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Abstract

Orthogonal frequency division multiplexing (OFDM) technique has been adopted
by many existing and future wireless communication systems for high-speed data
transmission. However, a major problem of OFDM systems is the high peak-to-
average power ratio (PAPR) of OFDM signals, which results in inefficient operations
of nonlinear devices in the system such as power amplifiers (PAs). On the other
hand, at the receiver end, frequency offset, caused by Doppler frequency shifts,
mismatched oscillators, or a fast fading channel, destroys the orthogonality among
subcarriers and results in inter-carrier interference (ICI), thus degrades the detec-
tion performance of OFDM systems. Analogous to the definition of PAPR, the
peak interference-to-carrier ratio (PICR) is defined to represent the effect of ICL. In
addition, due to the sidelobes of modulated subcarriers, OFDM systems also suffer
from high out-of-band power (OBP) radiations. High OBP results in the need for
wide guard band and thus inefficient usage of frequency band.

In order to improve the performance of OFDM systems, PAPR, PICR, and
OBP should be reduced. The PAPR and PICR reduction problems have been
studied extensively in literature. Methods of OBP reduction to make best use
of spectral resources have also been studied. However, most of previous studies
consider PAPR reduction, PICR reduction, or OBP reduction separately. Our
simulation results show that if only one of the three problems is considered, the
performance of the other two problems can be quite bad. Therefore, it is desirable
to design an OFDM system considering PAPR, PICR, and OBP problems jointly
so that the performance of the whole system is satisfactory.

In this thesis, two schemes are proposed for joint reduction of PICR and PAPR.
Simulation results are presented to demonstrate efficacy of the proposed schemes
in reducing PAPR and PICR. The low computational complexity makes them ap-
propriate for practical OFDM systems.

In addition, the joint PAPR, PICR, and OBP design problem is also considered
in this thesis. Two approaches, the phase rotation approach and the constellation
extension approach, are proposed for this joint design problem. In each approach,
this joint problem is modelled as a constrained optimization problem with contin-
uous variables. The optimization problem is then relaxed into a second order cone
programming (SOCP) problem, whose global optimal solution can be obtained ef-
ficiently. Simulation results show that the proposed schemes are effective and the
optimized OFDM system has very good performance.

X111



Chapter 1

Introduction

As an important high-speed data transmission technique in modern wireless com-
munication systems, orthogonal frequency division multiplexing (OFDM) can re-
duce or eliminate inter-symbol interference (ISI) appeared in frequency-selective
channels due to multipath propagation, and thus considerably increase data trans-
mission rate. OFDM has been adopted by many existing and future wireless sys-
tems such as IEEE WiFi systems, IEEE WiMax systems, European digital audio
broadcasting (DAB) and digital video broadcasting (DVB) systems, etc. [1]-[4].

A major problem of OFDM is the high peak-to-average power ratio (PAPR) of
OFDM signals [5]. High PAPR of OFDM signals forces nonlinear devices in the
system, such as power amplifiers (PAs), to leave a large backoff capacity to ensure
that the devices can always operate in their linear response regions and signal
distortion is avoided. However, this results in inefficiency of the devices. Therefore,
it is desirable to reduce the PAPR of OFDM signals.

On the other hand, Doppler frequency shifts, mismatched oscillators or timing
synchronization errors at receiver cause carrier frequency offset (CFO). In addi-
tion, in a fast fading channel, the channel may be time-varying even within one

OFDM symbol duration. CFO or/and fast time-varying fading channel destroy the
1



CHAPTER 1. INTRODUCTION 2

orthogonality among subcarriers and lead to inter-carrier interference (ICI), thus
impair the detection performance at the receiver. Analogous to the definition of
PAPR, the peak interference-to-carrier ratio (PICR) is defined in [14] to represent
the effect of ICI at the receiver. High PICR of received signal degrades bit-error
rate (BER) performance of OFDM systems and thus it is desirable to reduce the
PICR of the OFDM received signals.

In addition, due to the sidelobes of modulated subcarriers, OFDM systems also
suffer from high out-of-band power (OBP) radiations. Especially in an OFDM
based overlay system, which fills frequency gaps left by existing legacy systems,
a high OBP of the overlay system leads to significant interferences to the legacy
systems. Therefore, high OBP results in the need for wide guard band and thus
inefficient usage of frequency band. In order to make the best use of the spectral

resource, it is also desirable to reduce the_OBP of OFDM systems.

1.1 Previous Work

The PAPR reduction problem has been studied extensively in literature and many
schemes have been proposed [6]. For instance, the coding techniques select the
codewords that minimize or reduce the PAPR for transmission [7]-[9]. The selec-
tive mapping (SLM) techniques generate a set of candidate data blocks, all rep-
resenting the same information block, and select the data block with the lowest
PAPR for transmission [10]-[13]. The partial transmit sequences (PTS) techniques
weight the disjointedly partitioned subblocks of the input data block with appro-
priate phases so that the PAPR of the combined signal is minimized [14]-[17]. The

tone reservation (TR) technique sets aside a small subset of subcarriers unused for
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information data transmission and sets appropriate symbols on those subcarriers
for PAPR reduction [18]. In the tone insertion (TI) technique, the constellation
size is increased so that each information symbol can be mapped into one of several
equivalent constellation points. The symbol mappings are determined to reduce
PAPR [18]. The signal distortion techniques reduce high peaks by modifying the
modulation constellation [19]-[23].

In [21], the scheme is to scale the envelopes of the symbols on some subcarriers
so that the PAPR is minimized. This method is suitable for m-ary phase-shift
keying (MPSK) modulation schemes, where the envelopes of all symbols are equal
and only the phases represent information. Since the modified symbols on all
subcarriers have the same phases as the original ones even though the envelopes
may be changed, the receiver can detect the received sequence without any side
information.

In [22], the scheme is to reduce PAPR by modifying the modulation constellation
in active subcarriers and setting appropriate symbols on unused subcarriers. To
avoid from transmitting side information for recovering the original transmitted
signal, the modified constellations should be in certain feasible areas.

From the above description, it is seen that in the signal distortion technique,
some of the transmission power is consumed solely for PAPR reduction but not for
information data transmission. Thus the BER performance will degrade if the total
transmission power is kept constant.

The SLM and the PTS techniques have also been proposed to reduce PICR to
improve BER performance of the system [14]. These techniques involve with finding

the optimal phase factors by using an exhaustive search over the combinations of
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phase factors which are restricted to finite set of values. Apparently, to get better
performance, the size of the phase factor set or the number of phase combinations
needs to be increased, which leads to dramatic increase in search complexity. In
addition, these techniques require the transmission of side information.

In [20], the signal distortion technique is used for ICI reduction in an OFDM
system using quadrature amplitude modulation (QAM) schemes.

In order to make the best use of the spectral resource, reducing OBP of OFDM
systems has been discussed recently in some papers [24] [25]. One method is to
reduce the sidelobe radiation by inserting a few weighted cancellation carriers by

both sides of the OFDM signal spectrum.
1.2 Scope and Contributions of the Thesis

As discussed above, in OFDM systems, high PAPR of OFDM signal results in ineffi-
cient operations of nonlinear devices used in the system. High PICR of the received
signal degrades BER performance of the receiver. And high OBP radiations de-
crease efficiency of the frequency band usage. Therefore, it is desirable to design the
system considering PAPR, PICR and OBP problems jointly so that PAPR, PICR,
and OBP are reduced and the performance of the system is improved. However,
most of previous studies consider PAPR problem, PICR problem, or OBP problem
solely, and most schemes in literature reduce PAPR, PICR, or OBP only. As shown
later by simulation results in this thesis, when one of the problems is considered
alone, the performance of the other two problems of the same system can be quite
bad. Thus, in this thesis, the joint design problem is considered.

The joint PAPR and PICR design problem was considered in [26] and [27].
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The block coding method is used in [26] to reduce both PAPR and PICR in an
OFDM system. An exhaustive search was performed to find the best block code
which reduces both PAPR and PICR for signal transmission. But no solid selection
criterion is available in [26]. In addition, the block coding method suffers from
high computational complexity and large storage space requirements, especially for
systems with a large number of subcarriers. The joint PAPR and OBP reduction
problem considered in [25] needs to choose an appropriate trade-off weighting factor.

The rest of this thesis is organized as follows. Chapter 2 provides the funda-
mentals of OFDM systems. The properties and model of wireless channels are also
presented in this chapter. The PAPR, PICR, and OBP reduction problems are for-
mulated in Chapter 3. The existing techniques used for reducing PAPR or PICR,
such as PTS technique and SLM technique are also introduced in this chapter.

In Chapter 4, we formulate a joint constrained and a joint weighted PAPR and
PICR reduction problems, which provide solid design criteria. Algorithms are also
developed to jointly reduce both PAPR and PICR. Simulation results are presented
to demonstrate efficacy of the proposed algorithms in reducing PAPR and PICR.
With the extremely low computational complexity properties, it is possible to apply
these algorithms to practical OFDM systems.

In Chapter 5, based on the phase rotation approach and the constellation exten-
sion approach, the PAPR, PICR, and OBP joint design problem is first modelled
as a constrained optimization problem with continuous variables. The optimization

problem is then relaxed into a second order cone programming (SOCP) problem,
whose global optimal solution can be obtained efficiently. Simulation results show

that the proposed schemes are effective in reducing PAPR, PICR, and OBP, and
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the optimized system has very good performance.



Chapter 2
Fundamentals of OFDM

2.1 Wireless Multipath Channel

Assume a transmitter is transmitting a signal to the receiver through a wireless
channel. The receiver may receive multiple copies of this signal from multiple
paths with different delays due to the phenomena such as reflection, refraction, and
scattering. The channel impulse response is used to described this property. Due to
multipath propagation, inter-symbol interference (ISI) appears, which would limit
the data transmission rate considerably if no measure is adopted to overcome this
problem. Figure 2.1 shows an example which illustrates how ISI happens.

Assume a channel has an impulse response at time ¢ as shown in Figure 2.1(a).
If the transmitter sends a symbol at ¢y, then the receiver will receive the first copy
of the transmitted symbol at tg + 75. The second copy with delay 7; and the third
copy with longer delay 7 will be received consequently. The symbol and its copies
are shown in Figure 2.1(b). In fact, in a symbol duration, the received signal should
be the sum of all these copies which is shown in Figure 2.1(c).

The next symbol will be transmitted consequently from the transmitter. Assume

the duration of a symbol is 7}, and the second symbol is transmitted at ¢; = #y+ 7.



CHAPTER 2. FUNDAMENTALS OF OFDM 3

h s @) channet Impulse responss

[ »

Ty h oL

{&) Signal and its copies

First copy

e SeAcond copy

e g THIR COPY
hY

LiphtuLgtn b Tt

The second
recived
symbo!

{c} Recived
symboi

> T

(d) Inter-symbol interferencs
o

Figure 2.1: Tllustration of ISI in a wireless channel

The second received symbol is also shown in Figure 2.1(c). Therefore, ISI happens.
At the receiver end, the received symbols are corrupted by ISI, which is shown in
Figure 2.1(d).

Based on the channel impulse response delay profile, the coherence bandwidth
of a wireless channel can be defined [28]. If the wireless channel has a coherence
bandwidth which is greater than the bandwidth of the transmitted signal, which is
directly related to the transmitted symbol duration and thus the transmission data
rate, then the received signal will undergo flat fading. Therefore, the spectra char-
acteristics of the transmitted signal are preserved at the receiver, but the strength

of the received signal may change with time. If the channel coherence bandwidth is
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less than the transmitted signal bandwidth, then the received signal will undergo
frequency-selective fading. In time domain, this means when the channel delay
spread is great compared with the transmitted signal duration, ISI happens and

the received signal is distorted, as shown in Figure 2.1.

