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Abstract. Sub-terahertz frequency band is beneficial for radio access networks of the
sixth generation. Due to rather limited power capacity, there appears a necessity to equip
transmitters and receivers in sub-terahertz wireless channels with high directivity antennas.
This, however, leads to a potential connection failure in response to even a minor linear
or angular displacement of a user equipment. This article is focused on a hardware- and
user-induced micromobility effects for different scenarios of in-door radio access at carrier
frequency of 140 GHz. The developed measurement setup enables fast simultaneous logging
of linear and angular displacements of a user equipment with respect to radio access point and
the corresponding received signal strength. Experimental data is processed by Allan variance
analysis, statistics is acquired for a large number of samples. We believe that our findings should
be of use in the development of beam steering solutions for reliable sub-terahertz wireless
communications.
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Annotanus. Cy0-TepareploBblii JMana30H YacTOT MPUBJEKATeJeH IS CeTell paanoaocTyna
mecrtoro TokosieHus. OTpaHWYEeHHOCTb YPOBHS JOCTYITHOM MOIIHOCTU TIPUBOAUT K
HEO0OXOAUMOCTHU OCHAILIEHUS MEPEAATYMKOB U MIPUEMHUKOB B Cy0-TepareploBbIX 0€CIIPOBOIHBIX
KaHajax CBSI3M CBEpXy3KOHANpaBJICHHBIMM aHTEHHaMM. DTO, B CBOIO O4Yepedb, CIIOCOOHO
MPUBOIUTL K pPa3pblBy COCAMHEHUS Aaxe MpY HE3HAYMTEJbHBIX JUHEWHBIX WU YIJIOBBIX
CMEILEHHUSIX TMO0Jb30BaTEIbCKOTO YCTpoiicTBa. JlaHHasi CTaTbhsl MOCBSILEHA HCCIAEAOBAHUIO
annapaTHOTO M MOJIb30BaTeJbCKOTO BKJIaaa B 3((EKT MUKPOMOOUJIBLHOCTU MPU PaaUOI0CTYIIe
Ha Hecymei yactore 140 I'Tuo BHyTpM moMmenieHWil. Pa3paboranHasg W3MepUTENbHAS
YCTaHOBKA 00€CIIEUYNBAECT BO3MOXHOCTb OBICTPOI 3aMUCU JIMHEWHBIX U YIJIOBBIX MTEPEMEILICHUN
MOJIb30BATEJIbCKOTO YCTPOICTBA OTHOCHUTEJBHO TOYKM PaaMOMOCTyIIa M COOTBETCTBYIOIIETO
YPOBHSI TNpUHMMaeMoro curHajiga. CTaTUCTUYECKMIT aHalIU3 SKCIIEPUMEHTAJIbHBIX JaHHBIX
OCYIIECTBIJISIETCS C MCIMOJIb30BaHMEM KPUBOM nucriepcuu AJtaHa 1l OOJbILION BBIOOPKU
u3MepeHuit. Mbl mojlaraem, 4YTo Halll Pe3yJabTaThl MOTYT OBbITh UCMOJIb30BaHbI PU pa3padoTKe
YCTPOMCTB YIPABICHUS MYyYKOM B CYyO-TeparepiioBoil O0eCrpOBOMHON CBSI3M MOBBILICHHON
HaAEXHOCTH.
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Introduction

Sub-terahertz frequency (sub-THz) band is beneficial for wireless radio access networks of the
sixth generation (6G). It is conventionally proposed to use highly directive antennas in transmit-
ters (7) of access points and receivers (R ) of user equipment (UE) in 6G networks. In this case,
reliability of wireless channel can be notably compromised if UE is mobile. User micromobility
is one of the main issues in the implementation of 6G wireless communication systems [1, 2].
In this work, we study hardware- and user-induced micromobility effects for different scenarios

© SApomnonos T.A., [Tpuxoasko A.H., Poxkona [1.B., Lllypakos A.C., T'onsiman I'.H., 2023. U3natens: Cankr-IletepOyprekuit
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of in-door radio access at carrier frequency of 140 GHz. The considered scenarios are mainly
related to web searching and online gaming characterized by low-deterministic misalignment
between sub-THz beams of 7. and R. We develop measurement setup for fast simultaneous log-
ging of time-dependent position of UE with respect to 7' and the corresponding signal strength
at R. Time related metrics are statistically acquired by Allan variance analysis. In addition, our
measurements enable profiling of the R_signal strength in different 7 beam planes. This should
find use in the development of beamforming solutions for 6G wireless communication systems.

