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Abstract

Analysis of Optical Millimeter-wave Generation

Using I njection-locked Semiconductor Lasers

Jung-Tae Kim
Department of Electrical and Electronic Engineering
The Graduate School

Yonsei University

The demand for new services and the increasing number of subcarrier
requiring high-speed digital data transmission have pushed carrier frequencies
from the microwave towards the millimeter-wave range. In broadband
networks based on the inherent advantages of the millimeter-wave range,
wider radio frequency channels can be allocated. Wireless connection of
subscribers significantly reduces maintenance and installation costs, and
allows mobile applications. However, due to the high atmospheric attenuation
of millimeter-wave signals, it is straightforward to employ fiber-optic

techniques when feeding many base stations.



Severa methods have been reported for the optical generation of
modulated RF carriers in fiber-wireless system implementation. These include
optical heterodyne and self-heterodyne techniques such as dual-mode
semiconductor laser and harmonic signal generating pulsed lasers. However,
the simplest technique for the optical generation and distribution of the RF
signal modulation is an intensity modulation scheme via direct or externa
modulation of a laser. Since the direct modulation suffers from the effects of
laser frequency chirp, external modulator is the preferred choice in fiber-optic
links.

This dissertation deals with the spectral characteristics of semiconductor
lasers locked to the externa light injected from a modulated laser. The
numerical model for semiconductor lasers under the external optical injection
Is based on the Lang’s equation and has been extended in order to take into
account the simultaneous injection of the multiple sidebands of the current-
modulated laser. The numerical simulation results show that the unselected
sidebands will affect the optical and RF-spectral characteristics even when the
semiconductor laser is locked to the target sidebands. The numerical anaysis

will help to estimate the parameter to be extracted.

Keywords : Optical Injection Locking, OIL, Millimeter-wave generation,
Current-modulated lasers, Semiconductor |asers, Spectral

Characteristics
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Chapter 1. Introduction

Design of broadband access networks to deliver services such as video-on-
demand, interactive multimedia, high-speed internet, and high-density
televison to homes and industrial and educationa institutions has been a
subject of intense interest in recent years. Both wireline, hybrid fiber-coax
(HFC) and wireless [Local Multi-point Distribution System (LMDS)] access
techniques show considerable potential in this regard. These access schemes
mainly utilize the lower microwave frequency spectrum (<5 GHz) for
distribution of broadband signals. Recently, however, the millimeter-wave
frequency band (26~60 GHz) has been considered for wireless access,
primarily to avoid spectral congestion at lower microwave frequencies and to
offer large transmission bandwidth. Future millimeter-wave broadband access
systems may employ an architecture in which signals generated at a centra
location will be transported to remote base stations for wireless distribution [1,
2]. Optical feeding of base stations in these systems is an attractive approach
because it enables alarge number of base stations to share the transmitting and
processing equipments remotely located from the customer serving area.

In such systems, millimeter-wave signals can be generated and modulated
using optical techniques and transported to base stations very efficiently via
low cost, low loss, and EMI-free optical fibers. Together with high-speed

photodetectors integrated with mixer, amplifiers, diplexers and printed



antennas, simple and lightweight base stations can be designed to allow easy
installation on building walls and corners, street lights, and telephone poles.
Figure 1-1 shows a basic configuration of a pico-cellular mobile
communication system using optical techniques for the generation and
transmission of millimeter-wave signals. A number of techniques for the
generation, modulation, and distribution of millimeter-wave modulated optical
cariers for fiber-wireless systems have been developed [3]. Optica
millimeter-wave generated, in particular, has been attracting much attention in
applications for broadband wireless systems, coherent multi-frequency optical
communications and optical beam forming because of its flexibility in
generating various frequencies. Optical sideband injection locking is one
technique for its implementation. When a semiconductor laser (Master Laser)
is current-modulated, it is simultaneously intensity-modulated and frequency
modulated due to its frequency chirp, so that it produces a broad sideband in
optical spectrum. The millimeter-wave signals can be obtained when two slave
lasers are injection-locked to two different target sidebands of the master laser.
When CW (Continuous Waveform) light from the master laser is injected into
the dave laser, the dave laser typically shows the distinguishable spectral
behaviors : unlocking, dynamically stable locking, and dynamically unstable
locking. When dlave laser is injection-locked to target FM (Frequency
Modulation) sideband of current-modulated laser, its spectra behaviors are
different from those of CW injection-locked slave lasers due to the existence

of the unselected other sidebands of the master laser.



This dissertation deas with the influence of multiple sidebands from
master laser on the spectral characteristics of sidebands injection-locked
semiconductor lasers numerically.

This dissertation is organized as follows. In Chapter 2, techniques for
optical millimeter-wave generation are introduced and explained in detail. In
chapter 3, we recall the basics of the optical injection locking. In chapter 4, we
calculate power spectra corresponding to different injection locking regimes

and analyze the spectral characteristics of semiconductor.
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Chapter 2. Techniques for Optical Millimeter-wave
Generation

A fiber-optic millimeter-wave uplink system can be classified as baseband
, microwave |F (Intermediate Frequency) subcarrier and millimeter-wave radio
frequency subcarrier according to subcarrier frequencies of signals transmitted
in an optical fiber link. In the baseband transmission, influence of the fiber
dispersion effect is negligible, and the base station configuration is the most
complex. To use this method without a subcarrier frequency, it has no choice
but to adopt time-division or code-division multiplexing. This requires higher-
speed electrical processors. In the IF subcarrier transmission, the fiber
dispersion effect does not cause a serious problem. Subcarrier miltiplexing can
be employed, but downconversion from a millimeter-wave to an IF band is
required at the base station. In the RF (Radio Frequency) subcarrier
transmission, the base station configuration can be simplified only if a
millimeter-wave optical externa modulator and a high-frequency photodiode
are respectively applied to the electric-to-optic (E/O) and the optic-to-electric
(O/E) converters. For a simple base station configuration the millimeter-wave
optical external modulation technique will be one of the best solutions [4].

