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Hybrid Beamforming Design for Massive MIMO
Systems with Limited CSI Feedback
Francisco Hugo Costa Neto, Daniel Costa Araújo, and Tarcisio Ferreira Maciel

Abstract—In this study, we investigate a limited channel state
information (CSI) feedback scheme to allow the implementation
of hybrid beamforming based on joint spatial division and
multiplexing (JSDM). We propose the usage of beam sweeping
to provide channel measurements that are used to feed a CSI
report scheme that allows an adequate estimation of the channel
characteristics with short pilot sequences and very few precoder
matrix indicators (PMIs), thus significantly reducing the required
signaling. The hybrid beamforming scheme exploits successfully
the provided CSI and achieves satisfactory total data rates in
comparison to the full CSI report approach, as shown in our
simulation results.

Keywords—hybrid beamforming, massive MIMO

I. Introduction
Massive multiple input multiple output (MIMO) systems, by

means of the large number of antenna elements, can provide
high multiplexing and array gains. However, such advantages
can be obtained if the precoding process is performed properly
which imposes some technological challenges. The traditional
fully digital precoding requires a large amount of radio fre-
quency (RF) chains (one for each antenna element), which in
this new context is impracticable due to hardware costs, energy
consumption and implementation complexity [1].

Hybrid precoding is considered a promising solution to
overcome these issues. It replaces the fully digital precoding
at baseband by a combination of the analog beamforming at
RF domain and digital precoding at baseband. The analog
beamforming is implemented by applying an analog phase
shifter network to control the signal phase on each antenna
element. It employs power efficient phase shifters to reduce the
utilization of RF chain an consequently the hardware cost and
the implementation complexity [2]. Several hybrid precoding
algorithms have been proposed in the literature, such as [3],
[4]. However, most of these schemes assume the availability
of the downlink (DL) CSI at the base station (BS). In fact, the
determination of CSI between transmit and receive antennas
is another challenge of massive MIMO systems. There is a
signaling overhead for CSI acquisition at the BS, which is
impracticable due to the limitation of spectral resources.
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The authors of [5] proposed a hybrid beamforming with
small training and feedback overhead based on beam sweeping,
i.e., a codebook based beam training. This method simplified
the CSI acquisition process and reduced the training overhead,
but still requires an exhaustive search of all candidate beams.
In this study, we develop a low-complexity hybrid beam-

forming algorithm for DL of a massive MIMO mmWave
system and assumes the availability of only a limited feedback
of CSI between the user equipments (UEs) and BS. The
main contributions of the work can be summarized as (i)
evaluation of a channel measurement technique based on
beam sweeping aiming at reducing the training and feedback
overhead, and (ii) assessment of a hybrid precoding algorithm
for a mmWave system with limited CSI feedback signaling.
Our work considers a BS that performs hybrid analog/digital
precoding where the number of RF chains is limited by the
number of elements of the space-division multiple access
(SDMA) groups.
The remainder of this work is organized as follows. We

present in Section II the assumptions about our system model.
Section III presents the proposed channel measurement tech-
nique based on beam sweeping. Section IV discusses the
proposed hybrid precoding scheme with limited CSI feedback.
Performance results are discussed in Section V, and the main
conclusions are drawn in Sections VI.

II. System Model

We consider the DL of a massive multi-user (MU) mul-
tiple input multiple output (MU-MIMO) system employing
orthogonal frequency division multiple access (OFDMA). The
system is composed of one BS and J UEs. The BS is equipped
with a uniform planar array (UPA) that is composed of Mv
vertical and Mh horizontal antenna elements, where the total
number of antennas M = MvMh, and has a total of R RF
chains, so that R ≤ M , available. We consider that the UEs
are equipped with a single omnidirectional antenna. In each
time slot, K UEs out of the entire set of J UEs are selected to
compose a SDMA group G and transmit sharing a the same
frequency-time resource block (RB) in space. In each resource,
the transmitter uses its M antennas to send a single data stream
to each of the selected UEs. We consider a frequency division
duplex (FDD) system, where the BS selects UEs to transmit
and determine proper precoding matrices to mitigate the MU
interference.

Prior to a transmission to the kth selected UE, for a given
RB and transmission time interval (TTI), the symbol xk is
filtered by the precoding vector fk ∈ CM×1. Input symbols xk
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are assumed to have unitary average power allocation among
all UEs, i.e., their power is considered normalized so that
E{xk xH

k
} = 1,∀k.

