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Abstract

The capacity and error probability of space-time block codes (STBC) are derived for
PAM/PSK/QAM modulation in different fading channels. Thg approach is based on an equivalent
scalar AWGN (additive white Gaussian noise) channel with a channel gain proportional to the
Frobenius norm of the matrix channel for the STBC. Rayleigh, Ricean and Nakagami fading
channels are considered. Both independent and correlated fading channels are investigated. The
analysis has further extended to a Direct Sequence Code Division Multiple Access (DS-CDMA)
multiuser system employing STBC.

A new modulation scheme called pulse amplitude position modulation (PPAM) for
Ultra-Wideband (UWB) communication systems is proposed, which combines pulse position
modulation (PPM) and pulse amplitude modulation (PAM) to provide good system performance

and low computational complexity. The capacity and error probability are presented.
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Chapter 1
Introduction

High data rate wireless communication has been one of the major drivers for the
development in communications in last decade. The great popularity of cellular phones,
radio paging, wireless Local Area Network (LAN), mobile computing device and other
personal communication services (PCS) demonstrates the rising demand for wireless
communication, and has inspired many proposals for high-speed data services up to 2
Mb/s for diversified applications. The third-generation (3G) mobile communications
standards [1] were designed to provide a wide range of user service, spanning from
voice to high-rate data services, supporting rates of at least 144 kb/s in vehicular, 384

kb/s in outdoor-to-indoor, and 2 Mb/s in indoor as well as picocellular applications [1].

Research challenges for high data rate wireless communications include the
development of efficient coding and modulation schemes, smart signal processing
techniques to improve the quality of service and spectral efficiency of the wireless
system, and better techniques for sharing the limited spectrum among different high
capacity users. Remarkable technologies have been proposed to deal with these
challenges, such as multiple antenna systems, space time processing, orthogonal

frequency division multiplexing (OFDM), ultra-wideband radio, beamforming, and so



on.

In this work, we focus on the capacity and error probability analysis for space time
block coded (STBC) and ultra-wideband (UWB) communication systems. The
information capacity of wireless communication systems increases dramatically by
employing multiple receive and transmit antennas [2][3]. To take advantage of both
spatial diversity and time or frequency diversity, space time block coding (STBC)
[41[51[6] is generated considering the joint design of coding, modulation, and transmit
and receive diversity with multiple antennas. The spatial-temporal structure of these
codes can be exploited to increase the capacity of wireless systems with a very simple
receiver structure. As an emerging wireless technology for communications,
ultra-wideband (UWB) radio uses a wide swath of spectrum to transmit low-powered,
ultra-short radio pulses through the air, and is capable of transmitting data at several
hundred Mbit/s typically over short distances under restricted power limits [7]. These
systems are therefore considered suitable for high-data-rate applications, such as

streaming media, and for use in battery-powered wireless data devices.

In this chapter, a brief overview of space time block codes (STBC) and ultra wideband
(UWB) communication are given in Sections 1.1 and 1.2, as well as related work in each
field, respectively. The outline of the thesis is given in Section 1.3. Finally Section 1.4

summarizes the contributions of this work.

1.1 Overview of space time block codes
1.1.1 Multiple antenna systems

The characteristics of a wireless channel present a fundamental technical challenge for

reliable communications subject to time-varying impairments such as noise,
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interference, and multipath [8]-[12]. In an effort to conquer fading to support high rate
data transmission over such a channel, several diversity techniques were naturally
introduced to improve the performance of wireless communication system. Space
diversity, i.e. multiple antenna system, has received significant attention recently after
extensive research on time diversity and frequency diversity [13]-[15]. [2] and [3]
showed the enormous capacity promised by multiple antenna systems in a fading
environment, which greatly inspired the search for optimum techniques and coding
algorithms for multiple input multiple output (MIMO) channels. The classic approach
is to use multiple receive antennas or polarization diversity reception and employ
maximum ratio combining (MRC) [16]-[19] of the received signals to improve
performance. However, receive diversity techniques have typically been applied at the
base stations since applying receive diversity at the mobile stations increases their
computational complexity which may not be allowed by the limited power. Limitations
on the power and size of the mobile terminals requires serious design consideration
when employing sophisticated power consuming signal processing techniques for
reliable communications and efficient spectral utilization. Though continuing advances
in very large scale integration (VLSI) system, application-specific integrated circuit
(ASIC) technology for low power devices, and system on chip (SOC) provide a partial
solution, involving less signal processing burden on mobile terminals than fixed base

stations with relatively larger power supply makes good engineering sense.

Different transmit diversity techniques have then been proposed earlier in order to
introduce diversity gain for mobile stations by upgrading base stations. For example,
[20][21] presented a switch diversity scheme with information feedback, [22]-[24]
presented a diversity scheme invoking feedforward or training information, and
[25][26] proposed a blind diversity scheme. Recently, space time trellis coding (STTC)

[27]-[33] was proposed by jointly designing the channel coding, modulation and
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transmit diversity. Performance criteria for designing STTC codes were derived in [27]
for a flat fading channel. STTC perform exiremely well, however, the computational
complexity is also significant. When the number of antennas is fixed, the decoding
complexity of STTC increases exponentially as a function of the diversity level and
transmission rate [29]. In addressing the issue of complexity, a remarkable scheme,
called OSTBC, was proposed by [34] using two transmit antennas and generalized in
[35] to an arbitrary number of antenna to provide full diversity gain with extremely low
computational complexity. Despite the associated performance penalty comparing with
STTC, OSTBC is still very appealing in terms of its simplicity and performance. Further
study in [36][37] has shown that OSTBC concatenated with channel codes outperform

STTC with comparable complexity.
1.1.2 Space Time Block Codes

In this section, we present the principles of OSTBC following the seminal contributions
in [34]-[37]. Consider a wireless system with N transmit antennas and M receive
antennas. The channel is assumed to be quasi-static with flat fading, which means that
the channel is constant within one frame period, but varies independently between
frames. Furthermore, perfect channel state information is assumed available at the
receiver, but the channel is unknown at the transmitter. Let T represent the number of
time slots used to transmit S symbols. Hence, a general form for the transmission

matrix of a OSTBC is

gu 8u - &m

8z 8n - 8m
G=| . . X (1.1)

Eir 8ar - 8nr
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where g, represents a linear combination of the signal constellation components and

their conjugates, and are transmitted simultaneously from the i transmit antennas in
thejix timeslotfori=1...Nandj=1...T. Since there are S symbols transmitted

over T time slots, the code rate of the OSTBC is given by
R=S/T. (1.2)

At a particular time nT, the received signal corresponding to the nu input block

spanning T time slots is
YnT =HGT + WnT ’ (1-3)

where Yy is an MxT matrix, H is an M x N fading channel coefficient matrix with i.i.d.
(independent, identically distributed) entries modeled as circular complex Gaussian
random variables, GT is the transpose of G with size NxT, and Wy is an MxT receiver
noise matrix with i.i.d. entries modeled as circular complex Gaussian random variables
with zero mean and variance N,/2 in each dimension. At the receiver end, a combining

technique [34]-[36] similar to MRC can be applied to obtain full diversity gain.
A. Two Transmit Antennas OSTBC

As mentioned above, the simplest form of OSTBC, which is a two transmit antenna
based scheme associated with N=2, was proposed by [34]. The associated transmission

matrix is

G2 =( xlt xz ) (14)

=X, X

It is shown in the transmission matrix G. that there are N=2 transmit antennas, S=2
input symbols, namely x;, x., and the code spans T=2 time slots. x; and x, are the

conjugates of symbols x; and x., respectively. Since S=T=2, the code rate given by (1.4)



is unity. The associated encoding and transmission process in shown in Table 1.

Table 1.1 Encoding and transmission process for the OSTBC G.

Time Slot | Transmit Antenna

T Tx; Tx.
1 X1 X2
L] L]
2 —X, x,

At any particular time instant T, two signals are simultaneously transmitted from
transmit antennas Tx; and Tx.. For example, in time slot 1, signal x, and x. are

transmitted simultaneously from the transmit antennas Tx; and Tx., respectively. In
the next time slot, signal —x, and x, are transmitted simultaneously from transmit

antennas Tx; and Tx., respectively.

YA ey
P

— D
N =h1x1+h2x2 +n

* *
Channel hl * -
Estimator T@@—_‘
%

X

Maximum Likelihood
Detector

Fig.1.1 Baseband representation of OSTBC G- of (1.4) with one receive antenna
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Fig.1.1 shows the baseband representation of OSTBC G. of (1.4) with one receive
antenna. As mentioned earlier, the channel is assumed to be flat fading, i.e. the
complex fading envelop h; and h; are assumed to be constant across the corresponding
two consecutive time slots. Independent additive white Gaussian noise (AWGN)
samples are added by the receiver in each time slot. The received signals over flat

fading channels can be expressed as

N =hx +hx, +n (.5)
VY, = —hlxl' + hzx; +n, (1.6)

where y; is the first received signal and y. is the second. Note that the received signal y.
consists of the transmitted signals x; and x., while y. consists of their conjugates. In
order to decode the transmitted signals, we have to extract the signals x; and x. from
the received signals y, and y.. With perfect channel state information available at the

receiver, the received signals are combined as follows to decode x; and x-

X = h:yl +hzy; )
- (Ihllz +!hZ]2)xl +1'ny +hyn, Y7
%L=hy —hy,

=(|hn|2 +|hz|2)x2+h;nl —hn (1.8)

It is easy to see from (1.7) and (1.8) that x; and x. have been separated from y; and y. by

simple multiplications and additions due to the orthogonality of OSTBC [35]. Both
signals ¥, and X, are then passed to the maximum likelihood detector as shown in

Fig.1.1 to determine the most likely transmitted symbols x; and x.. Note that the OSTBC

combiner has a form similar to MRC for receive diversity.
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Similarly, for OSTBC G2 with 2 receive antennas, the received signals can be combined

to generate X, and X, asfollows
~ 2 2 2 2 * * * *
X =(|hu| +Ihlz| +|h21| +|h22| )xl"'hu”u +hyny, +hyny, +hy,ng, (1.9)

~ 2 2 2 2 * * * *
X = (lhnl +'hlz| +|h21| +|h22! )xl + hynyy = by, + hyyny, — hyny, (1.10)
In the generalized form with M receive antennas, we have

- <l 2 2 x ’
% =z (Ihill +|hi2| )x1+h,1ni1+hi2ni2:| (1.11)

=1

-,

x2= i

i (l Byl + || )xz +h ny - h.ln;z} : (1.12)

-,
]
—

It can be easily observed that OSTBC G. with M receive antennas has the same

diversity order as MRC with 2M-order receive diversity.
B. Other OSTBCs

It is shown in [35] based on the theory of orthogonal designs that full rate OSTBCs exist
for any number of transmit antennas using an arbitrary real constellation such as PAM.
For an arbitrary complex constellation such as PSK/QAM, half rate OSTBCs exist for
any number of transmit antennas, while full rate OSTBCs only exist for 2 transmit
antennas. In another word, G.is the only full rate complex OSTBC. As specific cases for
three and four transmit antennas, rate ¥2 and 3/4 OSTBCs are given in [35], and are

denoted as Ggs, G4, and Hj, H,, respectively, and are given by
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[38]-[40] present two simpler rate 3/4 OSTBCs, namely

for three transmit antennas and

(% x x
-x, x, 0

*

*
x, 0 -x

10

(117)

(1.18)

for four transmit antennas. [41] presents two generalized complex orthogonal

space—time block codes

€T
¥
-9

*
Iy

0

*
&Iy
*

— g
&7

Xy T3 0 T4 7]
2] 0 o3 T
0 -2 T2 6
ry —z5 -1 7
0 0 —2F -z
o 0 rg —a5
0 2] v -3
~x5 g 0 b

0 23 0 29
-k 0 0 3

of rate 7/11 for five transmit antennas and

(1.19)
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of rate 3/5 for six transmit antennas.

In Table 1.2, we summarize the parameters associated with all OSTBC codes given in
[35]-[41). The decoding algorithms and the corresponding performances of these

OSTBCs were given in [36].



Table 1.2 Different OSTBCs

No. of No. of
Code Rate Code Span
STBC Tx Antennas | Input Symbols
R T
N S
G2 1/2 2 2 2
G3 1/2 3 4 8
G4 1/2 4 4 8
H3 3/4 3 3 4
H4 3/4 4 3 4
Gs 7/11 5 7 11
G6 3/5 6 18 30

1.1.3 Related Work on Space Time Block Codes

12

As OSTBC is a remarkable technique which can provide full diversity gain with very low

computational complexity, it is helpful to learn more about the characteristics of

OSTBC from the perspective of capacity and error probability.

A loss in capacity, characterized by the code rate and the number of receive antennas, is

shown in [42][43] for an arbitrary channel. Following the analysis in [36][42][43], a

characterization based on an equivalent scalar AWGN (additive White Gaussian Noise)

channel multiplied by a coefficient, which is a function of the Frobenius norm of the

channel matrix with multiple antennas, was given in [42] for full rate OSTBC. The
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Shannon and outage capacity for the equivalent scalar AWGN channel were also given.

The Shannon capacity C =W log, (1+SNR), where SNR is the signal-to-nose ratio and

W is the channel bandwidth, predicts the channel capacity C for an AWGN channel
with continuous-valued inputs and outputs. However, a channel employing OSTBC
with PAM/PSK/QAM modulation has discrete-valued inputs and continuous-valued
outputs, which imposes an additional constraint on the capacity calculation. In this
work, we generalize the effective channel representation in [42] for all rate orthogonal
OSTBCs, including the rate 1/2 OSTBCs, the rate 3/4 OSTBCs H3 and H,, and other
codes given previously. A new capacity calculation taking into account the constraint of
discrete-valued inputs is presented here, as well as the capacity loss incurred by

employing OSTBC.

In [44], an analysis of the bit error probability (BEP) of G, for g-ary PSK was presented
for Rayleigh fading channels using the PDF of the phase of the received signal from
[45]. However, the BEP for q-PSK (q>4) is very complex following this approach. In
[46], a union bound on the symbol error probability for OSTBC was presented. A
general form for the exact pairwise error probability of space-time codes was obtained
in [47] based on the moment generating function (MGF) of the Gaussian tail function.
[48] derived the exact expression for the pairwise error probability in a flat Rayleigh
fading channel in terms of the message symbol distance between two message vectors
for QPSK, 16-QAM, 64 QAM, and 256-QAM. In [49], a unified approach for calculating
error rates of linearly-modulated signals over generalized fading channels was
presented. However, all of the results in [46]-[49] are either given in open form which
has to be evaluated via numerical integration or only as a performance bound. Closed
form expression of error probability for OSTBC over flat fading channels still remains

an open problem. [50] derived the performance criteria for space-time coded wireless
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communication systems taking into account both spatial and temporal channel
correlation. Performance analysis for correlated fading channels with diversity
reception were studied in [51][52]. [53] derived expressions for the cumulative
distribution function of the uncoded symbol error rate for OSTBC G, over correlated
Rayleigh and Ricean fading channels. In addition, [53] introduce a quaﬁtitative
measure to compare the diversity gain offered by two channels at a given outage rate.
In [54], OSTBC was applied to a CDMA downlink, and a novel decoding algorithm as
well as a performance bound were presented. In this work, we analyze the error
probability of OSTBCs for PAM/PSK/QAM modulation from an SNR perspective based
upon the equivalent scalar channel induced by the OSTBC. Using the PDF of the SNR,
closed-form symbol error probabilities are given for various combinations of
modulation and fading channels. Furthermore, these results are extended to a
multiuser DS-CDMA system employing OSTBC. Expressions for the capacity and error
probability of the system are derived and analyzed. Capacity and error probability of
OSTBC over correlated fading channels are also investigated in this work. Closed form
expressions of error probability for PAM/PSK/QAM with Rayleigh fading channels are

also derived.

