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Joint Optimization of Analog Beam and User Scheduling
for Millimeter Wave Communications

Shiwen He, Yongpeng Wu, Derrick Wing Kwan Ng, and Yongming Huang

Abstract— Millimeter wave (mmWave) technology is a promis-
ing candidate for future wireless communication systems to
provide gigabit data rates to meet the stringent quality of
service requirements of multimedia applications. Analog beam
selection and user scheduling are two key problems for realizing
multiuser mmWave communication in practical systems. We
focus on the joint optimization of analog beam selection and user
scheduling based on limited effective channel state information.
Two codebook-based effective methods are developed to address
this problem. Numerical results show the developed suboptimal
methods achieve a considerable achievable sum rate performance
of the optimal exhaustive search method, but with a fairly low
computational complexity.

Index Terms— Millimeter wave communication, hybrid pre-
coding, analog codeword selection, user scheduling.

I. INTRODUCTION

M ILLIMETER wave (mmWave) communication
technology is a promising candidate for future wireless

communication systems to address the challenge of spectrum
shortage [1]. However, the ten-fold increases in carrier fre-
quency in mmWave frequency band implies that the mmWave
signals experience severe path loss compared to signals in sub-
6 GHz frequency bands. To compensate the signal attenuation
due to large path loss, large-scale multiple-input multiple-
output (MIMO) technology is adopted for mmWave commu-
nication systems [2], as it offers massive antenna array gains.

Conventionally, fully digital beamforming is implemented
in MIMO systems where a dedicated baseband and a radio
frequency (RF) chain are needed for each antenna. However,
the associated hardware cost/complexity and power consump-
tion are prohibitive for mmWave systems. Consequently, a
digital-analog hybrid structure, which the precoder composes
of a low-dimension digital precoder and an analog phase
shifter network, has been proposed. Ayach et al. exploited
the sparsity of mmWave channels to investigate the design of
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hybrid precoder for maximizing the throughput of a point-to-
point communication system [3]. The hybrid precoder design
for physical layer multicasting was investigated in [4]. Alkha-
teeb et al. studied the design problem of hybrid precoder in [5]
based on the predefined codebook for multiuser mmWave
systems [6], [7].

Despite the research on the design of hybrid precoder,
most of the existing works, e.g., [3]–[7], were based on the
assumption of a given user set. In practice, when the number
of users requiring communication services is more than the
maximum number of supportable users, some user scheduling
techniques should be used to improve the system performance.
However, the existing literatures mainly focus on the research
of user scheduling for multiuser in sub-6 GHz communication
systems [8]. Specifically, the existing scheduling designs for
sub-6 GHz cannot be applied directly to mmWave systems, as
they do not fully exploit the features of the propagation of the
mmWave and do not consider the hybrid antenna architecture.

In fact, due to the hybrid antenna architecture of mmWave
communication systems, in general, the physical channel coef-
ficients cannot be directly obtained for scheduling design and
the user scheduling decision also depends on the design of ana-
log precoder. Also the joint design of analog precoder and user
scheduling has attracted little research for multiuser mmWave
systems. In this letter, the joint analog beam selection and
user scheduling (JBSUS) problem is formulated as a non-
convex and combinatorial optimization problem, which takes
into account the limited effective channel state information
(ECSI). We propose two codebook based methods with low
complexity to address this problem. Numerical results show
that our methods can achieve a considerable achievable sum
rate performance of the exhaustive search method with a fairly
low computational complexity.

II. SYSTEM MODEL

Consider a single-cell multiuser multiple-input single-
output (MISO) downlink network as shown in Fig. 1. There
is a fully connected hybrid architecture base station (BS)
equipped with NRF RF chains, each of which connects with
Nt antennas uniform linear array (ULA) via analog phase
shifting networks. Assume that there are Nu > NRF users
which randomly distribute in the coverage area served by
the BS. In this letter, the channel between the BS and each
user is modeled as a narrowband clustered channel based on
the extended Saleh-Valenzuela model which has been widely
used in mmWave communications. The channel coefficients
between the BS and the uth user, hu , is modeled by a sum
of the contributions of Ncl scattering clusters, each of which
includes Nray propagation paths, and is expressed as [3]

hu =
√

Nt

Ncl Nray

Ncl∑
m=1

Nray∑
n=1

αm,na
(
φm,n

)
, (1)
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Fig. 1. System model for multiuser mmWave communication.

