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Orthogonal Frequency Division Multiplexing (OFDM) and Orthogonal Frequency
Division Multiple Access (OFDMA) are modulation techniques that are deployed in
various communications standards in today’s communication technology. The reason
for their selection is the multitude of advantages that they offer over other modulation
techniques that meet the increasing demands on high data rate communications.
Consequently, this necessitates the need to devise mitigation methods for various

impairments that accompany the implementation of OFDM and OFDMA.

This thesis focuses on the oscillator phase noise and its mitigation in uplink
OFDMA systems to achieve a better overall system performance in terms of transceiver
Bit-Error-Rate (BER). In OFDMA systems, the unequal uplink power levels of each
user acts as a catalyst for the phase noise induced spreading effect that users with a
higher power have on users with a lower one. This spreading effect is named Inter-User
Interference (1UI). The simulation results depict the performance of various phase noise
mitigation methods as a function of different received powers and phase noise levels in
the uplink case for a user in an OFDMA symbol. The devised 1Ul mitigation method
achieves a significant gain over the conventional methods of phase noise mitigation

which do not take into account the effect of the 1UI.
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1.INTRODUCTION

1.1. Background and Motivation

Long Term Evolution (LTE), Wireless Local Area Network (WLAN) and Digital Video
Broadcasting - Terrestrial (DVB-T), are all examples of communications standards that
deploy multicarrier modulation as a digital data transmission technique. Orthogonal
Frequency Division Multiplexing (OFDM) is the most widely implemented multicarrier
modulation technique. Its high spectral efficiency, robust performance in frequency
selective channels and efficient implementation using the Fast Fourier Transform (FFT)
algorithm are some of the many advantages that qualify it to be selected for high data
rate transmission [11]. However, these compelling advantages are not free of side
effects that accompany the implementation of OFDM. Some of these disadvantages are
high Peak-to-Average-Power Ratio (PAPR), loss of efficiency due to the deployment of
a Guard Interval (Gl) and sensitivity to frequency errors [21].

Oscillator phase noise is one of the frequency errors that the OFDM technique is
sensitive to. Phase noise is a term that refers to the non-stable phase of the oscillating
signal in up and down-converting oscillators in a transceiver leading to interference
between subcarriers in OFDM. This phenomenon is referred to as Inter-Carrier
Interference (ICI) which will eventually cause an overall performance degradation of
the communication system performance. However, the performance degradation is not
solely confined to ICI, but Inter-User Interference (IUI) surpasses this in-band effect in
some scenarios. Many phase noise compensation techniques have been studied to
combat the in-band ICI effect [27], [29], [30], [31], [32] and some of these
compensation techniques will be deployed in the phase noise induced out-of-band

spread mitigation in uplink OFDMA systems.

1.2. Contribution of the Thesis

This thesis addresses the phase noise induced out-of-band interference in an OFDM
multiple access technique, which is referred to as Orthogonal Frequency Division

Multiple Access (OFDMA), where the subcarriers are contiguously assigned for each



user while each user suffers from the phase noise effect in the uplink stage.
Accompanied by a difference in each user’s power level at the Base Station (BS)
receiver, this leads to out-of-band interference between the users in an OFDMA symbol,
or more practically called Inter-User Interference (1UI). A mitigation method is devised
to improve the overall system performance characterized by the Bit-Error-Rate (BER)

of the system.

1.3. General Outline

This thesis is structured as follows. After the introduction, Chapter 2 addresses the
theoretical background of OFDM and OFDMA, the challenges faced in this modulation
technique and a quick overview of some of the wireless communication standards that
use OFDM and OFDMA as a way for data transmission. Next, Chapter 3 investigates
the phase noise model along with its effect on a general 1/Q and OFDM signals.
Subsequently, Chapter 4 provides several phase noise mitigation techniques in OFDM
systems as well as the modeling of the effect of phase noise in uplink OFDMA, and
ending with the development of a compensation technique for phase noise induced
interference in uplink OFDMA. Subsequently, in Chapter 5, simulation parameters that
were used in this thesis along with the results of the proposed phase noise compensation
technique in OFDMA systems are presented. Lastly, in the final chapter, a conclusion

and future work suggestions are presented based on the results.



2. OFDM AND OFDMA BACKGROUND

In this chapter, a theoretical review of the structure and operation of a general OFDM
system is presented. Next, multiple user access in OFDM, OFDMA, is presented while
highlighting the pros and cons of using this multiple access technique. Subsequently,
the next section will shed light on practical limitations from an implementation point of
view where it acts as a good introduction for the next chapter. Finally, the last section
sheds some light on the diverse applications of OFDM and OFDMA in various
standards of data communications like LTE, WLAN and DVB-T.

2.1. Basics of OFDM

OFDM is a special form of multicarrier modulation where the data is transmitted by
dividing the input subcarrier stream into symbols so that each symbol contains several
orthogonal subcarriers. This multicarrier modulation technique is attractive and widely
implemented since it shows robustness against hostile frequency selective fading
channels and thus making it adequate for high speed data transmission [11]. This is
done by having the individual bandwidth of a subcarrier within the OFDM symbol less
than the coherence bandwidth of the channel which causes a flat fading effect from a
single subcarrier point of view. The channel can be equalized using a trivial frequency
domain single tap equalizer [21].

The OFDM subcarriers are organized in such a manner that they overlap in the
frequency domain while orthogonality is still ensured to be able to separate them from
each other at the receiver front end. The overlapping frequency domain subcarriers
provide better spectral efficiency than that of Frequency Division Multiple-Access
(FDMA) systems, where no spectral overlap of the subcarriers is allowed [11]. Figure
2.1 depicts the spectra of three subcarriers within an OFDM symbol.

As it can be seen from in Figure 2.1, each peak of each OFDM subcarrier coincides
with the zero crossings of the other subcarriers therefore fulfilling the orthogonality
requirement of an OFDM system.
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Figure 2.1 - The spectrum of an OFDM symbol which consists of several
subcarriers

Other factors which justify the preference of using multicarrier modulations are the
maturity that this modulation type gained over the years of research and the synergetic
effect that results when OFDM and Code Division Multiple Access (CDMA) are
combined [20].

The implementation of the orthogonality between N subcarriers is achieved by
applying the inverse discrete Fourier transform to subcarrier modulated symbols, which
yields

xn (M) = = THZ3 Xy (m)es2men/, (2.1)

where x,(m) is the mth transmitted OFDM symbol, X, (m) is a subcarrier modulated
symbol belonging to the mth transmitted OFDM symbol, and n € [0, N — 1]. If the
sampling time is denoted by T, and the sampling frequency is F, = 1/T, the subcarrier
spacing will be represented by 1/(NTy). The symbol duration of an OFDM symbol is
NT,.The processing of (2.1) is applied by performing an Inverse Discrete Fourier
transform (IDFT) function which is efficiently computed using the Inverse Fast Fourier
Transform Algorithm (IFFT). In the reception, the received signal undergoes a Fast
Fourier Transform (FFT) operation to undo the IFFT process applied at the transmission

stage.



The next step in an OFDM system is the insertion of a guard interval. The Guard
Interval (GI) is inserted in the time domain, after the IFFT operation, to insure that the
received OFDM symbol does not suffer from Inter-Symbol Interference (ISI). ISI is
caused by the delay spread of a frequency selective channel. The cyclic prefix time T,
should be greater than the maximum delay spread of the channel denoted by t,,,, for
perfect immunity to ISI. After the addition of the GI, the OFDM symbol duration will
be longer and is written as (N + G)Ty seconds, where G here represents the guard
length in samples. Figure 2.2 shows how the last part of the OFDM symbol is copied
and added to its beginning.

1 ‘ )
|

______ I
|

Figure 2.2 - (a) No cyclic prefix inserted and (b) cyclic prefix inserted

After the signal is up-converted and transmitted, it passes through the time-invariant
channel and Additive White Gaussian Noise (AWGN) will be added. At the receiver
front end, the received signal will be down-converted and the guard interval will be

removed. The mth received symbol can be written as
ry, = (h, *x,) + Z, , (2.2)

where h,, is the (D x 1) multipath channel impulse response where D should be less
than the G, x, = [xo(m),x;(m),x,(m), ..., xy_1(M)]T, z, is (N x 1) vector that
denotes the Additive Whit Gaussian Noise (AWGN) and the operator " = " denotes a
circular convolution operation. The previous equation can be simplified using the

circulant convolution matrix [15], so the simplified equation is:
r, = H,x, +z,,, (2.3)

where H,, is the circulant convolution matrix related to the channel impulse response
h,,.

