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Abstract We demonstrate the first slice-less optical-arbitrary-waveform-measurement (OAWM) front-
end integrated on a silicon photonic chip and demonstrate its viability by reception of high-speed data
signals (100 GBd 64 QAM). Our system covers a bandwidth of more than 160 GHz and exploits an
accurate calibration for high-fidelity signal reconstruction. ©2022 The Author(s)

Introduction

Optical arbitrary waveform measurement (OAWM)
based on optical frequency combs gives access to
the full-field information of broadband optical
waveforms [1-4]. Applications range from recep-
tion of high-speed communication signals [2-4]
and elastic optical networking [5] to ultra-broad-
band photonic-electronic analog-to-digital conver-
sion (ADC) [6-8] and investigation of ultra-short
events in science and technology [1]. Previous
demonstrations of OAWM have relied on spectrally
sliced reception, where the broadband optical in-
put signal is first decomposed into a multitude of
narrowband spectral slices, which are individually
received by an array of in-phase/quadrature re-
ceivers (IQR) using a frequency comb as multi-
wavelength local oscillator (LO). The original
waveform is then reconstructed by digital stitching
of the individual tributaries [1-4]. However, this
scheme requires high-quality optical filters for
spectral slicing of the optical signal and for sepa-
rating the comb tones. While the IQR can be effi-
ciently integrated using readily available platforms
such as silicon photonics (SiP) or indium phos-
phide (InP), the associated high-quality slicing fil-
ters are much more challenging to implement
based on high index-contrast waveguides. As an
example, previous demonstrations of integrated
OAWM receivers either relied on InP-based ar-
rayed waveguide gratings (AWG), that required in-
dividual phase correction in the various arms [9],
or on SiP coupled-resonator optical waveguide
(CROW) structures [4,10], that need sophisticated
control schemes for thermal tuning. To overcome
these challenges, we recently proposed and
demonstrated a slice-less OAWM scheme [11],
which does not require any high-quality slicing fil-
ters. However, this experiment still relied on dis-
crete fiber-optic components.

In this paper, we demonstrate the first inte-
grated slice-less OAWM front-end. The scheme
relies on an array of IQR, which are fed by the full
optical waveform and by time-delayed copies of
the full LO comb. The electrical signals then

contain superimposed mixing products of the vari-
ous LO tones with the respective adjacent portions
of the signal spectrum and allow to reconstruct the
full-field information of the incoming waveform us-
ing advanced DSP [11]. Our demonstration relies
on a single silicon photonic integrated circuit (PIC)
that combines an array of IQR with the associated
passive components such as power splitters and
delay lines. The PIC does not require any active
control and is wavelength-agnostic, easily cover-
ing the telecommunication C-band. In our proof-of-
concept experiments, we use four IQR and
demonstrate an acquisition bandwidth of more
than 160 GHz. The viability of the scheme is
shown by reception of various waveforms such as
a 100 GBd 64 QAM signal or a combination of
60 GBd and 80 GBd 64QAM signals. The band-
width of the system scales linearly with the number
of receiver channels and can thus be further in-
creased. To the best of our knowledge, our exper-
iments represent the first OAWM demonstration
with an optical front-end having co-integrated pho-
todetectors.

Concept, experimental setup, and PIC design

The concept of slice-less OAWM is illustrated in
Fig. 1(a). A transmitter (Tx) generates an optical
signal ag(?), that is amplified and fed to the inte-
grated OAWM front-end that is a silicon PIC. On
the PIC, the signal is split into N =4 copies and
routed to an integrated IQR array (IQR 1...4). An
optical frequency comb generator (FCG) gener-
ates M =4 phase coherent optical tones with fre-
quencies f, and with a free spectral range frsr
by modulating a continuous-wave tone emitted by
a low-linewidth fiber laser. The LO comb is coupled
to the PIC, where it is split and delayed before be-
ing fed to the IQR array. The individual delays 7,
are approximately evenly distributed over the rep-
etition period of the LO. The in-phase (1) and quad-
rature (Q) components [,(r) and Q,(¢)
(v=1,...N) of the complex-valued baseband sig-
nals are extracted from the respective balanced
photodiode and digitized by an array of ADC. The
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Fig. 1. Concept and implementation of an OAWM receiver front-end on a silicon photonic integrate circuit (PIC).

