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Abstract—Our progress in 120-GHz-band wireless link tech-
nologies enables us to transmit 10-Gbit/s data transmission over
a distance of more than 1 km. The 120-GHz-band wireless link
uses high-speed uni-traveling carrier photodiodes (UTC-PD) and
InP high-electron mobility transistor (HEMT) millimeter-wave
(MMW) monolithic integrated circuits (MMICs) for the genera-
tion of MMW signals. We investigate the maximum output power
of these devices and compare the phase noise of MMW signals
generated by UTC-PDs and InP HEMT MMICs. We describe the
antennas we used and their operation technologies. Finally, we
investigate the dependence of transmission distance on availability
using the statistical rain attenuation data. The calculation results
show that the 120-GHz-band wireless link can transmit 10-Gbit/s
data over a distance of 1 km with availability of 99.999%.

Index Terms—Broadband communications, high-electron mo-
bility transistor (HEMT), millimeter-wave radio communications,
photodiode.

I. INTRODUCTION

B ROADBAND wireless link using the upper mil-
limeter-wave (MMW) band has recently been attracting

significant interest among a diverse group comprising telecom-
munications carriers, mobile telephone and data network
operators, broadcasters, consumer electronics manufacturers,
enterprise users, and others, because of its gigabit-class data
transmission capability. For indoor applications, gigabit-class
60-GHz-band wireless standards, such as WirelessHD and
IEEE802.15.3c, have been established, and a WirelessHD
system has achieved 4.0 Gbit/s and already been integrated into
television systems [1]. For outdoor applications, TV program
relay broadcast and high-speed backhaul services for mobile
communications appear to be the most promising applications,
because the data rate necessary for these applications is in-
creasing in proportion to the broadband trend in high-definition
video or new mobile services. The 60-GHz-band and -band
wireless link can achieve a data rate from 1.0 to 2.5 Gbit/s, and
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they have been actually used in the mobile backhaul services.
It is expected that the over-10-Gbit/s data rate will be required
for mobile backhaul in the near future.
To achieve a 10-Gbit/s data rate, we have been developing a

120-GHz-band MMW wireless link. The 120-GHz band is an
unexplored frequency region in the field of industries, and the
absorption coefficient of air is relatively small (about 1 dB/km),
compared with a higher frequency region. Therefore, the
120-GHz-band wireless link is suitable for broadband outdoor
fixed wireless systems, and we have succeeded in the outdoor
transmission of 10-Gbit/s data [2].
The transmission distance and the availability are very impor-

tant for TV relay broadcast and mobile backhaul applications.
In order to increase the transmission distance and availability,
we need to increase the output power of the wireless trans-
mitter and decrease the received power necessary for error-free
transmission. However, it has been difficult to generate high-
power radio signals due to the limitations of semiconductor de-
vices, because semiconductor device characteristics deteriorate
as the operation frequency increases.We have used a high-speed
uni-traveling carrier photodiode (UTC-PD) [3] and InP high-
electron mobility transistor (HEMT) millimeter-wave mono-
lithic integrated circuits (MMICs) [4], both developed by us. An
evaluation of rain attenuation is also important for estimating
availability, because rain attenuation of 120-GHz-band MMW
is large.
This paper presents our progress in 120-GHz-band wireless

system technologies that contribute to extending the trans-
mission distance of the wireless links. Section II describes
the progress in the transmission distance and the technologies
we used. Section III explains the devices we use to generate
120-GHz-band radio signals and discusses the possibility of ob-
taining maximum output power from these devices. Section IV
covers the technologies we use to decrease the received power
necessary for error-free transmission, such as forward error
correction (FEC), and low-noise amplifiers (LNAs). Section V
describes the antennas we have used and describes a system for
auto-alignment of antenna direction in 120-GHz-band wireless
links. Section VI describes in detail our two 120-GHz-band
wireless link systems, one of which uses the UTC-PD and
other HEMT MMICs, and compares their features. Section VII
discusses the transmission distance and availability on the basis
of statistical data, such as the cumulative distribution of rain
rate and rain attenuation of 120-GHz-band MMWs, obtained
in long-term outdoor transmission experiments. Section VIII
concludes the paper.

0018-9480/$31.00 © 2012 IEEE
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Fig. 1. Progress in the transmission distance of the 120-GHz-band wireless
link.

II. PROGRESS OF THE 120-GHZ-BAND WIRELESS LINK
SYSTEM: TRANSMISSION DISTANCE

Fig. 1 shows the transmission distance of the 120-GHz-band
wireless link. Photographs of the wireless equipment used for
the transmission experiments are also shown. At the early stage
(2000–2005), the 120-GHz-band wireless signals were gener-
ated by photonic technologies, because photonics technologies
have broadband characteristics and are suitable for generating
high-frequency signals. Moreover, we can modulate MMW sig-
nals at a rate of over 10 Gbit/s because we can use high-speed
optical Mach–Zehnder modulators in the photonic MMW gen-
eration systems. Data transmission over a distance of 2 m at
1.25 Gbit/s was achieved in 2000 [5], [6], and the world’s first
10-Gbit/s data transmission over a radio wireless link was ac-
complished in 2002 [7]. We used planar antennas in those two
experiments. In 2003, we started working on the MMICs for
the 120-GHz wireless system. Component circuits, i.e., LNAs,
power amplifiers (PAs), modulators, and demodulators, were
designed and improved to ensure long-range transmission. PAs
and LNAs were implemented to enhance performance of the
photonic system. We obtained the first experimental radio sta-
tion license from the Ministry of Internal Affairs and Commu-
nications of Japan in 2004 and conducted the first outdoor trans-
mission experiments over a distance of 170 m [8]. At that stage,
120-GHz-band MMW amplifiers and high-gain antennas, such
as Gaussian optic lens antennas or Cassegrain antennas, were
introduced into both the transmitter and receiver, which made
the outdoor transmission experiments possible.
Since 2007,we have been generating the 120-GHz-bandwire-

less signals using InP HEMT MMIC technologies [2]. The InP
HEMT MMICs have a narrow operation bandwidth compared
withphotonictechnologies;however,all-electronicsystemshave
advantages of compactness and low cost, especially when the
transceiver functions are implemented with MMICs. The wire-
less equipment was designed to beweatherproof, whichmakes it
possible to conduct long-termoutdoor transmissionexperiments.
In 2009, 5.8-km10-Gbit/s data transmissionwas achieved infine
weather by increasing the output power and antenna gain and by
introducing FEC technologies [9].
As shown in Fig. 1, the transmission distance increased from

2 m to 5.8 km in nine years, mainly due to improvements in
output power, receiver sensitivity, and antenna gain. We de-
scribe the characteristics of these devices we used in the fol-
lowing sections.

