Chin. Phys. B Vol. 21, No. 6 (2012) 068401

Photonic generation of arbitrary waveforms based
on incoherent wavelength-to-time mapping*

Dong Jian-Ji(# #%%)", Luo Bo-Wen (¥t ),
Yu Yuan(F J§), and Zhang Xin-Liang(7K#75%)

Wuhan National Laboratory for Optoelectronics, School of Optoelectronic Science and Engineering,

Huazhong University of Science and Technology, Wuhan 430074, China

(Received 29 August 2011; revised manuscript received 29 November 2011)

We demonstrate experimentally a radio frequency arbitrary waveform generator using the incoherent wavelength-

to-time mapping technique. The system is implemented by amplitude modulation of a broadband optical resource whose

spectrum is reshaped by a programmable optical pulse shaper and transmitted over a single mode fiber link. The shape of

the generated waveform is controlled by the optical pulse shaper, and the fiber link introduces a certain group velocity

delay to implement wavelength-to-time mapping. Assisted by the flexible optical pulse shaper, we obtain different

shapes of optical waveforms, such as rectangle, triangle, and sawtooth waveforms. Furthermore, we also demonstrate

ultra-wideband generation, such as Gaussian monocycle, doublet, and triplet waveforms, using the incoherent technique.
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1. Introduction

High frequency and large bandwidth arbitrary
waveform generation has become an important re-
search area that has numerous scientific and industrial
applications, such as ultra-wideband (UWB) com-
munications, pulsed radar systems and sensor net-
works. Due to the limited sampling rate, the gen-
eration of an arbitrary waveform in the electrical do-
main is limited to a low frequency and small band-
width. A feasible solution is optical arbitrary wave-
form generation (OAWG), which can take advan-
tage of the high speed and broad bandwidth offered
OAWG reveals lots of poten-
tial applications where the manipulation of ampli-

by modern optics.

tude and phase of the optical signal with a tremen-

dous bandwidth are required. Such applications in-

clude high-frequency microwave signal processing,[! =4

UWB-over-fiber communications, high speed opti-

cal communications, 7 and dispersion compensation
in optical fiber communications.®!
Generally, OAWG can be classified into four cat-

9,10]

egories, i.e., space-to-time pulse shaping,! tempo-

ral pulse shaping,['!] photonic microwave delay line

(12]

filtering,['?! wavelength-to-time mapping,[>*13] and so
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on. Each category has its own advantages. Espe-
cially, the wavelength-to-time mapping technique is
very flexible and robust since the spectral shape is eas-
ily changed in the frequency domain, including both
coherent techniques and incoherent techniques. Co-
herent techniques offer high-fidelity output waveforms

with expensive coherent sources.[14:17]

For example,
Wang et al.' proposed an OAWG using wavelength-
to-time mapping via a chirped fiber Bragg grating.
The incoherent wavelength-to-time mapping concept
was proposed and demonstrated first by Dorrer, 6! of-
fering a low-cost solution but the output waveform had
a low signal-to-noise ratio. Company et al.l'”) demon-
strated an incoherent technique to generate arbitrary
radio frequency (RF) waveform using a commercial
dense wavelength division multiplexing (DWDM) con-
troller. However the frequency channel span was over
100 GHz with a coarse resolution. Similar methods
were also presented in Refs. [13] and [18]. However,
once the frequency device was fabricated its spectral
shape could not be freely reconfigured. Hence the
OAWG was not flexible.

In this paper, we propose and demonstrate a sim-
ple OAWG scheme using the incoherent wavelength-
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to-time mapping technique. The system is imple-
mented by intensity modulation of a broadband ampli-
fied spontaneous emission (ASE) source, whose spec-
trum is reshaped by a programmable optical pulse
shaper and transmitted over a single mode fiber
(SMF) link. The shape of the generated waveform is
controlled by the optical pulse shaper with a high res-
olution of 10 GHz, and the SMF introduces a group
velocity dispersion (GVD) to achieve wavelength-to-
time mapping. Assisted by the flexible optical pulse
shaper, we obtain different optical waveforms, such as
rectangle, triangle, and sawtooth waveforms. Further-
more, UWB pulse signals, such as Gaussian monocy-
cle, doublet, and triplet waveforms are also demon-
Due to the
flexible optical pulse shaper, the generated waveforms

strated using the incoherent technique.

can be freely reconfigured.

