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Ultrabroad-bandwidth arbitrary radiofrequency
waveform generation with a silicon photonic
chip-based spectral shaper
Maroof H. Khan1,2‡, Hao Shen1,3‡, Yi Xuan1,3, Lin Zhao1,3, Shijun Xiao1,3†, Daniel E. Leaird1,3,

Andrew M. Weiner1,3* and Minghao Qi1,3*

Ultrabroad-bandwidth radiofrequency pulses offer significant applications potential, such as increased data transmission
rate and multipath tolerance in wireless communications. Such ultrabroad-bandwidth pulses are inherently difficult to
generate with chip-based electronics due to limits in digital-to-analog converter technology and high timing jitter.
Photonic means of radiofrequency waveform generation, for example, by spectral shaping and frequency–time mapping,
can overcome the bandwidth limit in electronic generation. However, previous bulk optic systems for radiofrequency
arbitrary waveform generation do not offer the integration advantage of electronics. Here, we report a chip-scale, fully
programmable spectral shaper consisting of cascaded multiple-channel microring resonators, on a silicon photonics
platform that is compatible with electronic integrated circuit technology. Using such a spectral shaper, we demonstrate the
generation of burst radiofrequency waveforms with programmable time-dependent amplitude, frequency and phase
profiles, for frequencies up to 60 GHz. Our demonstration suggests potential for chip-scale photonic generation of
ultrabroad-bandwidth arbitrary radiofrequency waveforms.

R
adiofrequency (RF) technology is ubiquitous in systems such
as radar, remote sensing and wireless communications.
Conventionally, RF systems operate at low instantaneous band-

width with continuous-wave signals possessing a well-defined
(although perhaps slowly tunable) centre frequency. Recently,
however, there has been increased interest in pulse-like RF
systems that can operate simultaneously over an ultrawide band,
for example, 3.1 to 10.6 GHz for high-data-rate indoor communi-
cations1. The ability to generate arbitrary ultrabroad-bandwidth
RF waveforms may lead to new opportunities and significant per-
formance enhancement in applications ranging from extremely
high-bandwidth secure wireless communications2,3 to impulse
radar4,5. Unfortunately, high-frequency (for example, �10–60 GHz),
ultrabroad-bandwidth arbitrary waveforms cannot be readily gener-
ated by electronic means due to limits in digital-to-analog converter
technology and high timing jitter. Recently, arbitrary burst RF wave-
forms have been programmably generated using ultrafast photonics,
for example, by spectral shaping6–9 and frequency–time mapping8,9

of femtosecond laser pulses. A critical bottleneck in such setups,
however, is the use of a bulk optics pulse shaper6 as the spectral
shaping element, which requires accurate alignment and high
environmental stability, thus hampering widespread implemen-
tation. Here, we demonstrate an ultracompact, fully programmable,
integrated spectral shaper consisting of cascaded multiple-channel
microring resonators10–14. It has a footprint of 100 mm�
1,200 mm (excluding electrical contact pads) on a silicon-on-insula-
tor (SOI) platform15 that is compatible with electronic integrated
circuit technology. We achieved complete RF waveform control,
including amplitude, frequency and phase, for frequencies up to
60 GHz, by thermally tuning both the resonant frequencies and

the coupling strengths of the microring resonators. We anticipate
our demonstration to be a starting point for the miniaturization
of ultrabroad-bandwidth microwave (or RF) photonics and for
system-level applications of silicon photonics.

At the outset we note that optical pulse shapers have previously
been integrated by adapting silica planar lightwave circuit (PLC)
technology16,17. Such silica PLCs are much larger in size than
silicon photonics and lack potential for direct electronic integration,
and pulse-shaping demonstrations, although interesting for ultrafast
optical waveform generation, do not address the spectral shaping
functionality crucial for RF arbitrary waveform generation (AWG)
via frequency–time mapping. Meanwhile, ultrawide-bandwidth RF
pulse generation has been demonstrated by frequency–time
mapping of femtosecond pulses spectrally shaped using compact
fibre Bragg grating devices18; however, these devices lack the pro-
grammability needed for AWG applications.

