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Abstract

Advanced cellular communication systems may obtain high array gain by employing
massive multi-input multi-output (m-MIMQO) systems, which may require accurate
channel state information (CSI). When users are in high mobility, it may not be easy to
get accurate CSI. When we transmit signal to users in high mobility, we may experience
serious performance loss due to the inaccuracy of outdated CSlI, associated with so-called
channel aging effect. This problem may be alleviated by exploiting channel correlation
matrix (CCM) in spatial domain. However, it may require an additional process for the
estimation of CCM, which may require high signaling overhead in m-MIMO
environments. In this dissertation, we consider signal transmission to multiple users in

high mobility in m-MIMO environments.

We consider the estimation of CSI with reduced signaling overhead. The signaling
overhead for the CSI estimation is a challenging issue in m-MIMO environments. We
may reduce the signaling overhead for the CSI estimation by using pilot signal
transmitted by means of beamforming with a weight determined by eigenvectors of CCM.
To this end, we need to estimate the CCM, which may still require large signaling
overhead. We consider the estimation of CCM with antennas in a uniform linear array
(ULA). Since pairs of antennas with an equal distance may experience spatial channel
correlation similar to each other in ULA antenna environments, we may jointly estimate

the spatial channel correlation. We estimate the mean-square error (MSE) of elements of



estimated CCM and then discard the elements whose MSE is higher than a reference
value for the improvement of CCM estimation. We may estimate the CSI from the

estimated CCM with reduced signaling overhead.

We consider signal transmission robust to the presence of channel aging effect. Users
in different mobility may differently experience the channel aging effect. This means that
they may differently suffer from transmission performance loss. To alleviate this problem,
we transmit signal to maximize the average signal-to-leakage-plus-noise ratio, making it
possible to individually handle the channel aging effect. We consider the signal
transmission to the eigen-direction of a linear combination of CSI and CCM. Analyzing
the transmission performance in terms of signal-to-interference-plus-noise ratio, we

control the transmit power by using an iterative water-filling technique.

Finally, we consider the allocation of transmission resource in the presence of
channel aging effect. We design a sub-optimal greedy algorithm that allocates the
transmission resource to maximize the sum-rate in the presence of channel aging effect.
We may estimate the sum-rate from the beam weight and a hypergeometric function (HF)
that represents the effect of outdated CSI on the transmission performance. However, it
may require very high computational complexity to calculate the beam weight and the HF
in m-MIMO environments. To alleviate the complexity problem, we determine the beam
weight in dominant eigen-direction of CCM and approximate the HF as a function of
temporal channel correlation. Since we may estimate the sum-rate by exploiting spatial
and temporal channel correlation, we may need to update the resource allocation only
when the change of CCM or temporal channel correlation is large enough to affect the

sum-rate. Simulation results show that the proposed scheme provides performance similar



to a greedy algorithm based on accurate sum-rate, while significantly reducing the

computational complexity.

Keywords: massive MIMO, mobility, channel aging, outdated CSI, spatial correlation,

low complexity.
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Chapter 1

Introduction

Demand for mobile data traffic has rapidly been increasing with active deployment
of multimedia services [1]. The growth rate of mobile data traffic in high mobility is more
than two times that of total mobile data traffic [2]. Advanced wireless communication
systems may employ massive multi-input multi-output (m-MIMO) technologies to
enhance the transmission capacity and reliability [3-5]. They may achieve m-MIMO
capability by employing beamforming and resource allocation techniques with the use of

accurate channel state information (CSI) [6, 7].

An m-MIMO system may have difficulty in optimally serving users in high mobility
since it may not easily get accurate CSI mainly due to so-called channel aging effect [8-
10]. The base station (BS) may significantly suffer from the channel aging effect when it
transmits signal by means of spatial multiplexing [4]. Moreover, it needs to consider the
effect of CSI inaccuracy to allocate transmission resource to users, which may require

very high computational complexity [36]. This problem can somewhat be alleviated by



exploiting channel correlation matrix (CCM)! [31-35]. Since the CCM may slowly vary
in time [11, 12], the BS may accurately estimate the CCM by using pilot signal. However,

it may require high signaling overhead for the transmission of pilot signal [20].

In this dissertation, we consider signal transmission to users in high mobility in m-
MIMO environments. We exploit the CSI and the CCM for beamforming and resource
allocation. We consider the estimation of CSI and CCM with reduced signaling overhead.
We also consider the signal transmission robust to the presence of channel aging effect.
Finally, we consider the allocation of transmission resource to users with low

computational complexity in the presence of channel aging effect.

It is a challenging issue to estimate the CSI with low signaling overhead in m-MIMO
environments, particularly in a frequency-division duplex communication system. A
number of previous works considered the estimation of CSI with reduced pilot signaling
overhead [14-19]. Most of them exploited the CCM to estimate the CSI, by using pilot
signal for the CSI estimation transmitted by means of beamforming with a weight
determined by eigenvectors of CCM. A correlated MIMO channel can be represented as a
small number of independent channels by means of transforming such as Karhunen-Love
transform [15]. Most of previous works assumed that the BS perfectly knows the CCM,
since it can estimate the CCM much less frequently than the CSI. However, the CCM
estimation may need to transmit orthogonal pilot signals in linear proportion to the
number of BS antennas [20, 21]. The estimation of CCM may require signaling overhead

much larger than that of CSI in m-MIMO environments.

! The CCM may be referred to long-term CSI. In this case, the CSI is referred to short-term CSI.
In this dissertation, we refer the former to the CCM, and the latter to the CSI.



Some previous works consider the estimation of covariance matrix of random signal
[24-27], which is applicable to the estimation of CCM in m-MIMO environments. We
may approximately estimate the CCM by ignoring its elements smaller than a threshold
[24], which may be quite valid when the CCM is in a form of a sparse matrix. We can
estimate the CCM by means of approximated maximum likelihood estimation in an
iterative manner [25]. Some works consider the estimation of CCM of a large size [26,
27], assuming that the number of non-zero eigenvalues of CCM is much less than the
number of BS antennas. They minimize a weighted trace norm of CCM that
approximately represents the number of non-zero eigenvalues. However, they assume that
the pilot signal experiences perfectly independent channel characteristics in time and
frequency domain [24-27]. We may need to increase the amount of pilot signal in the
presence of channel correlation in practical environments. Moreover, no work has

investigated the effect of CCM inaccuracy on the CSI estimation.

In this dissertation, we consider the estimation of CCM with reduced signaling
overhead in m-MIMO environments. We may improve the accuracy of CCM estimation
by exploiting the antenna array structure. Pairs of antennas in an equal distance may
experience spatial channel correlation similar to each other in two-dimensional (2-D)
uniform linear array (ULA) environments [23]. This is mainly due to the far-field effect
[23]. We assume that pairs of antennas in an equal distance may experience equal spatial
channel correlation in an average sense. We may improve the accuracy of CCM
estimation by jointly estimating the spatial channel correlation of antenna pairs in an
equal distance. We evaluate the estimation accuracy in terms of mean-square error (MSE).

For further improvement of estimation accuracy, we neglect spatial channel correlation



terms whose MSE is larger than a reference value. Finally, we estimate the CSI by

exploiting the estimated CCM.

When a user is in high mobility, the BS may transmit signal to the user based on
outdated CSI, suffering from significant performance loss [10]. It may be desirable to
make signal transmission robust to the presence of channel aging effect. We may transmit
signal by means of two-stage beamforming, the outer and the inner beamforming [30].
The outer beamforming may suppress the interference among users, while the inner
beamforming may maximize the multiplexing gain. The beam weight for the outer
beamforming can be determined by a set of eigenvectors of interference channel matrix
corresponding to near-zero eigenvalues of interference channel matrix. The beam weight
for the inner beamforming can be generated by means of zero-forcing (ZF) or singular
value decomposition (SVD) transmission. However, this scheme may not be effective in
the presence of channel aging effect since it determines the beam weight based on
outdated CSI. We may determine the beam weight by a set of eigenvectors corresponding
to dominant eigenvalues of CCM [31, 32]. It may be effective for users in high mobility,
but not in low mobility [32]. We may determine the beam weight by using the CCM and
the CSI as well, where the outer and the inner beam weight are determined by exploiting
the CCM and the CSI, respectively [33-35]. However, it may be less effective than the
CSl-based scheme when the CSl is unchanged (i.e., no presence of channel aging effect),
and the CCM-based scheme when the CSI is completely outdated (i.e., presence of large

channel aging effect) [36].

We may estimate temporal channel variation by using a predictor antenna installed in

front of user antennas [37-39]. As a user is moving forward, the location of user antennas



passes through the location of the predictor antenna. This implies that user antennas and
the predictor antenna may be correlated with each other [37]. We may predict the CSI of
user antennas from that of the predictor antenna [39]. It may be required for all user
antennas including the predictor antenna to be installed linearly along with the direction
of user mobility [37]. As a consequence, it may not be applicable to practical
environments where users may have different mobility. This is mainly because the
channel correlation between the predictor and the user antennas may considerably vary

according to the user mobility [40].

In this dissertation, we consider the signal transmission robust to the presence of
channel aging effect when users are in different mobility. To this end, we determine the
beam weight to maximize the average signal-to-leakage-plus-noise ratio (SLNR),
enabling to individually take care of user mobility [41]. We determine the beam weight in
the eigen-direction of a linear combination of CSI and CCM weighted by temporal
channel correlation. With the combined use of CSI and CCM, we may transmit signal in
consideration of user mobility. We control the transmit power by means of water-filling

S0 as to provide desired signal-to-interference-plus-noise ratio (SINR) [43].

Previous works for the user scheduling in MIMO environments may be applicable to
m-MIMO environments [55]. We may optimally allocate transmission resource to users
by means of exhaustive searching, which may require huge computational complexity in
m-MIMO environments [55]. We may alleviate the complexity problem by using a sub-
optimal greedy algorithm [55-60]. The BS can select users for spatial multiplexing
transmission in consideration of achievable sum-rate [58]. However, it may require large

computational complexity to estimate the achievable sum-rate of all user sets. The



computational complexity may become even higher in the presence of channel aging
effect [36]. We may alleviate the complexity problem by using a metric-based greedy
algorithm [61-63]. The BS can select users based on the chordal distance that represents
the channel orthogonality [61, 62] or Frobenius norm of channel matrix that represents
achievable channel gain [63]. However, we need to estimate the sum-rate at least once for

each iteration [61-63]. Moreover, no work considered the channel aging effect.

Some previous works considered the use of a greedy scheduling algorithm with the
use of inaccurate CSI [64-68]. The inaccuracy of channel estimation may affect the sum-
rate performance as the channel aging effect does [64-66]. However, these works only
consider single input single output (SISO) environments, which may not be applicable to
m-MIMO environments. Analyzing the block error rate (BLER) analyzed in the presence
of CSl inaccuracy, we may perform the user scheduling so that the outage probability of
BLER is lower than a threshold [67]. However, it considers a single user for maximum
ratio transmission (MRT). We may use a greedy algorithm based on achievable sum-rate
for ZF transmission in the presence of channel aging effect [68]. However, it assumes

unrealistic operation condition that antennas provide independent channel.

Some other previous works considered the user scheduling in a heuristic manner by
exploiting the CCM without consideration of achievable sum-rate [32, 69]. We may
allocate a same resource to users having CCM orthogonal to each other [32]. We may
determine the orthogonality of CCM by exploiting the maximal eigenvalue of CCM. We
may assume that the user channel is orthogonal if the eigenvectors corresponding to the
maximal eigenvalue of CCM are orthogonal to each other [32]. We may additionally

exploit short-term channel direction to determine the channel orthogonality [69]. These



schemes may considerably reduce the computational complexity since they do not
estimate achievable sum-rate for the resource allocation. However, they may provide
achievable sum-rate less than the greedy approach since they heuristically determine the

channel orthogonality [32, 69].

In this dissertation, we consider the resource allocation in the presence of channel
aging effect in m-MIMO environments. We design a greedy algorithm that schedules
users to maximize the sum-rate in the presence of channel aging effect. We may estimate
the sum-rate by exploiting the beam weight and a hypergeometric function (HF) that
represents the effect of outdated CSI. However, it may require very high computational
complexity to get the beam weight and the HF. To alleviate the complexity problem, we
determine the beam weight in dominant eigen-direction of CCM and approximate the HF
as a function of temporal channel correlation. Since we may estimate the sum-rate using
spatial and temporal channel correlation, we may need to update the resource allocation
only when the change of CCM or temporal channel correlation is large enough to affect
the sum-rate. Simulation results show that the proposed scheme provides performance
similar to a greedy algorithm based on accurate sum-rate, while significantly reducing the

computational complexity.