2. Experimental setup and oper-
ation principle

The experimental setup of the OAWG scheme is
shown in Fig. 1. The system consists of a broad-

band ASE source, an optical pulse shaper, a Mach—

broadband source

’ [ ’ I optical pulse shaper ‘ 1

EDFA EDFA

Power/dBm

1525
Wavelength /nm

1545 1565

Zehnder modulator (MZM), and an SMF link. The
broadband source is offered by two cascaded erbium-
doped fiber amplifiers (EDFAs), whose output spec-
trum is shown in the inset of Fig. 1. The broadband
source is intensity-modulated by the MZM, which is
driven by the bit pattern generator (BPG). A pro-
grammable optical pulse shaper (Finisar Company)
is employed to design user-specified spectral shapes,
such as rectangular or triangular shapes. The optical
pulse shaper is based on spatial diffraction and liquid
crystal on silicon switching elements, and both spec-
tral amplitude and phase are programmable. Hence,
arbitrary spectral shape can be designed within a C-
band. The minimum programmable filter bandwidth
is 10 GHz.
optical pulse shaper has been discussed in Refs. [19]

The detailed operation principle of the

and [20]. Consequently, an SMF link then introduces
a GVD to achieve wavelength-to-time mapping. Then
the user-specified spectral shape is mapped into the
designed temporal waveform accordingly. Finally, the
temporal waveforms, and optical spectra are analysed
through a digital communication analyser (Agilent
DCAB86100C), and an optical spectral analyser (OSA,
Anritsu MS9710C), respectively.

MZM

Fig. 1. (colour online) Experimental setup of the proposed scheme.

The incoherent wavelength-to-time mapping pro-
cess can be mathematically explained. Assume that
the optical pulse shaper has a user-specified spectral
density function I(\) and the generated optical pulse
driven by the BPG is expressed by s(t). The broad-
band ASE source is approximately a constant in the
EDFA gain spectrum range. Due to the GVD of the

SMF, the output temporal waveform can be described

) = [ 100 slt = TN &

where T'()\) is the relevant time delay induced by the
GVD of the SMF, written as T(\) = DL(\ — \y),
where D, L, A\, and Ay denote the SMF dispersion pa-
rameter, the fiber length, the optical wavelength, and
zero-dispersion wavelength, respectively.
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In our experiment, the modulated optical pulse
shows very small pulsewidth compared with the pulse
period. Therefore, s(t) can be approximately regarded
as a unit impulse function §(¢). Then equation (1) can
be replaced by

g(t) = /I()\) S0t — DL — Ag)]dA
— I(t/DL + Xo). @)

Equation (2) indicates that the designed spectral
shape is mapped into the temporal waveform accord-

ingly.

3. Experimental results and dis-

cussion

In the experiment, an optical Gaussian pulse se-
quence with a repetition rate of 1.25 GHz is gener-
ated by the BPG without transmission in the SMF
as shown in Fig. 2. The optical pulse shaper is not
inserted in the system. The pulse period is 800 ps.
For single pulse duration, the rise time and the fall
The
pulsewidth is about 36 ps, which determines the time

time are about 28 ps and 35 ps, respectively.

resolution of arbitrary waveform generation. It should
be noted that incoherent wavelength-to-time mapping
for OAWG has a main drawback of low signal-to-noise
ratio. Therefore the measured waveforms from the
DCA are normally the average of the intensity. The
temporal waveforms are obtained by averaging 8 time

measurements.

5]
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36 ps
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Fig. 2. (colour online) Gaussian pulse sequence generated
by the BPG.

Then the optical pulse shaper is inserted into
the system, and the modulated signal is transmit-
ted in the SMF. The SMF dispersion parameter D
is 17.6 ps/km/nm, and the SMF length is initially
fixed at 1 km. When the optical pulse shapers are
designed with a spectral density function of rect-
angle, sawtooth, and triangle respectively, the out-
put spectra are shown in Figs. 3(a), 3(b) and 3(c).

