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ABSTRACT

Hierarchical constellations (known also as embedded, multi-resolution, asymmetrical or
nonuniform constellations) are studied for multimedia and multicast transmission over fad-
ing channels. Specifically, we propose general design guidelines for multimedia and multi-
cast transmission over fading channels using an adaptive hierarchical phase shift key (PSK)
constellation. By computer simulation, we have compared our proposed schemes (for both
applications) with a classical time division multiplexing (TDM) that employs uniform PSK
of the same order as hierarchical PSK. The adaptive hierarchical PSK, generally, outper-
forms (in terms of energy) the adaptive uniform PSK in TDM.

We also propose a new technique for simultaneous voice and multi-class data transmis-
sion over fading channels using adaptive hierarchical M-ary quadrature amplitude mod-
ulation (M-QAM). We present closed-form expressions and numerical results for outage
probability, achievable spectral efficiency and average bit error rate (BER) for voice and
different classes of data transmission over Nakagami-m fading channels. Compared to the
schemes employing hybrid binary shift keying (BPSK)/M-ary amplitude modulation (M-
AM) and uniform M-ary quadrature amplitude modulation (M -QAM), the new hierarchical
scheme is spectrally more efficient for data transmission. The new scheme provides also as

a byproduct a spectrally efficient way of transmitting voice and single class data.
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Chapter 1

Introduction

Future generation mobile networks need to support mixed traffic such as voice, facsimile,
file transfer, e-mail and Internet access. In general, mixed traffic consists of different mes-
sages that require different quality parameters such as delay, data rate and bit error rate
(BER). Some typical requirements are given in Table 1.1 [1]. As such, the demand for the
mixed traffic over the wireless networks with limited radio spectrum is growing at a rapid
pace. Furthermore, in wireless communications, due to the time-varying nature of fading,
fixed transmission techniques, which are designed to guarantee a reliable communication
even in deep fades suffer from spectral inefficiency. Therefore, new spectrally efficient
multimedia communication techniques need to be designed.

Taking advantage of the time-varying nature of wireless channels, a variety of adap-

tive transmission techniques have been developed to improve system spectral efficiency.

Table 1.1. Bit error rate and delay requirements of various data types.

Data Type BER Delay Delay Jitter
Voice 1073 Critical Non-Critical
Facsimile 10~* Non-Critical Non-Critical
Low Resolution Video 10~° Non-Critical Critical

Asynchronous Packet Data 10~° Non-Critical Non-Critical

Synchronous Packet Data 10~ Non-Critical Critical
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These techniques assume that the channel quality is known at both receiver and transmit-
ter. According to the channel quality, these adaptive schemes change various transmission
parameters, such as transmitted power level [2], symbol rate [3], coding rate/scheme [4],
constellation size [5]-[9], or any combination of these parameters [10]-[15]. Most of these
techniques use uniform constellation such as uniform quadrature amplitude modulation
(QAM), uniform phase shift key (PSK) and uniform amplitude modulation (AM) and their
goal is to improve the link average spectral efficiency ((R)/W [bits/s/Hz]), defined as the
average transmitted data rate per unit bandwidth for a specified average carrier-to-noise
ratio (CNR) and BER. Buffering of the input data may be required, since the outage prob-
ability of such schemes can be quite high, especially for the channels with low average
CNR.

In multicasting scenario where a transmitter needs to transmit message of same quality
to a number of recipients in the networks, the adaptation problem is quite different. The
recipients are generally located in different physical locations and their channels experi-
ence different fading conditions and interference levels. The transmitter, therefore, finds
different users with different link qualities. Though the adaptive adaptive schemes, which
use uniform constellation discussed above, can improve the system spectral efficiency, it
is difficult to use them in multicasting due to the difference in recipients’ link qualities.
Therefore, the system designer faces difficulty in selecting an efficient modulation scheme
for multicasting that is optimized for minimum transmit power and bandwidth while still
supporting the required quality parameters of the existing users.

Considerable research efforts have been devoted in recent years for the integration of
voice and data for wireline [16] and wireless communication systems [17]-[24]. For the
latter systems (e.g., [19]-[24]) these efforts focused on the development of a variety of
media access control (MAC) techniques and protocols such as packet reservation multiple
access (PMRA), idle signal multiple access for integrated services (I-ISMA), and dynamic
time division multiple access (D-TDMA). The proposed schemes, in [17] and [18], offered

link layer solution to the voice and data integration problem.
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1.1 Significance of Research

One of the contributions of this thesis is the application of hierarchical constellations in
generalized multimedia and multicast transmission over fading channels. Specifically, it
shows general design guidelines for multimedia and multicast transmission using adaptive
hierarchical M -ary phase shift key (M -PSK) constellation. The proposed schemes outper-
form (in terms of energy) the classical uniform PSK in time division multiplexing (TDM).

The other major contribution of this thesis is a new simultaneous voice and multi-class
data transmission technique over fading channels. The new scheme which uses adaptive hi-
erarchical M -ary quadrature amplitude modulation (M-QAM), is spectrally more efficient
for data transmission while offering satisfactory voice communication. The closed-form
expressions for outage probability, spectral efficiency and average BER have been derived
for voice and different kinds of data transmission. The new scheme provides also as a

byproduct a spectrally efficient way of transmitting voice and single class data.

1.2 Thesis Outline

This thesis consists of five chapters. Chapter 2 presents the background material of the the-
sis. Specifically, it presents an overview of the channel model, hierarchical constellations
and their BER performances over additive white Gaussian noise (AWGN) channel.
Chapter 3 provides a multimedia and a multicast transmission technique over fading
channels using adaptive hierarchical PSK modulation. The performance of the proposed
schemes is compared with the schemes employing uniform PSK constellation in TDM.
Simultaneous voice and multi-class data transmission technique using adaptive hierar-
chical modulation has been described in Chapter 4. We have also extended the schemes in
[17] and [18] for simultaneous voice and multi-class data transmission. Assuming perfect
channel estimation and negligible time delay, the performances of the new scheme and the

extended schemes are analyzed in this chapter. In particular, closed-form expressions for
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the outage probability, the achievable spectral efficiency and average BER for voice and
data (both classes) transmission are derived. Moreover, these expressions are exploited to
evaluate the performance of the voice and single class data transmission using hierarchical
M-QAM. Numerical results that allow to compare the behaviors of different schemes under
consideration (for simultaneous voice and multi-class data transmission) are also presented

in Chapter 4. Chapter 5 then summarizes and concludes the thesis.



Chapter 2

Background

This chapter presents background information on the channel model, hierarchical constel-

lations and the BER performance of these types of constellations over AWGN channel.

2.1 Channel Models

We consider the same channel model that was considered in [17] and [18] i.e., a slowly
varying flat-fading channel changing at a rate much slower than the symbol data rate and
the channel fading amplitude « is characterized by the Nakagami-m probability density
function (PDF) given by [25, Eq. (11)]

m C!2111— L |

Pa(@) = 2(B)" St exp (-m% ), @ >0 @.1)

where Q = F(a?) is the average received power, m is the Nakagami fading parameter

(m > 1/2), '(+) is the gamma function defined by [26, pp. 942, Eq. (8.310.1)]
L(z) = [I°t=le~tdt, z > 0. 2.2)

Given the channel fading amplitude «, a signal power P[W], a signal bandwidth of W [Hz],
and a noise power density of Ny [W/Hz], let us define the CNR v = o*P/NyW. So, the
CNR 7 is distributed according to a gamma distribution, p, (), given by [17]

py(7) = (@)mﬂr"(‘—,;)‘-exp(—mg), o5 ) 2.3)

5



2.2 Hierarchical Constellations 6

where 7 is the average CNR. The Nakagami-m distribution is used since it can represent
a range of multipath channels via the m parameter [25] of fading on the channel: as m
increases the amount of fading on the channel decreases. In particular, the Nakagami-m
distribution includes the one-sided Gaussian distribution (m = 1/2, which corresponds to
worst-case fading) and the Rayleigh distribution (m = 1) as special cases. Furthermore,
the Nakagami-m distribution closely approximates the Nakagami-q (Hoyt) [25, Eq. (59)]
and the Nakagami-n (Rice) [25, Eq. (56)] distributions.

2.2 Hierarchical Constellations

Hierarchical constellations (known also as embedded, multi-resolution, asymmetrical or
nonuniform constellations) consist of non-uniformly spaced signal points [27], [28], [29],
and offers different degree of protection (i.e., BER) to the transmitted message according to
their priorities. These protection levels can be controlled by adjusting a set of constellation
parameters describing the relative symbol positions in the constellation. Due to the ability
of providing different levels of protection to the bits in the same message symbol, this type
of constellation has received a great deal of attention in many applications. Some example

of these applications are given below:

1. To give every class a different degree of protection according to its importance in
broadcasting channels where broadcasted messages are divided into two or more

classes, [27], [28], [29].
2. In digital video broadcasting [28], [30].

3. To support multimedia services by simultaneous transmission of different types of

traffic, each with its own quality requirements [31], [32], [33].

4. As a possible application in the DVB-T standard [34] in which hierarchical modula-

tions can be used on OFDM sub carriers.
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Recently, Pavan and Alouini derived the exact BERs of generalized pulse amplitude (PAM),
QAM and PSK constellations [35], [36], [37], [38]. The details of the derivation can be

found in these references. Some important details are described below.

