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ABSTRACT

The Joint Tactical Information Distribution System (JTIDS) is a hybrid
frequency-hopped, direct sequence spread spectrum system which uses cyclic code-shift
keying (CCFK) for M-ary symbol modulation and minimum shift-keying (MSK) for chip
modulation. In addition JTIDS uses a (31, 15) Reed Solomon (RS) code for channel
coding. In this thesis an alternative waveform consistent with the original JTIDS
waveform is analyzed. The system to be considered uses a concatenated code consisting
of a (31, k) Reed Solomon inner code and a 4/5 convolutional outer code. The coded
symbols are transmitted on the in-phase (1) and quadrature (Q) components of the carrier
using 32-ary orthogonal signaling with 32 chip baseband waveforms such as Walsh
functions. Performance with both coherent and noncoherent detection is analyzed. For
noncoherent detection, only one five bit symbol is transmitted on the | and Q components
of the carrier per symbol duration, so the data throughput for noncoherent detection is %
that of coherent detection. No diversity, consistent with JTIDS single-pulse structure, and
a sequential diversity of two, consistent with JTIDS double-pulse structure, are both
considered. For the double-pulse structure, performance is examined both for the case of
linear soft diversity combining and also for soft diversity combining with perfect side
information. Performance is examined both for AWGN only, as well as for AWGN and
pulse-noise interference.

Based on the results of this thesis, the proposed waveform is found to outperform
the existing JTIDS/Link-16 waveform in all cases considered in this research. Indeed, the
best performance for the alternative waveform is obtained when an (31, 25) RS inner
code is used. When only AWGN is present, the proposed waveform with no diversity has
a gain of 2.6 dB and 2.5 dB as compared to the existing JTIDS/Link-16 waveform for
coherent and noncoherent demodulation, respectively, when B, =107. Likewise, in an
AWGN only environment with a diversity of two, the proposed waveform outperforms
the existing JTIDS/Link-16 waveform by 3.15 dB and 2.3 dB for coherent and

noncoherent detection, respectively. When PNI is also present, the proposed waveform
performs significantly better than the existing JTIDS waveform in all cases considered.



Finally, the use of a concatenated code consisting of a (31, 25) RS inner code and a 4/5
convolutional outer code results in a 33% improvement in throughput as compared to the
existing JTIDS/Link-16 waveform.
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EXECUTIVE SUMMARY

The Tactical Data Link (TDL) is a solution to the reliability problems of primitive
communication systems. TDLs are the cornerstone of the Network Centric Warfare
(NCW) concept, not only because they provide full situational awareness to headquarter
units, but also because they enable secure and reliable communication as well. The most
widely spread TDL today is the Joint Tactical Information Distribution System (JTIDS)
which is commonly referred to as Link-16. JTIDS/Link-16 was born out of the
difficulties the United States found itself in during the Vietnam War when trying to
coordinate the effort of many different elements of its armed forces. Battlefield co-
operation among all branches of the U.S. armed forces was required. Earlier TDLs, Link-
4, Link-11 and Link-14, were each restricted in function and implementation and often
available only to specific elements of a specific force.

JTIDS/Link-16 provides tremendous flexibility and has proven to be very useful
operationally. It is usually regarded as a jam resistant data link. JTIDS is a hybrid
frequency-hopped, direct sequence spread spectrum system which uses cyclic code-shift
keying (CCFK) for M-ary symbol modulation and minimum-shift keying (MSK) for chip
modulation. In addition JTIDS uses a (31, 15) Reed Solomon (RS) code for channel
coding. In this thesis an alternative waveform consistent with the original JTIDS
waveform is analyzed. The system to be considered uses a concatenated code consisting
of a (31, k) Reed Solomon inner code and a 4/5 convolutional outer code. The coded
symbols are transmitted on the in-phase (1) and quadrature (Q) components of the carrier
using 32-ary orthogonal signaling with 32 chip baseband waveforms such as Walsh
functions. Performance for both coherent and noncoherent detection is analyzed. For
noncoherent detection, only one five bit symbol is transmitted on the | and Q components
of the carrier per symbol duration, so the data throughput for noncoherent detection is %2
that of coherent detection. No diversity, consistent with the JTIDS single-pulse structure
and a sequential diversity of two, consistent with the JTIDS double-pulse structure, are
both considered. For the double-pulse structure, performance is examined both for the
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case of linear soft diversity combining and also for soft diversity combining with perfect
side information. Performance is examined both for AWGN only as well as for both
AWGN and pulse-noise interference.

Based on the results of this thesis, the proposed waveform is found to outperform
the existing JTIDS/Link-16 waveform in all cases considered in this research. Indeed, the
best performance for the alternative waveform is obtained when an (31, 25) RS inner
code is used. When only AWGN is present, the proposed waveform with no diversity has
a gain of 2.6 dB and 2.5 dB compared to the existing JTIDS/Link-16 waveform for

coherent and noncoherent demodulation, respectively, when P, =107°. Likewise, in an

AWGN only environment with a diversity of two, the proposed waveform outperforms
the existing JTIDS/Link-16 waveform by 3.15 dB and 2.3 dB for coherent and
noncoherent detection, respectively. When PNI is also present, the proposed waveform
performs significantly better than the existing JTIDS in all cases considered. Finally, the
use of a concatenated code consisting of a (31, 25) RS inner code and 4/5 convolutional
code results in a 33% improvement in throughput, as compared to the existing
JTIDS/Link-16 waveform.
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l. INTRODUCTION

A. OVERVIEW

The Tactical Data Link (TDL) is a solution to the reliability and security problems
of basic communication systems. In telecommunications, a data link is the means of
connecting one location to another for the purpose of transmitting and receiving digital
information. It can also refer to a set of electronic assemblies, consisting of a transmitter
and a receiver and the interconnecting data telecommunication circuit. These are
governed by a link protocol enabling digital data to be transferred from a data source to a
data sink [1]. Tactical Data Links are the corner stone of the Network Centric Warfare
(NCW) concept, not only because they provide full situational awareness to headquarter
units but also because they enable secure and reliable communication. The most widely
spread Tactical Data Link currently is the Joint Tactical Information Distribution System

(JTIDS), which is the communication component of Link-16.

JTIDS/Link-16 is secure and provides a measure of resistance to jamming.
JTIDS/Link-16 is a hybrid direct sequence, frequency hopped spread spectrum system
that employs time-division multiple access as well. JTIDS/Link-16 is not without its
limitations, the most important of which is its limited data throughput. This constrains its
usage to situational awareness functions, command and control, low data rate ISR

imagery functions, and other functions such as weapon guidance [2].

B. THESIS OBJECTIVE

Because of its reliability and the other advantages mentioned previously,
JTIDS/Link-16 currently is the most common NATO TDL. However, the need for a TDL
with greater throughput drives the research for enhanced versions compatible with the

original JTIDS which will increase throughput without requiring additional signal power.

Some alternative waveforms consistent with the existing JTIDS waveform but
with better performance have been considered. In [3], the cyclical code-shift keying
(CCSK) modulation scheme used by the original JTIDS/Link-16 was replaced with 32-

ary orthogonal signaling having 32 chip baseband waveforms. In [4], two modified

1



JTIDS/Link-16 compatible systems are proposed and evaluated. The first system uses
errors-and-erasures decoding (EED) in place of errors-only RS decoding, whereas the
second system employs a new 32-chip CCSK sequence instead of the 32-chip CCSK
sequence chosen for JTIDS/Link-16. In [5] a 32-ary CCSK system that uses a
concatenated code consisting of a rate r =4/5 convolutional code as an outer code and a
(31, k) RS code as an inner code is considered.

In this thesis, an alternative waveform consistent with the original JTIDS
waveform is analyzed. The system to be considered uses a concatenated code consisting
of a (31, k) Reed Solomon (RS) inner code and a 4/5 convolutional outer code. The coded
symbols are transmitted on the in-phase (1) and quadrature (Q) components of the carrier
using 32-ary orthogonal signaling with 32 chip base band waveforms such as Walsh
functions. Performance with both coherent and non-coherent detection is analyzed. For
non-coherent detection, only one five bit symbol is transmitted on the 1 and Q
components of the carrier per symbol duration, so the data throughput for non-coherent
detection is Y2 that of coherent detection. No diversity, consistent with the JTIDS single-
pulse structure, and a sequential diversity of two, consistent with the JTIDS double-pulse
structure, are both considered. For the double-pulse structure, performance is examined
both for the case of linear-soft diversity combining and also for soft diversity combining
with perfect side information. Performance will be examined both for additive white

Gaussian noise (AWGN) only as well as for AWGN plus pulse-noise interference (PNI).

C. THESIS OUTLINE

This thesis is organized into nine chapters. Chapter | is the introduction. Chapter
Il is the theoretical background which the author considers necessary to understand this
research. Chapter Il deals with the performance analysis of the original JTIDS
waveform, which is the reference point for the performance of the alternative waveform.
In Chapter 1V, the performance analysis of the alternative waveform in an AWGN
environment for both coherent and noncoherent demodulation is discussed. In addition
the number of uncoded symbols k in the (31, k) RS code that yield the minimum
probability of bit error at the output of the receiver is determined. In Chapter V, the

performance analysis of the alternative waveform in an AWGN plus PNI environment for

2



both coherent and noncoherent demodulation is analyzed. In Chapter VI, the performance
analysis of the proposed waveform in an AWGN only environment with a diversity of
two for both coherent and noncoherent demodulation is considered. In Chapter VII, the
performance analysis of the proposed waveform in an AWGN plus PNI environment with
a diversity of two for both coherent and noncoherent demodulation is discussed. In
Chapter VIII, the performance analysis of the alternative waveform with a diversity of
two and perfect side information (PSI) is analyzed. Finally, the conclusions to this thesis

are presented in Chapter IX.
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II. BACKGROUND

In this chapter, some of the key concepts needed for the analysis of the proposed
alternative JTIDS waveform are discussed. Concepts and equations that have been
extensively described in the existing literature will be presented for the convenience of
the reader. On the other hand, concepts and equations that are more specialized are

derived more thoroughly.

A M-ARY ORTHOGONAL  MODULATION WITH  BASEBAND
WAVEFORMS

The alternative waveform analyzed in this thesis uses M-ary orthogonal
modulation with baseband waveforms. More specifically, 32 orthogonal baseband
waveforms are used to modulate the transmitted signal. In orthogonal signaling the data
symbols can be modulated on both the | and the Q channel simultaneously, improving

significantly the overall throughput when coherent detection is used.

The probability of symbol error and the probability of bit error of a system that
utilizes M-ary signaling with orthogonal baseband waveforms are identical to those for
orthogonal M-ary frequency-shift keying (MFSK), as are the union bounds on the
probabilities of symbol and bit error [6].

