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Abstract This work demonstrates a semi-automatic opti-
cal frequency counter based on two mode-locked fiber laser
combs. The mode number of the comb line involved in the
optical frequency measurement is determined by operating
the two laser combs at three different repetition rates, with
two of them similar enough to have the same mode number
of the beating comb lines. The determination of the mode
number is independent of the frequency fluctuation of the
laser under measurement. The whole measurement process
was automated, except for the frequency stabilization of the
laser combs and the optimization of the beat signal-to—noise
ratio.

PACS 06.30.Ft - 42.55.Wd - 42.62.Eh

1 Introduction

Radio frequency (RF) counter based on the modern elec-
tronic devices allowing frequency counting up to about
60 GHz have been widely commercialized. Wavemeters uti-
lizing interference techniques by comparison with a refer-
ence light source are also well implemented for optical fre-
quency (or wavelength) measurements. However, the mea-
surement uncertainty is about 10-100 MHz. A commer-
cial optical frequency counter has been developed with a
minimum resolution of 100 kHz, based on the optical fre-
quency comb generated by modulating a continuous-wave
of laser light with an electro—optical modulator inside a
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Fabry—Perot cavity.! However, the measurable wavelength
range is only from 1530-1565 nm. Mode-locked (ML) fem-
tosecond lasers, which can serve as ultraboradband opti-
cal frequency combs, have been used in optical frequency
metrology over the past several years [1]. The frequency of
a laser under measurement (LUM) when employing a ML
laser comb to measure the beat frequency can be expressed
as fL =nf; £ fo = fv, where n is the mode number (ordi-
nal number) of the beating comb line, f; denotes the rep-
etition rate of the pulse train, and f,, denotes the carrier—
envelope offset (CEO) frequency. To realize an optical fre-
quency counter based on a ML laser, both the signs of the
CEO frequency and the beat frequency and the value of n
need to be determined. The sign of the CEO frequency and
beat frequency can be determined uniquely by observing
the corresponding beat frequency variations while changing
the repetition frequency or the CEO frequency of the laser
comb [2, 3].

Ma et al. presented a method for determining the mode
number without using a wavemeter [4]. They changed the
repetition rate smoothly while counting the total number of
shifts in mode. The mode number was then determined by
measuring the beat frequencies at different repetition rates.
For low repetition rate and noisy LUM the shift in mode
number can be larger than 100, which means that counting
the total mode number shift is not practical. Peng et al. noted
that the mode number shift is linear to the difference in rep-
etition rate for small difference of some tens of kHz [3].
Therefore, they only needed to measure the repetition rate
change required to shift one comb mode while slowly scan-
ning the repetition rate, and did not need to count the to-
tal mode number shifted. Based on this technique, a semi-
automatic optical frequency counter using two fiber laser
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combs has been demonstrated [5]. However, the process for
the determination of one comb mode shifted is still compli-
cated. Zhang et al. derived the mode number of a laser comb
with comb spacing of 200 MHz in two steps [6]. First, an
estimated mode number with certain accuracy is obtained
by operating the laser comb at two different repetition rates
with the difference being small enough to maintain the same
mode number. The laser comb is then operated at larger dif-
ferent repetition rate. The mode number change is then de-
rived from the estimated mode number, and the exact mode
number is calculated from the mode number difference. No
mode number change is required in the first step only if
the frequency instability of the LUM was less than about
10 kHz. Otherwise, the method processed by changing the
repetition rate, and counting the mode number change by
monitoring the RF spectrum analyzer, which is still not prac-
tical for an LUM with larger instability. Additionally, this
approach is not succinct enough to realize an optical fre-
quency counter based on low repetition rate laser combs.

This work presents a semi-automatic optical frequency
counter based on two mode-locked fiber laser combs with-
out the need to scan the repetition rate. Similar to Zhang’s
method, the mode number was determined by operating the
two laser combs at three different repetition rates with two
of them similar enough to have the same mode number of
the beating comb lines. A measurement process is developed
to determine the mode number, which is independent of the
frequency fluctuation of the LUM. All other measurement
processes are automated, except the frequency stabilization
of the ML lasers and the optimization of the beat signal—
to—noise ratio (S/N), making the optical frequency counter
semi-automatic. The following sections describe the theory
of the technique and the experimental setup and results for
the frequency measurement of an iodine-stabilized Nd: YAG
laser using the optical frequency counter.