Following Introduction, Chapter Il describes the m-MIMO system in consideration.
Chapter |1l proposes a CCM estimation scheme with reduced signaling overhead in the
presence of channel correlation. Chapter IV proposes a mobility-aware signal
transmission scheme that exploits the CSI and the CCM, and analyzes the transmission

performance of the proposed scheme. Chapter V proposes a mobility-aware resource



allocation scheme with reduced computational complexity. Finally, Chapter VI

summarizes conclusions and further research issues.

Notation: Bold upper and lower letters denote matrices and column vectors,
respectively. (-)" and ()" denote the transpose and the conjugate transpose
(Hermitian), respectively. E{} denotes the expectation operator, I, is an (NxN)-
dimensional identity matrix, 0 is a zero matrix and ® denotes the Kronecker product.
[A],, denotes the (i, j)-th element of matrix A. [A] . denotes a submatrix of A
comprising elements from the i-th row and the k-th column to the j-th row and the I-th

column. [A]:,i:j denotes a matrix comprising the i-th to the j-th column vectors of A.

IAlq .+ A and A

. denote the L, -norm, the Frobenius norm and the nuclear

(trace) norm of A, respectively.



Chapter 2

M-MIMO systems In the presence of
channel aging effect

We consider signal transmission by B BSs to K users, where each BS and user have
N, and N, antennas, respectively, and N, > N_,. We assume that each BS uses
antennas of a 2-D ULA structure, where N, and N, antennas are installed in the
azimuth and the elevation direction, respectively [22], and N, =N_,N, . Let
H,, € C*" be the transmission channel from BS b to user k and R,,, e C""™ be the
CCM corresponding to the r-th antenna of user k in spatial domain. We also assume that
no correlation exists among the receive antennas (i.e., the CCM is an identity matrix)
since users in mobility may experience rich scattering compared to the BS. We also
assume that users are located sufficiently far away from the BS, yielding an identical

CCM (ie., R,,, ~R,,).

Then, it can be shown that

Hb‘k = F'b‘thl,i (2-1)



where H,, is an uncorrelated channel matrix whose elements are independent and
identically distributed (i.i.d.) zero mean complex normal random variables with a unit
variance. The spatial channel correlation may slowly change in time [11, 12]. It was
reported that the CCM may have a coherence time of a few msec and hundreds of msec in
urban environments when users are in a mobility of 60 km/h and 500 km/h [11, 12],
respectively. We assume that R,, is unchanged during the time interval between the

acquisition of CSI and the signal transmission, which is usually less than 10 msec [53].

Let H,, eC"™ be the CSI estimated by BS b, which has the same statistical
characteristics as H, . In the presence of channel aging effect, H,, can be represented

as [13]

H, =pk|:|b,k + l_pkzzb,k (2.2)

where Z,, eC"™™ is a temporal channel variation matrix that follows the same
distribution as H,,, and p, is the temporal channel correlation between H,, and

H,, . represented as [13]

P :J({M) (2.3)

Here, J, is the zero-th order Bessel function of the first kind, v, is the velocity of user
k, f, is the carrier frequency, T, is the time interval between the CSI estimation and

the signal transmission to user k, and c is the light speed. Fig. 2-1 illustrates the channel

aging effect.

The received signal of user k can be represented as

10



ho = z ﬂb,kHb,kWT,b,ksk +22ﬂc,kHc,kWT,c,|5l +n, (2-4)

beBy c lzk

where B, is a set of BSs serving user k, g, is the large-scale fading coefficient,
W,,, €C" is the transmit beamforming matrix from BS b to user k, s, e C** is the
data vector, and n, e C"*** is the additive noise vector whose elements are i.i.d. zero
mean complex normal random variables with variance o’ . Here,

Wr i = BoicPo (2.5)
where B,, isthe beam weight matrix and P,, e C*** is the power allocation matrix in
a diagonal matrix form.

User k can estimate H, W;,  from a demodulation reference signal (DM-RS)
transmitted by BS b and decouple multiple streams of s, using a zero-forcing receiver

with weight determined by

WR,k :(Z ﬂb,kHb,kWT,b,kj . (2-6)

beBy,

We may decode the signal by

8¢ = Wik - (2.7)

11
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Chapter 3

Estimation of channel correlation
matrix

The BS may transmit two types of pilot signal, one for the estimation of CCM and
the other for the estimation of CSI. In this chapter, we consider the estimation of CCM
with low pilot signaling overhead. The BS may require orthogonal pilot signal linearly
proportional to the number of BS antennas for the estimation of CCM. It may require
pilot for the estimation of CSI with much reduced signaling overhead by exploiting the
CCM [15]. When antennas are installed in a 2-D ULA, pairs of antennas in an equal
distance may experience spatial channel correlation similar to each other mainly due to
the far-field effect [23]. We jointly estimate the spatial correlation of antenna pairs in an
equal distance. We estimate the mean-square error (MSE) of CCM elements and then
neglect elements having MSE larger than a reference value for the improvement of CCM
estimation. Finally, we verify the estimation performance by computer simulation in

various spatial channel correlation environments

13



3.1. Previous works

The BSs may need to transmit pilot signal to estimate the CCM. They may use
resource orthogonal to each other for the transmission of pilot signal without
contamination of pilot signal. For ease of description, we consider the estimation of CCM
in a single cell environment. After estimating the CCM, the BS transmits pilot signal for

the estimation of CSl, as illustrated in Fig. 3-1.

Let QeCY™ be pilot signal for the estimation of CCM. The BS may need N,
resource elements (REs) for the transmission of Q. The received pilot signal of user k

can be represented as

Y, =BHQ+n, (3.1)
where y, eC"™" and n, e CN'r,

We assume that the BS transmits the pilot signal T times for accurate estimation of

CCM using N,T REs. Letting Q[t] be the pilot signal at the time of the t-th

transmission, we may represent the received pilot signal y, [t] as

Vi [t]= B [t H[t]Q[t]+n, [t] - (3.2)

We may generate Q[t] by an identity matrix without loss of generality. We can estimate

the CCM, denoted by R, eC**", by means of least square (LS) estimation as

R, =ﬁgyr [ty [t] (3.3)

14



ccM

CSIl estimation & data transmission

CCM
update

estimation
BS

T times of '
transmission |

3
z
!
g

User

It may require a very large value of T for accurate estimation of CCM, especially
when the size of CCM is large [24]. It may not be feasible to allocate such a large
resource for the CCM pilot signaling in m-MIMO environments [15]. To alleviate the
problem, previous works considered additional refinement of CCM after the CCM

estimation by (3.3). For ease of description, we omit the user index and consider the

Fig. 3-1. CSI estimation with CCM.

estimation of CCM for a single user in this chapter.

3.1.1. Thresholding and banding

It was shown that when T is very small compared to the size of CCM, denoted by
N, , we may effectively estimate the CCM by neglecting spatial channel correlation terms

of small magnitude. It may be very effective when the CCM can be represented in a form

of a sparse matrix [24]. We may refine the CCM as

R, =T, (R)=|[R] 1

15

(3.4)



where 1(-) equals to 1 when the input condition is satisfied and O otherwise, and s, is

a threshold to be determined.

The spatial channel correlation between two antennas may decrease as the distance
between the antennas increases. An CCM element may decrease as it gets away from the
diagonal elements [22]. We may refine the CCM by only considering elements near the

diagonal elements, referred to banding process [22], as
éba :Bsha(é):[[él,j .1<|i_j|gsba)j| (35)

where s, is a threshold to be determined.

The banding scheme may perform better than the thresholding scheme since it
considers the relationship between the distance of antennas and the spatial channel
correlation as in (3.5) [22]. We may determine s, through a resampling process [24].
We may randomly partition total T samples (i.e., pilot signal) into two groups comprising
T, and T, samples, respectively, where T =T, +T,. We repeat the partitioning process V
times. Let RY and R)) be the CCM of the two groups estimated by (3.3) at the v-th

partitioning process, where 1<v<V .

We may determine s,, by

S, =argminR(s) (3.6)

where

(3.7)

16



Note that we may determine s, based on the diversity of randomly distributed samples
in RY and RY. Since H[t] and H[u] may be correlated with each other for t=u,
the samples may not be independent of each other and may seriously affect the estimation

accuracy of (3.7) [22]. Moreover, when T =1, s, cannot be determined.

3.1.2. Tyler estimation

We may represent the probability density function (pdf) of y[t] in (3.2) as [23]

Ny /2

p(y[t];R)=% |R’1|(yH [tIRMy[t]) (3.8)

Taking the derivative with respect to y[t] and equating to zero, we may have the

maximum likelihood (ML) estimate of R, denoted by R, , as

Ny AWl 9

LR Y[t]

It may not be easy to represent R, in a closed-form [25]. We consider additional

refinement of CCM in an iterative manner as [25]

Ry =(1-5 )N > y[tly" [}] +s, | (3.10)

where s, is athreshold to be determined.
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3.1.3. Rank-penalized LS estimation

We may estimate the CCM of a large size by means of rank-penalized LS (RPLYS)
estimation when the number of non-zero eigenvalues of CCM is much fewer than the size

of CCM (i.e., the CCM is not a full-ranked matrix) [26]. We may refine the CCM by

A

A 2
R =argming “R —S”F +5g [[S

(3.12)

%

where S is a Hermitian positive definite matrix and s, is a threshold to be determined.
The larger s, the smaller number of non-zero eigenvalues of S. Since the CCM may
be rank-limited in practical m-MIMO environments [33], we may effectively estimate the
CCM by means of RPLS. We may improve the RPLS by exploiting the structure of
antenna array [27]. We may represent the CCM as a Kronecker product of two CCMs in
the azimuth and the elevation direction as [22]

R~R, ®R, (3.12)

where R, eC"™= and R, eC"™ are the CCM in the azimuth and the elevation

direction, respectively. It was shown that permuted R, denoted by Q., whose

H
((i-1)N,, + ) -th row is equal to vec([R](ifl)NmMNeIv(jfl)Neﬁ“Nel ) , is @ non-Hermitian rank 1

matrix (i.e., there exists only a single non-zero eigenvalue) [27]. Here, vec(A) denotes

the vectorized form of A (i.e., concatenation of columns of A into a column vector).

This implies that the rank-penalized minimization by (3.11) may work effectively to

estimate Q. In this case, we may have a solution of (3.11), represented as [27]

o) =z(ij -SR%j a,0" (3.13)
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A

where 4, is the j-th highest singular value of Q., 0; and ¥, are the corresponding
left and right singular vectors of Q,, respectively, and s, is a threshold to be
determined. In (3.13), we neglect singular values smaller than the threshold to estimate

the permuted CCM. Finally, we may obtain refined CCM R, by de-permuting Q..

3.2. Proposed scheme

Most of previous works considered the CSI estimation in m-MIMO environments
assuming the use of perfect CCM [14-19]. Moreover, they did not investigate the effect of
CCM accuracy on the CSI estimation [24-27]. Although the CCM varies slowly even in
the presence of user mobility, the signaling overhead for the estimation of CCM may be
considerably large when N, is very large [20]. In practice, we may not transmit pilot
signal as much as being required. Moreover, previous works did not consider the presence

of channel correlation between H[t] and H[u] for t=u.

We consider the estimation of CCM with reduced signaling overhead in the presence
of channel correlation between H[t] and H[u] for t=u. We estimate the CCM in a
three-step process. We first estimate the CCM by means of LS estimation exploiting the
structure of ULA in m-MIMO environments. Then, we refine the CCM by neglecting
CCM element that have estimation error higher than a reference value. Finally, we further
refine the CCM by neglecting spatial channel correlation of antenna pairs in a distance

larger than a reference value.
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3.2.1. LS estimation exploiting the far-field effect

We consider the use of antennas in an ULA, where the distance between two
antennas is much smaller than the distance between the BS and a user. Pairs of antennas
in an equal distance may experience spatial channel correlation similar to each other

mainly due to the far-field effect [23].

We may represent the CCM of a one-dimensional (1-D) antenna array in a form of a
Toeplitz Hermitian matrix by exploiting the far-field effect [23]. The spatial channel

correlation between antenna i and j satisfies the following relationship

[R]i,j z|:R](i+n),(j+n) (314)

where n is an integer such that 1<i+n and j+n<N;,.

