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Abstract

When traveling in an open-jet wind tunnel, the path 
of an acoustic wave is affected by the flow 
causing a shift of source positions in acoustical 

maps of phased arrays outside the flow. The well-known 
approach of Amiet attempts to correct for this effect by 
computing travel times between microphones and map 
points based on the assumption that the boundary layer 
of the flow, the so-called shear layer, is infinitely thin and 
refracts the acoustical ray in a conceptually analogy to 
optics. However, in reality, the turbulent nature of both 
the not-so-thin shear layer and the acoustic emission 

process itself causes an additional smearing of sources 
in acoustic maps, which in turn causes deconvolution 
methods based on these maps – the most prominent 
example being CLEAN-SC  – to produce certain ring 
effects, so-called halos, around sources. In this paper, 
we intend to cast some light on this effect by describing 
our path of analyzing/circumventing these halos and how 
they are linked to the CLEAN algorithm itself. Moreover, 
we outline a methodological extension to CLEAN-SC, 
which comes at a reasonable computational cost but 
effectively eliminates this effect in real-world 
measurements.

1. �Introduction

For many years now, beamforming has been a widely 
accepted and robust acoustic source mapping tech-
nique when using microphone arrays with a limited 

number of sensors. In very broad terms, it can be described 
to work as a spatial sound receiver that smoothly either 
filters out or favors sound emanating from map locations. 
In the frequency domain, this so-called conventional 
beamforming produces maps that exhibit only low spatial 
resolution together with a limited dynamic range. This is 
especially true for measurements in an open-jet wind 
tunnel. Therefore, these maps are often subject to further 
post-processing or deconvolution procedures like 
CLEAN-SC or DAMAS &c (see [1, 2]). However, these tech-
niques come with assumptions and limitations, which in 
turn can lead to artifacts making the interpretation of 
these maps more difficult. This article intends to investi-
gate and effectively eliminate one class of these artifacts 
that limits the usage of CLEAN-SC.

2. �Deconvolution of 
Beamforming Maps 
Using Clean-SC

Suppose there are M microphones in a phased array with 
measurable complex sound pressures p1, …, pM ∈ ℂ. The 
array cross spectral matrix C ∈ ℂM × M of these signals is 
composed by the elements

	 ij i jC p p∗ =   , 	 (1)

where ·∗ denotes complex conjugation, and [ ]⋅  is 
expectation. Now, given an arbitrary steering vector g 
associated to a map point, the value b(g) of the conven-
tional beamforming map at this point is

	 ( ) = Hb g g Cg 	 (2)
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where gH denotes the conjugate transpose of g. There 
are many definitions of steering vectors in the literature, 
all of which have their strengths and weaknesses (see 
[3]). Since the majority of them are based on the travel 
times between the microphones and the corresponding 
map point, they allow for a compensation of the flow in 
an open-jet wind tunnel (see [4, 5, 6, 7]).

Assuming that the conventional beamforming map 
is a superposition of so-called spatially coherent compo-
nent maps, CLEAN-SC (see [1]) basically loops over the 
following steps until a break condition is met: Using the 
conventional beamforming map initially,

	 ( ) HC C b g g C g= =0 0 0, , 	 (3)

CLEAN-SC begins by determining the maximum 
( )i i i

max maxb b g=  of the current map. It then computes the 
so-called spatially coherent component vector

	 i i i
maxi

max

h C g
b

= ⋅1
	 (4)

using the current cross spectral matrix. This vector 
has interesting properties. For example, when computing 
the following matrix

	 ( )Hi i i i
maxD b h h ,= ⋅ 	 (5)

it contains the spatially coherent component of i
maxg  

in Ci, i.e.

	 H i i H i i
max maxg D g g C g= 	 (6)

holds for all steering vectors g (of potential map 
points). In the last step, both the cross spectral matrix 
and the corresponding map are updated,

	

( )

( ) ( )

i i i i

HH i i i i
max

C C D , b g

g C g b g b h g

ϕ

ϕ

+ +

+

= − ⋅

= = − ⋅ ⋅

1 1

2
1

	 (7)

preparing the next iteration. Here, the so-called loop 
gain φ ∈ (0, 1] can be used to improve robustness of the 
algorithm. Moreover, CLEAN-SC keeps track of the source 
locations and levels found in every iteration in form of a 
so-called clean map (or result map) and refers to the map 
updated in the process as the dirty map. There are infi-
nitely many choices for source representations in the 
clean map. Typically, either an analytic function represen-
tative or a scaled version of the spatially coherent map 
itself is used. Figure 1 gives an example on how two 
different source representations can effect the overall 
result map. Common choices for break conditions include 
reaching a maximum number of iterations or a certain 
limit of dynamic below the first maximum found. 
Additionally, checking the condition

	
i iC C+ <1|| || || || 	 (8)

ensures that the current cross spectral matrix still 
contains enough information for the loop to continue 
(see [1]).

