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Abstract— Wearable devices positioned on a human body have
challenges in millimeter-wave (mmWave) communication due to
micro-scale mobility, such as subtle shakes and rotations. These
movements can compromise the radio link performance. It may
be problematic for high-rate immersive applications, where this
can lead to substantial degradation in the user’s quality of
experience. In this letter, we propose a framework to quantify the
impact of micro-scale mobility and beam misalignment on the
performance of on-body mmWave links. Our findings reveal that
for varying levels of beam misalignment, it is possible to adjust
the antenna half-power beamwidth to enhance the data rates.

Index Terms—Beam misalignment, micro-scale mobility,
personal wearable devices, millimeter-wave communication.

I. INTRODUCTION

NE of the envisioned 5G/6G scenarios [1] involves
the support of mobile augmented reality (AR) and
mixed reality (MR) applications. These can be deployed on
wearable devices, such as AR glasses, tethered to a device
with better computing capabilities and longer battery life, such
as a smartphone, tablet, or puck. The resulting network of
interconnected wearable devices located in close proximity
to an individual — referred to as a wearable Personal IoT
Network (PIN) [2] — is expected to offer users higher data rates
at lower latency and increased network capacity for AR/MR
applications. As a result, PINs enable a seamless immersive
experience, while the computing device serves dual roles as a
processing unit and a gateway providing IP connectivity.
The microwave frequency band lacks the capacity to
meet the demands of future immersive applications [3].
A more suitable alternative is the millimeter-wave (mmWave)
frequency band, which offers a larger bandwidth and extremely
high data rates. However, the use of highly directional
mmWave antennas can lead to beam misalignment, which
occurs when a directional beam deviates from the intended
receiver due to changes in the relative distance and orientation
of antennas caused by micro-scale user mobility, such as
smaller shakes and rotations [4]. Beam misalignment can
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potentially lead to disruptions in the operation of the emerging

rate-hungry services [5] if not compensated for by frequent

beamforming procedures.

Most research efforts were focused on studying the effects
of beam misalignment in medium- and long-range links, such
as in [5] and [6], while there has been limited exploration of
directionality effects for short-range on-body communications.
The impact of highly directional connectivity was studied in
the context of terahertz (THz) networks [7] and [8]. In our
previous work [9], we examined the system-level performance
of mmWave PINs by considering off-body interference.
However, micro-scale mobility and beam misalignment were
only addressed in the context of off-body communication [4].
A comparison of the state-of-the-art is summarized in Table 1.

In on-body mmWave systems, the relative positions and
orientations of the antennas may deviate considerably between
transmissions, as also observed in [10], which can result in
a substantial decrease in antenna gain, hence impacting the
received signal strength. For shorter links, micro-mobility and
beam misalignment are the primary sources of randomness and
data rate fluctuations. Consequently, understanding the impact
of these factors on on-body mmWave systems is instrumental
to optimizing their performance and selecting better radio
settings.

In this letter, we aim at analyzing the effects of random
beam misalignment and micro-scale mobility on mmWave
link performance. Our contributions can be summarized
as follows:

o« We propose a novel theoretical framework for on-body
mmWave systems that incorporates arbitrary distributions
of beam misalignment and micro-scale mobility of a
wearable device. We provide analytical expressions for the
distribution of the data rate.

e We conduct numerical analysis to study the interplay
between the transmit power, antenna beamwidth, micro-
scale mobility, beam misalignment, and the resulting data
rate.

« We provide insights on reducing the data rate fluctuations
and enhancing the data rates by appropriately selecting the
transmit power and antenna beamwidth.

The proposed framework can serve as a valuable tool for
other researchers and practitioners by enabling further in-depth
mathematical analysis, theoretical sensitivity assessment, and
reduction of data rate fluctuations caused by micro-mobility.

