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ABSTRACT

Modern wireless transceivers use multiple transmit and/or receive antennas, higher
order modulation and large bandwidth to satisfy the high data rate requirements of
voice, data and multimedia applications. As wireless systems become more complex,
the need to make wireless transceivers more efficient, compact and cost effective be-
comes challenging. It is partly due to the impairments resulting from imperfections
in analog radio frequency (RF) components that reduce the efficiency of wireless
transceivers. Two of the most common impairments that significantly limit the per-
formance of wireless transceivers are in phase and quadrature (IQ) imbalance and
phase noise. These are caused by the mismatch in oscillator output and random
frequency fluctuations at the I and Q branches of 1) transceivers, respectively. Low-
complexity estimation and compensation techniques that can jointly remove the effect
of these impairments are highly desirable.

The degrading effect of RF impairments is more pronounced in multi-input-
multi-output orthogonal frequency division multiplexing (MIMO-OFDM) systems.
As many of the modern and future wireless systems employ MIMO-OFDM, studying
the effect of and addressing the techniques to mitigate RF impairments in these sys-

tems are essential to meet the stringent requirements of modern wireless applications.
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In this thesis, a simple joint estimation and compensation technique to esti-
mate multi-path channel, phase noise and [Q-Imbalance parameters in MIMO-OFDM
systems under slow fading is proposed. A subcarrier multiplexed (SM) preamble
structure to estimate the channel and impairment parameters with minimum over-
head is introduced and used in the estimation of IQ-Imbalance parameters as well
as the initial estimation of effective channel matrix including common phase error
(CPE). We then use a novel tracking method based on the second order statistics of
the inter-carrier interference (ICI) and noise to update the effective channel matrix
throughout an OFDM frame. Simulation results for a variety of scenarios show that
the proposed low-complexity estimation and compensation technique can efficiently

improve the performance of MIMO-OFDM systems in terms of bit-error-rate (BER).
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CHAPTER I

INTRODUCTION

1.1 Motivation and background

Wireless communication networks have become more ubiquitous over the past few
decades as technology has taken a quantum leap making wireless devices more af-
fordable, portable, reconfigurable and cost-effective than ever before. Wireless com-
munication, mobile as well as fixed, is moving towards higher data rate and spectral
efficiency at reasonable cost. It can partially be achieved by using more bandwidth,
but, the available frequency spectrum is scarce. To further improve data rate, the use
of spectrally efficient and smart wireless technologies has been adapted for current
and future wireless systems.

Pioneering work by Teletar [2] pointed out the great potential of using multi-
ple antenna to improve capacity in wireless systems. Furthermore, using multi-carrier
techniques such as orthogonal frequency division multiplexing (OFDM) [3], in con-
junction with multi-input-multi-output (MIMO) techniques, provides the opportunity
to exploit time, frequency and space diversity. Due to the reliable performance of
OFDM in a frequency selective multipath environment and the capacity, diversity

and/or multiplexing enhancement offered by MIMO technology, MIMO-OFDM has



become a clear choice for future generation wireless communication systems [4, 5].
As wireless systems continue replacing wired systems, the need to match data
rates is partially fulfilled by employing large bandwidth and higher order modulation.
At high frequencies, the imperfections in analog front-end become dominant and cause
performance bottlenecks. The so called “Dirty RF”which refers to the adverse effects
resulting from the non-ideal analog radio-frequency (RF) components are unavoid-
able and problematic for wireless communication systems [6]. The effect of those
impairments is more pronounced for highly sensitive OFDM systems and even worse
for MIMO-OFDM systems [7], [8]. Hence, it is crucial to mitigate those impairments
in order to meet the requirement for high data rate and spectral efficiency in wireless

systems.

1.2 Scope of the thesis

The advent of homodyne receivers (also called direct conversion or zero intermediate
frequency (IF) receivers) paved the way for less complex wireless receivers by down-
converting bandpass signals directly to baseband signals [9]. Although homodyne
receivers have significant advantages in terms of cost, flexibility and reconfigurability,
they are very sensitive to RF-impairments such as flicker noise, DC-offset, even-order
distortion, non-linearities, IQ-Imbalance and phase noise [9]. In this thesis, we focus
on two major impairments in MIMO-OFDM homodyne receivers, i.e., IQ-Imbalance

and phase noise which are considered more harmful than others.



Homodyne receivers use inphase-quadrature (IQ) signal processing that is
very sensitive to oscillator output mismatches between the I and Q branches. Since
perfect oscillator output is unattainable due to manufacturing imperfections, there
are always some phase and amplitude mismatches between oscillators at the I and
Q branches. This imbalance is referred to as IQ-Imbalance. Although typical mis-
matches of only 1%-5% in amplitude and 1°-5° in phase are present in today’s re-
ceivers, IQ-Imbalance still causes severe performance degradation in highly sensitive
OFDM systems. It also results in constellation rotation and introduces inter-carrier
interference (ICI) that becomes more problematic for high-rate wireless applications
using higher order modulations [10]. In addition to IQ-Imbalance, imperfect oscilla-
tors also introduce phase noise that is caused by random frequency fluctuations at the
output [11]. Phase noise also destroys orthogonality between the OFDM subcarriers
by introducing ICI and rotating the signal constellation [12].

The joint effects of IQ-Imbalance and phase noise renders the system useless
and to realize robust wireless systems, it is very important to jointly address and
mitigate those impairments. Furthermore, the attenuation, delay and phase rotation
caused by the multipath wireless channel to the signal is also equally important and
should also be accounted for. Since current IC technologies allows us to implement
more and more complex algorithms effectively in a single chip, mitigation of those
impairments in the digital domain is more feasible than in the analog domain. Hence,
joint mitigation of I1Q-Imbalance and phase noise for MIMO-OFDM system in a
random multipath wireless channel is the central theme of this thesis.
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1.3 Literature review of related work

Since RF impairments have severe effects on system performance, several studies have
been done to characterize, quantify and mitigate these impairments. An overview
of RF impairments for homodyne receivers can be found in [6], [13], [14] and [15]
where the nature and effects of DC-offset, LO leakage, 1Q-Imbalance, even order
distortion and flicker noise is discussed. In [15], analog methods to compensate for
these impairments by suitably designing mixers and oscillator circuitry are presented.

In [16], advanced methods to compensate for IQ-Imbalance are discussed
including adaptive interference cancellation and blind source separation. The effect
and compensation methods for IQ-Imbalance in single-input-single-output (SISO)
OFDM systems are discussed in [10], [17], [18] and [19]. It is pointed out that
[Q-Imbalance causes interference from the mirror sub-carriers in OFDM systems.
The estimation and compensation techniques based on maximum likelihood (ML),
least squares (LS) and least mean squares (LMS) for both pre-FFT and post-FFT
processing are also discussed with their performance evaluations. IQ-Imbalance effects
and compensation methods for MIMO and MIMO-OFDM systems have been studied
extensively in [20], [21], [22], [23], [24] and references therein.

Another major RF impairment, phase noise, has also gained a lot of attention
in the literature in its characterization, analysis and modelling . In [11] and [25],
extensive analysis and modelling of free-running as well as phase locked loop (PLL)

based oscillators are given. Owing to the sensitivity of OFDM systems towards



phase noise, many researchers have studied the performance of OFDM receivers in
the presence of phase noise. Detailed analysis of phase noise impaired SISO-OFDM
systems can be found in [12], [26], [27], [28], [29], [30]. These studies suggest that
phase noise causes common phase error (CPE) and inter-carrier interference (ICI)
that destroys subcarrier orthogonality in OFDM systems. Phase noise compensation
schemes for SISO-OFDM systems are discussed in [12], [31], [32], [33], [34], [35]
where reduction and suppression methods for ICI as well as CPE are presented.
The analysis of SISO-OFDM systems cannot be easily extended to MIMO-OFDM
systems as pointed out in [36] and [37]. Nevertheless, different compensation schemes
for MIMO-OFDM systems have been proposed in [37], [38],[39], [40], [41], [42].

The joint effect of IQ-Imbalance and phase noise with compensation schemes
for SISO-OFDM systems can be found in [8], [43], [44]. Recently, in [45], joint
compensation of IQ-Imbalance and phase noise for MIMO-OFDM systems was dis-
cussed. The proposed scheme is computationally complex as it is based on max-
imum likelihood (ML) detection and also has large pilot overhead that increases
with increasing number of transmit-receive antennas. Since the MIMO-OFDM im-
plementation already introduces significant complexity, it is highly desirable to devise
low-complexity methods to jointly estimate and compensate [Q-Imbalance and phase
noise for MIMO-OFDM systems.

Furthermore, in coherent wireless OFDM systems, known pilot signals are
transmitted to help in the estimation of the wireless channel and impairment param-
eters. The accuracy in estimation relies on the design of these pilot signals. Some pilot
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signal designs for MIMO-OFDM systems are discussed in [46], [47] and [48]. In the
presence of RF impairments, those methods do not provide reliable estimation. Pilot
designs for MIMO-OFDM systems considering only IQ-Imbalance or phase noise can
be found in [49], [50], [51]. Although, it is generally true that utilizing pilot signals in
OFDM systems enables better channel estimation, it can degrade the system perfor-
mance in the presence of phase noise [42]. Until now, preamble design in the presence
of both IQ-Imbalance and phase noise has not yet been discussed in the literature.
This thesis also aims to fill this gap by designing a suitable pilot structure to estimate
the channel and impairment parameters to mitigate impairments in MIMO-OFDM

systems.

