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Broadband and Precise Microwave Time Reversal
Using a Single Linearly Chirped Fiber Bragg Grating

Jiejun Zhang, Student Member, IEEE, and Jianping Yao, Fellow, [EEE

Abstract—We propose and experimentally demonstrate a
novel technique to achieve broadband and precise microwave
time reversal using a single linearly chirped fiber Bragg grating
(LCFBG). In the proposed approach, the time reversal is realized
by the LCFBG that is operating in conjunction with a polarization
beam splitter (PBS) to enable a triple use of the LCFBG with the
microwave waveform entering the LCFBG from either the long or
the short wavelength end. Since the LCFBG has a wide bandwidth
and is used three times with exactly complementary and identical
dispersion, broadband and precise microwave time reversal is
ensured. A theoretical analysis is performed which is validated
by simulations and an experiment. The time reversal of three
different microwave waveforms with a bandwidth over 4 GHz and
a time duration of approximately 10 ns is demonstrated.

Index Terms—Microwave conjugator, microwave photonics,
photonic microwave signal processing, temporal pulse shaping,
time reversal.

I. INTRODUCTION

IME reversal, also known as phase conjugation in optics,

is a technique widely used to increase the resolution of a
detection system. Using time reversal, the energy of a signal can
be focused in a detection system with a resolution that is much
higher than the value of the signal wavelength [1]-[3]. In an
acoustic time reversal system [4], for example, a short acoustic
pulse is sent from a source that propagates through a complex
medium and is captured by a transducer array. The recorded
signal is digitized, time reversed digitally, and then transmitted.
Recently, an optical time reversal system was implemented to
focus a lightwave signal through a scattering medium [5]. In
2004, time reversal of an microwave signal was proposed to
overcome the multipath problem for microwave communica-
tions [6]. It is shown that time reversal is not only capable of
solving the multipath problem, but it can also control the mi-
crowave power distribution by focusing more power to the de-
tector, which has been theoretically and experimentally verified
in [7] and [8]. Since then, microwave time reversal has attracted
significant research interests due to its promising applications
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in microwave imaging and microwave communication. A mi-
crowave imaging system with a significantly improved resolu-
tion by time reversal was proposed for breast cancer detection
[9],[10]. In[11]-[13], microwave time reversal was used for hy-
perthermia treatment of cancer thanks to its capability to focus
electromagnetic power. A microwave super-resolution system
was demonstrated in [14], in which time reversal was used to
focus a microwave signal with a resolution of one thirtieth of
the microwave wavelength, a value that is beyond the diffraction
limit. In [15], it was demonstrated that, using time reversal, the
phase distortion of a UWB signal in a communications system
can be effectively compensated.

It is similar to acoustic time reversal, to implement mi-
crowave time reversal, digital solutions are usually employed,
which involve analog-to-digital conversion (ADC), digital
signal processing (DSP), and digital-to-analog conversion
(DAC). In a laboratory environment, these functions were
implemented using a real-time oscilloscope to perform sam-
pling, a computer to perform DSP, and an arbitrary waveform
generator to perform DAC [15]. The key limitations of a digital
microwave time reversal system are the relatively slow speed
and small bandwidth and are only suitable for signal processing
with a frequency and bandwidth of a few gigahertz. For ex-
ample, the bandwidths of the digital microwave time-reversal
systems are only 2 MHz [6], 20 MHz [10], and 150 MHz [7]. In
[15], a pulse with an effective bandwidth of 9.6 GHz was gen-
erated, but at the cost of a very expensive electronic arbitrary
waveform generator (AWG). For many applications such as
radar and high-speed communications, however, time reversal
of a high-frequency and wideband microwave signal is highly
demanded. It has been theoretically proved that time reversal
of a microwave signal with a wider bandwidth can significantly
improve the focusing efficiency of a microwave imaging system
[16]. Photonic solutions have been proposed to implement
high-frequency and wideband microwave time reversal. In
[17], microwave time reversal was optically realized by using
the three photon echo effect in an erbium-doped YSO crystal.
An unprecedented time duration of 6 us was demonstrated.
The application of the time reversal in a temporal imaging
system was discussed in [18]. Despite the extremely long time
duration, the bandwidth of the time reversal was limited only
to 10 MHz, which is small and could be easily achieved by
a digital time-reversal system. In [19], a microwave photonic
system to achieve broadband microwave time reversal using
a temporal pulse shaping system was proposed. Theoretically,
the bandwidth can be as large as 18 GHz. However, since two
independent dispersive elements were used in the system, a rel-
atively large dispersion mismatch between the two dispersive
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elements resulted, which led to large waveform distortions with
a reduced system performance (defocusing).

