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ABSTRACT

With their small size, embedded analog-to-digital converter,
and low cost, MEMS microphones are good candidates when
deploying arrays dedicated to 3 dimensional high resolu-
tion directivity measurements. Measuring the sensitivity and
phase uncertainties across the sensors of such an array can
help quantifying their impact on the performance of the array.

In this work, a batch substitution calibration procedure
is proposed. It is used to calibrate an array compounded of
128 sub-arrays of 8 MEMS microphones. This allows to esti-
mate the dispersion in sensitivity on the frequency range 100–
2000Hz, and higher bounds for the dispersions of the sensi-
tivity and phase on the frequency range 100–5000Hz. An
analysis of the obtained sensitivity statistics at 1 kHz corrob-
orates the results of a recent study. Eventually, Monte-Carlo
simulations are run in order to assess the impact of the mea-
sured sensor sensitivity and phase dispersion levels when es-
timating sound source directivities.

Index Terms— MEMS microphone arrays, calibration,
directivity estimation, uncertainty quantification

1. INTRODUCTION

The directivity function of a sound source describes the angu-
lar dependency of the acoustic pressure in the far-field. It is a
useful quantity when analyzing the field radiated by complex
sound sources [1], or when incorporating them in virtual au-
dio environments [2]. However, obtaining 3 dimensional di-
rectivity data requires a high amount of acoustic pressure sen-
sors. For such a purpose, MEMS microphones are, thanks to
their small size, their low cost and their embedded analog-to-
digital converters, a better choice than the costful and analog
traditional condenser microphones. However, array measure-
ments demand precision in the sensitivity and phase matching
of the array components, and there is as yet no standard for
calibrating MEMS.

This work is part of the RayoVox project funded by the French National
Research Agency (ANR-21-CE42-0017, 2021-25).

Since 2014 [3], several studies have adapted the calibra-
tion procedures commonly used for the calibration of con-
denser microphones - namely reciprocity, comparison, and
substitution - to the sensitivity calibration of a unique MEMS
microphone [4, 5, 6]. MEMS microphone arrays can be com-
posed of dozens, if not hundreds [7], of microphones. To
ease and speed up the calibration process, batch calibration is
thus needed. Havranek et al [3] design an omni-directional
source for the purpose of planar array calibration. Their work
unfortunately does not provide calibration data. Ahlefeldt
et al [8] succeed in measuring sensitivity values on the fre-
quency range 100Hz to 10 kHz. However, they do not test
the omni-directionality of their source. Refs. [9, 10] infer
sensitivity values from diffuse-field measurements. However,
the diffuse field hypothesis is difficult to reach in real-life ex-
periments. Eventually, Wijnings et al [11] adapt the com-
parison calibration method to planar arrays of microphones.
They succeed in obtaining both the sensitivity and phase devi-
ations in a population of 8384 MEMS microphones at 1 kHz.
In this work, we propose to apply the substitution calibra-
tion method to geometrically identical sub-components of a
1024 MEMS microphone array dedicated to directivity mea-
surements. This method allows to obtain information on both
sensitivity and phase dispersion on a broad frequency range.

The setup, signal processing framework, and results of the
calibration experiment, are presented in Sec. 2. The impact of
the obtained sensitivity and phase uncertainties on directivity
estimation is evaluated in Sec. 3. Eventually, Sec. 4 draws
conclusions on the proposed study.

2. CALIBRATION EXPERIMENT

2.1. Material and method

Experimental setup. The MEMS microphone array of in-
terest is compounded of 128 sub-arrays. The sub-arrays
are linear bars of 8 MEMS microphones (Invensense ICS
43434 [12]) as shown on Fig. 1. The bars were successively
mounted on a dedicated support in the anechoic room at



Fig. 1: A sub-array mounted on the calibration support.

LMA, the 8 sensors of each sub-array being placed at 8 posi-
tions, identical for all bars with a tolerance of about 1mm.

