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Abstract—A wavelength-division-multiplexed (WDM) optical
interface has been proposed and demonstrated with the capacity
of adding and dropping wavelength interleaved fiber-radio WDM
channels spaced at 25 GHz and also enabling wavelength reuse,
which eliminates the need for a light source at the base station.
The proposed WDM optical interface is realized by the use of a
multiport optical circulator in conjunction with multinotch fiber
Bragg grating (FBG) filters. Its functionality is demonstrated both
by experiment and simulation. The effects of optical impairments
on the transmission performance of WDM channels were studied
in detail through simulation for single and cascaded configurations
of the interface.

Index Terms—Broad-band wireless access, cascaded optical
add-drop multiplexing (OADM), dual-electrode Mach–Zehnder
modulator, fiber-radio base station, millimeter-wave fiber-radio
system, multinotch fiber Bragg grating (FBG), multiport optical
circulator, optical crosstalk, optical single-sideband (OSSB)
modulation, remote antenna base station (BS), wavelength inter-
leaving, wavelength reuse.

I. INTRODUCTION

M ILLIMETER-WAVE (mm-wave) fiber-radio systems
have been considered as one of the future means of

providing broad-band radio services to customers. Due to the
higher propagation losses of mm-wave (25 to 100 GHz) signals,
the propagation distance is usually limited to few tens of meters
to few tens of kilometers. Consequently, the broad-band wireless
access (BWA) network architecture incorporating mm-wave
radio transmission requires a micro- or pico cell, which implies
the need for a large number of remote antenna base stations (BSs)
within a small geographical area. In such BWA network archi-
tectures, the BSs that provide the wireless access to the users
are interconnected to a central office (CO) dedicated for per-
forming all the switching and signal processing functionalities
[1]–[3]. If the CO and the BSs are interconnected via an optical
fiber feeder network, with optical links directly transporting the
wireless mm-wave signals to and from CO, cost-effective BS
architectures with reduced complexity can be realized. The use
of wavelength-division multiplexing (WDM) in such networks
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can provide a high-capacity feed network required in the BWA
applications [4], [5]. A simplified BS architecture incorporating
electroabsorption modulators (EAMs) was initially proposed in
[6] and was further extended and demonstrated in [7] and [8].
One disadvantage of the EAM-based techniques is the need for
additional dispersion compensation as they are often based on
the double-sideband modulation scheme [9]. To overcome this,
optical single sideband with carrier modulation (OSSB C)
scheme can be combined with wavelength reuse technique [10]
to realize simple BSs. The wavelength reuse scheme eliminates
the need for a separate light source at the BS by providing the
optical carrier for uplink transmission where the uplink optical
signal is generated by recovering a portion of the optical carrier
used in the downlink transmission [10].

When the mm-wave radio-frequency (RF) signals are im-
posed onto the optical carrier, sidebands are generated at the
spacings equal to the modulating mm-wave frequency away
from the optical carrier. This causes the interchannel spacing of
a WDM feeder network for a mm-wave fiber-radio system to
rise. Wavelength interleaving has been proposed to increase the
spectral efficiency in the optical domain [11], [12]. It is achieved
by multiplexing the mm-wave-modulated WDM signals with
channel spacings smaller than the modulating mm-wave signal
frequency. By applying this technique, channel separations of
50 or 25 GHz can be easily realized [11], [12]. In addition, if
the optical feeder network for mm-wave fiber-radio system can
be developed by accessing the existing optical network infra-
structure in the access and metro network domains, it will allow
a fast route for realizing BWA systems based on the fiber-radio
concept. We recently introduced such a BS optical interface that
is dispersion-tolerant (based on the OSSB C modulation tech-
nique) and supports wavelength interleaving and wavelength
reuse techniques where both the uplink and downlink signals
were optimized independently (irrespective of the link length)
[13]. The incorporation of such interfaces in future fiber-based
millimeter-wave communication systems for BWA will offer
higher spectral efficiency, increased wavelength utilization, and
the possibility of merging with optical network infrastructure
in the access or metro domain while realizing simple, com-
pact, and low-cost BSs. However, within the interface, there
are ultra-narrow-band fiber Bragg gratings (FBGs), which are
capable of handling closely spaced dense-WDM (DWDM)
channels. Therefore, the performance of signals passing through
the interface may suffer from additional crosstalk and chromatic
dispersion (CD) introduced by the elements of the interface.
Consequently, this may limit the cascadability of multiple
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Fig. 1. Proposed WDM optical interface enabling the wavelength recovery and optical add–drop functionality for a wavelength-interleaved DWDM fiber-radio
system.

