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Abstract: In radio-over-fiber systems, optical single-sideband (SSB)
modulation signals are preferred to optical double-sideband (DSB) modula-
tion signals for fiber distribution in order to mitigate the microwave power
fading effect. However, typically adopted modulation schemes generate
DSB signals, making DSB-to-SSB conversion necessary before or after
fiber distribution. This study investigates a semiconductor laser at stable
locking dynamics for such conversion. The conversion relies solely on
the nonlinear dynamical interaction between an input DSB signal and the
laser. Only a typical semiconductor laser is therefore required as the key
conversion unit, and no pump or probe signal is necessary. The conversion
can be achieved for a broad tunable range of microwave frequency up to at
least 60 GHz. In addition, the conversion can be carried out even when the
microwave frequency, the power of the input DSB signal, or the frequency
of the input DSB signa fluctuates over a wide range, leading to high
adaptability and stability of the conversion system. After conversion, while
the microwave phase quality, such as linewidth and phase noise, is mainly
preserved, a bit-error ratio down to 10~° is achieved for a data rate up to
at least 8 Gb/swith adetection sensitivity improvement of morethan 1.5 dB.
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1. Introduction

Radio-over-fiber has attracted great attention due to the strong demand in distributing mi-
crowave subcarriers over long distances through fibers for broadband wireless access net-
works [1, 2]. External or direct modulation of semiconductor lasersis the simplest scheme to
superimpose microwave subcarriers onto optical carriers for such radio-over-fiber systems[3].
Owing to the inherent nature of either modulation scheme, an optical double-sideband (DSB)
modulation signal is typically generated, in which the power of the two modulation sidebands
around the optical carrier is the same. Such a DSB feature leads to severe microwave power
fading over fiber distribution of the optical signal [4, 5], which results from a walk-off in the
relative phases of the two modulation sidebands to the optical carrier dueto fiber chromatic dis-
persion. To mitigate the fading effect, it is preferable that only one modulation sideband exists,
or, more loosely speaking, one modul ation sideband is much stronger than the other, leading to
afeature of optical single-sideband (SSB) modulation. Therefore, it becomes necessary to per-
form DSB-to-SSB conversion for either modulation scheme before or after fiber distribution.
Various different conversion approaches and systems have been proposed accordingly [6-14].

For example, Smith et al. suggested a dual-electrode Mach-Zehnder modulator with a pre-
cise control of the relative phase between the two microwave signals applied to the two elec-
trodes, respectively [6]. This, however, limits the applicability of the approach to the external
modulation scheme only. In addition, an electronic microwave phase shifter and an electronic
microwave power divider are required. This makes the approach increasingly difficult or expen-
siveto implement for increasingly high microwave subcarrier frequency owing to the electronic
bandwidth limitation. Yao proposed to apply the stimulated Brillouin scattering in an optical
fiber to considerably amplify one modulation sideband of an input DSB signal through the Bril-
louin gain [7]. Because of the limited gain bandwidth, a precise frequency control of an optical
pump is necessary and the rate of the data carried by a microwave subcarrier is restricted to
around 10 Mb/s. The system is therefore required to be highly stable and limited to applica-
tions at low data rates only. Moreover, along fiber, on the order of 10 km, and a strong optical
pump, on the order of 10 mW, are required, making the system bulky and power consuming.
Kaszubowska et al. suggested a fiber Bragg grating to suppress one modulation sideband of
an input DSB signal by positioning one edge of its passband close to the optical carrier fre-
quency [9]. An optical amplifier is needed to compensate for the significant optical power loss
after conversion, making the approach power consuming. In addition, afiber Bragg grating of a
different center frequency or a different passband width is necessary for aradio-over-fiber sys-
tem adopting adifferent optical carrier frequency or adifferent microwave subcarrier frequency,
respectively. This severely restricts the range of either frequency the approach can be applied
to once a fiber Bragg grating is given. Hung et al. proposed to use the period-one nonlinear
dynamics in a semiconductor laser by taking advantage of the significant intensity-asymmetry
between the two oscillation sidebands of the dynamics[13]. Frequency locking is required be-
tween the modulation sidebands of an input DSB signal and the oscillation sidebands of the
dynamics. This limits the extent of converter adaptability and stability when operating condi-
tions fluctuate because of possible ambience variations or different system requirements.

