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Abstract—Comb-based optical arbitrary waveform measure-
ment (OAWM) techniques can overcome the bandwidth limita-
tions of conventional coherent detection schemes and may have
a disruptive impact on a wide range of scientific and industrial
applications. Over the previous years, different OAWM schemes
have been demonstrated, showing the performance and application
potential of the concept in laboratory experiments. However, these
demonstrations still relied on discrete fiber-optic components or
on combinations of discrete coherent receivers with integrated
optical slicing filters that require complex tuning procedures to
achieve the desired performance. In this paper, we demonstrate
the first wavelength-agnostic OAWM front-end that is integrated
on a compact silicon photonic chip and that neither requires slicing
filters nor active controls. Our OAWM system comprises four IQ
receivers, which are accurately calibrated using a femtosecond
mode-locked laser and which offer a total acquisition bandwidth
of 170 GHz. Using sinusoidal test signals, we measure a signal-to-
noise-and-distortion ratio (SINAD) of 30 dB for the reconstructed
signal, which corresponds to an effective number of bits (ENOB) of
4.7 bit, where the underlying electronic analog-to-digital converters
(ADC) turn out to be the main limitation. The performance of the
OAWM system is further demonstrated by receiving 64QAM data
signals at symbol rates of up to 100 GBd, achieving constellation
signal-to-noise ratios (CSNR) that are on par with those obtained
for conventional coherent receivers. In a theoretical scalability
analysis, we show that increasing the channel count of non-sliced
OAWM systems can improve both the acquisition bandwidth and
the signal quality. We believe that our work represents a key step
towards out-of-lab use of highly compact OAWM systems that rely
on chip-scale integrated optical front-ends.
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I. INTRODUCTION

O PTICAL arbitrary waveform measurement (OAWM)
based on frequency combs gives access to the full-field

information of broadband optical waveforms [1], [2], [3], [4],
[5], [6], [7], [8], [9]. Applications range from reception of high-
speed communication signals [2], [3], [4], [5], [6], [7], [8], [9]
and elastic optical networking [4] to ultra-broadband photonic-
electronic analog-to-digital conversion [10], [11], [12], [13] and
investigation of ultra-short events in science and technology [1].
Previous demonstrations of comb-based OAWM have relied
on spectrally sliced reception, where the broadband optical
input signal is first decomposed into a multitude of narrowband
spectral slices by appropriate optical filters. These slices are
then individually received by an array of in-phase/quadrature
receivers (IQR) using a frequency comb as multi-wavelength
local oscillator (LO), and the original waveform is reconstructed
by spectral stitching of the received tributaries in the frequency
domain [1], [2], [3], [4], [5]. However, this concept suffers from
the complexity of the underlying high-quality optical filters,
which are required both for spectral slicing of the optical signal
and for separating the LO comb tones. Specifically, while IQ
receivers can be efficiently integrated using readily available
high-index-contrast photonic platforms such as silicon photon-
ics (SiP) or indium phosphide (InP), high-quality filters are much
more challenging to implement in these material systems due to
their sensitivity to fabrication inaccuracies and resulting phase
errors. As an example, previous demonstrations of integrated
OAWM receivers either relied on InP-based arrayed waveguide
gratings (AWG) that required individual phase correction in the
various arms [14], or on SiP coupled-resonator optical wave-
guide (CROW) structures [5], [15] that need sophisticated con-
trol schemes for thermal tuning. To overcome these challenges,
we recently proposed and demonstrated a non-sliced OAWM
scheme [6], [7], which does not require any high-quality slicing
filters. However, while this scheme lends itself to efficient and
robust implementation using high-density photonic integrated
circuits (PIC), the underlying proof-of-concept experiments still
relied on discrete fiber-optic components.
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Fig. 1. Concept and implementation of our OAWM receiver front-end relying on a silicon photonic integrated circuit (PIC). (a) The optical signal under test
aS(t) is first amplified and filtered by a bandpass (BP) before being coupled to the OAWM front-end. An optical frequency comb generator (FCG) based on a
low-phase-noise fiber laser and a subsequent Mach-Zehnder modulator (MZM) provides four coherent LO tones with free spectral range fFSR = 39.96 GHz, which
is defined by the modulation frequency. The signal is split into N = 4 copies and routed to an array of in-phase quadrature receivers (IQR). The LO is also split, and
the copies are delayed by four distinct intervals τν , ν = 1, . . . , 4, and routed to the IQR array. The radio-frequency (RF) output signals of the IQR are captured by
an array of ADC, and the signal under test is reconstructed by digital signal processing (not shown). (b) Microscope image of the OAWM front-end PIC comprising
several 2×2 multi-mode interference couplers (MMI) as power splitters, delay lines for the LO, 90° optical hybrids (2×4 MMI) as well as balanced germanium
photodetectors. The RF signals are extracted using RF probes from the top and bottom. The balanced photodetectors (BPD) are biased at −3 V. (c) Photograph
of the experimental setup showing the connection of the OAWM front-end PIC via coaxial cables to a pair of high-speed real-time oscilloscopes (keysight UXR
series) that serve as an ADC array. Note that rather long RF cables are required to connect the chip on the probing stage to the high-speed oscilloscopes, which
could be avoided in future implementations.

In this paper, we demonstrate the first PIC-based implemen-
tation of a non-sliced OAWM front-end [9]. The scheme relies
on an array of IQ receivers, 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 various LO tones with the respective adjacent portions of
the signal spectrum and allow to reconstruct the full-field infor-
mation of the incoming waveform using advanced digital signal
processing (DSP) [7]. In our work, we demonstrate an integrated
OAWM front-end that combines the IQ receiver array with the
associated passive components such as power splitters and delay
lines on a compact silicon PIC. The front-end does not require
any active control of phase shifters and is wavelength-agnostic,
thus allowing to receive signals throughout the telecommunica-
tion C-band – in sharp contrast to sliced receiver schemes relying
on dedicated slicing filters that are either fixed or complex to
control. To the best of our knowledge, our experiments represent
the first OAWM demonstration with an optical front-end having
co-integrated photodetectors. In our proof-of-concept experi-
ments, we use four IQ receivers, each relying on photodetectors
having a moderate 3 dB bandwidth of less than 20 GHz, to
demonstrate an optical acquisition bandwidth of 170 GHz. We
analyze the noise and distortions introduced by the OAWM
system by measuring an external-cavity laser (ECL) tone tuned
to different frequencies, revealing signal-to-noise-and-distortion
ratios (SINAD) of approximately 30 dB. This corresponds to
an effective number of bits (ENOB) of approximately 4.7 for
the overall OAWM system, with the acquisition noise of the
underlying analog-to-digital converters (ADC) being the main
limitation. The viability of the scheme is shown by the reception
of various waveforms such as a 100 GBd 64QAM signal or
a combination of 60 GBd and 80 GBd 64QAM signals. We
finally perform a scalability study, investigating the potential of

increased numberN of IQR channels and quantify the associated
limitations analytically. On the one hand, increasing the channel
count offers a path towards efficient bandwidth scaling with
linearly increasing hardware. On the other hand, for a fixed
overall bandwidth, a higher channel count N allows to relax the
bandwidth requirements of a single receiver, such that slower
ADC with higher ENOB can be used, thereby increasing the
achievable SINAD.

II. CONCEPT

The concept of the integrated OAWM system is illustrated
in Fig. 1(a). The optical signal under test, aS(t), with spec-
trum ãS(f) is amplified and fed to the PIC-based OAWM
front-end. On the PIC, the signal is split into N = 4 copies
and routed to an array of integrated IQ receivers (IQR 1 …4).
An optical frequency-comb generator (FCG) generates M = 4
phase-locked optical tones with frequencies fμ and with a free
spectral range (FSR)fFSR 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 in N = 4 identical copies, which
are delayed before being fed to the respective IQ receiver. The
individual delays τν are approximately evenly distributed over
the repetition period of the LO. The in-phase (I) and quadrature
(Q) components Iν(t) and Qν(t) for IQRν, ν = 1, . . . N are
extracted from the respective balanced photodiodes and digitized
by an array of ADC, Fig. 1(a).

The mathematical model of non-sliced OAWM is described
in more detail in [8] such that we limit our description here to a
summary of the essentials. The overall 2N recorded baseband
spectra Ĩν(f) and Q̃

ν
(f) for ν = 1, . . . , N can be related to the

overall M frequency down-shifted signal spectra ãS(f + fμ) for
μ = 1, . . . ,M associated with the LO tones at frequencies fμ
by a set of N linear equations with frequency-dependent transfer
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functionsH̃
(I,t)

νμ (f) and H̃
(Q,t)

νμ (f),

Ĩν(f) =
M∑
μ=1

(
H̃

(I,t)

νμ (f)ãS(f + fμ)

+H̃
(I,t)∗
νμ (−f)ã∗S(−f + fμ)

)
+ G̃(I)

ν (f), (1)

Q̃ν(f) =

M∑
μ=1

(
H̃

(Q,t)

νμ (f)ãS(f + fμ)

+H̃
(Q,t)∗
νμ (−f)ã∗S(−f + fμ)

)
+ G̃(Q)

ν (f). (2)

In these relations, the frequency-dependent transfer functions

H̃
(I,t)

νμ (f) and H̃
(Q,t)

νμ (f) comprise the optical characteristics of
the respective optical signal path through the setup, the electrical
characteristics of the respective IQ receiver IQRν, as well as
the amplitude and the phase and of the associated LO tone
at frequency fμ. The noise added by the receiver system is

described by G̃
(I)
ν (f) and G̃

(Q)
ν (f) for the in-phase and quadra-

ture component, respectively, and comprises shot noise, thermal
noise, noise of electrical amplifiers, and quantization noise.
The various noise sources associated with different channels
are assumed to be statistically independent. Note that the setup
considered here contains an additional optical amplifier, labeled
“AMP” in Fig. 1(a), at the input, which is considered part of
the OAWM system. This amplifier adds amplified spontaneous
emission (ASE) noise to the incoming signal, which, strictly
speaking, needs to be considered for the further analysis of the
signal quality. To keep the analysis simple, we assume for now
that the optical input signal aS(t) and the generated LO comb
are strong enough to render the ASE noise insignificant. We later
conduct a more detailed investigation of the impact of ASE and
the associated sensitivity limitations, see Fig. 10 below.

