IEEE PHOTONICS JOURNAL, VOL. 14, NO. 2, APRIL 2022

5515207

High-Bandwidth Arbitrary Signal Detection
Using Low-Speed Electronics
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Abstract—The growing demand for bandwidth and energy effi-
ciency requires new solutions for signal detection and processing.
We demonstrate a concept for high-bandwidth signal detection with
low-speed photodetectors and electronics. The method is based on
the parallel optical sampling of a high-bandwidth signal with sinc-
pulse sequences provided by a Mach-Zehnder modulator. For the
electronic detection and processing this parallel sampling enables
to divide the high-bandwidth optical signal with the bandwidth B
into IV electrical signals with the baseband bandwidthof B/ (2 V).
In proof-of-concept experiments with N = 3, we present the de-
tection of 24 GHz optical signals by detectors with a bandwidth of
only 4 GHz. For ideal components, the sampling and bandwidth
down-conversion does not add an excess error to the signals and
even for the non-ideal components of our proof-of-concept setup, it
is below 1%. Thus, the rms error for the measurement of the 24 GHz
signal was reduced by a factor of about 3.4 and the effective number
of bits were increased by 1.8.

Index  Terms—Analog-to-digital  conversion,
photonics, optical sampling, optical signal processing.

integrated

1. INTRODUCTION

IGH-bandwidth signal detection, processing and analysis
has attracted much attention in recent years, since the data
rates in the worldwide communication systems have increased
drastically and a further growth is expected for the future [1], [2].
Additionally, the detection of ultra-short events in science and
technology as well as in Radar, Lidar and security applications
require the measurement of high-bandwidths signals [3].
Today high-bandwidth signal measurement is mainly based
on a vast digital signal processing. With increasing bandwidths
of the signals, the energy consumption growth. Additionally,
nonlinearities and jitter problems in the detector lead to an
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TABLE 1
COMPARISON TABLE WITH KEY PARAMETERS FOR DIFFERENT ADC
SYSTEMS (BW = BANDWIDTH)

Method BW Sampl. Rate ENOB
Int. time-interl. el. ADC [9] 31.5 GHz 56 GS/s 5.7
Int. time-interl. el. ADC [10] 13.3 GHz 28 GS/s 54
Opt. dual-freq. comb ADC [11]  12.5 GHz - 4.5
Int. opt. ADC with MLL [12] 10 GHz 2.1 GS/s 3.5
This work 12 GHz 24 GS/s 5.9

increase of the measurement error and a decrease of the effective
number of bits (ENOB) for higher signal bandwidths. Most of
todays signal detection and measurement systems process digital
data. Therefore, the first step of the digital signal processing is
a sampling followed by an analog-to-digital conversion (ADC).
The sampling rate and the connected signal bandwidth of the
ADC define the maximum bandwidth of the signal that can be
measured. In general, for high-bandwidth signal measurement
different kinds of sampling techniques based on electrical sam-
plers as electrical sample-and-hold circuits or optical samplers
have been proposed [4]-[6]. The clock jitter of the electronic
devices affects the quality of the detected signals, leading to
performance degradation at high bandwidths [7]. Furthermore,
high-bandwidth sample-and-hold circuits are accompanied with
an increased sampling error, which can somehow be compen-
sated with electronic signal processing, leading to increased
system complexity and power consumption for high-bandwidth
signals.

The application of optical sampling methods can circumvent
some of the restrictions of purely electrical sampling, for in-
stance by sampling with low-jitter optical pulses from a mode-
locked laser (MLL) [8]. But this requires a high-quality MLL. An
overview about different kinds of ADC systems and their perfor-
mance is shown in Table I. It can be seen, that there are integrated
electrical samplers with bandwidths above 30 GHz having an
ENOB of 5.7 at a sampling rate of 56 GS/s [9]. Please note that
a direct comparison with our method is not possible, since the
digitizer used for the proof-of-concept experiments had a limited
resolution of only 4.1 for 12 GHz signals. However, with the pre-
sented method we were able to improve the ENOB of our ADC
from 4.1 to 5.9. For higher-resolution electrical ADC like in [9],
our method would be able to improve the ENOB as well. We
demonstrate a new concept for high-bandwidth arbitrary signal
measurement using optical sampling with sinc-pulse sequences,
which can be directly applied to an optical high-bandwidth
signal, since no additional electro-optic conversion is needed.
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The method is based on time-interleaving. By theory and exper-
imental demonstration with an integrated Mach-Zehnder mod-
ulator [13], we will show that the parallelized sampling of the
high-bandwidth signal can be error-free for ideal components.
Therefore, detectors with a lower bandwidth in each branch,
can significantly reduce the measurement error. Furthermore,
with an RF source (an oscillator) and a modulator of bandwidth
B/3, already a sampling of signals with the optical bandwidth
B can be realized, while the overall bandwidth of the sinc-pulse
sequence and the maximum sampling rate corresponds to B
(at least twice the baseband width). Different to other methods,
our sampling realizes inherently an overall sampling rate fitting
to the bandwidth requirement corresponding to the sampling
theorem, in this case 24 GS/s with a 12 GHz baseband bandwidth
limit.

