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ABSTRACT

We propose hybrid precoding algorithm for less-investigated
partial-full mixed connection (PFMC) architecture in mil-
limeter wave (mmWave) multiple input multiple output
(MIMO). The RF chains and the antennas are divided into
various subgroups with full connection existing between the
RF chains and the antennas of a particular subgroup. We cast
the hybrid precoding problem for the PFMC architecture as a
matrix factorization problem and propose an algorithm based
on alternating minimization with a view to minimize the Eu-
clidean distance between the hybrid precoding sub-matrix for
each subgroup and the corresponding sub-matrix of the fully
digital optimal precoder. The proposed precoder is able to
produce energy efficiency better than the precoders for FC
and PC architectures and the existing precoder for the PFMC
architecture.

1 Introduction

The conventional digital precoding is replaced by hybrid pre-
coding in millimeter wave (mmWave) multiple input multiple
output (MIMO) systems in a bid to reduce the number of radio
frequency (RF) chains which are costly and power consum-
ing. The lower dimensional digital precoding achieved using
a small number of RF chains which is followed by analog
beamforming usually accomplished by phase shifters, consti-
tute hybrid precoding. There are mainly two kinds of hybrid
architectures, partially connected (PC) and fully connected
(FC) architectures.

In the FC architecture, each RF chain is connected to all
the antennas through phase shifters and the signals output
from different RF chains are summed just before feeding the
antenna. In the PC architecture, the antennas are divided into
subgroups equal to the number of RF chains and each RF
chain is connected to all the antennas of only one of the sub-
groups. Most of the works [1-5] on hybrid precoder consider
FC architecture. The advantage of FC architecture is that it
provides very good performance even with a smaller number
of RF chains compared to the number of antennas. In fact,

[2] shows that the minimum number of RF chains required in
FC architecture to realize the full digital precoder is twice the
number of transmitted data streams.

The FC architecture comes with the added complexities
introduced by the complex network of the phase shifters. The
PC architecture, on the other hand, has reduced complexity
but offers reduced beamforming gain and as a result, provides
limited performance. The power consumption in the PC ar-
chitecture is also lower than the FC architecture as the num-
ber of phase shifters is lesser by a factor of number of RF
chains. In [6], an iterative procedure built on the concept of
successive interference cancelation (SIC) is proposed for PC
MIMO for a case where number of RF chains is equal to data
streams. [7] proposes an alternating minimization algorithm
based on semi-definite programming (SDP) as solution to hy-
brid precoding problem for PC MIMO.

Apart from FC and PC architectures, a new hybrid ar-
chitecture was proposed in [8] that combines both FC and
PC structures which we call partial-full mixed connection
(PFMCQ). In the PFMC architecture, the RF chains and the
antennas are organized into different subgroups. All the RF
chains of each subgroup are connected to all the antennas of
that particular subgroup through phase shifters. This architec-
ture is ‘partially-connected’ in the sense that each RF chain is
connected to only a subset of antennas, and ‘fully-connected’
in regard to the connection of RF chains of a particular sub-
group to the antennas. In general, the PFMC architecture lies
in between the FC architecture and the PC architecture both
in terms of spectral performance and complexity.

Two hybrid precoders are presented in [8] for the PFMC
architecture, one based on SIC and another based on matrix
factorization. In this paper, we model the hybrid precoding
for PFMC architecture as matrix factorization problem for in-
dividual subgroups and propose a hybrid precoder based on
alternating minimization approach. The proposed hybrid pre-
coder for the PFMC structure not only produces better energy
efficiency and spectral performance than the SIC based pre-
coder in [8], but also exhibits better energy efficiency com-
pared to the precoders for FC and PC architectures.

Apart from the usual notations, X("7) represents the
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operator; X' is the pseudoinverse of matrix X.
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Fig. 1: System diagram showing transmitter side of mmWave
single user MIMO system with hybrid precoding.

2 System Model

We consider a single user mmWave MIMO downlink system
with the transmitter connected to /NV; transmit antennas and
the receiver connected to N, receive antennas. The receiver
side is similar to the transmitter shown in Fig. 1 with ev-
erything in reverse direction. The transmitter and the receiver
consist of M, and M, RF chains respectively. The transmitter
is able to transmit N, data streams such that N, < M; < N;
and Ny < M, < N,.. We consider PEMC architecture at both
the transmitter and the receiver. At the transmitter, as shown
in Fig. 2, the RF chains and antennas are divided into .S differ-
ent sub-groups with each subgroup having C' RF chains and
N antennas. Thus, N; = SN and M; = SC. We assume
that C' < N, which is realistic because we do not want high
value of C' which would mean high number of RF chains.
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Fig. 2: System diagram showing partial-full mixed connec-
tion.

