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Abstract

Optical Single Sideband Modulation using a Semiconductor Laser

under Modulated Light Injection

Ryu, Hye-Seung
Dept. of Electrical and Electronic Eng.
The Graduate School

Yonsei University

The new optical single sideband (OSSB) modulation technique that
overcomes modulation bandwidth limitation and chromatic dispersion effect
simultaneously is proposed and successfully demonstrated. The new scheme
simply uses an additional standard semiconductor laser as an active optical
filter for the input modulated signals.

From the numerical analysis of optical injection locking, it is shown that
the slave laser (SL) injected by a single mode master laser (ML) has all the
power at the frequency of the ML within locking range, determined by
frequency difference and power ratio between the ML and the SL. In addition,

from the theoretical and experimental analysis for the SL under injections
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from several MLs, it is found that the SL has its power distributed at the
frequencies of the MLs within the estimated locking range and the larger
power is emitted at the lower frequency (or longer wavelength) among them.
From the power relationship of the input MLs and output SL, it can be
considered that the SL has the wavelength selective amplification
characteristics.

Based on the wavelength selective amplification characteristics of the SL
under external light injection, the SL suppresses an unselected sideband of the
input double sideband signals to generate single sideband signal and amplifies
the other sideband to improve modulation response effectively. In addition,
since the SL suppresses the excess optical carrier as well as enhances the

selected sideband, increased optical modulation depth can be obtained.

Keywords: intensity modulation, modulation bandwidth, chromatic

dispersion, single sideband modulation, optical injection-locking
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I. Introduction

Radio-on-fiber (RoF) systems have attracted attentions for the future
cellular radio access networks such as mobile communication; roadside-to-
vehicle radio access links in intelligent transportation system; and indoor
wireless LAN [1]. This is mainly because the RoF systems transmit the
microwave and millimeter-wave (MW) signals from the central office to
base stations through optical fibers having low loss, large bandwidth and
immunity to electromagnetic interference. A simple and cost-effective
approach to transmit MW signals over the favorable optical fibers is to
employ intensity modulation, which modulates laser diode directly at MW
frequency or modulate CW signal from laser diode with external modulator
at MW frequency. In the intensity modulations, there are two issues that have
been intensively researched: modulation bandwidth limitation and chromatic
dispersion induced detected power degradation.

First, the modulation bandwidth of the intensity modulation is limited
by that of semiconductor lasers and external modulators. For the
semiconductor laser, the modulation bandwidth is limited by its photon-
electron resonance frequency, so it is hard to achieve modulation bandwidth
over a few tens of gigahertz at room temperature [2]. For the external

modulator, modulation bandwidth is also inherently limited by its RC



constant, structure, and materials.

Another issue in intensity modulation is the detected power degradation
due to chromatic dispersion of optical fibers. The intensity modulated signals
have two sidebands separated by the desired microwave or millimeter-wave
frequency fim from the optical carrier in the optical spectrum, which is so
called double sideband (DSB) signal. As they propagate through the
dispersive optical fibers, two sideband signals experience disparate phase-
shifts because they travel in different velocities owing to fiber chromatic
dispersion. Whenever the relative phase difference between two sidebands
becomes T, the photo-detected signal powers are greatly suppressed.

In this thesis, a novel optical single sideband modulation scheme
overcoming not only dispersion induced detected power degradation but also
limited modulation bandwidth is proposed and demonstrated. A
semiconductor under intensity modulated light injection is used as an active
optical filter, which gives gain to weakly modulated sideband and filter our
undesired sideband. First, Section II introduces the previous methods to
solve the two problems in intensity modulation. Then, Section III and IV
show the origins of the proposed scheme, which are the wavelength selective
amplification characteristics of the semiconductor laser under light injection
depending on injection level and frequency detuning. Section III deals with

locking condition, locked power characteristics, and stability properties for



an injection locked semiconductor laser to a single mode diode laser. In
Section IV, the properties of an SL subject to external light injection from
several lasers are investigated based on numerical analysis and experiments.
Section V is devoted to the proposed scheme based on the experiments and

simulations. Finally, section VI concludes this thesis.



I1. Review of the previous methods

As mentioned before, since the modulation bandwidth limitation and the
chromatic dispersion induced detected power degradation have been
attractive research topics; there exist various methods for overcoming each
problem. Therefore, this section reviews the previous notable methods in
two parts: modulation bandwidth enhancement and optical single sideband

modulation for overcoming chromatic dispersion effect.

A. Modulation bandwidth enhancement methods

A.1) Direct modulation

The typical approach to enhance modulation bandwidth is to fabricate
the high speed semiconductor laser using new materials and structures. For
example, 33GHz GaAs-based pseudomorphic multiple-quantum-well
(MQW) ridge-waveguide lasers [3] and 40GHz undoped short-cavity
Ing35GagssAs-GaAs MQW lasers [4] have been reported. However, these
usually result in more complex fabrication processes and increased costs.
Therefore, other approaches using standard semiconductor lasers have been

proposed.