1.2 Overview of Ultra Wideband Communications
1.2.1 Motivation of Ultra Wideband Modulation

High data rate multiple access wireless communication over a short range in a
multipath indoor wireless channel is a technical challenge [55]. The channel is
impaired by deep fading produced by dense multipath signals arriving at the receiver

with different time delays that can be as small as fractions of a nanosecond [56]. For
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reliable communication over such a channel, large transmit power and/or diversity
techniques [45] are required. Signals with bandwidth on the order of a GHz to allow a
Rake receiver [45] to be operable in this environment can be employed to achieve

frequency diversity {14].

The easiest way to generate GHz UWB communication signals is to use subnanosecond
pulses, which typically spread the power from DC to several GHz depending on the
pulse shape and the required bandwidth. The technology for transmitting and receiving
such UWB pulses while controlling their relative position in the time dimension with
great accuracy, so called pulse position modulation (PPM), is now available [57][58].
UWB modulation uses impulse signals that consist of trains of time-shifted
subnanosecond or amplitude modulated pulses, so called pulse amplitude modulation
(PAM). If data is transmitted using PPM/PAM, multiple pulses are transmitted for a
single symbol, and time-hopping (TH) spread spectrum (SS) is applied to achieve
multiple access capability. The TH PPM/PAM combination results in non-constant
envelope “carrier-less” UWB modulated waveforms that can received by correlation

receiver, making a relatively simple and low-cost transceiver viable [59].

It can be shown that an UWB system is comparable to a CDMA system operating with
the same bandwidth. However, the use of subnanosecond pulses automatically gives an
effective processing gain of about 50 dB with a data transmission rate of about 9.6 Kb/s,
which brings advantage to UWB over current 2G/3G CDMA system [60]. Meanwhile an
UWB system can also accommodate a large number of users. These large processing
gains are necessary for UWB equipment to be operable license-free, and be able to
coexist with current running narrow band systems without significant mutual

interference.

Compared with a fast frequency hopping receiver operating with the same processing
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gain, UWB has an edge in uncoded error-probability because of its coherence.
Comparied with infrared technology, UWB has the advantage of easy penetration of the
buildings which facilitates wireless communication. Finally, compared with millimeter
wave communications for the same short-range communication environment, UWB is

potentially cheaper and simpler.
1.2.2 PPM/PAM UWB Communication System

Typically PAM, PPM or On/Off Keying (OOK) modulation is employed for UWB
communications. PPM modulation uses the precise collocation of the impulses in time
to convey information, while PAM and OOK use amplitude for this purpose. UWB
systems with PAM and PPM modulation have been extensively investigated. In
[71[59]-[62] a time-hopping multiple-access scheme for UWB systems with PPM was
considered. A PPM UWB system over an AWGN channel was considered from the
capacity perspective (subject to FCC part 15 rules) in [63][64]. The performance of a
PAM UWB system with a Rake receiver was investigated in [65]-[67] for an indoor
wireless channel with multipath interference. An all digital multiple access scheme
based upon PAM and TDM was proposed in [66]. The construction of equal energy
N-orthogonal Time-Shift-Modulated codes was described in [68]. In [69], the effective
capacity of a pulse-position hopping CDMA system with OOK modulation was analyzed.
Although M-ary PPM has better performance than M-ary PAM for M>2 in an UWB
environment, it requires more accurate timing synchronization and has a higher
computational complexity, particularly for large M. In general, with a correlation

receiver, M-ary PPM requires M correlators, while M-ary PAM only requires one.

A typical time hopping format for the signal of the kth user in an UWB system is given

by [70]
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o k .
S(k)(t) = 2 AW q(t—ij -c®T - 6d<"> ), (1.21)

a4, in;) J YA

Jm—o

where 4% is the signal amplitude, q(t) represents the transmitted impulse

Lt
waveform that nominally begins at time zero, and the quantities associated with (k) are
transmitter dependent. 7 is the frame time, which is typically a hundred to a
thousand times the impulse width resulting in a signal with very low duty cycle. Each

frame is divided into Nj time slots with duration 7.. The pulse shift pattern cj.k) ,

0<=c{*) <=N}, (also called time-hopping sequence), is pseudorandom with period T..

This provides an additional shift in order to avoid catastrophic collisions due to

multiple access interference. The sequence d is the data stream generated by the kth

source after channel coding, and 5‘1“) is the additional modulation time shift utilized

171 Ns]
for PPM determined by the input data d.  If N;>1, a repetition code is introduced, i.e.
Nk pulses are used for the transmission of the same information symbol. For PPM, A®

=1, while § = o for PAM.
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Fig.1.2 A Typical idealized received monocycle p(t) at the receiver as a function of time in
subnanoseconds. p(f+3.5)= [1 -4 (t/t, ) ] exp [—27:: (t/7, )2] with 7,=0.2877.

Even an ideal channel and antenna system modifies the shape of the transmitted
monocycle p(t) at the output of receiver. A typical idealized model of the received pulse
shape is shown in Fig. 1.2 as second derivative Gaussian pulse. To facilitate analysis, we
always assume that the true transformed pulse shape is known at the receiver and can
be used to determine the correlation receiver structure. Therefore, the received signal
can be modeled as the derivative of the transmitted pulses assuming propagation in

free space [1]

(59 (1-7,)) +w(2)

> A4 p(t— JT; =T, - 8,

r(t)=

, (1.22)

)+ w(t)

M I~

dLj/N:J 1/ Ng)

P
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where w(t) is AWGN noise with power density N, /2, 7, is the propagation delay for

the kth user and p(t) is the received pulse waveform. If only one user is present, the

optimal receiver is an N-ary correlation receiver followed by a detector. When more
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than one link is active in the multiple-access system, the optimal receiver is a complex
structure that takes advantage of all receiver knowledge regarding the characteristics of
the multiple-access interference (MAI) [70]. However, for simplicity, an N-ary
correlation receiver is typically used even when there is more than one active user. Fig.

1.3 shows the structure of the correlation receiver of a PPM UWB system for user 1,
where hi(k) (t—7,) is the basis function of the ix correlator for user k. Note that for an

N-ary PPM UWB system, N cross-correlators are required for demodulation.
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Fig.1.3 System model of a time-hopping multiple-access PPM UWB system
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1.2.3 Related Works on UWB Communication System

The same attributes that make UWB technologically attractive [59][61] also create the
communication design challenges [71][72] which yield a rich source of research
problems. Among these are UWB channel propagation measurements [75][76],
channel modeling, including multipath angle of arrival characterization
[731[741[771(781[79], PPM signal selection and signal design [80]-[83], channel
capacity analysis for PPM TH UWB [63][64][69], TH sequence design, fast TH
sequence acquisition and tracking, demodulation and synchronization with limited
radiated power, multiple-access performance calculation
[591[61][62][65][66]1[671[701[801[81], PAM signal design, multiple access design, and
Rake receiver implementation[65]-[67], as well as network issues. Some possible

research subjects will be listed as future work later in the thesis.

1.3 Outline of the Thesis

The first goal of this thesis is to develop a theoretical capacity and error probability
analysis of OSTBC over both independent and correlated flat fading channels. A second
goal of this thesis is to propose a new modulation scheme, called pulse position
amplitude modulation (PPAM), for UWB communication to provide good performance
with low complexity. Both the capacity and performance of the proposed PPAM scheme

are analyzed for a time-hopping multiple access UWB system over an AWGN channel.
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This thesis is organized as follows.

In Chapter 2, OSTBC and UWB systems are studied from an information theoretic
point of view. The channel capacity of multiple antenna system over fading channels is
reviewed and the Shannon capacity of OSTBC is derived. Channel capacities for PPM
and PAM signals over an AWGN channel are reviewed and the channel capacity of
PPM/PAM UWB systems are derived subject to FCC Part 15 rules for both single user

and time-hopping multiple access systems.

In Chapter 3, we introduce the equivalent scalar AWGN channel model for OSTBC over
fading channels for all rate OSTBCs. Based on the effective scalar channel model, the
distribution of the effective SNR over different fading channels is derived. The channel
capacity of OSTBC with PAM/PSK/QAM is demonstrated and closed-form error
probability expressions are presented for OSTBC with PAM/PSK/QAM over Rayleigh,
Ricean and Nakagami-m fading channels. Both independent fading and correlated flat
fading are investigated. Furthermore, we extend the analysis to a DS-CDMA system, an
effective scalar AWGN channel is derived subject to the Gaussian approximation for a
DS-CDMA system employing OSTBC over different fading channels. Capacity and error

probability analysis are presented.

Chapter 4 proposes a new modulation scheme: PPAM. Capacity and error probability
analysis are conducted over an AWGN channel for both single user and time-hopping

multiple access PPAM UWB system. Exact error probabilities for orthogonal PPAM
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UWB are derived and performance bounds are provided.

Finally, we draw some conclusions and suggest future work in Chapter 5.

1.4 Contributions of This Work

The work presented here makes a number of novel contributions to the field. The major

contributions are summarized below.

1.

A generalized equivalent scalar channel model for OSTBC including all rate
OSTBCs which facilitates the analysis of OSTBC by transforming the MIMO
OSTBC channel into a Single Input Single Out (SISO) AWGN channel.

With the generalized equivalent scalar channel, we present the capacity of
OSTBC over flat fading channels, including Rayleigh, Ricean or Nakagami-m,
with g-ary real or complex signal constellation

With the generalized equivalent scalar channel, we present closed-form
expressions for the error probability of OSTBC with g-ary PAM/PSK/QAM
over flat Rayleigh, Ricean and Nakagami-m fading channels.

Using a Gaussian approximation, we derive the equivalent scalar channel of a
DS-CDMA systems employing OSTBCs, and present the channel capacity and
closed form error probability over flat Rayleigh, Ricean, and Nakagami-m

fading channels.
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With the generalized equivalent scalar channel, capacity and error probability
of OSTBCs over correlated fading channels are derived to show the impact of
correlation.

A new modulation scheme, called pulse position amplitude modulation
(PPAM), is proposed for UWB systems.

The capacity for PPAM UWB over an AWGN channel for both single user and
time-hopping multiple access systems is presented subjected to FCC Part 15
rules.

Exact error probabilities for orthogonal PPAM UWB are derived.

Simple performance upper bounds are derived for a PPAM UWB system.
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Chapter 2

Information Theory Considerations
of Multiple Antenna and UWB
Systems

The next frontier in the development of wireless communications is the conversion
from current voice-based/lower rate data services to future high data rate applications
such as rich content wireless internet. For example, sending video rather than voice
requires the data rate to increase by two or three orders of magnitude. Increasing the
transmit power is simple but costly, and restricted by radio regulations. Continued
advances in VLSI and ASIC digital processing techniques will be a key factor in this
conversion. A more economical solution is to exploit spatial diversity and channel
coding through multiple antennas at the transmitter and receiver. Traditionally, spatial
processing has been designed separately from channel coding, e.g., equalizer and
combiner at receiver. Motivated by the fact that an integrated design might have

advantages over the conventional individual approach, a step in this direction is the
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integration of spatial and temporal processing into what is now commonly referred to
as space-time processing [24][84][85]. It has been recognized that a joint approach
offers more benefits than temporal and spatial processing applied separately [86].
Another means of increasing the data rate is to increase the channel bandwidth, which
is forbidden by the current expensive and crowded frequency spectrum with
conventional wireless technology. However, the emergence of UWB communications
has rekindled this idea with its ultra-wide bandwidth and extra-low power which can

safely coexist with current existing wireless systems.

In this chapter, theoretical capacities will be studied for both multiple antenna and
UWB systems. Starting from a review of channel capacity with multilevel/phase
modulation over AWGN and fading channels, the capacity of MIMO fading channel
with g-ary modulation are presented. Then the capacity of an UWB system with PPM
and PAM are investigated subject to FCC part 15 rules. Finally, a summary of the

chapter is given.

2.1 Channel Capacity with Multilevel/phase
Modulation

2.1.1 Shannon Capacity

In general, the channel capacity is a function of the channel realization, transmitted
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signal power and noise. Assuming quasi-static and frequency-nonselective conditions
for a SISO channel, the famous standard formula for the Shannon capacity [45]
expressed in bps/Hz, i.e. normalized with respect to the bandwidth, is

C=log,(1+SNR) (2.1)

where SNR is the receive signal to noise ratio, defined by % , where E, is the
0

energy per bit.

2.1.2 MIMO Capacity over Fading Channels

For a MIMO channel represented by the M x N channel matrix H where N and M are
the number of the transmit and receive antennas, respectively, the capacity of the
multiple antenna system over a fading channel expréssed in bits/s/Hz, i.e. normalized

with respect to bandwidth, is given in [2][3] as

C= El:10g ) det(l + A?/ HH' ﬂ bits/s/Hz (2.2)

0

where E[.] is the expected value operator, I is the identity matrix with dimension M, +
is the operation of matrix transpose and conjugate. The overall transmit power is fixed
and independent of the number of transmit antennas, N, so that a constant power is
distributed among the transmit antenna elements. This facilitates the capacity
comparison and allows us to demonstrate the impact of varying the number of transmit
antennas. We define the outage capacity value C,y such that C > C,u with a specified
probability threshold. Fig 2.1 illustrates the 99% outage capacity of (2.2) with two
transmit antennas and multiple receive antennas. For large M, such as M = 10, every 6

dB increase in SNR achieves 2 more bps/Hz. The outage capacity demonstrates that
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high spectral efficiencies are possible for fading channels even though it is traditionally

viewed as an impairment for high rate data transmission.

.

Capacity (bits/s/Hz)

= N
T

15
E N, (dB) per RX

L

ey
[

o0
T

[~

4
T

Capadity (bits/siHz)

Ny
T

L 1 1 1
a 5 10 15 20 25 30
Number of Rx. ant:

L]

Fig.2.1 99% outage capacity of two transmit antennas and multiple receive antennas.
2.1.3 Channel Capacity of Multilevel/phase Modulation Channels

The Shannon capacity predicts the channel capacity C for an AWGN channel with
continuous-valued inputs and outputs. However, a channel employing multilevel/phase
modulation, for example PAM, PSK or QAM modulation, has discrete-valued inputs
and continuous-valued outputs, which imposes an additional constraint on the capacity
calculation. We consider the modulation channels with discrete-input and
continuous-output, which was given in [45] as

P()"|xk)d

C= 1 (2.3)
maij )"|xk xk) 0g, p(y) y

P(x;)

where

p(»)=2p(yx)P(x), (2.4)
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X« is the discrete-valued input, and y is the continuous-valued output, modeled as
y(#) = x(£)+w(t) (2.5)
where w(t) is an additive white Gaussian noise process, and t is the time sequence.
Assuming an equal a priori probability real or complex signal constellation, i.e.

