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Abstract

Multi-carrier techniques play an important role in the fifth generation (5G) and be-
yond 5G (B5G) wireless communication systems, as they can support high data rate
communications and exhibit high resilience to frequency selective fading. However,
the presence of radio frequency (RF) impairments, such as carrier frequency offset
(CFO), in-phase/quadrature-phase (IQ) imbalance, hinder the effectiveness of multi-
carrier techniques. Thus, the estimation of RF impairments and channel are very es-
sential. In this thesis, RF impairments(s) and channel(s), and their estimation together
are considered for various multi-carrier 5G and B5G systems. This thesis consists of

four main contributions as follows.

First, a joint multi-time of arrival (TOA) and multi-CFO estimation scheme is pro-
posed for multi-user orthogonal frequency division multiplexing (OFDM) systems, where
TOA is a key component of channel. With a carefully designed pilot, U TOAs and U
CFOs of U users are separated jointly, dividing a complex 2U-dimensional estimation
problem into 2U low-complexity one-dimensional estimation problems. Two CFO esti-
mation approaches, including a low-complexity closed-form solution and a high-accuracy
null-subcarrier assisted approach, are proposed to estimate the integer and fractional
parts of each CFO as a whole. Each TOA estimate is robust against CFO by means
of the features of the inter-carrier interference (ICI) matrix. Cramér-Rao lower bounds
(CRLBs) of multi-TOA and mutli-CFO estimation are derived for multi-user OFDM

systems. Extensive simulation results confirm the effectiveness of the proposed scheme.

Second, an iterative semi-blind (ISB) receiver structure is proposed for short-frame
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full-duplex (FD) OFDM systems with CFO. An equivalent system model with CFO in-
cluded implicitly is first derived. A subspace-based blind channel estimation is proposed
for the initial stage, followed by a single pilot assisted CFO estimation and channel am-
biguities elimination. Then, channel and CFO are refined iteratively. The integer and
fractional parts of CFO in the full range are extracted as a whole and in closed-form at
each iteration. The proposed ISB receiver, with halved training overhead, demonstrates
superior performances than the existing methods. CRLBs are derived to verify the ef-
fectiveness of the proposed receiver structure. It also demonstrates fast convergence

speed.

Third, a robust semi-blind CFO and channel estimation scheme is proposed for gen-
eralised frequency division multiplexing (GFDM) systems. Based on an equivalent sys-
tem model with CFO included implicitly, initial blind channel estimation is performed
by subspace. Then, full-range CFO and channel ambiguity are estimated consecutively
utilising a small number of nulls and pilots in a single subsymbol, respectively. Both
CFO and channel estimates demonstrate high robustness against ICI and inter-symbol
interference (ISI) caused by the nonorthogonal filters of GFDM. Simulation results ver-
ify that the bit error rate (BER) performance of the proposed scheme approaches the

ideal case with perfect CFO and channel estimations.

Last but not least, a semi-blind joint estimation scheme of multiple channels, mul-
tiple CFOs and IQ imbalance is proposed for generalised frequency division multiple
access (GFDMA) systems, with no constraints on carrier assignment scheme, modula-
tion type, cyclic prefix length and symmetry of IQQ imbalance. By means of subspace
approach, CFOs and channels of U users are first separated into U groups. For each
individual group, the CFO is estimated by minimising the smallest eigenvalue, whose
corresponding eigenvector is utilised to determine channel. Then, IQ imbalance parame-
ters and channel ambiguities are estimated jointly by very few pilots. Simulation results
show that the proposed scheme significantly outperforms the existing methods, while

at much lower training overhead. It also achieves a close performance to the derived

CRLB.

ii
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To summarise, this thesis focuses on developing the estimation schemes of RF im-
pairments and channels for 5G and B5G systems, by considering both OFDM and
GFDM based multi-carrier techniques, half-duplex and full-duplex modes, single-user
and multi-user systems. The developed estimation schemes are either pilot-aided with
low complexity or semi-blind by subspace with high spectrum efficiency. This research
work is an essential reference for academics and professionals involved in this topic.

Keywords— OFDM, GFDM, GFDMA, full-duplex communications, short-frame
transmission, URLLC, 5G, B5G, CFO, IQ imbalance, channel estimation, semi-blind,

subspace.
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Chapter 1

Introduction

1.1 Background and Motivation

Wireless communications have been considered as one of the most remarkable techno-
logical innovations in modern society [16]. It plays a dominant role in our daily life,
and revolutionises the way we live, communicate, study, make business, etc. It has
experienced explosive growth over the past decades. Since 1980, four generations of
wireless communications have been deployed, which are capable of enhancing data rate
approximately 10° times from 24 Kb/s in the first generation (1G) network to 200 Mb /s
in the fourth generation (4G) network |16]. The fifth generation (5G) network is under
commercialising and deploying, and is foreseen to accomplish by 2020 [17]|. To deal with
the limitations and challenges in the existing networks, an intense discussion on the vi-
sions for next generation network, referred to as beyond 5G (B5G), is being carried out
in both academia and industry [18-21]. In addition to achieving considerably high date
rate, 5G and B5G networks are also expected to fulfil the stringent requirements in
system reliability and latency, i.e., ultra-reliable low-latency communications (URLLC)
in 5G and extremely URLLC (eURLLC) in B5G |20].

Orthogonal frequency division multiplexing (OFDM) and generalised frequency divi-
sion multiplexing (GFDM) have been regarded as two promising multi-carrier techniques

for 5G and B5G networks [2,22]. OFDM enjoys a multitude of advantages, such as high
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robustness against frequency selective fading, high spectrum efficiency as well as low-
complexity implementation at receiver thanks to one-tap equalisation [523-25|. GFDM,
as a generalised form of OFDM, inherits the advantages of OFDM, but also offers high
flexibility, thanks to its special two-dimensional structure in both time and frequency
domains |2,[26-28|. Nevertheless, both of them are heavily sensitive to radio frequency
(RF) impairments, for instance, carrier frequency offset (CFO), in-phase/quadrature-
phase (IQ) imbalance. Error floors are likely to arise in the presence of RF impairments,

which deteriorate system performance significantly.

Channel estimation is essential for signal detection and resource allocation in wire-
less communications systems. Time of arrival (TOA), as a key component of channel,
is defined as the propagation delay of the first arriving path [6,29,[30]. TOA plays
an important role in localisation, synchronisation and channel estimation for wireless
communications systems. However, it is of big challenge to jointly estimate RF impair-
ment(s) and channel(s). Specifically, the individual estimations of RF impairment(s)
and channel(s) not only are likely to interfere with each other, but also suffer high train-

ing overhead due to the demand of separate pilots for RF impairment(s) and channel(s).

Full-duplex (FD) communications can double the transmission rate and reduce the
end-to-end latency, by allowing simultaneous transmission and reception over the same
frequency slots [23]31,132]. It has been considered as a compelling technology to drive
URLLC and eURLLC for 5G and B5G, and gained overwhelming interests in recent
years [33]. However, FD communications introduce a strong self-interference (SI) from
its transmitter to its own receiver. It is of great significance to cancel SI to an accept-
able level. Besides, the presence of RF impairment(s) hinders the effectiveness of FD
communications in terms of spectrum efficiency and network latency. SI cancellation

and RF impairment(s) mitigation are two serious issues in FD communications.

Short-frame transmission is another fascinating technology for URLLC and eU-
RLLC, which reduces network latency enormously by diminishing the transmission time
interval (TTI) duration [4,[34,|35]. Generally, there are two ways to shorten the frame

length, by means of reducing either the symbol duration (increasing the subcarrier
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spacing) or the number of symbols per TTI [33]|. Pilot shortage is one of the biggest
problem in short-frame transmission. A large number of pilots utilised for RF impair-
ment(s) and channel(s) estimation are anticipated to enhance system reliability, which
however occupy resources for data transmission, giving rise to low spectrum efficiency.
On the other hand, a small number of pilots are more likely to increase the error prob-
ability, resulting in low reliability. With limited pilot and data symbols, how to design

a high-reliability receiver is demanding in short-frame communication systems.

1.2 Objectives

Motivated by the aforementioned challenges, this thesis aims to investigate the joint
estimation problem of RF impairments and channels for four kinds of multi-carrier 5G

and B5G systems in the following.

e The first considered systems are multi-user OFDM systems in the presence of
multiple CFOs. The objective is to develop a pilot assisted joint multi-TOA and
multi-CFO estimation scheme for it, where multiple TOAs and multiple CFOs
should be estimated separately, without suffering any error propagation from the
estimation of another. The pilot of each user should be carefully designed to
decompose the complex multi-dimensional estimation problem into a number of

low-complexity one-dimensional estimation problems.

e The second considered systems are short-frame FD systems with CFO. The ob-
jective is to propose a semi-blind based estimation approach of channels and CFO
to enable URLLC, i.e., achieving low latency while maintaining high reliability.
The proposed semi-blind estimation scheme should require a very short frame with
tens of received symbols to calculate the second-order statistics of the received sig-
nal, and a much short pilot to estimate CFO and eliminate channel ambiguities
jointly. For the sake of high reliability, the detected data symbols are expected to

be utilised as virtual pilots to further refine both channel and CFO estimations.
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e The third considered systems are single-user GFDM systems. The objective is to
develop a robust estimation scheme of channel and CFO for it, while with high
spectral efficiency. Both channel and CFO estimation should be robust against
ICI and inter-symbol interference (ISI) caused by GFDM nonorthogonal filters.
Only a small number of nulls and pilots are needed to estimate CFO and eliminate

channel ambiguity, respectively.

e The fourth considered systems are GFDMA systems in the presence of multiple
CFOs and IQ imbalance. The objective is to propose a joint semi-blind estimation
scheme of multiple channels, multiple CFOs and IQ imbalance. First, multiple
CFOs and multiple channels should be separated by user. Then, for each user,
the CFO is supposed to be extracted by minimising the smallest eigenvalue whose
corresponding eigenvector is utilised to estimate the channel in a blind manner.
Finally, the IQ imbalance parameters should be estimated jointly with channel
ambiguities by very few pilots. The proposed scheme should be feasible for a wider
range of receive antennas number and has no constraints on carrier assignment

scheme, modulation type, cyclic prefix length and symmetry of I1Q imbalance.

1.3 Thesis Organisation

The rest of this thesis is organised as follows.

e Chapter 2 demonstrates the fundamentals of wireless communications, including
an evolution of wireless communications, an introduction to multi-carrier tech-
niques as well as a number of emerging techniques, which lay the foundations for

the remainder of the thesis.

e Chapter 3 gives an overview of RF channel and impairments. A number of
existing approaches for channel estimation and RF impairments estimation are

presented.

e Chapter 4 investigates joint multi-TOA and multi-CFO estimation problem for
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multi-user OFDM systems, by means of a carefully designed pilot.

e Chapter 5 proposes an iterative semi-blind receiver structure with CFO and
channels estimation to enable URLLC in short-frame FD OFDM systems with

CFO, assisted by a subspace approach.

e Chapter 6 proposes a robust semi-blind estimation scheme of channel and CFO

for single-user GFDM systems.

e Chapter 7 investigates the joint semi-blind estimation scheme of multiple chan-

nels, multiple CFOs and IQ imbalance for GFDMA systems with generalised CAS.

e Chapter 8 draws conclusions and discusses future work.

1.4 Publication List

A number of publications, which can contribute to the work presented in this thesis,

are listed in the following.
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2. Y. Liu, X. Zhu, E. G. Lim, Y. Jiang, Y. Huang, W. Xu, and H. Lin, “High-
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mitted to IEEE Transactions on Wireless Commaunications, (under review).
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Chapter 2

Fundamentals of Wireless

Communications

This chapter begins with an introduction of the evolution of wireless communications.
Then, multi-carrier techniques, including OFDM and GFDM, are presented, followed
by the description of a number of emerging technologies, such as URLLC techniques,

FD communications and multi-antenna communications.

2.1 Evolution of Wireless Communications

Wireless communications have been regarded as one of the most significant technolog-
ical innovations in modern society, which is revolutionising almost every aspect of our
daily life [16]. It changes the way we communicate, interact, shop and make business,
and boosts the development of engineering, media and entertainment industry. It has
experienced exponential growth over the past decades. To date, four generations of
wireless communications have been implemented, while 5G network is still under com-
mercialisation and deployment [16]. Since 5G network is reaching its limits and far
from supporting the future applications in next decade, the visions for B5G, are be-
ing discussed intensively in the academia and industry [18421]. The six generations

of wireless communications are compared in Table in terms of time period, key
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technologies and applications. Fig. makes a comparison of eight capabilities of 4G,
5G and B5G networks, including peak data rate, user-experienced data rate, spectrum
efficiency, mobility, latency, connectivity density, network energy efficiency and area

traffic capacity.

Since approximately 1980, each new generation usually emerges every decade. 1G
cellular network was deployed in 1981, which was a basic frequency division multiple
access (FDMA) assisted analogue system and intended for voice communications [16].
1G network has a number of shortcomings, including low quality, low security, restricted
subscribers, limited to voice service only with the experienced date rate of 2.4 Kb/s,
and low compatibility due to lack of an unified international standard [36|. The second
generation (2G) network utilising time division multiple access (TDMA) was adopted
in 1992, which was the first time to introduce digital system |16]. The experienced data
rate of 2G network was increased up to 64 Kb/s [16,[36]. In addition to voice calls,
2G network also supported short messages service. Thanks to code division multiple
access (CDMA), the third generation (3G) network was introduced in 2001, with the
experienced data rate significantly increased up to 2 Mb/s. A number of new services
were offered by 3G, for instance, multimedia messages, video conferencing and mobile
TV [16,136]. The fourth generation (4G) network is an enhanced network of 3G and
deployed in 2011. The key technologies of 4G network are OFDM and multi-input multi-
output (MIMO) [20], with the experienced data rate enhanced approximately 100-fold
compared to that of 3G network. 4G network provides low latency of 10 ms and high
mobility of 350 km/h [20]. Thanks to 4G technologies, high-definition videos, mobile

Internet and mobile pay became a reality.

The deployment of 5G network is expected to be accomplished by 2020 |17]. Since
5G era, communication services will revolutionise from human-centric to both human-
centric and thing-centric. 5G is anticipated to support three usage scenarios, namely
enhanced mobile broadband (eMBB), massive machine-type communications (mMTC)
and URLLC [17,[36]. eMBB aims to support high peak data rates, increasingly seam-

less user experience, while mMTC requires to provide wireless connectivity for massive
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Table 2.1: Comparison of 1G, 2G, 3G, 4G, 5G and B5G.

Generation g:rrilg q Key Technologies Applications
1G 1980s : ?B?\l/[oAgue cellular e Voice calls
e Digital cellular e Voice calls
2G 1990s e TDMA e Short messages
e CDMA e Multimedia messages
3G 2000s e Video conferencing
e Mobile TV
e OFDM e High-definition video
4G 2010s | « MIMO e Mobile Internet
e Mobile pay
e Short-frame transmission e Virtual-reality video
e Full-duplex communications | e Ultra-high-definition video
| ® Network slicing e Vehicle to everything
5G 2020s e Massive MIMO e Internet of things
e Fog computing e Smart city
e Software defined network
e Advanced waveforms e Holographic society
e Artificial intelligence e Tactile Internet
B5G 2030s | e Machine learning e Fully-automated driving

e Super-massive MIMO

e Terahertz communications
e Large intelligent surface

e Quantum communications

e Industrial Internet
e Internet of Bio-Nano-Things
e Deep-sea sightseeing
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Figure 2.1: Comparison of capabilities of 4G, 5G and B5G networks.

number of Internet of things (IoT) devices. URLLC has stringent requirements on
reliability and latency. The demanded experienced data rate and mobility in 5G net-
work should reach 0.1 Gb/s and 500 km/h . It requires an end-to-end latency of
within 1 ms . The number of connected devices in one square kilometres should be
close to 108 in 5G, which is about ten-fold of that in 4G network . The compelling
technologies for 5G network are short-frame transmission, full-duplex communications,
massive MIMO , network slicing, fog computing, and so forth. 5G is an en-
abler for virtual-reality /augmented-reality videos, ultra-high-definition videos, vehicle

to everything (V2X), IoT and smart city.

While 5G network has introduced a multitude of technological innovations, it is
confronted with a number of new challenges and stringent performance requirements.

It motivates researchers in the research community and industry to look at B5G, which
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is the mission for next decade. B5G network will revolutionise wireless communications
from connected things to connected intelligence with extreme requirements on data
rate, energy efficiency, latency, connectivity, mobility, etc. B5G network will support
connection for everything, wireless coverage in full dimensions as well as an integration
of numerous functions including sensing, communication, computing, caching, control,
navigation and imaging [20]. The supporting typical scenarios for B5G were discussed
in |20], including further enhanced mobile broadband (FeMBB), ultra-massive machine-
type communications (umMTC), extremely ultra-reliable and low-latency communi-
cations (eURLLC), long-distance and high-mobility communications (LDHMC), and
extremely low-power communications (ELPC). B5G network is foreseen to meet the
experienced data rate of 1 Gb/s and end-to-end latency of 10-100 us |20]. It should
provide communications and network services for high-mobility end users with speed
of 1000 km/h [20], while the connected devices in one square kilometres should attain
107. The promising technologies in B5G network are advanced waveforms [39], arti-
ficial intelligence, machine learning [40|, Terahertz communications [41,42] and large
intelligent surface [17-20L|43]. Its leading applications are holographic society, Tac-
tile Internet, fully-automated driving, industrial Internet, Internet of Bio-Nano-things,

deep-sea sightseeing, etc. |20].

2.2 Multi-Carrier Techniques

Multi-carrier techniques are proposed to support high data rate communications and
overcome frequency selective fading effect. In the following, two multi-carrier techniques,

namely OFDM and GFDM, are introduced.

2.2.1 OFDM

OFDM is a powerful multi-carrier technique to combat frequency selective fading chan-
nel, by converting it into a number of frequency flat fading channels |523-25]. It also

enjoys low complexity at receiver thanks to its simplified one-tap equaliser as well as
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Figure 2.2: Frequency spectrums of a) FDM and b) OFDM [1].

high spectrum efficiency due to orthogonal multi-carrier modulation [44-H47]. OFDM is
a special case of frequency division multiplexing (FDM). Fig. depicts the frequency
spectrums of FDM and OFDM, respectively. It can be observed that guard intervals
should be required for FDM to avoid interference, while OFDM allows the overlapping
of subbands without suffering interference and thus greatly saves the bandwidth [1,48].
OFDM has been adopted in numerous wireless standards, such as, IEEE 802.11, IEEE
802.16, Long-term Evolution (LTE) and LTE-Advanced (LTE-A) [49-51]. As speci-
fied in the third generation partnership project (3GPP) Release 15, OFDM with cyclic
prefix (CP) has been standardised as both the uplink and downlink waveform for 5G

network [22].

A guard interval between two consecutive OFDM symbols is required to deal with
the ISI caused by frequency selective fading channel. There are two ways to insert the
OFDM guard interval. One is CP where the last samples of the OFDM symbol is copied
and added into its front. Another is zero padding (ZP), which pads the guard interval

with zeros. Guard interval with CP is the focus of this thesis.

Fig. [2.3]depicts the simplified block diagram of OFDM implementation with inverse
fast Fourier transform (IFFT) and fast Fourier transform (FFT). Define d[0], d[1],- - - , d[K—

1] as the symbol stream after a quadrature amplitude modulation (QAM) /phase shift
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Data stream x[0],..., x[K + Lcp, — 1] T
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Figure 2.3: Simplified block diagram of OFDM implementation with IFFT/FFT (S/P:
serial-to-parallel conversion, P/S: parallel-to-serial conversion, CPI: CP insertion, and
CPR: CP removal).

keying (PSK) modulator, where K is the number of subcarriers in an OFDM symbol.
After implementing serial to parallel conversion and K-point IFFT, the OFDM symbol
vector containing €[0], €[1],--- ,e[K — 1] is acquired, and e[k] (k = 0,1,--- | K — 1) is

given by
1 K-1 )
elk] = —= d[v]e??mok/ K 2.1
== Y0 o 1)
The sequence €[0], €[1],- -, e[K — 1] is then converted in series, and the CP with length

L, is added to the beginning of OFDM symbol, yielding x = [z[0],--- ,z[Lcp —
1,2[Lepl, ,2[G = 1]T = [e[K — Lep), -+, e[K — 1],€[0], -+, e[K — 1]]T, where G =
K + Lep.

After transmitted through channel and corrupted by additive noise, the received
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signal is obtained as

wlol =0 lllalg — 1 wlg, g=0,1,+ .G~ 1, (22)

where A[0], R[1],--- , A[L — 1] are channel impulse response (CIR) of length L, and w|g]
is the additive white Gaussian noise with zero mean and variance of o2. Then, the first
L, samples from y[0] to y[L¢, — 1] corresponding to CP are removed, and the remaining

samples are implemented with FF'T, resulting in the frequency-domain OFDM symbol

consisting of the sequence y[0], y[1],- - ,y[K — 1] of length K, where
ylk] = h[kld[k] + w[k], k=0,1,--- K —1, (2.3)
where h[0], h[1],- -+, h[K — 1] are channel frequency response (CFR) of length K, and

wlk] is corresponding noise in frequency domain. It is noteworthy that ISI within OFDM
symbol due to frequency selective fading is eliminated with the removal of CP, as long

as Lep > L — 1.

According to (2.3)), the transmitted signal can be easily recovered by d[k] = g[k]/h[k],
if CFR has been acquired. It is known as one-tap equaliser, and contributes to low-
complexity implementation at receiver. The matrix representation of OFDM in fre-

quency domain is given by

ylo] h[0] 0 0 d[0] wl0]
gl | _ |0 h[}] 0 d[1] . w.m 24
gk -1 [0 0 hK —1]] |dK -1]| |[w[K —1]]
y H d w

Similarly, the time-domain received OFDM symbol is given in matrix form by

y=He+w, (2.5)



Chapter 2. Fundamentals of Wireless Communications 17

wherey = [y{0] o[1], - . y[K 1] € = (0], €ft]. -, lK—1]J", w = [wl0] wlt], - w{K -
1]]%, and
[ 0] 0 0 AL -1] R |
B[] 0 0
h[1 hIL — 1]
H= |p[L 1] 0 (2.6)
0 AL-1]
0 o0 KL-1 - A1 A0] |

Albeit OFDM brings numerous advantages, e.g., high robustness against frequency
selective fading, high spectrum efficiency and low-complexity equaliser design, it has sev-
eral critical drawbacks as follows. First, OFDM is highly sensitive to RF impairments,
such as CFOs, IQ imbalance, phase noise, etc [52]. They are likely to incur error floors
and deteriorate BER performances considerably [1,/52]. Second, compared to single-
carrier systems, OFDM systems suffer higher peak-to-average-power-ratio (PAPR),
which lowers the signal-to-quantisation noise ratio of analogue-to-digital converter and
digital-to-analogue converter, giving rise to low efficiency of power amplifier [1,/45]52].
To overcome the high PAPR of OFDM, single-carrier FDMA (SC-FDMA) also known
as DFT-spread-OFDM (DFT-s-OFDM) is adopted as the waveform for LTE uplink,
and also as a complement waveform for 5G uplink.

OFDMA

Orthogonal frequency division multiple access (OFDMA) has been commercialised
by Digital Video Broadcasting - Return Channel Terrestrial and wireless local area net-
works IEEE 802.11 standards [53], which originates from OFDM and frequency division
multiple access (FDMA). In OFDMA systems, multiple users can share an OFDM sym-
bol by allocating different subcarriers to each individual user [54]. OFDMA inherits the
advantages of OFDM, such as high robustness against frequency selective fading, high

spectrum efficiency and low-complexity equaliser design.
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Figure 2.4: Examples of CAS of OFDMA: a) subband CAS, b) interleaved CAS and c)
generalised CAS, with U = 2 users and K = 16 subcarriers.

Users in OFDMA systems can select their own subcarriers according to channel
conditions. Typically, there are three carrier assignment schemes (CASs) for OFDM,
including subband CAS, interleaved CAS and generalised CAS. With U = 2 users and
K = 16 subcarriers, Fig. depicts three examples of CAS for OFDMA:

e Subband CAS: A number of contiguous subcarriers are arranged for each user;

e Interleaved CAS: A number of subcarriers with an equidistant spacing are ar-

ranged for each user;

e Generalised CAS: A number of arbitrary subcarriers are arranged for each user

exclusively.

Subband CAS is likely to suffer deep fade due to frequency selective fading [55]. Even if
interleaved CAS is capable of addressing the issue in subband CAS, it is more attractive
to work on generalised CAS where each user could occupy the best subcarriers with
highest SNRs [55]. Similar to OFDM, OFDMA is also susceptible to RF impairments,
e.g., CFOs, IQ imbalance, and so forth.
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Figure 2.6: CP insertion for a) OFDM and b) GFDM |3].

2.2.2 GFDM

5G and B5G networks are expected to support massive number of connections with
strict requirements in latency, throughput, data rate, mobility, etc., which motivates
the shift of multi-carrier waveform design from orthogonality to nonorthogonality [26].
A number of attractive waveforms have been proposed for 5G and B5G networks, such
as GFDM, universal filtered OFDM, filter bank multi-carrier (FBMC). B5G network
needs to handle a wide range of services which may have diverse requirements in latency,
throughput, data rate and mobility [27]. GFDM was first proposed in 2009 |56], and has
been considered as a promising waveform for B5G networks thanks to its high flexibility
opposed against other waveforms |2}26H28].

Fig. compares the symbol structures of a) single-carrier frequency domain equal-
isation (SC-FDE), b) OFDM and ¢) GFDM. It is noteworthy that GFDM has a two-

dimensional structure in both time and frequency domains, which makes it more flexible



20 Yujie Liu

do,o 8[n] |—lg[n mod NJ— exp(0) |
dy_
s sl — (M~ DKJ—glnmod NI exp(0) |+
m,
=01, M—1
k=01, K—1|w Subcarrier 0 Z | |l x[KM + L, _Jf
RS A =

do k- —j -
0K-1 8[n] —g[n mod N]ﬁexp[wl T

o — —
MLKELIS I — (M — 1)K]—{g[n mod NJ—'*EXP[M] T

Subcarrier (K-1)

Figure 2.7: Block diagram of GFDM modulator.

than OFDM and SC-FDE, and thus able to fulfil various requirements in 5G and B5G
networks. GFDM can easily turn out to be SC-FDE and OFDM, if the number of
subcarriers per GFDM subsymbol K and the number of subsymbols per GFDM symbol
M are respectively reduced to one. In addition to high flexibility, GFDM also offers
high spectrum efficiency compared to OFDM [27], since only a single CP is added per
GFDM symbol instead of per GFDM subsymbol, as depicted in Fig. [3]. GFDM also
exhibits lower PAPR and out-of-band emission than OFDM |28|. Low PAPR enables
to reduce the hardware cost and power consumption, which is significant for ELPC
scenario in B5G network. However, GFDM has several technical limitations and chal-
lenges. First, GFDM, as a nonorthogonal multi-carrier waveform, suffers severe ICI
and intersymbol interference (ISI). It makes its receive design more complicated than
that in OFDM systems, leading to high computational complexity. Second, similar to
OFDM, GFDM is vulnerable to RF impairments, such as CFO, IQ imbalance, phase

noise, etc. |28§].

Fig. depicts the block diagram of GFDM modulator |2]. Considering a GFDM
symbol with M subsymbols each with K subcarriers, define N = MK and d,,  as
the transmitted data on the k-th (k = 0,1,---, K — 1) subcarrier of the m-th (m =

0,1,---,M — 1) subsymbol. Each d, is transmitted with the corresponding pulse
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shape [2]
Gm.k[n] = g[(n — mK) mod N] - exp(—j2rkn/K), (2.7)

where n (n =0,--- , N —1) is the sampling index. Each g, x[n] is a time and frequency
shifted version of a prototype filter g[n|, where the modulo operation performs a circu-
larly shifted version of gg ;(n) and the complex exponential makes gy, (n) a frequency

shifted version of g, 0(n). After pulse shaping, the transmitted symbol €[n] is given by

K—1=M-1

eln] = Zk:o Zm:o Ik [7)dm - (2.8)
Denote € = [e[0],¢[1],--- ,e[N — 1]]7 as the transmit symbol vector, which can be

expressed as
e = Ad, (2.9)
where A = [gy0, " 80 Kk-1>""" »8M—1,0""" s8M—1k—1) 18 an N X N pulse shaping
filter matrix with g,, ;. = [gmk[0], - , gm k[N —1]]7. A single CP with length Ly, is pre-
pended to the GFDM symbol x, obtaining x = [z[0],- -+ ,z[Lep — 1], 2[Lep], - - -, 2[G —
1T = [e[N — Lep), - -+ s €[N — 1],€[0], -+, e[N — 1]]T, with G = N + L¢p. After passing

through channel and corrupted by noise, the received GFDM symbol in time domain is

written as
L-1
where A[0], A[1],- -+, h[L — 1] are CIR and w|n| is additive white Gaussian noise. After
removing CP, define y = [y[Lcp), y[Lep + 1], - -+, y[G — 1]]T, which is given by
y = HAd + w, (2.11)
where H is circulant channel matrix in (2.6) and w = [w[0],w[1], - ,w[N — 1]]T is

noise vector.

The ICI and ISI caused by the nonorthogonal filter matrix A complicates the GFDM

receiver design, which is one of the major issues to be addressed for the adoption of
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GFDM in B5G network. For instance, confronted with the scarce RF spectrum, it is
much challenging to use few pilots to achieve high-accuracy estimation of RF impair-
ments and channels for GFDM, while mitigating its ICI and ISI. It would be considerable
to apply the blind/semi-blind algorithms to GFDM, which have been regarded as an
effective solution to achieve high spectral efficiency in OFDM systems [53]. On the other
hand, it is crucial to simplify the GFDM implementation. Recently, a simplified GFDM
modem structure has been developed with a significant complexity reduction. Besides,
a number of computationally efficient equaliser has been proposed for GFDM in the
literature, such as ML detector [57], simplified ZF detector [58] and minimum mean
square error (MMSE) detector [59-61|. All the aforementioned work makes GFDM
more competitive and attractive in B5G network.

GFDMA

GFDMA, as a combination of GFDM and FDMA, has become a promising multi-user
technique for B5G network [62-64]. Unlike single-user GFDM systems where all subcar-
riers are occupied by a single user for signal transmission, GFDMA allows multiple users
to send data at the same time using exclusive subcarriers. Similar to OFDMA, GFDMA
also allows users to choose the best subcarriers according to channel conditions. There
are three CASs in GFDMA systems as well, including subband CAS, interleaved CAS
and generalised CAS.

Fig. [2.§ illustrates three examples of CAS of GFDMA with U = 2 users, M =
2 subsymbols and K = 16 subcarriers: a) subband CAS where each user consists
of 8 contiguous subcarriers; b) interleaved CAS where 8 subcarriers with equidistant
spacing are arranged for each user; and c¢) generalised CAS where each user allows to
occupy arbitrary 8 exclusive subcarriers. Fig. also shows the existence of ICI and
IST in GFDMA systems, which are not present in OFDMA systems. GFDMA enjoys
several advantages inherited from GFDM, such as high flexibility and high spectrum
efficiency. However, GFDMA also inherits the drawbacks of GFDM, including ICI, ISI,

high computational complexity, high sensitivity to RF impairments, and so forth.
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Figure 2.8: Examples of CAS of GFDMA: a) subband CAS, b) interleaved CAS and c)
generalised CAS, with U = 2 users, M = 2 subsymbols and K = 16 subcarriers.

2.3 Emerging Techniques

A number of new technologies have recently emerged, which includes URLLC tech-
niques, FD communications, multi-antenna communications and so forth. An introduc-

tion of such emerging techniques is given in this section.

2.3.1 URLLC Techniques

URLLC is an essential usage scenario for 5G network, with strict requirements on la-
tency (less than 1 ms) and reliability (99.999%) [33]. URLLC is a key technology for
numerous emerging applications, such as Tactile Internet, factory automation, virtual
reality, intelligent transport systems [33}/65-68|. However, URLLC design has a great
challenge: how to reduce the end-to-end latency while achieving similar reliability, which
has attracted much attention from researchers. There are several surveys in the liter-
ature, which provided helpful insights of URLLC design. It is claimed in [33| that

reliability can be enhanced through frequency and space diversity, robust channel cod-
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Figure 2.9: Example of a a) long-frame structure and b) short-frame structure [4].

ing schemes (Turbo codes, low density parity check codes (LDPC), polar codes) [69],
multi-connectivity, retransmission, etc. A comprehensive survey of latency reduction
solutions was provided in from three aspects: 1) radio access network (RAN), 2)
core network and 3) caching. From the perspective of RAN, latency can be minimised
by shortening the TTI duration (short-frame transmission) [4,/34,[35], advanced multi-
carrier techniques (e.g., GFDM , FBMC [71], universal filtered multi-carrier [71],
nonorthogonal multiple access (NOMA) [72]73|), grant-free radio access [74], FD [75]76],
etc. Most existing work on URLLC focused on short-frame transmission, through re-
ducing either the symbol duration (increasing the subcarrier spacing) or the number of

symbols per TTI .