II. SAMPLING CONCEPT

According to the sampling theorem, each bandwidth-limited
signal can be seen as the superposition of time-shifted sinc
pulses, weighted with the sampling points describing the signal
completely. If the signal is bandwidth-limited to B in the optical
domain and correspondingly to B/2 in the baseband, the time
shift between the sampling points is AT = 1/B and conse-
quently the required sampling rate, or minimum bandwidth, for
the measurement of this signal is B.

Sinc pulses are unlimited in time and thus a mathematical
construct. Therefore, we are using sinc-pulse sequences instead
and we will show that an ideal sampling can be achieved by
these sinc-pulse sequences, which are orthogonal to each other,
if the next sequence is time shifted to the previous by AT.
Therefore, with the presented method pulses with a bandwidth
B can be used to sample a signal with the same bandwidth.
If non-orthogonal pulses are used, like the kind of rectangular
pulses of the sample and hold circuits for electrical sampling, the
sampling pulses need a much higher bandwidth than the signal to
sample to avoid a mutual influence between the sampling points,
due to a limited roll-off of practically achievable pulse shapes.

As shown in Fig. 1, the basic idea of the proposed method is to
split the high-bandwidth signal (Fig. 1(a)) into N branches and to
sample the signal in each branch with a sinc-pulse sequence with
the bandwidth B but, a repetition or sampling rate of only B/N
(Fig. 1(b)). In the next step the signal is converted to the electrical
domain with a resulting baseband bandwidth of B/(2 N). As
we will show by theory and in proof-of-concept experiments,
the original sampling points of the high-bandwidth signal are
(forideal components) perfectly preserved in the low-bandwidth
signal. In the last step the sampling points of the original high-
bandwidth signal are measured with low-bandwidth electronics
in parallel and the original signal is reconstructed from the sam-
pling points. Thereby, according to the Walden plot, a bandwidth
reduction by the factor 10, for instance, can be associated with
an increased ENOB of 3.3 [12].

It is clear that, if the ratio between the bandwidth of the single
pulse and the repetition rate in a pulse train goes to infinity and
jitter problems are neglected, ideal sampling is possible. A mode
locked laser, with pulses of several THz and a repetition rate in
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Fig.1. Extraction of the sampling points for a three-branch system. The optical

connections are drawn in blue, while the electrical connections are in black. For
one sampling branch, the time domain representations of the signal are shown
at the positions (a), (b), and (c) marked by the colored dots. (a) Represents the
point, where the signal input is fed into the sampling system, (b) depicts the state
after the pulse multiplication taking place inside the MZM and (c) shows the
bandwidth-reduced waveform after the balanced detection with the preserved
sampling points.

the MHz range comes close to this goal. In this case the single
pulses of the pulse train are approaching a Dirac Delta. The same
holds for a sinc-pulse train with a high number of N. If N goes
to infinity, the single pulse of the train approaches an ideal sinc
pulse.

However, here we will show that with our method ideal
sampling is possible for each number of /N and even for N = 3.
In this case the sequence is far away from a sinc pulse and is in
fact only a sinusoidal with a constant offset.

Thus, the presented method offers a bandwidth down-
conversion of high-bandwidth signals without an additional
error (for ideal components) and this can be achieved with very
simple setups.

