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Abstract—Exploring mmWave frequencies and adopting small-
cell architectures are two key enablers for increased wireless data
rates. To make these evolutions economically viable, centralized ar-
chitectures based on radio-over-fiber (RoF) are devised. To reduce
the complexity of the cellular network even further, RF-over-Fiber
transmission schemes are adopted in combination with reflective
uplink operation. This paper relies on a very low complexity nar-
rowband GaAs electronics / Si photonics transceiver for scalable
RFoF architectures with which we demonstrate a fiber-wireless
link capable of transmitting over 7 Gb/s in down- and uplink for a
2 km fiber and 5 m wireless link in the 28 GHz band. Furthermore,
it is shown that Rayleigh degradation caused by reflective uplink
operation can be avoided by using a coherent detection scheme.

Index Terms—Millimeter-wave, narrowband, optoelectronic,
radio-over-fiber, silicon photonics.

I. INTRODUCTION

S IGNIFICANT changes in the underlying mobile network
are required to keep up with the ever increasing demand for

high speed wireless data [1]. There are a multitude of solutions
envisioned to boost the data capacity of the wireless infrastruc-
ture [2]. A first key enabler is the migration to mmWave frequen-
cies, in particular to the licensed 28 GHz band. This increases the
available contiguous bandwidth and benefits from a significantly
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Fig. 1. Next-Generation Radio Access Network (NG-RAN) - CU: Central
Unit; DU: Distributed Unit; RRU: Remote Radio Unit - This paper focuses on
the fronthaul.

less congested spectrum than the nowadays often employed
sub-6 GHz band. A second major change is the densification
of the network. Such a small-cell approach boosts the overall
data capacity of the network but suffers from scalability issues.
Therefore, a centralized approach is key in future small-cell con-
figurations to ensure, on the one hand, that the high-complexity
functionalities, such as generation and processing of the RF
signal, are performed at a central location. The remote radio
units (RRUs) should, on the other hand, be mass-deployable
and, therefore, be as cost-effective as possible. Next-generation
radio access networks (NG-RAN) [3], [4] consist of central units
(CUs) which are connected to the core network via the backhaul
(Fig. 1). At a second interconnection level, the CU connects
to the distributed units (DUs) via the midhaul. Finally, the DU
connects to the remote radio units (RRU) via the fronthaul. In
this paper, we focus our attention on the fronthaul link and
make use of an intra-RF split (functional split option 9) by
distributing the RF signal between DU and RRU via Analog
Radio-over-Fiber (ARoF). Often, ARoF schemes distributing
mmWave signals are based on IF-over-Fiber (IFoF) [5]–[7],
where a lower-frequency signal is distributed from the DU to the
RRU and upconversion is required at the RRU before passing
the signal to the wireless channel. This approach requires the
distribution of a synchronous carrier, which is used to generate
a local oscillator signal in the RRU. Furthermore, this heavily
increases the complexity, since up- and downconversion for
down- and uplink, respectively, are required at the RRU.
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Fig. 2. Block diagram and experimental setup for bidirectional 28 GHz RFoF link.

In this work, we propose an RF-over-Fiber (RFoF) imple-
mentation where the mmWave signal is directly distributed over
the optical link. Therefore, the RRU only needs to perform
conversion between the optical and RF domain, followed by
an amplification to overcome the wireless path loss. The two
main drawbacks of RFoF over IFoF are the need for high-
speed electro-optic components and the presence of chromatic
dispersion fading [8], [9]. The former is dealt with by using
the high-speed silicon photonics platform ISIPP50G [10]. The
latter can be countered by making use of optical single side-
band (OSSB) transmission schemes [8], [11]. To reduce the
complexity of the RRUs even further, laser-less operation of the
uplink path is desired [12]–[17]. Reflective electro-absorption
modulators (EAMs), with compact footprint, are devised to
implement such a laser-less RRU. In contrast to the broadband
electro-optic transmitters and receivers used in typical RoF links,
a dedicated EAM-driver and photoreceiver were devised for
optimal performance in the 28 GHz band, using a combination
of GaAs pHEMT electronics and silicon photonics.

