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ABSTRACT

The performance of a Direct Sequence Spread Spectrum system utilizing Differential
Phase Shift-Keying modulation over a fading channel in the presence of pulse noise
interference and additive white Gaussian noise is considered. Time and spatial diversity
receivers utilizing various normalization schemes and post-detection selection combining
are employed to overcome performance limitations inherent in certain adverse
environments. Numerical results are presented over a range of environmental conditions
demonstrating the efficacy of such receivers. The performance analysis'is exténded through
the utilization of convolutional coding and soft decision Viterbi decoding. The
performance of the maximum likelihood decoding operation is expressed in terms of an
equivalent uncoded system for both the Rayleigh and Rician fading channel with

interference effects. Numerical results are then presented demonstrating the efficacy of

such a receiver.
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I. INTRODUCTION

" The field of wireless communications including the areas of mobile cellular and Personal
Communications Services (PCS) has experienced rapid and expansive growth in recent years. The
high demand to communicate in a mobile environment is pushing the need for wireless providers
to upgrade existing systems. Traditional analog systems are being supplanted by digital systems to
improve performance and increase capacity. The performance of a mobile radio communications
link is governed by several factors. One of the most detrimental effects to a mobile radio channel
is that of multipath fading [1,2]. Fading is caused when several replicas of the transmitted signal
are accepted by the receiver where they may constructively and destructively add to each other.
The result is that the signal-to-noise ratio may take large swings in magnitude greatly effecting the
reliability of the link. The effects are most detrimental 'When there is no line sight (LOS) path
between the transmitter and receiver. This type of channel is termed the Rayleigh channel. Another
element that limits the performance of the mobile radio channel is that of the ubiquitous additive
white Gaussian noise (AWGN). In a military setting, in addition to the previous mentioned factors,
the channel may experience pulse noise interference. Pulse noise interference occurs when a source
outside the normal communications channel transmits electromagnetic energy into the channel in
short bursts with the goal of disrupting effective communication between the end users. For a
digital communications link, short bursts of this sort can be extremely deleterious to maintaining
a reliable communications link. Ideally one would like to eliminate the effects of the pulse noise
jammer while maintaining signal integrity. Several digital techniques, such as direct sequence
spread spectrum and forward error correction (FEC) coding, have_ been shown to be effective in the
mitigation of pulse noise interference [10]. If the jammer is smart however, significant degradation
to the communications link may still occur. In worst case jamming scenarios, the use of spread
spectrum and FEC may not be enough to restore a reliable communications link.

In this dissertation, maximum-likelihood (ML) solutions which minimize the pfobabﬂity of
bit error are sought. The perfonnénce of coded Direct Sequence Differential Phase Shift-Keying
(DS-DPSK) over a Rayleigh fading channel in the presence of pulse noise interference and AWGN
has been considered [29]. Here to combat the effects of pulse noise interference, a non-maximum

likelihood (ML) soft-limiter receiver with a non-adaptive threshold in tandem with a combination




of antenna diversity and spread spectrum diversity are utilized. ML receivers with an adaptive
threshold, such as the self-normalized and noise-normalized receivers, have been shown to be
extremely effective in combatting partial band interference in Fast-Frequency Hopped Frequency
Shift-Keying (FSK) systems [14-18]. Part of the work in this dissertation will be to apply the
techniques of self-normalization and noise-normalization to a bS-DPSK system to mitigate the
effects of pulse noise interference. Up until now, no such attempt has been made to do so. The next
two chapters investigate these topics. In chapter IV, a new technique is introduced where the
receiver employs spatial diversity and selects the maximum from a set of multiple antenna post-
detected outputs. The resulting technique is termed First Order Post-Detection Selection
Combining (PDSC1). This receiver type has the attribute of path independent performance which
provides an extra measure of reliability to the system. In a military setting, this extra measure of
reliability is highly desirable. In chapter V, the performance of the PDSC1 receiver employing both
spatial and time diversity is investigated. In chapter VI, convolutional coding is employed and
receiver performances using the Viterbi decoding algorithm is analyzed. In addition the
performance of the linear receiver will be analyzed. The linear receiver utilizes diversity
combining without any limiting device. The performance of this receiver has been shown to be
extremely effective in improving performance in signal fading environments provided a sufficient
signal-to-noise ratio is maintained at the receiver [5]. The performance of the linear receiver will
be used here as a benchmark for which to compare the other non-linear receivers.

The. main results of this dissertation will show that the noise-normalized and self-
normalized receivers are most effective in mitigating the effects of pulse noise interference and
signal fading. The additional noncoherent combining losses incurred by the linear receiver in the
combined pulse-jammed, multipath fading channel prove to be too significant to overcome and
performance subsequently degrades. The linear receiver performance degrades further when
convolutional coding is employed. Performance improvement of the noise-normalized and self-
normalized receivers with convolutional coding is significant in comparison to the uncoded
systems. The combined use of time diversity with convolutional coding produces the best results
for these receivers. The performance of the PDSC1 receiver is shown to be inferior to either the
self-normalized or noise-normalized receivers. The PDSC1 receiver performance degrades with

the addition of time diversity as a result of noncoherent combining losses.



Throughout this dissertation, a constant iﬁformation bit rate is assumed. A power-limited
environment is therefore assumed and additional bandwidth is available to help improve system
performance. While it may not be always realistic to assume unlimited bandwidth, the work here
could be extended to bandlimited cases through some system modifications. Pulse shaping could
be employed to reduce the amount of intersymbol interference (ISI). In cases where ISI cannot be

avoided, spread spectrum diversity utilizing a Rake receiver and/or channel equalization

techniques [5, 29] may be included in the system.







II. DS-DPSK WITH SELF-NORMALIZATION AND L-
FOLD DIVERSITY IN A FADING CHANNEL

In this chapter, the performance of a DS-DPSK spread spectrum system over a Rician
frequency nonselective, slowly fading channel in the presence of pulsed noise interference and
AWGN is considered. The system employs L-fold time diversity with i of L channels, i = 1,2,... L
experiencing interference at any given point in time. A model block diagram of the system
transmitter/channel/receiver is shown in Figure 2.1. In the interleaving frame at the transmitter,l N
data bits are consecutively repeated L times for a total of M = LN transmission b1ts The M bits are
then interleaved in such a fashion so that adjacent repeated bits are separated by a time greater than
the coherence time of the channel. This allows for independent reception of each of the L diversity
transmissions [5]. The data is then differentially encoded via the DPSK modulator prior to
“spreading” by the Direct Sequence Spread Spectrum (DSSS) spreader. At the receiver, the data is
“despread”, demodulated via a DPSK receiver, deinterleaved and combined. The performance of
a self-normalized receiver utilizing soft decision eqilél gain combining is considered. To begin the
discussion, the optimum receiver for detecﬁon of a DPSK signal in AWGN over a frequency
nonselective slowly fading Rician channel is considered. A brief overview of Direct Sequence
Spread Spectrum is then provided followed by a description of the pulsed noise interference model.

The bit error probability of the self-normalized receiver is then derived.

A. OPTIMUM DETECTION OF DPSK IN AWGN OVER A FREQUENCY
NONSELECTIVE SLOWLY FADING RICIAN CHANNEL

The general form of a DPSK signal may be written as

s(t) = A/%A[copT(t) +cypr(t—T)]cosm ¢t (2.1)

for 0<t<2T,with cyc; = 1 representing bitOand cyc; = —1 representing bit 1. The function
pr(t) represents a rectangular pulse of unit amplitude on the bit interval 0 <t<T . The carrier

frequency is denoted by @, . Note that the signals representing bit 0 and bit 1 are orthogonal to each

other over the 2-bit interval, 2T.
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Figure 2.1: Transmitter/channel/receiver model of DS-DPSK over fading channel and in the
presence of pulse noise interference and AWGN.

The received signal over a Rician channel has the general form

N ..
| r(t) = ﬁa(t)d(r)cos(mct +0)+ J%, Z A (t)yd(t)cos(wt + 60 +0,(2)) +n(t)

i=1

(2.2)

where d(t) = [copr(t) + ¢ pp(t—T)] represents the data and n(t) is AWGN (thermal noise)

with power spectral density. (PSD) N/2. The first term in the expression for r(t) represents the



direct path component of the received signal with amplitude 0.(¢) and phase offset 6. The second

term represents the diffuse component due to the presence of multipath whose amplitude fluctuates

due to the time-varying amplitude function A;(¢) and phase function ¢,(¢) . This phase function is

equal to ®,T; with T; representing the time delay of the i multipath component of the received

signal. If the carrier frequency is large, relatively small time delays can cause large phase shifts in

the ¢;(¢) (modulo 27 ). The result is that the received signal paths may add constructively when

the received paths are in phase, producing large signal amplitudes; or add destructively when the

paths are out of phase, producing very weak signal returns. If it is assumed that A;(¢) and ou(¢) are
constant over the 2-bit signaling interval, A;(z) may be replaced with A; and o(¢) with o. If it
is further assumed that the phase function ¢,(z) varies slowly over the 2-bit interval then ¢,(¢) may

be replaced by ¢;. Both assumptions are equivélénftoL saying the 2-bit signal duration is much less
than the coherence time of the channel. A channel of this sort is said to be slowly fading. The

received signal can now be rewritten as

N
r(t) = A/%ocd(t)cos(coct+6)+A/%2Aid(t)cos(mct+6+¢i)+n(t)

i=1
23)

A channel is said to be frequency nonselective when the bandwidth of the transmitted
signal is less than the coherence bandwidth of the channel. This occurs when the time duration of
the signal is greater than the time duration of the inipulse response of the channel. In this situation,
intersymbol interference (ISI) is not present.

The optimum receiver for noncoherent detection of orthogonal signals in AWGN accofding
to the Bayes criterion is shown in Figure 2.2 [4, 5]. The signals &,(¢) and A,(t) are replicas of the
transmitted signal representing bits 0 and 1 respectively. A square law detector receiver with

identical detection performance is shown in Figure 2.3. In this figure the upper branch corresponds

to the bit 1 detector while the lower corresponds to the bit O detector.
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Figure 2.2: Matched filter receiver for noncoherent detection of DPSK in AWGN.

An important figure of merit for any digital communications system is the probability of
bit error. In a binary system such as DPSK, the probability of bit error is
Py, = Pr[bit 1 detectedlbit O sent]Pr[bit O sent] + Pr[bit O detectedibit 1 sent]Pr[bit 1 sent]. A binary
symmetric channel is assumed, therefore Pr{bit 1 detectedlbit 0 sent] = Pr[bit 0 detectedlbit 1 sent].
If is further assumed each bit is equally likely to be sent, then the expression reduces to
P, = Prfbit 1 detectedlbit O sent] = Pr[bit 0 detectedlbit 1 sent]. The case of either bit 1 or O being
sent may therefore be considered in determining the overall probability of bit error.

If it is assumed bit O is sent, the outputs of the detector branches before the squaring

operation are given by

n
Y. = ¥20cos6% Y 24;c05(6+¢;) + Ny, (2.42)
i=1 '
n
Y,, = +20sin@ £ 2 2A;sin(8 +¢;) + Ny (2.4b)
_ Z
Y, = Ny, | (2.4¢)
Yy, = Ny (2.4d)

where
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(2.5a)

Nlc = N1c0+N1cr
N2C NlCO_NlCT (2.5b)
Ny = Ny, + Ny (2.5¢)
N2s - leo—leT (2.5d)
and
T
2
Nie, = |7 [n(t)cos o tdr (2.62)
0
2T
2
Nlc, = A/; j n(t)coso, tdt (2.6b)
T
T
2 .
Ny, = J; [n(t)sine zds (2.6¢)
5 |
2T
_ R . e
Ni,, = 7 [ n(@sino, tdt (2.6d)
T

The quantities N, ,N;. , Ny, » Ny, are uncorrelated, Gaussian random variables and therefore
0 T 0 T
are independent. In addition they are identically distributed with zero mean and variance

cg = Ny¢/2. N, Ny, N,., N, are also independent, identically distributed (ii_d) Gaussian

random variables with zero mean and variance ci = 26(2) = Np.
Referring again to equations 2.4a and 2.4b, the phases, ¢;, are modeled as independent

uniform random variables over the range [0,27] since no prior knowledge of their values is
assumed. In the limit as the number of paths N becomes large, by the Central Limit Theorem the

first and second terms of equations 2.4a and 2.4b together can be modeled as non-zero mean

Gaussian random variables. Therefore, ¥, and Y, are Gaussian random variables with mean

10



+20.cos® and F2osin® respectively, and with common variance equal to (ci+4o‘i). In

addition, due to the orthogonality of the sine and cosine functions, ¥, and Y, are independent

Gaussian random variables whose joint distribution is

' 1
Iy e 21|0) = ———— %
Yio Tast e il 2n(4c§+ci)
1 2 . 2
exp(— ———[(y;F2ac0s6)” + (y;,F20sinb) ]) 2.7)
2(40,+0,)

The decision statistic V; is now the sum of two squared non-zero mean Gaussian random
variables and is a noncentral Chi-squared random variable with 2 degrees of freedom [8]. Its
distribution is |

1 1 2 200V
Fv,(n|0) = —"'z—zexp(- T a (it4e )}O[_TJ_"?)"(VI)
2(46,+ C),) 2(40,+0,) (40, +0),)
(2.8)
where I(x) is the modified Bessel function of the first kind of zero order and u(x) is the unit step
function. In a similar fashion, the decision statistic V, is the sum of two squared zero mean

Gaussian random variables and is therefore a central Chi-squared random variable with 2 degrees

of freedom. Its distribution is

fv (v2|0) = —l-exp - i (vy) 2.9
2 262 262

n n

since there is no signal component on this branch. Due to the orthogonality of the 2 branches, V'

and V, are also independent random variables. Equations 2.4a and 2.4b can also be expressed in
the following equivalent forms

Y,. = Rcosy +N,, (2.10a)

(4

Y,, = Rsiny +N,, (2.10b)

R

where R = »JX2+ Y2, Yy = arctan(}—lg) and

11




n
X = 200c0s0 + Y 2A,c0s(8 +0,) (2.112)
i=1

n
Y = 2056+ Y 24;5in(0 +0,) (2.11b)

i=1

R may then be identified as a Rician random variable. The average signal energy over this 2-bit

interval, which is the second moment of R, is 40° + 80‘21 . The average signal energy over a 1-bit

interval, denoted by Ey, is o+ 262 [51.

- If either a noise-normalizer or self-normalizer were not ernplojfed, then the optimum
decision logic at this point according to the Bayes criterion would be to pick the detector branch
corresponding to the larger of V; andV, . Before introducing the normalizing schemes, the model
and underlying assumptions of the pulsed noised interference is described in detail. Before this

however, the general underlying principles of Direct Sequence Spread Spectrum (DSSS) are

" described.

B. DIRECT SEQUENCE SPREAD SPECTRUM

The purpose of a DSSS system is two-fold. First the signal is spread to mitigate the
possibility of detection of the information signal by unwanted users. Systems of this sort are termed
Low Probability of Detection (LPD) systems. Secondly, if an unwanted user can detect the DSSS
signal, then the DSSS system should minimize the possibility that the unwanted user can decipher
the encoded message. Systems of this nature are called Low Probability of Interception (LPI)
systems. o

To produce a DSSS signal, a rectangular pulse shaped bipolar binary wave representing

the information signal with bit duration Ty, bit rate Ry, = 1/Ty, and noise equivalent bandwidth B =

Ry, is multiplied ideally by a random bipolar binary wave called the chipping sequence of bit rate

R. = kR;, where k »1. The resulting sequence forms the DSSS signal. It has a Power Spectral

Density (PSD) whose maximum magnitude is k times smaller than the maximum magnitude of the
PSD of the information signal and whose noise equivalent bandwidth is k times larger than that of

the information signal. Truly random binary waves cannot be generated in practice however and

12



signals called pseudorandom sequences are employed to modulate the information signal. These
pseudorandom sequences are deterministic signals with ideally many of the same properties of a
truly random binary wave. Demodﬁlation of the DSSS signal occurs when the same sequence that
was used to generate the modulated signal is used to multiply the signal at the receiver to recover
the resulting information signal. This requires the codes at the transmitter and receiver to be in bit
“and code synchronization. For this dissertation, bit and code synchronization between transmitter
and receiver is assumed to exist. More information about spread spectrum systems can be found in

[10].

C. PULSE NOISE INTERFERENCE MODEL

The pulse noise interference model will now be described. The wideband pulse noise
interference model to be described is based upon the assumption that the jammer bandwidth is at

least as wide as the bandwidth of the transmitted DSSS signal, allowing the jammer to avoid
detection at the receiver. It is assumed that an interferer jams a fraction p of the information bits
(0<p<1). The fraction of bits not jammed is equal to thus (1-p). Pulse noise jamming is
explicitly defined for the case of p < 1. The interfering signal is modeled as white Gaussian noise
whose PSD is Ni/2p when the jammer is on and O when the jammer is off. The total average PSD
is then equal to N/2. Allowing for the possibility that either 2 consecutive bits, 1 bit, or no bits of

the DPSK signal may be jammed, the following event space for these three cases is defined:

I;- Event that either the first bit contains interference and the second bit does not, or that

the second bit contains interference and the first bit does not ({I, NI} U {NL, I}).
I,- Event that the first bit and the second bit both contain interference {1I}.

I5- Event that neither the first bit nor the second bit contain interference {NI,NI}.
The probabilities of the three events are defined as Pr(I;) = p,, Pr(I;) = p, and Pr(I3) = (1-p,-p,)
where 0 < py, p, < 1.Itis assumed that the jammer noise component is present equally in branches

V, and V,. The jammer noise variances at the receiver branches just prior to the squaring

operation for the three cases are Gi = Ny/2p, O'i = Ny/p,and 0‘123 = 0. The total conditional

. 5 . . 2 2 2 . .. )
noise variance is defined as ¢ i = Op+ Oy, for j = 1,2,3. The total conditional variance for branch
J




I of our receiver is 6> = (462 +G7) and for branch 2, 6 = o for j = 1,2,3. The densities for
J J .

V., (equation 2.8) and V,, (equation 2.9) conditioned on the 3 jammer cases can be reexpressed

respectively as

2
fo,(n[0.1) = _1_2_exp(— 2—15-(v1+4a2))10( a;/v—‘)u(vl) 2.12)

261,- clj 01,.
1 Va2
20, 20,

The relationships between the parameters p, p; and p, are now derived. Consider an

interleaved frame of M bits shown with K jammed bursts per frame each consisting of H bits, as

shown in Figure 2.4.

< > K bursts

- M bits .

Figure 2.4: Interleaved frame of M bits

From this figure the following is ascertained. First, there are a total of n = KH jammed bits
per frame and therefore p = /M. The variable n, is defined to be the number of type I bits in the

frame. Since there are 2 edges for each burst, there are a total of n; = 2K type I, bits in the frame.
This gives p; =n,/M. The variable n, is defined to be the number of type I, bits in the frame. There
are a total of (H-1) type I, bits in a burst for a total of ny = K(H-1) type I, bits in the frame. This
gives p,=ny/M. Now n;+n, = 2K+K(H-1) = K+KH = K+n. Therefore n = nj+n,-K. Further since

p =1n/M = (n;+n,-K)/M =p; +p, -(K/M) = p, +p,-(n1/2M), it follows that

p f .
p = Elﬁup2 (2.14)
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D. SELF-NORMALIZED RECEIVER

It has been shown that the use of the self-normalized receiver shown in Figure 2.5

~1

y

Figl_]re 2.5: Self-Normalized receiver

can improve the worst case performances of a frequency-hopped BFSK signal under partial band
jamming interference over a Rician channel [14]. 1n an analogous way, it is sought to improve the
performance of a DPSK system employing time diversity under pulse noise interference over a
Rician channel.

For the L-fold diversity receiver shown, a constant bit rate system is assumed. The duration

of a bit for each diversity transmission is Ty, = Ty/L for a bit rate of Ry = RpL and average energy

Ep = Ey/L. Therefore as L increases with Ry, fixed, Ry increases and E; decreases. The inputs to
‘the self-normalized receiver for the k™ diversity reception are V;, and V,, . The density functions
for V, and V,, are the same as derived for V; and V, before, with the exception that Ey, is now

replaced with E; . The random variables Z,, and Z,, are defined as

z, = (2.152)
1 Vit Vo '
V2k
Lo = v, (2.15b)
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and

Zy+Zy =1 (2.15¢)
Summing both sides of equation 2.15¢ over L and rearranging terms yields

Z,=L-2, (2.16)

The maximum value of either Z;, or Z,; is 1 and either Z; or Z, is L. Herein lies the
motivation for the use of the self-normalized receiver. If the jammer decides on a strategy of
pulsing on an intermittent basis (p « 1), the instantaneous power (proportional to 1/p) will be
large allowing that jammed reception to possibly dominate the decision variable at the output of
the diversity combiner. Giving each diversity reception a weight of no more than 1 out of L
effectively limits the capability of any single reception from dominating the receiver.

The optimum decision logic at the output of the combiners according to the Bayes criteria
is to choose the larger of the two branches. The probability of bit error as a function of the diversity
L is then

Py(L) =P(Z, <Z,|0,1;L) | (2.17)
Substituting equation 2.16 into 2.17 yields
Py =P(Z,<L/2(0,I;L) 2.18)

Implicit in this statement is that each of the L diversity bits may be either case I, I or I3
bits as previously defined. Since this set of events is complete, L = ij + i, + i3, where iy, i and i3
represent the number of case Iy, I, or I bits respectively. L is therefore a function of iy, ip and i3
and equation 2.18 is explicitly written as

Py(L.i,ip) =P(Z, < L/2|O, 11,15, 15) (2.19)

where i3 has been deliberately excluded since it is just a function of L, i; and 1,.

The derivation of the density function of the random variable Z,, is now described. If an
auxiliary random variable W = V, + V,, is defined, then the following relationships may also

be written:
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1
[ZlkJ = |w OV (221a)
w . 1‘ 1 V2k

Vil _ [ W Of|Z1k - 2.21b)
vyl LW | w |

The joint density function for Z;;, and W is
lek’ W(Zlk, W) - fVlk’ Vzk(vlk = Wzlk, Vzk = W(l —‘Zlk)) J(Zlk’ W) (2.22)
where J(Z,;, W) is the Jacobian of the transformation. Substituting equations 2.12 and 2.13 in

equation 2.22 gives

2
w w(l—2zq) wzq, + 40 20, /wzy,
lek,W(zlk’wlo’ Ij) = Z"z—zexp(~ — > [EXP|- 0 %
61,02,

2 P
20 20 c
2; 1 1

u(Wzlk)u(W(l _zlk)) (2.23)
Since 0 < w< o0 and 0 < Z3; £ 1, the arguments of the unit step functions in equation 2.23 are both
non-negative quantities and may be replaced by z;; and w respectively.

The marginal density for Z,, is then given by

oo

lek(zlklo’ Iy = Jfll;, w(Z1p w|0, I;)dw _ (2.24)
0

The explicit form of equation 2.24 is derived in Appendix A and has the form

[y + DT>+ 2((y + DT (A + (1 -24,)) + 4y + DT (1= 2,)] .

fZIk(Zlk'O’I') = ( 3
[(y+ DT +2(1-2z;)]

[2yz3,((y + DT | 2y(1-z,)
1k L Jxe (_( 1k )“(Zm)

Y+ DI +2(1 —z4;) (2'25)

[(y+ 1T +2(1 —z,)1




where 7y = & is the ratio of direct signal power to diffuse signal power,

E vt (Ep bOBLy . . . ) .
Iy = (——) +|—=1 . (——) s the average signal energy to thermal noise density ratio and
N Tle?) "\

2

E
(—l‘] is the average signal energy-to-interference noise power ratio (SIR) for case I;, j = 1,2,3. The
o1

J

. 2E;p E p .
SIR is equal to SIR = ~ SIR = N SIR = oo, for cases I}, I, and I5 respectively.
I I

The L diversity receptions are modeled as independent events. The conditional density for
Z, may thus be obtained by convolution of the L conditional probability density functions of Z,, .