units of the proposed interface when applied to an optical fiber
feeder network in a ring or bus configuration [14]. The effects
of such impairments need to be characterized and managed.
In this paper, a multifunctional wavelength-interleaved WDM
optical interface is proposed and demonstrated that supports
a wavelength reuse technique that provides optical carrier for
the uplink transmission. The effects of optical impairments on
the wavelength-interleaved and reused WDM channels passing
through the proposed interface in single as well as cascaded
configuration are then characterized.

The paper is organized as follows. Section II describes the ar-
chitecture and the working principle of the proposed WDM op-
tical interface. Section III describes the experimental setup used
to demonstrate the functionality of the proposed interface, both
in downlink and uplink direction, and also presents the results
obtained from the experiment. Section IV models a simulation
setup similar to the experiment and characterizes the effects of
optical impairments involving the proposed interface. The sim-
ulation results are discussed in Section V, and finally, in Sec-
tion VI, results are summarized.

II. PROPOSED WDM OPTICAL INTERFACE

Fig. 1 shows the schematic of the proposed WDM optical
interface of an antenna BS with the corresponding input,

output, drop, and add spectra shown as insets. The input spec-
trum shows the three-WDM wavelength-interleaved channels
(25-GHz spacing), namely , , and with their respective
modulation sidebands at , , and with a modulation
frequency of 37.5 GHz in OSSB C modulation format.
After interleaving, the spacing between an optical carrier and
adjacent sidebands is 12.5 GHz.

The interface consists of a seven-port optical circulator (OC)
connected to a two-notch FBG (FBG1) between port 2 and port
6 and a single-notch FBG (FBG2) at port 3 of the OC with a
notch bandwidth of 12.5 GHz 0.1 nm each. The transmis-
sion profiles of the FBGs can be seen from the inset of Fig. 1.
FBG1 is designed in such a way that it reflects 100% of a spe-
cific downlink optical carrier (e.g., ) with its modulation side-
band from the input wavelength-interleaved WDM signals.
The reflected signal is received at port 3 while the transmitted sig-
nals (the through channels) are routed to port 6 of the OC, where
they will exit the interface via port 7 (OUT). FBG2 at port 3 was
designed to reflect only 50% of the carrier at , while the re-
maining 50% of the carrier and the corresponding sideband ( )
of the downlink signal will be dropped at port 3 (DL Drop) that
can be detected using a high-speed photodetector (PD). The re-
flected 50% carrier at is recovered at port 4 ( -re-use) of the
OC and will be reused at the BS as the optical carrier for the up-
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Fig. 2. Experimental setup for the demonstration of a simplified WDM optical interface for wavelength reuse in a wavelength-interleaved DWDM fiber-radio
system.

link path. In the uplink direction, a dispersion-tolerant OSSB C
formatted optical signal is generated using the recovered carrier
and the uplink radio signal at the RF frequency equal to the down-
link RF frequency. The optically modulated uplink signal is then
added to the interface via port 5 of the OC. The added signal will
be routed to port 6, where it will be reflected by FBG1 and com-
bines with the remaining through wavelength-interleaved chan-
nels (the through channels) before being routed out of the in-
terface via port 7 (OUT). The output spectrum along with the

spectra of the downlink drop, the wavelength-reuse carrier, and
the uplink signal are shown in the inset of Fig. 1.

