvantage due to the noncoherent combination loss in AWGN. Thus,
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Figure 4.2: BER of FH/BFSK maximum-likelihood diversity receiver with different
diversity order in worst case partial band noise interference. Fj/Ny = 13.35 dB.
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the effects of using diversity reception in full-band interference is negative with
regard Lo the system performance. When E,/Nj is high, the interference is very
weak, and the most effective interference strategy is to concentrate the limited
average power in a small portion of the transmission band. Diversity reception
is an effective way to combat this type of interference, but due to the existence
of background thermal noise, a high order of diversity is not desirable because of
noncoherent combination loss. Thus, for E,/Ny = 13.35 dB, the highest optimum
diversity order is 3. For higher E,/Np, more curves corresponding to different
diversity orders may crossover each other, and the highest optimum diversity order
can be higher.

The performance of the optimum diversity reception under the worst case PBN
interference is not as good as that of the system without diversity under full-

band interference. The difference is about 3 dB at a BER of 10~®. This means

that an intentional interference source, or jammer, can still use PBN to increase
its interference effects. Therefore, other measures have to be taken 1o force the
jammer to go back to full-band jamming. Error correction coding is a very efficient
way to achieve this. From the error correction coding theory point of view, the
diversity transmission used here, is just a repetition code, and « repetition code
is a very simple error correction code. Therefore, if further improvement of the
system’s anti-jam capability is required, a sophisticated form of error correction
coding must be employed.

It can be seen that the requirement of signal-to-thermai noise E, /Ny in diversity
transmission system is higher than a system without diversity. For example, we can
see from Figure 4.2 that it is not possible for the system with diversity to achieve
a BER of 10~® when E;/Ny i< 13.35 dB, no matter how weak the interference is.
The solution to this problem is either increasing F; /N, or using a concatenation
of diversity and error correction coding.

Now consider an 8-ary FSK/FFH system as an example for M-ary system.
The BER of the 8-ary FSK/FFH spread spectrum system under worst case PBN
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is shown in Figure 4 °. The E;/Ny is 9.09 dB, which is the signal-to-thcrmal noise
ratio required to maintain a BER of 107% for ic saine system without diversity
and interference. The performance is similar to that in binary case. The optimum
diversity order is m = 2 except in the region of E,/N; from 10 dB to 20 dB, where

2 = 3 is the optimum diversity order.

4.4 Some Sub-optimum Combining Schemes

It has been shown that in maximum-lik<lihood combining, the decision variable is
a sum of the nonlinear function In Iy(z)s. It is well-known that when w is small,

the following approximation can be used [20, pages 243-244] [21, page 339}
1,
I(z) =1+ 7°

and

z?,

o=

1
InI(z) =~ In(1 4+ Z$2) R~

and when z is large,

1

Inlp(z) = z — %ln(.?m;) R T

Figure 4.4 shows three functions In Io(z), 7% and z. It can be seen that a* is a
good approximation of In Io(z) for < 1. The relative difference between z and
In Ip(z) becomes small when = become iarge. Nevertheless, z and In Iy(z) can be
viewed as parallel. In our application, that all elements in t':ie summation shift a
constant does not influence the final results. Therefore, for small z, the square sum
of z should used, and for large z, a linear sum of = should be used. Considering

both ends, we can use the following piecewise function to approximate In Iy(z):

1.2
_ ) 3t o<z <4
f(x)_{:c if z >4.
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Figure 1.3: BER of FH/8FSK maximum-likelihood diversity receiver with diffcrent
diversity order in worst case partial band noise interference. E,/Ny = 9.09 dB.
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The BER of a system using In Ip(z) and a system using f(z) under worst
case interference are shown in Figure 4.5. It can be seen that the difference of

performance of two system is almost indistinguishable for both m =4 and m = 2
cases.

If we can afford some perfermance loss in high signal-to-noise ratio region,
then we can just use the square sum as the approximation. Therefore A; can be

computed by

Ai = NZZX?}»+NO,€Z

1 k= =j+1
2 N1 Pt N1/2 No 57, No/2

So A; is simply the sum of normalized samples of matched filters outputs squared
with signal-to-noise ratio as weights.

It is easy to see that \; can be computed equivalently by

N= S X2 4 - 5> X (48)
b ok=1 Ng k=j+1

Thus, the information required to irnplement optimum diversity combining is the

noise variance (power) at each hop.

When N, is very small, or Ny — 0, the weight for a hop free of interference
can be much larger than the jammed hop. If all hops corresponding to one symbol
contain interference, then J; is simply the square sum of X;;’s. This leads to the
well-known soft linear combining with perfect side information (PSI).

Soft Linear Combining with PSI[22]:linearly combining the energy detcctor
outputs of all hops free of jamming corresponding to one symbol. If all hops corre-
sponding to one symbol have interference, linearly combining the energy detector

output from these hops.
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Figure 4.5: BER of FH/BFSK maximum-like'ihood diversity receiver and
sub-optimum diversity receiver in worst case partial band noise interference. Fy, /N,
= 13.35 dB. m = 2 and 4.
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Therefore, if the background noise is negligible, the performance of Soft Linear
Combining with PSI is very close to the optimum performance. Otherwise the
performance is pjor. This has been confirmed by our simulation results, presented
in the following section, and from results given in [23]. The reason for this is that
only the outputs of hops without interference are used, and some portion of the
signal energy is not used, resulting in a lower effective signal-to-thermal noise ratio.
For example, if L out of m hops are used, then it is equivalent to having a signal-
to-thermal noise ratio of #Eb /No. If half of m hops are used, then signal-to-noise
ratio is reduced by 3 dB.

Note that the weights of two summations in Eq. (4.8) are 1/N¢Z and 1/NZ. It is
quite interesting to find by simulation that the BER of a system with A; computed
by Eq. (4.8) is almost the same as that of a system with \; computed by

1, 1 & o,
’\"FZX‘k+'N_OkZ X2. (4.9)

1 =1 =j+1

Note that Eq. (4.9) is just Adaptive Gain Control (AGC) combining analyzed in
(8]

AGC Combining: Linear sum of the energy detector outputs which are nor-
malized by the noise variance of each hop.

The BER of three binary FSK/FFH spread spectrum systems with A; computed
with Egs. (4.6), (4.8) and (4.9), respectively, are shown in Figure 4.6. It can be
seen that results for A; from (4.8) and (4.9) are the same, and they are almost
the same as the optimum performance when E,/N; <20 dB. Therefore, AGC
combining can be viewed as the optimum diversity combining under PBN when

the interference is not very weak.
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Figure 4.6: Comparison of BER of FH/BFSK with different diversity receivers in
worst case partial band noise interference. m = 2 chips/bit. E,/No = 13.35 dB.
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4.5 Comparison of Several Diversity Combining
Schemes

In this section, performance of several diversity combining schemes are compared.
Note that the BER for maximum-likelihood diversity combining can serve as the
lower bound, or the best achievable performance for other schemes, which require
less information to operate.