P(x,) =-;— , the channel capacity of an AWGN channel with g-ary modulation is then

[87]

g-1

= zo‘ p(ylx,-)
C = logz (Q)"‘;;E}'I% logz W
,  (2.6)

1qvl q-1 +w— i2__ 2
=1°32(‘1)_;]‘;Eylxk {logZZexp[_lxk w le W J}

i=0 20

where E[.] is the expected value operator, w is the complex white Gaussian noise,
modeled as a Gaussian distributed random variable with zero mean and variance o
in each real dimension. (2.6) can be evaluated by Monte Carlo simulation. Note that
(2.6) is a universal formula applied to g-ary PAM/PSK/QAM. Fig. 2.2 demonstrates
the channel capacity of gq-ary PSK over an AWGN channel, and Fig. 2.3 demonstrates

the channel capacity of q-ary PAM over an AWGN channel.
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Fig.2.3 Channel Capacity of bandlimited AWGN channels with g-ary PAM modulation.

On wireless channels, channel capacity is typically degraded by fading phenomena

which arise from multipath propagation. We model the complex process received at the
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output of a noisy flat-fading wireless channel as

y(0) = h()x(t) +w(z) (2.7)

where h(t) is a generally time-correlated ergodic fading complex sequence independent

of x(t) and w(t), and w(t) is a complex zero mean AWGN sequence with variance No/2

in each dimension. Assuming coherent detection at the receiver, the effect of fading is

reduced to the multiplication of the transmitted symbol x by the real nonnegative

bit/symbaol
N
[4)]

N

=y
(5]

-

0.5

0
-10

Fig.2.4 Channel Capacity of q-ary PSK over Rayleigh fading channel.

random variable A =|h(t)| , which represents the envelope of the complex fading
coefficient h(t). Therefore, without loss of generality, we can rewrite (2.7) for the

observations in the following equivalent baud-rate sampled form
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y(n)=h(n)x(n)+w(n). (2.8)

With perfect channel state information available at the receiver, it is known [8g][g0]

that the capacity of the channel in (2.8) can be directly obtained by averaging the

corresponding conditional capacity C’(h) with respect to the probability density

function (pdf) of the fading gain g. By doing so, we obtain the following expression for
the channel capacity of fading channels for an equiprobable signal constellation

C, =] C(h)p(h)dh, (2.9)

where

. —hx
C(h)=1log,(q "_zEylxk {logz Zexp[ l}’ al INI ll :l} (2.10)
0

Monte Carlo simulation can then be applied to evaluate (2.9). Fig. 2.4 shows the
channel capacity for a Rayleigh fading channel with q-ary PSK. Compared with Fig. 2.2,
the fading degrades the channel capacity significantly for low SNR.

2.1.4 Channel Capacity of Multilevel/phase Modulation Channels for

Multiple Antenna System

Considering a narrow-band system with N transmit antennas and M receive antennas.
Let’s assume N coded streams {xi(n)} , 1 < i< N, which take values from a g-ary
real/complex signal constellation Ax = {051 O/ q} simultaneously transmitted from
the M transmit antennas. The channel is assumed to be flat fading, and the fading gain

h;(n) from transmit antenna i to receive antenna j at the ny sample slot is modeled as
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a zero mean complex random variable with variance 0.5 per real dimension. Therefore
the received signal y,(n) at receive antenna j and time n is modeled as

y;(n)=D h;(n)x, (n)+w,(n), 1SjsM (2.11)

where the noise sequences w,(n) are mutually independent zero mean stationary

white Gaussian complex processes with variance N,/2 per real dimension. The capacity

of the MIMO channel conditioned on the channel fading gain matrix H is given by [91]
Cron =] Cun(@)p(2)d? (2.12)

where

Y [ comp(-ly- Bx/N,)

xe(4x)"

@,N(H)=Mog2q—(lJ ( . J
q 7N,
, (2.13)

Xlog, l: | D ) exp("y—Hx"2 —”y—Hx("z)/N0 )]dy

xe(4z)
N and M are the number of transmit and receive antenna, respectively,
Ax E{al,...,aq} is the g-ary complex signal constellation, (Ax)N indicates the set
given by the N-fold Cartesian product of Ax by itself, the coded vector
x=[x--xy]e(4x)" isan gN-variate random variable with outcomes taking values on
the expanded signal constellétion(Ax)N s Y[ Yy ]T is the M-dimensional output

vector of receive antennas. Considering a system with two transmit antennas and one

receive antenna as an example and 4-PSK, we have

él.’z (H)= 4—%,(2302]2.4‘&% {IOgZ {iiexp("y ~ %~ h12xp||2 —"y —hyx; "hnxquz)/No )ﬂ -(2.14)
=0 p=

i=0 ¢=1
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2.2 Channel Capacity of UWB over AWGN

The UWB technology is very attractive for wireless communication to make available a
large amount of spectrum to a variety of users without significant interference between
them. With the bandwidth restrictions effectively removed, UWB promises a very high
data rate over short or medium ranges subject to the power restriction. In this section,
we consider the channel capacity of UWB systems in terms of bits/channel use. The
major objective is to develop an understanding of the role of various parameters on the

capacity of UWB communications.

2.2.1 Channel Capacity of Pulse Position Modulated Channels

The capacity of g-PPM is the same as that of a q dimensional orthogonal signal set, and

of g-ary frequency shift keying (FSK). Assuming a equiprobable signal constellation, we

], (2.15)

where E_ is the energy of the PPM signal. The channel capacity of g-ary orthogonal

have

q 2
\2 i _\/E—s v y?
)2 exp ——————( 37 ) gexp(—— 20{2

J#i

P(YIxi)=(

2ro?

modulation given by (2.3) can then be reduced to [92]

o [2E
Copy =log, ((])—E[log2 Eexp[ WS- (v,—v )H , (2.16)
i=0 0

where v, is a Gaussian variable with zero mean and variance one, v, is also Gaussian
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distributed with mean 2E,/N, and unit variance for i # 1. Fig. 2.5 illustrates the

channel capacity of g-PPM over AWGN channel.
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Fig.2.5 Channel Capacity of PPM over AWGN channel.

2.2.2 Channel Capacity of PPM UWB

PPM is a typical modulation for UWB communication which controls the precise
location of the signal in time to convey information. The capacity of PPM over an
AWGN channel derived above serves as the starting point to which the UWB-specific
constraints are introduced. The most important constraint for a practical UWB system
is the power spectrum density limitation to avoid the possible interferénce to other
communication system operating within the frequency spectrum of the UWB system.

On Feb 14, 2002, FCC issued regulations related to UWB, by which the transmit power
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of an UWB system is required to be regulated under FCC Part 15 rules, i.e. emissions
above 900 MHz shall not exceed field strength levels of E = 500

microvolts/meter/MHz measured at a distance of 3 meters from the transmitter.

To assess the communication distance assuming compliance with FCC part 15 rules, we

takes a common link budget model [45]
P.(d)(dBm)=P.(dBm)+G,(dB)+G.(dB)-PL(dB), (217

where P is the transmit UWB power, P is the received power at distance d, G: and G-
are antenna gain for the transmit and receive antennas, respectively, both assumed to
be odB for simplicity. The path loss PL depends on the propagation model, but there is
no commonly accepted model for UWB so far. It is shown in [74] that the received
signal strength approximately follows a d+ dependency with distance d in an
environment with dense multipath, while follows d-2 dependency in short range such as
several meters, i.e. dominate by the line of sight (LOS) path. The general path loss

model for UWB is
d n
PL(dB)= 1010g—(—41;—)— , (2.18)

where n is the power attenuation exponent and A is the wavelength corresponding to

the center frequency f.. With the approximate relationship between E and P; given by

[45]
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_4And’E?

=re s 2.1
" 120mG, (2:19)

we can obtain the power constraint on transmit power for an UWB system with a 1 GHz

bandwidth as
P; < -11 dBm. (2.20)

A certain minimum SNR is required at the receiver to properly detect and decode the
received signal. Considering thermal noise as the primary source of interference, the

following relationship is obtained

—Sg—ﬁg—lldBm—N

thermal

4 n
—F—lOlog(——jf—), (2.21)

where G=N_T,W, isthe equivalent processing gain resulting from the low duty cycle,
W, is the bandwidth of the UWB impulse related to the pulse duration T, F is the
noise figure set to 5 dB, N, isthe thermal noise floor, calculated as the product of
the Boltzman’s constant, room temperature (typically 300K), noise figure and
bandwidth, and n is the path loss exponent. It is easily shown that the maximum
reliable communication distance is determined primarily by the signal to noise ratio

SNR. The spectral efficiency in bits/s/Hz for PPM UWB can be obtained from (2.16) as

- C C
Copyy =—LEM _ — “PPM Thits/s/Hz]. 2,22)
PPM NSI,pr G [b / / ] (

Fig. 2.6 shows the relationship between spectral efficiency and communication distance
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with G=100 and n=2. The same relationship is shown in Fig. 2.7 with n=4.
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Fig.2.6 PPM UWB spectral efficiency versus communication distance for n=2 and G=100.

With a power attenuation exponent n=2 and processing gain G=100, a spectral
efficiency of 5 x 102 bits/s/Hz can be obtained within a distance of 100m for 32-PPM.
For a 1 GHz channel, the range of communication is 75m for a data rate up to 50
Mbits/s and about 325m for a data rate of 10 Mbits/s. However, for n=4, the maximum

communication distance for a data rate of 50 Mbits/s is less than 10m for 32-PPM.
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Fig.2.7 PPM UWB spectral efficiency versus communication distance for n=4 and G=100.

2.2.3 Channel Capacity of PAM UWB

Following the same analysis, we find the spectral efficiency in bits/s/Hz of PAM UWB
is

= S _Com

Copy = 2.2
wENTW G (2.23)

where Cpam can be obtained from (2.6). Applying the same power constraint as in
(2.20), and the same link budget model as in (2.17), the same relationship (2.21) can be
obtained for PAM UWB. Again the maximum reliable communication distance is
determined primarily by the signal to noise ratio SNR. The relationship between the
channel spectral efficiency and communication range for PAM UWB is shown in Fig.

2.9. It is shown that 32-PAM can achieve 5 x 102 bits/s/Hz spectral efficiency within a
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range less than sm. For a 1 GHz channel, 32-PAM UWB can provide 20 Mbits/s data
transmission within a distance of 90 meters. Compared with 32-PPM UWB, 32-PAM
obviously is not an attractive choice. However, as shown in the figure, the maximum
distance for a data rate of 10 Mbits/s with 2-PAM is 150 meters, which is farther than

the 100 meters with 2-PPM.
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Fig.2.8 PAM UWB spectral efficiency versus communication distance for n=2 and G=100.

2.3 Summary

In this chapter, the channel capacity of multiple antenna systems with multilevel/phase
modulated signal constellations was first considered over fading channels. Spectral

efficiency of an UWB system was demonstrated assuming compliance with FCC Part 15
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rules for both PAM and PPM signals. The relationship between the maximum
communication range and reliable data rate was shown. The results presented here will

serve as the starting point for the capacity analysis in the following chapters.
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Chapter 3

Capacity and Error Probability of OSTBC
over Fading Channels

In this chapter, the capacity and error probability of orthogonal space-time block codes
(OSTBC) are considered for PAM/PSK/QAM modulation in fading channels. We first
introduce an equivalent scalar AWGN channel with a channel gain proportional to the
Frobenius norm of the matrix channel applied for all rate OSTBCs, which practically
transforms the MIMO OSTBC channel into a SISO AWGN channel utilizing the
inherited orthogonality of its coding scheme. We then approach the capacity and error
probability based on the equivalent scalar AWGN channel with conventional method as
shown in [45]. Capacity and probability of error expressions are derived for
PSK/PAM/QAM modulation with OSTBC considering flat Rayleigh, Ricean and
Nakagami fading channels. As an application, these results are extended to obtain the
capacity and probability of error for a multiuser direct sequence code division multiple

access (DS-CDMA) system employing OSTBC. Furthermore, capacity and error
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probability of OSTBC over correlated fading channels are also investigated. Some

elegant results are obtained. Finally, a summary is given to conclude the chapter.

3.1 The Effective Scaled AWGN Channel

In [42], the equivalent scaled AWGN channel induced by the OSTBC for complex

constellations was given as
ynT _" "F an + nT (3’1)

assuming a full code rate, where y,, is the S x 1 complex matrix after OSTBC
decoding from the received matrix Y,,, x,,is the S x 1 complex input matrix with
each entry having energy E,/N, E,isthe maximum total transmitted energy on the N

transmit antennas per symbol time, and w,, is complex Gaussian noise with zero

mean and variance ”H"; N,/2 in each real dimension. ||H||i_ = ii"hyllz is the

i=l j=1

squared Frobenius norm of H, 4, is the channel gain from the i transmit antenna to
the jum receive antenna and these gains are considered independent. A flat fading

channel is assumed, i.e. h; is a constant over a timeslot T. Taking into account the

code rate, the equivalent AWGN scaled channel with a space-time block code is

2

1
Yur =E"H”FX"T +Wors (3'2)

. . . . . | Q- .
where w,; is complex Gaussian noise with zero mean and variance E”H" +No/2 in
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each real dimension. Therefore, the effective instantaneous SNR, denoted as 7s, at the

receiver is

ES

Vs =

Let h = —ljg—"H"j’ =ii%"hij“2, then the OSTBC channel model of (3.2) can be

i=l j=

simplified to
ynT = han +wnT’ (3'4)
and ¥ can be written as
E
=—2h. (3.
16 NN, 3.5)

3.2 Distribution of the Equivalent Channel

Coefficients and SNR for Fading Channels

As shown in (3.4), h is the equivalent channel coefficient for the effective scalar AWGN
channel. In this section, we will find the probability density function of this equivalent
channel coefficient h and the effective instantaneous SNR for various fading channels.

3.2.1 Rayleigh Fading

With Rayleigh fading, 4, can be modeled as a complex Gaussian variable with zero

mean and variance o2 in each dimension. The PDF of h is then a central chi-square
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distribution with 2MN degrees of freedom

R™ :
pMN-1gmhRI20% > 0, (3.6)

NOE
p rayleigi ( ) (20‘2)MN I‘ (MN)

Consequently, the instantaneous SNR per symbol ¥ is also chi-square distributed.

Using a change of variables, the PDF of : is given by

P rayteigh )= ?*M—NT— e "7, Y2 0, (3.7)

TI(MN) v

where 7, is the average SNR per channel, which is assumed to be identical for all

channels, 1.e.