III. EXPERIMENTAL DEMONSTRATION

The experiment to demonstrate the downlink/uplink trans-
mission incorporating the proposed multifunctional WDM
optical interface at the BS is shown in Fig. 2, which is split
into Fig. 2(a) and (b) for simplicity. In this experiment, three
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narrow-linewidth optical carriers from three tunable lasers at
the wavelengths 1556.0, 1556.2, and 1556.4 nm were used
as the optical sources. The three optical carriers, followed
by separate polarization controllers (PCs) were multiplexed
together using two 3-dB optical couplers. The multiplexed
optical carriers were then launched into a dual-electrode
Mach–Zehnder modulator (DE-MZM). A 37.5-GHz mm-wave
signal with binary phase-shift-keying (BPSK) format was
generated by mixing a 37.5-GHz local oscillator (LO) signal
with a 155-Mb/s pseudorandom bit sequence (PRBS) data. The
DE-MZM was biased at a quadrature bias (QB) point, and the
amplified mm-wave signal was used to drive the two RF ports
of the DE-MZM with a 90 phase shift maintained between the
two drive signals. The resultant output of the modulator was an

modulated signal with the three optical carriers and
their respective sidebands interleaved.

The interleaved optical signal was amplified by using an
erbium-doped fiber amplifier (EDFA) followed by an op-
tical bandpass filter (BPF) to minimize out-of-band amplified
spontaneous emission (ASE) noise. The filtered signal was
then transported over 10 km of single-mode fiber (SMF) to a
remote BS comprising the proposed WDM optical interface, as
described in Section II, in addition to the optical-to-electrical
(O/E) and electrical-to-optical (E/O) interfaces and the RF
electronics (RF interface). The interleaved spectrum entering
the proposed interface can be seen from the inset of Fig. 2(a).
An eight-port OC was used to construct the proposed WDM
interface in conjunction with the FBGs. FBG1 has center
wavelengths at 1556.2 and 1556.5 nm, bandwidths of approxi-
mately 0.11 nm, and reflectivity of 99.9%. FBG2 has a center
wavelength of 1556.2 nm with a bandwidth of approximately
0.11 nm and reflectivity of 50%. The desired downlink signal
for the specific BS which comprised 50% of the carrier at
1556.2 nm with its corresponding sideband at 1556.5 nm was
recovered from the DL Drop port of the WDM optical interface,
and the optical spectrum is shown in the inset of Fig. 2(b).
The downlink signal was then directed to the O/E interface
of the BS, where it was detected using a 45-GHz PD. After
photodetection, the downlink signal was amplified using an am-
plifier chain of low-noise amplifier (LNA) and medium power
amplifier (MPA) and then downconverted to an intermediate
frequency (IF) of 2.5 GHz. Subsequently, the baseband data
was recovered using a 2.5-GHz electronic phase-locked loop
(PLL). To verify the functionality of the proposed interface
in the uplink direction, 50% of the carrier at 1556.2 nm was
recovered from the -re-use port of the WDM optical interface,
and the optical spectrum is shown in the inset of Fig. 2(b). The
recovered carrier was used to drive the uplink DE-MZM, part
of the O/E interface in the BS. The uplink radio signal was gen-
erated using a BPSK generator at 37.5 GHz with a data rate of
155 Mb/s, similar to the one used in the downlink transmission.
The generated signal was then amplified before being applied
to the uplink DE-MZM to generate an formatted
optical signal. The resultant uplink optical spectrum is shown
in the inset of Fig. 2(b). The modulated optical uplink signal
was then routed to the interface via the ADD port, combined
with the through channels at port 6, and left the interface via
the OUT port. Also shown in the insets of Fig. 2(b) are the

Fig. 3. Measured BER curves as a function of received optical power for
(a) downlink transmission and (b) uplink transmission.

optical spectrum of the through channels after the channel
2 (carrier at 1556.2 nm with the corresponding sideband at
1556.5 nm) is dropped with the achieved suppression of more
than 30 dB and also the optical spectrum at the output of the
interface depicting the through channels and the added uplink
channel 2. In comparison with the input spectrum, the through
channels experience an insertion loss of around 3.5 dB and
added channel 2 suffers a 14-dB loss. This higher insertion
loss of the “drop–add” channel can be attributed to the poor
frequency response of the DE-MZM used to generate the uplink
signal at 37.5 GHz, which is much higher than the specified
maximum bandwidth of the DE-MZM at 20 GHz [15]. To
measure the system performance for uplink communication,
the generated uplink optical signal was transmitted through
another 10 km of SMF, before it was optically amplified, and
the data was recovered using the same data recovery setup as
for the downlink path.