(a) A transmitter

(Tx) generates a signal that is amplified and coupled to the OAWM front-end. An optical frequency comb generator (FCG) based
on a Mach-Zehnder modulator (MZM) and a low-phase-noise fiber laser generates four coherent tones spaced by
frsr =39.96 GHz that are used as multi-wavelength local oscillator (LO). The signal is split into four copies and routed to an array
of in-phase quadrature receivers (IQR). The LO is also split, delayed by 7, ,v=1,...,4, and also routed to the IQR array. The
radio-frequency (RF) output signals are captured by an array of ADC (UXR series oscilloscopes), and the signal under test is

reconstructed by digital signal processing (not shown).

(b) Photograph of the OAWM PIC comprising several 2x2 multi-mode

interference couplers (MMI) as power splitters, delay lines for the LO, 90° optical hybrids (2x4 MMI) as well as balanced Germa-
nium photodetectors. The RF signals are extracted with GSG probes from the top and bottom. The BPD are biased at -3 V.

baseband signals U, (1)=1,(t)+j0,(t) can then
be related to the optical input waveform aq(¢) by a
frequency domain model [11]

~ M ~ ~
U,(N=2 H,(Nas(f+1)+G, (), (1)
u=l1

where QV (f) is statistically independent additive
noise introduced by the receivers and where
EIW (f) are equivalent transfer functions that com-
prise both optical characteristics around the asso-
ciated LO tone f, and electrical characteristics of
the respective IQRv . Assuming that all transfer
functions are known, Eq. (1) can be inverted, and
the complex-valued envelope of the optical input
signal ag(f) can be reconstructed. Note that this
scheme resembles so-called asynchronous time
interleaving that is used in high-speed digital oscil-
loscopes [12],[13]. However, for the optical imple-
mentation used here, the compensation of phase
drifts is critical, especially when measuring un-
known arbitrary waveforms [11] rather than com-
munication signals with known structure [14],[15].
In our experiments, these phase drifts are digitally
compensated by exploiting redundant information
contained in the baseband signals if the associ-
ated acquisition bandwidth exceeds fgg /2 [11].
Fig. 1(b) shows a photograph of the OAWM
PIC. The PIC comprises dedicated couplers for the
signal (left) and the LO (right), which are prepared
for future optical packaging with photonic wire
bonds (PWB) [16]. The power splitters rely on 2x2
multi-mode interference (MMI) couplers, the 90°
optical hybrids comprise 2x4 MMI that establish
the desired 90° phase relationship between its
paired outputs for the in-phase /(¢) and quadra-
ture Q(r) signals, such that no active phase

shifters are required. We measure this IQ-phase
for all IQR to be in the range of 84° to 89°. Each
balanced photodetector (BPD) consists of two
Germanium photodiodes that are reverse biased
at -3V. All channels are contacted with two
4xGSG probes and connected with 70 cm-long co-
axial cables to two synchronized oscilloscopes
(Keysight UXR-series) that serve as back-end
ADC. The digital data is processed offline in
Matlab. In all our measurements we use an LO
comb with frgr =39.96 GHz.

Calibration

For accurate signal reconstruction, the transfer
functions Ijm (/) in Eq. (1) must be determined in
an independent measurement. To this end, we use
a known optical reference waveform (ORW) gen-
erated by a femtosecond laser (Menhir Photonics)
with a repetition rate of fryw =250 MHz to spec-
trally sample the transfer function at discrete points
spaced by forw . The reference waveform has
been characterized by a frequency-resolved opti-
cal gating (FROG) measurement. To avoid satu-
rating the photodetectors with the high peak power
of the optical pulses, we attenuate the ORW suffi-
ciently and disperse it by adding 2x10 km of single
mode fiber (SMF1 + SMF2). This reduces the
peak-to-average power ratio (PAPR) of the ORW
significantly and thus improves the SNR of the cal-
ibration. Note that we perform additional measure-
ments with only SMF1 or only SMF2 in the meas-
urement path to accurately separate the phase
profile imposed by the fibers from the response of
the receiver. In Fig. 3(a), we show the measured
transfer function A (f)= ‘Ell(ll) (f)Lexp(j%(’ll) (f))
as an example. In contrast to the formulation in
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Fig. 3. Calibratizon of the OAWM receiver.
sponse |Ij,1(f)| (red) and phase response ¢,,(f) (blue) of
the transfer  function AN (f)= |H([)(fJexp(_|(pl(l)(f))
(b) Zoom-in of the power transfer function from 0 to 2 GHz, see
black box in (a). The individual color-coded dots represent in-
dividual calibrations, that are recorded with different frequency
offsets between ORW and LO. The individual calibrations are
stitched to obtain a high-resolution calibration. (c¢) Zoom-in of
the phase transfer from 0 to 2 GHz, see black box in (a).

