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We propose and demonstrate a bidirectional transmission, hybrid wired and wireless access network based
on subcarrier modulation (SCM) techniques. The scheme simultaneously enables the dispersion-tolerant
transmission of millimeter (mm)-wave signals for use in wireless access networks, downstream baseband
signals for optical wired access networks, and optical continuous-wave (CW) carriers for use in upstream data
remodulations. Error-free transmissions through a 25-km length of single mode fiber (SMF) for both the
downstream baseband and the remodulated upstream signals are confirmed by bit-error-rate (BER)
measurements. The dispersion tolerance of the radio-over-fiber (RoF) signal is assessed using numerical

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Passive optical networks (PONs) for the distribution of both high-
speed wired and wireless networks may help to reduce cost for future
deployment of broadband networks [1]. It is possible to consolidate
the carrier frequency generation and data modulation at the head-end
station of a radio-over-fiber (RoF) system. In this system, the
downstream signal is distributed by conventional optical fiber to the
remote antenna units (RAUs), thus reducing the cost and complexity
of the antenna sites. As a result, RoF technology is considered as one of
the most promising solutions for millimeter (mm)-wave wireless
signal distribution [2].

The generation and transmission of mm-wave signals are crucial in
RoF systems. However chromatic dispersion can cause signal
distortions if the mm-wave signal is directly modulated on the optical
carrier. The double-sideband (DSB) optical mm-wave signal suffers
from both fading effects (fading leads to cosine-like signal power
fluctuation along the fiber) and the time-shifting of data codes [3,4].
The fading profile along a length of dispersive fiber has already been
described [5-8]. And the effects of the dispersion-induced RF power
fading have also been discussed [5-8]. Optical carrier suppressed
(OCS) optical mm-wave signals have been proposed [3,4] to mitigate
the aforementioned fading effects. However, code time shifting is
severe, and distorts the signal, causing eye closure after transmission.
Optical single-sideband (SSB) mm-wave signals can reduce the code
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time-shifting; however the immunity depends on the generation
methods [4]. Besides, wavelength-division-multiplexed (WDM) PON
is a promising approach for optical wired communications in future
broadband access networks. As a result, the integration of optical
wired and wireless access networks into the same system is desirable.
Different schemes of optical wired/wireless access networks have
been demonstrated [9-12]. For example, polarization-multiplexed
(PolMUX) scheme was proposed to simultaneously provide broad-
band wireless and wired services [9], but the mm-wave signal
suffered from fiber dispersion seriously. Hybrid subcarrier modulation
(SCM) scheme was used for wired and wireless transmission [10]. In
[11], the DSB modulation scheme only allowed a low data rate
because of dispersion. In [12], a remote all-optical upconversion was
proposed with a local exchange unit. Recently, a RoF system
supporting 2.5-Gb/s data rate on a 40-GHz mm-wave carrier has
been reported [13], however, the upstream path of the system and
dispersion tolerance of the mm-wave signal as well as the phase
distortion due to the different path are yet to be studied.

In this paper, we propose and experimentally demonstrate a
scheme for hybrid wired and wireless access networks based on SCM
techniques. We generate two sidebands by OCS and modulate only
one subcarrier at the head-end station. By beating the two coherent
sidebands at a photodetector in the RAU, a 40-GHz mm-wave signal
that carries a 10-Gb/s data is generated for broadband wireless
transmission. For the wired connections in PON, the downstream
baseband data can be obtained by optical filtering to extract the data
from the downstream signal. The unmodulated optical CW-like
sideband can be used for upstream remodulation. The proposed
scheme therefore supports a colorless optical network unit (ONU) for
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PON as well as RAU for ROF. Analysis using VPI TransmissionMa-
kerV7.1 is also performed and compared with the experimental
results.

