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Abstract—Hybrid precoding for a wideband multi-user multi-
ple input multiple output (MIMO) millimeter wave (mmWave)
system is more challenging than the narrowband design since
the radio frequency (RF) precoder and combiner are frequency
non-selective and they should be optimized with respect to all
scheduled users on all allocated subcarriers. In this work, we
adopt the separate stage hybrid precoding strategy and propose
two algorithms with good performance and complexity trade-off.
Based on the proposed strategies of minimal equivalent channel
gain maximization or average wideband sum rate maximization,
the non-convex RF beamforming can be solved first by a semi-
definite relaxation and codebook projection. In the second stage,
conventional sum rate maximization digital precoder/combiner
can be obtained based on smaller dimension equivalent channel
feedback. Simulations shows that the proposed algorithms out-
perform the state of art algorithms in multiple receive antennas
setting.

I. INTRODUCTION

Communication over the mmWave band is a key enabler
for high throughput transmission in 5G cellular system. How-
ever, the precoder and combiner design for wideband multi-
user massive MIMO mmWave System is non trivial due to
the hybrid analog/digital structure. Apart from the common
difficulties such as analog-digital precoding split and discrete
analog beam choice [1], the fact that the analog precoding
parts are shared among all scheduled users on all operating
subcarriers adds further constraints for the hybrid design.

Hybrid precoding has been extensively studied in many
prior works [2]-[17]. They can be cataloged with different
labels: single user (SU) design, multi-user (MU) design,
narrowband design and wideband design. Different labels can
be combined together, such as SU-narrowband design [2]-[5],
SU-wideband design [6]-[8], MU-narrowband design [9]-[12]
and MU-wideband design [8], [13]-[17].

Generally speaking, two approaches have been used in prior
art for wideband MU-MIMO hybrid precoding: (i) factoriza-
tion based design (ii) separate/iterative two stage design. Fac-
torization based design [14]-[16] starts from the optimal full
digital precoder and tries to find the RF and baseband precoder
sufficiently close to the full digital precoder. Separate/iterative
two stage design adopts different objective functions on each
stage. For example, [14] applies signal noise ratio (SNR)
maximization for receive signal as RF precoding criterion
and wideband sum rate maximization as digital precoding
criterion, an alternating optimization is performed between the
two stages to improve the performance. In [17], minimization

of a signal to leakage plus noise ratio (SLNR) metric is used.
In [8], the RF precoding criterion is to maximize the upper
bound of an equivalent channel capacity. It’s hard to draw a
simple conclusion on which method is better. Factorization
based methods can achieve a sum rate performance which is
close to the full digital design. However, these designs require
heavy channel state information (CSI) overhead exchange.
Separate/iterative two stage design could have simpler (even
closed-form in some cases) precoding design and limited CSI
overhead for certain objective functions. However, there is
a non-vanishing performance gap compared with full digital
precoding and the convergence is not guaranteed for certain
iterative designs due to the fact that different design criteria
are used at each stage. In this work, we focus on the two stage
design and try to propose criteria which have good complexity-
performance trade-off.

In the state of the art separate/iterative two stage design,
many works [8], [17] only focus on users with single antenna.
Another important assumption is whether different user mul-
tiplexing can be used on different subcarriers. It is reported
in [8] that it’s often more spectrum efficient to allocate the
same user onto the entire band since the channels of different
subcarriers are highly correlated due to the sparse nature
of the mmWave channel. Therefore, many works (e.g., [8],
[14]-[17]) adopt this assumption and try to optimize the
frequency flat analog precoder/combiner which beamforms
properly all frequency selective channels on each subcarrier.
However, this assumption is not always valid. Firstly, the
system can suffer from the effect of beam squint [13] when
large bandwidth signals are considered. In this case, the
column space spanned by the steering directions on different
subcarriers are not perfectly aligned for the concerned user.
Therefore, allocating the same user over all subcarriers is
not advantageous. Secondly, the scheduler criterion and users’
traffic model could have an impact on the user multiplexing
on different subcarriers. For example, if some users have
short packets or fairness is emphasized among users, dif-
ferent user multiplexing on distinct subcarriers can be more
suitable. To cope with the beam squint effect, an efficient
joint scheduling and hybrid precoding design which allocates
successively an additional stream, eliminates the interference
between current and previously allocated streams and selects
best users on each subcarrier is proposed in [13]. However,
the proposed algorithm can be hardly generalized to satisfy



certain scheduler design criteria such as user fairness. In this
work, we propose some new RF precoding criteria under
arbitrary users scheduling over multiple subcarriers, each user
can have arbitrary antennas/RF chains/streams configuration.
The propose RF precoding criteria also have good complexity-
performance trade-off.

