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Abstract— A full-duplex analog radio-over-fiber (RoF) system
using an ultra-compact integrated III-V-on-silicon transceiver
is proposed. The downstream link transmitter is realized by a
15-GHz C-band silicon ring modulator, and the upstream link
receiver is constructed based on transfer printing an 11.5-GHz
O-band III-V PD with a responsivity of ∼0.5 A/W. Since
the transfer-printed III-V PD is transparent to the C-band
downstream signal, the III-V PD is directly placed on top of
the grating coupler without affecting the downstream signal,
which reduces the footprint of the transceiver and also enables
bidirectional transmission of the C-band and O-band signals in
the same optical fiber. With the integrated transceiver, an error
vector magnitude (EVM) of less than 6% is achieved for the
transmission of X-band 16-QAM downstream and upstream
signals with 1-Gbps data rate through a 5-km RoF link.

Index Terms— Microwave photonics, silicon photonics, radio
over fiber, transfer printing.

I. INTRODUCTION

W ITH the rapid increase in the wireless data traffic, next-
generation wireless communication systems, 5G for

example, are around the corner. They are expected to provide
massive device connectivity, high system capacity and large
service coverage with low latency and sustainable cost [1].
Cloud radio access networks (CRANs) are one of the key
technical enablers to meet these ambitious targets, since all
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Fig. 1. (a) Cross-section of the integrated transceiver, and pictures of (b) the
PD on the source wafer showing the design of the tether structure, and (c) the
integrated transceiver.

the remote radio heads (RRHs) are connected to a baseband
unit (BBU) “pool” in the central office (CO) through low-
loss optical fibers [2]. Thanks to its centralized architecture,
the resources in the CO can be shared according to the traffic
requirements, and the interference between the different RRHs
can also be reduced by co-operative radio technologies, which
enables a further increase in the density. Obviously, in the 5G
wireless network, the cost, complexity and power consumption
of the RRH should be reduced to relieve the budget burden due
to the increasing number of connected devices. Analog radio-
over-fiber (RoF) technology, due to its simple RRH structure,
is regarded as one of the most convincing solutions [3]–[5].
In the analog RoF network, the analog RF signal is directly
generated in the CO and transmitted to the RRH via optical
fiber. The RRH only requires photodetectors (PDs) and other
electronic components such as amplifiers and antennas. Expen-
sive and usually bandwidth-limited digital-to-analog (DAC)
converters and frequency conversion are thereby no more
needed. Based on the analog RoF architecture, various systems
have been reported, focusing mainly on pushing the carrier
frequency to the millimeter-wave [6], [7] or even THz [8]
band, or combining RoF with other techniques, such as mas-
sive MIMO [9], [10], and coordinated multipoint (CoMP) [11],
to improve the capacity and spectral efficiency.

However, since the photonic components will be the driving
force to lower the cost of the entire system, rethinking the
fabrication of the photonic components is required to further
reduce the costs of the RoF systems. Silicon photonics,
due to its compatibility with the mature CMOS fabrica-
tion technology and its capability of manufacturing low-cost

1041-1135 © 2019 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

https://orcid.org/0000-0003-2620-7272
https://orcid.org/0000-0002-4667-5092
https://orcid.org/0000-0003-0111-431X


1046 IEEE PHOTONICS TECHNOLOGY LETTERS, VOL. 31, NO. 13, JULY 1, 2019

Fig. 2. Measured (a) normalized transmission response of the silicon ring
modulator excluding the loss from the grating couplers, and (b) frequency
responses of the ring modulator with −1 V bias and the transfer-printed PD
with −3 V bias. Inset in (a): resonant wavelength shift versus bias voltage
increasing from −2 V to 0.5 V with a step of 0.5 V.

devices in high volume, is very attractive for next-generation
wireless communication systems. Several demonstrations,
such as III-V-on-silicon lasers based on die-to-wafer bond-
ing and Ge photodetectors (PDs) co-integrated with tran-
simpedance amplifiers [12], [13], ring resonators for optical
filtering [14], [15], GeSi parallel electro-absorption modulators
(EAMs) for RF frequency upconversion [16], etc. have been
reported in recent years.

