Design and Experiment Results of High-Speed
Wireless Link Using Sub-terahertz Wave
Generated by Photonics-Based Technology

Using a sub-terahertz (sub-THz) wave generated using a
photonics-based technology, a high-speed wireless link
operating at up to 10 Gbps is designed and demonstrated
for realization of seamless connectivity between wireless
and wired networks. The sub-THz region is focused upon
because of the possibility to obtain sufficient bandwidth
without interference with the allocated RF bands. To
verify the high-speed wireless link, such dynamic
characteristics as the eye diagrams and bit error rate
(BER) are measured at up to 10 Gbps for non-return-to-
zero pseudorandom binary sequence 2*'—1 data. From the
measurement results, a receiver sensitivity of —23.5 dBm at
BER=10" is observed without any error corrections
when the link distance between the transmitter and
receiver is 3 m. Consequently, we hope that our design and
experiment results will be helpful in implementing a high-
speed wireless link using a sub-THz wave.
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1. Introduction

The terahertz (THz) frequency range, which is from
100 GHz to 10 THz, lies in the frequency gap between infrared
and microwave wavelengths [1]. The properties and
propagation characteristics of THz waves are shorter
wavelengths for imaging applications with sufficient spatial
resolution, unlicensed spectrum with wide bandwidths in the
case of radio communication, transparency for non-metal
materials, and the existence of a substance-intrinsic (gas, liquid,
and solid) spectrum.

This range has rarely been used for commercial applications
owing to a lack of cost-effective sources and detectors [2].
Today, based on innovations and breakthroughs in photonics
and nanotechnology, THz sources and detectors are feasible
with reasonable cost and reliable performances for commercial
products. THz time-domain spectroscopy and THz imaging
systems were introduced to analyze the scientific behaviors of
materials and to secure human safety [3], [4].

One of the candidate application fields is a high-speed
wireless link because of its possibility to obtain a sufficient
bandwidth without interference with the allocated RF bands. A
high-speed wireless link can be applicable to a wireless
backhaul and seamless connectivity between wired and
wireless networks as fixed wireless access. Such a link can
apply to the transfer of high-quantity data, such as high-
definition multimedia files from a personal information
terminal to a storage device. To implement a high-speed
wireless link, the sub-THz range, which is from 100 GHz to
1 THz, is focused upon, owing to a lower atmospheric loss gap,
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such as at around 100 GHz, 240 GHz, and 400 GHz [5], [6].

A key component to realizing a high-speed wireless link
using a sub-THz wave is a stable continuous wave (CW)
generator [7]-[9]. In terms of the method used to make a CW
generator, a high-speed wireless link can be distinguished
between those based on photonics and those based on
electronics technology [8]. In the case of a sub-THz CW
generator based on electronics, a frequency multiplier scheme
is usually researched using InP, GaAs, SiGe, and Si
technologies [10]-[16]. In addition, there has been a great deal
of research activity in generating a sub-THz CW based on
photonics, such as quantum cascade lasers [17]-[21] and
photomixing two lightwaves with different wavelengths [7],
[8],[17], [22], [23]. This is because there are certain advantages,
such as a wider tunability, narrower spectral linewidth, and
lower degree of implementation difficulty than electronics-
based technology.

In photonics-based technology, photomixing has been
widely studied in attempts to make a sub-THz CW because of
several advantages, such as a high spectral purity, desirable
frequency tunability, narrow spectral linewidth, and room-
temperature operation, in comparison with the same qualities
of the other schemes [7], [8], [17], [22], [23]. One of the well-
known photomixing techniques is a usual double sideband-
suppressed carrier (DSB-SC) scheme, which can easily obtain
two strongly correlated lightwaves with relatively simple
configurations.

Accordingly, a sub-THz transmitter (Tx) based on photonics-
based technology is implemented to design and demonstrate a
high-speed wireless link. A sub-THz Tx is composed of a
photonic oscillator based on the usual DSB-SC scheme, a
modulator, and a sub-THz generator. The photonic oscillator
generates two correlated lightwaves with wavelength
differences, which correspond to the frequency of the desired
sub-THz wave. The output of the photonic oscillator is
modulated with data on the modulator. The sub-THz generator
then gives rise to and radiates the wanted sub-THz wave. A
sub-THz receiver (Rx), which is an envelope detector, consists
of a Schottky barrier diode (SBD) and pre- and post-amplifiers.