Fig. illustrates an example of a long-frame structure adopted in current wireless
networks and a short-frame structure for 5G and B5G networks. Short-frame transmis-
sion has two serious problems as follows. On one hand, classical information-theoretic
performance metrics relevant for long frames, i.e., ergodic capacity and outage capac-
ity, are no longer applicable for short frames, since the law of large number cannot be
applied . To tackle this, new performance metrics were introduced for short frames
in [4], namely maximum coding rate at finite frame length and finite frame error prob-
ability. On the other hand, the length of pilot is a challenging issue in short-frame
transmission ,. Pilot transmission is important for a reliable receiver design,
such as obtaining a good synchronisation and channel estimation, which requires a large

number of pilots. However, a large number of pilots are likely to reduce the useful data
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Figure 2.10: a) HD communications and b) FD communications.

rate fraction in short-frame transmission, resulting in low spectrum efficiency.

2.3.2 FD Communications

The traditional wireless communication systems usually work in half-duplex (HD) mode
where a transceiver transmits and receivers information in disjoint time-slots or frequency-
slots referred to as time-division duplex or frequency-division duplex, respectively, or
in distinct orthogonal spectrum-spreading codes, so that SI from its transmission to its
own reception can be avoided [32]. To meet the demand for high spectrum efficiency in
5G and B5G networks, FD communications have recently gained significant attention
in academia and industry, where simultaneous transmission and reception are allowed
over the same frequency slots [23}31},32]. Fig. illustrates the transmission and re-
ception schemes for HD and FD communication systems, respectively. In the following
chapters, HD communications are investigated, unless otherwise specified.

As summarised in [31], FD communications offer a handful of advantages:

e The ergodic capacity can be doubled thanks to full utilisation of both time and

frequency resources;

e The feedback delay can be reduced substantially, since the feedback signalling
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such as control information and channel state information can be received during

data signal transmission and thus the air interface latency can be shortened;

e The end-to-end delay can be reduced especially for FD assisted relay systems, as
the relay terminal allows the simultaneous reception of data from a source terminal

and transmission of data to a destination terminal;

e The network security can be enhanced, since the eavesdropper is likely to receive a
mixture of the desired signal and SI, which is hard for the eavesdropper to decode

the desired signal due to the presence of SI.

Despite numerous merits, FD communications have a serious issue - strong SI. Due
to the short distance between the transmit antennas and receive antennas at a terminal,
the SI is likely to have stronger power than the desired signal. How to suppress SI to
a reasonable and acceptable level is being extensively investigated. There are mainly
three techniques to cancel SI, namely passive cancellation (PC), analogue cancellation
(AC) and digital cancellation (DC) [79]. PC is the first stage of SI cancellation, which
is achieved by antenna placement, directional antenna, antenna shielding, and so on
[80,[81]. In the second stage, SI is further mitigated in the analogue domain before the
low-noise amplifier and analogue-to-digital converter to avoid overloading or saturation
[80,[82]. DC is the last stage of SI cancellation, which estimates the SI channel, creates
a replica of the received SI and then cancels it from the received signal in the digital
domain [80].

As mentioned previously, the acquiring of SI channel is an important step to recover
the SI signal and then cancel it. The received mixed signal in the presence of both

desired and SI signals can be given by [83]

ylk] = 3 hslilaslk — 1 (2.12)

\[Z k—1+wk], k=0,1,---,K—1,

where zg and z1 denote the desired signal and SI, respectively, hig[0], hg[1],-- - , hg[L —1]
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and A1[0], Ar[1],-- -, Ai[L — 1] are the desired CIR and SI CIR, p is the input desired
signal to ST and noise ratio, denoted as SINR, and w[k] is the additive noise. Specifically,
in DC, the SI channel A;(l) (I =0,1,---,L—1) is estimated firstly, then the received SI
signal is recovered since the transmitted SI signal is known, and finally it is cancelled

from the received signal.

2.3.3 Multi-Antenna Communications

Multi-antenna communications, with multiple antennas at transmitter and/or receiver,
are able to significantly improve the throughput and reliability of wireless communica-
tion systems 86]. It has gained overwhelming attention from both academia

and industry in the past decades. According to the numbers of transmit antennas
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and receive antennas, wireless communications fall into four classes, including single-
input single-ouput (SISO), single-input multi-output (SIMO), multi-input single-output
(MISO) and MIMO, as depicted in Fig. Multi-antenna communications have been
extensively adopted in numerous wireless communication systems and commercial stan-
dards [13,]87], including WiFi, WiMax, LTE and LTE-A. Table shows the antenna
configurations for the respective commercial standards, where Ny x N, denote that Ng
and NV, antennas are equipped at transmitter and receiver, respectively. For instance, 8
antennas are equipped at both transmitter and receiver for LTE-A and IEEE 802.11ac
communication systems. Four key benefits can be provided by multi-antenna commu-
nications, including spatial diversity gain, spatial multiplexing gain, array gain and

interference suppression [13,/54].

Table 2.2: Commercial wireless standards that use multi-antenna technology [13].

Wireless standard Antenna configurations
IEEE 802.11n (WiF1i) 4 x4
IEEE 802.16e (WiMAX) 4 x4
HSPA™ (Enhanced HSPA) 2 x 2
LTE (3.9G) 4 x4
LTE-Advanced (4G) 8% 8
IEEE 802.11ac 8 x 8

Spatial diversity gain

Due to wireless channel fading, the strength of the received signal fades/fluctuates with
time, giving rise to poor BER. Diversity techniques are thus introduced to overcome
the detrimental effects of wireless channel fading, where multiple copies of the same
signal are transmitted through independent fading channels. There are mainly three
types of diversity, including time diversity, frequency diversity and spatial diversity [88].
Time diversity and frequency diversity refer to transmitting the same signal at different
time slots and frequency slots, respectively. With regard to spatial diversity, the same
signal is transmitted through different physical paths between transmitter and receiver.
Spatial diversity order is typically considered as a performance metric to evaluate the

amount of spatial diversity. It is defined as the number of independent copies of trans-
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mitted signal that can be exploited for combining at receiver. In particular, a MIMO
system equipped with V¢ transmit antennas and NNV, receive antennas is capable of of-
fering N;N; independent signal copies, yielding a spatial diversity order of N;N;. In
general, the larger the spatial diversity order, the higher reliability of wireless commu-
nication system. Space-time coding is an effective and well-known approach to enhance
spatial diversity, such as space-time trellis codes and space-time block codes [54].
Spatial multiplexing gain

The most remarkable advantage of multi-antenna communications is spatial multiplex-
ing gain. Instead of spatial diversity which transmits multiple copies of the same signal,
spatial multiplexing refers to transmitting multiple independent signals at the same
time over the same bandwidth [54.85]. By exploiting channel fading (e.g., rich scatters
over the air), the individual transmitted signal can be recovered. The maximum num-
ber of independent signals that can be supported through spatial multiplexing is the
minimum of the number of transmit antennas N; and the number of receive antennas
Ny, i.e., min{N;, N;}. The spatial multiplexing can considerably increase the system
throughput and data rate. A widely known spatial multiplexing scheme is Bell-Labs
Layered Space-Time Architecture (BLAST) [89].

Array gain

In addition to providing small bit error rates and high data rates, multi-antenna com-
munications are also able to enhance SNR at receiver by combining the received mul-
tiple signal copies coherently [54]. Such SNR enhancement is referred to as array gain.
Combining techniques fall into three classes, including selective combining, equal gain
combining and maximal ratio combining |54]. Selective combing compares the copies at
each sample time and selects the largest value for the output of combiner, while equal
gain combining aims to add all the received copies together. Regarding maximal ratio
combining, all copies are first scaled with respect to SNR of each copy, and then add
them together. Generally, the average SNR enhancement in a SIMO system is propor-
tionate to the number of receive antennas.

Interference Suppression
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Table 2.3: Benefits of multi-antenna communications.

Benefits Purpose Technique
Improve reliability Space-time coding
Spatial diversity gain (Decrease BER) e Space-time trellis codes
e Space-time block codes

Improve throughput

(Increase data rate) BLAST

Spatial multiplexing gain

Combining techniques
e Selective combining

A i I N
rray gain mprove SNR e Equal gain combining
e Maximal ratio combining
Interference suppression | Improve SINR Beamforming

Interference may arise when multiple antennas transmit information using shared time
and frequency resources. For the sake of interference suppression, multi-antenna com-
munications introduce a spatial dimension that enables an increased separation between
the desired signal and the interfering signal [13,[54]. Beamforming is a popular and in-
triguing technique, where the beam patterns of transmit and receive antennas can be
steered in the desired directions only, thus suppressing the interference and increasing
SINR.

Table summarises the benefits of multi-antenna communications. Nevertheless,
those benefits do not come for free. Multi-antenna communications are confronted
with several challenges as follows [89]. First, the use of multiple transmitter/receiver
chains gives rise to increased hardware costs and power consumption. Multi-antenna
communications are also more susceptible to the impairments in practical links than
single-antenna communications. Massive MIMO by means of a large number of antennas
(100 or more) at base station (BS) gains lots of popularity in last few years, and has been
regarded as a promising technique in 5G to support the ever-growing teletraffic [90-92].

However, it has a serious issue of pilot contamination.
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Overview of RF Channel and

Impairments

A good understanding of RF channel and impairments is significant for any wireless
communication systems. Wireless channel refers to everything that signals experience
when they travel through transmit antennas to receive antennas. In addition, owing
to the use of low-cost and low-power analogue components, such as filters, mixers and
amplifiers, non-ideal factors inevitably arise in the transmitter and receiver, including
CFO, IQ imbalance, and so forth [9394]. Such non-ideal factors are likely to deteriorate

the system performance, and thereby it is of great importance to investigate them.

This chapter starts with an introduction of channel model, including radio prop-
agation mechanisms, large-scale fading and small-scale fading. Then, training based
channel estimation approaches and decision-directed channel estimation method in the
literature are presented. After that, an overview of CFO and IQ imbalance as well as

their estimation approaches are demonstrated, respectively.

31
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3.1 Channel Model

3.1.1 Radio Propagation Mechanisms

A signal transmitted into a wireless medium can arrive at receiver through either di-
rect propagation path or indirect propagation path [13|. Direct propagation path is
also known as line-of-sight (LoS) path, where the signal reaches at receiver directly [5].
Oppositely, non-LoS (NLoS) refers to that the signal arrives at receiver through reflec-
tion, diffraction or scattering [5]. LoS path typically has the shortest time delay and
the strongest signal strength among all the received paths. Fig. depicts the radio
propagation mechanisms consisting of LoS path, NLoS paths with reflection, diffraction

or scattering [5|. The reflection, diffraction and scattering are described as follows [5]:

e Reflection: when a signal bounces off a smooth object whose dimension is con-
siderably large in comparison to the signal wavelength, such as the ground and

buildings;

e Diffraction: when a signal propagates through sharp edges, such as street cor-

ners;

e Scattering: when a signal travels through multiple objects whose dimensions are

smaller than or comparable to the signal wavelength, such as rain drops.

The aforementioned propagation mechanisms including LoS path, reflection, diffraction
and scattering are combined and can be classified into large-scale fading and small-
scale fading. Large-scale fading includes path loss and shadowing, which cause signal
power attenuation by means of distance and large objects (e.g., buildings and hills),
respectively [95]. Small-scale fading, also known as multi-path fading, is caused by the
constructive and destructive combining of multiple signal paths between transmitter
and receiver. As its name suggests, the signal power fluctuates rapidly within a small
region [95]. Fig. illustrates the received signal power as a function of distance for

path loss, shadowing and small-scale fading [5].
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3.1.2 Large-Scale Fading

Large-scale fading falls into two classes: path loss and shadowing. Path loss refers to the
degree of signal power attenuation with the increase of the distance between transmitter

and receiver [54]. A simplified log-distance path loss model is expressed as [54]
d
PL = 10nlog10(d—) + PLy, (3.1)
rf

where n is the path loss exponent, d is the distance between transmitter and receiver,
and PL.s is the path loss value in free space for the reference distance d.;. However,
the receivers with the same distance from the transmitter may suffer different signal
attenuation due to the distinct surrounding environments. This effect or fading is
called shadowing, which blocks the signal energy to some extent by means of several

neighbouring objects, such as tall buildings and hills [54].

3.1.3 Small-Scale Fading

Two channel parameters are introduced first to facilitate a better understanding of
small-scale fading, namely delay spread and Doppler spread. Delay spread is defined as a
range of propagation delays of multiple versions of the transmitted signal along different
paths [54]. Delay spread is typically utilised to evaluate the extent of small-scale fading.
Doppler spread is a measure of frequency spreading of the received signal owing to
relative motions between transmitter, scatters and receiver [54]. It is noteworthy that
the inverse of delay spread is coherence bandwidth, whereas the inverse of Doppler
spread is coherence time [54]. As a result, small-scaling fading channel falls into four

classes as follows [13,54.(96.97]:

e Frequency flat fading: if the signal bandwidth is smaller than coherence band-

width or the symbol period is larger than or comparable to delay spread;

e Frequency selective fading: if the signal bandwidth is larger than or equal to

coherence bandwidth or the symbol period is smaller than delay spread;
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Figure 3.3: Four classes of small-scaling fading channel with respect to: a) symbol
period and b) signal bandwidth, including flat slow fading, flat fast fading, frequency
selective slow fading, and frequency selective fast fading.

e Slow fading: if symbol period is smaller than coherence time or the signal band-

width is larger than or comparable to Doppler spread;

e Fast fading: if symbol period is larger than or equal to coherence time or the

signal bandwidth is smaller than Doppler spread.

Fig. summarises four classes of small-scaling fading channel with respect to symbol
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period and signal bandwidth, respectively. Frequency selective fading channel is the
focus of this thesis.

Frequency selective fading channel

Frequency selective fading channel is also known as multi-path channel. Assume that
there are L, resolvable propagation paths. Define 1; and 7, as the complex path gain
and path delay of the [-th (I =0,1,---, L, — 1) path between transmitter and receiver,
respectively. The time delay of the first arriving path 7, either being LoS or NLoS,
represents the TOA [29,98|, and requires to be estimated for the desired application.
For example, the estimated TOA can be used by the relevant localisation techniques
in 98], either in LoS or NLoS scenarios, to determine the position of the target terminal.

The discrete CIR at the k-th (k =0,--- , K — 1) sampling point is defined as

Lp—1
Ak =" (k) fs =), (3.2)
where fs is the sampling rate. Denote A = [h[0], A[1],--- , RA[K — 1]]T as the CIR vector.
Its corresponding CFR vector is obtained as h = [h[0], h[1],--- , h[K — 1]]T, with h[k]
given by [99]
n _ Lp—1 —j2nkr fs/K
hlk] = leo pyeI2mkT s K (3.3)

3.2 Channel Estimation

Channel estimation is a major task in wireless communications systems. The acquisi-
tion of channel state information is crucial for signal detection and resource allocation.
Training based channel estimation approaches and decision-directed channel estimation

approach are reviewed in the following.

3.2.1 Training Based Channel Estimation

Generally, training based channel estimation approaches fall into two classes: non-
parametric model and parametric-model (PM). Non-parametric model based approach

includes least-square (LS), linear minimum mean square error (LMMSE), semi-blind



Chapter 3. Overview of RF Channel and Impairments 37

subspace-based channel estimator, etc. PM based approach approach aims to estimate

channel parameters which characterise either CIR or CFR.

It is noteworthy that the training based approaches can be assisted by either pream-
ble or pilot. Regarding the preamble aided approaches, all subcarriers of an OFDM sym-
bol should be utilised for training. In contrast, regarding the pilot aided approaches,
some subcarriers of an OFDM symbol are used for training while the rest subcarriers
can be for data transmission. Hence, preamble can be regarded as a special case of

pilot. For consistence, pilot is utilised throughout this thesis.

LS Based Channel Estimation

LS algorithm is very simple and has been widely applied for channel estimation [1].
Given a number of pilots, channel is estimated to minimise the squared error between
the actual received signal and the estimated received signal. In the following, LS based
channel estimators in both frequency domain and time domain are demonstrated for
OFDM systems, respectively.
Frequency Domain
According to Subsection [2.:2.7] the received OFDM signal vector in frequency domain
is given by

y =Hd + w, (3.4)

where H is diagonal CFR matrix, d is frequency-domain pilot vector and W is noise
vector. (3.4) is equivalent to
y = Dh +w, (3.5)

where D = diag{d} is diagonal pilot matrix in frequency domain and h is CFR vector.

Hence, CFR vector h can be estimated by

hpg = arg mgn |y — Dh | . (3.6)
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The LS CFR estimate is finally written as
his = (D7D)"'Dy. (3.7)
Since D is a diagonal matrix, LS CFR estimate can be further given by
his =Dy (3.8)
The LS CFR estimate can be written for each subcarrier as
ZLs[/-c]:%:, k=01, ,K—1 (3.9)

Time Domain
According to Subsection 2.2.1] the received OFDM signal in time domain is expressed
(3.10)

as
y = He +w,
where H is the circulant channel matrix and € is time-domain pilot vector. (3.10)) is
equivalent to
y=Eh+w, (3.11)

- hr_1]T is CIR vector of length L, and Z is time-domain circulant

where h = [ho, ﬁl,

pilot matrix defined as
[ 0] K -1 (K — L+1]
€[1] e[0] :
: : €[K —1]
= (3.12)
e[0]
_e[K— 1] €[K —2] e[K — L] |
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Given a pilot matrix 2, CIR can be estimated by
hrs = arg m}%n |y —Eh|3. (3.13)
Hence, the CIR LS estimate is given by

his = (BfE) 12y, (3.14)

LS based channel estimator has been widely used in OFDM systems thanks to its
low complexity. It has also been applied to GFDM systems, which however suffers high
training overhead and an error floor due to ICI and ISI caused by the nonorthogonal
filters of GFDM [9]. An LS based SI channel estimator was proposed in [100] for FD
OFDM systems, which however treats the desired signal as additive noise, resulting
in poor performance. A two-stage LS cancellation scheme was presented in [101] for
FD OFDM, which iterates between SI cancellation and signal detection. However, its

performance requires a good initial estimate of the desired channel.

LMMSE Based Channel Estimation

It is noteworthy that LS channel estimate may suffer noise enhancement due to the
term (DED)™'DPw or (EFE)"'Ef¥w. To suppress the noise enhancement in LS
based channel estimator, LMMSE based channel estimator is proposed, which aims to
minimise the mean square error between the true channel and the channel estimate [49].
Taking the LS CFR estimate as an example, the LMMSE based CFR estimate is given
by

hpyvvse = arg min || h —heg |7 (3.15)
hrg

Thus, the CFR estimate by means of LMMSE is

hiaviise = Ryn (Rag + 021x) theg, (3.16)
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where Ry, = E{hh} is the auto-correlation matrix of CFR vector h, o2 is noise variance,

and Iy is a K x K identity matrix.

PM Based Channel Estimation

PM based channel estimation aims to estimate channel parameters which characterise
the channel response, such as the number of paths, path delays, and path gains [49]. PM
based approach can enhance channel estimation greatly by exploiting spatial correlation
and temporal correlation [99}/102]. The pilot overhead can be reduced greatly as well,
since the number of required pilots can be shortened from K to 2L, where K and
L, are respectively the number of subcarriers per OFDM symbol and the number of
resolvable channel paths [99].

Denote h; = [21[0],?11[1], ,?LZ[K — 1)]7 as the CFR estimate by either LS or
LMMSE in the i-th OFDM symbol. Define Ly, y1;; and 7;; as the number of resolvable
propagation paths, the complex path gain and path delay of the [-th ({ = 0,1,--- , L,—1)
path corresponding to the i-th symbol. It is assumed that channel path delays change

slowly and remain constant for a frame of Ny OFDM symbols, i.e., 7, = 7;; for i =

0,1,--- , Ny — 1. fs is defined as the sampling rate. ﬁl can be expressed as
h; = v + W, (3.17)
where v = [V07 vy, 7VLp—1] with v, = [1’ e—]QﬂTlfs/K’ .. ’e—]QTF(K—l)TlfS/K]T7 Wi =

(100, H1 4 - - - ,,uLp_M-]T, and w; is noise vector.

The major task of PM based approach is to estimate path delays. The number of
resolvable channel paths can be determined by minimum description length and Akaike
information criterion [49]. After time delays are obtained, channel gains can be easily
determined by LS approach [102]. In the following, estimation of signal parameters via
rotational invariance technique (ESPRIT) algorithm is presented for estimation of time
delays.

ESPRIT
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ESPRIT and multiple signal classification (MUSIC) are well-known signal processing
techniques [29]. They can be applied to a wide variety of problems including accurate
detection and estimation of sinusoids in noise, such as direction of arrival, phase, fre-
quency, time delay, etc. MUSIC algorithm requires an exhaustive search and is compu-
tationally inefficient [29]. In contrast, ESPRIT algorithm has a simple implementation
with a closed-form solution, and gains lots of popularity from both the research commu-
nity and industry [6,99,/102,/103]. ESPRIT exploits an underlying rotational invariance
among signal subspaces, and it operates as follows:

Step 1. Calculate the auto-correlation matrix of CFR vector

1 Ng—1 =~ 2
R 7Zi:0 h;h . (3.18)

Step 2. Implement eigenvalue decomposition (EVD) on the channel auto-correlation
matrix Ry, to obtain the eigenvectors corresponding to the signal subspace denoted as
u.

Step 3. Define u; and uy as (K — 1) x L, matrices, which respectively correspond
to the first (K — 1) rows and last (K — 1) rows of u. Note that u; and ug have a
relationship as

u; = uyv, (3.19)

where v is of size L, x Ly, whose diagonal element is given by diag{v} = [e=92mTofs/ K

e 2mTifs/K L ,e_ﬂ“TLP*lfS/K]. The estimate of v is determined as

v = (ufluy) tullu,. (3.20)

Step 4. The time delays are extracted from the diagonal elements of v by

K20

l=0,1,---,L, — 1. 21
27Tfs ) 07) s ~p (3 )
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Figure 3.4: Block diagram for an OFDM receiver with decision-directed channel esti-

mation [1f.

The time delay of the first arriving path (I = 0) is referred to as TOA, which can be

exploited for localisation.

3.2.2 Decision-Directed Channel Estimation

Once initial channel estimate is obtained by either LS or LMMSE approach with pilots,
channel estimate can be updated and refined with decision-directed channel estimator
. In the following, how to exploit the detected signal feedback to track channel while

utilising the new channel estimate to detect signal successively is demonstrated.
Fig. shows the block diagram for an OFDM receiver with decision-directed
channel estimation. Define Ei_l[k] as the channel estimate by using the (i — 1)-th

OFDM symbol. The i-th OFDM symbol can be determined as

dilk] = =22 (3.22)

Let d;[k] denote the hard-decision value for the signal estimate d;[k]. Then, an updated
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CFR estimate can be given by

hilk] = 222 (3.23)

As the second step needs the symbol decision made in the first step, this approach
is known as decision-directed channel estimation approach. It can track the possibly
time-varying channel or enhance channel estimation iteratively. With regard to iterative
channel estimation, the index 7 in (3.22)) and should denote the i-th iteration,
instead of the i-th OFDM symbol.

Decision-directed channel estimator was exploited to suppress Sl in digital domain
for FD OFDM systems in [101] and [104]. By means of decision-directed channel esti-
mator, Lee et al regarded the detected symbols as virtual pilots to overcome the pilot
shortage in short-frame communications for URLLC in [34]. The major issue of decision-
directed channel estimation is error propagation, where any error in the detected symbol
may propagate to the subsequent channel estimation. The performance deterioration
due to error propagation can be mitigated to some extent by averaging over the channel

estimates between adjacent subcarriers or successive OFDM symbols [1].

3.3 CFO and Its Estimation

In this section, CFO is first introduced, followed by a review of CFO estimation ap-

proaches.

3.3.1 CFO

In general, there are two ways to give rise to CFO. On one hand, CFO is incurred by
the unavoidable frequency mismatch between local oscillators (LOs) at transmitter and
receiver, which are utilised to respectively convert the baseband transmitted signal up
to the passband at transmitter and the received passband signal down to the baseband
at receiver [1,/53]. On the other hand, CFO is caused by Doppler frequency shift due
to the relative motion between the transmitter and receiver [1,53|. Both two types of

CFO result in a serious performance degradation [105].
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Define f; and f; as the carrier frequencies at transmitter and receiver, respectively.
The normalised CFO ¢ is given by the ratio of the carrier frequency difference between

transmitter and receiver to subcarrier spacing Af [45], i.e.,

fr_ft

N

(3.24)

where ¢ = ¢1 + ¢p, with ¢r = | @] and ¢p as the integer part and fractional part of ¢,
respectively. The fractional CFO (fCFO) ¢r has a range of [—0.5,0.5), which is likely
to destroy the orthogonality among subcarriers in OFDM systems and thus result in
ICI |1,/53,94},106]. ICI becomes severe as fCFO increases. Besides, f{CFO worsens ICI
and ISI caused by the nonorthogonal prototype filters in GFDM/GFDMA systems. In
contrast, the integer CFO (iCFO) does not lead to ICI, but induces a cyclic shift of ¢p
in the received frequency-domain signal. After corrupted by CFO, the received OFDM

signal in time domain can be given by

2wk L—1
ylk] = e & leo Allzlk — 1) +wlk], k=0,1,---,K—1. (3.25)

3.3.2 CFO Estimation

A number of CFO estimation approaches for wireless communication systems are re-
viewed in the following, including Moose’s CFO estimator [107|, maximum likelihood
(ML) CFO estimator |7], CP aided blind CFO estimator [108], blind closed-form CFO
estimator [8], semi-blind subspace-based joint channels and CFOs estimator [12], and
rank-reduction criterion based CFO estimator |[14]. Tables and summarise and

compare the aforementioned six CFO estimators.

Moose’s CFO Estimator

Assuming that channel maintains constant for two consecutive identical OFDM symbols,

the corresponding two received OFDM symbols in the presence of CFOs and absence
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Table 3.1: Comparison among CFO estimation approaches (Q: Parameter for training
sequence design in [7], M: Number of subsymbols per GFDM/GFDMA symbol, K:
Number of subcarriers per OFDM symbol or GFDM/GFDMA subsymbol).

CFO estimator [14]

CFO'estimation Users Antennas Estimation Complexity Training
algorithm range overhead
S:E?EZ;SESH Single | SISO | [<0.5,05) | Low High
zgﬁn?ig i Single | MIMO -£,%) High High
CP aided

blind CFO Single | SISO [-%2.55) | Low Low
estimator |108]

Blind

closed-form Single | SIMO | [-0.5,0.5) | Low Low
CFO estimator 8| ’

Semi-blind

subspace-based

joint channels Multiple | MIMO [—%, %) Medium Low
and CFOs

estimator [12]

Rank-reduction

criterion based Multiple | SIMO [-0.5,0.5) | High Low
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Table 3.2: Comparison among CFO estimation approaches (continued).

CFO estimation Required number of symbols | Other comments
Moose’s CFO e Closed-form solution
estimator |107] > 2 e Performance degradation
due to null subcarriers
ML CFO e Exhaustive search
estimator |7] 51 e Suffering error propagation
- from iCFO estimation
to fCFO estimation
CP aided blind e Closed-form solution
CFO estimator [108| >1 e Sensitive to frequency
selective channel
Blind closed-form > e Closed-form solution
CFO estimator 8| - e Requiring null subcarriers
Semi-blind subspace-based e Closed-form solution
joint channels and CFOs > 100 e Not applicable to
estimator |12] CP-based systems
Rank-reduction criterion e Exhaustive search
based CFO estimator [14] | >1 e Requiring massive
receive antennas

of noise have a constant phase shift relationship as follows |107]:

yolk] = y1[K]€?™®, k=0,1,--- , K — 1, (3.26)

where y; [k] and ys[k] are respectively the first and second OFDM symbol corresponding
to k-th sample. As a result, CFO can be estimated by

Sonco! Im{y; [klya[K]}
Siso Re{yi[klya[k]}

b= % tan~'{ b (3.27)

Moose’s CFO estimator is very simple and provides a closed-form solution. However, it

has a number of drawbacks as follows:
e [t demands at least two symbols for training, giving rise to low spectrum efficiency;

e [ts performance is vulnerable to channel variation, which may degrade greatly if

channel varies from symbol to symbol;
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e The presence of null subcarriers is likely to degrade the system performance;
e [t is feasible for f{CFO estimation only, and has an estimation range of [—0.5,0.5);

e Moose’s estimator was extended to GFDM systems in |3| and [11], which however
is susceptible to the intrinsic ICI and ISI in GFDM systems and forms an error

floor at medium and high SNRs.

ML CFO Estimator

By carefully designing the training sequence, both iCFO estimation and fCFO estima-
tion were investigated for MIMO OFDM systems in |7]. iCFO was first estimated by
ML approach, whereas f{CFO was then determined through the roots of the real poly-
nomial. iCFO estimation is mainly described in the following. Define Q = K /P with P
being the length of training sequence. Define ®, = [e1,e2, -+ , e, (p_1)g] (0 < ¢ < Q),
where e, denotes the g-th column vector of an identity matrix Ix. Denote F as an
K x K FFT matrix. Define N; and N, as the number of antennas at transmitter and

receiver, respectively. The ML estimate of iCFO is given by

T C o 2
¢1 = arg —Q/?IE%?{SQ/Z | {In, ® [FEk(—=o1)]}y || (3.28)

where Iy, is an N, x N, identity matrix, F = [@g,®1,---,0On,_1]’F, Ex(—¢1) =
diag{[1, e/ K ... e2mér(K=D/KITY j5 5 diagonal iCFO matrix and y is the received

training sequence. The ML CFO estimator has several limitations as follows:
e All transmit and receiver antennas share a common CFO;
¢ iCFO estimation range is limited by [—Q/2, Q/2);
e It requires a mass of computations due to an exhaustive search;

e Due to two-step estimation, it suffers an error propagation from iCFO estimation

to f{CFO estimation.
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By adopting ML approach, CFO was blindly estimated for GFDM systems in [109],
which however has a limited CFO estimation range of [—0.5/M,0.5/M), where M is

the number of subsymbols per GFDM symbol.

CP Aided Blind CFO Estimator

As described in Subsection [3.3.1] a CFO of ¢ leads to a phase rotation of 27k¢/K in the
received OFDM symbol. In the ideal case, there is a phase difference of 2r K¢/ K = 2w¢

between CP and the corresponding rear part of an OFDM symbol, i.e.,
ylk + K] = y[k]e’*™, k=0,1,---,Lep — 1. (3.29)

Hence, by means of CP, CFO can be estimated blindly in closed form by

= L an { o Im{ylk + K]y* (k) }
2m v Re{ylk + K]y* [k}

b (3.30)
CP based approach has two attractive merits: high spectrum efficiency without requir-
ing any training symbols and low computational complexity thanks to the closed-form
solution [1]. Nonetheless, CP based approach is confronted with the following challenges

and limitations:

e [t is vulnerable to frequency selective channel, and suffers an error floor at medium
and high SNRs. This performance degradation may be mitigated by utilising
more symbols in CP or increasing the CP length, which however is spectrally

inefficient [53];

e Similar to Moose’s CFO estimator, CP based blind CFO estimator also works for
fCFO, with an estimation range of [—0.5,0.5) for OFDM and [—0.5/M,0.5/M)
for GFDM |[3|, respectively.



Chapter 3. Overview of RF Channel and Impairments 49

Blind Closed-Form CFO Estimator

A blind closed-form CFO estimator was proposed by means of multiple receive antennas
for OFDM systems in [8], where a cost function was well designed and could be expressed

as a cosine function. The CFO estimate is obtained by solving the minimisation problem
¢ = arg min C{¢}, (3.31)
¢

where ¢ is the CFO trial value and C{¢} is the cost function defined as

~ Ny—2 N:—1 Ne—2 —Ns—1 K-1
Clo} = anzo anznrﬂ Zi:o Zi’:iJrl Zk:o (3.32)
I en iddYen, i {0} — enifdten, {0} IIF,

with Efzr,i{q;} (¢*, .{¢}) being the compensated received symbol on the k-th subcarrier

in the i-th (¢/-th) symbol at the n,-th (n!-th) receive antenna.
An exhaustive search is demanded to solve (3.31) directly, which however requires
a large number of computations. It was shown in [8] that (3.31) was exactly a cosine

function. As a result, CFO could be obtained with a closed-form solution by

1

b= 27T4(0{0.5}2 c{o} +j(0{0.5}2+ c{o} C(0.25)). 5.3

The blind closed-form CFO estimator is attractive due to high spectrum efficiency and
low complexity. However, it is also limited to fCFO estimation. Additionally, null
subcarriers are required to enhance estimation accuracy, when fCFO approaches 0.5 or

-0.5.

