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Fast Antenna and Beam Switching Method for
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Abstract— Many operators have been bullish on the role of
millimeter-wave (mmWave) communications in fifth-generation
(5G) mobile broadband because of its capability of delivering
extreme data speeds and capacity. However, mmWave comes with
challenges related to significantly high path loss and susceptibility
to blockage. Particularly, when mmWave communication is
applied to a mobile terminal device, communication can be
frequently broken because of rampant hand blockage. Although
a number of mobile phone companies have suggested configuring
multiple sets of antenna modules at different locations on a
mobile phone to circumvent this problem, identifying an optimal
antenna module and a beam pair by simultaneously opening
multiple sets of antenna modules causes the problem of excessive
power consumption and device costs. In this study, a fast antenna
and beam switching method termed Fast-ABS is proposed. In this
method, only one antenna module is used for the reception
to predict the best beam of other antenna modules. As such,
unmasked antenna modules and their corresponding beam pairs
can be rapidly selected for switching to avoid the problem of
poor quality or disconnection of communications caused by hand
blockage. Thorough analysis and extensive simulations, which
include the derivation of relevant Cramér-Rao lower bounds,
show that the performance of Fast-ABS is close to that of an
oracle solution that can instantaneously identify the best beam
of other antenna modules even in complex multipath scenarios.
Furthermore, Fast-ABS is implemented on a software defined
radio and integrated into a 5G New Radio physical layer. Over-
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the-air experiments reveal that Fast-ABS can achieve efficient
and seamless connectivity despite hand blockage.

Index Terms— mmWave, multiple antenna modules, beam
switching, antenna selection.

I. INTRODUCTION

CURRENT research in wireless cellular networks is devel-
oping technologies that can meet the global surge in

demand for mobile data [1]. In comparison with congested
bands below 6 GHz, millimeter-wave (mmWave) communica-
tions [2]–[5] provide more available bandwidths than existing
4G systems do; as such, mmWave communications have
become a promising solution. They have been recommended
as a key technology for 5G mobile broadband not only by
recent research advances in new mmWave systems [6]–[12]
but also by popular network operators and vendors [13]
who had done large-scale field trials [2], [14]. Unfortunately,
mmWave signals suffer from severe path losses because of
high carrier frequencies. mmWave devices must relay via array
antennas to focus their radio frequency (RF) energy through
narrow directional beams and compensate for attenuation loss.
In the case of narrow beams, small changes in body position
relative to mobile devices can cause dramatic changes in
signal strength. Connectivity can be lost frequently. Therefore,
efficiently aligning the beam between a base station (BS) and
user equipment (UE) is a critical task to realize mmWave
communications in 5G systems [8]–[12].

In 3GPP 5G New Radio (NR), a series of operations called
beam management is standardized to establish and retain a
suitable beam pair that refers to a good connectivity between a
transmitter beam direction and a corresponding receiver beam
direction. Specifically, beam management includes three dif-
ferent levels: (i) in initial access [15]–[17], a preliminary beam
pair should be established between a BS and a UE in downlink
and uplink transmission directions before data are transmitted;
ii) in beam adjustment [18], [19], once a preliminary beam
pair is established, the UE should continuously update the
beam pair to maintain a good connection every time because
of its rotation or slight movement; and (iii) in beam recovery,
if a connection with the BS is broken due to the excessively
violent movement of the UE, a recovery procedure should
be performed to restore communication between the BS and
the UE. Additional procedures targeting beam failure should
be introduced by using the UE, and multiple beam scanning
should be employed to complete beam recovery, which may
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Fig. 1. Avoiding hand blockage by switching an antenna module and a beam
pair.

require hundreds of milliseconds of waiting time to identify
a new beam pair [12]. Therefore, avoiding a beam failure event
is equivalent to reducing latency caused by beam recovery.

Beam alignment technology has shown remarkable advance-
ments [20], [21], but its designs have been largely developed
in free space propagation without a hand blockage effect.
However, when mobile phones are used, users’ fingers shield
the mmWave array antenna, thereby failing to receive sig-
nals. To overcome this problem, a number of mobile phone
companies [22]–[24] have suggested configuring multiple sets
of mmWave antenna modules on a mobile phone. As shown
in Figure 1, unmasked antenna modules and their corre-
sponding beam pairs can be selected for switching to avoid
the problem of poor quality or disconnection of mmWave
communication due to the shielding of the used antenna mod-
ule. However, identifying an optimal antenna module and a
beam pair by simultaneously opening multiple sets of antenna
modules on the mobile causes excessive power consumption
and device costs. In general, one RF chain is a reasonable
architecture for the initial generation of mmWave mobile
phones [25]. Such an architecture can support the switching
mechanism over antenna modules and receiver beams to select
the one that maximizes antenna gain. Therefore, developing
an effective switching antenna mechanism that can maintain
the communication performance of mobile phones with low
latency becomes a critical task.

Studies [25], [26] have suggested switching to another
antenna module in turn and rescanning the best beam direction,
i.e., reprocessing the initial access, for reception when an
object blocks the received antenna module. In this approach,
a long latency period can be required to find the best antenna
module and build beam alignment. In another study [27],
the knowledge of a user’s handgrip of a mobile phone
(e.g., when browsing or taking photos) is applied to switch
antennas and design corresponding codebooks for reducing the
number of searches. However, this method requires knowing
the usage mode information of mobile phones, and perfor-
mance still depends on the size of a search.

In this study, a fast antenna and beam switching method
referred to as Fast-ABS is proposed for mmWave handsets
with multiple antenna modules. Our method is basically built
on the basis of two observations.

• First, although the steering vector changes with different
antenna modules and orientations, the underlying physical
paths of signals propagating from the BS to the compact
UE remain unchanged in free space. Therefore, if one

antenna module can extract relevant parameters (i.e.,
complex gain and directionality) of paths, then the spatial
information of a channel of other antenna modules can
be reconstructed without scanning all antenna modules.

• Second, although the underlying propagation paths for a
blocked antenna module can be complex because of the
coupling and reflection caused by a user’s fingers, their
detailed properties are irrelevant because using a blocked
antenna module should be avoided. Only a simple power
detector is required to detect whether an antenna module
is experiencing hand blockage.

With Fast-ABS, the properties of paths from one receiver
antenna module, along with the power information of other
antenna modules, may be extracted. As a result, all the receiver
beam directions of all antenna modules can be ranked in the
UE through the channel measurement of a current antenna
module.1 If the UE can wait a while to probe a channel from
different transmit beams of the BS, then the UE can have large
candidates to obtain a better beam pair not only for antenna
modules but also for transmitter beams.

To achieve the goal of the first observation, we infer the
relevant parameters, i.e., complex gains and angle of arrival
(AoA), of dominant paths by utilizing beam-specific channel
responses measured under different beams. We derive the
Cramér-Rao lower bound (CRLB) of the mean square error
(MSE) of relevant parameters estimated by beam-specific
measurements. The CRLB shows that a low MSE can be
achieved by selecting a proper set of beams so that relevant
parameters can be obtained by utilizing a small number of
received beams. Specifically, our results show that only three
to four probings are required to infer relevant parameters.
Furthermore, we derive the CRLB of the channel MSE recon-
structed on the basis of the extracted parameters, and analysis
is carried out by simulating the characteristics of mmWave
wireless channels. Our results demonstrate that the receiving
performance achieved by Fast-ABS is almost the same as that
observed by exhaustively scanning (ES) through all angles and
antenna modules. Finally, we implement and evaluate Fast-
ABS in a 5G NR device that supports two antenna modules
in various static and dynamic settings. Our experiments show
that the signal-to-noise ratio (SNR) under Fast-ABS is close
to that under an optimal beam obtained by ES.

