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Abstract—The development of communications technologies
has led to an ever-increasing demand for a higher speed and
wider bandwidth of microwave signal processors. To overcome
the inherent electronic speed limitations, photonic techniques
have been developed for processing of ultrabroadband microwave
signals. A dispersive delay line (DDL) is a key photonic device
that can be used to implement signal processing functions, such
as time reversal, time delay, dispersion compensation, Fourier
transformation, and pulse compression. Compared with an elec-
trical delay line, a photonic DDL has a much wider bandwidth
and can be used for processing a microwave signal with a much
wider bandwidth. In this paper, we review our recent work
using photonic DDLs for processing of broadband microwave
signals. Two types of DDLs are to be discussed, a linearly chirped
fiber Bragg grating-based DDL and an optical dispersive loop-
based DDL. Signal processing functions including microwave
time reversal, microwave temporal convolution, time-stretched
sampling, microwave waveform generation with an extended
temporal duration, and wideband true-time delay beamforming
are discussed.

Index Terms— Dispersive delay line (DDL), linearly chirped
fiber Bragg grating (LCFBG), microwave photonics, microwave
signal processing, recirculating loop.

I. INTRODUCTION

DELAY line is one of the fundamental elements for

analog signal processing. A delay line can be imple-
mented electrically and optically. An electrical delay line can
generate a time delay from a few nanoseconds to a few
microseconds [1]. Different approaches have been proposed
to realize an electrical delay line, such as a long electrical
cable, a surface acoustic wave (SAW) device [2]-[7], an
electromagnetic bandgap (EBG) element [8]-[10], and an
integrated circuit (IC) [11]-[13]. The major limitations of
using an electrical delay line for signal processing are the
narrow operation bandwidth and small time delay. In general,
a delay line with a large bandwidth and large time delay is
required for wideband signal processing [14], [15].

There has been an increasing interest in using photonics
to generate and process broadband microwave signals, thanks
to the ultrawide bandwidth offered by photonics [16], [17].
A photonic delay line is a key element in a photonic
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signal processor to generate a tunable time delay over a
broad bandwidth. A photonic delay line can be imple-
mented using a single-mode fiber (SMF), a dispersion com-
pensating fiber (DCF), a fiber Bragg grating (FBG) [18],
an integrated waveguide [19]-[22], or a photonic crystal
waveguide [23], [24].

A photonic dispersive delay line (DDL) is a special delay
line implemented in the optical domain that is able to introduce
different time delays to different spectral components of a
signal. Various signal processing functions implemented
based on photonic DDLs have been demonstrated,
which include microwave filtering [25]-[27], Fourier
transformation [28]-[30], pulse compression [31], [32],
frequency up-conversion [33], [34], temporal
stretching [35]-[43], true-time delay beamforming [44], [45],
and time reversal [46], [47]. So far, the implementation of
such signal processing functions for practical applications
is mainly limited by either the maximum dispersion or
the bandwidth of the photonic DDLs, which would limit
the temporal duration or the bandwidth of a microwave
signal that can be processed by such a signal processor.
An SMF- or DCF-based DDL usually has a small dispersion
coefficient of hundreds of ps/nm. An FBG-based DDL with
both large dispersion coefficient and bandwidth is difficult to
fabricate.

In this paper, we review our recent work using photonic
DDLs for processing of a microwave signal with simulta-
neously a large bandwidth and a long temporal duration.
Two types of DDLs will be discussed: 1) a linearly chirped
fiber Bragg grating (LCFBG)-based photonic DDL and 2) an
optical dispersive loop (ODL)-based DDL. Signal process-
ing functions including microwave time reversal [46], [47],
microwave temporal convolution [48], time-stretched sam-
pling [49], microwave waveform generation with an extended
temporal duration [50], and wideband true-time delay beam-
forming [51], are discussed.

This paper is organized as follows. In Section II, the use
of an LCFBG-based DDL for wideband microwave signal
processing is discussed and two experimental demonstra-
tions to implement microwave time reversal and microwave
temporal convolution are provided. In Section III, the
use of an ODL-based DDL with an ultralarge dispersion
coefficient for wideband microwave signal processing is
discussed and three experimental demonstrations to imple-
ment time-stretched sampling, waveform generation with an
extended temporal duration and true-time delay beamforming
are provided. In Section IV, the conclusion is drawn.
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Fig. 1. Illustration for operation of an LCFBG. Blue: magnitude response
of the LCFBG; Red: time delay response of the LCFBG.
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Fig. 2. Measured spectral response of an LCFBG [46], [47]. Blue: reflectivity.
Red and green: the group delay response measured from the two different
ends.

II. LCFBG-BASED DDL FOR WIDEBAND
MICROWAVE SIGNAL PROCESSING

An LCFBG is a fiber-optic component having a wide band-
width and a linear group delay response within the bandwidth.
The linear group delay or chromatic dispersion of an LCFBG
is achieved by modulating the refractive index of the core
of an optical fiber with a linearly increasing or decreasing
pitch profile. An illustration of the operation of an LCFBG
is shown in Fig. 1. As can be seen, the refractive index of
the fiber core is altered with an increasing pitch profile from
Amin t0 Amax, Which can be done by UV illumination. As
the reflection wavelength of an FBG is determined by the
local grating pitch by A = 2nefr A, where negr is the effective
refractive index of the optical fiber, a wavelength-dependent
time delay corresponding to a different location where the
light carrying a microwave signal is reflected is achieved.
The maximum time delay difference Atmax is determined
by the physical length of the LCFBG, and the bandwidth
is determined by the difference between the maximum and
minimum grating periods. An LCFBG can be designed to have
a large bandwidth up to a few THz and a large dispersion
coefficient [18]. Fig. 2 shows an experimentally measured
spectral response of a 1 m long LCFBG with a bandwidth of
4 nm and a central wavelength of 1551.4 nm. The dispersion
coefficient of the LCFBG is measured to be +2500 ps/nm,
with the sign determined by the end from which the group
delay response of the LCFBG is measured. The maximum
wavelength-dependent time delay difference is 10 ns, which
is fundamentally limited by the 1 m long physical length of
the LCFBG.
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Fig. 3. Schematic of a microwave photonic signal processor for microwave
time reversal [46], [47].

