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Abstract There has been an increasing interest in photonic
generation of RF signals in the millimeter-wave (30 GHz ~
300 GHz) and/or terahertz-wave (0.1 THz ~ 10 THz) regions,
and photodiodes play a key role in it. This paper reviews re-
cent progress in the high-power RF photodiodes such as Uni-
Traveling-Carrier-Photodiodes (UTC-PDs), which operate at
these frequencies. Several approaches to increasing both the
bandwidth and output power of photodiodes are discussed, and
promising applications to broadband wireless communications
and spectroscopic sensing are described.

Photodiode chip is bonded to the substrate with the antenna.
This is a symbolic figure of RF photonics in this article.
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1. Introduction

Research on exploring millimeter-waves (MMWs) and ter-
ahertz (THz) waves, which cover the frequency range from
30GHz to 10 THz, has lately become very active, since
nature of these electromagnetic waves is suited to spectro-
scopic sensing [1-3] as well as to ultra-broadband wireless
communications [4-6]. One of the obstacles to develop ap-
plications of MMWs and THz waves is a lack of solid-sate
signal sources, rather than detectors [7], as the frequency
band in this region is often referred to as “terahertz gap” [8].

For the generation of MMWs and THz waves, pho-
tonic techniques are considered to be superior to conven-
tional techniques based on electronic devices with respect to
wide frequency bandwidth, tunability, and stability. More-
over, the use of optical fiber cables enables us to distribute

high-frequency RF signals over long distances [9]. In this
scheme, optical-to-electrical (O-E) converters, or photo-
diodes, which operate at long optical wavelengths (1.3—
1.55 um), play a key role, and high-output-current operation
is required in addition to high-frequency operation for prac-
tical applications. Among various types of long-wavelength
photodiode technologies, a uni-traveling-carrier photodi-
ode (UTC-PD) has exhibited the highest output power at
frequencies from 100 GHz to 1 THz, with improvement in
layer and device structures since its debut in 1997 [10].

In this paper, we review recent progress in the UTC-PDs
in comparison with other types of photodiodes, and their
applications to wireless communications, radio astronomy,
and spectroscopy. In Sect. 2, background and motivation in
the photonic generation of MMW and THz-wave signals
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are explained. Next, basic properties of high-power photo-
diodes and their evolution are described in Sects. 3 and 4.
Finally, we discuss some of the latest RF applications of
such photodiodes to communications and measurements
in Sect. 5.

2. Photonic generation of
MMW/THz-wave signals

Fig. 1 shows a block diagram of a photonics-based radio-
wave transmitter. First, the optical signal, whose amplitude
or phase is modulated at MMW/THz frequencies, is gen-
erated by the optical RF signal source, and is delivered
through optical fiber cables, and converted to the electrical
signal by a high-frequency O-E converter such as a pho-
todiode. The converted signal is finally radiated into free
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Figure 1 (online color at: www.lpr-journal.org) Conceptual
illustration of photonic MMW/THz-wave generators.
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space by an antenna. In some cases, the output of the photo-
diode is followed by a power amplifier and/or a frequency
multiplier, only when these electronic devices are available
at frequencies of interest.

As for continuous-wave (CW) optical MMW/THz sig-
nal generation, main techniques being currently investi-
gated include optical heterodyning using two different
wavelengths light [11], optical injection-locking of a laser
diode by a master laser [12], combination of a single-mode
laser with an external modulator [13], and actively mode-
locked lasers [14, 15]. Among these, the optical heterodyn-
ing technique offers the widest frequency tunability from
GHz to THz regions. The optical heterodyning using two
laser sources such as wavelength-tunable lasers, as shown in
Fig. 2a, is the simplest and also a cost-effective way. Here,
there is no need to employ expensive electrical devices op-
erating at MMW and/or THz frequencies. The frequency
stability, however, is generally poor; for instance, the phase
noise is —75dBc/Hz at an offset frequency of 100 MHz,
and the frequency drift is more than 10 MHz/hour, when
two DFB lasers are used [16]. Thus, a special phase-locking
system is necessary for practical instrumentations.

