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Abstract—We propose an indoor network with a sub-terahertz-
band wireless link for 6G applications. In our proposed indoor
network, an optical hub unit (OHU) that controls the entire system
is optically linked to THz remote nodes (RNs) over optical distri-
bution fibers. The THz RNs communicate with the user equipment
through a sub-THz wireless link. The function of the THz RN:s is
to provide an interface between the optical link and the sub-THz
wireless link. For downlink transmission, a photonics-based sub-
THz-band signal generation method is adopted to take advantage
of the broadband characteristics of the optical components. An
electronics-based sub-THz mixer is also used for uplink transmis-
sion because of its cost-effectiveness and low energy consumption.
A digital signal processor (DSP) is designed to recover the orig-
inal transmitted baseband signal. The DSP provides frequency
offset compensation over a wide frequency range and reduces
the probability of cyclic slip. The performance of the proposed
system was investigated experimentally with commercially avail-
able optical/electrical components. We demonstrate 100 Gb/s 2.5-m
wireless transmission with a 16-quadrature amplitude modulation
(16-QAM) signal for configuring the downlink. The optical trans-
mission distance was set to 10 km, and the power penalty measured
by optical transmission was negligible. We also investigated the
scalability and tunability of the photonics-based sub-THz transmit-
ter to confirm the upgradability of our proposed indoor network
to consider future capacity expansion. To establish an uplink, a
25 Gb/s 1.5-m wireless transmission with a quadrature phase shift
keying (QPSK) signal was employed. A directly modulated laser
was used for cost-effective optical transmission. Unlike downstream
transmission, a measured bit error rate (BER) penalty caused by
the optical transmission was observed. This is due to the interplay
between the frequency chirp of the directly modulated laser and the
chromatic dispersion in the fiber. Despite this penalty, BERs less
than the soft-decision forward error correction (FEC) threshold
(2 x 1072) with 20% overhead were achieved. We discuss several
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remaining technical challenges in real-field deployment. These in-
clude THz Tx power improvement, photonic integration, reducing
form-factor, polarization insensitivity, and automatic beam steer-
ing. Our recent efforts to address these issues are also introduced
and examined.

Index Terms—6G indoor network, high-speed transmission, sub-
THz communication, sub-THz link, THz indoor network.

1. INTRODUCTION

ECENTLY, a few key innovations that are likely to im-

pact our lives in a major way have been proposed. Ex-
amples include remote medical services, digital twins, virtual
reality, and cooperative intelligent networks [1], [2]. One of
the key enablers to bring them into reality is ultra-high-speed
communication technology. The required data rate for these
services is predicted to be greater than 100 Gb/s [3], [4]. To
meet this requirement, the peak data rate of 6G communication
systems, which are being actively discussed, is proposed to
be in the range of 100 Gb/s—1 Tb/s [3]. To realize these data
rates, an increase in carrier frequency is inevitable; thus, the
sub-THz-band (0.2-3 THz) frequency has been suggested as a
promising candidate. In particular, the 200—300 GHz frequency
band has drawn considerable interest because of its accessibility
for the implementation of an amplifier and a relatively low
attenuation coefficient in the atmosphere. In the 200-300 GHz
frequency band, several transmission results with a data rate
of ~100 Gb/s have already been shown using diverse tech-
nologies. The sub-THz-band signal can be generated using
electronics- and photonics-based approaches. In electronics-
based approaches, ~100 Gb/s quadrature amplitude modulation
(QAM)-based signal transmission has been demonstrated using
high-speed integrated circuit (IC) technologies such as bipo-
lar complementary metal-oxide—semiconductor (BiCMOS) [5],
high-electron-mobility transistors (HEMTs) [6], and monolithic
microwave integrated circuits (MMICs) [7]. In most photonics-
based approaches, the sub-THz-band signal is generated by a
uni-traveling-carrier photodiode (UTC-PD) that functions as
a photomixer. With a UTC-PD, ~100 Gb/s transmission has
been demonstrated with QAM [8], orthogonal frequency divi-
sion multiplexing (OFDM) [9], and pulse-amplitude modulation
(PAM) [10] signal formats. Advanced digital signal processing
(DSP) technologies, such as Kramers-Kronig receiver and prob-
abilistic shaping, can be applied to improve the overall system
performance [9], [11].
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Sub-THz-band communication technology has high potential
for various applications, such as wireless backhaul networks,
in-factory reconfigurable communication, data showering, and
chip-to-chip communication. Among them, an indoor network is
considered to be a favorable application in the early development
stage of sub-THz communication technology [12]. Because the
sub-THz-band signal has a high directivity and a large free-space
path loss (FSPL), it is suitable for an indoor network that has a
short-range link with low moving speed.