In the frequency domain, the multiplication of a signal with a
sinc-pulse sequence corresponds to a convolution with a flat,
finite frequency comb. Optical sinc-pulse sequences can be
realized by spectral shaping of mode-locked lasers [14]. But
this still needs an MLL along with optical filters. Furthermore,
the optical filters are not rectangular and a nonlinear element is
needed to realize the multiplication between the optical signal
and the pulses [15]. A much easier way to generate high-quality
sinc-pulse sequences is using one or two Mach-Zehnder Mod-
ulators (MZMs) [16]-[18]. The modulators are driven in the
linear regime with a number of n sinusoidal frequencies and
with changing their driving frequency, the repetition rate and
bandwidth of the sequences can be easily adapted [19]. Such RF
signals could be generated from a single integrated oscillator,
which can be up-converted to very high frequencies delivering
harmonics of the basic frequency [20]. For reaching high output
powers as well as high frequencies, semiconductors, such as In-
dium Phosphide (InP) and Gallium Arsenide (GaAs), are suited
to fabricate high-electron mobility transistors or heterojunction
bipolar transistors, which can be combined with Schottky diodes
to realize frequency multiplying chains. With this, transmission



MEIER et al.: HIGH-BANDWIDTH ARBITRARY SIGNAL DETECTION USING LOW-SPEED ELECTRONICS

powers of hundreds of mW at a few hundreds of GHz and
up to a few mWs above 1 THz have been demonstrated for
THz communication experiments [21], [22]. Finally, the optical
pulse sequence can be shifted in time by a simple phase change
of the used electrical driving signal [23]. The generation of
the pulses has also been demonstrated on a silicon-photonics
platform along with the sampling of pseudo random data signals
by these pulses [24], [25]. If the driving signal is a multitone
signal with frequencies of the same phases, one modulator driven
by n equidistant frequencies can already produce a frequency
comb with N = 2n + 1 lines [23]. These n lines can be the
different harmonics generated by the up-conversion.

The quality and bandwidth of the modulator and the RF source
define the performance of the ADC. For N = 3 justone (n = 1)
single RF driving frequency is necessary and the required RF
bandwidth of the MZM is B/3 and the jitter corresponds to
that of the radio frequency generator (RFG) used for driving the
modulator and is therefore defined by the repetition rate and not
the bandwidth of the pulses [24], [26]. Thus, using this sampling
principle, a high-bandwidth signal detection with a small jitter
can be achieved, if a corresponding electrical source with a low
jitter is used. With integrated low-jitter electrical RF sources,
values in the femtosecond range can be reached [27]. But with
more sophisticated RF sources, even atto- or zeptosecond jitters
are possible [28], [29]. The system performance is limited by
the signal-to noise ratio (SNR). An increase of the number of
branches NV results in a decrease of the bandwidth requirements
in the single branch and theoretically the number of branches
is not limited. However, this divides the power of the incoming
signal in each branch at least by the factor N. Although, this can
be compensated by amplifiers, it will result in a reduction of the
SNR.

III. THEORY

According to the sampling theorem, the sampling points
represent the full information of the signal and can be used to
reconstruct the signal completely. Next, we will show that these
sampling points are accurately preserved for ideal components
in the bandwidth-reduced waveforms.

A single sinc pulse can be defined in the time domain as:

sin(mc))

)

™

sinc(t) := lim <
T—1
zeR\{0}
In the frequency domain this corresponds to the rectangular
function II( f):

[Fi(sine(t)](f) = TI(f) 2

with F; as the Fourier transform operator and II(f) = 1 for
|f] <1/2,1/2 for | f| = 1/2 and O elsewhere. Sinc pulses are
infinite in time and as such as well only a mathematical construct,
like Dirac Delta sequences. A sinc-pulse sequence, instead, with
N — 1 zero crossings between two consecutive pulses and the
bandwidth B, corresponds to an N-line rectangular comb in the
frequency domain, which can easily be generated with an MZM,
for instance. Sinc-pulse sequences can be seen as an infinite
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superposition of sinc pulses [16], [30]. Such an infinite super-
position is practically not possible as well. However, sequences
with several tenths of GHz pulses running for hours or days
can practically be seen as infinite. Sinc-pulse sequences can be
expressed as:

N-1
2 (1 2 2k Bt
san p(t) = 2+Zcos< ~ ) 3)
k=1

(3) is derived from the Fourier series. Thus, in the frequency
domain the N-line comb can be written as:

N kB
[Fe (san ()] (f) = Combj\,yB(f):k_z:N1 ] (fN %)
=) (L
(Y)W

Therefore, the frequency representation of the sinc-pulse se-
quence is the multiplication between an infinite Dirac delta
comb with a rectangular function, leading to a finite, rectangular
frequency comb with NV lines. Sampling is the multiplication
of a signal s(t) with the sampling function. Any signal s(t)
multiplied with a sinc-pulse sequence in the time domain is the
convolution between its spectrum and a frequency comb. With
an N-line sinc-pulse sequence, the periodicity of the sampling
points is N/B. Similarly, with N time-interleaved N-line sinc-
pulse sequences, the periodicity will be 1/B. This characterizes
asignal with baseband bandwidth B /2, which for the time signal
s(t) is given by:

o0 m .

