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Abstract—A simultaneous multiplexing and demultiplexing
(MUX/DEMUX) scheme for wavelength-interleaved millimeter-
wave 37.5-GHz-band fiber-radio channels spaced at 25 GHz has
been proposed. The proposed MUX/DEMUX technique poten-
tially realizes simple, compact, and low-cost central office and
remote nodes by avoiding the use of wavelength-selective pre-
and postprocessing hardware. The novel scheme incorporates
an arrayed-waveguide grating with multiple loop-backs between
the input and the output ports, in addition to multiple optical
circulators and optical isolators. The multiplexing functionality
of the proposed technology enables a carrier subtraction tech-
nique and consequently reduces the carrier-to-sideband ratios of
the multiplexed channels. Multiplexing of the uplink channels
generated via several methods is demonstrated experimentally.
These techniques include generation of the channels by using
the optical carriers that correspond to wavelengths spaced at
the free spectral range (FSR) or multiples of the FSR from the
downlink (DL) optical carriers and reuse of the DL optical carriers
that are recovered by applying a wavelength reuse technique
(λUL = λDL ± n × FSR, where n = 0, 1, 2, 3, . . .). The de-
multiplexing functionality of the proposed scheme that separates
the 37.5-GHz-band wavelength-interleaved DL channels spaced at
25 GHz is also demonstrated. In addition, the effect of optical
crosstalk on the transmission performance of the demultiplexed
channels is also characterized experimentally.

Index Terms—Adjacent channel crosstalk, arrayed-waveguide
grating (AWG), carrier-to-sideband ratio (CSR), loop-back (LB),
millimeter-wave (mm-wave) fiber-radio system, nonadjacent chan-
nel crosstalk, optical demultiplexing, optical multiplexing, optical
single-sideband modulation, remote antenna base station (BS),
simultaneous multiplexing and demultiplexing (MUX/DEMUX),
wavelength interleaving (WI), wavelength-interleaved dense wave-
length-division multiplexing (WI-DWDM), wavelength reuse.
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I. INTRODUCTION

M ILLIMETER-WAVE (mm-wave) fiber-radio systems,
which have the potential to resolve the spectral con-

gestion and the scarcity of transmission bandwidth at lower
microwave frequencies, are considered promising technologies
for the distribution of future broadband wireless access (BWA)
services [1]–[3]. In these systems, multiple remote antenna
base stations (BSs), which are suitable for providing untethered
connectivity for BWA services, are directly interconnected to a
central office (CO) via an optical fiber feeder network (FN) ded-
icated for performing all the switching and signal processing
functionalities [4], [5]. The higher propagation losses of mm-
wave frequency signals, however, shrink the radio coverage of
the BSs to microcells and picocells, which increase the number
of antenna BSs required to cover a certain geographical area.
Therefore, it is imperative that the BS architecture be simplified
and be cost effective, whereas the fiber FN must be capable of
supporting the large number of BSs required to service a certain
geographical area.

BSs incorporating multifunctional transceivers were pro-
posed in [6] and [7]; however, these architectures were
susceptible to the adverse effects of fiber chromatic disper-
sion since they were based on double-sideband modulation
schemes, thereby requiring additional dispersion compensation
[8]. Dispersion-tolerant BSs can be realized by employing a
wavelength reuse technique in conjunction with optical single
sideband with carrier (OSSB+C) modulation [9], [10]. The
wavelength reuse technique simplifies the BS by removing the
uplink (UL) light source completely, since a percentage of
the downlink (DL) optical carrier is extracted and reused as
a carrier for the UL signals. Meanwhile, OSSB+C modulation
mitigates the impact of fiber chromatic dispersion, in addition to
enabling increased spectral efficiency by reducing the required
bandwidth for the transmitted channel [10]–[12].