As a photonic DDL, an LCFBG can have a smaller loss
and a greater compactness compared with other photonic
dispersive devices such as an SMF and a DCE. For example,
the dispersion coefficient of the LCFBG shown in Fig. 2
is equal to that of a 147 km long standard SMF. Thanks
to the above advantages, LCFBG-based DDLs have been
widely used for wideband microwave signal processing. In
the following, we will review two solutions using an LCFBG-
based DDL to perform wideband microwave time reversal and
temporal convolution of microwave signals.

A. Wideband Microwave Time Reversal

Microwave time reversal is a signal processing function to
temporally reverse a microwave signal. It can find wide appli-
cations such as in a microwave imaging system to improve the
resolution [52], [53], in a microwave communications system
to mitigate the multipath problem and increase the power
efficiency [54]-[57], and in a medical instrument for cancer
detection [58], [59] and hyperthermia treatment [60]-[62].

Fig. 3 shows a microwave photonic signal processor to per-
form microwave time reversal based on an LCFBG-based DDL
[46], [47]. A transform-limited optical pulse generated by a
mode-locked laser (MLL) is filtered by an optical bandpass
filter (OBPF) and sent to the LCFBG from its long wavelength
end via a 3-port optical circulator (OC1). The optical pulse is
then temporally stretched by the LCFBG. The LCFBG has a
reflectivity of over 95% and a bandwidth of 4 nm, which is
equal to that of the OBPF. Hence, the majority of energy of
the optical pulse from the OBPF is reflected by the LCFBG
and the transmitted energy 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 incorporated
between OCI1 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 4-port OC (OC2). A polarization
beam splitter (PBS) is used to connect the short wavelength
end of the LCFBG to the second and third ports of OC2.
Two additional PCs (PC2 and PC3) are employed between
the PBS and OC2 to make sure that the light waves can be
efficiently coupled to the LCFBG. The optical pulse injected
to the first port of OC2 is directed to the second port, and then
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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 port of OC2, an identical process
occurs and the pulse is dispersed again by the LCFBG, but
entering the LCFBG from the short wavelength end. 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 at a
photodetector (PD) connected to the fourth port of OC2 and a
time reversed microwave waveform is obtained at the output
of the PD.

The time reversal is implemented relying on the comple-
mentary dispersion coefficients when an LCFBG is used twice
by reflecting an optical signal from the two different ports. If
an optical signal is entering the LCFBG from the left side, the
corresponding impulse response is given by exp[jr%/(2®)],
where @ is the dispersion coefficient of the LCFBG. Similarly,
when the LCFBG is reflecting an optical signal from the right
side, the dispersion coefficient and the impulse response of
the LCFBG should be —® and exp[j%/(—2®)], respectively.
When an electrical signal s(¢) is applied to the MZM, the
photocurrent at the output of the PD is given as

1(1) ¢ G*(@)s* (=1)| e & 1)

where G(w) is the optical spectrum of a pulse generated by
the MLL and w is the optical angular frequency. Here, G(w)
can be considered as unity since the optical pulse from the
MLL is ultrashort, and its spectrum is ultrawide and flat. It
can be seen from (1) that a temporally reversed signal of s(¢)
is achieved at the output of the PD. The squares in (1) are due
to the intensity detection of the PD and can be calibrated.
The microwave time reversal system shown in Fig. 3 was
experimentally evaluated using an LCFBG with a dispersion
coefficient of 22500 ps/nm and a bandwidth of 4 nm. Fig. 4
shows the time reversal output when three different waveforms
were used to test the operation of the system, which are a
sawtooth waveform, a frequency-chirped waveform, and an
arbitrary waveform. The similarity between the time reversed
signal and the original signal is quantized by calculating
the normalized root-mean-square deviation (NRMSD), which
is the root-mean-square of the difference between the two
signals normalized to the voltage range of the original signal.
Note that the time-reversed signal is first flipped and then
scaled to have the same voltage range with the original signal
before the calculation of the NRMSD. The NRMSDs are
calculated to be 7.01%, 8.08%, and 7.67% for the sawtooth
waveform, the chirped waveform, and the arbitrary waveform,
respectively, which confirm that the time reversed waveforms
are in good agreement with the original waveforms. The
maximum duration of the signals is 10 ns, which is determined
by the maximum wavelength-dependent time delay provided
by the LCFBG. The maximum bandwidth of the input signals
is 4 GHz (the chirped waveform case), which is determined by
the 10 Gb/s sampling rate of the electrical arbitrary waveform

1893

‘ Ré eréed 1
® (@) Original '
50 | 9
N
§40
2 30
=
S 20

10

o— C

40 45 50 55 60 65 70 75
Time (ns)
g0t (b)

Reversed

Original

Voltage (mV)
S
o

1

40 45 50 55 60 65 70 75

Time (ns)
60 (C)
Reversed
50 |
< Original
240} 9
30
£
S20t
10
0 n | S—— n n n
40 45 50 55 60 65 70 75
Time (ns)

Fig. 4. Original and time reversed waveforms [46], [47]. (a) Sawtooth
waveform. (b) Chirped waveform. (c) Arbitrary waveform.

generator (AWGQG) that is used to generate the test signals.
The optical bandwidth of the time reversal system is limited
by the bandwidth of the LCFBG. The LCFBG used for the
experimental demonstration has a bandwidth of 4 nm, the
optical bandwidth of the time reversal system is estimated to
be 273 GHz.

