M

NAVAL
POSTGRADUATE
SCHOOL

THESIS

PERFORMANCE ANALYSIS OF WIRELESS LAN SIG-
NALS TRANSMITTED OVER A RICEAN FADING CHAN-
NEL IN A PULSED-NOISE INTERFERENCE ENVIRON-
MENT

by
Evangelos Spyrou
September 2004

Thesis Advisor: R. Clark Robertson
Second Reader: David C. Jenn

Approved for public release; distribution is unlimited




THIS PAGE INTENTIONALLY LEFT BLANK



REPORT DOCUMENTATION PAGE Form Approved OMB No. 07040188

Public reporting burden for this collection of information is estimated to average 1 hour per response, including
the time for reviewing instruction, searching existing data sources, gathering and maintaining the data needed, and
completing and reviewing the collection of information. Send comments regarding this burden estimate or any
other aspect of this collection of information, including suggestions for reducing this burden, to Washington
headquarters Services, Directorate for Information Operations and Reports, 1215 Jefferson Davis Highway, Suite
1204, Arlington, VA 22202-4302, and to the Office of Management and Budget, Paperwork Reduction Project
(0704-0188) Washington DC 20503.

1. AGENCY USE ONLY (Leave blank) | 2. REPORT DATE 3. REPORT TYPE AND DATES COVERED

September 2004 Master’s Thesis
4. TITLE AND SUBTITLE: Performance Analysis of Wireless LAN Signals 5. FUNDING NUMBERS
Transmitted Over a Ricean Fading Channel in a Pulsed—Noise Interference Envi-
ronment
6. AUTHOR(S) Evangelos Spyrou
7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING
Naval Postgraduate School ORGANIZATION REPORT
Monterey, CA 93943-5000 NUMBER
9. SPONSORING /MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSORING/MONITORING
N/A AGENCY REPORT NUMBER
11. SUPPLEMENTARY NOTES The views expressed in this thesis are those of the author and do not reflect the official
policy or position of the Department of Defense or the U.S. Government.
12a. DISTRIBUTION / AVAILABILITY STATEMENT 12b. DISTRIBUTION CODE
Approved for public release; distribution is unlimited

13. ABSTRACT (maximum 200 words)

This thesis examines the performance of the waveforms specified by the IEEE 802.11a wireless local
area network standard when the signal is transmitted over a Ricean fading channel with AWGN and pulsed—noise
interference. The pulsed interference is assumed to have constant average power and is either fading or non-
fading. The probability of bit error is conditional on the received signal-to—noise power ratio, which is modeled as
a random variable. The probability density function of this random variable is obtained either analytically or nu-
merically for each modulation type, and the probability of bit error is evaluated as the expected value of the condi-
tional probability. In one case, use is made of a new technique for the numerical inverse of the Laplace transform
in order to evaluate numerically the signal-to—noise ratio probability density function. Due to the complexity of
the analysis when both the signal and the interference are subject to Ricean fading, the analysis was simplified by
assuming Ricean signal fading with Rayleigh interference fading and vice versa. The results of the analysis show
that performance is affected by the degree of signal fading and also depends on the pulsed interference duty cycle.
The signal-to—interference power ratio affects the way performance depends on these two factors.

14. SUBJECT TERMS IEEE 802.11a, Wireless, Local Area Network, Signal-to—Noise Power 15. NUMBER OF
Ratio, Ricean Fading Channel, Rayleigh Interference Signal Fading, Signal-to-Interference | PAGES
Power Ratio, Probability Density Function, AWGN, Pulsed—Noise Interference o1
16. PRICE CODE
17. SECURITY CLASSIFI- 18. SECURITY CLASSIFICA- 19. SECURITY CLAS- 20. LIMITATION
CATION OF REPORT TION OF THIS PAGE SIFICATION OF AB- OF ABSTRACT
STRACT
Unclassified Unclassified Unclassified UL
NSN 7540-01-280-5500 Standard Form 298 (Rev. 2-89)

Prescribed by ANSI Std. 239-18



THIS PAGE INTENTIONALLY LEFT BLANK

i



Approved for public release; distribution is unlimited

PERFORMANCE ANALYSIS OF WIRELESS LAN SIGNALS TRANSMITTED
OVER A RICEAN FADING CHANNEL IN A PULSED-NOISE INTERFERENCE
ENVIRONMENT

Evangelos Spyrou
Captain, Hellenic Air Force
B.S.E.E., Hellenic Air Force Academy, 1992

Submitted in partial fulfillment of the
requirements for the degree of

MASTER OF SCIENCE IN ELECTRICAL ENGINEERING
and
MASTER OF SCIENCE IN SYSTEMS ENGINEERING

from the

NAVAL POSTGRADUATE SCHOOL

September 2004
Author: Evangelos Spyrou
Approved by: R. Clark Robertson
Thesis Advisor

David C. Jenn
Second Reader

Dan C. Boger
Chairman, Department of Information Science

John P. Powers
Chairman, Department of Electrical and Computer Engineering

il



THIS PAGE INTENTIONALLY LEFT BLANK

v



ABSTRACT

This thesis examines the performance of the waveforms specified by the /EEE
802.11a wireless local area network standard when the signal is transmitted over a Ricean
fading channel with AWGN and pulsed—noise interference. The pulsed interference is as-
sumed to have constant average power and is either fading or non-fading. The probability
of bit error is conditional on the received signal-to—noise power ratio, which is modeled
as a random variable. The probability density function of this random variable is obtained
either analytically or numerically for each modulation type, and the probability of bit er-
ror is evaluated as the expected value of the conditional probability. In one case, use is
made of a new technique for the numerical inverse of the Laplace transform in order to
evaluate numerically the signal-to—noise ratio probability density function. Due to the
complexity of the analysis when both the signal and the interference are subject to Ricean
fading, the analysis was simplified by assuming Ricean signal fading with Rayleigh inter-
ference fading and vice versa. The results of the analysis show that performance is af-
fected by the degree of signal fading and also depends on the pulsed interference duty cy-
cle. The signal-to—interference power ratio affects the way performance depends on these

two factors.
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EXECUTIVE SUMMARY

The objective of this thesis was to investigate the performance of wireless local
area networks implemented according to the /EEE 802.11a standard when the signal is
transmitted over a Ricean fading channel with AWGN and noise—like, pulsed interfer-

€nce.

Initially, we assumed that only the signal was affected by fading. In order to
evaluate the performance under these channel conditions, we utilized analytic expressions
derived in a previous work that describe performance when the signal is transmitted over
a Ricean fading channel with AWGN. These formulas where modified to accommodate
the presence of noise—like interference in the channel, and then they were used to nu-
merically evaluate the performance in terms of the probability of bit error. Both the non—
coded and coded cases were examined. Also, both hard decision and soft decision decod-
ing were investigated. Quite crucial for the numerical evaluation of the performance with
soft decision decoding was the numerical inverse of the two—sided Laplace transform.
The results of the analysis indicated that performance depends on the degree of signal

fading and on the pulsed interference duty cycle.

Next, we assumed that both the transmitted signal and the noise—like interference
are subject to Ricean fading and that the interference power is significantly greater than
the AWGN power. The attempt to evaluate the performance for the general case proved
quite complicated. Therefore, we examined two specific cases, which simplified the
complicated general case. Specifically, we investigated the performance when the signal
encounters Rayleigh fading and the interference is subject to Ricean fading, and when the
signal is subject to Ricean fading and the interference subject to Rayleigh fading. We ex-
amined both the non—coded and the coded case, but the investigation of the coded signal
performance was limited to hard decision decoding due to the complexity of computing
performance with soft decision decoding. For the first case, the analysis showed perform-

ance dependence on the interference duty cycle, but not on the degree of the interference

X1X



fading. In the second case, the investigation indicated that performance depends on the
degree of signal fading and on the pulsed interference duty cycle in a way similar to the

case of non—fading interference.
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I. INTRODUCTION

A. OBJECTIVE

The IEEE 802.11a wireless local area network (WLAN) standard is one of the
predominant WLAN standards. It supports variable bit rates up to 54 Mbits/sec and has

been adopted by many users in various fields, both military and civilian.

The objective of this thesis was to investigate the performance of this WLAN
standard when the signal is transmitted over a fading channel with additive white Gaus-
sian noise (AWGN) and noise-like interference. The fluctuation of the received signal
due to fading is modeled with the Ricean distribution. The interference signal is assumed
to be turned on and off systematically (i.e., pulsed) with constant mean power, which
makes the instantaneous interference power inversely proportional to the interference
duty cycle (or, equivalently, the instantaneous signal-to—interference power ratio directly
proportional to the interference duty cycle). Both cases of non—fading and fading inter-
ference were investigated to the extent that the complexity of the analysis for each case
made that feasible.