SN

-"‘7’ ™

Figure 2.2: Principle of OFDM

2.2 OFDM Techniques

As shown in Figure 2.2, as a digital multi-carrier modulation method, in OFDM
systems, a large number of closely-spaced orthogonal subcarriers are used to trans-
mit data in a frequency-division multiplexing (FDM) manner. The information
data stream is divided into several parallel data substreams, one for each subcar-
rier. Each subcarrier can be modulated using single-carrier modulation schemes in
its associated bandwidth. Since the wideband system is broken into multiple sub-
systems with channel bandwidth being much less than the coherence bandwidth of
the wireless channel, each subchannel undergoes relatively flat fading and the ISI
problem is overcome. Thus, a high-speed data transmission can be achieved.
Figure 2.3 shows the block diagram of an OFDM system. Suppose that we con-

sider an OFDM system of N subcarriers. At the transmitter, information bits are
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first modulated using MPSK or m-ary quadrature amplitude modulation (MQAM),
resulting in a complex symbol X. By passing through a series to parallel (S/P)
converter, the series symbol stream is then converted to a block of N parallel sym-
bols, which correspond to the symbols transmitted over each of the N subcarriers
and are the frequency components of OFDM signals. By an inverse discrete Fourier

transformer (IDFT), the frequency domain symbol block is transformed into the

time domain OFDM symbol sample block [zg z; -+ zy-1]7, where
p M=l
Tp=—= Y XN p=0,... N-1 2.1
n \/N ZO 1 ( )
where z,, denotes the time-domain signal at the nth sampling instant and j% = —1.

In a matrix form, equation (2.1) can be expressed as
x =FX (2.2)

where X = [Xo X1 -+ Xn_)", x=[zo &1 --- zn_1]7, and F is the IDFT matrix
with the (n,¢)th element F(n,4) = —=e™™/N for n,i=0,--- ,N - 1.

The OFDM symbol sample block is then converted to the sample stream by
a parallel to series (P/S) converter. A cyclic prefix (CP) sequence is added to
remove the remaining ISI. After passing through a digital to analogue converter
(DAC), the sample stream becomes a continuous baseband signal z(t) which is
then upconverted into the passband signal s(¢) by the carrier signal cos(2m f.¢).
Then s(¢) is transmitted through the channel.

In this thesis, a doubly frequency selective fading channel model is adopted
[28]. Thus a wide-sense stationary uncorrelated scattering (WSSUS) channel is

considered, whose impulse response is given by

M

htT)=> h(t)d(r — 1) (2.3)

d=0



CHAPTER 2. FUNDAMENTALS OF OFDM 11

‘, Ko | <1 Add
Data ' eyciic ) o
siraam = Xz _ . preﬂ;( s LY b{ﬁ)
) Modulator - T _ ] DAC e[ i
Convertai : iz and - T
. : PIs 1 |
AN .. |converter _
- T cos{rft) |
[ o e o ] Channe! = ew e o m oo e e e e
Zu
| Ramove > 20,
| cyclic
.
(1 prefix Z EET Zesl  PIS
LPF = ADC i and : ©e ‘ Converter Demodulator {~&-
‘ sS/p ' Data
cos(2nft) converter |-y N1 stream

Figure 2.3: Block diagram of an OFDM system

where 74 is the delay of the dth path with 70 < 74 < -+ < 7, and §(-) represents
an impulse function. For a multipath fading channel, h(¢;7,) is a complex random
process. The number of multipaths is g + 1. A discrete version of the WSSUS
channel in (2.3) can be expressed as a tapped delay line (TDL) filter with random
taps

h(n,l) = h(nT,;IT,) (2.4)

where A(n,!) denotes the channel coefficient for the /th tap at the nth sampling
instant and the delay between two taps is T, with 7, = T, /N being the duration of
each sample and T; being the OFDM symbol duration. For the sake of simplicity,
we assume that the length of CP is greater than or at least equal to the maximum
delay of the channel, ISI is thus not in presence in the received signal. We also
consider the uncorrelated fading, which means all taps are independent each other.

At the receiver, the received signal r(t) is first down-converted and filtered to
obtain the baseband analog received signal. An analogue to digital converter (ADC)

samples the analog received signal to obtain the sample stream. The first p samples
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in the sample stream are corrupted by ISI associated with the last 1 samples of
the transmitted signal in the previous block and are removed without any loss of
original information. Therefore, the discrete demodulated signal can be expressed

as

"
2z, = ei2mne/N an_kh(n, k)+v, n=0,---,N-1 (2.5)
k=0

where v,, is a complex additive white Gaussian noise (AWGN) process with inde-
pendent real and imaginary components, each of which has zero mean and variance

o?. € is the normalized frequency offset which is defined as
e=Af T, (2.6)

with A f’ being the frequency offset of the receiver local carrier frequency above the
correct carrier frequency [29].

As shown in Appendix B.3, the matrix form of (2.5) is written as
z=DHx+n (2.7)

T . . . .
wherez = [25 21 --- 2y-1] denotes the time-domain received signal, n = [vg v; - - vN_l]T

denotes the AWGN noise with zero mean and covariance matrix 2021, D, =

diag{1, e/?/N ..., e?™(N-1/N} and H is given by
" h(0,0) 0 0 - 0 R(0, 1) hO,u—1) -+ h(0,1)
h(1,1)  R(1,O) 0O .- 0 0 h(1,p) - h(L2)
h{p ) h(uop =1y - oo h(w,0) 0 0 e 0
0  hlp+Lp) - - Ru+1,1)  A{p+1,0) 0 0
| o 0 0 o AN—=Lg) AN—Lp=1) - o R(N—=1,0)

(2.8)

Note that when A(¢;7) in (2.3) remains constant within one OFDM symbol dura-
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tion, we have

h(0,0) = A(1,0)=---=h(N —1,0)
h(0,1) - B(11) == h(N = 1,1) 29
h‘(oa.u') = h(1:#)="'=h(N‘1:#)

and the channel is called quasi-static(QS). On the other hand, when A(¢; ) in (2.3)
changes within one OFDM symbol duration, the channel is called fast time-varying
(FTV).

The stream {z,} is converted into a block of N parallel data by a S/P and
then transformed into a block of frequency domain symbols by passing through a

discrete Fortier transformer (DFT). Then we have
Z=F =FY(D.Hx+n)=AX+N, (2.10)

where A, = FFHF, F¥ = FED, is an N x N matrix with the (n,)th element
FH(ni) = ﬁe‘jz“("‘s)im (n,i =0,---,N — 1), and Ny = F¥n. After being

converted to a serial symbol stream, the signal is ready for detection.



Chapter 3

PAPR, PICR, and OBP Problems
in OFDM Systems

3.1 PAPR Reduction

The modulated symbols, X; (n = 0,--- ,N — 1) are statistically independent. If
N is large, then the central limit theorem is applicable and the corresponding
complex-valued time-domain samples of OFDM signal ZTn (R =0,---,N —1) are
approximately complex Gaussian distributed. The magnitude of OFDM signal is
thus approximately Rayleigh distributed. This results that the PAPR of signal x,

which is defined as

I
PAPR = —— — 5= PG (3.1)

can be very high. In (3.1), E{-} denotes expectation, and {|-||, and ||-||,, denote
the Lo and L., norms of a vector, respectively. We can achieve PAPR reduction by

minimizing (3.1).

14
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3.2 PICR Reduction

It can be seen from (2.10) that the received signal on the mth subcarrier can be

expressed as

m=0,---,N—1 (3.2)

where A.(m, k) denotes the (m, k)th elements of A, and No,m denotes the mth
element of Ng.

In (3.2), the first term represents the desired signal on the mth subcarrier, the
second term, denoted as I,,, represents the ICI caused by other subcarriers, and
the last term is the noise. Note that only when € = 0 and (2.9) is satisfied, A,
is reduced to a diagonal matrix such that I,, = 0. Otherwise, A, is not diagonal
and I, # 0. In other words, ICI can be caused by fast time-varying channel or the
frequency offset at the receiver, or more likely, both. A high interference-to-carrier
ratio (ICR) of the received signal Z on any subcarrier m, which is defined as

|L,)?

= M\XmAE )P (3.3)

ICR,,

degrades the detection performance of OFDM on that subcarrier. Similar to the

definition of PAPR in (3.1), the PICR of the received signal Z is defined in [14] as
PICR = o TEX ICR,, (3.4)

which specifies the worst-case ICI effect on any subcarrier.
As shown from {14] and [30], an upper bound for the BER of binary phase shift

keying (BPSK) signal can be expressed as

BER < % [exte (A (1- VPICR) ) +erfc (A (1+ VPICR) )| (3.)
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where A = |A, (m*,m*) |/v/20 and erfc(z) =1 — % IS e~ dt, with
m* =arg max ICR,,.
0<Sm<N -1

From (3.5), it can be seen that in general, we can improve BER performance of

OFDM systems by reducing PICR or by minimizing (3.4).

3.3 OBP Reduction

From the above discussion, the transmitted signal at the transmitter end is given
by

N-1
1 j2m n
s@t) = _\/__]_\; ZX”Q t) ei2r{fe4nAf)t

n=0

N-1
1 .
= § ' Xng (t) €72t (3.6)
N n=0

where f. is the carrier frequency, f, = f. + nAf is the center frequency of the nth
subcarrier for n =0,..., N — 1, and g(¢) is the transmitted pulse.

For a rectangular pulse

b

- A, _Ts/2§t§_Ts/2
g(t) = { 0, otherwise

the frequency spectrum of g(t) is given by

T./2 . .
6= [ acrit = ST _praner). @
—Ts/2 7rfTs

By using the IDFT to transform OFDM signals from frequency domain to time
domain, a rectangular pulse shaping filter is implicitly applied. Therefore, the

spectrum of the nth subcarrier at frequency f is given by

AT, _ _
sn(f)z—\]—_Nanmc((f—fn)Ts) n=0,...,N—1 (3.8)
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Figure 3.1: The spectrum of an OFDM signal

Figure 3.1 shows the spectrum of each of the 12 subcarriers in an OFDM system.

Let A=+vN /T for simplicity and define the normalized frequency as
e=f T (3.9)

Accordingly, €, = f, - T; is defined as the normalized center frequency of the nth

subcarrier. Then (3.8) can also be expressed as
8, (€) = Xpsinc(e—e,) n=0,...,N-—-1

The spectrum of the transmitted OFDM symbol is the superposition of the spectra

of all individual subcarriers, which is expressed as

s(e) = Z— 8 (€). (3.10)



CHAPTER 3. PAPR, PICR, AND OBP PROBLEMS IN OFDM SYSTEMS 18

For zero mean independent random variable X, (n =0, ..., N—1) with variance

E (| X.[*), the power spectrum of an OFDM signal is shown to be [34]

— - I ()2
§(f)=23_5(f) =2 E(1X[") =7~ (3.11)

n=0 n=0 8

where s, (f) is the spectrum of the nth subcarrier. The power spectrum of the nth

subcarrier is given by

. _ 2 2

5.() = B K I g ey Bl pine (7 - sy
2

Sn(e) = E(Ianz)L)—%!—lsinc(e—en)]z. (3.12)

Note that at the middle point of two adjacent zero crossings of sinc(¢) , we have

2 sin(m(k+k+1)/2)

2 2

sin (/2 + k)
€

1
1262

(3.13)

sinc (€)

where k is an integer. Therefore the sidelobe power spectrum in (3.12) decays
approximate 1/€? and results in a high out-of-band radiation.

It is usually sﬁfﬁcient to represent the spectrum in (3.10) by a certain number
of sampling values which span a certain frequency range over a few sidelobes. In
order to reduce the computational complexity, only one sample in the middle of
each sidelobe is considered. In our discussion, we consider K; and K, samples on
the left and right hand side sidelobes respectively, with K; + K> = K. That is,

sk = s (wg) with

_f -(5+K,-1—-k)— fyT,/2 fork=0,--- K —1 (3.14
We = fN/2_1T5+1.5—K1+k fOI'k=K1,"',K—1. ’ )
In matrix form, equation (3.10) can be expressed as
s=GX (3.15)
where s =[sg 57 - -~ sK_l]T, G € R¥*M ig a real matrix with the (k,n)th element

G (k,n) = sinc(wg — €,,). We can suppress OBP radiations by minimizing ||s||,.



