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Chapter 1

Introduction

Wireless technologies have become a permanent fixture in many aspects of our day-to-day
lives. We use cell phones, personal digital assistants, wireless networks (for example wireless
local area networks (WLANS)), wireless cable replacement (for example wireless personal
area networks (WPANs)), and wireless sensors on a daily basis. This proliferation of
wireless devices, accompanied by a desire to transmit increasing large amounts of data, has
placed an intense pressure on a limited frequency spectrum. Compounding the problem,
the wireless channel itself presents a considerable obstacle to communication. Attenuation
due to the destructive addition of multipaths can cause deep fades, occasionally making
detection of transmitted signals impossible.

One of the techniques with great potential to combat fading and/or to increase the
data rate of the wireless system is space-time (ST) coding, pioneered by Tarokh et al.
[10], Alamouti [11], Foschini and Gans [12], Teletar [13], and Wittneben [14] amongst
others. The ST code delivers duplicate copies of the transmitted signal to the receiver using
multiple antennas at the transmitter and possibly also at the receiver, and transmitting
over multiple time intervals. This diversity in space provides a form of protection for the
signal against a fade occurring on the channel between one transmit/receive antenna pair
in any given time interval. The ST code can be used either to increase the quantity of
information transmitted without increasing system bandwidth, or to improve the reliability
of the transmitted information, or to provide some combination of increased data rate and

increased reliability. If increased data rate is the goal, then it has been shown that when
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the ST code is properly constructed capacity grows linearly with every transmit and receive
antenna pair added to the multiple antenna system. If increased reliability is the goal, then
it has been shown that when the error rate of the multiple antenna system is plotted versus
signal-to-noise ratio (SNR) on a log-log scale the slope of the curve is determined by the
product of the number of transmit and receive antennas. Note that both cases require that
the channel provides spatial selectivity.

Another concern for wireless communication is that as the number of wireless devices
in daily use grows the wireless device itself is shrinking. Reduced device size often comes at
the cost of reduced battery capacity. For a cell phone reduced battery capacity means that
the user must charge his or her phone more often, however for a remote wireless sensor
reduced battery capacity means reduced lifetime. Thus, the ever decreasing size of the
wireless device is imposing an ever increasing need for energy efficiency on the underlying
communication scheme.

In this area, continuous-phase modulation (CPM) has the potential to provide consid-
erable energy savings. CPM is a modulation technique that involves the transmission of
a signal with continuous-phase and a constant envelope. The continuous-phase property
produces a very bandwidth efficient signal, and the constant-envelope property enables
non-linear (and thus energy efficient) signal amplification. In fact, CPM has been adopted
for use with Bluetooth and the Global System for Mobile Communication (GSM) because
of these very properties.

This thesis will focus on the combination of ST coding and CPM with application to all
wireless networks, but with a specific focus on wireless sensor networks. The ST-CPM code
is of special interest in this environment because in this environment energy consumption
is highly constrained. The remainder of this chapter will provide a background for the

introduction of the proposed ST-CPM codes and coding schemes. In Section 1.1, we
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review previously proposed ST-CPM schemes and motivate the need for further study in
this area. Section 1.2, provides a background on CPM and introduces the representation of
CPM used in this thesis. Further, this section overviews the power amplifier, and explains
why CPM is more energy efficient than linear modulations. Finally, Section 1.3 concludes

this chapter with a summary of the contributions made by this thesis.

1.1 History and Motivation

Space-time (ST) coding schemes that employ linear and thus, in general, non-constant
envelope modulation formats have been widely studied. Although these schemes are highly
effective at alleviating the effects of multipath fading over the wireless channel, a ST-CPM
scheme has the potential to offer performance gains in the fading channel and increased
bandwidth and energy efficiency. Increased bandwidth efficiency is due to the continuous-
phase property of CPM, which reduces the spectral side lobes of this scheme with respect to
linear modulation schemes. Increased energy efficiency is result of both the ST component
and the CPM component. Space-time coding improves the system error rate in direct
relation to the number of transmit and receive antennas employed. Thus, increasing the
number of antennas in the system allows the signal to be transmitted with less energy
while still maintaining a target BER. CPM contributes to a reduction in the amount of
energy expended by the hardware of the wireless device. The constant envelope property
of CPM means that lower power, more energy efficient power amplifiers can be used than
are used for linear modulations.

Although the combination of ST coding and CPM has a great deal of promise, the
design of a ST-CPM coding scheme is not straightforward due to the memory inherent
to CPM. Previous efforts to extend the concept of ST coding to CPM have yielded high

decoding complexity [1], or reduced error-rate performance [15]. Both of these schemes
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require modified CPM receivers. Other efforts have produced ST codes that are designed
for specific CPM formats, e.g. [16], [17], [18], [19], and [20]. Non-coherent detection of
ST-CPM codes, which removes the assumption of perfect channel state information at the
receiver, has been the subject of very little investigation. In practical systems, perfect
channel state information as assumed by coherent detection schemes is not available at the
receiver, and estimates of the channel state are obtained using methods that substantially
increase the overhead of the transmission scheme. The previous work on non-coherent
detection of ST-CPM that has been conducted was performed by [2] and [3], and in both
cases it was limited to specific CPM formats. Thus, in Chapter 2 we propose two ST-
CPM coding schemes that can use any CPM format, any number of transmit and receive
antennas, and existing CPM receivers. The second scheme is a general design method
suited for non-coherent detection.

As mentioned earlier, the device with perhaps the most stringent constraints on energy
consumption is the remote wireless sensor. Networks of these wireless sensors have the
potential to take the place of wired sensor networks. In addition, many new applications
are evolving in which only wireless sensors are appropriate, for example object tracking
and battlefield surveillance. One of the technologies that may enable the widespread use of
wireless sensors is distributed ST coding, a scheme in which spatially separated cooperating
devices can produce a diversity gain in a fading channel. Again, distributed ST coding
schemes employing linear modulation have been the subject of much investigation, e.g. [21],
and [22]. The design of the majority of these distributed ST codes calls for the multiplexing
of two or more data streams, which has the potential to greatly increase the peak-to-average
power ratio (PAPR) of the resulting signal and thereby increase the energy consumed in
the device hardware. In general, minimizing the energy consumption of a wireless device is

important, however, minimizing the energy consumption of a device employing distributed



Chapter 1. Introduction

ST coding will be even more important. Employing relaying implies that several devices
are involved in the transmission of most messages meaning that each wireless device will be
active more often. Also, the performance of distributed ST schemes is often dependent upon
the number of available relays, therefore, minimizing energy consumption will maintain the
connectivity of the network over a longer period of time thereby extending the length of
time that cooperative diversity gains are available. Thus, in Chapter 3, we propose a
distributed ST-CPM code.

Improved error-rates can be obtained by employing a ST-CPM code as the inner code
in a serially concatenated code. The resulting code can have both the capacity approaching
performance and the energy efficiency offered by ST-CPM. CPM is an excellent candidate
for the inner code in the concatenated system as it is recursive in nature. To date, serially
concatenated codes designed for CPM, and ST-CPM have primarily employed convolu-
tional codes [8], [9], and [23]. Recently a class of codes called double parity check (DPC)
codes were introduced for use with differential phase shift keying (DPSK) [24]. These codes
yielded capacity approaching performance with very low complexity. In Chapter 4, we in-
vestigate the performance of a serially concatenated system employing the low complexity

DPC codes as an outer code, and ST-CPM as the inner code.

