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Efficient frequency shifting and beam splitting are important for a wide range of
applications, including atomic physics'?, microwave photonics®, optical
communication”® and photonic quantum computing®**. However, realizing

gigahertz-scale frequency shifts with high efficiency, low loss and tunability—in
particular using a miniature and scalable device—is challenging because it requires
efficient and controllable nonlinear processes. Existing approaches based on

acousto-optics®™

, all-optical wave mixing'®>'®2 and electro-optics®? are either

limited to low efficiencies or frequencies, or are bulky. Furthermore, most approaches
are not bi-directional, which renders them unsuitable for frequency beam splitters.
Here we demonstrate electro-optic frequency shifters that are controlled using only
continuous and single-tone microwaves. This isaccomplished by engineering the
density of states of, and coupling between, optical modes in ultralow-loss waveguides
and resonatorsin lithium niobate nanophotonics®. Our devices, consisting of two
coupledring-resonators, provide frequency shifts as high as 28 gigahertz with an
on-chip conversion efficiency of approximately 90 per cent. Importantly, the devices
canbereconfigured as tunable frequency-domain beam splitters. We also
demonstrate a non-blocking and efficient swap of information between two
frequency channels with one of the devices. Finally, we propose and demonstrate a
scheme for cascaded frequency shifting that allows shifts of 119.2 gigahertz using a
29.8 gigahertz continuous and single-tone microwave signal. Our devices could
become building blocks for future high-speed and large-scale classical information
processors”® as well as emerging frequency-domain photonic quantum

computers®,

The progress of photonicscience and technology is intimately related
to the ability to utilize and precisely control all fundamental degrees of
freedom of a photon. Although, for example, photon position (path)
and polarization can be readily controlled using elementary opti-
cal components such as beam splitters and waveplates, frequency
control is more challenging as it requires changing the energy of a
photon. Typical approaches used for frequency control of light are
based on acousto-optics, all-optical wave-mixing and electro-optics.
Acousto-optic modulators use phonon scattering to control photon
energy and can typically shift the frequency of light in the kHz to few
GHzrange®™'®. However, they have demonstrated high efficiency only
inbulk structures that are not compatible with photonicintegration.
All-optical wave-mixing can achieve efficient frequency conversion
in the THz range in bulk media'®"'®, and can be bi-directional®?,
However, it requires stringent phase matching conditions, can suf-
fer from parasitic nonlinear processes, and is difficult to control due
to anonlinear dependence on optical power.

The electro-optic effect, utilized in modulators that are widely used
in modern telecommunication networks, directly mixes microwave
and optical fields and can be used to achieve frequency control of
light. However, traditional electro-optic modulators inevitably pro-
duce undesired symmetric sidebands, and thus require filtering (for
example, frequency or spatial), and are unable to achieve efficient
frequency shifts. In-phase and quadrature (IQ) modulators eliminate
symmetric sidebands via destructive interference among multiple
modulators®?°3!, which comes at the expense of a large fundamen-
tal upper-limit device loss of 4.7 dB and non-negligible higher-order
sidebands. Serrodyne modulation, on the other hand, uses asaw-tooth
waveform to generate frequency shifts?, but extending this method to
the GHzregimerequires broadband and high-power electronics, which
ultimately limitsits practical usage. Other methods such as adiabatic
tuning of the optical cavity resonance? or spectral shearing?*?, which
applies a linear temporal phase to light with sinusoidal modulation,
are capable of frequency shifting, but they require pulsed operation
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Fig.1|Conceptoftheelectro-optic frequency shifterand beamsplitter.

a, Afrequencyshifter convertslight from one frequency to another, analogous
toadirectional coupler that changes the path (spatial modes) of a photon.

b, Afrequency beam splitter partially converts light from one frequency to
another, similar toits spatial-mode counterpart.c,d, Principle of aGCC
conditionthat allows complete transfer of energy between levels vis-a-vis
frequency shifting of light. ¢, A coherent coupling Q causes oscillation of
energybetween twodiscrete levels w, and w, (for example, two cavity modes),
each hasadecay rate of ;.. d, Frequency shifting by coupling two discrete
levels toacontinuum. Lightis coupled from the continuumto level w, at arate

with a known timing reference. Single sideband modulation using TE
and TM modes of a high-quality factor (Q) whispering gallery mode
toroid resonator hasbeen demonstrated, albeit with limited efficiency
and bandwidth (MHz level)?. Consequently, a practical and efficient
electro-optic device that can shift the frequency of light on demand
is still missing. The situation is even more challenging when it comes
to the realization of a tunable frequency beam splitter. Such a device,
like its spatial counterpart, needs to be bi-directional, capable of fre-
quency up- and down-shifting simultaneously or coherent mixing of
two input channels without changing the configuration of the device
ordriving signal, and without affecting other degrees of freedom such
as polarization or spatial modes. Based on these criteria, electro-optic
frequency shiftersbased onin-phase and quadrature (IQ) modulators,
the serrodyne method, adiabatic tuning and spectral shearing cannot
actas frequency beam splitters.

Here we overcome these limitations and demonstrate on-chip
electro-optic frequency shifters that have up to ~90% conversion effi-
ciency, high carrier suppressionratio and low on-chip loss. Importantly,
this is accomplished using only a single monotone and continuous
microwave source. Our electro-optic frequency shifters act only on
selected frequency modes without affecting other frequencies of light.
Furthermore, they feature a tunable ratio between the optical power
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K, fromlevel w, tolevel w,atarate Q,and fromlevel w, to the continuumata
rateK.,. The GCC condition k, = Q =k, » k;, resultsin an efficient flow of
energy. Note that the direction of energy flow is determined by which level is
populated first, and transitionsindicated by the coupling rates k,, k., and Qare
bi-directionalin nature. e, Schematic of the device used toimplement the GCC
condition (top), and its frequency-domain representation (bottom). The
coupled-ring system provides a pair of hybrid modes, referred to as symmetric
(S) and anti-symmetric (AS). Coupling between themisinduced by
electro-optic modulation. CW, continuous wave.

at the shifted and pump frequency that is controlled by the applied
microwave power. At the regime of full conversion, the frequency of
allinserted photonsis shifted to another frequency. In this regime the
devices are analogous to adirectional coupler (Fig.1a): they swap two
modes, butinthefrequency rather thanthe spatial domain. Onthe other
hand, intheregime of equal optical power between the light at shifted
and pump frequency, the devices serve as a 50:50 frequency-domain
beam splitter (Fig.1b). By changing the power of the microwave signal,
the splitting ratio can be controlled, and tunable frequency domain
beam splitters can be realized. These operations (frequency shifting
and beamssplitting) represent the fundamental functionalities required
for controlling the frequency degree of freedom of a photon, in analogy
with the control of its polarization and path.

Torealize the frequency shifting functionality, weintroduce ageneral
method to control the flow of lightin the frequency domain. Consider
two discrete photonic energy levels (Fig. 1c), which could be two reso-
nances of an optical cavity or adoublet formed by amode anti-crossing.
When driven—for example, using coherent microwave signals and the
electro-opticeffect consideredin this work—the two levels are coupled
with a coupling rate of Q, resulting in Rabi oscillation. As a result, the
frequency of light inside such a system oscillates between two levels.
To enable an efficient frequency shift, we introduce a continuum of
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Fig.2|Electro-opticfrequency shifterand beamsplitter. a, Scanning
electron microscopy (SEM) micrographin false colour of afrequency shifting
device with28.2-GHz doublet splitting. The light blue represents the optical
waveguide and ring resonators. Metal electrodes have two layers, connected
by vias through the cladding oxide. Top and bottom electrode layers are
represented by light grey and yellow, respectively. The electrodes are designed
to minimize parasitic capacitance and inductance to achieve efficient
modulation at high microwave frequencies.b, ¢, Electro-optic frequency
shifter. Up-shifts (b) and down-shifts (c) of12.5 GHz with 80% conversion
efficiency and >0.99 shift ratio (defined in text) at telecommunication
wavelengths. Theinsets show the directions of energy flow using the

levels (for example, optical waveguide) that couples to both discrete
levels. Importantly, by controlling the coupling rates between different
levels, the photons can be injected at one discrete level and extracted
fromthe other one (Fig.1d). Photons of frequency w, are coupled from
the continuum into level w, with a rate of k,,, while being coupled out
of level w, back to the continuum with a rate .,. Assuming that each
of the levels has a negligible intrinsic loss rate ki, < K., K.,, complete
energy transfer (100% frequency shift) occurs when these three rates of
energy exchange are balanced: k, =Q = k, (see Methods for a detailed
discussion on this condition). We refer to this as a generalized critical
coupling (GCC) condition. Otherwise, when the condition is not met,
partial energy transfer occurs betweenthe two levels, and some fraction
of the photons at frequency w, are coupled back into the continuum.
Thisis used torealize atunable frequency domain beamsplitter. Nota-
bly, whenthe GCC conditionis satisfied, the reverse frequency conver-
sion process willalso bein abalanced state: photonsinjected from the
continuum at frequency w, will be converted to photons of frequency
; and outcoupled to the continuum at that frequency.

