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We demonstrate a terahertz (THz) frequency reference transfer with high accuracy and stability. Phase information of the THz frequency standard
is coherently duplicated onto an optical carrier as an intermediary for exploiting low-loss optical-ﬁber technology. The transferred information on the
optical carrier is retrieved into the THz domain without phase decoherence. The THz reference transfer system, which comprises frequency-combbased THz-to-optical and optical-to-THz synthesizers connected by a 20 km phase-noise-compensated ﬁber, is operated with 4 ' 10%18 fractional
frequency accuracy at 0.3 THz. This THz reference transfer is available for the remote frequency calibration of diverse instruments working in the
THz region. © 2017 The Japan Society of Applied Physics

ew technological developments in the terahertz
(THz) region of 0.1–30 THz have accelerated the
pace of innovation in many scientiﬁc and industrial
ﬁelds.1,2) Frequency comb technology, which was initially
invented to link the microwave and optical regions,3) has
been extended to the THz domain and is already employed in
microwave-to-THz synthesizers for counting absolute THz
frequencies4–6) and for providing a frequency-reference grid
for stabilizing quantum cascade lasers,7,8) as well as in THzto-microwave synthesizers for generating low-noise microwave signals synthesized from continuous-wave (cw) THz
radiation.9) Although reversible phase-coherent links between
the microwave and THz domains have been established, no
frequency linkers between the THz and optical regions have
been developed. The combination of such phase-coherent
linkers, THz-to-optical synthesizer (TOS) and optical-to-THz
synthesizer (OTS), will open a new window to THz metrology. This technology is suited for THz frequency comparison
via optical ﬁber between two distant THz quantum standards,
which are based on the vibrational and rotational transition
frequencies in ultra-cold molecules, and have an expected
uncertainty of 10−16.10) Such accurate and stable THz quantum standards, THz molecular clocks, present a straightforward route to establish a frequency standard in the so-called
THz gap. Their comparison is indispensable in the development process and provides a method to test fundamental
physics by searching for variations of the electron-to-proton
mass ratio,11) which could not be performed by an alternative
THz frequency standard using a coherent linker to refer to
either the microwave or optical frequency standards. Moreover, the combination of TOS and OTS will enable the THz
quantum frequency standard to be provided via optical ﬁber
networks for remote-end users implementing high-speed
digital-coherent THz wireless communication, performing
high-resolution THz spectroscopy, and so forth, or operating
various devices and instruments for measurements in the THz
region. Because THz radiation hardly propagates over long
distances in air, it is a reasonable strategy to register the phase
information of the THz standard on an optical carrier for
transmission through a low-loss optical ﬁber. A THz frequency reference transfer method was proposed by Kumagai
et al., and applied to yield a stabilized quantum cascade laser
with a THz frequency reference having instability on the
order 10−15.12) The THz reference was generated as a diﬀerence frequency by photomixing two optical carriers trans-
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Fig. 1. Concept of THz frequency reference transfer. f: frequency,
ν: optical frequency, m=j and k=n: rational numbers.