II. SYSTEM AND CHANNEL MODEL
A. System Model

We consider a wideband multi-user mmWave communi-
cation system which can be decomposed into L equivalent
narrowband channel. A transmitter (TX) equipped with N,
transmit antennas will jointly serve K receivers (RX) on each
subcarrier. Each scheduled RX is equipped with N, receive
antennas and receives [Ny data streams from the TX. The total
number of streams transmitted by the TX is K N;. We assume
that the TX has L; transmit RF chains and each RX has
L, receive RF chains. In order to fulfill the aforementioned
transmission scenario, the constraints N; > L; > KN, and
N, > L, > N, are assumed. At the TX, data streams will
be processed by a frequency selective base band precoder
Fpplf] € CL+xENs followed by a N; x L; dimension
frequency flat RF precoder Frr. For the kth RX scheduled on
the (th subcarrier denoted as RX 7 (¢, k), the receiving data
streams pass through a N, x L, dimension frequency flat RF
combiner WRr (¢ ) followed by a frequency selective base
band combiner Wp () [(] € CEr*Ns,

Therefore, the the narrow band transmission for the signal
received at RX 7 (¢, k) is

= Wis .6 OWEE (0.1 Hr (i [/ FrREFBB[¢] 8 (/]
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where s[{] = [SE(“)[E], . "SE(Z,K)[E]JH € CEN:x1 s the
concatenation of the data symbols for all the K co-scheduled
RXs on subcarrier ¢. The power of data symbol vector sat-
isfies E (s[{]s"[f]) = Ixn,. Data symbol for RX 7 (¢, k)
is Sq(0;[f] € CN=*1. The receive signal at RX 7 (¢, k) is
Yreryl] € CN*1 and nyp)[l] ~ Ne(0,0%Iy,) is the
Gaussian noise vector for RX (¢, k). Hy (g p)[f] € CN-xNe
is the user channel for RX 7 (¢, k).

The RF precoder Frr and RF combiner Wgp (s 1) are
assumed to be implemented by phase shifting networks [18]
where each transceivers is connected to each antenna through a
network of phase shifters with finite resolution. This indicates
that each column of Frr and Wgy (¢ ) has constant mod-
ulus and the angles belong to predefined finite quantization
phase sets ®p,o. and @goenﬁ)) To show these properties, we
assume the (m,n) entry of Frr and Wy (o1 satisfies

Yr(e,i) 4]
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[FRF] = e”’m n ()OPrec € &p
m,n N s Fm,n rec
ViVt
1 Comb,n (£, k)
W _ jo Comb, 7 (£,k) w(£,k)
[ RF,W(Z,k)]mm - N e rm.n m,n € (I)Comb .
V iVy

The total power constraint is |FrpFpgp[f]|% = P, where P
is the average total transmit power on each subcarrier.

We assume that perfect local CSIR is available at each

7(¢, k) for the channel H,( 1)[¢]. This CSI could be

obtained by a downlink channel estimation procedure using
pilots. If the sparse nature of mmWave channel is further
exploited, fewer pilots can be used for the channel estimation
[19].
B. Channel Model

Consider the TX and RXs are equipped with uniform linear
arrays (ULA). Let a;(¢)[(] € CN*! and a,(¢)[(] € CN-*1
denote the steering vectors associated to transmitter and re-
ceiver arrays, respectively. For a ULA of size N antennas, the
steering vector can be written as

1 . . . .
a 0 = 17 e—_]271'wsm(<z§)7 . 76—_727rw(N—1)sm(¢) T7
@1 = |
where vy = d/Ag, A\ is the wavelength at operating frequency

¢, d is the antenna spacing, and ¢ is the azimuth angle.
The narrowband channel response matrix for RX ¢ on
subcarrier £ can be expressed as

=Y VNNaiplar(r.ip)lat(dr,p) 1]

where P denotes the number of paths, a;,[¢] is a complex
amplitude, and ¢ ; , and ¢7; , are azimuth angles associated
with receiver and transmitter for RX ¢ for the pth path,
respectively.

