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Abstract—We designed and fabricated a 100-GHz range in-
tegrated photoreceiver with zero-bias operational uni-traveling-
carrier photodiode and pseudomorphic high electron mobility
transistor amplifier, which performed the roles of photonic power
generation and 100-GHz RF signal generation. Using the inte-
grated photoreceiver, high data rate radio- and power-over-fiber
transmission through multicore fiber communication was demon-
strated. Subsequently, a bit error rate of 1 X 10~3 could be
achieved with 12 Gb/s, orthogonal frequency division multiplex-
ing, 16 quadrature amplitude modulation, and an intermediate
frequency of 92 GHz. The crosstalk issue in radio- and power-
over-fiber transmission through multicore fiber was discussed.

Index Terms—High data rate, multicore fiber, optical-to-radio
converter, power over fiber, radio over fiber, UTC-PD.

1. INTROUCTION

ATA traffic in mobile communication, as well as fixed
D optical fiber communication, has been increasing year by
year. In particular, heavy data traffic is predicted in Tokyo dur-
ing the 2020 Olympic games and realizing a solution to the
challenge of heavy data traffic is an urgent matter. In order
to overcome this problem, high data rate, high capacity, and
low latency wireless communication links have to be developed
immediately as an advanced wireless communication system
(5G). Analog radio-over-fiber (RoF) is a promising technology
and has great potential to build high data links, such as a 5G
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network with fixed fiber communication. Since high data rates
over 100 Gbps per fiber have already been achieved in fixed
fiber communication [1], [2], fiber links should be provided to
near end-user points including multi-core fiber systems, and the
low latency radio signals [3], [4] converted by a photoreceiver
should be launched from many simple antennas in small cells.
In the case of large-scale small cell systems in front-haul links,
the optical power would be decreased owing to the many optical
branches of the small cell systems. Therefore, a highly efficient
narrow-band analog photoreceiver is essential. Recently, multi-
core fiber technologies, such as 32-core to 36-core fibers, have
been studied owing to the increasing data rate and capacity
of fixed fiber communication [5], [6]. Using the quadrature
phase shift keying (QPSK) and multi-level modulation formats
(16-QAM or quadrature amplitude modification) technologies
using multi-core fibers, high data rate transmissions in the range
of Tbps to Pbps were reported [7], [8]. Another possible applica-
tion of multi-core fibers is the RoF and power-over-fiber (PoF)
transmission, where radio signal and photonic power should
be delivered simultaneously [9]. Notably, PoF technology has
already been adapted to high voltage power line monitoring
systems [10]. Since many power supplies are required for mas-
sive antenna units including photoreceivers in populous regions,
PoF, which has a good affinity for ROF, is essential and attractive
to solve these problems (as shown in Fig. 1).

According to the 5G related papers [11]-[13], the millimeter
wave region over 30 GHz will be approved in addition to the mi-
crowave region below 10 GHz [14], [15] in order to increase the
data rate. Although the band of 60 GHz is very useful and well-
known to license-free wireless communication applications,
it would result in large atmospheric attenuation [16]. The band
of 90-110 GHz is very attractive not only from the perspective
of low atmospheric attenuation, but also for the effective use of
radio resources.

In this study, we report 100 GHz range RoF and PoF transmis-
sion through multi-core fiber, and discuss the crosstalk issues
between cores in multi-core fibers. Subsequently, a newly de-
veloped uni-traveling-carrier photodiode (UTC-PD) for electric
power and simultaneous 100 GHz signal generation, integrated
with an enhancement mode 100-GHz pseudomorphic high elec-
tron mobility transistor (PHEMT) amplifier was employed in
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Fig. 1. Schematic illustration of radio- and power-over-fiber transmission
through multi-core fiber.

order to reduce the fiber resources required in PoF transmission
through multi-core fibers.

