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Abstract—An approach to performing photonic-assisted tem-
poral convolution of two microwave signals is proposed and ex-
perimentally demonstrated. Temporal convolution involves three
operations: time reversal of one microwave signal, the multiplica-
tion of the time-reversed signal with a second microwave signal,
and the integration of the multiplied microwave signal, which can
be implemented optically by a linearly chirped fiber Bragg grating
(LCFBG), a Mach-Zehnder modulator, and a second LCFBG in
conjunction with a low-speed photodetector, respectively. The pro-
posed temporal convolution is experimentally evaluated, in which
the calculation of three temporal convolutions between two rect-
angular waveforms, between an inverse sawtooth waveform and a
rectangular waveform, and between an arbitrary waveform and a
short pulse is experimentally demonstrated.

Index Terms—Convolution, integrator, microwave photonics,
optical signal processing, time reversal.

I. INTRODUCTION

PHOTONIC signal processing is considered a solution to
overcome the bandwidth bottleneck of conventional elec-

tronic signal processors, which is caused by the limited sampling
speed of electronic circuits [1], [2]. So far, most of the important
signal processing functions can be performed using photonic
techniques, such as Fourier transform [3], Hilbert transform [4],
microwave filtering [5], complex conjugation [6]–[9], temporal
integration [10]–[17] and differentiation [18], and correlation
[19]. However, temporal convolution between two microwave
signals, also a very important signal processing function, has not
yet been proposed and demonstrated using photonic techniques.

The convolution of two microwave signals, here we call it
temporal convolution, is different from a filtering operation
where a microwave signal is convolved with the impulse re-
sponse of a microwave filter due to the multiplication between
the spectrum of the microwave input signal and the frequency
response of the microwave filter. In many cases, temporal con-
volution can provide better flexibility in signal processing as
compared with a filtering operation since the spectral response
of a filter is fixed and may not be tunable easily at a high speed.
For many signal processing applications, however, the spec-
tra of the two microwave signals to be convolved need to be
performed with one of the two signals or both signals being
updated in real time. For example, the temporal convolution has
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been used for real-time distortion correction in an imaging pro-
cessing system [20] where image deblur could be achieved by
convolving the image signal with an impulse response function
measured for the specific distortion. In [21], the detection of the
phase information of a periodic signal imbedded in a noise was
realized by convolving the corrupted signal with its cumulant
(accumulation with certain algorithm) version. The convolution
operations reported in [20] and [21] were done based on digi-
tal signal processing. The convolution of two signals using an
analog system, especially a photonic analog system, has a high
potential to achieve a much faster operation speed and a larger
bandwidth.

Temporal convolution between two signals f and g is
expressed as

f ∗ g =
∫ ∞

−∞
f (τ) g (t − τ) dτ (1)

where the symbol ∗ represents convolution operation. According
to (1), the calculation of temporal convolution involves three
operations,

1) Time reversal of one of the input signal, g(τ ) for instance,
to get g(-τ );

2) Multiplication between f(τ ) and a time-delayed g(t-τ );
3) Integration of the multiplication result, which gives the

convolution result for a given time delay t.
To get a final convolution result, operations 2) to 3) should

be repeated with an incremental time delay t. It can be seen that
temporal convolution is more complicated to implement than
the other signal processing functions, as reported in [3]–[19].
However, thanks to the progress in photonic signal processing
techniques in the past few years, the operations stated above can
be performed using photonic techniques.

Specifically, microwave time reversal can be implemented
using photonic techniques. Photonic microwave time reversal
was first demonstrated based on the three photon echo effect
[6], [7], in which an extremely long reversal time window of
6 μs was achieved. However, the operation bandwidth is small,
which is limited to 10 MHz. Recently, we demonstrated a tech-
nique to implement temporal reversal using a single linearly
chirped fiber Bragg grating (LCFBG), in which a precise time
reversal with an operation bandwidth as wide as 4 GHz within
a reversal time window of 10 ns was achieved [8], [9]. The mi-
crowave time reversal solutions reported in [6]–[9] can be used
for implementing temporal convolution.