In Figure 4.7, the BER of the maximum-likelihood diversity receiver and that
of the ratio-threshold, the AGC, and the self-normalizing [3] diversity combining
under worst case PBN interference are plotted. The system parameters are: bi-
nary FSK, diversity order = 4 chips/bit, E;/No = 13.35 dB. It can be seen that at
BER=10"3, the optimum performance is about 3 dB better than the performance
of self-normalizing combining, and 5 dB better than that of ratio-threshold com-
bining. The performance of the equal weight square sum combining receiver (Soft
Linear Energy Combining) with perfect side information is also depicted in Figure
4.7. It can be seen that when E,/N. is small, the performance of the equal weight
square sum combining is optimum. However, when E, /Ny is high, the performance
is very poor.

Note that the noise floors for all diversity combining schemes are more than
one order higher than that without diversity. This is due to the noncoherent
combination loss when the jamming is weak. It can be seen that the noise floor
for the linear square sum scheme is the highest, and of course, the noise floor for
the optimum combining is the lowest.

In Figure 4.8, the BERs for the same group of systems with m = 2 are plotted.
The difference between optimum diversity combining and sub-optimum diversity
combining becomes large. This is because m = 2 chips/symbol is the optimum
diversity order for optimum diversity combining while the performance of sub-
optimum diversity combining for m = 2 is worse than that for m = 4 (Compare

Figure 4.8 and Figure 4.7). Also note for all of the schemes noise floors are lower
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Figure 4.7 BER of FH/BFSK maximum-likelihood diversity receivers and
self-normalizing diversity receiver in worst case partial band noise interference.

m = 4 chips/bit. E,/No = 13.35 dB.
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than that for m = 4. Since the largest difference between the optimum combining
and the self-normalizing combining, which does not require any noise variance
information, is about 7 dB, there is still some room left for possible improvement,
especially for low diversity order, with a new diversity combining scheme that does

not rely on channel parameters, such as N; and No.

4.6 Summary

Maximum likelihood diversity combining in PBN channel is investigated. The
corresponding performance is evaluated by Monte Carlo simulation. It is shown
that AGC combining can be viewed as maximum-likelihood diversity combining in
PBN channel with AWGN. The performance of AGC combining can be computed
numerically and is known, as shown in [8]. Therefore, the performance of AGC
can be used as the optimum performance of diversity reception in PBN channel. It
also has been shown that to implement maximum-likelihood diversity combining,
information on noise variance at each hop is required. It is illustrated that for
optimum diversity reception, the worst case PBN interference is not full-band
interference for the value of F,/N; in the region of interest. Thus the use of
diversity only is not adequate to defeat the interference completely. To restore
full-band interference as the worst case interference, error correction coding must

be used.

Since the knowledge of the noise variance for each hop is used to normalize the
data in the optimum diversity combining, some diversity combining schemes with-
out requirement of knowing noise variance have certain automatic normalization
function. For example, the self-normalizing diversity combining uses the nonco-
herent matched filter outputs in one hop to estimate the noise variance and then
using this estimate to normalize the corresponding data. Consider clipped linear
combining and product combining sche:res as other examples. The clipper func-

tion and the logarithm function are soft limit functions and the effect of the soft
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Figure 4.8: BER of FH/BFSK maximum-likelihood diversity receivers and
self-normalizing diversity receiver in worst case partial band noise interference.
m = 2 chips/bit. E,/No = 13.35 dB.
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limit function is actually imperfect normalization. The ratio-threshold combining
analyzed in the previous two chapters, however, does not belong to this category.
It is in fact a scheme which implements hard decision combining with estimated

side information.




Chapter 5

Repeated Convolutional Codes
for High-Error-Rate Channels

5.1 Introduction

In this chapter, we consider error-correction schemes that can correct errors at
the output of a high-error-rate channel. Such a large channel error rate may
result from the presense of strong interference or jamming. Conventional error-
correction schemes, such as the widely used constraint-length-7, rate-1/2 binary
convolutional code due to Odenwalder[24], which is an international standard[25],
may fail in such situations. It is clear that a low-rate code must be used for such
a channel by considering the channel capacity or cutoff rate.

Kasami, et al have considered a cascaded coding scheme for a binary symmetric
channe] (BSC) with a large error probability p. [26]. Their scheme consists of two
linear block codes. The inner code (closer to the channel) is a binary code and the
outer code is a Reed-Solomon (RS) code. The parameters of the inner and outer
codes have to be properly chosen to match each other in order to obtain good
performance. It turns out that for a large p. whether a coding scheme works or
not is very sensitive to p.. For example, in [26], a scheme that consists of a (63,31)
RS outer code and a (32, 6) biorthogonal inner code works well at p, = 0.2 but will

not work at p. = 0.3. The sensitivity to the values of p. and the somewhat rigid

130
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structure of the cascaded scheme implies that we should know p, before designing
a coding scheme. Also, two encoder/decoder systems are needed for a cascaded
scheme. In a jamming environment, however, it is hardly possible to predict p..
Thus, a system that can easily adapt to the actual p. would be desirable.

In 1977, Shaft searched low-rate convolutional codes and considered their use
to combat burst interference[27]. Use of repeated convolutional codes seemed to
be favored. In 1985, Chase proposed the scheme again for the BSC with well-
made arguments[28]. To show that repeated binary convolutional codes are near
optimum, both Shaft and Chase compared their free distances with Heller’s bound
for binary convolutional codes[29]. Chase also made a comparison of code rates
with the channel c.pacity of the BSC.

Nevertheless, there are still some practical problems that need to be addressed.
For instance, for the BS(, if each code symbol is repeated m times, maximum
likelihood decoding requires m + 1 levels of quantization. Since m can be very
large for a high channel error rate and practical convolutional decoders have a
finite, and likely a smaller number of quantization levels, what is the corresponding
performance degradation? Further, can we use a repeated binary convolutional
code for an M-ary symmetric channel (MSC), and what is the best way to generate
a binary decoding metric for use in the binary decoder? This question is motivated
by the fact that there 2re commercially available high speed binary codecs, and
considerable efforts are being made to further improve the speed and reduce the
cost of such codecs.

In this chapter, we consider repeated convolutional codes for an MSC (with
the BSC as a special case) with a large error probability p.. The value of p, can
be near, but smaller than, 1 — 1/M for which the channel capacity is zero. In
Section 5.2, we focus on the BSC and begin with a conventional analysis based on
the union bound for the BSC. For large m, the central limit theorem is applied to
provide anoiher analytical tool. In Section 5.3, Monte Carlo simulation results for

the BSC are provided and compared with theoretical analyses. The quantization
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effect is shown. Based on these results, we compare the code rates of repeated

convolutional code with the channel cutoff rate. In Section 5.4 we consider the use

of a binary code over an MSC. The empbhasis is placed on the methods to generate

binary decoding metrics and on their performances.

5.2 Theoretical Analysis for the BSC

We are particularly interested in the above mentioned Odenwalder rate-1/2, cons-
traint-length-7 convolutional code. The single-chip encoder/Viterbi decoder is
commercially available at a low price from several sources. The decoder normally
has up to eight levels of quantization. We consider Viteibi decoding, which is
maximum likelihood decoding when infinite quantization is assumed. Each M-ary
channel symbol i. repeated m times. We call m the repetition order.

