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Abstract— We report on the performance evaluation of the 

LEMAC miniature atomic clock, based on the optical-

microwave Double-Resonance (DR) scheme, implementing a 

micro-fabricated Rb vapor cell held inside a custom-designed 

micro-loop-gap microwave resonator (µ-LGR) and a low-

power laser source. The clock stability is 1⋅10-11 τ−1/2 (τ=1 to 100 

s) and 4⋅10-12 at one day, with low drift of 2⋅10-13 /day.  

Keywords—miniature atomic clock, double resonance, 

Rubidium, microcell, loop-gap resonator,  

I. INTRODUCTION 

Miniature or Chip-Scale Atomic Clocks (CSAC) [1, 2] 
combine 10-11-level frequency stabilities over several hours 
timescale with small volume and low power consumption, 
and have become well-established references for e.g. 
underwater prospection or holdover applications [3]. Further 
improved miniature atomic clocks with target specifications 
aiming beyond current CSAC performances, namely with 

short-term stability of 1⋅10-10 to 1⋅10-11 τ−1/2 (τ=1 to 100 s) 

and a long-term frequency drift of < 1⋅10-11 to 1⋅10-12 /day, 
are of high interest for emerging applications in the fields of 
positioning, navigation and timing (PNT) as well as secure 
telecommunication. 

Here we report on the performance evaluation of the 
LEMAC miniature atomic clock, whose design And 
development status was presented at the 2022 EFTF 
conference [4]. In contrast to the majority of reported CSAC 
that are based on the Coherent Population Trapping (CPT) 
approach, the LEMAC clock is based on the optical-
microwave Double-Resonance (DR) scheme [5, 6] such as to 
exploit the DR potential for improved short-term stability. In 
view of small clock volume and power consumption, the 
LEMAC clock uses a micro-fabricated Rb vapor cell held 
inside a custom-designed micro-loop-gap microwave 
resonator (µ-LGR) [7] and a low-power laser source.  

II. CLOCK DESCRIPTION 

The highly simple DR scheme implemented in the 
LEMAC clock assures both a high signal contrast (thus 
superior short-term clock stability) as well as low light-shift 
effects, which otherwise could compromise long-term clock 

stability in alternative schemes such as CPT. The basic clock 
scheme is depicted in Fig. 1a. A low-power laser diode emits 
light at the 87Rb D1 line at 975 nm, serving for optical 
pumping of the 87Rb ground states, see Fig. 1b. Microwave 
radiation is applied to the 87Rb atoms held in the micro-
fabricated vapor cell (containing natural Rb isotopic mixture 
and a N2-Ar buffer-gas mixture) [8] via a custom-made µ-

LGR and samples the 87Rb 5S1/2 ground state |F=1, mF=0 ↔ 

|F=2, mF=0 “clock transition” that serves as atomic 
reference for stabilizing the clock’s output frequency. The 
laser frequency is stabilized to the optical Rb atomic 
transition using the signal from the same microcell, encoded 

in the high-frequency (≈ 70 kHz) part of the photodetector 
signal. 

A key development of this work is the tuning-free µ-LGR 
[9] that was entirely redesigned for this LEMAC clock 
development, as described in a separate proceedings paper of 
this conference [10]. This tuning-free µ-LGR (volume 
< 0.65 cm3) is based on a stack of micro-fabricated planar 
PCBs made from FR4 substrate and assures operation at the 
precise 87Rb resonance frequency as well as a highly uniform 
microwave field across the entire Rb microcell (high Field 
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Fig. 1. (a) Simplified block scheme of the LEMAC Clock. (b) atomic 

interrogation scheme with optical pumping on the 87Rb D1 line. 
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Orientation Factor [7] of FOF = 0.75), even in view of 
manufacturing tolerances, for better production yield. A 
photograph of the µ-LGR is shown in Fig. 2b and details on 
this development can be found in [9] and [10].  

The overall Physics Package (PP) of the LEMAC clock 
demonstrator is shown in Fig. 2a. The µ-LGR with the Rb 
microcell is placed inside a magnetic C-field coil and 
magnetic shielding, which altogether constitute the 
Resonator Module (RM). The laser diode is placed inside the 
brownish thermal cover and constitutes the Laser Source 
(LS). The both the µ-LGR holding the microcell and the 
laser diode are temperature controlled using electric heaters 
and control loops (control electronics not shown). A Power 
Monitoring module (PM) placed between the LS and the RM 
picks off a small portion of the laser light in for optical 
intensity stabilization by acting on the laser diode’s 
temperature. The Detector Module (DM) placed behind the 
RM uses a photodetector to measure the light intensity 
transmitted through the RM. The high-frequency part 

(≈ 70 kHz) of this signal is used to stabilize the laser 
frequency to the microcell inside the RM, and its low-

frequency part (≈ 200 Hz) carries the clock signal and is used 
to steer the clock quartz’ and thus the clock output 
frequency. The overall size of the black PP enclosure seen in 
Fig. 2a is 86 x 86 x 48 mm3 (< 360 cm3), currently larger 
than necessary due to the sub-D connectors connecting to the 
clock electronics (made from standard laboratory electronics, 
not shown).  

