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Abstract—A simple method to achieve a large and tunable
time delay of an optical signal by using a linearly chirped fiber
Bragg grating (LCFBG) written in an erbium–ytterbium (Er/Yb)
codoped fiber is proposed and demonstrated. The group delay
response of the LCFBG can be tuned by optically pumping the
LCFBG with different pumping powers, which leads to the tuning
of the time delay. An LCFBG written in an Er/Yb codoped fiber
is fabricated. A continuously tunable time delay up to 200 ps for
a Gaussian pulse with a full-width at half-maximum of 7.6 GHz
is experimentally demonstrated. The influence of the dispersion,
the magnitude and group delay ripples of the LCFBG on the
time delay performance, and also the stability of operation are
investigated.

Index Terms—Linearly chirped fiber Bragg grating (LCFBG),
microwave photonics, optical communications, time delay.

I. INTRODUCTION

T HE ability to control the time delay of an optical signal or
pulse is an interesting topic which can find many appli-

cations such as in optical communications, optical signal pro-
cessing, all-optical microwave filtering, and optically controlled
phased array beamforming. For many applications, it is also re-
quired that the time delay be achieved for a signal or pulse with
a large bandwidth.

Different schemes have been proposed for the implemen-
tation of continuously tunable time delay. The techniques
for achieving tunable time delay have been widely studied
under the concept of slow light, with different approaches
such as electromagnetically induced transparency [1], coherent
population oscillation [2]–[4], and stimulated Brillouin scat-
tering (SBS) [5]–[7]. Among the numerous techniques, the
one based on the SBS has attracted much attention since a
low-power pump is needed to generate a large time delay.
However, because of the narrow intrinsic bandwidth of the
SBS, its applications are limited for narrowband signals or the
system becomes complicated to satisfy the broadband operation
requirement [8]–[10].

Fiber Bragg gratings (FBGs) are key fiber-optic components
that can find many applications in optical communications sys-
tems such as optical filtering, group velocity dispersion com-
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pensation, and dispersion slope compensation. Recently, FBGs
have been used to generate slow light to achieve optical time
delays. In [11], the slow light properties of gap solitons in an
apodized FBG are reported. By introducing a high-power signal,
the optical nonlinearity would induce an index change in the
FBG; thus, the time delay can be tuned by varying the optical
power of the optical signal. Since this approach requires a very
high optical power for the optical signal ( 2 kW), its prac-
tical application is thus limited. In [12], a tunable time delay is
achieved by thermally shifting the reflection edge of a uniform
FBG written in an erbium–ytterbium (Er/Yb) codoped fiber. By
introducing an optical pump, the reflection phase of the FBG
tends to vary rapidly near the band edge and the time delay close
to the band edge becomes appreciable [13]. By changing the
pump power, the spectral bandwidth of the FBG is shifted, and
as a result, the time delay from the FBG is varied. The amount of
time delay achieved is 0.9 ns for an optical signal with a band-
width of 200 MHz. The major limitation of this method is the
limited bandwidth, which is not suitable for applications where
a large bandwidth is needed.

