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Light chirp is a major issue in optical fiber links.

This letter deals with precise characterizations of

the frequency chirp parameters of reflective semiconductor optical amplifiers (RSOAs). The RSOA chirp
properties are represented by transient and adiabatic chirps, whose parameters are characterized utilizing
a ratio between the phase and the amplitude modulation depths of the RSOA when modulated with sine
waves. Utilizing a high-resolution optical spectrum analyzer, a RSOA linewidth enhancement factoraand
an adiabatic factork are obtained experimentally, based on which the influence of chirp parameters on the
transmission performance of non-return-to-zero (NRZ) signals can be analyzed.
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Reflective semiconductor optical amplifiers (RSOAs)
have been utilized as intensity modulator in adaptively
modulated optical orthogonal frequency division multi-
plexing (OFDM) modems recently!!l. With salient ad-
vantages such as simultaneous signal modulation and
optical amplification, provision of centralized colorless
wavelength management and bidirectional transmission,
the employment of RSOAs in optical network units
(ONUs) has been extensively investigated!®3l. A large
number of research papers have been published, few ar-
ticles have, however, been dedicated to address the fre-
quency chirp issues associated with RSOAs.

An important effect arises from a laser is that the out-
put optical frequency varies with the change of a driv-
ing current, known as the frequency chirp®. The light
chirp and its dependence on optical power is one of most
relevant issues in laser-based optical systems. It has
been extensively studied from the beginning of the laser
history!®.

The main interest in chirp properties has been shown
for lasers!¥, but a relatively less interest for RSOAs. A
laser output lightwave envelope contains the informa-
tion to be transmitted when driven above the thresh-
old current. Under direct intensity modulation, the
laser suffers a considerable spectral broadening because
of the residual frequency modulation produced by chirp,
which is determined by the transient and adiabatic chirp
parameters®). Due to the same composition material as
laser and similar resonant cavity structure, we believe
that RSOA also has similar chirp characteristics.

Frequency chirp is a manifest drawback in OFDM
transmission systems, especially in optical networks!7.
For example, its interaction with fiber chromatic dis-
persion introduces a limitation to link distance, and de-
termines the ultimate transmission bandwidth of single-
mode fiber systems. Therefore, it is of great impor-
tance to address the physical origin of frequency chirps
in RSOAs.

In this letter, we precisely measure chirp parameters of
RSOAs with a simple method. By comparing the mea-
sured spectra with calculated results, we characterize the
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frequency chirp parameters of RSOAs. In particular, the
linewidth enhancement factor «, which is the main pa-
rameter describing chirp, is extensively discussed.

The relation between the light chirp and the optical
power can be seen as the instantaneous change of optical
frequency Aw in response to variations of optical power,
i.e. the intensity-modulated light wave is parasitically
frequency modulated. The frequency chirp Av can be
expressed asl®!
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where p(t) is the instantaneous optical power, and ¢(t)
is the instantaneous optical phase. When the modula-
tion frequencies exceed 100 MHz, these two main contri-
butions to Av(t) can be distinguished, and the thermal
effects can be omitted®. The dp(t)/dt component rep-
resents the transient chirp which is scaled by «, often
called as the linewidth enhancement factor (dimension-
less). The adiabatic chirp term kp(¢) produces a fre-
quency shift proportional to the instantaneous optical
power, and the proportional constant & is associated with
the nonlinear gain (dimension GHz/mW)[10l,

In digital transmission, kp(t) arises due to the change
between a long sequence of “1” and a long sequence “0”.
As a direct result, Eq. (1) is suitable for describing fre-
quency chirp characteristics of both RSOAs and semi-
conductor lasers. These effects are confirmed by our ex-
perimental measurements shown in this letter. From the
measurements of the optical intensity spectrum, we can
obtain both the transient and adiabatic chirp parame-
ters. The complex susceptibility of the gain medium of
the RSOA gives rise to a phase modulation (PM) when
the RSOA is intensity modulated. In this letter, we mea-
sured the ratio between the residual PM depth and am-
plitude modulation (AM) depth of the RSOA driven by
a sine signal at frequency f. The output optical intensity
is given by

I = Is(1 4+ mecos(2mft))with m < 1, (2)
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where Ij is the optical carrier intensity corresponding to
the center wavelength, and m is the intensity modulation
depth. The definition of m is the ratio between of the
peak variation of the instantaneous optical intensity and
the average optical intensity when the driving sine wave
has a constant amplitude A. For detailed analysis, we ex-
press the function of RSOA optical gain versus bias cur-
rent I, as a polynomial with the coefficients a, b, ¢, d, e
by fitting to the measured data of optical powers at differ-
ent bias currents'!). As an example, for a specific Pi,=0
dBm, the fitting function Y (I) = a+bl,+cl +dI} +el}
is a four-order polynomial and a, b, ¢, d, e are optimum
coefficients of the polynomial as listed in Table 1. It
should be noted that the coefficients are only effective
for a given injection optical power.

