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Distortion in Angle-Modulated Links Induced by
Ripple in Fiber-Bragg-Grating Reflectance and
Delay Characteristics

Todd G. Ulmer, Member, |IEEE, Member, OSA

Abstract—Ripplein thereflectance and delay char acteristics of
alinearly chirped fiber Bragg grating is shown to produce signif-
icant distortion in a wide-band angle-modulated fiber-optic link.
Experimental resultsfor a 7-GHz 39.4-km link wheredispersion is
compensated with alinearly chirped fiber Bragg grating show that
the residual ripple in both the reflectance and delay contributes
to harmonic and intermodulation distortion. Numerical modeling
showsthat thedistortion isdominated by therandom component of
the delay ripple. Thedistortion isfurther quantified as a function
of theripple, the modulation index, and the modulation freguency.

I ndex Terms—Frequency modulation, optical fiber communica-
tion, optical fiber devices, phase modulation.

I. INTRODUCTION

HIRPED fiber Bragg gratings (CFBGs) have been widely

investigated because of their flexible dispersion character-
istics, low insertion loss, compact size, and potential for tun-
ability [1]-{10]. The most commonly considered application
is dispersion compensation in digital links, however, CFBGs
may prove even more useful in wide-band analog fiber-optic
links, where dispersion compensation is essential to avoid de-
structive interference from dispersed sidebands [11]-{13]. In
addition to dispersion compensation, advanced optical signal-
processing applications such as reconfigurable pulse shaping
[14] and polarization-mode-dispersion compensation [15] have
been demonstrated using CFBGs. FM discriminators based on
chirped Bragg gratings in either fiber [16] or integrated-optic
form [17] have also been proposed.

In practical CFBGs, nonideal characteristics such as re-
flectance and delay ripple can impose performance limitations.
Delay ripple in CFBGs has two components. an intrinsic com-
ponent that can be minimized through proper apodization and
aresidual component caused by fabrication imperfections [18].
CFBG delay ripple causes phase shifts between the different
frequency components of a modulated optical signal and has
been shown to produce a small but measurable penaty in
both digital systems [19]-{25] and intensity-modul ated analog
systems [26]{28]. The effects are most pronounced when
the ripple period is comparable to the modulation frequency
[29], [30].
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A more significant limitation can occur in wide-band
angle-modulated systems, where several sidebands are gener-
ated and their relative amplitude and phase relationship must
be preserved to maintain the integrity of the signal. Distortion
via conversion from angle modulation to intensity modulation
[31], [32] can result from the relative phase shifts between the
different sidebands induced by the CFBG. Likewise, ripple
in the reflectance of a CFBG produces amplitude variations
between the different sidebands, which can aso result in
distortion. Thus, distortion from both reflectance and delay
ripple can potentially be a significant limitation in wide-band
angle-modulated systems.

Here, the effects of CFBG reflectance and delay ripple are
investigated in a 7-GHz 39.4-km angle-modulated link. Disper-
sion compensation is accomplished alternately with a CFBG
and an equivalent length of dispersion compensating fiber to
isolate the ripple-induced effects. Both harmonic and intermod-
ulation distortion are characterized. Numerical modeling of the
link using measured characteristics of the CFBG reveal sthat the
distortion is dominated by the random component of the delay
ripple. Furthermore, the distortion is quantified as a function of
theripple, the modulation index, and the modulation freguency.

II. THEORY

A carrier with angular frequency w. that is frequency-modu-
lated by a sinusoidal signal with angular frequency (2,,, can be
represented by the sum of itsindividual frequency components
[33]

crm () =Re|Eo Y Ju(B)exp (j (we +nm)t)| (1)
where the modulation index /3 is given by the ratio of the
maximum frequency deviation to the modulation frequency.
Upon transmission through the fiber channel, the amplitude
of each frequency component is multiplied by a complex
transmission coefficient, given by C,, = A(w,,) exp(jop(wy)),
which represents the amplitude and phase response of the
channel at that particular frequency. The complex coefficients
can be determined from the measured transmission spectrum
T(w) and group delay 7(w) of the channel via

Aw) = VT () @

and

() = - /  (w)d. 3
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Fig. 1. Experimental setup of the angle-modulated link.

