An Optimized Frequency Locking Loop Employing
FM Spectroscopy for a CPT Based Atomic Clock

Ido Ben-Aroya, Matan Kahanov and Gadi Eisenstein
Electrical Engineering department
Technion-Israel Institute of Technology
Haifa, Israel
bido@tx.technion.ac.il

Abstract— We present an experimental optimization of the
frequency modulation spectroscopy parameters used for a
locking loop of a CPT based atomic clock. The optimized
operating conditions yield a feedback signal with the largest
obtainable signal to noise ratio with which we achieve state of
the art clock performance in a system employing a miniature
glass Rubidium vapor cell.

l. INTRODUCTION

Miniature atomic clocks with volumes approaching few
cubic centimeters and with a power consumption of only few
tens of milli watts have been researched extensively in the past
few years [1]. Most these small scale clocks employ a narrow
atomic resonance induced by Coherent Population Trapping
(CPT) in either Cesium or Rubidium vapor. The CPT process
is induces by a vertical cavity surface emitting laser (VCSEL)
[2, 3] which is directly modulated at half the hyperfine
splitting frequency of the atoms. The first order side bands of
the modulated VCSEL serve as the two coherent optical fields
needed to excite the dark resonance [4]. The small size of the
atomic cell, together with various instabilities of the VCSEL
[5], require complex locking schemes [6] in order to achieve
an acceptable clock performance. The locking processes
usually rely on the resonant absorption but the dispersive
nature of the CPT process can also be harnessed for the
implementation of an atomic clock.

This paper reports on an experimental 8 ’Rb CPT based
clock which uses a small spherical glass cell [7] and employs
the dispersive features of the CPT resonance for the clock
locking. Superimposing low rate frequency modulation (FM)
on the microwave drive signal to the diode laser enables to
probe the atomic vapor using the FM spectroscopy scheme [8,
9, 10]. This spectroscopic technique which employs Lock-in
detection yields two outputs: the “in-phase” and ‘quadrature’
signals. A linear superposition of the two components which
results from a simple rotational transformation yields the FM
spectroscopy parameters (FM modulation-frequency and
index) that maximize the sensitivity of the feedback signal in
the Frequency-Locked Loop (FLL).
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Section 1l of this paper describes an experimental
optimization of the FM spectroscopy parameters. A relatively
wide range of parameters is found where high sensitivities and
low accompanying noise levels are possible. The performance
of a CPT based Rubidium clock which employs optimized FM
parameters is presented in section Ill. The clock exhibits a
short-term stability of 3x10™/+/t for time constants of 0.5 sec
to 200 sec. The relative frequency stability is better than 10™°
with a slow drift of only 10™** per day.

Il.  EXPERIMENTAL OPTIMIZATION OF THE FREQUENCY-
LOCKED Loopr

A key parameter determining the performance of a locked
system is the Signal to Noise Ratio (SNR) of the feedback
(error) signal [11]. The SNR of the error signal in the system
we present was found to depend on the FM spectroscopy
parameters. Optimized parameters were determined by
scanning a wide range of modulation frequencies and indexes
and determining for each set the optimum phase difference
between the measurement and reference input signals of the
Lock-in amplifier. The noise of the Lock-in amplifier was also
measured for each point so that operating conditions for the
largest SNR could be determined. Optimized operation could
be achieved for well defined sets of FM spectroscopy
parameters.

The schematic of the complete atomic clock is shown in
fig. 1. A 780.24 nm VCSEL is driven by a DC bias and a
microwave signal at a half the 5Rb hyperfine splitting
frequency: 3417.3 MHz. The VCSEL output is collimated and
its polarization is set to be circular. The light impinges a ball
shaped glass cell with a diameter of 6 mm which contains a
mixture of pure ®’Rb atoms and a buffer gas. The cell, together
with a controlled heater and a solenoid are placed in a three-
layer p-metal box which attenuates the environmental
magnetic field. The cell temperature is stabilized around the
optimum temperature of 66° C to a level of 1 mK. A
homogeneous magnetic field of 35 UT pointing in a direction
parallel to the optical axis is generated around the vapor cell
by the solenoid. This magnetic field lifts the Zeeman
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degeneracy thereby isolating the 0-0 (clock) transition. The
transmitted light is detected by a large area silicon detector.