B. RELATED RESEARCH

The performance of an /IEEE 802.11a receiver for signal transmitted over a Naka-
gami fading channel with AWGN has been investigated in [1]. In [2] the performance of
IEEFE 802.11a receivers was evaluated for a signal transmitted over a Nakagami fading
channel with AWGN and non—fading, pulsed noise—like interference. This work was ex-
tended in [3] which examined the performance of IEEE 802.11a receivers for signals
transmitted over a Nakagami fading channel with AWGN and fading, pulsed noise—like

interference.

In [4] Kao investigated the performance of IEEE 802.11a receivers when the sig-
nal is transmitted over a Ricean fading channel with AWGN. This thesis is based on his
findings and extends the evaluation to the case of a Ricean fading channel with AWGN

and pulsed, noise—like interference when the interference is non—fading or fading.



C. THESIS ORGANIZATION

This thesis is divided into five chapters. Following this introduction, Chapter II
presents a short review of relevant theory; specifically, the Ricean distribution and the
properties of the waveforms specified by the /EEE 802.11a standard. In Chapter 11 we
evaluate the performance of each waveform when the signal is transmitted over a Ricean
fading channel with AWGN and pulsed, noise—like interference. We examine both the
non—coded and the coded case. In Chapter IV we investigate the performance of each
waveform when, apart from the transmitted signal, the pulsed, noise—like interference is
also subject to Ricean fading. Due to the complexity of the analysis, the evaluation in
Chapter IV is limited to two specific cases (Rayleigh signal fading with Ricean interfer-
ence fading and Ricean signal fading with Rayleigh interference fading), and we examine
only hard decision decoding for the coded case. Finally, in Chapter V the findings are

summarized along with some recommendations for further research.



II. THEORY REVIEW

A. INTRODUCTION

This chapter contains a brief review of the Ricean distribution, which is used in
this thesis to model the fading channel, along with a description of the I[EEE 802.11a

waveforms’ modulation and encoding.

B. THE RICEAN FADING MODEL

The Ricean fading model, which we selected for our study, is used when a deter-

ministic component (line—of—sight or reflected) is present in the received signal in addi-
tion to the random multipath components. The amplitude \/EaE of the received signal is

modeled as a random variable with probability density function (pdf) given by [5]

fi (ac)zc‘;; exp[— "3;2“2}10(“‘3) u(a,) 2.1)

(o} O

where

E (af) =a’ =a’ +20" is the average received signal power,

207 is the power of the multipath component of the signal,
o’ is the power of the deterministic component,

I,(*) is the modified Bessel function of the first kind of order zero, and

u(a,) is the unit step function.

In order to quantitatively describe the power in the deterministic component rela-

tive to the power in the multipath component, the Ricean {—factor is defined [5, 12] as

the ratio of the power in the deterministic component to the power in the multipath com-

ponent. When { — oo, (2.1) approaches a Gaussian pdf (deterministic component only),
while, when {— 0, (2.1) approaches the Rayleigh distribution (multipath component

only).



After some manipulations, (2.1) can be written in terms of the average received

signal power and the {—factor as

_(¢#0a [ (Geaa) (8
Jfi(a)= = o = b 25y J@ e

Figure 1 is a plot of Equation (2.2) for various values of ¢ and for s =1.
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Figure 1. Ricean probability density function.

C. WAVEFORM PROPERTIES
1. Modulation Types

The IEEE 802.11a standard specifies an orthogonal frequency-division multiplex-
ing (OFDM) system with BPSK, QPSK, 16-QAM and 64—QAM used for the modulation
of the sub—carriers. These modulation techniques offer bandwidth efficiency along with
ease of implementation. Figure 2 shows the constellation mapping for the sub—carrier

modulation techniques [6].
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Figure 2. BPSK, QPSK, 16-QAM and 64-QAM constellation bit encoding [From

Ref. 6.].



2. Forward Error Correction (FEC)

In order to reduce the effect of multipath channels on the system’s performance,
forward error correction coding is employed. The original bit stream is used to create an
encoded bit stream which allows correction of errors to an extent depending on the code
used. The /IEEE 802.11a standard specifies that data are encoded with a convolutional

encoder of coding rate r =1/2 and constraint length v="7 that uses the industry-standard

generator polynomials g, =133, and g, =171; [6] (Figure 3).

y  Dutput data &

Imput data —ee T = T, [ Ty Ty,
Figure 3. Convolutional encoder with v=7 [From Ref. 6.].

Higher code rates ( =2/3 and r =3/4) are achieved by “puncturing” the r =1/2

code, i.e., by omitting some of the encoded bits in the transmitter (thus, increasing the
coding rate) and inserting a dummy zero metric in their place on the receiver side. Table
1 shows the combinations of data rates, modulation types and coding rates specified by

the IEEE 802.11a standard.



Table I.  Rate Dependent Parameters [From Ref. 6.].

l()l\z/llt;‘i:;g Modulation Code rate

BPSK 2

BPSK 3/4
12 QPSK 12
18 QPSK 3/4
24 16-QAM 12
36 16-QAM 3/4
48 64-QAM 23
54 64-QAM 3/4

D. SUMMARY

In this chapter we presented the Ricean fading model that describes the fading
channel examined in this thesis. We also presented the sub—carrier waveforms and the
forward error correction coding schemes specified by the /JEEE 802.11a LAN standard.
In the next chapter, we will examine the performance of these waveforms and coding
schemes when the signal is transmitted over a Ricean fading channel with AWGN and

pulsed—noise interference.
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III. PERFORMANCE FOR A RICEAN FADING CHANNEL WITH
AWGN AND PULSED-NOISE INTERFERENCE

A. INTRODUCTION

This chapter describes the performance evaluation of the OFDM sub—carrier
modulations implemented in the /EEE 802.11a standard when the signal is transmitted
over a Ricean fading channel with additive white Gaussian noise (AWGN) and pulsed
noise—like interference. Only the signal is assumed subject to fading. Both the non—coded
and the coded cases with both hard decision decoding (HDD) and soft decision decoding
(SDD) are examined, although the SDD analysis is limited to BPSK/QPSK due to the
complexity of analyzing non—binary modulation combined with binary error correction
codes.

B. WITHOUT FEC
1. BPSK/QPSK

The probability of bit error for BPSK/QPSK systems in AWGN and with no fad-

ing is given by
2E,
I =Q[ —bj (3.1

where Q(O) is the O—function defined as

Q(z):\/%c_[exp(_; Jdﬂ (3.2)

and E,/N, is the per bit signal-to—noise ratio. Equivalently, (3.1) is given by [7]

B ZQ[ 2;2] (3.3)

where o is the noise power and x/iac is the amplitude of the received signal.

In a Ricean fading channel, the received signal amplitude is modeled as a random

variable having a Ricean probability density function, i.e., [5]

2




where
E(af)zot2 +207,
20° is the power of the multipath component of the signal,

o’ is the power of the deterministic (line—of-sight or reflected) component, and

1, is the modified Bessel function of the first kind of zero order.

The probability in (3.3) is conditioned on the random variable a,. Therefore, the

probability of bit error when the signal is transmitted over a Ricean fading channel is the

expected value of the conditioned probability in (3.3) over all potential values of a_, i.e.,
R=[R(a)f, (a)da. (3.5)
0

In [4], it is shown that the probability in (3.5) is
B ! 6 +1 exp(—ﬁj (3.6)

T2 fr(1.240.18) B¢+ Zot g +1
where
_ a+20°
== = 3.7
Vb p (3.7)
is the average per bit signal-to—noise power ratio and
2
a
= 3.8
e = (3.8)

is the ratio of deterministic—to—multipath signal power.

In the presence of interference, the noise power is the sum of the AWGN and the
interference power since the AWGN and the interference noise are modeled as independ-

ent random processes. Hence,

_  a+20
Vo :m. (39)
0 I
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We make the assumption that the average interference power is constant, regard-
less of the interference pulse duration determined by the interference duty cycle coeffi-

cient p (0 < p <1). Then, when interference is present

_ ' +20° 1
Vb = . o (3.10)
oy + ?1 Oo + 70
o’ +20°
By defining
2 2
SNR =% 29 3.11)
0o
and
a’ +20°
SIR=—F+—, 3.12
o (3.12)
then, when pulsed interference is present along with AWGN, we can express (3.10) as
- + -
SNR pSIR

The pulsed interference may or may not affect a particular transmitted symbol

with probability p or (1- p), respectively. As a result,

B, = Pr(interference and AWGN)- R (interference and AWGN)

+Pr(AWGN): B (AWGN) 314

where Pr(interference and AWGN) = p and B (interference and AWGN), B (AWGN)

are computed from (3.6) by setting 7, = SNIR and ), = SNR, respectively.

The probability of bit error vs. SIR for BPSK/QPSK transmitted over a Ricean
fading channel with AWGN and pulsed noise—like interference is plotted in Figure 4 for
various values of the parameter ¢ and for p =0.5. The SNR is 32 dB, which, in the ab-

sence of interference, yields a probability of bit error on the order of 10* for £ =1. As
expected, performance improves as ¢ increases, i.e., as the signal experiences less fad-
ing.

