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ABSTRACT Cross-body link refers to the wireless connection between two wearable devices when they
are both worn or near the body, such as that of a virtual reality (VR) headset and its controllers. It is
one of the most challenging wireless scenarios in terms of link budget, due to severe shadowing effects
when controllers are placed at the back side of the body. This is especially true when the users are in
an outdoor environment where there is less reflection from the surrounding. This paper investigates the
wireless propagation mechanism, including line-of-sight, ground reflection, and creeping waves. Based on
that, through simulation and measurement experiments, this work analyzes the impact of different antenna
designs on the cross-body link of VR/AR devices, including one novel compact low-profile antenna named
Distributed Monopole (DM), and two conventional antennas. Due to the polarization advantages, both the
novel DM antenna and the patch antenna shows significantly better performance than the dipole antenna.
The DM antenna also shows a 2-4 dB advantage over the patch antenna due to its omni-directional field
pattern. Time-domain analysis and statistical approaches are suggested to fully characterize the cross-body
link of VR/AR antennas and body propagation.

INDEX TERMS Wearable antenna, body area network (BAN), ultrawide band (UWB), shadowing effect,
creeping wave, ground reflection.

I. INTRODUCTION

IMMERSIVE computing has the promise to become the
next major mobile computing platform. In the recent

years, virtual reality (VR) and augmented reality (AR) are
gradually walking out from the fiction movies and coming
to everyone’s life. More natural interaction experiences and
new VR/AR applications attract increasing attentions, and
the VR/AR industry has grown tremendously in the past
years [1]. Owing to the on-body sensors and powerful on-
head display, playing 3D games, dancing with friends in
different countries, and working out with a virtual coach
become everyday life of many people. However, with the
growth in system complexity and high-throughput, low-
latency requirement for 3D immersive experiences, a robust
communication link between the input devices and output

device becomes more important than ever. Any disconnection
can directly lead to a disruption that negatively impacts the
user experience.
VR/AR architecture often contains an output component

on the head (e.g., head-mount display (HMD)) and input
components on the hand (e.g., controllers on hands or other
on-body sensors). With such architecture, the wireless link
between hand and head is critical to be both low-latency to
realize real-time feedback and high data rate to empower all
the sensing capabilities. In the meanwhile, human body has a
high dielectric constant and finite conductivity [2]. Designing
antennas against human body is always challenging due to
body effects, including de-tuning effects, attenuation effects,
and shadowing effects. The shadowing effect is the most con-
cerning for the cross-body communication and it is especially
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severe in the low-reflection environments (e.g., outdoor).
Prior works on body-centric communication and wearable
antenna design lay a great foundation to this work [3], [4],
[5], [6], [7], [8], yet none of them focuses on the immer-
sive wearable computing applications and challenges. This
paper aims to address how to design antennas to maintain a
robust cross-body link with the shadowing effect from the
human body taken into account. Different phenomena are
discussed and tested to provide an optimal solution to the
cross-body link puzzle. 8GHz which enables ultra-wideband
(UWB) technology are used in this work as an example,
since cross-body issue is especially challenging at higher
frequencies. However, similar methodology can be scaled
down to Wi-Fi and Bluetooth frequencies easily.
This paper discusses the VR/AR antenna design chal-

lenges, especially for cross-body link, and arranges in such
way: Section II discusses the special problem from the point-
to-point communication for on-body system, following by an
in-depth analysis of cross-body link and propagation mecha-
nism such as shadowing effect, reflection, and creeping wave.
Section III focuses on the VR cross-body antenna design,
including different antenna design considerations such as
polarization and radiation direction. Based on the creeping
wave theory, a novel compact UWB antenna is proposed and
compared with different conventional antennas in Section III.

