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New Modulation Zero-Shift Method to Characterize
Fast Group Delay Ripple of Dispersion-Compensating
Fiber Bragg Gratings

Maria C. Santos, Santa P. De Bernardo-Rodi, and Marco A. Mitre-Gutiérrez

Abstract—An upgrade to standard modulation phase-shift
method is shown to improve accuracy through electrical scan of
the optical spectrum. Experiments have allowed the capture of
fast group delay ripple of a dispersion-compensating fiber Bragg
grating with only a small modification to the standard setup.

Index Terms—Fiber Bragg gratings (FBGs), group delay ripple
(GDR), optical fiber dispersion, optical fiber testing.

I. INTRODUCTION

ISPERSION-COMPENSATING fiber Bragg gratings

(DC-FBGs) are key to dispersion control in long-distance
high-capacity optical links. Accurate characterization of their
group delay spectrum is a critical issue especially in the evolu-
tion towards 40-Gb/s systems. A random ripple coming from
imperfections and tolerances in the fabrication process has been
reported featuring typical variations in the picometer and pi-
cosecond ranges. The impact of this group delay ripple (GDR)
grows with the number of cascaded DC-FBG and depends on
the GDR amplitude and frequency [1]-[3].

The modulation phase-shift method (MPSM) is well estab-
lished as an all-purpose dispersion measurement and it gives
the basis of compact laboratory equipment of increasingly ex-
tended use [4]. It produces excellent results in the characteriza-
tion of long, broadband optical systems such as optical fibers.
Interferometric methods are more convenient though, for char-
acterizing narrowband dense wavelength-division-multiplexing
devices [5].

The MPSM requires measurement of the electrical phase shift
A, acquired by the envelope of a modulated optical carrier at
frequency fj as it proceeds through the device under test (DUT),
to approximate the group delay at fj as

_ Ag(rad)

TN (1)
where f,, is the electrical frequency of the pure-sine modulating
signal. It can be seen that A¢ is the semi-difference between
the optical phase shifts at frequencies fy + f,, and fo — fin,
i.e., the optical sidebands generated by the modulation, so that
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Fig. 1. Setup for the new MSZM.

(1) is a numerical approximation of the derivative of the phase
shift against angular frequency. For characterizing fast varia-
tions in the group delay response, the sidebands should be close
to the carrier, limited by the device-induced phase shift drop-
ping below the measurement phase noise. The choice of f,, is
then subject to a trade-off between wavelength accuracy and
amplitude uncertainty limiting the application of MPSM to the
characterization of fast GDR [4], [6]. A further limitation comes
from the stability and accuracy of the tunable laser used to scan
the optical spectrum [7]. Electrical sweeps of the modulating
frequency of a single-sideband modulated carrier have been pro-
posed as a means to scan the optical frequency improving the
accuracy of group delay measures [8].

In this letter, we present the basis of a new method that
allows for electrical scan of the optical spectrum by using
double-sideband modulation of the optical carrier. By ad-
dressing only one of the branches of a dual-drive optical
modulator, the interference between optical sidebands is con-
trolled through the bias voltage. A combination of the required
bias to cancel detection with MPSM measures at two modu-
lating frequencies yields on one side the phase-shift difference
between the two upper sidebands as in [6] and on the other,
also the phase-shift difference between the two lower side-
bands, whereby group delays at both sides of the carrier can be
calculated.

II. THEORY

The new modulation zero-shift method (MZSM) follows
the scheme in Fig. 1. The optical carrier from a laser source
is amplitude modulated in a dual-drive Mach-Zehnder mod-
ulator (MZM) asymmetrically driven, i.e., bias voltage and
radio-frequency modulating signal are only applied to one of
the interferometer branches. The normalized low-pass equiva-
lent field at the MZM output in the small signal approximation
is
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Fig.2. Superposed spectra of the DUT outputs for two modulating frequencies,
Frmr ( —) and f,,2(——). The delta at f, is present into both signals. Stars: fre-
quencies where group delays are calculated.

where 0y, = Vomm/Va; Vo, Ve are bias and half-wave volt-
ages, respectively, and V,,, = A, cos(2w f,,t) is the pure-sine
modulating signal. It becomes evident from (2) that the optical
sidebands are affected by a phase shift that depends on the bias
voltage. That allows control of their mutual interference so that
for each particular DUT, amplitude nulls occur at the desired f,,
frequency, adding radio-frequency accuracy to the fiber disper-
sion measurement technique in [9].

This signal is input to the DUT, a DC-FBG in this work, and
gets detected at its output. For the normalized detected pho-
tocurrent at frequency f,,, we find

ia(fm) = —OZA% cos (%) sin (% + Eqﬁm)
X €08 (27 fnt + Adh) 3)

where « is the radio-frequency modulation index accounting for
all coupling and optical transmission losses. Information about
the DUT phase-shift characteristic is contained into two mag-
nitudes, namely X¢,, = (¢ + ¢~ — 2p9)/2 and A¢,, =
(¢ — ¢7)/2, with @g, ™, ™, the optical phase shifts added
by the DUT at the optical carrier frequency, the upper and the
lower sidebands, respectively.

As seen in (3), the photocurrent is taken to its minimum for
bias voltages V7. = (2i + 1)V and Vi, = 2(0 — /7)) Vi,
with 2 = 0,41,+£2,.... The former nulls are “fixed” in the
sense that they do not change their value as the modulating fre-
quency is swept, while the latter do change because they depend
on the DUT-induced phase shifts through the ¢ quantity.