This may be done equivalently with greater numerical efficiency in the Laplace domain, the

expression for which is

fz,(z1]0, ;L i, 1p) = L_l([L(lek(zlklo’ 11))]il X [L'(lek(z1k|0’ 12))]i2 x

(L-i,-1y)
[L(f7, (2140, 1)) ) 2.26)

-1 A .
where £ and L denote the forward and inverse Laplace transforms. Since each of the L
diversity receptions are modeled as independent events, the probability distribution for (L, iy, ip)

is derived from a multinomial distribution and is given by

L!

. L (L-i;-iy)
ilil(L-1;

Pr(L,i,iy) = _iz)!p‘;p‘;a —pi—Py) @Q.27)

The density function for Z; conditioned on bit 0 being sent may be obtained by averaging the

conditional density for Z; in equation 2.26 over the probability distribution in equation 2.27. The

expression is

L L-i
F2,z10) = Y, X fz,(21]0, Lo iy, 1p)Pr(L, iy, p) (2.28)

i,=0i,=0

Finally the expression for probability of bit error follows from equation 2.19 and is
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P, = ﬁ/z f2,(21]0)dzy /_ (2.29)

This last expression must be evaluated numerically.

E. NUMERICAL RESULTS

The probability of bit error, Py, as a function of ¥ with no pulse noise jamming, a signal

energy to thermal noise density ratio of E/N = 15 dB, and with diversity as a parameter is shown

in Figure 2.6.
10° E———————————— 1 LA
*—k =1
Eb/NO=15 dB e L=2
—=a L=3

—> L=4

o
N

10—3 B 3, ]
107"

107"

10-14 1 1 ol 1 i ey

1072 107 10° 10' 10° 10° 10
y

Figure 2.6: Probability of bit error as a function of y with no pulse noise jamming, E,/Ny = 15 dB
and with diversity as a parameter.

For v > 100, noncoherent combining losses dominate the performance. Noncoherent combining

loss is defined to be the additional amount of signal-to-noise ratio required by a diversity system
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to attain the same level of performance as a system with no diversity. This type of loss is prevalent
in the Gaussian channel where there is no signal fading. Noncoherent combining losses increase

for increasing levels of diversity and are inversely proportional to the signal-to-noise ratio [5]. For
v <100, gains against signal fading are achieved as diversity order is increased. For y<1,
receiver performance is relatively unchanged for each diversity order as the ratio of direct to
diffuse signal power approaches the Rayleigh limit (Y = 0). In this dissertation, the performance
for fading parameters which are common to the mobile radio channel, typically 0<y <5, are
investigated.

In the following analysis, receiver worst case performance is determined. Worst case
performance represents a composite performance by obtaining the value of the jamming fraction
p that produced the highest probability of bit error as a function of the signal energy to interference
noise density ratio, Ey/N;. Worst case performance implies that the jammer can determine the
current value of E;/Nj and reallocate the resources in an adaptive fashion. Worst case performance

was determined by numerical search since no analytical solution could be produced. In

determining worst case performance, a large range of combinations of case I; and I, events were

considered. There were two scenarios which produced identical worst case performance results for

any particular value of E,/Ny. They are
P
Pr=0.p=7 (2.30)

P1=0.p=p, 2.31)
where the non-zero values of p; and p, are equal. A simple illustration would best explain this

result. Figure 2.7 plots the instantaneous jammer power levels (nonnaiized to unity) as a function
of time for the worst case scenarios described in equations 2.30 and 2.31 (case I and case Il shown).
It is seen that although the values of p will be different in the two scenarios, the jammer noise
variances as previously defined will be the same over any 2-bit interval. Equation 2.14 may be

rewritten as

p= Pz(l +g) (232)
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where B = p;/p,. It is evident that B = e corresponds to equation 2.30 while f = 0

corresponds to equation 2.31. It is also of interest to determine for a fixed p, the worst case .

Figure 2.8 shows the performance curves for the probability of bit error as a function of E;/Nj with
Ey/Ng = 15dB, adiversity of L=4, ¥ = 0 and p = 0.05 with B as a parameter. Of the curves
shown, the case of p = e produced the worst performance over the éntire range of Ey/N;. The
performance difference between the two extreme cases (B = 0 and B = o) is significant for Ey/
Nj below 10 dB. A similar result was observed for Ey/Ngy =15 dB, a diversityof L=4, v = 0 and
p = 0.5, shown in Figure 2.9.

Instantaneous Jammer Power
(normalized to unity)

CASE1

7 : time

: T CASE II

-
time

Figure 2.7: Schematic representation of worst case jamming scenarios with instantaneous jammer
power (normalized to unity) plotted as a function of time.
These experiments were repeated for moderate fading (y = 5) for the same values of Ey/

Ny, diversity, and p . These results are shown in Figures 2.10 and 2.11. Similar performance trends

are observed for these cases. These results suggest that when the jammer’s peak power is fixed and
where strong or moderate fading occur, the optimum jamming strategy (from the jammer’s point

of view) is to jam isolated bits rather than adjacent bits, especially for low Ey/Nj. Figures 2.12 and
2.13 show the performance curves with E,/N, = 15 dB, a diversity of L = 4, ¥ = 1000 (a very

strong direct signal) and p = 0.05, 0.5 respectively. Although a very strong signal may not be a

realistic scenario for the mobile radio channel, it is shown here for completeness. In each case, it
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is seen that there is a distinct crossover in the performance curves for § = 0 and B = . In the

case of the former, it occurs at about Ey/Np = 17 dB and in the case of the latter at E;/Ny =9 dB.

Such curves are also beneficial because if the jammer cannot adapt its strategy and has a fixed p,
it tells the jammer which of the two jamming strategies produces worse performance for a

particular fading condition.

1072 T T T T T T T
oo B=0

Eb/N°=1 5 dB L=4 =0 p=0.05

3

107
20 25 30 35 40
E,/N, (dB)

Figure 2.8: Performance of self-normalized receiver for Ey/Ng=15dB, a diversity of L=4, 7 = 0
and p = 0.05 with B as a parameter.
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p=0.5

E,/N,=15 dB L=4 +=0

30 35 40

15 20
E/N, (dB)

Figure 2.9: Performance of self-normalized receiver for E,/Ny=15dB, a diversity of L=4,y = 0
and p = 0.5 with B as a parameter.

E /N_=15dB L=4 =5 p=0.05

10

40

107°
o 5 10 15 20
E/N, (dB)

Figure 2.10: Performance of self-normalized receiver for E,/Ng, = 15 dB, a diversity of L = 4,
Y = 5 and p = 0.05 with B as a parameter.
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Figure 2.11: Performance of self-normalized receiver for E/Ny = 15 dB, a diversity of L = 4,
Y = 5 and p = 0.5 with B as a parameter.

1 o ¥ 3 T T 13 1 T
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Figure 2.12: Performance of self-normalized receiver for E/Nj = 15 dB, a diversity of L = 4,
v = 1000 and p = 0.05 with B as a parameter. '
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Flgure 2.13: Performance of self-normalized receiver for Ep/N = 15 dB, a diversity of L = 4,
vy = 1000 and p = 0.5 with B as a parameter.

The performance of the self-normalized receiver under the conditions of worst case
jamming as a function of the parameter p are now analyzed. The values of p corresponding to
equation 2.31 (B = 0) have been arbitrarily selected since both jamming scenarios result in the
same performance.. Performance curves of the self-normalized receiver for diversity orders L =
1,3,4 and jammer fractions p =0.01,0.1,0.25, 1, E,/Ny=15dB and Yy = O are shown in Figures
2.14-2.16. For either case of diversity, it is seen that the self-normalized receiver has completely
negated the effects of pulse noise jamming since the worst case performance curve coincides with
the continuous jamming curve (p = 1). A comparison of worst case performance curves for

diversities of order 1 through 4 is given in Figure 2.17. It can be seen from that figure that there are

significant gains achieved against signal fading for E;/Nj greater than approximately 15 dB. Below
E,/N{=10 dB, noncoherent combining losses become significant. For error probabilities on the

order shown, some sort of error correction coding would be necessary to ensure reliable
communications.

Performance curves of the self-normalized receiver for diversity orders L = 1,3,4 and

jammer fractions p =0.01, 0.1,0.25, 1, E;/Ny=15dB and y = 5 are shown in Figures 2.18-2.20.
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For a diversity of order L = 1, it is seen that pulse noise jamming results in a significant
performance reduction for E;/Njy in the range of approximately 10-20 dB. Notice also for this curve
that the optimum value of p decreases as E,/Nj increases. As the diversity is increased to L = 4

however, the self-normalized receiver virtually eliminates the effectiveness of the pulse noise
jammer. A comparison of worst case performance curves for diversities of order 1 through 4 is

shown in Figure 2.21. Significant gains are again achieved above E/Nj = 15 dB while noncoherent

combining losses become a factor below E/Ny = 10 dB.

10 [ T T T T T T T

o—o worst case
P p=1
- p=0<25

E, /N, =15 dB L=1 =0 B—e p=0.1
>—" p=0.01

25 30 35 40

I :
10 15

(o}
nl

20
E/N, (dB)

Figure 2.14: Performance of self-normalized receiver for pulse jamming fractions p =1,0.25,0.1,
0.01 and worst case for diversity order L = 1, E,/Ny=15dB and ¥ = 0.
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Figure 2.15: Performance of self-normalized receiver for pulse jamming fractionsp =1, 0.25, 0.1,
0.01 and worst case for diversity order L = 3, E,/Ny =15 dB and y =0.
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Figure 2.16: Performance of self-normalized receiver for pulse jamming fractions p =1,0.25,0.1,
0.01 and worst case for diversity order L =4, E,/Ny=15dB and y =0.

27



T T

107
[ e L=1
[ E/Ny=15 dB =0 —t  L=2
L G—f L=3
- oO—< L=41 |
» \:.§3\
X
S
107" \V e
N ]
—_ N
0 &
3 5
k4 L Ng J
g N
= : ]
o’
- e
1072} 3L 4
L S 3
[ N }
8 %, Be
o S o — 55— E-5-5-15-15-5 G5B
1 0—3 1 L ) 1 1 1 1
o] 5 10 15 20 5 30 35 40
Eb/Nl (dB)

Figure 2.17: Worst case performance of self-normalized receiver in presence of pulse noise
interference for diversity orders L = 1,2,3,4, E,/Ny=15dB and vy = 0.
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Figure 2.18: Performance of self-normalized receiver for pulse jamming fractions p =1,0.25,0.1,
0.01 and worst case for diversity order L =1, Ey/Ng=15dB and 7y = 5.
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Figure 2.19: Performance of self -normalized receiver for pulse jamming fractions p =1,0.25,0.1,
0.01 and worst case for diversity order L =3, Ey/Ny=15dB and y = 5.
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Figure 2.20: Performance of self -normalized receiver for pulse jamming fractions p =1,0.25,0.1,
0.01 and worst case for diversity order L =4, E,/Ny=15dB and y = 5.
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Figure 2.21: Worst case performance of self-normalized receiver in presence of pulse noise
interference for diversity orders L = 1,2,3,4, E,/Ny=15dB and v = 5.

Another indicator of the effectiveness of the self-normalized receiver is that for increasing
diversity order and fixed value of Ey/Nj, the optimum value of p increases. This result is seen in
Figure 2.22 where the optimum value of p is plotted as a function of diversity order with E/Ng =
15dB, vy = 5 and E,/Nj as a parameter. The increasing value of p for increasing diversity order
at a given Ey/Nj is an indicator that the self-normalized receiver has forced the jammer to adopt a

more continuous form of jamming. It is observed that pulse noise jamming is most effective at

higher values of Ey/Nj where higher levels of diversity are required to render the pulse noise

jammer ineffective. An intuitive way to explain why pulse noise jamming is more effective at

higher values of Eb/NI is to compare its effects to that of a fading channel. It has been observed
that as the average jammer noise power decreases (or Ey/Nj increases), the most efficient use of
this power is to jam in a less frequent fashion (smaller p) with stronger bursts of energy
(instantaneous jammer power ~ 1/p). In this way, some bits experience very low signal-to-noise
ratio while others experience relatively very high signal-to-noise ratio. This is analogous to a

fading channel which produces the same type of fluctuations in signal-to-noise ratio which is very

deleterious to the effective performance of a digital communications link.
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Figures 2.23 and 2.24 shows the optimum value of p as a function of y with diversity order

as a parameter and with E,/N, = 15 dB for E;/Nj equal to 20 dB and 30 dB respectively. It is

observed that the overall trend results in the optimum value of p decreases for increasing Y. From

these plots, it is seen that there appears to be a lower limit as to the effectiveness of pulse noise
jamming. For example, for a diversity order of L = 4, pulse noise jamming is no longer effective
below ¥ = 2. For 7y greater than 3, higher order diversities would be required to render the pulse
noise jammer completely ineffective. It is therefore concluded that pulse noise jamming

effectiveness increases for increasing 7.

E,/N=0 dB
E,/N=5 dB

E,/N=10dB
E,/N=15 dB
E,/N=20 dB
E,/N=25 dB
E,/N=30 dB
E,/N,=35 dB
E,/N;=40 dB

diversity, L

Figure 2.22: Optimum value of p as a function of diversity order with E;/Ny=15dB,y = 5 and
E/Nj as a parameter.
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Flgure 2.23: Optimum value of p as a function of y with diversity order as a parameter for Ey/Ng
=15 dB and E;/N; = 20 dB.
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Figure 2.24: Optimum value of p as a function of y with diversity order as a parameter for Ey/Nj
=15 dB and E;/N; =30 dB.
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F. CHAPTER CONCLUSIONS

The performance of a DS-DPSK spread spectrum system with self-normalized receiver
over a Rician frequency nonselective, slowly fading channel in the presence of pulsed noise
interference and AWGN has been considered. The receiver employs L-fold time diversity and soft
decision equal gain combining. A multinomial probability distribution was used to characterize the
distribution of pulsed noise interference events. The events included the possibility that either 1, 2
consecutive or none of the signal bits were jammed; A analytical solution to the probability of bit
error was not available. In the numerical analysis, for fixed values of the jamming fraction p , worst
case performance was determined as a function of vthe signal energy-to-interference noise density
ratio, Ey/Ny and P, the ratio of fraction of 1-bit jammed events to 2-bit jammed events. It was seen
for severe and moderate fading, the best strategy for the jammer is to jam alternating bits rather
than adjacent bits. The worst case performance of the self-normalized receiver as a function of the
parameter p under conditions of severe and moderate fading was analyzed. It was determined that
the self-normalized receiver was effective in mitigating the effects of pulse noise jamming for both
fading conditions. For the moderate fading condition, the optimum value of p to produce worst
case performance was observed as a function of diversity with Ey/Nj as a parameter. It was
determined that pulse noise jamming is most effective at higher values of Ey/Nj and that increasing
the diversity order forces the jammer to a more continuous form of jamming. The optimum value
of p to produce worst case performance was observed as a function of ¥ with diversity as a

parameter. It was concluded that pulse noise jamming effectiveness increased for increasing Y and

decreased for increasing diversity order. This was observed for values of ¥ between 0 and 10.
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III. DS-DPSK WITH NOISE-NORMALIZATION AND L-
FOLD DIVERSITY IN A FADING CHANNEL

In this chapter, the performance of a noise-normalized DS-DPSK spread spectrum system
over a Rician frequency-nonselective, slowly fading channel in the presence of pulsed noise
interference and AWGN is considered. Where the self-normalized receiver normalizes the detectbr
outputs by a combination of signai and noise, the noise-normalized receiver normalizes by a factor
equal to the noise power which includes both AWGN and the pulsed noise interference. In this
sense, the noise—n'ormalized receiver is an idealization of the self-normalized rec;eiver. The noise-
normalized receiver assumes accurate measurement of the noise present at the receiver whereas the
self-normalized receiver assumes no knowledge of the noise power. One may view the noise-
normalized receiver as a limiting case of ideal performance of the self-normalized receiver. The
self-normalized receiver however would be much simpler to implement in practice. The same
jammer model used in the analysis for the self-normalized receiver is assumed here. Therefore the
. inputs to the noise-normalized receiver are identical to that of the self-normalized receiver. A block

diagram of the noise-normalized receiver is shown in Figure 3.1.

Vor Zok Z,
(1) S;
r Noise j 1
P Measurement > («)

Y

Figure 3.1: Noise normalized receiver structure.




Here r(t) is the received signal and © f for j = 1,2,3 is the total conditional noise variance as

before. The equations for the determination of the probability of bit error are now derived.

A. BIT ERROR PROBABILITY
Since the inputs V; and V,, to the noise-normalized receiver are identical to the inputs

of the self-normalized receiver, the probability density functions of these statistics assuming a bit

0 is sent, are respectively

200 -
fy, u01) = Elz—exp(— _12_(v1k+40c2))10( fl_k)u(vlk) 3.1)

o1, 261j 1,
and
1 Vo
sz,,(VZklO’I') = 5 &Xpj- —% (Vor) (3.2)
20,, 20,

The conditional density for the random variable Z; can be expressed from equation 2.26 as

®i2)] %

F2@r|0 L i) = L7 CLG 7, G0 1) © X (LA fz, (@0 1)

®(L-i,-iy)

[L(fz,(z14)0. 15) ) 33)

where  ®i; represents i fold self-convolution. The density function for the random variable
2.
| 2

‘where J(Z,,) = c? is the Jacobian of the transformation. By substituting equation 3.1, the density

function for the random variable Z,, is found to be

2 2

o 1 2 2 200210

f2, (@0 1) = —Lexp|— —5 (2,05 +40)) flo — 5 pzy)  (B5)
207 207 o]

J J 7
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since u(z, ,;) = u(z; kO'JZ-) . The density function for Z,, may be determihed from equation 3.5 by |

setting o0 = 0, Z,; = Z,; and recalling that ng = G?. The result is

fz, (2|0, 1)) = ep( Zk)u(zzk) (3.6)

Note that the density function for the non-signal branch is not a function of the signal or the noise.

The Laplace transform of the density function for Z,, is shown to be (Appendix B, section B.1),

2 2 2
O 20 o O
FZu(SIO: IJ) = —————}-—;—ZZ—CXP (’" 0'2 )exp JG% (3.7
26] (s + —’5) L GT (s + ——’2—)
207, 209,

. ®i; . .
The expression for f Z“‘(zl k|0, I.) "’ isthen givenas

fz, (210, ) T = LT(F, (s]0,1)1%) (3.8)

which is shown to be (Appendix B, section B.2)

£z, 2|0, 1)) ey _ (2 (v + DIy ) (_ 4’Yij+('Y+1)l“Lz1k)

C+(y+1I}) X 22+ (y+1IL)

1j—1 ‘
7, (Y + DI (_2—) Ay(y + DTz,
(——'Z—‘—'—" Ii-—l > (Zlk) (39)
Y W@+ DY)
o’ Ep - E Y
where Y = — and T = (N—) +|— | - Assuming the same jammer model as before, the
20, 0 or,

density function for the random variable Z; is

L L-i,
f2,z)|0) = 3, D f7,(z1|0, 1L, iy, ip)Pr(Ly iy, 12) (3.10)
i,=0i; =0
where
L! (L- 11 ip)

Pr(Lyiy ) = T )'plpz(l P-p,) (3.11)
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is the multinomial probability distribution. Equation 3.10 must be evaluated numerically. The

density function for the random variable Z, may be written as

®L
fzz(zzlo) = szk(ZZklo’ Ij) . (3.12)
since Z,, is independent of the three jamming events. Equation 3.12 is a special case of equation

B.24 of Appendix B and is given as

22\ (L-1)
oal- 2

2L -1y

f2,(2,]0) = u(z,) ' (3.13)

which is recognizable as a Chi-squared probability density function with 2L degrees of freedom
[4, 5]. The probability of bit error is given by
P, = Pr(Zl<Zz|0) (3.14)

Expressing this in terms of the density functions for the random variables Z, and Z, yields

o0y

Pb = -“J‘ley 22(21, ZZ|O)dZIdZZ : (3.15)
00

The joint density function for the random variables Z; and Z, in equation 3.15 is the product of
the two marginal density functions f ZI(ZIIO) and f 22(22|0) since Z; and Z, are independent

random variables. Equation 3.15 must also be evaluated numerically.

B. NUMERICAL RESULTS

The probability of bit error, Py, as a function of y with no pulse noise jamming, a bit energy
to thermal noise density ratio of Ey/N,, = 15 dB, and with diversity as a parameter is shown in

Figure 3.2. If the performance of the noise-normalized receiver is compared to that of the self-
normalized receiver (Figure 2.6) for a diversity of L = 4 and severe Rayleigh fading (approximately
¥ < 3),itis seen that there is almost an order of magnitude better performance in probability of bit
error for the noise-normalized receiver than the self-normalized receiver.

For the noise-normalized receiver, worst case performance was produced under the
conditions outlined in equations 2.30 and 2.31; this was also the case for the self-normalized

receiver.
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Figure 3.2: Probability of bit error for the noise-normalized receiver as a function of y with no
pulse noise jamming, Ey/N = 15 dB and with diversity as a parameter.
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Figure 3.3: Performance of noise-normalized receiver for Ey/Nj = 15 dB, a diversity of L = 4,
' v = 0 and p = 0.05 with B as a parameter.
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Figure 3.3 shows the performance curves for the probability of bit error as a function of Ey/Ny with
E, /Ny =15dB, adiversity of L=4, Y = 0 and p = 0.05 with B as a parameter. It is seen that
the case of p = o produces the worst performance over the entire range of E,/Nj. Below
approximately 15 dB, there is marked jammer advantage by jamming individual bits (case B = o)

compared to jamming consecutive bits (case B = 0). Figure 3.4 shows the performance curves

for the probability of bit error as a function of Ey/Ny with E/N = 15 dB, a diversity of L = 4,
¥ = 0 and p = 0.5 with B as a parameter. Below approximately Ey/Nj = 15 db, a significant
performance degradation for all cases of B is observed. This is much more than the degradation
observed in the case of p = 0.05. Similar results were observed in the case of moderate signal

fading (y = 5), shown in Figures 3.5 and 3.6 for p = 0.05, 0.5 respectively. These results are
similar to what was observed for the self-normalized receiver. Figures 3.7 and 3.8 show the

performance curves for the probability of bit error as a function of E,/N with Ey/Ny = 15 dB, a
diversity of L = 4, y = 1000 (a very strong direct signal), with B as a parametef and
p = 0.05,0.5 respectively. As observed witﬁ the self—normalized receiver, there are distinct
crossover points where the worst performance curve shifts from the case of B = o to B=0.

This occurs at approximately Ey/Ny =20 dB for p = 0.05 and Ey/N;=10dB for p = 0.5 .
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Figure 3.4: Performance of noise-normalized receiver for E/Ng = 15 dB, a diversity of L = 4,
v = 0 and p = 0.5 with B as a parameter.
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Figure 3.5: Performance of noise-normalized receiver for Ey/Nj = 15 dB, a diversity of L = 4,
v = 5 and p = 0.05 with B as a parameter.
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Figure 3.6: Performance of noise-normalized receiver for Ey/Nj = 15 dB, a diversity of L = 4,
v = 5 and p = 0.5 with B as a parameter.

10 3 T T T T T T T

§ N20O
[0

TR
oo

-
o
[

a

N

20 30 35 40
E/N, (dB)

Figure 3.7: Performance of noise-normalized receiver for E,/Nj = 15 dB, a diversity of L = 4,
vy = 1000 and p = 0.05 with B as a parameter.
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Figure 3.8: Performance of noise-normalized receiver for Ey/Nj = 15 dB, a diversity of L = 4,
‘ Y = 1000 and p = 0.5 with B as a parameter.

