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Abstract—Sampling is the primary functional step of an ana-
logue to digital conversion, required for sensing, measurement,
signal processing, metrology, and various data communication
applications. Here we present, for the first time, to the best of
our knowledge, the optical sampling of different microwave signals
with sinc-pulse sequences with a very compact integrated silicon
photonics ring modulator. By a simple time interleaving with three
branches, the employed ring modulator enables ultra-compact pho-
tonic integrated analog to digital converters with a sampling rate of
three times the RF bandwidth of itself and of the used photodetector
and electronic devices. Therefore, its analogue bandwidth is 50%
higher than the RF bandwidth of the incorporated electronics and
photonics. Thus, the method might enable high-bandwidth ana-
logue to digital converters with ultra-compact footprint and lower
power consumption for future communication systems, sensors,
and measurement devices.

Index Terms—Optical sampling, ring modulator, silicon
photonics, sinc pulse sequences.

I. INTRODUCTION

SAMPLING can be defined in the time domain as the con-
version of a continuous signal amplitude into equidistant,

discrete time-values. These discrete amplitude-values can be as-
signed to the closest digital bit-combination, achieving analogue
to digital conversion (ADC). To avoid aliasing, the sampling rate
should be at least twice the bandwidth of the baseband signal.
The performance of an ADC can be characterized by its analogue
bandwidth, power consumption, accuracy, and size [1], [2].

For electronic ADCs, sample and hold circuits can be used
for sampling. However, the analogue bandwidth of electronic
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ADCs is a severe bottleneck for high-bandwidth communication
systems [3]. Optical sampling methods might be a promising al-
ternative due to possibly higher operational bandwidths at lower
power consumption and inherent immunity to electromagnetic
interference. One possibility to achieve an ideal sampling is the
multiplication of the signal to be sampled with a Dirac Delta
Sequence. Such a Dirac Delta sequence can be approximated by
the pulse sequences generated by a mode-locked laser (MLL),
for instance [4], [5]. Such sampling can show very low jitter
and phase noise values [5], [6], but for the multiplication with
the signal to be sampled, a nonlinear device is required, which
might result in errors and poses a challenge for integration [7].

Since, according to the sampling theorem, every bandwidth-
limited signal can be seen as the superposition of time-shifted
sinc pulses, weighted with the sampling points and since these
pulses are orthogonal, another possibility of ideal sampling is the
multiplication of the signal with sinc pulses [8]–[11]. Compared
to Dirac Delta sequences, the sampling signal has a limited
spectrum, i.e., the sinc pulses just need a minimum bandwidth
of twice the bandwidth of the signal to be sampled. This has
the special advantage that the sampling pulses can be directly
adapted to the signal to be sampled. But, sinc pulses are unlim-
ited in time. However, they can very closely be approximated by
sinc pulse sequences, which correspond to a rectangular, phase-
locked frequency comb in the frequency domain [12]–[14]. Such
combs can be generated with a pulse source and pulse shaping
filters [15] or by using intensity modulators, e.g., Mach-Zehnder
modulators (MZM), driven with sinusoidal radio frequencies
(RF) [12]–[14].

Especially the sinc pulse sequence sampling based on inten-
sity modulators has several advantages. The multiplication of the
signal to be sampled with the sinc pulse sequence, is the convolu-
tion of the signal spectrum with the rectangular frequency comb
[7]–[11]. This convolution can directly be fulfilled in the same
modulator which generates the sinc pulse sequences. Thus, if an
intensity modulator is used, this single modulator is fulfilling the
whole sampling process. It generates the pulse sequences and
multiplies them at the same time with the signal to be sampled.
Additionally, since MZMs are standard devices of integrated
photonics, such sampling is quite simple to integrate. Recently,
it has been shown that integrated MZMs can offer excellent
performance for sinc pulse sequence generation [16], [17] and
sampling [7].

However, integrated MZMs require quite a large chip space
and power consumption. The MZM used in [7], for instance,
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Fig. 1. (a) Concept for optical sampling based on a ring modulator. Please
note that the sampler is just the correctly adjusted ring modulator driven with
one or several sinusoidal frequencies. The signal to be sampled at the optical
input of the modulator and the sampled signal at the output are shown in the
time (top) and frequency domain (bottom). (b) Sinc pulse sequence with 1/Δf
repetition rate and 1/(kΔf) pulse period and corresponding flat frequency comb
(c). (d) The transmission spectrum of the ring modulator at different DC biases.

has two phase shifters with a 3.2 mm length and requires an RF
power of 14 dBm for each of them. In Ref. [18] the power con-
sumption of the mm-sized MZM was>1 pJ/bit. Ring modulators
instead are much more suitable for very compact and low-power
integrated systems, because the size of these modulators is in the
micrometers scale and the power consumption can be less than
100 fJ/bit [18].