II. SYSTEM MODEL
A. User Model and Device Placement

We consider a scenario where a user is equipped with
advanced wearable technology, such as AR glasses, and a

© 2024 The Authors. This work is licensed under a Creative Commons Attribution 4.0 License.
For more information, see https://creativecommons.org/licenses/by/4.0/


https://orcid.org/0000-0001-6293-4771
https://orcid.org/0000-0002-5386-1061
https://orcid.org/0000-0002-8382-9185
https://orcid.org/0000-0001-8223-3665

ALI et al.: EFFECTS OF MICRO-SCALE MOBILITY AND BEAM MISALIGNMENT

TABLE I
STATE-OF-THE-ART COMPARISON
This work | [5] | [6] | [8] | [91 | [10] | [4]
Misalignment v v v v X X v
Micro-mobility v X X X X v v
Variable rate v v v v X v v
On-body comms. v X X X v X X
User side view User top view
Front facing direction
6DoF pose,
mmWave

eye/hand tracking

low latency ) > A
wireless transfer tﬂ kg LOZJ -~

@

Fig. 1. User micro-scale mobility and beam misalignment.

companion computing device, referred to as the Rx and the
Tx, respectively. The user is modeled as a cylinder with a
fixed radius of r and height of hg. The Tx and Rx devices are
placed on the surface of the cylinder at fixed heights of A
and hg, respectively. The position of the Rx determines the
front-facing direction of the user, and the Tx is placed such
that its projection onto the 2D plane is located at an angular
distance ¢ from the Rx projection. We consider an arbitrary
truncated distribution f, (1) of angle 4, with the range limited
t0 [Pumin, Pmax]. To reflect the forward placement of the Tx
device, we intentionally limit the maximum angle @, to g
The employed geometrical abstraction is illustrated in Fig. 1.

B. Directional Connectivity

The devices are considered to be wirelessly tethered, thereby
forming a wearable PIN. They communicate using a direc-
tional medium access control protocol with omnidirectional
reception, e.g., IEEE 802.11ad/ay. We assume that Tx forms
a directional 3D beam, which is axially symmetric around
the antenna boresight and has no side lobes due to antenna
tapering. The degree of directivity is determined by the half-
power beamwidth (HPBW), 6, measured at the half-power or
—3dB point of the main lobe of the beam.

The gain of the antenna array is approximated by a product
of two components: the maximum directivity gain Gpax
achieved by a transmission along the antenna boresight and
the directivity reduction factor p(«) corresponding to a gain
decrease due to the deviation « from the axis, such that
Gix = Gmax - p(«). Here, « represents the angle between
the antenna beam boresight and the direct path from the
Tx to the Rx, which we regard as the angle of beam
misalignment. We also allow « to follow an arbitrary truncated
distribution f, («) with its range limited to [0, ®pax]-

The maximum achievable directionality gain is estimated
as a ratio between the area covered by a directional beam
on a sphere and the surface area of a sphere, which may be

expressed as G = ﬁ Coefficient p(«) is determined
2
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by the antenna radiation pattern in 3D space and can be
approximated as suggested in [11]:

pla)=1-7

7k a<4.

)

C. Received Signal Power and Data Rate

Let d denote the 3D distance between the devices. Then,
the average path gain can be modeled as:

g(d) = Ld™7, 2)
where L and -~y are referred to as the propagation constant
and the propagation exponent for the on-body channel,
respectively. The reception is assumed to be omnidirec-
tional, e.g., G,x = 1; therefore, for o > 0, the received power
at the Rx can be calculated as a function of the transmit
power Py as

Prx(da Oé) :Pththrxg(d) :PthmaX (1 - %)Ld_ﬁy (3)

Using the Shannon-Hartley theorem, we can estimate the
data rate 7 as follows:

7 =wlog (1 + SNR), “4)

where w is the bandwidth, SNR is the signal-to-noise ratio
(SNR) defined as SNR = % with P, representing the noise
power. ’

