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Abstract—A hybrid multiplexing scheme with the capability to
multiplex optical millimeter-wave, baseband, and intermediate
frequency signals is proposed and demonstrated. The proposed
scheme enables the convergence of “last mile” wireless and wireline
technologies, leading to an integrated dense wavelength-division
multiplexed network in the access and metro domain.

Index Terms—Arrayed waveguide grating (AWG),
carrier-to-sideband ratio (CSR), hybrid multiplexing, integrated
optical access network, millimeter (mm)-wave fiber radio system,
passive optical network (PON), radio-over-fiber (RoF).

I. INTRODUCTION

THE DEMAND FOR higher bandwidth necessitated by
data-intensive multimedia and real-time applications is

increasing universally across both fixed and mobile access
networks. To meet this growth in bandwidth demand, a va-
riety of access technologies are being introduced in the last
mile access network, incorporating both wireless and wire-
line media. Among these last mile access solutions, passive
optical networks (PONs) remain probably the most future
proof technology for the delivery of broadband to users [1].
Radio-over-fiber (RoF) networks, which broadly can be cat-
egorized as the networking of wireless access points is also
very attractive for the delivery of broadband via wireless last
mile solutions [2]. Carriers and service providers are actively
seeking a convergent network architecture that can facilitate a
rich mix of value added and clearly differentiated services via a
mix of wireless and wireline solutions to meet the demand for
mobility, bandwidth, and range of connectivity options for the
customer [3]. All of these requirements can be met by offering
an integrated telecommunications package, for which an inte-
grated access network is essential. Given the wide bandwidth
offered by fiber, an integrated optical access network that can
support both wired and wireless last mile solutions would be
extremely advantageous.
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Fig. 1. Generic integrated optical network architecture.

The various optical access technologies, based on their spec-
tral band occupancy, can be grouped as baseband (BB), interme-
diate frequency (IF), and millimeter-wave (mm-wave) radio fre-
quency (RF) transport over fiber. A generic integrated network
incorporating such technologies is shown in Fig. 1. In order
to realize their integration, simultaneous multiband modulation
techniques have been previously proposed [4], [5]. However, the
performance of these methods has been limited by the optimum
operating conditions of the external modulators used in the op-
tical links. Also, the techniques in [4] and [5] use one optical
carrier to generate interdependent signals, and require lossy op-
tical splitters and filters to separate them in the remote access
nodes (RANs). In contrast, if the passive wavelength-division
multiplexed (WDM) devices [e.g., multiplexer (MUX), demul-
tiplexer (DEMUX), etc.] in the CO and RANs can be enabled
to support independent optical baseband (BB), intermediate fre-
quency (IF), and RF signals together by avoiding interdependent
multiband modulations and the associated devices, an effective
integrated optical access network will be able to be realized.

In this letter, we propose and demonstrate a hybrid multi-
plexing scheme in order to integrate multiband optical access
technologies together. We show that the proper selection of the
input/output ports of an arrayed waveguide grating (AWG) mul-
tiplexer can enable the integration of dense wavelength-division
multiplexed (DWDM) multiband signals with a channel spacing
of 12.5 GHz, although the RF carrier is in the 40-GHz band
domain. In addition, the optimum selection of the input/output
ports reduces the carrier-to-sideband ratios (CSRs) of the op-
tical RF signals which significantly enhances the performance
of the links [6], [7].

II. HYBRID WAVELENGTH INTERLEAVING SCHEME

The data bandwidth capacity of a mm-wave RF signal is usu-
ally limited to several hundred MHz; and as a result, the spec-
tral band available between the optical carrier and the respective
modulation sideband of an optically modulated RF signal often
remains unused. In order to realize a DWDM integrated access
network with a channel separation smaller than the mm-wave
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Fig. 2. Schematic depicting the optical spectra of the wavelength interleaved
multiband signals in an integrated access network with a DWDM channel
spacing smaller than the mm-wave RF carrier frequency.

Fig. 3. Proposed H-MUX enabling multiplexing of multiband wavelength-in-
terleaved signals in an integrated DWDM access network, which also reduces
the CSR of the multiplexed RF signals through optical loop-backs.

RF carrier frequency, the unused spectral band of the optical
RF signal can be utilized. If the unused spectral bands of the
RF signals are partitioned as per the desired DWDM channel
separation, and the neighboring optically modulated BB and IF
signals are interleaved in those sliced positions, an integrated
access network with such a DWDM channel separation can be
realized. The underlying principle that determines the DWDM
channel separation is the partitioned spectral band of the RF car-
rier frequency , which is three times the integer multiple
of the DWDM channel separation ( , where

, and , the desired DWDM separation).
Fig. 2 shows the optical spectra that result with the pro-

posed wavelength interleaving (WI) scheme comprising
channels of each of the RF (in optical single sideband with
carrier, modulation format), BB and IF signals,
with a DWDM channel separation, and a RF carrier fre-
quency of and , respectively. The baseband signals

and the IF signals are
interleaved between the optical carriers and
their respective modulation sidebands of the
RF signals in such a way that after interleaving, the adjacent
DWDM channel spacing, irrespective of BB or IF or RF signals,
becomes .