Semi-Blind Subspace-Based Joint Channels and CFQOs Estimator

A semi-blind approach assisted by subspace was proposed to jointly estimate channels
and CFOs for multi-user SIMO ZP-OFDM systems in [12]|. An equivalent system model

was derived first by incorporating CFOs into the corresponding transmitted signals and
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channels. Then, the CFO-included channels were estimated blindly with an ambiguity
matrix by means of subspace approach. Periodical and consecutive pilots were carefully

designed to allow joint estimation of CFOs and channel ambiguity matrix.

Define fiy p, [0], huun, [1], -+ hun, [L — 1] as CIR between user u and n,-th receive
antenna, x,[g] as time-domain transmitted signal of user u, and L,, as ZP length.
CFO is incorporated into channel and transmitted signal, respectively, yielding the
corresponding CFO-included channel and CFO-included signal defined as hqyp,[l] =
2 KR, (1] and sy[g] = €279/ K g, [g]. Thereby, the equivalent system model with

CFO included implicitly for U-user SIMO ZP-OFDM systems was expressed as

U-1 L-1
Yol = >0 3 hullsuilg — )+ wilgl, g=0,1,-+,G, (3.34)

where y; . [g] is the g-th sample of i-th (i = 0,1,---, Ny — 1) received OFDM symbol

at the n,-th receive antenna, and G = K + L,,. Define

i ho,ol] hioll] -+ hy—10[l] ]
h(D) = ho,'l[l] hl,.lm hU—.l,l[l] ' (3.35)
LhoN,—1[l] han—1ll] - hu—1,n-1l]]

The received signal samples from all the received antenna were collected into a vector,
obtaining y; = [yi0[0], yi0[l], -, vi0olG — 1], - ,¥i N—1[0], ¥i v, —1 (1], -, i N1 [G —
1]]7. y; could be given by

y;, = Hs; + w;, (3.36)

Where S; = [5071'[0], SLZ'[O], s 73U—1,i[0]7 e ,Soji[G — 1], Sl’i[G — 1], cee 75U—1,i[G — 1HT,
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w; is noise vector, and

H= h(L —1) : (3.37)
h(0)

h(L —1)

Then, the key steps of joint estimation of channels and CFOs are demonstrated in
the following:
Step 1. Compute the auto-correlation matrix of the received signal y;, i.e.,

1 <Nl g
Ryy = ﬁs Zi:O Yi¥i > (3.38)

where Ny is the number of OFDM symbols used for calculating the second-order statis-
tics of the received signal.

Step 2. @ = GN, — UK eigenvectors corresponding to () smallest eigenvalues of
Ry, are obtained. The ¢-th (¢ = 0,1,---,Q — 1) eigenvector is denoted as v, =
[’yg(()),'yg(l), e ,'y:f(G — 1)]T, where v,(g) is a vector of length N;.

Step 3. Formulate matrix ¢ from ~y,, where

Q
L= Zng Ly (3.39)

and )
Yo(L—=1) (L —2) - Yol

L = ’YqéL) ’Yq(L._ 1) ’Yq'( ‘ (3.40)

_ O
—_ =

_'Yq(G_l) 'Yq(G_Q) 'Yq(K_l)
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Step 4. Perform EVD on ¢ and U eigenvectors corresponding to U smallest eigenvalues
are obtained as G. The CFO-included channel h(l) is obtained by selecting the [V, to
((I 4 1)Ny — 1) rows of G. Denote the CFO-included channel estimate as ho({). Note
that there is an ambiguity matrix between the true CFO-included channel h(l) and
the CFO-included channel estimate ho({), i.e., h(l) = hg(l)c, where c is the channel
ambiguity matrix.

Step 5. By designing a periodical pilot pattern and a consecutive pilot pattern as
illustrated in Tables and respectively, CFOs and channel ambiguity matrix
could be easily obtained by either two-step estimator or best linear unbiased estimator

in [12].

Table 3.3: Example of periodical pilot pattern, with K = 16 and U =4 [12].

User Pilot symbol in time domain
1 110|001 |0]0O]O[1]|0|0O]0O]1]0O]O0O|O
2 0j1(0|0(0|1|O]O0O|O]1]0|0O]0O|1]0]O
3 ojoj1rjojo0jof1j0|0j0j0l1]0|0]1]O
4 0jojo|1jo0jofo{rjojojoj1j{olojo|1

Table 3.4: Example of consecutive pilot pattern, with K =16 and U = 4 [12].

User Pilot symbol in time domain
1 1(1j1(1{0/0j0]0O[0O|0O|JO]O]O]O]O|O
2 0jojojoj1{1rfy1{1y0}0{0l0j0|0O]0O]O
3 0jojojojo{ofojo|1j1{1f1{0|10J0]O0
4 0jojojojojofoj{ojojojojo|1f1j1|1

The proposed semi-blind joint channels and CFOs estimator in |12 is spectrally
efficient, thanks to the semi-blind implementation. However, CFO estimation based on
the periodical pilot pattern has a limited estimation range of [—K/2U, K/2U). Besides
that, the proposed semi-blind approach requires a large number of received symbols
(typically Ny > 100) to compute the second order statistics of the received signal,
which is not applicable to short-frame transmission with tens of symbols per frame. In
addition, it was developed for ZP-OFDM systems, and could not be directly extended
to the widely applied CP-OFDM systems. In [110], a subspace-based algorithm was
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proposed to jointly estimate the coefficients of both SI and desired channels as well as
RF impairments. Nevertheless, it also requires a mass of data symbols to achieve a

good second-order statistics of received signal.

Rank-Reduction Criterion Based CFO Estimator

A rank-reduction criterion based blind multi-CFO estimator was proposed for OFDMA
systems with a large number of receive antennas in [14]. By means of null subcarriers
and massive receive antennas, the blind multi-CFO estimator could estimate each CFO
separately, avoiding the necessity of multi-dimensional search.

CFO compensation with a trial value of ¢ was performed on the received frequency-
domain signal y,,, , with ¢ = 0,1,---, Ny — 1 and n, = 0,1,---, N; — 1, obtaining
Vin @} of length K. Define Yi{$} = [¥,0{0},¥:1{6}, -+, ¥in—1{0}]" and T, as

the null-subcarrier assignment matrix for user u. Their multiplication yields
Ti.{¢} = Yi{¢}T.. (3.41)
Then, the auto-correlation matrix of Fiyu{qg} is computed by
R =S, dHT LoD 3.42
A0y =) Tiufd}Tiufoh)™. (3.42)

It was demonstrated in [14] that CFO of user u could be acquired by calculating the
rank of Ry {}, i.e.,

Rank = (U — 1)L, if ¢ = ¢y; (3.43)

Rank = UL, if ¢ # ¢y,.

where L is channel length. Thus, the CFO of user u could be estimated by solving the

following minimisation problem

. , Ne—(U-1)L -
¢y = arg mén Zk:o Yu {0} (3.44)
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where q/uk{(Z;} is the k-th smallest eigenvalue of Ru{é} Hence, the CFOs of U users
could be determined separately by , decomposing a complex U-dimensional es-
timation problem into U one-dimensional estimation problems. However, the rank-
reduction criterion based CFO estimator has several limitations. First, it needs a large
number of receive antennas which is proportional to the number of users U as well as
channel length L, i.e., N, > UL. Second, each CFO was estimated by an exhaustive
search, resulting in high computational complexity. Last but not least, it works for

fCFO that is less than one subcarrier spacing.

3.4 IQ Imbalance and Its Estimation

The basics of 1QQ imbalance and its estimation are described in this section.

3.4.1 1IQ Imbalance

IQ imbalance is typically induced when low-cost direct-conversion receivers are equipped.
It is likely to incur an additional image interference, lead to biased signal estimates and
result in poor system performance [24,25,/54}/93,94,/106,/111]. IQ imbalance arises at
both transmitter and receiver. The focus of this thesis is on IQ imbalance at receiver.
According to frequency dependence, 1QQ imbalance falls into two classes: frequency in-
dependent and frequency dependent. Frequency independent IQ imbalance results from
the gain and phase mismatches between the local oscillator signals utilised for down-
and up- conversion of I and Q branches, and maintains constant over the whole signal
frequency band [93|. Frequency dependent 1Q is caused by filter response mismatch of
the low-pass filters, and is frequency selective. Frequency independent IQ imbalance
is the focus of this thesis. According to the symmetry, IQ imbalance can be modelled
in two ways either symmetric or asymmetric. In the symmetric model, the branches

of I and Q experience half of the phase and amplitude errors, whose 1Q imbalance



Chapter 3. Overview of RF Channel and Impairments 55

parameters a and [ are defined as |112]
a =cos(0/2) + jusin(0/2), (3.45)

and

B =wvcos(0/2) — 7sin(6/2), (3.46)

where 6 and v are the phase and amplitude mismatches between the I and Q branches,
respectively. In the asymmetric model, the I branch is modelled to be perfect while the

imbalances are modelled in the Q branch, whose IQ) imbalance parameters are [15|112]
a=(1+ve %2, (3.47)

and

B=(1—wvel?2. (3.48)

Note that asymmetric IQ) imbalance has a property of a + g* = 1 [15[|112]. It
is much easier to work with asymmetric model, as it needs to estimate only one IQ
imbalance parameter either o or 8 and another one can be easily acquired by means
of its property. This is why many researches are working on asymmetric 1Q imbalance.
Symmetric and asymmetric Q) imbalance models can be equivalent through several

manipulations, which however is arduous [112].

After being corrupted by 1Q imbalance at receiver, the received signal is given by

ylk] = aylk] + By” (K]
= aZlL:*Ol h[l]li[k - l] + 52;:01 h*[l]x*[k _ l] + aw[kz] + ﬁ’w*[k}},

k=01, ,K—1, (3.49)

where « and [ are obtained through either symmetric model in (3.45) and (3.46) or
asymmetric model (3.47) and (3.48)). It is noteworthy that IQ imbalance gives rise

to an additional image signal y*. If IQ imbalance is left uncompensated, the system
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performance will be degraded substantially.

3.4.2 1IQ Imbalance Estimation

By means of a specific training sequence, a computationally efficient 1@ imbalance
estimator was proposed for GFDM systems without any prior knowledge of channel
in [15]. Assuming a whole GFDM symbol was exploited for training, its first half part
should be designed to be a known sequence, whereas its last half part should be zero.

An example of the time-domain training sequence is
X = [ZL‘{O], l‘[l], e 7$[N/2 - 1]7 0)07 e 70]T' (350)

Define y = ay + 5y* as the received frequency-domain training sequence corrupted
by an asymmetric IQ imbalance at receiver, where o and 8 are the asymmetric 1Q
imbalance parameters with o+ 5 = 1, and y is the received frequency-domain training

sequence. Thanks to the training sequence design,

y(2) y(2) +3(2) 0 0 a
y3) | 0 Y@ +3°6) a ’ | w (3.51)

y(N/2)| | 0 0 o Y(N/2) +yH(N/2)] o)

~—~

Y G o

is obtained, where w is noise vector. Thus, IQ imbalance vector ¢ could be acquired
by
&= (GG 'GHyY. (3.52)

IQ imbalance parameter a could then be estimated through & = Zﬁl %_2 &(n). The
estimate of 3 is easily obtained by utilising the relationship between v and . Although
the IQ imbalance estimator is computationally efficient with closed-form solutions, it
has several drawbacks. On one hand, it suffers high training overhead due to the use of

a whole GFDM symbol for training. On the other hand, it is based on an asymmetric
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o7

1Q imbalance, and could not be directly extended to symmetric IQ) imbalance.



58

Yujie Liu




Chapter 4

Joint Estimation of TOAs and
CFOs for Multi-User OFDM

Systems

In this chapter, a joint multi-TOA and multi-CFO estimation scheme is proposed for
multi-user OFDM systems. With a carefully designed pilot, multiple TOAs and multiple
CFOs of U users are separated jointly, dividing a complex 2U-dimensional estimation
problem into 2U low-complexity one-dimensional estimation problems. Two CFO esti-
mation approaches, including a low-complexity closed-form solution and a high-accuracy
null-subcarrier assisted accurate estimation approach, are proposed, where the integer
and fractional parts of each CFO are estimated as a whole rather separately. Each
TOA is estimated regardless of CFO by exploring the features of the ICI matrix of
CFO. The CRLBs of multi-TOA and mutli-CFO estimation are derived for the first
time for multi-user OFDM systems. Simulation results show that the proposed TOA
and CFO estimators provide higher estimation accuracy than the ESPRIT based TOA
estimator 6] in Subsection and the existing ML CFO estimator |7] and the blind
closed-form CFO estimator [§] in Subsection The proposed scheme also achieves

performances close to the CRLBs especially at high SNRs.

59
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4.1 Introduction

TOA, defined as the propagation delay of the first arriving path, plays an important
role in localisation, synchronisation and channel estimation of mobile networks, wireless
sensor networks, etc. 6,29,30]. A number of TOA estimators have been proposed
for OFDM in the literature, such as ESPRIT [6] and MUSIC [29] as mentioned in
Subsection and matrix pencil in [30]. However, none of them proposed a scheme
to combat CFO. When the received signals are perturbed by CFO, the aforementioned
TOA estimators will be biased. In [113]|, a TOA estimator robust against CFO was
proposed for IEEE 802.15.4a Chirp Spread Spectrum (CSS) signals. However, it is
invalid for OFDM systems. Meanwhile, all aforementioned TOA estimators consider a
single user only. To the best of the author’s knowledge, the research of robust multi-

TOA estimator against CFOs in OFDM systems is still an open problem.

Furthermore, the existing methods usually estimate CFO in two steps. The first step
is to estimate the integer/fractional part of CFO whereas the second step is to estimate
the rest fractional/integer part [8,29,114,]115]. Nevertheless, they perform poorly if the
residual fCFO or iCFO exists. Thus, it is crucial to develop a one-step CFO estimator

so that iCFO and fCFO can be estimated as a whole rather than separately.

Moreover, the existing studies in OFDM systems usually estimated either TOAs
[6,129,]30] or CFOs [7,[8,|{114}/115], but not both together. A joint TOA and CFO
estimation algorithm has been proposed for IEEE 802.15.4a CSS signals |116]. However,
it has considered a single user only and is not applicable for OFDM systems. The joint
estimation of TOAs and CFOs in multi-user OFDM systems is still an open issue. It
is not straightforward to apply the aforementioned TOA and CFO estimators to multi-
user OFDM systems as they will interfere with each other. Thus, they need to be
performed sequentially. For example, multiple CFOs should be estimated first at BS
and compensated at individual users via feedback. Only after CFOs compensation, can
multiple TOAs be estimated. This requires separate training processes for CFOs and

TOAs estimation, which is complex and spectrally inefficient.
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In this chapter, a joint multi-TOA and multi-CFO estimation (JMTMCE) scheme is
proposed for multi-user OFDM systems. The estimation is performed in two steps: 1)
TOAs and CFOs are separated into U groups corresponding to U users, by performing
correlation between the received and transmitted pilots; 2) the TOA and CFO of each

user are separated and estimated. This work is different in the following aspects.

e To the best of the author’s knowledge, this is the first attempt to consider both
TOAs and CFOs and their estimation together, for multi-user OFDM systems,
without requiring separate training processes as by existing methods [6-829,30,
09,114,115/117/118]. Simulation results show that the proposed JMTMCE scheme
outperforms the existing methods [6-8] in terms of both TOA and CFO estimation
accuracy. CRLBs of TOA and CFO estimation for multi-user OFDM systems are

derived for the first time, which verify the effectiveness of the proposed scheme.

e Through a careful pilot design, multiple TOAs and CFOs of U users are separated,
dividing a complex 2U-dimensional CFO and TOA estimation problem into 2U
low-complexity one-dimensional problems. Each TOA and CFO are estimated
independent of each other, while the existing methods [6-8,29,(30,99, 114,115,117,
118| separate U CFOs and U TOAs sequentially, resulting in error propagations
from CFO estimates to TOA estimates, and the previous TOA estimators [6}29,

30,99,/118] require a CFO estimation and compensation procedure in advance.

e Two CFO estimation approaches, including a computationally efficient closed-form
solution and a NS assisted accurate estimation approach, are proposed, where the
integer and fractional parts of each CFO are estimated as a whole, whereas the
existing CFO estimator approaches [7,[8/114,[115,/117] estimate iCFO and fCFO
separately through two sequential algorithms, giving rise to error propagations.
The proposed closed-form CFO estimator is very computationally efficient, with

a complexity reduction of 7-fold over the methods in [6-8].

The rest of this chapter is organised as follows. System model and pilot design

are described in Sections and respectively. The proposed JMTMCE scheme is
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Closed-Form é
CFO Estimator CF.0
User 0 —T T ,| K-point Yoito N Ro,0,Ro,1, -+, Rov.—1 [ Null-Subcarrier $
Txant. Rxant. 0 FFT ”| CFO Estimator NS0
—

Robust TOA 2
Estimator 0.0

Closed-Form -
CFO Estimator beru-1

uopeledas VOL-BINA % O40-BINN

L5
T T _DOI 7p.l,N -1 R R R
User U-1 ,| K-point LN v-1,0Ry-1,1, -, Ry—1,5.-1 Null-Subcarrier 7
FFT 7 >| CFO Estimator Prs.-1
Txant. Rxant. N, —1
Robust TOA N
Estimator Tou-1

Figure 4.1: Block diagram of the proposed JMTMCE scheme for a U-user SIMO OFDM
system.

presented in Section [£.4] CRLB analysis and complexity analysis are given in Section

5] Simulation results are presented in Section [4.6] Section [£.7] draws conclusion.

4.2 System Model

An uplink U-user SIMO OFDM system is considered, as depicted in Fig. Each user
and the BS are equipped with a single transmit antenna and N, receive antennas, re-
spectively. A data frame consists of Ny OFDM symbols with K subcarriers each. Define
dui = [dus[0], dus[1], -+, du:[K —1]]T as the data vector of user u (u = 0,1,--- ,U —1)
and 4-th (¢ =0,1,--- , Ny—1) OFDM symbol, with d,, ;[k] denoting the data on subcar-
rier k (k=0,1,--- , K —1). Before transmission, each OFDM symbol d,, ; is processed
by IFFT, and then a CP of length L}, is pre-pended.

The channel is assumed to remain constant for a frame’s duration. Define Ly,
Ml un, and 74, as the number of resolvable propagation paths, the complex path gain
and path delay of the I-th (I = 0,1,---,L, — 1) path between user u and the n,-th
(n, = 0,1,---, N; — 1) receive antenna of the BS respectively. Since the scale of the
transmit or receive antenna array is very small compared to the large signal transmission
distance, the channels of different transmit-receive antenna pairs share very similar

scatters [102]. Meanwhile, the path delay differences among the similar scatters are
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much smaller than the system sampling interval |[102]. Hence, common time delays
can be assumed for different transmit-receive antenna pairs [102], i.e., 7, = T un,
for n, = 0,1---, N, — 1. The time delay of the first arriving path 7 ,, either being
LoS or NLoS, represents the TOA [29,98|, and requires to be estimated for the desired
application. The discrete CIR at the k-th (k = 0,--- , K — 1) sampling point is given
by

Lp—1
hu,nr [k] = Zl:po Ml,u,nr(s(k/fs - 7_l,u)- (41)
Denote Ay pn, = [Aun, [0], Bun, [1], - -+, Bun, [ —1]]7 as the CIR vector. Its corresponding
CFR vector is obtained as hypn, = [hun, [0 Pun (1], 5 Pun [K — 1]]T with Ay, [K]
defined as [99]
7 _ Lp-1 —j2mkTy o fs/ K
P, (K] = leo Ml un. € . (4.2)

Define ¢y, (¢, = ¢14 + ¢r,u) as the CFO between user u and the BS with ¢y,
and ¢r, being the iCFO and fCFO, assuming all antennas at the BS share one local
oscillator [8]. After removing the CP, the received data on subcarrier £ in OFDM symbol
i is obtained as g n, [k]. Define F as K x K FFT matrix with F(a,b) = 1/vKe 727ab/K
(a,b = 0,1,--- ,K — 1), and Eg, = diag{ek,} as the diagonal CFO matrix with
ek = [1, e2mou/K o en2m(K=1)0u/K|T heing the CFO vector. The received signal at

the n,-th receive antenna in the frequency domain can be written as
_ U-1_- - _
Y, = Zu:o Ex  Hy, dy + W, (4.3)

where an = [S’O,nra yl,nrv T ayNSfl,nr] with yi,nr = [gi,nr [O]a gi,nr[l]a s Ying [K - 1]]T;
EKU = FEKMFH is the ICI matrix of user u; I:Iu,nr = diag{ﬁujnr} is the diagonal CFR

matrix; dy = [dy,0,du1, - 5 du,No—1]; Wi, is the additive white Gaussian noise matrix

with zero mean and variance of 2.
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4.3 Pilot Design

The pilots are designed for joint estimation of multiple TOAs and CFOs. A pilot of
Pyii OFDM symbols dpi1 o = [du,0, w1, -, du,ppil,l] is designed for each user from two
aspects. First, the pilots of different users should be orthogonal to each other, allowing
the joint separation of multiple TOAs and multiple CFOs in Subsection [4.4.1] Second,
for each user, the training symbols on the occupied subcarriers should be orthogonal to
enable the independent estimation of TOA and CFO in Subsections [£.4.2] and [£.4.3]

A Hadamard matrix M of size Py X Py can be applied to achieve these, in which any
two different rows are orthogonal to each other |115]. Hence, every occupied subcarrier
of each user should be assigned an unique row of M. For each user, K, (K, < K)
subcarriers are used for the joint estimation. Define T = 1% as the subcarrier spacing.
Each user uses an unique initial subcarrier index, e.g., j, (ju = 0,1,---,T — 1) for
user u. The subcarrier index of the ko-th (k, = 0,1,--- , K, — 1) pilot tone for the
u-th user is Jk = j, + k,T. Denote J, = [JO, L, -+ JE=UT  Then K, different
rows of M (Ppi] > K,U) are randomly chosen and placed on those subcarriers with
index J,. In contrast, the remaining (K — K,) subcarriers are allocated with nulls.
Define Rﬂf}, = %dpﬂ,udgw as the pilot correlation matrix averaged over Py symbols
between the u-th and the v-th (v = 0,1,--- ,U — 1) users. With this pilot structure,

the correlation matrix R34 becomes

IKO X Cuv U =,
RJd = (4.4)

Ox«K, u # v.

where {, is a T' x T single-entry matrix with {y(ju, ju) = 1.

Note that can also be achieved by an identity matrix, whose off-diagonal entries
however are zeros and thus more susceptible to the noise than the Hadamard matrix.
Hence, the Hadamard matrix is utilised to design the pilot in this Chapter. It is note-
worthy that an orthogonal training sequence with the help of a Hadamard matrix was

also designed in [115|. However, it allows only the estimation of multiple CFOs not
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the joint estimation of multiple TOAs and multiple CFOs. As P,y is lower bounded by
K, U, the choice of K, is essential. The minimum value of K, for joint TOA and CFO

estimation is 2Ly, as suggested in [99).

4.4 Joint Multi-TOA and Multi-CFO Estimation

By performing correlation between the received and transmitted pilots, the TOAs and
CFOs of U users are first separated jointly by user, dividing a 2U-dimensional joint
multi-TOA and multi-CFO estimation problem into U 2-dimensional joint TOA and
CFO estimation problems. Then, for each of U users, the 2-dimensional estimation
problem can be divided into two 1-dimensional problems to allow independent estima-
tions of TOA and CFO. The integer and fractional parts of each CFO are estimated in

an integral by two CFO estimators. The proposed JMTMCE scheme is illustrated in
Fig. [4.1]

4.4.1 Joint Multi-TOA Separation and Multi-CFO Separation

As the pilot design is orthogonal in the user domain, the pilot of each user is used

as a projection matrix, to separate U TOAs and U CFOs jointly. Let Ypil,’nr =

(Yo Y1m, -+ 5 ¥ Py—1,n,] denote the received pilot matrix at the n,-th receive antenna.

Define R,, ,, = %Ypil7nrdgl + @s the correlation matrix between the received mixture
pi )

of pilots from U users at the n,-th receive antenna and the transmit pilot of user w

averaged over Py symbols. By using (4.3)) and (4.4)), Ry ,, can be written as
Ru,nr = ]EK,uFu,nr + V_VS,u,nrv (45)

where I’y ,,, = I:IWLr (Ix, ®¢,) and V_stu’nr = %Wpﬂ’nrdglﬂ’u is the noise matrix averaged
over Py symbols.

Hence, U R, ,, matrices at the n,-th receive antenna have been separated with no
interference from other users. Since the TOA and CFO of user v are embedded in R, ,,,

U TOAs and U CFOs have been separated jointly by user.
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4.4.2 Multi-TOA Estimation

A robust TOA (R-TOA) estimator is proposed, where the TOA can be recovered from
R, directly, without requiring any explicit procedures for CFO estimation and com-
pensation in advance. The core idea is to obtain a CFO-independent channel correlation
matrix from R, 0, Ry 1, -+, Ry, n,—1 firstly, and then to apply it with the ESPRIT algo-
rithm to extract the TOA. The extraction of the CFO-independent channel correlation
matrix can be summarised in three steps.

Step 1: K CFO-dependent channel correlation matrices are calculated from the diag-

onal vectors of R, ,, and the shift versions of R, ,, respectively.

Let f]fmr: diag{f{ﬁ%r (Ju: T: K,jyu: T: K)} denote the truncated diagonal vector
of Rk where Rf;nr indicates that R, is up-shifted by k rows (k =0,1,--- , K —1).

Uy

k = 0 means there is no shift. Define [€2,é.,---,eX~1T as the first column vector of

EK,u' Then, the k-th CFO-dependent channel correlation matrix Rg’ﬁr is computed by
REL _ ¢ (fﬁnr)H Due to the Toeplitz property of Ex , and the diagonal feature of

UMy U, Ny

.k
Lun. Ry, can be expressed as

ff k sk (21 il v
Ru,’nr = ’eu’ ht,uﬂrht,u,nr + WT,u,nr') (46>
where hy y 5, = By, (ju: T: K, 1) is the truncated CFR vector and Wé,u,nr is the noise
correlation matrix. Since |€¥|? varies with the CFO, joﬁr is susceptible to CFO.
Step 2: To achieve TOA estimation independently of CFO, all of K CFO-dependent

channel correlation matrices are summed. Denote Rg’nr = Zf:iol Rg:fbr as the summed

correlation matrix. By considering EQUEKU = FEEMFH FEKJJFH - i(:_[)l ek|2 =
1 can be obtained, which is a constant. Thus, Rgnr can be given by
T n — H =
Ruanr = ht’“»nrht,u,nr + WT,u,nra (47)

where Wy, = Zf:_ol Wl%unr Hence, the impact of CFO has been mitigated and
Rgnr is independent of CFO.
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Step 3: Thanks to the assumption of equal delays among antennas, N receive antennas
can provide space diversity to enhance TOA estimation. The spatial averaged CFO-
independent channel correlation matrix R¥ is calculated by

1 Ny—1
Rf=_—_3"" R (4.8)

(R
ny=0 e

Then, it is improved by the forward-backward (FB) averaging technique, obtaining
1
Rip,, = §(R§ +O(Ry)*0), (4.9)

where O is the K, x K, matrix whose components are zero except for ones on the

anti-diagonal.

Last, ka“fB,u is applied to Step 2 of ESPRIT algorithm described in Subsection

to obtain the TOA estimate of user u as 7.

4.4.3 Multi-CFO Estimation

U CFOs of U users are separated by the separation of U R, ,, matrices, and can be
estimated independently at the BS. A closed-from CFO estimator and a NS based CFO

estimator are proposed for each CFO, both of which are independent of TOA.

Closed-Form CFO Estimator

A closed-form CFO estimator is proposed, where CFO is extracted independently of
TOA and its integer and fractional parts are estimated as a whole. The core idea of
CFO estimation is similar to that of TOA estimation. Specifically, a TOA-independent
correlation matrix of CFO vector is computed firstly, which is then applied with ES-
PRIT algorithm to extract the unknown CFO. The computation of TOA-independent
correlation matrix of CFO vector involves four steps.

Step 1: A channel-perturbed CFO matrix Ru,nr is calculated by performing IFFT on
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Ry n,, te., Iviu,nr = FHRWLrF. Substituting (4.5 into it, Iv{umr can be given by
Ru,nr - EK,uTu,nr + WC,u,nra (41())

where Ty, = 'y F is a kind of channel circulant matrix with its first column

vector being ﬁu,nr = [ﬁo RL iv‘LKfl]T and W¢ ypn, = FHWSMMF is the noise

wu,ne o uyny s Houyny

matrix.
Step 2: K TOA-dependent correlation matrices of CFO vector are extracted from

the diagonal vectors of the original and shifted versions of Ru,nr~ Denote f.qli,nr =

diag{f{fwr (Ju: T: K,ju: T: K)} as the truncated diagonal vector of f{k where

U, Ny )

9

R means that f{u,nr is right-shifted by k columns (k = 0,1,--- , K — 1). Then,

U,y

the k-th TOA-dependent correlation matrix of the CFO vector Rﬁe’lf is computed by

T

UMy U,Ny

rek gk (f'k YA . Due to the diagonal feature of Ex ., and the circulant property

u,Ny

of Tyn,, thf;i can be represented as

2 57k
R = Fyn, [Pecuell + W un, (4.11)

U, Ty UMy

where ey, = eky(ju: T K,1) and Wlét,u,nr is the corresponding noise correlation
matrix. |7uiq’fmr|2 is the channel power of the k-th sampling point, whose value changes
with TOA.

Step 3: To enable the independence of CFO estimation of TOA, K TOA-dependent
correlation matrices in are added up. Denote R}, = Zf:iol Rf:;{i as the summed
correlation matrix, which can be written as

R, = hun, 13 ecuell, + Wepun,, (4.12)

U My

. % K— Z X K— <7k . £ .
with || hu,nr ||125‘: Zk:()l |h£,nr|2 and WCt,u,nr: Zk::()l WCt,u,nr' Since H hu,nr H%‘ 18
the summed channel power and insusceptible to TOA, the impact of TOA has been
mitigated.

Step 4: The TOA-independent correlation matrix is similarly enhanced by the spatial
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and FB averaging techniques, obtaining
]' *
FBu = 5 (R + O(R,)70), (4.13)

with RIF = &= S R,

The CFO of user u is obtained as ¢cp,, by introducing Rpp, to the ESPRIT
algorithm. Let u, denote the signal eigenvector corresponding to the largest eigenvalue
of R%rB’u. uy,, and ug, are defined as the first and last (K, — 1) elements of u,
respectively. ¥, = (u{{uulvu)_lu{{uuZu can be obtained, and the iCFO and fCFO of
user u are computed as a whole with

K/v,
2T

dCFu = (4.14)

NS Based CFO Estimator

A more accurate NS based CFO estimator, referred to as NS-CFO, is derived by employ-
ing the orthogonality of FFT matrix as well as the orthogonality among the occupied
subcarriers of the designed pilot, which are independent of TOA. It involves two steps.
Step 1: CFO is estimated initially by utilising the orthogonality between the truncated
FFT matrices corresponding to the respective null subcarriers and the occupied sub-
carriers in the designed pilot.

Step 1.1: IFFT is performed on Ry, ,, yielding R, ,, = FHRu,nr. Due to null subcar-
riers, the truncated matrix of Ru,nr is defined as Rt%nr = f{u’nr(: yJu: T K), which

can be re-expressed as
Rt,u,nr = EK,uFKol-‘t,u,nr + WN,u,nr, (4.15)

with Ty, = diag{Tyn, (Ju: T: K,ju: T: K)}, Fg, = FH(: yJu: T K) and V_VN,u,nr
being noise matrix.
Step 1.2: In the absence of CFO (¢, = 0), (Fz, ) ¥Rty = 0(x—K.)x K, Where F%.

is the complementary part of Fg_, thanks to the orthogonality between the truncated
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FFT matrices corresponding to the (K — K,) subcarriers and occupied K, subcarriers in
the designed pilot. However, this is not true for ¢, # 0. Given a possible CFO search
range of [e1,es] and a trial value of ¢, i.e., ggu, a compensated Rt,u,nr is obtained
as f{unr(&u) = Egu(qgu)ﬁw,nr. A good trial value ¢, will make all the elements of
Pi(dy) = (FJ‘O)Hfiumr(q;u) as zero. Thus, the CFO of user u is estimated by

5 1 Ne—1 -
ONsu =arg . min N Pi(du) |13 - 416
o QEuE[el,eg] Nr an:(] || 1( u) ||F ( )

Step 2: The initial CFO estimate in is further enhanced by exploiting the orthog-
onality between the occupied () subcarriers in the designed pilot. CFO compensation is
performed on R, ,,,, obtaining Ru,nr = Egu(éu)Ru,nr and its truncated version is given
by f{t%nr = Ru,nr(:, Ju : T : K). Thanks to the orthogonality between the occupied K,
subcarriers in the designed pilot, the off-diagonal elements of Rt,umr should all be zero

if with an accurate CFO compensation. Hence, CFO is enhanced by

N:—1

. 1 .
dnsu=arg min > " || Pa(éu) [ (4.17)

dued, Ny —nx=0

where Pg(éu) = Rt,umr © (lgxk, — Rggu), Rﬂg,u = Rgz(:,ju : T : K) and q;u is
denoted as the CFO estimate set, i.e., J)u = [qgu,o, (;Aﬁujl, e ,qgu,w_l] corresponding to w
minimum values of || P1(¢,) |2 In this chapter w = 4 is used.