The performance of the noise-normalized receiver under the conditions of worst case
jamming is now analyzed. The values of p corresponding to equation 2.31 have been selected to
be consistent with the values of p selected for the self-normalized receiver. Performance curves of

.the noise-normalized receiver for diversity orders“L = 1,3,4 and jammer fractions p =0.01, 0.1,
0.25, 1 and worst case, E,/Ny=15dB and ¥ = 0 are shown in Figures 3.9-3.11. As in the case of

the self-normalized receiver, it is seen for either diversity value that the noise-normalized receiver
has completely negated the effects of pulse noise jamming. That is, the worst case performance
curve coincides with the continuous jamming curve (p = 1). By comparing the performance of
the noise-normalized receiver with no diversity (L = 1) with the self-normalized receiver (Figure
2.14), it is seen that their performances are identical. This is not surprising since the SNR at the
outputs of both receivers are the same. A comparison of worst case performance curves for
diversities of order 1 through 4 is shown in Figure 3.12. It is seen that a diversity of order L =2 is

sufficient to dramatically improve receiver performance. Below E /Ny = 5 dB, noncoherent

combining losses occur but are rather small. Figure 3.13 shows a worst case performance
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comparison between the noise-normalized and self-normalized receivers in the presence of pulse
noise interference for diversity orders L = 1,4, E,/Ny = 15 dB and 7y = 0. In shifting from no
diversity to a diversity of order L = 4, it is observed that the noise-normalized receiver provides
_ superior performance to the self-normalized receiver. There is a significant performance difference
for E,/Nj greater than approximately 10 dB. Below this point, the performance difference is small.
Noncoherent combining losses occur over a smaller range (E,/N < 5 dB) with smaller magnitude
for the noise-normalized receiver compared to the self-normalized receiver (E,/Nj < 10dB).
Performance curves of the noise-normalized receiver for diversity orders L = 1,3,4 and
jammer fractions p =0.01, 0.1, 0.25, 1 and worst case, Ey/Ny = 15dB and ¥ = 5 are shown in
Figures 3.14 - 3.16. With no diversity, it is seen that pulse noise jamming results in a significant
perfqrmance reduction in the range 10 dB < Ey/N| < 25 dB. As the diversity order is increased to

L =4 however, the noise-normalized receiver has virtually eliminated the effectiveness of the pulse
noise jammer. A comparison of worst case performance curves for diversities of order 1 through 4
is shown in Figure 3.17. A diversity of order L = 2 is seen to be sufficient to achieve more than an

order of magnitude performance improvemeit for E,/Nj > 20 dB. Non-coherent combining losses,

although still rather small, are noticed for Ey/Nj < 7 dB and are larger in magnitude than for the

severe fading case (y = 0). Figure 3.18 shows a performance comparison between the noise-
normalized and self-normalized receivers in the presence of pulse noise interference for diversity
orders L = 1,4, E, /Ny =15 dB and y = 5. The noise-normalized receiver once again demonstrates
superior performance compared to the self-normalized receiver. At approximately Ey/Nj > 30 dB,
there is an order of magnitude improved performance for the noise-normalized receiver when
compared to the self-normalized receiver. The difference in receiver performance over this range

of signal-to-interference ratios is more than what was observed for the severe fading case.

Noncoherent combining losses are more noticeable for both receivers than was the case for severe

fading.
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Figure 3.9: Performance of noise-normalized receiver for pulse jamming fractions p =1, 0.25,0.1,
0.01 and worst case for diversity order L =11, Ey/Ny=15dB and ¥ = 0.
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Figure 3.10: Performance of noise-normalized receiver for pulse jamming fractions p=1, 0.25,
0.1, 0.01 and worst case for diversity order L =3, E/Ny=15dB and y =0.
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Figure 3.11: Performance of noise-normalized receiver for pulse jamming fractions p =1, 0.25, 0.1,
0.01 and worst case for diversity order L = 4, E/Ny=15dB and y = 0.
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Figure 3.12: Worst case performance of noise-normalized receiver in presence of pulse noise
interference for diversity orders L = 1,2,3,4, E;/Ny=15dB and v = 0.
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Figure 3.13: Worst case performance comparison between noise-normalized and self-normalized
- receivers in presence of pulse noise interference for diversity orders L = 1,4, Ey/Ng=15dB and vy =0.

¥ T
r o= worst case
L E /N =15dB L=1 =5 *—  p=1
+———+  p=0.25

10° r T T T T T

L B——=a  p=0.1
O p=0.01

Figure 3.14: Performance of noise-normalized receiver for pulse jamming fractions p=1, 0.25, 0.1,
0.01 and worst case for diversity order L = 1, /Ny = 15dB and ¥ = 5. '
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Figure 3.15: Performance of noise-normalized receiver for pulse jamming fractions p = 1,0.25,0.1,
0.01 and worst case for diversity order L = 3, Ey/Ny = 15dB and v =5.
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Figure 3.16: Performance of noise-normalized receiver for pulse jamming fractions p=1, 0.25, 0.1,
0.01 and worst case for diversity order L = 4, E;/Ny = 15dB and y =5.

48



10 T T T T T T T 3
o—eo L=1| ]
- Srmmmmmmn B L=21] 1
P, Eb/NO=15 dB ¥=5 +——t L=
S
10k \\g:_._.§.: Wk =4 -
N E
e ]
N Se ]
\ S S 1
10-2 RN > S, 3
= T Seeg ]
‘é \ —G-a-g O N
B 10} IAAARAE
2 E
3 3
| ]
o R
107 3
10-5 L E
3
10—6 ) 1 L 1 L 1 1
o} S 10 1 20 30 35 40
Eb/Nl (dB)

Figure 3.17: Worst case performance of noise-normalized receiver in presence of pulse noise
interference for diversity orders L = 1,2,3,4, E;/Ng=15dB and vy = 5.
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Figure 3.18: Worst case performance comparison between noise-normalized and self-normalized
receivers in presence of pulse noise interference for diversity orders L=1,4, E;/Ny=15dB and ¥ =5.




Figure 3.19 shows the optimum value of p as a function of diversity order with a Ey/Ng =
15dB, y = 5 and E,/Nj as a parameter. As in the case for the self-normalized receiver, it is seen
that the optimum value of p decreases as E/Nj increases and increases for increasing diversity
order for a given E,/N;. Comparing to Figure 2.22, it is observed that for a given E/N; and
diversity order (L = 2), the value of p is higher for the noise-normalized receiver than the self-

normalized receiver. This indicates that the noise-normalized receiver has forced the jammer to a

more continuous jamming strategy compared to the self normalized receiver, making it a more

effective countermeasure.
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diversity, L

Figure 3.19: Optimum value of p as a function of diversity order with Ey/Ng=15dB, y = 5 and
E,/Nj as a parameter.

Figures 3.20 and 3.34 shows the optimum value of p as a function of ¥ with diversity order

as a parameter and with Ey/Nj = 15 dB for E/Nj equal to 20 and 30 dB respectively. As was the
case for the self-normalized receiver, it is observed that the optimum value of p decreases for
increasing y. Comparing to the values of p in Figures 2.23 and 2.24, it is seen that over most of

the range of ¥, p is higher for the noise-normalized receiver than the self-normalized
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Figure 3.20: Optimum value of p as a function of y with diversity order as a parameter for E,/N
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Figure 3.21: Optimum value of p as a function of y with diversity order as a parameter for E,/N;
=15 dB and E/N; =30 dB.




receiver. This is another indicator that the noise-normalized receiver is more effective against pulse

noise jamming than the self-normalized receiver.

C. PERFORMANCE OF DS-DPSK WITH NON-IDEAL NOISE NORMALIZATION

While the system of Figure 3.1 is extremely effective in pulse noise mitigation as has been
seen, it is as such not practically realizable. In this section, noise estimation errors are introduced
and the performance of such a system is considered. A block diagram of the noise-normalized
receiver with non-ideal noise normalization is depicted in Figure 3.22. The structure is seen to be

the same as that of the noise-normalized receiver with ideal noise normalization with the exception

~

2 . .
that the symbol ¢ ; represents an estimate of 0']2- , the true value of the measured noise. For the three

-

: 2. .
interference cases Iy, I and I3, 6; is given as

A

(2. 2
G, +0p, case I,

' h A
j = \o +6122, case I, (3.16)

[\ T I 8

(O} case I3

Here it is assumed that the thermal noise can be measured accurately and that measurement errors

are caused by the interference components only. It is further assumed that on average the

. ‘ . . 2.
measurement errors for cases Ijand I, will be the same. For this analysis, 6 is modeled as a

random variable and also as a fixed parameter. In the former case, no knowledge of the estimation

A

error is assumed a priori and as such G is modeled as a uniform random variable. As a fixed

~

2 . o
parameter, G; represents some fixed bias introduced by the measurement circuitry. In the next

section, the probability of bit error of this system will be derived. This will be followed by

numerical results in the following subsection.
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Figure 3.22: Noise-normalized receiver with non-ideal noise normalization.
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1. Bit Error Probability

With 0‘? modeled as a random variable, the conditional density for the random variable Z 1 can

be expressed from equation 3.3 as

le(z1|0, 1, %L, il,iz) - L_l([L(lek(zldo,Il, c;f) )]x[L(qu(zldo,‘Iz, éi)

[L( le;(z1k|0, I, c%) S _iZ))D (3.17)

A

" The density function for the random variable Z,, = V,,/ o> follows directly from equation 3.5
1k &7 9 y q

® i ® i,

Ik

~ o’ 1 " 200

2 j 2 2

. 207, 207

J

(3.18)

The Laplace transform of the density function for Z,; is shown to be (Appendix B, section B.3)




)
2 5 272
" c; o'c;
FZ (s]0,1 » cs?) = ] - exp(— 20; )exp ’A (3.19)
2 Gy, 02.
201 s+—L2 J ) s+—L
207, 1 207
J.
~y @
The expression for f, (z1k|0, 7 J) is then given as
2 ®i; » 2 i
fz (Zlklo’ 7 ) =L ([Fz (s]0,1;, 6 D (3.20)

which is shown to be (Appendix B, section B.4)

P (z 0.1, c;z_) ®i _((e/op+ D) [ dyij+ (02/ DY+ D 2y,
2 22+ @+ DI 22+ + DT

i;~1 —
(6]2'/0?)21k(7+ I, ( 2 ) _ 4(65/0‘?)7(’Y+ DIy zqd; |
= L _, » Nz (B2D)
7 ’ (2+(y+ DIy

From equation 3.10, the density function for the random variable Z, is

L L-i :
f2,z|0) = 3 Y fz,(z1]0 Lk iy )Pr(Ly iy, 1) (3.22)
i,=0i;=0
where
02+8 . .
@0y = [ f2(al0l Lk ) 62
c-38 ’

J
Pr(L,i;,1,) is as defined in equation 3.11, f ‘2(612') is the probability density function for the
S;

~

random variable ; and 8 is the maximum deviation of the estimated noise power from the actual

: . : 2 2 . 2
noise power. Modeled as a uniform random variable, ¢; has mean G; and variance 8" /3.
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The conditional density for the random variable Z, can be expressed from equation 3.17 by

letting Z, —Z, and Z,;, = Z,;

V) -1 "y ®1) ” ®i,
fzz(z2|o, 1, Gj;L,ll,lz) - L (I:L(fZZk(zzkIO,Il,cl)

P {Elraleiorn ) "

[L( fzn(zz,clO, I, 02) s _12))]) (3.24)

The density function for Z,; is now given as

A2 A2
¥ C; Gz

fzzk(ZZkIO, I, oj) = —Lexp|~ L2 lu(zyy) (3.25)
ch 20j

The expression for f ZZk(z2k|O, L, 6]2-) is derived from a Chi-squared probability density function

- with 2i; degrees of freedom [4, 5] and is given as

~

: 2
(<;2-/ Gz-)ljexp _ 2 z(zi,i‘l)
N 7 612- .
szk(ZZklO’ I, cj) = — u(zyz) (3.26)
_ 27(i; - 1)!

The density function for the random variable Z, is derived from equations 3.22 and 3.23 by letting

Z,—>Z,
L L-i
f2,2)0 = Y, Y, f7,(25]0. 1L, iy, ip)Pr(L, iy, ip) (3.27)
i,=0i,=0 '
where
of+8 . . .
2,50, 1L iy i) = | fzz(zzlo, 1, 65L, iy, iz)f&(oﬁ) (3.28)
: 6:-8 . ’

J

The probability of bit error may now be obtained directly through the numerical evaluation of equation

A

3.15. As a check for the analytical work here, substituting 0'5 = 0‘]2- for the case of ideal noise-
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normalization, equations 3.21 and 3.26 reduce to equations 3.9 and 3.13 which define the density

functions for the random variables Z; and Z, under ideal noise-normalization.

2. Numerical Results

For the noise-normalized receiver with non-ideal noise-normalization, worst case
performance was produced under the conditions outlined in equations 2.30 and 2.31. The values of
p corresponding to equation 2.31 have been selected to be consistent with the values of p selected

for the other receivers. Worst case performance curves for the noise-normalized receiver with non-

ideal noise-normalization for a diversity order of L =4, E,/Ng=15dB,y = 0 and y = 5 are

~

shown in Figures 3.23 and 3.24 respectively. The uniform curve represents O'? modeled as a

uniform random variable with mean c? and maximum error deviation & = 0.5 63. The (—50%)

curve represent$ the case where the noise is underestimated by 50% and the (+50%) curve
represents the case where the noise is overestimated by 50%. Also shown are the cases of ideal
noise-normalization and the self-normalized receiver. It is seen that for either case of fading,
performance degrades the most in comparison to the ideal case when the noise is underestimated.
A less severe degradation occurs when the noise is overestimated. For either case however, the
overall amount of degradation is not extremely significant and the overall performances are clearly
superior to the performance of the self-normalized receiver. For the case of Rayleigh fading,
having little knowledge of the estimation error (uniform curve) provides almost no change in
performance compared to the ideal case over the entire range of signal-to-interference ratio. For
moderate fading, the performance difference increases only slightly. It is therefore concluded that
if one is willing to accept a slight degradation in performance, relatively crude measurement
techniques may be utilized. This makes the noise-normalized receiver a practical and effective
receiver in pulse-jammed environments. Throughout the rest of the dissertation, however, receiver

comparisons will be based under the assumption of ideal noise-normalization.
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Figure 3.23: Worst case performance curves for the noise-normalized receiver with non-ideal
noise-normalization for a diversity order L = 4, /Ny =15dB and v = 0.
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Figure 3.24: Worst case performance curves for the noise-normalized receiver with non-ideal
noise-normalization for a diversity order L = 4, Ey/Ny = 15dB and vy =5.
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Before concluding this chapter, the performance of the linear receiver depicted in Figure
3.25 is investigated. With the linear receiver, it is seen that there is no attempt to mitigate the effects
of the pulse noise jammer. The linear, self-normalized and noise-normalized receivers are called

equal gain combining receivers since each diversity reception is given equal weight in the

Figure 3.25: Linear receiver structure.
output decision statistic. The probability of bit error for the linear receiver is now derived and is
followed by a performance comparison to the self-normalized and noise-normalized receivers.

D. PERFORMANCE COMPARISON OF SELF-NORMALIZED, NOISE
NORMALIZED AND LINEAR RECEIVERS

1. Linear Receiver Bit Error Probability

Referring to Figure 3.25, the probability density functions for the random variables Vik
and V,, given bit 0 is transmitted are given in equations 3.1 and 3.2 respectively. The conditional
density for the random variable V; can be expressed as

Fr 0L iy 1) = L7 ALy, 010 1) T IIXLLCFy, (4]0, 1) © 1%

® (L-i, —iy)

[L(fy, (10, 15) 1) (3.29)
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The Laplace transform of the density function for V,; is shown to be (Appendix B, section B.5),

FVIk(s|O, I) =

1 207 o’
———exp(— -—Zjexp _— (3.30)
N A

20] ’ :

®i.
The expression for fy, (vy;|0,1)) Y is given as

Fr 0.1 ¥ = L7(Fy, (510,117 (3.31)

which is shown to be (Appendix B, section B.6)

- s 2
®i, Vi, +4071 ) v 2
Fv, (1] 0, 1) V= —lz—exp(— = ])( ke ) X

267 207 Nda’;
20, /v, kij
o7 :
; ,
The probability distribution of the random variable V; conditioned on a bit 0 trarismission is given
by
L L-i,
fy,]0) = Y Y fy, (1|0 L, 11, i,)Pr(L, i}, i,) (3.33)
i,=0i;=0

where Pr(L,1,,1,) is given in equation 3.11. Equation 3.33 must be evaluated numerically.

The conditional density function for the random variable .V, is given as

2|0 LiLoipig) = L7 (UL fy, a0 T) TMIXIL(fy, ()0, 1) )]
[L(fy, (v]0. 1) ®‘L"“‘i”>]) (B39
where expression for fy._(v[0,1,) © " is given as
Fr, vu0.1) © o )ijexp( zv;" J 5 v12k~11)'u(v2k) (3.35)
2j




which is recognizable as a Chi-squared probability density function with 2i; degrees of freedom
[4, 5]. The probability distribution of the random variable V, conditioned on a bit 0 transmission

is given as

L L-i,
Fr,(a]0) = X, Y fy, (%0 IiLo iy, ip)Pr(Ls iy, ) (3.36)

i,=0i,=0
where Pr(L,i,,1,) is given in equation 3.11. Equation 3.36 must also be evaluated numerically.

The probability of bit error is given by

Expressing this in terms of the density functions for the random variables V, and V, yields

ooV,

P, = [ [ v, v,(vi v|O)dv v, (3.38)
00

The joint density function for the random variables Z; and Z, in equation 3.38 is the product of
the two marginal density functions fy (v{]0) and fv,(v2]0) since V; and V, are independent
random variables. This last expression must also be evaluated numerically.

2. Performance Comparison between Self-Normalized, Noise-Normalized and
Linear Receivers |

The probability of bit error as a function of y with no pulse noise jamming, a bit energy to
thermal noise density ratio of Ey/Nj = 15 dB and with diversity as a parameter is shown in Figure

3.2. Tt is seen that the linear receiver performance is identical to that of the noise-normalized

receiver. It is noted that the best achievable performance for either receiver for a diversity of order

L=4isP,=3X 10~ for vy=0and P,=2X 107 for v = 5. Worst case performance curves for

the self-normalized, noise-normalized and linear receivers in the presence of pulse noise
interference for diversity orders L= 1,4, E,/Ng=15dB and y =0, 5 are shown in Figures 3.26 and
3.27 respectively. For no diversity (L = 1), the performances are identical for all receivers. For ¥
=0, it is seen that the linear receiver performance is inferior to the noise-normalized receiver. The

performance difference is most significant in the region 10 dB <E,/N;<30 dB where there is
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as much as a 10 dB advantage for the noise-normalized receiver. The noise-normalized receiver

has virtually rendered the pulse noise jammer ineffective at approximately E, /N; = 25 dB asit

It

begins to approach its asymptotic limit of P, =3 X 10~ . The linear receiver does not begin to
approach this limit until approximately E, /N; = 40 dB. The linear receiver is seen to be inferior

to. the self-normalized receiver over the range of approximately 8 dB <E;/N;<25 dB. The

maximum performance difference over this range however is on the order of 3 dB, much less than

that observed for the noise-normalized receiver. For E, /Ny >25 dB, the linear receiver actually

performs better than the self-normalized receiver. It is thus concluded that in this region the pulse
noise jammer is less effective since the self-normalized receiver has lost any advantage it had over
the linear receiver. The fact that the linear receiver performs better in this region is probably due
to the fact that ii does not limit the signal amplitude in any way as does the self-normalized

receiver. This gives better overall combative qualities against signal fading.

10 T 1] T T ¥ L4 T
— either receiver, L=1

E/MNy=15dB =0 . — self-normalized receiver, L=4
—_—— noise—normalized receiver, L=4
—_—— linear receiver, L=4

-1

10

Pb(worst case)
al
N

10 " -

10
25 30 35 40

20
E /N, (dB)

Figure 3.26: Worst case performance comparison between self-normalized, noise-normalized and
linear receivers in the presence of pulse noise interference for diversity orders L = 1,4, Ey/Nj = 15

dBand vy =0.
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For y = 5, both noise-normalized and self-normalized receivers are superior to the linear
receiver over the full range of signal-to-interference ratio. This difference is less notable for

E,/N;< 10 dB but quite significant for larger values with the performance difference being as

much as 20 dB for P, =5 X 10~ for the self-normalized receiver and 25 dB for P,=5x 10~ for
the noise-normalized receiver. The linear receiver is seen not to have even begun to approach its
asymptotic performance limit of P, =2 X 107 at E,/N; = 40 dB. It is thus concluded that for

moderate fading, the pulse noise jammer is extremely effective against the linear receiver at even

very high signal-to-interference ratios.

10 T T T T T T T
E/N,=15dB y=5 B either receiver, L=1
—t self—-normalized receiver, L=4
o BN R = et noise—normalized receiver, L=4
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N
10721 .
é\ ‘é\x
il g A
B 107°} S T
£ T
o e
107} M
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S-8-8-o-9-5-5-o0-5-a-0-4
10-5 I 1 A 1 1 1 2
(o] 5 10 15 3 30 35 40

20
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Figure 3.27: Worst case performance comparison between self-normalized, noise-normalized and
linear receivers in the presence of pulse noise interference for diversity orders L = 1,4, Ey/Ny =15

dBand y =5.

E. CHAPTER CONCLUSIONS

The performance of a DS-DPSK spread spectrum system with noise-normalized receiver
over a Rician frequency nonselective, slowly fading channel in the presence of pulsed noise

interference and AWGN has been considered. The receiver employs L-fold time diversity and soft
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decision equal gain combining. The same jammer model used for the self-normalized receiver

analysis was employed here. As was concluded for the self-normalized receiver for severe and
moderate fading, the best strategy for the jammer when p was fixed was to jam alternating bits
rather than adjacent bits. The worst case performance of the noise-normalized receiver as a
function of the parameter p under conditions of severe and moderate fading was analyzed. It was
determined that the noise-normalized receiver was effective in mitigating the effects of pulse noise
jamming for both fading conditions. For the moderate fading condition, the optimum value of p
to produce worst case performance was observed as a function of diversity with E, /Ny as a
parameter. It was determined that pulse noise jamming is most effective at higher values of E,/Njy

and that increasing the diversity order forces the jammer to a more continuous form of jamming.
It was noticed that higher diversity orders than those considered would be required to render the
pulse noise jammer ineffective for less severe fading conditions. This was observed for values of
v between 0 and 10. The noise and self-normalized receivers were compared for their performance
in conditions of severe and moderate fading. For severe fading, it was found that there was a
marked difference in performance; the noise-normalized feceiver is superior to the self-normalized
over the full range of signal-to-interference ratio. For moderate fading, this difference grew for
higher signal—to—interference ratios. Noncoherent combining losses were lesser in magnitude and
occurred over a smaller range of signal-to-interference ratios for the noise-normalized receiver
compared to the self-normalized receiver for both cases of severe and moderate fading.

The performance of the noise-normalized receiver with non-ideal noise-normalization was
analyzed. It was seen that if one is willing to accept a slight degradation in performance, relatively
crude measurement techniques may be utilized. This makes the noise-normalized receiver a
practical as well as effective receiver in pulse-jammed environments. The worst case performance
of the noise-normalized and self-normalized receivers were compared to the linear receiver. It was
determined that the performance of the noise-normalized receiver was superior to that of the linear
receiver for severe and moderate fading. The superiority was quite significant in the case of
moderate fading with performance differences as much as 25 dB observed. The performance of the
self-normalized receiver was seen to perform better than the linear receiver for severe fading for a
limited range of signal-to-interference ratios. The performance difference was significantly less

than that observed for the noise-normalized receiver. For moderate fading, the self-normalized




receiver demonstrated superior performance to that of the linear receiver over the full range of
signal-to-interference ratios considered. The performance difference was less than that observed

for the noise-normalized receiver.
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IV. DS-DPSK WITH FIRST ORDER POST-DETECTION
SELECTION COMBINING IN A FADING CHANNEL

In this chapter, the performance of DS-DPSK with first order post-detection selection
- combining (PDSC) in a Rician fading channel in the presence of pulsed noise interference and

additive white Gaussian noise (AWGN) is considered. Consider the receiver structure of Figure 4.1

where M attenuated and delayed replicas of the DS-DPSK transmitted signal, denoted r,(t),

k=1,2,...M, are received over M antennas. It is assumed that the antennas are spaced sufficiently
far apart such that the resolvable multipath components in the signal have significantly different
propagation delays at the antennas, providing M independently fading replicas of the DS-DPSK
signal. Usually a separation of at least 10 signal wavelengths is required between two antennas in

order to obtain signals that fade independently. This type of diversity is termed spatial diversity.

n»| DSDPSK |
— ™ RECEIVER#1 \_"j

rz(t) DS'DPSK Vl2 Zl
— ™ RECEIVER # 2 - Max(-)

| = 1, signal branch
I = 2, non-signal branch

'm®|  DS-DPSK
, RECEIVER # M

Figure 4.1: First order PDSC receiver.




