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Analysis of a Microwave Time Delay Line Based on
a Perturbed Uniform Fiber Bragg Grating Operating

at Constant Wavelength
Beatriz Ortega, José L. Cruz, José Capmany, Miguel V. Andrés, and Daniel Pastor

Abstract—This paper presents the modeling of a new microwave
time delay line based on a uniform fiber Bragg grating (FBG) with
a section which period has been perturbed. The time delay can
be modified by changing the position of the perturbation along
the grating. Theoretical results are presented for a 5-cm long uni-
form grating and optical signal is modulated up to 18 GHz. Ex-
perimental setup used magnetic fields to change the period locally
along the grating and a 330 ps maximum time delay is shown. Com-
parison between calculations and measurements show a perfect
agreement. Such a delay line offers many advantages for beam-
forming applications in phased array antennas where the opera-
tion at a fixed wavelength is required in order to simplify the ar-
chitecture of these systems.

Index Terms—Bragg gratings, delay lines, fiber optics, mi-
crowave photonics.

I. INTRODUCTION

DURING the last decade there has been an intense research
in optical beamforming networks for phased array an-

tennas [1]–[3]. Recent developments of optical fiber gratings
have increased the possibilities of implementing time delay
lines for driving microwave antennas. In these systems, an
optical fiber is used to guide the optical carrier of an radio fre-
quency (RF) modulating signal that drives every element of the
array. The use of optical fibers to distribute the signal has many
advantages such as low insertion loss, high phase stability,
electromagnetic inmunity and the possibility of controlling
several arrays by using wavelength-division-multiplexing
(WDM) techniques, apart from the low mass and costs that also
characterize optical fiber systems.

In the first approaches, beamforming networks are based on
uniform fiber gratings written at different positions on optical
fibers [4]–[6], and the distances between gratings determine the
beampointing direction. A WDM system or a timing unit can be
used to distribute the optical carrier to the radiators. This system
assures broadband operation but it only allows a discrete number
of beampointing angles [7].

However, chirped fiber Bragg gratings have been recently
demonstrated as linear phase-shifters at microwave frequencies
[8], and the slope of the phase response versus frequency can be
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modified by changing the wavelength of the optical carrier. The
amplitudes and phases of the RF-modulating reflected signal
are used to drive the radiating elements by means of a WDM
scheme and the time delay difference between adjacent carriers
determines the beampointing angle of the antenna. Broadband
operation and continuous spatial scanning properties have been
demonstrated in these systems, although the variety of optical
carriers requires a complex demultiplexing stage, which is de-
sirable to be simplified in practical systems [9]–[11].

In this paper, we propose and analyze a novel variable time
delay line operating at a fixed wavelength, which simplifies the
architecture of the beamforming system exposed above. It is
based on an uniform fiber Bragg grating with a section which
period has been modified by an external actuator. The optical
carrier is reflected by the perturbed section of the grating and the
time delay is modified by changing the position of the perturba-
tion along the grating. In Section II we describe the operation
of the time delay line, Section III gives the theoretical response
of this system and Section IV shows the comparison of the ex-
perimental results with the theoretical ones. Finally, Section V
will summarize the obtained results and conclude the paper.

II. DEVICE OPERATION

We consider an uniform fiber grating with the Bragg wave-
length and a local section within it whose period is per-
turbed, and therefore, its resonant wavelength is (see
Fig. 1). An optical carrier of wavelength is reflected by the
perturbed section and will travel along different fiber lengths
given by , depending on the position of this section,
Therefore, if the carrier is modulated by a microwave signal of
frequency , the modulating signal suffers a phase
delay given by

(1)

where is the transit time along the grating and is given by
the fiber length traversed by the light “ ”

(2)

where is the effective refractive index along the grating and
is the velocity of light.
Hence, the grating produces a linear phase shift in the mod-

ulating signal and the phase slope can be continuously varied
by displacing the perturbed section along the grating [12], [13].
Note that the device behaves as a true-time delay line provided
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Fig. 1. Schematic of the phase shifter setup based on a uniform FBG with a
perturbed section.

that the time delay of the modulated signal is independent of the
modulating frequency, i.e., the modulation frequency is lower
enough to preserve the linewidth of the optical light spectrum.

