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Abstract We demonstrate the first optical arbitrary-waveform generator that relies on a Kerr-soliton microcomb 
as a multi-wavelength light source. The concept combines RF injection-locking of the comb-tone spacing with 
phase-stabilized spectral stitching. We demonstrate high-quality 288 GBd 64QAM transmission along with 
spread-spectrum communications at SNR down to 17 dB. © 2023 The Author(s)
Introduction 
Comb-based optical arbitrary waveform generation 
(OAWG) can overcome the bandwidth limitations of 
electronic waveform generation by efficient multiplexing 
of spectrally-sliced tributary signals in the optical do-
main [1-3]. On a technical level, these schemes cru-
cially rely on comb sources that provide phase-locked 
carriers and that can be synchronized to the electronic 
signal generators used to generate the tributaries. The 
most straightforward way of generating combs with 
electronically controlled line spacings and inter-line 
phase relations is to use continuous-wave (CW) lasers 
in combination with electrically driven modulators [4]. 
However, while this concept has been the mainstay for 
OAWG demonstrations so far [1-3], the number of 
tones obtained from modulator-based combs is limited, 
hence restricting the bandwidth scalability of the overall 
scheme. Moreover, cascaded modulator arrangements 
are often bulky and power-hungry. In contrast to that, 
chip-scale Kerr soliton microcombs are compact and 
can offer broadband spectra with hundreds of lines [5]. 
However, all microcombs so far used in signal-pro-
cessing experiments have been free-running, without 
any possibility to control the comb-line spacing or the 
associated phase relations. While this problem can be 
overcome by dedicated digital signal processing (DSP) 
schemes for optical arbitrary waveform measurement 
(OAWM) [6,7] or comb-based ranging [8], it has so far 
prevented the use of Kerr combs in OAWG schemes. 
In this paper, we show that these limitations of Kerr sol-
iton microcombs can be overcome by radio-frequency 
(RF) injection locking. In this approach, a phase-modu-
lated pump is used to seed the Kerr-generated comb 
tones in the resonance next to the pumped one, thus 
synchronizing the line spacing and the inter-line phase 
relation of the entire comb to a highly stable radio fre-
quency (RF) oscillator. This approach allows to syn-
chronize the RF injection-locked comb source with a 
spectrally-sliced OAWG system that is based on a re-
cently reported feedback-controlled phase stabilization 
scheme [2,3], thereby allowing generation of seam-
lessly stitched signal spectra with well-defined overall 
phase relations and precisely defined time-domain 
waveforms. To the best of our knowledge, our experi-
ments represent the first demonstration of an OAWG 
based on a Kerr microcomb as a multi-wavelength light 
source. In a proof-of-concept experiment, we use an RF 
injection-locked Kerr microcomb with a line spacing of 
fFSR = 35.66125 GHz to demonstrate four-slice OAWG 
with carrier spacing of 2fFSR = 71.32250 GHz, leading to 
an overall bandwidth of approximately 295 GHz. To 
demonstrate the viability of the scheme, we combine it 
with a spectrally-sliced OAWM system [9] and perform 
different signaling and transmission experiments. In a 

