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SUMMARY  We achieved 10-Gbit/s data transmission using a cutting-
edge 120-GHz-band high-speed contactless communication technology,
which allows seamless connection to a local area network (LAN) by simply
placing devices on a desk. We propose a glass substrate-integrated rect-
angular waveguide that can control the permeability of the top surface to
120-GHz signals by contacting a dielectric substrate with the substrate. The
top surface of the rectangular waveguide was replaced with a glass substrate
on which split-ring resonators (SRRs) were integrated. The transmission
loss of the waveguide with a glass substrate was 2.5 dB at 125 GHz. When
a dielectric sheet with a line pattern formed on the contact surface was in
contact with a glass substrate, the transmission loss from the waveguide to
the dielectric sheet was 19.2dB at 125 GHz. We achieved 10-Gbit/s data
transmission by contacting a dielectric sheet to the SRR-integrated glass
substrate.

key words:  millimeter-wave wireless communications, bandstop filter,
bandpass filter, metasurface

1. Introduction

The use of wireless local area networks (LAN) is expand-
ing because they do not require wired cable connections
and allow mobile terminals to freely connect to networks
at various locations in a room. With increasing demands,
wireless LANs are becoming increasingly faster, with trans-
mission speeds of up to 6.9 Gbit/s for IEEE 802.11.ac[1]
and 9.6 Gbit/s for IEEE 802.11.ax[2]. However, conven-
tional wireless LAN technology limits the number of chan-
nels of access points and interchannel interference, resulting
in unstable communication [3].

Sheet LAN is a potential candidate for addressing wire-
less LAN issues, including access concentration and interfer-
ence at access points [4]. It is a new communication method
that enables contactless connection with a LAN by simply
placing mobile devices on a desk. A desk mounted with a
LAN sheet is already in use. Sheet LAN transmits radio
waves in the 5-GHz band by confining radio waves inside a
dielectric sheet, achieving a maximum transmission speed of
300 Mbit/s [S]. One way to increase the data rate of the sheet
LAN is to use a > 100-GHz-band millimeter-wave (MMW)
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signal. Data transmissions of 10 Gbit/s and > 100 Gbit/s
have been reported using 120 and 300 GHz wireless links,
respectively [6]-[12].

In order to investigate how to boost the data rate of sheet
LAN by utilizing a 120-GHz-band signal, we have been de-
veloping a 120-GHz-band sheet LAN technology [4]. In this
study, a 120-GHz-band signal was transmitted in a dielectric
sheet (Rogers RT/duroid 5880([13]), and we achieved 10-
Gbit/s data transmission. However, due to the MMW sig-
nal’s high transmission loss [14], creating a 120-GHz band
sheet LAN with a length of more than 1 m is challenging.
For achieving a transmission distances of several meters, we
investigate sheet LAN with hollow rectangular waveguides
characterized by a low transmission loss of > 100-GHz-
band signals. However, even if the receiver is in contact
with the hollow rectangular waveguide, it cannot pick up
radio signals traveling through it because the metal plates
surrounding the waveguide’s propagation route prevent it
from doing so. We have proposed a hollow rectangular
waveguide with split ring resonator (SRR)-integrated glass
substrates in place of a metal plate on the top surface of
the waveguide in order to achieve > 10-Gbps data trans-
mission in a sheet LAN[15]. An SRR can produce the de-
sired magnetic susceptibility (magnetic response), creating
the necessary strong magnetic coupling with an applied elec-
tromagnetic field [16]-[20]. We developed 120-GHz-band
radio wave absorbers and bandpass filters based on SRRs and
successfully achieved 10 Gbit/s data transmission over 120-
GHz-band wireless links using these devices [21]-[25]. The
SRR integrated on the surface of the glass substrate reflected
a 120-GHz-band signal traveling in the hollow waveguide,
and the measured transmission loss of the glass-integrated
rectangular waveguide was approximately 5 dB at 125 GHz.
A portion of the millimeter-wave signal flowing in the wave-
guide was routed through the glass substrate to the dielectric
sheet when a dielectric sheet was placed on the glass sub-
strate. The transmission loss from the waveguide to the
dielectric sheet was 21.2dB at 125 GHz.

This paper presents a 10-Gbit/s data transmission with a
120-GHz-band close-proximity wireless link that employs a
hollow rectangular waveguide with an SRR-integrated glass
substrate. The transmission characteristics of a hollow rect-
angular waveguide with an SRR-integrated glass substrate
were improved by increasing the precision of the mounting
position on the glass substrate. Next, the transmission loss
from the waveguide to the dielectric sheet in contact with
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the glass substrate was reduced by integrating line patterns
on the contact surface of the dielectric sheet. We conducted
a data transmission experiment using a hollow rectangular
waveguide with an SRR-integrated glass substrate and a di-
electric sheet with line patterns and succeeded in 10-Gbit/s
data transmission.