For the BSC case, each encoded symbol is repeated m times over a BSC. The
BSC is assumed to have a large error probability (transition probability) p. which
is in the neighborhood of 0.1 or higher, but of course, smaller than 0.5. The BSC
is a good channel model for some anti-jam communic:tion systems with complex
demuli:plexing between the demodulator and the decoder. In such a situation,
the decoder has to cope with a hard-decision channel, and explicit and/or implicit
interleaving/deinterleaving makes the errors random. One example of possible
implicit interleaving/deinterleaving is a mu i1 .xed multi-user system where :ach
user has a decoder after demultiplexing.

It is clear that for two trellis paths at Hamming distance d, the repetition
of order m increases the distance to d x m. It is well known that the decoder
output bit error rate (BER) P, can be upperbounded by an exponentially tight
union bound. Specifically, suppoze Py is the pairwise error probakbilivy of two trellis

paths with Hamming distance d, then

P, < Z CiPin (5.1)
d=d]ree
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where dj,.. is the free distance of the convolutional code and Cq is the total num-
ber of information bit errors when pairwise errors between paths with Hamming
distance d occur. For the Odenwalder code, C; is nenzero only for even d and

d > 10, since dypee = 10. Over the BSC, for an even d,

n=b (e mnree 3 ($)sa-pr @2
2\ df2 i \ 1

(; can be found by cxpanding the transfer function of the convolutional code

or using computer search through the trellis of the code. For the Odenwalder

code, the first nine terms are[l, page 148]: Cig = 36, Cip = 211, Ciq = 1,404,

(e = 11,633, Cis = 77,433, Co = 502,690, C; = 3,322, 763, Caq = 21,292,910,

and Cys = 134,365,911,

Using Bquations (5.1) and (5.2) for m =3, 7, and 15, respectively, P; is plotted
versus p, for the Odenwalder code in Figure 5.1 using the first term, the first four
terms, and the first nine terms of Cy, respectively. It can be seen from the figure
that nine terms of the transfer function provide a sufficiently accurate bound,
especially at a low P,. The results using the first nine terms are used in the rest of
the paper. Ia fact, it has been known that the union bound provides an accurate
approximation for a low P, provided enough quantization levels are available to
facilitate the maximum likelihood decoding (MLD). For MLD it is well known that
the decoding metric should be

m
miy = Zrki (5.3)

=1
where ry; is the received i-th repeated symbol (0 or 1) over the BSC for the k-th
convolutional encoded symbol. Here mt; = 0 means that the k-th encoded symbol
is most likely a 0 and mt) = m means that the k-th encoded symbol is most likely

a 1. For eight levels of quantization from 0 to 7 (where 0 represcats the most

reliable logic 0 and 7 represents the most reliable logic 1), uniform quantization is
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Figure 5.1: Union bounds for the repeated Odenwalder c.le over the BSC using
the first term, the first four terms, and the first nine terms of the transfer function,
respectively, for m = 3, 7, and 15.
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natural and reasonable. Then, the above metric is modified as

i=m

mity = L—-f;n‘—r—" x 7+ 0.5 (5.4)

where |z| is the largest integer not exceeding z.

As mentioned earlier, the repetition order m must be large in order to correct
the errors with a large probability p.. For a large m we may apply the central limit
theorem or the Gaussian approximation of the binomial nrobability distribution.

Consider the following metric which is equivalent to Equation (5.3)

_ e
e

(5.5)

o

Note that (—1)™ has a mean of E =1 — 2p, (= (1 — p.) x 1 + p. x (—1)) if the
k-th encoded symbol is a 0, and a mean of E = —(1 — 2p,) if the k-th encoded

symbol is a 1. The variance is

0% =[1— (1 =2p)*(1 — pe) + [=1 = (1 = 2p))pe = 4pc(1 — pe). (5.6)

By use of the central limit theorem (see, e.g. [19, page 667]), we know that

SET(=)™ ~ E]

B = N

(5.7)

is a zero-mean Gaussian random variable with variance 02 when m — oo (or m is

very large). Since

P LB (58)

(=D L ([REP ~ B +mE,
Vi = Vm

1 2
W= Tm vm T Um

then, for a large m, a; is also a Gaussian random variable with a mezn of F and

a varlance of

o2 = 4pe(1 — pe) (5.9)

m
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Thus, for a sufficiently large m, the variance can be reduced to an arbitrarily
small number. Compared with coherently demodulated BPSK in AWGN with
noise spectral density Np[30], the asymptotical Gaussian distribution of a; implies
an effective symbol enecgy (half of the bit energy for the rate-1/2 code) of E! =

(1 — 2p.)? and an effective noise spectral density of N}/2 = o2, i.e.,

1—2p.)?
B = 122 5.10
/ 8pe(1 - pc) ( )

Note that the effective signal-to-noise ratio is proportional to the diversity order
m. Since the simulated or measured BER curve for the Jdenwalder code is well
known (see, e.g. [31]), for a large m and a given p., we can use Equation (5.10)
to determine the required E;/N§, and thus the m required to sustain a required
P,. Even for a small m, the Gaussian approximation can be used to estimate the
required m, and then it can be adjusted from there.

Since the si- wlated or measured BER curves for the Odenwalder code take

into account the finite levels of quantization and other practical constraints such
as a finite trellis length, these factors are also included in the BER curves of
the repeated convolutional code if ihe Gaussian approximation is used. In other
words, for a large m performance degradations due to finite quantization, etc., will

be about the same as what we have known for convolutional-coded coherent B?SK

in AWGN.

In Figure 5.2, P, obtained from the Gaussian approximation, versus p. is given
for m = 3, 7, 15, and 31, respectively. For m > 7, eight levels of quantization and
trellis length 84 are assumed. This trellis length is considered instead of five or
six times the constraint length because 84 or so has been used in commercial
realizations in order to accommodate the punctured rate 3/4 codef25]. For m <
7, MLD decoding is assumed since it can be implemented with eight levels of
cuantization. In this case, the interest is to see the approximation error of the
Gaussian approximation. For comparison, the results based on the union hound

are also given in Figure 5.2.
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Figure 5.2: BER based on the Gaussian approximation and the union bound for
the repeated Odenwalder code over the BSC. m = 3, 7, 15, and 31.
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It can be seen from the figure that for a small mn the Gaussian approximation
results in a lower BER. For a reasonably large m (e.g., m > 15) the Gaussian ap-
proximation seems to be fairly accurate, which needs to be verified by simulation.
It is also noted that for m = 31, the BER obtained from the Gaussian approxima-
tion is slightly higher than the union bound. The basic reason for this difference
is that for the union bound, ideal maximum likelihood decoding is assumed, i.e.,
no quantization and infinite trellis length, while for the Gaussian approximation

curve, practical constraints have been taken into account.

5.3 Computational Results for the BSC

In order to verify the BER performance, Monte Carlo simulations have been per-
formed. A trellis length of 84 and eight levels of quantization are assumed and
Equation (5.4) is used to generate the metrics for various value of 1»  Figure
5.3 shows the simulated P, versus p. performances for m = 3, 5, 7, 15, and 31,
respectively. Union bounds and the Gaussian approximation are also shown for
comparison.

It can be seen from the figure that for m < 8 the union bound, which assumes
the MLD, is almost exact. Note that for m = 3, we have metrics of 0, 2, 5, and
7, which means that we are not doing exactly MLD. This applies to the m = 5
case as well. But the performance degradation is insignificant. For a large 1,
the Gaussian approximation is fairly close to the simulation results. Note that
finite quantization results in a higher BER that is not upperbounded by the union
bound, and in fact, the Gaussian approximation is more accurate than the union
bound at a high BER.