Group delay calculation requires finding the values of Vi, .1
and Vj,.0, and also those for A¢,,1, Apy,2 corresponding
respectively to two different modulating frequencies f,,; and
fm2. The phase-shift differences between the respective two
upper sidebands ApT = @3 — ¢ and that for the lower
sidebands Ap~™ = @] — @5 (see Fig. 2) are given by

v
A(pi = A¢m2 - A(Zsml + W(‘/bmz2 - ‘/bmzl)- (4)

Corresponding group delays at fo + (fin1 + fm2)/2, 7,7, and at
fo = (fm1+ fm2)/2,7,, come from
+ Ap*

TSR
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Care has been taken when measuring the A¢,,; because as the
modulating frequency is increased, the DC-FBG-induced phase
shifts may impact the detected photocurrent causing it to drop
below required levels for correct phase determination if the bias
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Fig. 3. Detected photocurrent against bias voltage for 1 GHz (continuous line),
2 GHz (dashed line), and 3 GHz (dotted line).

voltage is kept at the quadrature point. In our experiments, the
algorithm that obtains the voltage bias for minimum photocur-
rent also finds those best suited for phase measurements, i.e.,
the ones providing maximum detected photocurrent at f,,;.

III. MEASUREMENTS

A. Characterization of Zero Amplitude Shifts

As a first step towards MSZM implementation, we study here
the characteristics of the zero detected amplitude shifts and their
dependence with the bias voltage applied to only one of the
arms of the MZM. Based on the scheme of Fig. 1, we have built
an experimental setup which automatically implements the new
MZSM through GPIB control. Detection and phase measure-
ment take place at an HP 8703 A lightwave component ana-
lyzer (LCA) which also generates the modulating signal that is
input to one of the arms of a dual-drive Fujitsu FTM7921ER/052
modulator with V. = 3.55 V for the arm used. An HP 8168 A
tunable laser with —1-dBm output power and wavelength fixed
at 1559 nm goes through a polarizer optimized for maximum
modulation efficiency. As a DUT, we have used a DC-FBG with
4-nm bandwidth centered at 1559 nm and nominal dispersion
—1252.35 ps/nm.

In Fig. 3, we have plotted the amplitude of the detected pho-
tocurrent against bias voltage for three different modulating fre-
quencies. We can distinguish there between the fixed zeros at
odd multiples of V; and the moving zeros around even multiples
of V.. For the DC-FBG used here, the zero shift is on the order
of 0.25 V for this range of frequencies. Since the phase-shift re-
sponse for DC-FBGs basically scales as the square of the mod-
ulating frequency, so does the amplitude zero-shift because it is
proportional to 3¢. Therefore, in order to reduce the measure-
ment uncertainty, it is convenient to use high modulating fre-
quencies. This is also true for the phase measurement. Since the
frequency resolution is set by the f,,, frequency step rather than
by the spacing between sidebands and carrier, the wavelength
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Fig. 4. Group delay spectra. MZSM A f = 200 MHz, (—) and (—.); MPSM
(—=)fm = 200 MHz, AX = 20 pm. Inset: reflectivity spectrum.

accuracy is maintained and the group delay amplitude uncer-
tainty is reduced as in [6].

B. MZSM Results

In the MZSM automatic implementation, we have used fre-
quencies from 130 MHz to 11 GHz in Af = 200 MHz steps
and we have stored the LCA modulating frequency sweeps for
bias voltages going from —4 to 4 V in 10-mV steps. Results are
shown in Fig. 4 together with MPSM results with a 200-MHz
modulating frequency and AX = 20 pm tunable laser step for
comparison. We have checked that this is the smallest stepsize
for our laser to give accurate and stable sweeps [7]. Consistent
results in two different realizations of the MZSM experiment
reveal reduced impact of measurement noise and prove that by
extending the frequency range of the required phase measure-
ment, the MZSM is able to resolve the DC-FBG oscillatory be-
havior smoothed out when using MPSM due to low stability and
accuracy of our laser. We have obtained a ripple of about 3-pm
period and 20-ps amplitude. When comparing these results to
those in [4], we see that we have found similar values of GDR
amplitude but we have been able to resolve an almost four times
smaller period.

Because of increasing complexity of radio-frequency hard-
ware as the modulating frequency grows, the total optical spec-
trum that can be electrically swept is limited. Thus, in practice
in order to cover the overall operative DC-FBG bandwidth, the
MZSM process will need to be repeated with a new optical car-
rier. The stepsize requirements of the tunable laser source will
be significantly relaxed, though. A combination of optical and
electrical frequency sweeps is envisioned where for each optical
carrier tightly spaced high modulating frequencies are used so
that larger zero shifts and phase differences to be measured help
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Fig. 5. Combination of electrical (6—12 GHz) and optical (AX = 100 pm)
frequency sweeps. Same style arrows are superposed spectra of signals in the
electrical sweep using optical carrier f,;.

to reduce the impact of measurement noise (Fig. 5). As an ex-
ample, electrical scans from 6 to 12 GHz could be combined
with a 100-pm optical scan.

IV. CONCLUSION

We have demonstrated a new optical group delay measure-
ment method based on standard MPSM which by electrical scan
of the optical spectrum allows for improved accuracy levels
with relaxed requirements over the tunable source. Measures
over a DC-FBG have yielded well-defined ripples of about
3-pm period and 20-ps amplitude. With little modifications to
existing test equipment, the techniques described should allow
us to measure the group delay characteristics of optical com-
ponents to the detail demanded by long-distance high-data-rate
applications.
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