2.2.1 PAM Constellations
2.2.1.1 Generalized Hierarchical M/-PAM

A generalized 2/4/8/--- /M-PAM (M = 2") constellation can be modeled as follows.
We assume that there are n streams of data, each of which has a priority (i.e., a target
BER). We take one bit from each stream to form a symbol of n bits. The bit from the bit
stream with highest priority (i.e., the lowest target BER) is assigned to the most significant
position, and as such, is referred to as the most significant bit (MSB). The bit from the
bit stream with the second highest priority is assigned the next most significant position
and so on until the bit from the bit stream with the lowest priority is assigned the lowest
significant position. For example, a generalized 2/4/8-PAM with Karnaugh map style Gray
mapping is shown Fig. 2.1. In the figure, the fictitious BPSK constellation (from S; to
S,) denoted by the large black circle represents the highest priority (hereafter referred to
as first level of hierarchy or sub-channel 7;). The distance d; represents the first priority.
The fictitious grey symbols (from T; to T4) represent the second level of hierarchy. The
distance ds represents the second priority (second level of hierarchy or sub-channel i,).
Finally, the actual transmitted symbols (from A to H) represent the third priority (third
level of hierarchy or sub-channel i3). The distance d3 represents the lowest priority (third
level of hierarchy or sub-channel i3). In general, for M-PAM (M = 2"), the M symbols
in the constellation are labeled from the left to the right with integer labels starting from 0
to M — 1. Then, we convert the integer labels to their binary form. For ith symbol, let the

binary equivalent be b}b? - - - b'. The corresponding Gray code of the symbol (g} g? - - - g1")

)



2.2 Hierarchical Constellations 8

S, T S,
100 T: 101 111 T2 110 010 *3 011 001 T, 000
c—o-o—@)—c-e—-o —
A 10 B 1 cC 11 D ‘ E 01 F 0 G 00 H
. 2d,

2d,

Figure 2.1. Generalized 2/4/8-PAM constellation.

(k=1,2,---,n) is given by

g9 = b,

g = debt !, 2<k<n 1<i<M, (2.4)

where @ represents modulo-2 addition.

2.2.1.2 BER Performance

As shown in Fig 2.1, the distances used evolve in a hierarchy. For a generalized hierarchical
M-PAM constellation, 2d;, 2d,, - - -, 2d,_, represent distances between points in the first,
second, - - -, (n — 1) levels of hierarchy, respectively. Finally, 2d,, represents the distance
in the final level of hierarchy, where n = log, M. The distances can be represented as a
vector d = [dd, - - - d,,] and the corresponding priority vector p which controls the relative

message priority can be expressed as

dpnd,  d,

dhdy  Gn 1] . (2.5)

P= [P1P2 = 'pn—lpn] = |:
The error probability for bit i, P,(M,d, ;) of a generalized M-PAM constellation is ex-
pressed as [38]:

ok—1

M
, 1
Pb(M7 d, Zk) = ']\_4 Z g;c + (_1)3,7; Z

(—1)*erfe [B“%_ﬁ—d@] |

k=1,2,---,n, (2.6)

DO |
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where

o erfc(-) is complementary error function and given as

2 e
erfc(z) = —\/—77/ e " dt, 2.7

) g;-“ (k-th bit in the Gray code of the j-th symbol) has been defined in (2.4).
e B, (-) is the vector containing decision boundaries of the k-th bit. It is of size 2¥~!, for

k=1,2,3,---,n. Itis defined as follows:

B,(I) = d,((21 — 1)2" %) + «213((21 —1)2 % + 1)’

l= 1a2739"' a2k—1 (28)

e d,(-) is the vector containing the positions of the symbols in the 2/4/ - - - /M -PAM con-

stellation and is defined as follows:

n

d,(j) =) (26 —1)dx, j=1,2,---,M, (2.9)
k=1

where b is defined in (2.4), and
e Ny/2 is the two-sided power spectral density of the AWGN.
The BER expressions in (2.6) can further be expressed as

i o 1 D (1) — ¢,(j)
; . k k 5 k — Cs(J
Py(M, 76, P, ix) = M; g5 + (-1)% ;5(—1) erfe [Tﬁ] )
k=12, 0, (2.10)
where
® ¢, () is defined as follows:
¢.(j) =D (20— i, j=1,2,--+, M, (2.11)

k=1
e D, (-) is of size 2871, for k = 1,2,3,-- - , n. and defined as follows:

D) = HE=DF D +ef@ -1 +1)

1=1,2,3,.-.,2k1 (2.12)
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e v, = F;/N, is CNR over AWGN channel where

E,=(d}+d5+ - +d2) =pp'd:. (2.13)

2.2.2 QAM Constellations
2.2.2.1 Generalized Hierarchical //-QAM

A generalized hierarchical square M-QAM constellation (M = 2?") can be modeled as
follows. We assume that there are n bit streams of data (n = $log,M). Each one of these
incoming streams carries information of a particular priority. For every channel access two
bits are chosen from each level of priority. The two highest priority bits are assigned the
MSB positions in the in-phase (I) and the quadrature phase (Q), respectively. Bits with
lower priorities are assigned the subsequent positions of lower significance. For instance
the two bits with the second highest priority are assigned the second most significant posi-
tions in the I-phase and Q-phase, and so on until the two least priority bits are assigned he
LSB position in the I phase and Q phase. This can be viewed as a 4/16/64/ - - - /M-QAM
constellation. For example, a generalized hierarchical 4/16/64-QAM is shown in Fig. 2.2.
In the figure, the black and grey symbols are fictitious symbols representing the first and
second level of hierarchy, respectively. Finally, the actual transmitted symbols denoted by
white circle represent the third level of hierarchy. In the case where every level of priority
is not restricted to two bits per channel access, many other QAM constellation can arise.

Some examples of of these type constellation, called nonsquare QAM, are given in [35].

2.2.2.2 BER Performance

In general, for M-QAM constellation (M = 2?"), there are two sets of distances: one
for I phase (d*) and the other for Q phase (d?) channel. The two distance vectors can be

represented as:

d' =[di, dy---, d)] (2.14)
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Nel4
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Figure 2.2. Generalized 4/16/64-QAM constellation.
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and

d’=[d?, df, -, di. (2.15)

Assuming d!, < d? without loss of generality, corresponding priority vectors are given as

- [di d
p = [d—l d—2 1} (2.16)
and
4 dl s
e LTI & d_n] 2.17)

The BER of the in-phase bits of square QAM, P§ (M, v, p’, p?, ix) can be written as [35]

Pbs(Ma fYG’pi,pqvik) o= Pb(V M7 Yo Pi’ik), k= 1’2 e 7%10g2M (218)

where Py(-, -, -, ) is described in (2.10). The BER of the quadrature phase bits of square
QAM, P# (M, p*, p?, i) can be written as [35]

P:(Ma Yas Pi» an Qk) = Pb( Vv Ma’YG, Pq, ik)’ k= 17 Dv e ) %lOg2M (219)
For nonsquare (e.g., rectangular) M-QAM (M = 2?"*1), the BER of the in-phase bits
Pr (M, p', p?, ix) can be written as [35]
Pbr(Ma Yas pia pqa 'Lk) = Pb( Vv 2Ma Yas pi, Z'lc)a k= 1, By n v ) %10g22M (220)
The BER of the quadrature phase bits of nonsquare QAM, PJ (M, p, p?, ¢x) can be written
as [35]
PbT(Ma Yo, pia Pq’ Zk) = Pb( V M/27 Yo pi’ Qk)v k= 17 2. v ) %logQ% (221)

The uniform QAM constellation is a special case of the generalized hierarchical square
QAM when p = p' = p? = [2"712""2...4 2 1]. So, the average BER of uniform square
QAM can be obtained by averaging the BER performance of the all the bits. Similarly, the

uniform rectangular QAM is also special case of hierarchical rectangular QAM when

p'=[2"2"1...421] (2.22)
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and

p? = [2"19%ed 91T (2.23)

and their BER performance can be obtained by averaging the BER of all the bits.

For example, the analytical plot of the BER expressions for a generalized 4/16/64-
QAM is shown in Fig. 2.3 where we have assumed that p* = p? = p = [5 2.2 1]. Since
we used same priority vector for both p’ and p?, the BER performance for Q-phase bit (gx)
is identical to the corresponding I-phase bit (i;). From Fig. 2.3, it is important to note that
to achieve the same target BER for each bit in the transmitted symbol, three sub-channels
of hierarchical 4/16/64-QAM require three different CNRs. In other words, for a given
CNR, three sub-channels have three different BER performance. This is expected due to
the construction of hierarchical QAM constellation. Analytical plots of different position
bits of a generalized 4/16/64-QAM for three different priority vectors (p' = p? = p =
(10 3 1], [4 2 1] and [5 2.35 1]) are shown in Figs. 2.4-2.6. These figure show that the
protection level (i.e., BER performance) of a given position bit is controlled by the priority

vector p.

2.2.3 PSK Constellations
2.2.3.1 Generalized Hierarchical M/-PSK

For an example, a generalized hierarchical 2/4/8-PSK is shown in Fig. 2.7 with style Gray
mapping. In the figure, the fictitious BPSK constellation denoted by the “x” symbol repre-
sents the highest priority (hereafter referred to as first level of hierarchy or sub-channel ¢,).
The fictitious symbol denoted by “+” at an angle 6, represents the second priority (second
level of hierarchy or sub-channel ;). Finally, the Gray labeled circular actual transmit-
ted symbol at an angular distance of #; from the “+” marked symbol, represents the third
priority (third level of hierarchy or sub-channel i3). In other words, the constellation (A
through H) can be visualized as a BPSK (S; and S,) embedded in a quadrature phase shift
keying (QSPK) (T; through T,), which is further embedded in an 8-PSK (A through H).
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Figure 2.3. BER of 4/16/64-QAM obtained by settingp = p' = p? = [5 2.2 1].
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Figure 2.4. Effect of p on the BER (most significant bit of generalized 4/16/64-QAM).
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Figure 2.5. Effect of p on the BER (middle bit of generalized 4/16/64-QAM).
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Figure 2.6. Effect of p on the BER (least significant bit of generalized 4/16/64-QAM).
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Figure 2.7. 2/4/8-PSK constellation.

