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ABSTRACT This paper presents the analysis of the inter-user interference (IUI) in a multiuser wireless
link operating in the sub-THz frequency range of 270 GHz to 330 GHz. The link utilizes an optoelectronic
transmitter (Tx) comprising two integrated external cavity lasers with a wide tuning range, a broadband
electro-optic modulator, and a uni-traveling carrier photodiode with a WR3.4 output. A conformal lens-
integrated WR3.4 frequency beam-steering antenna transmits the signal to seven users distributed in space.
At the user side, an electronic sub-THz receiver is used for the wireless link. A finite portion of the Rx
bandwidth (270 GHz to 330 GHz) is allocated to each user. The power ratio between the individual user
channels is experimentally evaluated in three different test scenarios, operating at carrier frequencies of
290 GHz, 300 GHz, and 310 GHz, respectively. This evaluation is based on the frequency response analysis
of the optoelectronic Tx, the electronic Rx, and the radiation characteristics of the frequency beam-steering
antenna. To the best of our knowledge, this work presents the first [UI analysis in a sub-THz wireless link
operating over a distance of 10 m, with a record high gross aggregated data rate of 140 Gbps across seven
users. A worst-case power ratio of -2.5 dB between adjacent channels and an average power ratio of -11.3 dB

is observed, highlighting the potential of sub-THz communication for high-data-rate multiuser networks.

INDEX TERMS 6G, Beam-steering, Interference, Multiuser, Sub-THz, Wireless communication

I. INTRODUCTION

N the era of 6G mobile networks, ultra-high data-rate

wireless communication plays a crucial role in enabling
applications such as indoor connectivity and outdoor small-
cell networks [1, 2]. To accommodate the rapidly increas-
ing demand for bandwidth, high-speed wireless links in the
sub-THz range have emerged as a promising solution for fu-
ture mobile fronthaul networks. These links not only surpass
the data rates of 4G and 5G systems but also offer greater
flexibility and improved resilience to adverse weather condi-
tions compared to free-space optical links [3]. To promote
sub-THz communication, the IEEE has standardized the
253 GHz to 322 GHz range for wireless communication [2].
In particular, the 200 GHz to 325 GHz band stands out as
an excellent choice for high-speed wireless links, offering
low atmospheric attenuation of less than 10 dB/km in typical
weather conditions. Additionally, a wide variety of sub-THz
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sources have emerged over the past two decades, significantly
enhancing the feasibility of deploying the sub-THz range for
future wireless applications [4, 5].

The sub-THz range is being targeted for 6G use cases, which
operate over short- and medium-range scenarios, typically
spanning from a few centimeters to several meters. This is
primarily due to the high free-space path loss, which in-
creases quadratically with both frequency and distance. As a
result, enhancing the link budget of sub-THz links—by using
a transmitter (Tx) with higher output power and a receiver
(Rx) with greater sensitivity—becomes crucial. Furthermore,
6G mobile communication systems are expected to achieve
significantly higher connection densities compared to 4G
and 5G systems. Specifically, 6G aims to support 10 million
devices per kmz, in contrast to 2,000 devices per km? for
4G and 1 million devices per km? for 5G systems [6]. Given
the short range and higher device density, close proximity
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between neighboring devices is expected in typical 6G use
cases. Consequently, the inter-user interference (IUI) among
users in close proximity becomes a primary concern. The
multiuser sub-THz links demonstrated to date include links
based on phased arrays [7, 8] and frequency beam-steering
antennas [9-14]. However, none of these published works
investigates the channel power ratio between multiple users.
The sole exceptions are the crosstalk investigations of a sub-
THz link reported in [15] and multiuser link demonstration
in [16]. The former focuses on the impact of the frequency-
dependent radiation characteristics of a leaky-wave antenna
(LWA), while the latter presents experimental and analytical
validation of user scaling in a multiuser link employing
a single detector and a LWA operating between 180 GHz
and 900 GHz, both conducted in a limited laboratory setup
spanning 0.254 m.