In this study, an approach based on stable locking dynamics of a semiconductor laser is pro-
posed for DSB-to-SSB conversion. The stable locking dynamics can be excited when the laser
is subject to continuous-wave (CW) optical injection within the range bounded by a Hopf bi-
furcation and a saddle-node bifurcation [15-20]. On one hand, the optical injection imposes
the injected laser to follow its optical phase and therefore to oscillate at the injection frequency
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instead. On the other hand, the optical injection red-shifts the cavity resonance of the injected
laser through the antiguidance effect and therefore radically modifies the relaxation resonance
features [20-23]. The two relaxation resonance sidebands substantially shift away from the
injected laser oscillation, resulting in a considerable enhancement of the relaxation resonance
frequency [24-28]. More interestingly, the lower relaxation resonance sideband highly dom-
inates the upper one, suggesting that the resonance enhancement is significantly stronger at
frequencies negatively offset from the injected laser oscillation [21, 23]. The DSB-to-SSB con-
version can therefore be achieved by considerably amplifying the lower modulation sideband
of an input DSB signal as opposed to the upper one through such a significant difference in
the resonance enhancement. The conversion can be carried out no matter how the input DSB
signal is generated to begin with, such as external or direct modulation of alaser. Only atypical
semiconductor laser is required as the key conversion unit, and no pump or probe signal is nec-
essary. No frequency locking is required as in the period-one dynamics approach, which highly
improves the extent of converter adaptability and stability when operating conditions fluctuate.
The conversion can be achieved for a significantly broad tunable range of microwave subcarrier
frequency up to at least 60 GHz by simply adjusting the frequency and power of the input DSB
signal relative to those of the injected laser. Owing to the wide bandwidth of the resonance
enhancement, the rate of the data carried by a microwave subcarrier can be considerably high,
up to at least 8 Gb/s. Note that a proof-of-concept of the proposed conversion approach has
been demonstrated in [29] without addressing the various key performance characteristics in-
dicated above. Therefore, this study provides valuable and comprehensive information to take
the best advantages of the proposed conversion approach for practical applications. Also note
that radio-over-free-space has recently attracted much research interest for free-space optical
communications owing to its promising capability to aleviate signal scintillation introduced
by atmospheric turbulence [30, 31]. The proposed conversion approach can be used for such
an application to mitigate possible microwave power fading due to chromatic dispersion and
to improve detection sensitivity and thus transmission distance. Following this introduction, an
experimental setup is presented in Section 2. Results and analyses are reported in Section 3.
Finally, a discussion and a conclusion are made in Section 4.

2. Experimental setup

A schematic of the experimental apparatus used for this study is presented in Fig. 1. The pro-
posed DSB-to-SSB conversion system consists of a typical single-mode distributed-feedback
semiconductor laser (Furukawa FRL15DCW5-A81), LD2. Under abias current of 30 mA and a
stabilized temperature of 23° C, the free-running LD2 oscillates at 193.411 THz with an optical
power of 3.8 mW measured at itsfiber-pigtail output and with arelaxation resonance frequency
of 8 GHz. An input optical carrier is generated by another single-mode distributed-feedback
semiconductor laser of the same model, LD1, and is directed toward L D2 through a circulator.
To excite the stable locking dynamics, the frequency of the input optical carrier is detuned by
f; from the free-running frequency of LD2 through adjusting either the temperature or the bias
current of LD1. In addition, the power of the input optical carrier is varied using an Erbium-
doped fiber amplifier and a variable optical attenuator, and is measured at the output port of the
circulator connected to LD2. Note that the fiber amplifier is not required if the power of the in-
put optical carrier is adequately high to begin with for the operation of the proposed conversion
system. To indicate the injection strength received by LD2, an injection ratio &;, defined as the
sguare root of the power ratio between the input optical carrier and the free-running LD2, is
used in this study. A polarization controller aligns the polarization of the input optical carrier
with that of LD2 to maximize the injection efficiency. A microwave subcarrier at a frequency
of fm isfirst generated by a microwave source (Agilent E8257D) and next superimposed on
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Fig. 1. Schematic of the experimental apparatus. LD1, laser diode 1; PC, polarization con-
troller; MZM, Mach-Zehnder modulator; M, mixer; PG, pattern generator; EDFA, Erbium-
doped fiber amplifier; VOA, variable optical attenuator; C, circulator; LD2, laser diode 2;
OSA, optical spectrum analyzer; PD, photodiode; MSA, microwave spectrum analyzer; PS,
phase shifter; LPF, low-passfilter; ET, error tester.

theinput optical carrier through a Mach-Zehnder modulator (EOspace AX-AV5-40) to form an
optical DSB signal. Datain aformat of binary phase-shift keying from a pattern generator (An-
ritsu MP2101A) are encoded onto the microwave subcarrier through an electronic microwave
mixer. The output of LD2 is sent to an optical spectrum analyzer (Advantest Q8384) and a
50-GHz photodiode (u2t Photonics XPDV 2120R). The photodetected signal is monitored by a
microwave spectrum analyzer (Agilent N9030A PXA). For the hit-error ratio (BER) analysis,
the photodetected signal is first downconverted to the baseband by mixing it with a local mi-
crowave oscillator at f,, and is next sent through alow-pass filter before entering an error tester
(Anritsu MP2101A).