II. SYSTEM MODEL AND PROBLEM FORMULATION

We consider a 3GPP 5G NR-compatible mmWave commu-
nication system with a BS and a UE. A synchronization signal
block (SSB) is periodically broadcasted via the BS by using
S (directional) beams. SSB signals are acquired via the UE to
establish a communication link by utilizing M (directional)
beams during the initial access. The UE is equipped with
P antenna modules, and a finite-sized analog beam codebook
is used for beamforming. We assume that the UE can focus
on one beam (or direction) at a time because of component
cost and power consumption considerations, i.e., one antenna
module and one beam are employed at a time. If a signal

1We have preliminary verified this idea in the conference version of this
study [28].
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is transmitted from the BS via the s-th beam over a channel
with Ls paths, then the channel observed at the UE through
the m-th receiver beam of the p-th antenna module is given
by [29]

h[p]
s,m(t) =

Ls∑
l=1

g
[p]
s,m,l ·A[p]

m

(
θ
[p]
s,m,l

)
· δ

(
t− τ [p]

s,m,l

)
, (1)

where g
[p]
s,m,l, τ

[p]
s,m,l, and θ

[p]
s,m,l denote the corresponding

complex-valued channel gain, AoA, and time of arrival (ToA)
of the l-th path, respectively; and A

[p]
m (θ) represents the

receiver beamforming gain along the θ direction.2 In practice,
the signal path has azimuth and elevation components in
3D space, but to make the representation simple, we omit the
elevation direction. Our proposed method can be extend to the
case with elevation components.3 Channel state information
(CSI) is obtained with the UE by using different receiver
beams and antenna modules during initial access.

Once the initial beam pair is established through the ini-
tial access, an appropriate beam pair is maintained for data
communication through a process called beam adjustment.
Notably, this process is accomplished by measuring a down-
link CSI reference signal (CSI-RS) and does not interrupt
transmission. Transmitter beams entrain the information of
the transmission beam direction in their respective configured
CSI-RSs. After transmitter- and receiver- side beams are
swept, performance can be obtained from each beam pair via
a receiver. Afterward, the new beam pair can be confirmed by
the result of CSI-RS.

The aforementioned measurements can be performed in
the frequency domain because a 5G NR system is operated
via orthogonal frequency-division multiplexing (OFDM). The
channel response of (1) in the frequency domain is given by

H [p]
s,m[fk] =

Ls∑
l=1

g
[p]
s,m,l · A[p]

m

(
θ
[p]
s,m,l

)
· e−j2πτ

[p]
s,m,lfk , (2)

where fk is the k-th sub-carrier frequency. We can estimate
H

[p]
s,m[·] at subcarriers f1, f2, · · · , fNs by dividing subcarrier

outputs by the known RS. Over a set of receiver beams
{m = 1, 2, · · · ,M}, the receiver can obtain an M ×Ns CSI
matrix of the p-th antenna module as follows:

H[p]
s =

⎡
⎢⎢⎣
H

[p]
s,1[f1] H

[p]
s,1[f2] · · · H

[p]
s,1[fNs ]

...
. . .

H
[p]
s,M [f1] H

[p]
s,M [f2] · · · H

[p]
s,M [fNs ]

⎤
⎥⎥⎦ . (3)

By integrating (2), (3) can be expressed as

H[p]
s =

Ls∑
l=1

g
[p]
s,m,la

[p](θ[p]
s,m,l)b

H(τ [p]
s,m,l), (4)

2The component of dense multipath at mmWave frequencies is ignored
because of the weak energy of diffuse. The dense multipath shall challenge
our development.

3The appearance of the mobile phone is usually a thin cuboid which causes
the resolution of the azimuth component to be far higher than that of the
elevation component. The elevation component could only be resolved up and
down. Therefore, we use the azimuth components to discuss the developed
algorithm.

where

a[p](θ) �
[
A

[p]
1 (θ)A[p]

2 (θ) · · · A[p]
M (θ)

]T

,

b(τ) �
[
e−j2πτf1 e−j2πτf2 · · · e−j2πτfNs

]H
. (5)

This study mainly focuses on the period of beam adjustment
rather than the period of initial access because the former
is critical for seamless connectivity under hand-blockage.
As illustrated in Figure 1, the UE as the receiver has four
antenna modules placed over four edges. Currently available
mobile devices are restricted to powering only one antenna
module at a time, so simultaneously and immediately deter-
mining the antenna module and beam pair is a challenging
task. Two major problems have to be addressed: First, if an
object blocks the received antenna module, then the UE
switches to another module and re-scan the best receiver beam.
Scanning may be invoked persistently among multiple antenna
modules over M × P beams, exacerbating latency. Although
the use of a large number of antenna modules can theoret-
ically provide good coverage, if module switching cannot
be performed with a low beam management overhead, then
the function becomes difficult, becoming a detriment rather
than a benefit. Second, even worse, the optimal beam pair
between the BS and the UE does not necessarily correspond
to transmitter and receiver beams that are physically directed
at each other. A direct path may be blocked, and a reflective
path may provide better connectivity to the other antenna
module (Figure 1). Re-scanning likely invokes huge beam
pairs between the BS and multiple antenna modules (i.e.,
S ×M × P beams), resulting in unacceptable latency.

III. FAST-ABS

A. Rationale

To understand the rationale of Fast-ABS, we first analyze
the CSI represented in (4), i.e., the channel of a single trans-
mission beam reaching an antenna module. We define each
antenna module consisting of an N antenna element uniform
linear array4 with a uniform separation d. Each antenna ele-
ment is equipped with a phase shifter to achieve beam steering
capabilities, as shown in Figure 1. Then the beam pattern given
the analog beam codebook {wm(n), n = 0, . . . , N − 1} of the
m-th beam can be expressed as [30]:

A[p]
m (θ) =

N−1∑
n=0

wm(n)e−j2πn d cos θ
λ , (6)

where λ is the wavelength of the wireless signal. Clearly, given
a fixed array configuration and beam codebook, the beam
pattern is irrelevant to the antenna module and only dependent
on its AoA θ. Hence, the superscript [p] can be removed from
A

[p]
m and a[p] in the subsequent descriptions; i.e.,

A[p]
m (·)→ Am(·), a[p](·)→ a(·). (7)

a(θ) and b(τ) in (4) is deterministic, so the l-th path
can be fully characterized by three-tuples in the form

4Relative to the configuration with a single antenna on each antenna module,
the usage of an array antenna achieves a directional beam easily and does not
reduce the beamforming gain due to hand blockage.
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Fig. 2. Rationale behind Fast-ABS: (a) Two antenna modules share the same physical paths to reach a mobile device. (b) Measured channel responses show
the ToA and AoA of the two paths under both antenna modules. (c) Although the two channels look extremely different, we can map the three-tuples of the
paths back to the channels of antenna module 1 to predict the channels of antenna module 2. (d) Diagram of AoA and ToA between two different antenna
modules.

