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Abstract: A photonic method of highly reconfigurable microwave waveform generation
based on time-wavelength interleaving has been proposed and experimentally demon-
strated. By modulating multi-wavelength laser sources with Mach-Zehnder modulators
(MZMs), multiple Nyquist pulses corresponding to different wavelengths are generated and
overlapped with each other in the time domain. A dispersion compensation fiber (DCF) is
used to separate these pulses due to the wavelength dependent delay. These pulses add
together after photodetection and form desired waveforms. By controlling the wavelengths
and powers of multiple laser sources, we can obtain various desired waveforms with tunable
repetition rates and duty cycles. Experimentally, 9 waveforms including square, triangle,
sawtooth, reversed-sawtooth and trapezoid with tunable repetition rates from 3 GHz to
6 GHz and duty cycles from 20.9% to 58.4% are obtained. This work demonstrates the
great potential of incoherent time-domain synthesis for highly versatile arbitrary waveform
generation.

Index Terms: Microwave photonics, waveform generation, electro-optic modulator.

1. Introduction
Microwave arbitrary waveform has wide application prospects in modern radar [1], signal pro-
cessing [2], [3] and wireless communication system [4]. Among all these applications, different
waveforms play different roles. For example: Nyquist pulse is a good candidate for communi-
cation systems since data transmission rates can be maximized while the bandwidth usage is
minimized [5], Square and triangular waveforms are important in optical frequency conversion,
pulse compression and signal copy [6]. For sawtooth and other shaped waveforms, they have been
investigated in photonic digital-to-analog converter applications [7]. Electrical methods of arbitrary
waveform generation have been mature but are challenging if high repetition rate is required.
Instead, photonic generation of microwave waveforms is considered as a promising solution due to
the advantages of large bandwidth, high speed, and immunity to electromagnetic interference. For
example, the bandwidth of single Nyquist pulse is 40 GHz at 5 GHz and 15 GHz modulation, which
means all the waveforms synthesized by these Nyquist pulses can have a maximum bandwidth
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of 40 GHz. This bandwidth is still challenging for a pure electrical arbitrary waveform generator or
the cost is much higher than a few lasers and modulators. In recent years, photonic generation of
microwave signals has aroused more and more attention and been studied extensively.

There are a few typical solutions including oscillator, frequency-to-time mapping (FTTM) and
external modulation (EM). For oscillator based waveform generation such as optoelectronic os-
cillator (OEO), sinusoidal waveforms with high and tunable frequency are typically generated [8].
However, generation of other waveforms such as square wave, sawtooth wave is still not easy.
To generate versatile waveforms, FTTM and EM technologies are more convenient. In FTTM
method, the broadband source such as a femtosecond laser is employed. The spectrum is
shaped with a wavelength dependent profile and then mapped to the temporal shape through a
dispersive medium [9], [10]. However, the use of broadband source such as femtosecond laser
and programmable spectral shaper increases the cost of the system and limits the tunability of
repetition rate. In EM method, modulation allows direct control of the waveform in the time domain
and many schemes have been proposed [5], [11]–[24]. Generated waveforms include sinusoidal
waveforms [11], Nyquist pulses [5], [12]–[17], and other waveforms such as square, triangular
and sawtooth waves [18]–[24]. In these schemes, some utilize advanced modulators such as
dual-parallel Mach–Zehnder modulators (DP-MZMs) [15], [16] which increases the system cost
and complexity. Some employ polarization manipulation technologies [21]–[23] which leads to the
vulnerability to the polarization perturbation from the environment and deteriorates the long-term
stability. Moreover, although many waveforms have been generated, the duty cycles are usually
fixed and cannot be adjusted, which sets obstacles for real application.

