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High frequency microwave, spanning up to terahertz frequency, is pivotal for
next-generation communication, sensing and radar. However, it faces funda-
mental noise limitations when frequency is pushed towards such boundary of
conventional electronic technologies. Photonic microwave generation, parti-
cularly Kerr-comb-based microwave source, benefits from high frequency
operation but still suffers from phase noise constraints. Here we overcome this
drawback by developing a compact, electrically-driven Kerr comb system that
achieves near quantum-limited phase noise for microwave synthesis up to
384 GHz. Leveraging high-Q fiber Fabry-Perot resonators and optimized noise
modeling under limited pump power, we demonstrate ultra-low phase noise
performances of -133 dBc/Hz (10.1 GHz) and -95 dBc/Hz (300 GHz) at 10 kHz
offset, approaching quantum noise limits. This breakthrough enables 64QAM
modulation in terahertz wireless communication and record 240 Gbps data
rate without need for carrier phase estimation. Our device can serve as a key
building block for the future information technology.

The new generation of wireless communication, remote sensing, and
imaging applications calls for advanced high-frequency microwave
technology, towards large channel bandwidth as required by the
demand of the high data rate'”. The other side of the coin for such a
high data rate, as limited by the Shannon-Hartley theorem, relies on
the low phase noise, to achieve a high signal-to-noise ratio (SNR) to
take full advantage of the broad bandwidth®'°. However, the common
electronic technology has its limit for the low-noise generation of high-
frequency microwave, especially when the frequency scales up

towards terahertz ranges. Such a limit may be overcome via photonic
microwave frequency generation, taking advantage of the high-
coherence optical sources such as optical frequency combs
(OFCs)"™Y. Specifically, the recent progress in the comb generation
using a monolithic Kerr resonator (Kerr comb)'®* can further pack the
OFC precision towards a field-deployable frequency synthesizer, and
its small cavity size is inherently suitable for the high-frequency
microwave generation, extending up to the terahertz range. In such a
small mode volume, the strong nonlinear optical interaction also
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reduces the pump power requirement and enables a compact pack-
age size.

However, the conventional Kerr combs based on microresonators
suffer from higher noise in comparison to the mode-locked-laser-
based OFCs, as the side effect of the limited mode volumes. On the one
hand, the strong nonlinearity in small mode volume sets a relatively
high quantum noise limit*>*, and on the other hand, such quantum
limit is not easily accessible because of the pump laser noise, ther-
morefractive noise, etc., as raised in the small mode volume. Thus, it is
a fundamental question that whether a Kerr comb can be built with a
lower pump power requirement for direct diode pump, and capable of
high-frequency and low-noise microwave generation up to terahertz
frequency.

Here we answer this question by the demonstration of the first
low-noise frequency synthesis ranging from 10.1 to 384 GHz in a
compact electric-driven turnkey Kerr comb package. Low quantum
noise limit is engineered following our theoretical noise analysis with
limited pump power and the state-of-the-art fabrication of a high-
quality factor (Q) of 6.0x10® using a few-mode-fiber-based Fabry-
Perot resonator (FFPR). This FFPR device enables low-noise Kerr comb
generation in a compact and pump-diode-integrated setup within
85x90 x25mm. Phase noises of -133dBc/Hz and —95dBc/Hz at
10 kHz, and -160 dBc/Hz and —-133 dBc/Hz noise floors are measured at
10.1GHz and 300 GHz repetition rates, respectively, for the single
soliton and soliton crystal states, which scale consistently and are both
close to the quantum noise limit. Turnkey operations are achieved
without dynamic tuning, with a high access rate near unity. Low Allan
deviation is measured for 4 x 107 at 1's averaging time, showing good
long-term stability in a fully free-running setup. With this low phase
noise performance, high-speed terahertz wireless communication up
to 240 Gbps is demonstrated, which is free of carrier phase estimation
(CPE), thus simplifying the digital signal processing (DSP). Above
results mark a major step for Kerr combs towards field-deployable low-
noise microwave generation, for radar”* and communication®
applications.

Results

The phase noise of a normal Kerr comb is higher than the OFCs based
on mode-locked lasers, due to its limited mode volume. However, it is
also the small mode volume, i.e., the strong light confinement for high
nonlinearity, that lowers the pump power requirement, so as to enable
a fully integrated direct-diode-pumped setup. Thus, it is an interesting
and fundamental problem to study the low-noise generation of a Kerr
comb while keeping the benefit of low pump power. The noise per-
formance of a Kerr comb is fundamentally limited by the quantum
noise, which is further affected by the pump noise and thermo-
refractive noise on top of the quantum noise. We model all these
noises for the development of our FFPR Kerr resonator.