2 Theory

The laser under measurement (LUM) is first beaten with
the two laser combs operated at different repetition rates,
fr1 and fi2, and the corresponding beat frequencies are fy
and fy2. For simplicity, the signs of the CEO frequencies of
the two laser combs and the beat frequencies are assumed
to be determined to be positive by observing the beat fre-
quency variation while slightly changing the repetition rate
and the CEO frequency, and the two CEO frequencies are
equal to f,. Let the mode numbers of the beating comb lines
be n and n + m for f;1 and fpo, respectively. The frequency
of the LUM can then be expressed as

fL=nfu+ fo+ for, (D
fL=m+m)fio+ fo+ for- ()
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The repetition rate of one laser is then changed slightly.
This change is small enough to keep the same mode number
of the beating comb line and the same beat frequency sign,
e.g., fro is slightly changed to fi3 and the measured beat
frequency is fp3. Thus, the frequency of the LUM can be
expressed as

fL=m+m)fis+ fo+ fo3. 3

From (1), (2), and (3), the mode number n and the mode
number difference m can be derived as

e (fo2 — fo)(fr1 — fr3) — (foz — fo)(fr1 — fr2)
frl(fr3 - frZ) ’

mfr + for — foi
n=-—"——“"-_*" Q)]
f rl — f r2
The frequency fluctuation of the LUM can be cancelled
when fi; and fp, as well as another set fi,; and fi,3, are
measured simultaneously. Thus, the determination of n or
m is independent of the frequency fluctuation of the LUM.
Equation (4) can also be written as

“

%(.frl = fi2) = (fo2 = for)
= . (6)
f rl

Although both (6) and (4) evaluate to m, the measurement
processes to ensure m to be independent of the frequency
fluctuation of the LUM are different. For (6), fp1 and fi2,
as well as another set fy» and f3, should be measured
simultaneously. Thus, the repetition rates of the two laser
combs should be operated at f;; and f;; first, and f;; is then
changed to fi3 while fi» remains the same. This measure-
ment process is different from the one for (4) as described
above.

The criteria of the required repetition rate change are de-
termined by the requirement that the uncertainty of the mea-
sured n and m should be much less than 1. The uncertainty
of n can be derived from (5), and be expressed as

8n=\/<6(sz—fbl>)2+ (nwﬂ —frz>>{ -
frl - fr2 frl - fr2

where §() indicates the uncertainty. The uncertainty of m fio
is neglected since f» is usually phase-locked to a highly
stable RF standard and m < n (m ~ 30, n ~ 10° in this ex-
periment). Because the frequency fluctuation of the LUM
can be subtracted for the two-comb technique, the uncer-
tainty of the beat frequency difference f,o — fp1 depends
only on the relative instability between the comb lines, i.e.,
§(foo — for) =8((n+m) fro —nfr1) =né(fr2 — fr1), where
the uncertainty of the CEO frequency is neglected. Addi-
tionally, this derivation does not consider the measurement
uncertainty coming from the microwave counter. Since f»
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and f;) are phase-locked to the same source, they are corre-
lated and §(fio — fi1) = ﬁo(r)fr, where o (1) is the track-
ing instability of the repetition rate f; at an integration time
of 7, and f; = f;1 or fi2. Therefore,

2n0 (1) f

n=-—_—/7m7FmMm-—.
f rl — f 2

The uncertainty of m can be derived from (6) more easily

than from (4). The main uncertainty comes from the first
term in the numerator of (6), and can be expressed as:

®)

o = \/ (mz — /o) fu— fa )2 R (sz — iz fo = fi2 8fia = frz))2
a Jo— Jo Sr fo—fo  n S — Jo

:\/<n6<frszr3> fu *fr2)2+<(n+m)fr1 — fo a(frrfm)z

Sz — fr2 Jri Jri S — fo
~ 2n0(0)(fr1 — fi2)
- fis— fro ' ©)

For a repetition rate of 100 MHz with a tracking insta-
bility of 2 x 10713@1 s and n &~ 3 x 10° used in this ex-
periment, f;] — fr2 > 120 Hz is required to satisfy én < 1,
and fi3 — fro > 1.2 % 10’6(fr1 — fr2) is required to sat-
isfy ém < 1. This experiment set f;; — f»o & 1 kHz, which
can be easily achieved by tuning a piezoelectric transducer
(PZT) mounted on the laser cavity, and requires fi3 — fio >
1.2 mHz. The maximum value of f;3 — fio is limited by
the condition that the mode number of the beating comb
line must not change when the repetition rate is varied from
fr2 to fi3. Two beat signals were generated between 0 and
Jfr when the LUM was beating with the neighboring comb
lines. To prevent the beat signals from crossing each other at
ft/2 while the repetition rate changed, which may confuse
the judgment of whether the mode number has changed, this
experiment set a small value of 0.1 Hz for f;3 — fi2. The
frequency of the beating comb line was thus shifted by only
about 300 kHz, enabling the mode number and the sign of
the beat frequency to be maintained easily without ambigu-
ity.