Meanwhile, time-wavelength interleaving technology has been widely investigated in the re-
search of photonic analog-to-digital converter (ADC) [25], [26]. The key feature of this technology is
to independently control the waveforms and delays in each wavelength channel and then combine
them in the time domain. In photonic ADC research, this technology is adopted to increase
the repetition rate of the clock pulse train while maintaining a relatively low requirement on the
processing bandwidth. More potential of this technology can be explored in other applications such
as arbitrary waveform generation.

In this paper, we propose an approach to generate highly reconfigurable microwave waveform
by exploring time-wavelength interleaving technology. When the laser sources with different wave-
lengths and powers are simultaneously modulated by two MZMs, a frequency comb and temporal
pulse can be obtained in each wavelength. Then by introducing time delay with a dispersive
medium, pulses with different wavelengths are separated in the time domain. Finally by incoherently
adding different pulses after photodetection, highly reconfigurable microwave waveform can be
achieved. With 4 laser sources, we have obtained 9 different waveforms, tunable duty cycle from
20.9% to 58.4% and tunable repetition rate from 3 GHz to 6 GHz. This technology is purely
based on incoherent time-domain synthesis, therefore there is no need to control the coherence
among different laser sources, which significantly simplifies the system setup and can have wide
applications in the practical microwave photonic waveform generation.

2. Principle
The system is based on incoherent time-domain synthesis by exploring time-wavelength inter-
leaving technology. The schematic diagram is shown in Fig. 1. This setup includes 4 stages:
laser source stage, Nyquist pulse generation stage, pulse delay stage, and waveform synthesis
stage. In the laser source stage, several continues wave (CW) laser sources are combined by
a wavelength division multiplexer (WDM). Each laser source has tunable wavelength and power.
The output of the WDM is injected into Nyquist pulse generation stage for pulse generation. The
Nyquist pulse generation stage is composed of two MZMs. Two phase-locked radio frequency
(RF) signals with frequencies f and 3f are applied to the MZMs. The RF frequencies share a
same reference and have the frequency stability of ∼1 ppm. Previous work has proved that when
a single CW laser source is injected, this modulation scheme can generate a periodic Nyquist
pulse train with the repetition rate of f [5], [13]. Its corresponding spectrum is an optical frequency
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Fig. 1. Schematic diagram. P&WC: power and wavelength control.

comb (OFC) with 9 flat comb lines near the central wavelength. If multiple wavelengths are injected
simultaneously, multiple OFCs will be obtained accordingly. Each OFC in the spectrum corresponds
to a periodic Nyquist pulse train in the time domain. Multiple overlapped Nyquist pulse trains with
the same repetition rate of f will be generated. To separate the overlapped Nyquist pulse trains,
an erbium-doped fiber amplifier (EDFA) and a dispersion compensation fiber (DCF) is used in the
pulse delay stage. The EDFA is used for compensating the power loss in the system, and the
DCF is utilized to separate Nyquist pulses due to the wavelength dependent group delay. Finally in
the waveform synthesis stage, a photodetector (PD) is used to detect the optical signal. Here the
PD works as a synthesizer, because of the limited bandwidth of PD, OFCs near different carrier
wavelengths will not interfere with each other when converted into electrical signals. So the output
waveform of the PD is the power addition of all these “elemental” Nyquist pulses corresponding to
different wavelengths. By tuning the number, power and spacing of these elemental pulses properly,
in principle, we can generate microwave waveforms with almost arbitrary shape.

Fig. 1(A)–(D) illustrate the evolution of the spectra and pulses at the output of each stage when
the entire system is working with four CW laser sources. As shown in Fig. 1(A), when multiple
wavelengths are injected simultaneously, the output electrical field of laser source stage EA(t ) can
be expressed as follows, corresponding to point “A” in Fig. 1:

EA(t ) =
k∑

i=1

Ai e jwi t (1)

where Ai and wi are the amplitude and frequency of i-th laser, k is the number of CW laser sources.
Here the phases of each laser is neglected because they won’t affect the final microwave synthesis.