mitted through a long ﬁber link. Since the two carriers were
synthesized from a microwave standard using a femtosecond
(fs) laser frequency comb (FLFC), this transfer method would
be unsuitable for the dissemination of a THz reference
directly linked to a THz frequency standard located at a local
site. Furthermore, it would be necessary to adopt complicated
ﬁber-induced noise cancellation techniques to simultaneously
suppress the phase noise on the two carriers to allow further
improvement of the transfer accuracy. Here, we propose a
new THz frequency reference transfer with higher accuracy,
which is based on a combination of a TOS and OTS connected by an optical ﬁber with carrier-phase-noise cancellation. Unlike the previously reported transfer method, only
one optical carrier synthesized from a THz standard is sent to
a remote end as an intermediary over a phase-noise-canceled
ﬁber. At the remote end, the THz standard is retrieved from
the received carrier without loss of phase coherence. This
transfer method allows the dissemination of an accurate THz
reference for stabilized THz oscillators and high-resolution
molecular spectroscopy as well as for the future remote
calibration of THz-frequency-related equipment via optical
ﬁber networks, while ensuring traceability to a THz frequency standard placed in a distant national institute. Additionally, this method has the potential to be used for frequency
comparison between THz molecular clocks.
The concept of THz frequency reference transfer is
illustrated in Fig. 1. A THz frequency standard located at a
local site is operated at frequency fTHz. To circumvent critical
losses during propagation in air, fTHz must be converted to an
optical frequency νcw so that low-loss optical ﬁber technology
can be exploited. The TOS multiplies fTHz by an appropriate
factor m=j to obtain νcw while maintaining phase coherence, where m=j > 1 is generally a rational number: νcw =
(m=j) fTHz. Note that this multiplication process is diﬀerent
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Fig. 2. Experimental setup for THz frequency transfer. FLFC: femtosecond laser frequency comb, I=V : current-to-voltage converter, PCA: photoconductive
antenna, PLL: phase-locked loop, SHG: nonlinear crystal for second-harmonic generation, f: frequency, ν: optical frequency, E: electric ﬁeld amplitude, and
I: current. pc and superscript (pc) indicate the photocarrier.

from up-conversion by mixing with a local oscillator or
frequency modulation by a high-speed electro-optical modulator (EOM), which could result in phase decoherence
between the optical and THz regions. An optical carrier with
a frequency of νcw is launched into an optical ﬁber link
with conventional carrier-phase noise cancellation, which can
establish a long-distance connection to a remote site.13–15)
At the remote site, νcw is divided by a factor of n=k by the
OTS to obtain a THz frequency fk, where n=k > 1 is also a
rational number: fk = (n=k)−1νcw. This division process diﬀers
from conventional down-conversion by mixing with a local
oscillator, and consequently, phase coherence is conserved
between νcw and fk. Hence, the THz standard at fTHz can be
recovered with high accuracy at the remote end as a
frequency-synthesized THz reference at fk.
The experimental setup for THz frequency reference
transfer is shown in Fig. 2. The setup consists of the TOS,
OTS, and a spooled ﬁber with coherent optical carrier
transfer. They were assembled in a single laboratory to
facilitate the assessment of the system.
The TOS at a local site serves as a transmitter of the THz
phase information. Its principle of operation is similar to that
of THz-to-microwave synthesis.9) The TOS is composed of a
1.5 µm fs-pulse mode-locked Er-ﬁber laser (fs laser 1) and a
low-temperature-grown GaAs (LT-GaAs) photoconductive
antenna (PCA 1). fs laser 1 generates optical pulses of 55 fs
width at a repetition rate of frep1 = 100 MHz (Menlo Systems
C-Fiber HP). Its optical pulse train forms an optical frequency comb. The frequency of an arbitrary mth component νm of
FLFC 1 emitted from fs laser 1 is described by νm = m frep1 +
fceo1, where m is an integer and fceo1 is the carrier-envelope
oﬀset frequency. Unlike THz-to-microwave synthesis, fceo1 is
detected by the self-referencing technique3) and must be
stabilized to the output of a local oscillator at 20 MHz to
attain the aimed THz-to-optical synthesis. The concept of
the frequency comb is extended into the THz region by
combining FLFC 1 with a photoconductive process. Photocarrier (pc)-THz comb 1, whose jth component has frequency f ðpcÞ
j , is constructed in PCA 1 with a bow-tie-shaped
antenna pattern (Hamamatsu G10620-12) by using the 12
mW second-harmonic light of FLFC 1, where j is an integer.
The second-harmonic light has suﬃciently high photon
energy to eﬃciently excite photocarriers in the LT-GaAs

