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Abstract—A modified wavelength-division-multiplexed optical
interface with the capability to enable optical-add–drop-multi-
plexing functionality as well as to deliver an uplink optical carrier
to the base stations in a millimeter-wave fiber-radio system, is
investigated and an optimal configuration demonstrated. The
incorporation of the modification significantly enhances the per-
formance of both uplink and downlink transmission.

Index Terms—Broadband wireless access (BWA),
carrier-to-sideband ratio (CSR), fiber-radio base station
(BS), millimeter wave fiber-radio system, optical single sideband
modulation, wavelength-division-multiplexed (WDM) optical
interface, wavelength interleaving (WI), wavelength reuse.

I. INTRODUCTION

MILLIMETER-WAVE (mm-wave) fiber-radio systems are
promising technologies for the transport of future broad-

band wireless access (BWA) services . In these networks, mul-
tiple remote antenna base stations (BSs), suitable for providing
untethered connectivity for BWA applications, can be directly
serviced by a central office (CO) via an optical fiber feeder
network [1]. The introduction of wavelength interleaving (WI)
enables these systems to be consistent with dense-wavelength-
division-multiplexed (DWDM) feeder networks [2], while the
reuse of downlink optical carriers for uplink data transport elim-
inates the need for a light source at the BS [3]. In [4], a multi-
functional wavelength-division-multiplexed (WDM) optical in-
terface was presented that effectively adds and drops the de-
sired channels to and from the wavelength-interleaved-DWDM
(WI-DWDM) feeder network, in addition to offering a simpli-
fied and consolidated BS by enabling a wavelength reuse tech-
nique. However, one issue associated with the WDM optical in-
terface described in [4] was the relatively low power of the up-
link optical signals due to the low power “reuse” optical carrier,
the high optical single sideband with carrier OSSB C mod-
ulation loss as well as the passive nature of the BSs. As a result,
the performance of the uplink signals can be severely affected
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Fig. 1. WDM optical interface enabling OADM functionality and providing an
uplink optical carrier to the BSs of a WI-DWDM fiber-radio system: (a) reported
WDM optical interface; (b) variable reflective FBG2 to be incorporated.

by optical crosstalk and fiber nonlinearities. In order to realize
higher power uplink signals, it is, therefore, important to maxi-
mize the power of the reuse optical carrier that is delivered from
the WDM optical interface.

In mm-wave fiber-radio systems, electrooptic intensity
modulators [e.g., a dual electrode Mach–Zehnder modulator
(DE-MZM)], suitable for generating OSSB C modula-
tion, often exhibit reduced optical modulation depths (car-
rier-to-sideband ratios, CSRs dB are typical) which
leads to poor overall link performances. This situation can
be improved by employing techniques where the CSRs of
the modulated channels are reduced by some external means
[5]. However, such schemes often require additional wave-
length-selective components, which are inherently susceptible
to performance degradation. If the multifunctional WDM op-
tical interface, however, can be modified in such a way that the
CSRs are reduced by avoiding additional hardware and while
still retaining its usual functionality, an efficient and effective
fiber-radio network architecture can be achieved.

In this letter, we investigate a modification to the multifunc-
tional WDM optical interface presented in [4] in order to im-
prove its performance. Without employing additional hardware,
we show that the interface can deliver a higher power reuse op-
tical carrier for uplink communication, while at the same time
reducing the CSR of the downlink signal if the characteristics
of one of the components of the WDM optical interface is opti-
mized.

II. MODIFIED WDM OPTICAL INTERFACE

Fig. 1(a) shows the schematic of the multifunctional WDM
optical interface, as described in [4]. It consists of a seven-port
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TABLE I
EFFECTS OF INCREASING THE REFLECTIVITY OF THE FBG2 OF THE WDM