The previous study shows low quantum noise limit can be
achieved with low Q and large mode area”, which inevitably increases
the pump power. Here we rewrite the equation for the quantum noise,
and find that high Q actually helps to reduce the quantum noise, with
the pump power limited. The quantum-limited phase noise Lg can be
written in Eq. (1)**%, assuming the mode-locked soliton state is
generated at certain ratio x for pump power P;, relative to parametric
threshold power P, (see details in Supplementary Information)
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where D, y, ¢, h, A, and f are the dimensionless dispersion parameter,
half width half maximum of the cavity resonance, speed of light in the
vacuum, reduced Planck’s constant, pump wavelength, and the offset
frequency, respectively. While the quantum noise at high offset

@

frequency is only related to the pump power, the noise at low offset
frequency is inversely proportional to @ at certain pump power.
Indeed, phase noise at such low offset frequency plays an important
role in the microwave frequency generation, as y still covers the fre-
quency of kilohertz with a high Q of 10°.

On the other hand, it is crucial to reduce the pump noise limit Lp
and the thermorefractive noise limit L to be lower than Lg in wide
offset frequency range, for achieving quantum-limited performance.
With a large mode volume of the FFPR, our simulation shows that the
thermorefractive noise can be lower than the quantum noise limit from
low offset frequencies above 100 Hz, so that reducing the pump noise
is the key to achieving quantum-limited performance. The lower limit
of Lp at the Kerr comb repetition rate is the frequency division from the
pump noise'*?, by the number N of comb lines. In a self-injection
locking setup, significant noise reduction can be achieved when the
Kerr resonator has much higher Q than that of the laser diode Q p**™*
as

Q

n=1+ QU B1+ad), 2
so that
L
Lp> # 3)

where f and ag are the feedback strength and linewidth-broadening
factor, respectively, L, p is the phase noise of original laser diode.
Equation (3) shows that high Q s also the key to reduce the pump noise
and so as the pump-induced comb noise.

We choose to use few-mode fiber (from Yangtze Optical Fiber and
Cable Joint Stock Limited Company) for the FFPR fabrication. This fiber
exhibits only two transverse modes at 1550 nm, which is the key to
ensuring the fundamental mode parametric oscillation and avoiding
the mode-crossing effect. The Kerr nonlinear index n, is 3 x 102° m*/W,
which is lower than that of normal silicon nitride material
(2.5x10™ m%W). Despite of the few-mode design, large fundamental
mode field area of 112 um? results in the low phase noise, and the
remaining challenge is to fabricate high enough Q to lower the pump
power, to enable a direct diode pump setup as shown in Fig. 1a. Here
the pump power is limited to about 100 mW from commercially
available single mode distributed feedback (DFB) laser diode. We
develop fine mechanical polishing and high-quality dielectric coating
technologies for high-Q FFPR fabrication. The fused-silica-based fiber
is mounted in a ceramic ferrule with an outside diameter of 2.5 mm and
a length of 10 mm, finely polished, and then coated with 17-layer pairs
of Ta,05 and SiO, using the ion-assisted deposition method. Such a
Bragg mirror achieves a reflectivity of over 99.99% at around 1550 nm.
The FFPR with length of 10 mm (Fig. 1b) features a free spectral range
of 10.1 GHz. The Q of the FFPR is characterized by cavity ring-down
measurement®’, By fast sweeping the frequency of a tunable external
cavity diode laser (CTL 1550, Toptica) over the FFPR resonance, the
decay time is fitted to be 492 ns, corresponding to Q of 6.0 x108
(Fig. 1c). The high Q is attributed to two aspects. Firstly, the fiber we
used features ultra-low attenuation of below 0.2 dB/km, correspond-
ing to a fiber-propagation-loss-limited Q on the order of 10", Secondly,
we adopt fine polishing technology to achieve a low surface roughness
down to 1.57 nm in root mean square value. Such smooth end faces
ensure low diffraction loss on the high-reflectivity mirror coating. It is
interesting to compare the quantum noise limit, pump noise limit, and
thermorefractive noise limit for our FFPR, which is plotted in Fig. 1d.
The pump noise limit is calculated from the noise of the unlocked free-
running DFB laser as shown in Fig. 1e, and taking into account the self-
injection locking linewidth narrowing and frequency division effects.
We find that the crossing frequency is around 100 Hz, above which it
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can be possible to achieve quantum noise without being limited by the
pump noise as well as thermorefractive noise. Of note, the noise at
such low offset frequencies can be further suppressed by active
feedback control, whose bandwidth is normally on the order of
kilohertz.

Our Kerr comb setup is schematically shown in Fig. 1f. With a
pump laser diode integrated, the whole setup is compact and fully
electric-driven. The pump light from a DFB laser diode is directed
through the FFPR for Kerr comb generation, with part of the trans-
mission feedback into the laser diode, for self-injection locking™®. In the
experiment, the whole setup is assembled in a metal box with size of
85x90 x 25 mm, as shown in the inset of Fig. If. In the box, the DFB
laser diode with its chip-on-carrier is attached directly on the metal
baseplate, and all the micro-optics components, including half-wave
plates (HWPs), high-reflection mirrors, a silicon sheet, monitor pho-
todetector chip, Faraday rotator (FR), and polarizing beam splitter

(PBS) are integrated on the same baseplate. Temperature control is
applied to the baseplate using the thermal electric component
underneath. The optical feedback phase can be fine-tuned by the
resistive heating of the silicon sheet in the feedback loop. Figure 1g is
the picture of the Kerr comb setup with its actual footprint of
27 x 57 mm. It is worth noting that the components and assembling
techniques we use for packaging this Kerr comb are similar to those
used in the optical communication industry, so that our Kerr comb
setup can be mass-produced when necessary.