We may easily apply the relationship (3.14) to 2-D ULA environments. Let a, and
e, be the location of antenna i, represented in the azimuth and the elevation direction of
antenna array, respectively. Let d,; =(a —a;¢ —¢;) be the distance vector between
antenna i and j, and (i, j) denote a pair of the antennas. Then, for a pair of antennas

(a,b), (3.14) can be rewritten as

[R],, =[R];; for (ab)es,, (3.15)

where S, s a set of antenna pairs with distance vector d,;. Fig. 3-2 illustrates that
pairs of antennas with a same color may experience spatial channel correlation similar to
each other. We may estimate the CCM by means of LS estimation with relationship by

(3.15) as
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(R] = > (L) v, - (3.16)

TN, [S,, @i, g

Since the structure of antenna array is unchanged and pre-known to users, users may not
have to calculate S, = for all combinations of (i, j) for the estimation of CCM. Note
that as |d;;| decreases, ‘Sd”‘ increases mainly due to the structure of ULA. This
implies that we may accurately estimate the spatial channel correlation by using a pair of
antennas with small |d; ;| by (3.16). As a result, the CCM elements may be estimated
with different accuracy. Fig. 3-2 illustrates some antenna pairs in an equal distance, where
antenna pairs in orange-color have a larger number of antenna pairs in an equal distance
vector than ones in blue-color. Thus, we may estimate the spatial channel correlation of

the former more accurately than that of the latter.

56 pairs

» / 48 pairs

———————

& <>\<>" & ‘:)O <& 32 pairs

OQ@OOOOO/

YOO

/7 Y il

QOPO OO ¢

P kit O PR

OCOOOOOO0

Fig. 3-2. Similarity of spatial channel correlation of antenna pairs in an equal distance.
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3.2.2. Refinement of CCM estimation

It may be desirable not to consider CCM elements erroneously estimated for the

CCM estimation. Thus, we neglect CCM element [Ii]__ (i.e., set [Iﬂ_ to zero) when
]

]

its MSE is larger than a threshold. We may represent the MSE of [Iﬂ_ ~, denoted by
]

G[Zﬁ]l = E_[R]i,j _[él,j 2:|

2
1
| T P——— D34 (317)
TZN;‘SdM (ab)esy;
2
:_‘[R]i,j +E|l———— Z Zyatbt)ydc
TzNé‘Sd” e

where —([y ] )H [y[u]]:’b. It can be shown from lIsserlis theorem that (3.17) can

be written as [28]

2 1 uu u u,
oty =-IRI, +W<&Z*’) > (B [y Je[ve e ver Je[ ]
e L R S T B
RITAT (cd)esy
1 w4 29 0
T?N#|S, 2(0,(da)Z:ebg’d,,,§:E[halcJ ™ ‘S ‘
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where h{" =([H[t]1a)H [H[u]] and &y is a delta function having a value of 1
when (at)=(c,u). It can be seen that E[h!” |=E|h{}’] since d, =d,,. It can also

be seen that azﬁ

4] decreases as ‘Sdi j‘ increases. The smaller the distance between a pair
ij !

of antennas, the higher the estimation accuracy of spatial channel correlation. The

accuracy of estimation may deteriorate in the presence of channel correlation between

increases the MSE.

a,c

H[t] and H[u] for t=u since non-zero ‘E[h“’“)]

We may require E[hﬁj*“’] to calculate the MSE by (3.18), which may not easily be

,C

calculated in practice. We may approximate E[hgy] as

L T S

TNR ‘Sda_c ‘ (p’q)esda,c v (3-19)
_f

where p,, is the average of correlation between H[t] and H[u] for 1<tu<T .
Since users may know their velocity and temporal interval between P[t] and P[u], we

may estimate p,, using Markov channel variation model by (2.3) [13], or as

Py = y[tjoy [u] (3.20)

N, N,

where © denotes Hadamard product. Note that (3.20) may be valid in m-MIMO

environments due to the use of a large N, . Note also that the approximation by (3.19) is

based on the assumption that R is almost unchanged during the transmission of T

pilot signals.
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We may approximately represent afﬂ as

2 4
P 2o ton (3.21)

When the pilot signal is transmitted only once for the estimation of CCM (i.e., T =1),

(3.21) can be simplified to

R 2 2 4
gt —_ 1t SR [+ 2%t (3.22)
[Rk] i N2 |S |2 (a.b), > N, |S
R[Sdi| (ca)es RITdhs

where the transmission index of pilot signal is omitted.

Some elements of R may be estimated with some inaccuracy mainly due to small

‘Sdi j‘ and T. ‘Sdi j‘ and T are related to the array structure and the number of transmitted

pilot signal, respectively. We may neglect element [Ii] ~ if the MSE after neglecting

ij

2
[ﬁz]_ , represented as E[[R]i j —[Ii]_ } ,is smaller than o, . This implies that the we
) ' [N i

may improve the estimation accuracy by neglecting elements estimated with inaccuracy.

2 A2
Let %] -0 and Sla] -

i j i

denote the exact and the expected MSE of [R] after
1]

neglecting the element, respectively. It can be shown from afﬁ] 0 :‘[R]i jr that

(3.23)

A

Finally, we may refine R as
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Ry = {[ﬁzlj -1(&[2@_ < ‘}fﬂiwﬂ' (3.24)

It may be desirable to refine the CCM in consideration of the magnitude of CCM

elements in addition to the estimation error [20, 24]. The estimation error of [ﬁz]_ - may
]

seriously affect the CSI estimation when [R]Lj has a very small magnitude [24]. We

may accurately estimate [R]i,j , but we may not efficiently use it for the estimation of CSI

unless its magnitude is not too small [20]. Thus, we may neglect CCM elements of a very

small magnitude regardless of the estimation accuracy.

It can be shown from (3.21) that the expectation of afﬂ can be represented as

]

N 1 20§+0:
E{afﬁl }:—2 T Y SR [ (3.25)
DTN [ G o[Sa|

where p,, is assumed to be a constant. Assuming that the distance between a pair of

antennas (i, j) is sufficiently large (i.e., [R]i,j has a very small value), (3.25) has a

lower bound represented as

) 1 . 2 205 + Gr?
E{Gé}.}z_?_Z_——z 2 R s
i j T NR d; ‘ (a’c)esdivj tu TNR Sd”‘

20 + o
290 TOn (3.26)
‘2 Z|ptu IJ‘ ac_{—TNR Sd.‘J‘
;'ﬁl'u 2 262 +o)
= [RL =
T?N: TNRSWJ
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It can be shown that the expectation of afﬁ] _, ¢an be represented as

1)

E{&fﬂ 0}:[R]M. (3.27)

ij

It may be desirable to modify the refinement condition (3.24) to make the lower

bound of E{éfﬂ } equal to E{afﬂ _0} when [R]i,j has a very small magnitude. We

can neglect [R] .

L]

of very small magnitude by making the MSE of [Ife], ~ higher than a
]

reference value.

Equating (3.26) and (3.27), we may come up with new refinement condition

represented as

7 %x], <], 0" (3.28)

It can be seen that the weighted MSE of the left side in (3.28) does not converge to zero
as T goes infinite. This mainly because non-zero estimation error always exists. This
implies that we may not perfectly estimate the CCM even though we sufficiently transmit
pilot signal as much as possible. We may approximately estimate the CCM with tolerable

accuracy in practice.

3.2.3. Effective region of CCM

The refined CCM may still include elements inaccurately estimated since the MSE is
calculated based on the estimation of spatial channel correlation. It may be desirable to

additionally refine the CCM in consideration of the distance between a pair of antennas.
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In 1-D antenna array environments, let I, be the minimum distance between the

two antennas (i, j) that does not meet the condition (3.28). We may represent it as

|, =min; |d, ;| for [IQWOJ =0. (3.29)

(]

We may additionally refine the CCM as
R =[[fepm]iyj 1(jd, | < |i)] (3.30)

This means that we only consider antennas within a distance of I, from antenna i,
referred to effective region of antenna i. We may estimate the spatial channel correlation

between a pair of antennas in a short distance without large MSE.

In 2-D antenna array environments, it may be desirable to determine the effective
region in the azimuth and the elevation direction. We may process the refinement for
antenna i for each row as in 1-D antenna array environments, as summarized in Table 3-1.
For ease of description, we denote the antenna located at the a-th row and the e-th column

of the array by N, (a-1)+e and the index of an antenna in the a-th row by j, .

We determine the effective region of antenna 1, which is located in the corner of the
array as illustrated in Fig. 3-3. Note that the first a satisfying the condition that
j. =min j, represents the boundary of effective region in the elevation direction. After
the refinement process for antenna 1, we may sequentially determine the effective region

of other antennas since it has the same shape as that of antenna 1.
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Table 3-1. Additional refinement procedure.

Input: R

pro

Initialization: R =R_,a=1

pro pro?

Do:
1. Obtain j, =argmin, |d1,-a| satisfying [F}pmlj =0

N

pro

[IQE” l_ =0 for j,>j. and a<a+l
Ja

3. Repeat1~2until j, =minj, or a>N,

eff
pro

4. Determine the effective region for other antennas and refine R

Output: R°f

pro

A 4

g

Q\\\.\\\ [N

el

N\

N
NN

Fig. 3-3. An example of the proposed refinement procedure.
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Table 3-2. Evaluation parameters.

Parameters Values
CCM model 3-D ray-based model [22]
—60°" ~ 60" in azimuth direction
AoD
40" ~80° in elevation direction
AS Moderate and large modes [22]
Carrier frequency (=1/4) 2.3 GHz
BS antenna distance /2
Number of BS antennas (N ) 64
Number of user antennas (N ) 1
Number of users 4

CSI estimation

Eigen-space estimation [19]

CSl pilot length

16, 24 (for moderate and large AS,

respectively)

Average SNR

20 dB

3.3. Performance evaluation

We evaluate the performance of the proposed scheme by computer simulation. We

assume that the BS is equipped with antennas in a 2-D square ULA and the spatial
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channel correlation follows non-line-of-sight (NLOS) ray-based model [22]. We consider
two angular spread (AS) environments; moderate and large AS modes [22]. We assume
that N, =1 without loss of generality since the increase of N, is equal to the increase
of T for the CCM estimation. We evaluate the estimation performance according to T
with a fixed value of N . The main simulation parameters are summarized in Table 3-2.
We determine the angle of departure (AoD) in consideration of the service coverage of
macro cell [22]. We assume that the BS transmits pilot signal for the estimation of CCM

and then transmits pilot signal beam-formed by [19] for the estimation of CSI.

In the following figures, “perfect” refers to the case when the CCM is perfectly
estimated, “P1” and “P2” refer to the proposed scheme based on the refinement condition
(3.24) and (3.28), respectively, “banding” refers to the banding scheme [24], “Tyler”
refers to the Tyler scheme [25], and “RPLS” refers to the RPLS scheme with Kronecker
structure [26]. We also evaluate the performance when the RPLS scheme is performed
after P1 or P2 is applied, which are referred to “P1 + RPLS” and “P2 + RPLS” in the
figures. For fair comparison, we apply the proposed LS estimation (3.16) to other
schemes except Tyler scheme. Note that Tyler scheme employs an ML estimator based

on the estimated CCM by (3.3).

We evaluate the estimation accuracy of CCM based on Frobenius norm of the

difference between the original and the estimated CCM [24], represented as

€cen E”R-ﬁeHF : (3.31)

Fig. 3-4 depicts the average e..,, intwo AS environments according to T. The banding

scheme is not considered when T =1 since the banding threshold is not defined for
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single transmission of pilot signal [24]. It can be seen that all the schemes improve their
estimation performance as T increases and that P1 outperforms the other schemes. It can
also be seen that P2 is not effective as much as P1 for the estimation of CCM. This is
because P2 may neglect more CCM elements than P1, which may yield non-zero
estimation error even when T is large. It can also be seen that the RPLS scheme may not
be effective when the AS is large. This is because the eigenvalues of CCM may be similar
to each other compared to when the AS is not large [22]. The RPLS scheme may not be
feasible in large AS environments, since it estimates the CCM based on a few highest
eigenvalues of CCM by (3.13). Similarly, combined use of RPLS and the proposed
scheme may not also be effective. The Tyler scheme provides the worst performance

since it does not employ the proposed LS estimation.

