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Abstract— In this paper, we study the low complexity reception
of multiuser signals in uplink millimeter wave (mmWave) com-
munications using a partially connected hybrid antenna array.
Exploiting the mmWave channel property, we propose a low-
complexity user-directed multiuser receiver with three novel
schemes for allocating subarrays to users. This receiver only
requires the knowledge of angles-of-arrival (AoAs) for dominat-
ing paths and a small amount of equivalent channel information
instead of perfect channel state information. For comparison,
we also derive a successive interference cancellation-based solu-
tion as a performance benchmark. We design two types of
reference signals with the channel estimation method to enable
efficient and simple estimation for AoA and equivalent baseband
channel. Also, we provide analytical results for the performance
of the AoA estimation, using the lower bounds of mean square
errors in line-of-sight dominated mmWave channels. The simula-
tion results validate that the proposed channel estimation method
is effective when employed in combination with a zero-forcing
equalizer.

Index Terms— Hybrid antenna array, subarray, angle-of-
arrival estimation, line-of-sight, and mmWave communications.

I. INTRODUCTION

W ITH balanced system performance, implementa-
tion complexity and hardware cost, millimeter

wave (mmWave) hybrid antenna array [1]–[4] is regarded
as an enabling technology for 5G wireless communications.
A hybrid array can be categorized into the fully-connected
structure [5] where each antenna connects to multiple phase
shifters and all radio-frontend (RF) chains, and the partially-
connected structure [2] where each antenna only connects to
one phase shifter and one RF chain. The former employs
full beamforming (BF) gain for each RF chain such that
better performance can be achieved. However, it requires
too many phase shifters particularly for massive array, thus
greatly increasing the hardware implementation complexity
and making the integration into a chip difficult. On the other
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hand, the latter uses much less phase shifters and is more
suitable for practical hardware implementation at the cost of
small performance loss.

Hybrid precoding and/or combining for mmWave hybrid
array include both analog and digital BF, which are designed
either independently or jointly for optimizing the system
performance [6]. The sum-rate of a multiuser multiple-input
multiple-output (MIMO) communication system with a hybrid
array is determined by the equivalent baseband channel [7],
which includes actual physical channels and analog BF. As a
result, analog BF has more significant impact on the sum-rate
of systems. Since analog BF adopts analog phase shifters
with constant amplitude, the sum-rate optimization problem
is very challenging and usually results in high complexity.
Most existing optimization methods require the channel state
information (CSI) at each antenna element, which is hard to
obtain in practice. This is because 1) the analog BF prevents
the channel estimation from directly accessing each antenna
output, 2) the massive antennas lead to high-dimensional
channel parameters to be estimated, and 3) the signal-to-noise
ratio (SNR) for channel estimation is very low due to the large
propagation loss.

Most of prior works on analog BF design and channel
estimation in mmWave multiuser MIMO systems consider the
fully-connected array [5], [7]–[12]. Assuming perfect CSI,
Sohrabi and Yu [5] seek to find the optimal analog BF by
decoupling and iterating the designs of analog BF and digital
precoder. To reduce the complexity incurred by iterations, the
works in [9] and [10] studied a low-complexity phase-only
eigen-BF scheme, which exploits maximum ratio combining
and matched filtering for analog BF. Combined with block
diagonalization based digital precoding, the phase-only based
analog BF was also investigated in [7] with equal gain trans-
mission. To alleviate the needs for excessive CSI, [11] pro-
posed a low-complexity two-stage multiuser hybrid precoding
algorithm, which efficiently reduces the training and feedback
overhead while achieving performance similar to that of digital
unconstrained precoding. In the first stage, the analog BF
design is based on maximizing the desired user’s signal power
by exhaustive beam searching using the designed codebook,
while ignoring the interference among users. In the second
stage, the digital zero-forcing (ZF) precoding is designed
through explicit effective CSI feedback. Limited feedback and
CSI quantization resolution may cause system performance
degradation. In order to avoid the feedback, [12] designed the
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analog BF by exploiting multiple-frequency tones to estimate
the strongest angles-of-arrival (AoAs), which is applicable
to both non-sparse and sparse mmWave channels. However,
its performance is subject to the searching accuracy and
potentially increases the filter design complexity. In [13],
an adaptive compressed sensing (CS) based solution was pro-
posed to iteratively estimate the mmWave channel parameters
by exploiting the sparse nature of mmWave channel. It was for-
mulated as a sparse recovery problem where the measurement
matrix is constructed with the training precoding/combining
matrices. The received signal is a linear function of sparse
channel vector including path gains of the quantized spatial
frequencies. The non-zero elements in the channel vector are
used to estimate the AoAs. The training beamforming vectors
constructed by using hierarchical multi-resolution codebook
are used to generate the beams with different directions and
beamwidths. A similar algorithm was applied to mmWave
massive MIMO systems with lens antenna array [14]. How-
ever, such CS based algorithms require repeatedly selecting
the codewords for the transmitter to narrow down the beam.
This will introduce a long delay, and the estimation accuracy
depends on the resolutions of the codebooks. In addition, it
may not be applicable to non-sparse mmWave channels [12].

There have been only limited works for the partially-
connected array. Dai et al. [15] and Gao et al. [16] proposed
a successive interference cancellation (SIC) approach to iter-
atively optimize the analog BF and achievable rate of each
subarray, which is proved to be a near-optimal solution for
single user MIMO with multiple data streams. Our previous
works [17] studied some low-complexity user-directed analog
BF schemes, where the channel correlation between different
users can be efficiently reduced by allocating different sub-
arrays to different users. Although the user-directed schemes
achieve excellent performance, the CSI at each antenna ele-
ment is still required to be known. In [18], a low-complexity
two-stage multiuser hybrid precoding scheme with dynamic
beam assignment was proposed for the partially-connected
array, which achieves high system throughput through effective
channel information feedback. However, it uses hierarchical
beam search, resulting in high search overhead. In [19],
two low-complexity uplink multiuser reception schemes were
proposed, which only require users’ AOAs, but no efficient
AoA estimation scheme is provided.

In this paper, we study a low-complexity multiuser receiver
for massive hybrid array mmWave uplink communications,
where we focus on the interleaved configuration for the pro-
posed schemes. In the interleaved configuration, the partially-
connected hybrid arrays consist of multiple interleaved sub-
arrays [2] (refer to Fig. 2). Our schemes only require users’
AOAs from the line-of-sight (LOS) paths and a small amount
of equivalent channel information. The proposed receiver sim-
plifies analog BF implementation, saving the cost for obtaining
CSI significantly. Our main contributions are summarized as
follows.

• We propose a low-complexity user-directed multiuser
receiver which can apply one of three optimized schemes
to allocate subarrays to users. We also derive an SIC
based solution as its performance benchmark. Simulation

results demonstrate that the achievable sum-rates of the
proposed schemes are close to that of SIC when LOS is
dominant.