The multiplication of two microwave signals can also be
achieved using photonic techniques. For example, we can use
an electro-optic modulator to perform the multiplication of two
microwave signals.

Photonic integration of an optical or microwave signal can be
achieved using photonic techniques. Numerous approaches have
been reported, which can be realized using a fiber Bragg grating
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Fig. 1. (a) Temporal convolution of two microwave signals. (b) Schematic
diagram of the proposed temporal convolution system. MLL: mode-locked
laser; OC: optical circulator; POF: programmable optical filter; LCFBG: linearly
chirped fiber Bragg grating; PC: polarization controller; PBS: polarization beam
splitter; EDFA: erbium-doped fiber amplifier; MZM: Mach-Zehnder modulator;
PD: photodetector.

(FBG) [10], a microring resonator [11], [12], an active Fabry-
Perot cavity [13], or an optical dispersive device [14]–[17].

Although the implementation of the three operations involved
in temporal convolution has been proposed, the key challenge in
realizing temporal convolution is to realize a variable time delay
difference between the two microwave signals. In this paper, we
propose and experimentally demonstrate a photonic approach
to performing temporal convolution between two microwave
signals in which the three operations of time reversal, multipli-
cation and integration are implemented based on an LCFBG (the
first LCFBG), a Mach-Zehnder modulator (MZM), and a second
LCFBG in conjunction with a photodetector (PD), respectively.
The variable time delay of one of the microwave signals is
achieved by generating two sequences of replicas of the two mi-
crowave signals with slightly different repetition rates. The two
sequences are multiplied at the MZM and integrated by the sec-
ond LCFBG. The convolution result is obtained at the output of a
PD. Since the PD here is used to detect the signal energy, a small
bandwidth of the PD will be sufficient to perform the proposed
temporal convolution in which the two microwave signals can be
wideband. The proposed approach is experimentally evaluated,
in which the calculations of three temporal convolutions be-
tween two rectangular waveforms, between an inverse sawtooth
waveform and a rectangular waveform, and between an arbitrary
waveform and a short pulse are experimentally demonstrated.

II. PRINCIPLE

Fig. 1(a) shows the temporal convolution of two microwave
signals denoted as f(t) and g(t), which involves three operations,
microwave time reversal, multiplication and integration. The
three operations can be performed using three subsystems in the
optical domain. Fig. 1(b) shows the implementation of temporal
convolution of two microwave signals in the optical domain.
The first subsystem is used for achieving time reversal, which
is similar to the approach we introduced in [9], where a mode-
locked laser (MLL) is employed to generate a transform-limited
pulse train. An optical pulse in the pulse train is first reflected by
an LCFBG (LCFBG1) through an optical circulator (OC1), and
then spectrally shaped by a programmable optical filter (POF),

to encode a microwave waveform to make the spectral response
of the POF have a shape that is identical to the microwave
waveform. The second subsystem is for achieving multiplica-
tion, which is implemented by simply using 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
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 as indicated in (1), the input signals f(t)
and g(t) should be preprocessed to have only positive values, and
then converted to

√
f(t) and

√
g(t). Note that if the integration

is performed in the optical domain (without photo-detection),
the preprocessing is not needed. In the following, for simplicity,
assume we have two input signals given by

√
f(t) and

√
g(t).

For a microwave signal
√

g(t), the POF can be configured
to have a spectral response that has an identical shape as the
microwave signal,

√
g(ω), where ω is the optical angular fre-

quency given by ω = t/Φ̈ and Φ̈ (in ps2) is the dispersion coef-
ficient of LCFBG1 when looking into it from the left end [22].
The spectrum is linearly mapped to the time domain through
wavelength-to-time mapping at LCFBG1 from the left end [22].
After reflected by LCFBG1 the second time from its right side,
wavelength-to-time mapping is performed and a time-reversed
microwave signal

√
g(−t) is obtained [9]. Note that the disper-

sion coefficient of LCFBG1 when looking into it from the right
end is −Φ̈.