II. CROSS-BODY LINK
A. ON-BODY POINT-TO-POINT COMMUNICATION
In the VR/AR system, there are two kinds of communication
links: on-body link and off-body link. The off-body link
antenna design and evaluation process can be similar to the
traditional consumer hardware antenna, such as antennas on
cell phones or tablet. However, on-body antenna design can
be quite different as its function focus on communication
between two “fixed” points on body.
Talking about point-to-point communication, people often

refer the Friis function, where antenna gain at the line-of-
sight direction plays the biggest role and polarization of
the two antennas need to be aligned. When calculating the
link budget in the wireless system, similar methodology is
adopted to calculating antenna gain and path loss. Even
though the Friis Equation still gives us a good instinct of
how a high gain antenna with the right beam direction and
polarization can maximize the point-to-point link-budget, it
is only working under assumption of far field and free space,
which are both untrue for the on-body link. In this case, we
cannot continue only considering the line-of-sight path. As
demonstrated in Fig. 1, we call the link between two devices
in the different side of the body as a cross-body link. While
the TX and RX can be anywhere, we have TX on the head
and RX on the back as an example to represent the case of
VR headset to hand-hold controller link when the hand is
on the back during the dancing or gaming activities. From
the Fig. 1, there is clearly three possible paths between the
TX and RX: 1. Line-of-sight (LoS) 2. Ground reflection 3.

FIGURE 1. A picture of potential cross-body link path from forehead to back of the
body. 1 represents the light-of-sight, 2 refers to ground reflection, and 3 shows one
possible creeping wave path. An SPEAG POPEYE10 phantom model is used to
represent the human body.

Creeping wave. The next three subsections will discuss them
one by one.
Besides the path uncertainty, another complexity is due

to the fact that humans are alive. This means the on-body
Point-to-Point link can vary a lot with different person, in
different environments, at different time [10], [11]. It is easy
to imagine that user moves their hands around the body while
using the VR/AR devices which can result in the link loss
changing dramatically during the activities. The good news
is that to optimize the link, it’s not necessary to improve all
the case but majorly the worst case where the link breaks.
However, even if we focus on the worst location, such as
VR headset to controller on the back of the body, there
are still many variation factors. Table 1 shows the different
tissue properties at frequencies of Bluetooth (BT), Bluetooth
Low Energy (BLE), Wi-Fi, and Ultra-wide Band (UWB),
which are common connectivity technologies in consumer
hardware for on-body link. It is easy to see in Table 1 that
higher frequencies the permittivity decreases slightly but the
conductivity increases dramatically. Comparing to Wi-Fi or
Bluetooth at lower frequencies, cross-body link is especially

208 VOLUME 4, 2023



TABLE 1. Dielectric properties of body tissues [2], [9].

FIGURE 2. Simulation results of average S21 in the UWB channel 9 with different
distance from Dipole antenna 2 to the cylinder with an inserted picture demonstrate
the simulation setup.

challenging for UWB in consumer hardware, because of both
higher pathloss and higher body conductivity. Table 1 also
shows the skin conductivity can be quickly changed for the
same person before and after working-out due to sweat, and
person with a different body fat/muscle percentage have a
quite different body property even if they happen to have
the same shape of the body.

B. LINE-OF-SIGHT
The red path in the Fig. 1 represents the line-of-sight link.
The permittivity and conductivity in Table 1 indicate that
penetrating through the body is challenging. This phe-
nomenon that line-of-sight link being blocked by the human
body usually refers as shadowing effect, which instinctively
reminds people of light shadows. In the VR case, it can be
imagined as user wearing a head light with the shadow on the
back. There are also studies on the communication perspec-
tive to characterize such kind of shadowing effect [3], [10].
To obtain a straight-forward view of the shadowing effect, an
experiment is designed in the CST microwave studio sim-
ulation with one cylinder with body material representing
human and two simple dipole antennas, as shown in Fig. 2.
The antenna 1 is near the edge of the cylinder, and the
antenna 2 is on the opposite side near the middle of the
cylinder. The numerical average S21 in the UWB channel
9 frequencies (7.75GHz to 8.25GHz) is recorded while the
distance between antenna 2 and the phantom is increased.
To minimize the impact of detuning effect and attenuation
effect, this study starts with 10 mm distance and 1.5mm sub-
strate thickness (11.5 mm from dipole to body in total), so
that the total efficiency changes is less than 1dB. Meanwhile,

FIGURE 3. Measurement setup of (a) no ground reflection environment and
(b) ground reflection environments.

the S21 increases from −123 dB to −100 dB with the dis-
tance increases. In this case, with the increasing distance d,
the path loss is decreasing, which apparently doesn’t follow
the Friis function for LoS. This shows that LoS is no longer
the dominant path for the signal between VR headset and
controller in cross-body scenarios.

