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ABSTRACT

With the development of bidirectional and unidirectional microphones dating back to the 1930’s, the parameter of
directivity has been an integral aspect of microphone construction for nearly 100 years [1]. This characteristic is
commonly visualized with the microphone’s sensitivity displayed as a radius r over a 360 - degree span within a
polar coordinate system. Measured directivity is generally shown as an overlay of well-defined frequencies [2].
Although this is common practice, in-depth analysis of the actual performance of a microphone is difficult. In this
paper, a novel approach to displaying the directional characteristics of a microphone is presented, providing an
interactive display of the angular sensitivity at any frequency. Furthermore, the application within microphone
array development is discussed.

1 Introduction

The directional sensitivity of a microphone is tradi-
tionally displayed as a theoretical plot within a polar
coordinate system (polar plot). As shown in Figure 1,
more information can be extracted from measurement
data, which is generally given at a few select frequen-
cies defined by IEC60268 [3]. This method provides
minimal insight into the actual frequency-dependent
angular sensitivity of the microphone. Moreover, us-
ing a more prominent line type for lower frequencies
or showing plots of non-IEC60269 frequencies may
cause misperceptions. Frequencies below 2 kHz gener-
ally show near optimal angular sensitivity. This paper
proposes a method for providing frequency-dependent
directivity information. A prototype application is in-
troduced and data interpolation and smoothing for dif-
ferent applications are presented.
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Fig. 1: Traditional display of directive microphone sen-
sitivity at frequencies defined by IEC60268 [2].
The overlapping plots make exact observations
about the frequency-dependent angular sensi-
tivity difficult.
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2 Methods

2.1 Data Acquisition

To acquire all necessary information to describe the
angle- and frequency-dependent microphone sensitiv-
ity S(θ ,ν) impulse responses (IR’s) were gathered:
In an anechoic chamber meeting ISO 3745 Precision
Class 1 standards [4], sine sweep test tones of 3 s were
played back using a high quality studio monitor at ap-
proximately 4 m distance from the microphone. The
test tone was recorded at n = 24 rotation positions of
the microphone, set via a motorized rotation device con-
nected to the microphone stand and monitored with the
appropriate software. The resulting recordings, repre-
senting an angular resolution of 15◦, were deconvolved
with the sweep signal to aquire the impulse responses.
These were later treated to reduce the influence of loud-
speaker imperfections by deconvolving the signals with
an impulse response of the speaker, recorded with a
high quality measurement microphone prior to the IR-
recordings. The microphone’s power spectrum at the
angle (n−1) ·15◦ can be accessed via Discrete Fourier
Transform (DFT) [5].

The resulting power spectra can be seen in Figure 2.
The observed irregularities at higher frequencies are
largely due to the fact that multiple microphone cap-
sules were combined in a shock-mount during record-
ing of the impulse responses. This causes reflections,
leading to interference effects which can drastically in-
crease or decrease sound pressure at arbitrary locations
and frequencies.

2.2 Frequency Smoothing

Many applications require a certain degree of data
smoothing. For the power spectra shown in Figure 2,
1
N - octave smoothing with N = 12 was applied. Some
marketing brochures show data smoothed with up to
N = 3. Figure 3 shows an IEC61260-compliant 1

N -
filter bank with N = 3 [6].

2.3 Angle Interpolation

To get from 24 steps, represented by Si(ν), to full 360◦

resolution as shown in Figure 4, described with S(θ ,ν),
cubic spline data interpolation is applied. Cubic spline
interpolation is achieved by constructing third-order
polynomials within every interval [Si(ν) , Si+1(ν)] with
i = 0, . . . ,n−2.
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Fig. 2: Power spectra of measured microphone cap-
sule in 15◦- steps around a full rotation. Data
smoothing with 1

12 - octave filterbank is applied.
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Fig. 3: Magnitude response of IEC61260 - compliant
1
3 - octave filter bank used to smooth frequency
responses [6]. The filters shown result in strong
smoothing, whereas more accurate data can be
retained by applying filter banks with narrower
bands.
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(a) Before interpolation. The 24 data points for the given
frequency bin are simply connected with lines.
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(b) After interpolation the polar graph shows great resem-
blance to the theoretical curve for cardioid directivity.

Fig. 4: Interpolation process of angular sensitivity plot. Figure 4a shows the contours of a polarity plot with
measured data simply connected by lines. This creates a rough and improbable graph. Figure 4b shows a
version which has been interpolated with an angular resolution of 1◦ using cubic splines.

Considering the ith part of the spline Yi we get ([7, 8]):

Yi(τ) = ai +bi τ + ci τ
2 +di τ

3 (1)

where τ is a parameter between 0 and 1. This results in

Yi(0) = Si = ai (2)
Yi(1) = Si+1 = ai +bi + ci +di (3)

The derivatives of Yi with respect to τ at the points Si
then are

Y ′i(0) = bi (4)
Y ′i(1) = bi +2ci +3di (5)

Required boundary conditions are matching splines in
all measurement points, as well as matching first- and
second-order derivatives. Therefore we get

Yi−1(1) = Si (6)
Yi(0) = Si (7)

Y ′i−1(1) = Y ′i(0) (8)
Y ′′i−1(1) = Y ′′i(0) (9)

Additionally, to guarantee a sufficient number of bound-
ary conditions to be able to solve the 4(n−1) un-
knowns, the second derivative of the endpoints is set to
zero.