As has been shown, such ring modulators can as well be
used for the generation of flat, rectangular frequency combs
[19]. However, the sampling of optical signals with compact
integrated ring modulators has yet to be shown.

However, the sampling of optical signals with compact inte-
grated ring modulators has yet to be shown. Here we present, for
the first time to the best of our knowledge, a compact integrated
photonic sampler with low power consumption based on a ring
modulator. The silicon ring modulator with a radius of only
20 μm has a sampling rate of 2 GSa/s and only requires 5 dBm
RF power. Compared with a 3.2 mm long integrated MZM used
for sampling [7], the required RF power is reduced by 12 dB.

In the proof-of concept experiments we were restricted by the
very low RF bandwidth of our forward-biased ring modulator.
Much higher sampling rates of up to 330 GSa/s, corresponding
to analogue bandwidths of 165 GHz, are possible with 110 GHz
integrated ring modulators,which have already been shown [20].

II. PRINCIPPLE OF OPERATION

In the time domain, the sampling can be seen as the multipli-
cation of the signal to be sampled with a sinc pulse sequence
[7]. This corresponds to the convolution of the spectrum of
the signal with a rectangular, flat frequency comb. Here this
sampling is carried out by an ultra-compact ring modulator,
driven with one or a number of n RF signals with the frequency
spacing Δf as shown in Fig. 1(a), (b), and (c). Thus, the corre-
sponding real-time sampling rate would be Δf and for k parallel

Fig. 2. (a) Concept of a time-interleaved integrated photonic sampler based on
silicon ring modulators. The input signal is split into k branches. In each branch,
this signal is sampled with a ring modulator driven by n RF frequencies with a
proper RF phase shift to adjust the sampling time. The time-interleaved sampling
points are taken by the integration with low-bandwidth detectors and can be
further processed by low-bandwidth electronics. All photonic and electronic
components can be integrated on the same chip. (b) Ring modulator sampling
in the frequency domain. The spectrum of the signal to be sampled, having a
bandwidth B, is convoluted with a three-line frequency comb with the same
bandwidth. The baseband bandwidth of the sampling in a single branch is B/6
and with all three branches B/2 = 1.5×BM (modulator bandwidth). RFG:
radio frequency generator, RM: ring modulator, and Rx: receiver.

branches with the same modulator, the real-time sampling rate is
(2n + 1)Δf = kΔf. The sampling requires the proper adjustment
of the bias and driving power [12], [14]. If not a signal spectrum
but a single, narrow-band line is used as the input to the ring
modulator, it produces a flat, rectangular frequency comb with
k= 2n+1 lines or a sinc pulse sequence with k−1 zero crossings.
Since for a high-quality sampling, the adjustment is the same,
here we will first discuss the sinc pulse sequence generation
by a ring modulator. As shown in Fig. 1(b) and (c), a flat,
phase-locked frequency comb with a bandwidth of B = kΔf,
corresponds to a sinc pulse sequence with a duration of 1/B
(from the maximum to the first zero crossing) [12]–[14]. For
such a comb generation with a ring modulator, three steps are
required. First, sufficient modulation depth at proper DC bias is
needed to avoid higher-order sidebands. The modulation depth
of the ring modulator changes according to the applied DC bias,
as shown in Fig. 1(d). Secondly, the wavelength of the laser
diode (LD), or the optical ring radius, should be adjusted to be
at or very near to the resonance wavelength of the ring modulator
to get a symmetric frequency comb. Lastly, the RF power must
be adjusted for getting a flat comb. Because the resonance of
the modulator shifts with the RF power [21], a low RF power
is required to minimize this shift. Thus, besides the very small
size, the ring modulator consumes also low power [18].

For the sampling the CW input has to be replaced by the
signal to be sampled, i.e., the signal will be injected into the
optical input of the ring, while one or a number of n equispaced
RF frequencies are applied to the electrical input, as shown in
Fig. 1(a). This signal is sampled based on the convolution of the
spectrum of the signal to be sampled with an k = (2n + 1)-line
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Fig. 3. (a) Schematic of the used ring modulator with PIN junction structure and top view. Experimental setup with temperature stabilization (b). The measured
intensity transfer function can be seen in (c), the S21 EO response in (d) and the measured FSR is presented in (e). LD: laser diode, Atten : attenuator, RM: ring
modulator, RFG: radio frequency generator, PC: polarizer controller, OSA: optical spectrum analyser, EDFA: erbium doped Fiber amplifier, BPF: bandpass filter,
PD: photodiode and ESA: electrical spectrum analyzer.

rectangular, flat frequency comb. The result are k copies of the
signal spectrum. In the time domain, this corresponds to the
multiplication of the signal to be sampled with a sinc pulse
sequence with k−1 zero crossings. Thus, the real time sampling
rate of a single ring modulator corresponds to the repetition rate
of the sequence and is therefore defined by Δf.

