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ABSTRACT

BLOCK TRANSMISSIONS ON ORTHOGONAL CARRIERS

Yazici, Ayhan
M.Sc., Department of Electrical And Electronics Engineering

Supervisor: Prof. Dr. Buyurman Baykal

August 2005, 78 pages

Orthogonal Frequency Division Multiplexing (OFDM) and Single Carrier
Block Transmissions (SCBT) are located at the two opposite edges of block
transmission concept. In this thesis a system which lies between OFDM
and SCBT is proposed. The new system, namely Block Transmissions on
Orthogonal Carriers (BTOC), can be considered as a hybrid form of OFDM
and SCBT. BTOC system is investigated under the redundant filterbank
precoders and equalizers framework. Peak to average power ratio (PAPR) of
BTOC is formulated and compared with the PAPRs of OFDM and SCBT.
Effect of frequency offset for BTOC is investigated and comparison between
OFDM, SCBT, and BTOC is presented. Simulation results of Zero Padded
OFDM (ZP-OFDM), SCBT, and BTOC are included.

Keywords: OFDM, precoding, redundant filterbank precoders, single carrier

block transmissions, carrier frequency offset, peak-to-average power ratio.
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OZ

DIKGEN TASIYICILAR UZERINDEN BLOK ILETIMI

Yazici, Ayhan
Yiiksek Lisans, Elektrik - Elektronik Miithendisligi Boliimii
Tez Yoneticisi: Prof. Dr. Buyurman Baykal

Agustos 2005, 78 sayfa

Dikgen Frekans Boligiimli Cogullama (OFDM) ve Tek Tagiyicr Blok
Tletimi (SCBT) blok iletimi kavraminin iki karsit ucunda yer almaktadir.
Bu tezde, OFDM ve SCBT arasinda yer alan bir sistem onerilmektedir. Yeni
sistem, yani Dikgen Tasiyicilar iizerinden Blok Iletimi (BTOC), OFDM ve
SCBT nin hibrit bir formu olarak diisiiniilebilir. BTOC sistemi fazlalik filtre
bankasi 6n kodlayicilar: ve esitleyiciler catisi altinda incelenmigtir. BTOC un
tepe ortalama gii¢ oran1 (PAPR) formiile edilmis ve OFDM ve SCBT'’nin
PAPR’lar ile kargilagtirilmigtir. BTOC igin frekans kaymasi etkisi incelenmig
ve OFDM, SCBT ve BTOC arasinda bir kargilagtirma sunulmugtur. Sfr
Eklemeli OFDM (ZP-OFDM), SCBT ve BTOC simiilasyon sonuglar: dahil

edilmigtir.

Anahtar sozciikler: OFDM, on kodlama, fazlalik filtre bankasi 6n kod-
layicilari, tek tasiyici blok iletimi, tasiyici frekans kaymasi, tepe ortalama

gli¢ orani.
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CHAPTER 1

INTRODUCTION

1.1 Background

Redundancy at the transmitter is an effective way to combat interblock
interference (IBI) and intersymbol interference (ISI) [1] for block transmis-
sions. This makes block transmissions a highly potential technique for high
data rate systems. In order to investigate block transmission techniques and
equalizer structures a framework which covers existing modulation schemes
is needed. In [1] derivation of such a framework, representation of existing
modulation schemes ( i.e. OFDM, DMT, TDMA, FDMA, CDMA) under
the framework, channel identifiability conditions, and design of zero-forcing
equalizer for the framework are given. In [2], blind channel estimation al-
gorithm and minimum mean square error equalizer design are given for the
framework. So, this framework becomes an important tool when designing
and analyzing a block transmissions scheme.

One of the commonly known block transmissions scheme is OFDM.
OFDM has been chosen as the modulation technique in digital audio broad-
cast (DAB) and digital video broadcast (DVB) standards of Europe [3].
OFDM has also been chosen in IEEE802.11a, and the HIPERLAN/2 stan-
dards for local area mobile wireless networks [3].

Although OFDM is a promising technique for high data rate transmissions
on fading channels, it has some serious problems. These problems have taken

attention from OFDM to single carrier transmissions. Single carrier block



transmissions can be considered as transmitting a burst of symbols and then
using guard interval on a single carrier. Use of cyclic prefix and frequency
domain equalizers in single carrier systems, made single carrier systems to be
compared with OFDM. In [4], [5], [6] frequency domain equalization of single
carrier system and its comparison with OFDM is discussed. In [8] and [9] use
of cyclic prefix as guard interval for single carrier systems is considered. In
[10] capacity comparison of OFDM and single carrier system with frequency
domain equalization is done.

A detailed comparison between OFDM and single carrier block transmis-
sions is made in [3]. Another comparison between OFDM and single carrier
block transmissions is made in [11]. In [11], why Cambridge Broadband has
chosen to use single carrier modulation instead of OFDM for the VectaS-
tar 3500 broadband fixed wireless access system is discussed. Comparison
between single carrier and OFDM in [3] and [11] is based on nearly same
subjects.

Considering OFDM and SCBT in time-frequency domain, they can be
considered as they are located at two opposite edges. One of the two edges
corresponds to OFDM and it means transmitting symbols on more than
one carrier at the same time interval and using guard interval at the end of
each symbol on each carrier. The other edge corresponds to SCBT and it
means transmitting symbols on one carrier and after transmitting a number
of symbols guard interval is used. So, there is a gap between OFDM and
SCBT. This gap can be filled with a modulation technique which transmits
symbols on more than one carrier and on each carrier it transmits a number
of symbols then it uses guard interval on each carrier. This modulation
technique is called as Block Transmissions on Orthogonal Carriers (BTOC).
Investigation of BTOC will be made under the block transmissions framework

proposed in [1] in this thesis.



1.2 Thesis Outline

In this thesis BTOC is derived and investigated as an alternative mod-
ulation technique to OFDM and single carrier block transmissions. The
three modulation techniques -OFDM, single carrier block transmissions, and
BTOC- are evaluated and compared using the common framework.

In Chapter 2 the redundant filterbank transceiver system model is re-
viewed. Block transmission concept is discussed first. After explaining the
general structure of the model mathematically, equalizer design for the model
is presented. The considered equalizer structures are zero forcing equalizer
(ZF) and minimum mean square error equalizer. Two channel estimation
algorithms are presented after the explanation of equalizer design. Blind
channel estimation algorithm derived for the redundant filterbank transceiver
model in [2] is presented first. The algorithm is described for both noiseless
case and noisy case. The other channel estimation algorithm is training
based channel estimation algorithm. In order to describe the algorithm,
first a mathematical channel model, which is called basis extension model
(BEM), is presented. The channel estimation algorithm is discussed based
on the presented channel model.

Chapter 3 reviews the basics of OFDM. After a qualitative explanation
of OFDM, mathematical description of OFDM and OFDM signal generation
is presented. Representation of ZP-OFDM under the redundant filterbank
transceiver framework is given following the general OFDM system model.
After discussing OFDM the concept of SCBT and different guard interval
types for SCBT are explained. The redundant filterbank transceiver model
of SCBT is also given.

The proposed system, block transmissions on orthogonal carriers
(BTOC), is investigated in Chapter 4. In the chapter the concept of BTOC is
given. After the derivation of redundant filterbank representation of BTOC,



peak-to-average power ratio (PAPR) of BTOC is derived and it is compared
with the PAPRs of OFDM and SCBT. Effect of frequency offset on perfor-
mance of OFDM, SCBT, and BTOC is also investigated.

In Chapter 5 simulation results of ZP-OFDM, SCBT, and BTOC for
different channels, different equalizers, different channel estimation methods,

and different parameters are given and compared.



CHAPTER 2

SYSTEM MODEL

2.1 Introduction

Block transmission schemes are used in many modern communication sys-
tems. The basic idea of block transmissions is dividing the input data stream
into equal length blocks and transmitting each block with some redundancy.
This idea is shown in Figure 2.1 schematically.

In the figure, length of the data sequence is 32 symbols. Symbols in the
data sequence are grouped into length 8 blocks and redundancy is added to
the blocks. Then the blocks are transmitted sequentially.

Some existing block transmission schemes are orthogonal frequency divi-
sion multiplexing, coded-OFDM, discrete multitone, and pseudo random or
wavelet based precoded transmissions for code division or discrete-wavelet
multiple access [1].

In [1] and [2] a multirate filterbank transceiver model is proposed. The
proposed model is a useful framework to model various block transmissions
schemes. In order to evaluate performance of BTOC and compare its per-
formance with existing modulation schemes, multirate transceiver model is
used in this thesis. Using the multirate transceiver model allows comparison
of BTOC and other modulation schemes under the same platform.

