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The comparison of optical atomic clocks with frequency instabilities reaching 1 part in 1016 at 1 s will enable more
stringent tests of fundamental physics. These comparisons, mediated by optical frequency combs, require optical
synthesis and measurement with a performance better than, or comparable to, the best optical clocks. Fiber-based
mode-locked lasers have shown great potential for compact, robust, and efficient optical clockwork but typically
require multiple amplifier and fiber optic paths that limit the achievable fractional frequency stability near 1 part
in 1016 at 1 s. Here we describe an erbium-fiber laser frequency comb that overcomes these conventional challenges by
ensuring that all critical fiber paths are common mode and within the servo-controlled feedback loop. Using this
architecture, we demonstrate a fractional optical measurement uncertainty below 1 × 10−19 and fractional frequency
instabilities less than 3 × 10−18 at 1 s and 1 × 10−19 at 1000 s. © 2017 Optical Society of America
OCIS codes: (120.3940) Metrology; (320.7090) Ultrafast lasers; (140.4050) Mode-locked lasers; (120.4800) Optical standards and
testing.
https://doi.org/10.1364/OPTICA.4.000879

1. INTRODUCTION
Optical atomic clocks, which provide both stable and accurate
timing with up to 18 digits of resolution [1–4], represent
extremely sensitive tools with which to study fundamental physics. For instance, fine changes in the relative frequency of optical
atomic clock transitions can be used to detect possible time variations of fundamental constants [5–9], changes in gravitational
potentials at the centimeter scale [10], and could potentially be
used for dark matter and gravitational wave detection [11,12].
However, these measurements often require the comparison of
clocks based on different atomic species, whose transition
frequencies can be separated by hundreds of terahertz. Optical
frequency combs (OFCs) provide a means to bridge the gap in
frequency between optical atomic clocks, allowing for the relative
comparison of optical atomic clock transitions as well as absolute
comparison to the current microwave atomic reference in 133 Cs
[13–15]. While OFCs have been an enabling technology in
optical clock development, their ability to synthesize optical
and microwave frequencies from atomic frequency standards
and references has led to a host of additional applications [16],
including atmospheric trace gas detection [17,18], calibration
of astronomical spectrographs [19,20], ultra-low-noise microwave
generation [21,22], optical time and frequency transfer
[23–28], as well as synchronization in large-scale science facilities [29–31].
2334-2536/17/080879-07 Journal © 2017 Optical Society of America

In the past decade, there have been significant improvements
in the performance of optical reference cavities that serve as the
local oscillator in optical atomic clocks. The development of high
mechanical quality factor mirror coatings [32] and the operation
of optical reference cavities at cryogenic temperatures [33,34]
are projected to increase the stability of atomic clocks by
nearly an order of magnitude over the current state of the art.
Consequently, high-fidelity frequency synthesis with these optical
frequency references will require optical frequency comb sources
with equally good or better performance.
Er:fiber-based optical frequency combs are widely used as
optical synthesizers and dividers because they facilitate the
possibility of compact design as well as robust and turnkey operations [35–37]. These advantages are in contrast to traditional
Ti:sapphire-based OFCs, which have been the “gold standard”
in terms of performance [38–40], but do not offer the immediate
possibility for robust or continuous long-term operation. One
drawback of Er:fiber-based OFCs is their natively low average
output power (<100 mW) and repetition rate (<250 MHz),
which often requires them to employ separate amplifiers and nonlinear fibers to access multiple optical frequency references
[41,42]. This is often required because it is difficult to optimize
the broadened spectrum generated in highly nonlinear fiber
(HNLF) for simultaneous detection of multiple optical beat
signals. Although more convenient for signal optimization, this
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its spectrum, comprised of hundreds of thousands of equally
spaced optical modes, resembles a fine-toothed comb in the frequency domain. A special characteristic of the frequency comb is
that passive mode-locking of the longitudinal laser modes during
pulse formation imposes a simple frequency relationship between
the optical modes in the spectrum. As such, all optical modes in
the spectrum can be related by two radio frequencies (RFs): the
laser repetition rate, f rep , which determines the mode spacing and
an overall offset from 0 Hz, f 0 . Using these two characteristic
frequencies, any arbitrary optical mode at νN (with harmonic order N typically ∼1; 000; 000 in a fiber-based system) of the comb
can be defined as
νN  N × f rep  f 0 :

