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Distortion in Angle-Modulated Links Induced by
Ripple in Fiber-Bragg-Grating Reflectance and
Delay Characteristics
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Abstract—Ripple in the reflectance and delay characteristics of
a linearly chirped fiber Bragg grating is shown to produce significant distortion in a wide-band angle-modulated fiber-optic link.
Experimental results for a 7-GHz 39.4-km link where dispersion is
compensated with a linearly chirped fiber Bragg grating show that
the residual ripple in both the reflectance and delay contributes
to harmonic and intermodulation distortion. Numerical modeling
shows that the distortion is dominated by the random component of
the delay ripple. The distortion is further quantified as a function
of the ripple, the modulation index, and the modulation frequency.
Index Terms—Frequency modulation, optical fiber communication, optical fiber devices, phase modulation.

I. INTRODUCTION

C

HIRPED fiber Bragg gratings (CFBGs) have been widely
investigated because of their flexible dispersion characteristics, low insertion loss, compact size, and potential for tunability [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 destructive interference from dispersed sidebands [11]–[13]. In
addition to dispersion compensation, advanced optical signalprocessing 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 reflectance and delay ripple can impose performance limitations.
Delay ripple in CFBGs has two components: an intrinsic component that can be minimized through proper apodization and
a residual 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 penalty in
both digital systems [19]–[25] and intensity-modulated 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 generated 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 also 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. Dispersion compensation is accomplished alternately with a CFBG
and an equivalent length of dispersion compensating fiber to
isolate the ripple-induced effects. Both harmonic and intermodulation distortion are characterized. Numerical modeling of the
link using measured characteristics of the CFBG reveals that the
distortion is dominated by the random component of the delay
ripple. Furthermore, the distortion is quantified as a function of
the ripple, the modulation index, and the modulation frequency.
II. THEORY
A carrier with angular frequency
that is frequency-moducan be
lated by a sinusoidal signal with angular frequency
represented by the sum of its individual frequency components
[33]
Re

(1)

is given by the ratio of the
where the modulation index
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
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
and group delay
of the channel via
(2)
and
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Experimental setup of the angle-modulated link.

For distortionless transmission, the relative amplitudes of the
different frequency components must be preserved, and all components 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 a linearly chirped FBG can be modeled as [19], [30]
(4)
and
(5)
,
,
, and
are the amplitudes and pewhere
riods of the reflectance and group-delay ripples. Using (3), the
phase distortion resulting from the group-delay ripple is of the
form
(6)
and thus the amplitude of the phase distortion increases with
both the amplitude and the period of the ripple.
As will be observed below, the ripple characteristics of a practical grating can differ significantly from that of a simple sinusoidal model. Thus, the measured characteristics of the grating
are critical for accurate modeling of the performance.
III. EXPERIMENTS
A. Angle-Modulated Link
The ripple-induced effects of a CFBG designed for dispersion 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

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 equivalent 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 a bandpass filter tuned slightly away from
the center wavelength to serve as a discriminator. The recovered intensity-modulated signal is monitored with a 45-GHz
photodetector and 50-GHz sampling oscilloscope. Experiments
were also performed with the EDFA following the discriminator 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 ASE source and an optical spectrum analyzer, and reveals a 4-nm passband centered at 1551.0 nm. The
insertion loss is 3.5 0.3 dB, with a ripple period on the order of
200 pm (25 GHz). The group delay was determined via the modulation phase-shift technique [34], [35] using a modulation frequency 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 a low
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, which is 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-delay ripple was found to be very
repeatable, the absolute wavelength of the measured pattern was
found to vary by up to 20 pm between the different data sets; furthermore, a variation of over 10 pm was observed as the input
polarization was changed in consecutive measurements with the

Fig. 4. Optical spectrum of the 7-GHz angle-modulated signal before and after
the discriminator.

same instrument. 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 characterize 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 points in 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, producing an angle-modulated signal with an FM modulation index
. Fig. 4 shows the optical power spectra of the transof
mitter output and the transmitter connected directly to the discriminator 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 completed.
Harmonic-distortion data sets were collected in the backto-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)].

Fig. 6. 1550.000-nm demodulated time-domain waveforms at various points
in 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.

