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Abstract An innovative dynamically reconﬁgurable radio-over-ﬁber (RoF) network equipped with an intelligent medium access control (MAC) protocol is proposed to provide broadband access to train passengers in
railway high-speed mobile applications. The proposed RoF network architecture is based on a reconﬁgurable
control station and remote access unit (RAU) that is equipped with a ﬁxed ﬁlter and tunable ﬁlter. The proposed hybrid frequency-division multiplexing/time division multiple access (FDM/TDMA) based MAC protocol
realizes failure detection/recovery and dynamic wavelength allocation to remote access units. Simulation result
shows that with the proposed MAC protocol, the control station can detect failures and recover and dynamic
wavelength allocation can increase the wavelength resource utilization to maintain network performance.
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1

Introduction

To provide quickly growing multimedia services (e.g., video-on-demand, online gaming, and voice-overinternet protocol) to train passengers, broadband access to the Internet anywhere and anytime is desired
[1,2]. Currently used mobile cellular and satellite technologies cannot meet this need because they suﬀer
from unacceptable delays or limited bandwidth [3,4]. Radio-over-ﬁber (RoF) technology has received
attention because of its functionally simple architecture and cost-eﬀective remote access unit (RAU)
compared with conventional wireless systems [5,6]. In recent decades, great eﬀorts have been made
to develop a simple and cost-eﬀective RoF network for train passengers using RoF networks based on
optical switches, and the concepts of the moveable cell and moving extended cell have been proposed
[7–10]. However, research has focused on systems and architectures with ﬁxed wavelength allocation
from the perspective of the physical layer, while the medium access control (MAC) protocol of the RoF
network supporting high-speed mobile access remains a challenge. Realizing a dynamically RoF network
supporting failure detection/recovery requires consideration of not only the physical layer but also the
MAC layer. To the best of our knowledge, this paper for the ﬁrst to propose a solution to provide network
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access to train passengers using a dynamic RoF network equipped with an intelligent MAC protocol that
can realize failure detection/recovery and dynamic wavelength allocation to RAUs.
This paper is organized as follows. Section 2 describes a dynamically reconﬁgurable RoF network
architecture. Section 3 presents a hybrid frequency-division multiplexing/time division multiple access,
FDM/TDMA MAC protocol, and Sections 4 and 5 describe failure detection/recovery support and wavelength resource allocation respectively. Finally, the paper is concluded in Section 6.

2

Dynamically reconfigurable RoF network architecture

Figure 1 depicts the tree topology of a RoF network with adjacent RAUs connected to a common control
station via an optical coupler. All RAUs are deployed along the rail tracks to communicate to train
passengers via antennas (Ant) evenly distributed on the roof of the train.
A schematic diagram of dynamically reconﬁgurable RoF network architecture is shown in Figure 2;
wavelengths λ0 to λn−1 are used as data channels and the wavelength λc is used as the control channel. A
set of switches are used forhttps://engine.scichina.com/doi/10.1007/s11432-012-4667-7
dynamic wavelength selection. An optical switch control module is used to drive
the optical switches. In the control station, there are four modules associated with the optical switch
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control module; i.e., failure detection, failure recovery, bandwidth request, and wavelength allocation.
Additionally, the latter two modules are used for bandwidth request and the exchange of wavelength
allocation information from RAUs via the control channel (λc ). All uplink and downlink wavelengths are
generated by multi-wavelength lasers at the control station. λc is used for control operations; it is used
for wavelength resource allocation, informing each RAU of its allocated wavelength λi (i = 0, 1, . . . , n − 1)
and updating each RAU’s bandwidth request in the assigned time slot. The additional wavelengths λi
(i = 0, 1, . . . , n − 1) are sent to the optical switches, and as explained in the next section, the wavelength
resource allocation scheme is selected in the laser-failure recovery stage after failure is detected. With
the help of optical switches, the available wavelengths can be routed to the desired modulator, which
is connected with a radio-frequency (RF) unit participating as the wireless signal resource. Finally,
the modulated wavelengths are multiplexed and routed to the RAUs. We emphasize the reconﬁgurable
architecture at the RAU, which is equipped with a ﬁxed ﬁlter and tunable ﬁlter. The former is used to
select λc from all wavelength beams, while the latter is controlled by the information obtained from λc in
the previous time cycle to obtain the assigned wavelength information generated by the control station.
If any wavelength failure associated with the wavelength-division-multiplexing (WDM) lasers is detected,
the control station dynamically assigns the available wavelengths to RAUs and informs the tunable ﬁlters
where they should tune into in the previous cycle, as detailed in Section 3. In this way, a dynamically
reconﬁgurable RoF network architecture is constructed.

