334 IEEE TRANSACTIONS ON TERAHERTZ SCIENCE AND TECHNOLOGY, VOL. 12, NO. 4, JULY 2022
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Abstract—We developed a silicon (Si) dielectric diplexer mod-
ule for 600-GHz-band frequency-division multiplexing wireless
communication. This diplexer was developed based on Si dielec-
tric waveguide technology, which provides low-loss transmission
characteristics compared with the conventional metallic terahertz-
transmission platform, such as metallic hollow waveguides. It in-
cludes straight waveguides based on an effective medium composed
of Si and air, and a coupler comprising of two adjacent unclad
Si waveguides. Furthermore, for the communication system inte-
gration, we developed a practical and low-insertion loss module
with WR1.5 metallic hollow waveguide input-output interfaces
and modularized the diplexer. We performed transmission mea-
surement experiments with the fabricated diplexer module and
achieved 3-dB bandwidths of 101 and 37 GHz, and crosstalk of
—34 dB at 680 GHz and —41 dB at 618 GHz in the cross and
bar directions, respectively. Finally, we performed a two-channel
wireless communication experiment using the developed diplexer
module in the 600-GHz band. We achieved error-free communica-
tion at 10 and 6 Gbit/s on the cross and bar channels, respectively.
In addition, we achieved a data rate of up to 12.5 Gbit/s at the
forward error correction limits for both channels.

Index Terms—600-GHz band, diplexer, frequency-division
multiplexing (FDM), packaging, silicon (Si) dielectric waveguide,
terahertz (THz) wireless communication.
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I. INTRODUCTION

ERAHERTZ (THz) waves, whose frequencies range from

100 GHz to 10 THz, have attracted significant attention
owing to their potential for high-speed wireless communication,
due to its intrinsic broad bandwidth [1]-[4]. According to previ-
ous research, real-time error-free [bit error rate (BER) < 10711]
wireless communication of 50 Gbit/s has been reported in the
300-GHz band with simple on—off keying modulation [5], [6].
To achieve further high-speed wireless communication, the
600-GHz band is most promising. The 600-GHz band has an
atmospheric window of over 100 GHz [7], which indicates the
frequency region where the atmospheric attenuation rate is low
so that an ultrawide bandwidth can be available [8], [9]. An
error-free wireless communication of 14.5 Gbit/s in the 600-
GHz band using a unitraveling-carrier photodiode (UTC-PD)
transmitter (Tx) [9] and a photonics-based heterodyne receiver
(Rx) scheme has been reported [10].

Moreover, multiplexing technique is a promising method to
expand the potential of THz wireless communication. Multiplex-
ing can enhance the throughput of wireless communication by
transmitting multiple individual carrier signals on a single shared
transmission path. THz wireless communications are expected
to be used for high-capacity multichannel communication in
applications such as intervehicle communications [11], [12],
indoor wireless communications [13], [14], and data center
wireless links [15], and multiplexing plays an essential role
in each of them. Multiplexing is classified in various ways
such as time-division [16]-[18], mode-division [19]-[21], code-
division [22]-[24], and polarization division [25]-[27]. Among
them, the frequency-division multiplexing (FDM) method [28],
which can separate and make effective use of a wide bandwidth,
is most suitable for wireless communication in the THz band,
especially in the 600-GHz band, which includes more than a
100-GHz atmospheric window.

To realize FDM wireless communication in the 600-GHz
band, multiplexers are required to divide and combine carrier
signals at the physical layer. However, at high frequencies of
over the 600-GHz band, conventional transmission platforms
such as metallic hollow waveguides, microstrip lines [29], and
coplanar waveguides [30] suffer from increased transmission
loss caused by skin effect and fabrication process errors [31],
[32]. For example, the propagation loss of WRI1.5 metallic
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hollow waveguides has been experimentally reported to range
between 1-2 dB/cm [33]. Recently, metallic hollow waveguides
using micromachine process techniques [34]-[36], which offer
high processing accuracy, have been developed to solve the
abovementioned problem.

In this article, we report an alternative approach to realize
multiplexers by using silicon (Si) dielectric waveguide tech-
nology [37]-[44] as an efficient passive platform with low-loss
and broadband characteristics in the THz range. According to
previous studies in the 300-GHz band, the propagation loss of Si
dielectric waveguide technology has been reported to be less than
0.05 dB/cm in the operating band, with a bandwidth of 130 GHz
and above [37], [42]. Additionally, functional components such
as high-Q cavities for THz sensors [39] and THz absorbers [45]
using photonic crystals and planar antennas [46] using multiple
taper structures have been demonstrated. In particular, multi-
plexers [43] using unclad and effective medium Si waveguides
are promising for 600-GHz-band FDM wireless communication.