The transmit signal s € CVs is processed by the hybrid
precoder F = FrFp, where Fg € CN¢*M:¢ is the analog

precoder and Fp € CM:*Ns g the digital precoder. Simi-
larly, the received signal at the receiver goes the hybrid com-
biner W = WxrWp, where the analog combiner Wy, is a
N, x M, matrix and the digital combiner Wp, is a M, X N
matrix. We assume E [ssH ] = N%I N., where P is the total
transmit power. The hybrid precoder F needs to satisfy the to-
tal power constraint. If we assume narrow-band block-fading
channel model, the received signal, after combining, is given
by

y = WHIWHIHFiFps + W Wi, (1)
where H is the channel from the transmitter to the receiver
and n ~ CN (070'2INT) is the N, x 1 complex noise vec-
tor. The mmWave channel H is modeled using the clustered
channel model based on extended Saleh Valenzuela model [1]
and given by

NN, & &
DL iar(Oida (9i), (@)

H-= N
P =1 =1

where N, represents the number of clusters, N, is the number
of paths in each cluster and «;; is the complex gain. a,.(6;)
and a;(¢;¢) represent respectively the antenna array response
vectors of the receiver and the transmitter, where 6;, and ¢;¢
are the azimuth angles of arrival (AoAs) and the azimuth an-
gles of departure (AoDs) respectively.

3 Problem Formulation

In this section, we will only model the hybrid precoder for
the PFMC architecture. All the arguments about the hybrid
precoder holds true for the hybrid combiner except the to-
tal power constraint. The analog precoding matrix Fy has a
block diagonal structure as

Fr, 0 ... 0
0 Fr, ... O

Fr=1 . S ol 3)
0 0 .. Fg,

where Fg, € CV *C is analog precoding sub-matrix corre-
sponding to the i** sub-group, 1 < i < S. The analog
beamformer and analog combiner are constructed using the
network of phase shifters which, as a result, forces the non-
zero element of Fy to have a constant unit amplitude, i.e.,
|F]($’")| = 1 for all i. The optimal hybrid precoder can be
constructed by minimizing the Euclidean distance between
the optimal fully digital precoder and the hybrid precoder [1].
Hence, the hybrid precoding design problem can be stated as

(Fi Fp) = argmin  |[Fo — FxFp|2

Fr,Fp
s.t. ||FRFD||§ = N,, @
Fr = blkdiag (Fg,,...,Fg.)
P =1, 1<i<S, Vm,n,



where the optimal fully digital precoder Fop is the matrix
containing the leading N right singular vectors of the chan-
nel matrix and the optimal combining matrix contains the
leading N, left singular vectors. The objective function of
(4) can be written as

~ (FeFyp), |3
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where Fop and (FrFp), are the it sub-matrices corre-

sponding to (i — 1) N 4+ 1 to N rows and all the columns
of Fop and FrFp respectively, whereas Fp, corresponds to
(1 —1)C + 1 to iC rows and all the columns of Fp. Thus,
the hybrid precoding problem can be restated as

S
* * . 2
(Fp, Fp) =argmin = > ||Fop, — Fr, Fp, ||,
Fr,,Fp, i=1
st |FrFpllz = N, 6)

FR = blkdlag (FR17 . ,FRS)
Fy"™| =1, 1<i<S, Vm,n.

4 Proposed Method based on Alter-
nating Minimization

We develop a simple algorithm based on alternating mini-
mization to determine the hybrid precoder. In the first stage,
we solve the problem,

. 2
Fg, = argmin ||F0pti — Fr,Fp, ||

i )
st [P =1 1<i<s, v,

After we determine all the optimal Fg,,1 < ¢ < S, we
can construct Fr as a block-diagonal matrix. Then, we deter-
mine Fp by solving (4) with Fg known. When Fy is known,
the solution of (4) for F' is the least squares solution multi-
plied by the normalization factor to satisfy power constraint,

VN

HFRF‘EFOPl F

Fp = FlLFop. @)

To solve (7), we follow alternating minimization ap-
proach. We start with a randomly initialized value of Fy,. At
each iteration, we solve the objective function of (7) for Fp,
with known Fg,, which is Fp, = F} Fop,.

Algorithm 1 Proposed AltMin Hybrid Precoding Algorithm
Using Alternating Minimization Method
Require: F,, N;, C, S.

1: Compute N = %, seti = 1.

2: repeat

3: Setm=(i—1)N+1,n=1iN.

4; Set Fopi, = Fopt (m 2 1, 2).

5

Initialize Fy) = exp (j©), where © is N x C matrix

and ©("7) are random phase angles, and set k = 1.

6: repeat

7 Compute Fl()ki) = ng_l)TF(,pti.

8: Compute ngr = FI()]?H (ng)F]()li)H + 61)71,
where € — 0.

9: Compute Fl({k) = exp (jé (Fopthﬁ)i))

10: k+—k+1.

11 until |ef — el ™| < tol, where ef = || Fop, —

2
FEE® H and tol — 0, or k > maxz, the
3 k3 F
maximum number of iterations.
122 SetFg, = Fy), Fp, = FY.
13: 141+ 1.
14: until 7 > S.

15: Set Fr = blkdiag (Fg,,...,Fry).
16: Calculate Fp = TFero]. VléVS”FD, where Fp = Fli;FOpl or
RED F
~ T
Fp = [FL FL ... FL ]

17: return F = FrFp.

