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Abstract— Blockage by the human hand/body is an important
impairment in realizing practical millimeter-wave wireless sys-
tems. Prior works on blockage modeling are either based on
theoretical studies of double knife-edge diffraction or its mod-
ifications, high-frequency simulations of electromagnetic effects,
or measurements with experimental millimeter-wave prototypes.
While such studies are useful, they do not capture the form-factor
constraints of user equipments (UEs), such as moderate array
sizes, gains, and beamwidths. In this work, we study the impact of
hand/body blockage with a UE at 28 GHz built on commercial
millimeter-wave components. We report five controlled studies
with different types of hand holdings/grips, antenna types, and
directional/narrow beams. For both hard and loose hand grips,
we report considerably lower blockage loss estimates than prior
works. Critical in estimating the loss is the definition of a
“region of interest” (RoI) around the UE where the impact
of the hand/body is seen. Toward this goal, we define an RoI
that includes the spatial area where significant energy is seen in
either the no blockage or blockage modes. Our studies show that
significant spatial area coverage improvement can be seen with
a loose hand grip due to hand reflections.

Index Terms— 28 GHz, 5G new radio, body blockage, form-
factor user equipment (UE), hand blockage, measurements,
millimeter wave, UE design.

I. INTRODUCTION

OVER the last ten years, the interest in millimeter-wave
carrier frequencies has transformed from an acad-

emic/theoretical pursuit to commercial deployments. The first
wave of commercial form-factor user equipments (UEs) is
already available in the market with the physical layer oper-
ation conforming to the Third Generation Partnership Project
(3GPP) standard specifications in Releases 15 and 16. Despite
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this essentially mature background in both the theory and prac-
tice of millimeter-wave systems (see [2] and references therein
for the maturity of millimeter-wave theoretical aspects), there
is still considerable and growing interest in understanding the
performance limits of such systems imposed by the channel
and propagation characteristics, radio frequency (RF) and
hardware constraints, and their impact and implications on
low-cost, low-complexity, and power-efficient physical layer
design. The focus of this work is on one such impairment:
blockage of millimeter-wave signals at the UE end due to
human hand and body.

Given that blockage is not a dominant impairment at
sub-6 GHz carrier frequencies, a number of prior works have
focused on modeling blockage and understanding its implica-
tions on millimeter-wave system performance. In particular,
wireless standardization efforts at 60 GHz for 802.11 (ad)
Wi-Fi systems use ray-tracing studies to propose a human
blockage model [3, Secs. 3.3.8, 3.5.7, 5.3.9, and 8]. This
model reflects the probability that a blockage event happens,
a distribution for blockage loss conditioned on it happening
and time-scale modeling for blockage events. For cellular
millimeter-wave systems, the 3GPP TR38.901 [4, pp. 53–57]
proposes a flat 30 dB loss over a defined blockage region
for the UE in either the portrait or landscape modes. The
loss region is modeled using data from studies with a form-
factor experimental millimeter-wave UE mock-up/prototype at
28 and 60 GHz and the loss is motivated by the1 state-of-the-
art survey of measurement studies with human/body block-
age in 2015–2016. The Mobile and wireless communications
Enablers for the Twenty-twenty Information Society (METIS)
project has proposed a human blockage model based on
the double knife-edge diffraction (DKED) framework in [5,
pp. 39–41 and 160–162]. Human blockage measurements over
a wideband setup at 60 GHz have been considered in [6],
where comparisons are made in terms of model fitting with
the DKED and the uniform theory of diffraction (UTD)
frameworks. Human blockage measurements using a 73 GHz
horn antenna setup is considered in [7]–[9] and substantial
losses (in the range of 30–40 dB) are reported.

In terms of form-factor studies, the impact of blockage
at 15 GHz in terms of the total scan pattern and coverage
efficiency is studied in [10] and [11]. A similar study with

1The study item on channel modeling at 3GPP was conducted in 2015–2016.
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ray tracing is performed in [12] for 15 and 28 GHz systems.
In general, reduced losses are reported and subarray diversity
is recommended for overcoming the deleterious effects of
blockage. Significantly reduced body blockage losses are also
reported for 28 GHz in [13] and this is attributed to creeping
waves and diffraction of signals into the shadow of the user.
Simulated studies of hand blockage losses with an 8×1 linear
antenna array and a 10×1 irregular antenna array in a 28 GHz
form-factor phone design are presented in [14] and [15],
respectively. In both works, reduced blockage losses relative
to the 3GPP model are reported. Terminal housing effects and
impact of palm, fingertip, and so on are studied via simulations
at 28 GHz and several decibels of losses are suggested.
Simulation studies of blockage with a finger blocking the
antenna module at 60 GHz are reported in [16] and [17]
and it is noted that a finger placed close to the radiating
element can severely detune it and degrade the radiation
efficiency. User effects on the power variation are reported
for 21.5 GHz systems in [18] with many scenarios of loss and
some scenarios of gain observed. An important caveat common
to most of these prior studies on blockage modeling is that they
are either based on ray tracing or electromagnetic simulation
studies or with experimental prototypes that may/may not
be a form-factor implementation. Coverage over the sphere
of different form-factor designs and their implications for
good design structures are reported in [19] and [20]. Phased
array versus switched diversity array tradeoffs with hand and
body blockage are studied in [21] and the regime where each
approach is better is quantified.