The sub-arrays were then sequentially placed 2.5m away
from a broadband sound source (Genelec 8240A) driven by
a Ferrofish A16 MK-II audio interface. Three additional
quarter inch condenser microphones (GRAS 46 BF-1) were
placed underneath. The acquisition system to which both the
MEMS and the condenser microphones were connected is
described in ref. [13]. A sampling frequency of 50 kHz was
chosen for the acquisition. The same calibration signal - a
synchronized exponential sweep [14] of 30 s seconds span-
ning the 50–20 000Hz frequency range - was played for each
bar. An analysis of the signals measured by the condenser
microphones allowed to check the repeatability of the exper-
iment on the frequency range 100–5000Hz and the absence
of source non-linearity.
Data processing. The post-processing used in the experiment
is depicted in Fig. 2. The first step (Frequency analysis block)
is to estimate the transfer functions Hj

s→i between the signal
xj sent to the sound source and the signal yji acquired by the
ith microphone (1 ≤ i ≤ 8) of a given bar j (1 ≤ j ≤ 128).
Power and cross spectral densities Pxj

and Pxjy
j
i

are esti-
mated from the Welch periodogram method [15] with a 2048
samples-long Hann window and 50% overlap, resulting in a
25Hz frequency resolution for the transfer function Hj

s→i de-
fined as the ratio Pxjy

j
i
/Pxj .

In a second step (block ⟨.⟩j in Fig. 2), the average transfer
functions Havg

s→i are computed for each of the 8 positions as

Fig. 2: Schematic of the data processing workflow.

the effective immitances obtained from averaging (over index
j) the amplitudes (geometrical mean) and the phases (circular
mean) obtained at positions i for all bars. These average trans-
fer functions are to be interpreted as the nominal response of
MEMS microphones at each given positions and their rele-
vance will be discussed in the next section.

In the remainder of this section, we consider the relative
response Hj

avg→i as the ratio between the individual trans-
fer function Hj

s→i (estimated for microphone i of bar j) and
the average transfer function Havg

s→i (obtained from all mea-
surements at position i). These relative responses are to be
interpreted as individual deviation from the nomimal transfer
function and should ideally not depend on the position i.

2.2. Results

Variability for a single microphone at a given position.
Eight recordings have been made with bar j = 0 (mount-
ing/unmounting the bar on the support). The estimated trans-
fer functions H0

s→0 obtained for the reference MEMS mi-
crophone ((i, j) = (0, 0)) evidence a standard deviation ≤
0.05 dB below 1 kHz, ≤ 0.2 dB up to 5 kHz and ≤ 0.5 dB up
to 10 kHz.
Relevance of the per-position averaged transfer functions.
The same reference MEMS microphone ((i, j) = (0, 0)) has
been moved to each of the 8 positions and the correspond-
ing relative responses H(0,0)

avg→i with respect to the per-position
averaged transfer functions Havg

s→i have been computed. The
variability of these responses (given in terms of standard de-
viation of amplitude and phase over the 8 positions) is shown
in Fig. 3 over the 100–5000Hz frequency range.

The dispersion in sensitivity (solid line in top axis) slowly
increases from ≈0.01 dB at 100Hz to ≈0.1 dB at 2 kHz.
These low dispersion values are a first clue that the sensitivity
of an arbitrary MEMS at position i with respect to the av-
erage response at the same position does not depend on the
measurement position. In the 2–5 kHz range, the sensitivity
dispersion increases more steeply until 0.5 dB.

The phase dispersion (solid line in bottom axis) remains
almost constant over the whole 100–5000Hz frequency
range, corresponding to an uncertainty of 0.5–1mm in the lo-
cation of the sensor. This dispersion in the estimated phase is
higher than the phase dispersion of about 0.2mm measured in
[11]. These results are still consistent with the accuracy in the
MEMS positioning (due to the mobility of the support) during
the whole calibration process. The dispersion in sensor phase
presented in the next section probably may thus overestimate
the real phase dispersion in the sensor population. Despite
this relatively high upper bound, the per-position average
transfer functions appear to be robust references to achieve
the calibration of the full set of MEMS microphones, with
a lower variance than the responses of a single microphone
acquired at each of the positions.
Variability of the relative transfer functions. Fig. 3 also
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Fig. 3: Dashed color curves : standard deviation of the sensi-
tivity (top) and phase (bottom) of the MEMS relatively to the
average MEMS computed for the 8 population of 128 MEMS
at the different calibration positions. One colour corresponds
to one position. Continuous black curve : dispersion in the
sensitivity and phase relative to the average MEMS of an ar-
bitrary MEMS estimated from the 8 different measurement
positions. The black curves are interpreted as sensitivity and
phase estimation uncertainties. Phase dispersion is translated
to distance by dividing by the acoustic wave number.