1.4 Thesis overview and contribution

This thesis primarily deals with the joint effects of IQ-Imbalance and phase noise
in MIMO-OFDM systems. In Chapter II, a brief overview of signal and channel
modelling for MIMO, OFDM, and MIMO-OFDM systems is presented. In Chapter
11, various issues in RF processing at receivers are discussed. The primary focus
is given to modelling of IQ-Imbalance and phase noise. Then, the MIMO-OFDM
signal model in the presence of these impairments is discussed. In Chapter IV, a
suitable preamble design is presented to effectively and jointly estimate the channel,
[Q-Imbalance and phase noise parameters. A novel algorithm to effectively track the
channel corrupted by phase noise that utilizes the pilot symbols in OFDM symbol

is developed. The estimated parameters and tracking algorithm are then utilized to
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estimate the transmitted data. The performance result of the proposed scheme is then
verified through simulations in MATLAB® in Chapter V. At the end, in Chapter VI,
concluding remarks and possible future work are discussed. The major contributions

and important results of this thesis can be summarized as:

e Development of MIMO-OFDM system model impaired by the joint effects of

[Q-Imbalance and phase noise

e Development of a suitable preamble structure with minimum overhead (utilizing
two full pilot OFDM symbols) to effectively estimate channel, IQ-Imbalance and

phase noise parameters

e Development of a novel tracking algorithm that uses pilot subcarriers in an

OFDM symbol to track the effective channel

e Extensive performance and complexity analysis of the proposed scheme through

simulation

1.5 General notations

Throughout the thesis, upper-case bold letters are used for matrices, lower-case bold
letters for vectors and scalars are represented by italic letters. Operators x, ® and ©
indicate convolution, element-wise multiplication and element-wise division respec-
tively. {35, {37, {1}, {}! and {.}7 represent conjugate, transpose, hermitian
transpose, pseudo-inverse and conjugate mirror operation, respectively. Iy, Oy rep-

resent N x N identity and zero matrices. E{.}, arg{.}, abs{.} represent expectation,
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argument and absolute value of the elements inside the parentheses, respectively. | . |
and || . || represent absolute value and norm of a vector respectively. All signals are

assumed to be complex-valued Gaussian distributed unless otherwise stated.



CHAPTER II

SYSTEM MODEL
2.1 MIMO system and channel model

Multiple-input multiple output (MIMO) systems utilize multiple transmit and receive
antennas for performance enhancement through diversity and/or multiplexing gain.
A typical MIMO system utilizing M; transmit and M, receive antennas is shown
in Figure 2.1. The discrete-time input-output relation of a MIMO channel with L

channel taps at time n is given by [52]

L—-1

y(n) = Gi(n)x(n —1) + w(n) (2.1)

=0

where y(n) is the M, x 1 received signal vector, x(n) is the M; x 1 transmitted
signal vector and w(n) is the M, x 1 additive white Gaussian noise (AWGN) vector

affecting each receiver branch such that for each ¢ € {1,.., M, }, w,(n) € CN(0,02)

2

2 is the received noise power. Gy(n) is the M, x M, multi-path channel

where o
matrix corresponding to the [** channel tap at time n. In a multipath environment
by considering delay, phase shift and attenuation, the discrete-time multipath channel
impulse response from the p* transmit to the ¢ receive antenna can be modelled as
[53]

L—

Jap(n.7) =D ay(n)e M5 (r — 1) (2.2)

=0

—
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Figure 2.1: A typical MIMO system with M; transmit and M, receive antennas.

where o, 6§, and 7; denote the attenuation, phase shift and delay corresponding to
the [* multipath channel tap which are time dependent. For fixed wireless systems,
the time index can be dropped and can be considered constant for transmission over
a certain period of time. This is sometimes called quasi-static channel assumption.

The channel matrix in (2.1) can then be written as

91,1(5) T gl,Mt(l)

93,100+ gaaan (1)
Due to the randomly changing nature of the wireless channels, stochastic channel
models are generally used to approximate the channel under study by defining var-
ious parameters such as power delay profile (PDP), root mean squared (rms) delay

spread and spatial correlation [54, 55]. For instance, the response of a correlated

MIMO channel can be modelled using the kronecker model with transmit and receive
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correlation matrices R, and R, as [52]
G() = RY*(GL ()R, (1) (2.4)

where each element of G,, are independent and identically distributed complex ran-
dom variables (generally following Rayleigh distribution) that depend on the propa-

gation environment. The correlation matrices R; and R, can be written as

Lo o gt L

ptt o 1 ptr=t

pr 1

where p; and p, are the correlation coefficients with p = 0 for uncorrelated MIMO
channel and p = 1 for a fully correlated MIMO channel. It is also referred to as a
single coefficient spatial correlation model [55, 56]. It is also assumed that the spatial

correlation matrices are the same for all the channel taps.

2.2 Orthogonal frequency division multiplexing (OFDM)

From (2.1), it can be inferred that when the channel delay spread exceeds the symbol
period, the symbols overlap with each other giving rise to inter-symbol interference
(ISI). This implies that the channel is not essentially frequency flat for the over-
all system bandwidth. To overcome this anomaly, time and/or frequency domain
equalization can be used. However, especially for high data rate applications, chan-
nel equalization is computationally expensive. Multi-carrier modulation techniques

like OFDM remove the need to equalize the whole broadband channel by dividing
11
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Figure 2.2: OFDM frequency spectrum with 8 orthogonal sub-carriers.

the available frequency spectrum to several narrowband orthogonal sub-channels or
sub-carriers [3]. Each individual sub-carrier in an OFDM system is spaced 1/T; (T
being the symbol period) apart in frequency and can be considered frequency flat and
time-invariant during the symbol transmission period thereby reducing the ISI effect
significantly. A typical OFDM frequency spectrum using 8 sub-carriers is shown in
Figure 2.2.

In general, to separate the sub-carriers at the receiving end, various steep
bandpass filters are required. However, OFDM system can be efficiently implemented

digitally using fast Fourier transform (FFT) and inverse discrete Fourier transform
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Figure 2.3: A typical OFDM system.

(IFFT). The block diagram of a typical OFDM system is shown in Figure 2.3. The
frequency domain serial data signals, s,,, corresponding to the m‘* OFDM symbol
are converted into parallel data and grouped into N x 1 vectors. These data vectors
are then fed into the IFFT block. The resulting time domain N x 1 OFDM signal
vector S,,, can be written as

1

where F 1 is the N x N inverse DF'T matrix. The DFT matrix is given by,

1 1 1 1 1
1 w w? wh-1

Fn = (2.7)
1 WwN-1 L2(v-D) WwN-D(V-1)

where w = exp(—j27/N). The output of the IFFT block is then converted into
serial data. In order to reduce the ISI effect resulting from multipath propagation, a

guard interval (cyclic prefix (CP)) longer than the channel length (L < Negp < N)
13



is appended to the beginning of the OFDM symbol. The total time domain OFDM
symbol length is then Ny; = N + Ngp. The CP part of OFDM symbol is redundant
and contains the ISI information which can be removed effectively at the receiver.
After adding CP, the digital signal is converted to analog signal by using an analog to
digital converter (ADC). The baseband signal is then modulated to bandpass signal
and sent through the wireless channel.

The transmitted signal propagates through the channel and undergoes multi-
path fading. Also, AWGN gets added to the signal before it reaches the receiver. The
received time domain m* OFDM signal at the receiver is converted to (Ny;+L—1)x 1

digital baseband signal r,, that can be written as

Ty = Cm * Sy + Wi (2.8)

where x denotes convolution. g,, is the L x 1 multipath channel vector taps for the m*
OFDM symbol, s, is a vector containing Ny, transmitted digital baseband symbols
and w,, is the (N + L —1) x 1 AWGN vector whose entries w,,(n) € CN(0,0?) with
o2 being the received noise power. The CP part is then stripped off from T, and the
received digital signal is converted to parallel data and sent through the FF'T block

which brings the signal back into the frequency domain as
vy = Fnlm = HyuSm + N (2.9)

where r,, is the NV x 1 received frequency domain signal vector, s,, is the N x 1
transmitted frequency domain signal vector, r,, is the N x 1 discrete time domain

received vector. Fy is the N x N DFT matrix, n,, is the N x 1 frequency do-
14



main AWGN vector and H,, is the channel frequency response matrix which can be
written as H,, = diag{h,,(0), h(1),....; (N — 1)}, where each element h,, (k) =

S gm(l) exp(—j27kl/N) for k=0,1,.., N — 1.

2.3 MIMO-OFDM system model

The application of MIMO techniques to OFDM systems provides numerous advan-
tages including multiplexing and/or diversity gains in a frequency selective environ-
ment. MIMO techniques can be applied to the orthogonal sub-carriers in the OFDM
system as presented in previous sections. A simplified block diagram depicting a
MIMO system applying M; transmit and M, receive antennas and using OFDM with
N sub-carriers is shown in Figure 2.4.

As shown in Figure 2.4, the M; N x 1 modulated input data streams corre-
sponding to N subcarriers from M; transmit antennas are arranged in parallel and
passed through the IFFT block. The resulting M;N x 1 signal corresponding to the

m™ OFDM symbol in time domain is

- 1

- (\/N}-]_Vl @ Ing,)Sm (2.10)

where ® represents the Kronecker product. The time domain signal s, is converted
to serial data and CP is added to combat ISI in a multi-path environment. The
digital data is then converted to analog and sent through the wireless channel after

h

up-conversion from each M, transmit antenna. The digital time domain m!" received

15



OFDM signal at one of the ¢ receive antenna is as follows

My
Fom = D 8gp* Spm + Wy (2.11)
p=1

where T, is the (NVyr + L — 1) X 1 received signal vector, g, is the L tap channel
impulse response of the wireless multipath channel from the p'* transmit to the ¢*
receive antenna, §,,, is the Ny, x 1 transmitted discrete time signal vector from the
p'" transmit antenna and w, is the vector of AWGN affecting each of the ¢ receive
antenna with each w,(n) € CN(0,c2).

