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ABSTRACT

In this thesis, the effect of Doppler shift on adaptive orthogonal frequency-division
multiplex (OFDM) modulation in a cognitive radio (CR) application is investigated. We
present Monte Carlo simulations of OFDM modulation in which a group or groups of
subcarriers are modulated using quadrature phase-shift keying (QPSK) modulation and
16-ary quadrature amplitude modulations (16QAM). We show that turning off some
subcarriers does not affect the performance as long as the effective Ey/N, remains the
same. We also present Monte Carlo simulations where the power ratio of two sets of
subcarriers is changed while maintaining the same total power in order to investigate the
effect on performance. Finally, we consider a two-user CR scenario and investigate the
performance effect on a primary user by a secondary user in terms of various Doppler
shift offsets where both the primary user and secondary user use OFDM modulations.
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EXECUTIVE SUMMARY

In this thesis, a cognitive radio (CR) application is investigated in terms of Doppler shift
on adaptive orthogonal frequency-division multiplex (OFDM) modulation. Adaptive
OFDM may be used in CR where the secondary users (SU) are allowed to use frequency
bands allocated to the primary users (PU) that are not in use. Thus, for OFDM to work
for a SU, there is a need to turn off subcarriers in frequency bands that are used by PU.
We present simulated spectra in the frequency domain where some carriers are clearly
used and others are turned off. With the use of Monte Carlo simulations using Matlab, we
are able to show bit error ratio (BER) and symbol error ratio (SER) performance curves
for some scenarios where subcarriers are turned off and compare them to theoretical BER
and SER expressions as a function of increasing signal-to-noise ratio (SNR). In Table 1,
we show the utilization of the subcarriers in one of our simulation scenarios. We use
quadrature phase-shift keying (QPSK) modulation with OFDM where the first four and
third subcarriers are used and the second and last four subcarriers are turned off. The
BER and SER for this scenario (4 ON, 4 OFF, 4 ON and 4 OFF subcarriers with QPSK-
OFDM) are shown in Figure 1. We observe that the BER and SER resulting from Monte
Carlo simulation are in good agreement with the theoretical bit error ratio and symbol
error ratio for QPSK modulation. In this thesis, we also consider a few more scenarios in
which there are eight subcarriers (4 ON, 4 OFF), 12 subcarriers (4 ON, 4 OFF, 4 ON) and
16 subcarriers (4 ON, 4 OFF, 4 ON, 4 OFF) with QPSK and 16QAM (16-ary quadrature
amplitude modulation). The results of these scenarios show that the BER and SER for
each scenario are in good agreement with theoretical BER and SER for QPSK or
16QAM.

Table 1. Subcarrier utilization of 16 subcarrier OFDM: first four and third four
subcarriers are used for QPSK and the second four and last four subcarriers are turned
off.

| SC 1~4  sco-12

~ QPSK Symbols © QPSK Symbols
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Figure 1. Performance curves for the 16 subcarrier (4 ON, 4 OFF, 4 ON, 4 OFF,
QPSK-OFDM) scenario vs. Ep/No.

In this work, we also consider changing the power ratio for a specific 12-
subcarrier scenario (4 ON, 4 OFF, 4 ON). We allow for the first and last four subcarriers
to be used. In this scenario, we adjust the average power ratio between the first four
subcarriers and last four subcarriers, while the sum of total subcarrier power does not
change. Recall the middle four subcarriers are turned off. In other words, the set of
channels in the middle is not used, and the two bands that are used have different power.
The performance curves from the simulations in which we use QPSK as a modulation
scheme in the utilized bands are shown in Figure 2. The power ratio 1:1 results in the best
performance, which means equal power allocation is best when the number of subcarriers
in the bands that are available is equal. In other words, as we increase the power ratio
between two subcarriers sets, the performance becomes worse. The conclusion of this
simulation is that equal power allocation is best for OFDM using the same modulation

and equal number of subcarriers (when two or more bands are available for use).
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Figure 2. Performance curves for the 12 subcarrier (4 ON, 4 OFF, 4 ON, QPSK-
OFDM) scenario vs. Ex/N,. as a function of power ratio: (a) BER; (b) SER.
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The last topic we considered was a two-user cognitive radio scenario. In Figure 3,
PU (primary user) and SU (secondary user) transmitters (TX) and receivers (Rx) are
shown. In this scenario the SU’s signal can act as interference to the PU. In this
simulation set, we investigate the effect on PU performance by varying Doppler shifts to
the SU spectrum. In addition, we also vary the PU-to-SU power ratio, which equivalently
is the signal-to-interference power ratio (SIR) while varying the Doppler offset. We use
16 subcarriers (4 ON, 4 OFF, 4 ON, 4 OFF) for PU (4 OFF, 4 ON, 4 OFF, 4 OFF) for
SU. In other words, the SU uses one of the empty channels. With these settings we
generate the PU's BER and SER for changing SIR and the percentage of frequency offset.

TX RX
Primary user ) Primary user

RX
Secondary user Secondary user

Figure 3. Concept diagram of transmission and reception in a two-user CR where
Doppler shifts may result in interferences.

One of the BER/SER set for the PU as a function of Doppler shift when SIR=0 is
shown in Figure 4. The results show that without frequency offset, the performance of SU
is in good agreement with the QPSK theoretical BER/SER curve. With frequency offset,
as the frequency offset is increased, the BER/SER of PU becomes worse. As we increase
SIR while holding the frequency offset fixed, we observe improved BER/SER for the
PU. We conclude that the larger frequency offset of the SU results in worse performance
for the PU, and the larger PU receiver SIR while holding the Doppler constant results in
better performance as expected.

