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Optical and Microwave Metrology at the 10−18 Level with an
Er/Yb:glass Frequency Comb

Nicholas V. Nardelli,* Holly Leopardi, Thomas R. Schibli, and Tara M. Fortier*

Optical frequency combs are essential tools for precision metrology
experiments ranging in application from remote spectroscopic sensing of
trace gases to the characterization and comparison of optical atomic clocks for
precision time-keeping and searches for physics beyond the standard model.
Presented here is a description of the architecture and a full characterization
of a telecom-band, self-modelocking frequency comb based on a free-space
laser with an Er/Yb co-doped glass gain medium. The laser provides a robust
and cost-effective alternative to Er:fibre laser based frequency combs, while
offering stability and noise performance similar to Ti:sapphire laser systems.
Finally, the utility of the Er/Yb:glass frequency comb is demonstrated in
high-stability frequency synthesis using two ultra-stable optical references at
1157 nm and 1070 nm and in low-noise photonic microwave generation by
dividing these references to the microwave domain.

1. Introduction

Just a few years after the first demonstration of the laser in
1960,[1] 1963 brought the very first modelocked laser,[2] which
used an intra-cavity acousto-optic modulator to dynamically af-
fect the cavity loss. The result was a highly regular train of
pulses, which was the seed for numerous technologies, such
as laser communication enabling trans-oceanic fibre optics and
the modern internet. Pulse formation via shared phase coher-
ence of laser spectral modes, or modelocking, yielded shorter
pulses and higher pulse energies, permitting researchers new
tools for both applied and fundamental research. High peak pow-
ers benefited applications such as soft-tissue ablation used in
laser eye surgery,[3] inertial confinement nuclear fusion,[4] which
offers an alternative to magnetic confinement fusion, and two-
photon absorption spectroscopy,[5] which relies on highly effi-
cient nonlinear interactions facilitated by the high optical inten-
sity seen in pulses, just to name a few. Ultra-short pulses, with
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durations of femtoseconds or attosec-
onds, made possible ultra-precise mea-
surements of time and distance, and are
increasingly utilized in time-resolved
measurements such as pump-probe
experiments[6] that yield information
about previously inaccessible ultra-fast
processes. In fact, the modelocked laser
is responsible for the shortest human-
made event at 43 as.[7]

Optical frequency combs (OFCs) based
on modelocked lasers take aadvantage of
the extreme precision with which the op-
tical field can be controlled, and the non-
linear wavelength conversion made pos-
sible with highly energetic optical pulses,
to enable high precision synthesis and
control of the modelocked laser spec-
trum. Due to strong nonlinear optical

interactions within a laser cavity,[8–10] frequencymodes are forced
to oscillate with a common phase and at rigid frequency inter-
vals dictated by the length of the cavity. This phase-coherence
creates a fixed frequency and phase relationship between all reso-
nant optical frequency modes that extends to microwave signals
generated via photodetection of the laser pulse train. This con-
cept of optical-to-microwave synthesis makes possible the deriva-
tion of microwave timing signals from optical atomic clocks and
the characterization of optical clocks against the current defini-
tion of the SI second, based on a microwave transition in the
133Cs atom.[11] Additionally, ultra-low phase noise microwave sig-
nals have been demonstrated that take advantage of the coherent
division of OFCs to divide the frequency and noise of narrow-
linewidth cavity-stabilized optical references used to probe opti-
cal clock transitions.[12–18] These room-temperature systems sur-
pass the best cryogenic microwave systems and may enhance
some applications such as low-noise Doppler radar by improving
sensitivity to low-velocity and low-cross section objects.[16,19,20]

Because the optical spectrum of OFCs can span up to and be-
yond an optical octave of bandwidth, the optical spectrum of the
modelocked laser is a coherent source of hundreds of thousands
to millions of equally spaced optical modes. The latter character-
istic can enable the comparison of optical atomic clocks whose
transition frequencies span hundreds of terahertz, and with res-
olutions beyond the current limit imposed by the definition of
the Hertz.
The optical-to-optical synthesis of high-accuracy and high-

stability optical frequencies derived from atomic clocks via OFCs
has helped to support a number of scientific and technological
applications, including searches for Bosonic dark matter that are
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conducted by comparing optical clocks of different species.[21,22]

Additionally, optically derived microwave signals could be used
for the synchronization of radio telescopes in very long-baseline
interferometry (VLBI),[23] which is used to image cosmic ra-
dio sources. A high level of synchronization also benefits next-
generation communication and navigation networks, such as
GPS, enabling faster acquisition of location data with higher ac-
curacy.
Optical frequency combs based on the Ti:Sapphire laser were

used to realize the first OFCs[19] and have been used in some
of the highest performance metrology experiments with atomic
clocks.[24,25] However, the laser is prone to loss of modelocking
as a result of high sensitivity to the ambient temperature drifts
and cavity misalignment. It also requires a high-power, expen-
sive visible pump laser (usually 532 nm) to excite emission in the
gain bandwidth of the laser crystal. To address the latter draw-
back in robustness, the Er:fibre OFC[26] was developed as a more
accessible system operating in the telecom band. OFCs based on
Er:fibre lasers require almost no alignment after constituent fi-
bres are spliced together, and employ off-the-shelf 980 nm pump
diodes that have benefited from decades of development by the
telecommunication industry. High loss in Er:fibre lasers, coupled
with pump lasers with relatively high amplitude noise, results in
resonant optical linewidths of 100 kHz to MHz. Also, due to the
lengths of fibre that are required for intra-cavity gain and mode-
locking, fibre lasers generally do not support repetition frequen-
cies higher than a few hundred MHz. For optical clock compar-
isons, this decreases the signal-to-noise ratio (SNR) of the opti-
cal beat between CW laser and OFC and makes phase-locking
and detection more difficult. For low-noise microwave genera-
tion, lower repetition rates are associated with higher nonlinear-
ity in photodetection.
In this work, we describe amore recently developedOFCbased

on a 500 MHz free-space laser with an Er/Yb co-doped phos-
phate glass gain medium[27] that is designed to address the is-
sues mentioned above. Due to the choice of gain medium, with
an emission bandwidth near 1550 nm, the laser benefits from the
same 980 nm pump diodes used in the Er:fibre laser. Modelock-
ing is achieved via a semiconductor saturable absorber mirror
(SESAM),[10,28] which permits robust self-starting and pulsed op-
eration without precise cavity alignment. The laser also exhibits
low intrinsic noise due, in part, to the low intra-cavity loss and
the co-doping of Er and Yb that suppresses high-frequency pump
intensity noise. We demonstrate the utility of this OFC in high-
precision optical and microwave synthesis, which benefits next-
generation optical atomic clock comparisons.

