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Photonic-electronic arbitrary-waveform
generation using quadrature multiplexing
and active optical-phase stabilization

Christoph Füllner1 , Alban Sherifaj1, Thomas Henauer2, Dengyang Fang1,3,
Daniel Drayss1,3, Lennart Schmitz1, Tobias Harter1, Tilahun Z. Gutema 1,
Thomas Zwick2, Wolfgang Freude1, Sebastian Randel1 & Christian Koos 1,3,4

Generation of electrical waveformswith bandwidths of 100GHz ormore is key
to many applications in science and industry, comprising high-speed com-
munications, radar, or test and measurement equipment. However, while
conventional digital-to-analog converters based on electronic circuits still
represent the technological mainstay for broadband waveform generation,
further bandwidth scaling comes with a series of challenges related to circuit
design and implementation, packaging, and system integration. In this paper,
we show that photonic-electronic signal-processing techniquesmayovercome
these limitations. We demonstrate a photonic-electronic waveform generator
that exploits quadrature multiplexing in the optical domain in combination
with phase-stabilized coherent down-conversion to the electrical domain. In a
proof-of-concept experiment, we generate electrical multi-level data signals at
symbol rates up to 200 GBd at quality levels that can already compete with
best-in-class electronic systems. We believe that our concept opens an
attractive path to waveforms generation at bandwidths beyond the limitations
of current microelectronics, leveraging advanced photonic integration tech-
nologies that are currently being developed.

Broadband arbitrary-waveform generation is a fundamental technol-
ogy that is widely used in science and industry, be it for high-speed
optical1–8 and wireless9 communications, for test and measurement of
high-speed electronics, or for investigation of ultra-short events in
scientific experiments10. High-speed digital-to-analog converters
(DACs) based on advanced electronic circuits currently represent the
technologicalmainstay for broadbandwaveformgeneration. Using 16-
nm CMOS nodes, DACs with bandwidth up to 45 GHz have been
demonstrated already a few years ago3,5. More recently, high-speed
CMOS application-specific integrated circuits (ASICs) based on 3-nm,
5-nm, and 7-nm technology have been announced in the context of
high-speed optical communications11–15, featuring DAC bandwidths of
60 GHz or more. For a given structure size, BiCMOS circuits can reach

muchhigher speeds compared to their CMOS counterparts, leading to
usable DAC bandwidths of up to 65 GHz demonstrated on a 55-nm
BiCMOS node4. However, further scaling the bandwidth of individual
DAC interfaces is challenging due to bandwidth limitations of the
underlying circuit elements, the complexity of associated packaging
and impedance matching approaches16, and increased transmission
line losses17. To overcome these limitations, several multiplexing
techniques have been proposed in the past18,19. They all have in com-
mon that the bandwidth-limited analog outputs of multiple DACs are
actively combined to form a single high-speed output. More specifi-
cally, bandwidths of up to 80 GHz have been achieved by time inter-
leaving of parallel DACs, and 100 GHz were reached by spectral
stitching20–22. Still, all of these fully-electronic concepts require
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broadband RFmultiplexers or RFmixer circuits that are challenging to
design, to fabricate, and to integrate into multi-chip RF systems.

In this paper, we introduce optical quadrature multiplexing as an
alternative approach for broadband arbitrary-waveform generation,
exploiting photonic-electronic signal-processing schemes to effec-
tively double the bandwidth of electronic DACs23,24. Specifically, the
approach relies on in-phase (I) and quadrature (Q) modulation of an
optical carrier using a pair of well-defined electronic drive signals,
which leads to an optical IQ waveform with uncorrelated sidebands
that covers twice the bandwidth of the underlying electronic DACs.
The optical waveform can then be down-converted to a corresponding
ultra-broadband electric waveform using a high-bandwidth balanced
photodetector (BPD) in combination with a local oscillator (LO) tone
tuned to the spectral edge of the optical IQ signal, thereby effectively
leading to the formation of an optical single-sideband (SSB) signal25–29

at the BPD input. A key element of this approach is a precise control of
the relative phase between the IQ signal and the LO tone, which is
accomplished through a closed-loop active phase stabilization
scheme. We demonstrate the viability of the approach by imple-
menting a proof-of-concept photonic-electronic arbitrary-waveform
generator (PE-AWG), which relies on a pair of conventional electronic
DACs with an individual bandwidth of approximately 50 GHz and
which offers a 100 GHz overall bandwidth. We use the system for
generating two-level, four-level, and eight-level pulse-amplitude
modulation signals (PAM2, PAM4, and PAM8) with symbol rates of up
to 200 GBd, and we analyze and benchmark the resulting signal
quality via well-established metrics for communication signals such
as the signal-to-noise-and-distortion ratio (SNDR) and the bit-error
ratio (BER). We find that our proof-of-concept system can already
compete with best-in-class commercially available benchtop-type
waveformgenerators. As an application example, the PE-AWG system
is finally used to drive a high-speed Mach-Zehnder modulator (MZM)
for intensity modulation of an optical carrier, resulting in on-off-
keying (OOK) and PAM4 signals with symbol rates of up to 200 GBd
and 190 GBd, respectively, which are transmitted over a 10.5-km-long
fiber link. To the best of our knowledge, the 100 GHz-wide wave-
forms generated in our experiments represent the highest-
bandwidth electric data signals that were synthesized so far by a
photonic-electronic system. In combination with recently demon-
strated phase-stabilized spectral stitching of optical waveforms30, the
proposed scheme paves a path towards efficient bandwidth scaling
of waveform generators with linearly increasing effort, exploiting
massive parallelization of low-speed DAC arrays. Our approach may
leverage the tremendous progress of broadband electro-optic devi-
ces such as modulators31–34 and ultra-high-speed photodetectors35–39.

This paper is structured as follows: In Subsection “Photonic-
electronic arbitrary-waveform generator (PE-AWG) concept” of Sec-
tion “Results”, we explain the general concept of the proposedPE-AWG
scheme. The subsequent subsection “Active optical-phase stabiliza-
tion” explains the underlying closed-loop active optical-phase stabili-
zation, which is key to the generation of well-defined time-domain
waveforms. In Subsection “Digital synthesis of IQM drive signals”, we
describe the digital synthesis of the IQM drive signals that lead to the
desired target waveform at the PE-AWG output, and Subsection
“Bandwidth scaling and spectral stitching in the optical domain” pre-
sents an approach to further bandwidth scaling by using spectral
stitching techniques. In Subsection “Experimental implementation”,
we present the experimental proof-of-concept demonstration, while
the benchmarking of the resulting signal quality is discussed in Sub-
sections “Characterization and performance benchmarking” and
“Symbol rate sweep”. In the last subsection of Section “Results” label-
led “Application example: IM/DD fiber transmission experiment” we
describe the results achieved when employing our PE-AWG as a signal
source in an optical transmission experiment. In Section “Discussion”
we discuss a roadmap for the PE-AWG including potential

improvements, photonic integration, and possible use cases in more
detail and summarize our findings.

Results
Photonic-electronic arbitrary-waveform generator (PE-AWG)
concept
Figure 1a shows a visionary illustration of a fully integrated ultra-
broadband photonic-electronic arbitrary-waveform generator (PE-
AWG) exploiting the concept of quadraturemultiplexing. The figure is
intended to give an idea of what a miniaturized PE-AWG system could
look like based on technologies that are in principle available already
today. The system comprises multiple interconnected photonic inte-
grated circuits (PICs) and electronic integrated circuits (EICs). Elec-
trical connections may be realized with conventional metal wirebonds
and photonic wirebonds40,41 are a possibility to efficiently connect the
PICs but alternative coupling techniques are feasible as well42. The
generation of the broadband electrical target waveform s(t) at the RF
ouput relies on multiplexing the output signals of a pair of indepen-
dent synchronized electronic DACs via an IQ modulator (IQM) in the
optical domain. To this end, real-valued I and Q signals, uI(t) and uQ(t),
each having a single-sided bandwidth B in baseband, see Inset ① of
Fig. 1a, are modulated onto an optical carrier. In Inset ① and in all
further spectral plots, dashed lines refer to spectral images at negative
frequencies that are simply the complex conjugate of their positive-
frequency counterparts and thus carry only redundant information.
The superposition of the optical I and Q signals, also referred to as the
optical IQ signal, exhibits fully uncorrelated spectral components over
its entire spectral width 2B, see Inset ② - as opposed to a pure ampli-
tude modulation of an optical carrier, for which the upper and lower
sidebands are correlated. We indicate the independence of the upper
and lower sidebands of complex-valued optical signals by solid lines in
the spectral plots. Phase-stabilized heterodyne down-conversion of
suchoptical IQ signals bymeans of a local oscillator (LO) located at the
edge of the optical signal spectrum finally allows for generating real-
valued electrical waveforms having twice the bandwidth of the
employed DACs, see Inset ③. In this case, the optical IQ signal can be
interpreted as a single-sideband signal with respect to the LO tone at
the BPD input.

