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Abstract—Massive multiple-input multiple-output (MIMO) is
an emerging technology for future wireless networks, scaling up
conventional MIMO to an unprecedented number of antennas
at base stations. Such a large antenna array has the potential
to make the system achieve high channel capacity and spectral
efficiency, but it also leads to high cost in terms of hardware
complexity. In this paper, we consider a finite dimensional
channel model in which finite distinct directions are applied with
M angular bins. In massive multi-user MIMO systems, a hybrid
precoding method is proposed to reduce the required number
of radio frequency (RF) chains at the base station, employing
a single antenna per mobile station. The proposed precoder is
partitioned into a high-dimensional RF precoder and a low-
dimensional baseband precoder. The RF precoder is designed
to obtain power gain with phase-only control and the baseband
precoder is designed to facilitate multi-stream processing. For
realistic scenarios, we consider the situation where the RF phase
control is quantized up to B bits of precision. Furthermore, an
upper bound on spectral efficiency is derived with the proposed
precoding scheme. The simulation results show that hybrid
precoding achieves desirable performance in terms of spectral
efficiency, which approaches the performance of zero-forcing
precoding.

Index Terms—Massive MIMO, precoding, finite dimension, RF
chain, hardware complexity

I. INTRODUCTION

The blossoming research on massive multiple-input
multiple-output (MIMO) technology has captured the attention
of researchers all over the world [1] [2] [3], as it is proposed
to deal with the challenges of the exponentially growing com-
munication traffic and spectrum bands with wider bandwidth
[4] [5]. In order to achieve high array gain and high spatial
multiplexing gain, massive MIMO employs an unprecedented
number of base station antennas simultaneously to serve a
smaller number of single-antenna user terminals in the same
channel. In massive MIMO systems, linear precoding methods
such as zero-forcing (ZF) and minimum mean square error
(MMSE) are able to achieve near optimal performance [1].
However, traditional precoding schemes process the complex
signals digitally at the baseband and then upconvert to the
carrier frequency, thus every antenna element needs to be
coupled with one radio frequency (RF) chain, which includes
the digital-to-analog convertors, mixers and power amplifiers.
When the number of antennas at the base station is very large,
a large number of RF chains will result in excessively high
hardware cost and power consumption.

To address the RF hardware constraints [6], variable phase
shifters with high-dimensional phase-only RF processing are
exploited to control the phases of the upconverted RF signal
[7] [8]. The variable phase shifters are digitally controlled and
changed in reasonably low time scale for variable channels.
Therefore, a hybrid precoding scheme is proposed, which
exploits a phase-only RF precoder in the analog domain and
a baseband precoder in the digital domain. In [9], phase only
RF precoding is proposed to implement maximization of the
average spectral efficiency of single-antenna mobile stations
for massive MIMO systems. Furthermore, in millimetre wave
(mmWave) MIMO systems, [10] and [11] use hybrid methods
to obtain near optimal SVD (singular value decomposition)
performance, which decomposes the optimal precoder and
combiner through the concept of orthogonal matching pursuit.
Due to the high complexity of searching columns of the
overcomplete matrix in [11], a low-complexity hybrid sparse
precoding method is proposed in [12] using a greedy method
with the element-wise normalization of the first singular vector
of the residual. In [13], limited feedback hybrid precoding is
proposed with small training and feedback overhead to achieve
near optimal block diagonalization performance. In addition,
not only the number of RF chains but also phase shifters can
be reduced to cut energy consumption based on successive
interference cancelation hybrid precoding with sub-connected
architecture in [14]. In terms of mmWave MIMO systems, the
channel model in [11], [13], [14] focuses on point-to-point
channels using the clustered channel model. However, for the
multiple users situation, where each mobile station is equipped
with a single antenna, a finite dimensional channel model with
M angular bins can be more applicable to obtain generally
correlated or not asymptotically orthogonal channel [15]. The
reason is that the finite dimensional channel is able to reflect
the property of the poor scattering channel environment caused
by high pathloss at high frequency [16] and the angles of
arrival at the mobile stations can be neglected.

