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Performance of Beamforming for a Handheld
Device in Measured 21.5 GHz Indoor Channels

Jesper Ødum Nielsen, Gert Frølund Pedersen

Abstract—This paper presents an evaluation of the perfor-
mance of two different approaches for beamforming (BF) in a
fifth generation (5G) handset, based on measured channels from
a dual-polarized transmitter (Tx) to a mockup handset with a
7-element receiver (Rx) array. The measurements at 21.5 GHz
are including both small-scale and large-scale channel changes
and were conducted for different users holding the mockup at
different locations in an indoor corridor environment. The unique
measurements enable novel results based on statistics of the
power achieved with BF, using channel state information (CSI)
measured at a 90 Hz rate, and both when using beam scanning
(BS) and the equal gain combining (EGC) reference case. For the
case of ideal CSI knowledge, BF gains of up to about 18 dB were
found. However, when the density of the angle scanning grid is
reduced and the CSI is delayed to realistic values, the average
performance decreases by 8 dB. More results are given in the
paper.

Index Terms—Cellular communications, channel sounding,
mm-wave propagation, beamforming, user impact, radio propa-
gation measurements

I. INTRODUCTION

Fifth generation (5G) networks are expected to provide a
significantly higher network capacity than previous genera-
tions [1]. One of the ways to achieve the higher capacity comes
from the introduction of new bands at frequencies above those
typically used in fourth generation (4G) networks. The 5G new
radio (NR) specifications define the frequency range 2 (FR2)
to cover the band 24.25–52.6 GHz [2], where channels below
30 GHz are of particular interest, since propagation losses are
expected to be lowest generally. Unless otherwise specified,
in the following the term mmwave band will be used loosely
to mean frequency bands within FR2.

Although mmwave bands have been used previously, e.g.,
for point-to-point links and wireless local area networks
(WLANs), mmwave bands have only in the last about 10 years
been considered for the link between the mobile station and
the base station in cellular networks [3]. The properties of
the mmwave radio channels are different than those of the
legacy bands below 3 GHz, and the new channel has been the
subject for a large number of publications. Examples of early
works are [4]–[6], based on mechanically steered directive
antennas and focusing on general feasibility of mmwave bands
for cellular systems, at least for outdoor scenarios. Building
penetration losses at 28 GHz are found to be large in [7],
concluding that outdoor-to-indoor penetration will be difficult
in many cases due to large losses. Results from using a 5G
radio access prototype to measure 4×4 multiple input multiple
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output (MIMO) channels at 15 GHz were reported in [8]. The
system allowed measurements while moving along routes in
micro-cellular setups, for results on path loss, penetration loss
and beamforming (BF) gain.

More recently, Lee et al [9] reports results based on outdoor
to indoor (O2I) measurements at 32 GHz, with different
transmitter incidence angles. The delay and angular spreads are
found not to have dependency on the incidence angle. Based
on O2I measurements at 32 GHz in both a traditional building
and a thermally-efficient building, the work [10] finds that
angular and delay dispersion statistics do not show any sig-
nificant differences between the two building measurements.
Outdoor measurements made at 28 GHz and 39 GHz bands
are presented in [11], and used for characterizing directional
and omni-directional path loss, as well as fading characteri-
zation and the influence of vegetation on delay and angular
spreads. In [12] wide-sense stationarity is investigated using
28 GHz measurements in an outdoor expressway scenario,
where stationary distances are found to be 6–23 wavelengths.
Based on 28 GHz measurements in a library setting, models
for power angular-delay profiles and large-scale path losses
are presented in [13] for distances 10–50 m in both line of
sight (LOS) and non-line of sight (NLOS) cases. The work
in [14] presents measurements around 60 GHz in a variety of
indoor environments in LOS and NLOS, as well as for both
vertical and horizontal polarization. From the measurements
level crossing rate and average fading duration statistics are
estimated and fading models are tested.

Important use cases for mobile communication involves user
equipment (UE) such as smartphones, e.g., held in the user’s
hand or carried on the body. The term handset is used in the
following for this type of UE. Using mmwave for handsets
necessitates the use of high-gain antennas [15], which further-
more must be electronically steerable, since the orientation
of the handset in the environment is generally unknown a

priori and may change during the lifetime of the link. In
addition, the propagation channel is typically also unknown
and changing, and may have several propagation paths. It is
therefore important that the high-gain antenna system of a
handset can adapt its beams optimally. A convenient metric of
an antenna’s capability in this aspect is the coverage efficiency,
based on the total scan pattern [16], [17], which is the gain the
antenna achieves for each possible direction. For simplicity,
the metric only considers single directions.

