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A major goal of the next-generation wireless communication systems is the development
of a reliable high-speed wireless communication system that supports high user mobility.
They must focus on increasing the link throughput and the network capacity. In this
paper a novel, spectral efficient system is proposed for generating and transmitting two-
dimensional (2-D) orthogonal frequency division multiplexing (OFDM) symbols through 2-
D inter-symbol interference (ISI) channel. Instead of conventional data mapping techniques,
discrete finite Radon transform (FRAT) is used as a data mapping technique due to the
increased orthogonality offered. As a result, the proposed structure gives a significant
improvement in bit error rate (BER) performance. The new structure was tested and
a comparison of performance for serial one-dimensional (1-D) Radon based OFDM and
parallel 2-D Radon based OFDM is made under additive white Gaussian noise (AWGN), flat,
and multi-path selective fading channels conditions. It is found that Radon based parallel
2-D OFDM has better speed and performance than serial 1-D Radon based OFDM.

© 2008 Elsevier Inc. All rights reserved.

1. Introduction

A major goal of modern communications is the development of a reliable high-speed wireless communication system
that supports high user mobility. The next generation of wireless systems will require higher data quality than current
cellular mobile radio systems and should provide higher bit rate services. In other words, the next generation of wireless
systems are supposed to have a better quality and coverage, be more powerful and bandwidth efficient, and be deployed
in diverse environments [1]. The ever-increasing demand for wireless and multimedia applications such as video streaming
keeps pushing future wireless LAN (WLAN) systems to support much higher data rates (100 MB/s up to 1 GB/s) at high
link reliability and over greater distances. Next-generation wireless communication systems are focused on increasing the
link throughput (bit rate), the network capacity, and the transmit range [2]. A multi-band orthogonal frequency division
multiplexing ultra wideband system is being considered for the physical layer of the new IEEE wireless personal area
network (WPAN) standard, IEEE 802.15.3a [3,4]. The standard is targeting high data transmission rates of 110 Mb/s over
10 m, 220 Mb/s over 4 m and 480 Mb/s over 1 m. The IEEE 802.15.3a transceivers will be used in portable devices, such as
camcorders, and laptops, as well as in fixed devices, such as TVs and desktops. Therefore the link throughput (bit rate), the
network capacity and bandwidth efficiency are very important issues to be addressed.

OFDM system is one of the most promising technologies for current and future wireless communications [5]. It is a form
of multi-carrier modulation (MCM) technologies [6–8] where data bits are encoded to multiple sub-carriers, while being
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Fig. 1. Radon based serial OFDM transceiver.

sent simultaneously. Each sub-carrier in an OFDM system is modulated in amplitude and phase by the data bits. Modulation
techniques typically used are binary phase shift keying (BPSK), quadrature phase shift Keying (QPSK), 16 quadrature am-
plitude modulation (QAM), 64QAM, etc. The process of combining different sub-carriers to form a composite time-domain
signal is usually achieved using fast Fourier transform (FFT) and inverse FFT (IFFT) operations [9,10].

The main problem in the design of a communications system over a wireless link is to deal with multi-path fading,
which causes a significant degradation in terms of both the reliability of the link and the data rate [11]. Multi-path fading
channels have a severe effect on the performance of wireless communication systems even those systems that exhibits
efficient bandwidth, like OFDM [12].

There is always a need for developments in the realization of these systems as well as efficient channel estimation
and equalization methods to enable these systems to reach their maximum performance [13,14]. The OFDM receiver struc-
ture allows relatively straightforward signal processing to combat channel delay spreads, which was a prime motivation
to use OFDM modulation methods in several standards, for example, digital audio/video broadcasting [15], wireless local
area network (WLAN, IEEE 802.11a/g) [16], IEEE wireless personal area network (WPAN) standard IEEE 802.15.3a [3,4], IEEE
802.16 [17], digital audio/video broadcasting (DAB/DVB) [15], HiperLAN/2 [18], asymmetric DSL (ADSL), and very-high-speed
DSL (VDSL) systems [19]. Also multi-band OFDM is a strong candidate for multi-band ultra wideband (UWB) which enables
high data rate UWB transmission to inherit all the strength of OFDM that is widely used in numerous communication
situations [20].