The Gray code of the symbol is obtained by the same procedure as described for the PAM

constellation.

2.2.3.2 BER Performance

As shown in Fig. 2.7, the angles used evolve in a hierarchy. For a generalized hierarchical
M-PSK constellation, 26, 26,, . .., 26, _», represent angles between points in the second,
third, ..., (n — 1) levels of hierarchy respectively. Finally, 26,,_; represents the angle in
the final level of hierarchy, where n = log, M. The angles can be represented as a vector

0 = (0,05 ...0,_1]1x(n-1). Corresponding priority vector p becomes

n—1 gn—l Hn—l

0, 6 .
P=[Pip2.. . Pni1] = ) R T, 1] (2.24)

The BER of bit i, in a 2/4/8- - - /M-PSK constellation, P,(M, E,, Ny, 0, i), is given by



37)
M
RO, E, Noy8,it) = 22 31— 26)l-F(n = (7)) + F(G()
M gEFy
PUM, By, No,8,) = 223 (1=265) S [-F(r - 8(4)) + F(9()}
j=1 1=1
k=23, \N
where

2.2 Hierarchical Constellations

“ g;-‘ (k-th bit in the Gray code of j-th symbol) has been defined in (2.4)

e F(-) is Pawula F-function and defined as [39]

) (W sy
2 Jo P | " Yo in2 g "
—-T<Y<mw

F(y) =

17

(2.26)

where sgn(-) is the sign function and v, = FE;/N, is the symbol CNR over AWGN

channel.

By (-) is the vector containing decision boundaries of the k-th bit. It is defined as

follows:

Fork=1,
Bl(l) =T, B1(2) =0.

For k =2,3,--+ n, Bi(-) is of size 2*~!, and is given by

Bk(l) - ¢((21 — 1)2"—k) I (2;{)((2[ — 1)2n—k + 1)’

1=1,2,3,-- 2"

2.27)

(2.28)

¢(-) is the vector containing the positions of the symbols in the 2/4/ - - - /M-PSK

constellation and is defined by:

n

() =m+ > (265 -1)0, j=1,2,---, M,

k=1

where 0% has been defined prior to (2.4).

(2.29)



2.2 Hierarchical Constellations 18

As in uniform constellation, the message symbols are uniformly spaced, the angle vec-
tor of uniform M -PSK can be represented by

o-|

™ ™
15 M] . (2.30)
This is a special case of generalized M-PSK and the average BER is obtained by averaging
the BERs of all the bits, iy (k = 1,2,...,log, M) [36].

For example, the analytical plot of BER expressions for a generalized 2/4/8-PSK is
shown in Fig. 2.8 where we assumed that angle vector @ = [7/2 7/5 7/12]. From this
figure, it is also evident that the BER performance of different position (sub-channel) bits is
different. This is again expected due to the construction of hierarchical PSK constellation.
Analytical plots of different position bits of generalized 2/4/8-QAM for three different
angle vectors (0 = [7/2 /4 7/8|, [7/2 w/5 w/12] and [7/2 7 /7 7 /15]) are shown in
Figs. 2.9-2.11. These figures show that the BER performance of different position bits is

controlled by the angle vector 6.
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Figure 2.8. BER of 2/4/8-PSK obtained by setting @ = [r/2, ©/5, m/12].
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Figure 2.9. Effect of @ on the BER (most significant position bit of generalized 2/4/8-PSK).
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Figure 2.10. Effect of @ on BER (middle bit of generalized 2/4/8-PSK).
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Figure 2.11. Effect of @ on BER (least significant bit of generalized 2/4/8-PSK).
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Chapter 3

Multimedia and Multicasting

As we described in Chapter 1, nonuniform constellations were studied before to transmit
multimedia services in wireless networks as well as in multicasting environments. Specifi-
cally, to increase the throughput of the additional message, nonuniform PSK constellations
were shown to be effective in transmission of two different classes of message; the basic
message and the additional message [33]. In this case, the considered nonuniform A -PSK
constellations were derived from uniform PSK constellations of order N = M /2. More
specifically, they consisted of two parts: a coarse modulation part and a fine modulation
part. The coarse modulation part of nonuniform M-PSK, which was selected by one bit
of the basic message and n — 2 bits of the additional message, was essentially a uniform
PSK of alphabet size N = 2"~!. The error probabilities of these n — 1 bits sent with coarse
modulation, therefore, are approximately equal. The final bit of the additional message
was used to determine the fine modulation part of nonuniform M -PSK. The probability of
bit error for the bit sent via the fine modulation can be different than that of bits sent with
coarse modulation. So, this type of nonuniform PSK constellations were capable of han-
dling messages only at two different error probabilities. The relative values of the two error
probabilities were controlled by only one parameter ¢ called the phase offset. In order to
maximize the throughput of additional message, the phase offset § was proposed to change
according to the estimated CNR.

In multicasting environments, the extra capacities of more capable receivers were used

to receive multimedia services using nonuniform PSK constellations [32]. The basic multi-
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casted message stream was mapped to the constellation points that were far apart in distance
from each other than the additional data stream was further mapped to. So, the less capable
receiver was able to receive only the basic multicast while the more capable receiver was
receiving both the multicasted message as well as the additional message.

In this chapter, at first we capitalize on the concepts of generalized hierarchical PSK
constellations and their exact BER expressions developed in [35], [36], [38] to propose a
more generalized multimedia transmission technique which is capable of handling more
than two different classes of data, each with its own quality requirements. Then in Section
3.2.1, an adaptive hierarchical PSK constellation for multicasting is proposed. In contrast
to the scheme proposed in [32], which uses the nonuniform PSK to transmit multimedia
multicasting, the goal of the new adaptive scheme proposed for multicasting is to pro-
vide different levels of protection to the recipients’ links according to their priorities (i.e.,
qualities). Finally, Section 3.3 presents some examples and simulation results for both

multimedia and multicasting over a Rayleigh fading channel.

3.1 Multimedia Transmission

3.1.1 Uplink Transmission

To generalize the problem of transmitting multimedia services on an uplink, let us consider
that a mobile transmitter needs to transmit K classes of service. Each class of service S
(k =1,2,...K), has its own required quality parameters i.e., delay constraint, BER Pe,
data rate R, = rp x R,, where 7 is an integer and R, is the basic transmission rate which
can be obtained by transmitting only one bit in each symbol. Without loss of generality, we
assume that Pe; > Pey > --- > Pey and prioritize the service classes according to their
required BERs. For example, the lower the required BER is, the higher the priority is. As
we described in Chapter 2 that the hierarchical PSK provides different levels of protection

to the bits on different sub-channels of a symbol, we exploit this behavior to transmit bits
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Figure 3.1. Bit multiplexing with hierarchical constellations for multimedia transmission

over wireless fading channels.

from different classes of service in the same message string.

The block diagram of our proposed adaptive scheme for multimedia transmission is
shown in Fig. 3.1. Assuming perfect channel quality N/ (includes interference, noise,
and fading) at the handset and constant N over hundreds of symbols period (i.e., slow
fading and/or interference conditions), we describe the details of our proposed system in
two steps. First, depending on the required rates r, (kK = 1,2,..., K) of services the
transmitter picks up the alphabet size M, such as n (= log, M) is equal to Y+, 7 and
then n sub-channels are assigned to different classes of service according to their required
BERs and data rates. Specifically, rx bits from the highest priority service class Sk, are
assigned to rx successive sub-channels starting from the most significant position sub-
channel and so on until the r; bits from the lowest priority service class S;, are assigned
to 7, successive sub-channels ending at the least significant position sub-channel as shown
in Fig. 3.1. The symbol period T}, shown in Fig. 3.1, is equal to (1/R;) log, M. Second,
according to estimated N, the angles 6; (j = 1,2,...,n — 1) and E are adjusted such as
the bits assigned to different sub-channels are sent below their respective required BERs

using hierarchical M-PSK over AWGN channel. Since the BER expressions in (2.25) are
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not invertible, the parameters F; and @ in (2.25) are numerically optimized such as

1

— P,(M,0,FE,, N,,i < Pey,

7'1; b( 0 k) = 1
1 rizkra
T'_ Z Pb(*M70aEsaN(;’ik) S P627
2

k=r1+1

i log,m
— Y P(M,0,E, Ny,ir) < Pexg. 3.1)
rKk=TK—1+1

3.1.2 Downlink Transmission

The downlink transmission is same as the uplink transmission as described in Section 3.1.1.
In this case, we assume that there is a reliable reverse link from mobile unit to base station
so that the measured value of N at the handset is sent to the base station so that it is used in
adapting the downlink transmission parameters in similar fashion described for the uplink

transmission.

3.1.3 Comparison with Uniform PSK

To compare the proposed technique with a classical technique, we consider the transmission
of services Sy (k = 1,2,...K), using uniform M-PSK. The uniform M-PSK constella-
tions, which consist of uniformly spaced M signal points, are used to provide roughly same
average BER for all the bits transmitted in a symbol. Therefore, the message bits requiring
same BER i.e., the bits from same class of service are sent in the same message symbol.
Time division multiplexing is used to transmit different classes of service i.e., bits from
different services are sent in different time slots. For example, a TDM frame employing
uniform M -PSK is shown in Fig. 3.2. Since the modulation order is M, the duration of
a time slot, in Fig. 3.2, is equal to symbol duration 7y = (1/R;)log, M seconds. The
required rates of the service classes are provided by assigning appropriate number of time

slots in each TDM frame. For instance, the service class Sy are assigned r; successive
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Figure 3.2. TDM frame structure

time slots in each frame which contains Zle 7\ time slots as shown in Fig. 3.2. Since
the employed modulation scheme is uniform, only the symbol energy E; is changed ac-
cording to the estimated channel quality Nj. More specifically, the transmitter adjusts the
transmitted power or equivalently symbol energy F in each time slot (i.e., symbol) such as
the bits in the symbol are sent below the required BER of service class from which the bits
are sent using uniform M-PSK over AWGN channel. Due to time division multiplexing, it
introduces extra delay and this delay depends on the number of service classes (K) to be

transmitted as well as the required rates of the services ry, (k = 1,2,..., K).

