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Abstract

In this work, a multi-parameters OFDM communication system has been simulated to analyze and study the performance and behavior of
the OFDM over practical distorting noisy channels. The analysis covered in this research includes the QAM-levels, the SNR, and the
number of the FFT subcarriers. These parameters were tested over practical ITU channels to examine the OFDM performance under
mildly distorting channel using the In-Door channel, moderately distorting channel using the Out-Door channel and severely distorting
channel using the GSM channel models. The performance was measured using the Bit Error Rate (BER). This analysis includes for the
first time the connection between these various parameters; the SNR, the subcarriers and the QAM levels, into three dimensional surface
to give the reader a deep sight to the OFDM behavior. Adding to that, we introduced the connection between the QAM-levels and the
Peak to Average Power Ration (PAPR) and why sometimes we should resort to higher QAM-levels despite the increase in BER. This
research, also, describes step by step the creation of practical OFDM system using the Simulink for further analysis.
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1. Introduction

Modern communication systems are competing to offer high bit
rate transmission. These high bit rates can offer the user more
services and in return increase the communication companies’
revenues. Adding to that the higher the bit rate the more utilization
for the channel spectrum. The channel can be defined as any me-
dium capable of transporting the data from the transmitter to the
receiver. These channels, like any other system, has a finite band-
width with linear and nonlinear parts. Increasing the bitrate will
push the transmission to overlap with the channel nonlinear part
which leads to a higher Bit Error Rate (BER) [1]. Therefore, the
communication systems should adhere themselves to the linear
part all the time. Hence, to increase the throughput in such concise
bandwidth, the spectrum should be fully augmented with data. The
augmentation can be accomplished through the share of the avail-
able channel with the users. The share is coordinated using two
different parameters that are the time and frequency.

When the frequency is used to share the channel, this type of
communication system is called Frequency Division Multiplexing
FDM. In FDM, the channel is subdivided into smaller frequency
slots and each slot is assigned to a user that can use all the time.
This type of multiplexing is simple cheap but the utilization is
poor. Therefore, to increase the channel utilization, the engineers
devised a new technique by which the whole channel spectrum is
assigned to a single user for a certain slot in time. This is called
the Time division Multiplexing TDM. The appearance and spread
of the digital signals helped a lot in the spread of the TDM. This
type has a high utilization but suffers from complexity and high
sensitivity to multipath. Another type of multiplexing appeared
recently that is the Code Division Multiplexing (CDM), which
adopts the spread spectrum technique to enable the users to use the
complete channel spectrum all the time. Nevertheless, this tech-

nique has the lowest efficiency due to the limited number of user
that is governed by the spreading code efficiency [2].

The channels are diverse and come with different media. The most
widely used channel is the wireless channel in which the data are
transmitted into the free space. These wireless channels are the
most important types of channels because they are very cheap,
dependable, and available with high bandwidths. Despite that, the
free space channels suffers from different type of impairments that
bounds the transmission rates. The most important impairments
are the Additive White Gaussian Noise (AWGN) and the multi-
path. The AWGN is a normally distributed independent random
variable that carry no information and tends to embed itself with
the transmitted data causing them to be lost. The sources of noise
are either man made, like electric generators and transmission
lines, or natural sources like the sun or the atmosphere [3].

The multipath is a more complicated impairment that originates
from the physical phenomenon that are the reflection, refraction
and diffraction. When the electromagnetic signal falls on an obsta-
cles on its way, like buildings, trees, mountains they will be sub-
jected to the above mentioned phenomenon. These phenomenon
will create a miniaturized copies of the original signal with differ-
ent phases. The multipath will direct these copies towards the
receiver with a time delay depending on the path length causing
the copies to collide with other data resulting in what is called
Inter-Symbol Interference ISI. The ISl is in another word a self-
convolved signal with time causing a deterioration in signal quali-
ty. The higher the bit rate the worse the ISI effect will be. In this
sense, we have to compromise the bit rate with the signal quality.
To overcome the damping effect of the ISI on the high bit rates,
the engineers developed a new technology for modulating the
signal that is called the Orthogonal Frequency Division Multiplex-
ing OFDM [4].