(g[p]
s,m,l, θ

[p]
s,m,l, τ

[p]
s,m,l). As a result, CSI, H[p]

s , can be deter-

mined as long as three-tuples for each of the Ls paths in the
mmWave channel are available.

Although changing the receiver beams and antenna mod-
ules lead to different channel measurements at the receiver,
the underlying propagation paths traversed by each receiver
beam and antenna module should be invariant. Different
receiver beams on the same antenna module have varying
analog beam weights {wm(n)}Mm=1 but have fixed channel
gain, ToA, and AoAs. Different antenna modules in various
locations also have varying but fixed orientations. Therefore,
if a receiver can extract the three-tuples of each path, then
the receiver can reconstruct an estimate of the channel for any
receiver beams and antenna modules. With CSI matrices asso-
ciated with all antenna modules, the receiver can determine
the optimal antenna module and beam direction. The details
and implementation of this observation are described in the
succeeding subsections.

B. Relationship of Three-Tuples Between Antenna Modules

We describe how the three-tuples of each path are associated
with antenna modules. Different receiver beams on the same
antenna module have the same channel gain, ToA, and AoAs.
Therefore, we can remove the receiver beam index m from
the three-tuple parameters:

g
[p]
s,m,l → g

[p]
s,l, θ

[p]
s,m,l → θ

[p]
s,l , τ

[p]
s,m,l → τ

[p]
s,l . (8)

As long as g
[p]
s,l is available, we can obtain the entire

beam-patterns a[p] even without scanning all the receiver
beams in the analog beam codebook. We discuss a method
to estimate the three-tuple parameters later in Section III.D.
We independently apply the principles described in this sub-
section to each transmitter beam independently. To avoid
the key features of Fast-ABS being obfuscated by the
unavoidably intricate notation, we focus on a transmitter

beam and omit transmitter beam index s from channel-
related parameters; i.e., we simply use (g[p]

l , θ
[p]
l , τ

[p]
l ) in this

subsection.
For example, we consider an environment where the BS

transmits one beam to the UE traversing two propagation
paths, Figure 2(a). If antenna modules 1 (blue) and 2 (yellow)
at the receiver can simultaneously receive signals, then we
let the corresponding three tuples of the signal paths at
antenna module 1 be (g[1]

1 , θ
[1]
1 , τ

[1]
1 ) and (g[1]

2 , θ
[1]
2 , τ

[1]
2 ), and

the antenna module 2 be (g[2]
1 , θ

[2]
1 , τ

[2]
1 ) and (g[2]

2 , θ
[2]
2 , τ

[2]
2 ),

as shown in Figure 2(b). The three quick observations can be
found:

• (OB-1). The AoA of each path is rotated at a fixed angle
between antenna modules 1 and 2. Specifically, we have
θ
[2]
1 = θ

[1]
1 + 90◦ and θ[2]2 = θ

[1]
2 + 90◦.

• (OB-2). A fixed delay shift seems absent in the ToA
between antenna modules 1 and 2; i.e., τ [2]

1 − τ
[1]
1 �=

τ
[2]
2 − τ [1]

2 .
• (OB-3). The channel gain of each path between antenna

modules 1 and 2 is identical, i.e., g[1]
1 = g

[2]
1 and

g
[1]
2 = g

[2]
2 .

These observations are described in detail as follows.
(OB-1) The (absolute) AoAs of paths arriving at the UE

are determined by the position of the UE and its surrounding
environment. Different AoAs between antenna modules result
from the rotation angles of antenna modules on the UE. For-
tunately, the position of antenna modules on a mobile device
is fixed after hardware configuration is completed. Therefore,
we can predict or measure the fixed angular difference between
antenna modules. For example, we consider that the two
antenna modules in Figure 2(d) are placed on the edge of the
UE. The AoA difference between antenna modules 1 and 2
is about 90◦. We verify this observation through a practical
measurement in Section V.B.

(OB-2) Although ToAs between antenna modules 1 and 2
do not have a fixed delay shift, their time difference can be
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determined from the AoA and the position of the antenna
module in accordance with the following proposition.

Proposition 1: Assume that the coordinates of antenna
modules are central at (x1, y1) and (x2, y2), as shown
in Figure 2(d). If the AoA of a path to antenna module 2
is θ, then the propagation delay time between the two antennas
module is

Δτ = (y1 − y2) cos θ + (x1 − x2) sin θ. (9)

Proof: The red line through (x1, y1) cuts out a triangle
with the acute angle θ, the opposite side (y1 − y2), and the
adjacent side (y1 − y2) cot θ. Then, the hypotenuse of the
(red) triangle is obtained as (y1 − y2) cot θ + (x1 − x2).
Finally, the propagation delay can be calculated by sin θ((y1−
y2) cot θ + (x1 − x2)), which can be rearranged as (9). �

(OB-3) When AoAs and ToAs are determined via the
above descriptions, complex channel gains do not need to
absorb phase differences because of the position and rotations
of antenna modules. Hence, the complex channel gains of
antenna modules should be identical under free-space prop-
agation. Even when the channel gains of antenna modules
may differ from those of a linear scalar or phase offset,
such differences are path independent and do not affect the
best antenna module and beam selection. However, if hand
blockage is considered, the above assumption is not valid
anymore The loss from hand blockage on antenna gains can
reach up to 20− 25 dB [25], implying that an antenna module
without hand blockage should be selected as the primary
receiver antenna. In this case, we should measure the channel
gain of other antenna modules. This function can be simply
achieved by using a power detector. This detector is applied
at the output of a (image rejection) bandpass filter. Each
antenna module is equipped with one power detector and
used to measure power based on a pseudo-omni beam. As a
result, the channel gain ratio between antenna modules can be
obtained by utilizing the power detectors.

Consequently, if we can extract (g[p]
l , θ

[p]
l , τ

[p]
l ) from the

antenna module p, then the receiver can infer (g[q]
l , θ

[q]
l , τ

[q]
l )

for antenna module q. Specifically, we use

θ̇
[q]
l ← θ

[p]
l + Δθ[p,q], (10a)

τ̇
[q]
l ← τ

[p]
l + Δτ [p,q]

l , (10b)

ġ
[q]
l ← μ[p,q] · g[p]

l , (10c)

for l = 1, · · · , Ls, where Δθ[p,q] denotes the angular rotation
of p with respect to (w.r.t.) q, Δτ [p,q]

l based on (9) denotes
the delay time of p w.r.t. q, and μ[p,q] is the power ratio of
p to q. An interesting observation from (10) is that angular
rotation Δθ[p,q] and power ratio μ[p,q] do not vary with paths,
while delay time Δτ [p,q]

l varies with paths. In practice, each
mobile shall have different Δθ[p,q] due to the configuration of
the antenna modules or the material of the shell. Therefore,
calibration is required to obtain a lookup table composed of
the corresponding Δθ[p,q].