CHAPTER 3. PAPR, PICR, AND OBP PROBLEMS IN OFDM SYSTEMS 19
3.4 Techniques to Reduce PAPR and PICR
3.4.1 Partial Transmit Sequence Technique

Figure 3.2 shows the block diagram of the PTS technique at transmitter end.

X I IoeT 09 ]
Divisi bo
vision X
] IDFT_} ®
X , [
—s{ into b: +
subblocks *
(Xt
— IDFT_} |
v bart

| Optimization for b I

Figure 3.2: The PTS technique at transmitter end

In the PTS technique [15][16], the input data block X is partitioned into M dis-
joint subblocks X = [Xmy Xmus1 -+ Xmvsv-1)” (m=0, ..., M =1, UM =

N). Each subblock is zero padded to make its length as N and to form a new vector

denoted as ¢™ = [¢f' ¢ - - c}G_l]T (m=0,...,M —1) such that
M
Y m=X. (3.16)
m=1

The N L oversampled time domain signal of ™, denote by Ry = [RF* RT* -+ RTw_,] T

(m=0,...,M~-1) is obtained by taking an IDFT of length NL on ¢™, where L > 1
is the oversampling factor. Especially, when L = 1, the Nyquist-rate sampling is
obtained.

R, (m=0,1,...,M — 1) is called the partial transmit sequence. Each partial

transmit sequence is weighted by a phase factor b, = €*= (m =0,...,M — 1), »
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then the time demain signal at the kth sampling instant becomes
(=)

M-1
Ty =Rpn b= RPbn k=0,...,LN-1 (3.17)

m=0

In a matrix form, (3.17) can be expressed as

M-1
X/ =Y Bmbn=Rb (3.18)

m=0
where x/ = [z 2| -+ @)_)|T, b=[bg b - by-1)",and R =[Ro Ry --- Ryr]".
The phase factors are usually restricted to a finite set of values. For example,

am € {8l =0,...,W — 1} with W being the size of the set of phase factors and

the PAPR. reduction problem is expressed as

{b5,0%,.. ., by} = arg min (0<1§I<11av§—1 xk)
M1
= argmin (05{2%’2_1 Z R om ) : (3.19)
m=0
Fo Xo e
.
Division P X
Yoo A oo b1 E.S
subblocks '
P'ar1 X1
by

Figure 3.3: The PTS technique at the receiver end
For the simplicity of description, we ignore the noise and the effect of the chan-

nel. Therefore, as shown in Figure 3.3, at the receiver end, after passing the received
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signal through a DFT, we have P = [Fy P, --+ Pry—1]¥ where

1 LN-1 )
F, = — e I NTEn
LN Z‘;’ ¢
1 LN—-1 <M—1
= Z RL”bm) eI WEhn
LN k=0 m=0
M-1 1 N-—1
m=0 LN k=0
M-1
= Y Q@ n=0,...,LN-1 (3.20)

In a matrix form, equation (3.20) can be expressed as
P=[Q°Q' - Q" 'b (3.21)

where Q™ = [¢™ 0 --- 0]T. Therefore, in order to recover the original information
(L-1)N
symbol, we pick up the first N components in P to obtain P'. Then P’ is partitioned

into M disjoint subblocks P, = [Pry -+ Ppysv_1]’ (m=0,...,.M —1;,UM =

N).
Therefore,
Xy = b;'P,
X, = P
Xy-1 = JT/II—IPIM—I' (3.22)

From the above description, for the PTS technique, the computational complex-
ity in terms of the number of complex multiplications in exhaustive search is given

by [16]

N, = O (WY"'LN).
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Therefore the complexity will increase dramatically with the increase of W and M.

In order to get a good performance, the value of W usually needs to be set large

enough.
3.4.2 Selective Mapping Technique

The SLM technique has also been proposed for the reduction of PAPR and PICR.
In the SLM approach, each input symbol is multiplied by a phase factor b, = e’*»
(n=0, ..., N—1) and then transmitted through the OFDM system. That is, in
the SLM approach, the transmitted symbols are X,,e*» (n =0, ..., N — 1). The
phase factor vector b = [bg by - -+ by—1]7 is chosen to minimize (3.1). It can be seen
that the SLM approach can be considered as a special case of the PTS approach

by setting M = N.



Chapter 4

Joint Design of PAPR and PICR
in OFDM Systems

4.1 Joint PAPR and PICR Design

It is noted that high PAPR of OFDM signals results in inefficient operations of
nonlinear devices in the system and high PICR of received signal degrades BER
performance of OFDM systems. As discussed above, most of previous studies con-
sider either PAPR problem or PICR problem, and most schemes in literature reduce
either PAPR or PICR. However, as shown later in Section 4.2, when PAPR (or
PICR) problem is considered alone and schemes are adopted to reduce PAPR (or
PICR) solely, PICR (or PAPR) of the same system can be quite high. Therefore,
it is desirable to design the system considering both PAPR and PICR problems
so that both PAPR and PICR are reduced and the performance of the system is
improved. Thus, we define new joint design problems by taking both PAPR and

PICR of the OFDM signals into account.

23



CHAPTER 4. JOINT DESIGN OF PAPR AND PICR IN OFDM SYSTEMS 24

4.1.1 Joint Constrained PAPR-PICR Reduction Problem
Problem Formulation

It is noted that in a practical OFDM system, the PAPR of the OFDM signal needs
to be lower than a specific threshold such that nonlinear devices in the system
always operate in their linear response regions [31]. On the other hand, the value
of PICR is related to the BER performance of the system. In general, the lower
the PICR, the better the system BER performance [14](30]. Therefore, the PICR
needs to be reduced as much as it can be. Thus, based on these observations, a

joint constrained PAPR-PICR reduction problem is defined as

min PICR (4.8a)

subject to: PAPR < 7. (4.8b)

The parameter v in (4.8b) is chosen according to the specifications of the nonlinear
devices used in the system to ensure that the nonlinear devices operate in their

linear response regions.

A Joint Constrained PAPR-PICR Reduction Algorithm

As discussed in Section 4.1, the PTS approach has been proposed for the reduction
of and PICR. We will apply this approach for the joint PAPR and PICR design
problems. The phase factor vector b = [b) by --- bp]% is chosen to optimize the
design objective. Therefore, the joint constrained PAPR-PICR reduction problem

is re-formulated as

b* = arg nEn PICR(b) (4.9a)

subject to: PAPR(b) <~ (4.9b)
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where

2
IZM— ll:[()lk;él FomAc(l, k)
FICR(O) = g%, |
=0,..,N~ Z 1 b Ac( Zl)l

[ S o F (R
PAPR(b) = max

1=0,...,LN~1 ZIN 1L=Aé llzm*l ZLN 1‘mb mF (L, k)l

denote PICR and PAPR of the OFDM signal adopting the PTS approach respec-

tively with L being the over-sampling coefficient, [¢f* ¢[* - - c}(}_l]T is defined as
in Section 4.1.1, [epr " - -- E’L”N_I]T (m=1,...,M) is defined as
S [T C..MmT
=[c™ 0 Q]*,
(L-1)N

and F € CUMXEN) js the IDFT matrix with the (I,k)th element F(l,k) =
ﬁeﬂﬂk/w for [,k=0,...,LN.
The problem in (4.9) is a nonlinear optimization problem whose solution is

generally very difficult to obtain. As a suboptimal solution, N, distinct phase

factor vectors bf = [bi b} --- bi,]” are generated with b¢, = e’ and (,; being
a uniformly distributed random variable (r.v.) over [0,27) (i=1, -+, Ng; m =
1, -+, M). Therefore, the problem in (4.9) can be solved as
b* = arg . 112121\1(1 PICR(b?) (4.10a)
subject to: PAPR(b') < 7. (4.10b)
Among b* (i =1, ---, N,), those satisfying (4.10b) are identified first. Then,

from the chosen vectors, the one optimizes the objective in (4.10a) will be identified
as the solution to this problem.
It is noted that sometimes no b for i =1, ..., N, satisfies the constraint in

(4.10b) for a given v, especially when N is very large. Although increasing the value
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Table 4.1: PTS based joint constrained PAPR-PICR reduction algorithm

Step 1. Generate N, distinct phase factor vectors b? = [b% b} ---b%,]T
with &, = e/¥mi and @,,; a uniformly distributed r.v. over
0,2m) (¢ =1, --+, Ngyym=1, -, M).

Step 2. Among the N, phase factor vectors b?, identify those satisfying
(4.10b). If no vector is found, then go to step 3. Otherwise,
go to step 4.

Step 3. Among the N, phase factor vectors b?, identify the one that
minimizes the PAPR value as in (4.11) as the final solution, and
go to step 5.

Step 4. Among the vectors picked up, identify the one that optimizes
the objective in (4.10a) as the final solution, and go to step 5.

Step 5. Record the PAPR and PICR values of the OFDM signal using
the solution phase factor vector and stop.

of N, can in general decrease the possibility that this phenomenon happens, we
cannot eliminate it completely by increasing N, only. Therefore, in this situation,

we propose to identify the solution as the one that minimizes PAPR. That is,

b*=arg min PAPR(b’). (4.11)

bi,1<i<N,

In this way, PAPR is minimized while the value of PICR, may be large and the
BER performance may be degraded significantly. From the simulation results we
obtained, since the phenomenon that no b* among the N, candidate vectors sat-
isfies the constraint in (4.10b) happens quite infrequently when v and N, are set
appropriately, the performance of PICR reduction, thus the BER performance of
the system, is not affected much.

Therefore, the PTS approach based algorithm for the joint constrained PAPR-

PICR reduction problem is summarized in Table 4.1.
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4.1.2 Joint Weighted PAPR-PICR Reduction Problem

Problem Formulation

The problem in (4.9) is a standard constrained optimization problem, which can

be solved using the Lagrange method. Define the Lagrange equation as
J(b) = PICR(b) — A (v — PAPR(b)) (4.12)

with X\ being the non-negative Lagrangian multiplier. A local optimal phase factor

vector b* and Lagrangian multiplier A* should satisfy
VPICR(b*) — A*V (y — PAPR(b*)) =0 (4.13)

where

SPICR(b) SPICR(b)  APICR(b)]”
b, db,  Oby }
OPAPR(b) OPAPR(b) ~ APAPR(b)]”

VPICR(b) = [

VPAPR(b) = [
Or equivalently, b* and A\* should satisfy
VPICR(b*) + A*VPAPR(b*) = 0. (4.14)

The values of b* and A* can be found through numerical search such that (4.14)
and the constraint in (4.9b) are satisfied. However, in general, the numerical search -
is rather difficult. In addition, the solution b* is only local optimal and might not
provide a satisfactory performance.

Instead, from (4.14), we formulate an unconstrained optimization problem whose

solution satisfies an equation similar to (4.14) as

min PICR(b) + pPAPR(b) (4.15)
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where p > 0 is a factor which is determined in advance and is adjusted according

to system design requirement. Or equivalently, (4.15) can also be expressed as
min wPICR(b) + (1 — w)PAPR(b) (4.16)

with w € [0, 1] being a weighting factor.
More generally, to include other PICR and PAPR reduction approaches, the

unconstrained problem is expressed as
min wPICR + (1 — w)PAPR (4.17)

which is referred to as the joint weighted PAPR-PICR reduction problem. By
solving (4.17), we jointly reduce PAPR and PICR. Note that the PAPR and PICR
reduction problems can be considered as special cases of the joint problem in (4.17)
with w = 0 and w = 1, respectively.

