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Abstract—We propose and demonstrate an upstream trans-
mission scheme using a semiconductor optical amplifier
(SOA) for arrayed waveguide grating (AWG)-based dense
wavelength-division-multiplexed (DWDM) millimeter-wave
fiber-radio systems and show improved link performance. In
our scheme, unused optical carriers from the cyclic AWG in
the downlink (DL) are tapped for uplink (UL) transmission.
An SOA in conjunction with the AWG simultaneously amplifies
the DL RF subcarriers and UL optical carrier, thus improving
carrier-to-sideband ratio in the DL while also yielding an improved
power budget for the UL. Our experimental results show that the
proposed scheme can be a practical solution for future bidirectional
wavelength interleaved DWDM transmission systems.

Index Terms—Arrayed waveguide grating (AWG),
carrier-to-sideband ratio (CSR), millimeter-wave (mm-wave)
fiber-radio, multiplexer/demultiplexer, optical single sideband
modulation, wavelength interleaving (WI).

I. INTRODUCTION

RADIO-OVER-FIBER (ROF) techniques can efficiently
distribute millimeter-wave (mm-wave) signals for the

provision of broadband radio access over the last mile. Utilizing
ROF transmission allows complex equipment to be centralized
at the central office (CO), and leads to simplification and
miniaturization of the base transceiver stations [1]. Wavelength
interleaving (WI) in conjunction with dense wavelength-divi-
sion-multiplexing (DWDM) simplifies the fiber radio network
architectures and enables these systems to support DWDM feed
networks that can further increase the number of base stations
(BSs) that can be serviced through a single CO [1], [2].

To support the full-duplex operation of fiber-wireless net-
works, the optical interfaces of the BSs must include optical
sources. There is a significant advantage in not requiring
a wavelength source at the BS, as wavelength assignment
and source monitoring can be done in a more cost-effective
manner at the CO. In this context, techniques such as wave-
length reuse [3] and simultaneous detection and modulation
using an electroabsorption modulator [4], have been pro-
posed and demonstrated. In [5] and [6], an arrayed waveguide
grating (AWG)-based multiplexing and demultiplexing scheme
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was proposed for full-duplex transmission in a WI-DWDM
mm-wave fiber-radio system. However, the scheme in [5] used
an optical source for uplink (UL) data transmission which is not
an efficient approach, as low cost, ultrastable, narrow linewidth
lasers are difficult to realize. Another potential issue with the
system presented in [5] is that due to the cyclic nature of the
AWG, the demultiplexing process results in the generation of a
portion of the downlink (DL) optical carrier power at the AWG
output ports that are not used.

In this letter, we propose and demonstrate a UL transmis-
sion scheme using a semiconductor optical amplifier (SOA) in
conjunction with an AWG at a remote node (RN) optical inter-
face. Unlike the scheme proposed in [5], we achieve source-free
BSs for UL transmission by tapping unused DL optical carriers
generated in the demultiplexer process. Our technique also im-
proves the overall power budget for the UL and DL while en-
hancing the carrier-to-sideband ratio (CSR) for the DL path,
since the SOA in the optical interface amplifies the DL RF sub-
carrier and UL optical carrier. In addition, multiple loopbacks
performed at the RN in the multiplexing process improves the
CSR of the UL path. Therefore, our proposed scheme enables
the realization of laser-free BSs with sufficient power budget for
both UL and DL transmission in WI-DWDM mm-wave fiber
radio systems.

II. PROPOSED SCHEME

Fig. 1(a) shows the WI scheme for optical mm-wave chan-
nels (modulation frequency ) with a DWDM channel
separation of . The optical carriers and
their respective modulation sidebands (in op-
tical single sideband with carrier format, OSSB ) are inter-
leaved in such a way that the adjacent channel spacing, irrespec-
tive of carrier or sideband, is .

