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Abstract: The photomixing of two lightwaves is one of the promising methods of generating a
terahertz (THz) wave. The conventional photomixing system consisting of two lasers and a modulator
results in large transmitter volumes and high power consumption. To solve this issue, we devised a
novel THz wave generation and modulation system based on photomixing using a single wavelength-
tunable laser in combination with delayed self-multiplexing. We successfully demonstrated the
feasibility of 300-GHz wave generation and modulation.
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1. Introduction

In recent years, the data traffic for wireless communications has been rapidly increas-
ing [1] due to users’ huge consumption of multimedia services. To deal with this issue, an
electromagnetic wave with a frequency ranging from 300 GHz to 3 THz, which we call the
THz wave, has attracted considerable attention due to its high potential to enhance the
mobile communication band [2-8]. As for a THz wave modulation technique, there are
two approaches: electronics-based and photonics-based methods. In the former method,
the modulated THz waves are generated by upconverting an intermediate-frequency (IF)
electrical signal to the THz-wave band [9-12]. Therefore, the modulation bandwidth is
limited to the IF electrical signal bandwidth, while in the latter method, the modulated
THz waves are generated by the photomixing of lightwaves that are modulated with an
optical modulator [13,14]. Since the lightwave has a larger bandwidth than the IF electrical
signal, the photomixing technique is more applicable for modulation with broadband
signals compared to the electronics-based method. In addition, combining arrayed optical
phase shifters and phased array antennas [15-18] in the photomixing technique enables
beamforming and steering as well as other technologies such as using diffraction can [19].
For these reasons, the photomixing technique is one of the promising methods of THz wave
generation and modulation for broadband wireless transmission.

In a conventional photomixing technique, one of the lightwaves from a laser is modulated
by an optical modulator and coupled with a lightwave from another laser [20-22], as shown
in Figure 1a. In another conventional method, two lightwaves from two lasers are coupled
and then modulated [23], as shown in Figure 1b. Both methods require two lasers, driving
circuits, temperature controllers, and an optical modulator. On the other hand, an optical
frequency comb generator (OFCG) followed by a wavelength selective filter (WSF) makes two
lightwaves as shown in Figure 1c [24-27]. Though the OFCG uses a single lightwave from a
laser, it requires the WSF, which has complexity and a considerable volume.
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Figure 1. Diagrams of conventional terahertz wave generation and modulation systems based on
photomixing technologies, (a) with two lasers and an optical modulator before an optical coupler,
(b) with two lasers and an optical modulator after an optical coupler, and (c) with a single laser
using an optical frequency comb generator. (d) Diagram of proposed terahertz wave generation and
modulation system based on photomixing technologies with a single wavelength-tunable laser.

To deal with the above issues, we propose a novel photomixing system using only a
single wavelength-tunable laser to generate and also modulate a THz wave. This system
will contribute to low complexity and low power consumption of THz-wave transmitters
for future broadband wireless communications.

2. Principle of THz Wave Generation and Modulation Using a Single
Wavelength-Tunable laser

A system for generating a THz wave through conventional photomixing uses two
lightwaves. The electric fields of these lightwaves, E; and E;, are described as follows:

E1 = Arexp{j(2rtfit —kiz+ ¢1)}, 1)

E, = AzGXp{j(ZTL’fzt —koz + (PZ)} 2)

where A and Aj; are the amplitudes, f1 and f» (f1 <f») are the optical frequencies, k; and k,
are the wave numbers, ¢ and ¢, are the initial phases, and z is an optical path length. The
lightwaves are coupled by an optical coupler (OC) and inputted into a photomixer which
converts the power of lightwaves into a photocurrent. The photocurrent I is proportional
to the square of the sum of the electric fields as follows [28].

[ |Ey +Ep|* = A2+ A} +2A, Aycos{27t(fo — fi)t — (ko —k1)z+ (92— 91)}  (3)

If the difference between f1 and f; is equal to the frequency ft1y,, which is in the THz-wave
band (f, — f1 = fT11,), an antenna integrated with the photomixer radiates a THz wave.