Building on the four-user wireless link in [14], this work
investigates the IUIL, in this case the power ratio between
each of the multiple users and extends the number of users
to seven. The link consists of an optoelectronic Tx that
includes two integrated external cavity lasers with a wide
tuning range, a broadband electro-optic modulator, and a uni-
traveling carrier photodiode (UTC-PD) with a WR3.4 output.
The Tx signal is radiated by a conformal lens-integrated
WR3.4 frequency beam-steering antenna, which allows the
Tx beam to steer spatially as the operating frequency is tuned
within the target sub-THz range. In the presented link data is
simultaneously send to seven users distributed in space. An
electronic sub-THz Rx is used for the link. A finite portion
of the Rx bandwidth (270 GHz to 330 GHz) is allocated
to each user, thus complementing the concept of a tunable
optoelectronic Tx combined with a frequency beam-steering
antenna. Power ratios between the users are experimentally
evaluated in three different test scenarios, operating at center
frequencies of 290 GHz, 300 GHz, and 310 GHz, respec-
tively. This evaluation is based on the frequency response
analysis of the optoelectronic Tx, the electronic Rx, and
the radiation characteristics of the frequency beam-steering
antenna. To the best of the authors’ knowledge, this work
presents the first adjacent user power ratio analysis of a sub-
THz wireless link operating over a distance more than ten
times greater than in previous works, achieving the highest
gross aggregate data rate of 140 Gbit/s across seven users
in the frequency range of 270-330 GHz [9, 15-21]. The
IUI results shown here highlight the potential of sub-THz
communication for high-data-rate dense multiuser networks,
which could be employed in future 6G use cases.

Il. MULTIUSER SUB-THZ WIRELESS LINK

The multiuser sub-THz wireless link operates within the
frequency range of 270 GHz to 330 GHz. Building upon the
four-user system presented in [14], this paper investigates the
IUI and extends the number of simultaneous users to seven,
increasing the aggregated gross data rate to 140 Gbps. A
highly tunable optoelectronic TX, incorporating a WR3.4 fre-
quency beam-steering antenna [22], is employed to generate
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and radiate the broadband sub-THz signal. The seven sub-
THz beams, transmitted to seven spatially separated users are
centered at different carrier frequencies and feature finite sub-
carrier spacing. Each user receives the sub-THz signal via a
broadband, electronic sub-THz Rx, with a finite portion of
the Rx bandwidth allocated to each user. The sub-THz Rx
thus complements the concept of a tunable optoelectronic Tx
with a frequency beam-steering antenna. A schematic of the
Tx and Rx is shown in Fig. 2. The Tx and receiver Rx are
positioned 10 m apart. A brief overview of the transmission
system is provided below.

A. OPTOELECTRONIC TX AND CONFORMAL LENS
INTEGRATED WR3.4 FREQUENCY BEAM-STEERING
ANTENNA

The signal is generated in the optical domain using two
hybrid-integrated external cavity lasers (ECLs) with a wide
tuning range from 1480 nm to 1570nm (i.e., 190.95 THz
to 202.56 THz), an on-chip output power of 12dBm, and
an intrinsic linewidth of less than 1kHz [23]. The ECLs
generate a carrier signal (ECL1) and a reference signal
(ECL2) as required for the optical heterodyning process [24].
In-phase (I) and quadrature (Q) baseband signals with a
sampling rate of 120 GSa/s are modulated onto ECL1 via an
electro-optical IQ modulator with an optical 3 -dB bandwidth
of 60 GHz. The modulated optical signal is subsequently
amplified by an Erbium-doped fiber amplifier (EDFA), fol-
lowed by an optical bandpass filter that reduces out-of-band
amplified spontaneous emission (ASE) noise generated by
the EDFA. The two optical signals are combined in a 50/50
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FIGURE 1: Measured radiation angle across the sub-THz
range for a conformal lens-integrated WR3.4 frequency
beam-steering antenna [22].