Key to the signal generation and phase-stabilized coherent down-
conversion are two frequency- and phase-locked laser tones at fre-
quencies f1 and f2 = f1 + B, where 2B is the bandwidth covered by the
electrical target waveform. One tone acts as an optical carrier onto
which the IQ signal ismodulated, while the other one is used as the LO
for down-conversion. These tones can either be provided by an optical
frequency-comb generator (FCG), which is particularly attractive if the
scheme is complemented by spectral stitching to increase the band-
width of the optical IQ signal30, or by a single continuous-wave (CW)
laser in combination with a frequency shifter (FS)43, that derives the
tone at f2 from the one at f1 by imposing a spectral shift of fshift = B, see
Fig. 1a. The RF signal for driving the frequency shifter is provided by a
synthesizer (Syn) that is synchronized with the digital signal proces-
sing (DSP) unit and the two DACs as indicated by the dotted line in
Fig. 1a. The optical carrier at f2 is then modulated in the IQ modulator
(IQM), which is driven by two real-valued drive signals uI(t) and
uQ(t). The resulting optical IQ signal asðtÞ= uIðtÞ+ juQðtÞ

� �
exp

j 2πf 2t +ϕsðtÞ
� ��

is fed to a 90° optical hybrid (OH) and combinedwith
the LO tone aLOðtÞ=< ALO exp j 2πf 1t +ϕLOðtÞ

� �� �� �
at f1 for hetero-

dyne down-conversion in the high-bandwidth balanced photodetector
(BPD1). In these relations, the quantitiesϕs(t) andϕLO(t) represent slow
phase variations of the signal carrier and the LO tone that are, e.g.,
caused by thermal drift or mechanical vibrations of the waveguides
and the frequency comb generators. The LO tone is positioned exactly
at the edge of the data spectrum, f2 = f1 +B, see Inset②of Fig. 1a, andwe
can re-write the optical IQ signal as asðtÞ=AsðtÞ exp j 2πf 1t +ϕsðtÞ

� �� �
where the complex-valued envelope AsðtÞ= uIðtÞ+ juQðtÞ

� �
exp j2πBtð Þ
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nowrefers to the LO tone at frequency f1. Assuming ideal balancing and
hence full elimination of the common-mode terms at the BPD output,
we obtain the real-valued photocurrent derived from the ‘I+’ and ‘I−’
port of the OH, see Section S1 of Supplement 1 for details,

iBPD, 1ðtÞ / < AsðtÞejΔϕðtÞ
� �

, ΔϕðtÞ=ϕsðtÞ � ϕLOðtÞ: ð1Þ

This photocurrent covers a singled-sided bandwidth of 2B in the
baseband, corresponding to twice the bandwidth of the individual
DAC interfaces when considering rectangular Nyquist spectra. The

photocurrent represents the output of the proposed PE-AWG (’RF
output’), see Inset ③ in Fig. 1a. If needed, an additional electrical
amplifier (not shown) can be used for boosting the electrical output
power44–46.

Equation (1) shows that the generated electrical waveform sensi-
tively depends on the optical phase offsetΔϕ between the LO tone and
the optical IQ signal at the inputs of the BPD. To ensure that the PE-
AWG output is stable over time and matches the broadband electrical
target waveform s(t), two conditions need to be fulfilled. First, the
optical phase offset Δϕ needs to vanish, and second, the real-valued
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Fig. 1 | Concept of a photonic-electronic arbitrary waveform generator (PE-
AWG) relying on quadrature multiplexing and an active optical phase stabili-
zation in a phase-locked loop (PLL). a Visionary illustration of a chip-scale hybrid
integrated PE-AWG comprising photonic integrated circuits (PICs) and electronic
integrated circuits (EICs) intended to give an idea of what a miniaturized PE-AWG
system could look like. Two phase-locked optical tones at frequencies f1 and f2 are
derived from a continuous-wave (CW) laser. After coupling to the main PIC, the
light emitted by the CW laser is split into two portions. One portion is frequency-
shifted (FS) by B = f2 − f1 and acts as a carrier for an optical IQ waveform; the other
one serves as a local oscillator (LO) tone for heterodyne down-conversion in a high-
bandwidth balanced photodetector (BPD1). The drive signals for the IQ modulator
(IQM) are provided by two time-synchronized DAC modules with bandwidth B
each. A feedback loop (turquoise) in a phase-stabilized coherent combiner (PSCC)
compensates the unwanted phase deviation Δϕ between the optical IQ waveform
and the LO tone. The insets show spectra at positions ① to ③ in Subfigure (a) and
illustrate the basic principle of quadrature multiplexing in the frequency domain,
where the tilde denotes the Fourier transforms of the respective time-domain
quantities. In these spectral plots, dashed lines refer to spectral components at
negative frequencies that are simply the complex conjugate of their positive-
frequency counterparts. ① Real-valued electric drive signal as fed to the I and Q

ports of the IQM. ②Optical IQ signal covering a bandwidth of 2B along with the LO
tone located at the edge of the signal spectrum. ③ Real-valued waveform with
bandwidth 2B obtained at the output of BPD1 after coherent down-conversion.
bHistogram of a PAM2 signal at the PE-AWGoutput for various phase offsets Δϕ. A
non-zero phase offset introduces severe distortions to the generated electrical
waveform, and thehistogramdeteriorates to the point of being unrecognizable as a
PAM2 signal. cDigital synthesis of the drive signals<fuðtÞg and =fuðtÞg for the IQM.
A discrete-time version of the target waveform sn covering a bandwidth 2B is
generated, Inset Ⓐ. Next, its Hilbert transform, Inset Ⓑ, is added as an imaginary
part, leading to an elimination of the negative-frequency components, Inset Ⓒ. The
analytic signalAs,n is then frequency-shifted to be centered around zero frequency,
Inset Ⓓ, and the real and imaginary parts of the resulting digital signal un are fed to
the twoDACmodules with bandwidth B, InsetⒺ.d Vision of an ultra-broadband PE-
AWG that combines the idea of quadrature multiplexing with the generation of
broadband optical waveforms by feedback-stabilized stitching of spectrally sliced
tributary signals as illustrated in the Insets Ⓐ to Ⓒ

30. An illustrative example with
N = 4 tributaries is sketched. Each of the phase-stabilized coherent combiners
(PSCC) consists of an optical hybrid (OH) and a PLL for phase stabilization. For the
PSCCs with a single output only, the output labeled ‘I−’ in (a) is unused.
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drive signals uI(t) and uQ(t) of the IQM must be synthesized to satisfy
the relations sðtÞ=< AsðtÞ

� �
and eAsðf Þ=0 for f < 0. These two aspects

are discussed in more detail in Section S1.3 of Supplement 1.
Note that some parts of our system are similar to those used in

previous experiments on optical SSB transmission, e.g., in combina-
tion with optical orthogonal-frequency division multiplexing (OFDM)
schemes25,26,47, and related Kramers-Kronig receiver systems27–29. Spe-
cifically, many of those schemes use an IQM to generate a broadband
optical IQ signal with uncorrelated sidebands that has twice the
bandwidth of the underlying DAC channels, along with a strong
monochromatic tone, which serves as an LO tone for down-conversion
in a square-law detector. Since the signal and the LO tone are already
combined, it is impossible to use a BPD at the receiver, and down-
conversion has to rely on direct detection instead. If the LO tone is
positioned right at the edge of the signal spectrum, direct detection
unavoidably leads to a strong spectral overlap between the down-
converted signal and unwanted, residual signal-signal mixing pro-
ducts, also known as signal-signal beat interference (SSBI), making
such schemes unsuited for high-quality electrical arbitrary waveform
generation. These SSBI impairments can be avoided by inserting a
guard bandbetween the LO tone and the signal band25,26. However, this
limits the scheme to the generation of electrical band pass signals with
a center frequency that corresponds to at least 1.5 × the bandwidth of
the IQ signal. In the next section, we explain how to overcome this
problem by combining the broadband optical IQ signal with an inde-
pendently generated LO tone in an OH while precisely controlling the
phase offsetΔϕbetween the two. This allows to translate the optical IQ
waveform into a well-defined electrical time-domain waveform, that
suffers neither from SSBI nor from uncontrolled phase drifts of the LO
tone with respect to the signal band.