A basic configuration is shown in Fig. 2-1(c). It consists of millimeter-
wave link by using fiber-optic to deliver millimeter-wave signal transmission
technique. Data transmitted in central station through millimeter-wave link is

transmitted into base station by using fiber-optic link. And, it spreads out by



wireless data through the antenna in base station. A fiber-optic millimeter-
wave system can be classified as baseband, IF subcarrier and millimeter-wave
radio frequency subcarrier. In baseband configuration, a signal in control
station is transmitted into base station through fiber link. The transmitted
signal is upconverted to an IF band signal. IF signal is modulated with LO
(Local Oscillator) generating millimeter-wave frequency and transmitted into
air by an antenna. This method is very difficult to handle because of
complexity of base station. |F subcarrier configuration is shown in Fig. 2-1(b),
the signal is transmitted after modulating with IF baseband in control station.
Then signal is upconverted to millimeter-wave with local oscillator in base
station. Compared to baseband system, the base station is smpler. In
millimeter-wave radio frequency subcarrier system, it is possible for the base
station to consist of only three simple components : a photodiode, millimeter-
wave amplifier, and millimeter-wave antenna. This system has two advantages
in leading to a simple base station configuration. One is that no millimeter-
wave sources are required at the base station. The other is that no millimeter-

wave mixer is needed [5].
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2.1 Systems Using Intensity M odulation Direct Detection Technique

2.1.1 Direct or External Intensity Modulation

Fiber-optic microwave and millimeter-wave links which are subject to a
still increasing interest can be implemented either by the use of direct
detection techniques or heterodyne detection techniques. Many such links
have been proposed, analyzed, and experimented. In the direct detection, the
millimeter-wave signal is intensity modulated onto the optical carrier from a
laser. The optical signal is then transmitted through the optical fiber, and the
millimeter-wave signal is recovered by direct detection in a photodiode. In the
remote heterodyne detection links, two phase correlated optical carriers are
generated in a dual-frequency laser transmitter with a frequency offset the
same as to the desired millimeter-wave frequency. Further, one of the optical
carriers is modulated by the information to be contained in the millimeter-
wave signal. Both optical signals are then transmitted through the optical fiber,
and the millimeter-wave signa is generated by heterodyning the two optical
signals in a photodiode. In both approaches the chromatic fiber dispersion
becomes a limiting factor for the transmission distance when the microwave
signals are in the above 20 GHz regime.

In an Intensity Modulation Direct Detection link (IMDD), the millimeter-
wave signal is carried as a lower and upper sideband on the optical carrier.

Due to the dispersion and the large frequency offset between the side bands



and the optical carrier, the phase of each of the spectral components of the
transmitted optical signal has experienced a differential change. After
detection, this results in a power reduction of the recovered millimeter-signal
and thereby decreasing its carrier to noise ratio (CNR). The dispersion induced
CNR penalty on the recovered millimeter-wave signal with the carrier
frequency is found by comparing the signal power of millimeter-wave signal
which is recovered by square law detection of the optical signal. Power shift of
millimeter-wave signal is characterized by function of fiber distance due to the
chromatic dispersion effect in fiber. IM-DD link and shift of optical spectrum
by external modulation technique is shown in Fig. 2-2. Power shift is induced
by a dispersion limited fiber length and is represented as follows [6].

%LDO 2¢2 u
p.=cosac—— “ f ¢ (2-1)
% C o MMWH

where fyww denotes the RF offset frequency from the optical carrier, | is
the optical wavelength, L is the length of fiber, D is the chromatic dispersion
parameter and c is the speed of light in vacuum. As shown in Fig. 2-3, for a
millimeter-wave of 30 GHz and 60 GHz, the dispersion results in a significant
decrease of the CNR as the transmission distance is increased. CNR penalty is

defined as follows.
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This penalty limits the obtainable transmission in IM-DD fiber-optic
millimeter-wave links. A complete extinction of the recovered millimeter-
wave carrier occurs when the lower and upper sidebands are out of phase. The
millimeter-wave carrier at 30 GHz is transmitted on an optical carrier at a
wavelength of 1550 nm over a standard single-mode fiber with a chromatic
dispersion of 17 pskmnm, large CNR penalty occurs for a transmission
distance of 4 km. Furthermore, from Fig. 2-3, it is seen that the dispersion

effect exhibits a cyclic behavior. The period length is found from the following

equation [7].

DL=— % (2-3)

2
DI ZfMMW

The dependence of transmission of distance on chromatic fiber dispersion
and millimeter-wave frequency can be estimated above equation. An increase
in either dispersion or carrier frequency, therefore, significantly limits the

obtainable transmission distance.
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2.2 Systems Using Heter odyne Detection Techniques

In the direct detection links, the millimeter-wave signa is intensity
modulated onto the optical carrier from a laser. The optical signal is then
transmitted through the optical fiber, and the millimeter-wave signa is
recovered by direct detection in a photodiode. In the heterodyne links, two
phase-correlated optical carriers are generated in a dual-frequency laser
transmitter with a frequency offset equal to the desired millimeter-wave
frequency. Both optical signals are then transmitted through the optical fiber,
and the millimeter-wave signal is generated by heterodyning method of the
two optical signals in a photodiode. The principles of heterodyning detection
links are quite different from those of IM-DD links. The major difference is
that the IM-DD link transmits the millimeter-wave signal as sidebands on a
single laser signal whereas the heterodyning detection link generates the
millimeter-wave signal by beating of two laser signas. In this process, the
phase noise of the two laser signals transfers directly to the resulting
microwave signal. Therefore, it is necessary either to remove the actual laser-
signal phase noise or to correlate the phase noise of the two laser signals. Both
methods or a combination ideally ensures the generation of a highly phase-
stable millimeter-wave [8].

A ssmplified schematic of the heterodyning principle is shown in Fig. 2-4.
At the transmitter end, two phase-correlated laser signals with a frequency

offset of f. = |f; —f,| are generated by a dual-frequency laser transmitter. Both

13-



laser signals are transmitted through the fiber link to the receiver end where
heterodyning takes place in an O/E converter (photodiode). Assuming that the
phase correlation between the two laser signals is not altered by the fiber link,
the resulting beat signa is a highly phase stable millimeter-wave carrier with a
frequency of f.. However, the phase correlation is altered to some extend by
the fiber link which, besides transmission attenuation, may limit the system
performance due to dispersion effects and fiber nonlinearities. Both chromatic
dispersion and polarization-mode dispersion limit have the obtainable
transmission-distance two times the millimeter-wave carrier frequency product
of the link [63].

Assuming optical source is W1 and wy respectively, electrical field is

represented as follows [9].

E1= \/;1 COS[Wlt tF 1(t)] (2-4)
E>= «/P72 COS[Wzt tF2 (t)] (2-5)

Two optical sources are transmitted through fiber into photodiode and
generated current component. Current is square of field and is shown in the

following equation.
lpp () P+ P2+ 2y PLP2 COSHW2- wilt - [F2(t) - Fl(t)l] (2-6)

lpp is current of photodiode and is called beat signa. pP;+P, is a DC

-14-



element in photodiode current, the other component is desired millimeter-
wave signal. We can easily obtain millimeter-wave signa in photodiode by
controlling properly to meet desired millimeter-wave frequency difference of
the two optical sources. However, the phase components of the two optical
sources are random and the signal linewidth generated by beating two optical
sources is described as sum of two optical source linewidth which has a
several MHz. When a signal with a broad width is transmitted, the overall
system performance is limited because its spectral efficiency is small. To
overcome this limitation, severa methods are reported and proposed as
follows. These techniques normally focus on generating millimeter-wave
source with low phase noise and several techniques. Techniques are shown as

follows.

a. Single Sideband Modulation
b. 2-sideband Modulation

c. Mode locking

d. Optical Phase Lock Loop

e. Sideband Injection Locking

-15-
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2.2.1 Single Sideband Modulation Method