2. Er/Yb:Glass OFC Description and
Characterization

In this section, we describe and characterize an Er/Yb:glass fre-
quency comb, including the details of the modelocked laser os-
cillator, the amplification and supercontinuum generation, and
the stabilization of the carrier-envelope offset frequency and the
repetition frequency to an optical reference. Modelocked lasers
based on Er/Yb:glass have been previously demonstrated with a
repetition frequency of 1GHz or less,[29–31] however, this laser has
also been demonstrated with 10 GHz[32] and 100 GHz[33] repeti-
tion frequencies. Additionally, the SESAM and Er/Yb:glass plat-

formwas demonstrated as a 1 GHzmonolithic laser in bulk CaF2
rather than free-space.[34]

2.1. Laser Oscillator

2.1.1. Er/Yb-Doped Phosphate Glass

An Erbium-doped gain medium constitutes a three-level laser
structure whereby 980 nm radiation drives electrons from the
ground state (4I15∕2) to the excited state (4I11∕2). Energy is dis-
sipated non-radiatively via a long-lived laser state (4I13∕2) from
where electrons are stimulated back to the ground state via 1.55
μm photons. Direct pumping of Er3+ exhibits low efficiency be-
cause of its weak absorption bands. Co-doping with Yb3+ ions
facilitates electron transfer and increased pumping efficiency of
the gain medium. This is because Yb exhibits a very intense ab-
sorption band near 980 nm[35] and the Yb3+ excited state (4F5∕2)
is resonant with the 4I11∕2 excited state in Er

3+.
Despite the low thermal damage threshold of intense opti-

cal pumping, phosphate glass serves as a better gain material
for 1.55 μm lasers compared to other glasses and crystals. This
is due to the presence of higher phonon energies that shorten
the 4I11∕2Er

3+ lifetime to 2-3 μs, thus reducing the backwards
transfer of energy from Er3+ to Yb3+ and increasing pumping
efficiency.[35]

2.1.2. Cavity Geometry

The Er/Yb:glass optical frequency comb employs a linear free-
space laser cavity with a free spectral range of fFSR = frep ≈ 500
MHz (600 cm total optical path length), pictured in Figure 1a.
An advantage of the linear cavity design is that it permits tun-
ing of the repetition frequency, via translation of the laser output
coupler, by > ± 4 % (from 480 to 520 MHz) with minimal cav-
ity misalignment. The laser glass medium is phosphate glass co-
doped with Er3+ and Yb3+ (QX/Er), ≈2 mm in length, with dop-
ing concentrations 0.8 wt% Er3+ and 21 wt% Yb3+, and an upper
state lifetime of 7.9 ms. The relatively long upper state lifetime
permits continuous pumping due to the large energy capacity of
the gain medium, with negligible laser dynamics as no single
pulse has enough energy to deplete the stored energy. We achieve
a modelocked output power around 65 mW using a 0.65% out-
put coupler centered at 1550 nm and a single 980 nm laser diode
providing 450 mW of pump power. This supports transform lim-
ited optical pulses of 180 fs with pulse optical bandwidths of ≈14
nm. Due to the short laser crystal, the cavity mirrors need not be
chirped as the total cavity dispersion remains sufficiently low to
support stable modelocking. Unfortunately, due to the low heat-
handling capacity of phosphate glass, pumping the laser at pow-
ers higher than 600 mW introduces the risk of thermal fractures
and cavity misalignment induced via thermal lensing and stress-
induced birefringence. A detailed procedure for cavity alignment
andmodelocking can be seen in the supplementary information.
We choose the cavity geometry to be asymmetric so that it

yields two focuses (beam waist ≈ 35 μm): one inside of the glass
gainmedium to support sufficient population inversion and non-
linearity, and a second at the surface of a SESAM, for passive
modelocking. Figure 2 depicts how the beam waist varies over
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Figure 1. Er/Yb:glass frequency comb experimental setup. a) The modelocked laser cavity architecture and geometry. b) External optical pulse amplifica-
tion and supercontinuum generation using a PM-EDFA and PM-HNLF. c) Optical interferometers for referencing of the modelocked optical spectrum to
optical references at 1157 and 1070 nm. A single optical reference is used for stabilization of the OFC repetition rate. The offset frequency f0 is detected
using a nonlinear f − 2f interferometer. The detected optical beats are counted using zero-deadtime SDR counters. d) Low-noise optical-to-microwave
generation. An interleaver to multiply frep from 500 MHz to 2 GHz and an MUTC photodiode to convert the optical pulse train to the microwave domain
for detection of the pulse repetition rate.

Figure 2. Beam waist versus position in the cavity. The sagittal beam
axis is shown in blue and tangential beam axis in orange. Laser mirror,
Er/Yb:glass gain medium and SESAM positions are indicated by dashed
black lines.

the cavity length, for both tangential and saggital dimensions,
generated with an ABCD matrix calculation.[36] As seen in Fig-
ure 2, the 1550 nm output is a collimated beam with 1/e2 di-
ameter around 0.6 mm. As a consequence of the cavity asym-

metry, the Er/Yb:glass is off-centre from the two curved mirrors.
The single-mode 980 nm light is focused into the laser cavity via
curved mirror M2 using a 7.5 cm focal length lens. Each curved
mirror has a 1550 nm reflectivity > 99.9%, a 980 nm transmis-
sion > 98% and a radius of curvature, r = 50 mm. Importantly,
the mirrors need not be chirped as the total cavity dispersion re-
mains very low.
A 6◦ angle between the curved mirrors and the optical axis

helps counteract astigmatism introduced by the Er/Yb:glass,
which is held at Brewster’s angle (≈ 57◦ with respect to the optical
axis) tominimize light loss due to Fresnel reflections off the glass
surfaces. Astigmatism expands the mode size in the tangential
plane (parallel to the page) while preserving the mode size in the
sagittal plane (perpendicular to the page).[37] The latter is impor-
tant for preserving cavity stability along both beam axes. While
not employed here, coma aberration may also be compensated
by arranging the cavity so that it has a Z geometry instead of an
X geometry.[38]
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Figure 3. Modelocked laser output power (thin trace, left axis) and pulse
bandwidth (thick trace, right axis) versus 980 nm pump power.