• Inspired by the differential beam tracking (DBT) AoA
estimation algorithm [20], we propose a long reference
signal design for multiuser AoA estimation, which effec-
tively removes multiuser interference. We also derive the
lower bounds for the recursive mean square error (MSE)
of AoA estimation.

• Based on the optimized allocation of subarrays to users,
we carry out the least square (LS) equivalent channel
estimation with specifically proposed short reference sig-
nals. The estimation performance is evaluated by its
MSEs. Simulation results show that our schemes with
the proposed channel estimation method provide a good
balance between the performance and implementation
complexity for mmWave MIMO systems with massive
hybrid array.

The remainder of this paper is organized as follows.
Section II describes mmWave multiuser MIMO systems.
Section III proposes three novel user-directed BF schemes
for a partially-connected hybrid array. Section IV details
the proposed channel estimation method, sketches the DBT
algorithm for single user AoA estimation, and proposes a
long reference signal design for multiuser AoA estimation.
Section V derives the recursive MSE lower bounds for AoA
estimation in LOS-dominated mmWave channels for perfor-
mance evaluation. In Section VI, simulation results demon-
strating the performance of the studied schemes are presented,
before concluding the paper in Section VII.

The following notations are used throughout this paper.
A, a and a stand for a matrix, a column vector and a
scalar, respectively; AT , AH and ‖A‖F denote the transpose,
conjugate transpose and Frobenius norm of A, respectively;
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(·), E[·],
Tr(·) and |(·)| represent the logarithmic, expectation, trace and
determinant or absolute value depending on context of (·),
respectively; arg{·} and sign{·} denote the argument and sign
of (·), respectively; C

M×N denotes the space of all M × N
matrices with complex entries.

II. SYSTEM MODEL

A. Signal Model

Consider a multiuser mmWave uplink transmission sys-
tem that consists of one base station (BS) receiver with a
partially-connected hybrid array [2] and J users. As shown
in Fig. 1, the receiver is composed of the blocks of analog
BF, RF chains and baseband signal processing. Analog BF is
implemented by M (M ≥ J) analog subarrays, each having
N isotropic antenna elements with omni-directional radiation
patterns to serve J users. Denote the index sets of users
and subarrays as J and M, respectively. Specifically, each
subarray with N adjustable phase shifers is connected to a RF
chain. At the output of each subarray, the signals are sampled
via analog-to-digital (A/D) conversions at baseband followed
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Fig. 1. Block diagram of mmWave multiuser receivers with analog BF
implemented using phase shifters followed by RF chains and digital baseband
signal processing.

by further digital signal processing. Each user is assumed to be
equipped with a single analog array with P antennas for lower
hardware cost and power consumption. The hybrid array has
two types of regular configurations: localized and interleaved
arrays, as illustrated in Fig. 2 for an example of uniform planar
array with 2× 2 subarrays.

Denote the transmitted symbols and power of J users
as s = [s0, s1, . . . , sJ−1]T , where s ∼ CN (0,P) and
P = diag{p0, p1, . . . , pJ−1}, respectively. Denote the BF
vector of user k ∈ J as gk ∈ C

P×1, with each ele-
ment having a constant amplitude 1/

√
P . Let Hm =

[Hm,0,Hm,1, . . . ,Hm,J−1] ∈ C
N×JP , where Hm,k ∈ C

N×P

denotes the propagation channel between user k and subarray
m of the receiver. Therefore, the received signal ym at
subarray m can be expressed as

ym =
J−1∑

k=0

Hm,kgksk + nm = HmGs + nm, (1)

where G ∈ C
JP×J denotes the analog BF matrix at all users,

as

G =

⎛

⎜⎜⎜⎝

g0 0 · · · 0
0 g1 · · · 0
...

...
. . .

...
0 0 · · · gJ−1

⎞

⎟⎟⎟⎠,

and nm ∼ CN (0, σ2
nIN ) denotes the additive white Gaussian

noise (AWGN) at subarray m. By stacking ym one by one,
we get the received signal y = [yT

0 ,yT
1 , . . . ,yT

M−1]
T as

y = HGs + n, (2)

where H = [HT
0 ,HT

1 , . . . ,HT
M−1]

T ∈ C
NM×JP , and n =

[nT
0 ,nT

1 , . . . ,nT
M−1]

T . The detailed channel matrix will be
described in Section II.B. Denote the analog BF matrix at
the BS, W ∈ C

NM×M , as

W =

⎛

⎜⎜⎜⎝

w0 0 · · · 0
0 w1 · · · 0
...

...
. . .

...
0 0 · · · wM−1

⎞

⎟⎟⎟⎠,

where wm ∈ C
N×1 denotes the weight vector of subarray m,

each element with constant amplitude 1/
√

N . The signals

Fig. 2. An example of two typical partially-connected hybrid arrays with
2 × 2 subarrays: (a) Localized arrays, where the elements in each subarray
are adjacent to each other. (b) Interleaved arrays, where the elements in each
subarray are evenly distributed over the whole array.

from all the analog subarrays, r, are given by

r = WT y = WTHGs + WT n = Heqs + WT n, (3)

where Heq = [heq,0,heq,1, . . . ,heq,J−1] ∈ C
M×J denotes the

equivalent digital baseband channel between the users and BS
receiver, and includes the mmWave channels and the analog
BF at the users and BS.

Assuming that CSI is perfectly known at the BS, the achiev-
able uplink sum-rate is given by [21] and [22]

R = log2

∣∣∣∣∣IM +
1
σ2

n

J−1∑

k=0

pkheq,khH
eq,k

∣∣∣∣∣

= log2

∣∣∣∣IM +
1
σ2

n

HeqPHH
eq

∣∣∣∣ . (4)
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Assuming that the transmission power from all users are the
same, i.e., pk = p, (4) becomes

R = log2

∣∣∣∣∣IJ +
p

σ2
n

M−1∑

m=0

(wT
mHmG)H(wT

mHmG)

∣∣∣∣∣, (5)

which shows that the achievable uplink sum-rate for a
partially-connected hybrid array depends on the SNR and the
correlation between different subarrays’ equivalent channels.

B. Channel Model

Compared to conventional microwave channels with rich
scattering, mmWave channel models [12], [23] in the urban
microcell environments can be characterized by the LOS com-
ponent and non-LOS (NLOS) scattering components, where
LOS path dominates the power distribution across the mul-
tipath. Therefore, Rician fading with a large Rician factor is
typically applied to mmWave channel models.