In this paper, we consider the downlink transmission of
massive multi-user MIMO systems with a finite dimensional
channel model, in which a limited number of dimensions M
is defined to model the channel vectors. Unfortunately, the
precoding methods in [11] and [16] can not be applied to such
a finite dimensional channel. Thus, a low complexity hybrid
precoding scheme is proposed for an M -dimensional channel
model. By analyzing the structure of the channel model, we



combine the beamsteering codebooks with extracting the phase
of the conjugate transpose of the fast fading matrix [17] to
design the RF precoder, which thereby harvests the large array
gain achieved by an unprecedented number of base station
antennas. Then a baseband precoder is designed based on the
equivalent channel with ZF precoding. Furthermore, we derive
a tight upper bound on the achievable rate and investigate the
performance of hybrid precoding when the number of base
station antennas is much larger than M. It is shown that the
hybrid precoding is actually more feasible than traditional ZF
precoding, because of the near optimal performance and low
hardware complexity. In consideration of practical constraints
of the phase shifter, the performance of the proposed precoding
is also investigated in the simulation based on quantized RF
phase control.

II. SYSTEM MODEL
A. System Model

We consider the downlink of a massive multi-user MIMO
system. As shown in Fig. 1, we denote the number of base
station antennas as /V; and assume there are only Npr RF
chains at the base station to communicate with K mobile
stations. For simplicity, the base station utilizes K RF chains to
serve the mobile stations and each mobile station is equipped
with a single antenna. Single data streams are transmitted from
the base station to every mobile station, therefore we assume
K transmitted data streams are handled by the base station.

On the downlink, we propose a new hybrid precoding
scheme, for which F = [Fq,Fs, -+ | Fg] is the RF precoder of
dimension N; X K and B = [By,Bo, - ,Bg] is the baseband
precoder of dimension K x K. The baseband precoder modifies
both amplitude and phase while only phase changes can be
made by the RF precoder with a network of variable analog
phase shifters. Thus, the entries F,, , in the RF precoder
are of constant modulus, which are normalized to satisfy
) 2 = N% Due to the total transmit power constraint,
the entries of B are normalized to satisfy |[FB|% = K, where
| - || 7 is the Frobenius norm. The transmit signal is given by

x = FBs, (1)

where s = [s1, 82, -+, sx]T. s € CE*1 is the vector of signal
for K mobile stations, and [-]7 denotes vector transpose.
E[ss?’] = L1 where P, is the total transmit power and E[ -]
is used to denote expectation operator. We further assume that
perfect channel state information is known at the base station.
The signal received at the kth mobile station is given by

K
v =Hp Y FBys, + ny, 2)
n=1
where Hj represents the 1 x N, downlink channel gains
between the base station and kth mobile station and ny
represents additive white Gaussian noise with zero mean and
unit variance, i.e. CN(0,0%). The general channel matrix
is set as H = [H;,Hs, - ,Hg]?. In this channel model,
combiners are not used at the mobile stations, which reduces
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Fig. 1. System diagram of massive multi-user MIMO systems with hybrid
precoding for a finite dimensional channel.

the hardware cost and power consumption. The achievable
spectral efficiency of this transmission can be expressed as

L |H,FBy, |2

b, K 2 27
K n=1,n#k |HkFBn| +o

Ry, =logy(1 4+ 3)

The sum spectral efficiency of the system is R = Z,[le Ry.

B. Channel Model

In reality, the channel environment suffers from poor scat-
tering which will influence the performance of systems and the
dimension of the physical channel is finite [18] [19]. Moreover,
large antenna arrays operating at high frequency will imply
channel vectors are correlated, hence many statistical fading
models of traditional MIMO systems are not applicable [11].
Due to the mobile stations being equipped with a single
antenna, the angles of arrival at the mobile stations are not
considered, so the clustered channel model is also inaccurate.
In this paper, we consider a geometric channel model with
finite dimension. The M -dimensional channel divides the
transmitted angular region into M directions, where M < N;.
The angles of departure 6,, are applied in each direction,
where 0, € [-7/2,7/2] and m = 1,--- , M. We employ the
uniform linear array (ULA) in our work. The vector ags(6.,)
presents the transmit antenna array structure and the N; x 1
array response vector aggs(6,,) can be defined as

N
VM

om
—7 == dsinb,,
[1,6 A s,

aBS(enL) = efj(Ntfl)zTﬂdsi’rL@m]T

4)

where )\ is the wavelength of the signal and d is the dis-
tance between antenna elements. Under this model, the M-
dimensional channel can be expressed as

H = GA", (5)

where A = [335(81) 335(92)”'335(01\4)] is an Nt x M
matrix, G presents the propagation coefficient matrix of di-
mension K x M from the base station to mobile stations and
() denotes Hermitian transpose. The propagation matrix G



is used to model fast fading, geometric attenuation and shadow
fading [15]. Then, we have propagation matrix

