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Abstract In this paper a new method is proposed to perform the N -Radon orthogonal
frequency division multiplexing (OFDM), which are equivalent to 4-quadrature amplitude
modulation (QAM), 16-QAM, 64-QAM, 256-QAM, … etc. in spectral efficiency. This non
conventional method is proposed in order to reduce the constellation energy and increase
spectral efficiency. The proposed method gives a significant improvement in Bit Error Rate
performance, and keeps bandwidth efficiency and spectrum shape as good as conventional
Fast Fourier Transform based OFDM. The new structure was tested and compared with con-
ventional OFDM for Additive White Gaussian Noise, flat, and multi-path selective fading
channels. Simulation tests were generated for different channels parameters values including
multi-path gains vector, multi-path delay time vector, and maximum Doppler shift.

Keywords Finite Radon transform · Data mapping · OFDM ·
N -Radon-based OFDM transceiver

1 Introduction

Orthogonal frequency division multiplexing (OFDM) system is one of the most promising
technologies for current and future wireless communications [1]. It is a form of multi-carrier
modulation technologies [2,3] where data bits are encoded to multiple sub-carriers, while
being 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,
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quadrature phase shift keying (QPSK), 16-QAM, 64-QAM etc. The process of combining
different sub-carriers to form a composite time-domain signal is achieved using Fast Fourier
Transform (FFT) and inverse FFT (IFFT) operations [4].

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 reli-
ability of the link and the data rate [5]. Multi-path fading channels have a severe effect on
the performance of wireless communication systems even those systems that exhibits effi-
cient bandwidth, like OFDM [6]. 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 [7]. The OFDM receiver structure allows
relatively straightforward signal processing to combat channel delay spreads, which was a
prime motivation to use OFDM modulation methods in several standards [8–12].

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 correspond-
ing time variations corrupt the orthogonality of the OFDM sub-carrier waveforms [13]. In a
dispersive channel, self-interference occurs among successive symbols at the same sub-car-
rier casing inter symbol interference (ISI), as well as among signals at different sub-carriers
casing inter carrier interference (ICI). For a time-invariant but frequency-selective channel,
ICI, as well as ISI, can effectively be avoided by inserting a cyclic prefix before each block of
parallel data symbols at the cost of power loss and bandwidth expansion [4]. Some solutions
for ICI mitigation, such as pre-coding for self-cancellation [14], require a modification of the
transmit format so that these are not suitable for existing standards [15]. Other techniques are
compatible with existing transmit schemes, but may not be suitable for high vehicle speeds
or become too complex for consumer products.

The Radon transform (RT) was first introduced by Johann Radon (1917) and the theory,
basic aspects, and applications of this transform are studied in [16,17] while the finite Radon
transform (FRAT) was first studied by [18]. RT is the underlying fundamental concept used
for computerized tomography scanning, as well for a wide range of other disciplines, includ-
ing radar imaging, geophysical imaging, nondestructive testing and medical imaging [16].
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 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 [19–23].

In this paper a new application for Finite Radon Transform (FRAT) is proposed. The idea
of one dimensional serial Radon based OFDM proposed in [24] is develop farther to words
increasing spectral efficiency and reducing the constellation energy.

2 Radon Transform, Inverse Radon Transform, and Finite Radon Transform

Let (x, y) designate coordinates of points in the Cartesian plane, and consider some arbi-
trary function f defined on some domain D on R2. If L is any line in the plane, then the
mapping defined by the projection or line integral of f along all the possible lines L is the
(two-dimensional) Radon transform of f provided that the integral exists. Explicitly,

�

f = R f =
∫

L

f (x, y)ds (1)
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Where, ds is an increment of length along L . The domain D may include the entire plane or
some region of the plane as shown in Fig. 1.

The mapping defined by Eq. (1) along with its inverse and certain generalizations, was
studied first by Johann Radon (1917) [25]. Radon showed that if f is continuous, then � f is
uniquely determined by integrating along all the lines L .