3

MAC protocol

According to traditional ﬁxed wireless access, there is a fast handoﬀ problem when the train goes from
one cell to another, especially when the train is travelling quickly. Owing to the high speed of the train,
the smaller the cell is, the higher the handoﬀ frequency is. Additionally, there is a Doppler eﬀect due to
the relative movement of the train and RAU alongside the track. For the sake of brevity, the Doppler
eﬀect is not discussed in the following, and we instead focus on the fast handoﬀ problem. To deal with
many users experiencing a high handoﬀ frequency, this section proposes a hybrid FDM/TDMA MAC
protocol for the RoF network, which considers the frequency factor and the time factor together.
Assuming a centralized MAC entity oﬀering reservation-based collision-free medium access, a super
frame based on FDM/TDMA is constructed. The MAC protocol regulates each moveable cell employing
a super frame, as depicted in Figure 3. Within a moveable cell, each RAU communicates to the control
station according to TDMA. The neighboring movable cells use a diﬀerent RF according to FDM. In
the same time period, at least one super frame is used, and the number of super frames is thus equal to
the number of RF resources supported by the network. This is the concept of the FDM/TDMA-based
super frame. Each moveable cell corresponds with a super frame, in which there are control frames and
data frames. Furthermore, a control frame is divided into a wavelength resource allocation frame and
failure detection/recovery frame. The former can be further divided into a wavelength allocation fame
(W-A frame) and bandwidth request frame (B-R frame). The latter can be further divided into a failure
detection frame (F-D frame) and failure recovery frame (F-R frame).
In the ﬁrst control period, the control station transmits the initial wavelength allocation through
λc and each RAU ﬁlters it out immediately to obtain the information of assigned data wavelength λi
(i = 0, 1, . . . , n−1) from the assigned time slot where the RAU’s tunable ﬁlter should tune into. The bandwidth request data are modulated and then propagated back to the control station in the corresponding
bandwidth request time slot of the RAU.
In the second data period, all traﬃc is contained within super frames. In each time period, each
moveable cell has its RF resources. At the beginning of the frame belonging to a certain RAU, there is
a beacon ﬁeld consisting of the RAU identiﬁcation (ID) number. Following this ﬁeld is the reservation
time slot, which is used for new incoming terminals that have not reserved a time slot but have data to
transmit. The next ﬁelds are downlink and uplink time slots assigned to each user terminal as speciﬁed
https://engine.scichina.com/doi/10.1007/s11432-012-4667-7
in the bandwidth allocation.
In parallel to the data exchange, the control station periodically reruns the
ﬁrst control period through λc to update the wavelength allocation information and bandwidth request
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information, and in the meantime, it uses another type of control frame, namely the failure detection/recovery frame (F-D frame and F-R frame) that will be explained in the next section, to quickly
detect and recover from any failure caused by WDM lasers.

4

Failure detection and recovery

In the reconﬁgurable RoF network architecture proposed in Section 2, failures of WDM lasers have been
taken into consideration. In the physical architecture, tunable ﬁlters are used to obtain the speciﬁed allocated wavelength. Moreover, the previous section described a MAC protocol supporting failure detection
and recovery. In this section, we numerically analyze the failure detection and recovery.
Figure 4 is a ﬂowchart of the proposed MAC scheduling mechanism, including failure detection/recovery
and wavelength allocation. The control station periodically obtains the W-A frame and B-R frame. If the
bandwidth request data do not abide by the probability distribution obtained from the former training
period, or the time slots corresponding to a certain RAU in the B-R frame has no request data back to
the control station, the bandwidth request information will be set as abnormal and the failure detection
mechanism will be launched. The control station will transmit an F-D frame through λi only to RAUi
within the timeout value of system round-trip delay. Additionally, if the F-R frame has not been received
within Tt , failure recovery will be launched through wavelength allocation, which will be quantitatively
explained in the next section.
The timeout value for failure detection can be derived as
https://engine.scichina.com/doi/10.1007/s11432-012-4667-7