Then in Nyquist pulse generation stage, Soto’s work and our previous work have shown that by
applying fm and 3fm modulation frequency to the two modulators, an OFC with 9 flat comb lines can
be generated [5], [13]. The corresponding temporal waveform is a sum of Nyquist pulse trains with
different carriers, given by Eq. (2) [5], [13], corresponding to point “B” in Fig. 1:

EB (t ) =
k∑

i=1

Ai e jwi t sin(9π�f t )
9 sin(π�f t )

(2)

where �f is the frequency spacing between adjacent spectral lines, equal to the modulation
frequency fm. This equation means that k overlapped Nyquist pulse trains with the same repetition
rate of �f are generated in the time domain. The corresponding spectrum and temporal waveform
are shown in Fig. 1(B).

In the pulse delay stage, amplification and time delay will be introduced by EDFA and DCF
respectively. Based on the principle of group delay dispersion (GDD), the time delay difference td
for a wavelength difference �λ is given by:

td = �λ · GGD(λ) (3)
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where GDD(λ) is the group delay dispersion at wavelength λ. So the output signal at point “C” in
Fig. 1 is:

EC (t ) =
k∑

i=1

Ai e jwi t sin(9π�f (t − td i ))
9 sin(π�f (t − td i ))

(4)

where td i is the relative time delay of the Nyquist pulses at i-th frequency or wavelength. Ai can
be tuned by adjusting the laser output power and EDFA gain and td i can be tuned by adjusting
the laser wavelength for a given DCF. Fig. 1(C) shows an example of the spectrum and temporal
pulses where the amplitudes at four wavelengths are the same and equal time delay is introduced.

Finally at the waveform synthesis stage, optical signal is transformed into electrical signal by
the PD. The output amplitude of electrical signal is the incoherent power addition of all elemental
Nyquist pulses, given by Eq. (4), corresponding to point “D” in Fig. 1.

ID(t ) ∝ ∣∣EC (t )
∣∣2 ≈

k∑

i=1

A2
i

sin2(9π�f (t − td i ))

81 sin2(π�f (t − td i ))
(5)

An example of the spectrum and synthesized waveform is shown in Fig. 1(D), corresponding
to the condition in Fig. 1(C). In Fig. 1(D), the dashed lines represent the electrical waveform of
each elemental pulse after photodetection and the solid lines represent the synthesized square
waveform. Based on this principle, arbitrary waveforms can be generated. It should be emphasized
that one advantage of our method is that the duty cycles of these waveforms can also be adjusted
as well as the repetition rate.

3. Experimental Results
In order to verify the feasibility of the proposed scheme, the experimental demonstration based on
the schematics in Fig. 1 is carried out. The experiments are mainly conducted with four tunable
CW laser sources. In addition, an internally synchronized dual-channel tunable microwave source,
two lithium niobate MZMs, a DCF with a net dispersion of −20.11 ps/nm near 1550 nm and a
50-GHz photodetector are used in our experiments. Our scheme of highly configurable microwave
waveform generation is verified in three aspects: arbitrary waveform generation, tunable duty cycles
and tunable repetition rates.

3.1 Arbitrary Waveform Generation

To verify the flexibility in waveform generation, some typical waveforms at the same repetition rate
of 5 GHz are generated in this part including square, sawtooth (and reversed-sawtooth), triangular
and trapezoidal waveforms.

From the principle of time-domain synthesis, the shape of the generated pulse is mainly deter-
mined by the amplitude and time delay of the elemental Nyqusit pulses. Firstly, we generate square
wave. The amplitudes are set to equal and the time delays between each adjacent pulses are set
to 20 ps.

In the experiment, the powers of the three CW laser sources are all set to 10 dBm and the
wavelengths are set at 1549.7 nm, 1550.8 nm and 1551.9 nm respectively. The generated spectrum
is shown in Fig. 2(a). Here only three wavelengths are enough to generate a square wave. Three
OFCs with 9 comb lines near each wavelength can be clearly observed. The temporal waveform is
shown in Fig. 2(b). The blue solid line is the experimental waveform and the red dashed line is the
theoretical waveform. The root mean square error (RMSE) between the measured waveform and
theoretical one is 7.1%.