In conventiona intensity modulation, the optical carrier is modulated to
generate an optical field with a carrier and two sidebands (double-sideband
(DSB) modulation). At the optical receiver, each sideband beats with the
optical carrier, thereby generating two beat signals which constructively
interfere to produce a single component at the RF frequency. However, if the
signal is transmitted over fiber, chromatic dispersion causes each spectral
component to experience different phase shifts depending on the fiber-link
distance, modulation frequency, and the fiber-dispersion parameter. These
phase shifts make the relative phases between the carrier and each sideband
different, which can result in a power degradation as shown in Fig. 2-3. When
the relative phase difference becomes p, complete cancellation of the RF
signal occurs [12, 13]. Asthe RF frequency increases, the effect of dispersion
is even more pronounced and the fiber-link distance severely limited. By using
MZM (Mach Zehnder Modulator) of dual electrode, a SSB format can be
obtained not by controlling a phase of modulated signal asillustrated in Fig. 2-
5. Dispersion effects can be reduced further and almost totally overcome by
eliminating one sideband to produce an optical carrier with single sideband
(SSB) modulation. It is possible to implement millimeter-wave transmission

system without having CNR penalty [14, 15].

-17-
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2.2.2 2-Side Band Modulation Method

The dual-electrode MZM can be modeled as two phase modulators in
parallel, where the amplitudes of the RF drive signals applied to each electrode
are equal. A continuous-wave signal from a laser with amplitude A and
frequency f. is externally modulated by an RF signal with peak-to-peak
amplitude 2V o and frequency f, which is split and applied to drive electrode.
A phase difference of q can exist between each drive electrode. If the
modulator has a dc-bias voltage of V4 on one electrode while the other dc
terminal is grounded, then the output optical field is represented as follows

[16].

Eou(t) = Ein(wcos('E
p

(2-7)

where Ein(t) in the amplitude of input optical source is injected into
modulator, and V meq(t) is avoltage to bias modulator. Vy isthe switching

voltage of the MZM. Inthe case of Vmoq(t) =V, (1+€) +a v, cosiwt) output

field of modulator is described as follows.

Eou(t) = cos(% [(1+€)+a coswt))) cos(Wit) (2-8)

where a is the normalized amplitude of the drive signal, € is the

-19-



normalized biasand W isthe optical carrier frequency. This equation can be
expressed by a series of first order of Bessel functions as follows.

1) o e _
Eout = 2Jo(a Z)Cosgz (l+e)b (2-9)

. Ji(@ B)sing;g—) (1+e)9cos(W[ *Wt)
2 2 e2 g

+2 3, 2y cos® (1+e) Qoost + 2ut)
2 2 e2 I}

2 Js(@ R)sin?i (1+e) 2cos(Wt + 3nt)
2 2 e2 g

where j, and jJ, ae the zero and first-order Bessel functions,
respectively. When € is “0’, and dc component is v, and center carrier
components disappear. A power spectrum consists of an optical carrier at w
and 3w, with DSB modulation showing components a w and 3w. (Wxw)
component is mainly shown in spectrum. We can obtain 2w or 4w
components away from reference. The millimeter-wave signal can be obtained
using an electrical VCO (Voltage Control Oscillator) at half frequency of the
desired millimeter-wave frequency. This technique has an advantage, that is,
chromatic dispersion problem does not occur compared to the intensity
modulation direct detection because this technique has no center carrier

components.

-20-



2.2.3 Mode locking Method

The generation of high-frequency signals using semiconductors has been
attracting attentions in recent years due to its important role in high-speed
optical communications and microwave photonic systems. High-frequency
signals can be generated by a variety of techniques including gain switching,
active mode locking, passive mode locking and hybrid mode locking of the
semiconductors. Among these methods, the passive mode locking technique is
particularly attractive because it can generate millimeter-wave signals at
frequencies over 100 GHz without the limitations imposed by the available
drive electronics. Its inherent drawbacks of large phase-noise and difficulty in
synchronization with external circuits can be overcome by implementing
stabilization schemes such as sub-harmonic optical or electrical injection
techniques. Mode locking method is not a form of velocity in continuous wave
laser but a pulse of millimeter-wave signal by fixing a phase of a variety of
optical mode laser. We can obtain desired millimeter-wave signal by beating a
frequency in photodiode after choosing two modes with desired frequency
difference among synchronized modes. We briefly explain a heterodyning
technique by using mode-locking method [17-19]. In Fig. 2-6, we can select
desired mode by using an optical filter like Fabry-Perot filter.

In general, there are two methods to implement Mode locking scheme. One
is active and the other is passive mode locking method. Active mode locking

method is modulated with laser gain by injecting electrical signal to laser with

-21-



frequency in contrast to resonance of laser and is synchronized a phase with
resonance mode of laser. In the contrary, passive mode lock method is
synchronized with resonance mode in laser to meet a phase by putting
saturable absorber. To generate a millimeter-wave frequency with this method,
we have to make a passive mode lock laser for generating a light of desired
frequency interval by controlling interval of resonance mode and situation of
saturable absorber. Recently this technique was used in combination with a
double modulation format for the transmission of 155 Mbit/s data signals at
62.9 GHz carrier frequency. But passive-lock technique is not stable in phase
synchronization, recently synchronized harmonic frequency mode locking
with laser diodes through optical pulse train injection and synchronization of
sub-terahertz optical pulse train from PLL controlled pulse mode locked

semiconductor laser is reported [20, 21].

-22-
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2.2.4 Optical Phase Lock Loop Method

OPLL (Optical Phase Lock Loop) uses a feedback circuit to synchronize
two optical signals by keeping a phase of two optical sources. We describe a
basic diagram of millimeter-wave generation by using OPLL method in Fig. 2-
7. In this technique, we make an optical signal with a desired difference of
frequency by using two lasers and compare with a stable signal originated
from external reference frequency and a beating signal of two optical signals.
It can synchronize two lasers by controlling an operating current of VCO
(Voltage Controlled Oscillator) using a feedback signal after detecting a
difference of phase through loop filter. Its basic operation is the same as
electrical method except laser is used like electrical oscillator. By using this
technique, we can get a stable millimeter-wave beat signal with low phase
noise, athough it is difficult to implement this technique. There are two
important parameters, one is operating bandwidth of feedback circuit, the
other is loop delay. To implement a stable OPLL mechanism, it is necessary
that bandwidth of feedback circuit is very large and loop delay is small. To
realize this technique, we need a small linewidth of laser and should integrate
a function of major characteristics of OPLL in a small package. It is reported
that a packaged semiconductor laser optical phase-locked loop for photonic
generation and the processing and transmission of microwave signals are

operating in 7-14 GHz [22, 23].
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2.2.5 Sideband I njection Locking Method