With PDSC, the N largest outputs (N < M) are weighted equally and summed to produce the
output decision variable Z;. The receiver of Figure 4.1 is a first order combiner since it sets N = 1
(PDSC1). Equal gain combining (EGC) receivers, such as the self-normalized, noise-normalized

* and linear receivers, set N = M. It is assumed that the average received signal energy at the K

antenna, denoted Ey, is identical at each of the M antennas. The output of a PDSC1 receiver then

represents (1/M)’h of the total recoverable signal energy (Ep; = Ey/M) while the output of an EGC

receiver represents the total recoverable signal energy.

Although PDSC receivers recover only a fraction of the total signal energy, they have
several advantages over EGC receivers. First, PDSC receiver performance is path independent. To
illustrate this, consider a scenario where one or more of the receive antennas are rendered
inoperable. The corresponding receivers then contribute noise only to both the signal and non-
signal branches. With EGC receivers, these noise branches contribute to the decision process
where PDSC receivers would typically ignore these branches since they choose only the branches
with the largest magnitudes. In such cases, the PDSC receiver would experience a more graceful
performance degradation in comparison to the EGC receiver. Even with all antennas operable, the
EGC receiver assumes that the spacing in between antennas is on the order of the delay between
resolvable multipath components. Such may not be the case in reality since the terrain features of
a particular geolocation dictate antenna spacing and the time delay between multipath arrivals may
change over time. The result is that PDSC receivers suffer less deleterious effects due to
noncoherent combining losses than do EGC receivers. In the case of N = 1, noncoherent combining
losses do not exist at all. In addition to performance degradation due to noncoherent combining
losses, EGC receiver complexity is path dependent since the number of receiver branches is
assumed to be equal to the number of resolvable multipath components. The number of resolvable
multipath components may vary with time and depends on geolocation. PDSC receiver complexity
is the same regardless of time or location.

For the analysis undertaken here, the receiver performance of Figure 4.1 (PDSC1) over a
Rician fading channel in the presence of pulse noise interference and AWGN is considered. The
same jammer model is assumed as before except that since the diversity is now spatial instead of

time. Assuming each of the M antennas experience the same level of jammer energy at any given
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point in time, the probability density function for the pulse noise interference now has the

following form:

P1s case I
Pr(l;) = Py case I, 4.1)
(1-p;-py)s case I

The rest of this chapter is structured as follows. The PDSC1 receiver performance over a
Rayleigh fading channel is first considered since it provides an analytical solution for the
conditional probability of bit error. The performance over a Rician fading channel is then

considered in the sequel.

A. PERFORMANCE ANALYSIS OF DS-DPSK WITH FIRST ORDER POST-
DETECTION SELECTION COMBINING OVER A RAYLEIGH FADING CHANNEL

1. Bit Error Probability for Rayleigh Fading Channel

The distribution for the random variable Z; are now considered. The probability density
function for the random variable Z; can be determined from the following relation,
Pr(z;<Z;<z+dz)) = fz(z)dz 4.2)

Expanding in terms of V., k= 1,2,....M gives

M
Prlz;<Z;<z;+dz] = Prl:(zl SVpuzg+dg) N Vi< zl:l U
i=2

M M-1
Pr|(; SV, <zy+dz) M Vy<z|u... uPr[(zlSVlMSzl+dzl) M V,,-<zl:|
i=1 : i=1

iz2
(4.3)

Since the random variables Vy; , k= 1,2,....M, are assumed independent and identically distributed

© (1id), equation 4.3 becomes




M
Pr(z;<Z,;<z+dz) = M Pr{(5; <V, <z +dz) N V;;<zg 4.4)
i=1
itk
which can be expressed as

M
Pr(z;<Z;<z;+dz) = Mfy ()dz [ ] Fy (2) (4.5)

i=1

ik
where Fy (z;) is the cumulative distribution function for the random variable V;;. The iid
assumption further lets us simplify equation 4.5 to
M-1
Pr(z;<Z,<z+dz) = Mfy ()dgFy (z) 4.6)

Comparing with equation 4.2, the probability density function for the random variable Z, is

M-1
f2(z) = Mfy ()Fp (z) @.7)
- 'The general form for the probability density function of Z; forthe N th largest of M receiver outputs
is

M!

N ! (N-1)
2@ = R Ve

(@)FS V- Fy, 1™

4.8)

Equations of this form provide the N order statistic for the random variable Z ;- A derivation of

equation 4.8 may be found in [22].

The signal branch (I = 1) conditional probability density function may be obtained for the
case of Rayleigh fading by setting o = 0 and v, = z; in equation 3.1; the result is:
1 21
fv,(z1|0:1)) = —exp| - — u(z;) 4.9
261,- 207

The conditional cumulative density function for the signal branch is given as
. §

Fy (z]0,1) = [fy, (A[0,1))d\ (4.10)
0

Substituting equation 4.9 into 4.10 and carrying out the integration yields
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21 :
FV”‘(ZIIO,I') = l—exp(— 5;7} . 4.11)
1

Substituting equations 4.9 and 4.11 into equation 4.7 produces the conditional probability density
function for the random variable Z,,

M-1
fZl(zllO,I-) = —I%—exp(— %)[1—-3@(— —Z—%H u(zy) 4.12)
20 2

1; 261;’ %1
The conditional probability density function for the non-signal branch (/ = 2) may be determined

: .2 2 .
from equation 4.12 by setting 6; = &, and z; = z,; the resultis:
J J

M-1
fzz(zz|0, Ij) = —Mfexp_(— %)[1—6){])(— —EZ—Z—J:I u(z,) (4.13)
20 2

c 20
2 2 2.

J

The conditional probability of bit error equal to Pr(z; < ZZIO, I.) is derived in Appendix C, section

C.l and is given as

M-1M-1

_ (p+n)( M M
Py(Tn0. 1)) = > XD + 1)(r+ l)x
p=0r=90
! @.14)
(1+7r)(2+Ty) )
(1+p)T'y
Ev\-1 (Ey )!
where I'y; = (—M) + [-—M) .
N 2
0 or,
The probability of bit error is then given by
3 .
P, = Y, Py(Ty|0, 1)Pr(1)) (4.15)

j=1

This last expression must be evaluated numericallﬁf.'




2. Numerical Results for Rayleigh Fading Channel
In this section, the numerical results for the performance of the PDSCI receiver over a
Rayleigh fading channel when the jammer has a fixed peak power specification (fixed p) and for

worst case jamming are presented. Figure 4.2 shows the performance curves of the PDSC1 receiver

for Ey/N = 15 dB, a diversity of M=4 and p = 0.05 with B asa pafameter. Note

-1

10 T T T T T T T

20 25 30 35 40
E/N, (dB)

Figure 4.2: Performance of PDSC1 receiver for E/Ny = 15 dB, a diversity of M =4,y = 0 and
p = 0.05 with B as a parameter.

that for Ey/N; < 17 dB, B = e produces the worst performance. Above this value, =0
produces the worst performance. This is in contrast to the self-normalized and noise-normalized
receivers where B = oo produces the worst performance for the full range of Ey/Nj. Figure 4.3

shows the performance curves of the PDSC1 receiver for Ey/Nj = 15 dB, a diversity of M = 4 and
p = 0.5 with B as a parameter. In this case B = oo produces the worst performance only for

E,/N; < 6 dB with § = 0 producing the worst performance above this value. For low signal-to-
interference ratios (Ey/Nj < 10 dB), the performance difference between the B = 0 and B = oo

cases is at most 5 dB. This difference is substantially greater for the case of p = 0.05.

70



10 T T T T T T T

E,/N,=15 dB M=4 =0 p=0.5 d—%  B=0.5

-
[o]

20 25 30 35 40
E/N, (dB)

Figure 4.3: Performance of PDSC1 receiver for Ey/N = 15 dB, a diversity of M =4, v = 0 and
p = 0.5 with B as a parameter. -

The worst case performance of the PDSC1 receiver over a Rayleigh channel is now

considered. Worst case performance was determined through numerical search where it was

determined that the worst case values of p for a particular vatue of Ey/Nj followed according to

equations 2.30 and 2.31. The value of B = 0 has been selected for ease of comparison to the other
receivers. Figures 4.4-4.6 show the perfonnanée curves of the PDSC1 receiver for diversity orders
M =134, p =0.01, 0.1, 0.25, 1 and worst case performance and E;/N; = 15 dB respectively. If
| Figure 4.4 (M = 1) is compared to Figures 2.14 and 3.9 (L = 1), it can be seen that the PDSC1

receiver produces identical performance to that of both the self-normalized and noise-normalized
receivers. Again this is not surprising since the SNR at the outputs of all receivers is the same. It
is also seen that for one antenna/no diversity (M = 1), pulse noise jamming is not effective since
the worst case performance curve coincides with the continuous jamming curve. For M =3 and M
= 4, performance degradation due to pulse noise jamming is evident since the worst case

performance curve is above the continuous jamming curve. The pulse noise jammer is seen to be




most effective in the range 10 dB < E,/N; < 30 dB. Figure 4.7 shows the worst case performance
curves of the PDSC1 receiver in the presence of pulse noise interference for diversity orders M =
1-6,E/Ny=15dB and y = 0. It is seen that for relatively high signal-to-interference ratios (Ey/
Np > 25 dB), there is performance improvement for any increase in diversity order. For diversity
orders higher than M = 3, the performance improvement is not as substantial and decreases for
increasing diversity order. For Ey/Nj < 15 dB, increasing diversity order above M=3leadstoa
slight perfoﬁnance degradation. Below Ey/N; = 5 dB, slight performance degradation occurs for
any increase of diversity order. Figure 4.8 shows a worst case performance comparison between
the self-normalized, noise-normalized, linear receivers (employing time diversity) and the PDSC1

receiver in the presence of pulse noise interference for diversity orders L = 1,4, M=1,4 (PDSC1),
E/Ny = 15 dB and v = 0. It is seen that the PDSC1 receiver performance is comparable to (and
slightly better than) the performance of the linear receiver for E,/Np < 25 dB. Above this value

where the pulse noise jammer is less effective, the linear receiver outperforms the PDSC1 receiver.
It is observed that the self-normalized receiver provides better performance against pulse noise
jamming in the range 10 dB < Ey/Nj < 25 dB. Itis seen that in the Rayleigh limit of high signal-to-

interference ratio, the PDSC1 receiver performs better than the self-normalized receiver. The

performance of all receivers at very low signal-to-interference ratios is very similar. For Ey/N; > 5
dB, the noise-normalized receiver clearly is superior to all other receivers. Figure 4.9 plots the
optimum value of p as a function of diversity order with Ey/Ng =15dB, ¥ = 0 and Ey/Njasa
parameter. It is seen that increasing diversity order higher than M = 2 for a fixed value of Ey/Np
does not force the jammer to a more continuous strategy, since the optimum value of p remains

constant.
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Figure 4.4: Performance of PDSC1 receiver for pulse jamming fractions p =1, 0.25, 0.1, 0.01 and
. worst case for diversity order M = 1, Ey/Ng=15dB and y =0.
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Figure 4.5: Performance of PDSC1 receiver for pulse jamming fractions p =1, 0.25, 0.1, 0.01 and
worst case for diversity order M = 3, E;/Ny = 15 dB and v = 0. '
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Figure 4.6: Performance of PDSC1 receiver for pulse jamming fractions p =1, 0.25,0.1,0.01 and
worst case for diversity order M = 4, E,/Ny=15dB and y = 0.
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Figure 4.7: Worst case performance of PDSC1 receiver in presence of pulse noise interference for
diversity orders M = 1-6, E,/Ng =15 dB and y = 0.
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Figure 4.8: Worst case performance comparison between self-normalized, noise-normalized,
linear and PDSCI1 receivers in the presence of pulse noise interference for diversity orders L. = 1,4,

M=1,4 (PDSC1), E;/Ny=15dB and v =0.
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Figure 4.9: Optimum value of p as a function of diversity order with E,/Ny=15dB, Y = 0 and
Ey/Nj as a parameter.

75 ‘



The performance of the PDSC1 receiver for the more general case of the Rician channel is
now investigated. In the next section, the expression for the probability of bit error is derived

followed by numerical results presented in the sequel.

B. PERFORMANCE ANALYSIS OF DS-DPSK WITH FIRST ORDER POST-
DETECTION SELECTION COMBINING OVER A RICIAN FADING CHANNEL

1. Bit Error Probability for Rician Fading Channel
The form of the probability density function for random variable Z, is given is equation

4.8 with [ = 1. The signal branch conditional probability density function for the Rician channel

may be obtained by setting v;; = z; in equation 3.1 and written as

1 1 20,/z
fv, (2|0 1)) = —fexp[— — (7 +4a2))10(—“2/_1)u(z1) (4.16)
Zolj 2(51j o1,

The conditional cumulative density function for the signal branch is given as

Z

Fy (2,]0.1) = [fy (}0,1)ah 4.17)
0

Substituting equation 4.16 into 4.17 and carrying out the integration yields

Fvu(leO, L) = I—Q[z—Oc é] (4.18)

b
(0 c
1; ¥

where Q(a, b) is Marcum’s Q-function. A derivation of equation 4.18 is given in
Appendix C, section C.2. Substituting equations 4.16 and 4.18 into equation 4.8 for [ = 1 gives

the conditional probability density function for the random variable Z, ,

M 1 20,/z
fz,(z]0.1) = 2—26xp(— F(zl+4oc2)) 10( AZ/—I)X

Gy, G, Gy,
M-1 '
20 JE;
[1 - Q(G—lj, E;:)jl u(zl) (4.19)

From equation 4.13, the conditional probability density function for the random variable Z 2 18
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_ M-1
fzz(zz|0, I) = %exp[— Z—ZZJ[I—exp(— 'zizﬂ u(z,) (4.20)
c

2, 20,, 20,,
The conditional probability of bit error equal to Pr(z; < z2|O, I.) is derived in Appendix C, section

C.3 and is given by

M-1
_ M(y+1) M Toxof o —2Y
Py (u]0,1;) = 2(2+(v+1)I“M),§0(’+1)(_1) CXP( 2+(Y+1)FM) g
> a2 +n)+ 2+n)(y+ Dl 4(y +1)yu
_([CXP( 2[ Q2+ (y+DIy :D IO[J(2+(7+1)FM)2 g

4y u(y+1) M
[1 - Q(Jz T+ Dy Jz Ty + 1)rM)] du “-21)

Equation 4.21 must be solved numerically. The recursive algorithm described in [23] can be used

for the computation of Marcum’s Q-function. The probability of bit error is then given by

. 3
P, = Pb(uIO,I-)Pr(Ij) (4.22)
j=1

This last expression must also be evaluated numerically.
2. Numerical Results for Rician Fading Channel
' In this section, numerical results for the performance of the PDSC1 receiver over a Rician
fading channei when the jammer has a fixed value of p and for worst case jamming are presented.
Figure 4.10 shows the performance curves of the PDSCI receiver for Ey/Ng=15dB, v = 5,a
diversity of M =4 and p = 0.05 with B as a parameter. Notice that for E,/N;<15dB, B = e

produces the worst performance. Above this value, B = 0 produces the worst performance.

Figure 4.11 shows the performance curves of the PDSC1 receiver for Ey/Nj = 15 dB,
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Figure 4.10: Performance of PDSC1 receiver for Ey/Ny = 15 dB, adiversity of M=4, Y = 5 and
p = 0.05 with B as a parameter.
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Figure 4.11: Performance of PDSC]1 receiver for /N = 15 dB, adiversityof M=4, ¥ = 5 and
p = 0.5 with B as a parameter.
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vy = 5,adiversityof M=4and p = 0.5 with § as a parameter. In this case B = o produces the
worst performance only for E;/Ny< 6 dB with B = 0 producing the worst performance above this

value. These results are similar to that observed for Rayleigh fading channel.
The worst case performance of the PDSCI receiver is now considered. Worst case

performance was determined through numerical search where it was determined that the worst case

values of p for a particular value of Ey/Nj followed according to equations 2.30 and 2.31. The

value of B = 0 has again been selected for ease of comparison to the other receivers. Figures 4.12-
4.14 show thé performance curves of the PDSC1 receiver for diversity orders M =1,3,4, p = 0.01,
0.1, 0.25, 1 and worst case performance, ¥ = 5 and E,/N; = 15 dB respectively. It is seen that

there is significant performance degradation due to pulse noise jamming for all diversity cases
considered. The degradation due to pulse jamming appears to increase for increasing diveréity
order since the separation between the worst case jamming curve and continuous jamming curve
grows for higher diversity order. For example, the difference between the continuous and worst

case performance curves in terms of BER for M = 1 and Ey/Nj = 20 dB is nearly half of an order
of magnitude. For M =4 and E; /Ny =20 dB, the difference is nearly 2 orders of magnitude, a 4 fold

increase in performance degradation. In contrast, for the self-normalized and noise-normalized

receivers, it was seen that performanée degradation due to pulse noise jamming was diminished as

diversity order was increased.
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Flgure 4.12: Performance of PDSC1 receiver for pulse jamming fractions p =1,0.25,0.1,0.01 and
' worst case for diversity order M =1, E,/Ng=15dB and ¥ =35.

Figure 4.15 shows the worst case performance curves of the PDSCI1 receiver in the presence of
pulse noise interference for diversity orders M = 1-6, Ey/Ng = 15 dB and y = 5. It is seen that for
E,/N; > 25 dB, there is a significant performance improvement when moving from no diversity to

a diversity of M = 2. Higher diversity order increases produce minimal change in performance. For
E,/N| < 20 dB, increasing diversity order leads to a performance degradation. Figure 4.16 plots the
worst case performance curves of the self-normalized, noise-normalized, linear receivers
(employing time diversity) and the PDSCI receiver in the presence of pulse noise interference for
diversity orders L = 1,4, M=1,4 (PDSC1), Ey/Nj = 15 dB and y = 5. It is seen that the PDSC1
receiver has nearly identical performance to that of the linear receiver over the full range of signal-
to-interference ratio. It is obvious that the PDSC1 receiver has some inherent advantages against
degradation due to pulse noise jamming over the linear receiver since it produces the same
performance utilizing one-fourth the signal energy available to the linear receiver. It is also seen
that the self-normalized receiver performs better than the PDSC1 receiver over the full range of
signal-to-interference ratios. This is in contrast to what was observed over the Rayleigh channel.

The performance of the PDSC1 receiver for low signal-to-interference ratios is either the same or
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slightly worse than that of the other receivers. Any improvements achieved against noncoherent

combining losses in comparison to the other receivers at these low signal-to-interference ratios is

not reflected in the performance curves.

10 T T T
Eb/NO=15 dB M=3

=5

worst case
p=1
p=°.25
p=0.1
p=0.01

40

Figure 4.13: Performance of PDSCI receiver for pulse jamming fractions p=1,0.25,0.1, 0.01 and
worst case for diversity order M =3, E,/Ny=15dB and y =3.
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Figure 4.14: Performance of PDSC1 receiver for pulse jamming fractions p =1, 0.25,0.1,0.01 and
worst case for diversity order M =4, Ey/Ng=15dB and ¥ = 5.
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Figure 4.15: Worst case performance of PDSC1 receiverin presence of pulse noise interference for
diversity orders M = 1-6, E;/Ny =15 dB and y =35.
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Figure 4.16: Worst case performance comparison between self-normalized, noise-normalized,
linear and PDSC1 receivers in. the presence of pulse noise interference for diversity orders L =1,4,

M=1,4 (PDSC1), Ey/Ny=15dB and y = 5.

Figure 4.17 plots the optimum value of p as a function of diversity order with E,/Ny =15

dB, vy = 5 and Ey/Nj as a parameter. In contrast to the Rayleigh channel, the PDSC1 receiver doés

in this measure reduce the effectiveness of the pulse noise jammer since the jammer is moved
towards a more continuous jamming strategy as diversity order is increased. The overall effect

however is not as dramatic as that observed for the self-normalized and noise-normalized receivers

where diversity order increases produced larger increases in p (compare to Figures 2.22 and 3.19).
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Figure 4.17: Optimum value of p as a function of diversity order with Ey/Ng=15dB,y = 5 and
Ey/Nj as a parameter.

Figures 4.18 and 4.19 show the optimum value of p as a function of y with diversity order

as a parameter with Ey/N = 15 dB for Ey/Nj equal to 20 dB and 30 dB respectively. It is seen in

both cases that for a fixed y (Y > 3), increasing diversity order through M = 5 moves the optimum

value of p higher. Increasing diversity order from M =5 to M = 6 has no further effect on the
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Figure 4.18: Optimum value of p as a function of y with diversity order as a parameter for E,/Nj
= 15 dB and E;/N; =20 dB.
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Figure 4.19: Optimum value of p as a function of y with diversity order as a parameter for E;/N,
=15 dB and E;/N; =30 dB. ‘ '




optimum value of p . This is in contrast to both the self-normalized and noise-normalized receivers

where it was observed that the optimum value of p increased for all diversity order increases with

v>3.

* C. CHAPTER CONCLUSIONS

In this chapfer, the performance of Direct Sequence Differential Phase Shift Keying (DS-
DPSK) with first order post-detection selection combining (PDSC) in a Rician fading channel in
the presence of pulsed noise interference and additive white Gaussian noise (AWGN) has been
considered. The performance over a Rayleigh fading channel was considered separately since it
provided an analytical solution for the conditional probability of bit error. In the case of the
Rayleigh channel, for a very high peak power specification (p small), jamming alternating bits
proved to be a more effective strategy than jamming adjacent bits for lower values of signal-to-
interference ratios (Ey/Nj < 17 dB). For higher values of signal-to-interference ratio, jamming
adjacent bits was shown to be most effective. For a lower peak power specification, jamming
alternating bits proved to be the most effective jamming strategy but only over a smaller range of
low signal-to-interference ratio. Similar results were observed for the case of moderate fading
(Y = 5). For either the severe or moderate fading condition, it was observed that the PDSC1
receiver was not efficacious in mitigating pulse noise jamming. It was observed that the worst case
performance curve did not move closer to the continuous jamming curve for increasing diversity
order. In addition, the value of p remained constant for increasing diversity order over the
Rayleigh channel and only increased slightly per increasing diversity order for the moderate fading
condition. In general, the efficacy of the PDSC1 receiver against pulse noise jamming improved
as the fading' condition improved (higher ).

