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ABSTRACT

Orthogonal frequency division multiplexing (OFDM) is a promising candidate for cognitive radio transmission.
OFDM supports high data rates that are robust to channel impairments. However, one of the biggest problems
for OFDM transmission is high out-off-band radiation, which resultes from the sidelobes of the OFDM sub-
carriers. These sidelobes are a source of interference to neighbouring transmissions. This paper focuses on
reducing out-of-band radiation by reading and extracting the radiation power in the sidelobes. This is done by
extending the time domain OFDM signal by zeros in both sides. The resulting signal is then transformed to the
time domain and extended samples are removed to obtain the N-samples of time domain signal representing the
out-of-band radiated signal. The resulting signal is Fourier transformed and high frequency sub-carriers are
removed to obtain pilots that are inverted and added to the original OFDM data sub-carriers, resulting in reducing
the Adjacent Channel Interference (ACI), which affects the adjacent systems. The added signal represents a noise
signal to the desired OFDM signal that reduces the BER performance of the desired system, thus a weighing factor
is applied to the added signal in order to get a better BER performance with good out-of-band radiation reduction.

Matlab/Simulink simulation is adopted to perform an assessment of the proposed technique with different weighing
factors and different frequency separation between the desired signal and the adjacent one. For 0 dB attenuation
on the added signal, a 10 dB reduction in out-of-band radiation is obtained, while 6 dB reduction is obtained when
the weighing factor reduces the input signal power by 3 dB. BER performance is better by performing the reduction
technique and depends on the frequency distance between the adjacent signal and the desired one.
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1. INTRODUCTION

In wireless communications, because of the nature of the propagation channel, adjacent signals in
frequency are subject to be affected by interference that reduces their performance as well as increases
the BER (Bit Error Rate) of the system. Therefore, to improve the system performance, wireless
communication systems have to decrease the effect of interference. The wireless communication system
is regulated in using the frequency spectrum by several institutes, like the ITU (International
Telecommunication Union), where regulations are done over long areas and periods, whereas spectrum
is accessed locally and over short periods [1]-[2].

Adjacent Channel Interference (ACI) is one of several types of interference discussed in this paper. It
occurs between the signals that are close in frequency and due to several reasons that will be discussed
later. As such, ACI helps engineers in deciding how the frequency bands may be allocated to different
wireless communication systems.

Adjacent Channel Interference (ACI) results from adjacent systems with out-of-band radiation equal to
the desired system frequency. This interference can be minimized using a strictly restricted signal
bandwidth or a proper channel assignment [3]-[4].

The ACI is created by two effects:

1. The transmitter radiation due to the type of modulator and different hardware properties of the
used devices extended over a larger frequency range. This out-of-band radiation is not completely
suppressed, since the transmit filters are not ideal. This will affect the receiver with receiving
unwanted power from the adjacent signals that are not perfectly filtered.
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2. At the receiver, the radiation from the desired channel is suppressed insufficiently by the receiver
filter. Thus, some of the signal in the adjacent channel is passed onto the demodulator, where it
acts as interference.

The main definition for ACI is that it is a power leakage from neighboring channels that introduce energy
reception in the desired frequency band from the unwanted frequency. ACI limits the capacity and
decreases the performance of the wireless system [5]. ACI is enhanced if the adjacent channel user is
transmitting in a close range (as cellular systems) compared to the receiver while the receiver is trying
to receive a BS (base station) signal on the channel. This is called near-far effect, as depicted in Figure
1. This effect can also occur if a mobile close to a base station transmits on a channel close to one being
used by another mobile station has weak signal power due to its far position to BS. This problem also
might occur if the base station has a problem in distinguishing the mobile user from the interference
signal caused by the close adjacent channel mobile [6]-[7].
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Figure 1. Near-far effect.
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Figure 2. Imperfect receiver filtering develops ACI.

In the receiver side, additional interference from the adjacent channel will occur, since the receiver filter
cannot be ideal, not completely rectangular, as in Figure 2 above. The filter will have sidelobes in the
adjacent channel, causing the power from the main lobe of the transmitted interference source to affect
receiver performance [8].

2. OFDM SYSTEMS

Orthogonal frequency division multiplexing (OFDM) is a technology that splits the wide band channel
into smaller frequency bands called sub-carriers. Theses sub-carriers have to be lower than the coherent
bandwidth of the multi-path propagation channel, which will convert the frequency selective fading that
may affect the whole band into flat fading on each sub-carrier [9]-[11].