G =DW, (6)

where D, of dimension K X K, is the diagonal matrix of
the geometric attenuation and shadow fading coefficients for
the multi-cell scenario. The diagonal elements of D, which
are given by [xg, are assumed to be constant, because they
vary slowly with time. Sy, represents the (k, k)th entry of D.
The entries in the K x M matrix W represent the fast fading
coefficients between the base station and mobile stations,
which are assumed to have zero mean and unit variance [15].
Therefore, assuming W = [W1, Wq, -+ Wg]T, (2) can be
written as

K
Uk = BerWiA™ > " FBys,, + ny, (7)

n=1
III. HYBRID PRECODING DESIGN

In this section, we propose a new design of hybrid precoding
algorithm in the finite dimensional channel. The main objec-
tive is to achieve optimal spectral efficiency with low hardware
complexity. The simplest precoding scheme is to invert the
channel matrix using pseudoinverse, which is referred to as
ZF precoding. However, in massive MIMO systems, although
ZF precoding achieves near optimal capacity performance, a
large number of RF chains are required to perform analog-to-
digital conversion and frequency translation between baseband
and RF, which suffers from high hardware cost and restricts
the array size at the base station from scaling to a large
dimension. Thus, the proposed precoding scheme leverages
the structure of the finite dimensional channel to address the
hardware constraints.

A. Hybrid Precoder Design

As shown in Fig. 1, the hybrid precoder is composed of an
RF precoder F and a baseband precoder B. F utilizes the phase
shifters to couple K RF chains with V; base station antennas
based on phase-only control of the upconverted RF signal and
B performs low-dimensional multiple stream processing to
change the amplitude and phase of the transmitted complex
signal based on ZF precoding.

First, we design the RF precoding matrix F. Perfect channel
state information is assumed known at the base station and we
extract the phases of the conjugate transpose of the fast fading
coefficient matrix W as W,,, ,, = —L_ei®m.n where Pm,n 18
the phase of the (m,n)th entry of the conjugate transpose
of W. Then beamsteering codebooks are required and have
similar form to the array response vector. We assume A to
be the beamsteering codebook and because of the phase-only
processing, it is designed by the normalized array response
vector. We select A from A to maximize the diagonal entries
of matrix A A and then use W to maximize the desired signal
power of mobile stations. Therefore, the design of the RF
precoder F can be given by

F = AW, ®)

In realistic application scenarios, the practical constraints
of phase shifters makes the phase of each entry of F suffer
from the impact of coarse quantization, which influences
the performance of hybrid precoding. Therefore, we also
consider the situation where the phases of the K N; entries
are quantized up to B bits of precision, i.e. B = 4 or 5. In
Section IV, the performance with quantized F is investigated
to compare with the unquantized situation.

Then an equivalent channel H is applied to design the
baseband precoder B. The dimension of H is K x K, which
is much lower than the N, x K dimension of the original

channel. H is given by
H = HF, )

where H = [H;, Hy, - - - ’HK]' After ZF precoding, the direct
baseband precoding matrix B based on the equivalent channel
is then defined as

B=0"@H")", (10)
The normalized baseband precoder B is
B
B=———, (1)
\/ IIFB|[%
where B = [B1,Bo, -+ ,Bg]| to satisfy the precoding power

constraints |[FB.|2 = 1. From (8) and (11), F and B of
the hybrid precoding are both obtained. As shown in Fig. 1,
the transmitter supports simultaneous transmission of K data
streams and the hardware complexity is obviously reduced
because there are only K RF chains using the proposed
precoding instead of N; RF chains required by the traditional
ZF precoding and K < N;. For example, in Section IV
N; = 128 and K = 4, giving a significant reduction of
hardware complexity.

B. Spectral Efficiency Analysis

In this section, we analyze the spectral efficiency with per-
fect channel state information. For the finite dimensional chan-
nel model, tight upper bound on spectral efficiency achieved
by hybrid precoding is derived and expressed as the spectral
efficiency for the kth mobile station which is upper bounded
by

SNR
Ry <logy(1 + 7)‘app(AAH)(wkwkH))a

(12)
where SNR = % and \,p,(AA") is the appropriate eigen-
value of matrix AAY.

Proof: The spectral efficiency for the kth mobile station is

SNR —
Ry =logy(1 + 7|H,€B,€|2)

SNR — B
i W=
By

= log,(1 +

SNR 1
K |[¥B|3

=log, (1 + )- (13)
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Fig. 2. Spectral efficiency achieved by different precoding schemes with
infinite resolution in downlink massive MU-MIMO systems where Ny =
128, K = Nrr = 4 and the finite dimension M is 64.

