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Abstract: The demand for improved service in mobile networks is always increasing. That means signal 
transmission with higher capacity is required. To achieve that goal a combined optical and wireless link using 
double polarization multiplexing has been developed. A high quality signal transmission is achieved by 
applying high polarization extinction ratio. The new concept is validated by experiments varying the bit rate 
and fiber length. A signal with 12 Gbit/s bit rate was transmitted over a 25 km long combined link with about 
1.10-8 bit error rate. That result is much better than the already published data which were measured on links 
transmitting information with 2.5 Gbit/s bit rate. The polarization multiplexing technique is very practical for 
capacity enhancement in a specific section of an existing optical fiber by inserting a new link into it without 
deploying a new fiber. 

Keywords: double orthogonal polarization; capacity enhancement; combined optical – wireless 
link; polarization extinction ratio 

 

1. Intoduction 

The increasing demand for improving the service of future mobile networks requires signal 
transmission with higher capacity. The radio over fiber link provides proper connections between a 
center station and its radio base stations due to its high capacity and low loss. 

Enhancing the capacity of existing optical links is an important issue. Presently for that, the 
polarization division multiplex (PDM) method is applied together with wavelength division 
multiplex (WDM) [1–4]. In that approach the polarization of the adjacent channels is orthogonal. This 
way the wavelength difference between the adjacent channels can be reduced resulting in modest 
capacity enhancement. 

The polarization division multiplexing technique has already been investigated in some 
publications [4,5]. Most of them were theoretical studies or simulations [5–8]. These papers 
considered applications for short distances with relatively low bit rates, usually 2.5 Gbit/s. The 
combination of polarization division multiplexing and wavelength division multiplexing is a 
complex procedure therefore it needs more sophisticated system architecture. 

In advanced mobile networks millimeter wave carrier frequencies and higher bit rates (4-12 
Gbit/s) are required [9]. To achieve that goal a new approach is needed. 

In the present paper a novel approach, the double polarization multiplexing (DPM) method is 
investigated. In that case the optical beam has simultaneously two orthogonal polarizations or by 
other words it has double polarization. In the orthogonal polarizations of the beam the information 
to be transmitted is different. The simulation results of the double polarization multiplex approach 
are promising [10,11]. Some experiments have already been carried out on optical fibers using double 
polarization multiplexing [11,12]. However, experimental investigations on combined fiber optic and 
wireless links have not been done in details. This paper presents an experimental optical-wireless 
link and its measured results to validate the usefulness and advantages of the double polarization 
multiplexing in combined optical-wireless links. 

Recently mobile networks more frequently utilize optical interconnections instead of microwave 
links. The optical fiber has many advantages like avoiding electromagnetic interference, providing 
extreme wide band and very low loss. The increasing demand for higher signal transmission capacity 
requires new system architectures. There are two main approaches for capacity enhancement, the 
application of several wavelengths or increasing the bit rate. Both methods have advantages and 
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drawbacks. In the first method the combination and separation of different wavelengths are 
cumbersome and the nonlinearity of fiber has limitation on the total capacity. In the other method at 
higher bit rates the link will be more complex and the bit rate is finally limited by the dispersion of 
fiber. These methods are used mainly in back-bone connections. 

In mobile networks the optical link is used for connecting the central station to the radio base 
stations. Usually these links are not in the route of optical fiber back-bone connections. Therefore 
individual links are deployed. These links have to be cost effective concerning both their deployment 
and operation. For this application the double polarized link is the best choice due to its simplicity 
and flexibility. In that case the independency of the channels is a serious requirement. To achieve that 
goal the polarization extinction ratio is to be high enough, i.e. at least 22 dB at the output of the 
transmitter. 

In the following first the properties of information transmission over an optical fiber link and 
over a wireless link are investigated. Then the developed combined optical-wireless link is presented 
along with detailed measurement results. 

2. Information Transmission over an Optical Fiber Link 
Information transmission over an optical fiber link suffers from several problems. Besides 

attenuation an important difficulty is caused by fiber dispersion which results in pulse broadening.  
In the case of an intensity modulated signal there are two side bands around the carrier wave. 

When that wave is propagating over a fiber there will be a time difference between the detected 
pulses obtained from the two side bands. As the bit rate is increasing the frequency difference 
between the side bands and the carrier is also increasing. Consequently the delay between the 
detected signals is also increasing. At the same time with increasing bit rate the pulse time is 
decreasing, As a consequence of the two effects the pulse broadening becomes more and more 
significant.  