One is to increase the modulation bandwidth directly by changing
internal characteristics of the laser diodes. For example, using the strong
light injection, the injection-locked laser obtains larger resonance frequency

and the available 3dB modulation bandwidth [5, 7]. The modulation

bandwidth is limited by the electron-photon resonance frequency @, ,

which can be approximated by [6]

/ 8,5,
w = |—S2o0 2.1)
g 7,(1+&S,)

where g, is the differential gain, S, the mean photon density, 7, the

photon life time, and £ the gain compression factor. Under proper locking
condition, as the external laser optical field is coherently added to the slave
laser optical filed, the injected laser has higher resonance frequency and
modulation bandwidth [7]. The recent paper reported that the modulation
bandwidth was enhanced by as much as 3.7 times using strong injection
locking [5].

The other is to enhance modulation bandwidth effectively by increasing
harmonic signals of the laser diodes. Since the modulation bandwidth
limitation bring about the weak RF power at higher frequency, enhancing the

weak high frequency harmonic signals can be interpreted as the modulation



bandwidth enhancement. As an example of this method, external feedback
effectively enhances the desired harmonic content generated by large-signal
modulation, as the cavity filters out unwanted frequency components [8].

The paper demonstrated fourth harmonic at SGHz [8].

A.2) External modulation

For external modulation, likewise direct modulation, researches have
been performed to increase the modulation bandwidth of the external
modulator in the level of device fabrications. For example, the external
electro-absorption modulator with narrow mesa ridge waveguide has had 40
GHz speed [9], 110 GHz polymer modulator has been reported [10], and 40
GHz traveling-wave electro-absorption modulator has been demonstrated
[11]. These also require complex fabrication processes and high costs.
Therefore, harmonic generation, which uses the inherent nonlinearity of
modulators, is a promising alternative to the methods above, because
relatively cheap, lower frequency components can be used. For example,
harmonic generation using MZ modulator has been used to give a modulated
signal at 36 GHz [12]. Using the steep nonlinear absorption characteristics of
the electroabsorption modulators provides benefits of suitability for

integration with DFB lasers and their low drive voltage requirement [13].



B. Optical single sideband modulation methods

As mentioned before, the chromatic dispersion induced detected power
degradation is mainly because the intensity modulated signal has two
sidebands, which experience different optical phases over optical fibers.
Therefore, one of the sidebands is required to be eliminated, and various
single sideband (SSB) modulation techniques have been demonstrated.
Optical sideband filtering using fiber Bragg grating is simple but requires a
filter with very narrow optical passband and high reflectivity [14]. Dual
electrode Mach-Zehnder electro-optic modulators can be utilized for optical
SSB modulation, but its operation is sensitive to bias phase shifts [15]. The
optical single-sideband suppressed-carrier modulation has been performed
using a standard single-electrode Mach-Zehnder electrooptic modulator
(MZ-EOM) bidirectionally [16]. This method has advantage of being
independent on the MZ-EOM bias, but it is required to center the
modulator’s location precisely within the Sagnac loop.

The above reviews show that the previous methods have successfully
demonstrated. However, there is still need for the new solutions to solve the
two problems simultaneously. Therefore, this thesis proposes the new optical
single sideband modulation overcoming both modulation bandwidth

limitation and chromatic dispersion effect at the same time. From the next



section dealing with the origins of the proposed scheme, all the discussion

focused on the new method.



I11. Characteristics of Injection-Locked

Semiconductor Laser

A. Theory
fML fSL
P. - Pout
Master inj Slave
Laser Laser
Free-running . Injection-Locking
SL

Power (dBm)

1552.4 1552.6 15528 1553.0 15524 1552.6 1552.8 1553.0
Wavelength (nm) Wavelength (nm)

Figure 3.1 Optical injection locking configuration.

Optical injection locking is a way of synchronizing one (or several)

free-running slave laser (SL) to a stabilized master laser (ML) under the

proper condition of power ratio ( P /P and differences

inj out )
(Af = f,, — fs ) in lasing frequency (or wavelength) between the two

lasers. In order to investigate the properties of injection-locked



semiconductor laser, it is considered that light from an ML is injected into an
SL, as shown in Fig. 3.1. The two semiconductor lasers emit in a single
longitudinal mode and with a very small difference in frequency (or
wavelength). The numerical analysis is based on the following modified rate

equations for the complex electric field of the SL [17]:

d

—ESL@—{jw(NH%[G(N)— :

_:I}ESL(Z):ﬂdeML(t) (3.1

dt T

P

This equation is derived from a traveling wave description of the field inside

laser cavity. In the equation, E (f)and E,,(f) are the SL and ML

electric field, which are represented by [17]

E (1) =E,(?) I CEI0) (3.2)

NE,, (t) = E, e/l (3.3)

where E(¢), E,, ¢,(¢), and ¢, are real-valued and @, is the angular
oscillation frequency of SL without injected signal; @(N) and G(N) the

angular optical frequency and the modal gain per second of the SL,
respectively; 7, the photon lifetime; f,, the longitudinal mode spacing;
and 77 the coupling efficiency. Since the master laser is intended to be a

10



stabilized source, the phase noise can be neglected.