XX
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l. INTRODUCTION

A. OVERVIEW

The demand for radio spectrum has been increasing rapidly as wireless
communications such as audio, messaging, and Internet access via smartphones become
widespread. Wireless communication devices usually transmit and receive large amounts
of multimedia data like music, pictures and movies that require high data rates in a
network and, thus, use much of the spectrum resources. So, it is important for a system to
use the radio spectrum efficiently within the limited bandwidth resources. Spectrum
efficiency means transmitting and receiving as much data as possible within the available
spectrum. A study from the Federal Communications Commission (FCC) reported that
physical shortage of spectrum is not the issue; rather it is the efficient use of the
spectrum. So the FCC recommends a flexible spectrum regulation policy [1]. To solve
the spectrum availability issue, communication technology is being developed for

multiusers in a way that the radio spectrum is used efficiently.

1. Subcarrier Allocation Scheme over OFDM

Orthogonal frequency-division multiplexing (OFDM) is a good fit for broadband
wireless systems because it has the potential for high transmission efficiency and is less
vulnerable to inter-symbol interference. Due to its flexibility in allocating subcarriers, it
is adequate for multiuser communication systems. The multiuser allocation system
diagram is shown in Figure 1. We assume the system shown has K users, and each ki
user has equal data rate Ry. In the figure, channel state information is assumed a priori.
The subcarrier and bit allocation blocks are used to allocate bits. The combined sub-
carrier bit and power allocation algorithm blocks are used to adjust the number of

bits/fOFDM symbol on each subcarrier.



Combined sub-carrier
and bit power
allocation algorithm

Channel
conditions from K

User 1, rate R, Adaptive modulator 1

Subcarrier
User 2, rate R, and bit Adaptive modulator 2 In';/'g;_se Add guard
allocation interval

User k, rate R, Adaptive modulator N

Frequency Selective
Fading Channel for

th
the k user

User k, rate Rk < Adaptive demodulator 1
Extract
bits for
the kth Adaptive demodulator 2 In;/'(:e_rrse Remove guard
interval
user
Adaptive demodulator
Bits and subcarrier
allocation information
Figure 1. Block diagram of a multiuser OFDM system with subcarrier, bit, and power

allocation. After [2].

2. OFDM-Based Cognitive radio

The other promising way of solving the spectrum availability crisis is to use
cognitive radio (CR). CR is the wireless communication technique that allows secondary
users (SU) to use the radio spectrum that is not used by primary users (PU) by sensing the
radio spectrum environment. The initial main function of CR is to transmit data where a
spectrum band may be available. CR does not allow a SU to use the PU's utilized
spectrum but allows a SU to use the PU’s unutilized spectrum. Thus, interference control
is important and is implemented using spectrum sensing and power control. Spectrum
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sensing includes detecting empty spectrum that can be used by a SU. Power control is
also an important technique to avoid interference. Power control includes power

allocation schemes that try to maximize the capacity of CR by minimizing interference.

B. THESIS OBJECTIVE AND MOTIVATION

The main objective of this thesis is to show the Doppler effect on performance in
a multiuser communication environment. Cognitive radio is an effective technology for
sharing radio spectrum since secondary users try to utilize spectrum bands not being used
by the primary user. The secondary user’s signal can be interference to the primary user.
Considering that the current wireless communication environment is very crowded and
each wireless device may not be static, then frequency shifts or Doppler effects may
affect both PU and SU signals. Doppler shifts can cause loss of orthogonality between the
primary user and secondary user and affect both PU and SU receiver performance. In this
thesis, how frequency offsets affect the performance in a two-user CR scenario is

investigated.

C. LITERATURE REVIEW

Adaptive multicarrier modulation has been an active research area for quite some
time. Employing repeat code and linear block code to OFDM subcarriers was discussed
in [3]. Multiuser OFDM subcarrier, bit, and power allocation algorithms to minimize the
total transmit power were discussed in [2]. There are also many previous studies on
OFDM-based CR systems. In [4] interference detection for an OFDM-based CR system
was investigated. In [5] and [6], resource allocation for an OFDM-based CR system was
studied. In [7], frequency synchronization for an OFDM-based CR system was
considered. In [8], [9], [10], and [11], new spectrum sensing methods based on the
characteristics of the OFDM signal were proposed using either energy detection, optimal
Neyman-Pearson detection, autocorrelation detection or cyclostationarity feature
detection, respectively.



D. THESIS OUTLINE

This thesis is organized as follows. In Chapter 11, we present background material
on OFDM, QPSK (quadrature phase-shift keying), and 16QAM (16-ary quadrature
amplitude modulation) modulations. In Chapter Ill, we discuss the notion of adaptive
OFDM. We present Monte Carlo simulations that show there is no performance loss if
some sub-carriers are turned off as long as the effective E,/N, remains the same. We also
consider a few scenarios where a few bands are used in an available bandwidth. We
consider the specific case where the power ratios between two signals that use the
available bands are not the same while maintaining the same total power. In this chapter
we also show simulations on how the primary user and secondary user can share the
spectrum without causing interference with each other as long as the frequency
subcarriers remain orthogonal. In Chapter IV, we introduce a classical CR scenario where
a SU uses available band(s) while a PU utilizes some of the spectrum. In this chapter, we
finally investigate the effect on the PU performance of Doppler shift in the SU spectrum.
Finally, in Chapter V we discuss our results and offer conclusions and suggestions

concerning future research.



II.  GENERAL QPSK AND 16QAM MODULATION SCHEME
OVER OFDM

In this chapter we discuss QPSK and 16QAM modulation schemes which are
used for symbol mapping prior to OFDM signal generation. Then, we present background

material on how OFDM modulation is implemented.