The signal is finally received after it passes through the channel to be detected using
Fast Fourier Transform (FFT) processing, and the signal can be written as



r,(m) = \%Z’,ﬁ’;& Ry (m)e—J2mkn/N, (2.4)

where R, (m) is the received OFDM signal containing the channel effect and the
AWGN.

At this stage, it is necessary to estimate the channel effect in order to mitigate it.
There exist various ways of implementing channel estimation methods, however, in
OFDM, a novel technique was developed to achieve this purpose. This technique
involves the insertion of reference data within an OFDM symbol which is referred to as
pilot data. The pilot data are subcarriers that are known to the receiver and used to
estimate the channel effect. The pilot data can be also used to estimate other unwanted
effects that are in the received OFDM signal. For instance, it could be used in e.g.
OFDM symbols synchronization or in phase noise estimation. There are many
configurations for the insertion of the pilot subcarriers within an OFDM symbol
depending on the standard in use. For instance, LTE and DVB-T have different pilot
subcarrier configuration within an OFDM symbol. The pilots are distributed uniformly
throughout the time and frequency axes in order to detect both the varying time and
frequency unwanted effects that affect and OFDM symbol. Figure 2.3 shows an
example of a distribution of pilot subcarriers in several OFDM symbols. The
distribution of pilot data in this illustration is a simple equally spaced pilot data, and all
OFDM symbols have similar pilot subcarrier distribution, however, this is not the case
in most of the wireless communications standards. The dark circles that represent the
pilot subcarriers in Figure 2.3 are picked up at the receiver stage and used to estimate
the channel frequency response or any other effect that needs to be estimated. A block
diagram reviewing the sequence of operations in an OFDM transmission and reception

is shown in Figure 2.4.
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¢ b e,
Data B :

; r
Bits : R i i

Symbol : N —bl

—» Modulation " Pilot Insertion | s/p S| IFFT P/s " c},r:il:r:;:r:lx I

: : : I

|

E

Data

Bits Symbols : : . )
«—Demodulation Pilot Removal «—{ P/S | | FFT | | S/P i«— Cyclic Prefix
: : | Removal |

T
1

Figure 2.4 - OFDM baseband transmission and reception chain. The un-dashed
blocks represent the operations happening in the frequency domain while the dashed
ones represent the operations happening in the time domain.

2.2. Basics of OFDMA

OFDMA is a modulation technique that uses the same concepts as in OFDM except that
it has the extra feature of assigning multiple users at the same time. This is done by
assigning different subcarriers for different users instead of assigning all the subcarriers

in the OFDM symbol to a single user. In an OFDM system, different users need to wait



a certain amount of time in turns. In OFDMA, instead of having full OFDM symbols at
a certain time for each user, users simultaneously access the channel through different

assigned subcarriers.

In OFDMA, there exist two ways to assign subcarriers to different users. They are
distributed and contiguous [36]. In a distributed subcarrier assignment, the users’
subcarriers are spread in the OFDM symbol in a pseudorandom fashion while in the
contiguous case; the subcarriers are assigned to each user in contiguous chunks [36].
Besides the advantages of OFDM that are included in OFDMA, OFDMA offers a
couple of important advantages depending on the assignment of the subcarriers. In the
case of the distributed subcarriers case, OFDMA offers a frequency diversity advantage
since the subcarriers experience different channel effects when they are distributed
throughout the whole symbol. Additionally, in both of the subcarriers assignment cases,
a multiuser diversity occurs because of the different channels that each user experiences
since each user will be located in a different environment [36]. Figure 2.5 shows the

different assignment methods that are discussed above.
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Figure 2.5 — Different subcarriers assignment in uplink OFDMA. A) Contiguous

assignment and B) distributed assignment.
transmission-timing control. It is necessary to have an approximately identical reception

One important issue to consider in an OFDMA transmission scheme is the
time for the signals of all mobile terminals at the base station. The transmissions from

different mobile terminals should be received at the base station with a timing
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misalignment that is less than the length of the cyclic prefix to preserve the
orthogonality between the subcarriers received from the different mobiles and thus

avoid inter-user interference [36].

Furthermore, due to the variations in the distances between each mobile terminal
and the base station, this will lead to variations in the propagation delay where the
propagation delay time exceeds the cyclic prefix time T, in some cases. This
necessitates an uplink transmission-timing control for each mobile terminal [36]. The
transmit-timing control adjusts the transmission time of each mobile terminal in the cell
to guarantee an approximate timing alignment of the received signals at the base station
[36]. In addition, due to the expected continuous movement of mobile terminals within
a cell, the transmit-timing control should be continuously active in order to align the

received signals from the different mobile terminals at the base station [36].

Another issue related to the different distances of the mobile terminals from the base
station is the transmit-power control. In OFDMA, all users will share the same OFDM
symbol as discussed previously and depicted in Figure 2.5. This leads to a difference
between the received powers at the base station due to the fact that each mobile terminal
experiences a different path loss. When there is a significant power difference between
the transmitting mobile stations, the impact of frequency errors is severe and will
degrade the efficiency of data transmission in an OFDMA symbol. These frequency
errors that affect the subcarriers of a user that possesses higher power in the OFDMA
symbol will spread its effect on the neighboring subcarriers that belong to other users.
This leads to the loss of orthogonality between the different subcarriers. To avoid this
situation, an uplink transmit-power control needs to be applied in the case of uplink
OFDMA, which reduces the power differences between the users and ensure that the
received signals at the base station are approximately at the same power level [36]. In
case the uplink transmit-power control is not working perfectly, compensations at the
receiver should be applied to boost up the system performance.

2.3. OFDM and OFDMA Imperfections

The tempting advantages of spectral efficiency and modulation ease in OFDM, as
previously presented, are accompanied with some disadvantages. A receiver in a

communication system should be able detect the received data whatever is transmitted.
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The detection should take into account the phase, time and frequency of the transmitted
signal. The environment that a receiver operates in affects the received signal, and the
receiver should take these environmental effects into account. An additional issue to
consider here are the impairments in an OFDM transceiver that are caused by many

factors and briefly discussed in the following sections.

2.3.1. Frequency Offset

The frequency offset phenomenon in OFDM systems is caused by two factors: a
mismatch between the transmitter and receiver sampling clocks, and the misalignment
between the reference frequency of the transmitter and the receiver [21]. The sampling
clock mismatch between the transmitter and the receiver is due to the fact that the
sampling epoch in the receiver Analog-to-Digital Converter (ADC) is rarely matching
the one in the transmitter causing the receiver sampling to slowly drift from the
transmitter [21]. The effect of the sampling clock mismatch and carrier frequency offset
are manifested in two ways [21]: Rotation of the subcarriers due to the slow variation in
the sampling time instant which will cause a reduction of the Signal-to-Noise Ratio
(SNR) due to ICI, and loss of orthogonality due to the energy spread of subcarriers.

2.3.2. Timing Offset

Timing synchronization between the transmitter and the receiver is essential to maintain
a connection where the OFDM symbols are correctly detected and decoded. The timing
synchronization is possible to achieve with the introduction of training sequences in
addition to the data symbols in an OFDM system [21]. The receiver may not be able to
completely synchronize the received symbols with the transmitted ones due to the
channel impairments. The timing offset is manifested in the system by causing a phase
rotation of the subcarriers [21]. The timing offset can be avoided by e.g. the use of a

cyclic prefix as indicated previously.

2.3.3. Power Amplifier Nonlinearity

Power Amplifier (PA) nonlinearity is a major system impairment in an OFDM system
due to the OFDM waveform’s large dynamic range with respect to its power [12]. The
large dynamic range in an OFDM signal related to its power is characterized by a high
Peak-to-Average Power Ratio (PAPR). This impairment is manifested by a nonlinear
distortion added to the OFDM signal when it passes through a nonlinear PA which

causes serious in-band distortion as well as adjacent channel interference due to the
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spectral regrowth in the transmitted signal [12]. Many PAPR reduction methods have
been proposed to improve the performance of the OFDM transmission by improving the
bit-error rate performance and, additionally, allowing the use of a low-power hardware

which means reducing the electricity costs and increasing battery life [33].

