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Abstract. In the article three different photonic Remote
Antenna Units (RAU) in the last mile Wireless over Fiber
links are presented. For construction of RAU commercially
available optoelectronic devices were used. The solutions
differ from each other by the method of ensuring isolation
between transmitting and receiving modes of operation. All
RAUs were designed, realized and measured in various
scenarios. The results prove that all propositions can be
successfully applied to wuplink and downlink IEEE
802.11b/g wireless LAN systems, employing Wireless over
Fiber technique.
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1. Introduction

Nowadays a continuous progress in new generation
services offered to the users of communication systems led
to the need for very rapid development of both backbone
and access networks. The strongest growth is visible for
wireless systems, which offer mobility, flexibility, ease of
installation and modernization of the network. Modern
wireless devices such as: mobile phones, laptops, tablets
etc., stimulate the development of services that combine
simultaneous transmission of voice, data and multimedia
content, resulting in the need to ensure the requirements for
the transmission parameters for each of them. These
requirements include: high capacity, high data rate, the
security of transmitted information, system reliability,
scalability and flexibility.

As a response to the growing needs optical and mi-
crowave domains properties have been combined in Radio
over Fiber (RoF) systems [1], [2]. Those systems, demon-
strated e.g. in [3], [4], are capable of transmission of radio
frequency carriers, carriers with digital modulation (16
QAM, 64 QAM, OFDM) or signals of particular standards
(WLAN, UMTS, LTE) in lower (below 6 GHz) and upper
(above 60 GHz) frequency bands [5], [6]. Depending on

the assumed RoF link properties the electro-optic conver-
sion can be based on simple direct modulation with the use
of various kinds of lasers: DFB, FP, VCSEL [7] or external
modulation scheme [3]. Also the possibility to use cheaper
multi-mode [8] or plastic [9] optical fibers has been inves-
tigated in RoF systems, in the comparison to standard sin-
gle-mode fibers.

To use the advantages of fiber-optic communication,
while leaving the benefits of wireless transmission, such as
flexibility and the ability to develop and modify the struc-
ture of the network, an idea of Wireless over Fiber (WoF)
systems has been introduced [7], [10]. The WoF technique
involves the transmission of radio frequency signals be-
tween one Central Station (CS), and a number of Remote
Antenna Units (RAU) by means of optical fibers, while the
communication between RAU and subscriber terminal is
carried out in the wireless domain. The use of WoF tech-
nique is a promising way to distribute wireless signals
inside buildings, e.g. to provide Internet access in public
places such as railway stations, subway tunnels, airports,
universities, shopping centers and sports facilities. Wide
bandwidth and low loss of optical fibers allow the gradual
introduction of new transmission standards, which can
assume other broadcast frequencies and higher data rates.
The specific architecture of the system will allow making
these changes without interfering with the already created
infrastructure.

One of the most important elements of WoF system is
RAU station, which is the last element of transmission path
between operator infrastructure and subscriber terminal.
Those stations can be placed densely inside a building.
Therefore, desired properties of RAUs are: compact struc-
ture, simple construction and low cost. This may be
achieved by using the photonic antenna, whose concept is
based on direct integration of high-speed optoelectronic
components with microwave radiators [7], [11], [12]. The
photonic antennas should effectively convert signal from
optical domain to wireless microwave domain and vice
versa. Such devices should also be characterized by wide
frequency band covering frequencies which are used in
wireless system for which the photonic antenna will be
used. The wide frequency range depends on performance
of both optoelectronic and microwave devices.
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2. Bidirectional Transmission in WoF
System

In WoF systems, dedicated for transmission of
WLAN or LTE signals, the connection between CS and
user terminal has to be bidirectional (downlink and uplink).
The solutions for wired part of the system, between CS and
RAU, are widely described in the literature [13], [14]. The
bidirectional transmission can be achieved with the use of
e.g. two separate fibers, optical circulators or WDM
(Wavelength Division Multiplexing) couplers.