For distortionless transmission, the relative amplitudes of the
different frequency components must be preserved, and all com-
ponents must arrive at the receiver with the same propagation
delay. In the presence of frequency-dependent loss and delay,
such as that induced by the reflectance and delay ripple of a
CFBG, distortion occurs.

Over a small bandwidth, where the amplitude and period of
the ripple is approximately constant, the reflectance and group
delay of alinearly chirped FBG can be modeled as[19], [30]

R~ R, + Agsin <i + 9R> (4)
Tr
and
. w
TR To—i-ﬁw—i-AGDRSln( +9GDR> ©)
Tapr

where Ag, Agpr, Tr, and Tgpgr are the amplitudes and pe-
riods of the reflectance and group-delay ripples. Using (3), the
phase distortion resulting from the group-delay ripple is of the
form

w
¢$apr = AaprlIapr cos <T + 9GDR> (6)

GDR
and thus the amplitude of the phase distortion increases with
both the amplitude and the period of the ripple.

Aswill be observed bel ow, theripple characteristics of aprac-
tical grating can differ significantly from that of a simple sinu-
soidal model. Thus, the measured characteristics of the grating
are critical for accurate modeling of the performance.

[1l. EXPERIMENTS
A. Angle-Modulated Link

The ripple-induced effects of a CFBG designed for dis-
persion compensation were examined via comparison with
an equivalent length of dispersion compensating fiber (DCF).
Experiments were performed using the angle-modulated link
shown in Fig. 1. The transmitter consists of a continuous-wave
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Fig. 2. Measured transmission and group delay of the CFBG dispersion
compensation module.

external-cavity laser modulated by an electrooptic phase
modulator to produce an angle-modulated signal. The link
itself consists of 39.4 km of standard non-dispersion-shifted
fiber followed by either the commercial CFBG dispersion
compensation module or an equivaent length of DCF. The
group-delay slope for the standard fiber, the CFBG, and
the DCF were found to be +653, —654, and —654 ps/nm,
respectively, using the modulation phase-shift technique [34],
[35]. The transmission and group delay of both the standard
fiber and the DCF vary smoothly with wavelength; in contrast,
the CFBG module exhibits ripple in both its transmission and
group-delay characteristics, as described below.

The receiver consists of an erbium-doped fiber amplifier
(EDFA) followed by abandpass filter tuned dlightly away from
the center wavelength to serve as a discriminator. The recov-
ered intensity-modulated signal is monitored with a 45-GHz
photodetector and 50-GHz sampling oscilloscope. Experiments
were also performed with the EDFA following the discrimi-
nator rather than preceding it with no discernable change in
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Fig. 3. CFBG module transmission and group-delay ripple near (a) 1549.5 nm, (b) 1550.5 nm, (c) 1551.5 nm, and (d) 1552.5 nm. Note the increase in the period

of the group-delay ripple with wavelength.

the results, indicating that the EDFA did not contribute to the
observed distortion.