PCA.16) The ampliﬁed output from fs laser 1 is frequencydoubled using a periodically poled lithium niobate crystal
with 1 mm length. pc-THz comb 1 inherently has no oﬀset
frequency, owing to the diﬀerence-frequency generation
process: f ðpcÞ
¼ m  l ¼ ðm  lÞ  frep1 when j = m − l,
j
where l is also an integer. A photocarrier beat signal at frequency f ðpcÞ
beat1 is produced in PCA 1 by mixing one mode of
ðpcÞ
pc-THz comb 1 at f ðpcÞ
and cw-THz radiation at f THz1
’
j
0:3 THz, which serves as a THz frequency standard. The
mode number is j = 3 000. The 0.3 THz radiation is generated
by a frequency multiplier chain using a low-noise radiofrequency (rf) synthesizer (Virginia Diodes), and the 2 mW
output is then split using a high-resistivity ﬂoat-zone silicon
beam splitter (HRFZ-Si BS) with a thickness of 2 mm. The
ðpcÞ
f jðpcÞ is phase-locked to f ðpcÞ
THz1 by forcing f beat1 to oscillate
ðpcÞ
ðpcÞ
ðpcÞ
at 210 kHz, so that f rep1 ¼ ð f THz1  f beat1 Þ=j. For the phase
locking, f ðpcÞ
beat1 is ampliﬁed by a low-noise ampliﬁer with a
transimpedance gain of 109 V=A. The signal-to-noise ratio
of fbeat1 is 50 dB with a resolution bandwidth (RBW) of
100 Hz. The extracted control signal with a Fourier frequency
below 1.5 kHz was fed back to a PZT actuator of fs laser 1 to
modulate the cavity length. Eventually, all the components of
FLFC 1 become stable by phase locking of the two degrees
of freedom frep1 and fceo1, and hence,
m ¼

m
ð fTHz1  fbeat1 Þ þ fceo1 :
j

ð1Þ

This intrinsically represents that fTHz1, after dividing by j to
obtain a microwave frequency frep1, is multiplied by m to
obtain an optical frequency.
The optical link is a 20 km spooled single-mode ﬁber
with a coherent optical carrier transfer system. An auxiliary
transfer laser selects one mode of FLFC 1 for the ﬁberinduced noise cancellation technique: the phase diﬀerence
between light in both arms of a Michelson-like heterodyne
interferometer with a large asymmetry is kept constant by
modulating the frequency of the transferring light.17) The
transfer laser operating at νcw1 = 191 THz is phase-locked to
the nearest mth mode of FLFC 1 by matching the phase of
their beat frequency fbeat2 with that of a local oscillator at
10 MHz. The mode number is m = 1 918 740. The 500 µW
light is launched into the link after passing through a voltagecontrolled-oscillator-driven acousto-optic modulator as an
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actuator for ﬁber-noise cancellation; it adds a frequency shift
of fAOM = 50 MHz. Owing to this, the frequency νcw2 of the
optical carrier received at the remote site becomes
cw2 ¼ m þ fbeat2 þ fAOM :

ð2Þ

The overall fractional frequency instability of this optical link
was 1.4 × 10−14=τ, expressed as the Allan standard deviation,
where τ is the averaging time.
To recover the THz phase information from the optical
carrier, the OTS divides the optical frequency to generate
phase-coherent THz carriers. Similar to the TOS, the OTS
consists of a self-referenced femtosecond Er-ﬁber laser
(fs laser 2) equipped with an intracavity EOM and LT-GaAs
PCA 2; the pulse width and frep2 for fs laser 2 are 85 fs and
250 MHz, respectively (Menlo Systems FC-1500). However,
the frep2 control topology of FLFC 2 emitted from fs laser 2
employs optical locking, which phase-locks frep2 to νcw2 by
stabilizing the frequency fbeat3 = 60 MHz of a heterodyne beat
between the received optical carrier and the nearest mode of
FLFC 2: frep2 = (νcw2 − fceo2 − fbeat3)=n, where n = 767 496 is
the mode number and fceo2, locked to a 20 MHz output from
an rf synthesizer, is the carrier-envelope oﬀset frequency of
FLFC 2. The intracavity EOM allows feedback on frep2 with a
wide control bandwidth of 200 kHz when used with a slow
piezo actuator that can mechanically adjust the cavity length;
all modes of FLFC 2 possess nearly the same spectral purity
as the optical carrier. pc-THz comb 2 is constructed in
PCA 2 by introducing the 12 mW second harmonics of the
optical pulse train from fs laser 2. Each spectral component
of pc-THz comb 2 retains phase coherence with the optical
carrier, and consequently phase coherence with fTHz1. The
frequency of the kth component is given by
f ðpcÞ
¼ k  f ðpcÞ
rep2 ¼
k