The capacity of the fiber FN can also be increased by in-
corporating wavelength-division multiplexing (WDM), which
enables the network to transport a large number of optical
mm-wave channels that are routed to BSs through a single
CO [13]. The introduction of wavelength interleaving (WI)
compatible with dense WDM (DWDM) technology can further
increase the capacity of the FN by transporting additional
channels to support more BSs serviced by a common CO
[14]–[16]. The WI technique utilizes the unused spectral bands
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Fig. 1. Schematic depicting the optical spectra of the desired wavelength-interleaved channels in a DWDM mm-wave fiber-radio network.

available “in-between” the optical carriers and the respective
modulation sidebands of the optical mm-wave channels, in-
terleaving the neighboring DWDM channels via a spectral
overlapping arrangement. The successful implementation of
such wavelength-interleaved DWDM (WI-DWDM) FNs in
mm-wave fiber-radio systems, however, is largely dependent
on suitable and effective multiplexing and demultiplexing
(MUX/DEMUX) schemes.

Simple multiplexing schemes that efficiently interleave
DWDM mm-wave fiber-radio channels separated by 25 GHz
were proposed in [17]–[19]. A demultiplexing scheme for
25-GHz-separated DWDM mm-wave fiber-radio channels
was proposed in [20], however, this scheme requires addi-
tional wavelength-selective pre- and postprocessing hardware,
in addition to custom-developed arrayed-waveguide gratings
(AWGs). An alternative approach to realizing a demultiplexing
functionality that also avoids the aforementioned limitations
is the introduction of multifunctional WDM optical interfaces
[optical add/drop multiplexer (OADM) interfaces]. Such an
interface effectively adds/drops the desired channel to/from the
WI-DWDM FN [21] and also simplifies the BS by removing the
light source from the UL path [22]. However, these interfaces
are cascaded in the CO and the remote nodes (RNs) of such
systems to enable demultiplexing of the multiple channels
together, which may cause significant performance degrada-
tion and impose limitations in network dimensioning [23].
Moreover, the use of separate demultiplexer/cascaded OADM
interfaces as well as multiplexers in the CO and RN makes the
system complex, bulky, and expensive. If the multiplexing and
demultiplexing functionality in the CO and the RN can instead
be combined into a single device, cost-effective architectures
with reduced complexity can be realized. In addition, it is
important that passive WDM components in the COs and RNs
are transparent to the UL channels generated by reusing the
downlink optical carrier, which allows the BS to be simplified
by removing the light source from the UL path [22].

In this paper, we propose and demonstrate a simultaneous
MUX/DEMUX scheme for the CO and the RN in a fiber-
radio system, which effectively multiplexes and demultiplexes
the 37.5-GHz-band WI-DWDM mm-wave fiber-radio channels
spaced at 25 GHz. The incorporation of such a scheme in
WI-DWDM mm-wave fiber-radio systems will offer efficient

multiplexing with improved overall link performance due to
a reduction in the carrier-to-sideband ratio (CSR) [18]–[20],
[24], [25]. Our technique will also provide effective demulti-
plexing by avoiding wavelength-selective pre- and postprocess-
ing hardware as well as cascaded WDM interfaces. Our
proposed method potentially results in the realization of simpli-
fied, consolidated, and cost-effective CO and RN hardware. In
addition, the proposed scheme ensures the transparency of the
CO and the RN to UL channels generated by reusing the DL
optical carriers, which enables a simple, compact, and low-cost
BS through the complete removal of the UL light source.

This paper is organized as follows: Section II describes
the architecture and the working principle of the proposed
MUX/DEMUX scheme, whereas the experimental setup used
to demonstrate the technique is described in Section III.
Section IV then summarizes the experimental results obtained
from demultiplexing the WI-DWDM DL channels via the pro-
posed scheme. Experimental results obtained from the demon-
stration of the multiplexing functionality of the technique are
presented in Sections V and VI. Here, the UL channels are
generated by using optical carriers spaced at multiples of the
free spectral range (FSR) of the AWG from the DL optical
carriers (Section V) and by reusing the DL optical carrier
recovered via the implementation of a wavelength reuse tech-
nique (Section VI). In Section VI, the effect of optical crosstalk
while demultiplexing using the proposed scheme is character-
ized experimentally. Finally, in Section VIII, we present our
conclusions.