More recently, the loss with blockage is estimated in a prior
work of ours [22] using a 28 GHz form-factor prototype per-
forming real-time beam switching/management and operating
according to the system-level specifications analogous to the
3GPP framework, albeit with a proprietary subframe struc-
ture. This study reported order-of-magnitude smaller blockage
losses in beamformed systems than prior modeling efforts
(e.g., 30 dB loss in TR38.901). In this study, blockage loss
was estimated with over-the-air (OTA) measurements of beam-
formed received power differential between the no blockage
and blockage scenarios. While such studies are useful in
understanding the practical impact of blockage, the received
power differential is a function of the channel environment
(rich versus sparse multipath propagation) and the set of beam
weights with which the link has been established between
the base-station and the UE (which determines the dominant
cluster in the channel excited in beamforming).

Contributions: In this context, this work reports blockage
losses with a commercial form-factor UE operating at 28 GHz.
The UE is equipped with a commercial-grade millimeter-
wave modem and antenna module solution and driven by
a beam management software solution that adheres to the
3GPP system-level protocol specifications in Releases 15 and
16 [23]. The antenna module incorporated here uses a
4 × 1 dual-polarized patch array and two 2 × 1 dipole
arrays across two polarizations/layers. Multiple commercial
millimeter-wave UEs available in the market today use sim-
ilar antenna, modem, and system-level software implementa-
tions that realize low-overhead and low-complexity analog/RF

beamforming and beam tracking [24], thereby improving sig-
nal range and coverage. Thus, this work is directly relevant
in understanding blockage from a practical/implementation
perspective.

In contrast to OTA measurements mentioned in [22],
we report five controlled studies in an anechoic chamber that
allows us to understand blockage by studying beam patterns
over a sphere with freespace/no blockage and a human hold-
ing the phone with the hand and body of the human blocking
the signals. By studying the beam patterns over a sphere,
the impact of the channel used to establish a beamformed
link is removed and we can showcase the impact of block-
age in different directions. The reported studies correspond
to different targeted antenna arrays of different dimensions
(4 × 1 patch array versus 2 × 1 dipole array), different UE
orientations (portrait versus landscape), and different hand
holdings/grips. The grips studied here include a “hard” hand
holding grip where the hand completely engulfs all the antenna
elements in the array with minimal air gaps between the
fingers, a “loose” hand holding grip where only a few fingers
engulf some of the antenna elements in the array with the
remaining antenna elements seeing unobstructed signals, and
an “intermediate” hand holding grip where a few fingers engulf
some antenna elements with a big air gap between the palm
of the hand and the remaining antenna elements.

From our studies, we observe that the gross estimate of
blockage losses obtained by comparing the cumulative distri-
bution functions (CDFs) of radiated signal power with and
without blockage is significantly lower than loss estimates at
3GPP [4] and in prior studies [7]–[9], [16], [17]. The estimates
provided here are also consistent with (and similar to) our
prior work [22] that used a 28 GHz experimental prototype as
well as other measurement/simulation results reported earlier.
Depending on the antenna type (dipole or patch), array size
(4 × 1 versus 2 × 1), type of beam used (scan angle and
beamwidth), material property of UE, and the user’s hand
properties (such as hand grip, hand size, and skin properties),
we show that the hand and the body can either attenuate signals
or amplify signals (via reflection) in specific directions. With
a primary focus on blockage loss in prior works, the impact
of hand reflections has not been explored. In this context, this
work provides a first understanding of this aspect.

To understand the impact of hand/body, we need to define
a “region of interest” (RoI) where the impact of blockage is
observed. A naïve definition of the RoI corresponds to the no
blockage region that is within a fixed signal threshold of its
peak value. This RoI does not capture hand reflections into
regions that have a poor signal strength in the no blockage
mode. To capture hand reflections, we augment this region
with the region where signal strength in the blockage mode
is also above a signal strength threshold. We show that while
the former naïve RoI is sufficient to capture the impact of
blockage in scenarios with a hard hand grip where there
are no prominent air gaps between fingers and, hence, there
are minimal hand reflections, it is not sufficient with loose
or intermediate hand grips where a few antenna elements
are unobstructed or where a significant air gap can be seen
between some fingers. In these scenarios, the hand grips can



RAGHAVAN et al.: HAND AND BODY BLOCKAGE MEASUREMENTS WITH FORM-FACTOR UE 609

Fig. 1. Pictorial illustration of the relative positions of the three antenna
modules in the portrait and landscape modes from a side view of the UE [19].
Reference coordinate system for the measurements is also presented.

lead to reflection gains and the enhanced RoI is necessary to
capture the impact of blockage.

This article is organized as follows. Section II explains
the experimental setup considered in this work in terms of
hand/body blockage measurements. Section III considers the
4 × 1 patch subarray with a hard hand grip and studies the
impact of hand/body blockage in careful detail by exploring
the different RoI definitions in understanding the implications
of blockage. Section IV performs similar studies for the four
other scenarios considered in this work. Section V develops
models for blockage for all the five scenarios considered here
as well as compares the physical layer implications of this
work with prior models on blockage. Section VI concludes this
article. In terms of notations, we use the term “beam pattern”
and “beamforming gain” to denote the array gain with a single
set of beam weights over the antenna array and the best of
multiple sets of beam weights over the array, respectively.

II. EXPERIMENTAL SETUP

We now explain the experimental setup used for measuring
hand/body blockage in this article.

A. User Equipment

The UE used in this study is equipped with a millimeter-
wave modem operating at 28 GHz and using a 3GPP Releases
15 and 16 spec-compliant software solution that performs
intelligent beamforming and beam tracking. The details of the
design of transmit–receive front ends and packaging aspects in
the design of antenna arrays would take us on a tangent to the
scope of the discussion in this article. More details on these
aspects can be found in [19] and [25]–[27]. From an antenna
module perspective, the UE consists of three modules denoted
as Modules 1–3. These modules are equipped on the three
edges/sides (two long edges and the top short edge) of the UE.
Each antenna module has a 4 × 1 dual-polarized patch array
as well as two 2 × 1 dipole arrays that allow dual-polarized
transmissions via two RF chains at 28 GHz (see Fig. 1, [19]
for an illustration of the UE in both the portrait and landscape
modes). The arrows in Fig. 1 are just pointers to the antenna
modules and do not correlate with the boresight directions of

the arrays. Since the UE is a precommercial design, it has a
width beyond 72 mm making it a wide-body phone design.