III. HYBRID PRECODING DESIGN FOR WIDEBAND
MU-MIMO MMWAVE SYSTEM
A. Sum rate maximization wideband design

Assume linear precoding and minimal mean square error
(MMSE) digital receive filter is used at RX side, the average
wideband sum rate performance metric for the wideband
system can be denoted as

=3 e
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For scheduled RX = (¢, k), the effective noise covariance
matrix Ry, x), the equivalent RF beamformed channel
Heg (¢,1)[¢] and the digital receive filter Wpp r(¢,1)[¢] reads
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The digital precoder Fp ;[¢] is the submatrix of Fpp[¢] which
is dedicated to RXi’s streams on subcarrier ¢, Fpp[l] =
Fee.xen)lf, s Feere,x) 4]

According to (1) and (4), It can be noticed that the optimal
digital precoder and combiner that maximize the average wide-
band sum rate performance metric depend on the frequency
selective equivalent user channel after analog beamforming.
Therefore, the optimal wideband design involves intactable
non-convex mixed integer joint optimization for digital and
analog precoding. Besides the problem intractability, there is
also the problem of heavy CSI signaling: CSI for all scheduled
RXs on all subcarriers should be gathered at TX for the
hybrid design. The aforementioned facts render the two stage
algorithms that separate the analog precoder/combiner design
from the digital precoder/combiner design. However, as is
discussed in the introduction, it’s non-trivial to find RF design
criteria with good performance-complexity trade-off.

B. RF beamforming design: minimal equivalent channel gain
maximization

In the MU-narrowband two stage design, a well-known RF
beamforming design criterion is to maximize the equivalent
channel gain [9], [12]. In the MU-wideband system, since
the frequency non-selective RF precoder and combiner are
shared between all subcarriers, a natural generalization for
MU-wideband system is to maximize the minimal equivalent
channel gain over all subcarriers.

Assume the transmit RF chains, receive RF chains and
number of streams per RX satisfy L; = KL,,L, = Ng,
i.e., each one of the K jointly served RXs at each subcarrier
will have the same number of streams as their recieve RF
chains. Assume each column of the RF precoder (combiner)
is selected from RF codebook Cgp (Cwyy), respectively. The
proposed criterion reads

pmax nenkn ||WgF,7r(Z,k)H7r(e>k) [)F R k|7
WRF, = (e,k)
I:WRF,‘IT(ZJC)} (:,4) S CWRF,Vi =1,---,L,
St. Frrel(. € Crre
rank(FREk) = LT
rank(Wge ~(21)) = Lo,

(PT)

where Fry i is the submatrix of Fry corresponds to the kth
RX on each subcarrier, Frr = [Frr 1, , Fre .

To solve the discrete optimization problem (P1), we propose
a sub-optimal solution which (i) relaxes the codebook con-
straints, and (ii) finds the closest codeword in the codebook
to approximate the result in the first step. Therefore, let
Xy = FRF,kFEF,k,Yw(M) = WRF,w(e,k)ng,,r(g,k), we

solve first the following optimization problem:

max 12111 tr (Yﬂ(g,k)Hﬂ(&k) [K]XkHE(&k) [6])
Y (e,k)
tr (Xk) =L,
tr (Yﬂ(é,k)) =L, (P2)
s.t. rank(Xy) = L,

rank(Y (¢,x)) = Ly
Xk =0, Y =0,

The discrete search space becomes continuous in (P2). It
should be noticed that each RF precoder/combiner column
is a unit norm DFT vector in a typical RF beamforming
implementation [20]. Therefore, the norm constraints for RF
precoder/combiner are preserved in aforementioned relaxation.