However, there are two challenges in realizing FDM commu-
nication using Si dielectric waveguide technology. The first is
the lack of a packaging technique for Si dielectric waveguide
technology. Until now, intricate alignments using tweezers have
been performed in laboratory experiments, as shown in [40],
[41], and [43]. In addition, the exposed Si dielectric devices
are fragile and difficult to handle owing to their submillimeter
thickness, which is not practical for system applications.

The other is the crosstalk between the channels in Si dielectric
multiplexers causes a performance deterioration in multichannel
simultaneous transmission. Therefore, the previous study [43]
has only been successful in the transmission for each channel
separately.

In this study, we designed an Si diplexer and Si dielectric
waveguide packaging module and demonstrated their operation
through transmission measurements and wireless communica-
tion experiments. In Section II, we developed an Si dielectric
waveguide module with WRI1.5 metallic hollow waveguide
input—output (I/O) interfaces and measured it using a transmit-
tance measurement experiment. In Section III, employing Si
dielectric waveguide technology, we designed an Si dielectric
diplexer, which is a key constituent of FDM communications
in the 600-GHz band. To improve the crosstalk of the diplexer
in accordance with the bandwidth available for wireless com-
munication, we designed a coupler with an optimum coupling
length and separation. Afterward, in Section IV, we describe
the development of a 600-GHz-band two-channel wireless com-
munication system using the developed Si diplexer module
designed in Sections II and IIT and demonstrate its operation.

II. S1 DIELECTRIC WAVEGUIDE PACKAGING MODULE
A. Design

Initially, we developed a packaging module to establish a way
of mounting Si dielectric waveguides, including a diplexer for
FDM wireless communication. The design of the Si dielectric
waveguide packaging module is illustrated in Fig. 1(a). The
module has a cubic structure of 26 mm on each side. This
module consists of two parts, the base and lid, and when in use,
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Fig. 1. Sidielectric waveguide packaging module. (a) Overview. (b) Top view
of the base. (c) Connection between the taper structure of Si sample and module.

the lid is tightened and screwed on. As shown in Fig. 1(b), the
base has a rhombus-like groove carved into it to avoid collision
with the screw holes, which are used for connections to the
metallic hollow waveguide. An Si sample for the 600-GHz-band
Si dielectric waveguide, which has the same shape as that of
the groove and a thickness of 100 pm, can be inserted. Any
Si dielectric component can be utilized by adapting it to the
standardized sample geometry. The clearance between the edge
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Fig. 2. Simulated insertion loss of the designed packaging module.

of the module groove and the Si sample was set to 25 pum,
which is sufficient to hold the sample in the zy-plane. Therefore,
when the Si sample was inserted into the module, the zy-plane
alignment was automatically completed and the connection with
the I/O port of the module was fixed in the best position. In the
vicinity of the electromagnetic wave propagation area of the Si
sample, sufficiently deep grooves of 3000 pm depth were carved
into the base as well as the lid to prevent interference with the
electromagnetic wave propagation.

Each of the four sides of this module has a WR1.5 metallic
hollow waveguide I/O interface, which allows connections to
other metallic hollow waveguide-based components such as THz
sources, detectors, and amplifiers. The taper structure of the
Si sample, whose length is 1 mm, provides a highly efficient
connection of electromagnetic waves between the Si dielectric
components and metallic hollow waveguide interfaces, as shown
inFig. 1(c). The taper insertion depth d was adjusted with a three-
dimensional (3-D) full-wave simulation using CST Microwave
Studio 2020 and determined to be 50 pm to achieve the best
transmission characteristics. To achieve a low insertion loss, we
minimized the length of the I/O metallic hollow waveguide in
the module to 2 mm. Then, we compared the simulated charac-
teristics of the Si dielectric straight waveguide with and without
the module, and calculated the insertion loss of the module, as
shown in Fig. 2. To take into account the material loss due to
metal, the material of the packaging module in the simulation is
gold (electric conductivity: 4.56 x 107 S/m). The insertion loss
was found to be between 0.15-0.25 dB in the frequency range
of 500-800 GHz, and this does not compromise the low-loss
capability of the Si dielectric waveguides. The reason for the
slightly higher insertion loss at low frequency is ascribed to
the increased loss in the vicinity of the cutoff frequency of
fundamental mode (TE10 mode) of the WR1.5 metallic hollow
waveguide interfaces. Hence, it was concluded that the low-loss
property of the Si dielectric waveguides was maintained in the
proposed module.