In this paper, we propose and experimentally demonstrate a
microwave photonic system to realize time reversal of a mi-
crowave waveform with a high operation frequency and a large
bandwidth by using a single LCFBG. This is a continuation of
our recent work reported in [20] where the temporal duration
of the time-reversed waveform was small. The time reversal
reported in this paper is realized by using a long and wide-
band LCFBG that is operating in conjunction with a polarization
beam splitter (PBS) to enable a triple use of the LCFBG with
the optical waveform entering from either the long or the short
wavelength end. Since the LCFBG is used three times with ex-
actly complementary (the first two times) and identical (the last
two times) dispersion, a precise microwave time reversal is en-
sured. In addition, the LCFBG has a large bandwidth, thus high
frequency and broadband microwave operation is also ensured.

The proposed technique is analyzed theoretically and verified
by simulations in Section II. A proof-of-concept experiment by
using three different microwave waveforms with a bandwidth
up to 4 GHz and a time duration of approximately 10 ns is pre-
sented in Section III. A conclusion is drawn in Section IV.

II. PRINCIPLE

A. System Configuration

Fig. 1 shows the proposed microwave photonic system for
broadband and precise microwave time reversal. A transform-
limited optical pulse generated by a mode-locked laser (MLL)
is filtered by a bandpass optical filter (OF) with a bandwidth of
4 nm and sent to the LCFBG from its long wavelength end via
a three-port optical circulator (OC1). The optical pulse is then
temporally stretched by the LCFBG. The LCFBG has a reflec-
tivity of over 95% and a bandwidth of 4 nm, which is equal
to the spectral width of the optical pulse from the OF. Hence,
the optical pulse from the OF is almost completely reflected by
the LCFBG and the transmission is small and negligible. At
the third port of OC1, a Mach—Zehnder modulator (MZM) is
connected, to which a microwave waveform to be temporally
reversed is applied. A polarization controller (PC1) is incor-
porated between OC1 and the MZM to align the polarization
state of the optical pulse to the principal axis of the MZM to
minimize the polarization-dependent loss. At the output of the
MZM, the optical pulse is directed into a four-port optical cir-
culator (OC2). A PBS is used to connect the short wavelength
end of the LCFBG to the second and third ports of OC2. Two
other PCs (PC2 and PC3) are employed between the PBS and
OC2 to control the polarization directions of the light waves to
the PBS, so that the light waves can be efficiently coupled to the
LCFBG by the PBS. The optical pulse injected to the first port
of OC2 is directed to the second port and then sent to the short
wavelength end of the LCFBG through the PBS. The optical
pulse is then dispersed by the LCFBG and returned to the PBS.
Since there is no Faraday Effect involved in this process, the
return light should have the polarization that perfectly matches
the polarization of the lower arm of the PBS. Hence, the pulse
is completely reflected to the second port of OC2. At the third
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Fig. 1. Schematic of the proposed microwave time-reversal system. MLL:
mode-locked laser; OF: optical filter; LCFBG: linearly chirped fiber Bragg
grating; PC: polarization controller; MZM: Mach-Zehnder modulator; PBS:
polarization beam splitter; PD: photodetector; OC: optical circulator.

port of OC2, an identical process occurs and the pulse is dis-
persed again at the short wavelength end of the LCFBG. The
joint operation of OC2 and the PBS allows the optical pulse
from the MZM to be independently and temporally dispersed
by the LCFBG twice. The optical pulse is finally detected by a
photodetector (PD) connected to the fourth port of OC2 and a
time-reversed microwave waveform is obtained at the output of
the PD, which is monitored by a real-time oscilloscope.