shows the standard deviation of the 128 estimated relative
transfer functions Hj

avg→i for each of the 8 positions.
Firstly, the standard deviations of the sensitivities (dashed

curves, top axis) show the same trend for all the positions
(≤0.15 dB up to 2 kHz), which means that the dispersion
in sensitivity amongst the total of 1024 microphones tested
is greater than the variability possibly introduced by the
multiple-positions setup. Moreover, this can be read as an
indication that the per-position estimated sensitivity distribu-
tions are representative of the global distribution.

From 2 to 5 kHz, the sensitivity dispersions become com-
parable to the variability related to the position. Thus, in this
interval, it is only possible to infer higher bounds of sensitiv-
ity dispersion (up to 0.3–0.5 dB at 5 kHz).

As in Ref. [11], the distribution of the 1024 estimated sen-
sitivities at 1 kHz were fitted as a Student’s t-distribution with
parameters (ν, µ, σ) = (6.99,−0.01 dB, 0.12 dB) (95% con-
fidence interval 0.36 dB) to be compared with the parameters
obtained by Wijnings et al (ν, µ, σ) = (7.56, 0.00 dB, 0.16 dB)
(95% confidence interval 0.39 dB, population of 8384 tested
microphones).

Regarding the phase, the dispersion curves (dashed curves
on the top plot of Figure3) are all equivalent to a 2 mm un-
certainty in the sensor location from 300 Hz. At frequencies
lower than 300 Hz, dividing by the acoustic wavenumber does
not counter-balance the frequency dependency of the phase
dispersion, which leads to higher equivalent distances of 3–
4mm. As highlighted in section 2.2, it is safer to read these

phase dispersion levels as higher bounds of the phase disper-
sion. Note that when deploying large arrays of hundreds of
microphones, the uncertainty in sensor location is higher than
this level of dispersion, even when using automatic geometric
calibration methods [16].

3. IMPACT OF DISPERSION OF SENSITIVITY AND
PHASE ON DIRECTIVITY FACTOR ESTIMATION

Numerical simulations are performed to assess the robustness
of a state-of-the-art directivity estimation method [17, 18] to
variability in sensors performance as estimated in Sec. 2.

3.1. Numerical experiment

Directivity estimation method. The pressure field radiated
by a source can be expanded onto a spherical wave basis as

p(r, θ, ϕ, k) =

+∞∑
n=0

n∑
m=−n

cmn(k)h
(2)
n (kr)Y m

n (θ, ϕ) (1)

with (r, θ, ϕ) the spherical coordinates, k the wavenumber,
h
(2)
n the spherical Hankel functions of the second kind, Y m

n

the spherical harmonics, and cmn(k) the coefficients of the
expansion. In the far-field, the Hankel functions behave as
jn+1e−jkr/r and equation (1) can be factored as [17]

p(r, θ, ϕ, k) ≈ D∞(θ, ϕ)
e−jkr

kr
. (2)

Estimation of the far-field directivity function

D∞(θ, ϕ) =

∞∑
n=0

n∑
m=−n

cmn(k)j
n+1Y m

n (θ, ϕ). (3)

of the source at any solid angle from pressure measurements
is known as the directivity estimation problem. Truncating the
outer sum in Eq. (1) to a finite maximal order N , the vector
c of spherical harmonics coefficients can be estimated as the
product of the regularized inverse of a sensing matrix H (with
generic term Hn(n+1)+m,q = Y m

n (θq, ϕq)h
(2)
n (kr). Hankel

functions can exhibit significant amplitude variations from
one order to another, hence the need for regularization) and
a vector p of Q pressure measurements at given wavenumber
k [17, 18]:

ĉ =
(
HHH+ λI

)−1
HHp, (4)

A continuous representation of the directivity function is
then obtained from the truncated version of Eq. (3).
Generation of data. The radiation of a spherical cap source
is considered here (rigid sphere of radius 8.5 cm with a vi-
brating aperture of radius 2 cm), as a first approximation of
human voice radiation [19]. A surrounding spherical array
(radius 1.5m, same center as the source) supports 1024 mi-
crophones arranged following an equal-angle sensor distribu-
tion [20]. An axis-symmetrical Boundary Element model [21]



is used to synthetize both the measured fields at the positions
of the sensors and a reference far-field directivity pattern Dref

∞
on an equal-angle reference spherical grid of ≈5000 points.