where αm,n is a complex Gaussian random variable with zero
mean and variance σ 2

α,m . φm,n is the angle of departure (AoD)
for the nth ray in the mth scattering cluster. a

(
φm,n

)
is the

normalized array response vector at an azimuth angle of φm,n
and is given by

a
(
φm,n

) =
√

1

Nt

[
1, e jψ, · · · , e j (Nt −1)ψ

]T
, (2)

where ψ = 2π
λs

d sin
(
φm,n

)
and λs is the signal wavelength

and d is the antennas spacing. The AoD φm,n within the
mth scattering cluster follows the Laplacian distributions with
a mean angle of φm and a standard deviation of σφ [3].

Considering linear receivers are adopted at users, only a
subset of users can be simultaneously served due to limited
radio resource. Let S ⊂ U = {1, · · · , Nu } be the set of users
to whom the BS simultaneously transmits data over the same
radio resources. For the hybrid architecture of interest, we have
1 � |S| � NRF, where |S| denotes the cardinality of S. The
transmitter applies a hybrid precoder F to symbol x ∈ C|S|
with E

[
xx∗] = I|S|, where I|S| is an |S| × |S| identity matrix.

The hybrid precoder F = FRFFBB is composed of an RF
precoder FRF ∈ CNt ×NRF and a baseband digital precoder
FBB ∈ CNRF×|S|. In mmWave communication systems, the
RF precoder is implemented via an analog phase shifter
network, implying that each element of FRF is constrained to
have a constant modulus and only its phase can be adjusted.
Thus, the system model can be expressed as

y = HFRFFBBx + n, (3)

where y = [
y1, · · · , yu, · · · , y|S|

]T
with yu being the received

signal of the uth user. HH = [
h1, · · · ,hu, · · · ,h|S|

]
is a

supermatrix of hu , and n ∼ CN
(
0, σ 2I|S|

)
is an additive white

Gaussian noise (AWGN) vector with independent identically
distributed (i.i.d.) entries of zero mean and variance σ 2.

III. ECSI FEEDBACK

From the implementation point of view, we assume that each
column of the RF precoder FRF comes from a predefined code-
book F = [

f1, · · · , fc, · · · , fNc

]
, where Nc denotes the number

of the codewords in F . In what follows, we focus on the joint
optimization of the JBSUS problem based on the effective
channel information, and therefore the baseband precoder
matrix is regarded as an identity matrix [5]. We further assume
that the Nc codewords in F are independent of each other
and each element in F has a constant modulus. In order to
realize high speed, long range, and reliable data transmission
in mmWave communication systems, beam training consisting
of link establishment, sector level searching, and beam level
searching is a necessary process [6]. Assume that the first two
steps, i.e., link establishment and sector level searching, have

been performed. Then, the proposed JBSUS scheme based on
the beam level searching includes three stages:

Beam Training Stage: The BS transmits a training sequence
with a single RF chain using each codeword in F as analog
steering vector sequentially in time.

Feedback Stage: Each user feeds back the ECSI, which
includes the effective channel gain (ECG) and the correspond-
ing codeword index, based on the measurement of the received
signal carried on each codeword.

JBSUS Stage: The BS exploits the collected ECSI to finish
the JBSUS procedure based on certain performance criterions.

To facilitate the presentation in the sequel, we define
P ∈ R

Nu×Nc+ as the ECG matrix with [P]u,c = pu,c and

pu,c = P
∣∣hH

u fc
∣∣2
/σ 2 as the ECG between the uth user and

the BS with codeword c, where P is the transmitted power.
After obtaining the ECSI, one naive JBSUS method is to select
the NRF largest ECGs which comes from different rows and
different columns of P to be the scheduled user-codeword
pairs. Note that this naive JBSUS method is a simple method
but without considering the impact of inter-user interference on
the system performance. As a result, the performance of this
JBSUS method may be unsatisfied. Therefore, a careful design
of JBSUS method is needed to improve the performance.