There are many approaches to recover function f from its RT version
�

f [16,26], Fourier
Transform (FT) method of Inverse Radon Transform (IRT) will be used through out this
paper. The fundamental connection between FT and RT is established through the following
equation [16]:

f̃ = F1
�

f = F1R f (2)

where: F1- one-dimensional FT, f̃ - FT of f function.

Figure 2 clarifies this connection diagrammatically. In effect
�

f maybe obtained by apply-
ing the inverse FT in the radial direction once f̃ is known. Symbolically,

R f = F−1Fn f (3)

The diagrammatic interpretation of Eq. (3) is shown in Fig. 3. Thus, given
�

f it is possible to
recover f by a radial FT followed by n-dimensional inverse FT. Symbolically,

f = F−1
n F1

�

f (4)

Fig. 1 Line L through domain D

x

y

L

Fig. 2 Relation between RT
and FT

Fig. 3 Diagrammatic
interpretation of Eq. (3)
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FRAT was defined for two dimensional (2D) images in [17,18]. In this paper, the FT
approach will be used due to its suitability for our purposes. The FRAT of a two dimensional
matrix A can be obtained first by taking the 2D-FFT of A [17,26]:

F(r, s) =
p−1∑
m=0

p−1∑
n=0

A(m, n) e− j (2π/p)rm e− j (2π/p)ns (5)

Then the order of coefficients in the corresponding Fourier slices are controlled by the
direction of a set of normal vectors, namely (ak, bk), where k = 0, 1, 2, . . . , p. These normal
vectors refer to the row and column indices in the Fourier domain. The optimal ordering of
Radon coefficients was suggested first in [25]. It was shown that the optimum number of
FRAT projections is p + 1, one projection for each column, and the best ordering of the
2D-FFT coefficients in these projections which is controlled by the normal vectors can be
achieved if the normal vectors determined as [16]:

(ak, bk) = arg min
∣∣(Cp(ak), Cp(bk)

)∣∣
(ak, bk) ∈ {nuk : 1 ≤ n ≤ p − 1}
st.C p(bk) ≥ 0

(6)

Here C p(x) denotes the centralized function of period p; C p(x) = x − p.round(x/p).
Hence,

∥∥(C p(ak), C p(bk))
∥∥ represents the distance from the origin to the point (ak, bk) on

the Fourier plane. The constraint C p(bk) ≥ 0 is imposed in order to remove the ambiguity
in deciding between (a, b) and (−a,−b) as the normal vector for the projection. As a result
the optimal normal vectors are restricted to have angles in [0, π) and reordered matrix F
is assigned symbol Fopt . Matrixes F and Fopt for p = 7 are given by Eqs. (7) and (8)
respectively:

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

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎦

(7)

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

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎦

(8)

Finally, FRAT can be obtained by taking the one dimensional (1D) IFFT for each column
of the matrix Fopt . So, if the columns of the matrix Fopt are assigned the symbol fi , where
i takes the values of 0, 1, 2, 3, . . .. . .. . ..., p, [25] then:

ri (k) = Re

⎧⎨
⎩

1

p

p−1∑
m=0

f (i)e j (2π/p)km

⎫⎬
⎭ (9)

Now, the matrix with the r(i) columns represents the FRAT of A:

� = [r(1)r(2)r(3) · · · r(p)] (10)
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Fig. 4 Proposed N -Radon based OFDM transceiver
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Matrix  dim (p,p+1)

FRAT

Fig. 5 Proposed N -Radon mapper

Also [25] showed that normalization by the square root of the matrix size, p leads to better
performance. Matrix A can be recovered by reversing the above procedure (taking 1D FFT,
retrieving original Fourier coefficients ordering, and then taking 2D-IFFT).

3 Proposed N-Radon Based OFDM Transceiver

In this section we propose and describe a general technique for N -Radon-based OFDM where
N = 2, 4, 6, 8, 10. . . etc. which is equivalent to 4-QAM, 16-QAM, 64-QAM, 256-QAM,
1024-QAM etc. The block diagram of proposed N -Radon based OFDM transceiver is similar
to that of conventional OFDM transceiver as shown in Fig. 4. Instead of QAM mapper used
in conventional OFDM, a new Radon transform mapper is implemented in this design. It
works as a good interleaver and provides a high immunity against ICI due to implementa-
tion of IFFT twice: in the mapper and in the sub-carrier modulation. As a result, proposed
system gives a significant reduction in Bit Error Rate (BER) as compared with conventional
16-QAM and 64-QAM based OFDM systems. Another important result obtained here is that,
proposed N -Radon mapper has constellation of very small energy as compared with that of
QAM mapper.