Assume that the channel is frequency flat fading, time
invariant for each slot, and may change from slot to slot.1 Here,
we consider a uniform linear array for simplicity. Accordingly,
Hm,k is assumed to be decomposed into a deterministic
channel induced by LOS and a random channel induced by
the scattering components [12] as

Hm,k =
√

Kk

1 + Kk
aBS,m(θk)aH

U (φk)

+

√
1

L(1 + Kk)

L∑

l=1

ak,laBS,m(θk,l)aH
U (φk,l), (6)

where Kk is known as the Rician factor for the kth user’s
channel. For simplicity, we assume that all users have the
same Rician factor, i.e., Kk = K , ∀k; The variables θk ∈
[−π

2 , π
2 ], and φk ∈ [−π

2 , π
2 ] are the angles of incidence in

LOS direction at the arrays of the BS and user k, respectively;
L is the number of the NLOS paths. ak,l ∼ CN (0, 1), θk,l

and φk,l are the complex gain and the angles of incidence
of the lth NLOS path at the arrays of the BS and user k,
respectively; aBS,m(θ) and aU (φ) denote the corresponding
antenna array response vectors at the mth subarray of the
BS and the user, respectively. aU (φ) is given by aU (φ) =
[1, . . . , ej 2π

λ (P−1)d sin φ]T , where λ is the carrier wavelength
and d is the adjacent element spacing.

For localized and interleaved arrays at the BS, the loca-
tions of the nth element (n = 0, 1, . . . , N − 1) in the mth
subarray (m = 0, 1, . . . , M − 1) are respectively arranged
as Xn,m = (n + mN)d and Xn,m = (nM + m)d. The
array response aBS,m(θ) can then be written as aBS,m(θ) =
[ej 2π

λ X0,m sin θ, . . . , ej 2π
λ XN−1,m sin θ]T . When the phase shift

of the nth element in a subarray, αn, is set to − 2π
λ nde sin θ′,

the normalized array factor of a subarray can be expressed as

Ps(θ) =
sin
[
N π

λde (sin θ − sin θ′)
]

√
N sin

[
π
λde (sin θ − sin θ′)

] ,

1In this paper, the proposed schemes and channel estimation method can be
potentially extended to wideband mmWave systems [24], where the proposed
reference signals are applied to all subcarriers and frequency-domain AoA
estimation [25] can be performed.

where de = d for localized arrays, whereas de = Md for
interleaved arrays. Similarly, we have the array factor at the
user given by

Pu(φ) =
sin
[
P π

λd (sin φ− sin φ′)
]

√
P sin

[
π
λd (sin φ− sinφ′)

] ,

Note that individual subarrays in localized and interleaved
arrays have different beam patterns due to different subarray
apertures as shown in Fig. 2. The former has wider beamwidth
without grating lobes and achieves larger LOS-MIMO capac-
ity, while the latter has larger grating lobes with narrower
beam and lower AoA estimation complexity [2]. With the
same number of elements in a subarray, the difference of
the beamwidth between them is due to different distances
between adjacent elements, e.g., the localized arrays have
smaller distance leading to wider beamwidth. However, in a
single user system, both arrays have the same overall pattern
when using the same digital BF [20]. For a multiuser system,
the interferences between the subarray beams directing at
different users have different properties. For example, due to
wide beamwidth, the localized subarray will result in high
interference among the users with close AoAs, while the
interleaved subarray will lead to large disturbance when the
beam directing at one user falls into the grating lobes of
another user’s beam. As a result, we need to use a digital
equalizer to reduce the multiuser interference.

III. USER-DIRECTED BEAMFORMING SCHEMES

Given G, the sum-rate in (5) can be maximized by optimiz-
ing W. However, the optimization of W requires the full CSI
between each pair of antennas at the BS and each user, which
substantially increases the complexity of channel estimation
especially when massive hybrid array is used.

To simplify the analog BF structure and reduce the com-
plexity of channel estimation, we propose three user-directed
subarray allocation schemes that only require the knowledge
of dominating AOA and equivalent channel information. The
basic idea is to allocate subarrays to users one by one using an
iterative cancellation approach. Once one subarray’s BF vector
is determined, its corresponding equivalent channel is removed
from the equivalent channel matrix for determining the BF
vectors of other subarrays. These schemes are applicable to
both interleaved and localized arrays.

A. Three User-Directed Per Subarray Based Schemes

When the Rician factor, K , is sufficiently large and the
AOA information is available, BF design at the BS based
on the dominating AoA generally only selects a BF matrix,
W, to direct each subarray’s beam towards a specific user.
That is to say, wm (m ∈ M) is designed by selecting one
of a∗

BS,0(θk)/
√

N (k ∈ J ). Similarly, if each user knows its
angle of departure (AoD), it is possible to design its BF vector
based on its dominating AoD. Since there is no cooperation
among users, all users may steer their beams towards the
receiver, i.e., gk = aU (φk)/

√
P . As proved in [8], the optimal

eigen-BF vectors for the channel in (6) converge to the antenna
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Algorithm 1 User-Directed Scheme I

Initialization: J = {0, 1, . . . , J − 1}, θk(k ∈ J ), Heq,b;
for m = 0 : M − 1 do
1. k′ ← argmax

∀k∈J
{|heq,m,k|};

2. wm ← a∗
BS,0(θk′)/

√
N ;

3. J ← J\{k′};
4. if J = ∅ then
5. J ← {0, 1, . . . , J − 1};
6. end if
end for

array response vectors approximately in the LOS directions for
a large array.

We define heq,m,k � aH
BS,0(θk)Hm,kaU (φk) as the equiv-

alent channel between user k and subarray m. Therefore,
the equivalent channel matrix between all users and subarrays
can be constructed as

Heq,b =

⎛

⎜⎜⎜⎝

heq,0,0 heq,0,1 · · · heq,0,J−1

heq,1,0 heq,1,1 · · · heq,1,J−1

...
...

. . .
...

heq,M−1,0 heq,M−1,1 · · · heq,M−1,J−1

⎞

⎟⎟⎟⎠.

If Heq,b is available at the BS, the allocation of subarrays to
users can be optimized to jointly exploit the directivity and the
spatial diversity. To seek the fairness among different users,
we assume that every J allocations guarantee J different users
to be allocated with different subarrays.2 This will lead to
multiple subarrays’ beams being steered towards a specific
user and thus achieve higher antenna gain and diversity gain.

We propose three user-directed subarray allocation schemes,
where the allocation process can be implemented through opti-
mization in either one- (along row/column) or two-dimension
(across both row and column) in Heq,b. In one-dimension
optimization, scheme I seeks to find a subarray for the right
user, while scheme II seeks to find a user for the right
subarray. In two-dimension optimization, scheme III tries to
find the right subarray for the right user in each iteration.
These schemes attempt to reduce channel correlation while
allowing optimization following certain criterions. They are
summarized in Algorithm I, II and III respectively, where
J \{k′} denotes the complement of {k′}, ∅ denotes the empty
set and mod {·, ·} stands for the modulo operation.

After the BF vectors of all subarrays are determined using
the above schemes, the equivalent digital baseband channel,
Heq,a, is obtained, so is the achievable sum-rate, where the
subscript of “a” is used to distinguish Heq,b.

B. SIC Schemes

Here, we also derive an SIC solution following that in
[16] as the near-optimal benchmark for comparison. The basic
idea behind the SIC scheme is to decompose the achievable

2When mod{M, J} �= 0, i.e., the number of subarrays allocated to
some users is one less than the others’, the system can employ round-robin
scheduling in different data frames to seek the fairness among users.