If master laser is modulated with the sub-harmonic of the desired
millimeter-wave band frequency, we can see lots of sidebands generated with
difference of modulation frequency in optical spectrum of master laser in Fig.
2-8. Two sidebands with desired millimeter-wave frequency differences are
injected into save lasers and lock them. These two slave lasers beat each other
in photodiode and generate the desired millimeter-wave signal with low phase
noise since they are synchronized by the same Master laser. Therefore, this
technique is not affected by chromatic dispersion in fiber. We summarize a

technique of generating a millimeter-wave signa optically in Table 1.
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Table 1. Characteristics comparison of millimeter-wave generation using

heterodyne method
Method Dispersion problem| Electrical Source ( >10GHz)
SSB modulation None LIVIVYY
2-side band modulation None fumw ! 2
Mode-locking A Little Useless
OPLL None Useful (Reference OSC.)
Sideband injection locking None Useless
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Chapter 3. Optical Injection Locking Technique

3.1 Principle of Injection Locking

Although the direct current modulation of semiconductor lasersis simple
and compact, it is not suitable to the high-speed applications. It is because the
lasing freguency-shift, or chirp, during the direct current modulation combined
with the fiber dispersion, causes the system performance degradation. This
degradation becomes more serious when the transmission speed increases.
One method of overcoming the chirp and subsequent fiber dispersion
problems is to use optical injection locking (OIL). OIL provides such
advantages such as the reduction of chirp, linewidth, and noise [27, 28],
modulation bandwidth enhancement [30], and other functions such as
wavelength conversion [29], and optical generation of millimeter-wave signals
[31]. Fiber-optic transmission experiments using OIL technique has been
successfully demonstrated in the modulation speed less than 500 Mbps [32],
but not much analytical work has been done over the effect of optical injection
on transmission performance.

The optical injection locking technique with semiconductor laser diodes
iswidely used in chirp and linewidth reduction [34], measurement of the laser
dynamics [35], wavelength conversion, and optical microwave generation. In
particular, the optical microwave signal generation technique with injection

locked lasers is very promising for many applications because it can easily
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produce high frequency signals with low phase noise. In the sideband
injection-locking scheme, the master laser (ML) is electrically modulated and
two of the resulting sidebands having the desired frequency separation are
injected into two slave lasers (SLs). When these two injection-locked SLs beat
each other in the photodiode (PD), the desired microwave signal is generated.
Using this method, Braun et al. has recently reported the successful
demonstration of 60 GHz beat signal generation [36, 37].

Our recent study on FM sideband injection locking has shown that when
SLs are locked to the target sidebands of the directly modulated ML, the
presence of the unselected sidebands influences the resulting microwave
signals. The unselected sidebands can produce the unwanted beat signals
around the desired beat signal, which degrade the overall system performance.
The reduction in the incident light power helps in suppressing the unwanted
beat signals, but it also reduces the locking range causing the stability
problem. Figure 3-1 (a) shows the optical spectra of OIL generated in
difference between ML and SL. Optical spectra and comparison of wavelength
by OIL scheme is shown in Fig. 3-1 (b). DI isthe value of difference between
ML and SL wavelength.
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Fig. 3-1. Optical spectra and comparison of wavelength by OIL
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3.2 Characteristics of Injection Locking Method

3.2.1. Non-linearity I mprovement

The optical analog transmission of GHz range signals is recently attracting
much interest for WLL (Wireless Local Loop), CATV, and satellite system
applications. In these applications, direct modulation of a semiconductor laser
diode is used for transmitting signals multiplexed by RF range subcarriers.
Consequently, the LD (Laser Diode) non-linearity becomes a key issue in the
system performance because it can interfere and limit the number of channels
aswell as transmission distance [44].

One method of overcoming the LD non-linearity problem is using the
optical injection locking (OIL) technique, where light from an external laser
(Master laser) is injected into the signal transmitting laser (Slaver laser) as
shown in Fig. 4-1. When dave laser is locked to master laser, it can have
modulation bandwidth enhancement and chirp/noise reduction [45]. We
perform numerical analysis of injection locked lasers to show that injection
locking improves LD non-linearity characteristics. The numerical analysis of
injection locked lasers is based on Lang s equations in which the laser non-
linearity characteristics are described with the gain suppression term in the rate
equations. The ssimulation parameters are obtained from reference [39]. For the
simulation, two RF-sources (f; = 2.5 GHz and f, = 2.7 GHz) with the same

amplitude are used in order to directly modulate the slave laser. The slave laser
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output spectrum is obtained by fast-Fourier-transforming the output power of
dave laser calculated by the Runge-Kutta integration of Lang’ s equations.
Figure 3-2 shows the amplitudes for fundamental and harmonic
components of LD output spectra as function of amplitude for (a) free-running
and (b) injection locked lasers. The second inter-modulation products (IMPs)
at fi+ f, and 2f1, and third IMP at 2f,- f; are smaller for injection locked LD
than for free-running LD. The dight difference in the amplitude of the
fundamental term (f;) is due to the change in LD dynamic characteristics
caused by injection locking. Amplitudes of several frequency components are

compared for free-running and OIL casesin Fig. 3-2.
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Fig. 3-2. Simulated modulation frequency responses at f; and 2f, - f1 for

free-running and injection-locked lasers
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3.2.2 Direct Modulation Bandwidth Enhancement

There are renewed research efforts for injection-locked laser diodes as they
can provide enhanced performance for various applications [49, 50]. The
single mode rate equations for injection locked lasers are employed as follows

[46-48].

ds 1 S

—=(G-9g)S+—u_ S,/—coxg +R 3-1
- (G- g)s+u, ,/S SV (3-1)
dF 1 S .

—=lw, - +— —d9n 3-2
dt (‘ W°) 2Lu9\/s a (3-2)
d_N:-ﬂ-GS+|_ (3-3)
dt t, q

where, S is the photon number injected into SL from ML through the optical
isolator between them, and Sis the photon number in the cavity of SL. By the
small signal analysis of these equations, the third order system function for
injection-locked frequency response can be obtained. For free running laser
diodes, the frequency response system function is of the second order.

We first found the maximally allowed phase detuning range between ML
and SL. In order to be stable for the system, its poles should be located in the
left plane in ssdomain. Figure 3-3 shows the allowed phase detuning range for
afixed injection levels. The maximally allowed phase detuning value becomes
larger as the injected photon number gets increased.

Figure 3-4 shows the direct modulation response for severa injection



levels at the allowed maximum phase detuning values. It shows clearly that a
stronger injection locking can provide larger direct modulation bandwidth. For
example, the modulation bandwidth of an injection-locked laser at (S/S) = -5
dB is about three times larger than that of a free-running laser.

Figure 3-3 shows modulation response for several phase detuning values
with injection level fixed at -5 dB. Larger modulation bandwidth can be
achieved by detuning the ML s phase. The resonance frequency of the
injection-locked laser can be obtained for several injection-levels within each
allowed frequency detuning range. The frequency detuning, Dw = wy - Wy,

can be determined from the following equation.