III. OUTPUT POWER OF DEVICES USED FOR GENERATING THE
120-GHZ-BAND WIRELESS SIGNALS

Here, we discuss the 120-GHz-band wireless link output
power and investigate the maximum output power that can
be obtained by the devices we have used (UTC-PDs or InP
HEMTs) in the 120-GHz band.
Gunn oscillators, impact oscillators, and backward oscilla-

tors (BWO) had been studied as generators of over-100-GHz
signal [10]–[12]. These devices can generate over 10 dBm of
output power at frequencies above 100 GHz. However, it was
difficult to apply these devices for wireless communications
because they lacked the characteristics required for telecom-
munications applications, such as high-frequency stability, fre-
quency tunability, and low phase noise. In particular, the lack of
high-speed modulation was a big obstacle to wireless commu-
nications applications.
Photonic technologies enable us to generate MMW signals

at over 100 GHz with conventional photonic devices, and it
is possible to modulate MMW signals at a rate of 10 Gbit/s
by using optical modulators. Key devices for the generation of
over-100-GHz MMW signals are a high-power and high-speed
O/E convertor and a low-phase-noise photonic MMW source.
We used a UTC-PD as a high-power and high-speed O/E con-
vertor [3]. The UTC-PD uses only electrons as its active carriers,
and its prime feature is high current operation.
On the other hand, recent technological progress in semicon-

ductor devices has been remarkable. This is especially true for
compound semiconductor transistors, such as HEMTs and het-
erojunction bipolar transistors (HBTs), which are attracting a
great deal of interest because of their high-speed characteris-
tics. Recent improvements in electron beam gate lithography
are seeing the speed of HEMTs increase as the gate length de-
creases, and InP HEMTs with maximum oscillation frequency

of over 1 THz have already been developed [13]. These
transistors enable us to make electronic devices that operate at
frequencies over 100 GHz.
The transitions in the output power of the 120-GHz-band

wireless link are shown in Fig. 2, where the output power is the
average power of the ASK-modulatedMMWsignal output from
the transmitter. We used UTC-PDs for the transmitter before
2002, and the output power ranged from about 0 to 7 dBm. Later,
we used an InP HEMT MMIC amplifier as a post-amplifier of
UTC-PD output and were able to increase the output power up
to 10 dBm. Since 2007, we have generated the 120-GHz-band
MMW signal with a frequency multiplier and amplifiers made
of InP HEMT MMICs, and we have achieved 16-dBm output
power using composite-channel (CC) InP HEMT MMICs with
improved breakdown voltage [14].
Next, we investigated the saturation output power of the

UTC-PD at a frequency of 125 GHz. Critical current of
the UTC-PD can be approximated as

(1)

(2)

where is depletion width, is critical electron density,
is junction area, is load resistance, is electron over-
shoot velocity, is dielectric constant, is voltage applied to
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Fig. 2. Changes in output power of the 120-GHz-band transmitter.

the PD, is operation voltage ( 3.0 V), is built-in voltage
(0.75 V), and is critical electron field (50 kV/cm) [3].
When the load of UTC-PD is , the relationship between

and can be approximated as

(3)

Therefore, of the UTC-PD can be approximated as

(4)

The frequency characteristics of the UTC-PD output power
are determined by the RC time-constant-limited bandwidth

and the carrier-transit-time-limited bandwidth
. We investigated the effect of junction capacitance

on the UTC-PD output power at a frequency of 125 GHz.
Junction capacitance is expressed as

(5)

The ratio of UTC-PD output power at an operation frequency
of over the output power during dc operation is given by

(6)

where is operation frequency and is parasitic capacitance.
The effect of UTC-PD series resistance is ignored for simplicity.
Therefore, the saturation output power is given by

(7)

We calculated the junction area dependence of UTC-PD satu-
ration output power using (7). The calculation result is shown in
Fig. 3. We set the constant cm/s to simplify
the simulation of saturation output power, even though, in reality,

changeswith .ForaUTC-PDwitha of220
GHz ( : 290nm),maximumoutput powers of about 8 dBmare
obtained with a junction area of about 30–40 m . On the other
hand, amaximumoutput power of about 10 dBmcan be obtained
when is 310 GHz ( : 230 nm), and the junction area
is about 25 m . We measured the maximum output power of
UTC-PDs on-wafer with of 220 GHz at a frequency

Fig. 3. Dependence of saturation output power on the PD junction area.

of 125 GHz using a power meter connected to a MMW probe.
Themeasurement results are also shown in Fig. 3. Themaximum
output powers are 4.0, 8.1, and 7.0 dBm for junction areas of 13,
29, and 50 m , respectively. Themeasured power qualitatively
coincides with the simulation results.
Ito et al. showed that the output power of the UTC-PD can

be increased by using a matching circuit, and they obtained
13.6 mW at 100 GHz [15]. We applied this technique for
the 120-GHz-band wireless link. Fig. 4(a) is the schematic
of the equivalent circuit. We measured the -parameter and
current–voltage characteristics of the UTC-PD to obtain the
equivalent circuit model of UTC-PD. For the calculation, we
used the junction area and of the PD of 23 m and
220 GHz, respectively. A resonant matching circuit composed
of a short stub circuit compensates for the imaginary part of
internal impedance in the UTC-PD at a specific frequency. On
the other hand, introducing the resonant matching circuit makes
the UTC-PD operation bandwidth narrow. The matching con-
dition can be changed by setting the length of transmission line
and that of short stub shown in Fig. 4(a). The simulation

results for PDs (PDa-PDe) with matching circuits with different
and are shown Fig. 4(b). Table I shows the and of