Algorithm 2 User-Directed Scheme II

Initialization: M = {0, 1, . . . , M − 1}, θk(k ∈ J ), Heq,b;
for k = 0 : M − 1 do
1. m′ ← argmax

∀m∈M

{|heq,m, mod {k,J}|
}

;

2. wm′ ← a∗
BS,0(θ mod {k,J})/

√
N ;

3. M←M\{m′};
end for

Algorithm 3 User-Directed Scheme III

Initialization:M = {0, 1, . . . , M−1}, J = {0, 1, . . . , J−1},
θk(k ∈ J ), Heq,b;

for j = 0 : M − 1 do
1. {m′, k′} ← argmax

∀m∈M,∀k∈J
{|heq,m,k|};

2. wm′ ← a∗
BS,0(θk′ )/

√
N ;

3. M←M\{m′} and J ← J\{k′};
4. if J = ∅ then
5. J ← {0, 1, . . . , J − 1};
6. end if
end for

sum-rate optimization problem into a series of subarray based
subrate optimization problems, and to iteratively optimize wm

from the first to the last by applying the principle of SIC
for multiuser signal detection. From (5), the corresponding
achievable sum-rate can be derived as

R=
M−1∑

m=0

log2

(
1+

p

σ2
n

wT
mHmGQ−1

m−1(w
T
mHmG)H

)
, (7)

where Qm = IJ + p
σ2

n

m∑
m′=0

(wT
m′Hm′G)H(wT

m′Hm′G), 0 ≤
m ≤ M − 2, and Q−1 = IJ . Eq. (7) holds using the matrix
determinant lemma |A + uvH | = (1 + vHA−1u)|A|, where
A is invertible.

To maximize the achievable rate for each subarray, i.e.,
log2

(
1 + p

σ2
n
wT

mHmGQ−1
m−1G

HHH
mw∗

m

)
, we need to per-

form the singular value decomposition (SVD) of the Hermitian
matrix HmGQ−1

m−1G
HHH

m from m = 0 to M − 1. The
conjugate of the singular vector corresponding to the maximal
singular value, v∗

o , is thus the optimal unconstrained wm.
Here, we name it as the benchmarking scheme (a). This is
equivalent to seeking optimal wm by considering the impact
from the first m− 1 subarrays, while not from the remaining
M−m subarrays. When the nth element of wm needs to meet
the constant amplitude constraint, a feasible solution is given
by wm = 1√

N
e−j∠(vo), where ∠(a) denotes element-wise

phase angle operation for a. This solution is referred to as the
benchmarking scheme (b).

Note that the computational complexity of SIC based opti-
mal solution is quite high since it requires SVD and matrix
inversion calculations. Although a low-complexity algorithm
in [16] was proposed to avoid such calculations, all users’ CSI
at each antenna element is still needed, which is unrealistic for
a large hybrid array. Also when the received SNR changes,
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the optimal solution of wm needs to be updated. The acqui-
sition of CSI at each antenna element inevitably leads to high
complexity. On the other hand, since the proposed schemes
only require J AoAs and MJ equivalent channel information
instead of MNJ full CSI, the implementation complexity
of analog BF and channel estimation will be significantly
reduced. Also, subarray allocation is performed basically using
the information in the RF domain, which reduces the signal
processing complexity and power consumption.

IV. CHANNEL ESTIMATION METHOD AND

REFERENCE SIGNALS DESIGN

Due to the constraints on the number of RF chains and ana-
log BF, conventional pilot-aided channel estimation methods
for fully digital systems are not suitable for hybrid systems.
In this section, we propose a novel channel estimation method
for hybrid mmWave multiuser MIMO systems, which includes
three steps as shown in Algorithm IV, and is detailed next.

In the first step, we estimate the strongest AoAs at the
users by searching the beamsteering codebooks, which will be
exploited to determine the analog BF matrix G. In the second
step, we propose a long reference signal design for interleaved
arrays to estimate the strongest AoAs at the BS and Heq,b,
where the AOA estimation problem for multiple users is
converted to multiple single user AOA estimation problems,
so that a simple DBT AOA estimation scheme can be applied.
We allocate the subarrays to users following the proposed
user-directed schemes in Section III. In the third step, the users
transmit the designed short reference signals to facilitate
the estimation of Heq,a, which is then used for multiuser
detection. For localized arrays, the design can be extended
to the generalized DBT [20]. However, due to the required
extra searching for AoAs, the reference signals will be longer
than that for the interleaved array.

A. Details of Proposed Channel Estimation Method
In Step 1 of Algorithm IV, the BS transmits a training

sequence by using one of the omni-directional antennas in
hybrid arrays, to facilitate the users to find the strongest AoAs.
Due to the use of only one RF chain and the limited process-
ing capability at the user, we adopt beam-searching based
approach in several predefined directions for AoA estimation.
Since phase shifters are digitally implemented, BF angles may
be chosen from finite-size codebook [11]. Specifically, in this
paper, we use the beamsteering codebook for users’ BF design,
which has the same form as aU (φ), to simplify the codebook
design due to single parameter quantization. Denote F as
the beamsteering codebook with cardinality |F| = V , and
aU

(−π
2 + πv

V

)
/
√

P (v = 0, 1, . . . , V −1) as the beamsteering
vectors in F .

When aU

(−π
2 + πv

V

)
/
√

P is used as the BF vector of
user k, let |rU

k,v| represent the corresponding received BF
signal amplitude. Therefore, the transmit BF vector for user
k, ĝk, can be selected from F such that

ĝk = argmax
∀aU(−π

2 + πv
V )/

√
P∈F

{|rU
k,v|
}
. (8)

Alternatively, the selection process can be implemented by
searching the codebook with efficient beam training algorithms
developed in [26].

Algorithm 4 Channel Estimation Method
Step 1: Estimate the AoAs and design analog BF vectors at

the users
1) The BS transmits a beam training sequence by using

only one antenna;
2) Each user calculates its received BF signal amplitudes

in different beam directions in line with the
beamsteering codebooks F ;

3) User k (k ∈ J ) determines its estimated AoA and
corresponding BF vector, ĝk, following (8).

Step 2: Estimate the AoAs and design analog BF matrix
at the BS

4) User k (k ∈ J ) transmits its allocated long reference
signals by using ĝk as BF vector;

5) The BS receiver estimates all users’ AoAs using the
DBT algorithm shown in Algorithm V;

6) The BS receiver calculates the received BF signal
amplitude |rBS

m,k|, ∀m ∈ M, ∀k ∈ J in the estimated
AoA directions;

7) The BS determines the allocation of subarrays to users
and resulting BF matrix Ŵ following the proposed
user-directed schemes, where |heq,m,k| is replaced by
|rBS

m,k|.
Step 3: Estimate the equivalent baseband channel and design

the ZF equalizer
8) User k (k ∈ J ) transmits its allocated short reference

signals by using ĝk as BF vector and the BS receives
these signals by using Ŵ as BF matrix;

9) The BS receiver estimates all users’ equivalent
baseband channel, Ĥeq,a;

10) The BS receiver determines the ZF equalizer as
(ĤH

eq,aĤeq,a)−1ĤH
eq,a.