Fig. 3-5 and Fig. 3-6 depict the MSE of CSI (e, ) and the spectral efficiency of ZF
beamforming with the use of estimated CSlI, respectively. When the AS is not large, it can
be seen that the RPLS outperforms the proposed scheme when T =8, and that P2
outperforms P1. From Fig. 3-4, -5 and -6, we may conjecture that the CCM estimation
accuracy may not related to the CSI estimation accuracy. The gap between P1 and P2
may suggest that CCM elements of a very small magnitude are not useful for the CSI
estimation [24]. It can also be seen that combined use of RPLS and P1 works better than
that of the RPLS and P2. This is because P1 may lose less information of the original
CCM than P2, neglecting less elements of the estimated CCM. The RPLS may effectively
estimate the CCM after P1 is applied. It can also be seen that the estimation accuracy
decreases as the AS increases. It can be seen from Fig. 3-6 that combined use of RPLS

and the proposed scheme provides performance similar to the perfect CCM case.
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Fig. 3-7 depicts the average extent of effective region. The extent is defined by the

number of antennas in the effective region, represented as

My =2 J - (3.32)

It can be seen that as T increases, the average extent increases mainly due to the increase
of the LS estimation accuracy. When T is sufficiently large, the effective region of P1
includes more than half of antennas unless the AS is too large. The effective region of P2

is much smaller than that of P1. This is because P2 refines the CCM more strictly than P1.

We evaluate the estimation performance according to the channel correlation
between H[t] and H[u] for t=u when T=2. Fig. 3-8 depicts e, in two AS
environments. It can be seen that the banding and Tyler scheme are noticeably affected by
the presence of channel correlation. The samples of each group in the banding scheme
may have statistical characteristics similar to each other in the presence of high channel
correlation, yielding inaccurate banding threshold. Tyler scheme estimates the CCM
assuming that pilot signal experiences independent channel [25]. The proposed scheme
estimates the CCM in consideration of channel correlation, being less affected by the

presence of channel correlation.

Fig. 3-9 and Fig. 3-10 depict e., and the spectral efficiency with the use of ZF
beamforming, respectively. It can be seen that the proposed scheme outperforms the
others, being robust to the variation of channel correlation. It can also be seen that P1
works well as the channel correlation increases when the AS is not large, which is

contrary to the other schemes. This is because the performance of P1 in Fig. 3-5 (a)
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degrades as T increases from 1 to 2. It can also be seen that we may improve the

estimation accuracy by using the RPLS and the proposed scheme together.

Fig. 3-11 depicts the average extent of the effective region of the proposed scheme
according to the channel correlation. It can be seen that the average extent decreases as
the channel correlation increases. This is because the CCM estimation accuracy decreases
as the channel correlation increases, as shown in Fig. 3-8. It can also be seen that the

variance of average extent of P1 is larger than that of P2.
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Fig. 3-4. Estimation accuracy of CCM according to T.
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Fig. 3-5. Estimation accuracy of CSl according to T.
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Chapter 4

Mobility-aware signal transmission
In M-MIMOQO environments

In this chapter, we consider the signal transmission to users in the presence of
channel aging effect. When a user is in high mobility, the BS may transmit signal to the
user based on outdated CSI, suffering from performance degradation [10]. Previous
works exploit the CCM to design the beam weight in consideration of channel aging
effect [31-35]. However, it may be not efficient to exploit the CCM when users are in low
mobility [36]. We may design the beam weight in response to user mobility based on CSI
and CCM. We may maximize the average SLNR by transmitting signal in the eigen-
direction of a linear combination of CSI and CCM. We analyze the average SINR
obtained by the proposed scheme and apply it to the transmit power control by means of

iterative water-filling [43].
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4.1. Previous works

For ease of description, we briefly review previous works in single-cell environments,

where the BS index is omitted.

4.1.1. CSl-based two-stage beamforming

We may determine the beam weight in a two-stage process: suppression of
interference from the BS to non-desired users and signal transmission to the desired user

[30]. For user k, we may represents the interference channel as

A, =0,[B, of[v® v (4.1)

— ~ ~ ~ ~ U = . . . .. .
where H, E[HI,...,H[fl,HLl,...,HL] , D, is a diagonal matrix comprising singular

values of H,, U, is a matrix comprising the left singular vectors, and V" and V.
are matrices comprising the right singular vectors corresponding to non-zero singular
values and zero singular values, respectively.
We may suppress the interference by V® [30]. We may represent the effective as
H' = H V= O D v (4.2)
where D is a matrix comprising singular values of H", and U and V& are

matrices comprising the left and the right singular vectors of H:", respectively. We may

determine the beam weight for user k by [30]

B, = VOV, (4.3)
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Since this scheme depends on the estimated CSI, it may not properly mitigate the

interference in the presence of channel aging effect, [36].

4.1.2. Statistical beamforming (SBF)

We may utilize the CCM to determine the beam weight since the CCM may vary
much slowly in the presence of user mobility. The interference channel (4.1) can be

modified as [33]

_ H
AL =[ U0 U, U U] (4.4)

where U{" is a matrix comprising the eigenvectors of R, corresponding to r dominant
eigenvalues of R, . Here, r is a threshold to be determined by the condition
r(K-1)<N; [33].

We may determine the beam weight by [31-33]

B, =V U’ (4.5)

where V" is a matrix comprising the right singular vectors of H." corresponding to
zero singular values and U™ is a matrix comprising the eigenvectors of (\7kLT )H RV, .
The SBF may work better than the CSl-based scheme with the use of outdated CSI [36].
However, when the CSI is unchanged, the CSl-based scheme may work better than the

SBF [36].

4.1.3. Joint spatial division and multiplexing (JSDM)

We consider the use of CSI and CCM by means of two-stage beamforming [33-35].

We may determine the beam weight by
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B, = VTV (4.6)

where V' is a singular vector matrix of effective channel H, V™. We utilize the CCM
for interference suppression and the CSI for coherent beamforming [33]. The proposed
scheme may outperform CSI- and CCM-based schemes when the CSI is partially
outdated (i.e., in the presence of moderate channel aging effect) [36]. However, it may be
less effective than the CSI-based scheme when the CSI is unchanged, and the CCM-based

scheme when the CSl is completely outdated [36].

4.2. Proposed scheme

Previous works mainly considered users in limited mobility. In this dissertation, we
consider signal transmission to users in various mobility. We analyze the average SLNR
in the presence of channel aging effect and determine the beam weight to maximize the
average SLNR. We analyze the performance of the proposed scheme in terms of SINR
and optimize the transmit power to maximize the SINR by means of iterative water-
filling [43]. We determine the beam weight in single cell environments and then in multi-

cell environments.

4.2.1. Proposed beam design

We may represent the SINR of the i-th stream of user k as

-1
Vi = ([E {WR,kaTkH WRka } +E {WR‘knkn::WF':k }l’i ) (4.7)
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where T, => BHW, s, denotes the interference power. We may not easily determine

1=k

B, to maximize the sum-rate »log,(1+7,) since B, and B, should jointly be
ki

determined. We may alleviate the problem by means of SLNR-based beamforming that
minimizes leakage power instead of interference power T, [41]. The leakage is defined
by the interference generated by a user signal to other users. The beamforming that
maximizes the SLNR is equivalent to one that maximizing the MMSE, which is related to
the SINR-maximizing beamforming [30, 42]. Beamforming based on the SLNR may

provide near-optimal transmission performance in m-MIMO environments [42].

For ease of design, we assume that each stream is equally powered, i.e., P, =R, .
We may represent the desired signal power of the i-th stream of user k by ZF reception as

[44]

2
9, = o — ) (4_8)

We may represent the SLNR of user k as [41]

ng, E[N Ko} +PE{[Z/¥H Bsk]HZﬂjHjBkskHl

j#k j#k

1 N_Ko? N
:Z — — RP ”+tr(BEZﬂfH?HjBkj:|
' [(ﬂkBk HkaBk) iLJ Lk I 4.9)
1 N, Ko? B
= tr B[' R n |N ,BJ-ZH';HJ- Bk
[(ﬂkB HY'H,B, ) J i ( { R +Jzk: } H
) ( o)
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where S, and L, in the last line are related to the desired signal and the leakage,
respectively.
We consider temporal variation of channel in (2.2). We may represent the average of

leakage term L, as

[ 2 N H 2—H
N Ko? B (ijJ +y1-piZ; )

“l,, +E >

P i¢k-(p1.|:|j+ 1—pJ.ZZj)

k

where U, is a matrix comprising eigenvectors of Y57 {p?H'H, +N, (1- o} )R, }, and

j=k
D, is a diagonal matrix comprising the corresponding eigenvalues. To remove the term

of (N.Ko?/R )1, +U,DU}, we may determine B, by

NyKo? e
B, =U, (%lm +DkJ B,,=B,,B,, (4.11)

k

where B, , e CV".

We may represent the leakage power as

E{tr(L,)}=tr(B{,B, ). (4.12)

Then, (4.9) can be written as
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1

Y8 = 2| (ABILBLHIHBB,.) |

-1 1
BB (pMI + - pIRYZ) (4.13)

i '(pkMk+ 1_kaZkF~zt/2)Bk,z

where R, =B[R,B,, and M, =H,B,,. We may represent B,, inaSVD form as

(4.14)

where U, eC"™ and V, eC** are a left and a right unitary matrix, respectively,
D, e C*** is a diagonal matrix comprising the singular values, and the user index is
omitted for simplicity of representation. Then, we may represent the desired signal and

the leakage as, respectively,

-1

} FDSVE (oM + 1-piRYZY )|
Z[Sk ]“ - Z VB 2 1/2 N VB
' : '(PkMk‘*‘\]l_Pk Z,Ry )UBDB (4.15)
= Z[VB§;1V8H :||_|1’

Eftr(L,)}=tr(D
=tr(D

D)

)-

(4.16)

w N @ T

It may be desirable to optimize U,, V, and D, to maximize the average SLNR

which can be represented as
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(4.17)

However, it may be quite difficult to obtain the mean of the numerator in (4.17) since
S,' is the inverse of a non-central Wishart distributed matrix with N, degrees of
freedom (DoF), where the expectation of the matrix may not exist due to the lack of DoF

[45].

Let U,, V, and D, be the solution for the maximization of (4.17). We first
consider the case when the BS has perfect information on z, , which may be unrealistic
in high mobility environments. Note that Z, represents temporal channel variation due

to the channel aging effect. We may represent V, as
V, =argmax,, > [ V,S,'Vy' I.l (4.18)

where we do not consider the denominator of SLNR since V, is independent of D;. It

can be shown from the positive definiteness of S, that Z[VB§;1VQ ]: <tr(D), where

D, is a diagonal matrix with diagonal terms equal to eigenvalues of S, . The equality

holds when V;=U, which is a matrix comprising eigenvectors of S, (refer to
Appendix).

We may represent the SLNR as

50



»

~
—
=

—~
[%2]

=
~—

~ tr ( B
%" (02) (D2
tr(BL UL {AIBLHIH,B,,}U,D, )
tr(Dé)

(4.19)

Let U, be a matrix comprising the eigenvectors of A’B;H/'H,B,, and D, be a
diagonal matrix with diagonal terms equal to the eigenvalues of A’B;,H,'H,B,, . Setting

U, =00, to diagonalize the channel terms in the numerator, we may re-write (4.19) as

tr(Dy 04D, U,D,)

D = ( é)
_ tr(BY,D,By ;)

~ t(BBs)

(4.20)

Since ¢, is maximized when B,,=[I, OT [41], U;=0, and D;=I_ is a

solution.

We consider the case when the BS has no information on Z, , which may be a more
practical case in high mobility environments. It may be difficult for the BS to obtain U,
V, and D; by the same procedure described in the previous case. The BS can obtain
U, in an average SLNR manner with an assumption that the exact value of V; is
known to the BS in advance (and it can obtain Vv, and D by the same way).

