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ABSTRACT The extension from centimeter wave frequencies to millimeter wave (mmWave) frequencies
has triggered an enormous transformation in terms of radio access architecture for future wireless networks,
and it has therefore empowered unlimited opportunities for the user-oriented services and applications.
Besides mmWave as a driving element, beamforming (BF) will be incorporated as a key enabling technology
for the future wireless networks. In this paper, we propose a positioning-aided beamforming (PA-BF)
framework for enhanced downlink communications in a cloud-oriented mmWavemobile networks.We show
that the proposed PA-BF achieves a higher effective transmit ratio that is equivalent to a lower initial
access latency than the conventional codebook-based BF, which in turn manifests its capability to support
high-velocity mobile users. We also analyze the impact of positioning accuracies on the performance of
PA-BF and discuss the trade-offs between different BF strategies with varied system parameters. Our
simulation results demonstrate that, with a narrow beam phased array and reasonably good positioning
accuracy, the PA-BF framework is capable of achieving higher spectral efficiency than the considered
codebook-based BF especially at higher velocities.

INDEX TERMS Exhaustive beamforming, millimeter wave mobile networks, positioning-aided
beamforming, positioning-aided communications.

I. INTRODUCTION
Without a doubt, upcoming wireless communication systems
will extend the radio channels towards a higher frequency
range, namely the millimeter wave (mmWave) band, in order
to enable various user-driven services that require ultra-high
channel capacity in both uplink (UL) and downlink (DL),
such as virtual reality and video conference. Although the
abundance in the available signal bandwidth is ensured, a con-
siderable challenge of mmWave lies in the fact that the
mmWave signals have a higher path-loss and a higher pene-
tration/absorption loss than centimeter wave signals, depend-
ing on the materials and structures within the propagation
environment [1]. Consequently, in order to overcome the
severe propagation losses, the future wireless communica-
tion systems incorporate several other features such as the
small cell networks (SCNs) and beamforming (BF) as the
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ingredient technologies [2] that empower a multi-function
wireless mmWave mobile network. In general, SCNs, also
known as ultra dense networks (UDNs), bring various ben-
efits to both communications [3] and radio positioning [4]
due to a high probability of having a line-of-sight (LoS)
connection between the transmitter and receiver, for instance.
From the communications perspective, SCNs alleviate the
significant path-loss and reflection/diffraction loss thanks to
a shorter end-to-end propagation distance.

Apart from SCNs, the mmWave mobile networks will
incorporate the BF functionalities as another enabling tech-
nology to overcome the severe path-loss and to better opti-
mize the interference level at both UL and DL. Together with
a massive multiple-input multiple-output (MIMO) antenna
technology [5], transmission towards the desired direction
is enabled. Therefore, BF not only alleviates the signifi-
cant path-loss by taking advantage of the MIMO antenna
gain, but it also reduces both the potential intra-cell and
inter-cell interference via the elegant spatial reuse [6, Ch.1].
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Nevertheless, an optimal spatial reuse requires a sophisticated
BF strategy in terms of the beam management [7]. In other
words, an optimized BF ensures better spatial multiplexing
and better receive signal-to-noise ratio (SNR) but it yields
a longer latency of the initial access (IA) especially when
narrow beams are utilized at both ends of the communication
link. However, a long IA latency is not acceptable for the
mission-critical applications such as the autonomous driving
and robotics that require a ultra reliable low latency commu-
nication (URLLC) [8]. Herein, we adapt the semi-directional
communication mode [9] where an omni-directional user
equipment (UE) and an analog BF enabled access point (AP)
are assumed throughout this paper.

In order to enhance the DL communication quality,
we propose a positioning-aided beamforming (PA-BF)
framework that exploits the location information of the
UE via network-centric UL positioning, thus leading to a
lower IA latency and a higher throughput than utilizing
the codebook-based BF strategies [7]. The contributions of
this paper include the demonstration, formulation, and sim-
ulation of the PA-BF strategy leveraging a cloud-oriented
mobile network, and we summarized the key contributions
as follows:
• Introducing a PA-BF strategy tailored for mmWave
mobile network that is operating on an envisioned
cloud-oriented radio access architecture;

• Presenting a theoretical formulation of the systemmodel
for performing the PA-BF in the DL, showing that a
better spectral efficiency and lower IA latency can be
achieved compared to the codebook-based BF;

• Deriving the positioning-error bound (PEB) based on
the time difference of flight measurements by assuming
LoS-dominant connections among each pair of AP and
the UEs.

• Demonstrating that the proposed PA-BF framework
can support much higher UE velocities than the
codebook-based BF, while maintaining the same com-
munication quality in terms of the achievable spectral
efficiency.

II. RELATED WORKS
The intuitive trade-off between the IA latency and achiev-
able communication quality has been previously addressed
in the literature through three main BF strategies for IA
in 5G mmWave networks: i) an exhaustive beamforming
(EX-BF) strategy [10], [11], ii) a hierarchical/genetic BF
strategy [12]–[14] and iii) a context-information (CI)-based
BF strategy [15]–[18] which is also known as location-based
BF. Generally speaking, EX-BF and hierarchical BF strate-
gies rely on a pre-defined single/multi-level codebook, thus
they can be regarded as belonging to the same family of
codebook-based BF. For the CI-based BF strategy, its advan-
tage comes mainly from the reduced IA latency compared to
the codebook-based strategies, due to the pre-defined spa-
tial direction indicated by the context information of the
user location typically acquired via available positioning

technology on the UE, which must be then informed to the
APs [16]. The usefulness of the location information in the
context of BFwas analyzed in [17], where the authors focused
on the benefits in terms of channel estimation duration and
in the received SNR level when exploiting location informa-
tion of targets with different location accuracies. Moreover,
the authors in [18] analyzed the connection between posi-
tioning accuracy and the effective data rate as a function of
different training overheads such as the number of beams.