UTC-PDs with a matching circuit. The relative response in the
narrowband design at 125 GHz is about 45% to 130% higher
than that for the UTC-PD without the matching circuit. On the
other hand, there is a tradeoff between the maximum output
power and bandwidth. For 10-Gbit/s data transmission using an
ASK modulation scheme, the bandwidth of the devices should
be about 17 GHz. Fig. 4(c) shows the relationship between the
peak power and bandwidth. For PDe, which achieves highest
peak power (15 mW), the 1-dB bandwidth is 8 GHz, which
is insufficient for 10-Gbit/s data transmission. To obtain the
bandwidth of over 17 GHz with a margin, we selected PDb.
Fig. 5 shows the measurement results for PDb at 125 GHz. The
output power of a PD without a matching circuit is also shown.
PDb with a matching circuit exhibits 50% higher efficiency
than the one without it, which coincides with the simulation
results in Fig. 4(c).
These results indicate that a UTC-PD itself can generate

about 10 dBm at 125 GHz. However, linearity is required
for ASK systems, and 3-dB back-off is required for the ASK
modulation scheme; therefore, we have to use a UTC-PD with
an output power of a few dBm. One way to obtain over 10 dBm
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Fig. 4. (a) Schematic of the equivalent circuit of a UTC-PD with a matching
circuit, (b) simulated UTC-PD output power, (c) simulated relationship between
1-dB bandwidth and peak power.

TABLE I
AND OF UTC-PDs WITH A MATCHING CIRCUIT

Fig. 5. Measured output power of UTC-PDs with and without matching circuit
at 125 GHz.

of output power in the 120-GHz band is to introduce of a PA,
which we investigate next.

Fig. 6. Photographs of InP HEMT MMICs. (a) PA using conventional InP
HEMT. (b) PA using CC InP HEMTMMICs. (c) Tx MMIC using conventional
InP HEMT. (d) Rx MMIC using conventional InP HEMT.

Fig. 7. Typical current–voltage characteristics of a fabricated 0.8- m-gate CC
HEMT with gate width of 40 m.

InP HEMTMMICs feature high-speed and high-power oper-
ation, and we have succeeded in making PAs that employ an InP
HEMTMMIC [4]. A photograph of the PAMMIC chip is shown
in Fig. 6(a). The chip size is 1.0 mm 2.0 mm. We investigate
the output power of the InP HEMTMMIC PA that operates at a
frequency of 120 GHz. The bias point has a major impact on
a PA’s output power. The effect of the bias point can be ob-
tained by considering the device’s current–voltage ( – ) char-
acteristic in conjunction with a load line. The maximum output
power can be obtained when the load line allows maximum
voltage and current excursion. The most effective way to in-
crease the maximum voltage excursion is to increase the break-
down voltage of the InP HEMTs. The use of an InGaAs/InP
composite channel (CC) is effective for increasing the break-
down voltage while maintaining high-frequency performance.
The 0.08- m-gate CC InP HEMT we have developed typically
have a unity current gain frequency of 180 GHz and a max-
imum oscillation frequency of 580 GHz [16]. Fig. 7 shows
typical dc current–voltage characteristics of 0.08- m-gate CC
HEMTs at room temperature. The gate width is 40 m. The
off-state breakdown voltage of the HEMTs is around 10 V, and
reliable operation can be expected below 4.0 V from the results
of bias temperature acceleration tests. These values are almost
two times higher than those of conventional lattice-matched
InP-HEMTs.
The output power of an HEMT is expressed as

(8)
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where the bias point is and and are drain
voltage and drain current that swing on the load line, respec-
tively. Maximum voltage excursion can be obtained when we
set the bias point 2.25 V 12 mA , and is
expressed as

(9)

where is voltage swing and is breakdown voltage.
The output power of one HEMT calculated by (8) and (9) is

about 10 dBm. This calculation is based on a dc load line anal-
ysis and is different from the actual ac behavior of the HEMT.
The transconductance (gm) of the HEMT decreases at both ends
of the load line; therefore, we have to limit the voltage swing
to avoid nonlinear operation of the PA. Judging from the drain
voltage dependence of gm, should be below 1.0 V and
the bias point 2.0 V,13 mA for linear operation.
The output power of the HEMT calculated using these
values is about 5.4 dBm.
We fabricated a PA MMIC using the CC InP HEMTs [14].

The photograph of the PA MMIC using CC InP HEMTs is
shown in Fig. 6(b). The chip size is 2.0 mm 2.2 mm. The
amplifier has a three-stage common-source configuration.
To increase total power handling capability, we divided the
amplifier into eight medium-power amplifiers (MPAs) with an
on-chip power divider (eight-way) and combiner (eight-way).
Each MPA handles only one-eighth of the total RF and dc
power. Therefore, narrow transmission lines with a high cut-off
frequency and low radiation loss can be used in the cuircuit
design. Over 100 HEMTs with a gate width of 30 m were
used at the final stage of the PA circuits, and these HEMTs
were combined with a power combiner circuit. The total
output power calculated from the number and gate width of
the HEMTs at the final stage is approximately 25 dBm. We
fabricated a PA module by integrating the PA MMICs in a
metal package [14]. The photograph of the PA module is shown
in Fig. 8(a). The thickness of the PA MMIC chip integrated in
a metal package was 0.15 mm. The output of the MMIC was
transmitted to the waveguide via a waveguide-to-planar-cir-
cuit transition. The MMIC and waveguide-to-planar-circuit
transition were connected by wire bonding. Details of the wave-
guide-to-planar-circuit transition and MMIC integration are
shown in [17]. The efficiency of the PA MMIC was below 5%.
The output power of the PA module is about 19 dBm,
and the saturation output power is about 21 dBm at 125 GHz.
There is a 6-dB difference between the PAmodule output
power and the calculated PA MMIC output power. We
suppose that the difference is due to loss at the power combiner
in the PA MMIC and at the waveguide-to-planar-circuit tran-
sition in the PA module. When we use the PA module for an
ASK-modulation wireless transmitter, the average power of the
transmitter should be 16 dBm for linear operation. From the
viewpoint of chip area and power consumption, the number of
HEMTs at the final stage can be more than doubled. We think
that the Tx with ASK modulation scheme can achieve about
20-dBm average output power by using this CC InP
HEMT MMIC.