The CP is stripped off from the received discrete time domain signal and
arranged into parallel streams as a M, N x 1 signal vector, after which they are
fed into the IFFT block which returns the received time domain data back into the

frequency domain represented as
ry = (Fn @ In,) Fn = HpSim + 0 (2.12)

where r,, is the M, N x 1 received m'* frequency domain OFDM signal vector, s,,
is the M;N x 1 transmitted m'* frequency domain OFDM signal vector, T,, is the
M, N x 1 discrete time domain received vector, n,, is the M,.N x 1 frequency domain
noise vector and H,, is the channel frequency response matrix which can be written as
a block diagonal matrix with each block element H,,(k) = S G(1) exp(—j27kl/N)

as

H,,(0) - 0

H,=| : - : (2.13)
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Figure 2.4: Typical MIMO-OFDM transmitter and receiver architectures

The received M, N x 1 frequency domain signal vector r,, in (2.12) can be written

for individual k" subcarrier where k =0,1,.., N —1 as

1 (k) = Hop (k)8 (k) + 0 (F) (2.14)

where r,,,(k), s, (k), Hy, (k) and n,, (k) are the M, x 1, M; x 1, M, x M; and M, x 1 fre-
quency response received signal vector, transmitted signal vector, channel frequency
response matrix and noise frequency response at k' sub-carrier for m** OFDM sym-

bol respectively.
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In this chapter, a typical MIMO-OFDM system model under multipath fad-
ing conditions and AWGN noise was discussed. To realize MIMO-OFDM transceivers
in practice, various analog and digital components have to be interconnected. The
complexity of these transceivers imposes several design challenges. Since ideal out-
put from analog components such as oscillators, A/D converters and amplifiers is
not practically possible, even the slightest error resulting from these components can
potentially cause significant performance degradation in highly sensitive and com-
plex transceivers such as those using MIMO-OFDM. In Chapter III, we introduce
different types of impairments that result from imperfect RF components and their

corresponding models and impact on a MIMO-OFDM system.
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CHAPTER III

RF IMPAIRMENTS

3.1 Issues in RF processing

With increasing demand for high data rate and spectrally efficient wireless tech-
nologies, future wireless systems must cope with the cost, complexity and power
requirements. Traditional RF processing techniques such as heterodyne receivers
when applied to modern wireless systems impose heavy complexity burden and lack
flexibility and reconfigurability. This causes performance limitations in terms of cost,
gain and noise power trade-off [9]. Furthermore, it is more practical and effective to
shift demanding signal processing tasks to digital baseband domain. This is mainly
due to the advancements in IC technology that allows heavy computations to be done
effectively and reliably with cost effectiveness, flexibility and reconfigurability. This
ability to handle complex digital signal processing (DSP) in a single integrated chip
has motivated recent wireless systems to switch from traditional heterodyne receivers
to low intermediate frequency (IF) and homodyne (also called as direct conversion or

zero-1F) receivers.
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3.1.1 Receiver architecture

Modern receivers serve multiple users that operate in narrow bandwidth and require
ability to select the appropriate channel with effective interference suppression from
other channels. Moreover, they operate in several GHz frequency that puts a very
high constraint in the filter design [9]. To this end, receivers typically convert the
received signal frequency w, into intermediate frequency (IF), w;p, by mixing the
incoming signal with a sinusoid of frequency w, —w;p. This mixing process generates
frequency components at w;r and 2w, — wyp. Hence, the major issue arising in this
type of down conversion is the so called image band problem [14, 15] that is caused
by the interference of the required signal with its mirror signal. To overcome this
problem, image-rejection filters are applied before mixing the incoming signals with
the local oscillator signal. Another method to overcome this problem is to implement
complex mixing or inphase-quadrature (IQ)) mixing in which the incoming signal is
mixed with complex exponential (e=7(r=«1#)) with only one frequency component
(3.1). As opposed to two frequency components generated by the real mixing tech-
nique involving real sinusoid, complex mixing prevents the image band problem by
generating only one desired frequency component as shown in Figure 3.2. The un-
wanted frequency components can then be removed using a filter to select the desired
signal.

Among various receiver architectures, two widely-used and well-known re-
ceiver architectures, i.e., heterodyne and homodyne, are discussed in this section.

Heterodyne receivers have been traditionally used in many applications while homo-
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Figure 3.2: Spectrum of the received signal as a result of real and complex mixing

dyne receivers are gaining much more popularity in recent years due to the advantages

they offer to future wireless systems in terms of complexity [9]. The concept of ho-
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modyne receivers is not new but its application was hindered by the lack of sufficient
IC technologies. In Figure 3.3, the simplified architectures of typical heterodyne and
homodyne receivers are shown.

In heterodyne receivers, the incoming signal is amplified using low noise am-
plifier (LNA) followed by an image reject (IR) filter. The resulting signal is then
mixed with local oscillator signal which performs frequency conversion. A channel
selection filter is then applied to select the desired channel after which complex mixing
is performed to demodulate the desired signal. The major design concern is choosing
the right IF such that it is high enough to successfully reject the image band and
low enough such that channel selection filters can be designed feasibly. Although
this receiver architecture provides high channel selectivity, it suffers from several dis-
advantages such as severe trade-off between gain, noise levels, stability and power
requirements [9].

On the other hand, instead of translating the frequency of the incoming
signal to IF, homodyne receivers translate the incoming bandpass signal directly to
baseband signal after amplifying through LNA. After IQQ mixing — which is required for
amplitude/phase modulated signals such as frequency modulated (FM) or quadrature
amplitude modulated (QAM) signals — low pass filters can be utilized to achieve
channel selectivity. This has various advantages over heterodyne receivers. It does
not suffer from image band problem and does not require IR filters thereby hugely
reducing the system complexity. The low pass filters and baseband amplifiers are
perfect for integrating the receiver circuit in a single IC chip [9]. Although homodyne
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(b) Homodyne (zero-IF) or direct conversion receiver (DCR)

Figure 3.3: Heterodyne and homodyne receiver architectures

architecture is very attractive for future high rate wireless applications as compared

to heterodyne architecture, it introduces various RF-impairments into the received

baseband signal due to the non-ideal components.

3.2  RF impairments in receivers

The attractiveness of the homodyne architecture comes with various implementation

issues that mainly arise from the impairments in analog hardware in the receiver front
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ends. In this section, we discuss several impairments associated with those homodyne

receivers as well as impairments for general receiver architectures.

3.2.1 DC offset, even order distortion and flicker noise

In [15, 13], various issues related to homodyne architecture are studied with possible
solutions to the impairments caused by imperfections in receiver circuitry. The main
issues such as DC offsets, flicker noise, even order distortion, LO leakage in the
homodyne receivers are summarized below.

Direct current (DC) offset is one of the major issues in homodyne receivers.
Since they down-convert the signals to DC, any additional offset voltages can cause
severe problems in the received signals and saturate the following stages [9]. DC-
offset arises when the mixer, local oscillator (LO) and LNA are not perfectly isolated
from each other and some feedback link is present from the LO to LNA introducing
DC component at the mixer output. DC offset prohibits the correct amplification
of the desired signal. It must be remedied by using various techniques such as AC-
coupling(High pass filtering) and offset cancellation methods which are discussed in
[15] and references therein.

Homodyne receivers also suffer from even-order distortion from non-linearities
arising in amplifiers and RF mixers. In the presence of high frequency interferers,
they contribute to the generation of low frequency components in the presence of
even order distortion [9]. A feasible solution for overcoming even order distortion is

to use differential amplifiers but it fails to fully suppress it.
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Furthermore, homodyne receivers also suffer from flicker noise. This type of
noise is also referred to as 1/f noise or pink noise which is related to direct current
[9] and is a low frequency phenomenon. Since the down-converted signal is located
around DC, this noise has a significant effect on the signal to noise (SNR) ratio and
causes severe problems especially in metal oxide semiconductor (MOS) RF chips. A
possible solution to overcome flicker noise is to implement periodic offset cancellation

through correlated double sampling [9].

3.2.2  Jitter

Jitter is the deviation or displacement of the pulses in a high frequency digital signal
in high rate wireless systems [9]. It can be in terms of amplitude, phase timing, or the
width of the signal pulse. Aperture jitter is the switching time variation for sample
and hold circuits using analog to digital converters (ADCs) resulting in the error
voltage proportional to the magnitude of the jitter. The more the input frequency and
amplitude, the more the system is susceptible to the aperture jitter effects. Aperture
jitter is also identified as the dominating error that limits the achievable SNR [6].
Another type of jitter is clock jitter produced by the clock generator that feeds the
ADC with the clock signal. It is caused by the phase noise of the oscillator and causes
the sampling time errors in ADC. The error auto-correlation function for aperture
jitter depends on the sampling time difference while clock jitter depends also on
absolute sampling time instants. This is why the error power for aperture jitter is

a constant and is distributed over the whole band and can be suppressed by using
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oversampling and filtering [6].

3.2.3 Non-linearities

The non-linear characteristics of mixer, oscillator, ADC, and power amplifier cause
non-linear distortion in the received signals [6, 7]. This is more pronounced in sys-
tems using multi-carrier techniques such as OFDM. It introduces the problem of
high peak to average ratio (PAPR) requiring highly linear front-end components and
also increases the overall cost for the system implementation. Several solutions for
overcoming impairments due to non-idealities are discussed in [7].

Detailed analysis including effects and compensation techniques of all the
aforementioned impairments are out of the scope of this thesis. Hence, two major
types of impairments are studied in detail in this thesis, i.e., IQ-Imbalance and phase

noise.

