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Abstract—The drift characteristics of well-aged Hydrogen
MASERs may be reasonably modeled as linear over periods
greater than two weeks. There are several broad strategies used to
manage drift: a) quantify and acknowledge drift in a system error
budget, b) compensate using post-processing methods, ¢) apply
a linear correction, or d) steer the MASER output frequency
to a superior reference. The selection of drift management
method greatly depends upon the requirements of a user’s system.
Users, such as radio astronomers, may de-emphasize active drift
management as their primary concern is 1-to-100 second stability.
These users often prefer to compensate for frequency drift after
passing a predefined frequency offset threshold. This removal
takes the form of a manual frequency adjustment on the MASER.
However, time-scale users, who require exact characterization
and compensation of drift, will need to intervene using post-
processing methods to avoid tampering with a characterized
MASER which may be contributing to local UTC. This paper
will discuss the underlying processes that may cause linear
drift, how this drift is quantified, and then give an overview
of the design implications of each drift handling method. For
illustration purposes, a MASER’s drift will be characterized,
and a linear drift correction will be applied. This illustration
covers the use case when a MASER will perform as a stand-
alone standard with moderate long-term stability requirements.

Index Terms—Frequency Control Symposium, MASER, Fre-
quency Standard, Drift Correction, Frequency Drift.

I. INTRODUCTION

For frequency standards, the reduction of systemic noise is
of utmost importance. Incremental to large improvements have
dramatic impacts on the applications of precise time, such as
navigation, scientific measurements, and communications to
name a few. Consequently, continued scrutiny of frequency
standard design and application is warranted.

The Active Hydrogen Microwave Amplification by
Stimulated Emission of Radiation (MASER [1]) frequency
standard is a common device in critical timing systems.
Consistent with all frequency standards, Active Hydrogen
MASERSs have drift. Classically, this drift is modeled as linear.
For practically any application, this drift will need to be
managed. This drift impacts the long-term stability of the
MASER.

This paper will cover the following topics in each sec-
tion. Section II will discuss what is unique about Hydrogen
MASERs amongst frequency standards, and how their signals
are characterized. Then Section III will introduce and consider
the different methods that may be used to correct frequency
drift. Section IV details an example drift correction procedure.
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1. BACKGROUND

In service of discussions on MASER drift correction, a
review of challenges faced by users and designers of frequency
standards will be covered. These issues will then be high-
lighted for the Hydrogen MASER to provide understanding
of the source and behavior of drift to be counteracted.

A. Types of non-ideal behaviors

When discussing the performance of any frequency stan-
dard, any determinations are based on the devices frequency
stability (or instability). Sources of this instability arise from
internal and external sources. External noise coupling into the
MASER system is unavoidable, and a bulk of the systems
within frequency standards aim to limit and/or compensate
for these sources of instability. Time, temperature, pressure,
humidity, gravity, magnetic fields- virtually any external force
or event is a potential noise source. Moving toward the inner-
workings of frequency standards, the interaction of external
noise with the device, as well as inherent noise sources
within the device are denoted as system noise. These internal
instabilities may include component aging, baseline thermal
noise, and shot noise. Noise also comes from active frequency
compensation methods. While these methods are intended to
reduce noise, they contribute to the system’s noise floor either
from internal control schemes or from user commands. These
compensation methods include but are not limited to thermal
controls, magnetic controls, and pressure controls.

Along with the discussion of external and internal origins of
noise, one must consider the characteristics of the noise itself.
The classic dichotomy of deterministic and stochastic noise
influences the understanding of a noise source. Deterministic
noise, as it is predictable, can be handled in a variety of ways.
Random/stochastic noise has fewer methods of reduction, and
generally contributes to the noise floor of a device. This noise
floor sets an absolute limit on the improvements possible for
a device’s frequency stability.