Active optical-phase stabilization
The LO tone and the optical carrier are derived from the same laser,
and one might hence expect the optical signal to have a fixed phase
offset Δϕ with respect to the LO tone. However, in practice, Δϕ is
usually subject to random drift over time due to vibrations and/or
temperature fluctuations in the underlying optical setup, especially if
the optical LO tone and/or the optical IQ signal are routed through a
sequence of fiber-optic devices such as modulators or amplifiers, as is
the case for our proof-of-concept demonstration. An unknown or
randomly drifting optical phase offset Δϕ(t) between the LO and the
modulated IQ signal renders targeted waveform generation impos-
sible and hence needs to be compensated by an active feedback con-
trol. This is achieved by the so-called phase-stabilized coherent
combiner (PSCC), that is indicated by a dashed blue box in Fig. 1a and
that exploits the two remaining output ports of the 90° OH (‘Q+’

and ‘Q−’) in combinationwith a secondbalanced photodetector (BPD2)
for generating the feedback signal. Note that the optical phase offset
usually varies rather slowly compared to the electrical targetwaveform
and that the monitoring photodiodes and all associated electronic
circuits can be kept at operation bandwidths well below 1 MHz. The
PSCC also comprises an electronic controller, consisting e.g., of a DAC,
a digital loop filter (LF), an analog-to-digital converter (ADC), as well as
an endless phase shifter (PS), which form an electro-optic phase-
locked loop (PLL)48 together with the 90° OH. These elements are
highlighted in turquoise in Fig. 1a, and a more detailed explanation of
the underlying concept is given in Section S2.3 of Supplement 1 along
with amathematical description. Note that the phase locking of the LO
tone and the optical carrier is still important as the phase control can
only compensate for low-speed phase drifts, but not for broadband
phase noise that would occur in case of tones derived from two dif-
ferent free-running lasers. We illustrate the importance of the phase
control by simulating the impact of non-zero phase offsets Δϕ on the
output waveform, see Fig. 1b. In this investigation, we use a two-level
pulse amplitude modulation (PAM2) waveform with a pulse shape

having a root-raised-cosine (RRC) spectrum as the target waveform
and then subject it to different phase offsets Δϕ. In case of a vanishing
phase offset Δϕ = 0, we find the expected histogram consisting of two
sharp peaks, as indicated in red. In contrast to that, non-vanishing
phase offsets Δϕ ≠ 0, turn the resulting signal into a linear super-
position of the electrical target waveform s(t) and its Hilbert transform
H sðtÞ� �

, see Section S1.3 of Supplement 1 for details, and the histo-
gram deteriorates to the point of being unrecognizable as a
PAM2 signal. In case of communication signals, this distortion can be
undone by an appropriately designed linear adaptive equalizer at the
receiver, see Section S3.4 of Supplement 1 for details. For targeted
synthesis of waveforms with arbitrary shape, however, precise phase
control is imperative.

Digital synthesis of IQM drive signals
Thegeneration of the targetwaveform s(t) at the PE-AWGoutput poses
two requirements on the synthesis of AsðtÞ and the associated drive
signals uI(t) and uQ(t). First, the generated photocurrent iBPD,1(t) at the
high-speed BPD (BPD1) output must correspond to the target wave-
form s(t). Assuming that phase control is established, i.e., Δϕ = 0, the
photocurrent is proportional to the real-part of the complex-valued
envelope of the optical IQ signalAsðtÞwith respect to the LO frequency
f1, see Eq. (1), and requirement 1 hence is

iBPD, 1ðtÞ / < AsðtÞ
� �

= sðtÞ: ð2Þ

Second, the complex-valued envelope AsðtÞ of the optical IQ signal
must be an analytic signal having a single-sided power spectrum,eAsð f Þ=0 for f < 0. This is important since an IQM with limited
bandwidth B modulating an optical carrier at frequency f2 cannot
generate spectral components at frequencies below f1 = f2 − B. The
second condition is ensured by choosing the imaginary part as the
Hilbert transform of the real part, thus rendering AsðtÞ an analytic
signal with a single-sided spectrum,

eAsð f Þ=0 for f <0: ð3Þ

Compliance with Eqs. (2) and (3) is achieved by proper digital signal
processing, see Fig. 1c for the associated block diagram. As an initial
step, a discrete-time version sn = s(nTs) of the broadband target
waveform s(t) (Target wf.) is generated, whereTs denotes the sampling
period and n is an integer. The spectrum of the target waveform is
sketched in InsetⒶ of Fig. 1c, where redundant spectral components at
negative frequencies are again dashed. Next, the corresponding
analytic signal is computed,

As,n = sn + jHn sn
� �

, ð4Þ

withHn representing the discrete-timeHilbert transform. Applying the
discrete-time Hilbert transform to a signal corresponds to a convolu-
tion of the signal with a discrete-time Hilbert filter

hn =
0 n even
2
πn nodd

(
:

The analytic signal is then down-shifted in frequency to be centered at
zero frequency, yielding un =As,ne

�j2πBnTs , see InsetⒹof Fig. 1c. Finally,
we take the real and imaginary parts uI,n =< un

� �
and uQ,n == un

� �
to

obtain the digital inputs into the pair of electronic DACs, which
generate the two corresponding analog signals uI(t) and uQ(t) for
driving the IQM.

Bandwidth scaling and spectral stitching in the optical domain
Quadrature multiplexing opens a path towards further bandwidth
scaling by spectral stitching of tributary signals in the optical domain,
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exploiting the fact that the bandwidth of advanced
photodetectors9,35,37 is much higher than that of the latest electronic
DACs. The long-term vision of such an ultra-broadband PE-AWG is
illustrated in Fig. 1d. The scheme exploits a chip-scale optical
frequency-comb generator (FCG)49, providing a multitude of phase-
locked tones that are individually modulated by an array of N = 4 IQ
modulators, each driven by an associated pair of electronic DACs. The
resulting spectral tributary signals are then spectrally stitched to form
a well-defined time-domain broadband optical waveform AsðtÞ, which
is thendown-converted to the electrical domain by anultra-broadband
BPD using the remaining comb tone at frequency f0 as an LO. Impor-
tantly, the spectral stitching also relies on precisely controlled optical
phases among the various spectral tributaries, which can be accom-
plished by using essentially the same PSCCs that were described for
phase-stabilized coherent down-conversion in Subsection “Active
optical-phase stabilization”. For signal stitching, the phase stabilization
exploits the interference generated by spectrally overlapping portions
of the neighboring signal slices and generates the stitched signal at the
OH output labeled with ‘I+’ in Fig. 1a, while the ‘I−’ output remains
unused, see30 for details. In the exemplary schemedepicted in Fig. 1d, a
tree structure of (N − 1) = 3 PSCCs is used for spectrally stitching the
N = 4 tributaries thus forming a well-defined broadband optical
waveform. This concept is illustrated by sketching the spectra of tri-
butary and combined signals at several positions A, B, and C in the
setup, see Insets Ⓐ to Ⓒ. After the stitching, the entire broadband
optical waveform is down-converted to the electrical domain by mix-
ing with a single optical LO tone in an ultra-broadband balanced
photodetector (BPD1) connected to the ‘I+’ and ‘I−’ outputs of the
last PSCC.

While the heterodyne down-conversion of stitched optical wave-
forms has not yet been shown experimentally, we have already
demonstrated generation of optical waveforms with a bandwidth
exceeding 300 GHz via spectral stitching, resulting in a signal quality
clearly exceeding that of conventional all-electronic waveform-gen-
eration schemes50 and enabling the first transmission of single-carrier
1 Tbit/s over transatlantic distances51. Clearly, for photonic-electronic
arbitrary waveform generation, the bandwidth of the photodetectors
used to convert the waveform to the electrical domain and the sub-
sequent amplification of the resulting electrical are key. Future PE-
AWG schemes may rely on advanced photodetectors with bandwidths
of several hundred GHz that have recently been shown35–37,39. Similarly,
traveling-wave millimeter-wave amplifiers with bandwidths in excess
of 300GHz have been demonstrated45, and could be used for boosting
the electrical power at the BPD output. Coaxial connectors with a
bandwidth of 145 GHz are already commercially available52 and further
advancements can be expected in the future. The key benefit of the PE-
AWG scheme is the fact that it reduces the complexity of the optoe-
lectronic frequency-conversion front-end to a single photodetector
and a subsequent amplifier. These rather simple components can be
implementedon anultra-broad-band III-V-based integration platform53

that stands out due to speed, but does not offer sufficient yield for
implementing more complex mixed-signal circuits. Scaling the band-
width of the photodetector and the analog amplifier is thus much
simpler than scaling thebandwidth of anentire all-electronicAWG, or a
high-quality multi-channel millimeter-wave frequency-conversion cir-
cuit. Such systems typically consist of large numbers of (Bi)CMOS
components aswell as additional analog circuits for clock distribution,
amplification, or electrical multiplexing, and they are unavoidably
much more complex than a single photodetector and/or a single
amplifier. This notion is confirmed by the fact that even today, RF
amplifiers and balanced photodetectors with 3-dB bandwidth of
100 GHz or more can be bought off the shelf 46 at acceptable prices,
whereas themost advanced AWGs are still limited to a 3-dB bandwidth
of 75GHz and represent amajor investment54. In this context, reducing
the complexity of the optoelectronic frequency-conversion front-end

to a single photodetector and a subsequent amplifier is a key step,
since it allows implementing these rather simple components on ultra-
broad-band III-V-based integration platforms that stand out due to
speed, but do not offer sufficient yield for implementing more com-
plex mixed-signal circuits.