In this chapter multirate filterbank transceiver model is described. After
describing the model, zero-forcing (ZF) and minimum mean square error

(MMSE) equalizer designs for the system model will be given. Also, two
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(a) Data sequence
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| d25[d26 | d27 | d28 | d29[d30[d31[d32| | Add Redundancy Block #4

(b) Adding redundancy to the blocks

\ Block #1 \ Block #2 \ Block #3 \ Block #4 \

(c) Transmitted data
Figure 2.1: Block data generation

channel estimation algorithms for the system model, blind channel estimation
algorithm and training based channel estiamtion algorithm, will be reviewed

since these algorithms are used in the simulations.

2.2 Multirate Filterbank Transceiver Model

The multirate transceiver model derived in [1] is shown in Figure 2.2
schematically. All the representations here about the model is the same as
in [1] except some additions. At the transmitter side of the model the in-
coming data sequence is divided into M substreams. This operation can be
considered as a serial-to-parallel conversion or blocking in which each block

contains M symbols. In the model the advance elements denoted by zs and



downsamplers act as serial-to-parallel converter. Downsamplers downsam-
ples the input sequence by M. After downsamplers upsamplers are placed.
These upsamplers upsamples the downsamplers’ outputs by P. This means
that in every branch upsampler inserts P—1 zeros after the data symbol. The
input sequence, downsamplers’ outputs and upsamplers’ outputs are shown

in Figure 2.3.

v(n)

s(n) J A

z

z

- -]
z

z

Figure 2.2: Multirate filterbank transceiver model

In Figure 2.2 the input data stream is represented by s(n). The output of
mth downsampler is s,,(n) := s(nM +m). In this representation s,,(n) rep-
resents the mth symbol in the nth block. The output of the mth upsampler
is

d(n) =Y s(iM +m)s(n —iP) (2.1)

In Figure 2.2, f,,(n) represents the mth transmit filter’s impulse response.
The filters are driven by the output of the upsamplers. So, the output of mth
filter is the convolution sum of the output of the mth upsampler and the
impulse response of the mth filter. Let ¢,,(n) denote the mth filter’s output

at sample n. ¢,,(n) can be written as



[50(0) 5,(0) ... 84(0)]

@ [5,(0)] o 1050, .. 05 5(0)]
N N
\@\ [s,(1)] o 050, .05 5,(0)]
N\ N
\@\ [5.4(0)] e 1000, . Oy 5, (0)
N N

Figure 2.3: Signals at the downsamplers output and upsamplers output

o

Cn(n) = fm(n) xd(n) = > s(iM +m) fn(n — iP). (2.2)

Transmitter output is the sum of the M filters’ outputs. Using (2.2) the

transmitter output can be written as

o0

u(n) = Z_ > S(iM 4 m) fr(n — iP). (2.3)

m=0 i=—00
The transmitted signal w(n) is passed through a linear time-invariant
channel whose impulse response is h(n). Additive Gaussian noise is added
to the system at the output of the channel. So the received signal at the

receiver is



y(n) = z(n)+v(n)= Y h(lu(n—1)+v(n)

l=—0
M—

_ i

m=0 i=—o0

—_

S@M +m) -y " h(l) f(n —1—iP) +v(n) (24)

At the receiver, length P input blocks are converted to length M blocks
with advance elements, downsamplers, and upsamplers. After this conversion
the signals are fed to the P receive filters. The impulse response of the pth
receive filter is represented by g,(n). The outputs of the receive filters are
summed to produce the estimate of the transmitted symbols, §(n).

The receiver output, §(n), can be written as

P—-1 oo

5(n) =Y > y(GP+p)gp(n — jM). (2.5)

p=0 =—o0
Input/output relationship of the system will be used in vector form in
order to ease the representation. Each input block is considered as a vector

whose dimension is M x 1. Vector form of one block can be written as
s(n) := (s(nM),s(nM +1),---  s(nM + M —1))". (2.6)
Like s(n), §(n) can also be represented as a M x 1 vector. Vector form
of the estimated data block is

$(n) == (3(nM)3(nM +1),--- , 3(nM + M —1))T (2.7)

The output of the transmitter, u(n), and the input of the receiver, y(n),
and the output of the channel, z(n), can be written as P x 1 vectors. So the

vector forms of u(n), y(n), and x(n) can be written as

a(n) = (u(nP),u(nP +1),--- ,u(nP + P —1))" (2.8)



y(n) = (y(nP),y(nP +1),--- ,y(nP+ P —1))" (2.9)

x(n) = (z(nP),z(nP —1),--- ,z(nP+ P —1))T (2.10)

respectively.
The vector form representations of (2.2) and (2.5) are given in (2.11) and

(2.12) respectively [1].

u(n) = Y Fis(n —i) (2.11)
s(n)= Y Gy(n—j) (2.12)
Jj=—00
where

{Fitpm = fim(iP +p)

m=0-- M—1p=0---,P—1 (2.13)

1Gj}tmp = gm(iM +m)

m=0,---,M—-1,p=0,---,P—1 (2.14)

The input of the receiver, y(n), can be written as
y(n) =x(n)+v(n) = Z Hu(n —1) 4+ v(n) (2.15)

[=—00

where H;s are

10



h(LP) . h(IP—P+1)
H, := : : (2.16)
h(IP+P—1) ... h(LP)
Considering (2.11), (2.15), and (2.16) the receiver output (2.12) can be

rewritten as

sn)= > GHFsh—1l—i—j)+ Y Gyvn-—j). (2.17)

Jli=—o0 J=—00
where (2.17), {Fi}pm = fm(iP + p) and {G, }np = g,(JM +m).

In [1] three assumptions are made for perfect symbol recovery with FIR

filterbanks of order () — 1 in the absence of noise. These assumptions are:
al) The channel is modeled as an Lth order FIR filter with h(0), h(L) # 0.

a2) P> M and P > L

a3) All of the M transmit filters are causal so that their impulse responses
satisfy { f,n(n) = 0} for n < 0. And length of the impulse response
of each transmit filter is not longer than P which means, considering
causality, { f,,(n) = 0}2'_) for n < 0 and n > P. Also the receive filters
are causal and of length QM.

As stated in [1], the assumptions a2) and a3) allow modeling the transmit
filterbank as F; = Fyd(i).

In [2] another assumption has also been made. This assumption is:

a4) Transmit filters have L trailing zeros. So, {fn(n)=0}"_) = 0 for
M < n < P. And the precoder filters are linearly independent.
According to the assumptions a3), a4) the transmit filterbank, precoder,

can be written as

11



F! = (FTo"). (2.18)

Also linear independence stated in assumption a4) implies rank(F) = M.
As stated in [2], this means guarantee of one-to-one symbol mapping and
perfect recovery of symbols in the absence of noise.

Since the precoder inserts L zeros to the transmitted block, two consec-
utive blocks will not overlap, so interblock interference will not occur. In
(2.17), the index of Hy, I, represents interblock interference when [ # 0. As
an example H; represents interblock interference between two consecutive
blocks. According to the assumption a4), inserting L zeros at the end of
each block, there will be only Hy in the equation (2.17). So the sum over
[ vanishes in (2.17). Also since F; = F(d(i) the sum over i also vanishes in
(2.17). So, (2.17) can be rewritten as

Z G,HFys(n — j) Z G,v(n —j) (2.19)

j=—o0 j=—00

where the P x P channel matrix Hj is

h(0) 0 0 0
000 0

Ho:= | W(L) - "~ o (2.20)
0
0 - h(L)  h(0)

The channel matrix in (2.20) is a Toeplitz matrix. The first column
of the matrix is (h(0)---h(L) 0---0)7 and the first row of the matrix is
(h(0) 0---0)T.

Considering the assumptions, the output of the transmitter can be written
as [1]

12



u(n) = Fos(n). (2.21)

So the output of the channel, x(n) is

x(n) = HoFgs(n). (2.22)

The signal at the receiver input is

y(n) = HoFgs(n) + v(n). (2.23)

where v(n) is additive white Gaussian noise.

As stated above, under the assumptions made, two consecutive blocks
do not overlap. Also there is a one-to-one mapping between the transmitter
input and the transmitter output. So, the received signal, y(n) is a sufficient
statistic for s(n) [2]. Also the zero order receive filters are sufficient to decode
the received signal. With this information in mind, () = 1 holds. So each of
P receive filters are all of length M. The receive filterbank matrix becomes
G, = God(j). The equation (2.19) takes the form

As stated in [2], let

h(0) 0 0
g | " 0 (2.25)
0 h(0)
0 0 h(L)

13



be the P x M Toeplitz channel matrix formed using the first M columns of
H,. Considering (2.22) the following equation holds.