One advantage of using M-ary orthogonal modulation with orthogonal baseband
waveforms instead of orthogonal frequencies is that the former naturally combines with
direct sequence spread spectrum, whereas MFSK does not. Thus, an M-ary orthogonal
baseband waveform is compatible with the original JTIDS waveform. Another advantage
of this modulation technique over orthogonal MFSK is that it requires only one local
oscillator at the receiver rather than M and, hence, the complexity of the overall system is
reduced [6].

B. PERFORMANCE OF M-ARY ORTHOGONAL SIGNALING IN AWGN

The probability of channel symbol error for both coherent and noncoherent

detection can be expressed in two different ways depending on the derivation method.



For the coherent case in AWGN with two-sided noise power spectral density N, /2, the

probability of symbol error can be expressed either as a union bound [6]

P<(M —1)Q( rNE] (21)

0

or as an exact value [6]

PS

L.

0

[%J 1_|:1_Q(u+ 2|:|ES ]:l _ du, (2.2)

where E_ is the average energy per channel symbol, E,=AZ’T,, T.is the symbol

duration, r is the code rate, and A’ is the received signal power.

Both of the preceding formulas yield accurate results for the AWGN case;
however, when the channel is affected by both AWGN and PNI, equation (2.2) must be
used for greater accuracy.

Analogously, there are two options as well when noncoherent detection is used.
Again, the union bound can be used in an AWGN only environment without any adverse
effects on the accuracy of the result, while the exact result must be used for an AWGN
plus PNI environment. The union bound and the exact results for the noncoherent case
are [6]

M -1 -rE
P < e : 2.3
SUEMEA o
and
M1 1M -1 _
P, :z—( D exp e, | (2.4)
= n+l n (n+1)N,

respectively.



C. PERFORMANCE OF M-ARY ORTHOGONAL SIGNALING IN AWGN
WITH PULSE-NOISE INTERFERENCE

When a channel is affected by AWGN the noise signal that arrives at the receiver
is assumed to be uniformly spread across the spectrum and time independent, but those
assumptions may not be valid if PNI is present. In this thesis, the AWGN and PNI are
assumed to be statistically independent, and the PNI is modeled as Gaussian noise. When
AWGN and PNI are both present the total noise power at the receiver integrator outputs
IS given by

2 _
=

0’ =0,s +0, (2.5)

where o, =N, /T, and 5,° =N, / pT, , p is the fraction of time that the PNI is on,
and N, is the PNI one-sided power spectral density [3].

By assuming that each symbol is short compared to the pulse-noise interference
on-time, we can infer that even if some symbols are only partially affected by the PNI
their number (and thus their contribution to the overall probability of error) is negligible
compared to those which are either free of interference or entirely affected.
Consequently, when PNI is present the average probability of channel symbol error for

hard decision demodulation is
P, = pR[E,/ (N +N, / p)]+ @~ p)P.(E, / Ny) (2.6)

where P[E,/(N,+ N, / p)]land P,(E, / N,)are the probabilities of symbol error in the
presence or in the absence of PNI, respectively.

D. CONCATENATED REED-SOLOMON AND CONVOLUTIONAL CODES

A concatenated code is one that uses two levels of coding, an inner code and an
outer code, to achieve improved error performance. The inner code, the one that
interfaces with the modulator/demodulator and channel, is usually configured to correct
most of the channel errors. The outer code, usually a higher-rate code, then reduces the
probability of error to a specified level. The primary reason for using a concatenated code
IS to achieve a low error rate with an overall implementation complexity which is less

than that which would be required by a single coding operation [7].



In this thesis a convolutional code with code rate 4/5 is used as the outer code
while a Reed-Solomon code with a code rate k/31 (an optimum k is determined) is used
as the inner code. Figure 1 illustrates the order of encoding and decoding. This
configuration is preferred since it can be implemented with fewer bit-to-symbol and
symbol-to-bit converters. In this implementation, only one bit-to-symbol converter is
used in the transmitter and one symbol-to-bit converter in the receiver. With the proposed
configuration, blocks of four data bits are encoded into five-bit blocks which then are
encoded into five-bit symbols. At the inner encoder, k symbols are encoded into 31
channel symbols which then are modulated by a 32-ary orthogonal modulator. The
overall code-rate is 4k / (5x31) while the code-rate of JTIDS is 15/31=0.484 . Hence, in
addition to the improvement in the bit error performance a significant throughput increase
is obtained when k >19. Taking the ratio of the code rate of the proposed system to that

of the original JTIDS, we get the change in throughput effectuated by the proposed

system:
4k
T=22 (2.7)
75
— Convolutional —2] Bit-to-Symbol "1 RS Encoder Bety
Encoder Modulation
Convolutional Svmbol : . 32-ary
«— fe—1 Symbol-to-Bit R-5 Decoder fe—o )
Decoder Demodulation

Figure 1. Encoding and decoding configuration of the proposed system.



E. PERFORMANCE WITH CONVOLUTIONAL AND REED-SOLOMON
CODES

The probability of information bit error is expected to be improved by the
concatenated code. In order to derive the probability of bit error at the output of the
receiver, we need to determine the effect of both the Reed-Solomon (inner) code and the

convolutional (outer) code on the probability of bit error.

1. Reed-Solomon Code

Reed-Solomon codes are nonbinary BCH (Bose—Chaudhuri-Hocquenghem)
codes. An (n, k) RS encoder takes k information symbols and generates n coded symbols
[8]. For nonbinary codes, the distance between two code words is defined (analogous to
Hamming distance) as the number of symbols in which the codewords differ. Reed-
Solomon codes achieve the largest possible code minimum distance for any linear code
with the same encoder input and output block lengths [7]. The last property as well as the
fact that RS can be designed with different amounts of redundancy makes them the most

commonly used nonbinary block codes for random error correction.

The Reed-Solomon decoded symbol error probability, in terms of the channel

symbol error probability, is [8]

p=1Y {T] PIL-P)" 2.8)

i=t+1

S|

where P, is the channel symbol error probability, t is the symbol error correcting
capability of the RS code, n=2" -1, and m is the number of bits per encoded symbol.

2. Convolutional Codes

The main difference in convolutional codes as compared to block codes, such as
the Reed-Solomon code mentioned previously, is the fact that with block codes, each
codeword n-tuple is uniquely determined by the input message k-tuple, whereas in the
former this is not the case. In a convolutional code the ratio k/n has the same significance
(information per coded bit) that it has for block codes; however, n does not define a block

or codeword length as it does for block codes. An n-tuple emitted by the convolutional



encoding procedure is not only a function of an input k-tuple but is also a function of the
previous K—1 input k-tuples, where K is a parameter known as the constraint length [7].

Since the convolutional code output does not necessarily have a fixed length, we
derive its performance from the probability of sequences that merge with the all-zero
sequence (provided that the all-zero sequence is transmitted) for the first time at a given
node in the trellis. In particular, we define the first-event error probability as the
probability that another path that merges with the all-zero path at node B has a metric that
exceeds the metric of the all-zero path for the first time. Of course, in the transmission of
signals that are convolutionally encoded, other types of errors can occur; but it can be
shown that bounding the error probability of the convolutional code by the sum of first-
event error probabilities provides an upper bound that in most cases is a tight upper
bound on the error probability. For hard decision decoding, we can employ exact
expressions for the pair-wise error probability to obtain tighter bounds on the error
probability. The probability of selecting a path of weight d, when d is odd, over the all-
zero path is the probability that the number of errors is greater than or equal to (d+1)/2

[9]. Therefore, the pair-wise error probability is given by

d. (d
R()= > (kjpk(l— p)"* (2.9)

k=(d+1)/2
If d is even, the incorrect path is selected when the number of errors exceeds 0.5d. If the
number of errors equals 0.5d, there is a tie between the metrics of the two paths which is
resolved by randomly selecting one of the paths; thus, an error occurs one-half the time.
Consequently, the pair-wise error probability in this case is given by [9]

Pz(d) =

k=d/2+1

d a4 (g
p2A-p)2+ >, (kj p“@-p)** (2.10)

N
v o

The overall bit error probability is bounded by [9]

o0

1
R < >, BiR(d) (2.11)
d=d e

where k is the number of information bits per level (number of bits encoded per clock

cycle), and g, is the sum of all possible bit errors that can occur on all paths a distance d
10



from the all-zero code sequence. In this thesis we consider d=5 which corresponds to the
free distance for an encoder with eight memory elements and code rate 4/5. The

corresponding generator polynomials (in octal) are 561,753,561,753,561 and £, =5 [10].

F. PERFORMANCE WITH DIVERSITY

Diversity is the procedure that consists of transmitting and/or receiving the same
symbol multiple times in order to provide redundancy at the receiver. The basic idea of
diversity is that some of the received redundant symbols will be more reliable than

others, and the demodulation decision will be made using the more reliable symbols [6].

The type of diversity used by JTIDS is the standard double-pulse structure
(STDP) which corresponds to a sequential diversity of two. The same type of diversity is
to be considered for the proposed waveform in this thesis for both AWGN only and an
AWGN plus PNI environment.

For sequential diversity systems, if the bit rate is held constant as diversity L
increases, then diversity effectively decreases the average energy per diversity
transmission by a factor of L. On the other hand, if the average energy per diversity
transmission is held constant as diversity L increases, then diversity effectively decreases
the overall bit rate by a factor of L [6]. In this analysis the average energy per diversity
transmission is considered constant since this reflects the way in which JTIDS is
implemented. In effect, JTIDS transmits each pulse at a fixed power (presumably the
maximum possible) so the double-pulse structure is equivalent to increasing the signal-to-
noise ratio per symbol by 3 dB. In AWGN only, when compared on an average energy
per bit basis, the performance of the double-pulse structure will be approximately the
same or poorer (for noncoherrent detection) than for the single-pulse structure. Any
improvement obtained with the double-pulse structure will be seen when PNI is present,

particularly when side information is used.

In this thesis we assume that our receiver employs soft decision demodulation
since this demodulation technique is more amenable to the utilization of side information

to reduce the effects of jamming.
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1. Coherent Detection

The simplest case to analyze is coherent detection in an AWGN-only
environment. For sequential diversity, L pulses are transmitted for every channel symbol.
Since the transmitted pulses are received coherently and the AWGN is not affected by

diversity, the received energy per symbol is L times the energy per pulse E, =LE, or

E. =rmLE, where r is the code rate, m is the number of bits per symbol and E, is the

average bit energy per pulse. Hence, the probability of channel symbol error is obtained

from equation (2.2) as

Fg:%_];e[_;j 1—[1—Q[u+ ZLIr\lmEb ]] e (2.12)

On the other hand, in an AWGN plus PNI environment, when diversity of order L
is employed and each diversity reception is independent of the others, the probability that

i of L diversity receptions are affected by PNI, where p represents the fraction of time

that the channel is affected by PNI, is [11]
: L i L—i
Pr(i,L) = i P 1-p) (2.13)

where ( ) jare the number of distinct ways in which i out of L receptions can be received
[

in error.