Notably, in practical systems, the maximum achievable
data rate (denoted as rgnwr) is dependent on the selected
modulation and coding scheme (MCS). The MCS defines
a combination of modulation and error-correction coding
used for wireless data transmission, thereby determining the
maximum achievable data rate. Higher MCS levels with
more sophisticated modulation and coding enable higher
maximum data rates. As a result, the upper limit on the
data rate can be expressed as rsnr = wlog (1 + SNRyax),
where SNRy.x is the SNR level corresponding to the
selected MCS. Consequently, the effective data rate is obtained
as r = max(7, TsNR)-

In the following section, we explore the performance of
mmWave links in a wearable PIN during an immersive AR
session. Particularly, we contribute an expression that allows
one to obtain the mean data rate for arbitrary distributions of
angle ¢ defining the position of a wearable device and angle
o characterizing the beam misalignment.

III. ON-BODY mmWAVE PERFORMANCE EVALUATION

In this section, we derive an expression for the distribution
of the data rates on on-body directional links that can
incorporate various distributions of micro-scale changes in
the antenna position and beam misalignment. We employ
the transformation of random variables and distribution
marginalization techniques to obtain our sought distribution.

The distribution of the central angle, fy (v), characterizes
the position of the Tx when transmitting data to the Rx for
an AR application. For a user at a fixed height, we express
the distance between the Rx and the Tx as a function of
the central angle ) at the center of the user, as shown in
Fig. 1. With this distribution, we can obtain the distribution of
distances between the devices, which can then be used along
with the distribution of beam misalignment angles to obtain



684

the distribution of the data rate. We first express the distance

between the Rx and the :
d(y) =4/4 T% sin ( ) +d2, 5)

where d,= ht—hg is the vertical distance between the devices.

According to our system model, the central angle v can
range between W ;, and U,,.., which implies that the
on-body distance d between the devices ranges between
d = dmin = d(Upin) and d = dpax = d(Vmax). With these
definitions, we can proceed to derive the expressions
that allow to numerically calculate our target metrics of
interest.

The data rate r is dependent on the distance d between
the devices and the beam misalignment «. We may
express the data rate r as a function of distance d and

beam misalignment o as r = w log (1 + L (1 - %)) ’
where P = is introduced for brevity.

P GuaxL

The data ratéD "7 without the reNr limit ranges from the
minimum data rate 7min = 7 (dmax, ¥max ), Where the distance
is the longest and the misalignment is maximum, to the
maximum data rate Typax = 7 (dmin, 0), where the distance
is the shortest and the beams are perfectly aligned.

Proposition: For arbitrary truncated distributions of the
beam misalignment angle f,(«) and the central angle fy (1)),
the distribution of the data rate without the MCS-imposed
limit f7(7) can be expressed as

- min(a(7,dmin),0)
2(1 — Co) P>~ e

fa(7) = fala)
ywC, (g(ef/w _ 1))1+2/7 )
X fu (2&1‘05111 (2 2(1) — d2))
)2/t Y(oT/w _ P
o 0= (0d7 (™™ —1)+P(0— ))da
V) =d2) (& —=(P)+ar?)
+ CO(S( ) (S [Tminafmax]y (6)
where the coefﬁ(nent Cr = Fr0("max) — Fr,0(Tmin) and the

coefficient Cy = F,,(max(0, amax)) — Fa(0).

Proof: ~ The data rate 7 depends on the angle of
misalignment « and the distance d, subject to the placement of
Tx determined by the internal angle 1. However, it is essential
to address the situation of complete beam misalignment
(o > 0), which leads to a transmission failure with 7 = 0.
To quantify the probability of the event where o >
0, we introduce the coefficient Cy, which can be
calculated as

max(0,0max)
Cy = / fa(a)da = F,(max(0, amax)) — Fa(0).
0
(7N

Consequently, the distribution of the data rate 7 becomes a
mixture of a discrete distribution and a continuous distribution,
due to the fact that for o > 6, the data rate 7 is zero. The
probability density function (PDF) of this mixture can be
obtained as

fe(7) = fro(F)(1 = Co) + Cod (7) , )
where fr o(r) is the distribution function for 7 > 0 without
the rgygr limit and § (7) is the Dirac delta function at 7 = 0.
To derive the expression for f7o(7), we marginalize the joint
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distribution f7 (7, a|a < #). By marginalizing, we integrate
over all possible values of « that satisfy the condition a < 6.
Hence, in the remainder of this work, the conditional part of
this notation is omitted for brevity, and the joint distribution
is then presented as fr o (7, @).