2.3.4. Oscillator Phase Noise

The arrangement of subcarriers in a way that they overlap in the frequency domain
introduces high sensitivity to frequency errors. Each peak of a single subcarrier should
align perfectly with the zero crossings of the other subcarriers in the OFDM symbol;
otherwise, this would cause what is known as Inter Carrier Interference (ICI). One of
the causes of ICI is caused by, i.e., phase noise in the transmitter and receiver oscillators
[21]. Such phase rotation is caused by non-stable phase of the oscillating signal at up

and down conversions at the transceiver [21].

ICI is combated using subcarriers that are known a priori to the receiver. These
subcarriers are used to estimate the phase noise and compensate it at later stages in the

OFDM receiver. The next chapters will thoroughly discuss this issue.

2.4. Applications of OFDM and OFDMA

The mobile wireless systems are evolving to cope up with the increasing demand for
higher throughput figures. The previous mobile wireless communications technologies
such as UMTS adopted the Direct-Sequence Spread Spectrum (DSSS) modulation
technique , while later systems like LTE, Long Term Evolution — Advanced (LTE-A),
Worldwide Interoperability for Microwave Access (WiMax), WLAN and DVB-T all
shifted to OFDM and OFDMA [11]. The reason for such a shift is that OFDM offers
several advantages in delivering high-speed data in a multipath, frequency selective
fading environments [11]. In this subsection, several current communication
technologies that implement a multicarrier modulation technique are briefly presented.
This is done to give the reader a sense of coherence on the importance of the overall
enhancement of the performance of multicarrier techniques such as OFDM and

OFDMA that are deployed in modern day communication technologies.

2.4.1. Long-Term Evolution (LTE)
Developed by the 3rd Generation Partnership Project (3GPP), LTE is a standard for

high-speed data communication for mobile phones and data terminals. It was suggested
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and developed to increase the capacity and speed by using a different radio interface and
core network improvements when compared with previous standards of wireless
communications like the GSM and UMTS [17]. LTE uses OFMDA and Single-Carrier
Frequency-Division Multiple Access (SC-FDMA) in its downlink and uplink
respectively.

The LTE design targets concerning its capabilities as documented in 3GPP TR
25.91 [2] specify that the downlink and uplink peak data-rate are 100 Mbits/s and 50
Mbits/s respectively , when operating in a 20 MHz bandwidth [13]. This means that the
requirements can be expressed as 5 bits/s/Hz for the downlink and 2.5 bits/s/Hz for the
uplink case. In addition, LTE should be able to support at least 200 mobile terminals
when operating at 5 MHz bandwidth and when the bandwidth allocation is greater than
5 MHz, at least 400 mobile terminals should be supported [13]. The allowed number of

inactive users in a cell should be significantly higher.

The LTE system performance design target addresses topics like user throughput,
spectral efficiency, mobility and coverage. The LTE user throughput is specified at the
average and the 5th percentile of the user distribution [13]. Spectral efficiency was also
specified and its design targets are presented in Table 2.1. The baseline that Table 2.1
refers to is Release 6 High-Speed Packet Access (HSPA) as described in [2].

Table 2.1 - LTE user throughput and spectrum efficiency requirements compared to
HSPA [13]

Downlink target relative  Uplink target relative
Performance measure : .
to baseline to baseline
Average user throughput (per 3x-dx %-3x
MHz)
Cell-edge user throughput (per i i
MHz, 5™ percentile) 2x-3X 2x-3x
Spectrum efficiency
(bits/s/Hz/cell) 3x-4x 2x-3%

In LTE, the mobility requirements are set for different speeds of the mobile
terminal. The best performance is targeted for mobile terminals with a low speeds, i.e. 0
till 15 km/h, while it should provide a reasonable performance with only a slight
degradation for higher speed till 120 km/h. For speeds that are higher than 120 km/h,

the system should be able to maintain the connection across the cellular network. The
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maximum terminal speed that the cellular network can handle is 350 km/h, or it could
even reach 500 km/h depending on the operating frequency [13].

The coverage requirements specify the cell ranges in LTE networks. In a non-
interference-limited scenario where the previously mentioned design targets like the
spectrum efficiency, user throughput and mobility requirements are fulfilled, the cell
range can reach up to 5 km [13]. A slight degradation in the user throughput is tolerated
for cells up to 30 km in range but more degradation in the spectral efficiency is accepted
when maintaining the mobility requirements [13]. For cell ranges that reach 100 km

radius, no performance requirements are stated in the specifications [13].

2.4.2. Wireless Local Area Network (WLAN)

Based on IEEE 802.11 family of standards and marketed under the Wi-Fi brand name,
WLAN links several devices together wirelessly to form a communication network. The
WLAN technology is mainly used for the wireless transmission of Internet Protocol (IP)
packets, providing an access to the internet, high performance data rates and a relatively
low mobility. Data rates in IEEE 802.11 a/g varies between as low as 6 Mbits/s and
reaching rates of 150 Mbits/s depending on parameters like the modulation type and the
coding rate. Table 2.2 shows various IEEE 802.11 protocols and some of their

respective parameters.

Table 2.2 — Various IEEE 802.11 protocols and their respective parameters [34]

Operating ]
Bandwidth . Data rates
Protocol | Release[19] frequency Modulation )
(MHz) (Mbits/s)
(GH2)
September 6,9, 12.18. 24, 36,
802.11a 5 20 OFDM
1999 48, 54
OFDM and 6,9, 12. 18. 24, 36,
802.11¢ June 2003 2.4 20
DSSS 48,54
7.2,14.4,21.7, 28.9,
20 43.3,57.8, 65, 72.2
October
802.11 n 2.4and 5 OFDM
2009 15, 30, 45, 60, 90,
40 120, 135, 150
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As it can be seen from Table 2.2, the same IEEE 802.11 protocol can have different
data rates depending on the parameters that are selected. For instance, increasing the
bandwidth for the case of the 802.11 n protocols increased the data rate. Additionally,
the modulation type and the coding rate are the main parameters that are used to change
the data rate. Table 2.3 shows an example of the different coding rates and modulation
types that affect the data rate of the IEEE 802.11 a/g protocol.

Table 2.3 — IEEE 802.11 a/g code rate, modulation type and their corresponding data
rate [25]

Data rate (Mbits/s) | Code rate Modulation Type
6 1/2 BPSK
9 3/4 BPSK
12 1/2 QPSK
18 3/4 QPSK
24 1/2 16-QAM
36 3/4 16-QAM
48 2/3 64-QAM
54 3/4 64-QAM

In WLAN, the OFDM standards use 52 subcarriers for a symbol, where 4 of them
serve as pilot subcarriers used to track the residual carrier frequency offset remaining
after the initial frequency correction during the packet’s training phase [16]. The rest of
the subcarriers carry user data, where the data rates are varied according to the
parameters listed as an example of IEEE 802.11 a/g protocol in Table 2.3. The GI’s
length is 1/8th the OFDM symbol duration length which is set to span the time of 4 ps.
Such GI length will allow the use of the WLAN technologies in indoor environments as
well as outdoor environments; although directional antennas should be deployed to
decrease the delay spread and to increase the range, therefore, the subcarrier spacing is
312.5 kHz operating in a 3-dB bandwidth of 16.56 MHz.

Such OFDM symbol configuration is being modified in the latest IEEE 802.11 ac
WLAN standard which can provide a theoretical multi-station throughput of at least 1
Gbits/s and a single throughput of at least 500 Mbits/s [16]. The modifications of the
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WLAN standards include a higher Radio Frequency (RF) bandwidth that can optionally
reach 160 MHz, more MIMO spatial streams and high density modulation (256-QAM)
[16]. The standard is expected to have the final 802.11 working group approval and
publication on early 2014 [19].

