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ABSTRACT

Non Orthogonal Frequency Division Multiplexing (NOFDM) systems make use of a transmission signal set which is
not restricted to orthonormal bases unlike previous OFDM systems. The usage of non-orthogonal bases generally re-
sults in a trade-off between Bit Error Rate (BER) and receiver complexity. This paper studies the use of Gabor based on
designing a Spectrally Efficient Multi-Carrier Modulation Scheme. Using Gabor Transform with a specific Gaussian
envelope; we derive the expected BER-SNR performance. The spectral usage of such a NOFDM system when affected
by a channel that imparts Additive White Gaussian Noise (AWGN) is estimated. We compare the obtained results with
an OFDM system and observe that with comparable BER performance, this system gives a better spectral usage. The
effect of window length on spectral usage is also analyzed.
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1. Introduction

With a growth in the number of users, there is an in-
crease in the demand for spectrum. Research pertaining
to the efficient use the available spectrum has produced
numerous results over the past few years. This work
came to fruition in the form of Orthogonal Frequency
Division Multiplexing, which is a special class of Multi-
ple Carrier Modulation that has emerged as a leading
candidate for high data rate wireless communication. The
main advantage of this is its ease of implementation that
eliminates ICI at low receiver complexity.

Ahmed ef al. in [1] introduced a Spectrally Efficient
Frequency Division Multiplexing (SEFDM) system which
is spectrally more efficient than OFDM. In this SEFDM
system non-orthogonality was introduced by a parameter
a, where Af = a/T and 0 < o < 1. The above discussed
system requires high frequency precision in order to re-
duce frequency offset effects. In addition, it will require
different equipment for different values of frequency
spacing. To overcome the limitations of this system a
technique is discussed in [2,3] where, the transmitted
symbol set was modified by zero padding which leads to
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higher frequency resolution on performing IDFT. The
partial transmission of the IDFT results in spectrum
compression.

By exploiting the circular conjugate symmetry property
of Discrete Fourier Transform (DFT) better spectral effi-
ciency & BER-SNR performance was achieved as dis-
cussed in [4]. All these systems make use of non-or-
thogonal bases for which an inverse doesn’t exist. This
results in greater receiver complexity. In this paper we
develop an NOFDM system that deviates from the con-
ventional system as discussed in [5] where AfT < 1, by
introducing a non-orthogonal basis set that possess a dual,
which can be used in the receiver to retrieve the trans-
mitted symbol, hence simplifying the receiver design. In
order to understand the NOFDM system, a clear under-
standing of the working of an OFDM system is a prereq-
uisite.

This paper is organized as follows: Section 2 gives an
insight into the critical concepts behind the working of an
OFDM system that are critical for a clear understanding
of an NOFDM system. Section 3 begins with a brief in-
troduction on NOFDM, and proceeds to discuss the sig-
nificance of Gabor bases and their use in the implemen-
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tation of an NOFDM system. A typical OFDM system
has been considered as the baseline system. Section 4
gives the simulation results of the proposed NOFDM sys-
tem in comparison with the baseline OFDM system.
Conclusions are drawn from the simulation results that
help in developing an NOFDM system with optimal para-
meters resulting in better spectral efficiency and BER-
SNR performance.

2. OFDM

In an OFDM system, the symbols obtained after constel-
lation mapping are modulated onto orthogonal signals of
different frequencies corresponding to each of the sub-
carriers used [6].

S(n)=X,*S,(n); (1)

where, X represents the symbols to be transmitted and
Sy(n) represents each subcarrier given by,

S, (n) = cos2mkn/N — j sin 2mkn/ N ()

On imposing Hermitian symmetry to the symbols i.e.
Xy_x =X, for asymbol stream of length N/2 we end up
with a stream of length N where the symbols are sym-
metric about Xj,. Because of the use of orthogonal car-
riers, this modulation of symbols can be simplified and
represented as taking an IFFT of the stream of symbols.
Thus the IFFT and FFT pair performs the operation of
modulation and demodulation of the symbols onto ortho-
gonal Sine and Cosine subcarriers (depicted in Figure 1).

Another concept of interest is the use of cyclic prefix
for the diagonalization of the channel matrix. It is this
diagonalization that enables channel partitioning. Cyclic
prefix also helps in the removal of ISI. Thus the trans-
mitter portion of the OFDM system can be visualized as
depicted in Figure 2.
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Figure 1. Fourier basis for specific channel.
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Figure 2. Transmitter of an OFDM system.
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3. NOFDM

Non Orthogonal Frequency Division Multiplexing pro-
vides us with a major advantage of spectral efficiency, as
the underlying pulse can be chosen with sharper fre-
quency domain decay. Also the modulation scheme
based on Reisz bases tends to be more robust against
frequency selective fading [5]. The use of non-orthogo-
nal basis functions (Riesz basis) is the key idea in this

paper.

3.1. Gabor Transform

Gabor transform is a type of Short Time Fourier Trans-
form (STFT). In STFT, the input symbols are first win-
dowed in the time domain and then the Fourier transform
operation is performed on the windowed symbol set. The
windowing operation removes the orthogonality of the
basis functions [7]. In Gabor transform a Gaussian win-
dow is used for windowing. It is given by,

1 112 —ont)2 3
w(n) (an e 3)

Gabor transform is a two dimensional transform in
which the response depends on the frequency of the signal
and the time at which windowing is performed.