The OFDM by its origin of creation ensures high bit rate with
minimum ISI effect. Therefore, it was presented as a revolutionary
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transmission system to handle the extreme bit rates of the 4G
(fourth generation) technology [5]. The OFDM concepts will be
discussed in the following section

2. OFDM model

The OFDM is based on an early system that was used frequently
which is the FDM. The basic idea of the OFDM is also based on
dividing the available channel bandwidth to a narrower bandwidth
slots and assign a carrier to each slot. The term Orthogonal fre-
quency division multiplexing refers to the fact that these sub car-
ries should be orthogonal to each other which consequently are
allowed to overlap without any interference. The researchers
found a solid relation between the ISI and the increase in the bit
rate. Therefore, the OFDM came with a very brilliant idea by
which is to trick the system to work with lower bit rates even
when the incoming stream has a high bit rate [6]. To explain this
conflicting concept consider a typical OFDM system block dia-
gram shown in Fig. 1
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Fig. 1: The Block Diagram of a Typical OFDM System.

In the OFDM system, the high bit rate serially injected data are
converted to a multiple parallel streams. As a result, the parallel
streams will have a lower bit rate than the original data. The down
conversion factor is given by Eq. 1

p, =%
[)

f

@

Where:

R: is the serial stream rate.

P: is the parallel output lines.

After generating the parallel streams, these streams are then
mapped using any modulation scheme such as QAM or PSK. Af-
ter mapping the parallel data, each parallel data is assigned a sepa-
rate carrier. These carriers are generated such that each one of
them is orthogonal to the rest. To generate a series of orthogonal
carries, the Inverse Fast Fourier Transform (IFFT) is used as
shown in Eq. 2

s(t):NZsk exp(j 27k ) @

Where:

S: The input sampled data.

' is the instantaneous subcarrier "
bandwidth.

The FFT by its mathematical formulation, converts any signal to it
equivalent frequency components such that each component is
spaced by 2f0 where f0 is the fundamental frequency as it behaves

_BW. .
P, BW is the channel

1
as a running filter bank. Given that' " and by using the Nyquist
theorem we have” " then

s(pT)= isk exp(j erk—pj
P ®)

Where:

pT: is the subcarrier allocation in the channel.

p: is the instantaneous subcarrier.

The output spectrum of the OFDM signal is shown in Fig. 2
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Fig. 2: The OFDM Signal Spectrum for 16 Subcarriers.

After generating the OFDM signal, a Cyclic Prefix CP is added to
simplify the removal of the channel nonlinearity. At the receiver,
this CP is removed or used with the equalizer as a training stream.
The next stage is to demodulated the incoming signal (de-map) to
acquire the time domain signal. After that, the signal is fed to the
FFT circuit to reverse the IFFT transformation and retrieve the
original data. The output of the FFT is then converted from paral-
lel to serial to be directed to the users.

From Fig. 2, we can see the superiority of the OFDM to the other
modulation techniques because it allows the occurrence of multi-
ple signal at the same location without interference. This is the
compact form of transmission that allows the channel augmenta-
tion.

2.1. PAPR in OFDM signal

The Peak to Average Power Ratio is one of many challenges fac-
ing multi carrier modulation systems. Due to the fact that many
carriers exist at the same time, these carriers tend to overlap with
each other creating a high peak pulse that will affect the perfor-
mance of the system. The PAPR can be expressed as in Eq. 4 [7-8]:

Peak power

PAPR =10log, ————
Average power 4

Assume a complex modulated signal s(t) having a single tone then
Eqg. 4 can be written as Eq. 45 in dB

. max[ s (t)-s"(t)]

The * means the complex conjugate of the signal. The s(t) can be

expressed as s()=¢"""then its maximum equals to 1. The expected
value will also be 1. For m complex carriers signal s(t), the
max(s(t))= m2, while its average is m. The PAPR in this case will
be m. Therefore, the increase in the number of the subcarriers
yields in the increase of the PAPR. This will limit the utilization
of the OFDM because we should be careful when designing the
OFDM system [9-12].
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3. Channels model

