Remote Frequency Conversion Using
SOA and EAM for 60 GHz Bi-

Directional Radio-on-Fiber Systems

Jun-Hyuk Seo

The Graduate School
Yonsei University

Department of Electrical and Electronic Engineering



Remote Frequency Conversion Using
SOA and EAM for 60 GHz Bi-

Directional Radio-on-Fiber Systems

A Dissertation
Submitted to the Department of Electrical and Electronic Engineering
and the Graduate School of Yonsei University in partial fulfillment of

the requirements for the degree of Doctor of Philosophy

Jun-Hyuk Seo

June 2006



This certifies that the dissertation of Jun-Hyuk Seo is
approved.

Thesis Supervisor: Woo-Young Choi

Sang-Kook Han

Ilgu Yun

Young Min Jhon

Dong-Soo Shin

The Graduate School

Yonsei University

June 2006



Tables of Contents

Tables of CONLENLS .........cucuevrvercicicicicicccccc s i

List of Figuresand Tables..........ccoeiriiieiiiiiceeseee e i

ADSITACL.......o e, IX

1. INtroduction.............iiininininnnsss s, 1
1-1. Why 60 GHZ? ... 1
1-2.  Radio-on-Fiber Systems for 60 GHz systems........................... 5
1-3.  Bi-Directional RoF Link..........ccccocooiiiiiiiiiiiiiiiie, 11
1-4. Outhine.......cccoiiiiiiiiiiii 14

2. Remote Frequency Up-Conversion Using SOA-PD

CONFIGUIALION ... 16
2-1.  Operation Principle of Frequency Up-Conversion............. 16
2-1-1. Optical LO and IF signal generation....ccccc......eveeeeeeeennniinnnne. 18

2-1-2. Cross-gain modulation (XGM) of SOA....ceieeiiieieeiiiiiiin 22
2-1-3. Frequency up-conversion at a PD ......ceeiiieiiiiieeininiicnnnn. 26
2-1-4. Frequency up-conversion eXperiment... . .cceeeeeerneeeeens 29

2-2.  Simulation of Frequency Up-Conversion Using a Transfer

Matrix Method .........cooooiiiiiiiiiiiiie e 32
2-2-1. SOA Modeling using TMM ..........uuuiiiiiieee e 33
2-2-2. Simulation results of SOA gain characterssti..............ccc...... 39
2-2-3. Simulation results of frequency up-convamsio....................... 44

2-3.  Gigabit Data Transmission using SOA-PD Frequency Up-

Converter at 60 GHz band ..o 48
2-3-1. Measurement of SOA XGM frequency response................ 49
2-3-2. Data transmission experiments and resultS......................... 52

3. Remote Frequency Down-Conversion Using EAM............... 61

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



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

.............................................................................. 65
3-2-1. Characteristics Of EAM ...........uuviiiiiiiiiimememennnees e 65
3-2-2. Optoelectronic frequency down-conversion in EAM......... 70
3-3.  Conversion Efficiency of EAM Frequency Down-
CONVEISION.........cciiiiiiiiiiiiiiceeeeeeeeeee ettt e e e e e et 74
3-3-1. Experimental setup and conversion efficiency dééni........ 74
3-3-2. Down-conversion effiCiency results ...........cccceevveeeeeeinininnns 79

3-4. 60 GHz Uplink RoF Systems using Frequency Down-
LO70] 01721 £] 0] o O 83
3-4-1. Experimental setup and results for 60-GHz datestragsion. 83

4. Remote Frequency Up/Down-Conversion using Cascade

SOA-EAM Configuration ............cccevvvvnnnnnninisisssssnnn, 91
4-1.  Bi-directional RoF systems...............ccccoconiiiiiiiiinnd 91
4-2.  Operation Principles of Frequency Converters................... 93

4-2-1. Frequency up-conversion for downlink transmissian........ 93
4-2-2. Frequency down-conversion for uplink transmission........ 98
4-3.  Conversion Efficiency Characteristics of SOA-EAM
Frequency Converters...............ccocoiiiiiiiiiiii e 103
4-3-1. Conversion efficiency definition ...........ccccccevveviiiieeennnnnns 103
4-3-2. Measurement results of conversion efficiency ................ 106
4-4. 60 GHz Bi-Directional RoF Systems using SOA-EAM
Configuration............cccociiiiiiiiiiii s 112

4-4-1. Experimental setup and data transmission results.......... 112

5. SUMIMATY ..ot 124
Referenices...........oumuinininininicicicicicisise et 128
Publication Lists............cccooeirrininininininnne s 137

ii



List of Figures and Tables

Figure 1-1. Status of license-free 60 GHz-bands in several countries. ... 2
Figure 1-2. Directivity comparison among ISM band carrier signals. ...3
Figure 1-3. Wireless applications using 60 GHz signals. .............c........... 4
Figure 1-4. Simple bi-directional RoF system configuration................... 5
Figure 1-5. Schematic of dispersion-induced signal fading problems in
intensity modulated millimeter-wave signal transmission. ........... 7
Figure 1-6. Dispersion compensators for optical millimeter-wave signal
transmission without signal penalty...........cccovviiiiinnninnnnns 8
Figure 1-7. Simple bi-directional RoF link based on remote frequency
conversion techNnique............cccccucuiuiiiiiiiiies 10
Figure 1-8. RoF downlink system configuration based on
optoelectronic frequency up-conversion using HPT...................... 10
Figure 1-9. Bi-directional millimeter-wave RoF link using EAM. ........ 12
Figure 1-10. Bi-directional RoF systems using remote frequency
conversion based on a cascaded SOA-EAM configuration
proposed in this dissertation............c.cccoeeuiiiiicicciiie 13
Figure 2-1. Base station of downlink RoF systems based on remote
frequency up-conversion and photonic frequency up-converter.17
Figure 2-2. Schematic of photonic frequency up-conversion based on
SOA-PD configuration. ..........cceueveiierinieininiiiicieeeccesee e 17
Figure 2-3. Optical LO generation using DSB-SC method, and optical
IF generation using direct laser diode modulation........................ 21
Figure 2-4. Stimulated processes in a two level system. ........................ 23
Figure 2-5. Process of optical IF signal modulation in optical LO

signals by SOA XGM. Below is a simple operation principle of

XGM. .ot s 25
Figure 2-6. Frequency up-conversion by the signal beating process in
PD .o 27

iii



Figure 2-7. Experimental setup to verify optical frequency up-
conversion at 25 GHz band. LD : Laser Diode, EDFA : Erbium-
Doped Fiber Amplifier, RF-SA : RF-Spectrum Analyzer, PC :
Polarization Controller...........ccoeieeineiininiineercreerceeeeene 29

Figure 2-8. RF Spectrum measured before SOA (a), and after SOA (b).

Figure 2-10. (a) Field model in unit SOA, (b) Field propagation and
reflection model in different refractive index layers...................... 35
Figure 2-11. Optical gain of SOA as a function of output optical power
with different SOA injection currents. .........cccoocvveviviiiiiceinicincnnns 42

Figure 2-12. Optical gain of SOA as a function of SOA injection current.

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
CUITENES. ..ottt 43

Figure 2-14. Schematic of frequency up-conversion efficiency............. 44

Figure 2-15. Frequency up-conversion efficiency as a function of SOA
input optical LO POWeTS. .......ccviiiiiiciciiciccc e 47

Figure 2-16. Frequency up-conversion efficiency and SOA gain as a
function of input optical IF wavelengths. .........cccccccovninnninnns 47

Figure 2-17. Measurement setup for SOA XGM frequency response.
OBPF: Optical Band Pass Filter, TLS: Tunable Laser Source......... 51

Figure 2-18. Frequency response for SOA XGM for a -12 dBm SOA

input pump signal POWeTr. .........cccccuciiiiiiiiiiiies 51
Figure 2-19. Experimental setup for 1.244 Gbit/s 63 GHz RoF downlink
data transmission. LPF: LowPass Filter...........cccccccccovnnnnninnnns 54

Figure 2-20. Optical spectrum of downlink optical LO and data signals
before SOA (a) and after SOA (D). ..c.coeuerirereeniiineereereereerene 55

iv



Figure 2-21. RF spectrum of frequency up-converted 63 GHz data
signals (a) and demodulated baseband signals (b). Resolution
bandwidth for both spectrais 1 MHz. .........ccccccceiiiiiinnnninine 56

Figure 2-22. Dependence of BERs performance on SOA input optical
baseband signal pOwer............ccccovuiiiiiiiiiiiiiic 58

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

Figure 3-1. Uplink RoF system configurations. (a) direct RF
transmission systems, (b) IF/Baseband Feeder systems................. 62
Figure 3-2. Uplink millimeter-wave RoF systems based on EAM........ 63

Figure 3-3. Remote frequency down-conversion RoF uplink systems

USING EAM. .o 64
Figure 3-4. Operation principle schematic of multiple quantum-well
EAM. oottt 66

Figure 3-5. Experimental setup to measure optical transmission and
absorption characteristics of EAM. .........cccccoivivinnnnninniiiinnns 67
Figure 3-6. Optical transmission (a) and photodetection characteristics
(b) of EAM as a function of applied voltage at different input
wavelength conditions. ..........cccccccueiiiiiiiiiiii 69
Figure 3-7. Schematic of optoelectronic frequency down-conversion for
uplink ROF systems..........ccccouviviviiiniiininininiiiicccccccccccc 72
Figure 3-8. RF spectrum of frequency down-converted signals (a) and
RF and LO signals after photodetection of optical IF signals....... 73
Figure 3-9. Experimental setup to measure frequency down-conversion
efficiency. EOM : Electrooptic Modulator.............ccccoovrniininininnns 76
Figure 3-10. Optical spectrum measured before EAM (a) and after
optical filtering of optical LO signals (b).......cccccceoervnirrnirniiincnnes 77
Figure 3-11. RF spectrum of uplink IF signals (a) and RF signals (b)
after photodetection of optical IF signals. ...........cccccovrnnninnnnns 78
Figure 3-12. Frequency down-conversion efficiency as a function of
EAM bias cONdition. ..........ccocoveueiiiiiiiininiiicccecce e 81



Figure 3-13. Frequency down-conversion efficiency as a function of
EAM input optical LO POWeT. ........ccccovuerriniriiicinieiiicccieeeaes 81
Figure 3-14. Frequency down-conversion efficiency as a function of
EAM input optical IF power (a) and wavelength (b)..................... 82
Figure 3-15. Su1 parameter characteristics at the input port of 60 GHz
narrow-band packaged EAM..........ccocoviiiiiiiiciciine, 84
Figure 3-16. Experimental setup for 60 GHz frequency down-
conversion and uplink data transmission. BPF : Bandpass Filter.85
Figure 3-17. Frequency down-converted 500 MHz IF signal spectrum.
Resolution bandwidth is 10 KHZ ........ccccovoveiiiiniiiicns 86
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. ............ccccceeuennees 89
Figure 3-19. Eye diagram of demodulated 10 Mbps QPSK signals at
500 MHZ. ...t 90

Figure 4-1. Proposed bi-directional RoF system configuration adopting
a photonic mixer at a base station. ...........ccccoovvviiiiiiniiiinns 92
Figure 4-2. Schematic for frequency up-conversion processes and
experimental setup used for verification............ccccccevinniinnnns 94
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). .........ccccceucurunenee. 96
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. ... 97
Figure 4-5. Schematics for frequency down-conversion processes and
experimental setup used for verification............cccccoeuvvininnnnies 100
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

vi



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
£OT (D). ettt 101
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
CONAITIONS. ...ttt 102
Figure 4-8. Schematic of frequency up-conversion efficiency (a) and
frequency down-conversion efficiency...........cccccocevviiniiiicnnns 105
Figure 4-9. Dependence of frequency conversion efficiency (e and
Ndown) on EAM bias conditions. ..........cccccceueuiuiiiiciiciiiiiine 108
Figure 4-10. Frequency up-conversion efficiency (nuw) (a), and
frequency down-conversion efficiency (ndown) (b) as a function of
optical LO signal power. Optical LO power was measured in
front of SOA.......coov 110

Figure 4-11. Frequency conversion efficiencies as a function of SOA

input optical IF signal power. ..., 111
Figure 4-12. Frequency conversion efficiencies as a function of SOA
input optical IF wavelength. ...........cccccooooiiiiiinni 111
Figure 4-13. Experimental setup for 60 GHz bi-directional RoF systems.
............................................................................................................. 114
Figure 4-14. Optical spectra of downlink signals (a) and uplink signals
(D) e 115

Figure 4-15. RF spectrum of frequency up-converted data signals.... 118
Figure 4-16. Constellation and Eye diagram of demodulated downlink
5 Msymbol/s QPSK (a) and 16QAM data signals.............ccc........ 119
Figure 4-17. RF spectrum of the frequency down-converted uplink
SIGNAS. ..o 120
Figure 4-18. Constellation and Eye diagram of demodulated uplink 5
Msymbol/s QPSK (a) and 16QAM data signals..........ccccceceveunnies 121

vii



Figure 4-19. Measured EVMs as a function of SOA input optical IF

signal power for downlink and uplink...........cccccccoeiinnnnis 123
Figure 4-20. Measured EVMs as a function of optical IF signal
wavelength for downlink and uplink. ..........ccccccovnniinnnns 123
Table 2-1. SOA simulation parameters. ....................cooiiiiin. 41

viii



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-
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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-



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 developmentanesusing cell
phones anywhere in the world, having wireless LAEes in many
hot spots, and watching television programs in iguplaces through
the digital media broadcasting receivers. Moreovbe prevailing
wireless systems are evolving to the so-calledietriplay systems
providing voice, data, and video services at theeséime. To realize
such systems, high bandwidth efficient modulatechhiques or broad
bandwidth systems using high frequency carriersreadtable. Current
wireless LAN and broadcasting systems using se¥&@r or sub-GHz
carriers are focusing on increasing bandwidth iefficy. However, the
required data rate for future wireless systems Ishioel beyond gigabits
per second, so that carriers containing enough vadtid for such
gigabit data transmission are necessary. Under sdemands,
millimeter-wave-band systems are being activelyestigated, and
especially, 60 GHz systems become the most pomilameter-wave
systems [1-6].

60 GHz carriers initially have enough bandwiftth gigabit data
transmission, but the more important reason faaetihg interests is
that many countries are opening 60 GHz band aade-free band [1-
4]. Fig. 1-1 shows present status of license-freedb at 60 GHz for

several countries [4]. As shown in the figure, salvegigahertz



bandwidths are opened at 60 GHz band, which meamsiwidth
efficiency is not an important part and how to sgeh wide bandwidth
becomes more important issues. In addition, 60 &bzals have other

physical characteristics benefiting to wirelessays.