Additional related studies on the CI-based BF and
location-aware communications can be found in
[4], [19]–[23]. In [19], the authors have proposed a
location-aware BF strategy for multi-user (MU) massive
MIMO system for the high speed train (HST) scenario, where
the location information has been exploited to reduce the
complexity of BF. However, the impact of the positioning
error on the BF performance has not been examined therein.
Regarding the CI-based BF strategy, a compressive sensing
(CS) based BF with CI was proposed in [20] where the
location-uncertainty of mobile users is exploited to reduce the
sweeping range in the angle domain. Assuming a symmetric
positioning error, the CS based multi-level BF has been
applied to find the optimal beam for mmWave communica-
tions and a performance in terms of spectral efficiency close
to the EX-BF has been achieved. Additionally, the authors
in [21] have studied the benefits of the location-based BF
over the codebook-based BF in a 2D scenario where the
location estimate comes from a global navigation satellite
system (GNSS). However, neither the impact of positioning
accuracy on the considered location-based BF nor the way
that the AP acquires the location estimate of UE1 before the
BF were clearly investigated therein. Moreover, a network-
centric system is proposed to enable the location-based BF
in the DL in [22], [23]. Via the tracking of directional
parameters (elevation and azimuth angles) by an extended
Kalman filter at the network side, the precoder for DL
communication is designed for location-based BF, and the
results shown that, despite a closer performance, the matched
filter (MF) based precoder has achieved a better signal-
to-interference-plus-noise ratio (SINR) and user throughput
than the zero-force (ZF) based precoder. While considering a
network-centric system, the authors in [4] presented the posi-
tioning performance in a dense 5G network, and compared
the location-based BF with the channel state information
(CSI)-based BF in terms of the user throughput. In particular,
the location-based BF manifested a certain advantage over
the CSI-based BF because of a reduced pilot overhead owing
to the available location information.

In this work, the CSI-based BF is not considered mainly
due to the short effective duration of the CSI [9] as well as
due to the high cost of acquiring the perfect CSI of each
antenna element especially in large-scale mmWave systems
[12], [24]. Furthermore, the other strategy, CS-based BF,

1Since a GNSS-based positioning was applied, it implies that only the UE
knows its estimated location but AP does not before the BF.
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is not chosen as the benchmark here for several reasons.
We elaborate our rationale from two major perspectives: i)
the realization of CS-based BF strategy such as [20], [25]
is normally conditional on the acquisition of the CSI at
both the transmitter and the receiver sides, which yields
a higher algorithm complexity and a longer latency [26];
ii) the CS-based BF in general requires the utilization of
fully digital beamforming or hybrid beamforming in order
to change the beamwidth which remains as a high-demand
on the device hardware. All in all, compared with aforemen-
tioned works, our proposed PA-BF framework operates on a
low-complexity analog BF, where the positioning is done via
multi-connectivity in the UL within a cloud-oriented network
architecture.

Besides the simulation-based study on BF for the mmWave
networks, experimental work has been conducted in [27],
[28], where different specificmodel-driven 3D beam-steering
mechanisms were applied to achieve high communica-
tion performances in terms of several micro-benchmarks
in 60 GHz wireless networks. Assisted by the measure-
ment campaign, the authors in [27] analyze the impact
of 3D motion and rotation to the link performance of the
60 GHz connection. The discovery revealed a ‘‘deformed-
cross’’ pattern of the channel quality distribution applying 3D
beams, which leads to an optimal beam-steering mechanism,
the OScan. Based on the evaluations, the designed OScan
outperforms existed mechanisms in terms of convergence,
accuracy and overhead, therefore providing higher through-
put gain for different applications, environments and users.
In [28], the authors proposed a robust 60 GHz network archi-
tecture for seamless room-scale coverage with multi-Gbps
throughput. In the context of multiple APs and UEs, the pro-
posed method maximizes the spatial reuse as well as reduces
the overwhelming IA latency in the mmWave networks by
exploiting the UE’s pose information (location and orienta-
tion) and predicting the best beam pattern of each AP among
several UEs.

These two works have devoted tremendous contributions
towards 3D beam-steering by the means of theoretical analy-
sis, algorithm development and experimental measurements.
It is noteworthy that in the aforementioned works, the UE
positioning was carried out by utilizing, e.g., the motion
sensors in a device-centric manner, after which BF is carried
out to select optimal AP and harvest a higher throughput
via mmWave communication. However, our proposed frame-
work is essentially a combination of both positioning and
BF. That is, the UE location is first estimated via an UL
positioning at the network side, and the PA-BF is performed
thereafter to take advantage of the obtained location aware-
ness yielding a lower IA latency as well as a better commu-
nication quality. We provide a simulation-based performance
characterization under various positioning errors, while con-
sidering the impact of geometric relations on the system level
performance.

Throughout this paper, the EX-BF is chosen as the
benchmark for the performance comparison with the

proposed PA-BF. The choice of this benchmark was moti-
vated by two main factors: i) neither EX-BF nor PA-BF
require the change of beamwidth yielding a similar mech-
anism complexity. Therefore, it makes the comparison fair;
ii) EX-BF was shown to give better performance than other
strategies in terms of detection probability [16] as well as
the spectral efficiency [20] which serves as another factor.
Finally, we point out that all BF strategies considered herein
refer to the analog BF, i.e., only one beam can be generated
at one time.

III. THE PROPOSED CLOUD-ORIENTED SYSTEM
In this section, an overview of the cloud-oriented mobile
network is given, followed by a systematic description of UL
positioning as well as DL positioning-aided communications.

A. SYSTEM OVERVIEW
Our envisaged radio access architecture is depicted in Fig.1,
where a cloud-oriented mobile network is proposed for a
mmWave-based communication and positioning system in
which the signals for both UL and DL employ orthogonal fre-
quency division multiplexing (OFDM) waveforms. In addi-
tion, a time-division duplex (TDD) protocol is considered in
the system with a focus on mmWave-enabled radio access
technology (RAT), and a multi-RAT-enabled heterogeneous
network (HetNet) was proposed and analyzed in [29].
Moreover, each UE within the network is assumed to be
equipped with an omni-directional antenna from which the
UL pilot signals2 are transmitted to the network (i.e., to the
APs) in a periodic manner. The APs that are in the LoS
condition with respect to the UEs are referred to as the
LoS-APs. At the network edge, we assume that a uniform
rectangular array (URA) is installed on each AP, from which
only one antenna element is assumed to be active in the UL
positioning phase whereas all the elements function during
the DL communication phase.

Such a system is tailored to minimize the positioning
overhead in the UL whereas taking advantage of array gain in
the DL that is conditional on the UL positioning performance,
as will be discussed in Section III-C and V-A. Furthermore,
we assume that the location-dependent measurements such
as time of flight (ToF) and/or angle of arrival (AoA) are
measured by the APs and sent to the cloud, where the UE
location is estimated based on the aggregated measurements.
In terms of functionality, the cloud can be considered as a data
center (entity) that operates the radio resource management,
the scheduling and the handover decisions for the entire
network. After the cloud-based UE location estimation, this
estimated location is transmitted from the cloud back to the
network.3 With this estimated UE location, the positioning-
aided DL communications are implemented, which, as we

2The UL pilot signals can be, for instance, the sounding reference signals
(SRS) [30].