3. Resultsand analyses

3.1. Operating principle

Without any external perturbation, LD2 oscillates at the free-running cavity resonance, shown
as the black curve in Fig. 2(a). Theoretically, two relaxation resonance sidebands of similar
power, which result from the interaction between optical fields and charge carreirs, would
emerge equally and oppositely away from the laser oscillation [32, 33]. However, they cannot
be experimentally observed due to the limited frequency resolution and detection sensitivity of
the optical spectrum analyzer used in this study. The frequency offset between the relaxation
resonance sidebands and the laser oscillation is commonly adopted to approximate the relax-
ation resonance frequency of alaser [21, 33] and is denoted as f; for the same purpose in this
study. The power similarity between the relaxation resonance sidebands implies asimilar level
of the resonance enhancement at frequencies either negatively or positively offset from the laser
oscillation. These characteristics can be radically modified through the introduction of external
optical injection within the range bounded by a Hopf bifurcation and a saddle-node bifurcation.

When an input optical carrier without microwave modulation, shown as the blue curve in
Fig. 2(a), isinjected into LD2 at (&, fi) = (1.33, 15.53 GHz), a stable locking dynamical state
is excited, shown asthe green curvein Fig. 2(a). Owing to the injection pulling effect [34, 35],
the input optical carrier imposes LD2 to follow its optical phase and therefore to oscillate at
the offset frequency of 15.53 GHz, i.e., at the input optical carrier frequency. In addition, the
introduction of the input optical carrier lowers down the optical gain level required for the in-
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Fig. 2. Optical spectraof (a) free-running output (black curve), CW input (blue curve), and
stable locking output (green curve), and (b) DSB input (blue curve) and SSB output (red
curve). For visibility, the curves are up- or down-shifted with respect to each other. The
x-axes are relative to the free-running frequency of LD2. Inputs are kept at (&, fi) = (1.33,
15.53 GHz).

jected LD2, which in turns red-shifts the cavity resonance of LD2 through the antiguidance
effect [21-23]. As a result, the two relaxation resonance sidebands shift considerably away
from the injected LD2 oscillation, leading to a considerable enhancement of f, from 8 GHz
to 30 GHz. This modified characteristic is beneficia to the proposed conversion approach for
high-frequency microwave applications. Moreover, because of the red-shifted cavity resonance,
the lower relaxation resonance sideband is resonantly enhanced as opposed to the upper one,
resulting in its visible appearance in the spectrum and its dominance over the upper one, about
14 dB higher. This suggeststhat the resonance enhancement is significantly stronger at frequen-
cies negatively offset from the injected LD2 oscillation.

By taking advantage of such a significant difference in the resonance enhancement, the DSB-
to-SSB conversion can be carried out by considerably amplifying the lower modulation side-
band of an input DSB signal, as demonstrated in Fig. 2(b). The input optical carrier is now
microwave-modulated at f,, = f; = 30 GHz, shown asthe blue curve in Fig. 2(b), which gener-
atesan input DSB signal with an optical carrier 25-dB stronger than both modulation sidebands,
corresponding to an optical modulation depth of 11%. At the same (§;, fi) = (1.33, 15.53 GHz)
considered in Fig. 2(a), an output optical signal with a SSB feature can be obtained, shown as
the red curve in Fig. 2(b). While the upper modulation sideband is slightly reduced by about
1 dB, the lower one is substantially enhanced by about 13 dB, leading to a sideband rejection
ratio, SRR, of about 14 dB. Note that, in this study, the SRR value of an output optical signal
is defined as the relative strength of its lower modulation sideband to the upper one in order
to quantify the extent of its SSB feature after conversion. Comparing Fig. 2(b) with Fig. 2(a)
suggests that the extent of the SSB feature of the output optical signal is indeed strongly de-
termined by the difference in the resonance enhancement of the stable locking dynamical state
between negatively and positively offset frequencies from the injected LD2 oscillation. Aswill
be demonstrated in Fig. 9, such a SRR value is adequately high to considerably mitigate the
microwave power fluctuation when the output SSB signal is distributed over fibers. Note that
even though external modulation of a semiconductor laser is used to generate input DSB sig-
nals in this study, the proposed conversion approach works no matter how input DSB signals
are generated to begin with.
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Fig. 3. (a) Optical spectra of the stable locking output (green curve) at (&, fi) = (1.17,
15.53 GHz) and the SSB output (red curve) at (&, fi, fm) = (1.17, 15.53 GHz, 27 GHz).
(b) Optical Spectraof the stable locking output (green curve) at (&, fi) = (1.33, 21.8 GHz)
and the SSB output (red curve) at (&, fi, fm) = (1.33, 21.8 GHz, 33 GHz). (c) Relaxation
resonance frequency f; and (d) sideband rejection ratio, SRR, of the stable locking output
interms of & at f; = 15.53 GHz and in terms of f; at & = 1.33. In (a) and (b), the curves
are up- or down-shifted with respect to each other for visibility, and the x-axes are relative
to the free-running frequency of LD2.

