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1. Introduction

A system where the number antennas at the access point
(AP) is much larger than the number of users is referred
to as very large antenna array or massive MIMO system
[1], [2]. Such a technology is widely believed to be a key
enabler of the future 5G networks and fuels intense research
activities.

When the channel reciprocity can be exploited, massive
MIMO systems have impressive advantages in combat-
ting interference without the costly signalling for coopera-
tion and/or coordination of current cooperative multi-point
(CoMP) architectures. In [2] it is shown that massive MIMO
systems are not limited by data interference from adjacent
cells, allow for a vanishing power per bit as the number
of antennas grows, and simple linear detectors such as
matched filters can be implemented at the receiver without
substantial loss in performance.

However, as well known, an effective design of the down-
link communications is strongly sensitive to CSI knowl-
edge. Then, it is of paramount importance the CSI ac-
quisition, which may cause a huge feedback overhead,
particularly in fast fading channels with short coherence
time. In [2], Marzetta limited the applicability of massive
MIMO networks to time division duplex (TDD) mode since
heavy load feedback can be avoided by resorting channel
reciprocity and adopting open loop feedback.

When uplink-downlink channel reciprocity does not hold, as
for example in FDD systems, a closed-loop CSI feedback
is required. In a closed loop feedback scheme, each user
needs to retransmit an amount of information proportional
to the number of antennas at the AP. This task becomes
unfeasible during the channel coherence time when the
number of antennas grows large. Promising schemes for
FDD mode have been proposed in [3], [4], and [5]. Most of
these contributions leverage on the reduced rankness of the
channel covariance matrices of user terminals in a massive
MIMO system. In [6] and [7], the authors pointed out the
low rankness of the channel covariance matrices for wide
classes of antenna array configurations and exploited it for
channel estimation. In [3] and [8], the authors exploit the
reduced rankness of the correlation structure of UTs chan-
nels in the proposed Joint Spatial Division and Multiplexing
(JSDM) scheme. The image of a user channel covariance
matrix, whose dimension is substantially lower than the
number of antennas at the AP, is referred to as effective
channel subspace (ECS). The JSDM approach clusters
users that share the same ECS and schedules simultaneous
transmissions to clusters with orthogonal ECS. The signals
for a certain cluster are projected onto the cluster ECS

before transmission. Within a cluster, the signal is precoded
based on the feedback for the ECS. Further feedback reduc-
tions are also possible by restricting the pre-beamformers
to a subset of the ECS called reduced-dimension effective
channel subspace. Recently, in [5], the authors capitalize
on D2D communications and allow the users in a cluster
to share their CSI, obtaining significant reduction in the
CSI feedback. In [9], an iterative compensation algorithm,
that reduces the complexity of a two-tier precoding for
massive MIMOs has been proposed. Additionally, in [4],
the authors introduce a sparse model representation of
multi-cell massive MIMO systems and exploit compressive
sensing (CS) techniques to reduce the training as well as
the feedback overhead for the CSI acquisition at the AP.
Under realistic conditions, with arbitrary configurations of
large antenna arrays and randomly located users, the ECSs
of different users are in general different and the dimensions
of a cluster subspace, union of the ECSs of the cluster
users, might be still too large. The selection of a reduced
dimension ECS is not obvious and an arbitrary subspace
selection can severely impair the system performance [8].
In this paper, we address this issue and we provide a
solution that leverages on D2D communications to create
virtual MIMOs. As in the JSDM protocol, we cluster n
users and project the signals to be transmitted onto the ECS
via a beamformer. In contrast to the JSDM that requires
instantaneous CSI feedback, we design the precoder as for
a point-to-point MIMO system with only statistical CSI
of the ECS at the transmitter. At each channel use, n
information data streams for a target user in the cluster are
precoded and subsequently beamformed for transmission.
Each non-target user in the cluster amplifies and forwards
the received signal such that the target user receives n — 1
additional independent versions of the transmit signal to
create a virtual MIMO system.

This article is organized as follows. Section 2 describes
the system model. In Section 3 we define the proposed
solution and derive the corresponding performance in terms
of achievable total rate of a cluster. In Section 4 we assess
the performance of the proposed system by numerical
simulations and compare it with the benchmark JSDM
protocol in [8].

The following notation has been used throughout the paper:
Boldface uppercase and lowercase letters denote matrices
and vectors, respectively. Scalars are in italic. I, is the
identity matrix of size n x n. The Hermitian operator of a
matrix X is denoted by X. CNV(u, 2) denotes a complex
Gaussian random vector with mean g and covariance X.
E{-} is the expectation operator; tr(-) denotes the traces of



the matrix argument. Finally, diag(v) is the square diagonal
matrix having the element of vector v as diagonal elements.