To realize a THz indoor network in the near future, it is
worth designing a network architecture and investigating its
performance and the hurdles to be overcome. In this paper, we
propose an indoor network with sub-THz-band communication
technology. It is based on the conventional architecture of dis-
tributed antenna system (DAS) with radio-over-fiber technology
(RoF) which have been widely investigated for 5G network
[13]-[15]. In this architecture, fiber-optic link is used to con-
nect central optical hub and remote antenna unit. Thanks to
the high transmission capacity of fiber-optic link, this archi-
tecture is suitable to distribute high-speed data traffic into mul-
tiple nodes. By adopting this similar physical architecture with
the RoF-DAS, cost-efficient and seamless upgrade will be possi-
ble in the near future. Both single-carrier and multi-carrier might
be applied for sub-THz-band transmission [8], [9]. Multi-carrier
modulation, such as OFDM, is robust to frequency-selective
fading in a multipath environment. However, the sub-THz-band
link in the indoor network might be assumed as a line-of-sight
channel. Thus, single-carrier modulation was chosen for the sake
of simple and fast realization.

In Section II, we describe the schematics of our proposed
indoor network and explain its operating principles. For down-
stream transmission, we adopt photonics-based technology to
take advantage of mature optical components in high-speed
transmission. For generation of sub-THz signal, we employ
an optical heterodyne mixing method with two free-running
lasers. These lasers are separately placed at central optical hub
unit and THz remote node. Comparing to the structure that
phase-locked optical sources (e.g., optical comb) are placed
at the OHU, this configuration is more tolerant of the optical
link loss, which will be discussed later in detail. However,
since the two lasers are not phase-locked, the frequency drift
of the lasers and optical phase noise can generate frequency
offset and cyclic slip, respectively. Thus, we carefully design
a DSP which supports wide frequency offset compensation
range using Chinese remainder theorem [16]. It also provides
the probability of cyclic slip by using two-step carrier phase
estimation. For the upstream link, the required data rate is
expected to be lower than that of the downstream link. Thus,
the upstream sub-THz-band signal is generated by electronics-
based technology, considering the low power consumption and
relatively simple structure of electronics-based technology. In
Sections Il and IV, we experimentally evaluate the performance
of the proposed system. The experimental setup was established
using commercially available optical/electrical components. In
Section III, we demonstrate 100 Gb/s downstream transmission.
This data rate is meaningful because it can be a milestone for the
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key performance indicator (KPI) of 6G [4]. We also investigated
the scalability of a photonics-based THz transmitter (Tx). The
number of accommodatable THz remote nodes (RNs) can be
expanded by employing power splitters. The power splitter
induces optical link loss, so its effect on the system is measured
and analyzed. To satisfy the 6G requirement of a 1 Tb/s peak
data rate [3], the data throughput should be increased in the near
future. One of the enabling technologies is frequency division
multiplexing (FDM). To accomplish this, operation in a wide
frequency band is mandatory. We investigated the tunability of
the THz Tx and measured bit error rates (BERs) over a wide
frequency range. Throughout the experiment, we confirmed
the availability of data transmission inside the entire WR 3.4
band (220-330 GHz). In Section IV, we verify the performance
of uplink transmission. We target the 25 Gb/s-class data rate,
which is a quarter of the downlink speed. It is worth noting that
we previously reported experimental investigations of upstream
transmission performances [17]. Therefore, we focus only on the
key results. In Section IV, we address several technical issues
that need to be overcome for real-field deployment. Limited THz
Tx power, bulkiness of optical components, form factors of the
antenna, polarization dependency, and automatic beam steering
are discussed. We then introduce a few promising technologies to
solve these issues. Among them, we present some experimental
results with UTC-PD employing a lens collimator that was
developed by us, which has a smaller size compared with a
UTC-PD with a horn antenna. Finally, we summarize our study
in Section V.

II. PROPOSED THZ INDOOR NETWORK

Fig. 1 shows a schematic diagram of the proposed THz indoor
network. An optical hub unit (OHU), which is connected to
the exterior network, is placed to provide centralized signal
management for the THz indoor network. Each line card in
the OHU includes a digital signal processor and an optical
transceiver (TRx) and is connected to THz remote nodes (RNs)
via distribution fibers. The THz RNs provide an interface be-
tween the fiber-optic link and the wireless link. The THz RNs
communicate with the user equipment through a wireless chan-
nel. At the THz TRx and DSP chip in the user equipment,
the sub-THz-band signal is up/down-converted from/to the
baseband.

