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Abstract—Radio-frequency (RF) waveform generators are key
devices for a variety of applications, including radar, ultra-wide-
band communications, and electronic test measurements. Fol-
lowing advances in broadband coherent pulsed sources and
pulse-shaping technologies, reconfigurable RF waveform genera-
tors operating at bandwidths >1 GHz have become a reality. In
this work, we demonstrate reconfigurable RF waveform genera-
tion using broadband spectrally incoherent optical sources. This
is achieved in two steps. First, we implement an RF incoherent
filter. The energy spectrum of the optical source is conveniently
apodized using a commercially available computer-controlled
D-WDM channel selector with 100-GHz resolution. The channel
controller provides high flexibility for shaping the optical source
energy spectrum and, hence, high reconfigurability capabilities in
terms of the RF filter. Second, we show that by applying a short
baseband electrical waveform to the input of the RF filter, the
output RF spectrum of the electrical signal is a mapped version of
the designed RF filter transfer function. Specifically, we illustrate
the capabilities of our technique by generating RF signals with
~10 GHz bandwidth and tunable repetition rate. Finally, we
discuss how this method can be scaled up to the millimeter-wave
range with current technology.

Index Terms—Microwave photonics, optical propagation in dis-
persive media, optical pulse shaping.

I. INTRODUCTION

HOTONIC processing of microwave and radio-frequency
(RF) signals is a research topic that has been explored
for more than 30 years [1]-[3]. Indeed, microwave photonics
offers many well-known advantages like reconfigurability,
high bandwidth, immunity to electromagnetic interference,
high-speed processing, and potential integrability with fiber
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optics technology [4]. These features are very difficult, if not
impossible, to achieve with electronic approaches. Typical
RF signal processing applications cover analog-to-digital
conversion, beamforming, filtering, and arbitrary waveform
generation (AWG) [5].

In a photonic microwave filter, the input RF signal modulates
an optical source, the modulated optical signal is then processed
in the photonic domain, and finally, the RF signal is recovered
back in the electrical domain by optoelectronic (O/E) conver-
sion [4], [5]. Usually, incoherent discrete-time geometries are
preferred because the filtering operation is more robust against
environmental fluctuations [6]. It is then required that the co-
herence time of the optical source be shorter than the tap delay,
ensuring that intensities are summed and weighted before O/E
conversion. However, since intensity is always positive, the RF
filter transfer function design cannot be completely arbitrary.
From a digital-filter perspective, this is because the tap weight
is positive. This drawback may be solved, e.g., by employing
alternative modulation formats combined with differential pho-
todetection [4], [7]-[11], nonlinear effects in either semicon-
ductor optical amplifiers [12], or optical fibers [13], [14]. Addi-
tionally, in discrete-time processing, the resulting RF filter re-
sponse is periodic. This feature can be partially overcome by
apodizing the weight of the taps, which also permits to manip-
ulate the shape of the first resonance [15]-[19].

On the other hand, with the recent advent of stable in-fiber
frequency comb generators [20]-[22], availability of all-fiber
supercontinuum sources [23], [24], and the development of
ultrahigh resolution pulse shapers [25]-[27], reconfigurable
RF waveform generators have been proposed and experi-
mentally demonstrated [28]-[33]. In general terms, the upper
limit in terms of the analog RF spectral content that can
be processed using photonic approaches is set by the O/E
conversion bandwidth. Commercially available photodiodes
currently place this limit beyond the millimeter-wave region.
As a consequence, photonically assisted RF-AWG consti-
tutes a reliable alternative to its electronic counterpart, whose
state-of-the-art RF bandwidth is restricted to <5 GHz due to
the limited speed of analog-to-digital conversion. Among the
many different architectures reported in the literature, those
based on Fourier-transform pulse shapers are the most popular
ones [29], [32], [33]. In these configurations, the spectrum of
a coherent broadband source, e.g., a mode-locked laser or a
supercontinuum light source, is tailored in a zero-dispersion
pulse shaper and stretched temporally in a dispersive medium.
This way, a frequency-to-time mapping [34] takes place, i.e.,
the photodetected output intensity is a scaled replica of the
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synthesized optical spectrum. In a first-order approximation,
the scale factor is given by the group-delay-dispersion (GDD)
coefficient of the stretching element [35]. The advantages of
this technique are the inherent reconfigurability due to the spa-
tial light modulator employed to shape the optical spectrum, the
possibility to create a feedback loop which corrects distortions
in the achieved waveform [36], and intrinsic fiber transport
if a single-mode fiber (SMF) is employed as the dispersive
medium. Despite these enormous benefits, the low repetition
rate of passively mode-locked lasers, the high equipment
cost, and the need for nonlinear effects to enhance the optical
spectrum motivate the need for alternative solutions to perform
photonic RF-AWG.