B. Chamber Measurement Setup

The anechoic chamber setup used for measurements is
now described. The measurement (receiving) antenna is an
off-the-shelf dual-polarized broadband horn antenna (covering
18–40 GHz) with an antenna gain of ≈14 dBi at 28 GHz. The
3 dB beamwidth in the H- and E-planes of the horn antenna at
28 GHz are 25.8◦ and 31.9◦, respectively. The UE is placed on
a fiberglass pedestal in the center of the chamber. The transmit
power used with the active millimeter-wave antenna module is
4 dBm, which is well within the 3GPP effective isotropically
radiated power (EIRP) regulations for commercial millimeter-
wave devices and is intended for short-distance coverage
between the UE and the measurement antenna. The distance
between the UE and the measurement antenna is ≈1.50 m
(59 in).

Short RF flex cables (with some loss) are used to connect
the measurement antenna with a power meter. The power level
observed by the power meter (Prx) can be written as

Prx = Ptx + Grx − Path loss − Losscable

where Ptx is the transmitted power with reference plane set
to the outer surface of the back cover2 of the UE side,
Grx is the gain of the measurement antenna, and Path loss
and Losscable correspond to loss in OTA transmissions (with
a path loss exponent of 2.0 since a line-of-sight path is
maintained between the UE and the measurement antenna)
and loss in the cables connecting the horn antenna with the
power meter, respectively. To measure the received power
level accurately, an OTA path loss calibration procedure is
performed to capture the impact of measurement antenna gain,
cable loss, and path loss. Note that while Ptx can be estimated
theoretically, measurements are needed to understand the over-
estimation/underestimation of single-antenna elemental gains
and the array gains due to different sets of beam weights in dif-
ferent directions, as well as nonidealities in the array geometry
and impact of UE material properties on the observed beam
patterns.

As the UE transmits with a certain set of beam weights,
the measurement antenna is rotated (control for the rotation
is driven by an automated software) at ≈5◦ steps in azimuth
and elevation. Due to the design of the chamber, a limited
170◦ (of the possible 180◦) coverage in the elevation plane is
possible leading to a coverage map of the beam pattern over
the 360◦ × 170◦ part of the sphere. By carefully choosing
the UE orientation without and with blockage, the impact of
the missing 10◦ in elevation plane on the conclusions of this
work can be made minimal. In the tests conducted in this
article, the UE orientation in the testing positions means that
the missing 10◦ is toward the bottom of the UE, which has no
antenna module coverage and is covered by sidelobes of other
antenna modules. Since the EIRP in these sidelobe directions

2The considered reference plane implies that the loss due to the radome/back
cover is lumped with the measured data, and thus, it is not necessary to worry
about the angle-dependent radome loss.
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Fig. 2. Illustration of a person holding the UE on (a) left-hand side and (b) right-hand side, both in portrait mode and (c) in gaming/landscape mode.

is expected to be considerably low, lack of measurements in
the missing 10◦ is expected to affect the tail of the performance
curves, which do not carry any major impact on understanding
the implications of blockage.

C. Setup of Hand Holding Tests

For the hand holding tests, a testing person holds the UE
in the portrait and landscape modes as shown in Fig. 2 and
sits in a static position in the chamber, while the measure-
ments are conducted. Each test (scan over the sphere) takes
approximately 18–21 min, and thus, different testing persons
are employed in the studies in this article. The testing persons
vary from having a small body size (65.8 kg, 1.63 m and
74.8 kg, 1.55 m) to a large body size (97.1 kg, 1.85 m).
In general, blockage losses could be a function of size of the
hand, palm, and fingers as well as skin properties of the hand,
type of hand holding/grip, and steering direction of the beams
(also see [22]).

In terms of hand holding, three broad categories of tests are
identified.

1) A hard hand grip with the right hand in the portrait
mode that completely engulfs all the antenna elements
in Module 3 with no air gaps between the fingers, and no
air gaps between the fingers and the radiating elements.

2) A loose hand grip with the left hand in the portrait mode
where only a few fingers engulf some of the antenna
elements in Module 3 with unobstructed signals from
other antenna elements. A few millimeters of air gap
between fingers (on the order of 1–2 mm) are observed
for Module 3. While signals are blocked out of Module 1
with the left hand holding (which sees a hard hand grip
mode), we focus on the opposite edge module (Module
3) that sees a lesser impact on the hand and fingers.

3) An intermediate hand grip with two hands in the land-
scape mode where a few fingers engulf some antenna
elements in Module 2 with a big air gap (more than
5 mm) between the palm of the hand and the remaining
antenna elements. The air gap between the fingers is
again on the order of 1–2 mm.

Under this broad categorization of hand holdings, five
studies with summary statistics capturing the subarray

TABLE I

SUMMARY OF THE PARAMETERS IN THE CONSIDERED

BLOCKAGE SCENARIOS

type/size/configuration, UE orientation, and type of hand grip
are described in Table I. These five studies include a diversity
of subarrays (4×1 versus 2 ×1), hard, loose, as well as inter-
mediate hand grips, and both portrait and landscape/gaming
modes. Sections III and IV will focus on these five studies in
more detail.