II. PROPOSED MUX/DEMUX SCHEME

Fig. 1 shows a schematic of the optical spectra of N
optical mm-wave channels before and after interleaving,
with a DWDM channel spacing and mm-wave carrier fre-
quency of 2∆f and 3∆f , respectively. The optical carriers
C1, C2, . . . , CN and their respective modulation sidebands
S1, S2, . . . , SN (in OSSB+C modulation format) are inter-
leaved in such a way that the adjacent channel spacing,
irrespective of carrier or sideband, becomes ∆f . Fig. 2(a)
shows the schematic of the novel MUX/DEMUX scheme that
simultaneously enables multiplexing and demultiplexing of
the proposed WI technique. MUX/DEMUX comprises a
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Fig. 2. Simultaneous multiplexing and demultiplexing of wavelength-interleaved channels in a DWDM mm-wave fiber-radio network. (a) Proposed
DEMUX/MUX scheme. (b) Input–output characteristic matrix of the AWG.

(2N + 2) × (2N + 2) AWG with a channel bandwidth ≤ ∆f
and a channel spacing of ∆f , in conjunction with multiple
optical circulators (OCs) and optical isolators (OIs). The input
(A) and output (B) ports of the AWG, which are reciprocal
in nature, are numbered from 1 to 2N + 2. The characteristic
matrix of the AWG that governs the distribution of different
channels at various ports is tabulated in Fig. 2(b). For clarity,
the proposed scheme is considered to be located at an RN
where the UL channels are multiplexed and the DL channels
are demultiplexed simultaneously. As shown in Fig. 2(a), the
DL WI-DWDM channels from the FN enter the RN, are split by
a 3-dB coupler, and pass through circulators OCD1 and OCD2

before entering the AWG via the ports A1 and A4. The input

ports A1 and A4 were selected in such a way that the optical
carriers CD1, CD2, . . . , CDN and their respective modulation
sidebands SD1, SD2, . . . , SDN are demultiplexed together and
exit the AWG via the odd-numbered output ports B1 − B2N−1

followed by OCM1, . . . , OCMN , respectively. The circulators
OCD1, OCD2, and OCM1, . . . , OCMN work as the means of
combining/separating the DL and UL channels to/from a spe-
cific port of the AWG and routing them to the destination
accordingly.

In the UL direction, OSSB+C-modulated optical mm-wave
channels (SU1, CU1), (SU2, CU2), . . . , (SUN , CUN ), which are
generated by either using the optical carriers that correspond
to wavelengths spaced at multiples of the FSR of the AWG
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Fig. 3. Experimental setup for demonstration of the proposed DEMUX/MUX scheme for wavelength-interleaved channels in a DWDM mm-wave fiber-
radio network.

from the DL optical carriers or by reusing the DL optical
carriers recovered by applying a wavelength reuse technique
(λUL = λDL ± n × FSR, where n = 0, 1, 2, 3, . . .), are applied
to the AWG via the ports B1 − B2N−1 followed by the cir-
culators OCM1, . . . , OCMN . Due to the reciprocal and cyclic
characteristics of the AWG, the UL optical carriers and their
respective modulation sidebands combine at ports A4 and A1,
respectively. The composite UL carriers CU1, CU2, . . . , CUN at
A4 are then passed through OCD2 and looped back to the AWG
through port B2, which redistributes the carriers, respectively,
to the odd-numbered A3th, A5th, A7th, . . . , A(2N+1)th ports,
starting with A3th. To realize the desired interleaving for the
UL channels, the distributed UL carriers CU1, CU2, . . . , CUN

are again looped back to the AWG via the even-numbered
B4th, B6th, B8th, . . . , B(2N+2)th ports, starting with B4th and
the resulting outcome comprises the UL carriers and their
respective modulation sidebands interleaved at port A1 (similar
to the spectrum after multiplexing, shown in Fig. 1), which are
then routed to the fiber FN via the OCD1.