The grating is formed by three uniform sections with Bragg
wavelengths and the transmission matrix of the
grating can be calculated from the transmission matrix of
each section :

(3)

and the reflection cofficient of the grating “” can be obtained
from the elements of the transmission matrix [14]:

(4)

If the optical carrier of frequency modulated by a signal
of RF frequency by using a double sideband technique,
for low-modulation rates, the spectrum of the modulated
signal has three frequency components: the carrier and
two sidebands and If the optical signal is
reflected by the fiber grating with a reflection coefficient of

then the reflected electric field in the
fiber is a sum of the following terms:

(5)

After the detection by using a fast photodiode, the electric
field in the microwave transmission line is a sum of harmonics
of the modulating frequency high-order harmonics can be ne-
glected for weak modulations and the RF field can be expressed
as

(6)

where amplitudes and phases are the fol-
lowing [8]:

arctg

(7)

Provided the modulating frequency is smaller than the grating
bandwidth, (7) can be approximated by the following:

(8)

Therefore, the phase of the RF signal satisfies (1) where
is the time delay response of the fiber

grating.
Hence, provided the modulating frequency is low enough to

maintain the bandwidth of the optical carrier, the phase of the RF
signal presents a linear behavior with the modulating frequency

, and the slope can be varied by changing the time delay of the
optical carrier, which is given by the position of the perturbed
section.

The operation of this system is based on fixing the optical
wavelength at the sideband. The amplitude and phase of the
signal are used to steer every element in a phased array antenna,
provided the bandwidth of the modulated signal is smaller than
the bandwidth of the altered side-band of the grating.

A beamforming system for phased array antennas based on
this time delay line operates at a fixed optical wavelength does
not need any demultiplexing stage and, therefore, is simpler and
cheaper than other multiwavelength approaches. Such a system
requires one delay line for driving every element of the antenna
(see Fig. 2). The optical signal at is modulated and dis-
tributed to all of them. The positions of the perturbed sections in
every line will be addressed by an automatic system in order to
provide the distribution of amplitudes and phases which are con-
vinient to achieve the desired radiation pattern of the antenna.

III. T HEORETICAL RESULTS

In the modeling of the device, we used a 5-cm-long strong
uniform grating with its bandpass centered at

nm and a 3-dB bandwidth of 0.7 nm. The re-
flectivity of the grating is shown in Fig. 3(a). By increasing the
Bragg wavelength of a 2.5-mm section mm) of the
grating by a 0.06%, the grating reflectivity shows a strong side-
lobe centered at nm, as it is shown in Fig. 3(b)
with similar bandwidth as the original bandpass due to the large
intensity of the coupling provoqued by the grating.

By locating the perturbed section at different positions along
the grating, we find, as expected, the reflectivity response does
not change significantly—see Fig. 4(a). However, looking at the
time delay response of the grating, the time characteristic of the
emerging sideband is dependent on the position of the perturbed
section since the local reflection of this wavelength is happening
at different positions along the fiber which means different trav-
elling-time of the signal. Fig. 4(b) shows the time delay response
of the original grating when a 2.5-mm period-increased section
is placed at mm from the initial end (solid line) and when
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Fig. 2. Schematic of the beamforming system for microwave phased array antennas based on uniform FBG’s.

Fig. 3. Spectral reflectivity of the original uniform grating (a) and the same
when the period of a section of the grating is perturbed (b).

the same perturbation is placed at mm. The average
time delay values difference is ps, which corresponds
to a return trip of the signal along a distance of 37 mm in a ma-
terial with a refraction index according to the spacing
of 35 mm, which was set for the calculations. Note the rippled
characteristic along the sideband, which period decreases and
amplitude increases as long as we increase the distanceof
the perturbed section respect to the initial end of the grating.
The oscillations are due to the formation of a Fabry–Perot cavity
between the uniform sub-gratings existing inside the original
grating. In this case, due to the intense grating, the cavity is
formed by the initial ends of the original grating and the per-
turbed section. The period of the oscillations decreases with the

Fig. 4. Spectral reflectivity (a) and time delay response (b) of the grating, with
the perturbed area (2.5 mm) at two different positions: (solid line)X = 5 mm,
(dashed line)X = 40 mm.

distance and their amplitude increases with
The periodicities at and 40 mm are 0.137 and

0.0198 nm, respectively, corresponding to cavity lengths of 5.8
and 40.4 mm, as expected from the values we employed in the
simulation.

The behavior of the delay line was analyzed by means of
equation [7] by setting the optical wavelength at nm
and modulating with a microwave signal. Fig. 5 shows the am-
plitude response at different modulating frequencies in the range
[130 MHz—18 GHz] when the perturbed section is at position
given by and The curve corresponding to
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Fig. 5. Signal amplitude at different modulating frequencies for two different
positions of the perturbed section (————) 5 mm y(� � � � � � � � �) 45 mm.

the last one shows the oscillation arising from the Fabry–Perot
cavity with a periodicity of 2.28 GHz, corresponding to a 44-mm
long cavity, according to the distance between initial ends of
original and perturbed gratings. Table I shows the mean values
of the normalized amplitude and their standard deviations at dif-
ferent positions along the grating.