B. Fabrication

Fig. 3(a) shows the fabricated packaging module for Si dielec-
tric waveguides. The material used for the module was gold-
plated tellurium copper. The fabrication error of the metallic
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Fig. 3. Fabricated packaging module. (a) Overview. (b) View of the base and
lid when Si straight waveguide is mounted. (c) Magnified photograph of the
vicinity of the taper structure insertion area.

hollow waveguide part was approximately £10 pm, and that of
the other metallic parts was approximately £20 pm.

In addition, a straight Si waveguide was fabricated to fit the
rhombus-like groove of this module to estimate its performance,
as shown in Fig. 3(b). This Si dielectric straight waveguide
was fabricated on a 100-um thick high-resistivity Si substrate
(resistivity: 10 k Q-cm, relative permittivity €,: 11.7) using a
deep reactive ion etching (DRIE) process. The thickness of the
Si substrate of the waveguide was set to 100 um to operate in
the 600-GHz band. This was based on the scaling law because
previous studies have reported that the Si dielectric waveguides
with a thickness of 200 pm operated in the 300-GHz band [37].
The fabricated straight waveguide has a line width of 100 pm
and is surrounded by a hexagonal lattice periodic cylindrical
hole array based on the Maxwell-Garnett effective medium
approximation theory [41], [47], with a period of 65 pm and
a diameter of 55 pm. As shown in Fig. 3(c), the taper structure
of the Si dielectric straight waveguide is inserted parallel to the
metallic hollow waveguide section of the packaging module,
indicating good fabrication accuracy. The THz waves in the
waveguide are confined by the total internal reflection between
the effective medium and the waveguide core in-plane, and
between the air and the waveguide core out-of-plane, and prop-
agates with low-loss. The length of the tapering structure was
1000 pm. These taper structures become narrower at the ends,
and the electromagnetic waves from the Si straight waveguides
are gradually converted to propagation modes of the metallic
hollow waveguide and coupled.
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Fig. 4. Evaluation of the designed packaging module. (a) Block diagram of
the evaluation experiment system. (b) Measured and calculated transmission
characteristics of the module when Si straight waveguide is packaged, and
metallic hollow waveguide with a length approximately equal to the module.
Blue, green, yellow, and orange lines denote S31, S42, S11 of the Si module
and S21 of the metallic hollow waveguide, respectively. Solid and dashed lines
denote experimental and simulation, respectively. The vertical axis range in the
upper figure is set from 0 to —5 dB, and the lower figure is set from 0 to —30 dB.

C. Characterization

The transmittance measurement system used to measure the
module is shown in Fig. 4(a). An 18 x multiplier was applied to
generate THz waves ranging from 500 to 750 GHz by multiply-
ing the signal from a millimeter-wave signal generator (SG). The
generated THz waves were injected into the module packaged
with an Si straight waveguide, which was directly connected to
the metallic hollow waveguide interface of the 18x multiplier.
Then, the output signal from the module was measured using a
power meter (PMS5, Virginia Diodes Inc.). The transmittance of
the module was calculated from the measured power difference
measured back to back. To demonstrate the operation in the
two straight-line directions of the module (ports 1-3 and ports
2-4), we measured the transmittance of the Si straight waveguide
mounted along each direction.

As shown in Fig. 4(b), the measured transmittances for S31
and S42 in the two directions were in good agreement with
the simulated ones, and the 3-dB transmission bandwidth was

greater than 250 GHz, indicating that the module was operating
properly. In addition, the reflection coefficient for S11 of the
module was analytically shown to be less than —15 to —20 dB for
all the bands, which indicated that good transmission character-
istics could be expected. As shown in Fig. 4(b), the experimental
characteristics are in good agreement with the simulations, and
the 3-dB transmission bandwidth is over 250 GHz, indicating
that the module is operating properly. Furthermore, in order to
compare a module fabricated using the conventional technique,
we measured a straight metallic hollow waveguide with the
same length (approximately 2.5 cm). These were fabricated
by the same manufacturer using the same metal and plating
material. As shown in Fig. 4(b), the measurement results for the
straight metallic hollow waveguide were significantly degraded
compared with the simulation results because of the effects of
processing errors and scratches on the metal parts, as well as the
energy loss caused by the skin effect.As the skin effect was larger
at higher frequencies, the negative effect of the characteristic
degradation was more pronounced at higher frequencies. The
transmittance of the module with the Si straight waveguide was
approximately 2-3 dB higher than that of a conventional metallic
hollow straight waveguide, which demonstrates the superiority
of the proposed Si dielectric waveguide packaging module with
respect to transmission loss.