Compared with the use of a digital circuit for the imple-
mentation of temporal reversal [54]-[62], a time reversal
system based on photonics has a significantly wider operation
bandwidth. In addition, temporal reversal using a digital circuit
involves a complicated system composed of analog-to-digital
conversion, digital signal processing (DSP), and digital-to-
analog conversion. The use of a photonic solution would
greatly simplify the implementation.

B. Temporal Convolution of Microwave Signals

The temporal convolution between two signals of x(¢) and
y(t) is defined as

(x % y)(1) = / (@)t — o) @)

—0o0
where * denotes the convolution operation.
Temporal convolution between two signals is different from
a filtering operation where a microwave signal is convolved
with the impulse response of a microwave filter, which is
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Fig. 5. (a) Illustration for the operation of a temporal convolution sys-
tem [48]; (b) Schematic of the temporal convolution system composed of
three subsystems.

not a time-domain signal. Some applications require that
the two microwave signals to be convolved can be updated
in real time [63], [64]. Temporal convolution can provide
better flexibility in signal processing compared with a filtering
operation since the spectral response of a microwave filter is
fixed. So far, microwave convolution is performed by DSP
techniques. The convolution of two microwave signals based
on an analog system, especially a photonic analog system, has
the potential to achieve a high operation bandwidth.

Fig. 5(a) shows a microwave temporal convolution system
with two microwave signals of x(¢) and y(t) to be con-
volved. The operation involves three operations, microwave
time reversal, multiplication and integration [48], which are
performed using three subsystems in the optical domain, as
shown in Fig. 5(b). The first subsystem is to achieve time
reversal, which is implemented based on the system shown
in Fig. 3. An optical pulse in the pulse train generated by
an MLL is first reflected by an LCFBG (LCFBG1) through
an OC (OCl), and then spectrally shaped by a program-
mable optical filter (POF). The POF is configured to encode
a microwave waveform to the optical carrier. The second
subsystem is used to perform multiplication based on an
MZM, to which a second microwave signal is applied via
its electrical port. The integration is performed by a third
subsystem that consists of a second LCFBG (LCFBG2) and
a low-speed PD. Since the input signals are faster than the
response time of the PD, the signal at the output of the PD
is, in fact, proportional to the optical energy that it receives
within its response time window, i.e., the integration of the
power of the fast input signal. To get the integration for the
amplitude of the signals indicated in (2), the input signals
x(t) and y(r) should be preprocessed to have only positive
values, and then converted to +/x (¢) and +/y(¢). Note that if the
integration is performed in the optical domain (without photo-
detection), this preprocessing is not needed. In the following,
for simplicity, we assume that the two input signals are given
by +/x(¢) and +/y(¢).

Different from the implementation of time reversal in
Section II-A, here the POF is used to encode one of the
microwave signals to the optical carrier to avoid the need of
synchronization between the optical pulse from the MLL and
the waveform /y(t) generated by the signal generator. The
POF is configured to have a spectral response with a shape
identical to that of the microwave signal, /y(®), where w is
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the optical angular frequency given by w = r/® and @ is the
dispersion coefficient of LCFBG1 when reflecting light from
the left end. A time reversed signal +/y(—¢) will be generated
at the output of the time reversal module, as discussed in
Section II-A. Note that /y(—1) is repeating at a repetition rate
identical to that of the pulse train from the MLL. An erbium-
doped fiber amplifier (EDFA) is used after the time reversal
subsystem to compensate for the losses of the POF, the PBS,
and LCFBGI.

The optical pulse train in which an individual pulse is
encoded by /y(—1) is then sent to the multiplication subsys-
tem. The second microwave signal to be convolved, +/x(¢), is
generated by an AWG with a repetition rate slightly different
from that of the pulse train from the MLL, and is applied to the
MZM. The multiplied signal at the output of the MZM is then
launched into LCFBG?2 for integration. Note that LCFBG2 has
a dispersion coefficient of 2500 ps/nm that is identical to that
of LCFBGI1 when reflecting an optical signal from the left
end. The signal at the output of LCFBG2 is converted to the
electrical domain at the PD. Integration will be performed at
the same time thanks to the long response time of the PD.

Assume /x(¢) and /y(—t) are generated with repetition
periods of 77 and T, respectively. The two signals are then
multiplied at the MZM. At LCFBG2, the multiplied pulse is
compress to have a temporal duration that is shorter than the
response time of the PD. As a result, the PD measures the
energy of each pulse in the pulse train, rather than the pulse
shape. The photocurrent at the output of the PD for the nth
multiplied pulse is given by

I'(n) =N x L/ y(—t +nT)x(t —nTr)dt. 3)
2 Jse

It can be seen from (3) that a changing time delay difference
of n x (T1 — Tz) is achieved between the replicas of x(¢)
and y(¢) as n changes. Hence, the convolution result can be
reconstructed from I’(n). Note that I’(n) is the integration of
the nth pulse in the pulse train. Therefore, it is discrete, and
the corresponding unit time increase along the horizontal axis
is |T1 — T3] for the convolution result.

