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The paper considers the problem of interpreting the Allan deviation plot for signals
from sensor s polled mor e frequently than data are refreshed. The Allan variance is a standard
tool for analysis of noise terms inevitably present in signals of inertial sensors. There exists a
well-defined algorithm for its calculation both for time domain and frequency domain. Having
calculated the Allan variance as a function of time (or frequency) one fetches its square root,
called Allan deviation, and builds its plot in a logarithmic format. Each region of the Allan
deviation plot characterizes a specific noise kind (white noise, flicker noise, random walk, etc).
The plot is expected to have a well recognizable, predefined shape. However, in practice it may
bethat a plot obtained for real time series does not follow itstextbook pattern. In this caseit is
unobvious how to interpret the plot and whether it is applicable or not. We observed quite
untypical Allan deviation plots for signals of a magnetometer sampled too frequently, which
suggested that the sample rate can be responsible for the unusual shape of the plot. Our work
is aimed at analyzing the influence of the sample rate on the Allan deviation plot and
evaluating the applicability of such a plot obtained for signals sampled too frequently. We
reproduced experimental results by simulation and detected that the sample rate for
synthesized white noise signals impacts the shape of the Allan deviation plot. The same idea
was corroborated by filtering out repeated measurement points from experimentally obtained
magnetometer signals. The simulation results are backed up by analytical calculations.
Therefore, all the applied approaches such as smulation, filtering reading of areal sensor and
analytical considerations confirmed that the shape of the Allan deviation plot depends on the
signal sample rate. Moreover, we have shown that the Allan deviation plot built under these
conditions is completely inapplicable unless all repeated measurement points are filtered out.
Our analytical explanation of this fact is confirmed by a set of experiments. We provide a
detailed description of a procedure for evaluation of the applicability of the Allan deviation
plot using a magnetometer.
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AHAUJII3 BILIUBY YACTOTH JUCKPETHU3AIIIT
HA TUCHEPCIIO AJTAHA
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Po3rnsanyTro mpoOiaemaTuky iHTepmperaunii rpagika aeBianii AnaHa s cMrHadiB
CEeHCOpiB 32 YMOBHM, 110 YaCTOTa JUCKpPeTU3alil MepeBHIYE MIBUAKICTL OHOBJIEHHA NMOKa3iB.
Bapianis Anana € craHAapTHUM IHCTPYMEHTOM aHANI3y IIYMOBHUX CKJAaJ0BHX, HEMHUHYYe
NPUCYTHIX y CcUTrHajJax Oyab-fiIKMX iHepuiiiHux ceHcopiB. IcHye moBHicTIO BU3HaYeHUil
AJITOPUTM PO3PaxXyHKY Bapiauii AjnaHa sik 1Jis1 4acoBoi, TaK i Ajis 4acToTHOI obJactei. Ilicas
BU3Ha4YeHHs Bapianii AyiaHa sik GpyHkuii yacy (a6o yacToTH) po3paxoBylTh JAeBialilo Ajnana
(kBazpaTHuii KopiHb Bapianii Asana) i OyayTb ii rpadik y Jorapupmiunomy ¢opmari.
KoxHa ninsinka nporo rpajdika xapakrepu3ye myM neBHoro tumy (6iimid mym, po:keBuid
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HIyM, BUNIAJKOBe OJyKkaHHs Tomo). Ouikyernes, mo ¢popma rpagika neBiauii Anana 3arajiom
BilOBia€e BCTaHOBJEHOMY B3ipHI0 i Mo:ke OyTH Jerko po3mizdHaHa. OgHaK HA NpaKTUIi
(¢opma rpagika mMoke iCTOTHO BiIpi3HATHCA Bil KHMKKOBOrO MIa0JOHY. Y TAKOMY BHIAIKY
cTa€ HeOYeBWAHUM, SIK iHTepmperyBaTtu rpadik i yu BiH B3araji € NMpUAATHUM 0 BHUKO-
puctanHs. Mu cniocrepiranu HeTunoBi rpagiku AeBianii AjaHa I cUTHAJIB MarHiromerpa,
OTPUMAHMX 3 YACTOTOI AMCKpeTH3alii, 0 NMepeBUINYBAJa MIBUAKICTH OHOBJIEHHA NMOKAa3iB,
3aBISIKM YOMY BHHMKJIA ifed mpo 3ajexkHicTb ¢opmu rpadika Big yacToTH aucKpeTH3aiii.
Merto10 cTaTTi € aHATI3 BIJIMBY YaCcTOTH JUCKpeTU3auii Ha (popmy rpadika nesiauii Agana ta
OL[iHIOBAaHHSA NMPHUAATHOCTI HHOr0 rpadika 3a HeNMPaBUJIBLHO BUOPAHOI YACTOTH JMCKPeTH3aIii.
IIpoBenene Hamu imiTtaniiiHe MoJeTIOBaHHS a0 3MOry $fKICHO BiITBOPHTH eKcHepH-
MeHTaJbHI pedyibTaTu. Ilokasano, mo yacrora Auckperusauii 3reHepoBaHOro 6iJI0r0 MWyMy
BILIUBAaEe Ha ¢opmy rpagdika. Ileii cammuii BHCHOBOK A03BoJisi€ 3po0uTH i (inbTpyBaHHS
NMOBTOPEHUX TOYOK BUMIPIOBaHHS 3 peaJIbHUX CUTHANIB MarHitoMerpa. HaBeaeHo ananiTnyni
PO3paxyHKH, 10 MOSACHIOIOTH i MiATBEPIKYIOTh BIUIMB YacTOTH AWCKperu3auii Ha ¢opmy
rpagixa. Hamu nmokaszano, mo rpagik aepianii Anana 1Jsi CUrHAJIIB, OTPMMAHHUX 3 YAaCTOTOIO
AUCKpeTH3alii, 10 mNepeBHMIIYE IIBMJAKICTH OHOBJEHHSl TOKa3iB, He NPUAATHHHA AJIA
3aCTOCYBaHHS, SAKIIO He ¢GinbTpyBadu TOBTOPeHI TOYKM BHUMIPIOBAHHA. AHAJTITHUYHE
NOsSICHEHHsA UbOro ¢GakTy MiATBEPI:KeHO eKcnepuMeHTaIbHO. I[logano neranbHuUil omuc
npoueaypH OUiHIOBaHHS NPUAATHOCTI rpadika neBianii Anana 3a 10nNoOMOro MaruiroMerpa.