At the same time, OFDM converts the high data rate stream into N, data streams (symbols). Zero

padding is presented to introduce a guard band to the left and right of the frequency sub-carriers and
prevent the OFDM signal from aliasing and increasing the resolution in time. The resulting
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N =N, +N, symbols modulate the frequency sub-carriers using the inverse Fourier transform.

Mathematically, The k™ sub-carrier of the OFDM signal is described by the sinusoidal basis functions
e!?™<' The OFDM signal is given by:

1 NJ21 .
s(t)=W Y. S =p(t), k=-N/2:N/2-1
k=-N/2

t-T, /2} @

p(t)= rect(
A rectangular pulse shaping filter, p(t), is applied for each sub-carrier in the time domain, where f .
is the sub-carrier frequency spacing, while T, is the width of the rectangular pulse shaping filter (also

called the OFDM useful symbol duration) [12]. OFDM signal given by Equation (1) can be Fourier
transformed into the frequency domain by the following analysis:
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The Fourier transform of two multiplied functions is the convolution between the Fourier transform of
each function alone, where the symbol {*} represents the convolution process [13]-[16]. OFDM signal
representation in the frequency domain is given as follows:
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Due to the rectangular pulse shaping filter applied to each sub-carrier, each OFDM symbol in the
frequency domain is represented by a sinc function. This is clearly shown in Equation (3). Due to the
sinc shape of the OFDM symbols, large sidelobes may occur which could potentially interfere with the
signal transmissions of the neighboring systems [17]-[18].

Figure 3a, shows the OFDM sub-carriers where at each sub-carrier frequency there is only one peak
value of the sinc function and all other sub-carriers have zero values. That means that even though
multiple sub-carriers coexist, they are all independent and do not influence each other. This is referred
to as orthogonality [16]-[19]. Figure 3b shows the power spectral density of an OFDM modulated signal.
The interference power due to the first sidelobe in the first adjacent band is shown.
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Figure 3. Orthogonality between sub-carriers.
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3. MITIGATING TECHNIQUES FOR ACI

ACI in OFDM system, is a result of high out-of-band radiation that prevents the efficient use of the
available spectrum [8]. Recently, four different techniques for sidelobe suppression have been proposed
and are summarized next.

3.1 Guard Bands

Guard bands represent a simple technique that modulates high frequency sub-carriers with zero data. In
Figure 4, one guard band is used on each side of the OFDM signal in order to reduce the out-of-band
radiation. However, these guard bands act as buffer bands between the different OFDM systems and are
actually wasted spectrum [20].
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Figure 4. Guard band technique for OFDM sidelobe suppression.

The effect of GBs differs for different non-linear devices that may introduce OOB radiation due to
excessive clipping of the OFDM signal. However, the reduction effect using guard bands is not
significant enough and the drawback of this method is the less effective use of the available bandwidth.

3.2 Sub-carrier Weighing

This technique was proposed in [21] based on the multiplication of the used sub-carriers by sub-carrier
weights which are chosen carefully to reduce the power in the sidelobes.

In Figure 5, an example of five sub-carriers is introduced and the amplitudes of individual sub-carriers
are adapted to cancel each other in the optimization range, thus reducing the sidelobe power. SW method
does not need to transmit any side information and is capable of reducing the OOB radiation of OFDM
signals by more than 10 dB. However, it suffers from a slight loss in BER as mentioned in [21].
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Figure 5. Sub-carrier weighing technique.
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3.3 Cancellation Carriers

The cancellation carrier (CC) technique operates by inserting no data information carriers on the left
and right hand sides of the OFDM spectrum with optimized weights as shown in Figure 6. In this figure,
one CC (dashed line) is inserted on the right side of the OFDM spectrum (solid line) [22].

The amplitude of the CC is calculated to cancel out the sidelobe of the original OFDM signal. However,

there is a small loss in bit error rate performance due to transmitting sub-carriers, which are not available
for data transmission.