The pulse broadening is characterized by the percentage value of the ratio of delay time and 
pulse time: 

∆ఛ

೛்
[%] = ௕݂ ܮ ܦ 100  ܴ௕ߣ௢௣௧

ଶ /ܿ  

Here ∆߬ is the time delay, Tp is the pulse time, D is the dispersion coefficient in ps / (nm.km), L 
is the fiber length in km, Rb is the bit rate,  ߣ௢௣௧  is the optical wavelength in nm, c is the speed of light 
in vacuum, and fb is the bit frequency which is taken as the half of bit rate: fb = Rb  / 2. 

Pulse broadening causes inter-symbol interference (ISI). However, pulse broadening also 
dependent on the decision level and processing time of receiver detection method. The percentage of 
pulse broadening is shown in Figure 1 as a function of bit rate. The parameter of curves is the fiber 
length: red: 5 km, brown: 3 km, blue: 1 km. In this example the Corning SMF-28e type single mode 
fiber is used which has a low dispersion coefficient: D = 12.5 ps / (nm.km) at the optical wavelength 
of 1.55 µm.  

. 

Figure 1. Pulse broadening as a function of bit rate. The parameter of curves is the fiber length: red: 
10 km, brown: 5 km, blue: 3 km. 
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At a specific dispersion coefficient and fiber length limitation is obtained for the bit rate to be 
transmitted and this way the capacity of fiber link is limited. That limitation can be somewhat 
overcome by applying a dispersion compensation method. 

3. Information Transmission by a Radio Frequency Wireless Link 
In the mobile network free space wave propagation at a radio frequency (RF) is used for the 

connection between the mobile terminal and the radio base station. That connection is significantly 
influenced by two-path or multi-path propagation effects. These effects also cause pulse broadening 
due to the propagation time difference between the direct and reflected waves. That time difference 
is proportional to the difference between the different lengths of the direct and reflected waves. In 
the mobile network the wave propagation routes are very different therefore their effects have to be 
treated individually in each case.  

In the wireless domain multipath wave propagation is a substantial problem. Multipath wave 
propagation causes not only the degradation of the received signal (fading) but also pulse broadening 
and this way inter-symbol interference. The reason is that in case of multipath propagation the 
lengths of the propagation routes are different. In general there is a direct wave between the 
transmitter and the receiver and a reflected wave which arrives from the transmitter to the receiver 
reflected by an object. The reflected wave propagates along a longer way and therefore with some 
delay. The delay between the direct wave and the reflected wave is proportional to the difference in 
their propagation lengths. 

∆߬ =
௥ܮ) − (ௗܮ

ܿ   =
1
3 − ௥ܮ) 10ି଼  [ݏ] (ௗܮ 

Here Lr is the propagation length of reflected wave, Ld is the propagation length of direct wave 
and c is the velocity of light in vacuum. The total delay is caused by the sum of all reflected waves. It 
is very cumbersome to consider every reflection for summing up their effects on the total delay. That 
needs case by case investigation. 

Pulse broadening abbreviated as “pb” is obtained as the ratio of delay time Δτ to pulse time TP:  

ܾ݌ =  
∆߬

௣ܶ
 

Here TP is the pulse time or pulse duration. The pulse time is the reciprocal of the bit rate (Rb). 
Thus pulse broadening can be expressed also as:  

ܾ݌ =  ∆߬ ܴ௕ 
Pulse broadening causes inter-symbol interference (ISI). However, pulse broadening also 

dependent on the decision level and processing time of receiver detection method. The effect of pulse 
broadening is also influenced by the power difference between the direct and reflected waves. The 
reflected wave intensity is determined by the radiation intensity in the direction of reflected wave 
and on the reflection coefficient of reflecting object. 

The inter-symbol interference problem caused by pulse broadening can be reduced significantly 
by applying OFDM (orthogonal frequency division multiplexing) modulation format in the radio 
over fiber link and also in the wireless domain. The OFDM modulation format applies a high number 
of subcarriers and therefore the modulated subcarriers have a much lower bit rate. Consequently in 
case of OFDM signal transmission pulse broadening plays a smaller role, however, other problems 
appear. OFDM modulation is very sensitive to the linearity of system and also due to its power peaks 
it needs a high dynamic range.  

In the design of a complete radio over fiber and wireless link in case of OFDM modulation an 
optimum solution can be achieved. The tolerable inter-symbol interference determines the acceptable 
pulse broadening and this way the optimum number of subcarriers. This way the linearity 
requirement and the peak intensity can be reduced significantly. 