3.2 Downlink Multiplexing/Multicasting

3.2.1 Downlink Multiplexing/Multicasting

In mobile wireless communication networks, it is a common scenario that a transmitter
needs to transmit a message simultaneously to a number of users in the network. In multi-

casting, for example, radio station transmits a message to a number of recipients. But these
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users’ communication links may have different interference levels, fading conditions and/or
noise levels. Thus different recipients have different link qualities. In general, we consider
that there are n recipients in a wireless network to receive a message with a required data
rate of R;, BER of Pe and specified delay. For a fixed transmit power, reliability (i.e.,
BER) of the received message of these recipients depends on their individual instantaneous
link quality N (includes interference, noise, and fading). The better the link quality, the
more reliable the received message is and vice-versa. If the instantaneous link qualities
Ny, (1 =1,2...,n) are known to the transmitter, the recipients’ links can be ranked from
the more reliable link to the less reliable link. For example, the recipient with the lowest
value of N has the most reliable channel and so on. Therefore, to receive message of same
reliability, the least reliable link requires the most protection and so on. As hierarchical
PSK provides more protection to the most significant bit (MSB) than the least significant
bit (LSB) by virtue of Gray coding, the least protected sub-channel can be assigned to the
most reliable link, the next protected sub-channel to the next reliable link and so on until
the most protected sub-channel is assigned the least reliable link. Then the transmitter will
adjust the transmitted symbol energy E; and the angle vector @ such that all the m bits are
sent below the required BER Pe using hierarchical PSK of alphabet size M = 2" over
AWGN channel. In our following proposed algorithm, we refer the adjusted parameters
for a given set of Ny, (i = 1,2...,n) as optimum transmission parameters. Assuming
a perfect channel quality estimation and slow fading condition, we propose the following

adaptation algorithm:

1. The transmitter at the base station knowing all the link status N (i = 1,2,...,n),
ranks the links according to their qualities and assigns them different sub-channels,
accordingly. With this assignments, the transmitter tries to find the optimum trans-
mission parameters for hierarchical M-PSK within a certain period of time which is
determined by the delay requirement of the service. If it finds the optimum transmis-
sion parameters, it transmits the message symbol from the hierarchical PSK constel-

lation according to these optimum parameters.
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2. If the base station does not find the optimum parameters within the specified time, it
transmits the message symbol from the uniform M-PSK constellation. In this case,
rather than transmitting one bit for each recipient in a symbol as with hierarchical
M-PSK, all the log, M bits in the symbol is transmitted for same recipient and the
symbol energy F is adjusted according to the corresponding recipient’s link quality
to achieve the target BER Pe using uniform M-PSK over AWGN channel. After
sending one symbol for each recipient from uniform PSK constellation, the scheme

again repeats from Step 1.

The number as well as the position(s) of the bit(s) in the transmitted symbol for an indi-
vidual recipient’s are sent via feedforward channel from the base station to the recipient’s
unit. Thus the recipients receive the symbol and look only for the bit(s) in the particular

position(s) in each received symbol.

3.2.2 Comparison with Uniform PSK

Uniform PSK with time division multiplexing can also be used to transmit message of
same quality to a number of users. To compare the proposed scheme in Section 3.2.1 with
uniform PSK in TDM, we consider the transmission of a message with a required rate of R,
and BER of Pe to n recipients having the link quality Ny (i = 1,2,...,n) as described in
Section 3.2.1. Rather than assigning different sub-channels to different recipients, different
time slots are assigned to different recipients. Specifically, each recipient is assigned one
time slot in each TDM frame, which contains n time slots, to provide all recipients the
same average data rate K. The duration of a time slot is equal to symbol duration 7 =
(1/Rp) log, M. The transmitted power or equivalently the symbol energy F in each time
slot (i.e., symbol) is controlled such as the bits are sent below the required BER Pe at the
measured value of /Vj in the corresponding time slot using uniform M-PSK over AWGN

channel.
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3.3 Simulation Results and Discussion

In this section we present some numerical examples and simulation results for both mul-
timedia transmission and multicasting. In our simulation, we consider a slowly varying
Rayleigh flat-fading channel (i.e., m = 1 in (2.3)) changing at a rate much slower than the
symbol data rate, so the channel remains roughly constant over hundreds of symbols. We
use the MATLAB Statistics Toolbox and Optimization Toolbox. We assume that the chan-
nel quality /Nj is known to the transmitter. In multicasting, it is assumed that the intended

recipients have complete knowledge about the positions of their bits in multicasted symbol.

3.3.1 Multimedia Transmission

We have considered simultaneous transmission of two different classes of service. The re-
quired data rates as well as the required BER for these services are given in Table 3.1. The
gains with the proposed scheme employing hierarchical 8-PSK over the adaptive uniform
8-PSK in TDM are given in Table 3.1 for different combinations of service classes. The
angles 6; and 6, of the angle vector @ for different cases are also listed in Table 3.1. From
the table, it is evident that the gain depends on the services transmitted. As the difference
between BER requirements of two different class of services increases, the gain also in-
creases. For example, the gains for service class S; (average BER= 1072) with service
class S3 (average BER= 107%), S, (average BER= 107°) and S; (average BER= 107°)
are 0.6880 dB, 0.9497 dB and 1.1369 dB, respectively. The gain comes from the relative
protection level obtained by adjusting the angle vector 8. Actually, the Gray coded uni-
form PSK also provides different degree of protection to the bits transmitted on different
positions of a symbol. But the relative protection level can not be adjusted according to
requirements as the angle vector @ is fixed. So, the different levels of protection provided
by uniform PSK, can not be exploited to transmit bits requiring different BERs in the same
message symbol. Roughly the same average BER are provided to all the bits in a message

symbol where the average BER of uniform PSK is dominated by the BER of the least pro-
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tected sub-channel. So, as the difference of BER requirements between different service
classes increases, the gain also increases. For example, at 14.75 dB CNR, the uniform
8-PSK provides BERs of 7.76 x 10~* in the MSB, 7.76 x 10~* in the next significant bit
and 1.55 x 1072 in the LSB. Thus the average BER is 1.03 x 10~3. At the same CNR,
hierarchical 8-PSK with 8 = [0.7644 0.3052] provides BERs of 5.13 x 10~ in the MSB,
1.54 x 10~* in the next significant bit and 1.01 x 1072 in the LSB. Thus the average BER
of the two most priority bits is 10~* which is the required average BER of service class
S3 as shown in Table 3.1. The listed angles show that the angle vector € depends only
on the transmitted services. It is obvious from the discussion and (2.25) that the vector
6 controls the relative protection level of the bits on different sub-channels. To provide a
relative protection level, the vector @ is fixed for any link condition and only the parameter
symbol energy F; is changed according to the link quality N|. So, the adaptation process
for multimedia transmission proposed in Section 3.1.1 becomes easier and can be done
only by adjusting the E according to measured value of V| as long as the required QoS
parameters of the services are same. Only at the beginning of first transmission of given
service classes, the angles 6; (j = 1,2,...,n — 1) should be adjusted according to the

required quality parameters of the services.

3.3.2 Multicasting

We have considered that three recipients are receiving message from a base station with a
data rate of R, and BER of 1073, The proposed multicasting technique with hierarchical
8-PSK provides different gains for different combinations of link qualities. Gains for some
combinations are shown in Table 3.2 as examples. Example 11 and 14 in Table 3.2 show a
gain of 0 dB. In these cases, the optimum transmission parameters using the hierarchical 8-
PSK were not obtained within a specified time limited by a maximum number of iterations.
As such the symbol was transmitted from a uniform 8-PSK. Table 3.3 shows the sample
average gains with the proposed scheme for different average CNR (7). For a given average

CNR %, 1000 combinations of CNRs (i.e., 71,2 and y3) were generated according to an
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Table 3.1. Gain over adaptive uniform PSK with TDM and the obtained angles for multi-

media transmission.

v
ervice | QoS parametess | » o) | 8, (rad) | Gain (9B)
Class | avg. BER | Rate

—4
53 i 2B | 07644 | 0.3052 | 0.6880
Si 16+ Ry

-5
. L 2B | 07684 | 02770 | 0.9497
Si 1072 Ry

-6
55 10 2B | 07711 | 0.2560 | 1.1369
Sl 1072 R,

—4
53 10 2B | 07673 | 0.3625 | 0.2022
Sy 102 Ry

-5
S5 i 2B | 076 | 03327 | 0.4507
S 10 Ry

—6
S i 2B | 07798 | 0.3008 | 0.6304
Sy 103 Ry
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exponential distribution. The number of times (A) in which the optimum transmission
parameters with hierarchical 8-PSK are found is also shown in Table 3.3. Note that N
depends on the average CNR. For instance, at high average CNR, N is low but the gain is
almost 1 dB. Though the Monte-Carlo simulation does not converge due to the generation
of correlated samples, sample averages show that the proposed scheme is more energy
efficient than the adaptive uniform PSK in TDM. For a given combination of link qualities,
the gain depends on the required BER of the multicasted message. For the combination of
71 = —5dB, 75 = 10 dB and 73 = 15 dB as shown in example 10 in Table 3.2, the gains
are 2.06 dB, 2.28 dB and 2.55 dB for BER of 10~3, 10~ and 1075, respectively.
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Table 3.2. Gain over adaptive uniform PSK with TDM for multicasting with a data rate of
Ry, and BER of 1073.