Three waveform pairs are used to verify the operation of the
temporal convolution system. First, two rectangular waveforms
with an identical temporal width of 10 ns are used to evaluate
the convolution operation. The two rectangular waveforms
are generated by the POF and the AWG, and are shown in
Fig. 6. Fig. 7 shows the experimentally obtained convolution
output (blue line) and the ideal convolution result (red dotted
line). The output signal is a series of short pulses, whose
peak amplitude profile nicely fits with the ideal convolution. It
should be noted that two timescales for the horizontal axes are
used in Fig. 7, where the lower horizontal axis represents the
time for the measured output and the upper horizontal axis
represents the time for the convolution, which is recovered
using n x (T, — T) with n from O to N — 1. As we have
discussed, the convolution results are discrete values given by
the measured energies of the pulses. The corresponding time
axis should also be discrete, with a unit time increment given
by (T» — T1). In our case, (7> — T1) = 0.01 x Tj. The upper
horizontal axis corresponding to the convolution is simply
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Fig. 6. Two rectangular waveforms used as two input waveforms for temporal
convolution [48]. (a) Square root of y(r) encoded by the POF. Blue line:
measured waveform at the output of the POF. Red dotted line: ideal rectangular
waveform. (b) Square root of x(¢) generated by the AWG.
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Fig. 7. Convolution between the two rectangular waveforms [48]. Red dotted
line: theoretical convolution output of the two rectangular waveforms with
the upper horizontal axis. Blue line: measured convolution output with the
lower horizontal axis, which is a series of pulses with the peak amplitudes
representing the convolution result.

obtained by multiplying the real time in the lower horizontal
axis by 0.01.

Then, an asymmetric waveform which is an inverse saw-
tooth waveform is used to test the temporal convolution
system. Again, by configuring the POF to have a spectral
response of +/y(w), where y(w) has an inverse sawtooth
shape, the square root of an inverse sawtooth waveform with
a temporal duration of 10 ns is obtained at the output of the
time reversal subsystem, as shown in Fig. 8(a). The waveform
is then convolved with the rectangular waveform shown in
Fig. 6(b). Fig. 8(b) shows the convolution result. A theoreti-
cally calculated convolution is also shown. As can be seen,
good agreement between the theoretical and the measured
results is achieved. For convolution operation, we know that
X %y =y *xx, i.e.,, no matter which function is temporally
reversed, the convolution result should be the same. In our
system, however, the convolution output may be temporally
reversed if a different input signal is temporally reversed.
But the sign of (7, — T1) will also be different for x * y
and y * x. The time in the horizontal axis for convolution
n X (Tp — Ty) will then be reversed, which would result in
consistent convolution results for both x % y and y * x.

Finally, we investigate the convolution between a complex
waveform and a short pulse. The complex waveform is a three-
cycle chirped waveform, which is generated by the AWG.
The POF is configured to have a narrow passband of 20 GHz
which leads to the generation of a short pulse with a temporal
width of 400 ps after wavelength-to-time (WTT) mapping
by LCFBGI. The generated square root of the three-cycle
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Fig. 8. (a) Square root of an inverse sawtooth waveform achieved at the
output of the POF. (b) Convolution between a rectangular waveform and
an inverse sawtooth waveform [48]. Red dotted line: theoretical convolution
output of a rectangular waveform with an inverse sawtooth waveform. Blue
line: measured convolution output of the system.
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Fig. 9. (a) Square root of a short pulse achieved at the output of the POF
(red) and square root of a three-cycle chirped waveform generated by the
AWG (blue). (b) Convolution between a three-cycle chirped waveform and
a short pulse. Red line: theoretic convolution result. Blue line: output of the
convolution system, when the three-cycle chirped waveform is convolved with
a short pulse with a temporal width of 400 ps [48].

chirped waveform and the short pulse are shown in Fig. 9(a).
The convolution of a waveform and an ultrashort pulse (ide-
ally a unit impulse function) should be the waveform itself.
Fig. 9(b) shows the ideal convolution result and the measured
convolution output of the system. Again, the measured result
is in good agreement with theoretically calculated convolution
result. For a complex waveform with more details, to get a
more smooth convolution result, one may use a smaller value
of |T, — Tj|, so that the convolution can be calculated with a
higher time resolution, i.e., the input signals can have wider
bandwidths.

III. SIGNAL PROCESSING BASED
ON AN ODL-BASED DDL

For microwave signal processing using a DDL, a large
dispersion coefficient of the DDL is usually required. The
dispersion coefficient of an LCFBG-based DDL is fundamen-
tally limited by its physical length for a given bandwidth.
Fabricating an LCFBG with a length longer than a few meters
may not be practical. In addition, a long LCFBG is hard to
package. Recently, we proposed a DDL with a large dispersion
coefficient based on an ODL incorporating an LCFBG. An
extremely large dispersion coefficient can be achieved by
allowing an optical signal to recirculate in the loop for multiple
round trips. For example, if an optical signal recirculates in an
ODL for N round trips, the equivalent dispersion coefficient
of the ODL-based DDL is N times that of the LCFBG.

In the following, we discuss the use of an ODL-based
DDL to implement a time-stretched sampling system with a
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large stretching factor [49], a photonic microwave waveform
generator with an increased time duration [50], and a wideband
photonic-assisted true-time delay beamforming network [51].

