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Abstract—Due to the enormous needs for signal processing and
hardware constraints, the full digital implementation for a large
antenna array at mmWave frequencies becomes intractable.
Hence, receiver design for MIMO system with massive hybrid
array is very demanding, particularly for subarray structure.
In this paper, we propose two low-complexity uplink multiuser
receiver design schemes (single-beam and multi-beam) under the
circumstances of only users’ angles of arrival (AOAs) available at
base station, which greatly simplify the analog beamforming struc-
ture and reduce the complexity of channel estimation especially
when the number of antenna elements is considerably large. In the
single-beam scheme, subarrays are mapped to different users one
by one such that each subarray serves a specific user. In the multi-
beam scheme, all subarrays use the same analog beamforming and
any subarray’s beamforming signal potentially points at all users.
Digital beamforming is then employed to combine all subarray
signals followed by equalization. Simulations are performed to
compare the proposed schemes with other schemes that need
channel information available at the subarray output. Since only
AOAs are required for analog and digital beamformings, the
proposed schemes are more suitable for mmWave MIMO system
with massive hybrid array in spite of slight sum-rate loss.

I. INTRODUCTION

To compromise between the system performance and hard-
ware cost, millimeter wave (mmWave) beamforming with mas-
sive hybrid antennas array [1]–[3] has been regarded as an
enabling technology for 5G wireless communication systems.
A typical hybrid array architecture consists of multiple analog
beamformers and multiple radio-frontend (RF) chains, and each
analog beamformer includes multiple adjustable analog phase
shifters and/or sometimes analog attenuators. According to the
mapping from antenna elements to RF chains, which requires
different number of phase shifters, hybrid array architecture
can be categorized into the fully-connected structure [2] where
each antennas connects to multiple phase shifters and all RF
chains, and the subarray structure [1] where each antenna only
connects to one phase shifter and one RF chain. The fully-
connected structure employs full beamforming gain for each RF
chain such that better performance can be achieved. However,
it requires too many phase shifters particularly for massive
antennas, thus greatly increasing the hardware implementation
complexity. On the other hand, the subarray structure, that uses
much less phase shifters by connecting each RF chain only
with part of the antennas, is preferable for practical hardware
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and physical deployment with massive antennas at the cost of
tolerable performance loss.

Owing to the hybrid array architecture with analog and
digital precoding/combining that provides great flexibility for
beamforming design, it requires either independent or joint
precoding/combining algorithms [4] to optimize the system
performance. Reasonably, the system capacity with hybrid array
is determined by equivalent baseband channels, which includes
actual physical channels and RF beamforming. RF beamform-
ing generally adopts discrete analog phase shift and attenuate
values, which makes optimization problems very challenging.
So far, some relevant works using approximation and sub-
optimization methods have been presented in the literature for
the fully-connected structure [5], [6] and subarray structure [7]–
[9], but the optimal or near-optimal solutions for the latter are
still being explored as yet.

In the following, we focus reviews on the subarray structure
schemes presented in the literature. In [7], a multi-beam trans-
mission diversity scheme based on hybrid subarray structure
is proposed and investigated for single user MIMO with single
data stream. It greatly exploits the flexibility by adaptively com-
bining the analog beamforming and digital precoder. The work
in [8] studies a near-optimal iterative hybrid precoding scheme
for single user MIMO with multiple data streams, where the
complicated capacity optimization problem is decomposed into
a series of sub-optimal problems, and the achievable capacity
of each subarray is optimized one by one using the idea of
successive interference cancellation. Recently, the authors in [9]
propose some low-complexity user-directed RF beamforming
schemes for multiuser mmWave MIMO systems, where the
channel correlation between different users can be efficiently
reduced by allocating different subarrays to different users.
Simulation results in [9] compare the proposed schemes with
other representative schemes, and provide insights on beam-
forming design for the subarray structure. Although the above
schemes achieve good performance, channel information at
each antenna element is required to be known, which potentially
increases the number of channel estimation with the increasing
number of antennas.

In this paper, we propose two low-complexity uplink mul-
tiuser receiver design schemes 1) single-beam scheme and 2)
multi-beam scheme, where only users’ angles of arrival (AOAs)
are required at the base station (BS), which makes analog
beamforming implementation easy and also avoids substantial
channel estimation induced by a large number of antennas. In



the single-beam scheme, the basic idea is to allocate subarrays
to users one by one such that each subarray’s beamforming
signal points at a specific user, whereas in the multi-beam
scheme, to allocate different subarrays with the same analog
beamforming weights such that any subarray’s beamforming
signal potentially points at all users. Followed by an equalizer,
a digital beamformer with only AOA information is used to
combine all subarray signals to produce the final beamforming
signals. Simulation results are provided for comparison between
the proposed schemes and other schemes that need known chan-
nel information at the subarray output. The proposed schemes
that only require AOA information provides a good balance
between the performance and implementation complexity for
mmWave MIMO system with massive hybrid array.