In Step 2, each user transmits its allocated long reference
signals by leveraging BF vector ĝk obtained in Step 1,
which are assumed to be synchronously received by the BS
receiver. The synchronization can be achieved via the control
information included in downlink control packets. All users
follow the allocated time slots to transmit their reference
signals. When the signals are received, each analog subarray
adjusts their phases at each antenna element using analog
phase shifters, and then combines the signals with an analog
mixer and downconverts to generate a complex baseband
signal. Following the outputs of analog beamformers and A/D
converters, uplink AoA estimation using DBT is performed
and the phase shifts at the subarrays are adjusted via a
feedback path. The AoA estimation process is recursively
carried out until the latest AoA estimates for all users are
converged within a tolerable range. Please refer to Section IV.B
and C for details of DBT based AoA estimation and long
reference signal design.

When the AoA estimates, θ̂k (k ∈ J ), are determined and
the corresponding beamsteering vectors, a∗

BS,0(θ̂k)/
√

N , are
set to BF vectors, ŵm (m ∈ M), the received BF signal, rBS

m,k,
is given by

rBS
m,k =ŵT

mHm,kĝksk+ŵT
mnm = heq,m,ksk+ŵT

mnm. (9)
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Since all users have the same transmission power and
ŵT

mnm ∼ CN (0, σ2
n), ∀m ∈ M, we replace |heq,m,k|

with |rBS
m,k| in Algorithms I-III to perform the allocation of

subarrays and determine the BF matrix Ŵ.
In Step 3, each user transmits its allocated short refer-

ence signals by using ĝk obtained in Step 1. Then, the BS
receives these signals and applies Ŵ obtained in Step 2.
This will facilitate the equivalent baseband channel estimation.
Denote the short reference signal for the kth user as ssr

k =
[ssr

k [0], ssr
k [1], . . . , ssr

k [J − 1]]T . Thus, all users’ reference
signals are stacked in a matrix, S = [ssr

0 , ssr
1 , . . . , ssr

J−1]
T ∈

C
J×J . If S is designed to satisfy the condition of SSH =

JpIJ , i.e., ssr
k

Hssr
k = Jp and ssr

k
Hssr

j = 0, ∀ k, j =
0, . . . , J − 1 and k 
= j, Heq,a can be estimated using the
LS method by

Ĥeq,a = 1
JpRSH = Heq + 1

JpŴTNSH , (10)

where R ∈ C
M×J denotes the received BF signals, and

N ∼ CN (0, Jσ2
nIMN ) denotes the AWGN matrix. Therefore,

the MSE of Ĥeq,a can be evaluated by

MSE
�Heq,a

=
1

MJ
E[‖Ĥeq,a −Heq,a‖2F ]

=
σ2

nTr(ŴHŴ)
MJp

=
σ2

n

Jp
. (11)

It is observed that the MSE is inversely proportional to the
average power and the length of the reference signals.

The reference signals in Step 2 are used to recursively
update the receive BF vectors at the BS to improve uplink
AoA estimation, and thus it may need a comparatively long
signal period. On the other hand, the reference signals in
Step 3 are relatively short due to no need for recursive
estimation. However, the total period of the reference signals is
assumed to be smaller than the coherence time of the channel
in this paper. Based on Ĥeq,a, the ZF equalizer is determined
as (ĤH

eq,aĤeq,a)−1ĤH
eq,a for multiuser detection.

B. Signal Model and DBT Algorithm for AoA Estimation

Here, we introduce the DBT algorithm for AoA estimation.
First, assume that there is only one user (e.g., the kth user)
in the system. Denote the qth symbol of its long reference
signal with constant envelope as slr

k [q], and the received BF
signal at the mth subarray as rlr

m,k[q], where q = 1, 2, . . . , Q
and Q is the length of long reference signals. We assume the
phase shifters taking values of, α0, α1, . . . , αN−1, in all the
subarrays, which greatly simplifies the analog implementation
due to single configuration. Therefore, rlr

m,k[q] is given by

rlr
m,k[q] =

[√
K

1 + K
Ps(θk)Pu(φk)ej 2π

λ md sin θk

+

√
1

L(1 + K)

L∑

l=1

ak,lPs(θk,l)Pu(φk,l)

· ej 2π
λ md sin θk,l

]
slr

k [q] + nm[q]. (12)

Algorithm 5 AoA Estimation Using DBT

Initialization: u(0), R(0);
for q = 1 : Q do
1. Set α

(q)
n = −nMu(q−1), n = 0, . . . , N − 1;

2. Update rlr
m,k[q] and R(q) using (14);

3. Calculate u(q) = arg{R(q)}.
end for

where nm[q] denotes the noise at the output of the mth subar-
ray. It is observed from (12) that, the LOS AoA information
can be estimated from the phase difference between the adja-
cent subarray output signals, provided that Ps(θk)Pu(φk) 
= 0
and the interference induced by NLOS is not high. In addition,
the estimated AoA can be fed back to adjust the phase shifting
values in order to align the beam. Thus, the enhanced BF
signal contributes to the following AoA estimate, i.e., the
AoA estimation is recursive. This is known as the DBT
algorithm [20] summarized in Algorithm V.

Let the cross-correlation of any two adjacent subarray output
signals be R. Assuming that the NLOS path gains and noise
components are independent, we have

R = E[rlr∗
m,k[q]rlr

m+1,k[q]]

=
pK

1 + K
|Ps(θk)Pu(φk)|2ej 2π

λ d sin θk

︸ ︷︷ ︸
desired component

+
p

L(1 + K)

L∑

l=1

|Ps(θk,l)Pu(φk,l)|2ej 2π
λ d sin θk,l

︸ ︷︷ ︸
NLOS interference

. (13)

It is seen that the LOS AoA information is contained in the
argument of the desired component. Let u = 2π

λ d sin(θk),
which falls in the range [−π, π) assuming d ≤ λ

2 . If the NLOS
interference is ignored in (13), we have u = arg{R}. Using
adaptive filtering theory, the cross-correlation evaluated based
on the first i received symbols, R(q), can be represented as a
weighted sum of that on the first q − 1 symbols, R(q−1), and
an instaneous differential signal, rlr∗

m,k[q]rlr
m+1,k[q], as

R(q) = (1− μ)R(q−1) + μ

M−2∑

m=0

rlr∗
m,k[q]rlr

m+1,k[q], (14)

where 0 < μ < 1 is the updating coefficient.