C. Antenna Switching and Beam Alignment

We can use (10) to estimate the corresponding channel of

antenna module q by extracting (g[p]
s,l, θ

[p]
s,l , τ

[p]
s,l ) of Ls paths

from antenna module p for the s-th transmit beam as follows:

Ḣ[q]
s =

Ls∑
l=1

ġ
[q]
s,la(θ̇[q]s,l)b

H(τ̇ [q]
s,l ), (11)

which we called virtual CSI. The UE may not know the
beamforming scheme and the antenna configuration of the BS,
so we regard the channels formed by different transmitter
beams as independent channels. With this relation between
channels, the transmitter via the BS can even emit the beams
using digital and/or hybrid beamforming. According to 5G
NR specifications, the BS can emit CSI-RS corresponding to
different transmit beams during beam adjustment. Therefore,
the UE can sequentially acquire the virtual CSIs corresponding
to these transmit beams without interrupting communications.
All candidate beams can be found without physically res-
canning the entire receiver beams and antenna modules by
reconstructing the virtual CSI matrix.

We can predict the candidate transmitter and receiver beam
pairs among all the antenna modules by using the virtual CSI
and calculating

B[p]
s,m =

∑
∀fk

∣∣∣Ḣ [p]
s,m[fk]

∣∣∣2 , ∀s,m, p, (12)

where

Ḣ [p]
s,m[fk] =

Ls∑
l=1

ġ
[p]
s,l ·Am

(
θ̇
[p]
s,l

)
· e−j2πτ̇

[p]
s,lfk , (13)

is the entry of Ḣ[p]
s . We can keep track of a small set of “good”

beam pairs and quickly switch to the best one before the
current beam fails. Beams can be switched freely among the
antenna modules because we have considered all the available
beams of multiple antenna modules.

From (2), we observe that ToA τ̇
[q]
s,l changes the phase of

each path at different frequencies. The receiver beam can only
focus on one direction at a time because analog beamforming
is adopted; that is, the selected beam should be applied to all
the subcarriers. We infer that the relative ToA Δτ [p,q]

l between
p and q is irrelevant in analog beam selection. We verify this
inference through simulations in a later section. Therefore,
we can change the form of the virtual CSI (13) to

Ḧ [q]
s,m[fk] =

Ls∑
l=1

ġ
[q]
s,l ·Am(θ̇[q]s,l) · e−j2πτs,lfk , (14)

by assuming that all the antenna modules simultaneously
receive path signals. Notably, (14) differs from (13) only in
terms of path ToAs τs,l. This simplification can facilitate the
implementation of (10) through a simple table lookup for
AoAs and doing nothing for ToAs.

Although the underlying propagation paths for the blocked
antenna module may be different because of coupling and
reflection caused by fingers, the exact propagation properties
of this antenna module are unimportant because selecting a
blocked module should be avoided. Specifically, if an antenna
module is hand blocked, then the antenna module’s μ[p,q] is a
small value. In this case, this antenna module is not selected
eventually.
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D. Path Parameter Estimation Algorithm

Estimating the ToA, AoA, and gain of multipath from a
channel is a critical task in realizing Fast-ABS. This task
should be conducted under beam-specific CSI measurements
of different receiver beam patterns under the same antenna
module. To ease notations, we focus on a transmitter beam
and thus omit transmitter beam index s and antenna module
index p from the channel-related parameters in this subsection.
With this simplification, we rewrite (4) in a concise formula-
tion as follows:

H =
Ls∑
l=1

gla(θl)bH(τl), (15)

The vectorization of H yields

h � vec(H) =
Ls∑
l=1

glv(θl, τl), (16)

where v(θ, τ) � b(τ)⊗ a(θ).
From (16), beam-specific CSI measurements can be mod-

eled as

y =
Ls∑
l=1

glv(θl, τl) + z, (17)

where z is the additive noise vector. The three-tuples of the
paths (g,θ, τ ) � {(gl, θl, τl)}Ls

l=1 can be estimated by jointly
minimizing

J(g,θ, τ ) =

∥∥∥∥∥y −
Ls∑
l=1

glv(θl, τl)

∥∥∥∥∥
2

2

. (18)

As a solution to the aforementioned optimization problem,
numerous algorithms have been developed over the past half-
century. Any algorithm with high accuracy [31], [32] can be
used in Fast-ABS to estimate the ToA, AoA, and gain of
multipath. In this paper, we employ the Newtonized orthog-
onal matching pursuit (NOMP) algorithm [33] in Fast-ABS,
because we find that NOMP provides better performance and
lower complexity than many existing algorithms [34].

In NOMP, a detection estimation method is to identify
each signal path and minimize (18) with low complexity. The
strongest signal path is initially identified and from y. Then,
the weak signal path is determined using the residual signal
yr = y − ĝv(θ̂, τ̂ ). Let

Jr(g, θ, τ) = ‖yr − gv(θ, τ)‖22 . (19)

Specifically, the above procedure consists of two stages:

1) In coarse detection, the coarse estimates of AoA, ToA,
and complex gain are obtained using pre-computed
{v(θ, τ)}

(θ̂, τ̂) = argmax
θ∈Θ,τ∈Γ

|vH(θ, τ)y|2, (20a)

ĝ = vH(θ̂, τ̂ )y/‖v(θ̂, τ̂ )‖22, (20b)

where Θ and Γ denote the discretized sets of AoAs and
ToAs, respectively.

2) In refinement, estimates are refined using Newton’s
method:

(θ̂, τ̂ ) ← (θ̂, τ̂)− [∇2Jr(ĝ, θ̂, τ̂)]−1∇Jr(ĝ, θ̂, τ̂ ),
(21a)

ĝ ← vH(θ̂, τ̂ )y/‖v(θ̂, τ̂ )‖22, (21b)

where ∇2 Jr and ∇Jr denote the Hessian and gradient
of J , respectively, with respect to (θ, τ) at the current
estimate (θ̂, τ̂ ) provided by (20a).

The algorithm is repeated with the residual signal yr to
estimate other paths. The refinement steps are repeated after
each new detection for all the paths in a cyclic manner for a
few rounds to improve accuracy.

We end this subsection by remarking two points. First,
ES is a common method in mmWave systems to find the
best beam direction with substantial searching latency. The
search space should be partitioned to search for the best beam
direction. With these segmentation angles, the corresponding
received SNR (RSNR) of each beam can be obtained. The
performance of ES depends on the size of the fine-grained
partitions of the search space. However, this approach causes
unacceptable latency for analog-based systems that need to
perform beam scanning and find the best beam pair. We regard
the result corresponding to ES with fine-grained codebook as
an oracle solution. As long as the three-tuple of the channel
is available, all the candidate beams can be found without
physically scanning the entire receiver beams. The NOMP
algorithm can estimate the three tuples of a channel by using
a small number of received beams. Simulations show that the
channel reconstruction approach combined with the NOMP
algorithm can achieve the oracle solution.

Second, the beam-specific CSI measurements y in (17)
are obtained through a set of receiver beams. Therefore,
the remaining problem is how to determine proper receiver
beams so that the NOMP algorithm can estimate the three
tuples of a channel by using a small number of received
beams. We discuss this beam selection problem later in the
next section.