In transmissions over a radio channel, the orthogonality of the signals is maintained only if the channel is flat and time-
invariant, channels with a Doppler spread and the corresponding time variations corrupt the orthogonality of the OFDM
sub-carrier waveforms [21]. In a dispersive channel, self-interference occurs among successive symbols at the same sub-
carrier casing ISI, as well as among signals at different sub-carriers casing ICI. It is well known that the FFT-based OFDM
obtain the required orthogonality between the sub-carriers from the suitability of the IFFT algorithm [9]. This suitability
makes the FRAT appropriate when used as a data mapping in the OFDM structure since it depends on the IFFT to obtain
the required mapping. This increases the orthogonality of the system since IFFT is used twice, first in data mapping then in
sub-channel modulation.

The Radon transform is the underlying fundamental concept used for computerized tomography scanning, as well for
a wide range of other disciplines, including radar imaging, geophysical imaging, nondestructive testing, and medical imag-
ing [22]. The enormous growth in the application areas of the Radon transform and the fact that digital computations are
often required, has led to the development of the discrete Radon transform (DRT). The Radon transform (RT) is a widely
studied algorithm used to perform image pattern extraction in fields such as computer graphics and several others digital
signal and image processing applications [23–32].

A new application for FRAT is proposed in this paper. It is used as a mapping technique in OFDM realization in a new
proposed 2-D OFDM system.

2. Radon based OFDM

In 1-D serial Radon based OFDM system, FRAT mapping is used instead of QAM mapping as shown in Fig. 1. The other
processing parts of the system remain the same as in conventional QAM OFDM system. It is known that FFT-based OFDM
obtain the required orthogonality between sub-carriers from the suitability of IFFT algorithm [9]. Using FRAT mapping with
the OFDM structure increases the orthogonality between sub-carriers since FRAT computation uses 1-D IFFT algorithm. So
1-D serial Radon based OFDM system has increased orthogonality since 1-D IFFT algorithm is used twice: in data mapping
and in sub-channel modulation, which is reflected in overall system performance. Sub-carriers are generated using N points
discrete Fourier transform (DFT) and guard interval (GI) inserted at start of each symbol is used to reduce ISI. It may be
zero-padded GI, cyclic prefix, or possibly other types of guard intervals. One possible type of GI is a half guard period, which
is a cyclic prefix type in one half, and a zero padded in the other half.

Fig. 2 shows the guard interval as cyclic prefix in the serial 1-D OFDM. It is a copy of partial wave from the end of
OFDM symbol. As in QAM OFDM, all symbols in this model are transmitted serially throw the 1-D channel. The channel
is simulated as 1-D FIR filter that adds multi-path effect and AWGN to transmitted symbols. Channel estimator is used to
estimate the channel effect.
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Fig. 2. Guard interval as cyclic prefix in the serial OFDM.

FRAT is proposed as a modulation mapping in the communication system and it is designed to increase the spectral
efficiency of the OFDM system through increasing the bit per Hertz of the mapping. The procedure steps of using the 1-D
serial Radon based OFDM mapping is as follows:

Step 1. Suppose d(k) is the serial data stream to be transmitted using OFDM modulation scheme. Converting d(k) from
serial form to parallel form will construct a one-dimensional vector containing the data symbols to be transmitted,

d(k) = (d0d1d2 . . .dn)T , (1)

where k and n are the time index and the vector length, respectively.
Step 2. Convert the data packet represented by the vector d(k) from one-dimensional vector to a p × p two-dimensional

matrix D(k), where p should be a prime number according to the matrix resize operation.
Step 3. Take the 2-D FFT of the matrix D(k) to obtain the matrix, F (r, s). For simplicity it will be labeled by F .