As there is quite some ground to cover while analyzing a
system for noise issues, some strategies must be applied to
help lead any investigation. When discussing the sources of
instability for any frequency standard, it is useful to define
what type of system topology is being used. Does the system
produce a reference signal, or does it produce an error signal
when given an input signal? Defining which system topology
is in use will direct discussion of the device and its uses. Many
commercial atomic frequency standards, such as cesium beam



standards, are referred to as passive standards. These standards
utilize atomic transitions as a bandpass filter combined with a
feedback loop to discipline the output of a quartz oscillator via
an error signal. The quartz oscillator is steered to maximize
the strength of the filtered signal via the error signal. In other
words, when the atomic beam pulses on-frequency, the desired
state of maximum current is observed [2]. Active frequency
standards produce a signal from the resonance of a population
of atoms, which is used as a reference [2]. Some portion of
this self-sustaining signal is coupled off into a receiver system
which ultimately supplies an output for use.

B. The Hydrogen MASER

The Active Hydrogen MASER maintains wide usage in
precise time. Projects aimed at creating Hydrogen MASERs
were intended to produce frequency standards superior to the
existing commercial atomic clocks. Improvements in timing
capabilities were necessitated by the proliferation of space
navigation, as well as improvements in radio astronomy ap-
paratuses and a desire to improve metrology as a practice [3].
These fields reaped the rewards of an improved frequency
standard, and many still utilize improved versions of the Active
Hydrogen MASER standard today [4].

The Active Hydrogen MASER is an ’active’ standard be-
cause it uses hydrogen atoms to generate a reference signal.
This signal is then conditioned with one or more phase-locked-
loops and amplifiers and subsequently provided as an output.

Since the MASER is an active standard, the focus of
any investigation of frequency instability centers on effects
that influence the behavior of the hydrogen atoms, as well
as the supporting electronics that interface with the signal
generated by the atoms. Since the physics related to the
resonant frequencies of the hydrogen atoms and the quality of
the signal processing paths are the main factors determining
frequency instability in a system, these are the main areas that
can be improved to enhance frequency standard performance,
and reduce undesired aspects such as drift.

C. Investigations of Hydrogen MASER Drift

Hydrogen MASER drift is a topic that has been investigated
by several groups. These studies have varied in scope and
focus. Strategies and approaches have required compilation
of data from periods ranging from weeks to years. These
studies typically focus on subjects such as physical causes of
drift, or characterizing frequency stability over short, medium,
or long periods of time. Some data sets, largely focused on
observation times in the order of a month or two, have seen
MASER average daily drift fit a linear model [5]. Other sets,
spanning several months to several years, see average daily
drift change in value one or more times over the observation
period. These cases occasionally need higher order curves
to accurately model the data over the entire scope of the
observation [6] [7]. Environmental changes, such as failing
environmental chambers or maintenance, have been postulated
to induce these changes in drift rate [8]. These drift changes

Summary of Drift Mechanism Effects*

cavity

nnnnnnnnnnnn

Fig. 1. Systematic Sources of Frequency Drift in Hydrogen MASERs

are causal in nature, and require the drift rate to be estimated
again.

In Figure 1 adapted from [7] for the Microchip Active
Hydrogen MASER (MHM-2020), the relative frequency in-
stability contributions for various systemic effects are esti-
mated. Significant sources of drift include effects such as wall
shift, component aging, and cavity pulling. Wall shift is one
significant source of frequency drift. Wall shift refers to the
alteration in output frequency over time due to the changing
nature of hydrogen atom collisions with the storage bulb wall.
The walls are coated with polytetrafluoroethylene, designed
to produce as near-elastic collisions with the hydrogen atoms
as possible. This coating ages over time, affecting the energy
transfer present in wall collisions, thus changing the output
frequency of the hydrogen population [9]. Component aging
is also a contributor of drift in hydrogen MASERs. Aging can
result in shrinking cavity components which affect the resonant
frequency of the cavity, aging of resistors controlling reference
voltages which control important functions in the signal path,
and aging of thermistors used to control cavity temperature
causing cavity pulling [10]. Cavity pulling is the dominant
noise source that has some adjust-ability in the MASER’s
design, as well as operationally by the users. The frequency
stability of the hydrogen MASER is sensitive to changes in
cavity volume in the order of one Angstrom (1 x 10710
m). As a result, any factors that change the volume of the
cavity affect the output signal of the hydrogen MASER [10].
Significant contributions to cavity volume changes are external
temperature changes, which can occur seasonally, as well as
the aging of the cavity dimensions over time [10]. As stated
previously, each of these phenomena affect the frequency
stability of a hydrogen MASER in a quantifiable manner.