Device and waveform generation concept
Figure 1 illustrates our first-generation system setup and representa-
tive results. A short pulse (100 fs in duration) from a mode-locked
fibre laser is amplified and coupled into a silicon waveguide via
lensed single-mode fibre tips. In the frequency domain, the short
pulse has a large bandwidth, and in our case covers a wavelength
band from 1,525 to 1,610 nm (Fig. 1a). Our on-chip spectral
shaper consists of eight cascaded microring resonators (Fig. 1b),
all in an add–drop configuration12. Each microring will selectively
transfer the optical power at its resonance wavelength from the
through-port waveguide to the drop-port waveguide, thus creating
a dip in the through-port spectrum (Fig. 1c). The rings in Fig. 1b
are shown with different colours, indicating that each ring is
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designed to have a slightly different perimeter and therefore a
different resonant wavelength. A micro-heater is placed above
each ring (see Methods section for fabrication procedure) and can
locally and independently control the temperature of each individ-
ual ring resonator. Owing to the large thermo-optical effect in
silicon19, the resonance wavelength of each resonator can be
tuned. Figure 1c shows the optical transmission spectrum for an
experiment in which we tuned the rings to achieve equal spacing
in resonance wavelengths.

After the on-chip spectral shaper, the output optical signal passes
through a 5.5 km single-mode fibre spool (Fig. 1d). The linear chro-
matic dispersion in the fibre causes different frequency components
to propagate at different speeds. The ultrashort pulse envelope is
therefore broadened, resulting in a time-domain profile that is a
scaled version of the frequency spectrum (a process called fre-
quency–time mapping8,9). The optical intensity envelope is then
converted to an RF electrical signal with a high-speed photodiode.
The time-domain electrical signal (Fig. 1e), measured using a
sampling oscilloscope, has the same shape as the optical power spec-
trum (Fig. 1c), confirming frequency–time mapping operation. In
this example the RF signal was programmed to be a single frequency
waveform burst with a fundamental frequency of 10 GHz. Although
quite simple, this experiment constitutes an important first demon-
stration of controllable RF waveform generation using microring
silicon photonics. Generation of more complex waveforms beyond
the capabilities of electronic solutions will be presented later. Note
that manipulation of the optical spectrum followed by frequency–
time mapping and photodetection may be considered as belonging
to the general class of microwave photonic discrete time filters20–22;
in this setup, each microring functions as an independent filter tap.

Unfortunately, heating the ring itself has little effect on the coup-
ling efficiency from the straight waveguide into the ring, which
means the depth of dips at l1, l2, . . . , l8, or the amplitudes of

spectral attenuation cannot be controlled. This significantly limits
the variety of waveforms that can be generated. In a second-generation
design, Mach–Zehnder (MZ) input couplers were formed at the
through port of every microring (Fig. 2a,b). By thermally tuning
the phase shift between the two arms, the coupling coefficient
into a ring, and therefore its loaded quality factor, can be
changed23. For each resonant frequency, full tuning from the ON
state (no dip) to the OFF state (a deep dip) can be achieved by con-
trolling the phase shift applied to the MZ arm from 0 to p. Figure 2c
shows that one can tune the attenuation of one resonance (channel 2)
from 0 to 27 dB without appreciably affecting the adjacent resonance
(channel 1). Furthermore, to increase experimental flexibility, in this
device design, waveguides representing both a common through port
and a common drop port were brought to the output of the chip. As a
result, the spectrally shaped optical pulse can now be collected either
at the through port or at the common drop port.