(1)

With the values of f 0 and f rep either measured against or defined
by the 133 Cs primary reference, the optical comb can then be used
as an absolute reference against which to compare and measure an
unknown optical frequency. More specifically, the measurement
of an optical frequency, νopt1 , is performed by measuring the RF
heterodyne beat signal, f bopt1 , between the single tooth of the
comb, N , and the reference clock laser. The mode number,
N , is calculated using knowledge of f rep and by measuring
v opt1 using a wavemeter. Thus, the optical frequency is defined as
νopt1  N × f rep  f 0  f bopt1 :
Fig. 1. (a) Block diagram highlighting the single-branch OFC architecture. (b) The optical spectrum after optical amplification and external
broadening in PM highly nonlinear fiber and its overlap with the various
optical frequency standards and references at the National Institute of
Standards and Technology (NIST), Boulder. Colors correspond to wavelength regions highlighted in (a). (c) The optical offset frequency detected
near 1070 nm in a 300 kHz resolution bandwidth. Optical heterodyne
beat signals shown in a 300 kHz resolution bandwidth between the
optical spectrum in Fig. 1(b) with the Al clock laser at 1070 nm in
green, the ytterbium lattice clock laser at 1157 nm in purple, and the
Ca clock laser at 657 nm in red. These signals are offset from each other
by arbitrary frequencies to show the relative strengths of the signal.

“multibranch” configuration results in uncompensated fiber paths
that are outside the feedback loop of the laser and hence limit the
measurement stability of these OFCs near or above one part in
1016 at 1 s averaging [41,43]. This level of residual noise is barely
sufficient to support the current state of the art in optical atomic
clocks [1,2,4,44] and is significantly higher than the level required
to support the reported stability of cryogenic optical cavities
[33,34]. Here we demonstrate an alternative “single-branch” detection scheme [45,46] for optical comparisons [see Fig. 1(a)] that
enables direct measurement of optical frequencies with millihertz
resolution. Our approach uses a single optical amplifier and nonlinear fiber that are within the laser feedback loop and common to
all optical paths. By designing the measurement architecture to be
maximally common mode, we minimize the additive measurement instabilities and enable the comparison of optical atomic
frequency references with a 1 mHz frequency resolution in 1 s
of averaging.
2. FREQUENCY COMPARISONS USING AN OFC
The optical spectrum from a mode-locked laser that is used in
optical comparisons is often referred to as a frequency comb since

(2)

From Eq. (2), we see that the comb provides a means for
optical-to-microwave conversion and vice versa. In the measurements presented here, we stabilize the modes of the OFC to an
optical reference. This is achieved by tight phase-locking of the
beat signals f bopt1 and f 0 to hydrogen-maser referenced frequencies. This technique fixes the frequency comb at two points: one
at mode N near νopt1, and the second in the RF domain at f 0 .
Stabilization of the OFC in this manner transfers the phase and
frequency information of the optical reference to f rep and hence
to every mode in the OFC. Measurement of the heterodyne beat
signal of a second optical reference, f bopt2 , against mode number
M then provides a frequency comparison of the two optical
references via the optical comb as follows:
M
(3)
νopt2  νopt1 − f 0 − f bopt1   f 0  f bopt2 :
N
From Eq. (3), we see that one optical reference can be defined as a
small correction to the ratio of the comb modes, M
N . While Eq. (3)
describes an optical frequency comparison using an OFC, we are
interested in determining the instability added by the OFC to the
measurement of the references νopt1 and νopt2 . In the following
sections, we describe the Er:fiber laser and the single-branch
measurement architecture we use for optical comparisons as well
as the measurement technique used to evaluate the total measurement noise.
A. Single-Branch Er:Fiber-Based OFC