2. Experiment and simulation

Fig.1 shows the experimental setup of the proposed hybrid optical
wired and wireless network. A CW signal at the wavelength of
1546.6 nm generated by a tuneable laser (HP 8168F) was launched
into the first Mach-Zehnder modulator (MZM) to generate OCS signal.
The MZM was electrically driven with a 20-GHz RF tone. By setting the
DC bias to the transmission minimum of the MZM, the optical carrier
was suppressed and two first order sidebands were generated. The
frequency separation between the two sidebands was twice the
modulation frequency. Hence this produced a 40-GHz optical carrier.
A fiber Bragg grating (FBG) with 3-dB bandwidth of 0.1 nm
transmitted one sideband at 1546.46 and reflected the other sideband
at 1546.78 nm as shown in Fig. 1 inset, which was then obtained at the
output port of the optical circulator. The reflected sideband was then
modulated with 10-Gb/s (23'-1 PRBS) non-return-to-zero (NRZ) data
via the second MZM, which was biased at the linear transmission
region. After that, the two sidebands were combined by a 3-dB
coupler and launched into a 25-km single mode fiber (SMF) without
any dispersion compensation. Due to the optical path length
difference, the phase of the two sidebands may be distorted. We
measured the phase noise for the case of 5-m path length difference
and compared it with the case of none path length difference as
shown in Fig. 2. There was a 1.2-dB variation observed. The average
optical power launched into the fiber was about 0 dBm in order to
avoid nonlinear effects in the optical fiber.

At the ONU/RAU, 10% signal power was tapped out for wireless
transmission. The two sidebands beat at the 40-GHz photodetector
and generated a 40-GHz mm-wave signal. Numerical analysis using
VPI was also performed. Fig. 3(a) shows the simulated RF spectrum
when the NRZ data at the head-end station was turned OFF. Only a 40-
GHz tone (generated by the coherent beating of the DSB-OCS) was
observed in Fig. 3(a). When the NRZ data was turned ON, other RF
components around the 40-GHz tone and the 10-GHz, 20-GHz and 30-
GHz tones also appeared as shown in Fig. 3(b). The experimental RF
spectrum when the NRZ data was ON is shown in Fig. 3(c). We can see
that there is a good match between the simulation and the
experimental result.
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Fig. 1. Experimental setup: TL = tunable laser; MZM = Mach Zehnder Modulator; FBG =
Fiber Bragg Grating filter; SMF = single mode fiber; MMW = millimeter wave; PM = optical
phase modulator; DI = Optical Delay Interferometer; and PC=polarization controller.
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Fig. 2. Measured phase noise against path length difference.

As we did not have a 40-GHz RF mixer for the wireless signal
down-conversion, we measured the self-beating 10-Gb/s NRZ signal
carried in the RoF signal. An electrical low pass filter with 3-dB
bandwidth of 7.5 GHz was connected after the PD to obtain the 10-Gb/
s NRZ signal. Here, we also compared the dispersion tolerance
(transmission in 25-km SMF without dispersion compensation) of our
scheme with the conventional mm-wave signal carried by the DSB
carrier in which both of the sidebands carried a 10-Gb/s signal while
there was a 40-GHz separation between the two sidebands. The eye-
diagrams (measured after a low-pass filter) of the conventional DSB
optical mm-wave signal and the proposed SCM optical mm-wave
signal are shown in Fig. 4. It can be found that the SCM scheme has a
higher dispersion tolerance than the conventional DSB optical mm-
wave signal due to the reduction of both the fading effects and the
time-shifting of data code.