From the discussions above, the proposed jéint weighted and joint constrained
PAPR-PICR reduction problems can be used jointly to facilitate OFDM system
design. Thus the system design is divided into two steps. First, according to
the detection performance requirement of the receiver, we choose an appropriate
value for w in the joint weighted PAPR-PICR reduction problem, thus choose an
appropriate trade-off between PAPR and PICR reduction. By solving the joint
weighted PAPR-PICR reduction problem, we can determine an appropriate value
for the PAPR threshold 7, and then we can choose the nonlinear devices used in
the system accordingly. This is the ‘rough’ design step. Next, based on the value
of «+ chosen, by solving the proposed joint constrained PAPR-PICR. problem, we
can obtain the system performance in terms of PAPR and PICR values. This is

the ‘fine’ design step.
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Table 4.2: The range of PICR values of GFDM signals

PICR (dB) PAPR (dB)
AWGN channel QC channel uncorrelated FTV channel
PICR; | PICRy | PICR; | PICRyg | PICR PICRy PAPR; | PAPRy
-12 -5 -10 50 22 92 4 13

In addition, it is observed that the range of PICR values of OFDM signals is
quite different from that of PAPR values. For instance, we consider an OFDM
system with 8-PSK modulation, N = 64, and ¢ = —0.1. Using 10> OFDM symbol
samples, in Table II, the ranges of PICR values of the original OFDM signals are
given under AWGN channel, quasi-static and fast time-varying frequency-selective
Rayleigh fading channels with ¢ = 10 and with normalized total power in each
path. The range of the PAPR values of the original OFDM signals, which is not
dependent on the channel, is also included in the table. In Table II, PAPRy, PAPR,
and PICR g, PICR [, denote the largest and smallest PAPR and PICR values in dB
of the tested OFDM symbols, respectively. Thus, the two optimization objectives
of PAPR and PICR reduction are significantly unequally weighted in (4.17).

Therefore, we propose to multiply PAPR by a coeflicient & before minimizing
(4.17), so that both optimization objectives of PAPR and PICR reduction are
approximately equally weighted in the joint problem for the value of w = 0.5. The

joint weighted PAPR-PICR. reduction problem is thus expressed as

min wPICR + a1 — w)PAPR (4.18)
where « is given as
PICR,

with PICRgy and PAPR; being the PICR and PAPR wvalues of the original OFDM
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signal, respectively. That is, PICR; = PICR(b = 1) and PAPRy = PAPR(b = 1).
Joint Weighted PAPR-PICR Reduction Algorithm

By applying the PTS approach, among the N, phase factor vectors b* which are
generated using the same method as described in Section 4.1.1, we choose the one
that optimizes the objective in (4.18) as the solution. Thus, the joint weighted

PAPR-PICR problem reduction in (4.18) is solved as

b*=arg min {wPICR(b') + a(1 — w)PAPR(b')} (4.20)

bi,1<i<N,
Note that we can extend the PTS approach based algorithms developed in this
section for both the joint constrained and the joint weighted PAPR-PICR reduction

problems with ease adopting the SLM approach [12].

4.2 Simulation Results

Computer simulations were conducted to evaluate efficacy of the proposed PTS ap-
proach based algorithms in joint PAPR and PICR design. We considered an OFDM
system with a fast time-varying frequency-selective fading channel, as described in
Section 4.2.

We consider an OFDM system with subcarriers N = 64. Unless otherwise
mentioned, N, = 16 and M = 8 were used in our simulations. 106 OFDM symbols
were used to obtain the results shown in this section. In order to increase the
accuracy of the calculations of PAPR, the transmitted signals were over-sampled
by a factor of 4 in our simulations. Note that simulations were carried out in other
channel conditions, including AWGN channel and quasi-static frequency-selective

Rayleigh fading channel, and similar results as shown in this section were obtained.
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108 OFDM signals are transmitted and PICR and PAPR values of which exceed
respective values, say, PIC Ry, and PAPR, are ccuntered. The probabilities that

the PICR and PAPR are greater than those respective values then are respectively

given by

the numbers countered for PICR
108

the numbers countered for PAPR
108

Pr(PICR > PICR,) =

Pr(PAPR > PAPR;) =

To ensure the precision of the experiment results, usually the number of experiments
used at least 10 times more than the target number of experiments, otherwise we
can not say that the joint design performs better than the original design does. The
target probability is chosen to be 107 in this problem.

Figures 4.1 and 4.2 show the logarithmic complimentary cumulative density
functions (CCDFs) of PICR and PAPR of OFDM signals in the joint weighted
problem as a function of w. It is shown from Figures 4.1 and 4.2 that the proposed
joint weighted PAPR-PICR reduction algorithm is efficient in reducing both PAPR
and PICR of OFDM signals. In addition, as w increases, the performance of PICR
reduction becomes better and the performance of PAPR reduction becomes worse.
When w = 1 (or w = 0), PICR (or PAPR) reduction gets the best possible result
while PAPR (or PICR) gets the worst result. It can be seen that the weighting
factor w provides a trade-off between PAPR and PICR reductions and can be
adjusted according to the performance requirements of the nonlinear devices and

the receiver in the OFDM system.

Figures 4.3 and 4.4 show the logarithmic CCDFs of PICR and PAPR of OFDM

signals in the joint constrained problem with the PAPR threshold -« set as 7, 8, and
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9 dB, respectively. The curve of PICR in Figure 4.3 with v = 8 dB is very similar
to the one shown in Figure 4.1 with w = 0.5. For instance, for the curve in Figure
4.3 with v = 8 dB, 1 out of 10* OFDM symbols has PICR above 66.3 dB, whereas
in the original OFDM signal, 1 out of 10* OFDM symbols has PICR above 75.9 dB.
This represents a 9.6 dB reduction in PICR. Whereas the curve in Figure 4.1 with
w = 0.5 represents a 10 dB reduction in PICR for 1 out of 10* OFDM symbols.
However, the curve of PAPR in Figure 4.4 shows much better performance than
the one shown in Figure 2 with w = 0.5. For instance, in Figure 4.4, 1 out of 10*
OFDM symbols has PAPR exceeding 8 dB, whereas in the original OFDM signal,
1 out of 10* OFDM symbols has PAPR exceeding 11.4 dB. This represents at least
3.4 dB reduction in PAPR, which is about 2.1 dB more than the PAPR reduction
in Figure 4.2 with w = 0.5. From the results in Figures 4.3 and 4.4, it can be
seen that the proposed joint constrained PAPR-PICR reduction algorithm is alsc
efficient in reducing both PAPR and PICR of OFDM signals.

Increasing N, and M, which will increase the search space and the size of the
set allowed phase factors respectively, thus makes the performance of the designed
system better but increases the computation complexity at the same time. The
values of N, and M depend on the performance requirement of the PICR reduction

in an OFDM system.

4.3 Conclusion

Considering both PAPR and PICR problems, new joint PAPR and PICR. design
problems, including the joint weighted and the joint constrained PAPR-PICR re-

duction problems, have been formulated, so that the performance of an OFDM
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system is improved. Algorithms based on PTS approach have been proposed to
solve the joint design problems. Simulation results have shown that the proposed
algorithms are efficient in reducing both PAPR and PICR of OFDM signals. The

proposed algorithms can also be used jointly to facilitate OFDM system design.
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Figure 4.1: CCDF of PICR for an fast time-varying frequency-selective Rayleigh
fading channel (joint weighted PAPR-PICR problem).
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Figure 4.2: CCDF of PAPR for an fast time-varying frequency-selective Rayleigh
fading channel (joint weighted PAPR-PICR problem).



CHAPTER 4. JOINT DESIGN OF PAPR AND PICR IN OFDM SYSTEMS 36

min-PICR |7
i+ Qriginal  |[]
y=7dB
v=8dB

Pr(F‘ICF{>F‘ICF{O)

PICR,(dB)

Figure 4.3: CCDF of PICR for an fast time-varying frequency-selective Rayleigh
fading channel with v =7, 8, 9 dB (joint constrained PAPR-PICR. problem).
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Figure 4.4: CCDF of PAPR for an fast time-varying frequency-selective Rayleigh
fading channel with v =7, 8, 9 dB (joint constrained PAPR-PICR problem).



Chapter 5

Joint Design of PAPR, PICR, and
OBP in OFDM Systems

5.1 System Model

We consider an OFDM system of N subcarriers, each of which is independently
modulated using MPSK or MQAM to transmit N data sub-streams in parallel
manner. On both sides of the N subcarriers, M/2 cancellation subcarriers are
inserted to suppress sidelobes, to reduce PAPR, or/and to reduce PICR. Thus the
subcarrier indices are denoted asn = 0,--- ,M/2—-1,M/2,.-- M/24+N—-1,M/2+
N,---,M + N — 1. Denoting the modulated symbol on the ith subcarrier by X;

(6= M/2,--- ,M/2+ N — 1), we assume X = [Xp2 Xagjas1 -+ Xnjzen-1] as
T
i i = v XT (o ...
the information symbol vector, and X = (0 / 0 X+ 0 / 0| as the expanded
M/2 M/2

information symbol vector with cancellation subcarriers. Denoting

T
Y =[Yo -+ Yagoor Yagpe -+ Yagoen—1 Yayzan -+ Yaren-i]

as the modification vector to suppress sidelobes, to reduce PAPR, or/and to reduce
PICR, we assume that the actual transmitted symbol vector is X + Y. For the
convenience of the following discussion, we define M/2 = Ny, M/2 + N = Ny, and
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By applying an IDFT upon X; +Y; (i =0, -, Ny — 1), we generate the time-

domain transmitted signal as

No—1
Tntn=—= > (Xi+Y)e?™ /M pn=0,... N—1 (5.1)
TR &
where ,, + y, is the time-domain signal at the nth sampling instant and j? = —1.

In a matrix form, equation (5.1) can be expressed as
x+y=F(X+Y) (5.2)
where

X+Y = [Xo+Y% X1 +Y5 - Xngor + Vo]

X+y = [o+Yo 1+ - Tap-1+ yN2—1]T
and F € CM2*M jg the IDFT matrix with the (n,1)th element

1 . ,
F(n, ’L) — e]Zrnz/Nz

VN,
forn,t=0,...,Ny — 1.
As in Chapter 2, a doubly frequency selective fading channel model is adopted
in this chapter. For this system model, the discrete demodulated signal at the
receiver becomes

M
2, = el2men/N2 Z (Tt + Unr)h (k) +v, n=0,...,Ny—1 (5.3)
k=0

where v, is AWGN process with independent real and imaginary components, each

2

of which has zero mean and variance o*. € is the normalized frequency offset which

is defined as (2.6).

As shown in Appendix B.3, the matrix form of (5.3) is represented as

z=DH(x+y)+n (5.4)
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T . . .
where n = [yg v; -+ Un,—1]  denotes the AWGN noise with zero mean and covari-
. . ; ; - T

ance matrix 2021, D, = diag{1, e2™/M2 ..., /2me(Ma-D/Na} g =[5 20 -+ Zpny_1]

denotes the time-domain received signal, and H eCM*M2 ig the channel matrix

given by
" h(0,0) 0 0 - 0 h(0, 1) hO,p—1) -+ A(0,1) T
h(1,1)  A(1,0) 0O --- 0 0 A1) -+ R(1,2)
h(ﬁ,u) h(p, p—1) h(,0) 0 0 0
0 Mp+1,m) -+ -+ h{p+1,1) h{p+1,0) 0 0
0 0 0 o B(Np-Lp) AN —Lp-1) o o h(N~1,0) |

(5.5)

After removing the CP, the received signal z is passed through a FDT. Then we
have

Z=F¥(x+y)=A.(X+Y)+ N (5.6)

where A, = FEHF, FH ¢ CV2*M is a matrix with the (n, i)th element Ff(n,i) =

\/—17—26“72”(”‘5)1'/1\’2 (n,i=0,...,N; —1) and Ny = Ffn.

5.2 PAPR, PICR, and OBP Problems for the
System Model in Section 5.1

For the system model given in Section 5.1, the PAPR definition in (3.1) becomes

max, {p.} _ x+ylZ
E{p}  E{lx+ vt /N) &)

where p, denotes the power of z, + y,. We can achieve PAPR reduction by mini-

PAPR =

mizing (5.7).

