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Abstract
The electromagnetic waves at frequencies from 0.1 THz (100 
GHz) to 10 THz is referred to as terahertz (THz) waves, which are 
located between microwaves and infrared light waves, and have 
remained unutilized for our life. Thanks to tremendous efforts of 
research and development over two decades, THz technologies 
have proven lots of capabilities which are not available with 
conventional radio waves and/or light waves. In this paper, 
we describe how efficiently THz waves can be generated and 
detected by contemporary photonics technologies, and present 
recent emerging applications including wireless communications, 
spectroscopy, and imaging.
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I. Introduction
The electromagnetic waves were predicted by J. C. Maxwell in 
1864 and experimentally discovered later by H. Hertz. Since the 
epoch-making accomplishments of G. Marconi and W. Roentgen 
in 1895, the first successful of radio-wave wireless communication 
and the discovery of X-rays, respectively, humankind, over the 
20th century, became able to utilize most regions of the spectrum 
out to both extremes of radio waves and light waves. The recent 
explosive growth in communications has been brought about 
by light wave (or fiber-optic) and wireless (or radio-wave) 
communications technologies as shown in fig. 1(a).

However, we see that there is a large gap in utilization on the 
boundary between radio waves and light waves, i.e., the frequency 
band between 100 GHz and 10 THz as shown in Fig. 1(b). This 
untapped region is referred to as terahertz (THz) waves, and 
represents a major resource for humankind in the 21st century. 
Research on exploring THz waves has lately increased since the 
nature of these electromagnetic waves is suited to spectroscopic 
sensing as well as to ultra-broadband wireless communications 
[1]. One of the obstacles to developing applications of THz waves 
is a lack of solid-state signal sources.
For the generation of THz waves, photonic techniques are 
considered to be superior to conventional techniques based on 
electronic devices with respect to wide frequency bandwidth, 
tunability, and stability. Moreover, the use of optical fiber cables 
enables us to distribute high-frequency (RF) signals over long 
distances instead of metallic transmission media such as coaxial 
cables and hollow waveguides.
In this scheme, optical-to-electrical (O-E) converters, or 
“photodiodes”, which operate at long optical wavelengths (1.3-
1.55 m), play a key role, and high output current is required 
in addition to large bandwidth for practical applications. Recent 
progress of high-power photodiode technology has accelerated 
the development of THz-wave system.
In this paper, we will describe how the photonics technologies 
are employed in THz-wave systems, showing some of our recent 
applications, in particular based on based on “continuous wave (CW)” 
signals, such as wireless communications, spectroscopy and imaging.

Fig. 1: Brief History of Exploring Electromagnetic Waves and Definition of Electromagnetic Waves

II. Generation and Detection of Continuous Waves
In this section, we briefly review schemes for photonic generation 
and detection of continuous-wave (CW) THz waves.

A. Signal Generation
Fig. 2 shows a schematic of CW THz-signal generation based 
on optical-to-terahertz conversion. First, intensity-modulated 
optical signals, whose envelope is sinusoidal at a designated 
THz frequency, are generated with use of light waves at different 
wavelengths, λ1 and λ2. Then, these two-wavelength of lights are 

injected to conversion media such as nonlinear optical materials 
(EO), photoconductors (PC), and photodiodes (PD), which leads 
to the generation of THz waves at a frequency given by

    (1)
where ∆λ is a difference in wavelength of lights, and c is a velocity 
of light. The converted signals are finally radiated into free space 
by an antenna, a lens, etc.
Typical optical signal sources are depicted in Figs. 3(a) and (b); 
an optical heterodyning technique using two frequency-tunable 
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laser diodes, and using the combination of an optical frequency 
comb generator and filters, respectively. In the latter case, two 
wavelength lights are filtered from the optical filters, and this 
offers us with both wide-band frequency tunability and excellent 
stability. When so narrow linewidth or frequency resolution in 
the spectroscopy and/or imaging is not required, we can use two 
wavelength light filtered from the optical noise source such as 
ASE noise in optical amplifiers as shown in Fig. 3(c).