Example # | 7 (dB) | 7> (dB) | 73 (dB) | Gain (dB)
1 5 0 0 0.75
2 5 0 5 1.82
3 5 0 10 2.57
4 5 0 15 2.96
5 45 0 20 3.13
6 5 5 10 2.66
7 5 5 15 1.64
8 5 5 20 3.12
9 5 10 10 2.80
10 5 10 15 2.06
11 5 10 20 0.00
12 5 15 15 3.14
13 5 15 20 2.25
14 5 5 5 0.00
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Table 3.3. Sample average gain of 1000 randomly generated cases at different average
CNR (%) for multicasting (data rate=R;, and BER=1073).

5 (dB) | Gain (dB) | N
3 1.0234 | 893
2 0.7129 | 890
o 0.9624 | 915
0 0.5547 | 913
1 0.8023 | 912
2 0.4820 | 918
3 0.5958 | 911
4 0.7379 | 907
5 0.9320 | 899
6 1.1001 | 912
7 0.8346 | 914
8 0.5926 | 908
9 0.9026 | 909
10 0.9522 | 913
11 1.0754 | 921
12 0.7560 | 921
13 0.9125 | 910
14 1.1286 | 900
16 0.5630 | 764
18 1.2226 | 540
20 1.0828 | 326

Note: N is the number of times in which optimum parameters with hierarchical 2/4/8-PSK

were found in 1000 simulation runs.
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Chapter 4

Simultaneous Voice and Multi-Class

Data Transmission

Considerable research efforts have focused on the development of a variety of MAC tech-
niques and protocols such as PMRA, I-ISMA, and D-TDMA for the integration of voice
and data for wireless communication system. Some of the references are mentioned in
Chapter 1. Recently, Alouini et al. and Hwang et al. proposed link layer solution to the
voice and single class of data integration problem in [17] and [18], respectively.

The scheme proposed in [17] uses hybrid BPSK/M-AM modulation scheme to trans-
mit voice and data in the same message string. It devotes the quadrature (Q) channel to
voice transmission with variable power BPSK while transmitting data over the inphase (I)
channel with variable-rate M-AM. To take advantage of the time-varying nature of fad-
ing, it dynamically allocates power between the I and Q channels. The power allocated to
the Q channel is just to meet the target BER for voice, BER,, and the remaining power is
allocated to the I channel to support data with M -AM below the data target BER, BER.
Since M-AM is spectrally less efficient than the M-QAM, an adaptive technique employ-
ing variable rate uniform M-QAM was proposed in [18]. It also changes the constellation
size dynamically to take advantage of the time-varying nature of fading. To meet the satis-
factory communication, one sub-channel (meaning a bit position in a symbol) is proposed
to devote for voice communication while other available sub-channels are used to transmit

data. However, due to the use of uniform M-QAM constellation, the alphabet size is se-
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lected so that, on the average, both the voice and data are transmitted below the target data
BER, BER,. Therefore, the voice bit gets unnecessary extra protection at the expense of
spectral efficiency (at low CNR) and outage probability for data transmission.

In this chapter, we propose a new adaptive hierarchical technique as a link layer so-
lution to the voice and different classes of data integration problem. More generally, the
proposed scheme is capable of handling three independent information streams which may
differ in their delay and BER requirements and can easily be extended for more than three
different classes of data transmission. To take advantage of the time-varying nature of the
channel, the scheme adapts not only the alphabet size but also the priority parameters of
hierarchical signal constellation which control the relative BERs of different position bits.
The newly proposed adaptive scheme devotes only one sub-channel for voice bit to meet the
stringent delay requirement of voice communication while devoting all other sub-channels
to variable-rate data transmission. As we will see latter in this chapter, the new scheme
offers a higher spectral efficiency for data transmission than the schemes employing hybrid
BPSK/M-AM and uniform M-QAM.

The organization of this chapter is as follows. Section 4.1.1 describes the proposed
hierarchical scheme for voice and two different classes of data transmission. To compare
the proposed scheme with the schemes employing hybrid BPSK/M-AM and uniform M-
QAM, we have extended the proposed schemes in [17] and [18] for voice and two different
classes of data transmission in Section 4.1.2. Assuming perfect channel estimation and
negligible time delay, the performances of the new scheme and the extended schemes are
analyzed in Section 4.2.1. In particular, closed-form expressions for the outage probabil-
ity, the achievable spectral efficiency and average BER for voice and data (both classes)
transmission are derived. Numerical results that allow us to compare the behaviors of the
different schemes under consideration are also presented in this Section. Finally, Section
4.2.2 shows the performance of voice and single class data transmission using hierarchical

M-QAM which is a special case of voice and two different classes of data transmission.
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4.1 Voice and Two Classes of Data Transmission

4.1.1 Proposed Adaptive Hierarchical Scheme

The block diagram of the proposed scheme is shown in Fig. 4.1. Assuming a perfect chan-
nel fading amplitude estimate, & = « (equivalently, a perfect channel CNR estimation,
4 = 7), and a fixed transmit power, P(y)[W], same as a peak power constraint, P[W], we
now describe the details of our proposed system. According to the CNR estimate, the trans-
mission parameters of constant power hierarchical M-QAM constellation are selected to
support the voice as well as Class-I and/or Class-II data below their respective target BERs.
Without loss of generality, we assume that the required BER of voice, Class-I and Class-II
data, are BER,, BER,,, and BER,, respectively where BER, >BER,;; >BER,,. Since
voice signal requires the least protection and a continuous fixed-rate transmission, the LSB
position sub-channel of the Q channel of a variable size hierarchical QAM constellation is
devoted for the voice communication. The remaining (log, M — 1) data sub-channels are
assigned to two different classes of data according to the selected priority parameters. If the
channel condition is not good enough to support one bit voice and one bit Class-I data with
the hierarchical 4-QAM below the target voice BER BER, and Class-I data BER BERy, it
only transmits voice using BPSK modulation. Hence, based on the channel CNR estimate,
the decision device at the receiver selects the transmission parameters to be transmitted,
assigns available data sub-channels to two classes of data, configures the demodulator ac-
cordingly, and informs the transmitter about that decision via the feedback path. We now
describe the constellation size and parameter selection as well as sub-channel assignment
to different classes of data in more details. To minimize the average power consumption
subject to the peak power constraint, the proposed scheme does not attempt to transmit
when the channel condition is not good enough to support satisfactory voice communica-

tion i.e., the estimated CNR is less than 7, where 7, is obtained from the exact BER of
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Figure 4.1. Block diagram of the proposed adaptive technique.
BPSK over AWGN channel modulation given by

1
BERBPSK = ierfc(\/'_y) (41)

where erfc (-) denotes the complementary error function. To transmit data, the scheme
varies its constellation size M and priority vectors p* and p? according to the instanta-
neous channel CNR fluctuation as follows. The CNR range, in which any kind of data is
transmitted is divided into R fading regions and each fading region is assigned a unique
constellation size. Specifically, the constellation size M, = 2"*! (where r is the total num-
ber of data bits per hierarchical M,-QAM symbol ) is assigned to the r-th fading region
(r =1,2,---, R). When the received data CNR is estimated to be in the r-th fading re-

gion, the constellation size M, is transmitted. The region boundaries (or constellation size

R+1
r=1

switching thresholds) {~,} =, are set to the CNR such as the voice bit in the LSB posi-
tion of the Q channel and Class-I data bits assigned to the remaining  sub-channels, are
sent below their respective target BERs over AWGN channel using hierarchical M,-QAM
constellation. Since the BER expressions for hierarchical M-QAM in (2.18)-(2.21) are not
invertible, the region boundaries 7, (r = 1,2,---, R + 1) are obtained by numerically
optimizing the (r + 1) BER equations of hierarchical M,-QAM over AWGN channel for
the priority parameters (p’ and p?) and the CNR ~y and setting Yz = +00.

From (2.18) to (2.21), it is evident that for a given size of hierarchical QAM constel-

lation, BER performances of different position bits in a transmitted symbol depend on the
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CNR 7~ as well as the priority vectors p’ and p?. Therefore, for a given alphabet size i.e.,
in a given fading region, the choice of available data sub-channels assignment to different
classes of data i.e., the number as well as the positions of the sub-channels that can be
assigned to each class of data depends on the priority parameters and the received CNR.
To select the parameters and assign available sub-channels to different classes of data ac-
cordingly, each of the R fading regions is divided into a number of fading sub-regions and
each sub-region is assigned a set of optimized priority vectors to support a unique com-
bination of data bits from two different classes of data. Specifically, r-th fading region is
divided into (r + 1) sub-regions and when the CNR is estimated in the s-th sub-region
(s =1,2,---,r + 1), parameters, p., and p?, are transmitted. These vectors, p., and pZ,
are selected so that the voice in the LSB position sub-channel of the Q channel, Class-II
data bits assigned to (s — 1) data sub-channels of higher significance and Class-I data bits
in the remaining (7 — s + 1) data sub-channels are transmitted below their respective target
BERs. For example, the details of data sub-channels assignment to different classes of data
in different sub-regions for a maximum constellation size of 6 (i.e., 64-QAM) are shown
in Table 4.1. From the Table, it is evident that if the CNR improves from one sub-region
to the next, in a given region, one bit of Class-I data from higher significance bit position
sub-channel is replaced by a Class-II data bit. Specifically, in the first sub-region of r-th re-
gion, all the r data sub-channels are assigned to Class-I data service. In the next sub-region,
(r — 1) data sub-channels of higher significance are assigned to class-I while assigning one
data sub-channel to Class-II data and so on until all the r data sub-channels are assigned
to data Class-II in (r + 1)-th sub-region. The sub-region boundaries {,y:}f;l;l:l as well
as the priority parameters, {pis}f:’rlfslzl and { p‘,’s}fz‘rf;:l are obtained by numerically op-
timizing the BER equations of hierarchical M,-QAM such as the assigned data (Class-I
and/or Class-II) and voice bits, according to the Table 4.1, are sent below their respective

target BERs over AWGN channel. For example, the sub-region boundary 7 and priority

parameters for the 2nd sub-region of the 3rd fading region are obtained by numerically
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optimizing (2.18) and (2.19) for the transmission parameters such as

