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ABSTRACT

In this paper we propose an interleaved spread
spectrum orthogonal frequency division multiplexing
(ISS-OFDM) system and investigate its performance
over frequency selective multipath fading channels.
The purpose is to exploit frequency diversity capabil-
ity, develop an efficient spectrum spreading algorithm
and improve the system performance over frequency
selective multipath fading channels. At transmitter,
a spectrum spread ISS-OFDM signal is generated by
employing OFDM modulation and interleaving tech-
niques. At the receiver, two solutions including serial
demodulation and parallel demodulation for diver-
sity combing are proposed, in which the received sig-
nals are combined by using a maximum ratio combin-
ing (MRC) technique. The simulation indicates that
higher frequency diversity is achieved, and the Bit
Error Rate (BER) and Peak-to-Average Power Ratio
(PAR) performances of the proposed ISS-OFDM sys-
tem over frequency selective multipath fading chan-
nels are improved significantly as compared with the
conventional OFDM systems. Another unique char-
acteristic is that the spectrum spreading factor and
diversity order provided by the system are reconfig-
urable to achieve cognitive communications.

Keywords: Diversity, Interleaving, Spread spec-
trum, OFDM, Fading channels

1. INTRODUCTION

Frequency selective fading is a dominant impair-
ment in wireless communications. The channel fading
reduces received signal-to-noise ratio (SNR) and de-
grades the bit error rate (BER). It also causes chan-
nel delay spread and introduces inter-symbol inter-
ferences (ISI) [1]. To combat the frequency selec-
tive fading in wireless communications, diversity tech-
niques must be resilient [2]. Orthogonal frequency di-
vision multiplexing (OFDM) technique as one of the
multi-carrier transmission techniques has extended
the symbol duration and effectively reduced the ISI
by inserting a cyclic prefix, which is greater than the
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channel delays, before the signal is transmitted to the
channel [3;4]. However, its diversity potentials have
not been fully exploited yet.

Driven by OFDM applications against channel fad-
ing and by enabling multipath diversity, some differ-
ent forms of OFDM systems with different diversity
techniques have been proposed, such as the multiple-
input multiple-output OFDM (MIMO-OFDM) sys-
tems [5], the frequency diversity OFDM (FD-OFDM
or adaptive AFD-OFDM) systems [6-9], and the
spread-spectrum multiple-carrier multiple-access (SS-
MC-MA) [10]. Among these systems, the MIMO-
OFDM is one of the most typical ones. It adopts a
very commonly used method for achieving spatial di-
versity by employing multiple antennas at both ends
of wireless links. It holds the potential to drastically
improve the spectral efficiency and link reliability in
future wireless communications systems, and is re-
garded as a particularly promising candidate for next-
generation fixed and mobile wireless systems. How-
ever, one major problem for MIMO-OFDM systems
is that the scalability of the diversity is very lim-
ited. The other two methods, FD-OFDM and SS-
MC-MA, use the same way of multiplying the trans-
mitted data stream by an orthogonal spreading code
before modulation in order to achieve frequency di-
versity. The spectrum spreading is accomplished by
putting the same data on all parallel subcarriers, pro-
ducing a spreading factor equal to the number of sub-
carriers. Although these systems enable full multi-
path diversity, they need a large number of side infor-
mation transmissions, which causes considerable rate
loss [11;12].

In this paper we propose a method for achieving
frequency diversity and the corresponding receiver al-
gorithms for diversity combining. The proposed sys-
tem is called the interleaved spread spectrum orthog-
onal frequency division multiplexing (ISS-OFDM)
system. In this system, frequency diversity is en-
abled by spread spectrum modulation and interleav-
ing [13-15] techniques, rather than using multiple an-
tennas, orthogonal codes, or other side information.
At the transmitter, each data symbol modulates the
corresponding subcarriers multiple times, and several
replicas bearing the same data information can be
obtained. The replicas of the same data information
are interleaved sequentially and then transmitted in
different time slots, instead of being added together.
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The interleaving operation results in signal spectrum
being expanded into multiple subbands, each of which
contains the same data information, so that frequency
diversity is achieved. After frequency selective chan-
nel fading, the receiver can collect signal energy from
several signal subbands by using maximal ratio com-
bining (MRC) techniques. Thus, the probability that
all signal components fade simultaneously is reduced
considerably, leading to great system performance
such as BER improvement [16-18].

With the increase of frequency diversity, another
performance improvement brought about is that the
peak-to-average power ratio (PAR) performance of
ISS-OFDM system is reduced dramatically. As is
well known, one of the main disadvantages in conven-
tional OFDM system is the large PAR of the trans-
mitted signal [19;20], due to the addition of the mod-
ulated signals by using Inverse Fast Fourier Trans-
form (IDFT) operation. In ISS-OFDM system, since
the information bearing subcarriers are interleaved
instead of superimposed, the PAR of the transmitted
signal is reduced significantly. Meanwhile, the num-
ber of the total samples in one ISS-OFDM symbol in-
creases greatly, which results in reduced signal power
spectrum density if the total signal energy remains
unchanged.