Recently, we theoretically proposed a reconfigurable RF
waveform generator based on a Fourier transform geometry
operating with an incoherent light source [37]. Here, we pro-
vide an extended analysis of our preliminary experimental
results [38] and, in particular, analyze the performance of the
system in terms of an incoherent RF filtering process. This
interpretation suggests that fully arbitrary RF signal generation
can be achieved simply with incoherent sources by using
different modulation architectures. Here, we achieve RF analog
signals with ~10-GHz bandwidth at tunable repetition rates.
Moreover, we analyze the theoretical limits of our technique
and show that it can be scaled to the millimeter-wave range
using conventional technology.

The remainder of this paper is organized as follows. In Sec-
tion I, we describe the specific experimental arrangement. This
is followed by a first-order analysis in Section III. We show
that the experimental setup can be interpreted as an incoherent
filter, whose energy spectrum (ES) is tailored in a continuous
manner, i.e., the tap weight is windowed. Although this does
not avoid the above-mentioned problem of using only positive
weight taps, the system’s reconfigurability and spectral resolu-
tion allow us to achieve a variety of interesting waveforms for
a broad range of applications. In Section IV, we show some ex-
amples of the measured RF filter transfer functions, and in Sec-
tion V, we show the capabilities of the system to achieve re-
configurable RF signal generation. Finally, in Section VI, we
highlight the main advantages and drawbacks of our technique
and discuss the fundamental issues that need to be addressed for
scaling up to the millimeter-wave range.

II. SET-UP OVERVIEW

Our experimental setup for RF-AWG is represented schemat-
ically in Fig. 1. We use the amplified spontaneous emission
light from an Erbium-doped fiber amplifier (EDFA) as a broad-
band incoherent source. The ES is then tailored (shaped) using
a commercially available D-WDM 48-channel controller with
100-GHz resolution spanning the whole C band and <6 dB in-
sertion losses (Peleton, QTM). The channel controller consists
of a zero-dispersion pulse shaper [25] with two diffractive grat-
ings as angular dispersive elements and a spatial light modu-
lator for amplitude control. The amplitude of each channel can
be blocked fully or reduced in increments of 0.1 dB up to a max-
imum of 20 dB. Due to the source incoherence, the output wave-
form is independent of the reminiscent spectral phase of the in-
dividual channels [39]. After ES synthesis, the light is polar-
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Fig. 1. Experimental setup. Lower dash-dotted box is used for the measurement
of the system’s transfer function, whereas the upper box is used for the RF signal
generation. Acronyms are explained in the text.

ized before entering an external modulator in order to increase
the extinction ratio of the modulated signal at the output. The
modulator is a simple 10-Gb/s LiNbO3 electro-optic modulator
(EOM) biased at quadrature. The modulated optical signal is
amplified and launched into a coil of SMF. Finally, the optical
signal is converted back to the electrical domain using a photo-
diode. The electrical RF filter transfer function can be defined
between the input and output RF signals [6], [15]. The measure-
ment of this transfer function is performed using a lightwave
component analyzer (LCA) (see the lower box in Fig. 1).

Once the transfer function is synthesized adequately, we re-
move the LCA and drive the EOM with an electrical pulse with a
full width half maximum (FWHM) as short as 60 ps (upper box
in Fig. 1) from an impulse signal generator (Picosecond Pulse
Labs, 3600). The impulse signal generator is driven by a clock
signal from an external CW generator with a frequency range
between 10 MHz to 20 GHz. This permits the tuning of the rep-
etition rate so that CW RF waveforms can be easily achieved. At
the output of the fiber, the signal is measured either in the time
domain using a digital scope with an optical sampling module
having a bandwidth of 20 GHz or in the spectral domain using a
photodiode with a 45-GHz bandwidth connected to an electrical
spectrum analyzer (ESA).