To obtain the joint distribution f7 (7, ), we employ
a bivariate transformation represented by the following
expression:

fra (T, )= fy,a(Y(7, @), a)| ]| :fw(w(ﬁa»fa(a)"]l’ )
where |J| is the absolute value of the determinant for the

Jacobian matrix. For the considered transformation, the latter
is given as

(P a)  OY(F, )
J|=1, 9" da

Oa(F,d) Oa(r, d)

or Oa
_ OY(F, ) (T, d)  OY(F, ) Oa(T, d) 10
= "% 9a  d9a o - 10

By utilizing the joint distribution f; (7, @) given by (9),
we can derive fro(7) by marginalizing it with respect to .
The resulting expression is then:

min(a(7,dmin),0)

Fr0(7) fu(W(7, a)) fala)|J|da
0 min(«a(7 5
2P 19ch (o min).0) o
(0%
7 142 @
fywcr (9<er/w _ 1)) /v )

X fu (2 arcsin (Qi z(7) — d%))
-0 o (o) gL
\/(Z(F)—d%)(d%—z(’F)+47‘§) ) miny f max|»

(11
where the coefficient C, = Fr o(Tmax) — F7,0(Fmin)-
Notably, the expression for Fj o(7) is as follows:
7 min(a(z,dmin),0
 gpae p (@ (2. i) 0)
FF’O(T) = ~wh2/ / (ea/w_1)1T2/~ Ja(a)

Pmin 0

o V(o) ~ &) )
(em/™— 1)+P(0 a))
( —z(x) +47‘ )

X fy (2 arcsln(
(9 a2/'Y 1( 4

\/(z(w —d2)

dO(dQ?, T € ['Fmina T~Inax]~

(12)

By substituting (11) into (8), we arrive at the distribution of
the data rate without the rgng limit, which can be expressed
as (0). |

Since the data rate without the rgngr limit 7 can range
between 7, and Thax, it 1S possible that the SNR at the Rx
is greater than SNR,,,.«. In this case, the data rate 7 is limited
to the maximum achievable data rate rgng corresponding
to the selected MCS. Therefore, the effective data rate r
after considering the limitation imposed by the MCS ranges
from Tmin = min ('Fminy TSNR) t0 Tmax = min (fma)n TSNR)~

Theorem: For any truncated distribution of the beam
misalignment angle f.(c) and the central angle fy (1)), the
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distribution of the effective data rate f,.(r) may be given as

2(1-Cp)(1—Cy) PP 1 fe min(@(rdmin).)
— — Vs ew
- 0 fa(a)

~ywC,y (Q(er/w_l))l-‘rQ/’Y
X fy (2 arcsin (% 2(r) — d%))
—_q)2/ -1 V(em/w P
) (07 ( 1)+P(0 ))da
Ve =) (2 —2(r)+4r7)
+ 0560" - TSNR)7 e [rmirn rmaxL (13)

where Cs = Fr o("max) — Fr,0(Tmin) 18 a scaling coefficient.

fr(r)

0

+ (1 —C5)Cod(r)

Proof: Considering the effective data rate, any values
7 > rgnr are replaced with a fixed data rate r = rgng. AS
a result, the distribution of the data rate r» can be obtained
as a mixture of two distributions: the Dirac delta distribution
d(r — rsnr) and the distribution f7(r). Hence, the resulting
distribution may be represented as

fr(r) = fr(r)(1 = Cs) + Cs0(r — rsnr),

re [Tminv Tmax]v
(14)

where Cs = F7 o(Fmax) — Fr0(rmax) is a coefficient repre-
senting the probability that ¥ > rgnr. ]