From (5.6), the received signal on the kth subcarrier can be expressed as
N;—1
Zp = (Xe+ V) Aclk k) + D (Xi+ ) Ac(k, 1) + Nog (5.8)
1=0,l#k
k=0,--+,N,—1
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where A, (k,[) denctes the (k,[)th element of A, and Ny, denotes the kth element
of No.
For the system model given in Section 5.1, the PICR defined in (3.3) and (3.4)

becomes
i |05 e (X0 + Y1) Acl, )
= max

5.
No<k<Ny—1 |A: (k, k) (Xi + Yi)| (59)

which specifies the worst-case ICI on any information subcarrier. Note that only
the symbols on information subcarriers need to be detected at receiver and thus
only the PICR on information subcarriers needs to be reduced. Therefore, in (5.9),
we consider k = Ng,..., N, — 1 only. We can reduce the effect of ICI and improve
BER performance of OFDM systems by reducing PICR.

For the system model given in Section 5.1, OBP radiation is reduced by adding
M /2 sidelobe cancellation subcarriers on both sides of the information spectrum.
Figure 5.1 shows an example of a system with N =12, M =4, and K; = K, = 7.

Thus equation (3.10) becomes
s=G(X+Y) (5.10)

where G € RE*M ig a real matrix with the (k, n)th element G (k,n) = sinc(w; — €,),
and wy is defined as (3.14) with NV being replaced by N2 = M+ N. We can suppress

OBP radiations by minimizing ||s|,.
5.3 Joint PAPR, PICR, and OBP Design

It is noted that high PAPR, of OFDM signals results in inefficient operations of
nonlinear devices in the system, high PICR of received signal degrades BER per-
formance of OFDM systems, and high OBP radiations decrease efficiency of fre-

quency band usage. As discussed above, most previous studies consider PAPR
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Figure 5.1: The PSD of an OFDM system with N =12, M =4, and K1 = Ky, =7

problem, PICR, problem, or OBP problem solely, and most schemes in literature

reduce PAPR, PICR, or OBP only. However, as shown later in Section 5.4, when

one of the three problems is considered alone and schemes are adopted to reduce

one of the three parameters solely, the performance of the other two problems of

the same system can be quite bad. Therefore, it is desirable to design the system

considering PAPR, PICR, and OBP problems jointly so that PAPR, PICR, and

OBP are reduced and the performance of the whole system is improved. Thus, we

define new joint design problems by taking PAPR, PICR, and OBP of the OFDM

signals into account.
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5.3.1 Problem Formulation

We note that in a practical OFDM system, sidelobe power needs to be suppressed
in order to reduce the OBP radiation effects. In addition, PAPR of the OFDM
signal needs to be lower than a specific threshold such that nonlinear devices used
in the system always operate in their linear response regions [31]. The value of
PICR is related to the BER performance of the system. In general, the lower the
PICR, the better the system BER performance [14][30]. Therefore, the PICR needs
to be reduced as much as it can be. On the other hand, by adopting modification
vector for sidelobe suppression and PAPR and PICR reduction, part of the total
transmission power is now not used for information data transmission. Therefore,
generally, more power will be needed if the BER performance of the system is
preserved, or in other words, the BER performance of the system will be degraded
if the total transmission power is kept constant. Therefore, the increment in the
transmission power after adding the modification vector needs to be limited. Thus,
based on these observations, a joint PAPR-PICR-OBP design problem is defined

as

min PICR | (5.11a)
subject to: PAPR < 7 (5.11b)
OBP < a-OBP, 0O<axl (5.11c)

IX+Yl; — IXI;<8IX]Il; 0<B<1 (5.11d)

where OBP, denotes the OBP of the original OFDM information symbol X, OBP
denotes the OBP of the actual transmitted OFDM signal X + Y, 7 is a constant

parameter which depends on the linear dynamic range of the nonlinear device used
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in the OFDM system, and « € (0,1) is a parameter depending on the OBP sup-
pression requirement and the number of subcarriers used for guard bands.

Two approaches are adopted in this chapter for the joint PAPR, PICR, and
OBP design problem in (5.11). One approach is based on the phase rotation and

the other one is based on the constellation extension.
5.3.2 Algorithm Based on Phase Rotation Approach

As shown in Figure 5.2, in the phase rotation approach, the actual transmitted
symbol on the kth subcarrier, which is X + Y} based on the discussion in Section
5.1, is obtained by rotating the original information symbol X; by a certain phase
angle. Letting 7 be the rotation phasor on the kth subcarrier with ||rgll, =1, we

have

Denote A2 € CN2*M2 a5 a matrix by replacing all diagonal elements of A, in (5.6)

3
Im

Yx

X

0 Re

Figure 5.2: Phase rotation approach
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by zeros. Then the kth row of A® can be expressed as
bl = [beo ** Brge—1) O Dkgery) “+* dr(va—1) -

Using the phase rotation approach, by equation (5.9), the objective function of the

joint design problem in (5.11a) can be reformulated as

min PICR = min max [% X+ W), (5.12a)
Y kelo, -1 || Ae (K, k) (Xi + Vi)l
Y
subject to: Hl + £l = 1, k= Ng,---,N1— 1. (5.12b)
Xk lls

Note that the angle of the rotation phasor 7, needs to be quantized before trans-
mitted to the receiver, and the number of quantization levels is in general quite
limited to reduce the associated overhead. In our approach, we restrict the quan-
tization levels as —@, 0, and @ and constrain the rotation angle within the range
of [—6, 0] with § € (0,7/2). Therefore, as shown in Figure 5.3, the nonconvex

constraint in (5.12b) is relaxed as the shaded convex feasible region as

cos< R(1+Ye/X) <1 (5.13a)

—0<arg(1+Y/Xs) <60  k=DNp,...,N;—1. (5.13b)

The constraint (5.13b) is equivalent to

< .
S RI4Y: /Xy < tanf

Denote the kth row of F as f,;f = [ fro fro -+ fk(Na_l)] . The PAPR constraint

in (5.11b) can be reformulated as

I X+, < VTE{lix+yl./v/Ne)

Np—-1
T 2 .
- \J_N;ZO:E{“Xi-}-Yi”Q},k—0,...,N2—1. (5.14)
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The OBP coustraint in (5.11c) can be reformulated as
IG X+, < Va|GX]l,. (5.15)

For a small 6, we have ||1 + Y;/X|l, = 1 for the variable located within the
relaxed solution region as shown in Figure 5.3. Therefore, we have the following

approximations when 6 is small

Ak, k) (Xi + Yi)ll, = [|Ac(k, k) Xill,

1 Na—-1 , 1 Na—1 2
N ; E{lX:+Yilo} ~ 7 ; E{IX|2} =€ (5.16)

where £ denotes the average power of the original information symbols.
Therefore, letting 6 be a small angle chosen from the range of (0,7/2), and

denoting X =X, + jX;, Y =Y, + 5Y;, by = bry + jbig, fx = £x + jfis, and

g = GX = g, + jg;, based on the above discussion, the joint design problem in

(5.11) is relaxed as

s+ BT
ming MaXee(ny,Ny—1] m (5.17a)

subject to: ]lik+f>{\? S VRE k=0, Ny (5.17b)
|g+(‘;Y < Valgl, 0<a<1 (5.17¢)

[X+Y2 < \/B—ﬁ”xuz 0<f<1 (517d)

DY+f > o (5.17e)

where §; = [R {bIX} S{bIX}])", % = [R {fTX} S {fFX}]", X = [xT x7]7,
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V=T v, g = [l &,

(1 ][5 8] e-[3 2]
) GN‘% —diag {_XT} Onmr —diag{f{i} ON M
AT | Owy disg {X,}  Ovm diag {X;} Oy,
- Oy, diag {-X;+tanf-X.} Oyy diag{X: +tanf X} Oy, u
_ON,% diag {X; + tand-X,.} Oyu dlag{ —X, +tand - X;} ONM
i On1
| s Il Rl 2 - cos) By
£ = diag ||X'0H§,, 2 tanf - En
diag gHXO”Z v HX'N_1H£ tand - En;

with 0;., € R”™ and E;,, € R>™™ being matrixes with all elements being zeros
and ones respectively and and R being the real space, diag{2} being a diagonal
matrix with diagonal elements Q = {wp -+ wy_1]%, X, (n =0,...,N — 1) being
the nth element of X, X, = R{X}, and X; = ${X}. The derivation of (5.17¢) is
provided in Appendix D.

By introducing an upper bound £ in the objective function (5.17a) as an addi-

tional variable, we can reformulate the problem in (5.17) as

ming d’Y (5.18a)

5. t. ”skﬂéﬁf S BY k=N N1 (5.18b)
”)‘ck-%f’f{’ S VI k=0, M -1 (5.18¢)
Hg +6Y| < valel, o<a<t (5.18d)

+1¥| < MHXHZ 0<B<1 (5.18¢)

D.Y+Ff > o (5.18f)

~ N T - ~
where ¥ = [Y7 €], BT = [BY 00, cu = Ouam [14c (6, 0) Xill,]7, d, =

[012m, 1]7, PY = [I:’f 02,1}, I = [Tavom Oony), G = [G 021\@,1} and D, =
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Figure 5.3: Relaxed solution region

[D 0uy,).
The problem in (5.18) is an explicit SOCP problem with 2N, + 1 variables,
which can be solved efficiently by the well established interior point method [33].
After we obtain the solution to the problem in (5.18), which is denoted as ¥}*
(k=0,...,N; — 1), the actual transmitted symbol on the kth subcarrier is given

by

765 = -
{ Xke k k No,...,Nl 1 (519)

Yk* k=0,...,N0—1,N1,...,N2-1.

with

0p = arg ming, c{—6,0,6)

Y*
arg (1 + X_kk) — 6k’

being the quantized rotation angle.
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It is noted that sometimes no feasible solution can be found for the optimization
problem in (5.18) for some OFDM symbols under the given values of the param-
eters including 7, «, and 3, especially when NV is large. In this situation, for the
application of overlay cognitive radio system, we propose to identify the solution
as the one that minimizes OBP with PAPR constraint and if still no solution can
be found, then identify the solution as the one that minimizes OBP without PAPR

constraints. They are formulated by {5.20) and (5.21) respectively.

min OBP = ming dTY
s.t. |g+é?”2 < aTyY
fck+f>;{3?H2 < VESETE{(IXIE for k=0, Ny -1 (5.20)
X+i§?|2 < m'|x“2,0<@<1
DTY +f >0

ming dT¥Y
s. t. g+(}'§(|2 < dTy
X+1¥)| < VIFB[X| o<g<i
DY +f > 0.
In this way, OBP is minimized while the values of PAPR and PICR may be large.

(5.21)

Thus, it may result in nonlinear operations of PAs in the system and cause detection
performance of the receiver degraded. From the simulation results that we obtained
and will be presented in Section 5.4, the performance of PAPR and PICR reductions
is not affected much since the phenomenon that no feasible solution can be found
for the problem in (5.18) happens quite infrequently when the parameter values of
the system are set appropriately.

It should be made clear that the problem in (5.21) is only one possibility to
deal with the situation when no feasible solution could be found for the problem in

(5.18) and (5.20). Depending on the specific applications, different problems may
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be formulated and solved to find a solution in this special case. For instance, we
may choose to minimize PICR with PAPR constraint but without considering OBP
in the applications where enough guard bands have been set up in the system.

As mentioned above, the rotating phases need to be transmitted to the receiver
as side information. In our proposed approach, log, 3 bits are needed to transmit
side information for one information symbol. Therefore, the information efficiency,
which is defined as the percentage of the bits used for transmitting information out

of the total bits, is given as

n = log, Q/(log, Q + log, (3)) x 100% (5.22)

with @ being the size of the modulation constellations.