The OFC in our measurements is based on a self-referenced
180 MHz repetition rate Er:fiber ring laser whose 1550 nm pulse
train is generated via nonlinear polarization evolution [47]. The
laser operates with an average output power of 90 mW and an
optical bandwidth of ∼80 nm FWHM directly from the laser cavity. In our experimental setup, the output of the laser is amplified
in a polarization maintaining (PM) erbium-doped fiber optical
amplifier (EDFA). Pumped with two 980 nm laser diodes at
approximately 700 mW each, the optical pulses at the output
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of the EDFA have an autocorrelation width of <70 fs and an
average power of 270 mW. Light from the EDFA is then directly
fiber-coupled to 40 cm of PM-HNLF [48] with a total throughput of >80%. The HNLF enables broadening from 980 nm to
2200 nm and allows for simultaneous beat-note detection of f 0 as
well as access to the transfer oscillators for the following optical
references [see Fig. 1(b)]: the Ca atomic beam clock at 657 nm
(from doubled comb light at 1314 nm), the Eu3 :Y 2 SiO5 spectral hole optical reference (1157 nm/2), as well as transfer lasers
from the following optical atomic clocks: the Yb optical lattice
clock (1157 nm/2), the Al -ion clock (1070 nm/4), the
Hg -ion clock (1126 nm/4), and the Sr optical lattice clock
(1064 nm transfer oscillator sent from JILA to NIST via an
optical frequency comb at JILA). Due to the relatively long length
of HNLF, we still observe significant structure on the broadened
output spectrum. However, the use of only PM fiber components
outside the laser enables stability of the power and spectral shape
output from the HNLF.
For stabilization of the OFC, and for the measurement and
comparison of the different optical atomic clock lasers, the output
spectrum from the PM-HNLF is split into four separate freespace optical interferometers to obtain a heterodyne beat signal
against the different clock lasers. Figure 1(c) shows one beat signal
from each of the four spectral regions, which can access optical
signals over a range of several tens of nanometers with similar
power per mode. Aside from the optical beat signal at 657 nm,
the other heterodyne signals are obtained with at least 30 dB SNR
when measured with a 300 kHz resolution bandwidth, which
allows for direct locking and counting of the optical beat signals
without the need for tracking oscillators.
In order to minimize the timing errors contributed by the optical interferometer paths, the entire OFC setup is enclosed in a 1”
thick acrylic box. The maximum noncommon mode optical
interferometer paths were less than 1 m. Separate PPLN crystals
are used for doubling light at 1314 nm to access the Ca clock laser
at 657 nm and for doubling 2140 nm for self-referenced detection
of f 0 . Dividing the spectrum at the output of the HNLF with
dichroic beam splitters and reusing light from the f − 2f interferometer allows for efficient use of the broadened spectrum.
As mentioned above, knowledge of f 0 is critical for characterization of optical frequencies. The simplest detection of f 0 uses a
self-referencing technique that compares frequencies, N and 2N ,
separated by an optical octave via frequency doubling of mode N ,
whereby
2 × νN − ν2N  f 0 :

(4)

To measure f 0 , the optical beat signal between doubled light at
the low-frequency end of the spectrum (∼2140 nm) is compared
against that at the high-frequency end of the spectrum at
∼1070 nm using the f 0 interferometer as depicted in Fig. 1(a).
Photodetection of the optical f 0 beat results in an RF signal that
is filtered, amplified, and compared against a hydrogen-maser
referenced synthesizer. The resulting error signal is used in a
feedback loop that actuates on a single OFC pump laser at
980 nm with approximately 150 kHz of bandwidth. Similarly,
the laser repetition rate is stabilized by photodetecting the optical
heterodyne beat signal between one mode of the OFC and one of
the optical frequency references. The resulting RF signal is filtered, amplified, and compared against a second hydrogen-maser
referenced synthesizer. The resulting error signal is sent to an
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intracavity EOM for fast control (∼300 kHz bandwidth) of
the laser cavity length and to a piezoelectric transducer to
compensate for long-range cavity drift.
3. MEASUREMENT INSTABILITY AND
DISCUSSION
For measurement of the optical instability added by the frequency
comb when comparing optical references, we utilize a simple and
powerful approach depicted in Fig. 2(a). This technique employs