A common way of defining the frequency stability of a
standard is Allan Deviation (ADEV). MASERs exhibit ex-
ceptional short and medium-term stability in relation to other
commercial atomic clocks, while exhibiting greater drift in
the long-term [11]. Short term Hydrogen MASER operation
results in ADEV values on the order of 1 x 10~!* [9]. This
occurs in the warm-up region where the MASER begins
to oscillate but has not reached steady-state operation [12].
Generally, the MASER short-term performance is dominated
by its local oscillator that is disciplined to the hydrogen
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Fig. 2. Long-term ADEV measurements in 100 day time averages of USNO
MASERSs. Key numbers represent unique MASERs [7].

frequency [9]. While this performance is not cutting-edge,
it does out-perform comparable passive standards [13]. As
the MASER continues to operate, the stability of the output
improves. In the medium term, the MASER reaches an ADEV
flicker floor in the order of magnitude of 1 x 1076 [14]. Long
term ADEV values generally are on the order of 1 x 10715 as
illustrated in Figure 2 [7]. This is generally the result of the
onset of deterministic frequency drift. This drift can be caused
by a multitude of factors, including the previously mentioned
wall shift, component aging, and cavity pulling [9] [10]. Drift
correction methods will have the largest impact in this long-
term measurement range.

D. Estimating Drift With Modeling

Before long term drift can be corrected, it must be quanti-
fied. Multiple models exist for frequency drift. The standard
model for drift is a linear function applied to frequency data.
Alternatively, a quadratic model may be used to estimate drift
with a phase dataset [15].

Applying a model to a dataset involves regression. As
part of this regression process, a comparison between the
regression fit and the original dataset must be made by
analyzing the residuals of the fit. Any non-Gaussian patterns
left in the residuals indicate that the model is not fitting the
data well. This is where looking at an ADEV plot is useful,
and applying Power Law noise models can help identify
additional noise contributions that are not imposed by linear
frequency drift. See Figure 3 for the traditional representation
of Power Law noise. Identifying the noise contaminants can
lead to their reduction or elimination through analytic means or
the reconfiguring of the testing environment to eliminate the
noise source so a new dataset can be obtained. This allows
for regression modeling to produce a good frequency drift
estimate.

Another topic of great importance to frequency drift estima-
tion is confidence intervals. After performing one regression
on a dataset, an estimate of frequency drift is obtained.
Performing a second regression on a newer set of data from
the same source produces a different estimate, which is likely
to be quite different from the first. Compounding the issue,

Sigma Tau Diagram

T 2
o | White PM o)1) ~ ‘I:W
) ar
Flicker. P S,(f) ~
41\ p=-od
log \\ Frog
i | \ Drift-
G)XT) T \ /
13 N Wit TGk T RW A
N EM_i FM_i FM_i /i
N A /
15 B/ E31/4
T T
0 2 4 6 8 10

log t

Fig. 3. ADEV graph demonstrating the characteristic curves of Power Law
Noise models [16].

using multiple models on the same dataset can provide widely
varying results. This is where the concept of Chi-Squared
distributions can help to resolve this issue. With the first
regression, the variance on the initial estimate is extremely
high (therefore the estimate confidence is low). To reduce this
variance on the estimate, more estimates need to be performed.
Each estimate will increase the confidence of the estimate,
reducing the variance [17]. It is highly encouraged to perform
scheduled drift estimations in a constant interval. In practice,
one estimate can be performed over at least a 30 day period
to capture frequency drift.