KuarouoBi cioBa: gucnepcis Anana, mym, iHepuiiiHuii ceHcop, 4acTOTa QUCKpPeTU3AIlii,
MarHiromerp.

Problem statement

Inertiadl measurement units (IMUs) especially those based on micro-electromechanical systems
(MEMS) find their application in various spheres including but not limited to medicine [1, 2], avionics and
robotics. For instance, inertial sensors are used in order to recognize a human posture/gait, distinguish
between normal and pathological human movements, classify the actions of a worker as right or wrong,
track the movements of a sportsman, and even detect the first signs of loosing footage and prevent
damages caused by falling down [3]. Their key feature is that they are autonomous, i.e., they do not require
any external information for estimation of the coordinates and orientation, in contrast to well-known GPS
navigation systems. However, MEMS IMUs are susceptible to errors, which should be carefully modeled,
studied and compensated for, otherwise these devices are scarcdly applicable.

Typicaly an IMU contains a triaxial accelerometer, a triaxial gyroscope and additionally a 3D
magnetometer. IMU devices supplied with a magnetometer are commonly called MARG (Magnetic,
Angular Rate and Gravity). In order to achieve more consistent and reliable results, they use data fusion [4,
5, 6] — readings of all the sensors are combined to fight fallacies of each individual sensor. A gyroscope
measures angular velocity that, when integrated over time, produces the sensor orientation (in the sensor
frame, not the earth frame). MEMS gyroscopes are prone to errors, which quickly cumulate due to
integration. Consequently, a gyroscope alone is not able to provide an absolute measurement of orientation.
An accelerometer measures the earth's gravitational field mingled with accelerations due to motion. For
this reason, an acceerometer cannot be used alone to provide the absolute attitude as well. Finally, a
magnetometer will measure the earth's magnetic field mixed with a local magnetic field and possible
distortions, which means that it cannot be used as the only tool for measuring the absolute orientation, too.
Instead, data obtained from these three devices are used together. Each of these devices is susceptible to a
number of errors, which fall into two groups: deterministic and stochastic.