3Herein, the cloud communication latency, i.e., the round-trip delay
between the cloud and the APs is assumed to be much smaller than the
periodicity of UL pilot signal, and therefore, the cloud communication
latency can be ignored [31].
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FIGURE 1. The envisioned radio access architecture — a cloud-oriented mobile network.

will show, will yield a shorter IA latency compared with a
conventional IA-BF procedure.

B. UL POSITIONING
This subsection presents the UL positioning system in
which the location of a UE is estimated. In general,
the positioning solution that utilizes UL pilot signals in
a network-centric manner has several advantages over a
device-centric positioning approach, such as
1. No knowledge or estimation on the orientation of the UE

array is needed. Although an omni-directional antenna
is assumed for the UE in this work, UL positioning
arguments the aforementioned advantage especially for
multi-antenna UEs.

2. Since the positioning algorithms are not evaluated at the
UE side, the power consumption of the UE battery is kept
to a minimum, thus it can highly benefit power-sensitive
applications such as industrial robotics.

3. The estimated UE location can be directly utilized by the
network to enable any location-based services, therefore,
no additional links are needed for the UE to report its
location back to the network.

4. The location awareness of the UE at the network side is
beneficial to beam tracking as the beam-steering vector
can be continuously pointed towards the UE.

For positioning, we consider a multi-connectivity scenario
where the UL pilot signal from the UE reaches more than
one LoS-AP, which is a reasonable assumption in the light
of future SCNs/UDNs. We further denote the set of LoS-APs
indices as M, where each AP is located at a known location
PAP,m = [xm, ym, zm]T , ∀m ∈M. The UE location vector is
denoted as p = [x, y, z]T . Assuming a L × L URA with one
active antenna element in the UL, the received signal rm(t) at
the mth LoS-AP is

rm(t) =
√
grPT,ULhms(t − τm)+ (s ∗ ν) (t)+ n(t), (1)

where PT,UL and gr refer to the UL transmit power in a
linear scale and the received antenna gain at the AP, respec-
tively. Moreover, hm denotes as the corresponding channel
coefficient w.r.t. the mth LoS-AP. In this work, hm has been
modeled according to the 3GPP indoor hotspot (InH) shop-
ping mall channel model [32]. In addition, s(t − τm) is the
continuous time-domain transmit signals with a duration of
Ts and bandwidth Bw, and n(t) denotes the additive Gaussian
noise with a power spectrum density of N0. The LoS delay τm

is the quotient of the Euclidean distance between the UE and
mth AP and the speed of light, τm = ‖p − PAP,m‖/c. Also,
the Hermitian transpose is denoted as H . Last but not least,
the convolution of signal s (t) and diffuse reflection com-
ponents ν (t) is applied to model the un-correlated scatter-
ing with the un-planar surfaces/obstacles of the environment
[33], [34]

(s ∗ ν) (t) =
∫
s (u) ν (t − u) du, (2)

where ν (t) is a zero-mean Gaussian process, and the power
ratio of h and ν (t) is determined and calculated by the
Rician-K factor in [32, Table 7.5-6]. However, given the
fact that the direct path contains nearly all the energy in
the mmWave communications [35], the effect to rm (t) from
both the specular reflection and diffuse reflection can be
overlooked.

1) MEASUREMENT MODEL
Once the UL pilot signal is acquired, location-dependent
measurements needs to be extracted for positioning. Typi-
cally, the positioning related measurements consists of ToF
and AoA that offer the information in terms of distance and
spatial direction w.r.t. the location of APs. However, due to
the disparate nature of the clock offsets among the APs and
the UE, the ToF measurements remain useless until the syn-
chronization is achieved or otherwise compensated [36]–[38].
Therefore, by assuming a network with synchronized APs,
the UL positioning in this work is carried out considering the
time difference of flight (TDoF) measurements 1τ̂ ∈ RM−1

that are observed according to
1τ̂ = f1τ (p)+ n1τ , (3)

where f1τ (p) refers to the TDoF observation function and
n1τ ∈ RM−1 is the measurement noise vector. Note that M
represents the overall number of the LoS-APs. Specifically,
the non-linear function f1τ (p) is expressed as

f1τ (p) =
[
d2 − d1

c
, · · · ,

dM − d1
c

]T
, (4)

where the reference LoS-AP is selected to be the one with
index 1, and dm is denoted as the Euclidean distance between
the UE and the mth AP, that is given as

dm = ‖p− PAP,m‖ =

√
1x2m +1y2m +1z2m. (5)

where 1xm = x − xm,1ym = y− ym and 1zm = z− zm.
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Moreover, since the LoS propagation is assumed, the noise
vector n1τ is modelled as a zero-mean Gaussian process,
such that n1τ ∼ N (0M−1,R1τ ) with the noise covariance
matrix being described as [39, Ch.4]

R1τ =


σ 2
τ1
+ σ 2

τ2
σ 2
τ1

· · · σ 2
τ1

σ 2
τ1

σ 2
τ1
+ σ 2

τ3
· · · σ 2

τ1
...

...
. . .

...
σ 2
τ1

σ 2
τ1

· · · σ 2
τ1
+ σ 2

τM

 . (6)

In essence, the noise covariance matrix (6) is constructed
based on the Cramér-Rao lower bound (CRLB) of the ToF
measurement, and that is in fact the reason why (6) is
non-diagonal (i.e., more correlated) as each TDoF measure-
ment is calculated based on two ToF measurements one of
which comes from the same reference AP. Taking the noise
variance of the ToF measurement between the mth LoS-AP
and the UE as an example, we have [39, Ch.3]

σ 2
τ,m ≥

3
8π2f 2scSNRmMu(Mu + 1)(2Mu + 1)

, (7)

where the CRLB of ToF lies on the right side of the
equation, and the received SNR at themth LoS-AP is denoted
as SNRm = EIRPUL|hm|2/N0Bw, in which EIRPUL =
PT,ULgr is the equivalent isotropic radiated power [40, Ch.4].
Since only one active antenna element is assumed in the
UL, the received antenna gain gr in (1) is set to be 0 dBi.
Furthermore, fsc is the sub-carrier spacing, and Mu =

Nu−1
2 ,

Nu is the overall number of sub-carriers. With a fixed signal
bandwidth Bw, the following numerical condition is satisfied

Bw = fscNu = fsc (2Mu − 1) . (8)

Therefore, beside the received SNR, the ToF measurement
noise variance is also inversely proportional to the overall
bandwidth Bw.