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

59.4 62.9 Max power:
Australia ) ' 10mw
EIRP: 51.8dBm

Max power:
Canada 500mW/100MHz

EIRP: 43dBm

Max power:

Japan <G

EIRP: 57dBm

61.5

Europe : l

EIRP: 100mW

Max:
500mW/100MHz

USA
W ERIP: 43dBm

Figure 1-1. Status of license-free 60 GHz-bandseireral countries.

Because the oxygen-absorption loss of 60 GHz sgsal0-15 dB/km
[7], they can be used for short range communicatiand indoor
wireless systems requiring less interference amas®ys. Moreover,
such high absorption characteristics can be applifdequency reuse
in wireless systems having lots of cells [1-3]. Tigh directivity of 60
GHz signals is another useful characteristic tagase wireless link
gain, to decrease signal interferences, and togatéi inter-symbol-

interferences caused by multi-path fading [5]. Fig2 shows the



schematic comparison of directivity for some ISMnduistrial,

Scientific, and Medical) band frequency signalsj #me notably high
directivity of 60 GHz signals can be observed. Sh@velength of 60
GHz signals compared with other present wirelesseta can be also

useful to design small system components [1-6].

Beamwidth for 1-foot
antennas
Frequency 99.9%
beamwidth
2.4 GHz 117°
24 GHz 12°
4.7°
12°

60 GHz 4.7°

Figure 1-2. Directivity comparison among ISM badrier signals.

The most popular application of 60 GHz is wisslgersonal area
networks, which are currently under standard dsomsat the IEEE
802.15.3c working group [4-5]. Very high data rasyond 2 Gbit/s is
allowed to this system for high-speed internet ascstreaming content
download, real-time streaming, and wireless datas for cable
replacement. For future broadband indoor wireleds Lsystems, 60
GHz is considered as a strong candidate, and Eusopeading the
system development mixing 5 GHz band wireless LAises with
60 GHz systems supplying higher data rate [3, B European IST
project BroadWay is suggesting this concept [5keFspace Gigabit

3



Ethernet services (1.244 Gbit/s) using 60 GHz dggrare also
investigated, and applications mixed with free gpftwer-optic systems
are being developed [2, 5]. In Japan, 60 GHz telcigies for wireless
home network systems, especially, the wireless ovithme-Link

system including wireless 1394 applications ararérad [5]. Besides
these wireless applications, 60 GHz can be usedifgir resolution
imaging and sensors, and astronomical observatsimgwery large
arrayed radio telescopes [8-9]. In the Atacamaeplat Chile, tens of
arrayed radio astronomical observatories using 6z Gre being

established.

Wireless Personal Area Network Broadband Wireless LAN

Home Network

Figure 1-3. Wireless applications using 60 GHz aign



1-2. Radio-on-Fiber Systems for 60 GHz systems

60 GHz is a promising candidate for future broadbavreless
communication systems. However, there are somegmabto realize
60 GHz systems in the near future. As stated abthee free-space
propagation loss of 60 GHz is very high, so th#tteof base stations
covering small-sized cells are required to implemesystems.
Moreover, high speed millimeter-wave devices basadcompound
semiconductors are very expensive and high frequamemponent
designs and packages are also difficult. Theretbieedeployment cost
of 60 GHz systems will be very high and simple aast-effective base
station design becomes important. As one solutRadio-on-Fiber

(RoF) technologies are attracting much attentich3p

|<—>| fre _l_f
Central Office fre
A Mobile
Terminal

e ———

Figure 1-4. Simple bi-directional RoF system configion.

Fig. 1-4 shows the schematic of simple bi-direadldRoF systems.
In RoF systems, radio signals are optically tratiguibetween central

and base stations, resulting in low loss transiossif radio signals



through optical fibers. Therefore, for 60 GHz signaaving high
attenuation characteristics in free-space, RoFesysechnologies can
extend transmission distance. In addition, diremhgmission of radio
signals can help reducing complex and expensiveiceevand
equipment at many base stations, and controllingynbase stations at
one central station. In case of downlink data tm@esion, radio signals
are generated by only photodetection process abadke station, and
data signals are transmitted to mobile users afteple electrical
amplification. Therefore, very simple base statimthitectures are
expected. High speed operation of optical companéntalso very
useful for 60 GHz systems. However, the single-mdiilger
transmission of optically intensity-modulated nmikter-wave signals
like 60 GHz can suffer severe signal fading dudilber chromatic
dispersion [14-15]. In case of optical intensity dulation, double-
sideband signals are produced and each sidebamrdienges different
phase shift during fiber transmission, so that rdesitve interference
occurs between two beat signals at the receiveer@in transmission
points, which causes degradation of generated Isgmaer. Fig. 1-5
schematically shows this phenomenon and the caézllasignal
responses for 60 GHz and 1 GHz as a function obiméssion distance
are also shown below [15]. When modulation freqyerm high,
wavelength separation between two sidebands is,weilting in
faster phase shift at short transmission distamberefore, the signal

degradation of 60 GHz signals occurs at very strartsmission point.



On the other hand, for 1 GHz signals, the wavelengjtference
between the sidebands is very small, so that digpeeffects are far

less severe.

I — Dispersion —
MMW Source + Datg
Modulator Optlcal Rx

Optlcal fiber
0 f

-10 |

mmw

B]

-20
-30

-40

Response [d

50 |- —— 1GHz modulation
60 I —— 60GHz modulation

1 1 1 1
0 2 4 6 8 10

Distance [km]

Figure 1-5. Schematic of dispersion-induced sigfaaling problems in
intensity modulated millimeter-wave signal transsios.

Various techniques for dispersion-insensitive traigsion of
millimeter-wave signals have been proposed usingpetsion
compensation techniques [16-17] and remote frequartnversion
techniques [18-19]. In optical communication systefor long-haul,
gigabit data transmission, fiber chromatic dispmrsivas a limitation of
error-free data transmission. Many kinds of disjperssompensators
have been presented, and some techniques can liedapp RoF

systems. Basic concept is that the unwanted ph#feeedce between



two sidebands caused by fiber dispersion is cdetidby dispersion
compensators not to occur destructive interfererieigs 1-6 shows this
principle. However, the problem is that the dismerscompensation
techniques are sensitive to fiber transmissionadists and optical
signal wavelengths, and, as a result, RoF system®d many adaptable
dispersion compensators, making system designcdliffi In remote
frequency conversion techniques, intermediate &#aqy (IF) signals
are optically transmitted between central and bat#ions, and
frequency up-conversion to and down-conversion fromtlimeter-
wave-bands occur at each base station. Fig. 1-Wsstibe simple
remote frequency conversion systems in the bi-tioeal RoF link.
Since fiber transmission of low frequency signalghe form of IF is
hardly affected by dispersion as explained befioeguency conversion
at the remote base stations can be a simple solfdiathe dispersion-
induced signal fading problem. However, expensiviimeter-wave-
band oscillators and mixers are needed for rematmuéncy

conversion, which makes the base stations compldxeapensive.

.......... . ey l | l
) PD
Optical MMW| ﬂ ) 5| Dispersion |
Source r— f f

Compensato
Optical fiber

Figure 1-6. Dispersion compensators for optical liméter-wave signal
transmission without signal penalty.



To solve this problem, optical/optoelectronic fregay conversion
techniques can be used [20-27], in which dataediin IF signals are
frequency up- and down-converted at the base statidth the help of
dispersion insensitive optical local oscillator (L€lgnals generated at
the central station by optical heterodyne techrsqoie optical single-
sideband modulation techniques. Consequently, tleemo need for
expensive electrical oscillators and mixers atithge stations, allowing
simple and cost-effective base station architectkrg. 1-8 shows a
downlink RoF system example using remote frequamsgonversion
scheme based on heterojunction phototransistorsT§HF21]. The
optical heterodyne LO signals, which is two conediaoptical modes
separated by §, are generated at the central station, and trateshtd
the base station combined with optical IF signasifg fr signals.
When these two optical signals are injected in® HPT, fo and f¢
signals are generated by the HPT photodetection, farsignals are
frequency up-converted to thesfband by the optoelectronic mixing
process of HPT. Therefore, no LO sources are reduatt the base
station, and photodetection and frequency mixingctions can be
obtained with only one device, HPT, leading to veigple base
stations.

This dissertation focuses on optical/optoelectroniemote
frequency conversion techniques for 60 GHz bi-dioeal RoF links.
For downlink data transmission, remote optical Gty up-

conversion technique is used, for which cross-gaiaulation (XGM)



of semiconductor optical amplifier (SOA) is applidebr uplink data
transmission, remote optoelectronic frequency doamversion
technique is used, for which nonlinearity of eleatssorption
modulator (EAM) is applied. The LO signals are pdad from the

central station in the form of optical heterodyignals.

Data/IF A
1 PD Amplifier
Optical IF @ N
Source Ke) -
Optical fiber
oscillator
Receiver |€ @ %
fIF Mixer Base
Central Station = >
Station
A

Figure 1-7. Simple bi-directional RoF link based oemote frequency
conversion technique.

e| fIF
fIF

l A
Optical IF

Source «()
HPT —| >—1 I | I
Optical Optical fiber f

Heterodyne fio
Source | 4 fio 4

Base Station

A 4

A

Figure 1-8. RoF downlink system configuration based optoelectronic
frequency up-conversion using HPT.
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1-3. Bi-Directional RoF Link

To communicate between wireless service prosiderd mobile
users, bi-directional links are indispensable. Ppxcéroadcasting
networks, most wireless systems are establishatirdxitionally, and
RoF links are not exceptions for full network sees. The problem is
that additional high speed optical devices are irequat each base
station to send uplink radio signals to centrafi@ta which makes base
stations complex and expensive. In case of optadlimeter-wave
transmission, expensive optical components operatimllimeter-
wave-bands should be equipped at the base st&#&. transceivers
allow the simple antenna base station architectorebi-directional
RoF links because EAM can perform the dual funatioaf
photodetection and optical modulation [28-32]. B¥%&M is a reverse
biased p-i-n diode with bulk active region [33] multiple quantum-
wells [34] as the absorption layer. Bias conditictestermine the
amount of light absorption, such that modulation ods voltage
changes the transmitted optical signal power of EAMking optically
modulated data signals. In addition, from the ghison layer,
photocurrent is generated like conventional PDg. Et9 shows a bi-
directional millimeter-wave link using EAM. The aqal millimeter-
wave signals from the central station are photatetein EAM, and
generated downlink data signals are transmittedmtmbile users.
Conversely, uplink millimeter-wave signals from rmileb users

modulate EAM using the same optical source proviteddownlink,
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and optically transmitted uplink signals are phetedted at the central
station. Therefore, a simple bi-directional RoKklgan be realized with

only one EAM.

mmw, 1

a

—I—

mmw l fmmw, 1
Optical MMW @ N ] ]/ N\

>
_|..,

Source

Optical fiber
EAM
Receiver |€ @ |
- f
i s 2 B Station fmw, 2
Central Station ase
A

Figure 1-9. Bi-directional millimeter-wave RoF linising EAM.

However, as explained in chapter 1-2, direcerfitansmission of
double sideband millimeter-wave signals causes edsspn-induced
signal fading problems, so that by combining optigaoelectronic
mixing techniques, signal penalty from the fadiag e overcome. In
this dissertation, we investigate a 60 GHz photémEguency converter,
which performs frequency up-conversion and freqyerdown-
conversion at the remote base station based oscaded SOAEAM
configuration. SOA cross-gain modulation and phetedtion in EAM

are used for frequency up-conversion, and EAM mealiity is used

12



for frequency down-conversion. Both LO and IF sigrfar frequency

conversion are optically provided by the centraltish. Therefore, a

simple base station having only one cascaded SOK-E@nfiguration

can be realized. Moreover, since optical LO sigmaésseparated from

optical IF signals, optical LO signals can be stdamong several base

stations and

wavelength division multiplexing (WDkchniques can

be applied for accessing different base stationth wdifferent IF

wavelengths.

Fig. 1-10 shows a bi-directional Rg$tesn architecture

where proposed SOA-EAM frequency converters ateetased.

—
Optical LO

Mo
Optical IF
) WD

central station

Receiver

base station /

my’

—

Figure 1-10. B

i-directional RoF systems using resmipequency conversion

based on a cascaded SOA-EAM configuration propostds dissertation.
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1-4. Outline

This dissertation will focus on photonic freqagrtonverters based
on SOA and EAM, and their applications to 60 GHzFRxystems.
Each frequency up- and down-conversion schemebwilkxplained at
first, and then the frequency converter combiniag tschemes is
proposed. The 60 GHz RoF systems will be also dstreted for
every frequency conversion technique. Details sbkelitation outline
are as follows.

In chapter 2, the optical frequency up-conversieethod based on
SOA is introduced at first. Section 2-1 explains tiperation principles
of frequency up-conversion, for which basic SOA rekteristics are
shown through the simulation model of SOA usingamgfer matrix
method, and up-conversion processes are clarifiemugh this SOA
model. The simulation results of the frequency apwerter are shown
in section 2-2. To show the broadband operatiorpgntes of the
frequency up-converter, 1.244 Gbit/s downlink Ra@fadtransmission
consequences at 60 GHz band are placed at thef émd ohapter.

Next, the optoelectronic frequency down-conwerscheme based
on EAM nonlinearity is described in chapter 3. Afexplaining the
useful characteristics of EAM for RoF uplink datansmission in
section 3-1, the operation principles of frequedoyn-conversion are
accounted for in section 3-2. Section 3-3 presdhts operation
characteristics of the EAM frequency down-converteased on

measurement results of internal conversion effioyest 30 GHz band.
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QPSK uplink RoF data transmission results at 60 Gidnd are
followed in section 3-4.

Chapter 4 introduces the frequency up- and dowmn@sinn
technique employing only one cascaded SOA and EAMiguration.
Section 4-1 suggests a bi-directional link architee using this
frequency converter, and then the operation priesipf proposed
frequency up/down-converter are explained in sact®2. The
conversion efficiency is also defined for this fueqcy converter in
section 4-3, and then the measurement resulteqtiéncy conversion
efficiencies and their characteristics at 60 GHmdbare discussed in
detail. The last section shows the bi-directionaFRlata transmission
results at 60 GHz band. QPSK and 16QAM data trassom are
demonstrated, and its system performances are zathyirough the
error vector magnitudes.

