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This paper describes recent advances in the generation of millimeter and terahertz waves based on photonic
techniques, which provides low-phase noise, wide frequency tunability, and high output power. Basic compo-
nent technologies such as an optical frequency comb generator, photonic light-wave circuits for signal pro-
cessing, and antenna-integrated photodiode modules, and their applications to high-performance measurement
and communications are presented.
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1 INTRODUCTION

Millimeter-waves (MMWs) and/or terahertz
(THz) waves at frequencies of over 100 GHz have
been intensively used for communications [1] and
measurement applications [2, 3]. For the genera-
tion of such high frequency signals, photonic tech-
niques are considered to be superior to conventio-
nal techniques based on electronic devices in terms
of wide bandwidth, tunability, and stability. In ad-
dition, the use of optical fiber cables to transmit
high-frequency signals provides us with unique
system solutions. For example, we can separate the
signal generation or processing unit from the emit-
ter via optical fiber cables, making the antenna site
very simple and compact, as shown in Figure 1. 
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Fig. 1 Conceptual illustration of photonic MMW/THz-wave
generators

Typical methods for generating continuous
MMW/THz-waves are summarized in Figure 2,
and compared in Table 1 in terms of frequency
bandwidth, tunability, and stability or noise. Opti-
cal heterodyning using two laser diodes is the sim-
plest way to generate MMW signals with great fre-
quency tunability in the range from gigahertz to
terahertz [4]. However, frequency stability is gene-
rally poor; for instance, the phase noise is —75
dBc/Hz even at an offset frequency of 100 MHz,
and the frequency drift is more than 10 MHz/hour,
when two distributed feedback lasers are used [5].
Thus, a special phase-locking technique is neces-
sary for practical instrumentations.  

The combination of a continuous-wave (CW)
laser and an external modulator such as a LiNbO3
modulator or electro-absorption (EA) modulator [6]
also offers wide frequency tunability, and the phase
noise of the generated signal is as low as that of
the synthesizer driving the modulators. However,
the bandwidth of the generator is finally limited
by those of modulators and driver amplifiers, and
the maximum frequency for the state of the art is
110 GHz [7]. 

Mode-locked lasers based on semiconductor
laser diodes [8, 9] can generate optical pulses or
quasi-sinusoidal signals at high repetition frequen-
cies of more than 200 GHz for active mode-lock-
ing and over 1 THz for passive mode-locking.
Passively mode-locked lasers can output MMW
signals with only the application of DC current to



the laser diode. Moreover, the frequency stability
is relatively high: the linewidth and frequency drift
are typically less than 200 kHz and 200 kHz/hour,
respectively [5]. The phase noise of MMW signals
generated by an actively mode-locked laser is much
lower, <—75 dBc/Hz at an offset frequency of 100
Hz. However, the frequency of MMW signals gen-
erated by both passively and actively mode-locked
lasers is determined by the cavity length of the
laser diode, and the frequency tunability is typi-
cally from 100 MHz to 1 GHz. 

Heterodyning two modes filtered from a multi-
-wavelength (frequency) optical source or optical
frequency comb generator (OFCG) satisfies all the
requirements of bandwidth, tunability and stability
[4, 10]. 

In this paper, we present low-phase-noise and
frequency-tunable MMW/THz-wave generators ba-
sed on optical heterodyning achieved using an
OFCG. Basic component technologies, such as the
OFCG, photonic light-wave circuits for signal pro-
cessing, and antenna-integrated photodiode mod-
ules, and their applications to high-performance
measurement and communications are described. 

2 BASIC COMPONENT TECHNOLOGIES 

2.1 Optical Frequency Comb Generators

A block diagram of the CW MMW/THz-wave
generator is shown in Figure 3. The key compo-
nents are the OFCG, which generates multi-fre-
quency optical sideband signals, the optical filter,
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Fig. 2 Schemes for optical MMW/THz-wave generation. DC: direct current source, 
RF: radio frequency signal source

Table 1 Comparison of MMW/THz-wave generation methods based on photonics

Method Frequency Tunability Stability/noise

Heterodyning two LDs Excellent Excellent Bad
>10 THz >10 THz Frequency drift

Large linewidth

CW LD Fair Fair Excellent
+ external modulator <100 GHz <100 GHz Determined by electronics

Mode-locked laser diode Good Bad Excellent
(passive/active) Passive >1 THz <1 GHz Only for active

Active 240 GHz

Optical comb (OFCG) Excellent Excellent Excellent
+ filter >1 THz >1 THz Determined by electronics



which selects two of them, and the optical-to-elec-
trical (O-E) converter, or photomixer, which con-
verts optical signals to electrical signals. In the
OFCG, the frequency spacing of the optical side-
band is variable and determined by the frequency
of electrical drivers.