2.4.3. Digital Video Broadcasting — Terrestrial (DVB-T)

First published in the UK in 1998, DVB-T is a broadcast transmission standard that
transmits Moving Picture Experts Group (MPEG) transport stream [14]. DVB-T uses
OFDM modulation to transmit its data. The data subcarriers are arranged to form an
OFDM symbol, and 68 OFDM symbols are arranged to form and OFDM frame. Two
modes of transmission exist in the DVB-T standards: 2K and 8K modes. The 8K mode
has 6817 OFDM subcarriers in one OFDM symbol, while the 2K mode has 1705. At
different carrier spacing, both modes have a 7.61 MHz bandwidth. The GI length in
both modes can vary between 1/4 and 1/32 the useful time of one OFDM symbol. In
addition of the transmitted data, an OFDM symbol in DVB-T contains scattered pilot
cells, continual pilot carriers and Transmission Parameters Signaling (TPS) carriers that
are used in an OFDM frame, frequency and time synchronization, channel estimation,
transmission mode identification and to estimate the phase noise in an OFDM symbol
[14]. Similar to other standards that deploy OFDM as a modulation scheme, the useful
bitrate depends on the code rate, the guard interval size and the subcarrier modulation
type, varying between 4.98 Mbits/s data rate that has 1/2 code rate, QPSK subcarrier
modulation and 1/4 guard interval ratio till 31.67 Mbits/s having a 7/8 code rate, 64-
QAM subcarrier modulation and 1/32 guard interval ratio irrespective of the

transmission mode [14].
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3. PHASE NOISE IN OFDM AND OFDMA

Now that a general overview of OFDM and OFDMA and their limitations were
presented in Chapter 2, the main topic that this thesis investigates, namely phase noise
in OFDM and OFDMA systems, is presented in this chapter. Some of the modeling and
characterization of phase noise in the literature is analyzed along with its effect on
OFDM and OFDMA signals.

3.1. Phase noise modeling

Amongst the various non-idealities within an OFDM transceiver, phase noise of the
local oscillator is one of the most significant and complex of them. Many studies, such
as [31] and [26], have investigated and characterized mathematical models for the
phase noise phenomenon and further applied them on the transceiver modeling to
evaluate their performance. A real oscillator signal, when phase noise is denoted by the

term @(t), can be written as
sg(t) = Acos(w.t + @(t)), (3.1)
and for a complex signal can be written as
sip(t) = AeUWct+o(1))) (3.2)

where A is the amplitude and w,. is the angular frequency of the oscillating signal. As it
can be seen in (3.1) and (3.2), ¢(t) is time varying. This property, along with
randomness, is what makes the estimation of phase noise a complicated procedure.
Ideally, ¢(t) should be zero and the oscillator angular frequency should be locked to
w,. However; this is not the case in practice. In this thesis, ¢(t) will be modeled using
the Free-Running Oscillator (FRO) model, while more practical and complicated phase
noise modeling such as the Phase-Locked-Loop (PLL) model exists, but is left out from
this thesis for simplicity. The FRO model is a simple mathematical realization that
models the phase noise effect as a random process called Brownian motion or a Wiener

process [18]. It can be written as

@(t) =VcB(b), (3.3)
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where B(t) is the time varying standard Brownian motion [18] and c represents the
inverse of the relative oscillator quality which is referred to as the diffusion rate of the
Brownian motion process. The FRO model is easy to implement in a discrete-time

simulation since (3.3) can be rewritten as

Pn = ‘/EB (nTy) (3.4)

where Ty is the sampling time interval. Statistically, the Brownian motion follows a

normal distribution which can be characterized with the property
B(nT,) — B((n+ 1T;) ~ N(O,cTy). (3.5)

N(u, o2) here represents the normal distribution, where p and & are the mean and the
variance of the normal distribution respectively. Equation (3.5) means that a sampled
FRO process can be generated by using a cumulative sum of the realizations of a
random distribution with a zero-mean and variance cT,. The variance of the normal
distribution in this case increases linearly as a function of time, meaning that the phase
process is non-stationary. Despite the non-stationary nature of the FRO phase process,
the phase exponential term labeled as s;o(t), and thus the oscillator model, is

nonetheless stationary [26].

Ideally, the spectral components of an oscillating signal is an impulse function
located at the oscillating frequency f.. However, due to the phase noise effect, the
frequency response of the oscillating signal will no longer be an impulse at f, and new
dispersed frequency components around the oscillating frequency will appear. To
demonstrate this effect mathematically, the Power Spectral Density (PSD) of the real
time oscillating signal which is written in (3.1) will be deduced by applying the Fourier
transform of its autocorrelation function. The autocorrelation function of the real time

oscillating signal is

Ps(t, t + 1) = E{s,(t)s,(t + 1)} = E{cos(wt + (1)) cos(w.(t + T) + p(t + 7))} (3.6)
= %e_%

Il % cos(w,1),

where E{.} and | .| here denote the statistical expectation operator and the absolute
value operator respectively. The amplitude value A of the oscillating signal is set to

unity for simplicity. The result of (3.6) implies that the autocorrelation function of a real
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oscillating signal has zero-mean and time dependent, meaning that it is a stationary
process as noted earlier. Now taking the Fourier transform of (3.6) will result in

c/2 1 c/2

0 1
Vew) = [, Pes(t, t +7) cos(wr) dt = 2 (c/2)%+(wHwe)? T3 (c/2)*+(w-we)®

3.7)

To simplify the resulting frequency response of the result in (3.7), some assumptions
which agree with a typical practical condition of the oscillator and the phase noise
process are taken into account. These assumptions are relatively large oscillation
frequency w, and a relatively small diffusion rate c. Equation (3.7) can then be written
as

c/2

V(AW) = et

(3.8)

where Aw = w — w,. is the frequency deviation from the nominal oscillation frequency.
Consequently, to find a more tangible way of describing the phase noise process, the 3-

dB bandwidth of the phase noise is derived from (3.8) and can be written as
p=—, (3.9

where £ here is in radians. Subsequently, the phase noise process is controlled in this

thesis by varying its 3-dB bandwidth value 3.

3.2. Effect of Phase Noise on an 1/Q signal
Generally, an 1/Q signal is a complex signal that carries an in-phase (I component) and a
quadrature phase (Q component). A complex 1/Q signal can be written as follows

s(t) = s;(t) + jsg (1), (3.10)

where s;(t) is the | component and s, (t) is the Q component. The modulation of the

complex signal s(t) is done by multiplying it by two orthogonal modulating signals.
The orthogonality of the carriers insures the separation of the modulated complex signal

at the receiver. A modulated 1/Q signal can be represented as follows
m(t) = s;(t) cos(wt) — sq(t) sin(w,t). (3.11)

Equation (3.11) assumes that the modulating signals are perfectly locked to the

desired oscillating frequency, while this is not the case in practice. To give (3.11) a
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more practical sense, the phase noise terms are added in the modulation phase and
(3.11) becomes

my, (t) = 5;(t) cos(wt + @(t)) — so(t) sin(w,t + @(t)). (3.12)

where @(t) is the phase noise. Sensibly, at the reception of m,(t), the oscillating
frequency of the demodulating signals will likewise suffer from the phase noise effect;
however, this effect will be omitted in this analogy for simplicity. The operations
applied on the modulated signal at the receiver side for the | component case will be

51(£) = LPF{my, (t) cos(wt)} = 2 [5;(£) cos(p (1)) + so(8) sin(p(D)], (3.13)

where LPF{.} denotes an ideal lowpass filtering operation. Subsequent, the received Q

component can be written as

30(6) = LPF{m,,(t) —sin(wt)} = %[SQ () cos(ep () — s;(t) sin(p(2))]. (3.14)

Now that both the | and Q components are defined, rearranging the received signal
based on (3.10) to be clearly written as a function of phase noise will be

$(t) = §;(t) +j8g
= s1(D)[cos(@ (1)) — j sin(@(£))] + jsq () [cos(p(t)) — j sin(p(1))] (3.15)
= Sl(t)e_j(p(t) +jSQ(t)e_j(p(t) = S(t)e_ﬂp(t)_

The result in (3.15) shows that the phase noise effect on a general 1/Q modulated
signal can be perceived as the multiplication of the transmitted complex signal by a
complex conjugate of a complex exponential that carries the phase noise information in
its argument. As it was mentioned earlier, the phase noise effect at the receiver was
omitted for the simplicity of the analogy, however, in practice; the result of (3.15) is yet
multiplied by another complex exponential, making the overall phase noise effect at the

receiver even stronger.

3.3. Effect of Phase noise on OFDM signals

As it can be seen from (3.15), the effect of phase noise on an I/Q modulated complex
signal can be viewed as a multiplication of the complex signal by an exponential
function that carries the time varying phase noise in its argument. This can be further

applied on OFDM subcarriers where each one of them is an M-QAM modulated data
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symbol. Going back to (2.1) where the mth OFDM symbol was defined, the effect of
phase can be written as

Xn,¢(nTs) (m) = x,(m)e —j(p(nTs)’ (3.15)

where x,, ,mnr,)(m) is the transmitted mth OFDM symbol including the phase noise
effect, x,,(m) is the mth OFDM symbol and ¢(nTy) is the discrete-time phase noise
function with T representing the sampling time and n € [0, N — 1] of the total N
OFDM symbol subcarriers. Figure 3.1 shows an OFDM transceiver diagram that shows

the phase noise effect added in the transmission and reception stages.
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Figure 3.1 — OFDM baseband transmission and reception chain. The phase noise
effect is added in the transmission and reception stages resulting into a practical
scenario.