The DL channel matrix between the BS and the receive
antenna of the kth selected UE is Hk ∈ C

Mv×Mh , which can
be written as hk = vec(Hk ,n) ∈ C

MvMh×1, which represents the
3D channel response. The channel coefficient of a given RB is
associated with the middle subcarrier and the first transmitted
orthogonal frequency division multiplexing (OFDM) symbol
in a TTI. We consider that the channel coefficients remain
constant during resource allocation in a TTI.

We consider a two-stage precoder composed of an analog
precoding matrix FRF,k ∈ C

M×R and a digital precoding vector
fBB,k ∈ CR×1. The analog beamforming matrix is assumed
to have elements of equal magnitude, i.e., we consider its
implementation via analog phase shifters. Thus, the precoding
vector can be written as fk = FRF,kfBB,k . The filtered symbol
is then transmitted through the channel associated with the
RB.

Therefore, the prior-filtering receive symbol yk at the kth
selected UE is

yk = hT
k fk
√

pk xk +
K∑
i,k

hT
k fi
√

pi xi + zk, (1)

where pk is the transmit power allocated to the stream asso-
ciated to the kth UE; the second term on the right-hand side
of (1) represents the MU interference; zk is the additive white
gaussian noise (AWGN), statistically distributed as CN(0, σ2

z ),
with standard deviation σz .
The total power constraint is enforced by normalizing the

digital and analog filters, such that ‖ FRF,kfBB,k
√

pk ‖2F=
Pµactive
µtotal

, where P is the total transmit power of the BS, µactive
is the number of active RB and µtotal is the total number of
RBs of the system.

III. Channel Measurement

In order to determine the precoders appropriately, the BS
must dispose of CSI available. In our work, we consider
a limited CSI feedback scheme based on channel quality
indicator (CQI) and PMI reports [6]. The motivation behind
this approach is the signaling overhead that arises with large
number of antennas in FDD systems. We deal with overhead
by using a set beams, each one associated to a PMI, that
transmits channel state information - reference signal (CSI-RS)
for measurement purposes at the UE. More specifically, each
UE estimates the CSI based on the received CSI-RS and
determines the most appropriate set of precoding vectors from
a given codebook. We assume that the BS has a codebook of
M possible beamforming vectors, whose patterns have non-
overlapping main lobes that cover a sector of a single cell. In
this study, the codebook is modeled as a 2D discrete Fourier
transform (DFT) matrix W ∈ CM×M .
The vector s ∈ C1×L defines the CSI-RS pilot sequences

whose length is L. Its transmission is repeated over M TTIs,
and every time slot is associated to a given beam direction.
This process is called beam sweeping. The received signal at

the kth UE of the bth beam during the beam sweeping can be
written as

rk ,b = hT
k w∗b
αk ,b

s + nk, (2)

where αk ,b is the projection of the channel vector hk onto
the conjugate codebook column w∗

b
and nk ∈ C

1×L is an
AWGN vector distributed as CN(0, σ2

nI). The UE is interested
in measuring αk ,b,∀ b = {1,2, ...,M}, because it gives the UE
the knowledge to decide which beams are the most appropriate.
Given the knowledge of CSI-RS, the estimated channel

vector projection αk ,b of the kth UE onto the bth beam wb

can be written as
α̂k ,b = rk ,bsH . (3)

The performance of the beam sweeping channel measure-
ment is evaluated in terms of the normalized mean square error
(NMSE), which is defined as

NMSE(α) =
1
C

C∑
c=1

‖ α − α̂ ‖22
‖ α̂ ‖22

, (4)

where C is the number of Monte Carlo runs.
The kth UE measures the projection of its channel hk on

the beam patterns configured by the DFT-based codebook W
and, among those beam patterns, recommends a suitable set for
subsequent data transmission. In the proposed scheme, each
UE determines the set of beams with highest weights α̂k ,b ,
since this is the set of beams that provide more information
about the estimated instantaneous CSI of the UE. Afterwards,
the set of selected beams B is fed back to the BS as a vector of
PMIs. Furthermore, the kth UE also sends the corresponding
set A of weights αk ,b associated to the beams’ indices in B
also as a vector.

IV. Hybrid Beamforming with Limited CSI Feedback

We consider a hybrid beamforming scheme based on joint
spatial division and multiplexing (JSDM) [7], on which the BS
splits all UEs of the system into subsets accordingly to their
channel compatibility. Therefore, each subset Ci , hereinafter
referred to as cluster, has elements with similar DL channel
characteristics. In the following, the BS schedules UEs from
different clusters in order to minimize MU interference. The
number of clusters is determined by the number of RF chains
available in the BS antenna.