The deployment of multiple antennas at millimeter-wave
carrier frequencies can be leveraged to improve the link
margin via beamforming. Since a limited number of RF
chains are available at the UE end at millimeter-wave carrier
frequencies (the UE considered in this work has two RF
chains, which are used for polarization-based transmissions),
increased received power is realized with analog/RF beam-
forming. Here, a 3 bit phase shifter and a variable gain
amplitude control are used at each antenna element to cophase
the signals along the desired/prespecified set(s) of directions.
A beamforming scheme realized with a finite-sized analog/RF
beam codebook of beam weights that steers energy along the
dominant cluster(s) in the channel is a good low-complexity
near-optimal solution relative to the optimal beamforming
scheme (performing maximum ratio combining) [24], [28].
The performance of this codebook improves as the codebook
size increases and approaches the performance of a directional
beamforming scheme with perfect knowledge of the dominant
cluster in the channel as seen at the base station and UE
ends [28].

III. STUDY 1: 4 × 1 PATCH SUBARRAY

WITH A HARD HAND GRIP

In this section, we study the beamforming performance of
the analog codebook of beams (without/with blockage) for the
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Fig. 3. Beam patterns (a) without and (b) with hand holding for a certain beam considered for the 4 × 1 patch subarray. The intended boresight direction of
all the three beams in freespace are in the XY plane and perpendicular to the plane with the paper. (c) CDFs of Prx for different modes in the 4 × 1 patch
subarray.

4×1 patch subarray in Module 3 with a hard hand grip. Other
subarrays and hand holdings are considered in Section IV.

A. Received Power With Beamforming

To understand the implications of blockage, we consider a
codebook of three beams for the 4 × 1 subarray. We consider
a small codebook size of three since practical UE codebook
constraints are determined by low-latency requirements for
initial link acquisition [24] and low power consumption, which
requires a small codebook size. In the case of the 4 × 1 patch
subarray, these three beams are chosen to steer energy along
the boresight of the array, +30◦ to the boresight, and −30◦
to the boresight. The received power without blockage for the
boresight beam over a sphere around the UE (reflecting its
beam pattern) is shown in Fig. 3(a). Note that in addition
to the correct orientation of the beam pattern (relative to the
coordinate system in Fig. 1), the beam pattern is close to the
theoretically expected performance of the beam pattern of a
progressive phase shift set of beam weights [29]. Furthermore,
the beamwidth of the beam is ≈25◦–30◦, suggesting that the
three beams can cover a 75◦–90◦ spatial area in one dimension,
which is typically the coverage area of a linear array at
millimeter-wave carrier frequencies.

In a beamformed realization, an overlay plot of the beam
pattern over the sphere due to the best of the three beams
(which we denote as the “received power with beamforming
using the best of the three beam weights”) is important. This
is because the UE could switch between the three available
beams based on the angle of arrival of the dominant cluster
in the channel and by measuring the best received power
over a reference signal [23]. Such a characterization, by way
of comparison without and with blockage, also allows us
to understand the impact of blockage on beamformed per-
formance. Fig. 4(a) shows this overlay plot for the 4 × 1
patch subarray without blockage. In this plot, the behavior
over the sphere is plotted as a 2-D plane (over φ–θ where
φ and θ are the azimuth3 and zenith angles, respectively).

3Note that as shown in Fig. 1, θ denotes the angle between the Z-axis and
the point of interest in the direction towards the XY plane, and φ denotes the
angle from the X-axis towards the point of interest over the XY plane.

From this plot, we observe that this subarray is well-designed
to ensure good coverage over at least a 90◦ × 60◦ coverage
region without blockage, which is typical for antenna arrays
at millimeter-wave carrier frequencies.

We next consider the behavior of the beam weights used
with the patch subarray with the hand holding the UE. Fig. 3(b)
plots the beam pattern of the boresight beam in this setup.
The received power with beamforming using the best of three
beam weights is plotted in Fig. 4(b). Note that Fig. 4(b) shows
that the impact of the beam, which is at −30◦ off boresight,
is rarely observed in the overlay plot.

From these plots, the distortion with the hand holding
is significant with considerable signal deterioration observed
over the three beam patterns without blockage (notably, peak
Prx distortion of 3.4, 2.9, and 8.6 dB for the three beams).
Specifically, the beam that is +30◦ off boresight steers energy
toward the torso, hips, and stomach of the human holding the
UE and is thus less impacted in terms of signal distortion
relative to the beam that is −30◦ off boresight, which steers
energy toward the face and shoulder and is thus significantly
impacted by the human.

B. Estimating the Loss Region

To understand the implications of beamforming, we now
plot the CDFs of Prx as seen over the sphere (weighted by
sin(θ)) without and with blockage. The weighting by sin(θ) is
essential since the sample points in the φ–θ plane are uniform
(at steps of 5◦) leading to crowding of points near the poles,
which needs to be adjusted by the Jacobian of the coordinate
transformation from a Cartesian/rectangular coordinate system
to a spherical coordinate system [19]. First, note that from the
link budget analysis in Section II-B, the range of Prx is below
−25 dBm in Fig. 3(c). Furthermore, the plot in Fig. 3(c) shows
that there are two ways to interpret the CDF data. In the first
view, the hand holding leads to a 20%–45% absolute4 spherical

4Absolute spherical coverage loss is defined as the difference of the fraction
of the sphere that is above a certain Prx threshold without and with blockage.
The relative fraction of this loss in coverage (ratio of the difference with
respect to the no blockage spherical coverage) is the relative spherical
coverage loss.
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Fig. 4. Received power with beamforming using the best of the three beam weights (a) without and (b) with hand holding for the 4 × 1 patch subarray.
Labels on colorbar indicate Prx values (in dBm).