To illustrate the effect of phase noise in an OFDM symbol, Figure 3.2 shows an
example of a constellation plot of an OFDM symbol that experienced the phase noise
effect at the transmission stage. In this example, 16-QAM modulation was used where
the number of data subcarriers used is N = 582 and the phase noise 3-dB bandwidth g
is 50 Hz. As it can be seen from the figure, the constellation is slightly rotated due to the
average value of the added phase noise for this particular symbol. This effect is referred
to as the Common Phase Error (CPE). Additionally, the constellation points are

scattered due to the ICI effect that the phase noise causes in multi-carrier signals.
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Figure 3.2 — An OFDM symbol’s constellation plot with phase noise. The
subcarriers are 16-QAM modulated data symbols. The phase noise 3-dB bandwidth is
B = 50Hz.

Additionally, the effect of phase noise with its CPE and ICI components for a
received signal after it has gone through the DFT procedure in the receiver can be

written as
Ri(m) = X, (m)H(m)]o(m) + 15044 X (m)H (M) J—y (m) + Z(m)  (3.16)

where R,(m) and X,(m) are the received and transmitted kth OFDM symbols
respectively, Hp(m) is the channel’s frequency domain response, J,(m) is the
frequency domain phase noise complex exponential and Z, (m) is the frequency domain
additive white Gaussian noise. The first term of (3.16) is responsible for the rotation of
the constellation in Figure 3.2 and can be compensated for by estimating J,(m), while
the second term is responsible for the ICI effect. The next chapter discusses the methods
used to estimate and compensate the phase noise effect in an OFDM symbol.
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3.4. Effect of Phase Noise on OFDMA signals

Now that the effect of phase noise on OFDM signals is explained, the analysis is further
expanded to include the OFDMA case since it is the main aim of this thesis. Generally,
a signal experiences two types of phase noise effects, an in-band and an out-of-band
one. If there are no communication signals that are active near an OFDM signal
operating at a certain frequency, interference due to phase noise is bounded to the in-
band effect and is dealt with accordingly; however, this is not the case in OFDMA. As
explained earlier, an OFDMA signal contains the data of several users that
independently experience different effects. For instance, each user will have a different
effect concerning phase noise characteristics, channel effects and different powers at the
reception. This exposes the OFDMA signal users to phase noise induced out-of-band

interference.

An example of a contiguous subcarrier assignment scenario in an OFDMA symbol
illustrating the out-of-band interference is depicted in Figure 3.3. The power spectrum
of an OFDMA symbol is shown with and without the inclusion of the effect of phase
noise. An OFDMA user is caught in the middle between two edge users having
significantly higher powers where the power difference is ¥ = 24 dB. Additionally, the
edge users suffer from the phase noise effect where the 3-dB phase noise bandwidth is
500 Hz. 16-QAM modulation was used to modulate the data symbols and the powers of
500 OFDMA symbols where averaged to smooth out the power spectrum in order to
clarify the spreading effect. An AWGN channel was used in the simulation to restrict
the attribution of the spreading effect to the boosted phase noise induced spreading
effect. The phase noise effect along with the power difference between the edge users
and the middle one have caused a substantial undesirable spread from the edge users on
the subcarriers of the middle user as seen in Figure 3.3.
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Figure 3.3 - OFDMA symbol showing frequency spread on the middle. ¥ = 24 dB
and B = 500Hz for the edge users.

The choice of such high values of g and ¥ is to clearly show the spreading effect in
Figure 3.3. The out-of-band interference relating to a certain user in an OFDMA signal

is theoretically formulized in the next chapter.
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4. PHASE NOISE ESTIMATION AND MITIGATION
IN OFDM AND UPLINK OFDMA

As previously discussed, OFDM receivers are highly sensitive to frequency errors due
to the orthogonality condition between subcarriers that should be maintained. For this
reason, phase noise estimation and mitigation algorithms in OFDM receivers have been
studied in the literature [27], [29], [30], [31], [32]. At the beginning, only the Common
Phase Error (CPE) estimation and mitigation method was considered and studied in
[24]. The mitigation of CPE will leave the effect of ICI present in the received OFDM
waveform which implies that a compensation technique should be applied to mitigate its
effect. An example of an ICI estimation and mitigation method was demonstrated in
[22]. It is a frequency domain approach to estimate the low-pass (centermost) frequency
components of the ICI, while in the same publication, iterations were applied to
improve the ICI estimation.

Another study of relevance to this thesis is the one done in [23], where the effect of
phase noise in OFDM-based Amplify-and-Forward (AF) relay networks was analyzed
and a reduced-complexity joint channel and phase noise estimation was performed. This
study is of importance since it deals with an uplink OFDM scenario similar to the phase
noise affected OFDMA scheme studied in this thesis.

The CPE and ICI estimation techniques will be explained in this chapter since they
will be applied as methods of phase noise estimation in uplink OFDMA. This chapter
will present several phase noise estimation and mitigation techniques for an OFDM
signal and then proceeds to explain a methodology to use these estimation techniques in

the case of estimating and mitigating the phase noise in an OFDMA signal.

4.1. CPE Estimation

The CPE is an effect that OFDM waveforms suffer from due to the multiplication of
these OFDM waveforms with the average value of the phase noise. Estimating the value
of this CPE is merely estimating the common complex multiplier of the phase noise that
affects an OFDM symbol. The pilot data that is inserted in the OFDM symbol is used
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for a Least Squares (LS) estimation of the CPE, and this CPE estimation during the mth
OFDM symbol can be written as [35]

+_ Zkesp Rk(m)Xy(m)Hy (m)
OM ™ Skesp Xk (m)Hy(m)|?

(4.1)

where Ry (m) is the received pilot data, X, (m) is the known pilot data (when k € S,,),
H, (m) is the channel transfer function, f,., is the DC bin of the frequency domain
phase noise complex exponential (estimated) and S,, represents a set of pilot data. The

cesk

operators and

“‘ ”’

denote the complex conjugate and the absolute value of a
complex number respectively. The LS estimation is used for its computational
simplicity. The CPE effect is then simply mitigated by a simple division of the received
OFDM symbol with the CPE estimate.

4.2. |ICl Estimation

The ICI is the most complex part of the phase noise effect on an OFDM symbol;
therefore its estimation is generally more complex than the estimation of CPE. ICI is
manifested by the variation around the mean of the phase noise. Therefore, it is said that
ICI is the effect caused by the non-DC part of the phase noise. Namely, after the CPE
compensation, the remaining part of the phase noise is similar to the original phase
noise effect except for the fact that its mean is approximately zero. Consequently, it can
be said that the zero-mean phase noise causes ICI. There are several ways to estimate
the ICI effect on an OFDM symbol, and some examples are the studies performed in
[31, [4], [5], [6], [7], [8], [9], [10], [22], [29], [30], and [31], where few of them are
shortly presented in this thesis. The first and the simplest one is proposed in [31], while
more accurate attempts to estimate the ICI effect are proposed in [22]. In this thesis, the
method presented in [22] will be used as a part of the method proposed for phase noise
mitigation in OFDMA systems, while other more accurate ICI estimation method in
OFDM systems, presented in [31], is only reviewed in this thesis as part of the

literature.
42.1. LI-CPE Estimation

First proposed in [31], the Linear Interpolation — Common Phase Error (LI-CPE) is a

method to estimate the ICI effect using previously estimated CPE values. The method



27

simply interpolates the consecutive CPE estimates from the middle of an OFDM
symbol to the next one. In other words, the interpolation in LI-CPE estimation
interpolates the average values of phase noise using a linear interpolation. The linear
interpolation was selected for this method due to its relative simplicity and more
importantly, its selection was motivated by the fact that the linear interpolation is
approximately the optimal way to do an interpolation between two points in a Wiener
process [26]. Figure 4.1 shows the LI-CPE interpolation compared with a CPE

estimation of phase noise in 8 consecutive OFDM symbols.
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Figure 4.1 - CPE and LI-CPE estimations of phase noise