Another aspect is how the handset determines in which
direction the high-gain antenna should aim. In the 3GPP
specifications for 5G [18] this has been divided into the
initial access phase, when the handset first connects to the
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network and must consider all possible directions, and the
tracking phase when the handset already has a connection
and might assume gradual changes to the existing direction
[19]. To help initial access the network broadcasts SS/PBSCH
blocks [20] allowing initial access and estimation of link
quality. Depending on configuration, the SS/PBSCH blocks
are broadcast every 5–160 ms [19]. The tracking phase can
be based on the CSI-RS reference signals [18] which may
be transmitted with intervals of 5–640 slots, corresponding to
1.17–149 ms for the lowest sub-carrier spacing and 0.292–
37.3 ms for the highest sub-carrier spacing. The performance
of the network in terms of, e.g., adaptability to channel
changes and control overhead, depends highly on the exact
configuration of the network and choice of algorithms [21].

Fitting an adaptive high-gain antenna into the limited vol-
ume available in a typical smartphone-like device is chal-
lenging and subject of research [22]. The work in [23] is an
example, presenting a 4-element dual-polarized phased array
for an about 74 mm × 143 mm size handset achieving gains
of 4.5–8 dBi within scanning angles −54◦ to 44◦ at 29 GHz.
Another design example is [24] presenting a 28 GHz 2×4 se-
ries chained patch array fitting in a 70 mm × 142 mm × 8 mm
handset with about 13 dB gain for scanning angles ±30◦ (yz-
plane) or, operated as two 1×4 phased arrays with about 10 dB
gain and ±45◦ scanning angles (xy-plane). A hybrid solution
for better spherical coverage is suggested in [25], consisting
of two horizontally polarized 4-element antenna in package
(AiP) arrays with maximum gain of 9.2 dBi, placed at two
corners of a handset in addition to an optically transparent 16
element array with a gain of 12.8 dBi.

An early 28 GHz 5G prototype handset with two 16-
element arrays is shown in [26], with BF achieved using phase
shifters and with other radio frequency (RF) parts located
outside of the handset. The handset was tested in indoor LOS
conditions, where the strongest beam directions were searched
for. Another similar early work was presented in [15] where a
32-element uniform planar array was fit in a handset prototype,
allowing adaptive BF with scanning for the best beams within
45 ms.

The importance of using the optimum beam directions is
quantified in [27]. Based on propagation measurements at 28
and 38 GHz in indoor rail and airport terminals, the work
investigates the power loss due to misalignment of a fixed
Tx antenna and a receiver (Rx) horn antenna which was
mechanically rotated. Using a simple model, it was found that
a 3 dB loss was incurred by an antenna misalignment of just
4.3◦ for LOS and 6◦ for NLOS. The work [28] describes a
testbed at 28 GHz for testing of the tracking capabilities of BF
antenna systems, allowing testing of beam tracking algorithms
via emulation of trajectories of vehicular devices, such as
unmanned aerial vehicles (UAVs), cars, and trains.

The effect of the user’s body on the received power is
investigated in [29], using ray-tracing simulation of 15 GHz
and 28 GHz outdoor urban mobile channels and measured
radiation patterns of the different prototype antennas. The
work finds large user shadowing losses of 30–35 dB and that
the received signal quality is highly dependent on the relative
positions of the handset and user.

Only a few prior publications present evaluation of the
performance of BF in actual propagation channels involving
handset antennas. Works based on measured channels typically
focus on characterizing or modeling the propagation channel,
trying to exclude effects of the antennas used for measure-
ments. The impact of the handset antennas are included by us-
ing radiation patterns, as in [29]. However, with this approach
it is difficult to include dynamic blocking and scattering by
the user holding the device. This is possible with prototypes,
such as in [15], [26], but here only few studies were done and
is limited to the algorithms implemented in the prototypes.

The current work investigates BF in a mobile handset
operating at 21.5 GHz, based on propagation measurements
using a mockup handset equipped with a 7-element array.
A series of measurements were carried out in an indoor
corridor environment, each with a user holding the mockup
while moving in the channel. During the movements, channel
snapshots for all antenna elements were obtained at a rate of
90 Hz. These unique measurements allow for a performance
analysis of different BF approaches for realistically changing
channels, something which is missing in the current literature.

BF is obtained by using a weighted sum of the outputs
of the individual elements in the antenna array. Depending
on the choice of weights, different properties are achieved.
One approach to finding an optimum set of weights is to
assume arrival of a single plane wave from a number of
specific directions, and determine the direction resulting in
the largest Rx power. In this work, this approach is referred to
as beam scanning (BS). Since waves may arrive from several
directions at the same time, the BS approach may not be the
best. Assuming knowledge of the channel coefficient phase for
all individual antenna branches, equal gain combining (EGC)
can be used instead, which is optimum for multiple waves and
may be considered a reference.

In this work both the EGC and BS approaches are in-
vestigated using statistics of the Rx power obtained with
the beamformer adapted to the instantaneous channel state
information (CSI). The novel contributions are within the
following main topics.

• BF gain performance for actual propagation scenarios,
both in LOS and NLOS, and including the influence of
different handset users.

• Impact of angular scanning grid density on performance.
Using a coarse grid is desirable in order to reduce BS
time, but may result in non-optimal directions.

• Impact of using delayed CSI on performance. Ideally the
BF should be applied to the same channel state as was
observed when determining the BF weights. In practice
there will be certain delay which will cause a performance
degradation.