The detailed link structure is shown in Fig. 2(a). For down-
stream transmission, the Tx DSP in the line card generates a
baseband QAM signal. Modulated optical light is then gener-
ated using an optical in-phase quadrature (IQ) modulator and
laser diode (LD). The optical signal is amplified by an optical
amplifier and then transmitted to the THz RN through an opti-
cal fiber. Two circulators were inserted to couple downstream
and upstream transmission signal. The transmitted optical sig-
nal is combined with the output of the tunable laser, whose
wavelength is separated by the corresponding sub-THz-band
frequency. Before combining, their polarizations are aligned
using a polarization controller. The combined light is ampli-
fied again and then injected into the UTC-PD after another
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Fig. 2.
(c) UTC-PD. (d) sub-THz mixer.

polarization alignment. At the UTC-PD, a sub-THz-band beat
signal is generated and transmitted to the wireless channel with
an antenna. In the user equipment, the sub-THz-band signal is
down-converted to the intermediate frequency (IF) band using
an electronics-based mixer. Then, it is delivered to the DSP
chip after the RF amplification procedure. The IF band signal
is digitally down-converted to baseband at the DSP chip. For
upstream transmission, the user equipment generates a sub-
THz-band signal using an electronics-based mixer, which is then
transmitted to the THz RN. At the THz RN, the upstream sub-
THz-band signal is down-converted to the IF band by another
electronic-based mixer. For cost-effective optical transmission,
the laser is directly modulated by the converted IF band signal.
The directly modulated optical signal is delivered by the optical
fiber and received by the PD in the OHU. The received signal
is amplified and digitally down-converted to baseband in the
receiver (Rx) DSP. The photographs of the established link and
sub-THz components are shown in the Fig. 2(b)—(d).

(d)

(a) Detailed link structure for a single data path. (b)—(d) Photographs of established link and sub-THz components. (b) 2.5 m transmission link.

III. DOWNSTREAM TRANSMISSION WITH
PHOTONICS-BASED TECHNOLOGY

A. Experimental Setup for Downstream Transmission

To investigate the system performance, we established an ex-
perimental setup using commercially available optical/electrical
components. Fig. 3(a) depicts the established experimental setup
for downstream transmission. In this setup, an arbitrary wave-
form generator (AWG, Keysight M8194A), which has a maxi-
mum sampling rate of 120 GSa/s and an analog bandwidth of
45 GHz, was used to generate a single-carrier 16-QAM baseband
signal. An 1Q Mach-Zehnder modulator (MZM, Fujitsu FTM
7977THQA) with a 20-GHz bandwidth was utilized as an optical
modulator. An erbium-doped fiber amplifier (EDFA) was used
to amplify the optical signal. A single-mode fiber (SMF) was
employed to configure the fiber-optic link. The fiber launch
power was set to ~+7 dBm, which was sufficiently low to avoid
the fiber nonlinear effect. The output power of the tunable laser
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frequency of 300 GHz.

diode was adjusted to be the same as the transmitted optical
signal power to maximize the output power of the UTC-PD
(NEL J-band photomixer). The wavelength separation of the
two input lights for the UTC-PD was ~2.4 nm (1549.95 nm
and 1552.35 nm), with a corresponding frequency of 300 GHz.
Two polarization controllers (PCs) were used for polarization
alignment, and a variable optical attenuator (VOA) was utilized
to adjust the input optical power to the UTC-PD. The inset shows
the measured optical spectrum at the input of the UTC-PD,
which is modulated with a 100 Gb/s 16-QAM signal.

To establish a wireless link, two antennas (VDI DH WR3.4)
with a gain of 26 dBi and two lenses (Thorlabs TPX100) with
a focal length of 10 cm were used. To receive a sub-THz-band
wireless signal, an electronics-based mixer (VDI SAX3.4) was
employed. The bandwidth of the mixer was 40 GHz, and the
insertion loss was 14 dB. The frequency of the local oscillator
was 280 GHz. The frequency mismatch between the local oscil-
lator and the 300-GHz carrier frequency was used to generate
an IF to digitally decompose the IQ signal. The received signal
was captured using an 80-GSa/s real-time oscilloscope (Lecroy
MCM-Zi-A) with a 36-GHz analog bandwidth. Fig. 3(b) depicts
the output power of the UTC-PD at 300 GHz as a function of
the photocurrent and optical input power. The output power was
measured using a calorimeter-style power meter (VDI PM5).
The output power values were 1.76 uW, 8.45 uW, 39.1 uW, and
109.4 W for photocurrents of 1 mA, 2 mA, 4 mA, and 6 mA,
respectively.

Fig. 4 shows the DSP structures for sub-THz-band signal
transmission. In the Tx DSP, a pseudorandom binary sequence
(PRBS) with a 2!°-1 pattern length was generated and mapped
into a 16-QAM signal format. Before transmitting the signal,
preambles were inserted. The purpose of the preambles was
two-fold. The first was for synchronization, to find a start frame.
The second was to apply the Chinese remainder theorem-based
frequency offset estimation algorithm, which provides a wide
range of frequency offset compensation [16]. The length of
the preambles was 288 symbols. The preambles are transmit-
ted at the start of transmission only. After adding the pream-
bles, the signal was resampled to 100 GS/s and shaped by a
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(a) Experimental setup for downstream transmission. (b) Output power of the UTC-PD as a function of photocurrent and optical input power at a carrier
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Fig. 4. DSP structures for sub-THz-band signal transmission.

square-root-raised-cosine (SRRC) filter with a roll-off factor of
0.4. The transmitted frame structure is shown in the lower part
of Fig. 4. The first 3840 symbols were used to train the adaptive
filter in the receiver DSP.

