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Abstract

In order to satisfy the increasing demand of wireless broadband multimedia services, much attention has been paid to the 60 GHz
band where as much as 5 GHz of spectrum has been reserved. However, in the indoor environment, the propagation of signals at this
millimeter wave band is strongly hindered by walls, people and their movement, furniture, etc. As a result, a mobile user might experience
frequent loss of connection as the user moves from one cell to another. In this paper, we propose a flexible and cost-effective Radio-over-
Fiber (RoF) based network architecture to support indoor networking at millimeter wave bands. To create sufficient overlap areas
between cells and thus to ensure a seamless communication environment for mobile users, the concept of Extended Cell is introduced.
We demonstrate the effectiveness of the proposed architecture with a detailed simulation study of an indoor scenario. Furthermore, we
analyze the impact of the architecture on the performance of two popular state-of-the-art protocols, namely IEEE 802.11 and IEEE
802.16, to find which Medium Access Control (MAC) protocol is suitable for RoF networks.
� 2007 Elsevier B.V. All rights reserved.
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1. Introduction

In the last few years, broadband access has experienced
an explosive boom with the demand for higher data rates
to accommodate a great diversity of new services and the
growing number of end users. On one hand, we have wit-
nessed a massive penetration of x-DSL and cable internet
access in business and household environments. Fiber-to-
the-home (FTTH) deployments are nowadays also becom-
ing very popular as a future-proof infrastructure to provide
high speed and triple play support, comprising both
switched Ethernet-based and passive optical network
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(PON)-based architectures [2]. On the other hand, wireless
LAN systems like IEEE 802.11a/b/g have made broadband
wireless access a reality, with the proliferation of cheap and
easy-to-deploy Access Points (AP) in households, build-
ings, airports, shopping malls, etc. Emerging broadband
fixed wireless access systems like IEEE 802.16 aim to
enhance these broadband capabilities with innovative
approaches in the sub-11 GHz band and in the millimeter
wave region [3]. In the quest for more available bandwidth,
much attention has also been paid to the 60 GHz band,
where as much as 5 GHz of spectrum has been allocated
worldwide. This unprecedented amount of available spec-
trum holds the potential for much higher data rate ever
compared to other bandwidth-limited channels that are
currently used. It is predicted that the wireless data rate
in the range of 1 Gbps will be the order of the day [4].

However, the migration to such an aspiring radio band
imposes some challenges for the design of a reliable access
network infrastructure:
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Fig. 1. Radio-over-Fiber distribution antenna system.
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(1) Due to the huge propagation losses at 60 GHz, this
band has been proposed for short-range broadband
communications and wireless access in the indoor
environment. In this environment, a radio cell is typ-
ically confined to a room, where walls and floors can
be automatically defined as reliable boundaries [4,7].
Thus, at least one radio access point (AP) is required
in a confined indoor area, such as a room, a hall, a
corridor, etc. Consequently, a large number of APs
is required to provide a certain geographical area
with wireless access coverage [5], which augments
enormously the infrastructure cost and the network
management complexity. Therefore, a flexible and
cost-effective network architecture is necessary to
make the radio access in this band economically via-
ble, and to provide a smooth convergence of the
(wireless) last mile access with the growing fiber-
based broadband access networks.

(2) Since the propagation of millimeter radio wave is
strongly hindered by attenuation, in an indoor envi-
ronment, a radio cells typically spans only a room.
As a result, an overlap area between two adjacent
cells exist only around open areas such as doors or
windows. Moreover, these overlap areas are often
narrow and directional. In a multi-channel communi-
cation system, where handovers (HO) are required
when a Mobile Station (MS) roams from one cell to
another, these overlap areas might be too small to
allow an MS sufficient time to trigger and complete
a handover. It is therefore crucial to design new
mobility strategies that enlarge the overlap areas in
order to enable a seamless communication
environment.

To satisfy the above requirements, we propose a net-
work architecture based on the deployment of a flexible
and cost-effective Radio-over-Fiber (RoF) distribution
antenna system. RoF distribution antenna systems have
been identified as a flexible, bandwidth-efficient, and cost-
effective option for fiber-based wireless access infrastruc-
ture, especially in in-building and business environments
[6]. They enable the consolidation of the radio access con-
trol and signal processing at a centralized processing point
(the Central Station (CS) in Fig. 1) and the delivery of the
radio signals transparently to the simplified antenna sta-
tions (AT) via optical fiber . The main goal of these RoF
systems is to reduce the infrastructure cost and to over-
come the capacity bottleneck in wireless access networks
and at the same time allowing a flexible merge with the con-
ventional optical access networks.

The RoF link lies within the physical layer of the wire-
less system to be supported, and thus, it becomes an exten-
sion of the radio access domain. This enables the possibility
of allocating dynamically radio resources from the remote
central station (CS) and thus optimizing the spectrum uti-
lization. Additionally, mobility management strategies
can be efficiently performed from the CS in combination
with a proper radio resource management in order to guar-
antee optimum overlapping areas for a seamless roaming
environment. In the proposed architecture, to achieve suf-
ficient overlap areas between cells, we propose to group
several adjacent radio cells into one Extended Cell (EC).
In other words, multiple adjacent antennas are allowed to
transmit the same content over the same frequency chan-
nel. Each EC is designated to cover a number of adjacent
rooms and a part of a transitional area, such as a corridor
or a hallway. By doing so, overlap areas are created along
transitional areas where mobile users move from one cell to
another. To illustrate the effectiveness of the proposed
architecture, we have simulated the proposed architecture
in an office building. We discuss that the system has large
enough overlap areas to perform handover and the number
of drop calls is therefore minimized.

Despite the benefits derived from this centralized and
transparent architecture, the fact of inserting a fiber link
between an AT and the CS introduces an additional prop-
agation round trip delay in the radio access which might
outrun the timing boundaries of the Medium Access Con-
trol (MAC) protocols of some wireless standards. In this
paper, we present a study of the two protocols, namely
IEEE 802.11 and IEEE 802.16, to find the effect of the
additional delay on the MAC performance.