Fig. 2b shows another optical heterodyning technique
which can generate extremely low-phase-noise signals [17—
21]. Key components are an optical frequency comb genera-
tor (OFCG), which generates multi-frequency (wavelength)
optical signals [22-25], and an optical filter, which selects
two of these. Typical OFCGs are mode-locked short-pulse
lasers, and a combination of a single-mode laser and op-
tical amplitude and/or phase modulators. They generate
multi-frequency optical signals with a spacing of the driv-
ing frequency, fo, for lasers or modulators, and all modes
are phase-locked. The selection and combination of two
modes corresponds to frequency multiplication, NV fy. The
fundamental frequency, fy, is usually 10 to 30 GHz, where
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Block diagram of the MMW/THz-wave generator
based on optical heterodyning technique.

© 2009 by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.lpr-journal.org



Laser & Photon. Rev. 3, No. 1-2 (2009)

Laser & Photonics
Reviews

125

optical modulators and driver electronics are commercially
available, and the multiplication factor can be made over
50 [22,25-27]. Since fine and accurate tuning of fj is pos-
sible by using a synthesized signal generator, we can con-
tinuously change the frequency from fy to N fy. Phase
noise of generated signal is N times as large as that of the
synthesized signal generator [27].

Thus, the advantage of photonically assisted
MMW/THz signal generation is that continuously tun-
able and low-phase-noise signals are available with rela-
tively low-frequency electronic and photonic components.
To make this approach realistic, development of high-
frequency/high-power O-E converters, or photodiodes
is crucial.

3. Principle and advantage of uni-traveling
carrier photodiode

Band diagrams of the UTC-PD and traditional pin PD are
schematically shown in Figs. 3a and b, respectively [10,
28,29]. In the pin PD, the light absorption occurs in the
intrinsic (depleted) InGaAs region, and electron-hole pairs
are created. In contrast, the active region of the UTC-PD
consists of two layers; one is a neutral (undepleted) narrow-
gap light absorption layer (p-type InGaAs), and the other is
an undoped or lightly n-type doped (depleted) wide-gap car-
rier collection layer (InP). Electron-hole pairs are created
only in the absorption layer, while the carrier collection
layer is transparent to the illuminated light at a wavelength
of 1.55 um. Greatly dissimilar carrier transport properties
(mobility and drift velocity) between electrons and holes
are the key in the discussion below.

In the UTC-PD, the photo-generated minority electrons
in the absorption layer diffuse and/or drift into the depleted
carrier collection layer. When we introduce a quasi-field
in the absorption layer by the band-gap grading or dop-
ing grading, the traveling time of electrons in the absorp-
tion layer can be effectively reduced. Meanwhile, photo-
generated majority holes respond very quickly within in
the dielectric relaxation time by their collective motion.

Hence, the photoresponse of the UTC-PD is dominated by
the electron transport in the whole structure. This is an es-
sential difference from the conventional pin PD, where both
electrons and holes contribute to the response, and the low-
velocity hole-transport dominates the performance. The
velocity of electrons (3-5x 107 cm/s) is 6-10 times higher
than that of holes (5% 10° cm/s). In the UTC-PD, electrons
exhibit velocity overshoot in the InP carrier collection layer.
We usually set the bias voltage of the UTC-PD to the op-
timum condition so that electrons can travel at velocity
overshoot for a very limited electric field strength [30,31].
As aresult, electron diffusion time in the undepleted region
mainly determines the operation speed of the UTC-PD with
a moderate absorption layer thickness.

Typical measured pulse responses of the UTC-PD and
the pin PD are shown in Figs. 4a and b, respectively [28,29].
The absorption and collection layers are 220 and 300-nm
thick, respectively, for the UTC-PD, and the absorption
layer of the pin PD is 300-nm thick. The output waveforms
differ greatly from each other. Two current components
are observed in the waveforms of pin PD. The initial sharp
peak comes from the electron current in the depletion layer.
Current tails observed after the peak, however, are due
to the slow response of holes. 3-dB bandwidth of the pin
PD is dominantly determined by these tails, which are
significant for higher optical input energy. To the contrary,
the waveforms of UTC-PD are almost symmetry, showing
fast falling edges even for higher optical inputs. It must
be noted that the fall time of the UTC-PD can be further
decreased by shrinking the absorption layer while keeping
the collection layer relatively thick [30].