The relations (1) and (2) can be combined into a single matrix-
vector equation. To this end, we interpret the spectra Ĩν(f) and
Q̃

ν
(f) for ν = 1, . . . , N as components of (N,1) vectors Ĩ(f),

Q̃(f), respectively, and the transfer functions H̃
(I,t)

νμ (f) and

H̃
(Q,t)

νμ (f) are transformed into two associated (N, M) matrices

H̃
(I,t)

(f) and H̃
(Q,t)

(f). We further define a (M, 1) signal
vector ÃS(f), that comprises all frequency-shifted signal spec-
tra ãS(f + fμ), ÃS(f) = [ãS(f + f1) · · · ãS(f + fM )]T [8].
With these definitions, (1) and (2) can be re-written as[

Ĩ(f)

Q̃(f)

]
=

[
H̃

(I,t)
(f) H̃

(I,t)∗
(−f)

H̃
(Q,t)

(f) H̃
(Q,t)∗

(−f)

]
︸ ︷︷ ︸

H̃(f)

[
ÃS(f)

Ã
∗
S(−f)

]

+

[
G̃(I)(f)

G̃(Q)(f)

]
. (3)

Assuming that all transfer functions are known, H̃(f) can
be inverted for frequencies within the receiver bandwidth B,

|f | ≤ B, and an estimate [Ã
(est)

S (f)T, Ã
(est)∗
S (−f)T]

T

for the

signal vector [ÃS(f)
T, Ã

∗
S(−f)T]

T
can be reconstructed. This

can either be done by calculating the regular matrix inverse

H̃
−1
(f) of H̃(f) in case of a square matrix (N = M), or by

computing the pseudo-inverse of H̃(f) in case the number of
IQ receivers exceeds that of LO comb tones, N > M . The

latter leads to a least-square estimate Ã
(est)

S (f) of the signal
vector from the overdetermined linear system of equations. In
the following, we refer to the components ã(est)S,μ (f + fμ) of the

estimated signal vector Ã
(est)

S (f) as frequency-shifted signal
slices, because they represent the spectral portion around the
respective LO tone fμ of the original signal spectrum ãS(f).
Without loss of generality, we limit the discussion to the case,
where the number of IQ receivers N equals the number of LO
comb linesM ,N = M , as this configuration leads to the highest
acquisition bandwidth, Bopt ≈ M × fFSR for a given number
Nof IQ receiver. The inverse of relation (3) can thus be written
as, [

Ã
(est)

S (f)

Ã
(est)∗
S (−f)

]
︸ ︷︷ ︸

Reconstructed
signal vector

= H̃
−1

(f)

[
Ĩ(f)

Q̃(f)

]
(4)

Note that (3) is redundant when evaluated in the full frequency
range f ∈ [−B,B], because Ĩ(f) and Q̃(f) are spectra of
real-valued signals I(t) and Q(t), such that Ĩ(f) = Ĩ∗(−f)
and Q̃(f) = Q̃∗(−f). Consequently, it is sufficient to evaluate
(4) only for the frequency range f ∈ [0, B], which yields both

Ã
(est)

S (f) and Ã
(est)∗
S (−f) and thus allows to recover the signal

vector Ã
(est)

S (f) in the full frequency range f ∈ [−B,B].

Because the transfer functions H̃
(I,t)

νμ (f) and H̃
(Q,t)

νμ (f)
are eventually determined by noisy calibration measurements,

the resulting inverse matrix H̃
−1
(f) is not known to per-

fect accuracy. We therefore consider an additional error term

ΔH̃
−1
(f) for the signal reconstruction. The estimated sig-

nal vector Ã
(est)

S (f) is hence not only impaired by noise-
related components ÃG(f), but also by crosstalk ÃX(f)
among all spectral slices ãS(f + fμ) and conjugate counterparts
ã∗S(−f + fμ), see [8],[

Ã
(est)

S (f)

Ã
(est)∗
S (−f)

]
︸ ︷︷ ︸

Reconstructed
signal vector

=
[
H̃

−1
(f) + ΔH̃

−1
(f)

] [ Ĩ(f)
Q̃(f)

]

=

[
ÃS(f)

Ã
∗
S(−f)

]
︸ ︷︷ ︸

Signal vector

+ ΔH̃
−1

(f) H̃(f)

[
ÃS(f)

Ã
∗
S(−f)

]
︸ ︷︷ ︸

Crosstalk:
[
ÃX(f)

T Ã
∗
X(−f)T

]T

+
[
H̃

−1
(f) + ΔH̃

−1
(f)

] [ G̃(I)(f)

G̃(Q)(f)

]
︸ ︷︷ ︸

Noise:
[
ÃG(f)

T Ã
∗
G(−f)T

]T

. (5)
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After reconstructing the frequency-shifted spectral slices
ã
(est)
S,μ (f + fμ), that are the components of the reconstructed

signal vector Ã
(est)

S (f) in the range f ∈ [−B,B], we undo the
frequency shift numerically and stitch the resulting spectra by
performing a weighted average to obtain an estimate ã

(est)
S (f)

for the input spectrum, see [8] for a more detailed description.
The time-domain waveformaS(t) is then recovered by an inverse
Fourier transform.

For a practical implementation, we need to determine the
transfer matrix H̃(f) that is composed of the various transfer

functions H̃
(I,t)

νμ (f) and H̃
(Q,t)

νμ (f). Importantly, the transfer
functions are impacted by slow drifts of the optical phases
ϕ
(t)
F,ν in the various receiver paths, ν = 1, . . . , N , as well as

by unknown initial phases ϕ(t)
LO,μ of the various LO comb lines

at frequencies fμ μ = 1, . . . ,M , and we have to correct for
these impairments during signal reconstruction. To this end, we

separate the transfer functions H̃
(I,t)

νμ (f), H̃
(Q,t)

νμ (f) associated
with the various receivers IQRν ν = 1, . . . , N and comb lines
fμ,μ = 1, . . . ,M , in a frequency- dependent and time-invariant

component H̃
(I)

νμ(f), H̃
(Q)

νμ (f), that is determined in a sepa-
rate calibration measurement, see Sect. IV below, and in two
slowly time-variant factors H

(t)
F,ν = exp(jϕ

(t)
F,ν) and H

(t)
LO,μ =

exp(j ϕLO,μ), that describe the phase drift accumulated along
the various detection paths as well as the initial phase of each
LO comb line, respectively [7]. The transfer functions can thus
be written as

H̃
(I,t)

νμ (f) = H
(t)
F,ν ×H

(t)
LO,μ × H̃

(I)

νμ(f)

= e
j
(
ϕ

(t)
F,ν+ϕLO,μ

)
H̃

(I)

νμ(f),

H̃
(Q,t)

νμ (f) = H
(t)
F,ν ×H

(t)
LO,μ × H̃

(Q)

νμ (f)

= e
j
(
ϕ

(t)
F,ν+ϕLO,μ

)
H̃

(Q)

νμ (f), (6)

where the complex-valued factors H
(t)
F,ν and H

(t)
LO,μ are either

fixed or drift very slowly with time, see Fig. 3(d) below, and
can therefore be considered constant during one recording with
a typical length a few microseconds. We further assume that
the LO comb tones are phase locked and do not drift indepen-
dently such that the corresponding time-domain pulse shape is
stable. In this case, the only free LO parameter is the relative
temporal position τLO of the pulse train within the recording
acquired by the ADC array. Consequently, we may reduce the
number of free parameters by setting ϕLO,μ = 2πfFSRτLOμ. To
estimate and compensate for these drifts, we exploit redundant
information that is comprised in the baseband signals I(t) and
Q(t), if the ADC bandwidth B exceeds fFSR/2. In this case,
spectral components of the optical input signal that are located in
so-called overlap regions (OR), fOR ∈ [fμ+1 −B, fμ +B], are
down-converted to the baseband twice since the mixing products
|fOR − fμ| and |fOR − fμ+1| with both adjacent LO tones at
frequencies fμ and fμ+1 fall into the detection bandwidth B of
the corresponding IQ receiver, see Fig. 2. This creates signal
components with redundant information, which allows us to

Fig. 2. Generation of partially redundant signal components by down-
conversion of a broadband optical input signal with spectrum ãS(f) using
an LO comb with spectrum ãLO(f) and ADC with bandwidth B > fFSR/2.
Within the overlap regions (OR), fOR ∈ [fμ+1 −B, fμ +B], μ = 1, 2, 3,
spectral components of the optical input signal ãS(f) are down-converted to
the baseband twice, since the mixing products |fOR − fμ| and |fOR − fμ+1|
with both adjacent LO tones at frequencies fμ and fμ+1 fall into the detection
bandwidth B of the corresponding IQ receiver. In case the optical input signal
does not comprise spectral components within the OR, we may choose to add
pilot tones (dashed green arrows) to ensure that there exists redundancy in the
downconverter baseband signals Ĩν(f) and Q̃

ν
(f) as needed for the phase drift

compensation.

quantify and to compensate the phase drift along the various
detection paths as well as the temporal position τLO of the
pulse train within the recording [8]. Note that the presented
non-sliced OAWM scheme is closely related to asynchronous
time interleaving that is used in high-speed digital oscilloscopes
[16]. However, for the optical implementation used here, the
compensation of phase drifts in the various detection paths is
crucial, especially when measuring unknown arbitrary wave-
forms that do not allow to use phase correction algorithms that
are available for data signals only [17], [18], [19].

