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Abstract: This paper reports the demonstration of a radio over
fiber (RoF) - distributed antenna system (DAS) over a wavelength divi-
sion multiplexing - passive optical network (WDM-PON) with multiple
input multiple output (MIMO) by employing bandpass-sampling and
optical time division multiplexing (TDM) techniques to realize next
generation broadband wireless access with a gigabit-class throughput.
We experimentally evaluate the performance of two optical transmis-
sions of radio frequency (RF) signals, which are multiplexed 2.4 and
5 GHz bands 802.11n RF signals in the time-domain and distributed
2.4 GHz band 2× 2 MIMO 802.11n RF signals with 2 channels WDM.
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1 Introduction

Recently, various types of broadband wireless internet services have been
growing very rapidly, and there is a clear need for a higher throughput for
next generation wireless access equivalent to that of optical access. When
we increase the throughput of wireless access, the strict limitation imposed
by the radio frequency (RF) spectrum will reduce the cell size. Therefore,
a huge number of base stations (BSs) will be needed to cover a wide area
equivalent to the current macro cells.

To accommodate such a huge amount of different types of high bit-rate
wireless data traffic efficiently, recent proposals have aimed at providing wire-
less services over wavelength division multiplexing - passive optical network
(WDM-PON) [1, 2, 3]. WDM techniques can increase the total throughput
as well as ensure the easy scalability of the network by allocating/dedicating
wavelengths to each BS.

On the other hand, multiple input multiple output - distributed antenna
system (MIMO-DAS) technologies have been emerging recently [4, 5]. In
MIMO-DAS, MIMO antennas are distributed to several BSs with the help of
radio over fiber (RoF) technology. This configuration minimizes the correla-
tion of the multiple paths in a MIMO transmission, so that the transmission
performance can be improved.

When applying the MIMO-DAS to WDM-PON architecture [6], an im-
portant requirement is the efficient and economical distribution of several
different types of MIMO RF signals to each BS. It is not practical to allo-
cate different wavelength(s) to both different antennas and different services,
because this would results in the need for a huge number of wavelengths.

To realize MIMO-DAS in a simpler way, we have proposed RoF-DAS
over WDM-PON [7] employing bandpass-sampling [8] and optical time divi-
sion multiplexing (TDM) for several RF signals in each BS, in addition to
employing WDM for data transmission from/to each BS. This architecture
can accommodate various types of broadband MIMO air-interfaces, includ-
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ing those expected to realize a gigabit-class throughput, and can provide the
flexibility needs for both non-uniform traffic distribution and user mobility
in wireless service areas.

In this paper, we experimentally demonstrate the feasibility of RoF-DAS
over WDM-PON with bandpass-sampling and optical TDM techniques. Two
802.11n [9] RF signals in the 2.4 and 5 GHz bands are multiplexed in the time-
domain, and 2-channel WDM with 2 × 2 MIMO 802.11n RF signals in the
2.4 GHz band is demonstrated.

2 RoF-DAS over WDM-PON architecture with
bandpass-sampling and optical TDM

Fig. 1 shows the configuration of the proposed RoF-DAS over WDM-PON,
where different wavelengths are assigned to each BS. A 2 × N arrayed
waveguide grating (AWG) is used as a wavelength router, i.e. a wavelength
multi/demultiplexer. The cyclic property of the AWG gives the architecture
a large scalability for accommodating a large number of BSs.

Each BS employs an optical circulator without any wavelength selectivity
to make it easy to add upstream signals and drop downstream signals. Op-
tical filters such as fiber gratings are used to select a wavelength assigned to
the BS. This configuration achieves the transparency of transmission fibers
through the lack of optical filters, and thus offers the scalability to allow the
easy upgrading of wavelength channels in the future. To reduce operating,
administration, and maintenance function costs, as well as production costs,
we can introduce wavelength tunability in laser diodes (LDs) and the fiber
gratings of the BSs to realize colorless BSs [5].

In this architecture, downstream MIMO RF signals corresponding to a
cell (a set of MIMO RF signals) are transmitted from the center station (CS)
to different BSs at different wavelengths. Also a set of upstream MIMO RF
signals are transmitted from different BSs to the CS at other different wave-
lengths. In other words, in both the upstream and downstream directions,
each wavelength transmits multiplexed RF signals, each of which belongs to

Fig. 1. Conceptual diagram of RoF-DAS over WDM-
PON
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a different cell, i.e. a different set of MIMO RF signals.
To simplify the configuration of BSs and thus reduce production costs,

we propose multiplexing the RF signals by applying bandpass-sampling and
optical TDM techniques in both the upstream and downstream directions.
On the transmitting side, each MIMO RF signal is sampled by a pulse train
with a repetition frequency that is sufficiently higher than the bandwidths
of each RF signal, and then multiplexed with others in the optical time-
domain. On the receiving side, the original RF signals can be regenerated
by demultiplexing TDM signals and simply filtering the bandwidth of each
RF signal. The details are provided along with experimental configuration
in the next section.

3 Experimental setup

Fig. 2 shows the experimental setup for transmitting downstream signals with
the proposed architecture. A conceptual diagram of the signal transitions at
each component is also shown. We assumed a 2×2 MIMO signal transmission
in each cell to confirm the feasibility. Two wavelengths were assigned to
achieve the MIMO RF signal distribution, where two 802.11n RF signals in
the 2.4 and 5 GHz bands were multiplexed with optical TDM and transmitted
to the BS.