Recently, we reported a novel III-V-on-silicon transceiver
for a digital fiber-to-the-home (FTTH) system based on trans-
fer printing [17]. In this Letter, with the same technology,
we propose, for the first time, to the best of our knowl-
edge, a full-duplex analog RoF system architecture utilizing
wavelength division multiplexing method to enable the bidi-
rectional signal transmission in a single optical fiber. In the
proposed RoF system, electro-optic modulation of the down-
stream signal is realized by a C-band silicon ring modulator
with a bandwidth of 15 GHz, which is integrated by the
imec iSIPP25G platform. Besides, to realize the optical-to-
electrical (O-E) conversion of the upstream signal, an O-band
III-V PD with a responsivity of ∼0.5 A/W and a bandwidth
of 11.5 GHz is transfer printed onto the same chip. Due to
the ‘transparency’ for the C-band downstream signal of the
transfer-printed O-band PD, the III-V PD is directly placed
on top of the grating coupler, which makes the transceiver
compact and also enables bidirectional transmission of the
downstream and upstream signals in the same optical fiber
without using optical circulators. An experiment based on the
proposed integrated transceiver is carried out. An error vector
magnitude (EVM) less than 6% is achieved in the X-band for
a 1-Gbps 16QAM-modulated signal transmitted through 5-km
single-mode fiber.

II. TRANSCEIVER DESIGN AND CHARACTERIZATION

Fig. 1(a) shows the schematic cross-section of the pro-
posed integrated III-V-on-silicon transceiver. In the proposed
transceiver, two grating couplers are integrated for the in/out
coupling of light. Between the two grating couplers, a C-band
silicon ring modulator for the electrical-to-optical (E-O) con-
version of the downstream signal is inserted, which is fabri-
cated in imec’s iSIPP25G foundry platform. Fig. 2(a) shows
the measured transmission response of the ring modulator,
in which the insertion loss of the two grating couplers (8 dB
in total) is excluded. The free spectral range (FSR) of the

ring modulator is about 12.72 nm, and the extinction ratio is
about 13 dB for a 2.5 Vpp voltage swing, as can be seen
from the inset in Fig. 2(a). The electro-optic S21 response of
the silicon modulator is also measured by an electrical vector
network analyzer (Agilent N5247A) and presented in Fig. 2(b).
When the ring modulator is biased at −1 V, the electro-optic
modulation bandwidth of the C-band silicon ring modulator is
measured to be 15 GHz.

To realize the photodetection of the upstream signal in a
full-duplex RoF system, a III-V PD is integrated onto the
silicon photonic circuit by transfer printing technology [18].
Transfer printing is regarded an efficient solution for the
integration of III-V components realized on a III-V source
substrate to a target substrate. The III-V devices can be pre-
fabricated in a dense array on the source wafer and transfer-
printed in a massively parallel way, which can significantly
improve the material use and increase the integration through-
put, thereby reducing the cost of the integration. Generally,
an III-V PD is firstly fabricated on the source substrate, which
contains a 1-µm thick InGaAsP absorbing layer to push the
cut-off wavelength of the PD to 1.37 µm (i.e., O-band). Then,
the PD is encapsulated by a 2.5-µm thick photoresist layer
with narrow tethers (as shown in Fig. 1(b)), and wet etching
is used to etch the release layer (1 µm thick InGaAs) and
undercut the pre-fabricated PD. Finally, a PDMS stamp is used
to pick-up and print the III-V PD to the target substrate (SOI
in this letter) by an X-Celeprint µTP-100 tool. The detailed
process flow can be found in our previous publication [17].
The responsivity of the PD is about 0.5 A/W at −3 V bias,
which is 4 orders of magnitude higher than that at the C-band.
Since the PD is ‘transparent’ for the C-band downstream
signal, it is directly placed onto the grating coupler to make
the transceiver compact and also guarantee the bidirectional
signal transmission through the same optical fiber without
using optical circulators, as can be seen from Fig. 1(c). The
measured 3-dB bandwidth of the O-band PD is 11.5 GHz,
which is shown in Fig. 2(b) as well.