Then the sawtooth wave is generated. Compared with the square wave, power difference of the
elemental pulses is taken into consideration, according to Eq. (5), When four Nyquist pulses are
used to synthesize a sawtooth shape, the relative amplitudes A2

i are set at 1, 0.75, 0.5 and 0.25
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Fig. 2. (a) Measured spectrum and (b) measured square wave (solid line) and theoretical waveform
(dashed line).

Fig. 3. (a), (c) Measured spectra, (b), (d) measured sawtooth and reversed-sawtooth waves (solid lines)
and theoretical waveforms (dashed lines).

(corresponding relative powers are 0 dB, −1.25 dB,−3 dB and −6.0 dB) respectively and the time
delay between adjacent pulses is set to 24 ps.

Experimentally, the powers of the four laser sources are set to 7.0 dBm, 8.25 dBm, 10.0 dBm
and 13.0 dBm and the wavelengths are set at 1548.3 nm, 1549.5 nm, 1550.7 nm and 1551.9 nm
respectively. After the DCF in pulse delay stage, the time delay between two adjacent wavelengths
is 24.1 ps. The measured optical spectrum of four OFCs with different power can be clearly
observed in Fig. 3(a). The corresponding temporal sawtooth waveform (solid line) is shown in
Fig. 3(b). Compared with the theoretical waveform (dashed line), the RMSE between the experi-
mental waveform and theoretical one is 4.0%.

Similarly, the reversed-sawtooth wave is also experimentally demonstrated as shown in Fig. 3(c)
and 3(d). Here, the wavelength difference is kept unchanged and the relative powers are set to
0 dB, 1.25 dB, 3 dB and 6.0 dB, respectively. The corresponding RMSE is 4.1%.

For the time-domain synthesis of triangular wave, considering the symmetry of triangle, three CW
laser sources are used. Among the three injected laser sources, the first and third laser sources
have the same power which is 1.9 dB lower than the power of the second laser source, and the
interval between adjacent pulses is set to 20 ps.

In the experiment, we use laser sources with the wavelengths of 1549.7 nm, 1550.7 nm and
1551.7 nm, and the powers of 9 dBm, 10.9 dBm and 9 dBm, respectively. By setting the wavelength
differences between adjacent wavelengths to 1 nm, the time delay introduced by the DCF between
adjacent elemental pulses is 20.1 ps. The measured optical spectrum and temporal waveform (solid
line) are shown in Fig. 4(a) and 4(b) respectively. Compared with the theoretical waveform (dashed
line), the calculated RMSE is 3.4%.

In addition to these typical waveforms of square, sawtooth, reversed-sawtooth and triangular
waveforms, other shapes such as trapezoidal wave are also demonstrated. Similar to triangle,
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Fig. 4. (a), (c) Measured spectra, (b), (d) measured triangular and trapezoidal waves (solid lines) and
theoretical waveforms (dashed lines).

Fig. 5. Measured irregular waves. (a) tilted trapezoidal wave, (b) doublet-shaped pulses and (c), (d)
two-step pulses.

Some trapezoids also have symmetry. Therefore, the power differences and delays between
adjacent pulses are also symmetric. According to calculation, when the relative power are set
to −3 dB, 0 dB, 0 dB, −3 dB and delays between adjacent pulses are set to 20 ps, 21 ps and 20 ps
respectively, trapezoidal wave can be generated.

In the experiment, by injecting four CW laser sources with different wavelengths of 1549.8 nm,
1550.8 nm, 1552.0 nm and 1553.0 nm and powers of 9 dBm, 12 dBm, 12 dBm and 9 dBm,
respectively, the trapezoidal wave is obtained as shown in Fig. 4(c) and 4(d). The corresponding
RMSE between the experimental waveform and theoretical one is 4.7%.