III. INTEGRATED OAWM RECEIVER FRONT-END

The OAWM receiver concept illustrated in Fig. 1(a) has been
implemented using the silicon photonic integration platform,
see Fig. 1(b) for a photograph of the associated PIC. The PIC
comprises grating couplers for feeding in the signal (left) and
the LO (right). Alternatively, signal and LO can be launched via
edge couplers, which are prepared for future optical packaging
with photonic wire bonds (PWB) [20]. We measure the insertion
loss per grating coupler to be approximately 5.5 dB, which can
be reduced to below 3 dB by using the PWB interface. The power
splitters rely on 2×2 multi-mode interference (MMI) couplers,
and the 90° optical hybrids exploit 2×4 MMI that establish the
desired 90° phase relationship between its paired outputs for the
in-phase Iν(t) and quadrature Qν(t) signals, such that no active
phase shifters are required. The excess loss is below 0.4 dB
for the 2×2 MMI and below 0.5 dB for the 2×4 MMI. In the
context of our calibration measurements with a known reference
waveform, we measure the 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−3 V. The
read-out pads of all BPD are contacted using a pair of 4×GSG
(ground signal ground) probes, which are connected via 70 cm-
long coaxial cables to two synchronized oscilloscopes (Keysight
UXR-series) serving as an ADC-array, see Fig. 1(c). The digital
data is processed offline in Matlab. In all our measurements we
use an LO comb with an FSR of fFSR = 39.96 GHz.
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Fig. 3. Calibration measurement using a known optical reference waveform

(ORW) for extracting the frequency-dependent transfer functions H̃
(I)
νμ(f) and

H̃
(Q)
νμ (f) associated with the various detection paths (subscript ν) and the

various LO tones (subscriptμ). (a) Power transfer function |H̃(I)
11 (f)|

2
(red) and

phase response ϕ11(f) (blue) as extracted from the measured transfer function

H̃
(I)
11 (f) = |H̃(I)

11 (f)| exp(jϕ(I)
11 (f)) associated with the detection path leading

to first IQ receiver and the first comb tone. We observe a 3dB bandwidth of
approximately 15 GHz and a roll-off of 4.5 dB at fFSR/2 = 20 GHz. The
relatively small bandwidth of the photodetectors and the pronounced ripples
on top of the amplitude and phase responses can be attributed to reflections
in the probe and the 70 cm-long RF cables, originating from poor matching
of the high-impedance photodetectors to the 50 Ω input of the oscilloscope.
Improved electronic read-out could provide the full RF bandwidth of the silicon
photonic photodetectors, that is specified to 40 GHz by the foundry. (b) Zoom-in
of the power transfer function from 0 to 1.25 GHz, see black box in subfigure
(a). The color-coded dots represent individual calibrations that are recorded with
different frequency offsets between ORW and LO. The individual calibrations
are combined in a post-processing step that compensates for the time-variant
phase drifts. As a result, a calibration with high SNR and high spectral resolution
is obtained. (c) Zoom-in of the phase transfer function from 0 to 1.25 GHz,

corresponding again to the black box in (a). (d) Relative drift ϕ(t)
F,ν − ϕ

(t)
F,1

of the optical phase parameters ϕ
(t)
F,ν over several hours. The phase drifts

increases approximately in proportion to the length differences of the respective
delay lines, see Fig. 1(b) for delays τ1 to τN . The observed phase drift is
mainly induced by thermal effects and could be significantly reduced by actively
stabilizing the chip temperature.

IV. CALIBRATION

For accurate signal reconstruction, the transfer functions

H̃
(I)

νμ(f) and H̃
(Q)

νμ (f) must be determined. To this end, we
rely on a known optical reference waveform (ORW), which is
generated by a femtosecond laser (Menhir 1550) with a repeti-
tion rate of fORW = 250 MHz and which allows us to spectrally
sample the transfer function at discrete points spaced by fORW.
The reference waveform has been characterized independently
by a frequency-resolved optical gating (FROG) measurement.

Compared to our first demonstration of the non-sliced OAWM
scheme [7], we improve our calibration technique in terms of
SNR and linearity by dispersing the ORW using a 20 km single
mode fiber (SMF) before feeding it to the OAWM system. The
chirped optical pulses have a significantly reduced peak power
compared to unchirped pulses such that saturation effects of
the photodetectors can be avoided without reducing the average
signal power. At the same time, the peak-to-average power ratio
(PAPR) of the generated photocurrents is reduced. This increases
the SNR of the digitized waveforms, because the quantization
noise scales in proportion to the full-scale voltage UFS, which
needs to be adjusted according to the peak amplitude. However,
the so measured transfer functions still include the quadratic
phase profile of the 20 km fiber. We therefore characterize
the phase profile imprinted by the SMF by using two fibers,
SMF1 and SMF2, with approximately 10 km length each. We
perform a calibration with only SMF1, only SMF2, and SMF1
and SMF2 concatenated after the ORW source and then ex-
tract the system’s phase response ϕ

(I)
νμ(f) = arg(H̃

(I)

νμ(f)) and

ϕ
(Q)
νμ (f) = arg(H̃

(Q)

νμ (f)) by combing the three independent
measurements,

ϕ(I)
νμ(f) =

(
ϕ(I)
νμ(f) + ϕSMF1(f)

)
︸ ︷︷ ︸
MeasuredwithSMF1 (10km)

+
(
ϕ(I)
νμ(f) + ϕSMF2(f)

)
︸ ︷︷ ︸
MeasuredwithSMF2(10km)

−
(
ϕ(I)
νμ(f) + ϕSMF1(f) + ϕSMF2(f)

)
︸ ︷︷ ︸

MeasuredwithSMF1andSMF2(20km)

. (7)

In Fig. 3(a), we exemplarily show the measured transfer

function H̃
(I)

11 (f) = |H̃(I)

11 (f)| exp(jϕ(I)
11 (f)) for the in-phase

component I1 associated with the first IQ receiver after removing
the phase transfer function of the dispersive fibers. The power

response |H̃(I)

11 (f)|2, red trace in Fig. 3(a), comprises the roll-off
of all components (BPD, probe, 70 cm-long RF cable, coax-
ial adaptors), and reaches −4.5 dB at the minimum required
ADC bandwidth BRF ≥ fFSR/2 ≈ 20 GHz. The phase response
ϕ
(I)
11 (f), blue trace in Fig. 3(a), is approximately flat within the

bandwidth of interest. The measured bandwidth is presumably
limited by reflections inside the probe, originating from an
impedance mismatch of the high-impedance photodetectors and
the 50 Ω transmission line.

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 frequency offset between
the ORW and the LO. This is illustrated by a zoom-in shown
in Fig. 3(b), where the color-coding indicates the frequency
offset between the ORW and the LO at which the respective
data point was taken. The region covered by the 1.25 GHz-wide
zoom-in is indicated by a box in Fig. 3(a), and the associated
phase is sown in Fig. 3(c). Note that the fine ripples on top of
the amplitude and phase response in Fig. 3(b) and (c) can be
attributed to reflections in the 70 cm-long RF cables connecting
the high-impedance photodetectors via the RF probe to the
50 Ω input of the oscilloscope, see Fig. 1(c). These cables can
be avoided in future implementations.
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Fig. 4. Acquisition of broadband data signals. (a) Power spectrum (resolution
bandwidth 100 MHz) of a reconstructed 100 GBd 64QAM data signal (red)
along with the stitched receiver noise ãG(f) (gray) and the corresponding
constellation diagram. The constellation-signal-to-noise ratio (CSNR) amounts
to 19.3 dB. The horizontal axis gives the frequency offset between the optical
frequency f and the center frequency fcntr ≈ 192.79 THz. (b) Power spectrum
of a reconstructed signal (red) comprising two data streams (80 GBd 64QAM
and 60 GBd 64QAM) along with the stitched receiver noise ãG(f) (gray) and
the corresponding constellation diagrams.

Fig. 3(d) shows the slow drift of the optical phase param-
eters ϕ

(t)
F,ν = arg(H

(t)
F,ν) relative to the phase ϕ

(t)
F,1 associated

with the detection path of the first IQ receiver, recorded over
a period of six hours. Because all IQR are integrated on a
single PIC, the observed relative phase drift ϕ

(t)
F,ν − ϕ

(t)
F,1 in

Fig. 3(d) is rather slow, even though the chip was not ac-
tively temperature stabilized. Note that the phase drifts can
be estimated and compensated by DSP using the redundant
information in the spectral overlap regions without requiring
additional calibration measurements. The DSP-based compen-
sation even allows for using discrete fiber-optic components
which exhibit significantly increased phase drifts [8]. Never-
theless, a chip-based systems with reduced phase drifts is de-
sirable as it can simplify the DSP and increase the accuracy
and robustness of the phase estimation, e.g., by reducing the
required update rate for the phase parameters or by averag-
ing the phase information obtained from multiple subsequent
measurements.

V. EXPERIMENTAL RESULTS

We test the OAWM system using different optical data sig-
nals that were generated by high-speed IQ modulators and
electrical arbitrary-waveform generators (Keysight M8194A).
Fig. 4(a) shows the power spectrum of a reconstructed 100
GBd 64QAM signal along with the corresponding constellation
diagram, from which we estimate a constellation SNR (CSNR)
of 19.3 dB. The CSNR is the square of the reciprocal of the
error vector magnitude (EVM) normalized to the average signal
power, CSNR = 10× log10(1/EVM2

a) [21]. As a reference, we
measure the same signal using a single intradyne IQ receiver
based on discrete high-end 100 GHz photodiodes, obtaining a
CSNR of 18.8 dB, which is 0.5 dB lower than the value obtained
with for the non-sliced OAWM system. This emphasizes the

ability of our OAWM system to offer a good signal quality
over large detection bandwidths, even though the individual
photodiodes were limited in bandwidth to approximately 15
GHz, see Fig. 3(a). These findings are well in line with previous
results that relied on the same transmitter setup, showing a CSNR
of 18.6 dB for a single IQ receiver and CSNR of 19.2 dB for a
four-channel spectrally sliced OAWM system [5]. We addition-
ally record the acquisition noise G

(I)
acq(f) and G

(Q)
acq(f) of the

ADC (Keysight UXR series oscilloscope) with all optical signals
being disconnected. As the shot-noise is significantly below
the acquisition noise, we can approximate the overall receiver
noise G̃(I)(f) and G̃(Q)(f) by the recorded acquisition noise
G̃(I)(f) ≈ G̃

(I)
acq(f), G̃(Q)(f) ≈ G̃

(Q)
acq(f). After applying the

same DSP to the noise recordings as previously to the actual sig-
nal recordings, we obtain the stitched acquisition noise ãG(f),
gray trace in Fig. 4(a). The noise floor has a periodic frequency
dependence, originating from the spectral stitching of the various
slices and from the roll-off of the IQ receivers, which is digitally
compensated for each slice. In Fig. 4(b), we show another
example, where we record an 80 GBd and a 60 GBd 64QAM
signal simultaneously within the optical acquisition bandwidth
of 170 GHz. Due to the lower bandwidths of the individual
data signals, the quality of the transmitted signals is improved,
and the CSNR obtained for the OAWM system increases to
21.4 dB and 22.2 dB, respectively. The receiver bandwidth
can well compete with previous demonstrations of integrated
spectrally sliced OAWM receivers that still relied on external
photodiodes [5].