The following notations are used throughout this paper. A,
a and a stand for a matrix, a column vector and a scalar,
respectively; Ai,j is the entry on the ith row and jth column of
A; AT and AH denote the transpose and conjugate transpose
of A, respectively. ||a||2 is the 2-norm of a, and IN is the
identity matrix with N dimensions; CN (m,V) represents a
complex Gaussian random vector with mean m and covariance
matrix V. Further, the notations log(·) and |(·)| represent the
logarithmic and determinant or absolute value depending on
context of (·), respectively.

II. PROBLEM FORMULATION

A. System Model

Consider a narrowband multiuser uplink transmission sys-
tem, which consists of a BS with a hybrid array [1] and K users,
each with a single omnidirectional antenna. As shown in Fig.1,
the receiver at the BS is assumed to use M (M ≥ K) analog
subarrays each with N antenna elements. Each analog subarray
adjusts the signal phase and attenuation at each element using
analog phase shifter and attenuator, then combines the signals
with an analog mixer and downconverts to generate a complex
baseband signal, which is called analog beamforming. Follow-
ing the outputs of analog beamformer, digital beamforming is
performed to combine all subarray signals to produce the final
beamformed signal. Finally, an equalizer is applied to mitigate
multiuser interference. Thanks to very high carrier frequency
in mmWave systems, large arrays can be possibly implemented
in a compact size. In general, N is far larger than 1, thereby
significantly reducing the number of digital chains.

We denote the transmitted signals and powers of K MSs as
K×1 vector of s = [s0, s1, . . . , sK−1]

T , where s ∼ CN (0,P)
and P = diag{p0, p1, . . . , pK−1}, respectively. Let Hm =
[hm,0,hm,1, . . . ,hm,K−1], where hm,k is the N × 1 channel
vector between MS k and subarray m of the BS. The received
signal vector ym at subarray m can be expressed as

ym = Hms+ nm, (1)

where nm ∼ CN (0, σ2IN ) denotes the N × 1 additive white
Gaussian noise at subarray m. By stacking ym one by one, we
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Fig. 1. Block diagram of an uplink multiuser MIMO receiver with hybrid array
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Let W be the NM×M analog beamforming matrix, which

can be represented by

W =

⎛
⎜⎜⎜⎝
w0 0 · · · 0
0 w1 · · · 0
...

...
. . .

...
0 0 · · · wM−1

⎞
⎟⎟⎟⎠,

where wm is an N × 1 analog weight vector of subarray m
with ||wm||2 = 1, and 0 is an N × 1 vector with all elements
0.

Let G = [g0,g1, . . . ,gK−1] be an M×K digital beamform-
ing matrix, and the equivalent baseband channel matrix between
the users and the beamforming output of the BS can be defined
as GHWHH. Assuming that the channel state information is
perfectly available at the BS, the achievable uplink sum-rate of
the system is given by

R = log2
∣∣IK +Q−1GHWHHPHHWG

∣∣
= log2

∣∣∣∣IK +
1

σ2

(
GHG

)−1
GHWHHPHHWG

∣∣∣∣ , (3)

where Q = σ2GHWHWG is the covariance matrix of noise.

B. Channel Model

Throughout the paper, we consider a narrowband channel
representation hm,k as follows

hm,k =

P−1∑
p=0

αk,pam(φk,p), (4)

where P is the number of paths, and αk,p and φk,p stand
for the channel complex gain and AOA of path p for user k,



respectively. am(φk,p) is the subarray m response vector to the
pth path signal with AOA φk,p.

Without loss of generality, we assume that each subarray
consists of isotropic elements with omni-directional radiation
patterns, i.e., the radiation pattern in any angle is one. In this
paper, we consider the uniform linear array (ULA) of localized
subarrays, although the proposed schemes are also applicable
for planar array or interleaved subarrays. Therefore, am(φk,p)
can be written as

am(φk,p) = ej
2πd
λ Nm sinφk,pa0(φk,p), (5)

where λ is the carrier wavelength, d is the adjacent element
spacing and a0(φk,p) is an N -dimensional column vector with
the nth (n = 0, 1, ..., N − 1) element of ej

2πd
λ n sinφk,p .