This paper is organized as follows. Section 2 reviews the
contributions and drawbacks of some prominent solutions
for indoor networking at millimeter wave bands that are
not based on RoF infrastructure. Section 3 introduces
Optical Frequency Multiplication (OFM) – the RoF tech-
nique on which our architecture is based – and describes
the characteristics of a physical layer design for broadband
wireless access employing this technique. Section 4 presents
the characteristics of the indoor environment at the
60 GHz band, proposes a network architecture based on
Extended Cells (EC) to guarantee seamless mobility and
analyzes its system performance with a simulation study.
Section 5 addresses the impacts of a RoF-based infrastruc-
ture on some of the state-of-the-art Medium Access Con-
trol (MAC) protocol standards. Finally, the main benefits
of the proposed architecture are discussed in Section 6.
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2. Related work

Extensive studies have been carried out on the physical
aspects of the radio propagation channel in the millimeter
band by Smulders [4] and Giannetti [7]. Nevertheless, the
issues of designing an infrastructure supporting seamless
pico-cellular communication at the millimeter band have
not yet been thoroughly considered. To the best of our
knowledge, there is no reported work in the literature that
attempts to solve the problem of signal coverage for a
multi-room indoor environment at the 60 GHz band.

Ghai and Singh [8] proposed a three-level hierarchical
architecture for pico-cellular networks. In this system,
MSs are at the lowest level and are monitored by Mobile
Support Stations (MSS) which again are connected to
supervisor machines called the Supervisor Hosts (SH).
The main purpose of this classification is to simplify the
MSSs as their complexity can be moved to a small number
of SHs. In this approach, packets for a MS are multicast to
all the MSSs in the neighboring cells so that there would be
no packet loss during a handover. However, since a Layer
2 (L2) HO is always required, there will still be a delay and
thus a break in service if the L2 handover procedure is not
completed before the Layer 3 (L3) handover starts. The
problem gets more profound when radio signals drop
before an MS triggers the L2 handover procedure.

In [9], the authors propose an innovative architecture
called a Virtual Cellular Network (VCN). The architecture
utilizes the ideas of Single Frequency Networks and dis-
tributed APs to form an adaptive wireless infrastructure.
In a VCN, there is no conventional Base Station (BS) that
manages the channel and handovers. Instead, the notion of
‘‘ports’’ – essentially simple antennas – has been intro-
duced. In a network area, all the ports are connected to
and controlled by a Port Server (PS). In this system, a Vir-
tual Cell (VC) is dynamically formed for each and every
MS. It is defined as the area in which the signals sent from
the MS are strong enough to capture a port. Packets des-
tined to an MS are dynamically routed by the PS to all
the ports inside the VC. Since the network operates at a
single frequency channel and a VC is always created to fol-
low an MS, there will be no conventional handover. Each
time the MS moves to a new position, a new VC is created
and the routing table must be updated in the PS. The draw-
backs are twofold, first the whole spectrum is shared by a
large number of users; second, higher traffic overhead to
handle the ports dynamically. In [10], the authors extended
the concept of VCN with multiple receiving antennas to
form a MIMO system.

The proposed architecture in this paper is a cellular
multi-channel system that is able to optimize the utilization
of the available spectrum. Moreover, we propose an
Extended Cells (EC) concept in order to solve the problem
of small and directional overlap areas encountered in
indoor WLAN systems at millimeter wave band. We first
describe Radio-over-Fiber techniques and its usage in our
architecture, and results in the sequel.
3. Radio-over-Fiber physical layer design

In order to design a reliable RoF-based access infra-
structure, RoF techniques must (a) be capable of generat-
ing the wireless radio signals and (b) allow a reliable
radio signal transmission over the optical link. Among
many other RoF techniques, the Optical Frequency Multi-
plication (OFM) method [11] satisfies these two main
requirements by generating the microwave signals with a
single laser source and low frequency electronics and pre-
senting high tolerance to dispersion impairments in trans-
mission over single mode [12] and multimode [13] fiber
links. In this section, we review a number of functionalities
enabled by the OFM technique, which make it possible to
design a reliable RoF-based infrastructure for broadband
wireless access.

3.1. Optical Frequency Multiplication (OFM)

The Optical Frequency Multiplication (OFM) principle
is based on harmonics generation by FM-IM conversion
through a periodic band pass filter. At the CS, a continu-
ous wave laser source x0 is frequency modulated (FM)
by a sinusoid with sweep frequency fsw, intensity modulated
by the radio signal (data) at low frequency subcarrier
fsc < fsw/2, passed through a periodic band pass filter
(e.g., a Mach–Zehnder interferometer (MZI)), launched
into the optical fiber link and recovered at the AT by a
photodetector (Fig. 2(a)). At the output of the photodetec-
tor, radio frequency components at every harmonic of fsw

are obtained (fharmonic = n Æ fsw) (Fig. 2(b), no data), with
relative amplitudes depending on fsw, the frequency modu-
lation index and the free spectral range (FSR) of the MZI.
When radio data are applied, the radio signals are obtained
up-converted double-sided along with the generated har-
monics at fRF = n Æ fsw ± fsc (n indicates the nth harmonic),
at the AT (Fig. 2(c)).

3.2. Physical layer design with OFM

Exploiting the features of the Optical Frequency Multi-
plication (OFM) technique, a reliable RoF physical layer
can be designed, comprising bidirectional RF transmission,
increased cell capacity allocation, multi-standard support,
remote LO delivery and an in-band control channel for
dynamic radio link adaptation and remote antenna con-
trolling [14]. The proposed scheme can be easily integrated
in WDM-PON architectures, allowing a flexible conver-
gence of wireless services with broadband access optical
networks.

3.2.1. Increased cell capacity allocation and multi-standard

support

As explained before, in a RoF link employing OFM,
any radio signal at low frequency subcarrier fsc < fsw/2
can be introduced by intensity modulation at the CS,
transparently transmitted to the AT, and recovered



Fig. 2. Optical Frequency Multiplication technique: (a) OFM implementation schematic. (b) Harmonics generation with fsw = 6.4 GHz [12]; (c) QAM
signals generated at fRF = 39.9 GHz (6th harmonic of fsw = 6.4 GHz, fsc = 1.5 GHz) [12].
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up-converted along with the desired harmonic. On the con-
dition that the maximum RF bandwidth (fsw/2) is not
exceeded, different wireless signals can be transmitted
simultaneously in a subcarrier multiplexing (SCM) scheme
[15] (Fig. 3(a)). Hence, at the AT, the obtained up-con-
verted signals can be selected at the same or at different
harmonics bands. This opens the possibility of increasing

the cell capacity of a wireless system at the AT, without
the need of installing new costly TRXs (provided that the
Fig. 3. (a) RF bandwidth capacity. (b) Multiple standard support
(simultaneous transmission/upconversion of QAM signals to 5.8 GHz
and 17.7 GHz (fsw = 3 GHz, fsc1