Through the Eq. 3.2, Eq. 3.3, assuming that G(N) is a linear function
of carrier density, and the carrier density dependent angular optical

frequency of the SL, Eq. 3.1 can be transformed to the amplitude-phase

representation

(1) =G ANWE, () + 1, cos(A0) (3.4)
d 1 E

E%(t) _EaGNAN(t)+fd Eo(l‘) sin(A(?)) (3.5)
4 N(t)=J - NG _ G(N)E. (?) (3.6)
dt T

s

where the « is the linewidth enhancement factor, the photon density
equals the squared amplitude of the electric field with the given

normalization, Jis the pumping term, and 7, the spontaneous emission
lifetime. Through the three Egs. 3.4, 3.5, and 3.6, the basic theoretical model

for the optical injection locking can be analyzed. In Egs. 3.4 and 3.5

A(t) =Aaxt — @, (1) (3.7

Aw =27\ = o, - ®, (3.8)

In injection locked steady state, the maximum angular frequency

11



detuning between the master and the free-running slave yields [17]

Aw|=|w, —w,|< f, % 1+’ (3.9)

0

where E , is the stationary value of E(¢) without injection.

In the static locking range, mainly two regimes can be distinguished:
dynamically stable locking and unstable locking. When a small fluctuation is
introduced, the SL within stable locking range (S) maintains locked state. On
the other hand, the SL falling in unstable locking range (US) shows
undamped relaxation oscillation and chaos. Such an oscillation and chaos
produce multiple sidebands in the output spectra. In the static unlocking
range (U) where the slave laser does not lock on the master laser, beating
between the master and the slave fields inside the nonlinear slave laser
medium leads to four-wave mixing and subharmonic generation [17-19].

Fig. 3.2 shows the locking range for the frequency detuning between the
ML and SL as a function of injection power ratio. Small fluctuations OF ,
0¢, and ON around the stationary solutions are applied to the three Egs.
3.4, 3.5, and 3.6 and the first-order fluctuation terms are obtained. By the s-
domain stability analysis of the obtained equations with the parameter listed

in Table 1, the range for the stable locking regime can be determined. Here,
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~ \2
the injection level is defined as (El/ EO) . The static locking range is

determined by a given injection level, while the dynamic stable locking
range is related to the frequency detuning between ML and SL. The stable
locking range shows the asymmetric characteristics. The center of the stable-
locking range is shifted toward the longer wave length of SL’s lasing
wavelength with increasing injection level.

Since the noticeable carrier density dependence of the refractive index
of the gain medium significantly affects the injection locking properties in
semiconductor laser, the locked output of the SL versus the detuning curve
has a very asymmetric shape with respect to the optimum detuning [18]. Fig.
3.3 is the calculated locked output as the function of frequency detuning.
The dark solid line and light solid line mean the dynamically stable parts and
unstable parts, respectively. The asymmetric characteristics can be generally
explained as the follows. If the SL output increases with the external light
injection, the excited carrier density in the active region decreases
correspondingly. Decreased carrier density leads to increase in the refractive
index of the active region which results in the lowering of the cavity
resonance frequency. Therefore the optimum locking can be achieved when
the injected light frequency coincides with the resonance frequency which is
downshifted by the light injection. This is related with the fact that the

optical injection locking mechanism is stronger with the master at a longer

13



wavelength.
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Figure 3.2 Locking characteristics as a function of injection level. S
represents dynamically stable locking range; US dynamically unstable

locking range; and U static unlocking range.
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Table 1. Laser Parameter and Their Numerical Values

Symbol Parameter Value

Ts Spontaneous emission lifetime 2ns

Tp Photon lifetime 2ps

fa Longitudinal mode spacing 125G GHz
Gy Gain coefficient LIx10" m’s™
No Carrier density to reach zero gain 1.1x10* m™

o Linewidth enhancement factor 3
i, Normalized bias current 1.3

16



B. Dynamic behavior

The SL transient responses under different locking conditions, as
marked in Fig. 3.2 (a)-(d), can be solved by the fourth order Runge-Kutta
integration of the OIL rate equation. Fig. 3.4 shows the power spectra for an
injection level of -40dB and the different detuning conditions, which can be
calculated using the fast Fourier transform of the solved steady-state SL
transient response. In Fig. 3.4, the zero of the frequency axis in all cases
corresponds to the ML frequency (Detuning= f, — £, )-