Consequently, the probability of channel symbol error is

L L ) ) )

P, =2Kijp'(1—p)“&(l)} (2.14)
i=0

where P,(i) is the conditional probability of channel symbol error given that i symbols

experience PNI and P,(i) needs to be determined.
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2. Noncoherent Detection

In order to derive the performance in AWGN for noncoherent detection of M-ary
orthogonal modulation with L-fold sequential diversity and soft decision combining, we
define V,,V,..V,, as the decision statistics for each diversity reception, where the
respective probability density functions (pdfs) of the random variables prior to diversity

combining are [6]

>0 (2.15)

1
fVlk (u, /)= 27 exp N

_(ulk + 2’0\:2) | AC\/E u
207 0 o’ ’

for the signal branch, assumed without loss of generality to be branch one, and

1 —Up,
f, (u, /)= exp| — |, u, >0 2.16
mG ( my ) 20_2 p( 20_2 j my ( )

for the non-signal branch. These pdfs are chi-squared with two degrees of freedom, and

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

The overall pdf for each branch of the receiver is derived by convolving the L

individuals pdfs; hence, f, (u,/1)= fViL(ulkll) and f, (u,/1)= f\f:’kL(umk /1), which

yields, respectively, [6]

S i exp[—<ul+zué>},u(ﬂ_ﬁztuq
o

D)= ZUZ(ZLACZ)(IA)/Z X

207 , =0 (2.17)

and

£ )= e [‘“mj u >0 (2.18)
w1 = eyt Pl 207 ) T '

where 1, (e) is the modified Bessel function of the first kind and order L —1.
The probability of the channel symbol error is derived from
P.=1-Pr(V,>V,NV,>V,N..V, >V, /1) (2.19)

which in this case is given by

13



u M-1
P=1-[f, (ul/l){ [f, (umll)duz} du, . (2.20)
0 0

The derivation of performance in the case of an AWGN plus PNI environment is
more complicated since there is a possibility that only some of the received pulses are

affected by PNI. In this case the pdf for each variable must be determined taking into

account the fact that for some pulses the noise power is o = N, /T, while for others is
ol =N, /T_+N, /(pT,). Consequently, the overall probability of channel symbol error
P. for a system which affected by PNI is
L L) . _
P =Z[[ i jp' - p)- Fz(i)} (2.21)
where P,(i) is the conditional probability of channel symbol error given that i symbols

experience PNI. For JTIDS, L=2, so equation (2.21) simplifies to
P, = (- p)*P.(0)+2p(1- p)P.(D) + p°P,(2) (2.22)
where P,(0) is derived from equation (2.20) with ¢° = N, /T_, whereas P,(2) is derived
from equation (2.20) with o® =N, /T_+N, /T,.
For the derivation of P,(1), the noise power for one pulse is o =N, /T, and

o7 =N, /T, +N, / pT, for the other one. Hence, f, (u,/1)= f,”(u, /1) is explicity

f, (U /1) = j fy (@), U-a)da (2.23)
0

or, from equation (2.15),

f\,l(ulll):.[4 1 ~exp _ul—ZAf( 11 H

2 2 2
v 40407 | 207 20, 207

(2.24)

Xexp{_a( 1, 12j IO(A&@JI{AC«/é(u_;_a)Jda
20‘0 ZO'T ] (o

0

which must be evaluated numerically.
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For the (M —1)remaining branches of the receiver f, (U, /)= f\,sz(umk /1) can

be evaluated analytically to obtain

f, (u2/1)=;[e2@'5e2“?} U, >0. (2.25)

Using equations (2.20), (2.24), and (2.25), we can evaluate

P.(1) :1-? f, U, /1)[? f, (U, /1)du2:| du, (2.26)

Because of the complexity of equation (2.26) a numerical evaluation may be required
rather an analytical one.

G. PERFECT-SIDE INFORMATION

For a system with a diversity of L, where the diversity receptions are received
independently, perfect-side information (PSI) can be considered as a means to reduce to
the effect of PNI. PSI is not realistic but provides a way to measure the relative
effectiveness of practical side information. For a diversity of two, when both received
symbols in the repetitive pulses are unaffected by PNI, they are combined and
demodulated as usual. If either of the diversity receptions are affected by PNI, the
receiver discards the PNI-affected symbol and makes a decision based on the remaining
diversity reception affected only by AWGN. When both diversity receptions are affected
by PNI, the receiver combines the two receptions and makes a decision. PSI requires at
least a diversity of two and can improve system performance in a PNI environment where
p<1[12].

H. CHAPTER SUMMARY

In this chapter, the background necessary to examine the performance of an
alternative JTIDS/Link-16 waveform was introduced. In the next chapter, the
performance analysis of the original JTIDS waveform is examined in order to use it as a

reference for the proposed alternative waveform.
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I1l. PERFORMANCE ANALYSIS OF THE ORIGINAL JTIDS
WAVEFORM

In this chapter, we examine the performance of the original JTIDS waveform. The
results of this chapter can be used for comparison with the performance of the proposed

waveform.

We first examine the performance for coherent demodulation in both AWGN only
and an AWGN plus PNI environment. Second the performance of the original JTIDS
waveform for noncoherent demodulation in both AWGN and AWGN plus PNI is
examined. The JTIDS/Link-16 message data can be sent with either a single-pulse
structure or a double-pulse structure. In this thesis, only the single-pulse structure is

analyzed.

A BRIEF DESCRIPTION OF A JTIDS/LINK-16-TYPE SYSTEM

JTIDS features RS coding, symbol interleaving, CCSK for M-ary baseband
symbol modulation, MSK chip modulation for transmission, single-pulse or double-pulse
diversity, and combined frequency-hopped and direct sequence (FH/DS) spread spectrum
for transmission security. Based on [13], [14], and [15], the physical layer (or transceiver)

of a JTIDS-type system is illustrated in Figure 2.

32-Chip Frequency
PN Sequence Hopping
Scrambling (51 bins)
JTIDS
Pulses
Link-16 message
from upper layer (31,15) CCSK 4 MSK
— »| Reed Solomon |—p Ini;?;gsler M-ary Symbol :f\ > Chip
Encoder Modulator \L/ Modulator Narrowband
Interference and
Fading Channel
Link-16 message
to upper layer
pRerey (31,15) Symbol CCsK Ya MSK
<4—— Reed Solomon [¢—] Dein¥erleaver M-ary Symbol [« NI Chip
Decoder Demodulator y Demodulator
32-Chip Frequency
PN Sequence De-hopping
De-scrambling (51 bins)

Figure 2.

A JTIDS/Link-16-type system model. From [4]
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The performance analysis of the original JTIDS waveform uses the conditional
probabilities of symbol error for the 32-chip CCSK sequence derived in [4]. In Table 1,

the conditional probabilities g“UBj for N chip errors (0 < N <32) are listed.

Table 1.  Conditional probabilities of symbol error for the 32-chip CCSK sequence
chosen for JTIDS. From [4]

N=] é/ue,j
0 0
1 0
6 0
7 0.0015
8 0.0207
9 0.1166
10 0.4187
11 1.0
12 1.0
32 1.0

B. COHERENT DEMODULATION
1. AWGN Only Environment

The probability of symbol error for the 32-chip CCSK sequence chosen for the
JTIDS is [4]

32 32 ) )
R =Z§j( .JF’C’(l—Pc)s“ (31)
=0 J
where ¢; are the conditional probabilities of symbol error for CCSK, and P, is the

probability of chip error at the output of the MSK chip demodulator. If we use gUBJ_ in

equation (3.1), then an analytic upper bound on the probability of symbol error for the

32-chip CCSK sequence chosen for JTIDS is given by [4]

32 32 j 2]
Ps <Z§UBJ J Pc (l_Pc) : (3-2)
j=0
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MSK can be considered as a special case of offset quadrature phase-shift keying
with sinusoidal pulse shaping. When a coherent matched filter or correlator is used to
recover the chips, MSK has the same performance as BPSK, QPSK and OQPSK [4];

hence, since E, =5rE, /32,

10rE,
& :Q( 32N, J 33)

where for the Reed-Solomon code used for JTIDS r=15/31.
Combining equations (2.8), (3.2) and (3.3), we obtain the probability of symbol
error of the original JTIDS waveform in AWGN environment. To obtain the respective

probability of bit error we must evaluate

P ~ m+1
2m

P (34)

The result is shown in Figure 3. As it can be seen, the E, /N, required for relatively

reliable communication (P, =107°) is 7dB.
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Figure 3.  Performance of the JTIDS waveform in AWGN only environment and
coherent demodulation.

2. AWGN Plus PNI Environment
When the original JTIDS waveform experiences both AWGN and PNI, the
probability of channel symbol error P, is [4]
P.=pP, +(1-p)P, (3.5)

where P. is the probability of channel symbol error with PNI and P, is the probability of
channel symbol error without PNI. The P, is obtained from equations (3.2) and (3.3),
whereas the P, is derived by equation (3.2) with [4]

10rE,
PCZQ(\/32(NO+N|/p))' (3.6)
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Combining equations (2.8), (3.2), (3.4), (3.5), and (3.6), we obtain the probability
of bit error for the original JTIDS waveform in AWGN plus PNI. The results are shown

in Figure 4 for E /N, =10 dB and several values of p.
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Figure 4. Performance of the JTIDS waveform in an AWGN plus PNI environment
and coherent demodulation for E, /N, =10dB with p=1, p=0.5, and

p=0.2.
C. NONCOHERENT DEMODULATION
1. AWGN Only Environment

For noncoherent demodulation in AWGN, all the equations used for coherent

demodulation still hold except for P, which becomes [3]

b —exp 0B ) 37)
32N,
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The probability of channel bit error obtained is shown in Figure 5.
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Figure 5.  Performance of JTIDS with noncoherent demodulation in AWGN.

2. AWGN Plus PNI Environment

Likewise, all the equations used for the coherent case still hold except for
equation (3.6), which is replaced by [3]

p—lexp| B | (3.9)
2P| 32N+ N, 1)

The results obtained are shown in Figure 6 for E, / N, =10 dB and several values of p .
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Figure 6.  Performance of JTIDS with noncoherent demodulation for E, /N, =10 dB
with p=1, p=0.5,and p=0.2.