The paper is organized as follows. First, the sys-
tem model is described in section 2. Then, the OFDM
signal generation process with both time diversity
and frequency diversity is described in section 3, and
the signal diversity characteristics are analyzed in the
frequency domain and time domain. In section 4, the
corresponding two receiver models are proposed. Sec-
tion 5 is devoted to system performance simulation
and discussion, in which the system average bit error
probability and computational complexity are given.
Finally, conclusions are drawn in section 6.

2. SYSTEM MODEL

As is well known, when signals are propagated in
a frequency selective multipath fading channel, the
presence of reflecting objects and scatters in the chan-
nel creates a constantly changing environment that
dissipates the signal energy in amplitude, phases and
time. These effects result in multiple versions of the
transmitted signal, which are received by the receiver
at different times from different multipaths, displaced
with respect to one another in time and spatial ori-
entation.

Fig.1 displays the ISS-OFDM baseband model.
We assume that the channel is frequency selective
with slow fading, and the noise is additive white
Gaussian noise (AWGN) with zero mean. The data
bit to symbol mapping scheme can be any of M-ary
modulation. To demonstrate the system performance
improvement, in this paper we take only quadrature
phase shift keying (QPSK) as the mapping method
to simulate the generation of ISS-OFDM signal and

compare the system performance. A cyclic prefix
(CP) is also added to preserve the orthogonality of
the subcarriers and eliminate intersymbol interfer-
ence (IST) between consecutive ISS-OFDM symbols.

We now illustrate the function of each module
showed in Fig. 1. The function of the transmitter
is to generate an ISS-OFDM signal with time and
frequency diversities. The complex QPSK data sym-
bols to be transmitted are first divided into an N by
1 vector, where N is the number of subcarriers. This
vector modulate N subcarries in parallel by using the
complex exponential spreading (CES) technique, and
then the spread signals are interleaved to form an
ISS-OFDM symbol of N? samples. After a cyclic
prefix insertion and filtering, the ISS-OFDM signal
y(m) (also represented by Y (k) in the frequency do-
main) with spectrum spreading is transmitted into
the frequency selective multipath fading channel with
impulse response h(m) (denoted as H(k) in the fre-
quency domain). Meanwhile, the AWGN noise v(m)
(denoted as V (k) in the frequency domain) is added
to the signal. After being distorted by the fading
channel, the signal is filtered and CP removed, and
then demodulated. The output of the demodulator
is equalized and combined to form a decision variable
Ui by employing maximal ratio combining (MRC)
technique.

y(m)

I
I
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————» Modulation Interleaver - Filter %
QPSK (CES) :
Symbols Multipath
Transmitter Fading
Channel
h(m)
Lﬁ Demodulation ~ 6}7\7@)
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QpPsK N FFTs (N) LN
Symbols
Receiver
Fig.1: Baseband system model

We assume that the transmitted ISS-OFDM signal
bandwidth Brss_orpn is greater than the coher-
ence bandwidth (Af)., Brss—orpm > (Af). thus
the channel can be considered as a frequency-selective
fading channel. The channel model can be expressed
in the form

NZ-1

Z a;(m)d(m —my)

=0

h(m) =

where «;(m) is the multipath fading channel attenua-
tion factor on the m!”* path and m; is the propagation
delay for the m!" path. Correspondingly, the channel
frequency response is written as
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After the transmitted signal, denoted as y(m),
passes through the fading channel, the received equiv-
alent low-pass signal is viewed as the convolution be-
tween h(m) and y(m) plus noise as follows

r(m) = h(m) Q) y(m) + v(m) (2)

where wv(m) represents the complex-valued white
Gaussian noise process corrupting the signal. In fre-
quency domain, Equation (2) is equivalent to the out-
put of the DFT demodulator.

R(k) = H(k) - Y (k) + V(&) (3)

where R(k),Y (k), H(k) and V(k) denote the fre-
quency representations of the received signal r(m),
the transmitted signal y(m) the channel impulse re-
sponse h(m) and the noise v(m), respectively.

3. DIVERSITY IN ISS-OFDM SIGNALS
3.1 Transmitter Model

Fig. 2 shows the transmitter model, which in-
dicates the generation process of ISS-OFDM signal
with time diversity and frequency diversity. Let
a;(i = 0,1,---,N) denotes the i*" complex-valued
symbol of the N QPSK symbols to be transmitted.
The N QPSK symbols are modulated by the CES
modulator, and then interleaved by the interleaver to
form the ISS-OFDM signal with time diversity and
frequency diversity. Time diversity is achieved by
CES modulation and frequency diversity is obtained
by interleaving.