First, Fig. 3.4 (a) is for the frequency detuning of Af = -2 GHz in U
regime. Since the SL is not locked to the ML, the SL’s power spectra have
large spectral component at the free-running SL frequency, noticeable
component at the ML frequency, and a beat note on the other side of
dominant line. With the interaction between ML and SL, the SL’s lasing
frequency is slightly shifted close to the ML’s [14]. In Fig.3.4 (b) with Af =
-500 MHz, stable locking is obtained so that all the power of the SL is
concentrated at the ML frequency. Fig. 3.4 (c) and (d) in the dynamically
unstable locked states show undamped relaxation oscillations. In Fig. 3.4 (¢)
with Af = -250 MHz, the locked main peak is dominant, but some power
transfer to the relaxation oscillation sidebands. It shows sidebands only at

the fundamental relaxation oscillation frequency of 2.5GHz. However,

17



approaching the upper limit of the full locking range, instability is stronger

and more harmonics is resulted as shown in Fig. 3.4 (d) with Af =300 MHz.

1.0 r
0.8 i}
0.6 :

04

Relative Power

0.2 .

0.0 . J.I
10 -8 6 4 2 0 2 4 6 8 10

Detuning (GHz)
(@

1.0
0.8 i
0.6

04

Relative Power

0.2

0.0
-10 -8 6 4 -2 0 2 4 6 8 10

Detuning (GHz)
(b)
Figure 3.4 Power spectra for the different frequency detuning Af at the

injection level of -40 dBm, corresponding to (a) ~ (d) in Fig. 3.2.
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IV. Characteristics of a semiconductor laser under

external light injection from several lasers

The previous analysis on optical injection locking is focused on the
synchronizing an SL to an ML using the rate-equation based model. In this
section, the characteristics of an SL which is subject to light injection from

several MLs are analyzed theoretically and experimentally.

A. Theory

The classical single master-slave injection-locking configuration is
extended to take account of light injection from an arbitrary number of
master lasers. The extended rate equation for the total complex electric field
in the single-mode slave laser cavity under several master lasers can be

written as

di :

m=1

iESL (t)—{jw(NH%{G(N) —TL}}ESL =1 Epyn(®) (4D

where E,,  (t) isthe complex electric field of master laser m, also inside

the cavity of the slave laser [17, 20]. When dealing with two master lasers

20



and performing the same process in section III, the Eq. 4.1 can be converted

into the amplitude-phase representation such as

%Eo (0= %GNAN (DE () + [ E cos(A () + f,E,cos(A,(2)  (4.2)
d _1 E . E, .

E% ()= 5 aG yAN(t) + f, E.) sin(A, () + f, —Eo 0 sin(A, (7)) (4.3)
4 N@t)=J - NG _ G(N)E, (t) (4.4)
dt T

N

Since the locking mechanism is usually considered when one SL is
locked to one ML, whether an SL can be locked to several independent MLs
at the same time or not is a tricky issue. Thus, here, it is impossible to define
the locking range for both MLs. However, the dynamic behavior of the SL
under several MLs is affected by the locking mechanism [20]. In order to
verify this, two MLs (M1 and M2) with the same power (£, = E,) and
independent detuning frequency are considered. Since the amplitudes of the
MLs are equal, the calculated locking range of the SL for each ML is
identical. The dynamic behavior is examined with the approximated locking
range effectively. Even though the approximated locking range cannot
provide the accurate numerical analysis, it can give important clues for the
understanding of the SL’s dynamic behavior related to locking mechanism.

Based on this locking range, the dynamic behavior of the SL is examined by

21



varying the detuning frequency of each ML.

In order to investigate the dynamic behavior of the SL under the two
MLs, the power spectra is calculated based on the model Eqgs. 4.2, 4.3, and
4.4, as shown in Fig.4.1. We used the same parameter as in section III except
one, bias current condition (///, =3). The horizontal axis denotes the
frequency shift between the ML and the free-running SL (the free-running
SL frequency is the reference, Af = f,, — f, ), whereas the vertical axis
indicates the spectral density on a linear scale.

The situation in Fig. 4.1 (a) and (c) illustrates typical locking behavior.
The SL is injection locked to only M1 within locking range of the SL. As
expected from section III, the M1 mode locking the SL becomes the largest
spectral component, while the ML modes outside stable locking range can be
suppressed. For Fig. 4.1 (a), M1 is at longer wavelength than M2’s. For Fig.
4.1 (c), M1 is at shorter wavelength than M2’s.

