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Abstract—The performance of single and cascaded wave-
length-division-multiplexed (WDM) optical interfaces that support
37.5-GHz-band 25-GHz-separated wavelength-interleaved dense
WDM feeder networks for millimeter-wave fiber-radio systems
are characterized experimentally. The interface offers a consol-
idated base station (BS) architecture by enabling a wavelength
reuse technique with transparent optical add–drop-multiplexing
functionality to the BS. The modeling of the system predicts that
the interface can be cascaded up to ten units without much change
in the existing setup.

Index Terms—Cascaded optical add–drop-multiplexing
(OADM), millimeter-wave (mm-wave) fiber-radio system, op-
tical single sideband (OSSB) modulation, remote antenna base
station (BS), wavelength interleaving (WI), wavelength reuse.

I. INTRODUCTION

M ILLIMETER WAVE (mm-wave) fiber-radio technology
is very promising in transporting future broad-band

wireless access (BWA) systems. In these networks, a certain
geographical area is covered by connecting a large number of
remote antenna BSs to a CO via the optical feeder network,
which leads the BSs to be simplified, consolidated, and cost
effective [1]. A simplified BS architecture was demonstrated
in [2]; however, it was unfortunately susceptible to the adverse
effects of chromatic dispersion (CD) and requires dispersion
compensation [3]. This can be overcome by employing op-
tical single sideband with carrier modulation (OSSB+C) in
conjunction with a wavelength reuse technique [4], [5]. The
introduction of wavelength interleaving (WI) enables these
systems to be consistent with dense wavelength-division-mul-
tiplexing (DWDM) feeder networks that increases the number
of BSs serviced through a single CO [6]. A multifunctional
wavelength-division multiplexing (WDM) optical interface
was proposed in [7] that enables wavelength reuse, supports
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Fig. 1. WDM optical interface enabling wavelength reuse and OADM
functionality in a WI-DWDM fiber-radio network.

wavelength-interleaved dense WDM (WI-DWDM) feeder net-
works and ensures transparent optical add–drop-multiplexing
(OADM) functionality to the BS. However, the interface was
comprised of narrow-band fiber Bragg gratings (FBGs) and
multiport optical circulators (OCs) that unfortunately have the
potential to incur additional crosstalk and chromatic dispersion.
Furthermore, the accumulated effects of the impairments in
cascaded interfaces in the WDM ring/bus networks may limit
the network dimensioning. Recently, we have experimentally
verified the functionality of the interface in cascade [8]. In this
letter, we experimentally characterize the performance of single
and cascaded WDM optical interfaces, which is extended to the
modeling of the system based on link’s budget estimation.

II. PROPOSED WDM OPTICAL INTERFACE

Fig. 1 shows the proposed WDM optical interface of an an-
tenna BS with the input, output, and drop and add spectra shown
as insets. The interface consists of a seven-port OC connected
to a double-notch FBG (FBG1) between ports 2 and 6 and a
single-notch FBG (FBG2) at port 3, each with a notch band-
width of less than 12.5 GHz. FBG1 is designed to reflect 100%
of a specific downlink (DL) optical carrier (e.g., ) with its
modulation sideband from the input WI-DWDM signals.
The reflected signal is received at port 3, while the transmitted
signals (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
remaining 50% of the carrier and the corresponding sideband

of the DL signal will be dropped at port 3 (DL drop). The
reflected 50% carrier at is recovered at port 4 ( -Re-Use) of
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Fig. 2. Experimental setup to characterize effects of optical impairments in
single as well as cascaded WDM optical interfaces.

the OC and will be reused at the BS as the optical carrier for the
uplink (UL) path. In the UL direction, an OSSB+C formatted
optical mm-wave signal is generated using the recovered carrier
and the UL mm-wave signal at the RF frequency equal to the
DL RF frequency. The optically modulated UL 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
combine with the through channels before being routed out of
the interface via port 7 (OUT).

III. EXPERIMENTAL CHARACTERIZATION

Fig. 2 shows the experimental setup. In the DL direction,
three narrow-linewidth lasers (1556.2 nm), (1556.4 nm),
and (1556.6 nm) were combined and applied to a dual
electrode Mach–Zehnder modulator (DE-MZM). A 37.5-GHz
mm-wave signal was generated by mixing a 37.5-GHz local
oscillator (LO) signal with 155-Mb/s data in binary phase shift
keying (BPSK) format. The mixer output was then amplified
and applied to the DE-MZM that generates OSSB+C mod-
ulated optical mm-wave signals, with three optical carriers
and their respective sidebands interleaved. The interleaved
signal was again amplified by an erbium-doped fiber amplifier
(EDFA) and passed through an optical bandpass filter (BPF)
prior to being transported over 10 km of single-mode fiber to
the two concatenated WDM optical interfaces (OADM1 and
OADM2). The signal entering concatenated interfaces is shown
in the inset of Fig. 2, where the three interleaved carriers with
their respective sidebands are denoted as Ch Ch , and Ch
for simplicity. Each interface in Fig. 2 is shown as a block
with five ports, namely, the input (IN), the downlink drop (DL
drop), the wavelength reuse drop ( -Re-Use), the add (ADD)
and the output (OUT) port. During the experiment, OADM1
was assigned to drop and add Ch while OADM2 was to drop
and add Ch . In the UL direction, the OSSB+C formatted
UL Ch was generated by modulating the recovered —reuse
carrier with the 37.5-GHz-band UL mm-wave signal carrying
155-Mb/s BPSK data. The UL Ch was then routed to OADM1
via the ADD port. The effects of impairments on the WI-DWDM

Fig. 3. BER curves as a function of received optical power: (a) DL Ch at
point A with Ch and Ch ON and OFF, respectively, and (b) DL Ch at point B
with conditions mentioned in graph.

channels due to traversing OADM1 and OADM2 were char-
acterized by recovering the transmitted channels at positions
A, B, C, D, E, and F indicated in Fig. 2. The experimental
setup shown in Fig. 2 is the worst case scenario in performance
degradation potential; therefore, the exhibited penalties may
contain contributions from the data correlation in addition to
other network impairments. A tunable double-notch FBG along
with a three-port OC were used to recover the desired channels
at points A, D, and F. To make the measurements comparable,
the same photodetector and data recovery circuit was used for
the different channels at the positions with the characteristic
parameters unchanged.