The channels, as said before, are the medium that is responsible to
deliver the data from the source to the destination. Therefore, the
channel should be efficient and dependable as much as possible.
The performance of any communication system depends mainly
on the channel characteristics. The channel in its nature is a dy-
namical system that fluctuates randomly affected by the environ-
ment changes. Hence, the estimation of the channel impulse re-
sponse is crucial in order to take the required measure and com-
plete the communication system settings to acquire maximum
performance. The most important factors in the channel that
should be studied thoroughly are the noise and the multipath [13-
16].

3.1. AWGN and Rayleigh channel

The Additive White Gaussian Noise (AWGN) are unwanted sig-
nals that carry no information. When these signals are mixed with
the data signals, the will mask and deform the received infor-
mation. When the noise level is high, they will overwhelm the
data power causing them to disappear. These independent random
variables are called Gaussian because the follow the normal
(Gauss) probability density function according to the central limit
theorem. Additive comes from the fact they insert themselves
additively with the signal as shown be Eqg. 6. The term White
come from the fact they cover the entire spectrum from —oo to o
like the white light that contains all the colors.

r(t)=s(t)+n(t) ©6)

Where:

S (t): is the transmitted signal

N (t): is the noise signal

It is important to understand how the noise will affect and behave
with the complex signal. If we assume the transmitted signal has a

real and imaginary part $®=¢"" | the then [17-20]

r(t)=s(t)+n(t)=e"" +n(t)

=Re[s(t)+n, (t)]+Im[s(t)+n,(t)] @

Eq. 7 shows that there are two components for the complex noise
that are ™®) and ™®) . Assume a complex random variable Z that
contains the real and imaginary parts of the noise X =N, (t),

Yo=n() then Zis £ =X *1Y Any random vector is character-
ized by its mean and variance then the mean of Z is given by Eq. 8

E[z]=E[e"Z J=e"E[Z] ®

Eq. 9 gives the Z variance

UzzE[ZZJ o)

Substituting Egs. 8 and 9 in the Gaussian distribution we have the
resultant distribution for Z as shown by Eq. 10

_z2

pdf (Z)=§e? Z>0

(10)

Eq. 10 shows that the complex noise will follow the Rayleigh
distribution at the receiver envelop detector.

3.2. Multipath channel

The commercial communication systems are usually a point to
multi point system because they are trying to deliver the data to as

many users as possible. This will increase the channel utilization
and reduce the service costs. Therefore, the free space is a luring
choice for transmission of these systems. Nevertheless, the signals
will fly around in the free space boundlessly. When these signals
fall on an obstacle such as buildings, houses, forests or mountains
the will be reflected back to the receiver as shown in Fig. 3. At the
receiver, these reflected signals will collide with the incoming
signals. Unfortunately, the reflected signals normally follow a
longer path. Hence, they will arrive with a time delay = . This
means, the receiver will detect the current data plus copies from
previously arrived data. This is what is called the Inter-Symbol
Interference (ISI).

TRANSMITTER
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Fig. 3: The Multipath Model of a Transmitted Signal.

The multipath channel are modeled using the delay line model as
shown in Fig. 4
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Fig. 4: The Delay Line Model of a Multipath Channel.

The model in Fig. 4, suggests that the received signal rg is the
sum of the current incoming signal ro and the previously stored
signals r; by the delay banks D;. The weights w; represent the at-
tenuation in the signal power due to absorption, scatter or refrac-
tion along their paths.

There are two main types of the ISI channel which are the Ray-
leigh and Rician types. When the transmitter is not in the line of
sight of the receiver, then the model used for this kind of link is
the Rayleigh model. When the transmitter is in the line of sigh of
the receiver the Rician model is used. Practically, the fastest
reaching signal is considered the reference for the other trailing
signals.