On the other hand, Fig. 4.1(b) is the special case that the two MLs are
within the locking range of SL. In this case, they can share the power of the
SL and significant output powers are produced at both master laser
frequencies. In addition to, it is found that the M1 at the longer wavelength
(or lower frequency) produces larger optical power than M2 at the shorter
wavelength. Fig.4.1 (d) shows when the SL locked to neither of the two MLs.

Thus the spectrum has three dominant peaks at each frequency of master

22



lasers and slave laser frequency.
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Figure 4.1 Power spectra at different operating point. M1 represents

first master laser, M2 second master laser, and S slave laser.
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The power sharing characteristics of the two MLs within the locking
range is also investigated. Fig. 4.2 is the calculated relative peak power
changes of M1 and M2 in the SL power spectra when M1 is fixed at the
shorter wavelength (or higher detuning frequency, Af,,, =—8 GHz ) within
locking range and M2 is tuned in wavelength (—50GHz < Af,,, <40GHz).

The shaded area represents the calculated locking range for each ML

(_ 30 GHZ S AfLockingfoer (: AﬁockingjbrMZ) S _5 GHZ ) The horizontal aXiS

is the detuning frequency of the tuned M2. In this figure, the thin solid line
(a) represents the peak power change of the M1 fixed in locking range and
the thick solid line (b) represents one of the M2 when the M2 is tuned.

The Region (i) and (iii) correspond to the cases of Fig. 4.1 (a) and Fig.
4.1 (c), respectively. In these regions, only the M1 is within locking range
and obtain larger power of the SL than M2 outside locking range. On the
other hand, when the M2 is tuned in region (ii) where both M1 and M2 are
within locking range, they can share power of the SL, but M2 at longer
wavelength (or lower frequency detuning than M1, Af,,, <-8 GHz)
become to larger than the M1. Since the locking range is obtained for only
one ML, it cannot exactly expect the region where the two MLs share the
power of the SL. However, it clearly shows the tendency of the wavelength
dependent power changes between the two MLs near the approximated

locking range. This result is related to the asymmetric locked power versus

25



detuning frequency in section II. Thus, the characteristics of the SL under

external light injection are determined by locking mechanism.

(i) (ii) (iii) |
(a)

Relative Peak Power
(10dB/ div)

‘IIIIIIIIIIIIIIIIIIIII

1 AfM} ~ _8 [ [
-40 20 -8 0 20 40
Frequency of Tuning M2 : Af, , (GHz)

Figure 4.2 Simulated relative peak power changes of the M1 (a) and M2
(b) in SL power spectra when the M1 is fixed (Af,,, = -8 GHz ) and M2

is tuned (-50GHz < Af,,, <40GHz).
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B. Experiment

TLS-2

G)—osa

TLS-1

FP-LD

Figure 4.3 Experimental setup for characteristics of the SL under two
ML light injections. TLS: tunable light source and OSA: optical

spectrum analyzer,

In order to verify the above characteristics of the SL under external light
injection, experiment were performed using a Fabry-Perot laser diode (FP-
LD) subject to light injections from two tunable light sources (TLSs), having
the same amplitude, as shown in Fig. 4.3. The two signals injected to one
target mode of FP-LD modes, so the characteristics of a single mode
semiconductor laser under several laser can be applied to the FP-LD. As
shown in Fig. 4.3, one (TLS-1) of the two TLSs injected to FP-LD is fixed at
a wavelength within a locking range and the other (TLS-2) was tuned in the
direction of longer wavelength side. In Fig. 4.3, the two thick arrows and the

dotted arrow represent tuning TLS, fixed TLS, and tuning direction,
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respectively. The bias current is 2XxIy, (I, = SmA) and the target mode is the
peak mode of FP-LD at the wavelength of 1549.37nm.

Fig. 4.4 shows the measured optical peak powers of the FP-LD under
the two light injections for three conditions corresponding to Fig. 4.1 (a), (b),
and (c). The measured locking range of the FP-LD for one TLS is from
1549.53nm to 1549.67nm in wavelength and illustrated as the shaded area in
the figures. First, Fig. 4.4 (a) and (c) show the case of Fig. 4.1 (a) and (c),
respectively. The TLS-1 within locking range obtains larger power of the
FP-LD and becomes the largest mode in optical spectrum. On the other hand,
when the TLS-1 and TLS-2 are within locking range, as shown in Fig. 4.4
(b), they share the power of FP-LD, but TLS-2 at longer wavelength
obtained larger power. Therefore, the results confirm that the behavior of the
SL under external several light injections is controlled by injection-locking

mechanism.
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Figure 4.4 Measured optical spectra of the SL under two ML injections
for case that only the TLS-1 is within locking range and TLS-2 is outside
locking range at longer wavelength than TLS-1’s (a) and for the case

that TLS-1 and TLS-2 are within locking range (b)
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Figure 4.4 Measured optical spectra of the SL under two ML injections
for case that only the TLS-1 is within locking range and the TLS-2 is

outside locking range at the shorter wavelength than TLS-1’s (¢).