3.2 Time Diversity of ISS-OFDM Signals

After serial to parallel conversion the N x 1 par-
allel QPSK symbols modulate the corresponding N
subcarriers. If the ISS-OFDM symbol period is Ty,
fi= TL denotes the i*" subcarrier frequency of the N

orthogonal subcarriers, and a; modulates the " sub-
carrier at time t = T, n =0,1,--- , N —1, where is
the sampling time index. The modulated symbol on
the i*" subcarrier and the n'”" time instant is written
as follows,

yt(n) _ aiej27rfit — ai€j2ﬂni/N. (4)

In the ISS-OFDM symbol duration T}, each ele-
ment of the N x 1 data symbol vector modulates the
same corresponding subcarrier N times, so that N
elements in the vector generate an N x N sample
matrix after modulation. In consequence, N replicas
of each data symbol are produced in symbol duration
Ts by CES modulation, and the time diversity of the
ISS-OFDM symbol is achieved. Fig. 3 displays the
process of achieving time diversity in the ISS-OFDM
system with subcarrier number N = 4.

]
T 3 [}
ai 5 1{1_:.) NxN ﬁ
35 Matrix T
aPsK |58 e
Complex |@? -
Symbols [y! (n)]

Fig.2: Transmitter model
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subcarrier number N=/

Mathematically, the matrix can be expressed as

Y0(0), yo(1), -+, yo(N — 1)

Y1 0 » Y1 1 Y1 N -1

i) = | 91O n (=
yn-1(0),yn—1(1), -+ ,yn—1(N — 1)

aoejZTrO*O/N7 aoejQﬂ'O*l/N7 . ,aoejQTrO*(N_l)/N

ayeI2T00/N g o201 /N g j2m0s(N=1)/N

aN_leJQﬂ'O*O/N, CLN_18]27T0*1/N, . ,aN_1€j27rO*(

()

Let W™, where Wy = e~3% | denote the it"
sub-carrier at the 5T time instant, and

ag,0,...0
Diag(a;) = | %@0:0---0
0,0,...an—

Thus, Equation (5) can be rewritten as,

”rfO*O ”770*1 ”r—O*(N—l)
aoW N y AW N yeeey AOVV Ny

”7—1*0 ”r—l*l ”y—l*(N—l)
a1 Vv N y A1 VV yee ey GV N

an Wy Ty TRy (YRR

N-1)/N
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= Diag(a;) x [W§'] . (6)

Equation (6) indicates one way of implementing
CES modulation, by which the N transmitted data
symbols at the input of the modulator are rearranged
into the diagonal elements of a diagonal matrix. Since
the input signal of the modulator is in the form of a
diagonal matrix, the output signal is an N x N sample
matrix as denoted in Equation (5).

3.3 Frequency Diversity of ISS-OFDM Sig-
nals

After CES modulation, the N x N samples are
shifted in time and placed on different time slots to
form a serial sequence of length N? in the time do-
main. This operation is a process of interleaving.
Here, different interleaving algorithms can be em-
ployed such as pseudo random interleaving, periodic
interleaving and convolutional interleaving. In the
following, we discuss the periodic interleaving pro-
cess. The periodic interleaving can be realized by
shifting N modulated subcarriers on different time
slots and adding them together. For instance, the "
subcarrier of the N subcarriers is shift by ¢ -7, where
7 is the time interval, 7 = 1:52 then, the N shifted
subcarriers are interleaved to form one ISS-OFDM
symbol with N2 samples. The m!* sample in the
ISS-OFDM symbol, denoted by y(m), m = nN +i =

0,1,---,N? — 1, can be mathematically written as
follows,
N N
y(m) = ZZyl(n)(; [m —i—nN],
i=1 n

1, form = nN-+1
0,form # nN+i.
is the unit impulse. Expressing m = nN + i,y(m),
can be simplified in the form

where § [m — nN — i z{

y(nN + 1)
= yi(n). (7)

The mathematical equations above can be inter-
preted as follows. All N samples in a column of
the N x N matrix are taken out from the N x N
matrix, shifted in time, and then placed in different
time slots, instead of being superimposed together as
in conventional OFDM systems. Due to the shifting
in time for each sample, the phase of each subcar-
rier is shifted. In the frequency domain, the signal
spectrum is expanded to N subbands, each of which
contains N orthogonal subcarriers modulated by the
same transmitted data symbols. Therefore, the ISS-
OFDM signal’s frequency diversity is obtained. Fig.
4 displays the spectrum of ISS-OFDM signals with
subcarrier number N = 4. It is seen that the modu-
lated data symbol on the i*"(in this case i = 1,2, 3,4)
subcarrier appears in all N = 4 subbands.

y(m)

The frequency domain representation of the ISS-
OFDM signal can be obtained by taking discrete
Fourier transform (DFT) of the signal in the time
domain.