B. Time-Reversal Modeling

Mathematically, the LCFBG can be modeled as a linear and
time-invariant (LTT) system with a quadratic phase response and
unity amplitude response. Assuming that the electrical field of
the optical pulse from the OF is g(t), after being dispersed by the
LCFBG (entering from the long wavelength end), the electrical
field of the optical pulse at the third port of OCI1 is given by [21]

o) = 90+ exp i1 ) )

20

where @ is the dispersion coefficient of the LCFBG looking into
it from the long wavelength end, and * denotes the convolution
operation.

Note that the dispersion coefficient looking into the LCFBG
from the short wavelength end is —-&. Fig. 2 shows the reflec-
tion spectrum of an LCFBG fabricated based on the holographic
method in a single-mode fiber with a length of 1 m. The spec-
trum is measured by an optical vector analyzer (OVA, Luna
Technologies). As can be seen, the LCFBG has a bandwidth of
4 nm and a central wavelength of 1551.4 nm, which is approx-
imately equal to the central wavelength of the pulse spectrum
from the OF. The group delay responses of the LCFBG mea-
sured from its short and long wavelength ends are also shown
in Fig. 2. As can be seen that the group delay responses are com-
plementary and the dispersion coefficients are 42500 ps/nm
and —2500 ps/nm, corresponding to the green and red lines, re-
spectively. Since the LCFBG has a long length, which is more
than the measurable length of the OVA, in the measurement the
LCFBG is considered as four cascaded subsections, and each
subsection is measure independent. The spectrum of the entire
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Fig. 2. Reflection spectrum and group delay responses of the LCFBG.
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Fig. 3. Implementation of the proposed microwave time-reversal system using
three LCFBGs.

LCFBG is then achieved by synthesizing the four measurements
corresponding to the spectra of the four subsections.

The microwave time-reversal system can be modeled as a
temporal pulse shaping (TPS) system [17] with a pair of com-
plementary dispersive elements of ¢ and —&, followed by a
residual dispersion of —&, as shown in Fig. 3. As can be seen,
the implementation of the system based on our proposed config-
uration in Fig. 1 to use only a single LCFBG will significantly
reduce the complexity and improve the performance (with no
dispersion mismatch).

The electrical field at the output of the MZM is given by

m(t) = p(t) < ern (2) @)
where e (#) is the microwave signal applied to the MZM.

After being dispersed by the LCFBG entering from the short
wavelength end of the LCFBG for the first time, the electrical
field becomes

t2
b(t) = m(t) * ex j— | . 3
() = m(o)wesp (i< ) ®
If the duration of the MLL pulse 7y and the dispersion of
LCFBG satisfy the far field condition |73 /®| < 1, the Fraun-
hofer approximation can be adopted. Substituting (1) and (2)
into (3), we have [22], [23]
b(t)oog(t) * Ern (w)l=1t (4)
where Erps{w) is the Fourier transform of ey (¢).

The electrical field at the output of the entire time-reversal
system r(¢) is obtained by propagating the optical signal b(t)
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from the temporal pulse shaping system through a third disper-
sive element with a value of residual dispersion of —& via the
fourth port of OC2 [21]

jt? >
25 ) Blo=z )

r(t) = exp (

where B(w) is the Fourier transform of b(¢t).
Substitute (4) into (5), we have

0o (225 # ot (1)

jt? EI
— —_— y @ )
exp < 2@) G(w) o ern (Pw)

t
w=—
P

t

W= —=
— &

_el it? L2
- o exp | — 2@ G 7@ eIM(it)

where G(w) is the Fourier transform of g(t).
The optical pulse at the fourth port of OC2 is detected by the
PD. The generated photocurrent is given by

t

110 = RIr(-0 006* (- £ ) (1)

(6)

(M
where R is the responsivity of the PD.