~ I —— Original OFDM signal
1- ,H{ Ay / \ — — — Cancellation Carriers signal
AR

0.8f |

2
-7 - -\._"“‘\
. - ,/_/:
—
3

Amplitude
o
s
e
/ -~
{—\
.

v
0.2 0o / o
o —
o —
I R A
0 " _ S N ..-ll I'. '\ \:K,/"(:\t": g e o P RS
- ,“\f;. -
0.2 1 1 1
5 10

15 20 25
Subcarrier Index

Figure 6. Cancellation carriers technique.
3.4 Raised-Cosine Filter

Raised-cosine a filter is relatively straight forward implementation and has the ability to reduce ISI, thus

it is a good candidate to be used for OFDM sidelobe suppression. The ideal raised-cosine filter impulse
response that is shown in Figure 7 is defined in [23] as follows:

¢ cos(Tj
h(t)=sinc| — |———= 4
sl z
===
where T is the symbol time. The frequency response of an ideal raised-cosine filter consists of unity gain

at low frequencies, a raised-cosine function in the middle frequencies and significant attenuation at high
frequencies. The width of the middle frequencies is defined by the roll-off factor g, where 0 < g < 1.
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Figure 7. Different roll-off factors for raised-cosine filter.
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3.5 Combined Techniques

To achieve better sidelobe suppression, several of the existing techniques can be combined. When digital
signal is transmitted, the sidelobe of OFDM signal should be suppressed by 15 dB, which means low
enough interference with other transmissions. For some of the techniques mentioned previously, a
reduction of about 15 dB can be achieved [24].

By the combination of modulated raised-cosine filter and the cancellation carriers technique, a more
reduction in the OOB radiation can be achieved in comparison with using the individual reductions of
either technique. [25]. For an ideal raised-cosine filter, the frequency response is symmetric and the
center frequency is located at zero. However, the raised-cosine filter needs to be modulated to the
location of the OFDM data carrier block. In addition, to ensure that the spectrum is efficiently used and
there is no interference with other transmissions by using CCs to reduce the OOB radiation, the sidelobe
power of the signal must be suppressed.

4. PROPOSED TECHNIQUE FOR ACI REDUCTION

4.1 Reduction Technique

The proposed technique is based on increasing the resolution in the frequency domain OFDM signal by
padding the time domain signal with zeros as illustrated in Figure 8 [26].
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Figure 8. lllustrated OFDM sub-carrier input and output of the IFFT.

The frequency domain signal shows the sidelobes of the OFDM symbol that interfere with the adjacent
systems reducing their performance. These sidelobes are selected and padded by zeros in the positions
of the desired signal as shown in Figure 9.
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Figure 9. Increasing the resolution in the frequency domain OFDM signal.

At the receiver, these sidelobes do not affect the desired OFDM signal performance, since the FFT
process at the receiver only samples the OFDM sub-carriers at the desired sub-carrier frequencies, which
are orthogonal and the sampling at the sidelobes returns zero values. These zeros are removed to select
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only the desired data sub-carriers to be demodulated and detected.

But, when this signal is received by an adjacent system, these sidelobes interfere with the new system
data and reduce its performance, resulting in what is called ACI. The sidelobes are selected, zero padded
and then inverse Fourier transformed, resulting in a time domain signal that represents the assumed ACI
signal as illustrated in Figure 10. The time domain signal in Figure 10b represents the N-samples OFDM
signal representing the sidelobes padded to the right and to the left in order to increase the resolution of
its frequency domain signal.
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Figure 10. The selected sub-carriers in the sidelobes positions.

To down-sample the frequency domain signal, the padded samples in the time domain must be removed
and the resulting samples then Fourier transformed to N-number of pilots at the positions of the desired
OFDM sub-carrier frequencies as illustrated in Figure 11.
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Figure 11. The selected N (number of samples) representation of sidelobes.

In order not to add power at the high frequency sub-carries that represent the sidelobes, the
positions of these sub-carriers are replaced by zeros keeping the needed pilots as a
compensated signal to the sidelobes. This is illustrated in Figure 12. These pilots are then
extracted from the main data sub-carriers in the desired signal resulting in reduced sidelobes
power and ACI.

4.2 Matlab/Simulink Model

In this paper, the simulation model is divided into three parts. The first part is the transmitter (the original
signal), then comes the ACI reduction part (ACI signal on the original signal) and finally the receiver
part. Data transmission is a binary signal that consists of ones and zeros. The transmitted data are
generated by OFDM symbol generator throw QPSK mapping, S/P converter, zero padding, IFFT and
cyclic prefix, through the transmission channel to the receiver.
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(a) Frequency Domain Compensated Signal (b) Time Domain Compensated Signal
1 . . . T T T o
DB N GUB-Carrers ISR SO 0108 bbb e
0 FRPSS S UPPYNO0)FFFPUORIOYFFOON: OSSPSR OSSN PP DOBE e e N BAMPIES b
= : : =] :
2 ; 2 :
B0 S b 08 b [
=) : : <3 : : :
Snap : A Somp : : : : 1
et ; ; [111 ,
i 5 10 15 il 2 0 i 5 0 15 20 % El]
Sub-carrier Index, k Sample Index, n

Figure 12. Selecting the sub-carriers that compensate for the ACI.