Y(k) =

[
<
~—

2
=
+
-~
[
|
<.
e
3
=
L
=

That is,

Substituting y(nN + i) from Equation (7) into
Equation (8), we have

yi(n)e I wEMN TR, (9)

Substituting y;(n) from Equation (4) into Equa-
tion (9) yields

N—-1N-1
Y(k) = ;) Frig=i R (nN+ik
n=0 =0
N-— 1 N-1
- N a;ed ki o3 % (k—i)n_
=0 N n=0
S((k—i)n
That is
n—1 , .
Y(k) =N ae /NG ((k — i) ), (10)
i=0
where

. 0, k # ;
5((k_Z)N){ 1,k = pN+i

Equation (10) can be also rewritten as

Y(pN+i)=Nae I3 EN+D1 5 —0 1 ... N—1.(11)

Equation (11) indicates that each data symbol a;
is modulated on the i*" subcarrier in every subband,
and the signal spectrum is spread IV times. The spec-
trum spread signal contains N subbands and each of
which bears the same information. Fig. 4 shows the
spectrum of the ISS-OFDM signal with subcarriers
number N = 4. It shows that the ISS-OFDM sig-
nal contains 4 subbands, each subband carries the
same information. The order of frequency diversity
achieved is 4.
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Fig.4: Spectrum of ISS-OFDM symbol with subcar-
rier number N = 4.

4. DIVERSITY COMBINING OF ISS-OFDM
SIGNALS

At the receiver, the received signal is firstly fil-
tered by using a root raised cosine filter. The filter
is matched to the transmitter filter, so that the over-
all effect of filtering is that of a raised cosine filter-
ing. The passband of the receiver filter is designed to
be flexibly reconfigurable according to the system re-
quirements. One or more subbands of received signal
can be selected through the receiver filter. Assum-
ing that all the N subbands of the received signal are
passed through the filter, the diversity combining can
be implemented in two receiver solutions. One is the
serial demodulation mode; the other one is parallel
demodulation mode.

4.1 Diversity Combining in Solution I: Serial
Demodulation

4.1.1 Frequency Domain Representation of Re-
ceived Signals in Serial Demodulation Mode

Fig. 5 shows the receiver structure of solution
I, which is realized by using one DFT operation of
size N2. After CP remove and DFT demodulation,
the output of the demodulator is equalized, and then
combined by maximal ratio combining (MRC) tech-
nique.

. > —= Frequency
r(m) d Szrllal . |—» Seriall |- domain o
——@—f emodulation B paralle! . | equalizaton ———»
Received FET( 2 * | converter | - and Decision
signal (%) | > combining | variables

Fig.5: Serial demodulation and combination

Substitute Y (k) from Equation (10) into Equation
(3), the received diversity signal at the input of the
receiver in the frequency domain is rewritten as fol-
lows

N-—1
R(k) =N > a:d((k —i)n)e I ~2F H (k) + V(k), (12)
i=0

where k =0,1,--- ,N? — 1.
According to Equation (12), the output of the se-
rial demodulation is as follows

R(pN +1i) = Na;,C}) + V(pN +1), (13)
where
ol = eIRECNFIg (N 1),
p = 0,1,--- N—1, i=01,--- ,N—1.

It can be observed from Equation (13) that R(pN+
1) can be decomposed into N groups. Each group
forms one subband which consists of subcarriers,
and each subcarrier consists of N the corresponding
weighted signal and noise. Generally, we assume that
the received signal contains M subbands, M < N,
and use the M subbands to demodulate the trans-
mitted signal. The structure of R(pN + i) can be
illustrated in Fig. 6.

The transmitted data symbol a;, 7 =0,1,--- | N —
1, can be recovered from R(pN+i),p=0,1,--- , M —
1, which can be expressed in matrix form as follows:

R(i) Cro V(i)
R(N + 1) c) V(N +1)
. = :’ a;+ :
R((M—-1)N-+) o V((M-1)N+4)

According to the above matrix equation, a mini-
mum mean squared error (MMSE) estimate of a; can
be obtained as follows:

-1

oy
Ll s A (1) el 1
~ 1)* 1) 1) 1,
az:ﬁ (Cz() Ci,l e Cz‘,Mﬂ) : SNR
1
Cilla
R(i)

R(N +1)

R((M = 1)N + 1)

1 M-—1 C(l)*
i,q .
N M—1 9 1 R(q + 7’)7
“P SNR
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where SNR is the signal-to-noise ratio before the
MMSE equalization.