Finally, chapter 5 summarizes the proposed photdr@quency
conversion techniques, and 60 GHz RoF system denatinga results
using these converters. A brief comment about thetigability 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 remaquéncy
up-conversion use mixers and oscillators for loegérency IF signals
to be frequency up-converted to application barsdsh@awn in Fig. 2-1,
making the base station design complex. To allevtais problem,
photonic frequency up-converter can be used, anpisted in Fig. 2-
1, electrical mixers and oscillators can be elirredaat the base station,
for which optical LO signals are supplied from ttentral station, and
optically delivered IF data signals are frequenpycanverted by the
photonic frequency up-converter. In this disseotatithis photonic
frequency up-converter is realized by using SOA RBdconfiguration.
However, this frequency conversion concept is odtgd from the
following references [35-36], and this dissertat&irows the analysis
results and broadband data transmission resultg tisis idea.

Fig. 2-2 schematically shows the operation of S@AfRequency
up-conversion for downlink IF data transmission. eThbasic
constitution of this frequency up-converter inclsdgtical LO sources,
optical IF sources, SOA, and PD. Optical LO signatsi o are
generated by the optical heterodyne method, resulti two optical

sidebands separated hy.fWhen optical LO signals along with optical
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signals af\r carrying IF signals are injected into SOA, twoetidnds
of optical heterodyne LO signals are cross-gain utaidd by the IF
data signals ak;r, and frequency up-converted data signals @tafe
created by the signal beating process in a phatediMore detailed

explanation will be followed in next sections.

Local Oscillator

Photonic
Photodetection Frequency |
Up-Converter

Up-Conversion
Mixer

Figure 2-1. Base station of downlink RoF systenmsedaon remote frequency
up-conversion and photonic frequency up-converter.

Optical IF
| fIF
e mmmm———m
—T-h—h.p 'l  soa xem
—|
et gl 4y,
LO
Ao
Optical LO 1

Photonic Up-Converter

Figure 2-2. Schematic of photonic frequency up-ession 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 opticaD land IF signals
for this frequency up-conversion as shown in Fig. Basically, the
optical LO is generated by the optical heterodynethmd [9]. Two

optical modes separated ky fire given by

E, = Acos(fy, +Wee/2)t + ¢(1)) 2-(1)
E, = Acos(fw, — Wee/2)t + g3(1)) 2-(2)

where w is optical center frequency, anph At) is optical phase.
When these two modes are injected into PD, gerke@ieent due to

the square-law beating inside PD are the following:

| DE,XE; = I ¢ + AZCOS{.t + @(t) - (1) 2-(3)

where the signal having frequency sum results is expressed,
because its frequency is too high to be consideteRBF range. As
shown in equation 2-(3), the RF signal havingrwWrequency is
generated, and theoretically, any frequency commisnecan be
produced by this optical heterodyne technique. dditeon, this beat
frequency signal power is not changed by the chtiondispersion
effect, which is a very useful characteristic fdd &Hz RoF data
transmission. However, the phase components wrated(t) - ¢,(t)

are randomly changed, which causes severe phase mogenerated
RF signals [37]. Therefore, phase-correlated twticap modes are

required to eliminate randomly changed phase coemisnand optical
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heterodyne signals mean two dominant phase-caetklgtical modes
for low-phase noise RF signal generation.

Many researchers have been developed two phasaated optical
signal generation techniques [38-41], and one efdahasy and popular
methods is a double-sideband with suppressed rcaf@SB-SC)
method using a Mach-Zehnder modulator (MZM) [42:4Bhis was
also selected as an optical millimeter-wave gereranethod at the
RACE project R-2005-MODAL (Microwave Optical Dupledntenna
Link) [44]. Following is the brief analytical modef DSB-SC method
based on reference [42] and [43]. The output etetitld of an MZM

can be described by

Eonl) = Ea() co{’;’ ;;(‘)] 22

where \(t) is modulating voltage applied to the moduland E(t) is
the incident optical field. When the frequency addulating voltage is

WrF, this voltage signal summed with a bias voltagelmawritten as
Vi (1) =V, (L+ &) + @V, COS (g t) 2-(5)

The termse ando are the bias and modulation levels applied to the
modulator normalized to ¥ The output field from the modulator for

Vm(t) is given by

0 :co{’—ZT[aw)+acos@vRFt>]cos<wot)j 2:(6)
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where the optical frequency isvEquation 2-(6) can be expanded with
Bessel functions, and the resulting spectral coraptsncan be written

as
E,.(t)= L Jo(al—sz co{g (1+ 5)} cos(t)

- Jl(al—T sin[’—z-[ (1+ 5)} COSt + Wet)
2-(7)

+ J3(agjsin[7—27(l+ 5)} COS,t + 3 t) +---

where Jis the ith Bessel function of the first kind. et modulator is
biased at Y (¢=0), then the component ap will be suppressed as are
all even terms. Two dominant components separate®@wre are
produced, and these are completely phase-correlstethat very low
phase noise signals can be generated after scauariedating process
of photodetection. Although, other spectral commisieare also
generated by signal beating, they can be elimindtgdelectrical
filtering after photodetection. As a result, Fig3ZXhows that if an
MZM is modulated by half of target LO frequencyofR) signals, fo
separated two optical modes can be obtained, ase thre the optical
heterodyne LO signals for photonic frequency cotarer Although the
DSB-SC technique has stability problems due towubiage drift in
MZM, the control circuits to adjust MZM bias volig in voltage

supply units can solve this problem, and commerpialducts are
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already released for this purpose. In this dissertaall the optical
heterodyne signals are generated by the DSB-SQitpeadn

For optical IF signals, all kinds of optical modida techniques
can be used, however, the bandwidth of optical aorapts should be
large enough not to distort IF data signals. Fi§. ¢hows direct laser

modulation of IF data signals for optical IF.

Optical LO Source using DSB-SC

fLol2 flo
PC
Laser
Diode A
=5
Sg
o s
>5 | N\ /
1 1
g | 1 \J!
[ : —
! : Bias (V)
fLO/ZE :
]
1 .
time
Optical IF Source
fIF @ p elfIF
Laser
Diode A

Figure 2-3. Optical LO generation using DSB-SC rodthand 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 opticalOLsignals is
explained. In this frequency up-converter, SOApsrating as a remote
signal modulator using XGM. However, SOA in its&fan optical
signal amplifier, and to explain XGM process, tlmpe principle of
optical amplification is necessary [45-46]. Fig.42shows the
stimulated processes in a two level system. In @A,lectrons are
injected from an external current source into tloéiva region of
semiconductors. These make carriers occupy enet@gssin the
conduction band of the active region material, ilegvholes in the
valence band. When a photon having energy largar émergy gap, its
energy stimulates electrons to be moved to conolu¢tand and photon
energy disappears, which is called stimulated giteor. However, a
photon having suitable energy is incident on thmisenductor, it can
cause stimulated recombination of a conduction beendier with a
valence band hole. The recombining carrier losesnergy in the form
of a photon. This new stimulated photon is perfectdherent with the
inducing photon, which means identical phase aaduiency with the
incident photon. This process is called stimulaadssion, and while
these photons are inside semiconductor matertady, ¢an give rise to
more stimulated emission, which is an optical gaiocess. However,
these two processes occur statistically, so thireal management to
increase the probability of stimulated emissionneeded to obtain

optical gain. If the injected current is sufficignhigh then a population
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inversion is created when the carrier populatiothanconduction band
exceeds that in the valence band. In this casetthilated emission
becomes statistically dominant process, so thatapgain appears in

the semiconductors.

Stimulated Stimulated
Emission Absorption
C0000000000 00000
‘ 7 E,
photon md:g:]g photon
0— Energy Gap
oO—
stimulated photon
A 4
v E1
OOO,OOOKOOOOOOOOQO
Hole Electron

Figure 2-4. Stimulated processes in a two leveksys

In SOA, optical gain and saturation input opticalver are basic
performance parameters. When an optical signaljésted into SOA,
its amplitude is amplified as much as SOA gain, é&aay, if the input
signal power is beyond saturation power condititwe, signal gain is
reduced due to limited carriers inside SOA, whishcalled gain
saturation, and the input power condition occurmyain saturation is
called saturation input optical power. The XGM msg uses this gain

saturation phenomenon [47-48]. In principle, whewo tdifferent
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optical signals, one of which has higher opticalvpothan saturation
input optical power, are injected into SOA, a higlp®wer optical
signal acquires more optical gain than a lower powmical signal.
Therefore, output signal power of one optical sigiram be controlled
by another wavelength optical signal. Fig. 2-5 shothe XGM
principle schematically. When an optical signalihgwata (i) and a
CW optical signal (B are incident on SOA, the gain of thedignal is
changed by the jPsignal power, such that the Bignal is optically
modulated by the Fsignal. In this case, modulated data in thsignal
has inverted form of original data signals.

Therefore, as shown in Fig. 2-5, when optical LOAay and
optical IF at Ajr are injected into SOA, two modes of optical
heterodyne LO signals are cross-gain modulatedphigal IF, and each

mode has double-sideband IF signals.
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Figure 2-5. Process of optical IF signal modulatioroptical LO signals by
SOA XGM. Below is a simple operation principle oGX1.

25



2-1-3. Frequency up-conversion at a PD
In chapter 2-1-1, it is explained how to geremgtical heterodyne
LO and optical IF signals, and in chapter 2-1-3s ilescribed what is
XGM and how the optical IF signals modulate optic@l signals by
SOA XGM. Finally, a brief signal beating processanPD will be
shown, which is a final process to accomplish fesguy up-conversion.
A PD is a device to convert optical signals ietectrical current

signals, which is modeled with following equation:

|, =RIP

Yptical — RUE X E 2-(8)
where R is responsivity of PD that explains sigoak due to optical
signal scattering, reflection, and so og:i& is incident optical power,
and E is the electrical field of optical signalfefefore, it means that
produced current is a result of square-law beaitiitly incident electric
fields. RF signal generation using optical heteramdgnethods also uses
this characteristic as explained in section 2-1Ftequency up-
converted signals can be obtained by this signatirg process in PD
as shown in Fig. 2-6. After SOA XGM, ideally, siptaal modes are
created, and they can be briefly written as

E = cosfw,t — wt) + cosfnt) + cosfat + wt)

+cos(fy, +w o)t — wt) + cos(fv, + W, ),t) 2-(9)

+COS(( +Wo )t + W)
where optical phases and signal amplitudes are tegmitfor
simplification. If these six optical modes are ghemt on PD, resulting

electrical signals after beating processes aréottmving:
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I = COS(MLO — Wi )+ COSMLot) + COS(@VLO ~ Wi ) 2-(10)

where other signal products are eliminated, becthesg are far from
the LO frequency band. Therefore it shows that foagquency IF
signals are frequency up-converted to LO frequebapd. In this
frequency up-conversion process, XGM can causeepimasiulation in
SOA. However, this phase modulation does not aftbet system
performance, and also the short optical transms&ogth between
SOA and PD can not change optical phases of LOakigenough to
affect frequency up-conversion. If SOA and PD arenaiithically

integrated, the phase variation of optical LO imptetely disappeared.
Optical LO
} » SOA —] PD
Optical IF
Beating Process in PD

< > . )
1AE> ‘;T I

@) (2 3) @) )6 ° 2)-4) (1)-(5)
3)»-6) (2-(6)

Figure 2-6. Frequency up-conversion by the sigeatibhg process in PD.

This frequency up-converter is at first desigrnted make base
stations simple and cost-effective, however there many other

advantages. Because this frequency up-converters usatical

27



amplifiers, conversion efficiency is very high. aaddition, SOA offers
optical gain in wide wavelength range, where XGM cacur, so that
the operation wavelength range is wide. This charatic is very

useful to adopt wavelength division multiplexing [PDM) technologies
in this remote up-conversion system. Another acagents that optical
heterodyne LO signals having any frequency semaratan be used,
which makes frequency up-converters insensitiveL@ frequency.

Therefore, it can operate at any millimeter-wave anb-millimeter-

wave bands. However, for IF bandwidth, becausestieed of SOA
XGM is limited by carrier recombination time, IFgsial frequency is
restricted within several GHz, which is nonethelessugh to transmit
broadband data signals [45-48]. The details of ghigequency up-
converter characteristics are well explained ienm&fice [35] and [36].
The nonlinearity of SOA-PD frequency up-convertes &lso

investigated in reference [49], where spurious-figaamic range of
around 77 dB/HZ® is obtained experimentally. Therefore, in this
dissertation brief characteristics of the SOA-P&qfrency 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-conversioneigperimentally
verified at 25 GHz band. Fig. 2-7 shows the expental setup for this
measurement. For 25 GHz optical LO signals, 12.5% G signals
modulate an MZM biased at minimum transmission @@t for
DSB-SC method. An erbium-doped fiber amplifier (EX)Fwas used
to boost optical LO power. The optical LO waveldngias 1535.4 nm,
and the optical power before SOA was -13 dBm. Fical IF signals,
1 GHz signals modulated another MZM biased at geltaonditions
for maximum modulation efficiency. The optical IFawelength and

power before SOA was 1546.18 nm, and -11 dBm, civedy.