Figure 1d shows the configuration of a proposed system that generates and modulates
a THz wave using only a single wavelength-tunable laser instead of a pair of lasers and a
modulator. Firstly, the laser alternately switches its optical frequency between f1 and f5 to
form segmented lightwaves where the frequency difference between f1 and f» is f111,, and
the holding time at each frequency is T}, as shown in Figure 2a. Secondly, the lightwave
from the wavelength-tunable laser is split into two optical paths by an optical splitter (OS).



Photonics 2023, 10, 369

30f7

Ty

The lightwave at one of the two optical paths is delayed by an optical delay line (ODL)
with a length of AL designed as follows.
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Figure 2. (a) The optical frequency of the lightwave from a wavelength-tunable laser at (i) of Figure 1d.
(b) The optical frequency of the lightwave before photomixing at (ii) of Figure 1d. (c) The frequency
of the terahertz wave generated by the photomixer at (iii) of Figure 1d).

That is the same as the length of each segmented lightwave at the optical path, where ¢
and n are the speed of light and the effective refractive index of the optical fiber, respectively.
Then, the lightwaves from two paths are coupled by an OC. We call this split-delayed-
coupled operation ‘delayed self-multiplexing.” As a result, two lightwaves of different
frequencies always exist in an optical fiber as shown in Figure 2b. Finally, these two
lightwaves are converted to a constant THz wave with a frequency of fry, by photomixing,
as shown in Figure 2c. Here, a deviation of the delay length from AL results in discontinuity
of the THz wave. While an alternating optical frequency change generates a constant THz
wave, a static optical frequency does not result in a THz wave. In other words, a THz wave
is generated only at a time when the optical frequency of the wavelength-tunable laser
changes. Thus, the proposed system also generates a modulated THz wave described as
follows. When the optical frequency of the lightwave is kept at f1 or f, (Figure 3a,d), the
lightwave inputted to the photomixer does not contain two frequencies (Figure 3e,h), and
a THz wave is not generated (Figure 3i,l). On the contrary, when the optical frequency
changes from f1 to f, and vice versa (Figure 3b,c), two lightwaves with different optical
frequencies (Figure 3f,g) are inputted into the photomixer and a THz wave is generated
(Figure 3j,k). Thus, an optical frequency modulation encodes a differential on—off keying
(OOK) modulation. For example, when the optical frequency is switched as f1-f2-f2-f1-f1,
the THz wave is modulated as 1-0-1-0.
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Figure 3. Optical frequency of the wavelength-tunable laser when it changes from (a) f1 to f1, (b) f1
to fa, (¢) f2 to f1, (d) f» to f,. Optical frequencies of lightwaves at the photomixer when the optical
frequency changes from (e) f1 to f1, (f) f1 to f2, (g) f2 to f2, (h) f7 to f,. The intensity of terahertz wave
when the optical frequency changes from (i) f1 to f1, (j) f1 to f2, (k) f2 to f1, (1) f2 to f».

3. Experimental Setup

The experimental setup for the proposed THz wave generation and modulation using
a single wavelength-tunable laser is shown in Figure 4. A pulse pattern generator (PPG)
generated a voltage bit pattern at 150 Mbit/s (corresponding pulse width Tj, is 6.67 ns), and
it was amplified by a power amplifier (PA). With a DC bias voltage through a bias tee, the
voltage bit pattern was applied to the electrode of a wavelength-tunable laser. A reflection-
type transversal filter (RTF) laser [29] was used in this experiment. The RTF laser can
switch its optical frequency within 500 ps with a narrow linewidth (less than 350 kHz) [30].
The voltage bit pattern to the RTF laser causes switching of the optical frequency between
193.230 THz and 193.528 THz whose difference is approximately 300 GHz. Then, the
lightwave was amplified through an erbium-doped fiber amplifier (EDFA) and introduced
to the delayed self-multiplexer in which the lightwave was split by the OS and one of
them was delayed by an ODL. The delayed length AL was set at approximately 135 cm
according to Equation (4). After that, the lightwaves coupled with an OC were inputted
into a photomixer module. We used a uni-traveling-carrier photodiode (UTC-PD) [31]
as a photomixer. The radiated THz wave from the photomixer module was propagated
in a waveguide and detected by a Schottky barrier diode (SBD) integrated with a WR2.8
waveguide whose passband is from 260 GHz to 400 GHz. The output voltage of the SBD
was then amplified by a low-noise amplifier (LNA) and its waveform was observed by an
oscilloscope (OSC).