To analyze the system BER performance, the nor-
malized MMSE can be expressed as

1) -1
i,0
cl)
2o |sNREY ¢ et )| T |
:
o/

1

M-1 2 ’
SNR Y ‘C(;) +1
p=0

Therefore, the output signal-to-noise ratio after
MMSE equalization is

1—ehin m|?
Your = g M = 5~ —1SNR Z ‘ci’p

min I‘ﬂln

Assuming QPSK modulation for data symbols and
making a Gaussian distribution approximation for
the intersymbol interference after MMSE equaliza-
tion, we finally obtain the expression for the average
BER using the Q function

P(MMSE (Qm) (14)

where E(-) denotes ensemble average over channel co-
efficients.

Cuny Ciro1p . Cpe
Copty Coao Chesh Clant Crpe
Cud o % Chperts
R(pN +1) T ‘ ------------ | T
p=0 p=1 p=M-1

Fig.6: The structure of R(pN + 1)

4.1.2 Diversity Combining

From Equation (13), we see that a data symbol
a; is transmitted on different subcarriers and expe-
riences independent fading. Thus, another effective
way to gain frequency diversity is to directly use the
maximal ration combining (MRC) technique to col-
lect signal energy from all information bearing sub-
cariers. In this way the system diversity can be made
full use of and the best system performance can be
achieved.

Similar to the above MMSE equalization, we as-
sume that only M subbands, M < N, are used to
recover the transmitted data symbols. The MRC
process proceeds as follows. First, we multiply the

conjugated channel coefficient C’( p) * with the received
R(pN + 1) to compensate the channel phase shift
and weight the information bearing subcarrier with
a gain proportional to the signal strength. Then, all
the weighted subcarriers corresponding to the same
data symbol a are combined to produce the decision

variable Ui(l) for the detection of a;. That is,

U = ch* (oN +i).

To analyze the BER performance of the MRC tech-
nique, we substitute R(pN +1) in the above equation
with Equation (13) and have

c“

NZ‘CD

The output signal-to-noise ratio after MRC can be
obtained as

V(pN +1).

V(o)

i N M—1 2
1)*
E{|3 ¢ VN +1)

M-—1
<N S ot

p=0

p=0

(Slet) e (o)

M-—1
> [ewf B (wen + o)
p=0

M-—1 2
- ¥ ‘qﬁ)‘ SNR,

N2E (|ai|2)

E([V(pN +10))
noise ratio before MRC.
For QPSK modulated data symbols, the average
error probability can be therefore written as:

E (QW)

From Equation (14) and Equation (15) we see that
the MMSE equation and the MRC have the same
performance for the serial demodulation.

where SNR =

is the signal-to-

PMIC — (15)

4.1.3 Diversity Performance
After normalization, SN R and E;, /Ny have the re-
- _ 2 E
lation SNR = N,
tem BER performance expression in Equation (15)
can be rewritten as:

(Refer to Appendix), the sys-
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21 E

M-1
PMEO —E | Q Z ‘Ci(,lp) M Ny (16)
p=0

4.2 Solution II: Parallel Demodulation by
DFT

The demodulation in Solution I using single DFT
is straightforward to realize. However, the computa-
tional complexity in Solution I is relatively high.

In order to reduce the complexity, we propose Solu-
tion II, a parallel demodulation method by employing
multiple DFTs. The parallel demodulation method
consists of cyclic prefix removal, deinterleaver, de-
modulation, and maximum ratio combining. Com-
pared with the serial demodulation, the difference is
the number of DFTs employed. In the parallel DFT
solution, the demodulation is realized by employing
N DFTs of size N, rather than a single DFT of size
N2

4.2.1 Frequency Domain Representation of Re-
ceived Signals in Parallel Demodulation Mode

Fig. 7 shows the receiver structure for Solution
IT using parallel demodulation, which is realized by
using N parallel DFTs, each of which is of size N .
We assume that the signal in the time domain at the
receiver input is known. To obtain the data vector for
each DFT operation, the time domain signal is split
into N groups, each group is demodulated by using
an DF'T operation with the size N .

In order to compensate the channel distortion us-
ing frequency domain equalization, we must find out
the relationship among each parallel DFT output, the
channel coefficient, and the transmitted data symbol.
For doing that, the first step is to express the received
signal in the time domain at the input of the receiver
in terms of the channel frequency response and the
transmitted data symbol.

The signal in the time domain at the input of the
receiver can be obtained by conducting the inverse
DFT (IDFT) of size N2 on R(k), i.e.,

N2-1
r(m) = IDFT(R(k)) = % S R(k)e/ ¥R (17)
k=0

o Frequency
3 domain [,:';52)
5 equalization ———»
Received i= and Decision
signal g combining variables

Fig.7: Parallel demodulation and combination

Substituting R(k) from Equation (12) into Equa-
tion (17), the received signal in the time domain r(m)
can be rewritten as:

1 N2-1N-1 o
rm) = 5 D0 D we (G~ K)n)H ()
k=0 =0
NZ2-1
1 2m g
+ = V(k)el v (18)
k=0

After the time domain signal is received, it is then
de-interleaved. The de-interleaved process is exactly
the same as the method discussed in Solution I.