1 € 14 [P, . )
=Eaangao(N -ny)- t—g+ K %smq (3-4)
p

Here, a is the linewidth enhancement factor. The modulation response is a

strong function of applied injection level and phase/frequency detuning values.
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-36-



Chapter 4. Simulation Results

4.1 Optical Injection Locking Configuration

The optical injection locking configuration is made up of ML and SL as
shown in Fig. 4-1, where the CW ML light is injected into the SL cavity. Two
lasers have a frequency offset of D}, where D} is defined as |y - | s. It iS
assumed that the injected ML light has the same polarization as SL by the

proper control of the polarization controller located between the two lasers.

4.2 Analysis of Spectral Characteristics of Semiconductor Lasers
under Optical Injection

4.2.1 Single Mode OIL Rate Equation
Assuming DFB lasers with negligible sidemodes are used for both ML

and SL, the SL under the influence of external light injection can be described

by the following single mode rate equations shown below [51].

dP _ € Gg, 1U G )
— = N-n)- —gP N + 2K /PP cos(F,, - F (4-1)
at SIIEE( n) tpu + - +2Kc/R,P cos(F . - F)

& <200 + Zadeg(N- n)- g+ Kcﬁsn(m_ F) (4-2)
dt 2 8 tog P

d_N:I__ i(N_ n[)P_ E (4_3)
dt  qVv, 1+eP t,
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In the above equations, Pi, and F y_ represent the density and the phase of
the injected photons and K¢ (= ug/2L,) is the coupling rate between ML and
SL.

Other parameters have the usual meanings. The numerical values for the

laser parameters used are obtained from reference [66].

Table 2. Parameter values in the numerica ssimulations

Symbol Parameter Value Unit
N lasing wavelength 1550 nm
r confinement factor 0.4
n, transparent carrier density 1.0x 108 cm3
T, photon lifetime 3.0x10% sec
T, carrier lifetime 1.0x 10° sec
B spontaneous emission factor 3.0x10°
Uq group velocity 8.5x10° cm/sec
9 differential gain 12.7 x 107 cmd/sec
€ gain suppression factor 5.0x 1017 cm?3
V. volume of active layer 1.5x 1010 cm3
a linewidth enhancement factor 5
Ney LD differential quantum efficiency 04
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4.2.2 Injection Locking Property

From the steady-state analysis of the rate equations, Fig. 4-2 shows the
locking and unlocking regions as function of D} and R. Here, injection power
ratio R is defined as Pinj /Pout, Where Py is the injected optical power just
outside the SL facet and Py, is SL output power. For the results shown in
Fig. 4-2, SL output power is fixed at 2 mW. If the gain suppression and the
spontaneous emission terms are ignored, the range of D} that allows locking

can be determined as follows [52].

|Df(: fu - fs_)|£%]fp_;(l+az) (4-4)

This locking range can be further classified into two distinctive regimes :
stable-locking and unstable locking. In the stable locking regime, the output
power converges to a steady-state value when a small perturbation is
introduced. In the unstable locking regime, however, the power does not
converge to the steady-state value but experiences a self-sustained oscillation
or even chaos when a small perturbation is introduced. Such an oscillation and
chaos produce multiple sidebands in the output optical spectra. The range for
the stable-locking regime can be determined by the s-domain stability analysis
of the linearized rate equations above. The shaded area inside the unstable

locking regime in Fig. 4-2 represents the place where the chaos occurs. The
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chaos area outside the locking regimes is not taken into account here. The
asymmetry of the stable-locking regime is dependent on R. The center of the
stable-locking bandwidth is shifted toward the shorter frequency from the SL

lasing frequency with increasing R.
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Fig. 4-2. Locking range versus injection power ratio
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4.2.3 Transient Analysis

This dissertation deals with the characteristics of injection locking for
semiconductor lasers by large signal and spectra analysis. Figure 4-1 shows a
basic injection-locking configuration. Optical power from Master laser goes
through isolator and is injected to dave laser. We use a laser diode parameters
in reference [39] and single mode Van der Pol equation to model numerical
injetion-locking method [9]. Boundary condition of locking region in steady

state is as follows [11].

Dw =2p(f,, - fg)

ﬁ(smq a cosq) (4-5)

K. iscoupling coefficient, S,, is photon density injected from ML (Master
Laser) to SL (Slave Laser), Sy is photon density in SL cavity, and q isa
phase difference between ML and SL. By analyzing small signal anaysis in
given rate equation, all zeros are located in left s-domain to lock statically
stable in 3rd order system function. We have been showed values to satisfy
stability analysis in Fig. 4-2. From the figures, it is divided into stable-locking,
unstable locking and unlocked region. We can expect signal response and
spectrum given values in Fig. 4-2. In the case of signal response, waveform is

depicted under injected step-like current from 1.01lly to 1.5y, at 2ns.
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Waveforms by FFT transformation after deriving portion of steady state at the
window after overshoot transient response are shown in Fig. 4-3. Each valueis
normalized by high values obtained from FFT outputs in the case of free-
running state. We can estimate all optical power of SL locked in ML frequency
in stable locking. The theoretical power spectra were calculated by taking the
fast Fourier Transform (FFT) of the steady-state slave intracavity electric field
over a given time window. In the case of unstable locking, we can define
locked state in a wide expression but power in locked state is vibrating in the
center of steady state and it is not stable locked as shown in Fig. 4-4(c)
because unlocked power is not in this state. Spectrum of sideband in Fig. 4-
4(c) stems from relaxation oscillation sideband. In the case of unlocked state,
power reaches in constant steady state as unlocked power is increased contrary

to the reduction of power of ML frequency in locked state.
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4.2.4 Transient Response and Spectrum for Locking Regime

One method of generating optical mMmm-wave signals is to use the optical
injection locking (OIL) technique [54]. In this technique, the master laser
(ML) is directly RF-modulated and has multiple optical sidebands which
separated by the modulation frequency, f,,. Two Save lasers (S s) are then
injection-locked by two sidebands separated by the desired frequency offset,
generating two coherent optical signals can produce the desired beat frequency
signal in the photodetector. In order to obtain high frequency signals, the rf-
modulated ML should provide a large number of sidebands that are widely
separated. The sideband generation, however, sensitively depends on the
modulating RF-power and frequency. A technique that does not require
external RF source would be highly desirable. Realizing such an OIL systemis
the goal of the present investigation.