12.5GHz
PC
LD MZM EDFA
1553.4nm
1GHz Si’A
PC PD
LD MZM [ ,|rFsa
1546.18nm

Figure 2-7. Experimental setup to verify opticaduency up-conversion at
25 GHz band. LD : Laser Diode, RF-SA : RF-SpectrAmalyzer, PC :
Polarization Controller
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When these optical signals were combined arettied into SOA,
two modes of optical LO signals were cross-gain uhatéd by 1 GHz
IF signals. After photodetection of optical LO sidg 1 GHz IF signals
were frequency up-converted to 25 GHz band. Fig(e3-shows the RF
spectrum measured before SOA, which means no freguep-
conversion occurs, and Fig. 2-8(b) shows the REEtap® measured
after SOA. For these measurement, the same brodadmrGHz PD
was used. As shown in Fig. 2-8(b), 1 GHz IF sigraaks successfully
frequency up-converted to upper sideband (26 GHx)} lower
sideband (24 GHz). Moreover, frequency up-convesgphals have
larger RF power by about 10 dB compared to 1 GHgzidfral power
measured before SOA. This implies that the up-cdadelF signal in
SOA can have conversion gain because the SOA gagctlg
contributes to up-conversion process. It shoulesdted, however, that
the noise level increases due to SOA amplified Ep@ous emission
noise. Therefore, for better system performanced 8Gise should be

reduced of filtered out.
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2-2. Simulation of Frequency Up-Conversion Using
a Transfer Matrix Method

In chapter 2-1, the operation principles of SBB-frequency up-
converter are introduced, and its operation is fieekri with simple
frequency up-conversion experiment. In this chaptére basic
operation characteristics will be explained throufjaquency up-
conversion simulation. This frequency up-convetses SOA XGM
and square-law beating in PD, however, the impopaocess is SOA
XGM. Therefore, to make a simulation model of SOB-Requency
up-converter, SOA XGM modeling places at the magbartant part.
In order to have high optical gain of SOA, the kngf SOA is
generally designed long, so that the gain dynaninssde SOA
becomes very complex [45-46]. When optical fieldpagates inside
SOA, carrier distribution change occurs at différecation of SOA,
resulting in optical gain variation inside SOA. Tmodel this
phenomenon, time-dependent transfer matrix metfi®dM) can be
used [46, 50-52]. The SOA is divided into many $n&DA units
having no longitudinal carrier change, and the #ombk and phase
variation of optical fields at each SOA unit ardcaated until the
input optical fields arrive at final SOA unit. Tlanplitude and phase
variation are determined by a signal propagatiomaggn and a rate
equation at each SOA section. Based on this metihedbasic SOA
characteristics will be shown at first, and ther thequency up-

conversion process will be simulated and analyzé&d &Hz band.
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Figure 2-9. Schematic of SOA model based on tinpeddent TMM.

2-2-1. SOA Modeling using TMM

Fig. 2-9 shows the schematic of SOA simulatiadel presented in
reference [50]. The SOA has length L and reflettiR at each end
side, and is divided into N small SOAs. Input ogtifield, E, at, is
incident on one facet of SOA, and its field vapatiat each SOA
section is calculated using a signal propagationmaggn and a rate
equation. Because the longitudinal variation ofriees causes the
change of refractive index, reflected field appearSOA, and its
effects should be considered. Therefore, the ddield is divided into
propagating one (A and reflecting one (Bat each SOA section. For
this calculation, number of carrier N, refractiveléx n, gain g, chirp
parametern should be determined in every small SOA unit. They
the basic parameters of the SOA model. For siniplmi explanation,
the calculation process at one small SOA unit ashat first [46]. Fig.
2-10(a) shows the field model of unit SOA, whereldipropagation

constant isy, and Fig. 2-10(b) shows the field propagation and
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reflection model according to refractive index a#ion (n and n) at

unit SOA facet. Fig. 2-10(a) is modeled as follogvimatrix form:

E " E
AL |_|€ E) A0 2-(11)
= 0 e* Es o

where output fields at Z=L can be obtained by mijihg the

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

Fig 2-10(b) is the following:

n+n n,—-n
EA,n2 _ 2n2 2n2 EA,n1 2.(12
Eep, |n,-n n+n Eg 12
2n, 2n,

The propagation index and reflective index of thatical field is
determined by the refractive index change, and rewilting field
variation is calculated. As a result, when optield propagates from
ith SOA unit to (i+1), SOA unit as shown in Fig. 2-9, resulting matrix

equation can be written as

[Aﬂ(um)Han(t) alz(t)}[ A(t) } 2-(13)

B..(t) a,(t) a,(t) | B(t+AtD)

where matrix elements;@) are the multiplication results of 2-(11) and
2-(12). The problem is that the initial conditio @flecting field
components (B is determined by the input optical field from ogjie
side of propagation field (A Therefore the equation 2-(13) should be

modified into the following matrix:
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o) 302,00 3,0

AN,i+l(t+At) — a,,(t) a,,(t) Ay ® 2-(14)
B,, (t+At) _an(t) _ 1 |[Buiu®
a,,(t) ay,(t)
E,—*| Homogeneous Waveguide = E, E, —> : — E,
n n
Ezs+—] Propagation Constant y — Eg Eg 4—1 : ; Es
Z=0 Z=L
(a) (b)

Figure 2-10. (a) Field model in unit SOA, (b) Figibpagation and reflection
model in different refractive index layers.

To obtain matrix elements in 2-(14), propagationstanty should be
calculated at first from the following signal prgédion equation:
0A(z,t) N 1 0A(zt) _

0z v, ot

—i—za'l'gmA(z,t) + % gA(Z,t) + 4(zt) 2-(15)

A(z, t) is the normalized signal envelope such {Aét, t)f represents
the optical power, and is chirp parameter which accounts for carrier-
induced index changesgyig group velocityI" is confinement factor of
SOA, ¢, is material gain, and g is net gain [53-54]. Thephfied
spontaneous emission noise is represented by twatiststally
independent Gaussian distributed random processes(4, t) that

satisfy the following correlation:

(M) TUZ ) ) = ARG ~t)3(z-Z) X (%EA ) 2-(16)
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where B is a spontaneous emission coupling factogp B a
spontaneous emission rate assuming bimoleculamigioation,d(x) is
defined ass function, E is photon energy, and,fsis cross-sectional
area of the active layer. This noise is treatedrasdditive noise, and
the carrier distribution change determines noisewarh However, for
simplicity only average noise is added in this éitstion. Equation 2-

(17) shows the derivedexpression from equation 2-(15).

1 i . nw
=—g-—alg._+i— 2-(17
y=59-50M0, +1— (17)

The parameter values in 2-(17) are mainly deterdhibg the carrier
density in each SOA unit, which is calculated by tbarrier rate
equation in SOA written as

2 q'—v ~ (AN, +BN? +CN)) -G, § 2-18)

where N represents carrier density, S is photorsitienthe index i
corresponds to different sections of SOA, | is ¢tign current, V is
active volume, q is electronic charge, ang, B, C are related to
recombination constants. The average photon deissigpresented as

following equation:

2

= |A|2 +|A+12 +|B||2 +|B|+l
2Vghf A:ross

S 2-(19)

where h is plank constant, f is optical frequen8y,is propagation

wave amplitude, and;Bs reflected wave amplitude.
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In order to model the asymmetric gain profile invei@ngth
domain, the gain spectrum is assumed to be culictenmaterial gain

is approximated by [55]

(N, = Ny) —a(4-4,)" +a;,(1-4,)°
1+&£S

In(N;,A) = 2-(20)
where @, a, and @ represent gain constant,is gain compression

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

Ay = A= 2,(N = Ny) 2-(21)

where Ao represents wavelength at transparengyisagain constant,
and N is carrier density at transparency. The net gaigiven by [56]

as

gi = r(gmi _aa) - (1_ r)ac -a 2-(22)

scat

where a4, 0c and o are active layer loss, cladding layer loss, and
scattering loss, respectively. The parameter can be obtained by
differentiating equation 2-(20) and refractive irdeith carrier density,
resulting in the following equation:

—-4n dn/dN
A dg/dN

@ (N, A,) = 2-(23)

All the parameters depending on carrier densitycateulated at every
SOA section, and the parameteris determined by the obtained

parameters.
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Finally, the refractive index changes should becuated to
complete matrix elements. The refractive index atheSOA unit has
dependence on carrier density, which can be wrdten

C
n=n-alg — 2-(24
[ [¢] gm2 ( )

where g is group refractive index, w is angular frequendyoptical
signals.

To simulate SOA with these equations, the simutatime step
should be considered carefully not to make the séme-varying
optical signals to be calculated twice at the s&@&A section. This
time step is calculated based on the length of 8@A and the group

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

In this chapter, the SOA gain characteristics arkated by SOA
model explained in section 2-2-1. In fact, the datian model
described in section 2-2-1 is suitable for largmal analysis, and other
simple SOA models can be used for static charatiesj however, this
model is also good enough to show SOA gain chaiatits. The
simulation parameters of SOA are selected fromreefe [50], and
shown in table 2-1. The input optical signal isussed to be a CW, and
the wavelength is 1530 nm.

Firstly, SOA gain was simulated as a functionootput optical
powers with different SOA injection currents fror@ BA to 200 mA.
Because the optical amplification occurs due tmgkated emission,
limited carriers inside SOA cause SOA gain sataratiAs shown in
Fig. 2-11, gain starts to saturate rapidly afteuisdion point. SOA
output power at the 3 dB gain saturation condii®ran important
parameter of SOA to represent its output limit matving signal
distortion. As SOA injection current increases, S@n increases due
to the increase of carriers inside SOA [45-46]. lduer, it should be
noted that SOA gain does not increase linearly VMA injection
current because of carrier saturation to lasinglitmm.

Next, the dependence of SOA gain on bias cunrer8OA was
simulated. For this, SOA input optical power wasumsed to be -40
dBm, at which condition input optical power doest raffect gain

saturation. Fig. 2-12 shows the SOA gain as a fancif SOA current.
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As explained above, the SOA gain does not incriéasarly with high
SOA injection current, and saturates to about 32WBen the injection
current approaches to the threshold current cangitivhere SOA can
operate as a laser, the carrier density in SOA ew®s to a certain
level. Therefore SOA gain saturates to certainlIpi&.

Finally, SOA gain characteristics according niput optical signal
wavelengths were simulated. The input optical powas also selected
to -40 dBm not to affect optical gain. The SOA btasrent was varied
from 50 mA to 200 mA. Fig. 2-13(a) shows the cadted] material gain,
which is expressed in equation 2-(20). The matgaah increases with
SOA injection current, which also shifts peak valte shorter
wavelength [50]. The peak gain wavelength conditibas a
dependence on carrier density, so that injectioreati shifts gain peak.
As injection current increases, the carrier density6OA increases,
which makes gain peak shifted to shorter wavelewgtiditions. The
SOA gain spectrum in wavelength domain is simitarthie shape of
material gain as shown in Fig. 2-13(b), because ernt gain
parameters are the dominant factor of SOA gainré&fbee, SOA gain
shows similar characteristics of material gain, tr@lSOA gain peak is
shifted to shorter wavelengths with the increase&SOfA bias current

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

Symbol Description Value Unit
r Confinement factor 0.3
L SOA length 1000x16 m
\Y Active layer volume 1.5x18 m’
§ Spontaneous coupling factof 2510
A 1x10° st
B Recombination rate 2.5x10" m*/s
C 9.4x10™ m’/s
& 2.5x10%° n
a 0.074x16° m?>
Material gain constant
2 3.0x10* m’
3.155x16° m*
No Carrier density at transparendy ~ 1.1x16* m?
Ao Wavelength at transparency 1.605%10 m
Vg Group velocity 7.5x10 m/s
g Nonlinear gain compression 1.3%%0 m
dn/dN | Differential refractive index -1.2x18 m’
Oa Loss in active layer 140x10 m*
Oc Loss in claddings 20x%0 m*
Oscat Scattering loss 1.0x%0 m*
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different SOA injection currents.
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2-2-3. Simulation results of frequency up-conversio

In this chapter, frequency up-conversion simafatis performed
based on the TMM. Because the TMM is suitable fgmasnic large
signal modeling of SOA, it can well explain the guency up-
conversion process, which uses SOA gain dynam&slanSOA. The
characteristics of the SOA-PD frequency up-convertall be
presented with frequency up-conversion efficienalcualation. Fig. 2-
14 shows the schematic of frequency up-conversificiency, which
is the electrical power ratio of frequency up-catee USB signals to
IF signals calculated before SOA. Equation 2-(28presents the

efficiency definition:

Efficiency=10log USBSlgnaI powerafter SOA 2-(25)
IF signalpowerbeforeSOA
conversion efficiency LSB after SOA
IF before SOA ‘¢ o
# |
1GHz 59GHz 61GHz

Figure 2-14. Schematic of frequency up-conversftiniency.

For simulation conditions, the wavelength of ogtibaterodyne LO

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

These input optical signals can be given as

Eo(t,z=0) = pLo /2(e 1%0t2 + g%t/ Wiot 2-(26)
Ey (t,2=0) = py L+ MsINQ,t) & 2-(27)

where Po and K- are the average optical power of optical LO and
optical IF, respectively, w | represents optical angular frequency, m
IS modulation index. In addition?, o r means angular frequency of
modulating LO and IF signals. For this simulatiégt,o was 2t*30
GHz, and Qs was Zt*1 GHz.

These two signals were input signals to SOA, Hndnodulated
optical LO signals were obtained after the TMM dlation. After
square-law beating calculation of PD, resultinghalg were converted
to frequency domain by fast Fourier transform. pdiotodetection
simulation, it was assumed that PD has responslyignd the output
impedance was 5. No speed limit of PD was also assumed for this
simulation. From this process, the power of IF algrbefore SOA and
frequency up-converted signals can be obtained, thedconversion
efficiency is calculated through equation 2-(25).

At first, the dependence of conversion efficiermn input optical
LO signal power was calculated at different SOAsktarrents of 100
mA and 150 mA. As shown in Fig. 2-15, the conversedficiency

increases with input optical LO power. Because uUesgy up-
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conversion occurs due to signal beating betweeicaldtO modes and
cross-gain modulated IF signals, the increase ttapLO power can
increase beating power, resulting in the increa$ecanversion
efficiency. However, conversion efficiency is sat@d at high LO
power conditions [36]. As explained in section 2;2iigh input optical
power saturates SOA gain, so that optical gainraatuin caused by
high LO power decreases conversion efficiency. His tcondition,
XGM efficiency is also reduced, which can decreasmversion
efficiency, too.

Because, XGM efficiency has dependence on ioptical signal
wavelengths, frequency conversion efficiency vanesh different
input optical IF wavelengths. To analyze this, cension efficiency
change at different optical IF wavelength condiias calculated. SOA
bias current was fixed at 200 mA, and the waveleagid the power of
optical LO were 1550 nm and -5 dBm, respectiveliie Toower of
optical IF was -17 dBm. Fig. 2-16 shows calculategults. The
conversion efficiency is higher at around SOA gpeak wavelength
condition. Because optical gain affects conversabficiency, high
conversion efficiency can be obtained around optgain peak.
However, when the SOA is saturated by high poweéicabinput, the
gain peak is shifted to longer wavelength due tieadepletion in
SOA [36]. Therefore, the wavelength condition ofxinaum frequency
up-conversion efficiency is a little longer thanagegain wavelength.