We experimentally implement the proposed scheme using a
device consisting of two coupled ring resonators (referred to as a
two-resonator device) on thin-film lithium niobate (Fig. 1e), in which
coherent coupling of two optical frequency modesis achieved viathe
electro-optic effect and microwave driving®. Evanescent coupling
between the twoidentical resonators gives rise to aresonance doublet
which corresponds to symmetric (S) and anti-symmetric (AS) modes
with frequencies w, and w,. A single bus waveguide provides a con-
tinuum of modes as well as the input and output ports of our device.

quency (x2n GHz)

-30
Frequency detuning, o - o, (x2n GHz)

-15 0 15 30

energy-level description of Fig.1d and the spectraindB scale.d, Frequency
shift with microwave detuning. The shift ratiois reduced as the microwave
frequencyis detuned from11 GHz (equal to the doublet splitting) to 8 GHz. The
insetshows the spectrain dBscale when using11-GHz (top part, purple trace)
and 8-GHz (bottom, red trace) microwaves. e, Shift ratio for varied microwave
detuning. f, Tunable frequency beam splitter. Increasing the microwave power
changes the shift ratio continuously from O to near unity (0.987) ata
shift-frequency of 28.2 GHz, allowing for a frequency beam splitter with a
tunable splitting ratio. Inset, output optical spectrumindBscale at 50:50
splitting under amicrowave power of 10 mW. div., division.

The two cavities are efficiently modulated using a single sinusoidal
microwave drive (Fig. 1e, top), and support high frequencies owing
to the small capacitance and parasitic inductance of the electrodes
(Fig.2aand Methods). Microwave drivinginduces a coherent coupling Q
between the Sand AS modes, whichis proportional to the peak voltage
of the applied microwave signal. The doublet splitting (frequency differ-
ences between Sand ASmodes) is 2|u|, where urepresents the coupling
strength between coupled rings in the absence of a microwave drive.
Themicrowave frequency w,, ismatched to or detuned from the doublet
splitting 2|ul, depending on the experiment performed. The two rings
are strongly coupled through evanescent coupling, and therefore can
be considered asasingle device. Asaresult, the Sand ASmodes canbe
accessed using a single waveguide placed in the proximity of onering
only. Furthermore, the coupling rate ybetween the waveguide and the
left cavity (in Fig. 1e and 2a) is up to 31 times higher than the intrinsic
loss k;,, of the cavity, yielding two strongly over-coupled modes with
balanced effective mode-waveguide couplings of k., = k., = y/2 that
satisfy the GCC condition (see Methods). Specifically, we fabricate
devices with various doublet splittings of 11.0, 12.5 and 28.2 GHz at
telecommunication wavelengths by changing the gap between the
coupled rings.

We first demonstrate the frequency shifting feature of our
two-resonator device, here continuous-wave light of frequency w;,
(wavelength of1,601.2 nm) and amicrowave tone of frequency 12.5 GHz,
which matches the splitting of the resonance doublet, are sent to the
device. The output optical spectrum (Fig.2b) shows that nearly all the
power at frequency w, (Smode) is converted to frequency w, (AS mode),
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Fig.3|Informationswappingbetween two frequency channels.
a, Experimental set-up. Lasers 1and 2 emit light of frequencies w,and w,,
respectively, with11 GHz detuning. The twobeams are independently
modulated to carry unique audio signals, combined, and then sent to the
frequency shifter. The output optical spectrumis monitored by an optical
spectrumanalyser, and atunablefilteris used toselecteach frequency

withameasured conversion efficiency of p = 80%, and large carrier sup-
pressionratio (CSR) of 33 dB. The conversion efficiency is defined as the
ratio of the output power at the shifted frequency and the total input
power inside the bus waveguide: 7 = P,;«/P;» and the CSR is defined as
the ratio of the output power at the shifted frequency and the pump
frequency: CSR = P/ Poump- Importantly, our device also operates in
reverse; pumping at frequency w, (AS mode) leads to a down-shift to
frequency w, withameasured n=80%and a CSR of 27 dB (Fig.2c). The
device has alow on-chip loss a of only 0.92 dB (see Methods), defined
asa =P, /P, (or a=-10log,,(P,./P;,) in dB) in which P, is the output
power inside the bus waveguide. The fibre-to-chip facet loss is cur-
rently approximately 5-10 dB per facet. Spot-size converters>* and
adiabatic couplers® could be used to reduce this facet loss to below
1.7 dB per facet and 1.1 dB per facet, respectively. We also define shift
ratio as € = Py,¢/ P, Which we measure to be 0.994 and 0.993 for up-and
down-shifts (Fig.2b, c), respectively. We note that the conversion effi-
ciency ncanbe decomposedas = a x €,inwhichaand e can be adjusted
independently by varying different device parameters (see Methods).
The microwave power used to achieve the up- and down-conversion
(Fig.2b, ¢) is102 mW.

Second, we show that frequency shifts over alarge microwave band-
width can be achieved by tuning the microwave frequency. Light is
injectedintothe ASmode (at frequency w,) of adevice with an 11.0-GHz
doublet splitting to realize a frequency down-shift. The microwave
power is kept at 228 mW as we vary the microwave frequency from
11.0 GHz t0 8.0 GHz. Accordingly, e reduces from 0.977 to 0.784, indi-
cating a 3-dB bandwidth of >3 GHz that is currently limited by the
bandwidth of our microwave amplifier (Fig. 2d, e). The bandwidth of
the shifter benefits from the strong over-coupling regime and large
microwave modulation, yielding a bandwidth that is larger than the
unmodulated cavity linewidth (see Methods). The shift ratio for dif-
ferent microwave detunings can be further optimized by varying the
microwave power. Inaddition, the microwave operating frequency can
be controlled by applyingad.c. voltage. For example, we experimentally
(theoretically) show that the device with12.5 GHz doublet splitting can
be tuned to 16 GHz (>23 GHz) while maintaining a shift ratio € = 0.991
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Time (0.5 s per division)
channel. The time-domain signals are measured using a photodetector
followed by areal-time oscilloscope. AM, amplitude modulator; EDFA,
erbium-doped fibre amplifier; OSA, optical spectrum analyser; PC,
polarization controller; PD, photodetector. b, Time-domain audio signal in
each channel before and after the swapping. The purpleand greentraces
represent the audio signalinchannel 1 (w,) and channel 2 (w,), respectively.

(>0.9) (See Extended Data Fig. 6 and Methods). Itis worth mentioning
that our devices can operate without a typical conversion efficiency-
bandwidth trade-off (see Methods). Another unique feature of our
approachis thatincreasing the doublet splitting for larger frequency
shifts does notdegrade 3, @, € or the CSR, as long as the GCC condition
is satisfied. This is experimentally confirmed using a 28.2-GHz device
with measured 7=89%, CSR=20dB,a=0.45 dBand e=0.987, usinga
316-mW microwave driving power (Fig. 2f).

Next, we configure the 28.2-GHz deviceinto afrequency beamsplitter
with a fully tunable power splitting ratio by varying the power of the
microwave signal. As the microwave power isincreased from 0.063 mW
to 316 mW, the shift ratio € (as well as the conversion efficiency 1) of
a down-shift continuously increases from O to near unity (Fig. 2f). At
10 mW microwave power, the optical power is split equally between
the two frequency modes w, and w,, yielding a 50:50 frequency beam
splitter (as illustrated in Fig. 1b and with results shown in the inset of
Fig.2fin dBscale). It should be noted that the frequency splitter, which
is based on coherent mixing of optical and microwave fields™>¢, per-
formsunitary operations (in the limit of vanishingly smallloss) identical
toastandard four-port configuration of atunable spatial-mode beam
splitter (see Methods).