first set of experiments, we generate 64QAM at symbol 
rates of up to 288 GBd, which are finally transmitted 
over 87 km of standard single-mode fiber (SMF). To the 
best of our knowledge, this is the highest symbol rate 
so far demonstrated for 64QAM. In a second set of ex-
periments, we demonstrate spread-spectrum commu-
nications by spreading 2 GBd signals with various mod-
ulation formats up to 128QAM over an optical band-
width of 288 GHz and by transmitting them over 87 km 
SMF at a negative signal-to-noise ratio (SNR) down to 
17 dB. We show that we can still reconstruct the infor-
mation using our OAWM system with a bit error ratio 
(BER) below the threshold for soft-decision forward er-
ror correction (SD-FEC) with 20% overhead. To the 
best of our knowledge, this is the first demonstration of 
OAWG-based spread-spectrum optical transmission. 
We believe that our work is an important step towards 
ultra-broadband OAWG schemes that leverage chip-
scale Kerr frequency combs as highly scalable multi-
wavelength light sources, thus paving a path towards 
waveform generation at THz bandwidths.  
Concept and implementation 
Figure 1(a) shows the concept and setup of our spec-
trally-sliced OAWG system, comprising an RF injection-
locked Kerr comb generator that relies on a fiber-pack-
aged Si3N4 ring resonator with a Q-factor of approxi-
mately 6.5 million. The fabrication of the Si3N4 ring res-
onators relies on the photonic Damascene process 
[10], and the fiber-chip connections in the comb-gener-
ator package are based on photonic wire bonds (PWB) 
[11], see Fig. 1(b). The measured total coupling loss is 
approximately 2 dB per PWB interface. We use a con-
tinuous-wave tone from an external-cavity laser (ECL) 
to pump the comb source. To synchronize the comb line 
spacing to an RF oscillator, the pump is first modulated 
using a phase modulator (PM), which is driven by an 
RF oscillator (RF osc.) with a frequency close to the line 
spacing (free spectral range, FSR) of the free-running 
comb. This leads to an additional sideband in the opti-
cal spectrum of the pump, which falls into a ring reso-
nance adjacent to the pumped one and which acts as a 
seed for the Kerr-generated comb tone associated with 
this resonance. The Kerr soliton comb can thus be syn-
chronized with the RF oscillator drive signal provided 
that the frequency difference between the modulator-
generated seed tone and the position of the “native” 
comb line, that would emerge in absence of pump mod-
ulation, is within the locking range [12]. The optical 
spectrum of the generated comb locked to a 35.66125 
GHz oscillator at Point Ⓐ is shown in Fig. 1(c). For our 
OAWG experiment, we select four tones from the re-
gion marked with an orange dotted line using a wave-
length-selective switch (WSS), see Fig.1(d). Note that 
the WSS only selects every second line, such that the 



  

spacing of the selected comb lines amounts to 
2fFSR = 71.32250 GHz. These comb lines are then indi-
vidually modulated by four IQ modulators (IQM), which 
are driven by eight digital-to-analogue converter (DAC) 
channels synchronized to the RF oscillator via a10 MHz 
clock. The spectra of the four resulting tributary signals 
overlap slightly and are merged by a binary tree of three 
signal-combining elements (SCE). For stabilizing the 
phases with which the tributary signals are stitched, 
each SCE comprises a phase shifter (PS) at one input 
port, and a subsequent 90° optical hybrid (90° OH) that 
combines the signals at the positive port of the in-phase 
output (+1), while the two quadrature output ports (+j, -
j) are routed to a low-speed balanced photodetector 
(BPD). This BPD detects the phase-error signal gener-
ated by interference of overlapping spectral compo-
nents from adjacent spectral slices, see [2] for details. 
The error signal is continuously monitored, and a pro-
portional-integral (PI) controller implemented on an 
FPGA board generates the corresponding drive signal 
for the phase shifter to minimize the error signal. This 
leads to the stable generation of the envisaged wave-
form. Note that the phase shifter in our current imple-
mentation has only a finite range such that resets are 
needed every now and then. This can be avoided by 
using endless phase shifters [13]. 
To analyze the generated broadband signal, we exploit 
a spectrally-sliced OAWM receiver similar to the one in 

[9]. The received optical waveform is first decomposed 
into two tributary signals by a WSS, which are then co-
herently detected by a pair of IQ receivers (IQR1…2). 
The associated LO tones are derived from a modulator-
generated frequency comb and separated by a second 
WSS. The spacing of the two tones is 142.645 GHz, 
which allows our OAWM system to cover a detection 
bandwidth of more than 300 GHz by using 80 GHz an-
alogue-to-digital convertors (ADC) at the outputs of the 
IQR. Details about the calibration of the OAWM and the 
associated signal reconstruction can be found in [9]. 
To investigate the performance of the RF injection lock-
ing of the Kerr comb at the OAWG, we first generate a 
comb with a free-running FSR of approximately 
fFSR,free = 35.66125 GHz, and then apply a frequency-
swept (fmod) phase modulation to the pump while moni-
toring the RF spectrum, generated by direct detection 
of the comb on a high-speed photodiode. The resulting 
spectrogram around the RF beat tone is shown in 
Fig. 1(e). Synchronization of the comb FSR (frep) and 
the RF modulation occurs when the frequency differ-
ence between them is below 75 kHz, corresponding to 
a locking range of approx. 150 kHz. Figure 1(f) shows 
the single-sideband (SSB) phase noise spectrum S(f) 
of the RF tone at the comb FSR frequency, generated 
in the free-running (blue) and the injection-locked state 
(orange), along with the phase noise of the RF modula-
tion signal (yellow). For offset frequencies below 100 