Materials and Methods

We fabricate UE with linear dimensions similar to a typical large-screen smartphone to insure
its realistic mechanics in user hands. UE is equipped with a motion sensor and R_and is placed
far behind a Fraunhofer distance in front of 7 . The sensor makes use of microelectromechanical
system (MEMS) accelerometers and gyroscopes and measures linear accelerations and angular
velocities with respect to 3-dimensional intrinsic reference frame (IRF). Referring to Fig. 1,a, the
angles ¢ and 0 are restored in the spherical coordinate system fixed to UE. They are defined as
the angles between the corresponding axes of IRF at the initial moment of time # = 0 (x(0) and
z(0)) and during current measurement (x(t) and z(t)). The measurements are carried out with 7
providing a constant waveform signal at carrier frequency of 140 GHz and an amplitude modula-
tion at 25 kHz. R_is based on a waveguide Schottky diode envelope detector [2]. The readout is
maintained by a selective nanovoltmeter. The detector response voltage, i.e., signal strength at R,
is recorded simultaneously with the readings of accelerometers and gyroscopes by a data acquisi-
tion system. This ensures an exact correspondence of the changes in the received signal strength
with the UE angular coordinates.

As shown in Fig. 1,b, antennas of 7 and R_have far-field beamwidths of 6—17°. We subse-
quently use a pair of diagonal horn antennas with bigger (Horn 1) and less directivity (Horn 2)
to distinguish between the beamwidth and polarization impacts on signal attenuation upon user
micromobility. Schematic diagram of the measurement setup developed for the empirical studies
is presented in Fig. 2. The R_unit utilizes a membrane-integrated Schottky diode detector [3] and
a 16-bit motion sensor [4] enabling simultaneous logging of 3 linear accelerations (a, a, a) and
3 angular velocities (o, ®,, ). Quaternion math and Mahony complementary filter are used for
fast (on a millisecond scalye) and precise position measurements of the motion sensor.

To ensure reliability and reproducibility of the position measurement of R_with respect to the
T’ beam, we perform a series of calibrations for different initial orientations of R_(i.e., for differ-
ent initial orientations of the motion sensor IRF). Tables 1 and 2 contain statistics on the triplets
of linear accelerations and angular velocities measured for static R , when its different planes (see
Fig. 1,a) are set parallel to the horizon.

After achieving the appropriate performance of the measurement setup, we further decide
to conduct a series of independent measurements of a signal strength at R_as a function of its
angular position with respect to the 7' beam for different radio access scenarios in 6G networks.
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Fig. 1. Wireless channel with static sub-THz access point and mobile UE (a).
E- and H- plane beam profiles of 2 alternatively employed 7/R_horn antennas (b)
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Fig. 2. Measurement setup developed for empirical studies of user micromobility at 140 GHz
Table 1
Statistics on linear accelerations for a set of 10 time series with up to 45000 readings
logged for a static R_with different orientations of the motion sensor IRF
) ] Statistics on linear accelerations
IRF orientation
<a> * Aa_, m/s’ <a>, .* Aay, m/s? <a>, * Aa_, m/s?
XO0Y 0.002+0.002 —0.002+0.001 —0.001+0.009
X0Z 0.02+0.17 —0.01+£0.04 —0.08+0.19
YOZ —0.03+0.15 0.06+0.08 —0.17£0.05
Notations: Here <42, <42, <a>, are the average values of mean linear accelerations along the
X-, y-, z-axes of the motion sensor IRF and Aa,, Aa,, Aa_ are the corresponding confidence intervals.
Table 2

Statistics on angular velocities for a set of 10 time series with up to 45000 readings
logged for a static R_with different orientations of the motion sensor IRF

IRF orientation

Statistics on angular velocities

<o > =+ Ao, rad/s
X __avg X

<w> +Awn,rad/s
Yy avg Y

<w> =+ Aw,rad/s
z_avg Z

XOY —6.5¢-54+3.6e—5 —6.3e-54+3.0e—5 —5.4¢-5+4.5¢—5
X0OZ —6.4e-5+3.4e—5 —5.8e-5+1.0e—5 —5.8e-5+2.8e—5
YOZ —6.3e-5t1.1e—5 —5.9e-5+1.5¢—5 —6.3e-5+1.7e—5
Notations: Here <o_>, , <o >, , <o_>  are the average values of mean angular velocities along the

avg’ vy avg’ z avg

X-, y-, z-axes of the motion sensor IRF and Ao, Ao, Ao, are the corresponding confidence intervals.
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Results and Discussion