This paper is an invited extension of our post-deadline work
presented at OFC 2020 [18]. The proposed RFoF system features
low-complexity, low-cost and easy-to-install RRUs, which is
highly desired in centralized networks and distributed antenna
systems (DAS). In Section II, the measurement setup is dis-
cussed together with a more detailed overview of the main
building blocks. Subsequently, in Section III, the fiber-wireless
link experiments are covered, demonstrating up to 12 Gb/s
transmission over 2 km standard single mode fiber (SSMF) and
over 7 Gb/s down- and uplink over a 2 km fiber and 5 m wireless
link. For these experiments, the uplink operation involves two
fibers to, on the one hand, distribute the unmodulated carrier
and, on the other hand, send back the modulated uplink data.
The effects of sharing the fiber for laser distribution and uplink
transmission are described in Section IV. Finally, the results are
compared with the state-of-the-art in Section V and a conclusion
is provided in Section VI.

II. EXPERIMENTAL SETUP

The setup, implemented for the fiber-wireless experiments
discussed in Section III, is depicted in Fig. 2. Up- and
downlink are tested separately due to the Time Division
Duplexing (TDD) scheme adopted in the targeted 5 G New
Radio channels nr257/258 ranging from 24.25 to 29.5 GHz [19].
The downlink path consists of an arbitrary waveform generator
(AWG) that produces the desired I/Q samples, which are sub-
sequently sent through an I/Q-mixer to construct the RF signal.
This RF signal is fed to the narrowband driver (Section II-B)
that drives a reflective electro-absorption modulator (EAM). The
reflective EAM modulates a continuous wave (CW) 1550 nm
laser source and the modulated light is separated from the
unmodulated light using an optical circulator. An erbium doped
fiber amplifier (EDFA) - variable optical attenuator (VOA) pair is
used to set the optical power injected in the RoF link. At the RRU,
the signal is converted back to the RF domain and amplified
by a narrowband photoreceiver (Section II-A). The total power
consumption of this narrowband GaAs/SiGe chipset (driver and
receiver) is 427 mW. A commercial power amplifier (Analog
Devices HMC943) is used to further boost the signal such that
it is sufficiently strong for the wireless link. The transmitting
and receiving antennas use beamforming to enhance the link
budget even more and are discussed in Section II-C. When the
signal arrives at the user equipment (UE) antenna array, the
signal is first amplified by a commercial low-noise amplifier
(LNA, Analog Devices HMC1040) and subsequently monitored
by a real-time oscilloscope (RTO, Keysight DSA-Z634 A). The
captured data is demodulated offline in Matlab.

The uplink path is similar. First, the RF signal is generated
using an I/Q mixer to upconvert the IF signal generated by the
AWG to the designated communication band. Next, the wireless
channel is traversed and the signal arriving at the RRU is first am-
plified using a commercial LNA before being fed to the reflective
narrowband transmitter. The unmodulated laser is modulated in
the reflective EAM and separated from the 1550 nm CW tone
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Fig. 3. Microscope image of the three-stage mmWave LNA.

by using an optical circulator. The laser light and modulated
uplink light do not share the same fiber between DU and RRU
in the experiments in Section III to avoid signal degradation
caused by Rayleigh scattering. This will be discussed in greater
detail in Section IV. At the DU, the uplink data is retrieved from
the optical carrier by using the aforementioned photoreceiver.
Finally, the output is fed to the RTO and demodulated offline.

A. Photoreceiver

The optical receiver used in these experiments has been
described extensively in [20]. It comprises a silicon wave-
guide coupled Ge-on-Si photodetector (PD) and a co-designed
GaAs LNA. The receiver provides 24 dB gain, corresponding
to 224 V/W external conversion gain, over a 3-dB bandwidth
between 23.5 and 31.5 GHz. Furthermore, it offers a low noise
figure of 2.12 dB at 28 GHz and an output-referred third-order
intercept point of 26.5 dBm with a power consumption of
303 mW. Consequently, the spurious free dynamic range (SFDR)
of the photoreceiver is 116.3 dB.Hz2/3.