Oversampling in OFDM is usually implemented by modulating some sub-carriers at the spectrum
margins with zero. In this technique, more resolution in the frequency domain is needed that corresponds
to adding zeros to the left and right of the OFDM time domain signal, as in Figure 13. This will increase
the time duration of one OFDM symbol without changing the sampling time. By keeping the sampling
time constant, the sampling frequency is kept constant, but the number of frequency components
increases due to increasing the FFT size for this process, where each component will have a frequency
less than the main sub-carrier frequency of the original OFDM symbol. Looking at the sidelobes of the
main OFDM symbol shows zeros (zero padding) at each OFDM subcarrier, whereas after adding zeros
at the time domain, frequency components between these zeros appear with some power said to be the
ACI affecting the adjacent OFDM signals.

ACI is a result of the addition process from all the sub-carrier samples in the sidelobes of the OFDM
signal. Those sidelobes will interfere with the adjacent OFDM signal. Each OFDM signal has its own
sampling frequency reading. So when the desired OFDM signal starts to sample its sub-carriers and
because the adjacent OFDM signal is close to it, it will sample the adjacent signal without knowing the
difference between the two OFDM signals that would cause an interference or noise. To reduce noise,
the power of the OFDM sidelobes has to be reduced.

As shown in Figure 13, the block labelled “Select Sidelobes Zero Padded” selects only these frequencies
that represent the ACI and pads the new real data sub-carriers with zeros to reach a new number of IFFT
points, as in Figure 14.
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Figure 13. OFDM transmitter using the proposed technique.
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The zero padded frequency domain signal is converted into the time domain using Nnew-IFFT process,
where Nnew is the N original number of OFDM samples with the new zeros added as samples to the time
domain signal.

The resulting N-number of samples in the middle of the output of the Nnew-IFFT process is selected,
which is assumed to be the power added to the original signal producing more power in the sidelobes.
These sub-carriers are then translated to the frequency domain by N-FFT process, which results in some
power components at the positions of the original Ng data sub-carriers, whereas the other components
are neglected because we do not want to add more power to the zeros of the original signal that increases
the ACI. The resulting frequency components are then multiplied by d-factor to compromise for the
BER performance of the system, since these components represent noise to the original signal.

Nd

ACl , ACl

Figure 14. OFDM sub-carriers three-part division.

The resulting optimized frequency components are then transformed to the time domain by N-IFFT
process and subtracted from the original OFDM signal, producing an OFDM signal with low power in
the sidelobes; i.e., low ACI.

4.3 OFDM System Parameters

The proposed ACI reduction technique discussed in the previous section is assessed using a
Matlab/Simulink simulation. The OFDM system parameters are based on the next generation of mobile
communication systems and their values that are used for the performance assessment under the effect
of AWGN channel are presented in Table 1 [10]-[11].

The cyclic prefix length is proposed to be greater than or equal to the maximum delay spread in urban
channels proposed by the CODIT channel model [27].

Table 1. OFDM system parameters.

Description Value

Modulation type M =4 (QPSK)

Cyclic prefix Ty 27 =4Us

Bandwidth BW =20 MHz

OFDM symbol useful time duration T =4xT ;=16 us

Sub-carrier frequency fe :_I_l =62.5 kHz
BW

Number of data sub-carriers N, = T =320

FFT size N =1024

4.4 Simulation Steps

MATLAB/Simulink is a block diagram environment for multi-domain simulation and model-based
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design. Simulink provides a graphical editor, block libraries and solvers for modeling and simulating
dynamic systems.

Through the study, the main reason of the interference is the sum of sub-carrier samples in the sidelobes
of OFDM symbol (out-of- band radiation). Reducing those radiations on the adjacent channels as much
as possible with preserving the original data signal in the desired frequency is the main idea of the thesis.

Figure 15 shows the general block of the first step for the simulation; getting the information signal from
the Bernoulli binary generator, then processing it through the OFDM transmitter system, which will be
explained in the next section, adding ACI-1 and ACI-2 with the output of OFDM transmitter system,
then processing the result through AWGN generator to the receiver to calculate the BER to know the
amount of error.
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Figure 15. General block diagram of simulation.