2) POSITIONING ERROR BOUND (PEB)
PEB, which is essentially the CRLB when the parameters of
interest refer to each component of the UE location vector
p = [x, y, z]T , normally starts with the calculation of
Fisher information matrix (FIM) based on the available mea-
surements [41, Ch.3]. Since only TDoF measurements are
considered and its measurement noise is zero-mean Gaussian
distributed under LoS, the FIM of location p can be computed
as [42, Ch.2]

I1τ =
[
∂f1τ (p)
∂p

]T
R−11τ

[
∂f1τ (p)
∂p

]
, (9)

where the derivative w.r.t. f1τ (p) is calculated in line with
(4)

∂f1τ (p)
∂p

=


1x2
d2
−
1x1
d1

1y2
d2
−
1y1
d1

1z2
d2
−
1z1
d1

...
...

...
1xM
dM
−
1x1
d1

1yM
dM
−
1y1
d1

1zM
dM
−
1z1
d1

 . (10)

Given the FIM in (9), the 3D PEB is then calculated as

PEB = CRLB(p) =

√
trace

(
I−11τ

)
, (11)

where ’trace’ denotes the summation of the diagonal values
of the matrix. In particular, the derived PEB (11) serves as
a prior information to implement the proposed PA-BF. Hence,
in the next sub-section, we describe how this information can
be exploited to enhance the DL communications.

C. DL POSITIONING-AIDED COMMUNICATIONS
Once positioning is done at the data center, the estimated UE
location is sent to one or several APs via the feedback channel
shown in Fig.1. The knowledge of the UE location not only
enables various location-based services [43] but also vastly
reduces the latency caused at IA process. It is to note that
in the DL, all the antenna elements of the URA at the AP
is active, as such, the multiple-input single-output (MISO)
model is applied to describe the DL communication model
at the receiver side as

r(t)=
√
PT,DLhHDLf

∗s(t−τDL)+(s ∗ νDL) (t)+ n(t), (12)

where the DL channel vector hDL is the product of channel
coefficient hDL and the array response bURA, that is, hDL =
hDLbURA(φAoD), in which, φAoD , (ϕAoD, θAoD) is the true
angle of departure (AoD) pair and bURA can be understood as
a combination of several uniform linear arrays (ULAs), which
is therefore obtained as [44]

bURA(φm) =
√
β0(L, φm)aURA(φm),

aURA(φm) = aULA(ϕm)⊗ aULA(θm|ϕm), (13)

where β0(L, φm) represents the antenna gain that depends on
the overall number of antenna elements L2 as well as the
AoA pair, φm , (ϕm, θm) w.r.t. the mth LoS-AP. Note that
aULA (θm|ϕm) refers to the ULA response at θm given ϕm.
Meanwhile, we assume that the URA consists of identical
isotropic antenna elements, and all adjacent elements are λ/2
apart in both elevation and azimuth plane, where λ is the
wavelength of carrier frequency fc. Hence, both the ULA
response aULA(ϕm) and aULA(θm|ϕm) for the kth antenna
element are expressed as

[aULA(ϕm)]k = e−jkπsin(ϕm)/L,

[aULA(θm|ϕm)]k = e−jkπcos(ϕm)sin(θm)/L, (14)

where k = [−L−1
2 , L−12 ]. The normalized array response

aURA ∈ CL2×1 can be calculated by the kronecker product,
denoted as ⊗, of the two ULA responses as in (13).
Additionally, PT,DL and τDL refer to the linear scale

transmit power and the LoS delay in the DL, respectively,
and the transmit signal, the additive Gaussian noise and the
receive signal in the time domain are denoted as s(t), n(t)
and r(t), individually. Similar to the UL (1), the diffuse
reflection components are considered in the DL (12) as
well. However, due to a more directional transmission,4 the

4Herein, we present a single-input single-output (SISO) model in the UL,
and a MISO model in the DL.
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power of DL diffuse reflection components νDL is much less
than that of UL which can therefore be ignored as well.
Furthermore, we denote the selected AP for DL communi-
cation as the primary AP that located at P0 = [x0, y0, z0]T .
More importantly, in positioning-aided communication sys-
tem, the beam-steering vector f ∗ (the precoder) is constructed
based on the predicted angle pair w.r.t. the primary AP that
is defined as φ̂AoD , (ϕ̂AoD, θ̂AoD), that is obtained in
accordance with the estimated UE location, p̂ = [x̂, ŷ, ẑ]T

as

ϕ̂AoD = arcsin
(

ẑ− z0
‖p̂− P0‖

)
,

θ̂AoD = atan2
(
ŷ− y0, x̂ − x0

)
. (15)

Here, it is to note that the considered UE location estimate is
given as p̂ = p + e, where the covariance of the zero-mean
error vector e is related with the FIM (9) as

E
[
eeT

]
= I−11τ . (16)

That is, we consider an unbiased location estimator
p̂ [39, Ch. 4]. Moreover, we point out that the product of hHDLf
reflects the beamforming gain of the PA-BF, and it reaches the
maximum whenever the predicted angle pair φ̂AoD matches
with the true angle pair φAoD. And the way on choosing
and/or constructing the codewords for both considered beam-
forming strategies is given in the next section.

IV. UTILIZED 3D CODEBOOK FOR EX-BF AND PA-BF
In essence, the codebook acts as a dictionary that consists of a
group of codewords (beam-steering vectors) in order to find
the optimal path in the spatial domain to establish the best
possible communication link based on the current channel
conditions and environments. In this section, we demonstrate
the codebook utilized for both considered BF strategies.