In the bidirectional RAU transmitting and receiving
photonic antennas have to be used. Therefore, there is
a need of isolation between signals transmitting in opposite
directions. This is an important issue in designing radio
electronic devices. The strong transmitting signal cannot be
led to the sensitive receiver, which is dedicated to work
rather with signals of relatively low levels. Furthermore,
the transmitting signal can interfere with the received sig-
nal and reduce SINR (Signal to Interference plus Noise
Ratio) of the whole link. Therefore there is a need of suit-
able isolation between transmitting and receiving paths or
disconnection of the receiver during transmission. The lack
of sufficient isolation could also result in saturation of the
laser diode caused by high level of the microwave signal
from the photodiode. The consequence of this effect would
be problems with the direct modulation of the laser current
by the signal received by the radiator.

In the article three different constructions of RAU for
achieving bidirectional transmission in WoF systems are
presented. In the implementation of RAUs an emphasis has
been placed on obtaining as high as possible isolation be-
tween transmitting and receiving modes. The first solution
is based on the use of two separated radiators, one for each
mode. In the second RAU opposing directions of transmis-
sion are separated with the use of microwave circulator.
The third solution employs an idea of using orthogonal
polarizations, horizontal and vertical.

Parameter Value Parameter Value
laser type DFB photodiode PIN
type
peak 1310 nm/1550 | wavelength 1100
wavelength nm range nm+1650 nm
RF bandwidth 3 GHz RF bandwidth 3 GHz
RIN noise -1s4dpe | optical Retum -45 dB
Loss
optical FC/APC optical FC/APC
connector connector
0,85 A/W
slope - (@ 1310 nm)
efficiency 0,14 W/A responsivity 0.95 A/W
(@ 1550 nm)
output optical 4mW input power 10 mW
power (max) saturation
output isolation 30 dB capacitance 0.6 pF

Tab. 1. Selected parameters of optoelectronic components
used in designed antenna stations.

In all realizations of RAU only commercially
available optoelectronic components were used. Due to

small size, easy polarization and low cost the laser diode
and photodiode in coaxial pigtailed packages were chosen.
The selected parameters of FOL13FIMWI-R4-
F7/FOL15FSMWI-R4-F7 laser diode from Furukawa
Electric and PPDA-F photodiode from AgxTechnologies
are summarized in Tab. 1.

2.1 RAU with Separated Photonic Antennas

The solution is based on using two separate radiators
for uplink and downlink directions in WoF system. Each
radiator is an "E-shape" patch designed on Rogers
RO4003C dielectric substrate with permittivity ¢, = 3.55. In
order to extend the frequency range of operation the sub-
strate, on which the radiator is placed, and a ground layer
are spaced apart at a distance of £ = 5.5 mm. The micro-
wave antenna operates in the rage of 2.34 GHz + 2.92 GHz,
in which the reflection coefficient is below -10 dB (Fig. 1).
Such frequency range covers the 2.4 GHz ISM band, where
IEEE 802.11b/g standards work and the selected bands of
LTE system. In the band the antenna reaches a gain value
of 10 dBi. High gain allows to compensate electro-optic
and opto-electronic conversion losses.

The laser diode is integrated with one radiator (port 1)
which operates in receiving mode. The photodiode is con-
nected to the second radiator (port2) which works as
transmitting antenna. In the experiment two "E-shape"
radiators were used, both placed on the same dielectric
substrate and distant from each other of d = 50 mm (Fig. 2).
Such placement allows to achieve isolation between an-
tenna ports around 25dB in the frequency range of
2.3+2.7GHz.
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Fig. 1. Reflection coefficients of microwave "E-shape"
antenna with separate radiators and single "E-shape"
radiator.

In designing RAU the ground layer of the antenna is
also the ground layer of the bias circuit board. The circuit
was designed on a cheap FR4 laminate with thickness of
h =1 mm. This circuit contains a DC power connector, 5 V
fixed voltage regulator (/C1) with blocking capacitors (C1,
C2 =1 pF), inductances (L1, L2 =33 nH) separating the
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power supply from the microwave part of the board and
R1 =100 Q resistor, which sets the operation point of the
laser diode to the value of 40 mA.

