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ABSTRACT ig"zlboll
This paper presents the study undertaken with block spread T Ff:;;;’(y r
OFDM and compares three spreading matrices. The ma- S;{’ZZ‘” -
trices include the Hadamard, Rotated Hadamard and Mu- n Serial ; *\
tually Orthogonal Complementary Sets of Sequences (MOCSS). T 10 Modulation
The study is carried out for block lengths of M = 2, —>| Paralle @
M = 4 and M = 8 and it shows that all the spreading Conversion P A
matrices show improvement and a better performance over ff /
the conventional OFDM over frequency selective channel — = /
as expected. As the size of M increased the spreading ma- — f

trices which have better orthogonal qualities show greater
improvement. '

Key Words-OFDM, Spreading Matrices, Block Spread- Fig. 1. Transmitter for multi-carrier modulation [1].
OFDM, Golay-Paired Hadamard Matrix.

other, then the degradation will most likely not be severe

1. INTRODUCTION in all subchannels for a given binary digit” [2]. Then when

] ) ) all the outputs of these subchannels are recombined in the

A method used to implement mutually orthogonal signals is roper way the performance achieved will be better than the

o . . prop ythe p

called Orthogonal Frequency Division Multiplexing (OFDM) - gipoe transmission. There are a number of ways to achieve
and this is done b}’ setting up mult%ple carriers at a suitable this diversity and the main methods include “transmission
frequency separation and modulating each symbol stream over spatially different times (space diversity), at different

separately [1]. By increasing the numl?er of carriers the data paths (time diversity) or with different carrier frequencies
rate per carrier can be reduced for a given transmission. (frequency diversity)” [2].

The symbol streams do not interfere with each other be- Block Spread OFDM (BSOFDM) has been used to achieve
cause of the carriers being mutually orthogonal. It is pos- frequency diversity and in frequency selective channels has
sible to mitigate fading through suitable interleaving and shown significant improvement over conventional OFDM.
coding. One method of ensuring the signals are indepen- This is done by dividing the N subcarriers into M sized

dent of each other is to select the frequency separation be-

blocks and spreading them by multiplying these blocks by
tween each signal in a manner which will achieve orthogo-

’ ¢ ) e v spreading codes such as the Hadamard matrix.
nality over a symbol interval. This can be seen in Figure 1. This paper studies Block Spread OFDM (BSOFDM) with

OFDM’s operation can also be seen in Figure 2. three different types of spreading codes in frequency selec-
While OFDM will combat the effect of multipath trans- tive environment. They include the following

mission, other methods need to be used to mitigate the ef-

fect of fading and two are mentioned above. Another way 1. Hadamard matrix
of achieving this is called Diversity Transmission. Diversity
transmission can be used to reduce or remove the effect of 2. Rotated Hadamard and

fading by the transmitted signal power being “split between

two or more subchannels that fade independently of each 3. Mutually Orthogonal Complementary Sets of

Sequences(MOCSS).
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Fig. 2. A simplified block diagram of an OFDM system [3].

The remainder of the paper is setup in the following
format. Section Two discusses BSOFDM briefly. Section
three presents the three types of spreading codes that will
be studied in this paper. This is followed by a description
of the system used in this study in Section Four. Section
Five presents the results and finally Section Six gives the
conclusion.

2. BLOCK SPREAD OFDM

In [4] a study into an optimal block spreading code for
OFDM is presented, where the main idea of BSOFDM is
to “split the full set of subcarriers into smaller blocks and

spread the data symbols across these blocks via unitary spread-

ing matrices in order to gain multipath diversity across each
block at the receiver”. They found that the spreading code
presented was optimal for the quadrature amplitude modu-

lation (QAM), binary phase shift keying (BPSK) and quadrature-

phase shift keying (QPSK) modulation.
The output of the receiver’s FFT processor is

y = Cq+n (1
where y is the FFT output, ¢ € A" is the vector of
transmitted symbols, each drawn from an alphabet A, C'is a
diagonal matrix of complex normal fading coefficients, and
n is a zero mean complex normal random vector. Equaliza-
tion of the received data is done through multiplication by
C~! and then “quantized independently on each subcarrier
to form the soft or hard decision ¢ which may be further
processed if the data bits are coded” [4]. There is no loss
in performance when the detection is performed indepen-
dently on each carrier due to the noise been independent
and identically distributed with fading been diagonal [4].
The block spreading matrices are used to introduce de-
pendence among the subcarriers. N subcarriers are split