III. EXPERIMENT AND RESULTS

With the integrated transceiver an experiment based on the
scheme shown in Fig. 3 is carried out. In the CO, 12-dBm
continuous wave (CW) light is generated by a C-band tunable
laser source (Santec TSL-510) and coupled into the C-band
silicon ring modulator via a polarization controller (PC).
According to the transmission response of the ring modulator
shown in Fig. 2, the wavelength of the optical carrier is
chosen to be 1552.128 nm to ensure sufficient E-O modulation
efficiency. For the downstream link, the RF signal applied
to the ring modulator is 16QAM data at a 10 GHz carrier
frequency with a data rate of 0.2 and 1 Gb/s (i.e., 50 and
250-Mbaud), which is generated by an arbitrary waveform
generator (Keysight M9052A). The bias for the ring modulator
is −0.7 V, which is generated by a DC source (Keithley
2401) and applied through a bias tee. The modulated optical
downstream signal is then coupled out via another grating
coupler and the transfer-printed O-band PD on top of it.
Through 5-km single-mode fiber link, the downstream signal
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Fig. 3. Schematic diagram of the full-duplex analog RoF system based on
the integrated transceiver.

Fig. 4. Measured (a) electrical spectra of the 0.2- and 1-Gb/s downstream
signals and (b) EVM versus received optical power for back-to-back (b2b)
and 5-km downstream link. Inset: Constellation diagrams of the demodulated
0.2- and 1-Gb/s 16QAM data.

is transmitted to a RRH. In the RRH, the downstream signal is
boosted by an erbium-doped fiber amplifier (EDFA) and sent
to a commercially-available PD with a bandwidth of 20 GHz
and a responsivity of ∼0.7 A/W. The recovered electrical
signal is sent to a 13.6-GHz electrical spectrum analyzer (R&S
FSP13) and one channel of a 63-GHz real-time oscilloscope
(Keysight DSA-Z 634A) to realize electrical spectrum analysis
and QAM signal demodulation, respectively.

For the upstream link, 5-dBm CW light with a wavelength
of 1356 nm is generated by an O-band tunable laser source
(Santec TSL-510) and sent to an O-band modulator via
another PC. The upstream signal, 50 and 250-Mbaud 16QAM
data with a carrier frequency of 8 GHz, is generated by another
channel of the AWG. The modulated O-band upstream optical
signal is duplexed with the C-band downstream signal by
a wavelength division multiplexer (WDM) and transmitted
back to the CO through the same 5-km optical fiber without
using optical circulators. In the CO, the upstream signal
is detected by the transfer-printed O-band III-V PD. The
electrical signal obtained by the O-band PD is also sent to the
electrical spectrum analyzer and another channel of the real-
time oscilloscope for the electrical spectrum measurement and
QAM data demodulation, respectively.

Fig. 4(a) shows the measured electrical spectra of the
10-GHz band 0.2- and 1-Gb/s 16QAM downstream signals
at the output of the PD in the RRH, when the optical power
applied to the PD is about 0.5 dBm. The corresponding con-
stellation diagrams are also shown as insets in Fig. 4(a), and
have an EVM of 3.2 % and 5%, respectively. Fig. 4(b) shows
the measured relationship between the EVM and the received
optical power for the downstream link. As can be seen, when
the received optical power is > −22 dBm, the EVM is <6%,

Fig. 5. Measured (a) electrical spectra of the 0.2- and 1-Gb/s upstream signals
and (b) EVM versus received optical power for b2b and 5-km upstream link
with the downstream link switched on or off. Inset: Constellation diagrams
of the demodulated 16QAM data.

for the transmission of the 0.2-Gb/s 16QAM data. When the
downstream signal is a 1-Gb/s 16QAM data, the EVM is <6%
if the received optical power is > −15 dBm. In addition, the
impact of the 5-km fiber link on the downstream transmission
is limited due to its low fiber transmission loss in the C-band
and also the low fiber dispersion distortion for the X-band RF
signal transmission.