TABLE II

RECEIVED POWER-BASED COMPARISONS FOR THE
HARD HAND GRIP (STUDY 1)

coverage loss at different Prx levels. In the second view,
the hand leads to a signal strength degradation of 8.5–17 dB
at different percentile points. Table II provides a summary of
the actual spherical coverages without and with blockage as
well as the absolute and relative spherical coverage losses at
different Prx levels. A complementary view of the losses seen
at different percentile points is also presented.

Given such a wide range of losses at different percentile
points, it is reasonable to ask as to what is a good model for
spherical coverage loss and/or blockage loss. We now deal
with this question in more detail. To understand the impact of
blockage, two broad questions can be laid out.

1) What is the RoI in terms of blockage’s impact?
2) What is the loss seen over this RoI? Can this loss be

modeled by an appropriate stochastic distribution?

Simply selecting the entire sphere as the RoI is unreasonable
since antenna arrays/modules at millimeter-wave frequencies
have limited spatial coverage with poor EIRPs beyond the
coverage region. In any case, in the sequel, we show that
the above view is quite simplistic in terms of characterizing
blockage behavior. Specifically, we show that blockage does
not just lead to losses over the RoI but can also lead to gains
due to reflection of signals from fingers, palm, and hand. The
precise nature and scale of the reflection gains depends on the
type of hand grip and orientation, user-specific skin properties,
and so on. Thus, to truly understand the implications of
blockage in terms of physical layer performance, we need
to define the RoI carefully. Toward this goal, we define a
different RoI and show the broad utility of these two specific
RoI definitions.

Let G(θ, φ) denote the received power with beamforming
(in dBm) with a certain set of beam weights as seen without
blockage in a certain direction (θ, φ). Let Gmax (also in
dBm) denote the maximum gain without blockage over all
directions, i.e.,

Gmax = max
θ,φ

G(θ, φ).

Also, let Gbody(θ, φ) and Gmax,body denote the received
power with beamforming seen with hand holding the UE
(i.e., hand/body blockage) in a direction (θ, φ) and the maxi-
mum of this gain over all (θ, φ).

The typical definition of an RoI for a certain choice of
threshold �1 (in dB) is

R1(�1) = {(θ, φ) : G(θ, φ) ≥ Gmax − �1}
that is, R1(�1) captures the region where the gains without
blockage are within a fixed cutoff (�1 dB) of Gmax. It is
important to note that this definition of R1 only relies on the
freespace gain and not on what happens with hand/body block-
age (which is quite naïve from understanding the implications
of blockage). Furthermore, this region does not have to be a
rectangular/regular region in (θ, φ) nor does it have to be a
single connected region. In general, R1(�1) could be a union
of multiple irregular regions.

By noting that R1 does not entirely capture blockage
behavior and only freespace performance, our objective is to
augment R1 with parts of the sphere where blockage can
lead to reflection gains. This objective can be realized in
many ways. A natural candidate is to consider an augmented
region where Gbody(θ, φ) > G(θ, φ). However, this constraint
is typically pessimistic by expecting blockage behavior to
be better than freespace performance and is therefore not
considered here. As an alternative, we define

R2(�2) = {(θ, φ) : G(θ, φ) or Gbody(θ, φ) ≥ �2}
for an appropriate choice of �2. It is important to note that the
units of �2 are dBm (corresponding to thresholds on Prx with
blockage), whereas the units of �1 are in dB. The intuitive
meaning of R2 is that in addition to the region captured by R1,
R2 captures the region where either freespace- or hand/body
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Fig. 5. (a) Blockage loss with the hard hand grip over R1 with �1 = 5 and 10 dB. Blockage behavior over the sphere with the hand holding for R1 with
(b) �1 = 5 dB and (c) �1 = 10 dB. Labels of colorbar indicate blockage loss (in dB).

blockage-based signals are good as described by the common
link margin threshold �2 (which is chosen to meet some link
budget constraint).

The RoI R1 with �1 = 5 dB and �1 = 10 dB captures
≈14.6% and ≈32.6% of the sphere, respectively. It is clear that
as we increase �1, we will eventually capture the entire sphere
and, by default, also incorporate those directions where hand
reflection gains are substantial. However, R1 with a large value
for �1 and a subsequent focus on the entire/substantial portion
of the sphere in a millimeter-wave system with multiple
antenna modules covering limited portions of the sphere is
an artificial approach to understand the impact of blockage.
A more natural approach is to consider a small value for �1

(e.g., 5 or 10 dB) and study the enhancement of R2 over
R1. In terms of relationships across the RoIs, by definition,
we have R1(�1) ⊂ R2(�2) if �2 ≤ Gmax − �1. In the
�2 > Gmax − �1 setting, whether R2 is bigger than R1 (or
not) depends on the actual gain relationships.

In terms of choices of �’s, from a beam management
perspective, switching from a cluster in the channel with
a (hypothetical) peak Prx to a different cluster that is �1 dB
away is acceptable without significant performance loss as
long as �1 is small. Choices, such as �1 = 5 or 10 dB, serve
as good example parameters. The latter choice of 10 dB leads
to a focus on approximately one-third of the sphere, which
closely approximates the three-module capability for which
the UE’s beam management solution has been designed for.

The received SNR seen by the UE side in downlink
beamforming can be written as

SNRrx = Ptx + Grx − MAPL − Noise power

�⇒ Grx = SNRrx − Ptx + MAPL + Noise power

where MAPL denotes the maximum allowed path loss for the
link under consideration. Thus, a threshold on Grx is equivalent
to a threshold on the received SNR assuming a certain allowed
MAPL, noise sensitivity at the receiver, and EIRP at the
transmitter. These system-level parameters determine what
thresholds are appropriate for �2. In our study, choices for
�2 ranging from −35 dBm (in 5 dB steps) up to −55 dBm
appear to be reasonable.