For the upstream transmission, the optical filtered CW sideband
was modulated by a phase modulator (PM) at the ONU/RAU to
produce the 10-Gb/s, (23'-1 PRBS) differential-phase-shift-keyed
(DPSK) upstream signal. It was then launched towards the head-
end receiver. Bit-error-rate (BER) and the corresponding eye-dia-
grams for both downstream NRZ (square- and round-shape) and
upstream DPSK (up- and down-triangle shape) were measured as
shown in Fig. 5 bottom. Power penalties of the downstream NRZ
signal and upstream DPSK signal after 25-km SMF were 1 and 1.5 dB
respectively. The corresponding simulated and experimental eye-
diagrams are shown in Fig. 5 top. The unequal noise level in the eye-
diagram comes from the amplified spontaneous emission (ASE) noise
of the erbium-doped fiber amplifier (EDFA), the fiber chromatic
dispersion and the unequal scale of digital communications analyzer.
For the DPSK eye-diagrams, it may also come from different ports of
the delay-interferometer (DI) used. We used NRZ pattern for the
downstream in order to keep the receiver at ONU site simple.
Although the NRZ pattern may also be used for the upstream
transmission, DPSK was used for the upstream because of its potential
improved receiver (Rx) sensitivity. The DI used for the upstream DPSK
demodulation was located at the head-end station. An arrayed
waveguide grating (AWG) can be used between the DI and the Rx,
and assuming that the transmitted wavelengths at the head end are
tuned to give the required phase shift in the DI, only a single DI can be
used to demodulate all the upstream DPSK channels. The 40-GHz
optical bandwidth is required for carrying the 40-GHz RoF signal,
together with the 10-Gb/s downstream NRZ channel. Since the
upstream signal is generated by modulating one of the two sidebands
coming from the downstream RoF signal, no extra wavelength
channel is required.

Simulation using VPI was performed to evaluate the mm-wave
signal. In the simulation, a high speed photodiode followed by an
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Fig. 3. RF spectrum after 25-km transmission. (a) Simulated RF spectrum when the NRZ
data at the head-end station was turned OFF. (b) Simulated RF spectrum when the NRZ
data is turned ON. (c) Experimental RF spectrum when the NRZ data is ON.
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Fig. 4. Eye-diagrams of the baseband signal on 40-GHz mm-wave carrier after
transmission of 25-km SMF transmission using conversional DSB modulation and the
proposed SCM modulation.
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Fig. 5. Top: simulated and experimental eye-diagrams; Bottom: BER performance for
downstream and upstream services versus received optical power; B2B: back-to-back.

electrical Bessel bandpass filter (passband at 40 GHz, 3-dB bandwidth of
18 GHz) was used to detect the mm-wave signal (10-Gb/s data on the
40-GHz mm-wave signal). The time trace of the mm-wave signal is
shown in the inset (a) of Fig. 6. In order to evaluate the mm-wave signal,
BER measurements using the built-in modules of VPI were performed.
The mm-wave signals were down-converted by using a RF mixer to
baseband signal for back-to-back (B2B) and after the transmission of 25-
km SMF without dispersion compensation. Fig. 6 shows that the power
penalty of the down-converted mm-wave signal was about 1 dB after
the 25-km SMF transmission, showing that the proposed scheme has a
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Fig. 6. BER of the down-converted mm-wave signals at B2B and after 25-km of SMF
transmission. Inset (a) time trace of the mm-wave signal; down converted mm-wave
signal eye-diagrams of (b) back to back and (c) after 25-km SMF transmission.
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high chromatic dispersion tolerance for the RoF signal. The eye-
diagrams of the corresponding down-converted signals were included
in insets of Fig. 6.

3. Conclusion

We have demonstrated the simultaneous generation and trans-
mission of the 10-Gb/s signal carried by a 40-GHz mm-wave carrier
using the SCM for hybrid wired and wireless access networks with
colorless ONUs. The SCM scheme has been confirmed with an
improved chromatic dispersion tolerance. Upstream 10-Gb/s DPSK
remodulation on the optical CW-like sideband filtered from the
downstream signal has also been studied. Simulations have been
performed; showcasing the proposed scheme has improved chro-
matic dispersion tolerance for the RoF signal. The experiment results
of both the downstream NRZ signal and upstream DPSK signal agree
well with the simulations.
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