D. CHAPTER SUMMARY

In this chapter, the performance of the original JTIDS/Link-16 waveform for both
coherent and noncoherent demodulation was examined. In the next chapter, we will
determine the optimum k of the Reed-Solomon (31, k) code which yields the best
performance for the alternative waveform, and the results will be compared with the
original JTIDS.
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IV. PERFORMANCE ANALYSIS OF COHERENT AND
NONCOHERENT ORTHOGONAL SIGNALING FOR A
CONVOLUTIONAL CODE CONCATENATED WITH A RS CODE
IN AWGN

In this chapter, the performance of the alternative waveform in an AWGN only
environment for both coherent and noncoherent demodulation is analyzed. In addition,
the optimum k for the (31, k) RS code needed to obtain the minimum probability of bit

error at the output of the receiver is determined.

A COHERENT DEMODULATION

The encoding and decoding configuration of the proposed JTIDS-type system is

shown in Figure 1 and is reproduced here for convenience.

Convolutional ) . Lary
— omvolutional | 5 Bit-to-Symbol R-5 Encoder 2280
Encoder Modulation
Convolutional symbol : . 32-ary
— fe——] Symbol-to-Bit R-S Decoder fe—— )
Decoder Demodulation

Figure 7. Encoding and decoding configuration of the proposed system.

In order to obtain the overall probability of bit error at the receivers output we
must first find the probability of channel symbol error at the output of the 32-ary
demodulator. For the coherent case in an AWGN environment with two-sided noise
power spectral density N, /2, the probability of channel symbol error expressed in terms
of symbol energy is obtained from equation (2.1). Expressed in terms of bit energy E, ,
(2.1) is given by
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P <(M —DQ( mlleb ] (4.1)

where r is the overall code rate of the concatenated code and is the product of the
individual code rates of the convolutional (4/5) and the RS (k/31) code.

The upper bound given by equation (4.1) combined with equation (2.8) yields the
probability of symbol error P, at the output of the (31, k) RS decoder. Using this result,

we obtain the probability of bit error at the symbol-to-bit converter output by taking the
average value of the upper and lower bound on the probability of bit error given that a

symbol error has occurred to get

P, =0.5(1+%J P, =0.6P, (4.2)

The overall probability of bit error at the output of the receiver is obtained from
equations (2.8), (2.9), (2.10), (2.11), (4.1) and (4.2) in the form of a very tide upper

bound.

The performance of the alternative waveform for six possible values of k as well
as the performance of the original JTIDS/Link-16 waveform for coherent demodulation
in an AWGN environment are shown in Figure 8. We observe that the proposed
waveform performs much better than the original JTIDS waveform. In addition, we
observe that the optimum rate for the Reed-Solomon code is 25/31 (k=25). Hence, from
equation (2.7), the throughput of the proposed system is 33% better than the existing
JTIDS/Link-16 waveform.
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Figure 8.  Performance of the alternative waveform with coherent demodulation in
AWGN.

B. NONCOHERENT DEMODULATION

As discussed in Chapter 11, the probability of channel symbol error for orthogonal

signaling with baseband waveforms with noncoherent demodulation is upper bounded by

P < M _1exp —1E, (4.3)
2 2N,
which, expressed in terms of bit energy, is given by
P.< M1 op| —IMEs (4.9)
2 2N,

As for coherent demodulation, the probability of bit error is obtained from
equations (2.8), (2.9), (2.10), (4.2), (4.4), and (2.11). More specifically, by substituting
equation (4.4) into (2.8), we obtain the probability of symbol error at the output of the
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(31, k) RS decoder. The probability of bit error at the input of the (4/5) convolutional
decoder is obtained from equation (4.2), which is then used in equations (2.9), (2.10), and

(2.11) to derive the overall probability of bit error of the system.

From the results illustrated in Figure 9, we observe that the proposed waveform
performs better than the original JTIDS waveform in an AWGN only environment with
noncoherent demodulation. In addition we observe that the optimum code rate for the

Reed-Solomon code for this case is again 25/31 (k=25).
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Figure 9.  Performance of the alternative waveform with noncoherent demodulation in
AWGN.
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C.

COMPARISON BETWEEN COHERENT AND NONCOHERENT
DEMODULATION FOR THE ALTERNATIVE WAVEFORM

For purposes of comparison, the performance obtained for both coherent and
noncoherent demodulation of the alternative waveform in AWGN is plotted in Figure 10
of demodulation.

for k=25, which earlier in this chapter was shown to yield the best results for both types

oo “~ —— COHERENT DEMODULATION
100 , NONCOHERENT DEMODULATION |
_1:
10 ¢ E
_2:
10 ¢ E
.3: \‘
10 ¢ \ 4
a® 10 - \ E
_5: ‘\\
10 ¢ \ 3
-6: \
10 ¢ | 3
_7: “\
10 ¢ ‘\‘ 3
8f \
10-¢ \ 3
10'9 I | | i | | |
0 1 6 7 8 9
Eb/NO (dB)
Figure 10.

Comparison of the performance of the coherent and noncoherent
demodulation for the proposed waveform in AWGN.

From Figure 10, we observe that the alternative waveform with coherent
demodulation performs better than the one with noncoherent demodulation. Indeed, in

Table 2 we see that when P, =10°, the proposed waveform requires E, / N, = 4.2 dB for
coherent demodulation, whereas for noncoherent E, / N, =5.5dB is needed.
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Table 2. Comparison of the performance of the alternative waveform for coherent
and noncoherent demodulation when P, =107°in AWGN.

Demodulation P E, /N, (dB)
Coherent 10°° 4.2
Noncoherent 10°° 55

D. CHAPTER SUMMARY

In this chapter, the performance of the alternative waveform in an AWGN only
environment was investigated for both coherent and noncoherent demodulation. The
results were compared to those of the existing JTIDS/Link-16 waveform. In addition, the
optimum k for the (31, k) RS was determined to be 25 for both the coherent and the
noncoherent case. In the next chapter, the performance of the proposed waveform in an
AWGN plus PNI environment for both coherent and noncoherent demodulation is

investigated.
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V. PERFORMANCE ANALYSIS OF COHERENT AND
NONCOHERENT ORTHOGONAL SIGNALING WITH A
CONVOLUTIONAL CODE CONCATENATED WITH A RS CODE
IN AWGN AND PNI

In this chapter, the performance of the alternative waveform in AWGN and PNI
for both coherent and noncoherent demodulation is analyzed. Only the (31, 25) RS code

is considered.

With PNI, we assume that the communications system is attacked by a noise like

signal that is turned on and off randomly. If p represents the fraction of time that the
PNI is turned on, then (1- p) represents the fraction of time that the PNI is turned off
where 0< p <1. In this kind of noisy environment, received symbols are affected by two
different levels of noise power since some of the symbols are affected only by AWGN
and others by both AWGN and PNI. If the one-sided power spectral density (PSD) of the
AWGN is N, and the one-sided PSD of barrage noise interference is N,, then N,/ p is

the PSD of the PNI since we assume that the average interference power is independent
of p[3].

A. COHERENT DEMODULATION

The derivation of the probability of bit error of the alternative waveform in an
AWGN plus PNI environment is very similar to the one previously obtained for the
AWGN only case with coherent demodulation. The only significant difference is that the
transmitted signal now is affected differently by the channel and, thus, the probability of
symbol error at the demodulator output is changed. As mentioned in Chapter Il, equation
(2.2) must be used instead of equation (2.1) because the accuracy provided by the union
bound does not suffice in this case. In addition, the overall probability of channel symbol
error is a combination of symbols, some of which are affected by PNI and some which
are not. Consequently, combining equations (2.2), (2.5) and (2.6), we obtain
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2 M-1
1 5 [T] 2rE
P=p—|e 1-11-Qlu+ [———— du
) p\/Zﬂ'J; { { Q[ N0+N|/p] }

+(1—p)%]ie[;}{l{l—Q(u+ ZI:IESH _ du

which in terms of bit energy can be written as

du

ot T

(5.1)

(5.2)

Combining equations (2.8), (4.2), (5.2) and (2.11), we derive the overall

probability of bit error for the proposed waveform in AWGN and PNI with coherent

demodulation. The performance of the alternative waveform for different values of

pwhenE, / N,=4.7dB is shown in Figure 11. An E, /N, =4.7dB is chosen because the

probability of information bit error of the alternative waveform asymptotically

approaches 10°° for E, /N, >>1.
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Figure 11. Performance of the proposed waveform in both AWGN and PNI with
coherent demodulation for p=1, p=0.5, p=0.2,p=0.1 and p=0.05

when E, /N, =4.7dB.

From Figure 11, we observe that the PNI degrades the performance of the
alternative waveform significantly. More specifically, as the fraction of time where the
PNI is on is reduced, the performance of the system degrades more for E /N, >>1.
However, for p smaller than 0.05, the performance of the system is not effectively
degraded because the maximum probability of error drops into the range where reliable

data communications can be achieved (P, <10™°).
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The performance of the existing JTIDS/Link-16 waveform for coherent

demodulation when E, / N, = 4.7 dB for different values of p is presented in Figure 12.
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Figure 12.  Performance of the original JTIDS/Link-16 waveform in both AWGN and
PNI with coherent demodulation forp=1, p=0.5, p=0.2 and

p=0.1when E /N, =4.7dB.

Comparing Figures 11 and 12, we observe that the performance of the alternative
waveform is superior to that of the original JTIDS/Link-16 when the bit energy-to noise
power spectral density is small. In fact, from Figure 12, we see that reliable

communication is not possible for the existing JTIDS/Link-16 whenE, /N, =4.7dB

regardless of E, /N, and p.
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The performance of the proposed and the existing JTIDS/Link-16 waveforms

when E, /N, =8.4dB is presented in Figure 13 and Figure 14, respectively, in order to

make the comparison for a larger value of E, / N, for completeness.
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Figure 13. Performance of the alternative waveform in both AWGN and PNI with
coherent demodulation for p=1, p=0.5, p=0.2,p=0.1, and p=0.05

when E, /N, =8.4dB.

From Figure 13, we see that in this case also PNI degrades the performance of the
alternative waveform significantly. As mentioned previously, as the fraction of time

where the PNI is on is reduced, the performance of the system degrades too. For p <0.1,

performance is not affected significantly and P, <10™°.
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Figure 14. Performance of the original JTIDS/Link-16 waveform in both AWGN and
PNI with coherent demodulation forp=1, p=0.5, p=0.2 , p=0.1, and

p=0.05when E, /N, =8.4dB.