Assuming that the BS can obtain V, in advance, the average SLNR can be written as
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B E{tr(§k)}

T w (B
u(DEUL A2 {pEMIM, + N, (1- 52 R, }U.D, )
- tr(D3)

(4.21)

By the same approach in (4.20), U, =U, and D; =1, maximizes (4.21) where U, is
a matrix comprising the eigenvectors of p’M{'M, +N, (1—pk2)f2k . When U is known
to the BS in advance, it can be shown from (4.15) that S;* is a diagonal matrix. This
implies that V; = I, isasolution of (4.18). We determine the beam weight consisting of

U,, V, and Dj, which can be represented as

U5 [0y 0] v, (4.22)

4.2.2. Performance analysis

We consider the allocation of transmit power by using an SINR-based method (e.g.,
a water-filling scheme). To this end, we analyze the SINR of each beam of the proposed

scheme in this part. The average interference term in (4.7) can be represented as

1=k [EJ

H
Es {WR,kaTkH WI:k} = WR,kEs {ZﬁkaWT,ISI (ZﬂkaWT,ISIj }WI:k

=W, > BPE {H W, s Wy HY WG (4.23)
(9
mz=k

, (pkﬂk"‘ 1_,0kzzk)WT,|'
:WR,kz,Bk

T W (T Bz

Rk*
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Since W, and HW,, are correlated, it is desirable to split H, W, into two terms,
where the first term comprises H,W,, to eliminate W, (:(,BkaWTYk)T) and the
second term is independent to W, . We approximate the term Z W, as a sum of two

independent random terms, as

B 1_kaZkWT,I ~s B 1_kaZkWI',klI’k,l + X4 (4.24)

where ¥, is a constant matrix and X, , is a matrix comprising independent normal

random row vectors, while satisfying

v (W R W, ) WHR W
kI — T,k k T,k) T,k k T,

|
E{Xq}=0 (4.25)
E{X::lxk,l/NR} =B (1_pl<2){WTH,|RkWT,| _‘I’llj,l (WT'—fkRkWT,k )‘I’k,l}
=Y
Then it can be shown that
- (ﬁkaWT,k\Pk,l + Xy +Qk,|) H
E,x {WR,kaTk WR,k} =E; x 1 Wai H[YVRkK
12k '(ﬁkaWT,k‘Pk,l + Xy, +Qk,|)
‘I’k,I‘I’L—‘,I
+WR,ka,|Xlt|,|W:k
=2 Ex (4.26)

2k +<‘I’k,IQI:|,IWF':,k +WR,ka,I\I’I'<_',I)
+WR,ka,IQI|<_|,IW|:k
= Z(‘Pk,l‘l’::l +Cf<l,)| + Cf<2|) + Cﬁ)

1k

where Q,, = B.p, (HW;, —HW, ¥, ). Note that ¥,, and Q,, are perfectly known

to the BS. Since X,, and Z, are independent of each other, we can represent C(kl)I as
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CE<1)| = E{WR,krk,IWF';k} (4.27)
=tr(Y,, ) E{We, W\ |

where

r,=t {Xk,lxl':,l }

.28
=tr(Y,, )1 e

It may be quite difficult to obtain the expectation of W, W', due to lack of its DoF
[45]. We consider asymptotic SINR when p —0 and p, —»1. When p, —0, we may

ignore C) and C{, and represent the SINR of the i-th stream of user k as

1=k

-1
Vi = |:Z(‘Pkl‘1‘lt|l+ckl)+a E{WRkWF:'k}i| - (4.29)
We can represent the i-th diagonal element of W, W', as [48]

[E{w, Wit )] E{ (BWSHEH W, ) }]

‘ *) G('

_E (4.30)

IGGI

EH(G - G('

E{|G G |

where G, = HW,,, and G{” denotes G, without the i-th column. It was shown

that [49]
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(4.31)

where F_Qk :ﬁkz (1_p1<2)WTH,kRkWT,k v Q= F_Qiléfék for ék EﬂkpkaWT,k ! Fsk ()
denotes the multivariate gamma function, and ,F,(-) denotes the HF. Similarly, it can be

shown that

S

AL

(4.32)

Fos [[\;‘Rﬂj N, . Q)
Zsk—l 1F1 _1, R . 2%k

r. [Ne
s —1 2

= é/kii)

where R(7 = 4 (1—pk2)(WT<‘_;))H RWY and o~ Eﬂkzpkz(ﬁsi))il(égi))'-‘ G, We can

approximate the SINR as

(i-) i)\
7&‘_?{Z{[\Pky,w[{,]”nr(vk,,) 2 }+a§§2—J (4.33)

When p, -1, we can approximate C\?] and C¥) as, respectively,
A~ \H A,
Cﬁ ~ ‘I’k,lQ::l (Gl) +G:<Qk,I‘PII<—|,I

(4.34)
-,

(4.35)
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Table 4-1. Proposed power allocation scheme.

Input: I:|k,Rk,pk
Initialization: Obtain B, according to (4.22) and initialize P,

Do:
1. Update 7,; according to (4.37)
2. Update p,; using the water-filling algorithm
3. Normalize P, for power constraints

4. Repeat1~3 N, times

Output: P,

It can be shown that C{} is the same as that when p, —0. Thus, we can approximate

the SINR as

(i-) i \"
i@ }+02 : j (4.36)

When 0< p, <1, the approximation in (4.30) may not be valid since the numerator
and the denominator are not independent of each other. However, simulation results show
that 7% and 7% are still show the accurate analysis for 0< p, <1. Considering that

P =J1—,ok2 when p, =0.5, we can approximately represent the SINR when 0<p, <1

as
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(4.37)

78, p =05
Yei =3 . .
7, po <05

The proposed scheme employs an iterative water-filling algorithm [43] with the
average SINR estimated by (4.37). The detailed procedure is described in Table 4-1. In
the table, p,, denotes the i-th diagonal element of P, and N  denotes the number of

iterations for the water-filling.

4.2.3. Extension to multi-cell environments

We extend the proposed beam weight in consideration of coordinated and joint

transmission modes [50, 60]. We also extend the SINR analysis in the previous section.

In the coordinated transmission mode, each BS transmits data considering the
interference to users served by other adjacent BSs [60]. Let B&)'k and Bﬂbf?k be the outer
and inner beam weights for user k, transmitted by serving BS b, . The BS can suppress

the intra-cell and inter-cell interference by modifying the beam weight by (4.22) as

N Ko-rf -1/2
BY, =U, , [RT'NT " ij (4.38)

k

where U, , isa matrix comprising the eigenvectors of Z{pﬁH;JHM +N, (1—p|2)Rbk’|} :
Ik

and D, , is a diagonal matrix with diagonal terms equal to the eigenvalues of

> {ACHY N (1= 97 )R, ). B, can be determined as same as (4.22).

£k

In the joint transmission mode, the transmission performance may significantly

degrade in terms of SINR, because a phase of each received signal from different BS does
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not match each other, may resulting destructively combined signal at the user side [50].
We may alleviate the problem by means of QR decomposition-based transmission, where
each BS controls a phase of the beam weight to make a coherent combining of the signal
at the user side [50]. We modify the inner beam weight by (4.22) in consideration of the
phase matching. We should be remined that B, denotes a set of BSs jointly transmitting
data to user k as described in chapter 2. For beB,, the QR decomposition of the
effective channel, H,, =H, B, is represented as

Hy =L, Qu (4.39)

where L, is a lower triangular matrix and Q,, is an orthogonal matrix. The phase

adjustment matrix is defined as [50]

|:Lb,k 11 [vak:|NT,NT

J,« =diag (4.40)
H:vak :|1,1 “:vak :|NT,NT
Then, we may determine the phase-matched beam weight as
Bﬁ =Qpudbk UbQ,E :|:,l:sk (4.41)

where U is a right unitary matrix of SVD of > L, J,, . Note that we exploit only

beBy

CSI to design the inner beam weight by (4.41), since the CCM does not contain any

information about a phase of signal [50].

We now analyze the SINR of the proposed scheme in multi-cell environments. The

interference term in (4.7) can be rewritten as
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E, {WR,kaTkH Wr:k} =We, Z{Z BoicHo ) We p B {5|5r:: } Z ﬁb,ka'-,‘mH:,k }Nr:k

1=k, \ beB, beB,,
mz=k
_ HgH H
- R,kz Zﬂb,kHb,kWT,b,l Zﬁb,kwb,le,k Rk*"
1=k, \ beB, beB,
mz=k

By the same approach in (4.24), we approximate >’ 3, 1- o’ Z, W;,, &S

beB,

Z Box 1_ka Z, Wiy~ Z Box 1_pkzzb,kWT,b,k‘I’k,l + X

beB, beBy

where ¥, and X, are satisfying

-1
‘Pk,l = ( Z ﬁbz,kWT'-fb,k I:zb,kWT,b,k ) Z ﬂbz,kWTF,‘b,k I:zb,kWT,b,I

beBy beBy

E{X,}=0

XH X
E {M} l_pkz)(z ﬂbz,kWT’—fb,le,kWT,b,l _‘Ill'j,l Z ﬂbz,kWT'—,‘b,ka,kWT,b,k‘Ilk,l

N R beB, beB,

Yk,l

Then we can represent the interference as

lI’1<,|\Il|t|,|
+W., E.{X XH WH
EZ'X{WRvakaHWF':k}:Z R': X{H Kl kv'} Rk
! +(‘Pk"Qk"WR~k+WR,ka,|\Pk,I) .
+WR,ka,IQI|:|W|:k

= Z(‘Pk,l‘lllt',l +C§<1,)| +CE<2,I) +CE<32)
Ik
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where Q,, Epk(Zﬂb,kHb,kWT,b,l_Zﬁb,kﬂb,kWT,b,k‘Pk,lJ' The result in (4.45) has the

beB, beBy

same form with (4.26). By the same procedure in the previous section, we can

approximate the SINR into the same form with (4.37).

4.2.4. Computational complexity

We consider computational complexity of the proposed scheme which can be
represented by the required number of arithmetic operations [51]. For example, the matrix
multiplication for square matrices comprising n columns require n® scalar
multiplications and n®—n? scalar additions. In this case, we represent the computational

complexity as O(n°) [51].

For the beam weight generation by (4.22), the eigen-decomposition may require
computational complexity of O(N?) . This complexity is similar to that of the CSl-based
scheme [30]. The only difference comes from the linear combination of CSI and CCM,

which may require computational complexity of O(N;) for each addition.

In the power allocation procedure, the BS repeatedly calculates yAS) and the number

of beams for each user is s, =N, in the worst case. The initialization of SINR has
computational complexity of O(N,NZ) . The estimation of 7{! may require
computational complexity of O(N7N,) without computation of the HF. The calculation
of HF requires computational complexity of O(P{,, N. ), where B, ~O<e2”m) and
N, is the number of iterations in the HF [52]. When N, is large, the computational

complexity of the HF may be much expensive since the computational complexity is sub-

exponential in N, . In each update step, the BS updates power matrices (i.e., P, ) only
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and there is no need to calculate the beam weight and the HF repeatedly. The procedure

has computational complexity of O(Né) in each iteration, which is relatively small.

Table 4-2. Evaluation parameters.

Parameters Values
CCM model 3-D ray-based model [22]
AS Moderate mode [22]
Carrier frequency (=1/1) 2.3 GHz
BS antenna distance /2
Macro cell radius 200 m
Number of BS antennas (N ) 64
Number of BS antennas (Ny ) 4 (if not specified)
Number of users (K) 4
Number of iterations for power allocation (N, ) 3
Number of iterations in the approximated HF (Nh) 20 [52]
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4.3. Performance evaluation

We evaluate the performance of the proposed scheme by computer simulation. Since
the proposed scheme in a single cell scenario is a special case of the coordinated
transmission mode, we verify the performance in multi-cell environments only. We
consider two adjacent macro cells where each BS is equipped with antennas in a 2-D
square ULA, and the spatial channel correlation follows the NLOS ray-based model in
moderate AS environments [22]. The main simulation parameters are summarized in

Table 4-2.

We compare the proposed scheme with the generalized two-stage beamforming [30],
the JSDM [33], and the SBF [31], referred to “GTSBF,” “JSDM,” and “SBF”
respectively. For fair comparison, we apply the power allocation described in Table 4-1

to the conventional schemes.

We first verify the performance analysis of the proposed scheme according to
temporal channel correlation in fixed SNR environments. Fig. 4-1 depicts the spectral
efficiency of the proposed scheme and the analysis results in coordinated and joint
transmission modes. It can be seen that the analysis matches quite well with the
simulation result in various environments. There exists a slight gap between them when
p, isnear 0.5~0.7, which comes from the approximation in (4.37). It can also be seen
that the performance of the joint transmission decreases faster than that of the coordinated
one when p, is small. This is because we exploit the CSI to design the inner beam
weight by (4.41) considering the phase matching problem. When p, is large, it can be

seen that the joint transmission works better than the coordinated one.
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Fig. 4-2 depicts the spectral efficiency according to the temporal channel correlation,
where the SNR is set to 20 dB. In the case of the coordinated transmission, it can be seen
that the proposed scheme outperforms the other schemes. When p, —1, the GTSBF
seems to be very effective because it can fully take advantage of high coherent
beamforming gain from accurate CSI. When p, — 0, the SBF outperforms the GTSBF
since it does not utilize the outdated CSI. Although the JSDM utilizes both of CSI and
CCM, the scheme does not design a beam weight in consideration of user mobility. As a
result, the JSDM provides poor performance when p, —0 and p, —1. In the case of
joint transmission, it can be seen that the proposed scheme outperforms the other schemes

except when p, —0.