A. QPSK MODULATION SCHEME

QPSK is the modulation scheme using four different phase symbols as shown in

Figure 2. The alphabet of QPSK symbols agpsk is given by
Uopsk = {F1% j}. (2.1)
Each symbol represents two bits. The neighboring symbols are orthogonal to each other

because of the 90-degree separation between symbols. In Figure 2, each adjacent symbol

only differs by one bit. It is Gray coded to minimize bit error ratio (BER).

i

Figure 2. Constellation plot for QPSK with Gray coding.

The average symbol energy of QPSK is Es. The probability of bit error,

sometimes referred to as BER, is given by [12]


http://en.wikipedia.org/wiki/File:QPSK_Gray_Coded.svg

Pb,QPSK :Q( %j (2.2)

0

The corresponding symbol error ratio (SER) is given by [12]

Ps,QPSK =1-(1- Pb)z :ZQ( ES ]—{Q[ ES J} ‘ (2.3)

The second term of Equation (2.3) is negligible at high SNR, so the SER equation is

Popsk = ZQ(\/%] (2.4)

B. 16QAM MODULATION SCHEME

reduced to

16QAM has 16 symbols, and each symbol represents four bits. In Figure 3 the

symbols shown have various phases and amplitudes. The alphabet of 16QAM symbols
Q16QAM IS given by
Agonm ={1EF3£3j,£3+ j,£1+3j,+1+ j}. (2.5)

In this configuration, the average energy of the 16QAM constellation Ejsgam IS ten.

Q

A
0000 0100 1100 1000
0001 0101 1101 1001

Figure 3. Constellation plot for 16-QAM with Gray coding.



The average symbol energy of 16QAM is Es. The probability of bit error is given
by [13]:

3 4E
Po, == o . 2.6
b, 16 QAM SQ( lONOJ (2.6)
The corresponding SER is given by [13]:
3 E
Ps, -2 s |, 2.7
oo ZQL 10N0J @)

C. OFDM SCHEME

In this section, we first discuss OFDM transmission and reception. OFDM uses
subcarriers with frequency separation 1/T, where T is the symbol period. The information

o, 10 be sent on each subcarrier k is multiplied by the corresponding carrier as given by

ej?%kta)(t) (2.8)

gK(t):F

where (t) is a rectangular window over [0 T]. Mathematically, the transmit signal s(t) is
given by
S(t) = a9, (1) + 9, () ++-+ @ 19y 4 (1)

=3 a0, @9

K-1 j2rmkt
0

1
T

Yae T o).
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Each information signal o multiplies the complex sinusoid having the frequency
k/T. The modulated subcarriers are added, and the resultant signal is sent out as s(t). In an
OFDM receiver, the received signal is multiplied by a bank of correlators and is
integrated over the symbol period. The concept of an OFDM modulator is shown in
Figure 4. Binary data are mapped by subcarrier symbols using a modulation scheme such
as QPSK and 16QAM. The resulting mapping is fed into the inverse fast Fourier
transform (FFT) from baseband carrier modulation. The guard interval is added and pulse
shaping is performed by the digital/analog (D/A) converter circuitry. Eventually, the
analog signals are multiplied by the carrier signals, and the resulting I and Q channels are
added.
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Symbol
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Block diagram of an OFDM modulator [14].
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I11. ADAPTIVE OFDM SIMULATIONS

Usually OFDM uses the same subcarrier modulation scheme for each channel. In
adaptive OFDM modulation, any subcarrier may be turned off for the radio to truly
implement adaptive modulation. Adaptive OFDM may be used in cognitive radio where
the secondary users are allowed to use unused frequency bands allocated to the primary
users. Thus, for OFDM to work for a SU, there is a need to turn off subcarriers in
frequency bands that are used by a PU. In this chapter, we illustrate a few cases where we
turn off some subcarriers while keeping the effective Ep/N, the same. By Monte Carlo
simulation, we show that there is no performance degradation if power reallocation is
performed. In order to turn off certain subcarriers, we intentionally set the amplitude of
those carriers to zero prior to the inverse FFT. The inverse FFT generates the OFDM
signal where it is apparent that some carriers are turned off. The fact that some carriers
are turned off is not apparent in the time domain. However, we present simulated spectra
in the frequency domain where some carriers are clearly used and others are turned off.
With the use of Monte Carlo simulations using Matlab, we are able to show BER/SER
performance for scenarios where subcarriers are turned off and compare them to

theoretical BER/SER expressions as a function of increasing SNR.

A. EIGHT SUBCARRIERS (4 ON, 4 OFF)
1. QPSK Modulation with OFDM

In this scenario, we use QPSK modulation with OFDM, where the first four
subcarriers are used and the next four subcarriers are turned off. In Table 1 the utilization
of the subcarriers is shown. Clearly, QPSK symbols are sequentially mapped to the
utilized subcarriers. A Monte Carlo simulation using 4x10° QPSK symbols is performed
to produce two power spectral densities (PSDs) of the symbol sequence. Since the four
subcarriers are turned off, the inverse FFT are padded by the same amount of zero-
symbols. In other words, the eight-point inverse FFT operates on four QPSK symbols and
four zeros. The unfiltered PSD is shown in Figure 5(a), and a Welch-estimated [15]

version is shown in Figure 5(b).



Table 1. Subcarrier utilization of eight subcarrier OFDM: four are used for QPSK
and four are turned off.