After de-interleaving, the signal in the time do-
main is split into N data streams, each of which can
be demodulated using one DFT operation. Thus, to
demodulate the N x N data samples simultaneously,
parallel DFTs, each of size N, are needed. In this
way, the demodulation of the received signal is com-
pleted by employing N parallel DFT operations. The
deinterleaved signals can be written as:

ri(n) =r(nN +1i) =r(m), i

n =

0313"'7N717
0713"'7N_17

To derive the frequency domain representation of
r;(n), we can perform the DFT operation on r;(n).
The output of the demodulation can be obtained as
follows:

where £k = 0,1,--- ,N — 1. It must be noted that
the definition of k in the above equation is a different
variable from that of R(k) in Solution I, in which
k=0,1,--- ,N?2 - 1.

Substituting r(m) in Equation (18) in to the above
equation, R;(k) can be written as follows:

Ry = L3S S aedrr
' N n=0 k’'=0 i'=0 Z

| NN
o((k" =i, )n)H(K) + ~ > V)
k=0

ej]?,—}'\,k’(nN-&-i)} ol Fkn
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Cam s 1
=3 DAt SN~ K H(K)
k'=0i'=0
1 Nl | NN
2 ’ 271 ’
= eI N (K =k)n 4 Z V(k/)eﬁTkz
N n=0 NN k'=0
S((k'=k)n)
N
N Z e]ﬁ"(k —k)n
n=0
S((k'=k)n)

Since k' — k must be integer multiples of N, i.e., k' —
k = gN, we express k' = ¢N + k, and R;(k) becomes

Ri(k) = Y ai p H(K)FHE
=0  k'=0
o((7" — K )n)S((K' — k) n)
k'=qN+k
NN-1 ]
Z V(k — k) y)ed "R
k'=qN+k
N-1 N-1

a; H(gN + k)e ™/ ®% (aN+)(=0)
=0 q=0

1N

,_.

V(N + k)el ¥ (aN+0)i,
q=0

S((gN +k—i')n

i =k

Again, since ¢N + k — ¢/ must be integer multiples
of N, we have i/ = k and R;(k)is finally expressed as

N-1
Ri(k) = ap Y H(gN + k)e I % @N+Ok=0)
q=0
| N1
+ — ST V(gN + k)l wF (aN+h)i
N e
N-1
= ai ej%q(i*k)H(qH + k)e*jz%'vi(k*i)
q=0
o
N—1
+ — Z V qn+ k‘)ejNN(qN"l‘k)'L
q=0
Vi,i
= akckz +vkl (19)
Nl L
Where CIEQZ) = Z eJW"(l—k)H(qN + k)e—jﬁz(k—z)

q=0
is an equivalent channel coefficient and v,,; =

N—
Z (gN + k)el T (aN+H)T g the independent ad-

=0
d1t1ve noise.
Now the relationship among each demodulated
output R;(k), the equivalent channel coefficient C,(CQZ) ,
transmitted signal aj, and noise vy, ; is clearly shown

in Equation (19).

4.2.2 Diversity Combining and Performance

The MRC technique for Solution II is very similar
to the one used in Solutlon I. After the parallel DFTs,
the decision variable U & 2 for the detection of ay is
calculated by

N-1

U2 =" C'Ri (k).

=0

To analyze the BER performance of the MRC tech-
nique, we substitute R;(k) in the above equation with
Equation (19) and have

Z|Ck1‘ a +ZC2)*

The output signal-to-noise ratio after MRC can be
obtained as

(2) _ =0
K N-1 2
E Z CIEQ)*U/C)Z
i=0
NoL 2 ,
(Z ot > E (lawf?)
_ i=0
B N-1 o 2
2
‘Cl(c,i) E(|Uk| )
=0
N—-1
- el sNE,
=0
2 (Joul’)
where SNR = ; is the signal-to-noise ratio
E (Joral*)
before MRC.

Similar to Solution I, the average error probability
can be written as:

P(MRC

#(ovs7)

5. SYSTEM PERFORMANCE
5.1 PAR Performance and Analysis

(20)

Assume that the number of subcarriers N = 32,
and the data symbol mapping scheme uses QPSK.
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The use of the other mapping methods would leads
to different relation between SNR and E},/Ny. Conse-
quently, the system BER performance would be dif-
ferent, but the total trend would keep unchanged.

After the modulation, an N x N matrix is formed,
the modulated subcarriers in the matrix are inter-
leaved and placed on different time slots to form a
serial sequence. The sequence is pulse shaped by
passing through a root raised cosine filter and thus
an ISS-OFDM signal y(t) is generated. The PAR of
y(t) can be written as

max [[y(t)[]
Eflyt)]

where max[-] is the maximum instantaneous power of
the ISS-OFDM signal and E[-] is the expected value.