A linearly chirped fiber Bragg grating (LCFBG) can provide
a tunable time delay with a large bandwidth, and has been em-
ployed in optical communications systems, optical signal pro-
cessing systems, and optically controlled phased array antennas
[14]–[18]. In [14]–[17], the realization of a tunable time delay
based on mechanical [14]–[16], or thermal [17] tuning of an
LCFBG was demonstrated. For example, in [16], a right-an-
gled triangle cantilever beam is used as the chirped fiber Bragg
grating (CFBG) carrier to introduce a uniform strain gradient
along the CFBG. A tunable dispersion from 178 to 2126 ps/nm
corresponding to a 3-dB bandwidth from 0.42 to 5.04 nm is
achieved mechanically. In the methods reported in [14]–[17],
although the tunable range can be large, the tuning speed is very
low. In addition, the stability of the system is also poor, espe-
cially for mechanical tuning. In [18], instead of employing me-
chanical or thermal tuning, the time delay is tuned by wave-
length conversion based on four-wave mixing (FWM) in an
optical fiber. Again, the system is complicated since a second
light source with a high power is needed as a pump source
to stimulate the FWM. A similar approach for achieving con-
tinuously tunable time delay is also proposed [19]. In the ap-
proach, the spectrum of an optical signal is broadened based on
self-phase modulation, and the broadened spectrum is sliced by
an optical filter. Due to the dispersion of an optical fiber, the
time delay experienced by the sliced optical signal is different
depending on the wavelength of the optical filter. The wave-
length of the time-delayed signal is then reconverted back to the
original wavelength by another spectral broadening operation
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and a second optical filter. The wavelength conversion can also
be implemented using a parametric wavelength converter [20].
Clearly, the systems in [19] and [20] are complicated, and the
tuning speed of the time delay is limited due to the slow tuning
speed of the optical filter.

In this paper, a simple technique to achieve a continuously
tunable time delay by using an LCFBG inscribed in an Er/Yb
codoped fiber is proposed and experimentally demonstrated. By
introducing a pump power to the LCFBG written in an Er/Yb
codoped fiber, the temperature in the fiber would increase,
which would lead to the change of the period and refractive
index profiles of the LCFBG. Consequently, the group delay
response would change, resulting in the change of the time
delays. The key difference between this technique and the
technique in [12] is that here an LCFBG is employed and the
reflection is in the LCFBG band rather than in the band edge,
which enables the system to provide a tunable time delay with
a large bandwidth. In addition, the tuning speed is much faster
than the approaches using thermal [14]–[16] or mechanical
[17] tuning. Further more, the undesirable birefringence effects
existing in the mechanical tuning technique can also be avoided
using optical pumping. An LCFBG in an Er/Yb codoped fiber
is fabricated. The use of the LCFBG to generate a tunable time
delay by changing the pump power is investigated.

The paper is organized as follows. In Section II, the tuning
mechanism of an LCFBG based on optical pumping is analyzed.
The relationship between the pumping power and the time delay
is established. In Section III, an experiment is performed. The
use of the LCFBG to achieve a tunable time delay is experi-
mentally demonstrated. A continuously tunable time delay as
large as 200 ps is obtained for an input optical Gaussian pulse
with a full-width at half-maximum (FWHM) of 7.6 GHz. In
Section IV, the performance of the time delay system is eval-
uated, including the influence of the magnitude and group delay
ripples on the time delay accuracy, the effect of the dispersion
of the LCFBG on the time-delayed signals, and the stability of
the operation. A summary of the important features of different
schemes using an FBG or an LCFBG is provided. A conclusion
is drawn in Section V.

II. PRINCIPLE

It is well known that a chirp in the period of an LCFBG would
lead to the broadening of the reflection spectrum. The broadened
spectrum is expressed as [21]

(1)

where is the effective refractive index of the grating and
is the chirp in the period of the LCFBG. The group

delay response of an LCFBG is a function of wavelength. A light
wave reflected from the LCFBG would experience a time delay

for which is a function of
wavelength [21]

(2)

where denotes the central wavelength of the reflection spec-
trum, is the average group velocity of the light in the LCFBG,

and is the length of the LCFBG. The time delay slope in the
reflection bandwidth is given by

(3)

The characteristics of a continuously pumped LCFBG can
be explored by modeling the pumping effect in a doped fiber
[22]. When a doped fiber is optically pumped, two effects are
introduced: the first is the change of the refractive index and
the second is the longitudinal expansion of the fiber. Since the
second effect amounts to less than 2% of the first one, only the
refractive index change due to the thermo-optic effect is consid-
ered in this paper.