¼ 200 MHz, fsc2
¼ 300 MHz).
AT is equipped with the appropriate broadband filtering
and RF amplification covering the whole or a part of the
harmonic band). Also, a proper selection of the fsw and fsc’s
at the CS enables the simultaneous recovery of the wireless
signals at different harmonic bands (Fig. 3(b)). In this way,
multiple wireless standards can be simultaneously and
transparently transmitted to the same AT, e.g., WiFi and
WiMax, in a single OFM link, employing only one laser
source and low frequency electronics at the CS.
3.2.2. Dynamic radio link adaptation with OFM

Dynamic radio link adaptation to the physical medium
is a key feature in wireless transmission to guarantee sys-
tem performance. Thus, a RoF link has to support this
adaptability without incurring additional signal degrada-
tion along the optical path, being as independent as possi-
ble of the radio link adaptation procedures. Whereas link/
MAC and baseband adaptation can be controlled from the
CS, the RF adaptation may occur either at the CS or at the
AT. In the last case, adaptive remote AT configuration
might be necessary. Hence, a trade-off between AT-simplic-
ity and minimum level of AT-intelligence arises. OFM
enables a flexible mechanism for the dynamic radio link
adaptation support [15]:

• Dynamic carrier frequency allocation can be easily per-
formed from the CS by tuning low frequency
subcarriers.

• Transmit power can be remotely controlled from the CS
and adjusted at the AT, to alleviate optical dynamic
range requirements in the RoF link. For this purpose,
an in-band control channel has to be transmitted simulta-
neously with the wireless data channel from the CS to
the AT.
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In a more general approach, an in-band control channel
in the same optical link may enable other mechanisms for
remote antenna configuration and controlling, during net-
work optimization and dynamic resource allocation.

3.2.3. Bidirectional RoF link employing OFM

Fig. 4 shows a schematic diagram of a bidirectional RoF
link employing OFM [16]. At the CS, a pilot subcarrier
fscpilot can be also multiplexed together with the downlink
radio channels and the control channel. At the photodetec-
tor output, this subcarrier is up-converted together with the
RF channels to fLO ¼ n � fsw � fscpilot , and can be used as a
local oscillator (LO) at the AT. In this way, the uplink
RF channels arriving at the AT are mixed with the remo-
tely delivered LO’s and down-converted to low intermedi-
ate frequency (IF) fUL = jfLO � fRFj. The resulting IF
uplink signals can modulate the intensity of a low cost light
source and be directly transmitted to the CS, where they
can be further processed by a low frequency RF receiver.

3.2.4. Flexible wireless-optical convergence

OFM has the advantage of generating microwave carri-
ers with the use of a single laser source. When bidirectional
transmission is considered, two separate wavelengths (kDL

and kUL) compose the RoF link. Thus, the extension of this
OFM-based RoF link towards a distribution antenna sys-
tem design implies the multiplexing of wavelength pairs
per AT. This scheme can be easily integrated in wavelength
division multiplexing passive optical network (WDM-
PON) architectures, which are nowadays very popular in
fiber-to-the-home (FTTH) broadband access [14], provided
that the wavelength grid is wide enough (at least as wide as
the optical spectrum broadening produced by the optical
frequency modulation) to avoid overlapping between
WDM downlink channels.
Fig. 4. Bidirectional RoF link employing OFM.
4. Wireless indoor broadband network at 60 GHz

In this section, we propose an architecture that is able to
provide a seamless environment for networking at millime-
ter wave bands. A simulation study including the effect of
radio propagation is also presented. We consider quality
of connections for MSs vis-a-vis the effect of propagation
at 60 GHz.
4.1. Propagation at 60 GHz band

The indoor environment can be characterized by grids
of rooms, corridors, hallways, etc. typically of the order
of a few meters. Geographically, a floor layout exposes
some levels of regularity. A radio cell at 60 GHz typically
spans a room and is separated from neighboring cells by
walls. An overlap area between two adjacent radio cells
exists only around doors or windows where line of sight
for both rooms meet. Due to the high propagation loss
caused by walls, the overlap area is normally narrow and

directional. Radio propagation at the 60 GHz band has
been simulated using the popular ray-tracing software
Radiowave Propagation Simulator 5.3 (RPS) [17] which
is accurate in terms of the statistical properties [18].
Fig. 5 shows the simulation configuration. The floor plan
of the Wireless and Mobile Communication (WMC)
group, TU DELFT is considered in this analysis showing
two rows of 5 m · 8 m office-rooms and a student lab
(15 m · 8 m). Walls are made of concrete and are 10 cm
thick and doors are assumed to be always open. Two trans-
mitters, operating at 60 GHz, (AT1) and (AT2) are placed
at the center of a room and in the corridor under the ceiling
(3 m high) respectively. A mobile user moving from ‘A’ to
‘B’ in the corridor and at ‘C’ crosses the door and loses the
line-of-sight connection with AT1 at ‘D’.

The signal strength contributed from AT1 and AT2 is
collected along the user’s path and is shown in Fig. 6. Sig-
nals from AT1 is good from ‘A’ to ‘D’ and after ‘D’, the
user loses the connection with AT1 and consequently, the
signal strength drops sharply. Contrarily, signal strength
from AT2 rises at ‘C’. The distance between the points
Fig. 5. Simulation of the overlap area.
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‘C’ and ‘D’ determines how long the user has to cross the
overlap area. To guarantee a seamless multi-channel com-
munication environment, a handover should be triggered
and completed before reaching ‘D’. This distance is short
when a user makes a sharp turn going out of a room thus
the system will not have enough time to trigger or to com-
plete a handover resulting in packet loss (break in call) or
call drop. We term this as corner effect.

Assuming the average speed of a mobile user is 2 m/s, a
handover will have to be performed every 5s as the mobile
user passes through the grid of picocells. Due to the corner
effect, a call might be dropped or a user might experience a
number of breaks along the path from one room to
another. In the next section, a Radio-over-Fiber architec-
ture is proposed to mitigate this problem.