The received signal at the receiver input can be rewritten as

y(n) = HFs(n) + v(n). (2.27)

The estimated data block at the receiver output is

$(n) = GHFs(n) + Gv(n). (2.28)

2.3 Equalizer Design

The design of the receive filterbank with receive filters {g,(n)})= de-
pends on the choice equalization strategy. Various equalization methods
exist. Some of them are Viterbi’s algorithm, linear equalization, iterative
equalization, and decision-feedback equalization. Among these equalizers,
linear equalizers are easy to implement and less complex than other equal-
izer structures. In this thesis two types of linear equalizers will be used.

These equalizers are zero forcing(ZF) equalizer and minimum mean square
error(MMSE) equalizer.

2.3.1 Zero Forcing Equalizers

Since the aim of equalization is to extract the data block s(n) from the
received data vector y(n), taking inverse of GHF in (2.27) and multiplying
the inverse with the received signal is an explicit way to equalize the channel

effects on the transmitted signal and to recover the data block s(n). This
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method is called zero forcing equalization. The name comes from the fact
that in the absence of noise and with perfect channel knowledge, zero forcing
equalizer recovers the data perfectly.

The formulation of zero forcing equalizer can be written as [2]

G, =F'H = F '(H'H)'H" (2.29)

where T represents pseudo inverse.

2.3.2 Minimum Mean Square Error Equalizers

As stated in 2.3.1 in the absence of noise zero forcing equalizers performs
perfect symbol recovery. But in a noisy environment the performance of zero
forcing equalizers degrades quickly with increasing noise. This characteristic
of zero forcing equalizer makes it a good choice for high signal-to-noise ratio
(SNR) environments. For low SNR conditions an equalizer much successful
than zero forcing equalizer is needed. Minimum mean square equalizers pre-
form better than zero forcing equalizers in low SNR environments. MMSE
equalizers performs better than ZF equalizers in noisy environments.

In [2] and [12] formulation of MMSE equalizer for the system model de-
scribed in Section 2.2 is given. The aim in MMSE equalizer is to minimize
the mean square error between the input of the transmitter, s(n) and the

output of the receiver, §(n). The cost function that will be minimized is [2]

J(G) = E{tr[Gy(n) — s(n)][Gy(n) — s(n)]"}. (2.30)

Since the task of the MMSE equalizer is to minimize the mean square
error given in (2.30), the equalizer filterbank matrix G is the matrix which
makes the gradient of (2.30) with respect to G 0. The solution for G is [2],
[12]
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Gumse = Ry, F"HY(R,, + HFR, ,F'H")". (2.31)

In (2.31), R, is the correlation matrix of the input data s(n). R, is the
covariance noise v(n).

In [2] it is shown that in the absence of noise, which means SN R— o0,
the equalizer matrix which minimizes the mean square error is G = (HF)f.

So in the absence of zero forcing equalizer minimizes the mean square error
term in (2.30)

2.4 Channel Estimation

In 2.3 design of ZF equalizer and MMSE equalizer for block transmission
were discussed. From (2.29) and (2.31) it is obvious that in the design of the
equalizer channel knowledge is essential. Sometimes channel is known by the
receiver. This situation is valid generally for constant channels. Especially
for wireless channels the channel is not constant and it can not be known
by the receiver all the time. But its main statistical characteristics may be
known. So the channel has to be learned in a way to produce the equalizer
filterbank matrix.

Various algorithms are produced for channel estimation. These algo-

rithms can be classified into three main categories. These are:
1. Training based
2. Semi-blind
3. Blind

In training based channel estimation method, known symbols are trans-

mitted among data symbols by the transmitter. The receiver first processes
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the known symbols and then estimates the channel impulse response. The
recovery of the data symbols are made later.

In 3.1 and 2.2, it is shown that some amount of redundancy is added to the
transmitted block in order to combat intersymbol interference and to recover
the transmitted data symbols. The redundancy introduced at the transmitter
can be cyclic prefix or suffix, zero padding, known symbol padding. In zero
padding case and in known symbol padding case the redundant symbols are
same for all blocks. So, in terms of channel estimation, the redundancy
introduced in zero padding and known symbol padding can be considered as
fixed pilot blocks [13]. If the redundancy is in the form of known symbol
padding than this channel estimation is called semi-blind channel estimation
[13]. If the redundancy is in the form of zero padding the channel estimation
algorithm using zero blocks is called blind channel estimation [2], [12].

In this thesis, training sequence based channel estimation and blind chan-

nel estimation will be investigated for the proposed system.

2.4.1 Blind Channel Estimation

In [2] and [12] a blind channel estimation algorithm is proposed for redun-
dant filterbank precoders framework. In [14] a similar algorithm is discussed
for space-time block precoded systems. This channel estimation algorithm
will be used as the blind channel estimation algorithm in this work.

In [2] and [12], the blind channel estimation algorithm is proposed for
both noiseless case and noisy case. In the following subsection the algorithm
will be discussed for noiseless case. After discussing the noiseless case, blind

channel estimation algorithm for noise case will be presented.
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Blind Channel Estimation - Noiseless Case

In the description of the system model, it was shown that x(n) = HFs(n).

In [2] a collection of N x(n)s are shown as

Xy = (x(0)---x(N — 1)) = HFSy (2.32)

where M x N matrix Sy is

Sy = (s(n)---s(N — 1)). (2.33)

Considering (2.25) if one channel coefficient is different than zero then
rank(H) = M [2]. Considering this fact and the assumptions made,
rank(Xy) = M holds [2]. Since Xy is a P x P matrix the nullity of X X%
is P— M = L [2]. XyX¥ can be decomposed as [2]

Xy X = (UU) ( Lo Onrxe ) ( ?H ) . (2.34)

Orxv  Orpxr U

In (2.34) columns of U spans the nulls space of X. The null space of

X is orthogonal to the channel matrix H [2].

U H=0 (2.35)

(2.35), is rewritten in [2] as

WU:.=n"(U,---Uy) = 0" (2.36)

where Uj is an (L + 1) x M Hankel matrix with the form as
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aw(0)  w(l) - @(P—L—1)
Ul _ ul(l) ul(2) . .: . ul(P:— L) (237)

(L) w(L+1) - w(P—1)

The channel estimate comes from the solution of (2.36). So, from (2.36)
channel estimate is the unique null eigenvector of U. The unique null eigen-
vector of U (also channel estimate) equals the singular vector corresponding
to the minimum singular value of U [15].

With this blind channel estimation algorithm the channel can be esti-

mated up to a scalar ambiguity. This fact can be represented as

~

h=ahae®R (2.38)

Blind Channel Estimation - Noisy Case

The covariance matrix of noise, R,,, is assumed to be known in the noisy
channel estimation case. If noise is not white, first it is whitened with using
the factorization R,, = ®,P%.

Covariance matrix of the received signal, R,,, is used in noisy case instead
of Xy X% in the noiseless case. So the eigendecomposition of ®; 'R, &, is
used.

In order to obtain ®, from R,,, the Cholesky factorization can be used.

Let ﬁj be a P x L matrix whose columns are L eigenvectors of
®, 'R, @, corresponding to the smallest L eigenvalues. Considering the
noiseless case, &~ fJ;D can be used instead of U. The remaining operations

are the same in the noiseless case.
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2.4.2 Training Based Channel Estimation

In Section 2.4.1, blind channel estimation was discussed. No redundant
symbols were inserted for blind channel estimation. Another way to esti-
mate the channel impulse response is training based channel estimation. In
this method, known symbols are inserted to the data block to be transmit-
ted. Inserted known symbols are called as training symbols or pilot symbols.
Training symbols are passed through the channel whose impulse response is
h(n), and the resultant signal is received by the receiver. At the receiver the
received signal is processed in order to extract the channel impulse response
with the knowledge of the transmitted training symbols.

In [16], [17], [18], and [19] training based channel estimation methods
are investigated for block transmission systems. In [16] and [17], train-
ing based channel estimation is discussed for frequency selective channels.
However the channel estimation algorithm presented in [18] and [19] are for
doubly-selective channels. This channel estimation algorithm will be used
for training based channel estimation. Before describing this channel estima-
tion algorithm, the channel model used in [18] and [19] has to be explained.
After clarification of the channel model, the channel estimation algorithm is

described.

Channel Model: Basis Extension Model

In [19] a channel model, namely basis extension model (BEM), to model
time and frequency selective channels mathematically is proposed. This chan-
nel model is used to derive the channel estimation algorithm in [18] and [19].