1.2 CPM Foundation

Before launching into a discussion of CPM in the context of ST coding, we begin with a

brief description of the properties of CPM. The passband CPM signal is given by

V2E; V2E;
T

cos(2m fot + ¢(t,a) + ¢o), (1.1)



Chapter 1. Introduction

where Fj is the energy per symbol (transmitted in the interval T'), f. is the carrier fre-
quency, and a is the sequence of M-ary input data symbols a[i], ali] € £1,£3,--- | =(M — 1).
¢o is a constant that denotes the initial phase of the CPM signal, which we set to zero
without loss of generality. The equivalent baseband signal, which we employ in this work,

is given by
VEs jotta)

x(t) = 7 (1.2)

The information carrying phase in (1.1) and (1.2) is given by

t

o(t,a) = zmza[z] / g(r —iT)dr = 2wh Y _ alilq(t — iT), (1.3)

1=0

—0o0

where h denotes the modulation index, and h = k/p is assumed to be rational and irre-
ducible. The frequency pulse g(t) is any function that is positively defined over the interval
0 <t < LT, and that is normalized such that ffooo g(t)dt = 1/2. The corresponding phase

pulse ¢(t) is given by

(
0 t<0
¢
qit) =4 [g(r)dr 0<t<LT
0

1/2 t>LT

\

If L =1, then the CPM scheme is called full response, and if L > 1 the CPM scheme is
called partial response. In this thesis, we consider both full and partial response CPM.

Also, we consider three popular pulse shapes, i.e. rectangular, (REC), raised cosine (RC),
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and Gaussian minimum shift keying (GMSK) given below

4 0<t<LT
LREC : gty =4 7 (1.4)

0, otherwise,

(=cos@mt)/IT) o ¢ « [T
. R (15)

0, otherwise,
\

sk o0 ={o it - [} a0

—z?
Z=e "2t (1.6)

w%g

1.2.1 CPM Representations

The phase transitions of CPM can be represented by a trellis structure. However, the
construction of CPM outlined to this point has a time-variant trellis with 2pM*~! states,
of which only half are occupied at any given time. In this thesis, we will adopt the
representation of CPM developed independently by Rimoldi in [25] and Huber and Liu in
[26] that has a time-invariant trellis. To achieve the time invariant trellis a slope function
c(t) is introduced [26]

0, t<0

c(t) 24 By 0<t< LT (1.7)
Mol ¢ > LT

and a zero term is added to the phase term ®(¢,a) given in Eq. (1.1) resulting in the

following expression of the phase function

O(t,a) = 2w f.t — 27h i c(t —iT) + ¢(t,a) + 2wh i c(t —iT). (1.8)

1=—00 1=—00
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The first two terms in Eq. (1.8) can be combined by defining a new reference frequency

fr, given by
(M —1)

.f fc_h T ) (19)

and the third and fourth terms can be re-expressed using a unipolar information symbol

bli], given by
ali| + M —1

bl =

€{0,1,---M —1}. (1.10)

Using Egs. (1.9) and (1.10), the phase term given in Eq. (1.8), within the interval nT <

t < (n+1)T, becomes

2
B(t,b) = 21 f,t + ¢y + —W[n — L) + 2xh Z (t — T, bli) (1.11)
p i=n—L+1
where ¢, is the modified initial phase, W[n — L] is the modified normalized phase state
given by

mod (p) €0,1,---,p—1 (1.12)

and p(t — 7T, b[7]) is the phase state transition function given by
p(t —iT, b[i]) = (2b[i] — (M — 1))q(t) + c(t). (1.13)

The modified information carrying phase, which can be substituted into (1.1) and (1.2) in

place of ¢(t,a) is given by
6(t,b) — 2%\11[71 —L)+2eh S plt—iTbli). (1.14)

Finally, using this representation the resulting CPM modulator can be split into two com-

ponents: a trellis encoder with pM*~! states, and a signal mapper containing pM* possible
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bln]
» Table
bln — 1] »| with
: pM*~ —x(i)
bjn — L+ 1] | signal
mod(p) Un — LV] elements

] )
renil i I e Qo I

Figure 1.1: Decomposition of CPM into a trellis-encoder and a memoryless modulator
using phase-increment mapping.

signals. These signals can be uniquely referenced by an address vector d[n], given by

d[n] = [¥[n — L],bjn — L+ 1], ,b[n — 1],b[n]] . (1.15)

The construction of the CPM signal as it is outlined above has been called phase-
increment mapping by [27]. A block diagram of the phase-increment CPM modulator is
shown in Figure 1.1. This name has been applied because input data is mapped to a
phase change, and the resulting signal is rotationally phase invariant. However, due to
the recursive structure of the phase-increment mapper, one error event will affect at least
two symbols. An alternative structure for the CPM modulator was suggested in [27] and
employs phase-state mapping, which alleviates the double error problem, but results in a
rotationally phase variant signal. A block diagram of the phase-state CPM modulator is

shown in Figure 1.2. The symbols b are generated using

(kb[n])mod(p) = (¥[n] — ¥[n — 1])mod(p) (1.16)

The representation of CPM discussed above showed that CPM can be split into a trellis

encoder and a signal mapper that transmits one of pM?’ possible signals. Further, there

9
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o
bln — 1] :
| Table
: bl — L +1] with
Eq. .| Ea | Eq N L (1)
(1.16) (1.16) ENERT) I R
— — — signal
elements
T i T [ R T i >
U] = w1 vn-2 Un — L+ 1) Wln — L]

Figure 1.2: Decomposition of CPM using phase-state mapping.

are ML transmitted signals differentiated by only by the initial phase state ¥[n — L.
Thus, optimally the CPM receiver requires a bank of M baseband matched filters [26]. In
the wireless sensing applications that we consider device complexity is always a concern.
Therefore, we adopt the reduced matched filter set described in [26]. In [26], it was shown
that the number of filters required to provide a sufficient statistic can be upper bounded

by Dinax, which is given by

Dinax = [1.11R(M — 1) +2.22]. (1.17)

For most practical combinations of modulation index, h, and modulation order, M, D = 2,
or 3 matched filters are sufficient. The corresponding baseband receiver filters proposed

by [26] are given by

1 .
hd(t) = Teﬂ’ffdt, 0<t<T, de{l,2,---,D}, (1.18)
where
Af
fd:7(2d—1—D), de{1,2,---,D}. (1.19)

In these equations that specify the basis functions for the receiver filters only one pa-

10
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rameter, the frequency spacing parameter A f, needs to be optimized with respect to the
transmitted CPM scheme. The optimal value of Af can be found by maximizing the min-
imum Euclidean distance for the CPM scheme. In [26] and [27], it is shown that minimal
losses are incurred for 0.25 < Af < 0.75 when D = 2, or 3 received filters are used. There-
fore, rather than optimize Af for each CPM scheme that we study, we will set Af = 0.5
for all schemes.

The matched filter bank required for demodulation can be denoted by the matrix

hp(t) = [hp(t), hip(t), -+ hp(t)]- (1.20)

The basis functions of the reduced matched filter bank, h%(t), are not orthogonal. There-
fore, a matrix C is introduced to account for the cross-correlations of the basis functions.

This matrix is given by

C- %/OT W2 ()b, (1), (1.21)

1.2.2 CPM & RF Power Amplifiers

The use or study of CPM is often justified by the energy efficiency of this modulation
technique. The energy savings made possible by CPM are due to its constant envelope
property that enables the use of non-linear power amplifiers. Here, we briefly overview
the properties of the RF power amplifier and explain how CPM and the Class C power
amplifier save energy. In Chapter 3, we will analyze in more detail the energy savings
resulting from the use of CPM in a distributed network. Note that in this section an
uppercase symbol denotes a direct current (dc) value, and a lowercase value denotes an
alternating current (ac) value.

A generalized RF power amplifier is shown in Fig 1.3. The energy consumption and

linearity of the power amplifier are determined by the quantity of time that the transistor

11
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Inc

(%)
Vin | )
L

‘/bias

Figure 1.3: A general circuit digram of a power amplifier.

conducts the current ip, and the magnitude of ip. This in turn is first dependent upon
the bias voltage Vi.s, and secondly upon the voltage input to the power amplifier v;,. The
value of capacitor (' is set to be very large to ensure that there is no dc component seen at
the output of the device, and the elements L, and C5 form a tank circuit that determines
the frequency (s = I sin wot, wy = 1/v/L2C3) of the output signal.