The data signals shown in Fig. 4 include noise and dis-
tortions from the signal generator, which limits the maximal
achievable CSNR. To characterize the noise and distortions
solely introduced by the non-sliced OAWM system, we use a
tunable external cavity laser with a large carrier-to-noise ratio
(OCNR) as a monochromatic optical signal source. We can
tune the emission frequency of the laser to characterize the
performance of the OAWM system at different input frequen-
cies. We adjust the vertical scale of the oscilloscope based on
the RF signal with the largest amplitude so that no clipping
occurs. As a result, the quantized signals fill between 55%
and 100% of the oscilloscope’s full range, depending on the
frequency of the signal laser. As the narrowband laser signal
does not have any spectral components within the overlap region
that is exploited for the estimation of the time variant factors
H

(t)
F,ν and H

(t)
LO,μ in (6), we add low-power pilot tones (see

green dashed arrows in Fig. 2), each ∼43 dB lower than the
signal.

Fig. 5(a) shows a reconstructed spectrum of an exemplary
measurement, where the monochromatic signal (red), distortions
(green, magenta, blue, yellow) and noise (gray) are highlighted
in different colors. The vertical axis is the spectral power, nor-
malized to the signal, and the horizontal axis gives the frequency
offset from the lower edge fref ≈ 192.38 THz of the acquisition
range. We separate the following distortions:

1) The four pilot tones (green). Their total power is 37.3 dB
lower than the power of the signal (red). Note that we
added four tones, even though only three overlap regions
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Fig. 5. Characterization of the OAWM system by measuring single
continuous-wave (CW) laser tones. (a) Exemplary spectrum of reconstructed
CW signal at 145.6 GHz. The spectrum is normalized to the signal peak (red),
and the horizontal axis gives the frequency offset from a reference frequency
fref ≈ 192.38 THz that was chosen to be the lower edge of the acquisition
range. Different distortions are marked. Green: optical pilot tones added to ease

estimation of H(t)
F,ν and H

(t)
LO,μ. Note that the rightmost tone at approximately

166.3 GHz is not required for phase-drift compensation but leads to a better
convergence of the phase estimation algorithm. Magenta and cyan: crosstalk
due to an imperfect calibration and parameter estimation. Yellow: ADC clock
tones after signal reconstruction. Gray: stitched receiver noise ãG(f). (b) Power
of noise and different distortions as a function of the frequency offsetftone − fref,
where ftone is the optical frequency of the single-tone laser signal. The color
code for the individual distortions remains unchanged, see Subfigure (a) for the
legend. The sum of relative noise and all distortions results in the blue trace
(−SINADdB).

(OR) exist. The fourth tone close to the upper edge of
the acquisition range is not required for phase-drift com-
pensation but leads to a better convergence of the phase
estimation algorithm.

2) The calibration crosstalk ÃX(f), see (5), can be sep-
arated into two contributions: Crosstalk from different
spectral slices ãS(f + fμ) (magenta), which is 45.9 dB
below the signal, and IQ crosstalk from the associated
mirrored complex-conjugate components ã∗S(−f + fμ)
(cyan), which is 42. 7 dB below the signal. These crosstalk
contributions are a consequence of an inaccurate calibra-
tion ofH(I)

νμ(f) andH(Q)
νμ (f), and an inaccurate parameter

estimation, H(t)
F,ν , leading to ΔH̃−1(f) �= 0 in (5).

3) The clock of the back-end ADC and its mixing products
with the signal (yellow), −49 dB.

All distortions add up to a total power which is 35.5 dB below
the signal and 3.9 dB below the total power associated with the
stitched receiver noise ãG(f), gray in Fig. 5(a). The signal-to-
noise-and-distortion ratio (SINAD) is calculated by dividing the
signal power Psignal by the power of the distortions Pdistortions and
the noise Pnoise,

SINADdB = 10log10

(
Psignal

Pnoise + Pdistortions

)
. (8)

The SINAD amounts to 30.1 dB, which corresponds to ENOB =
(SINADdB − 1.76 dB)/6.02 dB = 4.7 bit [40]. Using the same
procedure, we characterize our system for different optical fre-
quencies of the monochromatic test signal, see Fig. 5(b). The
color code for the individual distortions remains unchanged,

and one may still refer to Fig. 5(a) for the legend. The solid lines
represent the average result obtained from two measurements
performed at approximately the same input frequency. We addi-
tionally plot the quantity −SINADdB as a function of the input
frequency in blue in Fig. 5(b). The average SINAD over all
input frequencies is 29.7 dB. Note that the low crosstalk (cyan,
magenta) validates the linear system model according to (1)
and (2), the calibration procedure, and the phase-compensation
technique.

VI. SCALABILITY STUDY

The motivation for increasing the channel count N of parallel
IQ receivers in an OAWM system can be twofold: On the one
hand, more IQ receivers offer a larger total optical acquisition
bandwidth Bopt ≈ N × 2B, which cannot be achieved by using
a single-channel IQ receiver. On the other hand, a given optical
acquisition bandwidth Bopt can be measured with a better SNR
when increasing the channel countN , because the required ADC
bandwidth B = Bopt/(2N) is reduced and because lower-speed
ADC typically offer a higher ENOB. In the following sections,
we provide a quantitative estimate of the signal-to-noise-and-
distortion ratio (SNDR) for different channel counts N. As
some of the analyzed impairments, such as signal-signal beat
interference (SSBI) or ADC noise, depend on the shape of the
input signal, we focus the following discussion on a broadband,
noise-like random test signal that is defined in (11) below and
that is expected to approximate typical technical signals much
better than a simple sinusoidal. To clearly differentiate the noise
and distortion impairments obtained for such broadband test
signals from those obtained for pure sinusoidals, we use different
symbols: SNDR refers to the case of broadband test signals as
defined in (11) below, whereas the term SINAD is used in case
of sinusoidal test signals as in Fig. 5 above. In the following, we
find an approximate description for the bandwidth-dependent
SINAD of conventional ADC, see Section VI-A. Based on this,
we then analyze the ADC noise and various other noise contribu-
tions and distortions in an OAWM system and investigate how
the associated SNDR contributions scale with channel count
N. We then estimate the SNDR levels that can be expected
for OAWM systems with different channel counts N and hence
with different optical acquisition bandwidths Bopt ≈ N × 2B,
Section VI-B. We find that increasing the channel count N can
effectively reduce the impact of ADC noise and thereby improve
the overall acquisition performance, Section VI-C.

A. Noise Limitations of Electronic ADC

Fig. 6 shows the ENOB of commercially available high-speed
ADC (marked with “x”) [22], [23], [24], [25], [26], [27] and
oscilloscopes (marked with “o”) [28], [29], [30], [31], [32],
[33], [34] as a function of the usable electrical acquisition band-
width B. Note that, for some ADC chips, the native analogue
bandwidth exceeds the Nyquist frequency fs/2, where fs is
the sampling frequency of the device. To avoid aliasing, we
assume an appropriate low-pass filter with bandwidth B = fs/2
for these devices. Expectedly, the ENOB of high-speed ADC and
oscilloscopes reduces with increasing acquisition bandwidths
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Fig. 6. Effective number of bits (ENOB) and associated signal-to-noise-and-
distortion ratio (SINAD) as a function of the analog input bandwidth B for
different ADC (marked with “x”) [22], [23], [24], [25], [26], [27] and oscillo-
scopes (marked with “o”) [28], [29], [30], [31], [32], [33], [34]. Even for the
most advanced oscilloscopes, the SINAD decays approximately in proportion to
1/B (black solid line), see (9), indicating that the performance is rather limited
by thermal noise than by jitter. The blue dotted line shows the jitter-limited
SINAD according to (10) for the maximum frequency fsig = B and an RMS
jitter τj of 25 fs, which is obtained for state-of-the-art real-time oscilloscopes
for record lengths of up to record lengths up to 10 μs [28]. The rms jitter of
modern ADC chips is of the order of 50 fs [23], [24], [25], [26], [27].

B, which can be attributed to thermal noise and to jitter of the
underlying sampling clock [35], [36], [37]. Thermal noise has a
flat power spectral density such that the associated SINAD scales
inversely proportional with the analog acquisition bandwidth B
[35], [36], [37],

SINAD(therm) =
C1

B
. (9)

In the above equation, C1 is a proportionality constant that
depends on the temperature, the full-scale voltage of the ADC,
and the overall noise properties of the ADC, often quantified by
an effective noise resistance [36].

Besides thermal noise, the SINAD of ADC can be impaired
by timing jitter. The overall timing jitter of an ADC can be
separated into a contribution from intrinsic aperture jitter τa,
that is inherent to the ADC’s design and arises from thermal
noise in the internal clock buffers [38], [39], and a contribution
from clock jitter τclk, that is caused by the phase noise of
the clock source itself. As the phase noise typically follows
a Wiener process, the observed rms clock jitter τclk depends
strongly on the observation time. Note, however, that the ENOB
of an ADC is typically measured using a clean input tone and
a short observation time, such that a low-frequency drift of the
clock does not impact the resulting SINAD [40]. As clock jitter
and intrinsic aperture jitter are independent, their variances can
be added to obtain the total rms-jitter τj =

√
τa2 + τclk

2. The
jitter-limited SINAD of a sinusoidal test signal at frequency fsig

is given by [41],

SINAD(jitter) =
1

(2πfsigτj)
2 . (10)

To get a quantitative understanding of jitter-induced perfor-
mance limitations of ADC, we have plotted the worst-case
SINAD contribution for a sinusoidal signal with the highest

possible frequency, fsig = B, as a dashed blue line into Fig. 6,
assuming an overall RMS jitter of 25 fs as obtained for state-
of-the-art real-time oscilloscopes for record lengths up to 10 μs
[28].

Our investigation shows that, for frequencies up to approxi-
mately 100 GHz, the practically achievable SINAD of high-end
oscilloscopes is mainly limited by thermal noise and may hence
be approximated by a rather simple 1/B relationship according
to (9). As a quantitative model function for the subsequent
analysis, we fit a C1/B curve to the bandwidth dependent
SINAD values of the various high-speed ADC and oscilloscopes,
where C1 is the only free fitting parameter. The resulting fit
(C1 ≈ 150 THz) is indicated by a black trace in Fig. 6 and can
approximate the real SINAD-bandwidth relationship reasonably
well. It should also be noted that the use of low-jitter comb
sources may even overcome the jitter limitations of all-electronic
ADC, thereby paving the way towards high-SINAD acquisition
at bandwidths well beyond 100 GHz [42].