A. THE 3D DFT CODEBOOK FOR EX-BF
The codebook we consider for the EX-BF herein is the
discrete Fourier transform (DFT) codebook [18] due to its
orthogonality among all codewords. And a 3DDFT codebook
is needed for BF in a 3D environment. As described in (1),
each codeword is essentially a function of an angle in 2D or
an angle pair for 3D case [45]. Therefore, the 3D codebook
for EX-BF consists of a set of angle pairs, each of which is
applied for constructing one specific codeword to cover one
spatial direction. Furthermore, the angular coverage of the 3D
codebook should be the whole spatial direction on a sphere,
which is fully described by the angle pairs that consists of
the azimuth and elevation angles that specify the phase shift
for each antenna element (14). Particularly in the 3D sce-
nario, it is noteworthy that the circumference of the longitude
remains constant with respect to all azimuth angles whereas
that of the latitude becomes smaller as the elevation angle
approaches ±π/2 (the North pole or South pole). Therefore,
the sampled azimuth angles at higher elevation plane should
be less dense than at lower elevation plane to avoid the
oversampling.

FIGURE 2. A demonstration of the selected angle pairs based on the DFT
codebook for 4 × 4 and 16 × 16 URA for half a sphere.

TABLE 1. The total number of codewords within the 3D DFT codebook of
different URA configuration for the EX-BF.

The selected angle pairs that mapped onto the sphere sur-
face are demonstrated in Fig. 2 yielding less samples at higher
elevation level for both 4× 4 and 16× 16 URA. If we denote
the resulting codebook as B, any individual codeword g ∈ B
can be expressed as

g = aURA
(
φi,j
)
= aULA (ϕi)⊗ aULA

(
θi,j|ϕi

)
, (17)

where g ∈ CL2×1 and φi,j ,
(
ϕi, θi,j

)
represent one of

the selected angle pairs. The total number of codewords of
half the sphere for 2 specific URA configuration is tabulated
in Table 1.

B. THE 3D CODEBOOK FOR PA-BF
Unlike any typical codebooks for EX-BF or hierarchical BF
[14], which contains several codewords, the 3D codebook for
PA-BF is essentially a single codeword, constructed based
on the spatial knowledge acquired from the UL positioning.
Therefore, the codeword f PA for PA-BF is obtained as

f PA = aULA(ϕ̂AoD)⊗ aULA(θ̂AoD|ϕ̂AoD), (18)

where the estimated angle pair (ϕ̂AoD, θ̂AoD) was given in
(15). One of the key advantages of applying the PA-BF lies
in the effectiveness of acquiring the final codeword without
consuming extra time on searching throughout the whole
codebook exhaustively or hierarchically, therefore enjoying
a short IA latency. We further elaborate the performance
metrics of PA-BF and EX-BF in the next section.

V. PERFORMANCE METRICS
One of the most relevant performance metrics in wireless
communications is the spectral efficiency [46], which is
therefore chosen herein to characterize the performance of
studied BF strategies. The achievable spectral efficiency is
examined under varying parameters, such as the effective
transmit ratio, the transmit power, channel realization and the
BF gain. The effective transmit ratio is a indirect measure of
the IA latency and it depends on the codebook size, which at
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FIGURE 3. The overall frame duration Tf that consists of both IA duration
TIA and data transmission duration TDT.

its turn is determined by the applied BF strategy. For illus-
tration purposes, the overall frame time that contains both IA
and data transmission is depicted in Fig. 3. Herein, we define
that the DL communication occurs over the duration of the
whole frame period Tf fromwhich the effective transmit ratio
η is defined as

η = 1−
TIA
Tf
, (19)

where TIA refers to the IA latency that typically used for
beam alignment, the length of which largely depends on the
BF strategy and codebook size. For any given DL channel
realization hDL, the spectral efficiency is given as

R = ηlog2

(
1+

PT,DL|hDL|2

Pn
GBF(f ∗, φAoD)

)
, (20)

where Pn = N0Bw refer to the thermal noise power over the
entire signal bandwidth. Note that PT,DL|hDL|2

Pn
is denoted as

the SNR without BF gain. Additionally, f ∗ ∈ CL2×1 refers
to the selected beam-steering vector subject to the applied
BF strategy. Furthermore, GBF is defined as the achieved BF
gain that is a function of f ∗ and the true AoD pair φAoD ,
(ϕAoD, θAoD).

A. SPECTRAL EFFICIENCY OF THE PROPOSED PA-BF
When utilizing the PA-BF, the achieved DL spectral effi-
ciency according to (12) and (20) can be described as

RPA = ηPAlog2

(
1+

PT,DL|hDL|2

Pn
GBF(f PA, φAoD)

)
, (21)

where f PA, defined in (18), is the normalized beam-steering
vector designed according to the acquired knowledge on
the UE location via UL positioning. By assuming that one
codeword takes up one OFDM symbol duration, the effective
transmit ratio ηPA is

ηPA = 1−
TIA
Tf
= 1−

Ts + Te
Tf

, (22)

where TIA = Ts+Te, in which, Ts refers to the UL positioning
overhead that takes one OFDM symbol5 and Te is the cloud
communication latency [31] that is attributed to the round
trip delay from the APs to the cloud and back to the primary
AP. It is noteworthy that Te is generally negligible due to
the fact that the cloud servers are normally distributed in the

5Recall that a SISO communication was assumed in the UL, therefore,
the positioning overhead of PA-BF within the IA latency TIA takes up one
OFDM symbol, i.e., one beam.

proximity of the APs which are connected via fiber optics.
In addition, the BF gain is acquired as

GBF
(
f PA, φAoD

)
, |f HPA(φ̂AoD)bURA(φAoD)|

2. (23)

Note that the BF gain of PA-BF is decided by the precision
of the predicted angle pair φ̂AoD that relies on the positioning
accuracy because (23) is maximized whenever φ̂AoD ≈ φAoD.
And the maximum achievable value of (23) is decided by the
β0(L, φ) in (13).