III. 600-GHZ-BAND SI DIELECTRIC DIPLEXER

A. Configuration

Fig. 5(a) shows a photograph of the designed Si dielectric
diplexer. As with the Si straight waveguide in the previous
section, the diplexer is fabricated from a 100-pm-thick high-
resistivity Si substrate (resistivity: <10 k{2-cm, relative permit-
tivity €,: 11.7) using the DRIE process. The diplexer is composed
of four straight waveguides, taper structures, and a coupler,
as shown in Fig. 5(b)-(d). The parameters (e.g., line widths,
radius, and period of hole array) of the straight waveguide and
the taper structure are the same as those of the Si dielectric
straight waveguide described in Section II. As shown in Fig. 5(c),
the taper structures are installed at the edge of each straight
waveguide part to provide an I/O interface to the WR 1.5 metallic
hollow waveguide. In the center of the diplexer, we implemented
an evanescent coupler made of two adjacent Si unclad waveg-
uides, which were inclined at 60°. The straight waveguides and
couplers are joined by bent unclad waveguides. In addition, its
shape is designed to match the rhombus-like groove shape of the
packaging module as described in the previous section.

B. Selection of Operation Frequency

To determine the appropriate operating frequency for the
diplexer, we conducted frequency selection experiments us-
ing a 600-GHz-band wireless communication system [10], as
shown in Fig. 6. On the Tx side, the pseudorandom binary
sequence (PRBS) of the 2° — 1 data stream from the pulse
pattern generator (PPG) was applied to the electro-optic ampli-
tude modulator (EOAM), which modulated the optical signals
from a wavelength-tunable laser pair. The frequency difference
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Fig. 6. Block diagram of experimental system for 600-GHz-band wireless
communication to determine operation frequency bands. Blue, red, and green
line denotes optical signal, electric signal, and THz signal, respectively. EDFA:
erbium doped fiber amplifier. PPG: pulse pattern generator. EOAM: electro-
optic amplitude modulator. UTC-PD: unitraveling carrier photodiode. SHM:
sub-harmonic mixer. BERT: bit error rate tester.

of the wavelength-tunable laser pair was changed from 550 to
730 GHz in 4-GHz intervals. Then, the two modulated optical
signals were injected into the UTC-PDs as Txs, and the pho-
tomixing phenomenon [48] generated a modulated THz wave
with a center frequency of 550-730 GHz, corresponding to the
different frequencies of the wavelength-tunable laser pair. The

102

104

106

BER

108 L oe

1010 t .

jo2 LError free ; - : : : ,

550 570 590 610 630 650 670 690 710 730
RF frequency

Fig. 7. Experimental plots of RF carrier frequency vs. BER characteristics
at a data rate of 6 Gbit/s in the 600-GHz band. The orange area indicates the
frequency band where error-free wireless communication is satisfied at a data
rate of 6 Gbit/s.

THz wave radiated from a horn antenna, which was attached
to the UTC-PD, and were received by the sub-harmonic mixer
(SHM). On the Rx side, we employed an optical intermediate
frequency (IF) Rx scheme [10], [49]. The SHM is pumped by
the local oscillator (LO) signal, which is multiplied by a signal
from a millimeter-wave SG with an IF frequency of 16 GHz.
That is, when the radio frequency (RF) frequency is 550 GHz,
the LO frequency should be set to 534 GHz through the 9x
multiplier and down-convert the RF signal to the IF signal. The
IF signal was amplified by two baseband amplifiers and then
up-converted by EOAM to a single-mode optical signal with a
center frequency of 193.4 THz. The EOAM bias is set to the
null point to cut off the sideband signal, either the lower or
upper side bands, with the center carrier signal from the laser
suppressed. The IF signal filtered by the optical bandpass filter,
which has rolloff characteristics of 3.2 dB/GHz in the 1.55-pm
band, is detected by a baseband photodiode (PD) to obtain and
demodulate the data signal. The BER characteristics at each RF
frequency from 550 to 730 GHz were measured with a bit error
rate tester (BERT) after waveform shaping of the demodulated
signal with a limiting amplifier.