Based on (8) (9) and (10), we have
_ ~ ~ ~ ~H ~ ~ ~ ~H
FB, — AW WA AWY (W, ATAW WA" AW!)—1
— AW WATAWH (W AT AW WAT AW )1,
(14)

where A =
Next,

%A based on the beamsteering codebooks.

1 WL ATAW WAT AW |2
IFBL[3 (AW WAT AW ) H (AW WA AWH)

. (15)

~ H ~
Briefly, by defining X 2 W,APAW ~ and Y = WATA, (15)
can be rewritten as
1 XYW/
IFBL[I3  xyw" x#
@ XY (XY)?W, W
Xyw' X
where (a) is valid by applying the Cauchy-Schwarz inequality
[20]. We sllLlIbstitute X and Y into (16) and define Z =
WkAHAW WA Then we have
1 ZAAP 71 u
IFB[3

. (16)

()
< Aapp(AAT )W, W/, (17)

where the Rayleigh-Ritz theorem [21] is used in (b) because
AA* is a Hermitian matrix. Then we obtain the upper bound
on the spectral efficiency in (12) by the proposed hybrid
precoding scheme. The upper bound separates the dependence
on the array response vectors and the fast fading coefficients
matrix and shows the optimality of the hybrid precoding.
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Fig. 3. Spectral efficiency achieved by different quantized precoding schemes
with 4 bits of precision in downlink massive MU-MIMO systems where Ny =
128, K = Nrr = 4 and the finite dimension M is 64.
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Fig. 4. Spectral efficiency of precoding schemes versus the geometric
attenuation and shadow fading coefficients.

IV. SIMULATION RESULTS

In this section, we evaluate the performance of the proposed
hybrid precoding scheme. In our simulation, the relative ele-
ment spacing of the ULA is % = 0.3 and the angles of depar-
ture are uniformly distributed as 6,, = —7/2+ (m —1)7/M,
where m =1,2,--- , M.

First, we compare the spectral efficiency achieved by dif-
ferent precoding schemes with infinite resolution, together
with the tight upper bound in Fig. 2. The base station is
assumed to employ the ULA with [NV, = 128 antennas, serving
K = 4 mobile stations each with a single antenna. There
are Ngr = 4 RF chains and the finite dimension M is 64.
Although ZF precoding is optimal in the simulation, it is
infeasible because of the requirement of costly RF chains in



the large antenna array. It is observed that the proposed hybrid
precoding achieves spectral efficiency close to that achieved
by the optimal ZF precoding with less than 1 dB loss. The
tight upper bound derived in Section III-B is also plotted.
Obviously, the proposed hybrid precoding method performs
better than the limited feedback hybrid precoding and the
sparse precoding.

Then Fig. 3 illustrates the spectral efficiency achieved by
different quantized precoding schemes, considering the same
setup as Fig. 2. For the quantized phase, we simulate with
B = 4 bits of precision and the phase control candidates are
(2mn)/(2B) where n € {0,--- ,28 —1}. We observe that the
quantized hybrid precoding schemes all suffer degradation,
while the proposed hybrid precoding still has better perfor-
mance than the limited feedback hybrid precoding and the
sparse precoding.

In Fig. 4, we consider the effort of the multi-cell transmis-
sion at SNR = —10dB, but with different numbers of base
station antennas, Ny = 32, 128 and 512. The spectral effi-
ciency for different precoding schemes versus the geometric
attenuation and shadow fading coefficients is simulated with
K = 4 mobile stations. The number of RF chains is equal
to the number of mobile stations and the finite dimension M
is 16. We assume that [y, are equal to 1 when the mobile
stations are in the cell of the transmitting base station, but
Bk are equal to a when the mobile stations are in other cells,
where 0 < a < 1. We can see that when the value of the
coefficients is low, the effect of the antenna number at the
base station tends to be small, while when the coefficients
becomes higher, the spectral efficiency gap between different
numbers of base station antennas is increasingly obvious.

V. CONCLUSION

In this paper, we proposed a low complexity hybrid pre-
coding scheme for multiple mobile stations for the finite
dimensional channel. The geometric channel model with finite
dimension is applicable to obtain generally correlated or not
asymptotically orthogonal channel. The proposed precoding
with non-iterative design gives a significant reduction of RF
chains, which reduces the hardware complexity in massive
MIMO systems. In terms of the performance of spectral effi-
ciency, the proposed method approaches the optimal ZF per-
formance and performs better than other precoding schemes,
which is showed in the simulation results. We also show that
the proposed precoding can be quantized and the numerical
results on the performance are still better than other precoding
schemes.
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