C. REFLECTION
When the LoS is blocked by the shadowing effect, the next
to be considered is the reflection path. This is especially
true for the indoor case. While the optimal reflection path
in an indoor environment can be largely depends on the envi-
ronment and user location, the rich reflection environments
usually enable relatively robust links in the end with multiple
potential reflection paths in different user activities [12]. On
the other side, outdoor use cases with reflection only from
the ground are more challenging and reasonable to study.
To better understand the ground reflection effect, a mea-

surement setup in Fig. 3 is used. Two UWB antennas (left,
right) are mounted inside of the left and right side of a
Meta Quest Pro headset on the SPEAG POPEYE-10 phantom
forehead and another two UWB antennas (ant 1, ant 2) are
mounted inside the Meta Quest Pro controller in the phan-
tom hand on the back. The insertion loss between the right
headset antenna and ant 2 on the controller are defined as
“right2,” and likewise, there are right1, left1, and left2. Those
S-parameters are recorded in Fig. 4 for both a no-ground-
reflection case with absorbers covering the entire floor in
Fig. 3(a), and a ground-reflection case with no absorber
below the phantom area in Fig. 3(b). The test is done with an
4-port Vector Network Analyzer (VNA) in a anechoic cham-
ber with all walls and ceiling covered by the absorbers. The
measurement VNA as well as the tester are also well shield
by the absorbers. Fig. 4 compares the S-parameters with and
without the absorber on the ground, and shows a 4-8 dB
boost in the peak S-parameter of right2 and left2 when the
floor is exposed, which suggests that ground reflection can be
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FIGURE 4. Measurement S-parameter (dB) of (a) no ground reflection environment
and (b) ground reflection environments.

helpful to the cross-body link at the frequencies we are inves-
tigating. To further analyze where the boost, the S-parameter
is being processed with Inverse fast Fourier transform (IFFT)
in MATLAB to get the time domain response as showed in
Fig. 5. The first pulse near 5 ns is marked in red and the rest
are marked in blue. It’s clear that the first pulse magnitude
in (a) and (b) are the same as (c) and (d) respectively while
the second pulses with a large magnitude near 12.5 ns in
(c) and (d) are not existed in (a) and (b). The POPEYE phan-
tom used in the test is 1.85 m tall and the shortest distance
between HDM, floor, and controller is about 3 m which is
in the similar range with the 12.5 ns pulse, indicating that
the floor reflection path dominates in this link.
Even though significant improvements in the link strength

can be found with ground reflection as discussed in the
previous paragraph, more investigations are required to
determine if ground reflection is the reliable path, for exam-
ple, against different ground conditions and materials [13].
Further, in Fig. 4, unlike the left 2 link and the right 2 link,
the left 1 link and the right 1 link show no obvious differ-
ence in the link strength between with and without absorber
on the floor. This means the ground reflection is sensitive to

the antenna location, orientation, and radiation pattern and
the ground reflection path does not always help the link
strength.

D. CREEPING WAVE
In the minimal reflection environments, such as anechoic
chamber in Fig. 3(a), we can still see a strong link like the
pulse at 5 ns in Fig. 5(a) and (b). This pulse is from the
wave propagating around body surface, which has differ-
ent names in different articles, such as creeping wave [3],
[4], [10], [14], surface wave [5], body wave, ground wave,
and Norton (surface) wave [5], [15]. Despite the differ-
ent names, these all refers to a phenomenon similar to
diffraction that wave propagate along the curved/bending
surface of the lossy object/body. Creeping/surface wave can
be a way to strongly boost the wireless communication [16]
and comparing to reflection, it only depends on the human
body surface thus can support robust link even in the worst
environments.