Experimental implementation
To demonstrate the viability and performance of the PE-AWG concept
illustrated in Fig. 1a, we perform a proof-of-concept system-level
experiment that largely relies on conventional discrete fiber-optic
components. Figure 2 shows a simplified sketch of the experimental
setup - a more detailed description can be found in Section S2.1 of
Supplement 1. For evaluating the performance of the system, we
generate PAM signals with a RRC-type pulse shape at symbol rates
between 100 GBd and 200 GBd. We deliberately chose data signals
rather than arbitrary waveforms for our demonstration to simplify
evaluation and benchmarking of the results to the existing literature
via widely used performance metrics such as the bit-error ratio (BER)
and the frequency-dependent signal-to-noise-and-distortion ratio
(SNDR). In addition, we performed two-tonemeasurements to directly
quantify linear and nonlinear signal distortions at different fre-
quencies, see Section S4 of Supplement 1 for details. In our PAM sig-
naling experiments, we derive the optical carrier and the LO tone from
an external-cavity laser (ECL) with a linewidth below 100 kHz, emitting
an optical tone at frequency f1. The optical power is then split in two
identical copies using a 3-dB coupler, and one copy is frequency-
shifted to a frequency f2 = f1 + fshift, see upper arm after the splitter in
Fig. 2. In our demonstration, the frequency shift is accomplishedwith a
sine-wave-driven MZM operated close to the null point, see Inset Ⓐ of
Fig. 2 for the associated output spectrum, and a subsequent optical
band pass filter (BPF) having steep transitions is used to suppress the
unwanted sideband and the residual tone at frequency f1. As an alter-
native, an IQ modulator (IQM) could be used for single-sideband
modulation. Note that the frequency shift fshift to be applied during
digital signal synthesis is dictated by the target waveform and limited
by the bandwidth B of the electronic DAC, fshift ≤ B, see Subsection
“Photonic-electronic arbitrary-waveform generator (PE-AWG) con-
cept”. Notably, the PE-AWG architecture gives some flexibility in
choosing the frequency shift, which allows balancing the signal quality
at the waveform generator output over the full bandwidth range by a
tailored digital calibration, see Section S2.2.2 of Supplement 1 for
details. An erbium-doped fiber amplifier (EDFA) is used in the upper
arm to compensate for the modulation loss as well as the optical
insertion loss of theMZM and the BPF. The optical carrier at frequency
f2 is then modulated in amplitude and phase using a commercially-
available single-polarization LiNbO3 IQM with a 3-dB bandwidth of
~30 GHz. The associated drive signals are generated by a pair of
channels of a fully-electronicAWG (KeysightM8194A) basedonCMOS-
DACs, eachwith a sampling rate of 200GSa/s and ananalog bandwidth
of about 45 GHz5. The transmitter DSP used to generate the digital
inputs for the electronic AWG follows the principles explained Sub-
section “Digital synthesis of IQM drive signals” and Fig. 1c above and is
discussed in more detail in Section S2.2.1 of Supplement 1. Inset Ⓑ of
Fig. 2 shows the power spectrum of the complex-valued digital signal
un after precompensation of the frequency-dependent attenuation
and phase distortions of the hardware components of the PE-AWG
along with an additional reference tone (RT) at the lower edge of the
spectrum that is required for the optical-phase stabilization, see Sec-
tion S1.4 of Supplement 1 for details. At the AWGoutputs, we use linear
RF amplifiers (RF amp.) with 23 dB gain to boost the drive signals prior
to feeding them to the modulator. After the IQM, a second EDFA is
used to compensate for the insertion and modulation losses. We fur-
ther employ a programmable opticalfilter (POF) in the upper fiber arm
of our setup to remove out-of-band amplified spontaneous emission
(ASE) noise of the EDFAs. We measure an optical signal-to-noise ratio
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(OSNR) of more than 40 dB (reference bandwidth: 12.5 GHz), see
Inset Ⓒ of Fig. 2, which indicates that ASE noise is negligible as an
impairment in our PE-AWG. Note that the POF can also be used as an
optical pre-equalizer to flatten the spectrum at the high-speed MZM
output, see Subsection “Application example: IM/DD fiber transmis-
sion experiment” for details. In our experiments, the optical input
powers to the OH as well as the LO-to-signal power ratio (LOSPR) are
adjusted via the gains of the corresponding EDFA. For coherent down-
conversion, we rely on a commercially available 100-GHz indium-
phosphidewaveguide-integrated balancedphotodetector (BPD1)55. No
broadband RF amplifier has been used at the PE-AWG output in our
proof-of-concept experiments. As discussed above, the PSCC
(dashed blue box) contains an electro-optical PLL (turquoise), which
uses the two remaining outputs of the OH to tap monitoring signals
to a low-speed BPD (BPD2). The output of BPD2 is proportional to
sinðΔϕðtÞÞ, where Δϕ(t) is the time-dependent phase offset between
the signal and the LO, see Subsection “Photonic-electronic arbitrary-
waveform generator (PE-AWG) concept” above as well as Sec-
tions S1.4 and S2.3 of Supplement 1 for details. This output signal is
fed to either a digital or an analog proportiona-integral (PI) controller
generating a feedback signal that is applied to a piezo-driven fiber-
based phase shifter in the path of the LO tone. The controller aims at
minimizing the sin ΔϕðtÞð Þ error signal of the low-speed BPD and is
configured to stabilize a phase offset Δϕ of 0, ± 2π, ± 4π.... Note that
the synthesizer providing the drive signal to the MZM is synchro-
nized with the AWG clock, thereby ensuring perfect synchronization
of the frequency offset fshift and themodulation sidebands generated
by the IQM, which could hardly be compensated by a piezo-based
phase shifter with limited range.

Characterization and performance benchmarking
We finally analyze the performance of the proof-of-concept PE-AWG
implementation in an electrical back-to-back configuration by con-
necting the high-speed output directly to a 100-GHz real-time oscil-
loscope with a sampling rate of 256 GSa/s and by offline-processing
and -analysis of the recorded waveforms, see Section S2.2.3 of Sup-
plement 1 for details. The digital receive signal features an original
length of 2million samples, corresponding to approximately 20μs. It is
re-sampled to 2 samples per symbol and a feed-forward timing
recovery56 is used to compensate the deviations between the receiver
and the transmitter clock. Next, a receive filter with an root-raised-
cosine (RRC) spectrum is applied as a matched filter, and the signal is
down-sampled to one sample per symbol. As a last step, an optional
symbol-spaced adaptive linear equalizer with L = 100 coefficients may
be used to compensate residual inter-symbol interference (ISI) that has
not yet been eliminated by the predistortion of the drive signals. In this
case, the equalizer coefficients are updated blindly according to the
Sato algorithm57 in a first processing stage, which is followed by a
second stage relying on the least-mean-squares (LMS) algorithm for a
decision-directed update of the coefficients58. Unless specified differ-
ently in the following, all measurements are performed with the active
phase stabilization being turned on. As a metric for the quality of the
generated signals, we use the signal-to-noise-and-distortion ratio of
PAM signals SNDRPAM as defined in Section S2.2.4 of Supplement 1.
Note that the use of timing recovery, matched filtering, and optional
adaptive equalization prior to extracting the SNDRPAM as a signal-
quality metric allows to compensate for a series of distortions that are
largely inherent to any characterization setup and that are not directly
related to the signal-generation technique. The approach is therefore
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Fig. 2 | Experimental implementationof theproposedPE-AWGusingbenchtop-
type laboratory equipment along with discrete fiber-optic components. The
optical carrier and the LO tone are derived from a common external-cavity laser
(ECL), emitting at frequency f1. In the upper arm of the setup, a frequency shift is
applied to the laser tone by using a sine-driven Mach-Zehnder modulator (MZM),
that generates a pair of spectral sidebands, and an optical band pass filter (BPF),
that suppresses one of the sidebands and the original tone at f1 such that only the
desired optical carrier at f2 = f1 + B remains. The optical carrier is thenmodulated in
a subsequent IQM, which is driven by a pair of channels of an electronic AWG, time-
synchronized with the frequency shifter. The resulting IQ signal is sent through a
programmable optical filter (POF) before being superimposed with the LO tone at
frequency f1 in a 90° optical hybrid (OH). Erbium-doped fiber amplifiers (EDFAs)
compensate insertion and modulation losses at various positions in the setup. The
coherent down-conversion is finally performed by a commercially available 100-
GHz balanced photodetector (BPD1), connected to the ‘I+’ and ‘I−’ outputs of the

OH55. The insets show power spectra at various positions in the setup and illustrate
the filtering of the frequency-shifted tone f2 Ⓐ, the complex-valued digital signal un

Ⓑ, the optical spectrum at the input of the down-conversion stage Ⓒ, and the
electrical spectrum of the generated target waveform Ⓓ. The PSCC (dashed blue
box) contains an electro-optical PL (turquoise) for active stabilization of the optical
phase offset Δϕ between the LO and the IQ signal. To this end, the two remaining
outputs of the OH are used to tap monitoring signals to a low-speed BPD, which is
connected to either a digital or an analog PI controller generating a feedback signal
for driving a piezo-based phase shifter in the LO path. The controller is configured
tominimize the sin ΔϕðtÞð Þ output of the low-speed balanced photodetector (BPD2)
and to stabilize the phase difference Δϕ of 0, ± 2π, ± 4π…. With this proof-of-
concept implementation of a PE-AWG based on quadrature multiplexing, we gen-
erate PAM test signals with up to eight amplitude levels (PAM8) at symbol rates
between 100 GBd and 200 GBd.
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commonly used in the literature to quantify the performance of high-
speed DACs1,2,5,21 allowing for a direct comparison of the SNDRPAM

values obtained in our experiments to those demonstrated in earlier
publications, see Subsection “Symbol rate sweep”.