We first characterize the pump laser performance in the setup for
Kerr comb generation. The frequency noise of the pump is measured
in comparison to its non-locked free-running state, using the corre-
lated delayed self-heterodyne method*, as shown in Fig. le. This is a
general method for narrow fundamental linewidth measurement
based on short optical delay. The setup consists of 1km fiber for time
delay and a 40 MHz acoustic optical modulator for frequency shift (see
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Fig. 1| Compact Kerr comb package based on FFPR. a Frequency synthesizer
driven by a compact Kerr comb source. b Transmission spectrum around 1550 nm
of FFPR. Inset: picture of FFPR and microscope photo of the end face. ¢ Ring-down
trace of FFPR. Inset: fitted trace in logarithmic scale. d Quantum noise (QN) limit,
pump noise (PN) limit, and thermorefractive noise (TN) limit of FFPR. The para-
meters used in the calculation are as follows: Q p=4x10% $=0.1, and ag=2.5""
n,=3x10"° m%W, effective mode field area A= 112 pm?, group velocity disper-
sion (GVD) B, =-27 fs’/mm, P;, =100 mW, A=1545nm, n =1.45. e Frequency noise
spectral densities of the DFB laser with free-running state (red curve) and injection-
locked to the FFPR (blue curve). 1km of delay fiber is used. The dashed lines label

the fundamental linewidth levels, indicating a noise reduction factor of over 10°.
f Schematic of our Kerr comb setup. Inset: picture of the package with a size of
85 x 90 x 25 mm. g Picture of the Kerr comb setup inside the package. ®, DFB laser
diode (chip-on-carrier); @, collimating lens; @, a set of half-wave plates (HWP),
Faraday rotator (FR), and polarizing beam splitter (PBS); ®, HWPs; ®, reflective
mirrors; ®, FFPR; @, silicon phase sheet; ®, beam splitter; ®, monitor photodetector.
The solid blue, solid red, and dashed red curves represent for pump beam from the
DFB laser diode, the comb beam from the FFPR, and the feedback beam to the DFB
laser diode, respectively.
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Fig. 2 | Soliton states generation for broadband frequency synthesis. a Upper
panel: optical spectrum of a single soliton state. Left inset: autocorrelation trace of
single soliton pulse. Right inset: RF beatnote of single soliton state centered at
10.1 GHz. RBW, resolution bandwidth. Lower panel: optical spectrum of a two-
soliton state. Inset shows the relative phase position of the solitons in a round-trip
inside the FFPR. b Optical spectra of soliton crystal states with different comb
spacings. ¢ Optical spectra of soliton crystal states in two Kerr comb packages.

Wavelength (nm)

10 15
Input optical power on UTC-PD (dBm)

d 8-time consecutive switches test for turnkey operation. The top panel is a spec-
trogram of the soliton repetition rate signal measured during the switching pro-
cess. The bottom panel shows the measured comb power as a function of time.

e Setup of the Kerr comb-based terahertz source (KCTS). EDFA erbium-doped fiber
amplifier, UTC-PD uni-traveling-carrier photodiode, LNA low-noise amplifier.

f Measured terahertz power as a function of input optical power on UTC-PD.

details in Supplementary Information). Note that the spikes at 207 kHz
and its harmonics are not the real frequency noise of the laser but
simply a measurement artifact induced by the unbalanced inter-
ferometer used in this method. Ultra-narrow fundamental linewidth of
72.2 mHz is measured for the DFB laser injection-locked to the FFPR.
Compared to the 66.4 kHz fundamental linewidth of a free-running
DFB laser, a linewidth reduction factor near 10° is achieved. For the
noise at 10 Hz offset frequency, the noise reduction is on the order of
50 dB, which agrees well with the theoretical calculation using Eq. (2)
and the parameters presented in the caption of Fig. 1d. The purified
pump spectra can be delivered to every comb line in following Kerr
comb mode-locking, and found a good basis for the low-noise comb
generation.