Therefore, the proposed phase rotation approach based algorithm for the joint
PAPR-PICR-OBP design problem is summarized as follows.

Step 1: Solve the problem in (5.18).

If no solution is found, then go to step 2. Otherwise, go to step 4.

Step 2: Solve the problem in (5.20). If still no solution is found, then go to step
3. Otherwise, go to step 4.

Step 3: Solve the problem in (5.21), then go to step 4.

Step 4: Record the values of PAPR, PICR, and OBP of the OFDM signal under
the solution and stop.
5.3.3 Algorithimm Based on the Constellation Extension Ap-

proach

In the constellation extension approach, the information symbol on the &th sub-

carrier, which is X, is extended to a new constellation to optimize the design
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Figure 5.4: Feasible region of 8PSK for the constellation extension approach.

objectives [20] and [22]. In order to avoid from transmitting side information and
to maintain the BER performance of the original signal, each new constellation
must be located in a certain feasible region so that without any side information,
the receiver is able to recover the original information symbol and that the nearest
distance of any two new adjacent constellations is greater than or at least equal to
the nearest distance of any two original adjacent constellations. For instances, the
feasible regions of MPSK modulation and 16QAM are shown as the shaded areas
in Figures 5.4 and 5.5, respectively.

Similar to the derivation in the phase rotation approach, the joint design based
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Figure 5.5: Feasible region of 16QAM for the constellation extension approach.

on the constellation extension approach can be formulated as

min PICR

subject to: H)‘ck +PIY

|

g+GY

“X+Y

2

X+ Y

be

s+ B1],

(5.23a)

min  max
v kelNo,M-1) || A (5, k) (Xk + Ya)l,
r Na—1
2
YEE:EN&+KMLk=QHWM—1(&%m

=0

Velgl,0<a<l
wﬂ+WXMn<ﬂ<1

feasible, k= No,. .. >Nl -1

Note that the objective function (5.23a) can be converted to

min £

5. t. “sk + B{Y“Q < €A (K, k) (X + Yi)

k=N0,...,N1—‘1‘

(5.23¢)
(5.23d)

(5.23¢)

(5.24)
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By using Taylor expansion,

2 = €K+ Ya)lly = €4/ (Kom+ ¥ + (X + Yar)?

can be linearized at (£ = &, Yy = Y = Y3 + jY2) as

z mz(& YY)+ 0

(o) € = &)

3¢
0z 0 0z 0
55 leome) (¥ = Yo + g | eory) (Yo = Yad)
where
0z 0
BE (go,yko) = II(Xk+Yk)||2 (go,yko) = “Xk‘*‘yk “2
0z _ £er:+yrk —¢ X+ Y5
8Y |(0¥2) T ST YA, |(6r?) T ST 779
0z _ £Xik+yik _¢ X + Y3
Yy 1(01) 7 MIXi+ Yall, 1@70) ~ X + Y2l
So we have
&o 0\ 10 0\ 1,0
z R —e——e (X + Y)Y + (X + Y)Y
|[Xk+YkO||2 (( k k) k ( k k) k)
o (Xox +Y3) o (Xix + Y33) 0
%+ 70, Yo+ I Y0, Yoo+ | X + Y|, 6 (5.25)
Ae (N T Y ¥ Y,
troe lr &= || 420030 .. | 40ucimt] |7 R = ding (L) (%, + 72),

XF = diag {L} (X; + Y?), with
_ _ _ _ o 1T
YO =¥0+,¥0= [Yoo yN_l] ,
the ith element of which being the (i + Np)th element of Y° fori =0 ... N —1
and

|

Ac (No, Vo) Xy + 72 )| A (Ny=1,N = 1) (Xna +Y2_) HQ]T,

2 '
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then the constraint in (5.24) for £ = Ny, ..., N1 — 1 can be relaxed as

8 + B}:*ﬁ?” < LY +ds (5.26)

where

A (k, k)

Xk + Yko ((XT* + Yrcl)c) Yrcl)c + (Xik + ng) ng)

2

et = _EO'
and cZ is the kth row of the matrix
R = [Oyy & diog{XF} Ovu &-disg{XF} Oyw L ].(527)

In addition, as found in the literature, the increase of the average power in
the optimally modified signal is fairly moderate for the constellation extension
approach. So we will replace the average power in (5.23b) by &£, which represents
the average power of the original information symbols, as defined in (5.16).

Therefore, the problem in (5.23) can be relaxed as

ming d7Y (5.28a)

subject to: Hsk +BIY| <ch¥ +da k=No...,Ni—1 (5.28b)
chk +PY| < Ve k=0, M—1 (5.28¢)

g+GY = valgl, 0<a<1 (5.28d)

“X+ Iv|| < \/TIE”X1|2 0<B<1 (5.28¢)

X, + Y, be feasible k= N,,...,N;—1 (5.28f)
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A, MPSK Modulation Case

From Figure 5.4, the feasible region of MPSK modulation for the constellation

extension approach can be expressed as

{ -0 < arg (Yi/ Xk (5.29)

) <6
ROA+Y/Xe) > 1

kzNo,...,Nl—].
where 6 = /M. For example, 6 = % and 7 for 8PSK and QPSK, respectively.

From (5.29), similar to the derivation of (5.17e), we get the matrix form of the

feasible region constraint in (5.28f) as

DY >0 (5.30)
where
_ O, diag {X,} On, diag {X;} On,y On,
DE= | Oyy diag {tan6 - X, - X;} Ownn diag {tand X;+X,} Oy, Onp

Oy y disg{tan6 X, +X;} Onym diag{tand X;-X,} Oyx Oy:
Thus, for the MPSK modulation case, We convert the joint design problem into
an explicit SOCP problem with 2N, + 1 variables. Similar to (5.19), after solving
this SOCP problem and obtaining the solution Y3 (k = 0,..., N2 — 1), the actual

transmitted symbol on the kth subcarrier can be expressed as

{Xk.g_Yk k= Ng,...,N -1 (5.31)

Y k=0,...,Ng—1,Ny,...,N,—1 "~
B. 16QAM Case

As shown in Figure 5.5, the feasible region of 16QAM for the constellation extension
approach is given as: For Ny <k < Ny — 1,

(1) If | Xok| = | Xok| = 1,then yrk =Y =0

(2) If | Xi| =3 and | X,x| =1, then Yy = 0, XiYie > 0;

(3) If |X7‘k| =3 and [Xikl = 1, then Yik = O)er)/rk .>.. 0)
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(4) I | Xop| = [ Xy = 3, then X Vi 2 0, X Yo 2 0.

That is, if | Xx| = 3, then |V;«] # 0; otherwise, Yy = 0. Also, if | X;x| = 3, then
|Yie| # 0; otherwise, Y = 0. Therefore, for 16QAM, the feasible region constrains
the real and/or imaginary components of some extension subcarriers as zeros, which
means the number of variables in the problem of (5.28) can be reduced.

Denote I*°cRM+*1 and I°cRM*! a5 the index vectors containing the N, and N,
increasingly sorted indexes corresponding to non-zero real and imaginary compo-
nents of the variables Yy, (Ny < k < Ny — 1), respectively. Let

U=[0- No—1(IT N --- Ny—1]" eR™*!
with N, = N, + M,
T=[0- No—1 ()TN, - Ny—1]" eRM*
with N; = Ny + M, and J = [(I")T (I")T]" €R@W-+N0x1 Accordingly, we denote
Xe = [X2 X2y - f,N_l]T With the kth element X2, = X, for k € I%, other-
wise X% = 0 and X? = [X% X2, -+ X?y_,]" with the kth element X?, = X
for k € I’, otherwise X2, = 0.
Then for 16QAM, the feasible region constraint in (5.28f) can be formulated as
DIY? >0 (5.32)
where Y = [}A/JO e Y N 5] ' with J,, denoting the nth element of J and Yy,

denoting the J,th element of Y (n=0,...,N.+N; = 1). f)g is given by
[ Oyy diag{Xe} Oy Onw, Oy

f)g_ T T wrR (533)
Oyz Oy Owy diag{XP} Oy,

with diag{X2} and diag {X’;} being the column reduced matrixes obtained by
deleting the kth column from diag {X?} and diag {X?} if X?, = 0 and X?, =0,

respectively.
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Thus for 16QAM, the problem in (5.28) is converted to

mings (d2)” Y7

5.t |5 + BV () Vivde E=Nop Ni— 1

ﬁk+15§?g2§\/75 k=0,...,Ny—1 534
X+iq?ggs\/1'+3|'XH2 0<f<1 '

”g +G've

,Svalgl, 0<a<i
DIY?>0

where
Bi= [b{ b{ --- bl ,y_; 021]

PZ= [Po pi - P?VT+NZ~—1 02,1]

I’= [Ig LEEE I;IVT+N,-—1O2(N+M),1]
G= (23 g -~ g} n_1 Oaxi]
Rq= [I‘g r‘11 tr r(JIVr-FNi—l]

with b?, p?, 19, g?, and r? being the J,th (n = 0,..., N, + N; — 1) columns of

n? n?

matrixes Bf, PZ, I, G, and R, respectively. (cgk)T is the kth row of the matrix

Re.

After we obtain the solution to the problem in (5.34), which is denoted as
(Y9)* = [on ?-;‘Nﬂ--kN,-—l §*JT, we are able to reconstruct the solution Y (k =
0,...,Ny — 1) based on the discussion above. That is, let the I7th element of
Y: be Y} (k=0,...,N, — 1) and the other elements be zeros, and let the Ith

element of Y} be 14 (k=0,...,N; — 1) and the other elements be zeros, with

INrtk
I7 and I} denoting the kth elements of I" and I* respectively. Then we reconstruct

Y* =Y’ + 7Y} The actual transmitted symbols are then obtained according to

(5.31).
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5.4 Simulation Results

Computer simulations were conducted to evaluate the efficacy of the proposed al-
gorithms in joint PAPR, PICR, and OBP design. We considered an OFDM system
with a fast time-varying frequency-selective Rayleigh fading channel with u = 10
and normalized total power in multipaths. N =64, K; = K3 =16 and € = 0.1 are
used. In our simulations, we adopt 16QAM or 8PSK modulation schemes. Unless
otherwise mentioned, the parameter = is set as 10 dB for the 16QAM case, 8 dB
for the 8PSK modulation case in phase rotation based approach and 9 dB in con-
stellation extension based approach, and M = 4. 10* OFDM symbols were used to
obtain the results shown in this thesis.

10* OFDM signals are transmitted and PICR, PAPR, and OBP values of which
exceed respective values, say, PICRy, PAPRy, and OBF, are countered. The
probabilities that the PICR, PAPR, and OBP are greater than those respective

values then are respectively given by

the numbers countered for PICR

Pr(PICR > PICR,) =

104
A
Pr(PAPR > PAPE,) = the numbers co;(;ltered for PAPR
Pr(OBP > OBP,) = the numbers le(l)iltered for OBP

To ensure the precision of the experiment results, usually the number of experiments
used at least 10 times more than the target number of experiments, otherwise we
can not say that the joint design performs better than the original design does.

Hence, the target probability is chosen to be 1073 in this problem.
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5.4.1 Algorithm Based on Phase Rotation Approach

Using the phase rotation approach based algorithm, we show in Figure 5.6 the
CCDFs of PICR, PAPR, and OBP of OFDM symbols obtained by minimizing
PICR, PAPR, and OBP alone respectively with 8PSK, # = /8, and 8 = 1/30.
The results with quantized solutions are also included in the figure. It can be seen
that the effect of quantization on the results is quite minor. From Figure 5.6, it is
shown that when one of the three problems is considered alone, the performance of
the other two problems is quite bad.

The quantity of OBP reduction depends on how much power is consumed by the
sidelobe cancellation subcarriers and how many sidelobe cancellation subcarriers are
used. The more power is used, the greater the OBP reduction is.