Solving (P2) is still non-trivial. It’s a non-convex optimiza-
tion due to the rank constraints. We propose to solve (P2)
via an alternating maximization between the RF precoder and
the RF combiner design. In each iterative step, conventional
semi-definite relaxation (SDR) techniques [21] can be used.
With SDR method, the rank constraints are dropped first
and the optimization problem becomes convex semi-definite
program. However, since we cannot always guarantee that
the optimal SDR solution verifies the original rank constraint,
randomization [21] or rank deduction [22] techniques should
be used. The RF design based on minimal equivalent channel
gain maximization is described in Algorithm 1.

C. RF beamforming design: rate lower bound maximization

Maximize the equivalent channel gain will increase the
receive power level and therefore it is a valid criterion for
RF beamforming. However, Since the overall design goal is
to maximize the average wideband sum rate defined in (1), we
propose the following RF design criterion which maximize the
wideband sum rate lower bound:

L K
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WRF.«’(Z,I@)
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[Fre okl € Crar
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(P3)

This lower bound is a generalization for the MU-
narrowband RF design criterion we proposed in [23]. For
a fixed RF stage design, it can be observed that the sum
rate maximization digital beamforming design approach the
capacity of the broadcast equivalent channel, which is again
equal to its uplink multiple access equivalent channel dual in
information theory. Since the sum rate of dual multiple access
channel is lower bounded by the sum rate of users with equal



power allocation per RX per stream, using Jensen inequality,
the sum rate is lower bounded by

1
Ki Z Z og det ( eq) (£,k) M}ng,fr(é,k) [f] + I)

According to (3) and Frrp = [Fgrr1, -+ ,Frr k], based
on inequality |A + B |A] + |B| , A,B are
Hermitian positive semi-definite matrices, we can lower bound
the average wideband sum rate as the object function in (P3).

Apply the same procedure of codebook constraint relax-
ation, SDR optimization, randomization and quantization as is
described in Section III-B, we can obtain the RF design based
on sum rate lower bound maximization. Due to space limit,
we omit the algorithm chart. However, it is very similar to
Algorithm 1 with only the optimization problem in step (6)
and (9) being replaced by (6’) and (9’). Also the criterion
in randomization procedure is to pick the candidate that
maximize the sum rate lower bound.

[t _ L
X, = arg max I, te

tI‘(Xk) § Lr
S.t. d P H [t]
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One particular advantage for the proposed algorithms is that
they lead to small signaling overhead for the RF beamforming
design. In previous works [8], [13]-[17], the RF beamforming
requires the TX to gather CSI for all scheduled users on all
allocated subcarriers. However, in the proposed algorithms,
the RF precoding sub-matrix Fry j is designed only with the
CSI for the kth RX on all subcarriers, therefore the signaling
is limited. In the extreme case when wideband scheduling
strategy is used, i.e., the same RX is allocated over all
the subcarriers, the RF precoding sub-matrix Frr ; and RF
combiners can be designed in a distributed manner at each
scheduled user, based on their channel state information at
the receiver (CSIR) on all subcarriers.

IV. NUMERICAL PERFORMANCE ANALYSIS

In this section, we evaluate the performance of the MU-
wideband algorithm proposed in Section III-B and III-C. The
channel realizations are generated according to Section II-B.
The operating central frequency is 28 GHz. Unless otherwise
specified, the simulation settings are listed in table I.

2

L | K| Nge | N | Lt | L | Ns | O
5 | 4 16 4 4 1 1 1

TABLE I: Simulation setting for a MU-wideband mmWave
communication system.

The RF precoders and combiners are based on the 1D-
subarray partition model [20]. Each column of the RF com-
biner is a length NN, DFT vector v with entries v; =
L e—i%(i-Ddveosbein j — 1 .. . N,.Each DFT beam vector
has fixed beam direction Ociiie Which is selected from the set
{Oetitt|Oerie = ﬁ(t— 1/2),t =1,...,rN,}. The RF precoder
codebook is defined respectively. In the simulations, we select
antenna spacing dy = %, the oversampling ratio is r = 2.
Therefore, the RF precoder(combiner) codebook has 32(8)
candidate beamforming vectors, respectively.