E. Summary

The summary of Fast-ABS is illustrated in Figure 3.
We assume that a connection has been established during the
initial access; that is, a beam pair has been initially established
between the BS and the UE in the downlink directions. With
Fast-ABS, the transmitter- and receiver-side beam adjustment
is performed as follows. First, power detection is carried out
on all antenna modules on the UE, which is used to obtain
the power ratio μ[p,q] between the antenna modules. Given a
transmit beam from the BS, said the s-th beam, beam sweeping
is conducted on an antenna module of the UE to measure a
configured CSI-RS in sequence. Then, three tuples for each
Ls path are extracted by using the NOMP algorithm, and
the corresponding virtual CSI (14) of other antenna modules
is constructed. If the link quality provided by the current
antenna module is significantly lower than that of the other
antenna modules, then switching to the best antenna module
and its corresponding best receiver beam can be achieved
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Fig. 3. State-flow of Fast-ABS.

with the UE. Otherwise, beam sweeping can be performed
with the BS so that the UE can be employed to obtain the
virtual CSI corresponding to other transmitter beams from the
BS. Next, the channel conditions of the beam pairs {B[p]

s,m}
overall m, p and available s are calculated via the UE in
accordance with (12). Switching to the best antenna module
and its corresponding best transmitter and receiver beam pair
can be carried out on the basis of {B[p]

s,m, ∀s,m, p} via the UE.
Notably, excessively violent movement and hand blockage on
mobile phones are the usual causes of broken connections.
When a connection is broken, a mobile phone takes a long
time to restore a communication link between the BS and the
UE at the beam recovery stage. Fast-ABS is mainly used to
avoid frequent disrupted connections due to hand blockage.

IV. PERFORMANCE ANALYSIS

A. CRLB

In this subsection, we analyze the lower bound of the
estimation regarding the three tuples mentioned in the previous

section. Let ψ = [ψT
1 , . . . ,ψ

T
Ls

]T ∈ R
4Ls×1 be the vector

consisting of all the unknown path parameters in which

ψl = [|gl|,∠gl, θl, τl]
T ∈ R

4×1 (22)

consists of the parameters of the l-th path, where |gl| and
∠gl are the absolute and phase of the complex-valued channel
gain, respectively. Mobile devices can only power one antenna
module to estimate the three-tuple parameters at a time, said p,

so we initially analyze the lower bound based on a single
antenna module. In addition, for convenience of notation,
we focus on the derivation of a single transmission beam.
Using notation ψl and removing p and s in (2), we can rewrite
the channel response (or CSI) as

Hm[fk] =
Ls∑
l=1

|gl|ej∠gl ·Am(θl) · e−j2πτlfk . (23)

For an unbiased estimator, estimation variance is bounded
by CRLB, which is the inverse of the 4Ls × 4Ls Fisher
information matrix (FIM) F(ψ) [35] defined as

[F(ψ)]u,v = Ey|ψ

{
∂ ln p(y|ψ)

∂ψu

∂ ln p(y|ψ)
∂ψv

}
, (24)

where p(y|ψ) is the likelihood function of y conditioned
on ψ, and expectation is taken over noise distribution.
As shown in (17), p(y|ψ) follows a normal distraction with
variance σ2

z and mean h. As a result, (24) can be written as

[F(ψ)]u,v =
2
σ2

z



{

Ms∑
m=1

N∑
k=1

∂H∗
m[fk]
∂ψu

∂Hm[fk]
∂ψv

}
. (25)

Let ψ̂ be the unbiased estimator of ψ. Then, the MSE of
entry ψu is bounded as

Ey|ψ
{
|ψ̂u − ψu|2

}
≥ [

F−1(ψ)
]
u,u

, (26)

where F(ψ) should be nonsingular.
The 4Ls × 4Ls FIM can be sliced into L2

s submatrices as

F(ψ) =

⎡
⎢⎣

F(ψ1,ψ1) · · · F(ψ1,ψLs
)

...
. . .

...
F(ψLs

,ψ1) · · · F(ψLs
,ψLs

)

⎤
⎥⎦ , (27)

where F(ψl,ψk) = 
{(∂H∗
m[fk]/∂ψl)(∂Hm[fk]/∂ψk)} is a

4×4 matrix. The rank deficiency of F(ψ) arises if two or more
paths have an extremely close delay and angle, which cause the
determinant of F(ψ) to approach 0. Fortunately, the number of
paths to the receiver is very small in mmWave systems because
of reflection difficulty in a high-frequency band. Moreover,
paths are characterized by separation in delay because of a
large bandwidth [36]. Even if delays and angles are very close
in a few paths, these similar paths can be replaced with a single
path whose amplitude is the sum of the amplitudes of these
paths. On the basis of this argument, we assume that F(ψ) is
nonsingular. Thus, F(ψ) is transformed into a block diagonal
matrix. Each submatrix on the diagonal of F(ψ) can be written
as

F(ψl,ψl)

=

⎡
⎢⎢⎣
F(|gl|, |gl|) F(|gl|,∠gl) F(|gl|, θl) F(|gl|, τl)
F(∠gl, |gl|) F(∠gl,∠gl) F(∠gl, θl) F(∠gl, τl)
F(θl, |gl|) F(θl,∠gl) F(θl, θl) F(θl, τl)
F(τl, |gl|) F(τl,∠gl) F(τl, θl) F(τl, τl).

⎤
⎥⎥⎦

(28)

Considering that the inverse of a block diagonal matrix is a
block diagonal matrix with the inverse of the original blocks on
its diagonal, we can separately calculate the inverse matrix of
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each submatrix. Therefore, we focus on FIM in the single-path
scenario, which is denoted as F(ψ) with ψ = [|g|,∠g, θ, τ ]T
in the following description. The entries of F(ψ) are derived
in Appendix A.

The CRLB provides the lower bound on the variance of the
estimated parameters. We are also interested in the error of the
reconstructed CSI defined in (23). The MSE of the estimated
CSI Ĥm[fk] of the actual channel Hm[fk] is defined as

MSEm(ψ)[fk] = E{|Hm[fk]− Ĥm[fk]|2}, (29)

where the expectation is taken over the noise for the deter-
ministic ψ. The FIM of the CSI can be determined through
a transformation of variables from ψ to Hm[fk]. That is,
the lower bound of the CSI is obtained via the transformation
vector ∂Hm[fk]/∂ψ as

LBm(ψ)[fk] =
(
∂Hm[fk]
∂ψ

)H

F−1(ψ)
∂Hm[fk]
∂ψ

, (30)

where the entries of ∂Hm[fk]/∂ψ are given by

dHm[fk]
d|g| = ejαAm(θ), (31a)

dHm[fk]
d∠g = |g|jejαAm(θ), (31b)

dHm[fk]
dθ

= |g|ejαA�
m(θ), (31c)

dHm[fk]
dτ

= |g|ejαAm(θ) (−j2πfk) , (31d)

with α = ∠g− 2πτfk and A�
m(θ) = dAm(θ)/dθ. After these

partial derivatives are inserted for a specific beamforming gain
Am(θ), the CSI error (30) can be constructed.

B. Selection of an Analog Beam Codebook

For analog-based beamforming technology, a commonly
used codebook in (6) is in the form of

wm(n) =
1√
N
ejπn cos φm , n = 0, · · · , N − 1, (32)

where φm represents the rotation angle of the m-th beam. For
example, if an array antenna with a uniform separation of a
half wavelength (N = 4) is assumed and φm = 90◦, then
the beam pattern Am(θ) is obtained by substituting θ = 0
to π in (6). We derive the corresponding beam pattern in a
Cartesian plot (Figure 4). Here, we adopt the codebook in (32)
for ease of understanding. The principle obtained below can
be extended to arbitrary codebooks.