The multiple loop-backs (LBs) of the UL carriers through
the AWG reduce the CSR of the interleaved UL channels by as
much as twice the insertion loss (2 × IL) of the AWG (typical
IL: 4–5 dB), which is 8–10 dB. To minimize the effects of the
unwanted signals from the even-numbered ports B4 to B2N+2,
the LB paths of the redistributed optical carriers were provided
with directional OIs that route only the redistributed UL carriers
to the AWG and suppress the remaining unwanted signals.
Thus, the proposed simultaneous MUX/DEMUX scheme en-
ables efficient multiplexing for the WI-DWDM mm-wave chan-
nels in the UL direction, whereas in the DL direction, the circuit
also demultiplexes the WI-DWDM channels very effectively.

III. EXPERIMENTAL DEMONSTRATION

Fig. 3 shows the experimental setup for the demonstration
of the multiplexing and demultiplexing operations of our pro-
posed technique. In the DL direction, three narrow linewidth

tunable light sources LS1, LS2, and LS3 at the corresponding
wavelengths CD1 (1556.0 nm), CD2 (1556.2 nm), and CD3

(1556.4 nm) followed by separate polarization controllers (PC)
were combined using two 3-dB optical couplers and used
as the input to a dual-electrode Mach–Zehnder modulator
(DE-MZM). A 37.5-GHz mm-wave signal carrying 155 Mb/s
binary-phase-shift-keyed (BPSK) data was generated by mix-
ing an 18.75-GHz local oscillator (LO) signal followed by a
frequency doubler, with 155 Mb/s pseudorandom-bit-sequence
(PRBS) data. The mixer output was then amplified, then split by
a quadrature coupler into two equal components with a relative
90◦ phase difference, and used to drive the two RF ports of
the DE-MZM. The bias voltage for the DE-MZM was selected
for quadrature operation. Therefore, the resultant output of the
DE-MZM was an OSSB+C-modulated signal comprising the
three optical carriers and their respective modulation sidebands,
which are interleaved together. This interleaved output signal
can be seen in the measured optical spectrum shown in the
inset of Fig. 3. Here, a CSR of 13 dB has been achieved
with a 29-dB suppression of undesired sidebands. The output
spectrum also shows the 12.5-GHz adjacent channel spacing
(irrespective of carrier or sideband) in addition to the DWDM
channel spacing and the mm-wave carrier frequency of 25 and
37.5 GHz, respectively.

The DL WI-DWDM channels were amplified by an erbium-
doped fiber amplifier (EDFA) and then filtered using a 4-nm
optical bandpass filter (BPF) to minimize out-of-band amplified
spontaneous emission (ASE) noise. The filtered signal was
transported over 10 km of single-mode fiber (SMF) to the
proposed DEMUX/MUX located at an RN, which comprised
an 8 × 8 AWG in conjunction with multiple OCs and OIs as de-
scribed in the previous section. The AWG transmission profile
was tuned to match the transported channels by increasing its
operating temperature to 72 ◦C. The AWG transmission profile
before tuning the center frequency to the transported channels
is shown in Fig. 4(a), whereas the drift of the transmission
profile with temperature is shown in Fig. 4(b). The transmission
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Fig. 4. Measured characteristic properties of the AWG. (a) Transmission
profile before tuning the center frequency to the transmitted set of channels.
(b) Frequency drift versus temperature.

profile demonstrates a 3-dB channel bandwidth of approxi-
mately 10 GHz and a channel spacing of 12.5 GHz, which is
equal to the adjacent channel spacing of the desired WI scheme.
Therefore, the interleaved DL channels are demultiplexed to
(SD1, CD1), (SD2, CD2), and (SD3, CD3), which can be recov-
ered by using a suitable PD and data recovery circuit through
the respective output ports, B1, B3, and B5.