2. System Model

We consider a single-cell massive MIMO system with
the access point equipped with M antennas and serving
single antenna users. The channel is fast fading and non-
reciprocal, for example because the system operates in FDD
mode. Let Ry denote the covariance matrix of user k
channel and let us refer to its image as ECS of user k.
As in [3], users with almost overlapping ECSs are clustered
together. For a cluster C, we introduce the cluster covariance
matrix defined as R, = >, .. Rx and we refer to its
image as the cluster ECS. Simultaneous transmissions are
scheduled to clusters with orthogonal (or quasi-orthogonal)
cluster ECSs. Under strict orthogonality of the cluster
ECSs, by projecting the signals meant for a single cluster
onto its ECS by beamforming, the cluster signals do not
cause interference to the other simultaneously scheduled
clusters. Thus, in the following we can focus on a single
cluster with n users.

Down-link Transmission

The downlink transmission to a single cluster C is modeled
by:
=H”Bs +n, (1)

where y is the n-dimensional complex column vector of
received signals at all the cluster users; s denotes the vector
of i.i.d. Gaussian signals with zero-mean and unit-variance;
and n represents the spatially and temporally white additive
Gaussian noise (AWGN) with zero-mean and element-wise
variance 0 . Finally, B is the down-link beamformer such
that tr{BBH } = Praz, if P is the total transmit power
constraint. The down-link channel between the access point
and the k-th user in the cluster C is denoted by the M-
dimensional complex vector hy. Therefore,

H. = [hy, hy,...h,] e C*" )

and Ry, = E{h;h'}. By leveraging on the low rankness of
R. and assuming its rank equals b, the cluster covariance
matrix can be expressed as

R. = UAU" (©)
where A is the bx b matrix of the nonzero eigenvalues of R
in non increasing order and U is the M x b matrix whose
columns are the normalized eigenvectors of R.. Similarly,
Ry, = UkAkU,67 with analogous meaning for by, Ay
and Uy. Since, by construction, the subspace spanned by
the column vectors of Uy lies into the subspace spanned
by the column vectors of U, then U = UTy, where
Ty is a b x b matrix whose i-th column elements are
the coefficients of the ¢-th column of U, in the basis U.
Additionally, the Gaussian vector h; can be expressed as
h, = fjkfx,i/zﬁk being ]?1;C a by,-dimensional vector of zero-
mean, unit variance, independent Gaussian elements. Then,

~1/2~

~ ~1/2~ ~
H. -0 |TA R, - ToA "R | = UA., @

where A, is a matrix of Gaussian elements, in general,

column-wise correlated. In the following we adopt the
~1/2~
notation a.; = TkAk/ h;.

Finally, by projecting the signals to be transmitted onto
the cluster ECS, which implies to structure the matrix B
as B = UB, being the first operator U the projection
beamformer, we obtain an equivalent system model in the
ECS with reduced dimensions

y=AH Bs +n. (5)
The received signal at user k is given by

yp =aiBs+n (6)
and the corresponding averaged received power is

P, = tr{BAR;B} + 2. (7)

Intra-cluster D2D Communications

By D2D communications, the users in a cluster retransmit
the received signals in orthogonal time intervals. User ¢
amplifies and forwards its received signal y, such that its

transmitted signal is
P,
Ty =1/ —=
0=/ B

where P, is the average transmit power constraint as user
¢ acts as relay. To keep the notation easy, we assume that
P, is equal to all the users.

As likely from physical considerations and the analysis in
[7], users within a cluster are closely located and far apart
from users in other clusters. Then, we can assume that
the simultaneous D2D transmissions in other clusters do
not interfere with the intra-cluster transmissions. Thus, the
signal received by user k from user ¢ is given by

Tk = JreTe + W

[P, - IP
= Egk,eaﬁiBs + Egkénl + wy, (®)

where gy, ¢ is the channel coefficient of the fast fading link
from user ¢ to user k, realization of a Gaussian random
process with variance <y . Finally, wy is the additive
Gaussian noise with unit variance at user k£ when it acts
as receiver in the D2D communications.

At the end of the relaying phase, user k has n independent
received versions of the original transmitted signal and can
act as a virtual MIMO. The corresponding system model is
given by

r, = T, AYBs +z )

where I';, is an n X n diagonal matrix given by

I'.=d A = 1/
k lag[ gkh Pk lgkk 1,1,
H 9kk+1 \/ gkn




and z is the equivalent Gaussian noise with diagonal
covariance matrix, at UT k, given by:
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3. Design and Analysis of the Proposed System

In this section we detail the proposed massive MIMO
system which combats intra-cluster interference via virtual
MIMO systems in the cluster. The AP transmits at each
channel use information streams to the same final user in the
cluster refered to as target user throughout this work. With a
simple round robin algorithm, a transmission to each of the
users in the cluster is performed each n time intervals. In
contrast to the JSDM communication scheme, instantaneous
CSI is not fed back to the access point to optimally design a
precoder. Additionally, in this work, we assume that also the
statistics that characterize the D2D communications are not
fed back to the access point. Each user simply feeds back
the rate at which its own data have to be transmitted. As
detailed later, this rate can be computed locally by each user
terminal. Then, the access point is substantially oblivious
of the presence of varying virtual MIMO systems at the
receiver side and the precoder design at the transmitter can
be optimized for the fictitious point-to-point MIMO system
in (1) or, equivalently, for the MIMO system in the cluster
ECS in (5) by keeping in mind that the global precoder
B consists of the cascade of the precoder B in the cluster
ECS followed by the beamformer U.