30



V. New optical single sideband modulation using a

semiconductor laser under modulated light

injection

As mentioned before, the intensity modulation has been intensively
studied, because of its simplicity to transmit optical signals in RoF system.
However, the intensity modulation has two problems: modulation bandwidth
limitation and dispersion induced power degradation. Previous methods to
overcome these problems have shown successful results, but all of them
have been focused to solve only one of the two. Therefore, we proposed the
new optical single sideband modulation scheme overcoming modulation
bandwidth limitation and chromatic dispersion induced power degradation at
the same time. The proposed scheme utilizes a semiconductor laser (SL)
under modulated light injection as an optical active filter. This operation is
based on wavelength selective amplification characteristics of an SL subject
to external light injections, which have been discussed in section III and IV.
This section first deals with the operation principle of the proposed scheme.
In order to verify the scheme, experiments have been demonstrated. The
results shows that the new scheme can overcome dispersion induced power

degradation and modulation bandwidth limitation.

31



A. Operation principle

The conceptual diagram of the proposed scheme is described in Fig. 5.1.
An SL under light injection transforms the input DSB signals into SSB

signals with the gain and filtering characteristics.

Relative Gajn
elative Gain

R

3 Ag [€Locking ranxge Locking range-3  Ag |<-;\'

— SR IR
Optical : o i . A

SSB

Figure 5.1 Proposed schemes. (a) For the case in which one mode of DSB
(A) at the shorter wavelength is within locking range. (b) For the case in
which two modes of DSB (B and C) at the longer wavelength are within

locking range. SL: Semiconductor laser.

Here, three components of the modulated ML, double sidebands and
optical carrier, can be considered as three external lasers injected to the SL.

As discussed in section III and IV, when the external ML lights inject to an
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SL and any ML modes are within locking range, the SL does not have power
at its own free-running frequency but at the ML modes. That is, the ML
modes within locking range obtain and share most power of the SL. On the
other hand, other modes outside locking range show weak peaks in the
power spectrum of the SL. As the result, if we simply consider power
relationship of the input ML modes and the output SL modes, the SL can be
regarded as an optical band-pass filter with pass-band of locking range. The
transfer function of the new filter is not flat within pass-band but wavelength
dependent. The input mode at longer wavelength obtains larger band-pass
response. Thus, the shape of the band-pass response becomes asymmetric in
terms of wavelength (or frequency), as shown in Fig. 5.1.

In addition, the new filter can provide gain, which is defined as the
power ratio of the ML mode in output SL to the input ML mode. Since the
output SL power is determined by the bias current of SL, under satisfying the
wanted filtering condition, higher current of the SL provides larger gain.
Therefore, the SL under external light injections can be regarded as an active
optical filter with the gain and filtering characteristic of Fig. 5.1. In Fig. 5.1,
the free-running (without any injection) SL has the wavelength Agp
represented by dotted arrows (D). The shaded areas represent the relative
gain within the locking range that input optical signals will experience.

When one sideband at the shorter wavelength of the DSB signals (A) is
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located within the stable locking range as shown in Fig. 5.1 (a), injection
locking occurs and this sideband obtains the largest optical gain in the SL.
On the contrary, other DSB modes (B and C) outside the locking range
become suppressed. Since mode (B) is sufficiently large to start with, two
dominants modes (A and B) are realized and the optical SSB generation is
achieved. When two or even three DSB optical modes (B and C) are located
within the stable locking range as shown in Fig. 5.1 (b), both of them receive
gain but the mode (C) at the longer wavelength gets the larger optical gain.
Consequently, the optical SSB generation is again achieved.

By amplifying the relatively weak sideband, even when the intensity
modulation is performed at high frequency and results in weakly modulated
sidebands, the modulation response can be effectively enhanced. In addition,
since the relatively excess carrier is suppressed but the weak sideband is
enhanced, the effective modulation depth can be increased. This is
advantageous, because it leads to a reduction of the RF insertion loss of a
link equal to the carrier suppression, if the average optical power level is

increased to compensate the attenuation of the carrier.
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B. Experiment for single sideband modulation

30 GHz

TLS [~ MZM VOA

PD

N T
DFB- | Optical Fiber  gpga
Laser 0-20km RF-SA

Figure 5.2 Experimental setup for optical single sideband modulation.
TLS: tunable light source, MZM: Mach-Zehnder intensity modulator,
PC: polarization controller; OSA: optical spectrum analyzer, EDFA:
erbium-doped fiber amplifier, VOA: variable optical attenuator, and

RF-SA: RF-spectrum analyzer.