A standard tool of characterizing noise terms (stochastic errors) in signals of inertial sensors is the
Allan variance or, to be more precise, the Allan deviation plot. Each part of this plot is responsible for a
specific kind of noise (for example, quantization noise, white noise, bias, rate ramp, etc). One expects that
the Allan deviation plot for a time history collected from a real inertial sensor resembles the academic
Allan deviation plot commonly shown in the subject literature. In practice, however, the Allan deviation
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plot may be hardly recognizable, and in this case it becomes unobvious how to interpret the plot and
whether it is applicable or not.

The work deals with the case of a magnetometer polled more frequently than it actually could
provide new readings and shows the relationship between the sample frequency and the Allan deviation
plot applicability.

Recent resear ch and publications analysis

The Allan variance method was originally developed by David W. Allan for analysis of frequency
stability in oscillators (clocks), but now it is widely used for processing other data, including readings of
inertial sensors. There are several modifications of this method, the overlapping Allan variance method [7,
8] being the most general and universal. It is composed of the following steps.

1. Keeping a sensor steady, one acquires an equidistant time series, y(t), of length N, with the sample
period 1o. If the collected time series turns out to be non-equidistant, its analysis would be much more
complicated [9].

2. For some averaging factor m, one takes all possible overlapping sample clusters of period T = mro.
For example, for m = 3, the first sample cluster contains readings #1, #2, #3 and #4, with the total time
elapsed between readings #1 and #4, equal to 3t,. The second sample cluster is comprised by readings #2,
#3, #4 and #5, and so on. The last cluster for the chosen m contains readings #(N-3), #(N-2), #(N-1) and
#N. Each pair of neighboring sample clusters is always separated by the sample period, to. The process is
depicted inFig. 1, a

3. Once al the possible (N — m) sample clusters have been formed for the sdected value m (and 1),
the Allan variance is calculated as a function of t. There are several well-known formulas, which can be
transformed into each other. The most common formulas are:

N-2m
Si(t):m ifoizll [ X +om - 2Xi+m+xi]2 )
2

1 N-2mj j+m-1 _ -
2 o o
sit)=———— 8 i & [Yism- YilV ()
(1) 2m?(N-2m) j=1§ i=j %
- . 2
1 N-2mé i+m-1— i+2m-1—y
2 o o o
sift)=—s——— 8 & & yi+ & VY (2a)
v(t) 2m* (N - 2m) i= g— = jeiem JH

Here x (i=1N) represent the cumulated sum of the collected time history y. (i=1,N). In

practice they usually use (1) because (2) consumes many more computational resources due to lots of
summation operations. In order to use (1) one should integrate the time history of measurements first. In
[10] detailed interim calculations can be found.

4. Calculate the Allan deviation for the value of t being currently considered. The Allan deviation is
the square root of the Allan variance.

5. Repeat steps 24 for different values of m (and 1) and draw the Allan deviation plot, usualy in a
log-log format. Different parts of the plot allow us to figure out different characteristics of the noise terms
in a signal being analyzed. Few literature sources focus on the choice of the averaging factor, m. On the
contrary, many of them do not specify how many values of m should be taken to ensure meaningful results
of the Allan variance analysis. Moreover, there are discrepancies between scarce recommendations
available when it comes to choosing the minimum value of m. Most resources simply start with m = 1,
however, in [9, 11] it is stated explicitly that m should not be less than 9, otherwise averaging would be
pointless. In [9] it's said that also no less than 9 different values of m (and, correspondingly, t) should be
taken for an Allan deviation plot. Thus, a time history should contain at least 81 items. Several sources
assume that an inertial sensor should be kept in an environment free of temperature changes and
disturbances overnight, which implies thousands of measurements. For instance, the manua of
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ADXRSA50/ADXRSA53, a flexible inertial sensor evaluation platform by Analog Devices, recommends
taking at least 16 000 data points in order to ensure meaningful analysis results. Values of m may be
consecutive or not, i.e. one can choose to deal with even or odd values of m only or with values that are
multiples of some natural number other than 1.