For the Rayleigh channel it was observed that the worst case performance of the PDSC1
receiver was improved by increasing diversity order at higher values of signal-to-interference ratio.
The amount of performance improvement between diversity orders was seen to decrease as
diversity order was increased. The PDSC1 receiver demonstrated a slight performance degradation
by increasing diversity order at lower values of signal-to-interference ratio. At the moderate fading
level, performance improvement at high signal-to-interference ratio was significant between M =

1 and M = 2 with very little change for higher diversity orders. For the Rayleigh channel, it was
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observed that where the pulse noise jammer was most effective, the performance of the PDSC1
receiver for M = 4 was comparable (and slightly better) to that of the linear receiver for L = 4. In
the case of moderate fading, this result held true over the entire range of signal-to-interference
ratios considered. It was also noticed that in the Rayleigh limit, the PDSC1 receiver outperformed
the self-normalized receiver. In terms of noncoherent combining losses, any performance

improvement in comparison to the other receivers was not apparent for both the severe and

moderate fading cases.
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V. DS-DPSK WITH FIRST ORDER POST-DETECTION
SELECTION COMBINING AND L-FOLD TIME
DIVERSITY IN A FADING CHANNEL

In this chapter, the performance of DS-DPSK with first order post-detection selection
combining (PDSC1) and L-fold time diversity in a Rician fading channel in the presence of pulsed
noise interference and additive white Gaussian noise (AWGN) is considered. Consider the receiver

structure of Figure 5.1 where M attenuated and delayed replicas of the DS-DPSK transmitted
signal, denoted ry;, (1), k=1,2,...M, h= 1,2,... L are received over M antennas. The variables k and
* h represent the spatial and time indices respectively. The random variables V,; and V,, represent

the PDSC]1 receiver outputs for the signal and non-signal branch respectively. These random

variables are then equally weighted and summed over the time index to produce the receiver

outputs Z, and Z,. It is noted that for a constant bit rate system, the received replicas ry,(z)
represent (llML)th of the total recoverable signal energy (Ejy = Ey/LM) while the random

variable Z; represents ( 1/M)" of the total recoverable signal energy. It is also noted that the special

case of L = 1 produces the PDSCI1 receiver while the case of M = 1 represents the linear receiver.
It is also clear that this type of receiver has the same type of path independence as does the PDSC1

receiver since only 1 of M antennas are selected at any given point in time. In the next section, the

expressions for the probability of bit error are derived.
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A. BIT ERROR PROBABILITY
Considering the signal branch of Figure 5.1, the conditional probability density function for

the random variable V15, can be obtained from equation 4.19 by setting z; equalto v,

' | M 1 2 | (%Y1
v, vin0, 1)) = —5exp| - — (v, +407) [l 7 | X
‘ 26 26

o)
1; 1; 1;

M-1 :
200 AV
= T

j

The probability density function of the random variable V', conditioned on a bit 0 transmission

is given as
3 .
fv,,(v1a]0) = > I, (1] 0, I)Pr(I) (5.2)
1
where
Py case I
Pr(Ij) = Pas case 12 : (5.3)
(1-py=py) - case 1,

The conditional probability density function for the random variable Z, is given as

F2,51]0) = L7CLFy, viafODI) (5.4)

An analytical solution for Equation 5.4 does not exist and it must be evaluated numerically.

Considering the non-signal branch, the conditional probability density function for the

random variable V,, can be obtained from equation 4.20 by setting z, equal to v,,, and is given by

M-1 :
fVZ,,(VZth’ Ij) = %exp(— VLZ)I:I —‘e‘xp(— -1)—2—}21)] u(vyy) 5.5
- )

20 20
2 2; 2

The probability density function of the random variable V,, conditioned on a bit 0 transmission

is given as
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3
Fy, ai|0) = Y, fy, (20, 1)Pr(I)) (5.6)
j=1

The conditional probability density function for Z, is given as

F2, (|0 = LML Sy, O] 5.7)

which must also be evaluated numerically. The probability of bit error now becomes

©o oo

[ [Uf2,(z2|0)dz,) £ 7,(21|0) s (5.8)

0z

and must also be evaluated numerically.

B. NUMERICAL RESULTS
In Figure 5.2, the probability of bit error curves of the PDSCI receiver with L-fold time

diversity (M = 4, L = 4), the noise-normalized and linear receivers M =1, L = 4) and the self-
normalized receiver (M = 1, L = 4), are plotted as a function of y with no pulse noise jamming and
a bit energy to thermal noise density ratio of Ey/Ny = 15 dB. It is first noted that the performance
of the PDSC1 receiver with time diversity is relatively invariant to the fading condition being
considered. The performance difference between the most severe and benign fading conditions in
terms of the BER is approximately half an order of magnitude. This is in comparison to the other
receivers where there is several orders of magnitude difference between the two extreme cases. In
addition, it is noticed that the PDSC1 receiver approaches its Gaussian limit at approximately

¥ = 10 where the other receivers approach their Gaussian limit at approximately ¥ = 1000. Itis

‘seen that for cases of severe fading (y<3), the PDSCI receiver with time diversity provides
superior performance to the other receivers. In the Gaussian limit of all channels however where
the signal amplitude is relatively unchanged, the performance of the PDSC1 receiver with time
diversity is vastly inferior to the noise-normalized, linear and self-normalized receivers.

Figures 5.3 and 5.4 show the probability of bit error curves for the PDSC1 receiver with L-
fold time diversity (M = 4, L = 4) and linear receiver (M = 1, L = 4) with no pulse noise jamming

as a function of Ey/Nyfory = 0 and y = 5 respectively. Itis seen that for the severe fading case,
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Figure 5.2: Probability of bit error for the PDSC1 receiver with L-fold time diversity M =4, L =
4), the noise-normalized and linear receivers (M = 1, L = 4) and the self-normalized receiver, (L =

4), as a function of y with no pulse noise jamming and a bit energy to thermal noise density ratio
of E,/Nj =15 dB.

the PDSC1 receiver with time diversity provides performance superior to the linear receiver for bit

~error rates less than 107 (E,/N, > 13 dB). Above this value of BER, the linear receiver provides

a slightly better performance. It is seen that for the case of moderate fading, the range over which

the PDSCI1 receiver provides better performance in comparison to the linear receiver is reduced. -

In this case the enhanced performance region is valid for bit error rates on the order of 107 or
lower and E;/Nj > 16 dB. It is thus seen that the PDSCI receiver with time diversity requires a
minimum signal energy to thermal noise density ratio to provide improved performance over the

linear receiver.
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Figure 5.3: Probability of bit error for the PDSC1 receiver with L-fold time diversity M =4, L =
4) and linear receiver (M = 1, L = 4) as a function of E/Nj, Y = 0 with no pulse noise jamming.

-
o
)
o
»

10 14 16 18 20
E/N, (dB)

Figure 5.4: Probability of bit error for the PDSC1 receiver with L-fold time diversity M =4,L =
4) and linear receiver (M = 1, L =4) as a function of E,/Nj, Y = 5 with no pulse noise jamming.
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Numerical results for the performance of the PDSC1 receiver with time diversity for a fixed

jammer peak power specification (fixed p ) and for worst case jamming are now presented. Figures

5.5 and 5.6 show the performance curves of the PDSCI receiver for Ey/Nj = 15 dB, a diversity of

L=4,M=4and p = 0.05 with B as a parameter for y = 0 and ¥ = 5 respectively.
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Figure 5.5: Performance of PDSC1 receiver with time diversity for Ey/Ng = 15 dB, a diversity of
L=4,M=4,y = 0 and p = 0.05 with B as a parameter.

It is observed that for both fading conditions for fixed p, jamming alternating bits (B = o)
produces the worst performance for the lower values of signal-to-interference ratios (Ey/Ny < 13
dB), while jamming consecutive bits (f = 0) produces the worst performance at the higher
values. These results are similar to that observed for the PDSC1 receiver with no time diversity.

The worst case performance of the PDSC1 receiver with time diversity is now considered.

Worst case performance was determined through numerical search where it was determined that
the worst case values of p for a particular value of E;/Nj followed according to equations 2.30 and
2.31. The value of B = 0 has been selected for ease of comparison to the other receivers. Figures

5.7-5.9 show the performance curves of the PDSC1 receiver with time diversity for p =0.01, 0.1,



0.25, 1 and worst case performance, ¥ = 0 and E,/N = 15 dB for diversity orders M =4,L =1,3,4

respectively. It is seen that there is significant performance degradation due to pulse noise jamming
for all cases considered. The degradation due to pulse jamming increases dramatically from L = 1
(no time diversify) to L = 3. Itis seen that there is little performance difference between the L = 3
and L =4 curves. Figure 5.10 shows the worst case performance curves of the PDSC1 receiver with

time diversity in the presence of pulse noise interference for diversity orders L = 1-6, M = 4, Ey/
Np=15dB and y =0. It is seen that at signal-to-interference ratios below 25 dB, increasing the
time diversity order leads to a gradual performance decrease. At higher values of signal-to-
interference ratio (E,/Ny> 33 dB), any order of time di\}ersity leads to a performance improvement
compared to the case of no time diversity. It the range shown, a time diversity order of L =2 or 3

provides the best performance improvement.
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Figure 5.6: Performance of PDSC1 receiver with time diversity for Ey/Ng=15dB, a diversity of
L=4,M=4,y = 5 and p = 0.05 with f as a parameter.

Figure 5.11 plots the optimum value of p as a function of time diversity order with M = 4, E/Nj
=15dB, y = 0 and E;/Nj as a parameter. As time diversity order is increased from L =1-3,1itis

seen that the optimum value of p decreases. Above a time diversity order of L = 3, the optimum
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p remains mostly constant over the range of E;/N;. Figures 5.12 and 5.13 show the performance
curves of the PDSC1 receiver with time diversity for p = 0.01, 0.1, 0.25, 1 and worst case
performance, ¥y = 0 and Ey/Nj =15 dB for diversity orders L. =4, M = 1,3 respectively. It is again
seen that there is significant performance degradation due to pulse noise jamming for all cases
considered. The degradation due to pulse jamming increases dramatically from M =1 (no spatial
diversity) to M = 3. It is seen that there is little performance difference between the M = 3 curve
and M =4 curve (Figure 5.9). Figure 5.14 shows the worst case performance curves of the PDSC1
receiver with time diversity in the presence of pulse noise interference for diversity orders M = 1-

6,L =4, E/Ny=15dB and y =0. It is seen that at signal

E,/N_ =15 dB = = — —_——— worst case
&/ No L=1 M=4 ¥=0 ot
* —_— p=0.25
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Figure 5.7: Performance of PDSC1 receiver with time diversity for pulse jamming fractions p=1,
0.25, 0.1, 0.01 and worst case for diversity order L =1, M =4, E,/Ny=15dB and ¥ =0.

to interference ratios below 30 dB, increasing the spatial diversity order leads to a gradual

performance decrease. For E/Ny higher than this, a spatial diversity order of M = 2 provides the
best performance improvement. Figure 5.15 plots the optimum value of p as a function of spatial
diversity order with L =4, Ey/Ny = 15 dB, ¥ = 0 and E;/Nj as a parameter. As spatial diversity

order is increased, it is seen that the optimum value of p increases over the full range of signal-to-
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interference ratio, effectively forcing the jammer to a more continuous jamming strategy. Figure
5.16 plots the worst case performance curves of the self-normalized, noise-normalized, linear

receivers (L = 4) and PDSC1 receiver without time diversity (L = 1, M = 4) and with time diversity
(L =4, M = 4) in the presence of pulse noise interference with Ey/Ny =15 dB and y = 0. It is seen
that the PDSC]1 receiver with time diversity is inferior to the other diversity receivers for Ep/Ny <

28 dB. As signal-to-interference ratio is increased higher and the Rayleigh limit of the channel is
approached, the PDSC1 receiver with time diversity provides superior performance compared to

any of the other receivers. It is also noted that the PDSC1 receiver with time diversity of L =4 only

begins to approach its Rayleigh limit of P, = 5.5 X 10~ where the others have nearly converged
to their Rayleigh limits. For low values of signal-to-interference ratio (Ey/Nj < 10 dB), losses in
comparison to the PDSC1 receiver without time diversity are likely attributable to noncoherent

combining losses.
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—a— p=0.1
p=0.01 1
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-

25 30 35 40

Figure 5.8: Performance of PDSC1 receiver with time diversity for pulse jamming fractions p=1,
0.25, 0.1, 0.01 and worst case for diversity order L =3, M =4, E;/Ng=15dB and v = 0.
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Figure 5.9: Performance of PDSC1 receiver with time diversity for pulse jamming fractions p =
1,0.25, 0.1, 0.01 and worst case for diversity order L =4, M =4, E/Ny=15dB and ¥ =0.
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Figure 5.10: Worst case performance of PDSC1 receiver with time diversity in the presence of
pulse noise interference for diversity orders L = 1-6, M =4, E;/N;=15dB and y =0.
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Figure 5.11: Optimum value of p as a function of time diversity order with M = 4, E;/Ny =15dB,
v = 0 and-E;/Nj as a parameter.
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Figure 5.12: Performance of PDSC1 receiver with time diversity for pulse jamming fractions p =
1,0.25, 0.1, 0.01 and worst case for diversity orderL=4, M =1, E,/Ny=15dB and y =0.
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Figure 5.13: Performance of PDSCI1 receiver with time diversity for pulse jamming fractions p =
1,0.25, 0.1, 0.01 and worst case for diversity order L =4, M =3, E/Ny=15dB and v =0.
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Figure 5.14: Worst case performance of PDSCI receiver with time diversity in the presence of
pulse noise interference for diversity orders L =4, M =1-6, E,/Ny=15dB and ¥ =0. ‘
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Figure 5.15: Optimum value of p as a function of spatial diversity order with L = 4, Ey/No =15
' dB, ¥ = 0 and E}/Nj as a parameter.
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Figure 5.16: Worst case performance comparison between self-normalized, noise-normalized,
linear receivers (L = 4) and PDSCI1 receiver without time diversity (L. = 1, M = 4) and with time

diversity (L = 4, M = 4) in the presence of pulse noise interference with E;/Ny =15 dB and y =0.
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Figures 5.17 - 5.19 show the performance curves of the PDSC1 receiver with time diversity
for p =0.01, 0.1, 0.25, 1 and worst case performance, ¥ = 5 and E,/N, = 15 dB for divefsity
orders M = 4, L = 1,3,4 respectively. It is seen that there is significant performance degradation
due to pulse noise jamming for all cases considered. It is also noted that the worst case performance
degrades for increasing time diversity order. This is also seen in Figure 5.20 where the worst case
performance curves of the PDSC1 receiver with time diversity in the presence of pulse noise
interference for diversity orders L = 1-6, M = 4, E,/N, = 15 dB and y = 5 are shown. Here any
increase in time diversity order leads to a performance degradation over the full range of signal-to-

interference ratio.

E,/N, =15 dB L=1 M=4 =5 — worst case
, —%— p=1
—+—  p=0.25
—8a—  p=0.1
p=0.01

L i
30 35 40

20 )
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Figure 5.17: Performance of PDSC1 receiver with time diversity for pulse jamming fractions p=
1,0.25, 0.1, 0.01 and worst case for diversity order L=1,M=4,E;/Ny=15dBand y =5.

Figure 5.21 plots the optimum value of p as a function of time diversity order with M = 4, Ey/N

=15 dB, Y = 5 and Ey/Nj as a parameter. It is seen that seen that the optimum value of p
decreases for increasing time diversity order. Figures 5.22 and 5.23 show the performance curves
of the PDSC1 receiver with time diversity for p = 0.01, 0.1, 0.25, 1 and worst case performance,

Y = 5 and E,/N; = 15 dB for diversity orders L = 4, M = 1,3 respectively. It is again seen that
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there is severe performance degradatioh due to pulse noise jamming. When comparing to the case
of diversity order L = 4, M = 4 (Figure (5.9), it is noticed that performance worsens as the spatial
order is increased. This is also depicted in Figure 5.24 which shows the worst case performance
curves of the PDSC1 receiver with time diversity in the presence of pulse noise interference for
diversity orders L = 4, M = 1-6, Ey/Ny = 15 dB and y = 5. It is seen that any increase in spatial
diversity order leads to performance degradation over the full range of signal-to-interference ratio.

Figure 5.25 plots the optimum value of p as a function of spatial diversity order with L = 4, Ey/Ng
=15dB, y = 5 and Ey/Nj as a parameter. As spatial diversity order is increased, it is seen that the

optimum value of p increases over the full range of signal-to-interference ratio. This result is
similar to that which was observed for the Rayleigh fading channel. Again it is seen that although
performance worsens as the spatial order is increased, the jammer has been forced to a more
continuous jamming strategy. Figure 5.26 plots the worst case performance curves of the self-
normalized, noise-normalized, linear receivers (L = 4) and PDSC1 receiver without time diversity
(L=1,M=4) and with time diversity (L = 4, M = 4) in the presence of pulse noise interference
with E/No = 15 dB and 7y = 5. It is seen that the PDSC1 receiver with time diversity is inferior to

all other diversity receivers over the full range of signal-to-interference ratio.
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Figure 5.18: Performance of PDSC1 receiver with time diversity for pulse jamming fractions p =
1, 0.25, 0.1, 0.01 and worst case for diversity order L=3,M =4,E /Ny =15dB and ¥ = 5.
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Figure 5.19: Performance of PDSC1 receiver with time diversity for pulse jamming fractions p =
1, 0.25, 0.1, 0.01 and worst case for diversity order L =4, M =4, E,/Ny=15dB and y =5.
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Figure 5.20: Worst case performance of PDSC1 receiver with time diversity in the presence of
pulse noise interference for diversity orders L = 1-6, M = 4, E,/Ny =15 dB and y =5.
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Figure 5.215 Optimum value of p as a function of time diversity order with M =4, E,/N; = 15dB,
| ¥y = 5 and E/Nj as a parameter.
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Figure 5.22: Performance of PDSC1 receiver with time diversity for pulse jamming fractions p =
1,0.25,0.1, 0.01 and worst case for diversity order L=4,M =1, E;/Ny=15dB and v = 5.
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Figure 5.23: Performance of PDSC1 receiver with time diversity for pulse jamming fractions p =
- 1,0.25,0.1, 0.01 and worst case for diversity order L=4, M =3, Ey/Ng=15dB and ¥ = 5.
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Figure 5.24: Worst case performance of PDSCI1 receiver with time diversity in the presence of
pulse noise interference for diversity orders L=4, M =1-6, Ey/Ny=15dB and y =5.
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' dB, ¥ = 5 and E;/Nj as a parameter.
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Figure 5.26: Worst case performance comparison between self-normalized, noise-normalized,
linear receivers (L = 4) and PDSCI1 receiver without time diversity (L =1, M =4) and with time

diversity (L = 4, M= 4) in the presence of pulse noise interference with E;/Ny =15 dB and y =5.
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Figure 5.27 is a plot of the optimum value of p as a function of y with time diversity order
as a parameter for M = 4, Ey/Nj = 15 dB and E,/Ny = 10 dB. It is observed that the optimum value
of p decreases for increasing time diversity order over the full range of y. Figure 5.28 shows the
optimum value of p as a function of ¥ with.spatial diversity order as a parameter for L = 4, Ey/N
= 15 dB and Ey/N; = 10 dB. Here it is observed that the optimum value of p increases for
increasing spatial diversity order over the full range of y. Similar results are observed at a higher
value of signal-to-interference ratio (Ey/N; = 30 dB) in Figure 5.29 in the case of increasing time

diversity order with M = 4 and Figure 5.30 in the case of increasing spatial diversity order with L

= 4. These results are consistent with what was observed for the Rayleigh channel and moderate

fading channel ('y = 5).
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Figure 5.27: Optimum value of p as a function of y with time diversity order as a parameter for
M =4, E,/N; = 15 dB and E;/N; = 10 dB.
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Figure 5.29: Optimum value of p as a function of y with time diversity order as a parameter for
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C. CHAPTER CONCLUSIONS

In this chapter, the performance of Direct Sequence Differential Phése Shift Keying (DS-
DPSK) with first order post-detection selection combining (PDSC1) and L-fold time diversity in a
Rician fading channel in the presence of pulsed noise interference and additive white Gaussian
noise (AWGN) has been considered. Closed form solutions for the probability of bit error were not
available for either the Rayleigh or Rician channels so numerical solution was required. The
performance of the PDSC1 receiver with time diversity in a fading environment with no pulsé
noise jamming was investigated. It was determined that the performance of the PDSC1 receiver
- with time diversity was relatively insensitive to the fading condition in comparison to the self-
normalized, noise-normalized and linear receivers. Given a sufficient signal energy to thermal
noise density ratio, the PDSC1 receiver was shown to perform better than the other receivers under
severe and moderate fading conditions. The performance of the PDSC1 receiver with time
diversity for a fixed jammer peak power specification under severe and moderate fading conditions
was analyzed. It was determined that for both fading conditions, jarnming alternating bits produced

the worst performance for the lower values of signal-to-interference ratios, while jamming
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consecutive bits produces the worst performance at the higher values. These results are similar to
those observed for the PDSC1 receiver with no time diversity.

The worst case performance of the PDSCI receiver with time diversity was also
investigated. For either the severe or moderate fading condition, it was observed that the PDSC1
receiver with time diversity was not effective in mitigating pulse noise jamming. It was observed
that the worst case performance curve did not move closer to the continuous jamming curve for
increasing spatial diversity ordér with fixed time diversity order (L = 4) or for increasing time

diversity order with fixed spatial diversity order (M = 4). For either the Rayleigh channel or the

moderate fading condition, the optimum value of p was seen to decrease slightly for increasing
time diversity order with M = 4. A slight increase in p was observed per increasing spatial

diversity order with L = 4. This observation also held for other values of y between 0 and 10. For
the Rayleigh channel, it was seen that for signal-to-interference ratios below 25 dB, increasing the
time diversity order for a fixed spatial diversity order of M = 4 led to a gradual performance
decrease. Above this value of signal-to-interference ratio, a time diversity order of L = 2 or 3
produced a modest performance improvement. Similar results were observed when the spatial
order was varied as the time diversity order remain fixed. For moderate fading, any increase in time
or spatial diversity order led to a performance degradation. For severe and moderate fading, it was
observed that the optimum value of p decreased as time diversity order was increased for a fixed
spatial diversity order and increased as spatial diversity order was increased for a fixed time
diversity order. In the latter case, it is seen that the jammer is forced to a more continuous form of
jamming strategy. These results also hold true for 0 <y < 10. The worst case performance of the
PDSCI1 receiver with time diversity was compared with the worst case performance of the self-
normalized, noise-normalized, linear and PDSC1 receivers under severe and moderate fading
conditions. For the Rayleigh fading channel, it was seen that the PDSC1 receiver with time
diversity is inferior to the other receivers for Ey/Nj < 28 dB. As signal-to-interference ratio is
increased above this in the Rayleigh limit of the channel, the PDSC1 receiver with time diversity
provides superior performance in comparison to that of any of the other receivers. For the moderate
fading channel, it was seen that the PDSC1 receiver with time diversity was inferior to the other

receivers over the full range of signal-to-interference ratio.
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VI. DS-DPSK WITH CONVOLUTIONAL CODING AND
SOFT DECISION VITERBI DECODING

In this chapter, the performance of Direct Sequence Differential Phase Shift Keying (DS-
DPSK) with convolutional coding and soft decision Viterbi decoding in a Rician fading channel in
the presence of pulsed noise interference and additive white Gaussian noise (AWGN) is

considered. The transmitter of the coded DS-DPSK system is shown in Figure 6.1.

Convolutional 81 L-fold diversity | 8

. u
input s ol gl : :
{0,1} —— encoder and interleaving

- data

channel DS DPSK
- - spreader modulator

Figure 6.1: Transmitter model of DS-DPSK with convolutional coding and L-fold time diversity.

Here a sequence of binary information bits {u,, s = 1,2...kB} of length kB is input to the

convolutional encoder producing a coded binary data sequence {g;,/ = 1,2...nB} of length nB.
For every k information bits taken at the information bit rate, Ry, n output coded bits are produced
at the coded bit rate, R.. The time required to transmit n coded bits must be equal to the time

required to transmit k uncoded information bits. The resultant is that the coded bit rate R, = Ry/r,,

and the energy per each coded bit, denoted E; = r Eyp, where r, = k/n (r,<1) is the code rate.