The programmed spectrum span is 12.8 nm cen-
tred at 1550 nm. The solid lines and the dashed
lines represent measured spectra from the OSA
and the designed spectra, respectively. Omne can
see that the measured and the designed spectral
shapes are consistent with each other. The generated
temporal waveforms are shown in Figs. 4(a), 4(b),

and 4(c), respectively. There is a little fluctuation
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Fig. 3. (colour online) Output spectra of the designed

optical pulse shaper, showing rectangle (a), sawtooth (b),

and triangle (c¢) waveforms. The solid lines and the dashed
lines represent measured and designed spectra, respec-
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Fig. 4. (colour online) Generated temporal waveforms

obtained by averaging 8 time measurements, showing rect-
angle (a), sawtooth (b), and triangle (c¢) waveforms. The
solid lines and the dashed lines represent measured and
simulated waveforms, respectively.

on the top of each waveform. This is caused mainly by
the ASE broadband source. The simulation results are
also plotted as dashed lines for comparison. From the
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measured waveforms, we can observe that the pulse
duration is about 225 ps. In theory, the pulse dura-
tion is calculated by AT = DLAX, where A\ is the
programmed spectrum span. Then the pulse duration
is calculated to be 225.3 ps. So the measured pulse
duration is in accordance with the calculated one.
Since the pulse duration is determined by AT =
DLAM), we can optimize the SMF length and the spec-
trum span to ensure that the pulse duration can fill
the whole temporal period. Furthermore, UWB pulses
can be obtained if the spectral shape is designed as the
shape of the Gaussian derivatives. For example, the
1-km SMF is replaced by another 2-km SMF, and the
programmed spectrum span is set at 23 nm so that the
pulse duration is around 800 ps, equal to the temporal
period. When the optical pulse shapers are designed,
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respectively, with a spectral density function of Gaus-
sian monocycle, doublet, and triplet waveforms, the
output spectra are shown as curves Sy, S, and S3 in
Fig. 5. The solid lines and the dashed lines represent
the measured spectra and the designed spectra, re-
spectively. Again, the measured spectra accords well
with the designed spectra. The generated temporal
UWB waveforms are shown correspondingly as curves
W1, Ws, and W3 in Fig. 5. The designed waveforms
are also plotted as dashed lines for comparison. Simi-
larly, the generated UWB waveforms accord well with
the simulated temporal waveforms except a little am-
plitude fluctuation on the top. The pulsewidths of
all generated UWB pulses are larger than 90 ps. In
fact, the pulsewidth can be adjusted by designing the
optical pulse shaper.
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Fig. 5. (colour online) Output spectra (S1, S2, S3) and temporal waveforms (W1, Wa, W3) obtained by averaging 8 time
measurements, showing designed Gaussian monocycle (a), doublet (b), and triplet (c) waveforms. The solid lines and the
dashed lines represent measured and simulated results, respectively.

Figure 6 shows the RF spectra of generated
UWB waveforms: (a) monocycle waveform, (b) dou-
blet waveform, (c) and triplet waveform, respectively.
The dashed lines represent the RF spectral envelopes
of standard monocycle, doublet, and triplet wave-
forms, respectively. The central frequencies (CF's) are
1.9 GHz, 2.7 GHz, and 3.2 GHz for the monocycle,
the doublet, and the triplet waveforms, respectively.
And the corresponding 10-dB bandwidths (BWs) are
3.8 GHz, 4 GHz, and 4.1 GHz respectively.

It should be noted that the CF and 10-dB BW

of the RF spectra can be increased as the pulsewidth
of UWB waveform is decreased. In order to increase
the 10-dB BW of the RF spectrum, we may design
a narrower spectral UWB shape I()), in the mean-
time we use the programmed spectrum span AX. At
the same time, carrier suppression effect (CSE) is in-
evitable due to SMF dispersion in microwave signal
processing. However, the SMF length is only 1-km or
2-km long, so the first notch of the CSE is larger than
40 GHz, which is beyond the frequency band of our
interest. Hence the CSE can be ignored in our scheme.
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Fig. 6. (colour online) RF spectra of generated (a) monocycle, (b) doublet, and (c) triplet waveforms. The dashed lines
represent the RF spectral envelopes of standard monocycle (a), doublet (b), and triplet (c) waveforms, respectively.

4. Conclusions

We proposed and demonstrated an OAWG
scheme using the incoherent wavelength-to-time map-
ping technique. The configuration consists of a broad-
band ASE source modulated by an MZM, a pro-
grammable optical pulse shaper to reshape a user-
specified spectrum, and an SMF link to implement
wavelength-to-time mapping. Assisted by the flexi-
ble optical pulse shaper, we obtained different shapes
of optical waveforms, such as rectangle, triangle, and
sawtooth waveforms. We also demonstrated the ap-
plications of our scheme in UWB RF signal genera-
tion, such as Gaussian monocycle, doublet, and triplet
waveforms. Due to the flexible optical pulse shaper,
the generated waveforms can be freely changed.
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