It is noteworthy that the proposed JMTMCE scheme is more suitable for long-
range systems due to the assumption of equal time delays among different antennas.
This assumption does not hold in short-range scenario, since the links between different
transmit-receive antenna pairs are more likely to encounter different scatters. This can

be solved by simply utilising time diversity rather than space diversity for long-range

case. Instead of utilising IV, receive antennas, each user transmits /N, pilots, and the

spatial averaged correlation matrices in Steps 3 and 4 of Subsections 4.4.2| and 4.4.3]

are replaced by the temporal averaged correlation matrices. The other parts of the

proposed ESPRIT based TOA and CFO estimation scheme remain the same.
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4.5 Performance and Complexity Analysis

In this section, the CRLB for pilot assisted joint multi-TOA and multi-CFO estimation
in multi-user SIMO OFDM systems is derived, which provides an analytical bench-
mark for the proposed JMTMCE scheme. Then, the computational complexity of the
proposed JMTMCE scheme is investigated.

4.5.1 CRLBs Analysis

The CRLBs on the MSEs of TOA estimation and CFO estimation are derived with the
proposed pilot dpi . Generally, CRLB is usually determined by taking a derivative
of the received signal vector with respect to the unknown variables vector. Thus, the
received pilot is written as a column vector, obtaining Y = [vec{Yo}?,vec{Y1}T, -,
vec{Yn,—1}']". Define Dy, = [diag{do},diag{d1y}, - ,diag{dp,,—1,.}]" of size
KPy x K, and v, = [1, e 2mmuls/ K em2n(K=D)nufs/KIT of length K. The CFR
vector flu’nr in Section can be expressed as

hu,nr == Vulf'/u,nr, (418)
where v, = [VO,U7 Viu, - 7VLp—1,u] and Hun, = [,Uf[),u,nu Mlume, 7,Upr_1,u,nr]T~ Y can
be written as

Y =(Iy ®Z)h+W, (4.19)
- = =T T =T T i
where Z = (29,21, -+ ,2U_1], Zu = (IPpil ® EK,u)DpiLua h=[hy,hy, - h; 47, h, =
=T =T =T _
[hu,(]v hu,lv e 7hu,Nr71]T = (INr X Vu)l”u» My = [ug,o: Hg,lv T ,MZ’M_I}T, and W =
[vec{Wo}T, vec{W1}7,--- vec{Wy,_1}7]7 is the noise matrix.

Denote U = (Iy, ® Z)h as the received noise-free signal vector, and Z, = Iy ®

Zy. The unknown variables vector is defined as 8 = [¢, 7,Re{pu}, Im{p}] with ¢ =

[0, 01, ,pu—1], T = [T0,T1, -+, TUu—1], b = [po, 1, - , py—1]. The Fisher informa-
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tion matrix (FIM) is given by

2 outl ou
I = ﬁRe[WW]. (4.20)
Through some manipulations,
Q'Q, -QfQ, —Q7Q, QQ,
_OH H H _OH
o — zRe QQ, QyQ, Q5Q, Q,Q, (4.21)

> 1,fqQ, -Q7Q, Qq, Q7q,
' Q7q, -Qfq, -/Qfq, Qfq, |

is obtained, where Q, = [Q;0,Q;1, ", Q;x_1] With Q,, = %{IM ® [(Ip,; ®
FEK,uLFH)DpiLu]}Bua L = diag{l},1=[0,1, - 7K—1]T7 Q¢ = [Q¢,07 Q¢,17 T 7Q¢,K—1]7
Qyu = ZL2, (1N, @Kvy) fu, fru = [diag{ptao}, diag{pu,1}, -, diag{pan,—1 17, Q, =
[Qu,m Qu,lv e aQﬂ,Ufl] with Qu,u = Zu(In, @ vy).

The CRLB of 6 is given by the inverse of FIM II, e.g., x = II"!. Therefore, the

CRLBs of CFO and TOA are given by

CRLBcro = %ZZ;OI x(u,u), (4.22)
and
1 U—-1
CRLBroa = > o X(f(u), f(u)), (4.23)

where f(u) =U + uL,,.

4.5.2 Complexity Analysis

In Table [4.1] the computational complexity of multi-TOA and multi-CFO estimation
for the proposed JMTMCE scheme and the existing approaches are presented, in terms
of the number of complex additions and multiplications. The proposed TOA and CFO
estimators contribute to two JMTMCE schemes. JMTMCE-1 includes the closed-form
CFO estimator and the R-TOA estimator, whereas JMTMCE-2 consists of the NS-
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CFO estimator and the R-TOA estimator. The existing ML CFO estimator |7] and
the blind closed-form CFO estimator |8] in Subsection and the ESPRIT based
TOA estimatior [6] in Subsection are selected for comparison in terms of iCFO
estimation, fCFO estimation and TOA estimation, referred to as gl: iCFO |7|+fCFO
[8]+ESPRIT [6]. It is worth noting that the proposed JMTMCEL and JMTMCE2
schemes could estimate iCFO and fCFO together whereas the existing methods |7,
8] need two separate algorithms for iCFO and fCFO estimation. Since the NS-CFO
estimator is based on a direct search, JMTMCE-2 suffers high complexity, however
contributes to high estimation accuracy, as will be shown in Fig. With K =
64,U = 2,Ky = 4, Ny = 4,Q1 = 8P, = 8,e10 = 6,Py = 2,P3 = 2 and § = 0.01,
the numerical complexity of the proposed schemes and the existing methods [6-8]| can
be computed. It is found the proposed JMTMCE-1 scheme is very computationally

efficient, with complexity reduction of around 7-fold than the existing methods [6H8].

Table 4.1: Analytical computational complexity (K: Number of subcarriers in an
OFDM symbol, U: Number of users, K,: Number of occupied subcarriers for pilot
design, N,: Number of receive antennas, ejo = eo — e1: CFO search range of NS-CFO
estimator, §: CFO search step size of NS-CFO estimator, P; and ()1: Correspond to
P and @ in |7], P» and P3: Number of symbols of |8] and [6], sep.: separation, est.:
estimation. )

gl: iCFO [7]+fCFO [§] |
Ttem JMTMCE-1 JMTMCE-2 " ESPRIT i
Multi-CFO 2K2 UKoNr KgUZNr

multi-TOA sep.
Multi-iCFO est. | U(4K?K, 4+ 5K2 | UNe12(2K — 1) | UQ(4K%Py + 5N2K Py)
Multi-fCFO est. +2K2KN;) (2KK, — K2)/§ SUN? P Klog, K
Multi-TOA est. U9K3S +2K2KN,) 2K2N,P3U +5K3U

4.6 Simulation Results

4.6.1 Simulation Setup

A simulation study is carried out to demonstrate the performance of the proposed multi-

TOA and multi-CFO estimation scheme, with U = 2 users. System parameters are set
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as follows. Each OFDM symbol contains K = 64 subcarriers. The modulation scheme
is quadrature phase shift keying (QPSK). The CP length is L., = 16. The two-ray
channel model [118] is applied. The sampling rate fs is 200 MHz. Note that the MSE
value of TOA estimate is extremely small, whose order of magnitude would be as low as
-20. Hence, similarly to [30] and [113], the root MSE (RMSE) is adopted in this chapter
to evaluate the performance of the proposed scheme in terms of CFO estimation and
TOA estimation. Note that RMSE curves and the corresponding MSE curves follow the
same trend, and only differ in values. The RMSE of CFO for the proposed closed-form

CFO estimator is defined as

RMSEE, = |/ & S0 Elldcr. - 00} (.24

while that for the proposed NS-CFO estimator is

1 _ .
RMSEN, = J =S B (s — )2 (4.25)

The RMSE of TOA is

1 U-1 R
RMSEroa = \/U ZUZO E{(70,u — T0,u)?}- (4.26)

The lower bounds of RMSEs of CFO and TOA are obtained from the square root of
CRLBcro and CRLBToA , respectively. The CFO of each user is randomly
generated between -3 and 3. For fairness, the same number of symbols are used for the
proposed JMTMCE-1 scheme, JMTMCE-2 scheme, the existing ESPRIT [6] and gl:
iCFO [7]-+fCFO [8]+ESPRIT |[6] based approaches.

4.6.2 RMSE of TOA Estimation

Fig. [A:2] demonstrates the RMSE of TOA estimation as a function of two CFOs for
the proposed R-TOA estimator and the existing ESPRIT estimator [6] at SNR=25
dB. The range of two CFOs is from —3 to 3. The RMSE of TOA estimation of the
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Figure 4.2: RMSE of TOA estimation as a function of two CFOs for: a) the existing
ESPRIT estimator @; b) the proposed R-TOA estimator.
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Figure 4.3: RMSE of TOA estimation of the proposed R-TOA estimator and the existing
approaches [6/-8].
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ESPRIT estimator 6] increases with CFOs until a large error floor is formed. However,
the proposed R-TOA estimator shows almost the same RMSE performances for various
CFOs. It is because the existing ESPRIT estimator [6] is susceptible to CFO and needs
the procedure of CFO estimation and compensation in advance, while the proposed
R-TOA estimator is independent of the CFO by deriving a CFO-independent channel
correlation matrix as demonstrated in Subsection [£.4.2]

Fig. shows the RMSE of TOA estimation of the proposed R-TOA estimator
with K, = 4 and N, = 4, in comparison to the existing approaches [6-8] and the
derived CRLB in Subsection [£.5.1] First, the proposed R-TOA estimator demonstrates
a much better performance than gl: iCFO |7]+{CFO [8|+ESPRIT [6] and ESPRIT |6].
At RMSE of TOA with 1071, the proposed R-TOA estimator achieves an SNR of
5 dB over gl: iCFO [7]+{fCFO [§]-+ESPRIT [6]. The ESPRIT estimator [6] has the
worst performance, forming an error floor due to the presence of CFOs. Moreover, the
proposed R-TOA estimator achieves a TOA RMSE performance close to the ESPRIT |6]
with perfect CFO estimation and compensation and also to CRLB especially at high
SNRs.

In Fig. [4.4] the impacts of the number of receive antennas N, and number of occupied
subcarriers in the designed pilot K, on the RMSE of TOA estimation are presented, with
SNR=25 dB. First, regarding the proposed R-TOA estimator, the increase of N, and K,
can lower the RMSE of TOA estimation significantly. Meanwhile, the proposed R-TOA
estimator has a performance much closer to CRLB as N, increases. Nevertheless, the

ESPRIT estimator |6] always performs poorly, regardless of the values of NV, and K.

4.6.3 RMSE of CFO Estimation

Figs. shows the respective RMSE of CFO estimation of the proposed closed-form
CFO estimator and NS-CFO estimator with K, = 4 and N, = 4, in comparison to
the existing approaches [6-8|. First, the proposed two CFO estimators significantly
outperform the existing approaches [7,8]. For instance, at RMSE of CFO with 2 x 1072,
the proposed closed-form CFO and NS-CFO estimators achieve an SNR of 5 dB and



Chapter 4. Joint Estimation of TOAs and CFOs for Multi-User OFDM Systems 77

1 0'8 T T
ESPRIT [6]
7
YT O—%—06—o&5— & )
2 Robust TOA estimator
-9
o 10
<
(@)
'_
©
L
n
=
T 1010
N >
Square root of CRLB P
1 0-1 1 L L L L L L L L

1 2 3 4 5 6 7 8 9 10
Number of receive antennas Nr

Figure 4.4: Impact of the number of receive antennas N, and number of occupied
subcarriers in the designed pilot K, on the RMSE of TOA estimation at SNR= 25 dB.

12.5 dB, respectively, over the existing approaches |6-8]. Besides, the proposed NS-
CFO estimator has the best performance, whose performance approaches the CRLB
from SNR=20 dB to SNR=40 dB.

Fig. [A.6] demonstrates the RMSE of CFO estimation of the proposed closed-form
CFO and NS-CFO estimators with K, = 4 and K, = 8, respectively, where N, = 4
receive antennas are used. The NS-CFO estimator always outperforms the closed-form
CFO estimator, despite of the value of N;,. The RMSE of both two estimators are
lowered with the increase of K, especially for the closed-form CFO estimator. For
instance, the RMSE of CFO by closed-form CFO estimator is reduced by 5 times when
K, is increased from 4 to 8 at SNR=20 dB.

Fig. shows the impacts of the number of receive antennas IV, on the RMSE of
CFO estimation of the proposed closed-form CFO and NS-CFO estimators, in compari-
son to the existing approaches |6-8]. All approaches demonstrate a decreased RMSE of
CFO estimation, as IV, increases. The proposed closed-form CFO and NS-CFO estima-

tors all dramatically outperform the existing approaches [6H8]| at all NV;. The proposed
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Figure 4.5: RMSE of CFO estimation of the proposed closed-form CFO estimator,
NS-CFO estimator and the existing approaches [6-8].

NS-CFO estimator exhibits a higher CFO estimation accuracy than that of closed-form
CFO, and has a close performance to that of CRLB.

4.7 Summary

A pilot assisted joint multi-TOA and multi-CFO estimation scheme has been proposed
for multi-user OFDM systems, including a closed-form CFO estimator, an NS-CFO es-
timator and an R-TOA estimator. Table compares the proposed JMTMCE scheme
with the existing approaches [6-8]. Both two CFO estimators provide higher CFO esti-
mation accuracy than the existing approaches [7,8]. Meanwhile, the NS-CFO estimator
has an RMSE performance close to the CRLB from medium to high SNRs, while at the
expense of high computational complexity. The proposed closed-form CFO estimator is
very computationally efficient, with a complexity reduction of 7-fold over the approaches

in [6H8]. The proposed R-TOA estimator demonstrates the RMSE performance close
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Figure 4.6: Impacts of the number of occupied subcarriers in the designed pilot K, on
the RMSE of CFO estimation, with N, = 4.

to the ideal case with perfect CFO compensation and the CRLB at high SNRs, without
suffering an error propagation from CFO estimation in [6]. Also, their performances
can be enhanced with the increase in the number of receive antennas and the number
of occupied subcarriers in the designed pilot.

However, the proposed joint multi-TOA and multi-CFO estimation scheme suffers
high training overhead, where the pilot length is linearly proportional to the number of
users. As a result, it would be spectrally inefficient to extend this work directly to the
scenario with a large number of users. Against this limitation, it would be interesting
to make use of the beamforming technique [119] to group the large number of users into
several groups first. After that, the pilot assisted scheme can be applied for each user
group separately to jointly estimate their TOAs and CFOs. Besides, it would be a good
attempt to express the cost function of the NS-CFO estimator as a cosine function so
that each CFO can be obtained with a closed-form solution similarly to that in [8], for

the sake of low computational complexity.
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Table 4.2: Comparison of the proposed JMTMCE schemes and the existing approaches
[6H8] (JMTMCE-1: R-TOA estimator+Closed-form CFO estimator, and JMTMCE-2:
R-TOA estimator+NS-CFO estimator).

Item | JMTMCE-1 | IMTMCE2 | b CFO_ Blind CFO_ 1 popp i )
estimator |7] | estimator [8]
Users Multiple Multiple Single Single Single
1CFO v v v X X
estimation
f.CFO. 4 4 X v/ X
estimation
.TOA. 4 4 X X 4
estimation
Accuracy High Very High Medium Medium Low
Training . . . .
overhead High High High Low High
Complexity Low High High Low Low




Chapter 5

Iterative Semi-Blind Estimation of
Channels and CFO in Short-Frame
FD OFDM Systems for URLLC

In Chapter [4], the joint estimation of multiple TOAs and multiple CFOs is proposed for
multi-user OFDM systems. The system is operated in HD mode, and its estimation is
assisted by a long pilot. In this chapter, an ISB receiver structure is proposed to enable
URLLC in short-frame FD systems with CFO. To the best of the author’s knowledge,
this is the first work to propose an integral solution to channel estimation and CFO
estimation for short-frame FD OFDM systems by utilising a single pilot. By deriving an
equivalent system model with CFO included implicitly, a subspace-based blind channel
estimation is proposed for the initial stage, followed by CFO estimation and channel
ambiguities elimination. Then refinement of channel and CFO estimates is conducted
iteratively. The integer and fractional parts of CFO in the full range are estimated as a
whole and in closed-form at each iteration. The proposed ISB receiver significantly out-
performs the previous methods in terms of FER, MSEs of channel estimation and CFO
estimation and output SINR, while at a halved spectral overhead. CRLBs are derived

to verify the effectiveness of the proposed ISB receiver structure. It also demonstrates

81
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fast convergence speed.

5.1 Introduction

URLLC, supporting the transmission of information with stringent requirements on
reliability and latency, is a key technology for numerous emerging applications, such as
tactile Internet, factory automation, virtual reality, intelligent transport systems, and
so on [33165(68]. Most existing work on URLLC focused on short-frame transmission,
through reducing either the symbol duration (increasing the subcarrier spacing) or the
number of symbols per TTT |33].

Based on maximum coding rate at finite frame length and finite frame error prob-
ability, the performance of NOMA in short-frame communications was investigated
in both [72] and 73] and it was concluded that NOMA has a much superior perfor-
mance than orthogonal multiple access in terms of both latency and throughput. Also,
a wireless-powered communication network at finite frame length regime was studied
in [35] and [120], respectively. On the other hand, the length of pilot is a challenging
issue in short-frame communications [4}34,77,[78]. The impact of pilot length on the
performance of short-frame physical-layer network coding systems was studied and ran-
dom coding bound was utilised to identify good pilot-length regimes [77]. The authors
in |78] optimised the pilot overhead for short-frame communications and studied the
relationship between the pilot overhead and the frame length and error probability. To
overcome the reduced training overhead due to short frames, the detected data symbols
were utilised to further enhance the reliability of short-frame communications in [34].

FD communication, which allows simultaneous transmission and reception at the
same frequency, can double the transmission rate and reduce the end-to-end latency 65,
66,/121,122]. However, much less work on short-frame communications has considered
it. When introducing FD to short-frame communications, two research problems can be
investigated: 1) how much throughput can FD achieve at finite frame length regime, in

comparison to HD mode? and 2) with limited pilot and data symbols, how to design a
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high-reliability receiver for FD systems? Regarding the first problem, Gu et al. analysed
and compared the performance of FD and HD relaying for URLLC and concluded that
FD relaying is more preferable [75]. However, its superior performance is achieved only
if SI resulting from FD transmission has been cancelled to a reasonable level. Hence,
the second question to design a reliable receiver is very essential. To the best of the

author’s knowledge, it is still an open area in the literature.

One of the major challenges of FD implementation is the SI from its transmitter
to its own receiver. Several DC methods have been proposed in the literature for
long-frame OFDM systems. As mentioned in Subsection [3.2.1] an LS based SI channel
estimator was proposed in [80], which however treats the desired signal as additive noise,
degrading the system performance. A two-stage LS cancellation in [101] iterates between
SI cancellation and signal detection, however requiring a good initial estimate of the
desired channel. An iterative ML channel estimator was described for the estimation of
both ST and desired channels in [104], by utilising the known SI, the pilots and unknown
data symbols of the desired signal. Nevertheless, it has high training overhead, due to
the consecutive pilot transmission for a long period. When applied to short-frame
communications, it has a significant performance degradation. Koohian proposed a
superimposed signalling technique to cancel SI and detect the desired signal without
requiring the procedure of channel estimation [123|. However, its SI channel is assumed
to be flat fading only, and thus it cannot be utilised if frequency selective channel
fading exists. In [110], a subspace-based algorithm was proposed to jointly estimate the
coefficients of both SI and desired channels and transceiver impairments. However, it
requires lots of data symbols to achieve a good second-order statistics of received signal,

which performs poorly if applied to short-frame communications.

Meanwhile, when considering system impairments, the existing work on FD sys-
tems with long frames usually considered IQ imbalances at transmitter and/or re-
ceiver [110,124}125|, phase noises [104}125] and power amplifier nonlinearities [110,(125],
and only a few considered CFO. When CFO is present, the reliability of FD systems

degrades greatly. CFO estimation and compensation are well-researched problems in
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HD OFDM systems [7,[8,/12]. However, it is not straightforward to apply them to FD
OFDM systems, since the compensation of CFO based on the desired signal would in-
troduce CFO to the SI. Only a few works in the literature have investigated CFO in
FD systems. CFO estimation was investigated in [126] for FD systems. Nevertheless,
it requires long training sequences and its pilots of the desired signal and SI should be
non-overlapping, i.e., sent in different time slots, resulting in high training overhead
and latency. Meanwhile, its integer and fractional parts of CFO are estimated sepa-
rately, requiring two processes and suffering error propagation. A two-step frequency
synchronisation structure was proposed in [127] that synchronises based on SI firstly
and then the desired signal. However, the first synchronisation step treats the desired
signal as noise, resulting in poor performance, and it considers fCFO only. Furthermore,
both [126] and [127] did not consider the estimation of desired channel.

In this chapter, an ISB receiver structure with CFO and channel estimation and
signal detection is proposed for URLLC in short-frame FD CP-OFDM systems. By
deriving an equivalent system model with CFO included implicitly, a subspace-based
blind channel estimation is proposed for the initial stage, followed by CFO estimation
and channel ambiguities elimination assisted by a single pilot. Then refinement of chan-
nel and CFO estimates is conducted iteratively. This work is different in the following

aspects.

e To the best of the author’s knowledge, this is the first work to propose a high-
reliability receiver structure for short-frame FD CP-OFDM systems in the pres-
ence of CFO. The proposed ISB receiver structure requires only a short frame to
calculate the second-order statistics of the received signal, which is about tens of
times less than the existing semi-blind methods [104,[110]. It significantly out-
performs the methods in [7,/8,/104] and |110] in terms of FER, MSEs of channel
estimation and CFO estimation and output SINR. CRLBs on the MSEs of channel
estimation, CFO estimation and signal detection are derived for the first time for
short-frame FD CP-OFDM systems, which verify the effectiveness of the proposed

ISB receiver structure.
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e This is the first work to provide an integral solution to channel estimation and
CFO estimation for FD CP-OFDM systems by utilising a single pilot, considering
their impact on each other, while in [80,101,104,110,123-126] and [127] only one
of the issues was addressed assuming perfect estimation of the other and also two
training processes were required to estimate CFO and channels separately. The
joint semi-blind channels and CFOs estimator for ZP-OFDM [12] described in
Subsection [3.3.2] is not applicable for widely-applied CP-OFDM systems. Also,
the hard decisions of data symbols are exploited to refine both CFO and channel
estimates iteratively, while in [34] and [104] only channel estimation was iterated

assuming perfect CFO estimation and compensation.

e The proposed ISB receiver enables high spectrum efficiency with only a single
pilot required for joint CFO estimation and channel ambiguities elimination. Its
training overhead is much lower than that of |7,/8,/104] and [110]. A short pi-
lot for both the desired signal and SI is carefully designed and superimposed to
enable simultaneous transmission of them in FD training mode, while the pilots
of joint channels and CFOs estimator for ZP-OFDM |[12]| are sent in different
time slots (refer to Tables and , resulting in reduced spectrum efficiency.
The proposed ISB receiver also converges fast within 3 iterations, and is more

computationally efficient than the iterative ML approach [104].

e The integer and fractional parts of CFO in the full range are estimated as a whole
with a closed-form solution rather than separately as in [7,8,126] and [127], with-
out suffering error propagation. The closed-form solution is independent of iCFO
estimation range and does not require an advanced acquisition of iCFO range,
unlike the ML iCFO estimator [7] demonstrated in Subsection [3.3.2 CFO com-
pensation is performed on the desired signal estimates, avoiding the introduction

of CFO to the SI by the methods in [126] and [127].

The rest of this chapter is organised as follows. Section describes the short-
frame FD CP-OFDM system and derives an equivalent system with CFO included
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Figure 5.1: A bidirectional FD CP-OFDM system in the presence of CFO.

implicitly. The proposed ISB receiver structure is given in Sections [5.3] and Section
[.3] illustrates the initial stage of the proposed ISB receiver structure while Section [5.4]

demonstrates the iterative decision-directed stages. Performance analysis and simula-

tion results are given in Sections and Section draws conclusion.

5.2 System Model

5.2.1 Short-Frame FD CP-OFDM System

A bidirectional short-frame FD CP-OFDM system in the presence of CFO is considered,
where the BS and mobile station (MS) operate in FD scheme, as illustrated in Fig.
(.1l The BS and MS are equipped with a single transmit antenna and N, receive
antennas. Due to the inherent symmetry, MS is chosen as the research object, as the
same performance can be observed at BS. The signal transmitted from BS to MS is
referred to as the desired signal while the signal transmitted from MS to MS is SI. The
purpose of this chapter is to cancel the residual SI in the digital domain after passive
and analogue cancellation.

Each short frame consists of Ny OFDM symbols with K subcarriers each. The
transmit signal vectors corresponding to the i-th (¢ = 0,1,--- , Ny — 1) OFDM symbol
for the desired signal and SI are given by ds; = [ds;[0], ds[1],--- ,ds;[K — 1]]T and
dr; = [dii[0],drs[1], - ,dii[K — 1]]T, respectively, where ds;[k] and di;[k] are the
corresponding data on subcarrier k£ (k = 0,1,--- , K —1). Each OFDM symbol dg;
and dj; are processed by IFFT, and then a CP of length L, is pre-pended. The
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transmit signal vectors of the desired signal and SI in the time domain are denoted
as xg; = [,4[0], zs:[1],-++ ,25:(G — DT and xy; = [z14[0], z1:[1],- -, 21:(G — D)]7,
respectively, with G = K + L.

Define hs ,, = [fig 5, [0], Asn, (1], -+, Aisn [L — 1]]T and Ay, = [Arp, [0], Brn (1],
Pt n, [L—1]]T as the respectively desired and SI CIR vectors for the n,-th receive antenna,
with L being the length of CIR. The channels are assumed to exhibit quasi-static block
fading and the CIRs remain constant for a short frame’s duration. Define ¢ = ¢1 + ¢p
as the CFO between the BS and MS, where ¢; and ¢ are the respective iCFO and
fCFO. The SI does not experience CFO assuming all the transmit and receive antennas
of MS share one local oscillator |[126,/127]. The received signal in the i-th symbol at the

ne-th (n, =0,1,--- , Ny — 1) receive antenna in the time domain can be written as

L-1 1 L-1
Yinelg] = 72709/ K Zz:o hS i, [l]xs,i[g—l]+\/;zlo A, (N21ilg— 1+ win,[g], (5-1)

where p is the average input desired signal-to-Sl-ratio, denoted as SIR, before digital

cancellation, and w; ,,[g] (9 =0,1,--- ,G — 1) is the noise term.

5.2.2 Equivalent System with CFO Included Implicitly

According to , it can be observed that the received signal is corrupted by both CFO
and SI, making the desired signal detection more challenging. The existing methods
require two separate training processes for the respective CFO and channel estimation,
suffering high training overhead and high latency [80,|101,/104,/110}|1235127]. In the
following, an equivalent system model with CFO included implicitly is derived so that
CFO and channel can be estimated jointly with a short pilot. By incorporating the
CFO into the desired signal and channel, is equivalent to

imelol = 3 hs o lsslg — 1] + ﬁ S b enila) ~ 1) Fwinld, (52)
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where hg p, [I] = 2™/ K g, 1] and sg;[g] = e/*7%9/K g ;[g] are denoted as the respec-
tively CFO-included channel and CFO-included desired signal in the equivalent system
model. It is worth noticing that SI and its channel are not modified since it does not
experience CFO.

Among the received signal samples in CP, y; , [L — 1] to y;n, [Lep — 1] are free from
ISI caused by frequency selective fading, and hence are utilised alongside signal samples

Yine [ Lep) t0 Yin, [G—1] for estimation of CFO and channels. Collecting all these samples

from N, received antennas into a vector yields y; = [yio[L—1],yi1[L—1], -+ ,yin,—1[L—
1, ,4i0lG — 1], 4i1[G = 1), ,yin,—1[G — 1]]T, which is formulated as
y;, = Hs; + w;, (5.3)

where H = [Hg, Hj|, with Hg of size (G — L + 1)N; x G defined as

hS(L—l) hS(O) ()er1
Hg : S (5.4)

On.,., -+ - hg(L—1) -+ hg(0)

hs(l) = [hsoll],hsall], -+ ,hsn—1[l]]T, Hy is defined as the same form to Hg but
with hgll] replaced by hj[l] = \/%[hlyo[l],hl’l[l], o hne -1 [ s = [sg,wxa]T, with
sgi = [58,4[0], ss4[1], -+, ss4(G = DT and xp; = [w1;[0], (1], -+ 2y (G — 175 wy =
[wiolL —1],wiq[L—1], - ,win—1[L—1],- - ,wio[G—1],wi1]|G—1), - ,win,-1[G —
1]]T. It is easily found that the rank of E{s;s’} is 2K instead of 2G due to the
redundancy from CP. Since E{sisZH } is rank deficient, cannot be applied to the
subspace-based blind channel estimation methods [128,[129].

To address this problem, (L¢, + 1) subvectors of length (K — L 4 1)N, from y; are
formed, and the t-th (t = 0,1, -+, Lcp) subvector is denoted as

yg :[yl,O(L -1 + t)7yi,1(L -1 + t)v T 7yi,Nr—1(L -1 +t)7

oK =1+t i [K =1+, yin 1 [K — 1+ 4]7, (5.5)
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which is written as

yi=Hsl+wl, t=01,- L, (5.6)

where H = [I:IS,I:II], with Hg and Hj following the similar form to Hg but with a
reduced size of (K — L+1)N; x K instead of (G — L +1)N; x G; s} = [(s§ )7, (x7,)"1"
with sg; = [ssi[t], ss:[t+1],- - , ss.i[K—1+t]]T and xt; = [eralt], wra[t+1], - e (K-
L+ 87wl = [wio(L —1+t), w1 (L—1+1), - ,wn,—1(L—1+t), - wio[K —1+
tlywi [K =1+, - ,wn-1[K—1+¢]7.

Since E{s!(sf)#} is full rank with 2K, can be applied to the subspace-based
blind channel estimation methods, as long as H is a tall matrix which can be achieved by
setting (K — L+ 1) N, > 2K. Meanwhile, thanks to the partition of the received signal
into several subvectors, the second-order statistics of the received signal can be achieved
by utilising a short frame with a small number of OFDM symbols. It is noteworthy
that such an equivalent system model was derived for ZP-OFDM systems in |12], which
however cannot be applied here for widely-used CP-OFDM systems and also requires a
large number of symbols to achieve the second-order statistics of the received signal, as

mentioned in Subsection [3.3.2]

Based on the equivalent system model derived, an ISB receiver structure is proposed
for URLLC in short-frame FD CP-OFDM systems in the presence of CFO, which con-
sists of two kinds of stages. On one hand, the CFO and channel estimation as well
as signal detection are performed initially by the proposed subspace-based semi-blind
method, referred to as the initial stage. On the other hand, the initial estimation and
detection performance are enhanced significantly by performing iterations among them,
where the previous hard decisions are utilised to overcome the pilot shortage due to
the short frame structure, referred to as iterative decision-directed stages. The block

diagram of the proposed ISB receiver structure is illustrated in Fig. [5.2
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Figure 5.2: a) Initial stage and b) the A-th (A > 2) iterative decision-directed stage of
the proposed ISB receiver structure (Est.: estimation, SIC: SI cancellation and Detect.:
detection).

5.3 Initial Stage of the ISB Receiver Structure

First, a subspace-based blind method is proposed to estimate the CFO-included desired
channel and SI channel with some ambiguities, which requires a very short frame to
obtain the second-order statistics of the received signal. Second, a single pilot for the
desired signal and SI is carefully designed and superimposed to enable simultaneous
transmission of them to achieve FD training mode, and the corresponding channel
ambiguities and CFO can be extracted jointly by PM channel estimation approach in
Subsection [3.:2.1] Third, based on the CFO-included desired and SI channel estimates,
the received Sl is generated and cancelled from the received signal, and then the desired

signal can be easily detected.