4.2. The proposed architecture

In the proposed architecture, each radio cell will be
served by an antenna connected with a remote CS via an
optical distribution network. Irrespective of the topology
– bus or tree topology – a link between CS and an antenna
station (AT) can be considered to be dedicated since Wave-
length Division Multiplex (WDM) is used along with Opti-
cal Frequency Multiplying (OFM) for optical signal
transportation [5]. As discussed in Section 3, the introduc-
tion of an optical fiber feeder network into a wireless LAN
is actually the process of simplifying the complexity of
antenna stations and concentrating their processing func-
tions into a single processing point (the CS). For a system
operating in a millimeter wave band, the simplification of
antenna stations is necessary since a large amount of
antenna stations are required to cover a certain area. More-
over, since all the processing functions are concentrated
into one point, it is easier and cheaper to maintain, upgrade
and consolidate the networks. As a result, this proposed
hybrid architecture is the potential alternative to address
the first challenge mentioned in Section 1.

In this architecture, every antenna has an identification
(ATi). Since WDM is used for the optical distribution net-
work, at least one pair of wavelength, i.e., kDLk and kULk, is
fed to each radio cell. A table containing information
about the pair of wavelength and the corresponding ATi

is maintained at CS. Due to the flexibility of the WDM
optical distribution network [15], more than one pair of
wavelength can be assigned to an antenna. As a result, it
is possible to dynamically allocate more spectrum to each
radio cell by assigning more wavelengths to the antenna.
Each MS has its own globally unique address (MSp). To
assist the switching of packets to/from a MS, another table
containing information about the address of the MS (MSp)
and the corresponding antenna (ATi) to which the MS is
connected is also maintained in the CS.

MSs periodically collect the Radio Signal Strength Indi-
cators (RSSI) of their current and neighbor antennas.
Depending on the collected data, an MS will decide to stay
with its current connection or to initiate a handover. In this
system, handovers are initiated by MSs. Whenever an MS
decides to perform a handover from the current cell (ATi)
to another cell (ATk), the MS sends a request to the CS that
will subsequently update tables. Since the address of an MS
is kept unchanged, it is required to perform only an L2
handover when the MS moves from one cell to another.
As discussed in Section 1, to guarantee a seamless L2 hand-
over, large enough overlap areas between cells are required.
Thus, we introduce the concept of Extended Cells (EC) to
address this issue.

4.3. The concept of Extended Cells (EC)

To create better overlap areas, we propose to group
multiple adjacent antennas into an Extended Cell (EC)
and to allow the antennas to transmit the same content
over the same frequency channel. An EC is designed to
cover several adjacent rooms and a part of a transitional
area. By doing so, an overlap area between two ECs can
always be created in the transitional zone. This concept
of Extended Cells is supported by the following reasoning.

• In an indoor environment, a mobile user has to pass
through a transitional area, e.g., a corridor, a hallway,
etc., to go from one room to another. It is therefore
important to optimize the overlap areas in these transi-
tional arenas.

• Due to the flexibility of the optical distribution network,
frequency channels can be dynamically allocated to an
antenna [19,15].

• Since the available spectrum at the 60 GHz band is
abundant, larger channels (�100 MHz) can be used to
accommodate a large number of mobile users.

Using this concept, the corner effect will be avoided as
the mobile user is still in the EC when he/she moves out
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of the room and turns. The number of HOs will therefore
be substantially decreased. Further, a form of spatial diver-
sity can also be achieved using EC since multiple copies of
a signal are concurrently sent by all the antennas in an EC.
Shadowing is reduced since there is a better chance that a
mobile station receives a good signal.

The main problem with this approach is that a mobile
user will receive multiple replicas of a signal at an instant.
This is equivalent to receiving a signal in a strong multipath
environment which causes frequency-selective fading and
Inter Symbol Interference (ISI). To mitigate this effect,
we propose to use OFDM. In an OFDM system, data
are distributed over a large number of orthogonal sub-car-
riers with each sub-carrier operating at a much lower bit-
rate over a much narrower and flatter channel. The guard
period which is a cyclic extension of each OFDM symbol is
an effective method to remove fading and ISI, provided
that it is longer than the delay spread of the radio channel
[20]. The size of an EC is therefore restricted by the design
of the OFDM system. For example, a broadband indoor
network is designed to deliver a datarate of 1 Gbps using
OFDM and 16 QAM modulation. Consequently, the sym-
bol period is 4ns. The OFDM system uses 256 subcarriers
that effectively increases the symbol period up to 1 ls. A
guard period of 1/4 of the symbol period is used to provide
250 ns of protection against ISI. If only the line-of-sight
propagation paths from the antennas in an EC are consid-
ered, the difference of any two paths cannot exceed
250*10�9

*3*108 = 75 m. Therefore, the maximum diame-
ter of an EC is 75 m. In this system, the received signals
from all the antennas in an EC can be combined as OFDM
is used with a sufficient guard period to mitigate the effect
of phase differences [21].

To use the Extended Cell, another table needs to be
maintained by the CS that contains the Extended Cell
to antenna mapping. This table can also be updated
as wavelengths/frequency channels can be dynamically
allocated and switched to different antennas. This
dynamic allocation can be based on numerous factors,
such as the traffic requirement in each EC. However,
this topic requires further research and thus is not
included here.
AT1 AT2
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Fig. 7. A broadband indoor networ
4.4. Simulation study

To illustrate the effectiveness of the proposed architec-
ture, a simulation for an indoor network at the 60 GHz
band employing the proposed concept has been developed
using C++.

4.4.1. Simulation setup
Fig. 7 illustrates the configuration of the broadband

indoor network used in this simulation study. The floor
plan shown in Fig. 7 is used. An antenna operating at
60 GHz with the gain of 0 dBm is installed in every office
room. A number of antennas are installed along the corri-
dor with a spacing of 5 m. All the antennas are connected
to the CS via an OFM optical distribution network. As
shown in Fig. 7, the antennas AT6, AT7 and AT26 are
grouped into the extended cell EC1. Similarly, the extended
EC2 contains the antennas AT5, AT8 and AT25. The over-
lap area between EC1 and EC2 is created in the corridor
between the AT7 and AT8.

Firstly, a database of signal strength values for all the
positions in the floor is built by placing a receiver grid with
a spacing of 20 cm onto the floor plan. For each vertex of
the grid corresponding to a receiver position, the signal
strength values contributed from the surrounding antennas
are collected using the ray-tracing simulation package –
RPS [17]. We assume that OFDM with sufficiently large
cyclic prefix is used to eliminate the multipath effect.

In this simulation study, two scenarios are introduced.

(1) The scenario without shadowing: In this scenario, no
obstacle is placed onto the floor. As a result, signals
are good at all points.

(2) The scenario with shadowing: In this scenario, objects,
such as plants and immobile people, are introduced
randomly around the floor to create shadowed
regions (Fig. 7).