Different soliton states can be observed at different pump cur-
rents and feedback phases, including a single soliton state as well as
perfect soliton crystal states. All of them have a smooth profile in the
spectrum. Figure 2a shows the spectra of single soliton (upper panel)
and two-soliton (lower panel) states with fundamental repetition rate
of 10.1 GHz. The dashed red curve is a sech? spectral fitting for the

single soliton envelopes, and corresponds to a Fourier-transform pulse
width of 583 fs. The measured temporal autocorrelation trace is plot-
ted in the left inset of Fig. 2a upper panel, with 1 ps trace duration. An
actual pulse width can be calculated to about 650 fs, which agrees well
with the expectation from the optical spectrum. By sending the
amplified single soliton comb with pump filtered into a fast photo-
detector, the beatnote signal is captured on an electrical spectrum
analyzer (ESA) as shown in the right inset of Fig. 2a upper panel,
revealing highly coherent mode-locked state generation. Perfect soli-
ton crystal states can also be accessed, with comb spacings ranging
from tens of GHz to hundreds of GHz (Fig. 2b). This means there are
multiple equally spaced pulses in a round-trip, which effectively
increases the repetition rate of the Kerr comb®. However, it is much
more challenging for soliton crystal states with a high repetition rate to
achieve high pulse energy as required for effective measurement using
the autocorrelator. We show its simulated time-domain pulse trace
in Supplementary Information. Different soliton states can be achieved
by changing the pump laser frequency detuning relative to the reso-
nance of the FFPR. The pump laser frequency can be directly tuned by
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Fig. 3 | Noise characterization of the frequency synthesizer. a Single sideband
(SSB) phase noise of 10.1 GHz repetition rate for single soliton state. The dashed
purple and orange lines represent the calculated quantum noise (QN) and ther-
morefractive noise (TN) limits, respectively. The dashed green line represents the
pump noise (PN) limit of the injection-locked pump laser, whose frequency noise is
shown in Fig. 1e. The noise peaks that appear at 100-200 Hz offset frequency of the
pump noise curve are likely to be caused by the vibration of the delay fiber in the
heterodyne measurement system. Inset: Allan deviation results of single soliton
repetition rate with free-running state (red) and level locking (yellow), which are
measured using a frequency counter with a 10 MHz Rubidium clock signal as time
base (0.1s gate time). The error bar indicates the standard error of the mean.

b Setups of direct beating and harmonic mixing measurements. A terahertz LNA is
used to increase the power of KCTS #1 to meet the requirement of the LO port in
direct beating measurement. The generated IF signals are sent to microwave
electronics for noise analysis. PNA phase noise analyzer, ESA electrical spectrum
analyzer, FC frequency counter. ¢ The spectra of down-converted microwave sig-
nals from direct beating (red) and harmonic mixing (blue). Inset: RF spectrum of the
direct beating signal. d SSB phase noise of terahertz frequency measured with
direct beating and harmonic mixing. Inset: Allan deviation of the terahertz fre-
quency, which is measured using a frequency counter with a 10 MHz Rubidium
clock signal as a time base (0.1's gate time). The error bar indicates the standard
error of the mean.

changing the current injected into laser diode. Figure 2c shows the
spectra of soliton crystal states of two Kerr comb setups, marked as
“Comb #1” and “Comb #2”, respectively, and different terahertz
repetition rates can be stably generated for each setup.

Our simulation shows that the soliton states generation can be
achieved without dynamic tuning (see details in Supplementary
Information), which agrees with the easy generation of the soliton
states in the experiment. Even though it is sensitive to the feedback
phase, the silicon sheet used for tuning the feedback phase via resistive
heating features a high efficiency of 1m/V and high resolution of
0.001V, which is sufficient to guarantee the excitation of the single
soliton state. This effect is similar to the other case of Kerr comb
generation using on-chip resonators®*. Taking the single soliton state
as an example, we test this turnkey effect with results shown in Fig. 2d.
By keeping the temperature controller on for the baseplate and the
silicon sheet, the single soliton state is built once the laser diode cur-
rent is turned on and remains till the current is the turned off. RF
beatnote frequency and comb power stay consistently between mul-
tiple switches, indicating excellent stability and reliability for the
turnkey operation. Note that the soliton crystal states can also be

generated through such turnkey operation (see details in Supplemen-
tary Information), which is utilized for THz frequency synthesis in the
following.

Then we characterize the stability and phase noise of this Kerr
comb-based frequency synthesizer. We measure the phase noise of the
single soliton state with repetition rate of 10.1 GHz using a phase noise
analyzer (APPH40G, Anapico). The result is shown in Fig. 3a, in com-
parison with the quantum noise limit, pump noise limit, and thermo-
refractive noise limit. The measured phase noise is close to the
quantum limit, especially for offset frequencies higher than 1 kHz. Note
that the phase noise -160 dBc/Hz at high offset frequencies is limited
by the shot noise of the photodetector. Further noise reduction can be
expected with improvement of the fabrication technique for even
higher Q. The long-term stability of the repetition rate is characterized
by Allan deviation measurement, which is below 4 x10™ at 1s and
5x107° at 100 s averaging time, respectively, as shown in the inset of
Fig. 3a. The repetition rate can be tuned by the current tuning for the
pump laser diode, for the range up to 1 kHz, which corresponds to 107
fraction of the 10.1 GHz carrier frequency. The frequency modulation
efficiency is 1.3 kHz/mA. Such a tuning range is larger than the long-
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term frequency drift over hours. We perform a simple test for stabi-
lizing the comb repetition rate by level locking the comb power with
active feedback control on pump current. The frequency instability
can be reduced by an order of magnitude compared to that of the free-
running case, as shown in the inset of Fig. 3a. Higher stability can be
achieved by active feedback locking to a microwave frequency refer-
ence when necessary.