11
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Figure 4. BPSK/QPSK in Ricean channel with AWGN and pulsed—noise interfer-
ence (p=0.5).

In Figure 5, the probability of bit error vs. SIR is plotted for { =1 and { =10 and
various values of p (SNR =32 dB). For strong fading (£ =1), the variation of the inter-
ference duty cycle, p, does not have an effect on F, for SIR >15 dB. Furthermore, while
for ¢ =1 the worst performance occurs for p =1 (continuous interference), when ¢ =10
(milder fading) and SIR >5 dB, the worst performance occurs for small values of the in-

terference duty cycle (p =0.1).
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Figure 5. BPSK/QPSK in a Ricean channel with AWGN and pulsed—noise interfer-
ence.
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2. M-QAM

The probability of bit error for M—QAM systems with a square constellation is
given [5] by

3_4(1—;/MJQ[ ;{1%]{1_(1_&}2[ M&il%ﬂ (3.15)

where
M =27 is the size of the constellation,

g 1is the number of bits per symbol, and
E,/N, = a / o, is the per bit signal-to—noise power ratio.

In a Ricean fading channel, (3.15) is conditioned on the random variable a., with
the probability density function given by (3.4). Then, the probability of bit error is the

expected value of (3.15) over all potential values of .. In [4], it was shown that this

probability is

1 397
4(1_\/ﬂj eXp(_g 3q7 +2(M —1)(§+1)J

3g7, +2(M -1)(¢ +1)
q\/ﬂ Wz(M ~-1)(¢+1)

) 3 (3.16)
1 qa7s
2l1-—— | exp| - ——
) ( \/ﬂ) ( 3q7b+2(M—1)(é"+1)]
3g7, +(M -1)(< +1)
(M -1)(+1)
where 7, is the average per bit signal-to—noise power ratio given by (3.7) and

¢,=2.6+0.1C.

B ~

2

To obtain the probability of bit error in the presence of pulsed—noise interference,
it is again necessary to consider the two (distinct) events of symbol-with—interference

and symbol-without—interference as represented by (3.14).
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a.  16-QAM

The probability of bit error vs. SIR for 16-QAM transmitted over a Ricean
fading channel with AWGN and pulsed noise—like interference is plotted in Figure 6 for
various values of the parameter ¢ and for p =0.5. The SNR is 34 dB, which, in the ab-

sence of interference, yields a probability of bit error on the order of 107 for £ =1. In
Figure 7, the probability of bit error is plotted against SIR for =1 and { =10 and for

various values of p (SNR =34 dB).

As with BPSK/QPSK, there is improvement in performance when ¢ in-
creases, although improvement is not significant for SIR <10 dB. For ¢ =1, there is no

effect on B, when p is varied and SIR > 20 dB. At higher values of ¢ and for

SIR >10 dB, it is the small values of p that represent the worst case from the P, point of

View.
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Figure 6. 16-QAM in Ricean channel with AWGN and pulsed—noise interference
( p= 0.5).
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Figure 7. 16-QAM in Ricean channel with AWGN and pulsed—noise interference.
b. 64-QAM

The probability of bit error vs. SIR for 64—QAM transmitted over a Ricean
fading channel with AWGN and pulsed noise—like interference is plotted in Figure 8 for
various values of the parameter { and for p =0.5. The SNR is 38 dB, which, in the ab-

sence of interference, yields a probability of bit error on the order of 10 for ¢ =1. In
Figure 9, the probability of bit error vs. SIR is plotted for various values of p and for
¢ =1, {=10(SNR =38 dB).

As with BPSK/QPSK and 16-QAM, the performance improves when £
increases and SIR >13 dB. At higher values of ¢ and for SIR >15 dB, small values of p
represent the worst case with respect to F,. Variations of p have no effect on £, for low

values of ¢ (strong fading) and SIR > 23 dB.
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Figure 8. 64—QAM in Ricean channel with AWGN and pulsed—noise interference
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Figure 9. 64—QAM in Ricean channel with AWGN and pulsed—noise interference

C.  WITH CONVOLUTIONAL CODING AND HARD DECISION DECOD-
ING (HDD)

The probability of bit error with convolutional coding is upper—bounded by [8]

13,<% > BP (3.17)

d=d e
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where
k 1s the number of data bits used to encode n channel bits,
dj. 15 the free distance of the code,

B, are coefficients that depend on the code and represent the sum of all possible

bit errors that can occur when the all-zero sequence is transmitted and a path of weight d

is selected by the decoder, and

P, is the probability of selecting a code sequence that differs from the correct se-
quence in d bits .
The first five terms of the sum in (3.17) dominate this upper bound.

If d is odd, the all-zero path will be correctly selected if the number of errors in
the received sequence is less than (d + 1) / 2; otherwise, the incorrect path will be se-
lected. If d is even, the incorrect path is selected if the number of errors exceeds d/2;

while, if the number of errors equals d/2 , then one of the paths has to be selected ran-

domly. Therefore, for HDD and d odd

d d ~
B=> 1" |p-p)" (3.18)
an\k
2
while for HDD and d even
d
. (d 41 d d
Bj = Z (kjpel‘c(l_pe)d k+5 d pc’:‘z(l_pe)2 (319)
k= N
2
2

where p, is the probability of bit error for the channel. It depends on the type of modula-

tion used.

The values of B, used in this thesis are listed in Table 2. They constitute a combi-
nation of the values for the best (maximum free distance) » =1/2, » =3/4, and » =2/3
codes of constraint length v =7 from [9] and of the best (maximum free distance)

r=3/4,and r =2/3 “punctured” best » =1/2 codes from [§].
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Table 2.

Weight Structure of the Convolutional Codes.

Rate dje Bd,m Bd,m +1 Bdfm +2 Bd,,w +3 Bd,,ee +4
1/2 10 36 0 211 0 1404
2/3 6 3 &1 402 1487 6793
3/4 5 42 252 1903 11,995 72,115

1. BPSK/QPSK with Convolutional Coding and HDD

For BPSK/QPSK, the probability p, of bit error for the channel is given by substi-
tuting (3.6) into (3.14), but, due to the introduction of redundant bits, the mean signal-to—
noise power ratios in B (AWGN)and B (interference and AWGN) (SNR and SNIR, re-

spectively) have to be multiplied by the code rate r.

As expected, the use of coding yielded significantly improved performance. Apart
from that, as shown below, the same phenomena are observed as for the non—coded case.

Specifically, performance improves as ¢ increases and there is no effect of the variation

of the interference duty cycle beyond some SIR value when fading is strong. Also, for

milder fading (larger £ values), the worst performance occurs for low values of p and

SIR >9 dB, approximately.

a. BPSK/QPSK with Convolutional Coding and HDD with r = 1/2

The probability of bit error vs. SIR for BPSK/QPSK with convolutional
coding and HDD for » =1/2 when the signal is transmitted over a Ricean fading channel
with AWGN and pulsed noise—like interference is plotted in Figure 10 for various values

of the channel parameter ¢ and for p =0.5. The SNR is 18 dB, which, in the absence of
interference, yields a probability of bit error on the order of 10~ for ¢ =1 [4]. In Figure

11 the probability of bit error vs. SIR is plotted for various values of p and for ¢ =1,
¢ =10 (SNR =18 dB).
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Figure 10. BPSK/QPSK with convolutional coding and HDD with »=1/2 ina
Ricean channel with AWGN and pulsed-noise interference (p =0.5).
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Figure 11. BPSK/QPSK with convolutional coding and HDD with »=1/2 ina

Ricean channel with AWGN and pulsed—noise interference.

b. BPSK/QPSK with Convolutional Coding and HDD with r = 3/4

The probability of bit error vs. SIR for BPSK/QPSK with convolutional
coding with HDD and » =3/4 when the signal is transmitted over a Ricean fading chan-

nel with AWGN and pulsed noise—like interference is plotted in Figure 12 for various
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values of the parameter ' and p =0.5. The SNR is 28 dB, which, in the absence of in-
terference, yields a probability of bit error on the order of 10~ for ¢ =1 [4]. In Figure 13
the probability of bit error vs. SIR is plotted for various values of p and for { =1, =10
(SNR =28 dB).
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Figure 12. BPSK/QPSK with convolutional coding and HDD with »=3/4 ina
Ricean channel with AWGN and pulsed-noise interference (p =0.5).
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Figure 13. BPSK/QPSK with convolutional coding and HDD with » =3/4 ina
Ricean channel with AWGN and pulsed-noise interference.
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2. M-QAM with Convolutional Coding and HDD
For M—QAM, the probability p of bit error for the channel is obtained by substi-
tuting (3.15) into (3.14). As with BPSK/QPSK, due to the introduction of redundant bits,

the mean signal—to—noise power ratios in B (AWGN) and B, (interference and AWGN)

(SNR and SNIR, respectively) have to be multiplied by the code rate r.

