Chapter 2
OFDM Based Wireless Communications
Systems

2.1 OFDM Technology

To eliminate the Inter-Symbol Interference (ISI) due to multipath, traditional
time-domain equalization schemes [1-3] in the literature require complex imple-
mentation, and thus are practically impossible. Due to technological development,
the digital implementation of the pair of Fast Fourier Transform (FFT) and Inverse
Fast Fourier Transform (IFFT) becomes simple and practically possible. OFDM
technology, proposed in 1960 [4], is attractive for simplifying the equalization
process at the receiver for frequency selective fading channels [5]. So far, OFDM
has been chosen for the wireless local area networks IEEE 802.11 standards [6],
and has been adopted by LTE-Advanced [7, 8]. Also, it has been selected as a
strong candidate for the WiGig [9, 10] and the Fifth Generation (5G) wireless
communication [11, 12] in the future, respectively.

2.1.1 Principle of OFDM

Different from the single carrier modulation which has a relatively low data rate,
the multi-carrier modulation [5] is employed to support high data rates in OFDM
technology. In OFDM, a frequency band is divided into a number of closely spaced
spectrums. Thanks to the orthogonal property of subcarriers, the center frequency of
one subcarrier can coincide with the spectral zeros of all other subcarriers, leading
to no interference between subcarriers. To guarantee the orthogonality between
subcarriers, a small spacing between subcarriers is used in OFDM systems, while
a bigger spectral width between parallel channels is used to avoid the interference
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6 2 OFDM Based Wireless Communications Systems

in traditional Frequency Division Multiplexing (FDM) systems [13, 14]. Therefore,
OFDM systems can achieve higher spectral efficiency than FDM systems.

In order to combat frequency selective fading, a high-rate transmit stream is
divided into a large number of low-rate substreams. Consequently, the symbol
period on each subcarrier is prolonged, and the signal bandwidth becomes shorter
in comparison to the channel coherence bandwidth. Assuming that the channel
variation is slow, the symbol duration T can satisfy

Omms < NTs, < T, 2.1)

where N is the number of subcarriers, o, and T, are the Root Mean Square (RMS)
delay spread of the channel and the channel coherent time, respectively.

Therefore, the frequency selective fading channel can be divided into a number
of frequency flat fading channels. As the ISI is avoided, OFDM systems require
equalization with lower complexity than that employed in traditional methods as in
[1-3].

2.1.2 CFO

Although OFDM can combat frequency selective fading, there are some drawbacks
to OFDM systems. One of drawbacks is the CFO. Generally, the signal is converted
up to a passband by a carrier at the transmitter, and converted down to the baseband
by the same carrier at the receiver, via LOs. This type of CFO is caused by the
unavoidable difference of LOs between transmitter and receiver. The CFO destroys
the orthogonality between OFDM subcarriers, and results in the ICI. As a result, the
CFO can incur a significant degradation in BER performance.

f and f; are defined as the carrier frequencies at the receiver and transmitter,
respectively. The normalized CFO ¢ can be written as

_fr_ft
= Af’

¢ (2.2)

where Af denotes the subcarrier spacing.

Define s = [5(0),s(1),...,s(N — 1)]T as the transmitted signal vec-
tor. Considering the effect of CFO, the received signal vector y® =
Y@ (0),y?(1),...,y® (N — 1)]” in the frequency domain for OFDM systems
can be written as

y? = Fo Y F Hs + z,, (2.3)

where F is an N x N Discrete Fourier Transform (DFT) matrix, with entry (a, b)
—j2wab
given by F(a,b) = ﬁe N ,(a,b = 0,...,N —1), and F? is an Inverse
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2rgp(N—=1)
N

Discrete Fourier Transform (IDFT) matrix, &) = diag{]0, e"ﬂ%ﬁ, ...,e 1}
is the diagonal CFO matrix, with diag{x} denoting a diagonal matrix whose
diagonal elements are entries of vector x, H = diag{[H(0),H(1),...,H(N — 1)]}
is the diagonal frequency-domain channel matrix, with H(n) denoting the channel
frequency response on the n-th subcarrier, and z is the N x 1 Additive White
Gaussian Noise (AWGN) vector.