III. PROPOSED MULTIPLEXING SCHEME

Fig. 3 shows the schematic of the multiband hybrid multi-
plexer (H-MUX) that realizes multiplexing of the wavelength
interleaved signals shown in Fig. 2. It consists of a

AWG with a and a channel

TABLE I
INPUT/OUTPUT CHARACTERISTIC MATRIX OF 4N + 1� 4N + 1 AWG

spacing, , equal to the DWDM channel spacing of the inter-
leaved multiband signals. The input (A) and output (B) ports of
the AWG are numbered from 1 to . The characteristic
matrix of the AWG that governs the allocation and distribution
of different channels at different ports is illustrated in Table I.

The optically modulated BB, IF, and RF signals (shown
as insets of Fig. 3) enter the AWG via the input ports,
to , with the input ports left
unused, as shown in Fig. 3. The AWG combines all the mod-
ulation sidebands of the RF signals, as well
the baseband and intermediate frequency

signals at the output port . Due to the
cyclic characteristics of the AWG as illustrated in Table I, the
optical carriers of the RF signals also exit as
a composite signal via the output port . These composite
carriers are then looped back to the AWG through the input
port that redistributes the carriers to the
odd-numbered output ports , respec-
tively. To realize the desired multiplexing, the distributed
carriers are again looped back to the AWG via the unused input
ports and the resultant output at port

comprises the RF, BB, and IF signals multiplexed with
the BB and IF signals interleaved between the optical carrier
and the modulation sideband of the RF signals. The multi-
plexed spectrum can be seen in the insets of Fig. 3. Due to the
loop-backs, the optical carriers of the RF signals are suppressed
by as much as twice the insertion loss (2 IL) of the AWG
(typical – dB) compared with its respective modulation
sidebands. Thus, the proposed wavelength interleaved H-MUX
also enhances the performance of the optically modulated RF
signals enabling a reduction in the CSRs by 8–10 dB [6], [7],
while multiplexing them with the BB and IF signals, leading to
an integrated DWDM optical network for the access and metro
domains.

IV. EXPERIMENTAL DEMONSTRATION

Fig. 4 shows the experimental setup used to demonstrate
the proposed H-MUX. Three light sources (1556.2 nm),

(1556.3 nm), and (1556.4 nm) followed by separate
polarization controllers (PCs) were used as the input to two
low-speed (0–5 GHz) Mach–Zehnder Modulators (MZMs) and
one high-speed (0–40 GHz) dual electrode MZM (DE-MZM)
to generate optical BB, IF, and RF signals, respectively. The
BB signal was generated by using 1 Gb/s pseudorandom-bit-se-
quence (PRBS) data and the IF and RF signals were generated
by mixing 155 Mb/s PRBS data with 2.5 and 37.5 GHz
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Fig. 4. Experimental setup for the demonstration of the proposed H-MUX.

Fig. 5. Measured spectra of the modulated multiband signal. (a)–(c) Before
entering the H-MUX. (d) After leaving the H-MUX.

local oscillator (LO) signals, respectively. The spectra of the
generated signals can be seen from Fig. 5(a)–(c). As can be
seen in Fig. 5(a), the RF signal was modulated in OSSB+C
format with a CSR of 13 dB. The modulated signals were then
applied to an 8 8 AWG (with a channel separation and a
channel bandwidth of 12.5 and 10 GHz, respectively) as per
the proposed scheme shown in Fig. 3, which results in the
desired multiplexed signals at the output of the AWG. Fig. 5(d)
shows the multiplexed spectrum where, as expected, the CSR
of the RF signal has been reduced to 5 dB. This composite
signal was then amplified, and transmitted over 10 km of
single-mode fiber (SMF) to the optical add–drop multiplexing
(OADM) interface, as shown in Fig. 4. The OADM interface
is comprised of a tunable double-notch fiber Bragg grating
(FBG) with a notch-bandwidth of 10 GHz each and a three-port
optical circulator, similar to the architecture used in [8]. The
separation between the notches of the FBG was 37.5 GHz,
which enabled the optical carrier and the respective modulation
sideband of the RF signal recovered together from multiplexed
signals. Now, by tuning the FBG, the BB and IF signals were
also recovered prior to photodetection and recovery of data to
quantify the signal degradation in bit-error ratio (BER).

The data recovery process for the optical BB and IF signals
used 1 and 2.5 GHz optical receivers, respectively. The PD and
data recovery circuit used for the optical RF signal is shown

Fig. 6. Measured BER curves as a function of received optical power for the
channels recovered at the OADM interface with the respective back-to-back
curves as a reference.

in the dotted line inset of Fig. 4. The RF signal was first de-
tected with a 45 GHz PD, amplified, down-converted to an IF
of 2.5 GHz, from which the data was then recovered using a
2.5 GHz phase locked loop (PLL). Fig. 6 shows the measured
BER curves for the recovered signals for both the back-to-back
case (with the H-MUX but no fiber) and after transmission over
10 km of SMF. The results exhibit negligible power penalties of
0.2–0.3 dB at a BER of , which can be attributed to exper-
imental errors.

V. CONCLUSION

We have proposed and demonstrated a hybrid multiplexing
scheme which has the potential to realize an integrated network
in a DWDM access/metro infrastructure. The proposed scheme
is based on standard AWG technology and is suitable for any op-
tical access/metro networks, irrespective of their topologies and
architectures. Moreover, the scheme reduces the CSRs of the
RF signals that enhance their transmission performance signifi-
cantly. The error-free (at a BER of ) data recovery confirms
the functionality of the proposed scheme without any noticeable
power penalty observed.
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