(3.8)

s

It can easily be shown that the instantaneous SNR per bit 1 has the same PDF except

that 7, = —ES—— for a g-ary signal constellation.
NRN, log, g

3.2.2 Ricean Fading

For Ricean fading, &, canbe modeled as a complex Gaussian variable with means m;,
and m, for the real and imaginary parts, respectively, and variance 0% in each

dimension. In this case, ||H|li has a noncentral chi-square distribution with 2MN

degrees of freedom. The PDF of h is given by

p ricean

(MN-1)/2
R (Rh ) e-(s2+Rh)/ZO'ZIMN_l («/Rh %j, h=>o, (3.9

T2\ §
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where s> = MN(m? +m<22 ) is the noncentrality parameter, [, (x)is the oth-order

modified Bessel function of the first kind, which can be represented by the infinite

series

oo /2)n+2k
(3.10
zg HO(n+k+1) 3:10)
. . m,; [+ mQ
The Ricean parameter is defined as 8 = , (3.9) can then be written as
- i _MNB pMN+i _Rr
Pricean (h) = z (mﬁ) ° X MN +i hMNH-le 2o ’ hzo. (3'11)
= T+ )I(MN +i)20?)
Using a change of variables, the PDF of the instantaneous SNR per symbol s is
MV i _~MNB MN+z—-1e 7e
B)e (3.12)

prtcean(ys) z r( +l)r(m+ )}/ MN+i ’YS..

where ¥, is the average SNR per channel, which is assumed to be identical for all

channels, as given in (3.8).
As for Rayleigh fading, the instantaneous SNR per bit 1 has the same PDF except that

E . .
Y. = —————for a q-ary signal constellation.
NRN, log, q

3.2.3 Nakagami-m Fading

For Nakagami-m fading with integer m,

Ih “ the amplitude of the channel coefficient

h;

;> has a Nakagami-m distribution with variance Q in each dimension. The random
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variable y = %"hy "2 then has PDF [45]

R" 2
p(y) = ___;m—ym—le—Ry/ZG , (3.13)
(262)'T(m)

where 0% =

3|0

Observing that the PDF for Nakagami fading has the same form as the PDF for
Rayleigh fading, but with degree 2m in (3.7), a single Nakagami-m fading channel is
equivalent to an m diversity system for a Rayleigh fading channel. It is then
straightforward to show that results for OSTBCs over Nakagami fading channels can be
obtained by considering Rayleigh fading channels with the channel diversity order
increased from MN to mMN. Consequently, the PDF of the instantaneous SNR per

symbol ¥s can be obtained directly from (3.7) as

1 mMN-1 _—y /%,
b

Y, e (3.14)

pNakagami,m (ys) = — mMN

7. " T (mMN)

c

where 7, is the average SNR per channel, which is assumed to be identical for all

channels, as given in (3.8).
Again as for Rayleigh fading, the instantaneous SNR per bit ' has the same PDF except

that 7, = for a g-ary signal constellation.

NRN,log, q
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3.3 Capacity of OSTBC over Fading Channels
3.3.1 Shannon Capacity

From chapter 2, the full open-loop capacity of a MIMO channel is given in (2.2)
according to [2][3]. Invoking the effective scalar AWGN channel for OSTBC in (3.2),
the MIMO OSTBC channel is transformed to a SISO scaled AWGN channel. Thus the
Shannon capacity of OSTBC over a fading channel with continuous-valued inputs and

continuous-valued outputs for complex signals is given by (2.1) as

— E, 2
C= E[R log, (1 + ‘RWOHHHF H bits/s/Hz. (3.15)

= E[R log, (1+7, ):|
Given the PDF of s the capacity of the equivalent OSTBC channel can be obtained from

6 = RJ.: lng (1 + },s )p(ys )i'ys ’ (316)

where p(7, ) is given in Section 3.2 for Rayleigh, Ricean, and Nakagami-m fading.

As the capacity depends on the instantaneous SNR which is random distributed, it is
treated as a random variable. Consequently, the channel capacity at a given outage
probability p, Cp, can be defined as a measure of the capacity, i.e. the channel could
offer a random capacity greater than C, with a probability p. Note that it is not

necessary for the channel to be uncorrelated.

3.3.2 Channel Capacity with Multilevel/Phase Modulation

Both (2.2) and (3.16) were obtained assuming continuous-valued inputs. Here we
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consider modulation channels with discrete-valued multilevel/phase inputs and
continuous-valued outputs. Assuming maximum likelihood (ML) soft decoding with
perfect channel state information at the receiver, the capacity Cg. of the OSTBC
channel (3.2) can be obtained by averaging the corresponding conditional capacity

C "(H) with respect to the joint PDF of the channel matrix H. By doing so, the

following expression for the capacity Cg. of the fading channel is obtained

Cime =EIC" ()]= [ € ®)p(H)aH bits/s/Hz, (3.17)
with
co-rlmsa—t$ (el - R fehi o)
T (- “H“ Ny) (3.18)

2

og, {iexp[

s=1

1
-l

12 ’ 1 2
-1, |/ w) dy]
bits/s/Hz,
where «, j=1...q, is a real signal in the q-ary real constellation (PAM) or a complex

signal in the g-ary complex signal (PSK/QAM) constellation, and p(H) is the joint PDF

of the M x N random elements of the channel matrix H for the fading channel.
Applying the channel model (3.4), (3.17) can be simplified to a one dimension integral
containing the PDF of h

Cimes =EIC" W)= [ € typ(wyan, (3.19)

where

()= R(logzq——inhN p(—“y— "0‘1"2 /hNO)

xlog, [gexp((uy—hajnz—||y—has ) /hNO)]dy) .

Note that (3.19) applies to both real signal constellations such as PAM, and complex

(3.20)

signal constellations such as PSK/QAM.
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3.3.3 Capacity Comparison

It is shown in [42] that the difference between (3.15) and (2.2) is the capacity loss
incurred by using a OSTBC in a MIMO fading channel with continue-valued inputs.
The capacity of a MIMO fading channel with g-ary PAM/PSK/QAM is given in (2.12)
according to [91] as

Crow =] Cun(®)p(2)a?, (3.21)

where

N M
C';,N(H)=Nlog2q—[§J( L ) Y jyecexp(—lly— Hx||2/N0)

ﬂ'No )
() (3.22)

xlog, { 3 exp(ly-Bxf -y -Bx )/ )}dy]
xe(4%)

N and M are the number of transmit and receive antenna, respectively,
Ax= {al,.. .0 q} is the g-ary complex signal constellation, (Ax)N indicates the set give
by the N-fold Cartesian product of Ax by itself, the coded vector
x=[x-xy]e (Ax)N is an gM-variate random variable with outcomes taking values on
the expanded signal constellation () , y=[y -y, ] is the M-dimensional output
vector of the receive antennas.

It can easily be shown that the second terms in (3.20) and (3.22) vanish as the SNR
increases, which implies that the capacity of a MIMO fading channel approaches
MNog,q bits/s/Hz, while the capacity with OSTBC approaches only Rlog,q bits/s/Hz
for large SNR. While the capacity loss incurred by using OSTBC of (N —R)log,q

bits/s/Hz is fairly significant, it will be shown that the SNR threshold for reliable data
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transmission is reduced because of the diversity gain of OSTBC.
3.3.4 Numerical Results

The OSTBC Shannon capacity C, for an outage capacity of p =98% is obtained from the
cumulative distribution functions computed by Monte Carlo simulation. The OSTBC
Shannon capacity with N=2,4, and 8 transmit antennas and M = 1,2, 4 and 8 receive
antennas are considered for Rayleigh and Ricean quasi-static flat fading, with the

channel assumed to be uncorrelated.

Fig. 3.1, Fig. 3.2, and Fig. 3.3 illustrate the 98% outage capacity for G, G4, and H,
OSTBCs over a Rayleigh fading channels. The full open-loop capacity [2] (the channel
is only known by receiver) is also included for reference. Note that the capacities of
OSTBCs are significantly lower than those for theoretic Shannon limits, specially for
large N and M. However G. code with one receive antenna is the only scenario that

OSTBC can achieve 100% of the Shannon capacity.

Cp, bps/Hz

_. - G28TBC
....... full open-loop

¢ 5 10 15 20 25 30

Fig.3.1 98% outage capacity of OSTBC G versus SNR with multiple receive antennas.
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Fig.3.3 98% outage capacity of OSTBC H,4 versus SNR with multiple receive antennas.

Fig. 3.4 shows the 98% outage capacity for some OSTBCs achieved over correlated
Rayleigh fading channels versus the correlation coefficient between two antenna
elements at the base station. The signal to noise ratio is set to 18 dB. It is shown that

the achieved capacity significantly decreases due to the channel correlation effect when

the number of receive antenna
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decreases.
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Fig.3.4 98% outage capacity of several OSTBCs versus correlation coefficient with

multiple receive antennas.

Fig.3.5 and Fig. 3.6 show the 98% outage capacity of several OSTBCs in a Ricean fading
channel, for M=2 and 4, respectively. The channel matrix for Ricean fading can be

modeled [93] as

H=H_+H_, (3.23)

where H_, is the specular component (LOS), which is modeled as a constant and H,,

is the scattering component modeled as a Gaussian random variable with zero mean
and unit variance. The SNR for both figures was set to 18 dB. Noted that the OSTBC
capacity slightly increases with the Ricean parameter (when the LOS component is
dominant and the channel tends to be Gaussian). On the other hand, the Shannon
capacity with a OSTBC decrease dramatically when the Ricean parameter increases.

Note that both the full open-loop and G2 x 4 converges to 8 bps/Hz for large Rice
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parameter, which results the channel approach Gaussian, i.e. the rank of the channel

matrix H is one.
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Fig.3.5 98% outage capacity of some OSTBCs versus Rice parameter 8 — I.

Cp, bps/Hz

Fig.3.6 98% outage capacity of several OSTBCs versus Ricean parameter f— II.
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Fig. 3.7 shows the capacity using OSTBC G. over a Ricean fading channel with 1, 2, and
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4 receive antennas for BPSK, QPSK and 8-PSK. The Ricean parameter is B=100. This
figure shows that the achievable capacity with OSTBC G. does not increase as the
number of receive antennas increases. However, the SNR threshold required to achieve
full channel capacity improves as the number of receive antennas increases. The
channel capacity with a single antenna over a Ricean fading channel for PSK is included

for reference.

1 [~ 2T4R x 2PSK
tl—— TR x4PSK | !
i~ 2T4R x8PSK |..4
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1TIR % 2PSK
1T1R x 4PSK
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Fig.3.7 Capacity of OSTBC G, in a Ricean fading channel, with Ricean parameter 8=100.
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Fig.3.8 Capacity of 4-PSK with space-time block codes and Rayleigh fading.
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Fig.3.9 Capacity with OSTBC G, versus the Ricean parameter 8, SNR=5 dB.
The capacity using several OSTBCs over a Rayleigh fading channel is given in Fig. 3.8.
This shows that G. is the optimal code from a capacity perspective, and H, is more

efficient than G,. Comparing Fig. 3.7 with Fig. 3.8 for the 4-PSK case, the system
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achieves capacity at a lower SNR over a Ricean fading channel with B=100 than over a

Rayleigh fading channel. Fig. 3.9 shows the relationship between the Ricean parameter

B and capacity with G.. Note that the capacity is insensitive to the Ricean parameter

when 8 > 15 dB.

3.4 Error Probability of OSTBC over Uncorrelated
Fading Channels

3.4.1 Error Probability with Rayleigh Fading

Let P, (7,)denote the error probability of a g-ary signal constellation with OSTBC in

an AWGN channel. The error probability of OSTBC with Rayleigh fading can be
obtained by averaging P, (y,)over the PDF of ¥,
Popey = J:Pq (Y5 P rayteign (V:)4Y 5 - (3.24)

Note that F,(7,)could be symbol error probability (SEP) or bit error probability
(BEP).

3.4.1.1 Probability of Error for PAM

Since full rate OSTBCs exist for any number of transmit antennas using a real PAM

constellation [5], R=1 for g-ary PAM. The average SEP for PAM over AWGN is [45, Eq.

1 6
Pq(m—z[l—g}z[ ppl ) (3.25)

5.2-45]
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where Q(.) is the Gaussian tail function. Substituting (3.7) and (3.25) into (3.24), the

average SEP of PAM with OSTBC is

(6, |1 .17
P, =| 2/ 1-— g o e ldy . (3.26)
STBC,PAM ,q J:: [ qP( q2 —1 y J’}—/-CMNF(W)Y y 3

To evaluate the integral in (3.26), the following integral function can be employed

rw=[ Q(«/E)XHe"""dx=—;-uLI’(L{l— ) u(l_f ] (zkkﬂ, (3:27)

k=0

B The proof is given in Appendix I.

where p= 5
+au

The closed-form symbol error probability for PAM with OSTBC is then

1 v (12 Y2k
Porsc pam 4 =[1_Ejl‘ 2 ﬂ( 4# J (k ):‘, (3.28)
k=0
37.
h = /____c_
where u 71437,

3.4.1.2 Probability of Error for PSK

Based on the equivalent scalar AWGN channel model presented in Section 3.1, the
error probability for g-ary PSK with OSTBC is equivalent to the analysis in [13] [45] for
adaptive reception of multiphase signals in Rayleigh fading but with MN branch
diversity. This approach was also employed in [44]. Following the same steps as in [13],

the symbol error probability is
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) s 0 il il IR f%(M_l)_ psin(o/M) .~ poos(n/M) H ,

RS'TB q= MN-1
< i (MN) Las 1s—/.l2|_ Js— 2 cos*(m/ M) Js— i cos*(m/ M)
(3.29)
,)7 a MN-1
where U= ﬁ- and the notation ST f(s, ,u)l .1 denotes the (MN-1)th partial

derivative of the function f(s,ut) evaluated at s = 1. Note that coherent detection with

perfect channel state information at the receiver is assumed in (3.29).

Following the approach in [13][45], performing the differentiation indicated in (3.29)
and evaluating the resulting function at s = 1 for g = 2 and 4, we obtain the following

closed-form bit error probabilities for BPSK and QPSK

1 Wt 2k Y 1-p? ¥
PSTBc,z'—_El:l“/JkZ;,[kI 4IJ ]:l , (3.30)

and

k
1 g M2k 1+ p?
P =]l B, a1
STBC,4 2[ r——2—/,L2 g&[k 4__2”2 (3.31)

respectively. Note that Gray coding was assumed in the bit error probability calculation

for QPSK.

The same procedure can be applied to calculate the SEP for g-ary PSK with q = 8, 16, 32,
etc., however the expressions are not as simple as in (3.30) and (3.31). In the reminder
of this section, we employ (3.24) in order to derive a simpler expression for the error

probability.
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It is well known [45] that the BEP of BPSK and QPSK over an AWGN channel are

FPu(y,)= Q(ﬁ)’_s ) (3.32)
and
P,(y,)= Q(JY_ ) (3.33)

respectively. From [94], the exact symbol error probability of M-ary PSK for AWGN

channel is

. n 1 4 -, sz;l'/q
Prsk awon .t (V) =2Q| 4/27, sm; —; EZ_Ee cos’8 @ . (3.34)
2 q

For large SNR and large values of q, the SEP of gq-ary PSK in an AWGN channel can be

approximated as
. T
Pq(n)zZQ( 2y, sm;}-} (3-35)

and the equivalent BEP is

1

P, =——
logg

gb

P, (3.36)

q

where Gray coding is assumed. This approximation is good for large values of q,

however for q=2 there is factor of 2 difference with the exact probability given in (3.30).