Note that the CFO has a range of [—0.5, 0.5) [15]. The ICI matrix caused by the
CFO is written as C® = F& @ F"  The ICI matrix C? is circular, with each row
equal to the previous one rotated by one element [16]. With the effect of the CFO,
the received signal vector y®) can be written as

y%) = C9Hs + 7. (2.4)

The frequency component on the n-th subcarrier is affected by the ICI from other
(N — 1) subcarriers. In such a case, the orthogonality between subcarriers is
destroyed by the CFO.

In a fast moving environment, the Doppler shift is determined by carrier
frequency and velocity. This effect gives rise to time-varying channels in the time
domain, and a frequency drift between subcarriers in the frequency domain. Thus,
the orthogonality between subcarriers could not be maintained.

2.1.3 OFDMA

Recently, OFDMA, derived from OFDM, has attracted much research attention. It
has been adopted by the Digital Video Broadcasting - Return Channel Terrestrial
(DVB-RCT) [17], and the wireless local area networks IEEE 802.11 standards [6,
18].

Different from OFDM systems in which a single user occupies all subcarriers for
the signal transmission, OFDMA systems allow multiple users to transmit symbols
simultaneously using different orthogonal subcarriers. In OFDMA systems, a subset
of subcarriers is assigned to each user, and the number of subcarriers for an
individual user can be adaptively varied in each frame. Furthermore, OFDMA
systems can provide a relatively lower PAPR than OFDM systems.

OFDMA has dynamic resource allocation, as it allows users to select their own
subset of subcarriers according to channel conditions. Generally, there are three
kinds of Carrier Assignment Scheme (CAS) available for users in OFDMA systems:
subband CAS, interleaved CAS and generalized CAS, as shown in Fig. 2.1 [19].

¢ Subband CAS: several adjacent subcarriers are composed into a subblock to be
allocated for an individual user.

* Interleaved CAS: the subcarriers of users are interleaved, and are uniformly
spaced over the signal bandwidth at a distance from each other.
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Fig. 2.1 CAS in OFDMA systems

* Generalized CAS: individual subcarrier can be assigned to any user, allowing
dynamic resource allocation, since no specific rigid relationship between users
and subcarriers exists.

Let N and K denote the total number of subcarriers and the number of users,
respectively. In OFDMA systems, one subcarrier can be assigned to one user only,
and could not be occupied by other users. Assume that all the subcarriers are used
for the transmission with no virtual or null subcarrier. Define £2 (i) as the subset of
the number of subcarriers allocated to the k-th user (k = 0, 1,--- , K — 1) in the i-th
OFDMA block. It can be written as

'Qk(l) = {Qk(07 l)v Qk(l’ l)’ ) Qk(N - 17 l)}9 (25)

where §2;(n, i) denotes the indicator of subcarrier allocation for the k-th user on the
n-th subcarrier in the i-th OFDMA block, given as

. 1 if £2x(n, i) occupied by the k-th user
24(n, i) = . ) . 2.6
k(. ) % 0 if §£2;(n, i) not occupied by the k-th user (2.6)
The union of subsets of subcarriers for K users satisfies
26 U 20 - U exo=]]= @.7)

N

The intersection of subsets of subcarriers for K users satisfies
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200 () 2.6 - [ 20 =0 (2.8)

where @ denotes an empty set. Let x;(n, i) denote the symbol on the n-th subcarrier
in the i-th block, and transmitted by the k-th user. After subcarrier allocation, the
resulting symbol s;(n, i) in OFDMA systems is given by

sk(n, i) = xi(n, i) - 2¢(n, Q). 2.9)

The orthogonality between subcarriers provides the intrinsic protection against
the Multiple-User Interference (MUI). Therefore, OFDMA inherits from OFDM,
the ability to have a simple equalization scheme in the frequency domain. However,
there are several technical challenges in OFDMA systems, some of which are
frequency and timing synchronisation. Similar to OFDM, OFDMA is extremely
sensitive to the CFO and STO [15, 20, 21]. As discussed previously, The CFO
destroys the orthogonality between subcarriers and results in the ICI. The STO gives
rise to either the ISI or phase shift in the received signals. In particular, multiple
users are allowed to transmit simultaneously in OFDMA systems, posing more
challenges for multi-CFO and multi-STO estimation. In Chap. 6, a joint algorithm
for ICI mitigation and equalization is proposed in the OFDMA uplink.