The far-field directivity function Dest
∞ on the reference

sphere is estimated using the directivity estimation method
described above. The truncation order is chosen according
to frequency using the far-field criterion defined in Ref. [18]
with a maximal order N = 12. For the different experiments
to be comparable, the regularization parameter λ used in
Eq. (4) is set to 10−4. The performance metric is the ratio of
the L2-norm of the error on the sphere to the L2-norm of the
solution

E =
||Ω

(
Dest

∞ −Dref
∞
)
||2

||ΩDref
∞||2

, (5)

where Ω accounts for integration on the reference grid.
Monte Carlo experiments. Monte-Carlo simulations (100
realizations) were run on the frequency range 100–5000Hz
to assess the impact of sensitivity and phase dispersion sep-
arately. In a first experiment, the sensitivities of all micro-
phones is disturbed by the variable ∆L according to a cen-
tered normal distribution with standard deviation 0.3 dB (to
be compared with the parameters of the Student t-distribution
fit in Sec. 2). Due to the lack of information on the sensi-
tivity distribution above 2 kHz, the Gaussian distribution was
preferred here. In a second experiment, the phase of the sen-
sors’ transfer functions was disturbed by a quantity ∆ϕ fol-
lowing a centered normal distribution with standard deviation
corresponding to a position uncertainty of 2mm. The stan-
dard deviations of ∆L and ∆ϕ correspond to the maximal
ones measured in the MEMS populations from Sec. 2.2 on
the frequency range 100–5000Hz. The pressure measure-
ment of each sensor in Eq. (4) was noised by a scaling factor
10∆L/20ej∆ϕ before being used in the directivity estimation
method.

Fig. 4: Evolution with frequency of the mean (thick curves)
and standard deviation (transparent zones delimited by thin-
ner curves) of the performance metric E defined equation 5.
Computed across 100 Monte-Carlo runs. The yellow curves
are obtained with only sensitivity uncertainty, while the dark
ones are obtained with only phase uncertainty.

3.2. Results

Fig. 4 shows the mean and standard deviation of the perfor-
mance metric defined in Eq. (5) for the two Monte-Carlo ex-
periments. Below 1 kHz, both conditions perform with no
significant difference with averages and standard deviations
of the performance metric slowly increasing to about respec-
tively 1.4% and 0.1%. Above 1 kHz, the average and stan-
dard deviation of the error in presence of sensitivity uncer-
tainty (yellow curves) stagnate at 1.4% and 0.1%. In the
same frequency range, the mean error and standard deviation
in presence of phase uncertainty increase, up to about 7% and
0.5%, respectively. Hence, both sources of uncertainty have
the same impact up to 1 kHz, while the uncertainty in phase
significantly prevails at higher frequencies.

4. CONCLUSION

A batch substitution calibration framework was proposed and
applied to an array of 1024 MEMS microphones. It enabled
the estimation of sensitivity dispersion across the array popu-
lation over the frequency range 100–2000Hz. To support this
result, it was shown that the estimated distribution of sensitiv-
ity at 1 kHz are in line with the ones measured by Wijnings
et al in Ref. [11]. From 2 to 5 kHz, the method gives a higher
bound of 0.3 dB to the standard deviation for MEMS sensitiv-
ity. The results in terms of phase were more mitigated due to
uncertainty in sensor location. Still, a higher bound equivalent
to a 2mm displacement was estimated for the phase standard
deviation on the frequency range 300–5000Hz. This phase
uncertainty bound is slightly higher at lower frequencies.

Eventually, these higher bounds in sensitivity and phase
uncertainties were used as inputs of Monte-Carlo experiments
in order to assess the relative impact of sensitivity and phase
dispersions on the estimation of directivity from measure-
ments done with the MEMS microphone array. Both dis-
persions lead to similar errors and error uncertainty at lower
frequencies, while phase dispersion is the main source of un-
certainties at higher frequencies.
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