To show that our two-resonator device can perform up- and
down-shifts simultaneously (bi-directionality of a frequency beam
splitter), we demonstrate information swapping between two frequen-
cies using asingle device, mimickingafour-port coupler (as depictedin
Fig.1a).Such anoperationallows the exchange ofinformation between
frequency channels without detection, whichisrelevant to optical and
quantuminformation processing. Here, two laser beams of frequency w,
and w, are separately modulated by two different audio signals (Fig. 3a).
The audio modulation labels the two frequencies, thereby distinguish-
ing the shifted and residual signals after the swapping. The two laser
beamsare thencombined and sentinto our device. The measured audio
signals of each channel at the output confirms the swap operation was
performed (Fig. 3b). Discussion and results regarding modulation
bandwidth, shifting of pseudorandom bit sequences and crosstalk
arein Methods.
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Fig.4|Cascaded frequency shifting. a, Balancing of coupling rates between
severalenergylevelsk, =0Q,=0Q,=... =k, canpermitefficient energy flow.

b, Proposed structure to realize cascaded frequency shifting. It consists of
three coupledrings: ring 2 provides aset of equally detuned energy levels, with
amode coupling rate of Qinduced by microwave modulation; ring 1
over-couplesmodesland5to the waveguide; and ring 3induces aboundary to
the cascade process by mode splitting. z1,, coupling rate betweenring 1and 2;
U, couplingratebetweenring 2and 3. The transmission spectrum of eachring
isshown on theright, with the bottom-most panel thatillustrates the energy
flow of the device when pumping mode 1under the GCC condition. ¢, Device
opticalimage (false colour). Three resonators, asmallring (ring 1), aracetrack

We now show that our concept can be generalized to shift optical
frequencies beyond 100 GHz. Although this can be achieved using
two-resonator devices by further increasing the evanescent coupling
between the resonators for alarger doublet splitting, this approach
would require very high-frequency microwave electronics. To miti-
gate this, we propose a generalized ‘cascaded’ shifter by extending
our scheme to a system consisting of multiple discrete levels cou-
pled to a continuum (Fig. 4a). When coherent coupling between
nearest-neighbour energy levels satisfies the GCC condition k. =

(ring 2) and rectangular-shaped (ring 3) resonator, are evanescently coupled to
formasingle device. Theresonance frequencies of rings 1and 3 are adjusted
usingresistive heaters. A bus waveguide coupled toring 1 provides the input
and output ports as well as serving as the continuum. A weakly coupled
auxiliary waveguideis used to monitor theresonances of rings 2 and 3 during
the tuning process. d, Output spectrum of the cascaded frequency shifter.
Continuous-wave light of1,628.5 nm wavelength (corresponding to zero
detuning), resonantwithrings1and 2, isdirected to the device. A continuous
and single-tone microwave signal of w,, =21 x 29.805 GHz is applied to the
electrode, resulting inafour-mode cascaded frequency down-shift of

119.22 GHz.

0,=0,=... =K, energy can efficiently flow from the input to output
mode. Asaresult,acomplete frequency shift can be achieved. A system
that can realize this process is depicted in Fig. 4b, comprised of only
three resonators and a single bus waveguide. A large microresona-
tor (ring 2) provides a family of discrete modes separated by the free
spectralrange (FSR; for example, 30 GHz). Modulating this resonator
atafrequency equal to the FSR provides coherent coupling between
nearest-neighbour frequency modes®*¥. A small microresonator
(ring 1) with alarge FSR (for example, 120 GHz) is used to over-couple
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two modes (for example, mode 1and mode 5 in Fig. 4b) of ring 2 to
the bus waveguide. Another microresonator (ring 3, FSR =180 GHz)
induces mode crossing and thus breaks the cascade processinring 2
(thatis, provides aboundary) since the modulation no longer couples
theresultant doubletlevels with their nearest-neighbour levels. There-
fore, the number of modes n of the device is determined by the size of
ring1and ring 3. A d.c. voltage or thermal tuning can be used to tune
the resonances of all rings.

Finally, we demonstrate a cascaded frequency shifter using adevice
consisting of three mutually coupled resonators (Fig. 4c): asmallring
resonator (ring 1) is used for coupling to the selected mode of the race-
track resonator (ring 2), and a rectangular-shaped resonator (ring 3)
providesafrequency boundary. Telecommunication wavelength light
resonant withrings 1and 2is directed to the device usingawaveguide
adjacenttoring 1. The waveguide serves as the continuum of modes. A
29.805-GHz microwave toneis applied toring 2 (racetrack), matching
itsFSR. This resultsinafour-mode cascade and afrequency down-shift
0f119.22 GHz, equal to the FSR of ring 1, owing to the boundary cre-
ated by aring 3. The output optical spectrum (Fig.4d) reveals 7 =19%,
CSR=10dB, €=0.809 and a = 6.17 dB, corresponding to 1.54 dB per
mode in a four-step cascade. Improving the conversion efficiency,
on-chip loss and the shift ratio can be achieved by reducing the coupling
strengths g, and p,, which currently distort the FSR of the racetrack
resonator through anon-resonant perturbation, leading to anon-ideal
matching of the GCC condition (see Methods). A full set of parameters
inferred from this device is outlined in Methods.

In summary, we proposed and demonstrated integrated, efficient
and low-on-chip-loss electro-optic two-resonator frequency shifters
and frequency beam splitters operating at tens of GHz frequency,
as well as a cascaded frequency shifter that yields >100-GHz fre-
quency shifts using microwave signals of tens of GHz. Our work is
enabled by integrated lithium niobate photonics?****%, Compared
to our previous work on a photonic molecule that required pulsed
optical and microwave inputs, and precise timing between the two
(tointerrupt the Rabi oscillation cycle)®, our current approach lever-
ages precisely engineered couplings among discrete and a continuum
of optical modes. Therefore, complete control of the energy flow in
the frequency domain can be achieved using only simple sinusoidal
continuous-wave microwave signals. This enables frequency shift-
ing and beam-splitting of both pulsed and continuous-wave optical
signals, without any synchronization requirements, as well as awide
operating bandwidth owing to the strongly over-coupled operating
regime. Furthermore, our approach extends to a multi-level sys-
tem, which leads to the realization of a cascaded frequency shifter.
Improvements to the optical intrinsic Q and the use of a microwave
cavity can further reduce the on-chip loss and drive voltage of the
devices, respectively. For example, increasing the optical intrinsic Q
to 107 (ref. %) will reduce the on-chip loss of the two-resonator device
to 0.04 dB, or can reduce both the on-chip loss and drive voltage to
0.2dBand1V,respectively (see Methods). Notably, dynamic control
ofthe shifted light can be achieved by replacing the coupling gap with
amicrowave-driven Mach-Zehnder interferometer® and by applying
broadband microwave signals. The ability to process information in
the frequency domain in an efficient, compact and scalable fashion
has the potential to greatly reduce the resource requirements for cas-
caded and large-scale photonic circuits, for example, for linear optical
quantum computing™?2and multiplexed quantum communication*°.
Efficient and on-demand shifting of light may also allow for control
of the emission spectrum of solid-state single-photon emitters to
create indistinguishable single photons or to produce deterministic
single photons from probabilistic emitters**2. Our reconfigurable
frequency shifter could become a fundamental building block for
frequency-encoded information processing that offers benefits to
telecommunications’, radar®, optical signal processing®, spectros-
copy* and laser control®.
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Methods