The transistor operates in one of three possible states depending upon the bias voltage,
Vhias, and the power amplifier input signal, v;,. When the sum of the bias and input
voltages is less than the threshold voltage of the transistor, no current flows through the
transistor (ip = 0) and the transistor is in its ‘cut-off” state. When the sum of the bias and
input voltages is greater than the threshold voltage, the transistor is said to become ‘active’
and current flows through the transistor (ip > 0). In the ‘active’ state, the current ip is
linearly dependent upon the voltage v;,. Finally, in the ‘saturation’ state, the transistor
conducts current but does not match a linear increase in input voltage, v;,, with a linear

increase in current ¢p. In summary these states are:

12
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cut-off Vibias + Uin < Vi1 ip=20
active Vbias + Vin = Vi ip = gm(Vbias + Vin — V1)
saturation Vbias + Vin Z VT iD = VDD/RL

The output of the power amplifier is determined by the magnitude and portion of time
that the transistor conducts the current ip. The tank circuit shown in Figure 1.3 (elements
Ly and Cy) filters any harmonics generated when current ip flows and ceases to flow so

that the output power amplifier voltage is given by

Vout = Iruna Ry, sin(wot), (1.22)
where Iq,q is given by
T
2
]fund = T /’LD Sil’l(wot)dt (123)
0

Amplifier Classes

The class to which the power amplifier belongs is dependent upon the value of the voltage
Viias- A Class A amplifier is characterized by Vias > Vi + |vwl, (i-e. transistor is always
conducting). A Class AB amplifier is produced when Vi.s > Vr, (i.e. the transistor
conducts more than half of every period). A Class B amplifier is produced when Vj,s = V.
In this case the input signal voltage must be greater than zero (v, > 0) for the transistor
to conduct, (i.e. the transistor conducts current for half of every period). A Class C
amplifier is characterized by Vi < V. In this case the transistor conducts current when
Uin > Vi — Viias (i€ the transistor conducts less than half of every period).

Figure 1.4 shows the current through the transistor for Class A, AB, and C power

amplifiers. The portion of the period for which the transistor conducts can also be used to

characterize a power amplifier, and is denoted as the conduction angle, 2¢. The conduction

13
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Class A =
0
™ 2T 3 wt
Class AB = ‘ ‘
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&
Class C
0
T 2 3T wt

Figure 1.4: The transistor current of Class A, Class AB, and Class C power amplifiers.

angles for Class A, and B power amplifiers are ¢ = 7, and ¢ = 7/2, respectively. The
conduction angles for Class AB and C power amplifier are dependent upon the input

voltage vy, and ip and vary in the ranges ™ > ¢ > m/2, and ¢ < 7/2, respectively.

Amplifier Linearity

The conduction angle can be used to re-express the current at the output of the power

amplifier, Irq, as

2 T
Ifund = TA iD Siﬂ(wot)dt
= Dtps —sinag) (1.24)
= o S1n .

Thus, when operating as a Class A (¢ = ) or Class B (¢ = 7/2) amplifier, the output
current is linearly dependent upon I ¢ in the ‘active’ range of the transistor. However, when
operating as a Class AB (¢ > 7/2) or C (¢ < w/2) amplifier, the output is no longer a

linear function of the input, v,, because the conduction angle changes with the amplitude

14
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Figure 1.5: The conduction angle of Class B and Class C amplifiers.

of I¢, see Figure 1.5. In fact, a true Class B power amplifier is also not realizable because
the abrupt on/off characteristic is not possible with a practical transistor. Therefore the
conduction angle of a practical Class B power amplifier is not exactly ¢ = 7/2 and a
practical Class B amplifier is not truly linear. Additionally, all classes of power amplifier are
non-linear when the input voltage is large and the transistor operates near or at saturation.
In fact, operation in this region causes significant distortion, and performance degradation
for non-constant envelope modulations. For this reason, non-constant envelope modulation
schemes often employ a ‘back-off’ region, i.e. these schemes never transmit at the maximum

output power of the power amplifier.

Amplifier Efficiency

Often power amplifiers are characterized in the literature by a performance criterion called
drain efficiency. Drain efficiency is the ratio of transmitted power to dc input power,

where transmitted power is given by Puy = I2 4R./2, and dc input power is given by

15
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Pi. = Vppip. The dc component of ip is

. I
p = gy —¢>([DC + Iy cos0)do
Irf .
= ?(smgb — ¢ cos Q). (1.25)

Thus the drain efficiency can be written as [28, Chap 15.]

Pout

Pdc

W]rfRL [2(25 — sin 2¢]2
8Vbp(sing — ¢ cos )

(1.26)

The drain efficiency of an amplifier is a function of I, which is dependent upon the
input voltage v;,. Therefore, it is common to characterize and compare different classes of
amplifiers by their peak drain efficiency (i.e. when the maximum amount of power is being
transmitted). In this case Ifyng = Vpp /Ry determines that I,y = 2nVpp/(RL[2¢ — sin 2¢)),
which yields

[2¢ — sin 2¢)]

nasx = 4(sin ¢ — ¢ cos @) (1.27)

Using the above expression, the values for peak drain efficiency that are usually quoted in
the literature are 1/2, /4, and a function of ¢ for Class A, B, and C amplifiers, respec-
tively. Theoretically the maximum drain efficiency of a Class C amplifier can approach
one (Nmax — 1), however for this to happen the peak value of the transistor current must
approach infinity (|ip|max — 00). Although, these values are often used in the literature
they do not give a full picture of the performance of an amplifier. Average drain efficiency
values are often very different from the maximum efficiency values, which assume opera-
tion in the ‘saturation’ region of the power amplifier. For example [29] finds the average

drain efficiency for multi-carrier signals with a 10 dB peak-to-average power ratio to be
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5 and 28 percent for ideal Class A and Class B power amplifiers. In addition, the drain
efficiency metric does not account for the input signal power (at the vy, source). Several
other efficiency measures have been proposed. Here, we will list two of the alternatives to
drain efficiency. The first is power added efficiency, which is given by

Pout - Pin

PAE =
Pdc ’

(1.28)

where P, is the signal power supplied to the power amplifier (i.e at v,). The second

efficiency measure is total efficiency, which is given by

P out

= —\ 1.29
Pdc_l'Pin ( )

nr

1.3 Contributions and Organization

The main goal of this thesis is to combine ST coding with CPM to produce a flexible, low

complexity, energy efficient transmission format. This thesis proposes:
e A block-based orthogonal ST code for CPM (Chapter 2).

e A block-based diagonal ST code for CPM with a low-complexity non-coherent re-

ceiver (Chapter 2).

e A distributed ST code for CPM for use in uncoordinated cooperative networks (Chap-
ter 3).

o A serially concatenated ST-CPM code (Chapter 4).

More specifically, in Chapter 2, we present two ST-CPM coding schemes. The first

ST-CPM code employs a simple burst—based approach that allows for the straightforward

17
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combination of any CPM format with orthogonal designs (ODs) [11],[30]. The resulting
orthogonal ST block code (OSTBC) can use the same detection techniques at the receiver
as are used for single-antenna transmission after an appropriate combining at the receiver.
The proposed OSTBC scheme entails a lower complexity than all previously proposed ST
coding schemes for CPM and yields a better performance for the important case of Ny = 2
transmit antennas. The second ST-CPM code is inspired by differential space-time mod-
ulation (DSTM) using diagonal signal matrices, which was devised for linear modulations
by Hughes in [31] and by Hochwald and Sweldens in [32]. The resulting diagonal block
ST-CPM (DBST-CPM) code enables non-coherent detection without channel state infor-
mation (CSI). Further, a low-complexity receiver design is proposed that includes branch
metrics for reduced-state non-coherent sequence detection and for different fading channels.
We derive an upper bound for the frame error rate (FER) of DBST-CPM, and employ the
bound in an efficient algorithm to find optimal DBST-CPM codes.