Next, to simulate mobility, mobile users are uniformly
distributed around the floor. Each mobile user starts a call
with a mean duration value of 200 s. Mobile users move
around the floor according to the random walk with reflec-
CS
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tion mobility model [22]. The velocity of a user is randomly
selected in the range [vmin,vmax] and remains constant for a
call. The velocity decides how fast the user moves from one
vertex of a grid to another. Only eight directions are used
in this mobility model.

At every step during the movement, the MS checks the
signal strength values contributed from surrounding anten-
nas that have been recorded in the first step and decides
whether to stay with the current connection or to initiate
a handover. This decision algorithm is shown in Fig. 8.
For this simulation study, the receiver’s sensitivity is
assumed to be �85 dBm and the hysteresis level is set to
0 since the spacing between antennas is very close. The fol-
lowing metrics are considered.

(1) Average number of HOs per call

(2) Probability of a shadowed call drop: The probability
of a call drop caused by shadowing.

(3) Probability of a HO drop: When a MS passes through
an insufficient overlap area, it will have to experience
a number of packet losses or a break in call. How-
ever, in this simulation study, this will be counted
as a Drop during HO.

(4) Average call duration: A larger call duration indicates
a better quality of service.

(5) Average No. of HOs saved by using ECs: Since multi-
ple adjacent radio cells are grouped into an EC, the
number of HOs decreases.
1 For the ease of interpreting the figures, arrows are drawn pointing to
the corresponding y-axis used for the selected data sets.
4.4.2. Results and discussion

We have simulated the movement of a user, in a call,
and the floor coverage using multiple antennas fed by the
CS using fibers. The speed of the user influences the num-
ber of steps taken to cross a grid. Thus, the variations in
the signal strength seen by the MS are higher if the mobility
of the user is high. The simulation of our proposed archi-
tecture is carried out with respect to (a) presence or absence
of shadowing, and (b) with or without Extended Cells
(EC). We collected statistics for the above metrics for dif-
ferent scenarios which we take up for discussion in the
sequel.

In Fig. 9(a), we take the case of non shadowing. The
average number of handovers per call increases linearly
with the speed of mobile users when EC is employed.1

On the contrary, the number of HOs is remarkably lower
when EC is not used. Though it is surprising, it is due to
the fact that many calls are dropped as soon as MSs move
out of a room and turn. We present the probability of a call
being dropped and the probability of a shadowed drop
which is always zero.
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The probability of a HO drop for the case with EC is
much less compared to no EC case. As can be seen in the
figure, the probability difference can be up to 70%.

Fig. 9(b) shows the results for the scenario where shad-
owing is introduced. The average number of HOs with the
EC is much larger than that when no EC is used. However,
this number is smaller compared to no shadowing case
since more calls are dropped by shadowing and during
handovers. As mentioned before, a distinction between call
drop during handover and shadowing is made in this study.
We can see that the introduction of EC does not effectively
influence the probability of a call drop caused by shadow-
ing. This can be reasoned by the fact that the signal
strength at a position is dominant by the line-of-sight prop-
agation path. Therefore, the contribution of other signals
from other antennas in the EC is not significant. However,
this contribution will be better if the more antennas are
included in an EC. In the shadowing scenario, the proba-
bility of a HO call drop with EC is higher than that in
the scenario of no shadowing since whenever a call experi-
ence packet drops due to shadowing, the call is dropped
(Fig. 8).2

To clearly see the effects of shadowing and the applica-
tion of the EC technique, the comparison of the probabil-
ities of a call drop in two scenarios is shown in Fig. 10(a).
Shadowing without EC will result in a higher possibility of
a drop compared to all other combinations and with EC
many handovers are saved. In Fig. 10(b) we plot both,
the handovers saved and probability of saving a call by
using EC which would have otherwise been dropped. We
can see that with shadowing, larger numbers of HOs are
saved since the MS is able to switch to a good antenna in
the same EC when it is in a shadowed area. As expected
shadowing does reduce the performance, however, it is
interesting to note that at lower speed the probability of
avoiding a call drop is similar for both cases – with and
without shadowing. An important aspect of this setup
and our proposal is to see the quality of service with the
introduction of ECs. We can also infer that the average life
time of a call is longer when ECs are used.

Intuitively, the average size of an EC strongly effects the
performance of the network. To study the effects of increas-
ing the average size of an EC, six EC plans, i.e., EC0–EC5,
are also used in the simulation. In the EC0 plan, the EC
concept is not applied. In other words, each antenna cover-
ing a room or a part of the corridor operates in a separate
channel. The EC1 plan is illustrated in Fig. 7 where each
EC includes three adjacent antennas. Similarly, the average
2 When MS move through an area where the signal is very weak, say a
sharp bend around a corner it experiences some break in service. We
account these instances also as HO call drop. Even if we somehow solve
the problem of losing connectivity for a short duration, by nature it is a
blackout of packets and will cause disturbances. Since we are aiming at
indoor environment and if a user experiences frequent interruptions it
would be annoying and is detrimental to the cause of providing the
seamless connectivity. Thus, we have taken this as a call drop and we have
tried to minimize it.
number of antennas in an EC is 5, 7 and 9 for the EC2,
EC3 and EC4, respectively. Finally, the whole floor is
defined to be one EC in the EC5 plan. Moreover, the aver-
age speed of mobile users is varied.

For the six plans, the averaged number of HOs per call
is shown in Fig. 11(a) and the probability of a call drop is
illustrated in Fig. 11(b). For the EC0 plan, the averaged
number of HOs is small since a large number of connec-
tions is dropped due to the corner effect. As more antennas
are included in an EC, the average number of HOs, as well
as the dropping probability, are largely reduced. This is
because a MS does not have to perform HO when it moves
out through a door and makes a sharp turn as long as it is
still in an EC. In other words, the corner effect has been
effectively mitigated. As can be seen in Fig. 11(b), the drop-
ping probability of a call is constantly reduced from the
EC0 to EC5 plan. The EC3 and EC4 plans experience a
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negligible probability of a call drop, indicating a seamless
communication environment.
5. Impact of a RoF-based architecture on the state-of-the-art

MAC protocol standards

The major effect when an optical distribution system is
inserted in a traditional wireless network is the additional
propagation delay introduced by the fiber links. This addi-
tional propagation delay can exceed the timing boundary
of the network’s MAC protocol and eventually stop the
network from working. For centralized MAC schemes,
such as IEEE 802.16 and ETSI HiperLAN/2, the effect of
the additional propagation delay is less severe since the
timing between different phases are allowed to be adjusted
by the Base Station (BS). However, for distributed control
protocols, such as IEEE 802.11 and IEEE 802.15.3, the
additional delay poses a challenge to the design of the fiber
distribution system. Furthermore, when multiple radio
cells are grouped into Extended Cells (EC), mobile stations
in different rooms become hidden to each other as signals
do not penetrate walls at millimeter wave bands. As a
result, this hidden-terminal problem can cause the through-
put of a network to decrease drastically. In this section, the
impacts of the proposed RoF architecture on two state-of-
the-art standards representing the distributed and central-
ized control family, namely IEEE 802.11 and IEEE
802.16, will be discussed.