IV. PROBLEM FORMULATION AND SOLUTION

In this section, we focus on designing an effective method
to address the JBSUS problem. Specifically, the JBSUS prob-
lem is formulated as a mixed non-convex and combinatorial
optimization problem. From (3), we see that the rank of matrix
HFRF is not larger than the rank of H and that of FRF.
Therefore, to transmit independent data streams to |S| users
with a linear receiver, it is necessary that the column rank of
the RF precoder FRF is not less than |S|, i.e., FRF includes
at least |S| independent codewords. In addition, for the hybrid
architecture mmWave system of interest, we have |S| � NRF.
Thus, the optimal JBSUS for maximizing the achievable sum
rate can be designed via solving the following problem:

max
I

Nu∑
u=1

Nc∑
c=1

log2
(
1 + SINRu,c

)
(4a)

s.t.
Nc∑

c=1

Iu,c � 1, ∀u ∈ U,
Nu∑

u=1

Iu,c � 1, ∀c ∈ C , (4b)

Iu,c ∈ {0, 1} , ∀u ∈ U, c ∈ C , (4c)
Nu∑

u=1

Nc∑
c=1

Iu,c � NRF . (4d)

In (4a), I is the set of Iu,c,∀u ∈ U, c ∈ C = {1, · · · , Nc}.
Iu,c is the user-codeword pair (u, c) indicator, e.g., Iu,c = 1
means that the uth user that pairs with codeword c is
scheduled by the BS, otherwise, Iu,c = 0. The signal-to-
interference-plus-noise ratio (SINR) of the uth user paired
with codeword c is

SINRu,c = Iu,c pu,c

φu,c + 1
, (5)

where φu,c =
Nu∑

u′=1

Nc∑
c′=1

Iu′,c′ pu,c′ − Iu,c pu,c denotes the inter-

user interference. Constraints (4b) and (4c) ensure that each
codeword can only be assigned to at most one user and each
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user can only occupy at most one codeword. Due to the limited
number of RF chains equipped at the BS, the number of
scheduled users must satisfy constraint (4d). Note that the
fairness among users is not taken into account in problem (4),
which is left as our future work.

To design an effective JBSUS method to address the non-
convex problem (4), we first rewrite the problem into its
equivalent form by introducing auxiliary optimization vari-
ables αu,c, βu,c, ∀u ∈ U, c ∈ C .

max
I ,α,β

Nu∑
u=1

Nc∑
c=1

log2

(
1 + αu,c

βu,c

)
, s.t. (4b), (4c), (4d), (6a)

αu,c � Iu,c pu,c, φu,c + 1 � βu,c, ∀u ∈ U, c ∈ C , (6b)

where α is the set of αu,c and β is the set of βu,c,∀u ∈ U,
c ∈ C . It is easy to prove that all inequality constraints in (6b)
are activated when the solution of problem (6) is obtained.

The optimization problem (6) is a complex combinato-
rial optimization problem. In general, the globally optimal
solution to (6) can only be obtained by the exhaustive
search (ES) method with considerable computational complex-
ity of

∑NRF
i=1 Ci

Nu
Ci

Nc
Ai

i where Cb
a = a!

b!(a−b)! and Ab
a = a!

(a−b)! ,
a � b. Therefore, we need to develop a low computational
complexity optimization method to address (6).

A. DC Program Based Solution

Note that the difficulties in solving problem (6) are the
binary optimization variable constraints and the non-convex
objective function. To overcome these difficulties, we first
rewrite constraint (4c) to its equivalent form:

0 ≤ Iu,c ≤1,∀u ∈ U,c ∈ C ,
Nu∑

u=1

Nc∑
c=1

Iu,c−
Nu∑

u=1

Nc∑
c=1

I2
u,c ≤0. (7)

Now, the variables Iu,c in (7) are continuous values between
zero and one while constraint (7) is in DC (difference of two
convex functions) form. Thus, we further rewrite (6) to the
following equivalent DC programming problem [9].

min
I,α,β

g1 (α,β)−g2 (β) , s.t. (4b), (4d), (6b), (7). (8)

where g1 (α,β) � −
Nu∑

u=1

Nc∑
c=1

log2
(
αu,c + βu,c

)
and g2 (β) �

−
Nu∑

u=1

Nc∑
c=1

log2
(
βu,c

)
. According to [10, Proposition 2], it is

easy to show that the problem in (8) can be solved by solving
the following program by appropriately choosing μ > 0.

min
I,α,β

g1 (α,β)+ μg3 (I)−g2 (β)− μg4 (I) , (9a)

s.t. (4b), (4d), (6b), (7), (9b)

where g3 (I) �
Nu∑

u=1

Nc∑
c=1

Iu,c and g4 (I) �
Nu∑

u=1

Nc∑
c=1

I2
u,c.