We use uni-traveling-carrier photodiodes (UTC-PDs) (NEL, 10D-
PMJ-13001) for terahertz frequency generation with soliton crystal
states. As shown in Fig. 2c, e, two identical Kerr comb-based terahertz
sources (KCTSs) are built, based on Comb #1 and Comb #2, which
features identical noise performance, for the operation at terahertz
frequency from 283 to 384 GHz, occupying the typical terahertz
communication spectra allocated by the World Radiocommunication
Conferences and the IEEE 802.15.3d standard. The terahertz-interval
comb lines are filtered out by using a waveshaper (WS 4000A) with a
high side mode suppression ratio over 54 dB (see details in Supple-
mentary Information) and then amplified, and converted to a terahertz
wave by a UTC-PD in each KCTS. Figure 2f shows the detected power of
the generated terahertz wave as a function of input optical power on
UTC-PD. The maximum output power is around -10 dBm at 283 GHz
and 303 GHz, and the 303 GHz signal can be further amplified by a
terahertz low-noise amplifier (LNA) (RPG, H-LNA 250-350) with a
maximum output power of —2.48 dBm. Although the LNA has entered
the saturated operating region at this output power, a minor power
loss for the terahertz tone does not affect the phase noise performance
evaluation.

The noise performance of the KCTS can be measured by directly
beating the terahertz waves from two sources using a terahertz
balanced mixer (BAM) (VDI, WR2.8BAMULP), as shown in Fig. 3b. In
this case, the phase noise of microwave intermediate frequency (IF)
signal is the sum of those of two KCTSs. This approach does not
involve an extra microwave source, so that the actual phase noise of
KCTS can be directly derived. In addition to the direct beating mea-
surement using two KCTSs, we also attempt to measure the phase
noise of KCTS #1 using the standard harmonic mixing method based
on an integrated harmonic mixer (IHM) (OML, C02.8DAS02) with 24-
time multiplication, where a Rubidium-clock-referenced desk-top
microwave source (R&S SMAB-B167) is used as the local oscillator
(LO), as shown in Fig. 3b. The LO frequency is set to 13.5 GHz, so that
the microwave IF outputs are matched around 20 GHz in both cases for
a fair comparison. We confirm that the down-conversion signals in
both measurements are spurious-free by measuring their spectra using
ESA (see details in Supplementary Information).

The red and blue curves in Fig. 3¢ show the RF spectra of the
down-converted microwave signals in the cases of direct beating and
harmonic mixing measurements, respectively. 10kHz resolution
bandwidth is used in both measurements, and the RF spectra are
plotted with peak power normalized. While the direct beating signal
shows a high SNR of around 80 dB, the harmonic mixing signal has a
higher noise floor over the whole span of 10 MHz in the measurement.
Figure 3d shows the results of the phase noise measurements in both
cases. The phase noise of the LO microwave source is scaled to a carrier
frequency of its 24th harmonics as a reference, which is plotted in gray
curve. The noise results at offset frequencies below 10 kHz in both
measurements align well and are higher than the microwave reference,
as the pump noise limits the noise performance of KCTS to reach
quantum limit. While at higher offset frequency over 10 kHz, the noise
for harmonic mixing in blue is higher than that of direct beating in red,
and comparable with the scaled LO microwave source in gray. This
result shows that our KCTSs surpass conventional microwave elec-
tronics in noise performance. Note that although the mixer integrated
into the IHM receiver may be different from the BAM, this does not
affect our conclusion, because the mixing noise is not the dominant
role in both cases. It is also interesting to compare such noise

performance with that of the 10.1 GHz fundamental repetition rate. If
we scale the terahertz carrier frequency to 10.1 GHz, the measured
phase noise based on the direct beating can be recalculated as
-100 dBc/Hz at 1kHz, —125 dBc/Hz at 10 kHz, -153 dBc/Hz at 100 kHz,
and -162 dBc/Hz noise floor. These results agree well with the corre-
sponding noise values for 10.1 GHz fundamental repetition rate, which
are -106dBc/Hz, -133dBc/Hz, -141dBc/Hz, and -160 dBc/Hz,
according to Fig. 3a. This indicates that it is capable for us to generate
low-noise microwave signal over a broad spectrum up to terahertz
based on a single Kerr comb device, due to its universal low-noise
performance over single soliton state to soliton crystal state.

The inset of Fig. 3d shows the measured Allan deviation of ter-
ahertz frequency with free-running state derived from direct beating
signal, and the frequency instability is below 7 x10™ at1s and 5x107°
at 100 s averaging time, respectively, indicating a high-frequency sta-
bility of our KCTS.