Results
Figure 3a–f demonstrates the coordinated control of individual peak
amplitudes within an RF waveform. For these data we took the
optical signals from the common drop port (Fig. 2a), for which
the optical spectrum consists of peaks from a background of zero
(Fig. 3a–c) rather than dips from a high background (Fig. 1e). We
were able to program our spectral shaper chip for 10 GHz wave-
forms with either progressively decreasing (Fig. 3a) or increasing
(Fig. 3b) peak amplitudes. Such amplitude modulation capability
has a number of applications. One example is apodization, an
important technique used in signal and filter design with which
side lobes in the Fourier transform domain are suppressed24,25.
We first controlled both the amplitude and spacing of individual
peaks to achieve an RF signal centred at 10 GHz under an approxi-
mately flat-topped envelope (Fig. 3c). Owing to the abrupt ampli-
tude changes at the leading and trailing edges of the burst, the
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Figure 1 | Schematic and representative results of the chip-based photonic RF waveform generation. a, The input light source is a mode-locked and

amplified femtosecond laser, which has a broadband spectrum extending from 1,525 to 1,610 nm. b, The integrated spectral shaper consists of eight cascaded

microring resonators, each having a slightly different resonant wavelength (indicated by their different colours). The resonance wavelengths, l1, l2, . . . , l8

can be individually tuned by the micro-heaters above the rings. c, The through-port optical spectrum shows eight equally spaced dips, when the ring resonance

wavelengths, l1, l2, . . . , l8, are tuned to be equally spaced. d, Frequency–time mapping is achieved with a 5.5-km fibre spool. e, Optical/electronic (O/E)

conversion of the optical signal with a high-speed photodetector shows an RF pulse waveform burst with a 10 GHz fundamental carrier frequency.
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corresponding RF power spectrum has a side-lobe suppression of
only 212 dB (Fig. 3d). On the other hand, an apodized waveform,
programmed such that the peaks are gradually attenuated at the
leading and trailing edges of the RF burst (Fig. 3e), demonstrates
a significantly improved side-lobe suppression of 220 dB
(Fig. 3f). Such improvement in side-lobe suppression is consistent
with simulations. The large optical power at low (baseband) RF fre-
quencies is a result of the positive-definite nature of the photodetec-
tor output signal, and can be eliminated by applying a high-pass RF
filter. Figure 3g,h shows the bipolar RF signal obtained after filter-
ing. The 23 dB frequency bandwidth of the RF burst is 400 MHz,
which is limited by the number of RF oscillations (eight in our case).

With the capability of completely controlling wavelength and
amplitude tuning, we start to generate various waveforms, particularly
those that are very difficult, if not impossible, to generate by electronic
means at such a high frequency. Figure 4a shows a 10 GHz waveform
with a p-phase shift between the four cycles on the right and the four
on the left. A doublet in the RF power spectrum with a dip at 10 GHz
(Fig. 4b) is formed by the interference between the left four cycles and

the right four cycles, and is a strong indication of the phase shift
within the pulse burst. Figure 4c shows a waveform with multiple
p-phase shifts. The ability to generate user-defined, phase-coded
RF waveforms over an ultrawide bandwidth may contribute to the
extension of spread spectrum communications techniques such as
code-division multiple-access (CDMA), popular at lower centre fre-
quencies and bandwidths for cellular radio, to ultrawide-bandwidth
wireless systems at much higher data rates26.

Our scheme can be easily scaled up to higher frequencies. Here, we
first demonstrate a ‘two-tone’ waveform with an abrupt frequency
change from 60 to 40 GHz (Fig. 4d). Such an abrupt frequency
shift is beyond the capability of current generation of electronic cir-
cuitry, but can be conveniently achieved with our method by reducing
the fibre stretcher length and re-tuning the spacing between the reso-
nance wavelengths of the adjacent rings. Figure 4e,f shows a 60 GHz
waveform with a p-phase shift and the corresponding power spec-
trum with a strong dip near 60 GHz. Interestingly, these 60 GHz
waveform examples are already pushing the edge of time-domain
electronic measurement instrumentation (our sampling oscilloscope
is specified only to 50 GHz). These demonstrations could contribute
to the realization of multi-gigahertz bandwidth in wireless local area
networks, portable multimedia streaming and vehicular networks, as
there is around 7 GHz of internationally available, unlicensed
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spectrum surrounding the 60 GHz carrier frequency3. It is also
interesting to note that higher frequency requires a shorter length
in the dispersive medium, thus reducing the total weight of the
waveform generation equipment. In principle, the low loss and
large dispersion in compact silicon waveguides27,28 may allow inte-
gration of frequency–time mapping onto the chip for terahertz
waveform generation applications.