We consider two schedulers in the simulation. The first
scheduler allows frequency multiplexing for different users
on different subcarriers. The second scheduler is a wideband
scheduler which allocate the same user on all subcarriers. Both
schedulers adopt a simple uniformly random user scheduling.

Separate two stage hybrid precoding algorithms are sim-
ulated in this section. In order to have a fair comparison,
all algorithms apply a sum rate maximization digital pre-
coder/combiner design over each subcarrier in the baseband
design.

Fig. 1 shows the average wideband sum rate as a function
of the SNR. Two proposed algorithms are compared with a
naive modified MU-narrowband algorithm in [9], [17], where
the RF precoder and combiner are based on a single center
frequency and is applied for all subcarriers. It can be observed
that the proposed algorithm outperforms the naive modified
modified MU-narrowband algorithm in [9], [17] in both
wideband scheduling and frequency multiplexing case. When
frequency multiplexing is applied, this gain is negligible since
the user channels for the same RX over multiple subcarriers
are highly correlated. Therefore, design the RF precoder and
combiner base on a single frequency and apply them for all
subcarriers will not impose very big mismatch. However, when
frequency multiplexing is used, at 10dB SNR, we can find a
10%(6%) average wideband sum rate performance increasing
between proposed sum rate lower bound maximization (max
min equivalent channel gain) algorithm and modified MU-
narrowband algorithm in [9], [17], respectively. It also reveals
that wideband scheduling is more advantageous than frequency
multiplexing. This confirms the conclusion in [8], stating that
when the beam squint effect is not severe, it’s more spectrum
efficient to allocate the same user onto the entire band since
the channels of different subcarriers are highly correlated.

Consider another convention simulation setting: wideband
MU-MIMO mmWave system with all RXs having single
antennas (N, = 1) and wideband scheduling is used, the
proposed algorithms are compared with the state of art al-
gorithms in [8], [17]. Fig. 2 shows the average wideband sum
rate as a function of the SNR in this conventional simulation
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Fig. 1: Average wideband sum rate vs. SNR for differ-
ent precoding algorithms for wideband multi-user MIMO

mmWave communication system: multiple antennas RX, dif-
ferent scheduling strategies considered.

setting. We can conclude that all four algorithms have very
small performance degradation compared with the full digital
design. Our proposed algorithm has an about 2.7% averge
sum rate performance degradation than algorithms in [8],
[17]. However, algorithms in [8], [17] require CSI for all
users on all subcarriers gathered at TX for the RF precoding
design, which leads to very heavy signaling overhead. On the
contrary, our proposed algorithms require much less signaling.
Since wideband scheduling is assumed in this setting, the RF
precoder can be designed in a distributed manner at each
scheduled user, solely based on local CSI at the receiver on
all scheduled subcarriers. Therefore, the proposed algorithms
have good performance complexity trade-off.

Full digital design

14+ —*— Algorithm in [8] 4
—=&— Algorithm in [17]
125 —O— Sum rate lower bound maximization |

—%— Max min equivalent channel gain

Average wideband sum rate bit/s/Hz

0 e ! . . | .
-30 -25 20 -15 -10
SNR /dB

Fig. 2: Average wideband sum rate vs. SNR for different pre-
coding algorithms for wideband multi-user MIMO mmWave
communication system: wideband scheduling, single antennas
RX considered.

V. CONCLUSION

In this paper we propose two RF beamforming designs for
the downlink transmission of a wideband multi-user massive
MIMO mmWave system. The algorithms are valid for different
scheduling strategies and RX antennas/RF chains/data streams
configuration. They have low complexity and require low CSI
signaling overhead. In mutiple RX antennas setting, simulation
shows that the proposed algorithms outperform the state of
the art hybrid beamforming algorithms. In single RX antenna
setting, simulations shows that the proposed algorithms ap-
proaches the state of the art design while the CSI signaling
overhead is largely reduced.

