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Abstract
The Panel Noise Contribution Analysis Referenced Related (PNCAR) measurement method carries out the
airborne reciprocal Transfer Path Analysis (TPA). In comparison to the conventional pressure based tech-
niques the method is fast and robust. It employs a small amount of PU probes, a monopole sound source and
a microphone. Typically the investigated surface is subdivided into several measurement sessions and those
further into panels. The method synthesizes individual panel sound pressure contributions in order to predict
the sound pressure at an arbitrary reference position. A global validation of the method had been performed
by comparing the synthesized and referenced sound pressure. The purpose of this paper is to investigate what
amount of panels (sensor positions) is needed for accurately predicting the reference sound pressure. As a
consequence of this, an empirical relationship between the amount of panels and analysis frequency limits
has been proposed.

1 Introduction

The vehicle interior noise has been of concern for many years. Passenger compartment noise can be best
described as complex due to reasons such as standing waves in a low frequency region, cavity resonances or
the non-anechoic conditions of a cabin environment. Additionaly, the sound sources (surfaces) are difficult
to describe in terms of their excitation, radiation efficiency and pressure contribution. As a result, clas-
sical measurement techniques for determining energy contributions are highly time consuming and rather
complex.

Each acoustical problem can be addressed considering three independent parts namely sound source, transfer
path and receiver. A direct airborne transfer path measurement involves replacing the original excitation
source with a monopole of known volume velocity. Next, the sound pressure at an arbitrary external point
is measured. This process is in most practical cases undoable, if not impossible, to achieve mainly due to
the lack of a space. By applying the principle of acoustic reciprocity the source and the receiver can be
exchanged, so that the monopole is located outside and a receiver inside at the position of the sound source.
This last statement corresponds the basis of reciprocal transfer path measurements.

The PNCAR is a measurement technique which makes use of reciprocal transfer path analysis [3]. With
the use of a reference microphone the relative phase information between panels in a single measurement
session is preserved. Since the reference sound pressure can be though of as a sum of sound pressure from
all the compartment surfaces, the outcome of the PNCAR is identifying those panels which contribute the
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most in terms of sound pressure at an arbitrary chosen reference position and for arbitrary stationary running
conditions. On the road, measurement environmental conditions such as wind noise and rain can be assessed.

The surfaces ordered in terms of pressure contribution gives valuable information about where are the sound
sources of interior noise located. Such information makes easier to decide which surfaces should be consid-
ered for a noise reduction treatment first and nonetheless where the treatment is going to be most effective.
The treatment becomes cheaper and time effective. Furthermore, regarding the particle velocity distribution
across the enclosure surface allow us to visualize structure modes to a certain degree. In addition, cav-
ity modes can be evaluated by studying the acoustic transfer path between the reference position and each
surface position.

This paper is focused on investigating the relationship between the amount of panels (or total measurement
positions) and the correspondent error between measured and predicted sound pressure at a reference posi-
tion. The background theory of PNCAR and the measurement methodology are presented in the following
sections followed by a discussion focused on highlighting the practical implications of the experimental
results found.

2 Background Theory

As already mentioned the methodology is based on the acoustic reciprocity principle and particle velocity
measurements close to the surface. The particle velocity in the panel vicinity can be assumed to be directly
proportional to the surface vibrations [2].

By following the general approach we can start defining a cavity S whose surface excites the sound field
when under operating conditions; and an infinitesimally small area M inside S which is affected by the
different pressure contributions of the cabin surfaces (see fig. 1below).

Figure 1: Schematic overview of the surfaces necessary for the analytical derivation

The derivation of an expression for calculating the surface pressure contribution at M follows Hald [4]
and Kinsler [5].When M acts as a sound source (monopole sound source) the reciprocal transfer functions
between M and S are defined; and when S acts as a sound source (operational conditions) the sound pressure
at M is measured along with the pressure and particle velocity distribution across S.

Two set of variables can be distinguished depending on the measurement conditions. The pTF and uTF are
defined as sound pressure and particle velocity from reciprocal reciprocal transfer function measurement.
On the other hand, p and u are the sound pressure and particle velocity from the measurement in operating
conditions.