Recent studies on OIL have found that the modulation bandwidth of a
semiconductor laser can be significantly enhanced under the strong optical
injection. However, the locking properties under the strong optical injection
have not been fully analyzed outside the dynamically stable locking range,
where such effects as undamped relaxation oscillation and chaos can occur.
We analyze the spectral characteristics of semiconductor lasers under strong
optical injection, and show that the generation of multiple optical sidebands
having large frequency separation is possible. By feeding these sidebands into

two SL' s, as shown in Fig. 4-12, it is possible to generate optical mfmm-waves
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without using any external RF source. When light from ML isinjected into SL,
the locking characteristics can be classified into three distinctive regimes :
unlocking, dynamically stable locking, and dynamically unstable locking.
Both dynamically stable and unstable locking regimes can be grouped together
as the static locking regime. These characteristics are determined based on the
injected optical power and the lasing frequency offset between ML and SL.
For the analysis, the laser rate-equations including injected light [56, 57] are
used for a sample LD whose parameters are obtained from [39]. Figure 4-2
maps the characteristic regimes determined from the rate-equation anaysis. In
the figure, Df is the frequency difference between the ML (fu.) and SL lasing
frequency (fs.), and the injection power ratio, A, is the ratio between the
injected ML optical power (Piy) and SL optical power (Pou™) without optical
injection. The boundaries for the static locking regime can be obtained from
the steady-state solutions of the OIL rate equations. Within the static locking
regime, the stability analysis of the linearized transfer function determines the
dynamically stable locking regime. The calculated power spectra at the
operating points ©®~® in Fig. 4-2 areillustrated in Fig. 4-5. These are obtained
by Fourier transforming the SL output power at the steady-state determined
from the large-signal numerical analysis of the rate-equations. The calculated
spectra are normalized with the SL's spectral peak value under no optical
injection. In the calculations, noises are neglected and SL is biased at 1.5l.
The zero for the horizontal axis is fu.. The power spectrum for Fig. 4-2(®) is

typical for the unlocking regime. Unlocked power exists only at fs.. On the
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other hand, the power spectrum for another unlocking region at Fig.4-2(®)
having positive Df. Here, the injected light is amplified and beats the SL light.
This causes the four wave mixing between ML and SL light and generates
multiple conjugate sidemodes. The sidemode separation, Dn, equals Df  but
this region is not useful for optica mimm-wave signal generation since the
conjugate sidemodes are not coherent. Figure 4-2(®) shows the power
spectrum at the dynamically stable regime. Here, SL is locked to ML and has
power spectrum only at fu.. The dynamically unstable locking regime is
characterized by undamped relaxation oscillation and chaos. Figure 4-4(®)
shows the case of chaos, where the spectrum is densely spreaded. We find that
chaos occurs when A is less than about -14 dB, as indicated by shades in the
figure. This agrees with the experimental and analytical results [12]. When A
> -14 dB, the undamped relaxation sidebands appear and their separation
becomes larger for increasing A and Df. The maximum possible Dn as
function of A isillustrated in Fig. 4-10. When two SL’ s are locked to two of
the sidebands generated in the dynamically stable regime in the manner shown
in Fig. 4-5, they can act as frequency filters and suppress other undesired
sidesmodes. Then, two SL’ s output light will be two coherent signals separated
by a multiple of Dn and the beat signals at the multiple of Dn can be generated
at the photodiode. This technique allows Dn as large as 15.4 GHz at A= 0 dB
in the present analysis. As an example, if two sidebands indicated by arrowsin
Fig. 4-9(®) and (®) are selected, the beat frequencies of 58 GHz (Dn = 7.25
GHz), and 100.8 GHz (Dn = 12.6 GHZz) can be obtained.
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4.3 Direct Modulation of Semiconductor Lasers
4.3.1 Large Signal Modulation

When the semiconductor laser is directly modulated, it is intensity
modulated (IM) and frequency modulated (FM) simultaneously due to the
presence of the intrinsic frequency chirp. To a first approximation, the optical
output of the directly modulated semiconductor laser can be expressed by the

following complex eectric field [59].
E=PY?(1+m,, cos(W,t +F , )J/ 2w SEWnt+ F e 5 (4-6)

p, is the average output power, w, is the applied angular modulation
frequency, m, and m,, are the IM and FM indices, respectively. And,
F.u ad F ., arethe corresponding phases. Eq. (4-6) shows that a directly
modulated semiconductor laser has the sidebands at the harmonics of the
modulation frequency in the electrical field spectrum. The electrical field in
Eq. (4-6) can be expressed by a series of Bessel functions as follows [59].

E=pe Aol M+t )
k=-¥%
Co =el ™ G,y ) + 2By )el ™ 3, (m)e G (4-8)
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where DF is the phase difference between F_, and F,,. When the applied
modulation frequency, w, , is given, the modulation indices and phases in Eq.
(4-6) can be analytically determined from the IM and FM responses of the
linearized laser rate-equations in Eq (4-6), where no external light injection is

included.

4.3.2 Dependence of the Optical Spectrum for the Different Modulation

Powers

The complex electrical amplitude of each sideband of the directly
modulated semiconductor laser can be denoted in Eqg. (4-6). Eqg. (4-6) shows
the asymmetric sidebands in the optical spectrum since the IM response is
superimposed on the FM response. The magnitude and quantity of the
sidebands are determined directly by the FM index, m,,, which has the

relation with the intrinsic laser frequency chirp and increases with the
modulation current as shown in Fig. 4-11. The increase of m,, can make the
target sideband power increase so that its power becomes larger than the
center lasing peak power in the optical spectrum as illustrated in Fig. 4-11. In
Fig. 4-11, it is assumed that the LD is biased at 1.5 times threshold at the
modulation frequency of 3 GHz.
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4.3.3. Modeling of Slave Lasers Locked to the Sidebands of the Master Laser

If two target sidebands with the desired frequency separation are selected
among the multiple ML sidebands and beat each other in PD, the desired beat
signal can be obtained in the RF spectrum. Figure 4-12 shows the block
diagram for the sideband selection using optical injection locking method,
where two SLs are locked to the target sidebands generated from the directly
modulated ML. The rate-equations in Eg. (4-1~3) represent the semiconductor
lasers under the CW master light, but are not appropriate in expressing the
semiconductor lasers in the presence of the multiple ML sidebands. In order to
investigate the effect of the presence of the multiple ML sidebands on the SL
spectral characteristics, we have adopted the Lang’ s equations based on the
complex electrical field [39]. Then, we have extended those equations

representing the LD under the multiple lights as follows.

dE _ 1% A% ML, O ML 4-9
o 2§GG(N) tpg(l 1a)><|5k+@/k w28 + 2K By (4-9)
T (4-10)
dt t, 5 t,

dN | 29 N

—=——-G(N +alE| Q- — 4-11
at aqv. )ER el T t, (1)

1+ef®, +4E, [0
k (%]

In the above equations, Ex represents the normalized complex electrical field
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that is locked to the k-th ML sideband whose normalized complex electrical
field and angular frequency are denoted by EM- and wi", respectively. |Exf?
corresponds to the locked normalized photon density for the k-th ML sideband
w T is the lasing angular frequency for the free-running SL (no light injection).
P, is the unlocked normalized photon density. The Langevin noise terms are
not expected to influence our investigation and, consequently, not included in
the above equations. The coupling rate (Kc) is defined as uq/2L. The value of
141.7 GHz is used for K¢ in our investigation, which corresponds to the SL
cavity length (L) of 300 nm.. Other parameters have the usual meanings [61].
These extended rate-equations can include the arbitrary number of the ML
sidebands, whereas Lang' s model [7] deals with the SL under the single mode
laser injection, that is, only one value for k is considered in the above
equations. The field amplitude of the k-th ML sideband (E™) is determined
from mgy which is directly related to the intrinsic laser frequency chirp
characteristics. The ML field at the fundamental lasing frequency is denoted
by Eo"'. The negative (positive) sign for k means that the sideband is located
at the smaller (larger) frequency than the fundamenta frequency (k = 0). The
angular frequency of the k-th ML sideband (W) can be simply expressed as
wt =wit kT W,