III. LOW-COMPLEXITY RECEIVER DESIGN WITH MASSIVE

HYBRID ARRAY

Mmwave channel model is better characterized by spatially
sparse multipath channel [10], where the line-of-sight (LOS)
path dominates the power distribution across the multipath.
Especially when the ratio η of the power of the dominating LOS
path to sum power of the remaining paths is large, it can be
assumed that the AOA of LOS signal is approximately regarded
as the AOA of multipath signals, which greatly simplifies signal
processing.

The full channel knowledge between each antenna element
(or subarray) and each user is generally required for most of
schemes, which greatly increases the complexity of channel
estimation especially when massive hybrid array is used. To
reduce the complexity, we propose single-beam and multi-beam
schemes that only requires AOA information available.

A. Single-beam scheme with known AOA

Since only AOA information is available, and users’ channel
magnitude response for each element is unknown, the optimiza-
tion of the mapping from subarrays to users are not considered
in this paper. We allocate subarrays to users successively
following wm = a0(φm mod K)/

√
N , where m mod K is

the remainder of the division of m by K and φk is the
AoA of the LOS path for user k. Hence, the mth subarray’s
beamforming signal directs at the (m mod K)th user, which
effectively reduces the channel correlation between different
users.

Due to parts of subarrays directing at the same user, we
combine the corresponding subarray output signals for different
users in digital beamforming using the following G ,

Gm,k =

{ √
K
M ej

2πd
λ Nm sinφk ,m = k, k +K, k + 2K, ...,

0, otherwise.
(6)

By substituting wm and (6) into (3), we obtain the system sum-
rate.

B. Multi-beam scheme with known AOA

In the multi-beam scheme, we aim at directing at all users
by generating multi-beam analog beamforming. Reasonably, we
sum all subarray response vectors a0(φk) with respect to k, and
then normalize it as wm,m = 0, 1, ...,M − 1,

wm =

∑K−1
k=0 a0(φk)

||∑K−1
k=0 a0(φk)||2

, (7)

where the kth term in the numerator makes one of the multi-
beams direct to the kth user, while inducing the interferences
to other users, which is expected to be removed in equalization
part.

Since all subarrays contribute to directing at any user,
we combine all subarray output signals for user k in digital
beamforming as

gk = [1, ej
2πd
λ N sinφk , ..., ej

2πd
λ N(M−1) sinφk ]T /

√
M. (8)

It is noted here that although the channel correlation between
different users is not reduced, the multi-beam scheme greatly
simplifies the analog implementation due to single configuration
and boosts the expected signals by beamforming.

C. The schemes with known channel

In the following, we consider some schemes with channel
information available at the subarray output. Without loss of
generality, let the digital beamforming matrix G = WHH,
which requires channel information at the subarray output avail-
able instead of AOA information. We adopt different analog
beamforming methods for the following schemes.

1) Single-beam and Multi-beam schemes with known chan-
nel: For analog beamforming, the same weights as the proposed
ones are used, while different digital beamforming weights
that depend on channel information at the subarray output are
generated. Hereinafter, it is not specifically detailed.

2) The upper-bound with optimal linear combinations: With
only AOA information available, we assume that there exists an
optimal linear combination of subarray response vector a 0(φk)
with respect to k as wm to maximize the sum-rate. However,
the linear combination coefficients are practically hard to obtain
as a result of the excessive search scope. Therefore, we adopt
the switches (0 or 1) as on/off linear combination coefficients
to greatly reduce search scope. In such cases, the optimal linear
combinations can be obtained by

ŵm = argmax
wl

m

R, (9)

equivalently, where

wl
m =

∑
k∈Ωl

a0(φk)

||∑k∈Ωl
a0(φk)||2 , (10)

and Ωls, l = 1, 2, ..., 2K − 1, denote all non-empty subsets of
Ω = {1, 2, ...,K}.

By switching on/off users’ subarray response vectors as
shown in (10), this scheme tries (2K−1)M linear combinations
to obtain performance upper-bound of the proposed ones. It is
obviously seen that analog beamforming vector wm in Section



III A. and B. are two special cases in search sets, where the
cardinality of Ω is 1 and K , respectively.

3) The Eig-beamforming scheme: To maximize the re-
ceived signal sum power from all AOA directions, the
optimal solution would be the eigen-beamforming, and
wms,m = 0, 1, ...,M − 1, would be the eigen-vector corre-
sponding to the maximal eigenvalue of BBH , where B =
[a0(φ0), a0(φ1), ..., a0(φK−1)]. In other words, wm is one col-
umn (Its index is the maximal diagonal element index of D.) of
unitary matrix U in eigen-decomposition of BBH = UDUH .