III. CREEPING WAVE ANTENNAS
A. VR ANTENNA DESIGN
VR antenna design shares many requirements with the other
consumer hardware, such as efficiency and bandwidth, but it
has its own approach due to the special use case. Firstly, the
ideal antenna for VR application should be efficient in radia-
tion when mounted on head, while having uniform coverage
around the user, that is, low antenna directivity. Besides that,
the proximity of other sub-systems components, such as dis-
play, microphone, speakers, fans (with magnets), camera, and
all the electrical flexible printed circuit board (PCBs) impacts
the antenna’s radiation efficiency and pattern. Moreover, the
interaction between the antennas and the human head fur-
ther challenges the design. Additionally, the weight and cost
constraints of the product govern the type and size of VR
antennas.

B. DISTRIBUTED MONOPOLE ANTENNA
Monopole and dipole antenna polarized perpendicular to the
skin have been characterized as good candidates for exciting
creeping waves from previous studies [15], [17], [18], [19].
However, those antennas inevitably are too tall for the prac-
tice use in the compact and low-profile consumer electronic
devices and thus not fit the above-described VR antenna
consideration. Moreover, the difference in antenna heights
makes it questionable to directly compare the cross-body
link performance with respective to antenna’s polarization.
To this end, a new antenna, namely distributed monopole
(DM) antenna has been proposed in this paper as show in
the Fig. 6(a) and (b). The DM antenna has similar prop-
erties of monopole antenna but has a compact size and a
very low profile. As shown in Fig. 7, the DM antenna has a
free space radiation pattern similar to monopole and is rota-
tional symmetrical as monopole. A DM antenna has been
designed to operate at UWB Channel 9. DM antenna has a
size of 8.6 mm by 8.6 mm which is comparable to 9 mm by
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FIGURE 5. IFFT of S-parameter (dB) of (a) right-2 link and (b)left-2 link in no ground reflection environment and (c) right-2 link and (d)left-2 link in ground reflection
environments. The red curves show time-gating of the first 7.5 ns and blue curves show the rest.

9 mm size of patch antenna working at the same frequencies
as shown in Fig. 6(b) and (c). Each antenna has 13 mm by
13 mm ground plane and 1.5 mm thick substrate with Rogers
RO4003C. The operation principle of the DM antenna is a
negative permittivity material loaded zeroth-order resonance
antenna [20]. The DM antenna consists of an array of cells
that consist of pad and a shorting vias in the center. Each
cell can be seen as a small monopole antenna and the array
is excited by the feeding via. The specific design used in
this paper is a cross shape with 5 cells, but it can be in
different topologies, such as 5 cells in one row, and have
different number of cells depending on the needs and avail-
able antenna volume. To work at 8GHz, each cell is made
by 4.6 mm by 4.6 mm square with 0.2 mm vias in the cen-
ter connected to the ground and cells are separated by 2mm
to each other. DM, dipole, and patch antennas in this work
feature a similar on-body antenna efficiency around −3.5dB
for a fair comparison.

C. EXPERIMENT SETUPS AND METHODS
To compare different antennas, three experiments are done
in simulation and/or measurements. The first experiment is
shown in Fig. 8(a), where we have the similar setup as in
Fig. 2: Cylinder represents “body”; antenna 1 is near one

edge on top side to represent forehead; and antenna 2 is
on the bottom side to represent hand on the back. In this
simulation, 3 different antennas (DM antenna, patch antenna,
and dipole antenna) with different orientations are moving
along the bottom side of the cylinder. VV and HH means
both antennas are in the vertical or horizontal orientations,
while in both orientations the antennas are parallel to the
cylinder surface. The average S21 in the UWB channel 9 is
recorded in the Fig. 8(b).