First, we applied the 16 bits voltage pattern of “0101010111111111” to the RTF laser,
where 1 and 0 correspond to optical frequencies of 193.53 THz and 193.23 THz, respectively.
It was expected that the first 8 bits would generate a constant THz wave and the following
8 bits would not, as shown in Figure 5a. Next, we applied a 16 bits pseudo-random pattern
of “1001111000010101”, to the RTF laser to testify the feasibility of the differential OOK
modulation that is expected to generate a THz wave with a pattern of “0101000100011111”
as shown in Figure 5b.
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Figure 4. Experimental setup for photomixing using a single RTF laser.
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Figure 5. Designed waveform of applied voltage (upper) and expected terahertz-wave intensity
(lower). (a) at the pattern of “0101010111111111”; (b) at the pattern of “1001111000010101".

4. Experimental Result and Discussion

Figure 6a shows the voltage pattern “0101010111111111” applied into the RTF laser
(upper) and the THz-wave intensity obtained by the SBD (lower). During the experiment,
the optical frequencies emitted from the RTF laser were measured to be 193.230 THz
and 193.528 THz. The results show that a 300 GHz THz wave was generated at the
first 8 bits pattern (01010101), and was not at the following 8 bits pattern (11111111) as
expected in Figure 5a. Therefore, this shows the successful THz wave generation with
a single wavelength-tunable laser. The unexpected dips on the waveform of the THz
wave originated from a deviation of the delayed length from an ideal length calculated by
Equation (4) and a switching response of the RTF laser.
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Figure 6. Measured waveform of applied voltage (upper) and the terahertz-wave intensity (lower).
(a) at the pattern of “0101010111111111”; (b) at the pattern of “1001111000010101”.
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The former would be decreased by adjusting AL at the length exactly corresponding
to T},. The latter would be improved by introducing a pre-emphasized voltage waveform
such as overshoot-based feed-forward control so as to utilize the short response time of
the RTF laser within 500 ps [29]. As a feasibility demonstration of a modulated THz wave,
the voltage bit pattern “1001111000010101” shown by the upper curve in Figure 6b was
applied to the RTF laser. The observed THz-wave intensity shown by the lower curve is in
good agreement with the expected differential OOK waveform (Figure 5b). The dips also
appear in the pattern and would be decreased in the same manner described in the case of
a constant THz wave. Otherwise, even with the dips, this modulation technique can be
utilized as a conversion from an optical frequency modulation to a differential-RZ-THz-
wave signal. As a future study, the bit error rate of the modulated data could be measured
by using a decoder of the differential OOK signal. In addition, Gbit/s-class data rate can be
achieved with this system by shortening wavelength switching time down to less than a
nanosecond as well as by using multi-level frequency shift keying (FSK) modulation.

5. Conclusions

We devised a novel THz wave generation and modulation system based on pho-
tomixing that uses only a single wavelength-tunable laser for low complexity and low
power consumption of THz wave transmitters for future wireless communications. The
THz wave can be generated by switching an optical frequency of a wavelength-tunable
laser in combination with delayed self-multiplexing. Using the RTF laser, we successfully
demonstrated the feasibility of the THz wave generation at 300 GHz, as well as its OOK
modulation with a 150 Mbit/s pulse pattern.