The rest of the paper is structured with the measurements
described in Section II, followed by the used combining
methods in Section III. The coverage efficiency of the mockup
handset is evaluated in Section IV. Details of the measurement
processing are given in Section V and the results are discussed
in Section VI, followed by conclusions in Section VII.
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Fig. 1. Floorplan with measurement locations. © 2017 IEEE. Reprinted, with
permission, from [30].

II. MEASUREMENTS

The measurements analyzed in this work are from an indoor
corridor environment where the fixed Tx antenna was mounted
at 2.05 m above the floor and an array of Rx antennas in a
mockup handset was held by a user. The measurements were
previously described in [30], with only a summary given here.
More details about the channel sounding system are available
in [31]. In the setup used for the current work, two Tx channels
are measured simultaneously, with Tx1 and Tx2 connected
to the vertical and horizontal ports, respectively, of the dual-
polarized Tx horn antenna. A single Rx branch of the sounder
is connected to the handset mockup where a switch allows
measurements from 7 Rx antenna elements. The sounding was
carried out with a bandwidth of about 200 MHz, centered at
21.5 GHz. Obtaining the channel impulse responses (CIRs)
for all the 2×7 channel combinations is completed in about
573 µs; one such set of CIRs is denoted a channel snap-

shot in the following. The snapshots are obtained at rate of
90 Hz, where a measurement designates a series of R = 1800
snapshots. The snapshot rate is high enough to capture many
samples of changes in the channel due to user movements,
as described below, but not sufficient for complete channel
reconstruction from the samples. The latter is not needed for
the current work.

The overall measurement campaign includes a number of
scenarios of which only some are used and described in the
current work. Note that these measurements were not included
in the description given in [30].

For a given measurement a user holds the mockup in front
while standing at a specified location in the corridor. While
maintaining the hand grip and arm posture, the user rotates
slowly clockwise, for one full 360◦ revolution during the 20 s
long measurement. Due to the rotation, a fading and rather
dynamic channel is expected, since the direction towards the
Tx and major signal paths change and any blocking by the
user will also change.

As shown in Fig. 1, the user locations L1, L2, . . . , L10 are
distributed in the corridor with L1 furthest away, about 17 m
from the Tx along the corridor, and the L10 closest with about

Fig. 2. Free space measurements in the corridor.

3.6 m to the Tx. Between L4 and L7 there is a bend in the
corridor, so that L1 to L6 are in NLOS while L7 to L10 are
in LOS. About 1.7 m from L1 the corridor ends in a door,
which was closed during measurements.

Measurements were carried out with 5 volunteer persons
holding the handset, where four of the persons repeated L5
and L7 three times, and one person repeated L5 and L7
10 times. However, some of the measurements were subse-
quently discarded, e.g., due to too low power or errors during
the measurements. In addition, measurements were made with
the handset mounted at an angle of 60◦ from vertical on
a expanded polystyrene foam (EPS) column, with no user
nearby, as described in [30]. These measurements, labeled as
free space in the following, were made at all locations, with
three repetitions at L5 and L7. Fig. 2 shows the setup for free
space measurements at L7.

On the handset mockup, the K = 7 antenna elements form
a linear array with about λ/2 element spacing at 21.5 GHz.
The frequency was chosen considering the 5G candidate bands
when the antenna was designed [32], and not far from the
24–27 GHz band later assigned for 5G. The 7-element array
approximately fits the width of a typical smartphone. The
array is implemented on a 110 mm × 55 mm printed circuit
board (PCB) and is located near the top end, as shown in
Fig. 3(a). The PCB is mounted on the switch connected to
the individual elements, with the switch also serving as the
main body of the mockup. The PCB is mounted so that the
array has a clearance of 40 mm from the switch top-end on
the back. Details about the array design and the mockup are
given in [33] and [30] where it is noted that array offers good
efficiency, good impedance matching level and low mutual
coupling. During the measurements the mockup is held by a
user, so that the array is facing the user at an angle of about
60◦. Each patch antenna element has a 5 dBi directive pattern
towards the user. For the current work, the radiation patterns of
all the elements have been measured in an anechoic room. The
patterns were measured with the mockup (including switch and
cables), as during the free space measurements. The setup is
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(a) (b)

Fig. 3. (a) Mockup handset held by a user. (b) Sketch of the anechoic room
antenna measurement setup, with the mockup shown in dark blue and the
antenna elements are in the red area. The mockup was fixed at an angle of
60◦ to a block of EPS. The coordinate system is centered at the array and
with the y-axis along the array.

sketched in Fig. 3(b).

III. COMBINING METHODS

Typically phased arrays are considered as a number of
identical elements arranged in an array with identical spacing,
allowing the effects of element patterns and array structure to
be studied separately. In this work a slightly different view is
applied, where the individual elements are measured as located
in the array using the same reference point. Thus, the measured
complex amplitudes include differences caused by both the
element patterns and their location in the array.