2. Design of Hollow Rectangular Waveguide with Split
Ring Resonator Integrated Glass Substrate

Figure 1 shows a conceptual diagram of the proposed sheet
LAN system. A portion of the top surface of the hollow
waveguide was removed, and a glass substrate was placed on
the top surface to form the surface. The SRRs on the glass
substrate reflect the 120-GHz-band MMW signal traveling
in the hollow rectangular waveguide when no dielectric sheet
is in contact with the glass substrate, as shown in Fig. 1 (a),
which reduces the transmission loss from Port 1 to Port 2.
When a dielectric sheet with line patterns is in contact with a
glass substrate (Fig. 1 (b)), the resonant characteristics of the
SRRs change, and a portion of the millimeter-wave signal
propagating in the waveguide is guided through the glass
substrate to the dielectric sheet.

Figure 2 shows schematics of the simulation models for
full 3D electromagnetic (EM) simulations based on the finite
element method (ANSYS HFSS). The size of the glass sub-
strate was 7.714 mm X 3.6 mm, and the thickness of the glass
substrate was 0.2 mm. The SRRs on the glass substrate were
formed by a 5-um-thick gold film. The manufacturing pro-
cess was carried out according to the following procedures.
First, Ti/Pd thin film was formed on the quartz substrate. Af-
ter resist coating and resist pattern formation, SRR patterns
are formed by gold plating. Next, after stripping the resist,
the unnecessary Ti/Pd thin film is removed by etching. The
gold conductivity was set to 41000000 siemens/m. The size
of the hollow rectangular waveguide was 2 mm X 1 mm, and
its length was 12.7mm. Rogers RT/Duroid 5880 was used
as a dielectric sheet. The width and thickness of the di-

SRR rectangular waveguide
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120-GHz-band MMW signal
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line pattern Port 3
Port 1 Port 2
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Fig.1  Concept diagram of the LAN sheet system (a) when no dielectric
sheet contacts the glass substrate, and (b) when a dielectric sheet contacts
with the glass sheet.
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electric sheet were 2.5 mm and 0.78 mm, respectively. Two
cross-sections of the hollow rectangular waveguide were set
up as ports 1 and 2. The section of the dielectric sheet on the
same side as Port 2 was designated as port 3. Figure 3 (a)
shows the SRR unit cell simulation model. We simulated the
transmission loss of the hollow rectangular waveguide with
an SRR-integrated glass substrate (S, ) for the case where no
dielectric sheet is in contact with the dielectric sheet. SRR
size parameters are as follows, unit cell size (a): 500 ym,
SRR side length (b): 457 um, capacitor length (c): 200 um,
capacitor gap (d): 21 um, linewidth (e, L, wl): 87 um, and
gap between impedance and capacitor section (w2): 56 um.

The dielectric sheet simulation model with added line
patterns is shown in Fig. 4. This line pattern is designed to
minimize the transmission loss from the rectangular wave-
guide to the dielectric sheet at 125 GHz when the dielectric
sheet contacts the SRR integrated glass substrate. The dis-
tance from the edge of the dielectric sheet to the line patterns
(f): 152 pm, the line width of the line patterns (g): 120 um,
the distance between the line patterns (h): 155 um, and line
pattern length: 7.5 mm.

Figure 5 shows the simulation results for the hollow
waveguide models shown in Fig.2. We simulated the Sy,

SRR line pattern

glass substrate

Rogers RT/duroid 5880 rectangular waveguide

Port 3
Port 2 Port 1

Rogers RT/duroid 5880

Tl

glass substrate

rectangular

— waveguide

Fig.2  Schematic diagrams of simulation models for the hollow rectan-
gular waveguide with SRR integrated glass substrate.
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Fig.3  (a) Schematic diagrams of SRR unit cell, (b) Photograph of SRR
integrated glass substrate and waveguide module.
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Fig.4  Schematic diagram of simulation model of dielectric sheet with
line pattern added.
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Fig.5 Simulated S; of the waveguide with SRR integrated glass sub-
strate and without SRR integrated glass substrate.