For the sake of convenience and clarity, we presented 
CLEAN-SC using the full cross spectral matrix. In case the 
diagonal is removed from the CSM, the algorithm follows 
the same reasoning but equations 4 and 5 have to 
be adapted for equation 6 to hold (cf. [1] for details).

3. �Measurement and Halo 
Effect

The exemplary open-jet wind tunnel measurement used 
throughout this paper dates back to November 2015. The 
measurement object was a prototype of a Porsche sports 
car which was furnished with representative flow-induced 
sound sources, e.g. a special license plate causing a 
dominant high-pitch tone.

The measurement was taken using an optimized  
3 m × 5 m planar array of gfai tech that consists of M = 
192 microphones placed on top of the flow (wind speed 
120 km/h) at a distance of 1.8m to the flow. The measure-
ment took 5 s using a sampling frequency of 48 kHz. A 
fast Fourier transform with prior von Hann weighting was 
applied to every microphone signal using 50% overlapping 
blocks of 4096 samples (STFFT). All 1922 elements of the 
array cross spectral matrix (1) were approximated by aver-
aging over these blocks.

On the CLEAN-SC side of things, the loop gain was 
set to φ = 1 and the dynamic range of each frequency 
coefficient was limited to 60 dB via a break condition. As 
source representation, a scaled version of the spatially 
coherent map was chosen. Figure 1 depicts two result 
maps using different scaling powers.

  FIGURE 1    Representative flow-induced sound sources, 
CLEAN-SC without diagonal, rows show 2500 Hz (top) and 
5000 Hz (bottom) third octave bands, columns show different 
source representations, sound pressure level, map scale 25 dB
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When inspecting these maps more closely, one 
realizes, that around each main source there exists a silent 
halo. These halos become even more pronounced, when 
the main lobe of the source representation is smaller due 
to a higher scaling power used in the process. Moreover, 
each of the dominant sources is surrounded by satellite 
sources which are difficult to interpret as they could 
simply be  remnants of the main source left over by 
CLEAN-SC in this regard. In the most extreme case of 
the license plate source, even these satellite sources seem 
to exhibit the halo effect themselves.

4. �Investigation and 
Alternative Methods

In the process of investigating the halo effect, several 
alternative methods and improvements to CLEAN-SC 
have been researched. The most promising and insightful 
ones preceding our proposed solution (see section 5) will 
be discussed in this section.

4.1. � Block-by-block Approach
One of the most naive approaches to investigate the 
effect is to create maps in terms of the smallest time unit 
used (read: each STFFT block) and to average these maps 
afterwards. This reveals the turbulent acoustical setting, 
as – even when CLEAN-SC is used for each block map – 
sources in the resulting average map appear with a much 
broader beam width when compared to the standard 
CLEAN-SC map (see figure 2). Also, source levels are 
diminished to some extend and dynamic range is lost in 
comparison to standard CLEAN-SC. However, the halo 
effect together with the occurrence of satellite sources 

completely disappeared. On the downside, this method 
comes at a high computational cost as it directly scales 
with the number N = 115 of STFFT blocks.

4.2. � Adaptive Beamforming 
Based Methods

Next, we were interested in whether a completely different 
method, based on the regular averaged cross spectral 
matrix, can reproduce the halo/satellite features of 
standard CLEAN-SC maps. Being one of the most 
powerful beamforming algorithms, we chose Adaptive 
Beamforming (see [8]) for this objective; in the one-
parameter family of Power Beamforming this corresponds 
to the case p = −1 (see [9]). When applied to our exemplary 
measurement Adaptive Beamforming produces the maps 
of figure 3. For lower frequencies they are very similar 
when compared to block-by-block CLEAN-SC but only 
come at the computational cost of conventional beam-
forming (p = 1). Again, the halo effect together with the 
occurrence of satellite sources is not noticeable at all, but, 
for lower frequencies in particular, sources are not as 
sharply mapped as in the case of standard CLEAN-SC. 
Also, the edges of main lobes produced by Adaptive 
Beamforming appear fuzzy when reaching a certain 
dynamic in the map.

Although Adaptive Beamforming (by design) is based 
on the complete cross spectral matrix, i.e. including its 
diagonal, map dynamics are generally higher than in the 
case of block-by-block methods without diagonal, but 
cannot be as high as the ideal dynamics of standard 
CLEAN maps. Therefore, we implemented a CLEAN algo-
rithm based on Adaptive Beamforming, which in turn lead 
to the desired map dynamics and exhibits a higher resolu-
tion than Adaptive Beamforming (see figure 4).

  FIGURE 2    Representative flow-induced sound sources, 
standard CLEAN-SC without diagonal (left) vs. block-by-block 
CLEAN-SC without diagonal (right), rows show 2500 Hz (top) 
and 5000 Hz (bottom) third octave bands, sound pressure 
level, map scale 25 dB

  FIGURE 3    Representative flow-induced sound sources, 
block-by-block CLEAN-SC without diagonal (left) vs. Adaptive 
Beamforming (right), rows show 2500 Hz (top) and 5000 Hz 
(bottom) third octave bands, sound pressure level, map scale 
25 dB
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4.3. � Sub-Array Methods
Another approach that utilizes the regular averaged cross 
spectral matrix was considered in our investigation: sub-
array methods.