In Fig. 2 front, side and back view of the RAU with
separated photonic antennas are shown.
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Fig. 2. Front, side and back view of the RAU with separated
photonic antenna.

Radiators and appropriate microstrip lines leading mi-
crowave signal from the photodiode or to the laser diode
are connected to each other by unshielded wire separated
from the ground. The overall dimension of the RAU does

not exceed the value of W=170 mm, L=110mm,
H = 8.5 mm. The upper radiator is connected to the photo-
diode and used in transmitting mode. The lower radiator
with the laser diode operates in receiving mode. Antenna
and the bias board are placed in a plastic housing. Power
connector and optical connectors are placed outside the
enclosure. The total size of the RAU is 190 mm % 150 mm
x 50 mm.

The maximum gains of the RAU in frequency range
were measured for both transmission modes and are plotted
in Fig. 3. In case of photonic RAU the gain takes into
account the following factors: 1) directivity of radiator,
2) antenna radiation efficiency, 3) mismatch efficiency
between radiator and O/E and E/O devices, 4) conversion
efficiency of photodiode (responsivity) or laser (slope effi-
ciency), 5) influence of the dc bias circuit and ungrounded
laser packaging.

In transmitting mode the gain of the RAU is mainly
related to the responsivity of the photodiode and in receiv-
ing mode to the slope efficiency of the laser diode. There-
fore the result for receiving mode is much lower than in
transmitting mode. It should be emphasized that in RAU no
additional microwave or optical amplifier was used. The
use of amplifier could be discussed for receiving mode in
the content of increasing the link gain. The studies of this
research were conducted and described in [16]. In Fig. 3
the gain for receiving mode with microwave amplifier
placed before laser diode is also plotted.
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Fig. 3. Maximum gains vs. frequency measured for transmit-
ting and receiving modes for the RAU with separated
photonic antenna.

The partial gains in H-plane and E-plane for micro-
wave "E-shape" antenna and RAU with separated radiators
are plotted in Fig. 4. The measurements were performed for
2.45 GHz. Beside the gain level, as it has been shown in
Fig. 3, the main differences in space distribution of the
gains for photonic RAUs are connected with factor 5, men-
tioned before. It can be seen that these differences are well
recognized in backward direction where levels of interacted
fields are comparable.
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a) 0° capacitors (L1, L2 =33 nH, C3, C4 =1 pF) separating the
power supply from the microwave part of the board and
R1 =100 Q resistor, which sets the operation point of the
) laser diode to the value of 40 mA. Antenna and the power
80" . supply board are placed in a plastic housing. Power socket
/ and optical socket are placed outside the enclosure. The
/ total size of the RAU is 140 mm x 100 mm x 40 mm.
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Fig. 4. Gains in H-plane (a) and E-plane (b) measured for
microwave "E-shape" antenna and the RAU with
separated photonic antenna.

2.2 RAU Based on Photonic Antenna with
Microwave Circulator

The second construction of RAU consists of the
photonic antenna and microwave circulator. The radiator is
,»E-shape” radiator as in paragraph 2.1. On the back side of
the photonic antenna a microwave circulator is placed
(RADITEK RADC-2.3-2.7-MSS-0.2WR-M). To the first
port of the circulator a photodiode is connected. Therefore
the optical signal in transmitting mode is converted to
electrical domain by the photodiode and led to the second
port of the circulator which is connected to the antenna
feed point. In the receiving mode the signal detected by the
antenna is directed to the third port of circulator and
modulates optical carrier of the laser diode connected to
this port. The front, side and back view of the antenna are
shown in Fig. 5 (W =80 mm, L = 110 mm, H = 8.5 mm).

This circuit on the back side of the RAU contains
a DC power connector, 5V fixed voltage regulator (/C1)
with blocking capacitors (C1, C2 =1 pF), inductances and

Fig. 5. Front, side and back view of the RAU based on
photonic antenna with microwave circulator.
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Fig. 6. Maximum gains vs. frequency measured for transmit-
ting and receiving modes for the RAU based on
photonic antenna with microwave circulator.