The resonant LNA is shown in Fig. 3 and consists of 3
amplification stages that can be biased independently. All three
of these stages use common-source amplifiers where the first two
include source degeneration to bring optimal source impedances
for noise and gain matching closer together. The input of the
amplifier is wirebonded to a Ge-on-Si PD and the input matching
network includes an internal bias tee to counter inductance
variations and source DC current generated by the PD. The
output is AC coupled and is designed for a 50 Ω load.

B. Reflective EAM Driver

The RFoF transmitter used for these experiments comprises
a reflective EAM and a co-designed GaAs narrowband driver.
The reflective EAM is shown in Fig. 4, where it is seen that
integrated reflective operation is obtained by embedding the
EAM in a loop constructed by interconnecting both outputs of
a 3 dB splitter [21]. The devised narrowband driver is based on
the core design of the LNA that is part of the photoreceiver.
The first adjustment in the driver layout relative to the LNA
layout is the addition of an internal bias tee at the output of
the amplifier to allow for biasing of the modulator. Second, the
source impedance changes from the PD-wirebond combination
to 50 Ω and the load is now a wirebond-EAM combination
rather than the original 50 Ω load expected in the optical re-
ceiver. Therefore, the input and output matching network were

Fig. 4. Layout of the reflective EAM.

Fig. 5. Microscope image of the three-stage mmWave driver.

redesigned. The final layout is shown in Fig. 5. It is seen that,
apart from the input, output and DC part, the design was kept
identical to the LNA of the photoreceiver. Therefore, the driver
offers a comparable small signal gain of 25.2 dB over a 3-dB
bandwidth between 24.4 and 29.5 GHz with a noise figure of
2.07 dB at 28 GHz. Furthermore, the devised RFoF transmit-
ter has an input-referred 1-dB compression point of -20 dBm
and consumes 124 mW. Consequently, the SFDR of the RFoF
transmitter is 107.7 dB.Hz2/3 and will put an upper limit to the
dynamic range of the RFoF link.

C. 1×4 Corporate-Fed Antenna Array

For the experiments discussed in this paper, a 1 × 4 uniform
linear antenna array operating in the 28 GHz band was deployed
both as transmitting and receiving antenna. Both the backside
and frontside are shown in Fig. 6, where the front side is the
radiating side and the backside includes the feeding network.
The individual antenna elements are air-filled cavity-backed
patch antennas [22] and the 4-element antenna array is fed using
a Wilkinson power-divider (WPD) distribution network. The an-
tenna array provides fixed beamforming gain in the broadside di-
rection. This increases the power received at the receive antenna
and, therefore, boosts the sensitivity of the link. Furthermore, it
reduces multipath fading effects, making the transmission over
the wireless channel more robust. The WPD-fed antenna array
exhibits a -10 dB impedance bandwidth between 22.5 GHz
and 30.7 GHz, clearly covering both 5 G new radio channels
nr257/258 [19]. Furthermore, the antenna array offers a peak
in-band gain of about 10 dBi in the broadside direction, which
corresponds to a beamforming gain of approximately 3.6 dB
over the single antenna element.
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Fig. 6. Wilkinson-power-divider-fed 1×4 uniform linear antenna array cov-
ering the nr257/nr258 bands (24.25-29.5 GHz).

Fig. 7. Setup used to characterize the |S21| of the RFoF link.

Fig. 8. |S21| of the narrowband RFoF link.

III. RESULTS AND DISCUSSION

The data transmission experiments are described in this sec-
tion. First, the transfer function of the RFoF link (Fig. 7) is
characterised using a Vector Network Analyzer (VNA). The
resulting small-signal transmission |S21| is shown in Fig. 8. The
3-dB passband spans from 24.7 to 28.6 GHz, while the maximum
transmission gain is 28.4 dB when 3 dBm optical power is fed to
the photoreceiver. Second, the fiber-wireless downlink is tested
using single-carrier data transmission. Due to multi-path effects
in the wireless channel, large wireless distances show strong
fading dips. Hence, in the final part of this section, orthogonal
frequency domain multiplexing (OFDM) is applied to transmit
the data from the RRU to the UE. The up- and downlink path
are tested separately because of the envisioned TDD [19].

Fig. 9. Measured EVM per channel for 5 x 400 MBaud multiband single-
carrier RFoF-wireless downlink.

