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Experimental Demonstration of a Wideband Photonic
Temporal Hilbert Transformer Based on a Single
Fiber Bragg Grating

Ming Li, Member, IEEE, and Jianping Yao, Senior Member, IEEE

Abstract—A wideband photonic temporal Hilbert transformer
implemented based on a single fiber Bragg grating (FBG) is ex-
perimentally demonstrated. Two FBGs with bandwidths of 50 and
100 GHz are designed and fabricated. The use of the fabricated
FBGs to perform real-time temporal Hilbert transformation of a
Gaussian-like optical pulse with a bandwidth of about 12 GHz is
experimentally demonstrated.

Index Terms—Fiber Bragg gratings (FBGs), Fourier optics and
signal processing, temporal Hilbert transformer (THT), ultrafast
optical signal processing.

I. INTRODUCTION

EMPORAL Hilbert transform (THT) is among the many

important signal processing functions that is widely used
in communication systems, radar, and other warfare and civil
systems [1]. Compared with pure electronic implementation,
photonic THT implemented in the optical domain provides a
much higher speed and wider bandwidth. A photonic THT using
a multitap photonic transversal system was demonstrated re-
cently [2]. Since numerous devices such as multiple electrooptic
modulators, optical delay lines, and laser sources are used in
the system, the system is complicated and costly [2]. In addi-
tion, the implementation bandwidth of the photonic THT in [2]
is limited to 40 GHz. To achieve an implementation bandwidth
larger than 40 GHz, more taps with accurately controlled time
delays are required which would again increase the implemen-
tation complicity and cost.

Recently, photonic THTs implemented based on fiber Bragg
gratings (FBGs) have attracted great interest thanks to the
advantageous features such as simple structure and good com-
patibility with other fiber-optic devices [3]-[6]. One limitation
of the photonic THT reported in [2] is that the THT can only
operate on the temporal intensity profile of the input waveform
which is different from the photonic THTSs proposed in [3]-[6]
and in this letter, where the THTs can operate on the temporal
complex envelope of the input waveform. A photonic THT
can be implemented using a sampled FBG to form a multitap
photonic transversal filter [3]. The major limitation associated
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with this approach is that the implement error of the THT is
intimately related to the number of the sampling period, i.e., the
count of taps. Therefore, for a photonic THT having a broader
bandwidth, the sampling period will be smaller and the needed
number of sampling period will be increased largely which
would make the fabrication of the photonic THT very difficult.
On the other hand, a photonic THT can also be implemented
using a uniform weak-coupling FBG with a 7 phase shift in
the FBG [4], [5]. Compared with the approach using a sampled
FBQG, the use of a 7w phase-shifted FBG is easier to implement.
The main limitation of this technique is that the FBG should
be weak enough to satisfy the Born approximation for the
synthesis of the FBG based on space-to-frequency-to-time
mapping (SFTM), making the FBG fairly weak, leading to
a poor signal-to-noise ratio (SNR) at the output of the THT
[7]. The SFTM method only considers one reflection during
the design of an FBG, while the discrete layer peeling (DLP)
method considers multiple reflections. So, the DLP method has
the intrinsic advantage of higher accuracy for the design of an
FBG with a high index modulation. Note that, since the index
modulation of the THT designed in [4] is very weak (only
about 4 x 10~%), a processing error of about 0.3% is resulted
for the design of a THT.

Very recently, we proposed to implement a photonic THT
based on an FBG that was directly designed by the DLP method
[6]. The significance of using the DLP method for the FBG de-
sign is that the FBG is ensured to have a strong strength, which is
essential for optical signal processing with a good SNR [8], [9].
The FBG to implement the photonic THT reported in [6] was
investigated numerically; no experimental demonstration was
performed. In this letter, the use of an FBG for wideband pho-
tonic THT is investigated experimentally. Note that, although
some experimental results have been presented in [10], detailed
analyses, such as the processing error due to the fabrication tol-
erance and the limitations of the proposed approach, have not
been addressed. Two FBGs with bandwidths of 50 and 100 GHz
are designed based on the DLP method and fabricated. The use
of the FBGs to perform Hilbert transform of a Gaussian-like op-
tical pulse with a bandwidth of about 12 GHz is experimentally
demonstrated.