Fig. 2. (a) Simplified diagram of the single-comb measurement technique. The OFC is referenced to a cw laser, and a synthesized frequency
an octave away is then doubled to that of the incoming light. This
doubled light is then mixed with the original cw laser to determine
the performance of the device under test, namely, the OFC and
PPLN crystal used for doubling. (b) The single-comb measurement technique used to characterize the instability added by the single-branch OFC
to an out-of-loop optical frequency measurement. Here f bopt_in measures
the in-loop optical beat signal between the reference laser and the frequency comb that is used for stabilization of the laser repetition rate.
To determine the instability the OFC adds across an octave, the long
wavelength end of the spectrum is doubled and heterodyned against
the same reference laser used to stabilize the repetition rate. This optical
beat signal, f bopt_out , measures the out-of-loop contributions of the offset
frequency, f 0 , and the locked beat, f bopt_in , since there are optical and
electronic paths that are not common to the measurement of f bopt_out .
(c) Block diagram highlighting the individual noise contributions within
the optical frequency comb setup to measurement of an optical frequency
reference at 282 THz. The instability contributed by out-of-loop
electronics is labeled with ε and noncommon path lengths with L.
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an optical reference laser whose output is split into two paths. In
the lower path, the reference laser controls the OFC, which
synthesizes frequencies at harmonics of the repetition rate. The
low-frequency components synthesized by the OFC are then frequency doubled and compared against the original reference laser.
Essentially, this approach amounts to a combined test of the OFC
and frequency doubling via second-harmonic generation, which
have both been established as a valid techniques in earlier experiments [38,49,50]. We further note that variations of the interferometric approach as depicted in Fig. 2(a) are common in all
of the frequency metrology for evaluating oscillators, synthesizers,
and frequency multipliers and dividers [51]. This approach to
evaluating the instability of the OFC has the advantage of
simplicity in not requiring a second frequency comb and the
additional optical interferometer needed for its heterodyne
comparison.
As mentioned previously, to ensure coherent optical synthesis,
both the offset frequency, f 0 , and the repetition rate, f rep are
tightly phase-locked. Specifically, f rep is stabilized by locking
the heterodyne beat, f bopt_in , between mode 2N of the comb
and the optical reference at 1064 nm [Fig. 2(b)], such that
νopt  2N × f rep  f 0  f bopt_in :

(5)

The OFC under test transfers the frequency information of the
optical reference near mode ν2N to the frequency νN , which is an
octave away at half the reference frequency. During this synthesis
step, the OFC will contribute some excess frequency error, γ,
which we are interested in quantifying. We quantify this error
by frequency doubling νN using second-harmonic generation
in a nonlinear crystal, back to the initial reference frequency near
ν2N . This frequency-doubled light, synthesized by the OFC, is
then compared against the original optical reference, νopt . In this
comparison, we measure
νopt − 2N × f rep  f 0   γ  f bopt_out :

(6)

By combining Eqs. [5] and [6], we find that
f bopt_out  f bopt_in − f 0  γ:
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Additionally, this measurement will contain a noise contribution
from the optical interferometer needed for the heterodyne
comparison between the two combs. Our measurement avoids
these ambiguities.
In general, complete characterization of the measurement
noise in an optical frequency comparison must also account
for additional noise terms unique to the interferometers used
to measure the second optical reference. Therefore, the signalto-noise ratio of the heterodyne beats with various optical references and measurements of the contribution of the noncommon
electrical and optical paths must be performed. Combined, these
measurements then allow us to determine the total instability
contributed in optical synthesis using a single OFC.
In the single-branch architecture for our Er:fiber-based OFC,
all optical fiber components are within the feedback loops of the
laser and are common to all optical paths. Consequently, stabilization of f 0 and f bopt_in compensates for the noise of these
optical components for all optical interferometers. However, there
is additive noise of optical and electronic components within the
feedback loops that are not common to the measurement of a
second or third optical standard. Additionally, the noise contributed by components unique to the measurement of other optical
references will adversely affect their measured stability. Figure 2(c)
is a block diagram representation of how we visualize the different
optical and electronic instability contributions from the OFC
setup.
Isolating and measuring the individual noise contributions
from the measurement architecture allows us to determine the
noise inherent in performing an optical comparison at any frequency across the comb. Figure 3 shows the total and itemized
measurement instabilities. Full details of the individual measurements, as well as details pertaining to the frequency counting, can
be found in Supplement 1. Briefly, the instabilities of all the RF
beat signals were measured using an Agilent 53132A frequency
counter (this is not an endorsement by the U.S. government).
While these counters are accurate for measuring Allan deviations