We can now derive our metrics of interest by using the
distribution f,.(r). For any distribution function of the beam
misalignment angle f, (o) and the central angle fy (%), the
expected data rate can be obtained as E [r] = [/ r f,.(r)dr.
Additionally, this expression may be used to “calculate the

standard deviation of the data rate as o, = V' E [r?] — E[r]".
Our framework enables the incorporation of micro-scale
mobility, as characterized by the movement of devices and
modeled by the internal angle v, and of beam misalignment,
as modeled by the misalignment angle «. The derived
distribution can be employed for further mathematical analysis
and optimization, which may be challenging to achieve with
simulations only.

IV. NUMERICAL RESULTS AND DISCUSSION

In this section, we present our numerical results to illustrate
the impact of various parameters. We consider a user equipped
with AR glasses (Rx) and an accompanying processing
unit (Tx). Both devices are wirelessly paired to each other
via a direct directional mmWave link using IEEE 802.11ay
radio technology. We require the Tx to be on the front side
of the user’s torso and assume to have the line of sight
to the Rx. We also utilize the log-distance pathloss model
from [13] and adapt it to g(d) = Ld~" pathloss format.
For simulations, we use realistic antenna radiation patterns
obtained from MATLAB’s sensorArrayAnalyzer app
for uniform rectangular array (URA) antennas. For the results
obtained from our analytical expressions, we utilize 6 that
corresponds to the HPBW of the URA radiation pattern
(e.g., 8 =30 corresponds to 4x4 URA). Specifically, the
analytical results utilize the antenna pattern obtained by
using (1). The parameters employed in this section are
summarized in Table II.

We assume that the Tx position, which is determined by
the central angle v, follows a truncated normal distribution
with the mean f,, and the standard deviation o, having its
range limited to [0, 7]. To address misalignment, we introduce

685

TABLE II

NOTATION AND PARAMETERS OF OUR NUMERICAL STUDY
Parameter Value || Parameter Value
User radius, 0.15 m |[Max SNR, SNRax| 17 dB [12]
Height of Rx, hr 1.75 m || Prop. constant, L 71.2 [13]
Height of Tx, h 0.9 m || Prop. exponent, v 4.1 [13]
Transmit power, Ptx | 20 dBm || Antenna type URA
Carrier frequency, f | 60 GHz || Antenna element Cosine
Carrier bandwidth, w | 2.16 GH7| Cosine power 2
Noise power, Py -74 dBm || Element spacing 0.4\

a variable x, which follows a truncated normal distribution
with the mean p, = 0 and the standard deviation o,. The
misalignment angle is then defined as « = |z|, thus resulting
in a folded distribution centered at zero with the range of [0, 7).
While our framework can incorporate different distributions,
we use these examples for the sake of exposition.

In Fig. 2a, we present the standard deviation of the data
rate o, with respect to the increasing deviation in the central
angle u, for different Tx positions and transmit powers.
Here, (1, represents the mean position of the Tx and oy is
the degree of variation in the Tx position (e.g., during sitting,
walking, running, etc.). From Fig. 2a, we learn that an increase
in the value of oy leads to a corresponding growth for the
standard deviation of the data rate o,..

In statistics, an empirical rule states that for a normal
distribution, 99.7% of values lie within 30, of the E[r]. For
the standard deviation of the data rate o,., the value of the data
rate can also change by 3o, around the mean data rate E[r],
e.g., with a standard deviation of 125 Mbps, it is possible
to have a drop of up to 375 Mbps around the mean data
rate. Immersive applications are characterized by both high
data rates and stringent packet delay budgets (PDBs); hence,
significant fluctuations in the data rate can result in exceeding
the PDB and thereby failing to satisfy the user’s expectations.
Additionally, we observe that higher transmit power leads to a
wider deviation in the data rate. Furthermore, as the Tx moves
away (e.g., by increasing u,,), the deviation of the data rate
grows for higher o, and vice versa for lower . We conclude
that employing a Transmit Power Control (TPC) mechanism to
lower the power can help reduce fluctuations in the data rate.