In addition, the RC time constant is another factor
which determines the operation speed. The RC limited
bandwidth, f3qp, is given by f3q3 = 1/RC = d/cAR,
where d is a thickness of the active layer, and A is device
area. The very thin absorption layer is used to obtain larger
transit-time limited bandwidth, but this causes the decrease
in the RC limited bandwidth in the pin PD. On the other
hand, we can independently design the absorption layer
and carrier collection layer thicknesses, thus making the
absorption layer thinner to increase the transit-time limited
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Figure 4 (online color at:
www.lpr-journal.org) Pulse
photoresponse of (a) UTC-PD
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Figure 5 (online color at: www.lpr-journal.org) Relationship
between 3 dB-bandwith and the thickness of absorption layer for
UTC-PDs and pin PDs.

bandwidth without scarifying the RC charging time in the
UTC-PD. An example of calculated 3-dB bandwidth vs.
thickness of the absorption layer, W 4, for the UTC-PD and
the pin PD is shown in Fig. 5. For thinner absorption layer,
the 3-dB bandwidth increases with the inverse of the square
of W4 for the UTC-PD and with the inverse of W4 for
the pin PD. This difference comes from the difference in
the type of carrier transport in the absorption layer; that is,
electron transport in the absorption layer is diffusive in the
UTC-PD, while the drift motion of both types of carriers
is dominant in the conventional pin PD. For much thinner
absorption layer, the 3-dB bandwidth turns to decrease due
to the increase in the RC time constant in the pin PD, and
this is not the case for the UTC-PD.

Another advantage of the UTC-PD is the higher out-
put saturation current even in the high-frequency operation
due to much less space charge effect in the depletion layer,
which also results from the high electron velocity in the
depletion layer. Figs. 6a and b show the mechanism of the
space charge effect in the UTC-PD and the conventional pin

and (b) pin PD.

10 20 30 40

Time (ps)

(b)

PD, respectively. The substantial difference in the mech-
anism leads to an orders-of-magnitude difference in the
saturation current. In the pin PD, the band profile is modu-
lated (band bending) under high-excitation condition, since
photogenerated carriers are stored in the absorption layer as
shown in Fig. 6b. The decreased electric field drastically re-
duces the carrier velocity, enhances the charge storage, and
results in the output current saturation. The situation is sim-
ilar in the UTC-PD, but the space charge consists of only
electrons whose velocity at overshoot is much higher than
that of holes even for the decreased electric field. Therefore,
the output current does not saturate until the current density
becomes an order of magnitude higher than that for the
pin PD.

It must be added that similar structures existed prior
to the first demonstration of the high-speed/high output-
current UTC-PD. Davis et al. [32] reported a photodiode
with a 3-um-thick undepleted InGaAs absorber and a 5-pum-
thick InP depletion layer that was designed to decouple the
device capacitance (bandwidth) and the optical responsiv-
ity (efficiency).

4. Evolution of high-power MMW/THz
photodiode technologies

In this section, we discuss the evolution of the UTC-
PDs in comparison with recent progress in other types
of MMW/THz photodiodes. In Fig. 7, several techniques
or approaches are summarized to improve the performance
with respect to efficiency (responsivity), bandwidth, output
power, and other special items.

4.1. Structure design

In general, there are several approaches in terms of photo-
absorption structures [33]. Fig. 8 depicts (a) original sur-
face illuminated PD and (b—d) edge illuminated PDs. The
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edge-illuminated structures were devised to enhance the re-
sponsivity (efficiency) of the PD with maintaining the band-
width, and they are divided into (b) refracting facet illumi-
nated PD [34], (c) waveguide (WG) structure PD [35], and
(d) waveguide-fed evanescently-coupled PD [36]. More-
over, the WG structure PD and waveguide-fed evanescently-
coupled PD are extended to distributed structures to further
enhance the bandwidth by overcoming RC time constant
with increased length of PD in the direction of light il-
lumination as shown in Fig. 9. Distributed structures are
divided into (a) (b) traveling-wave PDs [37, 38], and (c)
periodically loaded traveling-wave (or velocity-matched
distributed) PD [39].

The absorption layer of the WG structure PD acts as
a part of core layer for the light waveguide. In the surface
or backside illuminated PD, there is a tradeoff between the
bandwidth and the efficiency. This is because thin absorp-
tion layer enhances carrier-transit-time limited bandwidth,
but it decreases the amount of light absorption. On the other
hand, speed and efficiency can be independently optimized
in the case of edge-illuminated PDs. Fukano et al. first in-
troduced the refracting facet structure in the UTC-PD to
enable the edge illumination [40]. Angled (~55 degree)
incident facet was made by anisotropic chemical etching. A
responsivity of 1 A/W was obtained at 40 GHz. It also con-
tributes to the ease of packaging, and is effective especially
for the tolerant optical alignment. Muramoto et al. intro-
duced the WG structure in the UTC-PD and the measured
efficiency reached 50 % with a bandwidth of 55 GHz [41].