2.1.3. Modelocking Characterization

For self-starting modelocking we employ a SESAM designed at
the University of Colorado Boulder and grown at NIST that is
composed of a single Er-doped, low-temperature-grown InGaAs
quantum well deposited on top of a Bragg stack with alternat-
ing GaAs and AlAs layers, similar to the device reported by Lee
et al.[39] Defects are intentionally introduced by growing the In-
GaAs at low temperature (475 ◦C), allowing for ultrafast electron–
hole recombination, which can facilitate the formation of intra-
cavity femtosecond pulses.[40,41] Slower dynamics between the
conduction and valance bands (several picoseconds) allow in-
tensity perturbations to grow for optical pulses as they make
multiple passes through the laser cavity, leading to self-starting
pulsed operation.
The SESAM has greater than 99% reflectivity for fluences

greater than 100 μJ cm−2, which corresponds to about 4 W of op-
tical power circulating in the laser cavity. Typically, we operate the
laser at about 10 W of circulating power and a fluence of about
300 μJ cm−2 on the SESAM. Nonsaturable loss accounts for the
lost power, which is <1%. We found that SESAMs with higher
nonsaturable loss (>3%) did not support stable pulse formation
with this cavity geometry due to the limited gain possible with
the 2 mm Er/Yb:glass.
We achieved stable pulse formation using 0.65% output cou-

pling with as little as 250 mW of 980 nm pump power and an
optical efficiency near 15%, decreasing at higher pump power
(see Figure 3). The efficiency can be increased to 35% using an
output coupler with 1.5% transmission, but at the sacrifice of
modelocked optical bandwidth. This latter effect is due to the in-
creased Er3+ population inversion due to higher output coupling
losses, which leads to a smaller gain bandwidth. Er/Yb:glass gain
bandwidth is maximized for population inversions around 70%
to 80%.[31] From Figure 3 we also observe that the laser canmain-
tain stable modelocked operation for pump powers ranging from
250 to 550mW, necessary for long-range control and stabilization
of the carrier-envelope offset frequency (see Section 2.3).

2.2. Amplification and Supercontinuum Generation

The 500 MHz pulse train generated by the modelocked laser
is coupled into polarization-maintaining (PM) fibre and ampli-

Figure 4. a) Optical pulse spectrum as measured at different points in the
OFC experimental setup: at the output of themodelocked laser (blue), and
after amplification with the PM EDFA (green), after broadening with HNLF
(black). Dashed lines indicate the frequencies of the optical references at
1157 nm (orange), 1070 nm (red), and 1542 nm (purple) and the f and
2f frequencies used for carrier-envelope offset detection (black). In the
bottom, b) RF spectra of the heterodyne beat signals between the comb
and optical references and c) of the f − 2f interferometer, c). Spectra are
measured with a resolution bandwidth of 300 kHz.

fied in a home-built PM Erbium-doped fibre amplifier (EDFA).
The higher repetition rate of the Er/Yb:glass laser requires am-
plification to 400 mW to achieve the pulse energies required (≈
0.8 nJ) for supercontinuum generation in highly nonlinear fibre
(HNLF). As a result, amplification requires three 980 nm pump
diodes with a total power of about 2.5 W to pump a 6 cm length
of Erbium-doped fibre, shown in Figure 1b).
The amplified pulses then traverse ≈1 m of hybrid HNLF,[42]

which spreads the ≈14 nm input pulse across an optical octave
of bandwidth from 1000 to 2200 nm. The HNLF consists of an
11 cm length of HNLF (4.7 ps km−1 nm−1 dispersion] followed
by a 50 cm length of HNLF (2 ps km−1 nm−1 dispersion). The
high-dispersion short length of fibre serves to generate a broad
dispersive wave that contains frequencies from about 1000 to
1200 nm, which covers the wavelengths of NIST’s two optical
atomic clock lasers at 1070 and 1157 nm[43,44] and a region around
1035 nm. The low-dispersion longer length of fibre serves to
spread optical power to longer wavelengths to access the region
around 2070 nm. Light from the HNLF at 1035 and 2070 nm is
used for self-referenced detection of the carrier-envelope offset
frequency.[45–47]

Figure 4a depicts the optical spectrum, with dotted lines in-
dicating both the clock frequencies and the f–2f frequencies. A
line at 1542 nm is included, which indicates the frequency of
the 87Sr lattice clock’s cryogenic silicon cavity stabilized laser
at JILA.[48] This supercontinuum spectrum can be shaped and
tuned to a small degree by controlling the power and dispersion
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of the pulses launched into the HNLF. Higher pulse energies
push optical power out to the f and 2f frequencies at the expense
of power at the 1157 nm clock laser frequency. We are able to fur-
ther shape the spectrum by adding short lengths of fibre between
the EDFA and the HNLF to pre-chirp and temporally compress
pulses as they traverse the HNLF. The latter enables a longer in-
teraction length and more efficient spectral broadening.
The optical heterodyne beats between comb and optical clock

light and the carrier-envelope offset frequency are shown in
Figure 4b,c, respectively. Typically, an SNR of greater than 30
dB in a 300 kHz bandwidth ensures that a beat signal is ade-
quately counted and stabilized with minimal cycle/phase slips.
Our single-branch optical amplifier and HNLF architecture is
sufficient to meet the latter criteria. However, one can potentially
improve SNR by shaping the optical spectrum using a nonlin-
ear pulse propagation solver to optimize the HNLF length, or by
directly engineering the HNLF dispersion with patterned Bragg
gratings,[49] or engineered nonlinear waveguides to enhance spe-
cific regions of the spectrum.[50]

Additionally, amplitude noise is important to consider given
the potential impact of amplitude-to-phase conversion in nonlin-
ear optical and electronic components. For instance, when us-
ing a frequency comb to synthesize low-noise microwave signals,
nonlinearity in the photodetector converts amplitude noise on
the optical pulse train to phase noise on the detected microwave
carriers.[15,51]

Figure 5a depicts the suppression of relative intensity noise
(RIN) at different points in the optical frequency comb, from the
980 nm pump, to the modelocked laser and to the output of the
HNLF. As seen in Figure 5a, RIN on the 1550 nm pulse train out-
put from the laser cavity appears to be suppressed compared to
the RIN of the 980 nm pump laser. As the 980 nm pump power
is increased, the modelocked RIN decreases due to gain satura-
tion in the Er/Yb:glass gain medium. Saturation occurs as the
pulse bandwidth increases because it can exceed the bandwidth
of the SESAM,which leads to a levelling off and eventual decrease
in intra-cavity power. The laser cavity RIN is further suppressed
by operating the EDFA in saturation, which clamps the output
power. From Figure 5b it is clear that RIN is not equal among
the different frequency bands of interest, with the 1157 nm band
displaying muchmore intensity noise than the other bands. This
is likely due to the fast roll-off in wavelength-dependent inten-
sity around 1157 nm as seen in Figure 4a. Also seen in these
plots is a large feature around 10 MHz, which is due to the tran-
simpedance amplifier of the photodetector circuit.
The Er/Yb co-doping renders this laser relatively insensitive

to pump laser intensity noise since the Yb ions primarily absorb
the pump photons and the Er ions primarily emit photons.[52]