3.3 IQ-Imbalance

Homodyne receivers using phase and frequency modulated schemes mandates the use
of quadrature or IQQ mixing since both the positive and negative frequency components
contain signal information. As shown in Figure 3.3(b), the received RF signal after
LNA block is fed into two quadrature receiver branches which requires either shifting
the received RF signal or the LO signal by 7/2. The more feasible way is to shift
the LO signal [9]. Theoretically, these receivers provide perfect image attenuation

to remove the need of image rejection filters. In practice, however, there is always
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some phase and amplitude mismatch in the I and Q branches of the LO commonly
known as IQ-Imbalance. The typical values for IQQ mismatch is between 1%-5% in
amplitude and 1°-5° in phase which causes the constellation rotation of the received
signals [15, 6]. IQ-Imbalance may arise in both transmitters and receivers and are
also categorized as frequency-dependent and frequency-independent IQ-Imbalance
[7, 16]. In this thesis, we focus on the frequency independent IQ-Imbalance at the
receiver. The analysis for frequency dependent 1Q-Imbalance and consideration of

both transmit and receive IQ-Imbalances are left as possible future work.

3.3.1 IQ-Imbalance model

Let us consider the continuous time domain transmitted RF signal after I1Q up-

conversion as

z(t) = 2(R{s(t)} cos(w.t) — I{s(t)}sin(w.t))

= s(t)elt 4 55 ()e et (3.1)
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where s(t) is the complex baseband signal to be transmitted and R{s(¢)} = (s(t) +
s*(t))/2 and I{s(t)} = (s(t) — s*(t))/2i are the real and imaginary parts of the
transmitted baseband signal. w, represents the carrier oscillator frequency. As shown
in Figure 3.4, the LO output at the receiver with phase and amplitude mismatch of

0 and e, respectively, can be modelled as [6, 7, 16]

c(t) = cos(w.t) — jesin(w.t + 0) (3.2)

= Kle_jwct -+ K26jwct (33)

where K7 and K, are given as

1+ee9? K 1 — eced?
= —-—— 2 pr—

K _
! 9 ’ 9

(3.4)

The perfect amplitude and phase match between I and QQ branch represents e = 1 and
# = 0 such that K; = 1 and K5 = 0. Due to the imbalance between those branches,
perfect image rejection is not available, i.e., the signals at the Q branch interfere with
the I branch. To further illustrate this mathematically, let us consider that, at the

receiver, the bandpass signal z(¢) is mixed with LO signal ¢(t) as
2(t) = z(t)e(t) = Kis(t) + Kas™(t) + Kys(t)e™* + Kys*(t)e 2t (3.5)
After low pass filtering, we have
x(t) = Kis(t) + Kas™(t) (3.6)
Equation (3.6) in discrete time domain can be written as

z(n) = Kis(n) + Kas™(n) (3.7)
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The second term in (3.7) represents the effect of 1Q-Imbalance by introducing un-
wanted interference from the image signal. So far, we have not considered the effects

of the channel and it will be discussed in the next section.

3.3.2  Effect of IQ-Imbalance in MIMO-OFDM systems

In this section, we study the IQ-Imbalance effects in MIMO-OFDM systems. First,
let us consider a SISO system utilizing OFDM. The discrete time domain received m*
OFDM signal at the receiver including IQ-Imbalance can be written by combining

equations 2.8 and 3.7 as
x(n) = Kyr(n) + Kor*(n) + w(n) (3.8)

Serial to parallel conversion and FFT operation results in the frequency domain signal
(k) as

w(k) = Kir(k) + Kor® (k) 4 n(k) (3.9)
where r(k) is as given in equation (2.9). The operation # represents the conjugate
mirror operation such that if r(k) is the frequency domain signal at k' subcarrier

then, 7#(k) = r*(—k). Extending the result from SISO case to the MIMO case by

combining equations (2.14) and (3.9), we get
Xp(k) = Kir,(k) +Kor? (k) + 0, (k)
Xn(k) = K H,,(k)sn (k) + KoHZ (k)s? (k) + nm (k) (3.10)

where x,,(k) is the M, x 1 received frequency domain signal suffering from I1Q-

Imbalance for m'™™ OFDM symbol at k' subcarrier. H,,(k) and H (k) are the
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M, x M, frequency domain channel response matrices at the k** and —k*" subcarri-
ers. s,,(k) and s¥ (k) represent the transmitted frequency domain signal for for m!"
OFDM symbol at k™ and —k** subcarriers, respectively.

It is evident from equation (3.10) that the received signals include the desired
signal and the interference from the mirror subcarriers. This happens when the 1Q
receiver cannot attenuate the image signal completely. The effect of 1Q-Imbalance

on the received 16-QAM signal constellation for a 2 x 2 MIMO-OFDM system at

different SNR with different phase and amplitude mismatches is shown in Figure 3.5.

3.4 Phase noise

Phase noise is another type of RF impairment that is caused by random frequency
fluctuations from imperfect oscillators. It results in random phase variations at the
oscillator output [11]. For transceivers requiring low cost implementations and oper-
ating on high carrier frequencies, phase noise is a great performance limiting factor
[12]. In this section, phase noise modelling and the effect of phase noise in multi-
carrier systems especially OFDM is discussed. For OFDM systems, as it will be
shown, phase noise destroys the orthogonality between the subcarriers and causes
the rotation of the constellation symbols. This effect makes the system unusable if
not compensated effectively. We first start with the case of SISO systems and later

extend it for MIMO systems.
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Figure 3.5: Constellation plot for 16-QAM 2 x 2 MIMO-OFDM system at different
SNR and IQ mismatch parameters

3.4.1 Phase noise model
In presence of phase noise, the oscillator output is phase modulated with a random

phase that varies with time. Considering free-running oscillator model, the continuous
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time oscillator output in presence of time variant phase noise ¢(t) can be written as
c(t) = elwettolt) (3.11)

In Figure 3.6, the multiplicative effect of the phase noise on a transmitted signal
is depicted. The phase noise process ¢(t) can be represented as a continuous time
Brownian motion process with zero mean and variance that increases linearly with
time [11], i.e.,

o, = E{¢*(t)} = Kt (3.12)

where k is the rate of increment of variance with time. The phase noise process is

then given by
¢(t) = VEDB(t) (3.13)

where B(t) represents the standard Brownian motion with B(0) = 0. In case of
perfect oscillators, the power spectral density (PSD) spectrum consists of a delta
function at the required frequency but in presence of the phase noise, the oscillator

output power is spread around the desired frequency. The oscillator’s power spec-
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trum is usually defined as a single side-band spectrum measured in dBc/Hz (decibels
relative to carrier per Hertz) and is given as [11]

K

Ar*(fo — f)? + (5)?

L(f) = 10log, ( ) for 0< f, <o (3.14)

where f, is the frequency deviation of the oscillator frequency from the center fre-
quency f.. The function L(f) in (3.14) exhibits characteristics of a Lorentzian power
spectral density function as shown in Figure 3.7. Oscillators are often characterized

by the 3-dB linewidth of the PSD spectrum [ such that

B=— (3.15)

It has been well established that as ¢t — oo, the phase noise process, ¢(t) can be mod-
elled as a Wiener process with independent Gaussian increments [11]. The variance
of the phase noise is thus directly proportional to the 3-dB linewidth, 5. For high
quality oscillators, (3 is smaller with less energy dispersion around the desired output

frequency.
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For discrete time systems, we can model the oscillator phase noise as discrete

time Weiner process with independent Gaussian increments, i.e.

dn+1) = VEB(n+1)
= VkB(n) +u(n)
= ¢(n)+u(n) (3.16)

where B(n) is the discrete time Brownian motion process with B(0) = 0 and u(n) is
the Gaussian random variable with u(n) € N (0,47 3T;) with T, being the sampling

time interval.

3.4.2 Effects of phase noise in MIMO-OFDM

Considering SISO system, in presence of phase noise, equation (2.8) for the m!"

OFDM symbol in time domain can be re-written as

T (n) = e79m(™) igm(l)sm(n — 1) + n(n) (3.17)

After FF'T processing, the received signal in frequency domain is
N-1
Om (i — k) (1) $m (1) + 9 (k) (3.18)

=0

where

N—
27r(1)n
-~ Z i(#m(n (3.19)
n=0

We can notice from equations (3.17) and (3.18) that the multiplicative effect of phase
noise in time domain causes convolution of phase noise with channel and symbols

in frequency domain. The phase noise effect on OFDM symbols can be separated
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to common phase error (CPE) and inter-carrier interference (ICI) corresponding to

i = k and 7 # k, respectively, as

Tm(k) = ©m(0)h (k) Sy (k) +C£@+ N (k) (3.20)

The CPE and ICI terms can be written as

0,,(0) = %2@%@) (3.21)
(k) = % = 0,31 — K)o (D)5, (i) (3.22)
i—0,itk

It can be observed that the CPE term is the average of the phase noise process and
introduces a common rotation on the received OFDM subcarriers. The ICI term,
on the other hand, destroys the orthogonality between the subcarriers. It introduces
additive effect resulting from product of channel and transmitted signals from every
other subcarriers. The mean energy of the phase noise spectral components depend
upon the phase noise linewidth, number of subcarriers and transmitted data rate [12]

as

where b; can be written as b; = e/2™/N-"0R and R, = N/T, denotes the trans-
mission data rate. The ICI term can be treated as a random Gaussian noise when
the channel and transmitted symbols are considered independent and identically dis-

tributed complex variables [27]. In [12], the energy of the ICI term is calculated for

arbitrary phase noise levels and subcarrier numbers with normalized channel power,
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E{| hm(k) I’} =1 as

Bl G P} = o7 Bl 0,00 )

02x = [ B = (N + )b+ N N
N2 (b — 1)2

i=1

E{| (u(k) [} = (3.24)

The effect of CPE is dominant when the subcarrier spacing is much higher than
the oscillator linewidth (5 < Af) but ICI becomes more dominant if the converse
is true. CPE can be mitigated by de-rotating the received symbols by the CPE
estimate obtained by averaging the phase rotation on known pilot subcarriers in an
OFDM symbol [12]. On the other hand, the highly random nature of the ICI makes
it very difficult for full phase noise compensation and requires complex algorithms
that increases complexity. Hence, the design of the oscillator should be such that [ is
as low as possible so as to effectively mitigate for the phase noise effects in the digital
domain.