coupler, and the total optical power is adjusted by a variable
optical attenuator (VOA) before being fed into a broadband
photomixing UTC-PD, which requires an input power of
11dBm [25]. The resulting sub-THz signal, with a carrier
frequency of 270 GHz to 330 GHz, is radiated by a confor-
mal lens-integrated WR3.4 frequency beam-steering antenna.
The WR3.4 frequency beam-steering antenna used in this
work operates from 230 GHz to 330 GHz and features a wide
beam-steering range of 55°. The antenna is integrated with
a polytetrafluoroethylene (PTFE)-based conformal plano-
convex parabolic lens, which achieves a peak antenna gain
of up to 30dBi [22]. The WR3.4 antenna operates based
on the leaky-wave principle, allowing its beam to steer from
—T71° to —16° relative to broadside direction as the operating
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FIGURE 2: Schematic of a multiuser sub-THz wireless link, featurlng a h|gh|_¥ tunable optoelectronic Tx connected to a frequency

beam-steering antenna (left) and a broadband electronic Rx (right). Note:

center frequency of 300 GHz. (Adapted from [14])

frequency sweeps from 230 GHz to 330 GHz. A detailed
description of the antenna, including its design principle,
simulation, and measurement, is provided in [22]. Since the
multiuser sub-THz link operates from 270 GHz to 330 GHz,
the corresponding radiation angle of the WR3.4 frequency
beam-steering antenna varies from —31° to —19°, respec-
tively (see Fig. 1). The frequency tunable optoelectronic Tx
and the conformal lens integrated WR3.4 frequency beam-
steering antenna are shown in Fig. 2 and Fig. 3, respectively.

FIGURE 3: Optoelectronic Tx and conformal-lens-integrated
WRS3.4 frequency beam-steering antenna (right). Electronic
Rx and lens-integrated WR3.4 horn antenna (left).

B. ELECTRONIC RX AND LENS INTEGRATED WR3.4
HORN

At the core of the used electronic Rx is a 300 GHz monolithic
microwave integrated circuit (MMIC), which consists of a
low-noise preamplifier, a frequency tripler, and a subhar-
monic IQ demodulator. The sub-THz signal is received by
a WR3.4 horn integrated with a PTFE-based spherical plano-
convex lens. This signal is then down-converted by the 1Q
demodulator into intermediate frequency in-phase (IF-I) and
quadrature (IF-Q) signals. The Rx MMIC requires a 100 GHz
local oscillator (LO) signal for the demodulation. This LO
signal is generated from an 8.333 GHz signal produced by
a frequency synthesizer, which is upconverted by a x12
frequency multiplier [26]. The LO signal passes through a
waveguide isolator to prevent reflections into the frequency
multiplier, which could cause unwanted frequency drifts and
harmonics. These harmonics are further suppressed using a
waveguide bandpass filter. The measured conversion gain
of the Rx module spans from —5dB to 5dB across an IF
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he frequencies shown in the figure correspond to a

bandwidth of 40 GHz. A detailed description of the sub-
THz Rx module is provided in [27]. The IF-I and IF-Q
signals are preamplified by two broadband RF amplifiers and
sampled by two channels of a 32 GHz bandwidth real-time
oscilloscope.

lll. EXPERIMENTAL SETUP FOR LEAKAGE ANALYSIS
In our experimental setup, the IUI is defined as
IUL = Pay/Pry between the adjacent user (AU) and the
target channel (TU) and is analyzed for a total of seven
users/channels. These users are separated in both the spatial
and spectral domains due to the frequency beam-steering
concept employed on the Tx side (as described in Section II).
The Tx antenna has a half-power beam width (HPBW) of
approximately 9.5 GHz [22], which limits the maximum
signal bandwidth that can be transmitted to each user. As a
result, the antenna beam characteristics mainly influence the
power received by each neighboring user.