III. DEMONSTRATOR PERFORMANCE 

Figure 3 shows a typical optical clock signal from the 
LEMAC demonstrator, obtained at a cell temperature of 

99°C, 10 µW of laser power and 100 µW of microwave 

power. The signal has a linewidth of FWHM ≈ 11 kHz, an 
amplitude of 52 nA at a background level of 1 µA (in terms 
of photodetector current) and a detection noise around 

1 pA⋅Hz-1/2. From this data we deduce an expected signal-to-
noise (SNR) limit for the clock’s short-term stability of 

σSNR ≈ 2.5⋅10-11 τ−1/2.  

The measured clock frequency is shown in Fig. 4a, for a 
clock run of 1-week duration. No drift was removed from the 
frequency data of Fig. 4a and the overall frequency drift of 

this measurement amounts to only 2.3⋅10-13 /day. The Allan 
deviation plot derived from this data and shown in Fig. 4b 

displays a short-term clock stability of 2.2⋅10-11 τ−1/2 at 1 to 

100 s and a long-term stability of ≈ 4⋅10-12 at 1 day.  

(a) 

(b) 

Fig. 3. (a) clock frequency data recorded for a 1-week duration. No 

drift removal was performed on this data. (b) clock stability in 

terms of Allan deviation, calculated from the freuqency data of 

panel (a).  

 
Fig. 2. Optimized clock signal of the measured on the LEMAC clock 

demonstrator. 

 
(a)  

 

 
(b) 

Fig. 4. (a) Photo of the LEMAC Photo of the LEMAC clock 

demonstrator. The overall size of the black PP enclosure is 86 x 

86 x 48 mm3 (< 360 cm3), with the Laser Source (LS) and atomic 

Resonator Module (RM) as main parts. (b) close-up photograph 
of the µ-LGR holding the microcell, as implemented in the 

clock’s RM. 
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As can be seen, the clock stability corresponds well to the 
development goals given in the introduction (dashed lines). 

A. Short-Term Clock Stability 

The measured short-term clock stability of 2.2⋅10-11 τ−1/2 
is in good agreement with the expected signal-to-noise-limit, 
indicating a SNR-limited short-term performance. Other 
effect (such as light-shift) result in limitations to the short-

term instability at a negligible level of < 4⋅10-12 τ−1/2. 

B. Long-Term Clock Stability 

In order to understand the physical effects that limit the 
clock stability at long-term timescales of one day and 
beyond, a detailed stability budget was established at a 

timescale of τ = 105 seconds (≈ 1 day), see Table I. All 
sensitivity coefficients shown were measured on the 
LEMAC clock under its nominal operating conditions, with 
exception of the 2nd-order C-field Zeeman shift that was 
calculated from theory. The laser frequency fluctuation data 
was taken from [11] while all other parameter fluctuations 
were measured on the LEMAC clock demonstrator during 
the tests. We clearly see that the largest and dominant clock 
instability contribution arises from the frequency light-shift 
(level of 3.7·10-12) with the laser frequency stabilized to the 
Doppler- and collisional-broadened optical reference line 
from the microcell, followed by the microwave power shift 
(amounting to 1.5·10-12, no active microwave power control 
implemented). The total long-term stability limit of 4.1·10-12 
derived from this budget is in good agreement with the 
measured stability of 3.6(+1.5/-0.7)·10-12, given the statistical 
uncertainty of the experimental Allan deviation data. The 
long-term clock stability is thus well understood. 

IV. CONCLUSIONS 

We have measured and metrologically analyzed the 
stability performance of the LEMAC clock, a miniature 
atomic clock based on the double-resonance scheme and a 
custom-made, tuning-free µ-LGR as miniature microwave 

resonator. The short-term clock stability is ≈ 2.2⋅10-11 τ−1/2, 
limited by the signal-to-noise limit of the optical detection, 

and the long-term stability is ≈ 4⋅10-12 at 1 day, with low drift 

of ≈ 2⋅10-13 /day from a very simple miniature clock setup. 

The detailed meteorological budget established shows that 
the main current limitation to the 1-day stability arises from 
the frequency light-shift, that can be further reduced by 
implementing pulsed Ramsey interrogation (µ-POP scheme) 
on the LEMAC clock [12].  
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