P} (Ms,73, Ps, Pho,i1) < BERy
Py (Ms, 73, P32, Pl i2) < BERg,
Py (Ms,73, P3, Pho, 1) < BERy,
Py (Ms, 73, P2, PS5, 22) < BER,

where pi, and p, represent the optimized quadrature and inphase channel priority vector,
respectively, in 2nd sub-region of 3rd fading region. It is important to note that the first sub-

region boundaries {!}#*! are equal to their corresponding region boundaries {v, }2*!.

r Jr=1

According to the proposed sub-channel assignment scheme, all the R data sub-channels
are assigned to Class-II data if the CNR estimate falls anywhere between the ’yg“ and +oo.
Therefore, the Class-I data throughput, in this CNR range, becomes zero. To transmit both
classes of data with equal importance, fifty percent of the time Class-II data is transmitted
while for the remaining fifty percent of the time Class-I data is transmitted in this range.
As an example, the instantaneous spectral efficiency according to the proposed scheme are
illustrated in Fig. 4.2 for a maximum constellation size of 6. The switching thresholds 7}
are shown symbolically (not numerical values) to explain the shape of the curve. When
the instantaneous CNR is less than g, transmission is not attempted while only one bit
voice is transmitted in the range between 7, and 7,. Above 7, both voice and data (Class-I
and/or Class-II) are transmitted simultaneously. In a given CNR range, the instantaneous
data efficiencies are staircase like curves as one bit of Class-I data is replaced by one bit
of Class-II when the CNR improves from one sub-region to the next. In the range of CNR

from ¢ to +o0o, both classes of data have the same spectral efficiency as they are sent

alternately in this range.

4.1.2 Comparison with Hybrid BPSK/M-AM and Uniform M-QAM

In an attempt to transmit integrated voice/data traffic over fading channels, the adaptive

hybrid BPSK/M-AM and uniform M-QAM were used in [17] and [18], respectively. Both
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Table 4.1. Sub-channel assignments for voice (v), Class-I data (d) and Class-1I data (d5).

Fading region, r | Sub-regions, s Sub-channel
assignments
1 1 I-d;, Q-v
2 I-dsy, Q-v
1 I-d;, Q-dyv
2 2 I-dy, Q-dyv
3 I-dy, Q-dav
1 I-dyd;, Q-dyv
3 2 I-dyd;, Q-dyv
3 I-dady, Q-dav
4 I-dads, Q-dav
1 I-dyd;, Q-didyv
2 I-dydy, Q-dadiv
4 3 I-dyd,, Q-dadyv
4 I-dad, Q-dadav
5 [-dydsy, Q-dadyv
1 I-d, dydy, Q-dydyv
2 I-dydyd; , Q-dadyv
3 I-dyddy, Q-dodiv
5 4 I-dydyd, , Q-dadav
5 I-dydyd,, Q-dadyv
6 I-dydady, Q-dadav
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schemes were proposed to transmit voice as well as single class of data. However, they can
be extended to transmit voice as well as two different classes of data requiring two different

BERs as follows.

4.1.2.1 Hybrid BPSK/M-AM

For hybrid BPSK/M-AM, the basic transmission scheme (i.e., voice over the Q channel
with variable power BPSK and data over the I channel with variable rate //-AM) and the
power allocation scheme (i.e., the power allocated to the I channel, P,(7) to just meet
the voice target BER, BER,, while the remaining available power P;(y) = P — P,(7)
is allocated to the Q channel to support data with M/-AM) still remain the same as was
proposed and described in [17]. The size of AM constellation, M** = 2" (where r is
the number of data bits per M**-AM symbol) is selected by dividing the data CNR v, =
a?P,/NoyW range into (R + 1) fading regions [17]. The region boundaries (i.e., switching
thresholds), {74, } *1! are set to the CNR required to achieve the target Class-I data BER,
BERy, using M**-AM over an AWGN channel. Specifically from [17, Eq. (12)] we have

1_22r
%, = —5 —IN(10BERy); r=0,1,2,--,R,

Yapss = +00. 4.2)

To reduce average power consumption, the transmitter does not attempt to transmit voice
if the satisfactory voice communication is not possible by allocationg all the power P[W]
to Q channel for voice communication i.e., the voice CNR v, = o?P,/N,W is than ,,
where 7,, = 7. In this case a voice outage is declared [17].

To transmit two classes of data, each of the R + 1 fading regions is divided into two
sub-regions and each sub-region is assigned a unique class of data bit. Specifically, if the
CNR estimate falls in the first sub-region of r-th fading region (r = 0,1,--- , R), all the r
data bits are sent from the Class-I data while, in the second sub-region, all the r data bits are
sent from the Class-II data. In a given fading region r, the first sub-region boundary, 7 is

identical to the corresponding region boundary -, and the second sub-region boundary 73,
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are set to the CNR required to achieve the target BER,, using M**-AM over an AWGN
channel. Specifically from [17, Eq. (12)], we have

= 2r

3 = In(10BERy,); r=0,1,---,R. 4.3)

According to the proposed data assignment scheme, the Class-I data throughput reduces to
zero if the data CNR falls anywhere between 7% and +oo. So, rather than transmitting all
the time Class-II data in this region, fifty percent of the time Class-I data is transmitted and

for the remaining fifty percent of the time Class-II data is transmitted.

4.1.2.2 Uniform M-QAM

Uniform M-QAM was used in [18] for simultaneous voice and single class data transmis-
sion. In this case, for bad channel conditions, BPSK is used only to transmit voice below
target voice BER, BER,, while using uniform M,-QAM (M, = 2"*1) constellation for fa-
vorable channel conditions to transmit one bit voice and 7 bits data below data target BER
BER,. To select the alphabet size M,, the CNR range is divided into number of regions.
More specifically, the CNR range is divided in to R + 1 fading regions and M, = 2"*!
uniform QAM constellation is transmitted if the CNR falls in region 7 (r = 0,1,2--- , R).
The switching thresholds {~, } £, are obtained using [18, Eq. (5)]

1 = 2r+1
Yr = Tln(5BERdl), r= 1, 2, s R,

YrR+1 = +00. (4.4)

The scheme can also be extended to transmit voice as well as two different classes of
data by dividing each data CNR region into two sub-regions and transmitting Class-I data
in the first sub-region and Class-II data in the second sub-region as described above for
BPSK/M-AM. The first sub-region boundaries {7} } X, are identical to region boundaries
{7»}f_, and the second sub-region boundaries are obtained using [18, Eq. (5)]

, 1—orl

Vo = —1—5—11'1(5BERd2), T = 1, 2, 6 ,R. (45)
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To reduce average power consumption, similarly the transmitter does not attempt to trans-
mit if the CNR estimate is less than 7y, and in this case a voice outage is declared.

It is important to mention that both the extended schemes transmit at most two different
kind of bits (voice and Class-I or Class-II data) in each symbol whereas the adaptive hier-
archical schemes can transmit three different bits (voice, Class-I data and Class-II data) in

each symbol.

4.2 Performance

In this section, we analyze the performance of our new proposed scheme for voice and
two different classes of data transmission. This analysis also evaluates as a byproduct
the performance of voice and single class data transmission which has been compared to
the schemes proposed in [17] and [18]. The numerical results, for different values of the
Nakagami fading parameters m, are plotted in Figs.4.3 -4.12. In our numerical results, we
assume a target uncoded voice BER, BER,,, of 1072, a target uncoded Class-I data BER,
BER,, of 10*, and a target uncoded Class-II data BER, BER,, of 1075.

We use the MATLAB Optimization and Statistics Toolbox to obtain the numerical re-
sults. We assume perfect channel estimation, coherent phase detection at the receiver, and
Gray coding for bit mapping on the signal constellations, as shown in Fig. 2.2. In the
examples, we use maximum constellation size 64 for both hierarchical QAM and uniform

QAM and 32-AM for hybrid BPSK/M-AM modulations.

4.2.1 Voice and Two Classes of Data Transmission
4.2.1.1 Outage Probability

Since voice transmission is not attempted when the CNR drops below 7, the voice outage

probability, P

out

is given as [17]

Y0
P, = / py(7)dy (4.6)
0
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Using (2.3), we get

P = (T)
v

F
1—)
F( )

where ['(-, -) is the complementary incomplete gamma function (or Prym’s function) de-

fined by [26, p. 949, Eq. (8.350.2)]

exp (—ml) dy
Y

4.7)

+00
Iz, p) = / t* e tdt. (4.8)
I

The voice outage probabilities for the extended schemes with hybrid BPSK/M-AM and
uniform M-QAM are identical to (4.7) as they do not send voice if the CNR is less than
7. The voice outage probability for different values of Nakagami fading parameter m is
shown in Fig. 4.3. All the scheme has the same voice outage as all of them send voice
using BPSK when the channel CNR is good enough to support BPSK with voice target
BER. From the figure, it is evident that the outage probability decreases as m increase.
This is due to the fact that as m increases the amount of multipath fading on the channel
decreases as discussed in Chapter 1.