Equation (6) has a similar form to that derived by Zhang
et al. for one laser comb operating at three different repeti-
tion rates successively [6]. Equations (4) and (6) yield the
same value of m if only one laser comb is used, since the
measured beat frequencies have no correlation. In the one-
comb case, §(fo2 — fo1) = «/581), where §v represents the
frequency instability of the LUM. The uncertainties of n and
m are mainly dominated by the first term inside the square
root of (7) and (9), respectively. Therefore, f;1 — fio >
V28v and fi3 — fi2 3> V28v(fr1 — fi2)/fe1 are required for
on K 1 and dm < 1. To keep the mode number the same,
the difference between f;» and f3 should be minimized.
Therefore, one-comb technique restricts the measurable in-
stability of the LUM. Zhang et al. discussed the one-comb
technique in detail and showed that the mode number can be

kept the same only for an LUM with an instability of less
than 10 kHz for a laser comb with 200 MHz comb spac-
ing [6]. Increasing fluctuation requires scanning the repeti-
tion rate, and counting the mode number shifted.

3 Experimental setup and results

Figure 1 schematically shows the structure of the semi-
automatic optical frequency counter based on two ML
Erbium-doped fiber laser combs. The two ML Er:fiber lasers
were home-made ring lasers based on polarization additive
pulse mode-locking (P-APM) [7]. A PZT that could tune
the repetition rate by about 3.5 kHz was mounted onto each
laser cavity. The detailed construction of the two fiber laser
combs is described elsewhere [3]. Each laser comb had two
branches of octave-spanning supercontinua ranging from
1050 nm to 2100 nm. One branch was adopted to detect
the CEO frequency, and the other was adopted to generate
a beat signal with the LUM. Both the repetition rate and
the offset frequency were stabilized to synthesizers with the
time base referenced to a 10 MHz low-noise oven-controlled
quartz oscillator, which was phase-locked to a global posi-
tioning system receiver-disciplined Rb clock. The 10 MHz
reference signal had an instability of less than 2 x 107!2
for an integration time of over 1 s and a relative uncertainty
of 2 x 10712, The stabilized repetition frequency had an
out-of-loop tracking instability of 2 x 10713 @1 s, and the
fluctuation of the CEO frequency was of the order of mHz.
Details of the frequency stabilization of the repetition rate
and the CEO frequency have been presented elsewhere [8].

The LUM was coupled into a single-mode fiber and split
into two beams by a 3 dB coupler. Each beam line was then
combined with the two laser combs by two 3 dB couplers.
The combined laser beams were collimated to monochro-
mators to filter out the required laser light for the beat signal
detection. Polarization controllers were employed to ensure
that the polarization of the fiber laser combs matched that of
the LUM. The beat signals were detected by InGaAS pho-
todiodes, and filtered by RF bandpass filters. Two frequency
counters were externally triggered to measure the beat fre-
quencies between the LUM and the two laser combs simul-
taneously. The gate times of the counters were set to 1 s. An
iodine-stabilized Nd: YAG laser at wavelength near 1064 nm
was utilized as the LUM for testing the optical frequency
counter. The second harmonic of the Nd:YAG laser was
locked to the ajg component of the R(56)32-0 transition in
the iodine molecule.

All controlling and measurement processes were fulfilled
by a computer, except that the frequency stabilization of
the laser combs and the optimization of the beat signal-to—
noise ratio were manually operated. The repetition rates of
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Fig. 1 Schematic diagram of
the optical frequency
measurement using two
mode-locked Er:fiber combs.
Each laser has two branches of
octave-spanning
supercontinuum. One branch is
for the frequency stabilization of
the repetition rate and the CEO
frequency (not shown), and the
other branch is for beating with

Two-branch
frequency-stabilized
fs fiber laser

Laser under measurement

Two-branch

Photo- AC .| Bandpass
detector @ | DC PC filter

frequency-stabilized
fs fiber laser

the laser under measurement.
HNLF: highly nonlinear fiber,
PC: personal computer, DC,
AC: direct, alternating current