As a first measurement of interest, we choose the scenario of an incoming phone call to a per-
son working at the office desk. In this scenario, UE (i.e., R) is initially put on the desk, optical
axis of R_horn antenna is coaligned with that of 7 placed 1.5 m away. Polarization planes of the
antennas are also coaligned. UE is in the hand of a user moving it from the desk to his ear, the
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elbow does not leave the desk surface upon the move. Thus, 2 key effects are presented: gradual
change of the angle between the polarization planes of the 7 and R_horn antennas from 0 to 90°
and spontaneous changes in the orientation of the R horn antenna optical axis induced by the
human mechanics. We carry out 2 series of 10 independent measurements for the considered
scenario. Statistically processed results of the measurements for 2 pairs of 7 /R pyramidal horn
antennas with bigger (Horn 1) and less directivity (Horn 2) are provided in Fig. 3,a. The figure
contains smoothed mean signal strengths at R_with 68% confidence intervals for different values
of angle 6. We employ a moving average with a window size of 178 samples to get a 3° resolu-
tion upon smoothing. Using this empirical data together with Malus’s law, one can distinguish
between the beamwidth and polarization impacts on signal attenuation upon user micromobility
in a phone call scenario.

We further employ the developed measurement setup to study stability of the received signal
upon a short distance transmission for online gaming and web searching scenarios. During the
online gaming scenario, the user pretends to play an arcade racing game on a UE tilted forward at
45° with respect to the vertical in his hands. The wide side of the UE is oriented horizontally. The
web searching scenario focuses on the user mechanics in the process of using the search engine
in the UE browser. The orientation of the UE in the hands of the user is the same as during the
online gaming scenario. In both scenarios, the user stands still and taps on the UE screen induc-
ing its angular displacements followed by changes in the signal strength at R. To analyze the
signature of application-dependent mechanics, a series of up to 100 independent measurements
with a duration of 60 s each is conducted. At the beginning of each measurement, optical axis
and polarization plane of R horn antenna are coaligned with those of 7' placed 1.5 m away. The
experimental data is statistically processed by Allan variance analysis [5]. Fig. 3,b summarizes
results of the processing, stability of the received signal for a static position of UE at the initial
moment of time # = 0 is provided as a reference. The latter obeys a radiometer equation for
integration times, t, from 2 ms to 2 s. This ensures reliable extraction of the micromobility-in-
duced instabilities in the received signal. For online gaming scenario, we observe white noise and
drift signatures for t of below and above 4 ms, respectively. No 1/F-noise signature is recognized.
Furthermore, confidence intervals for the Allan variance values widen with increase in t. And they
are notably wider as compared to the web searching curve at any given 1. For web searching sce-
nario, we observe 1/F-noise and drift signatures for t of below and above 4 ms, respectively. No
pronounced white noise signature is recognized. The acquired Allan variance curves also reveal
high repeatability in numerous independent measurements. Moreover, the developed measure-
ment setup enables stability profiling for a number of planes with respect to the 7' beam. This
aids to analyze contribution of UE optics design and user activity to the received signal stability.
Further detailed studies of the mutual impact of user micromobility and dynamic blockages [6] on
connection quality in sub-terahertz communications are in our future plans. However, we believe
that the reported results should find use in the development of efficient beam steering solutions
for reliable sub-terahertz wireless communication systems.
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Fig. 3. Signal strength at UE measured for user micromobility during a phone call (a).
Experimental Allan variance curves for signal strength at UE in various application scenarios (b)
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Conclusion

To study user micromobility for different radio access scenarios in 6G networks, we fabricate
UE with linear dimensions similar to a typical large-screen smartphone to insure its realistic
mechanics in user hands. UE is equipped with a motion sensor and R_and is placed far behind a
Fraunhofer distance in front of 7. The motion sensor is a MEMS-based multi-channel logging
device combined with quaternion math and Mahony complementary filter for fast (on a millisec-
ond scale) and precise position measurements. Antennas of 7. and R_have far-field beamwidths
of 6—17° similar to those expected for first-run wireless 6G systems. The measurements of a signal
strength at R _in user hands are carried out with 7' providing a constant waveform signal at carrier
frequency of 140 GHz and an amplitude modulation at 25 kHz. The experimental data is statisti-
cally processed by Allan variance analysis for the considered gaming and web searching scenarios.
The developed measurement setup enables stability profiling for a number of planes with respect
to the T beam. This aids to analyze contribution of UE optics design and user activity to the
received signal stability. We believe that the reported results should find use in the development
of efficient beam steering solutions for reliable sub-terahertz wireless communication systems.
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