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Abstract 

 

Photonic frequency converters based on semiconductor optical 
amplifier (SOA) and electroabsorption modulator (EAM) for cost-
effective and practical 60 GHz Radio-on-Fiber (RoF) systems are 
investigated, and 60 GHz RoF systems are realized through these 
photonic frequency converters. In RoF systems, these frequency 
converters are applied as a remote frequency converter to mitigate 
dispersion-induced signal fading problems. They also help to simplify 
base station architectures. Each frequency up- and down-conversion 
technique is proposed and analyzed separately, and then a new 
photonic mixer combining two schemes is introduced for bi-
directional RoF link design.  

The frequency up-conversion method for downlink data 
transmission uses cross-gain modulation of SOA and square-law 
characteristics of photodetector. In this scheme, both 60 GHz local 
oscillator (LO) signals and intermediate frequency (IF) signals are 
optically transmitted from a central station to base stations. The SOA 
large signal simulation model using transfer matrix method is applied 
to show the basic operation characteristics of SOA. Based on this 
simulation model, the frequency up-conversion processes are clarified, 
and frequency up-conversion efficiency is estimated as functions of 
SOA input optical LO powers and optical IF wavelengths at 60 GHz 
band. The gigahertz operation bandwidth of the frequency up-



 x 

converter is verified experimentally at different input optical powers, 
and ASK 1.244 Gbit/s downlink data transmission systems are 
successfully demonstrated at 60 GHz band for the first time. For 
uplink RoF data transmission, frequency down-conversion method 
using EAM nonlinearity is proposed. It also uses optical LO and 
optical IF signals delivered from the central station, and frequency 
down-converted signals are optically transmitted back to the central 
station. The internal conversion efficiency definition is suggested for 
this frequency down-converter to exclude other optical effects in RoF 
links. The conversion efficiency is measured at 30 GHz band as 
functions of EAM biases, EAM input optical LO and IF powers, and 
optical IF wavelengths. The uplink RoF link employing this frequency 
down-converter is also realized at 60 GHz band, and error-free 5 
Msymbol/s QPSK data is transmitted. For bi-directional RoF links, two 
concepts of frequency conversion are integrated to one cascaded SOA 
and EAM configuration performing both frequency up- and down-
conversion with optically provided LO and IF signals. The frequency 
conversion efficiency is also defined for the proposed frequency 
converter, and measured at 60 GHz band as functions of EAM biases, 
SOA input optical LO and IF powers, and optical IF wavelengths. The 
dispersion insensitive bi-directional signal transmission is also proved 
by comparing measured uplink and downlink signal power using a 
proposed frequency converter with calculated 60 GHz signal power 
transmitted in the form of optical double sideband. Finally, 60 GHz bi-



 xi 

directional RoF links are demonstrated successfully. 5 Msymbol/s 
QPSK and 16QAM data signals are delivered in the form of optical IF 
signals bi-directionally, and frequency up- and down-conversion occur 
at the base station. The system performances are evaluated through 
the measured error vector magnitudes as functions of SOA input 
optical IF powers and wavelengths. 
 
 
KEYWORDS: photonic mixer, optical/optoelectronic frequency 
converter, semiconductor optical amplifier, electroabsorption 
modulator, photodetector, microwave photonics, radio-on-fiber 
system, fiber-optic/millimeter-wave data transmission, broadband 
wireless system 
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1. Introduction 
 

1-1. Why 60 GHz? 
   With the help of wireless technology development, we are using cell 

phones anywhere in the world, having wireless LAN services in many 

hot spots, and watching television programs in public places through 

the digital media broadcasting receivers. Moreover, the prevailing 

wireless systems are evolving to the so-called triple play systems 

providing voice, data, and video services at the same time. To realize 

such systems, high bandwidth efficient modulation techniques or broad 

bandwidth systems using high frequency carriers are inevitable. Current 

wireless LAN and broadcasting systems using several GHz or sub-GHz 

carriers are focusing on increasing bandwidth efficiency. However, the 

required data rate for future wireless systems should be beyond gigabits 

per second, so that carriers containing enough bandwidth for such 

gigabit data transmission are necessary. Under such demands, 

millimeter-wave-band systems are being actively investigated, and 

especially, 60 GHz systems become the most popular millimeter-wave 

systems [1-6]. 

   60 GHz carriers initially have enough bandwidth for gigabit data 

transmission, but the more important reason for attracting interests is 

that many countries are opening 60 GHz band as a license-free band [1-

4]. Fig. 1-1 shows present status of license-free bands at 60 GHz for 

several countries [4]. As shown in the figure, several gigahertz 
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bandwidths are opened at 60 GHz band, which means bandwidth 

efficiency is not an important part and how to use such wide bandwidth 

becomes more important issues. In addition, 60 GHz signals have other 

physical characteristics benefiting to wireless systems.  

 

Max: 
500mW/100MHz

ERIP: 43dBm
USA

EIRP: 100mWEurope

Max power: 
10mW

EIRP: 57dBm
Japan

Max power: 
500mW/100MHz

EIRP: 43dBm
Canada

Max power: 
10mW

EIRP: 51.8dBm
Australia

56 57 58 59 60 61 62 63 64 65 66GHz

59.4 62.9

61.5

 

Figure 1-1. Status of license-free 60 GHz-bands in several countries. 

 

Because the oxygen-absorption loss of 60 GHz signals is 10-15 dB/km 

[7], they can be used for short range communications and indoor 

wireless systems requiring less interference among users. Moreover, 

such high absorption characteristics can be applied to frequency reuse 

in wireless systems having lots of cells [1-3]. The high directivity of 60 

GHz signals is another useful characteristic to increase wireless link 

gain, to decrease signal interferences, and to mitigate inter-symbol-

interferences caused by multi-path fading [5]. Fig. 1-2 shows the 
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schematic comparison of directivity for some ISM (Industrial, 

Scientific, and Medical) band frequency signals, and the notably high 

directivity of 60 GHz signals can be observed. Short wavelength of 60 

GHz signals compared with other present wireless carriers can be also 

useful to design small system components [1-6]. 
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Figure 1-2. Directivity comparison among ISM band carrier signals. 

 

   The most popular application of 60 GHz is wireless personal area 

networks, which are currently under standard discussion at the IEEE 

802.15.3c working group [4-5]. Very high data rate beyond 2 Gbit/s is 

allowed to this system for high-speed internet access, streaming content 

download, real-time streaming, and wireless data bus for cable 

replacement. For future broadband indoor wireless LAN systems, 60 

GHz is considered as a strong candidate, and Europe is leading the 

system development mixing 5 GHz band wireless LAN services with 

60 GHz systems supplying higher data rate [3, 5]. The European IST 

project BroadWay is suggesting this concept [5]. Free space Gigabit 
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Ethernet services (1.244 Gbit/s) using 60 GHz signals are also 

investigated, and applications mixed with free space fiber-optic systems 

are being developed [2, 5]. In Japan, 60 GHz technologies for wireless 

home network systems, especially, the wireless video Home-Link 

system including wireless 1394 applications are examined [5]. Besides 

these wireless applications, 60 GHz can be used for high resolution 

imaging and sensors, and astronomical observation using very large 

arrayed radio telescopes [8-9]. In the Atacama plateau, Chile, tens of 

arrayed radio astronomical observatories using 60 GHz are being 

established. 

 

Broadband Wireless LAN

Home Network

Wireless Personal Area Network

Broadband Wireless Access

 

Figure 1-3. Wireless applications using 60 GHz signals. 
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1-2. Radio-on-Fiber Systems for 60 GHz systems 
60 GHz is a promising candidate for future broadband wireless 

communication systems. However, there are some problems to realize 

60 GHz systems in the near future. As stated above, the free-space 

propagation loss of 60 GHz is very high, so that a lot of base stations 

covering small-sized cells are required to implement systems. 

Moreover, high speed millimeter-wave devices based on compound 

semiconductors are very expensive and high frequency component 

designs and packages are also difficult. Therefore, the deployment cost 

of 60 GHz systems will be very high and simple and cost-effective base 

station design becomes important. As one solution, Radio-on-Fiber 

(RoF) technologies are attracting much attention [9-13]. 
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Figure 1-4. Simple bi-directional RoF system configuration. 

 

Fig. 1-4 shows the schematic of simple bi-directional RoF systems. 

In RoF systems, radio signals are optically transmitted between central 

and base stations, resulting in low loss transmission of radio signals 
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through optical fibers. Therefore, for 60 GHz signals having high 

attenuation characteristics in free-space, RoF system technologies can 

extend transmission distance. In addition, direct transmission of radio 

signals can help reducing complex and expensive devices and 

equipment at many base stations, and controlling many base stations at 

one central station. In case of downlink data transmission, radio signals 

are generated by only photodetection process at the base station, and 

data signals are transmitted to mobile users after simple electrical 

amplification. Therefore, very simple base station architectures are 

expected. High speed operation of optical components is also very 

useful for 60 GHz systems. However, the single-mode fiber 

transmission of optically intensity-modulated millimeter-wave signals 

like 60 GHz can suffer severe signal fading due to fiber chromatic 

dispersion [14-15]. In case of optical intensity modulation, double-

sideband signals are produced and each sideband experiences different 

phase shift during fiber transmission, so that destructive interference 

occurs between two beat signals at the receiver at certain transmission 

points, which causes degradation of generated signal power. Fig. 1-5 

schematically shows this phenomenon and the calculated signal 

responses for 60 GHz and 1 GHz as a function of transmission distance 

are also shown below [15]. When modulation frequency is high, 

wavelength separation between two sidebands is wide, resulting in 

faster phase shift at short transmission distance. Therefore, the signal 

degradation of 60 GHz signals occurs at very short transmission point. 
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On the other hand, for 1 GHz signals, the wavelength difference 

between the sidebands is very small, so that dispersion effects are far 

less severe. 
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Figure 1-5. Schematic of dispersion-induced signal fading problems in 

intensity modulated millimeter-wave signal transmission. 

 

Various techniques for dispersion-insensitive transmission of 

millimeter-wave signals have been proposed using dispersion 

compensation techniques [16-17] and remote frequency conversion 

techniques [18-19]. In optical communication systems for long-haul, 

gigabit data transmission, fiber chromatic dispersion was a limitation of 

error-free data transmission. Many kinds of dispersion compensators 

have been presented, and some techniques can be applied to RoF 

systems. Basic concept is that the unwanted phase difference between 
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two sidebands caused by fiber dispersion is controlled by dispersion 

compensators not to occur destructive interferences. Fig. 1-6 shows this 

principle. However, the problem is that the dispersion compensation 

techniques are sensitive to fiber transmission distances and optical 

signal wavelengths, and, as a result, RoF systems need many adaptable 

dispersion compensators, making system design difficult. In remote 

frequency conversion techniques, intermediate frequency (IF) signals 

are optically transmitted between central and base stations, and 

frequency up-conversion to and down-conversion from millimeter-

wave-bands occur at each base station. Fig. 1-7 shows the simple 

remote frequency conversion systems in the bi-directional RoF link. 

Since fiber transmission of low frequency signals in the form of IF is 

hardly affected by dispersion as explained before, frequency conversion 

at the remote base stations can be a simple solution for the dispersion-

induced signal fading problem. However, expensive millimeter-wave-

band oscillators and mixers are needed for remote frequency 

conversion, which makes the base stations complex and expensive.  
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Figure 1-6. Dispersion compensators for optical millimeter-wave signal 

transmission without signal penalty. 
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To solve this problem, optical/optoelectronic frequency conversion 

techniques can be used [20-27], in which data carried in IF signals are 

frequency up- and down-converted at the base stations with the help of 

dispersion insensitive optical local oscillator (LO) signals generated at 

the central station by optical heterodyne techniques or optical single-

sideband modulation techniques. Consequently, there is no need for 

expensive electrical oscillators and mixers at the base stations, allowing 

simple and cost-effective base station architecture. Fig. 1-8 shows a 

downlink RoF system example using remote frequency up-conversion 

scheme based on heterojunction phototransistors (HPTs) [21]. The 

optical heterodyne LO signals, which is two correlated optical modes 

separated by fLO, are generated at the central station, and transmitted to 

the base station combined with optical IF signals having fIF signals. 

When these two optical signals are injected into the HPT, fLO and fIF 

signals are generated by the HPT photodetection, and fIF signals are 

frequency up-converted to the fLO band by the optoelectronic mixing 

process of HPT. Therefore, no LO sources are required at the base 

station, and photodetection and frequency mixing functions can be 

obtained with only one device, HPT, leading to very simple base 

stations. 

This dissertation focuses on optical/optoelectronic remote 

frequency conversion techniques for 60 GHz bi-directional RoF links. 

For downlink data transmission, remote optical frequency up-

conversion technique is used, for which cross-gain modulation (XGM) 
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of semiconductor optical amplifier (SOA) is applied. For uplink data 

transmission, remote optoelectronic frequency down-conversion 

technique is used, for which nonlinearity of electroabsorption 

modulator (EAM) is applied. The LO signals are provided from the 

central station in the form of optical heterodyne signals. 

 

PD

Central Station

Optical fiber

Base
Station

LD

Amplifier

Mixer

Receiver

Local
oscillator

Optical IF
Source (λIF)

Data/IF λλλλ

fIF

λλλλ

fIF

PDPD

Central Station

Optical fiber

Base
Station

LDLD

Amplifier

Mixer

Receiver

Local
oscillator

Optical IF
Source (λIF)

Data/IF λλλλ

fIF

λλλλ

fIF

 

Figure 1-7. Simple bi-directional RoF link based on remote frequency 

conversion technique. 
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Figure 1-8. RoF downlink system configuration based on optoelectronic 

frequency up-conversion using HPT. 
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1-3. Bi-Directional RoF Link 
   To communicate between wireless service providers and mobile 

users, bi-directional links are indispensable. Except broadcasting 

networks, most wireless systems are established bi-directionally, and 

RoF links are not exceptions for full network services. The problem is 

that additional high speed optical devices are required at each base 

station to send uplink radio signals to central station, which makes base 

stations complex and expensive. In case of optical millimeter-wave 

transmission, expensive optical components operating millimeter-

wave-bands should be equipped at the base station. EAM transceivers 

allow the simple antenna base station architecture for bi-directional 

RoF links because EAM can perform the dual functions of 

photodetection and optical modulation [28-32]. The EAM is a reverse 

biased p-i-n diode with bulk active region [33] or multiple quantum-

wells [34] as the absorption layer. Bias conditions determine the 

amount of light absorption, such that modulation of bias voltage 

changes the transmitted optical signal power of EAM, making optically 

modulated data signals. In addition, from the absorption layer, 

photocurrent is generated like conventional PDs. Fig. 1-9 shows a bi-

directional millimeter-wave link using EAM. The optical millimeter-

wave signals from the central station are photodetected in EAM, and 

generated downlink data signals are transmitted to mobile users. 