In the OFCG, generation of »power-flattened«
sideband signals is necessary to keep the power of
the generated MMW/THz signals constant even
when the frequency is changed. There are many
approaches for such an OFCG, one of which is to
use an optical intensity modulator and a phase mo-
dulator [11]. Use of nonlinear optical fiber is effec-
tive to further expand the comb frequency band to
THz regions [10].

2.2 Optical Filters and Combiners

To select only two sidebands, narrow-band opti-
cal filters such as fiber Bragg grating filters are
used [10]. To perform automatically controlled op-
tical filtering, arrayed optical waveguide grating
(AWG) filters and optical switches can be used as
shown in Figure 4(a). When the frequency spac-
ing changes, however, the unwanted neighboring
modes are not suppressed well by the AWG filter
with a fixed channel spacing. The unwanted neigh-
boring modes generate spurious signals after the
O-E conversion. This problem can be solved by
introducing one more identical AWG filter, as
shown in Figure 4(b), whose center wavelength is
shifted by as much as half of the channel spacing
of AWG filters [12]. In this scheme, the combina-
tion of two AWG filters and an optical switch
works as a tunable optical filter, and when the spa-
cing of a sideband signal is not smaller than the
passband bandwidth of AWG filters, any optical
mode at any position can be selected without un-
wanted neighboring modes. The optical side-mode
suppression ratio of higher than 25 dB was experi-
mentally confirmed with two AWGs in the mode-
-spacing range of 200 ∼ 550 GHz [12]. It is expec-

ted that spurious suppression ratio of generated
signal would be higher than 50 dB because of the
square-law detection of O-E converters.

To achieve extremely low-phase-noise signals,
integration of the AWG filters and combiners on a
silica-based planar light-wave circuit (PLC) was
examined [13]. This eliminates the low-frequency
phase fluctuations between the two sidebands,
which occur in optical fiber cables because the op-
tical path length difference between the filter and
the coupler changes due to temperature fluctua-
tions and other external effects such as vibrations.

2.3 Optical-to-Electrical Converters

An O-E converter is a key device in the system.
Since optical amplifiers with a high gain of over
30 dB and a large bandwidth of over 1 THz are
now readily available, we need a high-power O-E
converter to boost the signal generator perfor-
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Fig. 3 Block diagram of the MMW/THz-wave generator using optical hete-
rodyning technique

Fig. 4 Schematic diagram of the tunable optical filter block
with AWGs and optical switches. (a) use of single AWG, (b) 

use of two AWGs to suppress spurious signals



mance. We used an ultrafast photodiode called a
uni-traveling-carrier photodiode (UTC-PD) [14]. It
has a neutral p-type photoabsorption layer and a
wide-gap electron collection layer (Figure 5). In
this structure, only electrons are used as active car-
riers. This provides both a large bandwidth and a
high-saturation output current at a wavelength of
1.55 μm.

Figure 6 shows a comparison of reported
MMW/THz-wave output (detected) power against
operating frequency for UTC-PDs, pin-PDs, and
low-temperature-grown (LT)-GaAs photomixers.
The output power of UTC-PDs is about two or-
ders of magnitude higher than those of pin-PDs,
mostly due to high saturation output current. 

matching element such as a short-stub to the PD
was proven to increase the output power by 2—3 dB
at the resonant frequency. Figures 7 (a) and (b)
show the UTC-PDs integrated with the matching
circuits at F-band (90—140 GHz) and J-band (220—
325 GHz) [16] operations, respectively. Integration
of a resonant planar antenna with the UTC-PD is
also effective in particular for THz regions [17]
(Figure 8). It must be added that besides the power
enhancement with »lumped PDs« as described abo-
ve the UTC-PD with an evanescently coupled tra-
veling-wave (TW) waveguide structure has recent-
ly been shown to offer both the high efficiency and
large bandwidth [18, 19].
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Fig. 5 Layer structure and band diagram of the UTC-PD

Fig. 6 Comparison of CW output power (average power) ob-
tained with conventional PDs and UTC-PDs

To enhance the output power of UTC-PDs even
further, we have examined three approaches. The
first is to use resonant matching circuits or anten-
nas integrated with the UTC-PD [15]. This tech-
nique compensates for the internal capacitance of
the PD, thus eliminating the constraint of CR time
constant at a specific frequency. Addition of the

Fig. 7 Photographs of the UTC-PD chips integrated with
matching circuits for (a) F band and (b) J band

Fig. 8 Photograph of THz UTC-PD chip integrated with twin-
-dipole antenna

The second approach is to use a power-combi-
ning scheme by using an array of antennas inte-
grated with UTC-PDs. A 3 × 3 patch antenna array
with PDs was fabricated and tested at 300 GHz to
raise the output power to the milliwatt level [20].