3.2.  Conversion tunability

Various stable locking dynamical states similar to the one shown in Fig. 2(a) can be excited over
awide range of & and f;. For example, as Fig. 3(a) shows, if & is adjusted from 1.33 to 1.17
while keeping f; = 15.53 GHz, the CW-injected LD2 exhibits a similar stable locking feature
yet with f, = 27 GHz and SRR = 17 dB. Note that, in this study, the SRR value of a stable
locking dynamical state is defined as the relative strength of its lower relaxation resonance
sideband to the upper one in order to quantify the difference of its resonance enhancement
between negatively and positively offset frequencies from the injected laser oscillation. On the
other hand, as Fig. 3(b) shows, if f; changes from 15.53 to 21.8 GHz while fixing & = 1.33,
the CW-injected LD2 also exhibits a similar stable locking feature but with f, = 33 GHz and
SRR = 16 dB. The dependence of f; and SRR on the injection condition for the CW-injected
LD2 at the stable locking dynamics are presented in Figs. 3(c) and 3(d), respectively. In general,
f, increases monatonically with increasing & or fi, giving rise to a broadly and continuously
tunable f, up to at least 45 GHz for the operating conditions under study. A higher f;, such
as 100 GHz, can be achieved if & or f; can be further increased within the range of the stable
locking dynamics, or if a higher free-running f; is given to begin with by using a higher bias
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Fig. 4. (a) Tunability in microwave subcarrier frequency for two representative SRR values.
(b) Tunahility in SRR for two representative microwave subcarrier frequencies.

level of the same laser or adifferent laser of a higher speed. On the other hand, SRR increases
monotonically with decreasing & or increasing fi, where SRR of more than 10 dB can be
achieved.

By taking advantage of the feasibility in exciting various stable locking dynamical states of
different f, and SRR, aninput DSB signal at aspecific microwave subcarrier frequency, f, = f;,
can be converted to an output SSB signal with a specific SRR value by simply adjusting &;
or/and f;. For example, for an input DSB signa at f, = 27 GHz, an output SSB signal with
SRR = 17 dB can beobtained at (&, fj) = (1.17, 15.53 GHz), shown asthered curvein Fig. 3(a).
For an input DSB signal at f, = 33 GHz, an output SSB signal with SRR = 15 dB can be
obtained at (&, f;) = (1.33, 21.8 GHz), shown as the red curve in Fig. 3(b). Hence, by properly
manipulating (&, fi), an output SSB signal with a specific SRR value can be achieved for a
broad range of microwave subcarrier frequency, as shown in Fig. 4(a). On the other hand, an
output SSB signal with awide range of SRR can be obtained for a specific microwave subcarrier
frequency, as presented in Fig. 4(b). These tunable characteristics of the proposed conversion
system provide a radio-over-fiber system with capability to dynamically reconfigure itself if
a different operating condition in the microwave subcarrier frequency or the SSB feature is
required.