Using optical and electrical spectrum analyzers and an
oscilloscope, the sub-THz Tx is verified for the frequency and
the time domain. The fiber-optic components operating in
wavelength ranges of 1,550 nm are used to generate a
120-GHz CW. With non-return-to-zero (NRZ) pseudorandom
binary sequence (PRBS) 2°'-1 data, an eye diagram of
10 Gbps is observed to evaluate the modulator. The
performances of the sub-THz Rx are also verified using a back-
to-back test with the sub-THz Tx. Dynamic performances such
as the eye diagrams and bit error rate (BER) are measured with
a link distance of 3 m between the sub-THz Tx and the sub-
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THz Rx. A receiver sensitivity of —23.5 dBm at BER=10"
with 10-Gbps NRZ PRBS 2*'-1 data is observed without any
error corrections. Accordingly, we find that a high-speed
wireless link using the sub-THz wave based on photonics-
based technology is feasible.

In [24], there were some filters, such as a planar lightwave
circuit, that integrated an arrayed waveguide grating and 3-dB
coupler with an optical bandpass filter before a photomixer to
increase the spectral purity of a sub-THz CW. A clock-data
recovery and an electro-optic conversion circuitry for error
corrections were also used to improve the eye diagrams and
BER performances. In this work, a single wavelength laser is
used, whereas two discrete wavelength-tunable lasers were
used to make a sub-THz CW in [25]. Accordingly, a stabilizer
should have been applied in [25] to ensure correlations
between two discrete wavelength-tunable lasers for stable
performances of the wireless link.

Based on our experiment results, we find it feasible that
more cost-effective solutions for a high-speed wireless link
using a sub-THz wave can be implemented without an error
correction scheme, high-cost filters, and a stabilizer compared
to that of previous work [24], [25]. Consequently, we hope that
our design and experiment results can be helpful to realize a
high-speed wireless link using the sub-THz wave.

II. Design Concepts of Sub-THz Tx and Rx

A block diagram of the sub-THz Tx based on photonics-
based technology is shown in Fig. 1. The sub-THz Tx consists
of a photonic oscillator, a modulator, and a sub-THz generator.
The photonic oscillator, which is configured using a usual
DSB-SC scheme, emits two strongly correlated lightwaves
with wavelength differences corresponding to the wanted sub-
THz frequency (fry,). The lightwaves go to the modulator and
are modulated with the data. The modulated sub-THz wave is
generated at the sub-THz generator after photomixing them
and radiated into free space. To use mature fiber-optic
technologies, which have been well developed in optical
communication fields, such as fiber-to-the-home services,
fiber-optic components with wavelengths of 1,550 nm are
applied to the sub-THz Tx. A polarization-maintaining fiber
(PMF) technique is included to suppress the loss produced
from polarization mismatches between lightwaves.

The photonic oscillator is composed of an optical source, an
optical intensity modulator (IM), a local oscillator (LO), and an
erbium-doped fiber amplifier (EDFA), as illustrated in Fig. 2,
with its verification setup. The terms f o, Ac, Pc, As, and Ppsp.sc
are the frequency of the LO, the wavelength and power of the
optical carrier emitted by the optical source, and the
wavelength and power of the double sideband (DSB) signals,
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Fig. 2. Schematic of photonic oscillator with verification setup.

respectively. To make the DSB signals, the optical carrier is
modulated with the frequency and power of the LO on the IM.
Based on the work in [26] and [27], the DSB-SC signals are
completed by suppressing the optical carrier using the null-
biased IM. The EDFA then amplifies the DSB-SC signals to
increase the power of the sub-THz wave generated by
photomixing the DSB-SC signals.

The verification setup consists of the following: a 2x1 3-dB
coupler; a photomixer, which operates with a reverse bias
voltage; an electrical spectrum analyzer (ESA); and an optical
spectrum analyzer (OSA). The 2x1 3-dB coupler splits the
output of the EDFA into two paths. One goes to the OSA to
verify the optical performances of the photonic oscillator. The
other goes to the photomixer with the ESA to generate and
measure the sub-THz wave.

Using the sum of the square roots and Cartesian coordinates,
the instantaneous electric field intensities of the photomixed
output power (E, (0,¢)) of the photonic oscillator can be

ph
approximately expressed, as in [28] and [29], as

E, (0,¢)= (ES’X2 +Eg )} ) cos (47 f;t)
+2(Es  E., +Eg E. , )cos (27 f, 1)
+The _Others, M
where Es,, Es,, Ecy, and E¢, are the x- and y-axis components
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Fig. 4. Block diagram of sub-THz Rx.

of the DSB signals and the optical carrier, respectively.
The_Others includes the optical rectification (DC terms), the
second harmonics, and the sum frequency terms. The second
harmonics and the sum frequency terms, which have a
frequency of over 100 THz, are out of the sub-THz range
Accordingly, The Others can be negligible. The first term is
the wanted sub-THz wave, which has a frequency
corresponding to a wavelength difference between DSB
signals. The second term is noise, which is induced by the
optical carrier. From (1), we find that the optical carrier should
be sufficiently suppressed to minimize the noise term.