The first step of the hybrid beamforming based on JSDM
consists in the partioning of UEs into clusters. The BS will
receive a CSI feedback from each UE and, based on that
information, establish the different clusters. The authors in [7],
[8] consider a CSI feedback scheme that reports to the BS
the channel covariance matrix Rk of each UE, i.e., a high-
dimensional channel second order statistic. Given the jth UE,
its channel vector on the tth TTI is ht , j ∈ C

M×1. Thus, the
transmit covariance matrix Rj ∈ C

M×M can be written as

Rj =
1
T

T∑
t=1

ht , jhH
t , j, (5)
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where T is the TTI window size, i.e., indicates the number
of channel vector ht , j samples considered in the averaging
process.

The amount of information associated to the CSI feedback
is determined by the number of antenna elements at the BS M
and by the number of UEs in the system, being proportional
to M2J for reporting the whole Rj matrices. If we consider
a scenario with a massive arrangement of antennas at the BS
and a high number of UEs, this feedback scheme implies at a
huge signaling overhead.

To provide a JSDM implementation with reduced CSI
signaling overhead, we consider herein to report to the BS the
two vectors associated with A and B described in the previous
section. The combination of the information contained in these
vectors with the predefined codebook W provides the means
to compute an estimation of the UEs’ channels. Thus, the
first vector derives from the set of PMIs Bj of each UE j.
Each PMI represents a selected column of the codebook W =[
w1 · · · wM

]
. Therefore, the vector of PMIs can be written

as bj =
[
βj ,1 · · · βj ,N

]
∈ CN×1, where βj ,w ∈ {1, . . . ,M}.

The second vector derives from the set of weights A j of each
UE j, so that the vector aj =

[
α̂j ,1 · · · α̂j ,N

]
∈ CN×1 can

be defined. This vector indicates the weight associated to the
projection of each selected column of the codebook on the
instantaneous channel hk .

In this case, the signaling amount is determined by the
number of reported PMIs N , rather than the number of
antennas elements, and by the number of UEs. Therefore,
the proposed CSI feedback scheme provides a signaling load
proportional to 2N J. Since N � M , the proposed approach
provides a CSI signaling load lower than the conventional
second order channel statistic feedback. However, it can be
less robust as the device does not estimate the full channel or
second order channel statistics.

Different UE partitioning methods have been proposed as
extension to JSDM, such as k-means [8] and fixed quantiza-
tion [4]. In our study, we consider the partitioning of UEs
based on a strategy initially proposed in [8]. Our approach
considers the use of the k-means++ algorithm. Proposed in
[9], it replaces the poor initialization step of k-means with a
more sophisticated one.

The k-means++ algorithm aims to cluster UEs into subsets
so that each UE belongs to the cluster with the nearest central
characteristic. Thereby, UEs with similar transmit channel
characteristics are put on the same cluster.

Conventionally, the average channel covariance eigenspace
is the channel characteristic considered in the UE partition
strategies. The eigendecomposition of the transmit covariance
matrix Rj can be written as

Rj = Ej∆jE−1
j , (6)

where Ej ∈ C
M×M defines the matrix composed of eigenvec-

tors and ∆j ∈ C
M×M is the diagonal matrix of eigenvalues.

Therefore, we define the characteristic associated to each
UE in the clustering algorithm as h̃j ∈ C

M×1 , the dominant
eigenvector associated to highest eigenvalue of Rj .

In our work, we consider that the information used by the
BS to partition UEs into clusters, defined as ĥk ∈ C

M×1, is

the combination of the projection of the instantaneous channel
vector on the codebook, which can be written as

ĥk =

N∑
n=1

α̂nwβn . (7)

The k-means++ algorithm employs an iterative approach
that aims to find a clustering that minimizes the distance
among elements that belongs to each cluster to the central
characteristic of that cluster, also known as centroid. Each UE
has a characteristic dj ∈ C

M×1, which can be associated to
h̃k or ĥk , namely the dominant eigenvector of the channel
covariance matrix or the sum of columns of the codebook that
best represent the instantaneous channel vector, respectively.
The vector ci ∈ CM×1 that describes the central characteris-

tic of the ith cluster Ci is called centroid, which can be written
as

ci =
1
|Ci |

∑
j∈Ci

dj . (8)

The first step is the initialization of centroids. The k-
means algorithm determines the initial centroids from the
characteristic dj from K UEs randomly sorted out of the entire
set of UEs in the system. This process is simple, but may
cause convergence of the centroids to the local optima. To
overcome this issue, the k-means++ considers a more refined
initialization of centroids. In the beginning, an arbitrary first
centroid is randomly chosen from the entire set of UEs in
the system. The selection of the others initial centroids is
established by a weighted probability function ψj based on
the distance of the UEs to the closest centroid ci , which can
be written as