This section describes the two combining methods that
are used in this work from an Rx point of view, although
the weighting also can be applied for Tx, assuming channel
reciprocity. A narrowband system is considered so that a model
of the received signal yk(r) at one element is

yk(r) =
L

∑
l=1

h
(l)
k (r)x(r)+ vk(r)

= hk(r)x(r)+ vk(r)

(1)

where subscript k denotes the antenna element number, l is the
wave index, and r ∈ {1,2, . . . ,R} is the snapshot-index. A total
of L waves are assumed. The channel coefficient is denoted by
h
(l)
k (r), the transmitted symbol is x(r), and the noise is vk(r).
At the handset the outputs of the antenna elements are

combined as

z(r) =
K

∑
k=1

yk(r)wk(r) (2)

where wk(r) is the weight for the k-th element, as described
in the sections below.

A. Equal Gain Combining

Knowing the combined channel and antenna response for
each element,

hk(r) = Bk(r)e
jγk(r) (3)

allows to set the weights to have opposite phases and hence
eliminate phase differences and maximize the sum amplitude,
i.e.,

wk(r) =
e− jγk(r−d)

√
K

. (4)

These weights results in what is known as EGC diversity in
the literature [34]. The factor

√
K is introduced to preserve

the noise power before and after the combiner, making com-
parisons easier. The estimation delay parameter d is discussed
further in Section V. Assuming ideal conditions with d = 0,
the power of the signal part in the combiner output is

|z(r)|2 = |x(r)|2
K

∣

∣

∣

∣

∣

K

∑
k=1

Bk(r)

∣

∣

∣

∣

∣

2

(5)

i.e., all the available power is captured. It is noted that the EGC
approach does not assume any relation between the phases
for different branches, and hence achieves the optimum result
irrespective of the number incident waves and whether or not
they are plane. Since the EGC approach only aligns the phases
it does not take into account the signal to noise ratio (SNR)
of the individual branches, as opposed to the maximum ratio
combining (MRC) approach. However, the performance gain
of MRC over EGC, in terms of the combiner SNR statistics,
turns out to be rather small [34].

In order to use the EGC approach in practice, the channel
phase for each antenna element must be estimated, e.g., by
using the reference signals mentioned in Section I. Typically
the number of Rx branches must also equal the number of
elements, K, which is costly in both hardware (HW) and
power consumption. To avoid using multiple Rx branches,
one might consider obtaining the complex coefficients for the
different branches by switching a single Rx (or Tx), where
the weights are then applied using phase shifters. However,
this requires the phases to be essentially unchanged during
the switching phase, which may be difficult ensure in many
practical scenarios.

B. Beam Scanning

In the BS approach, knowledge of the antenna array is
exploited. In the following, the amplitude and phase of the χ-
polarization component of the k-th element response to a plane
wave arriving at the angle pair ρ = [φ ,θ ] is given by A

χ
k (ρ)

and ζ
χ
k (ρ), respectively, where the usual spherical coordinate

system is assumed and χ stands for either of the orthogonal
polarizations θ or φ .

For BS the weights are of the form

wk(r) =
e− jζ

χ
k
[ρ∗(r−d)]

√
K

(6)

where the
√

K factor again eases comparisons and d ≥ 0 is a
delay variable. The optimum direction is found by searching
for the maximum power using the signals received, i.e.,

ρ∗(r) = argmax
ρ

|z(r;ρ)|2 (7)

where z(r;ρ) is the array output when choosing ρ , defined by

inserting wk(r) = e− jζ
χ
k
(ρ) in (2). Ideally, using these weights

corresponds to forming a beam in the direction given by ρ ,
as in the case of an ideal uniform linear array (ULA). It is
noted that two sets of weights may be found, depending on
the choice of polarization in (6), which should be selected
according to the dominant property of each antenna element,
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if any. In the following both choices are tested, where BS1
and BS2 refers to using the weights optimized using the
phase of the θ - and φ -polarization, respectively. In general
the scanning for maximum power may also include matching
to the polarization at the Rx, which may differ from that of
the Tx, due to the channel. This is not pursued in the current
work, since all elements have the same polarization.

A main advantage of the BS approach is that it allows the
use of only a single Rx branch, where the weighting of the
element outputs is implemented via phase shifters in HW.
The search for maximum weighted output power must be
carried out in a training phase, e.g., using reference signals,
causing a time-overhead. Another major disadvantage of using
phase shifters is the relatively large insertion loss, in the range
6–8 dB [35]. However, integrated solutions with low noise
amplifiers (LNAs) and phase shifters offer noise figures in the
range 3.5–5 dB [36], [37].