By separating the light waveguide layer and the ab-
sorption layer, the waveguide-fed evanescently-coupled PD
offers more relaxed design optimization to enhance the
output power in addition to the efficiency and the band-
width. Hirota et al. reported the first periodically-loaded
TW UTC-PD. A responsivity of 0.05 A/W of the lumped

WG (c) Periodically-loaded traveling-
wave PD.

(c)

UTC-PD was increased to 0.15 A/W with 9-dB increase in
the response by the periodic TW UTC-structure [42]. They
also indicated the importance of a termination resistor for
the distributed operation at frequencies of > 100 GHz. Re-
cently, there have been increasing reports on waveguide-fed
evanescently-coupled TW UTC-PDs theoretically as well
as experimentally [43-45].

4.2. Circuit design

Integration of the UTC-PD with passive circuit elements
such as stubs and antennas is effective to increase the output
power generated from the “lumped” PD. This approach
is based on the band-operation of the PD at designated
frequencies.

Fig. 10 shows the UTC-PD integrated with a short-stub
matching circuit consisting of a CPW and a MIM capaci-
tor [46]. This technique compensates for the internal capac-
itance of the PD, thus eliminating the constraint of RC time
constant at a specific frequency, and increases the output
power by more than 3 dB at the resonant frequency. The
maximum output power exceeds 20 mW at around 100 GHz
for circuit (a) [46], and > 100 uW at around 300 GHz for
circuit (c) [47].

Integration of a resonant planar antenna with the UTC-
PD is also effective in particular for THz regions [44,48,49].
In Fig. 11, an impedance matching was performed between
the twin-dipole antenna and the UTC-PD [49]. Generated
power exceeds 10 yW at 1 THz.

Fig. 12 shows a comparison of reported MMW/terahertz
wave output (or detected) power against operation fre-
quency for UTC-PDs, pin PDs, and low-temperature-grown
(LT)-GaAs photomixers. The output power of UTC-PDs
is about two orders of magnitude higher than those of pin
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Figure 10 (online color at: www.lpr-journal.org) Pho-
tographs of matching-circuit-integrated UTC-PDs for (a) W-
band and (c) J-band operation. (b) Simplified equivalent circuit.
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PDs, mostly due to high saturation output current. The
output power decreases in proportion to f~*. Recently,
UTC-PDs with waveguide-coupled and traveling-wave
structure have been reported from a group of University
College London [44], which exhibit world-record output
power. It must be noted that the output-power measurement
of our UTC-PDs was conducted at room temperature with
no special heat sinking.

To overcome the limitation of the power capacity in
a single device, the power combining technique by using
an array of antennas integrated with UTC-PDs was exam-
ined [50]. Total output power of 1 mW is expected for 3x3
array at 300 GHz.

06 08

nated operation frequen-
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Frequency (THz)
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4.3. Carrier transport design

There is still a room for the optimization of layer structures
and materials by considering the carrier dynamics in the
PD [51,52]. In Fig. 13, we summarize diode layer structures
which have been examined so far to improve performance
parameters in terms of speed (bandwidth), efficiency (re-
sponsivity) and output power (saturation current), starting
from conventional pin PD (a) and UTC-PD (b), though
this classification does not cover completely all the layer
structures reported. Strict tradeoff exists between theses
parameters, and the constraints depend on the diode layer
structure. It should also be noted that the device scaling
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can always increase the bandwidth. So, the comparison has
to be done under some conditions. Here, all the structures
are supposed to have same junction size and capacitance,
thus, the RC time constant and self heating are common.
As described in Sect. 3, the UTC-PD (b) gets rid of hole
transport in its operation, which is a cause of slow response

and low saturation level in the pin PD (a). Also in other
structures (c,d), space-charge generation by hole transport
can be minimized to relax the field modulation.