On the Rx side, each user is assigned a finite portion of the
Rx bandwidth (270 GHz to 330 GHz), meaning each user
is allocated a specific center frequency and a finite signal
bandwidth. Furthermore, a guard band is used to separate
neighboring users, preventing spectral overlap between ad-
jacent users. To analyze the IUI between seven users in a
frequency beam-steering-enabled sub-THz wireless link, the
following key factors are evaluated:

o The power received by the adjacent users distributed in
the spatial and spectral domains.

o The radiation characteristics of the frequency beam-
steering antenna employed on the Tx side, including its
beam gain and beam width.

o The frequency responses of the optoelectronic Tx and
the electronic Rx.

To experimentally evaluate these factors, three different test
scenarios were set up. The Tx spectra for these scenarios,
labeled Scenario 1, Scenario 2, and Scenario 3, are shown in
Fig. 4. The target user (TU) is located at a center frequency
of 290 GHz (Sce. 1), 300 GHz (Sce. 2), and 310 GHz (Sce.
3). In each scenario, there are six non-intended adjacent users
(AU): three are positioned in the lower sub-THz range and the
remaining three are located in the upper sub-THz range rela-
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FIGURE 4: Tx spectra for three test scenarios (Sce. 1, Sce.
2, and Sce. 3), each involving seven users (left) and spectral
distribution of the users (right).

tive to the center frequency of the TU. The signal transmitted
to each user is modulated using quadrature phase-shift keying
(QPSK) and 16-level quadrature amplitude modulation (16-
QAM), with a symbol rate of 5GBd in both cases. The
signal is shaped using a root-raised cosine filter with a roll-
off factor of 0.1, resulting in an effective signal bandwidth
of 5.5 GHz per user. Additionally, a 0.5 GHz guard band
is employed between neighboring users, which results in a
subcarrier spacing of 6 GHz (5.5 GHz + 0.5 GHz) between
adjacent users. The Tx spectra of the seven users in the three
scenarios are shown in Fig. 4. Due to the frequency beam-
steering capability of the Tx, the spectral distribution of the
seven users results in an angular separation between them.
As analyzed using Fig. 1 and Fig. 4, the users are positioned
at angles ranging from —37° to —22° in Sce. 1, —32° to
—19° in Sce. 2, and —28° to —16° in Sce. 3. For a link
distance of 10 m, the angular separation between the target
and the AUs leads to a lateral separation, as shown in Fig. 4
for the three scenarios. The sub-THz Rx is aligned to receive
the maximum power corresponding to the TU in each test
scenario. Due to the broad operating bandwidth of the Rx,
the received power is evaluated for subcarriers associated
with all seven users (see Fig. 4). This setup allows for the
evaluation of the power ratio between the target and the
AUs, and consequently, the leakage between the users. Ad-
ditionally, the signal performance is evaluated based on the
received signal’s signal-to-noise-and-distortion ratio (SNDR)
and bit error ratio (BER) after offline, non-data-aided digital
signal processing. The measured power and SNDR are also
analyzed in relation to the radiation characteristics of the
conformal lens-integrated WR3.4 frequency beam-steering
antenna.

IV. LEAKAGE MEASUREMENT RESULT AND ANALYSIS

For the three scenarios, i.e., Sce. 1, 2, and 3, the IUI from
the AUs to the TU is evaluated by extracting the spectral
power of each subcarrier after signal detection in the sub-THz
receiver. The resulting power (Pry gg) and normalized power
received by the sub-THz Rx, corresponding to the TU and the
six AUs is given in Fig. 5. The power ratio between the TU
and the AUs can be analyzed from this figure. For example,
in Sce. 1, the IUI between the TU at 290 GHz and the AU
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FIGURE 5: Rx power and normalized Rx Power for the
target and six adjacent user channels for the three angu-
lar/frequency scenarios.