In Fig. 2b, we display the mean data rate E[r] with respect
to an increasing misalignment o, for different numbers of
antenna elements (HPBW) and transmit powers. In practice,
the value of o, can be impacted by various factors, including
the angular and displacement velocities of the antenna, the
employed beamforming algorithm, and the size of the antenna
array. Essentially, these factors influence the beam realignment
delay in response to changes in the antenna location and
orientation. For a shorter realignment delay, the value of o,
is expected to be small.

We compare our analytical results obtained from (1)
with the simulation results using realistic antenna patterns.
Fig. 2b shows that with a growing misalignment, there is a
corresponding decline in the data rate. We observe that wider
beams are more robust as the data rate decreases gradually
for an increasing misalignment as compared to narrower
beams. The performance improvement from larger numbers of
antenna elements for narrow beams diminishes as the data rate
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Fig. 2.
data rate vs. 0. (c) Mean data rate vs. HPBW.

approaches rsnr. As the power grows and the beams become
narrower, the data rate saturates at rsnr imposed due to MCS.

We also observe that under a lower transmit power, when
the standard deviation of the misalignment angle o, increases,
antennas with higher numbers of elements perform better
than those with lower numbers of elements, provided that the
mean data rate E[r| for the perfectly aligned beams (o, = 0)
is not equal to rsng. Narrow beams and high transmit
powers typically lead to improved data rates. However, for a
higher transmit power, antennas with fewer antenna elements
(wider beams) can outperform those with higher numbers of
elements (narrow beams) in terms of the data rate due to
beam misalignment. Narrower beams are more susceptible
to misalignment, thus, making wider beams preferable in the
cases of strong misalignment, such as during increased user
movement. This leads to an important insight that applying
a TPC mechanism in situations with a high degree of beam
misalignment may benefit from using higher transmit power.

In Fig. 2c, we present the mean data rate with respect to an
increasing beamwidth 6 for a varying standard deviation of the
misalignment angle o,,. The simulation results (depicted by )
are provided alongside the analytical results using the beam
pattern given by (1) instead of the realistic patterns obtained
from MATLAB’s sensorArrayAnalyzer. We consider a
large range of values, including those that do not directly
correspond to the number of antenna elements.

Knowing the statistical aspects of the beam misalignment
can help deliver higher data rates. This knowledge can be
highly beneficial in improving the system performance when
coupled with an adaptive beamwidth control algorithm,
wherein the HPBW can be adjusted by partially deactivating
the antenna array [14]. For the antenna arrays with a limited
number of antenna elements, such as those in devices like
smart AR glasses, the achievable HPBW is constrained, thus,
simplifying the selection of HPBW.

V. CONCLUSION

In this letter, we propose a novel framework for evaluating
the performance of on-body mmWave systems in the
presence of micro-scale mobility of wearable devices and
beam misalignment. Our methodology incorporates arbitrary
distributions modeling the positions of wearable devices
and beam misalignment angles. Our results demonstrate that
increasing the transmit power can effectively mitigate the

Impact of micro-scale mobility and beam misalignment on data rate in on-body communication. (a) Standard deviation of rate w.r.t. 0. (b) Mean

performance decline caused by beam misalignment, albeit
with higher fluctuations in the data rate. Additionally, the
findings highlight that the HPBW of an antenna array can be
appropriately adjusted with statistical knowledge of the beam
misalignment for any selected transmit power to achieve higher
data rates. Wider beams prove advantageous in the scenarios
with a high degree of misalignment, i.e., during increased
user movement. Our analysis can aid in selecting the transmit
power and the HPBW values that deliver better performance
when employing a TPC mechanism and adaptive beamwidth
control algorithms.
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