Fig. 3(a) and (b) shows the measured bit-error rate (BER)
curves as a function of received optical power for the down-
link and uplink paths. The downlink BER curve shows a trans-
mission power penalty of 0.90 dB with receiver sensitivity of

5.2 dBm at a BER of for transmission over 10 km of
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Fig. 4. Simulation setup to characterize the effects of optical impairments in single and cascaded WDM optical interfaces in a wavelength-interleaved DWDM
fiber-radio system.

SMF. The uplink curve shows the power penalty of 0.60 dB with
receiver sensitivity of 7.7 dBm at BER of for the same
transmission distance. The incurred power penalty in downlink
path is greater by 0.3 dB, compared with the uplink direction.
This can be attributed to the effects of crosstalk from the neigh-
boring channels and the impact of lower sideband suppression
of the OSSB C signals generated by the downlink DE-MZM
used in the CO. The receiver sensitivity in the downlink path is
lower by more than 2.5 dB, compared with the uplink direction,
which can be attributed to the lower modulation depth of the
DE-MZM used in the downlink path in comparison with that of
the uplink path, which is more than 5 dB after 50% of the power
is removed at the interface for carrier reuse. This can be over-
come by replacing the DE-MZM of the downlink path with a
similar one used in the uplink direction.

Therefore, the optical spectra in the insets of Fig. 2 and the
measured BER curves at Fig. 3 clearly demonstrate the func-
tionality of the proposed multifunctional WDM optical interface
that offers a practical solution for future high-capacity BWA net-
works incorporating wavelength interleaving and wavelength
reuse techniques.

IV. CHARACTERIZATION OF IMPAIRMENTS FOR SINGLE AND

CASCADED INTERFACES

Practical WDM networks, configured in ring/bus architec-
tures, are promising technologies to achieve high-capacity trans-
parent optical networks that offer advanced routing functionality
through optical add–drop multiplexing (OADM) interfaces.
OADMs are indispensable to realize wavelength routing in the
optical domain [16]. In the WDM ring/bus networks, optical
signals will be transmitted through several WDM OADM in
cascade [14], [17]. In the previous section, we have proposed
and demonstrated a multifunctional WDM optical interface for
DWDM mm-wave fiber-radio base stations. The concatena-
tion of the interfaces will make the effective passband of the
cascade narrower due to the variations in the passband roll-off
and ripple in each individual FBG transfer functions [16], [17].
The required wavelength stability and accuracy in these systems

becomes more stringent with the number of cascaded stages.
All the above will give rise to signal waveform distortion, which
can lead to eye closure and can introduce significant network
performance degradation [18]. Hence, in this section, we will
investigate and characterize via simulation studies the effects
of optical impairments on the transmitted optical signals after
traversing through single as well as cascaded interfaces.

The simulation was carried out using commercially avail-
able photonic simulator platform VPITransmissionMaker. The
schematic of the simulation setup to carry out the characteri-
zation of the effects of optical impairments in an optical link
incorporating the proposed WDM optical interfaces is shown
in Fig. 4. The simulation setup shows three OSSB C genera-
tors, combined and interleaved using a 4 1 combiner, ampli-
fied by an EDFA followed by a BPF. The filtered output was
transported over 10 km of SMF to the two wavelength-inter-
leaved WDM optical interfaces (OADM1 and OADM2). The
OSSB C generators consist of three narrow-linewidth optical
carriers with a channel spacing of 25 GHz and their modulation
sidebands at 37.5 GHz with a data rate of 155 Mb/s. Each inter-
face is shown as a block with five ports, namely, the input (IN),
downlink drop (DL Drop), wavelength reuse drop ( -re-use),
add (ADD) and output (OUT). The effects of the impairments
were characterized based on the relative power penalties of the
interleaved channels measured at the positions A, B, C, D, E,
and F at the interfaces, as indicated in Fig. 4. For simplicity, the
three interleaved channels with their modulation sidebands will
be denoted as Ch1, Ch2, and Ch3, as shown in the inset of Fig. 4.
The simulation models incorporated the observed experimental
parameters such that the simulation study closely follows the
experimental setup as far as possible. The BER curves for dif-
ferent channels at different positions were obtained by changing
the center frequencies of the FBGs while keeping all other prop-
erties and parameters unchanged.