The channel coefficients in (1) may be expanded as

h
(l)
k = α(l)Ak(ρ

(l))e jζk(ρ
(l)) (8)

where α(l) and ρ(l) denote the complex amplitude and di-
rection of arrival (DOA) of the l-th wave, respectively. For
simplicity, a single polarization is assumed. Inserting (8) into
(1) and omitting the noise term, the received power is

|z(r;ρ)|2 =
∣

∣

∣

∣

∣

x(r)√
K

K

∑
k=1

e− jζk(ρ)
L

∑
l=1

α(l)Ak(ρ
(l))e jζk(ρ

(l))

∣

∣

∣

∣

∣

2

(9)

where the weights are assumed to be of the form in (6) with
d = 0. If only a single plane wave is present, L = 1, choosing
ρ = ρ(1) maximizes the power which is furthermore the same
as that achieved with EGC. However, when L > 1 or if the
incoming waves are not plane, it may not be possible to align
the phases from all elements and the power achieved with BS
will be less than that for EGC. A reduced power will also be
obtained if the polarization of incoming waves do not match
that used for the weight optimization.

IV. ARRAY COVERAGE EFFICIENCY

Proposed in [16], the coverage efficiency is a metric of how
well an antenna provides high gain in different directions. Us-
ing the total scan pattern defined by the maximum achievable
gain for each direction, the coverage efficiency is the area of
the total scan pattern exceeding a given gain threshold, as a
ratio to the full sphere area.

Fig. 4 shows the total scan pattern for the array used in
this work, obtained using the measured radiation patterns and
weights obtained with the BS approach, i.e., using (6). For the
evaluation it is assumed that the received field has unit power
in both polarizations. The figure shows the result achieved with
weights based on the θ -polarization. Using the φ -polarization
for the weights results in a very similar plot.

The elements of the array are located along the top front
of the mockup handset and hence beams can only effectively
be formed in the front and back of the handset, corresponding
to φ -angles of around 0◦ and 180◦, whereas the gain is low
in directions near the array ends, i.e., near φ -angles of 90◦
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Fig. 5. Coverage efficiency for normalized gain patterns achieved with
weights from both φ - and θ -polarization components.

and 270◦. The handset was slanted to 60◦ both during the
measurements in the corridor and in the anechoic room.

The coverage efficiency is shown in Fig. 5 with virtually
identical results achieved when φ - and θ -polarized weights
are used. The figure shows that more than about 80% of the
directions have a gain of −15 dB below the peak value, or
better. Higher gains can be achieved, but only at a percentage
which is decreasing with the gain demand. The radiation
patterns are only measured for θ ≤ 150◦ and only these angles
are considered when computing the gains. It is important to
notice that the coverage efficiency is computed based on the
radiation pattern measured in free space and thus does not take
into account the influence of the user, which will depend on
the specific person and how the person handles the mockup
during the measurements.

V. MEASUREMENT PROCESSING

The measurements described in Section II allow a novel
evaluation of the EGC and BS combiners in a real propagation
environment, including the practical influence a user has on
the performance.The data obtained from the propagation mea-
surements are represented as CIRs, denoted as g

ξ
k (τ,r), where
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k ∈ {1,2, . . . ,K} is the Rx antenna index, r ∈ {1,2, . . . ,R} is
the snapshot index, τ ∈ {1,2, . . . ,T} is the delay index, and ξ
is the BS polarization given by the Tx index. T = 500 is the
number of samples in delay. Although the combining described
in Section III only considers narrow-band (NB) channels, the
wide-band (WB) measurements are utilized in the analysis as
described below. In the description, the polarization index ξ
is omitted, since the steps are carried out independently for
both polarizations.

In the processing it is important to take into account that
noise inevitable will be present in the non-ideal measurements.
To this end, the instantaneous noise and signal power are
estimated from the WB data as

P̃k(r) =
S

∑
τ=1

|gk(τ,r)|2
S

−Sσ̃k(r) (10)

σ̃k(r) =
T

∑
τ=S+1

|gk(τ,r)|2
T −S

(11)

where the first S= 100 samples in delay are assumed to contain
both noise and all the signal components, and the remaining
T − S samples only contain noise. The choice of S = 100
corresponds to a signal window of 250 ns. Both the signal
power P̃k(r) and the noise power σ̃k(r) may vary with the
snapshot index r, but are fixed during the individual snapshots.
Defining the instantaneous SNR ψ(r) as the average over the
Rx branches,

ψ(r) =
1

K

K

∑
k=1

P̃k(r)

σ̃k(r)
(12)

the following analysis only includes snapshots with indices
in the set Qr = {r|ψ(r) ≥ 15 dB; r ∈ {1,2, . . . ,R}}, i.e.,
snapshots with an SNR of at least 15 dB.

With the purpose of obtaining as many channel samples
as possible, the individual sub-channels comprising the WB
channel are utilized. The samples are normalized as follows,

Hk( f ,r) =
Gk( f ,r)

√

P̃k(r)
♯Qr ∑

r′∈Qr

|Gk( f ,r′)|2
(13)

where Gk( f ,r) is given by the discrete Fourier transform of
the vector formed by the first S delay-indices of the snapshot,
i.e., [gk(1,r),gk(2,r), . . . ,gk(S,r)]. Note that the set size ♯Qr

depends on the measurement since the instantaneous SNRs
vary with the specific scenario. The samples in (13) are
normalized by both the total snapshot power and the average
power for each sub-channel, where the latter eliminates the
gain differences due to the fixed Tx and Rx filters. The
normalization with the total snapshot power ensures that it
makes sense to concatenate data from different snapshots,
which are obtained for different orientations of the handset
in the environment. Note that despite the normalization, the
NB channels are subject to fading and the power will vary
among the sub-channels of the same snapshot, as well as for
different snapshots.