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

experimentally.
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Figure 2-15. Frequency up-conversion efficiencyadanction of SOA input

optical LO powers.
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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 researeheistis for future
broadband multimedia services, wireless intercommemf backbone
networks, and wireless LAN and personal area ndtwervices [1-6].
The reason is that high directivity and high oxygdsorption loss of
60 GHz signals are useful for these system appitstin addition, the
license-free, wide bandwidth covering several GH60 GHz band is
very attractive. Therefore, bandwidth efficiencycheologies in 60
GHz are not as important as several GHz-band vgselystems. In
case of WPAN being discussed in IEEE 802.15.3c imgrigroup,
more than 2 Gbit/s data transmission is consideksmlvever, the
implementation cost of 60 GHz systems is still vaigh, and RoF
technology can alleviate this problem as explaibetbre. There are
many techniques to realize low cost RoF systems, @@tently,
transmission of gigabit data using RoF systems bhaea reported [57-
58]. Optical remote up-conversion method using SEIA-
configuration is also very attractive for its singfil, high conversion
efficiency, LO frequency insensitivity, and so @amd its operation has
enough bandwidth for gigabit data transmission38%h-

In this chapter, measurement results of the SOAssegain
modulation bandwidth are presented to validate wiae-bandwidth
mixing operation and 1.244 Gbit/s ASK data transinis at 63 GHz is

demonstrated experimentally. For frequency up-cmsioe experiment,
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63 GHz optical heterodyne LO signals and 1.244 /&bdptical
baseband signals are used. The dependence ofditrates (BERS) on
optical baseband signal power in a wide wavelengihge is

investigated. The influence of optical LO powerlsoaanalyzed.

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

In this frequency up-conversion scheme, the SOAssgain
modulation (XGM) bandwidth is an important parametgince LO
frequency is usually beyond the SOA XGM bandwidibptical LO
signals themselves do not cause any significant X@8Mvever, when
data and/or IF signals are within the XGM bandwjdtiey can cross-
gain modulate each of optical heterodyne LO modesulting in
frequency up-conversion after beating in a PD. €quasently, the XGM
bandwidth limits data and/or IF frequencies that ba frequency up-
converted. Previously, it was reported that thetbical bandwidth of
SOA-PD frequency up-conversion method can be sk@Ha [59-60],
which is verified with the frequency response measient of SOA
XGM.

Fig. 2-17 shows the experimental setup to meas@& SGM
frequency response. For a pump signal, a 1548.DRB1laser and an
MZM having 3 dB bandwidth of 8 GHz were used, and & probe
signal, a 1545 nm CW light source was used. Ancapbandpass filter
was placed before a PD having 15 GHz bandwidthidokithe pump

source. The SOA was biased at 200 mA, at whichitiondhe optical
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gain and saturation output power at 1550 nm wasB%nd 9 dBm,
respectively. Before XGM frequency response measeng, the
frequency response of the pump signal was meadarechlibration.
The frequency responses were measured with a 1Bl5 f@twork
analyzer. The SOA input power of the probe signat ixed at -30
dBm, and the power of pump signals was varied ff8thdBm to -12
dBm. Fig. 2-18 shows the normalized frequency respdor -12 dBm
pump signal and the fitted results with the doytaée system response
as reported in [36]. Discrepancies between measamdditted data at
high frequencies are believed due to the incom@&é& model. 3 dB
bandwidth was extracted from the fitted resultst B dBm pump
signals, 3 dB bandwidth is 4.2 GHz, and for -20 dBnd -12 dBm
signals, 3 dB bandwidth is 4.5 GHz and 5.8 GHzpeetvely, which
are sufficient for gigabit data transmission usmg frequency up-
conversion scheme. The reason for 3 dB bandwidtrease with the
pump signal power is that XGM speed is limited g effective carrier
recombination rateyes, in SOA as shown below [36, 60]:

1 1 1
fosg O Vet =— +

TS Tpump Tprobe

2-(28)

wherets is spontaneous carrier lifetime in SOfymp probdS Stimulated
recombination lifetime for optical pump or probgrsils. Sincepymp is
inversely proportional to the SOA input pump sigrmawer, the
increase in pump signal power increasgs, resulting in XGM

bandwidth increase.
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Figure 2-17. Measurement setup for SOA XGM freqyemsponse. OBPF:
Optical Band Pass Filter, TLS: Tunable Laser Saurce
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Figure 2-18. Frequency response for SOA XGM fatadBm SOA input
pump signal power.
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2-3-2. Data transmission experiments and results

Fig. 2-19 shows the experimental setup for 60zGidnd RoF
systems using SOA-PD frequency up-converter. Thé&sBiZ optical
heterodyne LO signals at 1553.3 nm were generatedya DSB-SC
method, for which a 40 GHz MZM was biased at thenimum
transmission condition, and modulated by a 31.5 ®&Hzsignals. An
EDFA was used to increase heterodyne optical LOgp@long with an
optical bandpass filter having about 0.4 nm pas$ban amplifier
noise reduction. For data signals, another wavétengtical signal was
externally modulated by 2 V peak-to-peak, 1.244t/Shlion-return-to-
zero pseudo-random bit sequences having pattegthlef 2°-1. These
two optical signals were combined, and then tratiethito the base
station via 10 km optical fiber. Fig. 2-20(a) shotte spectrum of
optical heterodyne LO signals at 1553.3 nm and b@as# data signals
at 1550 nm before SOA. The peak at 1553.3 nm maskid'o’ is due
to incomplete carrier suppression with DSB-SC gati@n and peaks
marked with ‘x’ are harmonics of 31.5 GHz modulatio

At the base station, two optical signals were iigddnto SOA, and
optical heterodyne signals were cross-gain moduildg optical
baseband signals. The SOA was biased at 150 mAhvwgave 25 dB
optical gain and 8 dBm output saturation power. Etg0(b) shows the
optical spectrum after SOA, and these signals whotodetected by a
60 GHz broadband PD. In Fig. 2-20(b), spurious pealarked with

asterisks around 1550 nm are the result of optieé¢rodyne signals
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cross-gain modulating the optical baseband sigHalwever, their

effects are negligible to the link performance, caese 31.5 GHz
signals resulting from the photodetection of spusipeaks are far off
from 63 GHz data signals, and their harmonics amg low as shown
in the figure 2-20(b). Fig. 2-21(a) shows the freaey up-converted
RF spectrum of 1.244 Gbit/s data at 63 GHz. In théasurement, the
optical LO power before SOA was -13 dBm, and thecapbaseband
signal power and wavelength was -13 dBm and 1550respectively.

As shown in the figure, baseband data signals aceessfully up-

converted to 63 GHz. The peaks marked with astersving 1.244

GHz separation appear because baseband data arend@Kated. The
center peak at 63 GHz due to optical LO signalsseduarate amplifiers
and limit output data signal power at the basemstaOther modulation

techniques using antipodal signals and LO rejediltering at 60 GHz

band can avoid this problem.

To demodulate 63 GHz ASK data signals, a comméyesadailable
direct conversion demodulator based on a Schoftkyedwas used. In
this demodulator, input 63 GHz data signals arevered at baseband
due to square-law detection characteristics ofStleottky diode. The
data signal was attenuated by 25 dB since the delatod that we used
has a maximum power limit of -30 dBm. Fig. 2-21@hows the RF
spectrum of 1.244 Gbit/s baseband data. After lzamklamplification

and additional low pass filtering of data signalemodulated data
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signals were analyzed by a sampling oscilloscopeef@ diagram

measurement, and an error detector for BER measumtem

Central Office

Base Station

attenuator

(25dB)
Pulse Pattern
Generator
Error Data Demodulation
Detector
ASK
Receiver
H direct detection
Sa_mpllng with schottky diode
Oscilloscope

Figure 2-19. Experimental setup for 1.244 Gbit/9333z RoF downlink data
transmission. LPF: LowPass Filter.

54



optical baseband optical LO

£ 07 63GHz
o)
=)
g -40 -
o
o
S
2
= 60
O

Wavelength (nm)

(a)
~ 0-
£
[oa)
o -10-
)
2 204 |
o { . *
"5'_ d
@) -40 -
I v I v I
1550 1552 1554
Wavelength (nm)
(b)

Figure 2-20. Optical spectrum of downlink optic& land data signals before
SOA (a) and after SOA (b).
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Figure 2-21. RF spectrum of frequency up-conved@dHz data signals (a)
and demodulated baseband signals (b). Resolutiotvbdth for both spectra

is 1 MHz.
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Fig. 2-22 shows the measured BER as a functiorhefdptical
baseband signal power before SOA at several diffeneavelengths
varying from 1540 nm to 1570 nm. The optical basebsignal power
before SOA influences frequency conversion efficienaffecting
signal-to-noise ratios (SNRs), but the optical poafter SOA does not
change very much due to SOA gain saturation. Herrtfeasurement,
optical LO signal power before SOA was fixed at dE8n. As can be
seen in the figure, the BER decreases as opticglbaad signal power
increases. The increased optical data signal pdeésre SOA can
improve XGM efficiency in SOA, which results in SNRprovement.
In the wavelength range from 1550 nm to 1570 nma,pbwer penalty
for 10° BER is less than 1 dB. The eye diagram for ermee f
conditions at 1550 nm data signals is also showkign2-22. However,
the power penalty for the 1540 nm wavelength sigmabout 2.5 dB.
The unsaturated gain spectrum of the SOA usedsrsthdy has a peak
at around 1550 nm. But the SOA gain peak shifterger wavelength
due to the carrier depletion when the SOA gainaisiratted, which is
well explained in chapter 2-2. Therefore, frequengyconversion
efficiency is higher for wavelengths longer tharbQ5m. For shorter
wavelength signals, large power penalties occurtduew frequency
up-conversion efficiency. Nevertheless, error-fde¢a transmission is
accomplished for a wide range of data wavelengtbsipg that WDM

data transmission is possible with this scheme.
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The dependence of BER on optical LO power was alsasured.
The optical data signal power was fixed at -13 dBmng the data
wavelength was 1550 nm. Fig. 2-23 shows the resiltsptical LO
power dependence. As the optical LO power increatbes BER is
decreased. The reason for this improvement isttigahigh optical LO
power results in high frequency up-conversion adfficy as explained

in chapter 2-2.
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Figure 2-22. Dependence of BERs performance on 3@t optical
baseband signal power.
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Figure 2-23. Dependence of BER performance on S@#uti LO signal
power.

As explained in this section, error-free broadbdata transmission
was performed successfully. However, this expertalesetup for
downlink data transmission and the SOA used foguemcy up-
conversion did not optimized for the best perforogann RoF link,
link loss is a very important parameter, and esgci optical to
electrical conversion loss and vice versa affestesy performance
very much. In this downlink setup, the optical caments are not
designed for low link loss in RoF systems, whicbwdt be improved
for the best system performance. In addition, S®Adt also designed

for this frequency up-conversion. As shown in poeg chapters, high
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SOA gain and XGM efficiency can increase frequemoyversion
efficiency, which surely results in system perfono@ enhancement.
Furthermore, the low noise SOA design can helpegging SNR after
frequency up-conversion. The used RF componentstlam®d0 GHz
ASK receiver are not also designed for this expeninDue to the
input power limit of the ASK receiver, the inputtdasignal power is
reduced unnecessarily. In addition, other RF corapts for data
demodulation have a room for better system perfooman 60 GHz.
Therefore, the system performance can be surelyowvegd 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 ofvmlinks and
uplinks to deliver data signals to and from mohileers. 60 GHz
wireless systems also need bi-directional linksntake full access
between service providers and users, and the batsensdesign for full
links is another challenging problem. For simplesdatations, RoF
technologies can be used, however, it is also adficult. Fig. 3-1
shows two RoF schemes for uplink data transmissidre direct
transmission of RF signals as shown in Fig. 3-Idaks very simple.
The received RF signals are converted to opticahado without any
electrical processing. However, high speed optm@hponents are
needed at each base station, which is a burdemacprtb downlink
RoF systems having high speed components at theatestation.
Another system configuration is that high frequeniaga signals are
frequency down-converted to IF/baseband, and trarsinitted to the
central station after electrical-to-optical convens with low speed
optical components. The problem is that high freqyeelectrical
devices for frequency down-conversion and high dpesgnal

processors should also be equipped at each baiea sta
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Figure 3-1. Uplink RoF system configurations. (#ect RF transmission
systems, (b) IF/Baseband Feeder systems.

EAM transceivers can allow the simple antenna bsisdion
architecture for bi-directional RoF links becauggMEcan perform the
dual-functions of photodetection and optical motara[28-32]. EAM
is a reverse biased p-i-n diode with bulk activgioe [33] or multiple
quantum-wells [34] as the absorption layer. Biasditions determine
the amount of light absorption, and optical modalatis possible by
the modulation of bias voltages. In addition, pleotoent is generated
at the absorption layer like conventional PDs. B¢ shows uplink
RoF systems using EAM. Uplink millimeter-wave sitpanodulate
optical signals transmitted from the central statising EAM, which

eliminates optical sources for uplink data transiois. As shown in
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Fig. 1-9, very simple bi-directional RoF system® dze realized by
combining with downlink RoF system configurationowkever, as
explained in chapter 1, direct transmission of dexdideband optical
signals having uplink millimeter-wave data sufféispersion-induced
signal fading, and low frequency IF optical signahnsmission
insensitive to chromatic dispersion can be usedufdink, too. It also
needs expensive electrical mixers and oscillatordrequency down-
conversion from millimeter-wave frequency to IF. Ebminate this
problem, various frequency down-conversion schemsisg EAM

have been introduced [61-64].
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Figure 3-2. Uplink millimeter-wave RoF systems lthea EAM.
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In this dissertation, an EAM-based optoelectronilinmeter-wave
frequency down-conversion method is proposed febdRd optical

uplink transmission. Using remotely-fed millimetgave optical
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heterodyne LO signals, the uplink millimeter-wavégnsls are
optoelectronically frequency down-converted to tRkeband optical
signals by EAM, and then transmitted to centratiata Therefore, for
uplink data transmission, only EAM is needed inebsimtions. Fig. 3-3
shows the schematic of proposed frequency downersion uplink
systems using EAM, which is compared with converdloremote
frequency down-conversion RoF systems. The basi whs proposed
in paper [61] and [62], but this dissertation veipand this idea to 60
GHz uplink system applications, and analyze itgattaristics in detail.
In addition, a bi-directional RoF link using thide will be presented

in chapter 4.