At the receiver DSP, the received signal was resampled to two
samples/symbols, and it was down-converted with IQ decom-
position. Synchronization and frequency offset compensation
were then performed using the preambles. Timing recovery
based on the square-timing recovery algorithm was performed
[18]. After the timing recovery, the signal was equalized with
a radius-directed equalizer algorithm [19]. For carrier phase
recovery, a blind-phase search algorithm was applied [20]. To
estimate the carrier phase accurately with the reduced possibility
of cyclic slip, the carrier phase was estimated in two steps: first,
coarse estimation was performed using an averaged phase of
128 symbols; then, fine estimation was performed using an av-
eraged phase of 20 symbols. After phase recovery, the 16-QAM
symbol was demodulated, and the BERs were calculated. In our
experiment, the length of the bit sequence was ~1.4 x 10° bits,
excluding training bits.



MOON et al.: 6G INDOOR NETWORK ENABLED BY PHOTONICS- AND ELECTRONICS-BASED SUB-THZ TECHNOLOGY 5

0
b dane @ 80Gb/s (0km)
gHEOR W 100Gb/s (0 km)
10" Soey A 120Gb/s (0 km)
SOEF T4~ 1006b/s (10 km)
& 102
o
103
10+ : : : : :

Photocurrent (mA)
(a)

Fig. 5.

100
H 1mA(L76uW)
@ 2mA (8.45uW)
10" | A 21mA(39.1puW)
. FEC threshold

g 102
)
103
104 L L
0 1 2 3
Wireless transmission distance (m)
(b)

Measured BERs at a carrier frequency of 300 GHz. (a) BER curves as a function of photocurrent with a short (~3 cm) wireless distance for various

data rates. Filled markers were measured with a O-km optical fiber, and unfilled markers were measured with 10-km optical fiber. (b) BER curves as a function of
wireless transmission distance with a 10-km optical fiber for various photocurrents.

B. Experimental Results for Downstream Transmission

Fig. 5(a) shows the measured BER curves as a function
of photocurrent with a short wireless distance (~3 cm). The
BER curves were measured using a 0-km optical fiber (filled
symbols). As shown in this figure, BER values less than
the soft decision-forward error correction (SD-FEC) threshold
(2.0 x 1072) [21] were achieved. Note that the overhead of
the SD-FEC is 20% (net data rate: 80 Gb/s). Error floors were
observed when the photocurrent reached 4 mA. This might
be due to the phase noise. As shown in the inset of Fig 5(a),
an elliptical constellation was observed. This means that the
phase noise affects the transmission performance. The phase
noise originated from free-running lasers and the multiplied
electrical local oscillator (LO). It should be noted that the
sub-THz-band signal was generated by multiplication by 12
times of the low-frequency LO signal in the sub-THz mixer.
At the same time, the phase noise of the low-frequency LO was
enhanced by 144 times (square of 12). To investigate the BER
degradation caused by optical transmission, BERs after 10-km
transmission were measured (unfilled symbols). There was no
significant difference between the 10-km optical transmission
and the O-km optical transmission. This means that the chromatic
dispersion induced by the 10-km optical fiber (~170 ps/nm)
was mostly compensated by the Rx DSP. Note that because the
optical transmission distance in an indoor network is only a few
kilometers for most practical cases, a 10-km optical fiber length
might be sufficient to examine the transmission performance
degradation caused by optical fibers.

Fig. 5(b) shows the transmission results over the wireless dis-
tance. For all measurements, a 10-km optical fiber was used. We
successfully achieved 2.5-m wireless transmission at ~8.46 W
THz Tx power. It is worth noting that the wireless transmission
distance is restricted by the limited space. Because the sub-THz
output power from the UTC-PD can be increased further, as
shown in Fig. 3(b), we can expect better results when our ex-
perimental environment is improved. The maximum achievable
transmission distance can be estimated as follows: Since the
sub-THz link can be assumed as a free-space channel, the link
loss is determined by FSPL. The FSPL can be derived from Friis

transmission formula as below,
AN
FSPL = (Z) )

where A is the wavelength, and d is the wireless transmission
distance. As shown in (1), the FSPL is proportional to the
square of the transmission distance. Thus, if Tx output power is
increased by N times, the achievable transmission distance will
be increase by N'2. Note that 8.46 /W Tx power was required
for 2.5 m wireless transmission. Therefore, if the THz Tx power
is set to 109.4 uW (photocurrent: 6 mA), the maximum achiev-
able transmission distance is expected to be ~9 m (2.5 m X
(109.4/8.46)!72).

C. Scalability

As shown in Fig. 2, the line card in the OHU is one-to-one
mapped with the THz RN. One approach to expand the system
capacity is to increase the number of THz RNs connected with a
line card. For this, 1 x N optical power splitters can be used by
considering an additional optical link loss of 10 x log(N) dB.
To identify the accommodable number of THz RN, it is nec-
essary to investigate the impact of the optical link loss on the
transmission performance.