For m = 5, the overall code rate is 0.1, which is slightly higher than the rate,
0.092, of the coding scheme considered in [26] with comparable BER performance.
In consideration of its simplicity, the repeated Odenwalder code is favored.

Figure 5.4 shows the cutoff rate Ry for the BSC[19, pages 632 - 633] and the
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Figure 5.3: BER based on simulation, the union bound, and the Gaussian approx-
E}mation for the repeated Odenwalder code over the BSC. m = 3, 5, 7, 15, and
31.
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overall code rate r = ;- to sustain P, = 107" (based on the simulated BER),
which was also used in [28]. From this figure, it seems that r moves closer to Ry as
Pe increases. But from the r/Ry versus p,. curve shown in Figure 5.3, r decreases
faster than Ry as p. increases. Nevertheless, it is interesting to note that the
deviation between r and Ry is bounded: as p. approaches 0.5, r approiches 0.6 Ry.
If compared to the channel capacity, r is near 30 percent of channel capacity. In
conclusion, the repeated Odenwalder code can achieve more than one half of what

is promised by the cutoff rate even for very large p., say, 0.3 to 0.5.

5.4 M-ary Symmetric Channel

In this section, we consider the M-ary symmetric channel (MSC) with high symbol
error probability, which is illustrated in Figure 5.6. IHere p. is the symbol error
probability, which is near 1 — 4, but smaller than ii. Again, the coding scheme
consists of an outer convolutional code and an inner repetition code where each M-
ary channel symbol is repeated m times. This MSC model directly reflects a hard-
decision demodulated fast frequency hopped M-ary FSK (FFH/MFSK) sysiem
where the repetition is inherent in the system. Here we are especially interested in
M = 4 and 8. Previous work has shown that under certain conditions this type of
a system represents a good compromise in order to combat both partial-band noise
jamming and multitone jamming [1]. As mentioned earlier, the hard decisions may
be due to complex demultiplexing between the demodulator and decoder. We first,
consider a Trumpis code[32] as the outer code, since it is optimuimn for an M-ary
orthogonal channel. The 4-ary and 8-ary R = 1 bit/channel symbol Trumpis codes
with constraint length 7 are considered. These codes have the same implementation
complexity as the Odenwalder code because they have the same constraint length.
In view of commercially available binary codecs, we then consider the possible use

of the constraint length K = 7, rate R = 1 Odenwalder code for the MSC. The

emphasis is placed on how to generate binary decoding metrics.
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Figure 5.5: Ratio of the overall code rate r of the repeated Odenwalder code over
the BSC to sustain P, = 10~* to the cutoff rate Ry of the BSC.
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Figure 5.6: Model of M-ary Symmetric Channel

5.4.1 M-ary Metric

For the Trumpis codes, it is known that the union bound of the decoder output

BER, P,, is [32]
Py < TPpn+39Psy, +104 Py, +352 Py, +1187Pyyp ++ -+ for 4-ary channels (5.11)
and
Py £ Py + 4P, + 8Py + 49Pom + 92P1ysm + + - - for 8-ary channels  (5.12)

where Py is the pairwise error probability between two trellis paths with Hamming

distance d.

To consider the use of the Odenwalder code over a 4-ary symmetric channel
(4SC), the most natural way is as follows. Recall that the encoder of the rate
1/2 code generates a pair of encoded bits at the encoder output for each incoming
information bit. This pair of encoded bits can be considered as a 4-ary symbol
and transmitted m times over the 4SC. In decoding, ideally, two encoded bits
corresponding to one trellis branch are assigned a 4-ary metric. This assumes that

the decoder can accommodate 4-ary metrics. Using a trellis search algorithm, we
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found the union bound of the decoder output BER, P, as

Pb S PGm + 10107111 + 38P8m + 92P9m + 3‘E-')'E‘)PlOm + 1440[)11171
+4684 P2, + 16043 Py3,,, + 52240 Py, + 170679 P55, + -+ (5.13)

Note that the Trumpis codes are optimum over the MSC in the sense that they
have the largest M-ary free Hamming distance (7 for the 4-ary code) and fewest
number of information bit error. due to path errors at the free distance. The
Odenwalder code is not optimum for the 4SC. Its free 4-ary Hamming distance is 6,
which is one less than the optimum Trumpis code. But the number of information
bit errors due to an incorrect trellis path at the free distance is only one. Thus, we
may expect that the Odenwalder code will have near-optimum BER performance.

The use of the Odenwalder code over 8-ary symmetric channels (85C’) is similar.
The encoder of the rate-1/2 code generates three pairs of encoded bits for every
three incoming information bits. Then, the first pair of encoded bits and one bit
of the second pair of encoded bits are considered as an 8-ary symbol. The other
bit of the second pair and the third pair are considered as another 8-ary symbol.
Each of these 8-ary symbols is transmitted over the 85C m times. At the decoder,
an 8-ary metric is assigned to the three encoded bits corresponding to one and a
half trellis branches. Of course, it is assumed that the decoder cun accommodate

an 8-ary metrics. We found the union bound of this kind of decoder output BER
as
P, < 3F5, + 28FPsy + 83Pry, + 6495, + 2419y, + 10295 Py
+45175P11m + 193378 Prgm + - - - (5.14)

By comparing with (5.12), we find the Odenwalder code is not bad over the
8SC. The 8-ary free Hamming distance is 7 for the rate-1/3 Trumpis code and 5
for the rate-1/2 Odenwalder code.

For the MSC with a repeated M-ary code, the maximum likelihood decoding

metric for each M-ary symbol is the Hamming distance between the sequence of
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m repeated symbols and the corresponding received symbol sequence of length m.
Here it is implied that for an M-ary symbol, a smaller metric is more favorable
in that the M-ary symbol is more likely to be transmitted. This MLD metric is
an M-ary metric in the sense that there are a total of M metrics for all M M-ary
symbols.

For the MLD, we can find the pairwise error probability between two paths
with Hamming distance d, Py. Recall that Py is the probability of a specific trellis
path at Hamming distance d having a more favorable path metric than the correct
path, given a correct transmitted trellis path. Consider one symbo! period where
there is a symbol difference in the two paths. The correct symbhaoi 1s called ¢, and
the symbol from the incorrect path is called e. Because M > 2, the MSC output
can be neither ¢ nor e. In fact, the probability of the channel output being c or e,

denoted as p.., is given by

Pe
M-1

Pce=1~pe+

Then, over d symbol periods where two paths have different symbols, there can
be j (0 < j < d) periods where the channel output is neither ¢ nor e and hence

no contribution can be made to the metrics for either ¢ or e. We can calculate a

conditional pairwise error probability Pj(j) over the remaining d— j symbols where
the channel output must be either ¢ or e with probabilities (whick: are conditional
probabilities under the condition that the channel output must be either c or €) of