4.2.2. lterative ICI Estimation

The iterative ICI estimation method is proposed in [22] and has a more accurate
estimation of ICI than the LI-CPE method discussed previously. The method requires
CPE mitigated OFDM symbols which are used initially and later replaced by ICI
mitigated OFDM symbols throughout the rest of the iterations. Additionally, this
method approximates the phase noise spectral components assuming that most of the

phase noise effect lies within the center-most frequency taps of the phase noise’s
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spectral components. Analytically, the frequency domain received signal model where
the transmitted signal undergoes the effects of the channel and phase noise is

Ri(m) = X1 _y X (m)Hy_ (m)],(m) + Vi (m) = ¥t _y A (m)],(m) + Z,(m),  (4.2)

where X, (m)H, (m) are here replaced by A, (m) for simplicity, and Z, (m) represents
the additive noise combined with the remaining ICI effect that is not accounted for in
this method which is outside the spectral components range [-u, u]. P subcarriers are
selected with the condition P > 2(u + 1), and solving for J;(m) in a matrix form will

be in performed in the following way

Ry, (m)] F J_u(m) 1 [Z,(m)]

Ry, (m) A u(m) - A, (m) J-u+1(m) Zy,(m)
S s 5 ' + 0} @43
_ Alp+u(m) Alp—u(m)

Ry, (m)] L Ju(m) 1 1Z,(m)]

The previous matrix operations can be written compactly as Ry, p = Ay yJimy +
V,.p » Where Ry, p and V,,, » are P x 1 vectors and, J,,, is a (2u + 1) x 1 vector and

Ay isaP x (2u + 1) matrix. Consequently, LS estimate of J,,, » can be found as

/]m,P = (AI;In,uAm,u)_lAIr-In,uRm,P. (4-4)

The above equation gives an estimation of the center-most spectral components of
phase noise that carry most of the phase noise power. Figure 4.2 shows a realistic
example of the ICI magnitude spectrum. The x-axis indicates the indices of the

frequency components and shows the range [-u, u] where in this case u=3.



29

10

10°

Magnitude (dB)

-3 -2 -1 (o] 1 2 3
Frequency component index

Figure 4.2 - Averaged estimated ICl magnitude spectrum for u=3

After the estimation of the center-most frequency components of the ICI, they are
transformed to the time domain using an IFFT operation, and the time domain received
signals are simply divided in an element by element fashion to compensate the phase
noise effect. Another way of compensation can be performed by applying the de-
convolution operation between the received discrete Fourier transformed OFDM
symbol and the estimated center-most frequency components of the ICI. Finally, these
phase noise compensated and detected OFDM signals are used in an iterative fashion to
improve the ICI estimation. In this thesis, up to three iterations are implemented, after

which the improvement becomes relatively minimal [26].

4.2.3. LI-TE Estimation

Linear Interpolation — Tail Estimation (LI-TE) is a method used to improve the
previously discussed iterative ICI estimation. The author in [26] noticed the poor
performance of the iterative ICI estimation at the edges of the OFDM symbol, and
applied linear interpolation over the edges of the OFDM symbols. This poor
performance at the edges is attributed to the FFT truncation performed in the estimation
of the ICI spectral components. Linear interpolation was selected for the same reasons
mentioned in the LI-CPE method. The interpolation starts from the last reliable phase
noise estimation data point to the first reliable one in the next OFDM symbol. In [26], it

was empirically determined that around 15% of the OFDM symbol length is substituted
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with the interpolation values at the edges. Figure 4.3 shows an example of the ICI and
LI-TE phase noise estimation results for several OFDM symbols.
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Figure 4.3 - ICl and LI-TE phase noise estimation techniques

4.3. Contribution to Phase Noise Estimation in OFDMA

After going through several existing techniques of phase noise estimation and
mitigation methods for OFDM waveforms, the use of these techniques is now applied

on an OFDMA uplink case with transmitter phase noise.

As pointed out at the beginning of this chapter, a study was performed in [23] to
analyze the effect of phase noise in an OFDM-based Amplify-and-Forward (AF) relay
networks. The study shows that the use of an AF relay is not beneficial when compared
to a direct transmission scheme if the phase noise level surpasses an allowable upper
bound limit, and the AF scheme’s performance can be improved by using a reduced-
complexity joint channel and phase noise estimation technique. The scenario studied in
[23] is not similar to the OFDMA case studied in this thesis but is of relevance since it
deals with the phase noise effect in uplink OFDM, although the derived phase noise

estimation and mitigation method in this thesis is derived independently.

The issue of phase noise in OFDMA is not solely confined to the effects of CPE, ICI

and the degradation they cause to the overall system performance, but now a new
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problem rises and should be addressed. In a contiguous user subcarrier assignment, the
combination of the varying powers for each user and phase noise affects the
neighboring users in an OFDMA symbol [28]. This effect is manifested by a spectral
spread of subcarriers of one OFDMA user on the top of the subcarriers of another user,
creating what can be conveniently called Inter-User Interference (IUI). Figure 3.3 in the
previous chapter illustrates a specific scenario of an OFDMA symbol structure and

depicts the phase noise induced spreading effect for an uplink case.

The following equations formulate the phase noise induced spreading effect of the
edge users on the middle one for an Uplink case. The receiver phase noise is assumed to
be non-existent at this stage for simplicity and is only confined to the transmitting
Mobile Stations (MS). In this analogy, two equations where deduced since there are two
adjacent users contributing to the spread, one on the left and the other is on the right of

the middle user. The equations are

Riy mx(M) = Ry prare (M) + Hypp o (M) TR Xy i (M) ] -y (M), (4.5)

Rry,ZM—x—l(m) = Rr,ZM—x—l(m) + Hr,2M—x—1(m) Zi?égz_ﬁ_er,k (m)]r,k—2M+x+1(m)' (4-6)

where R, (m) and R,.,(m) are the received middle user mth symbol with IUI from the
left and right users respectively, R;(m) and R,.(m) are the received middle user mth
symbol without Ul from the left and right users, respectively. X; and X, are the
frequency domain transmitted left and right OFDMA symbols respectively. J; and J,. are
the frequency domain phase noise for the left and right users respectively and H; and H,
are the frequency responses of the channels for the left and right users
respectively. R;(m) and R,.(m) already contain the channel and phase noise effects
which can be classified as in-band effects. The rest of the components in (4.5) and (4.6)

represent the out-of-band spread of the adjacent users which can be referred to as IUI.

In (4.5), (4.6) and the following (4.7) and (4.8), the IUI components are indexed by
k and the number of IUI components is limited by x where x € [0, u — 1] which indexes
the effect of the phase noise spread on the adjacent middle user. The parameter u is the
phase noise side components length in the frequency domain as illustrated in Figure 4.2.
For simplicity, it is assumed that each user has an equal number of subcarriers denoted
by M and the subcarrier assignment method is contiguous and similar to the case
depicted in Figure 3.3. For (4.5) and (4.6), the scenario is not practical as the full
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knowledge of the phase noise frequency components is assumed where and the IUI
affects the entire middle user’s bandwidth and is not restricted by the parameter u. The
IUI is the result of the convolutions between the transmitted symbols and the frequency
domain phase noise components of the adjacent users, which are finally multiplied by

the channel frequency responses of the respective users.

In this thesis, a method that addresses the estimation of the main phase noise
induced spreading components at the edges of the middle user is developed. The method
uses the CPE and ICI estimation methods that were discussed previously. The method
starts with estimating the spread caused by the edge users’ subcarriers on top of the
middle user’s subcarriers. After the phase noise spread is estimated, it is removed by
subtracting the spread estimations from the edge subcarriers of the middle user. Finally,
after the phase noise spread is removed from the middle user subcarriers, its own phase
noise is estimated and compensated. Equations (4.7) and (4.8) represent the spread

caused by the phase noise of the edge users’ subcarriers
gl,x (m) = ﬁl,M+x (m) le‘c/l=M—u+x Xl,k(m) jl,k—M—x (m), (4-7)
gr,x (m) = ﬁr,ZM—x—l (m) Ziﬂ;ﬁ;f Xr,k—l (m)jr,k—2M+x (m), (4-8)

where S, ,(m) is the estimated spread at the edges of the middle user on the right side,
Si.x(m) is the spread at the edges of the middle user on the left, X,.(m) are the detected
frequency domain data symbols after ICI compensation of the right user, X;(m) are the
detected symbols after ICI compensation of the left user, J,.(m) are the estimated center-
most frequency components of the right user and J,(m) are the estimated center-most
frequency components of the left user. Finally, H,(m) and H;(m) are the channel
estimations of the right and left users respectively where their indices overlap with the
middle user indices. From (4.7) and (4.8), it is evident that u, which denotes the
estimated phase noise side components length in the frequency domain as illustrated in
Figure 4.2, is the decisive factor for the length of the 1UI estimation on the middle user.