Fig. 1: Concept and setup of the experiment for an optical arbitrary waveform generator (OAWG) with an RF injection-locked Kerr comb, 
combined with a spectrally-sliced optical arbitrary waveform measurement (OAWM) system. (a) OAWG: The pump for the Kerr microring is 
generated by modulating a continuous-wave external-cavity laser (ECL) with a phase modulator (PM), driven by an RF synthesizer at a fre-
quency close to the free-running FSR of the comb of approximately fFSR,free = 35.66125 GHz. Four comb lines spaced by twice the FSR are 
selected by a wavelength-selective switch (WSS) and serve as phase-locked carriers for generation of the tributary signals in four IQ-
modulators (IQM1…4), which are driven by a DAC array synchronized to the Kerr comb repetition rate using a 10 MHz clock. The four tributary 
signals are coherently combined using phase-stabilized signal combing elements (SCE) to form the target waveform. Each SCE consists of a 
phase controller and a 90° optical hybrid (OH), which is fed with adjacent overlapping slices. A balanced photodetector (BPD) at the quadrature 
outputs is used to detect the phase errors, and a PI circuit provides the drive signal for a phase shifter (PS) that minimizes the phase error. A 
variable optical attenuator (VOA) can be combined with an amplified spontaneous emission (ASE) noise source for sweeping the signal-to-
noise ratio (SNR) of the generated waveform. OAWM: A WSS decomposes the generated broadband signal into two slices, which are then 
routed to two IQ receivers (IQR1…2). Two phase-correlated tones from a comb generated by a Mach-Zehnder modulator (MZM) are selected 
by another WSS as serve as LO tones for the IQR. The IQR outputs are connect to an ADC array followed by digital signal processing (Rx 
DSP) for signal reconstruction [ref9]. (b) Fiber-packaged integrated Si3N4 microring connected to fiber arrays (FA) via photonic wire bonds 
(PWB). (c) Optical spectrum of RF injection-locked Kerr soliton comb at Point Ⓐ; region of the selected comb lines indicated by orange dotted 
lines. (d) Selected amplified phase-locked tones spaced by 2fFSR =71.32250 GHz at Point Ⓑ. (e) Spectrogram showing the injection locking 
range of approx. 75 kHz. (f) RF phase noise of the Kerr soliton comb in free-running and injection-locked state, compared to that of the RF 
synthesizer. (g) Measured Allan deviation of the RF synthesizer frequency and of the comb repetition rate before and after injection-locking. 



  

Hz, the phase noise of the injection-locked comb fol-
lows that of the modulation signal. Moreover, the long-
term frequency stability of the comb FSR before (blue) 
and after (orange) injection locking and of the modula-
tion RF signal (yellow) are measured, see Fig. 1(g). We 
find excellent long-term stability for RF injection locking.  
Demo 1: 288 GBd 64QAM transmission 
To demonstrate the performance of our OAWG system, 
we generate 64QAM signals with symbol rates between 
160 GBd and 288 GBd by stitching four tributary sig-
nals, see top of Fig. 2(a) for the color-coded spectra of 
individually modulated carriers at frequencies f1…f4 
shown in Fig. 1(d). The bottom of Fig. 2(a) shows the 
spectrum of the resulting 288 GBd 64QAM. We first an-
alyze the signal quality in back-to-back (b2b) configura-
tion, where Point Ⓓ in Fig. 1(a) is directly connected to 
Point Ⓔ. To show the robustness of our system, we 
captured 50 waveforms for each symbol rate. The or-
ange curve in Fig. 2(b) shows the averaged CSNR and 
the associated error bars of all measurements for vari-
ous symbol rates up to 288 GBd. We find that the 
CSNR is consistently larger than 18.2 dB. To the best 
of our knowledge, this is the highest symbol rate so far 
demonstrated for 64QAM signaling. We benchmark our 
results to CSNR levels obtained with state-of-the-art 
thin-film lithium-niobate IQM with 110 GHz bandwidth, 
driven by a cutting-edge arbitrary waveform generator 
(EAWG, Keysight M8199B), purple curve in Fig. 2(b). 
We find that our OAWG/OAWM approach can achieve 
significant improvement in terms of symbol rate as well 
as signal quality, while the hardware requirements are 
relaxed in terms of bandwidth. We further demonstrate 
transmission of the generated 64QAM signals with var-
ious symbol rates over 87 km of SMF, with less than 

