
Four capsule calibration approaches have been considered in this work. These approaches
range in the level of filtering utilized as the authors were conscious as to not adversely 'color’
the capsule signals. All the calibration approaches are calculated in the frequency domain and
frequency dependent regularization is utilized throughout as to not impart excessive increases
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A cost-effective 2nd order horizontal Ambisonic microphone
prototype has been developed as a vehicle to evaluate several
approaches for higher order microphone array. In this instance
focusing on capsule calibration due to the fact that inexpensive
unmatched capsules have been utilized.

This prototype used 5 TSB140A-T capsules over the azimuth plane as
this was the minimum needed to satisfy the 2N+1 requirement
needed for horizontal only capture. It utilising an equal angle sampling
scheme with a 72˚ capsule spacing. Due to the 14mm diameter of the
capsules the minimum feasible array radius was 25mm.

Recent years have seen an increase in the capture and production of ambisonic material due
to companies such as YouTube and Facebook utilising ambisonics for spatial audio playback.
Consequently, there is now a greater need for affordable high order microphone arrays due to
this uptake in technology. This work details the development of a five-channel circular
horizontal ambisonic microphone intended as a tool to explore various optimization
techniques, focusing on capsule calibration & pre-processing approaches for unmatched
capsules. This study implements and assesses various calibration approaches within MATLAB®
using a set of ambisonic microphone design tools developed by the authors [1].

Objective Measurement resulted in a set of 450 impulse responses (IRs) which were used
to characterise the raw capsules response and implement and assess a range of capsule
calibration approaches.

Fig 2 (a) shows the raw axial frequency response of the five capsules under test
(b) shows the directivity of capsule 1 (Orientated at 0˚) from 125Hz to 16kHz

Prototype Array Development

Prototype Array - Measured Responses

Fig 2 – Raw Capsule Frequency / Polar Response
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B-Format Directivity – ACN 4 (Simulated vs Measured)

Fig 1 - Model of 
3D Printed Prototype

Capsule Calibration Approaches ACN 4 Directivity (Post Capsule Calibration)

Averaged Gain Matching- (3a)
Once an FFT is applied averaging over 1/3rd

octave bands is utilized to generate a correction
factor. This per capsule gain is applied to level
match the signals.

Calibrated to a Specific Axial Response- (3b)
A set of per capsule inverse filters are calculated
using Nelson-Kirkeby Inversion [2], where a
specified capsules axial response is used as
target.

Calibrated to Flat Axial Response - (3c)
This approach uses the same filter inversion as
previously noted with the exception that the
target in this instance is a Dirac delta function.

Diffuse Field Equalization - (3d)
The averaged diffuse field response is calculated
in a similar manner to [3]. In this instance it was
generated over 90 measurement points per
capsule (2˚ increments 0-180˚ - Where
symmetry is assumed). The inverse of which is
applied to its corresponding capsule. Fig 3 - Axial Frequency Responses Post Calibration

Calibrated Using Diffuse Field Equalisation (3d)

Capsule Axial Frequency Response (a)
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Calibrated to a Flat Response (3c)
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Calibrated to a Specified Capsule (3b)
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Averaged Gain Matching (3a)
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Introduction

Single Capsule Polar Response (b)
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Additional Prototypes

Approaches where a single angle of incidence has been utilised for generating calibration filters,
such as the axial responses used in this case, have consistently shown a less desirable response
when compared to the simulated SH signals. A trend towards approaches such as Diffuse Field
Equalisation can be observed, where there has been no bias to one particular angle of
incidence, as the calculation of such filters takes into account all measurement data equally.

To a Specified Capsule - (5b) To a Flat Response - (5c) Diffuse Field Equalisation - (5d)

in magnitude at the extremities of the
frequency bandwidth of interest.

Simulated Array Response Measured Array Response

Fig 4 - Simulated / Raw B-Format Response 

Fig 5 - B-Format Response of ACN 4 Post Capsule Calibration 

To generate the desired B-Format signals a
set of Spherical Harmonic coefficients must
be calculated and applied to each
microphone signal. The coefficients for each
SH are generated using the following
equation

Once calculated for a given SH they must be
convolved with each respective capsules IRs.
These are then summed together to create
the desired SH signal.

𝑌"#q , f ≡ 𝑁"
# 𝑃"

# (sin(𝑀f))
cos 𝑚 𝑀q if m > 0

sin 𝑚 𝑀q if m < 0

In this work approaches to the calibration of unmatched microphone capsules has
been considered. The next course of action is to take learnings from this investigation
into pre-filtering techniques and consider post-filtering approaches to optimizing the
B-Format signals. Further to this additional prototypes are in development to greater
assess the effects of pre/post filtering along with the effects sampling schemes and
microphone placement on array performance.

Averaged Gain Matching - (5a)