Tt = 2 × Tprop + Tp ,

(1)
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where Tprop is the propagation time from the control station to the RAU via the optical ﬁber, and Tp is
the processing time of the RAU. The propagation time is normally 4.5 µs for 900 m ﬁber. Tt is directly
proportional to the ﬁber length between the control station and RAU.
We take the failure detection procedure of RAUk and RAUj as an example, as shown in Figure 5.
When receiving the F-R frame within Tt (e.g., RAUk ), there will be no alarm. On the other hand, if
https://engine.scichina.com/doi/10.1007/s11432-012-4667-7
the control station has not
received the F-R frame within Tt (e.g., RAUj ), the failure of this RAU will
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Optical switches with switching times

Parameter

Optical switch

Switching time (ms)

GI
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0.003
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4

GIII

Micro electromechanical systems, bubble

10

GI
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Failure recovery time (ms)
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0

Figure 6
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Failure recovery time versus optical ﬁber lengths for diﬀerent optical switch groups.

declared. Mistaking abnormal bandwidth requests or zero bandwidth requests for failure is avoided with
the help of the F-D frame and F-R frame. Moreover, in the event of failure, the system enters the failure
recovery stage where the dynamically wavelength allocation mechanism is used to cover the failures caused
by WDM lasers.
If the cell range is 100 m and the speed of the train is 300 km/h, the detection and recovery from failure
within one cell dimension must take less than 1.2 s. If the train speed is 350 or 500 km/h, detection and
recovery must be completed within 1.03 and 0.72 s respectively. This suggests the need for a fast failure
detection and recovery procedure.
Optical switching times on the order of milliseconds or microseconds are depicted in Table 1. To decrease the total failure detection and recovery time, diﬀerent optical switches having varying performance
can be used.
As shown in Figure 6, using diﬀerent optical switches, the failure recovery time varies greatly. Note
that the failure recovery time appears to be almost independent of ﬁber length owing to the contribution
of the microsecond-scale propagation times in the overall (1). It is obvious that the inﬂuence of optical
ﬁber lengths is much less than that of the diﬀerent switching times. The loss ratio is depicted against
the optical ﬁber length for diﬀerent optical switch groups in Figure 7(a); results are given for train
speeds of 300, 350, and 500 km/h. It is obvious that the higher the speed is, the higher the loss ratio
is. Additionally, the trends of loss ratio curves at diﬀerent speeds for parameters GI, GII, and GIII
(described in Table 1) are similar. The optical switch has a greater inﬂuence on the loss ratio than the
optical ﬁber length. Figure 7(b) depicts the logarithm of the loss ratio for diﬀerent optical switch groups
when 20 km ﬁber is used in the network. The loss ratio varies greatly for diﬀerent optical switch groups.
The contribution of the train speed to the loss ratio is less than that of the optical switching time. Hence,
the optical switching time aﬀects not only the failure recovery time but also the loss ratio. From the
demonstration, we can construct a reconﬁgurable RoF architecture satisfying diﬀerent failure recovery
time limits by selecting a suitable optical switch.
In this section, we demonstrated the process of failure detection/recovery and its dependence on the
optical switching time. Inhttps://engine.scichina.com/doi/10.1007/s11432-012-4667-7
the next section, we quantitatively analyze the wavelength resource allocation
mechanism of the proposed RoF network architecture using diﬀerent optical switches.
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Wavelength resource allocation