In addition to these regular waveforms mentioned above, many irregular waveforms as shown in
Fig. 5 have also been achieved.

It should be emphasized that there are slight mismatches between the obtained waveforms and
the ideal ones, especially the square wave. This is because the sharpest edge of the waveform
is determined by the edge of a single Nyquist pulse which is limited by the applied modulation
frequency.
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TABLE 1

RMSE Between Theoretical and Experimental Waveforms

Fig. 6. Measured spectra (a), (c), (e) and corresponding square waves (b), (d), (f).

In summary, as shown in Table 1, the RMSEs between theoretical and experimental wave-
forms are all below 7.1%, this means that our scheme has good feasibility in arbitrary waveform
generation.

3.2 Tunable Duty Cycles

Another advantage of our scheme is the tunability of duty cycle. In this part, we demonstrate this
capability. The principle is straightforward: For a given repetition rate, we modify the number of
laser sources and keep the relative time delay (td ) fixed. Therefore, the synthesized waveform after
incoherent addition will have a width of approximately (N − 1)td for N laser sources.

We take the square wave as an example, as shown in Fig. 6(a) and 6(b). When two CW laser
sources with the same power and different wavelengths of 1549.7 nm and 1550.8 nm (1.1 nm
difference, 22.1 ps delay) are used, a square wave with a pulse width of 41.7 ps can be generated.
When adding a new CW laser source with a wavelength of 1551.9 nm (1.1 nm difference), a square
wave with a pulse width of 63.8 ps can be generated, as shown in Fig. 6(c) and 6(d). When adding a
fourth CW laser source with a wavelength of 1548.6 nm (1.1 nm difference), a square wave with an
even larger pulse width of 85.9 ps is generated. The corresponding duty cycles at 5 GHz repetition
rate are 20.9%, 31.9% and 43.0%, respectively.

This method of tuning duty cycle does not only work for symmetric shapes but also for asym-
metric shapes. As an example, asymmetric sawtooth waves with different duty cycles have been
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Fig. 7. Measured spectra (a), (c), (e) and corresponding sawtooth waves (b), (d), (f).

Fig. 8. Simulated (a) square wave and (b) sawtooth wave synthesized by eight sinc-shaped Nyquist
pulses.

demonstrated. Fig. 7 shows the relationship between the duty cycles of generated sawtooth waves
with the number of CW laser sources when the time delay between adjacent wavelengths is fixed
at 24.1 ps. As shown in Fig. 7, with the increased number of wavelengths, the pulse width of the
sawtooth wave has been increased from 68.5 ps to 116.7 ps, corresponding to a duty cycle change
from 34.3% to 58.4%.

Theoretically, when using MZMs schemes, the duty cycle of generated Nyquist pulse is 9.8% [5].
As shown in the simulation in Fig. 8, when eight CW laser sources with appropriate wavelengths
and powers are used in the waveform synthesis, square wave with a duty cycle of 90.2% and
sawtooth wave with a duty cycle of 100% will be generated. Therefore the duty cycles of the
generated waveforms have a maximum tunable range of 9.8%∼100%. According to the principle
of time domain synthesis, the more number of CW laser sources employed, the larger duty cycle
of waveform can be generated.
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Fig. 9. Measured square waves with different wavelength differences of (a) 0.7 nm, (b) 0.9 nm, (c)
1.3 nm, and (d) 1.5 nm.

It should be noted that according to the principle of time-wavelength interleaving in this solution,
the duty cycle can be also adjusted by changing the dispersion value. Because frequently changing
the fiber length is difficult and not practical in real applications, we choose to change the wavelength
differences between laser sources. Fig. 9 shows a few examples of changing duty cycles by
changing the wavelength difference when 3 lasers are used. Previous introduction has proved
that when a square wave is needed, the wavelength difference should be set at 1.1 nm. This figure
also shows that when the wavelength difference is far from the ideal value, the waveform shape
it produces will gradually deteriorate, so changing the wavelength difference can only change the
duty cycle in a small range.