B. OAWM Noise Model

In the following, we discuss noise sources limiting the SNR,
or more generally the SNDR for non-sliced OAWM systems fea-
turing different numbers N of parallel IQR, N = 1, . . . , 32, and
different optical acquisition bandwidths Bopt. For simplicity, we
assume that the number of LO comb lines M equals the number
of IQ receiver channels N , M = N, and that the overlap region,
see OR in Fig. 2, is small compared to the bandwidth B of the
individual ADC, such that the ADC bandwidth is approximately
half the FSR of the LO comb, B ≈ fFSR/2. Depending on the
optical acquisition bandwidth Bopt and the channel count N , the
required ADC bandwidth amounts to B ≈ Bopt/(2N). In our
model, we consider acquisition noise from the ADC, which is
assumed to scale according to the black trace in Fig. 6. We further
account for shot noise of the photodetectors, thermal noise from
electrical amplifiers, ASE noise from the optical amplifiers, jitter
of the LO comb and the various ADC, as well as SSBI due to
imperfect balancing of the photodetectors and errors introduced
by calibration errors and the digital signal reconstruction. All
modeled noise sources and distortions are visualized in the setup
sketch in Fig. 7. We exclude the optical phase noise of the LO
from this analysis because this limitation is independent of the
optical acquisition bandwidth Bopt and the channel count N .
Note, however, that the optical phase noise of the LO comb
will limit the maximum recording length in some applications.
Phase-noise induced distortions may, e.g., be avoided by ho-
modyne detection schemes as used in photonic-electronic ADC
schemes [10], [11], [12], [13], or by phase recovery algorithms
in case of data signals.

1) Signal and System Model: As an approximation of a real-
world technical waveform, we assume a noise-like random test
signal aS(t) = AS(t) exp(j2πfcntrt), having a slowly varying
complex-valued time-domain envelope AS(t) modulated onto
an optical carrier at frequency fcntr. The amplitude AS(t) is
mean-free, and the associated real and imaginary parts are statis-
tically independent and Gaussian distributed. We assume AS(t)
to have an average power ofPS and constant double-sided power
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Fig. 7. Block diagram of a specific detection channel (index ν) of the non-
sliced OAWM system including different noise sources. The optical signal aS
and LO aLO are first amplified by erbium-doped fiber amplifiers (EDFA). The
EDFA add amplified spontaneous emission (ASE) noise. Subsequently, the
signal and LO are split into N copies. The copies of signal and LO are further
split and combined by an 90° optical hybrid (OH) and fed to two pairs of balanced
photodetectors (BPD) having responsivity S. The generated RF output signals
are amplified by RF amplifiers (gain G) and acquired by ADC. All further noise
contributions, e.g., shot noise, RF amplifier noise, ADC noise, LO jitter noise,
as well as distortions such as signal-signal beat interference (SSBI) are referred
to the resulting output signals Iν and Qν .

spectral density of PS/Bopt within the range [−Bopt/2, Bopt/2],
which corresponds to the acquisition range of our OAWM sys-
tem. The real and the imaginary part of the test signal AS(t)
are essentially obtained by filtering two statistically indepen-
dent spectrally white Gaussian noise processes with double-
sided power spectral densities PS/(2Bopt) by a low-pass with
single-sided bandwidth Bopt/2. As a result, different spectral
components of the corresponding amplitude spectrum ÃS(f)
are uncorrelated. Under these assumptions, the power spectral
density S̃a(f) of the random optical signal aS(t) centered at
frequency fcntr can be written as

S̃a(f) =

{
PS

Bopt
for |f − fcntr| ≤ Bopt

2

0 otherwise.
, (11)

We further assume for simplicity that all relevant system proper-

ties, e.g., the transfer functions H̃
(I,t)

νμ (f) and H̃
(Q,t)

νμ (f) as well
as the common-mode rejection ratio (CMRR) are frequency-
independent within the frequency band −B ≤ f ≤ +B of the
corresponding detection channel, and that the LO delays τν of
the OAWM system are evenly distributed over the repetition
period of the LO, which leads to the best possible conditioning
of the transfer matrix H̃(f) [8]. Under these assumptions, the
frequency-independent transfer matrix H̃(f) is unitary and con-

sequently a multiplication of its inverse H̃
−1
(f) with a vector

TABLE I
SYSTEM PARAMETERS

[̃IT(f), Q̃T(f)]
T

of noisy I- Q signals as in (5) leaves the SNR
unchanged. The SNDR of the finally reconstructed signal is
thus dictated by the SNDR of the individual in-phase Iν and
quadrature Qν signals as well as by additional impairments due
to calibration and reconstruction errors, see crosstalk in (5) and
discussion thereof. We may hence first derive an expression for
the SNDR of one baseband signal, e.g., I1, and later find the
overall SNDR by adding the additional impairments introduced
by the signal reconstruction.

To estimate the SNDR of a single baseband signal, we first
derive expressions for the generated RF signal power PRF,S

in each BPD, see Fig. 7. To this end, we make again use of
the simplifying assumption that the receiver transfer functions

H̃
(I,t)

νμ (f), see (1), are frequency-independent within the associ-
ated frequency band −B ≤ f ≤ +B, and express the modulus
of the transfer functions using the physical system parameters
in Table I, and Fig. 7, see Eq. (12).

In relation (12) at the bottom of the page, S refers to the
responsivity of a single photodetector within a balanced pair
such that the responsivity of the BPD is given by 2S . A relation
equivalent to (12) applies to the receiver transfer functions

H̃
(Q,t)

νμ (f) associated with the quadrature components. Note that
(12) neglects the excess insertion loss of the various passive com-
ponents for simplicity, e.g., optical waveguides, power splitters,
and RF connectors, see in Fig. 7 – these losses can be included in
(12) by modifying the various transmission factors accordingly.

∣∣∣H̃(I,t)

νμ (f)
∣∣∣ =

⎧⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎩

√
GR︸ ︷︷ ︸

RFgain
andADC
impedance

× 2S︸︷︷︸
Responsiv.
of balanced
detector

× 1√
4
√
4︸ ︷︷ ︸

Optical
hybrid
(splitting
signal|LO)

× 1√
N

√
N︸ ︷︷ ︸

Power
splitter
signal|LO

×
√
PLO√
N︸ ︷︷ ︸

LO
amplitude
percomb
line

for |f | ≤ B and
∀ν,μ ∈ [1,N ]

0 otherwise

(12)
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For the random input signal aS(t) = AS(t) exp(j2πfcntrt)
with slowly-varying complex envelope AS(t) as
described above, the band-limited frequency-down-

shifted signal portions F−1{H̃(I,t)

νμ (f)ãS(f + fμ)} and

F−1{H̃(I,t)∗
νμ (−f)ã∗S(−f + fμ)}, μ = 1, . . . ,M are

statistically independent from one another and Gaussian
distributed in the time domain. According to (1) and (2) the
superposition of these band-limited, frequency down-shifted
signal portions finally leads to the baseband signals Iν(t) and
Qν(t) recorded at the various IQ receivers IQRν , which are
also Gaussian distributed and statistically independent. The
double-sided power-spectral-density S̃

(DS)
Iν (f) of the received

baseband voltage signal Iν(t) can be obtained by adding
the various frequency-shifted power spectra S̃a(f + fμ) and
S̃a(−f + fμ) associated with the frequency-shifted signal
portions ãS(f + fμ) and ã∗S(−f + fμ),

S̃
(DS)
Iν (f) =

N∑
μ=1

∣∣∣H̃(I,t)

νμ (f)
∣∣∣2

R

[
S̃a(f + fμ) + S̃a(−f + fμ)

]

=

N∑
μ=1

2

∣∣∣H̃(I,t)

νμ (f)
∣∣∣2

R
S̃a(f + fμ)

=

{
GRS2PLO

2N3

∑N
μ=1 S̃a(f + fμ) for |f | ≤ B,

0 otherwise.
(13)

Integrating S̃(DS)
Iν (f)within the double-sided frequency interval

[−B,B] covered by the receiver leads to the average RF signal
power PRF,S of the received baseband voltage signal Iν(t),

PRF,S=

∫ B

−B

S̃
(DS)
Iν (f)df =

BGRS2PLOPS

N2Bopt
=

GRS2PLOPS

2N3
,

(14)

where Bopt ≈ N × 2B is used for the last step. Note that the
same result applies for the received quadrature signalsQν(t). We
assume that the total optical input power PS of the signal and the
total LO powerPLO can be increased at will to compensate for the
additional splitting loss such that the optical power incident on
each photodetector PPD = (PS + PLO)/(4N) of each balanced
pair becomes independent of the number of detection channels
N . We can thus rewrite (14) by using the LO-to-signal-power
ratio (LOSPR),

PRF,S =
LOSPR

(1 + LOSPR)2
8GRS2PPD

2

N
, LOSPR =

PLO

PS
.

(15)

Note that the RF power of the electrical signals generated
by the balanced photodetectors within the detector bandwidth
−B ≤ f ≤ +B decays in proportion to 1/N , even if a con-
stant photodetector input power PPD is maintained, because
an increasing fraction of the down-converted signal is outside
the detector’s bandwidth. Consequently, the gain G of the RF
amplifier following the photodetectors must be increased in

proportion to N such that the resulting RF power PRF,S fed
to the ADC becomes again independent of N . Based on our
simplified model, the RF-amplifier gain should be increased
from GdB = 6 dB for N = 1 to GdB = 21 dB for N = 32, to
achieve a peak-to-peak voltage of 500 mV at the ADC’s input.

To quantitatively estimate the SNDR, SNDR(total), of the
measured in-phase and quadrature signals Iν and Qν , we need
to relate the signal power PRF,S according to (15) to the sum
of all noise contributions and all further signal distortions,
as discussed in the following sections. We will use the term
“SNDR contribution” to refer to the noise contribution of a
certain noise source towards the overall noise level. Note that
the overall SNDR is obtained by adding the reciprocal values
of the associated “SNDR contributions” and taking the inverse
of the resulting sum.

