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physics from the University of Notre Dame, USA, in
2003. In 2003, he joined the Optical Frequency
Measurements group at NIST as a postdoctoral
associate, and was engaged in optical frequency
measurements in cesium using femtosecond lasers. Since
2004 he has been working on chip-scale atomic clocks.
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and can be locked to the physics package with a
frequency instability below 2×10-10/√τ. Finally, compact
control electronics currently based on an analog
demodulator chip, but likely to be replaced by a
microprocessor, lock the LO to the physics package.
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INTRODUCTION
Atomic clocks and precision timing are at the core of
almost every aspect of the Global Navigation Satellite
System (GNSS). A GNSS receiver determines its position
with respect to a subset of the constellation of orbiting
satellites by measuring the time taken by a RF signal to
travel the distance between the satellite and the receiver.
Through a triangulation process, the receiver is able to
determine its three spatial coordinates and clock offset
from information from a minimum of four satellite
signals. Nanosecond-level timing is typically required for
positioning with a precision of 1 m.

Leo Hollberg

In most GNSS receivers, the clock is in the form of a
temperature compensated quartz crystal oscillator
(TCXO). These small, low power and low cost frequency
references are sufficient for most basic GNSS functions
and allow the receiver to access, for example, the standard
positioning service (SPS) for the global positioning
system (GPS). In a normal positioning process, the
receiver clock is implicitly synchronized to GNSS time by
the algorithm that also determines the position.

Dr. Hollberg received a B.S. in physics from Stanford in
1976 and went on to complete a PhD in physics 1984 at
the University of Colorado. Most of 1984 and 1985 were
spent at AT&T Bell Laboratories as a postdoc. Since then
he has been at NIST doing research on high-resolution
spectroscopy of laser-cooled and -trapped atoms, the
development of semiconductor lasers for scientific and
technical applications, optical coherence effects of driven
multilevel atoms, chip-scale-atomic-clocks, optical
frequency standards, optical frequency combs and optical
atomic clocks. Leo is currently the group leader of the
Optical Frequency Measurements group at NIST,
Boulder.

However, in certain circumstances, it is advantageous to
have a receiver reference clock more precise than a
TCXO, particularly over long periods. Once initially
synchronized, such a clock would allow, for example,
positioning with only three satellites since one variable,
the receiver time, would already be determined. Several
other, more subtle advantages are discussed toward the
end of this paper.

ABSTRACT
We describe recent efforts at NIST to develop chip-scale
atomic frequency references based on microfabrication
techniques commonly used in microelectromechanical
systems (MEMS). These frequency references are
projected to have a volume of 1 cm3, a power dissipation
of 30 mW and a fractional frequency instability of 10-11 at
one hour of integration.

Over the last four years, NIST has been developing highly
miniaturized, low power atomic frequency references for
use in portable, battery-operated applications such as
GNSS receivers. The goals of this program are to develop
a fully integrated atomic clock with a volume below 1
cm3, a power dissipation below 30 mW, and a fractional
frequency instability below 10-11 at one hour of
integration. If these goals are achieved, this would
represent an improvement by a factor of 100 in size and
power dissipation over the current state of the art in
compact atomic standards [1]. Alternatively, it represents
an improvement in frequency stability at one hour by over
three orders of magnitude over what is typically achieved
with a quartz crystal frequency reference of comparable
size and power dissipation [2].