A. Time Stretched Sampling

Time stretched sampling is a technique to sample a high
speed signal using a low repetition rate sampling pulse train
by temporally stretching the signal to be sampled, to slow
down the signal. In an optical time-stretched sampling system,
a microwave waveform to be sampled is modulated on a
predispersed optical pulse, which, after being modulated by
the microwave waveform, travels through a DDL a time-
stretched microwave waveform is generated at the output of a
PD [36]-[40], [43], [65]. To achieve temporal stretching with a
large stretching factor, a DDL should have a large dispersion
coefficient, in the order of several ns/nm, which is hard to
achieve for a DDL based on an SMF, a DCF, or a single
LCFBG.

An ODL-based DDL can be used to perform temporal
stretch with a large stretching factor [49]. Fig. 10 shows an
optical time-stretched sampling system using an ODL-based
DDL. An optical pulse from an MLL is sent to a DCF with a
dispersion coefficient of —339 ps/nm where predispersion is
realized. The predispersed optical pulse is then sent through an
OBPF and an EDFA (EDFA1) to an MZM where a microwave
waveform to be sampled is modulated on the predispersed
optical pulse. The microwave waveform applied to the MZM
is generated by mixing an electrical gate signal from an
AWG with a sinusoidal microwave signal from a microwave
generator (SG). The modulated signal is then sent to the
ODL, in which an LCFBG with a dispersion coefficient of
—1500 ps/nm and a second EDFA (EDFA?2) are incorporated.
The modulated waveform is launched into the recirculating
ODL through a 2 x 2 optical switch. In the ODL, the LCFBG
is used as a DDL and EDFA2 is used to compensate for the
round-trip loss. An optical attenuator (ATT) is also included
to provide a fine control of the loop gain. The time-stretched
optical pulse at the output of the ODL is sent to a PD and
sampled by a low-speed sampling circuit.

The frequency response of an LCFBG is

()
Hycrpg (@) = exp (—j sz) 4

The frequency response of the ODL-based DDL considering
an optical signal recirculating in the loop multiple times is
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Fig. 12. Measured optical waveforms at the output of the ODL for different
round trips [49].

given by

Hioop(w) = g exp (—jNT(DwZ) )
where g is the net gain of the loop. By adjusting the pumping
power to EDFA2 and the attenuation of the ATT, g can be
tuned to be close to one. Then, the ODL-based DDL can be
seen as a delay line with a dispersion coefficient of N®. The
stretching factor of the sampling system is given by

M=1+NDO/Dp (6)

where ®p is the dispersion coefficient of the DCF. As N
increases, the stretching factor is also increased.

The system is used to sample a 36 GHz sinusoidal signal
with a time duration of 203 ps (corresponding to 7 sinu-
soidal cycles). The LCFBG has a dispersion coefficient of
1500 ps/nm. The detection is done using a PD with a band-
width of 25 GHz and the sampling is done by an oscilloscope
with a sampling rate of 80 Gs/s or a bandwidth of 32 GHz. The
sampled signal without passing through the ODL-based DDL
is shown in Fig. 11. For a 36 GHz signal, the temporal spacing
between two sinusoidal cycles is 27.8 ps, which is smaller than
the 40 ps response time of the PD, and is close to 12.5 ps
sampling interval of the sampling system of 12.5 ps. The
cycles of the sinusoidal signal cannot be identified by directly
reconstructing the sinusoidal signal. In order to reconstruct the
signal with the PD and the sampling system, time stretching
should be used. The signal at the output of the ODL-based
DDL after recirculating multiple times is shown in Fig. 12. To
simplify the experiment, the 2 x 2 optical switch was replaced
by a 2 x2 optical coupler. Thus, the temporally stretched signal
after each round trip is obtained at the output of the ODL, and
a pulse burst with a decaying amplitude is seen. The decay
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Fig. 13. Temporally stretched waveforms after different number of round

trips [49]. (a) One round trip. (b) Two round trips. (c) Three round trips.
(d) Four round trips. (e) Five round trips, (f) Six round trips. (g) Seven round
trips. (h) Eight round trips. Note that the timescale is 1 ns/div in (a)—(c), and
5 ns/div in (d)—(h).

is due to the net loop gain, which is slightly smaller than
one. The reason to keep the net gain smaller than one is to
ensure that no lasing would occur in the loop. Zoom-in views
of the waveforms after the pulse is stretched by the ODL-
based DDL for 1-8 times are shown in Fig. 13(a)-(h). After
one round trip, the pulse duration is stretched to around 1 ns
and all the seven sinusoidal cycles with a temporal separation
between two adjacent cycles of around 140 ps can be well
constructed and identified, as shown in Fig. 13(a). The optical
pulse is stretched with a stretching factor of around 5.

For the pulse after the eighth round trip, the equivalent
dispersion coefficient is 8 x 1500 ps/nm = 12000 ps/nm. The
measured waveform after the eighth round trip shows that the
pulse duration is stretched to around 7 ns and the average
temporal separation between two adjacent sinusoidal cycles
is 1 ns. A stretching factor of 36 is obtained, which is close to
the theoretically calculated stretching factor of 36.4. Assuming
that the bandwidth of the system is limited by the oscilloscope
used in our experiment, which is 32 GHz, the bandwidth of
the sampling system can be as large as 36 x 32 = 1.15 THz,
corresponding to a time resolution of 347 fs. The maximum
time duration of a microwave signal that can be sampled by the
system in a single measurement is 203 ps. The time resolution
and measurement duration of the system are comparable or
better than other time stretched sampling systems reported
in [35]-[43], but with a significantly reduced system
complexity.
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Thanks to the large dispersion coefficient of the ODL, the
time stretched sampling system can achieve a larger stretching
factor and a higher sampling rate with greater compactness
compared with other systems in which only a DDL based
on an SMF, a DCF, or a single-time used LCFBGs is
employed [35]-[42]. In [43], a stretching factor of 250 is
achieved by allowing the optical signal to propagate twice
through a DCF with a length of 125 km by using a reflection
mirror. Four Brillouin amplifiers are required to compensate
for the propagation loss. However, the dispersion coefficient
of the DCF is —10246 ps/nm, which is still smaller than that
of the ODL.