SC1 SC2 SC3 SC4

QPSK QPSK QPSK QPSK
Symbol Symbol Symbol Symbol

It is clear in Figure 5 that the first four subcarriers are utilized in the frequency
spectrum, and the other four subcarriers are turned off. The spectral content spilling into
the supposedly unutilized bands is actually sidelobes from the four utilized bands. Since
these subcarriers are orthogonal, the spectral spillage does not produce errors (provided
orthogonality is preserved). The BER and SER for this scenario (4-ON and 4-OFF
subcarriers with QPSK-OFDM) are shown in Figure 6. We observe that the BER/SER
result from Monte Carlo simulation is in good agreement with the theoretical BER/SER
for QPSK modulation as dictated by Equation (2.2) and Equation (2.4).
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Figure 5. PSDs for randomly generate QPSK-OFDM symbols for the eight-subcarrier
(4-ON, 4-OFF) scenario: (a) Unfiltered; (b) Welch estimated PSD.
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Figure 6. Performance curves for the eight subcarrier (4 ON, 4 OFF, QPSK-OFDM)
scenario vs. Ey/No.

2. 16QAM Modulation with OFDM

In this scenario, we use 16QAM modulation with OFDM, where the first four
subcarriers are used and the next four subcarriers are turned off. In Table 2 the utilization
of the subcarriers is shown. Clearly, the symbols are sequentially mapped into the utilized
subcarriers. A Monte Carlo simulation using 4x10° symbols is performed to produce two
PSDs of the symbol sequence. Since the four subcarriers are turned off, the inverse FFT
is padded by the same amount of zero-symbols. In other words, the eight-point inverse
FFT operates on four 16QAM symbols and four zeros. The unfiltered PSD is shown in
Figure 7(a), and a Welch-estimated version is shown in Figure 7(b).

Table 2. Subcarrier utilization of eight subcarrier OFDM: four are used for 16QAM
and four are turned off.

SC1 SC?2 SC3 SC4 SC5 SC6 SC7

16QAM  16QAM | 16QAM 16QAM

OFF OFF OFF

Symbol  Symbol | Symbol = Symbol
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It is clear in Figure 7 that the first four subcarriers are utilized in the frequency
spectrum, and the other four subcarriers are turned off. The spectral content spilling into
the supposedly unutilized bands is actually sidelobes from the four utilized bands. Since
these subcarriers are orthogonal, the spectral spillage does not produce errors (provided
orthogonality is preserved). The BER and SER for this scenario (4-ON and 4-OFF
subcarriers with 16QAM-OFDM) are shown in Figure 8. We observe that the BER/SER
resulting from Monte Carlo simulation is in good agreement with the theoretical bit error
rate for L6QAM modulation as dictated by Equation (2.6) and (2.7).

Power(dB)

-100 : : L L l Ll [T [
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0 1 2 3 4 5 6 7
Frequency

(b)

Figure 7. PSDs for randomly generated 16QAM-OFDM symbols for the eight-
subcarrier (4-ON, 4-OFF) scenario: (a) Unfiltered; (b) Welch estimated PSD.
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Figure 8. Performance curves for the eight subcarrier (4 ON, 4 OFF, 16QAM-OFDM)
scenario vs. Eu/No.
B. TWELVE SUBCARRIER SCENARIO (4 ON, 4 OFF, 4 ON)

In this scenario, we set a 12-subcarrier OFDM spectral allocation. We allow for
the first four subcarriers and last four subcarriers to be used. The middle four subcarriers

are turned off. In other words, the set of channels in the middle is turned off.

1. QPSK Modulation with OFDM

We show in Table 3 the utilization of the OFDM channels in which eight

subcarriers are used and four are turned off.

Table 3.  Subcarrier utilization of 12 subcarrier OFDM: first four and last four
subcarriers are used for QPSK and the middle four subcarriers
are turned off.

SC1-4 SC9-~12

QPSK Symbols QPSK Symbols




In Figure 9 it is clear that the nulls of the spectra correspond to the four
subcarriers in the middle bands. Since these subcarriers are orthogonal, the spectral
spillage does not produce errors if these bands spilling into the supposedly unutilized
bands are utilized (provided orthogonality is preserved). The BER and SER for this
scenario (4-ON, 4-OFF, and 4-ON subcarriers with QPSK-OFDM) are shown in
Figure 10. We observe that the BER/SER resulting from Monte Carlo simulation is in
good agreement with the theoretical BER/SER for QPSK modulation as dictated by
Equation (2.2) and (2.4).
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Figure 9. PSDs for randomly generated QPSK-OFDM symbols for the 12-subcarrier
(4-ON, 4-OFF, 4-ON) scenario: (a) Unfiltered; (b) Welch estimated PSD.
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Figure 10. Performance curves for the 12 subcarrier (4 ON, 4 OFF, 4 ON, QPSK-
OFDM) scenario vs. Ey/No.

2. 16QAM Modulation with OFDM

We show in Table 4 the utilization of the OFDM channels in which eight

subcarriers are used and four are turned off.

Table 4. Subcarrier utilization of 12 subcarrier OFDM: first four and last four
subcarriers are used for 16QAM and the middle four subcarriers
are turned off.

16QAM Symbols 16QAM Symbols

15



In Figure 11 it is clear that the nulls of the spectra correspond to the four
subcarriers in the middle bands. Since these subcarriers are orthogonal, the spectral
spillage does not produce errors (provided orthogonality is preserved). The BER and SER
for this scenario (4-ON, 4-OFF and 4-ON subcarriers with 16QAM-OFDM) are shown in
Figure 12. We observe that BER/SER resulting from Monte Carlo simulation is in good
agreement with the theoretical BER/SER for 16QAM modulation as dictated by
Equation (2.6) and (2.7).
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Figure 11. PSDs for randomly generated 16QAM-OFDM symbols for the 12-subcarrier
(4-ON, 4-OFF, 4-ON) scenario: (a) Unfiltered; (b) Welch estimated PSD.
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Figure 12. Performance curves for the 12 subcarrier (4 ON, 4 OFF, 4 ON,
16QAM-OFDM) scenario vs. Ep/No.