It is easy to predict that the link loss affects the THz Tx
power from the UTC-PD. The relationship among THz Tx power
(Prm.), THz RN input optical power (Pry), and tunable LD
output power (P, p) can be simply expressed as follows:

Pry. o G*PryPrip (2)

where G is the gain of the EDFA in the THz RN. It is reasonable
to assume that the total output power from the EDFA (i.e., input
power to the UTC-PD) remains constant at the designed level
by using the gain-control function of the EDFA or operating
the EDFA under power-saturation conditions, to operate under
optimal conditions and avoid damage to the UTC-PD. Then, the
input power of the UTC-PD (P yrc.pp), which is equal to the
output of the EDFA (i.e., G(Prn + Prrp)), remains constant.
If G is substituted using Pyrc.pp and Pppp, the relationship
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between Py, and Py can be expressed as follows:

Purc-pp*Prip
(Prn + Prip)?

For the experimental investigation, we placed a variable opti-
cal attenuator in front of the THz RN and measured the THz Tx
power as a function of the optical link loss. In the measurement,
the photocurrent was fixed at 4 mA (optical input power =
~12.5 dBm). At the zero-link loss, the optical powers of the
two input lights were the same. The measured sub-THz power
(square symbols) and calculated sub-THz power (dotted line)
from (3) are shown in Fig. 6(a). As expected, they nearly match.

Another degradation can be caused by the optical signal noise
ratio (OSNR) because of the decrease in the EDFA input power.
The measured normalized optical spectra for link losses of 0 dB
and 18 dB are shown in Fig. 6(b). The resolution bandwidth
was 0.1 nm. The spectra on the left are the transmitted signals
from the OHU, and the spectra on the right are the tunable laser
outputs in the THz RN. The OSNR of the tunable laser output
is maintained at a high level (>50 dB) because the tunable
laser provides constant optical power, regardless of the link
loss. However, the OSNR of the THz RN input signal decreased
because of the link loss. With a link loss of 18 dB, the measured
OSNR was 31.7 dB.

The BER values as a function of the optical link loss were
also measured, as shown in Fig. 7. The optical and wireless
transmission distances were 10 km and ~3 cm, respectively. The
BERs increased with link loss. To meet the SD-FEC threshold,
the allowable link losses for photocurrents of 1 mA, 2 mA,
and 4 mA are 6 dB, 12 dB, and 18 dB, respectively. Note that
the sub-THz output power from the UTC-PD is proportional
to the square of the photocurrent; thus, the sub-THz power is
increased by 6 dB by doubling the photocurrent. As shown in
Fig. 7, a link loss of 6 dB was compensated for by doubling the
photocurrent. This means that the dominant penalty was a result
of the decrease in the sub-THz output power from the UTC-PD.
According to the measured data, the maximum number of THz
RN is 64 (corresponding to a link loss of 18 dB), which can
be accommodated by a single line card in the OHU. However,
the number of accommodatable THz RNs should be carefully
determined with the power budget of the sub-THz wireless link.
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Fig. 7. Measured BER values as a function of the optical link loss for various
photocurrents. The optical and wireless transmission distances were 10 km and
~3 cm, respectively. The carrier frequency was 300 GHz.

It should be noted that the effect of link loss differs according
to the location of the tunable laser. If the tunable laser is located
in the OHU, the power balance is not changed by the link loss at
the input port of the UTC-PD. Then, if the UTC-PD input power
is kept constant by the EDFA with the gain control function, the
THz Tx power from the UTC-PD will not vary with the link loss.
However, this leads to an OSNR-induced penalty. In addition,
the EDFA should provide additional gain corresponding to the
link loss. If the EDFA fails to compensate for this link loss, the
THz Tx power from the UTC-PD will be decreased by the square
of the link loss, as expected from (2).

D. Tunability

In the experiment, we demonstrated 100 Gb/s transmission
performance downstream. However, to meet the 6G require-
ment (1 Tb/s), the data rate should be increased further. One
of the most promising candidates is to employ FDM in the
sub-THz-band. When a photonics-based approach is used, fre-
quency multiplexing can be easily performed in the optical
domain. This is advantageous because the mature technology
of wavelength division multiplexing in optical communications
can be applied. For multiplexing, the THz Tx should cover a
wide range of frequencies in the sub-THz-band. To confirm the
operation over a wide frequency range, the tunability of the THz
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a photocurrent of 7 mA.
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Fig. 9. Measured BERs as a function of sub-THz carrier frequency. Optical
and wireless transmission distances were set to 0 km and ~3 cm, respectively.

Tx was investigated. Fig. 8 shows the measured output power
of the UTC-PD with varying wavelength of the tunable laser.
The photocurrent in the measurements was fixed at 7 mA. As
shown in this figure, the sub-THz carrier frequency could be
adjusted in the entire WR3.4 band (220-330 GHz). We did not
obtain sufficient power at both ends of the WR3.4 band because
the UTC-PD was designed to generate maximum power near
300 GHz [22], and the antennas were fabricated to cover the
WR3.4 band. If the UTC-PD was designed to operate in a wider
frequency range, the frequency flatness would be improved.