Figure 3 shows a schematic of the modulator and the sub-
THz generator of the sub-THz Tx. The modulator modulates
the DSB-SC signals with the amplitude shift keying (ASK)
data. It is simply composed of the following: a DC power
supplier; an IM with a bias stabilizer; a drive amp (DA), which
amplifies the ASK data for sufficient operation of the IM up to
10 Gbps; and an EDFA, which is used to compensate for the
insertion loss of the IM. The sub-THz generator consists of a
photomixer, a DC power supplier, an isolator, and a Tx-antenna.
The modulated output of the modulator goes to the photomixer.
The sub-THz wave with the ASK modulated data is then
generated through photomixing and radiated by the Tx-antenna.
The isolator is used to protect the photomixer against reflected
waves occurring from an impedance mismatch between the
photomixer and Tx-antenna.

Figure 4 shows a block diagram of the sub-THz Rx, which is
composed of a Rx-antenna, a low-noise amplifier (LNA), an
SBD, a pre-amplifier, and a post-amplifier. The received sub-
THz wave by the Rx-antenna is first amplified by the LNA. An
envelope of the received sub-THz wave is detected by the SBD.
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The envelope of the received sub-THz wave is then amplified
by the pre-amplifier and the post-amplifier. Finally, the
received sub-THz wave is measured and verified using an
oscilloscope and a BER tester in the time domain.

III. Experiment Results

Using the LO with f{ =60 GHz and +20-dBm output power,
DSB-SC signals separated by 120 GHz (2 f{ ) are generated.
The half-wave voltage of the IM using a Mach-Zehnder
interferometer (MZI) is 3.5 V. The PMF components with
matched optical connectors, such as the IM and passive
components operating at 1,550 nm, are used to increase the
operation stability and reduce the polarization and connector
mismatch losses. To verify the photonic oscillator, a 120-GHz
CW as the sub-THz CW is generated by the photomixer,
which is a uni-traveling carrier photodiode (UTC-PD) made by
NEL Electronics. The UTC-PD with PMF pigtailing and a
WR-8 waveguide output is reverse-biased at —2 V and operates
in the F-band (90 GHz to 140 GHz).

The photomixed output power (Pp,) of the generated
120-GHz CW by photomixing the output of the photonic
oscillator is shown in Fig 5. This result is directly related to the
characteristics of the photomixer. The ESA with a harmonic
mixer (HM), which is made by OML Inc., is used for
measuring the generated 120-GHz CW. In this figure, Iy,
Ppuca, Read-Out, and Ppumes are the photocurrent of the
photomixer when the lightwaves are inserted, the calculated
photomixed output power to confirm the measured results, the
read-out value from the datasheet of the photomixer, and the
measured photomixed output power with a 50-dB conversion
loss of the HM, respectively. The calculated photomixed output
power according to the power of the DSBs is expressed
through (2) [30]:
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Fig. 5. Photomixed output power of generated 120-GHz CW
through photomixing.
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where Rpc, p, Ps, and Z, are the DC responsivity of the
photomixer, the RF frequency response of the photomixer, the
power of the DSBs, and the magnitude of the termination
impedance of the ESA, respectively. The value of Ppymes
agrees well with those of Pp,cy and Read-Out. Accordingly,
we find that our measurement setup is suitable for verifying the
photonic oscillator.

Figure 6 shows the optical and electrical characteristics of the
generated 120-GHz CW with the suppression levels of the
optical carrier. In this figure, Ac, As, mag(dc)>mag(4s), and
mag(/c)<mag (4s) are the wavelengths of the optical carrier
and the DSB signals, a case in which the magnitude of the
optical carrier is higher than that of the optical sidebands, and a
case in which the optical carrier is sufficiently suppressed,
respectively. The optical spectra of the output of the photonic
oscillator with the suppression levels of the optical carrier are
illustrated in Fig. 6(a). The wavelength difference between the
DSBs is 0.96 nm (120 GHz) owing to the use of an LO with
f1o=60 GHz. The suppression levels of the optical carrier result
from controlling the bias voltage of the IM. When the bias
voltage is at the peak point of the transfer curve of the IM
(mag(/c)>mag(4s)), there are no suppression levels of the
optical carrier. When the bias voltage is at the null point of the
transfer curve of the IM (mag(Ac)<mag(4s)), the suppression
levels of the optical carrier are maximized [29].