5.3.1 Blind Channel Estimation

A subspace-based blind channel estimator is proposed to jointly estimate the CFO-
included desired channel and SI channel, by utilising a short frame. It is assumed that
1) noise samples are uncorrelated and 2) noise and signal samples are uncorrelated. N,
receive antennas with (K —L+1)N, > 2K are utilised. It is easily seen that the number

of receive antennas should be larger than 2, i.e., N, > 2. The proposed estimator is
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summarised in four steps below.
Step 1. (Ng — 1) received data symbols within a short frame are used to compute the

auto-correlation matrix of the received signal, obtaining

_ 1 No-Ix—Leo , 4 g1
o = (Ns = 1)(Lep + 1) Zi:l Zt:o yi(y:) " (5.7)

It is worth noting that the number of signal samples per received symbol used to compute
the auto-correlation matrix of the received signal has been increased, thanks to the
partition of the received signal vector y; into a number of subvectors y! when deriving
the equivalent system model. Thus, the required frame length Ng to achieve the second-
order statistics of the received signal can be much shorter than the methods in [12,/110),
128] and [129].

Step 2. EVD is performed on the auto-correlation matrix Ryy. The signal subspace
has a dimension of 2K, while the noise subspace has @ (Q = (K — L + 1)N, — 2K)
eigenvectors corresponding to () smallest eigenvalues of the matrix Ryy. Denote the
g-th eigenvector as v, = ['yg(()),'yg(l), e ,vg(K — L))" (¢=0,1,---,Q — 1), where
Yg(w) (w = 0,1,--- , K — L) is a column vector of length N,. Due to the inherent
orthogonality between the signal and noise subspaces, the columns of H are orthogonal

to each vector v, (¢ =0,1,---,Q — 1), i.e.,
’)/(';II:I = 01><2K- (58)

Therefore, v, spans the left null space of H. Since H is formulated by the vectors hg(1)
and hy(l), (I =0,1,--- ,L—1), channel estimation can be restricted to hg(l) and h(7),
instead of the whole matrix H.

Step 3. Defining h(l) = [hg(l), hi(1)], it can be found (5.8) is equivalent to the following
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equations:

L-1
H —
Zl:L—l—k 7‘1 (l —L+1+ k>h(l) - 01><27

L—-1
Zl_o YH(k—L+1+10)h(l) =01z, fork=L—1,L,--- K- L

ZK—l—k H
=0

v, (k= L+1+1)h(l) = 01x2,

or in the following matrix form:

th = 0K><27

and ¢4 of size K x N.L is given by

where h = [h”(0),hT (1),

and

¥ (0)

O1xn,

O1xn,

YK - L)
YK - L-1)

01><Nr

YK - L)

YK —2L+1) 2 (K-2L+2)
¥4 (K —2L)

YI(K —2L+1)

¥ (1)
v (0)

O1xn,

T

_1,T T
L=tg, 01, Q-1

th = 0ggx2

for k=0,1,--- ,L —2;

01><N1-

01><Nr

YH(K-1L)

'qu(K—L—l)

v (0)

,hT (L —1)]7 is of size N,L x 2.

Step 4. All ¢, matrices with ¢ =0,1,--- ,@Q — 1 are considered as follows

fork=K—L+1,--- K—1. (59)

(5.10)

(5.11)

(5.12)

(5.13)
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can be obtained. Hence, h can be estimated by choosing the 2 right singular vectors
of ¢, denoted as hy. However, there exist ambiguities between the real CFO-included

channel h and the blindly estimated CFO-included channel flo, i.e.,
h = hyc, (5.14)

where ¢ with a dimension of 2 x 2 is the complex channel ambiguity matrix. The first
and second columns of hy are the respectively CFO-included desired channel and SI
channel by the subspace-based blind channel estimation approach, denoted as lle,Q and
flLO, respectively. The proposed subspace-based blind channel estimation algorithm is
depicted in Algorithm [I] In the following, a short pilot is carefully designed to enable

the joint CFO estimation and channel ambiguities elimination.

Algorithm 1 Subspace-based blind channel estimation.

Input:

The received data symbol subvectors, yf, i =1,2,--- Ny —1,t =0,1,- -+, Lep;
Output:

CFO-included desired channel and SI channel estimates, flsp and flLo;
1: Compute the auto-correlation matrix of the received signal by , obtaining Ryy;

2: Obtain @ eigenvectors, corresponding to the smallest @) eigenvalues of the matrix
Ryy;

3: Form matrix ¢, according to ;

4: Obtain the CFO-included desired channel and SI channel estimates, by choosing 2
right singular vectors of ¢;

5. return IA1570, flLO.

5.3.2 Pilot Design

A short pilot of the desired signal and SI is well designed to enable the simultaneous
transmission of them to achieve FD training mode so that the corresponding CFO and
channel ambiguities can be extracted jointly by the PM channel estimation method in
Subsection [3.2.11

With the channel estimates by the proposed subspace-based blind method, can
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be rewritten as

yi = HoCssh; + HoCrxf,; + wi, (5.15)

where Hy is defined as the same form to H but with h replaced by flo; Cs =1x ®cg
and Cy; = Ix ® ¢y with cg and ¢ being the first and second columns of ¢, respectively.

The received signal y! is multiplied with the pseudoinverse of H,, yielding
t_ t t ~ ¢
I‘i = CSSS,i + CIXI,i + Wi? (516)

where w! = (I:ISII:IO)_II:I(? wt. Then, r! is divided into K column vectors of length 2

s

as rt = [(r}(0))", (ef(1)T, -+, (r{(K — 1))7]", and xf(k) is given by

(2 (]

ri(k) = cseﬂ”d’(kﬂ)/thsﬂ-(k) + clxii(k) + wi(k), (5.17)
where W' (k) is a column vector of length 2 and w! = [(W!(0))T, (W (1))T, -+, (WH(K —
e,

According to ((5.17)), it can be observed that as long as th’i(O) == x’éz(K -1) =
& and x{;(0) = -+ = xq,(K — 1) = &, (5.17) can be rewritten as
ri(k) = ce??PRHO/K L (k) (5.18)

where ¢ = [¢,0]”. For simplicity, & and & have been specified as 1 in (5.18). It
can be noticed that looks like the CFR model in (3.17)). Therefore, PM channel
estimation methods, e.g., ESPRIT [49] and LS, can be exploited here to estimate CFO
and channel ambiguities, respectively. By utilising all (L¢p+1) subvectors of the received
pilot y;, it is easily obtained that the transmitted pilot ought to meet zg;(g) = 1 and
z1i(9) =1for g =0,1,--- ,G — 1. In this chapter, it is assumed that the first OFDM
symbol ¢ = 0 is transmitted for training.

It is noteworthy that two pilot patterns have also been designed in [12] to jointly
estimate the CFOs and channel ambiguities for ZP-OFDM systems, as demonstrated

in Subsection [3.3.2l However, to avoid multi-user interference, the pilots of different
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users should be non-overlapping, resulting in reduced spectral efficiency. In contrast,
the pilot design proposed in this chapter can be overlapping, which is indeed designed
for FD systems. Meanwhile, the CFO and channel ambiguities can be extracted jointly
by utilising a single pilot. Therefore, the FD training mode and low training overhead

make it more applicable for URLLC.

5.3.3 Joint CFO Estimation and Channel Ambiguities Elimination

As discussed earlier, with the pilot design, the estimation problem of CFO and channel
ambiguities relates to the PM channel estimation problem. Thus, the time delay esti-
mator, e.g., ESPRIT, for PM channel estimation, can be exploited here to extract the
unknown CFO, while the path amplitude estimator, e.g., LS, can be used to determine

the channel ambiguities.

CFO Estimation

Utilising the ESPRIT algorithm, the CFO estimation is summarised in four steps below:
Step 1. Form the matrix rlt;)i1 = [r5(0),--- ,rf(K — 1)]T with size K x 2, given by

rhy = Egc’ + Wiy, (5.19)
where Ef; = [Ek (¢), 1xx1] with Ek(¢) = [eﬂwt/K, e ,eﬁQW(K—Ht)/K]T, and \X/’ltpﬂ =

[W5(0), -, wh (K —1)]".
Step 2. Compute the auto-correlation matrix of réil considering all the received sub-

vector samples of the pilot,

1 Lev ¢t \H
Rl'r — m Zt:o I'pil (rpil) . (520)

Hence, the auto-correlation matrix has been averaged by (Lcp + 1), thanks to the par-
tition of the received signal into a number of subvectors, which can enhance the CFO
estimation. It is also worth noting the auto-correlation matrix has been averaged by

2, which results from the ambiguities incurred by the blind channel estimation. R'™ is
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further improved by FB averaging technique 49|, obtaining
1
g = i(R” + O(R™)*0), (5.21)

where O is the K x K matrix whose components are zero except for ones on the anti-
diagonal.

Step 3. 2 eigenvectors corresponding to 2 largest eigenvalues of Ry are found, denoted
as u of size K x 2. Due to the phase rotational invariance property, there exists the
following relationship uy = uldiag{eJ2”¢/ K1 where u; and uy of size (K — 1) x 2 are
the first (K — 1) and last (K — 1) rows of u, respectively.

Step 4. The CFO can be extracted by

n ="
(o) 9 (5.22)

where V is the eigenvalues of (uffu;)~'uffuy, and the superscript (1) denotes this is the

initial estimation. It is worth noticing that (,27)(1) consists of two CFOs. The one with
the largest absolute value is the unknown CFO ¢, i.e., qg(l) = max \(13(1)\, since the CFO
of SI is always 0. Note that CFO has been estimated in one step where the integer
and fractional parts of CFO are estimated as a whole and with a closed-form solution,

unlike the existing methods in |7,[8,|126] and [127].

Channel Ambiguities Elimination

The channel ambiguities can then be computed by the LS method, with the CFO
estimate gg(l). It involves three steps.

Step 1. Form the matrix Egl = B4 (6M), 1]

Step 2. According to , the channel ambiguities are estimated by the LS method,

¢ = ((Bs)rp)7, (5.23)
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A ~ 0 ~ 1 2 Lc Le
where Egr = [(Eg)”, (Eg)", -+, (Egr")"] and rpy = [(rgiﬂT, (rllgﬂ)Ta T ’(rpilp)T]' Thus,

the desired and SI channel ambiguity vectors are obtained as ¢g and ¢ by choosing the

first and second columns of ¢, respectively.

Step 3. The CFO-included desired and SI channel estimates are obtained as

~ (1

)~ hoes, R = hoer. (5.24)

hY

(1) (1)

Define Hg ' and H; ~ as the circulant desired and ST channel matrices, following the

same form to Hg and H; with replacing hg and A; by ﬁél) and ﬁ%l), respectively.

Algorithm 2 Joint CFO estimation and channel ambiguities elimination.

Input:
The received pilot subvectors, r(k), with k =0,1,--- |, K —1, g =0,1,--- , Lep;
The blind channel estimate, ﬁo;

Output:

CFO estimate, é(l);

CFO-included desired and SI channel estimates, fl(sl

Form the matrix r

) (1)

and ﬁl ;
t .
pil»
Compute the auto-correlation matrix of rl;, obtaining Rijz by (5.20) and (5.21));
Find 2 eigenvectors corresponding to 2 largest eigenvalues of Rig, denoted as u;

Estimate CFO by ;

Form the matrix ESI%

Estimate channel ambiguities by ;

Obtain the CFO-included desired channel and SI channel estimates through ;

8: return ¢, flél) and fl%l).

5.3.4 SI Cancellation and Signal Detection

With the SI channel estimate, the received SI can be generated and cancelled from the
(1)

received signal, obtaining ygg =y, — fII x1,i. With the CFO estimate #W), the desired
signal in the time domain is estimated by

. ~ ~ (1 .
2 = Eq(6M @)y, (5.25)

g g
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where Eq(¢M)= diag{[1, e 2m¢ /K L ,6*12“&1)@*1)/}(]}. Define el(.l) of size K x 1
as the desired signal estimate in the time domain. egl)(k,‘) = f(éll) (k + Lcp) for k =

0,1,---, K — L, — 1. As the first L, elements of i:gz) are the CP, the last L, elements
(1)

of €,/ can be refined by

1
e (k) =5 (R (k + Lep) + %) (k — K + Lep),
for k=K — Lep, -+ , K — 1. (5.26)

It is noteworthy that CFO compensation has been performed on the CFO-included
desired signal estimate instead of the received signal, avoiding the introduction of CFO
to SI by the existing methods [126,/127]. By performing FFT on egl), the frequency-

(1)

domain desired signal is detected, and the hard estimate is obtained as asl

5.4 TIterative Decision-Directed Stages of the ISB Receiver

Structure

To mitigate the impact of short training overhead due to the short frame, the hard de-
cisions are utilised to enhance channel estimation, signal detection and CFO estimation
iteratively. First, the enhanced CFO-included desired channel and SI channel estimates
are determined by the previous desired signal estimates, the pilot and the known SI.
Then, a more accurate SI cancellation is performed. Last, the desired signal estimate
is refined, while an enhanced CFO estimate is obtained thanks to the inherent relation-
ship between the previous desired signal estimate and the newly CFO-included desired
signal estimate. The iterative channel estimation, signal detection and CFO estimation

algorithm is shown in Algorithm



Chapter 5. Iterative Semi-Blind Estimation of Channels and CFO in Short-Frame FD
OFDM Systems for URLLC 99

5.4.1 Enhanced Channel Estimation, SI Cancellation and Signal De-

tection

It is easy to show that (5.3]) is equivalent to

y; = Ssihs + Xy + wi, (5.27)
where ) )
ssi(L—1) ssi(L—2) -+ $5,(0)
55, — | S sl | sl (5.28)
185,i(G—1) ssi(G—2) -+ 85(G—L)

with $g;(9) = In, ® ss,i(g), and Sy; follows the same form to Sg;, but with sg;(g)
replaced by z1,(g).

The hard decision can be utilised to refine channel estimation iteratively. By per-

forming IFFT on the previous desired signal hard estimate in the (A — 1)-th iteration

~(A-1 . . . . . . . . . ~ (A=
déi ), the time-domain desired signal with CP insertion is determined as xéAi 1), and

(A

the CFO-included signal is obtained as §g Z._l) = Eg(—é(’\*l))&g‘gl). Note that the first

~(A-1
symbol (i = 0) is pilot and is always known at the receiver, thus d(S70 - ds o regardless

of the value of A. Then, S(s)’\i_l)

§(S)"i_1)(g). Therefore, the CFO-included desired and SI channels can be enhanced by

can be easily obtained by replacing sg;(g) in Sg; by

~(A) () &(A—1)
[hS ;hI ] = (S )Tyall’ (529)
~(A—1) ~(A—1) ~(A—1)
where S = [Ss,o y X1,05° " §SS,NS—1aXI,Ns—1] and y.; = [yo;¥15° - §YN571]'

~ (A
Similarly, the size-reduced circulant desired channel matrix is obtained as Hé ) fol-

lowing the form of Hg with hg replaced by flé)\), while the circulant desired and SI

channel matrices I:I(S/\) and IA{?) are determined following the form of Hg, with hg re-

~ (A ~ (A
placed by hé ) and h% ), respectively. Then, SI is cancelled from the received signal,

~ (A ~ (A
obtaining y&) =y, — H% )XL,-. With the new estimates Hé ) and y&? and the previous
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CFO estimate ¢*~1), the new hard estimate of the desired signal can be obtained as
(Slé):z) by utilising and . It is noteworthy that the CFO included in the desired
channel and signal should be the same in the derived equivalent system model. As the
CFO-included desired channel estimate PAI(S)\) is obtained by the previous CFO estimate
¢;(>\—1), the hard estimate of the desired signal should be determined by performing CFO

compensation with the previous CFO estimate.

5.4.2 Enhanced CFO Estimation

(M)

To enhance CFO estimation, the estimated received signal vector y¢'; is divided into

(Lep + 1) subvectors, and the ¢-th (¢t =0,1,- -+, Lcp) subvector is defined as

?ts’,(f) 57 (EN), 7 (EN: + 1), 957 (EN: + Ny — 1),
IO+ K~ )N, 38 (t+ K — L)N; + 1),
LISt + K — )Ny + Ny — 1)]. (5.30)

Similarly to (5.6)), yg’(j) is given by
(A =
yS’(Z. ) — Hssg’i + W?i, (5.31)

where w!

I:I(S)\), the CFO-included desired signal is estimated by

P is the noise term. With the new CFO-included desired channel estimate

st — ) g5, (5.32)

There exists an inherent relationship between the re-estimated CFO-included desired

signal ég’(f‘) and the previous desired signal estimate )?:ts’({\*l)

in the ideal case, i.e.,

s = diag{Ek (¢))x50", (5.33)

where XS()‘ b= [X(S)‘i_l) (t),--- X(S y )(t—I—K 1)]T. Therefore, utilising all the previous
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Algorithm 3 Iterative channel estimation, signal detection and CFO estimation.
Input:

~y(A-1)

Frequency-domain desired signal estimate, dg; *,¢=0,1,--- ,Ng—1;
Frequency-domain SI signal, di;, ¢ =0,1,--- , Ny — 1;
CFO estimate, p(*~1);
Time-domain received signal, y;, ¢ =0,1,--- , Ny — 1;
Output:
- (N) A,

CFO-included desired channel and ST channel estimates, hg = and hy”;

~(A
Frequency-domain desired signal estimate, d(Sz) ;

CFO estimate, ¢();
1: Refine the CFO-included desired channel and SI channel by (5.29));

Refine SI cancellation, obtaining the received desired signal SIS)‘Z.;

Obtain the refined desired signal estimate, cAl(S)\z) , by (5.25) and (5.26));

Form (Lcp + 1) subvectors from yé Y by (5.30);

Determine the CFO-included desired signal estimate by -,

Compute the CFO vector by -,

Calculate the auto-correlation of the CFO vector through ;

Obtain the refined CFO estimate, gﬁ(A), following the similar procedures of Steps 3
and 4 of Algorithm [2}

p B g

N

9: return hg ,hI and gg()‘).

desired signal estimates (i = 0,1,--- , Ng— 1), the CFO can be further enhanced by the
ESPRIT algorithm as follows.
Step 1. Compute the CFO vector &i= [¢/(0),¢é!(1),- -+ ,é{(K — 1)]T with

) (2

et(k) = 8510 (k) /x50 (). (5.34)

Step 2. Calculate the averaged auto-correlation matrix of the CFO vector by

Ns—1 —Lcp &
Re°® = A Z Zt " ei(e)) (5.35)

Cp+1

It is further enhanced by the FB averaging technique, obtaining Rf§; = J(R°® +
O(R*®)*0).
Step 3. The remaining of the CFO estimation keeps the same to Steps 3 and 4 of the



102 Yujie Liu

CFO estimator in Subsection but selecting one eigenvector corresponding to the
largest eigenvalue only. Denote the new CFO estimate as gzgo‘).

The rounded integer of ¢ is defined as the iCFO estimate q%)‘), while the rest
is the fCFO estimate q@% The CFO-free desired channel estimate is easily obtained
as hg‘) = diag{er, ® 1er1}flg\), where e}, = [1,6_]2WQB(A)/K,-'~ ,e‘ﬂmf;m(L_l)/K}T.
Note that the decision-directed CFO estimation can refine f{CFO only. To avoid error
propagation from the desired signal detection to CFO estimation, the rounded integer
parts of gZ;(A) and gg(/\_l) are compared. If they are equal, the CFO estimate in the A-th
iteration is qg(/\) and otherwise is QAS()‘*U.

The above procedures, namely channel estimation, SI cancellation, signal detection
and CFO estimation, are repeated until a satisfactory performance is obtained. Define
I as the number of total iterations. Therefore, the hard decision of the desired signal

has been utilised to overcome the problems resulting from the reduced training overhead

due to short frames and can also enhance the system performance significantly.

5.5 Performance and Complexity Analysis

5.5.1 CRLBs Analysis

As stated in [130], the theoretical analysis of the iterative decision-directed channel
estimation is hard to make, due to its complex processing. The performance analysis of
the initial stage of the proposed ISB receiver is mainly investigated in the following and
the corresponding CRLBs for channel estimation, CFO estimation and signal detection
are derived to serve as an analytical benchmark.

CRLB is usually obtained by taking a derivative of the received signal vector with
respect to the unknown variables vector [128]. To simplify the process of derivative,
the received pilot and data samples in a short frame and from all the received antennas
are collected as a column vector, i.e., y = [yoo(L—1), -+ ,y0,0(G—1), - ,yo,n,—1(L —
D, yon-1(G=1), - ,yn—10(L=1), -+ ,yn—1,0(G=1), - Jyn—1,N,—1(L—=1), -+,

YN.—1.N,—1(G — 1)]T, where yo (L — 1) to yo n,—1(G — 1) are the pilot symbol samples
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and the rest are the data symbol samples. According to ((5.3]), y can be expressed as

. 1 .
y = (INS X ((INr &® EG-L+1)HSFall)>dS + \/;(INS &® (HIFall))dI +Ww, (5.36)
where Eq.,11 = diag{[GﬂW(L_l)/K, e ,eﬂW(G_l)/K]} and Hg = [Hs@; e ;IJIs,Nr,l]

are respectively the CFO matrix and the circulant desired channel matrix, with I:IS,nr

of size (G — L+ 1) x G defined as

Agn (L —1) -+ hgp(0) . 0
Hsn, = : R (5.37)

Hy = [Hio;Hig;- - ;Hin, 1], with Hy,, defined as a similar form to Hg,, but re-
placing hg p, (1) by hip,(1); Fan = [F(K — Lep: K —1,0: K — 1); F] with F denoting
the IFFT matrix of size K x K; dg = [dg;ds p] with dg o denoting the pilot symbol

vector of the desired signal in the frequency domain and ds p = [dg1;dg2; - - - ;ds n.—1]
denoting the data symbol vector in the frequency domain; di = [dyo;dy1;--- ;din,—1]
is the SI symbol vector in the frequency domain and w = [woo(L — 1), -+, woo(G —
1), - ,won,—1(L—=1),-- ;won,—1(G = 1), ;wn,—10(L — 1), -+ ,wn,—1,0(G — 1),

S wN,—1 N—1(L = 1), ywn,—1.8,—1(G — 1)]T is the noise vector.

Regarding the semi-blind estimation of CFO and channels in FD systems, the un-
known variables are the CFO ¢, the desired CIR vector denoted as Ag = [hg(0);- - ; hs(L—
1)], the SI CIR vector denoted as Ay = [h1(0); - - - ; Ai(L—1)] and the vector of the desired
data symbols dsp. Note that the real and imaginary parts of the unknown complex
variables should be considered separately for derivatives [128|. Then, all of the unknown
variables are collected in a column vector, i.e., ® = [¢, Re{hZ }, Im{h}, Re{h! }, Im{h] },
Re{d}p}, Tm{d} p}]T. Denote U = (Iy, ® ((In, ® Eq.r.1)HsFan))ds + \/%(INS ®
(H{F.p1))d;. According to [131], the FIM can be given by

2 oU" oU
=529 e

o2

(5.38)
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where ¢ is the noise variance. Through some derivations, the following two equations

are obtained

ouH
g = IR Qi —1QA3 QR —IQh QB i —IQg - (5.39)
and
ou
W = []Qd)a thanhsa Qﬁ,IaJQhIa QDS,D’]QDS,D]’ (540)

where Q4 = 27 (Iy, ® (In, ® (LEg-L+1))HgFan))ds with L = diag{[L—1,--- ,G = 1]};

Qs = [Qhg 00 s Qgone-10""" s Qhgr—10"""» Qhr—1.n5-1] With Aj,, = (In, ®
((In, ® Eq.Ly1)cireshift(q;, (G — L + 1)n;, 1)Fan)ds, q; = circshift(qz,, —1,2), q =

[a'; q%], ' and q? are respectively given by q' = toeplitz(0(G—r+1)x15[01x(z-1)> 1, O1x(G=1)])
and q? = 0(G-r+1)(N.—1)xG; B is defined in a similar form to A but with A, replaced

by By, = (In,®(cireshift(qy, (G—L+1)ny, 1)Fan)dr; Qpg , = [Qpg 0,00 » Qbs p,x-1,00
5 QpgpoNe—2 s Qg p,—1,N,—2] With Qg p i = (In, ® ((In, ® Ec.r+1)HsFan))
circshift(qu’D’k, iK,1), Adg .k = circshift(qu,D, k,1) and Adsp, = Ok x1;1; 0((Ns—1)K—1)x1]'
Based on ((5.38)), (5.39) and (5.40), the FIM can be easily determined and is denoted as

II.

The CRLBs can be obtained using the diagonal elements of x = IT~! [128/|131].
The CRLBs for CFO estimation, channel estimation (including both desired and SI

channels) and signal detection are respectively given by

CRLBcro = x(0,0), (5.41)
1 4N L
CRLBChannel = m szl X(pap)a (542>

and

CRLBSignal =

1 ON(Ns—1)+4N, L
> x(p: p). (5.43)

N(Ng — 1) &=p=1+4N;L
Moreover, the output SINR can be related to the MSE of signal detection by SINRqut =
1/MSEsgignal — 1 in [132]. Since MSEgigna > CRLBgignal, the output SINR is bounded
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by

1
SINRout <

— — L. 5.44
o CRLBsignal ( )

5.5.2 Complexity Analysis

Table 5.1: Number of complex multiplications and additions (K: Number of subcarriers
in an OFDM symbol, L¢,: CP length, Ng: Frame length, N,: Number of receive anten-
nas, L: Channel length, G = K + L, and A: Number of iterations, est.: estimation,
cancel.: cancellation and detec.: detection).

iCFO-HD 7] iCFO-HD [7] |
Item ISB receiver +{CFO-HD [§] | +fCFO-HD ||
+ML [104] +Subspace [110]
(2(K — L+ 1)NyNs(Lep + 1) SNJL? K Ny+ 2N2G? N+
Channel | +(K — L+ 1)2N2+ N2L?K AN2LK N N3G3+
+(22K — 8)(Lep + 1) +8AN2K LN,(1 KN?L?
+4K (Lep + 1) + 16 K2 +N.K + N,L) | (N;G —2K)+
ost +8K3)(K — L+ 1) N+ 68N K + 20K
' (16N2L? + AN2LNj)
(G—L+1)(A—-1)
iCFO est. 5K3A +4K?Le, + 2K> 4K3 4+ 5K?N?
fCFO est. | +(2KNs+ 1)N(Le, +1)(T' — 1) 6N Klog, K
ST cancel. 2(G — L+ 1)GN;sN; A 2(G — L +1)GNsN,
Signal A(2GN,(G — L+ 1)(2G + Ny) 2GN,(G — L+ 1)(2G + Ns)
detec. +G3 + NyKlogy K) +G3 + NsKlogy K

The symbolic computational complexities of the proposed ISB receiver structure
and the existing methods |7},8,104,[110| are demonstrated in Table in terms of the
number of complex additions and multiplications. Due to lack of integral solutions to
CFO estimation and channel estimation for FD systems in the literature, the ML iCFO
estimator [7] and blind closed-form fCFO estimator |8 described in Subsection for
HD systems, referred to as iCFO-HD and fCFO-HD, are exploited for comparison in
terms of iCFO and fCFO estimation, whereas the iterative ML |104] and subspace [110]
methods, which are respectively the variants of decision-directed channel estimator in
Subsection and semi-blind joint channels and CFOs estimator in Subsection [3.3.2]
are chosen as references for channel estimation and SI cancellation. Their complex-

ities are compared in four aspects, namely channel estimation, CFO estimation, SI
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cancellation and signal detection. Regarding the proposed ISB receiver structure, the
complexity of each aspect depends on the number of iterations, owing to its decision-
directed estimation, while the channel estimation in [104] is iterative and the methods
in [7,[8,/110] are all non-iterative. Moreover, it can be seen that the proposed ISB re-
ceiver structure provides an integral solution to iCFO and fCFO estimation, while the
existing methods |7,/8| require two separate processes for iCFO and fCFO estimation,
respectively. The signal detection algorithm in the proposed ISB receiver is shared by

the reference receivers.

Table 5.2: Normalised numerical complexity (K = 32, Lo, =8, Ny =20, N; =4, L =2
and G = 40. est.: estimation, cancel.: cancellation, detect.: detection.)

ISB iCFO-HD |[7] iCFO-HD [7]
Item receiver +fCFO-HD [§] | +fCFO-HD [§]
+ML |104] +Subspace [110]
A=1JA=3|A=1]A=3]A=1] A=3 |
Channel estimation 161 169 369 1063 124
iCFO estimation 3 90 4
fCFO estimation 1
SI cancellation 4 12 4
Signal detection 23 68 23
Total 191 269 400 1094 155

Based on the symbolic complexity analysis, a numerical complexity analysis is pro-
vided in Table using the parameter settings in Subsection where all complexi-
ties are normalised to the lowest complexity of all items, which is the complexity of the

fCFO-HD estimator in [§]. The following observations can be made from Table

First, it can be seen that channel estimation dominates the overall complexity of all
receivers. The ML [104] based channel estimation has the highest complexity. With a
single iteration, the complexity of the proposed ISB receiver structure is approximately
half of that of the ML method [104] and is also comparable to that of the subspace
method [110]. As the number of iterations is increased to 3, the complexity of the
proposed ISB receiver structure is around six-times less than that of the ML approach

[104].
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Second, the complexity of channel estimation in the proposed ISB receiver increases
slower than that of the ML method |104] with the increase of the number of iterations,
reflected by a complexity increase of 5% versus 200% as the number of iterations in-
creases from 1 to 3. This is because regarding the proposed ISB receiver structure, the
subspace-based blind channel estimation at the initial stage plays a dominant role in
complexity, which requires a large number of computations for auto-correlation matrix,
EVD, etc, while the complexity of the ML method in [104] is high to solve the ML

function and proportional to the number of iterations.

5.6 Simulation Results

5.6.1 Simulation Setup

Monte Carlo simulations have been carried out to demonstrate the performance of the
proposed ISB receiver structure for URLLC in a short-frame FD CP-OFDM system
with CFO. As mentioned in Subsection [5.5.2] channel estimation methods based on
ML [104] and subspace [110]|, and the CFO estimation methods of iCFO-HD [7] and
fCFO-HD |[8], are chosen for comparison. The signal detection algorithm in the proposed
ISB receiver is shared by the reference receivers. The derived CRLBs in Subsection[5.5.1
are also used as benchmarks. Each frame contains Ny = 20 OFDM symbols of K = 32
subcarriers, except for Fig. [5.6] where the frame length is a variable. The CP length is
L., = 8. QPSK modulation is assumed. A two-ray channel model of length L = 2 is
used. The CFO is randomly generated, whose iCFO is in the range of [-K/2, K/2) and
fCFO is in the range of [—0.5,0.5), except for Fig. |5.8f The number of receive antennas
is Ny = 4, except for Fig. [5.9] The average SIR p before the digital SI cancellation is
set to -20 dB. The first OFDM symbol within a frame is used as pilot for joint CFO
estimation and channel ambiguities elimination. Up to 10000 channel realisations are
used to meet the requirement of Monte Carlo simulations.

Other specific simulation setups in |7,8,104] and [110] are adopted. One symbol are

used for iCFO estimation in iCFO-HD |[7] and two symbols each with a null subcarrier



108 Yujie Liu

are used for fCFO estimation in f{CFO-HD [8]. As for channel estimation, 50% of a
symbol is used by the subspace method [110] and 6.25% of each symbol by the ML
method [104]. With a short frame length of Ny = 20, the overall training overheads of
the proposed ISB receiver, the receiver with [104]+ 7]+ |8] and the receiver with [110]+
[7]+ [8] are 5%, 11% and 8%, respectively.

The MSEs of channel and fCFO estimation for the A-th iteration are respectively
defined as

Lo e - ()
MSEG e = Bl g7 (s — hs)? + (hy — hn)?]), (5.45)
and
MSE{3ro = E{(d{" — ¢r)?}. (5.46)

The output SINR is defined as the ratio of the power of the desired signal estimate to

the power of the residual SI and noise after SI cancelation, i.e.,

Ne—1 —=K—-1 5
N o1 ko ds, (k)
SINRutpu =~ Y (5.47)

e S (ds (k) — dg; (K))

5.6.2 Results and Discussion

Figs. [5.3] 0.4 and [5.5] demonstrate respectively the FER, output SINR and MSE of
channel estimation performances of the proposed ISB receiver structure in comparison
to the ML [104] and subspace [110] methods with Ny = 20 symbols per frame and
N; = 4 receive antennas. The proposed ISB receiver in the presence of CFO achieves
much better FER performance than that of ML |104] and subspace [110] approaches
with perfect CFO estimation, while the latter two demonstrates an error floor. This is
because the ISB receiver can calculate the second-order statistics of the received signal
with a short frame of data, while [104] and [110] are dependent on long data frames.
Similar trends to Fig. [5.3] can be observed in Fig. where the output SINR by
the proposed ISB receiver is much closer to the CRLB after iterations. In contrast,
the output SINR by the ML approach [104] degrades slightly with the increase of SNR,

because of the noise amplifications from iterations.
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—%— lterative ML [104] with perfect CFO est. (I=3)
—H8— Subspace [110] with perfect CFO est.
—>—ISB receiver (I=1)
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Figure 5.3: FER performance of the proposed ISB receiver structure, with Ny = 20
symbols per frame and N, = 4 receive antennas (est.: estimation).