In general, an iterative procedure is adopted to address
the DC programming problem. Here, we use the iterative
successive convex approximation (SCA) method to obtain a
stationary point of (9). Let I (κ), α(κ), and β(κ) be an initial
feasible solution of (9) at the κ th iteration. Since g2 (β) and

Algorithm 1 DC Program Based JBSUS Method

1: Initialize iteration index κ = 0 and I (κ), then compute
the initial value of α(κ) and β(κ).

2: Solve problem (10) for given I (κ), α(κ), and β(κ) and obtain
the intermediate solution I (κ+1), α(κ+1) and β(κ+1).

3: If

∣∣∣ψ(
α(κ+1),β(κ+1)

)
−ψ

(
α(κ),β(κ)

)∣∣∣∣∣∣ψ(
α(κ),β(κ)

)∣∣∣ � ζ , then output I (κ+1), α(κ+1),

and β(κ+1), otherwise go to step 4.
4: Set κ = κ + 1 and go to step 2.

g4 (I) are convex functions, we have g2 (β) � g2 (β) and
g4 (I) � g4 (I) where g2 (β) and g4 (I) are given by:

g2 (β) � g2

(
β(κ)

)
−

Nu∑
u=1

Nc∑
c=1

1

β
(κ)
u,c ln 2

(
βu,c − β(κ)u,c

)
,

g4 (I) � g4

(
I (κ)

)
+ 2

Nu∑
u=1

Nc∑
c=1

I (κ)u,c

(
Iu,c − I (κ)u,c

)
.

Thus, the κ th iteration of the iterative procedure that yields an
iterative solution α(κ+1), β(κ+1), and I (κ+1) of problem (9) is
obtained by solving the following problem:

min
I,α,β

g1 (α,β)+ μg3 (I)− g2 (β)− μg4 (I) , (10a)

s.t. (4b), (4d), (6b), (7). (10b)

Now, (10) is a convex optimization problem and can be easily
solved via classical optimization methods, such as the interior
point method. The proposed iterative JBSUS method is sum-
marized as Algorithm 1 where ψ (α,β) = g1 (α,β)− g2 (β)
and ζ > 0 is the maximum tolerable level.

Remark 1: In problem (10), μ acts as a large penalty factor
for penalizing the objective function for any Iu,c that is not
equal to 0 or 1. With a larger value of μ, Iu,c that is not
equal to 0 or 1 converges to 0 or 1 more quickly. A smaller
value of μ helps to find a better solution of (9) for the same
initial solution, but the values of I may be between zero and
one. Accordingly, we first solve (9) via Algorithm 1 with
any feasible initial solution and a smaller value of μ named
as μs . Let I (μs) be the solution of (9) with fixed μs . Note
that the elements of I (μs ) may be still not binary but only
approach binary, i.e., may be zero or nonzero. Let I (μs )

u,c = 1 if
I (μs )

u,c � ζ , otherwise, I (μs)
u,c = 0, ∀u ∈ U, c ∈ C . Then for

a larger μm > μs , we again solve (9) via Algorithm 1 using
I (μs ) as the initial solution, and obtain the final solution of (6)
with similar rounding operation.

The convergence of Algorithm 1 can be guaranteed by
the theory of SCA as stated in [9]. Note that in (10), there
are totally 3Nu Nc optimization variables and there are � �
4Nu Nc + Nu + Nc +1 convex linear constraints. Thus its com-
putational complexity is O

(
(3Nu Nc)

3�
)
, where O (·) stands

for the big-O notation. Thus, the computational complexity of
Algorithm 1 is KO

(
(3Nu Nc)

3�
)
, where K is the number of

the operation times of Step 2 in Algorithm 1.

B. Greedy Based Solution
It is not difficult to find that the computational complexity

of Algorithm 1 is still prohibitive for massive MISO multiuser
networks in practice. To further reduce the computational
complexity, in this section, we present a greedy JBSUS method
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Algorithm 2 Greedy Based JBSUS Method
1: Let S = Cs = �, Iu,c = 0, ∀u ∈ U, c ∈ C . Select the user-codeword

pair
(
u∗, c∗)

such that
(
u∗, c∗)= max

u∈U,c∈C
pu,c. Let Iu∗,c∗ = 1,

S =S ∪ {
u∗}

and Cs =Cs ∪ {
c∗}

. If |S|<NRF, then let flag = 1,
otherwise let flag = 0.