Representing the distributed-control family, IEEE
802.11 is the most popular standard for Wireless Local
Area Network (WLAN). Its MAC protocols operates in
two access modes: Distributed Coordination Function
(DCF) and Point Co-ordination Function (PCF). The
PCF provides contention-free access, while the DCF
adopts the CSMA/CA mechanism for contention-based
access. Under the DCF mode, a station that has a packet
ready to send must first ‘‘sense’’ the medium. If the medium
is idle, it then waits for an interval of DIFS ls (DCF-Inter-
Frame Space) and samples the channel again. If the chan-
nel is still idle, it transmits the data packet. Otherwise, it
defers the transmission and starts the back-off procedure.
At the other end, the receiving station calculates the check-
sum and determines whether the packet was received cor-
rectly. Upon receipt of a correct packet, it waits for SIFS
(Short InterFrame Space) ls and then transmits a positive
acknowledgement (ACK) back to the sender. In the case
that the packet does not arrive at the destination, the send-
ing station waits for an ACK-timeout period and starts the
backoff procedure [23].

Another standard that is currently gaining strong sup-
port from developers and industries is the IEEE 802.16
protocols suite. Working in the 2–60 GHz band, IEEE
802.16 supports both Time Division Duplexing (TDD)
and Frequency Division Duplexing (FDD). Unlike IEEE
802.11, at the MAC level, an IEEE 802.16 network oper-
ates on the Request/Grant basis which is essentially cen-
tralized. In other words, the Base Station (BS) is solely
responsible for assigning radio resource. The MAC layer
controls medium access on the uplink channel (UL) using
a Demand Assigned Multiple Access (DAMA) mechanism.
On the downlink (DL), the Base Station (BS) transmits to
the subscriber stations using time division multiplexing
(TDM). An IEEE 802.16 frame is adaptive in that the link
capacity allocated to the downlink versus the uplink may
vary. The BS accepts bandwidth requests from the Sub-
scriber Stations (SSs) and grants them time slots in a num-
ber of MAC frames. These grants are made based on the
service agreements, which are negotiated during connection
setup [24].

5.1. IEEE 802.11 employing Radio-over-Fiber

Although the IEEE 802.11 standard specifies the signal’s
maximum propagation delay to be less than 1 ls (300 m
transmission range), it is still possible to accommodate
the extra propagation delay introduced by the optical dis-
tribution network by extending the ACK-timeout value.
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As long as the timeout is increased to accommodate the
ACK packet arriving at the sender before ACK_timeout,
the protocol responds properly. Additionally, since DCF
specifies that a ready station must wait for DIFS ls before
it starts the actual transmission, the channel is implicitly
reserved for the receiving station to send ACK as long as
the ACK arrives during the DIFS interval.

For this analysis, it is assumed that the aggregated traffic
generated by all the MSs in a radio cell follows the Poisson
distribution with the packet generation rate of G packets/s.
Hence, G includes new and rescheduled packets. It is also
assumed that tprop is the propagation delay between any
pair of MS–CS. This assumption is reasonable since the
total propagation delay, tprop, is dominated by the delay
introduced due to the transmission in the fiber, tfiber_prog,
that is approximately the same for any MS–CS connection.
Since during the tprop duration, it is possible that other sta-
tions start their own transmission and thus cause collisions,
tprop is also the vulnerable period of the network.3 We also
assume that all the packets have fixed length and the packet
transmission time is constant L ls. The transmission of an
ACK takes c ls.
5.1.1. When the extended cell concept is not applied

As discussed in Section 1, at the millimeter-wave band,
each antenna is able to cover only a small confined area
such as a room. Consequently, all the MSs connected to
the antenna are close to each other and thus are not hidden
to each other.

Let t be the time of arrival of a packet which senses the
medium idle. Any other packets arriving in the interval t

and t + tprop will cause a collision. Let t + Y be the time
of arrival of the last packet arriving between t and t + tprop.
The transmission of any packet arriving in (t,t + Y) will be
completed at t + Y + L. Only tprop ls later will the channel
be sensed idle again. The interval between t and
t + Y + L + tprop is called the transmission period. Using
the results from [25], the average duration of Y is given by:

Y ¼ tprop �
1

G
ð1� e�tpropGÞ: ð1Þ

The throughput S0 of a IEEE 802.11 cell is given by:

S0 ¼
U

Bþ I
ð2Þ

where U denotes the fragment of the time in a transmission
period that the channel is used without collisions, B is the
expected duration of busy period that is dependent on Y

and I is the expected duration of the idle period. The prob-
ability that a transmission period is successful is simply the
probability that no station transmits during the first tprop ls
of the period, therefore:
3 Notice here that we consider the whole period to be vulnerable. In fact,
the chance that other stations sending packets and causing collisions is
much less likely since both physical and virtual carrier sensing are used in

IEEE 802.11.
U ¼ Le�tpropG: ð3Þ

The average duration of an idle period is simply the inver-
sion of the packet generation rate and thus we have

I ¼ 1

G
: ð4Þ

The average length of the busy period containing successful
transmissions or collisions is given by:

B ¼ DIFS þ Y þ Lþ tprop þ ðSIFS þ cÞe�tpropG: ð5Þ

From Eqs. (3)–(5), we have the following relation between
the throughput of a cell S0 and the offered traffic G:

S0 ¼
Le�tpropG

DIFS þ Y þ Lþ tprop þ ðSIFS þ cÞe�tpropG þ 1
G

: ð6Þ
5.1.2. When the extended cell concept is applied

In this scenario, a channel is used to serve multiple
antennas/rooms. The direct consequence is that MSs in dif-
ferent rooms are separated by walls and hence cannot hear
each other. In this case, the MSs in a room are completely
hidden to the other MSs in other rooms and thus the RTS/
CTS mechanism cannot solve the hidden terminal problem.