The N -Radon mapping procedure block diagram is shown in Fig. 5. In this procedure p
is a prime number and N is an even number. The procedure follows the following steps:

Step 1. Take column vector of length (N/2) p2 of input binary data. If p = 3, then for
2-Radon case the vector length is 9 bits, 4-Radon case 18 bits, 6-Radon case 27
bits, … etc.
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Step 2. Convert the column vector of step1 to 2D matrix of dimension
(

p2, N/2
)
. In the

case of 2-Radon the vector is not changed since the matrix dimension (9, 1) is a
column vector. For the 4-Radon case the matrix dimension is (9, 2) and so on.

Step 3. Convert the matrix data in Step 2 from binary to decimal to obtain a column vector
of decimal data with length (p2), all elements in this vector are between (0 and
2N/2 − 1). Then normalize this data vector by dividing it by k = √

2N/2 − 1 . The
new vector elements will be between (0 and

√
2N/2 − 1).

Step 4. Convert the vector in Step3 to 2D matrix D(k)of dimension (p, p). Suppose that
data bits at the input of 4-Radon are (100110110010101100), then for 4-Radon
mapping the matrixes after Step 2, Step 3, and Step 4 are:

(100110110010101100) ⇒

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

1 0
0 1
0 0
1 1
1 0
0 1
1 1
1 0
0 0

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

⇒

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

2
1
0
3
2
1
3
2
0

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

⇒

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

2/
√

3
1/

√
3

0√
3

2/
√

3
1/

√
3√

3
2/

√
3

0

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

⇒ D(k)

=
⎡
⎣ 2/

√
3

√
3

√
3

1/
√

3 2/
√

3 2/
√

3
0 1/

√
3 0

⎤
⎦

Then take Radon transform (Step 5, Step 6, and Step 7) as shown in Fig. 5 to obtain
a new matrix of dimension (p, p + 1).

Step 5. Take the 2-D FFT of the matrix D(k) to obtain the matrix, F(r, s) given by Eq. (5).
For simplicity it will be labeled byF .

Step 6. Redistribute the elements of the matrix F according to the optimum ordering algo-
rithm given in [25]. So, the dimensions of the resultant matrix will be p × (p + 1)

and will be denoted by symbol Fopt . The two matrixes for FRAT window= 7 are
given by Eqs. (7) and (8).

Step 7. Take 1D-IFFT for each column of the matrix Fopt to obtain the matrix of Radon
coefficients, R:

R = 1

p

N−1∑
k=0

Fopt e
( j2πkn/p) (11)

Step 8. 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, (12)

Where, rl,m refers to the elements of the matrixR, while ri, j refers to the elements
of the matrix R. Matrixes R and R are given by:
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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,p+1

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

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎦

(13)

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

rp,1+ jr p,2 . . . . . . rp,p + jr p,p+1

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎦

(14)

Complex matrix construction is made for a purpose of increasing bit per Hertz of
mapping before resizing mapped data.

Step 9. Resize the matrix R to a one dimensional vector r(k) of length p × (p + 1)/2.

r(k) = (
r0r1r2 · · · rp(p+1)/2

)T (15)

Step 10. 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

(16)

where NC number of carriers.
Step 11. Finally, convert the vector s(k) to serial data symbols: s0, s1, s2, . . . , sn . An illustra-

tive numerical example of converting binary data to constellated data using 2-Radon
mapping is provided below.