Conversely, uplink millimeter-wave signals from mobile users 

modulate EAM using the same optical source provided for downlink, 
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and optically transmitted uplink signals are photodetected at the central 

station. Therefore, a simple bi-directional RoF link can be realized with 

only one EAM. 
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Figure 1-9. Bi-directional millimeter-wave RoF link using EAM. 

 

   However, as explained in chapter 1-2, direct fiber transmission of 

double sideband millimeter-wave signals causes dispersion-induced 

signal fading problems, so that by combining optical/optoelectronic 

mixing techniques, signal penalty from the fading can be overcome. In 

this dissertation, we investigate a 60 GHz photonic frequency converter, 

which performs frequency up-conversion and frequency down-

conversion at the remote base station based on a cascaded SOA–EAM 

configuration. SOA cross-gain modulation and photodetection in EAM 

are used for frequency up-conversion, and EAM nonlinearity is used 
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for frequency down-conversion. Both LO and IF signals for frequency 

conversion are optically provided by the central station. Therefore, a 

simple base station having only one cascaded SOA-EAM configuration 

can be realized. Moreover, since optical LO signals are separated from 

optical IF signals, optical LO signals can be shared among several base 

stations and wavelength division multiplexing (WDM) techniques can 

be applied for accessing different base stations with different IF 

wavelengths. Fig. 1-10 shows a bi-directional RoF system architecture 

where proposed SOA-EAM frequency converters are to be used. 
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Figure 1-10. Bi-directional RoF systems using remote frequency conversion 

based on a cascaded SOA-EAM configuration proposed in this dissertation. 
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1-4. Outline 
   This dissertation will focus on photonic frequency converters based 

on SOA and EAM, and their applications to 60 GHz RoF systems. 

Each frequency up- and down-conversion scheme will be explained at 

first, and then the frequency converter combining two schemes is 

proposed. The 60 GHz RoF systems will be also demonstrated for 

every frequency conversion technique. Details of dissertation outline 

are as follows. 

   In chapter 2, the optical frequency up-conversion method based on 

SOA is introduced at first. Section 2-1 explains the operation principles 

of frequency up-conversion, for which basic SOA characteristics are 

shown through the simulation model of SOA using a transfer matrix 

method, and up-conversion processes are clarified through this SOA 

model. The simulation results of the frequency up-converter are shown 

in section 2-2. To show the broadband operation properties of the 

frequency up-converter, 1.244 Gbit/s downlink RoF data transmission 

consequences at 60 GHz band are placed at the end of this chapter. 

   Next, the optoelectronic frequency down-conversion scheme based 

on EAM nonlinearity is described in chapter 3. After explaining the 

useful characteristics of EAM for RoF uplink data transmission in 

section 3-1, the operation principles of frequency down-conversion are 

accounted for in section 3-2. Section 3-3 presents the operation 

characteristics of the EAM frequency down-converter based on 

measurement results of internal conversion efficiency at 30 GHz band. 
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QPSK uplink RoF data transmission results at 60 GHz band are 

followed in section 3-4. 

Chapter 4 introduces the frequency up- and down-conversion 

technique employing only one cascaded SOA and EAM configuration. 

Section 4-1 suggests a bi-directional link architecture using this 

frequency converter, and then the operation principles of proposed 

frequency up/down-converter are explained in section 4-2. The 

conversion efficiency is also defined for this frequency converter in 

section 4-3, and then the measurement results of frequency conversion 

efficiencies and their characteristics at 60 GHz band are discussed in 

detail. The last section shows the bi-directional RoF data transmission 

results at 60 GHz band. QPSK and 16QAM data transmission are 

demonstrated, and its system performances are analyzed through the 

error vector magnitudes. 

Finally, chapter 5 summarizes the proposed photonic frequency 

conversion techniques, and 60 GHz RoF system demonstration results 

using these converters. A brief comment about the practicability of this 

frequency converter closes this dissertation. 
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2. Remote Frequency Up-Conversion Using 
SOA-PD Configuration 

 

2-1. Operation Principle of Frequency Up-
Conversion 

   Conventional downlink RoF systems based on remote frequency 

up-conversion use mixers and oscillators for low frequency IF signals 

to be frequency up-converted to application bands as shown in Fig. 2-1, 

making the base station design complex. To alleviate this problem, 

photonic frequency up-converter can be used, and as depicted in Fig. 2-

1, electrical mixers and oscillators can be eliminated at the base station, 

for which optical LO signals are supplied from the central station, and 

optically delivered IF data signals are frequency up-converted by the 

photonic frequency up-converter. In this dissertation, this photonic 

frequency up-converter is realized by using SOA and PD configuration. 

However, this frequency conversion concept is originated from the 

following references [35-36], and this dissertation shows the analysis 

results and broadband data transmission results using this idea. 

Fig. 2-2 schematically shows the operation of SOA-PD frequency 

up-conversion for downlink IF data transmission. The basic 

constitution of this frequency up-converter includes optical LO sources, 

optical IF sources, SOA, and PD. Optical LO signals at λLO are 

generated by the optical heterodyne method, resulting in two optical 

sidebands separated by fLO. When optical LO signals along with optical 
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signals at λIF carrying IF signals are injected into SOA, two sidebands 

of optical heterodyne LO signals are cross-gain modulated by the IF 

data signals at λIF, and frequency up-converted data signals at fLO are 

created by the signal beating process in a photodiode. More detailed 

explanation will be followed in next sections. 
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Figure 2-1. Base station of downlink RoF systems based on remote frequency 

up-conversion and photonic frequency up-converter. 
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Figure 2-2. Schematic of photonic frequency up-conversion based on SOA-

PD configuration. 
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2-1-1. Optical LO and IF signal generation 
At first, it is explained how to generate optical LO and IF signals 

for this frequency up-conversion as shown in Fig. 2-3. Basically, the 

optical LO is generated by the optical heterodyne method [9]. Two 

optical modes separated by fRF are given by 

))()2cos(( 11 ttwwAE RFo φ++=      2-(1) 

))()2cos(( 22 ttwwAE RFo φ+−=      2-(2) 

where wo is optical center frequency, and φ1, 2(t) is optical phase. 

When these two modes are injected into PD, generated current due to 

the square-law beating inside PD are the following: 

   ))()(cos( 21
2*

21 tttwAIEEI RFDC φφ −++=×∝   2-(3) 

where the signal having frequency sum results is not expressed, 

because its frequency is too high to be considered at RF range. As 

shown in equation 2-(3), the RF signal having wRF frequency is 

generated, and theoretically, any frequency components can be 

produced by this optical heterodyne technique. In addition, this beat 

frequency signal power is not changed by the chromatic dispersion 

effect, which is a very useful characteristic for 60 GHz RoF data 

transmission. However, the phase components written as φ1(t) - φ2(t) 

are randomly changed, which causes severe phase noise in generated 

RF signals [37]. Therefore, phase-correlated two optical modes are 

required to eliminate randomly changed phase components, and optical 
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heterodyne signals mean two dominant phase-correlated optical modes 

for low-phase noise RF signal generation. 

Many researchers have been developed two phase-correlated optical 

signal generation techniques [38-41], and one of the easy and popular 

methods is a double-sideband with suppressed carrier (DSB-SC) 

method using a Mach-Zehnder modulator (MZM) [42-43]. This was 

also selected as an optical millimeter-wave generation method at the 

RACE project R-2005-MODAL (Microwave Optical Duplex Antenna 

Link) [44]. Following is the brief analytical model of DSB-SC method 

based on reference [42] and [43]. The output electric field of an MZM 

can be described by 

   





⋅=
π

π
V

tV
tEtE m

inout

)(
2

cos)()(      2-(4) 

where Vm(t) is modulating voltage applied to the modulator and Ein(t) is 

the incident optical field. When the frequency of modulating voltage is 

wRF, this voltage signal summed with a bias voltage can be written as 

   )cos()1()( twVVtV RFm ππ αε ++=      2-(5) 

The terms ε and α are the bias and modulation levels applied to the 

modulator normalized to Vπ. The output field from the modulator for 

Vm(t) is given by 

   [ ] 


 ++= )cos()cos()1(
2

cos)( 0twtwtE RFout αεπ
  2-(6) 
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where the optical frequency is w0. Equation 2-(6) can be expanded with 

Bessel functions, and the resulting spectral components can be written 

as 
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where Ji is the ith Bessel function of the first kind. If the modulator is 

biased at Vπ (ε=0), then the component at w0 will be suppressed as are 

all even terms. Two dominant components separated by 2wRF are 

produced, and these are completely phase-correlated, so that very low 

phase noise signals can be generated after square-law beating process 

of photodetection. Although, other spectral components are also 

generated by signal beating, they can be eliminated by electrical 

filtering after photodetection. As a result, Fig. 2-3 shows that if an 

MZM is modulated by half of target LO frequency (fLO/2) signals, fLO 

separated two optical modes can be obtained, and these are the optical 

heterodyne LO signals for photonic frequency converters. Although the 

DSB-SC technique has stability problems due to the voltage drift in 

MZM, the control circuits to adjust MZM bias voltages in voltage 

supply units can solve this problem, and commercial products are 
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already released for this purpose. In this dissertation, all the optical 

heterodyne signals are generated by the DSB-SC technique. 

For optical IF signals, all kinds of optical modulation techniques 

can be used, however, the bandwidth of optical components should be 

large enough not to distort IF data signals. Fig. 2-3 shows direct laser 

modulation of IF data signals for optical IF. 
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Figure 2-3. Optical LO generation using DSB-SC method, and optical IF 

generation using direct laser diode modulation. 
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2-1-2. Cross-gain modulation (XGM) of SOA 

Next, SOA XGM for IF signal modulation to optical LO signals is 

explained. In this frequency up-converter, SOA is operating as a remote 

signal modulator using XGM. However, SOA in itself is an optical 

signal amplifier, and to explain XGM process, the simple principle of 

optical amplification is necessary [45-46]. Fig. 2-4 shows the 

stimulated processes in a two level system. In an SOA, electrons are 

injected from an external current source into the active region of 

semiconductors. These make carriers occupy energy states in the 

conduction band of the active region material, leaving holes in the 

valence band. When a photon having energy larger than energy gap, its 

energy stimulates electrons to be moved to conduction band and photon 

energy disappears, which is called stimulated absorption. However, a 

photon having suitable energy is incident on the semiconductor, it can 

cause stimulated recombination of a conduction band carrier with a 

valence band hole. The recombining carrier loses its energy in the form 

of a photon. This new stimulated photon is perfectly coherent with the 

inducing photon, which means identical phase and frequency with the 

incident photon. This process is called stimulated emission, and while 

these photons are inside semiconductor materials, they can give rise to 

more stimulated emission, which is an optical gain process. However, 

these two processes occur statistically, so that external management to 

increase the probability of stimulated emission is needed to obtain 

optical gain. If the injected current is sufficiently high then a population 
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inversion is created when the carrier population in the conduction band 

exceeds that in the valence band. In this case the stimulated emission 

becomes statistically dominant process, so that optical gain appears in 

the semiconductors. 
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Figure 2-4. Stimulated processes in a two level system. 

 

In SOA, optical gain and saturation input optical power are basic 

performance parameters. When an optical signal is injected into SOA, 

its amplitude is amplified as much as SOA gain, however, if the input 

signal power is beyond saturation power condition, the signal gain is 

reduced due to limited carriers inside SOA, which is called gain 

saturation, and the input power condition occurring gain saturation is 

called saturation input optical power. The XGM process uses this gain 

saturation phenomenon [47-48]. In principle, when two different 
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optical signals, one of which has higher optical power than saturation 

input optical power, are injected into SOA, a higher power optical 

signal acquires more optical gain than a lower power optical signal. 

Therefore, output signal power of one optical signal can be controlled 

by another wavelength optical signal. Fig. 2-5 shows the XGM 

principle schematically. When an optical signal having data (P1) and a 

CW optical signal (P2) are incident on SOA, the gain of the P2 signal is 

changed by the P1 signal power, such that the P2 signal is optically 

modulated by the P1 signal. In this case, modulated data in the P2 signal 

has inverted form of original data signals. 

Therefore, as shown in Fig. 2-5, when optical LO at λLO and 

optical IF at λIF are injected into SOA, two modes of optical 

heterodyne LO signals are cross-gain modulated by optical IF, and each 

mode has double-sideband IF signals. 
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Figure 2-5. Process of optical IF signal modulation in optical LO signals by 

SOA XGM. Below is a simple operation principle of XGM. 
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2-1-3. Frequency up-conversion at a PD 

   In chapter 2-1-1, it is explained how to generate optical heterodyne 

LO and optical IF signals, and in chapter 2-1-2, it is described what is 

XGM and how the optical IF signals modulate optical LO signals by 

SOA XGM. Finally, a brief signal beating process in a PD will be 

shown, which is a final process to accomplish frequency up-conversion. 