The photomixed output power and phase noise
characteristics of the generated 120-GHz CW with the
suppression levels of the optical carrier are illustrated in
Figs. 6(a) and 6(c), respectively. The photomixed output power
in the case of mag(Ac)<mag(4s) is 24 dB higher than that in the
case of mag(lc)>mag(/s). The phase noise in the case of
mag(Ac)<mag(4s) is also improved by about 22 dB at a
frequency offset of 1 MHz in comparison with the case of
mag(4c)>mag(ls). According to the calculation and
measurement results shown in Figs. 5 and 6, it is important that
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Fig. 8. (a) Eye diagram and (b) BER performances of sub-THz
Rx for back-to-back connection between sub-THz Tx and
sub-THz Rx.

the optical carrier should be sufficiently suppressed to improve
the electrical and optical characteristics of the sub-THz CW
generated by photomixing the output of the photonic oscillator.

The eye diagram measured at the output of the modulator is
shown in Fig. 7. The modulator is composed of a DA, which is
operated at 12 GHz of the 3-dB bandwidth and has a gain of
17 dB and a saturated output power of 22 dBm, and an IM that
uses an MZI, which has a half-wave voltage of 3.5 V. The
DSB-SC signals produced by the photonic oscillator are
modulated with 10-Gbps NRZ PRBS 2*'—1 data. A desirable
eye opening with a 4.44-ps jitter root mean square (RMS) and
a 9-dB extinction ratio is observed.

Figure 8 shows back-to-back test results to verify the sub-
THz Tx and sub-THz Rx. The sub-THz Rx is composed of the
following: an SBD, which is a zero-bias detector, with an input
of WR-08 waveguide, a coaxial output connector of 2.9 mm, a
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responsivity of 2,800 V/W, an internal video resistance of
950 Q, and a total capacitance of 40 fF at 120 GHz; an LNA
with 5-V bias voltage, WR-08 waveguide input/output, a 1-dB
compression point of -2 dBm, an upper 3-dB frequency of
122 GHz, and a 16-dB gain and 6-dB noise figure in the
frequency range of 115 GHz to 125 GHz; a pre-amplifier with
a 32-dB gain of up to 15 GHz and a limiting amplifier
operating at up to 12.5 Gbps as a post-amplifier.

The upper 3-dB cutoff frequency of the SBD and the pre-
amplifier circuit is determined by (3) [31]:

1

“27(R, | R)C, )

f U(-3dB) (HZ)
where Cr , Ry, and Ry are the total capacitance, the video
resistance, and a load resistance. As the SBD is very fast and
should operate over several tens of GHz, a shunt resistor of
50 Q, the load resistance, is installed between the SBD and the
pre-amplifier for impedance matching. To our knowledge, it is
enough that the sub-THz Rx operates up to 10 Gbps.

To use the 120-GHz CW as a carrier frequency in the sub-
THz range, the photomixer characterized in Fig. 5 is used. An
isolator with a 3-dB insertion loss within the F-band is also
installed between the photomixer and the Tx-antenna to
prevent damage to the photomixer from the reflection waves.
To measure the eye diagram and BER, 3-Gbps and 10-Gbps
NRZ PRBS 2°'-1 data and 10-Gbps NRZ PRBS 2*'-1 data is
applied to the modulator of the sub-THz Tx.

A desirable opening appears in the eye diagram of the sub-
THz Rx with the 10-Gbps data, as shown in Fig. 8(a). As
illustrated in Fig. 8(b), the received power, which is produced
through photomixing the ASK-modulated DSB-SC signals, is
measured at the end of the isolator by the ESA and HM. The
photocurrent with the output power of the photonic oscillator is
read out from the photomixer of the sub-THz Tx. It
accordingly corresponds to the ASK-modulated output power
of the sub-THz Tx. Using 3-Gbps NRZ PRBS 2°'-1 data and
10-Gbps NRZ PRBS 2*'-1 data, 3 Gbps and 10 Gbps are the
back-to-back test results, respectively. The receiver sensitivity
in the case of 3 Gbps and 10 Gbps is —37 dBm and —34 dBm at
BER=10", respectively. A penalty of 3 dB can be caused by
the impedance mismatch between the SBD and the pre-
amplifier and the gain flatness characteristics of the LNA. The
gain flatness characteristics of an LNA should generally be
below 1 dB within the required bandwidth for data
transmission to guarantee dynamic performances [32]. In the
case of 3-Gbps and 10-Gbps transmission, the required
bandwidth is about 1.5 GHz and 5 GHz, respectively, when the
NRZ data format is used. With a 120-GHz center frequency,
the gain flatness of the LNA is over 3 dB in the 5-GHz
bandwidth (117.5 GHz to 122.5 GHz) while being about 1 dB
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Table 1. Specifications of demonstrated high-speed wireless link

based on photonics.
Sub-THz Tx

Sub-THz CW

Center frequency 120 GHz

—3-dB bandwidth 0.2 MHz
Modulation scheme ASK
Modulation data 0.8 V,,, NRZ PRBS 2°'-1
Data rate 10 Gbps
Output power (max.) —10dBm
Tx-antenna