V. SIMULATION RESULTS AND DISCUSSION

As mentioned previously, the proposed interface comprises
multiport OC and wavelength-selective FBGs. Therefore, both
out-of-band and in-band crosstalk may cause performance
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Fig. 5. Measured BER curves at (a) point A showing downlink Ch2 with Ch 1 and Ch3 ON and OFF, respectively; (b) points A and B showing downlink Ch2;
(c) point B showing downlink Ch2 without Ch1, uplink (UL) Ch2 and Ch3, with Ch1 and Ch3 but without uplink Ch2 and with all channels present; (d) points C
and D showing uplink Ch2; and (e) point D showing Ch3 without Ch1, downlink Ch2 and uplink Ch2, with Ch1 and downlink Ch2 but without uplink Ch2 and
with all channels present.

degradation. In the downlink path, the double-notch FBG
(FBG1) will result in a fraction of neighboring interleaved
signal (out-of-band signal) to be reflected and pass through the
DL Drop port of the interface along with the desired downlink
signal. In addition, the uplink signal added to the interface uses
the same FBG1 to be reflected to combine with the through

channels before leaving the interface, a fraction of which is
transmitted through the FBG1 and affects the downlink signal
by in-band crosstalk. This crosstalk has significant effects on
recovering the downlink data and results in power penalties
in BER measurements [19], [20]. In the uplink direction, a
fraction of the downlink signal will be transmitted due to
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Fig. 6. Measured BER curves at (a) points B and E showing downlink Ch2 and Ch1, respectively; (b) points A, D, and F showing downlink Ch3; and (c) points
A, D, and E showing downlink Ch1.

the imperfect property of the FBG1, which will eventually
combine with the added uplink signal at the output of the
interface and induces in-band crosstalk in the uplink path.
Moreover, the imperfect isolations among the ports of the OC
will result in additional crosstalk in both downlink and uplink
directions.

Fig. 5(a) shows the BER curves for downlink Ch2 at point
A with two other channels (Ch1 and Ch3) ON and OFF, respec-
tively. Recovered downlink Ch2 at point A experiences a negli-
gible 0.15-dB power penalty that can be attributed to the effects
of out-of-band crosstalk due to neighboring interleaved DWDM
fiber-radio channels. To characterize the effects of crosstalk on
the downlink Ch2 due to traversing the IN-DL Drop path of the
interface, the BER curves were measured at points A and B, re-
spectively, without the uplink signal, which can be seen from
Fig. 5(b). It demonstrates an improvement of power penalty
(negative power penalty) of 0.40 dB. This can be attributed
to the suppression of optical carrier by as much as 50% (as a
result of wavelength reuse for the uplink path via FBG2) which,
in turn, increases the modulation depth of downlink Ch2 after
being dropped from the proposed interface [21]. To see the ef-
fects of added uplink Ch2 on the performance of downlink Ch2

at the DL Drop port, another set of BER curves were measured
at point B under three different conditions:

1) removing Ch1 and Ch3 from the downlink interleaved
channels along with the uplink Ch2 from the ADD port;

2) removing only the uplink Ch2 from the ADD port, but
having Ch1 and Ch3 present;

3) having all the three interleaved channels along with the
added uplink Ch2 present.

The measured BER curves for these three conditions are shown
in Fig. 5(c). It again shows that the downlink Ch2 at the DL
Drop port experiences a negligible 0.15-dB power penalty
without the presence of the uplink signal. However, the penalty
increases to 0.30 dB when the uplink signal is added to the
interface, which is generated using part of the downlink carrier.
The incurred additional penalty due to the added uplink Ch2 can
be attributed to the effects of in-band crosstalk.

For the uplink direction, BER curves were measured at
points C and D for the uplink Ch2 to quantify the effects of
crosstalk with all the other channels ON. The simulated BERs
are shown in Fig. 5(d). It shows that the uplink Ch2 experi-
ences 0.4-dB additional power penalty due to the in-band
crosstalk from the downlink Ch2 as well as the out-of-band
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crosstalk from the neighboring interleaved channels. The ef-
fects of impairments on the through channels were investigated
by measuring the BER curves for Ch3 at point D under three
different conditions:

1) removing Ch1 and Ch2 from the downlink interleaved
channels along with the uplink Ch2 from the ADD port
of OADM1;

2) removing only the uplink Ch2 from the ADD port of
OADM1 but having Ch1 and Ch2 present;

3) having all the three interleaved channels along with the
added uplink Ch2 present.

