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Arbitrary waveform generation by a serial photonic digital-to-analog converter (PDAC) is demonstrated
in this paper. To construct the PDAC, an intensity weighted, time and wavelength interleaved optical
pulse train is first generated by phase modulation and fiber dispersion. Then, on-off keying modulation of
the optical pulses is implemented according to the input serial digital bits. After proper dispersion
compensation, a combined optical pulse is obtained with its total power proportional to the weighted
sum of the input digital bits, and digital-to-analog conversion is achieved after optical-to-electronic
conversion. By properly designing the input bits and using a low pass filter for signal smoothing, arbi-
trary waveforms can be generated. Performance of the PDAC is experimentally investigated by estab-
lishing a 2.5 GSa/s 4-bit PDAC. The established PDAC is found to have a good linear transfer function and
the effective number of bits (ENOB) reaches as high as 3.49. Based on the constructed PDAC, generation of
multiple waveforms including triangular, parabolic, square and sawtooth pulses are implemented with
the generated waveforms very close to the ideal waveforms.

& 2016 Elsevier B.V. All rights reserved.
1. Introduction

Arbitrary waveform generation has wide applications in mod-
ern radar, communication, and instrumentation systems. Tradi-
tionally, a waveform with programmable profile can be generated
using an electrical arbitrary waveform generator, such as a direct
digital synthesizer (DDS). However, the generated signal usually
has a low frequency and the bandwidth is limited within several
gigahertzes [1], which cannot meet the requirement in future
high-speed and large-bandwidth systems. In addition, the signal
quality is also limited by the large time jitter and severe electro-
magnetic interference (EMI) in pure electrical systems. To deal
with these problems, photonic techniques have been proposed to
generate microwave waveforms with the advantages of high fre-
quency and large bandwidth. For example, by optical spectral
shaping and frequency-to-time mapping, arbitrary waveforms
with a bandwidth as large as tens of GHz can be generated [2,3].
Besides, specific waveforms such as triangular pulses and square
pulses can be generated by manipulating the amplitude and phase
of the harmonics generated by nonlinear electro-optical modula-
tion [4–6]. The above schemes for waveform generation are rea-
lized by frequency-domain manipulations. The main limitation
Zhang).
with such methods is either the small temporal aperture due to
the limited resolution during optical spectral processing, or the
poor flexibility generating only a few specific waveforms.

Photonic waveform generation by time-domain waveform
synthesis is also proposed. The typical example is a signal gen-
erator based on a photonic digital-to-analog converter (PDAC),
which can realize digital-to-analog conversion assisted by photo-
nic technologies [7–15]. The prominent advantage of a PDAC is the
superior flexibility, i.e., both the temporal duration and waveform
profile can be arbitrarily designed. Besides, a PDAC is compatible
with fiber communication and sensor networks, thus it has many
special applications such as a label recognizer in all optical packet
switching networks [7]. Therefore, the PDAC is a promising solu-
tion for future arbitrary waveform generators. According to the
operation principle, a PDAC can work in parallel or serial mode.
Most of the reported schemes belong to the parallel PDACs [8–12],
which could be realized by intensity weighting and summing [8–
10], coherent summing of phase modulated signals [11], or by
nonlinear optical loop mirrors [12]. Parallel PDACs can take full
advantage of the high speed electro-optic modulations and thus
achieve a large sampling rate. However, the system is complicated
considering the multi-channel parallel operations. Specifically, a
parallel N-bit PDAC based on optical intensity weighting and
summing requires N parallel channels. In this process, the parallel
structure requires not only multiple laser sources and electro-optic
modulators, but also precise synchronizations between the
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multiple channels. As a result, the system has a high cost and
complexity, especially for a high bit-resolution. On the other side,
a serial PDAC allows a serial bit stream as the input. In serial
PDACs, digital-to-analog conversion can be implemented by op-
tical gating of delayed and weighted signals [13] or by pulse pat-
tern recognition technique [14]. The requirement for multiple
modulators is alleviated by applying serial modulation. While, in
most of the previous serial PDACs, the modulated optical signal
should still be split into multiple channels for further processing,
such as to introduce different weights and time delays [13], or go
through different pulse pattern recognition modules [14]. In [15],
Peng et al. proposed a serial PDAC using time and wavelength
interleaved optical pulses, where the intensity summation is rea-
lized based on fiber dispersion. This method implements serial
modulation and summation in a single channel, thus the system is
simplified compared with the previous serial PDACs. The system
stability is also enhanced thanks to the compact structure. In the
proof of concept experiment, the established PDAC has a bit re-
solution limited to 3. Although the operation principle of the PDAC
is verified, the detailed properties of the PDAC (such as the ef-
fective number of bits) and the arbitrary waveform generation
performance are not mentioned.