OPTICAL INTERFACE, IN BOTH THE UPLINK AND THE DOWNLINK DIRECTION

optical circulator (OC) connected to a two-notch fiber Bragg
grating (FBG1) between Ports 2 and 6 and a single-notch fiber
Bragg grating (FBG2) at Port 3 of the OC with a notch band-
width of 12.5 GHz each. FBG1 is designed in such a way that
it reflects 100% of the desired downlink optical carrier with its
respective modulation sideband from the input 37.5-GHz band
WI-DWDM signals spaced at 25 GHz. The reflected signal is
received at Port 3 of the OC while the transmitted signals (the
“through” channels) are routed to Port 6 to exit the WDM op-
tical interface via Port 7 (OUT). FBG2 at Port 3 was designed
to reflect only 50% of the desired downlink carrier, while the
remaining 50% of the carrier and the corresponding sideband
will be dropped at Port 3 (DL Drop) of the OC from where the
downlink mm-wave signal can be detected using a high-speed
photodetector (PD). The reflected 50% carrier is recovered at
Port 4 ( -Reuse) of the OC and is reused at the BS as the op-
tical carrier for the uplink path. The OSSB C formatted uplink
optical mm-wave signal is added to the WDM interface via Port
5 of the OC. The added signal is then routed to Port 6 where it
combines with the through channels, before being routed out of
the WDM optical interface via Port 7 (OUT).

The generated uplink signal using the recovered carrier ap-
proach shown in Fig. 1(a) is very weak and is prone to the im-
pact of greater optical crosstalk and fiber nonlinearities. If the
50% reflective FBG2 is replaced with an FBG having higher re-
flectivity, however, a higher power reuse carrier for the uplink
path can be realized. Also, the replacement of the 50% reflec-
tive FBG2 with a higher reflective FBG inherently enables the
system to further reduce the CSR of the downlink signals, al-
though in its current implementation the WDM optical interface
provides a 3-dB reduction in CSR without the use of additional
devices. Table I shows how the intensity of the reuse optical car-
rier and the CSR of the downlink signal change with the increase
of reflectivity of FBG2 for a 0-dBm optical mm-wave signal.
It shows that the increase in reflectivity of FBG2 from 50% to
99.9% enables a reduction in CSR from 3 to 30 dB, while in-
creasing the reuse optical carrier power from 3 to 0 dBm.

In order to determine the optimum reflectivity of FBG2, in-
formation regarding the CSR of the downlink signals before en-
tering the WDM optical interface is required, as the optimum
modulation depth is generally achieved when the CSR is 0 dB .
The selection of FBG2 can be made independently if the FBG2
with a fixed reflectivity is replaced by an FBG with a variable
reflectivity from 50% to 99.9%, as shown in Fig. 1(b). The re-
flectivity of FBG2 can be tuned and adjusted in such a way that
the CSR of the signal at the DL Drop port of the WDM inter-
face approaches 0 dB. A typical CSR for an optical mm-wave

Fig. 2. Experimental setup for the demonstration of the modified WDM optical
interface.

signal is more than 10 dB; therefore, FBG2 will be required to
be tuned to more than 90% reflectivity, for which the recovery of
the uplink optical carrier is almost maximized. This modifica-
tion in the WDM optical interface thus offers optimum modula-
tion depth for the downlink signals and maximizes the recovery
of the reuse optical carriers, while also enabling the BSs of the
WI-DWDM fiber-radio networks to drop and add the desired
signals.

III. EXPERIMENTAL DEMONSTRATION

The experiment to evaluate the performance of downlink/up-
link transmission incorporating the modified WDM optical
interface is shown in Fig. 2. Three independent OSSB C
modulated optical mm-wave signals were generated using
three narrow linewidth light sources LS , LS , and LS at the
corresponding wavelengths (1556.2 nm), (1556.4 nm),
and (1556.6 nm) and a 37.5-GHz band mm-wave signal. The
binary-phase-shift-keyed (BPSK) formatted mm-wave signals
were generated by mixing a 37.5-GHz local oscillator (LO)
signal with a 155-Mb/s pseudorandom bit sequence (PRBS)
data stream. The mm-wave modulated optical signals were then
combined using a WDM coupler, amplified and transported
over 10-km single-mode fiber to the modified WDM optical
interface. The optical spectrum of the interleaved signals en-
tering the modified interface is shown in the inset of Fig. 2. The
spectrum shows that the ratio of the optical carriers ( , ,
and ) to the corresponding sidebands ( , , and ), CSR,
is 12.2 dB, which indicates that an optimum modulation depth
will be attained if the CSR is reduced by 12.2 dB.