The multiplexing functionality in the UL direction, which
is due to resource limitations, is demonstrated by transporting
one UL channel. However, we have previously demonstrated
the multiplexing of three channels using a similar scheme
[18], [19]. A narrow linewidth tunable light source LSFSR at
the operating wavelength CU3 (1552.4 nm) was used as the
input to another DE-MZM located at the BS. The UL 37.5-GHz
mm-wave signal was generated by mixing a 37.5-GHz LO
signal with 155-Mb/s BPSK data, amplified and applied to the
DE-MZM. The RF inputs and biasing of the DE-MZM were
controlled in a similar way as was done in the DL direction,
which results in (SU3, CU3), which is an optically modulated
mm-wave signal in OSSB+C modulation format. The carrier

Fig. 5. Modified portion of the experimental setup that generates an optically
modulated UL channel by recovering a portion of the DL optical carrier via a
wavelength reuse technique.

CU3 is separated from the DL optical carrier CD3 by 500 GHz
[CU3 = CD3 − 5 × FSR, where FSR = 100 GHz]; therefore,
the UL channel (SU3, CU3) will enter the proposed scheme
via port B5 of the AWG. A similar use of FSR of AWG in
mm-wave fiber-radio system can be found in [26]. The AWG
then distributes the carrier and the sideband to ports A4 and
A1, respectively. To realize the desired multiplexing, the optical
carrier is looped back to the AWG as per the proposed scheme,
and the resulting multiplexed signal (the optical carrier and
the respective sideband together) exits the AWG via port A1.
The multiplexed signal was then routed over 10 km of SMF
via the circulator OCD1 and transported to the CO, where it
is amplified by an EDFA and filtered by a BPF, before being
detected and the data recovered by a high-speed photodetector
(PD) and data recovery circuit.

To demonstrate the compatibility of the proposed scheme
with UL channels generated by reusing the DL optical carriers,
a portion of the experimental setup shown in Fig. 3 (indicated
by double dotted lines) was modified as shown in Fig. 5. Fig. 5
shows that the three-port OCM3 (in Fig. 3) is replaced with a
four-port OCMR3, in addition to a 50% reflective fiber Bragg
grating (FBG) at port 3 of OCMR3 that corresponds to the
demultiplexed (SD3, CD3). The center frequency and the 3-dB
bandwidth of the FBG are 1556.4 nm (= CD3) and 12.5 GHz,
respectively. The demultiplexed channel (SD3, CD3) exits the
AWG via the output port B5 and enters OCMR3 via port 2, and
encounters the 50% reflective FBG at port 3, where 50% of CD3

is reflected. The remaining part of the channel (SD3, 50% CD3)
is transmitted through the FBG from which DL data can be
easily recovered via the use of a suitable PD and data recovery
circuit. The reflected 50% of CD3 is then recovered at port 4 of
OCMR3 and routed to the BS to drive the UL DE-MZM. The UL
radio signal, which is used in the earlier technique to generate
the optically modulated UL channel, was applied to the UL DE-
MZM, which results in the wavelength reused UL (SU3, CU3)
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Fig. 6. Measured optical spectra of the DL channels. (a) WI-DWDM channels before entering the AWG. Measured optical spectra of the demultiplexed channels.
(b) (SD1, CD1). (c) (SD2, CD2). (d) (SD3, CD3) after the proposed scheme.

having an OSSB+C modulation format. The UL (SU3, CU3)
then enters the AWG via port B5 and exits as a multiplexed
signal through port A1 before being transported over 10 km of
SMF to the CO. At the CO, the signal is amplified by an EDFA,
followed by a BPF, and then detected and the data recovered
with a high-speed PD and data recovery circuit.