C. SIXTEEN SUBCARRIER SCENARIO (4 ON, 4 OFF, 4 ON, 4 OFF)

In this scenario, we set a 16-subcarrier OFDM spectrum. We allow for the first
four subcarriers and third four subcarriers to be used. The second four subcarriers and last
four subcarriers are turned off.

1. QPSK Modulation with OFDM

We show in Table 5 the utilization of the OFDM channels in which eight

subcarriers are used and eight are turned off.

Table 5. Subcarrier utilization of 16 subcarrier OFDM: first four and third four
subcarriers are used for QPSK and the second four and last four
subcarriers are turned off.

SC1-4 SC 9~12 SC 13~16

QPSK Symbols QPSK Symbols OFF
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We observe that low power sidelobes spill into two white spaces in Figure 13.
Since these subcarriers are orthogonal, the spectral spillage does not produce errors
(provided orthogonality is preserved). The BER and SER for this scenario (4-ON, 4-OFF,
4-ON and 4-OFF subcarriers with QPSK-OFDM) are shown in Figure 14. We observe
that the BER/SER resulting from Monte Carlo simulation is in good agreement with the
theoretical BER/SER for QPSK modulation as dictated by Equation (2.2) and (2.4).
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Figure 13. PSDs for randomly generated QPSK-OFDM symbols for the 16-subcarrier

(4-ON, 4-OFF, 4-ON, 4-OFF) scenario: (a) Unfiltered; (b) Welch estimated
PSD.
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Figure 14. Performance curves for the 16 subcarrier (4 ON, 4 OFF, 4 ON, 4 OFF,
QPSK-OFDM) scenario vs. Ep/N,.
2. 16QAM Modulation with OFDM

We show in Table 6 the utilization of the OFDM channels in which eight

subcarriers are used and eight are turned off.

Table 6. Subcarrier utilization of 16 subcarrier OFDM: first four and third four
subcarriers are used for 16QAM and the second four and last four
subcarriers are turned off.

SC 13~16

16QAM Symbols 16QAM Symbols
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We observe that low power sidelobes spill into two white spaces in Figure 15.
Since these subcarriers are orthogonal, the spectral spillage does not produce errors
(provided orthogonality is preserved). The BER and SER for this scenario (4-ON, 4-OFF,
4-ON and 4-OFF subcarriers with 16QAM-OFDM) are shown in Figure 16. We observe
that the BER/SER resulting from Monte Carlo simulation is in good agreement with the
theoretical BER/SER for 16QAM modulation as dictated by Equation (2.6) and (2.7).
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Figure 15. PSDs for randomly generate 16QAM-OFDM symbols for the 16-subcarrier
(4-ON, 4-OFF, 4-ON, 4-OFF) scenario: (a) Unfiltered; (b) Welch estimated
PSD.
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Figure 16. Performance curves for the 16 subcarrier (4 ON, 4 OFF, 4 ON, 4 OFF,
16QAM-OFDM) scenario vs. Ep/No.

D. CHANGING POWER RATIO ON 12 SUBCARRIER SCENARIO (4 ON, 4
OFF, 4 ON)

In this scenario, we set a 12-subcarrier OFDM spectral allocation. We allow for
the first four subcarriers and last four subcarriers to be used; but in this scenario, we
adjusted the average power ratio between the first four subcarriers and last four
subcarriers while the sum of total subcarrier power remained constant. Recall the middle
four subcarriers are turned off. In other words, the set of channels in the middle is not

used and the two bands that are used have different power.

1. QPSK Modulation with OFDM

We show in Table 3 the utilization of the OFDM channels in which eight
subcarriers are used and four are turned off. First and last four subcarriers are set to

different average power levels. We increase the power of the first four subcarriers and
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decrease the power of the last four subcarriers to make an N to 1 power ratio between the

two sets of subcarriers.

We observe that the BER/SER pair gets worse as the power ratio is increased
when we fix Ey/N, =5 dB in Figure 17.
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o . . : 1
S °
> [ ]
= °
=
8 °
e
“ 107 . -
QPSK BER Theoretical When Power ratio 1:1
QPSK SER Theoretical When Power ratio 1:1
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Power ratio N

Figure 17. Performance curves for the 12 subcarrier (4 ON, 4 OFF, 4 ON, QPSK-
OFDM) scenario vs. power ratio N at E,/N, =5 dB.

In Figure 18, we observe that the BER/SER resulting from Monte Carlo
simulation is in good agreement with the theoretical bit/symbol error rate for QPSK
modulation as dictated by Equation (2.2) and (2.4) only when the power ratio is 1:1. As
we increase N, BER/SER results worsen.
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Figure 18. Performance curves for the 12 subcarrier (4 ON, 4 OFF, 4 ON,

QPSK-OFDM) scenario vs. Ep/N,. as a function of power ratio:
(a) BER,; (b) SER.
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The point of the simulation results in this section is to show that equal power
allocation is best for OFDM using the same modulation and an equal number of

subcarriers (when two or more bands are available to use).

2. 16QAM Modulation with OFDM

We show in Table 4 the utilization of the OFDM channels in which eight
subcarriers are used and four are turned off. The first and last four subcarriers are set to
different average power levels. We increase the power of the first four subcarriers and
decrease the power of the last four subcarriers to make an N-to-1 power ratio between the

two sets of subcarriers.