By substituting for Pq (7,) in (3.35) and using (3.27), (3.24) can be written as
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- . 1 L
Fyrsc.psk zjo ZQ( 2y, 31n—q—}}_7_MW)_},SMN g7y,

S0

, (3.37)

where

. 2T _
sin® —7%,

- (3.38)
1+sin> =7,
q

Therefore, the BEP can be approximated as

1 vt (1- 2 Y2k
Porsc psk ab z—l—(-)_g;[l_ z .u( 4# ) { k J] (3.39)
k=0

By substituting for P, (¥,) in (3.32) and (3.33), and using (3.27), the exact bit error

probability for BPSK and QPSK can be derived from (3.24) as

1 M5 (1-p2 Y (2%
Porsc.psk g =5[1— #[ 4# J ( f )J (3.40)
=0

and u= S _};67

[4 [4

Ye

for BPSK and QPSK, respectively. It can easily

where U=

be shown that (3.40) is equivalent to (3.30) and (3.31).

Using (3.39), approximations for the bit error probabilities of BPSK and QPSK can be

obtained as

MN-1 1_ 2 k 2k ,}—,C
PSTBC,szl_%u[ 4# J(k} #=1’1+7 (3.41)
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and

1, s (1-p? Y(2k (7.
Psmc,4bz5£1_;.u( 4'u ](kj} H= 23_/—7 (3.42)

respectively. As expected, this approximation is unsuitable for BPSK, but (3.42) gives
the exact BEP for QPSK. It is shown later that this approximation is very accurate for
g>4 and large SNR.

3.4.1.3 Probability of Error for QAM

Rectangular QAM signal constellations are frequently employed because they are
equivalent to two PAM signals on quadrature carriers. For g-ary, g =2*(k even),

rectangular QAM, the symbol error probability is given in [45] as

P =1-[I-P_F, (3.43)

g ya

where

PL= 2[1—%%[\/(]—3_7} (3-44)

By substituting for P, (7,)in (3.44), (3.24) can be written as

= 1 3 \ 1 MN-1 -y, /7.
PSTBC,PAM,JE _sz(l_:/—;JQ[W/q—lys J? MNI‘(]WN)}/S e "'"dy,. (3.45)

Using (3.27), the closed-form symbol error probability for rectangular g-ary QAM with

OSTBC is then
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Porae 0aM g = 1- (1 —P STBC,PAM \[q )2 ’ (3.46)

where

1 MN-1 1_#2 koK
RSTBC,PAM,,/E =(1_:/711" kz;a .U( 4 ] [k ]:l , (3.47)

and u= L_ .
2qg-2+37,

3.4.2 Error Probability Over Ricean Fading

Substituting p,;.., (¥,) for p.e.(7,)in (3.24), and following the same procedure

used previously, the SEP for OSTBC over a Ricean fading channel is

= (MNB) e VP Mysn-1 (142 V 2
PSTBC,Ricean,q =§0(_—1—%+—el)——)’[1— Z #( 4# ] [ l ]] ’ (3-48)

i=0

where
37, 1
H= -—2—}/0_— and A=|1-—|, (349)
g —1+37, q
for g-ary PAM,
sin? 270
u= 9 andwith A =% for g=2and A=1for g>2, (3.50)

1+sin 27,
q

for g-ary PSK, and
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‘ 3y 1
= [——2¢ ___and A=|1-— R .
u 24-2+37, an ( ‘/;J (3.51)

for Jc; -ary PAM in g-ary rectangular QAM. The symbol error probability of g-ary

rectangular QAM can then be calculated using (3.46).
3.4.3 Error Probability with Nakagami-m Fading

As in Section 3.2.3, the error probability over Nakagami-m fading, m is an integer, can
be obtained from the results in Section 3.4.1 above by increasing the diversity order

from MN to mMN. The SEP for OSTBC over Nakagami-m fading channel is then

-1 (1 (2 2k
RS‘TBC,Nakagami,q (ys) = A‘lil - 2 ,u[ 4‘u J ( k )} ’ (352)
k=0

where, for g-ary PAM
3 1
u= e and 1= (l———]; (3.53)

for g-ary PSK

sin®
U= |————— andwith ) =_;. forg=2and A=1forg>z2; (3.54)

Y.

Q|

o

.2 T
I+sin”—7%,
q

for \/Z -ary PAM in g-ary rectangle QAM

f 3y 1
= [——f¢ d 12 1——"—' . .
7 292137, an ( \/5} (3.55)
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The SEP of q-ary rectangle QAM can then be calculated from (3.46).

3.4.4 Numerical Results

Simulation results are presented to verify the exact and approximate error probabilities
given in above sections. In Fig. 3.10, the bit error probability of BPSK with OSTBC G-
and 1 to 4 receive antennas in Rayleigh fading is shown. These results are identical to
those obtained with (3.30). It is shown that more diversity gain can be obtained with
more receive antennas. However the incremental gain decreases as the total number of

antennas increases.

ST 2PsKk1Rx R

I2 - 2PSK2Rx |1
ool = 2PSK-3R%. |4
—&- 2PSK-4Rx

13

Bit Error Probability

SNR (dB)

Fig.3.10 BEP of BPSK for OSTBC with two transmit antennas and Rayleigh fading.
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-~ G32Rx [
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D.

10°

Bit Eror Probability

Fig.3.11 BEP of QPSK for OSTBC with one and two receive antennas and Rayleigh fading.

In Fig. 3.11, the bit error probability of QPSK with OSTBCs G., G;, G4, H;, and H,

with one and two receive antennas are presented, and these results are identical to

those

—— Approximation in 2 Rx
-@- Simulation 1 Rx
- Simulation 2 Rx

Symbol Error Probability
=)

SNR 1dB)

Fig.3.12 SEP of 8-PSK for OSTBC G, with one and two receive antennas.
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Fig.3.13 SEP of 16-QAM for OSTBC with1 and 2 receive antennas and Rayleigh fading.

obtained using (3.31). Note that G, has the best performance compared with other

OSTBCs, however, this performance advantage is obtained at the price of code rate. We

can further observe that OSTBCs with the same diversity order, i.e. the product of the
number of transmit and receive antenna, have the same slop of the performance curve.
As a special case, G, with one receive antenna and G, with two receive antennas have
the exact same BEP resulting from the same product of NxR and total channel numbers.
Fig. 3.12 shows the comparison between the approximated and simulation symbol error
probability for 8-PSK with G. code. Note that the approximation error is negligible.
Fig.3.13 shows the symbol error probability for 16 QAM with one and two receive

antennas for different OSTBCs. These results are identical to those obtained with
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(3.25).

3.5 Extension to OSTBC DS-CDMA

The growing demand for high-rate data services over wireless channels motivates the
design of multiple antenna wireless systems to transmit increased data rates without
substantial bandwidth expansion. As a part of the UTRA (Universal Terrestrial Radio
Access) FDD (Frequency Division Duplex) standard, OSTBC has been proposed for use
in the downlink of Direct Sequence Code Division Multiple Access (DS-CDMA) systems
to provide transmit diversity. Significant research has been conducted on OSTBC for
DS-CDMA. There is great interest in analyzing the capacity and error probability due to
the application of OSTBCs to practical wireless systems like DS-CDMA. In this section,
we extend the equivalent SISO channel model obtained in Section 3.1 to a OSTBC

DS-CDMA downlink. The capacity and error probability analysis are then presented.
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3.5.1 System Model

a5 coslew)
‘ Delay] *u1
I ‘
b —mesbl. STHC . ! q@ﬁm@ *AJ
: Encoder .
L ) Y | l G, 72
t [, de—>| smEC |—
- T, Decoder

A Pectar)

e o o
. . x Decision o
. - " »| Device

- n
ezt ot n) ] o ke n)
P STBC : : .[T, dt Todt) | Decoder T
e LN Encoder ® DZ'iy Y

a.(:)gm(wm)
Fig.3.14 System model of OSTBC DS-CDMA.

To facilitate analysis, we generalize the CDMA multiple access interference model from
[95][96] to accommodate multiple antennas. The system model is illustrated in Fig.
3.14. In the transmitter, s information symbols for K users are encoded by the
respective OSTBC encoders, and then spread by each user’s PN code, modulated and
transmitted simultaneously from N transmit antennas over T symbol durations. At the
receivers, each user has M receive antennas, and the filtered signals are first despread,
then sent to OSTBC decoders. The symbol decisions are made based on the M OSTBC

decoder outputs. The signal at the jth receive antenna is given by

rj(t)

Z Z 2P by, (t )lk (t Vit )bnk (t Ty )cos((oc (t ™ ))"' n(t), (3.56)

n=1 k=]

where £, (t) is the channel coefficient from the nth transmit antenna to the jth

receive antenna for kth user, Px=FE,/Ts, is the symbol power of the kth user, Es is the
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symbol energy, T is the symbol duration, and ax(t) is the pseudo noise (PN) spreading
chip sequence with chip duration T., n(¢) is zero mean AWGN with power spectral
density No/2 in each real dimension, 7, is the time delay from the nth transmit

antenna to the jth receive antenna, @, is the carrier frequency and bu(t) is the

c

encoded signal transmitted from the nth antenna of user k. Binary modulation is

assumed in this model.

3.5.2 Channel Model Analysis

To facilitate the analysis, we assume the first user is the desired one (without loss of
generality). The despread signal input to the jth OSTBC decoder for the ith received

symbol is

'11 Z .[, . [ﬁiih,w t)a,((t T,mj) nk(t T,mj)cos( c(t—‘:w))+n(t)]al(t—le.)cos(a)c(t——Tlnj))dt

n=l k=1

\/7]" zhw(l)b" U]
n=1

N

s JEEZ 3 oy (1) (=i ) (= T2y )05(@, (1 =1y )) | (1=, ) 05 (@, (=7, )t

n=l g=l
q*’l

N K N

+.[(2T-’1)r \/EEZZZ iy (£ (=T ) b (=T ) €08 (00, (£ =Ty )) |1 (£ =7,y ) cos (@, (-7, )t

n=l k=2 g=1
g#n

N iT,
+y I(;)T n(t)a, (t-1,,) cos(, (t—rw))dt
q=1 :

(3.57)

Note that only the first part of (3.57) is the desired signal, the remainder consist of the
multiple access interference (MAI) produced by the same user from different transmit

antennas, the MAI produced by other users, and the AWGN. Using the Gaussian
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approximation in [95][96], (3.57) can be written as

n P &
h; = "2'Tszhlnjbn1 Ty, (3.58)

n=1
where 7, is a Gaussian random variable, and 7,; denotes the combination of

interferences and noise. The expected value and variance of 7,; are
Efp,,]=o0, (3.59)
and

2
Varhu]=N(N—1)Ts ZPk+M, (3.60)
6G & 4

respectively, where G is the processing gain of the CDMA system. Note that (3.58) has

the same form as (3.4). After OSTBC decoding is performed on F, ; givenin (3.58), the

decision statistic for user 1 over T symbol durations is

,\ 1 |A 2
Iy = E\’?lTs H"FblT +rs (3.61)
T2 & | NN,T,
where 7, has zero mean and variance —1-||H|l2 N(N-1)- ZPk e
R" *F 6G = 4
Therefore, the effective instantaneous SNR s at the receiver is
1 1 2
= —IH]| . .62
(v (0 o L (3.62)

+
3G 2E, /N,

Note that perfect power control is assumed in (3.62), i.e. Px=P..
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3.5.3 Capacity Analysis of OSTBC-CDMA

To facilitate the capacity analysis, we first normalize the equivalent channel by /7,/2,

then (3.61) can be written in the same form as (3.2)

ynT = ’IIEHHH; XnT + ?nT ’ (3'63)

where X ,is the input s x 1 complex input matrix with each entry having symbol

energy E,, and ?,, has zero mean and variance %"H“;( N(N-1K 3E_2; +N]2Vo ]

The capacity of this OSTBC CDMA system employing a g-ary signal constellation can be

obtained directly from (3.17).

3.5.4 Error Probability of OSTBC-CDMA

The average SNR per channel 7, is

= _ 1 lE[‘h "2]_ 1
Teeww-k,_ N g VN TNE-DK, W
3G 2E,/N, 3G 2E,/N,

1, 2
- 20 ’ ( -64)
R 3

and this can be used with the error probability results in Section IV to obtain the

performance in fading channels. In particular, the exact BEP of BPSK is given by

1 MN-1 1-— 2\ 2k
Persc _coma,Rayieigh.26 =5|:1_ 2 .u( 4# ) [ r ﬂ (3.65)

k=0

for Rayleigh fading,



= 1 (MNB)" o~ MNB MN+n-1 1_‘u2 i (i
P, . =y L A1- .66
STBC _ CDMA, Ricean,2b ; ) F(n " 1) 2 H ; (3.66)

for Ricean fading, and

1], et (1-p? (2
Prac Nakagamig (V) =Ell:1_ 2 .u[ 4‘u J [ k J:' (3.67)

k=0

Ye

1+7%,

c

for Nakagami-m fading, where u = , 7. is given above in (3.64) and 4 is

defined as same as single user case. Note that there are two factors in ¥, which

M and _N . The first term
3G 2E /N,

determine the BEP of the system,
corresponds to the MAI from other users and the self-interference from different
transmit antennas. The second term corresponds to the system noise (AWGN). Note

that for large SNR, ¥, will be dominated by the MAL, i.e., the number of users limits the

performance, as expected.

3.5.5 Numerical Results

In Fig. 3.15, the capacity of DS-CDMA with several OSTBCs is shown for BPSK
modulation over a Rayleigh fading channel. It is shown that with given number of users
and process gain, the system may not be able to achieve full channel capacity even with
sufficient SNR due to the dominant MAI component. In this case, increasing the
number of antennas will increase the system achievable capacity. Note that the capacity

increases significantly as the number of receive antennas increases for the given
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number of users and processing gain as expected. However, it should be noted that if

the system already
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Fig.3.15 Capacity of DS-CDMA with BPSK, OSTBC and Rayleigh fading, G=32, K=30.

can achieve full channel capacity with certain number of antennas, users, and process

gain, further increasing the number of antennas will not increase the system capacity
anymore.

Fig. 3.16 shows the relationship between the system capacity and the number of users
given the processing gain and SNR over Rayleigh fading. Note that the capacity

decreases rapidly as the number of users increases with 1 and 2 receive antennas.

However, with 4 receive antennas, increasing the number of users has much less effect

on capacity.

The BEP of OSTBC G. with DS-CDMA and BPSK is given in Fig. 3.17 for 1, 2, 3 and 4
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receive antennas. The processing gain is 64 and the number of user is 20. This shows

that significant performance gains can be obtained with multiple receive antennas.
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Fig.3.16 Capacity of DS-CDMA with BPSK, OSTBC and Rayleigh fading, G=32, SNR=7 dB.

Bit Error Probability

-1
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Fig.3.17 Bit error probability of DS-CDMA with BPSK, OSTBC G and Rayleigh fading, G=64,
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K=20.
Fig. 3.18 shows the relationship between the BEP and the number of users in the
system at a SNR of 7 dB with G, and G.. As the number of users increases, the
performance degrades, but with 4 receive antennas the system is capable of
accommodating far more users than with 1 receive antenna. As shown in the figure, G4
provides better performance than G., however, this is obtained at the price of a

capacity loss as shown in Fig. 3.15.

Note that Rayleigh fading is employed for all DS-CDMA figures.

—%— G2-1Rx
=& G2-2Rx%
-8 G2-4Rx
<4- G4-1Rx
.