characteristics of a hollow waveguide with and without a
glass substrate on the top surface to investigate the impact
of the glass substrate on the transmission properties of the
hollow waveguide. S;; at 125 GHz was —2.31 dB when the
glass substrate was integrated into the hole at the top sur-
face of the hollow waveguide and —14.1 dB when the glass
substrate was removed from the hole at the top surface of
the hollow waveguide. Figure 6 (a) and 6 (b) show the simu-
lated electric field distributions of the hollow waveguide with
and without the glass substrate, respectively. In the electric
field distribution of the model without the glass substrate in
Fig. 6 (a), the 120-GHz-band signal leaks through the hole at
the top surface of the waveguide. When the glass substrate
is integrated into the hole at the top surface of the waveguide
(Fig. 6 (b)), the 120-GHz-band signal leaking through the
hole at the top surface of the waveguide is suppressed, and
the transmission loss of the 120-GHz-band signal traveling
inside the waveguide is also reduced. Based on these results,
the integration of the glass substrate into the hole on the top
surface of the waveguide reduces the transmission loss by
approximately 11.79 dB.

We prototyped an SRR-integrated glass substrate and
waveguide module with a hole of the same size as that of
the glass substrate on the top surface of a hollow square
waveguide. A glass substrate was attached to the holes. Fig-
ure 3 (b) shows a photograph of the prototype SRR-integrated
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Fig.6  (a) Simulation results of the electric field distribution without SRR

integrated glass substrate. (b) Results of electric field distribution with an
SRR integrated glass substrate.
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Fig.7 Measured and simulated S;; and S of the waveguide with SRR
integrated glass substrate.

glass substrate and the waveguide module on which the glass
substrate was integrated. We measured the transmission loss
of the waveguide module using a vector network analyzer
(VNA). The frequency extenders of the VNA were con-
nected to both waveguide ports of the waveguide module.
Furthermore, we fabricated a waveguide module of the same
size with no holes on top and measured its transmission loss.
We calculated the difference in the transmission loss between
these two modules and defined it as the transmission loss of
the waveguide with the SRR-integrated glass substrate.

Figure 7 shows the simulated and measured transmis-
sion losses of the waveguide shown in Fig. 3 (a). The simula-
tion results indicated that the transmission loss ranged from
2to5dB at 110-130 GHz. The simulated S,; was —2.3 dB at
125 GHz. The measured S,; was —2.5 dB at 125 GHz, which
is almost the same as the simulated S;;. The fluctuation of
Sy1 from 115 to 135 GHz was 2.5dB, and this frequency
characteristic was sufficient for 10-Gbit/s data transmission
with the ASK modulation scheme. In addition, the trans-
mission losses were higher than those simulated results at
110-120 GHz. We believe that this difference arises from a
gap or misalignment of the position of the SRR-integrated
glass substrate during mounting.
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Fig.8 Simulation results of S parameters with and without line patterns
on the dielectric sheet in contact with the top of the waveguide.

3. Contactless Communication Using Dielectric Sheet

We investigated the possibility of extracting part of the
millimeter-wave signal propagating in a hollow square wave-
guide and communicating with it by bringing the dielectric
sheet into contact with a glass substrate placed on the top sur-
face of the hollow square waveguide, as shown in Fig. 1 (b).
Line pattern was added to the surface of the dielectric sheetin
contact with the glass substrate to increase the proportion of
120-GHz-band signal that are guided to the dielectric sheet.
Figures 8 and 9 shows the simulation results of S parame-
ters and electric field distribution with and without the line
pattern on the dielectric sheet, respectively. The simulation
results showed that S;; was —2.52 dB and S3; was —22.12 dB
at 125 GHz, when no line pattern was added to the dielec-
tric sheet, and S,; was —7.25dB and S3; was —16.99dB at
125 GHz when a line pattern was added. The transmission
loss tended to be lower at from 110 to 130 GHz when a line
pattern was added. In addition, the electric field distribution
in Fig.9 shows that the magnitude of the signal guided to
the dielectric sheet is stronger when the line pattern is added
(Fig. 9 (c)) compared to that when no line pattern is added
(Fig. 9 (a)) at 125 GHz. On the contrary, S3; with line pat-
tern is lower than that without line pattern at over 130 GHz.
We added the simulation results of electric field distribution
at 125 GHz and 135 GHz as Fig. 9. When a dielectric sheet
with no line pattern is in contact at 135 GHz (Fig.9 (b)),
a standing wave is generated at the glass substrate and the
waveguide below it, and the 135 GHz band signal does not
travel in the waveguide beyond the glass substrate. As a
result, the leaked 135 GHz band signal is considered to have
been guided to the dielectric sheet. On the other hand, the
obvious standing wave was not observed at 135 GHz in case
of the dielectric sheet without line pattern (Fig.9 (d)). The
presence or absence of these standing waves may be the
cause of the difference in S3; at over 130 GHz. These results
indicate that adding a line pattern to the dielectric sheet can
guide 125 GHz signals to the dielectric sheet side.