The textbook case of the Allan deviation plot [12] reprinted in many sources is shown in Fig. 1, b.
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Fig. 1. Overlapping sample clusters of sensor readings (a) and the textbook case of the Allan deviation plot (b)

It iscommon to interpret the Allan deviation plot as follows. The Y-value of the leftmaost point in the
plot represents the noise deviation if o oversampling and no averaging is used. |.e., each measurement
point is used alone (m = 1) in contrast to the situation when multiple points are taken and averaged together
in order to produce a single measurement result. This noise deviation should coincide with the standard
deviation calculated in the same way as if the time series in question were a sample, regardiess of the order
of itsitems. That is because each point is assessed individually instead of being grouped. As the value of m
grows, more sensor readings participate in averaging and the averaged value gets closer to the true
measurement result, because noise usually has a nearly zero mean when considered over time. This
concerns only measurements where high-frequency white noise dominates. Otherwise, the points of the
Allan deviation plot show the deviation of something else, different from noise. Thus, the slope in the
Allan deviation plot that corresponds to growing m values indicates the trade-off between the affordable
noise level and time spent on getting a single result by averaging multiple measurement points. |.e., some
applications may prefer quick but noisy results, some are targeted at higher accuracy and lower rates. Then
the Allan deviation plot reaches its minimum. The Y-value of this part of the plot means the least
theoretically achievable noise deviation, whereas the corresponding X-value suggests how many
measurements per second one should take in order to reach this minimal noise level. After reaching its
minimum a plot may rise again, due to low-frequency noise such as random walk.

In practice, however, interpretation of the Allan deviation plot may be not so straightforward. The
author is a co-developer of IMUTester, a hardware-software tool for exploring IMUs. The tool utilizes a
module GY -80 that contains atriaxial digital acceerometer ADXL 345, a 3D digital gyroscope L3G4200D,
a 3D compass HMC5883L and some auxiliary nodes. Fig. 2 shows data related to the magnetometer and
the corresponding Allan deviation plot. Thetool is not a focus of this work and is given here only to show
that the Allan deviation plot obtained for a magnetometer is similar to neither the textbook case shown in
Fig. 1, b nor the plot for white Gaussian noise [13]. When the Allan deviation plot indicates (quite
unnaturally) less noise deviation for single measurement points than for groups of averaged points, these
issues need additional study and explanation.
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Magnetometer: Magnetic field induction [Digit]
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Fig. 2. The Allan deviation obtained for a magnetometer HMC5883L and the magnetic flux density

Statement of purpose

The work is aimed at investigation into the relations between signal sampling rates and the Allan
deviation plot. Based on the detected relationships, practical results should be grounded. Moreover, the
question about applicability of the corresponding Allan deviation plot should be answered.

A relationship between the sample frequency and Allan deviation

As can be seen on the visualized magnetometer time series, the magnetometer was polled more
frequently than it could provide any fresh data, which resulted in repetition of essentially the same
measurement results. Our idea is that the shape of the Allan deviation plot is attributable to discrepancies
in data refreshment rate and sensor polling rate.

In order to verify quickly whether this idea might have been correct we took the following steps.
First we generated a set of time series of length 1000, 3000, 5000, 10000 and 20000 that represented white
Gaussian noise of power 1 dB.

Then we replicated each time series so as to obtain a time series where each even item is the copy of
its neighbor to the Ieft (i.e, each item of the origina was doubled in the new time series). Artificial
doubling of measurement points emulates the situation when fresh data are provided twice less frequently
than they are sampled (Fi/F, = 2 where F; is the polling rate, F, is the data refreshment rate). Then we
continued the same process to get time series with each point replicated once more, i.e. Fi/F, = 3 and so
on. We built the Allan deviation plots for each simulated time series.

A sample result is depicted in Fig. 3. The Allan deviation plot for unchanged white noise is in
continuity with similar plots for noise of this color that can be found in [13]. One the contrary, the Allan
deviation plot for any time series with replicated measurement points was dissimilar to that one for the
original smulated white noise but resembled the Allan deviation plot for our magnetometer. Having
repeated generation of white noise multiple times for a range of frequencies (and sample periods), we
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detected that the results shown in Fig. 3 are qualitatively reproducible. Namely, al plots have a part
increasing to some maximum Y-value, then decline. Obviously, the more repetitions a time series contains,
the more measurement points one needs to take in order to reach the peak Y-value.
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Fig. 3. The Allan deviation plots for simulated white Gaussian noise with repetitions

Consistent results were obtained after filtering the raw magnetometer readings. Namely, we
constructed a modified time series from each of original magnetometer signals, having replaced each group
of several identical consecutive measurements by a single measurement and reduced the total amount of
measurement points, correspondingly. The Allan deviation plot for magnetometer readings filtered in this
way resembled the Allan plot for white noise.