II. PRINCIPLE

Mathematically, the temporal envelope of an output optical
signal y(¢) from a THT is given by [1]

y(t) = o(t) = % =P.V. {% /OC ;L(_Ts_dr} )
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Fig. 1. Coupling coefficient profiles and reflection spectra of the designed and
fabricated FBGs. (a) The coupling coefficient profile of the photonic THT with
a bandwidth of 50 GHz, (b) and the corresponding reflection spectra of the de-
signed (linet+circle) and fabricated (line+square) FBGs. (c) The coupling co-
efficient profile of the photonic THT with a bandwidth of 100 GHz, (d) and
the corresponding reflection spectra of the designed (line+circle) and fabricated
(linet+square) FBGs. The insets in (b) and (d) show the phase responses of the
designed (line+circle) and fabricated (linetsquare) FBGs with a m phase shift
at the notch wavelength.

where x(t) is the temporal envelope of the input optical pulse,
t is the time variable, * denotes the convolution operator, and
P.V. means principal value. By applying the Fourier transform
to both sides of (1), we then have

Y (@) = X(w) x [jsgn(w)] @)
where X (w) is the Fourier transform of the input optical signal,
Y (w) is the Hilbert-transformed output optical signal, and
sgn(w) is a sign function (—1 forw < 0, 0 forw = 0, and 1 for
w > 0). Obviously, the transfer function of a THT in the fre-
quency domain is — jsgn(w). To implement the photonic THT,
an FBG with a frequency response of —jsgn(w) is required
[6]. As can be seen, a 7w phase shift should be introduced to the
frequency response of the FBG.

Based on the DLP method, an FBG with the desired fre-
quency response is first designed [6]. The 3-dB bandwidth of the
designed FBG is 50 GHz; the central wavelength is 1550 nm.
Fig. 1(a) shows the coupling coefficient profile of the designed
FBG with its phase and reflection spectra showing in Fig. 1(b).
The bandwidth of the synthesized FBG is 0.4 nm (i.e., 50 GHz).
A 7 phase shift is realized at the central wavelength, as shown
in the inset (line+circle) of Fig. 1(b). Based on the same de-
sign strategy, a photonic THT with a bandwidth of 100 GHz
(i.e., 0.8 nm) is also successfully designed with the simulation
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Fig. 2. Experimental setup. TLS: tunable laser source; PC: polarization con-
troller; EO IM: electrooptic intensity modulator; THT: temporal Hilbert trans-
former; OC: optical circulator; EDFA: erbium-doped fiber amplifier; PD: pho-
todetector; SO: sampling oscilloscope; BERT: bit-error-rate tester.

results showing in Fig. 1(c) and (d). Note that the coupling co-
efficient profiles shown in Fig. 1(a) and (c) are very similar to
those designed based on the SFTM method, but the reflectivities
of the FBGs based on the SFTM method are smaller than 50%
to ensure an acceptable processing accuracy. Therefore, a THT
could be designed using the SFTM method, but with a reflec-
tivity usually smaller than 50%.

III. EXPERIMENT

Based on the calculated coupling coefficient profiles, as
shown in Fig. 1(a) and (c), the two FBGs are then fabricated
via UV illumination by a frequency-doubled argon-ion laser
operating at 244 nm and a uniform phase mask. The apodization
is implemented by dephasing the subsequent exposures while
the UV beam is scanning the mask similar to the technique in
[11]. Fig. 1(b) shows the reflection and phase spectra of the
fabricated 50-GHz photonic THT measured by using an optical
vector analyzer (OVA). A good agreement between the experi-
mental and numerical results is achieved. A phase shift of 3.23
which is very close to 7 is experimentally realized at the notch
wavelength, as shown in the inset (line+square) of Fig. 1(b).
The measured notch depth is about 14 dB. For the 100-GHz
photonic THT, the desired reflection and phase responses are
experimentally obtained, as shown in Fig. 1(d). A phase shift
of 3.08 is realized, and the notch depth is about 17 dB.

One may note that the central wavelengths of the designed
FBGs are both 1555.00 nm, while the central wavelengths of
the fabricated photonic THTs in Fig. 1(b) and (d) are 1555.25
and 1555.50 nm, respectively. The discrepancy in wavelength
is caused by the residual strain during the FBG writing process.
For the sake of an easy comparison, the central wavelengths of
the theoretically obtained reflection spectra are shifted to the
measured wavelengths. In addition, for an FBG having a spec-
tral response with a finite width, the FBG should have a physical
length that is infinite, which is not possible for practical imple-
mentation. Therefore, in the design the lengths of the FBGs are
truncated, which will lead to sidelobes in the spectral response,
as can be seen from Fig. 1(b) and (d).