Phase noise effects are more severe for oscillators with high 3 and is very
essential to improve oscillator design to maintain low 3 . For high phase noise levels,
ICI power surpasses the signal power and the signal-to-interference plus noise power
ratio (SINR) degradation is more than the SNR itself [12] and it is difficult and infea-
sible to implement phase noise mitigation algorithms. Phase noise can be considered
small when the value of 37T is between 10~ to 102 such that the mitigation methods

are effective. Considering small phase noise with 2757 < 1, the CPE energy, 1CI
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energy and SINR can be written as [12]

N
E no_ g™ 2
{1 ©n(0) '} 0 (3.25)

No?

E 2y _ PN, 2
UGk Py = "5 (3.26)

1- 2

3Ry SNR

where SN R denotes the average signal to noise ratio per subcarrier.
The received signal model as given in (3.20) can be easily extended for MIMO
case. The time domain received signal corrupted by phase noise at the ¢ receiver

can then be written from (2.11) and (3.17) as

M
Bom = [0, 2?0 Wt o] 6N " hy % 8,0 + W, (3.28)
p=1

where /(") represents one realization of phase noise process for the ¢ receiver
branch and the m® OFDM symbol. Equivalently, the received signal in the frequency

domain can be written as

=z

-1

rn(k) = O, (i — k)H,, ()8 (1) + (k) (3.29)

i

i
o

where ©,, (1) is the M, x M, diagonal matrix of phase noise frequency domain samples
for the it subcarrier (i = 0,.., N — 1) of the m'™ OFDM symbol. The effect of phase
noise for the received symbol can be separated into two terms, the CPE (for i = k)

and ICI (for i # k) terms, as

T (k) = Om(0)Hun (K)sim (k) + G (k) + 1 () (3.30)
CPE ICr

where r,,(k), s, (k), nm(k) and ¢, (k) are the M, x 1 received signal, transmitted

signal, ICI and AWGN vectors associated with &' subcarrier of m** OFDM symbol.
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Figure 3.8: Constellation plot for 16-QAM 2 x 2 MIMO-OFDM system at different
SNR and phase noise linewidth

H,, (k) is the M, x M, channel matrix and ©,,,(0) = diag [0,,1(0), ©,,,2(0), ..., Oy ar, (0)]
represents the M, x M, diagonal matrix containing CPE terms associated with each
receiver branch. Constellation plot for a 2 x 2 MIMO-OFDM system with different

phase noise linewidth at different SNR is shown in Figure 3.8.
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3.4.3 Joint effects of phase noise and I1Q-Imbalance in MIMO-OFDM

Figure 3.9 shows a direct conversion 1Q receiver suffering from both IQ-Imbalance
and phase noise. The frequency domain received MIMO-OFDM signal suffering from

both IQ-Imbalance and phase noise can be obtained by combining (3.30) and (3.10)

X (k) = Kiry (k) + Korf, (k) + nn (k)

= K1Y 0,0 W Hsni) + KaY O4( — HHASEE) + 7m0 (k)
= K;0,,(0H,,(k)s, (k) + K07, (0)H,,, " (k)s,. " (k) + G (k) (3.31)

where 7, (k) = (k) + (k) represents M, x 1 ICI plus noise term affecting each

receive branch for the m OFDM symbol at k' subcarrier. The new ICI term, ¢, (k),
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Figure 3.10: Constellation plot for 16-QAM 2 x 2 MIMO-OFDM system at different
SNR and phase noise linewidth

including both IQ-Imbalance and phase noise can be written as

k) =K, Z_ ©,,(i — k)H,, (1), (i) + Ko Z_ O (i — k)H” (i)s¥ (i) (3.32)
i=0,i#k i=0,i#—k

The received MIMO-OFDM signal model in (3.31) shows the adverse multiplicative
and additive effects of IQ-Imbalance and phase noise. Figure 3.10 shows the con-
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stellation diagram of the received 2 x 2 MIMO-OFDM symbol using 16-QAM under
different SNR with different 1QQ mismatch and phase noise linewidth.

In this chapter, various RF-impairments and their impact on MIMO-OFDM
systems were discussed. It can be inferred that in presence of those impairments cou-
pled with noise and channel fading, the performance degradation will be intolerable.
In Chapter IV, the techniques to mitigate those impairments and improve system
performance is discussed. We first propose the techniques to estimate the impair-

ments then use that information to compensate the adverse effects of impairments at

the receiver of MIMO-OFDM systems.
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CHAPTER IV

ESTIMATION AND COMPENSATION

4.1 IEEE 802.11a frame format

We consider IEEE 802.11a standard [1] frame format developed for high-speed WLAN
(Wi-Fi) that uses OFDM for data transmission. Although developed for SISO sys-
tems, it has been used as the building block of its multi-antenna counterpart IEEE
802.11n. Typical parameters of an OFDM symbol based on IEEE 802.11a standard
are shown in Table 4.1. The variable transmission data rate can be achieved by choos-
ing appropriate coding rate and modulation format. The available bandwidth of 20
MHz is used by 64 subcarriers that consists of 52 information and 12 null subcarriers
(one null subcarrier centered at DC). Pilots and null subcarriers are used to fine tune
the channel estimation at receiver and to prevent ICI, respectively. Furthermore, to
reduce the ISI, a cyclic prefix of 16 OFDM subcarriers is appended at the beginning
of the OFDM symbol before transmission.

One OFDM frame consists of several OFDM symbols. The data transmission
stage is preceded by transmission of several training symbols collectively known as
preamble (see Figure 4.1). The preamble symbols are generally divided into short

training (ST) and long training (LT) symbols. The ST symbols are generally used
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Table 4.1: IEEE 802.11a parameters [1]

Parameter Value

Modulation Format BPSK, QPSK, 16/64-QAM
Coding Convolutional with rate 1/2,2/3,3/4
Bandwidth 20 MHz

Subcarrier spacing 320 KHz

Symbol Duration 4dps

Cyclic Prefix Length 800ns

Number of subcarriers 64

Number of data subcarriers 48

Number of pilot subcarriers 4

for detection of signals, gain control and diversity selection. In each ST symbol, 12
subcarriers are QPSK modulated and the rest 52 subcarriers are null subcarriers. For
LT symbols, 52 subcarriers are BPSK modulated that are used for channel estimation
and synchronization. The signal (SIG) field is transmitted after LT symbols that is
used to transmit modulation format and coding rate information for data subcarriers.
For MIMO systems, this also contains multi-antenna configuration information. After
SIG field, OFDM data symbols are transmitted that contain 4 pilot subcarriers,
48 modulated data subcarriers and 16 null subcarriers. Although these parameters

are already standardized for IEEE 802.11a, modifications of the preamble and data
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Figure 4.1: IEEE 802.11a OFDM frame structure

symbol structures can be made according to system requirements.

4.2 Preamble design

In packet or non-packet OFDM based standards, OFDM symbols contain known
pilot signals. Packet based OFDM transmission standards such as 802.11a/n usually
consider full pilot OFDM training symbols at preamble stage. OFDM data symbols
also consist of several scattered pilot signals within the OFDM symbol. In non-packet
based OFDM standards such as in mobile-LTE or mobile-WiMAX systems, preamble

might or might not be present depending upon the system requirements but scattered

pilot signals are always present within an OFDM data symbol.

For coherent detection of OFDM symbols, estimation of channel from each
transmit to receive branch is necessary. LT OFDM symbols are used for coarse

channel estimation at the receiver in a typical fixed OFDM system. In MIMO systems,

44




it is necessary that the design of preamble be such that the channel can be uniquely
identified between any transmit-receive pair. Considering a MIMO-OFDM system
that transmits two full N x 1 training OFDM symbols from each of the M; transmit
branches, the received frequency domain LT symbols at M, receive branches can be

written as,

Ry = H;S; + Ny (4.1)

where Ry = [r;1 r,9) is the NM, x 2 received training symbol matrix, H is the
NM, x NM, channel matrix, Sy = [sy1 S| is the NM; x 2 transmitted training
symbol matrix and N is the NM, x 2 AWGN component. The estimate of channel
can then be obtained by using the least squares (LS) estimation method using the

pseudo-inverse of St as,
Hy = RySh = Hy + N4Sh (4.2)

where Hy is the estimated NM, x N M, channel matrix and S; is the pseudo-inverse
of the transmitted training symbol matrix.

For MIMO-OFDM systems, in order to detect the channel between any
transmit-receive antenna pair, the optimal design condition for preamble symbol is
that it should possess orthogonality and shift-orthogonality for at least the channel
length [57, 48]. This condition is to minimize the channel estimation error. Based on
this condition and using 802.11a frame format, four types of LT symbols can be con-
structed [58] that achieve orthogonality and shift-orthogonality in time and frequency

domain. They are time multiplexed (TM), time orthogonal (TO), subcarrier multi-
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Table 4.2: Preamble structures and required overhead

Preamble Structure Overhead(No. of OFDM symbols)

™ 2M,
TO 2M,
SM 2
SO 2

plexed (SM) and subcarrier orthogonal structures [58]. The preamble structures for
MIMO-OFDM system employing 2 transmit antennas are shown in Figure 4.2. The
details of estimating the channel and the corresponding derivation of mean squared
error (MSE) is given in [58, 7]. The overhead associated with those four types of
preamble structures are shown in Table 4.2. From Table 4.2, it can be seen that
for TM and TO structures, the number of training symbols required is always twice
the number of transmit antennas. On the other hand, it remains fixed for SM and
SO structures. Also, for TM and TO structures, the channel estimates are available
for all the subcarriers while for SM and SO structures, channel estimates for only
selected subcarriers are available. The design of the preamble structure in the pres-
ence of IQ-Imbalance and phase noise for MIMO-OFDM systems has the following

requirements:

e The preamble should possess orthogonality and shift orthogonality for detection

of MIMO symbols.
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(¢) Subcarrier-multiplexed (d) Subcarrier-orthogonal
preamble structure preamble structure

Figure 4.2: Different preamble structures for MIMO-OFDM system based on IEEE
802.11a standard [1]

e Since the CPE term is dynamic, on a symbol by symbol basis, using more

OFDM symbols in preamble results in considerable estimation error [42].

e The received signal contains data from mirror subcarriers due to IQ-Imbalance.
Hence, the preamble should be designed such that the effect of mirror subcar-

riers is eliminated.