The starting point of BEM channel model is the continuous time and
continuous frequency impulse response of the channel. Using this impulse
response, the discrete-time equivalent channel impulse response is formu-

lated.
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In [19], impulse response of the channel is given as

ch) Za £)ei0 t)5 — 7, (). (2.39)

In this equation v is the index of sum of signals arriving with equal
delay 7,(t). «,(t) and 6,(t) are the amplitude and phase of the sum signal,
respectively. The sum of signals arriving with equal delay 7, (t) can be written

in terms of individual signals as [19]

()l Zau () eI P (t) gi2m S (D, (2.40)

In (2.40), p is the index of signals with delay 7,(t). f..(t), ¢..(t), and
a,.(t) are frequency offset, phase, and amplitude of the uth signal, respec-
tively.

The effects of transmit and receive filters can be included into the chan-
nel impulse response. Defining 1 (¢) as the convolution of the transmit and

receive filter, the resultant channel impulse response can be written as

=D (T =1 (1) Y ap(t)el?nr im0l (2.41)

I

The frequency domain representation of (2.41) is [19]

Zw T—T, Za,“, ej‘z"“’ )sinc(f—fu,l,(n)). (2.42)

Since channel impulse response is needed for one block with N symbols,
the frequency domain representation of the channel impulse response, (2.42)
can be sampled in frequency domain with period 1/(NTj). The frequency

domain sampled form of (2.42) is
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Clapgim) = 209 = 1) 3 0y ()™ Osine( 5z~ fuu(n)

m
q € (—00,00)(2.43)
Since maximum doppler shift limits the bandwidth of C' (NLTS; 7), it can be

assumed that C(§%;7) = 0 for ¢ ¢ [-Q/2,Q/2], where Q = 2[ frna.TsN1.
fmaz represents the maximum doppler shift.
Impulse response of the channel can be written in time-domain using

(2.43) as

Q/2 g,
ltir) = 32 [ V=) 2 () simel e F ()]
=—Q/2 v p °

(2.44)
Sampling (2.44) in t and 7 gives the discrete-time channel impulse re-
sponse for frequency selective - time selective channels. So the discrete time

representation of frequency selective time selective fading channels is [19]

h(i;1) = (T 1T5)

Q/2
- Z [Z Qzb(lT‘s - Ty(n)) Z amy(n)ej(ﬁu,u(n)
qg=—Q/2 v P
sinel( = fu (W) F (2.45)

(2.45) can be written shortly as
Q2
hisl) = Y hy(n;1)er (2.46)

=—Q/2

where
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Wy = 2mq/N (2.47)

hy(n;1) =3 (T — 7(n) Y ay, (n)ed® )

m

sinc(q/(NTy) = fup(n)),n = [i/N]. (2.48)

From (2.46), in order to estimate the channel impulse response, values of
Bq(n; [) has to be determined. So, in a channel estimation problem, when
using BEM, there are (QQ+1)(L+1) unknown coefficients. In the subsequent

subsection estimation of these (Q + 1)(L + 1) parameters will be discussed.

Channel Estimation

In [18], optimal training for block transmissions was considered. The
optimality of the training is in terms of optimal placement of pilots, optimal
number of sub-blocks(will be explained later), and optimal power allocation.

Both in [19] and in [18] considered system is based on block transmissions.

In [18], the training symbols inserted block is represented as

u(k) = [s1 (k), by (k), -~ ,sp(k), bp(k)]". (2.49)

In this representation s’s represents information sub-blocks and u’s rep-
resents training sub-blocks. Let b = [bl,---  b}] and

Yy, = be + Wp. (250)

¥, in (2.50) represents received signals due to transmitted training sym-
bols. Channel estimation will be made using y, and the knowledge of the
transmitted training symbols, b.

The product Hyb in (2.50) can be written as [18], [19]
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Q
H,b =) D,Bh, = [DyB --- DBJh (2.51)

q=0

where D, = diag[1, ..., exp(jw,((Q + 1)(L+1)—1))], h, = [hy(0) - - - hy(L)],
and B = [By---Bg|. B, is expressed as

by . bpo
B, =
bp@+1y+n-1 7 by @rn(ran)-r-1
(2.50) can be expressed as [18]
¥y = Poh 4wy (2.52)
where
D{,B; --- Dy,B;
b, = : . : (2.53)
D{,Bo -+ DgBp

The channel can be estimated with the knowledge of ®;,. There are two
criterions to estimate the channel. One of these is zero-forcing and the other
IS minimum mean square error.

The zero forcing channel estimator is formulated as [19]

h=(®)"y, (2.54)

and the minimum mean square error channel estimator is formulated as [19]

1

2
04

_ 1 _
Ry + — 0/ ®) " 0yl (2.55)

w
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where o2 is the noise variance and Ry, is the channel autocorrelation matrix.

Optimal Training In the previous subsection training based channel es-
timation algorithm for block transmissions was discussed. In the algorithm,
only obtaining the channel estimate from the received symbols and knowledge
of the training symbols was considered. No consideration about the train-
ing symbols were take place. In this subsection properties of the training
symbols will discussed.

In [18], the optimality of training symbols was discussed. The optimal

design of training symbols were made in terms of

1. Optimal placement
2. Optimal number of sub-blocks

3. Optimal power allocation

Optimal Placement of Pilots The aim in the optimal placement of pilot
tones is to minimize the mean square error between the channel impulse
response and the estimated channel impulse response. The mean square

error can be written as [18]

1 1
o? = § > § j 2.56)
"R O Pl S Ry L (

Derivations of the optimal pilot placement is given in [18]. Only the
resultant placement will be mentioned here. In order to obtain minimum

MSE the structure of the transmitted block should be as follows [18]

u = [s]07b07] ---sH07 007", b = \/ P, (2.57)
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Optimal Number of Sub-blocks Number of sub-blocks to be used in the
transmitted block is a parameter to be determined. Number of sub-blocks
means how often the training sub-blocks are inserted. Using more sub-blocks
than needed causes waste of channel capacity. However, use of less sub-blocks
than needed causes more error in the channel estimation.

In [18], the optimal number of sub-blocks is found by maximizing the
lower bound on average channel capacity. The number of sub-blocks which

maximizes the lower bound on average channel capacity is found to be

Newp = Q + 1. (2.58)

Optimal Power Allocation In [18] the relation between the total power
transmitted, power transmitted for information symbols, and the power

transmitted for training symbols is given as

P=P,+ Db (2.59)

where P; is the power transmitted for information symbols and P, is the

power transmitted for training symbols. Also P; is defined as [18]

P, .= aP. (2.60)

The optimal power allocation problem is reduced to find «. In [18] it is
desired to find « such that it does not depend on channel. So, optimum «

value is evaluated for three conditions in [18]. These conditions are:

1. Low SNR;
2. High SNR;

3. Identical distributed channel taps.
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The optimal value of « for these conditions is found to be as

Casel) Low SNR:

Qlow = = (2.61)

Case2) High SNR:

L1, (L4)(@Q+1)o? L+1\ )2
(g )

Qhigh = [ it (2.62)
Ns
For SNR — oo (2.62) can be rewritten as
! (2.63)
Qhigh = = .
T VL )/
Case3) Identical Distributed Channel Coefficients:
2
- (- (- 5)0)

Qijd = [ _ Lil

N,
B = 1+ (L+1)(Q+1)a%/P. (2.64)

where N is the length of information sub-blocks.
In [18], the following table is given in order to summarize the optimal

training parameter. Optimal « is given when SN R — o0.

The general structure of transmitted block is shown in Figure 2.4.
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Table 2.1: Optimal parameters for training based channel estimation

Parameters Optimal training
Placement of information symbols | Equally long information sub-blocks (length Nj)
Placement of training symbols Equally long training sub-blocks (length Ny)
Structure of training sub-blocks b, = [OZEbOﬂT ,Vp
Number of training symbols Ny = 2L + 1 per sub-block
Number of sub-blocks @ + 1 training and @ + 1 information sub-blocks
P llocati iah = L
ower allocation Qhigh N
Information Training
Sub-Blocks Sub-Blocks

e

~— 77

Guard
Zeros

Figure 2.4: Transmitted Block
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CHAPTER 3

OFDM AnND SCBT

3.1 Introduction

Various researches are conducted for OFDM and SCBT and various forms
of these modulation techniques are developed. In this chapter the the forms

of OFDM and SCBT which are used in this thesis is described. Also the
general structure and concept behind OFDM and SCBT is given.

3.2 Orthogonal Frequency Division Multi-
plexing

Frequency selectivity of channels is an important problem for high data
rate systems. When the frequency bandwidth of the transmitted symbols ex-
ceeds the coherence bandwidth of the channel, frequency selectivity occurs.
Due to frequency selectivity different frequency components of the transmit-
ted signal experiences different gains. This fact causes heavy distortions on
the received signal by the receiver. In order to combat the effects of frequency
selectivity complex equalizer structures are needed in the receiver.