Signal quality and electrical output power
In a first step of our analysis, we optimize the signal quality, quantified
by the SNDRPAM, and investigate its interdependence with the elec-
trical power at the PE-AWG high-speed output. Specifically, for het-
erodyne down-conversion in a BPD with limited optical input power,
the electrical output power of the RF beat signal is maximized if the
optical IQ signal and the optical LO incident to the BPD have equal
power, Ps =PLO =Pmax=2, where Pmax denotes the maximum input
power tolerated by each of the two pn-junctions of BPD1, and where Ps
and PLO refer to the signal and the LO power found at each of the
outputs of the OH. In real devices, however, imperfections of the BPD
such as a limited common-mode rejection ratio (CMRR) lead to an
inherent trade-off between performance and output power by causing
SSBI28. As a consequence, the best quality of the generated electrical
signal is commonlyobtained for an LOSPR (LO-to-signal power ratio, as
introduced in Subsection “Experimental implementation”) greater

than 1, which does not provide the highest possible electrical output
power. The down-converted signal is further deteriorated by a residual
delay (skew) between the two BPD arms, which may result from
lengths variations of theOHoutputs and/or theBPDfiber pigtails. Such
a skew results in additional SSBI and in an imperfect temporal coin-
cidenceof the two signal-LObeating terms at theBPDoutput, andboth
distortions get stronger with increasing frequency. The 100-GHz BPD
from Fraunhofer HHI employed herein features a CMMR of ≥30 dB
from 0 to 70 GHz and of ≥25 dB between 70 and 100 GHz. The spe-
cified maximum input power Pmax amounts to 14 dBm for each
detector of the balanced pair, but we observe slight bandwidth
reductions and nonlinear behavior already at powers of around 9 dBm
and hence refrain from exceeding this level.

To find a good compromise between the power and the quality of
the generated target waveform, we sweep the LOSPR during the gen-
eration of a 160GBdPAM4 signal while keeping the total receivepower
Prx = Ps + PLO at a constant level of 8 dBm andmeasuring the SNDRPAM.
The measured SNDRPAM penalty and the peak-to-peak voltage swing
measured at the PE-AWG output are depicted in Fig. 3a and b,
respectively, as a function of the LOSPR. For calculating the SNDRPAM

penalty, the optimumperformance at an LOSPR of 14.5 dB is taken as a
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Fig. 3 | Characterization of the PE-AWG in an electrical back-to-back system,
where the PE-AWG output is directly connected to a 100-GHz real-time oscil-
loscope. As a performancemetric, we use the SNDR estimated from received PAM
symbols (SNDRPAM). a SNDRPAM penalty as a function of the LO-to-signal power
ratio (LOSPR). The penalty is measured with respect to the optimum LOSPR of
14.5 dB and initially decreases with increasing LOSPR, because the residual signal-
signal beat interference (SSBI) decreases.bPeak-to-peak voltage swingmeasured at
the PE-AWG output as a function of the LOSPR. Since the electrical output power
grows with decreasing LOSPR, a trade-off between output voltage swing and signal
quality needs to be made. The yellow stars in Subfigures (a) and (b) correspond to
the levels used in the subsequent measurements shown in Subfigures (d) and (e).
c Simulated SNDRPAM penalty for BPD skews between 0 and 2 ps and for different
LOSPR levels as indicated by the different colors. We find a SNDRPAM penalty of
0.9 dB for a LOSPR of 8 dB and a skew of 0.7 ps as specified for the BPD used in our
experiments. We hence conclude that the skew results mainly from a path-length
mismatch between the two fiber pigtails connected to the BPD, such that future
integration of the PE-AWG can improve the SNDRPAM. d SNDRPAM levels achieved

for generating PAM waveforms at various symbol rates with the PE-AWG and with
several other waveform generators, comprising both commercially available
AWGs2,4,7 aswell as other research-typewaveformgenerators21,60–63. Squaremarkers
refer to results obtained in electrical back-to-backmeasurements, whereas circular
markers represent optical back-to-back experiments. In case of the PE-AWG, we
compare the SNDRPAM for the case without and with an adaptive equalizer (L = 100
taps) used to remove residual inter-symbol interference, see the associated square
markers with white filling and colored filling, respectively. The PE-AWG relies on
Keysight’s AWG model M8194A (red star) and offers a signal quality that is on par
with that offered by some commercially available waveform generators such as the
Keysight M8199A or the Micram DAC5, while featuring a much higher usable
bandwidth than these devices. At symbol rates beyond 140GBd, the PE-AWG is only
outperformed by Keysight’s most recent AWG model M8199B (green markers),
whichwas not available as a signal source for our experiments at the time theywere
conducted. eAverage voltage swing observed at the PE-AWGoutput for RRCpulses
with a spectral roll-off of ρ = 0.05. We achieve decent voltage swings between 250
and 300 mVpp irrespective of the symbol rate.
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reference. We observe a negligible penalty at higher LOSPR along with
an increase up to 2 dB at an LOSPR of 4 dB. On the other hand, high
output swings of ≥350 mVpp require low LOSPR, whereas the swing is
reduced to slightly above 100 mVpp at high LOSPR levels, see Fig. 3b.
For the further experiments discussed in this paper, we therefore
decided to operate the system with an LOSPR of 8.3 dB as a compro-
mise of output voltage swing and signal quality - the related SNDRPAM

penalty and voltage swing of ~300mVpp are highlighted by yellow stars
in Fig. 3a and b. It should be noted that the SSBI in our BPD is mainly
caused by the BPD skew and not by an insufficient CMRR. This fact
becomes apparent through a simulation of the PE-AWG, investigating
the effect of the BPD skew on the SNDRPAM for PAM4 signals, see
Fig. 3c. For the sake of simplicity, we neglect bandwidth limitations and
ISI in this simulation. We further fix the optical signal-to-noise ratio
(OSNR) to 35 dB and assume a frequency-independent CMRR of 30 dB
to approximate the real conditions in our experiment. The simulation
is repeated for various LOSPRs from 4 dB to 20 dB as indicated by the
different colors in Fig. 3c. We find very good agreement between the
simulated SNDRPAM penalty (colored curves) and the SNDRPAM penalty
measured in our back-to-back measurements (black circles) for a BPD
skew of 0.7 ps, which coincides with the value measured by the BPD
manufacturer. This skew corresponds to a path length mismatch of
~150μm within the optical fibers. Looking closer at the case of
LOSPR = 8 dB, which is similar to our experimental conditions, we see
that the PE-AWG performance could be further improved by reducing
the path length difference of the two BPD arms. This will be straight-
forward to achieve in a future integrated version as sketched in Fig. 1a.