The second experiment is done in both simulation and
measurement. Instead of the cylinder in the previous exper-
iment, an SPEAG POPEYE-10 phantom is used and five
locations on the back are chosen as shown in the Fig. 9(a).
The position 1 is the back right pocket location and posi-
tion 2 are 10 cm higher in the center of the back. The
position 3 and 5 are 20 cm directly higher or lower to posi-
tion 2 and location 4 is directly 20 cm higher than position 1.
The measured average S21 of each location for both DM
antenna and Patch antenna are shown in Fig. 9(b). To bet-
ter compare the antennas, the box chart of simulated and
measured S21 are shown in Fig. 10.
The third experiment uses the setup in the Fig. 3(a)

where two antennas (DM, patch, or dipole) are placed
on the two sides of the Meta Quest Pro headset and
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FIGURE 6. (a) Top view photo of DM antenna and Patch antenna side by side on a
0.5-inch pitch grid. The green arrow in the patch indicates the two radiation edge
locations and was used to identify the patch orientation through the paper. (b) Side
view of the DM antenna. (c) Side view of the patch antenna.

FIGURE 7. Free space radiation pattern of Distributed Monopole (DM) antenna at
8 GHz.

two patch antennas are placed inside of controller with
different orientations. Fig. 11 shows the example of mea-
sured S-parameters. The measured S-parameters are then
post processed as such: assuming switch diversity of the
two HMD antennas and two controller antennas, the best
link of the four links between headset and controller
is chosen and numerical averaged over the frequencies
between 7.75 GHz and 8.25 GHz to represent the antenna
performance. Seven different arm poses with different con-
troller locations and orientations are used to cover different
use cases and a cumulative distribution function (CDF) plot
summarizes all the data collected in Fig. 12 for different
antennas.

FIGURE 8. Experiment 1: (a) Simulation setup with a cylinder representing human
body with two antennas on the opposite side and the second antenna move along the
cylinder as arrow indicated. (b) Simulation results of average S21 in the UWB channel
9 with the setup demonstrated in (a).

FIGURE 9. Experiment 2: (a) Antenna locations on the back (b) Measured S21
between the two antennas when back antenna in different locations.

D. POLARIZATION
As discussed in [5], [15], [17], [18], [19], creeping wave is
in favor of antenna that excite E-field that is perpendicular to
the human body. Many of those studied uses dipole antenna
with different orientation for the polarization comparison,
however, the inherited height difference in different orienta-
tion might also play a role in the results as Fig. 2 already
shows that 50 mm height difference can create 20dB differ-
ence. In our experiments, dipole antenna is placed parallel
to the body surface which means that E-field is parallel to
the body surface too, while DM antenna and patch antenna
are placed at the same plane as the dipole antenna to pro-
vide a fair comparison. In experiment 1 in Fig. 8(b), dipole
antenna in both orientations in general have a worse S21
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FIGURE 10. Experiment 2: Simulation and measurements results of different
antenna link strength in a box chart.

FIGURE 11. Experiment 3: Example of S-parameter measurement results in VNA.

FIGURE 12. Experiment 3: CDF of the three antennas for VR cross-body link.

comparing to DM antenna and patch antenna with differ-
ent orientations. For the full body phantom measurement
(experiment 3) in Fig. 12, the dipole antenna also shows the
worst link loss in the three antenna designs. These results

FIGURE 13. E-field maximum distribution of DM antenna and Patch antenna on top
of a cylinder representing human body.

match well with the previous studies and the Norton surface
wave theory [5]. Dipole antenna that is parallel to the body
surface clearly shows worse performance than DM antenna
and patch antenna that are also parallel to the body in all
experiments.