Fig. 2: Schematic Diagram of Photonic Continuous-Wave THz 
Signal Generation

Among above-memtioned three types of optical-to-electrical 
conversion media, the photodiode is highly advantageous with 
respect the conversion efficiency. In addition to the operation at 
long optical wavelengths (1.3-1.55 μm), large bandwidth and 
high output current are required for practical applications. Among 
various types of long-wavelength photodiode technologies, a uni-
traveling-carrier photodiode (UTC-PD) and its derivatives have 
exhibited the highest output powers at frequencies from 100 GHz 
to 1 THz, with improvement in layer and device structures [2- 
3].
Fig. 4(a) shows the band diagram of the photodiode optimized 
for the operation at 300-400 GHz, which is a modification of the 
UTC-PD. The photodiode chip was packaged into the module with 
a rectangular waveguide (WR-3) output port [4]. Fig. 4(b) shows 
the frequency dependence of the output power generated from the 
module. The 3-dB bandwidth is 140 GHz (from 270 to 410 
GHz), which corresponds to the maximum bit rate of 90 Gbit/s 
in the case of ASK modulation. The peak output power was 110 
µW at 380 GHz for a photocurrent of 10 mA with a bias voltage 
of 1.1 V. The output power could be further increased to over 500 
µW by increasing the photocurrent up to 20 mA with responsivity 
of 0.22 A/W.

Fig. 3: Schematic Diagram of Optical Signal Sources

To increase the output power to more than 1 mW, one of the 
practical approaches is a power-combining technique using an 
array of photodiodes. With two photodiodes, the output power 
of >1 mW has been obtained at the photocurrent of 18 mA per 
photodiode at 300 GHz [5]. At frequencies of over 300 GHz 
extending to 1 THz or higher, an antenna-integrated photodiode 
is more efficient, and semi-spherical silicon lens is often used to 
collimate a beam radiated from a planar antenna such as bow-tie, 
log-periodic and dipole antennas [6].

Fig. 4: (a) Block Diagram of the Modified UTC-PD. (b) Output 
Power Characteristics

B. Signal Detection
As for detectors, there are several choices in the THz regions, 
such as “direct detection” using Schottky barrier diodes (SBDs) 
or bolometers and “heterodyne detection” by combining mixers 
and local oscillators (Fig. 5). There are electronic and photonic 
mixers as well as electronic and photonic local oscillators. We 
can choose the best one depending on required performance in 
each application.
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Fig. 5: Configurations of THz detection system. O: optical signal, 
E: electrical signal.

III. Applications to Communications and Sensing

A. Wireless Communications 
Fig. 6 illustrates an example of the application schemes with 
photonics-based approach, showing how the photonic RF signal 
generation can be employed together with fiber-optic links [7-10]. 
In addition to the wired link using the light wave at a wavelength 
of λ1, we can transmit the same data with the wireless link by 
introducing another wavelength (λ2) of light wave and mixing the 
two wavelengths of light in the RF photodiode. The photodiode 
generates RF signals, whose frequency can be determined the 
difference in the wavelength of the two light waves, which is 
given by eq. (1).

Fig. 6: System Concept of Wired and Wireless Convergence

As for the receiver, we can use a simple diode such as a Schottky-
barrier diode (SBD) for the demodulation based on the square-law 
detection in the case of the ASK (OOK) data format. Thus, the 
receiver becomes more cost-effective and energy-efficient, if we 
can make use of a wide bandwidth lying over the THz frequency 
region.

Fig. 7: Schematic Diagram of Experimental Setup to Evaluate 
Transmission Characteristics of 300-GHz Wireless Link Based 
on OOK Modulation and Direct Detection