Symbol rate sweep
In a next step of our analysis, we investigate the deterioration of the
SNDRPAM with increasing symbol rate. To this end, we use PAM signals
with up to 8 levels at various symbol rates from 100 GBd to 200 GBd
and measure the corresponding SNDRPAM, see colored markers in
Fig. 3d, where each color represents a specific number of PAM levels.
For all signals, we use RRC-type pulses with a roll-off factor of ρ = 0.05.
We use an adaptive equalizer with L = 100 real-valued coefficients – the
corresponding data points are indicated by square markers with
colored filling. Note that some markers fall on top of each other such
that only the orange PAM8 marker is visible. For symbol rates of
180 GBd and higher, we additionally investigate the signal quality
obtained without equalizer as a reference, indicated by empty square
markers. At a symbol rate of 200 GBd, we further plot the SNDR
obtained when using an analog PI controller in the active phase sta-
bilization circuit instead of a digital one, see Subsection “Active
optical-phase stabilization” for details. The corresponding SNDRPAM

levels with and without equalizer are shown as empty and filled dia-
monds in Fig. 3d. For PAM4, we measure a SNDRPAM of 21.2 dB at
100 GBd and up to 16.1 dB at 200 GBd when using adaptive equaliza-
tion. Note that a better SNDR is achieved with the analog PI controller
because of a significantly reduced latency compared with the digital
implementation, which leads to less phase-induced distortions and to
more stable SNDR performance over time, thereby also allowingmore
optimal predistortion filters to be derived. Details can be found in
Section S2.3.1 of Supplement 1. The SNDR levels at 100 GBd and
200 GBd correspond to BER levels of 1.3 × 10−4 and 2.2 × 10−3,
respectively. The BER levels were obtained by demodulating the
received signals and by counting the actual bit errors in the framework
of our offline DSP used for evaluation of the PE-AWG performance, see
Section S3.3.1 of Supplement 1 for details. Note that both BER values
are well below the BER threshold for forward error correction (FEC)
with a hard-decision decoder and 7% coding overhead
(BER7%FEC = 4.5 × 10−3,59). We observe slight SNDRPAM variations when
changing the number of amplitude levels, which we attribute to dif-
ferent peak-to-average power ratios (PAPR) of the I and the Q signals
that are associated with the various modulation formats. The penalty

when omitting the adaptive equalizer lies between 2 and 3 dB when
using a digital PI controller and is attributed to two effects: First, the
low-pass characteristics of the AWG used to generate the IQM drive
signals were only partly compensated by the underlying linear pre-
distortion scheme. Notably, this scheme was based on a minimum-
mean-square error (MMSE) filter and does hence not fully compensate
the low-pass characteristics of the AWG. Instead, the MMSE filter finds
an optimum trade-off between distortions caused by bandwidth lim-
itations along the analog signal path and distortions caused by the
fact that pre-amplification of high-frequency signal components
increases the peak-to-average power ratio (PAPR), thereby effectively
limiting the SNR of the generated analog signal. The uncompensated
part of the AWG bandwidth limitations is thus taken care of by the
adaptive equalizer, see Section S2.2.1 of Supplement 1 for details.
Second, slight imperfections of the active phase stabilization might
lead to an imperfect calibration of the PE-AWG and thus degrade the
SNDRPAM, but can still be compensated by the adaptive equalizer as
discussed in Section S3.4.3 of Supplement 1. For our purely analog
phase-control implementation, the SNDRPAM decreases by only 1 dB
when omitting the adaptive equalizer, which indicates a stable per-
formance of the PE-AWG.

To benchmark the performance of the proposed PE-AWG, Fig. 3d
also includes the SNDRPAM levels obtained with various commercially
available DACs and AWGs and with other research-type waveform
generators reported in the literature. If no reference is provided for the
respective data point in Fig. 3d, the SNDRPAMhas beenmeasured in our
own laboratory. Square markers refer to results obtained in electrical
back-to-back measurements, whereas circular markers represent
optical back-to-back experiments, for which the performance of the
underlying electrical waveform generator can typically be expected to
be 1-2 dB higher4. Note that for some publications, no SNDRPAM data
have been available. In these cases, we estimated the SNDRPAM level
from the Q factor – the associated label is indicated with a star (*). Our
proof-of-concept PE-AWG relies on Keysight’s CMOS-based AWG
modelM8194A5, that can generate data signals with symbol rates of up
to 100GBd at acceptable performance. The corresponding SNDR level
is highlighted as a red star on the very left of Fig. 3d. This underlying
electronic signal source limits our PE-AWG to the generation of PAM
signals with symbol rates of up to 200 GBd. Overall, we find that the
signal quality (SNDRPAM) of our PE-AWG can well compete with that of
several commercially available electronicwaveformgenerators suchas
the underlying CMOS-based Keysight AWGmodel M8194A itself 5, the
Micram DAC54, or the Keysight M8199A, while offering symbol rates
that are clearly above the 140 GBd achieved by the Keysight M8199A.
At symbol rates beyond 140 GBd, the performance of the PE-AWG is
only overcome by Keysight’s most recent AWG model M8199B, which
is based on latest advancements in SiGe technology andwhich was not
available as a signal source for ourmeasurements at the time theywere
conducted. This AWG model has already been used for generation
of symbol rates up to 260 GBd, but its nominal 3-dB bandwidth of
75GHz54 is associatedwith a sharpdropof the signal quality for symbol
rates beyond 200 GBd. Specifically, an SNDRPAM of only ~5 dB was
reported at 260 GBd. Details can be found in see Section S3.3 of
Supplement 1, where we also indicate the SNDRPAM of state-of-the-art
AWGs for symbol rates higher than 200GBd that could be captured by
our 100 GHz photodetector and real-time oscilloscope. Still, although
the first-generation PE-AWG reported herein relies on multiplexing of
two bandwidth-limited CMOS DAC channels inferior to those of the
Keysight M8199B and even though our system is built from discrete
components, the resulting signal quality at symbol rates of 180 GBd
and above comes close to that of the Keysight M8199B. Moreover, the
PE-AWG remains superior to most other bandwidth-enhancing con-
cepts reported in the literature such as the electrical bandwidth-
doubling scheme reported in60–63 or active electrical time-division
multiplexing as described in ref. 34. The SNDRPAM measured for a so-
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called digital-bandwidth-interleaving DAC (DBI-DAC)21,22,64 is slightly
higher (~1.5 dB) than that of our PE-AWG at 200 GBd. Note, however,
that the SNDRPAM of the PE-AWG measured at 200 GBd is an under-
estimation of the true SNDRPAM, as it is already deteriorated by the roll-
off of our 100-GHz real-time oscilloscope in contrast to the 113-GHz
oscilloscope used in21,22,64 and 8. Note also that Fig. 3d may give the
impression that the frequency-dependent SNDR decay observed for
our PE-AWG system has a somewhatmore “flat” behavior towards high
symbol rates than competing devices like theM8199B, andmight have
the potential to outperform their SNDR performance for symbol rates
beyond 200 GBd. However, this claim could not be substantiated
experimentally due to the sharp software-based bandwidth limitation
of our oscilloscope to 100 GHz. In Fig. 3e, we display the voltage swing
at the PE-AWG output as a function of symbol rate. We observe that
voltage swings of 250 mVpp to 300 mVpp can be achieved irrespective
of the symbol rate, which is only slightly lower than the 400 mVpp to
500 mVpp of single-ended output voltage that are typically obtained
fromhigh-speed CMOSDACs65. More details on the comparison of our
PE-AWG to the underlying electronic AWG and other waveform gen-
erator schemes can be found in Section S3.2 and Section S3.3 of
Supplement 1.

To further quantify the quality of the generatedwaveforms and to
identify sources of signal impairments, we additionally investigate the
frequency-dependent SNDR choosing a 190 GBd PAM4waveform, see
Section S3.1 of Supplement 1 for details.We deliberately stayed slightly
below the maximum achievable symbol rate of 200 GBd, which would
lead to significant distortions arising from thebandwidth limitations of
the 100 GHz real-time oscilloscope and whichmight hence not lead to
a reliable SNDRmeasurement of the PE-AWG. In these experiments, we
use and compare two different predistortion schemes to compensate

for bandwidth limitations and other non-idealities of the underlying
system components. Specifically, we use again the purely linear pre-
distortion scheme based on an MMSE filter, which corresponds to a
straightforward efficient-to-implement approach andwe compare it to
an idealized nonlinear predistortion scheme based on a pattern-
dependent look-up table, which provides an upper bound for the
performance achievable with more advanced nonlinear predistortion
schemes, e.g, based on Volterra-type pre-equalizers66 or neural
networks67. We find that the linear predistortion is already quite
effective, leading to an average SNDR of approx. 17 dB for the fre-
quency range between 0 and 95 GHz, which would correspond to an
effective number of bits (ENOB) of 3.7, see Section S3.2.1 of Supple-
ment 1 for details. The idealized nonlinear predistortion increased the
average SNDR to approximately 20 dB, corresponding to an ENOB of
of approximately 4.2. In additional experiments, we analyze the SNDR
and related performancemetrics as a function of the IQM drive power
when generating two target tones. These experiments give a more
direct insight into the presence and strength of nonlinear distortions,
see Section S4 of Supplement 1 for details.