2) Shot Noise: The shot-noise-related current variance i2shot
in each of the two photodiodes of a single balanced detector is
calculated from the average photocurrent iph and the elementary
charge e,

i2shot = 2e iph B =
e iphBopt

N
, iph = S × PPD. (16)

The shot-noise contributions of the two photodiodes in a bal-
anced pair are statistically independent, and the associated pow-
ers hence add. The overall electrical shot-noise is further boosted
by the RF amplifier with gain G, see Fig. 7, and then fed to the
ADC with input impedance R. The output-referred shot-noise
power PN,shot can hence be written as

PN,shot = 2Gi2shotR =
2GSePPDBoptR

N
, (17)

and the associated contribution of the shot noise to the overall
SNDR is

SNDR(shot) =
PRF,S

PN,shot
=

LOSPR

(1 + LOSPR)2
4SPPD

eBopt
. (18)

We compare the SNDR associated with different noise sources
and distortions by plotting the individual SNDR contributions
as a function of the optical acquisition bandwidth Bopt for
channels counts N = 1, 4, 16, 32, see Fig. 8(a), (b), (c), and
(d). The shot-noise-related SNDR is shown as a dark gray dashed
line and decays by 10 dB per decade due to the spectrally
white nature of shot noise. Note that we assumed ADC band-
widths B of up to 100 GHz, such that the maximum achiev-
able optical acquisition bandwidth Bopt ≈ N × 2B amounts to
200 GHz for N = 1, Fig. 8(a). In Fig. 9(a), (b), (c), and (d),
we again use gray lines to show the same SNDR contributions
as a function of the channel count N = 1, . . . , 32 for fixed
optical acquisition bandwidths Bopt = 200 GHz, 400 GHz,
800 GHz, 1 THz. As expected from (18), the resulting shot
noise contribution to the SNDR is independent of the channel
count N .

3) RF-Amplifier Noise: The signals generated by the pho-
todetectors are fed to an RF amplifier, Fig. 7, which contributes
thermal noise. We model the total output-referred thermal noise
of the RF amplifier using its noise factor F ,

PN,RF−amp = GFkTB. (19)
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Fig. 8. Individual contributions of different sources of noise and distortion to the overall signal-to-noise-and-distortion ratio SNDR(total) (solid black lines) for a
broadband test signal as a function of the optical acquisition bandwidth Bopt for different channel counts N = 1, 4, 16, 32, which are represented by subfigures
(a), (b), (c), and (d). We consider shot noise (dashed black lines), RF-amplifier noise (dashed green lines), ADC noise (dashed red lines), ASE noise from signal
and LO (dashed cyan lines), jitter of the ADC and the LO comb (dashed blue lines), signal-signal beat interference (SSBI dashed yellow lines), and calibration
crosstalk (dashed magenta lines). We assume that the ADC bandwidth B is limited to 100 GHz, such that the maximum achievable optical acquisition bandwidth
Bopt ≈ N × 2B amounts to 200 GHz for N = 1 and to 800 GHz, for N = 2, see subfigures (a) and (b). The model assumes an OSNR for the signal of 40 dB
(Pin ≈ −13 dBm), an OSNR for the LO of 48 dB and further relies on the parameters specified in Tables I and II. For low channel counts, the ADC noise dominates
over other noise sources and represents the main performance limitation. Increasing the channel count N allows to reduce the bandwidth of the individual ADC
and thus improves the overall SNDR(total).

The SNDR contribution related to the RF-amplifier,
SNDR(RF−amp), ist thus given by

SNDR(RF−amp)=
PRF,S

PN,RF−amp
=

LOSPR

(1 + LOSPR)2
16RS2PPD

2

FkTBopt
.

(20)

In our quantitative model, we assume a noise figure ofNFdB =
10log10(F ) = 10 dB for the electrical amplifiers, see Table I.
This leads to the SNDR contributions plotted as green dashed
lines in Figs. 8 and 9. The SNDR(RF−amp) as a function of the
optical acquisition bandwidth Bopt decays by 10 dB per decade
over frequency due to the white power spectral density of thermal
noise.

4) Noise and Distortions of the Electronic ADC: Next, we
consider ADC noise, which we estimate from the bandwidth-
dependent SINAD and ENOB values shown in Fig. 6. Note that
the values indicated in Fig. 6 refer to sinusoidal test signals
(PAPR = 2) such that the corresponding fit SINAD = C1/B,
(C1 ≈ 150 GHz)must be re-scaled for test signals with different
PAPR. To this end, we define a new proportionality constant
C2 = (2/PAPR)C1, where PAPR refers to the peak-to-average
power ratio of the test signal. It should be noted that for the
broadband test signals defined in (11), the real and imaginary
parts of the complex-valued time-domain amplitude follow in-
dependent Gaussian distributions with infinite tails, such that
the peak amplitude and hence the PAPR are not well defined. To

resolve this issue, we assume that all I/Q signals measured by
the ADC are clipped at ±4σ, where σ is the standard deviation
of the respective Gaussian signal – corresponding to a ratio of
clipped samples within the overall recording below 10-4. This
limits the PAPR to 16 (≈12 dB), which is 9 dB higher than that of
a sinusoidal test-signal. Consequently, the SNDR(ADC) related
to the ADC is 9 dB lower than the associated SINAD plotted in
Fig. 6,

SNDR(ADC) =
C2

B
=

2C2N

Bopt
, C2 =

2C1

PAPR
≈ 19 THz.

(21)

We again indicate the SNDR contribution associated with the
ADC in Figs. 8 and 9, respectively, using red dashed lines. For
low channel counts N, the ADC noise is the dominant noise
source, see Fig. 8(a) and (b).

5) Jitter of LO Comb and ADC Clock: In addition, jitter of
the LO comb and the ADC array may impair the acquired signals,
in particular when investigating very broadband waveforms.
In general, comb-based OAWM schemes are subject to jitter-
induced impairments originating from both the electronic ADC
clock and the LO comb [10]. Assuming both jitter processes
to be statistically independent, the noise-to-signal ratios (NSR)
induced by ADC jitter τ (ADC)

j and LO-comb jitter τ (LO)
j can be

added to calculate the combined NSR. In our analysis, we follow
the procedure described for a photonic-electronic ADC in [10]
and adapt it to the case of our non-sliced OAWM system, see
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Fig. 9. Individual contributions of different sources of noise and distortion to the overall signal-to-noise-and-distortion ratio (SNDR(total), solid ,black lines) for
a broadband test signal as a function of the channel count N for different overall optical acquisition bandwidths Bopt of 200 GHz, 400 GHz, 800 GHz, and 1 THz,
which are represented by subfigures (a), (b), (c), and (d). We consider shot noise (dashed, black lines), thermal RF-amplifier noise (dashed, green lines), ADC
noise (dashed, red lines), ASE noise from signal and LO (dashed cyan lines), jitter of the ADC and the LO comb (dashed blue lines), signal-signal beat interference
(SSBI, dashed yellow lines), and calibration crosstalk (dashed magenta lines). The model assumes an OSNR for the signal of 40 dB (Pin ≈ −13 dBm), an OSNR
for the LO of 48 dB, and further relies on the parameters specified in Tables I and II. For low channel counts (N < 6), the noise of the electronic ADC dominates
over other sources of noise and distortion sources, and the overall SNDR improves by parallelizing more lower-speed ADC with higher ENOB. However, the
impact of larger channel counts N becomes less significant for N ≥ 6 because the ASE takes over as a dominant noise source. Further improvement would only
be possible for input signals with even higher OSNR, e.g., OSNRsig = 50 dB (Pin = −3 dBm) – in this case, scaling the channel count beyond N = 6 would be
advantageous to sustain higher overall SNDR.

Appendix A for details. Using this approach, the jitter-related
contribution to the overall SNDR of a broadband test signal can
be written as

SNDR(jitter) =
12N2

(2πBopt)
2
[
τ
(ADC)2
j + τ

(LO)2
j (N2 − 1)

]
=

3[
2π (Bopt/2) τj

]2 for τj = τ
(ADC)
j = τLO

j .

(22)

For simplicity, we further assume that the LO comb and the
ADCs have the same rms-jitter τj = τ

(ADC)
j = τ

(LO)
j , which

may, be achieved by either generating the LO comb through
modulation of a continuous-wave (CW) laser tone or by using
RF-injection-locked Kerr combs [43]. Note that this relation
refers to the averaged jitter-related SNDR of a spectrally white
broadband optical test signal and thus differs from (10), which
gives the jitter-related SINAD of a sinusoidal electrical test tone
that is acquired by a certain ADC.

The resulting SNDR(jitter) is plotted as a function of the
optical acquisition bandwidth Bopt for τj = 25 fs in Fig. 8. As
expected from (22), the SNDR decays by 20 dB per decade over
frequency, but only starts to play a role for bandwidths above
500 GHz. These limitations could be overcome by ultra-low

jitter levels as offered by so-called self-injection locked Kerr
frequency combs, which have the potential to outperform high-
quality electronic oscillators in the future [44]. When plotted
as a function of the channel count N and for a fixed optical
acquisition bandwidth Bopt, see Fig. 9, the SNDR(jitter) remains

independent of N for the assumption τj = τ
(ADC)
j = τ

(LO)
j

contained in (22). Note that, in case the LO-comb jitter is lower
than the ADC jitter, τLOj < τADC

j , increasing the channel count
N might also help to mitigate the impact of electronic jitter [10].

6) ASE Noise: Next, we consider the noise contributions of
the optical amplifiers. The signal amplifier, typically imple-
mented as an EDFA, see Fig. 7, allows to operate the OAWM
system over a wide range of signal input powers by adjusting
the power PPD that is received by the various photodetec-
tors. However, this optical amplifier inevitably adds amplified
spontaneous emission (ASE) noise, which limits the optical
signal-to-noise ratio (OSNR) of the amplified signal [45]. The
OSNR is typically measured in a standard reference bandwidth
of Bref = 12.5 GHz (0.1 nm at a center wavelength of 1550
nm) using an optical signal analyzer (OSA) that collects the
ASE noise in both polarizations. For a quantitative estimate
of the ASE-related impairments, we characterize the OSNR
generated by the erbium-doped fiber amplifier (EDFA) used
in our experiments (Connect, MFAS-ER-C-M-20-PA). To this
end, we vary the optical input power Pin and the pump current
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Fig. 10. SNDR contributions of ASE noise resulting from optical amplifiers.
(a) Measured OSNR as a function of the optical input powerPin for various (color
coded) output power levelsPout for the erbium-doped fiber amplifier (EDFA) la-
beled “AMP” in Fig. 1. For sufficiently high input power levels above −30 dBm,
the OSNR at the output is essentially independent of the output power levels.
(b) Color-coded contour plot according to (23), indicating the ASE-related

SNDR contribution SNDR(ASE)
sig as a function of the OSNR and the optical

acquisition bandwidth Bopt, which ranges from 100 GHz to 1 THz. Expectedly,
the impact of ASE noise on the resulting SNDR becomes more severe as the
optical acquisition bandwidth increases.

of the device and record the resulting OSNR and the associated
output powerPout. The results are shown in Fig. 10(a), where the
output power Pout is color-coded. We find that, for sufficiently
high input power levels above −30 dBm, the OSNR at the
output is essentially independent of the output power levels.
Thus, compensating the splitting loss of a multi-channel OAWM
system by further amplifying the input does not lead to an addi-
tional OSNR penalty. To convert the OSNR to an SNDR(ASE)

sig
contribution for a given optical acquisition bandwidth Bopt, we
need to account for the fact that our OAWM scheme relies on a
single-polarization receiver, whereas the OSNR considers ASE
noise in both polarizations. This leads to the relation

SNDR(ASE)
sig = 2× OSNR × Bref

Bopt
. (23)

Fig. 10(b) shows the corresponding color-coded contour plot,
indicating the ASE-related SNDR contribution SNDR(ASE)

sig as
a function of the OSNR and the optical acquisition bandwidth
Bopt ranging from 100 GHz to 1 THz. Expectedly, the impact of
ASE noise on the resulting SNDR becomes more severe as the
optical acquisition bandwidth increases.