   A PD is a device to convert optical signals into electrical current 

signals, which is modeled with following equation: 

   *EERPRI opticalPD ×⋅=⋅=      2-(8) 

where R is responsivity of PD that explains signal loss due to optical 

signal scattering, reflection, and so on, Poptical is incident optical power, 

and E is the electrical field of optical signals. Therefore, it means that 

produced current is a result of square-law beating with incident electric 

fields. RF signal generation using optical heterodyne methods also uses 

this characteristic as explained in section 2-1-1. Frequency up-

converted signals can be obtained by this signal beating process in PD 

as shown in Fig. 2-6. After SOA XGM, ideally, six optical modes are 

created, and they can be briefly written as 
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where optical phases and signal amplitudes are omitted for 

simplification. If these six optical modes are incident on PD, resulting 

electrical signals after beating processes are the following: 
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   ))cos(()cos())cos(( twwtwtwwI IFLOLOIFLO −++−=        2-(10) 

where other signal products are eliminated, because they are far from 

the LO frequency band. Therefore it shows that low frequency IF 

signals are frequency up-converted to LO frequency band. In this 

frequency up-conversion process, XGM can cause phase modulation in 

SOA. However, this phase modulation does not affect the system 

performance, and also the short optical transmission length between 

SOA and PD can not change optical phases of LO signals enough to 

affect frequency up-conversion. If SOA and PD are monolithically 

integrated, the phase variation of optical LO is completely disappeared. 
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Figure 2-6. Frequency up-conversion by the signal beating process in PD. 

 

   This frequency up-converter is at first designed to make base 

stations simple and cost-effective, however there are many other 

advantages. Because this frequency up-converter uses optical 
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amplifiers, conversion efficiency is very high. In addition, SOA offers 

optical gain in wide wavelength range, where XGM can occur, so that 

the operation wavelength range is wide. This characteristic is very 

useful to adopt wavelength division multiplexing (WDM) technologies 

in this remote up-conversion system. Another advantage is that optical 

heterodyne LO signals having any frequency separation can be used, 

which makes frequency up-converters insensitive to LO frequency. 

Therefore, it can operate at any millimeter-wave and sub-millimeter-

wave bands. However, for IF bandwidth, because the speed of SOA 

XGM is limited by carrier recombination time, IF signal frequency is 

restricted within several GHz, which is nonetheless enough to transmit 

broadband data signals [45-48]. The details of these frequency up-

converter characteristics are well explained in reference [35] and [36]. 

The nonlinearity of SOA-PD frequency up-converter is also 

investigated in reference [49], where spurious-free dynamic range of 

around 77 dB/Hz2/3 is obtained experimentally. Therefore, in this 

dissertation brief characteristics of the SOA-PD frequency up-converter 

will be shown in next chapters. 
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2-1-4. Frequency up-conversion experiment 
   In this chapter, this frequency up-conversion is experimentally 

verified at 25 GHz band. Fig. 2-7 shows the experimental setup for this 

measurement. For 25 GHz optical LO signals, 12.5 GHz RF signals 

modulate an MZM biased at minimum transmission conditions for 

DSB-SC method. An erbium-doped fiber amplifier (EDFA) was used 

to boost optical LO power. The optical LO wavelength was 1535.4 nm, 

and the optical power before SOA was -13 dBm. For optical IF signals, 

1 GHz signals modulated another MZM biased at voltage conditions 

for maximum modulation efficiency. The optical IF wavelength and 

power before SOA was 1546.18 nm, and -11 dBm, respectively. 
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Figure 2-7. Experimental setup to verify optical frequency up-conversion at 

25 GHz band. LD : Laser Diode, RF-SA : RF-Spectrum Analyzer, PC : 

Polarization Controller 
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   When these optical signals were combined and injected into SOA, 

two modes of optical LO signals were cross-gain modulated by 1 GHz 

IF signals. After photodetection of optical LO signals, 1 GHz IF signals 

were frequency up-converted to 25 GHz band. Fig. 2-8(a) shows the RF 

spectrum measured before SOA, which means no frequency up-

conversion occurs, and Fig. 2-8(b) shows the RF spectrum measured 

after SOA. For these measurement, the same broadband 25 GHz PD 

was used. As shown in Fig. 2-8(b), 1 GHz IF signals are successfully 

frequency up-converted to upper sideband (26 GHz), and lower 

sideband (24 GHz). Moreover, frequency up-converted signals have 

larger RF power by about 10 dB compared to 1 GHz IF signal power 

measured before SOA. This implies that the up-converted IF signal in 

SOA can have conversion gain because the SOA gain directly 

contributes to up-conversion process. It should be noted, however, that 

the noise level increases due to SOA amplified spontaneous emission 

noise. Therefore, for better system performance, SOA noise should be 

reduced of filtered out. 
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Figure 2-8. RF Spectrum measured before SOA (a), and after SOA (b). 
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2-2. Simulation of Frequency Up-Conversion Using 
a Transfer Matrix Method 

   In chapter 2-1, the operation principles of SOA-PD frequency up-

converter are introduced, and its operation is verified with simple 

frequency up-conversion experiment. In this chapter, the basic 

operation characteristics will be explained through frequency up-

conversion simulation. This frequency up-converter uses SOA XGM 

and square-law beating in PD, however, the important process is SOA 

XGM. Therefore, to make a simulation model of SOA-PD frequency 

up-converter, SOA XGM modeling places at the most important part. 

In order to have high optical gain of SOA, the length of SOA is 

generally designed long, so that the gain dynamics inside SOA 

becomes very complex [45-46]. When optical field propagates inside 

SOA, carrier distribution change occurs at different location of SOA, 

resulting in optical gain variation inside SOA. To model this 

phenomenon, time-dependent transfer matrix method (TMM) can be 

used [46, 50-52]. The SOA is divided into many small SOA units 

having no longitudinal carrier change, and the amplitude and phase 

variation of optical fields at each SOA unit are calculated until the 

input optical fields arrive at final SOA unit. The amplitude and phase 

variation are determined by a signal propagation equation and a rate 

equation at each SOA section. Based on this method, the basic SOA 

characteristics will be shown at first, and then the frequency up-

conversion process will be simulated and analyzed at 60 GHz band. 
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Figure 2-9. Schematic of SOA model based on time-dependent TMM. 

 

2-2-1. SOA Modeling using TMM 

   Fig. 2-9 shows the schematic of SOA simulation model presented in 

reference [50]. The SOA has length L and reflectivity R at each end 

side, and is divided into N small SOAs. Input optical field, Ein at λin is 

incident on one facet of SOA, and its field variation at each SOA 

section is calculated using a signal propagation equation and a rate 

equation. Because the longitudinal variation of carriers causes the 

change of refractive index, reflected field appears n SOA, and its 

effects should be considered. Therefore, the optical field is divided into 

propagating one (Ai) and reflecting one (Bi) at each SOA section. For 

this calculation, number of carrier N, refractive index n, gain g, chirp 

parameter α should be determined in every small SOA unit. They are 

the basic parameters of the SOA model. For simplicity of explanation, 

the calculation process at one small SOA unit is shown at first [46]. Fig. 

2-10(a) shows the field model of unit SOA, where field propagation 

constant is γ, and Fig. 2-10(b) shows the field propagation and 
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reflection model according to refractive index variation (n1 and n2) at 

unit SOA facet. Fig. 2-10(a) is modeled as following matrix form: 
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where output fields at Z=L can be obtained by multiplying the 

propagation matrix by input field matrix at Z=0. The matrix model of 

Fig 2-10(b) is the following: 
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The propagation index and reflective index of the optical field is 

determined by the refractive index change, and the resulting field 

variation is calculated. As a result, when optical field propagates from 

i th SOA unit to (i+1)th SOA unit as shown in Fig. 2-9, resulting matrix 

equation can be written as 
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where matrix elements aij(t) are the multiplication results of 2-(11) and 

2-(12). The problem is that the initial condition of reflecting field 

components (Bi) is determined by the input optical field from opposite 

side of propagation field (Ai). Therefore the equation 2-(13) should be 

modified into the following matrix: 



 35 




















−

−
=




∆+
∆+

+

+

)(

)(

)(

1

)(

)(
)(

)(

)(

)()(
)(

)(

)(

1,

,

2222

21

22

12

22

2112
11

,

1,

tB

tA

tata

ta
ta

ta

ta

tata
ta

ttB

ttA

iw

iw

iw

iw
    2-(14) 

 

Z=0Z=0Z=0Z=0 Z=LZ=LZ=LZ=L

Homogeneous WaveguideHomogeneous WaveguideHomogeneous WaveguideHomogeneous Waveguide

Propagation Constant Propagation Constant Propagation Constant Propagation Constant γγγγ
nnnn
1111 nnnn

2222

EEEE
AAAA

EEEE
AAAA

EEEE
BBBB

EEEE
BBBB

EEEE
AAAA

EEEE
AAAA

EEEE
BBBB

EEEE
BBBB

Z=0Z=0Z=0Z=0 Z=LZ=LZ=LZ=L

Homogeneous WaveguideHomogeneous WaveguideHomogeneous WaveguideHomogeneous Waveguide

Propagation Constant Propagation Constant Propagation Constant Propagation Constant γγγγ
nnnn
1111 nnnn

2222

EEEE
AAAA

EEEE
AAAA

EEEE
BBBB

EEEE
BBBB

EEEE
AAAA

EEEE
AAAA

EEEE
BBBB

EEEE
BBBB
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Figure 2-10. (a) Field model in unit SOA, (b) Field propagation and reflection 

model in different refractive index layers. 

 

To obtain matrix elements in 2-(14), propagation constant γ should be 

calculated at first from the following signal propagation equation: 
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A(z, t) is the normalized signal envelope such that |A(z, t)|2 represents 

the optical power, and α is chirp parameter which accounts for carrier-

induced index changes. vg is group velocity, Γ is confinement factor of 

SOA, gm is material gain, and g is net gain [53-54]. The amplified 

spontaneous emission noise is represented by two statistically 

independent Gaussian distributed random processes for µ(z, t) that 

satisfy the following correlation: 

   )()()(),(),( ''*''
crossgSP EAvzzttRtztz ×−−Γ=⋅ δδβµµ     2-(16) 



 36 

where β is a spontaneous emission coupling factor, RSP is a 

spontaneous emission rate assuming bimolecular recombination, δ(x) is 

defined as δ function, E is photon energy, and Across is cross-sectional 

area of the active layer. This noise is treated as an additive noise, and 

the carrier distribution change determines noise amount. However, for 

simplicity only average noise is added in this dissertation. Equation 2-

(17) shows the derived γ expression from equation 2-(15). 
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The parameter values in 2-(17) are mainly determined by the carrier 

density in each SOA unit, which is calculated by the carrier rate 

equation in SOA written as 
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where N represents carrier density, S is photon density, the index i 

corresponds to different sections of SOA, I is injection current, V is 

active volume, q is electronic charge, and Anr, B, C are related to 

recombination constants. The average photon density is represented as 

following equation: 
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where h is plank constant, f is optical frequency, A i is propagation 

wave amplitude, and Bi is reflected wave amplitude. 
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In order to model the asymmetric gain profile in wavelength 

domain, the gain spectrum is assumed to be cubic and the material gain 

is approximated by [55] 
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where a0, a1, and a3 represent gain constant, ε is gain compression 

factor, and λp is gain peak wavelength, which is given as 

   )( 020 NNap −−= λλ          2-(21) 

where λ0 represents wavelength at transparency, a2 is gain constant, 

and N0 is carrier density at transparency. The net gain is given by [56] 

as 

   scatcamii gg ααα −Γ−−−Γ= )1()(         2-(22) 

where αa, αc and αc are active layer loss, cladding layer loss, and 

scattering loss, respectively. The α parameter can be obtained by 

differentiating equation 2-(20) and refractive index with carrier density, 

resulting in the following equation: 
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All the parameters depending on carrier density are calculated at every 

SOA section, and the parameter γ is determined by the obtained 

parameters.  
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Finally, the refractive index changes should be calculated to 

complete matrix elements. The refractive index at each SOA unit has 

dependence on carrier density, which can be written as 

   
w

c
gnn mgi 2

Γ−= α          2-(24) 

where ng is group refractive index, w is angular frequency of optical 

signals.  

To simulate SOA with these equations, the simulation time step 

should be considered carefully not to make the same time-varying 

optical signals to be calculated twice at the same SOA section. This 

time step is calculated based on the length of unit SOA and the group 

velocity of input optical signals. 
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2-2-2. Simulation results of SOA gain characteristics 

   In this chapter, the SOA gain characteristics are simulated by SOA 

model explained in section 2-2-1. In fact, the simulation model 

described in section 2-2-1 is suitable for large signal analysis, and other 

simple SOA models can be used for static characteristics, however, this 

model is also good enough to show SOA gain characteristics. The 

simulation parameters of SOA are selected from reference [50], and 

shown in table 2-1. The input optical signal is assumed to be a CW, and 

the wavelength is 1530 nm. 

   Firstly, SOA gain was simulated as a function of output optical 

powers with different SOA injection currents from 50 mA to 200 mA. 

Because the optical amplification occurs due to stimulated emission, 

limited carriers inside SOA cause SOA gain saturation. As shown in 

Fig. 2-11, gain starts to saturate rapidly after saturation point. SOA 

output power at the 3 dB gain saturation condition is an important 

parameter of SOA to represent its output limit not having signal 

distortion. As SOA injection current increases, SOA gain increases due 

to the increase of carriers inside SOA [45-46]. However, it should be 

noted that SOA gain does not increase linearly with SOA injection 

current because of carrier saturation to lasing condition. 

   Next, the dependence of SOA gain on bias current in SOA was 

simulated. For this, SOA input optical power was assumed to be -40 

dBm, at which condition input optical power does not affect gain 

saturation. Fig. 2-12 shows the SOA gain as a function of SOA current. 
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As explained above, the SOA gain does not increase linearly with high 

SOA injection current, and saturates to about 32 dB. When the injection 

current approaches to the threshold current condition, where SOA can 

operate as a laser, the carrier density in SOA converges to a certain 

level. Therefore SOA gain saturates to certain level [45]. 

