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Abstract We demonstrate a photonic-electronic analog-to-digital converter (ADC) offering a record-high acqui-
sition bandwidth of 320 GHz. The system combines a high-speed electro-optic modulator with a Kerr comb for 
spectrally sliced coherent detection and is used for digitizing ultra-broadband data signals. 

Introduction 
Ultra-broadband analog-to-digital converters (ADC) are 
key to a variety of applications in science and industry, 
ranging from high-speed communications [1] to radar 
and security and to capturing of ultra-short events in sci-
entific experiments. While BiCMOS or CMOS-based 
ADC combine compactness and robustness with the in-
herent scalability of the underlying technology plat-
forms, the acquisition bandwidths of these devices are 
limited to typically less than 50 GHz with sampling rates 
of less than 150 GSa/s [1], [2]. The bandwidths of indi-
vidual ADC can be increased by electronic time-domain 
or frequency-domain multiplexing, thereby parallelizing 
up to four ADC and offering overall acquisition band-
widths of up to 110 GHz with an effective number of bits 
(ENOB) of approximately 5 [3]. However, the band-
width-scalability of electronically multiplexed schemes 
is limited by the analog multiplexer circuits and by the 
jitter of the associated RF oscillators [4]. Photonic-elec-
tronic ADC may overcome some of these limitations [5], 
[6], exploiting, e.g., optical time-domain sampling 
through pulse trains from ultra-stable mode-locked fiber 
lasers. However, these lasers are usually bulky, which 
prevents integration into miniaturized systems, and they 
have low repetition rates of the order of 1 GHz, which 
limits the sampling rate to, e.g., 2.5 GSa/s [5].  
In this paper, we demonstrate an ultra-broadband pho-
tonic-electronic ADC that exploits an integrated Kerr 
soliton frequency comb for spectral multiplexing in the 
optical domain. Our scheme relies on a high-speed 
electro-optic (EO) modulator that first converts the ana-
log electrical waveform to an optical signal. This signal 
is decomposed into spectrally sliced tributaries, which 
are coherently detected using the phase-locked tones 
of a Kerr comb as local oscillators (LO). The resulting 
electronic signals are then spectrally stitched by digital 
signal processing (DSP) to reconstruct the initial analog 
waveform. For precise signal reconstruction, we devel-
oped a dedicated system model that accounts for the 
exact complex-valued transfer functions of the various 
slicing filters and the subsequent in-phase / quadrature 
(IQ) receivers as well as for the transfer function of the 
EO modulator. In a proof-of-concept experiment, we 
demonstrate an implementation with four spectral slices 
and an overall acquisition bandwidth of 322 GHz. The 
system offers an estimated ENOB of approximately 2.3, 
which may be improved to approximately 3.3 by using 
an optimized LO comb with a higher optical carrier-to-
noise ratio (OCNR). We demonstrate the viability of our 
concept by digitizing sinusoidal signals up to 318 GHz 
and by acquiring a broadband analog data signal, 

consisting of a 30 GBd 32QAM waveform centered at 
24.4 GHz, a 40 GBd QPSK waveform centered at 233.4 
GHz, and a 10 GBd 16QAM waveform centered at 
264.4 GHz. To the best of our knowledge, this is the first 
demonstration of an ADC that relies on detecting spec-
tral slices in the optical domain, leading to the largest 
acquisition bandwidth demonstrated for any ADC so far. 