The characterization of the ISI channels is not an easy and straight
forward task due to many parameter that affect the response of the
channel. These parameters are relative motion, the relative
heights, the weather, the heat and the type of the reflective materi-
al. The ITU published a recommendation describing the different
types of widely used standard channels [21]. The characterization
of the channel is accomplished by transmitting a probe reference
signal and detect its arrival to the destination with the delayed
version of it. The probing is done with a constant time period that
is called the differential delay. The differential delay is a descrip-
tion for the test resolution for the channel response. The ITU have
chosen the 50 nS ad a differential delay for the In-Door and Out-
Door channels and 100 nS for the GSM long haul channel. These
three channels are simulated and used in this research.
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4. Modulation technique

The modulation technique describes the method by which the
incoming data are translated to their equivalent carrier version.
The mapping should ensure that each data message has its unique
carrier version. This mapping is called a point to point mapping.
The sinusoidal signal is characterized by its amplitude, phase and
frequency. When one of these parameter is varied according to the
incoming information level then this is called mapping or modula-
tion. Basically, there are three types of modulation which are Am-
plitude Modulation (AM), Phase Modulation (PM), and Frequency
modulation (FM). A hybrid type of modulation that is Quadrature
Amplitude Modulation (QAM) combines two parameters to
modulate the input data that are the amplitude and phase. Fig. 5
shows an example of QAM modulation for the 16 level constella-
tion.
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Fig. 5: 16 Level QAM Map.

Fig. 5 shows that each symbol contain 4 bits and each symbol has
its unique phase and amplitude. The incoming symbol will select
one of the levels according to its bit pattern. After that, the symbol
is projected to the 1-Q (real, imaginary) axes to set the carrier in
phase and quadrature phase amplitudes [cos(wt), sin(wt)] pair.
This pair has orthogonal components thus we can transmit both of
them at the same simultaneously without interference.

At the receiver, the de-mapping circuit will compare the ampli-
tudes of the incoming carrier pair to the map of Fig. 5 to choose
their corresponding symbol.

The QAM modulation is the primary choice for the dense high
rate data transmitters because the QAM has the highest spectral
efficiency among the other techniques. Therefore, we shall simu-
late the data using the QAM technique because it is the most prac-
tically used scheme [1].

5. Simulation model

The OFDM system is developed, simulated and analyzed using
MATLAB Simulink environment. The BER is calculated for dif-
ferent modulation QAM levels and for different subcarriers sys-
tems over an AWGN and Rayleigh Fading channel models.

We focused on 3 different issues regarding analysis. Those are the
signal constellation, the number of subcarriers and the level of ISI.
The number of transmitted bits are 10° bit to calculate the BER for
the 10°%. The delay line model is used to simulate the response of
the multipath channels in this research.

6. Results and discussion

The simulation is set to test the OFDM for various subcarriers (16,
32, 64, 128 and 256). Figure 6 shows the used OFDM system for
the 16 carriers FFT OFDM system. The same system and its inter-
nal settings are expanded according to the requirements of the
higher number of the subcarriers. This section will discuss the
system design criteria and how it is created
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Fig. 6: The Simulation System for the 16 Carriers OFDM.

The system of Fig. 6, consists of 3 main sections which are, the
OFDM subjected only to AWGN in the first section, the second
section has the multipath channel without compensation and the
last section is the same as the second section but with channel
compensation for the multipath channel. The modulator of the
system is shown in Fig. 7.
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This modulator has two main parts, which are the symbol genera-
tor and the symbol concatenate. The Symbol generator comprises
of 16 uniform random number generators connected to the integer
to bit converter to analyze the system according to the BER. The
generated symbols are then modulated using QAM modulator.
The generated modulated symbols are then concatenated to gener-
ate the OFDM symbol of length 16. After generating the OFDM
symbol, its power should be normalized by dividing the whole
symbol by its maximum power of the QAM symbol ESS. The
maximum power for the QAM are, ESS= [2, 10, 20, 42] for the 4,
16, 32 and 64 levels respectively. After normalizing the power, the
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symbols are sent serially through the AWGN channel. The
AWGN channel noise power are calculated instantaneously for
each OFDM symbol using the block shown in Fig. 8

FFT symb . :‘] :.