The proposed DBST-CPM code is employed in both Chapter 3 and Chapter 4. In
Chapter 3 the DBST-CPM forms the basis of a distributed ST-CPM code. The distributed
ST codes are designed to operate in wireless networks containing a large set of nodes, of
which only a small a priori unknown subset will be active at any time. The devised
distributed ST-CPM scheme combines the DBST-CPM code, (commonly assigned to all
relay nodes) with signature vectors (uniquely assigned to nodes). We propose a numerical
method for the optimization of signature vectors sets and show that the performance
of the proposed distributed ST-CPM scheme is close to that achievable with co-located
antennas. The decoding complexity of the proposed scheme is shown to be independent
of the number of active relay nodes, and non-coherent receiver implementations, which
do not require channel estimation, are applicable. In the second portion of this chapter,

the energy consumption of the proposed distributed ST-CPM scheme is compared with
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that of a distributed ST linear modulation (LM) scheme. The distributed ST schemes
are compared using the total energy (radiated and used in hardware) required to supply
a target bit error rate (BER) at a maximum transmission distance. The distributed ST-
CPM scheme is shown to outperform the distributed ST-LM scheme for all but short-range
transmission and performance gains are shown to increase with the number of active relay
nodes.

Finally, in Chapter 4, a serially concatenated code for ST-CPM is proposed. The
concatenated code consists of the diagonal signalling matrix from Chapter 2 as the inner
code, and a class of double parity check (DPC) codes as the outer code. We employ
extrinsic information transfer (EXIT) charts to select the best CPM symbol labelings for
the diagonally-structured ST-CPM code. We outline a method for estimating the capacity
of the underlying ST-CPM scheme in additive white Gaussian noise (AWGN) and derive an
expression for the outage probability over a quasi-static fading channel (QSFC) in order
to evaluate the merit of the proposed code. The resulting concatenated codes that are
formed from the ST-CPM code and a DPC code are shown to provide performance close
to capacity, and to provide performance superior to that provided by the more common

combination of CPM, or ST-CPM schemes with convolutional codes.
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Space-Time Coding for CPM

Space-time coding is widely recognized as an effective means to combat the effects of
multipath fading in wireless communications. Numerous space-time codes (STCs), which
can broadly be classified into space-time block codes (STBCs) and space-time trellis codes
(STTCs), have been proposed in the literature, cf. e.g. [33]. Almost all existing STC designs
consider linear and thus, in general, non-constant envelope modulation formats. However,
as previously discussed, constant envelope modulation formats such as continuous-phase
modulation (CPM) are particularly appealing for implementation in wireless devices due
to their high power and bandwidth efficiency. In fact, CPM is used in many wireless com-
munication systems such as Bluetooth and the Global System for Mobile Communication
(GSM) because of these very properties.

In the past few years there has been an effort to extend the concept of space-time
(ST) coding originally developed for linear modulations to CPM. Fairly general ST code
design rules for CPM have been given by Zhang and Fitz [1]. However, the decoding
complexity of the resulting ST-CPM scheme is exponential in the number of transmit
antennas. Orthogonal ST coded CPM schemes with reduced decoding complexity have
been proposed by Wang and Xia [15]. In this case, orthogonality is achieved by requiring
that the CPM waveforms transmitted over different antennas fulfill certain constraints in
neighboring symbol intervals. However, due to the inherent memory of CPM, the design
of the orthogonal schemes in [15] is quite involved and, in general, their error performance

is not as good as that of the schemes in [1].
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The ST coding schemes in [1, 15] have the disadvantage that the phase trellis inherent to
CPM has to be modified. Therefore, existing CPM receivers cannot directly be applied and
new receivers specifically tailored for the adopted ST coding scheme have to be developed.
Both [1] and [15] emphasize that, because of the phase continuity and the associated
inherent memory of CPM signals, a straightforward combination of CPM and orthogonal
designs (ODs) [11, 30] is not possible.

More recently, ST codes for simple CPM schemes have been proposed. Cavers [16] and
Xian et al. [17] have introduced ST codes for minimum-shift keying (MSK). ST codes for
the special cases of binary CPM were proposed by Ahmadi and Rao [18] and Zhao and
Giannakis [19], and for CPFSK by Maw and Taylor [20]. It is worth pointing out that all
previously proposed ST coding schemes for CPM can be classified as ST trellis codes.

The ST-CPM schemes listed above have been designed for quasi-static fading channels
(QSFCs) with coherent detection assuming perfect channel state information (CSI) at
the receiver. More recently, Pande et al. [3] proposed a non-coherent! receiver for the
orthogonal STTC design with full response CPM in [15, 34], and Pancaldi and Vitetta [2]
considered ST CPFSK and non-coherent detection.

In this chapter, we propose two ST coding schemes for CPM. The first scheme shows
that CPM can be easily combined with ODs by using a burst-based approach. This is
similar in spirit to time-reversal ST block coding [35] proposed for inter-symbol interference
channels. However, in the considered case the time-reversal is not necessary since the
memory is introduced by the modulation itself and not by the channel. The proposed burst—
based orthogonal space-time block coding (OSTBC) scheme has the same advantages as
symbol-by—symbol OSTBC for linear modulations. In particular, the proposed scheme

can be applied to any existing CPM format and, after an appropriate ST combining at

IFor the sake of brevity, we will often omit the terms ‘with CSI’ and ‘without CSI’ and refer to respective
receivers as ‘coherent’ and ‘non-coherent’ receivers, respectively.
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the receiver, the same detection techniques as in case of single—antenna transmission can
be used. The second scheme is a general design method suited for non-coherent detection.
The scheme is inspired by differential space-time modulation (DSTM) using diagonal signal
matrices, which was devised for linear modulations by Hughes in [31] and by Hochwald
and Sweldens in [32]. The diagonal structure of the signal matrices (only one antenna
transmits at any given time) results in relatively simple decision rules that provide high
performance at low complexity for non-coherent transmission [31, 32]. In addition, the
diagonal structure of the signal matrices results in a highly versatile ST scheme that can
support any number of transmit and receive antennas, and any data rate. This flexibility
and the efficient receiver implementations possible for DSTM have made this DSTM scheme
successful despite the rate loss implicit in the diagonal structure. ST schemes employing
diagonally structured signalling matrices are especially attractive for transmission of low
data rates in non-coherent environments.

This chapter is organized as follows. In Section 2.1, the transmission model employed
for both of the proposed ST-CPM schemes is introduced. In Section 2.2, the OSTBC
for CPM based upon burst-based transmission is introduced. The section begins with an
overview of ODs and the specifics of CPM for the OSTBC scheme. Then, the burst—
based OSTBC for CPM is introduced. Its performance is analyzed in Section 2.2.5 and
simulation results for the scheme are presented in Section 2.2.6. In Section 2.3 the ST-
CPM scheme employing diagonal signal matrices is introduced. First, the specifics of CPM
for this scheme are overviewed, and then the new DBST-CPM scheme and corresponding
non-coherent receiver designs are presented. The performance bound and an optimization
algorithm are given in Section 2.3.4. Numerical and simulation results are shown and

discussed in Section 2.3.5. Finally, Section 2.4 concludes the chapter.
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Figure 2.1: Transmitter and receiver model for CPM with burst-based OSTBC.

2.1 Transmission Model

The general ST-CPM system considered is assumed to be a multiple-input multiple—output
(MIMO) transmission system with Np transmit and Ng receive antennas as shown in
Figure 2.1. All signals are represented by their complex baseband equivalents.

Let s,,(t) denote the signal consisting of Ny symbols that is transmitted over antenna
ny, 1 < ng < Np, during the time interval 0 < ¢ < NpN;T (see Section 2.2.3 for further
details on the structure of s, (t) and its relation to x,, (¢) for the proposed OSTBC scheme,
and Section and 2.3.2 for the DBST-CPM scheme). The transmitted ST-CPM signal can
be written as

S(t,a) = [s1(t) s2(t) ... snp(1)]" . (2.1)

The received signal, 7(t) £ [r1(t) 75(t) - - - rn,(t)]" for Ng receive antennas, is given by
r(t) =G(t)- S(t,a) +n(t), 0<t< NpN;T, (2.2)

where n(t) £ [ny(t) na(t) - -y, ()] is the noise vector whose elements, n,, (t),1 < n, <
Ng, denote independent additive white Gaussian noise (AWGN) processes with power
spectral density Ny, and where G(t) is an Ny x Np matrix that contains the elements
Gy (1), 1 < ny < Np,1 < n, < Ng, which denote the channel gains between transmit

antennas n, and receive antennas n, at time ¢t. We will assume that the channel is constant
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for at least one symbol period T, thus G(t) is equal to G[n] = G(nT) for nT < t <
(n+1)T, 0 <n < NpNy.