Fig. 8: Photo of an Experimemtal Setup for the Wireless Link

Fig. 7 shows a schematic diagram of experimental setup to evaluate 
transmission characteristics at 300 GHz. For the generation of 
300-GHz THz waves, the wavelength difference in two lasers, 
∆λ, was set to be 2.4 nm, and the optical signal is converted to 
the RF (THz) signals by the UTC-PD. THz waves are radiated 
from the horn antenna, and dielectric lenses (2-inch diameter) 
are used to collimate THz waves for both the transmitter and 
receiver. The total antenna gain is about 40 dBi. Transmission 
distance without significant decrease in the received power was 
typically 0.5 – 1 m (Fig. 8).
The performance limitation with respect to the data rate is 
determined mainly by the bandwidth of the UTC-PD in the 
transmitter and that of the SBD detector in the receiver. The 3-dB 
bandwidth of the UTC-PD is 140 GHz as already described in 
section II-A. While the RF bandwidth of the SBD detector also 
exceeds 100 GHz, IF (baseband) bandwidth for demodulated 
signals in the receiver is about 20 GHz, which limits the maximum 
bit rates.
Figs. 9(a) and (b) show eye diagrams demodulated by the receiver 
and the bit error rate (BER) characteristics, respectively, at 40 
Gbit/s with a carrier frequency of 300 GHz. Eror-free (BER<10-
11) transmission has been achieved at 40 Gbit/s, which is the 
highest data rate ever reported for “error-free” wireless links.

Fig. 9: Eye Diagrams (a) and bit error rate (BER) characteristics 
at 40 Gbit/s with a carrier frequency of 300 GHz. Photocurrent 
(horizontal axis of (b)) is proportional to the square root of the 
transmitted power.
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Much larger bandwidth can be ensured when the carrier frequency 
can be shifted higher. By using antenna-integrated THz UTC-
PD module [6] together with the 600-GHz band SBD detector 
(WR-1.5 waveguide), we have increased the available bandwidth 
of more than 250 GHz with a single transmitter/receiver pair. 
Figure 10 shows received and demodulated waveforms at carrier 
frequencies from 450 GHz to 720 GHz. Clear eye diagrams at 
1.6 Gbit/s has been obtained, which show error-free transmission 
over the extremely large bandwidth of 270 GHz.

Fig. 10: Eye Diagrams at the 600-GHz band receiver obtained by 
changing the carrier frequency or the optical wavelength difference 
∆λ from 450 GHz to 720 GHz at a bit rate of 1.6 Gbit/s.

B. Spectroscopy
Recently, THz spectroscopy systems based on CW technology, 
which use monochromatic sources with an accurate frequency 
control capability, have attracted great interest [11]. The CW source-
based systems, referred to as frequency-domain spectroscopy 
(FDS), provide a higher signal-to-noise ratio (SNR) and spectral 
resolution. When the frequency band of interest is targeted for 
the specific absorption line of the objects being tested, FDS 
systems with the selected frequency-scan length and resolution 
are more practical in terms of data acquisition time as well as 
system cost.

Fig. 11: Experimental Setup for the Frequency-Domain 
Spectroscopy. FS: Electro-Optic Frequency Shifter

Fig. 12: Photo of an Experimental Setup for the Spectroscopy.

THz-FDS system with photonic emitters and detectors is frequently 
called a homodyne or self-heterodyne system. Figure 11 shows a 
setup for the THz-FDS system using the UTC-PD for the emitter 
and the photoconductor or UTC-PD for the detector. The optical 
frequency/phase shifter (FS) enables us to accurately measure 
both the amplitude and phase. Since two laser diodes (LDs) 
are free-running, we monitor each wavelength by the optical 
spectrum analyzer or the wave meter. Fig. 12 shows a photo of 
the experimental setup for the spectroscpoy.

Fig. 13: Measured Absorption line of the water vapor at 557 GHz. 
(a) Amplitude. (b) Phase.

In order to check the frequency accuracy of the system, we 
measured the absorption line of the water vapor at 557 GHz as 
shown in Fig. 13. Currently, the experimental standard deviation 
of the mean for the absorption frequency is about 70 MHz.
The same configuration of Fig. 11 is applicable to the 
characterization of antennas using electro-optic sensors [12].

Fig. 14: Block Diagram of the Tomography System Using the 
Broadband THz Noise Signals
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Fig. 15: Photographs of the object under test; (a) front-side view 
and (b) back-side view. Obtained images with 2D imaging (c) 
and 3D imaging (d). Scanned areas are 65 mm × 100 mm in 2D 
imaging and 90 mm × 90 mm in 3D imaging.