The calculated phase of the signal for the same frequency
range is shown in Fig. 6 when perturbed section is located at
different positions, spaced by 5 mm, along the grating, all mea-
sured from the initial end of the original grating. Note the slight
oscillation due to the Fabry–Perot cavity, which amplitude in-
creases with the cavity length. At mm, the root-mean-
square (rms). deviation value from a linear fit is about 0.17 rad.
The ripple of these curves determines the aberrations of the
phase distribution in radiating elements of an antenna; the phase
deviation value leads to a time delay fluctuation under 2 ps at
maximum operating frequency of 18 GHz, which is acceptable
for good array performance.

The phase shows a linear characteristic with a slope which
can be varied by perturbing the original grating at a different
position. Table II shows the phase slope values (rad/GHz) and
their corresponding time delay values. Fig. 7 shows the linear
behavior of the time delay values versus the positionof the
perturbed section with the corresponding fit, which slope gives
information about the propagation velocity of the optical signal
travelling through the grating in the optical fiber. The slope is of
10.78, which means a velocity of 1.8510 m/s in a return trip
along the grating.

However, this system has a large degree of freedom related
to the wavelength of the optical carrier. By varying the period
in different amounts, the emerging sideband, i.e. the optical car-
rier, is located at different wavelengths in the spectrum. Fig. 8
shows the spectral reflectivity of the grating when a 2.5-mm sec-
tion has a 0.06% modified Bragg wavelength [see Fig. 3(b)]
and when the perturbation is about 0.10%, which shows the
sideband centered at nm. This wavelength can
be continuously tuned by varying the intensity of the perturba-
tion. Furthermore, if two sections of the grating are perturbed

TABLE I
MEAN VALUES AND STANDARD

DEVIATIONS OF THE AMPLITUDE OF THE MODULATING SIGNAL WHEN THE

PERTURBED SECTION IS LOCATED AT DIFFERENT POSITIONS ALONG

THE GRATING

Fig. 6. Phase of the modulated signal at different RF frequencies after
reflection by the perturbed section of the grating when this is located at
different positions along the original grating (solid line). Experimental data
(�).

TABLE II
PHASE/FREQUENCYSLOPE AND THE CORRESPONDINGTIME DELAY VALUE

FORDIFFERENTPOSITIONS OF THEPERTURBEDSECTION ALONG THE GRATING.
COMPARISONBETWEEN CALCULATED AND MEASUREDRESULTS

by different amounts, two optical carriers can be employed si-
multaneously. Fig. 9 shows the reflectivity response of a grating
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Fig. 7. Time delay values corresponding to different positions of the perturbed
section of the grating (O,theoretical data and fit). Positions are measured respect
to the initial end of the original grating. Experimental data (�).

with two 2.5-mm-long sections perturbed by 0.06% and 0.12%,
where the bandwidth of the sidebands impose a limitation on the
proximity of the two optical carriers. The spacing between sec-
tions gives the time delay difference corresponding to the mod-
ulating signal of both optical carriers, which can also be used
for multiple phased arrays steering applications.

IV. EXPERIMENTAL RESULTS

Experimental setup is based on a 5-cm-long uniform grating,
which is held on a magnetostrictive rod (Tb Dy Fe )
with a sensitivity of 10 ppm/mT [15], and a small part of the
grating is strained by the effect of a magnetic field created
by a 10-mm-long cylindrical magnet with a diameter of 22
mm (maximum magnetic field of 120 mT). Hysteresis of the
magnetostrictive material is under 7%, which does not affect
to the performance of our system; and the response time is in
the [0.04–0.2] ms range, which is also typical for piezoelectric
transducer (PZT) materials suitable for this application. The
light source is a tunable laser and the amplitude of the signal
was externally modulated by an RF signal. The reflected light is
driven by a 3-dB coupler to the detection in an optical network
analyzer [16]. The reflectivity response of the grating is shown
in Fig. 10 (solid line) and shows the bandpass centered at
1526.1 nm and its 3 dB-bandwidth of 0.7 nm. Dashed line
shows the resulting spectra when the magnetic field is applied,
i.e., the magnet is placed at a distance mm from
the initial end of the original grating. The grating spectrum
preserves the flat response of the original grating at 1526.1
nm and a secondary peak appears at 1527.0 nm with 0.3 nm
bandwidth, corresponding to the Bragg wavelength of the part
of the grating strained by the magnet. In alternative setups, this
effect in the response of the grating can be created by voltages
of 100 V applied to a PZT or about 1-A current in a magnetic
coil.