A. Single-Carrier

To explore the maximum data capacity of the implemented
fiber-wireless link, multi-channel downlink communication was
evaluated. Five 400 MBd channels were transmitted simultane-
ously over the fiber-wireless link. These channels are centered
around 25.0, 25.7, 26.5, 27.2 and 28 GHz. They are constructed
using a roll-off factor of 0.2. The resulting error vector mag-
nitude (EVM), normalized to the average power, is depicted
in Fig. 9. First, the optical back-to-back (OB2B) performance
was measured without wireless path, resulting in EVM values
(EVM < 6.2%) well below the 8% criterion set by the 3GPP
specifications for 64-QAM transmission [23]. When 1 m of
wireless distance is added between the RRU and the UE, the
EVM degradation is negligible. The penalty caused by the
addition of 2 km SSMF in between the DU and the RRU, mim-
icking a distributed wireless infrastructure, results in a minor
EVM degradation (EVM < 6.8%) but there is still sufficient
margin relative to the 8% EVM specification. Consequently,
when limiting the fiber distance to 2 km and the wireless distance
to 1 m, the devised mmWave-over-Fiber link provides a data
capacity of at least 12 Gbps. By increasing the wireless distance
to 3 m, the 8% criterion is no longer met and now 16-QAM is
the largest constellation size that can be adopted to stay within
specifications since the target EVM for 16-QAM is 12.5% [23].

B. Orthogonal Frequency Division Multiplexing

When larger wireless distances are desired, OFDM offers
better performance than single-carrier data modulation, since it
is more robust to multipath fading [24]. The main drawback of
the OFDM data transmission is the increase in peak-to-average-
power ratio (PAPR), requiring higher linearity E/O and O/E
converters and its associated drivers and amplifiers. The signal
parameters of the OFDM data can be found in Table I. The
resulting data rate per channel is 2.34 Gb/s when 16-QAM
signals are transmitted and increases to 3.51 Gb/s per channel
when the link has a sufficiently low EVM to allow for 64-QAM
data communication. The down- and uplink signal quality are
displayed in Fig. 10. First, it can be seen that the downlink and
uplink performance are comparable and that there is an EVM
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TABLE I
OFDM SIGNAL PARAMETERS

Fig. 10. Measured EVM in RFoF-wireless link.

degradation when multiple channels are transmitted simultane-
ously. The introduction of 2 km SSMF between DU and RRU has
limited impact and the EVM stays below the 64-QAM boundary
for a 1 m wireless channel. Up to 5 m wireless link distance was
tested with this setup, resulting in EVM values below 10%. An
aggregated capacity of 7.02 Gb/s was achieved over 2 km SSMF
and 5 m wireless distance for both downlink and uplink with
an EVM that meets the 3GPP specification. When the wireless
distance is limited to 1 m, the EVM values demonstrate that up
to 10.53 Gb/s can be reached for the devised fiber-wireless link.

IV. REFLECTIVE MODULATOR OPERATION

In a small-cell architecture, it would be advantageous if the
laser could be omitted from the RRU to reduce the cost and
power consumption [25], [26]. The centralization of the light
generation for the uplink path allows for sharing the laser
between multiple cells and relaxes the stringent temperature
control requirements at the RRUs. In the previous experiments,
the reflective transmitter was converted to a regular transmitter
by using an optical circulator and by using separate fibers to
distribute the uplink CW laser light to the RRU and to send the
modulated light back to the DU (setup A in Fig. 11).

A. Rayleigh Backscattering

This section discusses the effect of sharing fiber for laser
distribution and uplink communication and, thereby, introducing
true reflective operation (setup B in Fig. 11). In Fig. 12, the
EVM degradation due to reflective operation is studied when
transmitting single-carrier, single-channel 16-QAM signals with
a symbol rate of 100 MBaud. In the original setup (scenario
A), the signal passes in one direction over the fiber. However,