4. Radio over Fiber and Wireless Link with Double Polarization Multiplexing 
The capacity of fiber link can be enhanced by using double polarization of the optical wave. 

Double polarization means two orthogonal polarizations at the same wavelength. This way double 
capacity of fiber link is provided.  
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To ensure the orthogonality of the waves a special wave generation method has to be applied. 
The quality of orthogonality is characterized by the polarization extinction ratio: 

PER = Ip / Icp 

Here Ip  is the intensity of a linear polarized wave and Icp is the intensity of an orthogonally 
polarized linear wave. The polarization extinction ratio has to be high enough not only at the 
generation of the optical wave but also at the reception side or by other word at the end of optical 
fiber link.  

Another important characteristic is the polarization mode dispersion (PMD). In the case when 
PMD is sufficiently small it doesn’t reduce PER significantly along the fiber link. 

There are two procedures to generate the optical wave with two orthogonal polarizations. In one 
approach a common optical source is applied for creating two optical information transmitting 
channels such a way that the optical beam is generated by a common laser source and it is divided in 
two equal parts. That means the two optical beams are coherent. In the other approach two 
independent optical sources are applied with the same wavelength. That means the two optical 
beams are incoherent. The incoherency helps to reduce the effect of cross modulation between the 
two channels having orthogonal polarization. In the following the incoherent approach is applied 
and investigated. In both cases the independence of the channels is only based on the polarization 
difference, i.e. on the polarization orthogonality. That means there is no need for optical filtering to 
combine and separate the two channels. That is a big advantage of the double polarization 
multiplexing method.  

The experimental validation of double polarized signal transmission is presented in this section. 
First the method for generating two orthogonal optical beams is discussed. The optical beams are 
adjusted by polarization controllers to orthogonal polarization states using a special procedure 
described in the following. 

The output beam of a laser diode has elliptical polarization. For generating an optical beam with 
two orthogonal polarizations a high polarization extinction ratio is needed at both polarizations. 
Therefore the laser beam has to be linear or by other word it has to have only one polarization state. 
That goal is achieved by applying a polarization filter which suppresses the unwanted orthogonal 
polarization of laser beam. As seen in Figure 2 the laser beam propagating through the optical 
polarization filter (denoted as filter) which produces a linear beam is led to the input of a polarization 
beam splitter (PBS) via a polarization angle rotator (denoted as angle). The polarization angle is 
adjusted to get maximum output intensity at X output and minimum output intensity at Y output of 
the polarization beam splitter. The polarization state of Y output is perpendicular to the polarization 
state at X output. The ratio of the intensities at X and Y outputs provides the PER value, which is 
dependent on the efficiently of optical filtering and also on the PER of polarization beam splitter. For 
good operation of double polarized fiber link PER has to be at least 22 dB [11,12]. The former 
procedure is carried out with the beams of both lasers, as seen in Figure 2. However, it is done with 
opposite polarization in case of LD1 than in case of LD2. That means in the latter case, i.e. in case of 
LD2 the polarization angle is adjusted to get maximum output intensity at Y output and minimum 
output intensity at X output of PBS. 
 
    1            
   2                X  
                   Y 
 

Figure 2. Block diagram for producing two orthogonal linear laser beams. 

A combined radio over fiber and wireless link with double polarization has been developed and 
investigated by measurements. The block diagram of the experimental set up is shown in Figure 3. 
There are two optical sources with almost the same frequency: 193.5 THz. Their output powers are: 
12 dBm and 13 dBm. The polarizations of laser beams are adjusted to orthogonal polarization by 
polarization controllers which have a polarization filter and a polarization angle rotator as seen in 
Figure 2. The two optical beams are then modulated by two independent random data streams in 

LD.1 filter.1 
  hybrid     d.c. 

LD.2 filter.2 angle.2   
PBS 

  load angle.1 
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Mach-Zehnder optical modulators. The PER is checked at the outputs of Mach-Zehnder modulators 
by the procedure shown in Figure 2. In the optical link the Corning SMF-28e type single mode fiber 
is used with low dispersion coefficient: D = 12.5 ps / (nm.km) at 1.55 µm optical wavelength 

In the transmitter a local oscillator laser is inserted with 45° polarization angle compared to the 
two orthogonal polarizations. Very high frequency stability is necessary because two millimeter wave 
signals are generated at the reception side by mixing the beams of the two lasers with the beam of 
local oscillator laser working at 193.440 THz frequency. The mixing product is then 60 GHz. The 
optically transmitted information is optically detected by the receiver and it is further transmitted by 
the wireless link. The millimeter wave signals containing their original information are amplified, 
filtered and radiated to the subscribers. In the experiment this situation is investigated in the 
laboratory. 