IV. RESULTS FOR DEMULTIPLEXED DL CHANNELS

Fig. 6(a) shows the measured optical spectrum of the WI-
DWDM DL channels before entering the AWG via ports A1

or A4, whereas Fig. 6(b)–(d) shows the optical spectra for
the demultiplexed (SD1, CD1), (SD2, CD2), and (SD3, CD3),
respectively. The recovered spectra show the presence of optical
crosstalk in the demultiplexed channels, which is defined here
as the ratio of the undesired optical carriers to the desired
optical carriers at the demultiplexed channels. Crosstalk levels
of −19 to −25 dB were observed. The impact of the optical
crosstalk on the transmission performance of the DL channels
is characterized in Section VII. The measured spectra also
confirm that the AWG in the proposed DEMUX/MUX scheme
exhibits an IL of 3.3–5.8 dB, whereas the circulators OCD1 and
OCD2 exhibit an average IL of 1.5 dB in each of the paths in
the transmission direction. The higher differences in port-to-
port ILs of the AWG can be attributed to the fabrication errors
as well as the limited tuning offered by the device.

Fig. 7. Measured BER curves as a function of received optical power for the
demultiplexed channels (SD1, CD1), (SD2, CD2), and (SD3, CD3).

To measure the bit-error-rate (BER) performance, the demul-
tiplexed channels were detected using a 45-GHz PD, amplified,
downconverted to an intermediate frequency (IF) of 2.5 GHz,
and electrically filtered using a BPF with a bandwidth of
400 MHz, from which the baseband data was recovered using
a 2.5-GHz electronic phase-locked loop (PLL). Fig. 7 shows
the measured BER curves as a function of received optical
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Fig. 8. Measured optical spectra of the UL channel. (a) Before entering to the scheme. (b) Immediately after the scheme. (c) After suppression of the unwanted
reflection crosstalk at the CO, which is located at a 10-km SMF distance from the proposed scheme.

power for the demultiplexed channels. Although demultiplexed
(SD1, CD1) experiences higher IL through the AWG [as shown
in Fig. 6(a)–(d)], it exhibits 0.3–0.7 dB better sensitivity,
which can be attributed to the lower crosstalk contribution
from the neighboring channels. The results thus confirm the
successful demonstration of demultiplexing functionality of the
proposed DEMUX/MUX scheme, with the receiver sensitivity
approximately equal to −15 dBm at a BER of 10−9. However,
due to resource constraint, the generation of the wavelength-
interleaved DL channels in this case is restricted by the possible
data correlation, and therefore, the exhibited BER performances
for the demultiplexed signals may contain some contribution
from the possible data correlation, in addition to the dominant
optical crosstalk effects, which need to be taken care while
deploying practically.

V. RESULTS FOR MULTIPLEXED UL CHANNEL: UL
OPTICAL CARRIER AT DL OPTICAL CARRIER

SUBTRACTED BY MULTIPLES OF FSR

Fig. 8(a) shows the measured optical spectrum of the carrier
and sideband pair (SU3, CU3), before entering the proposed

Fig. 9. Measured BER curves as a function of received optical power for the
multiplexed UL channel (SU3, CU3) transported over 10 km of SMF with the
back-to-back curve as reference.

DEMUX/MUX scheme. Fig. 8(b) shows the optical spectrum
immediately after the proposed scheme, whereas Fig. 8(c)
shows the signal after 10 km of SMF (followed by an EDFA



3348 JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 24, NO. 9, SEPTEMBER 2006

Fig. 10. Measured optical spectra of (a) DL (SD3, 50% CD3) after recovering 50% of the carrier, (b) the recovered carrier to be used in the UL path, (c) UL
(SU3, CU3) generated by the recovered carrier, (d) the multiplexed UL (SU3, CU3) at the CO after transport over 10 km of SMF, and (e) the undesired optical
crosstalk at the CO generated by reflections from the DL path.

and an optical BPF). As expected, the measured spectra ex-
hibit a CSR of 14 dB before the proposed DEMUX/MUX
scheme, which is reduced to 5 dB after the DEMUX/MUX
scheme. This additional reduction in CSR improves the overall
link performance significantly [18]–[20], [24], [25], although
reduction in CSR also reduces the link’s optical power for
which make up is necessary. In addition, the optical spectrum
in Fig. 8(b) shows that the UL channel is contaminated by the
out-of-band reflected crosstalk from the DL direction, which is
approximately −17 dB. This unwanted power can be removed
by the suitable selection of a BPF that follows the EDFA in

order to minimize the out-of-band ASE noise as shown in
Fig. 8(c). In a practical network, each of the WI-DWDM UL
channels will be demultiplexed at the CO before detection,
therefore, the out-of-band crosstalk from the DL path does not
require any special attention and will merge with the typical
crosstalk caused by the filtering effects of the demultiplexer.