Similarly, Fig. 5(a) shows the measured spectra of the
8-GHz band, 0.2- and 1-Gb/s 16QAM upstream signal, when
−4.6 dBm optical power is applied to the transfer-printed
O-band PD in the CO. The corresponding constellation dia-
grams, with EVMs of 2.6% and 4.5%, are presented as the
insets. In Fig. 5(b), the measured EVM as a function of
the received optical power for the upstream link is depicted.
As can be seen, when the date-rate of the upstream signal is
0.2 Gb/s, the EVM, after 5-km fiber transmission, is lower than
6%, if the received optical power is higher than −11 dBm.
When the date-rate of the upstream signal is increased to
1-Gb/s, an EVM of <6% is obtained when the received optical
power is > −6 dBm. As compared with the back-to-back
(b2b) transmission, the 5-km fiber transmission link introduces
a slight deterioration in the EVM, which may result from the
relatively higher fiber transmission loss in the O-band. Besides,
to check the crosstalk between the C-band downstream and
O-band upstream signal in the O-band PD, the EVMs with
and without downstream signal transmission are also compared
and no obvious change is observed according to the results
in Fig. 5(b).

Fig. 6(a) shows the spurious free dynamic range (SFDR) of
the 10-GHz downstream link when the bias voltage of the ring
modulator is −1 V. With a measured noise floor of −150 dBm,
the SFDR is about 82 dB · Hz2/3. Fig. 6(b) presents the
SFDR with different bias voltages of the ring modulator. The
measured SFDR is within 81 ∼ 84 dB · Hz2/3 when the bias
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Fig. 6. (a) Measured spurious free dynamic range (SFDR) of the 10-GHz
downstream link when the bias voltage of the ring modulator is −1 V, and
(b) the SFDR versus the bias voltages of the ring modulator.

Fig. 7. Measured EVM versus the wavelength offset.

voltage is tuning from 0.5 to −2 V. In addition, to investigate
the transmission performance dependence on the wavelength
of the optical carrier, EVM of the 0.2-Gb/s 16QAM data versus
the optical carrier wavelength offset is measured and shown
in Fig. 7. As can be seen, the EVM is increased by 1 % when
the wavelength drift is from −0.06 to 0.03 nm. As a result,
to ensure the best transmission performance, feedback loop
for the wavelength tracking and locking is desired [18].

Since the 3-dB bandwidths of the ring modulator and the
transfer-printed PD are 15 and 11.5 GHz, the proposed full-
duplex RoF link is designed to work in the X-band. However,
if the ring modulator would be realized in imec’s newest
iSIPP50G platform and a modified design is employed for the
PD, the bandwidth of the transceiver can be largely increased,
enabling millimeter-wave RoF systems. Furthermore, transfer
printing has the advantage of parallel device pick-up and print,
so multichannel transceivers would be possible [19], which can
further increase the capacity, if wavelength division multiplex-
ing technology is also employed. The laser and PC are still
off chip due to the lack of laser source on silicon materials.
Fortunately, this issue can be solved by using transfer printing
technology as well [20], so a fully-integrated transceiver
consisting of a transfer-printed LD, a silicon modulator and
a transfer-printed PD is expectable in the near future.

IV. CONCLUSION

In this letter, we have demonstrated an X-band full-duplex
analog RoF system based on an integrated III-V-on-silicon
transceiver. The downstream signal is imprinted on a C-band
optical carrier through a 15-GHz C-band silicon ring mod-
ulator, and the photodetection of the upstream signal is
implemented by the integration of a 11.5-GHz O-band III-V
PD using transfer printing. Error-free transmission (EVM <
6%) for both the downstream and upstream links is achieved
without using optical circulators. The work shows the great

potential of transfer printing for the integration of III-V-on-
silicon devices, so we believe that silicon photonics together
with transfer printing is a promising technology for low-
cost and high-throughput integration of optical devices, which
may offer improved performance, reduced cost and increased
functionality in future wireless communication systems.
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