The parameter B is an integer that is determined by-the length of a particular code word.
A general convolutional encoder may be implemented with k shift registers and » modulo-
2 adders. At each clock interval, k information bits are multiplexed into the first stages of the &k
shift registers, and the previous information bits are shifted one shift register stage to the right. In
a convolutional encoder, each set of n coded bits is determined by the £ data bits and between v — 1
and k(v - 1) of the preceding data bits. The parameter v is termed the constraint length of the
' convoluﬁonal code and is defined as the maximum number of shifts over which a single

information bit can effect the encoder output.
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Although convolutional codes are not necessarily finite in length, the performance analysis
initially assumes a fixed length code and is then generalized to an infinite length code. In general
coding theory, the Hamming distance represents the number of bits for which 2 code words are
different. The Hamming weight is the number of nonzero components in a code word. The

Hamming distance between 2 code words may be determined as the Hamming weight of the
modulo-2 addition of the 2 code words. In notational form, the distance between the pth code word

sequence {g§p),l= 1,2...nB} and the qth code word sequence {gfq),l= 1,2...nB} is

expressed as a’(gfp), ggq), I=1,2...n) = w(ggp) +g§Q), I =1,2...n). Convolutional codes are

linear. A linear code is one where the modulo-2 addition of any 2 code words results in another
code word. It is therefore seen that the set of Hamming distances between any one code word and
the rest of the code words is the same for all code words. Any one code word may then be selected
in considering the performance of the convolutional code then without loss of generality. The

ability of a convolutional code to perform error correction is strongly related to its minimum free

distance, d free defined to be the minimum Hamming distance between any 2 possible code words.

Convolutional codes can be characterized by a transfer function relating the input to the output
from which the minimum free distance may be ascertained. A more detailed treatment of
convolutional codes and their properties may be found in [25]. Referring again to Figure 6.1, each

bit at the output of the convolutional encoder is repeated L times producing the new binary

sequence for the ™ code word { g(p ), I=1,2...nBk =1,2...L}. This sequence is interleaved
p lk

and fed to the DPSK modulator for carrier modulation. The modulator output is then fed to the

Direct Sequence Spread Spectrum module for “spreading” before transmission over the channel.
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A block diagram of the linear receiver for the DS-DPSK coded system is shown in Figure

6.2. The sequence of events prior to decoding are seen to be exactly the same as that for the

DS DPSK

r(2) -
—® despreader demodulator

— deinterleaver

A Equal gain
u, <4— Decoder <— combining

Figure 6.2: Block diagram of the linear réceiver for the coded DS-DPSK system.

uncoded system. The only fundamental difference is that the system now operates at the coded bit
rate rather than the information bit rate.

In this analysis, a maximum likelihood estimate is sought. The Viterbi decoder is a
maximum likelihood decoder which utilizes a decoding trellis to maximize a set of path metrics.
The trellis is an efficient representation of all possible code words generated by the encoder where
each code word is represented as a path threugh the trellis. Path metrics are formed as a sum of
branch metrics, which are produced as the sum of bit metrics. In this analysis, it is assumed the

code word path is of length nB bits, where B is the number of branches along any one path and »

is the number of bits per branch. At the B™ branch node, path metrics are compared and the path
with the highest metric is selected as the correct path through the trellis. The equal gain combining
structure between the demodulator output and the input to the decoder in Figure 6.2 is shown in

Figure 6.3. The random variables forming the sequence

| {Vipwe ! =1,2...n5m=1,2...B;k =1,2...L} represent the deinterleaved, demodulator

outputs representing bit 0. The random variables forming the sequence

{(Vorme!=1,2...nym=1,2...B;k =1,2...L} represent the deinterleaved, demodulator

outputs represeﬁting bit 1. The random variables forming the sequences
{(Viewl=1,2...n5m=1,2...B} and {V,;,, [ =1,2...n;m = 1,2...B} serve as inputs to the

decoder.
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Figure 6.3: Equal gain combining structure for the linear receiver.

A maximum likelihood estimate of the path metric for the prh path may be produced by

considering the log-likelihood function

B

n
PP = 3. 3 10e(fv,, v, (Vitw Vaim|8R)) (6.1)
m=1l=1

. e e ) . .
In [5], it was shown that maximizing log(fy v, (Viim Vaim|8im )) is equivalent to
maximizing a pair of correlation metrics obtained through cross-correlation of the received signal

with the transmitted signals representing bit 0 and bit 1. Since the coupled operation of the receiver

of Figure 2.3 and combiner of Figure 6.3 producing the random variables V,;,. and V,;, may be

represented as a cross-correlation between the received signal and the transmitted signals

representing bit 0 and bit 1, a suitable correlation metric for the l’h bit of the mth branch of the pth

~path is

CMP = ([1-gP1V,,,+8 0 Vo) (6.2)

Im Im Im
This metric aligns the signal representing bit 0 with detector branch 1 and the signal branch
representing bit 1 with detector branch 2. Maximizing this metric at each bit interval over the entire
coded word sequence is performed by receivers employing hard decision decoding. In soft decision

receivers, individual bit metrics are summed over the entire the code word path before a decision
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is made. Using the correlation metric of equation 6.2 in place of log(fy v, (Vip, V21m|g(p ) ))

in equation 6.1, the path metric for the pth path may now be reexpressed as

=1l=1

Defining the branch metric for the m'™ branch of the pzh path to be

I=1

the path metric for the pzh path may be expressed as

PM® = 2 BMY (6.5)

In the error analysis, the performance of a convolutional code will be derived from the
probability of first error event. A first error event is defined as the probability that another path that
merges with the all-zero path for the first time at branch node B has a larger path metric than that

of the all-zero code word. From equations 6.2 and 6.3, the path metric for the all-zero code word is

B n
Y = 3 Y vy, (6.6)

m=11l=1

since for the all-zero code word g(p ) = 0, V(l,m). By substituting the known relation

L
Vi = 2 V1imk » €quation 6.6 can be written as
k=1

Pu? = Z 2 2 Viek ©.7)

m=1l=1k=1

Denoting the code word path length N = nB bits, equation 6.7 may now be expressed as

. N L
P = ¥ S v, 6.8)

i=1k=1
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where i is an index that runs over all bits along the path. A decoder error occurs when the path
metric for the pth path at branch node B is greater than the path metric for the all-zero path
pMP s py (6.9)

Assuming the code word for the pth path has weight d, its path metric is

d L N L
PMP =3 T vyt Y Y Vi 6.10)

i=1k=1 izd+lk=1

Rewriting equation 6.8 as

d L N L .
PMY =Y T v+ Y YV (6.11)

i=lk=1 i=d+1k=1
and substituting equations 6.10 and 6.11 into equation 6.9, it is seen that a decoding error occurs

when
d L d L
NS V> Y Y Vi (6.12)
i=1k=1 i=1lk=1
More generally, since the code is linear, the probability of decoder error between any 2 code words

with Hamming distance d is

d L d L
P,(d) = P{Z PREDIDY Vlk,-) (6.13)
i=1k=1 i=lk=1

It is seen through this relation that the coded system with L™ order time diversity is equivalent to

the uncoded system with dL" order time diversity. This statement is general and therefore applies
to any condition of fading or pulse noise jamming. In addition, since the use of the correlation
metric of equation 6.2 is applicable to the other receivers analyzed in this work, the result of

equation 6.13 extends to these other receivers. The coded noise-normalized and self-normalized
systems with L"™ order time diversity are equivalent to the respective uncoded systems with dL’
order time diversity. The coded PDSCI1 system with M order spatial diversity is equivalent to

the uncoded system with M" order spatial diversity and d™ order time diversity. The coded
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PDSC1 system with M" order spatial diversitjé and L order time diversity is equivalent to the

uncoded system with M™ order spatial diversity with dL™ order time diversity.

Since there may be many possible pairs of code words with distance d, it is more general
to consider the probability of an error event over all pairs of code words with distance d, P Ad).
P,(d) is then a union of all error events over all possible pairs of code words with distance d.
When considering the all-zero code word, this is e(iuivalent to stating that P,(d) is a union over
all possible error events between the all-zero code word and code words of weight d. ~If there are
atotal of A; possible codé words with weight d , the probability of an error event is upper-bounded
in the following way

P, (d) <A, P,(d) ' (6.14)

Since individual paths may overlap over certain portions of the code, the events forming the union
are not in general disjoint. The result is that the bound of equation 6.14 may not be very tight. This

is especially true at low values of signal-to-noise ratio. -

If the total information weight of all code words of weight d is B, the probability of bit

error for all code words of weight d is upper-bounded by
P,(d)<1B,Py(d) 6.15)

Here B,P,(d) represents the average number of bits in error and k is used as a normalization for

the total number of information bits along the path. Extending to the case of an infinite length code,
the upper bound on the unconditional probability of bit error is obtained by summing over all

possible Hamming distances, the expression for which is
P,<: Y BP,(d) (6.16)

The values of A; and B, are parameters of the transfer function of a particular code and

are available by table look-up. The best convolutional codes in terms of their distance properties
have been determined through numerical search. In the next sections, the performance of the noise-
normalized, self-normalized, PDSC1 and linear receivers is considered. Due to the numerical

complexity, the numerical analysis is not extended to the PDSC1 receiver with time diversity.
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A. PERFORMANCE ANALYSIS FOR NOISE-NORMALIZED RECEIVER AND SOFT
DECISION VITERBI DECODING

A block diagram of the DS-DPSK coded receiver system with noise-normalization is
shown in Figure 6.4. The sequence of events prior to decoding are seen to be exactly the same as

that for the uncoded system.

r(t) DS DPSK , o
»  despreader [ demodulator [ ] Noise-normalization
; —
" <—| Decoder | chlrllbiﬁfriz - deinterleaver [

Figure 6.4: Block diagram of the DS-DPSK coded receiver system with noise-normalization.

1. Numerical Results

In this section, the performance of the coded noise-normalized receiver system in a pulse
noise jamming environment is analyzed. In the numerical analysis, the worst case performance was
produced by those conditions outlined in equations 2.30 and 2.31 as was previously the case for

the uncoded system. To keep this analysis consistent with the analysis done for the uncoded
system, equation 2.31 (p; = 0, p = p,) is selected to represent worst case performance.
Performance curves for the noise-normalized receiver for diversity orders L = 1 and 4 and jammer
fractions p =0.01, 0.1, 0.25, 1 and worst case, Ey/Ng=15dB, vy = O,v=3andr, = 0.5 are
shown in Figures 6.5 and 6.6 respectively. It is seen that pulse noise jamming is not effective for

either diversity case since the continuous jamming curves correspond to the worst case

performance curves. It is seen for very high signal-to-interference ratio (Ey/Nj > 30 dB), that there

is significant performance improvement when moving from no diversity to a diversity order of L

= 4. This is clearly seen in Figure 6.7 where the worst case performance curves for the coded and
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uncoded systems are shown forL=1and 4, E/Ny=15dB,y =0,v =3 andr, = 0.5. Itis

also seen that the net performance improvement between uncoded and coded systems is

significantly greater for a diversity order of L = 4 compared to the case of no diversity for Ey/Ny>

20 dB. Figure 6.8 compares the worst case performance curves for the coded and uncoded systems

forL=1and4,Ey/Ny=15dB,y = 0,v = 5 and r, = 0.75. By comparing these to Figure 6.7,
itis seen that the performance improvement afforded by the code rate of , = 0.75 with constraint
length of v = 5 is not as great as the improvement given by the code rate r, = 0.5, constraint

length v = 3 system for any diversity case considered.

10 T T T — T T

—— worst case

N
4]

107k Eb/NO=1 5dB v=38 =0 l’c=0.5 L=1 —_—

R
0eo~

VOV
O -
-

L 1 1 N 1 .
5 10 15 20 25 30 3s 40
E/N, (dB)

Figure 6.5: Performance of noise-normalized receiver for pulse jamming fractions p=1, 0.25, 0.1,
0.01 and worst case for diversity order L =1, Ey/Ng=15dB,y=0,v = 3 and r, = 0.5.
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Figure 6.6: Performance of noise-normalized receiver for pulse jamming fractions p = 1, 0.25, 0.1,
0.01 and worst case for diversity order L =4, E,/Ng=15dB,y=0,v = 3 and r, = 0.5.
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Figure 6.7: Worst case performance comparison of coded and uncoded system for noise-
normalized receiver for diversity orders L = 1 and 4, E,/Ny=15dB,y =0, v = 3 and r, = 0.5.
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Figure 6.8: Worst case performance comparison of coded and uncoded system for noise-
normalized receiver for diversity orders L = 1 and 4, Ey/Ny=15dB,y=0,v = 5andr, = 0.75.

Performance curves for the noise-normalized receiver for diversity orders L = 1 and 4 and

jammer fractions p = 0.01, 0.1, 0.25, 1 and worst case, E;/Ny = 10dB, Yy = 0, v =5 and
r, = 0.5 are shown in Figures 6.9 and 6.10 respectively. Again it is seen that pulse noise jamming

is not effective for either diversity case. Figure 6.11 shows the worst case performance curves for
the coded and uncoded systems for L = 1 and 4, E,/Ny=10dB,y = 0,v = 5 and r, = 0.5. For

very high signal-to-interference ratio, it is again seen that the performance improvement between
uncoded and coded systems is significant with the diversity order L = 4 demonstrating the larger

net performance improvement. The amount of improvement however is not as great as was

demonstrated at Ey/Ny = 15 dB and r, = 0.5. Figure 6.12 shows the worst case performance
curves for the coded and uncoded systems for L = 1 and 4, E;/N;=10dB, vy = 0, v = 7 and
r. = 0.75. It is seen that there is very little performance difference between the coded and

uncoded systems when no diversity is employed. When diversity is utilized however, the

difference between the coded and uncoded systems is substantial. This result differs from the case
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of higher signal to thermal noise ratio and code rate (Ey/Ny = 15 dB and r, = 0.75) and lower

constraint length (v = 5) illustrated in Figure 6.8 where the difference between coded and
uncoded systems was significant for both cases of diversity (L = 4) and no diversity (L. = 1).

Performance curves for the noise-normalized receiver for diversity orders L = 1 and 4 and
jammer fractions p = 0.01, 0.1, 0.25, 1 and worst case, Ey/Ng =15dB, v = 5, v = 3 and
r. = 0.5 are shown in Figures 6.13 and 6.14 respectively. For the case of no diversity, it is seen

that pulse noise jamming is effective in the range 10 dB < E,/Nj < 30 dB. At Ey/Ny= 20 dB; it is

seen that the difference between the continuous jamming curve and the worst case performance
curve is approximately 3 dB. For the case of diversity L = 4, jammer effectiveness has been

negated. The worst case performance curves for the coded and uncoded systems are shown for L
=1and 4, E/Nyg=15dB, y=5,v=3and r, = 0.5 in Figure 6.15. The performance
improvement between the uncoded and coded systems for both diversity cases is significant with

~ the L = 4 diversity case again showing the larger net improvement. These observations also apply

to the higher code rate system worst case performance curves shown in Figure 6.16 for L = 1 and

4,E/Nyg=15dB,y =5,v =35 and r, = 0.75. These observations are similar to those made
under the Rayleigh fading analysis. Performance curves for the noise-normalized receiver for
diversity orders L = 1 and 4 and jammer fractions p = 0.01, 0.1, 0.25, 1 and worst case, Ey/Ng =
10dB,y =5,v = 5 and r, = 0.5 are shown iﬁ Figures 6.17 and 6.18 respectively. It is seen
that pulse noise jamming is not effective at eithe;r ,'diversity order. It is recalled that the pulse noise
jammer was effective at Ei/Ng=15dBandL=1fory = 5,r,=05andv = 5. The lack of
jammer effectiveness at E,/N;, = 10 dB is most likely attributable to the fact that the overall signal-

to-noise (thermal noise plus interference noise) ratio is lower. Continuous jamming is generally

more effective for this condition. Figure 6.19 shows the worst case performance curves for the
coded and uncoded systems for diversity orders L = 1 and 4, Ey/Ng=10dB, y =5, v = 5 and
r. = 0.5. The performance improvement between the uncoded and coded systems for each

diversity order is significant with again the case of L = 4 having the larger net improvement. These

observations also apply to the higher code rate system where in Figure 6.20 the worst case
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performance curves for the coded and uncoded systems are shown for L = 1 and 4, E,/N, =10 dB,
¥ =5,v =17andr, = 0.75. In the case of no diversity, this differs from that observed for the

Rayleigh channel in Figure 6.12 where the difference between the uncoded and coded systems for

Ey/Ng=10dB,v = 7 and r, = 0.75 was rather small.
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Figure 6.9: Performance of noise-normalized receiver for pulse jamming fractions p =1, 0.25, 0.1,
0.01 and worst case for diversity order L=1,Ey/Ny=10dB, Yy =0,v = S and r, = 0.5.
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Figure 6.10: Performance of noise-normalized receiver for pulse jamming fractions p = 1, 0.25,
0.1, 0.01 and worst case for diversity order L = 4, E;/Ng=10dB,y=0,v = 5 and r, = 0.5.

10 T T T T T T
Eb/N°=1O dB v=5 ¥=0 rc=0.5
- % O, -
10 \ O‘G-e
> % See ©-0-0-—0-0-0
2 N G0 6 ©©-0-000-0¢
©
o *
B 107} \ -
S x
Z N
o’ x
10~ > .
x
€ \X >
107° ~ -
P
* e 4
-
_7 ——-g—— ungogef' l;=1 TR TR e M 2 e 2 M B B K I 3 X S K
107k | — - coded, L= -
——— uncoded, t.=4
- - coded, L=4
10-9 1 ) 1 1 1 1
10 15

25 30 35 40 -
E,/N, (dB) :

Figure 6.11: Worst case performance comparison of coded and uncoded system for noise-
normalized receiver for diversity ordersL =1 and 4, Ey/Ny=10dB, y=0,v = 5and r, = 0.5.
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Figure 6.12: Worst case performance comparison of coded and uncoded system for noise-
normalized receiver for diversity orders L =1and 4,E,/Ny=10dB,y=0,v = 7 and r, = 0.75.
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Figure 6.13: Performance of noise-normalized receiver for pulse jamming fractions p = 1, 0.25,
0.1, 0.01 and worst case for diversity order L =1, Ey/No=15dB,y=5,v =3 and r, = 0.5.
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Figure 6.14: Performance of noise-normalized receiver for pulse jamming fractions p =1, 0.25,
0.1, 0.01 and worst case for diversity order L =4, Ey/Ny=15dB,y=5,v =3 and r, = 05.
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Figure 6.15: Worst case performance comparison of coded and uncoded system for noise-
normalized receiver for diversity orders L =1 and 4, E,/Ng=15dB,y=5,v = 3 and r, = 0.5.
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Figure 6.16: Worst case performance comparison of coded and uncoded system for noise-
- normalized receiver for diversity orders L =1 and 4, E,/Ny=15dB,y=5,v = Sand r, = 0.75.
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Figure 6.17: Performance of noise-normalized receiver for pulse jamming fractions p = 1, 0.25,
0.1, 0.01 and worst case for diversity order L=1, E;/Ny=10dB, y=5,v = 5 and r, ="0.5.
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Figure 6.18: Performance of noise-normalized receiver for pulse jamming fractions p=1, 0.25,
0.1, 0.01 and worst case for diversity order L=4,E,/Ng=10dB, y=5,v = Sand r, = 05.
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Figure 6.19: Worst case performance comparison of coded and uncoded system for noise-
normalized receiver for diversity orders L =1 and 4, E,/Ng=10dB,y=5,v = 5Sandr, = 05.
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Figure 6.20: Worst case performance comparison of coded and uncoded system for noise-
normalized receiver for diversity ordersL =1 and 4, E,/Ny=10dB,y=5,v = 7 and r, = 0.75.

B. PERFORMANCE ANALYSIS FOR THE PDSC1 RECEIVER AND SOFT DECISION
VITERBI DECODING FOR A RAYLEIGH FADING CHANNEL

A block diagram of the DS-DPSK/PDSCI receiver coded system is shown in Figure 6.21.
Prior to deinterleaving, it is seen that the overall receiver structure is exactly the same as the
uncoded PDSC1 receiver system. Due to the computational complexity involved in the numerical
analysis of the performance of the coded PDSC1 system, only a few cases were able to be analyzed.
The performance of the coded PDSC1 system will be compared to the coded noise-normalized,

self-normalized and linear receiver systems towards the end of the chapter.
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Figure 6.21: Block diagram of the DS-DPSK/PDSC1 receiver coded system.

C. PERFORMANCE ANALYSIS FOR THE SELF-NORMALIZED RECEIVER AND
SOFT DECISION VITERBI DECODING

A block diagram of the DS-DPSK/self-normalized receiver coded system is shown in
Figure 6.22. It is seen that the receiver structure is exactly the same as the coded noise-normalized

receiver system with the noted exception of the type of normalization.

r(t) DS DPSK o
»  despreader [ demodulator [ Self-normalization

>

&

M Equal gain

44— Decoder |-— combining — deinterleaver

Figure 6.22: Block diagram of the DS-DPSK receiver coded system with self-normalization.
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1. Numerical Results

In this section, the performance of the coded self-normalized receiver system in a pulse
noise jamming environment is analyzed. As in the case of the coded noise-normalized system, the
worst case performance for the coded self-normalized receiver system was produced by those

conditions outlined in equations 2.30 and 2.31. To keep this analysis consistent with the analysis
of the uncoded self-normalized receiver system, equation 2.31 (p; = 0, p = p,) is selected to
represent worst case performance. Performance curves for the self-normalized receiver for

diversity orders L = 1 and 4 and jammer fractions p = 0.01, 0.1, 0.25, 1 and worst case, Ey/Ny =
15dB,y = 0, v = 3 and r, = 0.5 are shown in Figures 6.23 and 6.24 respectively. It is seen

that pulse noise jamming is not effective for either diversity case since the continuous jamming

curves correspond to the worst case performance curves. It is seen for most of the range of Ey/Ng

there is significant performance improvement when moving from no diversity to a diversity order

of L = 4. This is clearly seen in Figure 6.25 where the worst case performance curves for the coded

and uncoded systems are shoWn fofL =1and4,E/Ny=15dB,y =0,v =3 and r, = 05.1In

* addition, the performance improvement between the uncoded and coded systems is significant with
the case of L = 4 demonstrating the larger net performance increase. This is similar to what was

observed for the noise-normalized receiver. Figure 6.26 compares the worst case performance

curves for the coded and uncoded systems for L = 1 and 4, Ey/Ny=15dB,y = 0, v = 5 and
= 0.75. It is seen that there is little difference between the uncoded and coded performance

curves for no diversity. In contrast, there is a significant performance improvement in favor of the

coded system over the uncoded system for L = 4 Comparing to Figure 6.25, it is seen that the

performance improvement afforded by the code rate of 7, = 0.75 with constraintlengthof v = 5

is not as great as that for the code rate r, = 0.5, constraintlength v = 3 system for any diversity

case considered. This is similar to what was observed for the noise-normalized receiver.
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Figure 6.23: Performance of self-normalized receiver for pulse jamming fractions p =1, 0.25, 0.1,
0.01 and worst case for diversity order L =1, E,/Ny=15dB,y=0,v = 3 and r, = 0.5.
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Figure 6.24: Performance of self-normalized receiver for pulse jamming fractions p =1, 0.25, 0.1,
0.01 and worst case for diversity order L =4, E,/Ng=15dB,y =0,v = 3 and r, = 0.5.
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Figure 6.25: Worst case performance comparison of coded and uncoded system for self-
normalized receiver for diversity orders L. =1 and 4, E;/Ny=15dB, y=0,v = 3 and r,

0.5.
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Figure 6.26: Worst case performance comparison of coded and uncoded system for self-
normalized receiver for diversity orders L =1and 4, E,/Ny=15dB,y=0,v = Sand r, = 0.75.

135



Performance curves for the self-normalized receiver for diversity orders L = 1 and 4 and

jammer fractions p = 0.01, 0.1, 0.25, 1 and worst case, E/Ny=10dB, vy =0, v =5 and
r. = 0.5 are shown in Figures 6.27 and 6.28 respectively. It is seen that pulse noise jamming is

ineffective for both diversity cases. Figure 6.29 shows the worst case performance curves for the
coded and uncoded systems for L =1 and 4, Ey/Ng=10dB,y =0,v =5 and r, = 0.5. Itis
seen that for Ey/Np > 15 dB, the coded systerﬁ performs better than the uncoded system for both
diversity orders with the L = 4 diversity case showing a slightly larger net performance
improvement. In comparison to the case of same code rate and higher signal-to-thermal noise ratio
(Figure 6.25), the performance improvement between uncoded and coded systems is substantially

less.