Based on the these requirements, SM preamble is the best choice which we consider in
this thesis. It requires only two LT preamble symbols to estimate the IQ-Imbalance

parameters. Also, the estimates will be minimally affected by changing phase noise
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per OFDM symbol. We define matrices T and Ty that contain M; training symbol

vectors of size N x 1 to be transmitted from M, transmit antennas as
T1:{7051>7062a“'7705Mt} (43)

T2:{705l177o£/27"'77053\4t} (44>

where v is a N x 1 vector of known training symbol that can be optimized according
to the system requirements and the N x 1 vectors §, and 51/9, corresponding to p”

transmit antenna, are given as

&p(k) = T, 1 {[1,001,-1,1,001,—1, ..., 1, 0pg, 1 ]}" (4.5)

—&,(k) forke {1,2,..,5 -1}

IS EDY

&(k) = (4.6)
& (k) forke {—%, —% +1,.., _1}

In (4.5), II,_; represents the cyclic shift operation over p — 1 samples and 0y,
denotes an all-zero vector. Fig. 4.3 shows the preamble structure for the special case
of 2 transmit antennas. With the above proposed preamble structure and without
considering ICI and noise, the received signal vector for the two consecutive training

symbols can be written as

~

Pi(k) = KiHy(k)ti(k) + K.HZ (k)] (k) (4.7)

Po(k) = Ki(Hpe(k) 4+ 0)ta(k) — Ko(HZ (k) + )t (k) (4.8)

pre

where t1(k) and to(k) are the k' row of Ty and Ty with each of them containing
only one non-zero element \; (k) and Ay(k) respectively. Hy,..(k) = ©,,..(0)H(k) and

H?# (k) = ©7, (0)H# (k) represent the effective channel matrix at the k™ and —k'

pre pre
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(b) Second OFDM Training Symbol

Figure 4.3: OFDM preamble structure for 2 transmit antennas.

subcarriers with ©,,.(0) being the CPE associated with the training symbols. § is the
M, x 1 vector representing error term due to different CPEs affecting two consecutive
training symbols. This error term is the same for all the subcarriers due to the same

CPE effect on every subcarrier.

4.3 Effective channel estimation

Since the CPE term is the same for all the subcarriers, it is sufficient to estimate the

effective channel at the preamble stage. We define two vectors, x,(k) and x,(k) as

Xa(k) = {shi(K) +a(k)}/2M1 (k) = Kby (k) + p (4.9)

Xo(k) = {3p1(k) — 9a(k)} /205 (k) = Kohf (k) — p (4.10)
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where h,(k) = ©,,.(0)h,(k) and ﬁf(k‘) = ©* _(0)h? (k) represent the p™ column

pre P

vector of H,,.(k) and H#_(k), respectively and p = (K8 — K»6%)/2. Using (4.9),

pre

(4.10) and the fact that Ky = I, — K7, we define M, x 1 vector e(k) as,

~

e(k) = xa(k) +x7 (k) = hy(k) + p — o' (4.11)

From (4.11), the channel vector corresponding to the k* subcarrier (k = kM, +
p,k=0,1,....[N/M;]) of the p'" receiver branch is estimated with very small error,
p—p = %(5 — 0%), that does not depend on the IQ-imbalance parameters and is
solely due to CPE difference between two consecutive long training symbols. Hence,
we take the estimated channel vector ﬁp(k;) ~ e(k). After all the channel estimates
are obtained, the estimation can be improved further by employing a linear minimum
mean squared error (LMMSE) scheme when the correlation between the subcarriers
and average SNR is known [59]. The LMMSE channel estimate can be calculated as

[59]’

A -1 .
BN = Ry (R + ol ) B (4.12)

where flgfl is the (N/M;) x 1 estimated channel vector at the preamble stage for

each p™ — ¢ transmit-receive pair. Ry, = E {h, hfl,

} is the autocorrelation matrix
of the channel elements in the frequency domain. o = E{|sp|>} E{[1/s:|*} is a
constant which is fixed for any given modulation format (e.g. for 16-QAM, o = 17/9
[59]). To reduce the high complexity introduced by this estimation method, a low-

rank approximation method is also introduced in [59]. The channel vectors for the

rest of the subcarriers can be estimated using interpolation along the subcarriers or
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by employing iterative transform domain techniques [60, 61] which are summarized

below.

4.3.1 Channel estimation using interpolation

To obtain a full channel matrix associated with each subcarrier for coherent detection,
different interpolation techniques can be used based on the complexity requirements
of the system. Considering a simple linear interpolation method, the channel at the
kt" subcarrier for the p* and ¢ transmit and receive pair for a 2 x 2 MIMO system

can be written as,

(4.13)

; hprepa(k — 1) + hppepq(k + 1)
hpre,p,q(k): pre,p,q 2 pre,p,q

The channel associated with the edge subcarriers can be estimated by extrapolation,
but, the estimation error due to extrapolation is comparatively large and causes loss
in system performance. To reduce this, the subcarriers at the edge of the OFDM fre-
quency spectrum can be modulated with lower order modulation for better detection
or can be discarded completely. The number of subcarriers which can be discarded
is low for low order MIMO systems but increases with more number of transmit an-
tennas. In terms of complexity, interpolation amongst subcarriers is the best choice

since it is simplest to implement.

4.3.2 Channel estimation using transform domain techniques

This method of channel estimation for OFDM transmission provides more accurate

estimation than interpolation methods when the channel estimates are not available
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for all subcarriers [62]. It uses the limited available channel estimates obtained at
preamble stage to estimate the channel for all subcarriers. Since only N/M,; chan-
nel estimates are available for any transmit/receive branch, this method iteratively
reconstructs the missing channel estimates by employing successive FFT /IFFT trans-
formations. Let hy, where kg = 0,1, .., (N/M,) — 1 be the frequency domain effective
channel estimates obtained using training symbols at preamble for any p—q transmit-

receive pair.

1. Perform zero padding at those subcarrier indices where the channel is not de-
fined. This will extend the length of effective channel estimates, flko, from N/M,

to N. Lets consider the extended zero-padded channel to be ﬁkl.

2. For iteration ¢, transform ﬁkl into time domain by using an N point IFFT i.e.,
h,, = F3! {ﬁkl }

3. Apply a rectangular window w(n) to select L significant channel taps from h,,,.

The rectangular window can be defined as

w(n) = 1 for (N-L)/2<n<(N+1L)/2
= 0  otherwise (4.14)
where n =0,.., N — 1

4. Transform the windowed time domain channel response, ﬁni, to frequency do-

main using N point FFT. Let this channel response be flkl

5. Substitute the known N/M, channel estimates from hy, into hy,.
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6. Calculate the mean squared error, MSE = E{\ﬁko - flkP} for {ko,ki} =

0,1,..,(N/M,;) — 1.
7. Repeat steps 2-6 to meet the desired accuracy.

The knowledge of channel length and the location of the most significant
channel tap is the main requirement for this procedure. In practice, the most sig-
nificant tap will be the one with the highest magnitude. The algorithm also works
better when the window length matches with the true channel length. The channel
response for all other transmit-receive pairs can be estimated by the same method

and the overall channel response for each subcarrier can then be estimated.

4.4 1Q-Imbalance parameter estimation

The estimation of phase and amplitude imbalances due to IQ-imbalance is necessary
to mitigate the effects of IQ-Imbalance. To estimate the IQ-imbalance parameters at

the preamble stage using (4.9 - 4.11), for k =0,..., N — 2, we define

alk) = e(k)—e(k+1)

= hy(k) —hy (k+1) (4.15)
Bk) = Xa(k) = Xa(k +1)

= Kih,(k) — Kih, i (k+1)

= Kia(k) (4.16)
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where x,(k) and e(k) are defined in 4.9 and 4.11 respectively. The phase and ampli-

tude imbalance parameters are then calculated as

0(k) = —arg{2(8(k) @ a(k)) — 1} (4.17)

é(k) = abs{2(8(k) © a(k)) — 11, } (4.18)

where 1,; is the M, x 1 all one vector and @ represents element-wise division op-
eration. It can be noticed that the estimates of imbalance parameters are totally
independent of the different CPE term for two consecutive long training symbols.
The obtained imbalance parameters can be averaged over all subcarriers to get a
better estimate. To further increase the accuracy of the estimates and because of the
slow varying nature of IQ-imbalance parameters, these parameters can be averaged

over several OFDM blocks.