B. SPECTRAL EFFICIENCY OF THE EX-BF
The EX-BF [18] extended to 3D case is employed herein
as a benchmark for the comparison of the performance.
Specifically, EX-BF applies the best beam for communica-
tion via searching through the whole codebook in an exhaus-
tive manner. In particular, the applied codebook for EX-BF
is designed in Section. IV-A in a form of the DFT matrix
in which each column is orthogonal to the others and we
denote it as F ∈ CL2×Ncw that consists of Ncw beam-steering
vectors f ∈ CL2×1 in total, in which the Ncw depends on the
codebook design algorithm and array configuration. As such,
the spectral efficiency of the EX-BF for a given DL channel
realization is expressed as

REX=ηEXlog2

(
1+

PT,DL|hDL|2

Pn
GBF(f EX, φAoD)

)
, (24)

where f EX is the selected beam-steering vector, that is,
the codeword that maximizes the following

f EX = argmax
f∈F

GBF(f , φAoD), (25)

where GBF(f , φAoD) , |f HbURA(φAoD)|2. Moreover,
the effective transmit ratio of EX-BF ηEX is

ηEX = 1−
TIA
Tf
= 1−

NcwTs
Tf

, (26)

where the IA latency consumes NcwTs seconds in total for
beam training and selecting the best codeword according to
(25). Note that (22) and (26) are obtained based on the same
assumption that each codeword takes up oneOFDM symbol.6

Together with β0(L, φ), we can infer that, on one hand,
a larger number of antenna elements yields a finer angular
resolution which in turn leads to better BF gain in (24).
On the other hand, a larger number of antenna elements L
suggests a larger number of codewords, which conversely
causes a lower effective transmit ratio and therefore a smaller
spectral efficiency than with smaller L. Via the inspection of
(22) and (26), the advantage of PA-BF is that ηPA will be
mostly higher than ηEX by virtue of the pre-determined AoD
obtained through the UL positioning. Nevertheless, the per-
formance of PA-BF is directly determined by the position-
ing accuracy which highly affects the BF gain GBF in (23).

6We clarify that even if, in 5G NR, 4 OFDM symbols take up one
training beam (one codeword) in the synchronization signal (SS)-block for
IA [47, Ch. 16], the UL SRS that spans one OFDM symbol [7] is utilized
in the PA-BF. Thus, we assume the same numerology for EX-BF for a fair
comparison.
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FIGURE 4. An illustration of the top view of a specific AP deployment
with the RSS distribution. The red circular marker and white squared
markers represent the primary AP and secondary APs, respectively. The
red dotted lines refer to the array orientation of each AP. The colormap is
used to reflect the RSS w.r.t. the primary AP under spatial correlated
shadow fading that is generated with a 10m correlation distance and 2dB
(initialized) shadow fading [32, Table 7.5-6 part 2].

Meanwhile, the advantage of EX-BF is a guaranteed BF gain
given a complete spatial coverage of the applied codebook
whereas its disadvantage lies in the exhaustive search which
will return a lower ηEX. The spectral efficiency of EX-BF and
PA-BF with different positioning accuracy will be given and
analyzed in the next section.

VI. SCENARIO DEPLOYMENT AND SIMULATION RESULTS
In this section, we first describe and discuss about the con-
sidered scenario and network deployment, after which we
provide simulation-based results with detailed analysis.

A. SCENARIO DEPLOYMENT AND DISCUSSION
An illustration of the top view of the scenario deployment
of an indoor space with a physical size of 120m×90m (with
a 0.5m resolution in both x- and y- directions) is presented
in Fig. 4 together with the received signal strength (RSS)
considering a spatial correlated shadow fading that is gen-
erated via the Gaussian process [42, Ch. 11] for which the
applied parameters are found in [32]. In order to model a
3D indoor environment, the z-coordinate of UE is fixed at
1m whereas that of APs are all equally set at 4m. Moreover,
the URA orientation is marked as the red dotted line at
each AP location. Furthermore, for the 3 illustrated LoS-APs
in Fig. 4, we refer to the red circular marker located at [0, 20]
as the primary AP which is capable of both UL positioning
and DL communication whereas the other two APs (marked
as the white square markers) located at [20, -20] and [20,
60] respectively as the secondary APs that only receive and
process the UL pilot signals. Basically, the primary AP can
be considered as the AP in the coverage layer whereas the
secondary APs are seen as the remote radio heads (RRHs)
that assist the UL positioning.

Without the loss of the generality, we generated 10 ran-
dom layouts (each with random locations of several APs,
and only one of them serves as the primary AP) for

FIGURE 5. Coherence time Tc as a function of Doppler velocity Vd at
various carrier frequencies.

simulation purposes, and each layout consists of a limited
number of APs (from minimum 3 to maximum 6 APs),
whereas in practice, the density of APs can be much
higher considering the SCNs. Finally, the LoS propagation
is assumed throughout the considered area.

B. SIMULATIONS RESULTS AND PERFORMANCE
ANALYSIS
We start the analysis with our approach to select the over-
all frame duration Tf w.r.t. a physical quantity, the relative
velocity between the AP and the UE. Since all the APs are
static, the relative velocity is reflected by the UE mobility
only. Basically, the connection is established based on the
coherence time of the wireless channel, denoted as Tc, that is
the time over which the channel condition remains as constant
[48]. In particular, the coherence time Tc can be expressed as
a function of the Doppler shift fd as [46]

Tc =
1
4fd
, (27)

in which the Doppler shift is inversely proportional to the

carrier wavelength as fd =
Vd
λc
=

V cos (�)
λc

, where cos(�)

is normally known as the directional cosine, and� is the LoS
incidence angle that can be used to calculate the projection of
the 3D velocity onto the connection between the AP and the
UE. As a result the actual mobility V is lower bounded by the
Doppler velocity Vd , i.e., V ≥ Vd . For any given directional
cosine cos(�), and carrier frequency fc, a larger velocity lead
to higher Doppler shift fd , which in return yields a shorter
coherence time Tc.
Considering different carrier frequencies, the coherence

time as a function of Doppler velocity is illustrated in Fig. 5.
It is worth pointing out that the horizontal axis refers to
the Doppler velocity Vd rather than the 3D velocity V . It is
observed that the coherence time Tc at 5.2 GHz (the WiFi
band) shows a clear longer duration compared with that at
higher mmWave band which matches the fact that a high
carrier is more sensitive to a higher mobility. In particular,
the channel coherence time Tc at Vd = 0.6 m/s drops to
roughly 3 ms at 39 GHz and 2 ms at 73 GHz, both are much
shorter than the 10 ms benchmark (red dashed line) defined
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FIGURE 6. The effective transmit ratio 1 − TIA/Tf as a function of Doppler
velocity Vd for the considered BF strategies.

as the frame duration of 5G NR [49]. We mark this difference
in Fig. 5 enhancing the importance of reducing the IA latency
which can be achieved by the proposed PA-BF, as is discussed
and demonstrated next.