ACI-1 represents the interference from the adjacent channel that affects the desired signal and ACI-2
represents the interference from the adjacent channel that affects the desired signal but after using the
reduction technique. The frequency shift block is used to shift the frequency of the adjacent OFDM
interference signal that affects the desired signal. In this thesis, the frequency would be shifted to the
left by three valuables -20.1 MHz, -20.05 MHz and -20 MHz. ACI-1 and ACI-2 can be controlled by
the switches SW1 and SW2 by multiplying the switches by 1 to open them and 0 to close them.

The power of the adjacent OFDM interference signal could be higher or lower than or equal to the power
of the desired signal like -6 dB, -3 dB or 0 dB, which can be controlled by the gain of the signal.

Figure 16 shows the transmitter of the desired OFDM signal without ACI effect. The data transmitted
is a binary signal which consists of ones and zeros.

GO* Qpsk Mapping

» Add -
Cyclic Prefix |

Figure 16. Transmitter of the desired signal.

Data is generated by OFDM symbol generator through QPSK mapping, S/P converter, zero padding,
IFFT, cyclic prefix and up converting through the transmission channel. Figure 15 represents the ACI
reduction technique applied on the adjacent OFDM signal that affects the desired signal. The difference
between the desired signal and the output of this transmitter is the frequency shift, which has been
explained above. Figure 17 has two outputs; the first one is the same as the desired signal, but shifted in
frequency, while the second output is the same as the desired signal, but with ACI reduction technique.
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ACI reduction block diagram represents the technique of reduction, which has been previously
mentioned. After adding the zeros to the time domain OFDM signal samples, the OFDM symbol sub-
carriers will be increased in the sampling points. The purpose of increasing the sampling points is to see
the sidelobe power that causes an interference to the adjacent systems.

To study the interfering sidelobes, these have to be selected with removing the OFDM data sub-
carriersin the medial, then adding zeros to the left and the right in order to compensate for the data
having been removed.

) ) s 7]
) ) /J | g r [ i
. -»| Select N »! - N— Add >
CiO—* qpsk Mapping | savet |Lprosi] L[| Zero Pad Pl T Cyclic Prefix
L .> . :
N add |-

Figure 17. Transmitter of the desired signal with ACI reduction.

1

After processing the result through IFFT, the output will be the ACI signal presented in time domain.
Choosing the N samples for OFDM signal, then down-sampling the signal by removing the added zeros
in time domain from the beginning, then processing it through the FFT will lead to obtain a
representation of the N number of sub-carriers in frequency domain for the sidelobe power.

4.5 Simulation Result

4.5.1 ACI Mitigation for QPSK-OFDM Signal at Zero dB Attenuation Factor

A comparison between BER and SNR values will be presented. All the figures below show the
performance of QPSK-OFDM signal with zero attenuation factor (& =0), but with different frequency

shift and ACI gain values. When the attenuation factor is equal to zero dB, the attenuation will be unity,
which means that all the power of the generated signal for ACI reduction is subtracted from the power
of the data sub-carrier on the sidelobes of the original OFDM signal.

(Frequency Shift = -20,1 MHz) (ACI Gain = -6 dB) (Frequency Shift = -20.05 MHz) (ACI Gain = -6 dB) (Frequency shift = -20 MHz) (ACI Gain = -6 dB)
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Figure 18. BER vs SNR QPSK-OFDM signal at -6 dB ACI gain with 0 dB attenuation factor.

Figure 18 shows the BER performance when the gain of the adjacent interference signal is -6 dB below
the original signal and the attenuation factor is 0 dB. As the SNR increases, the BER decreases. If the
adjacent OFDM interference signal frequency is -20.1 MHz away from the desired one, and at

SNR =8 dB , the BER is about 5x10™° for both of the adjacent interference signals with and without
ACI reduction. The BER for the desired OFDM signal at 8 dB is about 3x107°.

For closer adjacent channel interference (-20.05 to -20 MHz), the BER performance decreases due to

more interference power added to the desired signal. In Figure 18c, the BER increased to about 8x10™*
for the ACI without reduction while no change occured by using the reduction technique.

These results are due to the -6 dB difference in the signal power between the adjacent and the desired
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signals as shown in Figure 19, which shows the performance of PSD using 0 dB weighing factor with
different frequency shifts. The PSD for the ACI signal at the center frequency is almost -39 dBm and
for the ACI signal after reduction is about -48 dBm, which is about 9 dB reduction. In fact, this is not
the real difference since the reduction in power is measured as the average signal power to the average
interference power, which is analyzed in Section 4.5.3 below.