We now present the CDFs of the received power differential
between the without and with blockage scenarios (blockage
loss) for the RoI corresponding to R1 with �1 = 5 dB and
�1 = 10 dB in Fig. 5(a). The mean, median, and standard
deviation of the loss with hand holding are 14.9, 16.0, and
7.3 dB in the former case and 14.7, 15.6, and 8.4 dB in the
latter case. Furthermore, the blockage loss over these regions
based on the beamforming gain of the best of the three beams
is plotted in the φ–θ plane in Figs. 5(b) and (c). Clearly, these
plots show that the hand holding behavior seen over R1 is
mostly loss, which is typical of blockage loss characterization
in prior works. However, as shown in Fig. 5(c) and as stated
before, a focus on a large portion of the sphere ensures that
negative blockage losses (or reflection gains) are also seen over
some parts of the sphere. A better way to capture these gains
is via R2. In this case, Fig. 6 shows a representative plot of
blockage loss with some choices of parameters defining R2.
From these plots, we observe that there are some regions of
the sphere where hand reflections can lead to substantial gains
(regions marked by ellipses in Fig. 6). Based on the new RoI
definition, the mean, median, standard deviation of blockage
loss, and the RoI’s coverage area in the sphere are described
in Table III.

Note that R1 corresponds to the RoI with just freespace
information alone, whereas R2 corresponds to freespace as
well as hand/body information. In general, we are interested
in performing a head-to-head comparison between these two
RoIs as they generally capture how RoI is defined in prior
works and how RoI can be modified by incorporating blockage
information. For this head-to-head comparison, we choose �1

and �2 = Gmax −�1 to ensure that the EIRP is below a fixed
level in both cases (in this comparison, we choose �2 = −35
and −40 dBm as benchmarks). Table IV compares R1 with
R2 and quantifies how big an augmentation R2 is with respect
to R1. The intuition here is that a smaller augmentation means
that the hand does not reflect energy that much more than
we anticipate and a larger augmentation means that the hand
indeed enhances the signal energy seen over the sphere in
contrast to what the no blockage performance is. Table IV
shows that R2 only improves the area of interest on an absolute
scale by 1%–2.5% (relatively from 2% to 4.5%) of the sphere.
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Fig. 6. Blockage loss with the hard hand grip over R2 with (a) �2 = −35 dBm and (b) �2 = −40 dBm. Labels on colorbar indicate blockage loss (in dB).

TABLE III

BLOCKAGE LOSS STATISTICS OVER DIFFERENT ROIs FOR THE HARD HAND GRIP (STUDY 1)

TABLE IV

COMPARISON BETWEEN R1 AND R2 (STUDY 1)

This is not a substantial increase in coverage area and the
reason for this small increase is that there are hardly any
reflection gains in the hard hand grip mode over any part of the
sphere. Thus, in this case, R1 is sufficient to capture blockage
loss. However, we will see in Section IV that R2 and other
RoIs become useful with looser hand grips.

IV. BEAMFORMING PERFORMANCE OF OTHER

SUBARRAYS AND HAND HOLDINGS

We now follow along the methodology described in
Section III and present the results from Studies 2–5 that cover
other subarrays and hand holdings.

A. Study 2: 4 × 1 Patch Subarray With a Loose Hand Grip

We start with the same 4 × 1 patch subarray in Module 3
(as in Study 1), but with a left hand holding, which ensures
that only a few fingers cover the antennas in the module. As a
result, we see blockage behavior with an essentially loose hand
grip mode.

Fig. 7(a) shows the overlay plot of the received power
with beamforming using the best of the three beams over this
subarray in the loose hand grip mode. The close similarity
between this plot and the freespace plot in Fig. 4(a) suggests
that the impact of the loose hand grip on blockage loss is

TABLE V

RECEIVED POWER-BASED COMPARISONS FOR STUDIES 2–5

significantly smaller than in the hard hand grip mode. Reflect-
ing this observation, the CDF comparison of Prx in Fig. 7(b)
and Table V shows that 10%–25% of the spherical coverage
are lost at different Prx levels or an equivalent 3.5–10.5 dB
loss at different spherical coverage levels. The corresponding
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Fig. 7. (a) Received power with beamforming using the best of the three beam weights for the 4 × 1 patch subarray in the loose hand grip mode (Study 2).
Labels on colorbar indicate Prx values (in dBm). (b) CDFs of Prx in the 4 × 1 patch subarray with loose hand grip.

TABLE VI

BLOCKAGE LOSS WITH R1 AND R2 FOR STUDIES 2–5

numbers for the hard hand grip are 20%–45% and 8.5–17 dB,
showing that the hand grip has a significant impact on the
blockage loss observed. To understand the efficacy of an
enhanced blockage region such as R2, we perform the same
head-to-head comparison between these two RoIs as in the
hard hand grip case. Table VI shows that unlike the hard
hand grip case where only 1%–2.5% improvement in spherical
coverage was observed with R2 over R1, we observe a
2%–6.5% improvement in absolute spherical coverage with
R2, which is relatively more substantial. The primary reasons
for this enhancement are the gains with hand reflections that
are captured by R2, but not with R1, illustrating the need for
such an enhanced RoI definition.

B. Study 3: 2 × 1 Dipole Subarray With a Hard Hand Grip

We now consider the beamformed performance of the 2×1
dipole array (in Module 3) with a hard hand grip. For the
dipoles, we again consider a codebook of three beams steering
energy toward the boresight of the array, +45◦ to the boresight,
and −45◦ to the boresight. The change from ±30◦ for the
4 × 1 subarray to ±45◦ for the 2 × 1 subarray is due to
beamwidth differences for different sized arrays. The beam
patterns of these three beams without blockage appear regular
(not illustrated here pictorially due to space constraints) with

the beamwidth of each beam being ≈40◦–45◦ (which is as
expected for a 2 × 1 subarray [29]). The beam patterns with
the hand show significant distortions (again not illustrated
pictorially).