   Finally, SOA gain characteristics according to input optical signal 

wavelengths were simulated. The input optical power was also selected 

to -40 dBm not to affect optical gain. The SOA bias current was varied 

from 50 mA to 200 mA. Fig. 2-13(a) shows the calculated material gain, 

which is expressed in equation 2-(20). The material gain increases with 

SOA injection current, which also shifts peak value to shorter 

wavelength [50]. The peak gain wavelength condition has a 

dependence on carrier density, so that injection current shifts gain peak. 

As injection current increases, the carrier density in SOA increases, 

which makes gain peak shifted to shorter wavelength conditions. The 

SOA gain spectrum in wavelength domain is similar to the shape of 

material gain as shown in Fig. 2-13(b), because material gain 

parameters are the dominant factor of SOA gain. Therefore, SOA gain 

shows similar characteristics of material gain, and the SOA gain peak is 

shifted to shorter wavelengths with the increase of SOA bias current 

[45-46]. 
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Table 2-1. SOA simulation parameters 

 

Symbol Description Value Unit 

Γ Confinement factor 0.3  

L SOA length 1000×10-6 m 

V Active layer volume 1.5×10-16 m3 

β Spontaneous coupling factor 2×10-5  

Anr 1×10-8 s-1 

B 2.5×10-17 m3/s 

C 

Recombination rate 

9.4×10-41 m6/s 

a0 2.5×10-20 m2 

a1 0.074×1020 m-3 

a2 3.0×10-32 m4 

a3 

Material gain constant 

3.155×1025 m-4 

N0 Carrier density at transparency 1.1×1024 m-3 

λ0 Wavelength at transparency 1.605×10-6 m 

vg Group velocity 7.5×107 m/s 

ε Nonlinear gain compression 1.3×10-23 m3 

dn/dN Differential refractive index -1.2×10-26 m3 

αa Loss in active layer 140×102 m-1 

αc Loss in claddings 20×102 m-1 

αscat Scattering loss 1.0×102 m-1 
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Figure 2-11. Optical gain of SOA as a function of output optical power with 

different SOA injection currents. 
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Figure 2-12. Optical gain of SOA as a function of SOA injection current. 
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Figure 2-13. Material gain of SOA (a) and optical gain of SOA (b) as a 

function of input signal wavelength with different SOA injection currents. 
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2-2-3. Simulation results of frequency up-conversion 

   In this chapter, frequency up-conversion simulation is performed 

based on the TMM. Because the TMM is suitable for dynamic large 

signal modeling of SOA, it can well explain the frequency up-

conversion process, which uses SOA gain dynamics inside SOA. The 

characteristics of the SOA-PD frequency up-converter will be 

presented with frequency up-conversion efficiency calculation. Fig. 2-

14 shows the schematic of frequency up-conversion efficiency, which 

is the electrical power ratio of frequency up-converted USB signals to 

IF signals calculated before SOA. Equation 2-(25) represents the 

efficiency definition: 







=
SOAbeforepowersignalIF

SOAafterpowersignalUSB
Efficiency log10       2-(25) 
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Figure 2-14. Schematic of frequency up-conversion efficiency. 

 

For simulation conditions, the wavelength of optical heterodyne LO 

signals was assumed to be 1550 nm, and the mode separation was 60 
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GHz. For optical IF, 1535 nm wavelength, and 1 GHz IF was selected. 

These input optical signals can be given as 

tjwtjtj
LOLO

LOLOLO eeepztE −ΩΩ− +== )(2/)0,( 2/2/       2-(26) 

   tjw
IFIFIF

IFetmpztE −⋅Ω+== )sin1()0,(        2-(27) 

where PLO and PIF are the average optical power of optical LO and 

optical IF, respectively, wLO, IF represents optical angular frequency, m 

is modulation index. In addition, ΩLO, IF means angular frequency of 

modulating LO and IF signals. For this simulation, ΩLO was 2π*30 

GHz, and ΩIF was 2π*1 GHz. 

   These two signals were input signals to SOA, and IF modulated 

optical LO signals were obtained after the TMM simulation. After 

square-law beating calculation of PD, resulting signals were converted 

to frequency domain by fast Fourier transform. For photodetection 

simulation, it was assumed that PD has responsivity 1, and the output 

impedance was 50 Ω. No speed limit of PD was also assumed for this 

simulation. From this process, the power of IF signals before SOA and 

frequency up-converted signals can be obtained, and the conversion 

efficiency is calculated through equation 2-(25). 

   At first, the dependence of conversion efficiency on input optical 

LO signal power was calculated at different SOA bias currents of 100 

mA and 150 mA. As shown in Fig. 2-15, the conversion efficiency 

increases with input optical LO power. Because frequency up-
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conversion occurs due to signal beating between optical LO modes and 

cross-gain modulated IF signals, the increase of optical LO power can 

increase beating power, resulting in the increase of conversion 

efficiency. However, conversion efficiency is saturated at high LO 

power conditions [36]. As explained in section 2-2-2, high input optical 

power saturates SOA gain, so that optical gain saturation caused by 

high LO power decreases conversion efficiency. In this condition, 

XGM efficiency is also reduced, which can decrease conversion 

efficiency, too. 

   Because, XGM efficiency has dependence on input optical signal 

wavelengths, frequency conversion efficiency varies with different 

input optical IF wavelengths. To analyze this, conversion efficiency 

change at different optical IF wavelength conditions is calculated. SOA 

bias current was fixed at 200 mA, and the wavelength and the power of 

optical LO were 1550 nm and -5 dBm, respectively. The power of 

optical IF was -17 dBm. Fig. 2-16 shows calculated results. The 

conversion efficiency is higher at around SOA gain peak wavelength 

condition. Because optical gain affects conversion efficiency, high 

conversion efficiency can be obtained around optical gain peak. 

However, when the SOA is saturated by high power optical input, the 

gain peak is shifted to longer wavelength due to carrier depletion in 

SOA [36]. Therefore, the wavelength condition of maximum frequency 

up-conversion efficiency is a little longer than peak gain wavelength. 

All these simulation results show the same characteristics presented in 
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reference [35] and [36], where the conversion efficiency was measured 

experimentally. 
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Figure 2-15. Frequency up-conversion efficiency as a function of SOA input 

optical LO powers. 
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Figure 2-16. Frequency up-conversion efficiency and SOA gain as a function 

of input optical IF wavelengths. 
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2-3. Gigabit Data Transmission using SOA-PD 
Frequency Up-Converter at 60 GHz band 

60 GHz wireless systems are attracting research interests for future 

broadband multimedia services, wireless interconnection of backbone 

networks, and wireless LAN and personal area network services [1-6]. 

The reason is that high directivity and high oxygen absorption loss of 

60 GHz signals are useful for these system applications. In addition, the 

license-free, wide bandwidth covering several GHz in 60 GHz band is 

very attractive. Therefore, bandwidth efficiency technologies in 60 

GHz are not as important as several GHz-band wireless systems. In 

case of WPAN being discussed in IEEE 802.15.3c working group, 

more than 2 Gbit/s data transmission is considered. However, the 

implementation cost of 60 GHz systems is still very high, and RoF 

technology can alleviate this problem as explained before. There are 

many techniques to realize low cost RoF systems, and recently, 

transmission of gigabit data using RoF systems have been reported [57-

58]. Optical remote up-conversion method using SOA-PD 

configuration is also very attractive for its simplicity, high conversion 

efficiency, LO frequency insensitivity, and so on, and its operation has 

enough bandwidth for gigabit data transmission [35-36]. 

In this chapter, measurement results of the SOA cross-gain 

modulation bandwidth are presented to validate the wide-bandwidth 

mixing operation and 1.244 Gbit/s ASK data transmission at 63 GHz is 

demonstrated experimentally. For frequency up-conversion experiment, 
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63 GHz optical heterodyne LO signals and 1.244 Gbit/s optical 

baseband signals are used. The dependence of bit-error rates (BERs) on 

optical baseband signal power in a wide wavelength range is 

investigated. The influence of optical LO power is also analyzed. 

 

2-3-1. Measurement of SOA XGM frequency response 

In this frequency up-conversion scheme, the SOA cross-gain 

modulation (XGM) bandwidth is an important parameter. Since LO 

frequency is usually beyond the SOA XGM bandwidth, optical LO 

signals themselves do not cause any significant XGM. However, when 

data and/or IF signals are within the XGM bandwidth, they can cross-

gain modulate each of optical heterodyne LO modes, resulting in 

frequency up-conversion after beating in a PD. Consequently, the XGM 

bandwidth limits data and/or IF frequencies that can be frequency up-

converted. Previously, it was reported that the theoretical bandwidth of 

SOA-PD frequency up-conversion method can be several GHz [59-60], 

which is verified with the frequency response measurement of SOA 

XGM. 

Fig. 2-17 shows the experimental setup to measure SOA XGM 

frequency response. For a pump signal, a 1548.5 nm DFB laser and an 

MZM having 3 dB bandwidth of 8 GHz were used, and for a probe 

signal, a 1545 nm CW light source was used. An optical bandpass filter 

was placed before a PD having 15 GHz bandwidth to block the pump 

source. The SOA was biased at 200 mA, at which condition the optical 
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gain and saturation output power at 1550 nm was 29 dB and 9 dBm, 

respectively. Before XGM frequency response measurement, the 

frequency response of the pump signal was measured for calibration. 

The frequency responses were measured with a 13.5 GHz network 

analyzer. The SOA input power of the probe signal was fixed at -30 

dBm, and the power of pump signals was varied from -30 dBm to -12 

dBm. Fig. 2-18 shows the normalized frequency response for -12 dBm 

pump signal and the fitted results with the double-pole system response 

as reported in [36]. Discrepancies between measured and fitted data at 

high frequencies are believed due to the incomplete SOA model. 3 dB 

bandwidth was extracted from the fitted results. For -30 dBm pump 

signals, 3 dB bandwidth is 4.2 GHz, and for -20 dBm and -12 dBm 

signals, 3 dB bandwidth is 4.5 GHz and 5.8 GHz, respectively, which 

are sufficient for gigabit data transmission using our frequency up-

conversion scheme. The reason for 3 dB bandwidth increase with the 

pump signal power is that XGM speed is limited by the effective carrier 

recombination rate, γeff, in SOA as shown below [36, 60]: 

probepumpS
effdBf

τττ
γ 111

3 ++=∝         2-(28) 

where τs is spontaneous carrier lifetime in SOA, τpump,probe is stimulated 

recombination lifetime for optical pump or probe signals. Since τpump is 

inversely proportional to the SOA input pump signal power, the 

increase in pump signal power increases γeff, resulting in XGM 

bandwidth increase. 
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Figure 2-17. Measurement setup for SOA XGM frequency response. OBPF: 

Optical Band Pass Filter, TLS: Tunable Laser Source. 
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Figure 2-18. Frequency response for SOA XGM for a -12 dBm SOA input 

pump signal power. 



 52 

2-3-2. Data transmission experiments and results 

   Fig. 2-19 shows the experimental setup for 60 GHz band RoF 

systems using SOA-PD frequency up-converter. The 63 GHz optical 

heterodyne LO signals at 1553.3 nm were generated using a DSB-SC 

method, for which a 40 GHz MZM was biased at the minimum 

transmission condition, and modulated by a 31.5 GHz RF signals. An 

EDFA was used to increase heterodyne optical LO power along with an 

optical bandpass filter having about 0.4 nm passband for amplifier 

noise reduction. For data signals, another wavelength optical signal was 

externally modulated by 2 V peak-to-peak, 1.244 Gbit/s non-return-to-

zero pseudo-random bit sequences having pattern length of 215-1. These 

two optical signals were combined, and then transmitted to the base 

station via 10 km optical fiber. Fig. 2-20(a) shows the spectrum of 

optical heterodyne LO signals at 1553.3 nm and baseband data signals 

at 1550 nm before SOA. The peak at 1553.3 nm marked with ‘o’ is due 

to incomplete carrier suppression with DSB-SC generation and peaks 

marked with ‘x’ are harmonics of 31.5 GHz modulation. 

At the base station, two optical signals were injected into SOA, and 

optical heterodyne signals were cross-gain modulated by optical 

baseband signals. The SOA was biased at 150 mA, which gave 25 dB 

optical gain and 8 dBm output saturation power. Fig. 2-20(b) shows the 

optical spectrum after SOA, and these signals were photodetected by a 

60 GHz broadband PD. In Fig. 2-20(b), spurious peaks marked with 

asterisks around 1550 nm are the result of optical heterodyne signals 
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cross-gain modulating the optical baseband signal. However, their 

effects are negligible to the link performance, because 31.5 GHz 

signals resulting from the photodetection of spurious peaks are far off 

from 63 GHz data signals, and their harmonics are very low as shown 

in the figure 2-20(b). Fig. 2-21(a) shows the frequency up-converted 

RF spectrum of 1.244 Gbit/s data at 63 GHz. In this measurement, the 

optical LO power before SOA was -13 dBm, and the optical baseband 

signal power and wavelength was -13 dBm and 1550 nm, respectively. 

As shown in the figure, baseband data signals are successfully up-

converted to 63 GHz. The peaks marked with asterisks having 1.244 

GHz separation appear because baseband data are ASK modulated. The 

center peak at 63 GHz due to optical LO signals can saturate amplifiers 

and limit output data signal power at the base station. Other modulation 

techniques using antipodal signals and LO rejection filtering at 60 GHz 

band can avoid this problem. 