B. Waveform Generation With an Extended Duration

A microwave waveform with a large time-bandwidth prod-
uct (TBWP) can find numerous applications in microwave
sensors [66], [67], spread-spectrum communications [68],
microwave computed tomography [69], and modern instru-
mentation. An ODL-based DDL with a large dispersion coef-
ficient can also be used for the generation of a microwave
waveform with an extended time duration.

A microwave waveform can be generated based on spectral
shaping (SS) and WTT mapping [65]. The operation of an
SS-WTT mapping system is shown in Fig. 14(a). A spectral
shaper is used to spectrally shape an ultrashort optical pulse
from an MLL, to make the shaped spectrum to have a shape
identical two the temporal waveform to be generated. A DDL
is used to perform WTT mapping [50] to convert the spectrally
shaped pulse, to a temporal pulse with a shape identical to
the spectrum of the spectrally shaped pulse. To generate a
microwave waveform with a longer time duration, a DDL with
a larger dispersion coefficient may be used. Fig. 14(b) shows
the schematic of a microwave waveform generator based on
an SS-WTT mapping system in which the WTT mapping is
done using an ODL-based DLL. An MLL is used to generate
an ultrashort pulse train. To reduce the repetition rate, an AWG
is used to generate a gate sequence to control the MZM to be
on for one pulse and off for 16 pulses. Thus, the repetition
rate is reduced by 17 times and the temporal spacing between
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two adjacent pulses is increased by 17 times to give more
temporal spacing for pulse stretching without causing overlap
of adjacent pulses. The repetition-rate-reduced pulse train is
then sent via an OC (OC1) to the spectral shaper which is a
Fabry-Perot interferometer (FPI) formed by two LCFBGs with
complementary dispersion (LCFBG1 and LCFBG2). Due to
the wavelength dependent cavity length, a spectral response
of the FPI with a free spectral range (FSR) that is linearly
increasing or decreasing is produced. The FPI is then used
to shape the spectrum of the ultrashort pulse from the MZM,
so that a linearly chirped microwave waveform (LCMW) can
be generated after WWT mapping performed by the DDL.
To compensate for the loss caused by the MZM and the
repetition rate reduction, an EDFA (EDFA1) is connected after
the MZM. The spectrum-shaped pulse from the FPI is then
sent to the ODL, in which a third LCFBG (LCFBG3) with
a dispersion coefficient of 2500 ps/nm is incorporated via a
second OC (OC2). A second EDFA (EDFA2) is employed in
the ODL to provide an optical gain, and an ATT is incorporated
to fine tune the attenuation, to make the net gain slightly less
than 1 to avoid lasing. The temporally stretched pulse is then
sent to a PD via a 2 x 2 optical switch, and an LCMW with
an extended temporal duration is obtained at the output of the
PD.

The temporal duration of the generated waveform is given
by

At = NOsAw (7)

where Aw is the spectral width of the optical pulse and N®3
is the dispersion coefficient of the ODL-based DDL. The
temporal duration of the generated microwave waveform can
be significantly longer compared with the use of a DDL con-
sisting of an LCFBG without an optical loop. The bandwidth
of the generated waveform, on the other hand, is determined
by both the dispersion coefficient of the ODL-based DDL and
the LCFBGs that forms the spectral shaper, which is given by

401 Aw
T ND3

where @ or —®; is the dispersion coefficient of LCFBG1 or
LCFBQG2 and @3 is the dispersion coefficient of LCFBG3. The
TBWP of the microwave waveform is expressed as TBWP =
4(I)1Acu2/7r, which is a constant, and is independent of N,
i.e., the use of the ODL-based delay line does not increase
the TBWP of the generated microwave waveform. However,
the use of the ODL-based delay line allows the generation of
an LCMW with a temporal duration that is N times as long as
that of a microwave waveform generated by a one-time use of
an LCFBG. The TBWP, on the other hand, can be controlled
to be large by designing an FPI with two LCFBGs having
wide bandwidths.

LCMW generation using the setup shown in Fig. 14(b)
to generate two microwave waveforms was experimentally
demonstrated. In a first demonstration, an FPI consisting of
two LCFBGs with dispersion coefficients of £19.6 ps/nm with
a physical spacing of 2 mm between the two LCFBGs was
used as the spectral shaper. Fig. 15 shows two waveforms
generated by the microwave waveform generator, by letting

Af = ®)
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Fig. 15. Generated LCMWs using an FPI consisting of two LCFBGs with
dispersion coefficients of £19.6 ps/nm with a physical spacing between the
two LCFBGS of 2 mm with (a) three and (b) five round trips [50].
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Fig. 16. Spectrograms of the LCMWs for (a) three and (b) five round trips.
The color scale represents the normalized amplitude of the spectrogram [50].

the optical pulse recirculate in the ODL for three and five
round trips. Extended temporal durations of around 25 and
42 ns were obtained for the two LCMWs, which exceed the
10 ns limit determined by the physical length of the LCFBG.