Three-level lasers, such as the Er:fibre laser, are directly pumped
and so are more sensitive to pump intensity noise. The roll-off
around 1 kHz is a result of the Yb ion upper-state lifetime and
energy transfer rate to Er ions, which acts as a low-pass filter for
intensity noise.[53]

2.3. OFC Phase Stabilization

Pulse formation in the modelocked laser forces all resonant lon-
gitudinal cavity modes to share the same phase. This shared

Figure 5. a) Relative intensity noise as measured at different points in the
OFC experimental setup: the 980 nm pump laser (blue), the modelocked
laser output (orange), the pulse train at the output of the HNLF, filtered
around 1550 nm (green). b) Relative intensity noise measured at the out-
put of the HNLF, filtered around 1157, 1550, and 1070 nm. The measure-
ment noise floor in (a,b) is shown in black.

phase coherence allows the optical modes to be connected to one
another via a simple and fixed frequency relationship, known as
the comb equation. As a result, the Nth mode of the comb is de-
fined by the mode number and the pulse repetition frequency
and the laser offset frequency, such that

𝜈N = Nfrep + f0 (1)

Note that we use the symbols f and 𝜈 to denote RF and optical
frequencies, respectively. The latter equation has a multitude of
important consequences regarding OFC operation andmeasure-
ment capabilities.[24] The definition of OFC optical modes with
RF frequencies yields a direct optical-to-microwave frequency
link, which permits SI traceability of all OFC optical modes, mul-
tiplication of microwave frequencies to the optical domain, and
division of optical frequencies to the microwave domain. Addi-
tionally, shared phase coherence across the OFC optical modes
also permits the comparison of optical references separated by
more than 100 THz in frequency. The latter is possible since
the regularly spaced optical modes of the comb can be used to
measure the relative frequency differences, as well as the relative
phase deviations between multiple optical references. Stabiliza-
tion of the modelocked laser is achieved by detecting and then
phase-locking f0 and 𝜈N to high stability frequency references.

Laser Photonics Rev. 2023, 2200650 © 2023 Wiley-VCH GmbH2200650 (5 of 13)
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2.3.1. Repetition Rate Detection and Stabilization

TheMth optical mode in the modelocked laser spectrum is stabi-
lized to an optical reference by detecting and controlling the dif-
ference frequency (i.e., beat frequency), fb,1157 = 𝜈1157 − (Mfrep +
f0) < 500 MHz, between the nearest neighbor comb mode, M,
and a cavity-stabilized laser at 1157 nm, 𝜈1157. The 1157 nm laser
serves as the local oscillator to the 171Yb optical lattice clock via
doubling to the clock transition frequency near 578 nm.
As shown in Figure 1c, light output from the HNLF is split

across various wavelength ranges and sent to optical interferom-
eters. To minimize noise due to uncommon fibre-optic paths,
light from the HNLF is coupled to free space. To a lower ex-
tent than fibre paths, uncompensated free-space paths contribute
added instability to the detected heterodyne beat signals between
the comb and optical references as a result of refractive index
changes due to air currents, as well as from length changes due
to expansion of the optical breadboard. To mitigate the effects
of the additive instability, comb light that is transmitted through
the dichroic mirror is interfered on a single beam splitter with
the combined light from two ultra-stable optical references at
1157 and 1070 nm. In this configuration, the total uncompen-
sated free-space path length is 20 cm.
Optical filters are used in the detection of all optical beat

signals to reduce the light noise in photodetection from non-
contributing optical comb modes. The 1157 nm beat signal is fil-
tered and amplified before being mixed with a 100 MHz synthe-
sized frequency derived from aH-Maser. The filtered error signal
is fed back to a piezo-electric actuated mirror to compensate fre-
quency deviations and phase noise due to instabilities in laser
cavity length. To maximize the actuator bandwidth, a miniature
piezo stack is affixed to a lead-filled copper mount, whose asym-
metric geometry is chosen to damp acoustic resonances.[54] Due
to the light-weight SESAM (≈3mm × 3mm × 1mm), and sturdy
PZT mounting structure, we observe a closed loop fb,1157 servo
bandwidth of >150 kHz. Referencing of the optical beat signal to
a H-maser reference and filtering of the subsequent error signals
is achieved using a PID algorithm in a field programmable gate
array (FPGA).[55] Because the algorithm is implemented digitally,
we are able to control and optimize the proportional (P), integral
(I), and differential (D) gains and corner frequencies via a com-
puter interface. The design of high bandwidth feedback actuators
helps to suppress high-frequency comb noise and support higher
performance frequency synthesis.

2.3.2. Offset Frequency Detection and Stabilization

We detect the offset frequency using a nonlinear self-referencing
technique that compares the frequency-doubled low-frequency
portion of the octave-spanning spectrum generated from the
HNLF to the fundamental high-frequency portion of the spec-
trum. The latter technique is necessary since f0 is only manifest
on the optical carrier phase, which is inaccessible via direct pho-
todetection.
Using the self-referencing technique, the offset frequency is

detected as f0 = 2𝜈N − 𝜈2N = 2(Nfrep + f0) − (2Nfrep + f0). The opti-
cal spectrum around 1035 and 2070 nm is split off with a dichroic
mirror and focused into a periodically poled lithium niobate

(PPLN) waveguide where light at 2070 nm is frequency-doubled
to 1035 nm. The interference between the fundamental 1035 nm
light and doubled 2070 nm light is detected as f0. Control and sta-
bilization of the detected f0 beat signal is achieved via comparison
to a H-maser synthesized RF frequency. The resulting error sig-
nal is sent through a second FPGA PID loop filter and fed back to
the Er/Yb:glass laser 980 nm pump current. Changes in the 980
nm pump power modify the gain of the Er/Yb:glass laser, which
permits tuning of f0, whereby ≈ 10 MHz of tuning is achieved by
changing the 980 nm pump power by 50 mW.