Uplink systems with IF Feeder
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Figure 3-3. Remote frequency down-conversion Rolnkipystems 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 motia where
‘electroabsorption’” means that the amount of ligiiisorption is
changed by the electric field applied to semicomohss and
‘modulator’ means that such characteristics ared usw optical
modulation. Although the insertion loss is a weashef EAM, its
other advantages such as low driving voltage, loweygative chirp,
high speed operation, integration with DFB laser \&ry attractive to
optical communications. Two types of EAM are wefled, one of
which is bulk type using a Franz-Keldysh effect][3&nd another is
multiple quantum-well type using a Quantum Confiriedrk Effect
(QCSE) [34]. Both are simply designed as a revbeiased p-i-n diode,
and both effects are predominant at near the bandga
semiconductors. In this dissertation, the used EABRO multiple
quantum-well structures, so that the simple opemagirinciple based
on QCSE is discussed [34, 65]. Fig. 3-4 shows tienge of single
quantum-well layer explaining EAM operation. As theverse bias
applied to the p-i-n diode increases, the wholedbatige absorption
shifts to lower energies resulting from the distortof single quantum-
well potential. In Fig. 3-4, the energyf, decreases as the applied

field increases. Therefore, the increase of revbias can make the
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semiconductor absorb optical signals having lowsgrgy compared
with bandgap energy (f and the transmitting optical power from the
semiconductor is determined by the applied eledtfield controlled

by reverse bias conditions.

Quantum-Well

y . Electric Field
= % Ea t
EQ Eel-hl
\ 4 |
v

Figure 3-4. Operation principle schematic of mlgtiguantum-well EAM.

Such characteristics are used for optical mddula and EAM

transfer function can be expressed as the follo\80g
Pu(V) =R, exf-Fa(V)L) 3-(1)

where R, out IS the input and output optical power of EAM, is
confinement factora is absorption coefficient depending on applied

bias voltage, and L is the length of EAM. The ingtirey thing is that

66



the reverse shape of EAM transfer function is tlaene as the
absorption one of EAM, i.e. some of optical signatd transmitting

EAM are absorbed in EAM [66].

Semiconductor
Parameter
Analyzer

[l
50Q
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Figure 3-5. Experimental setup to measure opticgainsmission and
absorption characteristics of EAM.

Fig. 3-5 shows the measurement setup of optiaasmission and
absorption characteristics of EAM. A tunable liglaturce was used to
change wavelength of input optical signals. Inpptical power was
fixed at 0 dBm, and output power was measured bgmital power
meter. A semiconductor parameter analyzer was tsegply reverse
biases to EAM, and to measure photocurrent gerteriten input
optical signal absorption. The used EAM was desigamed fabricated
for 1550 nm optical signal modulation by Electranicand
Telecommunications Institute (ETRI) of Korea, ardails about EAM

are well explained in [67-68].
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Fig. 3-6(a) shows optical transmission curveEdiM at different
wavelength conditions. Optical transmission mednes dptical power
ratio of output signals to input signals. As theplaga reverse bias
increases, the transmitting signal power decreaske to
electroabsorption phenomenon. For short waveleogtital signals,
large signal absorption in EAM occurs. Since shom@avelength
optical signals have higher energy than longer Vesmgth optical
signals, it is easily absorbed in EAM. For analappal modulation, the
EAM is usually biased at maximum slope efficien@in, where the
highest link gain can be obtained. The photocurneasurement
shows the absorption characteristics of EAM. Aswsh@n Fig. 3-6(b),
large signal absorption occurs at high reverse ¢maslitions due to the
same electroabsorption effects, and also short leagth signals
generate large photocurrent. These represent iatréverse bias and
short wavelength signals are necessary for efficignal detection
using EAM. As explained above, EAM can perform baptical
modulation and photodetection, which is usefulE&M to be adopted
in base stations of bi-directional links. The peshlis that the bias and
wavelength conditions for optimum detection and olation are
different, so that system designs considering ttiede-off are

necessary.
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Figure 3-6. Optical transmission (a) and photod&teacharacteristics (b) of
EAM as a function of applied voltage at differemput wavelength conditions.
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3-2-2. Optoelectronic frequency down-conversion in EAM

The proposed frequency down-conversion technigses three
functions of EAM, photodetection, optoelectronicxmg, and optical
modulation [61, 62, 69]. Fig. 3-7 schematically wkothe operation
principle of the optoelectronic frequency down-cersion scheme for
uplink data transmission. To obtain LO signals, dptical heterodyne

technique is used, and the generated heterodynalsigan be given by
E.o = Ex(cosR( fy +-12)t] + cosr(f, =12}t 32)

where Eo represents electrical field of optical LO signaks, is
electrical field amplitude,ofis center frequency of optical LO,of is
LO frequency. The optical phase terms are neglefdedimplicity.
This optical LO af\ o are transmitted from the central station, ard f
signals are generated at the base station by EAdbptetection. This

process can be written as

|, = RE[E " = RI,cos@7f ) 3-(3)

where R is responsivity of EAM photodetection, dpds generated
signal amplitude coming from optical signals. Aethame time, the
EAM is modulated bydr uplink signals given by

Vee =V, COSQTT o ) 3-(4)

where \ke represents uplink RF voltage signals, and ¥ the
amplitude of modulating signals. The responsivig, of EAM is

dependent on applied voltage, which is well shownFig. 3-6(b).
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Therefore, nonlinear mixing terms are generatedifink RF signal
modulation, which can be given by [61]

dR
Imix = _V IoVo COSQ”( fRF t fLO)t) 3'(5)

d V=,

where dR/dV is first-order derivative of respongivevaluated at DC
bias voltage, Y. As given in equation 3-(5), frequency down-coteer

IF signals (F=frefLo) are produced. This nonlinear optoelectronic
mixing process is well explained in [61-62]. Next, deliver these
uplink signals to central station, ther uplink optical carrier is
modulated by frequency down-converted IF signalgiasn by

P = Pexd-Ta(l )L 3-(6)

[o]

, and is transmitted to the central station witlgligible dispersion-
induced signal fading problems. The equation 3ig63lso shown in
chapter 3-2-1. After filtering of optical LO sigsaloptical IF signals
are photodetected at the central station, and émgudown-converted
IF signals are generated. Because uplink RF sigalsls modulate
optical LO signals, they should be filtered out teogenerate unwanted
IF signals coming from optical LO [62]. Effectiveln single EAM
device is acting as a four-terminal device whicimwdtaneously
performs photo-detection, frequency down-conversiand uplink
optical IF signal modulation.

Fig. 3-8 shows the experimental verificationutes using 25 GHz
optical heterodyne LO signals and 25.2 GHz uplikk gjgnals. When

25 GHz optical heterodyne signals are photodeterteHAM along
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with electrical modulation of 25.2 GHz, 200 MHz HKignals are
generated and modulate another optical source gedvifrom the
central station. After photodetection of optical B0 MHz IF signals
are generated at the central station as showngn 3B(a). In this
photodetection, EAM modulating 25.2 GHz uplink s and
photodetected 25 GHz LO signals can be also olda@seshown in Fig.
3-8(b), which indirectly shows the frequency dovemeersion
processes. Although 25.2 GHz RF signals are gestbiat the central
station, this RF signal power is dependent on chtandispersion of

optical fibers.
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Figure 3-7. Schematic of optoelectronic frequenawrmlconversion for
uplink RoF systems.
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Figure 3-8. RF spectrum of frequency down-convesigdals (a) and RF and
LO signals after photodetection of optical IF signa
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3-3. Conversion Efficiency of EAM Frequency Down-
Conversion

For frequency converters, the conversion efficierscgn essential
parameter to design RF systems of base statiofsTiérefore, in this
chapter, the frequency down-conversion efficienofeproposed EAM
frequency down-converter are investigated at 30 Gdnd. To
measure it, internal conversion efficiency is defino exclude link loss
effects that do not influence down-conversion psscgl0]. In down-
conversion systems, signal loss caused by elekcttica optical
conversion and optical to electrical conversion,d afiber and
waveguide transmission loss affect frequency cdedesignal power,
which is not related to the real frequency conwersprocesses.
Therefore, internal conversion efficiency should defined for this
frequency down-converter. Using this definition, wseconversion
efficiency is investigated as functions of EAM laas optical local
oscillator (LO) signal powers, and optical IF sigreowers and

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

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

Fig. 3-9 schematically shows the experimental sdtupneasure
frequency down-conversion efficiency. For 29.6 Ghgtical LO
signals, 8 dBm, 29.6 GHz RF signals modulated aGHx Mach-
Zehnder modulator biased at the quadrature pomtrehl systems,

optical heterodyne LO signals should be used toidadispersion
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problems, however, in this experiment double-sidebaptical LO
signals are used for simplicity, and it does néeaffrequency down-
conversion characteristics because the same ekdctrO signals are
generated. The wavelength of optical LO was 155818 For the
optical IF signals, a tunable laser source was.usigd 3-10(a) shows
the optical spectrum of optical LO and IF signalsasured before
EAM. These two optical signals were combined arnekcted into EAM,
and 29.6 GHz signals were generated by EAM photatien. The
used EAM was designed and packaged for 40 GHz beyatl
applications in ETRI. When 30 GHz RF signals farginency down-
conversion modulated EAM, optoelectronic mixinghwithotodetected
29.6 GHz signals produced frequency down-convesigdals at 400
MHz by EAM nonlinearity, which were then modulategtical IF
signals. After the optical amplification and filteg of optical IF signals,
they are photodetected using a 32 GHz broadbantbgétector, and
400 MHz frequency down-converted IF signals weneegated. Fig. 3-
10(b) shows the optical spectrum measured aftecalptiltering of
optical LO signals not to affect conversion effiaig calculation. As
shown in Fig. 3-10(b), optical LO signals are sasged enough.
During the photodetection process, 30 GHz RF sgvatre also
generated, because 30 GHz signals modulated opficsignals, too.
The small peaks marked witlx’ are the result of 30 GHz signal

modulation.
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Fig. 3-11(a) and (b) show the RF spectra of frequedown-
converted signals at 400 MHz and photodetected Bz Gignals,
respectively. Input optical LO power was 3 dBm adical IF power
was 0 dBm. The wavelength of optical IF was 155Q W¥ith these
results, the frequency down-conversion efficienag be defined as the
photodetected signal power ratio of frequency deenverted signals
at 400 MHz (A in Fig. 3-11(a)) to 30 GHz RF signé in Fig. 3-
11(b)), by which link loss effects on frequency aeeonverted signals

are removed and internal conversion efficiencylmaalculated.

f ,=29.6 GHz \

(e )
fig 30 GHz
| oFB [—| EOM | Mo |—$5—I—f
N
optical LO (A,) i

optical IF (A;) )y ’ @I\\

—
Ny

\_

| 400 MHz I 30 GHz
b oo 1%
P/

f f
N IF RF

D EDy /

Figure 3-9. Experimental setup to measure frequedown-conversion
efficiency. EOM : Electrooptic Modulator.
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3-3-2. Down-conversion efficiency results

Fig. 3-12 shows the dependence of frequency dowmersion
efficiency on EAM bias. The power of optical LO wasdBm, and
optical IF at 1550 nm was 0 dBm. After the RF powsrasurement of
each signal, the gain of an electrical amplifier460 MHz signals and
the different frequency response of the 32 GHz Ridewcorrected for
the efficiency calculation. These corrections wemplied to every
down-conversion efficiency measurement. As showthanfigure, the
conversion efficiency is the highest at around -14 and the
dependence of bias voltage is similar to the EAM daofation
efficiency characteristics, i.e. high conversioficé#ncy is obtained at
around bias conditions for highest slope efficien@ecause the
frequency down-converted IF signals should modulapgical IF
signals, EAM modulation efficiency affects down-gersion
efficiency very much in this frequency converter.

Next, down-conversion efficiency as a function oANE input
optical LO power was measured. The power of opti€aat 1550 nm
was 0 dBm, and the EAM was biased at -1.4 V. Theslgbal power is
an important parameter for electrical frequencyveoters, because it
determines the performance of frequency conveserg much. For
this frequency down-converter, optical LO power eaf§ the
conversion efficiency greatly. Fig. 3.13 shows theasured results of
frequency down-conversion efficiency. When optigaiver increases 1

dB, photodetected LO power inside EAM increase8 2vwhich results
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in the about 2 dB increase of frequency down-caedesignal power.
However, the change of optical LO power hardly ee30 GHz
signals. Therefore, the slope of frequency downveasion efficiency
according to optical LO power is about two. Thewasion efficiency
saturation is also observed when optical LO powelarger than -2
dBm, which is due to the saturation of EAM photedtibn.

The dependence of frequency down-conversiogieffcy on EAM
input optical IF signals was also evaluated. Fid.4@) shows the
effects of optical IF power on down-conversion @éncy. For this
measurement, the optical LO power was 3 dBm, anticalplF
wavelength was 1550 nm. EAM was biased at -1.4 he frequency
down-conversion efficiency was decreased about 5 vdBh the
increase of optical IF power from -15 dBm to 0 dBmfact, the down-
conversion efficiency should remain constant beeaihe optical IF
power equally affects both frequency down-convertgghals and
photodetected 30 GHz signals. However, when thealpl- power
increased 1 dB, the frequency down-converted sigimgreased at the
rate of about 1.7 dB contrary to the 2 dB increz{s@0 GHz RF signals,
which makes about 5 dB efficiency change. This efiehed due to
EAM saturation caused by high optical LO power afE8n.

Fig. 3.14(b) shows the measurement results of domversion
efficiency as a function of optical IF wavelengifhe optical LO and
IF power was 3 dBm and 0 dBm, respectively. EAM wised at -1.4
V. The wavelength of optical IF was changed fronr33. 5 m to 1565
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nm. As shown in the figure, the down-conversioncefhcy is changed
about 2.5 dB within this optical IF wavelength ranghis range is
wide enough to adopt this frequency down-convefterthe WDM

RoF systems.
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Figure 3-12. Frequency down-conversion efficiensyaafunction of EAM
bias condition.
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3-4. 60 GHz Uplink RoF Systems using Frequency
Down-Conversion

In previous chapters, the operation principl&aM optoelectronic
frequency down-conversion and the conversion efficy
characteristics are investigated. Finally, 60 GHmd uplink RoF
systems are experimentally demonstrated based ronteefrequency
down-conversion using EAM. For this, 59.5 GHz oaltic. O was
delivered from the central station, and 60 GHz QR&Ka signals
modulated EAM. After frequency down-conversion @sses, 500
MHz IF data signals were produced at the centeicst 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-quam well
structure and is packaged for 60 GHz narrow-bamdicgiion. Details
of EAM characteristics can be found in [67-68]. ltgh a different
kind of EAM device from the one in previous chapt&ras used for
this experiment, the optical transmission and pihetection
characteristics as a function of bias voltagessarelar to the results
shown in Fig. 3-6(a) and (b). Fig. 3-15 shows mes$i&; parameter
characteristics at the input RF port. As can ber seehe figure, &
parameter values near 60 GHz are small enoughatsrit about 2

GHz bandwidth data signals.
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Figure 3-15. § parameter characteristics at the input port o6& narrow-
band packaged EAM.