Device fabrication

Our two-resonator devices are fabricated from a commercial x-cut
lithium niobate (LN) on insulator wafer (NANOLN), with a 600-nm
LN layer, 2-pum buried oxide (thermally grown), on a 50-pm Si han-
dle. Electron-beam lithography with hydrogen silsesquioxane (HSQ)
resist followed by Ar*-based reactive ion etching (350-nm etch depth)
is used to pattern the optical layer of the devices, including the rib
waveguides and microresonators. The devices are cleaned, and micro-
waveelectrodes (15 nmof Ti,300 nm of Auand 15 nm of Ti) are defined
by photolithography followed by electron-beam evaporation and a
bilayer lift-off process. These ‘bottom electrodes’ provide electric
fields across each of the rings. Two layers of SiO, (0.8 pm + 0.8 pm)
using plasma-enhanced chemical vapor deposition (PECVD) are used
tocladthe devices. Vias are subsequently patterned using photolithog-
raphy and etched through the oxide using hydrofluoric acid. Finally,
another layer of metal (15 nm of Ti and 500 nm of Au) is patterned
by photolithography, electron-beam evaporation and lift-off. These
‘top electrodes’ are used to route microwave signals and deliver them
to the bottom electrodes. The crossovers are needed to ensure the
desired polarities for microwave modulation. In the case of the ~28-GHz
two-resonator device (Fig. 2a), the shape of the top electrode is chosen
tominimize its overlap with thebottom electrode, and thus minimize
the parasitic capacitance formed between them. Furthermore, the top
electrode is also narrow in order to reduce the parasitic capacitance
formed between electrodes in that layer without affecting the micro-
wave power handling capability. These design choices reduce the RC
constant of the electrodes and allow for efficient modulation at high
microwave frequencies. Lower frequency two-resonator devices, with
12.5-GHzand 11.0-GHz doublet splitting, use atop electrode structure
akintothatinref.®, Anillustration of the cross-section of the electrode-
andresonator-regions of atwo-resonator deviceis shownin Extended
DataFig.1a. Theinclined sidewall of vias (Extended Data Fig.1a), owing
to the wet-etch process, ensures that two layers of metal can make
contact through electron-beam evaporation.

Our three-resonator devices (cascaded frequency shifters) are fab-
ricated from an x-cut lithium niobate wafer (600-nm LN layer, 2-pum
buried oxide, 500-pum Si handle). The optical layer (that is, the wave-
guides and microresonators) are defined using a similar approach as
our two-resonator devices (electron-beam lithography and Ar*-based
reactive ion etching with 350-nm etch depth and 800-nm SiO, clad-
ding). The electrode for modulating ring 2 (15 nm of Tiand 300 nm of
Au)is patterned by photolithography, electron-beam evaporationand a
bilayer lift-off process. The heaters (15 nm of Tiand 200 nm Pt) for ring 1
andring 3 are defined by photolithography followed by electron-beam
evaporation and lift-off.

The heater is designed as a short metal strip (5 pum width) that is
placed 3 pm away from the resonator on top of the SiO, cladding. The
resistance of the heater is ~140 Q (including parasitic resistance from
routing strips). Tuning of the ring resonance by the FSR is achieved
with a current of ~50 mA.

Frequency shifting characterization

The measurement set-up is illustrated in Extended Data Fig. 1b.
Telecommunication-wavelength light from a fibre-coupled tunable
laser (SANTEC TSL-510) passes through a polarization controller and
iscoupledtothe LN chip usingalensed fibre. The outputis collimated
using an aspheric lens and then sent to an optical spectrum analyser
(OSA) with aspectral resolution of 0.02 nmfor characterization of the
frequency shift. The microwave signal is generated froma synthesizer
followed by amicrowave amplifier. After passing through acirculator,
the microwave signal is combined with a d.c. bias through a bias-tee
and delivered to the electrodes on a device using an electrical probe.
The d.c. signal tunes the optical resonances of both rings to achieve

adegenerate condition and form symmetric (S) and anti-symmetric
(AS) hybrid modes. The frequency shifts for two-resonator devices
with12.5-GHz,11.0-GHz and 28.2-GHz doublet splittings are measured
at pump wavelengths of1,601.3 nm, 1,631.5 nmand1,633.2 nm, respec-
tively. Heaters in the cascaded frequency shifter are driven using a
d.c.bias (not shown in Extended Data Fig. 1b) and are used to tune the
optical resonances of the small (ring 1) and rectangular-shaped (ring 3)
rings of the cascaded shifter. In the measurements of two-resonator
devices we use hundreds of microwatts of power in a bus waveguide,
which translates to several milliwatts of power inside the rings, owing
to the modest finesse of our strongly over-coupled cavities. Handling
of optical powers as high as~50 W have been demonstrated in LN ring
resonators*®. However, with high optical powers, lithium niobate rings
cansuffer fromresonance shifts, as well as drifts whenad.c. voltage is
applied, owing to the photorefractive effect. This can be mitigated by
doping or using feedback control. Alternatively, thermo-optic shifts
induced by heaters can be used, as was demonstrated for the cascaded
shifter. Moreover, our devices can maintain high performance under
large frequency detuning of the resonances of each ring (see Extended
Data Fig. 6 and Methods section ‘Controlling the shift frequency with
d.c.voltage applied to two-resonator devices’), which also helps reduce
the negative effect of d.c. bias drift.

The main source of error in estimating the shift ratio e is the imper-
fect polarization control of the input light. Each shifter is designed to
operate using atransverse electric (TE) mode. Control of the purity of
theinput polarizationis limited by the 20-30 dB extinction ratio of the
polarization controller.In the experiment we verified the polarization
of the output light on a two-resonator device with 11.0-GHz doublet
splitting and found the unshifted pump power is predominantly in
the transverse magnetic (TM) mode (see Extended Data Fig. 2). The
TM mode is not efficiently shifted, leading to an underestimation of
the optimal shift ratio.

Optical and modulation bandwidths of the two-resonator
devices
Additional experiments were performed to verify the optical and modu-
lation bandwidths of the two-resonator devices. Theinput laser beam
is modulated using a commercial amplitude modulator driven by a
vector network analyser (VNA). It passes through a device, undergoes a
frequency up-shift and is sent back to the VNA (Extended Data Fig. 3a).
The 3-dB modulation bandwidth of the frequency channel is 2.2 GHz,
corresponding toa4.4-GHz optical bandwidth (Extended DataFig. 3b).
We find that by increasing the microwave driving power of the shifter
from 126 mW to 398 mW, the modulation bandwidth can be broad-
ened to 4.1 GHz, which is due to the microwave-induced linewidth
broadening effect discussed in the theoretical analysis in Methods.
The electro-optic S,, for both microwave critical drive and over drive
arenormalized to that of the microwave critical-drive case at the lowest
frequency (10 MHz), and the instrument responses (including ampli-
tude modulator, photodetector and filter bandwidths) are calibrated.
From the low-frequency electro-optic S,;, we found that the optical
powerlossis1.15 dB, whichis consistent with the on-chip loss (0.92 dB).
The frequency channel is also modulated by actual data streams to
further demonstrate the device performance for GHz-scale channel
bandwidths. We generate pseudorandom bit sequences at 1.000 Gbit s™
and 3.125 Gbit s using an arbitrary waveform generator (Extended
Data Fig. 3a). Eye diagrams are measured to characterize the device
performance (Extended Data Fig. 3c, d). The data rates that we used
are currently limited by the sampling rate of the arbitrary waveform
generator. By comparing the amplitude of the eye diagrams before
and after up-shifts, we confirmed that the loss (-1 dB) is consistent
with the measured 0.92-dB on-chip loss for the datain Fig. 2, and we
did not observe added noise from our device. The eye diagrams before
shift are measured by tuning the laser beam off-resonance and set-
ting the centre of the filter window at the frequency of the laser beam.



For both before and after shift, the bandwidth of the filter is kept the
same and the microwave driving powers are kept at 126 mW (the case of
microwave critical drive in the modulation bandwidth measurement,
Extended Data Fig. 3b).

The measurement of modulation bandwidth and channel shifting
with pseudorandom bit sequences are both performed on the device
with 12.5 GHz doublet splitting (Fig. 2b, c). The optical wavelength is
setto1,560.7 nm at which the doublet splitting changes to 11.3 GHz
owing to optical dispersion.

Inaddition, to potentially suit some applications that require a higher
bandwidth, we show that the optical bandwidth of a two-resonator
device can be further improved by increasing the waveguide-cavity
couplingy. Forexample,improving the waveguide-cavity coupling yto
21 x 20 GHz leads to k, =21 x 10 GHz, whereas keeping the other param-
eters the same as for the current 28.2-GHz device (k;,= 21 X 170 MHz,
®,, =21 % 28.2 GHz) would resultin a 3-dB optical bandwidth of -14 GHz
(simulation, Extended Data Fig. 4) with a driving microwave power of
1.35 Wfor afullfrequency shift (238 mW for 50-50 split), a suppression
of 26.7 dB on parasitic sidebands (see Methods section ‘Limitation of
the shiftratio of the two-resonator devices’ for discussion on parasitic
sidebands), and an on-chip loss of 0.13 dB.

