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Now: software-beamforming 

• No longer need for dedicated hardware for 
digital beamforming 

• May consider more complex forms of 
beamforming than geometry-based  

• Alternatives to delay-and-sum 
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1. Processing the data twice 
2. History of adaptive beamforming 
3. A new look at window functions 
4. More than resolution 
5. Several beamformers in parallel 
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Delay-and-sum (DAS) beamformer 

Ill: A Austeng 
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DAS uses predefined windows 

Spatial response of 
window functions 

Typical window 
functions 

Ill: A Austeng 
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Image = Beamformer’s response x Data 

• OK with high sidelobes if 
there are no reflectors  
 

• Can we take this into 
account and compute the 
weights from the data? 
 

= Processing the data twice 
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Transducer 

Reflectors 

 



Beampatterns  (2 wires, 80 mm) 

13 96 els: DAS vs MV with L=32 & K=0 

Unity gain in 
desired direction 

~Zero in direction 
of 2nd target 

Strong targets 
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Beampatterns (cyst) 

96 els: DAS vs MV with L=32 & K=0 

Extent of cyst 
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2. History 
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3962 citations 



Naming 

• Capon beamforming 
• Minimum variance beamforming (MV) 
• Minimum variance distortion-less response 

(MVDR) 
• Adaptive beamforming 

– But not phase aberration correction 
• Maximum likelihood beamformer (only early 

literature) 
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Active – not passive imaging: 
Early adaptation to ultrasound  
• J. A. Mann and W. F. Walker. A constrained adaptive beamformer for 

medical ultrasound: Initial results. IEEE Ultrason Symp, 2002. 
• M Sasso and C Cohen-Bacrie. Medical ultrasound imaging using the 

fully adaptive beamformer. IEEE Int Conf Acoust, Speech Sign Proc, 
2005. 

• Synnevåg JF, Austeng A, Holm S. Minimum variance adaptive 
beamforming applied to medical ultrasound imaging. Proc. IEEE 
Ultrason. Symp 2005 

• Wang Z, Li J, Wu R. Time-delay-and time-reversal-based robust capon 
beamformers for ultrasound imaging. IEEE Trans Med Imag, 2005 
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Main papers from our group 
• J.-F. Synnevåg, A. Austeng, and S. Holm, "Adaptive beamforming 
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Variance Beamforming in Medical Ultrasound Imaging”, IEEE UFFC, 
Sept. 2009. 

• Nilsen, C-I C and I Hafizovic. "Beamspace adaptive beamforming for 
ultrasound imaging."  IEEE UFFC, Oct. 2009. 

• J.-F. Synnevåg, A. Austeng, and S. Holm, "A Low Complexity Data-
dependent Beamformer", IEEE UFFC, Feb. 2011.  

• J. P. Åsen, J. I. Buskenes, C.-I. Nilsen, A. Austeng, S. Holm, 
"Implementing Capon Beamforming on a GPU for Real-Time Cardiac 
Ultrasound Imaging," IEEE UFFC, Jan 2014. 
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Medical Ultrasound Imaging," IEEE UFFC, Oct 2014. 
 

 
 

AIUM 21 March 2016 19 

http://dx.doi.org/10.1109/TUFFC.2007.431


Implementation 
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Subarray averaging 
Diagonal loading 
 
 
+ 
 
 
Temporal averaging 



Minimum variance beamforming 
 

• Minimize output power: 
 

• Subject to unity gain in 
desired direction:  
 
 

• Because of pre-steering 
and pre-focusing 
(straight ahead): 
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1
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Smoothing and conditioning 

1. Subaperture averaging 

3. Radial averaging 

5. Lateral averaging 

6. Frame to frame averaging 

2. Diagonal loading 
~ add uncorrelated noise 

R+δ tr{R} I  

Aperture 

4. Sub-band processing, 
split in many narrowband estimates 
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Minimum variance 

• Weight: 
 
 
 
 

• Complex weights that vary with data 
 

23 

R:   O(Radial-avg*SubAp-avg*SubAp-size) 
R-1: O(SubApp-size3) 



3. A new look at window functions 
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Rectangular or tapered? 

Why must window functions be real? 
• Real window  looks straight ahead 
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LCA 

2011 



Low Complexity Adaptive Beamforming 

• Determine a set of windows, typ. 6-12 
windows, all with unity gain straight-ahead 
– Some conventional, looking straight-ahead 
– Some steered to either side 

• Use MVDR criterion to select – per pixel – 
the best window 

• Much faster than MVDR 
– No matrix inversion 
– 6-12 times the sum-part of a DAS beamformer 
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Real and imaginary parts of window 
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Choice of window: Black symmetric, 
gray/white: asymmetric 
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Lessons learned 