The generated ISS-OFDM signal has N2 samples

and contains N subbands, each of which contains N
subcarriers and carries the same data information.
The transmitter is designed so that M subbands are
selected, M = 0,1,--- , N respectively, and thus the
transmitted signal contains M subbands. To observe
the PAR performance, we select the signal bandwidth
with M = 1,2,4,8,16 and 32 subbands respectively
(M is the spreading factor), and the filtered signal is
oversampled by a factor of four, which is commonly
used to estimate the PAR of an analogy signal from
its samples. The actual PAR of the continuous-time
signal can not be determined by using Nyquist sam-
pling rate. In order to evaluate the PAR performance
of the transmitted signal, the signal should be over-
sampled by a factor of four, which is sufficient to pro-
duce accurate PAR [23].

According to Equation (21), we can compute the
PAR performance curves as shown in Fig. 8 shows
the ISS-OFDM transmitted signal PAR performance
when PAR exceeds a certain threshold PARO with the
increase of the spectrum spreading factor M from 1
to 32.

It can be seen from Fig. 8 that with the increase
of the number of subbands, the PAR performance
is improved considerably. The most right-hand-side
curve shows the PAR performance of ISS-OFDM sig-
nal when M is equal to 1, in this case, the ISS-OFDM
signal is in fact a conventional OFDM signal.

As M increases to 2, 4, 8, 16, and 32 respectively,
the PAR gains are 0.5dB, 1.5 dB, 3.5 dB, 5 dB and
7 dB respectively. Therefore, the PAR of the ISS-
OFDM signal is greatly reduced compared to PAR of
the conventional OFDM signal.

£= (21)

5.2 Diversity Scalability

A distinct feature in the ISS-OFDM system is the
signal diversity scalability. Since the signal spectrum
is very wide and contains [N subbands, each of which
contains the same data information, any one or more
subbands can be used to demodulate the transmitted

o PAR performancs
10 T T
o aE : [ —— 1 baseband
o k= —<|- - 2 basebands
Dh b —&— 4 basehands
: b 8 basebands
1w} n I | = & — 18 basebands | |
i —0- 32 basebands
Ju
. :
z bR
<< b 1
£ 0%} ! ®
< 5
£ i
S
5 ' |
10 RSN i3 S
CE 5( Lo
SRS . 1
10° — ‘ i
4 6 8 10 12 14
10log10(PARO)
Fig.8: PAR performance for ISS-OFDM signals

Compared to the conventional OFDM

information according to the system requirement and
channel condition. At the transmitter, if we config-
ure the transmitter filter so that the signal spectrum
is spread M times, M < N, where L is the length
of multipath channels, the system frequency diver-
sity order would be M. We assume that the number
of the subcarriers of the ISS-OFDM is N, then the
maximum spectrum spread factor is and the maxi-
mum diversity capability of the ISS-OFDM system is
N. The more the diversity capability is provided by
the system, the better BER performance the system
can achieve. But if the diversity capability provided
by the system is more than the channel multipath L,
the extra diversity capability provided by the system
is redundant. That is to say, if M > L, the diversity
of the ISS-OFDM system is limited to the channel
multipath length , which is shown in Fig. 9

Subband Subband
ubband Sitang o b e e Subband Subband
[ ®

“ " ®

M subbands (M = L, L is Channel multipath length)

Fig.9: Diversity scalability

The scalability performance of diversity has a
range of applications. One of the potential applica-
tions is to be applied to dynamic spectrum-sharing
management system for the efficient and effective uti-
lization of the spectrum. If there are one or more
subbands interfered, the system can jump to the
other non-interfering subbands to complete commu-
nications and the interfered frequency subbands can
be easily avoided. For some unlicensed users in some
spectrum subbands, the system can adapt its system
frequency to the spectrum holes detected by spectrum
scanning devices. As indicated in Fig.10, the system
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can realize communications by avoiding interference
bands or by using some spectrum holes. These fea-
tures of ISS-OFDM system are agreeable to the no-
tion of adaptive spectrum managements of cognitive
radio communications [21;22].

5.3 BER Performance

In Equation (16) and Equation (20), we derived
the BER performance (conditional error probability)
of the ISS-OFDM system when the ISS-OFDM trans-
mitted signal y(¢) contains N subbands. When only
M out of subbands of the signal y(t) are used for
system transmission, the system BER performance
can be achieved and compared with the conventional
OFDM signal.