Concept and implementation 
The concept and the experimental setup of the spec-
trally sliced photonic-electronic ADC are illustrated in 
Fig. 1. The ultra-broadband analog electrical signal 
(“Analog In”) is first modulated onto an optical carrier 
using a high-speed Mach-Zehnder modulator (MZM), 
see Fig. 1(a). An optical demultiplexer (DEMUX1) with 
steep roll-off is then used to decompose the ultra-broad-
band optical waveform into a series of spectral slices 
that overlap slightly to facilitate spectral stitching in the 
DSP, similar to the optical arbitrary waveform measure-
ment (OAWM) schemes described in [7], [8]. The spec-
tral slices are then coherently detected by an array of 
in-phase/quadrature receivers (IQR). The associated 
local oscillator (LO) tones are derived from a chip-scale 
soliton frequency comb generator (FCG), pumped by 
the same laser (L1) that also feeds the MZM such that 
the optical carrier and all LO tones are strictly phase-
correlated. The I and Q components of the signal slices 
are digitized by an array of synchronized electronic 
ADC. In the DSP, the digitized signals are frequency-
shifted and then stitched together to obtain the desired 
digital representation of the ultra-broadband analog in-
put. In this stitching process, redundant information 
contained in the spectral overlap region is used to esti-
mate the relative phase of neighboring slices [8]. In ad-
dition, the frequency-dependent complex-valued trans-
fer functions of the various detection channels are com-
pensated based on an initial calibration measurement 
using a known optical reference signal. Figure 1(b) illus-
trates the ultra-broadband optical waveform (A, first 
row), which is sliced into a series of tributaries (second, 
third, and fourth row) along with the multi-wavelength 
LO (B, last row). Note that the slice width corresponds 
to twice the free spectral range fFSR of the LO comb and 
that only odd-order tones #1, #3, ..., #2N-1 are used for 
coherent reception to ensure gapless signal acquisition 
from DC to 2N·fFSR. 

Experimental setup and signal reconstruction 
To demonstrate the viability of the proposed ADC 
scheme, we perform a proof-of-concept experiment with 
four optical detection channels, see Fig. 1(c) for the 
setup. An external-cavity laser (ECL 1) generates the 
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carrier for the MZM, which is biased in the null point. 
ECL 1 also serves as a pump for the Kerr comb source, 
which is based on a high-Q Kerr-nonlinear silicon-nitride 
micro-resonator operated in the single-soliton re-
gime [9,10] with a free spectral range of fFSR = 40.25 
GHz. Wave shapers (WS) are used to spectrally slice 
the ultra-broadband optical signal and the comb, and an 
array of four IQ receivers, each comprising a 90° optical 
hybrid (OH) and a pair of balanced photodetectors, are 
used for coherent reception. The resulting electrical sig-
nals are digitized by eight synchronized channels of two 
high-speed real-time oscilloscopes (Keysight UXR se-
ries). In this experiment, the electrical input signal is 
modulated onto the optical carrier by a broadband thin-
film lithium-niobate (LiNbO3) MZM. Such devices with-
stand high optical powers and can reach 3 dB band-
widths of up to 100 GHz, while still showing a reasona-
ble modulation response well beyond 300 GHz [10], 
[11]. An alternative option could be ultra-broadband hy-
brid devices that combine silicon photonic or plasmonic 
waveguides with organic electro-optic materials [12-16]. 
The exact transfer function of the MZM is measured us-
ing a technique similar to the one described in [13] and 
then compensated for by the DSP. 
For digital reconstruction, the recorded signal slices are 
numerically frequency-shifted according to the spacing 
of the LO comb tones and then merged. To this end, we 
consider our receiver array as a single-input multiple-
output (SIMO) system and use maximal-ratio combing 
(MRC) [17] to maximize the SNR of the combined wave-
form. Importantly, for proper reconstruction, the com-
plex-valued transfer functions of the associated optoe-
lectronic signal paths between the MZM output and the 
electronic ADC outputs need to be measured and con-
sidered in the DSP. To this end, we first separate each 
transfer function into two components: A time-invariant 
frequency-dependent part, representing the character-
istics of the demultiplexer, the associated filters, the er-
bium-doped fiber amplifiers (EDFA), and the receiver, 
and a slowly varying frequency-independent complex-
valued factor, that accounts for the amplitude and 
phase fluctuations of the comb lines as well as for the 

random phase drift in the fibers. For precisely measur-
ing the time-invariant part, we use a novel one-time cal-
ibration method that relies on feeding the system with a 
known optical reference waveform generated by an ul-
tra-stable mode-locked laser (MENHIR-1550, rep. rate 
250 MHz, pulse width 200 fs), see Fig. 1(c). The ampli-
tude and phase spectrum of this signal are obtained by 
an independent frequency-resolved optical gating 
(FROG) measurement. By comparing the received 
spectra at the detector outputs with the known spectrum 
of the reference waveform, we derive the time-invariant 
transfer functions. For estimating the slowly varying 
path-dependent factors, we correct for the time-invari-
ant transfer functions first and then compare the com-
plex-valued amplitude spectra in the overlap regions 
between adjacent slices. 