C. Waveform Distortion

As can be seen from (7), the microwave waveform at the
output of the system is a time-reversed version of the input
signal except for a multiplying term G2(—t/®). Ideally, the
optical pulse from the MLL is ultrashort, and its temporally
dispersed version is ultrawide and flat, which will have small
impact on the generated waveform. To study the impact of
Go(—t/®) on the generated time-reversed waveform, a sim-
ulation is performed in which the dispersive element is a real
LCFBG which has a spectral response given in Fig. 2. An
up-chirped microwave waveform shown in Fig. 4 (solid line)
is used as the input signal eas(t). The microwave waveform
at the output of the PD is frequency down-chirped, which is
a time-reversed version of the input waveform, except for a
slowly varying envelope due to G(—1/®). In the simulation,
G(—t/®) is the optical spectrum of an optical pulse from the
MLL after being filtered by the bandpass OF and reflected three
times by the LCFBG. From Fig. 4, it can be seen that the output
waveform has exactly the same temporal duration and shape as
compared with the input microwave waveform. Note that, to
ease the comparison, the generated time-reversed waveform is
flipped horizontally and shown in the same figure. A correlation
coefficient [24] of 0.998 is achieved between the original and
time-reversed signals. The very small envelope distortion is
induced by Ga(—t/®), which can be further suppressed by
using an MLL with a flatter optical spectrum and an LCFBG
with more uniform reflectivity.

D. Electrical Bandwidth Limit

The limited bandwidth is another factor that may influence
the performance of the time-reversal operation. In the proposed
system, the bandwidth of the LCFBG is very wide, and the
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Fig. 4. Simulated time-reversed waveform considering the impact from
Ga(—1/®). Dotted line: input up-chirped waveform; dashed line: time-re-
versed output waveform with a frequency down-chip; solid: the profile of
G2(—t/®), determined by the spectrum of the optical pulse from the MLL
and the dispersion of the LCFBG.
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Fig. 5. Simulated time-reversed waveform when the limited bandwidth of the
electronic components is considered. Solid line: input chirped signal; dashed
line: output time-reversed signal for a limited electronic bandwidth of 4 GHz.

system bandwidth is mainly limited by the electronic compo-
nents used, including the electronic amplifiers, MZM, and the
PD. Fig. 5 shows the distortion caused by the limited electronic
bandwidth. Similar to Fig. 4, a frequency up-chirped waveform
is used as the input waveform. At the output, a time-reversed
waveform with a reduced amplitude is observed, especially for
high-frequency components, when a low-pass filter (3-dB cutoff
frequency at 4 GHz) is employed to emulate the bandwidth lim-
itation of the electronic components. The correlation coefficient
between the original and the time-reversed waveforms is 0.981.
As the central frequency of the input signal increases, the corre-
lation coefficient drops drastically, indicating a largely degraded
performance of the system. Again, to ease the comparison, the
generated time-reversed waveform is flipped horizontally and
also shown in Fig. 5. Since high-speed MZMs and PDs with a
bandwidth up to 100 GHz or higher are now commercially avail-
able, the electronic bandwidth of the time-reversal system may
not be limited by the electronic components. Then, the band-
width of the time-reversal system will be determined by the op-
tical components. Theoretically, the LCFBG is the only optical
component with a finite bandwidth. Its bandwidth may limit the
bandwidth of the time-reversal system.
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Fig. 6. Mechanism for the bandwidth limit of the optical part. (a) Optical carrier
w, and sidebands reflected by the LCFBG. As modulation frequency increases
from w; to ws, the sidebands may locate outside the reflection band of LCFBG.
(b) Corresponding frequency response of the LCFBG.