k
ðcw2  fceo2  fbeat3 Þ;
n

ð3Þ

where k denotes an integer. According to Eq. (3), f ðpcÞ
is
k
represented by initially dividing νcw2 by a factor n to obtain
frep2 in the rf region and subsequently multiplying it by a
factor k to obtain a THz frequency.
The accuracy and stability of the THz reference transfer
system are determined by comparing one mode of pc-THz
comb 2 at f kðpcÞ with the THz radiation at fTHz2 from the
cw-THz oscillator. The mode number is k = 1 200. A
ðpcÞ
heterodyne beat signal of frequency f beat4
is produced as a
photoconductive current in PCA 2 illuminated by the THz
ðpcÞ
ðpcÞ
radiation: f ðpcÞ
beat4 ¼ f THz2  f k . This photocarrier beat signal
is ampliﬁed by a transimpedance ampliﬁer to facilitate the
following measurements. By simple algebraic calculations
using Eqs. (1) to (3), we obtain
fbeat4 ¼ fTHz2 

km
km
fTHz1 þ
fbeat1
n j
n j

k
ð fceo1  fceo2 þ fbeat2 þ fAOM  fbeat3 Þ: ð4Þ
n
km=nj is unity in this demonstration. The THz radiation at
fTHz1 and fTHz2 are equivalent and their ﬂuctuations are
rejected as common-mode noise if environmental perturbations on them are negligible. We therefore obtain


fbeat4 ¼ fbeat1 

k
ð fceo1  fceo2 þ fbeat2 þ fAOM  fbeat3 Þ: ð5Þ
n

Fig. 3. Spectra of the heterodyne beat signal fbeat4 between the original
0.3 THz oscillator and one mode of pc-THz comb 2.

(f)
(b)

(c)
(d)
(e)

(a)

Fig. 4. Upper plot: beat frequency fbeat4 between the 0.3 THz oscillator
and the 1 200th spectral component of pc-THz comb 2. Lower plot:
fractional frequency instabilities given as the Allan standard deviation.
(a, b) Instabilities of THz reference transfer system with and without ﬁbernoise cancellation. (c, d) Instabilities of THz-to-optical and optical-to-THz
synthesizers. (e) Instability of 20 km-spooled ﬁber link with coherent carrier
transfer. (f) Instability of rf synthesizer for 0.3 THz-frequency multiplier
chain.