First, in order to verify that the proposed concept can overcome the
chromatic dispersion induced power degradation, experiments were
performed with a setup shown in Fig. 5.2. The intensity modulation at 30
GHz was done by modulating light from a tunable external cavity laser with
a 40 GHz Mach-Zehnder intensity modulator. The consequent optical
spectrum of intensity modulated ML is shown as input in Fig. 5.3, where
each sideband is separated by 30 GHz from the optical carrier. The intensity-

modulated light was injected into an unisolated DFB laser diode biased at 12
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mA near the threshold (I, = 11 mA) to ensure wide locking range. The
polarization of the injected light was controlled to be the same as that of the
DFB-LD. By controlling the temperature of the SL, its lasing wavelength is
brought to the desired locking mode of the input ML. As an example,
temperature change of about 5 degrees was required between two conditions
shown in Fig. 5.3 (a) and (b). Whether or not the desired modes are located
within the locking range was easily determined by the presence of a sharp
peak at 30GHz in the RF spectrum of photo-detected signals. Fig. 5.3 (a) and
(b) show the measured output optical spectra of the resulting optical SSB
signals. In both cases, the desired sidebands for SSB are larger than
unwanted sidebands by more than 20 dB.

In order to investigate the effects of fiber chromatic dispersion, photo-
detected 30 GHz signal powers were measured as function of fiber
transmission length and the results are shown in Fig. 5.4. For the
compensation of the optical loss in fiber transmission, an Erbium-doped
fiber amplifier and a variable optical attenuator were employed before PD as
shown in Fig. 5.2. With the DSB signals only, the signal powers were
periodically and greatly suppressed in the RF-spectrum as expected. This can

be represented by [15];
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where D represents the fiber dispersion, L the fiber length, 4, the center
optical carrier wavelength, f,, the electrical modulation frequency, and o
the chirp of the modulator used. The solid line in the figure is obtained from
curve-fitting the DSB-modulated signal power measurement results with Eq.
5. On the contrary, the optically SSB modulated signals, whose optical
spectra are shown in Fig. 5.3 (a) and (b), are not influenced by fiber

dispersion as shown in Fig. 5.4.
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Figure 5.3 Measured optical spectra for input DSB and output optical
SSB for the case that one mode of DSB at shorter wavelength (A) is
within locking range (a) and for the case that two modes of DSB (B and

C) are within locking range (b).
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C. Experiment for overcoming modulation bandwidth

limitation
PRBS (10%3-1) at 155 Mb/s Sampling Error
BPSK Generator Oscilloscope || Detector
L
- ......................... : .........“0
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D rewoew rsssersseennenns LT

Figure 5.5 Experimental setup for overcoming modulation bandwidth
OSA: optical spectrum analyzer, VOA: variable optical attenuator, and

RF-SA: RF-spectrum analyzer.

In this part, it is proved that the new scheme overcomes modulation
bandwidth limitation by 155 Mb/s BPSK data at 17 GHz transmission
experiment. The experimental setup is shown in Fig. 5.5. An Anritsu pattern
generator produces a 155 Mb/s nonreturn-to-zero (NRZ) data stream, which

is initially mixed with a 17 GHz RF carrier to generate the binary phase-shift
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keying (BPSK) data signal. The resulting microwave data signal is then used
to directly modulate a single mode laser diode from Lucent, which is
commercial for 2.5 Gb/s digital communication with a poor frequency
response at 17 GHz. Here, a Fabry-Perot laser diode (FP-LD), biased at 13
mA (2.6 x I;,) was used as an active optical filter.

The insets in Fig. 5.6 (a) and (b) show the measured optical spectra for
intensity-modulated signals, before and after passing through the FP-LD.
Since the resolution of the optical spectrum analyzer available for
measurement was not sufficient to clearly resolve the sidebands, a
heterodyne spectrum analysis was performed by beating signals of interest
(S1, S2, and A¢) with additional light having Ag, lower than Ac by 3 GHz and
observing the resulting RF spectrum as schematically shown in Fig. 5.6 (a)
and (b). The figure shows the RF spectra, before and after passing through
the FP-LD. In the figure, the optical modes that produce the beating signals
are identified. As shown in Fig. 5.6 (b), the peak at 20 GHz, corresponding
to S2, is larger than the peak at 14 GHz, corresponding to S1, by more than
20 dB, clearly indicating the successful generation of the single sideband
spectrum. By amplifying the wanted weakly modulated sideband (S2),
optical SSB is generated and the directly photo-detected signal at 17 GHz is
clearly enhanced for the generated SSB signal. Therefore, the proposed