Figure 20 represents a clarification for Figure 19 for the PSD at different frequency shift values. Table
2 shows the power values for the adjacent OFDM interference signal that affects the desired OFDM
signal. From the table, the closer the adjacent OFDM signal the higher the power that affects the desired
OFDM signal, which means more ACI on the desired signal.

(a) (Frequency shift = -20.1 MHz) (b) (Frequency shift = -20.05 MHz) {¢) (Frequency shift = -20 MHz)
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Figure 19. PSD of QPSK-OFDM signal at -6 dB ACI gain with 0 dB attenuation factor.

Illustration of the Different Frequency shift values
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Figure 20. Illustration for PSD QPSK-OFDM signal at -6 dB ACI gain with 0 dB attenuation factor.

Table 2. PSD different values at -6 dB ACI gain with 0 dB attenuation factor.

Frequency (MHz) Frequency shift (MHz) PSD (dBm)
-10 -20.1 -16

-10 -20.05 -11

-10 -20 -8

If the adjacent channel has a higher gain, the effect of the interference on the desired signal would be
higher. Figure 21 shows the BER performance for -3 dB difference between the adjacent and the desired
signals for different frequency separations. This shows an increase in the BER, especially when the
adjacent signal is at -20 MHz to the desired one.

Figure 22 shows the performance of PSD at -3 dB difference, which shows that the sidelobe power is
now closer to the desired OFDM data sub-carriers, resulting in an increase in the BER.

Figure 23 represents a clarification for Figure 22 for the PSD at different frequency shift values. Table
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3 shows the power values for the adjacent OFDM interference signal that affects the desired OFDM
signal. From the table, the closer the adjacent OFDM signal, the higher the power that affects the desired
OFDM signal, which means more ACI on the desired signal.
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Figure 21. BER vs SNR QPSK-OFDM signal at -3 dB ACI gain with 0 dB attenuation factor.
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Figure 22. PSD of QPSK-OFDM signal at -3 dB ACI gain with 0 dB attenuation factor.

Tllustration of the Different Frequency Shift Values
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Figure 23. Illustration for PSD QPSK-OFDM signal at -3 dB ACI gain with 0 dB attenuation factor.

Increasing the gain power for the adjacent signal will increase the interference with the desired signal.
From Figure 24, the BER amount is increasing, because the value of the gain power is increased, but
the best ACI reduction amount is when the frequency shift of the adjacent signal is at -20 MHz; a
reduction from 10 to 10 at 9 dB SNR. A reduction of 10 dBm at 10 MHz from -35 dBm to -45 dBm
on the sidelobe power is obtained after using the ACI reduction technique as shown in Figure 25.

Figure 26 represents a clarification for Figure 25 for the PSD at different frequency shift values. Table

4 shows the power values for the adjacent OFDM interference signal that affects the desired OFDM
signal.
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Table 3. PSD different values at -3 dB ACI gain with 0 dB attenuation factor.

Frequency (MHz) Frequency shift (MHz) PSD (dBm)
-10 -20.1 -12
-10 -20.05 -8
-10 -20 -7
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Figure 24. BER vs SNR for QPSK-OFDM signal at 0 dB ACI gain with 0 dB attenuation factor.
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Figure 25. PSD of QPSK-OFDM signal at 0 dB ACI gain with 0 dB attenuation factor.

Tllustration of the Different Frequency shift values
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Figure 26. Illustration for PSD QPSK-OFDM signal at 0 dB ACI gain with 0 dB attenuation factor.

From the table above, the closer the adjacent OFDM signal, the higher the power that affects the desired
OFDM signal, which means more ACI on the desired signal.

Figure 27 shows the BER and SNR when the gain of the adjacent interference signal is 3 dB and the
attenuation factor on the sidelobes is 0 dB. When the adjacent OFDM interference signal is received by
a gain power higher than the power of the desired signal, the interference will increase. Because the
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BER values are much higher than the previous results, the ACI reduction is not as strong as the ACI
reduction resulting at 0 dB ACI gain.

Table 4. PSD different values at 0 dB ACI gain with 0 dB attenuation factor.

Frequency (MHz) Frequency shift (MHZz) PSD (dBm)
-10 -20.1 -8
-10 -20.05 -6
-10 -20 -4
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Figure 27. BER vs SNR for QPSK-OFDM signal at 3 dB ACI gain with 0 dB attenuation factor.
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Figure 28. PSD of QPSK-OFDM signal at 3 dB ACI gain with 0 dB attenuation factor.