For the subsequent processing the sub-channels with indices
in the set f ∈ {1,2, . . . ,V,S,S − 1, . . . ,S −V + 1} are used

TABLE I
DECIMATION OF MEASURED RADIATION PATTERN DATA.

Dec. fac. Angle step No. φ -angle No. θ -angle No. DOA
a a∆φ = a∆θ Nφ Mθ Nφ Mθ

1 3◦ 120 51 6120
2 6◦ 60 26 1560
3 9◦ 40 17 680
5 15◦ 24 11 264
10 30◦ 12 6 72
15 45◦ 8 4 32
20 60◦ 6 3 18

where V = 8, corresponding to selecting all sub-channel within
the 3 dB bandwidth (BW) of the calibrated system response.
Thus, for each snapshot 2V sub-channels are used and in
total ♯Qr · 2V samples are available for processing when all
snapshots with sufficient SNR are concatenated. The vector
of concatenated samples is what is used for the following
analysis, where it is noted that for each measurement the
steps described above are carried out independently for Tx1
and Tx2, corresponding to the two polarizations. For each
measurement, the EGC and BS weighting approaches are
applied to each of the ♯Qr · 2V snapshots, using different
parameters, and statistics of the resulting samples |z(r′)|2 are
computed, where r′ ∈ {1,2, . . . , ♯Qr ·2V}. Since the weighting
vectors in (4) and (6) are scaled by

√
K, the total noise power is

preserved. By also assuming normalized Tx power, |x(r′)|= 1,
changes in the statistics of |z(r′)|2 as a result of the combining
methods is reflecting corresponding changes in the statistics of
the observed SNR at the Rx.

In practice the search for maximum power in (7) for the
BS approach is carried out using an exhaustive search in a
grid defined by the measured antenna radiation patterns. The
evaluated DOAs are given by all the possible combinations of
angles defined by

φn = na∆φ , n ∈ {0,1, . . . ,Na} (14)

θm = ma∆θ , m ∈ {0,1, . . . ,Ma} (15)

where ∆φ = ∆θ = 3◦ are the angle sampling increments of
the measured patterns, and Na = ⌊357◦/(∆φ a)⌋ and Ma =
⌊150◦/(∆θ a)⌋. The integer a≥ 1 is the angle decimation factor
introduced to allow analyzing the impact of varying the density
of the measurement angle grid. Table I shows the considered
values of a and the corresponding number of DOAs.

With the purpose of investigating the sensitivity of results
to delays in the channel estimation, relevant for EGC, and for
the time it takes to scan all directions, relevant for BS, a delay
parameter was introduced in (4) and (6). The delay introduced
is dTs where d ∈ {0,1,2} is the parameter and Ts = 11.1 ms
is the snapshot time separation.

VI. RESULTS

As described above, each snapshot is evaluated and only
included in the analysis if the SNR is minimum 15 dB.
Since 1800 snapshots are obtained during each measurement,
a maximum of 28,800 samples are available for analysis when
all snapshots have a sufficient SNR. Table II gives an overview
of the number of analyzed samples, as percentages of the
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TABLE II
OVERVIEW OF THE NO OF SNAPSHOTS WITH AT LEAST 15 DB

INSTANTANEOUS SNR AS PERCENTAGE OF THE MAXIMUM 28,800 IN

EACH MEASUREMENT. MIN AND MAX VALUES ARE AMONG THE

MEASUREMENTS OBTAINED AT EACH LOCATION.

Min Max
Location No. Meas. Tx1 Tx2 Tx1 Tx2

L1 1 45% 6% 45% 6%
L2 4 63% 35% 74% 73%
L3 5 82% 83% 100% 100%
L4 6 100% 100% 100% 100%
L5 20 99% 100% 100% 100%
L6 6 100% 100% 100% 100%
L7 24 100% 100% 100% 100%
L8 6 100% 100% 100% 100%
L9 6 100% 100% 100% 100%

L10 6 100% 100% 100% 100%

maximum number for the different locations, L1, L2, . . . , L10.
The percentages are given as minimum and maximum values
among the several measurements that were made at most of
the locations. The table shows that most of the snapshots have
SNRs above the threshold, except for L1/L2 particularly for
Tx2. L1 is the location furthest away from the Tx and hence
is expected to have the generally largest pathloss, and turns
out to be near the maximum range of the measurement system
in this setup.