2.4. OFC Stability and Noise Characterization

Once the modelocked laser offset frequency and repetition rate
are stabilized, the resultant frequency comb represents a versatile
tool for high precision optical and microwave frequency metrol-
ogy. Assessing its stability and accuracy at different timescales is
necessary to ensure it can support the most stringent of mea-
surements. Also, because the relevant timescales differ by ap-
plication, below we evaluate the stabilized Er/Yb:glass laser per-
formance for timescales <1 s by measuring the single-sideband
phase noise (SSPN), and for time scales >1 s by assessing the
frequency stability of the time record of frequency counted data.
The latter metrics can be used to evaluate both the “in-loop” and
“out-of-loop” performance. The in-loop noise indicates how well
the laser phase-locked loop is able to suppress the noise of the
modelocked laser when it is stabilized to a low-noise reference.
The out-of-loop measurement assesses the performance of the
full system, including the OFC synthesis, uncompensated noise
by the feedback loop, and the performance of the frequency ref-
erence.

2.4.1. OFC Performance at Short Timescales: Phase Noise

Figure 6a,b shows the RF spectrum (1 kHz bandwidth) of the in-
loop stabilized f0 and fb,1157 beat signals. The resolution-limited
coherent carriers at 102 and 179 MHz indicate that the fb,1157 and
f0 are phase locked with an additive noise linewidth less than
1 kHz.
Higher resolution frequency and phase noise measurements

can be achieved by demodulating the microwave carriers. Fig-
ure 6c shows the single-sideband phase noise spectrum as mea-
sured using an RF network analyser. The SSPN represents the
power spectral density of the noise sidebands to one side of the
RF spectrum. As mentioned previously, the phase noise power
spectral density of the in-loop signal measures the additive noise
of the Er/Yb:glass laser when it is stabilized to a low-noise fre-
quency reference. As seen in Figure 6b, we observe a servo band-
width for the f0 feedback loop near 60 kHz. The bandwidth of the
f0 feedback loopwas increased beyond the 10 kHz upper state life-
time limit of the Er/Yb:glass gain medium by adjusting the dif-
ferential gain and corner frequency of the FPGA-based PID filter.
We also observe (Figure 6a) a 160 kHz frep feedback bandwidth of
the piezo-actuated cavity mirror on the fb,1157 SSPN. While con-
trol and stabilization of frep via the cavity length results in mini-
mal frequency deviations on f0, we observe that stabilization of f0,
via modulation of the 980 nm pump power pump, writes noise

Laser Photonics Rev. 2023, 2200650 © 2023 Wiley-VCH GmbH2200650 (6 of 13)
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Figure 6. RF spectra of the a) stabilized optical beat between the comb and
the optical reference (left), fb,1157 and b) carrier-envelope offset frequency,
f0. The RF spectra are measured with a resolution bandwidth of 1 kHz.
c) Single-sideband phase noise spectra of the in-loop fb,1157 beat signal
(orange) and in-loop f0 beat signal (blue). RMS integrated phase noise is
shown as dashed curves in blue and orange for the f0 beat and fb,1157 beat,
respectively. The latter yielded a RMS integrated phase noise (from 1 Hz
to 1 MHz) of the 188 and 80 mrads, respectively.

onto the laser repetition rate as observed by the shared 60 kHz
sidebands on the f0 and fb,1157 beat signals and SSPN. Addition-
ally, we observe a large, broad noise feature on the fb,1157 SSPN
between 100 Hz and 10 kHz, which is a result of unsuppressed
cavity length noise due to acoustic and mechanical vibration of
the modelocked laser.
Using the SSPN we calculate the additive integrated phase

noise, pulse-to-pulse timing jitter and noise effective linewidth.
We estimate that the root-mean-squared (RMS) integrated phase
noise from 1 Hz to 1 MHz is 80 and 188 mrads for f0 and fb,1157,
respectively. This accounts for respective RMS timing jitters of
44 as (on 290 THz) and 115 as (on 259 THz). From the inte-
grated phase noise, we can also determine that the phase-locked
linewidths are less than 1 Hz, limited by resolution of the phase
noise analyser. The linewidth of fb,1157 is ultimately limited by
the high-stability 1157 nm reference laser (around 10 mHz) and
the linewidth of f0 is ultimately limited by the H-maser reference
(around 1 μHz).

2.4.2. OFC Performance at Longer Timescales: Frequency Counting

Optical frequency comparisons of like and unlike species of
atomic clock are necessary in the characterization and develop-
ment of optical atomic clock technology. While like clocks can
be compared directly to one another, inter-species clock com-
parisons require an OFC to bridge the vast differences that
separate transition frequencies. Aside from the application to
the development of time and frequency references, the relative
comparison of clock transition frequencies permits clocks to be
high-sensitivity sensors of space-time variation for relativistic
geodesy[56–58] and for searches for physics beyond the standard
model.[21,22]

For clock comparisons of unlike species, the additive noise of
the optical frequency comb is required to be lower than the clocks
being compared. Currently, the best optical clocks have demon-
strated fractional frequency accuracies around 10−18 and frac-
tional instabilities around 10−16 after 1 s of averaging.[56,59–62] Be-
low, we demonstrate that the Er/Yb:glass comb is able to achieve
an additive measurement instability at least one order of magni-
tude lower than the current best optical atomic clocks compari-
son.
As mentioned previously, frequency counting can be used to

assess the stability of the OFC at timescales greater than 1 s.
For the results presented here, signals from the OFC were mea-
sured using home-built, zero-dead time, frequency counters em-
ploying software-defined radio (SDR), which offers a reconfig-
urable platform for digital signal processing. Our SDR counter
is configured using two channels, which allows for cancellation
of noise introduced by the SDR’s numerically controlled oscilla-
tor, thus permitting zero-dead time frequency counting with 12-
digits of frequency resolution and additive frequency offsets of
10−13 on a counted 10 MHz signal. Details regarding our SDR
frequency counters can be found in ref. [63]. Zero-dead time
counting permits phase correlations to be maintained between
frequency measurements, which helps to support accurate fre-
quency statistics for signals limited by white phase noise. The
latter is important for characterizing the signals from optical fre-
quency combs, which are expected to exhibit phase coherence in
optical-to-optical, and in optical-to-microwave synthesis.
To assess the long-term performance of the OFC, the sampled

input signal to an SDR counter was averaged over 1 s to deduce
its average frequency. Consecutivemeasurements produce a time
record of frequencies, averaged over 1 s, and spaced by 1 s. Us-
ing the latter time record of frequency measurements, we calcu-
late the two-sample overlapping Allan deviation, which yields the
fractional frequency stability versus measurement time. For sig-
nals dominated by white frequency noise and white phase noise,
the fractional frequency stability improves with longer averaging
time, 𝜏, with respective slopes of 𝜏−1∕2 and 𝜏