√
g(t) can also be encoded to a pulse in the pulse

train with the temporal pulse shaping approach [22], where an
MZM is used instead of the POF, but the microwave signal
applied to the MZM must be synchronized to the pulse in the
pulse train. The two techniques are equivalent. Here we choose
the wavelength-to-time mapping approach using a POF as it
does not require any synchronization between the waveform
from the MLL and the waveform from an arbitrary waveform
generator (AWG), thus it is simpler experimentally. Three po-
larization controllers (PCs) are used to ensure that the pulse can
be reflected by LCFBG1 via the right end twice and to achieve a
maximum coupling efficiency [9]. Since the spectral response of
the POF is not updated on a pulse-by-pulse basis [23],

√
g(−t)

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 LCFBG1. Note that although√

g(−t) can be generated by letting an MLL pulse reflected
only once from the right end of LCFBG1 after being filtered by
the POF with a modified spectral response to encode

√
g(−t),

in the proposed approach we use LCFBG1 three times to encode√
g(t) based on the temporal pulse shaping approach. An added

advantage is that an MZM can be employed to replace the POF
to provide better flexibility in signal processing since the signal
applied to the MZM can be updated in real time.

The amplified pulses in the pulse train encoded by
√

g(−t)
are then sent to the multiplication subsystem, which is simply the
MZM. The second microwave signal to be convolved,

√
f(t),
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Fig. 2. Operation principle of the proposed temporal convolution system. An
rectangular waveform f(t) and a sawtooth waveform g(t) are used as the two
signals to be convolved.

is generated by the 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 LCFBG2 for integration. LCFBG2 has
a dispersion coefficient that is identical to that of LCFBG1
when looking into it 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
small bandwidth of the PD.

To illustrate the operation of the system, the convolution be-
tween a rectangular waveform f(t) and an inverse sawtooth wave-
form g(t) is used as an example, as shown in Fig. 2. First,

√
f(t)

and
√

g(−t) are generated with two slightly different repetition
periods of T1 and T2 , respectively. There is a slight difference
of Δt between T1 and T2 . Due to the difference between the
repetition periods of the two signals, a changing time delay
difference can be achieved between the replicas of

√
f(t) and√

g(−t) after a different number of periods n. The two signals
are then multiplied and integrated. The output of the integra-
tion subsystem is a series of short pulses with different peak
powers. The convolution result I’(n) can be reconstructed from
the amplitudes of the peaks. Note that I’(n) is the integration of
the n-th pulse in the pulse train. Therefore, it is discrete, and
the corresponding unit time increase along the horizontal axis
is |T1 − T2 | for the convolution result.

Mathematically, a time reversed signal on an optical pulse at
the output of the time reversal subsystem (port 4 of OC2) can
be expressed as [9],

ri (t) = exp
(

jt2

2Φ̈

) √
g (−t) (2)

where
√

g(t) is seen as the pre-processed input microwave sig-
nal. It should be noted that

√
g(t) is encoded by the POF, to

simplify the experimental implementation. For real applications,
the microwave signal can be modulated on an optical pulse at
an optical modulator, and thus the POF is no longer needed. Ac-
cording to [22], an optical pulse modulated by

√
g(t) can have

an identical expressed as (2). The quadratic phase term in (2)

is induced by LCFBG1 and used for the time reversal [8]. This
phase term will be eliminated at the PD after photo-detection.
Considering that the time-reversed microwave signal is carried
by the optical pulse train, we have

r (t) = ri (t) ∗
N −1∑
n=0

δ (t − nT1) =
N −1∑
n=0

ri (t − nT1) (3)

where δ is the Dirac delta function, T1 is the period of the
pulse train from the MLL, n is an integer and N = 1/|T1 − T2 |.
Similarly, the other pre-processed microwave signal,