In this thesis, u was selected to be 3 for the reasons explained in section 4.4.

Figure 4.4 shows the block diagram that explains how the phase noise of the middle
user is estimated and mitigated. In order to correctly estimate the phase noise of the
middle user, the first step is to remove the spread caused by the phase noise of the

adjacent users denoted in Figure 4.4 by S;,(m) and S, .(m). The removal of the
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spread is done by subtracting §l,x(m) and Sr,x(m) from the received middle user data
symbols. After the removal of the phase noise spread caused by the adjacent users, the
CPE is estimated and compensated for the middle user. The detected symbols after the
CPE compensation are used in the ICI estimation as explained in section 4.2.2. Finally,

the channel effect and ICI are compensated for the middle user.

S14(M)

y

A 4

R(m) —>®—> CPE estimation ICl estimation > Channeli N Il .
I compensation compensation

S ()

R (m) is the recived middle user OFDMA mth symbol

I,x m) are the estimated Ul components of the left user

rx (m) are the estimated IUl components of the right user

> N>

Figure 4.4 - Block diagram describing the symbol detection methodology of the
middle user

4.4. Challenges Faced in Phase Noise Spread Estimation
in an OFDMA System

The OFDMA system that is considered in this thesis is based on the contiguous
subcarriers mapping. The main objective and contribution in this thesis is to estimate the
spread of a user’s subcarriers on top of its neighbor’s subcarriers due to phase noise and
to mitigate this spread. The main limitation for a compensation of Ul is that we can
mitigate it only partially. The reason for that is the limited number of phase noise
spectral components that we can reliably estimate in practice [22]. Increasing the
number of the spectral components to be estimated, e.g., in this method results in
erroneous phase noise estimation for these new components since their amplitude is
relatively small, and the estimation errors get significant. As previously mentioned in
section 4.3, the estimated phase noise side components length in the frequency domain
was 3, meaning that only 3 spreading components on both sides of the middle user can

be estimated.
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Another issue regarding the phase noise spread estimation is the channel estimation
beyond the edges of each user’s data band. This is an issue because the phase noise
spread in the transmitter still experiences the channel effect even beyond the data band.
To clarify this problem, an example of the OFDM symbol structure for each user is
depicted in Figure 4.5. As it can be seen from the symbol structure, the pilot data that
are used in the channel estimations are band limited and do not cover the whole OFDM
symbol frequency band. The difficulty here arises when the channel estimation needs to
be done beyond the user’s band that includes the data to estimate the combined effect of
the channel and the phase noise spread on the middle user. To simplify the scenario in
Figure 4.5, it is assumed that the middle user does not have a significant spreading
effect on the top of the subcarriers of the edge users due to its’ relatively low power.
The phase noise spreading effect marked in different shades of red show that the spread
Is severe at the edges of the middle user and its effect decreases as we move away from
the edges. The channel frequency response at the phase noise spread locations which
correspond to the edge user’s channel frequency response should be estimated. The
approach to deal with this issue is done by extending the channel frequency response
estimates that are attained using the pilot data. These pilot data are the nearest to the
middle user and lie at the edges of the edge users. The extensions of these estimates
cover the subcarriers of the middle users where the phase noise spread effect is to be
estimated. In (4.7) and (4.8), the channel effect was estimated by applying the
aforementioned method. A potential drawback of this estimation method is that the
further the channel estimation extension goes, the less reliable it becomes. This
drawback sets a limit if the phase noise spread estimation is extended to cover more
OFDM subcarriers.
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Figure 4.5 - OFDM symbol structure for each user prior transmission and the
received OFDMA symbol after going through the phase noise effect.
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5. SIMUALTIONS AND RESULTS

After introducing the problem and the proposed solution in the previous chapter, the
performance simulations are carried out in this chapter. The OFDMA simulation
parameters that are applied in the simulations are presented in the first section of this
chapter. Next, the verification of an adequate phase noise 3-dB bandwidth in Uplink
OFDMA is presented. Subsequently, the simulation results are shown where the
OFDMA signal passes through an AWGN channel and a practical ITU-R Vehicular A
multipath channel. The results also cover the proposed solution’s performance when the

phase noise 3-dB bandwidth and the relative power of the edge users are varied.

5.1 Simulation Parameters

In this section, the parameters of the simulation that was used in this thesis are

presented. The parameters are listed in Table 5.1.

Table 5.1 — Simulation parameters of the OFDMA system

Simulation Parameters
Number of users 3
Modulation type 16-QAM with Gray
Sampling time 0.0651 us
Sampling frequency 15.36 MHz
Number of subcarriers for each edge 582
Number of subcarriers for the middle 36
Total number of subcarriers 1200
FFT/IFFT lengths 2048
OFDMA symbol length 0.78125 ms
Cyclic prefix length 2.6042 us
Pilot spacing Every 4" subcarrier

The number of users in this simulation was selected to be 3. This was done to apply
the scenario in Figure 3.3 and to simplify the simulator. The sampling time and

frequency were taken from the LTE system specifications. The number of subcarriers
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selected for the middle user was low. This was done to make the change of the BER
performance of the middle user noticeable when the 1UI removal method is applied
since IUI has the highest overall effect on the users with relatively narrow subcarriers
bandwidth allocation. The cyclic prefix length is selected to be higher than the channel’s
maximum delay spread to cancel the ISI effect. The channel that was used in the
simulation is the extended ITU-R Vehicular A channel. Its maximum delay spread

spans 39 taps as described in Table 5.2.

Table 5.2 - Extended ITU-R Vehicular A multipath channel

Tap Average relative Relative delay

0 0.0651
2 -1.85 0.1302
5 -3.45 0.3255
6 -0.61 0.3906
12 -7.46 0.7813
17 -6.99 1.1068
27 -11.99 1.7578
39 -16.99 2.5391

The time and frequency domain responses of the ITU-R Vehicular A channel are
depicted in Figure 5.1. Notice that these responses are from one realization of the
channel but represent typical responses. It can be seen from the previous table and the
impulse response of the channel realization that the maximum delay spread is large and
stretches to reach 39 taps, the equivalent of almost 2.6 ps. Additionally, it can be noted
from the frequency response that the frequency response is selective, which satisfies the
desire to pass the simulated signal model through a challenging frequency selective

channel.
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Figure 5.1 — Impulse (up) and frequency (down) responses of the extended ITU-R
Vehicular A multipath channel example realization

5.2 Verification of a Realistic Phase Noise Level

Before presenting the results, the specifications regarding the transmission of the
OFDMA waveforms were checked. This is done to insure that the transmission scenario
abides by the specifications of the LTE system so that the results can be considered
realistic. The LTE system specifications are retrieved from [1] and are used as a realistic
example. The first requirement to check is the Error Vector Magnitude (EVM). The
EVM is a quantity that measures the difference between the measured signal and the
reference one. In the case of an LTE system, it is measured just after the IFFT block
after the measured waveform is corrected by the sample timing offset and RF frequency

offset [1]. To measure the EVM, the following equation was applied
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where T,(m) is the signal after the IFFT block, R,(m) is the reference modulated signal
and the notations ~and |. | signify the mean and absolute value of a number respectively.
According to [1], the EVM limit is 12.5% in a case of 16-QAM modulation. This
restriction necessitates a limitation on the amount of phase noise that can be applied on
the OFDM transmitted symbol. The limitation is expressed in the 3-dB bandwidth of the
applied phase noise which was found to be around 50 Hz. At this phase noise level and
in this simulation scenario, the transmission spectrum emission mask requirements are

also met [1].

5.3 Results and discussion

After applying the procedure depicted in Figure 4.4, the OFDM system performance of
the middle user that is affected by the phase noise induced spread of the adjacent users
is tested and compared to the case where nothing is done to remove the IUIL. The
improvement after applying the developed method is manifested by demonstrating the
bit error performance of the middle user. The bit error rate performance is plotted as a
function of the SNR for the case of the CPE and ICI mitigation methods with and
without the phase noise spread removal.