Dual (depleted and undepleted) absorbers are used in
Fig. 13c, and this type is often referred to as partially-doped
absorber (PDA) PD [53-56]. The PDA-PD is essentially
equivalent to the InP/InGaAs UTC-PD with an InP collector
replaced by an InGaAs collector. This structure operates
with lower hole density than the pin PD and its saturation
level becomes higher. Thinner InGaAs depletion layer in
the PDA-PD compared to that in the pin PD is substantial in
terms of thermal management, since thermal conductivity
of InGaAs is poor. This structure is also effective to increase
the responsivity. Muramoto et al. [54] demonstrated that a
responsivity of 0.98 A/W was achieved with a photocurrent
of 10mA at 50 GHz, and Li et al. [55] reported 0.6 A/W
with a saturation current of 24 mA at 48 GHz.

Hybrid pin-like structure shown in Fig. 13d, where ab-
sorbed and non-absorbed intrinsic layers are combined, is
referred to as dual depletion pin PD [57,58]. Williams [57]
compared the performance of dual depletion pin PD with
conventional pin PD and UTC-PD based on space-charge
and thermal calculations.

The layer structure shown in Fig. 13e is a composite of
the UTC-PD and the dual depletion pin PD. The thickness
of the depleted InGaAs can be minimized for a condition
of equal total InGaAs thickness. This results in consid-
erably less hole space-charge density and higher output

P
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saturation level. This PD is sometimes labeled as modified
UTC-PD [59]. We also notice that the composite structure
includes all design elements and others are variations of
this structure.

In the UTC and UTC-like structures Fig. 13b,d,e, the
i-InP carrier collection layer can be replaced with a doped-
InP in order to avoid the space charge effect, and to ac-
celerate electrons by near-ballistic (NB) transport behav-
ior [60, 61]. The former is sometimes called as charge-
compensated (CC) structure [62].

4.4. Other engineering challenges

One of the remaining practical issues in the high-power
UTC- and UTC-like PDs is a thermal management. These
photodiodes often face burn out before their saturation
condition due to thermal effect. To transfer heat out of
the photodiode effectively, use of Si substrate by wafer (epi-
layer) bonding [63,64], and metal to metal (heat spreader)
bonding [65] has been examined.

Ultra-low temperature operation of the UTC-PD is at-
tractive, since it can be integrated with superconducting
mixers and other quantum-effect electron devices operating
at low temperature (4—77 K). Due to the wavelength depen-
dence of the responsivity of the UTC-PD at low tempera-
tures, a smaller bandgap absorption layer will be necessary
at 1.55 pm [66,67].

For application to some practical instruments, it is of-
ten desirable to deliver the output power to the rectangular
waveguide rather than a free-space. W-band (75-110 GHz),
F-band (90-140 GHz), D-band (110-170 GHz), and J-band
(220-325 GHz) PD modules with rectangular (hollow)
waveguides were developed [47,68]. The waveguide-output
module can be easily combined with other active compo-
nents with hollow-waveguide I/O ports such as power am-
plifiers and frequency multipliers. Using the W-band PD
module, the power amplifier, and the multiplier (2% 3), the
output power of 500 uW was obtained at 500 GHz [69].

5. MMW/THz applications of
high-power photodiodes

5.1. 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. From 100 to 300 GHz, there are three valleys,
where the attenuation is a local minimum; 75-100 GHz,
110-150 GHz, and 220-270 GHz. Our initial choice is the
120-GHz band centered at 125 GHz.

A block diagram of a 120-GHz-band wireless link sys-
tem with 10-Gbit/s transmission capability is shown in
Fig. 14 [4,70-72]. A photonic MMW generator is used
in the transmitter. An optical MMW source generates op-
tical subcarrier signals whose intensity is modulated at
125 GHz. An optical intensity (ASK) modulator modulates
the optical subcarrier signal using data signals. The modu-
lated subcarrier signal is amplified by an optical amplifier
and input to the high-power photodiode. The photodiode
converts the optical signals into MMW signals, which are
amplified and radiated toward the receiver via an antenna.
The received MMW signals are amplified and demodulated
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 wire-
less link is found in the broadcasting industry. A wire-
less link system that can transmit “uncompressed” high-
definition television (HDTYV) signals has been strongly de-
sired, because TV program production based on the HDTV
standard is spreading rapidly in TV stations due to the
launch of digital TV broadcasting all over the world. An un-
compressed HDTV signal (HD-SDI: high definition serial
digital interface) requires a data rate of 1.5 Gbit/s per chan-
nel. Conventionally, for wireless 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
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full bandwidth of real-time HD-SDI signals. Therefore,
current microwave wireless link compresses the HD-SDI
signals with MPEG or JPEG2000 encoders. This compres-
sion always causes a time delay, which makes it difficult
to edit programs or switch cameras in a live broadcast, and
sometimes 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 tournaments and mu-
sic concerts, requires multiple channels 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~ 2. 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 broad-
cast station, where optical fibers cannot be installed easily,
as shown in Fig. 15.