Comparing Figures 13 and 14, we observe that the performance of the alternative
waveform is again superior to that of the existing JTIDS/Link-16. In order to illustrate the
differences between the two waveforms, the specific values of E, /N, in dB for which
the probability of bit error set as a reference for reliable communications (P, =107°) is
met are presented in Table 3 and Table 4 for E,/N,=4.7dB and E,/N,=8.4dB,

respectively.
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Table 3.  Comparison of the performance of the original JTIDS/Link-16 and the
alternative waveforms for different values of p for coherent demodulation

when E, /N, =4.7dB.

E,/N, (dB) E,/N, (dB)
R p
Original JTIDS Proposed Waveform

10° 1 2 10.5
10°° 0.5 2 11.9
10° 0.2 2 13
10°° 0.1 g 135
10° 0.05 2 13.6

From Table 3, we can see that PNI with # = 0.05 degrades the performance of the

_ -5
alternative waveform relative to barrage noise interference (BNI) when R, =10 and

Eb/NO=4'7dB by 3.1 dB, whereas the original JTIDS/Link-16 cannot reach this

probability of bit error at all.
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Table 4.  Comparison of the performance of the original JTIDS/Link-16 and the
alternative waveforms for different values of p for coherent demodulation

whenE, /N, =8.4dB.

E,/N, (dB) E,/N, (dB)
R p
Original JTIDS Proposed Waveform

10°° 1 12.5 5.6
10°° 0.5 13.1 7.2
10°° 0.2 13.7 8.8
10°° 0.1 13.4 8.8
10°° 0.05 2 ]

From Table 4, we observe that for any value of p the alternative waveform
performs significantly better than the existing JTIDS/Link-16. As mentioned in Chapter
[11, this improvement in required received signal power comes with a 33% increase in
throughput, where the increase is given by equation (2.7). From Table 4 we also can see

that PNI with p =0.1degrades the performance of the proposed system relative to BNI
when P, =10"and E,/N,=8.4dB by 3.2 dB, whereas the existing JTIDS/Link-16

performance is degraded by 1.2 dB. In addition, we see that both the alternative
waveform and the existing JTIDS/Link-16 waveform are not significantly corrupted by
PNI when p<0.1.

B. NONCOHERENT DEMODULATION

When AWGN and PNI are both present, the probability of channel symbol error
for 32-ary orthogonal signaling with noncoherent demodulation is obtained by combining
equations (2.4), (2.5) and (2.6) to get
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Which, in terms of bit energy can be written as
ML) (M =1 —nrm
B C R
= h+1 n N N
(n +1)(°+']
E, pE,
(5.4)

(- p)z( 1)n+1( n—ljexp{(—nrtrlr)libo}

Combining equations (2.8), (4.2), (5.4) and (2.11), we obtain the overall
probability of bit error for the proposed waveform in an AWGN plus PNI environment
with noncoherent demodulation. The performance of the alternative waveform for
different values of pwhenE, /N,=6 dB is shown in Figure 15. An E /N, =6dB is
chosen because the probability of information bit error of the alternative waveform

asymptotically approaches a value where very reliable communication can be achieved
for E, /N, >>1.
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Figure 15. Performance of the alternative waveform in both AWGN and PNI with
noncoherent demodulation forp=1, p=0.5, p=0.2,p=0.1, and

p=0.05 when E, /N, =6dB.

From Figure 15, we observe that the PNI degrades the performance of the
alternative waveform significantly. Indeed as the fraction of time where PNI is on is

reduced the performance of the system degrades too. However, for o <0.05 the

performance of the system is not affected by PNI for P, >107°.

The performance of the existing JTIDS/Link-16 waveform for noncoherent

demodulation when E, / N, = 6 dB for different values of p is presented in Figure 16.

40



0
10 ¢

1:___:-_-:___:___:___:-_-:___:___:_____-____:____________ __________ 1
10 3 E
20 ]
10 3 E
3[ il
10 3 -
4( i
10 3 E
a® ]
-5
10 3 3
6] |
10 3 E
70 i
10 3 3
: —PNION |
10'8; """ PNI 0.5 ON i
E e PNI 0.2 ON %
9l T PNI 0.1 ON |
10 ! ! ! ! ! ! ! I I
0 2 4 6 8 10 12 14 16 18 20

E/N, (dB)

Figure 16.  Performance of the original JTIDS/Link-16 waveform in both AWGN and
PNI with noncoherent demodulation for p=1, p=0.5, p=0.2 and

p=0.1when E /N, =6dB.

Comparing Figures 15 and 16, we observe that the performance of the alternative
waveform is superior to that of the original JTIDS/Link-16 when the bit energy-to noise
power spectral density is small. In fact, from Figure 16, we see that reliable

communication is not possible for the existing JTIDS/Link-16 whenE, /N, =6dB for

any value of E, /N, and p.
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The performance of the proposed and the existing JTIDS/Link-16 waveforms

whenE, /N, =8.4dB is presented in Figure 17 and Figure 18, respectively.
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Figure 17.  Performance of the alternative waveform in both AWGN and PNI with
noncoherent demodulation forp=1, p=0.5, p=0.2, p=0.1, and

p=0.05 when E, /N, =8.4dB.

From Figure 17 we see that, in this case also, PNI degrades the performance of
the alternative waveform significantly. As mentioned previously, as the fraction of time

where the PNI is on is reduced, the performance of the system degrades. For p <0.1,

P, <10°forall E,/N, .
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Figure 18. Performance of the original JTIDS/Link-16 waveform in both AWGN and
PNI with noncoherent demodulation for p=1, p=0.5, p=0.2 , p=0.1,

and p=0.05when E, /N, =8.4dB.

Comparing Figures 17 and 18, we observe that the performance of the alternative

waveform is superior to that of the existing JTIDS/Link-16 again. In order to illustrate the

differences between the two waveforms, the specific values of E, /N, in dB for P, =10

are presented in Table 5 and Table 6 for E ,/N,=6dB and E,/N,=8.4dB,

respectively.
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Table 5.  Comparison of the performance of the original JTIDS/Link-16 and the
alternative waveforms for different values of o for noncoherent

demodulation whenE, /N, =6.

E,/N, (dB) E,/N, (dB)
R p
Original JTIDS Proposed Waveform

10°° 1 g 11.7
10°° 0.5 ] 12.9
10°° 0.2 2 14.1
10°° 0.1 ] 14.8
10°° 0.05 2 14.7

From Table 5 we observe that PNI with p =0.05degrades the performance of the
alternative waveform relative to BNI when P, =10"and E,/N,=6dB by 3.0 dB,

whereas the original JTIDS/Link-16 cannot reach this probability of bit error at all.
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Table 6.  Comparison of the performance of the original JTIDS/Link-16 and the
alternative waveforms for different values of o for noncoherent

demodulation whenE, / N, =8.4dB.

E,/N, (dB) E,/N, (dB)
R p
Original JTIDS Proposed Waveform

10°° 1 17.7 7.5
10°° 0.5 18.4 9.0
10°° 0.2 19.0 10.7
10°° 0.1 19.6 11.0
10°° 0.05 19.6 g

From Table 6, we observe that for any value of p the alternative waveform

performs significantly better than the existing JTIDS/Link-16. We also can see that the

PNI with p =0.1degrades the performance of the proposed system relative to BNI when
P, =10°and E,/N,=84dB by 3.5 dB, whereas the existing JTIDS/Link-16

performance is degraded by 1.9 dB.

C. COMPARISON BETWEEN COHERENT AND NONCOHERENT
DEMODULATION FOR THE ALTERNATIVE WAVEFORM

For purposes of comparison, the performance for both coherent and noncoherent

demodulation of the alternative waveform whenE, / N, =8.4dB, for p=1, and p =0.1is

plotted in Figure 19.
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Figure 19. Comparison of the performance of the alternative waveform with both
AWGN and PNI for coherent and noncoherent demodulation when
E,/N,=8.4dBforp=1,and p=0.1.

The E, /N, required for B, =10~°when E, /N, =8.4dB for p=1, and p =0.1are
listed in Table 7.
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Table 7. Comparison between coherent and noncoherent demodulation of the
alternative waveform in AWGN and PNI whenP, =10°andE, / N, =8.4dB

forp=1,and p=0.1.

p Demodulation P E,/N, (dB)
1 Coherent 10°° 5.6
1 Noncoherent 10° 7.5

0.1 Coherent 10°° 8.8

0.1 Noncoherent 10°° 11.0

From Figure 19 and Table 7, we see that coherent demodulation performs
significantly better than noncoherent. Additionally, we observe that forE, / N, =8.4dB,
as o decreases, the difference in performance between coherent and noncoherent

demodulation increases from 1.9 dB for BNI to 2.2 dB for p =0.1.

D. CHAPTER SUMMARY

In this chapter, the effects of both AWGN and PNI on the performance of the
proposed waveform for both coherent and noncoherent demodulation were examined,
and the results were compared to those of the original JTIDS/Link-16 waveform. In the
next chapter, the performance of the alternative waveform for both coherent and
noncoherent demodulation with diversity of two in an AWGN only environment is

examined.
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VI. PERFORMANCE ANALYSIS OF THE ALTERNATIVE
JTIDS/LINK-16 WAVEFORM FOR BOTH COHERENT AND
NONCOHERENT DEMODULATION IN AWGN ONLY WITH A
DIVERSITY OF TWO

In this chapter, the performance of the alternative waveform for both coherent and
noncoherent demodulation with a diversity of two is examined in an AWGN only

environment.

The diversity of two concept for the original JTIDS/Link-16 waveform is implied
by the double-pulse structure. The data rate of the double-pulse structure is half that of
the single-pulse structure. Furthermore, the average energy per bit, both channel and data,
is doubled when the double-pulse structure is used. That is, JTIDS is not a constant
average energy per bit system when it changes between the single and the double-pulse
structure [4]. For purposes of consistency with the existing JTIDS/Link-16 waveform, in
this thesis the analysis of the alternative waveform with a diversity of two is based on the

average energy per bit per pulse rather the total average energy per bit.

A COHERENT DEMODULATION

As mentioned in Chapter Il, the probability of channel symbol error for the
alternative waveform for coherent demodulation in AWGN is obtained from equation
(2.12) for L=2. Hence,

B I

where E, is the average information bit energy in a pulse.

We obtain the probability of information bit error by combining equations (2.8),
(2.11), (4.2), and (6.1). The performance of the alternative waveform for both no

diversity and a diversity of two is shown in Figure 20.
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Figure 20. Performance of the alternative waveform with coherent demodulation for

both no diversity and a diversity of two in AWGN.

From Table 8, we see that there is a 3.45 dB improvement for the alternative

waveform with a diversity of two when P, =10°.

Table 8.  Comparison of the performance of the alternative waveform for coherent
demodulation in AWGN when P, =107°.