ψj =
‖ dj − ci ‖22∑

j′,j
‖ dj′ − ci ‖22

. (9)

Then, the UE with highest ψ is selected as centroid, which
means that we choose UEs which are furthest away from the
already selected centroids. After the initialization step, the
algorithm follows the same steps of the k-means. Each iteration
of the algorithm consists in a clustering assignment followed
by a centroid update. Given the clusters centroids ci provided
in the first iteration (t = 0), in the group assignment step, each
UE j is assigned to the cluster Ci with smallest distance to
the centroid as

Ci = min
i
‖ dj − ci ‖22 . (10)

We define a threshold ε > 0 and test at every iteration t if
there is no significant change of the centroids in comparison
to the previous iteration, i.e.,

K∑
i=1
‖ c(t)i − c(t−1)

i ‖22≤ ε . (11)

In the centroid update step, new centroids ci are computed
for each cluster from the subset of UEs in Ci using (8). The
assignment and centroid update steps are carried out until
we reach a convergence. The output of the algorithm is a
clustering of the UEs into K disjoint clusters and a set of
vectors {c1, · · · ,cK } obtained as the centroids of the clusters.
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The analog precoder is assumed to have elements of equal
magnitude, i.e., only phase shifting is performed in the ana-
log domain. Therefore, we only consider the phases of the
elements of the centroids. Considering this assumption, the
analog precoder FRF ∈ C

M×K is defined from the centroids of
the clusters and can be written as

FRF = [c1 c2 . . . cK ] . (12)

In the following, given the clustering of UEs, we select
one UE j from each cluster Ci to create an SDMA group G
containing K UEs. In our study, we consider the weight vector
a associated to each UE and selects the jth UE from each
cluster Ci that presents the highest sum of weights. Therefore,
this approach schedules the UEs which presents the highest
estimated instantaneous channel gain. This criterion to choose
the UE j from cluster Ci can be written as

gi = max
j∈Ci

N∑
n=1

α̂j ,n. (13)

We define the group channel matrix HG ∈ CK×M based
on the channel vectors of the scheduled UE that compose the
SDMA group. It can be written as

HG =
[
h1 h2 . . . hK

]T
. (14)

Therefore, given the group channel matrix HG and the
analog precoder FRF, the equivalent channel matrix Heq ∈
CK×K is given by

Heq = HGFRF. (15)

The digital precoding matrix FBB ∈ C
K×K for the kth

UE is defined as the zero-forcing (ZF). The ZF precoding is
conceived to decorrelate the transmit signals so that the signal
at every receiver output is free of interference. The precoding
matrix FBB is defined as

FBB =
HH

eq(HeqHH
eq)
−1

‖ HH
eq(HeqHH

eq)
−1 ‖F

. (16)

The total power constraint is enforced by normalizing the
digital and analog filters, such that ‖FRFFBB

√
PG ‖2F = pRB,

where PG ∈ RK×K is the block diagonal power matrix
resulting of the combination of the power matrices of each
UE belonging to the SDMA group and pRB is the power
available for a given RB. We consider that the number of
clusters is equal to the number of RF chains and the total
number of streams, i.e., K . Therefore, the dimensions of FRF
and FBB are compatible with the dimension of F, so that
F = FRFFBB ∈ C

M×K .
The receive vector of the group ŷG ∈ CK×1 is given by

ŷG = HGFRFFBB
√

PG xG + zG, (17)

where xG ∈ CK×1 is the group symbol vector and the zG ∈
CK×1 is the group noise vector.

Defining Q = HGFRFFBB
√

PG ∈ CK×K , the average signal
to interference-plus-noise ratio (SINR) perceived by the stream
i can be calculated as

Γi =
|Qii |

2

K∑
j,i
|Qi j |

2 + σ2
z

, (18)

where σ2
z is the noise power and Qi j is the element of Q at

row i and column j.
The signal to noise ratio (SNR) is defined as

Υi =
|Qii |

2

σ2
z

, (19)

The data rate of stream i is calculated according to Shannon
capacity formula [10]. Defining the bandwidth of the RB as
B, the data rate is defined as

Ri = B log2(1 + Γi). (20)

V. Results
We consider a single cell system with a carrier frequency

of 28 GHz and a bandwidth of 100 MHz. According to [11,
Table 2], these parameters imply a set of 125 RBs, each
one composed of 12 subcarriers equally spaced of 60 kHz.
Furthermore, the number of subframes per frame is 10, each
subframe has 14 symbols and the TTI duration is 0.25 ms. We
consider the 3D quasi deterministic radio channel generator
(QuaDRiGa) channel model from [12] (version 2.0.0-664) and
references therein. We assume a set of 60 UEs randomly
distributed inside 4 circular regions, which have the same
number of elements and are characterized by a radius of 10%
of the intersite distance and away from the BS by 85% of the
intersite distance. We also assume that these UE hotspots, i.e.,
a concentration of UEs in a relatively small area of the cell
compared to the surrounding, are uniformly distributed inside
a sector of 60◦ of the cell. The details of simulations’ settings
are listed in Table I.