The low-noise and high-frequency nature of our Kerr comb source
is essential for high channel data rate, and is tested by the terahertz
wireless communication. Here we focus on a single wavelength and
single polarization coherent communication architecture, as the
wavelength and/or polarization multiplexing can always be applied
once single channel performance is verified®**°. The experimental
setup is shown in Fig. 4a. The optical transmitter is built based on KCTS
#2, where an 1Q modulator is introduced to load the ultra-wideband
complex baseband signal on one of the two optical tones (marked in
Fig. 2¢). Taking advantage of the broadband optical modulation, 23
and 40GBd baud rates are used in our experiment, which are
equivalent to 8.1% and 14.1% of the transmitting carrier frequency at
283 GHz, respectively. The two tones are re-combined and transmitted
over 10-km single-mode fiber (SMF), before being amplified and sent
into a UTC-PD*. The generated 283 GHz terahertz signal is delivered
over a 4-m wireless link (Fig. 4b). Terahertz antennas and lenses are
deployed to collimate the terahertz beam for low-loss free-space
propagation. This experiment is conducted under near-field commu-
nication conditions, which can refer to the detailed analysis in
the Supplementary Information.

At the terahertz wireless receiver, KCTS #2 at 303 GHz with power
amplified, serves as the LO, which is mixed with the received 283 GHz
signal by using a BAM for coherent terahertz detection*’. The down-
converted IF signal with carrier frequency specifically at
20.248016 GHz is first amplified by a wideband electrical amplifier (EA)
and then fed into a real-time digital storage oscilloscope (DSO) (Key-
sight, UXR0594A) for analog-to-digital conversion and further offline
processing. The modulation baud rate is fundamentally limited by
twice the IF signal carrier frequency of around 40 GBd, so that we start
with 23 GBd (roll-off factor 0.1), and the spectra of captured IF signal
shows a guard band of 7.6 GHz between the zero frequency and signal
edge, as expected. Then we push the baud rate close to the limit with
40 GBd (roll-off factor 0.01). As shown in Fig. 4c, attributed to the high
spectral stability of KCTSs, a small but clear guard band as narrow as
50 MHz is enough for signal demodulation. It helps to take full use of
the spectrum and reduce the demand for the operation bandwidth of
the analog-to-digital converter at the receiving end. Note that several
spurious tones can be observed in Fig. 4c, mainly due to the clock
leakage from the AWG and DSO. The detailed experimental config-
uration and DSP routine for our transceiver are described in the
“Methods” section.

We plot the constellation and eye diagrams in Fig. 4d, under a 23-
GBd transmission baud rate and 12-dBm launched optical power into
the UTC-PD. Benefiting from the low-noise nature of our KCTSs, clear
constellation and eye diagrams for three different modulation formats,
including quadrature phase shift keying (QPSK), quadrature amplitude
modulation (QAM) with 16-ary (16QAM) and 64-ary (64QAM) signals,
are achieved. We evaluate the bit error rate (BER) versus the optical
power launched into the UTC-PD for 23 and 40 GBd transmission baud
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Fig. 4 | Kerr comb-driven CPE-free terahertz wireless communication.

a Experimental setup of terahertz wireless communication based on our Kerr
combs. One Kerr comb with the repetition rate of 283 GHz, marked as Comb #2, is
used as the coherent modulation light source to generate a 283 GHz terahertz
signal at the optical transmitter. Another Kerr comb with the repetition rate of
303 GHz, marked as Comb #1, serves as the coherent light source to produce a high-
purity 303 GHz terahertz LO carrier at the terahertz wireless receiver. The trans-
mission links consist of a 10-km single-mode fiber (SMF) link and a 4-m terahertz
wireless link. Inset: optical spectra of the combined two comb lines. AWG arbitrary
waveform generator (Keysight, M8196), PC polarization controller, EA electrical
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amplifier. b Picture of the 4-m terahertz wireless link. ¢ Down-converted IF signals
captured by the real-time DSO. d Comparison of constellation and eye diagrams for
coherent terahertzcommunication without CPE employing either our Kerr comb or
two independent narrow-linewidth ECLs at the optical transmitter. The wireless
transmission link and the terahertz wireless receiver remain unchanged from
Fig. 4a. All results are measured at the same 23-GBd transmission baud rate and
fixed 12-dBm launched optical power into the UTC-PD. e Measured BER as a func-
tion of the optical power launched into the UTC-PD, for three different modulation
formats under two different baud rates. The BER performances with (w/) and
without (w/0) carrier phase estimation (CPE) are both given in each case.

rates. The measured BERs of three modulation formats are shown in
solid lines with stars in Fig. 4e. It is worth noting that the CPE pro-
cessing is removed at the Receiver DSP for this measurement. For
QPSK and 16QAM signals, both the 23- and 40-GBd cases can meet the
BER threshold of 7% overhead hard-decision forward error correction
(HD-FEC), i.e., 3.8 x 107 (lower boundary of the colored area in Fig. 4€),
and the QPSK signal can even achieve error-free transmission. For
64QAM signal, both the two baud rate cases can reach 25% overhead
soft-decision FEC (SD-FEC) BER threshold (i.e., 4.2x107), upper
boundary of the colored area in Fig. 4e. As a result, the line rate of the
40-GBd 64QAM signal is 240 Gbps. After subtracting 25% FEC over-
head and 3% training symbols, the net rate corresponds to
186.24 Gbps. To the best of our knowledge, this is a new record of
communication rate at the terahertz band driven by OFCs.