Izpe and —P= - respectively. Specifically, we have

Pece Pce(M“l.i,
d—j P de § oy \ A
Pi(j) = 1-0.56(——2 - Pe p°)
d(J) i—[;—‘l]( ¢ 2 )) ( t ) ((M - l)pce Dee .
=13
(5.15)

where [a] is the smallest integer greater than or equal to z, and

6(;17):{1 ifx =0

0 otherwise.
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In fact, the 6 function is equal to 1 (so that 1 — 0.56 = 0.5) only if d — j is even

and : = ‘%i. Otherwise the § function is 0 and 1 — 0.56 = 1. The probability that

J of d channel output symbols are neither ¢ nor e is

P(j,d) = ( ;1 ) p‘i—j(l “pce)j- (5.16)

Therefore, the pairwise error probability is
d

Py = ) P(j,d)Py(j)

j=0

d
= Z(C?) 291 = pee)’ X

j=o \J

d—j d—i . i _ d—j—i
. J d—j Pe 1~ p.
x Y. (1-0.56(— ))( . )( ) ( ) :
1.___[.1_.2.1-' 2 t [)cc(M - 1) Pee

There is a factor p% 7 in the inner summation and it can be canceled with the one

outside. So finally we get

ro= 3(5) G

j=0 \

d—j

d—j. [/ d—j e\ .
x 3 (1—0.55(i—T’)) \ d=J ) (IIP"—_1> (1 = po)t=37%, (5.17)

?
i=[452]

Using Equations (5.11), (5.13) and (5.17) for m = 3,7,15, and 31, the bound
of P, versus p. is plotted for the Trumpis and Odenwalder codes with M-ary
MLD metric and = 4-ary channel in Figure 5.7. From this figure, we can see
that the Trumpis code is indeed better. However, it is interesting to note that the
performance of the Odenwalder code is only slightly inferior to that of the Trumpis
code. This is the basis for considering the use of the Odenwalder code over the

4-ary channel.
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------ Union bound for Trumpir code

------ Union bound for Odenwalder code with 4-ary metric

----------- Union bound for Odenwalder code with direct metric and
ideal interleaving
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Figure 5.7: Union bounds for the repeated Trumpis and Odenwalder codes with
three kinds of metrics over 4-ary symmetric channels. m=3,7,15, and 31.
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Using Equations (5.12), (5.14) and (5.17) for m = 3,7,15, and 31, the bound of
P, for an 8-ary channel is plotted in Figure 5.8. It appears that the performance
of the Trumpis code is much better than that of the Odenwalder code in the 8-ary
case. But recall that the 8-ary Truinpis code is a rate-1/3 code. So the code rate
of this Trumpis code is only two thirds of the code rate of the Qdenwalder code.
So the direct comparison in Figure 5.8 is not fair.

Since the total code rates of the repeated Trumpis and Odenwalder codes are
7~ and =, respectively, if the repetition order for the Odenwalder code is chosen
to be 50 percent larger than that for the Trumpis code, the code rates for both
repeated codes are the same. Then comparison can be made. So the union bounds
of P, for the Odenwalder code with m = 5, 11, 23, and 47 and with m = 4, 10,
22, and 46 are plotted in Figure 5.9. The bounds of £, tor the Trumpis code with
m = 3,7,15, and 31 are also plotted in Figure 3.9. The corresponding code rates
of the three groups are almost the same, but code rates of the Odenwalder code
with m = 5,11,23, and 47 are a little bit lower than that of the Trumpis code, and
code rates of the Odenwalder code with m=4,10, 22 and 46 are a little biv higher.

From Figure 5.9, we can see that for a BER less than 1074, the curve for the
Trumpis code is between the two curves for the Odenwalder code. Considering
the two curves corresponding to the Odenwalder code with a higher and a lower
code rate, respectively, we cau see that the repeated Odenwalder code has alinost
the sare performance as the repeated Trumpis code at the same overall code
rate. Therefore, the same conclusion as in 4-ary channel can be drawn that the
performance of the Odenwalder code i- only slightly inferior to that of the Trumpis
code. Because the comparison is based on the union bounds, which are quite loose
at high BERs, and the number of terms used in computing those union bounds
are different, our comparisons are only made at low BERs.

Note that the union bound for the Odenwalder code is hased on the assumption
that the decoder can accommodate M-ary metrics for the MLL. This is generally

not the case if we want to use cominercially available decoding chips directly. In
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—-— Union bound for Odenwalder code with direci metric and
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Figure 5.8: Union bounds for the repeated Trumpis and Odenwalder codes with
two kinds of metrics over 8-ary symmetric channels. m=3,7,15, and 31.
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Figure 5.9: Union bounds for the repeated Trumpis and Odenwalder codes with
8-ary metrics over 8-ary symmetric channels. m=3,7,15, and 31 for the Trumpis
code; m=4,10,22, and 46 and m=5,11,23, and 47 for the Odenwalder code.
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this case, the decoder is designed to only accommodate binary metrics. With this
constraint, the abcve union bound should be understood as an upper bound on
the BER performance of the decoder using binary metrics. But the free M-ary
Hamming distance of the binary code shown in the union bound of Equations (5.13)
and (5.14) and the corresponding error coefficient provide a basic indicator on how
well the binary code can work over the M-ary channel.

Since the performance degradation of the Odenwalder code is small relative to
the optimum Trumpis code using M-ary metrics, the code is a good candidate for
the M-ary system from a practical point of view. The practicality is that we can
use commercially available codec chips provided we can properly generate binary
deronding metrics. Further performance degradation will be introduced by using
binary metrics because a binary metric is not a MLD decoding metric in an M-ary
channel. How much the degradation will be depends on how the binary metrics
ace generated. In the following sections, we consider several possible methods of

generating binary decoding metrics and their performances.

Binary Metric Approximation of the M-ary Metrics

Since the use of a binary decoder requires binary metrics, M-ary metrics can
not be used directly in a binary decoder. The most natural attempt would be
to approximate M-ary metrics with log, M binary metrics. This method avoids
interleaving.

Since the trellis decoding is based on comparing the metrics of cifferent trellis
pathe, adding a number to all M metrics in one symbol period does not affect the
decoding performance. Therefore, we only need to be concerned about differences
between metrics for different M-ary symbols. There are M — 1 M-ary metric

differences.

Let mgo, moy, myp, and m,; be the 4-ary metrics, respectively. The maximum
likelihood decision decoding requires that the branch metric for symbol ij is m;;

and that the survivor has the smallest path metric. Thus, MLD can be imple-
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mented by considering three differences between four m;;s. Unfortunately, they
cannot be exactly represented by two binary metrics.

Assume the metric range is [0,7]. Without loss of generality. we assume mgo
to be the smallest. Suppose the branch metric is Bgo = a + b corresponds to two
binary metrics (@ and b) for symbol 00. Then for symbol 01, the branch metric is

Bgi = a+ 7 - b. And we have
BQQ—BOI=2b—7.

Because mgg < my, it is natural to require Byy — By < 0, ie., b < 3.5, If we

require
Boo - B()l = Mgy — My
then
2b — T = mge — Mgy
hence

b= 7 - (Tn(n - Wlog)‘

2

For symbol 10, the branch metric Bjg = 7T—a+b. Similarly, because mgy < 140,

a < 3.5. And if we let
B()o —_ BIO = TMigg — Mo
then

T — (mio — Mmoo)

2

a=
For symbol 11, the branch metric By, is
Bu=T—a+7-0
Because a < 3.5 and b < 3.5,

BI]—B()1=7—2(L20
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and
By —Bio=7-2b2>0.