To sample the whole signal bandwidth in real time with the
sampling rate kΔf, the input signal has to be time-interleaved as
shown in Fig. 2(a). The incoming signal is split into k branches.
In each branch a silicon ring modulator is driven with one or
n RF frequencies of Δf spacing samples the signal with the
sampling rate Δf. To exploit the orthogonality of the sinc pulse
sequences, the sampling points taken in the other branches have
to be in the zero crossings of the sinc pulse sequence. Thus, the
p−th (p = 1, 2, k) branch needs a time delay of (p−1)/(kΔf).
This time delay can be achieved by adjusting the phase change
of the RF signal driving the ring modulator to Δφ= 2π/k. Thus,
for n = 1, the number of spectral copies, corresponding to the
number of required branches, will be k = 3 and the electrical
phases in the three branches have to be 0°, 120°, and 240°,
respectively. Since the delay can be adjusted in the electrical
domain, no pre-defined time shifters are necessary for the time
interleaving. Such a time-shifting is usually carried out by delay
lines of a given length. If not compensated, these delay lines
lead to an amplitude difference between the copies and they are
usually only tunable in a limited range. Thus, only signals of
a pre-defined bandwidth can be sampled. Here all parameters
like bandwidth, delay, sampling rate and so on are completely
defined in the electrical domain by the RF signal driving the ring
modulators so that an adjustment of the sampling to the signal
to be sampled is simple and fast.

The different bandwidths involved in the sampling process
can be seen in Fig. 2(b). The signal spectrum of bandwidth
B = 3×Δf is convoluted with a three-line comb of the same
bandwidth. Since in the single sampling branch, an under-
sampling is conducted, the spectral copies of the input spectrum

are overlapping. Please note, that the necessary sampling rate
will be achieved by all three branches together [11], [17]. As
can be seen, the modulator with a bandwidth BM can generate
sinc pulse sequences, or a three-line comb, with a bandwidth
of three times its RF bandwidth B = 3×Δf = 3×BM which
coincides with the inverse of the pulse duration (peak to first
zero crossing) [12]. Following the sampling theorem, in all
three branches together a signal with the baseband bandwidth
B/2 = 1.5×BM can be sampled.

For sampling the whole information of the signal (amplitude
and phase), coherent detectors are necessary [7], [8]. The de-
tection and further processing of the signals with an optical
bandwidth B can be carried out with detectors and electrical
signal processing with a bandwidth of only B/(2k) [11]. Sev-
eral low-bandwidth devices are much easier to integrate than
a single high-bandwidth one. Therefore, the method enables
the detection, reception, and measurement of high-bandwidth
signals with very compact, low-bandwidth integrated electronics
and photonics.

III. DEVICE CHARACTERIZATION

The structure of the forward-biased ring modulator used
for the experiment is shown in Fig. 3(a). It consists of a bus
waveguide (WG) and a ring WG. The ring WG has 20 μm radius
with a PIN junction working in a forward bias configuration.
This junction has 450 nm width, 220 nm height, and 70 nm slab
thickness. The length of the junction Lp is equal to 40π μm. The
separation between the bus WG and the ring WG is 200 nm.
Also, the gap spacing between the electrical pads for driving
the optical ring modulator is 100 μm. The integrated chip was
fabricated at the Interuniversity Microelectronics Centre (imec).

The electro-optical (EO) modulation in the ring modulator
is achieved when an RF signal with proper DC bias is applied.
By applying the voltage on the forward-biased junction, carriers
will be injected into the WG. Therefore, the concentration of
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Fig. 4. (a) Simulation setup for the integrated photonic sampler based on a ring modulator with a simulated intensity transfer function (b). (c) The three-lines,
flat frequency comb with 0.08 nm (10 GHz) line spacing and comb bandwidth of 30 GHz. The corresponding sinc pulse sequence in the time domain with 0.1 ns
repetition rate is shown in (d), (e) presents the sampling of a PAM-4 signal with this setup from a single branch and (f) shows the sampling by three branches. LD:
laser diode, MZM: Mach-Zehnder modulator, RFG: radio frequency generator, RM: ring modulator, PD: photodiode and OSC: oscilloscope.

free electrons and holes will be changed and hence, the refractive
index and accordingly loss coefficient will be changed [22]–[24].