Then, the transmission loss from the waveguide to the
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Fig.9 (a, b) Simulation results of electric field distribution at 125 GHz
(a) and 135 GHz (b) when line patterns are not formed on dielectric sheets.
(c, d) Simulation results of the electric field distribution at 125 GHz (c) and
135 GHz (d) when the line patterns are formed on the dielectric sheet.

dielectric sheet was measured using a VNA. Figure 10 (a)
shows a photograph of the measurement setup. A frequency
extender was attached to the waveguide port of the wave-
guide module (Port 1), and another frequency extender was
attached to the dielectric sheet (Port 3). The other waveguide
port (Port 2) was terminated using a waveguide load. Rogers
RT/Duroid 5880 was used as the dielectric sheet. The length,
width, and thickness of the dielectric sheets were 100, 2.5,
and 0.78 mm, respectively. One of the dielectric sheet’s tips
was tapered, and the tapered section was inserted into the
frequency extender’s waveguide to reduce transmission loss
at Port 3. The other tip of the dielectric sheet is attached to
the glass substrate. Figure 10 (b) shows a photograph of the
tip of the dielectric sheet in contact with the glass substrate.
A 100 mm-long dielectric sheet was connected to the wave-
guide port of the frequency extender by bending it such that
it did not hit the waveguide module.

Figure 11 shows the measurement results of the trans-
mission loss from the waveguide to the dielectric sheet in
contact with and without the glass substrate on the hollow
rectangular waveguide. The measured S3; at 125 GHz was
—18.8 dB in case the line patterns are formed on the dielec-
tric sheet, that was —23.7 dB in case there is no line pattern
on the dielectric sheet. Therefore, the use of line pattern on
the dielectric sheet decreases the transmission loss from the
waveguide to the dielectric sheet by 4.9 dB.

It is important to evaluate the effect of bending the
dielectric sheet on the transmission properties, because ra-
diation loss occurs at the bending point of the dielectric
sheet. Therefore, we measured the increase in the transmis-
sion loss of the dielectric sheet when it was bent. When the
dielectric sheet was bent twice at 45 degree as shown in the
photo in Fig. 10 (a), the increase in transmission loss of the
dielectric sheet was approximately 3.5 dB at 125 GHz. The
measured S3; at 125 GHz was —18.8 dB in case of the dielec-
tric sheet with line pattern. Excluding the effect of bending
of the dielectric sheet, the proportion of the 125 GHz signal
guided into the dielectric sheet by contact is estimated to be
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Fig.10  (a) Photograph of the measurement setup for the transmission
loss from the waveguide to the dielectric sheet. (b) Photograph of the tip of
the dielectric sheet in contact with the glass substrate.

—15.3dB. The fluctuation of S3; from 118 to 132 GHz was
about 3.2 dB. These frequency characteristics are sufficient
for 10-Gbit/s data transmission with the ASK modulation
scheme.

The measurement results for S,; with and without
the dielectric sheet in contact, are also shown in Fig. 11.
The measurement results showed that S,; was —2.6dB at
125 GHz when the dielectric sheet was not in contact with
the glass substrate. On the other hand, measured S;; was
—4.0dB and S3; was —23.7 dB at 125 GHz, when no line pat-
tern was formed to the dielectric sheet, and S,; was —5.1 dB
and S3; was —17.7dB at 125 GHz when a line pattern was
formed. The measured transmission loss of a hollow rect-
angular waveguide with SRR integrated glass substrate in-
creased by 1.4 dB when the dielectric sheet without line pat-
terns was in contact with the glass substrate. This is because
a portion of the MMW signal propagating in the hollow rect-
angular waveguide is guided by the dielectric sheet. On the
other hand, the simulation results in Fig. 7 and 8 shows that
the transmission loss increased by 0.2 dB by contacting the
dielectric sheet without line pattern. We suppose that the
difference of the increase in the transmission loss by con-
tacting the dielectric sheet without line pattern between the
experiment and the simulation can be attributed to the dif-
ference in the actual contact conditions between the glass
and the dielectric sheet in the experiment and the simulation
model.