−1.
As seen in Figure 7 the Allan deviation of the in-loop f0 and

fb,1157 beat signals both follow slopes at, or close to, 𝜏−1 for all
averaging times, indicating shot or thermal noise as the limit-
ing noise source. While in-loop signals mainly assess the qual-
ity of the laser feedback actuators, for OFCs with single-branch
architectures[64] they can provide relatively good estimates for the
total residual, or additive noise, that the modelocked laser con-
tributes in optical synthesis. This is possible if all optical fibres
after the modelocked laser are within the stabilization loops and
their noise is compensated via feedback to the laser.
Er/Yb:Glass Laser OFC: Sources of Additive Instability: In this

OFC, uncompensated free-space paths, and optical and electronic
components are the main source of differential noise when de-
tecting a common wavelength. Shown in Figure 7 are the ad-
ditive instabilities from the SDR, the RF synthesizer and mi-
crowave electronics (RF amplifiers, mixers, and filters). We can
evaluate the noise due to uncommon free-space optical paths in
the Er/Yb:glass OFC system by detecting the fb,1157 beat on two
photodetectors. The in-loop fb,1157 beat signal is used to stabilize
the modelocked laser cavity length, and the second beat signal
f ′b,1157 measures the 20-cm differential free-space paths, and noise
added in photodetection between optical interferometers, seen
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Figure 7. Fractional frequency stability of the in-loop fb,1157 (orange),
f ′
b,1157

(blue) and f0 (green) beat signals as calculated via Allan deviation.
The f ′

b,1157
beat measures the noise contribution from 20 cm of out-of-loop

optical free-space paths. Frequency noise from the H-maser referenced
synthesizer and associated electronics to the optical beat signal (gray
dashed line). Resolution limit contributed by the SDR frequency counter
(black dashed line).

in Figure 1c). Figure 7 shows the stability of the frequency de-
tected on the in-loop detector (orange) and on the second detec-
tor (blue). From the latter measurement we observe that 20-cm
of enclosed and uncommon free-space optical paths contribute a
frequency instability near 7 × 10−19 at 1 s. Noise resulting from
changes in the index of refraction of air reduces the phase coher-
ence, which alters the slope in the Allan deviation from 𝜏

−1 to a
slope closer to 𝜏−1∕2.

3. Stability and Accuracy in Optical Frequency
Synthesis

At NIST, optical frequency combs are used to characterize and
compare the 171Yb and 87Sr neutral lattice clocks[56,62] and the
27Al+ quantum logic clock.[61] While the clocks operate on tran-
sition frequencies of 518 THz, 489 THz, and 1.12 PHz, respec-
tively, OFCs measure the clock local oscillator frequencies of 259
THz (1157 nm), 195 THz (1542 nm), and 280 THz (1070 nm).
While optical synthesis via four wave mixing is expected to

maintain the equidistance of the modelocked laser optical modes
and preserve their phase coherence, tests to evaluate the noise in
optical synthesis are necessary to assess the full performance of
the OFC for optical atomic clock comparisons. Nonlinear tech-
niques have been used to evaluate synthesis betweenOFCmodes
separated by one octave using a single comb.[64–67] However, as-
sessing synthesis errors over smaller bandwidths generally re-
quires comparing the relative output of two OFCs. Belowwe eval-
uate the additive instability in optical synthesis of the Er/Yb:glass
comb between 1070 and 1157 nm via comparison to a second

frequency comb based on a Ti:sapphire modelocked laser,[68] see
Figure 8.
The reference cavities used to stabilize the 1157 and 1070 nm

clock lasers are shown in Figure 8 and their light was distributed
over independent phase-stabilized optical fibre links.[69] In the
measurement, both OFCs were phase-locked to the 1157 nm ref-
erence. Although the OFCs have different offset frequencies and
repetition rates, stabilization of both comb spectra to the 1157
nm reference should faithfully, and identically, transfer the op-
tical reference phase and frequency information to all OFC syn-
thesized optical modes, including those near 1070 nm. Errors in
synthesis can be measured by comparing the detected beat sig-
nals between the 1070 nm reference and the nearest mode for
each comb. The latter comparison was achieved by filtering and
amplifying each 1070 nm beat signal and deriving an RF signal
at the difference frequency of the two beats using a double bal-
anced mixer. The difference frequency was counted on an SDR
frequency counter and the Allan deviation was calculated (black
points in Figure 9). Because the cavity stabilized lasers were not
steered to their respective optical atomic clocks, we set the rep-
etition frequency of the Ti:sapphire comb, frep,TiS, to be exactly
twice that of the Er/Yb:glass comb, frep,Er∕Yb, so that the scaling
factor between 1157 and 1070 nm frequency modes for the two
combs was identical. This enabled the frequency drift of the cav-
ity stabilized laser references (around mHz s−1) to cancel in the
stability measurement and allowed for better precision at long
averaging times.
From the figure, the data represented by the black points ex-

hibits a 1-s instability near 3 × 10−17, averaging down to the 10−20

level, limited by the total measurement time. It is important to
note that the observed stability represents the combined noise
of the four optical fibre links, linking the optical references to
the OFCs, as well as the noise in synthesis from two OFCs.
As a result, the observed instability represents an upper limit
to the residual noise in optical synthesis. More specifically, we
found that the latter optical synthesis measurement was partly
limited by the frequency stability of the Doppler-stabilized fi-
bre links. The fibre link stabilities were assessed by measuring
a beat signal between light from the two 1157 nm links and a
separate beat signal between light from the two 1070 nm links.
The Allan deviations for both sets of links are plotted in orange
and blue, respectively, in Figure 9. These demonstrate that the
Doppler-cancelled fibre links contributed instabilities near 10−17

at 1 s averaging times, averaging down to levels near 10−20 at
longer times.
Also shown for comparison in Figure 9 is the current best sta-

bility achieved for an inter-species optical clock comparison,[70]

which yielded a 1-s stability near 2 × 10−16. As seen from the fig-
ure, the current level of the Doppler stabilized fibre links and
optical synthesis with the OFC is sufficient to support the cur-
rent best atomic clock comparisons. Currently, the 1-s instability
of most inter-species clock comparisons is limited by the clock
local oscillator. The development of cryogenic optical reference
cavities[48,71] and differential spectroscopy of atomic clocks[70] of-
fer a path toward lower clock and measurement instability, re-
spectively. As a result, optical synthesis with the OFC, as well as
the dissemination of clock signals via optical fibre, will also need
to improve to achieve better short term instability.