To date, we have demonstrated the three critical
subsystems of a frequency reference of this type with a
total volume below 10 cm3, a total power dissipation
below 200 mW, and a fractional frequency instability
below 6x10-10/√τ. The physics package is fabricated and
assembled using MEMS processing techniques, which
allow unprecedented reductions in the size and power of
this subsystem. The local oscillator (LO) subsystem,
which is locked to the physics package resonance, is
based on a micro-coaxial resonator. It has a footprint of
0.5 cm3, runs on as little as 2 mW of DC electrical power,
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The heart of any atomic clock is the “physics package,”
which contains the atoms that provide the precise periodic
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therefore an oscillating magnetic moment) at the
difference frequency of the two optical fields. The
amplitude of this coherence can be measured by
monitoring the absorption of the atomic sample: when the
difference frequency between the optical fields is near the
atomic hyperfine splitting, the absorption of the sample
decreases.

oscillation on which the clock is based. Because of the
importance of this element in the clock, and because of
the role that fundamental physics plays in determining its
size, our work has focused in large part on this aspect of
the clock. However, any complete (passive) frequency
reference also requires a local oscillator (LO) to generate
the initial (unstable) frequency that interrogates the atoms,
and a control system that implements the correction
process. The interaction between these three subsystems
is illustrated in Figure 1.

1. State preparation
through optical
pumping with a
light field

Control
Electronics
Error
signal
Physics
Package

Frequency
correction

2. Atom excitation
with a resonance
microwave field

Vapor
cell

Local
Oscillator

(a)

Figure 1 The three subsystems of a passive frequency
reference and the interaction between them.

1. Excitation of
atomic resonance
with modulated
light field

CLOCK PHYSICS PACKAGE

Vapor
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In a conventional vapor cell atomic clock [3] (see Figure
2a), the atomic transition is excited through the direct
application of a microwave field to the atoms. Atoms are
first prepared in one of the hyperfine-split ground state
sublevels by an optical field from a lamp. The microwave
field couples the two hyperfine split ground-state
sublevels, generating an oscillating magnetic moment in
the atom at the microwave frequency. The change of the
atomic state implicit in this oscillating moment is
monitored through the change in absorption of the optical
field used to prepare the atoms.

RF Modulation

2. Detection of
resonance through
change in light
absorption

Optical Difference
Frequency

(b)

Figure 2 Physical mechanisms involved in (a)
conventional microwave-excited vapor cell frequency
references and (b) frequency references based on
coherent population trapping.
A convenient way of generating the two-frequency optical
field is through modulation of the injection current of a
diode laser [8-10]. When locked to the atomic transition,
this modulation frequency (generated initially by the LO)
is therefore stabilized over long periods and becomes the
output of the atomic clock.

One difficulty with this conventional vapor cell clock
configuration is that the cell is typically placed inside a
microwave cavity; the cavity confines the microwaves in
the vicinity of the atoms and reduces Doppler shifts that
can be present when a traveling wave microwave field is
used. In order to be resonant, the simplest microwave
cavities must be no smaller than roughly one half the
wavelength of the microwave radiation (3.2 cm in the
case of Cs). This imposes limits on how small the physics
package can be made.

Atomic clocks based on this CPT excitation mechanism
are not restricted in size by the wavelength of the
microwave radiation, because no microwave field is
applied to the atoms, and no microwave cavity is
required. As a result, a highly compact atomic clock can
be made with this method. Table-top experiments [11-13]
implementing atomic clocks based on this method have
achieved short-term fractional frequency instabilities
below 2x10-12/√τ.

The microfabricated, chip-scale atomic clock physics
packages we have developed are the result of two main
innovations. The first of these is the use of coherent
population trapping (CPT) excitation [4-7] (see Figure 2b)
of the atomic transition used to stabilize the LO. In this
technique, two light fields, separated in frequency by the
atomic
ground-state
hyperfine
splitting,
are
simultaneously incident on the atoms. The nonlinear
behavior of the atoms generates a coherence (and
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3. Detection of atomic
transitions through
change in light absorption

The second key innovation that led to the development of
chip-scale atomic clocks was the use of MEMS, first
proposed in [14]. The idea is to fabricate the critical
components of the atomic clock, namely the cell that
contains the atoms, using microfabrication techniques.
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vertical-cavity surface-emitting lasers (VCSELs) because
of their low power dissipation, high modulation
bandwidth, low cost and vertical light emission. The stack
contained spacer units to prevent the upper components
from damaging those underneath and to provide thermal
isolation; a neutral density (ND) filter to attenuate the
light power; and a thin piece of quartz to change the
polarization from linear to circular. A collimated light
beam was therefore emitted from the top of the optics
assembly with a power of about 10 μW, a diameter of
about
250
μm,
and
circular
polarization.