F (r, s) =
p−1∑
m=0

p−1∑
n=0

D(m,n)e− j(2π/p)rme− j(2π/p)ns. (2)

Step 4. Redistribute the elements of the matrix F according to the optimum ordering algorithm given in [33]. So, the
dimensions of the resultant matrix will be p × (p + 1) and will be denoted by the symbol Fopt. The two matrixes for FRAT
window = 7 are given by

F =

⎡
⎢⎢⎢⎢⎢⎢⎢⎣

f1 f8 f15 f22 f29 f36 f43
f2 f9 f16 f23 f30 f37 f44
f3 f10 f17 f24 f31 f38 f45
f4 f11 f18 f25 f32 f39 f46
f5 f12 f19 f26 f33 f40 f47
f6 f13 f20 f27 f34 f41 f48
f7 f14 f21 f28 f35 f42 f49

⎤
⎥⎥⎥⎥⎥⎥⎥⎦

, (3)

Fopt =

⎡
⎢⎢⎢⎢⎢⎢⎢⎣

f1 f1 f1 f1 f1 f1 f1 f1
f2 f10 f9 f16 f8 f21 f14 f13
f3 f19 f17 f31 f15 f34 f20 f18
f4 f28 f25 f46 f22 f47 f26 f23
f5 f30 f33 f12 f29 f11 f32 f35
f6 f39 f41 f27 f36 f24 f38 f40
f7 f48 f49 f42 f43 f37 f44 f45

⎤
⎥⎥⎥⎥⎥⎥⎥⎦

. (4)

Step 5. Take the 1D-IFFT for each column of the matrix Fopt to obtain the matrix of Radon coefficients, R:

R = 1

p

N−1∑
k=0

Fopte
j2πkn

p . (5)

Step 6. Construct the complex matrix R from the real matrix R such that its dimensions will be p × (p + 1)/2 according
to

rl,m = ri, j + jri, j+1, 0 � i � p, 0 � j � p, (6)

where rl,m refers to the elements of the matrix R , while ri, j refers to the elements of the matrix R . Matrixes R and R are
given by

R=

⎡
⎢⎢⎢⎢⎢⎢⎢⎣

r1,1 r1,2 r1,3 . . . r1,p+1
r2,1 r2,2 r2,3 . . . r2,p+1
.
.
.

.

.

.
.
.
. . . .

.

.

.
.
.
.

.

.

.
.
.
. . . .

.

.

.

rp−1,1 rp−1,2 rp−1,3 . . . rp−1,p+1
rp,1 rp,2 rp,3 . . . rp,p+1

⎤
⎥⎥⎥⎥⎥⎥⎥⎦

, (7)
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Fig. 3. An illustrative numerical example of converting binary data to constellated data using FRAT mapping.

R̄=

⎡
⎢⎢⎢⎢⎢⎢⎢⎣

r1,1 + jr1,2 r1,3 + jr1,4 . . . r1,p + jr1,p+1
r2,1 + jr2,2 r2,3 + jr2,4 . . . r2,p + jr2,p+1

.

.

.
.
.
. . . .

.

.

.
.
.
.

.

.

. . . .
.
.
.

rp−1,1 + jrp−1,2 . . . . . . rp−1,p + jrp−1,p+1
rp,1 + jrp,2 . . . . . . rp,p + jrp,p+1

⎤
⎥⎥⎥⎥⎥⎥⎥⎦

. (8)

Step 7. Resize the matrix R to a one-dimensional vector r(k) of length p × (p + 1)/2.

r(k) = ( r0 r1 r2 . . . rp(p+1)/2 )T . (9)

Step 8. Take the 1D-IFFT for the vector, r(k) to obtain the sub-channel modulation.

s(k) = 1

p(p + 1)/2

NC −1∑
k=0

r(k)e

j2πkn
p(p+1)/2

, (10)

where NC number of carriers.
Step 9. Finally, convert the vector s(k) to serial data symbols: s0, s1, s2, . . . , sn .
An illustrative numerical example of converting binary data to constellated data using FRAT mapping is shown in Fig. 3.