Fig. 4-3 depicts the spectral efficiency according to N, where p, =0.7 for all the
users. It can be seen that the proposed scheme outperforms the other schemes. The
GTSBF provides poor performance when N, is small, but provides much improved
performance when N, is large. This is because the GTSBF can generate orthogonal
beams most effectively exploiting diversity of CSI, whereas the other schemes exploiting
CCM may have limited number of orthogonal beams when users are located nearby each
other [31]. Also, since users obtain the CSI using DM-RS transmitted from the BSs, the
channel aging effect may be alleviated more effectively by the ZF receiver when N, is

large.

We verify the performance of the schemes in more practical environments, where
users have various mobility conditions. We assume that each user is moving at a speed of
uniformly randomly distributed in a range of (0, 60) km/h, and the delay between the

channel estimation and the signal transmission is 5 ms [53]. Users are uniformly
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randomly distributed in an edge area of the macro cells where the minimum distance
between a user and a serving BS is set to half of the macro cell radius [60]. We verify the
performance according to the edge SNR, which is defined as the received SNR of a user
located at the macro cell radius [54]. Fig. 4-4 depicts spectral efficiency according to the
edge SNR. It can be seen that the proposed scheme outperforms the other schemes in
every edge SNR level. It can also be seen that the GTSBF provides poor performance
even when the edge SNR is high, suffering from the channel aging effect. The SBF
provides the worst performance since the scheme does not utilize the CSI even when

users are moving at low speeds.

Fig. 4-5 depicts empirical cumulative density function (CDF) of spectral efficiency
of each user. We consider two SNR environments for each transmission mode where the
edge SNR is set to 0 dB, and the SNR of every user is fixed to 20 dB. It can be seen that
the proposed scheme improves overall spectral efficiency of users regardless of mobility.
It can also be seen that the spectral efficiency of the GTSBF is most widely distributed,
especially when the SNR s fixed. This means that some portion of users in low mobility
may benefit from the coherent beamforming, but other users in high mobility may suffer
from the interference in the presence of channel aging effect. It can also be seen that both
of the JSDM and the SBF have lower peak of spectral efficiency than the proposed

scheme and the GTSBF, which comes from the loss of coherent beamforming gain.

We also consider an environment where each user is moving at a speed of uniformly
randomly distributed in a range of (0, 120) km/h. Fig. 4-6 and Fig. 4-7 depict spectral
efficiency and empirical CDF of spectral efficiency, respectively. It can be seen that the

proposed scheme outperforms the other schemes in a wide range of the edge SNR. It can

64



also be seen that the performance of the GTSBF significantly degrades in comparison
with the previous result, due to large channel aging effect. In the case of the coordinated
transmission, the SBF is quite effective among the conventional schemes considering that
the scheme does not require the acquisition of CSI. However, there exist a large
performance gap between the proposed scheme and the SBF which comes from the

adaptive utilization of CSI and CCM in consideration of user mobility.
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Fig. 4-1. Performance analysis of the proposed scheme.
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Chapter 5

Mobility-aware resource allocation
In M-MIMO systems

In this chapter, we consider mobility-aware resource allocation in m-MIMO
environments. We design a sub-optimal greedy algorithm that allocates the transmission
resources to maximize achievable sum-rate in the presence of channel aging effect. We
may estimate the sum-rate from the beam weight and the HF, which may require high
computation complexity in m-MIMO environments. To reduce the complexity, we
determine the beam weight in the dominant eigen-direction of CCM and approximate the
HF as a function of temporal channel correlation. Since we may estimate the
approximated sum-rate by exploiting spatial and temporal channel correlation, we may
need to update the resource allocation only when the change of CCM or temporal channel

correlation of any user is large enough to affect the sum-rate.
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5.1. Sum-rate-based greedy algorithm

For ease of description, we consider a transmission frame structure in the time-
division duplex system as illustrated in Fig. 5-1. We assume that the transmission frame
comprises Ng downlink subframes, where we may estimate the CSI during the uplink
period. We assume that the CCM does not change during a single frame interval as
described in chapter 2, where the subframe refers to the minimum size of transmission

resource to be allocated to users.

Let 7.,[t.,n] be the approximated SINR of user k at the n-th subframe of the t-th

frame. We may represent the achievable sum-rate of user k as

G [t.n]= Zi"log2 (1+7[t.n]). (5.1)

It may be desirable to allocate transmission resource to users so as to maximize the

achievable sum-rate by (5.1). We may allocate transmission resource to users as [55-58]

sub-frame
) frame «—>
UL DL
4 4 >
| | time
Channel data
acquisition transmission

Fig. 5-1. Transmission frame structure.
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Table 5-1. Greedy resource allocation at current frame t.

Input: H,, [t], Ry« [t], o[t ]
Initialization: S[t,n]=@,S,,, [t.n]={12,...K}

In every subframe do:

1. For keS,,[tn], compute C 1 [t:1]

2. 1f Gy [tin]< és[t,n]u{k*} [t.n] where k™ =argmax, és[t,n]u{k*} [t.n],
S[t,n]=S]t, n]U{k*}, Seem [t:N] = Sren [t,n]\{k*}
3. Repeat 1~2 until C, [t'n]ZCs[t,n]u{k*} [t.n] or S, [tn]=2

Output: S[t,n]

s"[t,n]=arg maXg k SZ[: ]ék [t,n]
eS|t,n

: (5.2)
=argmaxg, » Cp, ) [t.n]

where S[t,n] is a set of scheduled users to the n-th subframe of the t-th frame. We may

treat (5.2) as a user scheduling problem for given resource [55]. We may obtain the

optimal solution S”[t,n] by means of exhaustive searching which may require

unaffordable computational complexity [55].

We may employ a sub-optimal greedy algorithm to reduce the complexity, which
searches a set of users in an iterative manner as summarized in Table 5-1 [58]. We select
a user that mostly increases the achievable sum-rate at each iteration. However, it may
still require high computational complexity to estimate the sum-rate for all candidate user

sets, involving complex matrix operations (e.g., the eigen-decomposition of CSI) for the

75



generation of beam weight by (4.22). The computational complexity may become even

higher in the presence of channel aging effect, as described in the previous chapter.

5.2. Proposed scheme

We consider the resource allocation with reduced computational complexity in this
chapter. We avoid the calculation of beam weight and HF by approximating the
achievable sum-rate in the presence of channel aging effect. We consider the update of
resource allocation in a long-term basis. We may update the resource allocation only
when the change of CCM or temporal channel correlation is large enough to affect the
sum-rate. We only newly allocate resource to users affected by the change of CCM or

temporal channel correlation.
5.2.1. Simplification of the beam weight

We simplify the SINR analysis in (4.37) by approximating CSI-dependent terms in
(4.22) as CCM-dependent terms [32]. In this case, U,, and D,, in (4.22) are replaced

by the eigenvectors and the eigenvalues of ZNRRuI , and U,, is replaced by
[E23

eigenvectors of N.R,,. For simplicity of representation, we omit the indices of frames

and subframes. Although we may determine the beam weight without CSI, we may still
need to handle the multiplication of matrices of a large size (e.g., approximated beam

weight and CCM).

In 2-D ULA environments, we may represent R, as a Kronecker product of two

CCMs in the azimuth and the elevation direction of the antenna array, as [22]
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Rok ® Rapx ®Rapk (5.3)

where R,,, eC*™ and R,,, eC"™ are CCMs in the azimuth and the elevation
direction, respectively. We may approximate the eigenvectors of CCM as a discrete
Fourier transform (DFT) matrix in m-MIMO environments [32]. In this case, the
eigenvectors of CCM are not dependent of users (i.e., the eigenvectors of CCM are
identical for every user). We can obtain a similar result by employing AJD algorithm to
get a common unitary matrix that diagonalizes R, ,, (or R,,,) for every user even

when N, and N, are not sufficiently large [46]. We may approximate the CCM as

Py

azbk ~ Faz,bAaz,b,kFa'-z',b
Rel,b,k ~ Fel,bAel,b,kFeTb (5-4)
Rox = FbAb,kaH

where F,,, F,, and F =F,, ®F,, are the approximated eigenvectors of R

az,k 1

R,, and R, , respectively, and A,,., A,,. and A, are diagonal matrices

comprising the corresponding eigenvalues of R R, and R, respectively.

az,k 1
We may approximate the beam weight by (4.22) as
Wi ok = ab,kBgl,)k Bﬁzﬁ Pok
NyKo? e
=, Fy (% Iy, + NRZﬂbZ,IAb,Ij Sy (5.5)
k 1=k

= ab,kaA;,lkleb,k Pox
where «,, is a normalization factor for the power allocation [30], and E,, is a matrix
comprising eigenvectors of R,, =A,,A;} corresponding to s, number of highest

eigenvalues of R, ,.
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For simplicity of analysis, we assume that no power allocation and s, =N, which
is quite reasonable when N, > N, [30]. It can be seen that P, is an identity matrix

and the normalization factor can be represented as [30]
H X-1 -
%, =R {Kbtr(Eb,kAb,kEb‘k )} (5.6)
where K, is the number of users to which BS b transmits data. We assume that diagonal

values of R,, are arranged in a descending order. From (4.44), we may approximate

Y, as

beBy beBy

-1
‘Pk,l = z WT’—fb,ka,kWT,b,kJ z WT'—fb,ka,kWT,b,l

Q

-1
2 =H X124 2 -12 H X-12 4 X -1/2
z Uy Bk Api Ay Ak Eb,k] z Q1 Oy B Mg Apk Ay B

beBy beBy (57)
-1
k K
= z abz,kAfz,lz,k] z ab,kab,lAé,lz,l
beBy beBy
=¥,

where AY), is a diagonal matrix whose i-th elements are non-zero only when the i-th

column vectors of E,, and E,, are identical. We may approximate Y,, as

Yk,l = (1_;01(2){2 WTFfb,I Rb,kWT,b,l _‘I’l'j,l [Z WTl-fc,ch,kWT,c,k JTk,I}

beB, ceBy

~ (1_/71(2){2 abZ,IAE:I),I _\i’r,l (Z acz,kA(cl,(lz,k J‘i'm} (5.8)

beB, ceBy

Yk,I

where ¥,, and Y,, are diagonal matrices, and can be obtained by multiplication of

diagonal matrices with reduced computational complexity.
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5.2.2. Quantization of the HF

We can approximate the input matrix of HF in (4.31) as
Qk =nkE {Qk }
= Ukpsﬁilzﬂb,kﬂc,kwﬁb,kE{H:,kﬂc,k }WT,c,k
b,c
= nkpkzNRﬁ;lZﬂbz,kWT'—,'b,kRb,kWT,b,k (5'9)
b
— ﬂkpkzNR I
(1-pl) "

where 5, is a calibration value to reflect the effect of CSl on <, , defined as [36]

1 tr(WT'—,'b,ka’J—fkl:'b,kWT,b,k)
B NR'tr(WTFfb,ka,kWT,b,k)

T (5.10)

Note that the HF is a function of temporal channel correlation p,, since the
approximated input matrix depends on p, . We may avoid the calculation of HF for sum-
rate estimation by quantizing p, . We pre-calculate the HF-dependent terms in (4.31) and
(4.32) for given quantization levels of p, , and form a look-up table of the HF-dependent
terms. We quantize the temporal channel correlation of each user, and utilize the pre-
calculated HF-dependent terms to estimate the sum-rate, using the look-up table. Let
S, ={p,-.m Py} be a set of quantization levels of p . From (5.9), p, can be

approximated as

P, =argmin

Iesﬂ

(5.11)

nol ( npt 7|
- k_k{k_kﬁl] ,
1-p\1=-p;
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It can be shown that Q, :{,afNR/(l—,af)} I, only depends upon p, . However, we may
need to utilize the CSI to calculate 5, for the quantization of p,. We may further
approximate the input matrix of HF by averaging the numerator in (5.10) over Hb,k'
Then, it can be shown that 7, =1. We may quantize p, as

P =arg minf),esp |:5| _pkl ‘ (5.12)

We may need HF terms corresponding to elements in S _, which can be pre-calculated.