Examples of the results obtained with the different combiner
methods are shown in Fig. 6 for a measurement at location L5
for person no. 1. The curves show the resulting power levels
versus the snapshot index, and are for the case of transmitting
with Tx1. The figure shows results for only some of the
snapshots. It is noticed that power levels vary considerably
due to the user’s rotation in the environment. The curve labeled
‘Indv. (Rx4)’ is the power received by a single array element,
included for comparison. As expected, the power is fluctuating
with deep fades of more than 30 dB, in some cases. The curves
for EGC, BS1, and BS2 are relatively close and with generally
less severe fading in addition to a significant gain over the
single branch curve, due to the use of 7 elements.

For an easier comparison, Fig. 7 shows the cumulative
distribution functions (CDFs) obtained for the same example
measurement, where also a curve for a simulated Rayleigh
channel has been included for reference. Note that the CDF
for the case of using no combiner is obtained by concatenating
data from all seven branches and hence more samples are
available. It should also be noted that due to the rotation
performed by the user holding the handset, the channel can
be expected to be non-stationary, even though the power is
normalized as described above. Therefore, the CDFs obtained
are merely a tool for comparing the performance of the
different combiners and may not fit those for specific channel
models, such as Rayleigh or Ricean.

The curves in Fig. 7 for BS1 and BS2 are close to being
identical, i.e., the polarization used for scanning is unimpor-
tant. The curve for EGC is slightly better than those for the
BS combiners, and the curves for BS1, BS2, EGC all have a
steeper slope than both the reference curve and the curve for
the individual elements, thus having more favorable statistics.

In order to condense the results and allow easier comparison
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Fig. 6. The normalized power obtained with different combiners, and without
combiner (‘Indv. (Rx4)’) for a measurement where Tx1 is used, and person
no. 1 is at location L5. Note that the curves for EGC, BS1, BS2 are very
close.
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Fig. 7. The CDFs of the normalized power obtained with different combiners,
and without combiner (‘Individual’) for a measurement where Tx1 is used,
and person no. 1 is at location L5. Also results for a simulated ‘Rayleigh’
channel are shown.

of the results achieved with the different combiners for the
different measurements, the following uses the 1st percentile
of the power level after the combiner as a metric, denoted as
the β -level. Using the 1st percentile is a compromise, where
the empirical CDF curve is relatively stable and unaffected by
individual samples while typically low enough to be part of
the curve with an approximately constant slope.

A. Repeated Measurements

It is important to assess the variations in the chosen β -
metric as a result of the non-ideal measurement system and
uncontrolled changes in the environment. For this purpose the
repeated measurements are utilized, where measurements are
carried out in the same conditions. Although repeated, the
snapshots are not expected to be acquired at exactly the same
physical locations, and although the environment was kept
static in the vicinity of the Tx and Rx, other parts may change,
such as people moving in the background, etc.

Fig. 8 shows the statistics obtained from the repeated
measurement with a single person at L5 and L7, and for
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Fig. 8. Statistics of β -values for repeated measurements, where the median
is subtracted in each case. 10th and 90th percentiles are shown as lower and
upper line endpoints, respectively. The title of each sub-plot is of the form Ln

(m), where m is the available number of measurements at location number n.

both Tx’es. Since the focus is on variations, the median is
subtracted and the line bottom and top endpoints indicate the
10th and 90th percentile, respectively. From the figure, 80%
of the repeated values fall within a range of about ±0.7 dB
around the median values.

B. Location Dependency

Although the snapshots are normalized with respect to
power, as described above, the propagation scenarios for the
measurement at different locations vary and may influence
how the different combiners perform. With the purpose of
investigating to what degree this is the case, Fig. 9 shows
statistics of the β -values obtained at the different locations.
All the measurements are included, both measurements with
a person and in free space and any repetitions, and the 10th,
50th, and 90th percentiles are computed for each location.

In order to ease the comparisons, the percentiles for the
results when no combiner is used (‘Indiv’ labels) are offset
by the average difference between results for no combiner and
those for EGC, BS1, BS2 (median values) for at each location.
The offsets are 17.6 dB and 17.9 dB for the Tx1 and Tx2,
respectively, and also represents the average improvement of
the EGC and BS combiners over single-branch systems.

Using the BS approach is close to give the same results
as EGC, where the median of the latter on average is about
0.6 dB higher than the median BS results. The median values
varies within about 1.1–4 dB for Tx1 and 1.5–5.1 dB for Tx2
and thus some variation with the location is found. Clearly, the
variations in the median values versus location for the different
combiner types are correlated, where the LOS locations L7-10
seem more stable than the NLOS locations L1-6.

The influence that the user holding the handset has on the
performance can be observed by comparing the median values
to the similar mean values obtained from only the free space
measurements, shown in Fig. 9 with ‘♦’ for each location-
combiner combination. The largest differences are obtained for
the case of no combiner, where values from about −1.2 dB to
2.1 dB are found for Tx1 and for Tx2 from about −1.3 dB to
3.6 dB. A positive difference indicates a higher channel gain

in free space compared to the case with user. For EGC, BS1,
and BS2 the differences are similar, with values from about
−1.4 dB to 1 dB for Tx1, and from about −0.2 dB to 1.1 dB
for Tx2. Thus, user presence can lead to both lower and higher
median channel gain, depending on the location and suggesting
that in some locations the benefits obtained from the scattering
by the user outweighs the disadvantages caused by the user
blocking incoming power. The gain difference is rather small
as a mean over the locations, about 0.3 dB (0.6 dB) for Tx1
(Tx2) when no combiner is used, and for the EGC, BS1, BS2
combiners it is about 0.1 dB (0.3 dB) for Tx1 (Tx2).