2: while flag == 1 do
3: Select codeword c such that c = max

c̃∈C\Cs

∑
u∈S

∑
c∈Cs

Ru,c where

Ru,c = log2

(
1 + Iu,c pu,c

ϕu,c+pu ,̃c

)
, and then select

uth user such that u = max
u∈U\S

pu,c∑
c∈Cs pu,c+1 .

4: If
∑
u∈S

∑
c∈Cs

Ru,c + Ru,c >
∑
u∈S

∑
c∈Cs

log2

(
1+ Iu,c pu,c

ϕu,c

)
where

Ru,c = log2

(
1+ pu,c∑

c∈Cs pu,c+1

)
, then Iu,c = 1, S =S ∪ {u},

Cs=Cs ∪{c}, and go step 5, otherwise, flag= 0 and output I .
5: If |S| < NRF, then flag=1, otherwise, flag=0 and outputI .
6: end while

to pick out a subset of users from the user set U to be serving
user set. Let Cs be the set of selected codewords from C .
We first try to select out the best user-codeword pair that
has the maximum pu,c,∀u ∈ U, c ∈ C . Next, we select the
codeword c that causes minimum interference to the scheduled
user set S to be the candidate codeword from the remaining
codeword set C \Cs . Then, we select the user that pairs with the
candidate codeword c resulting in the maximum SINR as the
candidate user from the remaining user set U \ S. If the user-
codeword pair (u, c) leads to an increasing sum rate, then they
are added to S and Cs , respectively. Accordingly, the greedy
based JCSUS method is summarized as Algorithm 2, where
ϕu,c = ∑

c′∈Cs ,c′ 
=c
pu,c′ + 1. The computational complexity of

Algorithm 2 is O

(
Nu Nc +

|S|∑
l=2

(Nu + Nc − 2 (l − 1))

)
, which

is substantially lower than Algorithm 1.

V. NUMERICAL RESULTS
In this section, we present numerical results to demonstrate

the performance of the proposed JBSUS methods. A uniform
linear array with antenna spacing equal to a half wavelength is
adopted. The predesigned codebook F is the discrete Fourier
transform (DFT) codebook. The propagation environment is
modeled as Ncl = 6 with Nray = 8 for each cluster with
Laplacian distributed angles of departure [3]. For simplicity,
we assume that all clusters are of equal power, i.e., σ 2

α,m =
σ 2
α ,∀m. The mean angle of φm is uniformly distributed over

[−π, π) and the constant angular spread of AoD σφ is 7.5o [3].
The noise power spectral density is σ 2 = 1

SNR and the
tolerance level is ζ = 10−5. The penalty factor μs = 0 and
μm = 100. The number of codewords Nc in codebook F is
equal to the number of the antennas Nt .

Fig. 2 illustrates the sum rate performance comparison
of various mentioned JBSUS methods. As expected, the
ES method obtains the best sum rate performance in all
the considered SNR operating regimes, at the expense of
prohibitively high computational complexity. Besides, it can
be observed that both Algorithms 1 and 2 are able to achieve
a considerable performance compared to the optimal ES. On
the other hand, the sum rate achieved by Algorithm 1 is higher
than that achieved by the greedy based JBSUS method and
the naive JBSUS method. It is interesting to find that the sum

Fig. 2. Sum rate comparison of various JBSUS methods, Nu = 10, Nt = 16,
NRF = 4.

Fig. 3. Sum rate comparison of various JBSUS methods, SNR = 15dB,
Nt = 16, NRF = 4.

rate performance of the naive JBSUS method is better than
that of the greedy based JBSUS method at low SNR region.
The reason is that at low SNR region, as noise dominates
the inter-user interference, controlling inter-user interference
provides only a marginal gain which results in a low sum
rate. However, at high SNR region, controlling inter-user
interference provides a large gain. Consequently, the greedy
based JBSUS method outperforms the naive JBSUS method.

Fig. 3 shows the average sum rate of the considered
scheduling algorithms versus Nu . It is seen that Algorithm 1
is superior to the other two JBSUS methods. Moreover, we
find that the sum rate increases as the number of users, Nu ,
increases. The reason is that the proposed algorithms are able
to exploit the multiuser diversity provided by the spatially
distributed multiuser structure.

VI. CONCLUSION

The codeword selection and user scheduling problem was
investigated for downlink multiuser mmWave systems. Two
codebook based effective JBSUS methods with ECSI were
developed to address the JBSUS problem.
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