scheme can overcome the modulation bandwidth limitation.
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The down conversion takes place after the photodiode, by mixing the
data signal with a 17 GHz local oscillator. The resulting 155 Mb/s data
signal may then be displayed on a Tectronics digital sampling oscilloscope
for showing eye diagram, or fed into the Anritsu digital data analyzer to
determine the bit error rate (BER) of the received signal. We then placed a
variable attenuator before the photodiode and measured the received BER as
a function of received optical power, with and without passing through the
SL. These results are presented in Fig. 5.7 which shows that there is an 11
dB improvement in system performance, for a received BER of 10°, when
the SL filters out unwanted sideband and enhances the wanted sideband. Fig.
5.8 is the eye diagrams of the DSB signal and the generated SSB signal at
the received optical power of 7.8 dBm measured by digital sampling
oscilloscope. It is obviously shown that the eye for SSB signal is opened. As
the results, the proposed scheme overcomes modulation bandwidth

limitation by increasing the modulated sidebands effectively.
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Figure 5.6 Measured optical spectra for DSB before FP-LD (a).
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Figure 5.6 Measured optical spectra for SSB after FP-LD (b).
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Figure 5.7 Measured Bit Error Rate versus received optical power for

DSB signal before FP-LD and for SSB signal after FP-LD.
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Figure 5.8 Received eye diagrams of 155 Mb/s data signal at the received

optical power of 7.8 dBm for DSB signal before FP-LD and for SSB

signal after FP-LD.
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D. Discussion

Through the above experimental results, the proposed active optical
filter is successfully demonstrated. However, there can be some limiting
factors and difficulties in proper realization of the scheme. Here, the
practical issues are discussed.

In practice, the locking range and relative gain shape of the active
optical filter are determined by the wavelength and power of the SL. The
wavelength controls the position of locking range in wavelength, leading to
the selection of the desired mode. The power controls the width of locking
range and relative gain shape. Decrease of the SL power results in the wide
locking range, leading to high data rate carrying on the desired sideband. On
the other hand, increase of the power brings about the steep slope in the
relative gain shape, enabling large suppression ratio of the undesired mode,
and large gain, leading to the large modulation bandwidth enhancement.
Because of the trade-off between locking range and relative gain shape, the
optimal control of the SL power and wavelength is required. Therefore,
realization of the active optical filter is dependant on its circumstances such
as the injecting ML power, ML’s modulation depth, and user’s need for data
rates and suppression ratio.

For better controllability, large ML power is favorable. The main factor
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to lose the injecting input ML power is the poor coupling of the ML to the
SL cavity. For the efficient coupling, the polarization of the ML should be
the same as that of the SL. Therefore, polarization needs to be controlled

carefully.
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VI. Conclusion

The intensity modulation is a simple and cost-effective technique to
transmit microwave and millimeter wave signals over fiber optic link in
radio-on-fiber system. However, the modulation technique has two important
problems: modulation bandwidth limitation and chromatic dispersion
induced power degradation. In this thesis, the new optical single sideband
modulation scheme overcoming both problems simultaneously is proposed
and demonstrated experimentally. The proposed scheme employs a
semiconductor laser (SL) under external light injection as an active optical
filter.

First, the characteristics of the SL under external light injection are
discussed, which are the origins of the proposed scheme. For the SL under a
single mode master laser (ML), the characteristics are investigated by well-
known classical injection locking model. When the ML is within the locking
range of the SL, the locking occurs and the ML mode obtains the largest
power of the SL. For the SL under several laser injections, simulation with
extended rate equations and experiments are performed for analysis. The
results show that the ML modes within the locking range of the SL share the
power of the SL but the ML mode at longer wavelength obtains the larger

power of the SL.
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Based on the power spectral analysis of the SL subject to the light
injection, its wavelength selective amplification characteristic can be
investigated. From the input ML lights and output lights after passing the SL,
the SL is considered as an active optical filter. The SL filters out one of the
sideband outside the locking range to generate optical single sideband
signals and amplifies the weak selected sideband for overcoming modulation
bandwidth limitation. In addition to, it suppresses relatively excess optical
carrier so that the effective optical modulation depth can be largely increased.

In order to verify the proposed scheme, 30GHz OSSB signals are
experimentally generated using a DFB laser diode as the optical filter. The
power ratio of the desired sideband to the undesired one was more than 20dB,
which is enough value to neglect the dispersion-induced power variation. In
the experiment of transmitting 155 Mb/s data over 17 GHz optical
microwave signal, the new optical single sideband modulation scheme using
Fabry-Perot laser diode provides more than 11 dB improvement in system
performance by enhancing modulation response.

Since locking characteristics can be controlled by adjusting SL lasing
wavelength and power, the desired filtering and gain characteristics can be
easily tuned. The new scheme using a Fabry-Perot laser diode is specially
beneficial, not only because it has many modes that can be used for the

filtering process so that the wavelength range for this technique can be very

50



wide but also because it makes the system cost low. Therefore, the proposed
scheme to use the favorable Fabry-Perot laser as an active optical filter has

potential for the various applications, and this remains as future work.
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