Z s (to + E) -sinc(Bt — Btg —m)  (5)

m=—oo

s(t) =

Here t( denotes a temporal shift, which demonstrates, that the
chosen sampling points can be shifted to any arbitrary time
position.

After multiplication with the time-interleaved sinc-pulse se-
quence in the IV branches, the sampling points of the signal are
defined by the respective peak points of the used sinc-pulse se-
quence. These optical samples can be retrieved in each branch by
a low bandwidth detector of the baseband bandwidth B/(2 V).

Since the theory guaranteeing the preservation of the sampling
points is not simply based on the orthogonality of the sinc pulses
or sinc-pulse sequences, the mathematical concept is described
in detail in the following. The full sampling process in one
branch, including the filtering with a rectangular filter, in the
time domain at the sampling point t; = mN/B + At (with m
as an integer) can be expressed as:

y(ts)

- Nf
= |77 (17 sawte - 2] (-1 () )| )
(6)
where At corresponds to the time shift of the sinc-pulse se-
quence in the branch and ]—71 is the inverse Fourier transform
operator.
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By applying the convolution theorem, (6) can be expressed
as:

y(t) = l (77 (17 (s2) - saw, 5t — A0)] ()]

SETCCD) [

By inserting the sampling points and applying symmetry and
shifting properties of the sinc-pulse sequence, (7) can be further
simplified to:

y(ts)
o B . BTt

N /_oo s(ts = 7) - sdy,p(ts =7 — At) - = - sinc <N> o
o B . BT

= /_oo s(ts —7) -sqn p(7) - s (N) dr ®)

With a multiplication theorem between sinc pulses and sinc-
pulse sequences [31], it can be written:

y(ts) = /OO s(ts — 1) - % - sinc(BT)dr ©)

o0

By using the forward and inverse Fourier transform, (9) be-
comes:

y(ts)

= {]—"fl ([]—'t (/O:O s(t — T)~]€-SinC(BT)dT):| (f))} (ts)
(10)

This can be used to apply the convolution theorem. By taking
the Fourier transform of the sinc pulses, (10) changes to:

y(t) = 5 [F7 FA@)) - [Fi(B - sine(BI()] (1)

— 5 |77 (s 1w (£))] e

Here we use the fact that the bandwidth of the rectangular
function corresponds to the maximum signal bandwidth and the
forward and inverse Fourier transform will cancel each other.
We note that the rectangular function in (11) is a result of the
convolution between the rectangular frequency comb and the
rectangular filter with a bandwidth of only B /(2 N'). From (11),
it follows:

an

1

y(ts) = Ns(ts> (12)

Thus, except a linear scaling factor 1/N the sampling points are
preserved in the process. Therefore, the electrical signal with
a reduced bandwidth of B/(2 N) detected in each of the N
branches is different from the high-bandwidth input signal, but
the sampling points taken with a periodicity N/B are the same
as that in the original signal. So, this set of sampling points of
the high-bandwidth signal can be measured by low-bandwidth
equipment. That the sampling points are preserved accurately,
is a specific property of the sinc-pulse sequences. For sampling
with other types of pulse sequences, for example based on
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Transmitter

Signal Detection

Fig. 2. Experimental setup for high-bandwidth signal detection using sam-
pling by an integrated silicon Mach-Zehnder modulator (MZM). ECL; external
cavity laser, AWG; arbitrary waveform generator, BPF; bandpass filter, RFG; ra-
dio frequency generator, CD; coherent detection, DSP; digital signal processing,
OSA; optical spectrum analyzer.

Gaussian pulses, the proposed identity would be fulfilled only
approximately leading to an inherent systematical error.

The whole set of sampling points will be finally measured
with IV branches. By inserting (12) into (5), the sampled signal
s(t) can be reconstructed from its sampling points by:

(%)) (o5 )

- N -sine(Bt — Bty — (k — 1) — mN) (13)

Accordingly, a signal with an optical bandwidth up to B can be
detected by electronics with a bandwidth of B/(2 N). Please
note that this holds for any number of comb lines V.