3.3.  System adaptability and stability

For afixed injection condition (&;, f;) where f; is constant, the proposed conversion approach
works even when fy, varies around f,. As Fig. 5(a) presents, at the same (&;, fi) = (1.33,
15.53 GHz) considered in Fig. 2 where f; = 30 GHz, an input DSB signal at f,, = 25 GHz
can be converted to an output SSB signal with SRR = 14 dB. This demonstrates that the system
can be self-adapted to certain adjustmentsin fr,, which may result from possible fluctuations
in the operating condition or different requirements in different radio-over-fiber systems, with-
out the need to change (§;, fi). Different from the period-one dynamics approach [13], the
modulation sidebands of an input DSB signal do not need to lock, respectively, the relaxation
resonance sidebands of a stable locking dynamical state for the proposed approach to achieve
the conversion when fr, # f;. Thischaracteristic further enablesthe conversion of an input DSB
signa at fn, very far from f;. For example, as demonstrated in Fig. 5(b) where f,, = 20 GHz,
an output SSB signal with SRR = 11 dB is obtained at the same (§;, f;) = (1.33, 15.53 GHz)
considered in Fig. 2 where f, = 30 GHz. Asnoted in Figs. 5(a) and 5(b), the power difference
between the two modulation sidebands after conversion depends on fr,. This is more clearly
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Fig. 5. Optical spectraof DSB inputs (blue curves) and SSB outputs (red curves) at (&, fi)
=(1.33, 15.53 GH2z) for (a) fny =25 GHz and (b) f, = 20 GHz, respectively. For visibility,
the curves are up- or down-shifted with respect to each other. The x-axes are relative to the
free-running frequency of LD2. (c) Sideband rejection ratio and (d) optical power of the
lower (squares) and upper (circles) modulation sidebandsin termsof fy, at (&;, i) = (1.33,
15.53 GHz).

demonstrated in Fig. 5(c), where the SRR value reaches its maximum at around f,, = 27 GHz,
which is 3 GHz below f,, and decreases monotonicaly as fr, deviates from 27 GHz. Such a
dependence results from the different level of the resonance enhancement as a function of fp,
for each modulation sideband, as Fig. 5(d) presents. Theincrease of SRR is attributed to the fact
that the power of the lower modulation sideband enhances significantly before f,, = 30 GHz
while that of the upper one remains mostly unchanged before f,, = 27 GHz. The decrease of
SRR, on the other hand, results from the fact that the power of the lower modulation sideband
reduces considerably after f,, = 30 GHz while that of the upper one enhances moderately after
fm = 27 GHz. If SRR = 10 dB, for example, is the minimum requirement for an output SSB
signal in aradio-over-fiber system to mitigate the microwave power fading effect to an accept-
ablelevel, Fig. 5(c) demonstrates that the proposed conversion approach works well for (&;, f;)
=(1.33, 15.53 GHz) even when f,, varies between 20 and 34 GHz. This system adaptability to
fm adjustment ensures a functioning operation of the proposed conversion system over a con-
siderably broad range of variation in the microwave subcarrier frequency without the need to
adjust the injection level and frequency.

For afixed microwave subcarrier frequency fr,, the proposed conversion approach also works
even when & or fj fluctuates, i.e., even when f, shiftsaround fr,. For example, when & changes
from 1.33 to 1.17 while keeping f; = 15.53 GHz, f, shifts from 30 to 27 GHz, shown as the
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Fig. 6. Optical spectra of DSB inputs (blue curves) and SSB outputs (red curves) at fy, =
30 GHzfor (a) (&, fi) = (1.17, 15.53 GHz) and (b) (&, fj) = (1.33, 21.8 GHz), respectively.
For visibility, the curves are up- or down-shifted with respect to each other. The x-axes are
relative to the free-running frequency of LD2.

green curve in Fig. 3(a). Under this injection condition, an input DSB signal at f,, = 30 GHz
can be converted to an output SSB signal with SRR = 14 dB, as Fig. 6(a) presents, of which
SSB feature is close to the one demonstrated in Fig. 2(b) when & = 1.33. On the other hand,
when f; varies from 15.53 to 21.8 GHz while fixing & = 1.33, f; shifts from 30 to 33 GHz,
shown as the green curve in Fig. 3(b). As Fig. 6(b) presents, under this injection condition, an
input DSB signal at f, = 30 GHz can be converted to an output SSB signal with SRR = 17 dB,
of which SSB feature is similar to the one demonstrated in Fig. 2(b) when f; = 15.53 GHz.
These results demonstrate that the system can stably operate under certain fluctuations of either
& or fi, which may result from possible fluctuationsin the operating condition due to ambiance
variations. As opposed to the period-one dynamics approach, no frequency locking between the
modul ation sidebands of an input DSB signal and the rel axation resonance sidebands of astable
locking dynamical state is necessary for the proposed approach to carry out the conversion
when f; # fy. This characteristic makes the DSB-to-SSB conversion still feasible if & or f;
fluctuates considerably, i.e., if f; is very far from f,. For example, if SRR = 10 dB is the
minimum requirement for an output SSB signal in a radio-over-fiber system to mitigate the
microwave power fading effect to an acceptable level, the proposed conversion approach works
well for f, = 30 GHz eveniif & variesbetween 1.05 and 1.67 at f; = 15.53 GHz or if f; changes
between 8.51 and 34.75 GHz at £ = 1.33. Theformer and the latter correspond to achange of f;
between 25 and 35.6 GHz and between 26.6 and 40.9 GHz, respectively. This system stability
under & or f; variation ensures afunctioning operation of the proposed conversion system over
asignificantly wide range of fluctuation in the input optical power and frequency.