Therefore, two opposite approaches, injection of replicated measurement points in simulated white
noise signals and removal of repeated points in real magnetometer signals, led to consistent results.

After this prdiminary confirmation of the idea about the influence of an improperly chosen sampling
rate on the modified shape of the Allan variance, we proceeded with analytical dependencies corroborating
thisidea. Let us say that y is the time history of a sensor whose readings are acquired as frequently as they
appear, y = {y1, Y2, Vs, ..., Yn}. L&t us construct several modified signals that contain repetitions. A time
series with each item repeated once will be denoted y2 = {y1, Y1, V2, Y2, ¥3, Var-.-Yne Y} - A time series whose
items arereplicated twice can be written asy3 = {y1, Y1, Y1, Y2 Y2 Y25+ -+~ Yn» Yo YN} -

If the amount of repeated consecutive measurement points is termed R, then the i-th item in the
cumulative sum of atime series characterized by R can be represented as

éia
8RH .
% = & Ry; +(i%R)yj; i, 3
= 8rH
Thus
k+2m Krm ¥ X = (4)
ék+2mqg ék+mq ek
&€ R H ERH &R
= & Ryj+((k+2m)%R)yék+2mu+l- 2 34 Ry- 2((k+m)%R)yék+,m+1 a Ry - ((k%R)yékuﬂ
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Rearranging sums, one can transform (4) into:

Xerom = DXcrm % = ®)
ek+mg ék+2mq
ERH ERrH

= A?‘( . Ryj + Aka , ((k+2m) /OR) k+2mu ((k+m)%R) k+mu (k%R) yeku
j=ekd joek+ma,
kt2m 0 . . :
It is easy to see that when R = 1 (5) reduces to 9 a yj*+ & Yj= inwhich one canrecognize
j=k+1 j=k+m+l o

the radicand of the conventional formula (2a). Let us perform the following transformations:
ek+ma_k m_(k+m)%R eka_ k k%R ek+2mi_k m_m_(k+2m)%R
ERUER R R '8RH R SRHRRR R
Since (x%R)/R<1 for any x, the first two terms in (5) would be zero for any m < R, which
explains why for m=1 the greater R, the smaller Allan variance. Thus, what has been shown for a limited
st of simulated signals in Fig. 3 is now backed up with analytical calculations. It contradicts the very
physical sense of the Allan variance because with R>1 no averaging and no oversampling means smaller

noise, which just is meaningless. In order to figure out whether it is possible to use the modified Allan
deviation plot in some another way we can use numerical experiments.

(6)

Approbation results

In the case of a magnetometer, a reasonable approach to judging of the accuracy of X-, Y- and Z-
measurements is calculation of the magnetic flux density length:

B=,/B;+BJ+B’ )
where B,, B, and B, are projections of the magnetic flux density vector onto the axes X, Y and Z

correspondingly of some Cartesian coordinate system assigned with the magnetometer. Since X-, Y- and Z-
readings are produced in the magnetometer frame, not the earth frame, it is not possible to consider them
independently without additional tools of measuring the magnetometer attitude.

In the absence of interferences, the vector length is expected to be invariant when a magnetometer is
rotated in a homogeneous magnetic field. We make use of this invariance in order to evaluate the
applicability of the Allan deviation plot for the same sensor with different sample frequencies applied. For
handling noise, one should first decide on the trade-off between the allowable noise level and a time period
one can afford to spend on obtaining extra sensor readings in order to average them and eliminate noise.
Once the choice has been done, i.e. a point (X,Y) is selected on the Allan deviation plot, its Y value has the
following meaning. Approximately 68 % of measurements will have the deviation from the true noise
level, numerically equal to Y. Thus, one subtracts Y from the measurements and partly eliminates noise in

this way. If one rotates a magnetometer, takes triples of values (BX, B BZ), eliminates noise, then

v
calculates the magnetic flux density by (7), stores the calculated values of the magnetic flux density in a
vector and computes the variance of the vector items, the variance tends to zero if noise has been properly
eliminated. Hence, (7) can be used as a measure of how well noise has been filtered out.