The clock system uses two control loops: the VCSEL
wavelength stabilization servo loop and the FLL or the clock-
loop. The first loop, which appears in the bottom of fig. 1,
stabilizes the emitted wavelength by changing the diode laser
bias. Various noisy features of the CPT process require
detuning the locking point relative to the peak [12]. A red shift
of approximately 60 MHz is used in the present system. The
second (upper) clock-loop is kept open for the FM
spectroscopy characterization while the input voltage to the
Oven Controlled Voltage Controlled Crystal Oscillator
(OCXO) is stabilized around a fixed value. The loop is closed
when the clock is operated using an additional PI controller
(shown in a dashed line).

The FM spectroscopy mechanism employed here differs
somewhat from classical FM spectroscopy where one field is
modulated [8]. In the present CPT system, the two side bands
are frequency-modulated and as the RF frequency changes,
two sets of spectral lines sweep in opposite spectral directions.
Each set contains an optical carrier and its corresponding FM
side bands. Fig. 2a shows schematically the atomic energy
structure and the optical spectrum. Typical output signals of
the Lock-in amplifier are shown in fig. 2b. The blue dashed-
line represents the “in-phase” signal while the red solid line
represents the ‘quadrature’. These signals result from a CPT
resonance whose width was measured to be less than 190 Hz
around the RF modulation frequency (3.4173 GHz). Fig. 2c
shows a direct measurement of the resonance obtained with
the low frequency modulation turned off.
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Figure 1. System schematic. The FLL is closed by the dashed line.

The shapes of the “in-phase” and ‘quadrature’ components
are strongly dependent on the phase of the reference signal.
Therefore, maximization of the slope of each component near
its zero crossing point (around the resonance frequency)
requires optimization of the reference phase. Changing the
phase of the reference signal by a certain angle is equivalent to
a rotational transformation of the two outputs by the opposite
angle.

A two step optimization procedure was employed. First,
the FM spectroscopy parameters were scanned over a wide
range. Modulation frequencies between 300 Hz and 1200 Hz
were used while the modulation indexes varied from 0.1 to
2.0. For each of the 85 points we examined the two Lock-in
amplifier outputs while the phase reference was held constant.
The slope near the zero crossing for each output was then
easily determined. Keeping the reference phase unchanged
yields a clear optimum modulation frequency and index where
the slope at resonance reaches its maximum value.

In the second stage of the procedure, we rotated the two
components (obtained for each FM spectroscopy parameter
set) with respect to each other in order to obtain the maximum
slope around the resonance frequency of the “in-phase”
component. The result is presented in fig. 3 as a 3D plot and
also in contour form. The figure describes the maximum
obtainable slope as a function of the FM parameters where
each point was obtained with its corresponding optimized
reference phase. The optimized rotation angles are described
in a contour form in fig. 4.

Fig. 3 reveals that the maximum slope is achieved along a
continuous curve in the FM parameters space. The same
maximum value can be achieved for each modulation-
frequency by choosing a proper modulation-index and a
particular reference phase. Higher modulation frequencies
require lower modulation indexes with the index converging
asymptotically towards a value of about 0.5.

The physical reasoning behind the observed behavior is
related to the fact that the CPT resonance results from a
combined interaction of several pairs of spectral lines (see fig.
2a). Since the operating conditions of the cell, and therefore
the properties of the obtained resonance remain approximately
unchanged, different modulation frequencies require different
amplitude distributions among the interacting spectral lines
and those are reached by varying the modulation index.