Reflecting these observations, the received power with
beamforming using the best of three beam weights is plotted
in Fig. 8(a), which shows a small ocean of yellow (or high
signal strength regions). In comparison, the CDFs of Prx

in Fig. 8(b) show an almost constant gap of ≈15 dB between
the without and with blockage performance. More precisely,
Table V shows that 35%–75% of the spherical coverage are
lost at different Prx levels or an equivalent 15–20 dB loss at
different spherical coverage levels. As with the patches case,
R2 does not seem to bring in any additional value over R1,
showing that hand reflections are not important with the hard
hand grip.

C. Study 4: 2 × 1 Dipole Subarray With a Loose Hand Grip

In the loose hand grip mode, the 2 × 1 dipole subar-
ray shows a similar behavior as the 4 × 1 patch subarray
with a loose hand grip (Study 2). At different Prx levels,
a 9%–20% spherical coverage is lost relative to the no
blockage case corresponding to a 0–11 dB blockage loss at
different spherical coverage levels. In contrast to the hard hand
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Fig. 8. (a)–(c) Received power with beamforming using the best of the three beam weights in freespace for Studies 3–5. Labels on colorbar indicate Prx
values (in dBm). (d)–(f) CDFs of Prx with different hand modes in Studies 3–5.

grip case, we see that R2 can result in substantial coverage
improvement over R1 (of 6.5%–8% absolute improvement or
8.5%–13% relative improvement). This study shows that hand
reflections with loose hand grips need to be carefully captured
with RoI such as R2 and an RoI such as R1, which is not
sufficient in such scenarios.

D. Study 5: 4 × 1 Patch Subarray With an
Intermediate Hand Grip

In the final study, a two-handed grip in the landscape
mode over the 4 × 1 patch subarray is considered. This is
an important use case in 5G communications corresponding
to either gaming mode or watching videos. This study shows
some effects observed with the hard hand grip as well as

some effects observed with the loose hand grip studies and
is thus interesting due to the complementary trends observed
prior to this study. In terms of Prx losses, we see a loss
of 9.5–13 dB at different spherical coverage levels, which
is equivalent to a spherical coverage loss of 25%–50% at
different Prx levels. This observation is similar to those made
in the hard hand grip cases (Studies 1 and 3). On the other
hand, mirroring Studies 2 and 4 (loose hand grip cases), R2

leads to a substantial improvement over R1 of 3.5%–10%
absolute spherical coverage increase with hand reflections
(corresponding to a relative improvement of 9%–16%). Thus,
in this study, we see that the hand position/grip leads to a
substantial performance decrease over the intended coverage
of the subarray (akin to the hard hand grip case) but also
a substantial performance increase over other regions of the
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Fig. 9. (a) CDF of blockage loss with R2 in all the five studies. (b) Prx comparison over the R2 RoI without and with different blockage models.

TABLE VII

STATISTICS OF BLOCKAGE LOSS IN THE FIVE STUDIES

sphere where the subarray is not intended to cover (akin to
the loose hand grip case). This complementary behavior is
possibly due to the orientation of the hand/fingers with respect
to the antenna module with relatively bigger air gaps than the
hard hand grip mode, but with body obstructing the signal as
in the hard hand grip mode. Such aspects of blockage need
to be carefully considered in understanding the implications
of blockage in practical settings with the impact of the hand,
fingers, and body separately understood. Some initial studies
along this direction have been reported in [15]–[17].

V. MODELS FOR BLOCKAGE AND ITS IMPACT ON

PHYSICAL LAYER PERFORMANCE

We now explore good stochastic model fits for signal
strength changes with hand/body blockage and what these
models imply for physical layer performance. At this point,
some clarifications on the usage of stochastic models for
blockage behavior in practice are necessary. In general, vari-
ables, such as hand grip, UE orientation, and the user’s
hand/body properties, lead to a deterministic impact on how
strong/weak blockage loss is at any (θ, φ) angle pair. However,
the intuition behind a stochastic model is that notions, such
as a model on hand grips and hand/body properties, are not
mature, and thus, we can break down hand grips into three
coarse quantization classes (hard, intermediate, and loose hand
grips) in this work. For each of these coarse quantization
classes, based on representative measurement data as reported
in Sections III and IV, we define an RoI where the impact of
blockage is the largest and generate a stochastic model for the
blockage behavior based on this RoI.

Toward this goal, Fig. 9(a) first shows the CDF of blockage
loss defined as the signal strength difference between the
without and with blockage scenarios in the five studies with
R2 leading to the RoI in these studies. To augment Fig. 9(a),

Table VII shows the statistics of blockage loss in these five
studies along with the parameters that go into the RoI defini-
tions. In addition to plotting the empirical loss data, a simple
conditional Gaussian fit with the mean and standard deviation
of the data conditioned on the choice of �2 corresponding
to the definition of R2 is also plotted for each of the five
studies in Fig. 9(a). At this point, it is important to note that
the model fits are with a conditional Gaussian distribution and
not a Gaussian distribution. Thus, it is not a three-parameter
model, but a two-parameter5 model that is based on the choice
of a third parameter that defines R2. It is important to note that
the conditioning on �2 is different for each study considered
in this work.

Fig. 9(a) also shows that while simple conditional Gaussian
models are good for hard/intermediate hand grips with sub-
stantial losses, looser hand grips with a steeper loss curve
and wider tails need more sophisticated multiparameter model
such as conditional Gamma distribution and conditional
Weibull distribution [22]. Empirical fits of such distributions
to data are the subject of ongoing work and will be reported
elsewhere.