√
f(t), is

repeating at a slightly different repetition rate with a period of
T2 . The signal applied to the MZM is expressed as

s (t) =
N −1∑
n=0

√
f (t − nT2) (4)

The two signals r(t) and s(t) are then multiplied at the MZM.
The time intervals T1 and T2 are chosen to be much larger than
the temporal duration of the input waveforms to avoid overlap-
ping between any two adjacent waveforms, and the difference
between T1 and T2 is chosen to be small, so that we only need
to consider the terms with the same value of n in (3) and (4) to
overlap in time within the summation range of N-1, i.e., the mul-
tiplication will only take place for the terms with the same value
of n. At the output of the MZM, the signal can be expressed as

mn (t) = ri (t − nT1) ×
√

f (t − nT2) (5)

The time delay difference between rn (t) and
√

f(t − nT2) is
n × (T2 − T1). As n changes, a different time delay difference
between the two waveforms is resulted, which is required by the
temporal convolution.

The multiplication output is then directed to LCFBG2 for the
first step of the integration operation. After propagating through
LCFBG2 with a dispersion coefficient of Φ̈, which is identical
to that of LCFBG1 when looking into it from the left end, we
obtain the output signal as a convolution between mn (t) and the
impulse response of LCFBG2, given by

y (t) = mn (t) ∗ exp
(
−jt2

2Φ̈

)
(6)

By using the wavelength-to-time mapping relationship [22],
we get

y (t) = exp
(
−jt2

2Φ̈

)
× F [mn (t)] (7)

where F denotes Fourier transform. The signal is then detected
at the PD, which is the second step of the integration operation,
generating an output current given by

I (t) = �|y (t)|2

= �
∣∣∣∣exp

(
−jt2

2Φ̈

)
× F [mn (t)]

∣∣∣∣
2
∣∣∣∣∣
ω=− t

Φ̈

(8)

= �|F [mn (t)]|2
∣∣∣
ω=− t

Φ̈
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where � is the responsivity of the PD. It can be seen that the
signal at the output of the PD is actually the power spectrum
of the multiplication result in (5), rather than its integration.
However, it should be noted if the bandwidths of the input
signals are small compared to the optical carrier frequency, I(t)
becomes a very short optical pulse with a pulse width given
by δt = δω · Φ̈, where δω is the electrical bandwidth of the
multiplication result in (5). If δt is smaller than the response
time of the PD, the output current will be proportional to the
energy of a pulse, which is the integration of the pulse spectrum,
thus we have

I ′ (n) = �
∫

δτ

|y (t)|2dt = �
∫

δω

|F [mn (t)]|2dω (9)

According to the Parseval’s theorem, for each pulse, we have
the output given by

I ′ (n) = �× 1
2π

∫
δt

|mn (t)|2dt (10)

Substitute (2) and (5) into (10), we get

I ′ (n) = �× 1
2π

∫
δt

g (−t + nT1) f (t − nT2)dt (11)

Compare (11) with (1), I ′(n) can be seen as the convolution
between signals g(t) and f(t), with a time delay difference of
n × (T2 − T1). For a different n, the convolution result provides
a value corresponding to a different time delay difference.

Note that the convolution process described above requires
that the two signals are periodic. For one of the signal that is not
periodic, the system can also be used to perform convolution,
but a fiber-optic recirculating loop [24] should be used to convert
the aperiodic signal into a periodic signal in which the repetition
rate of the converted signal can be controlled by choosing the
length of the fiber-optic recirculating loop.

In the proposed system, the PD is used to measure the energies
rather than the temporal shapes of the pulses, thus the required
bandwidth can be much smaller than the bandwidths of the input
signals. In fact, it is only required that the response time of the
PD is shorter than T1 and T2 . Note that integration is possible
even without the use of LCFBG2, but the response time of the
PD should be notably longer than the duration of the pulse
that arrive at the PD. In this case, however, the response time
window for the PD is small which makes it difficult to find a PD
to meet the requirement. When LCFBG2 is used, the duration
of the pulse arriving at the PD is significantly reduced, making
it much easier to find a PD to meet the requirement. In addition,
the system is more adaptable for an input signal with a different
repetition period and pulse duration when LCFBG2 is used.