II. 100-GHz OPTICAL TO RADIO CONVERTER MODULE
A. Configuration of 100 GHz Optical-to-Radio Converter

Regarding conventional ideas using a multi-core fiber, three
cores in a multi-core fiber for three biases (for PD, drain and
gate biases) would be required in PoF. When a bias free oper-
ational high-speed PD can be designed, one of three biases in
the cores can be reduced. With the high-speed PD having an
electric power generation function, two of three biases in the
multi-core fiber can be reduced for PoF as well. A 100 GHz
optical-to-radio converter consisting of a zero-bias operational
UTC-PD with a range of 100 GHz, InP PHEMT amplifier with
a range of 100 GHz, and a bias-T circuit was employed. These
components were integrated into a metal package attached to a
W-connector. When introducing an optical signal of 100 GHz
into the converter, the UTC-PD chip located in the front can
perform the roles of generating 100 GHz RF signal current and
DC current simultaneously. The RF current and DC current flow
through a capacitor and an inductor in the bias-T circuit, respec-
tively. After filtering both currents via the bias-T circuit, the
signal of 100 GHz is fed to the input stage of the amplifier, and
the DC current is provided to the gate bias through a bias adjust-
ment circuit. The PoF resources can be reduced from three fibers
to one fiber (drain bias). Subsequently, two of the fibers can be
applied for RoF and PoF transmissions, respectively. Therefore,
our design would be advantageous for multi-core fiber based
PoF and RoF transmission [17].

B. Zero-Bias Operational 100 GHz Range UTC-PD

A 100 GHz range UTC-PD was designed at O V by using
only the built-in potential in a p-n junction (see inset in Fig. 2).
With the carefully designed carrier concentration and thickness
in an InP carrier collector layer and an InGaAs photo-absorption
layer, high electron drift velocity of 2 x 107 cm/sec could be
obtained at 0 V. By adapting high p-doping level condition in
InGaAs and low n-doping level condition in InP, a 3 dB band-
width of the range of 100 GHz could be simulated with low
CR time constant [18], [19]. In the fabrication process, a high
mesa structure (5 pm diameter) was formed via dry etching and
was buried with polyimide thin film. The ground-signal-ground
electrode was also formed for frequency response measurement.
The backside illumination structure was employed to enhance
the responsivity (0.19 A/W). With on-wafer frequency response
probing test at photocurrent of 0.3 mA to 7 mA, a high 3 dB
bandwidth of over 110 GHz could be observed at O V. More-
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Fig. 2 Schematic diagram of 100 GHz optical-to-radio converter using
power-over-fiber, and the layer structure of the zero-bias operational UTC-PD
(upper inset).
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Fig. 3 (a) Frequency responses at 0 V/ 2 V at 1 mA photocurrent, and

(b) 7 mA photocurrent at 0 V.

over, no difference could be recognized at 1 mA photo-current
between the two cases—with (2 V) and without (0 V) bias feed
as shown in Fig. 3(a). It indicated that sufficient internal electric
field was supplied into the depletion layer, despite applying no
bias voltage. Additionally, no difference was observed in the
frequency response with various photocurrents (1 mA to 7 mA)
at 0 V as shown in Fig. 3(a) and (b), owing to optimum In-
GaAs doping and thickness conditions. The responsivity was as
high as 0.19 A/W. Note that the frequency response was mea-
sured from around 15 GHz, in consideration of the stability and
line-width (10-MHz) of two DFB laser sources. The vertical
axis was normalized as the relative gain. In the low frequency
range of 10 MHz to 67 GHz, the flat frequency response could be
estimated by using a lightwave component analyzer (Keysight).

C. Electric Power Generation in UTC-PD

Subsequently, we estimated the DC electric power charac-
teristics of UTC-PD, where the generated I-V curve should be
defined by the built-in potential and the photocurrent from the
optical input power. In the optical input power range of 1 mW to
10 mW at the wavelength of 1.55 pm, the -V curve was mea-
sured with a commercially available variable resistor. Note that
the variable resistor was used for the /-V curve measurement
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Fig. 4 Generated -V curve and electric power in UTC-PD as a function of
input power. The generated power (blue curve) was obtained at an input power
of +10 dBm.

and was not applied for the hybrid integration. Fig. 4 shows
the generated DC current and voltage curve in UTC-PD. By
increasing the resistor from O to high resistance, the photocur-
rent was down to approximately 0 mA, with a maximum voltage
of 0.65 V. At optical input power of 10 mW, the generated max-
imum power and optical-to-electrical conversion efficiency was
high as 0.74 mW and 7.4%, respectively [20]. The maximum
input power of the UTC-PD at 0 V was measured as high as
45 mW so as to preserve the good output linearity.