Using diﬀerent optical switches in the proposed RoF network architecture results in diﬀerent network
performance, as demonstrated in this section through simulation using OPNET software1). To estimate
the total bandwidth needed on the train, we need to set the number of users. A recently manufactured
high-speed train can carry 2000 passengers. Supposing that 20% of passengers demand network access
and the bandwidth demand of the individual is 2 Mbit/s, the total bandwidth requirement is 800 Mbit/s.
Supposing that there are 15 carriages, the average bandwidth demand per carriage is nearly 54 Mbit/s.
Because the payload is always transmitted with an overhead that occupies the total bandwidth, the
eﬀective bandwidth of the customer will be reduced. One common way to greatly increase the eﬀective
bandwidth is to reduce the overhead as much as possible. Using this principle, we proposed the hybrid
FDM/TDMA MAC protocol, in which the overhead only contains necessary information such as the ID
ﬁeld and reservation ﬁeld. Therefore, it is considered that the eﬀective bandwidth is close to the set
bandwidth.
To examine the network performance of wavelength allocation in the event of failure, optical switches
with diﬀerent switching times are tested. For simplicity, optical switches are divided into three groups
as shown in Table 1. All traﬃc loads have been set to be real-time traﬃc with a burst Poisson arrival
model and the aggregation rate is no more than 54 Mbit/s to approximately maximize the real network
traﬃc. It is supposed that there are eight initial available wavelengths and RAUs connected with the
control station. During the failure recovery period, the optical switches controlled by the control station,
as shown in Figure 2, immediately switch to the assigned wavelength port, and the response time is
determined by the optical switching time. Note that simulation results for the RAU are the average for
samples collected over 15 s of simulation in OPNET, where each sample is collected automatically in
bucket mode. GI is simulated from 0 to 5 s simulation time, GII is simulated in the next 5 s, and GIII
is simulated in the ﬁnal 5https://engine.scichina.com/doi/10.1007/s11432-012-4667-7
s.
1) OPNET. http://www.opnet.com
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Figure 8 depicts the total network performance of the proposed wavelength resource allocation scheme.
Three diﬀerent groups of optical switches and seven diﬀerent available wavelengths states—1 WL, 2 WL,
3 WL, 4 WL, 5 WL, 6 WL, and 7 WL—are considered. One wavelength is available in the 1 WL state, and
so on. The trends of the overall queue delay and queue size remain stable in a certain available wavelength
state for the three diﬀerent groups, which demonstrates the stability of the proposed wavelength allocation
scheme. The minimum queue delay for GI, GII, and GIII approximates the switching time of the optical
switch used in the system. The queue delays and queue sizes of the three optical switching groups vary
greatly because the optical switches in the groups have diﬀerent switching times. As shown in Figure 8,
the queue delay and queue size of the 7 WL state are less than those of the other wavelength states for
GI, GII, and GIII since there are more available wavelengths.
Figure 9 illustrates the network performance when employing optical switches of GII for four available
wavelengths (i.e., the 4 WL state). The maximum diﬀerence in the queue delay samples for RAUs is
around 0.33 ms, and the maximum diﬀerence in the queue size is around 0.015 Mbit, which is approximately only 0.03% of the aggregation traﬃc load. Moreover, the maximum queue delay is approximately
8.2 ms, which is about twice the optical switching time of GII. However, the wavelength utilization of
the 4 WL state is twice that of the initial 8 WL state.
Figure 10 depicts the queue delay and queue size versus the number of available wavelengths for GI,
GII, and GIII. It should be noted that for GI, GII, and GIII, as the number of available wavelengths
increases, the queue delay and queue size decrease owing to the use of the wavelength resource. The more
https://engine.scichina.com/doi/10.1007/s11432-012-4667-7
available wavelengths there
are, the less the queue delay and queue size are. The maximum diﬀerence is
obtained when only one wavelength is available in the event of failure. The maximum diﬀerence in the
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queue delay for GI, GII, and GIII is found to be at around 37.5 ms, and that for queue size is at around
2.93 Mbit. Both the diﬀerence in the queue delay and queue size decrease as the number of available
wavelengths increases. The minimum value is obtained when seven wavelengths are available in the event
of one failure.
The results show that as the number of failures detected increases, an optical switch with shorter
switching time is needed to reduce the queue delay and queue size. Intuitively, we understand that little
optical switching time and many available wavelengths will result in a fast failure-recovery period. Our
quantitative results of queue delay and queue size in the event of failures can be a selection basis for
network designers or operators in actual deployment. Given the limitations of queue delay and queue
size, we can choose suitable optical switches and a suitable number of wavelengths to maintain network
performance in the event of laser faults.

6

Conclusion

We proposed a dynamically reconﬁgurable RoF network architecture with an intelligent MAC protocol to
provide network access to train passengers. The architecture is based on a reconﬁgurable control station
and RAU that is equipped with a ﬁxed ﬁlter and tunable ﬁlter. Using the tunable ﬁlter of the RAU and
a control channel, the control station can dynamically control where the RAU’s tunable ﬁlter will tune
into in the coming time cycle. Moreover, from the MAC-layer perspective, the network can detect failure
and recover using an F-D frame and F-R frame with the help of the proposed FDM/TDMA-based MAC
protocol. Meanwhile, the dynamic wavelength resource allocation can increase the wavelength resource
utilization in the event of failures. Simulations of eight data wavelength beams demonstrated the correct
selection of optical switches for diﬀerent queue delay and queue size requirements. For a given queue
delay/queue size, our quantitative results provide a basis for the correct selection of optical switches and
number of wavelengths in actual deployment.
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