To confirm the system operation in the entire WR3.4 fre-
quency band, we measured BERs in the WR3.4 band with a
0-km optical transmission distance and short (~3 cm) wireless
distance. Fig. 9 shows the measured BERs. Except for the
edges of the band, BER values less than the SD-FEC threshold
were achieved when the photocurrent was set to 4 mA. The
frequency-dependent BER characteristics can be identified by
measurement with a photocurrent of 1 mA. The shape of the
BER curve was nearly inversely proportional to the shape of
the sub-THz output power from the UTC-PD, as illustrated
in Fig. 8.

IV. UPSTREAM TRANSMISSION WITH
ELECTRONICS-BASED TECHNOLOGY

A. Experimental Setup for Upstream Transmission

Although photonics-based technology has the advantage
of high-speed transmission, its bulkiness and high energy

consumption limit practical deployment. For relatively low-
speed transmission, electronics-based sub-THz-band signal gen-
eration is more attractive than the photonics-based approach.
Thus, we utilized an electronics-based technology for upstream
transmission. Fig. 10(a) shows the experimental setup used to
investigate the performance of the uplink. The transmitted data
rate was 25 Gb/s, assuming 4:1 downlink/uplink data rate ratio.
With consideration of lower data rate, a QPSK signal format
(instead of 16 QAM) was chosen to reduce required received
sub-THz power. The 25 Gb/s single-carrier QPSK signal with
an IF frequency of 9.75 GHz was generated using an AWG.
The SRRC filter was digitally applied with a roll-off factor of
0.3. The QPSK signal was up-converted to the sub-THz-band
using an electronics-based sub-THz mixer 1 (VDISAX3.4). The
sub-THz output power was ~0.5 uW (—33 dBm), which was the
maximum achievable output power without damage. The local
oscillator frequency of the mixer was set to 300 GHz. There
were two duplicated sub-THz-band signals, centered at 300 +
9.75 GHz, as depicted in Fig. 10(b). After wireless transmission
with two antennas and two lenses, the sub-THz-band signal was
received using sub-THz mixer 2. The sub-THz-band frequency
of mixer 2 was 280.5 GHz. As aresult, the center frequencies of
the received signals were located at 9.75 GHz and 29.25 GHz,
as shown in Fig. 10(c). For cost-effectiveness, 10 GHz-class
directly modulated distributed feedback laser diode (DFB-LD)
was used to generate optical signal. Thus, the signal at29.25 GHz
was filtered out by limited modulation bandwidth of the DFB-
LD. The signal centered at 9.75 GHz was transmitted over the
SMF. An RF amplifier and variable RF attenuator were also
employed to obtain an optimal modulation index for achieving
better optical transmission performance. The wavelength was
1550.53 nm, and the fiber launch power was +5 dBm. The signal
was received by the photodiode after 10 km of the SMF. The
EDFA and variable optical attenuator were used to adjust the
received optical power. The received signal was captured by a
real-time oscilloscope for the Rx DSP. The architecture of the
Rx DSP was the same as that of the downlink, except for the
signal format.

B. Experimental Results for Upstream Transmission

First, we examined the impact of the optical transmission.
For this purpose, we measured the BER curves as a function
of the received optical power for various optical fiber lengths
with short (~3 cm) wireless transmission distances. Fig. 11(a)
shows the results. The BERs decreased with an increase in the
received optical power, and they were saturated at —2 dBm.
Unlike in the downstream transmission case, BER degradation
by fiber-optic transmission was observed. This was due to the
frequency distortion originating from the interplay between the
chirp characteristics of directly modulated DFB-LD and chro-
matic dispersion of optical fibers [23]. Although the measured
BERSs were degraded, they were still satisfied with the 20% over-
head SD-FEC threshold (net datarate: 20 Gb/s). Fig. 11(b) shows
the measured BER as a function of the wireless transmission
distance. In the measurement, the THz Tx power was set to
—33 dBm, and the received optical power was fixed at +2 dBm.
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and the received optical power was +2 dBm.

As shown in this figure, the maximum achievable transmission
distance was 1.25 m. The maximum transmission distance was
mainly limited by the low THz Tx power (~0.5 W). To improve
the maximum achievable transmission distance, it is possible to
adopt a sub-THz-band amplifier.