In (6) we have assumed an ideal rectangular filter. Thus, there
will be an error from the practical filter function. However, the
required filter bandwidth is only B/(2 N) and it is practically
much easier to get almost rectangular filter functions with low-
bandwidth than with high-bandwidth electronics. Furthermore,
for retrieving the sampling points still an electronic ADC is
required and the jitter of the optical sinc-pulse sequence might
as well lead to an error in the sampling process. However, the
bandwidth requirements for the electronic ADC are reduced by
N and the jitter for the sinc-pulse sequences corresponds to that
of the RF source, with 1/3 of the sampling rate for a three-line
comb. Thus, even for non-ideal components, a signal detection
with very high-quality should be possible, which we will show
in the following proof-of-concept experiments.

IV. RESULTS

For high-bandwidth signal detection using the presented
method, we have adapted the concept to its minimum complexity
as shown in Fig. 2. A flat three-line frequency comb, corre-
sponding to a sinc-pulse sequence with two zero crossings, is
used to sample the incoming high-bandwidth signal. Achieving
such a flat three-line frequency comb is very simple since it only
requires the setting of bias and RF voltage of the MZM in a way
that the carrier and sidebands have the same amplitude. Three
branches with time-shifted sinc-pulse sequences are required to
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extract the sampling points. However, due to a lack of equipment
and for experimental simplicity, we have just realized one single
branch and have measured the sampling points consecutively by
a phase change of the electrical driving signal.

For sampling, we used an integrated MZM, fabricated using
0.25 pm BiCMOS technology provided by IHP [13], which
facilitates monolithic integration of photonic and electronic
components on the same substrate. The high DC extinction ratio
of 40 dB and a 3-dB bandwidth of 20 GHz makes it a suitable
candidate for high-quality sinc-pulse sequence generation [25].
The sampled signals were detected by a coherent detector (CD)
and its spectrum was monitored in parallel by an optical spec-
trum analyzer (OSA).

For the signal generation (transmitter), a 1550.1 nm wave
is modulated by a LiNbO3 MZM with an arbitrary waveform
generator (AWG). For the sampling the on-chip silicon MZM is
driven with a 10 GHz and 8 GHz sinusoidal signal respectively,
generated by a radio frequency generator (RFG). The time shift
of the sampling is adjusted by a proper phase shift of the RFG.
The sampling points are extracted from the detector and the
reconstruction is carried out by offline processing according
to (13). A filter applied in the digital signal processing (DSP)
stage reduces the bandwidth of the signal to B/(2 N'). Erbium
doped fiber amplifiers and bandpass filters are used to suppress
the out of band amplified spontaneous emission noise and to
compensate for the coupling losses of the chip.

For the first set of experiments, high-speed cosine waves are
sampled by a three-line, flat comb with 10 GHz spacing in
a single branch, resulting in a sampling rate of 10 GSa/s for
the single and 30 GSa/s for all three branches. The results are
demonstrated in Fig. 3. The blue line is the input waveform and
the orange line is the measured result for one single branch. Thus,
as expected, the sampled and detected waveform is a sinusoidal
with a reduced bandwidth compared to the original signal. The
black dashed line gives a theoretical fit to the signal from the
extracted sampling points. Fig. 3(a) demonstrates the detection
for a 6 GHz sine, leading to a 4 GHz sine in the detector. In
Fig. 3(b), the detection of an 8 GHz sine leading to a 2 GHz
sine is shown and Fig. 3(c) and (d) presents the detection of a
13 GHz sine leading to a 3 GHz sine and a 14 GHz sine leading
to a 4 GHz sine, respectively.

By putting the information from all branches together, the
sampling points for the full reconstruction of the signal can be
extracted, which we have shown in Fig. 4 with an arbitrary signal
reconstructed using the presented concept. Since in our proof-
of-concept setup the sampling points were taken subsequently
and not in parallel, we utilized a Nyquist data signal (pseudo
random bit sequence), so that each sampling point belongs to
a symbol point. This makes the reconstruction of the original
high-bandwidth signal easier, since it gives a time reference
between the measurements. The signal had 12 GHz baseband
bandwidth and a symbol rate of 24 GBd in a rectangular optical
bandwidth of 24 GHz. The symbol rate was limited by the
available AWG. For the sampling a three-line comb sequence
with a spacing of 8 GHz (24 GHz bandwidth) has been used.
The detector bandwidth was restricted to B/(2 N) = 4 GHz by
an electronic setting of the DSP.
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Fig.3. Measurement of different sine waves using the presented method. The
splitting of the high frequency sinusoidal (depicted in blue) into three sinusoidals
with reduced bandwidth is shown with the orange and the two red-dashed lines.
The orange line is the sampled and detected result of one sampling branch.
The fitting to the waveform from the extracted sampling points is shown with
the black-dashed line. The green line shows the simulated pulse sequence.
(a) 6 GHz sine, down-converted to a4 GHz sine. (b) 8 GHz sine, down-converted
to a 2 GHz sine. (¢) 13 GHz sine, down-converted to a 3 GHz sine. (d) 14 GHz
sine, down-converted to a 4 GHz sine.