FFT Length D
log(setsz)/log(2) Eb/NO

k
Fig. 8: Noise Power Calculator.

Slgma

The power of the incoming OFDM symbol is first calculated then
divided by the number of subcarriers to ensure each carrier has an
equal power. Then, the effect of guard bands and nulls are also
included with the coding symbols using the value of R. Here these
nulls, guard bands and coding are not considered therefore, the
value of R=1. To distribute the power evenly for all the bits of the
transmitted bits, the normalized power of the OFDM symbol is
divided by the by the number of bits per symbol of the QAM
symbol. When this operation is complete the value of o is calcu-

lated using the defined linear value for " . The calculated o is then
used to set the noise power level in the AWGN block. When this
step is completed, the symbols are fed to the multipath channels.
In this research, we simulated 3 practical ITU-R channel for slight,
moderate and high distorting multipath channels that are the In-
Door, Out —Door, and GSM channels. The models of these chan-
nels are shown in Fig. 9, a, b, c respectively. The taps of the In-
door and Out-Door channels are calculated using differential delay
of 50 nS while the GSM channel differential delay is 0.1 uS. The
modulation carrier is 15 MHz.
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Fig. 9: The Multipath Channels. A) the in-Door, B) the Out-Door, C) the
GSM Channels.

The final part in each section is the receiver. The last section in
Fig. 6 uses compensation to counteract the effect of the multipath.
The compensation for the above channels are shown in Fig. 10
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Fig. 10: The Compensatlon Circuits for the Multlpath Channels A) the in-
Door, B) the Out-Door, C) the GSM Channels.

These compensators acts as deconvolutions circuits of the distort-
ed OFDM symbols. The final stage in the receiver is shown in Fig.
11.
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QAM Demodulator.

After demodulating the QAM symbol, the resulting value is con-

verted to bits and XORed with the actual bits to calculate the BER.

The total transmitted bit. The simulation is carried out for the fol-
lowing settings which are, the QAM levels are, 4, 16, 32 and 64,

the subcarriers 16,

32, 64, 128 and 256 and finally the SNR ranges

from 0 to 34 step 2. The following results represent the output of
the simulation according to the channels.

1) The In-door

channel. The Fig. 12 is the performance of the

OFDM for various settings over the In-Door channel
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Fig. 12: The OFDM Performance over the in-Door Channel. A), 16 Sub-
carrier FFT, B), 32 Subcarrier FFT, C), 64 Subcarrier FFT, D), 128 Sub-
carrier FFT, E), 256 Subcarrier FFT.

Figure 13 represents the connection between the BER with the
subcarriers and the QAM levels. The relation creates a three di-
mensional surface. As it can be seen the uncompensated BER is
almost the same for all figures which means all the symbols are in
error. The maximum possible error is 0.5 which is a reasonable
result due to the collision between the original symbol and the
reflected copies. The difference between the AWGN BER and the
multipath BER represents the channel power
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2) The Out-Door channel. The Out-Door channel is used to
test the moderate effect of the multipath channel. The effect
of the multipath increases with the increase of the reflection
points distances. The Out-Door channel has longer distances,
therefore; its effect is worse than the indoor channel. The
OFDM performance is shown in Fig. 14
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Fig. 14: The OFDM Performance over the Out-Door Channel. A), 16
Subcarrier FFT, B), 32 Subcarrier FFT, C), 64 Subcarrier FFT, D), 128
Subcarrier FFT, E), 256 Subcarrier FFT.