To measure the BER, the filtered UL channel was subse-
quently detected, and data were recovered using the circuit
previously described in the DL path. Fig. 9 shows the measured
BER curves for the back-to-back condition (with the AWG
but no transmission fiber) and after transmission over 10 km
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of SMF for the channel (SU3, CU3). The result exhibits a
negligible 0.3 dB power penalty at a BER of 10−9, which
can be attributed to experimental errors. Therefore, the recov-
ered optical spectra and the BER curves clearly demonstrate
the functionality of the proposed DEMUX/MUX scheme in
multiplexing the UL channels with optical carriers at wave-
lengths equal to the difference between the DL optical carriers
and 5 × FSR.

VI. RESULTS FOR MULTIPLEXED UL CHANNELS: UL
OPTICAL CHANNEL IS GENERATED BY

REUSING DL OPTICAL CARRIER

Fig. 10(a) shows the measured optical spectrum of the DL
channel (SD3, 50% CD3) after recovering 50% of the carrier,
whereas Fig. 10(b)–(e) presents the optical spectra for the
recovered optical carrier, the generated UL (SU3, CU3) before
entering the proposed scheme, the multiplexed UL channel
at the CO after transportation over 10 km of SMF, and the
unwanted reflected crosstalk with the UL channel at the CO
from the DL path, respectively. As expected, due to recovering
half of the optical carrier, the CSR of the DL (SD3, 50% CD3)
channel was reduced by 3 dB. Furthermore, the CSR of the UL
(SU3, CU3) was reduced to 5 dB after the proposed scheme,
whereas it was 14 dB before the proposed scheme. As stated
before, these reductions in CSRs improve the sensitivity of the
DL and UL path significantly [18]–[20], [24], [25], although
the recovery of 50% carrier from the demultiplexed downlink
signal may restrict the receiver power budget, as no optical
amplification is done after such recovery. Fig. 10(d) and (e)
also confirms that, due to traversing through the AWG, the UL
channel is contaminated by the unwanted reflected in-band and
out-of-band crosstalk from the DL path, which is approximately
−10 dB here. As before, the out-of-band crosstalk from the
DL path does not require any special attention and will merge
with typical crosstalk levels caused by the filtering effects of
the demultiplexer. However, the dominant in-band crosstalk
may need to be addressed and managed when deploying such
systems in practical networks.

To quantify the signal degradation due to transmission over
10 km of SMF, UL (SU3, CU3) was detected and BER curves
were measured, both at the beginning (back-to-back) and at the
end of the fiber link using the same PD and data recovery circuit
described earlier. The recovered BER curves are presented in
Fig. 11, and it can be seen that the UL channel (SU3, CU3)
experiences a negligible 0.4-dB power penalty at a BER of
10−9, which can be attributed to experimental errors. The
presented recovered optical spectra and the BER curves clearly
demonstrate the functionality of the proposed DEMUX/MUX
scheme in multiplexing UL channels that are generated by
employing a wavelength reuse technique, which simplifies the
BS by eliminating the light source from the UL path while
realizing compact, low-cost, and lightweight BSs.

VII. OPTICAL CROSSTALK DUE TO THE PROPOSED

DEMUX/MUX SCHEME

As discussed earlier, the DEMUX/MUX scheme under in-
vestigation comprises an 8 × 8 AWG with multiple OCs and

Fig. 11. Measured BER curves as a function of received optical power for the
multiplexed UL channel (SU3, CU3) generated by applying a wavelength reuse
technique and transported over 10 km of SMF with the back-to-back curve as
reference.