Herein, the cloud-oriented mobile networks are operating
at a carrier of 39 GHz with 100 MHz bandwidth. The same
carrier was adopted in, e.g., [50] with double bandwidth
for positioning in 5G network. Furthermore, we assume the
frame duration Tf has the same length as the channel coher-
ence time Tc, Tf = Tc. Thereafter, we first present the
effective transmit ratio of the considered two beamforming
strategies over different number of antenna elements L and
the sub-carrier spacing fsc used in the UL OFDM signal. It is
noteworthy that the fsc is essentially the beam-switching rate
since we assume that each training beam (codeword) occu-
pies one OFDM symbol. Based on (22) and (26), the effec-
tive transmit ratio for both EX-BF and PA-BF is presented
in Fig. 6 as a function of the Doppler velocity. It is observed
that for EX-BF, under the same fsc (the same colored curves),
a smaller L in general yields a higher ηEX as smaller L yields
a smaller size of the codebook. Furthermore, for a given the
number of antenna elements L, the larger the fsc in general
leads to the higher the ηEX due to the fact that each codeword
takes up less time for a higher fsc, which in return, leavesmore
time for data transmission.

Meanwhile, the effective transmit ratio of the PA-BF that
is independent of antenna configuration since the codebook
of PA-BF consists of only one codeword that is constructed
based on the estimated UE location is also depicted in Fig. 6.
Similar to the EX-BF case, a larger fsc fulfills a higher ηPA.
Moreover, we introduce a new metric, the Doppler tolerance
that corresponds to the maximum Doppler velocity that the
effective transmit ratio remains positive, that is, the horizontal
coordinate where the curves ends in Fig. 6. In particular,
themetric indicates the largest velocity that the corresponding
BF strategy can support without using the whole frame dura-
tion only for beam training. We see that a lower L or a higher
fsc or both yield a higher Doppler tolerance which can be
employed to the IA for high velocity applications. Comparing
the EX-BF with the PA-BF, it is seen that under the same fsc,
the PA-BF not only achieves a higher effective transmit ratio
for the most of the tested velocities, but more significantly,
a much higher Doppler tolerance than the EX-BF. Hence, for

FIGURE 7. The 3D PEB acquired via TDoF measurements in the UL on the
UE height under the same AP deployment of Fig. 4 for a consistent
demonstration.

TABLE 2. Simulation parameters.

the HST applications [51], [52] where objects are moving
around 100 m/s, the PA-BF is clearly a better candidate.

In addition, the 3D PEB based on the TDoF measurements
in the UL is given in Fig. 7 showing how the positioning
accuracy varies at different locations. It is noted from (9)
and (11) that the PEB is mainly affected by the measurement
noise statistics R1τ which is characterized in (7) that is
determined by two factors. In particular, the first one refers
to the signal bandwidth which is fixed7 in the considered
scenario. The second one is the received SNR that is mainly
inversely proportional to the distance. Therefore, it is seen
that the farther the UE goes from the LoS-APs, the higher
the resulting PEB for that location. More importantly, Fig. 7
demonstrates the theoretical PEB (11) under the APs deploy-
ment therein. As expected, when the number and deploy-
ment of APs changes (see Section. VI-A), the PEB varies
accordingly.

Once the location accuracy of the UE is acquired,
the PA-BF is to be carried out to enhance the DL
communications. For comparison, the EX-BF strategy is
applied under the same scenario and the same set of param-
eters summarized in Table 2. According to the discussion
in Section V-A, the performance of BF mainly depends
on two metrics, the effective transmit ratio η and the BF

7Even though the signal bandwidth is fixed herein, it is noteworthy that
a wider bandwidth suggests a smaller determinant of R1τ , which in turn,
yields a larger FIM and therefore a smaller PEB.
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TABLE 3. Considered 3D positioning accuracies based on the positioning
accuracy requirement in [43] where the Gaussian distribution is assumed
in all the directions.

FIGURE 8. The CDF of spectral efficiency obtained via EX-BF and PA-BF
aided by different positioning accuracy with UEs at 0.6 m/s Doppler
velocity over the whole map.

gain GBF. Due to the natural attributes of the studied BF
strategies, the GBF for EX-BF can always be guaranteed to
reach the maximum whereas that for PA-BF varies based on
the available a prior of the UEs’ locations. Hence, to evaluate
the performance of PA-BF under different positioning accu-
racies, we summarize considered (UL) positioning accuracies
in Table 3 where the 3D error as well as the error along each
direction (x-, y-, z-) are specified, in which the error along
each direction fits a zero mean Gaussian distribution. Note
that the values tabulated in Table 3 are selected according to
the positioning accuracy requirements defined in [43].

Taking two feasible UE mobilities in the indoor environ-
ment into account, we present the cumulative distribution
function (CDF) of the spectral efficiency achieved by the
EX-BF and all the considered PA-BF throughout the whole
map in Fig. 8 and Fig. 9. Note that the results are obtained
based on 1000 simulation trials over all the 10 randomly
generated AP deployments. The CDF of spectral efficiency
for all the considered locations on the map at normal UE
speed (0.6m/s) is given in Fig. 8. From Fig. 8a where
each AP is equipped with a 4 × 4 URA, we see that the
performance of EX-BF together with all the tested PA-BF
except the 50m-aided are quite similar. In Fig. 8b where the
16 × 16 URA is considered, the performance of all con-
sidered beamforming techniques becomes distinguishable,
and higher positioning accuracy does return higher spectral
efficiency. It is also noteworthy that, the comparison between
Fig. 8a and Fig. 8b demonstrates that the curves for
PEB-aided, 3m-aided and 10m-aided PA-BF actually shift
towards the right yielding a better performance whereas the

FIGURE 9. The CDF of spectral efficiency obtained via EX-BF and PA-BF
aided by different positioning accuracy with UEs at 2 m/s Doppler
velocity over the whole map.

behaviors for 50m-aided PA-BF and EX-BF shift to the left
manifesting a worse performance. This result suggests that
the PA-BF aided by higher positioning accuracy can actually
take advantage of a higher array gain coming from a larger
L, such that the narrower beam is accurately pointed towards
the UE, whereas the difference in terms of positioning accu-
racy plays a less significant role for a wider array beam
(smaller L). However, the considered 50m positioning accu-
racy is simply too high for PA-BF to ensure a stable spectral
efficiency under the considered scenario. Meanwhile, when
the number of antenna elements L increases, the worse per-
formance of EX-BF is mainly due to the fact that narrower
array beam leads tomore codewords to cover the entire spatial
domain, which leads to a lower effective transmit ratio and
worse overall performance.