In order to predict the sound pressure at the reference position from transfer path function and particle
velocity measurements it is necessary to employ acoustics reciprocity principle, i.e.∫

M
(pTF u− puTF ) dM +

∫
S
(pTF u− puTF ) dS = 0 (1)
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In the measurement under operating conditions the integral of particle velocity u across the entire surface
M is zero assuming diffuse field (no net energy flow). Furthermore, the sound pressure p is integrated over
M giving reference sound pressure pr. On the other side, during the reciprocal transfer path measurement,
integrating the particle velocity over M will lead to the volume velocity of the monopole sound source Q
which leads to the following equation

− prQ +
∫

S
(pTF u− puTF )ds = 0 (2)

Consequently, the sound pressure at the reference position can be defined as

pr =
∫

S

(
pTF u

Q
− uTF p

Q

)
dS (3)

Eq. 3 represents the very base for most panel noise contribution methods. It relates the reference sound
pressure with the p and u and reciprocal transfer functions pTF /Q and uTF /Q.

Until now arbitrary signals have been considered in the derivation. However, for practical scenarios it is
necessary to assess random signals [6]. Moreover, Eg. 3 cannot be directly implemented because phase
difference between individual measurement sessions are unknown. To overcome this problem Eq. 3 is mul-
tiplied by a complex conjugate of reference sound pressure p∗r and then expected value E(...) taken

E(prp
∗
r) =

1
Am

∫
S

E

(
pTF

um

)
E(up∗r)− E

(
uTF

um

)
E(pp∗r) dS (4)

where um is the particle velocity at M during the reciprocal transfer path measurements and Am is the area
of the monopole surface M.

Next, eg. 4 can be expressed in terms of autospectra and crosspectra, i.e.

Sprpr =
1

Am

∫
S

SpTF um

Sumum

Supr −
SuTF um

Sumum

Sppr dS (5)

where Sprpr is the autospectrum of the reference sound pressure, SpTF um
is the cross spectrum between the

sound pressure at S and particle velocity at M both during the reciprocal transfer function measurements, the
Sumum is the autospectrum of um, SuTF um

is the cross spectrum between the particle velocity at S and particle
velocity at M both during the reciprocal transfer function measurements, the Supr is the cross spectrum
between particle velocity u at S, and the reference sound pressure and Sppr is the cross spectrum between
the sound pressure p at S and sound pressure p at M when the sound field is excited by S.

In practical cases the surface S has to be discretised into a finite amount of panels N.

Sppr =
1

Am

N∑
n=1

(
SpTF um

Sumum

S(upr,n) −
SuTF um

Sumum

S(ppr,n)

)
An (6)

where An defines the area of sub-section n.

3 Methodology

The measurement was done in a family car whose passenger compartment was subdivided into 37 sessions.
Each of these sessions was further subdivided into 11 panels since 11 P-U probes were used. Each probes
was mounted into a spring structure which decouples surface vibrations from radiated particle velocity. Con-
sequently, the full car interior was discretized into 407 measurement positions.
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Measurements were performed in two different steps. Transfer path measurements were carried out using
a low frequency monopole excitation source positioned at the driver spot. During the measurements, sound
pressure was measured close to the surface S and volume velocity via reference velocity sensor placed at
the open end of the monopole M. In the second step probes were placed at exactly the same positions as
during transfer path measurements. Now pressure and particle velocity during operational conditions were
measured close to the surface S together with the sound pressure at the reference position P. A schematic
view of the two steps is illustrated in Fig. 2.

M

S

(a)

M

S

P

(b)

Figure 2: (a) Reciprocal Transfer Path and (b) measurements during operating conditions

In Fig. 3 a set of PU probes can be seen distributed across a window surface. On the right hand side of the
figure, it is shown the low frequency monopole and the reference sensors used. Probes were positioned in
such a way that each one effectively covered an area of approximately 0.03 m2. Reference position was
chosen to be at the drivers ear position.

(a)
Low freq. monopole sound source

Reference particle
velocity sensor

(b)

Figure 3: (a)Probe distribution on the door window (b)Low frequency monopole and microphone at the
reference position. The position of the reference velocity sensor is marked.

Operating conditions were measured with the car running in a conventional asphalt road with a speed of
60km/h in 2nd gear and the engine at 3500 rpm-s.

4 Measurement Validation

In Fig. 4 is shown the comparison between the averaged measured sound pressure (bold red line) and 37
individual sound pressure measurements during the different sessions (thin lines). The deviation between
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individual sessions is fairly low, specially at low frequencies demonstrate the high repeatability. The rela-
tionship between the pressure dispersion and the error of the pressure synthesis had been studied in detail
in [1].

Figure 4: Pressure dispersion of the reference microphone during all different section measurements.

The averaged reference sound pressure is also used for validating the quality of synthesized sound pressure.
A comparison between the sound pressure synthesized using 407 measurement points is compared with the
average sound pressure reference spectra measured is presented in Fig. 5.