C. Design for Multiuser Reference Signals

Assume that there are J users in the system. Denote rlr
m[q]

as the sum of rlr
m,k[q] in (12), k = 0, 1, . . . , J − 1. By itera-

tively substituting {R(q−1), R(q−2), . . . , R(0)} into (14), it is
rewritten as

R(q) = (1 − μ)qR(0) + μ

M−2∑

m=0

q∑

i=1

(1− μ)q−irlr∗
m [i]rlr

m+1[i].

(15)
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Fig. 3. Reference signal design along time slots.

Ignoring R(0) and the noise impact for simplicity, we can write
R(q), for the desired user k, as

R
(q)
k = μ

M−2∑

m=0

q∑

i=1

(1− μ)q−i

·

⎛

⎜⎝wH
(i)H

∗
m,kĝ

∗
kw

T
(i)Hm+1,kĝk|slr

k [i]|2
︸ ︷︷ ︸

desired component

+
∑

j �=k

wH
(i)H

∗
m,jĝ

∗
jw

T
(i)Hm+1,jĝj |slr

j [i]|2

+
∑

j

∑

j′ �=j

wH
(i)H

∗
m,j ĝ

∗
jw

T
(i)Hm+1,j′ ĝj′s

lr∗
j [i]slr

j′ [i]
′

⎞

⎟⎠,

(16)

where w(i) denotes the BF vector in each subarray at the ith
received signal. Eq. (16) includes the desired component for
user k, and the interference from other users consisting of
two terms following the desired component. To eliminate the
interference, we let slr

j [i] = 0, ∀j 
= k and i = 1, . . . , q.
Let the set Πk (k ∈ J ) represent the indices of the nonzero
symbols allocated to the kth user’s reference signal. In order
to estimate all users’ AoAs during one reference signal
period, we design Πk to satisfy the following conditions:

1) Πk ∩ Πj = ∅, ∀k 
= j, and 2)
J−1⋃
k=0

Πk = Q, where Q

denotes universal set, i.e., Q = {1, . . . , Q}.
Without loss of generality, a feasible reference signal for

any user k can be given by

|slr
k [q]|2 =

{
Jp, q ∈ Πk

0, otherwise
(17)

where Πk =
{

Q
J k + 1, Q

J k + 2, . . . , Q
J (k + 1)

}
, and Q

J is
assumed to be an integer. Using (17) and the DBT algorithm
described in Algorithm V, the BS receiver can estimate all
users’ AoAs.

The reference signal design along time slots is illus-
trated in Fig. 3. An example for two users is as follows.
The first user transmits its nonzero reference signals, slr

0 [q],
at q = 1, . . . , Q

2 , while the other is in idle state. When
the other user transmits nonzero slr

1 [q], at q = Q
2 + 1,

. . . , Q, the first user stays in idle state. The BS receiver uses
the first Q

2 received signals to iteratively estimate the AoA for
the first user, and the following Q

2 received signals for the other
user’s AoA estimation. Note that the proposed reference signal

design not only guarantees that the average transmit power
during one reference signal period remains unchanged for each
user, but also effectively removes the multiuser interference for
AoA estimation. It is shown from (17) that, multiple clusters
of nonzero symbols need to be transmitted from multiple users
during one reference signal period. Therefore, it requires the
reference signal to be synchronized among different users. It is
observed that the AoA is estimated and the phase shifting
values are updated for every nonzero symbol, i.e., there are
Q
J recursive AoA updates in one reference signal period for
each user. Since every AoA estimation is only for one specific
user, the BF vectors for all subarrays can be set to the same
at each iteration in order to improve AoA estimation SNR
by combining cross-correlations from all adjacent subarray
outputs.

V. PERFORMANCE CHARACTERIZATION

FOR AoA ESTIMATION

In this section, we employ the MSEs of the estimated u to
evaluate the performance of AoA estimation for the proposed
reference signal design. Recursive MSE lower bounds in
typical mmWave channels will be provided for comparison.

For illustration convenience, we consider a linear hybrid
array of two subarrays. Let Δu

(q)
k = uk − u

(q)
k , where u

(q)
k

is the estimate of uk using the qth reference symbol. Hence,
the equivalent array factor of a subarray can be denoted as

Ps(Δu
(q−1)
k ) = sin(NΔu

(q−1)
k )√

N sin(Δu
(q−1)
k )

, which is a periodic function

of Δu
(q−1)
k with period 2π, and satisfies |Ps(Δu

(q−1)
k )| ≤√

N and |Ps(0)| = √N . The qth received signals for the two
subarrays are respectively expressed as

rlr
0 [q] = slr

k [q]

(√
K

1 + K
Ps(Δu

(q−1)
k )Pu(φk)+

√
1

L(1 + K)

·
L∑

l=1

ak,lPs(Δu
(q−1)
k,l )Pu(φk,l)

)
+n0[q]

and

rlr
1 [q] = slr

k [q]

(√
K

1 + K
Ps(Δu

(q−1)
k )Pu(φk)ejuk

+

√
1

L(1+K)
·

L∑

l=1

ak,lPs(Δu
(q−1)
k,l )Pu(φk,l)ejuk,l

)

+ n1[q]. (18)

The differential signal between rlr
0 [q] and rlr

1 [q] is
given by (19), where n[q] can be approximated as a
complex Gaussian variable with zero mean and variance
2JpK
1+K |Ps(Δu

(q−1)
k )Pu(φk)|2

(
Jp

L(1+K)

∑L
l=1 |Ps(Δu

(q−1)
k,l )

Pu(φk,l)|2 + σ2
n

)
by omitting higher order noise terms. It is

seen from (19) that, the estimation of uk is formulated as
the phase estimation of ρk[q] based on the observed ρk[i],
i = 1, . . . , q, in the presence of previously estimated u

(i−1)
k ,

i.e., u
(q)
k = arg

{
R

(q)
k

}
= arg

{
q∑

i=1

ρk[i]
}

.
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ρk[q] =
JpK

1 + K
|Ps(Δu

(q−1)
k )Pu(φk)|2ejuk +

1√
L(1 + K)

L∑

l=1

Ps(Δu
(q−1)
k,l )Pu(φk,l)(slr∗

k [q]a∗
k,ln1[q] + slr

k [q]ak,ln
∗
0[q]e

juk,l)

+
Jp

1 + K

√
K

L
Ps(Δu

(q−1)
k )Pu(φk)

L∑

l=1

Ps(Δu
(q−1)
k,l )Pu(φk,l)(ak,le

juk,l +a∗
k,le

juk) + n∗
0[q]n1[q]

+
Jp

L(1 + K)

L∑

l=1

L∑

l′=1

a∗
k,lP

∗
s (Δu

(q−1)
k,l )P ∗

u (φk,l)ak,l′Ps(Δu
(q−1)
k,l′ )Pu(φk,l′ )ejuk,l′

+

√
K

1 + K
Ps(Δu

(q−1)
k )Pu(φk)(slr∗

k [q]n1[q] + slr
k [q]n∗

0[q]e
juk) =

JpK

1 + K
|Ps(Δu

(q−1)
k )Pu(φk)|2ejuk + n[q], (19)

Since R
(q)
k follows complex Gaussian distribution from (19),

its joint conditional probability density function (pdf) for the
given u

(i−1)
k , i = 1, . . . , q, denoted as uk, is given by [27]

f
R

(q)
k |uk

(R(q)
k |uk) =

1
2πσ2

R
(q)
k

exp

⎛

⎝
|R(q)

k −m
R

(q)
k

|2
2σ2

R
(q)
k

⎞

⎠,

(20)

where

m
R

(q)
k

=
JpK

1 + K
|Pu(φk)|2

q∑

i=1

|Ps(Δu
(i−1)
k )|2ejuk

and

σ2

R
(q)
k

=
JpK

1 + K
|Pu(φk)|2

q∑

i=1

|Ps(Δu
(i−1)
k )|2

·
(

Jp

L(1 + K)

L∑

l=1

|Ps(Δu
(i−1)
k,l )Pu(φk,l)|2 + σ2

n

)
.