REFERENCES

[1] R. W. Heath, N. Gonzalez-Prelcic, S. Rangan, W. Roh, and A. M.
Sayeed, “An overview of signal processing techniques for millimeter
wave MIMO systems,” IEEE J. Sel. Topic Signal Process., vol. 10, no. 3,
pp. 436453, 2016.

[2] O. E. Ayach, S. Rajagopal, S. Abu-Surra, Z. Pi, and R. W. Heath,
“Spatially sparse precoding in millimeter wave MIMO systems,” I[EEE
Trans. Wireless Commun., vol. 13, no. 3, pp. 1499-1513, 2014.

[3] A. Alkhateeb, O. El Ayach, G. Leus, and R. W. Heath, “Channel
estimation and hybrid precoding for millimeter wave cellular systems,”
IEEE J. Sel. Topics Signal Process., vol. 8, no. 5, pp. 831-846, 2014.

[4] C.-E. Chen, “An iterative hybrid transceiver design algorithm for mil-
limeter wave MIMO systems,” IEEE Wireless Commun. Letters, vol. 4,
no. 3, pp. 285-288, 2015.

[51 X. Yu,J.-C. Shen, J. Zhang, and K. B. Letaief, “Alternating minimization
algorithms for hybrid precoding in millimeter wave MIMO systems.”
IEEE J. Sel. Topics Signal Process., vol. 10, no. 3, pp. 485-500, 2016.

[6] A. Alkhateeb and R. W. Heath, “Frequency selective hybrid precoding
for limited feedback millimeter wave systems,” IEEE Trans. Commun.,
vol. 64, no. 5, pp. 1801-1818, 2016.

[71 X. Cheng, M. Wang, and S. Li, “Compressive sensing-based beam-
forming for millimeter-wave OFDM systems,” IEEE Trans. Commun.,
vol. 65, no. 1, pp. 371-386, 2017.

[8] F. Sohrabi and W. Yu, “Hybrid analog and digital beamforming for
mmwave OFDM large-scale antenna arrays,” IEEE J. sel. Areas Com-
mun., vol. 35, no. 7, pp. 1432-1443, July 2017.

[9]1 A. Alkhateeb, G. Leus, and R. W. Heath, “Limited feedback hybrid
precoding for multi-user millimeter wave systems,” I[EEE Trans. Wireless
Commun., vol. 14, no. 11, pp. 6481-6494, 2015.

[10] W. Ni and X. Dong, “Hybrid block diagonalization for massive multiuser
MIMO systems,” IEEE Trans. Commun., vol. 64, no. 1, pp. 201-211,
Jan 2016.

[11] A. Alkhateeb, G. Leus, and R. W. Heath, “Multi-layer precoding: A
potential solution for full-dimensional massive mimo systems,” [EEE
Trans. Wireless Commun., vol. 16, no. 9, pp. 5810-5824, 2017.

[12] W. Utschick, C. Stckle, M. Joham, and J. Luo, “Hybrid lisa precoding
for multiuser millimeter-wave communications,” IEEE Trans. Wireless
Commun., vol. 17, no. 2, pp. 752-765, Feb 2018.

[13] J. P. Gonzilez-Coma, W. Utschick, and L. Castedo, “Hybrid LISA
for wideband multiuser millimeter wave communication systems under
beam squint,” arXiv preprint arXiv:1804.09223, 2018.

[14] J. P. Gonzlez-Coma, J. Rodrguez-Fernndez, N. Gonzlez-Prelcic,
L. Castedo, and R. W. Heath, “Channel estimation and hybrid precoding
for frequency selective multiuser mmwave MIMO systems,” IEEE J. Sel.
Topics Signal Process., vol. 12, no. 2, pp. 353-367, May 2018.

[15] T. E. Bogale, L. B. Le, A. Haghighat, and L. Vandendorpe, “On the
number of rf chains and phase shifters, and scheduling design with
hybrid analog—digital beamforming,” IEEE Trans. Wireless Commun.,
vol. 15, no. 5, pp. 3311-3326, 2016.

[16] X. Yu, J. Zhang, and K. B. Letaief, “Alternating minimization for
hybrid precoding in multiuser OFDM mmwave systems,” in Proc. IEEE
Asilomar Conference on Signals, Systems and Computers (ACSSC),
2016.