3.4. Microwave stability and purity

Since the proposed conversion approach is mainly based on the nonlinear dynamical interaction
that occursinside theinjected laser cavity, thisraises concern of whether the stability and purity
of the microwave subcarriers would deteriorate after conversion due to laser intrinsic noise. To
investigate the microwave stability and purity, the 3-dB linewidth and the single-sideband phase
noise, estimated as the ratio of the microwave power at a non-zero frequency offset to that at
the zero, of the microwave subcarriers are analyzed. For the operating condition considered in
Fig. 2(b) where fn, = f;, the microwave linewidth after conversion is maintained below 1 Hz,
as shown in Fig. 7(a), which is the highest resolution bandwidth of the microwave spectrum
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Fig. 7. (a) Microwave spectra, centering at 30 GHz, and (b) phase noise of the DSB input
(blue curves) and the SSB output (red curves) at (&;, fi, fm) = (1.33, 15.53 GHz, 30 GHz).
(c) Microwave Spectra, centering at 25 GHz, and (d) phase noise of the DSB input (blue
curves) and the SSB output (red curves) at (&, fi, fm) = (1.33, 15.53 GHz, 25 GHz). When
measuring the microwave linewidth, the highest resolution of 1 Hz is used.

analyzer used in this study. In addition, the microwave phase noise of the output SSB signal
follows closely with that of the input DSB signal over the frequency range under consideration,
as shown in Fig. 7(b). These results suggest that the microwave stability and purity are mostly
preserved after conversion.

Such preservation is as well observed not only for other operating conditions under study
where f, = f; but aso for those where f,, # f;. As an example, for the operating condition
considered in Fig. 5(a) where f, # f;, the microwave linewidth and phase noise of the output
SSB signal are highly similar to those of the input DSB signal, as Fig. 7(c) and 7(d) present,
respectively. This result demonstrates that, even when fy, &, or f; fluctuates within a broad
range, not only the proposed conversion system operates stably but also the microwave stability
and purity are preserved after conversion.

3.5. Dataquality

The preservation of the microwave stability and purity ensures that the quality of the data car-
ried by the microwave subcarriersis maintained after conversion. Figure 8(a) presentsthe BER
analysis at a data rate of 1.25 Gb/s for the operating condition considered in Fig. 2(b) where
fm = fr. The BER behavior of the output SSB signal is similar to that of the input DSB signal,
where a BER down to 10~? is achieved. Their representative eye diagrams shown in Fig. 8(b)
demonstrate not only clear and wide eye-opening but also similar time jitters. These results
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Fig. 8. (a) BER intermsof received optical power. Open and solid squares are resultsfor the
DSB input and the SSB output, respectively, at (&;, fi, fm) = (1.33, 15.53 GHz, 30 GHz).
Open and solid circles are results for the DSB input and the SSB output, respectively, at
(&, fi, fm) = (1.33, 15.53 GHz, 25 GHz). All hit rates are fixed at 1.25 Gb/s with a bit
sequence of 231 — 1. (b) Eye diagrams for the open and solid squares in (a), respectively,
at BER = 102, (c) Frequency response of the proposed system to modulation of the mi-
crowave subcarrier at (&, fi, fm) = (1.33, 15.53 GHz, 30 GHz). (d) Detection sensitivity
improvement at BER = 109 in terms of data rate with a bit sequence of 2° — 1 when (&;,
fi, fm) = (1.33, 15.53 GHz, 30 GHz).

suggest that the quality of the data is mostly preserved after conversion. Note that, except for
the slight spectral broadening around both modulation sidebands, the extent of the SSB feature
of the output optical signal shown in Fig. 2(b) is sustained even when a message is encoded
onto the microwave subcarrier of the input DSB signal.