For device characterization, the experimental setup in
Fig. 3(b) was used. This setup contains a temperature stabiliza-
tion system based on a Peltier element to avoid any shift of the
resonance point due to heat dissipation. The temperature of the
chip was maintained at 20 °C for all experiments.

For the intensity transfer function measurement, a 1550 nm
LD was swept in a range of 16 pm at various DC biases. To avoid
any nonlinear effects of the device, the injected optical power
into the chip was 0 dBm [25]. The DC bias was applied by a
bias tee and ground-source (GS) probe. An optical power meter
(Agilent 81638) was used to measure the response of the chip
as shown in Fig. 3(b). The measured intensity transfer function
in Fig. 3(c) shows a maximum modulation depth of 24 dB for a
DC bias of 1.3 V.

The 3 dB electrical bandwidth was measured from the S21
EO response of the ring modulator, as shown in Fig. 3(d). It was
measured as 0.6 GHz at 1.2 V DC bias and 1 GHz at 0.95 V.
Please note that PIN modulators have a lower bandwidth than
PN modulators, because of the limited minority carrier diffusion
time inside the PIN junction [18].

The measured FSR was 0.6 THz at 1.2 V as shown in Fig. 3(e).
Please note that there is a small shift in the resonance point in
Fig. 3(e) compared to Fig. 3(c). Also, the modulation depth in
Fig. 3(e) is lower than in Fig. 3(c). This is because we measured
the FSR directly from the optical spectrum analyzer (OSA)
(Yokogawa AQ6370C) by using a broadband light source, which
has a lower resolution compared to the wavelength sweep and
power meter as used for Fig. 3(c).

The total optical loss of the integrated ring modulator setup
was 12.5 dB including two grating coupler losses with 5 dB each.

IV. SIMULATION AND EXPERIMENTAL RESULTS

First, the ring modulator and sampling of different microwave
signals were simulated with the Lumerical software package,
afterwards, the experiments were carried out, as presented in
this section.

A. Simulation Results

For the simulation, the system in Fig. 4(a) was assumed. The
incoming signal to be sampled was split into k = 3 branches.
In each branch, there is a forward-biased ring modulator. The
orthogonality of sampling was achieved by adjusting the phase
of the single 10 GHz RF signal driving the ring modulators to
0°, 120°, and 240°. The bandwidth of the simulated modulator
was 10 GHz and the modulation depth at 0.95 V is 18 dB as
shown in Fig. 4(b). The bandwidth of the simulated modulator
was 10 GHz and the modulation depth at 0.95 V is 18 dB as
shown in Fig. 4(b). The simulated bandwidth is higher than that
of the measured bandwidth of the fabricated device. However,
this just results in a higher sampling rate. Please note that the
simulations were done at the same modulation depth as that of
the experimental work but at a different DC bias. The intensity
transfer function of the simulation is different from that in the
experiment because of insufficiencies in the fabrication process.
At 1.2 V DC bias, a modulation depth of around −12 dB was
obtained, and working at this low modulation depth will increase
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Fig. 5. Experimental setup of the proposed system and a side view of the photonic sampler, the signal to be sampled was generated by using an MZM and was
multiplied by the sinc pulse sequence in a ring modulator (a). Sinc pulse sequences were generated by a 1 GHz (b), a 1 GHz and 2 GHz (c) and a single 2 GHz RF
signal (d). Sampling of a 1 GBd PAM-4 signal (e), an analog signal of frequency 100 MHz (f) and a 2 GBd PAM-4 signal (g). LD: laser diode, Atten : attenuator,
MZM: Mach-Zehender modulator, RM: ring modulator, RFG: radio frequency, PC: polarizer controller, EDFA: erbium doped Fiber amplifier, BPF: bandpass filter,
PD: photodiode and OSC: oscilloscope.

the effect of the higher order sidebands and hence the quality of
the sampling [26], [27].

For sampling, the LD with an input power of 0 dBm was ad-
justed to the resonance point of the ring modulator (1553.43 nm).
When the optical input is a single line and the ring modulator
is driven with only one single RF frequency, the output of the
ring modulator is a flat, three-line comb, which can be seen in
Fig. 4(c) for a 10 GHz RF signal. The corresponding sinc pulse
sequence with 0.1 ns repetition rate and 0.033 ns pulse period is
depicted in Fig. 4(d). As can be seen, the sequence shows very
small distortions, which are a result of the small asymmetry of
the frequency comb.