The first MEMS alkali vapor cells [15] were made by
etching a hole in a silicon wafer a few hundred
micrometers thick, and then bonding thin glass wafers on
the top and bottom surface. Alkali atoms were confined in
the interior volume of the structure before the second
glass wafer was attached. A schematic of the MEMS cell
geometry and photographs of complete cells are shown in
Figure 3.
Alkali atoms
Glass

1 mm

Coils
Magnetic shield

Silicon

Thermistor & Photodiode
Pyrex mount
ITO heater
87Rb cell
ITO heater
Quarter wave plate
ND filter
Kapton spacer
Thermistor & VCSEL
Quartz VCSEL baseplate
Kapton spacer
Quartz baseplate

1mm

Glass
(a)
(b)
Figure 3 (a) Basic MEMS cell geometry (side view)
and (b) photograph of millimeter-scale cells made at
NIST in 2003 (top view).
Cell fabrication with this method has several critical
advantages over the conventional method of making
alkali vapor cells, which is based on glass blowing
techniques. First, the method enables the fabrication of
cells with very small volumes, since the hole in the silicon
wafer is defined by lithographic patterning. Second, the
method is highly scalable. The cells typically fabricated
for our physics packages are about 1 mm in size;
however, almost no changes to the basic cell filling
process would be required to make cells of considerably
smaller size. Third, the method allows many cells to be
made simultaneously on a single wafer stack with the
same process sequence. This should lead to a substantial
reduction in cost for atomic clock physics packages.
Finally, the planar structure allows for easy integration
with other optics and electronics. In particular, the light
field required for CPT excitation of the atoms can
conveniently enter and leave the cell through the glass
windows.

(a)

(b)

(c)

Figure 4 Physics package for a chip-scale atomic
clock. (a) Schematic of the shielded physics package.
(b) Photograph of the (unshielded) package and (c)
photograph of the shielded unit.

Because of their small size, the cells must be heated to
near 100 °C in order to have a sufficient vapor pressure of
alkali atoms to substantially absorb the light. Cell heaters
were fabricated by depositing a thin (30 nm) layer of
Indium Tin Oxide (ITO) onto a glass substrate. ITO is a
convenient material for this type of heater since it is both
transparent and conductive. It therefore allows current to
be passed through it (to heat the cell) and also can be
placed over the cell windows to make good thermal
contact with the cell without obstructing the passage of
the light.

The cell assembly, with heaters, was placed on top of the
optics assembly. The entire structure was capped with a
photodetector subassembly that detected power in the
optical field transmitted through the cell. A schematic and
photographs of the entire physics package structure and
shielding are shown in Figure 4.

The cell, with ITO heaters on top and bottom, was
integrated with an optics assembly, which generated the
light beam used to excite the atoms. The optics assembly
comprised a diode laser die mounted on an insulating
baseplate, covered with a micro-optics stack. We use

A compact, low power oscillator generating a signal at 3.4
GHz was implemented [16]. This subsystem was based on
a commercially available ceramic micro-coaxial resonator
with a loaded Q-factor of ~125. The oscillator operated
with a DC power less than 5 mW and was typically run at
~ 2 mW; at this power level it produced about 0.25 mW
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into the LO tuning port. The unity-gain bandwidth was
about 1 kHz.
3 mm

When free running, the LO had a fractional frequency
instability of about 10-7 at an integration time of 1 second.
When locked to a table-top physics package with large,
rack-mounted electronics, this instability could be
reduced to near 10-10 at 1 s, as shown in Figure 5b.
The control system was used to lock the frequency of the
local oscillator to the atomic transition. The input to the
control system was the output from the physics package
photodetector. The output from the control system was
the error (correction) signal that went to the frequency
control port of the LO. In addition, the control system
provided a 3 kHz square-wave modulation superimposed
on the error signal that allowed the physics package
resonance to be measured with lock-in detection. The
lock-in detection served the dual purpose of (a) generating
a dispersive correction signal to which the LO could be
locked and (b) moving the signal away from baseband,
where 1/f noise causes large frequency instability.