Performance curves for the self-normalized receiver for diversity orders L = 1 and 4 and

jammer fractions p = 0.01, 0.1, 0.25, 1 and worst case, E/Ng=15dB,y=5,v =3 and
r, =05 are shown in Figures 6.30 and 6.31 respectively. For the case of no diversity, it is seen

that pulse noise jamming is effective in the range 10 dB < Ey/Ny <30 dB. At E,/N;= 20 dB; it is
aiso seen that the difference between the continuous jamming curve and the worst case
performance curve is approximately 3 dB. This ié the same observation that was made for the
noise-normalized receiver. For the case of diversity L = 4, it is seen that jammer effectiveness has
been negated. The worst case performance curves for the coded and uncoded systems are shown

forL=1and 4, E/Ny=15dB,y =5,v =3 and r, = 0.5 in Figure 6.32. The performance

improvement between the uncoded and coded systems for both diversity cases is significant with
the diversity order L = 4 showing a slightly larger net improvement. Figure 6.33 shows the worst

case performance curves for the coded and uncoded systems for L = 1 and 4, E,/Nj = 15 dB,
Y =5,v =75 and r, = 0.75. Itis observed that there is significant performance improvement

between the uncoded and coded systems for both diversity cases. For the case of L = 1, this differs
from what was observed for the Rayleigh chanrel (Figure 6.26) where relatively little pérfonnance
improvement was obtained when comparing uncoded and coded systems.

Performance curves for the self-normalized receiver for diversity orders L = 1 and 4 and

jammer fractions p = 0.01, 0.1, 0.25, 1 and worst case, E,/Ng =10dB, vy =5, v = '5 and
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r. = 0.5 are shown in Figures 6.34 and 6.35 respectively. It is seen that pulse noise jamming is
not effective at either diversity order. This is similar to what was observed for the noise-normalizc;,d
receiver. Figure 6.36 shows the worst case performance curves for the coded and uncoded systems
for diveréity orders L=1and 4, E,/Ny=10dB, y=5,v = 5 and r, = 0.5. The performance
improvement between the uncoded and coded systems for each diversity order is significant. Note
however, that the coded system with no diversity actually outperforms the coded system with
diversity. For the same code rate, this is opposite to what was observed at the higher signal to
thermal noise ratio (E/Ny = 15 dB) and lower constraint length (v = 3, Figure 6.32), where the
coded system with diversity outperformed the coded system with no diversity. These results may
be explained by the additional noncoherent combining losses incurred at the lower signal-to-noise
ratio. In addition, the higher constraint length code has larger values of d, contributing more to
noncoherent combining loss. Figure 6.37 shows the worst case performance curves for the coded
and uncoded systems for L = 1 and 4, E;/N, = 10 dB,y =5,v=7andr, = 0.75. In contrast
to the previous case, it is seen that coded system with diversity now outperforms the coded system

without diversity. This can be explained by the fact that the higher code rate system suffers less

from noncoherent combining losses.

137




—— worst case
—— p=1
—_— p=0.25
Eb/N°=1O dB v=5 ¥=0 fc=0.5 L=1 —— p=0.1
k —_—— p=0.01

-3 ] 1 1 1 I

10 15 20 30 35 40

25
E/N, (dB)

Figure 6.27: Performance of self-normalized receiver for pulse jamming fractions p = 1,0.25,0.1,
0.01 and worst case for diversity order L =1, E;/Ny=10dB,y =0,v = S and r, = 0.5.
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Figure 6.28: Performance of self-normalized receiver for pulse jamming fractions p =1, 0.25,0.1,
0.01 and worst case for diversity order L =4, E;/Ny=10dB,y=0,v = 5 and r, = 0.5.
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Figure 6.29: Worst case performance comparison of coded and uncoded system for self-
normalized receiver for diversity orders L =1 a;nd 4,Ey/Ng=10dB,y=0,v = 5andr, = 0.5.
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Figure 6.30: Performance of self-normalized receiver for pulse jamming fractions p = 1, 0.25, 0.1,
0.01 and worst case for diversity order L =1, Ey/Ny=15dB,y =5,v = 3 and r, = 0.5.
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Figure 6.31: Performance of self-normalized receiver for pulse jamming fractions p=1, 0.25,0.1,
0.01 and worst case for diversity order L=4, E/Ny=15dB,y=5,v =3 and r, = 0.5.
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Figure 6.32: Worst case performance comparison of coded and uncoded system for self-
normalized receiver for diversity orders L=1and 4, E,/Ny=15dB,y=5,v = 3 andr, = 0.5.
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Figure 6.33: Worst case performance comparison of coded and uncoded system for self-
-normalized receiver for diversity ordersL =1 and 4, E,/Ny=15dB,y=5,v = Sandr, = 0.75.

T T T T T

—— worst case
—— p=1

E /N,=10dB v=5 =5 r=0.5 L=1 e ] p=0.25
s p=0.1
—— p=0.01 ]

30 35 40

25
E/N, (dB)

Figure 6.34: Performance of self-normalized receiver for pulse jamming fractions p =1, 0.25, 0.1,
0.01 and worst case for diversity order L = 1, Ey/Ng=10dB,y =5, v = 5 and r, = 0.5.

141



10 T T T T T T

——— worst case
——— p=1
Eb/N°=10 dB v=5 =5 rc=0.5 L=4 —_———— p=0.25
_1 —8— p=0.1
10 - —— p=0.01 -

Figure 6.35: Performance of self-normalized receiver for pulse jamming fractions p=1,0.25, 0.1,
0.01 and worst case for diversity order L =4, Ey/Ng=10dB, ¥y =5, v = S and r, = 0.5.
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Figure 6.36: Worst case performance comparison of coded and uncoded system for self-
normalized receiver for diversity orders L. =1 and 4, E,/Ny=10dB, Yy =5,v = 5 andr, = 0.5.
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Figure 6.37: Worst case performance comparison of coded and uncoded system for self-
normalized receiver for diversity orders L =1and 4, E;/Ny=10dB, y=5,v = 7and r, = 0.75.

D. PERFORMANCE COMPARISON BETWEEN NOISE-NORMALIZED, SELF-
NORMALIZED, LINEAR AND PDSC1 RECEIVERS FOR A RAYLEIGH FADING
CHANNEL

In this séction, a worst case performance comparison of the coded systems between the
noise-normalized, self-normalized, linear and PDSCI1 receivers over a Rayleigh fading channel in
the presence of pulse noise jamming and AWGN is presented. Figure 6.38 shows the comparison

for the parameters Ey/Ny=15dB, v = 3, r, = 0.5 with a time diversity of L = 4 for the noise-

normalized, self-normalized and linear receivers and a spatial diversity of M = 4 for the PDSC1
receiver. It is seen that the performance of the linear and PDSC1 receivers is inferior to that of
either the self-normalized or noise-normalized receivers with the noise-normalized receiver
demonstrating the better performance. It is seen that pulse noise jamming is extremely effective
against the linear receiver over the full range of E,/Nj since the performance curve for the linear
receiver has not yet converged to the performance for the Rayleigh limit of the channel. In the limit
of very high signal-to-interference ratio where the pulse noise jammer is no longer effective, it is

known from previous results that the performance of the linear receiver should equal that of the
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noise-normalized receiver. At E,/Nj = 40 dB, it is seen that performance curve for the linear

receiver in terms of its probability of bit error is still several orders of magnitude higher than that

of the noise-normalized receiver.
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Figure 6.38: Worst case performance comparison between the noise-normalized, self-normalized,
linear and PDSC1 receivers for E/Ng=15dB,Yy=0,v = 3 and r, = 0.5.

Figure 6.39 shows the comparison for the parameters E;/Ng=10dB,v =5, r, = 0.5

with a time diversity of L = 4 for the noise-normalized, self-normalized and linear receivers and a
spatial diversity of M = 4 for the PDSCI1 receiver. It is seen that the performance of the noise-

normalized receiver is clearly superior to all other receivers. It is also seen that for Ey/Nj > 38 dB,

the linear and PDSC1 receivers outperform the self-normalized receiver. At a relatively strong

signal-to-interference ratio of Ey/Ny = 20 dB however the self-normalized receiver clearly

performs better than the linear or PDSC1 receivers.
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Figure 6.39: Worst case performance comparison between the noise-normalized, self-normalized,
linear and PDSC1 receivers for Ey/Ny=10dB,y =0,v = 5 and r, = 0.5.

E. CHAPTER CONCLUSIONS

In this chapter, the performance of Direct Sequence Differential Phase Shift Keying (DS-
DPSK) with convolutional coding and soft decision Viterbi decoding in a Rician fading channel in
the presence of pulsed noise interference and additive white Gaussian noise (AWGN) has been
considered. Upper bounds on the probability of decoder error and bit error were derived. It was

shown that the operation of the coded noise-normalized, self-normalized and linear DS-DPSK
systems with L order time diversity was equivalent to the respective uncoded DS-DPSK syétems
with dL"” order time diversity. The coded PDSC1 system with M™ order spatial diversity was
shown to be equivalent to the uncoded system with M order spatial diversity and d"” order time
diversity. The coded PDSC1 system with M order spatial diversity and L™ order time diversity

was shown to be equivalent to the uncoded system with M™ order spatial diversity and dL™ order

time diversity. These results were shown to be independent of the condition of fading or pulse noise

jamming.
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In the numerical analysis of the noise-normalized receiver for the Rayleigh channel, for

E,/N, = 10 dB or 15 dB with or without diversity, it was seen that the effects of pulse noise

jamming had been completely negated. For moderate fading (y = 5), for E,/Ny = 15 dB and no
diversity, pulse noise jamming was effective. The effects of pulse noise jamming had been negated
with a diversity order of L = 4. Pulse noise jamming was seen not to be effective at the lower signal

to thermal noise ratio considered (E/Ng = 10 dB) for either case of diversity. The lack of jammer

effectiveness was attributed to the fact that the overall signal-to-noise ratio (thermal noise plus
interference ratio) was smaller, generally a better condition for continuous jamming. For both
fading conditions considered, it was seen that the net performance improvement between uncoded
and coded systems was significantly greater when diversity was employed. In addition, the net
performance improvement was greater at higher signal to thermal noise ratio. For the Rayleigh
channel at the higher code rate, E,/Ny = 10 dB and no diversity, it was seen that there was little
difference in performance between the uncoded and coded system. At the moderate fading
condition, this difference grew substantially.

In the numerical analysis of the self-normalized receiver for the Rayleigh channel, for Ey/
Ny = 10dB or 15 dB with or without diversity, it was seen that the effects of pulse noise jamming |
had been completely negated. For moderate fading, Ey/Ng =15 dB and no diversity, pulse noise
jamming was seen to be effective. These effects were negated when diversity was employed. Pulse
noise jamming was not effective at the lower signal to thermal noise ratio considered for either
diversity case considered. In contrast to what was observed for the noise-normalized receiver, the
coded self-normalized system did not always benefit from the combined use of diversity and
coding. For the Rayleigh channel, the coded system with diversity always outperformed the coded

system without diversity. For the moderate fading condition considered, it was seen that with Ey/
Ny=10dB, v = 5, and r, = 0.5, the coded system without diversity outperformed the coded

system with diversity. This was best explained by the additional noncoherent combiniﬁg losses that
could occur at the moderate fading condition with the proper combination of signal-to-noise ratio,
code rate, constraint length and diversity.

The worst case performance of the coded noise-normalized, self-normalized, linear and
PDSCI1 systems over a Rayleigh fading channel in the presence of pulse noise jamming and

AWGN were compared for a diversity of L =4 and M = 4 (PDSC1). At Ey/N = 15 dB, it was seen
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that the performance of the linear and PDSC1 receivers was inferior to that of either the self-
normalized or noise-normalized receivers With‘the noise-normalized receiver demonstrating the
better performance. At E,/N, = 10 dB, the noise-normalized receiver remained superior to all other
receivers. At very high signal-to-interference ratio, the PDSC1 and linear receivers performed
slightly better than the self-normalized receiver. ‘At lower signal-to-interference ratios, the self-

normalized receiver performed better than either the PDSCI or the linear receiver.
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VII. CONCLUSIONS

A. SUMMARY OF WORK

The performance of a Direct Sequence Differential Phase Shift-Keying (DS-DPSK) spread
spectrum system over a Rician frequency-nonselective, slowly fading channel in the presence of
pulsed noise interference and AWGN has been considered. The performance of several receiver
configurations, that of the self—norﬁmlized, noise-normalized, linear, PDSC1 and PDSC1 with time
diversity receivers has been analyzed. In addition, the performance of the coded self-normalized,
noise-normalized, linear and PDSCI1 receiver systems utilizing soft decision Viterbi decoding has
been analyzed. A wideband pulse noise interference model was employed which allowed the
possibility that either 1, 2 consecutive or no bits were jammed over the 2-bit signaling interval. For
all receiver configurations, the worst case performance as a function of the parameter p, the
fraction of time or bits the pulse noise jammer is in the “on” state was analyzed. For all receivers,

the value of p was determined through numerical search for each value of signal-to-interference

ratio. It was determined that two values of p produced identical worst case performance, but that
the variances over any 2-bit signaling interval were the same for both cases. For the uncoded

systems, the worst case performance for a fixed value of p as a function of signal-to-interference

ratio and of the parameter B, the ratio of fraction of 1-bit jammed events to 2-bit jammed events,
was also analyzed. Several measures of efficacy with respect to mitigating the effects of pulse noise
jamming for each receiver configuration were considered. The probability of bit error as a function
of signal-to-interference ratio with diversity level as a parameter was first analyzed. A particular
receiver configuration was considered effective in pulse noise mitigation if the worst case
performance curve moved closer to the continuous jamming curve as diversity level was increased.
For the uncoded systems, another measure of efficacy was determined by observing the optimum
value of p as a function of diversity and 7, the direct-to-diffuse signal energy ratio. Here, a
particular receiver configuration was considered efficient in pulse noise jamming mitigation if the
value of p increased for increasing diversity level. For all receiver configurations, it was

determined that pulse noise jamming became more effective as the signal-to-interference ratio and/
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or the value of 7y increased. The worst case performance of the receivers was compared for both
the uncoded and coded systems. |

For the uncoded self-normalized receiver system, a closed form expression for the
conditional probability density function of the random variable at the output of the normalizer prior
to combining was available. A closed form solution for the probability of bit error however was

not available and the probability of bit error had to be determined through numerical analysis. In

the numerical analysis, for fixed values of the jamming fraction p, worst case performance as a

function of the signal-to-interference ratio and 8 demonstrated that for severe and moderate'
fading, the best strategy for the jammer was to jam alternating bits rather than adjacent bits. In the
worst case performance analysis of the self-normalized receiver as a function of the parameter p,
it was determined that the self-normalized receiver was effective in mitigating the effects of pulse
noise jamming fér both severe and moderate fading conditions. For moderate fading conditions,
the optimum value of p to produce worst case performance was observed as a function of diversity.
It was seen that increasing the diversity order forced the jammer to a more continuous form of

jamming. The optimum value of p to produce worst case performance was observed as a function
of y with diversity as a parameter. It was concluded that pulse noise jamming effectiveness
increased with increasing ¥ and decreased with increasing diversity order. This was observed for

values of ¥ between 0 and 10.

The noise-normalized receiver was described to be an idealization of the self-normalized
receiver since the normalization variable contained noise only components. For the uncoded noise-
normalized receiver system, a closed form expression for the joint probability density function for
the random variables at the output of the normalizer was available. For the signal branch, the
marginal conditional probability density function for the random variable at the output of the
combiner was not available. A closed form solution to the probability of bit error was also not
available and the probability of bit error had to be determined through numerical analysis. The
numerical burden was alleviated to some degree through determination of the signal branch
marginal probability density function at the output of the combiner conditioned on homogeneous
jamming events. As was the case for the self-normalized receiver with fixed p, the best strategy

for the jammer was to jam alternating bits rather than adjacent bits for severe and moderate fading.
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In the worst case performance analysis as a function of p, the noise-normalized receiver was also
seen to be effective in mitigating pulse noise jamming. For the moderate fading condition as
diversity order was increased, the worst case performance curve moved closer to the continuous

jamming curve. The value of p also increased for increasing diversity order. Pulse noise jamming

was also seen to be more effective at higher values of y. The performance of the noise-normalized
receiver with non-ideal noise-normalization was analyzed. It was seen that if one is willing to
accept a slight degradation in performance, relatively crude measurement techniques may be
utilized. This makes the noise-normalized receiver a practical as well as effective receiver in pulse-
jammed environments.

Where the self-normalized and noise-normalized receivers utilized time diversity, the set
of PDSCI receivers utilized spatial diversity. PDSC receivers are premised on the fact that not all
multipath components of the received signal may arrive at the same antenna. Their performance is
said to be path independent since only the antenﬁa with the largest output is selected. PDSCI1
receivers have the advantage that they do not suffer noncoherent combining losses as do EGC
receivers. For the PDSCI1 receiver, a closed form solution for the conditional probability of bit
error over a Rayleigh fadihg channel was available. A closed form solution for the conditional
probability of bit error over a Rician fading channel was not available and required numerical
solution. In the case of the Rayleigh channel, fof a. Vefy high peak power specification (p small),
jamming alternating bits proved to be a more effective jamming strategy than jamming adjacent
bits for lower values of signal-to-interference ratios (E,/Nj < 17 dB). For higher values of signal-
to-interference ratio, jamming adjacent bits was shown to be most effective. For a lower peak

- power specification, jamming alternating bits proved to be the most effective jamming s&ategy but
only over a smaller range of low signal-to-interference ratio. Similar results were observed for the
case of moderate fading ('y = 5).

| For either the severe or moderate fading condition, it was observed that the PDSC1 receiver
was not effective in mitigating pulse noise jamming. It was observed that the worst case
performance curve did not move closer to the continuous jamming curve for increasing diversity

order. For the Rayleigh channel, the optimum value of p remained constant as diversity order was

increased. For the moderate fading condition, it was observed that p increased slightly as diversity

order was increased. The amount of increase was not as great as that observed for either the self-
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normalized or noise-normalized receivers however. In general, the efficacy of the PDSC1 receiver
against pulse noise jamming improved as the fading condition improved (higher 7). For the
Rayleigh channel, it was observed that the worst case performance of the PDSC1 receiver was
improved by increasing diversity order at higher values of signal-to-interference ratio. The amount
of performance improvement between diversity orders was seen to decrease as diversity order was
increased. Also for the Rayleigh channel, the PDSC1 receiver demonstrated a slight performance
degradation by increasing diversity order at lower values of signal-to-interference ratio. At the
moderate fading level, the performance improvement at high signal-to-interference ratio was
significant between M = 1 and M = 2 with very little change for higher diversity orders.

For the PDSC1 receiver with time diversity, closed form solutions for the probability of bit
error were not available for either the Rayleigh or Rician channels and required numerical solution.
The performance of the PDSC1 receiver with time diversity for a fixed jammer peak power
specification under severe and moderate fading conditions was analyzed. It was determined that
for both fading conditions, jamming alternating bits produced the worst performance for the lower
values of signal-to-interference ratios, while jamming consecutive bits produces the worst
performance at the higher values. These results are similar to that observed for the PDSC1 receiver
with no time diversity. For either the severe or moderate fading condition, it was observed that the
PDSC1 receiver with time diversity was not effective in mitigating pulse noise jamming. It was
observed that the worst case performance curve did not move closer to the continuous jamming
curve for increasing spatial diversity order with fixed time diveréity order (L = 4) or for increasing
time diversity order with fixed spatial diversity order (M = 4). For either the Rayleigh channel or
the moderate fading condition, the optimum value of p was seen to decrease slightly for increasing

time diversity order with M = 4. A slight increase in p was observed per increasing spatial

diversity order with L = 4. This observation also held for other values of y between 0 and 10. For
the Rayleigh channel, it was seen that for signal-to-interference ratios below 25 dB, increasing the
time diversity order for a fixed spatial diversity order of M = 4 led to a gradual performance
decrease. Above this value of signal-to-interference ratio, a time diversity order of L = 2 or 3
produced a modest performance improvement. Similar results were observed when the spatial

order was varied as the time diversity order remain fixed. For moderate fading, any increase in time
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or spatial diversity order led to a performance degradation over the full range of signal-to-
interference ratio. '

The worst case performance of the uncoded self-normalized, noise-normalized, linear,
PDSC1 and PDSC1 with time diversity receiver systems under severe and moderate fading
conditions were compared. For the Rayleigh fading channel, it was seen that the PDSC1 receiver
with time diversity was inferior to the other receivers for Ey/Ny < 28 dB. As the signal-to-

interference ratio was increased above E;/Nj = 35 dB in the Rayleigh limit of the channel, the

PDSCI receiver with time diversity was seen to provide the best performance of all receivers. Over
most of the range of signal-to-interference ratio considered however, the noise-normalized receiver
provided superior performance to all other receivers. The self-normalized receiver provided the
next best performance below Ey/Ny = 25 dB and was inferior to all other receivers above Ey/Np =
30 dB in the Rayleigh limit of the channel. The performances of the PDSC1 and linear receivers
were similar over the full range of signal—to-inteder_enge ratios considered. For the moderate fading
channel, it was seen that the PDSC1 receiver with tifne diversity was inferior to the other receivers
over the full range of signal-to-interference ratio. In this case, the noise-normalized receiver
provided superior performance to all other receivers with the self-normalized receiver attaining the
next best performance. The linear and PDSC1 receivers exhibited similar performances again.

In the last chapter, the performance of DS-DPSK with convolutional coding and soft
decision Viterbi decoding in a fading channel in the presence of pulsed noise interference and
additive white Gaussian noise (AWGN) was considered. Upper bounds on the probability of

decoder error and bit error were derived. It was shown that the operation of the coded noise-
normalized, self-normalized and linear DS-DPSK systems with Lth order time diversity was
| equivalent to the respective uncoded DS-DPSK systems with sth order time diversity. The coded
PDSC1 system with M order spatial diversity was shown to be equivalent to the uncoded system
with M™ order spatial diversity and d"™" order time diversity. The coded PDSCI1 system with m™
order spatial diversity and L™ order time diversity was shown to be equivalent to the uncoded

system with M™ order spatial diversity with dL" order time diversity. These results were shown

to be independent of the condition of fading or pulse noise jamming.
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In the numerical analysis of the coded noise-normalized receiver, it was seen that pulse

noise jamming was effective for the moderate fading condition at Ey/Ny = 15 dB and without

diversity. It was seen that the effects of pulse noise jamming had been negated with a diversity
order of L = 4. For both severe and moderate fading, it was seen that the net performance
improvement between the uncoded and coded syétems was significantly greater when diversity
was employed. In addition, the net performance improvement was greater at higher signal-to-
thermal noise ratio.

In the numerical analysis of the coded self-normalized receiver, it was seen that pulse noise

jamming was effective for the moderate fading condition at Ey/Ng = 15 dB and without diversity.

It was seen that the effects of pulse noise jamming had been negated with a diversity order of L =
4. In contrast to what was observed for the noise-normalized receiver, the coded self-normalized
system did not always benefit from the combined use of diversity and coding. For the Rayleigh

channel, the coded system with diversity always outperformed the coded system without diversity.