In conclusion, the tunability of duty cycle can been obtained by changing the number of laser
sources or changing the wavelength differences between laser sources.

3.3 Tunable Repetition Rates

Finally, the repetition rate of the synthesized waveforms can also be tuned. This is achieved by
simply changing the modulation frequency. Fig. 10 shows the tunable repetition rate of 6 GHz
and 3 GHz for a sawtooth wave. For 6 GHz repetition rate shown in Fig. 10(a) and 10(b), the
modulation frequencies are 6 GHz and 18 GHz. The CW lasers sources are set with wavelengths
of 1548.7 nm, 1549.7 nm, 1550.7 nm, and 1551.7 nm and powers of 7 dBm, 8.2 dBm, 10 dBm and
13 dBm, respectively. The corresponding time delay between two adjacent wavelengths is 20.1 ps.
The duty cycle is 58.4%. For 3 GHz repetition rate shown in Fig. 10(c) and 10(d), the modulation
frequencies are 3 GHz and 9 GHz. Noting that the dispersion introduced by the DCF is fixed, the
wavelengths should be adjusted to match the repetition rate to maintain a same duty cycle. Here the
wavelengths are set to 1547.50 nm, 1549.50 nm, 1551.50 nm and 1553.50 nm, which corresponds
to a delay of 40.2 ps between adjacent pulses. The relative powers are unchanged.

For the maximum tuning range of the repetition rate, there is usually no lower bound but exists
a higher bound limited by the bandwidth of the modulators. For a modulation bandwidth of fBW , the
maximum allowable modulation frequencies are fBW /3 and fBW . Therefore, the maximum repetition
rate is limited to fBW /3. For a state-of-art modulator with 100 GHz bandwidth. The maximum
repetition rate is ∼ 33 GHz.

In addition, the stability and reproducibility of the generated waveform are also verified by
experiment. In Fig. 11(a), the blue solid line represents the original shape of the generated square
wave, and the green and red dashed lines represent the waveforms after 3 hours and 6 hours.

Vol. 12, No. 6, December 2020 5502512



IEEE Photonics Journal Highly Reconfigurable Microwave Photonic

Fig. 10. Measured spectra (a), (c) and waveforms (b), (d) of the generated sawtooth waves with the
repetition rates of 6 GHz and 3 GHz.

Fig. 11. Stability verification (a) and reproducibility (b) verification.

In Fig. 11(b), According to the wavelengths and powers of the laser sources used in the original
waveform (blue solid line), we generated a waveform (red dashed line) consistent with the original
waveform, which verifies the reproducibility of this solution. It can be seen that the stability and
reproducibility of the generated waveform is very good.

4. Discussion
In this section, we compare our scheme with other schemes of modulation based waveform gener-
ation. It is true that our scheme requires more lasers to achieve high reconfigurability. However, we
should emphasize that the previously reported works with single laser can only generate very few
(maximum 3) specific waveforms with fixed duty cycles. As shown in Table 2, Our scheme has the
advantages in terms of waveform types and tunable duty cycles compared with the previous works.
In our scheme, more waveforms can be generated and duty cycles can be adjusted naturally by
reconfiguring the number, wavelength and power of multiple laser sources.

In addition to the advantages of highly reconfigurable waveforms, time-domain synthesis base
on time-wavelength interleaving also makes our waveform generation scheme simpler and more
intuitive. In our scheme, the incoherent addition is employed. That is, all the wavelengths work indi-
vidually as an elemental Nyquist pulse. We only need to consider the power envelope superposition
of all the pulses after photodetection. There is no need to take care of the phases or polarization
of the optical signals which are known to be vulnerable to the environmental perturbation in a fiber
system. Moreover, only conventional MZMs are utilized in our scheme and no advanced modulator
such as IQ modulators is needed. Therefore, our scheme provides a highly flexible, robust and
low-cost platform for arbitrary waveform generation.
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TABLE 2

Comparison of Modulation Based Microwave Waveform Generation

*Rep. rate: repetition rate, EM: external modulation, Pol.: polarization, TDS: time domain synthesis, Wav.: wavelength.