The maximum gains vs. frequency of the RAU based
on photonic antenna with microwave circulator were meas-
ured for both modes and are plotted in Fig. 6. The gains of
the RAU in H-plane and E-plane are plotted in Fig. 7. The
measurements were performed for 2.45 GHz. The gain of



RADIOENGINEERING, VOL. 22, NO. 4, DECEMBER 2013

1243

photonic RAU based on photonic antenna with microwave
circulator takes into account the same factors as in case of
RAUI beside factor 3, which is mismatch efficiency be-
tween circulator and O/E and E/O devices.

As for the first RAU the gain for receiving mode is
lower than for transmitting mode. The parameters of the
circulator also influence on the properties of the RAU2.
The main differences in space distribution of the gains are
in backward direction and they are connected with influ-
encing of the dc bias circuit and ungrounded laser packag-
ing (see factor 5).
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Fig. 7. Gains in H-plane (a) and E-plane (b) measured for
transmitting and receiving modes for the RAU based
on photonic antenna with microwave circulator.

2.3 RAU Based on Photonic Antenna with
Orthogonal Polarizations

For realization of the third RAU a dual polarized co-
planar CPW-fed slot radiator was designed and fabricated
[15]. Exciting even and odd modes of the CPW line en-
ables to achieve antenna working with horizontal and verti-
cal polarization, respectively. The radiator was designed on
a cheap FR4 laminate and operates in the frequency range
of 2.3+2.7 GHz. The reflection coefficients of two ports are

plotted in Fig. 8. The achieved isolation between antenna
ports is not worse than 21 dB. The gain is between 2 and
5 dBi depending on the port.

The first port (port 1) of the antenna is connected to
the laser diode and the second port (port 2) to the photodi-
ode. The transmission in transmitting mode is based on
horizontal polarization, while in receiving mode a vertical
polarization is used. Both optoelectronic elements are sup-
plied from a single voltage source, stabilized by 5 V fixed
voltage regulator (/C1) with blocking capacitors (Cl,
C2 =1 pF), inductance (L1 =33 nH) separating the power
supply from the microwave part of the board and R1 =
=100 Q resistor, which sets the operation point of the laser
diode to the value of 40 mA. Dual polarized photonic an-
tenna (Fig. 9, W=100mm, L=80mm, H=1.5mm) is
placed in a plastic housing. Power connector and optical
connectors are placed outside the enclosure. The total size
of the RAU is 80 mm X% 160 mm * 30 mm.

o
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Frequency [GHz]
Fig. 8. Reflection coefficients of microwave dual polarized
antenna.
L H
> e
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port 1 [ port2

Fig. 9. Front, side and back view of the RAU based on dual
polarized photonic antenna.

The use of different polarizations to transmit signals
in different directions is justified in broadcasting systems
inside buildings, where we deal with multipath propaga-
tion.
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Fig. 10. Maximum gain vs. frequency measured for transmit-
ting and receiving modes for the RAU based on dual
polarized photonic antenna.

receiving mode
N | mm—— transmitting mode -

Fig. 11. Gains in xy plane (a) and xz plane (b) measured for
transmitting and receiving modes for the RAU based
on dual polarized photonic antenna.

The maximum gains vs. frequency in transmitting and
receiving modes were measured and are presented in

Fig. 10. The gain of photonic RAU based on dual polarized
photonic antenna takes into account the following factors:
1) directivity of radiator in specified polarization, 2) an-
tenna radiation efficiency in specified polarization, 3) mis-
match efficiency between radiator and O/E and E/O de-
vices, 4) conversion efficiency of photodiode (responsivity)
or laser (slope efficiency), 5) influence of the dc bias cir-
cuit and ungrounded laser packaging.

As for previous RAU the gain for receiving mode is
lower than for transmitting mode. The achievable gain is
also lower than in case of RAUs described in paragraphs
2.1 and 2.2. It is a result of lower gain of dual polarized
antenna than gain of "E-shape" antenna.