In this thesis, we will consider three popular and practically relevant channel models:
quasi-static fading, quasi-static fading with phase noise, and continuous fading.

Quasi-Static Fading Channel (QSFC): The QSFC model is often used for the
design and analysis of space-time coded systems, cf. e.g. [36, 37, 38]. The QSFC model
dictates that the channel is constant for one frame and changes independently from frame
to frame. Accordingly, the channel coefficients (elements of G[n]) for the QSFC can be
written as

Gnenn 0] = frne s 0<n < Ny. (2.3)

We assume that the f,,,, are independently and identically distributed zero-mean complex
Gaussian random variables with unit-variance, i.e., we consider a Rayleigh QSFC, cf. e.g.
(36, 37, 38].

QSFC with Phase Noise: An extension of the above model takes into account phase
noise due to carrier frequency instabilities caused by low-cost local oscillators. A common

model for the phase noise process 0y,,,[n] is the random-walk (Wiener) model [39]
Onin, [n] = Open, [n — 1] + Ay, [1] (2.4)

where A, [] is a white Gaussian process with variance o%. The resulting channel coeffi-

cients are the product of phase noise and quasi-static fading and are given by
gntnr [n] = ejent”r[n]fntnr 9 O S n < Nf . (25)

We note that, while phase noise is irrelevant or, by definition, not present for (idealized)
coherent detection, the QSFC-with-phase-noise model is practically relevant and an im-

portant benchmark model for non-coherent detection.
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Continuous Fading Channel: Another generalization of the QSFC model is the case
of continuous fading, where the channel coefficients are samples of a discrete-time random
process

Gnene (0] = frme 0], 0<n < Ny. (2.6)
We assume that the f,,,,[n] are spatially uncorrelated zero-mean complex Gaussian (Rayleigh
fading) random processes with autocorrelation function, ¢ss[x], according to Clarke’s
model [40]
ikl £ E{fon [0 fan. [0 + K]} = Jo (27 By Tk) (2.7)
where Jy(-) and By are the the zeroth order Bessel function of the first kind and the one-
sided bandwidth of the continuous-time fading process, respectively. As already implicit

in (2.7), all Ny Np fading processes are assumed to have identical temporal correlations.

2.2 Burst—Based OSTBC for CPM

In this section, we introduce the proposed burst—based OSTBC scheme for CPM. We begin
with a brief review complex ODs and overview the specifics of the CPM used for this ST
scheme. Next, we present the considered transmission model and discuss the ST formating
at the transmitter. Then, we show that an appropriate ST combining at the receiver

enables single-input single-output (SISO) maximum-likelihood (ML) detection.

2.2.1 Complex Orthogonal Designs (ODs)

The complex ODs O(z) [30], £ [x1, o, ..., Tn.]T, No < Nr, for N¢ data symbols ,,,,
1 < n. < Ng, considered in this chapter are Ng X Ny matrices with entries +x,, , &}, , and
0. ODs with entries that are the sum or difference of different x,,, or z}, are not allowed,
because of the constant envelope requirement of the transmit signal. The elements of O(x)

are transmitted over the Ny transmit antennas in Ng symbol intervals and the code rate is
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Re 2 N¢/Ng. All ODs have the property O (2)O(x) = (3.7 |x,.|2) Iy, [30]. Popular

ne=1

examples are Alamouti’s code [11] (Nr = 2) and the OD in [41, Eq. (22)] (N = 4), which

are given by

A
o 2| 7 (2.8)
ry ]
and ) )
T i) T3 0
-z ¥ 0 —x
o@=2| ", (2.9)

0 a3 —a5 =

respectively. Alamouti’s code has rate Rc = 1, whereas the OD in [41, Eq. (22)] has rate
Rc = 3/4. Note that all entries in the same column of O(x) are transmitted over the same

antenna, whereas all entries in the same row are transmitted at the same time.

2.2.2 Continuous—Phase Modulation (CPM) Specifics

For the proposed OSTBC scheme No CPM waveforms z,, (t), 1 < n. < Ng, are required

T, (1) = \/%exp <j27rh Z _ an, [t]q(t — ZT)) , (2.10)

where E, T', N, and Ng denote the energy per symbol, the symbol duration, the number

[42]

of data symbols, and the number of termination symbols, respectively, and Ny = Np+ Ng.
The symbols a,,[i] € A, 0 < i < Np — 1, are independent, identically distributed (i.i.d.)
M-ary data symbols taken from the alphabet A = {—M+1, —M+3, --- | M —1}, whereas
the symbols a,, [i] € A, Ng <i < Ng+ Ng — 1, are known to the receiver and necessary
for termination of the CPM trellis for decoding. Note that we assume in Eq. (2.10) that

the same CPM format is used for all n., 1 < n. < Ng. This restriction is not necessary
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and only made to simplify the exposition.

2.2.3 Proposed OSTBC Scheme

As pointed out in [1, 15], the straightforward application of ODs on a symbol-by-symbol
level is not possible because of the continuous—phase requirement and the associated mem-
ory of CPM. In order to avoid this problem, we propose a simple burst-based OSTBC
scheme, i.e., we replace the symbols x,_ in the OD O(x) by the CPM waveforms x,_(t),
1 < n. < Ng, of duration Tz = (Ng + Ng)T. The transmitted signals s,, () are then
simply the concatenation of the (appropriately normalized) entries of the n;th column of
O(x) separated by a small guard interval of duration 7. The guard interval is used to
minimize the impact of the transition from one entry of O(x) to the next on the power
spectrum of the transmit signal. For this purpose the amplitude of s,,(¢) may be first
slowly decreased to zero, before the amplitude and phase of s, (t) are slowly changed to
the values prescribed by the next entry of O(«). This procedure is similar to what is done
in the GSM system where a guard interval of 8.25 symbols is inserted after every data
burst. In general, T; should be chosen long enough to make the effects of the transition
from one entry of O(x) to the next on the transmit power spectrum negligible. Although
the optimum value for T¢; will depend on the particular CPM scheme employed, in practice,
NgT < T < 2NgT should give satisfactory results.

Taking the guard interval into account, the duration of s,,(t) is NgTio with Tio £

Tg + T. The data rate in bits per channel use of the proposed OSTBC scheme is

_ NoNgT

R = ————1og,(M). 2.11
e logy (M) (2.11)

Throughout this section we will assume N < Np and Ty < T, in which case the data

rate simplifies to R ~ R logy(M).
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To further illustrate the proposed OSTBC scheme, we consider the special case of
Np = 2 transmit antennas more in detail. We adopt the OD given by Eq. (2.8) and apply
the technique described above to obtain the transmit signals s,,(t), n, = {1, 2}. Thus,

taking into account the normalization of the transmit power, the transmitted signals are

given by
.
Lo (t 0<t<T
s1(t) = vz 71l) 7 (2.12)
\ _%I;(t_ﬂot) irtot Stgirtot_‘_TB
.
1
—=To(t 0<t<T
so(t) = vz 72lf) 7 (2.13)
% Z’T(t - irtot) irtot S t S irtot + TB

Obviously, s1(t) and ss(t) have constant envelopes and continuous phases for 0 < t < Ty
and Tior <t < Tior + T

For ODs with zero entries, cf. Eq. (2.9), the transmit signals s, (¢) are zero in certain in-
tervals. During these intervals the corresponding transmit antenna can be simply switched
off. For example, for the OD with Ny = 4 in Eq. (2.9) antenna n; does not transmit in
the interval (Np —ny)Tior <t < (Np —ny + 1)Tior, 1 < my < Np. Again the guard interval
can be used to achieve a smooth transition of the transmit signal between the zero and
non-zero entries of O(x) making the effect on the transmit power spectrum negligible.