E. RADIATION DIRECTION
While there are extensive studies on the impact of antenna
polarization to body-centric propagation, the impact from
antenna’s radiation direction on the cross-body link are rarely
investigated. Reference [17] points out the dipole with the
same polarization can have a different link strength when
placed in different orientation. The conclusion is obvious
but also critical in the antenna design for VR/AR. This phe-
nomenon can be observed in experiment 1 in Fig. 8(b) as
well. When the same antennas are installed on top of a
body cylinder and move along the back of the cylinder, dif-
ferent orientations can sometimes create more than 10 dB
difference. Fig. 13 shows the E-field on the body cylinder
in Fig. 8(a) for DM antenna and patch antenna which dis-
closes part of the reason. The arrow direction in the patch
matches the arrow in Fig. 6(a). It’s clear that the field pat-
terns of the two antennas are different. DM antenna, in this
case, like a monopole antenna, has a more omni-directional
radiation on the cylinder surface while the patch antenna
radiation is directive to the two radiation edges. Given that
both DM and patch features an E-field perpendicular to the
body surface and are at the same height, the DM antenna
shows 10dB better in many locations is likely due to its
omni-directional radiation while patch antenna doesn’t have
a good coverage at those directions. Even though antenna
far-field radiation can be easily represented by the radia-
tion pattern and a gain value, but the radiation direction of
creeping wave on the body surface is not necessarily corre-
late with the far-field pattern. Instead, the near-field pattern
and E-field strength is the most relevant. This also matches
the results in [15], where the E-field excited by different
antenna degrades on the curve at the same rate that only
related to the bending radius of the curve. In this case, an
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antenna with field pattern or a great E-field strength (“gain”)
direct to the optimal path from head to hand on the back
can have the best link performance.

F. MULTI-PATH
The body surface, unlike the cylinder in Fig. 13, is usually
rather complex and the multi-path effect happens without
an easy answer of optimal path. As discussed in [21], the
major paths from one ear to another ear can be calculated
with diffraction theory. However, with the complexity in
different body shapes and activities, the constructive and
destructive interference would change easily and make it
almost impossible to identify the absolute path from head to
hand. Therefore, statistic practice needs to be applied and a
relative larger sample size is needed. In experiment 2, five
positions on the back of the phantom are tested as shown
in Fig. 9 (a) while Fig. 9 (b) are the measurement results
with different antennas on those positions. The worst posi-
tion of each antenna is different, and it is not necessarily
to be the furthest position number 3. Same phenomena can
be observed in Fig. 8(b) that every antenna has its own
worst position when move along the back of the cylinder. In
this case, one can never make any conclusion about differ-
ent antenna designs with one measurement position. Fig. 10
shows the box chart of the simulated and measured results
which is the statistic distribution of each antenna design.
Even though the simulations and measurements still have
few gaps, the overall trend is aligned. With a chart like
such, it’s easier to conclude that DM antenna is 2-4 dB bet-
ter than the patch antenna in the cross-body head-to-hand
cases. Similarly, in the experiment 3, when we embed those
antennas into form factor and compare the DM antenna with
the patch antenna, 2-4dB improvement in the median and
worst cases are seen while patch antenna has a better the
best case performance, likely due to the different antenna
locations and the diversity architecture used in this test. The
three experiments all show that the proposed DM antenna
has a better radiation direction and a better coverage in
the multi-path environments comparing to the patch antenna
from a statistic point of view.

IV. CONCLUSION
This paper investigates the cross-body link for VR/AR anten-
nas from existing challenges to potential solutions. Different
path from head devices to hand devices are studied with sim-
ulations and measurements, including line-of-sight, ground
reflection, and creeping wave. Two traditional antenna, patch
antenna and dipole antenna, and one novel compact low-
profile antenna, Distributed Monopole (DM), are used in the
simulations and measurements to compare and understand
what antenna would work best for the link, from different
polarization, radiation directions, and multi-path effect on
body. Across all the cross-body simulations and measure-
ments, DM shows 2-4dB advantages over patch antenna due
to its omni-directional field pattern, while dipole antenna
shows the worst performance as its E-field polarization is

parallel to the body surface. This work also demonstrates that
time-domain analysis and statistic approaches are desired to
fully characterize the cross-body link for VR/AR antenna
and body propagation.
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