Fig. 8. Photograph of (a) Rx and Tx module, and (b) PA module. The package
of Tx module and Rx module are same.

Fig. 9. Maximum output power of MMW PAs.

We compare the maximum output power of reported PAs
in Fig. 9. GaN devices achieve the highest power at frequen-
cies below 100 GHz. Micovic et al. reported a GaN HEMT PA
MMIC whose maximum output power is 29.3 dBm at 88 GHz
[18]. At frequencies above 100 GHz, InP HEMT devices show
higher output power than other devices at the same operation
frequency. Deal et al. reported an InP HEMT PAMMICwith an
output power of 8 dBm at 270 GHz [19]. Our PA has the highest
output power in the 120-GHz band, and the output power of our
PA coincides with the trend in the relationship between the max-
imum output power and the operation frequencies.
For the generation of 125-GHz-band signal that is ampli-

tude-modulated at a data rate of 10 Gbit/s, we have developed a
transmitter (Tx)MMIC using the standard InP HEMT technolo-
gies [4]. In the transmitter MMIC, a frequency multiplier, ASK
modulator, and amplifiers are integrated in one chip. The photo-
graph of the transmitter MMIC is shown in Fig. 6(c). The chip
size is 1.0 mm 3.0 mm. The transmitter MMIC can generate
over 0-dBm 125-GHz-band MMW signal that is ASK modu-
lated at a rate of up to 11.1 Gbit/s. We have developed a Tx
module that integrates a Tx MMIC chip in a metal package, as
shown in Fig. 8(b) [17].

IV. RECEIVER TECHNOLOGIES

The 120-GHz-band wireless link employs an envelope de-
tection method using Schottky barrier diodes (SBDs). Fig. 10
shows the transition in receiver sensitivity. At first, we used
a conventional waveguide MMW detector, which had a video
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Fig. 10. Transition in the sensitivity of the 120-GHz-band receiver.

sensitivity of 10 mV/mW when the video load impedance was
1 M . However, we had to set the video load impedance to 50
for high-speed data transmission, which decreased the video

sensitivity to 20 mV/mW. We then developed a planar broad-
band receiver with SBDs and a planar slot ring antenna [6]. The
SBD chip was flip-chip bonded on the planar slot ring antenna
chip made on a Si substrate. With optimized data output cir-
cuits, the receiver achieved a video sensitivity of 190 mV/mW
at a load impedance of 50 .
In order to improve the video sensitivity of the receiver, we

developed a receiver MMIC chip that monolithically integrates
HEMT detector and an LNA [4]. The photograph of the receiver
MMIC is shown in Fig. 6(d). The chip size is 1.0 mm 3.0
mm. The video sensitivity of the HEMT detector itself is about
400 mV/mW, and with the integration of an LNA with a gain
of 33 dB, the sensitivity of the receiver MMIC chip reached
5 10 mV/mW.
For the wireless data transmission, it is important to increase

the C/N ratio at the receiver. In a wireless transmission system
with ASK modulation and envelope detection, a C/N ratio of
over 20 dB is necessary for a bit error rate (BER) of 10
[20]. Noise power at the receiver mainly comes from
the thermal noise of the LNA, which is given by

(10)

where is Boltzmann’s constant, is the noise figure (NF)
of the amplifier in the receiver, and is the bandwidth of the
amplifier.
One way to increase the C/N ratio is to improve the NF

of the LNA. Fig. 10 shows how the NF has changed for the
120-GHz-band LNA. The NF of the LNA was about 9 dB at
first, and it was decreased to 5.6 dB by using a combination
of two kinds of matching circuits [21]. We have developed a
receiver (Rx) module that integrates an Rx InP HEMT MMIC
chip composed of HEMT detector and LNA [Fig. 8(b)] [17].
Introducing a bandpass filter (BPF) in the Rx MMIC chip is
effective for increasing the C/N ratio. For this purpose, we
employed a planar BPF composed of two dual coplanar open
stubs [4]. The becomes 65.2 dBm when the NF is about
5.6 dB and is 20 GHz. Therefore, the theoretical received
power necessary for a BER of 10 is 43.6 dBm.
We can reduce the required C/N ratio necessary for the data

transmission with a BER of by using FEC technologies.

Many kinds of FEC methods, such as low-density parity-check
(LDPC) code, BHC code, and punctured code, have been used
in various wireless communications systems. On the other
hand, several requirements must be met for the application of
FEC to the 120-GHz-band wireless link. One of the promising
applications of the 120-GHz-band wireless link is live relay
broadcast of uncompressed high-definition videos, for which
FEC should be able to handle high-speed data with a small
latency. Therefore, we selected Reed–Solomon (RS) coding
because it satisfies the above requirements. For example, the
latency due to FEC should be below one frame of the television
signal (below 33 msec) for the transmission of uncompressed
high-definition videos in order to keep synchronization between
different video signals. The latency of FEC using RS coding is
below 10 s, and this value satisfies our requests. FEC using RS
coding has already achieved 10-Gbit/s data rate in the optical
transport network (OTN). Moreover, FEC using RS coding can
obtain coding gain of about 6 dB at a BER of with small
increase of data rate (about 7%) [22].
Another way to reduce the required C/N ratio is to change the

modulation scheme. The BPSK modulation scheme requires a
lower C/N ratio than the ASK modulation scheme. We devel-
oped a BPSK modulation module and demodulation module,
and a back-to-back test showed that these modules can transmit
10-Gbit/s data with lower received power than ASK modules
[23].
Fig. 11 shows the relationship between the BER and the re-