Laser Photonics Rev. 2023, 2200650 © 2023 Wiley-VCH GmbH2200650 (8 of 13)
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Figure 8. Setup to characterize the Er/Yb:glass frequency comb in optical-to-optical and optical-to-microwave synthesis. Light is distributed from optical
references at 1070 and 1157 nm over phase-stabilized fibre links to the Er/Yb:glass comb and a Ti:sapphire comb. Both combs are stabilized to the 1157
nm optical reference and light synthesized at 1070 nm from the two OFCs is compared using a common 1070 nm optical reference. Optically derived
microwave signals at 10 GHz, generated via detection of the OFC optical pulse trains on MUTC photodiodes, are also compared.

Figure 9. Comparison of fractional frequency instabilities for various
optical-to-optical comparisons. Comparison of the noise in optical-to-
optical synthesis from 1157 to 1070 nm between the Ti:sapphire and
Er/Yb:glass OFCs (black points). Optical beat note between two 50m long
1157 nm fibre links (orange trace). Optical beat note between two 100 m
long 1070 nm fibre links (blue trace). The current best inter-species op-
tical clock comparison[70] between the 27Al+ ion clock and 171Yb optical
lattice clock using differential spectroscopy (red points) fit to a white fre-
quency noise trend line (1.97 × 10−16𝜏−1∕2), shown with red dashed line.
The purple squares represent a high-stability, cryogenic Si optical reference
cavity.[48]

4. Stability and Accuracy in Optical-to-Microwave
Synthesis

Above we characterized the additive instability of the Er/Yb:glass
laser OFC in optical synthesis and assessed its performance in
the context of optical atomic clock comparisons. Here, we eval-
uate another important capability of OFCs, namely, their ability
to coherently link the optical domain to the microwave domain.
Briefly, when the OFC is phase locked to a high-stability cavity-
stabilized optical reference, either free-running or locked to an
atomic clock, the frequency stability of the optical reference is
transferred to timing stability in the comb optical pulse train.
Photodetection of the optical pulse train yields a pulse train in
the electronic domain. Because the photodetector is only sensi-
tive to the pulse envelope, the optical pulse carrier information
is lost. As a result, the Fourier transform of the electronic pulse
train only yields harmonics of the pulse repetition rate.
From the comb equation, to first order, the frequency of

the comb repetition rate is proportional to 𝜈ref∕N, where N
is the mode number of the optical mode closest in frequency
to the optical reference, 𝜈ref . For this reason, the technique of
optical-to-microwave conversion is called optical frequency divi-
sion (OFD).[13–18] Not only is the optical frequency and noise di-
vided by N, but the phase noise power spectral density of the op-
tical reference is also reduced by N2. A 259 THz optical signal
divided to 10 GHz, ideally, will yield a reduction in the optical
phase noise by 88 dB (20 × log [259 THz∕10 GHz]) and will pre-
serve the optical fractional frequency stability in its conversion to
the microwave domain.
Optical frequency division permits the extraction ofmicrowave

timing signals from optical atomic references. The latter signals

Laser Photonics Rev. 2023, 2200650 © 2023 Wiley-VCH GmbH2200650 (9 of 13)
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can be used for dissemination of optical atomic clock stability
using traditional microwave networks, for their comparison and
characterization against the 133Cs primary frequency standard, or
for use as the local oscillator for advanced radar and communi-
cations systems. Below, we assess the additive instability, phase
noise, and frequency errors in optical-to-microwave synthesis.

4.1. Optical-to-Microwave Synthesis: 10 GHz Phase Noise

The ability of an optical frequency comb to phase-coherently di-
vide an optical signal to the microwave domain is crucial because
it yields a straight-forward way to count optical clock oscillations
with standard electronics. Additionally, optical-to-microwave syn-
thesis provides a means to convert the low phase noise of atomic
clock probe lasers to the microwave domain. The latter conver-
sion helps realize high-spectral purity microwave signals, which
have natural applications to next generation communications,
sensing, and ranging.
In this section we assess the spectral purity of 10 GHz mi-

crowave signals derived via the 20th harmonic of the Er/Yb:glass
laser repetition rate. As shown in Figure 8, the 10 GHz gen-
erated by the Ti:sapphire comb is used as a reference sig-
nal for comparison.[15] To isolate the additive noise in optical-
to-microwave synthesis, both OFCs were locked to the same
1157 nm optical reference. Additionally, both combs employed
pulse interleavers that effectively multiply the comb repetition
frequencies to 2 GHz prior to photodetection.[14] Repetition
rate multiplication improves the strength of the 10 GHz mi-
crowave harmonic by reducing the number of detected harmon-
ics and helps to mitigate photodetector nonlinearities[51] that oc-
cur at high optical pulse energies. Detection nonlinearities and
the microwave carrier strength were further improved by em-
ploying high-power, high-linearity modified uni-traveling carrier
(MUTC) photodetectors.[72] The MUTC PD yields ≈12.5 GHz
bandwidth, 50 μm active area diameter, and can be operated with
a bias voltage as high as −21 V.[72,73] The photodetected 10 GHz
signals from both combs were sent over 1 m of uncompensated
microwave cable and compared using a double balanced mixer.
The intermediate signal, Δf10GHz near 1 MHz, was measured us-
ing a Symmetricom 53132A phase noise analyser that uses a 10
MHz H-maser signal as a reference. The results of this com-
parison are shown in Figure 10a, which characterize the addi-
tive noise of all components in Figure 8 except the 1157 nm
optical cavity, which is a common source of noise for both fre-
quency combs.
At 1Hz offset from the 10GHz carrier, we demonstrate a resid-

ual phase noise near −115 dBc Hz−1. Frequency drift in the un-
stabilized microwave cables limits the phase noise for offset fre-
quencies near and below 1 Hz. Phase noise at offset frequencies
between 10 to 200 kHz is the result of AM–PM conversion of the
optical noise on the laser pulse trains as a result of the f0 locks
on both combs. Also shown is the additive noise of the 10 MHz
H-maser reference to the 10 GHz phase noise measurement. We
observe that theH-maser limits the 10GHz comparison for offset
frequencies below 10 Hz and contributes a high-frequency noise
floor near −160 dBc Hz−1. A lower measurement noise floor can
be achieved by using a two channel phase noise measurement

Figure 10. Noise characterization in optical-to-microwave synthesis from
1157 nm to 10 GHz. a) Single sideband phase noise of the differ-
ence frequency, Δf10GHz, between the 10 GHz generated via OFD by the
Er/Yb:glass and Ti:sapphire combs. Also shown is the phase noise con-
tributed by the 10 MHz H-maser reference (yellow), the MUTC photo-
diodes (dashed red), and AM-PM conversion when locking f0 for both
combs. b) Allan deviation of the difference frequency, Δf10GHz, between
the 10 GHz generated via OFD by the Er/Yb:glass and Ti:sapphire combs.

system with cross-correlation.[74] From past studies[15] that use
cross-correlation, we expect a noise floor below −170 dBc Hz−1.
Assuming a thermal noise level of −170 dBc Hz−1, we estimate
a total integrated phase noise (from 1 Hz to 5 GHz) around 318
μrads, which indicates an RMS timing jitter on 10GHz of around
7.2 fs.