First, it is assumed that the fiber is unjacketed and is long
enough such that the -dependence of the temperature profile
is time invariant ( is the position along the fiber). The tem-
perature distribution should satisfy the heat conduction
equation [23]

(4)

where is the Laplace operator, is the radius position of
the fiber, is the fraction of the absorbed pump power which
is turned to heat, is the thermal conductivity of the fiber, is
the density of the fiber material, is the specific heat, and
is the average pump power absorbed per unit volume. Since we
need steady-state condition for practical case, it is useful to de-
rive the steady-state temperature change relation. In this case,
the time derivative in (4) is zero. For solving this equation, two
boundary conditions should be considered. The first one is en-
ergy conversation. If the cooling is due to natural air convection,
the heat flowing out of the fiber at , where is the outer
radius of the unjacketed fiber, is proportional to the temperature
difference between the fiber and the surrounding air. This pro-
portionality factor is named as heat transfer coefficient . The
second boundary condition is that at , the temperature dis-
tribution is equal to the initial distribution . In this
regard, is the absorption boundary, the radius of the step ini-
tial profile of . Here, is the
temperature rise in the profile, and denotes the equilibrium
temperature of the surrounding medium. By considering these
two boundary conditions, the steady-state temperature rise pro-
file can be written as [22]

(5)

To obtain the steady-state index change due to , the ab-
sorbed power per unit volume can be expressed as

(6)

where is the pump power distribution along the fiber
(which depends on the input pump power, the dopant absorp-
tion properties, and the pump mode size). The dependence of

can be approximated by inserting (6) into (5) and retaining
only the first term. So that the steady-state thermal index change
is given by

(7)
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where is the index temperature coefficient. Therefore,
depending on the pump power distribution, the refractive index
of the fiber would change along the LCFBG. If the introduced
pump is not strong enough to be distributed along all the length
of the LCFBG, it will be distributed just in the periods that are
located closer to the pumping power. When the LCFBG is opti-
cally pumped from the red end (i.e., with a longest period) and
all the pump power is absorbed before the blue end (i.e., with a
shortest period), the temperature at the red end of the LCFBG
is increased to shift the second reflection edge to a longer wave-
length while the first edge is fixed. By inserting (7) into (1)
and (2), we can establish the relationship between the pumping
power and the time delay given by

(8)

where and are the shortest and longest periods of the
LCFBG, respectively, and and are the corresponding re-
fractive indexes. Also, the slope of the time delay in the reflec-
tion band can be written as

(9)

Thus, it can be seen that when an LCFBG is pumped from
its red end, the absolute value of the slope of the group delay
response is decreased, as given by (9), and thus the achieved
time delay of an optical signal over a specific band is increased.

III. EXPERIMENTAL RESULTS

A 8 cm long LCFBG is fabricated with UV scanning beam
technique using a linearly chirped phase mask with a chirp rate
of 0.056 nm/cm in the experiment. The fiber used to fabricate
the LCFBG is a hydrogen-loaded Er/Yb codoped fiber. The cen-
tral wavelength of the LCFBG is 1558.38 nm and the reflection
FWHM is about 0.45 nm. Fig. 1 shows the experimental setup
to achieve a tunable time delay by using an optically pumped
LCFBG. The system consists of a tunable laser source (TLS), a
Mach–Zehnder modulator (MZM), an LCFBG, a 980-nm laser
diode (LD), an 3-port optical circulator, a photodetector (PD), a
signal generator [Agilent N4901B Serial Bit Error Rate Tester
(BERT)], and an oscilloscope (Agilent 86116A). A light wave
from the TLS is sent to the MZM. The wavelength of the light
wave is tuned at 1558.5 nm. A Gaussian pulse with an FWHM
of 7.6 GHz generated by the signal generator is applied to the
MZM via the RF port to modulate the light wave. The LCFBG
is pumped by the 980-nm LD; by increasing the injection cur-
rent of the pump laser, the introduced pump power is increased.
The Gaussian pulse is reflected back from the LCFBG and ap-
plied to the PD via the optical circulator. In the experiment, the
LCFBG is fixed on an optical table to minimize the instability
caused by the environmental changes. The tunable time delay
of the reflected signal is measured by the oscilloscope.