Fig. demonstrates that at the MSE of channel estimation of 10~%, the proposed
ISB receiver with A = 3 iterations achieves an SNR gain of around 7 dB over its
counterpart with one iteration. The CRLB is close to the numerical results of the
ISB receiver, while ML [104] and subspace |[110] demonstrate poor channel estimation
accuracy across all SNRs.

Fig. shows the impact of the frame length Ng on the MSE performance of channel
estimation of the proposed ISB receiver and the existing ML [104] and subspace [110]
methods at SNR=20 dB. It is easily observed that the proposed ISB receiver can achieve
a good MSE performance while using a much shorter frame than the existing methods
[104110]. For example, the proposed ISB receiver with three iterations can achieve MSE
of 1073 with 10 symbols only, while more than 100 symbols are required for the existing
methods [104,|110]. This is because the number of signal samples to compute the auto-
correlation matrix of the received signal is increased by the proposed ISB receiver, as
discussed in Subsection [5.3.1] Thus, it can achieve a similar performance while with a

much fewer symbols. Furthermore, as the frame length increases, the training overhead
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Figure 5.4: Output SINR of the proposed ISB receiver structure, with Ng = 20 symbols
per frame and N, = 4 receive antennas.
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Figure 5.5: MSE of channel estimation of the proposed ISB receiver structure, with
Ng = 20 symbols per frame and N, = 4 receive antennas.



Chapter 5. Iterative Semi-Blind Estimation of Channels and CFO in Short-Frame FD

OFDM Systems for URLLC

111

102 T T T T T T T T T T T T T T
—%— lterative ML [104] with perfect CFO est. (I=3)
—H8— Subspace [110] with perfect CFO est.
101k —>— ISB receiver (I=1) 4
—O— ISB receiver (1=3)
c ——#— CRLB
2 100¢F
©
£
7}
W oot
©
c
g
< 2 L
o 10
©
L
D 103
=
104 F
10-5 1 1 1 1 1 1 1 1 1 1 1 1 1 1

10 20 30 40 50 60 70 80 90 100 110 120 130 140 150

Frame Length

Figure 5.6: Impact of the frame length on the MSE of channel estimation of the proposed
ISB receiver structure, with IV, = 4 receive antennas and SNR=20 dB.
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Figure 5.8: Impact of the iCFO estimation range on the probability of correct iCFO
estimation of the proposed ISB receiver structure, with Ny = 20 symbols per frame and
N; = 4 receive antennas.

of the proposed ISB receiver decreases greatly. For example, at Ng = 150, the training
overhead of the proposed ISB receiver is reduced to 0.6% while that of the iterative ML
method [104] is always 6.25%. Consequently, the proposed ISB receiver has advantages
in both latency and spectral efficiency. Additionally, thanks to the decision-directed
estimation in the proposed ISB receiver, the MSE of channel estimation is reduced by
approximately ten-fold after three iterations and also approaches the derived CRLB. It
is seen that the proposed ISB receiver achieves a convergence after Ny = 20. This is

why the frame length is specified as 20 for the proposed ISB receiver in other figures.

To better compare the proposed ISB receiver with the existing iCFO-HD |[7] and
fCFO-HD |8§| estimators, the CFO estimation performance of the proposed ISB receiver
is studied through two aspects: a) MSE of f{CFO estimation and b) probability of correct
iCFO estimation. Fig. [5.7] exhibits the MSE of f{CFO estimation of the proposed ISB
receiver, in comparison to the existing method [8]. It can be seen that the proposed ISB

receiver with a single iteration is slightly better than f{CFO-HD [8]. However, after three
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Figure 5.9: Impact of the number of receive antennas N, on the FER performance of
the proposed ISB receiver structure, with Ny = 20 symbols per frame.

iterations, the proposed ISB receiver demonstrates a much better performance than the
existing fCFO-HD especially at high SNRs. For instance, at MSE¢cpo = 1075, the
proposed ISB receiver has an SNR gain of around 9 dB over the fCFO-HD |[§| estimator.

The probability of correct iCFO estimation of the proposed ISB receiver and the
existing iCFO-HD estimator [7] is studied in Fig. [5.8 with two iCFO estimation ranges
[-K/2,K/2) and [-K/8,K/8). It is noteworthy that the existing iCFO estimator
7] allows a certain iCFO estimation range only which is determined by its algorithm
parameter as discussed in Subsection Also, the estimation range should be known
in advance for the following iCFO search. In contrast, the proposed ISB receiver not
only enables full-range iCFO estimation but also provides a closed-form solution without
an advanced acquisition of iCFO estimation range. It is easily observed from Fig. [5.8
that the existing iCFO estimator [7] is susceptible to iCFO estimation range, while the
proposed ISB receiver is almost independent of that. Specifically, the probability of
correct iCFO estimation decreases greatly as the estimation range widens especially at

low SNRs for the iCFO-HD estimator [7]. As mentioned in Subsection decision-
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Figure 5.10: Impact of the number of iterations on the MSE of channel estimation of
the proposed ISB receiver structure at SNR=10 dB and SNR=15 dB, with Ny = 20
symbols per frame and N, = 4 receive antennas.

directed CFO estimation refines fCFO only, the probability of iCFO estimation tends
not to vary with the number of iterations. Thus, the proposed ISB receiver with a single

iteration is illustrated in Fig. |5.8

Fig. [5.9 shows the impact of receive antennas on FER performance of the proposed
ISB receiver, with N, = 4, N, = 8 and N, = 12, respectively. It can be concluded
that the reliability of the proposed ISB receiver can be enhanced significantly by util-
ising more antennas at the receiver. Thus, space diversity is an effective technique for

URLLC, as suggested in [33].

Fig. demonstrates the MSE of channel estimation against the number of itera-
tions of the proposed ISB receiver at SNR=10 dB and SNR=15 dB, respectively. It can
be observed that the proposed receiver converges fast within 3 iterations. At SNR=15

dB, the initial MSE performance is improved around 10-fold after three iterations.
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5.7 Summary

An ISB receiver structure with CFO and channel estimation and signal detection has
been proposed for URLLC in short-frame FD CP-OFDM systems. Table [5.3] makes a
comparison of the proposed ISB receiver structure with the existing approaches |7,8,
104,{110]. Compared to the approaches in |7,8.,104] and [110|, the proposed ISB receiver
achieves much better performance in short-frame case with tens of symbols at almost
a halved training overhead, in terms of FER, MSEs of channel estimation and f{CFO
estimation, probability of correct iCFO estimation and output SINR. In addition, thanks
to the decision-directed estimation, the CRLBs derived are close to the numerical results,
while at the cost of medium complexity due to the iterative semi-blind estimation. The
proposed receiver converges within 3 iterations, and is more computationally efficient
than the iterative ML approach [104]. However, multiple receive antennas are demanded
for the proposed ISB receiver to guarantee the blind channel estimation, making it
infeasible for SISO systems. The re-modulation technique on the received signal in [128]
would be a possible way to reduce the number of receive antennas for the proposed ISB

receiver.
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Table 5.3: Comparison of the proposed ISB receiver and the existing approaches.

Item ISB Receiver | iCFO-HD [7] | fCFO-HD [8] | ML [104] | Subspace [110] |
Duplex FD HD HD FD FD
mode
Decision-
directed v X X v X
estimation
ICFO v v X X X
estimation
fCF
.C O v X v X X
estimation
Channel v X X v v
estimation
Training . . .
overhead Low High Low High Medium
Number
of symbols
for semi-blind Tens N/A N/A Hundreds Hundreds
estimation
Complexity Medium Medium Low High Medium
Receive . : : Single/ :
antennas Multiple Multiple Multiple Multiple Multiple




Chapter 6

Robust Semi-Blind Estimation of
Channel and CFO for Single-User
GFDM Systems

Estimation of channel and CFO has been studied for OFDM systems in Chapters
and In this chapter, a robust semi-blind estimation scheme of channel and CFO
is proposed for single-user GFDM systems. This, to the best of the author’s knowl-
edge, is the first work to propose an integral solution to channel and full-range CFO
for a wide range of GFDM systems. Based on the derived equivalent system model
with CFO included implicitly, a subspace-based method is proposed to perform initial
channel estimation blindly. Then, CFO estimation and channel ambiguity elimination
are undertaken in series by utilising a small number of nulls and pilots in a single sub-
symbol. fCFO is first determined by means of rank-reduction criterion, whereas iCFO
estimation is then solved by minimising the signal power on the null subcarriers in the
designed subsymbol. Both channel and CFO estimations are more robust against ICI
and ISI caused by the nonorthogonal filters of GFDM, compared to the existing LS
based channel estimator and the variant of Moose’s CFO estimator [107] described in

Chapter [3| The proposed scheme achieves a BER performance close to the ideal case

117



118 Yujie Liu

with perfect CFO and channel estimations especially at medium and high SNRs.

6.1 Introduction

GFDM, a generalised form of OFDM, has been considered as a potential waveform
candidate for B5G wireless communications [2},3,9-11,/109,|133H139]. However, GFDM
suffers from ICI and ISI caused by its nonorthogonal prototype filters, which makes its
channel estimation and CFO estimation more challenging than those in OFDM, and
the solutions for OFDM [7,|12}|128] cannot be applied directly.

Channel estimation for GFDM systems has been studied in [9,/133H136] assum-
ing perfect CFO estimation. Scattered-pilot aided channel estimation was presented
in |133|, where the interference was pre-cancelled at the transmitter. However, its per-
formance was vulnerable to frequency selective fading. LS channel estimation with a
rectangular-pattern pilot was shown to outperform that with a block-pattern pilot in [9].
However, they required high training overhead and were biased due to ICI and ISI. By
properly localising the pilots in time domain and utilising the pilots’ information from
CP, an LMMSE based parallel ICI and ISI cancellation method was proposed for chan-
nel estimation in GFDM [140|, where two subsymbols are utilised as pilots and the CP
length should be the same as the subsymbol length, giving rise to reduced spectral effi-
ciency. The prototype filters in [134136| were modified to enable the interference-free
pilot aided channel estimation, which however worked only for specific GFDM systems.

GFDM is sensitive to CFO, including an iCFO and a fCFO |7,|137]. Most previous
work on CFO estimation for GFDM systems have focused on fCFO only [3{11},/109]. A
pseudo noise (PN) based pilot with two identical subsymbols was utilised to estimate
fCFO in [3] and |11], which is a variant of Moose’s CFO estimator [107] in Subsection
However, it required high training overhead and was sensitive to ICI and ISI.
As mentioned in Chapter [3] fCFO was blindly estimated for GFDM utilising CP and
ML approach in [3| and [109]. However, their f{CFO estimation range was limited. The

work that has considered iCFO estimation was [138|, however, it was applicable to a
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specific GFDM system only and its performance degraded substantially in the multi-
path fading channel. A pilot containing two similar Zaduff-Chu sequences was utilised to
achieve low-complexity full-range CFO estimation in [141], with just a specific frequency
spreading GFDM transmitter structure in [50].

The aforementioned work [3,(9}/11,/109,|133H136}[138| dealt with either channel es-
timation or CFO estimation, without considering their effect on each other. In [139],
both estimations were considered, which however focused on small-scale CFO and was
applicable only for unique-word (UW) GFDM systems. Semi-blind joint estimation of
channels and CFOs for ZP-OFDM systems were presented in [12]| as demonstrated in
Subsection [3:3.2] which however cannot be utilised for CP-GFDM systems.

In this chapter, a robust semi-blind channel and CFO estimation (RSCCE) scheme is
proposed for single-user GFDM systems. Based on the derived equivalent system model
with CFO included implicitly, a subspace-based method is proposed to perform initial
channel estimation blindly, and then full-range CFO estimation and channel ambiguity
elimination are undertaken in series by utilising a small number of nulls and pilots in
a single subsymbol only. fCFO estimation is first performed by exploiting the rank-
reduction criterion due to null subcarriers, while iCFO is estimated by minimising the
power on the null subcarriers of the designed subsymbol. This work is different in the

following aspects.

e This, to the best of the author’s knowledge, is the first attempt to propose an in-
tegral solution to channel estimation and CFO estimation for GFDM, considering
their effect on each other, while in [3,9/111/109,133-138| only one of the issues was

addressed assuming perfect estimation of the other.

e The proposed RSCCE scheme is applicable to a wide range of GFDM systems and
allows full-range CFO estimation, while the previous work either was applicable
to specific GFDM systems such as interference-free GFDM in [134-136] and UW-
GFDM in [139] or considered CFO estimation in a limited range only [3}/11}/109,
139].
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e The proposed RSCCE scheme achieves a BER, performance close to the ideal case
with perfect channel and CFO estimations especially from medium to high SNRs.
Both channel and CFO estimations are more robust against ICI and ISI caused
by the nonorthogonal filters of GFDM than the existing methods [3}9,[11], thanks
to the subspace-based initial channel estimation and the ICI and ISI mitigation

in subsequent CFO estimation and channel ambiguity elimination.

e The proposed semi-blind scheme utilises a small number of nulls and pilots in a
single subsymbol to enable CFO estimation and channel ambiguity elimination
respectively, with much lower training overhead than that required in [3}9,/11].
Also, the proposed blind channel estimation algorithm achieves the second order
statistics of the received signal with only a small number of received symbols,

about tens of times less than that required in [12] and [128§].

The rest of this chapter is organised as follows. Section [6.2] presents the system
model. The proposed RSCCE scheme is described in Section Complexity analysis
and simulation results are given in Sections [6.4] and [6.5] respectively. Section [6.6] draws

conclusion.

6.2 System Model

6.2.1 GFDM System with CFO

A SIMO GFDM system with a single user is considered where the receiver is equipped
with IV, receive antennas. Each GFDM symbol is divided into M subsymbols each with
K subcarriers and define N = KM. Let d; = [dio0, - ,dio k-1, ,diM—1,0,""" ,

dLM_LK_l]T denote the data vector of the i-th GFDM symbol, where d; ,, 1 is the data
transmitted on the k-th subcarrier in the m-th subsymbol of the i-th symbol. Then,

each d; p, 1, is transmitted with the corresponding pulse shape [2]

Gm.k[n] = g[(n —mK) mod N] - exp(—s2mkn/K), (6.1)
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where n (n = 0,--- ;N — 1) is the sampling index. After pulse shaping, the transmit

symbol ¢€;[n] is given by

K—1=M-1
E’L[n] = Zk:(} Zm:O gm,k[n}di,m,kz- (62)
Denote €; = [¢;[0],--- , &[N — 1]]T as the transmit data vector, which is expressed as
€;, = Adi, (6.3)
where A = [gp0, " 80, k—15 " »8M-1,00""" »8M—1,k-1] s an N x N pulse shaping
filter matrix with g,, ;. = [gmk[0], - , gm k[N —1]]7. A single CP with length Lc;, is pre-
pended to the GFDM symbol x;, obtaining x; = [2;[0], - - , x;[Lep—1], zi[Lep), - - -, 2 [G—
)T = [&[N — Lepl, -+, &[N — 1], 6[0], - -+, &[N — 1], with G = N + Lep.

The channel is assumed to exhibit quasi-static block fading and CIR remains con-
stant for a frame of Ny GFDM symbols. Denote Ay, = [An,[0], -, hn [L — 1]]T as
the CIR for the n;-th receive antenna with L being the length of CIR. ¢ = ¢r + ¢1
(¢ € [-K/2,K/2)) is defined as the CFO between the transmitter and receiver, where
¢r and ¢ are respectively the fCFO and iCFO. The time-domain received signal in the

i-th symbol at the n,-th receive antenna is written as

L-1
ielg) = 27003 el — 1+ win, [9] (6.4)

where w; p,[g] (9 =0,---,G — 1) is the noise term.

6.2.2 Equivalent System Model with CFO Included Implicitly

To enable robust semi-blind estimation of channel and CFO, an equivalent system model
similar to that in Chapter [5] is derived, which includes CFO in the transmitted signal

and channel implicitly. By incorporating CFO into the transmitted signal and channel,
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(6.4) is equivalent to
L-1
Yin, [g] = ZZ:O hnr [l]sz [g - l] + Wi n, [g], (6'5>

with hy,, [I] = e?™/Kp, 1] and s;[g] = e27%9/Kg;][g] denoted as the CFO-included
channel and CFO-included transmitted signal. Similar to Chapter | v;n, [L — 1] to
Yin, [Lep—1] are free from ISI caused by multi-path fading, and thus are utilised alongside

signal samples y; n, [Lep) t0 ¥in, |G — 1] for semi-blind estimation of CFO and channel.

Collecting all these samples from N, receive antennas into a vector, y; = [yio[L —
0, yine—1[L = 1], ,yi0lG — 1], -+ ,yin,—1]G — 1]]T is obtained and given by
y; = Hs; + wy, (6.6)

where H of size (G — L+ 1)N; x G is defined as

h(L—1) --- h(0) e O,
H = : VU VEE I I (6.7)

Oy, - - h(L-1) --- h(0)

with h(l) = [ho[l],- - , hn,—1[l]]7, 8i = [5:[0], sq[1], -+, si[G — 1]]7, and w; = [w;o[L —
1], T ,wier_l[L - 1], s ,’wi,g[G - 1], s 7wi,Nr—1[G - 1]]T

Since E{s;s/} is rank deficient whose rank is N instead of G due to the redun-
dancy from CP, cannot be applied to the subspace-based blind channel esti-
mation approach. To address this problem, the consecutive (N — L + 1)N; samples
from y; are collected as a subvector, and it is easily found that (L, + 1) such sub-
vectors can be formed. The t-th (¢ = 0,1,---,L¢p) subvector is denoted as y! =
[yiolL—1+t, - yine—1[L—1+t], - ,yio[N =141, - ,yin—1[N —1+¢]]T, which
is written as

y;tl = I’:ISI; + W}z7 t= 07 T aLva (68)

where H follows the similar form to H but with a reduced size of (N — L +1)N; x N;
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Figure 6.1: Flow chart of the proposed RSCCE scheme for GFDM systems.

sﬁ = [si[t],- - ,si[N—l—{—t]]T; and Wg = [wio[L—14t], - ,w; n,—1[L—1+t],- -+, w;o[N—
1 + t], e ,winrfl[N — 1 + t]]T.

6.3 Robust Semi-Blind Channel and CFO Estimation

Based on the derived equivalent system model in , an RSCCE scheme is proposed
for GFDM systems in the presence of CFO, which mainly consists of three stages, as
shown in Fig. a) subspace-based blind channel estimation is performed in the
presence of CFO; b) both fCFO and iCFO in the full range are estimated; c¢) channel
ambiguity due to blind estimation in stage a) is eliminated. The processes at stages b)
and ¢) are semi-blind, which respectively utilise a small number of nulls and a small

number of pilots in a single subsymbol, as illustrated in Fig. [6.2]

6.3.1 Blind Channel Estimation

A subspace-based blind channel estimator similar to that in Chapter [5] is proposed to
enable the robust estimation of the CFO-included channel in . It is assumed that
1) noise samples are uncorrelated and 2) noise and signal samples are uncorrelated. N,
receive antennas with (N — L + 1)N; > N are utilised, which suggests N, > 1. The

proposed estimator is summarised in four steps below.
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Step 1. (Ns — 1) received symbols are used to compute the auto-correlation matrix of

the received signal, obtaining

= ! Ns=lgler 40 t\H
Ryy - (NS - 1)(ch + 1) Zi:l Zt;o y’L(Y'L) . (69)

Note that the number of signal samples per received symbol utilised to compute the
auto-correlation matrix of the received signal has been increased, thanks to the parti-
tion of the received signal vector y, into a number of subvectors y! when deriving the
equivalent system model. Thereby, the required number of received symbols to achieve
the second order statistics of the received signal can be much smaller than the methods
in OFDM [12,/128|.

Step 2. EVD is performed on the auto-correlation matrix Ryy. The signal sub-
space has a dimension of N, regardless of the GFDM nonorthogonal filters. Conse-
quently, the noise subspace has @ (Q = (N — L 4+ 1)N, — N) eigenvectors correspond-
ing to the smallest @) eigenvalues of the matrix Ryy. Denote the g-th eigenvector as
Yo = W), AT (N = DT (g =0, ,Q — 1), where %(w) (@ = 0,1, , N — L)
is a column vector of size N,. Due to the inherent orthogonality between the signal and

noise subspaces, the columns of H are orthogonal to each vector vy, i.e.,
YEH = 014 (6.10)

Therefore, 7, spans the left null space of H. As H is formulated by the matrices h(l),
channel estimation is restricted to h(l), instead of the whole matrix H.

Step 3. Similar to Chapter [} ¢t;h = Oxn 1 can be obtained where ¢, of size N x N, L
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is defined as

YI(N - L) 01xn, 01xn,
YN - L—1) YN -L) - 01N,
YI(N =20 +1) AH(N-20+2) - ~H(N-L)
HN —2F HN —or4+1) -+ ~H(N—-L—-1
= vy ( | ) g ( | ) | Yy ( | ) | (6.11)
¥ (0) v (1) oA -1)
01, v (0) eyl -2)
i 01xn, 01xn, E Y4(0) ]

where h = [h7(0),--- ,hT(L — 1)]7 is with size N.L x 1.

Step 4. Considering all ¢, matrices as follows ¢ = [LOT, e ,Lg_l ,

th = ONQ><1 (6.12)

is obtained. Hence, the CFO-included channel h can be estimated by choosing the right
singular vectors of ¢, denoted as flo. However, there exists a complex scalar ambiguity
¢ between the real CFO-included channel h and the blindly estimated CFO-included

channel flo, 1.e., h= ﬁoc.

It is noteworthy that the blind estimate of the CFO-included channel is robust
against the ICI and ISI introduced by the nonorthogonal filters, as the proposed scheme
is based on the inherent orthogonality between the signal and noise subspaces and
their dimensions are not changed by the nonorthogonal filters. With the blind channel
estimate, can be rewritten as

y! = HoCs! 4 wi, (6.13)
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Figure 6.2: Example of the first GFDM symbol structure: Ppicro = 2 nulls and
Py cha = 2 pilots within the first subsymbol are utilised for CFO estimation and channel
ambiguity elimination, respectively.

where Hy is defined as the same form to H but with h(l) replaced by hy(l) and C =
diag{[c, - ,c]} is with size N x N. By performing equalisation, the received signal y!

is multiplied with the pseudoinverse of ﬂo, obtaining

r; = Cs} + Wi, (6.14)
where w; ; = I:I;r]wg. is easily rewritten as
ri = E{(¢)AlCd; + wi, (6.15)

where A = Ap(t: N —1+t,:) with A, = [AT(N — Lep - N —1,1: N), AT]T and
E4(¢) = diag{[e?™?/K ... e?mo(+N=1)/K]} Tt is noteworthy that (6.15) looks like a
GFDM system in the presence of flat-fading channel so that CFO estimation problem
is much easier to solve, allowing the robust estimation of both f{CFO and iCFO in the

full range in the following.

6.3.2 First Subsymbol Design

Based on (6.15), CFO estimation and channel ambiguity elimination can be achieved
by designing a single subsymbol of the first received symbol with a small number of
nulls and pilots. Assuming its first subsymbol is utilised for training, Ppii cfo and Pyl cha

(Ppil,cfo + Ppil,cha < K) subcarriers within it are transmitted as nulls and pilots to enable
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CFO estimation and channel ambiguity elimination, respectively. Note that in theory
the values of P cfo and Ppilcha can be as small as 1. Denote Ppi cfo and Ppij cha as the
respective subcarrier index set for CFO estimation and channel ambiguity elimination.
Fig. provides a general example for the first symbol design with Py cfo = 2 and

Ppil,cha =2

6.3.3 CFO Estimation

After performing equalisation with the blind channel estimate, both f{CFO and iCFO in
the full range can be easily estimated by utilising the designed first subsymbol with a
small number of nulls. By eliminating interference through zero-forcing (ZF) algorithm,
both fCFO and iCFO estimations are resilient against the ICI and ISI introduced by
the GFDM nonorthogonal filters.

fCFO Estimation

fCFO estimation is based on the rank-reduction criterion. In the absence of fCFO
(¢ = 0), the rank of diag{(A")Tr}} should be (N — Py cf), due to the null subcarriers.
This property is true even in the presence of iCFO, since iCFO is likely to induce the
cyclic shift and would not change its rank. However, if f{CFO exists (¢p # 0), this
property is destroyed and the rank becomes N due to the fCFO-induced ICI.

Given a largest fCFO search range [—0.5,0.5), f{CFO is compensated with a f{CFO
trial value of ¢p on r}, yielding R%((;;F) = Ef\l(—g?)p)rf). Therefore, with a good fCFO
trial, the rank of &4 (¢r) = diag{(A?)TkL(dr)} should be (N — Pyijefo). FCFO is deter-
mined as follows.

Step 1. Compute the auto-correlation matrix of &%(QNSF), yielding

R () = 17 3 Kb ) (R (50) " (6.16)

Step 2. Perform EVD on R“”(&F), and the eigenvalue vector in an ascending order is
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determined as n‘z;F .

Step 3. fCFO is estimated by

gr=arg _ min || 9% (1: Poiew) |3 (6.17)

Fre[~0.5,0.5)
fCFO compensation is then performed, yielding f'%,o = Ef\l(—qu)rg. Note that ZF
algorithm has been performed on the received signal (i.e., (A")rf), allowing the elim-
ination of ICI and ISI from the nonorthogonal filter, assuming the filter matrix A is
well-conditioned and its inverse exists [2|. Similarly, ZF is executed to the following

iCFO estimation and channel ambiguity elimination to remove the ICI and ISI.

iCFO Estimation

The core idea of iCFO estimation is to minimise the signal power on the null subcarriers
in the designed subsymbol. Given that iCFO is absent (¢; = 0), the signal power of
(At)Tf“%O on the specific null subcarriers should be zero. However, this is not true if

iCFO exists (¢1 # 0).

Given a largest iCFO search range [—K/2,K/2) and an iCFO trial value o1, an
iCFO compensated f'%o is obtained as kk(dr) = Ef\I(—qEI)f'tF’O. ZF algorithm is then
implemented, obtaining &; Lo _ AI nf(g?)l) Therefore, iCFO is determined by

N L. -
¢r = arg man > pzm | &5 (k) 12 . (6.18)
7

¢Ie % pil,cfo

iCFO is then compensated, yielding f‘io = Ef\l(—él)f%ﬁ. The integral CFO is estimated
by ¢ = ¢1 + o
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6.3.4 Channel Ambiguity Elimination

After performing ZF algorithm, &E = (At)Tf{O is obtained. With a small number of

pilots in a single subsymbol, the complex channel ambiguity is computed by

Lep
k:
L Z Z 6.19
Ppil,cha ep 1) t=0 kePp;, cha (k) ( |

The CFO-included channel is then estimated as h = éflo. Hence, the channel ambiguity
due to blind estimation has been eliminated.

According to (6.15]), the transmitted signal is easily detected by ZF algorithm
d; = (A'C)TEL(~d)rt, (6.20)

where C = diag{[¢, - - ,é]}. Then, the averaged signal estimate is d; = p+1 ZLCP d
It is worth noticing that ZF algorithm has been performed on the received signal
in the above estimations, which is able to eliminate the ICI and ISI introduced by the
nonorthogonal filters [2] for both CFO estimation and channel ambiguity elimination.
Meanwhile, the blind channel estimate is regardless of the nonorthogonal filters and is
not affected by its introduced ICI and ISI as discussed previously. Hence, the proposed
scheme with semi-blind estimation of both channel and CFO are more robust against

the ICI and IST caused by the nonorthogonal filters than the existing methods [3}9}/11].

Table 6.1: Analytical computational complexity (K: Number of subcarriers per GFDM
subsymbol, M: Number of subsymbols per GFDM symbol, N5: Number of symbols in
a frame, L: Channel length, N;: Number of receive antennas, N: N = KM, Py cfo:
Number of subcarriers used for CFO estimation, Ppiicha: Number of subcarriers used
for channel scalar ambiguity estimation, L.,: CP length and §: fCFO search step size.)
Item RSCCE scheme
2(N — L+ 1)?N2Ns(Lep + 1) — N2L2N?
+N3L2N(N — L+1)+ (N — L+1)3N3
fCFO estimation (AN?(Lep + 1) + N + 2Pyite0) (5 + 1)
iCFO estimation 2(N?% + Pyitcto) (Lep + 1) (K + 1)
Channel ambiguity elimination Pyt cha(Lep + 1)

Blind channel estimation
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6.4 Complexity Analysis

In Table the computational complexity of the proposed RSCCE scheme is presented,
in terms of the number of complex additions and multiplications. They are summarised
into four aspects, namely blind channel estimation, fCFO estimation, iCFO estima-
tion and channel ambiguity elimination. Regarding channel estimation, the proposed
subspace-based blind channel estimation dominates the whole complexity, resulting from
the computations of the auto-correlation matrix of the received signal, EVD and etc.
The complexity for channel ambiguity elimination can be negligible. Both fCFO and
iCFO estimation may suffer high complexity due to the exhaustive f{CFO and iCFO
searches. For instance, the complexity of fCFO estimation is inversely proportional to
fCFO search step size §. Moreover, iCFO estimation is likely to have a lower complexity

than fCFO estimation, since iCFO has a search step size of 1.

6.5 Simulation Results

Simulation results are used to demonstrate the performance of the proposed RSCCE
scheme for GFDM systems. System parameters are set as follows. Each GFDM symbol
contains M = 3 subsymbols each with K = 16 subcarriers. The number of receive an-
tennas is IV, = 4. The CP length is L., = 4. The channel model follows an exponential
profile with channel length L = 3. Ny = 30 received symbols are used for semi-blind
estimation, except for Fig. The CFO value is randomly generated in [-K/2, K/2).
The first subsymbol of the first GFDM symbol is used for training where P cfo = 12
and ppilcha = 4 are exploited for CFO estimation and channel ambiguity elimination,
respectively, except for Fig. [6.7, The fCFO search step size is § = 0.001; root raised
cosine prototype filter with roll-off coefficient 0.5 is utilised for GFDM except for Fig.
[6.5] QPSK scheme is used. The MSEs of channel and fCFO estimation are defined as

1 : 2
MSEchannel = mE{Hh*hHF}’ (621)
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and

MSEscro = E{(¢ — ¢)*}. (6.22)

It is noteworthy that the CRLBs on semi-blind channel and CFO estimation for
GFDM can be derived easily in a similar manner to that for FD OFDM in Chapter 5
Since the key contribution of this work lies in the high-robustness estimation of channel
and CFO in GFDM systems, the following simulation results are mainly utilised to verify
the superiority of the proposed RSCCE scheme in terms of the robustness against ICI
and ISI, and the corresponding CRLBs are not included yet. As a complement, the
BER performance in the ideal case with the perfect estimation of channel and CFO is

adopted as a benchmark for the overall system performance.

Fig. [6.3illustrates the BER performance of the proposed RSCCE scheme in compar-
ison to the methods in [3,9,10] and |11]. Due to the lack of iCFO estimation approach
for general GFDM systems in the literature, for fair comparison, the iCFO estimation
approach in the proposed RSCCE scheme is performed with the existing methods for
general GFDM systems including fCFO estimation in [3] and [11], channel estimation
in [9] and ZF based signal detection in [10]. They are arranged into three groups,
namely gl: CP [3|+LS [9]+ZF |10], g2: PN [3,11]+LS [9]+ZF [10] and g3: ZF [10] with
perfect CFO and channel estimations. Note that gl and g2 have 1 and 3 subsymbols
in total for training, while the proposed RSCCE scheme needs a single subsymbol only.
The proposed RSCCE scheme has a much superior BER performance to the existing
methods gl and g2, and its BER also approaches the ideal case with perfect CFO and
channel estimations at receiver as SNR. increases. Due to the biased f{CFO and channel
estimation resulting from ICI and ISI as will be seen in Figs. and the existing

methods gl and g2 suffer error floors as well in BER.

Fig. shows the MSE performance of fCFO estimation by the proposed scheme,
in comparison to the methods in [3] and |11]. The existing CP [3] and PN [3,/11]
based algorithms are selected. The fCFO estimation range of CP based algorithm is
[—0.5/M,0.5/M). When M = 3, its possible f{CFO estimation range is [—0.17,0.17).
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Figure 6.3: BER performance of the proposed RSCCE scheme and the existing methods
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Figure 6.5: MSE performance of fCFO and channel estimation of the proposed RSCCE
scheme and the existing PN and LS based methods |3}/9}/11] versus the roll-off coefficient
at SNR=30 dB.