We also compare this KCTS-based terahertz communication with
the normal photonics-assisted terahertz communication using dual
lasers. Two independent narrow-linewidth external cavity lasers (ECLs,
Realphoton TSL-PM-20) with linewidths less than 100 kHz serve as
Tone #1 and Tone #2 at the optical transmitter, respectively. Under the
same transmission baud rate and launched optical power into the UTC-
PD, severe phase noise causes the constellation diagrams to form one
or more rings (see Fig. 4d) according to the modulation format
employed. This is the reason why CPE processing, including frequency
offset estimation (FOE) and phase noise compensation (PNC), has to be
introduced for the normal photonic-assisted terahertz communication
using dual lasers. The CPE process can effectively compensate for the

frequency drift and phase fluctuation, especially for the high-order
modulation format case that is vulnerable to the phase noise. However,
the typical CPE algorithms, such as blind-phase search, are usually
power hungry, which is the main source of power consumption and
cost in the receiver. Additionally, the parameter of CPE algorithms
(such as sliding window length) varies with the transmitted baud rate,
modulation format, and the status of link impairment, which drasti-
cally reduces the robustness and universality of the terahertz wireless
receiver. For our technology using KCTSs, it is still interesting to see
how much performance gain can be achieved using CPE processing.
We test the BER with CPE processing for comparison, which is normally
adopted in most terahertz wireless communication systems, as plotted
in dashed lines with circles in Fig. 4e. The performances of these two
cases (w/ and w/o CPE) are very close for all the modulation formats
and baud rates. The above results again show that our KCTSs already
have low enough phase noise so that normal CPE processing does not
benefit over the already good BER performance. This is the funda-
mental advantage that the high SNR required for high-bandwidth ter-
ahertz communication can be achieved without CPE processing,
besides the common advantage for the photonics-assisted terahertz
communication with high modulation speed, high stability, and low
power consumption, etc*™*°, These features highlight the future ter-
ahertz terminals for both performance and low size, weight, power,
and cost (SWaP-C).

Table 1 compares the key parameters of reported KCTSs with free-
running operation, and our results outperform all others. Table 2
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-100
-106
-130
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-53
2All the phase noise data are measured with the free-running state and scaled to a 300 GHz carrier frequency.

Terahertz fre-
quency (GHz)

303
331

300
100
560
300
300
300

Quality fac-
tor (x10°)

600
400

1.9

Silicon Nitride microring 2.2

1

Silicon Nitride microring ~ N/A

Kerr resonator

FFPR
Silica microtoroid

Table 1| Comparison of KCTS performances

Silicon Nitride microring ~ N/A
Silicon Nitride microring ~ N/A

Silicon Nitride microring
Silicon Nitride microring

compares the key parameters of reported photonics-assisted terahertz
wireless communications. Benefiting from the low phase noise prop-
erty, our results demonstrate clear advantages in bit rate, with not only
the most compact system setup, but also the simplest DSP at the
Receiver.

Discussion

In conclusion, we have developed a new Kerr comb geometry using
few-mode-fiber-based FFPR, following the noise modeling with limited
pump power. High-Q fabrication is achieved by the state-of-the-art
polishing and coating techniques to enable DFB laser diode pumping.
As a result, near-quantum-limited low-noise frequency synthesis from
10.1 to 384 GHz is achieved, surpassing the noise performance of
conventional microwave electronics, for the first time in a single
compact electric-driven turnkey Kerr comb package. High data rate
coding is achieved as a result of the combination of high carrier fre-
quency and low phase noise performance, as demonstrated in the
high-order modulated terahertz wireless communication, supporting
up to 64QAM modulation and 240 Gbps data rate. Such a result is
achieved without the burden of extra CPE on the DSP at the Receiver,
which is required in the case of two independent narrow-linewidth
lasers. Consequently, our Kerr comb not only simplifies the optical
setup but also the DSP requirement, which can significantly reduce the
system complexity and improve the energy efficiency. Such advan-
tages will be even more prominent once the OFC-driven superchannel
solution*’"* is adopted in the terahertz wireless communication sys-
tem. These results mark a significant step towards the practical
application of the Kerr comb for high-frequency microwave
applications.

Although the noise performance is already considerably low as a
compact electric-driven device, it can be further improved by fabri-
cation optimization. Our current FFPR technology is coating reflection-
limited at finesse around 31,000, and a Kerr comb with a fundamental
repetition rate up to 30 GHz can be realized within a 100 mW level
power budget with such finesse limit. With improved polishing and
coating techniques, much higher Q can be expected, within the fiber-
propagation-loss Q limit on the order of 10". The improved Q will lead
to the access of even lower quantum noise limits, and enable higher
fundamental repetition rates for even smaller compact setup sizes.
Also, higher Q helps to lower the pump power consumption and
achieve higher conversion efficiency for amplifier-free operation in
frequency synthesis applications. By optimizing the self-injection
locking loop design and utilizing passive filters, the reduction of
overall system complexity can be expected.