Fig. 1(b) shows the schematic of our proposed wavelength
reuse scheme that simultaneously enables UL multiplexing
and DL demultiplexing of the WI channels. The input–output
characteristic matrix of the AWG that governs the multi-
plexing and demultiplexing of different channels at different
ports is tabulated in Fig. 1(c). The technique incorporates a

AWG (with a bandwidth equal to the
adjacent channel spacing of the WI scheme) in conjunction with
multiple optical circulators (OCs). The input (A) and output (B)
ports of the AWG, reciprocal in nature, are numbered from
to . The proposed scheme is considered to be located at
an RN of a system. As shown in Fig. 1(b), the DL WI-DWDM
channels from the feeder network (FN) enter the RN and are
split by a 3-dB coupler. One output of the coupler passes
through an SOA before entering the AWG via port while the
other output enters the AWG via port . The SOA amplifies
the optical carrier and the corresponding sidebands in the DL
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Fig. 1. Proposed wavelength reused scheme for WI-DWDM mm-wave fiber-
radio systems. (a) WI scheme. (b) Proposed scheme. (c) Input–output charac-
teristic matrix of AWG.

direction. The and input ports were selected so that the
optical carriers and their respective modulation sidebands are
demultiplexed and exit the AWG via the odd numbered output
ports. The outputs of these ports are then routed through 2.5 km
of single-mode fiber (SMF) to the OCs of their respective BSs.
The DL optical carriers generated at even numbered ports in the
demultiplexing process are optically filtered (OF) to remove
unwanted signals and then routed to their appropriate BSs for
the creation of the OSSB formatted UL channels. After
this process, the UL channels are routed from their respective
BSs back to the RN via the OCs for multiplexing. Wavelengths
for reuse in the UL direction are assigned in such a way that
the combination of the DL and UL optical carriers for BS
are and and similarly, and for BS . Due
to the reciprocal and cyclic characteristics of the AWG, the

Fig. 2. Experimental setup for demonstration of proposed wavelength reuse
upstream transmission scheme for WI-DWDM mm-wave fiber radio systems.

modulated UL sidebands combine at port
and port , respectively, while the corresponding optical
UL carriers combine at ports and
respectively. The UL carriers at and ports are then
looped back to the AWG via ports and , as shown
in Fig. 1. The combination results in outputs
at ports , .
These outputs pass through their respective OCs and are looped
back to , . Simi-
larly, the combination results in outputs at ports

, . These outputs
pass through their respective OCs and are looped back to

, . The composite
optical carriers and sidebands at port and are now
combined using a 3-dB coupler and then routed to the FN for
UL transmission.

The CSR of each DL channel improves by the amount of
subcarrier amplification provided by the SOA, which is around
6 dB in this instance. The multiple loop-backs of the UL carriers
through the AWG enhance the CSR of the interleaved UL chan-
nels. For a single loop-back, the CSR is improved by as much
as the insertion loss (IL) of the AWG, which is typically around
4–5 dB. Our scheme thus yields improved CSR for both the UL
and DL, with efficient UL multiplexing and DL demultiplexing.

III. EXPERIMENTAL DEMONSTRATION

Fig. 2 shows the experimental setup. In the DL direc-
tion, three narrow linewidth tunable light sources , ,
and at wavelengths (1556.0 nm), (1556.2 nm),
and (1556.4 nm) followed by separate polarization con-
trollers (PCs), were combined using 3-dB optical couplers
and applied to a dual-electrode Mach–Zehnder modulator
(DE-MZM). A 37.5-GHz mm-wave signal carrying 155-Mb/s
binary-phase-shift-keyed data was generated by mixing a
18.75-GHz local oscillator signal followed by a frequency
doubler, with 155-Mb/s pseudorandom-bit-sequence data. The
mixer output was then amplified, followed by a hybrid coupler
and applied to the DE-MZM to generate OSSB formatted
signals with the output then comprising three optical carriers
and their respective sidebands interleaved. The modulator
output spectrum shown in Inset 1 of Fig. 2 indicates a CSR
of 14 dB along with 37.5-dB suppression of the undesired
sidebands. The amplified DL WI-DWDM channels were then
bandpass filtered and transported over 10 km of SMF to the
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Fig. 3. (a) Optical spectra and corresponding measured BER curves for demul-
tiplexed DL CH , CH , and CH . (b) Measured BER curve for multiplexed UL
CH at CO.