The spectrograms of the generated LCMWs are shown in
Fig. 16. Linearly increasing instantaneous frequencies can be
observed for the two generated LCMWSs, which indicate a
good linearity of the frequency chirping of the waveforms.
The two LCMWs have bandwidths of 8.4 and 5.0 GHz with
an identical TBWP of around 210. Since WTT mapping is
only performed to part of the spectrum of the spectrally
shaped pulse, due to the mismatch between the reflection
bandwidths of the three LCFBGs, the temporal durations and
bandwidths of the generated LCMWs are reduced, making the
experimental TBWP smaller that the theoretical value of 310.

The central frequency of a generated LCMW can be
changed using an FPI with a different cavity length. In a sec-
ond demonstration, a second FPI consisting of two LCFBGs
with the same dispersion coefficients of +19.6 ps/nm but with
an increased physical spacing of d = 2 cm was employed
as the optical spectral shaper. The same ODL was used to
perform WTT mapping. The LCMW for five round trips is
shown in Fig. 17(a). A 45 ns long LCMW was generated.
The minimum frequency is 1.5 GHz, instead of around DC
for the LCMW shown in Fig. 15. A strong attenuation can
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spacing of 2 cm for five round trips and (b) corresponding spectrogram. The
color scale represents the normalized amplitude of the spectrogram [50].

be observed for the high frequency components due to a
lower responsivity of the PD at a higher frequency band.
The spectrogram in Fig. 17(b) indicates a good linearity of
the frequency chirping of the waveform. The TBWP was
calculated to be 180, which is smaller compared to that of
the waveform generated using the FPI with a cavity of 2 mm.
This is due to the lower responsivity of the PD at the higher
frequency band, which makes the bandwidth of the generated
LCMW smaller.

Amplitude ripples of the generated LCMWSs can be
observed in Figs. 15 and 17. The ripples are caused due to the
lasing in the ODL since the gains at certain wavelengths are
near the lasing threshold. To reduce or eliminate the ripples,
a gain-flattening optical filter may be used to flatten the gain
spectrum of the EDFA in the ODL so that the lasing can be
suppressed.

Thanks to the use of the ODL, the waveforms shown in
Figs. 15 and 17 have temporal durations as large as 42 ns,
which are the longest temporal duration ever reported based on
the SS-WTT mapping technique. For example, the generated
LCMWs have temporal durations of 1 ns in [70] and [71],
and 16 ns in [72]. An LCMW with a long temporal duration
is important for long-range radar applications where a high
average power is needed for long-range detection.

C. True-Time Delay Beamforming

To achieve phased array beamforming, progressive phase or
time delays are needed, which can be generated using phase
shifters or true-time delay lines. In the past few years, numer-
ous photonic true-time delay beamforming networks have been
proposed. The key advantage of using true time delay lines for
beamforming is the large instantaneous bandwidth, which is
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Fig. 18. Schematic of a true-time delay beamforming network using an ODL
incorporating an LCFBG [51].

highly needed for broadband communications and radar appli-
cations [73]-[75]. True time delay lines may be implemented
using electrical delay lines such as a SAW device [2]-[7],
an EBG element [8]-[10], and an IC device that can be
configured to let a microwave signal travel through different
paths [11]-[13]. The major limitations of using electrical delay
lines are the small operation bandwidth and small time delays.
True time delay lines-based photonics can provide a much
wider bandwidth and larger time delays. However, most of
the beamforming networks based on photonic true-time delays
require the use of a tunable laser source (TLS) array to achieve
tunable time delays, which makes the system complicated and
expensive. In addition, the wavelengths of the TLSs must be
precisely tuned to ensure accurate tunable time delays. Due to
the tuning nature of the wavelengths, the time delay accuracy
is poorer than using fixed wavelengths. To achieve tunable
time delays but with fixed wavelengths, a solution is to use a
switch-controlled ODL incorporating an LCFBG [51].

The schematic of a four channel true-time delay beam-
forming network using a switch-controlled ODL incorporating
an LCFBG is shown in Fig. 18 [51]. The light waves from
four laser diodes (LDs) with four different wavelengths of
A1 to A4 are combined at a wavelength-division multiplexer
(WDM1) and sent to an MZM, where a microwave feed
signal, generated by an electrical AWG, is modulated on the
four wavelengths. The microwave-modulated optical signals
at the output of the MZM are then launched into a switch-
controlled ODL through a 2 x 2 optical switch. An LCFBG is
incorporated in the ODL via an OC to provide a wavelength-
dependent time delay. An EDFA (EDFA1) is also incorporated
in the ODL to compensate for the loss in the loop so that
an optical signal can recirculate in the ODL for multiple
round trips. A POF with four passbands centered at 11 to
A4 is also employed to suppress the amplified spontaneous
emission noise from EDFA1. The number of round trips is
controlled by the 2 x 2 optical switch. Note that the 2 x 2
optical switch should be able to operate at a high speed to
change its state within a time window when no signal is
traveling through it, such a high-speed optical switch can
be implemented, for example, based on an AlGaAs-GaAs
platform, as reported in [76]. At the output of the loop, a
second EDFA (EDFA?2) is used to further amplify the optical
signal and a second WDM (WDM2) is used to demultiplex
the time-delayed optical signals, and sent to four PDs. The
time delayed microwave signals are radiated to the free space
via the array elements in a phased array antenna.
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Fig. 20. Measured electrical signals at the outputs of the four PDs when

an electrical pulse is applied to the MZM [51]. (a) Generated time delayed
replicas and zoomed-in views for (b) N =0, (c) N =2, and (d) N =4.