the laser combs, comb1 and comb2, were first manually sta-
bilized to 100 MHz and 99.9989 MHz setting by two syn-
thesizers, respectively. Another synthesizer was adopted to
stabilize both the CEO frequencies to 140 MHz. Defining
fo to be larger than f; affects the counting of the mode
number, but does not change the result of the frequency
measurement. The light of the two laser combs for the fre-
quency measurement was then turned off by shutting down
the erbium amplifiers. The computer was used to control
the monochromators based on the detected DC level to let
the LUM shine on the photodetectors. The light of the two
laser combs were later turned on again for the beat signal
detection. The detected beat signals were manually opti-
mized by adjusting the polarization controller and the beat
frequencies were measured simultaneously by the externally
triggered RF counters. Figures 2a and 2b show the mea-
sured beat frequencies fy,1 and fyy for f;; = 100 MHz and
fr2 = 99.9989 MHz. Figure 2c shows the difference be-
tween fi1 and fp2. The repetition rate of laser comb2 was
then increased by 0.1 Hz. Figures 2e and 2f show the mea-
sured beat frequencies fy; and fp3 for f;; = 100 MHz and
Jf13=99.9989001 MHz. Figure 2g shows the difference be-
tween fp; and fp3. The fact that the fluctuations of the dif-
ference signals are smaller than those of the individual beat
frequencies indicates that the frequency variations of the
Nd:YAG laser were subtracted in the difference of the beat
frequencies. Since the repetition rate changed from f;; to
fr3 was only 0.1 Hz, the frequency of the beating comb line
changed by only about 300 kHz, thus ensuring that the beat-
ing comb line would remain the same. By comparing the
beat frequency variation from Figs. 2b to 2f, the signs of
fv2 and fy3 for the calculation of the frequency of the LUM
were determined to be negative. The sign of fy; was also
determined to be negative by further varying the repetition
rate of combl by 0.1 Hz. The sign of the CEO frequen-
cies of 140 MHz were both determined to be negative by
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measuring the beat frequencies while varying the CEO fre-
quencies by 0.1 MHz. The mode number difference m was
then calculated according to (4) using the data of Figs. 2a,
2b, 2e, and 2f; this is shown in Fig. 2d. Clearly, m = 31.
Figure 2h shows the calculated mode number according
to (5), which has an uncertainty of only 0.1. Clearly, n =
2816303. The frequencies of the LUM measured according
to (1) and (2) are equal to 281630091745.8(0.9) kHz and
281630091746.0(0.9) kHz, respectively, which agrees with
the previously measured value within the uncertainty [3].
The two-comb results show that the mode number can
be accurately determined within a few seconds. If fi; — fi2
and fi3 — fi2 are multiplied by 10, i.e., fr1 — fro = 10 kHz,
fi3 — fro = 1 Hz, then the measured uncertainty of m re-
mains the same, i.e., less than 0.1 for each point as shown
in Fig. 2d, but the uncertainty of n falls to one-tenth of the
original value, as can be seen from (8) and (9). The measured
uncertainty of n is then less than 0.1 for each measurement
point, and n can be also determined with one second inte-
gration time. When f» changes to fi3 by 1 Hz, the comb
lines shift less than 3 MHz, and the mode number of the
beating comb line remains the same. Moreover, the sign of
the beat frequency does not change either if the beat sig-
nal is 3 MHz far away from 0, f;/2 and f;. This signal can
be achieved by choosing proper repetition rate or CEO fre-
quency. Although the PZT used can tune the repetition rate
by only about 3.5 kHz, a more different repetition rate can
be achieved by changing the base plate temperature of the
fiber laser comb, or by first constructing of the laser combs.
Therefore, an optical frequency counter based on the two-
comb technique can have features of immunity to the fre-
quency instability of the LUM and short measurement time.
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Fig. 2 Simultaneously

measured beat frequencies for g 68.2560 Sy 68.254,165£621 Ha ’:1\? 682550 = ©8,254,028£548 Hz
fi1 = 100 MHz (a) and 5 682550 = ‘
fr2 =99.9989 MHz (b), and e g
that for f;; = 100 MHz (e) and g 082340 2 682540
fr=99.9989001 MHz (. The 2. 48539 S (80530
gate time of the counter was 1 s. E =
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4 Conclusions

This work has demonstrated a semi-automatic optical fre-
quency counter based on two fiber laser combs operated at
three different repetition rates, with two of them being close
enough to each other for the mode numbers of the beating
comb lines to be the same. Simple measurement processes
were presented to determine the difference in mode number
between the two laser combs, and to determine the absolute
mode number involved in the optical frequency measure-
ment, which is independent of the frequency fluctuation of
the LUM. An integration of 1 s is long enough to determine
the mode number. All measurement processes were auto-
mated, except the frequency stabilization of the ML lasers
and the optimization the S/N of the beat signal between the
LUM and the laser comb. The frequency stabilization and
the optimization of the beat signal S/N can be fulfilled au-

tomatically in principle. We believe that a benchtop fully
automatic optical frequency counter based on the two-comb
technique with octave-spanning counting capability is feasi-
ble in the near future.
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