The use of coding significantly improves performance. Otherwise, the same phe-
nomena are observed as for the non—coded case (i.e., improvement in performance as ¢
increases, no effect of the variation of the interference duty cycle beyond some SIR value
when fading is strong, and worst performance occurring at low values of p when fading

is less strong and SIR >15 dB, approximately).
a. 16-QAM with Convolutional Coding and HDD with r =1/2

The probability of bit error vs. SIR for 16-QAM with convolutional cod-
ing and HDD for » =1/2 when the signal is transmitted over a Ricean fading channel
with AWGN and pulsed noise—like interference is plotted in Figure 14 for various values

of the parameter { and for p =0.5. The SNR is 21 dB, which, in the absence of interfer-
ence, yields a probability of bit error on the order of 10”7 for ¢ =1 [4]. In Figure 15, the

probability of bit error vs. SIR is plotted for various values of p and for £ =1, { =10

(SNR =21dB).
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Figure 14. 16-QAM with convolutional coding and HDD with » =1/2 in a Ricean

channel with AWGN and pulsed-noise interference (p =0.5).
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Figure 15. 16-QAM with convolutional coding and HDD with » =1/2 in a Ricean

channel with AWGN and pulsed—noise interference.

b. 16-QAM with Convolutional Coding and HDD with r = 3/4

The probability of bit error vs. SIR for 16-QAM with convolutional cod-
ing and HDD for » =3/4 when the signal is transmitted over a Ricean fading channel
with AWGN and pulsed noise—like interference is plotted in Figure 16 for various values

of the parameter ¢ and for p =0.5. The SNR is 32 dB, which, in the absence of inter-
ference, yields a probability of bit error on the order of 10" for ¢ =1 [4]. In Figure 17,
the probability of bit error vs. SIR is plotted for various values of p and for { =1,

¢ =10 (SNR =32 dB).
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Figure 16. 16-QAM with convolutional coding and HDD with » =3/4 in a Ricean
g g
channel with AWGN and pulsed-noise interference (p =0.5).
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Figure 17. 16-QAM with convolutional coding and HDD with » =3/4 in a Ricean

channel with AWGN and pulsed—noise interference.
c. 64-QAM with Convolutional Coding and HDD with r = 2/3

The probability of bit error vs. SIR for 64—-QAM with convolutional cod-
ing and HDD for » = 2/3 when the signal is transmitted over a Ricean fading channel
with AWGN and pulsed noise—like interference is plotted in Figure 18 for various values

of the channel parameter ¢ and for p =0.5. The SNR is 28 dB, which, in the absence of
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interference, yields a probability of bit error on the order of 10”7 for ¢ =1 [4]. In Figure

19, the probability of bit error vs. SIR is plotted for various values of pand £ =1, £ =10

(SNR =28 dB).
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Figure 18. 64—-QAM with convolutional coding and HDD with »=2/3 in a Ricean

channel with AWGN and pulsed—noise interference (p =0.5).
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Figure 19. 64—-QAM with convolutional coding and HDD with »=2/3 in a Ricean

channel with AWGN and pulsed—noise interference.
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d. 64-QAM with Convolutional Coding and HDD with r = 3/4

The probability of bit error vs. SIR for 64—-QAM with convolutional cod-
ing and HDD for » = 3/4 when the signal is transmitted over a Ricean fading channel
with AWGN and pulsed noise—like interference is plotted in Figure 20 for various values

of the channel parameter ¢ and for p =0.5. The SNR is 33 dB, which, in the absence of
interference, yields a probability of bit error on the order of 10~ for ¢ =1 [4]. In Figure
21, the probability of bit error vs. SIR is plotted for various values of pand ¢ =1, { =10
(SNR =33 dB).
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Figure 20. 64—QAM with convolutional coding and HDD with » =3/4 in a Ricean
channel with AWGN and pulsed-noise interference (p =0.5).

25



107" 4
=1, p=0.1
107% £=1,p=05 -
£=1.,p=1 :
N £=10, p=0.1
0k £=10,p=05 | 3
[ c=10 ,p=1
0 1ot
oo
10°°
107
107 L Lo . ]
E , . Y
-“:"3 1 1 1 1Y 1l- 1 b 1 1
0 5 10 15 20 25 30 35 40
SIR in dB
Figure 21. 64-QAM with convolutional coding and HDD with » =3/4 in a Ricean

channel with AWGN and pulsed—noise interference.

D. WITH CONVOLUTIONAL CODING AND SOFT DECISION DECODING
(SDD)
For BPSK/QPSK with convolutional coding and soft decision decoding (SDD),
(3.17) applies, but the probability P, of selecting a path that differs from the correct path
(by assumption, the all-zero path) in d bits is given by

P = Pr(z ‘;’7 > oj (3.20)

I=1

where
the index / runs over the set of the d bits,

a, 1s the amplitude of the received signal (assumed to be a Ricean random vari-

able) for the /™ bit,

7, 1s the demodulator output for each of the d bits, and

ot is the noise power for the /™ bit.
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Equation (3.20) can be evaluated to yield

P —Q( 2(512—2}] (3.21)

In the case of pulsed—noise interference with i of the d bits being affected by the interfer-

ence, (3.21) can be written as

i aCZ d-i ag
Pd—Q(\/2[ 12+ ’ZJJ (3.22)
=1 01 =1 Op

where the first sum corresponds to the i bits subject to the interference, o; being the total

noise power (AWGN plus interference) and the second sum corresponds to the d—i bits

affected only by AWGN, o; being the AWGN power. The probability P, is conditional
on a,. In other words, it is necessary to find the expected value of (3.20) for all potential

values of a,. Equivalently, we can let

i dd P
g= ~+ ) — (3.23)
=1 01 =1 Op
and calculate P, as
B =["0(\2¢)f(2)dg (3.24)

where f; ( g) is the probability density function of the random variable g, which must be

found.
In [4], it was shown that if g, is a Ricean random variable, then the variable
i a2
h=Y—= (3.25)
=1 O
has a pdf given by
io’ 2
2 —(hl 5 % i
Ju (hl) 1,,1 exXp - I~ > U(hl) (3.26)
2N A 207 o
( 1704 20 2 >
2 2 O oy
o; o;
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where 7., (*) is the modified Bessel function of order i~1. Similarly,

d-i 2
h=Y % (3.27)
1=1 Og
has a pdf given by
—7 2
(d-i)-1 —| h+ (d 12)05
h * 0
Ji, ()= @ CXp 25>
(d —i)az 2 207 o2
o o ' (3.28)
2
a
A J(d—i)h
o‘é ( ) 2

3

Since g is the sum of 4, and #4,, the probability density function of g is given by

the convolution of the pdfs of 4, and 4,. Furthermore, the Laplace transform of the pdf

of g 1s equal to the product of the Laplace transforms of the pdfs of 4, and 4, :
where L [ f ] implies the Laplace transform of f.

The evaluation of the convolution of the two pdfs is an extremely complicated
task. Therefore, the pdf of variable g was evaluated by making use of (3.29). The Laplace
transform of the pdf of /4, is defined as

Fy(s)=L[ fu(m)]= [ fuu (h)e ™. (3.30)

Substituting (3.26) into (3.30) and making use of the identity [5]

L(z) =(=j)'7.(Jz) (3.31)

where J, () is the n™ order Bessel function, we obtain
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1 O ']i—l ! > dh1 (332)
. 2\~ 2 0 (e
ia” |? 20 o7 —
o) o

In order to evaluate (3.32), we use the identity [10]

ﬂZ

T ey (25 ) dx= e (ﬁJ
0

(3.33)

where [ () is a Laguerre polynomial defined as

. ﬂ_z R (—l)p m+n\( B’ !
P o

For
m=0, (3.35)
n=i-1l, (3.36)
1
V= = + s, (3.37)
o
and
2
JNi (D%
2= = g :—?2 , (3.38)
g 20
0',2 0[2
we get
Li'(¢) =1 (3.39)
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and

a .
i-1 ?l
1
j oA :
2(’)_2 exp 202 or 1
0'2 0_2 20'2
Il
- ! o7
-l i—1
exp[zaz j( /)
Fy, (s) = — l. (3.40)
ia’ \? 207 1
T2 2 S+ 5
o1 o1 20
o
After simplifications:
<,
o}
—1I 2 5 2 1
exp Py exp| [ 24 s+2 :
P o
o, o2
Fy (S) = - (3.41)
20572 s I
o
[ 2} 20°
Oy 612
By defining
— ; o’ +20°
b= e _ (3.42)
"ot o7
and since
[=Z (3.43)
20°° '
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then

and

2 pa—
<y
o; ¢+1
268 My
o ¢+l

Substituting (3.43), (3.44), and (3.45) into (3.41), we get

Now, simplifying (3.46), we obtain

exp(—if) exp

exp(—é’)exp E ¢

¢+1

s+1

¢+1
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Similarly,

(~¢) E
exp\—¢ )exp| h,
Fy (5) = st (3.48)
hy
£+ s+1
Therefore, from (3.47), (3.48), and (3.29),
i d—i
5 ¢
exp(—¢)exp| o exp(—¢)exp| 4
FG(S): ¢ +1 ¢+1 . (349
h h, 1
C+l s+1 ‘ +1s+
The inverse Laplace transform is
1 1 c+ joo sg
fc;(g):L [FG (S)]:z—n] e FG(s)e ds (3.50)

where ¢ must be within the strip of convergence of F; (s) . Since it is quite complicated

to evaluate (3.50) analytically, we used the identity [5, 15]

g

fX(x)zﬁcx 2[Re{FX(c+jctan¢)}cos(cxtan(0) (3.51)