III. FIRST-ORDER THEORY

Based on the system shown in Fig. 1, if the input RF signal
entering the EOM does not induce higher order harmonic dis-
tortion and the photodiode behaves linearly, then there will be
a linear relation between the input RF signal and the output RF
signal from the photodiode [6], [15]. The corresponding filter
transfer function H(f) can be shown to be (see [19] for a de-
tailed analysis based on coherence theory concepts)

H(f) = cos(2n?®y f*)[ (=27 Do f). (1)

®, is the GDD parameter, which for the case of SMF is &5 =
B2z, where (5 is the group velocity dispersion coefficient, and
z is the fiber length. The first term in (1) corresponds to the
double-sideband (DSB) modulation inherent to intensity modu-
lators. Alternative modulation formats, such as single-sideband
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or phase modulation, lead to different expressions. The second
term is the mutual coherence function (MCF) of the apodized
incoherent optical source, which is related to the ES through
an inverse Fourier transform (known as Wiener-Khintchine the-
orem [40]). Once the ES is synthesized, H(f) remains fixed
for a given ®5. Consequently, the electrical spectrum (in ampli-
tude and phase) of any RF signal input will be filtered by H (f).
We note that similar arrangements with spatial light modulators
or microelectromechanical mirrors have been reported recently
[15], [18], [41]. Our objective is to employ such an RF filter to
perform reconfigurable RF waveform generation.

With this aim, let us assume a baseband RF signal with input
spectrum I;,,(f) driving the EOM. If the following conditions
are satisfied:

oo > te 2
and
Py > Jotc/<27T> 3)

where oy is the electrical temporal pulse width of the input RF
signal and . is the coherence time of the synthesized ES, the
output electrical spectrum I+ (f) will be roughly

Iout(f) ~ Ps(_Zﬂ-(I)Zf) (4)

By inverse Fourier transformation, we get

t
Lu(t) ~ S <52> . (5)

Here, S(w) denotes the ES of the synthesized incoherent source.
Equations (4) and (5) are complementary: Equation (4) can be
interpreted as a mapping from the MCF to the electrical RF
spectrum, whereas (5) is an incoherent frequency-to-time map-
ping, i.e., the output RF signal in time is a scaled replica of
the synthesized ES [42]. It is important to understand that by
varying the GDD coefficient, we can tune the RF bandwidth of
the electrical signal. In this sense, we have the same features as
in RF waveform generators based on the Fourier transform pulse
shaper, i.e., once the wavelength-to-time mapping is achieved,
increasing the GDD does not alter the RF waveform shape: only
the scale.

From (1), we note that, in general, the filter transfer function
is given by the multiplication of two terms. The first function
presents a relatively flat behavior in the region 0 < f < f,,
where f. is the first cutoff frequency, i.e., f. = (2v/7®2) L.
The second function has an RF width Af, that is given by a
scaled version of the coherence time of the synthesized MCF,
Af = t./(2n®3). Therefore, when conditions in (2) and (3)
are satisfied, the term I'; dominates the structure of H ( f). Thus,
the proper synthesis of I's, through the tailoring of the ES with
the D-WDM channel controller, gives the reconfigurability ca-
pabilities. However, since the ES is always real and positive, '
is Hermitian and maximum at origin. This implies that fully ar-
bitrary filter transfer functions, and hence arbitrary output elec-
trical signals, cannot be achieved with this configuration. Never-
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Fig. 2. Transfer function term provided by the EOM.

theless, with a proper design of the ES, a broad range of practical
waveforms can be generated.

IV. FILTER TRANSFER FUNCTION MEASUREMENT

As mentioned in the previous section, the system shown in
Fig. 1 can be used to implement a linear filter for an RF signal
at the input of the EOM. In this section, we demonstrate this ex-
perimentally and show the measured filter transfer function for
some particular examples. According to (1), the filter transfer
function is determined by two terms. By properly selecting the
GDD amount, the impact of the first term corresponding to the
DSB modulation can be neglected. In this case, the filter re-
sponse will be given by the MCF of the source. To show this,
we first use a narrow linewidth CW laser as the optical source
and measure the filter transfer function with the LCA for a fiber
length of 4.6 km; see Fig. 2. For this fiber length, the first zero
of the first term in (1) occurs at 28 GHz, which is beyond our
range of interest. In particular, we can appreciate that the con-
tribution of the DSB modulation is relatively flat, and within a
good approximation, we can state that the term corresponding
to I'y will determine H (f).