As mentioned earlier, we note that the mean of blockage
loss is substantially less in all the five cases (even with the
hard hand grip) relative to prior works that reported loss
often in excess of 30 dB [7]–[9], [16], [17]. The sources of

5The subtle difference between a three-parameter model and a two-
parameter model conditioned on a third parameter is the following. In a
three-parameter model, the choice of the third parameter is unclear and
we have to define the two other parameters for every choice of this third
parameter. In the current setup, there is a certain good choice of the third
parameter that defines the RoI R2 (namely, �2), which depends on the context
(e.g., hand grip, UE orientation, and hand/body properties) and conditioned
on this choice of �2, and we have a certain set of the two other parameters
that capture the distribution of blockage loss.
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discrepancies for such wide variations could include multiple
factors. Some of these factors are given in the following.

1) Beamwidth Differences Between Phased Array of Anten-
nas in Commercial Form-Factor UEs Relative to Horn
Antenna Studies That Have Been Reported in Prior
Works: For example, 4 × 1, 2 × 1 and 2 × 2 phased
arrays are commonly used in commercial grade UEs
with a beamwidth of beams made of progressive phase
shifts being 25◦–30◦ or 55◦–60◦. On the other hand,
horn antennas at 28 GHz typically have a beamwidth
between 10◦ and 15◦. With a narrow range of angles
over which energy can be collected, horn antenna studies
with the human hand typically show far significant signal
deterioration.

2) Material Property Differences Between UEs and Horns:
Typical substrate material used in printed circuit
board (PCB) planar antenna array design as well as
the impact of circuitry associated with sensors, cameras,
batteries, and so on could lead to polarization- and
angle-dependent signal distortion [30]. This in turn leads
to energy seeping into directions different from those
intended for transmission/reception [13]. Thus, horn
antenna-based studies typically capture a pessimistic
view of the impact of hand and body blockage.

3) Reflections Due to Hand That Is Often Unaccounted
for in Prior Works: The dimensions of the hand and
fingers are typically more aligned with the form-factor
UE design than with horn antennas leading to more
reflections in unintended directions. By capturing a
wider RoI (e.g., R2) than possible with R1, we are able
to more accurately capture the impact of hand reflections
on blockage behavior.

We now study the implications of blockage loss from the
hand holding on beamforming performance relative to models
from prior works. For this, Fig. 9(b) shows the Prx distribution
seen over the Freespace scenario and the hand holding in
Studies 1 and 2 (hard hand grip versus loose hand grip mode)
with the R2 RoI and by setting �2 = −35 dBm. Also,
the Prx deteriorations due to the 3GPP model [4] and the
model from [22] for this RoI are plotted. Clearly, we note
that the 3GPP model widely overestimates the blockage loss
even in the hard hand grip case. On the other hand, the model
from [22] has a comparable performance to the hard hand
grip case, whereas it overestimates the blockage loss in the
loose hand grip case. Even within the hard hand grip case,
the model from [22] does not capture the hand reflections,
and thus, there is a crossover between the CDFs observed
here and the model from [22] (better true performance at peak
coverage points and weaker true performance at lower tails).
Such a crossover can lead to a poor estimation of EIRP (and
thus physical layer performance) in a practical context, which
requires careful study such as the one in this work.

VI. CONCLUSION

The focus of this article has been on understanding
hand/body blockage with commercial quality phased arrays
in a UE operating at 28 GHz. For this, five controlled studies

were performed and the impact of blockage was estimated with
hard, intermediate, and loose hand grips. Our studies showed
that blockage produces a complex effect on the received signal
strength depending on the direction of interest. In the main
scenario (also addressed in prior works), blockage leads to
signal strength deterioration. However, unlike estimates from
prior works that are excessive, we show that this deterioration
is moderate (<5 dB for loose hand grip) to reasonable (<15 dB
for intermediate to hard hand grips). In addition, with looser
hand grips and based on the hand holding, signals can be
reflected by the fingers, palm, and different parts of the hand
to improve signal strengths in hitherto weak signal directions
(as seen from a no blockage perspective). Such a complicated
behavior has not been explored or illustrated in prior works
and this work documents such hand reflection gains.

In terms of future work, this article exposes the need for
further careful studies in understanding how blockage can
affect millimeter-wave devices. It is important to emphasize
that the results presented in this article have been obtained
from a single measurement campaign using different testing
persons. While there are broad consistencies with prior block-
age results using OTA measurements [22] across different
research groups [10], [13], [18] and internal self-consistency
across different array sizes (4 × 1 versus 2 × 1) that show a
primary dependence on hand grips, more studies are needed
to understand the representativeness of the data reported
here. Another concern with this work is related to how the
conclusions reported here may be extended to other antenna
configurations. In this context, a theoretical explanation of the
blockage findings would help with representativeness issues.
While this article primarily focuses on the measurements
aspects, we are currently investigating the theoretical aspects
with a generalized form of the creeping wave theory in [13]
tailored to form-factor device design that has been used to
explain reduced blockage losses.

More studies are also needed to understand the impact of
large array sizes on the expected increased blockage loss due
to reduced beamwidths. Given that blockage is expected to
have a serious effect on the link budget of commercial/cellular
systems, a number of system-level design questions become
pertinent. It is important to understand how different user hand
grips/holdings can affect signal strength behavior (perhaps
generating some parametric models to capture these effects),
how blockage plays into network densification questions,
and the role of mitigation mechanisms such as multipanel,
multibeam, and cooperative schemes. Also, the cost–power–
performance tradeoffs in the use of multiple antenna modules
at millimeter-wave frequencies [19] are important to under-
stand. Yet, another broad question of interest is the tuning of
hand phantoms to match true hand holding results [1].
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