Before proceeding, we would like to discuss scalability and
tunability issues for uplink. The optical link loss due to the
use of a power splitter results in a power penalty in the optical
transmission. As shown in Fig. 11(a), the required optical power
received to meet the SD-FEC threshold was -10 dBm. If we
consider a +5 dBm fiber launch power for the uplink and a 2-dB
loss of the 10 km optical fiber, the estimated power margin is
13 dB. If an additional EDFA with a 20-dB gain is utilized for
the uplink, the power margin can be increased to 33 dB. Thus,
the power margin of the uplink is not as tight as that of the
downlink. It should be emphasized that the scalability of the
indoor network would be considered not by the uplink, but by
downlink. With regard to tunability, there is less necessity of
FDM for the upstream transmission because its required data
rate is relatively lower than that of the downlink. Therefore, it is
desirable to consider tunability only in the downstream direction
in most cases.

V. REMAINING ISSUES FOR REAL-FIELD DEPLOYMENT
A. Output Power of THz Transmitter

We have thus far demonstrated the technical feasibility of our
proposed THz indoor network experimentally. Despite this suc-
cessful demonstration, there remain several issues to overcome.
The most critical issue is the limited THz Tx power. As described
in Section III, the wireless transmission distance was limited to a
few meters, which is not sufficient to realize a practical wireless
link. In addition, two lenses were used to compensate for the
FSPL in our experiment. To eliminate them, an additional power
margin of approximately 20 dB is required [8].

Several promising technologies have been developed to in-
crease the THz Tx power. In a phonics-based approach using
UTC-PD, it was reported that the output power can be increased
to 1000 W by combining the output of multiple UTC-PD
chips [24]. Similarly, the THz Tx power can be increased by
manufacturing an array of THz Tx chips.

A sub-THz-band amplifier will be the ultimate solution to
increase the power budget limited by the FSPL. There have been
several demonstrations of sub-THz-band signal transmission
with sub-THz-band amplifiers that operate near 300 GHz [6],
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Fig.12.  Output power at 300 GHz as a function of the photocurrent of UTC-PD
with a lens collimator. Inset shows an image of the UTC-PD.

[11]. If two 20-dB amplifiers are applied at both Tx and Rx,
the wireless transmission distance will be sufficiently extended.
Unfortunately, the sub-THz-band amplifier has a limited oper-
ating frequency range in the sub-THz-band. This may limit the
tunability of the output center frequency of the THz Tx; thus,
one of the next goals will be to provide a sub-THz amplifier with
a flat and wide frequency response.

B. Integration of Optical Components

The photonics-based THz Tx includes many different types
of photonic elements, including optical sources, optical modula-
tors, optical couplers, and optical attenuators. To reduce the form
factor and energy consumption, photonic integration technology
has been extensively developed. For example, non-return-to-
zero (NRZ) signal transmission using a photonic integrated
circuit at a frequency of ~300 GHz has been demonstrated
[25]-[26]. We are also developing an integrated sub-THz-band
signal transmitter based on silicon photonics. As an intermediate
result of our efforts, we reported 40 Gb/s NRZ transmission with
a silicon-based photonic integrated circuit [24]. Because silicon
photonics is compatible with industrial CMOS technologies, we
expect that it will enable high-volume production at a low cost
per device.

C. Antenna With Small Form-Factor

The physical size of the components should be considered
for commercialization of sub-THz-band communication tech-
nology. One of the largest components is the antenna. As an
example, the length of the diagonal horn antenna used in our
experiment was 5.6 cm, which can be a challenging issue for
system and device designers.

One of the methods to reduce the antenna size is to use a
silicon lens instead of a horn antenna. For several years, we
have developed a UTC-PD with a lens collimator [28]. An image
of the UTC-PD is shown in the inset of Fig. 12. As shown in
this figure, the physical size can be significantly reduced. The
measured sub-THz output power from the lens-type UTC-PD
at 300 GHz is shown in Fig. 12. The measured output power
values were 6.08 W, 14.59 W, and 26.9 /W for photocurrents
of 4 mA, 6 mA, and 8§ mA. Fig. 13 shows the measured BERs
as a function of the wireless transmission distance. A 10-km
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Fig. 13.  Measured BERs as a function of wireless transmission distance with
10-km optical transmission.

100
H 4mA
® 6mA
101 A 8mA
5 FEC threshold
R LR e P cEE e ———
102 L
o . . . . .
o] 0.5 1 1.5 2 2.5 3
Wireless transmission distance (m)
Fig. 14. Measured output power from UTC-PD with a lens collimator as a

function of frequency at a photocurrent of 8 mA.

optical fiber was used for optical transmission. As shown in this
figure, 2.5-m wireless transmission was successfully achieved
with a 16-QAM signal when the photocurrent was set to 6 mA
(14.59 uW).

Another advantage of the lens collimator is broadband tun-
ability, as the silicon lens does not limit the usable frequency
range. The measured output power as a function of the carrier
frequency is shown in Fig. 14. The photocurrent in this measure-
ment was fixed at 8 mA. Because of the intrinsic characteristics
of the UTC-PD, the output power tends to decrease as the carrier
frequency increases. The dip near 260 GHz might be caused
by interference due to the misaligned silicon-lens inside the
UTC-PD module.