B. CFBG Characterization

Fig. 2 shows the measured transmission and group delay of
the CFBG dispersion compensation module, which contains a
CFBG packaged with a circulator. The transmission spectrum
was measured using an A SE source and an optical spectrum an-
alyzer, and reveals a4-nm passband centered at 1551.0 nm. The
insertionlossis3.5 +0.3 dB, with aripple period on the order of
200 pm (25 GHz). The group delay was determined viathe mod-
ulation phase-shift technique [34], [35] using a modulation fre-
guency of 50 MHz to ensure accurate results [36], [37]. Indeed,
the measured period of the group-delay ripple is on the order
of 5 pm (625 MHz) at 1550 nm, necessitating the use of alow
modulation frequency to produce an accurate measurement. As
shown in Fig. 3, the amplitude of the group-delay ripple ranges
from 50 ps at 1549.5 nm to +15 ps at 1552.5 nm, whereas
the period ranges from ~4 pm at 1549.5 nm to ~20 pm at
1552.5 nm, whichis consistent with light entering the CFBG on
its long-wavelength side [18]. The group-delay characteristics
of the CFBG module have also been verified using commercial
instruments based on Jones- and Mueller-matrix analysis [38],
confirming the ripple data and the average group-delay slope of
—654 ps/nm. While the group-del ay ripple was found to be very
repeatable, the absol ute wavel ength of the measured pattern was
found to vary by upto 20 pm between the different data sets; fur-
thermore, a variation of over 10 pm was observed as the input
pol arization was changed in consecutive measurements with the
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Fig.4. Optical spectrum of the 7-GHz angle-modul ated signal before and after
the discriminator.

sameinstrument. Thus, the wavelength variation is attributed to
a combination of slight calibration errors between the different
measurement systems and residual birefringence in the grating.

C. Harmonic Distortion Results

The experimental setup shown in Fig. 1 was used to charac-
terize harmonic distortion at various locations in the link. With
a laser wavelength of 1550.000 nm, the phase modulator was
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Fig.5. Harmonic distortion at various pointsin the angle-modulated link: (a) back-to-back, (b) after 39.4 km of standard fiber, (c) the standard fiber compensated

with DCF, and (d) the standard fiber compensated with the CFBG.

driven by a 7.0-GHz sine wave from an RF synthesizer, pro-
ducing an angle-modulated signal with an FM modulation index
of 4 =1.9. Fig. 4 shows the optical power spectra of the trans-
mitter output and the transmitter connected directly to the dis-
criminator in a back-to-back configuration; the discriminator
transmission function is also shown.

Prior to each set of measurements, the setting of the tunable
bandpass filter used as the discriminator was optimized in
the back-to-back configuration. The filter wavelength was
adjusted while the photodetector signal was monitored on an
RF spectrum analyzer, and the ratio of the fundamental to the
second harmonic was maximized. Typically, this ratio was
22-23 dB, establishing a performance baseline for the link. As
shown in Fig. 5(a), the optimum discriminator setting produced
third and fourth harmonics well below —50 dB relative to the
fundamental and higher harmonics below the noise floor of
the measurement. Once optimized, the discriminator setting
was held constant throughout the remainder of the experiment,
and the second-harmonic ratio was verified again once the
measurements were compl eted.

Harmonic-distortion data sets were collected in the back-
to-back configuration, then with the 39.4-km length of standard
fiber, then with the standard fiber compensated by DCF, and
finally with the standard fiber compensated by the CFBG
module. At each location, both the RF spectrum and the
time-domain waveform of the demodulated photodetector
signal were measured. These data sets are shown in Figs. 5 and
6, respectively. As expected, the harmonic distortion induced
by the dispersion of the standard fiber is severe [Fig. 5(b)],
producing a highly distorted time-domain signal [Fig. 6(b)].
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Fig. 6. 1550.000-nm demodulated time-domain waveforms at various points
in the angle-modulated link: (&) back-to-back, (b) after 39.4 km of standard
fiber, (c) the standard fiber compensated with DCF, and (d) the standard fiber
compensated with the CFBG.

The DCF restores the signal nearly to the performance baseline
of the back-to-back configuration [Figs. 5(c) and 6(c)], with
only small increases in the relative powers of the higher
harmonics indicating that the dispersion compensation is less
than optimal. However, even though the DCF and the CFBG
module display identical group-delay slopes, the link exhibits
significant harmonic distortion when compensated by the
CFBG module [Figs. 5(d) and 6(d)]. All measurable harmonics
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Fig.7. Measured waveform distortion asafunction of center wavelength when
the link is compensated with (@) DCF and (b) the CFBG. The discriminator is
held constant, optimized for 1550.000 nm.

display significant increases in relative power compared to the
back-to-back case, and the time-domain waveform is clearly
nonsinusoidal. This increased distortion is attributed to the
ripple in the amplitude and delay response of the CFBG.