Increasing the gain power of the adjacent signal will increase the interference on the desired signal as
shown in Figure 28. The PSD performance is reduced by 9 dB from -30 dBm to -39 dBm at the center
frequency. This is also not the real difference, since the reduction in power is measured as the average
signal power to the average interference power, which will be analyzed in Section 4.5.3 below as
mentioned before.

A clarification for Figure 28 is shown in Figure 29, where the performance of the PSD QPSK-OFDM
signal at different frequency shift values is presented. Table 5 shows the power values for the adjacent
OFDM interference signal that affects the desired OFDM signal.

4.5.2 ACI Mitigation for QPSK-OFDM Signal at -3 dB Attenuation Factor

All the figures below show the performance of a 20 MHz bandwidth QPSK-OFDM signal with -3 dB
attenuation factor, but with different frequency shift and ACI gain values. When the attenuation factor
is equal to -3 dB, the power of the generated oversampling signal for ACI reduction method is reduced
to the half and subtracted from the power of the data sub-carrier on the sidelobes of the original OFDM
signal, which means less sidelobe power reduction than by using zero attenuation factor. A comparison
between BER vs SNR and PSD with different frequency shift and ACI gain values will be presented in
the figures below.

Figure 30 shows the BER and SNR when the adjacent signal gain power is reduced to -6 dB with
different frequency shifts values. When the SNR is 9dB, the best BER reduction is at -20 MHz.
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Illustration of the Different Frequency shift values
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Figure 29. lllustration for PSD QPSK-OFDM signal at 3 dB ACI gain with 0 dB attenuation factor.

Table 5. PSD different values at 3 dB ACI gain with 0 dB attenuation factor.

Frequency (MHz) Frequency shift (MHz) PSD (dBm)
-10 -20.1 -7

-10 -20.05 -3

-10 -20 1
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Figure 30. BER vs SNR for QPSK-OFDM signal at -6 dB ACI gain with -3 dB attenuation factor.

Figure 31 represents the PSD values. The reduction in the sidelobes is less than the previous results,
because the gain power is minimum and the attenuation factor on those sidelobes is less than one. From
the figure above, the PSD for the ACI signal at the center frequency is about -40 dBm and for the ACI
signal after reduction is about -47 dBm, which is about 7 dB reduction. In fact, this is not the real
difference, since the reduction in power is measured as the average signal power to the average
interference power, which is analyzed in Section 4.5.3 below.

After increasing the gain power of the adjacent signal, the BER vs SNR performance is also increased.
Figure 32 shows that the best ACI reduction is at -20 MHz, as the BER is reduced from 107 to less than
10* at 9 dB SNR.

Figure 33 represents the PSD performance after increasing the adjacent signal gain power. It can be seen
that the interference is increased on the desired signal, but a reduction of 7 dB on the power of the
sidelobes is achieved after using the ACI reduction technique.

The BER gets higher as the adjacent signal power is increased. Figure 34 shows that the closer the
adjacent signal to the desired signal, the better the ACI reduction.

The effect of the sidelobe power from the adjacent signal is shown in Figure 35. As the PSD is increased
because of the increment of ACI gain power, a reduction can be achieved by using half power sidelobe
reduction technique.
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Figure 31. PSD of QPSK-OFDM signal at -6 dB ACI gain with -3 dB aAttenuation factor.
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Figure 32. BER vs SNR for QPSK-OFDM signal at -3 dB ACI gain with -3 dB attenuation factor.
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Figure 33. PSD of QPSK-OFDM signal at -3 dB ACI gain with -3 dB attenuation factor.
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Figure 34. BER vs SNR for QPSK-OFDM signal at 0 dB ACI gain with -3 dB attenuation factor.

The figures below represent half sidelobe power reduction with amplified adjacent gain power. The
BER performance is getting higher than the previous results, because the gain is higher and so the

amount of interference is higher. But, after using the ACI reduction technique, the BER is enhanced at
a minimum value as shown in Figure 36.
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Figure 35. PSD of QPSK-OFDM signal at 0 dB ACI gain with -3 dB attenuation factor.
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Figure 36. BER vs SNR for QPSK-OFDM signal at 3 dB ACI gain with -3 dB attenuation factor.
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Figure 37. PSD of QPSK-OFDM signal at 3 dB ACI gain with -3 dB attenuation factor.

The interference from the adjacent sidelobes on the desired signal is very obvious. In Figure 37, at -10
MHz, the adjacent signal with ACI has a higher power than the desired signal at the same frequency,
but after using ACI reduction technique, the adjacent power is reduced by 6 dB, which reduces the effect
of interference and increases the system performance.