Fig. 1. Experimental setup to achieve a continuously tunable time delay. (TLS:
tunable laser source, MZM: Mach–Zehnder modulator, PC: polarization con-
troller, WDM: 980/1550 nm wavelength division multiplexer).

Fig. 2. Reflection spectra of the LCFBG pumped by a 980-nm LD with dif-
ferent pump powers.

As discussed in Section II, in a doped fiber, the core refrac-
tive index changes as a consequence of the variation of the pump
power. The reflection edge wavelengths of an LCFBG are lin-
early proportional to the core refractive indexes of the shortest
and longest periods, as given by (1). In our experiment, the
power of the pump laser is small such that the LCFBG at the
blue end is almost not pumped. Since the LCFBG is pumped
from the red end, as explained in Section II, by increasing the
pump power, the second edge of the LCFBG is shifted to a
longer wavelength while the first edge is kept fixed. Fig. 2 shows
the measured reflection spectra of the LCFBG with different
pump powers. When the injection current of the pump laser is
increased from 0 to 250 mA with a step of 50 mA (the corre-
sponding pump power is from 0 to 270 mW), the second reflec-
tion edge is shifted to a longer wavelength with a wavelength
shift of 0.2 nm. Fig. 3 shows the group delay responses of the
LCFBG. As can be seen in Fig. 3, by increasing the pump power,
the slope of the group delay is decreased, and therefore, the
achieved time delay of an optical signal at a specific wavelength
is increased.

Fig. 4 shows the detected signals reflected back from the
LCFBG with different time delays for different pump powers.
By increasing the injection current of the pump laser from 0 to
250 mA (the corresponding pump power from 0 to 270 mW), a
time delay that is continuously tunable up to 200 ps is achieved.
The measured intensity of the time-delayed signals shown in
Fig. 4 is normalized to unity. The time-delayed signals experi-
ence some distortions because of the magnitude and group delay
ripples of the LCFBG.
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Fig. 3. Group delay responses of the LCFBG pumped by a 980-nm LD with
different pump powers.

Fig. 4. Detected signals reflected from the pumped LCFBG with different
pump powers.

IV. DISCUSSIONS

A. Influence of the Magnitude and Group Delay Ripples on
the Time Delay Performance

An ideal LCFBG would exhibit a constant magnitude and
linear group delay characteristics over a large bandwidth. How-
ever, because of errors in grating periods and refractive index
modulation raised in the grating fabrication process, ripples in
the magnitude and group delay spectra would always exist. Usu-
ally, the impact of the ripples on the delayed signals can be eval-
uated by modeling the ripples as periodic functions that are su-
perimposed on the magnitude and time delay responses of an
ideal LCFBG [24]. By considering the frequency response of
an LCFBG as , the reflectivity and its associated
time delay can be written as a function of wavelength

(10)

(11)

where and are the amplitudes of the reflectivity and the
time delay ripples, respectively, is the period of the ripples,
and and are two constants. Since

(12)

Fig. 5. Simulated time-delayed signals reflected from (a) an ideal LCFBG and
(b) the experimented nonideal LCFBG pumped with different powers. The case
with no pumping is considered as a reference. The inset in (b) shows a zoom-in
view of the right edges of the simulated outputs.

where is the speed of light in vacuum, by integrating (11),
we can find the phase response. Thus, by having the magni-
tude and phase responses of a nonideal LCFBG with ripples in
the reflectivity and group delay responses, we can investigate
the influence of the ripples on the time-delayed signals. Fig. 5
shows the simulated time-delayed signals by an ideal LCFBG
with different pump powers. As can be seen from Fig. 5(a), by
increasing the pump power, the time delay is increasing. The
shape of the Gaussian pulses does not change after reflected
from the ideal LCFBG. Fig. 5(b) shows the simulated time-de-
layed signals based on the measured reflection and time delay
spectra of the fabricated LCFBG for different pump powers. The
periods and amplitudes of the ripples as well as the constants
(i.e., and ) in (11) and (12) are obtained based on the mea-
sured reflection and time delay spectra, shown in Figs. 2 and
3. As can be seen from Fig. 5(b), because of the ripples in the
reflection and group delay spectra, the time-delayed signals ex-
perience some distortions. The amount of distortion depends on
the amplitude and the period of the ripples.