ENOB estimation and functional demonstration 
To prove the viability of our concept, we use the setup 
shown in Fig. 1(c) to record different electronic signals, 
see Fig. 2. Figure 2(a) shows the measured amplitude 
and phase of the complex-valued transfer functions of 
the four optical channels as used for signal reconstruc-
tion. In a first set of experiments, we use sinusoidal test 
signals with different frequencies, see Fig. 2(b) for the 
corresponding results. The 40 GHz signal was obtained 
from a radio-frequency (RF) synthesizer, whereas the 
242.5 GHz- and the 317.6 GHz-signal were generated 
by beating two laser tones (intrinsic linewidth < 5 kHz) 
on a high-speed uni-travelling carrier (UTC) photodiode. 
In these experiments, we artificially added optical 
”stitching tones” in the spectral overlap range of adja-
cent slices, see Fig. 1(c). This ensures proper stitching 
of the slices even in absence of spectral content of the 
use signal in the overlap regions. Upon reconstruction 
of the signal, the stitching tones can be removed by 
DSP. The red lines in Fig. 2(a) correspond to the recon-
structed waveform, which were obtained from a sinc-
type interpolation of the measured sampling points 
(green circles). The blue traces correspond to a sinus-
oidal least-squares fit of the measured time-domain 
data. All signals were recorded for over 15.6 µs – short 
enough to avoid phase walk-off due to non-zero laser 

Fig. 1: Concept and experimental setup of the ultra-broadband spectrally-sliced photonic-electronic ADC. (a) Concept. The analog electrical 
signal (“Analog In”) is modulated on an optical carrier using a high-speed Mach-Zehnder modulator (MZM) biased in the null point. The 
resulting optical waveform is then decomposed into a series of spectral slices, which are coherently detected by an array of IQ receivers 
(IQR). The LO tones are derived from a soliton frequency comb generator (FCG), pumped by the same laser (L1) that also feeds the MZM. 
The I and Q components of the signal slices are digitized by an array of synchronized electronic ADC. The ultra-broadband waveform (‘Digital 
Out’) is then reconstructed by DSP. (b) Spectral scheme. Top row: Broadband spectrum at Point A in Fig. 1(a). Row 2 – 4: Overlapping 
spectral slices. Bottom row: FCG output spectrum at point B in Fig. 1(a). Note that Demux2 selects only the odd comb lines #1, #3 ... #7, 
which are separated by twice the free spectral range fFSR of the comb. Line #0 is supplied by ECL 1 in Fig. 1(c). (c) Experimental setup. Pump 
laser ECL 1 provides the carrier for the MZM and acts as a pump for the FCG, realized by a Si3N4 microring resonator (MRR, see inset; 
fFSR  = 40.25 GHz. Demux1,2 feed a bank of coherent optical receivers with balanced photodetectors (BPD) and 90° optical hybrids (OH). 
The BPD outputs are AD converted for offline DSP to reconstruct the analog input signal. The slice width amounts to 2fFSR = 80.5 GHz.  
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linewidths for the optically generated test signals. The 
measured and the fitted waveforms show good agree-
ment, even for the tone at 242.5 GHz, which is within 
the spectral overlap region of Slices 3 and 4, thus con-
firming the viability of the stitching concept.  
We also estimate the ENOB of our system, which quan-
tifies the signal-to-noise-and-distortion ratio (SINAD) of 
a harmonic test signal that fully covers the ADC acqui-
sition, ENOB = (SINADdB-1.76) / 6.02, where SINADdB 
refers to the SINAD measured in dB [18]. For our 
scheme, the acquisition range is limited by the nonlinear 
transfer characteristics of the MZM. For a quantitative 
analysis, we measure the noise power of our system 
and then calculate the peak-to-peak drive voltage 

Umax,pp  0.70 Uπ = 1.68 V for which the third-order in-
termodulation products reach the same power level as 
the system noise when operating the MZM with a low-
frequency sinusoidal. This voltage corresponds to the 
acquisition range of our ADC. To estimate the ENOB, 
we drive the system with a sinusoidal signal at 309 GHz. 
Lacking a signal source that can generate a full-range 
signal with a peak-to-peak voltage of Umax,pp = 1.68 V at 
309 GHz, we use a smaller amplitude, extract the dis-
tortions, and then estimate a SINAD of 15.7 dB (ENOB 
of 2.3), which can be expected for a full-range sinusoi-
dal. We find that the SINAD is strongly limited by the 
rather low optical carrier-to-noise ratio (OCNR) of the 
LO comb, which amounts to only 22.6 dB for a noise 
reference bandwidth of 12.5 GHz (0.1 nm). For opti-
mized Kerr combs, OCNR in excess of 40 dB are not 
unusual [19]. This would lead to a SINAD of at least 