In this work, we mainly focus on the free-running performance of
our Kerr comb, and lower noise can be achieved with active feedback
control. We test the fast tuning capability of this Kerr comb by the
direct modulation of drive current for the pump diode, and 107 fre-
quency modulation can be achieved. Such a modulation range is larger
than the long-term drift of our Kerr comb and forms the basis of the
active feedback locking to fully stabilize this Kerr-comb-based fre-
quency synthesizer. With these device improvements and active
locking, the most demanding radar and remote sensing requirements
may be fulfilled, taking advantage of such an integrated high-
frequency photonics microwave source.

Methods

Detailed setup configuration for terahertz wireless
communication

Our experimental setup is shown in Fig. 4a. Adding two 40 GHz phase
shifters can overcome the 1Q phase mismatch in the analog domain in
advance during 1Q modulation, which helps to improve the modula-
tion performance of wideband signals. To achieve the best photo-
mixing performance at the UTC-PD, the carrier-to-signal power ratio is
set to unity, and a PC is added in Tone #1 path to align the polarization
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2All the phase noise data are scaled to 300 GHz carrier frequency.

between the two tones. The two identical UTC-PDs we used in this
paper feature a typical responsivity of 0.22 A/W and a maximum out-
put power of =7 dBm. To prevent the UTC-PD from being damaged, the
launched optical power is controlled under 14 dBm. The generated
283 GHz terahertz signal based on the Comb #2 is then transmitted
over 4-m wireless distance, corresponding to a free-space path loss of
about 93.5 dB. To combat the high path loss of transmitted terahertz
signal, one high gain cylindrical lens horn antenna with a gain of 48 dBi
at the terahertz emitter (see Fig. 4b), and a homemade 40-dBi gain
dielectric plano-convex Teflon lens with a diameter of 30 cm and a
focal length of 50 cm®, as well as a 26-dBi gain pyramidal antenna at
the terahertz receiver are employed in our experiment. The above
wireless configuration setup also supports terahertz long-distance
delivery as long as combined with a terahertz LNA. This has already
been proven by our previous work, in which the 50-Gbps terahertz
signal transmission over 850 m at the 320 GHz band is successfully
demonstrated®. At the terahertz wireless receiver, two optical tones
originating from the Comb #1 are fed together into the UTC-PD with a
fixed total power of 12 dBm. The generated 303 GHz terahertz carrier is
boosted to -3 dBm by a terahertz LNA. Such a terahertz LO power
enables the BAM to achieve the optimal electrical mixing performance.
The output IF signal is then amplified by a wideband baseband EA with
a gain of 35 dB before being captured by the real-time DSO.

Detailed DSP routine

At the transmitter, the ultra-wideband complex baseband signal is
generated in offline MATLAB. A pseudo-random binary sequence is
first mapped into the QPSK or QAM symbols. After being upsampled
by two samples per symbol, all the symbols then undergo anti-aliasing
processing through a root-raised-cosine (RRC) filter. Considering the
bandwidth limitations of the system, different roll-off factors of the
RRC filter are selected according to different baud rates. To be specific,
the baud rate of 23 GBd corresponds to 0.1, while 0.01 is set for the 40-
GBd case. A synchronous sequence with a length of 4096 is added
prior to the information-bearing symbols, which is used for frame
synchronization. After being resampled to 92 GSa/s, the data frame
with a total symbol length of 2'® are fed into the AWG with a sample rate
of 92 GSa/s and the 3-dB analogy bandwidth of 32 GHz. At the receiver,
the real-time DSO with an operating bandwidth of 59 GHz and a sample
rate of 128 GSa/s is used to capture the received data stream. The
obtained stream is first down-converted to baseband, and then
resampled to twice the symbol rate. Following frame synchronization,
the Gram-Schmidt orthogonalization procedure is used to compen-
sate for the residual IQ imbalance of the transmitted complex base-
band signal, and the timing error between transceivers is overcome by
the square timing recovery algorithm. Then the obtained signal is
directly fed to a data-aided nonlinear equalizer after matched filtering
and down-sampling. To compensate for the linear and nonlinear
impairments as well as the small residual phase noise in our optical-
wireless integration transmission system, while also considering the
algorithm time complexity, an adaptive third-order Volterra nonlinear
equalizer with the memory length of [81, 5, 3] is employed. About 3000
training symbols (accounts for 3% of the total symbols) are used to pre-
converge the tap coefficients of the above equalizer, then they are
adaptively updated based on the recursive least squares algorithm
according to the direct-decision errors of remaining symbols. Of note,
thanks to the ultra-low phase noise Kerr combs and adaptive equalizer
employed in the receiving and/or transmitting ends, the conventional
CPE algorithms, including FOE and PNC, can be completely dispensed
with here, which significantly simplifies our receiving DSP. Finally, the
BER is calculated.

Data availability
All data are available in the main text or the Supplementary
Information.
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