Thus, its performance is the worst and an error floor is formed for GFDM systems
with M = 3 and fCFO of [-0.5,0.5) in Fig. Instead, the CP based algorithm
has a good performance for OFDM systems and however also biased at high SNRs due
to the multi-path fading. Regarding PN based method [3,|11], the first two identical
subsymbols are utilised as pilots to determine the fCFO by exploring their phase shift
relationship. Nevertheless, owing to the ICI and ISI from the nonorthogonal filter,
its performance with about two-fold training overhead over the proposed scheme is
poor as well. The proposed RSCCE scheme outperforms the existing methods [3}/11]
significantly especially from medium to high SNRs and do not suffer any error floors
induced by the ICI and ISI.

Fig. 6.5 investigates the impact of the roll-off coefficient of the nonorthogonal filter
on the MSE performances of fCFO and channel estimation of the proposed scheme and
the existing methods [3,9/11] at SNR=30 dB. To avoid the impact from CFO estimation

when studying channel estimation, it is assumed that CFO has been compensated per-
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fectly. A single subsymbol of the first GFDM block is considered as pilots for channel
estimation in LS based method [9], while the proposed scheme only utilises its quarter
for channel estimation. By utilising the subspace method in the initial blind channel
estimation and considering interference mitigation in the following CFO estimation and
channel ambiguity elimination, the proposed scheme is shown to be more robust against
the roll-off coefficient than the existing methods [3}/9,[11] in terms of both fCFO and
channel estimation. The existing methods [3}9}/11] suffer ICI and ISI and their perfor-
mances are susceptible to the nonorthogonal filter matrix A which changes with the
roll-off coefficient. The existing fCFO estimator [3,/11] has a decreasing MSE as the
roll-off coefficient increases, because a larger roll-off coefficient could reduce the power
difference between the received two identical subsymbols. In contrast, the LS channel
estimator [9] tends to perform worse at a larger roll-off coefficient, owing to the noise

enhancement. For a trade-off between channel and fCFO estimation for the existing

methods [3,9,[11], the roll-off coefficient is specified as 0.5 in Figs. and

Fig. shows the MSE of channel estimation of the proposed RSCCE scheme
and the existing method in OFDM [12]| versus the number of received symbols Ny at
SNR=15 dB and SNR=20 dB, respectively. To the best of the author’s knowledge,
there is no semi-blind channel estimation method for GFDM systems in the literature.
The existing semi-blind joint channels and CFOs estimator |12] for OFDM described
in Subsection [3:3.2] referred to as SB-OFDM here, is chosen for comparison with the
proposed scheme. It is observed that Ny = 30 symbols are sufficient to output a good
performance for the proposed scheme, thanks to the increased number of signal samples
per received symbol to compute the auto-correlation matrix of the received signal as
discussed in Subsection In contrast, more than 200 symbols are required for the
SB-OFDM method in OFDM systems [12].

Fig. demonstrates the probability of correct iCFO estimation of the proposed
RSCCE scheme and the existing method in [7]. Since full-range iCFO estimation tech-
nique for general GFDM systems is lacking in the literature, the existing ML based
iCFO estimator for OFDM [7] described in Subsection is chosen for comparison,
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Figure 6.6: MSE performance of channel estimation of the proposed RSCCE scheme
and the existing SB-OFDM method [12] versus the number of received symbols Ny at
SNR=15 dB and SNR=20 dB.

referred to as iCFO-OFDM. The proposed scheme with Py cfo = 14 is shown to have
a higher iCFO detection probability than a symbol aided iCFO estimator [7] in OFDM
systems which do not suffer from ICI and ISI introduced in GFDM systems. For ex-
ample, at SNR=8 dB, the iCFO detection probability of the existing method |[7] is

enhanced approximately 17% by the proposed RSCCE scheme.

6.6 Summary

A semi-blind integral solution to channel and CFO estimation has been proposed for a
wide range of GFDM systems, which enables high-accuracy channel estimation based on
the second order statistics of tens of the received symbols and high-accuracy estimation
of iCFO and fCFO in the full range, with a small number of subcarriers within a single
subsymbol for training. Table compares the proposed RSCCE scheme with the

previous approaches [3,/9-12]. With much higher spectrum efficiency, the proposed semi-
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Figure 6.7: Probability of correct iCFO estimation of the proposed RSCCE scheme and
the pilot aided approach for OFDM [7].

blind scheme not only outperforms the existing methods [3,9-11] in terms of both CFO
and channel estimation performance, but also achieves a BER performance close to the
ideal case with perfect CFO and channel estimations at receiver especially at medium
and high SNRs. It is more robust against ICI and ISI resulted from the nonorthogonal
filters than the previous methods [3,9,[11].

However, the proposed RSCCE scheme suffers high computational complexity, due
to the blind channel estimation as well as the exhaustive search for f{CFO and iCFO,
respectively. The closed-form solution similarly to that in [8] is hard to provide for the
semi-blind CFO estimation in GFDM, since its cost function has multiple minimums.
A possible attempt to reduce the computational complexity of the proposed RSCCE
scheme is to estimate the fractional part of CFO with two stages: coarse fCFO estima-
tion and fine fCFO estimation. For instance in [142], a large fCFO search step size was
utilised to offer an initial fCFO estimate first to approach the global minimum of the
cost function. Then, a refined f{CFO estimate is obtained by searching in a small range

with a small search step size. Similarly to Chapter [5] multiple receive antennas are also
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required for the proposed RSCCE scheme.

Table 6.2: Comparison of the proposed RSCCE scheme and the existing approaches.

iCFO- SB-
Item RSCCE | CP [3| | PN [3,/11] OFDM 7] LS [9] OFDM |12L
ICFO v X X v X v
estimation
f.CFO. v v v X X v
estimation
Channel v X X X v v
estimation
Training . . .
overhead Low Low High High High Low
Robustness
against 1CI High High Low N/A Low N/A
and ISI
Number of
symbols for
cemiblind Tens N/A N/A N/A N/A | Hundreds
estimation
Complexity High Low Low Medium Low High
Receive . . . . . .
antennas Multiple | Single Single Multiple | Single Multiple
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Chapter 7

Semi-Blind Estimation of Channels,

CFOs and IQQ Imbalance for
GFDMA Systems with Generalised
CAS

CFO estimation has been investigated for OFDM systems and single-user GFDM sys-
tems in the previous chapters. However, these work cannot be extended to GFDMA
systems with multiple users. GFDMA, as a combination of GFDM and FDMA, has
become a promising multi-user technique. In this chapter, an open topic of a practical
GFDMA system in the presence of CFOs and IQ imbalance is investigated. A semi-
blind joint estimation scheme of multiple channels, multiple CFOs and 1Q imbalance is
proposed. By utilising the subspace approach, CFOs and channels corresponding to U
users are first separated into U groups. For each individual user, the CFO is extracted
by minimising the smallest eigenvalue whose corresponding eigenvector is utilised to
estimate the channel in a blind manner. IQ imbalance parameters are estimated jointly
with channel ambiguities by very few pilots. The proposed scheme is feasible for a wider

range of receive antennas number and has no constraints on carrier assignment scheme,

139
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modulation type, cyclic prefix length and symmetry of I1Q imbalance. Simulation re-
sults show that the proposed semi-blind scheme significantly outperforms the existing
methods in terms of BER, outage probability, MSEs of CFO estimation, channel and
IQ imbalance estimation, while at much higher spectrum efficiency. The CRLB is de-
rived to verify the effectiveness of the proposed scheme, which is shown to be close to

simulation results.

7.1 Introduction

GFDM |2], a generalised form of OFDM, has been regarded as a potential waveform
for B5G networks. GFDMA, as a combination of GFDM and FDMA, has become a
promising solution for multi-user communications [58}|143H145].

Signal detection of GFDMA encounters several critical challenges. First, it is difficult
to estimate multiple channels from the received GFDMA signal, due to the inherent
ICT and ISI in the mixture of signals from multiple users caused by its nonorthogonal
prototype filters. Second, GFDMA is sensitive to RF impairments, such as CFOs and
IQ imbalance. CFO worsens the ICI and ISI in GFDMA [143|. 1Q imbalance is likely to
incur an additional image interference in GFDMA and lead to biased signal estimates.
Third, it is much challenging to investigate GFDMA systems with generalised CAS
where subcarriers may be arranged arbitrarily and randomly for each user, and the
properties of periodic subcarriers arrangement in the subband and interleaved CAS
do not hold any more. Thus, the aforementioned issues of the estimation of multiple
channels, multiple CFOs and 1Q) imbalance are critical for GFDMA with generalised
CAS, which however is still an open area in the literature.

The research on GFDMA systems is limited in the literature. Lim et al. [143] in-
vestigated the impact of CFOs on the system performance of GFDMA, and proposed
two multi-user interference cancellation schemes by optimising the weight and filter co-
efficient to mitigate the impact of CFOs. A low-complexity ZF receiver was developed

to avoid the huge computation caused by the inverse of a large dimensional channel
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matrix for GFDMA in [58|, while a precoding technique was proposed for PAPR reduc-
tion in [144]. However, none of the work in [58}/143,(144] considered the estimation of
CFOs and channels. With a pilot containing two similar Zadoff-Chu training sequences,
multiple CFOs and multiple channels were estimated jointly based on ML criterion for
GFDMA in [145]. However, it demands long training sequences to suppress ICI and
ISI, and thereby leading to low spectrum efficiency; it assumed a only specific frequency
spreading GFDM transmitter structure in [50]. Meanwhile, all the aforementioned work
in [58.(143H145| is for GFDMA with subband CAS only, and does not take into account

1Q imbalance.

Section has reviewed a number of approaches for channel estimation and CFO
estimation in GFDM systems [3}9}/11},109,133-136,/140,|141|, which however ignore the
presence of IQ imbalance. IQ imbalance was addressed in [15,/146}|147] for GFDM
systems. Nevertheless, its estimation in |15] and [147] is assisted by a whole GFDM
symbol, leading to high training overhead. Besides, the approaches in [15] and [146] are
applicable to asymmetric IQ imbalance only, which however does not hold for symmetric
IQ imbalance. In summary, the aforementioned work on GFDM |[3,|9,(11}/15,/109,|133~
1361/140,/141}[1461/147] have two key shortcomings namely: a) they dealt with only one of
the issues of channel estimation [9}133-136,/140], CFO estimation [3,{11}109,141] and 1Q
imbalance estimation [15,/146,(147| without considering their impacts on one another; b)
they were for a single-user system, and cannot be easily extended to GFDMA systems

with multiple users.

The existing work on OFDMA with RF impairments has considered either CFOs or
IQ imbalance. A number of CFO estimation approaches were developed for OFDMA
in [14L[148-151]. However, the systems in [148] and [149] were based on interleaved CAS
only. The blind CFO estimation approach in [150] was applicable for generalised CAS,
which however works only under the assumptions of constant modulus constellation
and short CP; and requires prohibitively high complexity for exhaustive search. In [14]
and [151], joint estimation of multiple CFOs and multiple channels was studied for

OFDMA with generalised CAS. However, the rank-reduction criterion based approach
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in |14] described in Chapter [3] demands a multitude of receive antennas as well as
vast computations to search for CFOs, and the p ilot-assisted scheme developed by
Kalman and particle filtering in [151] reduces the spectral efficiency and significantly
underperforms its derived CRLB especially at medium to high SNR. By utilising the
space alternating generalised expectation maximisation approach, 1Q imbalance was
solved in |152] and [153] for OFDMA systems with two-path successive relaying and bit-
interleaved coded modulation, respectively. However, the approaches in [152,[153| are
computationally inefficient due to the iterative implementation and the method in [153]
is applicable to interleaved OFDMA only. Both CFO and IQ imbalance were considered
and estimated for OFDM systems in [154H156]. However, the aforementioned work for
OFDMA [14,/148-153] and OFDM [154-156] is not applicable to GFDMA, owing to the

inherently nonorthogonal prototype filters of GFDMA.

In summary, there is limited research on GFDMA in the presence of RF impairments,
e.g., only CFO, not IQ) imbalance, was considered in [145]; the approaches developed for
single-user GFDM |3,9,/11,/154{109},/133-1364|140,/141,/146.|{147| cannot be easily extended
to GFDMA with mutiple users; the approaches proposed for OFDMA [14}|148-153|
and OFDM [154H156| are also not applicable to GFDMA due to the intrinsic ICI and
ISI caused by the nonorthogonal filters of GFDMA. Furthermore, the existing work
on GFDMA [58,/143-145] can work effectively only for specific GFDMA systems, e.g.,
subband GFDMA [58,|143H145| and specific frequency spreading GFDMA [145].

Motivated by the above open issues, an uplink GFDMA system of U users with
arbitrary CAS in the presence of CFOs and IQ imbalance is investigated, and a semi-
blind joint multi-CFO, multi-channel and 1Q imbalance estimation (JCCIQE) scheme
is proposed for it. First, U CFOs and U channels are separated into U groups by
user, assisted by a subspace approach. For each individual user, the CFO is extracted
by minimising the smallest eigenvalue whose corresponding eigenvector is utilised to
estimate the channel in a blind manner. Finally, the IQ imbalance parameters are
estimated jointly with the channel ambiguities by very few pilots. The contributions of

this work are as follows.
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e To the best of the author’s knowledge, this is the first work to investigate the
estimation of channels and multiple RF impairments (CFOs and IQ) imbalance)
at the same time for a practical GFDMA system with generalised CAS, where the
prior work on GFDMA [58,[143/[145], GFDM [3l{0l[11./15, 109,133} {136,140, 141][146,
147], OFDMA |14,148-153| and OFDM [154}{156| is not applicable, as summarised
earlier. The proposed JCCIQE scheme for GFDMA significantly outperforms the
existing methods for OFDMA [14] and for single-user GFDM [3,19,[15] in terms
of BER, outage probability, MSEs of CFO estimation and equivalent channel
estimation. The CRLB on MSE of CFO estimation is derived for the first time
for GFDMA systems with generalised CAS, which is close to simulation results
and therefore verify the effectiveness of the proposed JCCIQE scheme. While
CRLB analysis was not presented in [58}/143-145|.

e The proposed JCCIQE scheme requires very low training overhead. Channels and
CFOs are first estimated blindly, and joint elimination of channel ambiguities and
IQ imbalance is conducted in a semi-blind manner, assisted by very few pilots
serving two purposes at the same time. The resulting training overhead is 12-fold
lower than that of [3,9] and [15] which demand a large number of separate pilots
for CFO estimation, channel estimation and IQ imbalance elimination. The multi-
CFO compensation implemented at receiver side avoids the signalling overhead to

feed CFOs back to the respective transmitters, unlike [157].

e The proposed JCCIQE scheme is feasible for a wide range of GFDMA systems.
It has no constrains on CAS, modulation type, CP length and symmetry of 1Q
imbalance, while the existing approaches for GFDMA [58(143H145| and GFDM |3,
9,15] work only under certain system specifications. Extensive simulation results
show that JCCIQE is more robust against ICI and ISI in GFDMA systems than
the pilots assisted approaches [3,9] for GFDM without an error floor. It is resilient
to various CASs and also allows a wider range of the number of receive antennas

than the rank-reduction criterion based approach for OFDMA in [14].
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e The proposed JCCIQE scheme demands low complexity. U CFOs, U channels
and two IQ imbalance parameters are separated and estimated individually, de-
composing a complex (2U + 2)-dimensional problem into (2U + 2) low-complexity
one-dimensional problems. It achieves a tens-fold complexity reduction over the

approach for OFDMA in [14].

The rest of this chapter is organised as follows. Section [7.2] presents the system
model. The proposed semi-blind JCCIQE scheme is described in Section [7.3] Perfor-
mance and complexity analysis are given in Section [7.4] Simulation results are demon-

strated in Section [[.5 Section draws the conclusion.

7.2 System Model

An uplink SIMO GFDMA system of U users with generalised CAS in the presence of
CFOs and IQ imbalance is considered, where each user and BS are equipped with a
single transmit antenna and N, receive antennas, respectively. Each GFDMA symbol
is divided into M subsymbols each with K subcarriers, and define N = MK. P
arbitrary subcarriers are assigned to each user with P = K/U. The set of P arbitrary
subcarriers assigned to user u (u =0,--- ,U — 1) is denoted as K,,, where Ug;ol K, =
{0,1,--- K — 1} and K, K, = &, Yu # v. K,(p) denotes the p-th to the smallest

subcarrier index in K,,.

Define d; y = [di,u,0,05 > diu,0,P—1* » diui—1,0," > diu,pi—1,P—1)" , where d; . m p
is the data of user u in the m-th (m = 0,--- , M —1) subsymbol of i-th (i = 0,--- , Ns—1)
symbol on the K, (p)-th (p =0,---, P—1) subcarrier, and Ny is the number of symbols

in a frame. Each d; 4 mp is transmitted with the corresponding pulse shape [58,143|

gm.k[n] = g[(n —mK) mod NJ - exp(—j2rkn/K). (7.1)
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Figure 7.1: Transmitter of user v in an uplink SIMO GFDMA system with generalised
CAS.

After pulse shaping, the transmit signal €; ,[n] is given by

P-1 M—1
Ei,U[”] = szo Zm:O Im, K. (p) [n]di,u,m,p' (7.2)

Denote €, = [€;u[0], €iu[l], -+, €[N — 1]]T as the transmit signal vector of user u in

the i-th symbol, which can be expressed as

€y = Azudi,ua (73)
where A = [gy0, " ,80x-1>""" »8M-1,0""" s8M—1k-1) 18 an N x N pulse shaping
filter matrix with g,z = [gmk[0],- -, gmi[N — 1]]7, and B, = Iy ® o, is the sub-

carrier assignment matrix with o, denoting a K x P matrix whose p-th column vector
corresponds to the K, (p)-th column of the identity matrix Ix. A CP of length L,
is pre-pended to the symbol €; ,, yielding a signal vector x;, of length G = N + L,
which is given by

Xiu = Youdiu, (7.4)

where ¥, = A, 2, and A, = [AT(N — Lep : N —1,1: N), AT]T. Fig. illustrates
the transmitter of user u in an uplink SIMO GFDMA system with generalised CAS.

CIR is assumed to exhibit quasi-static fading and remains constant over a frame.

Denote Aypn, = [Aun[0], s Aun[L — 1]]7 as the CIR vector for the n,-th receive
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antenna of user u, with L being the length of CIR. ¢, is defined as the CFO between
user u and BS. By incorporating CFO into the channel of each user as in Chapters
and [0} the time-domain received signal in the i-th symbol at the n,-th receive antenna

can be written as

U-1 L—-1
Yin: 9] = Zuzo Zl:o i, [l]eﬂﬂ%(gil)/Kxi,U[g — I + win, 9], (7.5)

where Ry, p, [I] = €27/ KRy, . 1] is the CFO-included channel and w; , [g] (9 = 0, - , G—
1) is the additive white Gaussian noise with zero mean and variance 0. Similar to Chap-
ters [5| and [6] the first (L — 1) signal samples, y; 5, [0] t0 y;n, [L — 2], which suffer from
ISI caused by multi-path fading, are discarded and are not utilised for estimation. The
received signal samples y; »,, [L —1] t0 yj n, [G —1] from N, received antennas are collected
into a vector, yielding y; = [yio[L—1], -+ ,yin,—1[L—1],- - ,yiolG—=1], -, yin1[G—
117 of size Ny(G — L + 1), which can be expressed as

U-1
Yi= Zu:O H,Eq(¢u) W0 diw + Wi, (7.6)

Gy

where Eg(¢,) = diag{[1, e/?7¢u/K ... 2m¢u(G=1)/K} is the CFO matrix of user u, H,

is the channel circulant matrix defined as

ho(L —1) -~ hy(0) e ON,
H, = : , (7.7)
On., - - hy(L—1) - hy(0)
with hy, (1) = [hyoll],- - ,hu,Nr_l[l]]T, and similarly w; = [w;o[L — 1], -+ ,w; N,—1[L —
1]7 e 7wi,0[G - 1]7 e ,’U)inrfl[G - 1]]T

1Q imbalance can be modelled in two ways, being either symmetric or asymmetric,
as demonstrated in Subsection [3.4.1] According to Subsection the symmetric 1Q
imbalance parameters « and ( are defined in and , while the counterparts
for asymmetric IQ imbalance are in and . Note that the asymmetric 1Q
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imbalance model has a property of a + * = 1 [15,/112]. To reduce the hardware cost
and power consumption, it is assumed that there is only one RF chain at receiver. In
other words, multiple receive antennas share the same RF chain and thus share the
same 1Q imbalance [158}[159]. The received signal in the i-th symbol with IQ imbalance

is expressed as

yi = ay; + By;. (7.8)

According to (7.6) and (7.8)), ¥; can be further expressed as

~ U-1 U-1 " - "
Ji=aY HEG0)W,di,+ 5 HiEG(—6,)W,d], +owi +w] . (1.9)
=0~ — U —— —_——

G. G Wi
7.3 Semi-Blind JCCIQE Scheme

The purpose of this work is to determine U CFOs, U channels and two IQ imbalance
parameters from , which is a complex problem of (2U +2) dimensions. A semi-blind
JCCIQE scheme is proposed for SIMO GFDMA systems with generalised CAS in the
section. Thanks to the orthogonality between noise subspace and each signal subspace of
U users, CFOs and channels are first separated into U groups corresponding to U users.
Second, for each user, CFO is first extracted by minimising the smallest eigenvalue to
satisfy the orthogonality, while the channel is determined by the corresponding eigen-
vector. Third, the estimation of two IQ imbalance parameters and channel ambiguities
elimination are conducted jointly by very few pilots. Thereby, a (2U + 2)-dimensional
estimation problem is decomposed into (2U + 2) one-dimensional problems and solved
with low complexity. Fig. illustrates the block diagram of the proposed JCCIQE
scheme for GFDMA systems.

7.3.1 Joint Multi-CFO and Multi-Channel Separation

To separate U channels and U CFOs into U groups by user, the eigenvectors corre-
sponding to the noise subspace should be obtained. By exploiting IV, receive antennas,

the frame of Vg received symbols is used to compute the auto-correlation matrix of the
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Figure 7.2: Block diagram of the proposed JCCIQE scheme for GFDMA systems with
generalised CAS.

received signal, yielding Ry, given by
1 Ne—1 _ _
1{yy = N Z iniH' (7'1())

By performing EVD on Ryy, the noise eigenvectors can be determined, which corre-
spond to the @ (Q = Ny(G—L+1)—2N) smallest eigenvalues of Ry,. Hence, the number
of receive antennas should satisfy N,(G — L+1) > 2N. It is noteworthy that the signal
subspace has a dimension of 2N, where the multiple of 2 results from the image signal
induced by IQ imbalance. Note that given a special case without 1Q imbalance, the num-

ber of noise eigenvectors should be @ = N,(G—L+1)—N. The ¢g-th (¢=0,---,Q—1)
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noise eigenvector is expressed as vy, = [’qu(O),'qu(l), e ,'qu(G — L)]T, where v,(g) is a
column vector of length N,. Due to orthogonality between the noise subspace and each
signal subspace, the columns of G,, and G, are orthogonal to each noise eigenvector, i.e.,
'yf G, = 01xmp and ’yf G, = 01xp. Since each user occupies exclusive subcarriers,
G an G differ between different users. Define h,, = [hl(L—1),hI(L—2),--- hI(0)]”
as the CFO-included CIR of user u. The CFO and the CFO-included CIR of user u can
be estimated by

.o , Q-1
[us ) = arg min "7 (| v GGl [If + | 75 GuGi 7). (7.11)

ustHtu

Note that GJ, and Gg originate from the image signal of user v which usually has
lower power and thus lower SNR than the source signal [156]. As a result, the term
I 'yf G:GI~, ||z in (7-11) is likely to deteriorate the estimation performance, and can

u

be removed from ([7.11)), resulting in the following problem formulation:

A . Q-1
[ur ] = arg min 3 7 v, GuGilva [ (7.12)

w,hy 0

Therefore, by utilising the orthogonality property, the CFOs and channels can be
separated by user. It is noteworthy that the proposed JCCIQE scheme has a looser
requirement on the CP length and the number of receive antennas. The CP length
takes any value, while it is limited to Lcp, < % in |150], where P is the number of
subcarriers per user. The proposed JCCIQE scheme requires a minimum number of

receive antennas to satisfy N, > 0 KM which is smaller than that required

KM+ Lep—L+1)
in |14], where the number of receive antennas should satisfy N, > UL. With K = 16,
M =2, L =3, L, =4 and U = 4, the minimum number of receive antennas required
by the proposed JCCIQE scheme and the approach in [14] is N, = 2 and N, = 12,

respectively.
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7.3.2 Blind Estimation of CFO and Channel for Each User

After the separation of CFOs and channels by user, each CFO is first extracted to satisfy
the orthogonality between noise subspace and each signal subspace by minimising the
smallest eigenvalue, whose corresponding eigenvector is exploited to determine the CFO-

included CIR in a blind manner.

Define RU(&J) =|| 'Yqu(&U)GuH(éu)’)’q H%a where Gu(q;u) = HuEG(éu)‘I’uy with

by denoting as the CFO trial value of user w. Ru(qgu) can be written as
Ru(g’u) = 7¢§{HuEG(&u)‘I’u‘I’EEg(qgu)Hg'Yq' (7.13)

According to [160|, H,,, as a Toeplitz matrix, has a property of ’yf H, = hlY,, where
Y, is an N;L x G matrix given by

Y0) o (G —=L) - Ony
Yo=1| - : : (7.14)

Therefore, ([7.13]) can be rewritten as

U

R, (¢u) = hl Y Ec(¢.) ¥, TIEL (6,) YT by, (7.15)

Pu,q((z)u) P'ﬂ{q((bu)

Define Py (du) = [Puo(du), Pui1(du), - s Pug-1(du)] of size N;L x MPQ. The CFO
and CFO-included CIR of user v can be estimated by

[fu: ] = arg min || hiPu(6u)P (du)h] [IF - (7.16)

usttu

In the following, they are estimated in two steps:

Step 1: The auto-correlation matrix of Pu(gz;u) is calculated by

REP(6,) = Pu(d)PH (). (7.17)
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If ¢, is the true CFO (¢, = ¢y,), the rank of RPP is (N.L — 1), otherwise the rank is
N L. Hence, the CFO of user u can be extracted by minimising the smallest eigenvalue

of RPP(4,). It is equivalent to minimise the determinant of REF(,), i.e.,

¢u=arg min det (RPP(¢,)). (7.18)
¢4 €[—0.5,0.5)

Note that estimating CFO by requires a relatively small search step size for a
high accuracy performance, which however demands high computational complexity.
Inspired by [142], the CFO estimation problem in can be solved with a reduced
computational complexity by the following two steps:

Step 1.1 - Coarse Estimation: The CFO of user u is extracted as qgu,o by with
a relatively large search step size § to obtain an initial value to approach the global
minimum of det(REP (¢,,));

Step 1.2 - Fine Estimation: A refined CFO is estimated by searching in the range
of (ngu,o - 5/2,(25%0 + 0/2) by the golden section search and parabolic interpolation
algorithms.

Step 2: With the CFO estimate gﬁu, the CFO-included CIR of user u is determined as
the conjugate of the eigenvector corresponding to its smallest eigenvalue of RS P (q@u),

and is denoted as hy, .

It is noteworthy that CFO and CFO-included channel of each user are estimated
blindly, which do not suffer the ICI and ISI from data symbols, unlike the existing
pilot assisted approaches [3,|9,/11]. The orthogonality between the signal and noise
subspaces is independent of the value of M, which allows CFO estimation in the range
of [-0.5,0.5), unlike [-0.5/M,0.5/M) in the CP [3] and ML [109] based approaches. As
U channels and U CFOs are estimated individually, signalling overhead due to feedback
of multiple CFO estimates to transmitters for multi-CFO compensation can be avoided,
unlike [157]. It is worth noticing that a complex channel scaling ambiguity ¢, exists

between the CFO-included CIR estimate fl%o and its true CFO-included CIR h,, which
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can be eliminated jointly with IQ imbalance parameters by very few pilots as described

in Subsection [7.3.3

In addition, CFO estimation of the proposed JCCIQE scheme is based on rank-
reduction criterion as well, which however needs a much smaller number of receive
antennas than rank-reduction criterion based CFO estimator for OFDMA in [17] as
discussed in Subsection [7:3.1] The proposed CFO estimation demonstrates much lower
computational complexity than the work [17] for OFDMA as will be seen in Subsection
Besides, the work |17] for OFDMA did not consider the presence of 1Q imbalance,

and suffers an error floor as will be shown in Section

7.3.3 Joint Elimination of Channel Ambiguities and 1Q Imbalance for
Each User

With the blind estimates of CFO and CFO-included CIR namely gzg and flu,g in Sub-
section m the estimate of matrix G, in (7.9)) can be denoted as Gu The received
signal 3, in (7.9) can be rewritten as

. U—1 4 U-1 A% ., .
Vi = Zuzo Gudiy cur + Zuzo G,d}, B +Ww;, (7.19)
[?9) by,

where a,, = ¢y and b, = ¢, correspond to the IQ imbalance parameters by taking

into account channel ambiguities ¢, and c,.

Define G = [Gy, GS, o, Gy_1,Gyr_] of size Ny(G—L+1) x2N. Assume that Pt
pilots in the first GFDMA symbol are utilised for joint elimination of channel ambiguities
and IQ imbalance. By ZF detection, the received signal vector y, is multiplied with
the pseudoinverse of G, obtaining r = GTSIO. Define r = [rOTp, 1{07 e ,rngfl, rlTinl}T

)

where rq, and ry, are respectively given by

rou = dO,uau + V~V07u, (720)
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and

14 = dg by + Wi, (7.21)

with wq, and Wy, being the noise vectors. It is noteworthy that the ICI and ISI from
the nonorthogonal filters are eliminated thanks to the ZF algorithm, assuming the filter
matrix A is well-conditioned and its inverse exists [2]. Hence, the following estimation
of channel ambiguities and IQ imbalance parameters is more robust against ICI and

ISI. By utilising Py pilots in the first GFDMA symbol, the estimates of a, and b, in

(7.19) are given by

1 Pl_]- u
R (p) (7.22)

Py “=p=0  dou(p)’

and

A 1 Pyii—1 1y u(p)
by = Ll 7.23
P Zp=0 d . (p) (r23)

Define hy, and hq, as the equivalent CIRs of user u by taking into account IQ
imbalance, which are expressed as hr, = h,o and hq, = hyf3, respectively. The
estimates of hy, and hq, are given by flLu = flu,O&u and le# = ﬁ:wl;u, where flu’o is
the initial blind channel estimate obtained in Subsection[7.3.2] It is noteworthy that the
property of o + * = 1 with asymmetric 1Q) imbalance was exploited for IQ imbalance
estimation in [15], while the proposed JCCIQE scheme is feasible for both symmetric

and asymmetric 1Q imbalances.

7.3.4 Signal Detection Exploiting Diversity of IQ Imbalance

Thanks to the diversity provided by IQ imbalance, signal can be detected with an
enhanced accuracy in the following. Defining D1, = G,d, and Dy, = GZ{)M ¥, in
(7.9) can be rewritten as

- U-1 U—1 . ~
Yi= ZUZO Dyudiy+ Y Doudf, + Wi (7.24)

u=0
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By concatenating y; and its conjugate y;,

V. D; D d; Wi
A e B I (7.25)
;] [ps oif [ar) |
is obtained, where Dy = [DLO? v ;Dl,U—l] of size (G—L—i—l)NrXN, Dy = [D2707 cee 7D27U_1]
of size (G— L+ 1)N, x N and d; = [d;{o, e ,ngfl]T of size N x 1.
Denote &I,i and &Q,i as the respective estimates of the source signal d; and its image

signal d}, which can be obtained as

dp; Dy Dq| |y;

= ‘. (7.26)

dq,i D; Di| |vi
Since the source signal estimate dy; is the conjugate of the image signal estimate dq ;,
i.e., dq; = dfi, the estimate of source signal d; can be obtained as d; = (&M +
Elgl) /2, by exploiting the diversity resulting from IQ imbalance. Note that the proposed
JCCIQE scheme is independent of the modulation type, while the method in [150] for

OFDMA works only with a constant modulus constellation.