This means that no matter what m;; — mgp is, the term B;; always gives the
least favorable metric. This problem is inevitable as long as there are only two
binary meirics used. This is simply because if 00 is the most favorable symbol,
11, which is the farthest symbol to 00 in binary Hamming distance, should be
the least favorable in binary metric representation. Thus, the 4-ary metric my;
is not always preserved depending on its value, but the metrics mjo and mg, are
r nuinely preserved.

In summary, the proposed method to generate binary metrics to approximate

4-ary metrics is as follows:

'. Find m;; = min(meo, o1, M10,M11), Where ¢, € (0,1). Denote the 1’s

complement of ¢ as ¢ and j as .

2. Then compute

7 — (my: — my;
a= (mu m])’

2

7~ (m; — myj)

b= 5

3. The actual two binary metrics seut to the decoder, b, and b, are
by = a(l — 1) + (7 — a),
by = b(1 - 3) + (7 - b)j.

For a larger M, for example, M = 8, there are seven 8-ary metric differences but
only three binary metrics. The method given above can only accurately represent
three out of even differences. Thus it does not appear to be proper to extend
the method to a larger M. In the following sections, we consider more general
methods. The basic principle of these methods is to generate “sensible ” binary

metrics directly from M -ary metrics without attempting to approximate them.
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5.4.2 Binary Metric Generation

When a binary code is used over an AMf-ary channel, the log, M encoded bits
at the output of encoder are mapped into M-ary symbols through a one-to-one
mapping. At the receiver, the received M-ary symbol is mapped back to the
group of binary bits, and the corresponding metric for each binary bit is generated
accordingly. The optimum binary metric generation method is the one that has
the BER performance closest to that of the Odenwalder code with M ary metrics.
Here we propose a binary metric generation method called the direct binary metric

generation.

The Direct Binary Metric Generation Method

At the receiver, after receiving m M-ary symbols, we can generate the binary

metric in the following way:
1. Map the m received M-ary symbols back to mn binary bit groups, respectively.

2. For each of the log, M bits, accumulate over m repetitions the number of 0

or 1 bits received and form a binary metric like the one discussed in Section

5.2 for the BSC.

3. Feed these binary metrics to the decoder in a certain order.

For example, for 4-ary symbols 0,1,2, and 3, we can map them to four groups
of two binary bits, say, 00, 01,10, and 11, respectively. If 1» = 3 and the three
received symbols are 0, 1, :nd 3, the corresponding two binary metries are 1 and
2.

“Certain order” in step 3 depends on whether interleaving is used or not. Here

we analyze two extreme cases: ideal interleaving and no interleaving at all.
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The Direct Binary Metric Generation with Ideal Interleaving

Obviously, the binary metrics generated using this direct method bear some depen-
dence. Ideal interleaving makes the decoder input metrics statistically independent
of each other over one decoder trellis length. This requires a block interleaver with
an interleaving depth of log, M and a span of at least 5 to 6 times the constraint
length. In this case, the M-ary symmetric channel can be simplified to the BSC
model with the BSC transition probability of

M
B - (5.18
Then analysis can be carried out easily in the same way as for the BSC model.
Specifically, the analytical results for the binary channel given in Equations (5.1)
and (5.2) can be applied directly by substituting the transition probability p. with

EMT—_”])C. The bounds of P, versus p, are plotted for the Odenwalder code, with

the direct binary metrics with ideal interleaving for the 4-ary channel in Figure 5.7

and for the 8-ary channel in Figure 5.8, respec.ively.

The Direct Binary Metric Generation without Interleaving

No interleaving means that log, M consecutive binary decoding metrics are gener-
ated from one M-ary symbol. Here we consider the 4-ary case. Generalization for
a larger M involves a higher level of sophistication but no more ingenuity.

For the 4SC, the probability of receiving one of three wrong 4-ary symbols is
Pe/3. However, two of the three wrong symbols result in only one binary bit error,
and the other one leads to two binary bit errors.

Consider two trellis paths that differ in d bit positions. One path is considered
as the correct path, while the other one is considered as the incorrect path. Assume
there arc d bits different positions in Z branches in the incorrect path. Among

the Z branches, there are two kinds of branches. One kind of branch only has one
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bit different from the corresponding branch in the correct path. The other kind
has both bits different from the branch in the correct path. We call the first kind

one-bit-error branches and the second kind two-bit-error branches. For a received

symbol, the metrics are different for these two kinds of branches.
Suppose the branch in the correct path is 00. Then, the one-bit-error branch is
either N1 or 10 and the two-bit-error branch is 11. We consider 01 as an example of

the one-bit-error branch. With the binary Hamming distance used as the metric,

we have:
metric for metric for
symbol received probability correct branch (00) error branch (01)
00 1-pe 0 1
01 Pe/3 1 0
10 Pe/3 1 2
11 Pe/3 2 1

For a two-bit-error branch, similarly, we have:

metric for metric for
symbol received probability correct branch (00) error branch (11)
00 1-p. 0 2
01 Pe/3 1 |
10 Pe/3 1 1
11 Pe/3 2 0

Here we can see that the metrics are different for the two kinds of error branches,
and therefore, for different combinations of the two kinds of branches the pairwige
error probabilities are different even for the same d, the total number of different

bits.
To compute the union bound on the BER at the output of a decoder, we need

to know the number of one-bit-error and two-bit-error branches exist for cach d

and the corresponding contributions of =ach combination to information bit errors.

Suppose there are X one-bit-error branches, Y two-bit-error branches, and
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RES
10

Ci(X,Y)
1
10
25
13
61
137
29
176
792
407
2
42
597
3019
8177
2796

12

14

16

ol o] oo & ] o) S o] o) | oo | x| | =] v
| Cof i | O] O3] =3] o o} W O] b Cof ] DOf Lol | =

Table 5.1: Cyq(X,Y') for the constraint-length-7 Odenwalder code.

X +Y = Z. Then the union bound on the BER at the output of the decoder is

P, < fj Yo CuX,Y)Py(X,Y) (5.19)

d=dfrec XY €lq
where I'y is the set of all possible X and Y combinations, which are determined by
the code. ("3(X,Y’) is the informavion bit error contribution for a trellis path with
X one-bit-error branches, Y two-bit-error branches, and total of d bits different
from the correct path. Py(X,Y’) is the pairwise probability of having two trellis
paths with the binary Hamming distance d, X one-bit-error branches, and Y two-

bit-error branches.
Ca(X,Y) can be obtained by computer search. We found Cy(X,Y) for tne

Odeuwalder code, and the values for small d’s are given in Table 5.1.
Now we compute the pairwise error probability P;(X,Y). Suppose that the
correct path is the all-zero path. If during Z = X + Y transmissions, symbol 00
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is received ko times, symbol 01 %, times, symbol 10 k; times, and symbol 11 Ay

times, then the metric for the correct path corresponding the Z branches is
m,= kl + kg + 2k3 (520)

To compute the metric of the error path, we have to consider how received symbols
match the branches in the error path.

Let ko, be the number of 00 symbols received corresponding one-bit-error
branches in the incorrect path, and ko, be the number of 00 symbols received

corresponding two-bit-error branches in the incorrect path, and so on. Qbviously,

ko = kox + ko

ky =kiz + kyy

ko = kyr + kg

ks = ks + kay
and

koz + kiz + koz + ks = X
kOy + kly + k2y + k3y =Y.