(a)
-6

Allan Deviation

10

-7

10

Unlocked

-8

10

-9

10

-10

10

The LO correction servo is implemented with a compact,
low-power analog lock-in amplifier system. This system
is shown schematically in Figure 6(a). The modulation for
the LO and also for the reference of the lock-in was
generated by a LM555 chip in a self-oscillation
configuration. Each signal was sent to a flip-flop
(74AC74) that cleaned up the signal, divided the
frequency by 2 and allowed for a 180° phase shift for the
lock-in reference. The output from the flip-flop in the LO
channel was sent to a high-pass RC filter which
eliminated the DC component. The remaining AC signal
was sent to one channel of a summing amplifier (OP284)
and then to the LO input port.

Locked

-11

10

-12

10

1

10

100

1000

Integration Time (s)
(b)
Figure 5 The local oscillation subsystem of the NIST
chip-scale atomic clock. (a) Photograph of the LO,
which is based on a micro-coaxial resonator at 3.4
GHz. (b) The fractional frequency stability of the LO
running both unlocked and locked to a large-scale,
high-performance CPT physics package with large
control electronics.

The detected photocurrent from the physics package
photodiode was amplified with a transimpedance
amplifier, and the signal was then filtered with a bandpass filter around 3 kHz. The resulting AC signal was sent
to the input port of a phase-sensitive detector (AD630),
which took the original 3 kHz modulation (with the
variable phase shift) as its reference. The output of the
AD630, a phase-sensitive signal near DC, was filtered
with a low-pass RC filter to eliminate the original
modulation component and then integrated to provide the
LO correction signal. This correction signal was sent to
the summing amplifier, to correct the LO frequency.

of RF power at 3.4 GHz into a 50 Ω load. It could be
tuned by ~ 3 MHz with a weakly coupled varactor diode.
A photograph of the LO, which had a footprint of only 0.5
cm3, is shown in Figure 5a.
The signal generated by the local oscillator was used to
modulate the injection current of the diode laser in the
physics package and excite the CPT resonance in the
atoms. The resulting signal from the physics package
photodiode was used to lock the LO frequency to the
atomic resonance. This was done by modulating the
frequency of the LO at ~ 3 kHz and then using lock-in
detection to determine the center of the resonance line.
This error signal was integrated before being fed back
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All components of this locking system, shown in Figure
6(b), are implemented as surface-mount devices on
printed circuit boards. The three boards have a volume of
6.3 cm3, and all components together dissipate a total of
70 mW.
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Figure 6 (a) Schematic and (b) Photographs of control electronics used to lock the frequency of the local oscillator to the
atomic transition resonance generated by the physics package.
In the future, we plan to implement a digital system that
will control four major parameters critical to the operation
of the frequency reference: the laser temperature, the cell
temperature, the laser wavelength and the LO frequency.
These four servos will be implemented in a low-power
microprocessor, connected to the physics package and
local oscillator with an analog interface circuit. This
system is currently under development and is expected to
be operational within one year; a schematic is shown in
Figure 7.

caused by phase noise on the LO aliased down to low
frequencies by the lock implementation. At longer
integration times, the frequency of the system drifted due
to temperature variations of the laser current.