Application example: IM/DD fiber transmission experiment
To demonstrate the viability of the PE-AWG approach for high-speed
communications, we use our demonstrator as an electrical signal
source in an optical transmission experiment relying on intensity
modulation and direct detection (IM/DD). In a first step, we generate
broadband electrical PAM2 and PAM4 waveforms, which lead to
optical OOK and PAM4 signals, respectively. The electrical waveforms
are fed to an optically packaged thin-film LiNbO3 MZMwith a nominal
bandwidth of 100 GHz and a π-voltage of Uπ = 2.4 V31, see Fig. 4a. The
MZMmodulates the intensity of an optical carrier at 1550 nm, which is
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Fig. 4 | IM/DD fiber-optic transmission experiment using the PE-AWG as an
electrical signal source. a Experimental setup. The broadband electrical wave-
forms generated with the PE-AWG are used to drive an optically packaged thin-film
LiNbO3 MZM31 for intensity modulation of an optical carrier. The optical waveform
is transmitted over 10.5-km of standard single-mode fiber (SSMF) followed by a
dispersion-compensating fiber (DCF) of appropriate length. A 100-GHz PD is used
to detect the received signal, and a 100-GHz oscilloscope records the resulting
electrical waveform. EDFAs are used to compensate for optical losses in the setup
and to adjust the input power at the receiver. b Illustration of the transfer function
of the MZM and of the used operation point (yellow dot). We operate close to the
minimum-transmission point (null point) to reduce the carrier-to-sideband ratio of

the resulting optical data signal. c Double-sided optical spectrum measured after
the DCF for a 190-GBd PAM4 signal with an overall optical bandwidth that essen-
tially corresponds to the full symbol rate. The slight asymmetry of the spectrum is
causedby the inclined gain profile of the last EDFA in thefiber link.dBERvs. symbol
rate for the IM/DD experiment. ForOOK, wemeasureBER levels below the 7%hard-
decision FEC limit even at a symbol rate of 200GBd. For PAM4, the BER for 190GBd
is still below the BER threshold for soft-decision FECwith a 15% overhead. The inset
shows an exemplary eye diagram obtained for a 190-GBd PAM4 waveform,
obtained by 20-fold up-sampling of the demodulated signal and by applying an
interpolation filter with RC-type spectrum. The inset further shows the histogram
evaluated at the center of the eye.
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supplied by an ECL. Due to the relatively small voltage swings of
approximately 300 to 350mVpp obtained at the output of the PE-AWG,
see Fig. 3e, themodulationdepth is relatively small andweboosted the
optical carrier to a power of 26 dBm to ensure sufficient power in the
optical sidebands after the MZM. Note that we used a slightly lower
LOSPR compared to the back-to-back experiments, which increases
the voltage swing and thus the modulation depth at the expense of
additional SSBI. We account for the roll-off of the MZM’s frequency
response by using the POF in the PE-AWG, see Fig. 2, as an optical pre-
equalizer. An additional EDFA is used to amplify the optical signal after
the MZM before it is launched into a 10.5 km-long standard single-
mode fiber (SMF) with an initial optical power of 10 dBm. The accu-
mulated chromatic dispersion of 173 ps/nm is compensated by a
dispersion-compensating fiber (DCF) of appropriate length. Finally,
the intensity-modulated signal is detected with a 100-GHz photodiode
(PD) and captured by a 100-GHz real-time oscilloscope (Osc.). Sincewe
did not have a broadband transimpedance amplifier at the receiver, we
use a third EDFA at the input of the receiver to boost the incoming
optical power to 9 dBm, which ensures proper reception without any
impairment by oscilloscope quantization noise. DSP is performed
offline, including resampling, retiming, and adaptive equalization with
a linear time-domain filter whose coefficients are updated with the
decision-directed least-mean-squares (LMS) algorithm. The equalizer
compensates bandwidth limitations of the modulator and the photo-
diode, as well as weak distortions induced by a residual phase offset
Δϕ(t), see Section S3.4 of Supplement 1 for details. It can further par-
tially undo intersymbol interference that is caused by residual CD, as
long as the dispersion-induced spectral nulls are outside the spectral
range coveredby the received signal. Inour experiment, this is ensured
by compensating most of the dispersion via an appropriate DCF, such
that only residual dispersion is effective at the receiver. Due to the
strong optical carrier associated with intensity modulation around the
quadrature point of the MZM, the rather small modulation depth, and
the optical input power limit of the receiver photodiode, the voltage
swing observed after direct detection is rather small. This problem can
be mitigated by shifting the MZM operation point towards the
minimum-transmission point (null point), which reduces the optical
carrier-to-sideband power ratio of the optical data signal. We identify
the point with a carrier suppression of 13 dB as an optimum, illustrated
by a yellow dot in Fig. 4b. Figure 4c displays the optical double-
sideband spectrumof a 190-GBd PAM4 signal at the output of the DCF.
The overall optical bandwidth essentially corresponds to the full
symbol rate and amounts to approximately 200 GHz. In our experi-
ments, we sweep the symbol rate and record the BER, see Fig. 4d. For
200 GBd OOK, the BER is below the threshold for hard-decision FEC
with 7% overhead59, whereas the BER for 190 GBd PAM4 is still low
enough for soft-decision FEC with 15% overhead59. Note that the 200-
GBd waveformswith RRC pulse shaping (roll-off-factor ρ = 0.05) cover
an electrical bandwidth of approximately 105 GHz after down-
conversion and are hence deteriorated by the limited bandwidth of
our oscilloscope, which features a sharp drop of the frequency
response at 100 GHz. The inset of Fig. 4d shows an exemplary eye
diagram obtained for a 190-GBd PAM4 waveform detected by the IM/
DD receiver alongwith the associatedhistogramcaptured at the center
of the eye. The eye diagramwasdigitally generated byup-sampling the
sequence of receive symbols 20 times and by applying a RC-type
interpolation filter with a roll-off of 0.1. We observe most bit errors
between the two lowest levels and attribute this to a slight compres-
sion of the histogram peaks towards the left-hand side caused by the
nonlinearity of the MZM transfer function at operating points close to
the null point. In future experiments, a nonlinear predistortion
resulting in non-equidistant spacing of the drive amplitude levels
might help improving the performance. Clearly, the achievable per-
formance gain will eventually be limited by the ENOB of the PE-AWG,
which currently amounts to approximately 3.7. Note that this number

might be increased in future PE-AWG implementations, see Section S5
of Supplement 1 for details. We also measure the normalized gen-
eralized mutual information (NGMI) of the transmitted PAM4 signals,
which amount to 0.9691, 0.9396, 0.9225, and 0.6989 at symbol rates
of 160, 180, 190, and 200 GBd, respectively.

Discussion
Further improvements, integration, and use cases of PE-AWG
systems
While our proof-of-concept experiment shows the potential of the
proposed PE-AWG, the current implementation clearly leaves room for
further improving the quality of the generated waveforms, see Sec-
tion S5 of Supplement 1 for amore detailed discussion. Specifically, we
believe that replacing the currently used electronic AWG (Keysight
M8194A) by another device with a lower frequency-dependent roll-off
and/or ENOB (e.g., the Keysight M8199A or M8199B) would translate
into significant performance improvements of the overall PE-AWG
system. This notion is based on our analysis of noise and distortions of
the PE-AWG system in Section S3.2 of Supplement 1, where we identify
the contributions of the electrical AWG as one of the dominant
impairments, see Fig. S5d of Supplement 1. Moreover, the current
system suffers from strong RF amplifier noise and distortions, origi-
nating from the IQMdrive amplifiers, see yellow trace inFig. S5daswell
as Section S3.2 of Supplement 1. With the newM8199B offering nearly
twice the frequency-dependent output-voltage swing than its older
M8194A counterpart at 100 GBd, these IQM drive amplifiers could be
significantly tuned down or even omitted completely, which would
lead to another significant reduction in noise. The same principle
applies to the IQM - the currently used devices have a bandwidth of
30 GHz and could be replaced by more broadband ones31,32, which
might even be more efficient31,68,69 thus obviating the need for drive
amplifiers altogether.