Figure 5 shows examples of ultrabroad-bandwidth frequency-
modulated waveforms, for which the sign of the frequency modu-
lation (or ‘chirp’) can be programmed to sweep from low to high
frequency (up-chirp, Fig. 5a) or from high to low (down-chirp,
Fig. 5c). Frequency modulated signals are commonly used, for
example, in chirped radar29, in which the bandwidth of the radar
signal is spread in time to reduce the peak power to energy ratio
of the transmitted pulse. Figure 5b and d show spectrograms
of the up-chirp and down-chirp waveforms, respectively.
Spectrograms are an example of a joint time–frequency distribution,
an analysis tool used to characterize signals for which the frequency
content is varying in time30. (Musical scores, which specify a series
of musical notes as a function of time, may also be regarded as a type
of spectrogram.) Here, the different slopes of the spectrograms
clearly indicate the ability to achieve either up- or down-chirp.
The range of the frequency sweep, of the order of 8 GHz, is more
than an order of magnitude higher than conventional chirped radars
operating at similar centre frequencies. Accordingly, waveforms such
as those shown here offer intriguing potential for enhanced range

resolution, which is inversely proportional to bandwidth. As noted
above, further increases in frequency sweep and RF bandwidth may
be achieved simply by using shorter dispersive stretchers.

Discussion
Compared to electronic means of RF waveform generation, our
photonically assisted RF–AWG makes possible RF waveforms
with much higher instantaneous bandwidth, cycle-by-cycle frequency
control, and flexible frequency band (for example, 10–60 GHz,
limited only by the speed of photodetectors). Furthermore, by
using special optical-to-electrical converters, such as ultrafast
photoconductive switches, it should be possible to scale our
RF–AWG approach into the terahertz region, as previously demon-
strated using bulk optics pulse shapers31.

Note that our waveforms currently have a limited number of
cycles. However, with the availability of silicon microring resonators
with ultranarrow resonant linewidth27,28 and ultracompact footprint,
a large number of microrings could be integrated onto a single silicon
chip to provide a large number of cycles for each RF burst. The updat-
ing speed of our chip-based RF waveform generator is currently
limited by the speed of thermal tuning, which is typically in the milli-
second to microsecond range32, but can be improved to 1 ms or below
if direct Joule heating of silicon is adopted33–35. Moreover, with recent
demonstration of fast electronic modulation in ring resonators36,37,
one can envision RF generation with multi-gigahertz update speeds,
resulting in a RF waveform agility far beyond the means of current
electronic solutions. The total optical loss of the spectral shaper
chip is typically 25 dB, with a main contribution from the fibre-to-
chip coupling (�10 dB for each coupler). Efficient coupling
schemes such as tapers27,38,39 and grating couplers40,41, which have
demonstrated fibre-to-chip coupling with losses down to 0.5 dB per
coupler38, will be incorporated in future chips to improve the power
level of the output signal and to increase the signal-to-noise ratio.

We believe that the arbitrary RF waveform generation application
first introduced here is particularly suitable for the development of
systems-on-a-chip based on SOI ring resonator arrays, because the
requirements for linewidth, accurate frequency control and out-of-
band suppression are less stringent than for other commonly cited
applications such as dense wavelength-division demultiplexing. Note
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also that a photonics approach involving a bulk optics shaper has
recently been demonstrated for programmable RF phase filtering
and pulse compression over an unprecedented (�15 GHz) RF
bandwidth42. Thus, microring resonator devices similar to those
described here offer prospects not only for waveform generation,
but also for integrated realization of the spectral shaping function
crucial for novel photonics-enabled ultrabroad-bandwidth RF
signal processing.