The measured BER curves can be seen from Fig. 5(e). It shows
that the downlink channel or the added uplink channel does not
have any significant effect on the through channels.

To investigate and characterize the proposed interface in a
cascade configuration, the BER curves for downlink Ch2 and
Ch1 were recovered, respectively, at points B and E of the cas-
caded interfaces, where all the three interleaved channels along
with the uplink Ch2 and uplink Ch1 were present. Here, we as-
sume that OADM1 drops and adds Ch2, while OADM2 drops
and adds Ch1. The measured BER curves can be seen from
Fig. 6(a), which proves the functionality of the proposed in-
terface in the cascaded configuration. To see the effects of the
cascade on the through channels, BER curves for downlink Ch3
were measured at points A, D, and F with both downlink and up-
link Ch2 and Ch1 active. The measured BER curves can be seen
from Fig. 6(b). At each stage of concatenation, the observed
additional power penalty is 0.20 dB which again can be at-
tributed to the effects of optical signal-to-noise ratio (OSNR)
degradation due to the filtering effects of FBG1, insertion loss
of the multiport OC, and the negligible contribution from the
CD effects of FBG1 at each stage. To see the combined effects
of crosstalk due to cascade and IN-DROP part of OADM2, BER
curves for downlink Ch1 were measured at points A, D, and E,
which can be seen from Fig. 6(c). It shows that Ch1 (at point
E), after traversing through two cascaded OADMs, experiences
an improvement of power penalty by 0.15 dB relative to the
signal before entering the OADM interfaces. This improvement
can be attributed to the suppression of an optical carrier by as
much as 50% by FBG2 in OADM2, as described previously.
Despite this improvement, Ch1 experiences a power penalty of

0.2 dB after propagating through a single OADM stage as per
the analyses performed for the through channels.

Therefore, the experiment as well as the simulation confirms
the operation of a fiber-dispersion-tolerant optical interface for
wavelength-interleaved mm-wave over fiber-radio signal trans-
port. However, narrow-band FBG structures incorporated in the
interface have the potential to incur additional penalties due
their dispersion characteristics, as pointed out in [22]. During
our studies, the effects of the impairments in single and cascaded
interfaces were largely due to the effect of optical crosstalk
arising from the interface, and dispersion effects due to FBGs
had negligible contributions to the observed power penalties. In
addition, the launched optical powers of the wavelength-inter-
leaved WDM channels were maintained in such a way that any
nonlinear interaction was minimized and had negligible contri-
bution to the overall power penalties.

VI. CONCLUSION

This paper describes a proposed multifunctional WDM
optical interface (OADM interface) for a future DWDM
fiber-radio system that enables dispersion-tolerant OSSB C
based wavelength-interleaved networks, which are capable of
providing the optical carrier for the uplink transmission. The
functionality of the proposed interface was verified experimen-
tally for three-wavelength-interleaved DWDM channels with a
channel spacing of 25 GHz, each of them carrying a 37.5-GHz
RF signal with 155-Mb/s BPSK data transported over 10 km
of fiber link. The use of the demonstrated interface in the
future DWDM fiber-radio networks can improve the spectral
efficiency, eliminate the need for a separate optical source for
uplink, and ensure efficient wavelength utilization. To ensure
the viability of the proposed interface in a network environ-
ment, the demonstrated system was modeled and studied using
a VPITransmissionMaker simulator and characterized the ef-
fects of optical impairments with the proposed interface while
in single and in cascade configuration. The simulation results
confirm that the proposed interface experiences very negligible
effects from optical crosstalk and can be used in cascade with
an additional power penalty of less than 1 dB. In the design
process, we have taken the benefits of the matured and standard
component technologies that enhance the possibility of merging
the mm-wave fiber-radio-based BWA systems with existing
optical network infrastructure in the access and metro domains.
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