To investigate the influence of the reflectivity ripples on the
time-delayed signals, a linear group delay is considered. In
Fig. 6(a), the amplitude of the ripples is constant (1.2 dB).
The period of the ripples of the reflectivity spectrum is in-
creased from 7.5 to 60 pm. As can be seen in Fig. 6(a), the
output does not have a symmetric spectrum. By increasing the
period of the ripples, the first left sidelobe gets closer to the
main lobe and its amplitude becomes smaller. In addition to
the change of the amplitude and position of the sidelobe, the
stimulated signal experiences more distortions. For example,



SHAHOEI et al.: CONTINUOUSLY TUNABLE TIME DELAY USING AN OPTICALLY PUMPED LINEAR CHIRPED FIBER BRAGG GRATING 1469

Fig. 6. Simulated time-delayed signals reflected from a nonideal LCFBG with
linear time delay but modulated reflection spectra with (a) different ripple pe-
riods and (b) different peak to peak ripple amplitudes. The insets show the
zoom-in views of the right edges of the simulated outputs.

the output gets broader for pm. In Fig. 6(b), the period
of the ripples is constant (25 pm) and the peak amplitude of
the ripples is increased from 1 to 1.8 dB. By increasing the
amplitude of the ripples, the locations of the sidelobes are
fixed but the amplitudes become larger. It can be seen that the
distortion is predictable when just the amplitude of the ripples
in the reflectivity changes, but it is more complicated when its
period changes. It is because the maximum and minimum of
the ripples fall in different wavelengths by changing the period.

To study the effect of group delay ripples on the time-delayed
signals, a constant reflectivity is considered. In Fig. 7(a), the am-
plitude of the group delay ripples is constant ( ps) and
the period is decreased from 60 to 7.5 pm. As can be seen, we
have some distortions in the edge of the signal. The distortion
is worst when the period is smallest since time delay changes a
lot within a small wavelength band. For pm, the peak
wavelength is shifted and the pulse is distorted significantly near
the peak area, also the output pulse gets broader about 31%.
Fig. 7(b) shows the simulated time-delayed signals for a con-
stant ripple period (25 pm) but different ripple amplitudes in the
group delay response. By increasing the ripple amplitude, the
locations of the sidelobes are fixed but the amplitudes become
larger. It can be seen that the effect of the amplitude ripples in
the group delay is not very serious, since for the ps,
which is a large amount, the sidelobe amplitude is below 0.02.
Therefore, depending on the amplitude and period of the ripples
in the reflection and time delay spectra, the time-delayed signal
would be distorted and the effects of the periods of the ripples
are much higher than theirs amplitude.

Fig. 7. Simulated time-delayed signals for a nonideal LCFBG with a constant
reflectivity but modulated time delay response with (a) different ripple periods
and (b) different ripple amplitudes. The insets show the zoom-in views of the
left edges of the simulated outputs.

B. Effect of the Dispersion of the LCFBG on the Time-Delayed
Signals

We assume the input optical pulse as ,
where is the half bandwidth at maximum. Its Fourier
transform is given by , where
denotes the optical angular frequency. The LCFBG can be mod-
eled as a linear time-invariant system with a transfer function
given by

(13)

where donates the second-order dispersion ps of the
LCFBG and . Here, the higher orders of dispersion
are neglected. By increasing the pump power, the slope of
the group delay decreases, and thus the decreases. Here, by
increasing the pump power from 0 to 270 mW, the decreases
from 2003.7 to 1438.8 ps . By having the transfer function of
the LCFBG for different pump powers (different dispersion
values) and applying the Gaussian pulse to the LCFBG, the
output pulse can be simulated. Fig. 8 shows the simulated
outputs of the system for different pump powers. Here, the
LCFBG is considered ideal without ripples. It can be seen that
the simulated output pulses experience the broadening as the
result of the dispersion of the LCFBG. As the dispersion is
higher, the broadening is more.