IFFT FFT

Fig. 3. Block diagram representation of the BOFDM chan-
nel for a block length of two [4].

into % for blocks of size 2. Then each of the blocks are
multiplied by a 2 x 2 unitary matrix Us. “The resulting
length 2 output vectors are then interleaved to separate the
entries in each block as far as possible across the frequency
band so that they will encounter independent fading chan-
nels” [4]. The transmitter’s IFFT has the interleaved data
passed through it and this data is sent across the frequency
selective channel. The data is passed through an FFT pro-
cessor at the receiver and deinterleaved before using block
by block processing. The BOFDM channel model is shown
in Figure 3.

In this study three more spreading matrices are stud-
ied and compared in frequency selective environment using
block sizes of M = 2, M = 4 and M = 8. These spreading
matrices are used with BPSK modulation.

3. BLOCK SPREADING MATRICES

3.1. Hadamard Matrix

A square matrix of NV x N consisting of two elements +1
and —1 is known as the Hadamard matrix and meets the
following conditions,

HyHYL = HLHy 2)

NIy 3

where HZ is the transpose of Hy and Iy is the identity
matrix of order N [7]. Equation 2 means that if any row
or column taken they are orthogonal. Another example of
Hadamard matrix is the Sylvester Hadamard matrix and can
be generated using the following method,



Hy H,
H2N:|: N N}

Hy —Hy

The following equation is used for the setup of the ro-
tated Hadamard matrix.

1
V2

jXmTXm)

U = X Hpsm X diag(exp'Fotatedconnt ) (4)

where the H,, «.,, is the Hadamard matrix. The rotated—
count is the value of the constellation which rotates back
onto it self. m = 0 < m < M — 1 where M is the block
size.

3.2. Mutually Orthogonal Complementary Sets of Se-
quences

In 1961 Marcel J. E. Golay introduced the concept of Com-
plementary Series in [5]. It was argued that a “set of com-
plementary series is defined as a pair of equally long, finite
sequences of two kinds of elements which have the prop-
erty that the number of pairs of like elements with anyone
given separation in one series is equal to the number of pairs
unlike elements with the same given separation in the other
series” [5].

This work was continued in 1972 by C. C. Tseng and
C. L. Liu. They argued that for a set of equally long finite
sequences to be complementary set of sequences if the sum
of autocorrelation functions of sequences in that set is zero
except for a shift term [6]. Also if the sum of the cross cor-
relation functions of the corresponding sequences in these
two sets is zero, it is said that these two sequences are com-
plementary.

“Complementary sets of sequences are said to be mutu-
ally orthogonal complementary sets if any two of them are
mates to each other” [6]. Finally, in 2002 X. Huang and
Y. Li in [7] presented a family of complete complementary
sets of sequences with closed form expression. An orthogo-
nal Golay paired matrix called Golay-paired Hadamard ma-
trix is derived and the general procedure for construction
of these spreading matrix is given and their scalability is
proven. The following will explain this procedure and these
matrices will be used in this study and comparison.

The Golay paired Hadamard matrix of order N = 2"
and its equivalent form have simple closed-form expres-
sions for any element hp(i,j) and fLN(i,j) at the " row
and the jth column of Hy. If one lets i, and j,., where
r=0,1,---,n—1, denote the r** digit (Oor1) in the radix-
2 representations of the integer ¢ and j, that is,

~.
Il

n—1
(in-1yin-2," ,io)2 = Y 27ir ()

r=0

n—1
Un-trdn-2:+ 1 do)2 =D _2"4r  (6)

r=0

.
Il

Then,

(_1)E:;§(jr+l @ir)jrtin—1Jn-1 (7)

hn (i, ]) = (, 1)2::02 (Jr1®ir)Jr+in—1dn—1 (8)
where the @& denotes the modulo-2 sum and %n_l de-
notes the binary inverse of ¢,,_;.