T 0
—Im{FX (c+ jctang )}sin(cxtango)} sec’p do

to evaluate f; ( g) numerically. In (3.51), ¢ must be within the strip of convergence of

F; (s) and is empirically selected.
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With the above procedure, we can compute P, conditioned on the number i of the
bits subject to interference. Therefore, it is necessary to calculate the mean value of the
conditioned P, (1' ) over all potential values of 7 (i.e., from zero to d). The probability that

i out of d bits are affected by the interference is given by

. d i =i
Pz"(l){l.jp (1-p)’ (3.52)
and the average P, is given by

p=3 08 0=-3 502" 2. (.53)

1. BPSK/QPSK with Convolutional Coding and SDD r =1/2

The probability of bit error vs. SIR for BPSK/QPSK with convolutional coding
and SDD for » =1/2 when the signal is transmitted over a Ricean fading channel with
AWGN and pulsed noise—like interference is plotted in Figure 22 for various values of

the channel parameter ¢ and for p =0.5. The SNR is 10 dB, which, in the absence of in-
terference, yields a probability of bit error in the order of 10~ for ¢ =1 [4]. In Figure 23,

the probability of bit error vs. SIR is plotted for various values of p and for £ =1, { =10

(SNR =10 dB).

The use of SDD eliminates the phenomenon of the worst performance occurring

for low values of the interference duty cycle p. In Figure 20 we see that, within the P,

range of interest, continuous interference represents the worst—case scenario regardless of

the degree of signal fading.
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Figure 22. BPSK/QPSK with convolutional coding and SDD for » =1/2 in a Ricean
channel, with AWGN and pulsed-noise interference (p =0.5).
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Figure 23. BPSK/QPSK with convolutional coding and SDD for » =1/2 in a Ricean

channel, with AWGN and pulsed—noise interference.

2. BPSK/QPSK with Convolutional Coding and SDD r = 3/4

The probability of bit error vs. SIR for BPSK/QPSK with convolutional coding
and SDD for » =3/4 when the signal is transmitted over a Ricean fading channel with
AWGN and pulsed noise-like interference is plotted in Figure 24 for various values of

the channel parameter ¢ and for p =0.5. The SNR is 15 dB, which, in the absence of in-
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terference, yields a probability of bit error on the order of 107 for ¢ =1 [4]. In Figure 25,

the probability of bit error vs. SIR is plotted for various values of p and for =1, =10

(SNR =15 dB).

For mild fading and SIR > 8 dB, the worst performance occurs for low values of

p but to an extent significantly reduced compared to the non—coded and the coded—with—

HDD cases.
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Figure 24. BPSK/QPSK with convolutional coding and SDD for » =3/4 in a Ricean

channel with AWGN and pulsed-noise interference (p =0.5).
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Figure 25. BPSK/QPSK with convolutional coding and SDD for » =3/4 in a Ricean

channel with AWGN and pulsed—noise interference.
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E. SUMMARY

This chapter examined the effect of non—fading pulsed, noise—like interference
and AWGN when the signal is transmitted over a Ricean fading channel. Results for the
non—coded case and the coded—with—HDD case were obtained for all modulations speci-
fied in the /EEE 802.11a standard and for the coded—with—SDD case for BPSK/QPSK
only. The effect on performance of the fading and the interference was evaluated in terms

of the channel parameter ¢ (degree of fading) and the pulsed interference duty cycle p.

In the next chapter, we examine the effect of pulsed, noise—like interference and
AWGN when the signal is transmitted over a Ricean fading channel and the interference

signal is also subject to fading.
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IV.  PERFORMANCE ANALYSIS FOR A RICEAN FADING
CHANNEL WITH RICEAN FADING PULSED-NOISE INTERFER-
ENCE

A. INTRODUCTION

The previous chapter examined receiver performance when a digital signal is
transmitted over a Ricean fading channel with non—fading, noise—like pulsed interference
and AWGN. The current chapter evaluates receiver performance when the interference
signal also experiences Ricean fading. In this case, the received signal and the noise are
modeled as random variables, and the probability of bit error is conditional on both. Due
to the complexity of the analysis, however, the evaluation is limited to few special cases
and, as far as the implementation of error correction coding is concerned, only hard deci-

sion decoding was examined.

B. THE GENERAL CASE

The probability of bit error for a BPSK/QPSK signal in AWGN with no channel
fading is given by

1%=Q( iﬁ} @.1)

where 4 represents the received signal power and oy represents the noise power. In the
presence of noise-like interference along with AWGN, o represents the combined
AWGN and interference power, i.e., oy = o, +0o;. In order to simplify the analysis, we
assume that the AWGN power o, is negligible compared to the interference power o7. In
other words,
oy RO 4.2)

When the desired signal and the interfering signal both experience fading, a. and
o, are modeled as random variables, and (4.1) gives the probability of bit error condi-
tioned on these two variables. The probability of bit error is also conditioned on these

random variables when using M—QAM instead of BPSK/QPSK.
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In order to obtain the unconditional probability of bit error, it is necessary to find

the expected value of the conditional probability in (4.1) (or of the respective formula for

M-QAM) over all possible values of @, and o;.

In the case of a signal subjected to Ricean fading, the probability density function

of a_is given by [5]

)= sronf -2 22
where
E(af)=af +207,
207 is the power of the multipath component of the signal,

. is the power of the deterministic component, and

1, 1s the modified Bessel function of the first kind of zero order.

Setting
s=a’, 4.4)

(should not be confused with the variable s of the Laplace transform in Chapter I1I) we

get
a, =+/s, (4.5)
and
j% =2a,. (4.6)
From [11],
1 1 a a’+al a,a,
f:g (S) :d— f/h(ac) = 2— 2 eXp| — 5 2 ]0 2 (47)
S aC O-S O-S GS a — ‘\/;
dac a, = \/; &
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Therefore,

fi(s) = 21 . exp(—s;a‘f‘z j 10[“‘“2/;}. (4.8)

s GS

Similarly, for the noise—like interference signal, we set

n=o; 4.9)

and obtain

1 n+ao; a,\Nn
f;\,(n):za2 exp(— = JIO[ g J (4.10)
where
E(n) =} +207,

20, is the power of the multipath component of the interference signal, and

a; is the power of the deterministic interference component.
By defining

z=2, 4.11)

then, from (4.1), (4.4), and (4.9), the conditional probability of bit error for BPSK/QPSK

1S

B = Q(\/Z ) (4.12)
and the unconditional probability is given by the mean value of (4.12), i.e.,

B,zTQ(JZ)fZ(z)dz (4.13)

where f, (z) is the probability density function of z and has to be evaluated. From [11]
£2(2)= [ In £ (zn) £ () dn. (4.14)

By substituting (4.7) and (4.10) into (4.14) and given that n assumes only positive

values, we get
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T zn+ol a~Nzn | 1 n+ o’ a,\n
fz(z)z‘[nz(72 exp(— 202‘]10( — ]20_2 exp(— 5o JI[ Jd (4.15)
s S GS n n n

0
From the identity
L(t)=(=j)"J.(jt) (4.16)

we get

1o (1) = Jo(jt). (4.17)

and by substituting (4.17) into (4.15),

2

e e
o 2 52 o 1) 225

0 oF o

(4.18)

From [10], we know that

_HFvA+2
pra
217 F(v + 1)

J’xﬂne—axzjﬂ (,BX)JV (yx)dx:
0
m+1v+1,u+1/1+1j B’ (4.19)

wr( 2 272 m ?
x>y — F(—m,—,u—m;v+l;%

a0 m!F(m+,L1+1) 4o

N——

where F (0) is the Gauss hypergeometric function, defined as

LaB 05(05+1),B(ﬂ+1)z2
c}Z/(a +l)(a7/+(g)+l)(?8+1)(ﬂ+ 2) o, (4.20)
y(r+1)(r+2)23

F(a,By;z)=

+

The integral in (4.18) is similar to that in (4.19) if we let Jn=x, dn=2xdx,

1 B= oz _ .
2sz 2Cf2 ] Of 4 7'_L]ci s

the resultant form is too complicated to analyze further. Therefore, some particular cases

u=0,v=0, a= and 1+1=3 or A =2. However,

were examined.