7.4 Performance and Complexity Analysis

7.4.1 CRLB Analysis

The CRLB for blind multi-CFO, multi-channel and IQ imbalance estimation is derived
in this subsection, which provides an analytical benchmark for the proposed JCCIQE
scheme. CRLB is determined by taking a derivative of the received signal vector with
respect to the unknown variables vector. Generally, the received signal samples from all
the received antennas within a frame should be collected as a column vector. However,
the dimension of this column vector is likely to be extremely large, and the inverse of
such a huge matrix is computationally prohibitive. To simplify the computation, an

approximate CRLB is derived in the following, inspired by |128].
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By incorporating 1Q imbalance parameters o and 3 into the original circulant chan-
nel matrix H, and the image circulant channel matrix H},, the equivalent circulant
channel matrices are obtained as Hy, = aH, and Hqo, = fH;. Hi, and Hq, are
same as H, in , except that h, in is replaced by hy, and hq ,, respectively.
Thus, a system model equivalent to that given by is obtained, where the received

signal vector in the i-th symbol can be rewritten as
5 U-1 U-1 * Yk ~
Yi= Zuzo HiEc(¢u)Pudiu + Zuzo HquEc(—¢u)¥,d;,, + Wi (7.27)

Since the signal vectors d;, and d;, are unknown to the receiver, the equiva-
lent CIR vectors hy, and hq, are estimated with a scaling ambiguity [161]. Simi-
lar to [161], the last elements of the equivalent CIR vectors of user u are assumed to
be known at the receiver, which suggests that the channel ambiguities along with 1Q
imbalance are eliminated perfectly. Thus, the unknown variables are the CFO vector
¢ = [bo, -+, du-1]T, the equivalent CIR vectors hy = [hyo(0 : NyL—2)T,--- ‘hyy_1(0:
N,L — 2)T)T and hq = [hqo(0 : N;L —2)T,--- 'hqu_1(0 : NyL — 2)T]T| and the
unknown data vector d;. All the unknown variables are collected in a column vec-
tor, i.e., ® = [¢7,Re{h{ },Im{h{ },Re{h{},Im{h{},Re{d]]"},Im{d]]"}. Define
U; = SV HiuEc () ®udiu + 30 ) HouEq(—¢u)¥id;,. The FIM can be ex-

pressed as

oUH au; } .

2
IL; = Re[ 90 907

o (7.28)

The derivative of U; with respect to CFO of user u ¢, is denoted as qg ,,, which is
given by q; , = 2% (HyyLEq(¢y) ¥yd; y—Hq LEG(—¢.) ¥;d;, ), with L = diag{0, - --
G — 1}. Define Re{h{, (1)} as the real part of the equivalent CIR response of user u
hy,, corresponding to its I-th path and n,-th receive antenna. By taking the derivative
of U; with respect to Re{h}, (1)}, Anyiun. = cireshift(q}, nr, 1)E(¢y) ¥y d;,, yields,
where q] = circshift(q',7,2), and q' is the same as H, in , except that the
elements with hY(L — 1) in are replaced by ones and all the other elements

are by zeros. Thus, the derivative of U; with respect to the real part of the wu-
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th equivalent CIR vector Re{hfu} is obtained as Qy; ;4 = by iw00 " > DhyiuNe 1 |
where Ahy,iun, = [th,i,u,nrﬂ? U 7qh1,i,u,nr,L—1] for ny =0,---, Ny — 2 and Ahy,iun, =
[th,i,u,Nr—l,Oa T 7qh1,i,u,Nr—1,L—2} for n, = Ny — 1. Define Ady,iu = HI,uEG(qbu)lI’u +
HquEq(—¢u) ¥}, and aq, 5, = HiuEc(éu) ¥y —HquEq(—¢u) ¥}, as the derivative of

U; with respect to the real and imaginary parts of d;,, respectively. Hence,

ouH
00 = []Q¢,m Qh{,ianhI,iv QhQ,m ]QhQ,m le,ia JQdQ,i]H (7.29)
and
oU;
00T — 1Q¢.i> Qny,ir JQhy 5 QhQ,i’ ]QhQ,w le,pJQdQ,i] (7.30)

are obtained, where Qqs,z‘ = [q¢,i,07q¢,i,17 T 7q¢,i,U—1]; th = [th,i,07 T thI,z‘,U—ﬂ;

Qp,; is obtained in a similar way to Qy, ; but qy, ; = cireshift(q}, ne, 1) Eg(¢u) Pud;

t,u,nr,
is replaced by Ay, ; .1 = cireshift(qf, nr, 1)Eq(—¢u) ®hd] ,; Qq, i = (a0 Ay 5
Aqy,i,v-1); and Qg i = [Adq,i,00Ddq,i1* + Ddg.iU—1)-

According to [128|, the approximate FIM is computed by Il,ppro = Z;N:‘O_ L1,
Thus, the CRLB for blind estimation of multiple CFOs and equivalent channels can be
obtained as the diagonal elements of Xappro, Where Xappro = H;plpro. Since the CRLB
on MSE of the equivalent channel estimation is derived assuming perfect elimination
of channel ambiguities and IQ imbalance, it is unfair to compare it with the proposed
JCCIQE scheme without perfect ambiguities and IQ imbalance elimination. Hence,
similar to |161], the CRLB on MSE of CFO estimation is mainly investigated, which is
given by

1 U-1
CRLBcro = i Zyzo Xappro (0, V). (7.31)

7.4.2 Complexity Analysis

The complexity of the proposed JCCIQE scheme is analysed, in comparison to rank-
reduction criterion based scheme [14] in Subsection for multi-CFO and multi-

channel estimation in OFDMA systems with generalised CAS, as there lacks work on
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Table 7.1: Complexity analysis (K: Number of subcarriers per GFDMA subsym-
bol/OFDMA symbol, M: Number of subsymbols per GFDMA symbol, U: Number
of users, L: Channel length, P,;: Number of pilots, N,: Number of receive antennas,
Ng: Number of symbols in a frame, §: Search step size in the coarse CFO estimation, &:
Number of cost function evaluations in the fine CFO estimation, A: CFO search step
size in [14], N/A: Not available).

Rank-reduction criterion |14
ftem JOCIQE for GFDMA based scheme for OFDMIA I
Blind multi-CFO | 2K?M?N2Ns + K3M3N? | U/A(NgN, K (2K + log, K)
and multi-channel +K2M?(2K2M?+ +2N,Ns(K — K/U)(K + N;)
estimation 2KMN,L +2N2L?) +N3) + U(2K NsN; + (N,
(N, = 2)(E+1/8) | —(U =)L) (N, — (U~ 1)L)
Channel ambiguities K?M?*N,(2KMU (2L +6)(N; — (U —1)L)
elimination +18K M + 4) U Py
IQ'inTbalz'mce +8K3 M3 + 2P, N/A
elimination
2072
Signal detection _'_gvsj\j[_ i\)[r_(f):g%?) (Ny — (U —=1)L)(2L + 6) K N

estimation of CFOs, channels or IQ imbalance for GFDMA with generalised CAS. Their
symbolic computational complexities are demonstrated in Table in terms of the
number of complex additions and multiplications. They are compared in four aspects,
namely blind mutli-CFO and multi-channel estimation, channel ambiguities elimination,
IQ imbalance elimination and signal detection. The complexity of blind multi-CFO and
multi-channel estimation depends on the CFO search step size, which is denoted by ¢ for
JCCIQE and A for rank-reduction criterion based scheme |14], respectively. Meanwhile,
the proposed JCCIQE scheme computes the second-order statistics of the received signal
and implements EVD for only once, while U/A times of such calculation and imple-
mentation are demanded for rank-reduction criterion based scheme [14]. Usually, there
is a trade-off for the choice of the CFO search step size between the estimation accuracy
and computational complexity. For example, a smaller step size contributes to a higher
CFO estimation accuracy, while at the expense of a large number of computations.
Thanks to the two-step CFO search of the proposed JCCIQE scheme, the coarse CFO
search step size § of JCCIQE can be chosen to be much larger than the CFO search step
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size A of rank-reduction criterion based scheme [14]. Regarding the fine CFO search
of the proposed JCCIQE scheme, the number of cost function evaluations & is counted
when implementing the golden section search and parabolic interpolation algorithms,
which is shown to be less than 10 by simulation, making its complexity negligible com-
pared to that of coarse CFO search. It is also noteworthy that the proposed JCCIQE
scheme is capable of eliminating channel ambiguities and IQ imbalance jointly, while
rank-reduction criterion based scheme [14] does not take into account IQ imbalance

elimination.

Table 7.2: Normalised numerical complexity (K =16, U =2, L = 3, Py = 8, N; = 4,
Ng =200, 6 =0.01, £ =6, A =0.001, N/A: Not available).

JCCIQE JCCIQE Rank-reduction criterion
Item for OFDMA | for GFDMA | based scheme |14 for OFDMA
(M=1) | (M=2
Blind multi-CFO
and multi-channel 2 x 10° 1.3 x 108 7.5 x 109
estimation
Channel ambiguities 1
climination 21x10% | 1.7x 10!
IQ imbalance
. N/A
elimination
Signal detection 1.1 x 10* 5.7 x 104 2 x 102
Total 2.1 x 10° 1.4 x 10° 7.5 x 106

The normalised numerical complexity analysis is provided in Table by setting
the number of subcarriers for each of M =2 GFDMA subsymbol and each of OFDMA
symbol to K = 16, the number of users to U = 2, the channel length to L = 3, the
number of pilots to Py = 8, the number of receive antennas to N, = 4, the frame length
to Ng = 200, the search step size in coarse CFO estimation of the JCCIQE scheme to
6 = 0.01, the number of cost function evaluations to £ = 6, and the CFO search step size
for rank-reduction criterion based scheme [14] to A = 0.001. The numerical complexity
of the proposed JCCIQE scheme for OFDMA systems by setting M = 1 is also included
for comparison. It can be seen that multi-CFO and multi-channel estimation dominates

the overall complexity of both JCCIQE and rank-reduction criterion based [14] schemes.
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In OFDMA systems, the proposed JCCIQE scheme has much higher computational
efficiency than rank-reduction criterion based scheme |14], with up to 36-fold complexity
reduction, which shows the superiority and generality of JCCIQE. The complexity of
JCCIQE for GFDMA systems is approximately 5-fold lower than that of rank-reduction
criterion based scheme [14] for OFDMA systems.

7.5 Simulation Results

7.5.1 Simulation Setup

Monte Carlo simulations have been carried out to demonstrate the performance of the
proposed JCCIQE scheme for SIMO GFDMA systems with generalised CAS in the
presence of CFOs and IQ imbalance. Since there lacks research on estimation of CFOs,
channels and IQ imbalance for GFDMA with generalised CAS, the rank-reduction cri-
terion based CFO estimation scheme for OFDMA [14] described in Subsection is
adopted as a benchmark. Also, a single-user GFDM system is simulated for compari-
son, which conducts the PN sequence based CFO estimation approach in [3]|, and the
low-complexity IQ) imbalance estimation in [15] and the LS channel estimation in [9]
consecutively. Note that LS channel estimation [9] and PN sequence based CFO es-
timation approach [3| for GFDM are respectively a variant of LS channel estimator
and Moose’s CFO estimator for OFDM in Subsections [3.2.1] and [3.3.2] whereas a brief
description of low-complexity 1Q imbalance estimation approach [15] for GFDM refers
to Subsection B.4.2l The CRLB on multi-CFO estimation derived in Subsection [.4.1]
is also exploited as a benchmark in Figs. [7.5] [7.6] and [7.7]

System parameters are specified as follows. Each GFDMA subsymbol includes K =
16 subcarriers. Each GFDMA symbol contains M = 2 subsymbols, except for Figs. [7.8
and The number of users is U = 2, except for Fig. [7.4] The receiver is equipped
with N, = 4 antennas. The channel follows an exponential delay profile with channel
length of L = 3 and the normalised root mean square delay spread of 1.5. The CP
length is L., = 4. Each frame has a length of Ny = 200 symbols, except for Fig. .
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Generalised CAS is adopted, except for Fig. [7.7] The CFOs are randomly generated in
the range of [—0.4,0.4) |14]. Root raised cosine prototype filter with roll-off coefficient
of 0.4 |109] is utilised for GFDMA. The symmetric 1Q imbalance model is adopted,
except for Figs. and [7.9] with its amplitude and phase mismatches set to v = 0.2
and § = 10°, respectively. 0 = 0.01 is chosen for the coarse CFO estimation of the
proposed JCCIQE scheme [142|. QPSK modulation is utilised.

The number of pilots for joint elimination of channel ambiguities and 1Q imbalance
is set to Py = 8, contributing to the training overhead of 0.125%, except for Fig.
Rank-reduction criterion based scheme |14] for OFDMA adopts the same number
of pilots as that of the proposed JCCIQE scheme. Regarding the single-user GFDM
system [3,9,/15], two identical subsymbols are exploited to estimate CFO first, and one
GFDM symbol is utilised to estimate IQ imbalance and channel, respectively, unless
otherwise specified. The total number of pilots in the single-user GFDM system |[3}/9}/15]
is 96 pilots, which is 12-fold more than that of the proposed JCCIQE scheme.

The MSE of CFO estimation, and the MSE of the equivalent channel estimation

with IQ imbalance included are respectively defined as

~

MSEcro = % Z;;l E{(¢u — du)?} (7.32)

and

1 U-1 « 9 .\ 9

MSEChannel,IQ =

7.5.2 BER Performance

Fig. demonstrates the BER performance of the proposed JCCIQE scheme for
GFDMA, in comparison to rank-reduction criterion based scheme for OFDMA |14] and
the single-user GFDM system with the approaches in [3,9] and [15]. The proposed JC-
CIQE scheme for GFDMA significantly outperforms the existing approaches |3}/9.(14}/15].

Its performance is close to that of the ideal case with perfect estimation of CFOs, chan-
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—+H&— Rank-reduction criterion [14] for 2-user OFDMA
—>— PN [3]+IQ [15]+LS [9] for single-user GFDM
100 E —&— JCCIQE for 2-user GFDMA B
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Figure 7.3: BER with Ny = 200 GFDMA symbols each with M = 2 subsymbols, N, = 4
receive antennas, symmetric IQ imbalance and generalised CAS;
Ideal case: perfect estimation of CFOs, channels and IQQ imbalance.

nels and IQ imbalance. For instance, at a BER of 1073, the proposed JCCIQE scheme
achieves an SNR gain of approximately 15 dB over the single-user GFDM system. Since
the single-user GFDM system estimates the CFO, IQ imbalance and channel separately,
without considering their impacts on one another, it suffers an error floor at medium to
high SNR. Rank-reduction criterion based scheme [14] demonstrates the worst perfor-
mance at all SNRs. This is because rank-reduction criterion based scheme [14] requires
at least N} = 6 receive antennas to work effectively with U = 2 and L = 3, while the
proposed scheme only requires the number of receive antennas to be larger than or equal
to N; = 2, which is independent of the number of users, as discussed in Subsection [7.3.1]

Fig. shows the outage probabilities of the proposed JCCIQE scheme and rank-
reduction criterion based scheme [14] with U = 4 users and N, = 4 receive antennas,
at SNR=12 dB, 15 dB and 18 dB. The outage probability is defined as the probability
of the system BER being larger than a threshold A. The proposed JCCIQE scheme

demonstrates a much lower outage probability than that of rank-reduction criterion
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U
\ Rank-reduction criterion [14] for
4-user OFDMA 1

JCCIQE for 4-user GFDMA

Outage Probability Pr(BER>\)
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107 10 1073 1072 107!
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Figure 7.4: Outage probability with U = 4 users, N, = 4 receive antennas, Ny =
200 GFDMA symbols each with M = 2 subsymbols, symmetric 1Q imbalance and
generalised CAS.

based scheme [14], which has an outage probability of one regardless of the values of
SNR and BER threshold. This is because rank-reduction criterion based scheme [14]
demands at least IV, = 12 receive antennas with U = 4 and L = 3, while the proposed
scheme only requires the number of receive antennas to be no less than N, = 2, same

as that in Fig. [7.3]

7.5.3 MSE of CFO Estimation

Fig. shows the MSE of CFO estimation of the proposed JCCIQE scheme in the
absence of IQ imbalance, in comparison to rank-reduction criterion based scheme [14]
for OFDMA and PN sequence based approach [3] for single-user GFDM, neither of
which considered 1@ imbalance in their system models. The proposed JCCIQE scheme
demonstrates a substantially lower MSE performance than the approaches in |3] and [14].
For example, at an MSE of 1079, the proposed JCCIQE scheme achieves an SNR gain

of approximately 10 dB and 15 dB over PN sequence based approach [3] and rank-
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—>— PN [3] for single-user GFDM
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Figure 7.5: MSE of CFO estimation in the absence of IQ imbalance, with Ny = 200
GFDMA symbols each with M = 2 subsymbols, N, = 4 receive antennas, and gener-
alised CAS.

reduction criterion based scheme [14], respectively. Its MSE performance is close to the
CRLB especially at high SNR.

Fig. exhibits the MSE of CFO estimation of the proposed JCCIQE scheme
with symmetric 1Q imbalance, rank-reduction criterion based scheme [14] and PN se-
quence based approach [3]. The proposed JCCIQE scheme has a performance closer
to the CRLB at low SNR, compared to Fig. [7.5] This is because a smaller number
of low-accuracy noise eigenvectors are utilised for blind multi-CFO estimation with IQ
imbalance than that without IQ imbalance, which could mitigate the impact of noise.
The proposed scheme presents a much larger performance gain over rank-reduction cri-
terion based scheme [14] and PN sequence based approach [3] with IQ imbalance than
without IQ imbalance, compared to Fig. , while the latter two approaches |3,/14]

with IQ imbalance suffer an error floor at medium to high SNR.

Fig. [7.7 shows the impact of various CASs on MSE of CFO estimation of the pro-
posed JCCIQE scheme and rank-reduction criterion based scheme [14]. The proposed
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Figure 7.6: MSE of CFO estimation, with symmetric I1Q imbalance, Ny = 200 GFDMA
symbols each with M = 2 subsymbols, N, = 4 receive antennas, and generalised CAS.
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Figure 7.8: Impact of the number of subsymbols per GFDMA /GFDM symbol on MSE
of CFO estimation at SNR=20 dB, with N, = 4 receive antennas, Ny = 200 symbols
and symmetric IQ imbalance.

JCCIQE scheme is robust against various CASs. Its performance is slightly worse with
subband CAS, due to deep fade caused by frequency selective fading [55]. Its MSEs
achieved are also close to the CRLBs with different CASs. The performance of JCCIQE
scheme is much better than that of rank-reduction criterion based scheme [14] for all
types of CAS.

Fig. demonstrates the impact of the number of subsymbols per GFDMA /GFDM
symbol on MSE of CFO estimation of the proposed JCCIQE scheme, in comparison to
PN sequence |3] and CP [3| based approaches at SNR=20 dB. The proposed JCCIQE
scheme is robust against the number of subsymbols M, since its blind CFO estimation is
independent of ISI and CFO estimation range, as discussed in Subsection In con-
trast, the CP and PN sequence based approaches in [3| demonstrate poor performance
when M > 2 and M > 3, respectively. This is because CFO estimation range of CP
based approach [3] is [-0.5/M,0.5/M), and PN sequence approach with two identical

subsymbols [3] is likely to suffer severe ISI when M > 3, as mentioned in Subsection
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and asymmetric IQ imbalances, with Ny = 200 GFDMA symbols each with M = 2
subsymbols, N; = 4 receive antennas, and generalised CAS.
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7.5.4 MSE of Equivalent Channel Estimation

Fig. shows the MSE of equivalent channel estimation of the proposed JCCIQE
scheme with symmetric and asymmetric IQ imbalances and pilot length of P,; = 8, in
comparison to the single-user GFDM system [15] 9] with Py = 48 and P = 64. To
avoid an error propagation from CFO estimation, perfect frequency synchronisation is
assumed for both systems. The single-user GFDM system [15] [9] requires at least one
symbol to estimate I1Q imbalance and thus cannot work with P, = 8. As mentioned
in Section one symbol is exploited to estimate IQ) imbalance [15] and channel [9],
respectively, giving rise to the pilot length of P,; = 64 for the single-user GFDM system.
Thanks to the ICI and ISI mitigation by utilising two symbols as pilots, the single-user
GFDM system with the asymmetric IQ imbalance and B, = 64 does not suffer an error

floor caused by ICI and ISI. Regarding the single-user GFDM system with P, = 48, 1Q
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Figure 7.10: Impacts of the number of subsymbols per GFDMA symbol and the number
of GFDMA symbols on MSE of equivalent channel estimation at SNR=30 dB, with
U = 2 users, N; = 4 receive antennas, symmetric IQ imbalance and generalised CAS.

imbalance and channel are estimated by one symbol (32 pilots) and one subsymbol (16
pilots), respectively, which suffers an error floor due to the severe ICI and ISI from the
data subsymbol. The single-user GFDM system has a biased MSE performance with
symmetric IQ imbalance regardless of the value of Py, since the approach in [15] works
effectively for asymmetric IQ imbalance only. In contrast, the proposed JCCIQE scheme
with up to 8-fold training overhead reduction over the single-user GFDM system [9,/15|
achieves a comparable MSE performance between the symmetric and asymmetric 1Q
imbalances.

Fig. [7.10] exhibits the impacts of the number of subsymbols per GFDMA symbol
and the number of GFDMA symbols on MSE of equivalent channel estimation of the
proposed JCCIQE scheme, at SNR=30 dB. For all values of M, utilising more GFDMA
symbols lowers the MSE of channel estimation substantially. Given the number of
GFDMA symbols, the performance of the proposed JCCIQE scheme deteriorates as the

value of M increases. This is because the size of GFDMA symbol increases with M,
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Figure 7.11: Impact of the number of pilots on MSE of equivalent channel estimation
at SNR=20 dB and 30 dB, with U = 2 users, Ny = 200 GFDMA symbols each with
M = 2 subsymbols, N, = 4 receive antennas, symmetric IQ imbalance and generalised

CAS.

which in turn requires more GFDMA symbols to achieve a good second-order statistics
of the received signal for blind CFO and channel estimation.

Fig. demonstrates the impact of the number of pilots on MSE of equivalent
channel estimation of the proposed JCCIQE scheme, in comparison to rank-reduction
criterion based scheme [14] for OFDMA, at SNR=20 dB and 30 dB. JCCIQE signifi-
cantly outperforms rank-reduction criterion based scheme |14] with loose limitation on
the number of receive antennas. Its performance improves with pilot length and reaches

a steady state at P,y = 8 pilots.

7.6 Summary

A semi-blind estimation scheme has been proposed for GFDMA systems, taking into
account multiple performance limiting factors at the same time, namely, CAS, CFO,

IQ imbalance, channel estimation, training overhead, ICI and ISI, as summarised in
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Table 7.3: Comparison of the proposed JCCIQE scheme and the existing approaches
[3(9% 114, 15].

Rank-reduction
Item JCCIQE criterion [14] PN (3] | CP 3] | LS9 | IQ |15]
Single- | Single- | Single- | Single-
System GFDMA OFDMA user user user user
GFDM | GFDM | GFDM | GFDM
CAS Generalised Generalised N/A N/A N/A N/A
f.CFO. v v v v X X
estimation
Symmetric
1Q v X X X X X
imbalance
Asymmetric
1Q v X X X X v
imbalance
Chann.el v Y X X Y X
estimation
Training . . .
overhead Low Low High Low High High
Robustness . .
against ICI High N/A Low High Low Low
and ISI
Complexity Medium High Low Low Low Low
Receive . . . . . .
antennas Multiple Massive Single | Single | Single | Single
Number
of symbols ‘
for blind Hundreds Tens N/A N/A N/A N/A
estimation
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Table against other approaches [3,|9|14,/15]. The proposed JCCIQE scheme has
much lower training overhead of 0.125% with the frame length of 200 symbols, which is
approximately 12-fold lower than that of the existing pilot assisted approaches [319,/15].
Besides, no signalling feedback is demanded thanks to multi-CFO compensation per-
formed at receive side, unlike [157]. JCCIQE demonstrates much superior performances
in terms of BER, outage probability, MSE of CFO estimation and MSE of equivalent
channel estimation than the existing methods [3}9}/14,/15]. The performance of JCCIQE
approaches that of its counterpart with perfect estimation of all parameters as well as
the CRLB on MSE of CFO estimation. In addition, it is robust against CAS and does
not suffer any error floors caused by the ICI and ISI encountered in the previous pilot
assisted approaches [3}9]. It achieves a comparable performance between the asymmet-
ric and symmetric IQ imbalance unlike the approach in |15] which works for asymmetric
IQ imbalance only.

Owing to the semi-blind implementation, the proposed JCCIQE scheme is less com-
putationally efficient than the existing pilot assisted approaches [3}9/15]. However, it
has a complexity reduction of tens of times over the semi-bind rank-reduction criterion
based scheme in |14], thanks to the initial coarse CFO estimation and the following
fine CFO estimation. Similar to Chapters [5] and [6 the proposed JCCIQE scheme also
requires multiple antennas at the receiver, whose number however is much smaller than
that demanded in |14]. In addition, the number of received symbols for blind channel
estimation should be reduced to make the JCCIQE scheme feasible for the short-frame
communications systems. Future work should take into account the integer CFO esti-

mation as well.



Chapter 8

Conclusions and Future Work

8.1 Conclusions

Multi-carrier techniques are of great importance for 5G and B5G wireless communica-
tion systems, since they are capable of offering high data rate as well as high robustness
against frequency selective fading. An overview of wireless communications is given in
Chapter [2 Herein, OFDM has been adopted as the 5G waveform, thanks to its high
spectral efficiency and low-complexity equaliser design, while GFDM is considered as a
potential waveform for B5G network as it is flexible to cater for the diverse service re-
quirements in B5G. Chapter [3|first gives an introduction and background of RF channel
and impairments, and then reviews the existing estimation approaches for them. The
estimation of RF impairments and channels is an indispensable stage for multi-carrier
communication systems to guarantee their effectiveness. As a result, a comprehensive
study on the estimation of RF impairments and channels has been carried out in this
thesis for multi-carrier 5G and B5G, including OFDM based systems in Chapters [4 and
as well as GFDM based systems in Chapters [0] and [7] Table summarises and
compares the four proposals in many aspects.

In Chapter[4] a pilot assisted joint multi-TOA and multi-CFO estimation scheme is
proposed for multi-user OFDM systems. It enjoys low computational complexity, where

the complex multi-dimensional estimation problem can be decomposed into a number of

171
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low-complexity one-dimensional estimation problems, by means of the carefully designed
pilot with Hadamard matrix. Besides, each TOA and each CFO can be estimated
independently of each other and in closed-form by the ESPRIT algorithm. The CFO
estimation performance can be further enhanced by the proposed NS-CFO estimator
to approach the derived CRLB. However, this work has a serious issue of high training
overhead, whose pilot length increases with the number of users. For the sake of high
spectral efficiency, the semi-blind subspace-based estimation approach is proposed for

the estimation of RF impairments and channels in Chapters [} [ and [7], respectively.

In Chapter [5] an iterative semi-blind scheme is proposed for the estimation of chan-
nels and CFO in short-frame FD OFDM systems. By deriving an equivalent system
model with CFO included implicitly, the estimation of channels and CFO are conducted
with two stages. First, the subspace-based blind channel estimation is performed by a
short frame with tens of received symbols, after which the CFO and channel ambiguities
can be estimated with a single symbol by the PM based channel estimation approach.
Then, both channel and CFO estimates are refined iteratively by making use of the
detected data symbols, and attain convergence within 3 iterations. Meanwhile, closed-
form solutions are provided for both channel and CFO at each iteration. The proposed
iterative semi-blind scheme exhibits a close performance to the CRLB, while at the
expense of medium complexity owing to the iterative and semi-blind implementation.
Unlike the proposal in Chapter [ the subspace-based proposals in Chapters [5] [6] and [7]

can work with multiple receive antennas only.

In Chapter [0 a robust semi-blind estimation scheme of channel and CFO has been
proposed for single-user GFDM systems. Similarly to Chapter 5] by deriving an equiva-
lent system model with CFO included implicitly, channel is first estimated blindly with
tens of received symbols by subspace. After that, the fractional and integer parts of
CFO are estimated in series with the help of a small number of nulls, while channel
ambiguity is eliminated by very few pilots. The proposed scheme exhibits high robust-
ness against ICI and ISI caused by the GFDM nonorthogonal filters. Albeit of high

spectral efficiency, the proposed scheme suffers high computational complexity, due to
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the exhaustive search for iCFO and fCFO, respectively.

Unlike the work in Chapters [} [5] and [6]includes channel and CFO only, IQ imbalance
either in symmetric or asymmetric is taken into account in Chapter[7} Considering mul-
tiple users, a semi-blind joint estimation scheme of multiple channels, multiple CFOs
and IQ imbalance is proposed for GFDMA systems with generalised CAS in Chapter [7}
Thanks to the subspace approach, multiple CFOs and multiple channels are separated
by users first. Then, for each individual user, CFO is estimated by minimising the
smallest eigenvalue whose corresponding eigenvector is exploited to blindly determine
the channel. Finally, IQ imbalance parameters and channel ambiguities are estimated
jointly by very few pilots. The proposed scheme has a close performance to its coun-
terpart with perfect estimation of all parameters as well as CRLB on MSE of CFO
estimation. The resulted training overhead is approximately 12-fold lower than that of
the previous pilot assisted approaches. Similarly to Chapter [6] it is also more robust
against the ICI and ISI due to the GFDM nonorthogonal filters. Unlike Chapter [6]
CFO here is estimated in two stages with a coarse CFO search first and then a fine
CFO search to reduce the complexity. In contrast to the work in Chapters [5] and [6]

hundreds of received symbols are demanded for semi-blind estimation in Chapter [7]

To summarise, the estimation of RF impairments and channels is investigated for
four multi-carrier 5G and B5G systems in this thesis, considering two multi-carrier
techniques with OFDM and GFDM, two duplex modes with HD and FD, and serving
both single user and multiple users. The proposed estimation approaches are either
assisted by pilot with low complexity or semi-blind with high spectral efficiency. The
proposed CFO estimators are either computationally efficient with closed-form solutions
or aided by a direct search with high accuracy. Hence, this thesis has provided a
thorough investigation on the estimation of RF impairments and channels for multi-
carrier 5G and B5G systems, which would have profound significance in promoting the

future development of this topic.
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Table 8.1: Comparison of four proposals in this thesis.
Proposals Chapter 4 Chapter 5 | Chapter 6 | Chapter 7
Multi-carrier technique OFDM OFDM GFDM GFDM
Duplex mode HD FD HD HD
Users Multiple Single Single Multiple
Receive Antennas Single /Multiple | Multiple Multiple Multiple
Channel TOA v
estimation | Other parameters X v v v
CFO iCFO v v v X
estimation fCFO v v v v
1Q imbalance estimation X X X v
Estimation approach Pilot Semi-blind by subspace
Training overhead High Low Low Low
Complexity Low Medium High Medium
Number (.)f r.ecelved. symbols N/A Tens Tens Hundreds
for semi-blind estimation

8.2 Future Work

A number of possible continuations of the work in this thesis are listed in the following:

e A single user is considered for GFDM in Chapter [6] B5G network is anticipated

to support a massive number of users especially for IoT applications. It is of big
significance to extend the work in Chapter [6] to multi-user GFDM systems, where

multiple users share frequency resources simultaneously.

The proposed multi-CFO, multi-channel and IQ imbalance estimation scheme for
GFDMA systems in Chapter [7]demands a large number of received symbols, which
makes it unsuitable for short-frame communications. Short-frame communications
are a key enabler to support URLLC and eURLLC in 5G and B5G networks. It
is considerable to extend the proposed work in Chapter [7] to short-frame commu-
nications, which is left for future work. The integer CFO should be included as

well.

This thesis focuses on estimation of time-invariant frequency selective fading chan-

nel, where channel maintains constant over a frame. With the expeditious devel-
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opment of high-speed railways and V2X communications, the research for high-
mobility wireless communications, where channel changes rapidly within a symbol,
has gained overwhelming interest in both academia and industry. The estimation
of time-varying channel(s) and/or RF impairment(s) is confronted with numerous
new challenges. For instance, the number of pilots is likely to increase due to the
increased number of channel parameters to be estimated. Basis expansion model is
exploited to model time-varying channel, in order to reduce the number of channel
parameters to be estimated. Based on this model, expectation maximisation has
been developed as an effective approach to estimate time-varying channel and/or
RF impairment(s), which however not only suffers high training overhead but
also is computationally inefficient due to the exhaustive iterative search. Thus,
it is worth investigating the low-complexity semi-blind estimation for channel(s)
and/or RF impairment(s) in the future. It is also considerable to study the new
modulation technique orthogonal time frequency space, which is able to convert
the time-varying channel in time-frequency domain into time-invariant channel in

the delay-Doppler domain.

e Machine learning has been successfully applied to numerous fields, such as image
recognition, computer vision, automatic control, and so forth. Recently, it is re-
garded as an important technology to spearhead the emergence of B5G networks.
The proposed solutions in this thesis are based on either pilots or semi-blind
subspace-based approach utilising the second-order statistics of the received sig-
nal. Signal detection is performed after the estimates of channel(s) and RF impair-
ment(s) are obtained consecutively. The implementation is trivial. By utilising
machine learning technique, signal detection problem for wireless communication
systems in the presence of RF impairments can be solved without requiring ex-
plicit estimation of channel and RF impairments. Since learning phase can be
performed offline, the training overhead is expected to be reduced greatly, espe-
cially for IoT applications with massive number of devices and complex channel

conditions. Thereby, it is an interesting topic to investigate and explore in the
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future.
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