Y ′′0(0) = 0 (10)
Y ′′n−2(1) = 0 (11)

The conditions for a correct interpolation of the direc-
tivity patterns discussed in this paper are the demand
for 360◦- 0◦ continuity and a continuous derivative in
the mentioned interval. As cubic spline interpolation
guarantees both conditions (see equations 2, 3, and 8),
simple data wrapping between 360◦ and 0◦ suffices for
these conditions to be met. Therefore we set

S24 := S0 (12)

and solve for all 4n variables ai, bi, ci and di at all
frequencies ν .

With certain directivities, such as hypercardioid and
figure-of-eight, transitions into areas of negative sensi-
tivity have to be addressed. Figure 5a shows an exam-
ple, where the transition between positive and negative
sensitivity was not taken into account in the interpola-
tion process. Figure 5b shows the corrected version.

3 Results

The resulting application prototype is capable of con-
verting a dataset of m×n impulse responses of m micro-
phones, recorded at n angles, sampled at up to 192 kHz,
into an interactive polar plot. Current research has fo-
cussed on capsules with cardioid and figure-of-eight
directivity characteristics, although any arbitrary direc-
tivity is possible. As the processing relies on simple
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(a) No correction at ± - transition.
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(b) Correct interpolation.

Fig. 5: Interpolation errors occurring in the transition area between positive and negative sensitivities. Not taking
this into account can lead to distorted directivity plots, especially at high frequencies, where the measured
angular sensitivity shows more deviation from the theoretical curve.

impulse responses, the software is not restricted to
single-capsule setups. Monophonic coincident arrays
of any type can be evaluated as well (see Figure 6).
Smoothing and normalization guarantee a seamless ex-
perience when sweeping through the frequencies. Fig-
ure 6 shows a screenshot of the prototype, displaying
the measurements of a Schoeps double-M/S setup at ap-
proximately 1kHz. The angle of the array towards the
loudspeaker during IR-capturing was slightly off-axis,
resulting in an offset of θ . As the setup was mounted
in a common shock-mount, the same offset applies to
all three capsules. For the potential use as a marketing
instrument, offset correction can be applied.

4 Discussion

Through the use of interactive frequency-dependent
angular sensitivity displays, the performance of a given
microphone can be assessed in greater detail than with
traditional polar plots. This can be advantageous when
used as marketing material for high-performing mi-
crophones, or to help engineers find weaknesses in
current hardware design. A promising aspect of the
presented application is the evaluation of the perfor-
mance of beamforming arrays. Figure 7 shows the
polar response of a synthesized supercardioid, created
with the double-M/S configuration shown in Figure 6,

Fig. 6: Application prototype displaying measure-
ments of a Schoeps double-M/S setup consist-
ing of two CCM 4 cardioid capsules and one
CCM 8 figure-of-eight capsule at ≈ 1kHz [2].

AES 142nd Convention, Berlin, Germany, 2017 May 20–23
Page 4 of 6



Ziegler, Paukert, Runow Variable Frequency Polar Plots

using the synthesis models shown in equations 13 to
16 [10]. The use of this application for continuous
performance monitoring of beamforming algorithms
can be a useful aid for DSP development and quality
assessment.

Using the microphone configuration shown in Figure 6,
an arbitrary 1st order directivity pattern can be synthe-
sized, oriented towards any desired angle.

The signal from pressure sensors p(θ , t) and pressure
gradient sensors g(θ , t) can be combined using:

S(θ , t) = α p(θ , t)+(1−α) g(θ , t) (13)

For this example, using a double-M/S setup, the pres-
sure sensor (omnidirectional signal) is synthesized us-
ing the front- and rear-facing cardioids:

p(θ , t) = S f rontC(θ , t)+SrearC(θ , t) (14)

For the desired supercardioid we set ([9]):

α =
√

2−1 (15)

Using equations 13 - 15 we can compute a supercar-
dioid as shown in Figure 7, using:

SSC(θ , t) = (
√

2−1)
(
S f rontC(θ , t)+SrearC(θ , t)

)
+(2−

√
2)S f ig8(θ , t)

(16)

Although current parameters show promising results
and good performance, further research is required to
determine optimal frequency-smoothing for different
applications. Also, interpolation using nth degree spher-
ical harmonics instead of cubic splines could lead to
better results for areas with changing sensitivity po-
larity as found in figure-of-eight directivity patterns,
and for areas with a large angular derivative of the sig-
nal

(∣∣∣ dS(θ ,ν)
d(θ)

∣∣∣� 0
)

. As the IR recording took place
with three microphones simultaneously, an obvious
amount of interference can be observed. The rear-
facing cardioid microphone shows dramatic distortion
of directivity characteristics at frequencies as low as
5 kHz, while the front-facing cardioid capsule of the
same model shows relative frequency invariance up to
14 kHz. For more valid results additional IR recordings
are needed without the reflective surfaces of elaborate
shock-mounts and other capsules.

Fig. 7: A synthesized supercardioid response created
using signals from the Schoeps double-M/S
configuration shown in Figure 6.

5 Summary

A method to capture and interactively display the
frequency-dependent angular sensitivity of micro-
phones is introduced. Data capturing via the recording
of impulse responses in an anechoic environment is
described. Subsequently, signal processing in the form
of deconvolution, smoothing, and interpolation are dis-
cussed and examples are shown in Figures 4 and 5.
A functioning application prototype is introduced and
application examples are provided:

• Display of single capsules to assess the quality of
frequency invariance of a given directivity pattern
(Figure 5b).

• Display of multi-capsule setups to examine the
effect of inter-capsule-reflections and microphone
mounting (Figure 6).

• Display of synthesized directive signals to assess
the quality of beamforming algorithms (Figure 7).

Furthermore, future improvements in data acquisition
and processing are discussed.
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