at 308 GHz is —11 dB, indicated by the normalized receive
power at 308 GHz by the receiver assigned a center frequency
of 290 GHz. These two users have a lateral separation of
1m (see Fig. 4). To evaluate the influence of the frequency
responses of the optoelectronic Tx and electronic Rx, a back-
to-back (B2B) measurement is conducted. The output (OP)
WR3.4 flange (WF) of the UTC-PD connects to the input (IP)
WEF of the attenuator, whose OP-WF connects to the IP-WF
of the Rx. All WFs conform to the UG-387/U-M standard,
ensuring seamless interfacing. The attenuator is adjusted to
replicate the influence of the Tx and Rx antenna gain and
the free-space path loss corresponding to a link distance of
10 m. The Tx-Rx B2B frequency response (FPp2p g5) is shown
in gray in Fig. 5. As shown in the figure, Prxgp of the
TUs at 290 GHz, 300 GHz, and 310 GHz (solid dots) closely
matches the corresponding Pgopgp. This suggests that the
power level received by the TUs is primarily influenced by
the frequency response of the Tx and Rx. In contrast, the
values of Pgrygp observed at the locations of the six AUs,
situated on either side of the TU in each scenario, show
a deviation relative to Ppypgs. For example, in Sce. 1, the
values of Pryxgp at 272 GHz, 278 GHz, 284 GHz, 296 GHz,
302 GHz, and 308 GHz (corresponding to the six AUs) ex-
hibit a deviation of up to 12 dB w.r.t Pgyp gs. This deviation
can be explained as follows: As described in Section III, the
Rx is aligned to capture the maximum power corresponding
to the TU in each scenario. In these scenarios, the TU
receives power from the main lobe of the antenna’s far-field
radiation pattern at the center frequency of the TU, while
the six AUs receive power from the side lobes of the far-
field radiation pattern at the same frequency. Therefore, the
power of the AUs received by a TU is influenced not only
by the frequency responses of the Tx and Rx but also by
the radiation characteristics of the frequency beam-steering
antenna. To analyze the influence of the frequency beam-
steering antenna, the antenna’s far-field radiation pattern is
measured at 290 GHz, 300 GHz, and 310 GHz for Sce. 1, 2,
and 3, respectively. Additionally, the calibrated IUI is calcu-
lated for each of the three scenarios to de-embed the influence
of the Tx-Rx B2B frequency response on the overall IUI:
Calibrated IUlgg = Prxas(f) — Psap.as(f). The measured
far-field radiation patterns of the conformal lens-integrated
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FIGURE 6: Antenna gain (solid line, left axis) and calibrated
Ul (dashed line, right axis) for the target and six adjacent
users for the three scenarios.

frequency beam-steering antenna and the calibrated IUI cal-
culated for the three scenarios are shown in Fig. 6. In contrast
to Fig. 5, the de-embedded IUI corresponding to the TUs
in the three scenarios remains relatively constant, as the
measured gain of the antenna’s main lobe varies slightly
from 27.1dB to 27.9dB. On the other hand, in Fig. 5, the
Prxgs of the TUs varies by up to 4.8dB. This implies that
the power received by the TUs is largely influenced by the
Tx-Rx B2B frequency response, provided the antenna gain
remains practically constant over the target sub-THz range.
Furthermore, in Fig. 6, the calibrated IUI corresponding to
the six AUs closely matches the antenna’s far-field radiation
patterns at 290 GHz, 300 GHz, and 310 GHz for Sce. 1, 2,
and 3, respectively. This indicates that the power from the
six AUs received by the TU is significantly influenced by the
radiation characteristics of the frequency beam-steering an-
tenna. The worst-case leakage is —2.5 dB, observed between
a TU and its AU with a lateral separation of around 0.4 m.
For larger lateral separations, a best-case leakage of —22dB
is observed. An exception is observed in Fig. 5, where the
TU at 300 GHz receives slightly less Prxgp than the AU at
294 GHz, attributed to the reduced frequency response of the
Rx at around 300 GHz (see Fig. 5). Neglecting the Tx—Rx
response, the IUI, expressed in dB, exhibits a dependence
on the channel offset A f and is the antenna’s HPBW, both
expressed in GHz, as