As a result, the conditional signal-to-interference-plus-
noise ratio (SINR) of R

(q)
k , γ

(q)
uk , is given by γ

(q)
uk =

|m
R

(q)
k

|2/(2σ2

R
(q)
k

).

The MSE of u
(q)
k is expressed as

σ2

u
(q)
k

=
∫ π

−π

(u(q)
k )2f

u
(q)
k

(u(q)
k )du

(q)
k , (21)

where f
u
(q)
k

(u(q)
k ) is the unconditional pdf of u

(q)
k . Exact eval-

uation or deriving even the modified Cramer-Rao bound [28]
for σ2

u
(q)
k

is infeasible since f
u
(q)
k

(u(q)
k ) is unavailable [20].

To obtain a deep insight into the MSE, we present a recur-
sive MSE lower bound, B(σ2

u
(q)
k

), as follows (see Appendix).

B
(
σ2

u
(q)
k

)
=

1

2γ̄
(q)
k

− 1

erf
(√

γ̄
(q)
k π

)
√

π

γ̄
(q)
k

exp(−γ̄
(q)
k π2),

(22)

where γ̄
(q)
k = Euk

(
γ

(q)
uk

)
is the average SINR of R

(q)
k , and

can be recursively calculated by

γ̄
(q)
k =

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎩

JpK|Pu(φk)|2
2[Jp + (1 + K)σ2

n]
, q = 1

γ̄
(q−1)
k +

γ̄
(1)
k

√
γ̄

(q−1)
k /π

N erf
(√

γ̄
(q−1)
k π

)
∫ π

−π

sin2(Nu
(q−1)
k )

sin2(u(q−1)
k )

· exp(−γ̄
(q−1)
k (u(q−1)

k )2)du
(q−1)
k , q > 1

(23)

VI. SIMULATION RESULTS

In this section, we present the simulation results for the
proposed schemes and channel estimation method using an
interleaved hybrid array with M = 4 and N = 16. We assume
that each user equipped with eight antennas can estimate its
AoA in LOS directions and configure the corresponding BF
vector perfectly in Step 1. Each user’s signal experiences
multipath fading, where the number of multipath is 8 with
one dominating LOS-path and 7 NLOS-paths [12], [29]. The
AoAs of all users’ signals at both the BS and users sides
are uniformly distributed in the range [−π/2, π/2]. Unless
otherwise specified, the default values used in simulations are
as follows: The number of users J = 4, the Rician factor
K = 15 dB ∀ k = 0, . . . , J − 1, the updating coefficient
μ = 0.001 and p/σ2

n = −5 dB.

A. Achievable Sum-Rate Comparison Between Proposed and
SIC Schemes

With perfect CSI, we compare the achievable sum-rates of
the proposed schemes I-III, with the benchmarking schemes
(a) and (b). Fig. 4 shows the achievable sum-rate versus
p

σ2
n

under K = 2 dB. It is observed from Fig. 4 that the
proposed scheme III can achieve about 93% and even 98%
of the sum-rates achieved by the SIC schemes (a) and (b)
under p

σ2
n

= −5 dB, respectively. The proposed scheme
III achieves better performance than the schemes I and II.
For comparison, the random subarray allocation is studied,
where the subarrays are randomly assigned to different users.
As shown in Fig. 4, the proposed ones outperform the random
subarray allocation in terms of achievable sum-rate through
allocation optimization. In addition, the localized array leads
to slightly better performance than the interleaved one.



LI et al.: LOW-COMPLEXITY MULTIUSER RECEIVER FOR MASSIVE HYBRID ARRAY mmWAVE COMMUNICATIONS 10

Fig. 4. Achievable sum-rate (bps/Hz) versus p
σ2

n
(dB).

Fig. 5. Achievable sum-rate (bps/Hz) versus K (dB).

Fig. 5 shows the achievable sum-rates against the Rician
factor K , where only the results for Scheme II are presented
due to the similar performance between Schemes I and II.
It is seen from Fig. 5 that with increasing K , the achievable
sum-rates increase for all curves, while the gap between the
proposed ones and the SIC scheme (a) becomes smaller. The
scheme III achieves higher sum-rate than scheme II, which
is in line with the results in Fig. 4. Particularly, the proposed
schemes even outperform the SIC scheme (b) when the Rician
factor, K , is larger than 7 dB. When K is small, the sum-rates
of the proposed schemes are reduced since the signal power in
the dominating LOS direction is reduced and the users suffer
from more mutual interference from NLOS paths. Compara-

Fig. 6. u
(q)
k versus the symbol index of long reference signal.

tively, the sum-rates of schemes (a) and (b) are less affected
due to the SIC processing. This indicates that our proposed
scheme is more suitable for LOS-dominated channels.

B. Performance of the Proposed Channel Estimation Method

Fig. 6 shows the performance of multiuser AoA estimation
versus the symbol index of long reference signal under p

σ2
n

=
−10 dB, where four users’ AoAs are assumed to be θ0 =
−π/6, θ1 = 0, θ2 = π/6 and θ3 = −π/4 (corresponding to
u0 = −1.5708, u1 = 0, u2 = 1.5708 and u3 = −2.2214),
respectively. It is observed from Fig. 6 that each user’s AoA
information can be iteratively estimated using its allocated
nonzero symbols ( Q

J = 50) in the reference signal (Q = 200).
The AoA estimates under K = 15 dB have better convergence
and accuracy performance than those under K = 5 dB,
because a higher Rician factor leads to a higher SINR. The
corresponding estimates for all users’ AoAs after 50 nonzero
symbols are given by −1.574, 0.0035, 1.6152 and −2.2173,
respectively.

We evaluate the MSEs of the AoA estimates for a ran-
domly selected user with different values of K as the length
of nonzero long reference signal increases. The results are
obtained by averaging over 5000 independent simulations.
As shown in Fig. 7, the MSEs decrease with the number of
nonzero symbols. When the number of nonzero symbols is 50,
an MSE of 0.00456 can be achieved with K = 15 dB, and it
is about half of that achievable by using 30 nonzero symbols.
The calculated recursive MSE bounds are also displayed in
the same figure. We see that the MSE bounds become tighter
as K increases.