2.2 MIMO OFDM Systems

To improve system capacity, multiple transmit and receive antennas are employed to
establish multiple spatial branches, referred to as MIMO systems [22], as illustrated
in Fig.2.2. Compared to traditional SISO systems, MIMO systems can increase
bandwidth efficiency, as multiple transmit and receive antennas operate on the same
frequency band for the signal transmission. In order to combat frequency selective
fading, OFDM is well suited for use in MIMO systems. Also, equalization can be
simplified in the frequency domain for OFDM based systems. Therefore, MIMO
OFDM systems have been adopted by the wireless local area networks IEEE 802.11
standards and LTE Advanced, respectively [6—8]. However, as the prorogation path
between each transmit antenna and each receive antenna is independent, MIMO
OFDM systems give rise to an additional spatial interference, known as the Co-
Antenna Interference (CAI) or Co-Channel Interference (CCI) [23], which needs to
be eliminated.

An MIMO OFDM system is considered, with K transmit and M receive antennas
in the frequency selective fading environment, as illustrated in Fig. 2.4. The incom-
ing serial data at the transmitter is divided into parallels. The IDFT/DFT pair allows
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the signal to be transferred in between the frequency domain and the time domain.
Let si(n,i) denote the symbol on the n-th subcarrier (n = 0,1,...,N — 1) in
the i-th block (i = 0,1,...,N;, — 1) transmitted by the k-th transmit antenna
(k = 0,1,...,K —1). Define s;(i) = [s¢(0,7),s¢(1,7)...,5:(N — 1,9)]" as the
signal vector in the i-th block for the k-th transmit antenna. Details of the entire
process of the data transfer from transmitter to receiver via channels are described
in the following steps.

At the transmitter, the signal in the i-th OFDM block is first transformed to the
time domain as §; (i) by the IDFT as

$c(i) = Fls (i), (2.10)

where F is an N x N DFT matrix, with the (a, b)-th entry given by F(a,b) =
1 —j2mwab

e (a,b=0,...,N—1),and F¥ is an IDFT matrix, with F/ = F~! since F
is a unitary matrix [16]. Note that the computationally efficient IFFT/FFT pair may
also be employed.

Assuming a total number of L channel paths, a Cyclic Prefix (CP) of length Lcp,
at least Lcp > L — 1, is attached to each OFDM block §;(i). The guard symbols
consist of a copy of the last Lcp entries of each OFDM block. The insertion of a CP
has two purposes: Inter-Block Interference (IBI) avoidance and circular convolution
between time-domain signal and Channel Impulse Response (CIR). With the CP
insertion, the transmitted signal vector S (i) can be given as

Si(i) = Tepsi(i), 2.11)

where Tcp = [I%p, 5] is the (Lep + N) x N matrix, with Iy denoting an N x N
identity matrix and Icp denoting the last Lcp rows of Ly.

The signal is then transmitted through the frequency selective fading channel,
which is assumed to be constant for the duration of a frame consisting of a total
number of N; OFDM blocks. This is a convolution process as shown in Fig.2.3.
The received signal vector ¥,,(]) = [V,u(0,), yu(1,7) ..., 9m(N — 1,1)]" at the m-th
receive antenna (m = 0,1, ..., M — 1) in the time domain can be written as

K—1

) =D HoiS(0) + 2 (i), (2.12)

k=0

where I:Im,k is the (Lcp 4+ N) X (Lcp + N) convolutional channel matrix between the
m-th receive antenna and the k-th transmit antenna, given as
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Fig. 2.3 Convolution process of signal and channel for MIMO OFDM systems
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where 4, () is the I-th (I = 0, 1, ..., L — 1) channel path between the m-th receive
antenna and the k-th transmit antenna, and z,,(i) is the AWGN vector whose entries
are Independent Identically Distributed (i.i.d.) complex Gaussian random variables
with a zero mean and a variance of Ny [22].

After the CP is removed, the received signal vector y,,(i) at the m-th receive
antenna can be written as

Y. (D) = Repy,, (D), (2.14)

where Rep = [Oyxiep, In] is the N x (Lcp + N) matrix used to remove the CP, with
Oyxrcp denoting the N X Lep matrix filled with zeros.