Figure 1 shows the RSOA optical gain versus bias cur-
rents for various optical injection powers. The stronger
input optical power causes the deeper saturation of opti-
cal gain.

In addition, the intensity modulation depth m of the
RSOA is expressed as!!'!]

P [dv/dl)j—,A

b+ 2cly + 3dI + 4el}
Ca+bly el +dI} +elt
3)

The average power of two first-order sidebands is given
by!6-8]

0 Y ()

_ 2
T 10(%)2(1 + (Ep)?) with m< 1,  (4)

where p is the optical residual PM factor, which jointly
decides the power of optical sidebands with m due to a
PM to AM conversion process in the optical gain me-
dia, and is related to the transient and adiabatic chirp

Table 1. Optimum Parameter Values of the fitting
Function

Y(I) = a+bly + clf +dI} + el

Fitting Unction:

Parameters Optimum Value
a -23.8453108884568 (dB)
b 0.997412685854602 (dB/mA)
c -0.00908323107802423 (dB/mA?)
4.0092712642751e-5 (dB/mA?)
-6.77992638011861e-8 (dB/mA*)
2 —e— P,=0 dBm |

20 + —— P;,=10 dBm
—=— P;,=20 dBm

Optical gain (dB)
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Fig. 1. Optical gain of RSOA.

parameters, and defined as(®]

where f. and f present the chirp frequency and the mod-
ulation frequency. For f. < f, we have a = 2p/m, which
is a familiar expression. As shown in Eq. (5), 2p/m is a
measure of the frequency chirp of a specific transmission
system. Clearly a large frequency chirp degrades the
performance of the optical transmission system due to
the optical phase noise enhancement.

As Eq. (1) can be used to describe the chirp charac-
teristics of a RSOA, Eqgs. (4) and (5) can be derived
directly from Eq. (1)!®] so they can also be used for the
RSOA.

For a given frequency f and a modulation depth m,
2p/m can be obtained by taking the measured power of
the two first order sidebands into Eq. (4). According to
Eq. (5), numerical fitting is finally undertaken to obtain
the average value of a. By using the second part of Eq.
(5), and the available value «a, k can be calculated. Ul-
timately chirp characteristic of the RSOA is completely
described.

In this letter, we measured the characteristics of a
RSOA with bias current ranged from 30 to 100 mA. The
RSOA model (SOA-RL-OEC-1550-TO, CIP Technolo-
gies, UK) is packaged in Shanghai. A commercially avail-
able DFB laser provides an optical signal injected into
the RSOA. We measured the optical power of the carrier
and the modulation sidebands with an APEX AP2041B
high resolution optical spectrum analyzer (OSA). The
experimental setup adopted here is shown in Fig. 2,
where the oscilloscope (HP Infinium 4 Gb/s) is used for
checking the transmitted waveforms.

We can determine the peak current of the sine wave
that drives the RSOA by measuring the output power of
the signal source. According to Eq. (3), a specific m is
obtainable by adjusting A and Ij.

A measured optical spectrum using the high resolution
OSA for a 600-MHz sine wave modulated RSOA with a
2.2% modulation depth is shown in Fig. 3. The second
order sidebands are negligible due to their power values
being 30 dB lower than the first order ones for the mod-
ulation depth used.

The OSA used here allows the measurements of the
optical spectrum at modulation frequencies below 100
MHz. This is particular useful for the present RSOA,
as the modulation bandwidth of the RSOA is as small
as 1.5 GHz. Therefore, the modulation frequencies used
for the measurements are set to vary in a range from 50
MHz to 1.2 GHz.

signal
generator

photo

detector| ] amplifier — oscilloscope

optical
coupler

DFB laser

hight resolution

Fig. 2. Experimental setup for the measurement.
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Fig. 3. Measured spectrum of RSOA under 100-MHz sine
amplitude modulation with 2.2% modulation depth.
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Fig. 5. Calculated parameter values from curve fitting to
Eq. (5).

Table 2. Corresponding Values of o and k
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Fig. 4. Measurement result of 2p/m for different bias condi-
tions and modulation frequencies.

The choice of the dynamic range of the modulation
depth is also very critical if m reaches an irrational
value, the difference between the first and second order
sidebands is not more than 30 dB, and the modulation
on the RSOA is then invalid, so the value of m should
be kept rational. Therefore in our measurements, the
values of m are taken from 2% to 5%, which are within
the dynamic range enabling the validity of Eq. (5).