The NOMP algorithm estimates the three tuples of a path
through beam-specific CSI measurements. Beam directions
can be determined by partitioning a search space into many
fine-grained beams. However, doing so causes unacceptable
latency for analog-based systems that need to perform beam
sweeping. Therefore, a proper set of φm for beam sweeping
should be determined so that the three tuples of a channel
can be obtained using a small number of received beams.
Figure 4 shows that the maximal information regarding a
channel can be obtained at θ = 90◦. Moreover, the beam
still provides useful information about θ except for the null

Fig. 4. Sinc function of an analog beam.

points at θ = 60◦, 120◦,and 180◦. Therefore, angles should be
probed at the null points to obtain the full angular observation.
In this way, the individual peaks of a beam pattern line
up with the nulls of the other beam pattern to achieve no
interference between beam patterns. Therefore, a channel with
few received beams can be efficiently estimated by using a
beam codebook in which beams do not interfere with one
another. This characteristic is referred to as the orthogonal
beam principle. In fact, this principle is close to the spectrum
characteristic of an OFDM system, where orthogonally spaced
subcarriers provide the most efficient way to utilize frequency
bands without creating a subcarrier interference.

The CRLB derived in the previous subsection is exploited to
show the quality of the beam codebook. From (22) and (26),
the CRLB of θ is given by σ2

θ �
[
F−1(ψ)

]
3,3

, whose details
are shown in following proposition.

Proposition 2: The CRLB of θ can be simplified as

σ2
θ =

σ2
zA

2Ns|g|2(AD −
{BC}) , (33)

where parameters A, B, C, and D are defined by (39)
in Appendix A.

Proof: The CRLB of θ can be calculated from (40c) in
Appendix A. We can infer from (39) that {A} = 0 and
{D} = 0. Therefore, the parameter J which is defined
in (41) can be simplified as

J = A2D + {B}{C}A−A
{B}
{C}
= A(AD −
{BC}). (34)

Substitute (34) into (40c), the simplification can be obtained
as (33). �

Our focus is on the relationship of the beam codebook with
the CRLB of θ, so the above equation is simplified to

σ2
θ ∝ A

AD −
{BC} � Error(θ). (35)

Thus, (35) is used to examine the quality of the beam
codebook. For example, an antenna module has four antenna
elements with a uniform separation of a half wavelength,
and the system only allows three beams to receive sig-
nals. In accordance with the orthogonal beam principle,
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Fig. 5. CRLB of different beam codebooks.

the three-beam codebook should be φm = {60◦, 90◦, 120◦}.
Figure 5 shows that the angular estimation error of the
codebook found on the basis of the orthogonal beam principle
is lower than those of the codebook composed of angles
{50◦, 90◦, 130◦} and a random codebook over the whole AoA
range. Figure 5 illustrates that adding a reasonable error value
on the angular error, i.e., the case of {58◦, 90◦, 122◦}, barely
affects the estimation error. Plugging different numbers and
sets of φm for beam sweeping into (35) can obtain the lower
bound of the estimated θ. Hence, we can use (35) to directly
find the effective and non-wasteful codebook set for beam
sweeping.

C. Error of Virtual CSI

In (30), the CSI error for the power one antenna module
is shown. Now, the virtual CSI error for other antenna mod-
ules is considered. From (14), the virtual CSI of q can be
reconstructed as Ḧ [q]

m [fk] by using the three-tuple parameters
estimated from p. The major difference between p and q

is in Am(θ̇[q]s,l), which is only related to the AoA and the
rotation angle of the analog beam. The lower bound of the
MSE of the virtual CSI at q can be set as LB[q]

m (ψ)[fk]
by using Ḧ

[q]
m [fk] in accordance with (30). The AoA of the

l-th path and the rotation angle of the analog beam at p

and q are written as {θ[p]
l , φ

[p]
m } and {θ[q]l , φ

[q]
m }. The angle

of different antenna modules is only definitionally different.

The relationship between θ
[p]
l and θ

[q]
l can be determined

explicitly by using (10a) through the angular rotation Δθ[p,q].
In addition, the relationship between φ[p]

m and φ[q]
m can also be

written as

φ[q]
m = φ[p]

m + Δθ[p,q]. (36)

Consequently, we obtain

LB[q]
m (ψ)[fk] = LBm(ψ)[fk]. (37)

That is, the CSI of the powered antenna module can
be utilized to determine the virtual CSI error of the other

Fig. 6. CDFs of Fast-ABS’s RSNRs w.r.t. ES directly performed on module 2.

antenna modules. Therefore, the result proves that using the
virtual channel for switching in Fast-ABS can achieve the
same performance as that obtained with the original powered
antenna module.

V. SIMULATIONS AND IMPLEMENTATION

We conduct simulations and implementation to verify the
efficiency of Fast-ABS. We first apply simulations to ana-
lyze the performance of Fast-ABS. Next, we discuss how to
implement Fast-ABS on software-defined radio and evaluate
its performance via over-the-air (OTA) tests. Regardless of
simulations or experiments, we consider an antenna module
of UE has four antenna elements with a uniform separation of
a half wavelength.5 We also consider that the observable AoAs
of each module are between 30 and 150 degrees because of
the performance limitation of the antenna array at the beam
edges, as observed through our measurement. The AoAs of
an antenna module outside the observable range belong to the
observable AoAs of the other antenna module. The codebook
received by Fast-ABS has only nine grids on the azimuth
angle; that is, φm in (32) is only available at [30◦, 150◦] for
every 15◦. To obtain the performance benchmark, we perform
the ES of the azimuth angle with MES = 481 grids in the
angular span of [30◦, 150◦] with 0.25◦ spacing per partition.
With these segmentation angles, we can obtain the correspond-
ing RSNR of each angle, and we set the angle corresponding
to the peak value as the resulting angle of the oracle.

A. Simulations

We utilize four-, three-, and two-beam patterns to obtain
beam-specific CSI measurements, that is, MABS = 2, 3, 4. The
angular directions of the four-, three-, and two-beam code-
books are respectively centralized at {45◦, 75◦, 105◦, 135◦},
{60◦, 90◦, 120◦}, and {60◦, 120◦}. Beam angles in a codebook

5Such type of antenna can achieve theoretical antenna pattern, as shown in
(6), without severe spatial correlation or mutual coupling effects.
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Fig. 7. (a) Error of the dominant path angle with different algorithms. (b) Error of the second path angle with different algorithms in different case. (c)
Error of the dominant path angle with different beam patterns in different case.

do not affect one another because of the orthogonal beam
principle. In accordance with (33), we know that the lower
bound of the estimated angle is related to SNR and the number
of pilots of CSI-RS Ns, given a fixing codebook. Figure 6
shows the estimation errors of the four-, three-, and two-beam
codebooks. In addition, we compared the two possible pilot
lengths, that is, Ns = 300 and Ns = 825. We see that the
estimation accuracies improve to a greater extent by increasing
beam angles in a codebook than by increasing pilot lengths.