ceived power of the wireless link at 10 Gbit/s. The BERs were
measured by a free-space transmission experiment (Exp. 1) and
back-to-back tests (Exp. 2–4). In experiment 1 (Exp. 1), the
transmitter used a photonic emitter with a UTC-PD, and the
receiver was a planar broadband receiver composed of SBDs
and a planar antenna [5]. MMW amplifiers were not used in the
transmitter and receiver, and about 3-dBm received power is
required for a BER of below 10 . In experiment 2 (Exp. 2), as
a transmitter, we used a photonic waveguide module that inte-
grated a UTC-PD chip and PA chip and used an Rx waveguide
module as a receiver [8]. The use of an MMW amplifier at both
of transmitter and receiver reduces the received power neces-
sary for a BER of to about 30 dBm. In experiment 3
(Exp. 3), we used a Tx module and a PA module as a transmitter
and used an Rx module as a receiver, in which a Rx MMIC
chip with a BPF and an NF-improved LNA were integrated [2].
The bandwidth limitation by the BPF and the NF improvement
of LNA contributed to considerably reduce the received power
necessary for a BER of 10 to about 40 dBm. This value is
3.6 dB higher than the theoretical value discussed above with
(10).
When we used RS (255,239) coding defined in the ITU-T

Recommendation G.709 Interfaces in the same transmitter and
receiver setup as in Exp. 3, a BER of 10 was obtained when
the received power was about 46 dBm (Exp. 4) [9]. This value
is about 43 dB lower than that in Exp. 1, in which neither an
LNA nor FEC were not employed.

V. ANTENNA TECHNOLOGIES

For the 120-GHz-band wireless link, the output power is
generally smaller than that of microwave wireless systems
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Fig. 11. Relationship between the BER and received power of the wireless link
at 10 Gbit/s.

due to the limitation of generator characteristics, as discussed
in Section III. Moreover, the received power necessary for
error-free transmission is higher than that of microwave sys-
tems, because 120-GHz-band wireless system requires a broad
bandwidth for the transmission of 10-Gbit/s data. Moreover,
the free-space transmission loss is large due to the short
wavelength. Therefore, we need to use high-gain antennas to
transmit data over a distance of 1 km.
At a 120-GHz-band frequency, the reduction of transmission

loss between the transmitter/receiver chip and the antenna is
important. Therefore, we developed a planar antenna on which
a PD is hybridly or monolithically integrated [24]–[26].
Fig. 12(a) is a photograph of the planar slot antenna on which

a UTC-PD chip is flip-chip bonded, and Fig. 12(b) shows the
diagram of the designed photonic MMW transmitter using the
planar slot antenna [24]. The transmitter consists of a planar an-
tenna chip, a UTC-PD chip, a hemispherical Si lens, and an op-
tical fiber with a collimating lens. We used a coplanar wave-
guide-fed (CPW-fed) slot antenna for the planar antenna chip
because it has an antenna pattern perpendicular to the substrate
and is suitable for the connection of planar-active devices. The
slot antenna and the CPW were formed on a Si substrate

, which was 0.4 mm thick. To decrease the dispersion and
radiation loss due to the substrate, we used high-resistivity Si
and thick gold. The resistivity of the Si was 1 k cm, and the
thickness of the gold was 10 m. The antenna gain obtained by
a 3-D electromagnetic simulation based on the finite-element
method (FEM) was about 13.5 dB. In the data transmission ex-
periments, Teflon lenses with a diameter of 50 mm were used
to collimate the output of the planar antenna. The output power
of the transmitter was 3 dBm at a frequency of 120 GHz, and
we have succeeded in the transmission of 10-Gbit/s data over a
distance of 2 m by using a Teflon lens to collimate the MWW
beam [7].
However, antenna gain of over 40 dBi is necessary for the

120-GHz-band wireless link to transmit 10-Gbit/s data over a
distance of 1 km, and the gain of these antennas shown in Fig. 12
is insufficient.
A Gaussian optic lens antenna (GOA) and Cassegrain an-

tenna (CA) have high gain, and both have a waveguide port.
Therefore, it was necessary to develop a planar-circuit-to-wave-
guide transition in order to use these high-gain antennas.

Fig. 12. (a) Photographs of planar antennas used for the 120-GHz-band wire-
less link. (b) Schematic of photonic MMW transmitter module using planar slot
antenna.

Fig. 13. (a) Photograph of planar-circuit-to-waveguide transition on a Si
substrate. (b) Schematic of photonic MMW transmitter module that employs
planar-circuit-to-waveguide transition.

Fig. 13(a) shows a photograph of planar-circuit-to-waveguide
transition made on a Si substrate, and Fig. 13(b) is a schematic
of photonic MMW transmitter module that employs the planar-
circuit-to-waveguide transition. [9]. We selected Si substrate
because we can use the matured and low-cost Si fabrication
process. A UTC-PD chip is flip-chip bonded on a planar-cir-
cular chip. The MMW signals travel along a CPW to a tapered
slot antenna inserted into the waveguide. The thickness of the
Si substrate was set to 100 m to reduce the effect of surface
waves. Optical MMW signals are input to the UTC-PD from the
backside, and the UTC-PD converts them into MMW signals.
The MMW signals travel along a coplanar waveguide (CPW) to
a tapered slot antenna inserted into the waveguide.
Fig. 14 shows the simulated -parameter of the planar-cir-

cuit-to-waveguide transition. We employed the finite element
method (FEM) for the simulation. The input port is the CPW,
and the output port is the waveguide. The insertion loss im-
proves as the substrate gets thinner; it is below 2 dB when the
substrate is 100 m thick at a frequency of 90–140 GHz.
We also developed a planar-circuit-to-waveguide transition

made on a quartz substrate to reduce the transmission loss [17].
The planar-circuit-to-waveguide transition is composed of a
CPW-to-slotline (SL) transition, SL, and monopole antenna
placed on the waveguide.
With the development of the planar-circuit-to-waveguide

transition, it became possible to use high-gain GOAs and
CAs. Table II shows the gain of the antennas we used for
the 120-GHz-band wireless link. The GOAs have a smaller
diameter than the CAs, though their gains are comparable. A
standard gain horn antenna was integrated in the GOAs. The
half power beamwidth (HPBW) of CAs is smaller than that
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Fig. 14. Simulated S parameter of planar-circuit-to-waveguide transition that
uses Si substrates with different thicknesses.