Figure 5: Synthesized sound pressure from 407 panels versus averaged reference sound pressure

The good agreement shown in Fig. 5 effectively means that all the radiated sound pressure was well assessed
and nothing with a significant influence on the reference position was left out within the measured panels.
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5 Optimal number of panels

Experimental results presented in Sec. 4 required a time-consuming measurement campaign with a large
number of measurement positions : 407 panels measured with 11 probes in 37 sessions. Hence, having
a priori information about an optimal number of required panels would minimized the time required for
performing the measurements.

In the post-processing stage the number of panels was gradually reduced from 400 to 20. Consequently, the
average area associated with each of the panels had been recalculated dividing the original total surface by
the number measurement points used. The panels removed from the synthesis process in each iterations had
been chosen randomly every time. So, it has been necessary to repeat this removal random process as many
times as panels measured in order to average each realization and obtain a homogeneous result. Next, the
error had been calculated by comparing measured and synthesized reference pressure in third octave bands.
Fig. 6 shows the result obtained.

Figure 6: Absolute error between predicted and measured reference pressure as a function of panels and
frequency (dB)

Fig. 6 allow us to asses the impact of reducing the number of measurement points. The graph show a clear
frequency depend trend which point out the necessity of increasing the number panels to be able to assess
higher frequency ranges with a reasonable small error. This fact perfectly matches with the theoretical expec-
tations, lower frequencies (up to approx. 1 kHz) needs lees amount of panels due to the longer wavelength
and consequently lower spatial sampling requirements in order to be accurately captured. Higher frequencies
in contrast, with shorter wavelength, require higher spatial sampling rate.

The maximum assessable frequency of our analysis had been limited by two main factors: the frequency
range of the monopole used and the average spacing between the probes. The sound source used can be
regarded as a monopole only below 1 kHz, because then the directivity and the low output power of the
loudspeaker become problematic. On the other hand, the average spacing between P-U probes when consid-
ering all the panels was about 18 centimeters. The separation distance used would guarantee avoiding spatial
aliasing problems below approximately 1 kHz for a homogeneous radiating surface. However, a car interior
is a rather complex structure and such a assumption can not be directly taken into account. Therefore, a good
agreement could be found below 1 kHz and the estimation error would increase around and above 1 kHz.
Hence, evaluating frequencies higher than 2 kHz is not possible with the measurement dataset.
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Despite the expected theoretical limitations, Fig. 6 shows that a good estimation of the reference pressure
is obtained when considering a high number of panels. Fig. 7 presents a clear comparison of how the error
converge as we increase the number of measurement points towards a low mean value for two different
frequency ranges: mid and low frequencies (20 Hz to 1000 Hz) and high frequencies (1 kHz to 2 kHz). This
representation can be seen as the cost function which directly indicates when adding more panels does not
influence the error in the reconstruction.

Figure 7: Cost function for the frequency bands from 20 Hz - 1 kHz (doted line) and from 1 kHz - 2 kHz
(solid line)

As Fig. 7 suggests, the error becomes constant above 150 panels for the frequency range between 20Hz−1kHz.
Thus, practically means that only 13 measurement sessions are needed. This can be of great advantage if the
noise problem under assessment is within this frequency range since it saves a lot measuring time.

The error trend is different when studying higher frequency ranges. Fig. 7 illustrates how error within the
frequency band between 1 kHz and 2 kHz slowly converges to a good estimate as the number of measurement
positions is increased. Nonetheless, it has not been found the optimal number of panels since the error still
decreasing even when using all the data measured.

In summary, the convergence of the error cost functions between measurements and estimations directly
shows the limit from which on increasing the number of probes does not have any effect on the predicted
sound pressure. Panel noise contribution analysis of a regular car interior can be performed with high ac-
curacy below 1 kHz by measuring only 150 panels (average spacing between probes of 0.23 m). Further
research have to be undertaken for assessing the optimal number of probes for higher frequency ranges.

6 Conclusions

The accuracy of PNCAR method which is used for reciprocal transfer path analysis, and is based on particle
velocity measurement close to the surface, was investigated.

As it has been shown the main investigation aim was fulfilled since it has been shown that needed amount of
panels varies drastically with frequency. For lower frequencies, up to 1 kHz, 150 panels provide a accurate
reconstruction of the reference pressure (average error below 1 dB). Higher frequency ranges could not be
assessed due to limitations of the measured dataset.

A huge advantage can be taken out from the experimental findings. In vehicle interior noise problems it is
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common to find out that the most of the sound energy is stored in frequencies below 500 Hz. If a priori this
is known then the PNCAR analysis can be very quick since only approx.15 measurement runs are needed.
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