The modified WDM optical interface consisted of an eight-
port OC (as seven-port OC was not available during experiment)
and two FBGs, as described in Section II. However, due to the
lack of availability of commercial FBGs with variable reflec-
tivity, a bank of FBGs with various fixed reflectivities was used
in the experimental demonstration. The FBG bank consists of
four separate FBGs with reflectivities of 54%, 70%, 85%, and
93%, each with a 3-dB bandwidth of 0.08 nm ( 10 GHz). The
93% reflective FBG enables almost the optimum modulation
depth for the link, as it reduces the CSR of the signals by approx-
imately 11.5 dB. The other FBGs were used to demonstrate the
gradual improvement in performance both in the downlink and
uplink directions, when the reflectivity of FBG2 is adjusted from
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Fig. 3. Optical spectra of (a) the downlink signals, and (b) the uplink reuse car-
riers with various reflectivities FBG2, recovered via the modified WDM optical
interface.

TABLE II
CHARACTERISTIC PARAMETERS OF THE OPTICAL SPECTRA SHOWN IN Fig. 3

Fig. 4. Measured BER curves as a function of received optical power with var-
ious reflectivities FBG2, (a) for the downlink signals, and (b) for the uplink
signals.

54% to 93%. With the various reflectivities of FBG2 mentioned
above, the optical spectra of the recovered downlink signals ( ,

) and the uplink reuse carriers are shown in Fig. 3(a) and (b),
respectively. Also, the characteristic parameters of the recov-
ered spectra are illustrated in Table II.

Fig. 3 and Table II show that the insertion of FBG2 with re-
flectivities 54%, 70%, 85%, and 93% reduces the CSRs of the
downlink signals from 12.2 dB to 9.1, 7.1, 5.0, and 1.7 dB, re-
spectively. Also, this increase in reflectivity of FBG2 gradu-
ally increases the intensity of the delivered uplink reuse carriers,
from 7.6 dB to 7.3, 6.7, and 5.8 dB. Taking into account
experimental error, these results are fairly consistent with the
analytical data shown in Table I. The downlink signals with the
various CSRs were then separately detected using a 45-GHz PD,
amplified, and downconverted to an intermediate frequency of
2.5 GHz, from which the baseband data was recovered using a
2.5-GHz phase-locked loop. The respective bit-error-rate (BER)
curves for the recovered data streams are shown in Fig. 4(a). The
measurements show that the 7.4-dB reduction in CSR achieved
by replacing the 54% reflectivity FBG with a 93% reflectivity

FBG, leads to an improvement in the overall performance of the
link by as much as 3 dB. This replacement, however, restricts
the power margin at the receiver and may affect the cascadability
of the WDM optical interface.

In order to quantify the effects of increasing the reflectivity
of FBG2 in the uplink direction, the uplink carriers recovered
via the various reflectivity FBG2s were separately used with a
37.5-GHz band mm-wave signal to generate OSSB C mod-
ulated uplink signals. The 37.5-GHz band uplink mm-wave
signal was generated by mixing a 37.5-GHz LO signal with
155-Mb/s BPSK-formatted PRBS data, in a similar way to
how it was generated in the downlink direction. The optical
uplink signal in each case was then added to the interface and
transported back to the CO, where the desired channel was de-
multiplexed by using a suitable two-notch filter and a three-port
OC. Finally, the recovered channel was preamplified, detected,
and data recovered using the same PD and data recovery circuit
used in the downlink direction. The respective BER curves for
the recovered uplink data are shown in Fig. 4(b). The figure
shows that a 1.8-dB increase in the uplink reuse carrier power
improves the performance of the link in the uplink direction
by about 1.2 dB. This performance improvement for a strong
uplink signal can be attributed to the effects of the reduced
crosstalk from the demultiplexer as well as the improved optical
signal-to-noise ratio while preamplified before detection. The
experimental results, therefore, clearly indicate that the incor-
poration of the variable FBG2 in the WDM optical interface
will enhance the modulation depths of the downlink signals by
reducing the CSRs that significantly improve the link perfor-
mance in the downlink direction. Also, the reduction in CSRs
of the downlink signals allows the WDM optical interface to
maximize the recovery of the uplink reuse carriers. This also
has the potential for notable performance improvement in the
uplink direction, reducing the amplitude offset between the
weaker uplink signals and the “through” downlink signals in
the fiber feeder networks.

IV. CONCLUSION

We have thoroughly investigated a modification to a WDM
optical interface to be used in WI-DWDM mm-wave fiber-radio
networks. We have shown that incorporating this modification
into the interface enhances the performance of the system in
both the uplink and downlink directions, while continuing to
perform its routine OADM functionalities and delivery of uplink
optical carriers.
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