Two additional experimental results support this conclusion.
First, the center wavelength was tuned by +50 pm in 10-pm
increments around 1550.000 nm with the modulation index
held constant at 8 = 1.9 and the discriminator optimized for
1550.000 nm. Whereas the waveforms remain essentially sinu-
soidal when the link is compensated with DCF, the waveforms
for the CFBG-compensated link evolve as the wavelength is
tuned, with significant change in the waveform occurring on the
order of every 30-40 pm (Fig. 7). Thisindicatesthat the relative
contribution of the different sidebandsis modified by the CFBG
as the center wavelength is tuned, which is consistent with the
presence of ripple in the CFBG transmission characteristics.

Second, the RF power delivered to the phase modulator was
decreased in 3-dB increments, reducing the FM modulation
index and therefore changing the relative contributions of the
individual sidebands. As shown in the time-domain waveforms
in Fig. 8, the demodulated signal again remains essentialy
sinusoidal when the link is compensated with DCF; however,
the waveforms for the CFBG-compensated link vary with the
applied RF signal power. The fact that the waveforms vary
with RF power indicates that the sidebands experience different
transmission coefficients, which again is consistent with the
presence of ripple in the CFBG transmission characteristics.
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D. Intermodulation Distortion Results

While the harmonic distortion results presented above help
elucidate the physical mechanism of the distortion, the effects
of harmonic distortion can be minimized with proper filtering
if the signal bandwidth is suboctave. In this case, third-order in-
termodulation products become the dominant distortion source,
and thus two-tone measurements were performed to evaluate
intermodul ation distortion. The experimental configuration was
identical to Fig. 1, with the exception that the phase modulator
was driven by equal-amplitude tones at 7.0 and 7.000 101 GHz.
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Fig. 11. Measured and simulated waveform distortion as a function of modulation index when the link is compensated with the CFBG. The center wavelength
is 1550.000 nm and the modulation frequency is 7 GHz.

Fundamental and third-order intermodulation powers were the back-to-back configuration, the standard fiber compensated
measured with an RF spectrum analyzer as a function of RF by the DCF, and the standard fiber compensated by the CFBG
power applied to the modulator. Data sets were collected for module. As shown in Fig. 9, third-order intermodulation
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Fig. 12. Simulated waveforms for the link compensated by the CFBG. The modulation index is 1.9, the center wavelength is 1550.000 nm, and the modulation

frequency is 7 GHz. The distortion is dominated by the delay ripple.

increases when the link is compensated with the CFBG instead
of DCF, and there is a commensurate decrease in spur-free
dynamic range from 82 to 76 dB-Hz?/3.

IV. NUMERICAL MODEL

A. Model Overview

The experimental results strongly indicate that the ripple in
the CFBG amplitude and delay characteristics is responsible
for the observed distortion. However, they do not indicate the
relative contributions of these two mechanisms, and thus a nu-
merical model wasimplemented to investigate the two indepen-
dently. The input signal is modeled as an ideal FM signal with
frequency-domain coefficients determined by (1). The link is
treated as a linear filter with frequency response

H (w) = Herpa (w) - Hepr (w) (7)
where
Herpe (w) = VTorpa (w) exp <—i/TCFBG (w) dw)
)

isthe complex transfer function for the CFBG module, and like-
wise

Hppr (w) = /Ippr (w) exp <—i/TBPF (w) dw) 9

isthe complex transfer function for the bandpassfilter used asa
discriminator, which was determined in the same fashion as the
CFBG transfer function. The average group delay of the com-
pensated link is assumed to be constant, and therefore the phase
of Herne(w) represents the delay ripple of the CFBG module.
Thus, the filter representing the channel and the FM discrim-
inator is determined completely by experimentally determined
parameters.