D. Enhancement Mode 100 GHz Range PHEMT

A p-layer top structure with n-layer ground in the UTC-PD
provides positive photocurrent to the gate bias in the PHEMT
amplifier. Therefore, an enhancement mode PHEMT device,
which can be operated in the positive bias region, would
be required instead of depletion mode PHEMT devices. Al-
though PHEMT devices are commonly operated in depletion
mode, it is known that the depletion/enhancement mode oper-
ation in PHEMT devices is affected by the fabrication condi-
tions [21], [22]. The depletion layer conditions in the Schottky
barrier between the Schottky metal and semiconductor layer
in PHEMT structure should affect the depletion/enhancement
mode, and is affected by the semiconductor process conditions
such as the semiconductor gate layer thickness and annealing
process condition. Consequently, the drain-source current in a
2-dimensional channel layer strongly depends on the gate bias
condition. We selected an enhancement mode PHEMT amplifier
from the characteristic variations on a whole wafer.

We employed an InP based 0.1 ym PHEMT fabrication pro-
cess, and the selected enhancement mode PHEMT exhibited
gate applied bias voltage of +0.05 V to +0.2 V. The amplifier
with the range of 100 GHz consisted of three parts, a trans-
former circuit for impedance matching on the input side, 4-stage
amplifier in the middle, and conventional matching circuit on
the output side as shown in Fig. 5. Here, we designed a unit
amplifier that reduces the impact on the frequency characteris-
tics even if the gain is increased by increasing the number of
stages of amplifiers. Because each unit has several gain stages,
an RF gain of approximately 20 dB can be obtained from the
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Fig.5 The schematic circuit diagram (upper) and the photograph of fabricated
100 GHz range amplifier using enhancement mode PHEMT (lower).
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Fig. 6 Frequency response dependence of the gate bias voltage in 80—
120 GHz.

4-stage units. Comparing the power consumption (few pW) of
the gate as the load to that (0.8 mW) of UTC-PD, we realized the
possibility of driving the gate bias using UTC-PD. Fig. 6 shows
the frequency response (S21) dependence of the gain bias volt-
age (V, = —0.05 to 4-0.15 V) at the external drain bias volt-
age Vg = +1.4V (drain current I; = 50 mA). In the frequency
range of 88—112 GHz, the same curve and behaviors could be
confirmed with a gain of —4 to +22 dB. The maximum output
saturation power level was as high as +6 dBm at 95 GHz.

E. Optical-to-Radio Converter Module

Using the aforementioned key components, a hybrid inte-
grated optical-to-radio converter was fabricated and tested under
on-wafer conditions. Fig. 7 shows the RF output characteristics
at 97 GHz as a function of the gate bias voltage, where the
input photocurrent of 1 mA and the drain voltage of +1.4 V
were supplied. The external bias feeds for drain and gate were
used. Changing the gate bias voltage from the negative to the
positive region, it was observed that the RF output of —2.5 to
+1 dBm could be increased up to +2 to +5.5 dBm. Fig. 8
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Fig. 7 RF output characteristics at 97 GHz as a function of gate bias voltage
in the integrated photoreceiver.
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shows the relationship between the input photocurrent and RF
output at 97 GHz. Fig. 8(a) and (b) indicate the output prop-
erties, using (a) all external bias feeds, and (b) external drain
bias feed with internal gate bias feed by UTC-PD. Different RF
power increasing rates were seen in the photocurrent region of
0.1-1 mA, because the resistance of the variable resistor was
fixed at a photocurrent of 1 mA for (b). However, good linear-
ity and similar power saturation levels could be maintained for
both conditions. When we implemented the hybrid integrated
device into a metal package attached with a W-connector, an
RF insertion loss of 4 dB was observed at 90-110 GHz, due
to the impedance miss-matching between the RF output in the
amplifier and the connector in the package. Then, the maximum
power level at 97 GHz was down to 1.5 dBm.