For the numerical simulation, it is assumed that three identical
semiconductor lasers are used for one ML and two SLs. It is aso assumed that
the ML is biased at 1.57 I, (the calculated threshold current, Iy, from the
parameters used is 33.5 mA) and is RF- modulated at 8 GHz with the
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modulation current |, of 25 mA. my and meyv can be calculated for the given
conditions using linearized laser rate-equations, and the values of 0.4 and 2.7
are obtained for my and mey, respectively. With these, the ML optica
spectrum has +2 ML sideband larger than other sidebands. The total of 17 ML
sidebands including the fundamental peak are considered for our analysis. We
designated +2 and -2 sidebands as target sidebands for injection-locking two
SLs so that 32 GHz beat signal can be generated. Under these conditions, the
effects of the unselected sidebands on the spectral characteristics of the beat
signa are investigated at different ML injection powers. We have not
considered the path length differences between ML and two SLs, and between
SLs to PD, which can cause the relative optical phase deviation and degrade
the overall system performance [4]. The PD is ssimply assumed an ideal square
law device for the incident optical field.

The outputs of two SLs, which are locked to the ML target sidebands, are
independently solved by the fourth-order Runge-Kutta integration of Eq. (4-
9~12). Both SLs are assumed biased at 1.96 |y, emitting the optical power
of around 5 mW when there is no ML light injection. The rate-equations are
integrated over 10000 iterations with atime step of 2-ps. After the steady state
is reached in the SL output light, the SL optical spectra are obtained by
Fourier-transformation of the SL optical spectra. The resulting two SL spectra
are summed in the optical spectrum with the frequency difference between two
SLs taken into account. The optical field in the time domain is obtained from

the inverse Fourier-transformation of this and the photo-detected currents are
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obtained by squaring the resulting optical field. Finally, the RF spectrum of the
beat signals can be calculated by the Fourier-transformation of the photo-
detected currents. The frequency locking range within which SL is locked to
the k-th ML sideband can be ssimply given as[12].

ML|2
D

|DF, | E%\/T(l+a2). (4-13)

This locking range can be further classified into two distinctive regimes :
stable locking and unstable locking. In the stable locking regime, the output
power converges to a steady-state value when a small perturbation is
introduced. In the unstable locking regime, however, the power does not
converge to the steady-state value but experiences a self-sustained oscillation
or even chaos when a small perturbation is introduced. When the single mode
ML light is assumed, the stable locking range can be determined from the s-
domain stability analysis of the linearized Lang s rate-equations. However, in
our case, this method can not be used, as there is more than one mode of ML
light injected. In order to consider the influence of the several sidebands on the
stable locking range, we determine the stable locking range in the following

manner. We first numerically solve the rate-equations of Eq. (4-9~12) with the
SL frequency detuned (Df, ) in steps of 100 MHz from the k-th target sideband,

where Df, =M - w)/2p . From the obtained solutions in the time domain,

we judge whether or not the SLs are locked to the k-th target sidebands using
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the following criteria. First, the locked photon density for the k-th target
sideband should be larger than the unlocked photon density, that is, |Ek|2

>S, (k==2). Second, the locked photon density for the k-th target sideband
should be larger than any other locked photon densities for other sidebands,
that is, |Ek|2 > |R,|* (m?® +2). Note here that it is possible to have more
than one sideband within a particular locking-range. Finaly, the relaxation
oscillation of the locked photon density should be sufficiently suppressed after
reaching the steady state. We use the suppression ratio of 30 dB for our

investigation, where

max(|E, (©)|*) - min(|E, (1)]*)

suppression ratio °© .
max(|E, (t)|*) +min(|E, ()]*)

(4-14)

With these, we are able to determine the stable locking range for the SLs
locked to +2 and —2 sidebands at different injection ratios, R, which is defined
as the ratio between the average ML injection power and the free-running SL
power. The calculated results are shown in Fig. 4-13. It is found that the center
of the stable locking range is shifted toward lower frequency from the SL
lasing frequency as the injection ratio increases. Similar dependence of the
stable locking range on the injection ratio has been shown from the analysis

based on Lang’ s equations [13].
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4.3.4 Analysis of optical and RF Spectra

In the numerical simulation, we have assumed three identical
semiconductor lasers for one ML and two SLsin Fig. 4-12. It is assumed that
the ML is modulated at 8 GHz so that the optical spectrum exhibits the £2
sideband power larger than the other sideband power in the optical spectrum,
where the average ML power is of 3 mW. We have designated the +2
sidebands as target sidebands of two SLs, whose beat signal frequency is 32
GHz in the RF-spectrum. The ML output power passing through an optical
attenuator is injected into two SLs as illustrated in Fig. 4-12. The adjustment
of the ML bias level or the modulation power will change the IM / FM indexes
deviating the whole optical spectrum, consequently. By controlling optical
attenuator, the ML injection power can be adjusted with no deviation of the
optical spectrum. We have investigated the effect of the unselected sidebands
on the spectral characteristics for the different ML powers. In the numerical
simulation, we have not considered the path length differences in the path to
two SLs from ML and the path to PD from two SLs. The SL transient
responses are solved by the fourth order Runge-Kutta integration of the field
rate-equations in Eq. (4-10). Two SLsin Fig. 4-12 are both assumed biased at
1.96" I, a which they emit the optical power of 5 mW in the free-running
state. Iy, is 33.5 mA, here. Then, one of the two SLs in Fig. 4-12 is frequency
detuned to become locked to the +2 or, -2 target sideband for the different ML
powers. The optical spectra of the locked SL can be obtained from the fast-
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Fourier transformation (FFT) of the SL output power at the steady-state
solution of the transient response.

Figure 4-14 shows the optical and RF-spectra of two SLs, which have the
frequency separation of 32 GHz in the free-running state. In Fig. 4-14 (A),
each SL has the positive (negative) frequency detuning by 16 GHz from the
ML center frequency and its frequency in the free-running state agrees with
the frequency of the +2 (or -2) target sideband. The optical power ratio
between the ML average power and each free-running SL is of —17.2 dB, here.
The desired beat signal at 32 GHz is little distinguishable. From Fig. 4-14 (A),
the additional frequency-detuning offsets from the target sideband frequency
are required for the stable locking due to the R-dependent asymmetry of the
stable locking regime.
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Figure 4-14 shows the optical and RF spectra when the additional detuning
offsets (of -31 GHz, here) from the target sideband frequencies for the stable-
locking are taken into account. The detuning offset, pn,, for the k-th sideband

locking is defined as
Dn = fi - £ (4-15)

where M is the frequency of the ML k-th sideband. In the simulation,

the same detuning offset of —31 GHz can be used since the + 2-nd target ML
sidebands have almost the same peak power in the optical spectrum. Unlike
the unlocking case in Fig. 4-13, Figure 4-14 shows two locked peak powersin
the optical spectrum having the desired frequency separation of 32 GHz.
Consequently, the desired beat signal after PD can be obtained at 32 GHz in
the RF spectrum.