The third one is to add an electrical power am-
plifier. At frequencies around 100 ∼ 200 GHz,
MMW power amplifiers have recently been deve-
loped with the advent of high-frequency transi-
stors such as InP-HEMT and HBT. We have inte-
grated the UTC-PD with an InP-HEMT amplifier,
which outputs >10 dBm at 125 GHz [21].



3 SYSTEM APPLICATIONS

3.1 High-speed Wireless Communications

One of common concerns when we use >100-
-GHz radio waves for wireless communications is
a large propagation loss in the air. Figure 9 shows
the atmospheric attenuation of radio waves at fre-
quencies from 10 to 1000 GHz. From 100 to 300
GHz, there are three valleys, where the attenua-
tion is a local minimum, our initial choice is the
120-GHz band centered at 125 GHz.

A block diagram of a 120-GHz-band wireless
link system with 10-Gbit/s transmission capability
is shown in Figure 10 [1, 22, 23]. A photonic
MMW generator is used in the transmitter. An op-
tical MMW source generates optical subcarrier sig-

nals whose intensity is modulated at 125 GHz. An
optical intensity (ASK) modulator modulates the
optical subcarrier signal using data signals. The
modulated subcarrier signal is amplified by an op-
tical amplifier and input to the high-power photo-
diode. The photodiode converts the optical signals
into MMW signals, which are amplified and radi-
ated toward the receiver via an antenna. The re-
ceived MMW signals are amplified and demodu-
lated by a simple envelope detection scheme, for
example. The MMW receiver is composed of all-
electronic devices using InP-HEMT technology. 

The promising application of the above 10-Gbit/s
wireless link is found in the broadcasting industry.
A wireless link system that can transmit »uncom-
pressed« high-definition television (HDTV) signals
has been strongly desired, because TV program
production based on the HDTV standard is sprea-
ding rapidly in TV stations due to the launch of
digital TV broadcasting all over the world. An un-
compressed HDTV signal (HD-SDI: high defini-
tion serial digital interface) requires a data rate of
1.5 Gbit/s per channel. Conventionally, for wire-
less transmission of broadcast materials, a 7- or
10-GHz-band microwave field pick-up unit (FPU)
is used. The data rate of the state-of-the-art FPUs
is as low as 3—80 Mbit/s, which cannot handle the
full bandwidth of real-time HD-SDI signals. There-
fore, current microwave wireless link compresses
the HD-SDI signals with MPEG or JPEG2000 en-
coders. This compression always causes a time de-
lay, which makes it difficult to edit programs or
switch cameras in a live broadcast, and sometimes
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Fig. 9 Atmospheric attenuation of electromagnetic waves

Fig. 10 Block diagram of 120-GHz-band wireless link system using photonic MMW transmitter



causes deterioration of HD-SDI signal quality.
MMWs are suitable for increasing the data rate of
wireless communications systems, because the data
rate generally increases with the carrier frequency.
Commercial wireless links using 60-GHz-band
MMWs have a data rate of over 1.5 Gbit/s and
thus a capability of transmitting one channel of
uncompressed HD-SDI signals. However, large-
-scale live relay broadcasts, such as golf tourna-
ments and music concerts, requires multiple chan-
nels of uncompressed HD-SDI signals. The 120-
-GHz-band system allows up to 6 channels of
HDTV material to be sent over a wireless link with
no latency. 

For such a purpose, this link uses a high-gain
(∼ 50 dBi) Cassegrain antenna, and can support the
optical network standards of both 10 GbE (10.3
Gbit/s) and OC-192 (9.95 Gbit/s) with a bit error
rate of 10−12. We have also been successful in the
wireless transmission of 6-channel uncompressed
high-definition television (HDTV) signals using the
link. The 120-GHz-band wireless link will be used
in the last-one-mile between a relay van and a
broadcast station, where optical fibers cannot be
installed easily, as shown in Figure 11. 

One of the advantages of the photonically-as-
sisted MMW transmitter is to make the transmitter
core (Figure 10) very compact and light-weight, so
we can bring and place the antenna unit anywhere
in the field. The photonic MMW transmitter can
be expanded to the multi-band system as shown in
Figure 12. By using the WDM technology, we can
select one of three carrier-frequency-bands where
the atmospheric attenuation becomes minimum (30
GHz band, 90 GHz band, and 120-GHz band) as
shown in Figure 9, in order to ensure the trans-
mission quality depending on the weather, and to
perform a frequency hopping for security reason.  