OIs, and therefore, there is the potential to incur performance
degradation through optical crosstalk. Fig. 12(a) shows the
measured transmission spectrum of eight optical carriers (un-
modulated) multiplexed by the AWG used in the DEMUX/
MUX scheme. Fig. 12(b) and (c) then shows the optical spectra
of the adjacent and nonadjacent channel crosstalk, respectively.
The adjacent channel crosstalk varies from −16 to −25 dB,
whereas the nonadjacent channel crosstalk varies from −29 to
−46 dB. These differences in various adjacent and nonadjacent
channel crosstalk can be attributed to Gaussian characteristics
of the AWG under investigation, which are highly sensitive
to the wavelength tolerances of the laser sources used in the
demonstration. The limited tunability of the laser sources used
in the demonstration also contributes significantly here.

Fig. 13 shows the simplified experimental setup developed
for characterizing the effects of optical crosstalk while demul-
tiplexing. Three OSSB+C-modulated optical mm-wave signals,
each carrying 37.5-GHz-band 155-Mb/s BPSK data, were gen-
erated by using three optical carriers at the wavelengths C1

(1556.0 nm), C2 (1556.2 nm), and C3 (1556.4 nm). The inde-
pendently generated modulated channels were then combined
using 3-dB couplers, where channels (S1, C1) and (S2, C2) fol-
low two variable optical attenuators (VOAs) before being com-
bined; a similar scheme can be found in [20]. The combined
optical signal was then transported to the AWG, where it is
demultiplexed and the channel (S3, C3) is recovered via output
port B5. The VOAs are inserted to vary the optical powers of
(S1, C1) and (S2, C2) that result in variable optical crosstalk
with the demultiplexed channel (S3, C3). In order to observe
the effects of optical crosstalk, we measured the power penalties
incurred by channel (S3, C3) (at a BER of 10−9) as a function
of optical crosstalk level, and the results are plotted in Fig. 14.
This graph shows that a power penalty of 0.5 dB is observed for
an optical crosstalk level of −16 dB, whereas the WI-DWDM
channels demultiplexed by the proposed scheme (described in
Section IV) experience a crosstalk of −19 to −25 dB. These
measurements indicate that the effects of optical crosstalk are
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Fig. 12. Measured optical spectra when eight individual channels (unmodulated) are transported through the AWG. (a) Transmission spectra. (b) Adjacent
channel crosstalk. (c) Nonadjacent channel crosstalk.

Fig. 13. Experimental setup for characterizing the effects of optical crosstalk on the WI-DWDM channel while being demultiplexed by the proposed
DEMUX/MUX scheme.

negligible when using the proposed MUX/DEMUX scheme for
demultiplexing the WI-DWDM channels.

VIII. CONCLUSION

We have proposed and demonstrated a simultaneous
MUX/DEMUX scheme for 37.5-GHz-band 25-GHz-channel-
spaced WI-DWDM mm-wave fiber-radio systems to be located
at the CO and the RN. The proposed scheme offers a consol-
idated architecture by combining both functionalities together
and can potentially realize a simplified and cost-effective CO

and RN by avoiding the use of wavelength-selective narrow-
band hardware. The scheme is based on standard AWG technol-
ogy and is suitable for integration with the other conventional
technologies found in the optical access or metro domain. In
addition, when multiplexing, the proposed scheme reduces the
CSR of the multiplexed channels, thereby significantly im-
proving the overall link performance. Moreover, the proposed
scheme supports wavelength reuse enabled BSs that eliminate
the light source in the UL path and realize a simple, compact,
and low-cost BS architecture. The error-free (at a BER of 10−9)
recovery of data when both multiplexing and demultiplexing
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Fig. 14. Measured power penalty as a function of optical crosstalk.

the respective UL and DL channels confirms the functionality
of our proposed MUX/DEMUX scheme without any noticeable
power penalty observed when transporting the signals over
10 km of SMF.
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