40



C. PERFORMANCE ANALYSIS FOR A RAYLEIGH FADING SIGNAL
WITH RICEAN FADING PULSED-NOISE INTERFERENCE

In the case of Rayleigh signal fading and Ricean interference fading, we set

a, =0 in (4.18) and obtain

1 - r% I 1 i n
£ (z) :Wexp(zz’f }J.n exp( _”[éw_&jj Jo(0) JO(J“GZ‘/;]dn. (4.21)

0

Using, again, the identity (3.31) with

m=1, (4.22)
n=0, (4.23)
z 1 zo.+o}
v= Sy 4.24
272 202 " 20707 (29
and
a a f aol
2 -7 l’l:> 2___’1:—:— nos 4.25
S R v e )
and given that [5]
Vi3 I3
Ll"(x):k+1—x:>L1°(—j=1——, (4.26)
v v
then
o.07 a, zo, a, o
=————exp 55 S| ltsmo—= | 4.27
fZ(Z) (20'2+02)2 P 20'5 20'5"'0}2 +2O‘3 ZO'f -'-O's2 ( )
Since
2
o
= — 4.28
4 2 (4.28)
§=_3=2c;3:>a§:%, (4.29)
and
M=ol =a}+0’ =20 ({,+1) = 00 =— (4.30)

G+
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then from (4.27)

SIR (£, +1) z SIR (¢, +1)
“on 1 n
(z+SIR (S, +1)) eXp( & z+SIR(g”,,+1)]( e z+SIR (£, +1)

f2(2)=

J (4.31)

where

SIR =

3| =l

(4.32)

is the average signal-to—interference power ratio.

1. Without FEC
a. BPSK/QPSK

The probability of bit error for a BPSK/QPSK signal with Rayleigh fading
and Ricean fading interference was evaluated numerically after substituting (4.31) into
(4.13). Since the interference is assumed to be pulsed, a symbol may or may not be af-
fected by the interference. Therefore, (3.12) applies. The probability of bit error for a
Rayleigh fading signal in AWGN is obtained from (3.5) by letting =4 =0.

Figure 26 shows the probability of bit error vs. SIR for BPSK/QPSK when
the signal is transmitted over a Rayleigh fading channel with AWGN and Ricean fading

pulsed—noise interference for various values of ¢, and for p =0.5. Figure 27 shows the
probability of bit error vs. SIR for £, =1 and ¢, =10 and for various values of p. The
SNR is 34 dB in both figures, and SIR <24 dB, so the assumption (4.2) stands. The par-

ticular value of SNR was selected because, in the absence of interference, it yields a
probability of bit error on the order of 10~*. The same criterion for the selection of the
SNR was used in all subsequent plots, the ones with FEC included. In the previous chap-
ter, for the plots with FEC, a SNR was selected that yielded a probability of bit error on
the order of 1077 in the absence of interference. However, given the assumption (4.2), this
approach would limit significantly the range of SIR; therefore, it is not used in this chap-

ter.

We observe that the fading of the interference signal does not affect F,.
However, P, is affected by the variation of the interference duty cycle p, with the worst

case occurring for p =1.
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Figure 26. BPSK/QPSK transmitted over a Rayleigh fading channel with Ricean fad-
ing pulsed—noise interference ( p= 0.5) and AWGN.
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Figure 27. BPSK/QPSK transmitted over a Rayleigh fading channel with Ricean fad-
ing pulsed—noise interference and AWGN.

b 16-QAM

Following the same reasoning as for BPSK/QPSK, we obtain the probabil-
ity of bit error for a 16QAM Rayleigh fading signal in Ricean fading interference from
(3.14) by letting E, /N, =z and averaging over the random variable z. The probability of
bit error for a Rayleigh fading 16-QAM signal in AWGN is obtained from (3.15) by let-
ting =4, =0.
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Figure 28 shows the probability of bit error vs. SIR for 16—-QAM when the
signal is transmitted over a Rayleigh fading channel with AWGN and Ricean fading

pulsed—noise interference for various values of ¢, and for p =0.5. Figure 29 shows the
probability of bit error vs. SIR for {, =1 and ¢, =10 and for various values of p. The
SNR is 35 dB for both figures and SIR <25 dB, so the assumption (4.2) stands.

Similar to BPSK/QPSK, we observe that fading of the interference does
not affect F,, but the effect of varying the parameter p is stronger for 16-QAM, and the

worst case still occurs for p =1.

S D@mhEN=0O0
i

]
]

=E - A AR - A
T TR TR

100

BER

10

L L L L
a =1 10 15 20 25
SIR in dB

Figure 28. 16-QAM transmitted over a Rayleigh fading channel with Ricean fading
pulsed—noise interference (p =0.5) and AWGN.
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Figure 29. 16—-QAM transmitted over a Rayleigh fading channel with Ricean fading
pulsed—noise interference and AWGN.
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¢  64-0AM

In the same manner as for 16-QAM, we obtain the probability of bit error

for a 64—-QAM Rayleigh fading signal in Ricean fading interference and AWGN.

Figure 30 shows the probability of bit error vs. SIR for 64-QAM when the
signal is transmitted over a Rayleigh fading channel with AWGN and Ricean fading

pulsed—noise interference for various values of ¢, and for p =0.5. Figure 31 shows the
probability of bit error vs. SIR for £, =1 and ¢, =10 and for various values of p. The

SNR is 40 dB for both figures and SIR <30 dB, so the assumption (4.2) stands.

The effect of fading and interference on performance is similar to that ob-

tained for BPSK/QPSK and 16-QAM, i.e., no effect of the interference fading on P, and

an even stronger effect of varying the parameter p with the worst case occurring for p =1.
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Figure 30. 64—-QAM transmitted over a Rayleigh fading channel with Ricean fading
pulsed—noise interference ( p=0.5 ) and AWGN.
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Figure 31. 64—QAM transmitted over a Rayleigh fading channel with Ricean fading
pulsed—noise interference and AWGN.

2. With Convolutional Coding and Hard Decision Decoding (HDD)
a. BPSK/QPSK with Convolutional Coding and HDD r = 1/2

Figure 32 shows the probability of bit error vs. SIR for BPSK/QPSK with

convolutional coding and HDD for » =1/2 when the signal is transmitted over a
Rayleigh fading channel with AWGN and Ricean fading pulsed—noise interference for
various values of £, and for p =0.5. Figure 33 shows the probability of bit error vs. SIR
for £, =1 and £, =10 and for various values of p. The SNR is 34 dB in both figures and
SIR <24 dB, so the assumption (4.2) stands.
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Figure 32. BPSK/QPSK with »=1/2 convolutional coding and HDD transmitted
over a Rayleigh fading channel with Ricean fading pulsed—noise interference
(p = 0.5) and AWGN.
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Figure 33. BPSK/QPSK with »=1/2 convolutional coding and HDD transmitted

over a Rayleigh fading channel with Ricean fading pulsed—noise interference and
AWGN.

b. BPSK /QPSK with Convolutional Coding and HDD r = 3/4

Figure 34 shows the probability of bit error vs. SIR for BPSK/QPSK with

convolutional coding and HDD for » = 3/4 when the signal is transmitted over a
Rayleigh fading channel with AWGN and Ricean fading pulsed—noise interference for
various values of &, and for p =0.5. Figure 35 shows the probability of bit error vs. SIR
for £, =1and ¢, =10 and for various values of p. The SNR is 34 dB in both figures and
SIR <24 dB, so the assumption (4.2) stands.
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Figure 34. BPSK/QPSK with »=3/4 convolutional coding and HDD transmitted
over a Rayleigh fading channel with Ricean fading pulsed—noise interference
(p=0.5) and AWGN.
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Figure 35. BPSK/QPSK with r=3/4 convolutional coding and HDD transmitted

over a Rayleigh fading channel with Ricean fading pulsed—noise interference and
AWGN.

c. 16-QAM with Convolutional Coding and HDD r =1/2

Figure 36 shows the probability of bit error vs. SIR for 16-QAM with

convolutional coding and HDD for » =1/2 when the signal is transmitted over a
Rayleigh fading channel with AWGN and Ricean fading pulsed—noise interference for
various values of ¢, and for p =0.5. Figure 37 shows the probability of bit error vs. SIR
for §, =1 and £, =10 and for various values of p. The SNR is 35 dB for both figures
and SIR <25 dB.