The gains for different polarizations for RAU based
on dual polarized photonic antenna are plotted in Fig. 11.
The measurements were performed for 2.45 GHz. During
the measurements the polarizations of RAU and testing
antenna were matched. For a given measurement plane the
gains differ from each other because of different excitation
type of each port. Additionally the gains are distorted by
the influence of the laser packaging and connectors (see
factor 5).

The gain characteristics presented in Fig. 11a corre-
spond to typical RAU3 arrangement, which was used in all
types of performed measurements.

2.4 Comparison of Designed RAUs

In paragraphs 2.1- 2.3 three different constructions of
RAU for bidirectional transmission in WoF link were de-
scribed. Presented transceiver antennas differ primarily in
the type of radiator and methods of separation of transmit
and receive signals. The parameters for each RAU are
summarized in Tab. 2.

The use of separated radiators for transmitting and re-
ceiving modes is the easiest way to ensure isolation be-
tween the opposite transmission paths. This solution is
characterized by high isolation (dependent on the distance
between the radiators) in the order of 25 dB, but will dou-
ble the overall size of the antenna, which may preclude its
use in commercial systems.

RAU1 RAU2 RAU3
radiator type ,,E-shape” ,,E-shape” radiating slot
radiation directional directional non directional
pattern
min. isolation 25 dB 15 dB 21 dB
max. gain 10,5 dBi 7 dBi 1 dBi
(trans. mode)
max. gain -12 dBi -4 dBi -12 dBi
(rec. mode)
di . 150 mm x 190 | 140 mm x 100 80 mm x 160
mensions mm x 50 mm mm % 40 mm mm x 30 mm

Tab. 2. Comparison of the different solutions of RAUs.

The best results, in terms of transmission, are achieved in
the link with RAU using microwave circulator. A weakness
of this approach is limited isolation between transmission
paths and the additional cost of the circulator (about $ 50
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for assumed frequency range). The third proposal, which
uses dual polarized antenna, is characterized by low values
of the gains achieved in the transmitting and receiving
modes, which is caused by the non directional operation.
At the same time it provides a relatively high isolation
between the orthogonal ports. Selection of the optimal
solution is thus a compromise between different parameters
of RAUs and it has to be made in the context of a particular
application.

3. Quality of Signal and Throughput
Measurements in WoF System

Developed WoF systems are dedicated for transmis-
sion of wireless standard signals such as IEEE 802.11 or
LTE. According to the specifications of these standards
signals are based on OFDM (Orthogonal Frequency-Divi-
sion Multiplexing). OFDM is characterized by high spectral
efficiency and is robust against intersymbol interference
(ISI) and fading caused by multipath propagation. At the
same time the main disadvantage of this kind of modula-
tion is high peak to average power ratio (PAPR), what
demands a linear transmitting and receiving paths. In order
to determine how the E/O and O/E conversions influence
on a quality of transmitted signal a comparison between
traditional cable connection and WoF system is required.
The level of distortion in the transmission path can be de-
scribed with the use of two parameters: EVM (Error Vec-
tor Magnitude) and SNR (Signal to Noise Ratio). They
represent the impact of nonlinear phenomena and intro-
duced noise. Additionally, in transmission systems with
high data rates, it is necessary to verify whether introducing
of the RAU do not reduce the overall data rate offered to
the users.

3.1 EVM Measurements

Described in paragraphs 2.1-2.3 RAUs were tested
according to the scheme in Fig. 12. The Vector Signal
Generator is a source of carrier modulated by simple
QPSK, 16QAM, 64QAM signals and more complex IEEE
802.11 b/g standard signals.

Remote s PHOTODIODE
AntennaUnit MODULE

LASER
MODULE
Spectrum
Analyzer
Vector Signal HP E4440A
Generator
SMBV100A

PC +

5 %88 VSA 89600 software E
O o Bas 80|

Fig. 12. Measurement setup for quality of signal measurements
in uplink direction.