Methods
Fabrication. We fabricated the microrings on an SOI wafer (from SOITEC) with a
250-nm-thick top silicon layer and 3 mm of buried oxide. Microring resonators were
patterned with high-resolution electron-beam lithography (Vistec VB6) with a beam
step size of 2 nm. The radius of a typical microring resonator is �5 mm and the free
spectral range of this resonator in the C-band is �16 nm. The resonators were
formed after reactive-ion etching in a chlorine/argon plasma. An over-cladding of
1.2 mm silicon dioxide was deposited in a plasma-enhanced chemical vapour
deposition tool and subsequently annealed in a rapid thermal processing tool.
Titanium micro-heaters with a resistance of 1.2 kV were evaporated on top of the
silicon dioxide over each microring resonator and MZ arm. The large contact pads
shown in Fig. 2b were made by electron-beam evaporation of 1 mm aluminium.

Generation and measurement of RF waveforms. A home-made erbium fibre
femtosecond mode-locked laser (�100 fs) with 50 MHz repetition rate was used as
the source, with a spectral content from 1,525 to 1,610 nm. The source was guided
into and out of the silicon waveguide by single-mode tapered lensed fibres. The fibres
were fixed on xyz-nanopositioning stages. A fibre-based polarization controller was
used before the input lensed fibre to maintain the quasi transverse electric (TE)
mode. Spectrally shaped pulses were collected either at the through port (for
waveforms shown in Figs 1c,e, 2c and 4a–4d) or the common drop port (the
remaining waveforms). The output signal was then coupled into a length (�5.5 km
for RF waveforms of 10 GHz fundamental frequency) of single-mode fibre (SMF) to
provide dispersion for frequency–time mapping. Two erbium-doped fibre amplifiers
(EDFAs) were used to compensate the fibre-to-fibre loss (typically 25 dB). A free
space bandpass filter with a 23 dB bandwidth of 12 nm was used to select one free
spectral range of the microring spectra (except for the results shown in Fig. 1c,e).
The shaped optical pulses were then guided into a photodiode with 22 GHz or
60 GHz bandwidth to generate the electrical waveform. In some experiments (see
Figs 3 g,h and 4a–c), a high-pass RF filter with a stop band below 5 GHz was applied
after the photodiode to suppress low-frequency components. The RF waveforms
were acquired with a communication signal analyser (Tek803C or HP54124A) and
RF spectrum analyser (Agilent 8565EC).

The heaters on the chip were controlled individually with 16 current sources
(max 35 V, 3 A output). A compact multihead probe (Cascade DCQ-16) with
250-mm spacing between the probe heads was used. The chip was glued to an
aluminium block with thermal grease to dissipate the extra heat on the chip, and to
suppress the thermal cross-talk, which is �3% for adjacent microrings. The spectral
response of the microring resonators was characterized with a tunable laser (Agilent
81940A) and an optical power sensor (Agilent 81634B), with a scanning resolution
of 0.01 nm. In waveform generation experiments using short-pulse inputs, optical
spectra were first acquired with an optical spectral analyser (Ando AQ6317B), which
allows one to interactively adjust the individual heaters to achieve the desired
accuracy of wavelength spacing, especially when thermal cross-talk is present.

Calculation of the spectrograms and RF power spectrum. The spectrograms of
chirped signals (Fig. 5) were calculated numerically using the following:

Seðv; tÞ ¼
ð

eðtÞgðt � tÞe�jvt dt

����
����

2

where e(t) is the RF burst and g(t) a gating function. Here, the gating function is
chosen to be Gaussian, that is, g(t)¼ exp(–t2/tp

2)) with tp¼ 0.25 ns, and the delay t

was adjusted from 0 to 2 ns. The squared magnitude of the fast Fourier transform
(FFT) of the windowed RF signal was then computed to obtain the spectrogram.

The RF power spectrum for the 60 GHz waveform (Fig. 4f ) was derived by
taking the FFT of the windowed time-domain signal shown in Fig. 4e and then
plotting the magnitude squared. The calculation does not include noise associated
with the EDFAs and photodiodes outside the time window of the RF waveform;
thus, the calculated power spectrum has lower noise level than those measured
directly on an RF spectral analyser.
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