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Abstract—This paper proposes an application of optical delay
insertion to a radio-on-fiber ubiquitous antenna architecture for
the wireless code-division multiple-access system. The proposed
system separates each component of independent signals passing
through the multipath in radio and optical links even though a mo-
bile terminal exists anywhere in the service area, so the macrodi-
versity effect is obtained all over the area. As a result, bit error rate
performance is improved by setting up the delay time difference
between each optical link and the number of taps in the RAKE re-
ceiver appropriately.

Index Terms—Delay insertion, macrodiversity, radio-on-fiber
(ROF), RAKE reception, ubiquitous antenna system.

I. INTRODUCTION

RECENTLY, the demand for high-speed and high-capacity
multimedia services in wireless communication systems

has been growing rapidly. Thus, the microcellular system, which
consists of many small cells, has attracted attention as an ef-
fective method for attaining high-speed and high-capacity com-
munication by improving frequency utilization efficiency. How-
ever, the microcellular system has some problems, such as the
large investment required in many radio base-station (RBS) fa-
cilities and the necessity for complicated channel control tech-
niques among RBSs for spectral delivery and the handoff/over
procedure.

A radio-on-fiber (ROF) system that interconnects many RBSs
to a microcell control station (MCS) has been proposed to solve
these problems [1]–[4]. We have previously proposed an ROF
ubiquitous antenna architecture, which is composed of multiple
microcell RBSs deployed over the service area [5]. Fig. 1 illus-
trates the configuration of an ROF ubiquitous antenna system
where an RBS is only equipped with electric-to-optic (E/O) and
optic-to-electric (O/E) converters, and all of the complicated
functions such as RF modulation, demodulation, channel con-
trol and so on, are performed at an MCS. The MCS can deliver
different radio signals simultaneously to different places and
can gather many radio signals simultaneously from many radio
cells. Therefore, it can enable software radio networks that re-
alize universal capability and flexibility for various types of air
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Fig. 1. Configuration of ROF ubiquitous antenna system.

interface. Another important effect is macrodiversity capability,
because an MCS can receive not only any radio signal on the
multipath in a small cell but also some signals on the photonic
multipath which has its mutual independence [6].

When we construct an ROF ubiquitous antenna architecture,
the single star-type configuration is a large investment. In order
to reduce the required investment for an ROF ubiquitous an-
tenna architecture, a bus-type or a passive double star (PDS)
type configuration is preferable. However, a drawback of these
configurations is that some independently faded radio signals are
gathered in a single fiber and are photodetected at one receiver
of the MCS. Therefore, we must distinguish each of them to
obtain macrodiversity effect. As is well known, a code-division
multiple-access (CDMA) system can separate each component
received from multiple paths by using RAKE reception [7].
There are many studies on CDMA techniques in the world.
CDMA techniques with macrodiversity have been studied [8],
[9]. Reference [8] has analyzed the uplink capacity and the
transmissionpower, taking themacrodiversityeffect intoaccount
the DS-CDMA system. Reference [9] has experimentally inves-
tigated the suppression of interference from an adjoining cell by
using CDMA in an ROF system. These works have assumed a
single star-type topology. On the other hand, we have focused an
ROF ubiquitous antenna architecture of a PDS-type topology in
the wireless CDMA system [10]. In that paper, we analyzed the
transmission power reduction effect for an ROF ubiquitous an-
tenna architecture of a PDS-type topology in the wireless CDMA
system. In this topology, an MCS receives signals transmitted
from different RBSs at a same chip timing. So the RAKE receiver
cannot distinguish them. These signals pass through the different
radio links, which have a different propagation characteristic.
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Fig. 2. System model.

Therefore these signals interfere with each other. Consequently
the bit error rate (BER) performance becomes worse. In order to
solve thisproblem,wepropose theapplicationof theopticaldelay
insertion. So by setting up the delay time difference in optical
link appropriately, an MCS will not receive signals transmitted
from different RBSs at same chip timing even though a mobile
terminal (MT) exists anywhere in the service area. Therefore the
BER performance improves all over the service area.

In this paper, we propose the application of optical delay in-
sertion to an ROF ubiquitous antenna architecture for the wire-
less CDMA system. We theoretically investigate the improve-
ment of BER performance in the proposed system.

The rest of this paper is organized as follows. In Section II, we
describe an ROF ubiquitous antenna architecture in the wireless
CDMA system, followed by analysis results of BER improve-
ment effect of the optical delay insertion in Section III. Con-
cluding remarks are given in Section IV.