Figure 8(a) also shows an improvement of the detection sensitivity, about 2.8 dB, after con-
version. Such an improvement results from the power amplification around the lower modula-
tion sideband, in particular, of the output SSB signal because of the strong resonance enhance-
ment around the lower relaxation resonance sideband of the injected laser. This can be verified
by the result shown in Fig. 2(b), where the power of the lower modulation sideband is sig-
nificantly enhanced by 13 dB after conversion. This gives rise to a considerable enhancement
of the optical modulation depth of the output SSB signal, and therefore, as Fig. 7(a) presents,
leads to power amplification of the microwave subcarrier, about 6 dB, after conversion. This
result suggests that, through the same resonance enhancement mechanism, the data carried by
the microwave subcarrier can also be amplified up to a similar level. Since the optical power
received by the photodiode is proportional to the square root of the electrical power it gener-
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ates, the improvement of the detection sensitivity shown in Fig. 8(a) is approximately half of
the microwave amplification shown in Fig. 7(a).

Similar BER performance, eye diagrams, and detection sensitivity improvements are as well
observed not only for other operating conditions under study where f,, = f; but also for those
where f, # fr. Asan example, for the operating condition considered in Fig. 5(a) where f, #
f;, not only a BER down to 10~ is achieved after conversion but also a detection sensitivity
improvement of 2 dB is obtained, as Fig. 8(a) presents. This result demonstrates that, even
when fm, &, or f; fluctuates within a broad range, not only the proposed conversion system
operates stably but also the quality of the data carried by the input DSB signal is preserved
after conversion.

For a data rate higher than 1.25 Gb/s, similar BER performance, eye diagrams, and detec-
tion sensitivity improvements can also be achieved. To investigate the highest possible data
rate that the proposed conversion system can respond to, Fig. 8(c) demonstrates its frequency
response to modulation of the input microwave subcarrier for the operating condition consid-
ered in Fig. 2(b). A 3-dB modulation bandwidth of about 5.5 GHz is observed, suggesting
that the proposed conversion system can well respond to the modulation at a data rate up to
at least 5.5 Gb/s. Note that the signal power shown in Fig. 8(c) is normalized with respect to
the modulation of the input microwave subcarrier at each corresponding frequency in order
to compensate for the different response of the Mach-Zehnder modulator used in this study
at each frequency. Therefore, Fig. 8(c) also suggests the power amplification profile around
the microwave subcarrier frequency through the resonance enhancement mechanism addressed
above. Accordingly, to a certain extent, the 3-dB modulation bandwidth can also be used to
indicate the gain bandwidth of the resonance enhancement provided by the proposed conver-
sion system, suggesting that the detection sensitivity improvement can happen for a data rate
up to more than 5.5 Gb/s. Figure 8(d) presents the dependence of the detection sensitivity im-
provement on the data rate under the operating condition considered in Fig. 2(b). A sensitivity
improvement of more than 1.5 dB is observed up to 8 Gb/s, suggesting that the proposed con-
version system responds well up to at least 8 Gb/s even though its 3-dB modulation bandwidth
for the present operating condition is only about 5.5 GHz. Note that, owing to the bandwidth
limitation of certain devices used in this study, only a data rate up to 8 Gh/sis demonstrated. If
a detection sensitivity improvement of —3 dB, which is more commonly referred to as a 3-dB
power penalty in the field of optical communications, is the minimum requirement for aradio-
over-fiber system to maintain its quality of service, the proposed conversion system would also
work well for a data rate much higher than 8 Gb/s based on Figs. 8(c) and 8(d).

3.6. Fiber distribution

To demonstrate the chromatic dispersion effect on the power of microwave subcarriers over
fiber distribution, both input DSB signals and output SSB signals are sent through fibers of
different lengths before photodetection. Figure 9(a) presents the power of the microwave sub-
carriers as a function of the fiber transmission distance for the operating condition considered
in Fig. 2(b). To compensate for the optical power loss due to fiber attenuation, optical fiber
amplifiers are used to ensure that the optical power received by the photodetector is the same
for each data point under study. However, due to the limit of the available optical power, atotal
transmission distance of less than 40 km is investigated experimentally. Theoretical curves are
also shown for comparison, which are calculated based on the following equation [5, 6]:

2
P, o {1+S+2\fScos [chDl (:f”) ]} (o)
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Fig. 9. (8) Microwave power and (b) received optical power as functions of fiber transmis-
sion distance for the input DSB signal (blue symbolsand curves) and the output SSB signal
(red symbols and curves) at (&, fi, fm) = (1.33, 15.53 GHz, 30 GHz).