4.5.3 Signal to Interference Ratio (SIR) Analysis

The SIR is a comparison tool between the desired signal’s average power to that of the interference
signal, which is given as follows:

SlR — I:)Desired
PACI (5)
SIRdB b= P[;jeiired _PAdgl T

Figure 38 illustrates the different SIR values between the desired OFDM signal’s power and that of
the ACI signal’s power with and without applying the reduction technique. This illustration is done for
the three different ACI applied frequencies and with different values of reduction factor 6.

Figure 38a shows that as the ACI power increases, the SIR decreases as given in Equation (5).
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Figure 38. SIR comparison between the desired OFDM signal and the ACI signals.

In our simulation, four steps of increasing the ACI power by 3 dB each time are made from -6 dB to 3
dB and at each time the SIR decreases by 3 dB as shown in the figure.

The improvement in SIR is illustrated and found to be about 9 dB between the desired signal and the
ACI signal after reducing the power at the sidelobes with a reduction factor of 8 = 0 dB, whereas for the
ACI signal, with a reduction factor of & = -3 dB, the SIR is lower than before with a value of about 6.5
dB.

This result is due to the power of the added signal to the desired signal as a reduction technique. For 6
= 0 dB, no change occurs on the added (noise) signal, which results in more reduction on the sidelobes,
therefore causing more SIR. But, for 6 = -3 dB, the power of the added signal is reduced to the half,
which results in less reduction in the power of the sidelobes, leading to lower the SIR in comparison
with the case before. In both cases, the SIR is improved.

Figure 38b and Figure 38c show the same analysis, but with one difference, which is that the value of
the SIR is lowered. The reason behind this is the amount of power introduced by the ACI signal at its
center frequency, becoming closer to the desired signal.

5. CONCLUSIONS

This work addresses the problem of ACI between the OFDM symbols. Through the study, the main
reason of the interference is the sum of sub-carrier samples in the sidelobes of the OFDM symbol (out-
of-band radiation). The purpose of this work is to reduce this radiation on the adjacent channels as much
as possible, while preserving the original data signal in the desired frequency.

The operation that had been used in this paper is based on adding zero pilots in the time domain of the
OFDM symbol, resulting in more resolution in the frequency domain, which would help reduce the out-
of-band radiation.

The system speed is related to the sampling frequency of the FFT process, whichis f, =1/t =Nf_ . In
this paper, as given in Table 1, the sampling frequency is given by f, =1024x62.5 kHz =64 MHz .

By adding zeros to the time domain signal, nothing changes to the sampling frequency, since the zeros
have the same sampling time. The change will be in the sub-carrier frequency, since the OFDM useful
time duration increased and that led to decrease the sub-carrier frequency. The main idea about this
technique is to increase the resolution in the frequency domain. The main effect is on the processing
time that increased by increasing the size of the FFT process in this stage. The result after processing
the frequency domain signal will be the opposite of the original form, but without data sub-carriers. That
means only the addition of sub-carrier samples in the sidelobes, but with a negative power. Subtracting
the new signal from the original signal will produce an OFDM signal with less sidelobe power to reduce
ACI effect between the OFDM symbols.

From the results, the three main variables that affect the ACI reduction technique are: the attenuation
factor, the ACI gain and the frequency shift. The attenuation factor controls the amount of the reduction
on the sub-carrier sidelobe power. In the paper, two values are used for the attenuation factor: 0 dB,
which means that all the power of the generated signal for ACI reduction method is subtracted from the
power of the data sub-carrier on the sidelobes of the original OFDM signal. In case of the other value of
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the attenuation factor is -3 dB, the power of the generated signal is reduced to the half and then subtracted
from the power of the data sub-carrier on the sidelobes of the original OFDM signal, leading to less
sidelobe power reduction than using zero attenuation factor. The second variable is the ACI gain; the
adjacent signal gain power is very effective on how much the interference on the desired OFDM signal
is. Four values for ACI gain (-6, -3, 0, 3) dB were taken to recognize the difference. The higher the gain
power of the adjacent signal, the more interference on the sidelobe of the desired signal. The last variable
mentioned in this work is the frequency shift. The closer the frequency of the adjacent signal, the higher
the interference that affects the desired signal.

This reduction technique introduces a reduction of 9 dB SIR when using an attenuation factor of 6 = 0
dB, where this value reduces as the center frequency of the ACI approaches the desired signal due to the
increase of the ACI power near the desired one. For & = -3 dB, a reduction of about 6 dB is achieved.
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