One should note here that the optical spectrum exhibits the distinctive
peaks beside two target sidebands. They are separated by the modulation
frequency, 8 GHz. And, the RF spectrum aso shows the unwanted RF power
peaks beside the desired beat signal. We believe that these spectral behaviors
are caused by the presence of the unselected ML sidebands in the selection of
the target sidebands by the optical injection-locking method. When the target
sideband and SL meet the stable-locking conditions, the optical power of the
SL is shifted to the target sideband mode. Although the unselected sidebands

do not meet the locking conditions, they will not cause any unlocking
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characteristics since most of the SL power is contributed to the locking of the
target sideband and then the unselected sidebands will not have enough optical
gain to cause any unlocking characteristics. Consequently, the unselected
sidebands will be amplified just a little with the depleted optical gain.
Therefore, the unwanted powers in the optical and RF spectra due to the
presence of the unselected sidebands will increase with the average ML
powers with the multiple sidebands. The unwanted optical modes beside the
target sideband modes may cause the chromatic dispersion problem in the
fiber-optic transmission, and will degrade the overall system performance [6].

In order to suppress the unwanted optical modes at the unselected
sidebands, the incident ML power into the SL shall be as small as possible.
However, as shown in Fig. 4-14 (A), since the width of the stable locking
regime is dependent upon power injected into ML, the smaller ML power
injection will make a narrow in the stable locking regime. The narrow stable
locking regime will cause the stability problems due to the operating current
and temperature fluctuations. And, typically, the large modulation index is
required for the better carrier-to-noise ratio (CNR). But, the large modulation
depth is limited by the narrow stable-locking regime. For the larger
modulation depth and better CNR, the broad stable-locking condition will be
preferable. Then, the incident ML power should be increased as a trade-off.

Figure 4-14 shows the spectral characteristics for the power ratios of —37.2
dB and —7.2 dB. For the small R in Fig. 4-14 (A), the unwanted optical modes
beside the target sideband mode are so greatly suppressed in the optical
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domain that the beat signal at the desired frequency of 32 GHz is dominant in
the RF-spectrum. However, for the relatively large R in Fig. 4-14 (B), the
target sideband mode in the optical domain is still dominant, but the unwanted
sideband modes are much less suppressed. Consequently, the unwanted beat
signal powers become comparable to the desired beat signal power in the RF-
spectrum and cannot be ignored. In order to select the desired beat signal in
Fig. 4-14 (B), the electrical bandpass filters with the narrow bandwidth are
needed. Two adjacent RF-powers beside the desired signal frequency will be
of our maor concern in the filter design. Figure. 4-15 shows the power
difference (DP) between the desired signa power at 32 GHz (Ps2) and one
adjacent RF-power at 40 GHz (P4o) for the different power ratios (R ). If itis
assumed that the adjacent power is to be suppressed by 20 dB in the filter
design, the incident ML power should meet the power ratio of less than —20
dB.

Figure 4-16 shows the RF-spectrum when the + 2nd target ML sidebands
are used for the 32 GHz beat signal generation. P, in the figure denotes the
RF-power at n-GHz. Figure 4-16 shows the power difference (DP) between
Ps; and P4 when a variable attenuator with no deviation of the ML optical
spectrum optically attenuates the incident ML power. The calculated DP isin
good agreement with the measured results in Fig. 4-17 [66]. In Fig. 4-17,
numerical simulation model and experimental results agree very well [66]. The
difference is due to different operating points in measurement and model,

omitted phase noise in the model, and inaccurate parameter values.
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Chapter 5. Conclusions

5.1 Summary

Microwave signals in cellular broad-band mobile communication networks
and distributed networks can favorably be generated and distributed by optical
techniques. In principle, these techniques have already been investigated for
optical control of phase-array antennas, characterization of photodetectors and
phase locking of millimeter-wave oscillators and now being applied to
wireless communications. The generation and transmission of millimeter-wave
radio signals by optical means is of special interest for future pico-cell
broadband mobile communication systems, especially for systems operating at
frequencies of 30 GHz. Prerequisites for the implementation of these systems
are reliable low-cost components and technological principles. Here, the
combination of light and millimeter-wave techniques is a promising solution.
Since a laser diode and a photodiode are required for the optical feeder link
between the control station and the base station, the millimeter-wave signal
can be optically generated, offering a variety of advantages including a cost
reduction due to the fact that no millimeter-wave oscillators and modulators
are necessary in the numerous base stations.

The combination of fiber optics and millimeter-wave techniques offers
advantages for pico-cell broadband mobile communication systems. Addition

to the low-loss transmission and large bandwidth of the fibers, the remote
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generation of the millimeter-wave signals is a powerful advantage of the
optical technique. In this dissertation, experiments on generating millimeter-
wave signals by optical injection locking method have been investigated.

In conclusion, we have investigated the spectral characteristics of the
semiconductor lasers locked to the sidebands of the master laser, which were
expressed by a series of the Bessel function. The numerical model for the
semiconductor lasers based on the typical Lang’ s equation has been extended
in order to take into account the simultaneous injection of the multiple
sidebands of the directly modulated ML. The numerica simulations have
showed that the unselected sidebands can affect the optical and RF-spectral
characteristics even when the semiconductor laser is stable-locked to the target
sidebands. Due to the presence of the unselected sidebands, the unwanted
powers in the optical and RF-spectra will increase with the ML power, and be
combined with the fiber chromatic dispersion so that they may degrade the
overall system performance. We have found that the ssmulation results are in

good agreement with the experimental results [66].

5.2 Future Resear ch Directions

In future radio communications, many users will desire to handle

multimedia with high quality. A millimeter-wave is expected to be a promising

and important frequency for future radio communication systems. Figure 1-1

shows the generic architecture of the fiber-optic millimeter-wave radio access
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network. It consists of a control station, a fiber-optic access network, base
station' s and millimeter-wave wireless terminals in pico-cells and indoor
wireless local area networks. The control station has the optical transceiver
that controls and converts the signals between fiber-optic networks. The base
station, which is an access point for the wireless terminal’ s, has the optic-to-
electric and electric-to-optic converts with a millimeter-wave antenna, for the
downlink and the uplink, respectively. We will investigate on the fiber-optic
downlink system for distributing 30 GHz band millimeter-wave signals from
control station to base station. In consideration of system, we have to estimate
optical part and electrical part. First of al, we will investigate the optical link
and make a data format to estimate system performance numerically. Second,

we will extract parameters to estimate fiber-optic system performance.
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