Fig. 7 shows the RF frequency and BER characteristics at
a data rate of 6 Gbit/s applied from PPG in a 600-GHz-band
wireless communication system. In the current wireless commu-
nication system, the frequency bands where 6-Gbit/s error-free
communication is possible is limited to approximately 615—
650 GHz and 670-710 GHz. This is caused by the limitation
of output power from UTC-PD [9] and the lack of sensitivity
of SHM in the 600-GHz band. Hence, the Si dielectric diplexer
to be designed must match the broadband and small crosstalk
frequency characteristic region of these bands that are available
for uncongested FDM wireless communications.

C. Design

To achieve FDM communications in the 600-GHz band, we
adjust the coupler coupling length L and coupling spacing S
to align the bandwidth and low-crosstalk frequency band of the
diplexer with the bandwidth of the previous subsection (i.e.,
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615-650 GHz and 670-710 GHz). In general, the electromag-
netic waves propagating on two parallel tracks take on two
different supermodes, odd and even, each with a different phase
constant, 3oqq and Beven [50]. If there is no difference between
the two phase constants (i.e., Soqd = Beven), the two modes
will propagate in the bar direction without being transferred
to the adjacent waveguide in step. However, if there is a finite
difference between the two phase constants (i.e., Bogd # Beven)s
the energy gradually leaks into the adjacent waveguide, and
when the two phase constants reach 7 radians, all the energy
is transferred in the cross direction. In general, we can express
the relationship between the lowest order coupling length L and
the two propagation constants for power transfer in the cross
direction in the following equation:

™

B |50dd - 6even| .

Equation (1) is also synonymous with the minimum state of L,
where all the powers propagate in the cross direction, and this
state is repeated for odd multiples of length L.

To determine the optimum coupling length L and separation
S, the relationship between the center frequency of the electro-
magnetic wave propagating in the cross direction and parameters
L and S were investigated using 3-D full-wave simulation, as
shown in Fig. 8(a) and (b). As the coupling length L is increased,
the center frequency in the cross direction and bar direction shifts
to the high-frequency side, respectively. It can also be noted that
as the coupling separation S is increased, the electromagnetic
coupling between adjacent waveguides becomes weaker, and
thus a longer coupling length L is required in both directions.
It should be noted that by adjusting coupling length L and
separation S, the center frequency can be varied from 550 to
800 GHz in both the bar and cross directions, indicating that the
diplexer can adjust the separation band to match any frequency
band in the 600-GHz band.

In addition, Fig. 8(b) shows the simulated relationship be-
tween the relative bandwidth in the cross direction, coupling
length L of the coupler, and the coupling separation S. This
graph shows that a long coupling length L and narrow coupling
separation S are effective in achieving a wide relative bandwidth.
However, if the coupling separation S is too small, the center
frequency will be shifted significantly owing to a dimension
error of approximately 10 pm in the DRIE fabrication process.
Furthermore, the long coupling length L makes the area of
the diplexer very large, making it difficult to pack the module.
Taking the abovementioned points into account, we eventually
set the coupler parameters to a coupling length L of 2275 pm and
a coupling separation S of 33 pm so that the center frequency
in the cross direction and bar direction is 680 and 618 GHz,
respectively.

L (1)

D. Characterization

As shown in Fig. 9(a), the S-parameters of the diplexer
packaged in the developed module were acquired from the 3-D
full-wave simulation and experiment using the transmittance
measurement system shown in Fig 3(c) in the frequency range
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of 575-800 GHz. The experimental and simulated characteris-
tics are in good agreement. We experimentally achieved 3-dB
transmission bandwidths of 101 and 37 GHz in the cross (from
port 1 to port 3) and the bar (from port 1 to port 2) directions,
respectively. The maximum transmittance of -0.24 and —1.08 dB
was achieved in the cross and bar directions, respectively.
Next, we define crosstalk = —|S31-S21]| from the experi-
mental transmission characteristics in Fig. 9(a), and plot the
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dielectric diplexer calculated from experimental transmission characteristics.
Crosstalk = —|S31-S21]. (¢) Simulated electric-field intensity distribution at
618 GHz propagating in the bar direction. (d) Simulated electric-field intensity
distribution at 680 GHz propagating in the cross direction.