We now replace the CW laser with the incoherent source fil-
tered using the channel controller. It is important to note that the
taps provided by the channel controller allow for a high resolu-
tion windowing because the slicing is performed in a continuous
manner (though with finite resolution). To show this, we first
synthesize a “discrete” ES illustrated in Fig. 3(a), which com-
prises five taps, where each are 0.8 nm wide and separated by 1.6
nm, and with different power. The corresponding filter transfer
function for 4.6 km of SMF is then measured by sweeping the
LCA from 50 MHz to 15 GHz. The filter amplitude and group
delay responses are shown in Figs. 3(b) and (c), respectively.
For this designed ES, we obtain a resonant bandpass centered
at 8.4 GHz with a 3-dB bandwidth of 1.5 GHz. We also ob-
serve the typical sidelobes arising from the periodic nature of
the ES. As a second example, we tailor the ES in a more “con-
tinuous” manner, as shown in Fig. 3(d). In this case, we obtain a
flat-top RF filter that spans over the frequency range from 3.2 to
8.8 GHz, which is compatible with the ultra-wideband (UWB)
specifications from 3.1 to 10.6 GHz; see Figs. 3(e) and (f).

The above examples illustrate the capabilities and main draw-
backs of our technique. We can synthesize an RF filter spanning
arange from 0 to 10 GHz. The upper limit is set partially by the
response of the EOM, and higher values can be obtained using
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(a) Optical ES of a tapped incoherent source in a discrete-time geometry. (b) Resulting filter amplitude shape when an SMF of 4.6 km length is employed

as stretching element. (c) Delay response of the filter. (d) Second apodized incoherent ES. (e) Resulting filter amplitude shape for the same fiber length. (f) Delay

response of the filter.

higher bandwidth modulators. The baseband resonance that ap-
pears is inherent to DSB modulation and square-law photode-
tection. In other words, we can implement an incoherent filter
with positive coefficients only. The role of the channel controller
is to modify the ES so that a second RF passband can be tuned
and tailored. The spectral window (4.8 THz in our case, corre-
sponding to the bandwidth of the channel controller) determines
the minimum resolvable RF frequency, i.e., (4.8 THz * ®5)~ 1.
Conversely, the minimum spectral feature in the setup (100 GHz
corresponding to the resolution of the controller) imposes an RF
spectral window of (0.1 THz * ®5)~ 1.

V. RECONFIGURABLE RF SIGNAL GENERATION

Once the filter transfer function is properly designed (by
tailoring the ES), an RF signal generator can be implemented
simply by inserting into the system an input baseband broad-
band electrical waveform. In our case, we use a Gaussian
electrical pulse with a FWHM duration of 60 ps as the broad-
band input. We must note that the available optical spectral
width of 4.8 THz leads to a coherence time of 33 fs so that the
condition specified in (2) is satisfied. Even for the case in which
one channel is passed and the rest are blocked, the resulting
coherence time (1.6 ps) also satisfied the condition described
in (2).

Fig. 4 shows a numerical plot of the RF spectrum of the input
electrical pulse. Since the amplitude is relatively flat for the fre-
quency region <10 GHz, the output RF spectrum will be given
essentially by the filter response H(f). Assuming further that
the condition specified in (3) is also satisfied, the filter response
is determined by the synthesized MCF of the optical source.

RF Spectrum Input (10dB/div)

o
(3]

10
f (GHz)

15

Fig. 4. RF spectrum of the input electrical pulse.