Although necessary in practice, for simplicity of exposition we will neglect the guard

interval in the following and assume Tz = 0.
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2.2.4 Maximum Likelihood (ML) Detection

Assuming perfect channel state information at the receiver, for ML detection of the data

sequences a,, = [a,,[0], an.[1],- .., an.[Ng —1]]%, 1 < n. < N, we have to evaluate
{ai, ..., an.} = (2.14)
Ny NsTr N 2
argminay, ..., an, Z T, (t) — Z GrynySn, ()| dt
ny=1 0 n=1

where a,,, denotes the estimate for a,,,, 1 < n. < Ng. The ML decision rule in Eq. (2.14)
can be significantly simplified by exploiting the properties of ODs [30]. To illustrate this,
we consider the Ny = 2 case and the OD in Eq. (2.8). Using Egs. (2.12) and (2.13) the

integral in Eq. (2.14) can be rewritten as

T 1 9
P (8) = = (g1 (8) + g, ()] dt +
0 NG
2Tp 9
1
Tp
T 1 9
- / 1 (6) = lana, 16+ g 0]
0
1 2
+ |rn, (t+TB) — —=[—g1n,5(t) + gon,z7(t)]| dt. 2.15
(1 T) = —l=10,23(0) + g (0] (2.15)

Applying Eq. (2.15) in Eq. (2.14) and omitting all irrelevant terms, the ML decision rule

in Eq. (2.14) for a; and a, can be simplified to

Tp
a,, = argmina,, /|dn(t) — z, (t)2dt 3, (2.16)
0
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dy (1)
=i (t) r(t) > ! »| SISO Det.
CPM Space-Time
with Combining
OSTBC
dne (1)
s (1) raa(t) > Y » SISO Det.

Figure 2.2: Transmitter and receiver model for CPM with burst-based OSTBC.

where d,,(t) is given by

at) 2 %Z (G 7o (6) + o (¢ + T)) (2.17)
d(t) 2 %;wzmmw g (4 Ts)). (2.18)

Note that irrelevant terms include terms such as |z1(t)|?|gin,|* and |7y, (t)|?|g1n,|* which
do not affect the decision on a,,.. Also, note that terms such as g7,,7n, (t)g5, s, (t + T5)
are zero terms. For ODs with Ny > 2, the ML decision rule for a,,, 1 < n. < Ng, can

also be simplified to Eq. (2.16) where d,,(t) has the general form

Nr Ngr

Z anmr (12¢) frgn An, (t + (ny — 1)T) }. (2.19)

ne=1n,=1

1

dy (1) = Navs

Here, f,..,{-} is either the identity operator (f,..,{x} = x) or the complex conjugation
operator (fun,{r} = 2*). The coefficients wy,n, (n.) can take on values £g,,, and £,
1 <ny ny < Np, 1 <n, < Ng. Both f,..,{} and wy,,(n.) depend on the particular OD
used and are identical to the respective operators and coefficients appearing in the decision
variables for detection of phase-shift keying modulation with OSTBC, cf. e.g. [30].
Interestingly, the ML decision rule in Eq. (2.16) is identical to that for SISO CPM
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transmission over an AWGN channel with equivalent received signal d,,(t), cf. Figure 2.2.
Therefore, Eq. (2.16) can be implemented using any known optimum or sub-optimum
method based on e.g. Laurent’s representation [43] or Rimoldi’s decomposition approach
25, 26] (see also Section 1.2). In contrast to the schemes in [1, 15, 16], there is no need to
tailor new detectors for the proposed OSTBC method.

Eq. (2.14) shows that the fading channel has to be approximately constant for Ng(Np+
Ng) symbol intervals. In contrast, for symbol-based OSTBC [11, 30] and the orthogonal
ST coded CPM scheme in [15] the fading channel has to be approximately constant only
for Ng symbol intervals. Since Np > 1 is recommended to make the overhead due to
the termination symbols and the guard interval negligible, the admissible fading variations
for the proposed burst—based OSTBC scheme are considerably smaller than those for the
non—CPM and the CPM schemes in [11, 30| and [1, 15, 16], respectively.

2.2.5 Performance Analysis
Bit Error Rate (BER)

Assuming SISO transmission over an AWGN channel, for high signal-to—noise ratios (SNRs)
the BER of CPM can be approximated by [42]

BER(F,) ~ K Q(dwin\/7), (2.20)

where d,,;, denotes the normalized minimum FEuclidean distance between two possible

bit sequences and K is a positive constant that accounts for the number of bit errors

per error event and the dependence of the error event on the transmitted data. Q(z) =
AL

\/%? fxoo e~/2d¢ is the Gaussian Q—function and ¥, = Ey/No, where Ej, denotes the received

energy per bit.
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On the other hand, for CPM with OSTBC with Ny = 2 transmit antennas, Egs. (2.17)

and (2.18) show that the equivalent received signal can be rewritten as

Gt = 5 3 g, 2 1920, ) 0 (1) + 2(0) (221)

ny=1
where z(t) is an AWGN process with power spectral density S0 (g, |2 + [gon, |2)No /2.
Therefore, the instantaneous SNR per bit is v, = Zi:?llﬂglnrp + |gan. |?) Ep/ (2N0).

For the general case of Ny transmit antennas and ODs with rate R¢, the instantaneous

SNR per bit is

Ny Ng

=> > \gmnr|2RCEb (2.22)

ne=1n,=1

Therefore, using Eq. (2.20) and the alternative representation of the Q)—function Q(z) =

1 OW/2 exp[—2?/(2sin?0)]df, x > 0 [44], the approximate BER of the proposed OSTBC

scheme can be calculated to

Nr Ngr

BER ~ /BER<ZZ|W\2R0E*’) o(9) dg

ne=1n,=1

K ReE, \ Ve
— onin dg 2.23
/ ( 2N7Nj sin? 9) (2:23)

where g = [g11 g12 - - - gnyng)t and pg(g) is the joint probability density function of the el-
ements of g. Eq. (2.23) is easy to evaluate as only a one-dimensional numerical integration
over a finite interval has to be performed.

Using the bound Q(z) < 0.5exp(—x2/2), z > 0, in Eq. (2.23), it is easy to show that

the Chernoff bound on the approximate BER is given by

K 2. RoEy\ VTR
BER < = (1 4 Zmin . 2.24
R~3 ( TN, ) (2.24)
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Eq. (2.24) shows that the proposed burst-based OSTBC scheme for CPM achieves the

maximum diversity order NpNg.

Frame Error Rate (FER)

To arrive at a meaningful expression for the FER, we have to assume that the bit errors are
approximately statistically independent. However, whether the bit errors are independent
or not depends on the particular CPM format used. For example, CPM with conventional
phase—increment mapping [26] results in double errors due to the resulting differential
encoding of the absolute phase. Fortunately, these double errors can be avoided if phase—
state mapping is employed, (see Section 1.2 for details), which we adopt for the simulations
in Section 2.2.6.

Assuming M-ary CPM transmission over an AWGN channel and approximately inde-

pendent bit errors, the corresponding FER is given by
FER(7) ~ 1 — (1 — BER(yy))"s()N5, (2.25)

where BER(%,) is defined in Eq. (2.20). Combining Egs. (2.22) and (2.25), the FER of
CPM with OSTBC can be obtained from

Ny Ng

—_— Z Z RcEy
~ 2

ne=1n,=1

In the integrand in Eq. (2.26), the fading gains g,,,, only appear in the form |g,,n,|?.
Therefore, the evaluation of Eq. (2.26) involves an Ny Ngr—dimensional numerical integra-

tion.
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Figure 2.3: BER and FER vs. 10log,,(E,/Ny) of GMSK with phase-state mapping.
Single-antenna transmission (Ny = 1), OSTBC (Ny = 2, Ny = 4), and the ST cod-
ing scheme of [1] (N = 2) are compared.