For the joint design problem, we adopt a = 1/30 in the phase rotation approach
based algorithm. Figure 5.7 shows the CCDF's of PICR, PAPR, and OBP of OFDM
symbols with 16QAM as a function of § obtained by solving the joint design prob-
lem. It is shown from Figure 5.7 that the value of 6 does affect the performance
of the joint design problem. Smaller 8 causes less quantization error but makes
the constraint tighter, while larger § makes the constraint looser but causes more
quantization error. From Figure 5.7, in our simulation scenario, § = /8 provides
a good trade-off for the performance of PICR, PAPR, and OBP reductions. Thus
in the following simulations, § = 7/8 will be adopted.

Figures 5.8, 5.9, and 5.10 show the CCDF's of PICR, PAPR, and OBP of OFDM
symbols with 16QAM. Quantized optimal solutions are also included in these figures
as non-dotted curves. These figures show that there is no big difference between

the optimal solutions and the quantized ones. Figures 5.11, 5.12, and 5.13 show
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Table 5.1: The threshold values by using phase rotation based algorithm

1/1000 OFDM | Joint  Design(dB) | Original | Reduction by Qantized
Symbols Optimal | Quantized (dB) Joint Design (dB)

16- PICR 50.6 51.9 69.5 17.6
QAM PAPR 8.0 8.05 10.2 2.1
OBP —24.2 —24.4 -94 15.0

8- PICR 47.5 47.9 67.3 194
PSK PAPR 8.4 8.5 10.5 2.0
OBP —-34.4 —-34.4 —-21.0 13.3

the CCDF's of PICR, PAPR, and OBP for 8PSK modulation with 7 = 8 dB.

For the convenience of comparison, Table 5.1 lists the PICR, PAPR, and OBP
threshold values which no one out of 1000 transmitted symbols can exceed for the
jointly designed and the original transmitted symbols. The reduction achieved by
quantized jointly designed solution is also included in Table 5.1. From Table 5.1,

- for the 16QAM case, 1 out of 1000 OFDM symbols has PICR exceeding 51.9 dB
by using the proposed phase rotation approach based algorithm, whereas in the
original transmission, 1 out of 1000 OFDM symbols has PICR exceeding 69.5 dB.
This amounts to a 17.6 dB reduction in PICR by using the proposed phase rotation
approach based algorithm. Similarly, it is seen that at point 1/1000, PAPR can
be reduced at least by 2.1dB and OBP can be reduced at least by 15.0 dB for the
16QAM case. For the 8PSK modulation case, PICR can be reduced by 19.4 dB,
PAPR by 2.0 dB, and OBP by 13.3 dB.

Figure 5.14 shows the power spectrum of OFDM symbols with 8PSK modulation
scheme. The black curve is the power spectrum of the jointly designed OFDM
symbols by using the proposed phase rotation approach based algorithm and the

dotted curve is the power spectrum of original OFDM symbols. The OBP radiation
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reduction is obviously.

The transmission efficiency 7, which is defined in (5.22), is

1= 4/(4 +log, (3)) x 100% = 71.62%.

for 16QAM and
n = 3/(3+log, (3)) x 100% = 65.4%

for 8PSK modulation, respectively.
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Figure 5.6: CCDFs for individual optimal problems with 16QAM (phase rotation
approach)
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Figure 5.8: Phase rotation based PICR reduction for OFDM systems with 16QAM
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Figure 5.9: Phase rotation based PAPR reduction for OFDM systems with 16QAM
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Figure 5.10: Phase rotation based OBP reduction for OFDM systems with 16QAM
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Figure 5.11: Phase rotation based PICR reduction for OFDM systems with 8PSK
modulation
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Figure 5.12: Phase rotation based PAPR reduction for OFDM systems with 8PSK
modulation
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Figure 5.13: Phase rotation based OBP reduction for OFDM systems with 8PSK
modulation
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Figure 5.14: Power spectrum of the joint designed and the original OFDM symbols
with 8PSK modulation (phase rotation approach)
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5.4.2 Algorithm Based on Constellation Extension Approach

Using the constellation extension approach based algorithm, Figure 5.15 shows the
CCDFs of PICR, PAPR, and OBP of OFDM symbols obtained by minimizing
PICR, PAPR, and OBP alone respectively with 16QAM and 8 = 1/4. Similar to
the case of the phase rotation approach, it is shown from Figure 5.15 that when
one of the three problems is considered alone, the performance of the other two
problems is quite bad.

As we have mentioned above, the value of a depends on how much power con-
sumed by the sidelobe cancellation subcarriers and how many of the sidelobe can-
cellation subcarriers are used. When o = 1/10 nd § = 1/4, figures 5.16, 5.17, and
5.18 show the CCDFs of PICR, PAPR, and OBP of OFDM symbols with 16QAM
as a function of M. It is shown from these figures that the proposed constellation
extension based joint design algorithm is efficient in reducing PAPR, PICR, and
OBP of OFDM signals. In addition, as M increases, the performance of PICR,
PAPR, and OBP reduction becomes better. Figures 5.19, 5.20, and 5.21 show the
CCDFs of PICR, PAPR, and OBP of OFDM symbols with 8PSK modulation.

For the convenience of comparison, Table 5.2 lists the PICR, PAPR, and OBP
threshold values which only one out of 1000 transmitted symbols can exceed for the
constellation extension based jointly designed and the original transmitted symbols.
From Table 5.2, for the 16QAM case with M=4, by using the proposed constellation
extension approach based algorithm, at point 1/1000, PICR can be reduced by 9.0
dB, PAPR by 2.3 dB, and OBP by 10.7 dB. For the 8PSK modulation case with
M=4, PICR can be reduced by 12.8 dB, PAPR by 2.3 dB, and OBP by 9.7 dB.

In Figure 5.22, for 16QQAM modulation scheme, the circles show the constellation
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Table 5.2: The threshold values by using constellation extension based algorithm
with M=4

1/1000 OFDM Joing Original | Reduction
Symbols Design (dB) | (dB) (dB)
16- PICR 60.5 69.5 5.0
QAM PAPR 7.9 10.2 2.3
OBP —20.1 -94 10.7
8- PICR 84.5 67.3 12.8
PSK PAPR 8.2 10.5 2.3
OBP —30.8 —21.1 9.7

of the optimal symbols and the stars show the constellation of original transmitted

symbols.

5.5 Conclusion

Two approaches, the phase rotation approach and the constellation extension ap-
proach, are proposed for the joint design of PAPR, PICR, and OBP in OFDM
wireless communication systems. We first model this joint design problem as a con-
straint optimization problem with continuous variables. This optimization problem
is then converted into a SOCP problem, whose global optimal solution can be ob-
tained efficiently. Simulation results are also presented to show that the proposed

algorithms are effective in reducing PAPR, PICR, and OBP.
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Figure 5.15: CCDFs for individual problems with 16QAM (constellation extension
approach)
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Figure 5.16: Constellation extension based PICR reduction for OFDM systems
with 16QAM
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Figure 5.17: Constellation extension based PAPR reduction for OFDM systems
with 16QAM
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Figure 5.18: Constellation extension based OBP reduction for OFDM systems with
16QAM
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Figure 5.19: Constellation extension based PICR reduction for OFDM systems
with 8PSK modulation
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Figure 5.20: Constellation extension based PAPR reduction for OFDM systems
with 8PSK modulation
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Figure 5.21: Constellation extension based OBP reduction for OFDM systems with
8PSK modulation
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Figure 5.22: The constellations of optimal symbols



Chapter 6

Conclusions

The joint PAPR, PICR, and OBP reduction problems have been investigated for
high-speed OFDM wireless communication systems in this thesis. We have first
formulated a joint constrained and a joint weighted PAPR and PICR reduction
problems. Algorithms with low computational complexity have also been developed
to solve these joint PAPR and PICR design problems. Simulation results have
shown that the proposed algorithms are effective in reducing PAPR and PICR.

In addition, we also study the joint PAPR, PICR, and OBP design problem,
which has been defined as a constrained optimization problem with continuous
variables based on the phase rotation approach and the constellatién extension ap-
proach. The optimization problem have then been relaxed into an SOCP problem,
whose global optimal solutions can be obtained efficiently. Simulation results show
that the proposed schemes are effective in reducing PAPR, PICR, and OBP, and

the jointly designed system has very good performance.
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Chapter 7
Future Work

For joint PAPR, PICR, and OBP reduction design based on constellation exten-
sion approach, by linearizing the right side of the inequality (5.24) using Taylor
expansion, the nonlinear optimization problem (5.23) is converted to SOCP opti-
mization problem, which can be solved much efficiently than the original problem
by the existing software. The designed system performs very well. However, this
simplification has not been verified theoretically. This part is left for future research

work.
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Appendix A

Basic Concepts and Properties of
DFT and IDFT

The multicarrier modulation has been widely used since the development of simple
and cheap implementations of DFT and IDFT. In this section, we briefly review
the basic concepts and properties of DFT and IDFT which are used in the OFDM
signal model.

Let {z,, 0 <n < N — 1}, denote a discrete time sequence. The N-point DFT

of {z,} is defined as

N-1
a 1 —j2mni/N .
X2 == g 0<i<N-1 (A1)
\/N n=0
Let Wy = e772"/N_ then
;M
Xi:—\-/-—NZ:an]\‘,i 0<i<N-1 (A.2)
n=0
where
N-1 . 1-(W;’V)N . 1—(e—i27"'/N)N _ .
Z Wi = S 0 fori= " N=1 (A.3)
=0 S o Wh=N fori=0
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The sequence {z,} can be recovered from {X;} by using IDFT:

N-1
a 1 j2mni/N
Ty, = — Xl 0<n<N-1 A4
n T g} (A4)
=
or L, = —=— ZXiW‘”i 0<n<N-1 (A.5)

\/N =0

The IDFT operation on {X;} can be represented by the matrix multiplication

x =FX (A.6)
where X = [Xp X; - XN_l]T, X=[rgzy - :rN_l]T, and F is V X N matrix
which is given by

1 1 1 1]
e Wiyt Wyt o wytvy
- - —2(N-1
FzTN 1wy Wit - WY (A7)
1 W};(N—l) W;Q(N—l) WE(N_I)Q

with element F(n,i) = ﬁWﬁ”i,for 0<i,n<N-L
From (A.3), F is orthogonal matrix with FF#= I because the (n,4)th element

of FFH is given by

y = 0, n#i
N—ZWI;"JWZJ;=NZW1$—W={1’ L. 0<in<N-L
7=0 j=0 !

The DFT operation on {z,} can be represented by the matrix multiplication
X =F1x =Ffx (A.8)

The DFT and its inverse IDFT are typically performed via hardware using FFT

and IFEFT.