Here, a certain number M′, or percentage of the total 
number of microphones M = 192 is chosen randomly 
leading to a subpar acoustic image with an unusual beam 
pattern. However, when repeating this process N′ ≫  1 
times and post-processing these images (for example by 
averaging them), the result is comparable to the block-
by-block approach. In figure 5, we present results for M′ 
= 76 (approximately 40% of microphones) and N′ = 50 

using conventional beamforming without diagonal for 
each map. Again, the halo/satellite features of the standard 
CLEAN-SC map are not noticeable. Due to the lower 
number of microphones M′ < M and the lower number 
of processing steps N′ < N and the algorithm used for 
each map, the computational cost of this sub-array result 
was significantly lower than the cost of block-by-block 
CLEAN-SC without diagonal it is contrasted with in figure 
5. Moreover, the dynamic range of maps is higher in case 
of the sub-array approach in this comparison.

5. �Proposed Method and 
Results

As a result of our investigations in the previous section, 
we conclude that the halo effect is – at least for the most 
part – an artifact of the CLEAN-SC algorithm itself caused 
by the turbulent components in the acoustic transport 
processes between sources and microphones. When going 
back to the equations of section 2, our main observation 
is that the sole purpose of the dirty map in the iteration 
is to determine value i

maxb  and location i
maxg  of the 

maximum. However, in principle, the algorithm would still 
work when not choosing the maximum, or when updating 
the dirty map in a slightly different manner and therefore 
separating/uncoupling the two updates of equation 7 from 
each other. We decide for the latter and remove a modified 
version ( )id g  of the spatial coherent component map

	 ( ) ( )Hi i i
maxd g b h gϕ ⋅= ⋅

2

	 (9)

in each iteration. As before, φ = 1 denotes the loop 
gain, ( )i i i

max maxb b g=  the maximum of the current map in 
the i-th CLEAN iteration and hi is the corresponding 
spatially coherent component vector as defined in (4).

The main feature in ( )id g  we strive for is a broader 
main lobe, but without the cost of inflating the side lobes. 
In order to have a unified basis for our broadening 
approach, we begin by normalizing the co-domain of di 
linearly to a fixed interval [ε, 1]. Here, ε ∈ (0, 1) is chosen 
as small as possible but such that the application of the 
smooth maps

	 ( ) ) ( )  Ψ − ∈ ∞ ∈  : ,1 ln 0, , 0,1ε λ λx x 	 (10)

and

	 ) ) ∞ ∈ ∞ 
2: 0, 0,σ x x 	 (11)

result in a finite numeric value, it depends on the 
underlying data types and numerics in use. We then trans-
form the normalized map via the broadening 
automorphism

	 σ ε ε−    Ψ Ψ →   
1 : , 1 , 1  	 (12)

  FIGURE 4    Representative flow-induced sound sources, 
regular CLEAN-SC without diagonal (left) vs. CLEAN based on 
Adaptive Beamforming (right), rows show 2500 Hz (top) and 
5000 Hz (bottom) third octave bands, sound pressure level, 
map scale 25 dB

  FIGURE 5    Representative flow-induced sound sources, 
block-by-block CLEAN-SC without diagonal (left) vs. 
Conventional beamforming without diagonal of sub-arrays 
(right), rows show 2500 Hz (top) and 5000 Hz (bottom) third 
octave bands, sound pressure level, map scale 25 dB
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and re-normalize the result to obtain ( ) .id g  The role 
of the control factor λ in (10) is a simple result of the 
interplay between Ψ and σ in the automorphism (12). For 
example, for xλ:= exp(−1/λ) we have

	 ( )x xλ λσ−Ψ Ψ =1 ,  	 (13)

thus, xλ separates the regions of broadening (xλ , 1] 
and suppression [ε, xλ) in (12).

Consequently, the proposed method introduces a 
new parameter λ ∈ (0, 1) to CLEAN-SC, its value has to 
be chosen depending on the application at hand, in the 
same way the loop gain φ is fixed beforehand. In figure 
6, we present results of this CLEAN-SC modification for 
λ = 0.2. Since both regular and modified CLEAN-SC loops 
start with the same conventional beamforming map and 
use the same source representation procedure, they are 
directly comparable in terms of source levels, hence will 
be contrasted to each other in figure 6.

Both, the halo effect together with the occurrence of 
satellite sources are not noticeable anymore when using 
the modified CLEAN-SC algorithm. Moreover, the acous-
tical resolution and beam width of standard CLEAN-SC 
is preserved. Finally, the computational cost of this modi-
fication is comparable to standard CLEAN-SC. Up to now, 
no non-trivial pitfalls to this method are known to the 
authors: when balanced right it diminished the halo effect, 
λ-values too small overestimate the effect, therefore 
underestimating real sources in the vicinity of the main 
lobe under consideration. λ-values too large could poten-
tially used to remedy an inverse halo effect, thus, λ is 
limited by 1 for our purposes here.
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