when true reflective operation is adopted (scenario B), Rayleigh
scattering occurs along the fiber. This results in strong signal
degradation, especially at large fiber lengths. The unmodulated
light that is sent to the reflective EAM undergoes distributed
reflections while passing along the fiber and this reflected CW
tone interferes with the carrier of the modulated light travel-
ing back from the reflective EAM over that same fiber [27].
After 2 km fiber, the EVM increases from 2.48% to 7.33%
due to backscattering and after 10 km fiber the EVM increases
from 2.51% to 23.44% when adopting true reflective operation.
Furthermore, it is clear that a 4.5 km-long fiber also results in
poor signal quality. This is due to chromatic dispersion, as can
be calculated from [9]. In Fig. 13, the received constellation
diagrams in setup A and B are shown for optical back-to-back,
4.5 km SSMF (corresponding with the dispersion notch) and
10 km SSMF. It is clear that both setups are identical for OB2B
and cannot be used at the dispersion distance of 4.5 km. At
10 km, it can be seen that Rayleigh backscattering introduces
strong parasitic intensity modulation, indicating that setup B can
only be used for small DU-RRU distances.

B. Edge Coupling

Reducing the insertion loss of the modulator will help to
lower the effect of the Rayleigh scattering, since the relative
level between modulated light and scattered CW laser will be
larger. The transmitter used in these experiments relies on grating
couplers to couple the light in and out of the photonic IC. While
this eases testing, it also results in a higher coupling loss than
what is achievable with edge coupling [28]. Hence, migration
from a grating to an edge coupling technique will help to reduce
the penalty due to Rayleigh scattering noise.

C. Coherent Detection

To truly solve the issue, we should remove the carrier of the
signal received at the DU. This can, for example, be achieved
by locking a micro-ring resonator to the carrier wavelength.
However, we opted to use a tunable optical bandpass filter
(OTF-350). This approach not only removes the carrier but
also one of the sidebands, resulting in a carrier-suppressed
optical single sideband (CS-OSSB) detection scheme that si-
multaneously solves the Rayleigh backscattering as well as the
chromatic-dispersion-induced fading dips. The proposed uplink
configuration is shown in Fig. 11 as setup C and combines
true reflective operation of the RRU with coherent detection
of the uplink at the DU. The 50/50 blocks in this setup are 3 dB
splitters/combiners. The output constellation diagrams in Fig. 14
show three distinct rings instead of the typical ideal 16-QAM
constellation visible in the OB2B measurements in Fig. 13. This
is due to the coherent detection scheme that was implemented
with a laser with 400 kHz linewidth. Frequency tracking and/or a
smaller linewidth laser is required for coherent detection. How-
ever, it is already clear that both Rayleigh backscattering and
chromatic dispersion degradation can be solved by using setup
C, since we can clearly discriminate the three amplitude levels of
the 16-QAM symbols. Using offline processing to implement a
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Fig. 11. Uplink implementations: (A) direct detection with separate fiber for carrier distribution and modulated uplink signal; (B) direct detection with shared
fiber; (C) coherent detection with shared fiber.

Fig. 12. EVM degradation due to true reflective operation using direct
detection.

Fig. 13. Received signal when transmitting a 100 MBaud, 16-QAM modulated
data signal and using direct detection.

digital Costas phase-locked loop at the receiver results in the bot-
tom constellation diagrams shown in Fig. 14. Therefore, it can be
concluded that this setup can be used to implement true reflective
RRUs with larger DU-RRU separation and that it simultaneously

Fig. 14. Received signal when transmitting a 100 MBaud, 16-QAM modulated
data signal and using coherent detection (FT: frequency tracking).

solves the dispersion challenge inherent to high carrier frequency
RFoF implementation schemes. While the implemented system
is adequate as a proof-of-principle, practical implementations
should include polarization tracking. Typical coherent links [29],
[30] implement this via polarization beam splitters after which
two coherent receivers detect the two polarizations. These two
outputs are then combined and digital signal processing (DSP) is
used to reconstruct the transmitted uplink signal. Alternatively,
one can use a polarization transformer with feedback loop to
stabilize the polarization [31].