Avoided
Interference bands
A ¥
I [\
Power I Subband | __ | Subband I
/\ 3 6 AN
Frequenc
Spectrum Spectrum quency
available available

Fig.10: Bandwidth reconfigurable system and effi-
cient spectrum usage

In order to verify the effectiveness of the system
diversity in multipath fading channels, the BERs of
the system are simulated according to Equation (20),
the system performance is compared at the different
conditions of the system transmission band without
interference, with interference, and with interference
removed. These BERs are shown in Fig. 11, Fig. 12
and Fig. 13, respectively.

Fig. 11 indicates the system BER performance
with system transmission subband numbers M = 2,
4, 8, 16 and 32, and without interference. It is ob-
served that with the increase of M, the system BER
performance is improved considerably. After M =
16, a further increase of transmission subbands is not
obviously beneficial to the improvement of the BER
performance, but is helpful for interference avoidance.

Under the same conditions of system transmission
subband numbers, the system BER with one subband
interfered is shown in Fig. 12. The interference to
noise ratio (/VR) is 3dB. It is seen that the impact
from the interference results in 5 ~ 6 dB degradation
at the BER performance of 107% compared with the
system performance without interference.

As shown in Fig. 13 after the interfered subband
is removed when M = 4, 8, 16 and 32, the system
BER is improved by 0.5 ~ 5 dB compared with the
system

BER performance without Interference

— '8 — 2 subbands
4 4 subbands
8 subbands | |
—+— 16 subbands
— % — 32 subbands
a o
=
ST
@ H
7 o

15 20 25 30 35 40
Eb/No (dB)

Fig.11: BER performance without interferences in
fading channels.

BER performance with Interference at INR=3dB

— B — 2 subbands
£ 4 subbands
8 subbands | |
—— 16 subbands
— % — 32 subbands

25 30 35 40

0 5 10 15

20
Eb/No (dB)

Fig.12: BER performance with interferences in fad-
ing channels.

5.4 Computational Complexity

Computational complexity for both solution I and
solution II can be compared. Assumed the number of
subcarriers is N and M subbands of the ISS-OFDM
signal are received at receiver. For solution I, if we
ignore the complex addition, one DFT operation in
long size of N - M performs the demodulation, the

1
total complex multiply is §N x M logy NM. For so-
lution II, M DFT of size N operations are employed
to complete demodulation, the total complex multi-
1
ply is 5]\/’ x M logy N.

The computational complexity in solution IT is re-

duced 082N M
logy N

due to the flexible reconfigurable bandwidth, the dy-

namic subband selection of ISS-OFDM system allows

times than Solution I. In addition,
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BER performance after Interfered subbands removed

| — 8 — 2 subbands |
4 4 subbands
8 subbands | |
i —— 16 subbands |
oi| — # — 32 subbands |

15 20 25 30 35 a0
Eb/No (dB)

Fig.13: BER performance after interfered subbands
removed adaptively in fading channels.

different systems working in the same allocated fre-
quency band without interference. Other Perfor-
mances, such as power efficiency, are also improved
to some extent in ISS-OFDM system.

6. CONCLUSION

In this paper, we have investigated the diver-
sity performance of an interleaved spread spectrum
OFDM system including transmitter signal genera-
tion, two receiver solutions and system performance.
The investigation shows that the combination of
spread spectrum modulation and interleaving tech-
niques is an efficient way of implementing spectrum
spread and achieving frequency diversity. Since the
spread spectrum modulation and interleaving tech-
niques are jointly employed, the frequency diversity
and time diversity are efficiently developed and uti-
lized.

By investigating two receiver algorithms of serial
demodulation and parallel demodulation methods,
we showed that both two receiver algorithms can re-
cover transmitted signal very well in terms of system
BER performance, but the parallel demodulation in
solution IT can reduce the computational complexity
greatly and its structure is flexible to be reconfigured.
Parallel demodulation method is more preferable for
the proposed system.

Compared to other previous spread spectrum
OFDM, ISS-OFDM has superior performance in
terms of system BER and PAR, reconfigurable struc-
ture, and flexible system bandwidth. It realizes spec-
trum spread by combination of spread spectrum mod-
ulation and interleaving techniques, rather than con-
ventional frequency hopping or orthogonal spread
code. It does not degrade the range of communi-
cations or need to transmit side information.

The proposed ISS-OFDM system can be used in

ultra-wideband communications. It is also expected
to be used in cognitive radio adaptive modulation

techniques.
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APPENDIX

The relationship between SNR and Ep/Ng de-
pends on the symbol mapping mode. In this paper,
we only consider this relationship based on QPSK
mapping mode. In Solution I, according to Fig. 6,

SNR:if%:MNUg _ MNo%-T-MN
02 MNo2 MNo2-T-MN

B E,-N B E,-N 2 B

" MNo2-T-MN Ny-L.-T-MN MNy

E
Thus, the relationship between SN R and Fb can
0
be expressed as
2 E,
SNR=——.
M Ny

E
This relationship between SN R and Fb also ap-
0
plies to the Solution II.