To clearly understand the performance of the considered
algorithms with the used codebooks, we compare the per-
formance of MSE by NOMP, OMP, and ES and the lower
bound of the estimated angle under a fixed Ns = 300 and
SNR = 10dB. We consider two-path scenarios: one is the
line-of-sight (LoS) path, and the other reflection path is 10 dB
(case I) and 20 dB (case II) weaker than the LoS path because
of reflection loss. The phase of the complex channel gain is
uniformly over 0 and 2π. ToAs are generated randomly from a
distance of 0m to 60m. The LoS path distance is smaller than
the NLoS path distance. Figure 7(a) compares the performance
of the dominant path by different algorithms when the four-
beam pattern is used under case I. We can observe that the
stable result of NOMP is superior to the estimation result of
OMP because of granularity. Moreover, the estimation result of
NOMP by using four-beam patterns is better than that of ES.
This result suggests that NOMP exhibits robustness to mul-
tipath and produces a high resolution that exceeds 0.25◦ and
significantly reduces latency by nearly 120 times. Figure 7(b)
compares the performance of the second path by different
algorithms when the four-beam pattern is used under different
cases. The figure shows that OMP cannot estimate the angle of
the second path and is thus unavailable for establishing virtual
channels. In addition, the performance in case I is better than
that in case II. The reason is obviously related to the power
of the reflection path. Figure 7(c) compares the performance
of the dominant path by NOMP when using different beam
patterns under different cases. The result of Figure 7(c) shows
that the performance under case II is better than that under
case I. This result is reasonable because we can regard case II
as a single-path channel as the path difference reaches 20 dB.

Fig. 8. CDFs of NOMP’s RSNRs w.r.t. the optimum for cases 1 and 2.

This result also shows that the trend estimated by NOMP is
the same as that estimated by CRLB. Notably, the CRLB of
θ is associated with single-path scenarios.

The RSNR calculated after beamforming is our final per-
formance target. Therefore, the CDF of the RSNR of the
concerned methods is presented in Figure 8. The parameter of
AoA is generated in a random uniform distribution between
[30◦, 150◦]. Notably, the received beam to calculate RSNR is
the closest direction which is from nine grid angles, not the
direction that matches the strongest path. We find that NOMP
with only three- to four-beam patterns shows a similar RSNR
that is optimal in all scenarios. However, the performance of
the two-beam pattern is unproductive. Figure 7 illustrates a
range of angles, i.e., (85◦, 95◦), which results in an unaccept-
able RSNR (Figure 8) for 8% of cases.

In Section III.C, the relative propagation delay between two
arrays is unrelated to analog beam selection. To verify this
claim, we conduct the same simulation as in case 1 for antenna
module 1, while we generate the AoAs and ToAs of antenna
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Fig. 9. CDFs of Fast-ABS’s RSNRs w.r.t. the optimum directly performed
on module 2.

module 2 by using (10) with the propagation delay given
by (9). We consider that the two antenna modules are placed
over the long/left and top/short edges, as shown in Figure 2(d).
Antenna module 1 is the current receiving antenna, while the
channel and the beam of antenna module 2 are predicted by
Fast-ABS. The optimum RSNRs of module 2 are achieved by
directly performing result on module 2, and the results serve
as the benchmark. Figure 9 illustrates that the RSNRs of Fast-
ABS are the same as those of optimum. Although propagation
delays between antenna modules 1 and 2 are ignored, the beam
selected by Fast-ABS coincides entirely with the optimum
across the test scenarios. Consequently, we can use a (simple)
virtual channel given by (14) for beam selection.

B. Implementation

With the abovementioned simulations, we verify our pro-
posals: 1) NOMP can be an efficient algorithm to extract the
three tuples of paths through only three to four probings of
beam-specific CSI measurements, and 2) a virtual channel is
an effective CSI for beam selection. To verify the feasibility
of Fast-ABS in practical scenarios, we propose our main
rationale that the underlying physical signal paths traversed
by each subarray should remain the same. That is, a fixed
angular rotation occurs between two arrays on a mobile phone.
Thus, we implement Fast-ABS on software defined radios and
integrate it into a 5G NR physical layer.

The architecture of our testbed is shown in Figure 10. In the
transmitter side, the baseband (BB) signal is first modulated
to 4 GHz as an intermediate frequency (IF) signal. The BB
signal is based on the 5G NR physical layer with a bandwidth
of 100 MHz for a subcarrier spacing of 60 kHz. Next,
an upconverter performs the quadruple operation of a 6 GHz
carrier generated by a local oscillator (LO) with a frequency
multiplier to obtain a 24 GHz carrier. Finally, a mixer is used to
modulate a 4 GHz IF signal with a 24 GHz carrier to generate
a 28 GHz radio frequency (RF) signal, and the transmit

Fig. 10. Architectural schematics of a mmWave testing platform.

antenna is utilized to emanate the RF signal. The transmit
antenna is either a horn antenna or an 8× 8 phased array,
which depends on the purpose of the following experiment.
On the receiver side, the downconverter at the receiver also
operates with the LO to obtain the 4 GHz IF signal back.
An oscilloscope demodulates the signal to a BB signal. For
our hardware, each receiver antenna element is equipped with
an RF chain. We develop a calibration procedure to achieve
the phase coherence of each subarray. Therefore, we can apply
digital beamforming to simulate the equivalent result of the
analog beamforming as in (6).

With our testbed, signals from the two antenna modules can
be received simultaneously. Thus, the testbed can be used to
verify whether or not a fixed angular rotation occurs between
two arrays. To clean the transmit beam, a horn antenna is used
as a transmit antenna to verify this characteristic, with the
distance between the transmitter and the receiver being 50 cm,
as shown in Figure 11(b). The receiver is equipped with a
mobile phone consisting of two 4× 1 dipole arrays placed at
the two edges of the mobile phone named modules 1 and 2,
as presented in Figure 11(e). Figure 12(a) depicts the effective
angular range of the two antenna modules. The schematic
scenarios of LoS and NLoS are illustrated in Figure 12(b).
In the LoS scenario, the BS is placed at the protractor,
as displayed in Figure 11(b), and it emits signals from 30◦

to 60◦ of module 2. We record every measurement result per
6◦ change in position. In the NLoS scenario, the horn antenna
does not directly transmit a signal to the receiving direction;
instead, it utilizes an iron plate to simulate a reflection path.
We rotate the iron plate to obtain different reflection paths. The
measurement results are summarized in Table I; in particular,
the AoAs of the two arrays are extracted simultaneously
from the four-beams patterns (MABS = 4) via NOMP. The
AoAs are selected from an antenna module with the strongest
channel gain to represent the main AoA of the antenna module.
The corresponding RSNRs are also listed in Table I to reflect
the measurement quality received by that AoA direction.
Approximately 90◦ angular rotation is found between the two
arrays in LoS and NLoS scenarios. Consequently, a fixed
angular rotation is observed between the two antenna modules,
and Fast-ABS is feasible.