The relation between the BER and the other parameters that are
the QAM levels and the subcarriers are shown n Fig. 15
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The GSM Channel. The severest channel simulated here is
the GSM channel. The GSM towers usually placed far away
from each other to cover a wide area. Therefore, the multi-
path will have a significant effect on the BER of the re-
ceived symbol. Therefore, the GSM station are equipped
with sophisticated equipment to neutralize the multipath
channels effect. The simulation of the OFDM performance
over the GSM channel is shown in Fig. 16.
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Fig. 16: The OFDM Performance over the GSM Channel. A), 16 Subcar-
rier FFT, B), 32 Subcarrier FFT, C), 64 Subcarrier FFT, D), 128 Subcarrier
FFT, E), 256 Subcarrier FFT.

The relation between the QAM levels and the SNR is shown in
Fig. 17
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Fig. 17: The OFDM BER Relation with QAM Levels and the OFDM
Subcarriers GSM Channel. A), 16 Subcarrier FFT, B), 32 Subcarrier FFT,
C), 64 Subcarrier FFT, D), 128 Subcarrier FFT, E), 256 Subcarrier FFT,

The used channel responses, the In-Door and Out Door with dif-
ferential delay of 50 nS and the GSM channel with differential
delay of 0.1 uS for OFDM carrier of 15 MHz are shown in Table
1

Table 1: The Multipath Channels Response

In Delay [0, 50, 110, 170, 290, 310]
Door Gain [0, -3, -10, -18, -26, -32]

[0, 10, 90, 135, 230, 275, 310, 420, 630, 635, 745,

out Delay 515 g30, 1430, 1790, 20]

Door . [26, -85, -148,-175 -192,-188, -14.,-149, -
22.1,-10.3, 22.2,-19.2, -16, 22.9, -20.3, -27.4]

csv  Delay [0,200,500, 1600, 2300, 5000]

Gain [-3,0, -2, -6, -8, -10]

A more elaborate test is the received symbol spectrum and PAPR.
The PAPR is a very important measure for how much power we
lose in the transmitter and the receiver to accommodate the power
fluctuations of the OFDM symbol safely. Fig. 18 shows the PAPR
of the different subcarriers OFDM systems used in this simulation.
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Fig. 19 show the spectrum of the received OFDM signal for 16
subcarrier systems using different constellation sizes.
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Fig. 19: The OFDM Symbol Spectrum. A) 16, B) 32, C) 64, D) 128, E)
256 Subcarriers.

7. Conclusions

In this paper we evaluated and analyzed the performance of the
OFDM system over multipath Rayleigh AWGN suing the BER as
a measurement for different constellation sizes and number of
subcarriers. It is obvious that the multipath has a dramatic impact
on the system performance. The effective parameter in the multi-
path channel that increases its deformation is the amount of delay
between successive delay banks. As we see from Table 1, the Out-
Door has the highest number of delay banks. Nevertheless, the
GSM has the worst performance because the time difference
among the taps are the highest. Also, the number of taps increases
with the increase of the carrier or the data rate. Therefore, their
effect will increase substantially. We conclude that the power of
the OFDM appears in the multipath channels because it can down
convert the data rate significantly leading to a much less effect of
the multipath. In a pure AWGN the performance of the OFDM is
the same as a single carrier FDM. The BER result figures shows
the importance of the compensation stage or equalization in the
presence of ISI because it can de-convolve the received data over
the ISI channel.

The presented 3D surface figures that relates these different pa-
rameters, constellation size and SNR, with the BER can give a
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clear picture for how to choose a constellation over a certain
channel to meet the specific BER level.

An important conclusion can be drawn from Figs. 18 and 19.
From Fig. 18, we can see that the CCDF of the PAPR is independ-
ent of the number of subcarriers. However, Fig. 19 shows that the
peak power level can be considerably reduced by increasing the
constellation size. As it can be seen, the peak level is reduced from
5 dB in Fig. 19.a to —18 dB in Fig. 19.e. This observation can
justify the choice of dense QAM constellation despite the increase
in the BER because these dense constellation not only increase the
bit rate but also increase the power efficiency of the OFDM sys-
tem. Increasing the power efficiency leads to a more stable, low
cost and provide the ability to increase the subcarrier without dete-
riorating its performance. This also leads to the decrease of the ISI
effect on the received signals.
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