It should also be noted that in many cases, the LO comb also
requires optical amplification, e.g., if the individual comb lines
are too low in power to serve as LO tones. This leads to an
ASE-related SNDR contribution SNDR(ASE)

LO for the LO, similar
to the one shown for the signal in Fig. 10(b). To obtain the overall
ASE-related SNDR contribution SNDR(ASE)

tot that accounts for
the amplifier noise both in the signal and in the LO path, the
two contributions need to be merged by adding the statistically

independent ASE noise powers,

SNDR(ASE)
tot =

[
1

SNDR(ASE)
signal

+
1

SNDR(ASE)
LO

]−1

. (24)

Note that the ASE-related SNDR contribution SNDR(ASE)
LO of

the LO comb can be reduced by spectral filtering of the in-
dividual comb lines to suppress the ASE noise in-between.
For our experiments, the four-tone LO features an OSNR of
48.5 dB, which after spectral filtering leads to an SNDR limit of
approximately SNDR(ASE)

LO = 42.4 dB. This is slightly higher
than the 40.2 dB that would be expected from (23) for an optical
acquisition bandwidth Bopt = 170 GHz without any additional
noise suppression.

In Fig. 8 we plot the overall ASE-related SNDR contribution
SNDR(ASE)

tot , dashed cyan lines, as a function the optical acquisi-
tion bandwidth Bopt, assuming an OSNR for the signal of 40 dB,
which corresponds to an input power ofPin = −13 dBm, and an
OSNR for the LO comb of 48 dB, as measured for our demon-
stration experiment. Similarly, Fig. 9 shows the SNDR(ASE)

tot as
a function of the channel count N for the same parameters.
For large optical acquisition bandwidths, the ASE-noise-related
SNDR contribution SNDR(ASE)

tot dominates over other noise
sources and dictates the achievable signal quality. Clearly, in-
creasing the input power of the signal by 10 dB will decrease
the ASE-related noise contribution of the signal by 10 dB and
increase the resulting SNDR limit SNDR(ASE)

tot accordingly, see
(24).

7) Signal-Signal Beat Interference (SSBI): Besides the elec-
trical and optical noise sources discussed above, the received
in-phase and quadrature signals Iν and Qν are subject to SSBI,
which occurs as a consequence of imperfectly balanced photode-
tectors (BPD). As a metric for balancing, we use the effective
common-mode rejection ratio (CMRR) of our detection system,
which is based on the differences of the effective responsivities
S1 and S2 of the two photodetectors within a given BPD. These
effective responsivities do not only account for differences of
the responsivities of the photodetectors themselves, but also for
uneven splitting ratios of the respective optical hybrids as well
as for differences of the optical and electrical transmission paths
associated with the respective photodetector. For simplicity, we
assume a frequency-independent CMRR that is given by [46],

CMRR=
|S1 − S2|
|S1 + S2|=

ΔS
2S , CMRRdB = 20log10 (CMRR) ,

(25)

where ΔS = |S1 − S2| denotes the difference of the effective
responsivities andS = (S1 + S2)/2 the associated average. The
actual impairment by SSBI is naturally signal-dependent, and we
again assume a random Gaussian-distributed test-signal with
constant power spectral density within the optical acquisition
bandwidth Bopt of our OAWM system, see (11). In this case, the
single-sided RF power spectrum S̃SSBI(f) associated with the
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SSBI has a triangular shape [47],

S̃SSBI(f) = 2GRΔS2

(
PPD

(1 + LOSPR)Bopt

)2

(Bopt − f) .

(26)

In this relation, LOSPR refers to the LO-to-signal power ratio
as defined for (15) above, PPD is again the total power incident
on each of the two photodetectors that form the BPD, and G
and R are the gain of the RF amplifier and the input impedance
of the subsequent acquisition system, respectively. Note that, in
case of limited CMRR, the output signal might also be impaired
by LO-LO beat interference. The associated signal components,
however, will only appear at zero frequency, leading to a DC
offset of the photocurrent, and at the FSR frequency fFSR of
the LO comb, which is not any more captured by the subse-
quent acquisition system, having a bandwidth B slightly bigger
than fFSR/2. The overall SSBI power PSSBI within the receiver
bandwidth B ≈ Bopt/(2N) is then obtained by integrating the
single-sided power spectrum S̃SSBI(f) over the bandwidth of the
respective receiver,

PSSBI =

∫ B

0

S̃SSBI(f)df

= 2GRΔS2

(
PPD

(1 + LOSPR)Bopt

)2 (
BoptB − 1

2
B2

)

=
GRΔS2PPD

2(4N − 1)

(1 + LOSPR)24N2
. (27)

Combining this relation with (15), we can write the SSBI-related
SNDR contribution,

SNDR(SSBI) =
PRF,S

PSSBI
= LOSPR

(
1

CMRR

)2
8N

(4N − 1)
.

(28)

While for our model and the assumed parameters, CMRRdB =
30 dB and LOSPRdB = 10log10(PLO/PS) = 10dB, Table I, the
SNDR contribution associated with SSBI is negligible, see
dashed yellow lines in Figs. 8 and 9 above, the distortion
becomes significant for a lower CMRR. Note that the observed
SNDR reduces only slightly when increasing the number of par-
allel channels, Fig. 9. This can be explained by the SSBI-related
power spectrum S̃SSBI(f) of the photocurrent, which, for a spec-
trally white optical signal, assumes a triangular shape, peaking at
zero frequency (DC) and having a single-sided width ofBopt. For
a single channel,N = 1, the associated noise power corresponds
to the overall power contained in this triangular spectrum up to
the detection bandwidth B ≈ Bopt/(2N) = Bopt/2, whereas for
N → ∞, only the strong contributions close to the peak of the
triangle at zero frequency play a role. As a result, the associated
SNDR reduces by a factor of 3/4 (−1.25 dB) when increasing
the channel count from N = 1 to N → ∞, which can be seen
by a slight initial decrease of the yellow curve in Fig. 9(a).

8) Calibration and Reconstruction Errors: In addition, cali-
bration crosstalk ÃX(f) is introduced when reconstructing the

signal-vector Ã
(est)

S (f) from the various measured baseband
spectra Ĩν(f) and Q̃ν(f), because the reconstruction matrix is

TABLE II
SIMULATION PARAMETERS

not known with perfect accuracy, see (5). The uncertainties in the
reconstruction matrix arise on the one hand from uncertainties
in the time-invariant transfer functions H̃

(I)

νμ(f) and H̃
(Q)

νμ (f),
see Fig. 3, and, on the other hand, from estimation errors of the
time variant factorsH(t)

F,ν = exp(jϕ
(t)
F,ν), see (6). As these effects

are rather complicated to describe analytically, we perform
simulations to determine the SNDR contributions for differ-
ent channel counts N . For these simulations, we assume rela-

tive uncertainties 10log10(|ΔH̃
(I)

νμ(f)|
2

/|H̃(I)

νμ(f)|
2

) = −40 dB

and 10log10(|ΔH̃
(Q)

νμ (f)|
2

/|H̃(Q)

νμ (f)|
2

) = −40 dB for the

frequency-dependent transfer functions H̃
(I)

νμ(f) and H̃
(Q)

νμ (f),
which were estimated from the crosstalk levels observed in
our experiments, see Fig. 5, and which are assumed to be
independent of the channel count N. It should be noted that
the quality of the calibration can be increased by averaging
several calibration measurements at the expense of an increased
one-time calibration effort. However, this will not permit to
decrease the relative uncertainties of the frequency-dependent

transfer functions H̃
(I)

νμ(f) and H̃
(Q)

νμ (f) at will due to remaining
systematic errors, which will eventually limit the quality of the
calibration. Our simulations are therefore based on an uncer-
tainty level of−40 dB that was achieved in our proof-of-concept
experiments.

For the simulation of the calibration crosstalk, we model the

uncertaintiesΔH̃
(I)

νμ(f) andΔH̃
(Q)

νμ (f) as white Gaussian noise
that distorts the various transfer-matrix elements, and we use
again the broadband Gaussian test signal, (11), having an optical
bandwidth of Bopt = N × fFSR, to evaluate the system perfor-
mance. We run the simulation for a fixed ADC bandwidth of
B = 21 GHz that is slightly larger than half the FSR, fFSR/2 =
20 GHz, of the simulated LO comb, such that the time variant
factors H(t)

F,ν and H
(t)
LO,μ can be estimated. For our simulations,

we rely again on the general system parameters shown in Table I,
as used for the analytical estimations discussed above, along
with the additional parameters listed Table II. While sweeping
the channel count N, each simulation is repeated for different
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Fig. 11. Simulated SNDR contributions related to the uncertain frequency-

dependent transfer functions H̃
(I)
νμ(f), H̃

(Q)
νμ (f) (red trace) and to the esti-

mation errors of the slowly time-variant factors H
(t)
F,ν and H

(t)
LO,μ (blue

trace) for increasing channel counts N . For the frequency-dependent transfer

functions H̃
(I)
νμ(f) and H̃

(Q)
νμ (f), we assumed relative uncertainties

10log10(|ΔH̃
(I)
νμ(f)|2/|H̃

(I)
νμ(f)|2)=10log10(|ΔH̃

(Q)
νμ (f)|2/|H̃(Q)

νμ (f)|2)
= −40 dB that are independent of the channel count N and that correspond
to the uncertainty levels observed in our experiments. The underlying system
and simulation parameters are summarized in Tables I and II. The calibration
crosstalk related to estimation errors of the slowly time-variant factors