We may represent the quantized HF-dependent terms in (4.31) and (4.32) corresponding

to pes, as
FNR [NzR+lj N 2y
Y(p)=2—~% Jpl g0k ABr
1(pu) - (NRJ 1 1{ 2 2(1_5i2) NRJ
Ng 2
N (5.13)
F( 2 +1J Ne. AN
Y.(p)=2N"1 El_1rR.__Fi"R
(2) (N] T )
| I i
R 2
Then, we can approximate (4.31) and (4.32) as
éﬁk = (1_/0;(2) zabz,kﬂbz,kASflz,k Yl(ﬁk)
" (5.14)
2(i- (i-) n
S =|(1-p8) X B (AN) T2 ()
beBy

where (AE:Q*)(,,) denotes AY), without the i-th row and column.

We may approximate the achievable sum-rate of a given set of users, denoted by S,

as
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. it
M, Eézlogz{H{gk:{[‘i’kv'\i’rv'l,i +tr(\?k1|)§2lk)}+af ggk)} ] (5.15)
We do not need to calculate the beam weight and the HF to estimate the proposed metric,
but only need to handle multiplications of diagonal matrices whose elements are
dependent of the CCM, significantly reducing the computational complexity. The greedy
algorithm based on the proposed metric is summarized in Table 5-2. Here, Mg, [t.,n]

denotes the proposed metric for usersin S[t,n] at the n-th subframe of the t-th frame.

Table 5-2. Proposed resource allocation at current frame t.

Input: R, [t]. o [t.N]
Initialization: S[t,n]=&,S,[t.n]={12,.., K}

In every subframe do:

1. For keS,,[t,n], compute M t,n]

s[t.n]Uik} [

2. If Mg [t.n]<M t,n] where k" =argmax, M t.n],

[tnufk} [ st [
S[t.n]=S[t.nJU{K}, S [t.N] = S,en [t.0]\{K'}

3. Repeat 1~2 until Ms[t‘n][t,n]zMs[tvn]u{k*} [t.n] or S, [t.n]=0

Output: S[t,n]
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Fig. 5-2. Estimation of achievable sum-rate.

Fig. 5-2 depicts the sum-rate estimations based on (5.11) and (5.12) for the SNR of 0
and 20 dB, where N, =64, N,=4, B=2, K=4 and S, ={0,01,02..1 . To
evaluate the effect of the calibration by (5.10) on the estimation of sum-rate, we do not
consider the approximation of the beam weight by (5.5) here. It can be seen that the
approximation based on (5.12) provides underestimated sum-rate, whereas the

approximation based on (5.11) provides quite accurate sum-rate.

5.2.3. Resource allocation update algorithm

Since the proposed scheme depends on the CCM and the temporal channel

correlation, it may be desirable to update the resource allocation only when any of the
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both parameters have changed considerably. We define two conditions to trigger the

update for resource allocation.

First, at the current frame t, we update the user set S[t,n] through the greedy
algorithm in Table 5-2, when there exists a user whose eigenvectors of the CCM have
changed. Let A, [t] and E,, . [t] be setsof indices of eigenvectors of R, [t] and
Rapi[t] corresponding to n, and n. number of highest eigenvalues of the CCMs,
respectively. Also, let A'Y) and E\f) be sets of indices of the dominant eigenvectors
of the CCMs, at the time when the resource allocation was updated most recently due to
the change of CCM of user k. We update the resource allocation at the current frame only
when any user k exists satisfying A, [tJNAY), =@ or E,, ., [t]NEY, =2. The
condition implies that the dominant eigenvectors of CCM in the azimuth or the elevation
direction have changed from the last update time. For larger n, (or n.), the more
dominant eigenvectors of CCM need to be changed to trigger the update, resulting in less
frequent updates for resource allocation. We may determine n, and n. in
consideration of the average number of data streams transmitted to each user at the
previous frame, since the number of data streams is strongly related with the number of

dominant eigenvectors of CCM [31]. We may determine the both parameters as [31]

1

M =Ml = |S[t—1,n]

s [t-1n] (5.16)

keS[t-Ln]

where s [t—1n] denotes the number of data streams transmitted to user k at the n-th
subframe of the previous frame. In this case, A, [t.n], E,, [t.n], A, [n] and

Ey7)_ [n] depend on the subframe index n.
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Second, we update S[t,n] when there exists a user whose mobility has changed
from the last update time. Let g, [t,n] be the quantized temporal channel correlation at
the n-th subframe of the current frame, and [aﬁ“")[n] be the quantized temporal channel
correlation at the time when the resource allocation was updated most recently due to the
change of mobility of user k. When 4, [t,n]= AP [n] is satisfied, which means that
mobility of user k has changed, we update S[t,n]. When there is no user whose CCM or
mobility has changed, we maintain the resource allocation as same as the previous frame
(ie., S[t,n]=S[t-1n]).

Assume that only user k satisfies one of the conditions above, so that we need to
update the resource allocation at the current frame. We may maintain the resource
allocation for other users as same as the previous frame, since the channel conditions (i.e.,
CCM and temporal correlation) of those users are unchanged. We may need to update the
resource allocation for users whose transmission channel is correlated with that of user Kk,
since such users may be considerably affected by the change of channel conditions of
user k in a transmission performance manner [32]. We utilize the orthogonality of CCMs
to check the variation of transmission performance. For any user 1=k, when A [t,n]
(or E,,, [t.:n]) has no overlapped elements with A, [t,n] (or E,, . [t,n]), we may
consider that user k and I have orthogonal channel in an average manner, since their
dominant eigenvectors of CCM are orthogonal. In this case, the channel variation of user
k little affects the transmission performance of user | [32]. We maintain the resource
allocation for user | as same as the previous frame. For example, if 1eS[t-1n], we
schedule the user in S[t,n] so that 1eS[t,n]. We update the resource allocation for

users not satisfying the orthogonality condition (i.e., newly allocate resource to those
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users), by applying the algorithm in Table 5-2. Let S [t,n] and S,,_.,[t.n] be sets

trg—loc
of users satisfying the update conditions due to the change of CCM and mobility,
respectively. We define a set of users whose resource allocation is maintained as same as

the previous frame, as

A]J,I‘IA [t’ n]ﬂ Aﬁ,k,nA [t’ n] = @
Spi[t.n]=41eS[t-1n] orE,,. [t.n]NE,,, [t.n]=2 . (5.17)
fork e S t,N]USy_nes [t:N],1<b<B

trg—loc [

By initiating as S[t,n]=S,,[t.n] for the algorithm in Table 5-2, we can maintain the

resource allocation for users in S

init

[t,n]. By initiating as S, [t,n]={12,...K}\S,, [t.n]
for the algorithm, we can update the resource allocation for the remained users (i.e., users
not belonging to S, [t,n]) in a greedy manner. Since the number of users participating in
the greedy algorithm is reduced, the number of iterations in the greedy algorithm is also
reduced. The proposed update algorithm is described in Table 5-3, and an example of the
scheme with Ng. =1 is depicted in Fig. 5-3. In the figure, at the (t—1)-th frame, we
allocate the resource to user 2, 3 and 4. At frame t, the CCM of user 1 changes and it
triggers the update procedure. Since user 2 and 3 have orthogonal CCMs with user 1, we
maintain the resource allocation for those users. Since the CCM of user 4 is similar to that
of user 1, we update the resource allocation for user 1 and 4 by applying the algorithm in

Table 5-2.
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Table 5-3. Proposed resource allocation update algorithm at current frame t.

input Ry, 1], [L0], 5, [t-L, A, [n], EL2), [n], 4[]
Initialization: S[t,n]=&,S, [t.n]={L2,...K}

In every subframe do:

1. IfS tn]=g or S . [t.n]=D,do:

trg—loc [

1.1. Derive S.

init

[t,n] and obtain S[t,n] using the algorithm in Table 5-2 with

the initialization of S[t,n]=S,, [t.n] and S, [t.n]=S,[t.n]\S,;[t.n]

rem[
1.2. Update AP [n] and E!P) [n] for keS, .[t.n]

Kong

1.3. Update p"[n] for keS, . [t.n]

2. Otherwise, S[t,n]=S[t-1n]

Output: S[t,n]

Scheduled users Hardly affects

erformance
Channel temporal . CCM coherent region

corrrelation
A A
e o Allocate new
resource by the
e greedy algorithm

Not scheduled user Maintain thel
resource allocation

Trigge:r the update

»
Index of dominant
eigenvectors of LT-CSI

< framet> < frame t+1 >

Fig. 5-3. An example of the proposed update algorithm.
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Table 5-4. Computational complexity.

Main loop CCM approximation
Sum-rate-based O(BKKZN? + KK P, N, )
CD-based O(BKN +BKZN? + K2R Ny
SO-based -
O(BK max(N,,, N, )3)
Proposed O(BKKszet Ny )

5.2.4. Computational complexity

The computational complexity of the conventional schemes and the proposed

scheme is summarized in Table 5-4, where K_, denotes the size of a sub-optimal user

et
set obtained by each scheme. The sum-rate-based greedy algorithm calculates the beam
weight and the HF to estimate the sum-rate of every candidate user set, requiring high
computational complexity. The chordal distance-based (CD-based) algorithm updates a
candidate user set using the CD rather than the sum-rate [61], but the computational
complexity is still O(Nf) to calculate the CD. Also, the scheme repeatedly checks the
termination condition of the algorithm which still involves the estimation of sum-rate [61].
The proposed scheme does not require the calculation of beam weight and HF, requiring
much reduced computational complexity which is linear to N, . However, the proposed
scheme requires additional computation for diagonalization of CCMs in (5.4), which

costs computational complexity of O(Ni‘s) when a BS has a square antenna array [22].

In practice, we may not perform the computation in every transmission frame, since the
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CCM may have coherence time much longer than a single frame interval even in high
mobility environments [11]. The spatial orthogonality-based (SO-based) scheme
heuristically schedules users having orthogonal CCMs, without estimating the sum-rate.
The scheme requires only the CCM diagonalization process, requiring the lowest
computational complexity in the table [32]. However, the performance of the scheme may

significantly decrease since K., is determined heuristically, without considering the

set

sum-rate.

5.3. Performance evaluation

We evaluate the performance of the proposed scheme by computer simulation. We
consider two adjacent macro cells where each BS is equipped with antennas in a 2-D
square ULA, and the spatial channel correlation follows the NLOS ray-based model in
moderate AS environments [22]. The BSs transmit data to users by means of the
coordinated transmission described in the previous chapter. The main simulation

parameters are summarized in Table 5-5.

We compare the proposed scheme with the sum-rate-based greedy algorithm [58]
when the achievable sum-rate is perfectly known to the BSs, and is computed as the
analysis in (4.37), referred to “perfect sum-rate-based,” and “analysis-based,” in the
figures, respectively. We also verify the performance of the CD-based scheme [61], and
the SO-based scheme [32], referred to “CD-based,” and “SO-based” in the figures,

respectively.
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Table 5-5. Evaluation parameters.

Parameters Values
CCM model 3-D ray-based model [22]
AS Moderate mode [22]
Carrier frequency (: ]/ﬂ) 2.3GHz
BS antenna distance A2
Macro cell radius 200 m
Number of BS antennas (N ) 64
Number of user antennas (N ) 4 (if not specified)
Frame length 10 ms
Subframe length 1ms
Number of downlink subframes per frame (Ng.) 5
Update period for CCM 10 frames

We first verify the performance of the proposed resource allocation algorithm in
Table 5-2. In the simulation, each user is moving at a speed of uniformly randomly
distributed in a range of (0, 60) km/h, and Sp={0.10.2,...,0.9,1.0}. Fig. 5-4 depicts
spectral efficiency according to various parameters. It can be seen that the analysis-based
greedy algorithm provides performance most similar to the perfect sum-rate-based one,

since it accurately estimates the sum-rate exploiting both of CSI and CCM. It can also be

89



seen that the performance gap between the two cases increases as the subframe index
increases due to the analysis error in the presence of channel aging effect. It can be seen
that the proposed scheme with or without the calibration by (5.10) outperforms the other
low complexity schemes. The calibration little affects the performance, which implies
that the estimation error of sum-rate illustrated in Fig. 5-2 may be ignorable. It can be
seen that the CD-based scheme provides quite degraded performance because the scheme
exploits the CSI only so that it suffers from the channel aging effect. Also, in multi-cell
environments, the CD may be not an effective metric to replace the sum-rate since the
metric does not have any information about the inter-cell interference [61]. It can be seen
that the SO-based scheme provides the worst performance. This is because the scheme
heuristically schedules users without the consideration of the sum-rate. It can be seen
from sub-figure (d) that the performance gap between the proposed scheme and the
analysis-based greedy scheme increases as N, increases. This is because the proposed
scheme is based on the approximation of beam weight by (5.5), which is feasible when

N, > N, holds [30].