Measurement of swap operation

An experimental demonstration of the swap operation is performed
at awavelength of 1,560.6 nm using a two-resonator device (set-up
shown in Fig. 3a). We first set the frequency of two laser beams to be
far detuned fromthe doublet resonance and measure the time-domain
audio signals as references. This corresponds to the case in which the
signals are not swapped. We then tune the frequency of each laser beam
tobeonresonance withone of the modes of adoublet, thatis, laser 1(2)
inS (AS) mode. In this case, frequency components of laserbeam 1are
up-shifted and frequency components of laser beam 2 are down-shifted.
The amplitudes of the time domain signal before and after swapping
are renormalized for comparisonin Fig. 3b.

Another measurement of the swap is performed to quantify the
crosstalk of this operation using a two-resonator device (Extended
DataFig.5).Laserbeams1and2are, respectively, modulated by asinu-
soidal signal as to define two frequency channels. The sinusoidal signal
in channel 1is swept from 200 MHz to 2.8 GHz, whereas the signal in
channel2is fixed at1 GHz (Extended Data Fig. 5a). The swap operation
is then performed, the filter is tuned to pass first channel 1 and then
channel 2, and the transmitted signals are detected by a photodiode
followed by a real-time spectrum analyser. The radio frequency (RF)
spectraare analysed to obtain the crosstalk, whichis defined as the ratio
between the shifted frequency and residual frequency. An example
of the RF spectra when the modulation frequency in channel 1is at
2.6 GHz (the modulation frequency in channel 2 is fixed at 1 GHz) are
plotted. It shows that the spectrumiis clean and the crosstalk is low in
both channels (Extended Data Fig. 5b). The frequency component at
1.6 GHz in channel 1 is the beat note between the shifted (1 GHz) and
residual frequency (2.6 GHz). The frequency at 2 GHzinchannel 1is the
second harmonic signal generated by the amplitude modulator, which
isverified before the swap measurement. By sweeping the modulation
frequency of channel 1from200 MHz to 2.8 GHz, we find the crosstalk
forboth channelsislow (approximately -35 dB) when the modulation
frequency of channel 1is at several hundreds of MHz and gradually
increasestoabout-25dBat2.8 GHz (Extended DataFig. 5c). The cross-
talkis measured on the same device used for the modulation bandwidth
measurement with the same optical wavelength and microwave driving
power (126 mW, the case of microwave critical drive in the modulation
bandwidth measurement, Extended Data Fig. 3b).

Note that simulations show the shift ratio € of the swap measurement
to be not overly sensitive to variations of the drive RF power. Specifi-
cally, changes in the microwave powers in the range of -3 decibel mil-
liwatts (dBm) vary the efficiency by no more than 5 per cent.

Numerical simulation of the two-resonator device

To numerically simulate the two-resonator device, we use a system
of phase-modulated coupled cavities to demonstrate an efficient fre-
quency shift. The Hamiltonian of this system can be described as

— T T T T
H = 0010101 + Wying2@5a, + plaja, + a;a3) +
Q cos(wt+@)(aja, - alay),

where g, and a, are the annihilation operators of the optical fields in
cavities1and 2, whereas ,;,,; and o, are the corresponding cavity
resonance frequencies, i is the coupling strength between the two
optical cavities due to the evanescent coupling, Q is the modulation
strength which is proportional to the microwave peak voltage, w., is
the microwave frequency, and ¢ is the phase of the microwave signal.
Here and henceforth 2 =1. The minus signin thelast termis due to the
modulation configuration of our system, inwhich the applied external
voltageincreases (decrease) the frequency of the resonance of ring 1 (2).

The equations of motion are based on the Heisenberg-Langevin
equationderived from the Hamiltonian of the system. Accordingly, we
obtain the equation of motion in the laser rotating frame:

v+ Kint
2

a,= (_i(wringl -w) - )al —iQ cos(wt+ @)a; - ipa, - .jy i,

- . Kint
a= (_l(wringz @) - >

)az +iQ cos(wt+@)a, - iua;,

where yis the waveguide-ring coupling and k;,, is the intrinsic loss of
thering. Theamplitude of the input field is a;, = ./ P,,/w, ,and the input
pump power and frequency are P,,and w,, respectively. The simulation
is performed by numerically solving these equations of motion to
obtainthe outputfieldamplitudeasa,, = a;,+ ./y a;. Intheend, aFou-
rier transform is performed to analyse the frequency component of
the output field.

Theoretical analysis of the two-resonator device

The above equations can be solved analytically using several transfor-
mations and approximations. We consider the case that the two rings
areidentical, that s, @i,y = ,ing; = Wo. Then the Hamiltonian can be
transformed to the basis of symmetric (S) mode ¢;=(a; + az)/ﬁ and
anti-symmetric (AS) modec,=(a; - az)/ﬁ In this basis, the Hamilto-
nian of the system transforms to

H=w,clc,+ w,clc, + Q cos(w,t+@)(cjc,+h.c.),

where w, = w,- pand w,=w, - u. Asbefore, the equations of motionin
the basic of ¢;, ¢, can be derived from the Heisenberg-Langevin equa-
tions, yielding:

. . K . .
¢= (—lwl— 51)51‘ i cos(@t + P)Cy— Koy tine L,

. . K . i
éy= (—lwz - 72)02— i0 cos(wt+ P)C;— [Key i€ L,

where k,;and k., are the external loss rate to the waveguide for the Sand
ASmodes, ki, is theintrinsicloss, k; =k, + k. is the total linewidth of the
S(j=1)and AS (j = 2) modes, w, and a;, is the frequency and amplitude
of the input field. For our system, k,; = k., = y/2 because the S and AS
modes physically occupy both rings, while only ring 1(a,) is coupled to
the bus waveguide with arate y. For simplicity, we assume k. = k,; = K,
andk =k, =K,.

With the symmetric mode being pumped, the modes c,, ¢, can be
replaced by their slowly varying amplitudes as ¢, c;e ' and
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c,~ c,e @ @nf Under the rotating wave approximation, the equa-
tions of motion become

. ( 0
¢= (IA - gjcl— lie"”c2 = K Qi

é= (iA +i6- g)cz - i%e““’cl— JKe €,
where A = w, — w, is the laser detuning with respect to the S mode and
6=w,—2uisthedetuning of microwave field with respect to the S-AS
doublet splitting. Using the fact that ¢, is off-resonantly pumped, the
pump termin the equation of motion of ¢, can be neglected, and the
steady-state solution can be obtained (for simplicity, we set ¢ = 0):

c.= JKe Qin
1= 2 y
. 0°/4
ia-5+ L
1A+1675
.0 JKe Xin
C2=|_
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The output field will then be

ot ot i
Aoe = Uin€ L + K, (C17" Y + ¢ e 7070y

The output field can be rewritten as two different frequency com-
ponents a,,=Aje ' +A,e” e with Ay=a;,+.[k,c; and
A, = .JK. c,.Forthe case of zero optical and microwave detuning (4 =0

2
0
and 6 =0), the pump component A, becomes g, [1+ Ke/(—g +50)1

2
which indicates that the coherent coupling Q introduces an effective
intrinsic loss channel for mode ¢, as expected. The total loss for mode

c,canbewrittenas Ky, =k(1+ (%)2) where the factor Q%/x? corresponds
tothelossrate thatisinduced by couplingto another mode and plays
asimilar role as the Purcell effectin cavity quantum electrodynamics.
This effective loss balances the large external loss channel (k.) to the
waveguide and leads to the complete suppression of the pump. Con-
sideringthe case k. > k;,,,, we obtain a simple condition for generating
a complete frequency shift: k, = Q*/k., which means Q =k, when the
intrinsic loss is negligible (as is the case for our device).

The concept of balancing the coupling rates can be intuitively under-
stood usingimpedance matching. For example, when an optical cavity
with anintrinsicloss rate k. is coupled to awaveguide witha coupling
strength k., some of the lightis coupled back to the waveguide. This is
identical to the microwave reflection coefficient in transmission-line
theory with effective reflection coefficient I' = (ki — K.)/(Kin. + K.). In this
picture, the case of strong under-coupling (k. > k.) and over-coupling
(ke < k.) between a waveguide and a cavity corresponds to open and
short circuits, respectively. This interpretation helps to understand
the cascaded frequency shifting scheme that is discussed in Fig. 4, in
which photons propagate through a ladder of energy levels without
reflection to realize complete frequency shifts of >100 GHz.