Figures 5.2 and 5.3 depict the system performances where the transmitted signal
undergoes an AWGN and the extended ITU-R Vehicular A multipath channels
respectively. The BER vs. SNR of our interest in this study is the one related to the
middle user as it suffers from the phase noise induced spreads caused by the
neighboring edge users. It is worth mentioning that the SNR of the whole OFDMA
waveform is applied with respect to the middle user since in this scenario, the middle
user has the lowest power. The simulation was repeated for many times and the average
of the BER was calculated for each SNR and then plotted. This was done to ensure that
the method works as expected whatever the channel condition is at the edges of the

users.

In all of the figures, the plotted BER performances represent the following
scenarios: At first, the phase noise of the middle user is estimated using the CPE
estimation method and compensated without taking into account the 1UI effect caused
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by the phase noise of the adjacent users where the curve of this scenario will be named
in the following figures as “CPE compensation”. Next, the CPE phase noise estimation
and compensation is also applied but this time the IUI caused by the phase noise of the
adjacent users is taken into consideration, and the curve for this case is named as “CPE
comp. + IUI removal”. Afterwards, the iterative ICI estimation described in section
4.2.2 is applied for the middle user with (“ICI compensated + IUI removal”) and
without (“ICI compensated”) considering the Ul effect. Finally, two reference curves
are added to the performance comparison. The first, named as “Full IUI removal”,
which assumes the full knowledge of phase noise for all users. This means that phase
noise induced spread caused by the adjacent users is known as well as the phase noise of
the middle user. The second one, named as “Partial IUI removal”, assumes the full
knowledge of phase noise of the middle user while having only a partial knowledge of
phase noise of the edge users. Partial knowledge of phase noise here means that only a
limited number (7 in this case, meaning u=3 on both sides of the DC component) of
frequency components of the phase noise are known for the edge users. In addition, for
all case studies presented in the following figures, the power difference between the

middle and edge users power is set to be 10 dB.

Performance comparison
10" — : T e e
r Co | e GPE cOMpenSation
| === CPE comp. + Ul removal
e ICl compensated
‘| =@=ICI compensated + [Ul removal
= Partial [Ul remoal (Partial knowledge of PN)
| e Full 1UI removal (Full knowledge of PN) |1

BER

0 5 10 15 20 25 30 35 40
SNR (dB)

Figure 5.2 - BER vs. SNR plot for different phase noise mitigation methodologies
(AWGN channel, 50 Hz phase noise 3-dB bandwidth), SNR=20 dB.
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In Figure 5.3, the performance of the whole system is degraded when compared to
the results presented in Figure 5.2. The reason here is that Figure 5.3 depicts the results
of the simulator when the transmitted OFDMA signals pass through the Extended ITU-
R Vehicular A multipath channel model. This overall deterioration of the system
performance can be attributed to the fact that the middle user, which in its part suffers
from IUI from both sides, was selected to have a relatively narrowband bandwidth
represented by assigning only 36 subcarriers out of 1200 where the rest of the
subcarriers are assigned to both edge users. At this stage, the channel effect is assumed
to be known at the receiver, and channel estimation was not performed. Interestingly,
the performance of the ICI compensation with no IUI removal is outperformed by the
CPE compensation with 1Ul removal method in the case where the channel effect was
added to the simulation. The proposed technique therefore manages to provide a gain as

expected.

Performance comparison
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Figure 5.3 - BER vs. SNR plot for different phase noise mitigation methodologies
(Extended ITU-R Vehicular A channel, 50 Hz phase noise 3-dB bandwidth, SNR=20 dB.

Figure 5.4 shows the relationship between the BER of the middle user and the

applied phase noise bandwidth of the edge users. The phase noise applied to the middle
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user was fixed to 50 Hz while the phase noise of the edge users was equally increased
starting from the 3-dB phase noise bandwidth value of 1 Hz and ending with 500 Hz.
The middle user’s SNR was fixed through the whole simulation to 20 dB. As it was
expected, as the 3-dB bandwidth of the edge users increases, the IUI increases and
degrades the BER of the middle user. Additionally, it can be noticed that at low edge
user’s 3-dB bandwidth (1 until 10 Hz), the difference between phase noise
compensation methods with and without 1UI removal is insignificant and at high edge
user’s 3-dB bandwidth (500 Hz), all practical phase noise mitigation methods perform
almost similarly with poor BER values. Furthermore, the CPE mitigation which
involves the Ul removal method even outperforms the conventional ICI mitigation

method when the phase noise 3-dB bandwidth of the edge users is more than 100 Hz.
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Phase noise of the edge users (Hz)

Figure 5.4 - BER vs. edge users phase noise bandwidth (AWGN channel). The
middle users phase noise 3-dB bandwidth was fixed to 50 Hz and the power difference
between the edge users and the middle one was fixed to 10 dB, SNR=20 dB.

Figure 5.5 depicts the same scenario that was described in Figure 5.4. The only
difference is that the OFDMA waveform experiences the ITU-R Vehicular A multipath
channel model. The overall system performance is deteriorated when compared with the
case where the signal goes through an AWGN channel. In this case, the phase noise 3-
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dB bandwidth of the edge users where the CPE mitigation involving the 1Ul removal

method outperforms the conventional ICI mitigation method is slightly less than 50 Hz.

Performance comparison
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Figure 5.5 - BER vs. edge users phase noise bandwidth (ITU-R Vehicular A
channel). The middle users phase noise 3-dB bandwidth was fixed to 50 Hz and the
power difference between the edge users and the middle one was fixed to 10 dB,
SNR=20 dB.

Figure 5.6 shows the relationship between the BER and the power difference
between the middle and the edge users. This simulation scenario represents a part of the
problem in this study that causes the spread over the middle user. As expected, the
performance of the OFDMA transceiver for the middle user in this simulation degrades
as the power difference between the edge users and the middle one increase. At low
power difference between the middle and edge users (0 until 3dB), the phase noise
estimation techniques with and without 1UI removal have close performance, and the
difference starts to be noticed after around 6 dB. Additionally, at high power difference
(more than 20 dB), all practical mitigation methods result in a relatively similar and

poor BER performance.
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It can be noticed from the figure that the CPE mitigation technique with IUI removal
outperforms the conventional ICI mitigation technique after around 12 dB of power

difference.

Performance comparison
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Figure 5.6 - BER vs. the power difference between the edge users and the middle
users (AWGN channel). The 3-dB phase noise bandwidth was fixed to 50 Hz for all
users, SNR=20 dB.

In Figure 5.7, the ITU-R Vehicular A channel was added in the simulation. When
the channel effect was added, the CPE mitigation technique with Ul removal
outperforms the conventional ICI mitigation technique in this case at around 8 dB of

power difference between the middle and edge users.
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Figure 5.7 - BER vs. the power difference between the edge users and the middle
users (ITU-R Vehicular A channel). The 3-dB phase noise bandwidth was fixed to 50 Hz
for all users, SNR=20 dB.
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6. CONCLUSION

In this thesis, a theoretical overview of the OFDM multicarrier modulation technique
and OFDMA and its implementations in various wireless communications standards
was made. A specific drawback in OFDM, oscillator phase noise, was studied and its
effect in OFDMA systems was deduced. Subsequently, a proposed method to mitigate
the phase noise induced IUI in OFDMA was applied in simulations. The method had
shown to provide a gain when applied. The gain was recognized when the application of
phase noise spread estimation and mitigation techniques outperformed the conventional
CPE and ICI estimation and mitigation methods that did not take into account the phase

noise induced spread from adjacent users.

Since the method proved to provide a gain, the next step is to provide a more robust
channel estimation technique to estimate the channel’s response beyond a user’s band.
This can be achieved by inserting pilot data beyond a user’s allocated bandwidth in the
bandwidth allocated to the adjacent user. This suggestion is of importance when the
phase noise induced spread estimation is to be performed far beyond a user’s band

edges.

An interesting implementation of the Ul mitigation technique is when it is applied
for a different scenario where the subcarrier assignment in an OFDMA symbol is not
contiguous but distributed. In a random subcarrier assignment in an OFDMA symbol,
the pilots are distributed along the whole OFDMA symbol bandwidth and not solely
restricted to a user’s defined band as in the case of the contiguous subcarriers
assignment. This realization is of great benefit since a user’s channel can be estimated

along the whole OFDMA symbol.
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