To demodulate 63 GHz ASK data signals, a commercially-available 

direct conversion demodulator based on a Schottky diode was used. In 

this demodulator, input 63 GHz data signals are recovered at baseband 

due to square-law detection characteristics of the Schottky diode. The 

data signal was attenuated by 25 dB since the demodulator that we used 

has a maximum power limit of -30 dBm. Fig. 2-21(b) shows the RF 

spectrum of 1.244 Gbit/s baseband data. After baseband amplification 

and additional low pass filtering of data signals, demodulated data 
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signals were analyzed by a sampling oscilloscope for eye diagram 

measurement, and an error detector for BER measurement. 
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Figure 2-19. Experimental setup for 1.244 Gbit/s 63 GHz RoF downlink data 

transmission. LPF: LowPass Filter. 
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Figure 2-20. Optical spectrum of downlink optical LO and data signals before 

SOA (a) and after SOA (b). 
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Figure 2-21. RF spectrum of frequency up-converted 63 GHz data signals (a) 

and demodulated baseband signals (b). Resolution bandwidth for both spectra 

is 1 MHz. 
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Fig. 2-22 shows the measured BER as a function of the optical 

baseband signal power before SOA at several different wavelengths 

varying from 1540 nm to 1570 nm. The optical baseband signal power 

before SOA influences frequency conversion efficiency affecting 

signal-to-noise ratios (SNRs), but the optical power after SOA does not 

change very much due to SOA gain saturation. For this measurement, 

optical LO signal power before SOA was fixed at -13 dBm. As can be 

seen in the figure, the BER decreases as optical baseband signal power 

increases. The increased optical data signal power before SOA can 

improve XGM efficiency in SOA, which results in SNR improvement. 

In the wavelength range from 1550 nm to 1570 nm, the power penalty 

for 10-9 BER is less than 1 dB. The eye diagram for error free 

conditions at 1550 nm data signals is also shown in Fig. 2-22. However, 

the power penalty for the 1540 nm wavelength signal is about 2.5 dB. 

The unsaturated gain spectrum of the SOA used in this study has a peak 

at around 1550 nm. But the SOA gain peak shifts to longer wavelength 

due to the carrier depletion when the SOA gain is saturated, which is 

well explained in chapter 2-2. Therefore, frequency up-conversion 

efficiency is higher for wavelengths longer than 1550 nm. For shorter 

wavelength signals, large power penalties occur due to low frequency 

up-conversion efficiency. Nevertheless, error-free data transmission is 

accomplished for a wide range of data wavelengths proving that WDM 

data transmission is possible with this scheme.  
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The dependence of BER on optical LO power was also measured. 

The optical data signal power was fixed at -13 dBm, and the data 

wavelength was 1550 nm. Fig. 2-23 shows the results of optical LO 

power dependence. As the optical LO power increases, the BER is 

decreased. The reason for this improvement is that the high optical LO 

power results in high frequency up-conversion efficiency as explained 

in chapter 2-2.  
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Figure 2-22. Dependence of BERs performance on SOA input optical 

baseband signal power. 
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Figure 2-23. Dependence of BER performance on SOA input LO signal 

power. 

 

   As explained in this section, error-free broadband data transmission 

was performed successfully. However, this experimental setup for 

downlink data transmission and the SOA used for frequency up-

conversion did not optimized for the best performance. In RoF link, 

link loss is a very important parameter, and especially, optical to 

electrical conversion loss and vice versa affect system performance 

very much. In this downlink setup, the optical components are not 

designed for low link loss in RoF systems, which should be improved 

for the best system performance. In addition, SOA is not also designed 

for this frequency up-conversion. As shown in previous chapters, high 
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SOA gain and XGM efficiency can increase frequency conversion 

efficiency, which surely results in system performance enhancement. 

Furthermore, the low noise SOA design can help increasing SNR after 

frequency up-conversion. The used RF components and the 60 GHz 

ASK receiver are not also designed for this experiment. Due to the 

input power limit of the ASK receiver, the input data signal power is 

reduced unnecessarily. In addition, other RF components for data 

demodulation have a room for better system performance in 60 GHz. 

Therefore, the system performance can be surely improved after these 

optimizations. 
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3. Remote Frequency Down-Conversion Using 
EAM 

 

3-1. Uplink RoF Systems for Bi-Directional Data 
Transmission 

   The conventional wireless networks consist of downlinks and 

uplinks to deliver data signals to and from mobile users. 60 GHz 

wireless systems also need bi-directional links to make full access 

between service providers and users, and the base station design for full 

links is another challenging problem. For simple base stations, RoF 

technologies can be used, however, it is also very difficult. Fig. 3-1 

shows two RoF schemes for uplink data transmission. The direct 

transmission of RF signals as shown in Fig. 3-1(a) looks very simple. 

The received RF signals are converted to optical domain without any 

electrical processing. However, high speed optical components are 

needed at each base station, which is a burden contrary to downlink 

RoF systems having high speed components at the central station. 

Another system configuration is that high frequency data signals are 

frequency down-converted to IF/baseband, and then transmitted to the 

central station after electrical-to-optical conversion with low speed 

optical components. The problem is that high frequency electrical 

devices for frequency down-conversion and high speed signal 

processors should also be equipped at each base station. 
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Figure 3-1. Uplink RoF system configurations. (a) direct RF transmission 

systems, (b) IF/Baseband Feeder systems. 

 

EAM transceivers can allow the simple antenna base station 

architecture for bi-directional RoF links because EAM can perform the 

dual-functions of photodetection and optical modulation [28-32]. EAM 

is a reverse biased p-i-n diode with bulk active region [33] or multiple 

quantum-wells [34] as the absorption layer. Bias conditions determine 

the amount of light absorption, and optical modulation is possible by 

the modulation of bias voltages. In addition, photocurrent is generated 

at the absorption layer like conventional PDs. Fig. 3-2 shows uplink 

RoF systems using EAM. Uplink millimeter-wave signals modulate 

optical signals transmitted from the central station using EAM, which 

eliminates optical sources for uplink data transmission. As shown in 



 63 

Fig. 1-9, very simple bi-directional RoF systems can be realized by 

combining with downlink RoF system configuration. However, as 

explained in chapter 1, direct transmission of double-sideband optical 

signals having uplink millimeter-wave data suffers dispersion-induced 

signal fading, and low frequency IF optical signal transmission 

insensitive to chromatic dispersion can be used for uplink, too. It also 

needs expensive electrical mixers and oscillators for frequency down-

conversion from millimeter-wave frequency to IF. To eliminate this 

problem, various frequency down-conversion schemes using EAM 

have been introduced [61-64]. 
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Figure 3-2. Uplink millimeter-wave RoF systems based on EAM. 

    

In this dissertation, an EAM-based optoelectronic millimeter-wave 

frequency down-conversion method is proposed for IF-band optical 

uplink transmission. Using remotely-fed millimeter-wave optical 
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heterodyne LO signals, the uplink millimeter-wave signals are 

optoelectronically frequency down-converted to the IF-band optical 

signals by EAM, and then transmitted to central station. Therefore, for 

uplink data transmission, only EAM is needed in base stations. Fig. 3-3 

shows the schematic of proposed frequency down-conversion uplink 

systems using EAM, which is compared with conventional remote 

frequency down-conversion RoF systems. The basic idea was proposed 

in paper [61] and [62], but this dissertation will expand this idea to 60 

GHz uplink system applications, and analyze its characteristics in detail. 

In addition, a bi-directional RoF link using this idea will be presented 

in chapter 4. 
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Figure 3-3. Remote frequency down-conversion RoF uplink systems using 

EAM. 
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3-2. Operation Principle of EAM Frequency Down-
Conversion 

 
3-2-1. Characteristics of EAM 

   EAM is the abbreviation of electroabsorption modulator, where 

‘electroabsorption’ means that the amount of light absorption is 

changed by the electric field applied to semiconductors, and 

‘modulator’ means that such characteristics are used for optical 

modulation. Although the insertion loss is a weakness of EAM, its 

other advantages such as low driving voltage, low or negative chirp, 

high speed operation, integration with DFB laser are very attractive to 

optical communications. Two types of EAM are well used, one of 

which is bulk type using a Franz-Keldysh effect [33], and another is 

multiple quantum-well type using a Quantum Confined Stark Effect 

(QCSE) [34]. Both are simply designed as a reverse biased p-i-n diode, 

and both effects are predominant at near the bandgap of 

semiconductors. In this dissertation, the used EAM had multiple 

quantum-well structures, so that the simple operation principle based 

on QCSE is discussed [34, 65]. Fig. 3-4 shows the change of single 

quantum-well layer explaining EAM operation. As the reverse bias 

applied to the p-i-n diode increases, the whole band edge absorption 

shifts to lower energies resulting from the distortion of single quantum-

well potential. In Fig. 3-4, the energy Ee1-h1 decreases as the applied 

field increases. Therefore, the increase of reverse bias can make the 
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semiconductor absorb optical signals having lower energy compared 

with bandgap energy (Eg), and the transmitting optical power from the 

semiconductor is determined by the applied electrical field controlled 

by reverse bias conditions.  
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Figure 3-4. Operation principle schematic of multiple quantum-well EAM. 

 

   Such characteristics are used for optical modulation, and EAM 

transfer function can be expressed as the following [30]: 

   ( )LVPVP inout )(exp)( αΓ−=      3-(1) 

where Pin, out is the input and output optical power of EAM, Γ is 

confinement factor, α is absorption coefficient depending on applied 

bias voltage, and L is the length of EAM. The interesting thing is that 
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the reverse shape of EAM transfer function is the same as the 

absorption one of EAM, i.e. some of optical signals not transmitting 

EAM are absorbed in EAM [66]. 
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Figure 3-5. Experimental setup to measure optical transmission and 

absorption characteristics of EAM. 

 

   Fig. 3-5 shows the measurement setup of optical transmission and 

absorption characteristics of EAM. A tunable light source was used to 

change wavelength of input optical signals. Input optical power was 

fixed at 0 dBm, and output power was measured by an optical power 

meter. A semiconductor parameter analyzer was used to apply reverse 

biases to EAM, and to measure photocurrent generated from input 

optical signal absorption. The used EAM was designed and fabricated 

for 1550 nm optical signal modulation by Electronics and 

Telecommunications Institute (ETRI) of Korea, and details about EAM 

are well explained in [67-68]. 
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   Fig. 3-6(a) shows optical transmission curve of EAM at different 

wavelength conditions. Optical transmission means the optical power 

ratio of output signals to input signals. As the applied reverse bias 

increases, the transmitting signal power decreases due to 

electroabsorption phenomenon. For short wavelength optical signals, 

large signal absorption in EAM occurs. Since shorter wavelength 

optical signals have higher energy than longer wavelength optical 

signals, it is easily absorbed in EAM. For analog signal modulation, the 

EAM is usually biased at maximum slope efficiency point, where the 

highest link gain can be obtained. The photocurrent measurement 

shows the absorption characteristics of EAM. As shown in Fig. 3-6(b), 

large signal absorption occurs at high reverse bias conditions due to the 

same electroabsorption effects, and also short wavelength signals 

generate large photocurrent. These represent that high reverse bias and 

short wavelength signals are necessary for efficient signal detection 

using EAM. As explained above, EAM can perform both optical 

modulation and photodetection, which is useful for EAM to be adopted 

in base stations of bi-directional links. The problem is that the bias and 

wavelength conditions for optimum detection and modulation are 

different, so that system designs considering this trade-off are 

necessary. 
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Figure 3-6. Optical transmission (a) and photodetection characteristics (b) of 

EAM as a function of applied voltage at different input wavelength conditions. 
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3-2-2. Optoelectronic frequency down-conversion in EAM 

   The proposed frequency down-conversion technique uses three 

functions of EAM, photodetection, optoelectronic mixing, and optical 

modulation [61, 62, 69]. Fig. 3-7 schematically shows the operation 

principle of the optoelectronic frequency down-conversion scheme for 

uplink data transmission. To obtain LO signals, the optical heterodyne 

technique is used, and the generated heterodyne signals can be given by 

   ]))
2

(2cos[])
2

(2(cos[ 000 t
f

ft
f

fEE LOLO
LO −++= ππ   3-(2) 

where ELO represents electrical field of optical LO signals, E0 is 

electrical field amplitude, f0 is center frequency of optical LO, fLO is 

LO frequency. The optical phase terms are neglected for simplicity. 

This optical LO at λLO are transmitted from the central station, and fLO 

signals are generated at the base station by EAM photo-detection. This 

process can be written as 

   )2cos(0
* tfRIEREI LOLO π=⋅=     3-(3) 

where R is responsivity of EAM photodetection, and I0 is generated 

signal amplitude coming from optical signals. At the same time, the 

EAM is modulated by fRF uplink signals given by 

   )2cos(0 tfVV RFRF π=       3-(4) 

where VRF represents uplink RF voltage signals, and V0 is the 

amplitude of modulating signals. The responsivity, R of EAM is 

dependent on applied voltage, which is well shown in Fig. 3-6(b). 
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Therefore, nonlinear mixing terms are generated by uplink RF signal 

modulation, which can be given by [61] 

   ))(2cos(00 tffVI
dV

dR
I LORF

VV
mix

b

±=
=

π    3-(5) 

where dR/dV is first-order derivative of responsivity evaluated at DC 

bias voltage, Vb. As given in equation 3-(5), frequency down-converted 

IF signals (fIF=fRF-fLO) are produced. This nonlinear optoelectronic 

mixing process is well explained in [61-62]. Next, to deliver these 

uplink signals to central station, the λIF uplink optical carrier is 

modulated by frequency down-converted IF signals as given by 

   ( )[ ]LIPP mixinout αΓ−= exp      3-(6) 

, and is transmitted to the central station with negligible dispersion-

induced signal fading problems. The equation 3-(6) is also shown in 

chapter 3-2-1. After filtering of optical LO signals, optical IF signals 

are photodetected at the central station, and frequency down-converted 

IF signals are generated. Because uplink RF signals also modulate 

optical LO signals, they should be filtered out not to generate unwanted 

IF signals coming from optical LO [62]. Effectively, a single EAM 

device is acting as a four-terminal device which simultaneously 

performs photo-detection, frequency down-conversion, and uplink 

optical IF signal modulation. 