Since Class-I data and Class-II data are not sent when the CNR estimate is lower than

71 and 77, respectively, the outage probabilities of Class-I data P% and Class-II data P%

out out

are given as

: m r (m, mlﬁi)

1 S, . S 4.9

Pout /0 p"/ (’Y)d’Y 1 F(m) ’ ( )
. 7 r (m, m:’;)

:/ pely)dy=1— ———=. (4.10)

o ) I'(m)
Similarly, the outage probabilities for data with hybrid BPSK/M-AM are given by
r (m m%ﬁmﬁl)
pho— 1_ S 4.11
out F(m) Y ( )

Yoy +74
r (m,m”‘—_dL>
da 1 — 2

out = F(m) )

(4.12)
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Figure 4.3. Outage probability for voice transmission versus the average CNR 7.
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where 7,,, 731 and 'y;l are the first voice , Class-II and Class-I data switching thresholds,
respectively with hybrid BPSK/M-AM. The outage probabilities for data transmission with
the uniform A/-QAM can be obtained from (4.9) and (4.10) using the first data switching
thresholds ~; (for Class-I) and 7? (for Class-II) of the extended scheme with uniform M-
QAM.

For three different schemes, the outage probabilities for Class-I and Class-II data trans-
mission are plotted in Fig. 4.4 and Fig. 4.5, respectively for different values of Nakagami
fading parameters m. These figure show that the proposed scheme has the same data outage
probability as with hybrid BPSK/M-AM but lower than that with uniform A/-QAM. This
is expected as the hybrid BPSK/2-AM and hierarchical 4-QAM are equivalent to each other
and they require same CNR to send one bit voice and one bit data below their respective
target BERs. With uniform 4-QAM, both the voice and data are sent below the data target
BER which in turn requires higher CNR and causes higher data outage probability. For
example, both the BPSK/2-AM and the hierarchical 4-QAM require 9.8325 dB CNR to
transmit one bit voice with a BER of 10~2 and one bit of data with a BER of 10~* while the
uniform 4-QAM requires 11.8 dB CNR to transmit two (one bit voice and one bit Class-I
data) bits with a average BER of 10~%.

4.2.1.2 Achievable Spectral Efficiency

The average link spectral efficiency for voice transmission (R,) /W is given by [17]

B _ . p_F(mm3)

W o= T T(m) (4.13)
The average link spectral efficiency for voice transmission with extended schemes em-
ploying BPSK/M-AM and uniform M-QAM is identical to 4.13, respectively. Since all
the schemes start to transmit voice when the channel is good enough to support voice us-
ing BPSK below voice target BER, BER,, they provide same spectral efficiency for voice

transmission as shown in Fig. 4.10 and Fig. 4.11 for two different values of Nakagami

fading parameter m.



Class-| data Outage Probability

4.2 Performance 48

10

|
7z
/

-
o

1
N
”*

—

o
v
|

AAAAAAAAAAAAAAAAAAAA o9 3 o NS A O o583 st R £
—_ Uniform M—QAM ........ .................... .................... .\A\ ..............
. Hybnd BPSK/M_AM ........ .................... .................... ...... \ ............
...... Y U AL N LM s 3 : \ ]
: Revesorsiiess e e msrcers s N

; j : : ’

107 i ; i ; '
0 5 10 15 20 25

Average Carrier-to—Noise Ratio in dB

Figure 4.4. Class-I data outage probability versus the average CNR 7.



Class-Il data Outage Probability

10

|
-

—h
o

10

4.2 Performance 49

Average Carrier-to—Noise Ratio in dB

\ \ \\
................................................................... T Y PO S
\ PN
\ N
\ \\
\ . AN
O SRR SRR . SE—— Vo R <
T U . | FU S R T TTY Neissans ...... R AREE S
o 5 e n s cemsaies o s w K 6 e e e @ B e e EGEEREERITNT b W 6 e K B 6 e b e B SIEESESTSIATIN W 6 v W K % % 3w ALe e e ceNewARCeI N & € 2 N R o Jv o wieinien <
RS IIE SIS RS S S . ........
........................................................................... CEECEEEEEE P/ EREEY VP
L .......................................................................... \\ ..... N
............................................................................ \:.44.4....,A.........
X

.................... e R

— ~ Uniform M-QAM E . me3 N

% Hybrid BPSK/M-AM | ... ... e vt & 55 6 £ X FE§ 5 s sen ¢ § 34 X b aanee .\.\ ...............

— Hierarchical M-QAM : : \

: f \
: \
1 | | | \

0 5 10 15 20 25

Figure 4.5. Class-1I data outage probability versus the average CNR 7.



4.2 Performance

50

The average link spectral efficiency for data transmission (R, )/W (i = 1,2) are just

the sum of data rates associated with the individual sub-regions of each region, weighted

by the probability

1
et

py(y)dy fors=1,2,---,r

%%

1
: ,7; py(7)dy fors=r+1
that the CNR + falls in s-th sub-region in the r-th fading region

(Ra,) = irzﬂ(r~s+1)a +1Ra
W L £ s 9 RR+1
(Rd2> B R r+1 1
W ; 52—:1 (s = 1)as + ER ARR+1
a s#l_Z-H

where the a,,’s can be expressed as

s s+1
F(m,m%”-)—l‘(m,mlﬂr.—

I'(m)
I (m,m‘—g'—) -r (m,m%)
I'(m)

Arsg =

fors=r+1.

) fors=1,2,---,r

(4.14)

(4.15)

(4.16)

(4.17)

The extended scheme with hybrid BPSK/M-AM leads to the following data spectral effi-

ciency equations

R

<I§$> = > rbi+ %R b,

=i

R—-1
<Rd ) _ Z 2 1 2
T/VL = - T'b,. + §R bR

(4.18)

(4.19)

where b.’s and b?’s are the probabilities that the data CNR 1, falls in the first and second

sub-region of the r-th fading region, respectively and given by
T (m mML) -T (m m“l_%n)
] 7 b 77
['(m)

2 _+_,Yl
Yvq +74 Tv1 TV 1
I (m, m—,_y—L -T m, m——"t

bl

5

’ ['(m)

(4.20)

4.21)
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where {7, }X | and {73 }2, are the first and second sub-region boundaries respectively
for the scheme employing BPSK/M-AM.

The expressions of achievable spectral efficiencies for data transmission with the ex-
tended scheme employing uniform M -QAM are same as (4.18) and (4.19) where the prob-
abilities b} ’s and b?’s are calculated using the sub-region boundaries of the extended scheme

employing uniform M-QAM. Specifically, the probabilities are expressed as

B = (mmlj—z‘ ( %L) (4.22)
2 = (mm%) ( ) (4.23)

where {71}2 | and {72}2 | are the first and second sub-region boundaries respectively
for the scheme employing uniform M -QAM. The achievable spectral efficiencies for both
classes of data transmission are plotted in Figs. 4.6-4.7 for different values of the Nakagami
fading parameter m. From these figures, it is evident that the proposed new scheme always
offers higher spectral efficiency for both classes of data transmission than the extended
scheme employing hybrid BPSK/M-AM except slightly lower efficiency for Class-I data
transmission at very low CNR range. On the other hand, the scheme employing uniform M -
QAM offers higher spectral efficiency for Class-I data transmission than the new scheme
at the expense of very low spectral efficiency for Class-II data transmission. This occurs
due to the fact that the choice of sub-channel assignment and switching thresholds with all
these schemes are done in a conservative fashion. For example, with hierarchical QAM
constellations, as soon as the estimated CNR supports a new bit from service Class-II, it
attempts to transmit the new bit replacing one bit of Class-I data which is obvious from
Table 4.1. Similarly, in a given fading region, the extended schemes attempt to transmit
bits from service Class-II as soon as the the estimate CNR is good enough to support
the data below the target BER, BER,,. Therefore, there is no mechanism to control the

relative data throughput of Class-I and Class-II data. However, due to the capability of



4.2 Performance 52

handling three kind of bits in the same message symbol, the adaptive hierarchical scheme
achieves better data throughput fairness (for both classes of data) compared to the extended
schemes which offer higher throughput for one class of data at the expense of other as
clearly shown in Figs.4.6-4.7. After all, the new scheme always offers higher overall data

spectral efficiency than both the extended schemes as shown in Fig. 4.8.

4.2.1.3 Average BER

Since the choice of the constellation size and the priority vectors are done in a conservative
fashion with hierarchical constellation, both voice and data (Class-I and Class-II) are trans-
mitted at their average BERs smaller than their respective target BERs. Let us consider
voice, Class-I data and Class-II data are transmitted at average BER, (BER, ), (BER, ) and
(BERy, ), respectively. Theses average BERs can be computed as the ratio of the average

number of bits in error over the total average number of transmitted bits yielding

BERppsk + Zr 1ZT+1 sz BER,,(iY,)

(BER,) = , (4.24)
(R, /W)
(BER,) = el 12’“2,1 BER,,(i},) + 3 2 bt BERRR+1(ikpi1) 2%
o (Ra, /W) P
Zf 12}7:_1 212 BERTS( rs)+ E%ERH BERRR—{-l(ﬁZR-}—l)
s 1
(BERy,) = s o (4.26)
where
'71
BERBPSK = / lCl'f(.‘, (’)’)d’y, (427)
'YS_H
BER,,(ix/s) = / P (My vy, Bl Bl in /)y (M dys  (428)
-

YU

i¥, ik.’s and i2,’s are the assigned sub-channel positions of voice bit, Class-I data bits and
Class-II data bits, respectively in s-th sub-region of r-th fading region. The integrals in
(4.27) and (4.28) can be computed numerically. However, they can be evaluated in closed

form for integer values of Nakagami fading parameter m as shown in the Appendix. The
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Figure 4.6. Achievable spectral efficiency versus the average CNR 7 in Rayleigh fading

channel (m=1).