TABLE II
CHARACTERISTICS OF ANTENNAS FOR THE 120-GHz-BAND WIRELESS LINKS

of GOAs. These results indicate that the antenna efficiency of
GOAs is higher than that of CAs. However, GOAs are much
heavier than CAs even at similar antenna gain. Therefore, we
have mainly used CAs for 120-GHz-band wireless links.
As shown in Table II, the beamwidth of the antennas is very

narrow, which makes the alignment of the antenna difficult
during setup. A telescope can be attached to the antenna of the
120-GHz-band wireless link, and we can make the telescope’s
axis direction coincide with the direction of the main lobe of
the antenna. At setup, we roughly align the antenna direction
manually using the telescope, then we do a fine alignment by
monitoring the received power. The 120-GHz-band wireless
link is unidirectional, so we have to send the received power
information to the transmitter side by using some other method
of wireless communications, such as a cellular phone, when
the direction of the transmitter antenna is aligned. This process
takes time and requires an operator with alignment experience.
We therefore developed a system for auto-alignment of antenna
direction. Figs. 15 and 16 show a schematic and photograph
of the system, respectively. The system uses a 2.4-GHz-band
wireless local area network (LAN) to send the control signal
and received power information between the transmitter and
receiver. The wireless LAN uses the IEEE 802.11g standard,
and it can transmit 12-Mbit/s data over a distance of 10 km
using a high-gain parabolic antenna. The PC at the receiver side
controls the motion of the antenna platforms of the transmitter
and receiver alternately to maximize the received power at the
receiver. The PC at the receiver side calculates the received
power from the monitor voltages output from the receiver.
Fig. 17 shows the scanning algorithm of auto-alignment pro-

gram. The auto-alignment program consists of a coarse align-
ment step and a fine alignment step. We can change the scan-
ning area in the coarse alignment step. In Step 1, the Rx an-
tenna scans coarsely as shown in Fig. 17.When noMMWpower
is detected by Rx during coarse scanning, the direction of Tx

Fig. 15. Schematic of the auto-alignment system.

Fig. 16. Photograph of the auto-alignment experiment (transmitter).

Fig. 17. Scanning algorithm of auto-alignment system.

antenna moves to the next position, then the Rx antenna starts
coarse scanning. WhenMMWpower is detected by Rx, the pro-
gram moves to Step 2. The coarse scanning of Rx antenna stops
whenMMW power is detected, and fine scanning of Rx antenna
starts. When the fine scanning finishes, Rx antenna moves to
the position that maximum received power was obtained during
fine scanning. After that, Tx antenna starts fine scanning, and
moves to the position that maximum received power was ob-
tained during fine scanning.
Fig. 18 shows the time necessary for auto-alignment. In the

experiment, we set the transmitter and receiver 1 km apart. First,
we aligned both the transmitter and receiver antenna directions
to obtain the maximum received power, then we shifted both the
transmitter and receiver antenna directions by a certain offset
angle. At this stage, we started the auto-alignment program.
We set the scanning area to be . The system achieves
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Fig. 18. Dependence of time necessary for auto-alignment on the offset angle
of the antenna.

auto-alignment in a 4–10 min when the offset angle is below
1.4 . This is comparable to the time it takes experienced oper-
ator to align the antennas. When offset angle is over 1.7 , the
auto-alignment system does not converge, because we set the
coarse scanning area to be . The antenna direction can be
aligned manually within from the right directions with
the telescope. Therefore, it is possible for anyone to align the an-
tenna direction by first aligning both the transmitter and receiver
antennas using the telescope and then starting the auto-align-
ment program. With the auto-alignment system, the antenna di-
rections can be aligned when the transmitter and receiver are set
1 km apart. The time for auto-alignment mainly depends on the
time necessary for the first coarse scanning. We can decrease
the time by increasing the speed of coarse scanning.

VI. 120-GHZ-BAND WIRELESS SYSTEM

As described in Section III, we have developed two technolo-
gies for the generation of 120-GHz-band wireless signals. In
this section, we present 120-GHz-band wireless systems using
UTC-PD and InP HEMT MMIC technologies and compare the
features of each system.
Fig. 19 shows a schematic diagram of the 120-GHz-band

wireless transmitter using a UTC-PD (Tx1). The transmitter is
composed of a low-phase-noise photonic MMW generator, data
modulator and aUTC-PDmodule. In the photonicMMWgener-
ator, the output of an ultra-narrow-linewidth single-mode laser
is modulated at a frequency of 62.5 GHz with a op-
tical intensity modulator. The 62.5-GHz CW signals are gener-
ated by multiplying the output of a 15.625-GHz phase locked
oscillator (PLO). The phase noise of PLO used in Tx1 is shown
in Fig. 20. The modulated optical signals are fed into a planar
lightwave circuit (PLC) that integrates an arrayed waveguide
grating (AWG) and 3-dB coupler [27]. The channel spacing
of the AWG is 60 GHz, and two output channels with an in-
terval of 120 GHz are connected with the 3-dB coupler. The
PLC therefore acts as an optical filter that outputs two modes
whose frequency interval is 125 GHz. The output signal is am-
plified by an erbium-doped optical fiber amplifier (EDFA). The
optical MMW signal is modulated by data signals. The modu-
lated optical signal is amplified by the second EDFA. The am-
plified optical signal is input into the UTC-PD module, which
is composed of a UTC-PD and an InP HEMT MMIC amplifier
[28]. The optical MMW signal is O/E-converted and amplified
by the UTC-PD module. The generated MMW signal is trans-
mitted from a high-gain antenna. The 120-GHz-band wireless

Fig. 19. Schematic of 120-GHz band wireless transmitter using a UTC-PD
(Tx1).