In this paper, we demonstrate an improved serial PDAC and
perform a detailed experimental investigation of the PDAC as well
as its application for arbitrary waveform generation. Different
from that in [15], the intensity weighted, time and wavelength
interleaved optical pulse train is generated by phase modulation
with fiber dispersion. This scheme has the ability of generating
very short optical pulses to avoid the inter symbol interference
(ISI). Besides, the use of phase modulation is more power efficient
compared with the intensity modulation applied in [15]. After
intensity modulation according to the serial digital signal, the
optical pulses at different wavelengths are temporally combined
through fiber dispersion to implement optical intensity summa-
tion. In the experiment, the bit resolution of the established PDAC
is extended to four and the sampling rate is 2.5 GSa/s. In addition
to the transfer function of the PDAC, the effective number of bits
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(ENOB) of the PDAC is also investigated, which goes a further step
compared with the work in [15]. Another expansion of the in-
vestigation here over the work in [15] is that, arbitrary waveform
generation performance based on the established PDAC is eval-
uated through the generation of multiple waveforms including
triangular, sawtooth, parabolic and square profiles.
2. Operation principle

Fig. 1 shows the schematic diagram of the proposed 4-bit serial
PDAC. Four continuous wave (CW) lights at different wavelengths
(λ1, λ2, λ3, and λ4) are generated by four laser diodes (LDs), of
which the wavelength spacing is identical, i.e., Δλ¼λ4-λ3¼λ3-
λ2¼λ2-λ1. The four CW lights are combined by a wavelength di-
vision multiplexer (WDM) and then phase modulated at an elec-
tro-optic phase modulator (PM) driven by a RF signal having fre-
quency f. After that, the phase modulated signals pass through a
dispersion element (DE1). According to the optical pulse genera-
tion theory by phase modulation followed by fiber dispersion [16],
four short optical pulse trains at different wavelengths are gen-
erated after DE1. Meanwhile, a time delay is introduced to the
optical pulses at different wavelengths due to the fiber dispersion.
By properly setting the wavelength spacing (Δλ) between ad-
jacent channels to let

Δλ = ±
( )

D
n

f
4 1

4 11

where D1 (ps/nm) is the dispersion of DE1 and n is an integer, a
multi-wavelength pulse train with a repetition rate of 4f can be
generated. Here, the overlap between adjacent pulses should be
avoided by generating optical pulses with a small pulse width,
which can always be satisfied by choosing an appropriate value of
n. By tuning the power of the laser sources, the optical pulses at
different wavelengths can be intensity-weighted to have a power
ratio of 8:4:2:1 (point A in Fig. 1). Then, the time and wavelength
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interleaved optical pulse train is on/off keying modulated by a
Mach-Zehnder modulator (MZM) that is driven by a serial elec-
trical digital stream with a bit rate of 4f bit/s. By adjusting an
optical delay line, the digital signal can be synchronized with the
optical pulse train so that the optical pulses with different weights
can be modulated by the corresponding bits respectively (point B
in Fig. 1). After the MZM, the modulated optical signal is fed to
another dispersion element (DE2) having a dispersion of D2 (ps/
nm), which is properly chosen such that

( )Δλ+ =
( )

D D
n
f 21 2

In this case, the time and wavelength interleaved optical pulses
in a period would temporally coincide. The total optical power of
each combined pulse would be proportional to the weighted sum
of 4 consecutive bits from the input digital signal (point C in Fig. 1).
After optical-to-electrical conversion at a PD, the output current is
also proportional to the weighted sum of the input digital signals.
As a result, a 4-bit digital-to-analog conversion with a sampling
rate of f Sa/s is realized. To generate specific waveforms based on
this PDAC, the input digital signals should be properly designed. In
addition, an electrical low-pass filter (LPF) should be used after the
PD to get a smooth waveform (point D in Fig. 1).