E. Photonic Bandwidth Limit

For an intensity-modulation and direct-detection (IM/DD)
system, when a microwave signal is modulated on an optical
carrier, first-order optical sidebands will be generated. The
beating between the optical carrier and the sidebands at a PD
will recover the modulation microwave waveform. When a
temporally stretched MLL pulse is used as an optical carrier,
however, the modulation process will broaden the optical spec-
trum. When the broadened spectrum exceeds the bandwidth
of the LCFBG, the microwave power detected at the PD will
decrease since some of the spectral components will not be
reflected, resulting in a limited bandwidth of the time reversal
system.

Fig. 6 illustrates the impact of the limited bandwidth of the
LCFBG on the microwave detection. First, we assume a single-
frequency optical carrier at w,. that is modulated by a microwave
signal at a relatively low frequency 2. Due to the low mi-
crowave frequency, the two sidebands are within the reflection
band of the LCFBG, as shown in Fig. 6(a). Both of them will
be reflected and beat with the optical carrier at the PD, thus a
maximum microwave power is achieved. When the microwave
signal is increased to a higher frequency w2, only one sideband
is within the LCFBG reflection band, and the power of the mi-
crowave beat signal at the PD will be reduced by half. Finally,
as the modulation frequency is increased to {23, no sidebands
fall within the LCFBG reflection band, and thus no microwave
signal will be detected. Therefore, the frequency response of
the system corresponds to a low-pass filter with its frequency
response shown in Fig. 6(b).

We then quantitatively calculate the bandwidth of the system
due to the finite the bandwidth of the LCFBG. Since intensity
modulation is used, the detected microwave power should be
the summation of the powers of the beat signals between the
optical carrier and its two first-order sidebands as follows:

P(we, Q) o R(we) - R(we + Q) + R(we) - Rlwe — Q) (8)
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Fig. 7. Microwave spectral response of the time-reversal system due to the
finite bandwidth of the LCFBG.

where R(w) is the reflectivity of the LCFBG. Since all of the
spectral components of the optical pulse from the MLL over a
frequency range of dw contribute to the optical carrier, the total
microwave power detected at the PD is

P(Q) = /P(wc, N)dwe. )
Sw

Based on (9) and using the measured LCFBG reflection
spectrum shown in Fig. 2, the microwave spectral response of
the time-reversal system is calculated. As shown in Fig. 7, the
system is a low-pass filter with the 3-dB cutoff frequency at
273 GHz, which is approximately equal to half of the optical
bandwidth of the LCFBG.

III. EXPERIMENT

An experiment based on the setup shown in Fig. 1 is per-
formed. An optical pulse from the wavelength tunable MLL
(PriTel FFL-1550-20) with a 3-dB bandwidth of 8 nm and a
pulse width less than 600 fs is used as the light source. The
repetition rate of the pulse train from the MLL is 20 MHz. An
OF with a bandwidth of 4 nm centered at the spectrum of the
MLL is employed to achieve a flat spectrum and, at the same
time, to ensure that the pulse can be completely reflected by
the LCFBG. The LCFBG was fabricated using the holographic
method. A microwave arbitrary waveform generator (Tektronix
AWG7102) with a sampling rate of 10 Gb/s is used to gen-
erate a microwave waveform that is applied to the MZM (JDSU
0OC-192, bandwidth of 10 GHz) after amplified by an electrical
amplifier (MTC5515, bandwidth of 10 GHz). The microwave
waveform and the optical pulse from the MLL are synchronized
by applying a trigger signal from the MLL to the arbitrary wave-
form generator. The optical pulse at the fourth port of OC2 is a
time-reversed optical waveform as compared with the optical
waveform at the output of the MZM. The time-reversed optical
waveform is applied to the PD (New Focus 1414, 25 GHz). The
detected waveform is monitored by a 32-GHz real-time oscil-
loscope (Agilent 93204A). A photograph of the experimental
setup is shown in Fig. 8.