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

1
0
1
1
0
1
1
1
0

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

InputFrame⇒⇒⇒⇒⇒
1DVector to

2DMatrix

⎡
⎣ 1 1 1

0 0 1
1 1 0

⎤
⎦

2DFFT−→
⎡
⎣ 6.0000 0 0

(1.5000 + 0.8660i) (1.5000 + 0.8660i) (−1.5000 + 0.8660i)
(1.5000 − 0.8660i) (−1.5000 − 0.8660i) (1.5000 − 0.8660i)

⎤
⎦

Optimal
ordaring−→

⎡
⎣ 6.0000 6.0000 6.0000

(1.5000 + 0.8660i) (1.5000 + 0.8660i) (−1.5000 − 0.8660i)
(1.5000 − 0.8660i) (1.5000 − 0.8660i) (−1.5000 + 0.8660i)

⎤
⎦
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1DIFFT−→
⎡
⎣ 3.000 3.000 2.000 1.000

1.000 1.000 2.000 3.000
2.000 2.000 2.000 2.000

⎤
⎦

p=3
Normalized by 1/

√
3−→
⎡
⎣ 1.7321 1.7321 1.1547 0.5774

0.5774 0.5774 1.1547 1.7321
1.1547 1.1547 1.1547 1.1547

⎤
⎦

Create Constellate data−→
⎡
⎣ 1.7321 + 1.7321i 1.1547 + 0.5774i

0.5774 + 0.5774i 1.1547 + 1.7321i
1.1547 + 1.1547i 1.1547 + 1.1547i

⎤
⎦

2D Matrix to 1D Vector−→

⎡
⎢⎢⎢⎢⎢⎢⎣

1.7321 + 1.7321i
0.5774 + 0.5774i
1.1547 + 1.1547i
1.1547 + 0.5774i
1.1547 + 1.7321i
1.1547 + 1.1547i

⎤
⎥⎥⎥⎥⎥⎥⎦

Mapped Frame−→

In the above procedure Step 2 divides the number of data points by N/2 and also Step 8
divides the number of data points by two i.e. this process divides the number of data points
by N and that is equivalent to 2N -QAM map from spectral efficiency point of view. Hence
4-Radon is equivalent to 16-QAM and 6-Radon is equivalent to 64-QAM etc.

The N -Radon demapper (demodulation) for Fig. 4 is performed by taking the inverse
operations of Fig. 5. Which means converting the matrix with complex numbers of size
{p, (p + 1)/2} from 1D to 2D matrix, then generating matrix of real numbers by placing the
real numbers in the first column of the complex matrix in the first column of the real matrix
and the imaginary numbers in the first column of the complex matrix in the second column
of the real matrix and so on, so as at the end, the real matrix will be of dimension (p, p + 1).
Multiplying the real matrix by square root of p and taking 1D-FFT for each column then
taking optimal reordering to obtain matrix of dimension (p, p). After that taking 2D IFFT
and converting the resultant matrix from 2D to 1D, the length of resultant vector is (p2).
Now multiply this vector by k (which equal to square root of 3 in case of 4-Radon, and equal
to square root of 7 in case of 6-Radon map), and correct the numbers in the last vector by
using a suitable decision thresholds (0.5, 1.5, 2.5). So at the end of this step all elements will
be between (0 and 2N/2 − 1). Now convert this element from decimal to binary, to obtain
matrix of dimension

(
p2, N/2

)
, and by converting this matrix from 2D to 1D, the N -Radon

demapper will be completed, and the final vector will be of length (N/2) p2.
The performances of 2-Radon mapper, QPSK, and 16-QAM were simulated using MAT-

LAB and the results of simulation are shown in Fig. 6. From which it can be seen that 2-Radon
mapper gives a gain in SNR more than 3 dB to achieve a BER performance of 10−4 as com-
pared with standard QPSK and more than 10 dB as compared with 16-QAM in Additive
White Gaussian Noise (AWGN) channel and 4-Radon mapper gives a gain in SNR about
3 dB over the 16-QAM mapper to achieve the same BER performance.

4 Simulation and Performance Analysis of 4-Radon and 6-Radon Based
OFDM Transceiver

As an examples of N -Radon based OFDM, in this section we provide and discuss the obtained
performance results of proposed 4-Radon and 6-Radon based OFDM systems simulations.
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Fig. 6 Performance of Radon
QAM mappers in AWGN channel
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Theoretical performance analysis and derivations of proposed systems are not discussed in
this paper; it will be a subject of the next work which is the continuation of this one. The meth-
odology and the principle of BER formulation for such problems can be found in references
such as [27–29].