2.2.6 Performance Results

In this section, performance results are presented for Ny = 2 and Ny = 4 transmit antennas
employing the ODs in Eq. (2.8). One receive antenna and a frame length of Np = 130 is
assumed in all cases. For comparison we also consider single-antenna transmission and the
delay diversity (DD) scheme proposed in [1] for N7 = 2 transmit antennas. To facilitate the
comparison, we adopt the same CPM schemes as [1]: GMSK with time-bandwidth product
BT = 0.3, binary 2REC with h = 1/2, and 4-ary 1RC with h = 1/4. The derivative of
q(t) is a rectangular pulse of duration 27" and a raised—cosine pulse of duration 7" for 2REC

and 1RC, respectively. Phase—state mapping [26] (see Section 1.2) is applied for all CPM
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Numerical Results
O  Simulation Results
* Zhang & Fitz

10_6 L L L 1()_4 L
0 5 10 15 20 0 5 10 15 20

10logyo(Ep/Ny) [dB] —

Figure 2.4: BER and FER vs. 10log;,(E,/Np) of binary 2REC with phase-state mapping.
Single—antenna transmission (Np = 1), OSTBC (Np = 2, Ny = 4), and the ST coding
scheme of [1] (Ny = 2) are compared.

schemes, and as a result K = 1 was valid in all cases. Note that [1] employed CPM with
phase—increment mapping. The resulting double errors affect the BER but not the FER.
Therefore, the FER comparison between the scheme in [1] and the proposed approach in
Figs. 2.3-2.5 is fair. The normalized squared minimum Fuclidean distances of GMSK,
binary 2REC, and 4-ary 1RC are d?, = 1.77, d%,, = 1.73, and d?,, = 1.64, respectively.
For GMSK and binary 2REC the data rate is R = 1 bit/(channel use) for Ny = 1 and
Nr =2, and R = 3/4 bit/(channel use) for Ny = 4. For 4-ary 1RC R = 2 bit/(channel
use) results for Ny = 1 and Ny = 2, and R = 3/2 bit/(channel use) for Ny = 4.

Figs. 2.3, 2.4, and 2.5 depict the BERs and FERs for GMSK, binary 2REC, and 4—ary
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1RC, respectively. Simulation results (circles) and numerical results (solid lines) obtained
by evaluating Eqs. (2.23) and (2.26) are in excellent agreement for both single—antenna
CPM and CPM with OSTBC. Obviously, the proposed OSTBC scheme achieves a signif-
icant performance improvement compared to single-antenna transmission. For all consid-
ered CPM schemes with Ny = 2 the FERs of the DD scheme of [1] are slightly higher than
the FERs of CPM with OSTBC.

10
107}
10}
=R
m 10
10}
Numerical Results
O  Simulation Results
* Zhang & Fitz
10 6 Il Il Il 10 4 Il Il Il
0 5 10 15 20 0 5 10 15 20

Figure 2.5: BER and FER vs. 10log,,(E,/Np) of 4-ary 1RC with phase-state mapping.

Single-antenna transmission (Ny = 1), OSTBC (Ny = 2, Ny = 4), and the ST coding
scheme of [1] (Ny = 2) are compared.

For the simulation of single-antenna CPM and CPM with OSTBC we adopted the
reduced complexity detection technique proposed in [26]. For all considered examples, two

receive filters and two (GMSK, binary 2REC) and four (4-ary 1RC) states for decoding
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were sufficient to achieve close-to—optimum performance. Assuming optimum implemen-
tation, the complexity of the DD scheme of [1] is exponential in the number of transmit
antennas and much higher than that of the proposed burst—based OSTBC approach. Un-
fortunately, it is not straightforward to design low—complexity receivers that preserve the
diversity gain of optimum detection for DD and this problem was not discussed in [1].
For Ny = 4, a fair comparison with [1] is difficult because of the rate loss of complex ODs
for Ny > 2 and the large differences in the required detection complexity. Furthermore, we
note that the performance of the scheme proposed in [15] is not shown, since it is slightly

worse than that of the scheme in [1], cf. [15, Figure 3].

2.3 Diagonal Block Space-Time (DBST) Coding for

CPM

In this section, we introduce the second ST-CPM scheme that we proposed in this thesis.
In order to preserve the constant envelope, continuous-phase properties of CPM for our
ST-CPM scheme we once again elect to transmit blocks or frames of data rather than data
symbols (each element in the signal matrix is now a CPM frame rather than a symbol
as is used in DSTM for linear modulation formats). Careful design of the data mappings
for each transmit frame produces a coding gain in addition to the expected diversity gain.
The resulting diagonal block-based ST-CPM (DBST-CPM) scheme can (a) be used with
any CPM format, (b) enable non-coherent detection, and (c¢) accommodate any number
of transmit and receive antennas. (The flexibility of the proposed scheme is in notable
contrast to other non-coherent ST-CPM schemes presented in the literature). In addition,
this section presents receiver designs for non-coherent detection of DBST-CPM in three

different fading environments, employing elements from per-survivor processing [45], linear
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prediction-based decision-feedback differential detection (DFDD) for DSTM [46], and state
reduction for CPM [26] to minimize detection complexity. Also in this section an efficient
search algorithm is designed to find the optimal data mappings for our ST-CPM scheme.
The applied data mappings are referred to as the ST code. (Optimization of the ST code
is similar to optimization of the DSTM diagonal constellation parameters [31, 32], however
due to the memory inherent to CPM ST code optimization requires a sequence-based
approach.) Finally, a tight bound for the frame-error rate (FER) of DBST-CPM under
is derived (under the assumption of coherent detection and a quasi-static fading channel
(QSFC)) that is used as the basis for the optimization of DBST-CPM.

We begin with an introduction to the ST-code structure of our proposed DBST-CPM
scheme, and then develop the receiver structure including decision rules for coherent and

non-coherent detection for the fading channels considered before.

2.3.1 Continuous-Phase Modulation (CPM) Specifics

The proposed ST-CPM scheme employs Ny CPM waveforms [42]

Np—1
B , _ ,
Ty, (1) = 1/ > exp j27h g an,tlq(t —iT) |, 0<t<N{T, 1<mn <Np, (2.27)

=0

where Ey, T', and Ny denote the energy per symbol, the symbol duration, and the frame
length, which is the number of data-carrying symbols a,,[i], respectively. The symbols

an,[i] are taken from the alphabet A & {—M + 1, =M + 3, ---, M — 1} of size M. For
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later reference, we also introduce the vectors

A, £ [ant [0] ant[l] oo Opy [Nf - 1]] )
alil = [alfasli] ... ay.[d],
a = [a[0]a[l]...a[N;—1]], (2.28)

of, respectively, data symbols transmitted over antenna n;, data symbols assigned to the
Np antennas during modulation interval ¢, and all data symbols in one frame.

Note that we assume in Eq. (2.27) that the same CPM format is used for all antennas
ng, 1 < ny < Np. This restriction is not necessary, but it is made for the purpose of

simplicity in this paper.

2.3.2 Modulation

Only one antenna transmits at any time when diagonal matrices are employed. If each
antenna is used for transmission in Ny consecutive modulation intervals, phase continuity
can be preserved for CPM without any additional signal processing or complicated design
restrictions. Hence, the proposed ST-CPM scheme employs transmit signals [see Eq. (2.27)
for x,, (t)]

T, (t—(ne—1)N#T), (my—1)N/T <t <y NfT'
o () = (t—=(ne=1)N¢T), (ne—1)Ny Ny (229)

0, otherwise,
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i.e., the Ny antennas n; = 1, ..., Np are used sequentially. Thus, we can write the ST-CPM

signal matrix as

[ (1) 0 0 ]
Stta)=| ot = NyT) " L (230)
i 0 0 ZL’NT(t— (NT— I)NfT)_

It is interesting to note that the proposed ST-CPM scheme is similar in structure to
“block DSTM” for linear modulation considered in [47, 48]. Therefore, we refer to the
proposed scheme as DBST-CPM. Also similar to linear DSTM with diagonal matrices,
the data vectors a[i] are chosen from an M-ary constellation and thus the data rate of
DBST-CPM is log,(M)/N7 bits per symbol duration 7. The actual design of the M-ary
set of data vectors ali], i.e., the optimization of DBST-CPM, will be discussed in detail in
Section 2.3.4.