The measured BERSs as a function of frequency are shown in
Fig. 15. The measurement was performed with a 0-km optical
transmission distance and short (~3 cm) wireless distance with
a 100 Gb/s 16-QAM signal. Two types of mixers (VDI WR
3.4 and VDI WR 2.8) were alternately employed to extend the
operating frequency range of the THz Rx. It was confirmed that
the measured BERs still satisfied the SD-FEC threshold for the
entire frequency range of the WR3.4 (220-330 GHz) and WR
2.8 (260-400 GHz).

D. Polarization Insensitivity

Another challenging issue for photonics-based THz Tx is
polarization alignment. To generate a beat signal in the UTC-PD,
the polarization of the two input lights and the UTC-PD itself
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Fig. 15.  Measured BERs as a function of sub-THz carrier frequency employ-
ing the UTC-PD with a lens collimator. The optical and wireless transmission
distances are 0 km and ~3 cm, respectively.

should be carefully aligned. In most demonstrations, including
the experiment in this study, the polarization is aligned man-
ually. However, this is not practical because the polarization
is randomly rotated by time and temperature in most practical
cases. Polarization-maintaining components may be helpful, but
the optical fiber still rotates the polarization. The polarization
control can be automated using a polarization-variable wave
plate while monitoring the state of the polarization. However,
this solution may not be affordable in many cases.

The simplest method is to use polarization multiplexing and
2 x 2 multi-input multi-output (MIMO) transmission techniques
[51, [7], [29]. In these methods, two independent user-data are
transmitted for each polarization. After optical transmission, the
two polarizations are separated by a polarization beam splitter.
Then, each polarized light is transmitted by two independent
wireless links. The rotated polarization can be restored using
2 x 2 MIMO processing. These methods are promising because
they not only solve the polarization issue, but also double the
data rate, although it requires additional wireless links.

Another approach to ease the polarization alignment issue is
to use a polarization-insensitive UTC-PD. The photodiode is not
inherently polarization-sensitive, so the polarization dependence
of the UTC-PD originates from the internal structure that collects
the optical beam. With careful modification of the internal struc-
ture, polarization-insensitive UTC-PDs have been demonstrated
[30]. By applying this, we believe that the polarization controller
in front of the UTC-PD can be removed.

E. Automatic Beam Steering

Because of the high directivity of the sub-THz wave, auto-
matic beam steering is necessary to minimize power loss. Fast
beam steering provides an additional advantage for the capability
to support multiple devices by rapid path switching.

Several promising methods have been proposed for this pur-
pose. For example, a sub-THz beam can be steered by adjusting
the relative position between the antenna and the lens [31].
Another approach for beam steering is to adopt an integrated
phased array [32]. In addition, advanced beam steering tech-
nologies have been developed, such as leaky wave antennas [33]
and reflector arrays [34]. However, advances in automatic beam
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steering in sub-THz-band wave are still limited, so much work
remains to be done.

VI. SUMMARY

In this paper, we proposed an indoor network with sub-THz-
band communication technology for 6G applications. The sys-
tem was composed of three types of components: an OHU, THz
RN, and user equipment. The OHU and THz RN were connected
by a fiber-optic link, and the THz RN and user equipment were
connected by a wireless link. The THz RN provided an interface
between the two different types of links. For downstream trans-
mission, which is required to support high-speed transmission, a
photonics-based approach for sub-THz-band signal generation
was used to take advantage of optical components with ultra-
wide bandwidth and low-loss characteristics. Because upstream
transmission has a relatively lower throughput requirement, an
electronics-based approach was applied for cost-effectiveness
and low energy consumption.

To investigate the system performance, we established an
experimental setup using commercially available components.
To recover the signal after transmission, a DSP was designed,
focusing on compensation for a wide-range frequency offset.
Additionally, a two-step carrier-phase estimation was applied
to reduce the probability of cyclic slip. Throughout our experi-
ment, we successfully achieved 100 Gb/s 16 QAM downstream
transmission and 25 Gb/s QPSK upstream transmission. In both
cases, the optical transmission distance was 10 km, which is
considered sufficient for indoor network applications. We also
achieved a wireless transmission distance of 2.5 m (potentially
9 m) and 1 m for downstream and upstream, respectively. To
expand the system capacity, an optical power splitter can be
used. To investigate scalability, the effect of the optical link loss
induced by the power splitter was examined. FDM is a promising
technology for increasing the data rate. To support the FDM,
the THz Tx should operate over a wide frequency range in the
sub-THz-band. We experimentally confirmed the operation of
the photonics-based THz Tx in the WR 3.4 band.

Finally, we discussed the remaining issues in realizing a
practical system. The addressed issues were the limited THz Tx
power, bulkiness of the optical components, large-sized antenna,
polarization dependency, and automatic beam steering. Among
them, we introduced some promising potential solutions, in-
cluding our efforts, such as silicon-based integration and a
UTC-PD with a lensed collimator. We hope that our proposed
sub-THz-band indoor network will be realized in the upcoming
6G era.
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