The calculated rms error for the reconstructed signal, calcu-
lated as the maximum value minus the minimum value from
the reference waveform (the signal applied to the AWG), was
around 3.4% (Fig. 4). For acomparison, we have tried to measure
the 24 GBd signal directly with the electrical equipment in a
back-to-back configuration. Since the bandwidth of our detector
is limited, this first attempt failed. We had to filter the signal
(again in the DSP) by a 12 GHz raised cosine filter with a roll-off
factor of 0.4 to get a trace out of the device. This measurement
resulted in an rms error of 11.6% thus, 3.4 times higher.
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Fig. 4. Signal reconstruction of a two level data signal with a bandwidth

of 24 GHz (24 GBd symbol rate) using a 4 GHz detector with the presented
method. The original data signal and its sampling points are drawn in black.
The reconstructed signal, based on the extracted sampling points from the
low-bandwidth signals, is shown in orange. The sampling points from the three
different branches (here measured consecutively) are shown in red, green and
blue.

For a further comparison, the AWG and the detector were
utilized in a back-to-back configuration to measure signals with
abaseband bandwidth of 4 GHz and the measured rms error was
around 2.9%. Therefore, the bandwidth splitting by our method
had an excess error of less than one percent.

Based on the rms errors, we have made an estimation for the
ENOB values using the following equation:

2G- A
FSR

where STN AD is the signal-to-noise-and-distortion ratio, G is
the gain factor which we set as 1, A is the signal amplitude of
the reference waveform and 'SR is the full-scale range of the
ADC [32]. In our case the SIN AD was given by:

A 1
V2 -NAD +2-2RMS

where NAD is the unnormalized rms noise and distortion in
the time domain, and RM S is the normalized rms error. The
additional factor 2 in front of the normalized rms error comes
from the fact, that we have normalized the rms error by the
the maximum value minus the minimum value. For the direct
detection the ENOB is 4.1, whereas our method results in an
ENOB of 5.9. Therefore, the estimated ENOB increment is
with 1.8 a little bit higher than the 1.6, which can be expected,
due to the bandwidth down-conversion from the Walden plot.
Furthermore, we have conducted a simulation of an ENOB
experiment with the software OptiSystem for a three-line fre-
quency comb with 30 GHz bandwidth. In this simulation we
achieved for the digitization of a 14.5 GHz sine wave an ENOB
increment of 1.4 in comparison to the direct detection of the
same waveform. Thereby the ENOB values of the digitizers were
defined according to the Walden plot, so that our advantage was
slightly smaller than 1.6 which could be theoretically expected.
We address this difference to some remaining non-idealities of
our simulation system.

ENOB = logy(SINAD) — log, ( ) —0.292 (14)

SINAD = (15)
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V. CONCLUSION

In conclusion, we have proposed and experimentally demon-
strated the detection of high-bandwidth signals with low-
bandwidth detectors based on the bandwidth reduction of the
signal enabled by sampling in a Mach-Zehnder modulator. For
ideal components, the original sampling points are accurately
preserved in the bandwidth reduced waveforms. However, even
for non-ideal components an accurate measurement is possible.
In proof-of-concept experiments we have shown the detection
of up to 24 GHz signals by detectors with a bandwidth of only
4 GHz. The rms error for the measurement was reduced by a
factor of 3.4, resulting in an increase in the ENOB of 1.8.

The method can be realized by any kind of MZMs. For a three-
line comb the maximum sampling rate corresponds to three
times the RF bandwidth of the modulator. Thus, for instance
with 100 GHz modulators as shown in silicon photonics [33]
already sampling rates of 300 GSa/s are possible in an inte-
grated device and even higher modulator bandwidths have been
demonstrated [34], [35]. In principle, other types of modulators
providing flat frequency combs with linear phase dependent lines
might as well be suited for a realization of the proposed sampling
concept, whereby integrated ring modulators would be a very
promising alternative due to their small footprint [36], [37].
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