21.6 dB (ENOB = 3.3) without considering 
any further reduction of other noise contri-
butions. Note that the time base of the cur-
rent system still relies on the RF oscillators 
of the oscilloscopes such that the ENOB will 
still be limited by the associated timing jitter. 
Note also that we neglected the optical 
stitching tones and the impact of the elec-
tronic ADC noise in our ENOB analysis. 
To investigate the spectral characteristics of 
our ADC, we acquire sinusoidal tones at 
various frequencies and refer the digitally 
recorded signal power to the power of the 
respective analog signals. The resulting 
transfer function is normalized to its value in 
the low-frequency limit, see Fig. 2(c). Note 
that we could not record any signals be-
tween 50 GHz and 220 GHz due to the lack 
of adequate sources. Still, the measurement 
shows that the ADC offers an essentially flat 
frequency response up to 320 GHz. In a fi-
nal set of experiments, we use the system 
to acquire a broadband analog data signal, 
consisting of a 30 GBd 32QAM waveform 
centered at 24.4 GHz, a 40 GBd QPSK 
waveform centered at 233.4 GHz, and a 
10 GBd 16QAM waveform centered at 
264.4 GHz. Figure 2(d) shows the spectrum 
along with the constellation diagrams of the 
various data signals. The increase of the 
noise floor towards higher frequencies and 
the noise peaks around 297 GHz are a con-
sequence of the compensation of the MZM 

transfer function, which decays continuously with fre-
quency while featuring some dips around 297 GHz. 
Note that, in this experiment, the ultra-broadband data 
signal could not be fed to the MZM through a single 
probe due to the large electrical bandwidth. We there-
fore used a second set of electrodes of the MZM to sup-
ply the 30 GBd 32QAM signal at 24.4 GHz. Besides the 
data signals, the spectrum contains residual clock tones 
of the oscilloscope as well as stitching tones at approx-
imately 80.5 GHz and 161.0 GHz. Overall, the signals 
were reconstructed with acceptable quality, thereby 
proving the viability of the scheme. 

Summary 
We demonstrated a photonic-electronic ADC with a rec-
ord-high acquisition bandwidth of 320 GHz. The con-
cept relies on an EO modulator for converting the ana-
log electrical waveform to an optical signal, which is 
spectrally sliced and coherently detected using a Kerr 
frequency comb as a multi-wavelength LO. From our 
experiments, we estimate an ENOB of approximately 
2.3, which may be further improved to 3.3 by reducing 
the OCNR of the LO Kerr comb. The viability of the 
scheme is demonstrated in proof-of-concept experi-
ments using ultra-broadband data signals. To the best 
of our knowledge, this is the first demonstration of an 
ultra-broadband ADC that relies on spectral slicing in 
the optical domain. By increasing the number of slices 
and by exploiting highly stable Kerr combs with ultra-
low phase noise [20], our concept may open a path to 
acquisition bandwidths of the order of 1 THz using a 
fully integrated photonic-electronic system [8].  

Fig. 2: ADC demonstration. (a)  Amplitude and phase of the complex-valued transfer 
functions of the four detection channels as obtained from the calibration measure-
ment. (b) Acquired sinusoidals at 40 GHz, 242.5 GHz, and 317.6 GHz. Green circles: 
Sampling points. Red curve: Sinc-interpolation of the sampling points. Blue curve: 
Fitted sinusoidal. (c) Frequency response of the ADC system upon compensation of 
the MZM transfer function. Black circles: Measured data points; dashed red line: Lin-
ear fit. The frequency response is essentially flat over the full bandwidth of 320 GHz. 
(d) Stitched spectrum of a superposition of three QAM signals, centered at carrier 
frequencies f1, f2, f3 along with the corresponding constellation diagrams. Overlap 
regions and stitching tones are indicated in orange.  
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