E, /N, (dB) E,/N, (dB)
R
No-Diversity Diversity of Two
10°° 4.2 0.75
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B. NONCOHERENT DEMODULATION

As mentioned in Chapter 11, the probability of channel symbol error in AWGN for

noncoherent detection of M-ary orthogonal modulation with L-fold sequential diversity

and soft decision combining is derived from equation (2.20). Combining equations

(2.17), (2.18), and (2.20), we obtain

© —(u, 4 2 ]
P, =1—£40‘2/1\J/_1¥ exp[ (UZ; A )] h(ng\z/u—J

where M=32.
Equation (6.2) is analytically evaluated to obtain

(n]“"((niﬁaz}“p(i;}”

(n+1)’”2

where A’ /o? = E, / Nywith E being the energy per pulse (E, =rmE,).

(6.2)

(6.3)

Combining equations (2.8), (2.11), (4.2), and (6.3), we obtain the probability of

information bit error for the alternative waveform for noncoherent detection and a

sequential diversity of two in AWGN. The performance of the alternative waveform for

both no diversity and a diversity of two is shown in Figure 21.
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—— DIVERSITY OF ONE ||

E/N, (dB)

Figure 21. Performance of the alternative waveform with noncoherent demodulation
for both no diversity and diversity of two in AWGN.

From Table 9, we see that there is a 2.9 dB improvement for the alternative

waveform with a diversity of two when P, =107°.

Table 9.  Comparison of the performance of the alternative waveform for noncoherent
demodulation in AWGN when P, =107°.

E, /N, (dB) E,/N, (dB)
R
No-Diversity Diversity of Two
10°° 55 2.6
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Figure 22.

COMPARISON BETWEEN THE ALTERNATIVE WAVEFORM WITH A
DIVERSITY OF TWO AND THE DOUBLE-PULSE STRUCTURE OF
THE ORIGINAL JTIDS WAVEFORM IN AWGN

Detailed analysis of the original JTIDS/Link-16 double-pulse structure can be
found in [4] and [5] and is not repeated here. The analysis made in [4] and [5] is used to

obtain the performance of the original JTIDS/Link-16 waveform for both coherent and
noncoherent detection in AWGN only.

The performance of both the alternative waveform with a diversity of two and the
original JTIDS/Link-16 double-pulse structure are presented in Figure 22.

N COHERENT JTIDS DOUBLE-PULSE
100 , mme NONCOHERENT JTIDS DOUBLE-PULSE ;
o —— COHERENT ALTERNATIVE WAVEFORM
10-1 "'\'7-’\,,\_ ......................... NONCOHERENT ALTERNATIVE WAVEFORM
10-2 I \\\\ "..’.'x '\,\‘\

|
7
E/N, (dB)

Performance of both the alternative waveform with a diversity of two and
the existing JTIDS/Link-16 double-pulse structure for coherent and
noncoherent detection in AWGN.
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Table 10. Comparison between the alternative waveform with a diversity of two and
the double-pulse structure of the existing JTIDS in AWGN when P, =107°.

Waveform Demodulation P E, /N, (dB)
JTIDS double-pulse Coherent 10° 3.9
JTIDS double-pulse Noncoherent 10°° 4.9

Alternative Coherent 10 0.75
Alternative Noncoherent 107 2.6

From Figure 22 and Table 10, we observe that the proposed waveform with a

diversity of two performs better than the existing JTIDS double-pulse structure for both

coherent and noncoherent detection. Indeed, for R, =10"and coherent detection, the

alternative waveform has a gain of 3.15dB as compared to the JTIDS/Link-16 double-
pulse structure, whereas for noncoherent detection the alternative waveform is superior to
the JTIDS waveform by 2.3 dB. Additionally, from Figure 22 and Table 10, we observe
that the alternative waveform performs better with coherent demodulation than with
noncoherent. The difference in performance between coherent and noncoherent detection

when P, =107 is 1.85dB.

D. CHAPTER SUMMARY

In this chapter, the performance of the alternative waveform in AWGN with a
diversity of two was investigated for both coherent and noncoherent detection. The
performance of the proposed waveform with a diversity of two was compared to the
performance of both the original JTIDS/Link-16 double-pulse structure and the
alternative waveform with no diversity and proved to be superior to both. Additionally,
the difference in performance between the coherent and noncoherent detection for the
alternative waveform with a diversity of two was examined. In the next chapter, the
performance of the alternative JTIDS/Link-16 waveform with a diversity of two in

AWGN and PNI for both coherent and noncoherent detection is analyzed.
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VIl. PERFORMANCE ANALYSIS OF THE ALTERNATIVE
JTIDS/LINK-16 WAVEFORM FOR BOTH COHERENT AND
NONCOHERENT DEMODULATION IN AWGN AND PNIWITH A
DIVERSITY OF TWO

In this chapter, the performance of 32-ary orthogonal signaling with concatenated
coding in AWGN and PNI for both coherent and noncoherent detection with a diversity

of two is considered.

A COHERENT DEMODULATION

As mentioned in Chapter |1, the probability of channel symbol error for coherent
detection in AWGN and PNI with a diversity of L is obtained from equation (2.14) and is

repeated here for convenience:
L LY . _

R =§Kijp'(1—p)“l°s(i)} (7.1)
where P,(i) is the conditional probability of channel symbol error given that i symbols
experience PNI, and L is the number of the diversity receptions.

For M-ary orthogonal signaling with coherent demodulation, the output for each

branch of the receiver can be represented as independent Gaussian random variables

V,where m=1, 2... M. The conditional probability density functions for the random
variables V_ that represent the decision variables obtained by linear, soft combining of

the integrator outputs given that i out of two symbols experience PNI are given by [12]

2
f, (U, /i) = \/2_”100) exp _(ulz_;\gp‘"’) (7.2)
for the signal branch, assumed without loss of generality to the branch one, and
. 1 —u’
f, (U, /1) = Toro®) exp{zazz(i)} (7.3)
for the non-signal branch, where
o’(i)=ic? +(2-i)o; (7.4)
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and

ol =0l +0;. (7.5)
Since o =N, /T,,and o7 =N, /T p from equations (7.4) and (7.5) we obtain

o’ (i) :IN—'+—2N° .
ol T

S S

(7.6)

The conditional probability of channel symbol error given that i symbols
experience PNI is obtained from [6]

P.(i) :1-? f, (u1/1,i)ﬁ f,, (U, /1,i)} du, . (7.7)

Combining equations (7.2) through (7.7), we obtain

Ps(i)zﬁ]iexp[%) 1—[1—Q(u+2 jf(ﬁ)ﬂ du (7.8)

which can be expressed in terms of bit energy as

Ps(n:%Texp[‘;zj 1-l1-qlus2 [2ME || a9
oo +

From equations (2.8), (2.11), (4.2), (7.1), and (7.9), we obtain the probability of
information bit error of the alternative waveform for coherent detection with a diversity

of two in AWGN and PNI. The performance for different values of p is shown in Figure
23 when E, /N, =4.7dB. We choose E, /N, to be 4.7 dB for purposes of comparison

with the no-diversity structure examined in Chapter V.
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PNI 0.03 ON |}
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Figure 23.  Performance of the alternative waveform in both AWGN and PNI for
coherent demodulation with a diversity of two for p=1, p=0.5,

p=02,p=0.1, p=0.05,and p=0.03 when E, / N, = 4.7 dB.

From Figure 23, we see that PNI degrades the performance of the alternative
waveform significantly. Indeed, as the fraction of time where the PNI is on is reduced,
the performance of the system degrades. However, for very small values

of p (namely o <0.03), R, <10°forall E, /N, .

For purposes of comparison, the specific values of E, /N, in dB when B, =10"°
and E, /N, =4.7dB with coherent detection in AWGN and PNI are presented in Table

11 for the alternative waveform with both no-diversity and a diversity of two, derived
from Figures 13 and 23, respectively.

57



Table 11.  Comparison of the performance of the alternative waveform with coherent
demodulation in both AWGN and PNI for no diversity and a diversity of

two when P, =10°°.

E,/N, (dB) E,/N, (dB)
R p
NO-DIVERSITY | DIVERSITY OF TWO

1078 1 10.5 3.0
10°° 0.5 11.9 3.8
1078 0.2 13 5.1
10°° 0.1 13.5 5.8
1078 0.05 13.6 5.8

From Table 11, we observe that for any value of p, the alternative waveform

with a diversity of two performs much better than when there is no diversity. We also see

that the PNI degrades the performance of the proposed waveform with no diversity

relative to BNI when P, =10°and E, /N, =4.7dB by 3.1 dB, whereas for a diversity of

two, the respective performance is degraded by 2.8 dB.

In Figure 24, we let E, / N, =1.37 dB. In this case we see that the performance of

the alternative waveform asymptotically approaches 10~ dB for E, /N, >>1.
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Figure 24. Performance of the alternative waveform in both AWGN and PNI
environment with coherent demodulation with a diversity of two for p =1,

p=05, p=0.2,p=01, p=0.05, and p=0.02 when E, /N, =1.37 dB.

From Figure 24, we see that PNI degrades the performance of the alternative
waveform as the fraction of time where the PNI is on is reduced, but the degradation is

much less than when E, / N, is larger. When p <0.02, the performance of the system is

not affected significantly, since B, <10 forall E, /N, .

The values of E, /N, in dB when P, =10°and E, /N, =1.37 dB are presented in
Table 12.
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Table 12.  RequiredE, /N, for P, =10"°whenE, / N, =1.37 dB for the alternative
waveform in both AWGN and PNI with coherent detection and a diversity

of two .
E, /N, (dB)
R p
DIVERSITY OF TWO

10° 1 9.8

10° 0.5 9.9

10°° 0.2 10.3

10° 0.1 10.6

10°° 0.05 11

10° 0.02 9.9

In Table 12, it can be seen that the degradation in performance due to PNI as

compared to BNI when E, /N, =1.37dB is 1.2dB which is significantly smaller than
the degradation previously obtained for E, /N, =4.7dB. However, it should be noted

that absolute performance is better when E, /N, =4.7 dB.

B. NONCOHERENT DEMODULATION

As mentioned in Chapter Il, the probability of channel symbol error for the
alternative waveform with noncoherent detection in AWGN and PNI with a diversity of

two is obtained from equation (2.22), repeated here for convenience:

P.=(1-p)*R(0)+2p(L-p)P.()+p°P(2). (7.10)

Evaluating equation (2.20) for o° = N, /T_, we obtain P,(0)to be
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e

(n+1)”+2

P.(0) =1—§‘;(—1)n (31j

S o)

where E is the energy per pulse.