During measurements the signal transmitted in one
direction is investigated, while the second path is loaded. In
the uplink (Fig. 12) the signal from the generator is led to
microwave antenna with known parameters, radiated and
received by photonic antenna. The laser diode mounted on
the antenna converts the electrical signal to the optical
domain. The optical signal propagates across single mode
fiber and is again converted into electrical domain in
photodiode module. This signal is detected by Spectrum
Analyzer connected to PC with VSA89600 software. The
software enables to demodulate and analyze the received
signal. At the output the EVM values are collected.

During the experiments WoF links with three RAUs
were investigated in transmitting and receiving modes.
Different kinds of signals were transmitted through the
links and analyzed. In Fig. 13 the result of EVM error ver-
sus power detected by the analyzer in transmitting (a) and
receiving (b) mode for IEEE 802.11g signal is presented.

a)

EVM [%rms]

b)

EVM [%rms]

Power at the input of the analyzer [dBm]

Fig. 13. EVM measurement results for all kinds of RAUs with
the use of IEEE 802.11g signal in receiving (a) and
transmitting (b) mode.

Measurements took place in a laboratory room in the
presence of interfering signals coming from other WLAN
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and Bluetooth systems. Using all types of antennas and
transmission for both modes it was possible to receive and
demodulate signal even at low power levels at the input of
the analyzer. In most cases, the best results are achieved for
WOF link with the dual polarized antenna.

3.2 Throughput Measurements

From the users’ point of view one of the most impor-
tant parameters of the access network is achievable trans-
mission rate, especially in the downlink direction. There-
fore there is a need to verify whether the applying of WoF
transmission will not influence the overall system perform-
ances under real working conditions. The WoF links with
three kinds of RAUs were measured in the setup shown in
Fig. 14.

CS - central station

AP - access point

MC - microwave circulator

LD - laser module

PD - photodiode module

DFOC - duplex optical link (23 m)

RAU - remote antenna unit

MU - mobile unit

) ) MU
1-10m
—ten— [
(( =

Fig. 14. Measurement setup for throughput measurements.

During measurements a PC connected to the access
point NETGEAR WAGI102 via Ethernet cable was used as
a central station. The access point (AP) was operating in
infrastructure mode to allow connectivity to mobile users.
AP antennas were removed and the uplink and downlink
were separated from each other by means of microwave
circulator (MC) DITOM D3C2080. The signal from the
central station to the RAU and back was transmitted by
single mode duplex optical link (23 m). RAUs consisted of
investigated photonic antennas. Mobile user terminal was
a laptop with integrated wireless card Intel Centrino Wire-
less-N 1030. The transmission can take place on a selected
and fixed frequency channel. During the transmission dis-
tance between the RAU and mobile unit (MU) varied in the
range of 1 to 10 m. Measurements took place in the real
environment in the presence of active and passive interfer-
ence signals. A transmission data rate at the TCP layer was
examined. Measurements were conducted in uplink and
downlink directions with a fixed data block length of
1460B. Network data rate was determined using the free-
ware program Iperf, installed on both computers in the
central station and the user terminal. During the transmis-
sion access point parameters were set to the maximum
possible data rate of physical layer. For IEEE 802.11b
signal it is 11 Mbit/s and in the case of IEEE 802.11g sig-
nal 54 Mbit/s.

The first measurements were performed in a narrow
corridor at the Institute of Radioelectronics, Warsaw Uni-
versity of Technology, Fig. 15. The height of a corridor is
2.6 m and the width is 2.7 m. The transmission perform-
ance of IEEE 802.11b/g signals were tested for all pre-
sented RAUs. The measurement results for 802.11g stan-
dard are shown in Fig. 16 in downlink (a) and uplink (b)
directions.

d2

| &
2 I T,
- |

rcsi=<1=<]

N\

—d2

42 d1 - wooden doors
| 4 d2 - metal doors
42 s - metal wardrobe

Throughput [Mbit/s]

b)

Throughput [Mbit/s]

The distance between MU and RAU, m

Fig. 16. Throughput measurement results in downlink (a) and
uplink (b) direction.