[17]1 Y. Kwon, J. Chung, and Y. Sung, “Hybrid beamformer design for
mmwave wideband multi-user MIMO-OFDM systems,” in Proc. IEEE
International Workshop on Signal Processing Advances in Wireless
Communications (SPAWC), 2017.



(18]

[19]

[20]

[21]

[22]

[23]

R. Méndez-Rial, C. Rusu, N. Gonzilez-Prelcic, A. Alkhateeb, and R. W.
Heath, “Hybrid MIMO architectures for millimeter wave communica-
tions: Phase shifters or switches?” IEEE Access, vol. 4, pp. 247-267,
2016.

H. Noureddine and Q. Li, “Two-step compressed sensing based channel
estimation solution for millimeter wave MIMO systems,” in Proc. Gretsi
Colloque (GRETSI), 2017.

“Study on elevation beamforming / Full-Dimension (FD) Multiple Input
Multiple Output (MIMO) for LTE (Release 13),” Technical Specifica-
tion Group Radio Access Network, 3rd Generation Partnership Project
(3GPP), Tech. Rep., June 2015.

Z.-Q. Luo, W.-K. Ma, A. M.-C. So, Y. Ye, and S. Zhang, “Semidefinite
relaxation of quadratic optimization problems,” IEEE Signal Processing
Magazine, vol. 27, no. 3, pp. 20-34, 2010.

Y. Huang and D. P. Palomar, “Rank-constrained separable semidefinite
programming with applications to optimal beamforming,” IEEE Trans.
Signal Process., vol. 58, no. 2, pp. 664-678, 2010.

Q. Li and H. Noureddine, “Hybrid sum rate maximization beam-
forming for multi-user massive mimo millimeter wave system,” in
Proc. International Symposium on Personal, Indoor, and Mobile Radio
Communications (PIMRC), 2017.

Algorithm 1 RF design for max-min equivalent channel gain

1

[\

4:
5:
6:

~

10:

14:
15:
16:

17:
18:

Input: scheduled users on each subcarrier 7(¢,k),V{ =
1,---,L,Vk=1,-- K
Let U = {m({,k),Vl,Vk}, Unique is the set U with all
repeating elements removed. \Munique| denotes the cardinal-
ity of set. Define the mapping function (Uunique(%),¢) :
Uanique x {1,---,L} — {1,---,K} which indicates
RX Uinique(?) is the v (Uunique(), £)th user on subcarrier
0, Y =1, , |Uaniquel
Initialize RF combiner WQ]FJ( k) for all scheduled users.
Let Y, )
izet=0
while Not converge do
for k=1: K do

=wl wl " Ve, k. Initial
= RF,Tr(Z,k)( RF,Tr(Z,k)) » Ve, K. Initial-

= argmax f

Rk
tl“(Xk) S

x|/
-

S.t.
tr (XkHE(&k) [f]Yffle,me(M) [5]) 2 f,ve

end for
for i = 1 : |Uunique| do

Y[t+1]

i

= arg max
gmax g

9,Yi
tI‘(YZ) S Lr

S.t.
(X, o HEOY) > 0,00
end for
t=t+1
- end while

. if rank constraints satisfied then

1

i 1

Frrkr = (X})2 , WRE (k) = (Y;(Z,k)) ’

else
Randomization procedure: Generate random Gaussian
matrix V; € CVeXIm VWV, € CN"XI7 each entries of
V1,V are iid with distribution N¢ (0, 1).

* H
kE — UXkAXkU 2
= UY"

. H
Yoiew w(Lk)AY;(M)UY;(M)

1
Frrr = Ux: A%V,
. X
1

=Uy:, A}

(LK) Va

WRE, (k)

(L, k)
Normalize each column of Fgrr x, Wgrr r(e,r) such
that they are unit vectors. Repeat Ngynq times for the
Frr.k, WRF,(¢,k) approximation and pick the one that
yields the max-min equivalent channel gain.

end if

Find the codewords in the codebook which best approxi-

mate Frr g, WRE x(0,k)