Fig. 3-16 shows the experimental setup for the 661zG
optoelectronic frequency down-conversion experimed®.5 GHz
optical heterodyne LO signals were generated byiaN! biased at the
minimum transmission point with 29.75 GHz signar fDSB-SC
method. An EDFA was used after the MZM to increapéical LO
power. For the uplink optical carrier, a DFB las¢iAr = 1552.5 nm
was used. These two signals were combined by a 8gtiBal coupler
and injected into EAM. For generating 60 GHz upliRk signals, a
subharmonic RF mixer was used. For IF signal squetther CW
signals at 500 MHz or 10 Mbps QPSK data signals0&t MHz were
used. After the RF mixer, an RF bandpass filter wéeced for

reducing image signals from the mixer. The resgl® GHz signals
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were applied to EAM after passing an amplifier andias-T. At the
central station, a 20 dB gain EDFA was used to eompte the
insertion loss of EAM, and an optical attenuatorswdaced not to
exceed the PD saturation optical power. An opticaddpass filter was
also used to suppress unwanted optical heterodghasignals. In the
present investigation, all the measurements wene do back-to-back
conditions.
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Figure 3-16. Experimental setup for 60 GHz freqyethawn-conversion and
uplink data transmission. BPF : Bandpass Filter.

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

down-converted 500 MHz IF signals at the centratieh. For this
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measurement, 5 dBm optical LO signals at 1550 ndhGadBm optical

IF carriers at 1552.5 nm were applied to the EAlbd 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 Ignai spectrum.
Resolution bandwidth is 10 kHz

Next, 60 GHz band uplink data transmission was destnated. For
the IF data transmission, 10 Mbps QPSK data at BBz were
generated from a QPSK signal generator and frequgmconverted to
60 GHz by a subharmonic mixer. Fig. 3-18(a) sholmes QPSK data
spectrum at the 60 GHz band before applied to EAMs signal was
frequency down-converted by EAM and transmittedtlie central
station on 1552.5 nm optical IF carrier. Opticalemedyne LO signals
at 1560 nm were used and the EAM was biased at Rig/ 3-18(b)
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shows the spectrum of 500 MHz QPSK data transmitiettie central
station. The received QPSK data were analyzed wiittector signal
analyzer (VSA). The incoming digital data signaés/é their original
vector positions in complex domain, and the VSA qaavide the
discrepancy information between the original vegositions and the
demodulated signal vector positions in the form esfor vector
magnitude (EVM). The EVM is used as a figure-of-in@f most

wireless system performance, and it can be cordveédeSNR easily.
The measured EVM in this experiment was about B4,7which

corresponds to the SNR of 16.6 dB evaluated from fthllowing

relation [71]:

3-(7)

SNR= —20Iogm( EVM )

100
When the wireless channel is assumed to be addithiee Gaussian
noise (AWGN), the BER for MPSK digital modulationarc be

analytically extracted from the following equatigt#]:

2 /.
o5, M XQ(\/ZSNRsmV) 3-(8)

BER= |

The calculated BER from the SNR in this equatiors Veav enough to
transmit error-free QPSK data in this uplink systdihe eye diagram
of demodulated signals is shown in Fig. 3-19. kgt be noted that
much higher data rate transmission as well as alhta modulation
methods should be possible with this scheme, buhim feasibility

experiment, only 10 Mbps QPSK data transmissionpeasible due to
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limited equipment available. Moreover, the systearfgrmance can be
enhanced after the optimization of RoF link and EAlsign. As
explained in chapter 2, the RoF link loss and trestm60 GHz RF
components are not designed for this purpose. Syfsitem optimization
can improve data transmission quality. At leasghhENR uplink data
signals at 60 GHz should have been generated ftarlperformance in
this system experiment. As explained before, thdk Sl frequency
down-converted signals is not degraded very muampeoed with
original 60 GHz signals. EAM is not also designed aafrequency
down-converter. In this scheme, the nonlinearitfgdiM is the origin
of frequency down-conversion, so that nonlinear EAMsign is
necessary. In addition, the better modulation arbtqaletection
efficiency of EAM can also increase the power ofedeed frequency
down-converted signals at the central stationliele that such system
and device optimization surely enhance RoOF uplinkstesn

performance.
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Figure 3-18. (a) 10 Mbps QPSK modulated signal tspetat 60 GHz, (b)
frequency down-converted QPSK modulated signal tsp@cat 500 MHz.
Resolution bandwidth is 100 kHz.
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Figure 3-19. Eye diagram of demodulated 10 Mbps QBi§ials at 500 MHz.

90



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 usemate frequency
up-conversion based on SOA-PD configuration, andinkipRoF
systems using remote frequency down-conversiondbaseEAM are
investigated, respectively. Each system provideapaxt base station
architectures, and uses low frequency optical ¢faai transmission to
avoid dispersion-induced signal fading problems & GHz RoF
systems. However, the final goal is to realize ibkational 60 GHz
RoF systems, and the basic system configuratidre tproposed in this
chapter is shown in Fig. 4-1. At the central statioptical heterodyne
LO signals and optical IF signals having downlink tata are
generated and transmitted to the base statiohelbase station, only a
photonic mixer is installed, and frequency up-cotee data signals are
produced by detecting these two optical signals.updink, uplink RF
data signals are inputted to the photonic mixer fitaduency down-
converted IF signals are generated with the helgetécted optical LO
signals. This uplink IF signals modulates optidalsignals used for
downlink, which go back to the central station.ekfphotodetection of
optical IF, uplink IF data signals are created. réfme, full link
operation is achieved with only a single photomangfiency converter

at the base station. For this, the photonic mixerrealized by
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combining photonic frequency up- and down-conversschemes,
especially by the cascaded SOA EAM configuratio2].[Because
EAM can be used for photodetection, the functiorP8f at SOA-PD
frequency up-conversion can be replaced by EAMaddition, EAM in
itself can be used for the optoelectronic frequetayn-converter. As
a result, SOA-EAM configuration gives very compdiese station
architecture for bi-directional RoF systems.

In chapter 4, the simple operation principledreiuency up- and
down-conversion using SOA-EAM configuration will etroduced,
and then measured mixing characteristics will bewsh Finally, bi-

directional RoF links will be demonstrated at 60234nd.
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Figure 4-1. Proposed bi-directional RoF system igométion 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 [pies of
frequency up- and down-conversion using the SOA-Ezavifiguration,

respectively.

4-2-1. Frequency up-conversion for downlink transmission

For frequency up-conversion, optical LOMb having two optical
modes separated byof and optical IF af\r having two sidebands
separated from the carrier by fown are transmitted from the central
station and injected into SOA in the base statioside SOA, two
modes of optical LO are cross-gain modulated bycaptF signals.
After photodetection of optical LO signals in EANtequency up-
converted signals atd+fir 4own are obtained as square-law beating
products. This frequency up-conversion processinslas to that in
SOA-PD configuration explained in chapter 2. In erdo verify
frequency up-conversion at 60 GHz band, the exmaried setup
shown in Fig. 4-2 was used. 60 GHz optical hetemediO signals
were generated by modulation of an MZM biased at mfinimum
transmission point with 30 GHz RF signals for DSB-8ethod. The
wavelength of optical LO was 1553.3 nm and its powwasured
before SOA was -15 dBm. Optical IF signals were egated by
modulation of another MZM biased at the quadrapoat with 100
MHz, 10 dBm RF signals. The wavelength of optidalclan be any
wavelength within SOA gain bandwidth. For the expent, optical IF
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wavelength was 1550 nm and its power measured &@&0QA was -8
dBm. The SOA bias current was 150 mA, which progidee SOA
gain of 25 dB and saturation output power of 7 dBime EAM used in
the experiment was designed and packaged for 60 w@pw-band
operation [67-68], and biased at -2.5 V. Fig. 4-3ad (b) show the
resulting RF spectra of downlink IF signals at Bz without SOA
(measured at Point A in Fig. 4.2) and frequencycopverted 60 GHz
band signals (measured at Point B in Fig. 4.2)peesvely. They
clearly show frequency up-converted signals at 8% (f.o-fir, down

and 60.1 GHz (b+f ik, down.
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Base Station

optical IF (A)
TLS EOM

o

1t down » 100MHZ

v

Central Station

Figure 4-2. Schematic for frequency up-conversionocgsses and
experimental setup used for verification.
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The dispersion effects on remote frequency up-cmnwe scheme
are also examined. The frequency up-converted 6H% signals are
measured at different transmission distances ujOtdkm, and the
results are normalized to the power measured ak-toaback
conditions. As shown in Fig. 4-4, signal degradatdnes not occur
compared with double-sideband transmission of 6@ &ignals, which
was calculated with analytical expression in [Fgr this calculation, it
was assumed that the wavelength of 60 GHz sigeal$%0 nm, and
fiber loss is 0.2 dB/km. Many null points due tcetbignal fading
appear in analytical results shown in Fig. 4-4.aA®sult, it is verified
that remote frequency up-conversion method doeslegtade system

performance for long fiber transmission.
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4-2-2. Frequency down-conversion for uplink transmission

For frequency down-conversion, optical LO andicgb IF are
injected into the SOA-EAM configuration. During tipdotodetection
process in EAM, signals havingof component are generated inside
EAM. These signals are frequency mixed with RF a&ign(ke, up
externally applied to EAM due to EAM nonlinearitgusing frequency
down-conversion tod yp= fLo-fre, up The resulting £ ,p Signals then
modulate optical IF signals &t in the same EAM, which are then sent
back to the central station. This frequency downvession method
was explained in chapter 3. However, with addittdrSOA as in our
scheme, both frequency up-conversion and down-csiore are
possible and optical amplification by SOA results better uplink
performance. Moreover, EAM and SOA can be mondalihy
integrated [73], making the frequency converter enaompact.
Although the same optical IF are used for both downand uplink,
this is not a problem since fyown @and fg, yp are not the same and can be
easily separated electronically. In this frequeonverter, EAM is
acting as a multi-functional device which simultangly performs
photo-detection, frequency down-conversion, andinipbptical IF
signal modulation. Consequently, the antenna basgors can be
greatly simplified.

The setup shown in Fig. 4-5 was used for frequedown-
conversion experiment. Optical LO was generatech wite same

method used for frequency up-conversion, and dplifcavas supplied
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from a tunable light source. In this experimentficg IF did not
include fk, gown SO that only frequency down-conversion charadiesis
for uplink can be investigated. 10 dBm 59.85 GHmals were used as
uplink RF signals, which were applied to EAM bias¢d2.5 V. Inside
EAM, 59.85 GHz signals were mixed with 60 GHz sigrmaroduced by
photodetection of optical LO and produced f= 150 MHz signals,
which then modulated optical IF. The uplink optid&l signals were
transmitted to the central station, and photodetecafter optical
amplification. An optical bandpass filter havilgs passband was
inserted before PD in order to block optical LOnsilg at\ o delivered
to the central station. This filtering is necesshecause optical LO
signals modulated by uplink RF signals can prodiuterfering
frequency down-converted signals at the centréibst§62]. Fig. 4-6(a)
and (b) respectively show the RF spectra of upRiksignals at 59.85
GHz and frequency down-converted IF signals at W%z measured
simultaneously at the central station (measurdeoatt C in Fig. 4.5).
Uplink RF signals is delivered to the central statatA - because EAM
is modulated with both uplink RF signals and fragne down-
converted IF signals.

Next, the dispersion effects on remote frequenoyrdoonversion
method are investigated using the same methodsedpfd remote
frequency up-conversion case. The frequency dovmvarbed 150
MHz signals are measured according to differemtstmaission distance,

and the results are normalized to the signal posteback-to-back
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conditions. Fig. 4-7 shows that dispersion-inducggnal fading
problems do not occur to the detected signals girothe remote
frequency down-conversion. The measurement resals also
compared with the calculated signal power transaitby double-
sideband 60 GHz signals. The same assumption wed fos this
calculation, and several signal fading phenomemeapwithin 10 km
transmission as shown in Fig. 4-7. From these tgsitllis proved that
the remote frequency down-conversion technique algo provide

dispersion insensitive uplink data transmission.
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Figure 4-5. Schematics for frequency down-conversjgrocesses and
experimental setup used for verification.
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Figure 4-6. RF spectra for uplink frequency dowmearsion: (a) RF signals
measured at the central station, (b) frequency dmmverted signals
measured at the central station. The resolutioa\wath was 1 kHz for both.
A 17 dB gain electrical amplifier was used for @)d a 20 dB gain electrical
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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 gpetions are
frequency conversion efficiency, isolation betwd®h and LO ports,
and intermodulation distortions caused by nonligasf frequency
converters [70]. Among them, frequency conversidficiency is
essential for RF design of base stations. The ctiorel definition of
conversion efficiency is the RF power ratio betwégput signals and
frequency converted output signals. However, ivésy difficult to
directly apply this definition to this frequencyrorter because it is
difficult to measure exact signal powers relatedrémuency up- and
down-conversion due to many optical components use¢lde scheme.
Therefore, a method to estimate frequency up- amwdneconversion
efficiencies is devised.

At first, up-conversion efficiencyn(y) is defined as the ratio of
EAM photodetected frequency up-converted signal ggovo EAM
photodetected IF signal power. For example, theo raf lower
sideband power in Fig. 4-3(b) to peak power in Big(a) isnup. The
frequency down-conversion efficiencyyéwn) is defined as the ratio of
frequency down-converted signal power to uplink B§nal power
measured at the central station simultaneously.example, the ratio

of peak power in Fig. 4-6(b) to peak power in Fgs(a) iSngown AS
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explained in chapter 4-2, the frequency down-cosiver process is a
complex one involving photodetection, mixing and dulation. By
comparing i, up and ke, yp delivered afAr to the central station, the
influence of EAM modulation efficiency can be elmted, and
internal mixing efficiency of EAM can be estimatédg. 4-8 shows the
schematic of frequency conversion efficienciestfoth up- and down-

conversion.
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4-3-2. Measurement results of conversion efficiency

The same experimental setup shown in Fig. 4-2 agd4-5 was
used for conversion efficiency measurement. ThalB&lifference in
EAM photodetection response between 100 MHz andG6lx was
corrected forn,, calculation. The 5 dB difference in photodiode
response between 150 MHz and 60 GHz was also tedréor ngown
calculation. In addition, different electrical gainvere corrected for
both nyp and ngown. The measurement was performed in back-to-back
condition.