Although, in general, an optimal design of the system to
maximize the rate at the fictitious point-to-point MIMO
system would require the transmission of the information
over b symbol streams and a careful design of the precoder
B along the lines of available works in literature for
general correlated MIMO channels [10], in this contribution
we opt for a suboptimal precoder to keep the exposition
simple and concise. The proposed precoder transmits n
streams with identical powers along the directions of the
eigenvectors with the n highest eigenvalues of the matrix
R., equivalently

E:Pm”[o T } (10)
n (b—n)xn

where O(,_pn)xp is @ (b —n) x n matrix of zeros. Thus, (9)

reduces to

P ~
ry = MI‘kAfIS +z
n -

where A, is the submatrix obtained from A, by extracting
the first n rows. Then, the achievable rate for the target user
k is

1 Pmax NHA -
R, = -E {log det {In + " ATA TS, 1”
n n
where the factor n~! is due to the fact that user k receives

each n channel uses. Note that user & feeds back the value
n Ry, that should be used for encoding at the AP.

The total achievable rate in cluster C is given by

R.=Y_ Ry.
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4. Simulation Results

In this section we assess the performance of the proposed
communication system by simulations and we compare it
with the benchmark JSDM system [3]. In all the simulations
we adopt the following setting. We consider a system with
M = 64 antennas and 16 users divided into 4 clusters
with the same number of users, i.e. n = 4. At the access
point, we adopt various configurations of the antenna array:
Uniform Linear Array (ULA), Uniform Circular Array
(UCA), and Random Array (RA). The downlink channel is
fast fading with Gaussian distributed coefficients. In order
to generate the covariance matrices of users’ channels, we
utilize a one-ring model as in [3] and the same configuration
adopted in [3]: the ECSs have size b > r with r = 11 where
r is the number of dominant eigen-modes. In order to better
understand the simulation results is relevant to recall that for
the ULA the users are randomly distributed over a sector of
180 degrees while for the UCA and RA they are distributed
over the full coverage area. Additionally, also the channels
between pairs of users are fast fading, independent each
other, and follow a complex Gaussian distribution with zero
mean and unit variance.

Figures 1(a)-(c) provide a comparison between the proposed
massive MIMO system with cooperation via D2D and the
non-cooperative JSDM system. All the figures show the
achievable total rate of the system as a function of the
SNR in the downlink transmission between the access
point and the user terminals. For the JSDM benchmark
system, we show the performance (dashed lines) in the
two cases when a zero forcing (ZF, square markers) and
a regularized zero forcing (RZF, circles markers) precoding
are implemented at the access point. No penalty is imposed
to account for the cost of the feedback, which is essential to
properly design ZF and RZF precoding. Both precoders are
designed under the assumption of perfect CSI. It is worth
recalling that the feedback requires a relevant portion of
the useful bandwidth which can be dominant compared
to the bandwidth allocated to the information when the
dimensions of the ECSs are large and/or a high accuracy
for the CSI is required. The performance of the proposed
system is plotted in solid lines for various values of the
average transmit powers at the user terminals when they
act as relays, more specifically, for P, = 0 dB (square
markers), P, = 5 dB (star markers), and P, = 10 dB
(triangle markers).

Since the clusters in the system with ULA antenna config-
uration suffer from a higher inter-cluster interference than
the other systems, for this antenna configuration we obtain
the poorest performance and, not surprisingly, the RZF
has poorer performance at high SNR than at lower SNR.
Intercluster interference is less significant for the proposed
system since we adopt a reduced ECS of minimum size. For
all the considered antenna configurations and the range of
SNR of practical interest, the proposed system outperforms
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Figure 1: Average Total Rate vs SNR in downlink for the proposed system (solid lines) with varying average relay powers
(square marker P, = 0 dB, star marker P, = 5 dB, triangle marker P, = 10 dB) and the benchmark JSDM system (dashed
lines) with zero forcing (square marker) and regularized zero forcing (circle marker). Users randomly distributed in the
coverage area and (a) ULA, (b) UCA, and (c) RA antenna configurations.

the benchmark system with ZF beamforming, even at very
low levels of P,, the averaged transmitted power at the
relays. The comparison to the benchmark system with
RZF beamforming is more critical: while at high SNR
the proposed system has always better performance, at low
SNR the same performance of the benchmark are attained
at the expenses of higher transmit powers in the relaying
phase. However, it is worth recalling that our plots do
not account for the bandwidth required by the feedback.
Additionally, this work does not explore the improvements
of the proposed system that can be obtained by adopting
reduced ECS of larger size and optimal precoding matrices.
These further analyses are left for further studies.
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