The main improvement in our system compared with the
scheme in [15] lies in the optical pulse generation scheme. In [15],
the time and wavelength interleaved optical pulses are generated
by optical intensity modulation followed by a span of dispersion
fiber. While in the proposed system, optical pulses are generated
by phase modulation with fiber dispersion. The advantage of the
scheme here is that it can generate very short pulses. This is
helpful to avoid the inter symbol interference (ISI) that would
otherwise deteriorate the PDAC performance. Besides, the use of
phase modulation is more power efficient than intensity mod-
ulation. In the next part, an experimental investigation of the
proposed PDAC is provided. Performance of the established PDAC
is investigated in detail including the transfer function properties
as well as the effective ENOB. Based on the established PDAC, the
generation of multiple waveforms including triangular, sawtooth,
parabolic and square profiles is demonstrated and evaluated.
3. Experimental investigation

In the experiment, a 2.5 GSa/s 4-bit PDAC is established. Here,
the sampling rate is limited by the maximum bit rate of the pulse
pattern generator (PPG). The four CW lights are generated by a
4-channel tunable laser source (EXFO IQS-636). The PM (EOSPACE
Fig. 2. (a) The generated optical pulse in a single wavelength, (b) the intensity weighted
of weighted pulse train.
AZ-AV5-40) has a bandwidth larger than 30 GHz and a half wave
voltage of 4 V@1 GHz. It is driven by a 2.5 GHz RF signal generated
from a microwave source (Agilent E8257D). The power of the RF
signal applied to the PM is about 14 dBm. The wavelengths of the
four lasers are set to 1550 nm, 1550.73 nm, 1551.46 nm and
1552.19 nm, respectively (Δλ¼0.73 nm). A commercial dispersion
compensation module (Coring DCM-Module) is used as DE1 with a
dispersion of �682 ps/nm, and the induced time delay between
two adjacent channels is �500 ps. In this case, the value of n is �1
and a minus sign is chosen in Eq. (1). After that, the optical pulse in
a single wavelength is measured by an 80 GHz optical sampling
oscilloscope (Agilent 86100C) and shown in Fig. 2(a), where the
pulse has a full-width at half maximum (FWHM) of 20.4 ps and
the pulse has a very small duty cycle of about 5%. This small duty
cycle would effectively avoid the ISI between adjacent pulses. After
adjusting the power of the laser sources, an intensity-weighted
(8:4:2:1), time and wavelength interleaved optical pulse train is
obtained. The measured waveform is shown in Fig. 2(b), where
adjacent pulses are temporally separated by 100 ps. The spectrum
of the optical pulses is measured by an optical spectrum analyzer
(OSA, YOKOGAWA AQ6370C), as shown in Fig. 3(c). Then, the pulse
train is modulated at a 10 Gb/s MZM (Lucent 2623NA), which is
driven by a 10 Gb/s digital signal generated from the PPG (Anritsu
MP1763C). An optical tunable delay line is used to ensure the pulse
train and digital signal are synchronized in time domain. Follow-
ing that, an 8-km single mode fiber (SMF) having a dispersion of
þ136 ps/nm is used as DE2. The time delay introduced by DE2
between two adjacent channels is þ100 ps, thus the optical pulses
in one period of 1/f are be temporally combined. A PD with a
bandwidth of 10 GHz is followed to perform optical-to-electrical
conversion.

To investigate the performance of the established PDAC, a 64-
bit input digital signal with a pattern of ‘0000, 0001, 0010, 0011,
…, 1111’ is applied to generate samples corresponding to 16 digital
levels from ‘0’ to ‘15’. Fig. 3(a) shows the waveform of the 64 in-
tensity modulated optical pulses before DE2. After DE2, 16 com-
bined optical pulses corresponding to 16 different digital levels are
obtained, as shown in Fig. 3(b). As can be seen, the 16 optical
pulses in Fig. 3(b) are temporally separated by 400 ps, and the
pulse power increases linearly as the samples increases. To analyze
the transfer function of the PDAC, the power of each combined
optical pulse is measured, as shown in Fig. 4, where a linear fit is
also provided. According to the measured and fitted results in
Fig. 4, the maximum integral nonlinearity (INL) and maximum
differential nonlinearity (DNL) [17] is calculated to be 10.64% and
0.6393, respectively, indicating the established PDAC has a good
linearity.
(8:4:2:1), time and wavelength interleaved optical pulses, and (c) the optical spectra
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Fig. 4. Measured optical pulse power corresponding to 16 digital levels from 0 to
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Then, the ENOB of the established PDAC is investigated by
generating a single frequency cosine waveform. Using a set of
designed 64-bit digital signal as the input, a 156.25 MHz cosine
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Fig. 5. Cosine waveform generation: (a) optical pulses after DE2, (b) the generated cosin
cosine wave.
wave is generated by the PDAC. The waveform of combined 16
pulses after DE2 is shown in Fig. 5(a), where the targeted digital
level in a period is ‘0, 1, 2, 5, 7, 12, 13, 14, 15, 14, 13, 12, 7, 5, 2, 1’.
After the PD, an LPF with a bandwidth of 520 MHz is used. The
obtained cosine wave is shown in Fig. 5(b). According to the
measured cosine wave, a fitted ideal cosine wave is obtained, as
shown in Fig. 5(c). By comparing the measured waveformwith the
fitted curve, the signal to noise and distortion ratio (SINAD) [17] is
calculated to be 22.77 dB, and the ENOB [17] is 3.49, which is a
good result for a 4-bit DAC at the sampling rate of 2.5 GSa/s.