II. ROF UBIQUITOUS ANTENNA SYSTEM

A. System Description

Fig. 2 illustrates the system model of an ROF ubiquitous an-
tenna architecture for the wireless CDMA system. A direct-se-
quence (DS)-CDMA radio signal from an MT is received at
RBSs. At each RBS, received DS-CDMA radio signals are con-
verted into an optical intensity-modulated (IM) signal by mod-
ulating the laser diode directly, and are then transmitted to an
MCS through the optical fiber. The IM signals transmitted from
each RBS are gathered at a star coupler in the PDS link and re-
ceived at the MCS. At the MCS, the received IM signals are con-
verted to electric signals at the photodiode. Next, the RAKE re-
ceiver detects a desired signal from among many signals passing
through the multipath on radio and optical links. We assume cel-
lular phone system, Intelligent Transport System (ITS) [9], and
so forth. So we assumed a flat Rayleigh fading channel in the
radio link and an additive white Gaussian noise channel in the
optical link. Path loss in radio link is calculated using the
following equation:

(1)

where is the distance between RBS and MT and is the
path-loss exponent. We assume that [11].

B. Received SNR and BER Analysis

In this section, we derive the average BER in proposed
system. First, we derive the signal-to-noise ratio (SNR) of
the output of each tap of RAKE receiver. When there are no
interfering MTs, the input of the RAKE receiver after bandpass
filtering is derived as

(2)

where is the CDMA signal transmitted through the th
path from the MT, is the time delay of the th path, which has
lengths different from each other, is the noise in the th
radio link, is the total noise in the optical link, is the
path loss in the radio link of the th path, and is the path
loss in the optical link of the th path. Assuming a flat Rayleigh
fading channel in each radio link, is the Rayleigh distributed
gain of the th path. The probability distribution of , ,
is given by [7]

(3)

where the mean square of . We assume that each
value of is statistically independent.

Assuming that the RAKE receiver has outputs corre-
sponding to macro multiple paths ( antenna diversity),
the SNR of the th tap output without any interference
from other MTs is derived as

(4)
where is the transmitted power of the MT, is the process
gain, is the power of the noise in spreaded band in each radio
link, and is the total power of the noise in spreaded band in
the optical link. Here the average SNR in the radio link of the
th path and the average SNR in the optical link of the th

path are, respectively, derived as

(5)

(6)

is defined as

(7)

is a random variable with a probability density function (pdf)
of

(8)
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Fig. 3. Arrangement of RBSs.

Therefore, (4) is rewritten as

(9)

Next, we derive the pdf of , which is SNR at the output of
the RAKE receiver. Because each value of is statistically
independent, is written as [12]

(10)

The joint pdf of ( ) is written as [12]

(11)

where is the Jacobian of (9) ( )
and is written as [12]

...
...

. . .
...

(12)

When the RAKE receiver performs maximum ratio combining
with -order diversity, the obtained SNR at the output of the
RAKE receiver is written as [7]

(13)

By using (9)–(13), the pdf of the received SNR can be derived.
In the case of , a joint pdf of and , is
derived as shown in (14) at the bottom of the next page, where

and are given by

(15)

and

(16)

Thus, the pdf of , is given by

(17)

The cumulative distribution function of the received SNR,
is given by

(18)

In the case of and are derived
similarly.

Finally, we derive the average BER . Assuming binary
phase-shift keying as a primary modulation format, BER
is given by [7]

(19)

The average BER is derived by

(20)

III. BER IMPROVEMENT EFFECT OF OPTICAL

DELAY INSERTION

In this section, we discuss the BER performance for the delay
time difference between the received signals. Fig. 3 shows the
arrangement of RBSs in this analysis. We analyze the one- and
two-antenna models. In the two-antenna model, we assume that
the received signal at RBS #2 is delayed for in the optical link
compared with the received signal at RBS #1 and received at the
MCS. Fig. 4 shows the configuration of the RAKE receiver. The
received signal passes through the matched filter. The output of
the matched filter passes through the transversal filter. The out-
puts of the transversal filter are weighted according to maximum
ratio combining (MRC) at each tap and are summed. We define
the synchronization tap as a tap at which the largest signal is
synchronized. Table I shows the values of parameters used in the
numerical calculation. Fig. 5 shows the relationship between the
average BER and the delay time difference in the optical link.
In the calculation, it is assumed that the location of MT is in
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Fig. 4. Configuration of RAKE receiver.

Fig. 5. Relationship between the average BER and the delay time difference
in optical link. The position of the synchronization tap is changed.