Orthogonal frequency division multiplexing (OFDM) is a very popular
modulation technique for high data rate systems. Its popularity is based on
its suitability for multipath fading channels. Negative effects of a multipath
fading channel on the transmitted signal can be repaired with simple equalizer

structures in an OFDM system.

29



History of OFDM goes back to 1960s. Since 1960s frequency division
multiplexing (FDM) systems have been employed in military applications
[20]. OFDM, which employs multiple carriers overlapping in the frequency
domain, was pioneered by R.W. Chang in 1966 [20]. Use of DFT operation
in OFDM signal generation is an important improvement for OFDM. With
this technique, implementation complexity of an OFDM system reduced sub-
stantially. For today’s high data rate digital systems OFDM becomes a mod-

ulation standard.

3.2.1 Qualitative Description of OFDM

In a single carrier system, data is transmitted using one carrier. A typical
spectrum of a single carrier system and the spectrum of a rayleigh fading
frequency selective channel are shown in Figure 3.1. In a single carrier system
as data rate increases the duration of the transmitted signal reduces, the
bandwidth of the signal increases. With increasing bandwidth, effects of
frequency selectivity on the transmitted signal increases. So single carrier
systems are more susceptible to frequency selectivity when they carry high
data rates.

The concept of frequency division multiplexing (FDM) is to transmit data
with multiple subcarriers instead of a single carrier [21]. So the total data
rate is divided among subcarriers. A subcarrier carries information with
lower rate and lower bandwidth. A typical spectrum of an FDM system and
the spectrum of a rayleigh fading frequency selective channel are shown in
Figure 3.2.

To prevent interference between two neighboring subcarriers, guard bands
are required in FDM systems. Guard bands are considered as waste of spec-
trum and reduces information rate of the system compared to a single carrier

system [21].
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Figure 3.1: Spectrum of Single Carrier System

Orthogonal frequency division multiplexing (OFDM) can be considered
as a special type of FDM with no guard bands and overlapping subchannels.
A typical spectrum of an OFDM system and the spectrum of a rayleigh
fading frequency selective channel are shown in Figure 3.3. Comparing the
spectrum of FDM shown in Figure 3.2 with the spectrum of OFDM shown
in Figure 3.3 the spectral efficiency of OFDM over FDM is obvious. The
interference between overlapping subcarriers can be avoided with choosing
the carriers to be orthogonal to each other. Correlation of two orthogonal

stochastic processes is zero, so they are uncorrelated. A matched filter in the
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Figure 3.2: Spectrum of Frequency Division Multiplexing

receiver can be considered as a correlator. Since the correlation of different
subcarriers in OFDM is zero, there will be no interference between subcarriers

at the matched filters outputs in the receiver.

3.2.2 Mathematical Description of OFDM

In previous sections it is described that OFDM is basically an FDM sys-
tem whose subcarrier frequencies are chosen such that these subcarriers are

overlapping in frequency domain. So, in order to express OFDM mathemat-
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Figure 3.3: Spectrum of An OFDM System

ically it will be useful to express one subcarrier first.
Each carrier forming OFDM signal can be described as a complex wave
[21]

Selt) = Aq(t)eletroc(®)] (3.1)

where w,, A.(t), and ¢.(t) are the frequency, amplitude, and phase of the
carrier, respectively.

OFDM signal is formed by summing N carriers. So OFDM signal can be
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written as

1«
N An(t)ej[wnt+¢n(t)] (32)

n=

—_

ss(t) =

where w,, = wy + nAw.
If the signal is considered over one symbol period amplitude and phase of
the carrier take on fixed values. So, amplitude and phase of the carrier over

one symbol period become

¢n(t) = On
A(t) = A, (3.3)

Sampling (3.2) in time domain with a sampling frequency of 1/T results
in
N-1

sa(KT) = % S A, elllennaaon] (3.4)

n=0

If wo =0in (3.4), (3.4) can be written as

N-1
1 ) )
5s(KT) = D Ayl AT, (3.5)
n=0
If the frequency separation, Aw, is chosen as

2

(3.5) can be written as
| V-1
s:(kT) = D ApedOnelraci kN, (3.7)
n=0
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The last equation, 3.7 is the inverse discrete Fourier transform (IDFT)
of A,e?®r. This fact is an important milestone for OFDM. Equation (3.7)
means that there is no need to use a bank of ossicillators in the transmitter

of OFDM; an IDFT operation is sufficient to produce orthogonal carriers.

3.2.3 OFDM System Model

In Figure 3.4 a simple system block diagram of an OFDM system is
shown. In the model transmitter is composed of two components. The
first component is IDFT block. In OFDM, data symbols determines the
frequency domain characteristics of the signal to be transmitted. The signal
transmission is made in time domain, so in order to transmit the signal it
has to be converted from frequency domain to time domain. IDFT blocks
performs the frequency domain to time domain transmission. After this

transformation, guard interval is inserted to the produced time domain signal.

Data Symbol
Symbols Add Guard Remove Guard - Estimates
—el IDFT H Interval ﬁl Channel }—el Interval H FFT H Equalizer |~%
Transmitter Receiver

Figure 3.4: Basic OFDM System Model

Due to multipath effect in fading channels, more than one replicas of
a transmitted signal arrives at the receiver at different times. This fact
can cause severe problems for communications systems. As described in the
previous section different symbols in an OFDM block will not interfere with
each other, because the carriers of different symbols are orthogonal to each
other. But different symbols with same carriers will interfere with each other.
This situation can occur in a multipath environment. This fact is shown in

Figure 3.5.
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kth block (k+1)th block

time
Figure 3.5: Multipath Effect in OFDM

In order to avoid overlapping of consecutive OFDM blocks resulting from
multipath effect, guard intervals are used. In the literature three basic guard
interval types are discussed for OFDM. These are cyclic prefix/suffix, zero
padding, and known guard interval.

In cyclic prefix/suffix type guard interval the last/first L symbols of the
OFDM block is inserted at the beginning/end of the OFDM block. Then,
the produced block is transmitted.

Zero padding means no transmissions during guard interval. No trans-
missions is made either at the beginning of a block or at the end of a block.

Another type is known symbol insertion as guard interval. For this type,
known symbol sequence is inserted at the beginning or at the end of the
OFDM block as guard interval.

In Figure 3.7, producing cyclic prefix guard interval is shown. Also in
Figure 3.8 generation of zero padding and known symbol padding type guard

interval are shown.
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Figure 3.6: Multipath Effect in OFDM with Guard Interval
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Figure 3.7: Producing Cyclic Prefix

3.2.4 Representation of OFDM With Redundant Fil-

terbank Precoders Framework

In [1], redundant filterbank precoders representations of some modulation
schemes is derived. The representation of OFDM is also presented. The

transmit filters are formulated as [1]

fm(n) = @AM 4y e j0,M —1],n € [0,P -1, P=M+L (3.8
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Figure 3.8: Producing Zero Padding/Known Symbol Insertion

where L is the maximum FIR channel order. This transmit filter representa-
tion corresponds to a cyclic suffix guard interval OFDM. For a zero padded
OFDM system, (3.8) takes the form of

fm(n) = /MM py e [0, M —1],n € [0, M — 1]
=0,P=M+1L (3.9)

Considering (2.21), the matrix notation of the zero padded OFDM can

be written as

Fo = ( Pl ) (3.10)

OL><M

where F is the M x M inverse DFT matrix and Oy, is the L x M matrix
whose elements are 0.

Through out this thesis zero padding will be used as the guard interval
for OFDM. So ZP-OFDM and OFDM will be used interchangeably.
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3.3 Single Carrier Block Transmissions

Single carrier transmission, which can be considered as a traditional trans-
mission technique has taken attention in recent years. Single carrier mod-
ulation is considered for broadband wireless communication systems as an
alternative for OFDM [10], [22].

For a conventional single carrier modulation system, equalization is a
difficult task in highly dispersive channels. Since broadband wireless com-
munication systems operate over highly dispersive channels, the equalizer
structures for single carrier systems are very complex [22]. Since complexity
causes high power consumption [22], this type of equalizers are not preferred
especially for mobile stations due limited power capacity.

Apart from conventional single carrier modulation, block transmission
(burst transmission) using single carrier is a promising modulation system
for broadband systems. Block transmission reduces the equalizer complexity
encountered in conventional single carrier systems. There are considerable
researches on single carrier block transmissions. These researches resulted in

different block structures.