Finally, Fast-ABS is tested under a long-range scenario in
which the distance is 8 m by using the 8 × 8 phased array,
as shown in Figure 11(d). In Figure 11(c), the phased array
counts for eight patch antennas in horizontal and vertical
directions lead to a total of 8 × 8 antenna elements. The
codebook table of the phased array is built with 11 beams in
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Fig. 11. (a) Horn antenna. (b) Actual scenario of the mmWave testing platform with a horn antenna in the protractor. (c) An 8× 8 planar antenna array. (d)
Long-range actual scenario for the mmWave testing platform with 8 × 8 planar antenna array. (e) Two 4 × 1 dipole arrays.

TABLE I

TWO SETS OF SUBARRAY MEASUREMENT RESULTS

Fig. 12. (a) Two 4× 1 dipole arrays. (b) Effective range of beam receiving.

the horizontal and vertical directions. The receiver also uses
the mobile phone with two antenna modules as in Figure 11(e).

The RSNR of Fast-ABS is cut with an approximated 200 s
trajectory (Figure 13). The results of two antenna modules can
be recorded simultaneously, so the detailed performances are
recorded in Table II. The ES scheme is taken for comparison.
If the same antenna module is used in Fast-ABS and ES, then
the RSNR performance achieved by ES is the benchmark. Our
UE is equipped with a power detector on each antenna module

so the UE knows the power information of all the antenna
modules. Therefore, if the ES scheme is employed, the UE can
decide to switch to another antenna module based on power
information. However, when doing so with the ES scheme,
the UE cannot receive data immediately because the UE has
to scan the entire receiver beams to establish a communication
link.

Figure 13 illustrates the RSNR performances between Fast-
ABS and ES under different scenarios, which are classified
into five stages (stages I–V). The corresponding time com-
plexities of each stage are summarized in Table III. At stage I,
module 1 is utilized as the initial antenna module with the UE.
The transmit beam direction is determined by the initial access.
No significant RSNR difference is observed between Fast-ABS
and ES at this stage. The RSNR performance of ES is slightly
better than that of Fast-ABS because of the fine-grained
beam directions of the former. At stage II, a power detector
combined with a reconstructed channel is utilized in Fast-
ABS to determine the better antenna module and the receiver
beam direction. Since module 2 is better than module 1 in this
scenario, Fast-ABS switches to module 2 at stage II. Table III
shows that Fast-ABS is better than ES in terms of switching
latency because a small number of received beams are used to
extract three tuples in Fast-ABS (MABS �MES). ES causes
the long transmission interruption to find the best receiver
beam and results in the disappearance of the line in Figure 13.
Meanwhile, SSB is periodically broadcasted via the BS by
using different transmit beams, obtaining further information
regarding the beam quality of the other transmit beams. After
sufficient information is achieved, the UE informs the BS
to transmit data to another beam and switches a proper
receiver beam corresponding to the transmit beam. Therefore,
performance improves at stage III. Notably, ES takes a long
time (S ×MES slots) to collect such information through the
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Fig. 13. RSNR trajectory during Fast-ABS over the mmWave testbed. The corresponding RSNRs of Fast-ABS and ES are plotted with red and blue dotted
lines, respectively.

TABLE II

RESULTS OF SUBARRAYS OVER THE mmWAVE TESTING PLATFORM

TABLE III

COMPARISON OF ES AND FAST-ABS COMPLEXITY

joint transmission and receiver beam sweeping, although data
transmission is still maintained during this period. In summary,

Table III shows that in stages II and III, Fast-ABS is faster
than ES because of the fact that Fast-ABS only requires a
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small number of received beams (MABS � MES) to extract
three tuples. At stage IV, module 2 is blocked by a hand.
Fast-ABS rapidly switches to module 1 rapidly while ES
spends a long time (S ×MES × P slots) to change the array
and beam pair. If the ES scheme is employed, data cannot
be received (the disappearance of the blue line) because the
UE switches to module 1 and searches for receiver beams.
Finally, at stage V, hand blockage is removed from module 2.
As expected, Fast-ABS rapidly switches to module 2 while ES
spends a long time (S×MES×P slots) to detect the antenna
module and beam pair. In summary, regardless of the presence
of hand blockage (stages IV and V), Fast-ABS, unlike ES, does
not need to perform beam scanning again; instead, it switches
to a proper beam directly on the basis of the virtual channel.
Therefore, as shown in Table III, Fast-ABS does not entail
time complexity in the two stages.

VI. CONCLUSION

We addressed the problem of determining the optimal
antenna module and beam pair for a mobile phone consisting
of multiple antenna modules with only one antenna module
that could be powered on at a time. We presented Fast-ABS by
exploiting the propagation invariant property. In the proposed
method, only one antenna module was used for the reception
to predict the best beam of other antenna modules. In partic-
ular, Fast-ABS estimated the corresponding channel of other
antenna modules by extracting three tuples of each multipath
associated with one antenna module. We performed a thorough
theoretical analysis to demonstrate that if a proper set of beams
could be used, then the low MSE of the three-tuple parameters
could be achieved with a small number of received beam
observations. Simulations demonstrated that Fast-ABS might
achieve almost the same performance as that of a method
through which all angles and antenna modules were scanned.
Furthermore, we implemented and evaluated Fast-ABS in a
5G NR device. A series of experimental results supported our
arguments and indicated that the performance of Fast-ABS
was close to that of an oracle solution even in complex NLoS
scenarios.

APPENDIX A

Substituting (31) into (25), we can derive F(ψ) = 2
σ2

z
P�Q,

where

P =

⎡
⎢⎢⎣
Ns |g|Ns |g|Ns π|g|(Ns − 1)
· |g|2Ns |g|2Ns π|g|2(Ns − 1)
· · |g|2Ns π|g|2(Ns − 1)
· · · 2π2|g|2(2N2

s −3Ns+1)
3Ns

⎤
⎥⎥⎦ ,

(38)

is a symmetric matrix,

Q =

⎡
⎢⎢⎣

{A} −{A} 
{B} {A}
{A} 
{A} {B} −
{A}

{C} −{C} 
{D} {C}
−{A} −
{A} −{B} 
{A}

⎤
⎥⎥⎦ ,

and

A �
Ms∑

m=1

A∗
m(θ)Am(θ), B �

Ms∑
m=1

A∗
m(θ)A�

m(θ), (39a)

C �
Ms∑

m=1

A�∗
m(θ)Am(θ), D �

Ms∑
m=1

A�∗
m(θ)A�

m(θ). (39b)

The CRLB of each parameter can be obtained from (26) as

σ2
|g| � [(F−1(ψ))]1,1 =

σ2
z({B}{C}+ 
{A}
{D})

2NsJ
,

(40a)

σ2
∠g � [(F−1(ψ))]2,2 = −σ

2
z(3J(1−Ns)−Q(1 +Ns))
2Ns|g|2
{A}(Ns + 1)J

,

(40b)

σ2
θ � [(F−1(ψ))]3,3 =

σ2
z |A|2

2Ns|g|2J , (40c)

σ2
τ � [(F−1(ψ))]4,4 =

3Nsσ
2
z

2π2|g|2
{A}(N2
s − 1)

, (40d)

where

J � |A|2
{D} − {A}{B}
{C} − {A}{C}
{B}
+{B}{C}
{A} − 
{A}
{B}
{C}, (41)

Q � 
{A}2
{D} − 
{A}
{B}
{C}. (42)
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