   Fig. 3-8 shows the experimental verification results using 25 GHz 

optical heterodyne LO signals and 25.2 GHz uplink RF signals. When 

25 GHz optical heterodyne signals are photodetected in EAM along 
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with electrical modulation of 25.2 GHz, 200 MHz IF signals are 

generated and modulate another optical source provided from the 

central station. After photodetection of optical IF, 200 MHz IF signals 

are generated at the central station as shown in Fig. 3-8(a). In this 

photodetection, EAM modulating 25.2 GHz uplink signals and 

photodetected 25 GHz LO signals can be also obtained as shown in Fig. 

3-8(b), which indirectly shows the frequency down-conversion 

processes. Although 25.2 GHz RF signals are generated at the central 

station, this RF signal power is dependent on chromatic dispersion of 

optical fibers. 
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Figure 3-7. Schematic of optoelectronic frequency down-conversion for 

uplink RoF systems. 
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Figure 3-8. RF spectrum of frequency down-converted signals (a) and RF and 

LO signals after photodetection of optical IF signals. 
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3-3. Conversion Efficiency of EAM Frequency Down-
Conversion 

For frequency converters, the conversion efficiency is an essential 

parameter to design RF systems of base stations [70]. Therefore, in this 

chapter, the frequency down-conversion efficiencies of proposed EAM 

frequency down-converter are investigated at 30 GHz band. To 

measure it, internal conversion efficiency is defined to exclude link loss 

effects that do not influence down-conversion process [10]. In down-

conversion systems, signal loss caused by electrical to optical 

conversion and optical to electrical conversion, and fiber and 

waveguide transmission loss affect frequency converted signal power, 

which is not related to the real frequency conversion processes. 

Therefore, internal conversion efficiency should be defined for this 

frequency down-converter. Using this definition, down-conversion 

efficiency is investigated as functions of EAM biases, optical local 

oscillator (LO) signal powers, and optical IF signal powers and 

wavelengths, all of which are important system parameters in RoF links. 

 

3-3-1. Experimental setup and conversion efficiency definition 

Fig. 3-9 schematically shows the experimental setup to measure 

frequency down-conversion efficiency. For 29.6 GHz optical LO 

signals, 8 dBm, 29.6 GHz RF signals modulated a 40 GHz Mach-

Zehnder modulator biased at the quadrature point. In real systems, 

optical heterodyne LO signals should be used to avoid dispersion 
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problems, however, in this experiment double-sideband optical LO 

signals are used for simplicity, and it does not affect frequency down-

conversion characteristics because the same electrical LO signals are 

generated. The wavelength of optical LO was 1553.3 nm. For the 

optical IF signals, a tunable laser source was used. Fig. 3-10(a) shows 

the optical spectrum of optical LO and IF signals measured before 

EAM. These two optical signals were combined and injected into EAM, 

and 29.6 GHz signals were generated by EAM photodetection. The 

used EAM was designed and packaged for 40 GHz broadband 

applications in ETRI. When 30 GHz RF signals for frequency down-

conversion modulated EAM, optoelectronic mixing with photodetected 

29.6 GHz signals produced frequency down-converted signals at 400 

MHz by EAM nonlinearity, which were then modulated optical IF 

signals. After the optical amplification and filtering of optical IF signals, 

they are photodetected using a 32 GHz broadband photodetector, and 

400 MHz frequency down-converted IF signals were generated. Fig. 3-

10(b) shows the optical spectrum measured after optical filtering of 

optical LO signals not to affect conversion efficiency calculation. As 

shown in Fig. 3-10(b), optical LO signals are suppressed enough. 

During the photodetection process, 30 GHz RF signals were also 

generated, because 30 GHz signals modulated optical IF signals, too. 

The small peaks marked with ‘x’ are the result of 30 GHz signal 

modulation.  
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Fig. 3-11(a) and (b) show the RF spectra of frequency down-

converted signals at 400 MHz and photodetected 30 GHz signals, 

respectively. Input optical LO power was 3 dBm and optical IF power 

was 0 dBm. The wavelength of optical IF was 1550 nm. With these 

results, the frequency down-conversion efficiency can be defined as the 

photodetected signal power ratio of frequency down-converted signals 

at 400 MHz (A in Fig. 3-11(a)) to 30 GHz RF signals (B in Fig. 3-

11(b)), by which link loss effects on frequency down-converted signals 

are removed and internal conversion efficiency can be calculated. 
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Figure 3-9. Experimental setup to measure frequency down-conversion 

efficiency. EOM : Electrooptic Modulator. 
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Figure 3-10. Optical spectrum measured before EAM (a) and after optical 

filtering of optical LO signals (b). 
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Figure 3-11. RF spectrum of uplink IF signals (a) and RF signals (b) after 

photodetection of optical IF signals. 
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3-3-2. Down-conversion efficiency results 

Fig. 3-12 shows the dependence of frequency down-conversion 

efficiency on EAM bias. The power of optical LO was 3 dBm, and 

optical IF at 1550 nm was 0 dBm. After the RF power measurement of 

each signal, the gain of an electrical amplifier for 400 MHz signals and 

the different frequency response of the 32 GHz PD were corrected for 

the efficiency calculation. These corrections were applied to every 

down-conversion efficiency measurement. As shown in the figure, the 

conversion efficiency is the highest at around -1.4 V, and the 

dependence of bias voltage is similar to the EAM modulation 

efficiency characteristics, i.e. high conversion efficiency is obtained at 

around bias conditions for highest slope efficiency. Because the 

frequency down-converted IF signals should modulate optical IF 

signals, EAM modulation efficiency affects down-conversion 

efficiency very much in this frequency converter. 

Next, down-conversion efficiency as a function of EAM input 

optical LO power was measured. The power of optical IF at 1550 nm 

was 0 dBm, and the EAM was biased at -1.4 V. The LO signal power is 

an important parameter for electrical frequency converters, because it 

determines the performance of frequency converters very much. For 

this frequency down-converter, optical LO power affects the 

conversion efficiency greatly. Fig. 3.13 shows the measured results of 

frequency down-conversion efficiency. When optical power increases 1 

dB, photodetected LO power inside EAM increases 2 dB, which results 
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in the about 2 dB increase of frequency down-converted signal power. 

However, the change of optical LO power hardly affects 30 GHz 

signals. Therefore, the slope of frequency down-conversion efficiency 

according to optical LO power is about two. The conversion efficiency 

saturation is also observed when optical LO power is larger than -2 

dBm, which is due to the saturation of EAM photodetection. 

   The dependence of frequency down-conversion efficiency on EAM 

input optical IF signals was also evaluated. Fig. 3.14(a) shows the 

effects of optical IF power on down-conversion efficiency. For this 

measurement, the optical LO power was 3 dBm, and optical IF 

wavelength was 1550 nm. EAM was biased at -1.4 V. The frequency 

down-conversion efficiency was decreased about 5 dB with the 

increase of optical IF power from -15 dBm to 0 dBm. In fact, the down-

conversion efficiency should remain constant because the optical IF 

power equally affects both frequency down-converted signals and 

photodetected 30 GHz signals. However, when the optical IF power 

increased 1 dB, the frequency down-converted signals increased at the 

rate of about 1.7 dB contrary to the 2 dB increase of 30 GHz RF signals, 

which makes about 5 dB efficiency change. This is believed due to 

EAM saturation caused by high optical LO power of 3 dBm. 

Fig. 3.14(b) shows the measurement results of down-conversion 

efficiency as a function of optical IF wavelength. The optical LO and 

IF power was 3 dBm and 0 dBm, respectively. EAM was biased at -1.4 

V. The wavelength of optical IF was changed from 1535 nm to 1565 
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nm. As shown in the figure, the down-conversion efficiency is changed 

about 2.5 dB within this optical IF wavelength range. This range is 

wide enough to adopt this frequency down-converter for the WDM 

RoF systems. 
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Figure 3-12. Frequency down-conversion efficiency as a function of EAM 

bias condition. 
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Figure 3-13. Frequency down-conversion efficiency as a function of EAM 

input optical LO power. 
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Figure 3-14. Frequency down-conversion efficiency as a function of EAM 

input optical IF power (a) and wavelength (b). 
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3-4. 60 GHz Uplink RoF Systems using Frequency 

Down-Conversion 

   In previous chapters, the operation principle of EAM optoelectronic 

frequency down-conversion and the conversion efficiency 

characteristics are investigated. Finally, 60 GHz band uplink RoF 

systems are experimentally demonstrated based on remote frequency 

down-conversion using EAM. For this, 59.5 GHz optical LO was 

delivered from the central station, and 60 GHz QPSK data signals 

modulated EAM. After frequency down-conversion processes, 500 

MHz IF data signals were produced at the central station and system 

performance was analyzed. 

 

3-4-1. Experimental setup and results for 60-GHz data 

transmission 

The EAM used in this experiment has a multiple-quantum well 

structure and is packaged for 60 GHz narrow-band application. Details 

of EAM characteristics can be found in [67-68]. Although a different 

kind of EAM device from the one in previous chapters was used for 

this experiment, the optical transmission and photodetection 

characteristics as a function of bias voltages are similar to the results 

shown in Fig. 3-6(a) and (b). Fig. 3-15 shows measured S11 parameter 

characteristics at the input RF port. As can be seen in the figure, S11 

parameter values near 60 GHz are small enough to transmit about 2 

GHz bandwidth data signals. 
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Figure 3-15. S11 parameter characteristics at the input port of 60 GHz narrow-

band packaged EAM. 

 

Fig. 3-16 shows the experimental setup for the 60 GHz 

optoelectronic frequency down-conversion experiment. 59.5 GHz 

optical heterodyne LO signals were generated by an MZM biased at the 

minimum transmission point with 29.75 GHz signal for DSB-SC 

method. An EDFA was used after the MZM to increase optical LO 

power. For the uplink optical carrier, a DFB laser at λIF = 1552.5 nm 

was used. These two signals were combined by a 3-dB optical coupler 

and injected into EAM. For generating 60 GHz uplink RF signals, a 

subharmonic RF mixer was used. For IF signal source, either CW 

signals at 500 MHz or 10 Mbps QPSK data signals at 500 MHz were 

used. After the RF mixer, an RF bandpass filter was placed for 

reducing image signals from the mixer. The resulting 60 GHz signals 
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were applied to EAM after passing an amplifier and a bias-T. At the 

central station, a 20 dB gain EDFA was used to compensate the 

insertion loss of EAM, and an optical attenuator was placed not to 

exceed the PD saturation optical power. An optical bandpass filter was 

also used to suppress unwanted optical heterodyne LO signals. In the 

present investigation, all the measurements were done in back-to-back 

conditions. 
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Figure 3-16. Experimental setup for 60 GHz frequency down-conversion and 

uplink data transmission. BPF : Bandpass Filter. 

 

Fig. 3-17 shows an example of the RF spectrum for frequency 

down-converted 500 MHz IF signals at the central station. For this 
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measurement, 5 dBm optical LO signals at 1550 nm and 0 dBm optical 

IF carriers at 1552.5 nm were applied to the EAM biased at -1.8 V. The 

input RF power of the uplink signal was 5 dBm.  
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Figure 3-17. Frequency down-converted 500 MHz IF signal spectrum. 

Resolution bandwidth is 10 kHz 

 

Next, 60 GHz band uplink data transmission was demonstrated. For 

the IF data transmission, 10 Mbps QPSK data at 500 MHz were 

generated from a QPSK signal generator and frequency up-converted to 

60 GHz by a subharmonic mixer. Fig. 3-18(a) shows the QPSK data 

spectrum at the 60 GHz band before applied to EAM. This signal was 

frequency down-converted by EAM and transmitted to the central 

station on 1552.5 nm optical IF carrier. Optical heterodyne LO signals 

at 1560 nm were used and the EAM was biased at -2 V. Fig. 3-18(b) 
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shows the spectrum of 500 MHz QPSK data transmitted to the central 

station. The received QPSK data were analyzed with a vector signal 

analyzer (VSA). The incoming digital data signals have their original 

vector positions in complex domain, and the VSA can provide the 

discrepancy information between the original vector positions and the 

demodulated signal vector positions in the form of error vector 

magnitude (EVM). The EVM is used as a figure-of-merit of most 

wireless system performance, and it can be converted to SNR easily. 

The measured EVM in this experiment was about 14.7 %, which 

corresponds to the SNR of 16.6 dB evaluated from the following 

relation [71]: 

   


−=
100

log20 10

EVM
SNR      3-(7) 

When the wireless channel is assumed to be additive white Gaussian 

noise (AWGN), the BER for MPSK digital modulation can be 

analytically extracted from the following equation [74]: 

   )sin2(
log

2

2 M
SNRQ

M
BER

π×=     3-(8) 

The calculated BER from the SNR in this equation was low enough to 

transmit error-free QPSK data in this uplink system. The eye diagram 

of demodulated signals is shown in Fig. 3-19. It should be noted that 

much higher data rate transmission as well as other data modulation 

methods should be possible with this scheme, but in this feasibility 

experiment, only 10 Mbps QPSK data transmission was possible due to 
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limited equipment available. Moreover, the system performance can be 

enhanced after the optimization of RoF link and EAM design. As 

explained in chapter 2, the RoF link loss and the most 60 GHz RF 

components are not designed for this purpose. This system optimization 

can improve data transmission quality. At least, high SNR uplink data 

signals at 60 GHz should have been generated for better performance in 

this system experiment. As explained before, the SNR of frequency 

down-converted signals is not degraded very much compared with 

original 60 GHz signals. EAM is not also designed as a frequency 

down-converter. In this scheme, the nonlinearity of EAM is the origin 

of frequency down-conversion, so that nonlinear EAM design is 

necessary. In addition, the better modulation and photodetection 

efficiency of EAM can also increase the power of detected frequency 

down-converted signals at the central station. I believe that such system 

and device optimization surely enhance RoF uplink system 

performance. 
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Figure 3-18. (a) 10 Mbps QPSK modulated signal spectrum at 60 GHz, (b) 

frequency down-converted QPSK modulated signal spectrum at 500 MHz. 