10

107

BER
in

10

10

=~ D@ hEN=00

a

EAERE REAFAF F AF

107

I I I
1a 15 20 25
SIR in dBE

o
m

Figure 36. 16-QAM with r=1/2 convolutional coding and HDD transmitted over a
Rayleigh fading channel with Ricean fading pulsed—noise interference ( p =0.5)

and AWGN.
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Figure 37. 16-QAM with r=1/2 convolutional coding and HDD transmitted over a

Rayleigh fading channel with Ricean fading pulsed-noise interference and
AWGN.

d. 16-QAM with Convolutional Coding and HDD r = 3/4

Figure 38 shows the probability of bit error vs. SIR for 16-QAM with
convolutional coding and HDD for » = 3/4 when the signal is transmitted over a
Rayleigh fading channel with AWGN and Ricean fading pulsed—noise interference for
various values of ¢, and for p =0.5. Figure 39 shows the probability of bit error vs. SIR
for {, =1 and { =10 and for various values of p. The SNR is 35 dB for both figures
and SIR <25 dB.
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Figure 38. 16-QAM with r =3/4 convolutional coding and HDD transmitted over a
Rayleigh fading channel with Ricean fading pulsed—noise interference (p =0.5)
and AWGN.

[
&
1o i
o,=1.p=0.1 3
L =1.p=05
- c.=1.p=
10k £, =10, p=0.1 3
£ =10 ,p=0.5
. £,=10 ,p=1
1ot | ]
1 1 1 1 8-
o 5 10 15 20 25

SIR in dB

Figure 39. 16-QAM with r =3/4 convolutional coding and HDD transmitted over a

Rayleigh fading channel with Ricean fading pulsed—noise interference and
AWGN.

e 64—QAM with Convolutional Coding and HDD r = 2/3

Figure 40 shows the probability of bit error vs. SIR for 64-QAM with
convolutional coding and HDD for r =2/3 when the signal is transmitted over a
Rayleigh fading channel with AWGN and Ricean fading pulsed—noise interference for

various values of ¢, and for p =0.5. Figure 41 shows the probability of bit error vs. SIR
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for §, =1 and £, =10 and for various values of p. The SNR is 40 dB for both figures

and SIR <30 dB, so the assumption (4.2) stands.
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Figure 40. 64-QAM with r=2/3 convolutional coding and HDD transmitted over a
Rayleigh fading channel with Ricean fading pulsed—noise interference (p = 0.5)
and AWGN.
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Figure 41. 64—-QAM with r=2/3 convolutional coding and HDD transmitted over a

Rayleigh fading channel with Ricean fading pulsed—noise interference and
AWGN.

f 64-QAM with Convolutional Coding and HDD r = 3/4

Figure 42 shows the probability of bit error vs. SIR for 64-QAM with

convolutional coding and HDD for r =3/4 when the signal is transmitted over a

Rayleigh fading channel with AWGN and Ricean fading pulsed—noise interference for
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various values of ¢, and for p =0.5. Figure 43 shows the probability of bit error vs. SIR
for £, =1 and £, =10 and for various values of p. The SNR is 40 dB for both figures
and SIR <30 dB.
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Figure 42. 64—-QAM with r =3/4 convolutional coding and HDD transmitted over a
Rayleigh fading channel with Ricean fading pulsed—noise interference ( p= 0.5)
and AWGN.
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Figure 43. 64-QAM with r =3/4 convolutional coding and HDD transmitted over a

Rayleigh fading channel with Ricean fading pulsed—noise interference and
AWGN.
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Except for the improvement in performance with respect to F,, the use of convolu-
tional coding with HDD does not alter the picture observed for the non—FEC cases. Per-
formance is only slightly affected by the interference fading, but is affected by the pulsed
interference duty cycle p. The worst case for all modulation schemes with convolutional
coding and HDD occurs for p =1.

D. PERFORMANCE ANALYSIS FOR A RICEAN FADING SIGNAL WITH
RAYLEIGH FADING PULSED-NOISE INTERFERENCE

By allowing ¢, = 0 in the general case, the useful signal experiences Ricean fad-

ing and the interference signal is subject to Rayleigh fading. From (4.18)

1 -2\ % —zZn -n -aSQ/ n
fz(z):mexp[ zJJnexp(—ZGﬁ_zas)J{] =z }J()(")d”' (39
s“n 0

20; .

Using once more the identity (3.31) with

m=1, (4.34)
n=0, (4.35)
z 1 zo+o;

V= = 4.36
207 207 20’07 ( )

and

oNz o, &z B Aoz
24 = —~ B =— -7 __ , 4.37
A= o? d o v 20(zo0+07) (37
and the identity (4.26), we get
olo?l ol fors a  zol
_ n%s —_— || = 4.38
/7 (Z) (zo;f +o’ )2 exp{ 20, zo, +0. 207 zor + o7 ( )
Since
o

s :_202 ) (4.39)
S=d=a?+20% =202 (¢, +1 :asz, 4.40
(§ ) 2(4 +1) ( )

and
ﬁ:a_,z:2a,f:>a,f:%, (4.41)



using (4.32), we get

e SIR (£, +1) o SIR | z(& +1) J "
2 (2) (z((s+1)+SIR)Ze p( g‘z(4+1)+sm]( +§Yz(§s+1)+SIR - (442)

Equation (4.42) is now substituted into (4.13), which is then evaluated numerically.

1. Without Forward Error Correction Coding (FEC)
a. BPSK/QPSK

The probability of bit error vs. SIR for BPSK/QPSK when the signal is
transmitted over a Ricean fading channel with AWGN and Rayleigh fading pulsed noise—

like interference is plotted in Figure 44 for various values of the channel parameter &
and for p =0.5. In Figure 45, the probability of bit error vs. SIR is plotted for various
values of pand £ =1, { =10. The SNR is 32 dB for both figures and SIR <22 dB so
the assumption (4.2) stands.

Performance in terms of F, improves while ¢ increases. For a low value
of £, p=1 is the worst case and the parameter p does not affect performance for
SIR >15 dB. For larger £, values and SIR >5 dB, low values of p (p=0.1) represent

the worst case.

100
107"
107
o c_.=0o
e £, =05
10 Le =1
=2
e =4
=B
1o éza
- ';s =10
10'3 1 1 1 1 1 1 1 1
a 2 4 =1 a 10 12 14 16 18 20 22
SIR in dB

Figure 44. BPSK/QPSK transmitted over a Ricean fading channel with Rayleigh fad-
ing pulsed-noise interference (p =0.5) and AWGN.
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Figure 45. BPSK/QPSK transmitted over a Ricean fading channel with Rayleigh fad-
ing pulsed—noise interference and AWGN.

b 16-0AM

The probability of bit error vs. SIR for 16-QAM when the signal is trans-
mitted over a Ricean fading channel with AWGN and Rayleigh fading pulsed noise—like

interference is plotted in Figure 46 for various values of the channel parameter ¢ and for
p =0.5. In Figure 47, the probability of bit error vs. SIR is plotted for various values of
pandfor § =1, { =10. The SNR is 35 dB for both figures and SIR <25 dB.

As for BPSK/QPSK, performance in terms of F, improves while £ in-
creases. For a low value of ', p =1 is the worst case and the parameter p does not af-

fect performance for SIR > 20 dB. For larger £ values and SIR >10 dB, low values of

p (p=0.1) represent the worst case.
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Figure 46. 16-QAM transmitted over a Ricean fading channel with Rayleigh fading
pulsed-noise interference (p =0.5) and AWGN.
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Figure 47. 16-QAM transmitted over a Ricean fading channel with Rayleigh fading
pulsed—noise interference and AWGN.

c 64-0AM

The probability of bit error vs. SIR for 64—-QAM when the signal is trans-
mitted over a Ricean fading channel with AWGN and Rayleigh fading pulsed noise—like

interference is plotted in Figure 48 for various values of the channel parameter £ and for
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p =0.5. In Figure 49, the probability of bit error vs. SIR is plotted for various values of
pandfor § =1, { =10. The SNR is 38 dB for both figures and SIR <28 dB.