C. Imaging
Fig. 14 shows a block diagram of the tomographic imaging system 
using a broadband terahertz noise (incoherent signal) sources and 
a Mickelson interferometer [13]. This configuration is similar 
to that of the optical coherence tomography. The broadband 
noise signals with sufficientpower are generated by feeding the 
amplified spontaneous emission (ASE) noise from the Er-doped 
fiber amplifier to the photodiode.
In the setup, first, a THz wave travels to the beam splitter after 
being collimated by a dielectric lens. The beam splitter divides the 
THz wave into two directions with a power ratio of 50/50. One 
goes to the reference mirror and the other to an object after being 
focused. Both reflected waves travel back to the beam splitter again 
and go to the SBD as a power detector. Finally, detected signals 
are amplified by a preamplifier and a lock-in amplifier. A personal 
computer (PC) controls positions of both the reference mirror and 
the objective lens. The noise bandwidth of 120 GHz centered at 
350 GHz determines the depth resolution of 1.2 mm [13].
Figures 15(a) and (b) show photographs of the object under test 
taken from the front side and back side, respectively. A giraffe 
made of LEGO blocks was surrounded with 2-mm thick paper 
walls, remaining his head and partial portions of legs visible. At the 
back side of the wall, a sheet of metal plate was put. The THz waves 
are incident from the front wall made of paper. Fig. 15(c) shows 
the 2D imaging, which is performed by measuring the transmitted 
waves, and the scanned image just gives shadows of object. Color-
reversed image could be achieved by measuring the reflected 
waves. In Fig. 15(d), on the contrary, reflective 3D tomographic 
imaging based on 300-GHz band TD-OCT completely removes 
the effect of reflected waves from the metal plate, showing just 
the proper portion of legs at a focal point. Thus, only the 3D 
imaging can be applied to the object which is placed in front of 
highly reflective materials.
In place of the optical noise sources, the combination of a fixed 
wavelength laser and a wavelength tunable laser (Fig. 16(a)) 
enables us to modify the tomography system from time-domain 

to frequency-domain one [14, 15]. In this scheme, depth-
position information can be obtained by Fourier-transforming 
the frequency- (wavelength-) swept interference signals. In the 
system, the frequency of the fixed wavelength laser is 194.200 
THz and that of the tunable laser is changed from 193.800 THz to 
193.400 THz. Under this condition, the frequency of THz waves 
is swept from 400 GHz to 800 GHz, which corresponds to the 
depth resolution of ~0.6 mm in the air.

Fig. 16: Block diagram of the tomography system using frequency-
swept THz signal sources.

Fig. 17(a): Plastic bottle containing water up to the half. (b) Point 
spread function for measured point A. (c) Point spread function 
for measured point B.

Fig. 18(a): Photo of driver’s license card to be measured. (b), (d) 
Internal structure of the card consisting of electronic components 
made of metals. (c) Cross-sectional images taken for each line 
indicated in (b).
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To demonstrate a non-destructive thickness measurement of a 
plastic bottle with a liquid filled (Fig. 17(a)), we measured point 
spread functions for two points, A and B, without and with a water 
inside the bottle, as shown in Figs. 17(b) and (c), respectively. 
We have successfully measured the thickness of the bottle for 
both cases. Figure 18 shows a tomographic imaging of a driver’s 
license card with a thickness of about 0.8 mm. Photos of the card 
and internal structure of the card are shown in Fig. 18(a) and (b), 
respectively. Cross-sectional images were taken as shown in Fig. 
18(c) for each line indicated in Fig. 18(b) [15].

IV. Conclusion
We have described how effectively to explore untapped frequency 
regions from 100 GHz to 1 THz, using ultra-broadband photonics 
technologies. Use of optical fiber cables also makes it easy to 
handle high-frequency signal distribution or cabling in the 
practical instrumentation. These features will not be replaced 
with electronic systems, even though the operation frequency 
of electronic devices is increasing up to the THz region. Future 
issues include integration technologies of devices/modules for 
optical generation and detection of radio waves in order to make 
application systems low cost and low power consumption [16, 
17].
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