+3.3 V
in
To physics
package
and local
oscillator

23 mm

Dig. Clock

With all subsystems running together, the stability of the
locked LO is 6×10-10/√τ, 0 < τ < 100 s, as shown in
Figure 8. Since the physics package performed at
1×10-10/√τ when operated with a large-scale LO and
control electronics, the degradation to 6×10-10/τ was likely
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Figure 7 Digital control system under development to
replace the analog system shown in Figure 6.
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acquisition is done by first acquiring the C/A code, which
has a much shorter code length, determining the time
from this signal, and then using this time information to
acquire the P(Y) code. While this acquisition process
works well under many circumstances, it is considerably
disadvantageous in a jamming environment, since the C/A
code is broadcast over a much narrower bandwidth than
the P(Y) code and is therefore much more sensitive to
jamming. If a small clock is available to the receiver and
timing to within 1 ms can be achieved over long periods,
acquisition of the C/A code is not required. A quantitative
analysis of the effect of a stable clock on P(Y) code
acquisition was presented in [18].

-9

Allan Deviation

10

10

-10

10

-11

1

10

100

Another advantage of precise time knowledge to GNSS
receivers is that position can in principle be determined
when fewer than four satellites are in view [19]. Since the
receiver time is a known variable, only three unknowns
remain in the position-time solution and therefore only
three independent pieces of information are required to
triangulate. This might be particularly important in urban
environments, where buildings and other obstacles
regularly impede the receiver’s view of satellites.

Integration Time (s)

Figure 8 Allan deviation of low-power LO when
locked with the compact control electronics to the
MEMS physics package. A fractional frequency
stability of 6×10-10/√τ is obtained for 0 < τ < 100 s.
APPLICATIONS TO GNSS

Finally, a precise clock can allow a receiver on the earth’s
surface to better determine altitude [17]. Normally, the
vertical component of the position solution is the least
well known because of the effect of geometric dilution of
precision. Since the receiver cannot see satellites below
the horizon, the time uncertainty in the receiver is more
tightly connected with the vertical uncertainty in position
than it is with the horizontal uncertainty.

As has been previously established [17] small, low-power
atomic clocks could enhance the performance of GNSS
receivers in a number of important ways. Perhaps the
most significant of these at present is the enhanced code
acquisition capability that precise long-term timing
allows. In order to acquire a generic GNSS code, the
receiver must do a search in both frequency and time and
determine the unique receiver frequency and time that
gives a high correlation between the receiver-generated
code and the code received from the satellite. If the
uncertainties in the receiver frequency and time are large,
this search can require considerable processing power,
particularly when the received signal is weak or when the
code is long, as in the case of the P(Y) code.

CONCLUSIONS
We have discussed ongoing work at NIST and the
University of Colorado, Boulder to develop highly
compact, low-power atomic frequency standards for use
in portable, battery-operated devices. These devices are
projected to have a volume below 1 cm3, a power
dissipation below 30 mW, and a fractional frequency
instability at one hour of integration of 10-11. This will
allow microsecond-level timing over one day of
operation, which could be used to considerable advantage
in GNSS receivers.

For example, in indoor environments where the signals
from the satellites are attenuated by building material, the
reduced signal-to-noise implies a longer integration time
is required to determine the correlation function for each
time-frequency search bin. This in itself results in a longer
code acquisition time. In addition, a longer integration
time means that each frequency search bin is narrower,
and therefore that more searches are required to determine
the correct receiver frequency offset. A precise
knowledge of both frequency and time would enable the
receiver to narrow the search window over both quantities
and therefore acquire the code in a shorter time.

The critical advance that allows such a small size for an
atomic clock is the use of MEMS fabrication techniques.
At present, the three critical subsystems that make up the
frequency reference have been demonstrated. Together,
they achieve a fractional frequency instability of 6x1010
/√τ for τ < 100s, dissipate below 200 mW and have a
total volume under 10 cm3. It is anticipated that many
improvements both in performance and size reduction
will be achieved as this work progresses.

Similar considerations apply for acquisition of the P(Y)
code, even under normal signal strength conditions, and
these have implications with regard to sensitivity of the
receiver to jamming and interference. Normally P(Y)
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