Based on the established PDAC, arbitrary waveform generation
can be implemented. Fig. 6 shows the results for generating trian-
gular, parabolic, square and sawtooth pulses. In all the cases, the
input digital signal has 64 bits in one period, indicating the repetition
rate of the generated pulses is 156.25 MHz. For triangular wave
generation, Fig. 6(a) shows the optical pulses after DE2 in one period,
where the targeted digital levels for each pulse are noted. When
using a 520 MHz LPF after the PD to smooth the waveform, the
generated triangular pulse train is shown in Fig. 6(a). As can be seen,
the generated waveform is very close to an ideal triangular pulse
shape. To generate parabolic pulses, the targeted digital levels for
each combined pulse after DE2 are shown in Fig. 6(b). Also using a
520 MHz LPF at the PD, the generated parabolic pulse train is shown
in the figure. In Fig. 6(c), square pulses with a duty cycle of 50% are
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generated by composing 8 combined pulses at the same digital level
in one period. To include the high frequency components after
electrical-to-optical conversion, an LPF with a bandwidth of
2.268 GHz is used to get a smoothed square pulse train. In Fig. 6(d),
by generating optical pulses with linearly increased power after DE2,
an electrical sawtooth pulse train is generated after the PD and a
520 MHz LPF. Here, the non-ideal sharp edge of the sawtooth pulse is
due to the bandwidth limitation of the LPF. To evaluate the quality of
the generated waveforms, the root-mean-square error (RMSE) be-
tween the generated waveforms and the ideal waveforms is calcu-
lated [18], which is 9.058�10�4, 1.0578�10�3, 8.324�10�4, and
7.231�10�3 for triangular parabolic, square and sawtooth pulses,
respectively. The results can confirm that the generated waveforms
are close to the ideal waveforms.
4. Discussion and conclusion

The bit-resolution of the PDAC is mainly determined by the
duty cycle and extinction ratio of the generated optical pulses. In
our experiment, the single-wavelength pulse train has a duty cycle
of 5%, thus a possible bit-resolution of 20 can be achieved if twenty
laser sources are used in the system. In addition, the extinction
ratio of the time and wavelength interleaved optical pulse train
also affects the bit-resolution, i.e., to construct an N-bit PDAC, the
single-wavelength extinction ration should be larger than
10*log10(2N). Thus, an optical pulse train with a 30 dB extinction
ratio could enable a bit-resolution of about 10.

In the experimental demonstration, due to the limitation of the
PPG, the sampling rate of the established PDAC is limited to
2.5 GSa/s. In practical applications, the sampling rate is mainly
determined by the on-off keying modulation speed of the IM.
Currently, the modulation speed of an electro-optic modulator can
reach 100 GHz [19], thus a sampling rate as high as 25 GSa/s can be
achieved for a 4-bit PDAC. Assisted by temporal interleaving
technique, the sampling rate can be further increased.

In summary, a serial PDAC system has been demonstrated and its
performance for arbitrary waveform generation is investigated. The
PDAC applies phase modulation and fiber dispersion to generate time
and wavelength interleaved optical pulses with different weights. By
on-off keying modulation of the optical pulses according to the input
serial bit stream, and after proper dispersion compensation, digital-to-
analog conversion is completed. In the experiment, the constructed
2.5 GSa/s 4-bit PDAC is found to have a good linearity and an ENOB as
high as 3.49. Based on the PDAC, multiple waveforms including tri-
angular pulses, parabolic pulses, square pulses and sawtooth pulses
are successfully generated, and the good results can confirm its great
potential in future arbitrary waveform generation applications.
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