relationship between frequency and crosstalk in Fig. 9(b) We
achieved crosstalk values of —34 dB and —41 dB at frequencies
of 618 and 680 GHz, respectively. We expect that by setting these
frequencies as the carrier frequency in FDM wireless communi-
cation, the low crosstalk of the diplexer can prevent interference
between channels. As shown in the electric field distribution in

Bar ]

3-dB dispersion bandwidth (GHz)

625 650 675

Frequency (GHz)

700 725 750

Fig. 10.  Simulated 3-dB dispersion bandwidth of Si dielectric diplexer. Blue
and orange denote bar and cross direction, respectively.

Fig. 9(c) and (d) at 618 and 680 GHz, the THz wave propagates
in the bar and cross directions, respectively, without leaking to
other ports. Furthermore, S11, which indicates the reflection
coefficient, and S41, which is the transmission to a port not in
use, are both less than approximately —20 dB.

In addition, as shown in Fig. 10, we calculated the 3-dB
dispersion bandwidth [38] of the designed diplexer, which means
that the 3-dB bandwidth is limited by the group delay disper-
sion, given by the group velocity which was obtained from the
3-D full-wave simulation. The 3-dB dispersion bandwidth at
680 GHz in the cross direction and 618 GHz in the bar direction
are 56 and 66 GHz, respectively, which are much higher than the
current maximum wireless transmission data rate of 14.5 Gbit/s
in the 600-GHz band [10]. This indicates that the influence of the
insertion of the diplexer module on the quality of communication
is negligible.

IV. 600-GHz-BAND TwWO-CHANNEL WIRELESS
COMMUNICATION WITH SI DIELECTRIC DIPLEXER MODULE

A. Experimental System

To demonstrate the THz-wave combining operation of the
developed Si diplexer module in a wireless communication
system and the possibility of FDM wireless communication, we
performed a two-channel wireless communication experiment
using the developed diplexer module in the 600-GHz band.
Fig. 11(a) shows a block diagram of the experimental setup for
a 600-GHz-band two-channel wireless communication system
with an Si diplexer module.

On the Tx side, we employed two UTC-PDs for two-channel
wireless communications. The PRBS of the 2° — 1 data stream
from the PPG was applied to two EOAMs, which modulated
the optical signals from two wavelength-tunable laser pairs
with frequency differences of 680 and 618 GHz, respectively.
Then, the two modulated optical signals are injected into two
UTC-PDs used as Txs, which generate modulated THz waves
with center frequencies of 680 and 618 GHz by the photomixing
phenomenon [48]. The THz waves in the cross and bar directions
emitted from UTC-PD 1 (center frequency: 680 GHz) and
UTC-PD 2 (center frequency: 618 GHz), respectively, were
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Fig. 11.  Proof-of-concept wireless communication system for the developed
diplexer module. (a) Block diagram of the two-channel wireless communication
experiment using the developed diplexer module in the 600-GHz band. Blue, red,
and green line denote optical signal, electric signal, and THz signal, respectively.
(b) Photographs of the experimental setup and inside view of the developed
diplexer module.

received by the horn antennas attached to the module ports
corresponding to ports 3 and 2 in Fig. 5(a), and then combined by
the diplexer module. The module port corresponding to port 1 of
the Si diplexer module in Fig. 5(a) is connected to the SHM, and
these combined waves are injected into the SHM that acts as the
heterodyne Rxs to achieve higher sensitivity than the envelope
detectors, as shown in Fig. 11(b). The wireless communication
distance was set to approximately 1 cm in both directions for
the proof-of-concept experiment.

The system for Rx was the same as that described in Sec-
tion III-B. Since there is only one SHM for 600-GHz band in
our lab, the data are acquired by switching the LO frequency
such that each IF frequency is 16 GHz (i.e., fro= 602 GHz
in the bar direction and f1,0= 664 GHz in the cross direction),
while the carrier signals at 680 and 618 GHz are transmitted
from the two UTC-PDs continuously. The signal demodulated
by the baseband PD was shaped by a limiting amplifier, and
the BER and eye diagrams were measured using a BERT and
oscilloscope, respectively.
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Fig. 12. Results of the two-channel wireless communication experiments

using the Si diplexer module in the 600-GHz band. Blue and red denote bar and
cross directions, respectively. (a) BER characteristics at the highest error-free
communication speed, 10 Gbit/s in the cross direction and 6 Gbit/s in the bar
direction. (b) BER characteristics at the maximum communication speed under
the FEC limitation, 12.5 Gbit/s in both bar and cross directions.