where Py, is the microwave power of a microwave-modulated optical signal after photodetec-
tion, Sisthe sideband rejection ratio of the microwave-modulated optical signal and is defined
asthe relative strength of itslower modulation sideband to the upper one, ¢ isthe speed of light
infree space, D isthe dispersion coefficient at the optical carrier frequency f; of the microwave-
modulated optical signal, | isthefiber transmission distance, and fy, isthe microwave frequency
of the microwave-modulated optical signal. For the fibers used in this study, D = 4.66 ps/km-
nm at fo = 193.426 THz is adopted for the calculation shown in Fig. 9(a), and S= 0 and 14 dB
are used for the input DSB signal and the output SSB signal, respectively, for the operating
condition considered in Fig. 2(b). For the input DSB signal, a deep and repetitive variation of
its microwave power is observed, resulting in amaximum power variation of about 27 dB under
study. For the output SSB signal, by contrast, a significantly smaller power variation is experi-
enced, leading to a maximum power variation of about 3 dB only. Note that the difference in
the microwave power at 0 km between the input DSB signal and the output SSB signal reflects
the fact that the microwave power is amplified after the DSB-to-SSB conversion based on the
proposed approach.

The different behaviors of the microwave power as a function of the fiber transmission dis-
tance between the input DSB signal and the output SSB signal have significantly different im-
pacts on their BER performances. Figure 9(b) presentsthe required level of the received optical
power to achieve a BER of 10~2 as afunction of the fiber transmission distance. BER = 103
is chosen as a criterion here to meet the acceptable standard of BER = 3.8 x 102 with forward
error correctioninthefield of optical communications. Theoretical curves are also presented for
comparison, which are calculated based on Eq. (1) and the relation between the optical power
received and the microwave power generated by a photodetector. For the input DSB signal,
the received optical power required to achieve BER = 102 enhances considerably around the
transmission distance where the microwave power drops the most. It becomes more difficult to
achieve error-free reception down to BER = 102 if the transmission distance approaches more
to the valley of the microwave power variation owing to the significantly weak microwave
power. For the output SSB signal, by contrast, error-free reception is achieved over the fiber
transmission distance under study with a maximum variation of only 2 dB in the received op-
tical power required to achieve BER = 10~3. Results similar to Figs. 7 to 9 are obtained no
matter whether the DSB-to-SSB conversion is carried out before or after fiber distribution,
which provides flexibility in the architecture design of aradio-over-fiber system.
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4. Discussion and conclusion

Before concluding this study, a few remarks are made as follows to compare the stable lock-
ing dynamics approach demonstrated here with the period-one dynamics approach proposed
in [13]. Different from the former, the latter requires frequency locking between the modula-
tion sidebands of an input DSB signal and the oscillation sidebands of a period-one dynamical
state in order to take advantage of the inherent power difference between the oscillation side-
bands, typically more than 20 dB. Accordingly, as opposed to the stable locking dynamics
approach, the DSB-to-SSB conversion is achieved with a higher SRR value, typically more
than 20 dB, and a higher detection sensitivity improvement, up to at least 15 dB, using the
period-one dynamics approach. However, the frequency-locking requirement limits the system
adaptability and stability to a narrower range when operating conditions fluctuate and may also
restrict the highest possible data rate to alower value because of the narrower gain bandwidth.
For example, if f, deviatesfrom f, by 5 GHz as addressed in Sec. 3.3, the period-one dynamics
approach cannot work unless a high enough optical modulation depth, such as 36% or higher,
is used to achieve the required frequency locking.

In summary, an approach based on stable locking dynamics of a semiconductor laser isin-
vestigated for DSB-to-SSB conversion. By taking advantage of the significant differencein the
resonance enhancement of the dynamics between negatively and positively offset frequencies
from the laser oscillation, the conversion is achieved by considerably amplifying the lower
modulation sideband of an input DSB signal as opposed to the upper one. The conversion can
be achieved no matter how the input DSB signal is generated to begin with, such as external
or direct modulation of a laser. Since the conversion relies solely on the nonlinear dynamical
interaction between the input DSB signal and the laser, only a typical semiconductor laser is
required as the key conversion unit, and no pump or probe signal is necessary. The conversion
can be achieved for a broad tunable range of microwave subcarrier frequency up to at least
60 GHz by simply adjusting the frequency and power of the optical carrier of the input DSB
signal relative to those of the laser. Since no frequency locking is required, the conversion can
be achieved even when the operating condition fluctuates over a wide range owing to possi-
ble ambiance variations or different practical requirements, leading to high adaptability and
stability of the conversion system. The phase quality, such as linewidth and phase noise, of mi-
crowave subcarriersismainly preserved after conversion. Because of the wide bandwidth of the
resonance enhancement, the rate of the data carried by the microwave subcarriersis high, up to
at least 8 Gb/s. Similar results on the phase quality and data performance are obtained no matter
whether the conversion is carried out before or after fiber distribution, providing flexibility in
the architecture design of aradio-over-fiber system.
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