Type Cassegrain

Gain 46.5 dBi

Sidelobe 18dB

—3-dB bandwidth 0.57°

Sub-THz Rx

Bandwidth 10 GHz
Output voltage 0.4 V,, (single-ended)
Sensitivity —37 dBm (@ 10 Gbps BER=10"?)
Rx-antenna

Type Cassegrain

Gain 46.5 dBi

Sidelobe 18dB

—3-dB bandwidth 0.57°

in the 1.5-GHz bandwidth. According to the back-to-back test
results, it is confirmed that the designed sub-THz Tx and Rx
operate normally.

Without any error corrections, we perform a high-speed
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wireless link test with a link distance of 3 m between the sub-
THz Tx and sub-THz Rx. The BER test results for this link
distance of 3 m are shown in Fig. 9. Table 1 also shows the
specifications of the demonstrated high-speed wireless link. In
Fig. 9, 3 Gbps and 10 Gbps are the back-to-back test results
using 3-Gbps NRZ PRBS 2*'1 data and 10-Gbps NRZ PRBS
231 data, respectively. The receiver sensitivity for 3 Gbps and
10 Gbps is respectively —41 dBm and —37 dBm at BER=10"".
We suppose that the slope difference shown in Fig. 9 comes
from a measurement error due to an alignment mismatch
between the sub-THz Tx and sub-THz Rx with a link distance
of 3m.

Compared to the back-to-back test results shown in Fig. §(b),
the photocurrents of the photomixer for 3 Gbps and 10 Gbps
increase from 4.2 mA to 5.0 mA and from 4.5 mA to 5.3 mA,
respectively. Accordingly, the penalty caused by the loss of air
at the link distance of 3 m between the sub-THz Tx and sub-
THz Rx is about 0.8 mA. This means that the photomixer of
the sub-THz Tx needs about 0.8 mA higher power to achieve
BER=10" in comparison with the back-to-back test results.

The wireless link distance and receiver sensitivity can be
improved when some error correction and a precise alignment
algorithm between the sub-THz Tx and sub-THz Rx are
applied. In accordance with the performance results, we find
that the high-speed wireless link using the sub-THz wave
generated by the photonics-based technology has the potential
for a fixed wireless access of at least10 Gbps.

IV. Conclusion

In this paper, a high-speed wireless link using a sub-terahertz
(THz) wave generated using photonics-based technology was
designed and demonstrated to achieve the feasibility of sub-
THz technologies for communication applications. The
designed and demonstrated high-speed wireless link is
composed of a sub-THz transmitter (Tx) and sub-THz receiver
(Rx). The sub-THz Tx consists of a photonic oscillator, a
modulator, and a sub-THz generator. The sub-THz Rx is an
envelope detector consisting of a Schottky barrier diode and
amplifiers. The photonic oscillator of the sub-THz Tx is
configured based on the usual double sideband-suppressed
carrier scheme. From the optical and electrical characterization
results of the generated sub-THz wave, we have clearly defined
that an optical carrier should be suppressed to obtain high
photomixed output power with low phase noise characteristics.
To wverify a high-speed wireless link, such dynamic
performances as an eye diagram and BER were measured for a
back-to-back test and a link test with a link distance of 3 m
between the sub-THz Tx and sub-THz Rx. From our
measurement results, the receiver sensitivity for a link test with
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a link distance of 3 m is —37 dBm (@ BER=10"%) with
10 Gbps non-return-to-zero pseudorandom binary sequence
2311 data. For a link test with a link distance of 3 m, the sub-
THz Tx has a 0.8 mA power penalty in comparison with the
back-to-back test. The wireless link distance between the sub-
THz Tx and sub-THz Rx can be extended with some error
corrections and a precise alignment algorithm between the sub-
THz Tx and sub-THz Rx. Consequently, we found that a high-
speed wireless link using a sub-THz wave generated through
photonics-based technology has the potential to realize a fixed
wireless data link of over 10 Gbps, such as a seamless
connectivity between wireless and wired networks, and high
quantity transfer systems for indoor applications, such as high-
definition multimedia and entertainment media.
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