Because 4-Radon mapping is equivalent to 16-QAM mapping and 6-Radon mapping is
equivalent to 64-QAM mapping from spectral efficiency point of view, the performances of
the 4-Radon mapping OFDM in different channel conditions are compared with the perfor-
mances of the 16-QAM map OFDM. Also the performances of the 6-Radon map OFDM
are compared with the performance of the 64-QAM mapping OFDM. The simulations are
performed for a frame-based un-coded system. Three types of channels are used AWGN,
multi-path Raleigh distributed flat-fading, and multi-path Raleigh distributed selective-fad-
ing. The selective-fading channel is simulated as 1-D FIR filter that adds multi-path effect
and AWGN to transmitted symbols. The channel is assumed to be slowly varying, which
doesn’t change within a packet frame. Thus, the estimation is done with the long preambles
at the beginning of the frame. The channel frequency response is estimated by using training
and received sequences as follows: H(k) = Received T raining Sample(k)

T ransmitted T raining Sample (k)
, k = 0, 1, 2, . . .

The channel frequency response is used to compensate the channel effects on the data,
and the estimated data is found using the following equation: Estimated − data(k) =
H−1

estimate(k)∗Received − data(k), k = 0, 1, 2, . . . The system uses 64-point FFT, 7 by 7
FRAT window i.e. p = 7. The OFDM frame duration worth’s 80 chips where 64 are for
data while 16 are cyclic prefix. Out of the 64 narrow-band sub-carriers, only 52 are carrying
signal and other 12 are zeros (guard or null sub-carriers). Four of the 52 sub-carriers are
used as pilots and the other 48 are used for data. The same parameters and channel types are
used in the simulation for the proposed 4-Radon and 6-Radon based OFDM systems and the
conventional OFDM systems.

The BER performance of 4-Radon OFDM and 16-QAM OFDM in AWGN channel are
provided in Fig. 7. It can be seen that the 4-Radon OFDM is better than 16-QAM OFDM.
It requires less SNR (about 5 dB) to achieve a BER performance of 10−4 as compared with
standard 16-QAM based OFDM.

In Fig. 8 are provided the BER performance of 4-Radon OFDM and 16-QAM OFDM in
flat fading channel. Again the 4-Radon OFDM is better than 16-QAM OFDM, and it has
about 7 dB SNR advantage at BER equal 10−4. Figure 9 shows the performance in selec-
tive fading channel with 2nd path signal of delay 4 samples and gains equal −10.5 dB. The

123



704 A. H. Kattoush et al.

Fig. 7 BER performance of
4-Radon OFDM and 16QAM
OFDM in AWGN channel
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Fig. 8 BER for 4-Radon OFDM
and 16-QAM OFDM in flat
fading channel
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Fig. 9 BER for 4-Radon OFDM and 16-QAM OFDM in selective fading channel
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Fig. 11 BER for 6-Radon OFDM and 64-QAM OFDM in flat fading channel

4-Radon OFDM has about 7 dB advantage in SNR as compared with the standard 16-QAM
based to achieve a BER performance of 10−4.

Figures 10, 11 and 12, show the performance of 6-Radon mapping OFDM as compared
with 64-QAM mapping OFDM, with different channel models. In all these figures the
6-Radon mapping OFDM has a SNR advantage over 64-QAM to achieve the same perfor-
mance. The 6-Radon OFDM gives a gain in SNR about 11.5 dB to achieve a BER performance
of 10−3as compared with the standard 64-QAM OFDM.

Peak to Average Power Ratio (PAPR) is an important parameter for OFDM systems. It
was defined as the peak signal power versus the average signal power [30]. In general PAPR
is a random variable for each OFDM symbol. The large amplitude samples are clipped in the
power amplifiers which results in a harmonics in the carrier frequencies, and a large band-
width for OFDM signal due to large side lobes and out-of-band distortion power [30–32].