Assume that a radio channel is used to serve N radio
cells via an optical fiber distribution network (Fig. 7). An
immediate consequence of this configuration is that MSs
in one radio cell are completely hidden to MSs in other
cells. Hence, it is fair to consider that the N radio cells
are independent to each other. As a result, several MSs
in different cells can decide that the medium is idle and start
sending their packets at the same time. Collision will thus
occurs at the CS when these signals are collected.

Let p1 to be the probability of an arrival of a packet in
time t in a cell and p2 is the probability of at least one
packet arrival in time t in a cell. The probability of only
one MS successfully transmits the packet will be:
ps = p1(1 � p2)N�1. The throughput of the network in this
case is:

Sm ¼ psS0: ð7Þ

Under the assumption that the aggregated traffic of the net-
work is Poisson with the packet generation rate of G pack-
ets/s, we have p1 = LGe�LG and p2 = 1 � e�LG.

5.1.3. Theoretical and simulation results

To calculate the throughput S0 of a cell, parameters
taken from the IEEE 802.11b standard are used. The data
rate is 11 Mbps and the SIFS and DIFS intervals are 10 ls
and 50 ls successively. Applying the parameters to Eq. (6),
we obtain the results as shown in Fig. 12, that depicts the
relation between the throughput (S0) and the offered traffic
in a cell (G) when different propagation delays and packet
sizes are used.

The results show that the network throughput does not
decrease drastically when extra propagation delay is added.
The throughput drops by about 5% when propagation
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delay is increased from 1 ls (0 m of fiber) to 5 ls (1000 m of
fiber). Moreover, the network gets saturated more quickly
as the fiber length increases.

To verify these theoretical results, we simulate the effect
of additional propagation delay introduced by the optical
distribution network using the popular network simulator
– NS-2 [26]. Fig. 13 shows the throughput of an 802.11 cell
in the scenario where three concurrent TCP connections
established between three mobile terminals and the remote
AP. The ACK-timeout value is fixed to be 200 ls. The sce-
nario is further simulated with different packet sizes of 512,
1024 and 2048 bytes. The simulation results show that the
system throughput decreases as the fiber propagation delay
increases. However, this decrease is quite negligible for the
first 10 ls of extra propagation delay corresponding to
2000 m of optical fiber.
Fig. 14 shows the theoretical throughput of a cell (Sm)
for the second scenario where the Extended Cell concept
is applied. The number of radio cells (N) served by a single
radio channel varies from 2 to 10. Moreover, different val-
ues of the offered traffic in a cell (G) are also used. It is
interesting to see that the throughput of a cell in this sce-
nario is unacceptably low. For the case when two radio
cells (N = 2) are served by one channel and the offered traf-
fic (G) is 500 packets/s, the throughput is merely 6%. As the
number of radio cells (N) served by a channel increases, the
throughput continues to decrease. Furthermore, when G is
10,000 packets/s, indicating that the channel is becoming
saturated, the throughput is almost to zero.

This phenomenon can be reasoned by the fact that the
probability of at least one packet arriving in a small dura-
tion, say, t (p2 = 1 � e�LG) goes to 1 when G increases. As
a result, the probability of a successful transmission
ps = p1(1 � p2)N�1 is thus very small. In other words, the
probability that two or more MSs in different radio cells/
rooms decide to transmit a packet at the same time is close
to 1 when the network is saturated. Consequently, the
chance that a packet transmission is failed due to collision
is also very high in a crowded network. When G is small,
indicating an under-served network, the probability of two
MSs transmitting at the same time is lower. However, the
throughput of a cell in the case where there is no hidden ter-
minals (S0) is also low indicating that the channel is poorly
utilized. Consequently, the throughput of a cell (Sm) is very
low. This also explains why the throughput (Sm) of a cell
when G = 500 is larger than that when G = 100.

To verify this hidden terminal problem introduced by
the EC concept, a simulation is also carried out. In
Fig. 15, three MSs are spaced away from each other with
a distance larger than their carrier sense range. This config-
uration makes the three MSs hidden to each other. Three
Constant Bit Rate (CBR) connections of 1 Mbps are initi-
ated between the MSs and the AP at 1 s, 10 s and 20 s
respectively. Fig. 16 presents the simulation results that
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confirm the theoretical analysis presented earlier. The
throughput of the network decreases to an unacceptable
level as the number of hidden terminals increases.
5.2. IEEE 802.16 employing Radio-over-Fiber

The structure of an IEEE 802.16 MAC frame is illus-
trated in Fig. 17. As can be seen in this figure, a MAC
frame is comprised from a Downlink (DL) and a Uplink
(UL) subframe. An IEEE 802.16 MAC frame starts with
a long Preamble of 2 OFDM symbols for the synchroniza-
tion purpose. The following field is the Frame Control
Header (FCH) that is 1 OFDM symbol long and contains
the information about the physical mode used in this
frame. The FCH is followed by a number of DL bursts.
The first DL burst also contains the DL-MAP and UL-
MAP specifying the bandwidth allocations for the next
frame. IEEE 802.16 offers adjustable transition gaps, i.e.
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the Transmit/Receive Transition Gap (TTG) and the
Receive/Transmit Transition Gap (RTG), separating the
downlink and the uplink phase to accommodate different
round-trip delays. TTG and RTG can take a value between
0 and 100 ls. The uplink subframe begins with the Initial
Ranging phase. Subscriber stations that wish to join the
network can use this phase to contend for initial ranging
opportunities. The Bandwidth Request phase following
the Initial Ranging allows connected SSs to contend for
the medium to request for radio resource.

As mentioned above, the TTG and RTG gaps are flexible
and thus can be increased to accommodate the extra propa-
gation delay introduced by the optical fiber distribution net-
work. To quantify the effect of extending the gaps on the
performance of an IEEE 802.16 network, the components
of a MAC frame that do not contain actual data are stripped
off from the MAC frame (the gray fields in Fig. 17). These
components constitute the overhead in a MAC frame and
is denoted by MAC_overhead. The efficiency of a MAC
frame is denoted by MAC_efficiency and calculated by:

MAC efficiency ¼ Frame size�MAC overhead
Frame size

� 100%

where Frame_size denotes the MAC frame durations that
can be 4, 5,8,10,12.5 or 20 ms.