3.3.1 Zero Pad Only Single Carrier Block Transmis-

sions

In the literature the most common single carrier block transmissions
schemes are cyclic prefix only (CP only) and zero pad only (ZP only). In the
CP only scheme cyclic prefix is used in the guard interval. The aim of using
cyclic prefix is to convert the convolution of the channel impulse response
with the transmitted signal from linear convolution to circular convolution.
In this way very simple frequency domain equalizer can equalize the channel
effects in the receiver. In the CP only scheme, the IDFT operation in the

transmitter of OFDM is transferred to the receiver.
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The block structure of a CP only system is shown in Figure 3.9. Also a
CP only system block diagram using a frequency domain equalizer is shown
in Figure 3.10 [4].

Copy

Information Symbols

Cyclic Last
Prefix Symbols

time
Figure 3.9: CP only block structure

In this thesis single carrier block transmissios refer to ZP only. There is
considerable interest in ZP only. In [23] it was proved that ZP only achieves
the maximum coding gain and maximum diversity order over rayleigh fad-
ing channels. In [3] OFDM and ZP only is compared in terms of peak-to-
average power ratio, diversity order and vulnerability to frequency offset. It
was also shown in [3] that ZP only can achieve the maximum diversity over
rayleigh fading channels where as OFDM has the minimum diversity order
over rayleigh fading channels. Also ZP only has low PAPR compared to
OFDM and it is more vulnerable to frequency offset compared to OFDM.
These facts make ZP only a good alternative to OFDM.

The block structure of ZP only system is shown in Figure 3.11. In this
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Transmitter

Data Modulator Cycln_c Channel
Source Extension
Frequency Remove
Demodulator IFFT Domain FFT Cyclic
Equalizer Extension
Receiver

Figure 3.10: CP only block diagram

block guard interval is used as a suffix because the guard interval is after the
block is transmitted. If the guard interval is used before transmitting the

block then the guard interval will be called as prefix guard interval.

Information Symbols 0

Guard
0's

time

Figure 3.11: ZP only block structure

3.3.2 Redundant Filterbank Representation of ZP
Only SCBT

In [3] the input-output relation of ZP only system is given as
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y(n) = Hs(n) + v(n). (3.11)

Considering the equation (2.27), the precoder matrix for ZP only single

carrier block transmissions scheme can be written as

F =Ty (3.12)

where Iy is the the M x M identity matrix.
The precoder for ZP only can be expressed according to the equation

(2.23) for a suffix guard interval as

I
Fo=| " ). (3.13)
Orxnr
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CHAPTER 4

BLOCK TRANSMISSIONS ON
ORTHOGONAL CARRIERS

4.1 Introduction

OFDM is an effective way to cope with the frequency selectivity of the
channel. Since frequency selectivity is an important problem for high speed
data transmission systems, OFDM becomes very popular. OFDM also allows
to design very simple equalizers. But besides these good properties of OFDM,
it has some problems. In [3], the three well-known problems of OFDM are

discussed. These problems are

1. The peak-to-average power ratio (PAPR) of the transmitted signal
power is large, necessitating power backoff, unless PAR-reduction tech-
niques are incorporated to control the resulting nonlinear distortion at

the power-amplification stage.

2. Since information symbols are transmitted on subcarriers, OFDM is
sensitive to transmit-receive oscillators’ mismatch and Doppler effects,

both pf which cause (sub)carrier frequency offset (CFO).

3. Uncoded OFDM does not enable the available multipath (or frequency)
diversity. In fact, only diversity order one is possible through multipath

Rayleigh fading channels.
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In Figure 4.1 and Figure 4.2 time-frequency views of OFDM and SCBT
is shown. In these figures ”G.I.” means guard interval.

As shown in Figure 4.1, OFDM symbols are transmitted on orthogonal
carriers over a long time duration. At the end of the block a guard interval
is used. In Figure 4.1 OFDM uses N orthogonal carriers. If the transmitted
signal is considered in the time domain, the first one of the three well known
problems of OFDM can be understood. If the signals corresponding to dif-
ferent carriers are in phase, they will add constructively resulting in a high
amplitude signal. So the peak power of the signal becomes very large com-
pared to its mean power. This problem is called the peak-to-average power
ratio problem.

As can be seen in Figure 4.2, a data stream is transmitted using a single
carrier in single carrier block transmissions scheme. After sending the data
stream, a guard interval is used. If the length of the guard interval is longer
than the FIR channel order, L, then the intersymbol interference occurs
among symbols only located in one block. This fact allows simple equalizer

design.

4.1.1 Precoder For BTOC

In Figure 4.3, time-frequency view of the proposed system, BTOC, is
shown. It is obvious from Figure 4.2 that BTOC corresponds to using single
carrier block transmissions on orthogonal carriers. In the system, if N equals
1 then the system becomes a single carrier block transmissions scheme. If
K equals 1 then the system becomes OFDM. So, BTOC is a parametric
representation which allows representing both OFDM and single carrier block
transmissions.

The system model proposed in [1] will be used in this thesis to analyze

BTOC. In order to use the multirate system model, first transmit filters for
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4 frequency
N-1

G.l.

G.l.

G.l.

G.l.

G.l.

Figure 4.1: Time-frequency representation of OFDM

BTOC have to derived.

Through out this thesis zero padding is used as the guard interval for
BTOC. All the derivations for BTOC will be derived for zero padding guard
interval.

From 4.3 it is obvious that in BTOC, N-point IDFT of N-symbols is taken
and then transmitted. This IDFT operation is repeated for K times, then a

guard interval is used. So the transmit filter can be represented as

fn(n) = /GO 0NID [ — |0 /N | N) = p(n — [n/N] N = N)]
(4.1)
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G.l.

Figure 4.2: Time-frequency representation of SCBT

where p(n) represents the unit step function.

time

So using (2.13) and (4.1) the precoder for BTOC can be formulated as

Fiprro) Onxw
Onxv  Frprra)
Fo,=
0N><N 0N><N
Onxn Onxn

0N><N

Onxn

0N><N
Onxn

Orxm

0N><N

Onxn

0N><N

Fiprrx-1)

PxM

(4.2)

where Frpprx) represents kth NV x N IDFT matrix and 0,,x, represents
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m X n zero matrix. Also

holds.

N-1

4.1.2 Equalizer Design For BTOC

M=NxK
P=M+1L

) frequency

G.l.

G.l.

G.l.

G.l.

G.l.

Figure 4.3: Time-frequency representation of BTOC

K-1

time

In 2.3.1 and 2.3.2 ZF and MMSE equalizers proposed in [1] and [2] are

reviewed. In the design of equalizers the first three assumptions of the four
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assumptions made in 2.2 are important. In order to use the derived ZF and
MMSE equalizers in a BTOC system, the system has to be checked whether
it satisfies the assumption or not. Below three assumptions are checked for
BTOC system:

1. This assumption does not depend on the modulation scheme. So, this

assumption will hold for all modulation schemes.

2. In block transmissions on orthogonal carriers P = N x K+ L and M =
N x K. So, the second assumption is satisfied for block transmissions

on orthogonal carriers.

3. The assumption on transmit filter is satisfied as can seen from (4.1).
In (4.2), it is shown that the precoder matrix of block transmissions on
orthogonal carriers is a block diagonal matrix with its diagonal entries
of M x M DFT matrices. Since DF'T matrices are full rank and the
rank of a block diagonal matrix is the sum of the ranks of its diagonal
entry matrices. The rank of the precoder matrix of block transmissions
on orthogonal carriers is K x M, so it is full column rank. As a result

the third assumption is also satisfied.

Since all the assumptions made in [1] holds for BTOC, the zf equalizer
proposed in [1] and the MMSE equalizer proposed in [2] can be used for
BTOC.

4.2 PAPR

A serious problem of OFDM systems is the peak-to-average power ratio
problem. After transforming the frequency-domain signal to time-domain
signal with IDFT at the OFDM transmitter, signals with high peak-to-

average power ratio may be generated. The components used in an OFDM
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system may be driven into the nonlinear operating region by this high peak
power signal. So, the components in the OFDM system such as amplifier,
processor, digital-to-analog converters, and analog-to-digital converters has
to work in their linear operating region in a large dynamic range [7], [8].
When the transmitter is considered as a mobile station, high PAPR means
short battery life. Because of these disadvantages, PAPR is an important
issue in OFDM transmission.

PAPR is an important comparison factor between SCBT and OFDM. An
important advantage of SCBT over OFDM is its low PAPR. So in this thesis
a review of PAPR of cyclic-prefixed OFDM and SCBT will be given. Then
PAPR of zero-padded OFDM and BTOC will be derived.