We observe the BER/SER pair gets worse as the power ratio is increased when we
fix Ep/No =5 dB in Figure 19.
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Figure 19. Performance curves for the 12 subcarrier (4 ON, 4 OFF, 4 ON,
16QAM-OFDM) scenario vs. power ratio N at E,/No, =5 dB.

24



In Figure 20, we observe that BER/SER resulting from Monte Carlo simulation is
in good agreement with the theoretical bit/symbol error rate for 16QAM modulation as
dictated by Equation (2.6) and (2.7) only when the power ratio is 1:1. As we increase N,
the BER/SER results worsen.
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Figure 20. Performance curves for the 12 subcarrier (4 ON, 4 OFF, 4 ON, 16QAM-
OFDM) scenario vs. Ex/N,. as a function of power ratio: (a) BER; (b) SER.
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IV. TWO-USER SCENARIO (CR SCENARIO)

In this chapter we investigate what happens when a primary user using some of its
available bandwidth is joined by a secondary user which decides to use some of the
available bandwidth not being used by the PU. This is the classic two-user cognitive
radio scenario. The un-utilized band which corresponds to unused subcarriers is called a
spectral hole or white space. Although multiple users may be actually interested in using
the spectrum, extraction of performance curves for a multi-user scenario via Monte Carlo
simulations becomes very resource intensive and is beyond the scope of this work. As
such, we concentrate on a classic two-user scenario where one is a PU and the other is a
SuU.

In reality, the PU may actually have a different modulation from the SU. Clearly,
we cannot explore all combinations of modulations between PU and SU. In fact, in some
CR literature, it is recommended for efficient utilization of the spectrum that both users
use the same type of modulation. Indeed, most CR suggests adaptive OFDM, i.e., OFDM
where one or a group of subcarriers may be turned off. In this work, we assume that both
the PU and SU use the same OFDM type of modulation. We then investigate the effect of
Doppler shift of the SU modulation to the PU's performance. The concept diagram of

transmission and reception in a two-user CR is shown in Figure 21.

TX RX
Primary user § Primary user

RX
Secondary user . Secondary user

Figure 21. Concept diagram of transmission and reception in a two-user CR where
Doppler shifts may result in interferences.
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OFDM signals that are offset in frequency due to Doppler shift may be sensitive
to carrier frequency offset. In a typical wireless communication system, the signal to be
transmitted is upconverted to a carrier frequency prior to transmission. The receiver is
expected to tune to the same carrier frequency for downconverting the signal to baseband,
prior to demodulation. However, due to Doppler shift, the received carrier frequency may
not be same as the downconverter carrier frequency of the receiver. When this happens,
the received baseband signal is offset (from baseband center frequency which is usually
DC) by fs. If the transmitted signal s(t) is Doppler-shifted by frequency offset fs, the

received signal y(t) is given by
y(t) = s(t)e*" ", (4.1)
1. Without Frequency Offset or Doppler shift

It is possible for the SU and PU to interfere with one another. When the PU and
SU received signals have no Doppler shift, then SU/PU BER and SER performances
should clearly be in good agreement with expected theoretical results provided they
implement the same OFDM modulation type (as was discussed earlier). In fact this is true
regardless of their power ratio. This is because the subcarriers remain orthogonal. We
perform various simulations where a PU uses a channel (four-subcarrier portion) of the
spectrum and a SU uses two channels (two four subcarrier channels). In the next section,

we discuss some of these results along with the results where the Doppler shift is present.

2. With Frequency Offset or Doppler shift

In this section, we evaluate the impact of frequency offset or Doppler shift due to
relative motion between transmitter and receiver. The Doppler shift results in what could
be thought of as Inter Carrier Interference (ICI) while receiving OFDM modulated
symbols. To investigate the relation between SIR and performance in terms of BER/SER
as a function of frequency offset, we perform simulations under various SIR (-6 dB, -3
dB, 0 dB, 3 dB, 6 dB, 10 dB). More specifically, we vary the frequency offset of the SU
over PU’s available bandwidth by 0.1%, 0.5%, 1%, 2% and 5%. For example, if the
entire bandwidth is 100 MHz, then 1% Doppler shift is 1MHz. However, in our
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simulations, for the purposes of convenience, the entire available bandwidth is
normalized to one.