 

Figure 3. Block diagram of the combined radio over fiber and wireless link. 

The generated 60 GHz signal is radiated and received by horn antennas using two perpendicular 
polarizations. This way an integrated optical millimeter wave link is created and tested. Applying 
the polarization multiplexing method also in the wireless link its capacity is increased as well. 
Therefore we can transmit either more information or we can transmit the same information 
improving this way the reliability of wireless connection. 

. 

Figure 4. Picture of the laboratory measurement set up. 

Table 4 presenting the picture of two transmitter and two receiver antennas with two orthogonal 
polarizations at 60 GHz.  They are composed into a joint picture.  In the real measurement the 
transmitter and receiver antennas were in an about 3 m distance from each other in the laboratory. 
As seen there is a pair of antennas with vertical polarization and another pair of antennas with 
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horizontal polarization.  The quality of the signal transmission has been checked by bit error rate 
measurements. The measurement results are presented in Table 1. 

Table 1 Measurement results of the combined optical and wireless link with double polarization 
multiplexing 

 

Fiber 

length 

Bit rate 

(Gbit/s) 

Channel 

1 BER  

Channel 2 

BER 

Power 

(dBm) 

 -7.10 -9.35 

 

 
0 km 

1 10-11 10-11 

 

2 10-11 10-11 

 

4 2.10-11 1,8.10-11 

8 3,2.10-11 2,9.10-11 

12 5,4.10-11 4,9.10-11 

Power  

(dBm) 

 -6.41 -7.79 

 

 

2 km 

Loss = 

0.8 dB 

 

 

 

1 10-10 10-1.0 

2 10-10 

 

10-10 

4 3,2.10-10 3,8.10-10 

8 5,4.10-10 6,7.10-10 

12 9.2. 10-10 9.9. 10--10 

Power  

(dBm) 

 -8.49 -9.85 

 

 

4 km 

Loss = 

1.6 dB 

 

 

 

1 2,4.10-10 3,6.10-10 

2 6,2.10-10 5,3.10-10 

4 8,1.10-10 7,4.10-10 

8 2,0.10-9 1.2. 10-9 

12 3.4.10-9 3.2.10-9 
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Power  

(dBm) 

 -8.30 -10 

 

 

7 km 

Loss = 

2.9dB 

 

1  1.2.10-9 8.9.10-10 

2 2.6.10-9 2.4. 10-9 

4 4.0. 10-9 3.5. 10-9 

8 4.4. 10-9 4.2. 10-9 

12 5.6. 10-9 5.1.10-9 

Power

,  

(dBm) 

 -13.94 -15.54 

 

 

25 km 

Loss = 

5.3dB 

1 2.5.10-9 1.6.10-9 

2 3.4.10-9 4.1.10-9 

4 5.5.10-9 5.2.10-9 

8 7.6.10-9 7.7. 10-9 

12 9.4. 10-9 8.5.10-9 

 
The wave propagation problems of the wireless link cannot be tested properly in an indoor 

environment like a laboratory because in the laboratory there are many reflections and these increase 
the pulse broadening significantly. That is more observed first of all at higher bit rates. Therefore that 
measurement is only a feasibility study. In spite of that, good transmission was obtained even over a 
25 km long fiber as it is shown in Table 1. In most applications the fiber length is less than 7 km.  

5. Applications 

The applications of radio over fiber link with double polarization are presented for several cases 
in the following. The radio over fiber (RoF) link can be applied for different connections in a mobile 
network. One example is when a central station has to be connected to a radio base station. In that 
case the aim is to perform most of signal processing in the central station to obtain a very simple radio 
base station. That arrangement is especially important in the millimeter wave band because in that 
case we have smaller cells and therefore more radio base stations. In this application the radio over 
fiber link is the best choice because besides transmitting information it also can be used to produce 
millimeter wave (MMW) signals in the radio base station. The MMW signals also carry the original 
information. Therefore, the generated MMW signals can be radiated without any further signal 
processing (except amplification and filtering). Figure 5 presents this application. 
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. 

Figure 5. Optical link between the center station and radio base station, wireless links between the 
radio base station and subscribers. 