The demodulated time-domain signal at the receiver is con-
structed analytically using (1) with each frequency component
appropriately weighted in amplitude and phase via (7). Eight
pairs of sidebands are retained for the calculations, which is
more than sufficient for the modulation indexes considered here
(8 < 2). The demodulated signal is square-law detected and
the envelope is recovered with a numerical envelope detector
based on peak detection and interpolation. For completeness,
theresulting intensity-modul ated signal isthen filtered using the
experimentally determined response of the photodetector and
oscilloscope, athough this was found to have a negligible im-
pact on the results. To produce a reference signal for compar-
ison, the back-to-back signal is calculated with Hoppe(w) set
equal to unity, thus incorporating the nonideal performance of
the discriminator without including the ripple from the CFBG.
To quantify this comparison, the mean square error between the
back-to-back and distorted signal envelopesis calculated using

1 T
€= T / [Cdistorted (t) — Chack—to—back (t)]th (10)
0
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B. Numerical Results

The model was verified by reproducing the experimental har-
monic distortion presented above in Figs. 7 and 8. First, the
FM modulation index was held constant at 8 = 1.9 while the
laser wavelength was tuned. As in the experiment, the band-
pass filter used as a discriminator was held constant, optimized
for 1550.000 nm. The only adjustable parameter in the simu-
lation was the absolute wavelength of the CFBG characteris-
tics, which was observed to vary dlightly as a function of mea-
surement instrument and input polarization during initial char-
acterization. The data sets presented in Fig. 10 were obtained
with a shift of 18 pm from the nominal wavelength determined
during initial characterization; the agreement between the sim-
ulated and measured data is excellent. As discussed below, the
waveforms were a so generated using the sinusoidal model for
delay ripple (5) with Aqpr = 40 ps and Tgpr = 650 MHz
[Fig. 10(c)]. In Fig. 11, the FM modulation index in the model
was varied using the values determined from the measured op-
tical spectrato model the harmonic distortion as a function of
applied RF power. The results are again in good agreement with
the measured data, and the results using the sinusoidal model
for delay ripple are again shown for comparison [Fig. 11(c)].
All of the main features in both sets of measured waveforms are
reproduced by the simulation, thereby validating the numerical
model.

Next, the relative contributions of the reflectance and delay
ripple were determined by evaluating each independently. In
Fig. 12(a) and (b), the ssimulated back-to-back and CFBG-com-
pensated cases corresponding to the measured datain Fig. 6(a)
and (d) are shown. In Fig. 12(c), the simulation was performed
with the delay ripple set to zero so that only the reflectance
ripple isincluded; likewise, in Fig. 12(d), only the delay ripple
wasincluded. Theresultsclearly show that the distortion for this

particular CFBG is dominated by the delay ripple; however, the
reflectance ripple also makes a small contribution. Obviously,
the relative contributions of the two distortion mechanisms will
vary among different CFBGs with the relative amplitudes and
periods of the reflectance and delay ripple.

Likewise, the relative contributions will vary as a function
of wavelength within a given CFBG because the reflectance
and delay ripples are dissimilar. To quantify this effect, the
mean square error was calculated as a function of wavelength
by tuning the laser and discriminator relative to the CFBG.
The modulation frequency was again set to 7 GHz and the FM
modulation index was set to 3 = 1.9. The calculation was first
performed with both the reflectance and delay ripple included;
theresults are shown in Fig. 13 aong with the measured CFBG
reflectance and group-delay characteristics. The mean square
error is relatively constant across most of the bandwidth of
the CFBG, with some significant peaks in the region around
1551.644 nm (-205 GHz). Note therapid increasein error at the
edges of the grating where some of the sidebands are no longer
within the CFBG reflection band. The calculation was then
repeated with the reflectance and delay ripple selectively turned
off; the results are shown in Fig. 13(c), and again indicate that
the delay ripple is the dominant distortion mechanism for this
particular grating.