average BERs for voice and different classes of data plotted in Fig. 4.9 show that the voice,
Class-I and Class-1I data are always sent below their respective target BERs as expected
from our conservative choice of constellation size as well as the priority parameters. In ad-
dition, as the CNR increases the average BER increases for all kind of transmission since
the schemes use the largest constellation often when the average CNR is high and the av-

erage BER prediction as 7 increases becomes dominated by the BER of that constellation.
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Figure 4.7. Achievable spectral efficiency versus the average CNR 7y (m=1/2).
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Figure 4.8. Overall data spectral efficiency versus the average CNR 7.
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Figure 4.9. Average BER versus the average CNR 7: (a) m = 1, and (b) m = 3.
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4.2.2 Voice and Single Class Data Transmission

Simultaneous voice as well as single class data transmission can be considered as a special
case of the voice and two different classes of data transmission when both classes of data
require same BER i.e., BER;, = BER,,. Without loss of generality we consider the case

of simultaneous voice and data transmission with a voice target BER, BER, and a data

r+4+1
=15

target BER, BERy;, . In this special case, the sub-region boundaries {7}, in each fading
region, become identical to the corresponding region boundary +,. Also the transmission
parameters selected in first sub-region of a given region, r (r = 1,2, - - - , R) remains same
throughout the whole region, r. Therefore, only the region boundaries {, } X, are useful
for simultaneous voice and single class data transmission. Specifically, the constellation
size, M, (r = 1,2---, R) is selected according to the switching thresholds {7, }*. The
voice bit is always transmitted in the LSB position of Q channel and Class-I data bits are
transmitted in remaining r sub-channels. Therefore, the priority vectors in each region are
selected such as the LSB sub-channel of the Q channel supports the voice below a target

voice BER, BER, while remaining r data sub-channels support data bits below a target

data BER, BERy,.

4.2.2.1 Outage Probability

The outage probability for voice P, is identical to (4.7) and the data outage probability P

out

can be expressed as

¥} T

B o= / py(y)dy = /0 p,(y)dy
0

F(m,m%)

= I_T(rn)—~

(4.29)

The outage probability for voice transmission versus average CNR 7 is same as the plot
shown in Fig. 4.3. The data outage probability for data transmission is same as the Class-
I data transmission outage probability as shown in Fig. 4.4. The adaptive hierarchical

scheme offers the same outage probability for voice and data as the scheme employing
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BPSK/M-AM which offers lower data outage than the scheme employing uniform M-
QAM. The reason is described in Section 4.2.1.

4.2.2.2 Achievable Spectral Efficiency

The achievable spectral efficiency for voice transmission is identical to (4.13) while the
spectral efficiency for data transmission (R,) /W can be obtained by adding up (4.15) and
(4.16). Specifically, data spectral efficiency (R;) /W can be written as

(Ra) _ (Ra))  (Rar) (4.30)

w W w

Since {v¢}7fl = 4, (forr = 1,2,--- .R), the probabilities {a,}’*] reduce to the proba-

bilities that the CNR falls in the r-th region expressed as

I (m,m"’T) -T (m,m"’%—“) .

=1,2,---,R. 431
T(m) ;o r=12-,R (4.31)

Gy =

Substituting {a,,}"*] = a, in (4.15) and (4.16), (4.30) can be expressed as

(Ra) _ v
W‘f = ;rar. (4.32)

The achievable spectral efficiency for simultaneous voice and single class data transmission
with three different schemes are plotted for different values of m in Figs. 4.10-4.11. These
figures show that hierarchical QAM offers higher spectral efficiency for data transmission
in medium and high CNR (above 10 dB) range than both the schemes in [17] and [18]
while offering the same spectral efficiency as the scheme in [17] in low CNR region (upto

10dB) where the scheme in [18] suffers from low spectral efficiency.
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Figure 4.10. Achievable spectral efficiency (for voice and single class data transmission)

versus the average CNR 5 (m = 1).
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4.2.2.3 Average BER

For single class data and voice transmission, the average BER for voice transmission

(BER,) and data transmission (BER;) reduce to

BERppsk + Y,y 3 BER, (i)

BER,) = , 433
Yors, i BER, (id)
BER = L 4.34
where
Yr+1 )
BER, (ix/qx) = / P (M, i, 7, L, ik /) Dy (V) dy, (4.35)
Yr

i¥ and i%’s are the assigned sub-channel position to voice and data bit, respectively in r-th
fading region. The average BERs for voice and data transmission are plotted in Fig. 4.12.
The average BERs are below the their respective target BERs and decrease as the average

CNR increases. This is again expected for the same reason mentioned in Section 4.2.1.
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Figure 4.12. Average BER (for voice and single class data transmission) versus the aver-

age CNR %: (a) m = 1, and (b) m = 3.
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Chapter 5

Conclusion

We have proposed multimedia and multicast transmission technique over slow fading chan-
nel using an adaptive hierarchical PSK constellation. Our proposed schemes, for both ap-
plications, have been compared with TDM that employs a uniform PSK. Simulation results
show that the proposed schemes are more energy efficient than the uniform PSK in TDM.
In multimedia transmission, the energy gain depends on the services transmitted. As the
difference of BERs between different class of services increases, the gain also increases.
The energy gain, in multicasting, depends on the recipients’ link qualities as well as the
quality of the multicasted message. Moreover, due to bit level multiplexing with hierar-
chical constellations, each service class of multimedia traffic transmits bits in each symbol.
For the same reason, each recipient receives bits in each multicasted symbol with hierarchi-
cal PSK. So, different services and recipients do not experience the delay that is introduced
in conventional TDM.

An adaptive technique employing hierarchical M-QAM constellation has been pro-
posed as a link layer solution to simultaneous voice and different classes of data transmis-
sion problem over fading channels. We have also extended the schemes employing hybrid
BPSK/M-AM and uniform M-QAM for simultaneous voice and two classes of data trans-
mission. The anlytical results were able to clearly demonstrate that the proposed hierar-
chical scheme is spectrally more efficient for data transmission than the extended schemes.
In addition, the hierachical scheme achieves better throughput fairness for both classes of

data compared to other schemes under consideration which offer higher spectral efficiency
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for one class of data at the cost of other. The hierarchical scheme is also an efficient way

of transmitting simultaneously voice and single class data.

5.1 Suggestions for Further Work

There are number of interesting topics which may be pursued for the future work.

e Combine different error control coding techiques with the proposed schemes to in-

crease the spectral efficiency.

e Generalization of downlink multiplexing problem with hierarchical constellations
might be interesting. For example, we assumed that each recipient has same BER and
data rate requirements. So, we ranked the recipients according to their link qualities
and assigned different sub-channels to them accordingly. But if different recipients
have different BER requirements with different data rates how the recipients can be

ranked to assign them different sub-channels.

e Assign different sub-channels to different classes of data in simultaneous voice and
different classes of data transmission such as the relative throughput of different

classes of data can be controlled.

e Use of hierarchical constellations in automatic repeat request (ARQ) for multireso-

lution transmission and multimedia transmission with different delay requirements.
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Appendix A

Average BER

In this Appendix. we show that the integrals in (4.27) and (4.28) can be evaluated in closed
form for integer values of Nakagami fading parameter m.

The BER expressions for M-QAM over AWGN channel are in the form of a weighted
sum of complementary error functions and are solely dependent on the constellation size
M, the carrier-to-noise ratio -y, and priority parameters p’ and p?. The instantaneous BER
of inphase bits in hierarchical M-QAM constellation over AWGN channel can be written

as [38]

P (M, 0% v,i) = Y

J

A; + B; ZDzerfc(ajl\/i)” , for i =1,2,---,v,
l

(A.1)

where constant A;, B; and D; depend on M and i, and constant a;; depends on M, p’, p*
and 7. Inspired by the result in [40], we derive the average BER of ixth (i = 1,2, -+ ,y)
position bit in the inphase channel of constant power hierarchical QAM in sth subregion of

rth region over Nakagami fading channel as follows:

1
vt

BER,,(7, i) = / Fr(My, piy, Pl 7, i)y (7)dy. (A2)

o
Using (A.1), we can write

s+1

Tr
Aj / py(7)dy + B;
78

r

S D, / " erfc(a,-w>p7(v>dv]
l v

S
r

BER,,(7,ik) = )
J

(A.3)
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Let us consider

I= / erfc(a;iy/7)py (7)dy. (A4)
For integer values of Nakagami fading parameter m, using (2.3) and integrating by parts,
we get
I= erfc(ajlﬁ)ll = 12 (AS)
where
m _m-—1
I, = /(@) i exp (—mz) dvy (A.6)
v/ T(m) gl
m—1 n
= - l@ exp—r:nl. (A7)
~nl\ 7 gl
and
d
L = /d—ﬂy[erfc(aﬂﬁ)]fld'y (A.8)
= d my\" —mry
= = ; H/a[erfc(aﬂﬁ)] (7) exp (-7) dry (A.9)
Since
[erfc(aﬂf )] = ﬁ y M2~ leir), (A.10)
I, becomes
m—1 n
1 /m ai _l _(g24m
heSTa (_) Gt [ n-te-htPg,, (A11)
n=0 n! v ﬁ

Using (A.7) and (A.11) in (A.3), we get the desired closed-form result

i m—1 n
e . 1 /m m
w0 = S{(0E 5 (5) o ()
7 i !

n=0
m—1 n
m
+ B; ZD, [erfc aji/) (@) exp (—4)
gy T W Y
- 1 5 1 s
P __‘7[ _(n+%) F — A.12
Zon!\/?r” X (n+2,m)“” » (A.12)
n= Tr

where p = (a?l + %) Similarly, the average BER of different position bits in the Q phase

channel can be evaluated in closed-form for integer values of m.
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