III. GENERAL FREQUENCY STANDARD
STRATEGIES

Since Hydrogen MASER drift is well documented and the
applications of MASERs are widespread and diverse; many
strategies for addressing MASER drift have been adopted.
For the use of this paper, one method will be referred to
as post-processing. This refers to the use of data pertaining
to MASER drift after the MASER was utilized to enhance
calculations and measurement certainty. Post-processing is
employed in radio astronomy and paper-based time scales.
Another is simple regression, or linear drift correction. This
approach is used in standards such as the MHM-2020. A third
is adaptive correction, or periodic recalculation of regression
parameters or state variables. These regression parameters or
state variables are then used to correct the output of the
MASER. This approach is used in state-of-the-art timescales,
with both post-processed and real-time physical realizations.

1) Post-Processing

Post-processing may be used for several reasons, from
the need for a frequency standard to be free-running or the
desire to minimize disturbances in frequency stability [18].
Hydrogen MASERs are widely used as local oscillators or
frequency references for radio astronomy observatories and
arrays. One array uses a post-processing technique to bet-
ter characterize the Hydrogen MASER local oscillator. This
allows for increased confidence in measurement data taken
by the telescope [4]. Observations conducted by the array



are relatively infrequent, creating periods long enough for
frequency drift to be present in the output of a Hydrogen
MASER. To compensate for this change in the reference
frequency, the array monitors the short and long-term health
and status of each MASER. For short-term monitoring, a high-
precision quartz oscillator is used to measure the performance
of the MASER in a 1 second time interval. This is to give an
estimate of short-term MASER performance. For long-term
monitoring, a 1 PPS signal from a GPS receiver is compared
to a 1 PPS signal derived from the MASER output. This is used
to observe frequency drift over long periods of time, as the
GPS receiver serves as a standard of superior stability in long
measurement intervals. This drift rate is then used to analyze
the health of the MASER while also allowing data captured
over the observation period to be more accurately assessed.
This increases confidence in measurements taken during the
observation interval [4].

2) Simple Regression

Drift can be characterized or modelled several different
ways for different oscillators. Specifically, linear drift correc-
tion consists of analyzing drift data using linear regression.
The drift rate can be characterized by a linear slope describing
drift per unit time, such as drift per day, or drift per month. For
appropriate sampling periods, the drift present in Hydrogen
MASERs can be satisfactorily modelled as linear [5]. Once
this regression is satisfactorily characterized, an incremental
correction can be imposed to counteract the average drift.
There are several ways to impose these corrections, such as
the use of an Auxiliary Output Generator (AOG) or digital
synthesizers internal to the frequency standard. This method
will be discussed more in depth via a practical example of
linear drift correction in the MHM-2020 Hydrogen MASER
in Section IV.

3) Adaptive Regression

One method of correcting drift in a frequency standard is
to alter the output, or steer, a frequency standard to minimize
the deviation from a superior reference or clock ensemble [19].
This can be done via alteration of the frequency standards or
outside equipment that implements the desired change, such
as an AOG or a phase microstepper. This is commonly seen
in clock ensembles and timing labs, where a large number of
frequency standards are used to create a stable and accurate
reference while a single clock is used as a physical realization
of the ensemble [20]. An example of this is the steering of
a Hydrogen MASER master clock output through an AOG.
This is done by taking the time differences between the mean
timescale, generated by ensemble clocks, and the master clock.
Following these measurements, these data points are used
as state variables in an algorithm that adjusts the output of
the master clock via an AOG. The use of the AOG allows
the Hydrogen MASER to maintain a high level of frequency
stability while correcting the output so it strictly adheres to the
more accurate clock ensemble. This also allows for the direct
output of the MASER to contribute to Universal Coordinated
Time (UTC), adding several more clocks to the international
timescale. [21]. Examples of these algorithms vary from
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classical control, Kalman filtering, or other algorithms used
to weigh and measure inputs and outputs of a multi-variate
system while imposing corrections. [19]. Due to the relative
complexity of these strategies, these algorithms allow several
different sources of error to be addressed, increasing accuracy.