H
(t)
F,ν and H

(t)
LO,μ is much smaller than the contributions of the uncertain

frequency-dependent transfer functions H̃
(I)
νμ(f), H̃

(Q)
νμ (f), indicated by a

higher associated SNDR. Note that the calibration crosstalk related to the
frequency-dependent transfer functions (red trace) does not vanish for N = 1,
because also this case is subject to crosstalk between positive and negative
spectral components due to remaining IQ imbalance.

realizations of the noise processes, see Fig. 11 for the results. We
extract and separately analyze the SNDR contributions related to

the uncertain frequency-dependent transfer functions H̃
(I)

νμ(f),

H̃
(Q)

νμ (f) (red trace) and the SNDR contribution related to esti-

mation errors of the slowly time-variant factorsH(t)
F,ν andH(t)

LO,μ

(blue trace). We find that the SNDR contribution of the uncertain

frequency dependent transfer functions H̃
(I)

νμ(f), H̃
(Q)

νμ (f) is in-
dependent ofN and amounts to approximately 40 dB, which cor-
responds approximately to the inverse of the underlying relative

uncertainty −10log10(|ΔH̃
(I)

νμ(f)|
2

/|H̃(I)

νμ(f)|
2

) = 40dB of the
transfer functions. In contrast to that, the SNDR contribution of
the uncertain slowly time-variant complex-valued factors H(t)

F,ν

and H
(t)
LO,μ is significantly lower and does not seem to represent

a relevant limitation of the overall signal quality. Note that the
calibration crosstalk related to the frequency-dependent transfer
functions does not vanish for N = 1, see red trace in Fig. 11.
This can be understood by considering that the IQ calibration
crosstalk, i.e., the crosstalk between positive and negative spec-
tral components, remains, see Fig. 5 for a measurement of the
different crosstalk contributions.

For comparison to the other noise and distortion sources,
we include the overall calibration-related SNDR contribution
SNDR(cal) ≈ 40 dB into Figs. 8 and 9 above, see magenta
traces. Under the assumptions explained above, this contribution
neither changes with the overall optical acquisition bandwidth
Bopt nor with the channel count N and does not represent a
relevant limitation of the overall SNDR.

C. Discussion of Fundamental System Limitations

We finally compare the different SNDR contributions ana-
lyzed in the previous section and calculate the resulting total
SNDR(total) that dictates the performance of the overall OAWM
system. In Fig. 8(a), (b), (c) and (d) above, we plotted all
SNDR contributions as well as the resulting total SNDR(total)

(solid black lines) as a function of the optical acquisition band-
width Bopt ≈ N × 2B in the range of 10 GHz to 1 THz for
different channel counts N = 1, 4, 16, 32, assuming that the
electronic bandwidths B of the underlying ADC can scale up to
100 GHz. Fig. 9(a), (b), (c), and (d) show the SNDR associated
with the individual noise sources as well as the resulting total
SNDR(total) as a function of the channel count N for fixed
optical acquisition bandwidths of 200 GHz, 400 GHz, 800 GHz,
and 1 THz, respectively. We observe that for the assumed optical
signal input power Pin = −13 dBm and the associated OSNR
of 40 dB, the noise and distortions of the underlying electronic
ADC dominate the overall impairments over a wide frequency
range. Increasing the channel count N allows to reduce the
bandwidth of these electronic ADC and thus improves the overall
SNDR(total) until other noise sources such as the ASE noise of
the optical amplifiers become dominant. For the assumptions
made in our model, ASE noise and ADC noise are equally strong
at a channel count of approximatelyN = 6, see Fig. 9(a), (b), (c)
and (d). Within the parameter ranges considered here, jitter does
not yet become a limitation. Note, however, that the underlying
rms-jitter of 25 fs for the ADC was specified for an acquisition
time of 10 μs [28]. Longer acquisition times might lead to a
larger rms-jitter or require additional synchronization between
the signal source and the OAWM system to avoid degradation of
the overall SNDR(total), especially at large optical acquisition
bandwidths Bopt. The RF-amplifier noise and the shot noise
will only contribute significantly if both the ADC noise and
the ASE noise limitations are overcome, e.g., in case of high
optical input powers in combination with large channel counts
and higher-ENOB ADC. The effect of SSBI and calibration
crosstalk are negligible for the parameters assumed in our model.

We conclude that scaling up the channel count N can not
only rise the achievable optical acquisition bandwidth Bopt

with linearly increasing hardware effort, but also effectively
reduce ADC noise and thus improve the overall SNDR. Our
approach hence allows to overcome the bandwidth limitations
of conventional integrated coherent receivers and could pave
the way not only towards communication at ultra-high symbol
rates [48] but also towards software-defined receiver arrays that
are fully flexible with respect to spectral resource assignment.
These advantages come at the price of higher hardware efforts,
in particular with respect to the implementation of multiple
parallel IQ receivers, ADCs, and a high-quality LO comb. The
IQ receivers can be efficiently implemented using advanced
photonic integrated circuits and the generation of LO tones
may rely on chip-scale Kerr frequency comb generators [7].
The fact that the non-sliced concept does not require optical
slicing filters for separating the individual LO comb tones sim-
plifies the implementation. With respect to the application in
real communication systems, the extension of the scheme to
dual-polarization reception is a logical next step, which should
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be straightforward to implement using integrated polarization
beam splitters and rotators [49], [50].

VII. SUMMARY

We have demonstrated non-sliced optical arbitrary wave-
form measurement (OAWM) with an acquisition bandwidth of
170 GHz, using a silicon PIC with co-integrated photodetectors.
To the best of our knowledge, these experiments represent
the first OAWM demonstration with an optical front-end hav-
ing co-integrated photodetectors. In contrast to earlier OAWM
schemes based on spectral slicing, our approach neither requires
sensitive high-quality optical filters nor active controls. We show
that the architecture reduces the bandwidth requirement for the
individual ADC and improves the overall signal quality, because
lower-speed ADC typically offer a higher effective number of
bits (ENOB). Our system relies on a highly accurate calibration
that uses a precisely defined femtosecond laser pulse as a known
reference waveform. We obtain a signal-to-noise-and-distortion
ratio of 30 dB when measuring single tone-test signals. This
corresponds to an effective number of bits (ENOB) of 4.7
bit, where the underlying electronic analog-to-digital converters
(ADC) turn out to be the main limitation. In a proof-of-concept
experiment, we demonstrate the reception of 64QAM data
signals at 100 GBd and obtain a constellation signal-to-noise
ratio (CSNR) that is even slightly better than that achieved
for a single intradyne IQ receiver based on discrete high-end
100 GHz photodiodes. We finally performed a theoretical scal-
ability analysis, showing that the optical acquisition bandwidth
and the signal quality can be further improved by increasing the
channel count. The underlying model considers a broad range
of additional other noise sources such as ASE noise in the signal
and LO path, thermal RF-amplifier noise or jitter of the LO comb
and the underlying electronic ADC, all of which can impact the
performance of the OAWM system, especially for large optical
acquisition bandwidths. The work paves the way towards further
scaling of comb-based OAWM systems and is a key step towards
out-of-lab use of highly compact OAWM systems that rely on
chip-scale filter-less detector circuits.

APPENDIX A

In this appendix, we derive (22) for the combined LO and
ADC jitter observed for the broadband test signal defined in
(11). As there are two independent contributions, the ADC
jitter τ (ADC)

j and LO-comb jitter τ (LO)
j , we first derive separate

expressions for the individual noise-to-signal ratios (NSR), and
add them in a second step according to (25) in [10] to obtain the
overall NSR.

We first consider the electrical ADC with bandwidth B. As
explained in Section VI-A, the ADC jitter τ

(ADC)
j comprises

both clock jitter and aperture jitter. We further assume that the
spectral components of the broadband test signal are uncorre-
lated. As a result, the NSR related to ADC jitter can be derived
by taking the inverse jitter-related signal-to-noise-and-distortion
ratio (SINAD) from (10) and by averaging it over the spectral

range covered by the acquisition bandwidth B. This leads to

NSR(jitter)
ADC =

1

B

∫ B

f=0

(
2πfτ

(ADC)
j

)2

df

=

(
2πBτ

(ADC)
j

)2

3
=

(
2πBoptτ

(ADC)
j

)2

12N2
, (29)

where the overall optical acquisition bandwidthBopt ≈ N × 2B
was introduced in the last step for better comparison with other
relations in Section VI.

For the LO comb, we consider the timing-jitter of the associ-
ated pulse train. Timing jitter contributes to the phase noise of the
various comb tones, and the power of this contribution increases
quadratically with frequency-difference of the respective tone
and the carrier. In the subsequent analysis, we neglect optical
phase noise of the carrier, see related discussion in Section VI-B,
and we define a optical carrier frequency fcntr to be in the center
of the optical acquisition bandwidth Bopt, see, e.g., Fig. 4. The
effective jitter-related RF phase-noise power then also increases
quadratically with the distance of the comb tone from the refer-
ence frequency fcntr [51], and the NSR of the μ−th LO comb
line at frequency fμ can be written as

NSR(jitter)
LO,μ =

[
2π (fμ − fcntr) τ

(LO)
j

]2
. (30)

Because we assume a broadband random test signal, see (11),
all down-converted signal portions are statistically independent,
even if the RF-phase of the individual tones are originally still
correlated. Using this consideration, the overall NSR related to
LO-comb jitter can be obtained by averaging the noise contri-
butions associated with the N individual comb tones,

NSR(jitter)
LO =

1

N

N∑
μ=1

NSR(jitter)
LO,μ =

(
2πBoptτ

(LO)
j

)2 (
N2 − 1

)
12N2

,

(31)

where we used the relation Bopt ≈ fFSRN .
In the next step we add the statistically independent jitter

contributions from the ADC and the LO,

NSR(jitter) = NSR(jitter)
ADC +NSR(jitter)

LO

=
(2πBopt)

2
[
τ
(ADC)2
j + τ

(LO)2
j

(
N2 − 1

)]
12N2

.

(32)

If, for simplicity, we additionally assume identical rms-jitter
values for the ADC and the LO comb, τj = τ

(ADC)
j = τ

(LO)
j ,

the above relation simplifies to

NSR(jitter) =

(
2πBoptτj

)2
12

=

[
2π (Bopt/2) τj

]2
3

. (33)

The corresponding jitter-related SNDR contribution
SNDR(jitter) (22), is then obtained by taking the reciprocal of
the right-hand side of (32) and (33), respectively.
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