To verify that the fabricated FBGs can be used to implement
real-time temporal Hilbert transform, an experiment is then car-
ried out based on an experimental setup shown in Fig. 2. A CW
light wave from a tunable laser source (TLS) is directed to an
intensity modulator (IM). An electrical pulse train with a bit rate
of 13.5 Gb/s from a bit-error-rate tester (BERT, Agilent 4901B),
as shown in Fig. 3(a), is applied to modulate the optical car-
rier at the IM. The pulse from the BERT has a shape close to a
Gaussian with a full-width at half-maximum (FWHM) of about
63 ps. Since the input pulse is not a standard Gaussian pulse,
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Fig. 3. Experimental results. (a) The input pulse from the BERT, the
inset shows the frequency spectrum of the input pulse, (b) the simulated
(dashed—dotted line) and measured (solid line) output pulses from the photonic
THT with a bandwidth of 50 GHz, (c¢) and the simulated (dashed—dotted
line) and measured (solid line) output pulses from the photonic THT with a
bandwidth of 100 GHz.

the bandwidth of the input pulse at the FWHM in the frequency
domain is calculated to be about 12 GHz, as shown in the inset
of Fig. 3(a). The optical signal is then sent to the FBG through
an optical circulator (OC). The Hilbert transformed pulse is am-
plified by an erbium-doped fiber amplifier (EDFA) and then de-
tected by a high-speed photodetector (PD) with its waveform
observed by a high-speed sampling oscilloscope [(SO) Agilent
86116A].

Fig. 3(b) shows the measured output pulse from the photonic
THT with a bandwidth of 50 GHz. A simulated pulse is also
shown in Fig. 3(b). As can be seen, the simulated and experi-
mental results agree well. The root mean square (rms) error is
calculated to be about 7.8%. The photonic THT with a band-
width of 100 GHz is also evaluated. The simulated and experi-
mental results are shown in Fig. 3(c). Again, a good agreement
is reached. The rms error is about 15.1%.

Processing error as a function of the input pulse bandwidth
is estimated based on the measured magnitude and phase re-
sponses of the fabricated THTs. To implement this evaluation,
the amplitude and phase responses of the fabricated 50- and
100-GHz THTs are first measured using the OVA, and then the
output pulse for an input Gaussian pulse with different band-
width is calculated. The processing error is then obtained by
calculating the rms error for the Gaussian pulse with a band-
width from 0 to 200 GHz, as shown in Fig. 4(a). It can be seen
that there exists an optimal operation bandwidth where the rms
error is minimized for the THT. In addition, it is obvious that the
processing error is significantly increased when the bandwidth
of the input pulse is closed to zero, which is caused by the notch
at the central wavelength that should be eliminated for an ideal
Hilbert transformer. However, the notch will be always formed
when a 7 phase shift is introduced into the FBG-based THT. So,
the processing error of the proposed THT will be intrinsic large
for an input signal with a narrow bandwidth.

In general, the phase shift in a fabricated THT cannot be ex-
actly controlled to be 7 at the central wavelength due to the fab-
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Fig.4. (a)Estimated processing error as a function of the input pulse bandwidth
for the fabricated 50 GHz (line+square) and 100 GHz (line+circle) THTs. RMS:
root mean square. (b) Simulation results of the processing error caused by the
phase shift deviation.
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rication error. To evaluate the influence of the phase shift devi-
ation on the THT performance, the processing error of the THT
with different phase shift deviations is calculated, as shown in
Fig. 4(b). It can be seen that the rms error is increasing almost
linearly with the increase of the phase shift deviation.

IV. CONCLUSION

The implementation of a wideband photonic THT based on a
single FBG was experimentally demonstrated. Two FBGs with
bandwidths of 50 and 100 GHz were designed and fabricated.
The use of the fabricated FBGs to perform temporal Hilbert
transform of a Gaussian-like optical pulse with a bandwidth of
about 12 GHz was demonstrated. Processing error as a function
of the input pulse bandwidth was estimated based on the mea-
sured magnitude and phase responses of the fabricated FBGs.
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