Resolution bandwidth is 100 kHz. 
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Figure 3-19. Eye diagram of demodulated 10 Mbps QPSK signals at 500 MHz. 
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4. Remote Frequency Up/Down-Conversion 
using Cascade SOA-EAM Configuration 

 

4-1. Bi-directional RoF systems 
   In chapter 2 and 3, downlink RoF systems using remote frequency 

up-conversion based on SOA-PD configuration, and uplink RoF 

systems using remote frequency down-conversion based on EAM are 

investigated, respectively. Each system provides compact base station 

architectures, and uses low frequency optical IF signal transmission to 

avoid dispersion-induced signal fading problems for 60 GHz RoF 

systems. However, the final goal is to realize bi-directional 60 GHz 

RoF systems, and the basic system configuration to be proposed in this 

chapter is shown in Fig. 4-1. At the central station, optical heterodyne 

LO signals and optical IF signals having downlink IF data are 

generated and transmitted to the base station. In the base station, only a 

photonic mixer is installed, and frequency up-converted data signals are 

produced by detecting these two optical signals. For uplink, uplink RF 

data signals are inputted to the photonic mixer and frequency down-

converted IF signals are generated with the help of detected optical LO 

signals. This uplink IF signals modulates optical IF signals used for 

downlink, which go back to the central station. After photodetection of 

optical IF, uplink IF data signals are created. Therefore, full link 

operation is achieved with only a single photonic frequency converter 

at the base station. For this, the photonic mixer is realized by 
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combining photonic frequency up- and down-conversion schemes, 

especially by the cascaded SOA EAM configuration [72]. Because 

EAM can be used for photodetection, the function of PD at SOA-PD 

frequency up-conversion can be replaced by EAM. In addition, EAM in 

itself can be used for the optoelectronic frequency down-converter. As 

a result, SOA-EAM configuration gives very compact base station 

architecture for bi-directional RoF systems. 

   In chapter 4, the simple operation principles of frequency up- and 

down-conversion using SOA-EAM configuration will be introduced, 

and then measured mixing characteristics will be shown. Finally, bi-

directional RoF links will be demonstrated at 60 GHz band. 
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Figure 4-1. Proposed bi-directional RoF system configuration adopting a 

photonic mixer at a base station. 
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4-2. Operation Principles of Frequency Converters 
Fig. 4.2 and 4.5 schematically show operation principles of 

frequency up- and down-conversion using the SOA-EAM configuration, 

respectively. 

 
4-2-1. Frequency up-conversion for downlink transmission 

For frequency up-conversion, optical LO at λLO having two optical 

modes separated by fLO, and optical IF at λIF having two sidebands 

separated from the carrier by fIF, down are transmitted from the central 

station and injected into SOA in the base station. Inside SOA, two 

modes of optical LO are cross-gain modulated by optical IF signals. 

After photodetection of optical LO signals in EAM, frequency up-

converted signals at fLO±f IF, down are obtained as square-law beating 

products. This frequency up-conversion process is similar to that in 

SOA-PD configuration explained in chapter 2. In order to verify 

frequency up-conversion at 60 GHz band, the experimental setup 

shown in Fig. 4-2 was used. 60 GHz optical heterodyne LO signals 

were generated by modulation of an MZM biased at the minimum 

transmission point with 30 GHz RF signals for DSB-SC method. The 

wavelength of optical LO was 1553.3 nm and its power measured 

before SOA was -15 dBm. Optical IF signals were generated by 

modulation of another MZM biased at the quadrature point with 100 

MHz, 10 dBm RF signals. The wavelength of optical IF can be any 

wavelength within SOA gain bandwidth. For the experiment, optical IF 
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wavelength was 1550 nm and its power measured before SOA was -8 

dBm. The SOA bias current was 150 mA, which provided the SOA 

gain of 25 dB and saturation output power of 7 dBm. The EAM used in 

the experiment was designed and packaged for 60 GHz narrow-band 

operation [67-68], and biased at -2.5 V. Fig. 4-3(a) and (b) show the 

resulting RF spectra of downlink IF signals at 100 MHz without SOA 

(measured at Point A in Fig. 4.2) and frequency up-converted 60 GHz 

band signals (measured at Point B in Fig. 4.2), respectively. They 

clearly show frequency up-converted signals at 59.9 GHz (fLO-f IF, down) 

and 60.1 GHz (fLO+fIF, down). 
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Figure 4-2. Schematic for frequency up-conversion processes and 

experimental setup used for verification. 
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The dispersion effects on remote frequency up-conversion scheme 

are also examined. The frequency up-converted 59.5 GHz signals are 

measured at different transmission distances up to 10 km, and the 

results are normalized to the power measured at back-to-back 

conditions. As shown in Fig. 4-4, signal degradation does not occur 

compared with double-sideband transmission of 60 GHz signals, which 

was calculated with analytical expression in [15]. For this calculation, it 

was assumed that the wavelength of 60 GHz signals is 1550 nm, and 

fiber loss is 0.2 dB/km. Many null points due to the signal fading 

appear in analytical results shown in Fig. 4-4. As a result, it is verified 

that remote frequency up-conversion method does not degrade system 

performance for long fiber transmission. 
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Figure 4-3. RF spectra for downlink frequency up-conversion: (a) IF signals 

without SOA, (b) frequency up-converted signals. The resolution bandwidth 

was 300 kHz for (a) and 100 kHz for (b). A 17 dB gain electrical amplifier 

was used for (b). 
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Figure 4-4. Normalized signal amplitude of frequency up-converted signals 

and calculated results of double-sideband signal transmission at 60 GHz band. 

The measured up-converted signal power is normalized to the power at back-

to-back conditions. 
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4-2-2. Frequency down-conversion for uplink transmission 

   For frequency down-conversion, optical LO and optical IF are 

injected into the SOA-EAM configuration. During the photodetection 

process in EAM, signals having fLO component are generated inside 

EAM. These signals are frequency mixed with RF signals (fRF, up) 

externally applied to EAM due to EAM nonlinearity, causing frequency 

down-conversion to fIF, up = fLO-fRF, up. The resulting fIF, up signals then 

modulate optical IF signals at λIF in the same EAM, which are then sent 

back to the central station. This frequency down-conversion method 

was explained in chapter 3. However, with addition of SOA as in our 

scheme, both frequency up-conversion and down-conversion are 

possible and optical amplification by SOA results in better uplink 

performance. Moreover, EAM and SOA can be monolithically 

integrated [73], making the frequency converter more compact. 

Although the same optical IF are used for both downlink and uplink, 

this is not a problem since fIF, down and fIF, up are not the same and can be 

easily separated electronically. In this frequency converter, EAM is 

acting as a multi-functional device which simultaneously performs 

photo-detection, frequency down-conversion, and uplink optical IF 

signal modulation. Consequently, the antenna base station can be 

greatly simplified. 

The setup shown in Fig. 4-5 was used for frequency down-

conversion experiment. Optical LO was generated with the same 

method used for frequency up-conversion, and optical IF was supplied 
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from a tunable light source. In this experiment, optical IF did not 

include fIF, down so that only frequency down-conversion characteristics 

for uplink can be investigated. 10 dBm 59.85 GHz signals were used as 

uplink RF signals, which were applied to EAM biased at -2.5 V. Inside 

EAM, 59.85 GHz signals were mixed with 60 GHz signals produced by 

photodetection of optical LO and produced fIF, up= 150 MHz signals, 

which then modulated optical IF. The uplink optical IF signals were 

transmitted to the central station, and photodetected after optical 

amplification. An optical bandpass filter having λIF passband was 

inserted before PD in order to block optical LO signals at λLO delivered 

to the central station. This filtering is necessary because optical LO 

signals modulated by uplink RF signals can produce interfering 

frequency down-converted signals at the central station [62]. Fig. 4-6(a) 

and (b) respectively show the RF spectra of uplink RF signals at 59.85 

GHz and frequency down-converted IF signals at 150 MHz measured 

simultaneously at the central station (measured at Point C in Fig. 4.5). 

Uplink RF signals is delivered to the central station at λIF because EAM 

is modulated with both uplink RF signals and frequency down-

converted IF signals. 

Next, the dispersion effects on remote frequency down-conversion 

method are investigated using the same methods applied to remote 

frequency up-conversion case. The frequency down-converted 150 

MHz signals are measured according to different transmission distance, 

and the results are normalized to the signal power at back-to-back 
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conditions. Fig. 4-7 shows that dispersion-induced signal fading 

problems do not occur to the detected signals through the remote 

frequency down-conversion. The measurement results are also 

compared with the calculated signal power transmitted by double-

sideband 60 GHz signals. The same assumption was used for this 

calculation, and several signal fading phenomena appear within 10 km 

transmission as shown in Fig. 4-7. From these results, it is proved that 

the remote frequency down-conversion technique can also provide 

dispersion insensitive uplink data transmission. 
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Figure 4-5. Schematics for frequency down-conversion processes and 

experimental setup used for verification. 
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Figure 4-6. RF spectra for uplink frequency down-conversion: (a) RF signals 

measured at the central station, (b) frequency down-converted signals 

measured at the central station. The resolution bandwidth was 1 kHz for both. 

A 17 dB gain electrical amplifier was used for (a), and a 20 dB gain electrical 

amplifier was used for (b). 
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Figure 4-7. Normalized signal amplitude of frequency down-converted signals 

and calculated results of double-sideband signal transmission at 60 GHz band. 

The measured down-converted signal power is normalized to the power at 

back-to-back conditions. 
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4-3. Conversion Efficiency Characteristics of SOA-
EAM Frequency Converters 

 
4-3-1. Conversion efficiency definition 

For electrical frequency converters, important specifications are 

frequency conversion efficiency, isolation between RF and LO ports, 

and intermodulation distortions caused by nonlinearity of frequency 

converters [70]. Among them, frequency conversion efficiency is 

essential for RF design of base stations. The conventional definition of 

conversion efficiency is the RF power ratio between input signals and 

frequency converted output signals. However, it is very difficult to 

directly apply this definition to this frequency converter because it is 

difficult to measure exact signal powers related to frequency up- and 

down-conversion due to many optical components used in the scheme. 

Therefore, a method to estimate frequency up- and down-conversion 

efficiencies is devised. 

At first, up-conversion efficiency (ηup) is defined as the ratio of 

EAM photodetected frequency up-converted signal power to EAM 

photodetected IF signal power. For example, the ratio of lower 

sideband power in Fig. 4-3(b) to peak power in Fig. 4-3(a) is ηup. The 

frequency down-conversion efficiency (ηdown) is defined as the ratio of 

frequency down-converted signal power to uplink RF signal power 

measured at the central station simultaneously. For example, the ratio 

of peak power in Fig. 4-6(b) to peak power in Fig. 4-6(a) is ηdown. As 
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explained in chapter 4-2, the frequency down-conversion process is a 

complex one involving photodetection, mixing and modulation. By 

comparing fIF, up and fRF, up delivered at λIF to the central station, the 

influence of EAM modulation efficiency can be eliminated, and 

internal mixing efficiency of EAM can be estimated. Fig. 4-8 shows the 

schematic of frequency conversion efficiencies for both up- and down-

conversion. 
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Figure 4-8. Schematic of frequency up-conversion efficiency (a) and 

frequency down-conversion efficiency. 
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4-3-2. Measurement results of conversion efficiency 

The same experimental setup shown in Fig. 4-2 and Fig. 4-5 was 

used for conversion efficiency measurement. The 16 dB difference in 

EAM photodetection response between 100 MHz and 60 GHz was 

corrected for ηup calculation. The 5 dB difference in photodiode 

response between 150 MHz and 60 GHz was also corrected for ηdown 

calculation. In addition, different electrical gains were corrected for 

both ηup and ηdown. The measurement was performed in back-to-back 

condition. 

At first, the dependence of frequency conversion efficiencies on 

EAM bias condition was measured. The power of optical IF signals at 

1550 nm and optical LO signals at 1553.3 nm before SOA were -8 

dBm and -15 dBm, respectively. As shown in the Fig. 4-9, ηup increases 

with increasing EAM reverse bias voltages, because photocurrent in 

EAM increases at high reverse voltages. The dependence of 

photocurrent in EAM on bias conditions is the contrary of modulation 

characteristics, so that photocurrent in EAM within this bias range 

increases with reverse bias voltages. However, ηdown decreases with 

increasing EAM reverse bias voltages, because EAM nonlinearity is 

more pronounced at low reverse voltages. 

LO power influences the efficiency of frequency converters very 

much, so that the dependence of frequency conversion efficiencies on 

SOA input optical LO power is investigated. For this measurement, the 

optical IF power at 1550 nm was set at -8 dBm, and EAM was biased at 
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-2.5 V. The wavelength of optical LO signals was 1553.3 nm. The 

results were obtained at two different SOA current levels in order to see 

the influence of SOA gain on conversion efficiencies. As can be seen in 

Fig. 4-10(a) and (b), both ηup and ηdown increase with optical LO power. 

For ηup, the increase is due to square-law beating power increase with 

optical LO signals in EAM. ηdown increases because the photogenerated 

LO signal power in EAM increases with optical LO power. In both 

cases, the slight saturation of conversion efficiencies appears at high 

optical LO power conditions due to the SOA gain saturation. When the 

SOA bias increases from 100 mA to 150 mA, both frequency 

conversion efficiencies improve about 10 dB, which corresponds to 

about 5 dB increase in SOA optical gain. 

Finally, conversion efficiencies were measured as functions of 

optical IF signal power and wavelength. Fig. 4-11 shows the 

conversion efficiency dependence on optical IF signal power. The 

optical LO signal power at 1553.3 nm was -15 dBm, and the 

wavelength of IF signals was 1550 nm. For frequency up-conversion, 

the conversion efficiency decreases with increase of optical IF power. 