C. Non-Ideal Channel State Information

The results presented above are all based on the assumption
that ideal CSI is available at the Rx. In practice this will not be
the case, and the combiner performance is expected to degrade.
In this section, two aspects of non-ideality are considered.

The first aspect is delay in the acquisition of the CSI. It
takes a certain amount of time to estimate the channel before
the result can be utilized in the EGC combiner, and during this
time the channel may have changed, leading to a sub-optimum
result. For the BS combiner the Rx has to test a number of
different beam directions before the best can be selected. This
process takes time, in which the channel may change so that
the chosen direction may become sub-optimum. By utilizing
that the measurements contain realistic sequences of CSI, the
following presents a novel investigation of the impact delayed
CSI has on BF performance.

The second aspect of non-ideality considered is the number
of directions which are tested in the BS approach, as described
in Section V and Table I. Increasing the number of tested
directions, and hence the grid-search density, allows a selection
closer to the optimum direction. However, the number of tested
directions is linked to the time used for the search, so that
a higher number of directions increases the risk of channel
changes during the search.

Fig. 10 shows results for Tx1 in subplots, one for each esti-
mation delay, and with the number of BS directions considered
along the x-axis. The top plot shows the mean of the β -values
obtained for all the different measurements, while the bottom
plot shows the standard deviation. Similarly, Fig. 11 shows the
results obtained for Tx2. For reference, the ‘Indiv’ curves are
the statistics obtained when no BF is used.

By increasing the number of tested directions in the BS
from 18 to 6120, the mean β -value is overall increased by
some 4 dB, which is largely independent on the polarization
and assumed delay. As expected, most of the improvement is
observed when going from 18 to 264 directions, corresponding
to decreasing the angle step from 60◦ to 15◦.

However, introducing a delay between determining the BF
weights and actually using them is critical. Some 8 dB is
lost in mean when a delay of 22 ms is assumed. A delay
also increases the variation in the β -value observed among
the measurements, for Tx1 (Tx2) from about 0.7 dB (0.5 dB)
without delay to about 1.9 dB (2.1 dB) for a 22 ms delay.
Further, the EGC approach has a higher variation relative to
that of the BS approach.
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Fig. 9. 10th-, 50th-, 90th-percentile of the β -level for all measurements at the same location, shown as low, middle, and high points of bars, respectively.
Diamonds (‘♦’) indicate median values for free space measurements. The title of each sub-plot is of the form Ln (m), where m is the available number of
measurements at location number n. The top/bottom plot is for Tx1/Tx2, respectively. Note that values for ‘Indiv’ are added 17.6 dB and 17.9 dB, for Tx1
and Tx2, respectively.

VII. CONCLUSIONS

Using measurements at 21.5 GHz of the channel between
a fixed transmitter and a 7-element mockup handset at dif-
ferent locations in a corridor, both in LOS and NLOS, the
performance of different beamforming (BF) approaches were
evaluated. The measurements involve several users of the
mockup, allowing a novel investigation of BF performance
including aspects of changes caused by the users, the location
as well as impact of imperfect channel state information (CSI).
The evaluation is based on the 1st percentile of the normalized
power achieved with the BF as the channel changes due to user
movement.

Assuming ideal knowledge of the CSI, the power with the
beam scanning (BS) approach is only about 0.6 dB lower than
the power achieved with the equal gain combining (EGC) ap-
proach, in average over all locations and users. Depending on
the location the power may vary up to about 5 dB. On average,
the BF gains are 17.6 dB and 17.9 dB, when transmitting using
vertical and horizontal polarization, respectively.

Free space conditions may lead to higher or lower power
compared to the median of cases both with and without a user,
in the range of −1.3 dB to 3.6 dB, depending on location and
polarization. In average over all locations, the free space power

is 0.1 dB to 0.6 dB higher than the general case, depending
on the combiner type and polarization.

For the BS approach, the scanning grid density impacts the
performance which is also inferior to that of the EGC approach
which does not assume single plane waves. On average, the
power obtained for BS is within 1–2 dB of the EGC reference
case, assuming a scanning grid step of 15◦ or smaller, with up
to about 4 dB extra degradation if larger steps up to 60◦ are
used.

In practical use ideal knowledge of the CSI cannot be
assumed and the channel may change from the moment of the
BF weights are determined to the moment they are applied.
Using the measured data a mean degradation of some 8 dB
was found for a 21 ms delay for the EGC and with a similar
degradation for the BS approach, thus indicating that timely
CSI is crucial to the performance.
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