3. Two-dimensional channel model

Two-dimensional finite state input channels with memory play a fundamental role in various applications in modern
communications. A popular and important instance of this class of channels is 2-D ISI channels, which appear, e.g., in
magnetic and optical recording systems [34,35]. In ISI, finite state symbols are ordered on a 2-D grid, causing interference
in a limited neighborhood. Another interesting instance of dispersive 2-D channels is multiple-access (MA) channels, which
appear in cellular networks. Following Wyner’s cellular model [36], a planar uplink model can be viewed as a 2-D channel,
where each cell corresponds to a node in the grid, and interference occurs between neighboring cells. This Wyner-like model
assumes that most of the multiple-access interference (MAI) is caused by inter-cell effects, rather than intra-cell effects.

Many researchers have proposed 2-D ISI channel detection schemes models, [34,35,37–42]. Singla et al. have proposed
joint equalization and decoding schemes for 2-D ISI discrete channels, and this is the channel model used in this paper for
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Fig. 4. Two-dimensional ISI channels. (a) Nonseparable channel, (b) separable channel.

Fig. 5. The proposed parallel Radon based OFDM system.

simulation of the proposed 2-D parallel OFDM system. This channel model is a binary-input, liner finite-state ISI channel
where the input to this channel is 2-D matrix of size (L1 × L2). The output of this channel is described by

r(i, j) =
L1,L2∑

k1,k2=0

x(i − k1, j − k2)h(k1,k2) + w(i, j), (11)

where r(i, j) and x(i, j) are elements of output and input data matrices respectively; w(i, j) are samples of additive white
Gaussian noise (AWGN) with variance σ 2; h is the 2-D channel impulse response:

h =
[

h0 h1
h2 h3

]
. (12)

For example, an impulse response used in simulation in [37] is

h =
[

1 0.5
0.5 0.25

]
.

This channel response is separable into h = [1 0.5]T [1 0.5].
In Eq. (11), L1, L2 represent number of elements over which ISI extends in each dimension. The channels impulse

responses can be divided in to two types: non separable ISI channel and separable ISI channel as shown in Fig. 4.

4. Proposed parallel Radon based OFDM

The conventional and 1-D serial Radon based OFDM systems transmit data serially where proposed 2-D parallel Radon
based OFDM system transmits data in parallel (transmitted signal is 2-D OFDM signal). This increases transmission speed,
since parallel transmission is much faster than serial transmission and so this system is suitable for applications requiring
high data rates. Proposed 2-D parallel Radon based OFDM system is shown in Fig. 5, it deals with 2-D input data of size
(M × M). Each row of input data is represented by one 2-D OFDM symbol at the output of proposed system.

Proposed system will find a Radon map for each row and extend the 2-D matrix to IFFT size by adding zeros to the rows
and columns. The matrix size after row and column zero padding will be of size (N × N). At the same time proposed system
generates 2-D pilot carriers that assist channel estimator of size (M × M) and it also extend this 2-D pilot to (N × N). The
second step in the system is generating the carriers by taking 2-D IFFT.



Author's personal copy

912 W. Al-Jawhar et al. / Digital Signal Processing 18 (2008) 907–918

Fig. 6. Guard interval as cyclic prefix in the parallel OFDM.

If 2-D input data sequence is a[k1,k2], where 0 � k1 � N1 − 1 and 0 � k2 � N2 − 1 and if frequency spacing � f1 raw
wise and � f2 column wise, and if symbol intervals are T u1, T u2 raw wise and column wise, respectively, then transmitted
signal can be written as

x(t1, t2) =
N1−1∑
k1=0

N2−1∑
k2=0

a(k1,k2)e j2πk1� f1t1 e j2πk2� f2t2 , 0 � t1 � T u1 and 0 � t2 � T u2. (13)

If the signal is sampled at rate T u1/N1 row wise and T u2/N2 column wise then

xa(n1,n2) = x(n1T u1/N1,n2T u2/N2), (14)

xa(n1,n2) =
N1−1∑
k1=0

N2−1∑
k2=0

a(k1,k2)e j2πk1n1� f1 T u1/N1e j2πk2n2� f2 T u2/N2. (15)