The average PAPR for many OFDM symbols was measured using Eq. (17) at a number
of useful sub-carriers equals 28.
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Fig. 12 BER for 6-Radon
OFDM and 64-QAMOFDM in
selective fading channel
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PAPR = max
{|Xi |2

}
E

{|Xi |2
} (17)

where Xi - is the i th bit in an IFFT output stream, E {}- the expected value operation.
The value of PAPR was 10.7786 dB for 4-Radon-based OFDM, 12.5271 dB for 16-QAM

based OFDM, 11.1712 dB for 6-Radon-based OFDM, and 12.8286 dB for 64-QAM based
OFDM. It can be seen from these results that PAPR for Radon based-OFDM is less than
that for standard FFT-OFDM. Also simulations of time domain signal envelopes show that
Radon-based OFDM has less peaks of large amplitude compared with QAM-OFDM which
is the reason for the PAPR results.

5 The Effect of Channel Parameters and Cyclic Prefix Variation on Proposed
System Performance

The effect of selective fading channel parameters (2nd path gain and 2nd path signal delay)
variation on the BER performance of the proposed system is studied. Figure 13 illustrates the
BER performance of 4-Radon, 16-QAM, 6-Radon and 64QAM OFDM systems as a function
of second path gain keeping SNR=18 dB, 2nd path delay equal 8 samples and Doppler fre-
quency equal 100 Hz. As expected Fig. 13 shows the performance decreasing with increasing
second path gain, however, it can be seen that the performance of proposed systems is better
than conventional systems for all values of second path gain.

Figure 14 shows the BER performance of 4-Radon, 16-QAM, 6-Radon and 64QAM
OFDM systems as a function of second path delay in a selective fading channel. The delay
varies from 1 to 15 samples. During this simulation the SNR is fixed to 18 dB, the 2nd path
gain is equal to −8 dB and the Doppler frequency is equal 100 Hz. From Fig. 14 it is seen that
in general the BER performance increase with increasing the 2nd path delay for all systems,
however, the increment in Radon based-OFDM systems is larger than that of conventional
QAM based-OFDM systems.

Figure 15 shows the BER performance of the 4-Radon OFDM and 16-QAM OFDM for
various values of cyclic prefix (CP). A CP of 6.25, 12.5, and 25% which are equivalent to 4,
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Fig. 13 Effect of second path gain of selective fading channel on system BER performance
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8, 16, samples respectively are considered. Channel parameters are kept constant: Doppler
frequency equal 100 Hz, 2nd path delay equal 8 samples (CP=6.25%), and 2nd path gain
equal −8 dB. It is observed that the first case (CP=6.25% ≡ 4 samples) is affected more
than the others, because ISI affects the first case while it does not appear in the other two
types because the CP is greater than the delay spread of 2nd path. This means that BER
performance is improved with increasing the CP while it degrades the bit rate.

6 Conclusions

In this paper a new generalized N -Radon based OFDM method is used as a data map-
ping to replace the QPSK, 16-, 64-, 256-, 1024-QAM, etc. Proposed method improves the
performance of OFDM system and reduces the required energy for mapping. This method
does not require complex processing except some 1D and 2D FFT algorithms. From the
results of simulation, the proposed 4-Radon mapping OFDM gives about 5 dB gain in SNR
as compared with the 16-QAM mapping OFDM to achieve BER equal 10−4 in AWGN and
flat fading channels. Also the proposed 4-Radon mapping OFDM gives a gain in SNR of
about 7 dB as compared with the 16-QAM mapping OFDM in selective fading channel.
The performance is improved, due to implementing IFFT twice: in the data mapping and
in the sub-carrier modulation, which increases the orthogonality. The optimal ordering (best
direction) in the Radon mapper can be considered as a good interleaver which serves in
error spreading. Also it was found that the effect of channel parameters and cyclic prefix
variation on proposed system performance is less than that for conventional OFDM system.
The obtained results show that PAPR for Radon based-OFDM is less than that for stan-
dard FFT-OFDM and Radon-based OFDM has less peaks of large amplitude compared with
QAM-OFDM which is the reason for the PAPR results.
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