The received signal is transformed to the frequency domain by applying the N x N
DFT matrix to y,, (i) as

Y (i) = Fy, (). (2.15)

The full circular convolution process between channel and signal can be achieved
using the CP. The time-domain circular convolution can be transformed to a linear
multiplication in the frequency domain by applying the IDFT/DFT pair, leading
to simple equalization for the frequency selective fading environment [24]. The
circulant matrix is a Toeplitz matrix where each row is equal to the previous one
rotated by one element [16]. By using the IDFT/DFT pair, the circulant matrix
can be diagonalized [16]. The resulting transceiver signal model in the frequency
domain can be written as
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K—1

Yo =Y Hyusi(i) + 2 (i), (2.16)

k=0

where H,,, = FI:Im,kFH is the diagonal frequency-domain channel matrix, with

H, » = RcpH,, i Tcp denoting the equivalent circulant channel matrix. The entry
nl

(n,n) in H,x is written as Hy (n, 1) = Y120 Bpi(De™"5" , and z,,(i) = FRepzn(i)
is the frequency-domain noise vector. Note that the distribution statistics of the
channel can be preserved by the DFT [22], if the CIR h,, (/) is assumed to have
the Rayleigh distributed magnitude and uniformly distributed phase. Also, the
distribution of the white Gaussian noise samples can be preserved by the DFT.

Finally, as the frequency selective fading channel is divided into a number of
flat fading channels, Frequency Domain Equalization (FDE) can be performed on
each subcarrier to simplify the equalization process for MIMO OFDM systems,
Define s(n,i) = [so(n,i),s1(n,0),...,sxk_1(n,i)]7 as the signal vector from K
transmit antennas on the n-th subcarrier in the i-th block. The received signal vector
y(n,i) = [yo(n,i),yi(n,i),...,yu—1(n,)]7 in the frequency domain on the n-th
subcarrier can be written as

y(n,i) = H(n)s(n, i) + z(n), 2.17)

where H(n) is the M x K channel frequency response matrix on the n-th subcarrier,
with H,,x(n) denoting the entry (m, k) in H(n), the channel frequency response
between the m-th receive antenna and the k-th transmit antenna, and z(») is the noise
vector. The source data estimate §(n, i) can be performed by either Zero Forcing (ZF)
or Minimum Mean Square Error (MMSE) based equalization on the received signal
on the n-th subcarrier as

S(n, 1) = G(n,i)y(n, i), (2.18)

where G(n, i) is the weighting matrix that can have either ZF or MMSE equalization
criterion. The details of these equalization schemes are provided in the next chapter.

2.3 CoMP Transmission

The inter-cell interference is a major bottleneck for achieving very high data rates in
wireless communication systems [23]. Previously, adjacent cells were operated on
different frequencies to effectively reduce the inter-cell interference [25]. Recent
research trends hint that millimeter (mm) wave communication will be the key
component in 5G cellular systems. The short coverage of mm wave bands results
in small cells. As the demand for high mobile data rates grows, higher spectral
efficiency of cellular networks is needed, with full frequency reuse [26, 27]. One
of best ways to manage interference is to allow each BS to connect to each other



14 2 OFDM Based Wireless Communications Systems

Fig. 2.4 Wireless CoMP system model with K users and M BSs

through a backhaul link. The BSs could exchange messages and jointly process
received multiple users’ signals on the same frequency band. This structure, called
CoMP, has been adopted by LTE-Advanced [28]. CoMP transmission explores
the interference between cells, which is different from other existing methods by
treating them as noise [29, 30]. These features of CoMP systems are important for
users at the cell-edge to have effective communication through the BSs. Also, CoMP
is a cost-effective structure, as it requires little change to the current system. The
general CoMP system diagram is illustrated in Fig. 2.4.

CoMP transmission has some significant challenges, which are summarized as
follows.

¢ Multi-CFO estimation: As each BS or user has its own oscillator, there are mul-
tiple CFOs in the OFDM based CoMP transmission. The multi-CFO estimation
becomes much difficult so that conventional frequency synchronization schemes
for a single CFO are not suitable in the scenario. Compared to OFDMA systems,
multi-CFO estimation in the CoMP transmission is much more challenging.
There are two reasons. Firstly, the CoMP system allows users to transmit
signals simultaneously by using all shared subcarriers, while multiple users
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could not share the same subcarriers in OFDMA systems. In the presence of
multiple CFOs, one user’s signal power is leaked into other users in OFDMA
systems. The effect disappears with correct CFO compensation. By using this
property, a number of multi-CFO estimation approaches were proposed for
OFDMA systems [20, 31]. However, in the CoMP transmission, different users’
signals interfere with each other at different BSs. This interference could not be
removed, even in the case of no CFO. These multi-CFO estimation approaches
used in OFDMA systems will significantly degrade the performance in the
CoMP transmission, and therefore, are not suitable. Secondly, as frequency
synchronization of all BSs and users is required, the number of CFOs linearly
increases with the increasing number of BSs and users in the CoMP transmission.
While in OFDMA systems, the number of CFOs only increases with the number
of users. Thus, the number of CFOs in CoMP systems is larger than that in
OFDMA systems.