4.5 Effective channel tracking and data detection

Since we typically assume quasi-static channel for WLAN and Wi-Fi systems, the
channel response can be considered fixed within an OFDM frame. The channel
estimation obtained at the preamble would have been sufficient for several OFDM
symbols, but, since CPE changes from one OFDM symbol to another, it needs to be
compensated on a per symbol basis. Assuming there are r pilot subcarriers in m'
OFDM symbol from ;™ transmit branch with pilot values d, ; (1), dp (2), ..., dm; (1),

it is possible to update the effective channel matrix estimates obtained from (4.11)

at data transmission stage for efficient phase noise mitigation and data detection.
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The M, x 1 received pilot signals at [ and —I*" subcarrier of the m!» OFDM

symbol where [ € 1,2, .., 7 can be written as (without considering ICI and noise)

X (1) = Ki Yy (1) + K2 X5 y70 (D) (4.19)

xi (D) =KXy (1) + K3 oym(D) (4.20)

where the diagonal matrix Y,,,

Ywi O 0
0 Yo - 0
Y, = (4.21)
0 0 .

represents the updating parameters to compensate varying phase error for each re-
ceiver branch such that Y,,, = ©0,,4(0)/0,c4(0). Ki = diag(kil),..,kj(\}[)r) and
K, = diag(k‘?), o k‘%) are the IQ-imbalance matrices. We also define vector y,, (1)
as Y (1) = {Yma (D), -, Ymoas, (D}F such that y,.(1) = Hy.e(l)dn (1) where Hy, (1) is
the estimated channel matrix and d,,(I) = {d,,1(0),..,dmas(1)}7 is the vector of

[*" subcarrier.

transmitted pilots from different transmitter branch at

Algorithm 1 summarizes the procedure to compute the updating parameter
matrix to compensate for varying CPE for each OFDM symbol. As the CPE is fixed
for all the subcarriers, it is possible to get a better estimate of the updating matrix

by averaging it out over all pilot subcarriers. After finding the updating matrix,

the transmitted data vector at the k' subcarrier, $,,(k), can be estimated using
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Algorithm 1 Calculation of updating parameter matrix Y,,

Input - Kh KQ, I:Ipre(k)a ‘I’7 T X’m(l>7 X#L(D
Output — Y,
e Initialize - ¢=1
while ¢ < M, do
k((zl) k(l) k‘él) —k(l)

— Set leq = s X?,q =
k(’;@) k(’;@) k;@) *k;@)

* Initialize — [ =1

while [ <r do

1. Set z4(1) = [fm,q(l),iﬂﬁ,,q(l)f

2. Compute Yy, ¢(1) and y7; (1)
3. Compute Cq(l) = Ym,q()X1,q + yﬁi,q(l)Xg,q
4. Compute Qq(l) = (CH(1)Cy(1) + ¥y qI2) *CH (1)
5. Compute @4(1) = Qq(l)zq(1)
6. l=1+1
— Compute ¢q = 3 31— @q(1)
— Compute Y., q = @q(1) + jPq(2)
—g¢g=q+1

o Set Y, = diag{Tm,q}gi’i

A~

H,. (k)= Tmﬂpre(k‘), Kl, K, and solving
min|[8,, (k) — A (k)% (k)| (4.22)

where §,(k) = {8,(k),5%(k)}" and %,(k) = {xm(k),x%(k)}7T are the estimated



and received signal vectors, respectively. For zero forcing (ZF) and minimum mean

squared error (MMSE) based receivers

Azp(k) = (WT(E)W (k)W (k) (4.23)

Aviss(k) = (WH(RYW (k) +R) "W (k)" (1.24)

where,
W (k) = (4.25)
K3H,, (k) KiHZ (k)
and R = ¥®I),, is the noise + ICI power that can be estimated from null-subcarriers.

For N OFDM short symbols with N,,; null subcarriers, this correlation matrix W

can be estimated as [40]

Nnull

1
U = x; (k) xH2 (k 4.26
TN 2 2 X0 8) (4.26)

In Chapter V, the efficiency of the estimation and compensation techniques
proposed in this chapter to mitigate RF-impairments will be verified by simulation.
The following chapter presents various simulation results in terms of mean squared
error (MSE) and bit-error rate (BER) for the performance evaluation under different

scenarios.
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CHAPTER V

PERFORMANCE RESULTS

5.1 Simulation setup

To analyse the system performance, Monte-Carlo simulation [63] to obtain mean-
squared error and bit error rate under various scenarios is performed in MATLAB.
OFDM symbol format is based on IEEE 802.11a standard for fixed-WLAN systems
[1]. A summary of the used parameters can also be found in Table 4.1. At the
beginning of transmission, two full pilot OFDM preamble symbols are generated
using binary phase shift keying (BPSK) modulation. The pilot symbols to be inserted
in OFDM data symbols are generated using quadrature phase shift keying (QPSK)
modulation format. For each transmit branch, the data are generated as random bit
streams which are grouped and mapped into a suitable modulation format (4/16,/64
QAM).

The wireless channel is modelled as a 7-tap multipath Rayleigh fading channel
with exponential power delay profile. The channel is assumed to be independent
for each transmit-receive pair [52]. Furthermore, AWGN with zero mean and unit
variance is added to the received signal at the receiver. Independent oscillators are

assumed at each receive branch with independent 1Q-Imbalance and phase noise. 1Q-
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Imbalance parameters are chosen in accordance to realistic practical values ranging
between 1%-10% in amplitude and 1°-5° in phase. The phase noise process is modelled
as a discrete Brownian motion process with independent Gaussian increments as given
in Chapter III.

The OFDM transmission process consists of transmission of preamble symbols
followed by OFDM data symbols on a frame by frame basis. One OFDM frame
consists of 50 OFDM symbols excluding the preamble. In OFDM preamble symbols,
out of 64 available subcarriers in one OFDM symbol, 52 subcarriers are modulated to
be used as training symbols and 11 subcarriers at each edge of the OFDM spectrum
and one at DC are left as null subcarriers. For OFDM data symbol, 48 subcarriers
are used as data, 4 as pilots and 12 subcarriers are null subcarriers. Data and pilots
are mapped into subcarriers of an OFDM symbol and fed into 64-point IFFT block.
The resulting time domain symbols are converted to a serial data stream and the
last 16 time domain OFDM samples are appended at the beginning of the OFDM
symbol as cyclic prefix. The data stream is mapped over the antenna using spatial
multiplexing [64] and then passed through the channel.

At each receive branch, independent I1Q-Imbalance and phase noise is added
to the received OFDM time domain samples. After FFT operation, the preamble
symbols are used to estimate the effective channel and IQ-Imbalance parameters.
Those parameters along with the pilot symbols in OFDM data symbol are used to
track the effective channel according to the algorithm discussed in Chapter IV. After
all the parameters are estimated, the receiver then applies minimum mean squared
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Figure 5.1: BER performance of an uncoded 16-QAM, 2 x 2 MIMO-OFDM system
with different IQ-Imbalances

error (MMSE) based decoding scheme on a per-subcarrier basis [65] to estimate the

transmitted frequency domain signals at each subcarrier.

5.2 Effect of [Q-Imbalance and phase noise in MIMO-OFDM systems

The effect of impairments in MIMO-OFDM system is analyzed using BER simulation.
The effect of the impairments is simulated by assuming that the receiver has perfect
channel knowledge but lacks IQ-Imbalance and phase noise information. In Figure

5.1, the effect of IQ-Imbalance on the performance of spatial multiplexing in a 2 x 2
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Figure 5.2: BER performance of an uncoded 16-QAM, 2 x 2 MIMO-OFDM system
at various phase noise linewidth

MIMO-OFDM system using 16-QAM modulation is shown. It can be seen that even
very small phase and amplitude mismatch causes significant performance degradation.
Similarly, the effect of phase noise is depicted in Figure 5.2 for 2 x 2 MIMO-OFDM
system using 16-QAM modulation with different phase noise linewidth. It can be
seen that the phase noise also has a severe effect on system performance.

The joint effect of IQ-Imbalance and phase noise is shown in Figure 5.3 for

a 2 x 2 MIMO-OFDM system using 16-QAM modulation. Different 1Q-Imbalance
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Figure 5.3: BER performance of an uncoded 16-QAM, 2 x 2 MIMO-OFDM system
with both IQ-Imbalance and phase noise

values and phase noise linewidth are taken for simulation. As expected, the joint
effects of these impairments cause significant performance loss in terms of BER that

is higher than the individual effects of those impairments.

5.3 Mean-squared error

The estimation of effective channel and IQ-Imbalance parameters using preamble

symbols at the beginning of the OFDM frame transmission is analyzed using mean
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squared error metric given as
MSEx = E { |[HL, — H,|*} (5.1)

where H,, represents the actual effective channel containing the CPE term and H,,
is the effective channel estimated by using the tracking algorithm. The MSE in
channel estimation is averaged over several OFDM frames and all transmit-receive
pairs. Similarly, the MSE metric for IQ-Imbalance parameter estimation can be given
as

MSEg, = E{ K - Ki[*| (5.2)

Figure 5.4 shows the MSE in channel estimation for 2 x 2 and 4 x 4 MIMO-OFDM
systems using an interpolation technique to estimate the overall channel. Fixed 1Q-
Imbalance of (5°,10%) is applied at each receive branch with variable phase noise
linewidth, 3. We can see that for higher 3, the MSE is also higher which can be
explained by the fact that the ICI power increases with increasing 3. The flooring
effect is due to the error propagation from the initial channel estimation errors.

The MSE for channel estimation using transform domain iterative techniques
with 40 iterations with IQ-Imbalance of (5°,10%) and phase noise linewidth 8 = 5
KHz at each receive branch is shown in Figure 5.5. We can see that this method
improves the system performance as compared to interpolation method especially for
a 4 x 4 MIMO system where lesser channel estimates are available at preamble stage.
For higher phase noise linewidth, (3, this scheme also has degrading performance due

to increased ICI power from phase noise.
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Figure 5.4: Channel MSE for 2 x 2 and 4 x 4 MIMO-OFDM using interpolation
technique. IQ-Imbalance of (5°,10%) is applied at each receive branch

In Figure 5.6, a comparison of interpolation and transform domain channel
estimation techniques is shown for a 4 x 4 MIMO-OFDM system with 1Q-Imbalance
of (5°,10%) and phase noise linewidth, § = 5 KHz. It can be observed that with
higher number of transmit-receive pairs, transform domain technique with sufficient
iterations has superior performance than interpolation technique.