Bit Error Probability

Number of User

Fig.3.18 Bit error probability versus the number of users for DS-CDMA with BPSK, OSTBC G-
and G, over Rayleigh fading, G=64, SNR=7dB.
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3.6 Error Probability of Ricean Fading Channels

As shown in Section 3.4, the error probability for g-ary modulated OSTBC over Ricean
fading channel given by (3.48) is a closed-form infinite series expression. However, in this
section, we are going to show that the series converges fairly fast and can be evaluated

efficiently with control accuracy.

After several simple manipulations, we can write (3.48) as

L (-2 (2
PRicean,M = A’[l _zu( 4‘11 ) ( l. ]}
, (3.68)

u Y (2L +0) (LB)'e
S C i[5t

where L is defined as the product of M and N.

As a special case, for Rayleigh fading channel, i.e. B=0, only first term of (3.68) remains,

therefore the closed-form symbol error probability of M-ary linear modulation over
Rayleigh fading is obtained as

})Rayleigh,M I/l 3 .u( J (2;1 )j| ’ (369)
i=0

where y and A are the same as in (3.68) for different modulation schemes, which

corresponding to the results obtained in Section 3.4.1.

Note that each term in the second part of (3.68) is a monotonically decreasing function

of i, and is strictly smaller than 1 for all i. Thus truncation to the first N terms will
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)n -LK

2 L+N
introduce an error of at most Ay~——+— (1 ) l: Z(Lﬁ
7}

in the error
pour n+1) ]

probability. The proof is given in Appendix II. Thus the error probability can be

evaluated with

Table 3.1 Values of N for the error probability in flat Ricean fading channels

with an error less than 1079, L=1.

N B=o | p=0dB B=5dB B=10dB | B=20dB
SNR=-10dB ) 12 20 37 173
16-QAM SNR=0dB ] 12 19 35 171
SNR=10 dB ) 10 17 33 166
SNR=-10dB o] 12 20 36 172
Q-PSK SNR=0dB ] 11 18 34 169
SNR=10dB ) 7 13 26 153

controlled accuracy. Table 3.1 shows the values of N for different Ricean parameters K
and SNR such that for 1t6QAM and QPSK the approximation error is less than 10
compared with the exact error probability.

As we stated earlier, the equivalent SISO channel model has many of the same
attributes as maximum ratio combining (MRC) multiple channel reception, which
enables the direct application of the results obtained here to MRC by interpreting L as
the number of receive channel. Exact expressions for bit and symbol error probabilities
are derived in [94] for frequency-flat Rayleigh and Ricean fading channels for MRC
multiple channel reception, however the results involve several versions of a single

integral which have to be evaluated by numerical methods. More recently, [97]
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developed a recursive solution for the error probability performance of multichannel
M-PSK reception in frequency-selective Ricean fading channels. [98] extends the error
rate analysis in [97] to coherent linear modulation systems over flat Ricean fading
channels, and specific results for rectangular M-ary QAM constellations are presented.
The series representations obtained above have a simpler form than the recursive

solution given in [97][98].
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The series expansion can also be truncated to provide a desired level of accuracy. Since
the terms in the series can be generated recursively, the computational complexity is

also small compared to that required to perform the numerical integration in [94].

L=1

Symob| Esror Probability

i i
-10 i} 10 20 30 40 50
SNR (dB)

Symobl Esror Probability

Symobl Eror Probability

50

SNR {dB®)

Fig.3.20 SEP of QPSK with different channel diversity orders and values of K

over flat Ricean fading channels.

Fig. 3.19 shows the symbol error probability of rectangular 16-QAM over flat Ricean
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fading channels with different Ricean parameters K and different orders of channel
diversity. Fig. 3.20 shows the symbol error probability of QPSK over flat Ricean fading
channel with different Ricean parameters K and different order of channel diversity. As
expected, the larger the product of K and L, the larger the performance improvements
obtained. Most of the potential diversity gains are obtained with a small number of
channels. The figures also show that the performance approaches that of a Gaussian
channel as the Ricean parameter increases, as expected. As shown in Fig. 3.19, the
difference between K=20dB and 25dB is negligible, i.e. most of the potential

performance improvements have been obtained once K = 20 dB.

3.7 Analysis over Correlated Fading Channels

Extensive analysis has been given above assuming uncorrelated MIMO channels.
However, independent fading does not always occur in practice. In particular when
we are dealing with a size limited mobile station, there may not be sufficient antenna
spacing to obtain independent fading in each branch. In addition, the diversity
channels in a practical system may have unbalanced average SNRs due to different
noise figures or feeding lengths. Therefore, the close-form expressions obtained above
may serve as the theoretic limits for a practically system, whose performance is also
impacted by the channel correlation coefficients and the unbalanced parameter. In the

remainder of this section, we address the issue of the impact of fading correlation on
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the capacity and error probability of a MIMO OSTBC system. Starting from the
simplest G, case with one receive antenna, then extended to arbitrary number of
antennas, closed form error probability expressions are obtained for PAM, PSK, and
QAM for correlated balanced Rayleigh fading. The impact of correlation on the capacity
is also illustrated. A unified approach to the error probability analysis of OSTBC with
general branch correlation is presented for Ricean and Nakagami fading channels.
However, the expressions are not always in closed form as for correlated balanced

Rayleigh fading.

3.7.1 Error Probability of G2 over Unbalanced Correlated Rayleigh

Fading Channels

To find the error probability of OSTBC G2 over unbalanced correlated Rayleigh fading
with one receive antenna, all we need to do is to find the pdf of the equivalent output

SNR 7, following the approach given in Section 3.4. For OSTBC G2, the pdf of ¥,

can be expressed by [99]
ol £ 2]
p(v)= 1 2 (3.70)
Fl - r‘2
where

17 _ _ _ _ R
Fl =-2T|:751 +YC2 —J(Ycl +y¢2 )2 _4)/51)/52 (l—pz)] ’ (3.71)
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1/  _ 2
I,= 5[%1 Ve +\/(7c1 +Ye2) —AVu¥e2 (1 -p’ ):l ,  (8.72)
? is the correlation coefficient and 7, and %, are the instantaneous SNRs for the
two channels, respectively.
Substituting (3.70) into (3.24), and following the same approach as in Section 3.4, we

can obtain the error probability expressions as follows

r r
RS‘TBC,CorrRayleigh,q (ys) =A 2(—1 [1 - :u’l] -2 > 2 [1 L) ] ’ (373)

Fl“rz) (Fl‘rz)

where, for q-ary PAM,

3L 3T, 1
= 1= = |57—2—,and A=|1-—|, 74)
I P T IR P T ( qJ (874

for q-ary PAM,

Y
sin® =T,

, and with 5 -1 for g=2 and A=1for g>2,
1+sin? ZT 2
2

(3.75)

for gq-ary PSK, and

3T, 3T, 1
ST Sl e ——— d )': l-— ] .76
M=\ 22T, P 2243, " [ @] (3.76)

for \/3 -ary PAM in g-ary rectangular QAM. The symbol error probability of g-ary

rectangular QAM can then be calculated using (3.46).
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Assuming we have two balanced fading channels, i.e. ¥, =7,,, (3.70) can be simplified
as

p( <1+p)z} p[ (1—p)z]

s )= — , 377
p(7,) 207,

and the above error probability expressions can be correspondingly simplified.

The application to DS-CDMA OSTBC is straight forward.

3.7.2 A Unified Approach of Error Probability Analysis over

Correlated Fading Channels

Consider a OSTBC system with N transmit antennas and M receive antennas over
correlated fading channels and assume the characteristic function of 7y, for

Nakagami-m fading is given [100][102]

(3.78)

where I is the identify matrix with size MN x MN, D, are the diagonal matrices of
size MN x MN, and each diagonal element is the average instantaneous SNR of the
corresponding MIMO channel, and M, is the covariance matrix. The characteristic

function of y, for Ricean fading is given [102][103] as
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exp l:—SDZ c’ (I +sD, M, )_1 c]

@, (s)= (3.79)
5 (5) [T+ 5D, 3.79

where ¢c=E [Re[H]] =[C1,...,CMN] . Note that the Ricean distributed channel gain is
modeled as a complex Gaussian variable with nonzero mean for the real part and zero
mean for the imaginary part. Obviously, (3.79) is very difficult to use in the

performance analysis because of the existence of c.

To facilitate the error probability analysis, we first write the Gaussian tail function in

the following form [49]

Q(JE):% | nlzexp( > )dq). (3.80)

Then we have

[ o(Jav,)p(r.)dy,

-~k ’zexp[- %, ]p(n)dm. (2.80)

2sin’ ¢
1 ¢en/2 a
=" d
njo 7‘[25in2¢) ¢

Applying (3.80) and following the approach in Section 3.4, the error probabilities for

Ricean and Nakagami fading channels with g-ary modulation can be obtained as

/1 /2 a
Porsc _;jo ¢7‘(25m2¢)d¢’ (3.82)
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where for g-ary PSK a = 2sin® % and 1=L forg=2and A=1for g>2,for gq-ary PAM,
q 2

6 1 and A =2[1—l], for \/;—ary PAM in g-ary rectangular QAM, a =—3—
q

7 - qg-1

and A =2[1—%], the error probability for g-ary rectangular QAM can then be
q

calculated using (3.46).

(3.78) and (3.79) are obviously difficult to be simplified into closed form expressions,

numerical integration is required to evaluate the error probability.

By further assuming balanced fading channels and a constant fading coefficient, i.e.
Yi==7,=7, and p,=p for i#j, the characteristic function for Rayleigh fading
can be obtained from either (3.78) by letting m=1 or (3.79) by letting ¢=0. The results

from these two approaches coincide each other as

1

- 8
|I+s7.M | (3.83)

@, (s)

Since of the constant correlation, the eigenvalues are given by
4 =0’(1+(MN-1)p) and A =0’(1-p) for k=2,3,..MN. (3.84)

(3.83) can be simplified to

1

AT AT (385)

@, (s)

Using partial fraction expansion, we perform an inverse Laplace transform on (3.85) to



86

obtain the pdf of ¥, for correlated balanced Rayleigh fading as

_(1+(mn-1)p)"™” ol 7,
oS ),
R (1+(A4N—1)p) ' y"exp(“ Y
= (M) (1-p) T4y R(1-P)

Resorting to (3.27) and following the same approach as in Section 3.4, the derivation of
the error probability for OSTBC with constant correlated balanced Rayleigh fading is

straightforward.
Note that by letting p =0, (3.86) coincides with (3.7), and by letting MN=2, (3.86)
coincides with (3.77).

3.7.3 Numerical Results

In this section, the impact of correlation on the capacity and performance will be

illustrated by simulations.

Fig. 3.21 shows the 98% outage Shannon capacity of OSTBC G2 over correlated
Rayleigh fading channels with one receive antenna. As discussed in [103][104][105], in
case of an equally spaced linear antenna array, if we assume a Gaussian model for the

power correlation among the channels, the correlation coefficient is
k dY
p :expli_i(i_j)z (;] :|1 iJ=1,...,.W, (3-87)

where d is the physical distance between the two adjacent antenna, and y is the
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wavelength of the carrier frequency. The coefficient k = 21.4 is chosen to give the same
-3 dB point of the Bessel correlation model as in [103][104][105] for the case of
Rayleigh fading. This correlation model is applied to the simulations in this section. Fig.
3.22 shows the capacity of OSTBC DS-CDMA with BPSK and one receive antenna over
correlated Rayleigh fading channels. It is shown in these figures that as long as the
distance between two adjacent antennas is greater than half the carrier wavelength, the
system can achieve almost full capacity as the fading is virtually independent. However,
when the distance is less than half the carrier wavelength, the loss in capacity is

significant.

8 .
—+ =0
o ~&- dN=0.1
—— =02

~B dfA=05

bit/s/Hz

SNR (dB)

Fig.3.21 98% outage Shannon capacity of OSTBC G2 in correlated Rayleigh fading
with one receive antenna.
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Fig.3.22 Channel capacity of OSTBC G2 with BPSK for OSTBC DS-CDMA in

correlated Rayleigh fading with one receive antenna, 30 users and G =32.

Fig. 3.23 and Fig. 3.24 show the analytical and simulation error probabilities for
OSTBC G2 OSTBC in balanced correlated Rayleigh fading with one receive antenna and
different correlation coefficients, respectively. The results in the two figures are
virtually identical. Again, it is shown that as long as the distance between antennas is

greater than half the carrier wavelength, the performance difference is negligible.
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Fig.3.23 Analytical error probability of OSTBC G2 with BPSK over correlated

Rayleigh fading with one receive antenna.
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Fig.3.24 Simulation error probability of OSTBC G2 with BPSK over correlated

Rayleigh fading with one receive antenna
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3.8 Summary

In this chapter, the capacity and error probability of OSTBC were extensively studied
with various fading channels and modulation schemes. Both single user and multiple
user DS-CDMA systems were studied over flat fading channels. Correlated fading
channels were also investigated. Furthermore, as a byproduct of this work, the results
of Ricean flat fading channel are applied to MRC multiple channel reception. Compared
with existing solutions, the error probabilities derived here are in a simpler form and

can be evaluated efficiently with controlled accuracy.
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Chapter 4

Capacity and Error Probability of PPAM
UWB System

In this chapter, we propose a new modulation scheme called pulse amplitude position
modulation (PPAM) for Ultra-Wideband (UWB) communication systems. PPAM
combines pulse position modulation (PPM) and pulse amplitude modulation (PAM) to
provide good system performance and low computational complexity. A set of MN-ary,
M=2k N=2s, PPAM signals are constructed from N-ary orthogonal PPM signals by
including M-ary PAM signals in each dimension. It is shown that MN-ary PPAM has
better performance than MN-ary PAM and less complexity than MN-ary PPM for
MN>2. The channel capacity of PPAM is determined for a time-hopping multiple
access UWB communication system. The error probability and performance bounds are
derived for a multiuser environment. In particular, it is shown that for M=2, 2N-ary

PPAM signals, which are equivalent to a set of 2N-ary biorthogonal signals, have better
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performance than 2N-ary PPM with the same throughput and half the computational
complexity. The remainder of this chapter is organized as follows. In Section 4.1, the
system model and construction of the time-hopping PPAM UWB signal are described.
Section 4.2 presents the capacity and error probability analysis of the PPAM UWB
system over AWGN channels for a single user. The relationship between the reliable
communication distance and channel capacity subject to FCC Part 15 rules is
demonstrated. The exact error probability for MN-ary PPAM is presented, and a simple
upper bound on the probability of error is derived. The multiple access capacity and
error probability of a PPAM UWB system are derived in Section 4.3. Section 4.4
presents the numerical results for system performance and capacity, and finally some

conclusions are given in Section 4.5.

4.1 Signal Construction And System Model

The MN-ary PPAM signal s, is defined as an N-dimensional vector with nonzero value

in the nth dimension

Sy = [0500050, A,,,,/Eg 405e00,0] (4.1)

where 1<n<N, 1<m<M,M>1 and Am,/Eg is one of the M possible PAM

E
amplitudes with 4, =2m-1-M , E, =A—;—2L1, and E, is the average energy of

the signal.