If � f T u = 1, then

xa(n1,n2) =
N1−1∑
k1=0

N2−1∑
k2=0

a(k1,k2)e j2πk1n1/N1e j2πk2n2/N2, (16)

xa(n1,n2) = N1N2 × [
2-D IFFT

{
a(k)

}]
. (17)

The 2-D IFFT maintains orthogonality row wise and column wise, i.e., the contents of each row will be orthogonal and
at the same time the contents of each column will be orthogonal too. That is the key property that allows this signal to be
transmitted via 2-D ISI channel.

To reduce ISI in 2-D OFDM as in 1-D OFDM signal, the cyclic prefix can be added to the 2-D matrix, as shown in Fig. 6.
A copy of partial end of each row is added to its start and a copy of partial end of each column end is added to its start.
If the guard interval consists of k samples then the final 2-D matrix will be of size (S × S), where S = N + k. Adding GI to
each row will reduce the ISI row and adding GI to each column will reduce ISI column.

Instead of using QAM mapping usually used with the standard FFT-based OFDM, the 1-D serial OFDM Radon mapping
is used in the parallel 2-D OFDM system; this is due to its good suitability to OFDM structure because it depends on the
1D-IFFT to obtain the required mapping, which increases the orthogonality of the system since IFFT is used twice, first in
data mapping and second in 2-D IFFT in the sub-channel modulation. In this paper the performance of 2-D parallel Radon
based OFDM system is compared with that of 1-D serial Radon based OFDM. Using 2-D IFFT in carrier generation and using
row and column zero padding in 2-D parallel OFDM gives better orthogonality and as a result better performance than 1-D
serial OFDM.

5. Simulation and BER performance of proposed 2-D parallel Radon based OFDM transceiver

The simulation is started for 1-D serial Radon based OFDM system, its BER performance is simulated and compared with
the conventional standard FFT-based OFDM for AWGN, flat fading, and multi-path fading channels. The system parameters
used through the simulations are: bit duration Td = 1 μs, FRAT window is 7 by 7, FFT bins = 64, Guard interval: Cyclic
prefix approach with 26 symbols are added to the frame with pilot assisted channel estimator. A second-ray is assumed
in multi-path fading channel with a second path gain of −8 dB, at a maximum delay of τmax = 1 μs. The results of this
simulation are provided in Figs. 7–9. Fig. 7 shows the BER performance of the 1-D Radon based OFDM and the standard
FFT based OFDM simulated in AWGN channel. From which it can be seen that the 1-D Radon based OFDM has a gain of
about 4 dB SNR as compared with the standard FFT based OFDM to achieve a BER performance of 10−4. The simulation in
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Fig. 7. BER performance of 1-D FRAT and FFT based OFDM in AWGN channel.

Fig. 8. BER performance of 1-D FRAT and FFT based OFDM in flat fading with AWGN channel.

a flat Raleigh-distributed fading channel with AWGN is given in Fig. 8. It shows that the Radon based OFDM has a gain in
SNR of about 4 dB as compared with the standard FFT based OFDM to achieve a BER performance of 10−4. Fig. 9 shows
the BER performance of 1-D FRAT and FFT based OFDM in a 2-ray Rayleigh-distributed multi-path fading channel were the
second path gain and delay was −8 dB and τmax = 1 μs, respectively. It can be seen that BER performance of the Radon
based OFDM is still better than the standard FFT-based OFDM. It requires 24 dB of SNR for 1-D FRAT OFDM to reach BER of
10−4 while the standard FFT based does not achieve such a BER without more complex equalization.

Then the performance of the 2-D parallel Radon based OFDM system is compared with the performance of the 1-D serial
Radon based OFDM. Systems parameters used in simulation are: FRAT window is 7 by 7 (p = 7), 2-D FFT bins = (64 × 64),
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Fig. 9. BER Performance in frequency-selective fading channel.