To verify the proposed update algorithm in Table 5-3, we observe the average
spectral efficiency during 5000 frames where a single frame interval is set to 10 ms. We
first verify the performance of the proposed scheme according to variation of CCM. We
consider an environment where users are moving in random direction at a fixed speed of
60 km/h, and the average SNR is 20 dB. Fig. 5-5 depicts the average spectral efficiency
of the proposed algorithm according to the subframe index. Also, Table 5-6 and 5-7
summarize the average number of updates for resource allocation and iterations in the

algorithm in Table 5-2, respectively. All the results are normalized to that of the proposed
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resource allocation scheme without the update algorithm. It can be seen that the case of
n, =ng =1 provides more than 95% of the performance when the update algorithm is not
applied, reducing the number of updates more than 10 times. Note that increasing n,
and n. may degrade the resource allocation performance due to less frequent updates,
but may improve the performance defining S, [t,n] more strictly by (5.17). It can be
seen from the figure that as n, and n. increase, the performance of the proposed
scheme usually decreases. This implies that the update period for resource allocation is a
main factor in the performance. It can also be seen that the number of updates increases
as the number of users increases, since there is more probability that an user exists whose

change of CCM is large enough to trigger the update for resource allocation.

We also consider an environment where a speed of each user changes at 10 km/h/s
with upper and lower bounds of 60 and 0 km/h, respectively. To evaluate the effect of
variation of mobility on the performance of the proposed update algorithm, we assume
that CCM of each user remains unchanged while the user is moving. We define d, asa
guantization density of the temporal channel correlation, representing difference between
two consecutive quantization levels in S . Smaller d, indicates denser quantization of
the temporal channel correlation. Fig. 5-6 depicts the normalized spectral efficiency of
the proposed scheme according to the subframe index, and Table 5-8 summarizes the
normalized number of updates for resource allocation. It can be seen that the proposed
scheme with smaller d, provides higher spectral efficiency due to more frequent
updates for resource allocation. It can also be seen that the proposed schemes with
d,=02 and d,6 =05 provide the same spectral efficiency at the first subframe. Since

the channel aging effect is the lowest at the first subframe, the temporal channel
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correlation may show little variation. We may not properly detect the variation of user
mobility with the rough quantization of d, =02 and d,=05. It can be seen from
Table 5-8 that there was no update for resource allocation when d =02 and d, =05
at the first subframe. It can also be seen from Fig. 5-6 that the performance when
d, =05 is much degraded at subframe 2 and 3, and the performance gap between the
cases of d, =0.2 and d,=0.5 is quite significant in those subframes. This implies that
the variation of temporal channel correlation is most dynamic in those subframes, so that

the rough quantization may yield inaccurate estimation of the sum-rate.

Finally, we verify the performance of the proposed scheme when both of CCM and
mobility of users are varying. The edge SNR is set to 0 dB and the calibration by (5.10) is
not applied. Also, n, and n. are determined as (5.16) and d, =0.1. Fig. 5-7 depicts
the spectral efficiency according to the subframe index, and Table 5-9 and 5-10
summarize the average number of updates for resource allocation and iterations in the
algorithm in Table 5-2, respectively. All the results are normalized to that of the analysis-
based greedy algorithm. It can be seen that the proposed schemes with and without the
update algorithm provide similar performance, outperforming the other low complexity
schemes. It can also be seen from the tables that the proposed scheme reduces the number
of updates and iterations more than 10 and 3 times, respectively, in comparison to the
analysis-based greedy algorithm. Note that the proposed update algorithm provides more
than 95 % of spectral efficiency of the analysis-based greedy algorithm, significantly

reducing the computation complexity.
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Table 5-7. Normalized number of iterations.

Subframe index 1 2 3 4 5

n,=ng =1 0.348 0.333 0.369 0.360 0.403
K=8 n,=ng =2 0.473 0.430 0.490 0.467 0.459
ny=ng =3 0.619 0.596 0.643 0.704 0.644
n,=ng =1 0.307 0.325 0.310 0.323 0.323
K=16 | ny=n.=2 0.470 0.459 0.436 0.467 0.470
Ny =ng =3 0.634 0.678 0.655 0.628 0.632
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Table 5-8. Normalized number of updates for resource allocation.

Subframe index 1 2 3 4 5

d,=01 0.013 0.036 0.068 0.087 0.101
K=8 d, =02 No update 0.013 0.037 0.049 0.057
d,=05 No update | 0.013 0.013 0.025 0.026
d, =01 0.025 0.065 0.110 0.132 0.151
K=16 d,=02 No update |  0.025 0.066 0.083 0.099
d,=05 No update 0.025 0.025 0.047 0.047
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E 0.95

E 0.9

EDBS

% 0.8

Bo7s

E 0.7

0.95

0.9

0.85

0.8

0.75

normalized spectral efficiency

0.7

Fig. 5-7. Normalized spectral efficiency of the proposed scheme.
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Table 5-9. Normalized number of updates for resource allocation.

Subframe index 1 2 3 4 5
Triggered by CCM 0.017
K =8 | Triggered by mobility | 0.013 0.036 0.068 0.081 0.096
Total 0.028 0.050 0.080 0.091 0.106
Triggered by CCM 0.032
K =16 | Triggered by mobility | 0.025 0.068 0.113 0.131 0.149
Total 0.053 0.088 0.127 0.142 0.157
Table 5-10. Normalized number of iterations.
Subframe index 1 2 3 4 5
K=8 0.294 0.260 0.242 0.264 0.277
K =16 0.251 0.226 0.230 0.251 0.262
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Chapter 6

Conclusions

In this dissertation, we have considered downlink transmission to users in high
mobility in m-MIMO environments, particularly in view of channel estimation, signal

transmission and resource allocation.

We have designed the CCM estimation scheme lowering the pilot signaling overhead.
Exploiting the property that pairs of antennas in an equal distance experience spatial
channel correlation similar to each other, we jointly estimate the spatial channel
correlation of those antenna pairs by means of the LS estimation. We have analyzed the
MSE of elements in the estimated CCM, and designed the refinement scheme which
neglects elements of CCM whose estimated MSE is higher than a reference value. The
simulation results showed that the proposed scheme affordably estimates the CCM and

the CSI in various spatial channel correlation environments.

We also have designed the signal transmission scheme robust to the channel aging
effect. We have analyzed the average SLNR for each user in the presence of channel
aging effect, and designed the beam weight to maximize the average SLNR. The

proposed beam weight comprises the eigen-direction of a linear combination of the CSI
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and the CCM with adjustment of temporal channel correlation. We also have analyzed the
average SINR obtained by the proposed scheme, and managed the transmit power by
using an iterative water-filling technique. The simulation results showed that the
proposed scheme improves the transmission performance for users in various mobility

conditions, comparing with the conventional schemes

Finally, we have designed the resource allocation scheme for m-MIMO systems in
the presence of channel aging effect. We have designed the greedy algorithm that
allocates the transmission resource to maximize the sum-rate in the presence of channel
aging effect. We can estimate the sum-rate from the beam weight and the HF, which may
yield very high computational complexity. To alleviate the problem, we approximately
determined the beam weight in the eigen-direction of CCM by means of the AJD, and
approximated the HF as a function of the temporal channel correlation. Since we can
estimate the sum-rate using spatial and temporal channel correlation, we have designed
the update algorithm for resource allocation where the scheduling state of users is
updated only when the change of CCM or temporal channel correlation affects the sum-
rate. The simulation results showed that the proposed scheme provides performance
similar to a greedy algorithm based on accurate sum-rate, significantly reducing

computational complexity.
We summarize interesting future research directions below.

o Ultra-reliable communication: A cellular system may need to guarantee high
reliability in communication for specific applications such as a cellular vehicular-to-
everything (C-V2X) [70]. It has been shown that the proposed scheme can significantly

improve transmission performance for users in high mobility, which may be applied to
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communication between a BS and a vehicle for infotainment services. However, the
proposed scheme may not work properly when a BS handles data for the safety
applications, which may require ultra-reliable communication [70]. The proposed
beamforming scheme may not be helpful for enhancement of reliability, since the use
of CCM does not provide a beam weight perfectly matched to short-term channel state
(i.e., CSI) between a BS and a vehicle. As a result, the received SINR may fluctuate
according to the channel state, although the scheme improves the received SINR in an
average manner. To improve the reliability, it may be desirable to develop efficient
signal transmission scheme in consideration of the outage probability of received SINR

and outdated CSI simultaneously.

Low latency communication: For conventional real-time traffic such as gaming and
video streaming, the required latency is about tens of milliseconds which is usually
larger than a single transmission frame interval in current cellular systems [71]. For
such services, a greedy resource allocation scheme maximizing the sum-rate may
provide performance similar to that considering quality of service (QoS) of users, in a
QoS manner [58]. This implies that the proposed scheme may be able to support such
traffic for users in high mobility. However, it may be required to support ultra-low
latency services in the next generation cellular systems, such as remote control and
tactile internet. The services may require latency lower than 1 ms [72]. The proposed
scheme may not guarantee QoS of such services since the scheme updates the resource
allocation only when the CCM or the temporal channel correlation has changed. This
means that the update period is at least longer than a single frame interval, which may

be also longer than the required latency constraint of the services. It is desirable to
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design a QoS-aware resource allocation scheme, which can operate whenever such
services are required, regardless of the update period of the resource allocation. The
resource allocation schemes for conventional and ultra-low latency services may
operate cooperatively in the same available frequency band, regarding the latter as a

special operation mode for specific applications [71].
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Appendix

Let UeC"™™ be a unitary matrix and DeC™" be a diagonal matrix with distinct
positive elements. Also, let u; be an element of U corresponding to the i-th row and j-
th column, and d, be the i-th diagonal element of D. We assume that the elements of
D are arranged in an ascending order. It can be written that

[upur ] = —=2 (4.46)

2 77i.
Zdi|uij|
Note that u; satisfies conditions as

2
0<lu;| <1

N 2 N 2 .
;|uij| =1 and jZ:;‘|uij| =1

(4.47)

Let U=1, and the corresponding element be d, . From the constraints, it can be shown

that

m—120

i(’]i -7 ) 20 (4.48)

where 7 =Y"d, |l3a,-|2 . By the convexity of (4.46), it can be written as
=1
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> di (4.49)

_\‘»||—\

When D is not a diagonal matrix, we can diagonalize the matrix with the use of
U=UUL where U, is a matrix comprising eigenvectors of D and U is a unitary

matrix. The equality holds when U=U}.
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Korean Abstract

7| A =0l FEE SHHUE &85ty w2 HAF o5& & T Ue
W2 v otHY(massive MIMO) Al28lo] At 4 B4 A|lAxvlo g
Zbgdk k. ol i E AE3I Y AHHB(channel state

information)& 7|¥ro.2 &= Ao dE 9 Al #E V)sEo] Aot
A A} g A7} 1mE o7 o|EE= B Ao s Fo] AT AY HH o}
AA A Aol AA kA= MY W3t @I (channel aging effect)”7}
WAskel, Al ~®l AL Aol AAsH stEE 4 k. 9 wAlE slAds)
Aate, dudez  ARgAR olFAd  =gAl ®IsteE T AHe
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olE HAsiM= X duxE FEs FANCE s, o A Z A=Z
Fol oprld 4 ok Al ZIEE ZIA=ol #dd A9 <tHY

Al E (uniform linear array)< 7FA3 = FAA, 22 A9 <THL
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TAE dAsty] sk, 7 AFEA gk Ald wWst g E EHoR
aHEstEA H As o 747 2 34 (signal-to-leakage-plus—noise

ratio)® Agats A% W AFAS AL A PSS AEASe

#2-H](signal-to-interference—plus—noise ratio)S #413}al, o]E 7|Wlo 2

= A% A

A5 A= 2l WS Aok,

Aorsict, o= fsle], A A WItE ugste] A|2®E A As(sum-
rate)S HUgst= " (greedy) LY E 7NV Y T U]ES
AASY, & olFs FAHANAM A|xH AP AT F

AREAEC gist A J Jhe e} ™ol gt 27|38t ¥4 (hypergeometric

function of a matrix argument)2} FHE H3HgE Axbo] & Q) o] FAE
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