Author Contributions: Conceptualization, T.S. and K.K.; methodology, T.S., N.S., RM., N.M,, YM.,,
Y.U. and K K,; validation, T.S., N.M., YM. and K.K,; investigation, T.S., N.M., Y M. and K.K.; resources,
Y.U. and K.K,; data curation, T.S.; writing—original draft preparation, T.S.; writing—review and
editing, YM. and K.K,; visualization, T.S.; supervision, Y.M. and K.K,; project administration, K.K.;
funding acquisition, K.K. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported in part by the commissioned research by National Institute of
Information and Communications Technology (NICT) #02801, #00901, the MIC/SCOPE #195010002,
and JSPS KAKENHI Grant Number: JP20H00253, JP21K18730.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Data available on request.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Wang, S.; Zhang, X.; Zhang, Y.; Wang, L.; Yang, ].; Wang, W. A Survey on Mobile Edge Networks: Convergence of Computing,
Caching and Communications. IEEE Access 2017, 5, 6757-6779. [CrossRef]

2. Song, H.J.; Nagatsuma, T. Present and Future of Terahertz Communications. IEEE Trans. Terahertz Sci. Technol. 2011, 1, 256-263.
[CrossRef]

3. Nagatsuma, T.; Carpintero, G. Recent Progress and Future Prospect of Photonics-Enabled Terahertz Communications Research.
IEICE Trans. Electron. 2015, E98C, 1060-1070. [CrossRef]

4. Song, H.J.; Lee, N. Terahertz Communications: Challenges in the Next Decade. IEEE Trans. Terahertz Sci. Technol. 2022, 12, 105-117.
[CrossRef]

5. Ding, J.; Li, W.; Wang, Y.; Zhang, J.; Wang, F; Wang, C.; Liu, J.; Wang, K.; Zhao, L.; Liu, C.; et al. 104-m Terahertz-Wave Wireless
Transmission Employing 124.8-Gbit/s PS-256QAM Signal. In Proceedings of the Optical Fiber Communication Conference 2022,
San Diego, CA, USA, 6-10 March 2022. [CrossRef]

6.  Sizov, F. Terahertz Radiation Detectors: The State-of-the-Art. Semicond. Sci. Technol. 2018, 33, 123001. [CrossRef]

7. Qi F;Fan, S.; Notake, T.; Nawata, K.; Matsukawa, T.; Takida, Y.; Minamide, H. 10 aJ-Level Sensing of Nanosecond Pulse below
10 THz by Frequency Upconversion Detection via DAST Crystal: More than a 4 K Bolometer. Opt. Lett. 2014, 39, 1294. [CrossRef]

8.  Nagatsuma, T.; Ducournau, G.; Renaud, C.C. Advances in Terahertz Communications Accelerated by Photonics. Nat. Photonics

2016, 10, 371-379. [CrossRef]


http://doi.org/10.1109/ACCESS.2017.2685434
http://doi.org/10.1109/TTHZ.2011.2159552
http://doi.org/10.1587/transele.E98.C.1060
http://doi.org/10.1109/TTHZ.2021.3128677
http://doi.org/10.1364/ofc.2022.m3c.3
http://doi.org/10.1088/1361-6641/aae473
http://doi.org/10.1364/OL.39.001294
http://doi.org/10.1038/nphoton.2016.65

Photonics 2023, 10, 369 70f7

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Takahashi, H.; Kosugi, T.; Hirata, A.; Takeuchi, J.; Murata, K.; Kukutsu, N. 120-GHz-Band Fully Integrated Wireless Link Using
QSPK for Realtime 10-Gbit/s Transmission. IEEE Trans. Microw. Theory Tech. 2013, 61, 4745-4753. [CrossRef]

Song, H.J.; Kim, J.Y.; Ajito, K.; Kukutsu, N.; Yaita, M. 50-Gb /s Direct Conversion QPSK Modulator and Demodulator MMICs for
Terahertz Communications at 300 GHz. IEEE Trans. Microw. Theory Tech. 2014, 62, 600-609. [CrossRef]

Kumar, A ; Kedia, D.; Singla, S. A Study and Review of RoF Upconversion Techniques for Next Generation Communication Systems
BT-Soft Computing: Theories and Applications; Kumar, R., Ahn, C.W., Sharma, T.K., Verma, O.P,, Agarwal, A., Eds.; Springer Nature
Singapore: Singapore, 2022; pp. 101-112.