4.2. Optical-to-Microwave Synthesis: Additive Instability

To assess the additive instability for timescales longer than 1 s, we
calculate the Allan deviation of the compared 10 GHz signals,
Δf10GHz. The results are depicted in Figure 10b). The instability
represents an upper bound to the additive optical-to-microwave
synthesis with the Er/Yb:glass laserOFC. This is becauseΔf10 GHz
carries phase information regarding the noise of the optical fibre
links to the OFCs, the OFC optical-to-microwave synthesis, noise
in photodetection and in the comparison and measurement of
the 10 GHz signals. As seen in the Figure, the Allan deviation
of Δf10GHz yields a 1-s additive instability < 1 × 10−15, averaging
down with a slope near 𝜏−1.

Laser Photonics Rev. 2023, 2200650 © 2023 Wiley-VCH GmbH2200650 (10 of 13)
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4.3. Optical-to-Microwave Synthesis: Additive Synthesis Errors

To quantify the frequency errors added by optical-to-microwave
synthesis, we generate and compare 10 GHz signals based on
an absolute frequency reference. For the latter measurement, the
Er/Yb:glass laser and Ti:sapphire laser OFC were both phase sta-
bilized to the same 171Yb optical atomic clock. Using the atomic
reference, both combs generated electronic signals near 10 GHz.
The Ti:sapphire OFC generated a second signal near 1 GHz,
frep,TiS, that was measured against the international ensemble of
primary and secondary standards (PSFS), via the NIST maser
ensemble.[75] The difference between the two 10 GHz signals
from the Ti:Sapphire and Er/Yb:glass laser OFCs, Δf10GHz, was
simultaneously counted on an SDR-based frequency counter, us-
ing a single H-maser in the NIST maser ensemble. As such, the
Er/Yb:glass laser repetition rate can be evaluated as, frep,Er∕Yb =
(10 × frep,TiS + Δf10 GHz)∕20. By simultaneously counting the off-
set frequencies and beat signals between the OFCs and their
respective 171Yb local oscillator signals, the comb equation can
be used to calculate the 171Yb optical frequency as measured by
both OFCs.
Using this procedure we periodically measured the 171Yb op-

tical atomic clock frequency versus PSFS using both frequency
combs, Figure 11a. In Figure 11a, the error bars are determined
by the daily statistical uncertainty, which is dominated by the
noise of reference H-maser (≈ 10−13 at 1-s averaging time), com-
mon to both OFCs. Figure 11b shows the difference between the
Er/Yb:glass laser and Ti:Sapphire laser OFC measurements of
the 171Yb optical atomic clock frequency, per day. The error bars
in Figure 11b represent the statistical error in the measurement
of Δf10 GHz, which is dominated by the additive noise of the SDR-
based frequency counter. From Figure 11b, we observe an agree-
ment in the mean value of the daily measurement of the 171Yb
optical clock, between both OFCs, at −0.87 ± 2.05 × 10−18, lim-
ited by the measurement uncertainty.

5. Conclusion

In summary, the Er/Yb:glass laser represents a versatile and ro-
bust system for laboratory-based, high performance metrology
applications. The laser represents a competitive alternative to
OFCs based on Er:fibre and Ti:sapphire modelocked lasers be-
cause it is simple to build and demonstrates self-starting mod-
elocking due to the SESAM. Additionally, the low net laser cav-
ity loss permits narrow intrinsic optical linewidths, despite the
use of a 980 nm telecom diode laser for pumping. The latter
permits high performance optical and microwave synthesis with
moderate engineering of the laser feedback actuators and feed-
back loops.
To convert the Er/Yb:glass laser to a frequency comb, we in-

terfaced the laser with a home-built PM-Erbium-doped amplifier
and a hybrid HNLF to enable generation of an octave-spanning
optical spectrum. Once phase stabilized, we demonstrated the
utility of the Er/Yb:glass laser OFC, and quantified its perfor-
mance in terms of precision metrology applications. We have
evaluated the additive noise in optical synthesis, which con-
tributed an upper bound to the instability at 1-s near 10−17. A
lower bound to optical synthesis, below 10−18, was found to be
limited by uncompensated free-space optical paths in the inter-

Figure 11. a) Comparison in the evaluation of the absolute frequency of
the 171Yb lattice clock asmeasured by the Er/Yb:glass laserOFC (yellow tri-
angles) and Ti:sapphire OFC (black circles). Data in a) and b) were derived
from unioned data only. Data in a) is offset from the BIPM recommended
value for 171Yb of 518 295 836 590 863.63 Hz. The grey error bars were
limited by the instability of the H-maser that was used for referencing the
counted 1 GHz Ti:sapphire repetition rate signal. b) Shows the fractional
frequency difference between the black and yellow markers in a), demon-
strating an agreement between the OFCs at the 10−18 level. The blue error
bars in b) were limited by the instability of the H-maser that was used for
referencing the counted Δf10GHz signal.

ferometers used to reference the comb to high-stability optical
frequency references. In 10 GHz optical-to-microwave synthe-
sis, we observed an additive instability below 10−15 for 1-s aver-
aging times, with a residual single-sideband phase noise level
below −115 dBc Hz−1 at a 1 Hz offset from the carrier. When
phase-locked to a 171Yb optical atomic clock, we estimated that the
Er/Yb:glass laser OFC contributed errors in optical-to-microwave
frequency synthesis near the 10−18 level, limited by the measure-
ment statistics.
Both high-precision optical-to-optical and optical-to-

microwave synthesis are required for the implementation
of an all-optical timescale,[76,77] an important part of the in-
frastructure for redefinition of the SI second to optical atomic
references. Additionally, optically derived timing signals will help
realize timing signals that are at least two orders-of-magnitude

Laser Photonics Rev. 2023, 2200650 © 2023 Wiley-VCH GmbH2200650 (11 of 13)
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more stable and accurate than current timescales based on
microwave oscillators.
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