A typical time hopping format for the signal of the kth user in an UWB system is given
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by [70]

s®(¢)= ZA(") (— JT, =T, - 8 ] (4.2)

AT Ajing]

where A® is the signal amplitude, p(t) represents the transmitted impulse waveform
that nominally begins at time zero, and the quantities associated with (k) are
transmitter dependent. Ty is the frame time, which is typically a hundred to a thousand
times the impulse width resulting in a signal with very low duty cycle. Each frame is
divided into N, time slots with duration T.. The pulse shift pattern ¢,

o<= c(") <=Np, (also called time-hopping sequence), is pseudorandom with period T.
This provides an additional shift in order to avoid catastrophic collisions due to
multiple access interference. The sequence d is the MN-ary data stream generated by
the kth source after channel coding, and & is the additional time shift utilized by the

N-ary pulse position modulation. If Ns>1, a repetition code is introduced, i.e. N; pulses

are used for the transmission of the same information symbol.

Hie-5)
l (iH)T,
d]guv ] PN Time Hopping 8 .!;r dt
PPAM . L :
™ Modulator o7, Y| g
) Wie-s,)
dﬁ’?nj PN Time. Hopping j Y l (4107, )
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i 24 e 7, ™
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_,. - - j i&)it : T}

( nt) g
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B i r! i,

Fig.4.1 System model of a time-hopping multiple-access PPAM UWB system.
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The received signal can then be modeled as

r(t)=is(k)(t—7:k)+ w(t), (4.3)

k=1

where w(t) is AWGN noise with power density N, /2 and 7, is the propagation delay
for the kth user. If only one user is present, the optimal receiver is an N-ary correlation
receiver followed by a detector. When more than one link is active in the
multiple-access system, the optimal receiver is a complex structure that takes
advantage of all receiver knowledge regarding the characteristics of the multiple-access
interference (MAI) [70][64]. However, for simplicity, an N-ary correlation receiver is
typically used even when there is more than one active user. Fig. 4.1 shows the
structure of the correlation receiver of the proposed PPAM UWB system. Note that for
an MN-ary PPAM UWB system, N cross-correlators are required for demodulation.
Compared with an MN-ary PPM UWB system, which requires MN cross-correlators for

demodulation, the demodulation complexity is much lower.

4.2 Single User Capacity And Error Probability

With a single user active in the system, AWGN is the only source of signal degradation.
For simplicity, we further assume that 8 > Tp,, where T, is the pulse duration, i.e. the
MN-ary PPAM signal constellation consists of a set of N-orthogonal signals, not

necessarily of equal energy. Then the analysis in [87][92] for the capacity of modulated
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channels for PPM and PAM, and the error probability analysis in [45] for PPM, PAM,
and biorthogonal signals, can be applied to the proposed PPAM system. Note that the
same analysis can be applied to the nonorthogonal case though orthogonal signals are

assumed in this chapter.

4.2.1 Channel Capacity for MN-ary PPAM Over AWGN Channels

The Shannon capacity C =W log, (1 + SNR) , where SNR is the signal-to-nose ratio and W
is the channel bandwidth, predicts the channel capacity C for an AWGN channel with
continuous-valued inputs and outputs. However, a channel with MN-ary PPAM
modulation has discrete-valued inputs and continuous-valued outputs, which imposes
an additional constraint on the capacity calculation. Let smn be the encoded
N-dimensional orthogonal PPAM signal vector input to the channel, and r be the
channel output vector corrupted by an AWGN noise vector w, which has zero mean and
variance o2 =—;—N o in each real dimension, the vector representation of (4.3) with

single user is
I =Smn + W. (4.4)

From chapter 2, the channel capacity with input signals restricted to an equiprobable

MN-ary PPAM constellation C, and no restriction on the channel output, is given by
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M N
BIE X lelp(rls”")
C =log,(MN N ZHp rlsm,l log, &ﬁrls_r , (4.5)
m=l n=1 mn

r,=A,JE, +w,. s, isthe input PPAM signal defined in (4.1). The received signal r

will have a N-dimensional joint Gaussian distribution conditioned on s, , with PDF

mn?

1 -1;1 N _i _("n” M\{E)z
p(rlsmn)=( ZJ I1e 2t (4.6)

2no

The channel capacity for an MN-ary PPAM UWB system over an AWGN channel can

then be written from (4.5) as
2 2 i(r -4 JE ) ~(r.-4,E, )
i L LR .
MN m=1 p=1 p=1 g=1 20

bits/channel use. (4.7)

4.2.2 Capacity of a PPAM UWB System Under FCC Part 15 Rules

Due to the possible interference to other communication systems by the
ultra-wideband impulses, UWB is currently only allowed emission on an unlicensed
basis subject to FCC part 15 rules which restricts the field strength level to E = 500
microvolts/meter/MHz at a distance of 3m. This gives the transmitted power

constraint for an UWB system with a 1GHz bandwidth as P, <-11 dBm. The
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following relationship is obtained using a common link budget model [63]1[64]

<-11dBm- N, —F—lOlog%, (4.8)

thermal

Q=

where G=N,T,W, is the equivalent processing gain, W, is the bandwidth of the
UWB impulse related to the pulse duration Ty, F is the noise figure, N,,,,, is the
thermal noise floor, calculated as the product of the Boltzman’s constant, room
temperature (typically 300K), noise figure and bandwidth, A is the wavelength
corresponding to the center frequency of the pulse, and n is the path loss exponent. It is
easily shown that the maximum reliable communication distance is determined
primarily by the signal to noise ratioy. Based upon (4.7) and (4.8), the maximum
distance for reliable transmission can be calculated. The relationship between system

capacity and communication range will be demonstrated in Section 4.4.

4.2.3 Error Probability of PPAM Over an AWGN Channel

For N-dimensional orthogonal signals, the receiver has a parallel bank of N
cross-correlators as illustrated in Fig. 4.1. Let h;, 1 <j < N, denotes the nth basis signal
vector, which is the vector representation of the basis function hj(t) shown in Fig. 4.1,

defined as

h.=[o0,...,0,1,0,...,0], (4.9)
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where the nonzero value is in the ith dimension. Assuming s, was sent, the optimum
detector makes a decision on sm, in favour of the signal corresponding to the

crosscorrelator with the minimum Euclidean distance
N
C(r,hj)=r-hj =Y rnhy ,j=1,2,...N, (4.10)
k=1

where

C(rh;)=w

j?

C(vh,)=4,\E, +w,

Thus with the optimum detector, the demodulated signal § is

j#n
(4.11)

i=1,2,...,.M and j=1,2,...,N. (4.12)

§= argsmin ”C(r,h ; )—

The receiver structure can be simplified to facilitate the error probability and union
bound analysis. Assuming Smn was sent, the optimum detector decides the nonzero
dimension of Sm, i.e. n, in favour of the dimension corresponding to the largest
magnitude of the crosscorrelators given in (4.10), and this largest magnitude is used to
decide which of the M possible amplitudes, i.e. m, has been transmitted. According to

this decision rule, the average probability of a correct decision is given by

N-1 N-1

(4 Vi o B | 1 Jl/m—
§ L | g [
/fﬂﬁ{

W
oo T—_I‘ " e Pax | plr,

lax | plr, ),

~

No/2|

m=1




99
(4.13)

where

=——exp ——— 88— —

)=

)= (rm_lj;",\/g;)z - (4.14)
0

Finally, the probability of a symbol error for MN-ary PPAM is

Py =1-P. (4.15)

4.2.4 A Union Bound On The Probability Of Error

Since the probability of error expressions given by (4.13) and (4.15) are complex, and
must be evaluated via numerical integration, we now derive a simple upper bound on
the probability of a symbol error. The error probability of a PPAM signal over an
AWGN channel can be upper bounded by using the simplified receiver structure from
Section 4.2.3

Py, SP LNJ|c(r,hj1>|C(r,h,,] (]C(r,hn)—AmJZ |>JZ ) . (4.16)

j=l
J®n

The right term of (4.16) can be upper-bounded by the union bound of the N events, i.e.
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P, <P Q|c(r,h,.}>|c(r,hn) (]r,ANZbJZ)

J#n

< ip(jc(r,hj} >[Cle,h, )+ P(jrn ~4,,E, | > JE, ) . (417)

J=1
J#n

= [(N— 1)P(]C(r,h,.1 > |Cle,h, )+ qun — 4, «/E| > \/Z)]

Vjzn

Given C (r,hj), j=1,..,,N, as in (4.11), we can show that

J— _ARE,
P(]C(r,hj}>|c(r,hn)] N2 (4.18)

Sy 2 JEN 2

and

qu,, - 4,JE,|>E, ) = 2Q[\/§]fT ] (4.19)
un 0

Assume all PPAM signals are equally likely a priori, the average probability of a symbol

error for MN-ary PPAM is upper-bounded by

M m=1 2 NO

N—IM‘\/E _A_’%'_EJL [ 2E

Py<——YZe ™ 420 —g—] (4.20)

Since an error can only occur in one direction when either one of the +(M-1) is

transmitted, a tighter bound is given by

Py < (4.21)

M &2 M N,

N—1i£e-ﬁ . 2(M—1)Q[ 2E, ]

Using Q(x)< e 2, this bound can be further simplified to
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ALE E,

N-1¥42 555 2M-1) 5
P, <—) —e o+t . 22
WM A2 M (4-22)

4.2.5 Relationship with PAM, PPM and Biorthogonal Signals

From the definition of the proposed MN-ary PPAM signal constellation, both PAM and
PPM signals can be viewed as special cases of PPAM with M=1 or N=1. By letting N=1,
it can be easily shown that the system capacity given in (4.7), the error probability given
in (4.13) and the union bounds given in (4.21) and (4.22) have the same form as those
in [45] for M-ary PAM. However, the capacity and performance for M-ary PAM cannot
be obtained from the above analysis simply by letting M=1 since these results assume
M>1, i.e. more than one amplitude level. If M=2, the 2N-ary PPAM signals become
2N-ary biorthogonal PPM signals, and the performance given by (4.13) is the same as

that given in [45] for biorthogonal signals.

Although increasing the product MN can increase the system throughput, the
computational complexity will also increase. Since M-ary PAM is a bandwidth efficient
modulation scheme rather than power efficient, a small M is suitable in the case of an
UWB system where bandwidth efficiency plays a much less important role than in a
conventional communication system. In particular, we investigate a special case of the
proposed PPAM system for M=2, when the MN-ary PPAM signals become 2N-ary

biorthogonal signals.
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For M=2, the union bound for biothogonal signals is
Es Es
P, <[i2£—(N—l)+1} Mo < Ne 2o (4.23)

From [45], the N-ary PPM signals are mutually equidistant, i.e. geometrically the
distance between any pair of signal vectors is \/E , while for biorthogonal signals,
the distance between any pair of signal vector is either \/EET or 2,/E, . Hence from
the signal space perspective, 2N-ary biorthogonal signals have better performance than
2N-ary PPM signals. Using the union bound given in [45] for PPM, we obtain another

upper bound for 2N-ary PPAM

0

E
Py <Py poy < (ZN_I)Q[ Ns ) (4.24)

It will be shown in Section 4.4 that (4.24) is a tighter upper bound than (4.23). Note
that for the same throughput, biorthogonal signalling only requires half the number of
cross-correlators required by PPM, and thus has only about half the computational
complexity. Therefore, 2N-ary PPAM, i.e. biorthogonal signalling, is an attractive

choice for UWB communication systems.

4.3 Multiple Access Capacity and Error Probability

With more than one user active in the system, multiple-access interference (MAI) is a

factor limiting performance and capacity, especially for a large number of users. As
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shown in [70][81][82][64], the net effect of the multiple-access interference produced
by the undesired users at the output of the desired user’s correlation receiver can be
modeled as a zero-mean Gaussian random variable, if the number of users is large [45].
Assuming that § > Ty, , i.e. the MN-ary PPAM signal is an orthogonal signal with N
dimensions, the capacity and error probability analysis given in Section 4.2 for a single

user can be extended to multiple-access systems.

4.3.1 Multiple Access Interference Model

As given in (4.3), the received signal is modeled as

()= s —7,)+ne).

k=1
To evaluate the average SNR, we make the following assumptions:
a) st (t -7, ) , for k=1,2,....K, where K is the number of active users, and the noise
n(t) are assumed to be independent.
b) The time-hopping sequences ci") are assumed to be independent, identically
distributed (i.i.d) random variables uniformly distributed over time interval [o,

AR

¢) For simplicity, and without loss of generality, we assume that each information

symbol only uses a single UWB pulse, i.e. Ns=1.

d) All MN-ary PPAM signals are equally likely a priori.
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e) The time delay 7, is assumed to be i.i.d and uniformly distributed over [o,
T

f) Perfect synchronization is assumed at the receiver, i.e. 7, is known at the

receiver.

Without loss of generality, we assume the desired user is k=1. The basis functions of the

N cross-correlators of the correlation receiver for user 1 are given as

V()= p(t-8, -1,), i=1,...,.N. (4.25)

The output of each cross-correlator at sample time t=jTy is

-

= *)
- I_[ 17, (tyl’ ( JT —-c, T, )dt i=lewN. (4.26)
Assuming PPAM signal Smn is transmitted by user 1, (4.26) can be written as

o _{Am(1)+WMA, +W  i=n (427)

’ W, +W i#n

w =2K: T 4w (t— T —eOT _8d® )p(t_s._z - T, - ""T)dt (4.28)
MAT PE=Jiy=C L, i 7Tk jTha Ty +

is the MAI component and

wit)p ( =8, -7, ~ jT, -7, )dt (4.29)

(J—l

is the AWGN component. By defining the autocorrelation function of w(?) as
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v(8)= [ ple)ple - A, (4.30)
(4.28) can be written as
K
Wi = 2, A57(a), (4.31)
k=2

where ? = (c?’ -c® -6 1(;) —5;"))—— (r, —7,), is the time difference between user 1
and user k. Under the assumptions listed above, ? can be modeled as a random
variable uniformly distributed over [-Ty, T7. With the Gaussian approximation, we
require the mean and variance of (4.27) to characterize the output of the

cross-correlators.