Moreover, the current microwave bandwidth of our two-resonator
devices are at least 3 GHz, benefitting from the strong over-coupling
of the S and AS modes (linewidths ~2m x 3 GHz) to the waveguide. We
note that the microwave frequency can exceed the linewidth of the S
and AS modes owing to the power broadening of the modes by the
strong coherent coupling Q. This effect could be understood by con-

2
sidering the total loss rate g, .= K[] + (%) j of mode c,, in which the

strong Qleadstoalargerlossrate of ¢, thus abroader effective linewidth.
A similar analysis can be performed on the AS mode c,.

Note that our two-resonator devices can operate withoutatypical con-
version efficiency-bandwidth trade-off. Forexample, atenfold reduc-
tionin the resonator loss rate (thatis anincrease in the intrinsic Q) will
leadtoanearlyatenfold decreaseinthe on-chiplossa(andacorrespond-
ing tenfoldincrease in efficiency ). This, however, has minimal impact
onthedevicebandwidth, whichis dominated by awaveguide-cavity cou-
plingratey (already up to31timeslargerthanintrinsiclossrate).Infact,
increasingynotonly leads tolarger bandwidth, butalso further reduces
the on-chip loss @ and efficiency . Both effects benefit from the strongly
over-coupled regime that our device operatesin. Nonetheless, there is
alimittowhichycanbeincreased, when parasitic sidebands start over-
lapping with broadened cavity resonance and thus negatively impact
the shift ratio €. This canbe avoided by increasing the doublet splitting
(see Methods section ‘Limitation of the shift ratio of the two-resonator
devices’). Forexample, inthe current devices, the shift ratio e is limited
by finite suppression of the two parasitic sidebands >25 dB (Fig. 2b, c,
insets).

Theoretical expressions of microwave power, coupling rates and
on-chip loss for the two-resonator devices

Microwave power and coupling rate Q. When the intrinsic loss is
non-zero, the GCC condition s k, = &, + %Zwithl( =K, * K;n, cOrrespond-
ing a coupling rate Q= [k2- k2, to achieve the GCC condition. Thus,
the required microwave driving power is

p (Vo) 11(We ) 11 0 )
" RV2) 2R k) 2R\ KcGy

2
2 2
j (Ke_Kint)'

11
2 R kecGy

where V,isthe peak voltage at the 50-Q probe, Ris the resistance of the
probe, V. isthe voltage on the capacitor, kyc = V/V, is determined by the
RClimit of the electrode and is frequency-dependent, G,=0.5 GHz V!
isthe electro-optic coefficient of the device.

Since k. = y/2, decreasing the waveguide-cavity coupling rate y can
reduce the required microwave power for efficient frequency shifting
(that s, to reach the critical coupling condition). Higher microwave
powers are required for increased microwave frequency w,, because
kgcwill simultaneously decrease owing to the RC limit of the electrode
(discussedin Methods section ‘Limitation of the shift frequency of the
two-resonator devices’).

On-chip loss a. The power of the output signal a,,, =Age 9+ 4,
e “t'e7%nf is determined by A, and A.. So the on-chip loss is

2
Q 2,2
Kinet 5 " Ke 40°k;
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2 2
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where we use the fact that we are measuring the average power, there-
fore the interference term of the output signal vanishes. When the
GCC conditionis achieved, A, will vanish. Therefore, the on-chip loss
is purely given by the value of A,:

2,2 2 2 2
407k 4(ks— KipdK:

a=1A,1 = - ,
w0t WPt -id)?

where we set a;, =1and we use Q= /k2- k2, atthe GCC condition.
Importantly, it can be seen that the « does not depend on the doublet
splitting 2|u|, which determines the shift frequency, and is only deter-
mined by the ratio % = % The device will become lossless (a=0)
whenk;,. > 0.



Unitary transformation of the frequency beam splitter

Here we show that afrequency beam splitter acts on discrete frequency
modes according to the same unitary transformation that a beam
splitter obeys when acting on spatial modes (paths). Considering a
two-resonator device and the case where k,,, > 0, that is, that with van-
ishing on-chip loss, pumping of the S mode with 4 =0 and § = 0 gives

_0*-k?
Ao=—3. 73

O +k;

A —ijei® 20k,
+=1€ 2 27
O +k;

where A, and A, are the two frequency components of the previously
discussed output field a,,, = A,e "\ + A, e “L!e ®mand are normalized
bytheinputfield a;,, alternatively a;, = 1. On the basis of this result, we
setA,=cosfand A, =ie “sinf with 0 = 6(Q). Similar results in the case
of pumping the AS mode can be obtained. Finally, the operator of our
frequency splitter is expressed as:

U= [ cos6(Q)

ie ' sin6(Q)
iel? sin6(Q)

cos6(Q)

where the splitting ratio is controlled by Q, which is governed by the
microwave power, while the phase is tuned by the microwave phase ¢.
We note that our electro-optic device is coherent and does not change
other degrees of freedom (for example, polarization or spatial modes)
or introduce noise photons from the microwave drive, which is of
importance for quantum optics and information tasks (for example,
quantum communication and computing). Note that similar arguments
apply to the three-resonator cascaded shifter.

Optical parameters of the two-resonator devices

The optical parameters of the two-resonator devices are characterized
by sweeping thelaser wavelength from 1,580 nmto 1,680 nm and meas-
uring the transmission spectra of the devices. Four parameters are
extracted for each device: waveguide-cavity coupling y, intrinsic loss
rate k;,, of the S and AS modes, linewidth k= % +K; Of the Sand AS
modes, and intrinsic quality factor Q;,insic Of the Sand AS modes.

For the device with 12.5-GHz doublet splitting, we calculate y =
21 % 4.72 GHz, K, = 211 X 0.24 GHz, k = 21t X 2.60 GHz and Qi insic =
0.8 x10° for the doublet at 1,601.3 nm. For the 11.0-GHz device, we
selected the resonancesat1,631.5 nmand calculate y =2m x 6.00 GHz,
Kine =210% 0.39 GHz, k = 211 ¥ 3.39 GHz and Q,yinsic = 0.5 X 10°. For the
28.2-GHz shift device, we analyse the resonances at 1,633.2 nm and
obtain y =2m x 5.31 GHz, k;,, =21t x 0.17 GHz, k=21t x 2.82 GHZz and
Qin(rinsic =11x 106'

Microwave driving power of the two-resonator device

The microwave driving power is measured by combining the power
ofthe source with the total gain of the electric circuit (including cable
losses). The microwave driving powers to achieve the largest shift ratio
efor the two-resonator devices with 12.5-GHz, 11.0-GHz and 28.2-GHz
doublet splitting are 102 mW (20.1 dBm), 288 mW (24.6 dBm), and
316 mW (25 dBm), respectively. This corresponds to peak voltages of
3.2V,5.4Vand5.6 Vonthe 50-Q probe, respectively. The source power
used for those three devices are 0.8 dBm, 0 dBmand —23 dBmwith net
gains of 19.3 dB, 24.6 dB and 48 dB, respectively.

Using the expressions of microwave power outlined in the previous
section, the calculated microwave driving powers are 77 mW, 280 mW
and 188 mW for devices with 12.5-GHz, 11.0-GHz and 28.2-GHz doublet
splitting, corresponding to peak voltages of 2.8 V,5.3Vand 4.3V on
the 50-Q probe, respectively. The kg for the electrode of each device
at their operation frequencies are1.55,1.63 and 1.72.

Controlling the shift frequency with d.c. voltage applied to
two-resonator devices

The shift frequency can be controlled by detuning the optical reso-
nances of each ring comprising a two-resonator device, resultingin a
different splitting between two hybrid modes. However, these detuned
coupled resonators will experience a reduced coherent coupling Q
(ref.*®). The device with 12.5-GHz doublet splitting (Fig. 2b, ¢) is used
toinvestigate this phenomenon by measurement and simulation. We
find that the device maintains high shift efficiencies even for large
detuning (Extended Data Fig. 6). Theory suggests that a shift ratio
€> 0.9 is achievable for shift frequencies of more than 20 GHz, while
the measurement is limited by the bandwidth of the microwave ampli-
fier used. Insimulation and experiment, the two optical resonators are
frequency-detuned by w from each other by ad.c. voltage, therefore

providing a variation of the two-mode splitting 2./ (§w)? + u? inwhich
pisthe evanescent coupling between the two rings (doublet splitting
is 2|ul). For each two-mode splitting, the frequencies of the applied
microwave signals are changed to match the two-mode splitting, while
the powers of the microwave signals are invariant from the case that
the frequencies of two optical resonators are matched (Fig. 2b, ¢).