As discussed in Section 5.6, we can assume, without loss of generality, that all one-

bit-error branches are 01. Then the metric for the incorro~t path corresponding to

the Z branches is
Mme = ka: + 2k2.1: + kSr + 2k0y + kly + k2y- (521)

The pairwise error probability is

X! vt
Py(X,Y) = ; u(me = me) kox k2 ko k! kOy!kly!k’w!k-'iv!

ky+ka+ka
x (%-) (1 = pe)o (5.92)
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where
0 = {kiz, kiy,2 =0,1,2,3 | 0 < kiz,0 < kyy,2=0,1,2,3,
3 3
Zk;, = X,Ek;y =Y}
=0 1=0
and
0 z<
u(z)=4¢ 0.5 =0
1 z>0.

The union bound of (5.19) is plotted in Figure 5.7 for the Odenwalder code on a

4-ary channel with direct metric generation without interleaving.

Binary Metric Generation Based on M-ary Metrics without Interleaving

In order to generate binary metrics, Gong proposed a conversion scheme which
converts M-ary metrics into binary metrics [4]. For the i-th bit in log, M bits

corresponding to an M-ary symbol, the binary metric is given by

b; = max{M-ary metrics for symbols with i-th bit equal to “1”}
— max{M-ary metrics for symbols with i-th bit equal to “0”}
i - 1,2,...,log2M.

Here we use Gong’s conversion scheme in the following way: first we find M-ary
MLD metrics; then binary metrics are generated using the above equation. Since
interleaving can cause a substantial delay in addition to its implementation cost,
which sometimes is not desirable or tolerable, it is always interesting to know
the trade-off between interleaving and the BER performance. Thus, we consider
both Gong’s conversion scheme and our direct metric generation scheme without
interleaving. It is interesting to compar.: the performances of these two schemes.
Further, we note that the use of Trumpis codes does not require interleaving. Thus,

comparison based on no interleaving is fair to all cases.
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5.4.3 Simulation Results

A Monte Carlo simulation is carried out to obtain the bit error rate at the decoder

output for the Odenwalder code on a 4-ary symmetric channel with three metrics,
our approximation of M-ary m.etrics, directly generated metrics and Gong's con-
version metrics, and for the Odenwalder code on an 8-ary symmetric channel with
two metrics, our directly generated metrics and Gong’s conversion metrics, both
without interleaving. The results are plotted in Figure 5.10 for the 4-ary case and
in Figure 5.11 for the 8-ury case. For comparison, the union bound for the Oden-
walder code with the M-ary metrics and with the directly generated binary metrics
with ideal interleaving are also depicted in Figure 5.10 and Figure 5.11. The union
bounds for the Odenwalder code on a 4-ary channel with the direct-generation
metrics without interleaving are also plotted in Figure 5.10.

From the simulation results on a 4-ary channel (Figure 5.10), we can sce that
the directly generated metric gives the best performance among three metrics.
For small m (m < 7), the approximation metric and the conversion metric have
almost the same performance. But for large m, the conversion metric has a bet-
ter performance. In Figure 5.11, the simulation results on an 8-ary channel are
similar. The direct-generation metric has better performance. All three metrics
work without interleaving. Therefore, the direct binary metric generation method
is recommended when no interleaving is preferred.

It is also noted that the union bound for the direct-generation metrics without,
interleaving is quite tight for BERs less than 1072, Comparing the union hounds
and simulation results with ideal interleaving and those for the direct-generation
metric without interleaving, we can see that the difference between the two cases
gets smaller when m becomes larger. So when m is large (m > 15), interleaving

may not improve the performance significantly, and therefore may not be necessary.
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------ Union bound for 4-ary metric

- Union bound for direct metric without interleaving

~——— Union bound for direct metric with ideal interleaving
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I*‘i%ure 5.10: Monte Carlo simulation BER performance for a 4-ary symmetric chan-
nel using a repeated Odenwalder code without interleaving and direct-generation,
approximation, and conversion metrics.
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Figure 5.11: Monte Carlo simulation BER. performance for an 8-ary symmet.-

ric channel using a repeated Odenwalder code without interleaving and di-
rect-generation and conversion metrics.
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5.5 Concluding Remarks

We have considered a repeated convolutional coding scheme for the MSC with a
large p. in this chapier. BER performance has been analyzed and simulated. We
first considered a BSC. A BER approximation method is proposed for a large m

based on the central limit theorem. The overall code rate r is considered relative to

the chaniel cutoff rate, Ry. It is shown that r is larger than 0.6 Hy. In comparison
with a cascaded coding scheme proposed in [26], the repeated coding scheme has
some clear advantages. One of them is that we can vary m to match the unknown
pe without changing the decoding procedure.

We then extended the repeated convolutional coding scheme to the M-ary
symmetric channel. We have investigated the influence of various decoding metrics
for the MSC model. If ideal interleaving is available, and m is not very large,
then the repeated Odenwalder code with binary metrics is almost as gocd as the
one with M-ary metrics. Further, the performance of the Odenwalder code over
4-ary and 8-ary channels is quite close to that of the optimum Trumpis codes.
When interleaving is not available, three methods of generating binary metrics from
the M-ary channel are proposed. The first is based on an approximation ~f the
differences of M-ary metrics with binary metrics. In the second, binary metrics are
generated directly from M-avy metrics. The third method is a conversion method.
Simulation results indicate that the direct binary generation method is the best
for our coding scheme among these binary metric generation methods. Therefore,
the direct binary metric generation method is recommended if no interleaving is
preferred. Union bound and simulation results also indicate that there is not much

improvement from interleaving when m is large.

5.6 Further Analysis of One-bit-error Branch

In this section, we will show that no matter what one-bit-error branches actually

are (all 01 or all 10 or combinations of 01 and 10), the pairwise probability can be
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obtained by assuming a convenient form, e.g. they are all 01.

Suppose the incorrect trellis path is A and that there are X 01 branches and
X3 10 branches in path A. Suppose that there are ko,, 00 symbols, k)., 01 symbols,
koz, 10 symbols, and k3., 11 symbols received corresponding to 01 branches, and
koz, 00 symbols, ki, 01 symbols, ky,, 10 symbols, and ki, 11 symbols received

corresponding to 10 branches, respectively. Obviously,

ki:r] + kil‘2 = l"‘i.z- for i = 0, 1, 2, 3
and
3
Z ki.l‘) = ‘\’l )
1=0
3
Zk‘i.‘rz - ¥2
i=0

Then the metric for path A is
Me(kozy + kir,) = 2(k2ey + kiz,) + C (H.23)

where C' = ko, + kaz + 2koy + k1y + k2y. The pairwise error probability is

PA(x,Y)

i

S u(m. — me(kaay + kizy))
Qa

X! X!
X
]CQ_-,_-l !kl:r] !kZ:rl !k31‘l ! ka:; !ku-,z !.’ugm !1\33“!