It is easy to show that the AWGN component has mean zero and variance No/2.
However, the mean and variance of the MAI component are determined by the specific
pulse waveform. In this chapter, we consider signalling by differentiated Gaussian
pulses and Manchester pulses. Note that both of these pulses satisfy the relation
J: plt)dt =0, i.e. no DC value appears in the power spectrum of the pulse. As in [69],
the differentiated Gaussian pulse is defined as

2

e T T
V8 e, ——Lgr<e
2 2

wDGaussian (t) =934 ’2nﬂ} T:

0, otherwise

, (4.32)

where A=0.0815 is a bandwidth normalization parameter such that 99% of the pulse
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T T
energy is contained in the range — 7” <t< 7” ; the Manchester pulse is defined as

-

T
B R
T 2

’ 1 T
W Manchester (t) =1 T_’ Tp <t< Tp . (4-33)
P
0

,  Otherwise

The autocorrelation functions of the differentiated Gaussian pulse and the Manchester

pulse are then given as

Al
A | o
}/DGaussian (A): {1 - ATPZ } ’ 0 < Itl : TP ’ (434)

0, otherwise

and

31A T
}/Manchester (A) =1 (_1 +‘}_JJ’ 7}: < Itl < Tp ’ (435)

0, otherwise

respectively. Given (4.34) and (4.35), we have

Eb(@)= o[ rlaka=o. 436)

The mean of Wuar can then be calculated as
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= E[ > A(")]E[y(A)]. (4.37)

The variance of Wwar for differentiated Gaussian pulses and Manchester pulses is

Var[ A,] Var[iAk)y(A)jl
- 3. £[ 4 [y (o)

k=2

(4.38)

On the basis that all PPAM signals are equally likely a priori, we have

Var [WMAI DGausszan] Var |:2 A k)’YDGaussmn (A)]

‘ZE[ k) ]E 2 ], (4-39)
=3J— Tp(K—l)E

87, @

for differentiated Gaussian pulses and

K
Var [W MAI ,Manchester] Var [ZA k)yManchester( )i'

- i E [(A i ]E[yManchaster ) (4.40)

zz};—l)T

£ Eav
6T,

T
for Manchester pulses. By defining the spread ratio p = }L , (4.39) and (4.40) can be

p

written as
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3VAA(K -1
Var [WMAI ,DGaussian ] = %‘—) E av (441)

and

K -1
Var [WMAI ,Manchester ] = £—6—_) E av (442)

P

respectively. Hence the outputs of the cross-correlators for the receiver of user 1 can be

modeled as independent Gaussian random variables with distribution

A (1) 2 N .
P~ N[A,,,JES, 0. +7°) j=n

) . N, . , (4.43)
F,~N| 0,00 +— J#n
Mal 2
where o¢? = LE&S(I{—-I)'EW for  differentiated Gaussian pulses and
Mar p
O'fl = £I%_—I)E » for Manchester pulses.
41 p

4.3.2 Multiple-Access Capacity

From (4.43), we conclude that the multiple-access PPAM UWB system has the same
received vector representation as given in (4.4) for a single user PPAM UWB system

I'=Sm+ W, (4.44)

. 1. . . .
where w has zero mean and variance ¢° =0, + —2—N oin each real dimension. Thus

the information theoretic capacity for a PPAM UWB system over AWGN with a single
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user given in (4.7) can be directly extended to multiple-access system by substituting

o’ +£2°— for 62, which gives

MAT

rz—’}2+(rq'Ap\/—E_;)z_(rn—Am\/ETg)z . (4.45)

1 L X n
c =log2(MN)—m—22Er|sm log,| exp| — 2( ~ ]

m=l n=1 2 0
Cyurs +—
2

Applying the link budget model given in (4.8) under FCC Part 15 rules, tradeoffs
between number of users, reliable distance, system performance and channel capacity

can be demonstrated. Numerical results will be presented in Section 4.4.

4.3.3 Multiple-Access Error Probability

Given the vector representation of the time-hopping multiple-access PPAM UWB

system in (4.44), the error probability can be obtained from (4.13) by substituting

N
ol +-—2Q for o2, giving

MAT

Py =1-P (4.46)

c?

where
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G B | 1 e 2
E-;LAM—I)JE J el | p(r,)dr,

N-1
1| tenE| 1 / 3
+ 2
P=—|+ Il ——— e Px r )dr
c M J_m \/EJ p( m) m
| rmaz +
Mar 2
m=1
N-1
/ 02 Mo
Jm —-I—J e e dx (r )dr
(Am‘l)\/g \/57? p m m
{ / g . (447)
m=M

and

r —A 1/E
)= 1 exp ————-—-——(m = Ng)2 . (4.48)
JZE(O'Z +_&j 2(0'2 +'—2)
Al 2 MAT 2

The upper bound for a single user PPAM system given in (4.22) can then be applied to

(4.45) to obtain
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By letting M=2, we obtain an upper bound for time-hopping biorthogonal PPAM

2 2
A E, A E,

P, < (:[2_2_(]\, —1)+1} r?) e z(u”%) (4.50)

and similarly, (4.24) can be applied to give

P, <(2N-1)0 (4.51)

4.4 Numerical Results

In this section, some numerical results are presented to illustrate and verify the

capacity and error probability expressions obtained previously.

Fig. 4.2 shows the channel capacity for a 2N-ary PPAM system over an AWGN channel.
This shows that 2N-ary PPAM has the same capacity as 2N-ary PPM and 2N-ary PAM
for large SNR. PPAM has a smaller SNR threshold to achieve capacity than PAM and

PPM for the same throughput. However, the advantage over PPM decreases as SNR
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and N increase. This will also be shown by the performance of 2N-ary PPAM and

2N-ary PPM given later.
5 r iz 2. = <
—— 252PPAM
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; — 2PAM
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Fig.4.2 Channel capacity with 2N-ary PPAM over an AWGN channel.
Fig. 4.3 shows the channel capacity for 4N-ary PPAM over an AWGN channel. This
shows that the SNR threshold of 4N-ary PPAM is larger than PPM, while smaller than
PAM for the same throughput. This justifies our design initiative of PPAM to provide a
compromise between complexity and system performance. Note that 2N-ary PPAM is a
special case which has better performance than PPM with the same throughput. In

general, MN-ary PPAM provides a compromise between complexity and performance.

Fig. 4.4 demonstrates the relationship between reliable channel capacity and

communication range subject to FCC Part 15 rules. The link budget model in (4.8) was
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applied and a free space propagation transmission model was assumed, i.e. n=2. The
equivalent processing gain G was set to 100. This figure shows that 2N-ary PPAM can
provide full capacity within 100m in most cases, and approximately half of capacity
when the communication distance is extended to 400m for 2x2 PPAM. In general, an
UWB system is only capable of reliable transmission over small to medium ranges

under the restriction of FCC Part 15 rules.

2y A A

—— 4x2PPAM
-5 4x4PPAM
i |- 4x8PPAM
Ll =& 4x16PPAM ||
; 2PAM
4PAM
BPAM
16PAM
2rAM H
2PPM
4PPM
8PPM
16PPM

GbAoihbAdl

bits/channel use

SNR (dB)

Fig.4.3 Channel capacity with 4N-ary PPAM over an AWGN channel.
The performance of 2x2 PPAM (biorthogonal), is shown in Fig. 4.5 for Gaussian first
derivative pulses and Manchester pulses. Both the pulse width T, and the modulation
index & were set to 0.6 ns in both cases. The upper bounds given by (4.23) and (4.24)

are also shown for comparison. The two pulse types have similar performance, and
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(4.24) is a better bound than (4.23), and is sufficiently tight for large SNR.
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Fig.4.5 Performance of a 2x2PPAM UWB system with Gaussian first derivative pulses and
Manchester pulses.
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Fig.4.6 Performance comparison between PAM, PPM and PPAM with Gaussian first derivative

pulses.
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1 - 2u4PPAM
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—6— 2x32PPAM.

8
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)
Fig.4.7. The upper bound on error probability (24) for a 2N-ary PPAM UWB system.

Fig. 4.6 compares the performance of PPAM, PAM and PPM using Gaussian first
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derivative pulses. This shows that 2x2 PPAM has better performance than 2PPM and
4PPM, however, the advantage over 4PPM is small, particularly for large SNR, which
follows from the similar SNR capacity thresholds shown in Fig. 4.2. Note that 2x2
PPAM has computational complexity similar to 2PPM with twice the capacity and
better performance, while 2x2 PPAM has only about half of the computational
complexity of 4PPM with better performance. Given this fact, 2x2-PPAM is an
attractive choice for UWB communications. As shown in the figure, 2-PAM has better
performance than both PPAM and PPM, however the performance decreases
dramatically for 4-PAM. Performance upper bounds are given in Fig. 4.7 for 2N-ary
PPAM. This shows that better performance is achieved as N increases. However, the
computational complexity doubles each time N increases, but the performance

improvement diminishes.

SER

SNR per Bit (dB)
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Fig.4.8 Performance of a M4-ary PPAM UWB system over AWGN channel with M=2,4, and 8
The performance of M4-ary PPAM is presented for M=2, 4 and 8 in Fig. 4.8. As shown
in the figure, the error probability increases dramatically as M increases. The
performance penalty for 4 amplitude levels over 2 amplitude levels is almost 5 dB.
However, the decoding complexity is only about half that with 2 amplitude levels. Note

that a comparison with Fig. 4.7 shows that the performance bound given by (4.24) is

very tight for 2x4 PPAM.
50
2x16 PPAM
45}
40
2x8 PPAM
35 ”
2
=30
= 2x4 PPAM
Fa
gz}
25r
[A]
2
2x2 PPAM
15}
10}
5 ' 1 1 I T T 1 1 i NI | 1 o i 1

10! 10° 10°
Number of User

Fig.4.9 Capacity of a 2N-ary PPAM UWB system with ?=100, SNR=15 dB, Manchester pulses

and Tp=1ns.

User capacity in Mbps is shown in Fig. 4.9 for SNR=10dB, spread ratio ?=100, and

Gaussian first derivative pulses with the pulse width set to 1ns. The transmission rate
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Rs is given by 1/(?T;). This shows that the system can accommodate approximately 100
simultaneous active users for full capacity. Only half of the capacity can be achieved
when the number of users is increased to 500 for 2x2-PPAM. This shows that 50 Mbps
can be achieved with 15 users for 2x16-PPAM, while with 50 users, the achievable

capacity is only 20 Mbps.

I = 2x2 PPAM
I[—~ 2x4 PPAM
—& 2x8 PPAM
—~g- 2%16 PPAM
| =4 2x32.PPAM

SER

Number of Users

Fig.4.10 Capacity of a 2N-ary PPAM UWB system with ?=500, SNR/bit=7 dB and Gaussian

first derivative pulses.

Fig. 4.10 presents the user capacity from the perspective of error probability for a
multiple-access time-hopping UWB system. Again 2N-ary PPAM is considered with an

SNR per bit of 7 dB and a spread ratio of 500. This shows that the error probability
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increases as the number of users increases, as expected.

4.5 Conclusions

A new modulation scheme, pulse position amplitude modulation, has been proposed
for time-hopping UWB systems. The channel capacity and error probability have been
analyzed over AWGN channels for both single and multiple user environments. It was
shown that the proposed PPAM UWB system provides a compromise between system
performance and computational complexity. In particular, a 2N-ary PPAM UWB
system provides better performance than a 2N-ary PPM system with only half the
computational complexity. Thus 2N-ary PPAM is an attractive alternative to 2N-ary

PPM modulation for time-hopping UWB systems.

It should be noted that the use of the ultra short impulse enhances the system
capability to resolve multipath replicas. This significantly reduces the fading effects in
indoor environments if a proper diversity reception technique, such as a Rake receiver,

isused.

It should also be noted that the multiple access interference of an UWB system is not
Gaussian. Although a Gaussian approximation for MAI was used in this work, as well as
in most of the literature [59][61][62][64][70], the non-validity of the Gaussian

approximation to characterize the MAI in TH PPM system has been demonstrated in
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[106], especially for a non-repetition code and a small number of users. However, using
with repetition code, i.e. Ns>1, and a large number synchronously active user will make
the Gaussian approximation more reasonable. However, a more accurate model for
multiple access interference is still needed for better understanding of the behaviour of

multiuser TH UWB systems. This will be one of the major items in the future works.
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Chapter 5

Conclusions and Future Work

This chapter provides conclusions and comments on the results presented in this thesis

and a few guidelines for future work.

5.1 Conclusion

Space-time block coding is a remarkable technique which can provide full diversity gain
with very low computational complexity. As a part of the 3G UTRA (Universal
Terrestrial Radio Access) FDD (Frequency Division Duplex) standard, OSTBC has been
proposed for use in the downlink of Direct Sequence Code Division Multiple Access
(DS-CDMA) systems to provide transmit diversity. The first part of this work has
contributed to better understand the behavior of space time block codes over various
fading channels and modulation schemes from the perspective of capacity and
performance. Channel capacities for OSTBCs over fading channels were illustrated in

various forms. Closed form error probability expressions were derived for flat
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Rayleigh/Ricean/Nakagami-m fading with q-ary PAM/PSK/QAM OSTBC. Both
uncorrelated and correlated channels were considered. Finally the analysis was
extended to a practical DS-CDMA downlink. The system information capacity and user
capacity for a practical DS-CDMA system employing OSTBC in the downlink was

derived and demonstrated over fading channels.

The second part of this work proposed a new modulation scheme, pulse position
amplitude modulation for UWB communication systems. The capacity and error
probability of the proposed PPAM UWB system were obtained for both single user and
multiple user situations. It was shown that the proposed PPAM UWB systems provide a
compromise between performance and computational complexity. In particular,
2N-ary PPAM, i.e. biorthogonal signaling, emerges as an attractive choice for an UWB
system which can provide better performance than PPM with the same thoughput and

only about half the computational complexity.

5.2 Future Work

In relation with this research work, it would be worthwhile to study the following

issues.

® In this analysis we assumed a quasi static flat fading channel. It would be

interesting and attractive to study the impact of using a frequency selective
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fading channel for OSTBC.

In this analysis we assumed a balanced MIMO channel, i.e. each fading channel
has the same average SNR. The capacity and error probability of OSTBC over

unbalanced MIMO fading channel would be another possible research direction.

The error probability over correlated Ricean and Nakagami fading still remain
an open form, research effort could be spent on this subject to find more elegant

solutions.
Non-orthogonal PPAM is a definite future research subject for UWB.

Proper model to characterize the multiple access interference of Time Hopping

PPM/PPAM UWB systems.



Appendix I

Using integration by parts, the proof of (29) is as follows

£y = [ olax e ax
=~ [ olVax e ude"
=~ o )xtue [ + [ ulofax et )
=u(L-1)[ oax ' 2e " dx —u \/g EXL—%e_"/"e""”z 0

, 3
= u(L - I)J: Q(\/a)xbze’”"dx.— u .éa_EJ: xL 2e-x/ue—ax/2dx
1-p? T" (2L-2)

4 (L-1)

=u(L—1)f(L—1)—%uLp[

where U= au . Repeating the process, we have
2+au
k-1
~ 1 Lo (1-p? 2k-2
AL =T 0)-~u'T(L)Y, | —E :
2 o] 4 k-1
Now using the fact that

O J:Q(\/E)?_x/"dx = %u(l - i),

ol 52}

we obtain (3.27)
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(I.1)

1.2)

(1.3)

(I.4)
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Appendix 11

The truncation of (3.68) to the first N terms will introduce an error of

2(L+i) (LK)"e ¥
Az ( j (L+1 ]: ,,z_:; l"(n+1 :l (IL.1)

LD +1) .
Given the fact that 4 <1 for all i, we have

L+i
w? Y (2L +i) (LK) e (LK) e 2\
UK)e ~ - (L
lz’{ J (L+i1 Z; +1)] [ Z:; I(n+1) ],_ZN(I wi (n2)

The right hand side of inequality (I1.2) can be simplified to

/1;1[1 Z(LK)" ]i( P 2 [1 Z(LK)n -uc]( #2)L+N2( _p2) .(L3)

n=0 r(n + 1 i=N n=0 n + 1 i=0
Given that z q' = 1—1—- , for -1 < g <1, (I1.2) can be written as
i=0 -4
p Y (2L +i) LK) e L (-p?)*” (LK)” =
A A (IL4)
_2,;( ) (L+iI g;r(nﬂ } u [ 20 :l

Thus, truncation of (3.68) to the first N terms will introduce an error of at most

n —LK
)./,L( ) [1 Z(LK) Y } in the error probability.
n=0 n
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