In order to verify whether the Allan deviation plot computed for signals sampled with a frequency
exceeding the data refreshment rate is applicable we take the following steps.

1. The first step is to build the Allan deviation plots for a triaxial magnetometer. Keeping the
magnetometer steady, we acquire three signals for X, Y, and Z axes correspondingly, with some initial
sample frequency f;. The time series should be long enough for the Allan deviation plot to be meaningful
(no less than 16000 points as has been said previously).

2. With a fixed step Am for the averaging factor m, starting from m = 1, we pick Y-values of the
corresponding X-coordinates values t=n, on the Allan deviation plot for axis X. Besides, we consider the
maximum Y-value of the Allan deviation plot, whether it corresponds to either of (1+ kAm) 1o or not (kis 1,
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2, 3,....). All the sdlected Y-values should be stored in the i-th row of matrix AllanDeviationsX, where
number i is the number of an experiment (the number of the sample frequency being considered). The
same procedure should be done with two other plots, for axes Y and Z (two additional matrices are needed,
AllanDeviationsY and AllanDeviationsZ).

3. Steps 1 and 2 are repeated for sample frequencies f, = 2fy, f; = 3f;, etc. Y-values for the newly
obtained Allan deviation plots should be stored in the corresponding rows of matrices AllanDeviationsX,
AllanDeviationsY and AllanDeviationsZ. The Allan deviation characterizes a sensor, not data it produces.
Therefore, the matrices can be used later for eliminating noise from new signals.

4. We lift the magnetometer from a nearly flat surface, which can be a table for example, rotateit in
air in the plane more or less parale to the surface and put it down on the surface again without much
tranglational movement. In this way two out of the three projections of the magnetic flux density vector
will be affected much more than the third one. However, firstly, changes to two projections are sufficient,
and secondly, we do not need additional mechanisms to fix the device — laid on the table, it will be kept
steady for awhile.

5. Keeping the device static in an arbitrary (and unknown) pasition, we obtain measurements for all
the three axes and store them into three vectors, Bx, By and Bz, correspondingly. The process should be
repeated for anumber of arbitrary rotations.

6. The first item of matrix AllanDeviationsX (AllanDeviationsX[0][0]) should be subtracted from
vector Bx. Similarly, the first items of two other matrices are subtracted from two other vectors
correspondingly. Then we calculate the magnetic flux density using (7) for each triple Bx[j], By[j] and
BZ[j] and the variance of the obtained lengths of the magnetic flux density vector. The varianceis stored in
anew matrix, Results.

7. The previous step is repeated for each item in matrices AllanDeviationsX, AllanDeviationsY and
AllanDeviationsZ. The variance should be stored in Results, in the cell with the same indices.

8. We compare the items of matrix Results. Items close to zero indicate proper noise elimination.

By taking the described steps we detected that the Allan deviation plots are completely inapplicable
if signals are sampled more frequently than new data can be available (no matter which Y-values are
considered, minimum or maximum). The fact that for m = 1 one observes smaller Y-values in these plots
than in the Allan deviation plot for data polled as frequently as new data appear turned out to be
misleading. The least variance in the magnetic flux density was observed when a signal contained no
systematic repetitions.

The described verification approach is not flawless. However, we can ignore its imperfections
(assumptions about a homogeneous magnetic field and the absence of distortions) since they influence all
measurement results in the same way.

Conclusions

The work considers a problem of interpreting Allan deviation plots dissimilar to the classic textbook
case. Being unable to interpret the Allan deviation plot properly often means a failure to cope with noise
terms inevitably present in inertial sensors. The problem arose from practice, when improperly sampled
signals from a magnetometer caused the Allan deviation plot far dissimilar to the classical case and thus
difficult to decipher.

We have found relationships between the sample frequency of signals and the shape of the Allan
deviation plot for these signals, using both simulation techniques and analytical considerations. Using the
fact that the magnetic flux density vector length remains invariant when rotating a magnetometer in a
uniform field, we have experimentally found that Allan deviation plots for signals sampled with a
frequency exceeding the data refreshment rate are not applicable at all. One needs to remove repested
measurement points before applying the Allan variance method.
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