In [3], two PAPR definitions are given. These PAPR definitions are in-
stantaneous PAPR and overall PAPR. The commonly used term PAPR cor-
responds to the overall PAPR.

The instantaneous PAPR is defined as [3]

N R ON =
PAPR, := o 7P (4.4)

The overall PAPR is defined as [3]

maz; || (i) |5
E [ u() [ /P
According to (4.5), overall PAPR of cyclic-prefixed OFDM and SCBT

are given in [3] as

PAPR := (4.5)

NA?
PAPR®—oldm — ——_maz (4.6)
Uu
PA?
PAPR* = —™mat 47
Vo2 (4.7)
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respectively. A,,.. is the amplitude of the symbol with maximum amplitude.
o2 is the average energy per symbol.

Considering (4.5) and the derivation of (4.6) given in [3], the numerator
of (4.5) is same for cyclic-prefixed OFDM and zero-padded OFDM. Since
P — M symbols of zero-padded OFDM are zero, average power of zero-padded
OFDM is less than cyclic-prefixed OFDM (CP-OFDM). For zero-padded
OFDM E || u(i) ||*>= Mo2. So PAPR of zero-padded OFDM is

N A2 PN A?
PAPR#»ofdm — Maé"/“]g = Mg’gax. (4.8)

Since for OFDM M = N, (4.8) becomes

NA? PA?
zp—ofdm __ maxr __ max
PAPRY™OI" = Srois = —oa™ (4.9)

To begin computing PAPR of BTOC, first the numerator of (4.5) will
be considered for BTOC. BTOC transmits symbols using N carriers. After
transmission of N symbols another N symbols are transmitted with using no

guard interval. So the peak power at the output of the BTOC transmitter

2
mazx

equals the peak power of OFDM. So, the numerator of (4.5) equals N A
for BTOC. The denominator of (4.5), mean power of a transmitted symbol
is NKo?/P. So, PAPR of BTOC is

NAYwe _ PAY

PAPRM* = NKo2 /P~ Kot (4.10)

Zero padded OFDM can modeled using the BTOC model with K = 1. So

PAPR formulation of BTOC has to be equal to that of zero padded OFDM

for K = 1. (4.10) for K = 1 equals (4.9). Zero padded SCBT is a special

form of BTOC with N = 1. So for N = 1, PAPR of zero padded SCBT and
PAPR of BTOC has to be equal. For N = 1, (4.10) is equal to (4.7).
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In Figure 4.4, PAPRs of ZP-OFDM, CP-OFDM and SCBT are shown
as a function of number of symbols transmitted block in a block. PAPR of
BTOC as a function of number of carriers and number of serially transmitted

symbols is shown in Figure 4.5.

30

—+— ZP-OFDM

2 .
S —>— CP-OFDM
—o— SCBT

20 .
)
i)
I 15 |
<C
o

107

10 20 30 40 50 60 70 80 90 100
Number of Symbols in a Block

Figure 4.4: PAPR vs. number of transmitted symbols in a block for ZP-
OFDM, CP-OFDM and SCBT
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Figure 4.5: PAPR vs. number of sysmbols and number of serially transmitted

symbols for BTOC

4.3 Sensitivity Of BTOC To Carrier Fre-
quency Offset

The orthogonality of the carriers in an OFDM system allows using spec-
trally overlapped waveforms, thus spectrum economy is accomplished. Car-
rier frequency offset(CFO) between the transmitter and the receiver causes
loss of orthogonality of the carriers. The loss of orthogonality can be consid-

ered as degradation of SNR of the system. In [24] the degradation in SNR
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caused by CFO of an OFDM system is investigated for AWGN channel. In
3] sensitivity to CFO of OFDM and SCBT are compared.

As stated above, in [24] the channel is assumed to be AWGN. So there is
no interblock interference in the considered system. Detection in the receiver

is made with FFT. Also no guard interval is considered.
The degradation in SNR due to CFO is formulated in [24] as

Es
D = —1010gE§+1010g(1+V0F). (4.11)
0

In (4.11), Ey is the useful symbol component, so E3 is the power of the
useful symbol component. Ny/FE; is SNR. Noise is the thermal noise. Vj is
the variance of noise components other than the thermal noise. The other
noise components include intercarrier interference.

The equation (4.11), derived for the degradation in SNR due to CFO can
be written approximately as

D~ %((1 —E5) + Vo%) (4.12)

when the carrier phase impairments are small [24].

Using (4.12), approximate formulas for OFDM and single carrier systems
are derived.

For OFDM, the first term in (4.12) is neglected. Because the second term
in the equation is the dominant term.

For single carrier communications the second term in (4.12) is zero. Be-
cause there is no intercarrier interference.

So, SNR degradation due to CFO for OFDM and single carrier systems
are given in equations (4.13) and (4.14), respectively.

10 1 AF,E,

L (pNEL 2 41
i3\ R)NO (4.13)

Dorpm =
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10 1, AF

%g(w R )2 (4.14)

Dscpr =

where AF is the frequency offset between the transmitter and the receiver,
R is the symbol rate. For OFDM, R = N/T and for single carrier systems,
R=1/T.

In [3], the formula derived for single carrier systems, (4.14), is also used
for SCBT.

BTOC is a parametric transmission scheme such that it can become
OFDM with suitable parameters or it can also become SCBT with other
suitable parameters. So the assumptions made in order to obtain the equa-
tions (4.13) and (4.14) are not valid for BTOC. For the calculations of BTOC,
equation (4.12) can be used.

In [24] V} is given as

N-1
Vo=E[ &+ >, Ellwl|’ (4.15)
m=0,m+#k
where ¢ is the noise term when frequency offset is random and I;_,, is the
intercarrier interference coefficients when one block of IFFT output is con-
sidered.

In [25], ICT coefficients are given as

sin(m(l + AF — k))
Ik—m =

" Nsin(%(+ AF — k))el’p(jﬂ(l - i)(l +AF—k).  (4.16)

N

Since frequency offset is not random, the second term in (4.15) can be

written as
N-1 N-1
S Bl Lew = Y 1wl (4.17)
m=0,m#k m=0,m#k
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Figure 4.6: Degradation in SNR for various number of carriers.
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CHAPTER 5

SIMULATION RESULTS

In Chapter 4, PAPR and frequency offset sensitivity of BTOC were de-
rived. These parameters are compared with those of ZP-OFDM and SCBT
also in Chapter 4. Although PAPR and sensitivity to frequency offset are
important parameters to evaluate a block transmission system, bit error rate
(BER) vs. SNR performance of communication systems is the final and
maybe the most commonly used comparison criterion. In this chapter, BER
vs. SNR comparison of ZP-OFDM, SCBT, and BTOC is made according to
the simulation results.

The simulations presented in this chapter are implemented in MATLAB.
Different channel models are used in the simulations. In some simulations the
channel is perfectly known by the receiver. In some simulations the channel
estimation algorithms presented in Chapter 2 are used.

Both coded and uncoded performances of ZP-OFDM, SCBT, and BTOC
are investigated according the to simulation results. Convolutional code and
RS code are used for the systems.

One of the channel models used in [1] is an FIR channel whose order is
L = 4 and whose zeros are located at 1, 0.9exp(j97/20), 1.1exp(—597/20),

and —0.8. The channel whose impulse response is
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h0) = 1

h(1) = —0.5129 + j0.1975

h(2) = 0.2526 — j0.0395

h(3) = 0.0523 — j0.1580

h(4) = —0.7920 (5.1)

satisfies the described channel model.

The simulation results shown in Figure 5.1 - Figure 5.10 are obtained
with the channel model described above.

In the simulation results shown in Figure 5.1 and Figure 5.2 the channel
is assumed to be perfectly known at the receiver. The result shown in Figure
5.1 is obtained with ZF equalizer which is formulated in (2.29). In Figure 5.2
MMSE equalizer is used instead of ZF equalizer. In both simulations each
block contains 32 data symbols and 4 zeros at the end of each block as guard
interval. The results are obtained for BTOC when N = 8 and K = 4.

From these results it is seen that the diversity order of SCTB is higher
than both ZP-OFDM and BTOC. Because as FE}, /N increases BER decreases
rapidly for SCBT. At low SNR, performance of three of the modulation
schemes are comparable. At high SNR, effect of high diversity order of SCBT
is seen. ZP-OFDM has the worst performance in these simulations. BER
performance of BTOC lies between ZP-OFDM and SCBT.