Moeller, L.; Federici, J.; Su, K. 2.5Gbit/s Duobinary Signalling with Narrow Bandwidth 0.625 Terahertz Source. Electron. Lett.
2011, 47, 856-858. [CrossRef]

Nagatsuma, T. Generating Millimeter and Terahertz Waves by Photonics for Communications and Sensing. In Proceedings of the
IEEE MTT-S International Microwave Symposium Digest (MTT), Seattle, WA, USA, 2-7 June 2013. [CrossRef]

Tani, M.; Morikawa, O.; Matsuura, S.; Hangyo, M. Generation of Terahertz Radiation by Photomixing with Dual- and Multiple-
Mode Lasers. Semicond. Sci. Technol. 2005, 20, S151. [CrossRef]

Kim, Y.; Kuboki, T.; Kato, K. Demonstration of 600-GHz Wave Beam Forming by Arrayed Light Sources with Arrayed Photomixers.
IEEE Photonics Technol. Lett. 2021, 33, 1435-1438. [CrossRef]

Tan, F.; Terasawa, H.; Sugihara, O.; Kawasaki, A.; Yamashita, T.; Inoue, D.; Kagami, M.; Andraud, C. Two-Photon Absorption
Light-Induced Self-Written Waveguide for Single-Mode Optical Interconnection. J. Light Technol. 2018, 36, 2478-2483. [CrossRef]
Che, M.; Yamamoto, R; Ito, H.; Ishibashi, T.; Kato, K. Vibration Insensitive THz Wave Interferometry for Characterizing Optical
Phase Shifter. Optik 2021, 242, 167203. [CrossRef]

Che, M.; Kondo, K.; Kanaya, H.; Kato, K. Arrayed Photomixers for THz Beam-Combining and Beam-Steering. J. Light Technol.
2022, 40, 6657-6665. [CrossRef]

Monnai, Y.; Altmann, K ; Jansen, C.; Hillmer, H.; Koch, M.; Shinoda, H. Terahertz beam steering and variable focusing using
programmable diffraction gratings. Opt. Express 2013, 21, 2347-2354. [CrossRef] [PubMed]

Nagatsuma, T.; Horiguchi, S.; Minamikata, Y.; Yoshimizu, Y.; Hisatake, S.; Kuwano, S.; Yoshimoto, N.; Terada, J.; Takahashi, H.
Terahertz Wireless Communications Based on Photonics Technologies. Opt. Express 2013, 21, 23736-23747. [CrossRef]

Liu, K; Jia, S.; Wang, S.; Pang, X.; Li, W.; Zheng, S.; Chi, H.; Jin, X.; Zhang, X.; Yu, X. 100 Gbit/s THz Photonic Wireless
Transmission in the 350-GHz Band with Extended Reach. IEEE Photonics Technol. Lett. 2018, 30, 1064—1067. [CrossRef]

Pang, X.; Caballero, A.; Dogadaev, A.; Arlunno, V.; Borkowski, R.; Pedersen, ].S.; Deng, L.; Karinou, F.; Roubeau, F.; Zibar, D.; et al.
100 Gbit/s Hybrid Optical Fiber-Wireless Link in the W-Band (75-110 GHz). Opt. Express 2011, 19, 24944. [CrossRef]

Lacombe, E.; Belem-Goncalves, C.; Luxey, C.; Gianesello, F.; Durand, C.; Gloria, D.; Ducournau, G. 300 GHz OOK Transmitter
Integrated in Advanced Silicon Photonics Technology and Achieving 20 Gb/S. In Proceedings of the IEEE Radio Frequency
Integrated Circuits Symposium (RFIC), Philadelphia, PA, USA, 10-12 June 2018. [CrossRef]