3dB/GHz
HPBWy,

This indicates that with increased subcarrier spacing A f
or reduced HPBW the IUI is decreased. The performance
of a 10 m-long wireless communication link using 5 GBd
QPSK and 16-QAM modulation schemes is evaluated. The
measured SNDR and BER for the scenarios are shown in
Fig. 7. In each scenario, the peak SNDR is observed for
the TU, which varies from 14.7 dB for the TU at 290 GHz
(Sce. 1) to 13.2dB for the TUs at 300 GHz and 310 GHz
(Sce. 2 and 3) for QPSK. For 16-QAM, a slight SNDR
degradation of up to 0.3dB is observed, attributed to its
higher susceptibility to nonlinear effects. As a result, for
16-QAM, only the signal from AUs with a small lateral
separation of 0.4m can be decoded after non-data-aided

UL ~ — Afdy, —1dB. (1)
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DSP in the TU, leading to a BER above the soft-decision
forward error correction (SD-FEC) threshold of 2.4 x 10~ 2.
However, a BER below this threshold can be corrected with a
20% coding overhead, for example, using low-density parity-
check (LDPC) codes [28, 29]. On the other hand, signals
from AUs with larger lateral separations cannot be decoded
since the IUI is significantly higher. In contrast, QPSK has
a higher tolerance to noise and nonlinearities, which enables
the decoding of signals of AUs at lateral separations of up
to 0.4m with a BER below the SD-FEC limit in Sce. 1,
2, and 3. To the best of the authors’ knowledge, the shown
experiment presents a record-high aggregated gross data rate
of 7 Users x 5 GBd x 4 bit/sym = 140 Gbit /s for 16-QAM

and 70 Gbit/s for QPSK.
Scenario 1 Scenario 2 Scenario 3
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FIGURE 7: SNDR and BER in three test scenarios using
5 GBd QPSK and 16-QAM modulation.

V. CONCLUSION

This paper presents an inter-user interference (IUI) analysis
in a sub-THz wireless link with one target user (TU) and
six non-intended adjacent users (AU) across three different
test scenarios at center frequencies of 290 GHz, 300 GHz,
and 310 GHz. The 10 m-long multiuser link operates from
270 GHz to 330 GHz and consists of an optoelectronic Tx
with a conformal lens-integrated WR3.4 frequency beam-
steering antenna, and an electronic Rx combined with a
lens-integrated WR3.4 horn antenna. For the power ratio
analysis, the Rx power of the seven users is compared with
the frequency response of the Tx and Rx, as well as the
far-field radiation pattern of the frequency beam-steering
antenna. The results show that the power received by the
TU is primarily influenced by the frequency response of
the Tx and Rx, assuming the antenna gain remains nearly
constant across the target sub-THz range. Additionally, the
signal power from the six AUs received by the TU is mainly
influenced by the far-field radiation characteristics of the
frequency beam-steering antenna. In each of the three scenar-
ios, the IUI ranges from —2.5dB to —22 dB, depending on
the spectral and consequently lateral separation of the users.
The performance evaluation of the 10 m-long communication
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link using 5 GBd QPSK and 16-QAM demonstrates that the
SNDR of the TU varies between 14.7 dB and 13.2 dB. This
results in a BER below the SD-FEC limit of 2.4 x 10~2 for
all TUs and AUs with a maximum separation of 0.4 m when
using QPSK, and for the TU only when using 16-QAM. To
the best of the authors’ knowledge, this work presents the
first insight IUT analysis in a sub-THz link spanning several
meters, where simultaneous transmission to seven users is
achieved with a maximum aggregated gross data rate of
140 Gbit/s. The TUT analysis quantifies the tradeoff between
data rate and user density imposed by adjacent user power
requirements and guard-band constraints in dense sub-THz
multiuser systems. It reveals the inherent coupling between
transmit power, bandwidth, user capacity, and modulation
format in high-capacity sub-THz multiuser links.
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