The measurements took place in the real conditions,
in the presence of passive and active interference signals.
Excepting the network created for test, the MU terminal
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"saw" additional 5 WiFi networks working in the IEEE
802.11g standard. During the measurement operating chan-
nel was set to channel 9. This could cause decrease of data
rate resulting from competition for access to the channel
with a different WiFi networks. When analyzing the results
a specific character of measurement setup need to be con-
sidered. Between CS and RAU a 23 meters long single-
mode optical fiber was used, which delayed the signal.

In the case of IEEE 802.11b standard signals achieved
transmission data rate for TCP layer were comparable with
the corresponding theoretical value — 5.3 Mbit/s [17].
Slight worse results were achieved for WoF link with
RAU3. It should be noted that in transmitting mode RAU3
was adapted for horizontal polarization, in comparison to
the RAU1 and RAU2, which both operates in vertical po-
larization. Also the gain of RAU3 is lower than of RAUI
and RAU 2 in both modes. In the theory the throughput is
dependent on a distance between RAU and MU. The higher
throughput the lower sensitivity of the receiver what influ-
ence the value of achieved SINR. Results obtained in the
transmission of IEEE 802.11g (Fig. 15) signals are much
more variable as a function of distance from the RAU to
MU. The reason for this situation may be the presence of
other networks operating in this standard. In the case of
RAUI1 and RAU2 transmission data rates of 20 Mbit/s were
achieved for a specific distance between MU and RAU.
The maximum theoretical value for IEEE 802.11g standard
is 24.7 Mbit/s [17]. In [18] similar results are shown. Be-
side measurements of throughput as a function of distance
the dependence on the channel spacing between two net-
works operating in the same area was examined.

The second measurement scenario was prepared in
a small lecture room with a height of 3.1 m (Fig. 17). Dur-
ing measurements 7 additional WiFi networks working in
the IEEE 802.11g standard were available with high power
levels. The operating channel had to be changed from 9 to
11 in the comparison to previous measurement due to high
interference with other networks. The results for through-
put measurement for IEEE 802.11 g signal in several
measurement points are collected in Tab. 3.

W w

d - wooden
doors
ElwW- window
| s - school

desk

6.2m

Fig. 17. The view of the second measurement scenario.

Presented results show that all RAUs behave similar
to conventional WLAN networks. Irregularities which can
be seen in throughput measurements are connected with
multipath propagation inside the room and interferences
from other networks. In places where interferences increase

the throughput decreases. Considering all presented links
and types of signals at any time, the communication be-
tween the subscriber terminal and the central station was
maintained. This indicates that the WoF link can be suc-
cessfully used in the WLAN networks.

meas. RAU1 RAU2 RAU3

point rm tm rm tm rm tm
1 14.8 6.5 14.9 19.7 16.3 6.8
2 17.5 18.6 17.2 15.3 18.5 12.8
3 16.9 4.5 4.5 3.8 4.8 0.7
4 17.1 6.0 10.8 5.3 11.2 3.7
5 13.8 52 12.6 4.3 11.0 39
6 12.4 7.0 7.8 1.1 9.8 3.5
7 8.3 1.9 99 5.9 12.2 1.3

Tab. 3. Throughput measurement results (Mbit/s),
rm - receiving mode, tm - transmitting mode.

4. Conclusions

In the article three different constructions of bidirec-
tional RAUs for WoF links were presented. The separation
between transmitting and receiving modes of operation was
realized only in microwave domain using two separated
radiators, microwave circulator or orthogonal polarizations.
The RAUs were compared in terms of electrical parameters
and influence on quality of signal and throughput in
WLAN network. Measurements results showed that the
most critical link is from user’s terminal to RAU. It is re-
lated to electro-optical conversion losses resulting from
low slope efficiency value of the laser diode. The most
important conclusion from the research is that in all three
cases it was possible to maintain connection between MU
and RAU and to achieve satisfying data rates and quality of
signal values.
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