Similar to BPSK/QPSK and 16-QAM, performance in terms of £, im-
proves while ¢ increases. For a low value of ¢, p =1 is the worst case and the parame-

ter p does not affect performance for SIR > 25 dB. For larger £ values and

SIR >15dB, low values of p (p =0.1) represent the worst case.
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Figure 48. 64—QAM transmitted over a Ricean fading channel with Rayleigh fading
pulsed—noise interference (p =0.5) and AWGN.
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Figure 49. 64—QAM transmitted over a Ricean fading channel with Rayleigh fading
pulsed—noise interference and AWGN.
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2. With Convolutional Coding and Hard Decision Decoding (HDD)
a. BPSK/QPSK with Convolutional Coding and HDD for r =1/2

The probability of bit error vs. SIR for BPSK/QPSK with convolutional
coding and HDD for r=1/2 when the signal is transmitted over a Ricean fading channel
with AWGN and Rayleigh fading pulsed noise—like interference is plotted in Figure 50
for various values of the channel parameter ¢ and for p =0.5. In Figure 51, the prob-
ability of bit error vs. SIR is plotted for various values of p and { =1, {, =10. The SNR
is 32 dB for both figures and SIR <22 dB.
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Figure 50. BPSK/QPSK with »=1/2 convolutional coding and HDD transmitted
over a Ricean fading channel with Rayleigh fading pulsed—noise interference
(p=0.5) and AWGN.
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Figure 51. BPSK/QPSK with »=1/2 convolutional coding and HDD transmitted

over a Ricean fading channel with Rayleigh fading pulsed—noise interference and
AWGN.
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b. BPSK/QPSK with Convolutional Coding and HDD for r = 3/4

The probability of bit error vs. SIR for BPSK/QPSK with convolutional

coding and HDD for r = 3/4 when the signal is transmitted over a Ricean fading channel
with AWGN and Rayleigh fading pulsed noise—like interference is plotted in Figure 52
for various values of the channel parameter ¢ and for p =0.5. In Figure 53, the prob-
ability of bit error vs. SIR i1s plotted for various values of p and £ =1, { =10. The SNR
is 32 dB for both figures and SIR <22 dB.
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Figure 52. BPSK/QPSK with = 3/4 convolutional coding and HDD transmitted
over a Ricean fading channel with Rayleigh fading pulsed—noise interference
(p=0.5) and AWGN.
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Figure 53. BPSK/QPSK with r=3/4 convolutional coding and HDD transmitted

over a Ricean fading channel with Rayleigh fading pulsed-noise interference and
AWGN.
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c. 16-QAM with Convolutional Coding and HDD for r =1/2

The probability of bit error vs. SIR for 16-QAM with convolutional cod-
ing and HDD for r =1/2 when the signal is transmitted over a Ricean fading channel
with AWGN and Rayleigh fading pulsed noise—like interference is plotted in Figure 54
for various values of the channel parameter ¢ and for p =0.5. In Figure 55, the prob-
ability of bit error vs. SIR i1s plotted for various values of p and for £ =1, { =10. The
SNR is 35 dB for both figures and SIR <25 dB.
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Figure 54. 16-QAM with r =1/2 convolutional coding and HDD transmitted over a
Ricean fading channel with Rayleigh fading pulsed—noise interference (p =0.5)

and AWGN.
10"
.
.
- . — g.=1.p=0.1
10-2 | "‘-—-.._E \‘_ _ I:S=1 p=0.5 ]
= =1 . p=1
Ty R M
o _ s p = 0.
- 3
10 - \\ _ r__:s:']g p=1 —
&= — T
== T — =
1o b B .
S
K?-i,!_h
=
S ~
10°7® I
B RN |
. o .
.
- S
1o . S o
o 5 10 15 Z0 25
SIR in dB

Figure 55. 16-QAM with r=1/2 convolutional coding and HDD transmitted over a

Ricean fading channel with Rayleigh fading pulsed—noise interference and
AWGN.
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d. 16-QAM with Convolutional Coding and HDD for r = 3/4

The probability of bit error vs. SIR for 16-QAM with convolutional cod-

ing and HDD for r =3/4 when the signal is transmitted over a Ricean fading channel
with AWGN and Rayleigh fading pulsed noise—like interference is plotted in Figure 56
for various values of the channel parameter ¢ and for p =0.5. In Figure 57, the prob-
ability of bit error vs. SIR is plotted for various values of p and for { =1, {, =10. The
SNR is 35 dB for both figures and SIR <25 dB.
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Figure 56. 16-QAM with r =3/4 convolutional coding and HDD transmitted over a
Ricean fading channel with Rayleigh fading pulsed—noise interference (p =0.5)
and AWGN.
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Figure 57. 16-QAM with r=3/4 convolutional coding and HDD transmitted over a

Ricean fading channel with Rayleigh fading pulsed—noise interference and
AWGN.
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e 64—QAM with Convolutional Coding and HDD for r = 2/3

The probability of bit error vs. SIR for 64—-QAM with convolutional cod-
ing and HDD for r =2/3 when the signal is transmitted over a Ricean fading channel
with AWGN and Rayleigh fading pulsed noise—like interference is plotted in Figure 58
for various values of the channel parameter ¢ and for p =0.5. In Figure 59, the prob-
ability of bit error vs. SIR is plotted for various values of p and for { =1,  =10. The
SNR is 38 dB for both figures and SIR <28 dB.
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Figure 58. 64-QAM with r=2/3 convolutional coding and HDD transmitted over a
Ricean fading channel with Rayleigh fading pulsed—noise interference (p =0.5)
and AWGN.
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Figure 59. 64-QAM with r=2/3 convolutional coding and HDD transmitted over a

Ricean fading channel with Rayleigh fading pulsed—noise interference and
AWGN.
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f 64-QAM with Convolutional Coding and HDD for r = 3/4

The probability of bit error vs. SIR for 64—-QAM with convolutional cod-
ing and HDD for r =3/4 when the signal is transmitted over a Ricean fading channel
with AWGN and Rayleigh fading pulsed noise—like interference is plotted in Figure 60
for various values of the channel parameter ¢ and for p =0.5. In Figure 61, the prob-
ability of bit error vs. SIR is plotted for various values of p and for { =1, ¢ =10. The
SNR is 38 dB for both figures and SIR <28 dB.
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Figure 60. 64—-QAM with r =3/4 convolutional coding and HDD transmitted over a
Ricean fading channel with Rayleigh fading pulsed—noise interference (p =0.5)

and AWGN.
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Figure 61. 64-QAM with r =3/4 convolutional coding and HDD transmitted over a

Ricean fading channel with Rayleigh fading pulsed—noise interference and
AWGN.
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Except for the improvement in performance with respect to F,, the use of

convolutional coding with HDD does not alter the picture observed for the non—-FEC

cases. Performance improves (£, decreases) with increasing ¢ . For a low value of
¢, and for high SIR values, performance is not affected by the parameter p. For high val-
ues of £ there is a point in the SIR range beyond which small values of p constitute the

worst case for each type of modulation.

E. SUMMARY

This chapter first examined receiver performance when the signal is transmitted
over a Rayleigh fading channel with AWGN and Ricean fading, pulsed noise—like inter-
ference, both for non—coded and coded signals (HDD only). It was observed that the per-
formance is not significantly affected by the degree of fading of the interference but is af-

fected by the pulsed interference duty cycle, with the worst case being that of continuous

interference (p =1).

Next, the receiver performance when the signal is transmitted over a Ricean fad-
ing channel with AWGN and Rayleigh fading pulsed noise—like interference was exam-
ined, both for non—coded and coded signals (HDD only). In this case, it was observed that
performance is better for weak fading. For strong signal fading, continuous interference
(duty cycle of 1) is the worst case, but the interference duty cycle does not affect per-
formance at high SIR. For weaker fading, the interference duty cycle p significantly af-
fects performance and, for high SIR, the worst case occurs when the interference duty cy-

cle is low.
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V. CONCLUSION

A. FINDINGS

In Chapter III we assumed that the transmitted signal only (and not the pulsed,
noise—like interference) was subject to Ricean fading. As expected, we observed that per-
formance deteriorates as the amount of fading encountered by the signal increases. The
effect of turning the interference on and off systematically (pulsing) varies depending on
the degree of signal fading. For low SIR values, the worst performance occurs for con-
tinuous (barrage) interference. For mild fading and higher SIR, the worst performance
occurs for low duty cycle pulsing (i.e., when fewer transmitted symbols encounter higher
interference power). For stronger fading and higher SIR, the variation of the interference
duty cycle does not have any effect on performance. The bound between the low and

higher SIR values mentioned here is different for each modulation type.

In Chapter IV we assumed that both the transmitted signal and the interference
were subject to Ricean fading, but, due to the complexity of the calculations, two specific
cases were examined. In the first one, where the signal is affected by Rayleigh signal fad-
ing and the interference by Ricean fading, it was found that the performance is not af-
fected by the degree of interference fading, but it is affected by the interference duty cy-
cle, the worst case being that of continuous interference. In the second case, where
Ricean signal fading and Rayleigh interference fading are assumed, findings are similar

to those described above for Chapter II1.

B. RECOMMENDATIONS FOR FURTHER RESEARCH

The single sub—carrier results of this thesis can be applied in order to evaluate the
performance of the complete OFDM system specified in the /EEE 802.11a standard un-
der the same channel conditions. The performance of each sub—carrier has to be evaluated
independently and the average performance has to be computed. For this to be done, a

distribution function for the parameter ¢ must be selected, and a value of ¢ has to be

assigned to each sub—carrier.
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Furthermore, the analysis of Chapter IV can be extended to produce an analytical
or numerical result for the general case where both the transmitted signal and the interfer-
ence are subject to Ricean fading. Also, the performance analysis for the specific (simpli-

fied) cases investigated in Chapter IV can be extended to include soft decision decoding.

C. CLOSING COMMENTS

The performance analysis of wireless local area networks (WLANS) is of signifi-
cant importance given their increasing adoption by both military and civilian users. In-
vestigation of their performance under non—favorable conditions (like fading and inter-
ference) can help determine an acceptable degree of dependence on WLANS that the us-

ers should allow for critical operations.
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