1 dB CSNR penalty compared to the b2b case, green 
curve in Fig. 2(b). The inset shows an exemplary con-
stellation diagram of a 64QAM signal at 288 GBd. The 
measured bit error ratio (BER) of 2.8×10-2 is well below 
the limit for SD-FEC with 20% overhead. 
Demo 2: Spread-spectrum communications 
In the second demonstration, we leverage our OAWG 
system for a spread-spectrum optical transmission ex-
periment. We start from QPSK, 16QAM, 64QAM, and 
128QAM signals at 2 GBd and spread their spectra by 
a factor of 144 by multiplying each symbol with a bipolar 
pseudo-noise (PN) code consisting of 144 chips [15]. 
The resulting 288 GHz-wide waveform is again gener-
ated by coherently combining four tributary signals. The 
optical spectrum of the spread-spectrum signal is 
shown in the top of Fig. 2(c). To demonstrate the ability 
to hide spread-spectrum signals in the noise floor, we 
attenuate the signal power using a variable optical at-
tenuator (VOA) and superimpose it with spectrally flat 
amplified spontaneous emission (ASE) noise, see bot-
tom of Fig. 2(c). Note that the noise power exceeds the 
signal power leading to negative SNR of –3 dB, –10 dB, 
and –17 dB, estimated in the optical domain. We first 
test the viability of the concept in a b2b configuration. 
At the receiver side, we use again a two-slice OAWM to 
reconstruct the broadband spread-spectrum signal, and 
we then apply a digital de-spreading algorithm to con-
centrate the signal power from the 288 GHz-wide spec-
trum to the original 2 GHz band. We estimate the pro-
cessing gain by comparing the CSNR after de-spread-
ing to the SNR of the spread-spectrum signal in the op-
tical domain measured at Point Ⓓ, see Fig. 1(a). We 
obtain a processing gain of up to 24.1 dB in the low-
SNR limit, only 0.5 dB away from the processing gain 
of 24.6 dB expected for single-polarization reception. In 
the second step, we perform a transmission experiment 
of 2 GBd spread-spectrum signals with various modu-
lation formats over 87 km of SMF. In Fig. 2(d), we plot 
the measured BER vs. the SNR measured at Point Ⓓ. 
The results show that we can transmit all modulation 
formats up to 128QAM with negative SNR while the re-
ceived BER is still below the limit of SD-FEC with 20% 
overhead. QPSK signals can even be transmitted at an 
SNR of –17 dB SNR, where the signal is essentially in-
visible in the spectrum. To the best of our knowledge, 
this is the first demonstration of OAWG-based spread-
spectrum optical transmission. 
Summary 
We have demonstrated an advanced optical arbitrary 
waveform generator (OAWG) that exploits an RF injec-
tion-locked Kerr soliton comb as a multi-wavelength 
light source that can be synchronized with signal-gen-
eration electronics. We showcase the performance of 
the system by transmitting 64QAM signals at symbol 
rates of up to 288 GBd and by demonstrating spread-
spectrum communications using a 288 GHz-wide opti-
cal band to transmit 2 GBd QPSK, 16QAM, 64QAM, 
and 128QAM signals with SNR down to –17 dB. To the 
best of our knowledge, our work is novel and ground-
breaking in several respects, comprising the first 
demonstration of a Kerr-comb-based OAWG system, 
the transmission of 64QAM signals at record-high data 
rates, and the first demonstration of OAWG-based 
spread-spectrum optical transmission. We believe that 
the demonstration of Kerr-comb-based OAWG is an im-
portant step towards ultra-broadband waveform gener-
ation at THz bandwidths.  

Fig. 2: Functional demonstration. (a) Top: Sliced spectra of tributar-
ies generated by IQM14, measured at Point Ⓒ in Fig. 1(a); Bot-
tom: Coherently combined tributaries at Point Ⓓ. (b) 64QAM constel-
lation signal-to-noise ratio (CSNR) vs. symbol rate for back-to-back 
transmission (orange dots, b2b) and after 87km SMF (green 
squares). The purple curve shows the b2b CSNR for QPSK signals 
generated by a cutting-edge electric arbitrary-waveform generator 
(EAWG, Keysight M8199B). (c) Top: Optical spectrum of the coher-
ently combined 288 GHz-wide spread-spectrum signal at Point Ⓓ. 
Bottom: Signal spectra with SNR of ‒17, ‒10 and ‒3 dB. (d) Meas-
ured bit error ratio (BER) of various de-spread 2 GBd QAM signals 
as a function of spread-spectrum SNR after transmission over 87 km 
SMF. The horizontal dashed lines indicate the thresholds for soft-de-
cision forward error correction (FEC) with 7% and 20% overhead. 
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