At first, the dependence of frequency conversiditiehcies on
EAM bias condition was measured. The power of @ptiE signals at
1550 nm and optical LO signals at 1553.3 nm befe@A were -8
dBm and -15 dBm, respectively. As shown in the Bi§,n,p increases
with increasing EAM reverse bias voltages, becausatocurrent in
EAM increases at high reverse voltages. The depmedeof
photocurrent in EAM on bias conditions is the cangtrof modulation
characteristics, so that photocurrent in EAM withims bias range
increases with reverse bias voltages. Howeyigyn decreases with
increasing EAM reverse bias voltages, because EANMimearity is
more pronounced at low reverse voltages.

LO power influences the efficiency of frequency werters very
much, so that the dependence of frequency conveeditciencies on
SOA input optical LO power is investigated. Forstimeasurement, the

optical IF power at 1550 nm was set at -8 dBm, BAM was biased at
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-2.5 V. The wavelength of optical LO signals was$sd3 nm. The

results were obtained at two different SOA curteweéls in order to see
the influence of SOA gain on conversion efficiesci@s can be seen in
Fig. 4-10(a) and (b), both,, andnqdown increase with optical LO power.

For nyp, the increase is due to square-law beating pomeease with

optical LO signals in EAMngown iNCreases because the photogenerated

LO signal power in EAM increases with optical LOws. In both
cases, the slight saturation of conversion efficies appears at high
optical LO power conditions due to the SOA gairusation. When the
SOA bias increases from 100 mA to 150 mA, both degy
conversion efficiencies improve about 10 dB, whadrresponds to
about 5 dB increase in SOA optical gain.

Finally, conversion efficiencies were measured asctions of
optical IF signal power and wavelength. Fig. 4-1hows the
conversion efficiency dependence on optical IF aigpower. The
optical LO signal power at 1553.3 nm was -15 dBmd ahe
wavelength of IF signals was 1550 nm. For frequemgiconversion,
the conversion efficiency decreases with incredsaptical IF power.
This is due to SOA gain saturation, which causesedse of both
cross-gain modulation efficiency and gain that agdtiLO signals
experience. As shown in Fig. 4-11, the conversidficiency
dependence is very similar to SOA gain saturatioaracteristics. For
frequency down-conversion, the increase of optiEgbower leads to

the increase of photodetected power of both frequeown-converted
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signals and RF signals. Therefore, constant cormrersfficiency

should be maintained. However, at high optical &vwer conditions,
the frequency down-conversion efficiency is slighttlecreased,
because the optoelectronic mixing at the EAM startsaturate faster

than RF modulation in EAM.
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Figure 4-9. Dependence of frequency conversiomiefity f,, andngow,) on
EAM bias conditions.

Fig. 4-12 shows the effects of optical IF waveléngh frequency
conversion efficiencies. The wavelength of -8 dBptiaal IF was
changed from 1540 nm to 1560 nm. As shown in tlgeiré, the
frequency up-conversion efficiency is nearly constaver wide optical

IF wavelength range. The reason is that the SOA bandwidth near
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1550 nm is wide and cross-gain modulation efficjeiscsaturated with
this high optical IF power. On the other hand, treuency down-
conversion efficiency varies about 4 dB. This isdaese the modulation
efficiency and frequency mixing in EAM are changad different
wavelength conditions. These frequency conversitiniency results
show that this SOA-EAM frequency converter has wafgeration

wavelength range.
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4-4. 60 GHz Bi-Directional RoF Systems using SOA-
EAM Configuration

In previous chapters, the operation principlesl aonversion
efficiency characteristics of the SOA-EAM frequencgnverter are
investigated. Now, 60 GHz bi-directional data trarssion using this
frequency converter is demonstrated. 60 GHz optic@ are
transmitted from central station, and 5 Msymbol&tadsignals using
QPSK, and 16QAM digital modulation are bi-directdig transmitted.
By measuring EVMs, error-free data transmissiobath directions is
verified, and the dependence of system performamc@owers 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 GldndbRoF
systems using the SOA-EAM frequency converter. @8z Gptical
heterodyne LO signals at 1553.3 nm were generataddalulation of
an MZM biased at the minimum transmission pointhw0 GHz
signals for DSB-SC method. For downlink, opticalsignals at 1550-
nm were produced by modulation of another MZM wvitiMsymbol/s
QPSK or 16QAM data at 100 MHz IF. Both optical st were
combined and injected into the cascaded SOA-EAMydpecing
frequency up-converted signals in 60 GHz band. @he® sidebands
of frequency up-converted signals were frequenoyrdoonverted to

100 MHz by a subharmonic mixer with a 30 GHz eleatrLO signal.
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The EVMs of recovered IF signals were analyzed MS&. The SOA

was biased at 150 mA, and the EAM was biased &t V2.For the

uplink data transmission, the same 5 Msymbol/s QBSK6QAM data
signals at 59.85 GHz were generated by up-congediB0-MHz IF

data to 59.85 GHz. The RF bandpass filter was tsedippress both
LO carrier and image signals. When the EAM was nteddd by uplink

RF signals, frequency down-converted signals at Miz were

produced by the SOA-EAM frequency converter, whithen

modulated optical IF signals returning to the canstation. In the
central station, optical IF signals were photodeidcafter optical
amplification and filtering, and the resulting QP8K16QAM data at
150 MHz were analyzed for transmission quality b$A/ All the

experiments were done in back-to-back conditiorhws#parate uplink
and downlink data transmission. It should be ndbed 60 GHz band
should provide much higher bandwidth than the datadwidth used in
this demonstration. The bandwidth in this experimsas limited by
data generation and analysis instruments availatde by the SOA-
EAM frequency converter. The proposed frequencyeder should
have as wide conversion bandwidth as its opticadutadion and

photodetection bandwidth. The EAM used in the expent has 2 GHz
modulation bandwidth at 60 GHz, and SOA cross-gawmdulation

bandwidth should be in GHz range as explained aptgr 2.
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Fig. 4-14(a) and (b) show the optical spectra oivak and
uplink signals, respectively. The downlink opticgectrum shown in
Fig. 4-14(a) was obtained from the optical sigraming out of SOA
(measured at Point A in Fig. 4-13), and 1550 nmcaptF (A\), and
1553.3 nm optical LON o) signals can be seen. The additional peaks
observed around o are due to modulation harmonics of the MZM
caused by DSB-SC [42-43]. The small peaks arohjpdare due to
XGM between optical LO and IF signals. The uplinkical spectrum
was measured after the optical bandpass fikgiE 1550 nm) at the
central station (measured at Point B in Fig. 4-B3).shown in Fig. 4-
14(b), the optical LO signals are suppressed aBOutiB compared
with optical IF signals. The side peaks arounpdare the results ok§
modulation of EAM.

The RF spectra and EVMs of frequency convertath gignals
were measured. Fig. 4-15 shows the RF spectrunreguéncy up-
converted downlink signals, and Fig. 4-16(a) anggtwow the clear
constellation and eye diagram of demodulated dakn@®PSK and
16QAM data, respectively. For this measurement,3-XBm optical
LO and -10 dBm optical IF signals were injectedi®OA, and the
resulting EVM for QPSK was about 3.3 %, which cepends to 29.6
dB SNR. The EVM for 16QAM was about 3.6 %, whichiregponds to
29 dB SNR. When the wireless channel is also assumée AWGN
same in chapter 3, the resulting performances i borections are

theoretically enough for error-free data transmissiThe analytical
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expressions for this calculation are well explaimed74]. Fig. 4-17
shows the 150 MHz RF spectrum of frequency down+eded uplink
signals measured at the central station, and Fi(d) and (b) show
the clear constellation and eye diagram of demaedlaplink QPSK
and 16QAM data, respectively. With -15 dBm optic@l and -8 dBm
optical IF signals injected into SOA, the EVM folPQK was about
7.4 %, which corresponds to 22.6 dB SNR. The EVMII8QAM was
about 8.6 %, which corresponds to 21.2 dB SNR. &hesults are also
good enough for wireless systems. The reason fgelaEVMs for
uplink than downlink is that the frequency down-egersion efficiency
is lower than up-conversion efficiency as explaimedhapter 4-3. In
addition, two optical amplifiers, which are SOA aBiFA, affect
uplink optical IF signals, such that amplifier roidegrades system
performance. Nevertheless such larger EVMs fomlsplihe results are
still good enough for real systems, and the sys$tawe rooms for better
performance. Especially, less link loss and higiwgversion efficiency
design of SOA-EAM frequency converter surely leadétter system

performance.
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EVMs for QPSK data as a function of optical IF posvéefore
SOA were measured for both downlink and uplink.. Bid9 shows the
measurement results. The optical LO power was fated 6.3 dBm for
downlink and -15 dBm for uplink. As shown in thgure, downlink
EVM changes from 6 % to 3 % as optical IF poweréases. This is
simply because lower optical IF power reduces XGiitiency and
the frequency up-converted signal power. Howevdrerwoptical IF
power is high, both XGM efficiency and SOA gain gptical LO
signals are saturated and, consequently, the EVMs3 saturated at
around 3 %. The EVM of the uplink data transmissidsd decreases
from 13 % to 8 % as optical IF power increasesughink, the increase
in optical IF power leads to increase in the detctplink signal power,
causing increase in SNR. Consequently, the EVMeadsms until it is
saturated due to SOA gain saturation. AlthoughdaEyMs were
measured at low optical IF power conditions, thailues are still good
enough for QPSK data transmission.

The dependence of EVM for QPSK data on optical #velengths
was also investigated in order to identify the Usall wavelength
range. The optical LO power was -16.3 dBm for domknland -15
dBm for uplink, and optical IF power was -10 dBm dmwnlink and -8
dBm for uplink. As shown in Fig. 4-20, EVMs for lotownlink and
uplink do not change very much with optical IF wavgth. This
verifies that optical IF signals having differenawvelengths can be used

for accessing different base stations.
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5. Summary

Millimeter-wave wireless systems have been activelyestigated
for future broadband wireless systems. Especidly, GHz band,
available as an unlicensed band, is attracting natténtion due to
wide bandwidth, frequency reusability, and highediivity. However,
the high free-space propagation loss of 60 GHzassgdemands many
base stations covering small-sized cells. Consdtylesmmple and cost-
effective base station design becomes very impoftanrealizing 60
GHz wireless systems. For this, RoF systems arerg attractive
solution due to low loss fiber transmission of cadiignals, and
centralization of expensive 60 GHz devices and mgant. Many 60
GHz RoF architectures have been proposed, ancethete frequency
conversion scheme is a good candidate to realiZeHs)RoF systems.

In this dissertation, 60 GHz RoF systems were destnated based
on remote frequency conversion techniques. For ¢okndata
transmission, the frequency up-conversion schenmgyUSOA XGM
was proposed. The optical heterodyne 60 GHz sigaads optical IF
data signals are generated at the central statmahthen transmitted to
the base station, where two modes of optical hdier® signals are
cross-gain modulated by IF data signals, and thequéncy up-
converted signals at 60 GHz band are generatedpftdodetection of
optical heterodyne signals. For uplink data trassion, the frequency
down-conversion scheme using EAM was proposed. WeerGHz

band uplink RF signals modulate EAM along with fiteotodetection
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of 60 GHz optical heterodyne signals in EAM, freqcye down-

converted IF signals are produced by EAM nonlirigadt the same
time, these signals modulate uplink optical sigrddivered from the
central station, and then are transmitted backh® dentral station.
Therefore, uplink IF signals can be obtained afteotodetection of
optical IF signals. Because EAM can act as boticapmodulator and
photodetector, both frequency up- and down-coneergchniques can
be combined to SOA-EAM configuration with which twonctions

simultaneously occur at the base station, resuitinthe very simple
base station for bi-directional RoF links.

In chapter 2, the frequency up-conversion methadguSOA was
investigated at first. The operation principles avexplained, and then
simple operation characteristics were analyzed dase the SOA
simulation model using a TMM. The calculated residhowed that
high conversion efficiencies are possible at wigtical wavelength
ranges. To demonstrate broadband operation ofrtpoped frequency
up-converter, SOA XGM bandwidth was measured asd atror-free
1.244 Gbps broadband data was transmitted. LessQtadB power
penalty appears within 20 nm optical IF wavelemngiiges.

Next, the frequency down-conversion method usingMEdvas
investigated in chapter 3. After explaining simpfgeration principles,
the conversion efficiency characteristics were exaoh based on
measurement results as functions of EAM bias cawdif optical LO

powers, and optical IF powers and wavelengths. Higin conversion
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efficiency, the EAM should be biased at around mmaxn modulation
efficiency conditions, and high optical LO power svaecessary.
Within 30 nm wavelength ranges, very small efficigrfluctuation
appears, which is good for WDM applications. Effree 5 Msymbol/s
QPSK uplink data transmission at 60 GHz band wss déémonstrated.

Finally, the SOA-EAM configuration for both frequanup- and
down-conversion was shown in chapter 4. The contbifumctions
were explained, and then the conversion efficieneis functions of
EAM bias conditions, optical LO powers, and optithalpowers and
wavelengths were measured and analyzed. The basforpances
were similar to the individual up- and down-coneerthowever, it
should be considered that both frequency up- angnetmnversion
efficiencies could not simultaneously be high & #ame EAM bias
condition. For up-conversion efficiency, high reserbias of EAM
gave high conversion efficiency. Conversely, thewvml@onversion
efficiency was high at low reverse bias conditiofifie dispersion
insensitive signal transmission was proved by caimpgameasured
results based on remote frequency conversion teahai with
theoretical 60 GHz transmission results based oubldesideband
signal modulation. Bi-directional data transmiss@an60 GHz band
was also demonstrated. For both downlink and uplhigh quality
QPSK and 16QAM data transmission were succeedeaddition, the
demodulated data performances for both directioesewnot varied

very much in wide operation wavelength ranges.
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The RoF systems are very useful for 60 GHz wiretgssems, and
especially the remote optical/optoelectronic frege conversion
techniques can provide dispersion insensitive $igr@asmission as
well as simple system architectures. In this dissen, it was
presented that frequency converters based on SGAAM are very
useful for simplifying base stations and achievifigxible bi-
directional RoF systems. Although further invediiga is necessary, |
believe that the proposed methods should be anrtargopart in RoF

system development.
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