(7.11)

Likewise, evaluating equation (2.20) for o* = N, /T, +N, / pT,, we obtain P.(2)to be

n+1)" (7.12)

ol T

Finally, in order to obtain P,(1)we must evaluate equation (2.26) for the pdfs
f, (u /1) and f, (u,/1)derived from equations (2.24) and (2.25), respectively. Because

an analytic solution has not been found, a numerical evaluation is performed. Our

objective is to express equation (2.26) in terms of only one parameter (namely E /N, ).

Hence, starting with equation (2.24) and substituting y xo?for o , we obtain
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_u1/o'g 1 _y Ep Ep 1
=" Zrea L e [1+21)
(7.13)

o,
1+ —

Oy Oy Op Oy

E E
x exp y - b - — |l N—p;z /2—uzl—2y dy.
2( ] 205[1+"'2j N0(1+6'2] 0 [1+"‘2j %o

Next, combining equations (2.25), (2.26), and (7.13) and substituting xx o for

u, , we obtain

xexp 0_2 — 0_2 - 0_2
2(1+'2] 2(1+'2j N0[1+'2]
Oy Oy Oy

- M-1
2
, P , o (7.14)
X —6—2 (1—e 2]—(1+0—'2] 1-e [ "°j dydx
0, Oy
where o7 / o can be expressed as
o=
N
9 A (7.15)




Consequently, equation (7.14) can be evaluated numerically for specific values of
E,/N,and E,/N,.

Combining equations (2.8), (2.11), (2.25), (4.2), (7.14), and (7.10), we obtain the
probability of information bit error of the alternative waveform with noncoherent

detection in an AWGN plus PNI environment with a diversity of two. The performance

for different values of p is presented in Figure 25 when E, /N, =6dB. E, /N, is chosen

to be 6 dB for purposes of comparison with the no-diversity structure examined in
Chapter V.

, ——PNION
10° L ——PNIO.5ON ]
R~ PNI 0.2 ON |
S N N PNI 0.1 ON |
10"}

_2:
10°F

.3:
10t

-5 1
10 ¢
-6 :
10 ¢
7 a

_3:
10 ¢

-9 i
10

E/N, (dB)

Figure 25. Performance of the alternative waveform in both AWGN and PNI with
noncoherent demodulation with a diversity of two for p=1, p=0.5,

p=02,and p=0.1 when E, /N, =6dB.
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From Figure 25, we observe that PNI degrades the performance of the alternative
waveform significantly. Again as the fraction of time where the PNI is on is reduced, the

performance of the system degrades.
For purposes of comparison, the specific E,/N,in dB when P, =10" and

E,/N,=6dB are presented in Table 13 for the alternative waveform with both no

diversity and with a diversity of two for noncoherent detection in AWGN and PNI as

derived from Figures 15 and 25, respectively.

Table 13.  Comparison of the performance of the alternative waveform with
noncoherent demodulation in both AWGN and PNI for no diversity and a

diversity of two for P, =107° [From author].

E,/N, (dB) E,/N, (dB)
R p
NO-DIVERSITY | DIVERSITY OF TWO
10°° 1 11.7 5.3
10°° 0.5 12.9 6.5
10°° 0.2 14.1 8.5
10°° 0.1 14.8 10

From Table 13, we observe that for any value of p the alternative waveform with

a diversity of two performs much better than with no diversity. We also see that the PNI

degrades the performance of the proposed waveform with no diversity relative to BNI
when P, =10"°and E,/N,=6dB by 3.1 dB, whereas for a diversity of two the

respective performance is degraded by 4.7 dB.

In Figure 26, E, /N, =3.11dB. In this case, the performance of the alternative

waveform with a diversity of two asymptotically approaches 10~ dB for E, / N, >>1.
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Figure 26.  Performance of the alternative waveform in both AWGN and PNI with
noncoherent demodulation and a diversity of two for p =1, p=0.5,

p=02, p=0.1, p=0.05,and p=0.02 when E, /N, =3.11dB.

From Figure 26, we see that PNI degrades the performance of the alternative

waveform as the fraction of time when the PNI is on is reduced. When p <0.02, the

performance of the system is not affected much since B, <10™*forall E, /N, .

The values of E, /N, in dB when B, =10°and E, /N, =3.11dB are presented in
Table 14.
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Table 14. RequiredE, /N, for P, =10"°whenE, / N, = 3.11dB for the alternative

waveform in both AWGN and PNI with noncoherent detection and a
diversity of two.

E,/N, (dB)
R p
DIVERSITY OF TWO

10°° 1 12.6
10°° 0.5 13.0
10°° 0.2 13.7
10~ 0.1 14.4
10°° 0.05 15.0
10° 0.02 15.2

In Table 14, we see that the degradation in performance due to PNI as compared

to BNI when E,/N,=3.11dB is 2.6 dB, which is significantly smaller than the

degradation previously obtained for E,/N,=6dB. Again, however, absolute

performance is much better when E, / N, =6 dB regardless p.

C. COMPARISON BETWEEN COHERENT AND NONCOHERENT
DEMODULATION FOR THE ALTERNATIVE WAVEFORM

For purposes of comparison, the performance for both coherent and noncoherent

demodulation of the alternative waveform whenE,/N,=3.11dB forp=1,

and p = 0.05is plotted in Figure 27.
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Figure 27. Comparison of the performance of the alternative waveform with a diversity
of two for coherent and noncoherent detection in AWGN and PNI for p=1

and p =0.05whenE, / N, =3.11dB.

The E,/N,in dB required for P,=10"when E,/N,=3.11dB forp=1
and p =0.05are listed in Table 15.
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Table 15.  Comparison between coherent and noncoherent demodulation for the
alternative waveform in an AWGN plus PNI environment with a diversity of

two when P, =10°and E, / N, =3.11dB for p=1and p=0.05.

p Demodulation P E,/N, (dB)
1 Coherent 10°° 45
1 Noncoherent 107 12.6

0.05 Coherent 10° 6.5

0.05 Noncoherent 10°° 15.0

From Figure 27 and Table 15, we observe that coherent demodulation performs

significantly better than noncoherent. Additionally, we observe that forE, / N, =3.11dB,
as o decreases, the difference in performance between coherent and noncoherent

demodulation increases from 8.1 dB for BNI to 8.5 dB for p = 0.05.

D. COMPARISON BETWEEN THE ALTERNATIVE WAVEFORM WITH A
DIVERSITY OF TWO AND THE ORIGINAL JTIDS/LINK-16 DOUBLE-
PULSE STRUCTURE WITH COHERENT DETECTION IN AWGN AND
PNI

The probability of information bit error for both the alternative waveform with a
diversity of two and the original JTIDS/Link-16 double-pulse structure with coherent
demodulation in AWGN and PNI for different values of pwhen E /N, =7.78dB is
shown in Figure 28. Detailed analysis of the original JTIDS/Link-16 double-pulse
structure performance can be found in [5] and is not repeated here.
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Figure 28.  Performance of the alternative waveform with a diversity of two and the
original JTIDS/Link-16 double-pulse structure with coherent demodulation
in AWGN and PNI when E, /N, =7.78dB for p=1and p=0.1.

The E,/N,in dB required for B, =10"when E,/N,=7.78dB forp=1
and p =0.1are listed in Table 16.
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Table 16.  Comparison between the alternative waveform with a diversity of two and
the double-pulse structure of the existing JTIDS in AWGN and PNI when

E,/N,=7.78dBandP, =10°°.

Waveform P P E,/N, (dB)
JTIDS double-pulse 1 10°° 14.7
JTIDS double-pulse 0.1 10° 15.7

Alternative 1 107° 1.7
Alternative 0.1 10° 8.8

From Figure 28 and Table 16, we observe that the proposed waveform performs
significantly better than the original JTIDS/Link-16 double pulse structure. Indeed,

whenP, =10°, E, /N, =7.78dB and p =1, the alternative waveform has a gain of 13
dB compared to the JTIDS/Link-16 double-pulse structure, whereas for o =0.1 the gain
is 6.9 dB.

Comparison of the proposed waveform with a diversity of two and the
JTIDS/Link-16 double-pulse structure in an AWGN plus PNI environment with
noncoherent detection is not considered in this thesis. However, we speculate that the
proposed waveform would perform better since this is the case for all other scenarios that

have been considered.

E. CHAPTER SUMMARY

In this chapter, the performance of the alternative waveform with a diversity of
two was investigated for both coherent and noncoherent detection in AWGN and PNI.
The difference in performance between coherent and noncoherent detection was
examined. The performance of the proposed waveform with a diversity of two and with
no diversity were compared, and the diversity of two structure proved to be superior to
the structure with no diversity. Additionally, a comparison between the proposed

waveform with a diversity of two and the existing JTIDS/Link-16 double-pulse structure
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for coherent demodulation was made. In the next chapter the performance of the
alternative JTIDS/Link-16 waveform in AWGN and PNI for both coherent and

noncoherent detection with a diversity of two and perfect side information (PSI) is
analyzed.
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VIiIl. PERFORMANCE ANALYSIS OF THE ALTERNATIVE
JTIDS/LINK-16 WAVEFORM FOR BOTH COHERENT AND
NONCOHERENT DEMODULATION IN AWGN AND PNI WITH A
DIVERSITY OF TWO AND PSI

In this chapter, the performance of the alternative waveform in an AWGN plus
PNI environment for both coherent and noncoherent demodulation with a diversity of two

and PSI is considered.

In some cases, the system performance can be improved further if we have some
information regarding which pulse is jammed and which is not. When available, this
information is called side information. Perfect side information is not realistic but gives a
benchmark against which to measure receivers which have imperfect or no side
information. For PSI, we assume that the jammed pulse is disregarded except when all
pulses are jammed. Given this assumption, PSI has no effect on a no-diversity structure
but will affect a structure with a diversity of two [5].