In addition, a heterodyne receiver for the 120-
-GHz-band wireless link has been examined using
our photonic MMW generator as a local oscillator
(LO), and sufficient stability of the photonic LO
has been confirmed [23]. 

3.2 Spectroscopic Measurement Systems

The ultralow-noise characteristics of the photoni-
cally generated MMW/THz-wave signal have been
verified through their application to the LO for su-
perconducting (SIS: superconductor-insulator-su-
perconductor) mixers in heterodyne receivers used
for radio astronomy. Radio-astronomical signals
from the universe have been successfully observed
using a 98-GHz photonic LO [2]. Use of the pho-
tonic LO in the SIS mixer system is the best com-
bination, since the SIS mixer requires an LO power
as low as a few 10 nW, that has been already achi-
eved with the use of UTC-PDs. Another advantage
of the photonic LO in spectroscopic measurement
systems is their wide tunability. For this purpose,
a wideband receiver has been tested with the same
combination of the SIS mixers and the photonic
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Fig. 11 Targeted application scene of the 10-Gbit/s wireless link system

Fig. 12 Schematic diagram of the multi-band wireless link sy-
stems using photonic MMW transmitters



LO at frequencies from 260 to 340 GHz [24]. Low-
-temperature (2.6 K) operation of the UTC-PD has
also been confirmed, and it makes the photonic
LO more attractive for integration with the SIS
mixer [25].

Using the photonic MMW/THz-wave generator,
simple spectroscopic measurements has success-
fully been demonstrated in the frequency range bet-
ween 240 and 360 GHz [26]. The sample under
the test was a mixture of N2O and N2 in the ratio
of 3:1 (75 %), and filled in a 1 m long gas cell
with atmospheric pressure. The experiment setup
is shown in Figure 13. The MMW/THz signal gen-
erator was computer controlled to sweep the fre-
quency and the optical MMW/THz signal before
the UTC-PD was intensity modulated at a frequen-
cy of 10 kHz. Then, the generated signal was radi-
ated and collimated with a diagonal horn antenna
and a gold-coated off-axis parabolic mirror, respec-
tively. The transmitted signal through the gas cell
was received with a Schottky barrier diode, and
detected with a lock-in amplifier tuned at 10 kHz. 

The measured transmittance for the gas is plot-
ted in Figure 14 with simulated results based on
the HITRAN database [27]. As can be seen, the
positions, tendency of the magnitude and the shape
of absorption peaks from the measurement coin-
cide well with those of HITRAN. 

In the future, this system will be extended to
the standoff sensing system for toxic and/or dan-
gerous gasses such as CO, CO2, HCN, HCl, SOx,
NOx, etc. in case of disaster or fire (Figure 15).
In this system, highly-sensitive receiver is requi-
red, and the SIS mixer mentioned above is one of
the candidates.
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Fig. 13 Experiment setup for spectroscopic measurement sy-
stem using photonic MMW/THz signal generators

Fig. 15 Targeted application scene of the sub-THz standoff
gas sensing system

Fig. 14 Measured and simulated spectroscopic results for N2O
concentration of 75 %

4 CONCLUSION

We described MMW/THz-wave generation ba-
sed on the optical heterodyning. Frequency-tunable
optical frequency combs, high output power O-E
converters, and optical filter/combiners are key de-
vices for high-performance signal generators. A
bandwidth of more than one octave, a frequency
resolution of less than 1 Hz, and an output power
of more than 100 μW at frequencies up to 1 THz
should be feasible in the near future. Such a gene-
rator will be useful for exploring MMW/THz elec-
tromagnetic waves for basic measurement and
communications. 
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Fotonički izvori milimetarskih i terahercnih valova i njihova primjena. U radu su opisani rezultati 
najnovijih istraživanja izvora milimetarskih i teraherc valova, zasnovanih na fotoničkim rješenjima, koji gene-
riraju signale velike izlazne snage s niskim faznim šumom u širokom frekvencijskom području. Prikazana je
tehnologija izrade osnovnih komponenata kao što su optički frekvencijski češljasti generator, fotonički valni
krugovi za procesiranje signala, integrirani antenski moduli koji sadrže fotodiodu, kao i njihova primjena u
mjernim sustavima visoke preciznosti i komunikacijskim sustavima.

Klju~ne rije~i: milimetarski valovi, teraherc, fotonika, bežične komunikacije, spektroskopija
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