Characterization and limitation of on-chip loss for two-resonator
devices

The on-chiploss for the devices that have doublet splitting of 12.5 GHz,
11.0 GHzand 28.2 GHzare measured tobe 0.92 dB,1.25 dBand 0.45 dB,
respectively. The on-chip loss a is defined to be the loss of light that
travels throughadevice. Since our device is resonance-based, light will
not go through the device if the laser is far detuned from resonance.
Therefore, a is determined by comparing the transmission when the
laseris tuned on and far off resonance. The main source of error is the
Fabry-Perot fringes that are induced by the two facets of the chip.
These fringes produce a variation of the off-resonance transmission.
We address this uncertainty by averaging multiple off-resonance pow-
ers measured at different wavelengths.

To study the ultimate limit of the on-chip loss, we theoretically cal-
culate a as a function of Q,.insic (Extended Data Fig. 7a) with different
waveguide-ring coupling rates y. Since our two-resonator devices
operates in the strongly over-coupled regime (loaded quality factor
Q.24 = 80,000 for S and AS modes), light only takes a few roundtrips
inside the cavity with small propagation losses. As aresult, the on-chip
lossis close to that of ashort bare waveguide. Thusincreasing the ratio
betweenwaveguide-ring coupling rate yand the intrinsic loss rate k;,,
can reduce the on-chip loss, as shown by Extended Data Fig. 7a. For
example, increasing Qiyinsic to 107 (ref. &) will reduce the on-chip loss
t0 0.04 dBfor y =21 x 8.6 GHz.

Moreover, although decreasing y leads to a larger on-chip loss, the
required voltage can be largely reduced. For example, for Qi insic = 107,
reducing yto 2m x 3.5 GHz gives a = 0.1 dBand requires only 2 V micro-
wave peak voltage for afrequency shift of 28.2 GHz. Further reducing y
to 21 x 1.7 GHz yields a = 0.2 dB and requires only 1V microwave peak
voltage. (See Methods section ‘Limitation of the shift frequency of the
two-resonator devices'’.)

Limitation of the shift ratio of the two-resonator devices

The shift ratio € in this work is currently limited by the parasitic side-
bands of the pump and shifted frequencies (for example, Extended
DataFig. 7b for atwo-resonator device). Such parasitic sidebands origi-
nate fromthe Lorentzian shape of the over-coupled hybrid modes. For
example, for the two-resonator device with 12.5-GHz doublet splitting
(Fig.2b, c), one of the parasitic sidebandsis at afrequency detuning of
25 GHz whereas the other is at —12.5 GHz detuning. This 25-GHz side-
band detuning is five times larger than the resonance linewidth. The
generation of the two parasitic sidebands can be further suppressed
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by increasing the shift frequency or reducing the waveguide-cavity
coupling rate y. A theoretical simulation (Extended Data Fig. 7b) is
performed to investigate the power of the parasitic sidebands with
varied shift frequency for different waveguide-cavity coupling rates y.
Theresults show that waveguide-cavity coupling ratesup to 2m x 7 GHz
canstill ensure sideband power suppression of at least 20 dB below that
of the shifted light for a range of shift frequencies >10 GHz and below
30 dBforarangethatis >30 GHz. Note that decreasing the waveguide-
cavity coupling y will cause areduction of the microwave bandwidth.
Therefore a proper choice of y and the shift frequency is required to
achieve a high shift ratio and large bandwidth simultaneously. In this
work, a25-dB suppression of the parasitic sidebands below that of the
shifted light witha microwave bandwidth of several GHzis achieved in
two-resonator devices for shift frequencies of 10-30 GHz.

Limitation of the shift frequency of the two-resonator devices
Thislimitis due to the electrical circuit and not the optical components.
Inthe main text we showed that the conversion efficiency, carrier sup-
pressionratio, on-chiploss and the shiftratio of each of the two-resonator
devicesareindependent of the shift frequency. Toincrease the shift fre-
quency, asmaller coupling gap between the two cavities canbe used to
increase the doublet splitting. Since each of the resonators have a free
spectral range of 250 GHz, it is not restricting the doublet splittings
of our current device. Also, the intrinsic loss k;,. and waveguide-ring
coupling y can be maintained when the doublet splitting is increased.
However, the electrode performance will degrade at high microwave
frequencies. The current electrodeis designed to be acapacitortoinduce
anelectricfield across thelithium niobate cavity. Theimpedance of the
capacitor decreases with increasing microwave frequency. Thus, the
circuit ultimately becomes a short load instead of an open load at high
frequencies, and the voltage delivered to the device is reduced.

To quantitatively estimate this frequency limitation from the elec-
trode, we simulate the electrodes shown in Fig. 2a and obtain a 0.11-pF
capacitance with a 0.12-nH inductance and 1.5-Q resistance. We then
use an LCR model to calculate the voltage delivered to the capacitor.
Extended Data Fig. 8a shows the voltage V. on the capacitor divided
by the voltage V,, on the 50-Q input probe as a function of microwave
frequency. For example, it is obtained that V. =1.72V,, at 28.2 GHz and
V-=0.5V,at84.0 GHz, indicating alower voltage delivery from the 50-Q
input probe to the capacitor. To estimate the power required at high
frequencies, we note that the required coherent coupling strengthis Q =
21 x 3.73 GHz to achieve the shift ratio € = 0.987 using the device with
28.2-GHz doublet splitting. Combined with the electro-optic coefficient
(-0.5 GHz V™), this coherent coupling strength Q corresponds to a
required voltage of V. =7.46 V on the capacitor and V,=4.34 V on the
50-Qinput probe. In Extended Data Fig. 8b we plot the microwave input
power thatis needed fromthe probe asafunction of frequencyin order
tomaintain V. =746 V.It can be seen that the required power becomes
dramatically higher (>2 W) above ~84 GHz to compensate for the inef-
ficient capacitive drive. To circumvent this problem, one could either
design anelectrode with lower capacitance or use ataper between the
probe and the electrode which transforms the transmission lineimped-
ance to lower values and increases the effective RC frequency limit.

Simulation of cascaded frequency shifting

The numerical simulationis performed based onthe equations of motion
forthe cascaded frequency shift system. They are derived using a similar
approach (Heisenberg-Langevin equation) to that discussed above:
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where a,, b;, ¢, represent the annihilation operators of modes in
rings1, 2, 3, respectively (¢=1,2;j=0,1,2,3,4,5,6;p=1,2).Inring 2,
themodesb,, ..., bscorrespondto modes 1toSinFig.4b.Inring 1,a,and
a,aretheinputand output modes that couple to b, and b, respectively.
Inring 3, c;and ¢, are the modes that couple to b, and b, which creates
boundaries for the cascaded process. The Kronecker delta §,; gives 1
wheni=jand O wheni#j. The effective intrinsic loss rate k,, for ring 2
isinduced by the coupling to the auxiliary waveguide (Fig. 4c) while k;,,
Kine and ki3 represent the intrinsic loss rate of rings 1, 2 and 3, respec-
tively. The simulations are performed using similar methods described
inMethods section ‘Numerical simulation of the two-resonator device’.

For the simulations, we assume all three cavities to have an
intrinsic Q = 1.8 x 10%, which corresponds to an intrinsic loss rate
Kine = 210 X 100 MHz. The waveguide-mode coupling of ring 1is k. =
21 x 3 GHz, the ring 1-ring 2 evanescent coupling is ; = 21t x 1.5 GHz,
andthering 2-ring 3 coupling is u, = 21t x 3 GHz. The coupling induced
by microwave modulation is Q =21 x 3 GHz, which is similar to that
used in our current devices.

Extended DataFig. 9a shows that the simulated shift ratioe canreach
near unity with a 1.1-dB on-chip loss for a 120-GHz shift using a sin-
gle and continuous 30-GHz microwave drive. Larger frequency shifts
(n-1)w,canberealized by increasing the number of modes n without
compromising the high shiftratio, ata cost of anadded on-chip loss of
0.15 dB per mode (Extended Data Fig. 9b).