D. Proposed Architecture

Based on the findings in section IV-C, it is now possible to
devise a single fiber architecture. The proposed full duplex link
is shown in Fig. 15 and can be used independent of the required
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TABLE II
STATE OF THE ART FIBER-WIRELESS LINK EXPERIMENTS (DL: DOWNLINK; UL: UPLINK; SC: SINGLE-CARRIER; SPC: SUPERPOSITION CODE; UFOFDM:

UNIVERSALLY FILTERED OFDM; NOMA: NON-ORTHOGONAL MULTIPLE ACCESS; ASK: AMPLITUDE SHIFT KEYING; PM/IM: PHASE/INTENSITY MODULATION;
FDD: FREQUENCY DIVISION DUPLEXING; SDOF: SIGMA-DELTA-OVER-FIBER; MMF: MULTIMODE FIBER)

Fig. 15. Proposed single-fiber architecture (R-EAM: reflective EAM; WDM:
wavelength division multiplexer; CD: coherent detection; DD: direct detection).

duplexing strategy. In this setup, the down- and uplink are
implemented using two separate wavelengths. Meanwhile, the
laser distribution and back-transmission of the modulated uplink
data can occur over the same fiber by using coherent detection of
the uplink to avoid Rayleigh backscattering signal degradation.
The proposed scheme requires no circulators at the RRU and
all optical functionality of the RRU (WDM, photodetector, and
EAM) can be implemented on a single silicon photonics IC.
This architecture can be extended to a network serving multiple
RRUs. Different interconnection strategies can be followed to
serve multiple access points. One can for example deploy a
star, multilevel-star, or ring configuration [32] where the most
optimal solution depends on the network requirements. The most
straightforward technique is the star topology where every RRU
is addressed by a point-to-point link, however, this requires the
maximum amount of fiber since each RRU is addressed by a
dedicated fiber. In this scenario, only two unique wavelengths are
required, one for downlink and one for uplink communication,
no matter the number of RRUs. In the multilevel-star approach,
the number of required wavelengths is increased to reduce the
total fiber cost. Assuming that the maximum number of RRUs
served by a single fiber is N, then the multilevel-star topology
will require 2×N unique wavelengths and the data is routed to
the intended RRU by WDM routing.

V. STATE OF THE ART

Table II shows a state of the art overview of fiber-wireless link
experiments. A great interest is seen for the licensed 28 GHz
and unlicensed 60 GHz band. It is shown that our setup provides
state of the art performance regarding achieved bitrate, fiber
distance and wireless distance. The fiber length is sufficient
for typical applications and can be increased significantly by
using an optical single sideband scheme to avoid fading dips
resulting from fiber dispersion. The link setup discussed in this
paper not only shows good performance for downlink but also
for the uplink communication. While this uplink is typically
implemented by including a laser at the RRU, it is not ideal
with respect to cost, size, etc. Therefore, we propose to use
centralised laser generation. Three references that show RoF
implementations where the laser light is omitted from the RRU
but without wireless path were added to table II, being [15], [16]
and [17]. In [16], a single fiber solution is devised using reflective
semiconductor optical amplifier (SOA) to modulate the uplink
light. Due to amplification in the SOA, Rayleigh issues are
relaxed. In [15] and [17], a two-fiber solution is adopted, hence
the backscattered carrier does not couple back to the receiver for
the uplink path.

VI. CONCLUSION

We have demonstrated a very low complexity narrowband
GaAs electronics/Si photonics transceiver for scalable RFoF
architectures. The chipset consumes 427 mW, introduces a link
gain of 28.4 dB – with 3 dBm optical power – and supports a
link bandwidth from 24.7 to 28.6 GHz. Furthermore, laser-free
remote radio unit operation is enabled using RFoF transmitters
with reflective EAMs, which reduces the complexity of the
remote radio units even further. With this transceiver, over
7 Gb/s down- and uplink were demonstrated for a 2 km fiber,
5 m wireless mmWave link. In the final part of this paper, the
focus shifted to enable true reflective operation over longer
fiber lengths. Direct detection schemes suffer from Rayleigh
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backscattering, making the reflective operation in combination
with direct detection infeasible for larger DU-RRU distances.
Edge coupling can be used to relax the Rayleigh degradation
to some extent and coherent detection, in combination with
frequency tracking, can be used to get rid of the Rayleigh
backscattering altogether. Furthermore, when CS-OSSB is
used in combination with coherent detection, it not only solves
the Rayleigh backscattering but also overcomes chromatic
dispersion limitations inherent to high carrier frequency RFoF.
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