There is a tradeoff between the tunable range of the time delay
and the broadening of the input pulse. By increasing the disper-
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TABLE I
COMPARISONS BETWEEN THE PREVIOUS SCHEMES OF TUNABLE TIME DELAYS USING FBG IN THEIR STRUCTURES

Fig. 8. Simulated time-delayed signals reflected from a nonideal LCFBG
pumped with different pump powers, corresponding to different dispersion.

sion of the LCFBG, a greater tunable time delay is achieved but
the output pulse would experience larger broadening.

C. Stability

The stability of the proposed system is also investigated. To
do so, the reflection and group delay spectra of the LCFBG are
measured every 5 min when the injection current of the LD is

mA or equivalently an pumping power of
mW). The results are shown in Fig. 9. As can be seen, after
25 min, the reflectivity and the group delay responses of the
LCFBG do not have any visible changes, a high stable operation
is confirmed.

D. Bandwidth of the System

The bandwidth of our system is limited by the reflection band-
width of the LCFBG. In our experiment, since the reflection
bandwidth of the LCFBG is 0.45 nm or equivalently 56 GHz, the
bandwidth of the entire system is thus 56 GHz. By using a phase
mask with a wider bandwidth, the bandwidth of the LCFBG
can be increased, and the entire bandwidth of the system is also
increased.

A comparison of the important features of different schemes
using an FBG or an LCFBG in their structures to achieve a tun-
able time delay is summarized in Table I. A figure of merit to
evaluate the performance of a time delay system is the time-
bandwidth product. As can be seen, among the different tech-
niques, our proposed solution provides the largest tunable time-
bandwidth product which is 11.2. The proposed system also pro-
vides good performance including high operation stability, large
tunability, and low fabrication complexity.
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Fig. 9. Experimental measurement of the group delay response to evaluate
the stability of the system. (a) Reflectivity and (b) group delay responses of
the LCFBG pumped with � � ��� mA at different times. The inset shows a
zoom-in views of the reflectivity and group delay responses.

V. CONCLUSION

A simple technique to achieve a continuously tunable time
delay with a large tunable range was proposed and experimen-
tally demonstrated. The key component in the proposed system
is the LCFBG, which was fabricated in an Er/Yb codoped fiber.
By optically pumping the LCFBG, the group delay response
of the LCFBG was changed, leading to the change of the time
delay. A theoretical analysis was performed, in which the rela-
tionship between the pumping power and the time delay was es-
tablished. An experiment was then performed. A continuously
tunable time delay as large as 200 ps was achieved. A figure
of merit to evaluate the performance of a time delay system is
the time-bandwidth product. For the proposed system, a tun-
able time-bandwidth product as large as 11.2 was achieved. The
bandwidth of the proposed system was 56 GHz, which was lim-
ited by the reflection bandwidth of the LCFBG. By using a wider
bandwidth LCFBG, the entire bandwidth of the system could
be increased. The effect of the dispersion of the LCFBG on the
time-delayed signals was evaluated. By increasing the disper-
sion of the LCFBG, a greater time delay could be achieved but
the output pulse would experience larger broadening. The ef-
fect of the reflectivity and group delay ripples of the LCFBG
on the time delay performance of the system was also investi-
gated. It was shown that the reflectivity and group delay ripples
would lead to the distortions to the time-delayed signals, and
the amount of distortions in the time-delayed signals depends
on the values of the period and amplitude of the ripples.
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