Further gains in performance, robustness and scalability can be
achieved by consequent use of advanced PICs and photonic-electronic
co-integration. For instance, integration may reduce the physical dis-
tance between the DAC and the IQM and thus bring down the asso-
ciatedRFpath loss, such that driver amplifiersmight becomeobsolete.
With respect to coherent down-conversion, the length mismatch
between the two paths connecting the OH to the high-speed BPD
inputs may be reduced by photonic integration, which would effec-
tively decrease the level of SSBI impairments at lower LOSPR levels, see
Fig. 3c and the associated discussion above. As a result, the LOSPR
could be reduced, leading to down-converted waveforms with higher
electrical power compared to our proof-of-concept demonstration. In
the context of integration, the key challenge might be to accom-
modate all functional components shown in Fig. 1a into a chip-scale
system. Due to awide range of required functionalities, we believe that
a chiplet-based integration concept, which can leverage integration
platforms with strongly complementary strengths, might have clear
advantages over a monolithic integration approach, where all com-
ponents rely on a single material system. Specifically, frequency-agile
narrow-linewidth CW lasers can be implemented by combining III-V-
based gain elements with tunable feedback circuits on the silicon
photonic40 or the silicon nitride platform70. High-performance IQMs as
well as phase and frequency shifters can be efficiently integrated using
for example thin-film lithiumniobate71,72 or thin-film lithium tantalate73.
Another approach might leverage a hybrid combination of silicon
photonic waveguides and organic electro-optic materials, leading to
so-called silicon-organic hybrid (SOH) devices74. Passive components
such as optical hybrids are available onmany platforms and can be co-
integrated either with the electro-optic modulators or with the sub-
sequent photodetectors. The ultra-broadband BPD that is used for
generating the electrical output signal is another key component.
Conventionally, BPDs rely on dedicated III-V structures that offer vast
design flexibility75. Alternatively, ultra-fast germanium photodiodes
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that are integrated into silicon photonic circuitry35 or plasmonic inter-
nal photoemission detectors39 have been demonstrated to reach
bandwidth well above 100 GHz. A key challenge in complex photonic
integrated circuits is related to overcoming optical loss by amplifica-
tion. The conventional approach is to use semiconductor optical
amplifiers, which are compact and highly efficient. These devices,
however, might introduce signal distortions due to limited excited-
state lifetime and typically feature higher noise figures than fiber-based
amplifiers.More recently, so called erbium-dopedwaveguide amplifiers
(EDWAs) relying on ultra-low-loss silicon-nitride (Si3N4) waveguides
have been demonstrated to overcome these limitations, while offering
compact footprint and temperature insensitivity76,77. All these compo-
nents may come on dedicated chiplets, which need to be optically
connected on a package level, often requiring costly and sensitive
active alignment techniques for system assembly. These challenges can
be overcome by using 3D-printing techniques based on multi-photon
polymerization to structure chip-to-chip waveguides, so called photo-
nic wire bonds41,78, or facet-attached micro-lenses (FaML)42,79. Note that
an integrated PE-AWGwill very likely still require an active optical-phase
stabilization to guarantee high-quality generation of target waveforms -
even though the speed and themagnitude of the unwanted phase drifts
is much smaller than for a fiber-optic system implementation such as
the one shown in our experiment. However, with smaller overall phase
drifts, the phase shifter can be greatly simplified, obviating the need for
a large control range or an endless phase shifter.

Another important aspect of an integrated system is related to the
impact of optical reflections and backscattering, which might occur on
much shorter distances and with potentially higher magnitudes than in
fiber-based systems. In this context, the most crucial part of the system
illustrated in Fig. 1a is very likely the LO path, i.e., the lower path leading
to the feedback-controlled phase shifter. This path, however, is rea-
sonably simple andmight be optimized to exhibit sufficiently low back-
reflections not to distort the CW laser. Note that we have previously
connected DFB lasers to silicon photonic circuits via photonic wire
bonds or FaMLwithout any isolators in between, without observing any
distortions from parasitic back-reflections42,78,80. In contrast to the LO
path, the signal path comprises a frequency shifter, which, due to its
traveling-wave configuration, is only efficient in one direction and
hence acts at least partially as an on-chip isolator. This path might
require additional amplification, e.g., after the IQM, and here care must
be taken to keep parasitic back-reflections from the subsequentOH and
BPD sufficiently low. Interestingly, our current experiments already give
some insight into the performance gains that could be expected from
an integrated PE-AWG system. As an example, Fig. 3c shows the impact
of the BPD skew on the SNDRPAM, where the solid lines correspond to
simulations based on a simple theoretical model, the validity of which
was confirmed by the measurements shown in Fig. 3a, see Subsec-
tion “Characterization and performance benchmarking” of Section
“Results” for more details. As explained above, for an integrated PE-
AWG system, the lengths of the BPD detection paths can be carefully
matched, leading to negligible skew. Following the predictions of our
experimentally confirmedmodel in Fig. 3c, it should then be possible to
reduce the LOSPR to 4 dB or less without incurring any penalties on the
signal quality. This should open design freedom for system imple-
mentations without optical amplification in the LO path. These results
are fairly encouraging for future system implementations, even though
a demonstration of an integrated PE-AWG system as illustrated in Fig. 1
certainly remains a breakthrough in its own right.

The main application potential of our PE-AWG lies in precise
electrical waveform generation with unprecedented bandwidth, as
e.g., needed for advanced test & measurement equipment. Such
equipment is important in many areas of science an engineering, not
only for time-domain testing of high-speed electronic and millimeter-
wave components or systems such as ultra-broadband wireless
transmitters81, but also for high-speed electro-optical devices such as

modulators that are used in optical transceivers. In fact, the commu-
nications industry currently faces the situation that even the most
advanced electrical AWGs cannot keep up with real-time oscilloscopes
in terms of bandwidth - a prominent problem that should not be
underestimated.More specifically, Keysight’s most recent AWGmodel
M8199B features a 3-dB bandwidth of 75 GHz54, whereas the Keysight
UXR oscilloscope series offers a 3-dB bandwidth up to 113 GHz82. The
lack of precise andbroadband signal sources is a fundamental problem
for the industry - high quality waveform generation with the Keysight
M8199B is limited to symbol rates of 200 GBd, see Fig. S6 in Supple-
ment 1, while commercial optical transceivers with these symbol rates
have already publicly been announced14 and systems supporting 240-
280 GBd are expected to enter the market soon83. In this context
optoelectronic signal processing as proposed in our work can be an
attractive solution, especially in light of the problem that the test &
measurement industry cannot leverage advanced CMOS technology
nodes for simple commercial considerations: The mask design for a
single 3-nm CMOS chip requires typical R&D investments of the order
of 40Mio. USD84, which can be justified for large-volumemarkets such
as optical transceivers, but which are unrealistic for any medium- or
low-volume application such as test & measurement equipment. This
notion is supported by the fact that, following the introduction of
Keysight M8194A based on 16-nm CMOS5, all further AWG generations
have relied on 55-nmBiCMOScircuitswhile leveraging complex analog
front-ends for combining two underlying DAC channels8. This makes
further progress not only technically challenging, but probably also
expensive. We believe that the proposed PE-AWG concept, possibly in
combinationwith spectral stitching in the optical domain as illustrated
in Fig. 1d, can exploit the massive bandwidth potential of photonic
circuits and may pave a path towards efficient bandwidth scaling of
waveform generators. As discussed above, this approach mainly
requires scaling the bandwidth of the balanced photodetector and the
subsequent electrical millimeter-wave amplifier instead of scaling the
bandwidth of the underlying DAC or a complex electrical front-end.
Note also that our scheme offers the conceptual advantage of making
long lossy and expensive RF cables obsolete: Ultra-broadband wave-
forms can be easily transported in low-loss optical fibers without
impairing the PE-AWG bandwidth, while precise, phase-preserving
conversion from the optical to the electrical domain canbedone at the
very end, close to the point where the ultra-broadband electrical
waveforms are actually needed. As an example, when it comes to
testing chip-scale components with RF probes, the PE-AWG scheme
would allow for implementing an optoelectronic probe head that
performs optical-to-electrical conversion just at the interface to the RF
probe. Such schemeswouldonly require local probe tips and chip-chip
coupling structures that can be obtained by high-resolution 3D print-
ing techniques85.

Summary
We demonstrate an ultra-broadband photonic-electronic arbitrary-
waveform generator (PE-AWG) that relies on quadrature multiplexing
of optical waveforms and subsequent phase-stabilized down-conver-
sion in a high-bandwidth balanced photodetector (BPD). The pro-
posed PE-AWG concept allows synthesizing arbitrary electrical
waveformswith twice the bandwidth of the electronic digital-to-analog
converters (DACs) that are used to generate the drive signals of the
underlying optical IQ modulator (IQM). The active phase stabilization
is instrumental for targeted signal synthesis and relies on a phase-
locked loop (PLL) consisting of a low-bandwidth BPD, a PI controller,
and a piezo-driven fiber-optic phase shifter. We provide a detailed
characterization of the PE-AWG with respect to electrical output
power, signal quality, frequency-dependent distortions, and the pre-
cision of the phase stabilization. Notably, the signal quality obtained in
our proof-of-concept experiments can already compete with that of
commercially available AWG systems. To demonstrate the viability of
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the scheme, we finally use our PE-AWG to drive a high-speed Mach-
Zehndermodulator (MZM) for generating optical on-off-keying (OOK)
and PAM4 signals with symbol rates of up to 200 GBd and 190 GBd,
respectively. To the best of our knowledge, the underlying 100 GHz-
wide waveform represents the most broadband electrical data wave-
form that was so far generated by a photonic-electronic system. In
combination with recently demonstrated phase-stabilized spectral
stitching of optical waveforms30, the scheme paves a path towards
efficient bandwidth scaling of waveform generators with linearly
increasing hardware effort exploiting massive parallelization of low-
speed DAC arrays and leveraging the tremendous progress of broad-
band electro-optic devices such as modulators and ultra-high-speed
photodetectors.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
Data used to produce the plots within this paper is available at https://
zenodo.org/records/15214548. All other data used in this study are
available from the corresponding authors upon request.

Code availability
The code used to produce the plots within this paper has been
deposited in Zenodo (https://zenodo.org/records/15214548). Further
code is available from the authors upon request.
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