The single input laser line was then replaced by a 10 GBd
PAM-4 signal for sampling. As shown in Fig. 4(e), the sampling
follows the signal very well. For a high sampling rate, the
sampled signals from the three branches are gathered together
offline. As shown in Fig. 4(f) almost ideal sampled 10 GBd
PAM-4 was achieved and the sampled signal follows the signal
to be sampled with very high accuracy.

B. Experimental Results

For an experimental proof of concept, the setup shown in
Fig. 5(a) was used. Due to limited lab equipment, we demon-
strate only one branch of the proposed system. The signal to be
sampled was generated with a LiNbO3 MZM and an arbitrary
waveform generator (AWG70001A, left block in Fig. 5(a)).

Please note that instead of the MZM another ring modulator
can be used and for signals to be sampled already in the optical
domain, the whole left block would not be necessary. This signal
was injected into the ring modulator for sampling (middle block
in Fig. 5(a)). To compensate for the high coupling losses of the
proof of concept chip, an amplification together with a filtering
of the amplified spontaneous noise was necessary. If the whole
system is integrated with the detector into a single chip, for lower
coupling losses, this would not be needed.

For driving the ring modulator, a single tone RF frequency,
or two equispaced frequencies were used. These frequencies
were applied to the ring modulator together with a 1.2 V
DC bias. As shown in Fig. 3(c and d), for a wavelength of
1549.47 nm a modulation depth of 17.2 dB with 0.6 GHz
bandwidth was obtained. The optical power injected into the
chip was 0 dBm. The sampled signal was measured by a
photodiode and an electrical sampling oscilloscope (OSC)
(Agilent 86100C).

By adjusting the wavelength of the LD to 1549.6 nm and
applying a 1 GHz frequency with 3 dBm power to the ring
modulator, the sinc pulse sequence with 1 ns repetition rate
shown in Fig. 5(b) was generated. As can be seen, it is very
close to the ideal one. Please note that the corresponding three
lines flat frequency comb cannot be shown here because of the
limited resolution of our optical spectrum analyzer. Sampling
was achieved by replacing the laser line with a 1 GBd PAM-4
signal, as presented in Fig. 4(e).
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To generate a 5-line comb by the ring modulator, two RF
frequencies (1 GHz and 2 GHz) with a total power of 9 dBm
were used to generate a sinc pulse sequence with 1 ns repetition
rate, as shown in Fig. 5(c). Since 2 GHz is already higher than
the electrical bandwidth of the ring modulator, the generated
sinc pulse sequence shows a higher distortion compared to the
three-line case. However, with the same setup the modulator was
used to sample a sinusoidal signal with a frequency of 100 MHz
(Fig. 5(f)).

In Fig. 5(d), the ring modulator was driven with one single
2 GHz frequency with 5 dBm electrical power to generate a
three-line comb and the corresponding sinc pulse sequence. As
this is again above the bandwidth of the ring, small distortions
can be seen. The same setup was used for the sampling of a
2 GBd PAM-4 signal, as presented in Fig. 5(g).

All experiments were carried out at 1.2 V bias, resulting in
only 0.6 GHz bandwidth. A bias of 0.95 V would result in a
higher bandwidth of 1 GHz but also in a low modulation depth
of 5 dB, since there is a tradeoff between the bandwidth and
modulation depth [28]. Working at lower modulation depths
would increase the sideband power and affects the flatness of the
frequency comb, which would result in lower quality sampling
[26], [27].

V. CONCLUSION

In conclusion, a compact, low-power integrated photonic
sampler based on a carrier injection ring modulator with 20 μm
radius was simulated and demonstrated experimentally. By a
simple time-interleaving in three branches, the ring modulator
can sample signals with three times its RF bandwidth. The whole
sampling system can receive, analyze and process signals with
an optical bandwidth B with photodiodes and electronics with
a bandwidth of only B/(2k). Since only standard equipment is
used, no delay lines are required and high-bandwidth signals
can be processed with low bandwidth electronics and photonics,
the integration of the whole sampling system is straightforward.
Such a sampler can be used as a low footprint ADC or agnostic
transceiver system [7], [29]. In the proof of concept experiments,
the bandwidth of the ring modulator was restricted to only
0.6 GHz. However, ring modulators with bandwidths of 110 GHz
have been shown [20], suggesting ultra-compact ADC with
330 GSa/s sampling rate and analogue bandwidths of 165 GHz.
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