In Fig. 9, we further compare the performance at a higher
mobility where the Doppler velocity Vd = 2 m/s. Specif-
ically, the performance at 4 × 4 URA case in Fig. 9a for
all considered methods remains comparable with the results
in Fig. 8a although the EX-BF suffered a little degradation
in performance as the black curve shifts towards left. On the
other hand, in Fig. 9b where the array gain becomes higher
and the beamwidth becomes narrower, a similar performance
of PA-BFs compared to Fig. 8b is seen as better positioning
accuracy yields better spectral efficiency. A major difference
compared to Fig. 8b lies in the performance of EX-BF which
stuck roughly at 0 bits/s/Hz. The numerical reason is given
in Fig. 6 which demonstrates that the Doppler tolerance at
fsc = 240 kHz and L = 16 is about 1.9 m/s, therefore,
the effective transmit ratio of EX-BF is negative for a 16×16
URA at 2 m/s Doppler velocity, which means that there is no
time for data transmission as the beam training takes up the
whole frame duration Tf .

Finally, we present the average spectral efficiency µR as a
function of 2D distance d2D,18 (from the UEs to the primary
AP) together with the ±1 standard deviation of the spectral
efficiency σR interval in Fig. 10. Although the CDF in Fig. 8

8Thereafter, we denote d2D,1 as d2D for simplicity.
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FIGURE 10. The µR ± σR interval plot of the spectral efficiency as a function of 2D distance d2D from the primary AP
applying the PA-BF with various positioning accuracies and EX-BF.

and Fig. 9 present the global performance through the entire
map, the µR ± σR as a function of d2D provides insights on
the performance dependency of both PA-BF and EX-BFw.r.t.
the distance. It can be seen that the average spectral effi-
ciency µR of EX-BF and PEB-aided PA-BF decrease when
d2D increases (mainly due to a larger path-loss), whereas
non-PEB-aided PA-BFs have the worst performance at very
small and very large d2D. The worse performance at smaller
d2D implies that positioning accuracy has a bigger impact
on PA-BF when AP and UE are close to than they are far
away from each other. Furthermore, it is noteworthy that the
performance of some non PEB-aided PA-BFs does converge9

to the performance of PEB-aided PA-BF when d2D reaches
beyond a certain threshold that is dependent on the array
beamwidth.

Specifically, for the 4 × 4 URA that is shown in Fig. 10a,
the performance of 10m-aided and 3m-aided converges to
PEB-aided performance at d2D = 10m and d2D = 38m,
respectively. The performance of 50m-aided PA-BF remains
as the worst on account of a low µR and a larger σR over the
whole d2D. For the 16× 16 URA presented in Fig. 10b, only
3m-aided PA-BF converges towards the PEB-aided perfor-
mance at approximately d2D = 50m. Meanwhile, the per-
formance gap in terms of µR between the 10m-aided and
PEB-aided PA-BF gradually gets smaller as the 2D distance
increases, but suffered a bigger σR. Similar to the 50m-aided
PA-BF under 4× 4 URA, the corresponding performance of
16 × 16 URA remains at a much lower level with σR = 5
bits/s/Hz throughout the whole tested d2D.
Based on the results and analysis, we conclude that, i) for

a given array beamwidth, the farther the UE is from the
primary AP, the less accurate positioning is needed for the
PA-BF to achieve the same spectral efficiency; ii) a wider
array beamwidth (smaller L) yields a shorter d2D at which
the communication performance of PA-BFs (aided by dif-
ferent positioning accuracies) converges. On the other hand,
the EX-BF has demonstrated a extreme-close performance
to the PEB-aided PA-BF when L = 4 and a much worse
performance if the number of antenna elements L raises to 16.

9The performance convergence includes both µR and σR.

It is worth pointing out that under both URA configurations,
EX-BF demonstrates a comparable or even better perfor-
mance than the non PEB-aided PA-BF especially at a closer
distance. Furthermore, the EX-BF has manifested a distance
independent σR throughout the whole considered d2D which
means that EX-BF provides a stable communication qual-
ity that might be favored for certain applications that the
reliability outweighs the throughput.

VII. CONCLUSION AND DISCUSSION
In this paper, we proposed and examined a cloud-oriented
communication systemwhere the achieved location-awareness
via UL positioning was exploited to carry out efficient BF
in the DL (i.e., the PA-BF), which, as a result, enhanced the
communication performance in a mmWave mobile networks.
In terms of the positioning accuracy, we considered and
analyzed the theoretical PEB obtained based on the TDoF
measurements in the context of multi-connectivity. We fur-
ther evaluated the dependency of such PEB on the received
SNR, on the array size, as well as on the geometric relations.
For comparison, the EX-BF strategy was employed as a
benchmark, based on a 3D DFT-codebook. We showed that,
with the knowledge of the UE location, the proposed PA-BF
achieved a much higher effective transmit ratio than the
EX-BF which in turn leaded to a longer time for data trans-
mission. The PA-BF is therefore inherently much more suit-
able for applications that require high velocity, such as HST.

In terms of communication performance, we assessed
the spectral efficiency of EX-BF and PA-BF under var-
ious positioning accuracy assumptions besides the PEB.
Our simulation results showed that, with reasonably small
positioning error and narrow beam antenna configurations,
the PA-BF in general achieved a higher spectral efficiency
than the EX-BF especially at higher velocities. Although a
larger positioning error in general leaded to a worse perfor-
mance, the degradation of performance became less signifi-
cant as the distance between UE and the primary AP reached
beyond a certain threshold that is dependent on the antenna
beamwidth. In other words, the aforementioned threshold is
farther for a narrower array beamwidth (more antenna ele-
ments) than a wider array beamwidth (less antenna elements).
Additionally, under a certain UE-to-AP distance, the wider
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the array beamwidth is, the less accurate the positioning has
to be for achieving the same communication performance.
Therefore, a wide array beamwidth shall be favored if posi-
tioning uncertainty is large, whereas the narrow-beam array
is preferred when positioning accuracy is high. Additionally,
it is observed that the EX-BF, which does not rely on UL
positioning, maintained a stable performance that was mainly
affected by the path-loss, but was unable to support high
velocity UEs.

As such, the insight obtained via our results serves as a
look-up table (see results in Fig. 8, Fig. 9 and Fig. 10) on
selecting the BF strategywith a better performance in terms of
spectral efficiency under specific array sizes according to the
uncertainty of UEs’ location. For future investigation, we pro-
pose a hybrid-BF strategy that integrates the advantage of
both codebook-based BF and PA-BF in order to cope with the
joint LoS/NLoS conditions in a more practical environment.
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