e Multi-cell channel estimation and equalization: On the one hand, the central
station in the CoMP transmission requires additional time to collect all received
signals from multiple BSs for joint processing. This delay might cause a
serious situation in time-limited communications. Thus, low-complexity multi-
cell channel estimation and equalization are important and challenging in the
CoMP transmission [32]. On the other hand, bandwidth resource is very scarce
in wireless communication systems. Traditionally, training signals are commonly
used for channel estimation. However, transmitting training signals reduces
spectral efficiency. Therefore, there is a trade-off between complexity and
spectral efficiency, when designing channel estimation and equalization schemes
for the CoMP transmission.

In Chap. 5, a low-complexity multi-CFO estimation method and an ICA based
equalization scheme are presented for CoMP systems to well deal with the
challenges above.

2.4 CA Technology

CA, as one of key features in LTE-Advanced [28, 33], allows several smaller
component carriers (spectrum chunk) to be aggregated. Thus, high data rates can
be achieved in the CA transmission, by deploying extended bandwidth for the
concurrent transmission. The main purposes for introducing the CA are listed as
follows.

* High data rates: Up to five component carriers can be allowed for the aggregation
in the both uplink and downlink. As the bandwidth is up to 20 MHz for
each component carrier, a maximum of 100 MHz is achieved in the supported
bandwidth for five component carriers in total. The peak target data rates are in
excess of 1 Gbps in the downlink and 500 Mbps in the uplink, respectively.
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* Configuration flexibility: It is possible to have asymmetric configurations for
the CA at user and BS. Also, the number of component carriers could be used
differently in the downlink and uplink.

* Frequency flexibility: As the locations of users are different, they can select
component carriers based on several conditions, such as CSI. This can provide
great frequency flexibility. This flexibility also allows for efficient support in
power control and component carrier allocation.

* Interference management: the CA can be used as a promising inter-cell inter-
ference coordinator, and is dependent on many factors: the relative locations of
BSs, traffic situation, the mutual interference coupling and so on. These factors
are configured to optimize system performance.

In terms of frequency location, there are three different aggregation scenarios, as
shown in Fig. 2.5 [34]. These aggregation scenarios are described as below.

cc1 cc2
Intra-band
continues CA
Band 1
»  Frequency
cc1 cc2
Intra-band

non-continues CA

Band 1
> Frequency
CcC1 Ccc2
Inter-band
non-continues CA
Band 1 Band 2
_— —_—
Frequency Frequency

Fig. 2.5 A number of CA types (CC: component carrier)
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* Intra-band aggregation with contiguous carriers: A number of continuous com-
ponent carriers are aggregated within the same bandwidth.

* Intra-band aggregation with non-contiguous carriers: A number of separated
component carriers, belonging to the same bandwidth, are aggregated.

 Inter-band aggregation with non-contiguous carriers: A number of non-adjacent
component carriers over different bands are aggregated. The exploitation of
fragmented spectrums is utilized to enhance frequency flexibility, as the idle
bandwidth available can be employed.

For the case of intra-band aggregation with contiguous carriers, only a sin-
gle transmit chain is used, because the aggregated carriers are contiguous. While
there are multiple transmit chains in the non-contiguous carriers. The CA type
selection, either contiguous or non-contiguous, depends on the trade-off between
cost, complexity and the range of transmission bandwidth. One of targets for LTE-
Advanced is expected to provide improvement in cell-edge spectral efficiency [28].
To meet the target, the inter-band non-contiguous CA can be effectively employed
in CoMP systems to improve cell-edge throughput, since other idle bandwidths can
be combined for the concurrent transmission. However, extra multiple CFOs occur
since multiple LOs are used to support the non-continuous carriers on different
frequency bands. In Chap. 6, a solution to the multi-CFO problem is proposed
for CA based CoMP OFDMA systems by using a semi-blind ICA based joint ICI
mitigation and equalization scheme.
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