The experimental result of S atis 1.5 dB larger than the
simulation result of S,; in case the dielectric sheet without
line pattern was in contact with the glass substrate. On the
other hand, the experimental result of S,; is 2.2 dB smaller
than the simulation result of S»; when the dielectric sheet
with line pattern was in contact with the glass substrate.
Moreover, the simulation and experimental results deviated
significantly at frequencies above 130 GHz. The reason for
this is thought to be the difference between the simulation
model and the actual waveguide module and the differences
in the contact conditions between the dielectric sheet and the
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Fig.11  Measurement results of the transmission loss from the waveguide
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hollow rectangular waveguide.
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Fig.12  (a) Schematic diagram and (b) photograph of experimental setup
for data transmission characteristics of contactless communication.

glass substrate.

Finally, we verified the feasibility of data transmission
through a dielectric sheet by contacting it with a glass-
substrate-integrated hollow waveguide. Figures 12 (a) and
12 (b) show a schematic diagram and photograph of the ex-
perimental setup for data transmission characteristics of con-
tactless communication using the dielectric sheet and hollow
rectangular waveguide with an SRR-integrated glass sub-
strate, respectively. The measurement setup for data trans-
mission employed an ASK modulation scheme and envelope
detection. The 120-GHz-band transmitter employs the op-
tical generation of 120-GHz-band wireless signals based on
two-mode beating. A 125-GHz-band optical subcarrier sig-
nal was generated by combining the output of two single-
mode lasers (SMLs) and an optical intensity modulator
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Fig.13  Biterror rate (BER) characteristics of the wireless data transmis-
sion system at a data rate of 10.0 Gbit/s.
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Fig.14  Biterror rate (BER) characteristics of the wireless data transmis-
sion system at a data rate of 10.0 Gbit/s.

(OIM) modulated 125-GHz-band optical subcarrier signal
using 10 Gbit/s data generated by a pulse pattern generator
(PPG). The optical signal was amplified by an erbium-doped
fiber amplifier (EDFA) and input into a uni-traveling carrier
photodiode (UTC-PD) module [26]-[28], which converted
the optical subcarrier signal to a 120-GHz-band MMW sig-
nal. The O/E-converted signal was amplified using a 120-
GHz-band amplifier module [29], [30]. The waveguide out-
put port of the amplifier module was connected to Port 1
of the waveguide module, as shown in Fig. 12 (a). Port 2
of the waveguide module was terminated using a waveguide
terminator. One of the tips of the 100-mm-long dielectric
sheet was in contact with the glass substrate of the waveguide
module, and the other tip of the dielectric sheet was inserted
into the input port of the Schottky barrier diode (SBD) de-
tector. The demodulated data signals are amplified using a
baseband amplifier and fed into an error-rate detector (ED)
or sampling oscilloscope. Figure 12 shows the eye pattern
of the demodulated 10 Gbit/s data signal when the Tx out-
put power was 0.5dBm. Clear eye opening was observed.
Figure 14 shows the dependence of the bit error rate (BER)
characteristics of contactless communication on the Tx out-
put power. Tx output power was measured at the output
port of the 120-GHz-band amplifier module by connecting
a power meter instead of the waveguide module. A bit error
rate (BER) of below 10~!! was obtained with a transmis-
sion power of over —2.5dBm at a data rate of 2.5 Gbit/s.
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When the data rate was 10 Gbit/s, a BER below 107!! was
obtained with a Tx output power of 0.4dBm. The BER
characteristics at 10 Gbit/s characteristic is significantly de-
graded from those at 1.0 Gbit/s and 2.5 Gbit/s. As shown
in Fig. 11, the transmission characteristics at the dielectric
sheet contact are not flat at 118-132 GHz, which is the oc-
cupied bandwidth necessary for 10 Gbps data transmission.
This fluctuation of the transmission characteristics causes
the distortion of the 120-GHz-band wireless signal, which
deteriorates the wireless data transmission characteristics at
10Gbps. Thus, 10 Gbit/s data transmission through a di-
electric sheet was achieved by contacting the dielectric sheet
with a glass substrate-integrated hollow waveguide.

4. Conclusions

We developed a hollow rectangular waveguide with an SRR-
integrated glass substrate and applied it to a 120-GHz-band
high-speed contactless communication. The SRR integrated
on the surface of the glass substrate reflects a 120-GHz-band
signal traveling in the hollow waveguide. The transmission
loss of the hollow rectangular waveguide with the SRR-
integrated glass substrate was 2.5 dB at 125 GHz. The trans-
mission loss from waveguide to dielectric sheet at 125 GHz
was 19.2 dB when the dielectric sheet was in contact with a
glass substrate and had a line pattern established on the con-
tact surface. We succeeded in 10-Gbit/s data transmission
through a dielectric sheet by contacting the dielectric sheet
with a glass-substrate-integrated hollow waveguide. These
technologies enable high-speed contactless connections with
LAN by simply placing mobile devices on a desk.
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