Fig. 3(a) shows the recovered bit-error rate (BER) curves
for DL Ch at point A with the other two channels ON and
OFF, respectively, where the recovered DL Ch experiences a
negligible 0.15-dB power penalty. The incurred penalty can
be attributed potentially to the effects of out-of-band crosstalk
from the neighboring WI-DWDM channels. In OADM1, the DL
WI-DWDM channels traverse FBG1 between ports IN and DL
Drop, which reflects a fraction of DL Ch and Ch to the DL
Drop port and contaminates the desired DL Ch by out-of-band
crosstalk. Also, the UL Ch added to the OADM1 encounters
FBG1 while traversing from the ADD port to the OUT port that
allows a fraction of the UL Ch to be transmitted to the DL Drop
port, causing in-band crosstalk to affect the desired DL Ch . To
quantify these effects, DL Ch was measured at point B under
three different conditions: 1) removing DL Ch and Ch from
the WI-DWDM channels along with the UL Ch from the ADD

port of OADM1; 2) removing only the UL Ch from the ADD

port of OADM1, but having Ch and Ch present; and 3) having
all the DL WI-DWDM channels along with the added UL Ch
present. The recovered BER curves can be seen in Fig. 3(b). It
again shows that the DL Ch at the DL Drop port experiences
a negligible 0.15-dB power penalty due to the presence of
out-of-band crosstalk, which increases to 0.30 dB at the pres-
ence of in-band crosstalk from UL Ch . However, compared to
the BER curves at A [shown in Fig. 3(a)], DL Ch at B exhibits a
negative power penalty of 0.30 dB, which can be attributed to
the reduction of the carrier-to-sideband ratio (CSR) of DL Ch
by 3 dB while 50% of the carrier is recovered with FBG2.

The UL Ch being reflected by FBG1 combines with the
through channels and is contaminated by the in-band crosstalk
from the DL Ch before leaving OADM1 via the OUT port.
Fig. 4(a) shows the measured optical spectrum of the combined
channels at point D. As expected, the UL Ch is much weaker
than the neighboring DL channels. Fig. 4(b) shows the measured
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Fig. 4. (a) Optical spectrum at point D with UL Ch added to OADM1 and
(b) BER curves for UL Ch recovered at points C and D, respectively.

Fig. 5. (a) BER curves at points B and E for DL Ch and Ch , respectively,
and (b) recovered optical spectra at points B and E showing DL Ch and Ch .

BER curves for UL Ch at points C and D. The UL Ch exhibits
a 0.65-dB additional power penalty at point D which also can
be potentially ascribed to the in-band and out-of-band crosstalk
as explained earlier.

In the cascaded configuration, DL Ch and Ch were recov-
ered at points B and E, respectively. The measured BER curves
and the respective optical spectra can be seen from Fig. 5(a) and
(b), respectively. The measured BER is of the order of 10 ,
which confirms the functionality of the proposed interfaces in
cascade. The difference in sensitivity of DL Ch ( 0.25 dB)
is mainly due to the difference in CSR as well as the perfor-
mance degradation due to traversing OADM1 before entering
to OADM2.

The cascading effects on the through channels were quanti-
fied by recovering DL Ch at points A, D, and F with simulta-
neous drops of DL Ch and Ch from the respective interfaces.
BER curves along with the optical spectra at points D and F
are shown in Fig. 6(a)–(c). The measured optical spectra at A
(shown in the inset of Fig. 2), (D), and (F) show that, due to
lossy OCs, the through DL Ch experiences unusual losses of
3.1 and 3.3 dB in OADM1 and OADM2 (typical loss dB).
The BER curves show that at each stage of cascade the through
channels experience 0.4 dB additional power penalty, which
can be attributed to the unusual losses of the through channels
as well as the filtering effects of the multinotch FBGs.

To predict the allowable number of units in cascade, the
system has been modeled based on link’s power budgeting, the
highlight of which is tabulated in Fig. 6(d). It shows that DL
Ch at point A exhibits a power margin of 14.47 dB with re-
ceived optical power and receiver sensitivity (at a BER of 10 )
of 0.07 and 14.4 dBm, respectively. If the power penalty is
considered to add up linearly with an increasing number of
OADMs and the same lossy OCs are used, four OADMs can be

Fig. 6. (a) BER curves for DL Ch at points A, D, and F. (b), (c) Optical
spectra of DL Ch at points D (unrecovered) and F, respectively. (d) Highlights
of modeling of system based on link’s budget estimation.

used in cascade. However, if the lossy OCs are replaced with
standard OCs having typical through channel loss, the number
of cascadable units will increase to ten.

IV. CONCLUSION

The performance of the proposed WDM optical interface in a
single and cascaded configuration is characterized experimen-
tally. The results show that the 37.5-GHz band 25-GHz sepa-
rated WI-DWDM channels can be routed via the proposed in-
terface without significant performance degradation. The char-
acterization as well as the modeling results confirm the viability
of the proposed interface in ring/bus network architectures with
observed negligible power penalty for each stage of cascade.
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