Features of MVDR: 
• Asymmetry in windows  
• Null in direction of interference 

 
Reasons for resolution increase: 
• The asymmetry is the major feature 
• Probably more important than sidelobe 

suppression 
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4. Trading resolution for other features 
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 A. Half the transducer size 
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B1: 4 parallel receive beams 
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B2. Plane wave compounding 

 
 
 
 
 
 
 

• DTU: Ultrasonics Symposium 2008  
• UIO: Ultrasonics Symposium 2011 
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70 subimages -> 22 



C: 2 MHz vs. 3.5 MHz 
 
 
 
 
 
 
 
DAS 2 MHz       DAS 3.5 MHz      MVDR 2 MHz 
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D: Compressed sensing and adaptive 
beamforming 
• Shen, Zhang, Yang, A Novel Receive 

Beamforming Approach of Ultrasound 
Signals Based on Distributed Compressed 
Sensing, IEEE Instrumentation and 
Measurement Technology Conference 
(I2MTC), 2011 
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Trade-off resolution 

A. Smaller transducer; better access  
B. Higher framerate in conventional and plane 

wave imaging 
C. Lower frequency for deeper penetration 
D. Make up for loss in compressional sensing 
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5. We can now afford several  
beamformers 
• One for display 
• Joint beamforming and image analysis 

• One for contours 
• One for segmentation 
• … 
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Eigenspace minimum variance vs delay and 
sum + phase symmetry surface detection 

ESMV: 
– Improved bone surface 
– Thinner definition of the 

bone boundary 

DAS: 
– Left-hand side of image 

(arrow): unwanted features 
 
Mehdizadeh, Austeng, Johansen, Holm. Eigenspace 

based minimum variance beamforming applied to 
ultrasound imaging of acoustically hard tissues, 
IEEE Trans Medical Imaging, 2012 
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Eigenspace minimum variance vs delay and 
sum + phase symmetry surface detection 
DAS:  
• Bone surface is smeared out  
• Boundaries are not well 

delineated 
• Bone boundary, on both side of 

the spinous process marked 
with white arrows, is thick and 
unclear 

 
ESMV: 
• Bone surface is reasonably well 

isolated from the connective 
tissue on the top of the surface.  

• Bone boundary is sharper and 
a prolongation of the surface is 
observed. 
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Joint Beamforming and Feature 
Detection  
• One beamformer for display, optimized 

for human interpretation 
• Another and totally different one for 

image analysis and feature extraction 
– Synnevåg, Austeng, Holm, "Adaptive beamforming applied to medical 

ultrasound imaging," IEEE Trans. Ultrason., Ferroelect., Freq. Contr., 
2007. 

– S. Mehdizadeh, A. Austeng, T. Johansen, S. Holm, "Eigenspace Based 
Minimum Variance Beamforming Applied to Ultrasound Imaging of 
Acoustically Hard Tissues," IEEE Trans. Medical Imaging, Oct 2012. 

– J. P. Åsen, J. I. Buskenes, C.-I, C. Nilsen, A. Austeng and S. Holm, 
“Implementing Capon beamforming on a GPU for real-time cardiac 
ultrasound imaging,” IEEE Trans. Ultrason., Ferroelec. Freq. Contr., 2014 
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Related applications 

• Vascular 
– Hoctor, Dentinger, Thomenius, Array Signal Processing for Local Arterial 

Pulse Wave Velocity Measurement Using Ultrasound, IEEE UFFC, 2007 
– Taki et al, High Range Resolution Ultrasonographic Vascular Imaging 

Using Frequency Domain Interferometry With the Capon Method, IEEE MI 
2012 

• Non-destructive testing (NDT) 
– Engholm, Stepinski, Adaptive Beamforming for Array Imaging of 

Plate Structures Using Lamb Waves, IEEE UFFC, 2010 
• Sonar 

– Blomberg, Hayes, Multipath reduction for bathymetry using adaptive 
beamforming.  IEEE OCEANS 2010, Sydney, 2010  

– Blomberg et al, Adaptive Beamforming Applied to a Cylindrical Sonar Array 
Using an Interpolated Array Transformation, IEEE Oceanic Eng 2012 
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Conclusions 

• Processing the data twice 
– Window function per pixel found from data 

• Asymmetrical window function 
• More than resolution 

A. Smaller transducer; better access  
B. Higher framerate in conventional and plane wave imaging 
C. Lower frequency for deeper penetration 
D. Make up for loss in compressional sensing 

• Parallel beamformers for display/edges 
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