As previously mentioned we have opted to transmit blocks of data to preserve the
continuous-phase property of CPM, however, we would like to point out that, as for the
OSTBC code proposed in the previous section, the transitions between blocks of data need
not be considered a violation of the continuous-phase property, but rather they are similar
to the transitions observed in any packet based transmission scheme, as for example the
Global System for Mobile Communication (GSM), wireless local area network (WLAN)

systems, Bluetooth, etc.

2.3.3 Detection

The receiver for DBST-CPM, similar to a single-antenna CPM receiver, is comprised of a

bank of matched filters and a sequence detector [42], [25], [26].
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Filtering and Sampling

If the reduced matched filter bank proposed in Section is 1.2.1 is employed, the samples of

the filtered received signal are D-dimensional vectors 7, [n] = [r&) n], ... i) [n]]T with
Tﬁf? [n] = 70, (t) @ hg(—t) ;, 0<n < NpN;y, (2.31)
t=nT

where ® denotes convolution.

Sequence Detection

Let us introduce the ‘address’ vector for ST-CPM as
dli] £ (Y1[i = L],...., TNt — L],ali — L+ 1],..., ali]] (2.32)

of L M-ary data symbols a[i] and Ny p-ary phase states Y,,[i — L], which account for
the accumulated phase due to past data symbols of the CPM signal transmitted over
antenna n;. Corresponding to the vector d[i] there are Np signal elements p,, (¢, d[i]),
each of which is transmitted over one antenna n, in the interval i7"+ (n, — 1)N/T <t <
(i+1)T+ (ne —1)N;T, 1 <ny < Np, 0<i< Ny. Then, corresponding to the D receiver
input filters, the sequence detector stores D-dimensional vectors p,, (d[i]), which represent
the decorrelated coordinates of py, (t,d[i]) with respect to the ‘basis’ functions given in

Eq. 1.20). More specifically, we have

p.(dli]) = C~ / B ()p, (8, il | (2.33)

where C was given in Eq. (1.21).
Depending on the ST code of DBST-CPM (see Section 2.3.4 for the details about the ST
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[T [i], Y2l [T1li+1], Tali+1)] [T1li], Toi)] [T1[i+1], Tali-+1]
[0, 0] [0, 0]
[0,1]
[1,0]

[1,1] [1,1]

Figure 2.6: Trellis of DBST-CPM for Ny = 2 and CPM with 1REC pulse, M = 4, and
h = 1/2. Left: Repetition ST code. Right: Optimal ST code (see Section 2.3.4 for details
about ST code optimization).
code) the number of possible CPM phase state vectors [Y1[i], ..., Ty, [i]] varies between p
and p™7, and hence the number of states of the trellis representing the DBST-CPM signal
varies between pMY~! and pM" ML=t An illustration of this effect is given in Figure 2.6,
which shows two trellises for DBST-CPM with Ny = 2, 1REC pulse, i.e., a rectangular
frequency pulse g(t) with L = 1, M =4, h = 1/2, and two different ST codes. As can be
seen, the number of states is pM*~! = 2 for one ST code and p™" ML~! = 4 for the other.
For sequence detection we adopt the classical Viterbi algorithm [49] operating on the
DBST-CPM trellis with path metrics W,[i] for each state p at data-symbol interval ¢, and
the path-metric update

Wy li+ 1] = Wi + Y li] (2.34)

where 1, [i| denotes the metric for the branch leaving from state p and ending in state v
during the ith data-symbol interval. Next, we will discuss the design of v, [i] for coherent
and non-coherent sequence detection.

A) Coherent Detection: Although our ultimate goal is the application of detection

without CSI, it is useful for later optimization of DBST-CPM and performance comparison
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to first consider the coherent detector. The maximum likelihood sequence detector (MLSD)
for coherent detection of DBST-CPM cross-correlates the filtered received samples with the
vectors p,, (d[i]) multiplied by the respective channel gains, and sums over all Ny receive

antennas and all Ny transmit antennas. The branch metric reads

Nr Ng

Gli] = Y D Re{rilli+ (1 = Nfpy (i) gnin i+ (00 = N{I} . 0<i < Ny,

e (2.35)
where d,,, [i] is the address vector corresponding to the transition from state p to v and
Re{-} denotes the real part of a complex number.

B) Non-coherent Detection: Because the DBST-CPM data symbols a,,[i] are in-
herently differentially encoded (see Eq. (2.27) and note that ¢(t) = 1/2 for ¢t > LT),
the ST-CPM signal is invariant to phase rotations and non-coherent sequence detection is
directly applicable, cf. e.g. [50, 51]. In order to avoid an increase in the number of trellis
states compared to coherent detection, we make use of ideas from per-survivor processing
(PSP) [45] and decision-feedback differential detection (DFDD) for DSTM [46]. In par-

ticular, we propose to implicitly estimate the channel using per-state reference symbols

Nunyne 8] constructed as

Ng—1
Munemali] = Y ler i = b+ (e = N3, (i = K1) (2:36)
k=1
where [d[i — Ny +1],...,d[i —1]] are the N;— 1 tentative (PSP) decisions corresponding to

the path ending in state p (cf. [45]) and I = [l 1y - - - Iy,—1] are the coefficients of a linear
minimum mean-square error (MMSE) predictor for the fading-plus-noise process, cf. e.g.
[46, 52] for linear modulation. Note that only Ny — 1 previous symbols gi[z — k] are used

to form the reference in order to limit the complexity of the receiver. The branch metric
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for non-coherent detection of DBST-CPM reads

Nr Ng

Yurli] 233 " Re {rf[i + (ne — V)N{]p,,, (dli]) 1, i)} - (2.37)

ne=1n,=1

If the statistics of the fading process g,,n,[n] are known a priori, the predictor coefficients

I, can be calculated from the Yule-Walker equation [53]
=R 'p, (2.38)

where R is a Toeplitz matrix, whose first row is given by [pg4[0] + 02, @g6l1], - - - ©ge[Na — 2]],
P = [paallgusl2)- - pulNa— )7, and 02 2 Ny/T, dyqli] 2 E{g5, . Ilgnn [ + ]} For
the three channel models introduced in Section 2.1 we have (a) QSFC: ¢4,[x] = 1, (b) QSFC
with phase noise: @gy[k] = e 7A%/2 and (c) continuous fading channel: @g4[K] = ©s[x],
as it was given in Eq. (2.7). Alternatively, I can be obtained using adaptive algorithms, cf.
e.g. [b4].

C) Reduced State Sequence Detection (RSSD): As mentioned before, the number
of phase state vectors of DBST-CPM is variable depending on the applied ST code (see
Section 2.3.4). In particular, we found that for most of the power-efficient ST codes this
number attains its maximal value of p¥7. In these cases, the DBST-CPM trellis and thus
the sequence detector, whether coherent or non-coherent, will require p™"M%E~! states
(using the modified CPM phase trellis given in [25, 26]). Hence, complexity of the receiver
increases considerably with the number of transmit antennas Ny and the application of
RSSD [26, 55| becomes desirable. In particular, we concentrate on reducing the phase
states from p, 1 < m < Ny, where the value of m depends on the ST code, to p, which is
the same as for the single-antenna case. Accordingly, at each stage of the sequence detector

only the largest out of p™ path metrics corresponding to the set of trellis states which differ
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in the phase state only is selected, and thus, the number of possible branch metrics that

need to be calculated in any given interval is reduced from p™M?* to pM*.

2.3.4 Optimization of DBST-CPM

The diagonal structure of the DBST-CPM signalling matrix given in Eq. (2.30) guarantees
full diversity. In addition, a significant coding gain can be realized if the the data mappings
of successive frames are correctly chosen. Thus, the proper design of DBST-CPM requires

an optimization of the structure of the vectors ali]. Let

C2{cl], €2, ..., e[M]} c ANT | (2.39)

be the set of M vectors c[i] £ [e1]i] ca[i] ... ey, [i]] from which the a[i] are selected through
the mapping of log,(M) data bits. We refer to C as the ST code 