III. RADIO AND POWER OVER FIBER TRANSMISSION THROUGH
MULTI-CORE FIBER FOR MULTI-POINT ACCESS

Subsequently, we demonstrated RoF + PoF transmission
through a multi-core fiber by considering point-to-multi-point
access links. Fig. 9 shows the experimental setup. First,
four-multiplied optical two-tone signals (A = 1549.3 nm) were
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Fig. 9 Experimental setup for radio- and power-over-fiber transmission
through multi-core fiber, (IF = 92 GHz, 12 Gbps OFDM 16-QAM).

prepared with an RF input of 22.15 GHz to an intensity
modulator. The four-multiplied two-tone signals of 88.6 GHz
were used as the high signal-to-noise ratio (SNR) intermedi-
ated frequency (IF) carrier, and were separated to the upper-
side and lower-side bands by an arbitrary waveform generator
(AWG). The lower-side band was modulated by an intensity
modulator (IF = 3.5 GHz, 12 Gbps, 16-QAM, orthogonal fre-
quency division multiplexing or OFDM), where the upper-side
band was directly coupled to one of the optical coupler in-
puts without any modulation. The sub-upper sideband created
in the main lower sideband was filtered out with the main lower
sideband (see inset of the schematic optical spectrum in the up-
per part in Fig. 9) by using an optical narrow band-pass filter.
After combining the remaining sub-lower sideband signal and
un-modulated main upper-side band signal via an optical cou-
pler, a 12 Gbps OFDM signal with IF = 92 GHz could be ob-
tained. The signal of 12 Gbps was fed to an optical input in the
integrated photo-receiver module. Two external photonic power
converters (PPCs) were required for a PoF transmission, owing
to the low O/E conversion efficiency. Notably, the photonic con-
verter will become a single one, when the high efficiency PPC is
considered. In this demonstration of RoF + PoF transmission,
single-core RoF transmission and two-core PoF transmission
conditions in 7-core fiber were adopted with the same wave-
length (1549.3 nm). In the typical setup conditions, the two CW
lightwaves of 423 dBm were supplied to the PoF, and the RoF
signal power was varied from O to 44 dBm. After 1 m wireless
transmission, the signal was down-converted to an IF of 7 GHz,
and was analyzed in terms of bit error rate (BER) and error
vector magnitude (EVM) by a high-speed oscilloscope.
Furthermore, in order to clarify the crosstalk issues in multi-
core fiber, we compared the BER and EVM results with those
of single mode fibers (three single mode fibers in total). Further,
three single mode fibers were used for a single RoF transmission
and two PoF transmissions as shown in Fig. 10(a). The same op-
tical power conditions (+23 dBm in PoF, 0 to +4 dBm in RoF)
as described above (7-core fiber) were utilized. Additionally, to
enhance the crosstalk in RoF transmission, two more dummy
PoF fibers at +-23 dBm were attached to the 7-core fiber. There-
fore, four cores were occupied with CW lightwave of +23 dBm
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Fig. 10 Experimental conditions for RoF and PoF, (a) condition A: using
3-single mode fibers, (b) condition B: using 7-core fiber and the core locations
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during the single core signal transmission. The cores located in
#6 and #1—4 were used for RoF and PoF transmissions, respec-
tively (as shown in Fig. 10(b)), with the specifications of core
pitch of 45 pum and crosstalk of 40 dB.

Fig. 11 shows the crosstalk measurement result in #6 core
as a function of optical power in each of the #1-4 core. At
+13 dBm in each core (#1-4), low leakage power of —39 dBm
was measured at 1549.3 nm. Since the crosstalk in #6 core was
proportional to the input power (#1-4), —29 dBm in #6 core
could be measured at +23 dBm in each core (#1-4), where
the electric power of 50 mW required to drive the drain bias
could be obtained from two CW lightwaves of +-23 dBm. The
power level of —29 dBm would be sufficiently low to enable
RoF transmission at the power level of 0 to +4 dBm since the
crosstalk is approximately 30 dB lower than the RoF signal.

Fig. 12 shows the estimated EVM and BER results through
PoF + RoF transmission under both experimental conditions
(A, B) in Fig. 10. A representative 16-QAM constellation dia-
gram at +4 dBm RoF and +23 dBm PoF is shown in Fig. 12(a).
The small EVMs of the range of 14% could be confirmed from
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Fig. 12 (a) Constellation eye diagram with condition B, and (b) BER mea-
surement results of 12 Gbps RoF and PoF transmission through 7-core fiber,
condition A: using 3-single mode fibers, and condition B: using 7-core fiber and
the core locations of RoF and PoF.

both the conditions. By changing the input power level to the
integrated photoreceiver in RoF, the BER was measured (shown
in Fig. 12(b)). No significant difference between the BER prop-
erties of these two conditions could be observed, where we
speculated that the small difference was caused by the mea-
surement error. For condition B (RoF + PoF), BER of 1 x 1073
could be obtained at +3 dBm. Considering an overhead of 7% in
forward error correction in order to obtain error-free condition,
high data rate RoF transmission of 11.2 Gbps can be expected.