For the moderate fading condition considered, it was seen that with E,/Ny =10dB, v = 5, and
r. = 0.5, the coded system without diversity outperformed the codéd system with diversity. This

was best explained by the additional noncoherent combining losses that could occur at the
moderate fading condition with the proper combination of lower signal-to-noise ratio, code rate,
constraint length and diversity. |

The worst case performance of the coded noise-normalized, self-normalized, linear and
PDSC1 systems over a Rayleigh fading channel in the presence of pulse noise jamming and
AWGN were compared for a diversity of L =4 and M =4 (PDSC1). At E,/N, = 15 dB, it was seen
that the performance of the linear and PDSC1 feéeivers was inferior to that of either the self-
normalized or noise-normalized receivers with the noise-normalized receiver demonstrating the
better performance. At the lower signal-to-thermal noise ratio, the noise-normalized receiver
remained superior to all other receivers. At very high signal-to-interference ratio, the PDSCl and
linear receivers performed slightly better than the self-normalized receiver. At lower signal-to-
interference ratios, the self-normalized receiver performed better than either the PDSC1 or linear
receiver.

This main contributions of this work are now summarized. First a novel implementation of

a DPSK detector was successfully employed in several receiver configurations to mitigate the
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combined effects of pulse noise interference and sighal fading. A full analytical development and
numerical analyses was provided for all receiver types. As part of the modeling effort, a pulse noise
interference model was adopted which allowed for the possibility that one, two or none of the
modulated bits experienced interference. The coded operation of thé nonlinear systems were
derived in terms of an equivalent uncoded operation. This led to a straightforward approach for

which to evaluate coded system performances.

B. SUGGESTIONS FOR FUTURE WORK

In the analysis of DS-DPSK over a Rician fading channel in the presence of pulse noise
interference and AWGN, the performance of several receiver types has been considered. It has
been seen that the noise-normalized and self-normalized receivers were very efficient in mitigating
the effects of pulse noise jamming. The performance of the set of PDSC1 receivers suffered where
pulse noise jamming was most effective. The most probable cause of this outcome is the fact that
the set of M antenna outputs which form the decision statistic, experience the same level of
interference at any point in time. Therefore some output decisions will be heavily biased from the
effécts of pulse noise jamming, while others will experience little or no effect. One way to make
the decision process fairer would be to distribute the effects of pulse jamming out more equitably
amongst the bits in time. One might accomplish this by utilizing L-fold time diversity with
interleaving coupled with M-fold spatial diversity and picking the largest output over a (L x M)
sample grid. Such a configuration would also préServe the desirable quality of path independence
inherit in the PDSC1 receiver. One also might édnsider the use of the PDSC1 receiver in tandem
with either the self-normalized receiver or noise-normalized receiver.

It has been seen that closed form expressions for the probability of bit error were not always
available throughout this work. A simpler distribution for the effects of fading in terms of its
mathematical description such as the Nakagami-m distribution [30] might lead to closed form
solutions. This would also relieve some of the numerical burden encountered with the relatively
complex mathematical description of the Rician distribution. In addition, the Nakagami-m
distribution is considered a more general description of the fading phenomenon than the Rician
distribution. One of the reasons the Rician distribution is commonly used in the literature is its
intuitive appeal where the direct path signal energy and the diffuse signal energy are identified as

separate parameters of the distribution.
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APPENDIX A

The conditional density function for the random variable Z;, is derived here. From

Chapter II, recall the following relations:

w w(l-2zy;) wz1k+4(x2 20,/wzy
fz, wzipw|0,1)) = —— exp| - ———— lexp| - 1, y
40‘1j62j

262,- 261 oi_
u(w)u(zy) (A1)
F2u(zu|0.1) = [f2, wlzye wl0, 1)dw (A2)
0 .

If a substitution x = —= is made in equation A.1, equation A.2 may be reexpressed as

2
o,
2,2, 2 2 2
exp(-20,"/67 )0y, x(07,(1-213) + 63 212)
Fz,@u]0.1) = -~ [xexp|- - X
462j o 2sz
200, [xz |
IO( 2 lk)u(zlk)dx (A.3)
1;

With the application of the following relation
1,(z) = i"T (iz) (A4)

(see equation 8.406.3, page 961 of [19]), equation A.3 can be rewritten as

exp (—2&2/65)6%‘” x(ci(l -z + Gg.zlk)
fZik(zlklo’ 1) = j ijexp - j i X

2 2
40, o 265,

. i20 XZ1k . .
Jo = u(zq)dx (A.5)

i

where i = J/~1.With the application of the following relation
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“ p+ly 2

[x ? exp(-Qx)3,2ANx)dx = n!?»vexp(— %)Q’"‘V‘.ILZ(AZ/Q) (A.6)
0

(see equation 6.643.4, page 741 of [19]), A.5 can be expressed as -

exp(-207/63 )67 exp(-A2/Q)LI(AY/Q)
J J x

fz (z k 0,1,) = u(z k) (A7)
11 | J 403. o2 1
v . . 100,71
where L,(m) is the Laguerre polynomial of order n, A= .’ and
1
2 2
= 5 i
Zo'zj
With the application of the following relation
n
Q _ mfn+ Q xm
L = 3 D = (A8)
('see equation 8.970.1, page 1061 of [19]), equation A.7 may be reexpressed as
2 A
exp(-202/67)o. e /Q)(l - 5)
fzu(zlklo’ I.) = —Ix 3 u(zyz) (A.9)

40'3 Q
J

Now recall from Chapter II that the average signal energy per bit, E;, equals o + 262. Letting 7y

2
o

2
20,

equal , the ratio of direct to diffuse signal power, then the diffuse signal power, 262 , may be

. Recall also that 7. = (40.+07) and G; = ©; where
J J

By
(y+1)

equivalently expressed as

2 2 2 . . .. ) ; ' ..
G; = C,+0p for j = 1,2,3 is the total conditional noise variance, represent the total conditional
J

variances for branches 1 and 2 respectively. With the use of these relations and some algebraic

simplifications, equation A.9 can be reexpressed as

[+ DI’ +2((r + DIY*(L + (1-219) + 4 + DT (A =291
[(y+ DI +2(1 -2,

fZ,k(Zlklosl') = (
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oy,

2

) |
[2723((Y + DT)’] )Xex - 2v(1~ 25 (A.10)

[(y+ DI +2(1-z,)1 (y+ 1)1"L+2(1_zlk))“(21k)

N/ “\e2) "\
J

E Nt (B! (Ep .
where I'} = ( ) +|—1 . (-——) is the average bit energy to thermal noise density ratio and

) is the average bit energy to jammer noise power ratio for case I, j = 1,2,3.
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APPENDIX B

B.1 DERIVATION OF LAPLACE TRANSFORM OF f, (z; kIO’ 1)

The Laplace transform of f Zlk(z:1 k|0, I.) is given by

Fy (s10,1)) = [fz (210, I exp(—szy)dzyy (B.11)
0

Substituting in the expression for f Zu(zl k|0, I.) (equation 3.5) into equation B.11 yields

2 2 A 2 2
c; 201 c; 2002140 ;
— J J
Fy (5]0,1;) = - exp[ > )Jexp(—zlk(s + 20?})10 2 dzy, (B.12)

l.i Glj 0 J 1J'
By defining a new variable x = ,/z,;, equation B.12 can be rewritten as
2 2\ 2
G o 2000 .x
lek(s|0, Ij) = —'Z’exp (—g%—)jxexp(-—xz(s + ]2 J)IO[ 21 )dx (B.13)
Gy, G170 203, %y,

With the application of the following relation
L(z) = i 7J,(iz) (B.14)

(see equation 8.406.3, page 961 of [19]), equation B.13 may be rewritten as

2 2\ 2 . ‘
G . O i20.0 .x
lek(s|O,I‘) = ——;-exp(-— -z-qz—)Jxexp(—xz(s+ JZDJO( 2] de (B.15)

0 J

where i = J/—1. With the application of the following relation

oo

v+1 - _ 2 _ ﬁv __B_Z
{x exp (-Qx")J, (Bx)dx = (2g)v+lexp( 49) - (B.16)

(see equation 6.6314 on page 738 of [19]), equation B.15 may be expressed as
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2 ) 22
c; o o;
FZlk(s|0,I.) = ———-—jcs—i-—exp(- iozc )exp 162 (B.17)
26%_(.9 + _JTJ L cf,(s + —’2)
207 \ 207,

B.2 DERIVATION OF f; (z,,|0,1;) o

® i
The function f; (z1;]0,1;) " may be derived as the inverse Laplace transform of

[F, (5]0,1,)]”, defined to be

®i; " i,
Fz,@uw]0.1) 7 = [[Fz,(s10,1)] exp(szy;)ds (B.21)
0

Substituting equation B.17 into B.21,

| ®i o 207 ;)7 o> YV
1, . 7 : .
a0ty = [ foal- 2 for ST
0

207
J

oczcsz.i .
2 lexp(szy,)ds (B.22)

2

4 O;
Cp s+ —=
j 2
207,
J

Applying the known relation L{exp(~bz)f(z)} = F (s +b), where L denotes the forward

exp

Laplace transform, equation B.14 and the following relation

L{a_V/ZZV/ZJV(Z"/a_Z)} _ v1+lexp(_ ;_1) v>-1 (B.23)
s

(see equation 30 on page 185 of [20]), equation B.22 can be expressed as

i1

®i; 05 ¥ oczcs?ij ‘(_2—) cjz-zlk 20c2ij
[z, (2140, 1) =|—5 exp|— —I—- lexp|- —7 |x

4
20 c 20 c
1 1 1 1
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Li 4

oo (5) o e
2 |

1w u(zy)
0
; ,

' ®; o 62z, + 4041 Yo%z ( 2
iy _ 9 21k i | Sk
fateuloty * = Zren- [)

26} 267 Mo’
2“/6 : Zlki .
L, (;— Igj)u(zl %) (B.25)
1 -

It is now desired to express this equation in terms of the signal to thermal noise density ratio (E/
Nj) and the signal to noise interference ratio (E,/ GIZ ), where o7 is the conditional noise variance
J J
. . : 2_ 2. 2. L L
for the jammer as before. Recalling that 6; = G, + of_ is the total conditional noise variance and
J

2 2 2, . .\l L . .
). = (40 ,+0C j) is the total conditional variance for branch 1 of our receiver, the following
7

relations hold,

2
S . _+DIy (B.262)
0.%_ 2+ (y+1)I'y
o Y
- = 4 B.26b)
Gi 2+(y+ 1IN (
6> (y+1)r
~ = ALt £ (B.26¢)
Y
o
o2 : .
where 7y = — is the ratio of direct signal power to diffuse signal power and
20,

2

E vl (BT .
I = (——L) + (—L) . Substituting equation B.26a and B.26b into equation B.25 gives
o1

J
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®i (y+ DI 4vi.+ (y+ DIz
fz2, (2140, 1)) = (2 L ) (_ J L 1k)><

C+y+ D)) 22+ (y+ DT,)
() -
GRALS A CELIET)) VAR 4
4vi; W e+ + DT

B.3 DERIVATION OF LAPLACE TRANSFORM OF f, (zl (0.1 )

A

The Laplace transform of f Zu(zl k| 0,1 o?) is given by

oo

2 2
lek(s|0, Ij, csj) = jlek(zlkIO, Ij, Gj)exp(—szlk)dzlk (B.31)
0

Substituting in the expression for f, (21 klO, 7 1) (equation 3. 18) into equation B.31,

2 ’
o] 20 zlkc ]dz

A~

o> 202+

2 i o

FZ (5]0,1 7 cj) = -——}2-exp( )Iexp —Zqi| s +
2 0'1 0

o3, ; 26?
(B.32)
By defining a new variable x = ,/z;;, equation B.32 can be rewritten as
A2 2 Az -
~ C; G 2000 ;x
Fz (510,10 ) = —;—exp (— 2—)J'xexp(—x2 s+—L 0( - )d; (B.33)
1, 61,70 L 20, 01, /

Upon applying equation B.14, equation B.33 may be rewritten as

A2 2 o0 AZ . A
~ X o 12000 .x .
(s|0, 7 0'5) = —éexp(— 2—ije:xp —)c2 s+—12— 0( 2] )d) (B.34)
1

C1, C1. /o 201. Oy,

With the application of equation B.16, equation B.34 may be expressed as
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2 2 2.2
. o 0o
Fz (510,1,67) = ——J——;—exp(— %)exp —— (B.35)
cf 1 4 o?
261 S+——7 61 S+———2—
207, 20

B.4 DERIVATION OF lek(zlk|0, L, cf)

®i,;

J

The function f5 (zl k|0 L, ]) may be derived as the inverse Laplace transform of

[Fz,6s10.1, J)] defined to be

1

lek(z1k|0 ’ J) [lek(slo,lj, cf)] exp (sz)ds B.41)

O'—.g

Substituting equation B.35 into B.41 yields

A N ~ il

J

. 2 2.\ 2 )"
2 ®1i c; 207, o}
fz z1k|0, 7O =|—5 | exp|- —3 J S+—% 1| X

261,~ o1, /o 261,.
0(,2621
exp — (exp(szy;)ds (B.42)
2
4 S;
G]j s+ —2

Applying the relation LA exp(-bz)f(z2)} = F (s + b), equations B.14 and B.23, equation B.42

can be expressed as
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2 Y[ 22, 2.
5\ & o; || ci; Giz1 2071,
fz,\212]0. 1 O =|—= 7 exp|— —— exp|- —~ |X
20; C;. o o
J J J

206,
[(m’ z”‘l)z u(zy;) (B.43)

2 2 2. Y 2 2
N\ 84 o 6z +407; | 6Gzy
fz,\21£|0. 1 o; = —-exp|- X
1k Ve 2 2 2.
20, 207 401,
J J

205 /z 1,
[—’—2—”‘—’ (210) (B.44)

It is again desired to express these equations in terms of the signal to thermal noise density ratio

(Ey/N() and the signal to noise interference ratio (E,/ clzj ). Applying the following relationships:

"2 ", 2 ‘
X c./c)(y+ 1)
% - ( . 1)(71 r) L (B.452)
o7 +(y+ DI
o’ Y -
- = i B.45b
Gi_ 2+(y+ Iy ( )
) 2, 2
X o./o)(y+1)I
2 - (0j70,)tr+ Dl (B.45¢)
o Y

equation B.44 may be rewritten as

. 2,2 . 2,2
N (Zlk|0 . c;%) ®i _ ((cj/cj)(y+ 1)1“Ljexp(_ 4yi;+(0;/07)(Y + 1)F]Lz1k)><
1k >TroT

22+ (y+1ID) 22+ (y+ 1Iy)

4yi ; I (zy)  (B.46)

i-1
((c /6 23(Y + 1)rL)( ) 4(c7/05)7(y + DTy 244,
; T erenry
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B.5 DERIVATION OF LAPLACE TRANSFORM OF fy, (v, klO, 1))

The Laplace transform of f ka(vl k|0, I,) is given by

Fy (s10,1) = [fy, (1|0, 1)exp(=sv;)dvy, (B.51)
0. B

Substituting in the expression for £y, (v;;|0,1;) (equation 3.1) into equation B.51 yields
P Vi Y1k Vo 1)

2 O
1 20 1 200 vy
Fy (s[0,1) = -——Zexp(— —z)Jexp(—vlk[s+ ZDIO( 5 }dvlk (B.52)
201j 1,70 Zo'lj Jf

By defining a new variable x = ,/v;;, equation B.52 can be rewritten as
1 207 2 1 20x
Fy (5]0,1;) = —-exp (— T)jxexp (—x (s + -—ZJ}IO(—T (B.53)
o1, 61, /0 201]_ o,

With the application of equation B.14, equation B.53 may be rewritten as

2\ .
F Vu(le,I-) = —lz-exp(— Z%ijexp(—xz(s+—lgj}lo(}-2%c)dx (B.54)
Oy, S1,/0 _ 203, %,

Now by applying equation B.16, equation B.54 may be expressed as

2 2

1 ( 20, ) o
—————EXp|~ 5 [Xp|——
261(8 + —I—J Y ci’,(s + -—1—)

J

Fy (s]0,1)) = (B.55)

2 2
20 2
L °1

B.6 DERIVATION OF f, (v;|0,1,) o

. ®i; : .
The function fy (vq|0,1;) " may be derived as the inverse Laplace transform of

[Fy, (s]0,1,)]", defined to be

' ) Ri. = i
Fr,i|0.1) 7 = [[Fy, (510, 1)1 exp(svyp)ds . (B.61)
0
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Substituting equation B.55 into B.61 yields

. 2.\ .
®i; 1Y 2001; 1
fv, (V1|0 1)) = [;—Z-J exp(— — J)J(s + ——2] X
oM 1, /o 20;

J

exp (svy)ds (B.62)

By applying the relation L{exp(-b2)f(z)} = F ,(s + b) and equations B.14 and B.23, equation
B.62 can be expressed as

i,-1

J

' i 02 '(T) 2,
®i; 1 Vo, v . 20071,

Fv, (0, 1)) Y= [—7) (—4]) exp(— —%)exp(— > ’)x
201j o1, 261j o]

J

i~1 2
Gy,

J

i1
2 i) |5
( o V1k1]}vg,k2 )“(Vlk) (B.63)

' ) (1—1)
®i, 1 v, +4071i: ) v 2
froulo1) = phre(- S 2]

267 - 26;,  Nda'i
20 vlkij
Ilj—l "_2—"" u(VIk) . (B.64)
G

i
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APPENDIX C

C.1 DERIVATION OF THE CONDITIONAL PROBABILITY OF BIT ERROR FOR
PDSC1 RECEIVER OVER RAYLEIGH FADING CHANNEL

The conditional probability of bit error Pr(z; < z2|0, I.) may be expressed as

0022

Py(z1,2,[0, 1) = J_[fz 2,(21,22|0, [ )dZ1dzz (C.15)
00

Since Z, and Z, are independent random variables, equation C.15 can be written as

Py (21,250, 1)) = j[jf 2,(21|0, I;)‘:Zijzi]fzz(zﬂo, 1)dz, (C.16)
oLo

With the use of equation 4.12, the inner integral of equation C.16 becomes

2 = M-1

M % 21
jle(zllo, I,)dz, = j;—;exp(— ——2)[1—67(1{— ——ZJ] dz, (C.17)
0 Gy,

0 207, 207,

Then by applying the binomial theorem

(a+b)" = Y (")a""Pp” (C.18)
z0)

equation C.17 can be expressed as

2 A M-1 =
[£2,[0.1)dz, = | ——-—exp[ 2 Jz (M; 1)(_1)pexp(— ;—Z;-szl (C.19)
0 1;

20 (o}

Rearranging terms then gives

2, ‘ _ .
M-1 P z;(1+p)
_([le(zl|0, 1)dz, = 2( ) j ( e szl (C.110)

Carrying out the integration yields
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2, B M-1 -1 ( l)P 22(1+P)
[£2,z,|0.1)dz, = M 2( ; )(1+p) 1—exp|- 2—22|| (11
0 p=0

chj
Substituting equation C.111 into equation C.16 yields

p (1+p)
Py(25, 0} [0.1)) = j M 2 (Mp N Pp)[l exp(— %;;’—’—ﬂfzz(zz]o,lodzz
1

(C.112)

Substituting equation 4.13 into equation C.112 gives

1)? z,(1+p)
o S o 2]

20
1;

M-1
b4 z
Mz—exp(— ——22—1:1 - exp(— —-—2—2—)] dz, (C.113)
20, 20, 20,

Again applying the binomial theorem (C.18) and rearranging terms yields

M-1M-1

P, (z,, ci_, GilO, )=y > M l)pH)(M 1)(Mr 1)

p=0r=0 262(1'*' )

| {1-@@(_ Mﬂexp[_ 2% zr))dzz (C.110)
0 2"1,~ 20, A

After evaluating the integral, equation C.110 may be expressed as

M-1M-1

Pb(cl,02|0,1) = 2 2 (I\ldfp;()(lpjz))(M l)(Mr 1)

l-————— (C.111)

2
R (1+ ')0'1,.-
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Further simplifying the leading terms yields

M-1M-1

Puol o) = X 3 cn (N ) )X

p=0r=0

o1 (C.112)

(1+p)0'§
+_.____..._

2
_ (1+ r)o'lj_

Expressing equation C.112 in terms of the signal to thermal noise and signal to interference ratio
yields

M-1IM-1

P01y = 3 3 D77 hfl)(rl-\l-dl)x

p=0r=0

1- 1 (C.113)

(1+p)'y
(1 +r)(2+Tyy)

or

M-1M-1

A1) = 3 3 0P )M )x

p=0r=0

1
(1+n2+Ty

(1+p)y
E. 1 (Ey YL
where I'y, = (—M) + M )
; NO G%

C.2 DERIVATION OF EQUATION 4.18

(C.114)

Substituting equation 4.16 into 4.17 yields

Fy (4]0.1) = | —-—exp(—- —(x+4oc ))1 (2“;/7_‘)& (C.21)
20

20 c
1 1 1

171




With the application of the known relation

y 2
1 (u\r-2)/4 s +u s
FY(y) = J 2(_2) exp(— 2 }]n/2—l("/"—£——2')du (sz)
02 20 o

C. \

_ (see equation (2-1-121) of [5]) and equation (2-1-124) of [5]

—1_ofs
Fy0) = 1-0(% 2] (€23)
equation C.21 can be expressed as
_ 200 A71
Fy (z,]0,1;) = 1_Q(a.’ ;1-) (C.24)

C.3 DERIVATION OF THE CONDITIONAL PROBABILITY OF BIT ERROR FOR
PDSC1 RECEIVER OVER RICIAN FADING CHANNEL

The conditional probability of bit error equal to Pr(z; <z,|0, I;) may be expressed as

Pb(zl, Zzlo, Ij) = JEfZZ(ZZIO’ I ')dZZ]fZI(Zl IO, Ij)dzl (C.31)
0%z

Applying equation C.18 to equation 4.20, the inner integral of equation C.31 may be evaluated to
be

o M-1 r
B M-1) (1) z;(1+r)
jfzz(z2|0, 1,)dz, = M Y ( , )mexp(— o2 (C.32)
7y r=0 2j
Substituting equations 4.19 and C.32 into C.31 and simplifying the factorial terms gives
M-1 o
M M r 21(1 + r)
P, (z;]0,1)) = — ( )(—1) exp|— X
I J 26%1 r§0 r+ 1 { 26%)
M-1
20,z ( z
exp| - —17(21 + 40L2) 0 “2/_1 1-0 g—O—L, £ ] dz, (C.33)

Combining the exponential terms yields
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M M2 M . 2\ zl(l +r)0'% +G§j
o1y = 25 (M Jerf - 22 - 20
Gy,r= iZ0 1,92;

Io(za@][l_g(ae.@)]“*dzl e

) (EM . This can be

2
It is desired to put equation C.34 in terms of y = ﬁ—z and I'y; = (N_
0 o,

20,

done in several steps. Recalling that G%j = (462 + Ny + clzj ) and cgj = (No+ GIZJ_ ), the following

relations hold:

E .
2
L= oy 1)(2 +(v+1)Ty) (C.35a)
A S (C.35b)
G%,- 2 +(Y+ 1)y
2
0, 2+(y+DIy :
;z = __(—'Y—:l—)T"— (C.35¢)

With these relations, equation C.34 may be reexpressed as

_ M(y + 1) - (M r 2y
Pola| 1) = 55 G G Ty go(rir Jev'es(- main,) >
" z; R2(L+7r)+Q+r)(y+ DIy 4(y + vz
{e"P(‘ 2EM[ 2+ (v + DIy ])IO(JEM@ +(Y+ 1)1“M)2)><

M-1
iy 2 (Y +1)
[l‘QU2+(y+1)rM’ JEM(2+(7+1)I‘M))] 9z, (C36)

Letting u = E— , equation C.36 may be expressed as
M
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M-1
_ M('Y+1) M 1y _ ,—27____

P, (x]0,1)) = 2(2+(Y+1)FM),§o(r+1)( 1) exp( 2+(y+1)FM) X

- u[2(1+7)+ (24 r)(y+ DIy Ay + )yu

{exp(— 2[ 2+(y+ DIy DI({«/(2+(Y+1>FI~A[)2 )

4y u(y+1) yM-!
[1 - Q(JZ +(y+ DIy Jz +(y+ 1)FM)] du (C.37)
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