The time delay response of the grating when the magnet is lo-
cated at different positions along the grating is shown in Fig. 11.
The graph shows a good agreement with the theoretical calcula-
tions (Fig. 7) and we observe a different average time value for
each position in the secondary peak, while the response in other

Fig. 8. Reflectivity response of the grating with two differently perturbed
sections: Use of two optical carriers.

Fig. 9. Tunable optical carrier. Reflectivity response when the period of the
grating is perturbed by different amounts: (a) 0.06% and (b) 0.12%.

Fig. 10. Measured reflectivity of the grating: (a) Original grating. (b) Grating
when the period of a section is perturbed atX = 40 mm.

parts of the spectrum remains the same. This effect is due to the
fact that the signal which is travelling different length along the
grating is, basically, the one reflected by the perturbed section.
Note that rippled characteristic in the secondary peak which was
observed in Fig. 7 is also seen in the experimental measure-
ments. Although this magnet can be placed in arbitrary posi-
tions along the grating, in practical systems the actuators must
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Fig. 11. Time delay response of the grating when perturbed section is located
at three different positions: (————) 20 mm,(� � � � � � � � �) 32 mm,(����

�) 44 mm.

Fig. 12. Amplitude of the signal when optical wavelength is fixed and the
perturbed section is located at two different positions:(� � � � �) 15 mm
and (————) 45 mm.

be fixed to the grating, we estimate that the minimum distance
between adjacent perturbations could be (1 mm so the smallest
time delay variation will be about 10 ps.

To test the grating as a microwave shifter the laser output was
set at the wavelength of 1527 nm and the linewidth of the mod-
ulated light (about 0.22 nm at 14 GHz) was smaller than the
bandwidth of the grating sidelobe (0.30 nm). Fig. 6 shows the
phase of the microwave signal after reflection in the grating (tri-
angles), presenting a linear dependence on the frequency in the
1–14 GHz range, and showing a good agreeement with the cal-
culated results. According to previous section, the phase slope
can be controlled by changing the position of the magnet along
the grating. The r.m.s. deviation value from the ideal linear be-
havior is 0.30 rad in the worst case (curve at mm),
slightly higher than theoretical prediction.

The delay corresponding to each curve can be calculated from
the slope following (1), and the obtained results are plotted in
Fig. 7 (triangles) together with the theoretical values. Note the
linear dependence on the magnet position and the good agree-
ment between measurements and calculations. The measure-
ments indicate that the strained part of the grating has a well
defined phase centre, probably because of the strength of the

grating. We estimate a delay error from linearity about 4, 1.4,
2.4, 11.6, 1.1, 3, 8.2 ps at different positions from to

mm. These deviations are mainly due to our experi-
mental setup, where the uncertainty in the position of the per-
turbed section is about 1 mm, which means a time delay devia-
tion of 10 ps, although these values can be easily improved by
a factor of 10 in other setups.

Also, the amplitude of the signal at different RF frequencies
was measured for different positions of the magnet, and results
very similar to those exposed in the previous section were ob-
tained. Fig. 12 shows the amplitude when the optical wavelength
is 1527 nm and the perturbed section is located at 15 and 45 mm
from the initial end. A slight oscillation of the signal with fre-
quency appears due to the Fabry–Perot cavity formed by the two
embedded gratings, and periodicity decreases with the distance
to the initial end.

V. CONCLUSION

We have analyzed and experimentally demonstrated a novel
time delay line based on a uniform FBG for microwave appli-
cations. The device operates at a single optical wavelength and
the time delay is tuned by increasing the period of a region of
the grating. Experimental setup used magnetic fields to apply a
local strain at different positions along the grating and the ob-
tained measurements showed a very good agreement with the
theoretical calculations. By using a 5-cm-long grating opera-
tion was demonstrated up to 14 GHz, and a 330-ps maximum
time delay range was obtained. Such a time delay line is con-
tinuously variable and has the advantage of the operation at a
fixed wavelength, which simplifies the architecture of beam-
forming systems in phased array microwave antennas. However,
the economical and practical benefits of our approach cannot be
assessed until systems tests are performed because of the addi-
tional electrical components which are required for each fiber
grating.
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