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. 8. Measured waveform distortion as a function of modulation index when
the link is compensated with (a) DCF and (b) the CFBG. The center wavelength
is 1550.000 nm and the modulation frequency is 7 GHz.

Fig. 7. Measured waveform distortion as a function of center wavelength when
the link is compensated with (a) 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
and the discriminator optimized for
held constant at
1550.000 nm. Whereas the waveforms remain essentially sinusoidal 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). This indicates that the relative
contribution of the different sidebands is 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 essentially
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.

Fig. 9. Intermodulation distortion measured at 1550.000 nm with 7-GHz tones
separated by 101 kHz.

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 intermodulation products become the dominant distortion source,
and thus two-tone measurements were performed to evaluate
intermodulation 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.

ULMER: DISTORTION IN ANGLE-MODULATED LINKS INDUCED BY RIPPLE

3231

Fig. 10. Measured and simulated waveform distortion as a function of center wavelength when the link is compensated with the CFBG. The discriminator is held
constant, optimized for 1550.000 nm.

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
measured with an RF spectrum analyzer as a function of RF
power applied to the modulator. Data sets were collected for

the back-to-back configuration, the standard fiber compensated
by the DCF, and the standard fiber compensated by the CFBG
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.

(8)
is the complex transfer function for the CFBG module, and likewise

is the complex transfer function for the bandpass filter used as a
discriminator, which was determined in the same fashion as the
CFBG transfer function. The average group delay of the compensated link is assumed to be constant, and therefore the phase
of
represents the delay ripple of the CFBG module.
Thus, the filter representing the channel and the FM discriminator is determined completely by experimentally determined
parameters.
The demodulated time-domain signal at the receiver is constructed 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
). 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,
the resulting intensity-modulated signal is then filtered using the
experimentally determined response of the photodetector and
oscilloscope, although this was found to have a negligible impact on the results. To produce a reference signal for comparset
ison, the back-to-back signal is calculated with
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 envelopes is calculated using

(9)

(10)

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 .
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 numerical model was implemented to investigate the two independently. 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
(7)
where
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Fig. 13. Calculated mean square error as a function of wavelength for the link compensated by the CFBG. The modulation index is 1.9 and the modulation
frequency is 7 GHz. (a) CFBG reflectance and group-delay ripple. (b) Total mean square error and CFBG phase determined from the measured group delay. (c)
Components of the mean square error due to the delay ripple and the reflectance ripple.

B. Numerical Results
The model was verified by reproducing the experimental harmonic distortion presented above in Figs. 7 and 8. First, the
while the
FM modulation index was held constant at
laser wavelength was tuned. As in the experiment, the bandpass filter used as a discriminator was held constant, optimized
for 1550.000 nm. The only adjustable parameter in the simulation was the absolute wavelength of the CFBG characteristics, which was observed to vary slightly as a function of measurement instrument and input polarization during initial characterization. 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 simulated and measured data is excellent. As discussed below, the
waveforms were also generated using the sinusoidal model for
and
MHz
delay ripple (5) with
[Fig. 10(c)]. In Fig. 11, the FM modulation index in the model
was varied using the values determined from the measured optical spectra to 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 simulated back-to-back and CFBG-compensated cases corresponding to the measured data in 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 is included; likewise, in Fig. 12(d), only the delay ripple
was included. The results clearly 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
. The calculation was first
modulation index was set to
performed with both the reflectance and delay ripple included;
the results are shown in Fig. 13 along 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 the rapid increase in 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 ripple clearly does not reproduce the observed waveforms.
The reason can be understood from Fig. 14, where the ripple-induced component of the phase is shown along with the CFBG
reflectance and delay ripple in the region around 1550 nm. The
phase determined from the measured group delay using (3) displays significantly larger deviations than that determined using
the sinusoidal model via (6). As is 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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Fig. 14. (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
determined from the measured group delay and the sinusoidal model.

Fig. 15. Simulated waveforms as a function of delay-ripple amplitude 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.

random imperfections in fabrication can greatly exacerbate the
phase distortion. With optimized fabrication, the phase distortion could potentially be reduced to the level implied by the
in the sinusoidal model, which is on the
product
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 simulanm,
GHz, and
tion parameters were
. 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
. Calculations were perwere included, and once again
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