Any observed deviation from fbeat4 = 210 kHz arises from
systematic errors and measurement noise of the THz
reference transfer. The measurements of fbeat4 clarify the
performance of system. All rf synthesizers in this demonstration have a common microwave reference, which would
not be practical for most applications. However, frequency
stability on the order of 10−11 for synthesizers at remote sites
is suﬃcient to attain 10−18-level transfer accuracy, owing to
the large frequency ratio between the synthesizers and νcw2 in
the optical locking of frep2. This stability can be satisﬁed by
using a commercial oven-controlled crystal oscillator as the
reference, for instance.
Figure 3 plots rf spectra of fbeat4. The central frequency
is 210 kHz and the linewidth is 1 Hz, which is limited by
the RBW of the spectrum analyzer. The Allan standard
deviation of fbeat4, which corresponds to the instability of the
THz reference transfer system, is plotted in the lower plot of
Fig. 4(a). It started at 2.6 × 10−14 at 1 s and dropped to 10−18
with a τ dependence. This suggests that the system operates
under a phase-coherent condition with white phase noise.
The phase coherence derived from the correlation function
of the phase ﬂuctuation was calculated to be 99.88%.18)
Hence, the transferred information of the THz reference can
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be recovered at the 20-km-distant site without signiﬁcant
phase decoherence. The instability of the THz reference
transfer with an uncompensated ﬁber-noise link is also
plotted for reference [Fig. 4(b)]. The instabilities of the
TOS and OTS, and the coherent optical carrier transfer
are plotted in Figs. 4(c), 4(d), and 4(e), respectively. Their
quadrature sum was calculated as 2.6 × 10−14=τ, which
agrees well with the measured instability of the system.
Since the instability of the TOS dominates the calculated
value, further improvement of the transfer accuracy is
expected by achieving a wider control bandwidth of the fbeat1
PLL, which currently restricts the TOS performance. The
frequencies used for calculation of the Allan deviations were
measured by a Π-type multi-channel counter with a measurement bandwidth of more than 1 kHz.19) Its measurement limit
was 3.7 × 10−16=τ.
The mean of fbeat4, after subtracting the 210 kHz oﬀset, and
its standard error were calculated to be 1.2 µHz and 1.3 µHz,
respectively. These values were obtained from 54 sequential
data sets from the time series data of fbeat4, as shown in the
upper plot of Fig. 4: each data set was composed of 1000
data points with a sampling rate of 1 sample=s. No systematic
frequency oﬀset was conﬁrmed within the standard error. The
standard error is the statistical error when assuming random
processes, although the developed system has phase-coherent
processes. The corresponding fractional frequency oﬀset and
uncertainty were 4.0 × 10−18 and 4.3 × 10−18 at 0.3 THz,
respectively.
Figure 5(a) shows the single-sideband (SSB) phase noise
spectrum of fbeat4, which corresponds to the overall noise of
the THz transfer system. It was measured by phase comparison with a low-noise rf synthesizer. The SSB phase noise
was −75 and −82 dBc=Hz at around 1 Hz and 10 kHz from
the 0.3 THz carrier frequency, respectively. This was lower
than the phase noise of the 0.3 THz frequency standard,
which was estimated from that of the rf synthesizer used in
the frequency multiplier chain for generation of the 0.3 THz
radiation. Hence, the system imposed insigniﬁcant noise on
the THz frequency reference. The measurement noise ﬂoor
was less than −120 dBc=Hz above 0.1 Hz.
In summary, we have presented a new method for THz
frequency reference transfer via an optical ﬁber with an
uncertainty and instability below 10−17. This is an important
step towards the future implementation of THz metrology.
The transferable frequency range of the THz reference can be
extended to over 3 THz by employing an electro-optic
sampling technique for frequency detection in the TOS7)
and generation in the OTS,20) instead of the PCAs providing
high eﬃciency in the sub-THz domain. The TOS and OTS
developed here allow a phase-coherent link between the THz
and optical regions that will lead to high-precision frequency
comparisons between optical21) and THz molecular clocks.
Such comparisons could verify not only the Standard Model

(b)

(a)

Fig. 5. SSB phase noise spectra. (a) The overall noise of the THz transfer
system, which is obtained from the beat signal fbeat4, and (b) phase noise of
the 0.3 THz frequency standard, which is estimated from the noise of the rf
synthesizer for the 0.3 THz generation. The THz transfer system noise has
negligible contribution to that of the 0.3 THz frequency standard.

by detecting temporal changes in fundamental physical
constants, but also parity violation in chiral molecules.22)
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