Fig. 10. BER for parallel Radon OFDM and serial Radon OFDM in AWGN channel.

guard interval = 16 samples row and column wise (1/4 × IFFT size), guard interval type equal all zeros, and 2-D pilot-
assisted channel estimator is used in this simulation. Different types of channel models are used in the simulation. First an
AWGN channel is considered with several signal-to-noise ratio (SNR) values. Then a multi-path Raleigh distributed fading
channels are considered with two scenarios: flat and frequency selective fading (two path channel model) cases.

The channel impulse response used in the case of flat fading channel is

h =
[

1 0
0 0

]

and the channel impulse response used in the case of selective fading channel is

h =
[

1 0.5
0.5 0.25

]
.

Fig. 10 shows BER performance of 2-D parallel Radon based OFDM compared with BER performance of 1-D serial Radon
based OFDM in an AWGN channel. It can be seen from figure that parallel Radon OFDM has a gain in SNR about 5 dB to
achieve a BER performance of 10−4 as compared with the 1-D serial Radon based OFDM.
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Fig. 11. BER for parallel and serial Radon based OFDM in flat fading channel.

Fig. 12. BER for parallel and serial-Radon based OFDM in selective fading channel.

Fig. 11 plots BER performance of 2-D parallel Radon based OFDM compared with BER performance of 1-D serial Radon
based OFDM in a flat fading channel. It can be noted that parallel Radon OFDM has a gain in SNR more than 4 dB to achieve
a BER performance of 10−4 as compared with the 1-D serial Radon based OFDM.

Fig. 12 shows the BER performance of the two systems in selective fading channel with second path signal delay of 2
samples and gain equal to −10.5 dB. Simulations show that 2-D parallel Radon OFDM better performance in general and it
has a gain improvement in SNR about 4 dB to achieve a BER performance of 10−4 as compared with the 1-D serial Radon
based OFDM.

The effect of variations of second path gain and delay in static selective fading channel on the BER performance of the
proposed 2-D system is studied. Fig. 13 depicts the effect of changing the second path gain on the BER performance as
compared with 1-D Radon OFDM when the second path delay is two samples. The second path gains used are −8, −6, and
−2 dB for row and column wise in the 2D ISI channel. From Fig. 13, it can be seen that the performance of the 2-D Radon
based OFDM decreases with increasing second path gain, however it still better than that of the 1-D Radon based OFDM.
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Fig. 13. Effect of second path gain on BER performance of the proposed parallel and serial-Radon based OFDM.

Fig. 14. Effect of second path delay on the BER performance of the proposed parallel and serial-Radon based OFDM.

Fig. 14 shows the effect of the second path delay on the Radon based 2-D OFDM as compared with that of Radon based
1-D OFDM when the second path gain is kept constant on −10 dB. The second path delays used are 2, 8, and 12 samples
for row and column wise in the 2-D ISI channel. From Fig. 14 it can be seen that Radon based 2-D OFDM has better
performance than that of Radon based 1-D OFDM.
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6. Conclusions

In this paper a new OFDM generation method is proposed. This method generates 2-D OFDM symbols and transmits
them through 2-D ISI channel. Using this method transmission speed is increased and therefore high data rate applications
are easier to implement. The proposed 2-D parallel OFDM system uses Radon mapping instead of QAM mapping which
increases the orthogonality. This method is easy to implement and it does not require complex processing. Simulation
results of proposed 2-D parallel Radon based OFDM show a good SNR gain improvement compared with 1-D serial Radon
OFDM in an AWGN, a flat fading, and a selective fading channel. The performance is improved in parallel system, due to
implementation of IFFT twice, in data mapping and in 2-D IFFT in the sub-carrier modulation. Also the optimal ordering
(best direction) in the Radon mapping can be considered as a good interleave which serves as an error spreading. The row
and column zero padding before the 2-D IFFT and the use of 2-D channel estimator increases the system performance. Many
techniques can be used as future work to increase system performance such as 2-D channel equalization, channel codes,
and polynomial cancellation coding (PCC) algorithms.
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