In Figure 5.3 and Figure 5.4 performance of ZP-OFDM, SCBT, and
BTOC with the blind channel estimation algorithm described in Chapter
2 is shown. For the result shown in Figure 5.3 ZF equalizer is used at the
receiver. For the simulation whose result is shown in Figure 5.4 MMSE equal-

izer is used at the receiver. Compared to the previous case, the performance
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* ZP-OFDM|
+ SCBT |
................................................ o BTOC

BER

Figure 5.1: BER performance of ZP-OFDM, SCBT, and BTOC for zero-

forcing equalizer(perfect channel knowledge at the receiver).

of all systems degraded slightly. But the general characteristics of the mod-
ulation schemes do not change. SCBT performs better than ZP-OFDM and
BTOC, ZP-OFDM has the worst performance and the performance of BTOC
lies between ZP-OFDM and SCBT as in the previous case. The parameters
used for the previous case are used for these simulations.

In Figure 5.5 training based channel estimation algorithm is used instead
of blind channel estimation algorithm for the system simulated in Figure 5.3
and Figure 5.4. ZP-OFDM and BTOC have very poor performance with this
channel estimation algorithm. BTOC has a slightly better performance than
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ZP-OFDM|
SCBT |-

BER

Figure 5.2: BER performance of ZP-OFDM, SCBT, and BTOC for MMSE

equalizer(perfect channel knowledge at the receiver).

ZP-OFDM. The diversity order advantage of SCBT becomes obvious with
increasing SNR.

For the results shown in Figure 5.1 - Figure 5.5 coding is not used at
the transmitter. For the simulations whose results are shown in Figure 5.6
- Figure 5.15 different types of coding are used for different channel models
and different system parameters.

In Figure 5.6 and Figure 5.7 performance of the system which is same
as the system in Figure 5.1 and 5.2 are shown with convolutional coding
used at the transmitter. The rate of the code is 1/2. Viterbi decoder is
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Figure 5.3: BER performance of ZP-OFDM, SCBT, and BTOC for zero-

forcing equalizer(blind channel estimation).

used in the receiver. The traceback length of the Viterbi decoder is 10. It
is obvious from the figures that BTOC shows the best performance among
ZP-OFDM and SCBT for high SNR. In Figure 5.8 rate 3/4 convolutional
code is used at the transmitter for the same system used in the previous
simulation. Rate 1/2 convolutional encoder is used at the transmitter. The
code is converted to rate 3/4 with puncturing. The puncturing matrix used
is [111001]. Traceback length of the Viterbi decoder used in the receiver is
20. As with rate 1/2 convolutional coding with rate 3/4 BTOC also shows
better performance than ZP-OFDM and SCBT.
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Figure 5.4: BER performance of ZP-OFDM, SCBT, and BTOC for MMSE

equalizer(blind channel estimation).

Similar results are obtained with rate 1/2 convolutional encoder for the
block length of 64. These results are shown in figures Figure 5.9 and Figure
5.10. For these simulations the number of carriers parameter for BTOC, N,
is used as 8 and the number of serially transmitted symbols, K, is also used
as 8.

In Figure 5.9 and Figure 5.10 performance of convolutionally coded ZP-
OFDM, SCBT, and BTOC is shown for a block length of 64. Rate 1/2
convolutional encoder is used at the transmitter. At the receiver side Viterbi

decoder is used with a traceback length of 10.
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Figure 5.5: BER performance of ZP-OFDM, SCBT, and BTOC for ZF equal-

izer(training based channel estimation).

For the simulation results shown in Figure 5.11 - Figure 5.13 the HIPER-
LAN/2 channel model given in [3] is used. The results are averaged over
500 channel realizations. For the results shown in Figure 5.11 convolutional
coding is used at the transmitter. At the receiver ZF equalizer is used. Each
block has 64 data symbols.

In Figure 5.11 rate 1/2 convolutional encoder is used. BTOC shows the
highest performance for high SNR. At low SNR ZP-OFDM is better but
there is significant performance difference between ZP-OFDM and BTOC.

In Figure 5.12 rate 3/4 convolutional encoder is used. Puncturing is
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Figure 5.6: BER performance of ZP-OFDM, SCBT, and BTOC with convo-
lutional coding (M=32, ZF equalizer, 1/2 code rate)

performed at the transmitter in order to obtain rate 3/4 code from rate
1/2 encoder. The puncturing matrix used is [111001]. In this simulation
performances of BTOC and SCBT are similar. ZP-OFDM shows worse per-
formance compared to BTOC and SCBT.

In Figure 5.13, RS encoder is used at the transmitter. In this simulation
ZP-OFDM performs better that ZP-OFDM and SCBT both for low SNR
and high SNR.

For the simulations whose results are shown in Figure 5.14 and Figure

5.14 a three tap channel is used. Each tap is represented by real Gaussian
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Figure 5.7: BER performance of ZP-OFDM, SCBT, and BTOC with convo-
lutional coding (M=32, MMSE equalizer, 1/2 code rate)

random variable whose mean value is 0 and variance is 1/3.

In Figure 5.14 rate 1/2 convolutional encoder is used at the transmitter.
In Figure 5.15 rate 3/4 convolutional encoder is used. For rate 1/2 perfor-
mances of ZP-OFDM and BTOC are similar and better than the performance
of SCBT. For rate 3/4 all of the considered modulation schemes show similar

performance.
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Figure 5.8: BER performance of ZP-OFDM, SCBT, and BTOC with convo-
lutional coding of rate (M=32, ZF equalizer, 3/4 code rate)
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Figure 5.9: BER performance of ZP-OFDM, SCBT, and BTOC with convo-
lutional coding (M=64, ZF equalizer, 1/2 code rate)
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Figure 5.10: BER performance of ZP-OFDM, SCBT, and BTOC with con-
volutional coding (M=64, MMSE equalizer, 1/2 code rate)
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Figure 5.11: BER performance of ZP-OFDM, SCBT, and BTOC with con-
volutional coding on HIPERLAN/2 channel (M=64, ZF equalizer, 1/2 code

rate)
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Figure 5.12: BER performance of ZP-OFDM, SCBT, and BTOC with con-
volutional coding on HIPERLAN/2 channel (M=32, ZF equalizer, 3/4 code

rate)
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Figure 5.13: BER performance of ZP-OFDM, SCBT, and BTOC with RS
coding on HIPERLAN/2 channel (M=64, ZF equalizer)
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Figure 5.14: BER performance of ZP-OFDM, SCBT, and BTOC with con-
volutional coding on three identical tap channel (M=32, ZF equalizer, 1/2

code rate)
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Figure 5.15: BER performance of ZP-OFDM, SCBT, and BTOC with con-
volutional coding on three identical tap channel (M=32, ZF equalizer, 3/4

code rate)
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CHAPTER 6

CONCLUSIONS

In this thesis a new block transmissions scheme is proposed. This scheme,
BTOC, can be considered as the bridge of the gap between OFDM and SCBT.

An important problem of OFDM systems is their high PAPRs. Various
algorithms are developed in order to reduce the PAPR of OFDM. In order
to achieve high data rates with OFDM large number of carriers are needed.
With increasing number of carriers PAPR of OFDM increases. So, PAPR
reduction algorithms has to be used in order to reduce PAPR in an OFDM
system. The PAPR reduction algorithms brings complexity to the system.
In a BTOC system same date rates with OFDM can be achieved with differ-
ent number of carriers. This is accomplished with transmitting symbols on
carriers serially. Reduction in number of carriers results increase in serially
transmitted symbols. This structure of BTOC provides flexibility on number
of carriers and PAPR.

Another important problem of OFDM systems is their vulnerability to
frequency offset between the transmitter and the receiver. As in PAPR,
number of carriers is an important parameter in this problem. Frequency
offset between the transmitter and the receiver results in degradation in
SNR of the system. Degradation in SNR means increase in BER. As the
carriers increased degradation increases. Since BTOC provides flexibility on
number of carriers, less degradation can be achieved with BTOC by using
low number of carriers for same data rates.

Both PAPR and vulnerability to frequency offset are problems of OFDM
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not SCBT. So if one only considers these problems the best modulation
scheme among OFDM, SCBT, and BTOC is SCBT. SCBT has the less PAPR
than PAPRs of OFDM and BTOC. Also degradation in SNR caused by fre-
quency offset is less than the degradation in OFDM and BTOC systems. At
this point BER performance as a function of SNR is an important comparison
criterion.

The simulations are performed for ZP-Only as SCBT, ZP-OFDM as
OFDM and BTOC. In the simulations, SCBT has the better performance
than OFDM and SCBT for high SNR when coding is not used. For the
uncoded case BTOC performs better than OFDM.

When RS coding is used, OFDM performs better than SCBT and
BTOC.The performance of BTOC is better than the performance of SCBT
with RS coding.

BTOC performs well with convolutional coding. In the simulations there
is considerable difference between the performances of OFDM and SCBT

compared to the performance of BTOC with convolutional coding.
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