One of the advantages of the photonically-assisted
MMW transmitter is to make the transmitter core (Fig. 14)
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 for re-
liable and secure data transmission by controlling the center
frequency at the site of optical MMW signal generator [73].

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 [4]. To
achieve much higher data rate of > 20 Gbit/s, use of 200—
300 GHz carrier frequency is promising, and preliminary
experiment has been performed with photonically gener-
ated 240-GHz waves [74].

Optical fiver — @

()

\\_A\v _/L"

TV broadcast

sfation

Figure 15 (online color at: www.lpr-
journal.org) Application scene of the 10-Gbit/s
wireless link system.

5.2. Spectroscopic measurement systems

The ultralow-noise characteristics of the photonically
generated MMW/THz-wave signal have been verified
through their application to the LO for superconducting
(SIS: superconductor-insulator-superconductor) mixers in
heterodyne receivers used for radio astronomy. Radio-
astronomical signals from the universe have been success-
fully observed using a 98-GHz photonic LO [75]. Use of
the photonic LO in the SIS mixer system is the best combi-
nation, since the SIS mixer requires an LO power as low as
a few 10nW, that has been already achieved with the use
of RF photodiodes [76]. 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 LO at frequencies from 260 to 340 GHz [77]. Low-
temperature operated UTC-PD [67] will make the photonic
LO more attractive for integration with the SIS mixer.

Using the photonic MMW/THz-wave generator, sim-
ple spectroscopic measurements has successfully been
demonstrated in the frequency range between 240 and
360 GHz [78]. The sample under the test was a mixture
of N»O and N5 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 Fig. 16. The MMW/THz signal generator
was computer controlled to sweep the frequency and the
optical MMW/THz signal before the UTC-PD was intensity
modulated at a frequency of 10 kHz. Then, the generated
signal was radiated and collimated with a diagonal horn
antenna and a gold-coated off-axis parabolic mirror, re-
spectively. 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 plotted
in Fig. 17 with simulated results based on the HITRAN
database [79]. As can be seen, the positions, tendency of
the magnitude and the shape of absorption peaks from the
measurement coincide well with those of HITRAN. Mea-
surement bandwidth can be extended by using a photomixer
and a receiver, which are integrated with broadband anten-
nas [48,49, 80].
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Figure 16 (online color at: www.lpr-journal.org) Experiment
setup for spectroscopic measurement system using photonic
MMW/THz signal generators.

In the future, this system will be extended to the stand-
off sensing system for toxic and/or dangerous gasses such
as CO, CO,, HCN, HCI, SO, NO_, etc. in case of disaster

1.0

or fire (Fig. 18). In this system, highly-sensitive receiver
is required, and a heterodyne receiver using the SIS mixer
mentioned above is one of the candidates.

6. Future outlook

With recent advent of high-power photodiode technologies,
photonically generated MMW/THz waves have proven to
be useful in real-world applications such as communica-
tions and measurements. In order to expand application
fields, the increase of output power by at least one order
is desired at higher frequencies. Currently, the maximum
available output power at 1 THz is around 10 uW. Fig. 19
summarizes technical points to be examined in order to
increase the total power by two orders. In addition to the
improvement of photodiode performance in terms of satura-
tion current and thermal management, efficient RF coupling
between the photodiode and the antenna is also important.
The above countermeasure will allow the single device

0.8
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Figure 17 (online color at: www.lpr-journal.org)
360 . .
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Figure 18 (online color at: www.lpr-journal.org) Targeted application scene
of the sub-THz standoff gas sensing system.
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to emit powers on the level of 100uW at 1 THz [81]. The
power combining technique using an array of PDs is promis-
ing to increase the output power up to 1-mW level. As
shown in Fig. 20, there are two ways of power combining;
one uses an electrical power combiner circuit (a), and the
other is based on spatial power combination using an array
of antennas (b). We believe that these series of challenges
will lead to the change in the position of photonics-based
THz signal generator (photomixer) as shown in Fig. 20c in
the terahertz gap.
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