RN for demultiplexing. The AWG at the RN is an 8 8 device
with 12.5-GHz channel separation. The DL channels exhibit a
CSR of around 7 dB after demultiplexing. The demultiplexed
channels were routed to the BSs and detected using a 45-GHz
photodetector, amplified, and down-converted to an interme-
diate frequency of 2.5 GHz, from which the baseband data
was recovered using a 2.5-GHz electronic phase-locked loop.
Here the three optical carriers with their respective modulation
sidebands are denoted as CH , CH , and CH . The optical
spectra and the measured bit-error-rate (BER) curves of the
demultiplexed channels are shown in Fig. 3(a). The receiver
sensitivities for CH , CH , and CH are 16.4, 16.3, and

14.7 dBm, respectively. The sensitivities for when only one
channel was in operation while the others were switched off
improved by 0.5, 0.8, and 2.5 dB, respectively. CH , CH ,
and CH experienced optical crosstalks of 20, 8.8, and

2.4 dB, respectively, where optical crosstalk is defined here
as the ratio of the total power in the undesired optical carriers
to the desired optical carrier power. The poor sensitivity of
CH can be attributed to the crosstalk noise from the adjacent
channels. The incurred power penalty at a BER of is
around 0.3 dB for all three channels which can be attributed to
experimental error.

To demonstrate multiplexing using the wavelength reuse
technique, the output of port containing the amplified
optical carrier was routed through 2.5 km of SMF to BS

followed by a PC and then used as the input to the DE-MZM
to generate OSSB formatted signals. It should be noted
that an OF at port was not used in this particular setup as
modulated unwanted signals would not interfere other channels
after multiplexing at the RN.

The UL modulator output spectrum can be seen in Inset 2 of
Fig. 2 and we observed a CSR of 13.3 dB in addition to 31.9-dB
suppression of the undesired sidebands. The modulator output
was passed through an OC at BS and routed back to the RN.
As explained earlier, and its modulation sideband entered
port and were distributed between port and port , re-
spectively. The output of port was looped back to AWG via
port . The resulting output at port was passed through
OC and looped back to AWG via port . and then ex-
ited from port and were routed through 10-km SMF to the
CO. The received optical signal was amplified and then band-
pass filtered to reject out-of-band noise. Inset 3 of Fig. 2 shows
that UL CH exhibits a reduced CSR of 5.24 dB after multi-
plexing, while it is 13.3 dB before entering the AWG, as shown
in Inset 2 of Fig. 2. This reduction in CSR significantly im-
proves the overall link performance. The filtered output was sub-
sequently detected and the data was recovered using the same
setup as explained for the DL data recovery. Fig. 3(b) shows
that the receiver sensitivity for the UL channel is 14.6 dBm
and improved by 1.46 dB when only UL CH was in operation.
The results show approximately 0.1-dB power penalty at a BER
of which can be attributed to experimental error. The re-
covered optical spectra and the BER curves clearly demonstrate
the functionality of the proposed wavelength reuse scheme for
AWG-based ROF systems.

IV. CONCLUSION

We have proposed and demonstrated a UL transmission
scheme incorporating wavelength reuse for AWG-based
DWDM ROF systems. The AWG at the RN performs simul-
taneous demultiplexing and multiplexing of the DL and UL
channels. The SOA at the RN selectively amplifies the DL
RF subcarrier and the UL optical carrier, thereby providing an
improved optical budget for both links. The error-free recovery
of data in both the DL and UL confirmed the functionality of
our scheme, with negligible power penalty over 10 km of SMF.
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