The accuracy of 1Q-Imbalance parameters estimation can be analyzed using
MSE of matrix K; that contains all the phase and amplitude mismatches at all the

receive branches. In Figure 5.7, the MSE of IQ-Imbalance parameters for a 4 x 4
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Figure 5.5: Channel MSE for 2 x 2 and 4 x 4 MIMO-OFDM with iterative transform
domain technique. IQ-Imbalance of (5°,10%) is applied at each receive branch

MIMO system is depicted. Similar results are obtained for a 2 x 2 MIMO system.
As seen, the proposed estimation method performs very well at high phase noise
linewidth, 5. Also, at low SNR where AWGN is dominant, it can be seen that the
phase noise level does not have significant effect on MSE. At high SNRs, however,
ICI becomes dominant and causes performance loss that is dependent upon the phase

noise linewidth.
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Figure 5.6: Comparison of channel estimation techniques for a 4 x 4 MIMO system
with IQ-Imbalance of (5°,10%) and 3 = 5 KHz at each receive branch

5.4 Bit error rate

In this section, the performance of the proposed estimation and tracking scheme for
detection of transmitted frequency domain OFDM symbols is demonstrated. The
estimated OFDM symbols are de-mapped and the corresponding bit stream is gen-
erated. It is then compared with the transmitted bits and error bits are found out
that gives the bit error rate at a particular SNR.

In Figures 5.8 and 5.9, the BER results for 2 x 2 and 4 x 4 MIMO-OFDM

systems using 16-QAM is depicted. We can see that the compensation of only 1Q-
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Figure 5.7: MSE in estimation of K; for 4 x 4 MIMO system at various phase noise
linewidth, 3

Imbalance or phase noise does not improve the system performance. Hence, both the
impairments should be compensated to get acceptable system performance. Further-
more, it is evident from the results that iterative transform domain channel estimation
technique provides better performance for 4 x 4 MIMO than 2 x 2 MIMO system.
At BER of 1072, the gain provided by iterative transform domain technique for 4 x 4
MIMO against interpolation technique is around 8dB while it is only 1 dB for 2 x 2
MIMO. It is due to the fact that the iterative technique can re-construct the channel

more effectively with less channel estimates than interpolation technique which is
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Figure 5.8: BER performance of an uncoded 16-QAM, 2x2 MIMO-OFDM system for
B =5 KHz and IQ-Imbalance of (5°,10%) at each receiver branch

also evident from MSE results in the previous section. The results for 2 x 2 MIMO-
OFDM with 4-QAM modulation and iterative channel estimation is also shown in

Figure 5.10 where we can see similar performance enhancement when the proposed

scheme is applied.

5.5 Complexity analysis

The complexity of the proposed estimation and tracking scheme is analyzed by cal-

culating the number of floating point operations per second (FLOPS) required for its

68



10 F

Uncoded BER

= ¥ = Uncompensated
= © = Only IQ imbalance compensated
+ % Only phase noise compensated

3 —— Proposed scheme (CE by subcarrier interpolation)
10 | = ® = Proposed scheme (CE by transform domain)
i —e— No IQ imbalance and phase noise

| | | | |
0 5 10 15 20 25 30 35 40
Average SNR in dB

Figure 5.9: BER performance of an uncoded 16-QAM, 4x4 MIMO-OFDM system for
B =5 KHz and IQ-Imbalance of (5°,10%) at each receiver branch

implementation. For channel and IQ-Imbalance parameters estimation, flops required
to calculate (4.9), (4.10), (4.11), (4.15), (4.16), (4.17) and (4.18) are derived. The
results are shown in Table 5.1.

For a 2 x 2 MIMO-OFDM system using 64 subcarriers with 52 data subcar-
riers the number of flops required to estimate channel and 1Q-Imbalance parameters
is 3952. The complexity analysis for overall channel estimation using interpolation or
transform domain iterative techniques is not included in this calculation. Since trans-

form domain iterative techniques are more complex to implement, a suitable method
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Figure 5.10: BER performance of an uncoded 4-QAM, 2 x 2 MIMO-OFDM system
for § =5 KHz and IQ-Imbalance of (5°,10%) at each receiver branch

should be chosen for overall channel estimation based on the system requirements.

Next, we calculate the complexity of the effective channel tracking algorithm
(Algorithm 1) as given in Chapter IV. The results are given in Table 5.2. The
calculation of total number of flops also includes the M, (2r + 4) flops required to
average the updating parameter over pilot subcarriers for each receive antenna. The
complexity to implement the effective channel tracking algorithm when calculated for
a 2 x 2 MIMO-OFDM system with 4 pilot subcarriers is 2104.

The proposed estimation and tracking scheme can be compared with the one

70



Table 5.1: Computational Complexity of proposed effective channel and 1Q-Imbalance
parameters estimation technique in terms of number of flops required

Operation Number of flops required
Channel estimation, equation (4.9) N(8M, +2)
Channel estimation, equation (4.10) N(8M, +2)
Channel estimation, equation (4.11) 2N M,
[Q-Imbalance parameters estimation, equation (4.15) 2N M,
[Q-Imbalance parameters estimation, equation (4.16) 2N M,
[Q-Imbalance parameters estimation, equation (4.17) 14N M,

Total flops required N(36M, +4)

Table 5.2: Computational complexity of proposed tracking method (Algorithm 1) in

terms of number of flops required

Operation Number of flops required
Algorithm 1, step 2 12M; M,
Algorithm 1, step 3 561 M,
Algorithm 1, step 4 140r M,
Algorithm 1, step 5 24r M,

Total flops required M, ((12M; + 238)r + 4)

given in [45] in terms of the number of complex additions and multiplications re-

quired. The channel estimation in (4.9)-(4.11) only requires 3N complex additions
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and 2N complex multiplications. Also, the IQ-imbalance parameters estimation in
(4.15)-(4.18) requires 2N complex additions and 2N complex multiplications. The
estimation process does not involve any matrix inversion. The tracking algorithm
involves inversion of a 2 x 2 matrix for rM, times. It also involves extra 13rM,
complex multiplications and 4rM, complex additions. The scheme proposed in [45]
is more complex than our proposed scheme since it involves higher number of com-
plex multiplications. Note that in [45], the analysis is done only for SISO systems
while the computational complexity increases exponentially with the number of trans-
mit /receive antennas.

In this chapter, the performance of the proposed estimation and effective
channel tracking method is evaluated through simulation. It is observed that the
proposed scheme performs well in terms of MSE and BER for different MIMO config-
urations and impairment parameters. Furthermore, the complexity in implementation
of the scheme is also derived in terms of number of flops required. In Chapter VI,
concluding remarks and possible future work including the important aspects and

findings of this thesis will be discussed.
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CHAPTER VI

CONCLUSIONS

6.1 Summary of the thesis

In this thesis, a joint estimation and compensation scheme to mitigate IQ-Imbalance
and phase noise with channel estimation in MIMO-OFDM systems was presented.
As a starting point, signal, channel and RF impairments modelling were discussed.
The impact of RF impairments on the performance of MIMO-OFDM systems was
demonstrated through signal model and constellation diagrams. It was pointed out
that constellation rotation and ICI are the major impacts of IQ-Imbalance and phase
noise. It was also observed that severe performance loss occurred in the presence of
those impairments in OFDM systems while the loss was even more pronounced in
MIMO-OFDM systems. The need to mitigate those impairments in a joint fashion
was pointed out and was also the central point of this thesis.

For MIMO-OFDM systems based on IEEE 802.11 a/n standard, a suitable
preamble structure was introduced to estimate the initial channel and IQ-Imbalance.
As CPE changes from one OFDM symbol to another, the effective channel estimate
obtained at the preamble stage is not suitable for subsequent OFDM symbols in an

OFDM frame. Hence, using pilot symbols in data stage of OFDM transmission, a
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method to update the effective channel estimates by updating the CPE was discussed.
An algorithm was presented that could find the updating parameters corresponding
to each receive branch. Using ZF and MMSE schemes, it was shown that the ef-
fective channel estimates together with 1Q-Imbalance parameters can then be used
to efficiently detect the transmitted data. The performance of the proposed scheme
for spatial multiplexing in MIMO-OFDM systems was verified through simulation
and it was shown that it provides significant performance improvement in terms of
BER. The complexity associated with implementation of the estimation and tracking

procedure was also calculated based on the number of flops required.

6.2 Future work

The proposed compensation technique in this thesis can be further improved to build
more robust MIMO-OFDM transceivers. For instance, joint compensation of sev-
eral RF impairments can be considered including DC-offset, even-order distortion,
non-linearities etc. As those unavoidable impairments are always present in wireless
transceivers, methods to jointly estimate and mitigate those impairments are highly
desired. Another extension that can be applied is the elimination of the quasi-static
channel assumption. In this thesis, it is assumed that the wireless channel between
any transmit-receive antenna pair remains constant for several OFDM symbols. How-
ever, for mobile wireless systems, this assumption is no longer valid and the channel

needs to be estimated for each OFDM symbol.
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An assumption is also made in this thesis that the impairments are present
only at the receiver. Joint compensation techniques that also consider transmitter
side impairments can increase the reliability of a MIMO-OFDM system which is
also a possible extension of this thesis. An equivalent received signal model can be
formulated that includes both transmitter and receiver impairments, however, it is
sometimes preferred to compensate at transmitter and receiver separately.

It is further assumed that the IQ-Imbalance parameters are frequency inde-
pendent and are constant for the entire bandwidth. However, in [7], it is pointed out
that wireless transceivers might also suffer from frequency dependent IQ-Imbalances
due to high carrier frequency and mobility of wireless systems. A more realistic 1Q-
Imbalance model that considers both frequency dependent and frequency indepen-
dent IQ-Imbalance can be used to come up with new estimation and compensation
schemes.

Among the two degrading effects introduced by phase noise, CPE and ICI,
the main focus of this thesis was to estimate and mitigate the CPE which has more de-
structive effect as compared to ICI. However, to completely mitigate phase noise, ICI
term should also be considered and methods to estimate and compensate the ICI can

be developed for more robust communication systems with some added complexity.
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