The first example concerns the generation of a sawtooth
pulse. Such a waveform has been generated previously using a
Fourier transform pulse shaper [43] or a fiber grating passive
device [44]; in both of these cases, a broadband coherent pulsed
source was required. The synthesized ES is shown in Fig. 5(a).
After temporal modulation and stretching in 7.6 km of SMF, the
measured temporal waveform is shown in Fig. 5(b) and (c) in
sample mode with 100 ms persistence and with four times aver-
aging, respectively. The incoherent frequency-to-time mapping
predicted by (5) is clearly visible. The RF spectrum obtained
when using a 4.6-km length of SMF and 100-MHz repetition
rate is shown in Fig. 5(d). The second example corresponds
to the generation of a short pulse burst. The synthesized ES is
shown in Fig. 5(e); the temporal waveform after stretching in
7.6 km of SMF is shown in Fig. 5(f) in sample mode and 5(g)
with four times averaging. Fig. 5(h) shows the measured RF
spectrum when 4.6 km of SMF is used, as well as a repetition
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Fig. 5. Three different single pulse RF signals. Each example corresponds to each column. First row [(a), (e), and (i)] corresponds to the ES. Second [(b), (f) and
(3)] and third rows [(c), (g), and (k)] correspond to time intensity in linear arbitrary scale in sample and four times averaged, respectively. Last row [(d), (h), and

(] correspond to the RF spectra. The specific settings are explained in the text.

rate of 300 MHz. The final example concerns the generation
of a doublet-like pulse. Fig. 5(i) shows the ES, and Fig. 5(j)
and (k) shows the temporal waveform in sample mode and
with four times averaging, respectively, when using 4.6 km of
SMF. The corresponding RF spectrum is shown in Fig. 5(1) for
a repetition rate of 800 MHz.

One of the key advantages of the proposed technique is the
possibility to control the repetition rate of the generated wave-
form in an easy way. This is achieved by changing the clock
frequency that drives the electrical impulse generator. Thus, we
can obtain continuous RF waveforms. In particular, we illustrate
the generation of a CW sawtooth waveform and a chirped sinu-
soidal waveform, both with four times averaging, in Fig. 6(a)
and 6(b), respectively.

VI. SUMMARY AND DISCUSSIONS

In summary, we have demonstrated a reconfigurable RF
waveform generator that operates with a broadband spectrally
incoherent source. The implementation of this device is based
on the proper design of an incoherent microwave filter with
positive coefficients [15]. The tap weight is conveniently ad-
justed using a commercial D-WDM 48-channel controller. By
applying a short RF pulse (broadband input) to the synthesized
RF filter, the output electrical signal (in frequency) is given by
a scaled replica of the MCF of the ES of the incoherent source.
Alternatively, this constitutes an incoherent frequency-to-time
mapping [37].

Since the incoherent filter has been implemented with pos-
itive coefficients only, the range of achievable RF signals is
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Fig. 6. CW RF waveforms. (a) Sawtooth pulse. (b) Chirped sinusoidal profile.

limited, which makes our RF synthesizer, as well as those based
on Fourier transform pulse shaping and frequency-to-time
mapping, not strictly arbitrary. However, thanks to the mul-
tiple-tap geometry, many practical waveforms can be achieved.
Truly RF-AWG could be implemented by designing a proper
microwave-photonic filter with user-defined positive, negative,
or complex coefficients in a multitap geometry [45]. One of the
key advantages of our technique is that the repetition rate of the
generated RF pulse can be controlled easily, which allows us to
achieve even continuous waveforms.

Once the incoherent frequency-to-time mapping is achieved,
the output waveform can be scaled by increasing the amount of
GDD. This leads to decreasing the achievable RF bandwidth.
In our experiments, the upper limit is approximately 10 GHz.
This limit is not a fundamental constraint and is set by both the
EOM and the pulse duration provided by the electrical impulse
generator. By using shorter electrical signals, a high bandwidth
electroabsorption modulator, and the same D-WDM channel se-
lector, our technique can be scaled up to operate in the mil-
limeter-wave range. In particular, Fig. 7 gives a rough estima-
tion of the maximum achievable electrical bandwidth in terms
of the input electrical pulse width. By using an external modu-
lator providing <20 ps temporal widths, it is possible to achieve
operation in the millimeter-wave region.

Finally, we must emphasize that the original configuration of
the technique proposed in [37] is not necessarily based on a mi-
crowave filter design. To achieve the incoherent frequency-to-
time mapping, it is just required to modulate the synthesized
ES.
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