5. Conclusion
In conclusion, a highly reconfigurable microwave photonic waveform generation scheme based
on time-wavelength interleaving is proposed and experimentally demonstrated. By configuring the
number, wavelength and power of multiple CW laser sources, various waveforms with tunable
duty cycles and repetition rates have been achieved. The generated waveforms include square,
triangular, sawtooth and trapezoidal waves. A few different duty cycles have also been verified for
some typical waveforms such as square wave (20.9%, 31.9%, 43.0%) and sawtooth wave (34.3%,
46.3%, 58.4%). The scheme is also robust and insensitive to the perturbation on optical phase
and polarization due to the incoherent addition mechanism. Therefore, this scheme provides a
highly reconfigurable and robust platform for arbitrary waveform generation at high frequency by
using conventional MZMs, which will benefit the high-speed signal generation and processing in
microwave photonic applications.

References
[1] W. Zhang, C. Cao, X. Zeng, and Z. Feng, “Photonic-assisted radio frequency waveform generation for high-range

resolution microwave radar,” Opt. Eng., vol. 57, no. 11, pp. 1–5, 2018.
[2] A. I. Latkin, S. Boscolo, R. S. Bhamber, and S. K. Turitsyn, “Doubling of optical signals using triangular pulses,” J. Opt.

Soc. Am. B-Opt. Phys., vol. 26, no. 8, pp. 1492–1496, 2009.
[3] H. Liu, Y. Yu, W. Song, Q. Jiang, and F. Pang, “Recent development of flat supercontinuum generation in specialty

optical fibers,” Opto-Electron. Adv., vol. 2, no. 2, 2019, Art. no. 180020.
[4] A. Farhang, N. Marchetti, F. L. Figueiredo, and J. P. Miranda, “Massive MIMO and waveform design for 5th gener-

ationwireless communication systems,” in Proc. 1st Int. Conf. 5G for Ubiquitous Connectivity, 2014, pp. 70–75, doi:
10.4108/icst.5gu.2014.258195.

[5] M. A. Soto et al., “Optical sinc-shaped Nyquist pulses of exceptional quality,” Nat. Commun., vol. 4, no. 1,
pp. 2898–2898, 2013.

[6] A. I. Latkin, S. Boscolo, R. S. Bhamber, and S. K. Turitsyn, “Optical frequency conversion, pulse compression and
signal copying using triangular pulses,” in Proc. 34th Eur. Conf. Opt. Commun., 2008, pp. 1–2.

[7] F. Zhang, B. Gao, and S. Pan, “Arbitrary waveform generation by a 4-bit photonic digital-to-analog converter with 3.49
effective number of bits,” in Proc. IEEE Int. Topical Meeting Microw. Photon., 2016, pp. 137–140.

[8] L. Maleki, “Sources: The optoelectronic oscillator,” Nat. Photon., vol. 5, no. 12, pp. 728–730, 2011.

Vol. 12, No. 6, December 2020 5502512

https://dx.doi.org/10.4108/icst.5gu.2014.258195


IEEE Photonics Journal Highly Reconfigurable Microwave Photonic

[9] J. Ye et al., “Photonic generation of triangular-shaped pulses based on frequency-to-time conversion.,” Opt. Lett.,
vol. 36, no. 8, pp. 1458–1460, 2011.

[10] H. Y. Jiang et al., “Photonic arbitrary waveform generation based on crossed frequency to time mapping,” Opt. Express,
vol. 21, no. 5, pp. 6488–6496, 2013.