B. Result

Fig. 12(a) shows that error-free communication of up to 10
Gbit/s in the cross direction and 6 Gbit/s in the bar direction was
achieved, as indicated by the circled dots. The eye pattern shown
in Fig. 13(a) and (b) opens clearly and no noise is observed,
indicating error-free transmission.

In addition, we achieved a data rate of up to 12.5 Gbit/s on
both channels, which is the maximum data rate that can be output
from the PPG used in this experiment, and was under the forward
error correction (FEC: BER of less than 2.0 x 1073[52]) limit,
as shown in Fig. 12(b). The eye patterns shown in Fig. 13(e)
and (f) show a lot of noise between the eye openings, and
the maximum BER measured by BERT were 2.8 x 10~° and
4.4 x 10~* in the cross and bar directions, respectively. The
major factor in limiting the BER characteristics is the low
signal-to-noise ratio, which is due to the low transmit power of
UTC-PDs, up to —23.9 dBm. In the future, it could be possible
to increase the output power by improving the elements and
the internal circuit of the UTC-PD module, and by performing
spatial power synthesis [53] in the cross and bar directions,
respectively. Furthermore, other methods, such as increasing
the IF frequency or introducing an equalizer after the SHM to
pseudoenhance the IF bandwidth of the SHM can be used.
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Fig. 13. Demodulated eye diagrams of the two-channel wireless communica-
tion experiment using the Si diplexer module in 600-GHz band. (a) Two-channel
transmission at data rate of 10 Gbit/s in the cross direction. (b) Two-channel
transmission at data rate of 6 Gbit/s in the bar direction. (c) Two-channel
transmission at data rate of 12.5 Gbit/s in the cross direction. BER = 2.8 x 10~2.
(d) Two-channel transmission at data rate of 12.5 Gbit/s in the bar direction.
BER =4.4 x 1074

V. CONCLUSION

In this study, we developed an Si dielectric diplexer and Si
dielectric waveguide packaging module for FDM multichannel
wireless communication in the THz band and demonstrated
its operation by transmission characteristic measurements and
wireless communication experiments in the 600-GHz band.

A packaging module for Si dielectric waveguides with WR1.5
standard metallic hollow waveguides was developed and suc-
cessfully operated with an insertion loss of about 0.2 dB, while
maintaining the low-loss characteristics of the dielectric wave-
guide technology.

Furthermore, we designed an Si dielectric diplexer, which is a
key device for FDM communication. The coupling length L and
coupling separation S of the diplexer are optimized to improve
the crosstalk between the diplexers in the region capable of
wireless communication in the 600-GHz band, which eliminates
the negative impact caused by channel crosstalk. We succeeded
in achieving an Si dielectric diplexer mounted packaging module
with a 3-dB bandwidth of 101 GHz in the cross direction and
37 GHz in the bar direction. The crosstalk of the diplexer at
680 GHz in the cross direction and 618 GHz in the bar direction
were —34 and —41 dB, respectively.

In addition, we performed two-channel wireless communi-
cation in the 600-GHz band using the developed Si dielectric
diplexer to verify its operation. As a result, error-free wireless
communication of up to 10 and 6 Gbit/s could be achieved in
the cross and bar directions, respectively. Moreover, under the
FEC limitation, 12.5 Gbit/s is achieved on both channels.

In the future, we will attempt to conduct two-channel FDM
wireless transmission using two SHM receivers, UTC-PD trans-
mitters, and Si diplexer modules at both the Tx and Rx sides.
Additionally, to improve the wireless communication speed in
the 600-GHz band, we will improve the performance of the

UTC-PD transmitter for higher powers and SHM receiver for
higher sensitivity and wider RF/IF bandwidth. In addition to
increasing the number of integrated couplers and I/O taper
structures in the Si dielectric waveguide circuit, as well as the
number of I/O ports in the module, we aim to realize an Si
dielectric multiplexer module and then use it to conduct further
multichannel FDM wireless communication experiments. Fur-
thermore, the proposed packaging module for the Si dielectric
waveguide technology is expected to be applied to the integration
of sensing systems using dielectric half mirrors and ultralow
loss THz combiners/dividers using Y-junction waveguides and
on-chip system integration with THz sources and detectors [54].
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