Y! (pc)kl+k2+k3

ko ‘
oy Ve, gy Tz \ 3 (1=p) (5.24)

3

where

QA = {kil‘ukia:wkiyai = Oa 1, 273 I 0< kixlao < kz’zg,

0<ky,i=0,1,2,3,

3 3 3
Zkizl =X17Zkiz‘2 =X27Zki;/?y}'
0 =0

i= 1 1220
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Note that in the above equation, the summation constraint on ky,, and ks,
is identical. In other words, kj;, caa assume the same range of values as kj;,.

Thus, we can exchange these two variables in (5.24) without affecting the value of

Pj'ﬂ (X,Y). The only change the equation is that the argument of m, becomes
kyz, + ko2z, = kaz. By definition of muitincmial coefficients, it is not difficult to
see that Pcf'”(X, Y) is equal to the right-haad side of Py(X,Y’) in (5.22), which
is based on the assumption that all one-bit-error branches have 01. It is worth
mentioning that th» advantage of using Equation (5.22) is that the summation
involves many fewer terms, thus inuch less computing time, than that in Equation

(5.24).
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Conclusions

A brief summary of the results described in previous chapters is given in Section

6.1. Suggestions for future research are addressed in Section 6.2,

€.1 Summary of the Thesis

In Chapter 2, a method for computation of exact bit error probability of the ratio-
threshold diversity combining system under jamining is proposed. The amount of
numerical computation required can be draniatically reduced by using an average
computation model. Next, the exact bit error probability of FFFH/I'SK spread
spectrum system with ratio-threshold diversity combining in ar environment with
worst case partial-band noise jamming and AWGN are computed. The results from
exact bit error probability analysis, rather than results from an analysis of bounds
on error probability, are especially useful in comparing performance of diversity
combining schemes. It is found that there is an optimum diversity order. With
this diversity oider, the system performance is optimum in the sense of requiring
the least amount of signal energy to achieve certain bit error probability, and the
performance is not sensitive to the choice of ratio threshold. The performance of
ratio-threshold combining is about 2 dB worse than that of soft linear combining
with perfect side information without AWGN for the diversity order of 4 in 4-ary,

8-ary and 16-ary systems.

166
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The performance of ratio-threshold diversity combining under n = 1 band tone
jamming is analyzed in Chapter 3. The analysis under tone jamming is usually
more difficult than the analysis under partial-band noise jamming, especially when
AWGN is included, because of the complexity of probability distribution functions
involved. Nevertheless, the exact bit error probability under the worst case band
tone jamming including the influence of AWGN is computed by the method we
developed in Chapter 2. The anti-jam capability of the ratio-threshold diversity
combining under tone jamming is well demonstrated by our results. By comparing
resalts obtained in Chapter 2, we fou:. * that the performance ol ratio-threshold
com.- 1ing under partial-band noise and band tc.ie jamming is almost the same in
a binary system. But in an 8-ary system, tone jamming is much more effective.

In Chapter 4, the maximum-likelihood diversity combining in partial-band noise
channel is addressed. Performance of the maximume-likelikood diversity reception
can be used as a standard in performance comparison. 1t is shown that AGC
combining is actually the optimum when interference is not very weak. But to
implement the optimum combining, the noise variance in a hop has to be known.
The performance difference between the maximum-likelihood combining and the
self-normalizing combining, which does not require hop noise variance and is more
practical, can be more than 6 dB. Thus there might be better practical dive ‘ty
combining methods which we need to find. Since the worst case interference for
optimum combining is not full-band noise interference, the utilization of diversity
alone is not enough to defeat the interference completely.

A repeated convolutional coding scheme for the MSC with a high error prob-
ability was considered in Chapter 5. For the BSC. a special case of the MSC, an
analysis method based on the central limit theorem is proposed. The advantages
of the repeated coding scheme are illustrated. One advantage is the flexibility
to adjust coding rate to adapt to channel error rate without the need to change
coding structure. For the MSC, when the repetition coding rate is not very low,

interleaving is necessary. If ideal interleaving is available, the optimum binary con-
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volutional code can be used in the MSC with a resulting perforimance close to that
of the optimum M-ary convolutional codes. The direct binary metric generation
method developed in Chapter 5 is recommended when a binary convolutional code
is used in an M-ary channel without interleaving. Results show that there is not
much improvement with the addition of interleaving when the repetition coding

rate is low.

6.2 Future Research

Since some multiple-access interference can be modeled as partial-band interfer-
ence, it would be interesting to extend the analysis conducted in Chapter 2 to the
performance analysis of ratio-threshold diversity combining (and other diversity
reception schemes) in a multiple-access system. In the multiple-access system, the
interference is usually not hostile, so the communication system is not forced to
operate in the worst case interference environment often. The worst case only
happens with smal! probability. The system performance is characterized by the
average of performance under all possible duty factors of partial-band noise inter-
ference. However, the worst case performance still might be useful for the following
two reasons. The first reason is that the worst case performance contributes to
the average performance, thus the system average performance may not be good if
worst case performance is poor. The second reason is that a poor worst case per-
formance may indicate .he system’s instantancous perforinance varies too much,
or performance is not stable,

Another type of multitone interference is independent multitone interfercnce (1,
page 80l. Since some multiple-access interference can be modeled as independent
multitone interference, it is meaningful to analyze the performance of diversity
combining schemes under this kind of interference. Previous analysis of diversity
combining schemes concentrated mainlv on partial-band noise interference. As a

result, the performance of some diversity combining schemes which work weli in a
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partial-band noise channel are unknown under multitone interference. Thus it is
necessary to investigate the performance of both optimum and sub-optimum (or
practical) diversity combining in multitone interference.

A natural extension of the work on repeated convolutional codes is to consider
using a block code as the outer code. It is interesting to search the method to gen-
crate soft decision metrics from the decoder of inner repetition code and evaluate

the performance of this error correction coding scheme.




Appendix A

List of Symbols

Ey energy per information bit
E, energy per chip (energy per hop in FFII)
E, energy per channel symbol

No AWGN power spectral density

N; jamming power spectral density

m diversity order (repetition order in Chapter H)

M size of channel alphabet

Pe error probability in MSC

P, bit error rate

P;  transition probability in binary-input-quaternary-output channel

Pcx  transition probability in binary-input-quaternary-output channel

P transition orobability in binary-input-quaternary-output channel

Pgx transition srobability in binary-input-quaternary-outpul channel

Py pairwise error probability between two trellis paths with Hamming
distance d

Ry cutoff rate

T. ckip interval

T, channel symbol interval

Wy  spre=ad spectrum bandwidth

X; outprt of non-coherent matched filter corresponding to the ith symbol
in the kth hop

a ratio of signal power to one jamming tone power

Omaz upper limit of a

we  Worst case «

threshold in ratio-threshold test

decision variz le for the ¢th symbol in diversity combining
probability of an M-ary band hit by a jamming tone

duty factor of PBN jamming

TR >R

170
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Pwe worst case p




Appendix B

List of Abbreviations

AGC
AWGN
BER
BSC
FH
FFH
MFSK
MLD
MSC
PBN
PN
PSI
R-T
SFH

adaptive gain control
additive white Gaussian noise
bit error rate

binary symmetric channel
frequency-hop

fast frequency-hop

M-ary frequency shift keying
maximum-likelihood decoding
M-ary symmetric channel
partial band noise
pseudonoise

perfect side information
ratio-threshold

slow frequency-hop
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