The preprocessing that converts the input signals to their
square roots is required since the final step of integration is
realized by the small-bandwidth PD, and the signal at the output
of the PD, which is in the electrical domain, is proportional to
the power of the input optical signal. If an all-optical integrator
is implemented instead, the preprocessing will not be needed.

Fig. 3. Two rectangular waveforms used as the input waveforms for temporal
convolution. (a) Square root of g(t) encoded by the POF. Blue line: the mea-
sured waveform at the output of the POF; red dotted line: an ideal rectangular
waveform. (b) Square root of f(t) generated by the AWG.

III. EXPERIMENT

An experiment based on the system shown in Fig. 1 is per-
formed. A wavelength tunable MLL (PriTel FFL-1550-20) is
used as the optical source, which generates an optical pulse
train with a repetition rate of 20 MHz or a period of 50 ns. The
3-dB spectral width and temporal width of a pulse in the pulse
train is 8 nm and 600 fs, respectively. LCFBG1 and LCFBG2 are
fabricated to have an identical bandwidth of 4 nm and a disper-
sion coefficient of ±2500 ps/nm. A POF (Finisar WaveShaper
4000 s) is used to encode one of the input signal to the MLL
pulses. The other input signal is generated by an AWG (Tek-
tronix AWG7102) with a sampling rate of 10 Gb/s and applied
to an 10-GHz MZM (JDS-U OC-192) to perform signal multi-
plication. The AWG is configured to generate a waveform with a
period 1% longer than that of the pulse train from the MLL, i.e.,
50.5 ns. The convolution result at the output of the PD (New
Focus 1414, 25 GHz) is sampled by a real-time oscilloscope
(Agilent 93204A).

The POF has a spectral resolution of 10 GHz, which can
generate

√
g(t) at an equivalent sampling rate of 5 Gb/s when

working in conjunction with LCFBG1. Hence, both f(t) and g(t)
have an analog bandwidth of less than 5 GHz [22]. Accord-
ing to (8), the pulse width is around 200 ps after integration,
which is larger than the response time of the PD and that of the
oscilloscope. To satisfy the condition given in (9), a digital low-
pass filter with a cutoff frequency at 1 GHz is adopted for the
signal sampled by the oscilloscope. In fact, it is only required
that the PD has a response time faster than the period of the
waveforms to be convolved, which is 50 ns in our experiment.
Although the system performs convolution for two signals with
relatively large bandwidths, only a low-speed PD and a low-
speed sampling system are required to acquire the convolution
result, which can be a great advantage for the proposed system.
It should be noted that, each MLL pulse is temporally stretched
to have a duration of 10 ns by LCFBG1, indicating that the sys-
tem can only process an input signal with a temporal duration
less than 10 ns.

Then, we use different waveform pairs to test the operation of
the proposed temporal convolution system. The waveform pairs
include two rectangular waveforms, a rectangular waveform and
an inverse sawtooth waveform, and an arbitrary waveform and
a short pulse. Fig. 3 shows the two rectangular waveforms with
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Fig. 4. The convolution between two rectangular waveforms. Red-dotted line:
the theoretical convolution output of the two rectangular waveforms with the
upper horizontal axis; blue line: the measured convolution output with the lower
horizontal axis, which is a series of pulses with the peak amplitudes representing
the convolution result.