The key device to achieve the time reversal is the LCFBG,
which is fabricated in a single-mode fiber with a length of
1 m. The reflection spectrum and the group delay responses are
shown in Fig. 2.
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Fig. 8. Photograph of the experiment setup. Two three-port circulators are cas-
caded to function as a four-port circulator OC2.

It can be calculated that the optical pulse from the OF is
stretched to have a time duration of 7 = & x AX = 10ns
at the input of the MZM. Hence, the time duration of the input
microwave signal should be limited to 10 ns in order to be car-
ried by the temporally dispersed optical pulse. The time dura-
tion of the pulse at the output of the OF is estimated to be 0.88
ps, which satisfies the far-field condition for a TPS system [21].
Note that the far-field condition does not need to be considered
when the pulse passing through the LCFBG for the second and
third times [25].

Three different waveforms are generated by the arbitrary
waveform generator to test the operation of the proposed
microwave time-reversal system. The three waveforms are a
sawtooth wave, a chirped wave, and an arbitrary waveform. To
compare an original waveform and a time-reversed waveform
simultaneously, a 3-dB coupler was used after the MZM to
direct part of the modulated optical pulse to a PD and sampled
by another channel of the real-time oscilloscope.

Fig. 9 shows the microwave waveforms from the two sepa-
rate channels of the real-time oscilloscope, which correspond
to the waveforms before and after the time reversal. Specifi-
cally, in Fig. 9(a), a three-cycle up-ramp sawtooth is time re-
versed to become a down-ramp sawtooth. A small amplitude
change in the three cycles can be observed, which is caused by
the nonideally flat spectrum shape of the MLL pulse, as con-
firmed by the simulation. The amplitude change can be reduced
by improving the flatness of the optical pulse. In Fig. 9(b), a fre-
quency up-chirped microwave waveform with a time duration
of 10 ns and a frequency range from dc to 4 GHz is time reversed
to become a frequency down-chirped waveform. Note that the
input microwave waveform is not an ideal frequency-chirped
pulse due to the limited sampling rate (10 Gb/s) of the arbitrary
waveform generator, and the limited bandwidth of the EA and
the MZM. In Fig. 9(c), an arbitrary waveform is generated by
the arbitrary waveform generator which is also time reversed.
It can be seen from Fig. 9(a)—(c) that the time-reversed wave-
forms have exactly the same time duration and the same shape
with the original waveforms, except for very small amplitude
distortions caused by the limited bandwidth of the electronic
components and the non-flat spectral shape of the optical pulse.
By correlating the original waveforms with a flipped version of
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Fig. 9. Comparison between the original and the time-reversed waveforms.
(a) Sawtooth wave. (b) Chirped wave. (c) Arbitrary waveform. The corre-
sponding correlation coefficients are calculated to be 0.930, 0.939, and 0.951.

the time-reversed waveforms, we have three correlation coef-
ficients of 0.930, 0.939, and 0.951, which are slightly smaller
than the theoretical values of 1 due to the existence of system
noise. Nevertheless, precise and single-shot time reversal of a
microwave waveform with a bandwidth up to 4 GHz and a time
duration of 10 ns has been achieved.

IV. CONCLUSION

We have proposed and experimentally demonstrated a
novel technique to achieve broadband and precise real-time
microwave time reversal using a single LCFBG. The key
advantage of the proposed technique was the use of only a
single LCFBG, which was used three times, and thus the
system was greatly simplified. More importantly, the triple
use of the LCFBG enabled the complete elimination of the
dispersion mismatch existing in a time-reversal system using
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three independent dispersive elements. The proposed technique
was studied theoretically and validated by an experiment. The
time reversal of three different microwave waveforms with a
bandwidth of 4 GHz and a time duration of about 10 ns was
demonstrated. To further increase the time duration, a disper-
sive element with a greater time delay is needed, for example,
a longer LCFBG, or a dispersive filter near atomic resonance
in rare-earth ion-doped crystals.
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