(7)

Hence, in this comparison, we isolate the frequency error γ from
the in-loop residual instabilities f bopt_in and f 0 . Not captured in
Eq. [7] is the instability contributed by frequency doubling,
which has been demonstrated to perform at the 10−19 level, largely
limited by technical noise, while calculations predict that the fundamental limit to frequency doubling should be at the 10−21 level
[52,53]. Thus, the excess instability, hδγ 2 i, is mainly due to the
OFC and any noncommon electronic and optical paths within
the feedback loops.
A similar evaluation can be performed using a second OFC,
where instead of frequency doubling the νN mode to 2 × νN and
comparing against the same optical reference, a second OFC is
also locked to the original reference, and the two combs are heterodyned directly [39,45] or with an intermediate cw laser [46].
In Fig. 2(a), for this technique there would be a second synthesizer in the top branch and doubling would not be required, as
any frequencies of the two OFC synthesizers can be directly compared. This measurement, while allowing flexibility in which
frequencies are measured, will contain excess instability of similar
order to the OFC under test. To ascertain the limit on a single
OFC, one would then have to assume that the measured noise is
the combined noise of two similar but uncorrelated OFCs.

Fig. 3. Itemized residual noise contributions of the single-branch
OFC to an optical measurement at 282 THz measured with a
0.5 Hz noise-equivalent bandwidth. The red triangles and blue squares
measure the residual noise in the f 0 and f bopt_in phase-locked loops,
respectively. The residual noise across the octave of an out-of-loop beat,
f bopt_out , measured on the same detector (purple circles) and separate
detector (black circles) as f bopt_in . The black circles show the upper limit
to the noise added by two 50 cm free-space interferometers. The total
contributions from the amplifier chains and the synthesizers are shown as
the red solid line. The contribution of the measurement instability in
counting a 10 MHz signal is shown in black. It is important to note that
the counterinstability will scale linearly with the measured frequency.
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for signals dominated by white frequency noise, there is concern
about the accuracy in their measurement of signals dominated by
white phase noise [54]. A discussion of this can be found in
Supplement 1, detailing a measurement whereby we ascertained
the instability of a single RF beat signal by using three alternative
methods.
To determine the contribution of a free-space interferometer,
we measured f bopt_out on the same detector as f bopt_in (purple
circles in Fig. 3) and on a separate detector (black circles in
Fig. 3). From our measurements, we determined that the instability added by the OFC to the measurement of a second or third
out-of-loop optical measurement at 282 THz is 2.6 × 10−18 at 1 s.
This instability is largely limited by the combined 100 cm of
differential free-space path lengths from the in- and out-of-loop
optical interferometers. These contribute instabilities at the level
shown by the black empty circles in Fig. 3. Air path fluctuations
and differential optical paths for the two ends of the OFC spectrum in both fiber and free-space components are most likely
responsible for the excess instability, such that the total instability
of our system can be further reduced by shortening the uncompensated free-space optical interferometer paths, purging the
acrylic enclosure, or by measuring multiple optical heterodynes
on the same detector.
While we have been careful to characterize instabilities contributed by the OFC by comparing extreme ends of the spectrum
and individually characterizing noise added by noncommon components, there may be additional optical frequency-dependent
noise contributed by the broadening process in the EDFA
HNLF system. For example, ASE from the EDFA seeded into
the HNLF could result in an increased white phase noise floor.
This broadband noise would manifest itself as a reduction in
the signal-to-noise ratio of the heterodyne signal of the optical
comparison. Supplement 1 details a measurement performed,
whereby we verified that changes in the SNR from 25 dB to
40 dB of the in- and out-of-loop beat signals resulted in changes
in the 1 s instability at a level below 7 × 10−19.
An assumption, and potential limitation, of our measurement
is that the fractional instability is deterministic across the comb,
as governed by νN  N × f rep  f 0. Remarkably, our measurements, as well as those of many others in the community, have
continued to verify the validity of this simple and powerful expression. Nonetheless, it is worth considering possible sources
that might lead to deviations as still higher levels of precision
are explored. There will likely always be challenging technical limits, such as uncorrelated wavelength-dependent noise that arises
from small out-of-loop paths. These could be reduced with still
better mechanical stability and active path stabilization. However,
it is interesting to consider more fundamental noise sources, such
as intensity noise on the pulse train that may be converted to
phase noise on the comb in the HNLF [55]. In principle, shot
noise on the input pulse train could lead to nonuniform wavelength-dependent noise through the nonlinear propagation and
amplification in the HNLF. While not observed previously,
determining the limitation imposed by this amplitude to phase
conversion could be addressed through a combination of modeling and measurements at multiple wavelengths across the octave
bandwidth of the comb. Such experiments would be an
interesting topic of further study.
In addition to the stability, accuracy is also necessary when
comparing frequency references. We can place an upper limit
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Fig. 4. Residual instability and accuracy of the single-branch Er:fiber
OFC (solid black lines), as well as the instability and accuracy of stateof-the-art optical cavities and optical atomic clocks (green dashed lines)
[1–4]. The pink dashed line represents the theoretical next-generation
optical atomic clocks based on a cryogenic optical cavity [33,34].
Additionally, we show the optical comparison between a Yb lattice clock
laser and an Al -ion clock laser with the single-branch OFC (green
crosses).