Although the signal sum power can be maximized using the
Eig-beamforming scheme, the reduction of channel correlation
for different users is not taken into account. Hence, the achieved
sum-rate is very low as shown in simulation results to be
presented.

IV. SIMULATION RESULTS

The proposed schemes are simulated using a hybrid ULA of
localized subarrays. d is set to be λ/2. We assume that each
user experiences multipath fading channel in cluster, and in
each cluster the number of multipath is 6 with one LOS-path
and the remaining NLOS-paths. The channel fading coefficients
are generated following a complex Gaussian distribution with
zero mean, and the ratio η of the variances used for LOS-
path to the sum of NLOS-paths. The AoAs of the kth user’s
signal from NLOS-paths are uniformly distributed in the range
of [φk − δ, φk + δ], and {φk} s, k = 0, ...,K− 1 are generated
with a uniform distribution over [−90◦, 90◦]. Unless otherwise
specified, the default values used in simulations are as follows:
the number of subarrays M = 16, the number of antennas in
each subarray N = 8, the number of users K = 4, η = 10dB,
δ = 5◦ and the SNR per antenna is 16dB. The sum-rate
performance of upper-bound is obtained by exhaustive search.
The average bit error rate (BER) performance with QPSK
modulation and zero-forcing (ZF) equalization is evaluated for
all users.

Fig. 2 shows the sum-rate bps/Hz versus the received SNR
per antenna. The sum-rate increases along with the SNR, and
the scheme with upper-bound outperforms the others as ex-
pected. When only AOA information is known, the single-beam
scheme performs better performance than multi-beam scheme
with about 5.7% sum-rate gain. The proposed single-beam
and multi-beam schemes incur 2.2% and 1.3% sum-rate loss
compared with the corresponding ones with known channel,
respectively. Meanwhile, they only require K = 3 AOAs
instead of M = 6 channel information at subarray output. The
Eig-beamforming scheme is inferior to the proposed schemes
due to no consideration of reducing channel correlation for
different users, although it maximizes the output signal power.
The conventional MIMO scheme has the worst performance as
no subarray analog beamforming signals are combined, where
the number of antennas is assumed to be M .

Fig. 3 shows the sum-rate bps/Hz versus the number of
subarrays. It is easily shown that when the number of sub-
arrays M is smaller than 16, the proposed single-beam scheme
outperforms multi-beam scheme in terms of sum-rate, while the
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proposed multi-beam scheme has better performance when M
is over 16. According to different numbers of subarrays, they
provide flexible receiver structures to achieve higher sum-rate.
In addition, the two schemes with known channel achieve close
performance when M is reasonably large.

Fig. 4 shows the sum-rate bps/Hz versus the number of
antennas in each subarray. From Fig. 4, we can see that the
proposed multi-beam scheme presents better performance than
that of single-beam when the number of antennas in each
subarray N is below 10. On the other hand, the proposed single-
beam scheme outperforms multi-beam scheme when N is over
10. Likewise, either of the proposed schemes can be selected to
achieve higher sum-rate following different number of antennas
in each subarray. The single-beam scheme with known channel
always exceeds the multi-beam scheme regardless of N .

Fig. 5 demonstrates the impact of different path-power-ratio
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η on sum-rate bps/Hz. It is obviously shown that the proposed
two schemes have higher sum-rate as η increases, while the
other schemes are not sensitive to different η. It indicates
that our proposed schemes are more applicable to the typical
mmWave LOS-path dominating scenarios.

Fig. 6 shows BER versus the received SNR per antenna.
The proposed single-beam scheme performs far better BER
performance than that of multi-beam scheme, which is because
single-beam scheme reduces the channel correlation between
different users on analog bemaforming part. It also suggests that
ZF equalization is inappropriate for the latter, and the advanced
equalization methods are supposed to be exploited in receiver
designs, which can be an open problem.

V. CONCLUSION

In this paper, we have presented two low-complexity uplink
multiuser receiver design schemes for mmWave massive hybrid
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array with the subarray structure, which are particularly appli-
cable to the scenario for only users’ AOA information available.
The proposed schemes can simplify analog beamforming struc-
ture and avert the channel estimation for each antenna element.
Simulation results are provided for comparison among all
schemes in terms of sum-rate and BER. The proposed schemes
that only require AOA information achieve good performance
at low complexity.
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