Figure 1 shows the performance of the beam sweeping
channel measurement for different pilot sequence lengths L =
{8, 16, 32, 64}. The increase of the pilot sequence length
provides to the UEs more knowledge about the channel charac-
teristics. Consequently, there is a better estimation of channel
vector projection onto the codebook entries. However, this
improvement is limited. Above the length L = 32, the signaling
overhead increase is not worth the observed NMSE reduction.

8 16 32 64
10−4

10−3

10−2

10−1

Pilot sequence length

N
M
S
E

SNR = 0 dB
SNR = 5 dB
SNR = 10 dB
SNR = 15 dB
SNR = 20 dB

Fig. 1. Performance of the beam sweeping channel measurement in terms
of the NMSE for different pilot sequence lengths.
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TABLE I
Simulation Parameters

Parameter Value

Channel model QuaDRiGa [12]
Scenario UMi-LOS [13]
Center Frequency 28 GHz
Bandwidth 100 MHz
Number of RBs 125
Number of subcarriers/RB 12
Subcarrier spacing 60 KHz
TTI duration 0.25 ms
Number of symbols/subframe 14
Simulation time 65 ms
Number of simulation rounds 250
Intersite distance 200 m
BS, UE heigth 10, 1.5 m
BS, UE element spacing λ/2 m
BS antenna model 3GPP-mmWave [13]
BS vertical antennas 8
BS horizontal antennas 8
UE antennas 1
UE antenna model omni
Total transmit power 35 dBm
Noise figure 9 dB
Noise spectral density -174 dBm/Hz
Number of paths 7
Shadowing standard deviation 3.1 dB
UE track linear
UEs speed 3 km/h

In Figure 2, we show the cumulative distribution function
(CDF) of the total data rate for our system considering the
proposed solution of reduced feedback (Prop) compared to
the conventional signaling scheme (JSDM). First, we partition
UEs into K = 4 clusters using the k-means++ algorithm. The
scheduling algorithm selects the UE from each cluster which
presents the highest sum of estimated weights (

∑
j∈Ci

α̂j) to

compose the SDMA group. The scheduling algorithm is also
influenced by the limited CSI. There is an increase in total
data rate when the number of PMIs changes from N = 1 to
N = 2. The system total data rate is enhanced almost 30% as a
consequence of a greater amount of CSI that is provided to the
BS and the clustering algorithm is capable of partitioning the
UEs according to their channel compatibilities more effectively
and scheduling of the UEs with better estimated channel
conditions. However, we observe only a marginal capacity
growth when the number of PMIs is increased from N = 2 to

0 10 20 30 40 50
0

20

40

60

80

100

Total data rate (Mbps)

C
D
F
(%

)

Prop./ 1 PMI

Prop./ 2 PMIs

Prop./ 4 PMIs
JSDM

Fig. 2. Evaluation of proposed signaling scheme with different number of
reported PMIs.

N = 4. Hence, the CSI provided by N = 4 PMIs is redundant
in comparison with the knowledge supplied by the report of
N = 2 PMIs in our scenario.
We highlight, that the limited feedback of CSI reduces

significantly the signaling overhead and achieves levels of the
total sum rate near to the conventional signaling approach.
The proposed CSI feedback scheme achieves 90% of 50th
percentile total data rate observed in the conventional CSI
feedback case. The JSDM feedback reports the entire channel
covariance matrix Rj ∈ C

64×64, a signaling amount almost a
thousand times higher than the report CSI using the vectors
of PMIs and estimated weights (Bk,Ak ∈ C

2×1).

VI. Conclusions
In this study, we investigated a limited CSI feedback scheme

to allow the implementation of a hybrid beamforming based on
JSDM. We propose a beam sweeping channel measurement to
provide CSI report scheme that allows an adequate estimation
of the channel characteristics with short pilot sequences and
very few PMIs. The reduction of the signaling overhead
is significant and the user selection strategies could exploit
successfully the CSI provided and achieved 90% of the total
data rate observed at the full CSI report approach.
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