on the frequency offsets contributed by the single-branch OFC
at 1.3 × 10−20  4.5 × 10−20 on a 282 THz carrier. This offset
was determined by comparing the average value of f bopt_out to that
of the expected maser referenced value using a frequency time
record with greater than 10,000 seconds of data (from the data
of Fig. 3). Additional data acquired over 100,000 seconds shows
further reduction in the frequency offset of the single-branch
comb to 1.4 × 10−21  1.7 × 10−20 on a 282 THz carrier. Since
Er:fiber-based OFCs have been demonstrated to contribute even
smaller offsets [56], we expect that this upper bound is currently
limited simply by the measurement time. However, to achieve
still lower uncertainties, temperature-dependent frequency shifts
of the RF synthesizers and components may need to be characterized and stabilized. Alternatively, synthesizing the RF reference
frequencies with the OFC itself [57,58] should reduce the total
measurement error.
Finally, to demonstrate that the single-branch OFC can support the current best optical frequency references at NIST, we
performed an optical comparison between the Yb lattice clock
laser at 1157 nm and the Al quantum logic clock laser at
1070 nm. Approximately 3 mW of optical power from each optical standard was transferred via actively noise-canceled fibers
[59] across approximately 30 m of fiber. As seen in Fig. 4, the
optical comparison yielded a 1 s fractional frequency instability
of 3.84 × 10−16 limited by the Al-clock laser. This level is almost
two orders of magnitude higher in instability than the excess noise
added by the single-branch OFC, showcasing the contrast in performance between the single-branch OFC and current optical
atomic clock lasers.
4. CONCLUSIONS
In summary, we have developed and characterized the performance of an Er:fiber frequency comb using a single-branch measurement architecture for the synthesis and comparison of optical
atomic clocks. In our single-branch configuration, the Er:fiber
comb utilized a single PM-EDFA and PM-HNLF that were both
within the laser feedback loop and common to all optical interferometers for stabilization of the offset frequency as well as for
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characterization of the six optical standards at NIST. We found
that the total synthesis and measurement instability contributed
by the OFC was less than 3 × 10−18 at 1 s and 1 × 10−19 at 1000
seconds on a 282 THz optical carrier. Additionally, the frequency
offsets contributed by the OFC to an out-of-loop measurement
are 1.4 × 10−21  1.7 × 10−20 on a 282 THz carrier. As summarized in Fig. 4, this instability is nearly two orders of magnitude
below the reported 1 s instability of the current state of the art
in optical atomic clocks [1,2,4] and is one order of magnitude
lower than the projected stability for next-generation optical
atomic clocks using a clock laser stabilized to a cryogenic optical
cavity [33].
Finally, these measurements demonstrate that a single-branch
Er:fiber comb can perform at a similar level to OFCs based on
Ti:sapphire lasers [38,40]. As a result, a single-branch OFC based
on an Er:fiber laser can support both the state-of-the-art optical
frequency references of today as well as those of the future.
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