TABLE I
PARAMETER USED IN NUMERICAL CALCULATION

the middle of two RBSs. We fix the number of taps in RAKE
receiver to seven and vary the position of the synchronization
tap. It is seen from Fig. 5 that the average BER becomes worse

as the delay time difference in the optical link approaches zero.
This is because when the delay time difference in the optical
link is zero, the received signals at RBS#1 and RBS#2 are re-
ceived at the MCS at same chip timing, so the RAKE receiver
cannot distinguish each signal and combine. So both signals in-
terfere with each other. On the other hand, when the delay time
difference in the optical link is equal to or more than 1 , the
RAKE receiver can distinguish each signal and combine. So we
can obtain the macrodiversity effect. When the delay time dif-
ference in the optical link is equal to or more than 1 , the
average BER has three level values. The average BER is the
best value, when both signals from RBS#1 and RBS#2 are re-
ceived and combined. The average BER is the middle value,
when either signal from RBS#1 or RBS#2 is surely received but
the other signal from the RBS#2 or the RBS#1 is sometimes
received. This is because either signal from the RBS#1 or the
RBS#2 is received at the synchronization tap; the other signal
is received sometimes out of tap. The average BER is the worst
value, when either signal from the RBS#1 or the RBS#2 is re-
ceived but the other signal is received always out of tap. It is seen
from Fig. 5 that when we set the position of the synchronization
tap for four, the best BER performance can maintain for larger
delay time difference in the optical link compared with others.
So by setting the synchronization tap to the middle tap, the best
BER performance can maintain for large delay time difference
in the optical link. This is because the signal, which is not re-
ceived at the synchronization tap, is received for larger delay
time difference in the optical link.

Next, we think about the number of taps in the RAKE re-
ceiver. Fig. 6 shows the relationship between the average BER
and the delay time difference in the optical link. In the calcula-
tion, it is assumed that the location of MT is the middle of two
RBSs. We change the number of taps in the RAKE receiver and
fix the position of the synchronization tap for the middle tap. It
is seen from Fig. 6 that when the number of taps in the RAKE
receiver is large, the best BER performance can maintain for
large delay time difference in the optical link.

Fig. 7 shows the relationship between the average BER and
the location of MT without RAKE reception. This relationship
in one-antenna model is also shown. Figs. 8 and 9 show the re-
lationship between the average BER and the location of MT in
the case that the number of taps in the RAKE receiver is seven
and nine, respectively. It is seen from these three figures that
when the delay time difference in the optical link is 0 , the
average BER becomes worse as the location of MT approaches
the middle. This is because the delay time difference in the radio
link becomes zero around the middle of RBSs. Signals from the
RBS#1 and the RBS#2 are received at the same chip timing. So
the RAKE receiver cannot distinguish each signal and combine.
Similarly, when the delay time difference in the optical link is

(14)
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Fig. 6. Relationship between the average BER and the delay time difference
in optical link. The number of taps of RAKE receiver is changed.

Fig. 7. Relationship between the average BER and location of MT (without
RAKE).

1 , the average BER becomes worse as the location of MT
approaches 110[m]. This is because the delay time difference in
the radio link plus the optical link also becomes zero. In addi-
tion, when the delay time difference in the optical link is 2 ,
the average BER becomes a little worse as the location of MT
approaches the RBS#2. This is because the delay time differ-
ence in the radio link plus the optical link also becomes zero but
one of received signal is very larger than the other one. So BER
performance does not become worse without diversity. On the
other hand, when the delay time difference in the optical link is
3 , the average BER does not become worse. This is because
the delay time difference in the radio link plus the the optical
link does not become zero. However, it is seen from Fig. 8 that
when the delay time difference in the optical link is 3 , the
average BER becomes worse as the location of MT approaches
the RBS#1. This is because the delay time difference in the radio
link plus the optical link becomes large, so one of received sig-

Fig. 8. Relationship between the average BER and location of MT (seven
taps).

Fig. 9. Relationship between the average BER and location of MT (nine taps).

nals from the RBS#1 and the RBS#2 arrives out of tap in the
RAKE receiver. On the other hand, in Fig. 9, when the delay
time difference in the optical link is 3 , average BER does
not become worse. This is because when the number of taps in
the RAKE receiver becomes large, both signals arrive within tap
in the RAKE receiver.

It is seen from these results that by setting up the delay time
difference in the optical link and the number of taps in the RAKE
receiver, our proposed system improves the BER performance
all over the service area. So we expect that it can reduce required
peak power by about 15 [dB] to achieve required BER [7], so it
can downsize MTs.

IV. CONCLUSION

In this paper, we have proposed the application of the optical
delay insertion in an ROF ubiquitous antenna architecture for
the wireless CDMA system. In the proposed system, by setting
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up the delay time difference in the optical link and the number
of taps in the RAKE receiver appropriately, an MCS will not re-
ceive signals transmitted from different RBSs at the same chip
timing even though an MT exists anywhere in the service area.
Therefore, the BER performance improved all over the service
area. For example, when the distance between RBSs is 150 [m],
we can obtain the BER improvement all over the area by set-
ting the number of taps to nine and the delay time difference in
the optical link to 3 . We also have analyzed the BER perfor-
mance for the delay time difference in the optical link. From the
results of theoretical examination, we have verified that by set-
ting up the delay time difference, our proposed system improves
the BER performance all over the service area compared with
an ROF ubiquitous antenna architecture for the wireless CDMA
without optical delay insertion.
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