Eq.(1), we calibrate for the in-phase A))(f) and
quadrature [ (f)channel of each IGR sepa-
rately. This allows to additionally compensate for
any IQ-imbalance. The power response H(I)(f)|
red trace in Fig. 3(a), comprises the roll-off of aII
components (BPD, probe, cable, coaxial adaptors)
and reaches -5 dB at the minimum required ADC
bandwidth By > frsr /2 =20 GHz. The phase re-
sponse ¢, (f), blue trace in Fig. 3(a), is approxi-
mately flat in the bandwidth of interest. To obtain a
calibration with sufficient spectral resolution, we
resort to a multi-shot calibration technique, i.e., we
acquire several calibrations while varying the fre-
quency offset between the ORW and the LO. This
is illustrated in a Zoom-in shown in Fig. 3(b) and
(c), which depict the color-coded individual calibra-
tions for the power and phase response after com-
pensation of time variant phase drifts in a 2 GHz-
wide spectral range, see black boxes in Fig. 2(a).
Note that the fine ripples on top of the amplitude
and phase response seen in Fig. 3(b) and (c) can
be attributed to reflections in the 70 cm-long RF
cables originating from poor matching of the high-
impedance photodetectors to the 50 Ohm input of
the oscilloscope. We further characterized the dis-
tortions of our OAWM system by measuring single-
tone test signals. The calibration can reduce the
crosstalk between different spectral bands, as well
as the 1Q-images to —-40 dB on average. The sys-
tem performance is therefore mainly limited by
noise introduced in the backend ADC.

(a) Power re-

Experimental demonstration

We test the OAWM system using different optical
data signals that were generated by high-speed IQ
modulators and electrical arbitrary-waveform

corresponding constellation diagrams.

generators (M8194A from Keysight). Fig. 2(a)
shows the power spectrum of a reconstructed
100 GBd 64 QAM data signal and the correspond-
ing constellation diagram, from which we estimate
the constellation SNR, SNR_ =19.3 dB. We believe
that the performance is mainly limited by the trans-
mitter, as we previously obtained similar results
(same transmitter) for a single-slice 1Q receiver
and a spectrally sliced OAWM system [4]. We ad-
ditionally record the electrical receiver noise with
all optical signals being disconnected. After apply-
ing the same DSP to the noise recordings as pre-
viously to the actual data, we obtain the stitched
receiver noise (gray) in Fig. 2(a). It has a periodic
frequency dependence, as different spectral slices
are stitched and as the roll-off of the IQR is digitally
compensated for each slice. In Fig. 2(b) we show
another example, where an 80 GBd and a 60 GBd
64 QAM signal is fit into the receiver bandwidth of
slightly more than 160 GHz. Due to the lower indi-
vidual bandwidths, the SNR_ increases to 21.3 dB
and 21.9 dB, respectively. The receiver bandwidth
can well compete with previous demonstrations of
spectrally sliced OAWM receivers that still relied
on external photodiodes [1,4].

Summary

We have demonstrated an OAWM front-end using
an integrated silicon PIC that combines passive
delay lines with the associated high-speed Q-
receivers. We achieve a total bandwidth of
160 GHz. With a high-resolution calibration, we
can reduce crosstalk and IQ-images to -40 dB and
obtain an accurate representation of the signal un-
der test. The concept is further scalable to larger
bandwidths.
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