IV. RADIO-OVER-FIBER TRANSMISSION THROUGH
MULTI-CORE FIBER USING SINGLE ZERO-BIASED UTC-PD
FOR POINT-TO-POINT ACCESS

Regarding the related technology of Sections I-III, we
demonstrated 100 GHz range RoF communication through a
multi-core fiber using a single UTC-PD with zero-bias opera-
tion, integrated without the RF amplifier, by assuming another
possible scenario for short distance point to small-scale cells
communication. Introducing a high power 100 GHz range sig-
nal to the UTC-PD directly, a radio signal would be launched
without any internal and external bias feeds. Subsequently, the
transmission system configuration becomes very simple, and the
fiber resources for PoF in the multi-core fiber can be reduced.
Although long-range wireless communication distance might
not be desired for the single UTC-PD at zero bias, compared
to the integrated photoreceiver, it has potential applications for
small-scale front-haul systems.

In Fig. 13, the experimental setup configuration at the trans-
mitter side was the same as the one in Fig. 9. At the receiver
side, the integrated photoreceiver was replaced by the single
UTC-PD. Assuming five-core based RoF transmissions, an
OFDM signal of 12 Gbps with four CW lightwaves as dummy
signals, one of +10 dBm and four of +23 dBm, were intro-
duced into the 7-core fiber, in order to enhance the crosstalk
between cores. An optical signal with IF of 92 GHz was re-
ceived by the UTC-PD, and the radio launched signal was
down-converted to low frequency after 0.5 to 1.5 m wireless
transmission. Fig. 14 shows the single sideband phase noise
characteristics with/without dummy lightwaves from 4-core,
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under the back-to-back (no wireless communication) condition.
Comparing 12 Gbps signal spectra with/without the four light-
waves of +23 dBm, phase noise of —95 dBc/Hz at the offset
of 100 kHz and —102 dBc/Hz at the offset of 500 kHz could
be obtained for both conditions. It indicates that the minimum
crosstalk affections from 4-core to the signal line (core) can be
predicted.

With a 4-core dummy lightwave, RoF transmission was
demonstrated under 0.5 m wireless communication. When the
BER was measured, a value of 1 x 10~% could be confirmed
at the optical signal of +8.4 dBm as shown in Fig. 15. More-
over, the BERs were estimated at signal inputs of +8 dBm
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and +10 dBm, as a function of the optical power in 4-core
(Pin4). At the signal power of +10 dBm, BER of 6 x 10~*
was observed at Pind = + 0 dBm, and it relatively increased
with the Pin4. However, BER of 1 x 10~ was maintained
up to Pin4d = 423 dBm. At the signal power of +8 dBm, the
same BER (2 x 10~?) could be obtained from Pin4 = +0 dBm
and +23 dBm. Subsequently, no BER degradation could be
observed.

When we compared the signal input powers for the inte-
grated photoreceiver and single zero-bias operational UTC-PD
at BER of 1 x 1072 under 1 m wireless transmission RoF, they
were +10 dBm and +1.7 dBm, respectively. Subsequently, an
attribution of 8.3 dB from the RF amplifier in the integrated
photoreceiver was estimated. While eliminating the RF inser-
tion loss of 4 dB at 90-110 GHz in the implementation of the
photoreceiver in Section II-E, an attribution of 12.3 dB from the
RF amplifier is expected.

V. CONCLUSION

In this report, a new approach of a high-speed photodetector
based on electric power generation was described. Then, we de-
signed and fabricated 100 GHz range integrated photoreceiver
for power- and radio-over-fiber transmission through a multi-
core fiber and elaborated the crosstalk issues. In the case of the
integrated photoreceiver based on PoF transmission, an external
electric power supply and an internal power supply from the
UTC-PD were used through a multi-core fiber. In the demon-
stration of RoF-based wireless communication (IF = 92 GHz),
high data rate transmission of 12 Gbps could be achieved below
BER of 1 x 1072, With regards to the crosstalk issues in BER
through PoF + RoF, the minimum penalty from PoF could be
observed in the integrated photoreceiver. When the crosstalk
in single zero-biased UTC-PD was measured by assuming five
parallel RoF transmissions, no crosstalk affections could be
observed with a BER of 1 x 1073,
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