Taking the network illustrated in Fig. 15 as an example.
Three stations start three CBR connections with packet
size of 1500 Bytes. The Initial Ranging phase contains three
ranging slots. The Bandwidth Request phase offers five
contention slots. The frame is filled up with data bursts
using the Round Robin scheduling algorithm. In other
words, one PDU from each user is scheduled at a time. If
all the users have been scheduled and the frame is not full,
the algorithm is restarted. Each burst is always filled up
with PDU fragments so that the burst covers an integer
number of OFDM symbols. We further assume that the
64 QAM modulation mode with 3/4 coding rate is used.
The bandwidth is chosen to be 5 MHz and the Cyclic Prefix
(CP) of an OFDM symbol is 1/32. Combined with the
parameters presented above, the efficiency of an IEEE
802.16 MAC frame can be evaluated with regards to differ-
ent TTG and RTG values.

The results are shown in Fig. 18. Expectedly, the efficiency
is slightly decreased when the transition gaps are increased.
Moreover, the efficiency with short frame durations, e.g.,
5 ms, is lower than with longer frame sizes, e.g, 20 ms. This
can be easily reasoned by the fact that short frames can con-
vey less data due to the required overhead introduced by con-
trolled information. Fig. 19 illustrates the simulation results
for the above IEEE 802.16 network [27]. Three CBR connec-
tions are established between the three SSs and the BS. As
can be seen in the figure, the results conform with the theoret-
ical calculation presented in Fig. 18.

Although IEEE 802.16 is a centralized control protocol,
SSs still have to use the Initial Ranging and the Resource
Request phases to transmit Resource Request (RR) mes-
sages to the BS. However, this contention mechanism is



Initial
Ranging

Bandwidth
Request

PR Padding
DL-MAP, UL-MAP

DCD,UCD
PaddingPR

PR FCH
DL-Burst

#1
DL-Burst

#n….

DLFP

UL Burst
#1

UL Burst
#n

…

MAC PDUs

T
T
G

R
T
G

MAC
PDUs

Downlink Subframe Uplink Subframe

Fig. 17. IEEE 802.16 MAC frame structure.

1000 2000 3000 4000 5000 6000 7000 8000 9000 10000
48

50

52

54

56

58

60

Fiber Length (m)

M
A

C
 e

ffi
ci

en
tc

y 
(%

)

5 ms Frame
10 ms Frame
20 ms Frame

Fig. 18. MAC efficiency versus fiber lengths.

1000 2000 3000 4000 5000 6000 7000 8000 9000 10000
9

10

11

12

13

14

15

16
WiMAX employing Radio over Fiber

Fiber Length (m)

T
hr

ou
gh

tp
ut

 (
M

bp
s)

5 ms Frame
10 ms Frame
20 ms Frame

Fig. 19. Throughput of an WiMAX network employing RoF.

B.L. Dang et al. / Computer Communications 30 (2007) 3598–3613 3611
not based on carrier sensing. A station that wished to join a
network or to request resource randomly chooses a slot in
these two contention phases. It then sends the requests on
the chosen slot. In the case that the station does not receive
a response within a timeout period, it will reissue the
requests and wait for corresponding responses. As a result,
the hidden-terminal problem does not affect the contention
mechanism of a IEEE 802.16 network.
6. Summary and conclusions

We have presented a system-level architecture for broad-
band indoor networks at the 60 GHz band. The RoF phys-
ical layer design is based on the Optical Frequency
Multiplication (OFM) technique, which allows to generate
and distribute microwave signals to remote simplified
antenna stations by using one single laser source and low
frequency electronics at the central station. The proposed
RoF physical layer offers bidirectional RF transmission,
increased cell capacity allocation, multiple standard sup-
port, remote LO delivery and in-band control channel for
dynamic radio link adaptation and remote antenna control-
ling. Moreover, the scheme can be also easily integrated in
WDM-PON architectures, allowing a flexible convergence
of wireless services with broadband access optical networks.

At the system level, we proposed the Extended Cell (EC)
concept to overcome the corner effect and thus ensure a
seamless communication environment at the millimeter
wave band. To support the proposal, a number of simula-
tions of a practical example of an indoor network employ-
ing the proposed concepts have been carried out. The
results show that our proposed architecture is not only able
to optimize the overlap areas but also able to improve the
signal coverage at 60 GHz. To our best knowledge, the
work reported in this paper is the first attempt to apply
the concept of Extended Cells together with RoF infra-
structure to the in-building communications environment
at the millimeter wave band.

While EC can help us mitigate the problem of insuffi-
cient signal coverage at millimeter wave bands, an issue
emerged as an EC has to serve multiple cells with a single
channel. Consequently, the channel bandwidth is now
shared by a larger number of users and therefore can be
filled up more quickly. More new and handoff connections
will not be admitted into an EC in order to maintain the
QoS of the existing connections. To optimize the perfor-
mance of the system, the average number of antennas to
be included in an EC can neither be too large nor too small.
The feasible solution for this question is to dynamically
define and form ECs based on realtime traffic measure-
ments in the network. In this solution, MSs constantly
reports its connections’ status to CS. As a results, CS has
the full knowledge of the network’s traffics, such as signal
quality, the number of ongoing and blocked connections,
etc. Thanks to the flexibility of the OFM distribution sys-
tem presented in Section 3, wavelengths can be dynamically
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switched from one antenna to another and thus forming
optimized EC plans.

Another advantage of the proposed architecture is the
ease of network deployment which helps its penetration into
mass markets. Without the EC concept, antenna stations’
positions will have to be carefully planned and installed to
yield sufficient coverage. This technical process can be
impracticable to the majority of end-users. Moreover, the
network cannot be responsive to any changes made to the
environment where it is deployed, such as changes in inte-
rior design. Since both antenna design and network plan-
ning are simpler with the combination of RoF and the EC
concept, network deployment would be as easy as ‘plug-
and-play’. Thus, off-the-shelf components can be developed
enabling mass production and deployment.

At the link level, it has been shown that the proposed
architecture can support multiple state-of-the-art wireless
protocols. The extra propagation delay introduced by the
optical distribution network slightly decrease the through-
put of the network. However, this degradation is negligible
when the extra propagation delay is smaller than 10 ls cor-
responding with 2000 m of optical fiber. Due to the strong
attenuation of wireless signals at millimeter wave bands,
the performance of carrier-sensing based protocols are seri-
ously affected by the hidden terminal problem when the EC
concept is applied. As a result, a centralized protocol, e.g.,
IEEE 802.16, is favorable for the proposed architecture.
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