We consider the case when SIR = -6 dB, which means the sum of the SU signal
power is about four times larger than the sum of the PU signal power while we vary the
Doppler offset. This scenario is depicted in Figure 22. In Figure 23, we show the spectra
when the SU Doppler offset is 1% of the PU's available bandwidth. Notice the slight
frequency shift (as compared to the SU spectrum from Figure 22). This means that the
subcarriers of the PU and SU added signal are not orthogonal. Since these subcarriers are
not orthogonal, the spectral spillage produces errors. The BER and SER for various
frequency offsets are shown in Figure 24. We observe that the BER/SER pair resulting
from Monte Carlo simulation is not in good agreement with the theoretical BER/SER for
QPSK modulation as dictated by Equation (2.2) and (2.4) except without the frequency
offset. The BER and SER get worse as the frequency offset gets worse.
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Figure 22. PSDs of PU and SU employing QPSK-OFDM where the PU to SU power
ratio is -6 dB (SIR): (a) Unfiltered PSD; (b) Welch estimated PSD.
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Figure 23. PSDs of PU and SU employing QPSK-OFDM where the PU to SU power
ratio is -6 dB (SIR) and SU is Doppler shifted by 1% frequency offset over
the PU available bandwidth: (a) Unfiltered PSD; (b) Welch estimated PSD.
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Figure 24. BER performance of PU as a function of Doppler shift on SU where the %
frequency offset is the percent over the PU available bandwidth: (a) BER at
SIR =-6 dB; (b) SER at SIR =-6 dB.
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We consider the case when SIR = -3 dB, which means the sum of the SU signal
power is about twice that of the sum of the PU signal power, while we vary the Doppler
offset. This is scenario is depicted in Figure 25. In Figure 26, we show the spectra when
the SU Doppler offset is 1% of the PU's available bandwidth. Notice the slight frequency
shift (as compared to the SU spectrum from Figure 25). This means the subcarriers of the
PU and SU added signal are not orthogonal. Since these subcarriers are not orthogonal,
the spectral spillage produces errors. The BER and SER for various frequency offsets are
shown in Figure 27. We observe that the BER/SER pair resulting from Monte Carlo
simulation is not in good agreement with the theoretical BER/SER for QPSK modulation
as dictated by Equation (2.2) and (2.4) except without the frequency offset. The BER and
SER get worse as the frequency offset gets worse.
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Figure 25. PSDs of PU and SU employing QPSK-OFDM where the PU to SU power
ratio is -3 dB (SIR): (a) Unfiltered PSD; (b) Welch estimated PSD.
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Figure 26. PSDs of PU and SU employing QPSK-OFDM where the PU to SU power
ratio is -3 dB (SIR) and SU is Doppler shifted by 1% frequency offset over
the PU available bandwidth: (a) Unfiltered PSD; (b) Welch estimated PSD.
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Figure 27. BER performance of PU as a function of Doppler shift on SU where the %
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SIR =-3dB; (b) SER at SIR =-3 dB.
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We consider the case when SIR = 0 dB, which means the sum of the SU signal
power is the same as the sum of the PU signal power while we vary the Doppler offset.
This scenario is depicted in Figure 28. In Figure 29, we show the spectra when the SU
Doppler offset is 1% of the PU's available bandwidth. Notice the slight frequency shift
(as compared to the SU spectrum from Figure 28). This means the subcarriers of the PU
and SU added signal are not orthogonal. Since these subcarriers are not orthogonal, the
spectral spillage produces errors. The BER and SER for various frequency offsets are
shown in Figure 30. We observe that BER/SER pair resulting from Monte Carlo
simulation is not in good agreement with the theoretical the BER/SER for QPSK
modulation as dictated by Equation (2.2) and (2.4), except without the frequency offset.
The BER and SER get worse as the frequency offset gets worse.
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Figure 28. PSDs of PU and SU employing QPSK-OFDM where the PU to SU power
ratio is 0 dB (SIR): (a) Unfiltered PSD; (b) Welch estimated PSD.

35



-50

Power(dB)

-100

0.3

,_0.4,

-0.5

02

01

0 0.2 0.3 0.5
Frequency

(@
¥ 20
T [
3> 30 \ /
c
Q
BN AV VALV A
£ \/ Vv Primary User vy \/ \/ \y
g Secondary User
no_ -50

0

Figure 29. PSDs of PU and SU

5 10

Frequency

(b)

employing QPSK-OFDM where the PU to SU power

ratio is 0 dB (SIR) and SU is Doppler shifted by 1% frequency offset over the
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Figure 30. BER performance of PU as a function of Doppler shift on SU where the %
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We consider the case when SIR = 3 dB, which means the sum of the PU signal
power is about twice that of the sum of the SU signal power, while we vary the Doppler
offset. This scenario is depicted in Figure 31. In Figure 32, we show the spectra when the
SU Doppler offset is 1% of the PU's available bandwidth. Notice the slight frequency
shift (as compared to the SU spectrum from Figure 31). This means that the subcarriers of
the PU and SU added signal are not orthogonal. Since these subcarriers are not
orthogonal, the spectral spillage produces errors. The BER and SER for various
frequency offsets are shown in Figure 33. We observe that the BER/SER pair resulting
from Monte Carlo simulation is not in good agreement with the theoretical BER/SER for
QPSK modulation as dictated by Equation (2.2) and (2.4), except without the frequency
offset. The BER and SER get worse as the frequency offset gets worse.
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Figure 31. PSDs of PU and SU employing QPSK-OFDM where the PU to SU power
ratio is 3 dB (SIR): (a) Unfiltered PSD; (b) Welch estimated PSD.
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Figure 32. PSDs of PU and SU employing QPSK-OFDM where the PU to SU power
ratio is 3 dB (SIR) and SU is Doppler shifted by 1% frequency offset over the
PU available bandwidth: (a) Unfiltered PSD; (b) Welch estimated PSD.
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Figure 33. BER performance of PU as a function of Doppler shift on SU where the %
frequency offset is the percent over the PU available bandwidth: (a) BER at
SIR =3 dB; (b) SER at SIR = 3 dB.
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We consider the case when SIR = 6 dB, which means the sum of the PU signal
power is about four times greater than the sum of the SU signal power, while we vary the
Doppler offset. This scenario is depicted in Figure 34. In Figure 35, we show the spectra
when the SU Doppler offset is 1% of the PU's available bandwidth. Notice the slight
frequency shift (as compared to the SU spectrum from Figure 34). This means that the
subcarriers of the PU and SU added signal are not orthogonal. Since these subcarriers are
not orthogonal, the spectral spillage produces errors. The BER and SER for various
frequency offsets are shown in Figure 36. We observe that the BER/SER pair resulting
from Monte Carlo simulation is not in good agreement with the theoretical BER/SER for
QPSK modulation as dictated by Equation (2.2) and (2.4), except without the frequency
offset. The BER and SER get worse as the frequency offset gets worse.
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Figure 34. PSDs of PU and SU employing QPSK-OFDM where the PU to SU power
ratio is 6 dB (SIR): (a) Unfiltered PSD; (b) Welch estimated PSD.
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Figure 35. PSDs of PU and SU employing QPSK-OFDM where the PU to SU power
ratio is 6 dB (SIR) and SU is Doppler shifted by 1% frequency offset over the
PU available bandwidth: (a) Unfiltered PSD; (b) Welch estimated PSD.