Fig. 2. Experimental setup of 2 × 2 MIMO RF down-
stream signal transmission over the RoF-DAS
over WDM-PON and conceptual diagram of sig-
nal transitions at each components
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Continuous wave (CW) lights emitted from distributed feedback - LDs
(DFB-LDs) were wavelength-multiplexed as shown in Fig. 2 (a), and modu-
lated with a lithium niobate - Mach-Zehnder modulator (LN-MZM) driven
with a return to zero (RZ) pulse width of 100 ps at a 1 GHz repetition rate
as shown in Fig. 2 (b). The optical pulse trains at two wavelengths were
amplified with an erbium doped fiber amplifier (EDFA) and demultiplexed
by using 2 channels of AWG with 25 GHz spacing that were isolated 4 chan-
nels between each other. Each wavelength signal was divided and modulated
with an LN-MZM driven by 802.11n RF signals with a 40 MHz bandwidth
at center frequencies of 2.422 and 5.230 GHz from the vector signal generator
(VSG) as shown in Fig. 2 (c). Bandpass-sampled RF signals were obtained at
the output of each LN-MZM. We used 802.11n RF signals where the modula-
tion and coding scheme (MCS) index was 15 [9] i.e. 64-quadrature amplitude
modulation (QAM) orthogonal frequency division multiplexing (OFDM) sig-
nals. We employed optical delay lines and 3 dB couplers to generate dummy
signals for an adjacent cell and to multiplex the bandpass-sampled RF signals
as shown in Fig. 2 (d). The optical TDM RF signals were again wavelength-
multiplexed, amplified with an EDFA and transmitted to the feeder fiber as
shown in Fig. 2 (e).

Downstream WDM signals containing RF signals were demultiplexed
into fiber blanches by the AWG (i.e. wavelength router), and the only allo-
cated wavelength of WDM signals propagating through one of blanches was
dropped by a circulator at the target BS. After that, the downstream signal
was converted to an electrical signal with a photo diode - transimpedance
amplifier (PD-TIA) and demultiplexed with a high-speed electrical switch
(SW) as shown in Fig. 2 (f). The SW was driven by using a control signal
consisting of a 300 ps pulse at a 1 GHz repetition rate. The demultiplexed RF
signals were converted to original RF signals with band pass filters (BPFs),
which were launched as wireless signals to the vector signal analyzer (VSA)
as shown in Fig. 2 (g).

4 Experimental results

We performed two kinds of back-to-back transmission experiments. The for-
mer was designed to confirm the feasibility of the applied multiplexing/de-
multiplexing techniques in the time-domain; one wavelength λD1 without/
with modulated 802.11n RF signals in both the 2.4 and 5 GHz bands. The
latter was designed to confirm the feasibility of the MIMO signal distribu-
tion for each antenna; two wavelengths of λD1 and λD2 were modulated with
2 × 2 MIMO 802.11n signals in the 2.4 GHz band. We evaluated the signal
quality from the waveforms of time division multiplexed/demultiplexed sig-
nals and from the constellations and error vector magnitude (EVM) values
of demodulated 64-QAM OFDM signals.

The experimental results are shown in Figs. 3 corresponding to the mea-
surement points in the experimental setup in Fig. 2. Fig. 3 (i) shows a trans-
mitted optical pulse train without the RF modulation from the CS, and
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Fig. 3. Experimental results of feasibility tests in RoF-
DAS over WDM-PON. From (i) to (iii) show
the TDM operation performances without the RF
modulation, (iv) and (v) show the RF signal per-
formances of two different RF signals (in 2.4 and
5 GHz bands) multiplexed in the same wavelength,
and (vi) and (vii) show the RF signal perfor-
mances of 2 × 2 MIMO RF signals (in 2.4 GHz
band) distributed to different two BSs with using
two different wavelengths

Fig. 3 (ii) and (iii) show the electrical pulses assigned as 2.4 and 5 GHz bands
RF signals at the SW of the BS. We confirmed the good TDM operation
performance of our experimental setup.

Fig. 3 (iv) and (v), respectively, show the analyzed 2.4 and 5 GHz band
RF signals after the BPF. EVM values of −26.0 and −23.2 dB were obtained.
The system parameters, which were the optical powers at the PD-TIA input
and the electrical powers at the VSG output, were, respectively, −3 and
5 dBm for (iv) and −3 and 10 dBm for (v).

Fig. 3 (vi) and (vii), respectively, show the analyzed 2.4 GHz band 2 × 2
MIMO RF signals from each BS. EVM values of −25.6 and −24.1 dB were
obtained. The system parameters for (vi) and (vii) were the same (−1 and
8 dBm). These results confirm the preliminary feasibility of the proposed
RoF-DAS over WDM-PON with bandpass-sampling and optical TDM.

5 Conclusion

We introduced bandpass-sampling and optical TDM techniques to our pro-
posed RoF-DAS over WDM-PON, with the efficient use of large bandwidth of
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optical access to accommodate broadband wireless signals in femtocells. The
preliminary experiments of downstream transmission characteristics were
evaluated, and confirmed the feasibility with good performance of optical
TDM and bandpass-sampled RF signal transmission.
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