temporal widths of 10 ns that are generated by the POF and the
AWG, respectively. Although a rectangular g(ω) is applied to
the POF, some ripples can be found in the generated waveform
shown in Fig. 3(a) due to the uneven optical spectrum of the
MLL pulse and the uneven gain spectrum of the EDFA. The
rectangular waveform generated by the AWG is very close to
an ideal rectangular waveform. It is known that the convolution
of two rectangular waveforms with an identical temporal width
is a triangular waveform, and the rise time of the triangular
waveform should be equal to the width of one of the input
rectangular waveform. Fig. 4 shows the experimentally obtained
convolution output (blue line). An ideal convolution result (red-
dotted line) is also shown for comparison. The output signal is
a series of short pulses, with the peak amplitude profile nicely
fits to the ideal convolution. It should be noted that two time
scales for the horizontal axes are used in Fig. 4, 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 by using n × (T2 − T1) with n from 0 to
N-1. As we have discussed, the convolution results are discrete
values given by the measured the energies of the pulses. The
corresponding time axis should also be discrete, with a unit time
increment given by (T2 − T1). In our case, (T2 − T1) = 0.01 ×
T1 . The upper horizontal axis corresponding to the convolution
is simply obtained by multiplying the real time in the lower
horizontal axis by 0.01.

An asymmetric waveform which is an inverse sawtooth wave-
form is then used to test the temporal convolution system. Again,
by configuring the POF to have a spectral response of

√
g(ω),

where g(ω) 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. 5(a). The waveform is then convolved with the rectan-
gular waveform shown in Fig. 3(b). Fig. 5(b) shows the con-
volution result. A good agreement between the theoretical and
the measured results is achieved. For convolution operation, we
know that f ∗ g = g ∗ f , i.e., no matter which function is tem-
porally 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

Fig. 5. (a) The square root of an inverse sawtooth waveform achieved at the
output of the POF; (b) the convolution between a rectangular waveform and an
inverse sawtooth waveform. Red dotted line: the theoretical convolution output
of a rectangular waveform with an inverse sawtooth waveform, blue line: the
measured convolution output of the system.

Fig. 6. (a) The square root of a short pulse achieved at the output of the POF
(red) and the square root of a three-cycle chirped waveform generated by the
AWG (blue); (b) the convolution between a three-cycle chirped waveform and
a short pulse. Red line: theoretical convolution result; blue line: the measured
output of the convolution system, when the three-cycle chirped waveform is
convolved with a short pulse with a temporal width of 400 ps.

the sign of (T2 − T1) will also be changed for f ∗ g and g ∗ f .
The time in the horizontal axis for convolution n × (T2 − T1)
will then be reversed, which results in a consistent convolution
results for both f ∗ g and g ∗ f .

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 mapping by LCFBG1. The gen-
erated square root of the three-cycle chirped waveform and the
short pulse are shown in Fig. 6(a). The convolution of a wave-
form and an ultra-short pulse (ideally a unit impulse function)
should be the waveform itself. Fig. 6(b) shows the theoretical
convolution result and the measured convolution output of the
system. Note that the vertical axis does not represent the actual
voltage level of the three-cycle chirped waveform generated by
the AWG, which has a peak voltage of 0.5 V (refer to Fig. 3(b)).
Again, the measured result is in good agreement with theoreti-
cal result. For a complex waveform with more details, to get a
more smooth convolution result, one may use a smaller value
of |T2 − T1 |, so that the convolution can be calculated with a
higher time resolution.

IV. CONCLUSION

We have proposed and experimentally demonstrated a
photonic system that can perform temporal convolution of two
microwave waveforms, which was realized by three photonic
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subsystems to perform time reversal, signal multiplication, and
integration. The key challenge in performing temporal convolu-
tion was to realize a variable time delay difference between the
two microwave waveforms, which was achieved by generating
two sequences of replicas of the two microwave waveforms
with two slightly different repetition rates. The two sequences
were multiplied at the MZM and integrated by LCFBG2
followed by the photo-detection at the PD, with the convolution
result obtained at the output of a PD. Since the PD here is used
to detect the pulse energy, a small bandwidth of the PD will
be sufficient to perform the proposed temporal convolution in
which the two microwave waveforms could be wideband. The
proposed approach was experimentally evaluated, in which
the calculations of three temporal convolutions between two
rectangular waveforms, between an inverse sawtooth wave-
form and a rectangular waveform, and between an arbitrary
waveform and a short pulse were experimentally demonstrated.
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