These complementary sequences can be used to con-
struct orthogonal sequences sets which provide additional
advantages over conventional orthogonal sequences such as
the Walsh-Hadamard and offshoots.

4. DESCRIPTION OF SYSTEM

The data is transmitted and modulated using the Binary Phase
Shift Keying modulation. After this the spread matrix is set
using the parameters of the transmitted data. The first of
these spreading matrices was the rotated Hadamard matrix.
The second spreading method used was a normal Hadamard
matrix.

The following matrix is the Hadamard 8 x 8 used for
M = 8. The + indicates a 1 and the — indicates a —1.

+ + + + + + + +
+ -+ - 4+ - + -
+ + - - 4+ + - -
+ - - 4+ 4+ - - +
Hadamard = L4 o4 o4 - -
+ -+ - - + - +
+ + - - - = + +
 + - -+ - + + — |

The third and final spreading matrix used is the Mutu-
ally Orthogonal Complementary Sets of Sequences (MOCSS),
this set up is the same as that of the Hadamard. The follow-
ing is an 8 x 8 Mutually Orthogonal Complementary Sets
of Sequences matrix (MOCSS).

[+ + + — + + — 4]
+ -+ + + - - -
+ + - + 4+ + + -
+ - - - 4+ - 4+ +
mMocss=| . . _ - _ L _
+ - + + - + 4+ +
+ + - + - - - +
_+7777+7i_




BER comparsion of spreading matrices Had rotated, Had, MOCSS and OFDM M=4 freq. selec

3 rays bpsk
T

—8&— rotate

—6&— MOCSS

Bit error rate (BER)

0

3 rays BPSK
10 & o —

T

rotate
—&— MOCSS
—#*— had
—6— ofdm

10 F

107}

Packet error rate (PER)

I I
0 5 10 15 20
Signal to noise ratio (dB)

Fig. 4. Bit Error Rate versus SNR comparing the three or-
thogonal spreading matrices using BPSK with M=4.

Then each of the three spreading matrices are multi-
plied by the M-sized blocks. These spread blocks are in-
terleaved using a random interleaver and passed through the
IFFT block. Cyclic Prefix is added and then these are cor-
rupted using frequency selective channel and then adding
white gaussian noise.

At the receiver end the CP is removed and the data is
sent through the FFT block. The symbols are deinterleaved
and de-spread by using the inverse of the spreading matrices
and passed through and are demodulated.

S. RESULTS

The results shown depict the simulations comparing the three
spreading codes studied in this paper. The block sizes used
with BSOFDM include M = 2, M = 4 and M = 8. The
modulation used with these simulations was BPSK and us-

ing 3-path Frequency selective channel. The number of sub-

carriers used is N = 64 and the number of packets sent is

10000. As can be seen comparing the Figures below, all

the spreading matrices improve on the conventional OFDM

as expected. Comparing the three spreading matrices, it is

observed that with smaller or shorter block sizes such as

M = 2 and M = 4, depicted in Figures 4 and 5, the

Hadamard and the Rotated Hadamard showed better per-

formance than the MOCSS. As the size of the block was in-

creased to M = 8, depicted in Figures 6 and 7, the MOCSS

showed better performance due to its superior orthogonal

properties.
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Fig. 5. Packet Error Rate versus SNR comparing the three
orthogonal spreading matrices using BPSK with M=4.

BER comparsion of spreading matrices Had rotated, Had, MOCSS and OFDM
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Fig. 6. Bit Error Rate versus SNR comparing the three or-
thogonal spreading matrices using QPSK modulation with
M=8.
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Fig. 7. Packet Error Rate versus SNR comparing the three
orthogonal spreading matrices using BPSK with M=8.

6. CONCLUSION

In conclusion to this study it can be said that block spread-
ing of conventional OFDM will in no doubt improve on the
system performance. This study considered three types of
spreading matrices which include Hadamard, rotated Hadamard
and MOCSS. While all improved significantly on conven-
tional OFDM as expected, the Hadamard and the Rotated
Hadamard showed better performance than the MOCSS with
the shorter block sizes. As the block size used became larger
the MOCSS showed better performance than the two men-
tioned.
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