The basis functions of Gabor transform are non-or-
thogonal which means that the basis functions are not
invertible. But, a unique property of a Gabor bases is that
it is that there exists a dual basis [8] set such that the
original signal can be recovered by a transformation op-
eration which uses the dual basis set.

3.2. Implementation of NOFDM System

In the NOFDM system the loss of orthogonality calls for
the use of non-orthogonal signals for mapping the sym-
bols onto. Hence to induce non orthogonality we make
use of a form of Gabor transform for modulation. Here,
we go with a combination of Gaussian and hanning win-
dow as the final combination that performs windowing in
the time domain. This window is given by,

o) ) o

We use Hanning window in order to provide finite
support for the Gaussian window. We select this window
approximately eight times the 3o of the Gaussian win-
dow. This window and FFT combination can be ap-
proximated as performing the modified Gabor transform
(since the window is not just Gaussian in nature) on the
signal. This Gabor basis set (each basis corresponding to
a specific carrier) obtained, used for modulating and de-
modulating the symbols from different users is as shown
in Figure 3.
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It was observed that for ¢ value of 2/n we obtain better
results while using Gabor bases in image processing [9],
using this results in the Gabor Bases a minimum 3 dB
bandwidth is observed. So, we use this value for imple-
mentation of the Modified Gabor transform in the
NOFDM system. Also, it is observed that the BER-SNR
performance improves as the value of sig decreases and
an optimal performance is obtained at a sig value of 2/n
as shown in Figure 4.

In the NOFDM system we modulate the symbols using
the Modified Gabor basis signals which follow the equa-
tion,

s(")=zy:_01xk (n)w(n)e—jbtfkt 5)

At the receiver, to demodulate the transmitted signal
we use the Inverse Gabor transform whose bases are the
conjugate of the Gabor basis [8]. The Gaussian window
used in the inverse transform is given by,

S}

W' (n)=(1/2m)" e ©)
The inverse transform is given by,

y(n)= X (m)W (n)e Q)
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Figure 3. Gabor basis for a specific channel.
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In the NOFDM system, we define a factor “p” that is a
power of 2. This “p” is a ratio of the symbols to be trans-
mitted to the window length. “N/p” subcarriers are used
for the transmission of N symbols. Due to windowing
operation (use of Gabor basis) the N/p subcarriers can be
used to facilitate the transmission of the p sets of sym-
bols. The Hanning window used ensures that the Gaus-
sian window goes to zero outside the specified window
length. This minimizes abrupt changes in the transmitted
signal and hence leads to a much sharper frequency re-
sponse. The transmitted signal in the NOFDM system is
given by,

%71 p=ION/p
v(n) = a0 k:OZn:l {W(”_kN/p)
X, (k)0

®)

where,
p =N/(window length) . ©)

4. Simulation Results and Conclusions

The following results are for an OFDM and NOFDM
system designed for the Digital Video Broadcasting
(DVB) standard of European terrestrial digital television
(DTV) service based on [10]. Our simulations will focus
in the 2 k mode of the DVB-T standard which uses 1705
carriers which carry symbols with a useful duration of
224 ms.

From the plots (a) and (b) of Figure 5 we find that the
bandwidth decreases from 8 MHz to 4 MHz as the factor
p changes from 1 to 4. This implies that the bandwidth
(B) used decreases with the window length i.e. B is pro-
portional to N/p (9). From the plots (b) and (c) of Figure
5 we observe that the bandwidth used is almost the same
but there is a decrease in the power of the out of band
emissions.

On transmitting the symbols on a set of subcarriers
over a channel that imparts AWGN noise, one can ob-
serve that the recovery of the symbols is possible in both
the OFDM and NOFDM systems and the data transmit-
ted through the NOFDM system has a BER just slightly
higher than that transmitted through an OFDM system
for a given SNR (depicted in Figure 6).

It is also observed that the BER-SNR performance
improves for the NOFDM system with a decrease in the
window length used to develop the non-orthogonal basis
set as shown in Figure 7. Since the main role of cyclic
prefix is to maintain the orthogonality of the sub chan-
nels, it must be noted that no cyclic prefix is needed in
the NOFDM system. Thus the NOFDM system designed
does not have cyclic prefix. However, cyclic prefix can
be incorporated if necessary in order to combat ISI.

Thus from the results obtained we can conclude that
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the spectrum of the NOFDM signal transmitted is occu-
pies lesser bandwidth when compared to that of the
OFDM system when p > 1 (where, p=1,2,4,8,---). This
is a major advantage over the OFDM system. Since the
BER-SNR performance of this system remains compara-
ble with that of the baseline OFDM system, the devel-
oped system is an improvement over OFDM in DVB-T.

5. Summary

The NOFDM system has been implemented. The BER vs.
SNR performance for a system implemented using a
Gabor basis with sigma value of 2/n was found to be op-
timal and comparable to that of an OFDM system. The
spectrum is found to be efficient than that of OFDM sys-
tems and also the bandwidth is found to be inversely
proportional to the window length of the Gabor transform.
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