42



10 g . :
10 e,
- i S Sass,
S 2]
5 10 '
E : -~
B 10-3 I 1 ~~\
2 i QPSK BER Theoretical
= [| ===== BER No Freq Offset RN
S 107} BER 0.1% Freq Offset oo
F ~
o | ====- BER 0.5% Freq Offset Seo
L ~
10° BER 1% Freq Offset \\
: BER 2% Freq Offset hES
[ ===== BER 5% Freq Offset
6
10 | I |
0 5 10 15
E,/N,(dB)
@)
100 H T T
1 I
10 ;““‘-\:ﬁ:.:.:;~~
S s
o . 2
5 10 F
Qo E
E : ~~~~
7 0l
© QPSK SER Theoretical
g [| ====- SER No Freq Offset \\
8 10°} SER 0.1% Freq Offset AN
F ~
DE_ | ===== SER 0.5% Freq Offset Sae
10°L SER 1% Freq Offset \‘\
SER 2% Freq Offset
----- SER 5% Freq Offset
10_6 1 T 1
0 5 10 15
E, /N (dB)
(b)

Figure 36. BER performance of PU as a function of Doppler shift on SU where the
% frequency offset is the percent over the PU available bandwidth: (a) BER
at SIR =6 dB; (b) SER at SIR =6 dB.
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We consider the case when SIR = 10 dB, which means the sum of the PU signal
power is about 10 times greater than the sum of the SU signal power, while we vary the
Doppler offset. This scenario is depicted in Figure 37. In Figure 38, we show the spectra
when the SU Doppler offset is 1% of the PU's available bandwidth. Notice the slight
frequency shift (as compared to the SU spectrum from Figure 37). This means that the
subcarriers of the PU and SU added signal are not orthogonal. Since these subcarriers are
not orthogonal, the spectral spillage produces errors. The BER and SER for various
frequency offsets are shown in Figure 39. We observe that the BER/SER pair resulting
from Monte Carlo simulation is not in good agreement with the theoretical BER/SER for
QPSK modulation as dictated by Equation (2.2) and (2.4), except without the frequency
offset. The BER and SER get worse as the frequency offset gets worse.
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Figure 37. PSDs of PU and SU employing QPSK-OFDM where the PU to SU power
ratio is 10 dB (SIR): (a) Unfiltered PSD; (b) Welch estimated PSD.
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Figure 38. PSDs of PU and SU employing QPSK-OFDM where the PU to SU power
ratio is 10 dB (SIR) and SU is Doppler shifted by 1% frequency offset over
the PU available bandwidth: (a) Unfiltered PSD; (b) Welch estimated PSD.
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Figure 39. BER performance of PU as a function of Doppler shift on SU where the
% frequency offset is the percent over the PU available bandwidth: (a) BER
at SIR = 10 dB; (b) SER at SIR = 10 dB.
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V. CONCLUSION AND RECOMMENDATIONS

A CONCLUSION

In this thesis we introduced the notion of adaptive OFDM and how it can be
applied to a classic two-user scenario where there is one PU and one SU. Moreover, we
investigated the effect on the performance of Doppler shift between PU and SU. With the
use of Monte Carlo simulations using Matlab, we were able to show the BER/SER
performance curves of OFDM-QPSK and OFDM-16QAM for scenarios where
subcarriers are turned off and compare them to theoretical BER/SER expressions as a
function of increasing SNR. These scenarios were eight subcarrier (4 ON, 4 OFF), 12
subcarriers (4 ON, 4 OFF, 4 ON), and 16 subcarriers (4 ON, 4 OFF, 4 ON, 4 OFF) with
QPSK and 16QAM modulations. The results of these scenarios showed that BER/SER
curves of each scenario had good agreement with theoretical BER/SER curves of QPSK
or 16QAM.

We also performed simulations of a 12-subcarrier scenario (4 ON, 4 OFF, 4 ON)
where we change the power ratio of the two utilized bands while holding total power
constant. The result of this simulation showed that the power ratio 1:1 yielded the best
performance. The conclusion is that equal power allocation is best for OFDM using the
same modulation and an equal number of subcarriers (when two or more bands are

available to use).

The last topic we considered was a two-user CR scenario. Two variables in this
scenario were the percentage of the SU frequency offset and SIR, which was changed by
adjusting the SU signal power. We set up a 16-subcarrier scenario (4 ON, 4 OFF, 4 ON, 4
OFF) for the PU while the SU utilized the spectrum in this manner (4 OFF, 4 ON, 4 OFF,
4 OFF). With these settings we performed simulations that generated BER and SER by
changing SIR and the percentage of frequency offset. The results showed that without
frequency offset, the results showed good agreement with QPSK theoretical BER/SER
curves. With frequency offset, as the frequency offset got worse, the BER/SER curves
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became worse. When the Doppler shift is fixed, increasing SIR yields better

performance. In other words, increasing SIR mitigates Doppler effects to a point.

B. RECOMMENDATION FOR THE FUTURE RESEARCH

In this thesis we used the same modulation scheme for the PU and SU. We also
used the same number of subcarriers for each channel. In reality, the PU may actually
have a different modulation from that of the SU. In adaptive OFDM, each set of
subcarriers can use a different modulation and number of subcarriers. Making scenarios
more complex, such as using a different number of subcarriers per channel and using

different modulations per channel, is a good scenario for future research.
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