A. COHERENT DEMODULATION

In Chapter VII we saw that the probability of channel symbol error in AWGN and
PNI with a diversity of two is obtained from equation (7.1), which for the case of L=2

reduces to
P, =(1-p)*P(0)+2p(1- p)P.() + p*P.(2) . (8.1)

In the case of coherent detection and PSI, P,(0)is the conditional probability of

channel symbol error when PNI does not affect either diversity reception and, thus, can

be expressed by equation (2.12), repeated here for convenience:

ps(O)zﬁ [ em {1{1—Q(u+2 ”:IEb ﬂ }du. (8.2)
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When both pulses are affected by PNI, discarding the affected pulses is
unacceptable since the whole signal would be discarded. Hence, the conditional
probability of channel symbol error in this case is obtained from equation (7.9) for i=2

and is repeated here for convenience:

317]

du. (8.3)

P5(2)=%Texp(‘; )

Finally, when one out of two pulses is affected by PNI the decision at the output
of the demodulator is made based only on the unjammed pulse (the affected pulse is
discarded). Consequently, the conditional probability of channel symbol error when only
one of the two diversity receiptions suffers PNI is obtained from equation (2.2) and is

repeated here for convenience:

PS(1)=LTe[;} 1—{1—Q£u+ ZrITEbﬂ du . (8.4)

V2ﬂ- —0 0

Combining equations (2.8), (2.11), (4.2), and (8.1) through (8.4), we obtain the
probability of information bit error of the alternative waveform with a diversity of two,
for coherent detection in AWGN and PNI with PSI. The performance for different values
of pis presented in Figures 29 and 30 for E ,/N,=4.7dB and E,/N,=1.37dB,

respectively. These values of E,/N,were chosen for purposes of comparison with the

respective no-side information structure discussed in Chapter VII.
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Figure 29. Performance of the alternative waveform with a diversity of two for
coherent detection in AWGN and PNI with PSI whenE, / N, =4.7dB

forp=1,p=05,andp=0.2.
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Table 17.  Comparison between the diversity of two structure of the alternative
waveform in AWGN and PNI with coherent demodulation and no-side
information and the same structure with PSI when E, / N, =4.7 dB.

E,/N, (dB) E,/N, (dB)
R p NO-SIDE WITH PERFECT SIDE
INFORMATION INFORMATION

10°° 1 3.0 3.0

10° 0.5 3.8 3.3

10°° 0.2 5.1 1]

10°° 0.1 5.8 1)

10°° 0.05 5.8 2

From Figure 29, Figure 23, and Table 17, we observe that whenE, / N, =4.7dB
and p =1there is no difference in performance whether PSI is used or not. This is a
consequence of the fact that p=1 implies that the channel is experiencing barrage
jamming which means that all pulses are jammed and thus none are discarded when PSI
is used. When P, =10"and p=0.5, the PSI structure performs 0.5dB better than the no

side information structure. Finally, when p <0.2, the alternative waveform with PSI has

P, <10°forallE, /N, .
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Figure 30. Performance of the alternative waveform with a diversity of two for
coherent detection in AWGN and PNI with PSI whenE, / N, =1.37 dB

forp=1,p=05, p=0.2,p=0.1,and p =0.05.
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Table 18.  Comparison between the diversity of two structure of the alternative
waveform in AWGN and PNI with coherent demodulation and no-side
information and the same structure with PSI when E, / N, =1.37 dB.

E,/N, (dB) E,/N, (dB)
R p NO-SIDE WITH PERFECT SIDE
INFORMATION INFORMATION

10°° 1 9.8 9.8

10° 0.5 9.9 2

10°° 0.2 10.3 1)

10°° 0.1 10.6 1)

10°° 0.05 11 2

From Figure 30, Figure 24, and Table 18, we observe that whenE, / N, =1.37 dB
and p =1, there is no difference in performance whether PSI is used or not. However, we
see that for 0.05< p <1, the performance with PSI is worse as compared to that without
PSI. Indeed as E,/N,gets larger, the probability of information bit error goes
asymptotically to numerical values abovel0™°. This is because the E,/N,is very low

and, hence, the AWGN results in a significantly high probability of error. On the other

hand, when E, / N, is large, the affected pulse is weakly jammed, so discarding a weakly
jammed pulse in a channel where E, / N, is very low degrades further the performance of

the system. Finally, for o <0.05with PSI, P, <10 °even for very small values of E, / N, .

B. NONCOHERENT DEMODULATION

As we have already mentioned, equation (8.1) holds in determining the
probability of channel symbol error for the alternative waveform in AWGN and PNI with

a diversity of two for noncoherent demodulation as well as for coherent demodulation.
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Additionally, the concept of perfect side information works in the same way for both
types of demodulation. However, the conditional probabilities of channel symbol error
for coherent and noncoherent detection are obtained differently.

In the case of noncoherent detection and PSI, P,(0)is obtained from equation
(7.11), and P,(2)is obtained from equation (7.12). The conditional probability of channel
symbol error when only one of the two diversity receptions suffers PNI is obtained from

equation (2.4).

Combining equations (2.8), (2.11), (2.4), (4.2), (7.11), (7.12), and (8.1), we obtain
the probability of information bit error of the alternative waveform with a diversity of
two for noncoherent detection in AWGN and PNI with PSI. The performances for
different values of pare presented in Figures 30 and 31 for E ,/N,=6dB and

E, / N, =3.11dB, respectively. These specific values of E, / N,were chosen for purposes

of comparison with the respective no-side information structure of Chapter VII.

——PNI ON
——PNI0.50N||
----- PNI 0.2ON |

L
10 12 14 16 18 20
E/N, (dB)

Figure 31.  Performance for noncoherent detection in AWGN and PNI with PSI
whenE, /N, =6dB forp=1,p=05,and p=0.2.
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Table 19.  Comparison between the diversity of two structure of the alternative
waveform in AWGN and PNI with noncoherent demodulation and no-side
information and the same structure with PSI when E, / N, =6 dB.

E,/N, (dB) E,/N, (dB)

R p NO-SIDE WITH PERFECT SIDE
INFORMATION INFORMATION

10°° 1 53 53

10°° 0.5 6.5 5.8

10°° 0.2 8.5 @

10°° 0.1 10 )

From Figure 31, Figure 25, and Table 19, we observe again that,

whenE, /N, =6dB and p =1, there is no difference in performance whether PSI is used
or not. This is a consequence of the fact that p=1 implies that the channel is
experiencing barrage jamming which means that all pulses are jammed and thus none are

discarded when PSI is used. When P, =10"and p=0.5, the PSI structure performs
0.7dB better than the no side information structure. Additionally, when 0 <0.2, the

alternative waveform with PSI has P, <10°forall E, /N, .
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====PNI 0.05 ON ]

A ]
10°F

-9 :
10 ! ! ! !
0 5 10 15 20 25

E,/N, (dB)

Figure 32. Performance of the alternative waveform with a diversity of two for
noncoherent detection in AWGN and PNI with PSI whenE, / N, =3.11dB

forp=1,p=05,p=0.2,p=0.1,and p =0.05.
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Table 20.  Comparison between the diversity of two structure of the alternative
waveform in AWGN and PNI with noncoherent demodulation and no-side
information and the same structure with PSI whenE, / N, =3.11dB.

E,/N, (dB) E,/N, (dB)
R P NO-SIDE WITH PERFECT SIDE
INFORMATION INFORMATION

10°° 1 12.6 12.6

10°° 0.5 13.0 o

10°° 0.2 13.7 o

10°° 0.1 14.4 o

10°° 0.05 15.0 o

From Figure 32, Figure 26, and Table 20, we observe again that

whenE, /N, =3.11dB and p =1there is no difference in performance whether PSI is
used or not. However, we see that for 0.05< p <1, the performance with PSI is worse as

compared to that without PSI. Indeed, as E, / N, gets larger the probability of information

bit error asymptotically approaches numerical values greater than 10°. As previously

stated, this is, first, because E,/N,is very low and, hence, the AWGN results in a
significantly higher probability of error and, second, because whenE, /N, is large the

affected pulse is weakly jammed, so discarding a weakly jammed pulse in a channel

where E, / N, is very low degrades further the performance of the system. Finally, in this

case too p <0.05 results in P, <10°° even for very small values of E, / N, .
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C. COMPARISON BETWEEN COHERENT AND NONCOHERENT
DEMODULATION

For purposes of comparison, the performance for both coherent and noncoherent

demodulation of the alternative waveform with PSI whenE, /N, =6dB forp=1

and p =0.05is plotted in Figure 33.

i —— COHERENT PNI ON

gL |- COHERENT PNI 0.5 ON
——NONCOHERENT PNION ||

---------- NONCOHERENT PNI 0.5 ON |

E/N, (dB)

Figure 33. Comparison of the performance of the alternative waveform with a diversity
of two and PSI between coherent and noncoherent detection in AWGN and
PNI for p=1 and p=0.5whenE, / N, =6 dB.

The E,/N,in dB required for P, =10"when E,/N,=6dB forp=1

and p = 0.5are listed in Table 21.
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Table 21.  Comparison between coherent and noncoherent demodulation for the
alternative waveform in AWGN and PNI with a diversity of two and PSI

when P, =10"andE, /N, =6dB for p=1and p=0.5.

p Demodulation R E,/N, (dB)
1 Coherent 10° 2.3
1 Noncoherent 107 53

0.5 Coherent 1075 2.5

0.5 Noncoherent 10° 5.8

From Figure 33 and Table 21, we observe that coherent demodulation performs

better than noncoherent. Indeed, there is a 3.0 dB difference when p=1and a 3.3 dB

difference when p =0.5.

D. CHAPTER SUMMARY

In this chapter, the performance of the alternative waveform with a diversity of
two and PSI was investigated for both coherent and noncoherent detection in AWGN and
PNI. Additionally, the difference in performance between coherent and noncoherent

detection was examined. In the next chapter, the findings of this thesis are summarized.
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IX. CONCLUSIONS AND FUTURE WORK

An alternative JTIDS/Link-16 waveform, 32-ary orthogonal signaling with a
concatenated code consisting of a (31, 25) RS inner code and a 4/5 convolutional outer
code, was presented in this thesis. The performance of the proposed waveform with no-
diversity as well as with a diversity of two was analyzed for both AWGN only as well as
AWGN plus PNI for both coherent and noncoherent demodulation. The effect of perfect-

side information was also investigated.

Based on the results obtained, the proposed waveform was found to perform
better than the original JTIDS/Link-16 waveform. When only AWGN is present, the
alternative waveform with no diversity outperforms the JTIDS/Link-16 waveform by 2.6

dB and 2.5 dB for coherent and noncoherent detection, respectively, whenP, =10~°.

Moreover, in an AWGN only environment, the alternative waveform with a diversity of
two outperforms the JTIDS/Link-16 waveform by 3.15 dB and 2.3 dB for coherent and

noncoherent detection, respectively, when P, =107°.

When PNI is also present, the proposed waveform performs better than the
original JTIDS/Link-16 waveform in all the cases considered. Although the performance
of the proposed waveform with a diversity of two and noncoherent detection in an
AWGN plus PNI environment was analyzed, its comparison with the respective
JTIDS/Link-16 double-pulse structure is left for future work.

Finally, we should note that in all cases the improvement in performance comes

with a throughput increase of 33%.

Recently, soft decision decoding has been shown to be practical for RS codes.
Future work should investigate the effect of soft decision decoding on the alternative
waveform. In addition, future work should examine the effectiveness of realistic side

information.
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