Appendix B
Some Derivations for OFDM

B.1 Cyclic Prefix in OFDM Signals

When an input data stream {z,, 0 <n < N — 1} is sent through a linear time-
invariant discrete-time channel {h,, 0 < n < u}, theoutput {z,, 0 <n < N -1+ u}
is the discrete-time convolution of the input stream and the channel impulse re-

sponse, which is given as
' ©
Zp = Tp * hn = an—khb (Bl)
k=0

The N-point circular convolution of {z,, 0 <n <N — 1} and {hy,, 0 < n < p}

is defined as

"
2n=Tn ® hy = Ezf_khk (B.2)
k=0
where (-)Y_, denotes n — k modulus N. In other words, z_, is a periodic version

of z,_x with period V. Since

b s
N N
ZntN = _S_ TpiN-khe = _S_ Ty phie = Tn, ® by = 2,
k=0 k=0

z, given by (B.2) is also periodic with period N.
The circular convolution in time domain leads to multiplication in frequency

domain. That is,
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where Z; is the N-point DFT of {z,, 0 <n < N — 1} and H; is the N-point DFT

of {hn, 0 <n < pu}. From (B.3), if the channel and the input are circularly con-

voluted, as long as {h,, 0 <n < u} is known at the receiver, the original data se-

quence {z,, 0 <n < N — 1} can be recovered by using IDFT on {Z;/H;, 0 <i < N —1}.
Unfortunately, the channel output is not a circular convolution but a linear

convolution. However, the linear convolution between the input sequence of the

channel and the channel impulse response can be converted into a circular convolu-

tion by adding a cyclic prefix to the input so that we get a modified input sequence

as
{Zn, —<n<N-1}=2N .. ,ZN-1,%0s+ -, TN-p—1s EN=p; - - - y TN-1

where {zo,...,ZN-y~1,ZN-p--.,Zn-1} is the input sequence of length N.
Suppose that the modified input sequence passes through a discrete time channel
with impulse response {h,, 0 < n < u}. The channel output {z,, 0 < n < N — 1}

is then given by

m
Zn = 5,,, * hn = Zin—khk (B4)
k=0

L
= Z xﬁ_khk =z, ® h,.
k=0

Note that since the discrete time channel impulse response has a length of u+1,
the first y samples of {z,, n = —u <n < N — 1+ u} in a given block are corrupted
by ISI associated with the last u samples of {Z,, —u <n < N — 1} in the previous
block. On the other hand, since a cyclic prefix of length u is appended at the front
of the input sequence, the first p samples of the channel output affected by the ISI
can be discarded without any loss of the original information. Therefore, the cyclic

prefix also serves to eliminate ISI between the data blocks.
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From the above discussions, it is seen that the benefits brought by a cyclic
prefix come at a cost. Since u symbols are added to the input sequence, this is
an overhead to the system and results in lower efficiency of data transmission and

transmission power utilization.

B.2 The Minimum Frequency Separation of Sub-
carriers in OFDM Signals

Assume that each subcarrier of the OFDM signal is modulated by QAM scheme.
Denote f, as the carrier frequency, Af as the frequency separation between adjacent
subcarriers, T, as the OFDM symbol duration, E as the energy of each symbol.

Then the N signals that differ in frequency of nAf can be represented as

2E
sa(t) =\ Frncos (2 (fo+nAf)t+6,) n=0,--- N -1

where 7, = \/A2 + A2, 6, = arctan (A,;/A,-), with A, and A,; being the am-
plitudes of the quadrature carriers of the information-bearing signal on the nth
subcarrier.

The inner product of any two signals s,,(t) and s,(t) (for m # n) over a symbol

duration Ty is given by

(sm(t), salt))

_ /Ts QE;mrn cos (2 (fo + mAf) t + 0) cos (27 (fo + nAf) t + 6,) dt
0

S

Err, T
== / [cos (dmfet + 2m(m + n)Aft + O + 6,) +
s 0

cos (2m (m — n) Aft + 0, — 6,)]dt

Ts
_ Ermrm / cos (21 (m — 1) Aft + 6, — 6,) dt
0

Er,.r

= 2T, (m—T;L)Af

sin (21 (m —n) AfTy + 0 — 6,) —sin (6, — 6,)] .
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If and only if (s,(t),s,(t)) = 0, which means 27 |m — n| Af7, = 27k for any
positive integer k, the signals s,,(¢) and s,(t) are orthogonal to each other.

Noticed that |m —n| = 1 corresponds to adjacent subcarriers. Therefore, as
k=1, Af = 1/T represents the minimum frequency separation for two subcarriers

to remain orthogonal over a symbol duration.

B.3 Matrix Representation of OFDM Received
Signal

The complex baseband OFDM signal can be represented as

N-1
1 .
z(t) = NG Y XA 0t < T, (B.5)
k=0

where X, is the information symbol on the kth subcarrier. As shown in Appendix
B.2, the frequency separation Af between any two adjacent subcarriers is equal to
1/Ts with T, being the OFDM symbol duration.

By adding the cyclic prefix sequence, the transmitted sequence is given by
{En, iy <n S N — 1} = {I:N—-;u crty IN-1, Tyttt TN—p—~1; TN—py ", xN—l}

where {z,, = z(t = n/NT,), 0 < n < N — 1} is the discrete sample sequence of z(t)
in (B.5), which is the desired received sequence of length N.

In this thesis, a doubly frequency selective fading channel model is adopted
[28]. Thus a wide-sense stationary uncorrelated scattering (WSSUS) channel is

considered, whose impulse response is give by

"

h(t;7) =Y hlt;7a)8(r — 7a)

d=0

where 74 is the delay of the dth path with 7y < 7 < --- < 7, and §(-) represents an

impulse function. A discrete version of the channel can be expressed as a tapped
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delay line (TDL) filter with random taps
h(n,1) = h(nTy;IT;) (B.6)

where h(n,!{) denotes the channel coefficient for the /th tap at the nth sampling
instant and the delay between two taps is T;, with T, = T,/N being the duration
of each sample.

At receiver end, the received signal is corrupted by noise and affected by the
channel. After being downconverted to baseband and filtered to remove high fre-
quency components, from (B.4), the received signals before employing DFT in

continuous and discrete versions are given by

2(t) = AT« h(t;T) + u(t)

I
z, = 2(t=n/NT,) = el?/N ZEn_kh(n, k)+v, 0<n<N-1B.7)
k=0

respectively, where v(t) and v, are the continuous and discrete version AWGN
noise, Af’ being the frequency offset of the local carrier frequency at the receiver
above the correct carrier frequency [29], € is the normalized frequency offset which

is defined as

e=Af T (B.8)
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Forn=0,...,N —1, we have

Zp =

zZ] =

Zutl =

ZN-1

4 “
I2me0/N Z T_1h(0,k) + vo = zoh(0,0) + Zi‘_kh(O, k) + vo
=0 k=1

m
zoh(0,0) + ZzN_kh(O, k) + o
k=1
.’th(o, 0) + .’EN_lh(O, 1) + -+ .’EN__#,;_lh(O,u — 1) -+ xN_#h(O,u) + v

I
gi2me/N Z Z1_th(1,k) + v,

- k=0
1 H
I2me/N (Z z1-xh(1, k) + Z Tn1-kh(1, k)) + vy
k=0 k=2

eJ2me/N (z1h(1,0) + zoh(1,1) + zn-1R(1,2) + - - + zN—pr1h (1, 1)) + v1

U
ei2men/N Z 55#_19]1(;17 k) + Uy
k=0

@
ei2men/N Zzﬂ_kh(u, k‘) + vy
k=0

eijep,/N(x“h(u’ 0) + zu_lh(/_],’ 1) + -4+ xoh(/.t, /.L)) + Uy

u
PN N 5 kh(p+ 1K) + Vg
k=0

m
gi2ment1/N Z Tur1-ch(p + 1, k) + vp
k=0
ej27r5u+1/N(z.u+1h(u +1,0) + zh(p+ 1, 1) + -+ z1h(p + 1, 1) + Vupa

U
ejZﬂ"E(N—l)/N ZEN'—I—kh(N - 1) k) + UN-1
k=0

m
= giZre(N-1)/N Z IN-1-kh(N — 1,k) + un—1
k=0
_ ejzws(N—l)/N(z.N_lh(N —1,0) + -+ ono1-ph(N = 1, 1)) + vn-y.
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Thus the matrix form (B.7) is expressed as
z=D.Hx+n (B.9)

. T . . . .
wherez = [z 21 -+ zy_1]  denotes the time-domain received signal, n = [vg v; - ’UN_l]T

denotes the AWGN noise with zero mean and covariance matrix 2021, D, =

diag{1, e/?™/N . ., e/?m(N-1)/N} and H is given by
" h(0,0) 0 0 . 0 h(0, 1) hO,u—1) - A(0,1) 7
h(1,1)  A(1,0) 0 - 0 0 h(lp) - h(1,2)
h(u,p) hA(pyp—1) -+ -+ h(u0) 0 0 0
0 hlp+ 1) <+ -+ h(p+1,1) h(p+1,0) 0 0
o 0 0 - A(N—=1,m) AN-Lu—1) - - hN-1,0) ]

(B.10)



Appendix C

Second Order Cone Programming

Second Order Cone Programming (SOCP) problem is a kind of nonlinear convex
problems. Linear programming (LP) problem, convex quadratic programming (QP)
problem, and quadratically constrained convex quadratic programming problems
can all be formulated as SOCP problems. Many engineering problems can be
formulated as SOCP problems [32]. The second order cone of dimension & is defined

as

¢ = {[; } :ze]R,yE]Rk_l,HyH2 Sz} (C.1)

which is also called quadratic or Lorentz cone. For k = 1, the second order cone is

reduced to
¢ ={z:2eR,z>0}

Figure C.1 shows the second order cones for k =1, 2, and 3.
The second order cone € is a convex set in R¥, because for any [z yﬂT,

[z2 yg]T in € and X € [0, 1], we have

Jalre-n[z2]-erioin

97
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&
1}

(a) k=1 {byk=2

Figure C.1: Second order cones of dimension k=1, 2, and 3

where
2y1+ (1= A) yell, < Miyally + (1= A) lyall, < Az + (1= A) 2.

A second order cone programming problem is a constrained minimization prob-

lem which can be formulated as

minimize djx ' (C.2a)

subject to : [JAx+bill, <cfx+d i=1,...,¢ (C.2b)

where x € R™"*! is the optimization vector, and A; € RMi-Dxn 1, e Rn-1)x1
c; € R™! and d; € R are the problem parameters.

The problem in (C.2) is called an SCOP problem because if we treat c7x + d;
and A;x + b; as z and y respectively, then each constraint in (C.2b) describes a

second order cone as

cl'x +d;
Ax+b;

cT

=[1{i]x—l—{gi] € €. (C3)

In other words, the set of points that satisfy the ith constraint in (C.2b) is
the inverse image of the second order cone €,, under an affine mapping. Since
the convexity of a set is preserved under an affine mapping, the feasible region
characterized by (C.2b) is convex and, therefore, the SOCP problem in (C.2) is a

convex programming (CP) problem.
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When A; =0 and b; =0 fori=1,...,q, the SOCP reduces to a LP problem.
When ¢; = 0 for i = 1,...,q, the SOCP is equivalent to a convex quadratically
constrained quadratic program.

SOCP problems can be solved with great efficiency by interior point methods.
As an example, the free software package, the SeDuMi toolbox, which is provided by
the Advanced Optimization Lab at McMaster University, can be downloaded from
the website http://sedumi.memaster.ca/ and used to solve the SOCP problems very

efficiently.


http://sedumi.mcmaster.ca/

Appendix D

Formulation of the Angle

Constraint

For the convenience of discussion, the angle constraint in the phase rotation ap-

proach (5.13) is rewritten as bellow

cos<R(1+Y,/Xi) <1

— < AT K/ TR
RS T Ve Xy

The rotation vector ry is given by

< tanf k= Ny,.

N~ L

2
Xkl
Therefore the angle constraints can be expressed as

KexYrk + XaxYix <1

cosf < 1+
| Xl

XY — Xk Yri

—tanf

<
T XekYor + XY + 11 X5

From (D.1) we have
—Xrk Yok — XiwYik

XewYrr + X Vi + H)l%gﬁ (1 —cos )

(1 +erm+Ximk) XY — XixYor

1Xkll3

< tanf.

v
o

(D.1)

(D.2)

(D.3)

(D.4)
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¥ —7m/2<8<m/2 then cosd > 0. From (D.4), we have
XreYow + Xae Vg + | Xel5 > |1 Xll2 cos 6 > 0.
Multiplying all sides of (D.2) by X1 Yo + XY + HX;CHg, we obtain

(X tan € — X)) Yor + (Xip tan 6 + Xop) Yie + HXng tand > 0 (D.5)

(X tand + Xi) Yo + (Xix tan 6 — Xox) Yix + | Xilotang > 0. (D.6)

Based on (D.3)-(D.6), for —m/2 < 6 < w/2, the matrix form of (5.13) can be

expressed as

DY+f>0
where
Y = [YIY7)" |
[ ON,No -—diag i)‘(r} GN,M —diag i)_(,} ON,N0
f) — ON,NO diag {Xr} ON,M diag {X,} ON,NO
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