Returning now to Figs. 10 and 11, the sinusoidal model for
delay rippleclearly doesnot reproduce the observed waveforms.
Thereason can be understood from Fig. 14, wheretheripple-in-
duced component of the phase is shown aong with the CFBG
reflectance and delay ripple in the region around 1550 nm. The
phase determined from the measured group delay using (3) dis-
plays significantly larger deviations than that determined using
the sinusoidal model via (6). Asis evident in both Figs. 3 and
14, the local period of the delay ripple for this grating is not
well defined, and large deviations in phase can occur. Thus,
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(a) Transmission and group-delay ripple of the CFBG module in the region near 1550.000 nm. (b) The phase associated with the CFBG delay ripple
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Fig.15. Simulated waveforms asafunction of delay-ripple amplitudefor the link compensated by the CFBG. The modulation index is 1.9, the center wavel ength

is 1550.000 nm, and the modulation frequency is 7 GHz.

random imperfections in fabrication can greatly exacerbate the
phase distortion. With optimized fabrication, the phase distor-
tion could potentially be reduced to the level implied by the
product Acpr - Tapr in the sinusoidal model, which is on the
order of tens of milliradians for this grating and could be even
smaller with optimized apodization.

In Fig. 15, the distorted waveform is shown as a function
of delay-ripple amplitude. In these calculations, the reflectance

ripple was again set to zero and the delay ripple was multiplied
by (a) 100%, (b) 75%, (c) 50%, and (d) 25%. The other simula-
tion parameterswere A = 1550.000 nm, ,,, /27 = 7 GHz, and
# = 1.9. The mean square error was found to increase with the
amplitude of the delay ripple.

Finally, the mean square error was calculated as a function
of modulation frequency. Both the reflectance and delay ripple
were included, and once again 3 = 1.9. Calculations were per-



ULMER: DISTORTION IN ANGLE-MODULATED LINKS INDUCED BY RIPPLE

0.10 AN LA AL R R R R R R SRR R
[ ] [ ]
0081 o 1551.644 nm LT
. »  1550.000 nm .
o]
2 oosl 1552.000 nm . .
e [ ]
) o *
o 0.04 - ]
m n
[ ]
g .
= 002F b s U i
[ n B . u
I 'Y -
L ]
000 8% # 3 # 8 F vy Y Y T Y vV V]
1 1 1 1 1 i 1 | 1 ] " 1 1
0 2 4 6 8 10 12 14 16

Modulation Frequency (GHz)

Fig. 16. Calculated mean square error as a function of modulation frequency.
The modulation index is 1.9.

formed for three different wavelengths: 1550.000, 1552.000,
and 1551.644 nm, where the error predicted in Fig. 13 isat a
maximum. The results are shown in Fig. 16 and confirm that
the error is larger at 1551.644 nm. Interestingly, the error in-
creases with modulation frequency; note that the period of the
delay rippleis < 1 GHz, and thus the frequency span between
adjacent sidebands of the angle-modulated signal corresponds
to multiple periods of delay ripple for all modulation frequen-
cies considered.

V. CONCLUSION

The ripple in both the delay and the amplitude response
of chirped fiber Bragg gratings has been shown to produce
distortion in wide-band angle-modulated fiber-optic links.
Wide-band angle modulation is especially susceptible to these
ripple effects because the signal information is spread over
multiple sidebands, each of which experiences a different
shift in both amplitude and phase upon reflection from the
CFBG. Experimental results with a commercia CFBG dis-
persion compensation module reveal significant harmonic
and intermodulation distortion, even when the average group
delay of the link is very nearly constant with wavelength.
Numerical modeling has shown that the residual delay ripple
is the dominant source of distortion with the particular CFBG
used in these experiments, and that the phase distortion asso-
ciated with random fabrication errors can be especially large.
Absolute performance levels for a given grating are a function
of wavelength, modulation frequency, and modulation index.
For dispersion-compensation applications, the ripple-induced
distortion may tend to encourage the use of DCF rather than
CFBGs. The ramifications are more problematic for advanced
signal-processing applications that are based on CFBGs, and
careful minimization of amplitude and delay ripple may be
necessary to achieve the desired performance.
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