Due to the equivalent dispersion coefficient of N® of the
dispersive loop, where @ is the dispersion coefficient of the
LCFBG in the loop, the time delay difference of a signal
carried by two carrier wavelengths of 1,, and 1, is given by

At = NOy — ) )

It can be seen that progressive true-time delays can be
obtained for the optical signals as the number of round trips
N increases. The relationship between the time delays, the
number of round trips and the carrier wavelengths are shown
in Fig. 19. By increasing the number of round trips, a time-
delay increment of ® A4 can be achieved.

The generation of progressive time delays using the system
shown in Fig. 18 was demonstrated. An electrical pulse with
a temporal width of 1 ns is generated by an electrical AWG
and applied to the MZM via the RF port, to modulate the
four wavelengths at the MZM. The four wavelengths have
a uniform wavelength spacing of 1 nm and are generated
by the four LDs. The LCFBG in the ODL has a disper-
sion coefficient of 2500 ps/nm. The time delayed waveforms
detected at the outputs of the four PDs are shown in Fig. 20(a).
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Fig. 21. Measured electrical signals at the outputs of the four PDs with a

small true-time delay step of 160 ps [51]. (a) Generated time delayed replicas
and zoomed-in view of the signals for (b) N =0, (c) N =2, and (d) N =4.

Multiple time-delayed replicas of the electrical pulse are
detected at the output of each channel with a repetition time
of around 380 ns, which is the round trip time of an optical
pulse traveling in the ODL. In addition, the pulses from
the four channels overlap in time only for N = 0 and an
increasing time delay difference between two adjacent time-
delayed pulses can be observed for N > 0, indicating that
progressive true-time delays are generated when the optical
pulses start to recirculate in the ODL. Note that the amplitudes
of the time-delayed pulses are decaying as N increases. This
is again caused by a slightly less than 1 net gain of the loop,
which is intentionally set to avoid possible lasing. Neverthe-
less, the pulses can still recirculate for more than 10 round
trips before being immersed in noise. The reduced amplitudes
may be compensated by a microwave power amplifier that is
commonly used in a phase array antenna.

Detected waveforms with more details are shown in
Fig. 20(b)-(d) for different numbers of round trips
of 0, 2, and 4. The time spacing between two pulses from
two adjacent channels are measured to be 5.0 and 10.0 ns
for N = 2 and N = 4. The progressive time delays are as
predicted in Fig. 19, and are in perfect agreement with the
theoretical values of 2.5 ns per round trip. Assuming that
the true-time delayed waveforms are sent to a phased array
antenna with a uniform element spacing of 5 m, a steering
angle of 8.6° per round trip can be achieved. If the signal can
recirculate in the loop for 12 round trips, the scanning range
can be from —60° to 60°.

In a high-resolution radar, the element spacing may be
smaller, a smaller true-time delay increment may be needed.
For such applications, the true-time delays per round trip
can be changed using an LCFBG with a smaller dispersion
coefficient or an LD array with a smaller wavelength spacing.
Here, an LCFBG with a smaller dispersion coefficient of 200
ps/nm is employed, and the wavelength spacing of the laser
array is set at a fixed value of 0.8 nm. Fig. 21 shows the
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measured time-delayed signals when a 1 ns electrical pulse
is modulated on the multiwavelength carriers. The measured
true-time delay difference is 159.2 ps per round trip. Assuming
that the element spacing is 0.2 m, the true-time delay corre-
sponds to a steering angle of 13.9°.

It should be noted that, the true-time delay beamforming
system is suitable for applications where the transmitted signal
is pulsed. In addition, the beam steering speed is determined by
both the round trip time of the loop and the maximum number
of round trips that the signal recirculates in the loop to achieve
the required time delay. Assuming that a microwave signal is
required to recirculate for 10 round trips, the time interval
between adjacent beam steering angles is 3.8 us, which is
still very fast and sufficient for most applications.

IV. CONCLUSION

An overview on our recent work using a photonic DDL
for broadband microwave signal processing was presented.
By using an FBG-based photonic DDL, microwave time
reversal and temporal convolution were demonstrated. To have
a DDL with a larger dispersion, an ODL incorporating an
LCFBG was proposed. The ODL was used for the imple-
mentation of microwave time-stretched sampling, microwave
generation with an extended temporal duration and wideband
true-time delay beamforming.

The key advantage of using photonics to process microwave
signals is the wide bandwidth. The microwave photonic signal
processors discussed in this paper can have a bandwidth from
tens of GHz to a few THz. Currently, although commercially
available electronic signal processors can process a signal
with a bandwidth of tens of GHz, photonics-assisted signal
processing may still be the only solution when a very large
operation bandwidth is required, for example, from hundreds
of GHz up to THz range.

The microwave photonic signal processors discussed in this
paper were implemented based on fiber optics, which are bulky
and sensitive to environmental interferences. Thanks to the
recent development of the photonic ICs (PICs) [77], realizing
such signal processors using PICs has become possible. For
example, a linearly chirped waveguide grating has been fabri-
cated on a silicon-on-insulator platform to provide a dispersion
coefficient of 20.7 ps/nm [78]. A 27 m long silicon waveguide
has been demonstrated with a low loss of 0.08 dB/m [79]. Such
components can be readily used to develop on-chip chirped-
grating-based DDLs and dispersive loops, which are the key
components for the implementation of the microwave photonic
signal processors discussed in this paper.
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