Hirata, A.; Togo, H.; Shimizu, N.; Takahashi, H.; Okamoto, K.; Nagatsuma, T. Low-Phase Noise Photonic Millimeter-Wave
Generator Using an AWG Integrated with a 3-DB Combiner. IEICE Trans. Electron. 2005, E88-C, 1458-1464. [CrossRef]

Jia, S.; Yu, X.; Hu, H.; Yu, J.; Guan, P,; Da Ros, F,; Galili, M.; Morioka, T.; Oxenlewe, L.K. THz Photonic Wireless Links with
16-QAM Modulation in the 375-450 GHz Band. Opt. Express 2016, 24, 23777. [CrossRef] [PubMed]

Nagatsuma, T.; Hisatake, S.; Fujita, M.; Pham, HH.N.; Tsuruda, K.; Kuwano, S.; Terada, J. Millimeter-Wave and Terahertz-Wave
Applications Enabled by Photonics. IEEE J. Quantum Electron. 2016, 52, 1-12. [CrossRef]

Koenig, S.; Lopez-Diaz, D.; Antes, ].; Boes, F.; Henneberger, R.; Leuther, A.; Tessmann, A.; Schmogrow, R.; Hillerkuss, D.; Palmer,
R.; et al. Wireless Sub-THz Communication System with High Data Rate. Nat. Photonics 2013, 7, 977-981. [CrossRef]

Preu, S.; Dhler, G.H.; Malzer, S.; Wang, L.J.; Gossard, A.C. Tunable, Continuous-Wave Terahertz Photomixer Sources and
Applications. J. Appl. Phys. 2011, 109, 4. [CrossRef]

Ueda, Y.; Shindo, T.; Kanazawa, S.; Fujiwara, N.; Ishikawa, M. Electro-Optically Tunable Laser with Ultra-Low Tuning Power
Dissipation and Nanosecond-Order Wavelength Switching for Coherent Networks. Optica 2020, 7, 1003. [CrossRef]

Saito, Y.; Ueda, Y.; Shindo, T.; Kanazawa, S.; Matsuzaki, H.; Ishikawa, M. Burst-Tolerant Tuning of Reflection-Type Transversal
Filter Laser with Single Active Region. IEEE Photonics Technol. Lett. 2022, 34, 23-26. [CrossRef]

Ishibashi, T.; Furuta, T.; Fushimi, H.; Kodama, S. InP/InGaAs Uni-Traveling-Carrier Photodiodes. IEICE Trans. Electron. 2000, 83,
938-949.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1109/TMTT.2013.2285354
http://doi.org/10.1109/TMTT.2014.2300844
http://doi.org/10.1049/el.2011.1451
http://doi.org/10.1109/MWSYM.2013.6697447
http://doi.org/10.1088/0268-1242/20/7/005
http://doi.org/10.1109/LPT.2021.3124826
http://doi.org/10.1109/JLT.2018.2815701
http://doi.org/10.1016/j.ijleo.2021.167203
http://doi.org/10.1109/JLT.2022.3204113
http://doi.org/10.1364/OE.21.002347
http://www.ncbi.nlm.nih.gov/pubmed/23389214
http://doi.org/10.1364/OE.21.023736
http://doi.org/10.1109/LPT.2018.2830342
http://doi.org/10.1364/OE.19.024944
http://doi.org/10.1109/RFIC.2018.8428983
http://doi.org/10.1093/ietele/e88-c.7.1458
http://doi.org/10.1364/OE.24.023777
http://www.ncbi.nlm.nih.gov/pubmed/27828214
http://doi.org/10.1109/JQE.2015.2506992
http://doi.org/10.1038/nphoton.2013.275
http://doi.org/10.1063/1.3552291
http://doi.org/10.1364/OPTICA.392820
http://doi.org/10.1109/LPT.2021.3133010

	Introduction 
	Principle of THz Wave Generation and Modulation Using a Single Wavelength-Tunable laser 
	Experimental Setup 
	Experimental Result and Discussion 
	Conclusions 
	References