This is due to SOA gain saturation, which causes decrease of both 

cross-gain modulation efficiency and gain that optical LO signals 

experience. As shown in Fig. 4-11, the conversion efficiency 

dependence is very similar to SOA gain saturation characteristics. For 

frequency down-conversion, the increase of optical IF power leads to 

the increase of photodetected power of both frequency down-converted 
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signals and RF signals. Therefore, constant conversion efficiency 

should be maintained. However, at high optical IF power conditions, 

the frequency down-conversion efficiency is slightly decreased, 

because the optoelectronic mixing at the EAM starts to saturate faster 

than RF modulation in EAM. 
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Figure 4-9. Dependence of frequency conversion efficiency (ηup and ηdown) on 

EAM bias conditions. 

 

Fig. 4-12 shows the effects of optical IF wavelength on frequency 

conversion efficiencies. The wavelength of -8 dBm optical IF was 

changed from 1540 nm to 1560 nm. As shown in the figure, the 

frequency up-conversion efficiency is nearly constant over wide optical 

IF wavelength range. The reason is that the SOA gain bandwidth near 
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1550 nm is wide and cross-gain modulation efficiency is saturated with 

this high optical IF power. On the other hand, the frequency down-

conversion efficiency varies about 4 dB. This is because the modulation 

efficiency and frequency mixing in EAM are changed at different 

wavelength conditions. These frequency conversion efficiency results 

show that this SOA-EAM frequency converter has wide operation 

wavelength range. 
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Figure 4-10. Frequency up-conversion efficiency (ηup) (a), and frequency 

down-conversion efficiency (ηdown) (b) as a function of optical LO signal 

power. Optical LO power was measured in front of SOA. 
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Figure 4-11. Frequency conversion efficiencies as a function of SOA input 

optical IF signal power. 
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Figure 4-12. Frequency conversion efficiencies as a function of SOA input 

optical IF wavelength. 
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4-4. 60 GHz Bi-Directional RoF Systems using SOA-
EAM Configuration 

   In previous chapters, the operation principles and conversion 

efficiency characteristics of the SOA-EAM frequency converter are 

investigated. Now, 60 GHz bi-directional data transmission using this 

frequency converter is demonstrated. 60 GHz optical LO are 

transmitted from central station, and 5 Msymbol/s data signals using 

QPSK, and 16QAM digital modulation are bi-directionally transmitted. 

By measuring EVMs, error-free data transmission in both directions is 

verified, and the dependence of system performance on powers and 

wavelengths of optical IF signals is investigated.  

 

4-4-1. Experimental setup and data transmission results 

Fig. 4-13 shows the experimental setup for 60 GHz band RoF 

systems using the SOA-EAM frequency converter. 60 GHz optical 

heterodyne LO signals at 1553.3 nm were generated by modulation of 

an MZM biased at the minimum transmission point with 30 GHz 

signals for DSB-SC method. For downlink, optical IF signals at 1550-

nm were produced by modulation of another MZM with 5 Msymbol/s 

QPSK or 16QAM data at 100 MHz IF. Both optical signals were 

combined and injected into the cascaded SOA-EAM, producing 

frequency up-converted signals in 60 GHz band. These two sidebands 

of frequency up-converted signals were frequency down-converted to 

100 MHz by a subharmonic mixer with a 30 GHz electrical LO signal. 



 113 

The EVMs of recovered IF signals were analyzed by a VSA. The SOA 

was biased at 150 mA, and the EAM was biased at -2.5 V. For the 

uplink data transmission, the same 5 Msymbol/s QPSK or 16QAM data 

signals at 59.85 GHz were generated by up-converting 150-MHz IF 

data to 59.85 GHz. The RF bandpass filter was used to suppress both 

LO carrier and image signals. When the EAM was modulated by uplink 

RF signals, frequency down-converted signals at 150 MHz were 

produced by the SOA-EAM frequency converter, which then 

modulated optical IF signals returning to the central station. In the 

central station, optical IF signals were photodetected after optical 

amplification and filtering, and the resulting QPSK or 16QAM data at 

150 MHz were analyzed for transmission quality by VSA. All the 

experiments were done in back-to-back condition with separate uplink 

and downlink data transmission. It should be noted that 60 GHz band 

should provide much higher bandwidth than the data bandwidth used in 

this demonstration. The bandwidth in this experiment was limited by 

data generation and analysis instruments available, not by the SOA-

EAM frequency converter. The proposed frequency converter should 

have as wide conversion bandwidth as its optical modulation and 

photodetection bandwidth. The EAM used in the experiment has 2 GHz 

modulation bandwidth at 60 GHz, and SOA cross-gain modulation 

bandwidth should be in GHz range as explained in chapter 2. 
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Figure 4-13. Experimental setup for 60 GHz bi-directional RoF systems. 
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Figure 4-14. Optical spectra of downlink signals (a) and uplink signals (b). 
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Fig. 4-14(a) and (b) show the optical spectra of downlink and 

uplink signals, respectively. The downlink optical spectrum shown in 

Fig. 4-14(a) was obtained from the optical signals coming out of SOA 

(measured at Point A in Fig. 4-13), and 1550 nm optical IF (λIF), and 

1553.3 nm optical LO (λLO) signals can be seen. The additional peaks 

observed around λLO are due to modulation harmonics of the MZM 

caused by DSB-SC [42-43]. The small peaks around λIF are due to 

XGM between optical LO and IF signals. The uplink optical spectrum 

was measured after the optical bandpass filter (λpass = 1550 nm) at the 

central station (measured at Point B in Fig. 4-13). As shown in Fig. 4-

14(b), the optical LO signals are suppressed about 30 dB compared 

with optical IF signals. The side peaks around λIF are the results of fRF 

modulation of EAM. 

   The RF spectra and EVMs of frequency converted data signals 

were measured. Fig. 4-15 shows the RF spectrum of frequency up-

converted downlink signals, and Fig. 4-16(a) and (b) show the clear 

constellation and eye diagram of demodulated downlink QPSK and 

16QAM data, respectively. For this measurement, -16.3 dBm optical 

LO and -10 dBm optical IF signals were injected into SOA, and the 

resulting EVM for QPSK was about 3.3 %, which corresponds to 29.6 

dB SNR. The EVM for 16QAM was about 3.6 %, which corresponds to 

29 dB SNR. When the wireless channel is also assumed to be AWGN 

same in chapter 3, the resulting performances of both directions are 

theoretically enough for error-free data transmission. The analytical 
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expressions for this calculation are well explained in [74]. Fig. 4-17 

shows the 150 MHz RF spectrum of frequency down-converted uplink 

signals measured at the central station, and Fig. 4-18(a) and (b) show 

the clear constellation and eye diagram of demodulated uplink QPSK 

and 16QAM data, respectively. With -15 dBm optical LO and -8 dBm 

optical IF signals injected into SOA, the EVM for QPSK was about 

7.4 %, which corresponds to 22.6 dB SNR. The EVM for 16QAM was 

about 8.6 %, which corresponds to 21.2 dB SNR. These results are also 

good enough for wireless systems. The reason for larger EVMs for 

uplink than downlink is that the frequency down-conversion efficiency 

is lower than up-conversion efficiency as explained in chapter 4-3. In 

addition, two optical amplifiers, which are SOA and EDFA, affect 

uplink optical IF signals, such that amplifier noise degrades system 

performance. Nevertheless such larger EVMs for uplink, the results are 

still good enough for real systems, and the system have rooms for better 

performance. Especially, less link loss and higher conversion efficiency 

design of SOA-EAM frequency converter surely lead to better system 

performance. 

 



 118 

59.85 59.90 59.95 60.00 60.05 60.10 60.15
-70

-60

-50

-40

-30

-20

 

 

R
F 

Po
w

er
 (d

B
m

)

Frequency (GHz)
 

 

Figure 4-15. RF spectrum of frequency up-converted data signals. 
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Figure 4-16. Constellation and Eye diagram of demodulated downlink 5 

Msymbol/s QPSK (a) and 16QAM data signals. 
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Figure 4-17. RF spectrum of the frequency down-converted uplink signals. 
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Figure 4-18. Constellation and Eye diagram of demodulated uplink 5 

Msymbol/s QPSK (a) and 16QAM data signals. 
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EVMs for QPSK data as a function of optical IF powers before 

SOA were measured for both downlink and uplink. Fig. 4-19 shows the 

measurement results. The optical LO power was fixed at -16.3 dBm for 

downlink and -15 dBm for uplink. As shown in the figure, downlink 

EVM changes from 6 % to 3 % as optical IF power increases. This is 

simply because lower optical IF power reduces XGM efficiency and 

the frequency up-converted signal power. However, when optical IF 

power is high, both XGM efficiency and SOA gain of optical LO 

signals are saturated and, consequently, the EVM is also saturated at 

around 3 %. The EVM of the uplink data transmission also decreases 

from 13 % to 8 % as optical IF power increases. In uplink, the increase 

in optical IF power leads to increase in the detected uplink signal power, 

causing increase in SNR. Consequently, the EVM decreases until it is 

saturated due to SOA gain saturation. Although large EVMs were 

measured at low optical IF power conditions, their values are still good 

enough for QPSK data transmission. 

The dependence of EVM for QPSK data on optical IF wavelengths 

was also investigated in order to identify the usable IF wavelength 

range. The optical LO power was -16.3 dBm for downlink and -15 

dBm for uplink, and optical IF power was -10 dBm for downlink and -8 

dBm for uplink. As shown in Fig. 4-20, EVMs for both downlink and 

uplink do not change very much with optical IF wavelength. This 

verifies that optical IF signals having different wavelengths can be used 

for accessing different base stations. 
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Figure 4-19. Measured EVMs as a function of SOA input optical IF signal 

power for downlink and uplink. 
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Figure 4-20. Measured EVMs as a function of optical IF signal wavelength 

for downlink and uplink. 
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5. Summary 
Millimeter-wave wireless systems have been actively investigated 

for future broadband wireless systems. Especially, 60 GHz band, 

available as an unlicensed band, is attracting much attention due to 

wide bandwidth, frequency reusability, and high directivity. However, 

the high free-space propagation loss of 60 GHz signals demands many 

base stations covering small-sized cells. Consequently, simple and cost-

effective base station design becomes very important for realizing 60 

GHz wireless systems. For this, RoF systems are a very attractive 

solution due to low loss fiber transmission of radio signals, and 

centralization of expensive 60 GHz devices and equipment. Many 60 

GHz RoF architectures have been proposed, and the remote frequency 

conversion scheme is a good candidate to realize 60 GHz RoF systems. 

In this dissertation, 60 GHz RoF systems were demonstrated based 

on remote frequency conversion techniques. For downlink data 

transmission, the frequency up-conversion scheme using SOA XGM 

was proposed. The optical heterodyne 60 GHz signals and optical IF 

data signals are generated at the central station, and then transmitted to 

the base station, where two modes of optical heterodyne signals are 

cross-gain modulated by IF data signals, and then frequency up-

converted signals at 60 GHz band are generated after photodetection of 

optical heterodyne signals. For uplink data transmission, the frequency 

down-conversion scheme using EAM was proposed. When 60 GHz 

band uplink RF signals modulate EAM along with the photodetection 
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of 60 GHz optical heterodyne signals in EAM, frequency down-

converted IF signals are produced by EAM nonlinearity. At the same 

time, these signals modulate uplink optical signals delivered from the 

central station, and then are transmitted back to the central station. 

Therefore, uplink IF signals can be obtained after photodetection of 

optical IF signals. Because EAM can act as both optical modulator and 

photodetector, both frequency up- and down-conversion techniques can 

be combined to SOA-EAM configuration with which two functions 

simultaneously occur at the base station, resulting in the very simple 

base station for bi-directional RoF links. 

In chapter 2, the frequency up-conversion method using SOA was 

investigated at first. The operation principles were explained, and then 

simple operation characteristics were analyzed based on the SOA 

simulation model using a TMM. The calculated results showed that 

high conversion efficiencies are possible at wide optical wavelength 

ranges. To demonstrate broadband operation of the proposed frequency 

up-converter, SOA XGM bandwidth was measured and also error-free 

1.244 Gbps broadband data was transmitted. Less than 0.5 dB power 

penalty appears within 20 nm optical IF wavelength ranges. 

Next, the frequency down-conversion method using EAM was 

investigated in chapter 3. After explaining simple operation principles, 

the conversion efficiency characteristics were examined based on 

measurement results as functions of EAM bias conditions, optical LO 

powers, and optical IF powers and wavelengths. For high conversion 
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efficiency, the EAM should be biased at around maximum modulation 

efficiency conditions, and high optical LO power was necessary. 

Within 30 nm wavelength ranges, very small efficiency fluctuation 

appears, which is good for WDM applications. Error-free 5 Msymbol/s 

QPSK uplink data transmission at 60 GHz band was also demonstrated. 

Finally, the SOA-EAM configuration for both frequency up- and 

down-conversion was shown in chapter 4. The combined functions 

were explained, and then the conversion efficiencies as functions of 

EAM bias conditions, optical LO powers, and optical IF powers and 

wavelengths were measured and analyzed. The basic performances 

were similar to the individual up- and down-converter, however, it 

should be considered that both frequency up- and down-conversion 

efficiencies could not simultaneously be high at the same EAM bias 

condition. For up-conversion efficiency, high reverse bias of EAM 

gave high conversion efficiency. Conversely, the down-conversion 

efficiency was high at low reverse bias conditions. The dispersion 

insensitive signal transmission was proved by comparing measured 

results based on remote frequency conversion techniques with 

theoretical 60 GHz transmission results based on double-sideband 

signal modulation. Bi-directional data transmission at 60 GHz band 

was also demonstrated. For both downlink and uplink, high quality 

QPSK and 16QAM data transmission were succeeded. In addition, the 

demodulated data performances for both directions were not varied 

very much in wide operation wavelength ranges. 
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The RoF systems are very useful for 60 GHz wireless systems, and 

especially the remote optical/optoelectronic frequency conversion 

techniques can provide dispersion insensitive signal transmission as 

well as simple system architectures. In this dissertation, it was 

presented that frequency converters based on SOA and EAM are very 

useful for simplifying base stations and achieving flexible bi-

directional RoF systems. Although further investigation is necessary, I 

believe that the proposed methods should be an important part in RoF 

system development. 
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