We determine Fr, with known Fp, next. We solve (7) for
unconstrained Fg, (without modulus constraint) and approx-
imate Fr by extracting the phase values as,

Fgr, = exp (j va (Fopti ng)) ’ ®

where Fy = Ff (Fp,Ffj +€I)71 ,e — 0 is the right
inverse of Fp, and Fop[ing is the solution of (7) for
unconstrained Fr,. We repeat this procedure of minimizing
(7) alternately for Fp, and Fy, until the convergence is
achieved. After we obtain Fr by solving for each Fy,, we
determine F'p using (8). Alternatively, F'p can be determined

A N T
as Fp = ﬁFD’ where Fp = [FE ,FL ... FL ]
F

The proposed method is summarized in Algorithm 1. The
proposed algorithm is similar, in spirit, to [9] which is
used to solve phase recovery problems in which signals are
retrieved from amplitude measurements. A similar method
was proposed assuming unitary digital precoder for FC
architecture in [10]. The complexity of the proposed method
is SN, (O(NC?) +C?+ C?N +2C%N, + O (C?)),
where N}, is the number of iterations required for the i
sub-group. The value of maz is set to 50 in Algorithm 1 for
simulations.
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Fig. 3: Spectral Efficiency vs. SNR, N, = 4, M, = 8.

S Energy Efficiency

The energy efficiency is defined as the ratio of spectral effi-
ciency to the total power consumed [7],

_ Rate
~ Peom + MyPgr + Ny Ppy + NpsPps

bits/ Hz/ Joules,

(10)
where P, is the common power of transmitter, Npg is the
number of phase-shifters, whereas Pgr, Pps and Ppg respec-
tively represent the power of each RF chain, power amplifier
and phase shifter. The number of phase-shifters in FC, PC
and PFMC architectures are N; M;, N; and N,C respectively.

n

6 Simulation Results

We consider both the transmitter and the receiver have ULAs
with N; = 144 and N, = 36. The antenna elements are
separated by a distance of half wavelength. The channel pa-
rameters N. = 5, N, = 10, aijy ~ CN (0, 1). The azimuth
AoDs and AoAs are Laplacian distributed with mean angles
uniformly distributed over [0, 27r] and having angular spread
of 7.5 degrees. The signal-to-noise ratio (SNR) is defined as
SNR = L. We take Py = 10 W, Pgp = 100 mW, Ppy =
100 mW, Ppg= 10 mW [11]. We compare the performance of
the proposed AltMin hybrid precoder against the fully digi-
tal precoder, spatially sparse precoder [1] which is a FC pre-
coder, SIC-based hybridly connected precoder [8] and AltMin
SDR precoder [7] which is a PC precoder. To make compari-
son fair, we have only considered precoding at the transmitter
side for all the precoders.

The Fig. 3 shows that the spectral efficiency of the pro-
posed precoder for C' = 2, S = 4 is better than AltMin
SDR precoder and lower than the spatially sparse precoder.
However, when C' is increased to 4 and S is decreased to 2,

Energy Efficiency (bps/ Hz/ Watt)

—©— Proposed AltMin hybrid precoder

= = = SIC-based hybrid precoder (PFMC)
05 AltMin SDR precoder (PC) i
—&— Fully digital precoding N

—#— Spatially Sparse Precoding (FC)
. ! . ! .

0.4

4 6 8 10 12 14 16 18 20 22 24

Number of RF chains (Mt)

Fig. 4: Energy Efficiency vs. the number of RF chains, N, =
4,C =2,SNR=0dB.

keeping M, constant, the performance of the proposed hybrid
precoder gets even better than the spatially sparse precoder
and comes closer to the performance of fully digital precoder.
In both these configurations, the proposed precoder’s perfor-
mance is superior to SIC-based hybridly connected precoder.
Increasing C, keeping M, constant will raise the spectral per-
formance because the number of phase shifters also increases
which adds to the beamforming gain.

The Fig. 4 that compares energy efficiency of various pre-
coders shows that the proposed precoder exhibits the best en-
ergy efficiency among all the compared precoders. As M,
is increased, the energy efficiency of the proposed precoder
increases before saturating at a point and finally decreasing.
At the beginning, the increase in rate because of increasing
M, exceeds the increase in power consumption of the RF
chains. But the rate can not increase beyond a point even af-
ter increasing M, but the power consumption still increases,
thereby finally causing a decline in the energy efficiency.

7 Conclusion

We establish the hybrid precoding for the PFMC architecture
as a matrix factorization problem of all the sub-matrices cor-
responding to each subgroup of RF chains and antennas, and
present an alternating minimization based hybrid precoder.
The proposed precoder performs better than the existing pre-
coder in terms of both the spectral efficiency and energy ef-
ficiency. With a properly chosen number of subgroups and
the number of RF chains in each subgroup, we can reap the
benefit of performance of the FC architecture, while also low-
ering complexity and the power consumption, an advantage
of the PC structure. Thus, the PFMC architecture which pro-
vides the middle ground might be a better way forward for the
mmWave MIMO architecture.
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