[11] W. Li and J. Yao, “Investigation of photonically assisted microwave frequency multiplication based on external modu-
lation,” IEEE Trans. Microw. Theory Tech., vol. 58, no. 11, pp. 3259–3268, Nov. 2010.

[12] F. Alishahi et al., “Reconfigurable optical generation of nine Nyquist WDM channels with sinc-shaped temporal pulse
trains using a single microresonator-based kerr frequency comb,” Opt. Lett., vol. 44, no. 7, pp. 1852–1855, 2019.

[13] S. Liu et al., “Optical frequency comb and Nyquist pulse generation with integrated silicon modulators,” IEEE J. Sel.
Top. Quantum Electron., vol. 26, no. 2, Mar./Apr. 2020, Art. no. 8300208.

[14] V. Torrescompany and A. M. Weiner, “Optical frequency comb technology for ultra–broadband radio–frequency
photonics,” Laser Photon. Rev., vol. 8, no. 3, pp. 368–393, 2014.

[15] J. Wu et al., “Investigation on Nyquist pulse generation using a single dual-parallel Mach–Zehnder modulator,” Opt.
Express, vol. 22, no. 17, pp. 20 463–20 472, 2014.

[16] Q. Wang, L. Huo, Y. Xing, and B. Zhou, “Ultra-flat optical frequency comb generator using a single-driven dual-parallel
Mach–Zehnder modulator,” Opt. Lett., vol. 39, no. 10, pp. 3050–3053, 2014.

[17] S. Boscolo, C. Finot, and S. K. Turitsyn, “Bandwidth programmable optical Nyquist pulse generation in passively
mode-locked fiber laser,” IEEE Photon. J., vol. 7, no. 5, Oct. 2015, Art. no. 7802008.

[18] F. Zhang, X. Ge, and S. Pan, “Triangular pulse generation using a dual-parallel Mach–Zehnder modulator driven by a
single-frequency radio frequency signal,” Opt. Lett., vol. 38, no. 21, pp. 4491–4493, 2013.

[19] J. Yuan, T. Ning, J. Li, L. Pei, J. Zheng, and Y. Li, “Photonic generation of triangular-shaped waveform based on external
modulation,” Sci. Rep., vol. 8, no. 1, 2018, Art. no. 3369.

[20] Y. Chen, “Photonic generation and transmission of triangular and square waveforms with a large repetition rate tunable
range,” J. Lightw. Technol., vol. 36, no. 16, pp. 3293–3301, Aug. 2018.

[21] W. Zhai, A. Wen, and D. Shan, “Photonic generation and transmission of frequency-doubled triangular and square
waveforms based on two Mach–Zehnder modulators and a sagnac loop,” J. Lightw. Technol., vol. 37, no. 9,
pp. 1937–1945, May 2019.

[22] Y. Gao, A. Wen, H. Zheng, D. Liang, and L. Lin, “Photonic microwave waveform generation based on phase modulation
and tunable dispersion,” Opt. Express, vol. 24, no. 12, pp. 12 524–12 533, 2016.

[23] Y. He et al., “Photonic microwave waveforms generation based on two cascaded single-drive Mach–Zehnder modula-
tors,” Opt. Express, vol. 26, no. 6, pp. 7829–7841, 2018.

[24] Y. Jiang et al., “Photonic microwave waveforms generation based on time-domain processing,” Opt. Express, vol. 23,
no. 15, pp. 19 442–19 452, 2015.

[25] T. R. Clark, J. U. Kang, and R. D. Esman, “Performance of a time- and wavelength-interleaved photonic sampler for
analog-digital conversion,” IEEE Photon. Technol. Lett., vol. 11, no. 9, pp. 1168–1170, Sep. 1999.

[26] G. Wu, S. Li, X. Li, and J. Chen, “18 wavelengths 83.9Gs/s optical sampling clock for photonic A/D converters,” Opt.
Express, vol. 18, no. 20, pp. 21 162–21 168, 2010.

Vol. 12, No. 6, December 2020 5502512



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