Examining the optimum added reference phase (fig. 4)
shows two distinct regions. In one, the contour lines are
approximately horizontal. Here, for a constant modulation
frequency, the phase increases almost linearly with increasing
modulation index at a rather small rate. For a given
modulation index, the phase decreases with increasing
frequency in a nonlinear manner. The second region, which
exhibits almost vertical contour lines, represents sharp phase
changes occurring under those conditions where the slope near
the zero crossing flips sign due to a basic feature of FM
spectroscopy.
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Figure 2. (a) The atomic energy structure and the FM modulated spectrum.
(b) Typical Lock-in amplifier output signals while measuring a CPT
resonance using the FM spectroscopy technique. The blue dashed line refers
to the “in-phase” component while the red line represents the ‘quadrature’.
(c) A direct measurement of the CPT resonance (without FM). The measured
resonance (the blue line) fits a Lorentzian with a width of 186 Hz (red dotted
line).

The variation of the optimum added phase stems from two
main effects: the nature of spectroscopy technique and the
response of the modulated diode laser. A theoretical analysis
of FM spectroscopy where two modulated fields (see fig. 2a)
probe a narrow resonance [13] demonstrates the observed
dependence of the optimum phase on the FM parameters. In
addition, the phase transmission function of the modulated
VCSEL is modified by the low-frequency FM modulation of
the drive current. Consequently, the phase of the emitted
electric field is changed and should be compensated for by the
Lock-in amplifier reference phase.

For each FM parameter set, we also measured the
accompanying noise by using the noise measurement feature
of the Lock-in amplifier. The noise in the ‘quadrature’

component is shown in fig. 5 in contour form. The figure
reveals an essentially constant and low noise level in the entire
space of FM parameters. The noise of the feedback signal has
therefore not effect on the choice of optimum FM parameters.
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Figure 5.  Noise measurements accompanying the ‘quadrature’ components.
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IIl. CLOCK PERFORMANCE

Using one set of optimized FM parameters (modulation
frequency of 870 Hz and an index of 0.5), we constructed the
CPT based atomic clock. While a feedback signal with a large
SNR can be obtained for many other FM parameters, we
chose to operate at a relatively high frequency because it
ensures a fast response of the closed loop using a wide
bandwidth low pass filter in the Lock-in amplifier.

The clock loop (upper loop in fig. 1) was stabilized on the
zero crossing point of the steep FM spectroscopy output signal
near the resonance frequency. In the locked state, the error
signal fed a 10 MHz OCXO through a PI controller. This
OCXO serves as the reference for the microwave source
driving the diode laser and it also provides the stabilized 10
MHz output of the clock.

The short-term performance of the clock is described in
fig. 6. Shown is the measured Allan deviation with a short-
term stability of 3x10™*/+t for time constants of 0.5 sec to 200
sec. The Allan deviation reaches a minimum at about 500 sec
and then increases gradually.

Long term frequency stability was also tested. The 10
MHz output was sampled every few seconds over more than
24 hours. The results shown in fig. 7 demonstrate that the
frequency deviates by less than £1 mHz with a slow drift of
approximately 0.1 mHz per day.
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Figure 6. Measured Allen deviation of the CPT based clock (blue). The red
dashed line equals 3x10*Y/1"2,
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Figure 7. Frequency measurement of the 10 MHz output.

IV. SUMMARY AND CONCLUSIONS

We have presented a ¥Rb CPT based atomic clock which
employs a small spherical glass vapor cell and a locking
scheme based on FM spectroscopy. We described an empirical
optimization of the FM parameters and the Lock-in amplifier
reference phase that yield the largest slope in the spectrum of
the Lock-in amplifier output. Since the accompanying noise
was found to be independent of the FM parameters, the
optimization yields the largest SNR. Scanning the 3.4173 GHz
drive signal to the laser yields a resonance width of less than
190 Hz. One set of optimized FM parameters: modulation
frequency of 870 Hz and an index of 0.5 were chosen for
operation of the clock. The clock exhibits a short-term
stability of 3x10Y/~t for time constants of 0.5 sec to 200 sec
and a long term frequency stability better than 10™° with a
slow relative drift of 10™/day. The clock performance is
limited by the VCSEL noise and by environmental
disturbances of the large laboratory set-up which mainly affect
the long-term stability.

This work was performance within the framework of
developing a miniature atomic clock. The authors thank Dr. A.
Stern and Mr. B. Levi of AccuBeat Ltd. and prof. M.
Rosenbluh of Bar-1lan University.
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