IV. PRACTICAL DRIFT CORRECTION EXAMPLE:
MHM-2020

The Microchip Active Hydrogen MASER MHM-2020 is the
latest iteration of one of the original commercial Hydrogen
MASER designs. Up to this point, linear frequency drift has
been externally compensated either by user command or by a
secondary system on its output. With the latest design, the
system can schedule a series of updates to the MASER’s
phase-locked loop to counteract linear drift. In order to prevent
these corrections from appreciably effecting the short-term
performance of the MASER, these corrections are made using
the smallest step achievable by a synthesizer within the phase-
locked loop and are spread across a 24 hour period.

Before this feature can be taken advantage of, an estimate
of the drift rate must be obtained. Then, the MASER must
be configured with a correction rate. After a period of data
collection, the MASER’s frequency data must be evaluated
again to check the drift correction’s effect.

A. Establishing a Reference

As with any analysis, it is important to ensure that a
reference is performing well before using it to qualify another
device. In this example, the reference is the "House’ MASER
at the Microchip timing lab in Tuscaloosa, AL. The House
MASER is regularly compared to UTC(NIST) using GPS
common-view. See Figure 4 for the raw frequency differences
between the House MASER and NIST. As this is a relatively
noisy measurement comparison, the important evidence from
the comparison is a lack of perceivable structure to the plot,
and the House MASER is at least performing on the order of
1x10712, The House MASER is more likely performing much
better than this based on historical data, less than a magnitude
of 5 x 10716, With this comparison, there is high confidence
in the accuracy of comparisons using the House MASER as a
reference.
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B. Baseline MASER Performance

Using the House MASER as a reference, a MASER under
drift evaluation was measured. Approximately 70 days of ten-
second phase measurements were collected for this device
under test (DUT). This data was averaged to thousand-second
data as shown in Figure 5, where a drift of —1.943809 x 1010
per day was estimated. Figure 6 shows the overlapping ADEV
and Theol frequency stability. In accordance with the earlier
drift estimate, the Thed estimate shows a large decrease in
stability which indicates a frequency drift.

C. Analytical Drift Removal

In order to set an expectation of what drift compensation
will accomplish, the baseline frequency dataset is shown again
in Figure 7 with drift analytically removed. The phase data was
modeled using a quadratic function, resulting in a drift rate of
—2.249779 x 10717 per averaging interval.

The frequency stability plot in Figure 8 forms an expectation
that the long-term stability should follow the trend of the
preceding averaging intervals, improving slightly.

D. Real-Time Drift Compensation

For the real-time linear compensation of the DUT frequency
drift, a correction value of 1 x 107° per day was chosen.
This value was based on a priori knowledge of general
MASER drift magnitudes. The drift estimate from Section
IV-C was not used as it was much smaller than historical drift
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rates and a stark change in the frequency drift was desired.
Over a relatively short evaluation period of approximately 80
days, the phase data of the DUT versus the House MASER
was measured. The frequency conversion of this dataset is
shown in Figure 9. Note a dramatic decrease in slope of the
plot. Similarly, the overlapping ADEV and The61 frequency
stability shown in Figure 10 display a marked improvement in
comparison to Figure 6 for long averaging times. Additional
drift estimates on new datasets captured from this DUT can
be used to improve the accuracy of the correction value.
Regardless, the drift was dramatically reduced, as illustrated by
Figure 11, which projects the average value of the frequency
data if the drift was not removed against the corrected dataset.

V. CONCLUSION

All frequency standards exhibit drift over their operational
lifetime. In Hydrogen MASERs, this drift is particularly
noticeable in long term measurement intervals. This can be
attributed to systematic phenomena such as wall shift, com-
ponent aging, and cavity pulling. Many applications utilizing
Hydrogen MASERs necessitate a strategy to minimize this
drift. These strategies vary from rudimentary methods such as
post processing, to highly complex state-variable models that
require a large amount of computation and instrumentation.
However, for a wide variety of applications, drift can be mod-
elled as a linear trend and corrected accordingly. Once the drift
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value of the frequency standard is quantified with a sufficient
degree of confidence, the drift can be compensated via a linear
drift correction method. This can lead to improvements in long
term stability by an order of magnitude.
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