Fig. 20. SSB phase noises of down-converted 125-GHz CW signal generated
by Tx1 and Tx2. SSB phase noises of PLOs used in Tx1 and Tx2 are also shown.

signals are generated in the photonic MMW generator, and the
head of the wireless equipment only acts as an O/E convertor,
which makes the head of the wireless equipment light and re-
duces its power consumption.
A schematic of the 120-GHz-band wireless receiver is shown

in Fig. 21. The receiver employs a receiver module [17] with a
receiver MMIC chip [4]. The photograph of the receiver (Rx)
module is shown in Fig. 8(b). The receiver module amplifies the
received MMW signals and demodulates them. The gain and
NF of LNA used in the receiver module was 33 and 5.6 dB,
respectively [4]. The demodulated data signals are amplified
with a base-band amplifier. The demodulated data signals are
clock-and-data recovered and converted into optical signal with
an E/O converter.
Fig. 22 shows a schematic of the 120-GHz-band wireless

transmitter using InP HEMT MMIC technologies (Tx2). The
transmitter is composed of three components: the head, which
generates the radio signal; the controller, which supplies power
and the data signal and control signals to the head; and the an-
tenna. The optical 10-Gbit/s data signals are input into the con-
troller and transmitted to the head, where the optical data signals
are O/E-converted. The transmitter uses three MMW modules:
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Fig. 21. Schematic of 120-GHz band wireless receiver.

Fig. 22. Schematic of 120-GHz band wireless transmitter using InP HEMT
MMICs (Tx2).

a Txmodule and two PAmodules [14], [17]. The photographs of
PAmodules and Tx module are shown in Fig. 8(a) and Fig. 8(b),
respectively. The Tx module multiplies 15.625-GHz CW signal
from a PLO up to 125 GHz. The phase noise of the PLO used
in Tx2 is shown in Fig. 20. The ASK modulator in the Tx
module modulates the 125-GHz MMW signal with 10-Gbit/s
data signal, and the modulated 125-GHz MMW signals are am-
plified up to 0 dBm. The output of the Tx module is input to the
first PA module. The first PA module amplifies the MMW sig-
nals up to 10 dBm; the second one amplifies them up to 16 dBm
and outputs them to the Cassegrain antenna. The configuration
of the receiver is almost the same as that shown in Fig. 21.
Table III shows the specifications of the wireless link systems

using Tx1 and Tx2. The head of Tx2 is larger and heavier than
the one using photonic technologies; however, the controller
is much smaller than the photonic system controller (photonic
MMW generator) because MMW signals are generated in the
head. Moreover, the power consumption is smaller than that of
the photonic systems.
Next, we compare the phase noise of the MMW signals gen-

erated by the UTC-PD with that of the signals generated by the
InP HEMT MMICs. Fig. 20 shows the single sideband (SSB)
phase noise of the down-converted MMW signal. The 125-GHz
CW signal generated by Tx1 and Tx2 are down-converted to
5 GHz by a sub-harmonic mixer. The SSB phase noise of the
PLOs used in Tx1 and Tx2 are also shown. The phase noise
of the MMW signal generated by Tx1 and Tx2 are almost the
same at an offset frequency of over 2 kHz, and they are about
90 dBc/Hz at an offset frequency of 100 kHz, which is larger

TABLE III
SPECIFICATIONS OF 120-GHz-BAND WIRELESS LINKS USING PHOTONIC
TECHNOLOGIES (Tx1) AND InP HEMT MMIC TECHNOLOGIES (Tx2)

than that of the 15.625-GHz PLO by about 18 dB. This result
agrees well with the theory regarding phase noise (Phase noise
is increased by 20 log(m), where m is the multiplication order
[29]). The phase noise of Tx1 is smaller than that of Tx2 below
2 kHz, which is due to the phase noise difference of the PLOs
used in Tx1 and Tx2. These results indicate that the phase noises
of the MMW signal generated by photonic technologies and InP
HEMT technologies are almost the same when the RF source
(PLO) phase noise and multiplication order are the same, that
the optical comb signal is coherent, and that the optical filtering
process with AWGs does not affect the phase noise.
Finally, we mention the features of the wireless link using

photonic technologies and InPHEMT technologies. The biggest
merit of photonic technologies is that more than one radio sta-
tion can share the radio signal generator. In this case, the head
of the transmitter is composed of an O/E convertor and ampli-
fier, which makes the head of the transmitter small, simple and
low-cost with low power consumption. Another merit of this
system is the flexibility of the wireless system. We can change
the modulation scheme of the wireless link without changing
the head of the transmitter. Moreover, the introduction of wave-
length division multiplexing (WDM) technologies makes the
construction of the multi-band wireless system possible. Multi-
band radio-on-fiber (RoF) signal can be transmitted to a base
station through a fiber by using WDM technologies, therefore,
we can select the most suitable wireless band depending on the
climate or traffic of the link. Due to these advantages, the 120-
GHz-band wireless links using photonic technologies are ex-
pected to be promising for the next-generation of mobile wire-
less backhaul networks or indoor wireless LANs. The next-gen-
eration of mobile wireless networks will require a large number
of gigabit-class base stations because the transmission distance
becomes short compared with the present base stations due to
the increase of transmission capacitance. On the other hand, a
radio signal generator composed of conventional photonic com-
ponents is more expensive and consumes more power than one
that uses MMICs. In view of total system cost, the cost of a
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radio signal generator per one wireless link decreases when the
number of transmitters that share the radio signal generator be-
comes large, and the merit of wireless links using photonic tech-
nologies appears.
The 120-GHz-band wireless link using InP HEMT MMICs

has the merits of a small size, simple structure, light weight, low
power consumption and low cost because all functions are im-
plemented into millimeter-size MMIC chips. Therefore, it can
be assembled quickly and is easy to operate. Moreover, it now
consumes less than 100 W, so that it can be operated using a
12-V battery. On the other hand, it is impossible to change the
modulation scheme and operation frequency. Due to these fea-
tures, the 120-GHz-band wireless link using InP HEMTMMIC
technologies is suitable for live TV relay because there is a
strong demand to reduce the time required from arrival on the
site to becoming broadcast-ready to broadcast much as pos-
sible. Wireless links for disaster recovery and temporary wire-
less links for public viewing and large-scale events are also
promising applications of the 120-GHz-band wireless link using
InP HEMT MMICs.