In another application the two channels with orthogonal polarization have also two different 
optical local oscillators in the transmitter. This way, after reception two different millimeter wave 
signals are obtained by optical mixing. Then these signals can be used for two different radio base 
stations. 

As a further application the radio over fiber link connects the center station with a node of the 
optical link. In the node the radio frequency carrier is generated by optical mixing. That signal is used 
to connect the node with the radio base station by the wireless RF link. Figure 6 presents this 
application. 

. 

Figure 6. Optical link between the center and a node, wireless link between the node and a radio base 
station. 

The polarization multiplexing technique is very practical for capacity enhancement in a specific 
section of an existing optical link by inserting a new link into it. The arrangement of block diagram 
presented in Figure 7 is suitable for connections between a central station and the radio base stations 
of a mobile network.  

 

    Existing link                       fiber           
Existing link 

  New link                   New link  
                
 

Figure 7. Block diagram of inserting a new link into an existing link. 

filter 
PBC PBS 

filter 

angle 

angle 
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For creating double polarization of an optical beam the same procedure is used as in Figure 2. 
Therefore in Figure 7 the laser beam propagating through the optical polarization filter (denoted as 
filter) - which produces a linear beam – is propagating across a polarization angle rotator (denoted 
as angle) in both arms of the block diagram. Before connecting the two optical beams to the 
polarization beam combiner (PBC) the same adjustment is used as in Figure 2 to obtain a double 
polarized beam at the output of PBC at the transmitter side. The two links are propagating over a 
fiber with double polarization to the receiver side where they are separated by a polarization beam 
splitter (PBS). That approach is very flexible which makes it well applicable in mobile networks. Its 
further advantage is that it can utilize the existing optical network without deploying a new fiber or 
cable for capacity enhancement. 

In some cases a new link has to be inserted into a channel of a fiber with many wavelength 
division multiplex (WDM) channels. For that case Figure 8 shows a proper block diagram. Applying 
that block diagram a channel is coupled out from the WDM channels by a fiber Bragg grating (FBG) 
type filter. Then a new link can be inserted into the decoupled channel utilizing the method shown 
in Figure 2 providing this way a double polarized wave carrying two channels. Due to double 
polarized wave propagation the FBG filter and the output optical circulator carries two orthogonal 
polarizations.  
 
 Input         
               Output 
 Existing link                           
  New link    

 
Figure 8. Block diagram of the transmitter side for inserting a new link into a channel of a fiber 
carrying many wavelength division multiplex (WDM) channels. 

Figure 9 presents the block diagram of the receiver side of the new link inserted into a channel 
of a fiber carrying many wavelength division multiplex (WDM) channels. Due to double polarized 
wave propagation the FBG filter and the input optical circulator carries two orthogonal polarizations.  
 
         
          Input               Output 

            Existing link 

                           
    New link 

Figure 9. Block diagram of the receiver side of the new link inserted into a channel of a fiber carrying 
many wavelength division multiplex (WDM) channels. 

6. Conclusion 

A combined radio over fiber and wireless link with double polarization multiplexing has been 
developed and investigated by measurements. Over the fiber two optical beams with orthogonal 
polarization carries independent information, doubling the link capacity this way. As a local 
oscillator an additional laser beam is inserted with 45° polarization angle. By optical mixing two 
millimeter waves are generated at 60 GHz ferquency. The two millimeter waves also with orthogonal 
polarization carry the information in the wireless section between the radio base station and the 
subscribers. To ensure a high quality signal transmission a special procedure has been applied which 
provides high polarization extinction ratio. 

filter 
PBC 

filter 

angle 

angle 

FBG 

PB

FB

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 27 June 2024                   doi:10.20944/preprints202406.1904.v1

https://doi.org/10.20944/preprints202406.1904.v1


 10 

 

The developed combined radio over fiber and wireless link was constructed and tested by 
detailed measurements. In the experimental investigations the bit rate and fiber length were varied. 
A signal with 12 Gbit/s bit rate was transmitted over a 25 km long combined optical and wireless link 
with about 1.10-8 bit error rate. That result is much better than the already published data which were 
measured on links transmitting signals with 2.5 Gbit/s bit rate. The measurement results proved the 
high quality performance of the combined radio over fiber and wireless link applying double 
polarization multiplexing. 

The polarization multiplexing technique is very practical for capacity enhancement in a specific 
section of an existing optical link by inserting a new link into it. That approach is very flexible which 
makes it well applicable in mobile networks. Its further advantage is that it can utilize the existing 
optical network without deploying a new fiber or cable for capacity enhancement. 
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