Device parameters of the cascaded frequency shifter

The device parameters of the cascaded frequency shifter are extracted
from the transmission spectrum of the device, as measured using the
bus and auxiliary waveguide. The parameters are summarized in
Extended Data Table 2. The shift ratio € and on-chip loss a are mainly
limited by the mismatch of the FSRs of ring 1 (21t x 123.9 GHz) and ring 2
(21 x 29.825 GHz). This mismatch originates from the strong evanescent
coupling, u; and u,, which distorts the FSR of ring 2 through a
non-resonant perturbation. For example, whereas p, provides astrong
boundary by forming adoublet splitting through the coupling of modes
¢, and b, (Fig. 4b), mode ¢, also couples to b, off-resonantly and leads
to a frequency changes of mode b, of the order of approxi-
mately;lg/FSRorigim,,2 =2nx15GHz (second-order perturbation
theory), where FSR igina » = 210 X 30.925 GHz is the designed FSR of ring 2
without coupling to other rings. Reducing the coupling strength of 1,
and p, to ~2m x 1 GHz will enable matching of the FSRs to satisfy the
GCCconditionwithout affecting the boundary. Finally, the FSR of ring 3
isnot precisely extracted given that there is not an auxiliary waveguide
onring 3. However, this parameter does not affect the cascaded process
becausering 3is used only to break the cascade.

Data availability

The datasets generated and analysed during the current study are avail-
able from the corresponding author on reasonable request.
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Extended DataFig.1|Illustration of the cross-section of one of the
two-resonator devices, set-up of frequency shift measurements, and
optical transmissionspectra. a, Cross-section of one of the two-resonator
devices. The parameterslabelled in the cross-sectionarew =1.2 pm, h=350 nm,
t=250 nm,d; =300 nm, d,=500 nm, and h; = h, =800 nm. b, Set-up for
measuring frequency up- and down-shifts. PC, polarization controller; OSA,

optical spectrumanalyser; PD, photodetector. c, Measured transmission
spectrumofthe12.5-GHz two-resonator device (Fig. 2b, c) when the microwave
driveis turned off (left panel) and on (right panel). d, Simulation of the
transmission and phase spectra ofthe 12.5-GHz two-resonator device in the
presence and absence of the microwave drive. MW, microwave.
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Extended DataFig. 2| Polarization of the frequency shifter output. This
measurement is performed on atwo-resonator device with11.0 GHz doublet
splitting. The TEand TM components of the output light are measured using an

optical spectrum analyser after passing a polarizer. Here the power is
normalized by the summation of TEand TM output powers.
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Extended DataFig.3|Modulation bandwidth and frequency channel
shifting with pseudorandombitsequences. a, Experimental set-ups. The
inputlaser beamis modulated by either a sinusoidal signal from the port1
ofavectornetworkanalyser (VNA) (bandwidth measurement) or anactual
datastreamthatis generated by an arbitrary waveform generator (AWG)

(eye diagram measurement). Theinputlightisup-shifted and detected

by aphotodetector (PD) followed by either port 2 of the VNA (bandwidth
measurement) or an oscilloscope (eye diagram measurement). The
measurements are performed at awavelength of1,560 nmonthe
two-resonator deviceinFig. 2b, c,inwhich the doublet splittingis11.3 GHz due

100 ps

tooptical dispersion (doubletsplittingis12.5 GHz at1,601 nm). b, Measured
modulationbandwidth of the device. The 3-dB modulation bandwidthis

2.2 GHz, correspondingto an optical bandwidth of 4.4 GHz. The modulation
bandwidthisbroadenedto4.1 GHz by increasing the microwave driving power
from126 mW to 398 mW. ¢, Measured eye diagrams when using actual data
streams to modulate the input laser beam. The eye diagrams before shift are
measured by setting theinput laser beam off-resonance with the filter window
centered to theinput wavelength (filter bandwidth unchanged). By comparing
theamplitude of the eye diagrams before and after swap, we found the loss is -1
dBwhichis consistent with the on-chip loss (0.92 dB).
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Kine = 211170 MHz, w ,,= 21 x 28.2 GHz. A 3-dB optical bandwidth of -14 GHz
canbeachieved usingacritical-drive microwave power of1.35 Wwitha26.7 dB
suppression of parasitic sidebands and 0.13 dB on-chip loss. The microwave
power fora50-50 splitonsuchadeviceis expected tobe 238 mW.
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Extended DataFig. 5| Crosstalk measurement for channel swapping.

a, Experimental set-ups for the crosstalk measurement. Two input laser beams
areeachindependently modulated by asinusoidal signal to define two distinct
frequency channels, sentinto atwo-resonator device, and detected by an OSA
and aPD followed by anRSA. The sinusoidal signal applied to the input beam of
channel1(matchingthe Sresonance) is swept from 200 MHz to 2.8 GHz while
thesinusoidal signal on the input beam of channel 2 (matching the AS
resonance)is keptat1GHz. Each channelis selected by a tunablefilter.

b, Radio-frequency spectrum for channel1and channel 2 after the swap when
themodulation frequencyinchannellissetto 2.6 GHz depictslow crosstalkin
the swap measurements. The crosstalkis defined astheratio between the

Frequency [GHZ]

Modulation frequency in channel 1 [GHz]

shifted frequency and the residual frequency. The frequency component of

1.6 GHz that appearsin channellis the beat note between the shifted frequency
and theresidual frequency. The 2 GHz componentis the second harmonic
signal thatis generated by the amplitude modulator, whichis verified
beforehand. ¢, Measured crosstalk for two channels when sweeping the
modulation frequency inchannel 1from 200 MHz to 2.8 GHz. We find the
crosstalk tobe approximately -35 dBat low frequency (several hundreds of
MHz) and approximately —25 dBat 2.8 GHz. PC, polarization controller; AM,
amplitude modulator, EDFA, erbium-doped fibre amplifier; OSA, optical
spectrumanalyser; PD, photodetector; RSA, real-time spectrumanalyser.
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Extended DataFig. 6 | Varying the shift frequency withd.c. voltage. Each of
theresonatorsinal2.5-GHz two-resonator device (Fig. 2b, c) are detuned from
eachotherusingad.c. voltage to provide a variation of the frequency
difference between the two hybrid modes. For each frequency difference

betweentwo modes, the microwave frequency is changed to match this
difference, while the powers of the microwave signals are kept constant and
equal to that used when the resonances of each ring are degenerate (Fig. 2b, ¢).
Thesshift ratioremains >0.9 when the shift frequency is detuned>20 GHz.
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Extended Data Table 1| Parameters of the two-resonator devices

Parameters 12.5 GHz device 11.0 GHz device 28.2 GHz device
Conversion efficiency 77 80% 73% 89%

Carrier suppression ratio CSR 33dB 23dB 20dB

Shift ratio € 0.993 0977 0.987

On-chip loss o 0.92dB 1.25dB 0.45dB
Microwave Power for full conversion 102 mW 288 mW 316 mW

Mode linewidth ¥ 2w X 2.60 GHz 2m X 3.39 GHz 2m X 2.82 GHz
Intrinsic loss rate i;,; 2m %X 0.24 GHz 2m %X 0.39 GHz 2m x 0.17 GHz
Intrinsic quality factor Q;ptrinsic 0.8 x 10° 0.5 x 10° 1.1 x 10°
Waveguide-cavity coupling rate y 2m X 4.72 GHz 2m X 6.00 GHz 2m %X 5.31 GHz
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Extended Data Table 2 | Parameters of the cascaded frequency shifter

Parameters

Conversion efficiency 1

Carrier suppression ratio CSR

Shift ratio €

On-chip loss a

Microwave power

External coupling to bus waveguide of Ring 1 K,
Coupling rate between Ring 1 and Ring 2 p
Coupling rate between Ring 2 and Ring 3 u,
Intrinsic loss rate of Ring 1 k;,,;1

Intrinsic loss rate of Ring 2 k;,,;>

Effective intrinsic loss rate of Ring 2 induced by
auxiliary waveguide K,

Intrinsic loss rate of Ring 3 k;,,;3

Ring 1 FSR

Ring 2 FSR

Ring 3 FSR

Cascaded frequency shifter
19%

10dB

0.809

6.17dB

550 mW

2m X 2.20 GHz
2m X 2.49 GHz
2w X 6.86 GHz
2m %X 0.14 GHz
2m x 0.10 GHz
2m x 0.10 GHz

2m x 0.17 GHz
2m X 123.9 GHz
2m X 29.825 GHz
~2m X 180 GHz
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