VII. INVESTIGATION OF TRANSMISSION DISTANCE

The attenuation of 120-GHz-band MMW signals by atmos-
phere and rain is large comparedwithmicrowave signals. There-
fore, it is important to take these attenuations into consideration
in estimating the transmission distance of 120-GHz-band wire-
less link. We have already reported measurement results of rain
attenuation on a 120-GHz band wireless link fromMarch to De-
cember, 2008 [30].To increase theaccuracyof the statistical anal-
ysis, we continued themeasurement of rain attenuation using the
same experimental setup to the end of September 2009, giving us
a total measurement period of one year and seven months. The
wireless link is set up at theNTTAtsugiR&DCenter.The experi-
mental site inAtsugi (Japan) is at latitude and longitude

and about 93m above sea level. The length of the link
is about 400 m.
Fig. 23 shows the rain rate cumulative distribution from

March 2008 to October 2009 in the Atsugi, Japan, area. In
this work, the rain rate was calculated by multiplying the
experimental results for the one-minute rain rate by 60 to
express the rain rate in millimeters per hour and thereby make
comparisons with other technical reports easy. The rain rate
for 0.1%, 0.01% and 0.001% cumulative distributions are 25,
58 and 96 mm/hr, respectively. We compared the result with
the theoretical cumulative distribution models, i.e., conditional
M distribution [31], and the conditional M distribution agrees
well over the region of 0.03%.
Fig. 24 shows the dependence of the attenuation coefficient

due to rain on the one-minute rain rate during the same period
as in Fig. 23. In general, the specific attenuation (dB/km) is
approximately expressed as

(11)

where is the rain rate (mm/hr) and and are functions of
frequency, dropsize distribution and rain temperature [32]. In
the ITU model, is 1.13 and is 0.732. The specific attenuation
using the ITU model is also shown in Fig. 24. The measurement

Fig. 23. Rain rate cumulative distribution from March 2008 to October 2009
in the Atsugi, Japan, area.

Fig. 24. Dependence of the attenuation coefficient due to rain on the
one-minute rain rate from March 2008 to October 2009 in the Atsugi, Japan,
area.

results agree well with the ITU model in the range from 10 to
80 mm/hr. The rain attenuation obtained by the year-round mea-
surement is about 9, 17 and 23 dB/km when the rain rate is 20,
40 and 60 mm/hr, respectively.
Using these statistical analysis results, we investigated the

dependence of transmission distance on the output power as a
parameter of availability. The received power is given by

dB

(12)
where is transmitter output power, is transmission distance,
is wavelength, is transmitter antenna gain, is receiver

antenna gain, and is atmospheric gaseous loss, and is rain
attenuation coefficient. We assumed the maximum transmission
distance to be the distance where calculated by (12)
is below 44 dBm, which is the minimum received power nec-
essary for a BER of . We changed the value of de-
pending the availability obtained by the cumulative distribution
of the rain rate shown in Fig. 23.
The calculation results are shown in Fig. 25 for and

of 52 dBi. In fine weather, is about 10 km when is
16 dBm. When increases to 20 and 30 dBm, is about
13 and 20 km, respectively. On the other hand, decreases
drastically due to the rain attenuation. In order to guarantee the
availability of 99.9% and 99.999% (rain rate: 25 and 96mm/hr),

becomes about 1.8 and 1.0 km, respectively, when is
16 dBm. The increase in up to 30 dBm does not affect
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Fig. 25. Calculation results of relationship between the transmission distance
and output power as a parameter of output power and availability. The antenna
gain is 52 dBi.

Fig. 26. Calculation results of transmission distance as a parameter of antenna
gain and availability. The output power is 16 dBm.

in heavy rain condition so much compared with that in the fine
weather conditions, and becomes about 2.6 and 1.3 km
for the 99.9% and 99.999% availability, respectively. As dis-
cussed in Section III, PAs based on InP HEMT MMICs have
already achieved 16-dBm output power and have a poten-
tial to generate 20-dBm output power at 125 GHz. On the
other hand, it is difficult to achieve 30-dBm output power
with state-of-the-art InP HEMT MMIC technology. Therefore,
it may be possible to transmit 10-Gbit/s data over a distance of
10 km in a fine weather, however, it will be difficult to achieve
a 20-km-long transmission distance in the near future.
Fig. 26 shows the dependence of on antenna gain as

a parameter of availability when is 16 dBm. When antenna
gain is 30 dBi, is about 200 m in fine weather. For avail-
ability of 99.999%, is about 130 m.When we use a 60-dBi
antenna, is over 20 km in fine weather. These results in-
dicate that the 120-GHz-band wireless link has the potential
to transmit 10-Gbit/s data over a distance of 10 km in a fine
weather and that it guarantee the transmission distance of about
1 km with availability of 99.999% in Japan.

VIII. CONCLUSION

For outdoor applications of 120-GHz-band wireless links, in-
creasing output power and receiver sensitivity is very impor-
tant. The key devices for the generation of 120-GHz-band wire-
less signal are a UTC-PD and InP HEMT MMIC. The max-
imum output power of the UTC-PD mainly depends on the car-

rier transit time-limited bandwidth and PD junction area, and
the state-of-the-art UTC-PD can generate about 8-dBm output
power at 125 GHz by introducing a matching circuit. For the InP
HEMTMMIC, breakdown voltage mainly determines the max-
imum output power, and we have achieved a of 16 dBm
by using composite channel InP HEMT MMICs with improved
breakdown voltage. The phase noise of 125-GHz CW signals
generated by UTC-PDs and InP HEMTs are almost the same,
about 90 dBc/Hz at an offset frequency of 100 kHz. Due to
the increase in the output power and receiver sensitivity of the
120-GHz-band wireless link, we have achieved a 10-Gbit/s data
transmission over a distance of 5.8 km in a fine weather.
We investigated the transmission distance dependence of

availability using statistical rain attenuation obtained at At-
sugi Japan for over one year. The rain attenuation statistics
data show that the 120-GHz-band wireless link can transmit
10-Gbit/s data over a distance of 1 km with availability of
99.999%.
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