The measured value 2p/m as a function of modulation
frequency is shown in Fig. 4 for different RSOA bias
conditions. We measured four sets of data. The solid
curves represent the numerical fitting of the measured
data using Eq. (5).

Due to the bandwidth limitations of the RSOA and in
order to ensure the high accuracy of the measured data,
we set the highest modulation frequency at 1.2 GHz. It is
shown in Fig. 4 that the factor 2p/m increases with the
increase of bias current and decreases with the increase
of modulation frequency. Further increase in modulation
frequency ultimately gives rise to an occurrence of an
almost constant value. Then we use an unlimited ap-
proximation method to calculate the values of a and k
by curve fitting, and the obtained results are shown in
Fig. 5.

As seen in Fig. 5, a gradually increases with the bias
current I, and k£ changes in the range of 13.57 £+ 1.05
GHz/mW. The corresponding values of o and k are
summarized in Table 2. It is shown in both Fig. 5 and
Table 2 that the chirp parameter o depends on the bias
current. k varies in a range of £1.05 GHz/mW, mainly
resulting from the residual reflection of the collimation
lens inserted in front of the RSOA chip. Such refraction

Iy 45 60 75 90
«@ 1.01 3.04 4.72 7.43
k (GHz/Mw)  14.72 1357 1253  13.27
(5.36 dB/div) APEX technologies
: Spectrum
1343 | i /)'CTD_W USSR
—18.79 | .. /A SR N SN S———
Y
—24.14 |- f-
_-29.50].. ft
mof W
£ 3486 i
=] W \ Th,,
T -40.22 _.”’ ) Mo,
5] W Vi,
£ 4558 i
B B0 o
571352 1o ) SRR . AR NUSSOPNS SUUSRUNS SO SO
—B1.65 [
193214.999 193218.866 193222.732
(773.283 MHz/div) Frequency (GHz)

Fig. 6. Measured spectrum of RSOA modulated by 250 Mbps
NRZ with peak to peak 49mA between ‘1’ and ’0’ level.

alters the output optical power and thus causes the vari-
ation of k values, as suggested by Eq. (1).

The obtained value of a can be verified with measure-
ments using a method reported in Ref. [12]. We have
also verified k directly utilizing the optical spectrum in
NRZ signal driving case. According Eq. (1), we know
that the optical spectrum is different for digit ‘1s’ and
digit ‘0s’ when the RSOA is modulated by a NRZ signal.
The RSOA’s refractive index corresponding to ‘Os’ and
‘1s’ are different, thus resulting in the occurrence of a
large frequency chirp over the transient region, and more
importantly, a frequency shift between ‘0s’ and ‘1s’ also
appears, which can be observed in Fig. 6. The frequency
shift is governed by

ak '
yym AP('0 (6)
As shown in the inset of Fig.6, when RSOA is modu-
lated by a 250-Mbps NRZ signal with p-p amplitude of
49 mA, the measured split width of the spectral peak is
45 MHz. It should also be noted that the splitting of
carrier caused by adiabatic chirp is a function of signal
bit rate'®14 and the splitting of carriers is more signif-
icant for lower bit rate cases where the adiabatic chirp
is dominant (Fig. 6), whilst the splitting effect is not

A’U(/O/ (_}I 1/) _ (_}I 1/)
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pronounced for higher bit rate cases where the transient
chirp effect becomes more important. The co-existence
of the above-mentioned two effects achieves a certain bal-
ance between ‘1’ and ‘0’ levels, but a certain asymmetry
exists. This asymmetry is due to the differences between
‘1’ to ‘0’ transition and ‘0’ to ‘1’ transition, including
the complicated dependence on raising and falling edges,
power levels and chirp values.

The chirp parameters depend on the saturation con-
dition of RSOA. The stronger saturation will appear
when the injection power is getting higher. In this case
the variation of output instant power becomes limited, so
that the adiabatic chip effect will be less important. This
phenomenon can be viewed in Fig. 6, where the splitting
width of peaks in optical spectrum is much smaller than
the results for DFB laser reported in Ref. [6].

In conclusion, an approach for measuring frequency
chirp parameters of RSOAs is implemented using a high-
resolution OSA and a real-time oscilloscope. This leads
to a precise characterization of the transient and adia-
batic chirp effects, and allows the analysis of the per-
formance affected by the frequency chirp in an optical
transmission network based on RSOAs. The result shows
good agreement with those measured using a linewidth-
based method. Furthermore, the approach adopted in
this letter can also be applied to other optical modula-
tors.
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