Fig. 8 shows the calculated and simulated MSEs for the
equivalent channel estimation in Step 3 versus p/σ2

n under
different lengths of short reference signals. As shown in
the figure, the simulated MSEs match the calculated results
in (11), and linearly decrease with the increase of p/σ2

n for the
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Fig. 7. Simulated MSEs and the recursive MSE lower bounds under K = 5
and 15 dB.

Fig. 8. Calculated and simulated MSEs for equivalent channel estimation.

cases with both estimated and known AoAs. It is also shown
that the MSE performance can be improved by increasing the
length of short reference signals.

Finally, we demonstrate the achievable sum-rate after ZF
equalization using the proposed channel estimation method,
in which the nonzero symbol length of each user’s long
reference signal is set to 50. Fig. 9 presents its performance
as a function of p/σ2

n ranging from −5 to 5 dB. As a
comparison, the achievable sum-rates under perfect AoA
and equivalent channel estimations are also plotted. It is
shown that, the curves of sum-rate for the proposed channel
estimation method are getting closer to those for perfectly
known channels with increasing K . When K is increased to
15 dB, the proposed channel estimation method only incurs a

Fig. 9. Achievable sum-rate under ZF equalization under K = 10 and 15dB.

0.5 dB loss compared to perfectly known channels, achieving a
sum rate of 30bps/Hz. While K is from 10 dB to 15 dB, there
will be a 5.24% sum-rate gain at p/σ2

n = 5 dB. This indicates
that the proposed channel estimation method is suitable for a
LOS dominated mmWave channel.

VII. CONCLUSION

We have proposed a user-directed multiuser receiver with
three allocation schemes of subarrays to users for massive
hybrid array mmWave communications. The receiver only
needs users’ AOA information from the dominating LOS paths
and a small amount of equivalent channel information instead
of the full CSI. This leads to a low-complexity implementation
of analog BF and channel estimation, and also avoids excessive
searching and feedback overhead. We have designed long
reference signals to enable the receiver to estimate all users’
dominating AOAs, which are used to generate the analog BF.
The recursive MSE lower bounds for the AoA estimation in
typical mmWave channels are derived. The simulated MSEs
show that the performance of AoA estimation can be improved
by increasing the nonzero symbol length of long reference
signals. An equivalent channel estimation approach along
with the designed short reference signals is then proposed.
Simulation results demonstrate that the proposed schemes
along with the channel estimation method can effectively trade
off the sum-rate against the implementation complexity, which
is particularly promising for massive hybrid arrays in LOS
dominated channels.

The potential of the proposed user-directed multi-user
receiver for future wireless networks lies in its feasibility and
scalability in massive arrays due to the partially-connected
array structure. Compared with the fully-connected structure,
it can greatly reduce the number of phase shifters and thus
hardware implementation complexity in practical deployment.
Our proposed schemes in this paper focus on the optimization
of allocating subarrays to users by iteratively finding the
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maximal equivalent channel gain between the subarrays and
users. Other effective allocation approaches based on different
optimization criteria may be investigated to further improve
the performance of the schemes. In addition, some robust AoA
estimation approaches, e.g., [30], [32] can be potentially used
to improve the accuracy of AoA estimation in the proposed
channel estimation method.

APPENDIX

DERIVATION OF (22)

The term 1
L

L∑
l=1

|Ps(Δu
(i−1)
k,l )Pu(φk,l)|2 in σ2

R
(q)
k

can be

approximated by taking the expectation with respect to (w.r.t.)
uk,l and φk,l as

1
L

L∑

l=1

|Ps(Δu
(i−1)
k,l )Pu(φk,l)|2

≈ Euk,l,φk,l

{
|Ps(Δu

(i−1)
k,l )Pu(φk,l)|2

}

(a)
= Euk,l

{
|Ps(Δu

(i−1)
k,l )|2

}
· Eφk,l

{|Pu(φk,l)|2
} (b)

= 1, (24)

where (a) holds assuming uk,l and φk,l are indepen-

dent, and (b) holds since Euk,l

{
|Ps(Δu

(i−1)
k,l )|2

}
=

Eφk,l

{|Pu(φk,l)|2
}

= 1 by exploiting the property of
discrete-time Fourier transform in Appendix D [30]. By sub-
stituting (24) into σ2

R
(q)
k

and taking the expectation of γ
(q)
uk

w.r.t. uk, we get the average SINR of R
(q)
k as

γ̄
(q)
k =

JpK|Pu(φk)|2
2[Jp + (1 + K)σ2

n]

q∑

i=1

E
u
(i−1)
k

{
|Ps(Δu

(i−1)
k )|2

}
.

(25)

To obtain a lower MSE bound, we replace f
u
(q)
k

(u(q)
k )

with a known phase distribution determined by γ̄
(q)
k ,

i.e., f
u
(q)
k

(u(q)
k ) = f0(Δu

(q)
k , γ̄

(q)
k ) [31], where

f0(x, γ)≈ 1
erf
(√

γπ
)
√

γ

π
exp(−γx2), −π ≤ x ≤ π, (26)

and erf(x) = 2√
π

∫ x

0 e−t2dt is the error function. When

Ps(Δu
(q)
k ) takes the maximum value at u

(q)
k = uk,

f0(Δu
(q)
k , γ̄

(q)
k ) can be considered as the true phase pdf.

However, |Ps(Δu
(q)
k )| ≤ √N when there exists recursive nui-

sance parameter, which somewhat reduces the SINR. Hence,
the actual MSE in (21) will always be larger than that
calculated using f0(Δu

(q)
k , γ̄

(q)
k ), i.e.,

σ2

u
(q)
k

≥
∫ π

−π

(u(q)
k )2f0(u

(q)
k , γ̄

(q)
k )du

(q)
k = B

(
σ2

u
(q)
k

)
. (27)

From (25), γ̄
(1)
k can be determined as

γ̄
(1)
k =

JpK|Pu(φk)|2
2[Jp + (1 + K)σ2

n]
E

u
(0)
k

{
|Ps(Δu

(0)
k )|2

}

=
JpK|Pu(φk)|2

2[Jp + (1 + K)σ2
n]

, (28)

where the initial estimate u
(0)
k is assumed to be uniformly

distributed in [−π, π), and thus γ̄
(q)
k for q > 1 can be

recursively determined as

γ̄
(q)
k = γ̄

(q−1)
k +

JpK|Pu(φk)|2
2[Jp + (1 + K)σ2

n]

·
∫ π

−π

|Ps(Δu
(q−1)
k )|2f0(u

(q−1)
k , γ̄

(q−1)
k )du

(q−1)
k . (29)

By substituting (26) into (27) and (29), (22) can be obtained.
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