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Main 
contributions



New window-based 
constant elevation 
beamformer 

• Approach based on a gradual elimination 
process of outer rings.

• Beampattern characteristic analysis to 
calculate weights in exact form



Beamwith consistency improvement in lower 
frequencies and directivity index modification

𝑓𝐿 = 1600[𝐻𝑧] 𝑓𝐿 = 940[𝐻𝑧]



New sparse non-uniform constant beamwidth beamformer design

• Aiming to maximize the directivity index while maintaining constant 
beamwidth.

• Custom optimization cost and problem constraints.

• Superior performance compared to a uniformly spaced array



All beamformers 
designed with 
joint weights

• Low computational complexity 
(number of weights = number of 
rings)

• Less resources in physical set-up 

• Real-time processing
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Motivation



Medical Imaging Hearing aids Teleconference

Communication Sonar Seismology

Sensor arrays -
Applications



Beampattern characteristics

• Main beam

• Sidelobes 

• Directivity factor 

• White noise gain

•



Narrowband beamforming



Wideband signals

• In most of the presented 
applications the signals are 
broadband

• Narrowing mainbeam→

distortion to the output 
signal

• Frequency invariant (FI) 
beamformer is required



Wideband Beamforming

• The weights applied to each sensor should be frequency dependent 

Frequency domain Time domain



Classical approaches for 
FI beamforming 

• Many solutions were proposed in the literature:

• Nested arrays (Chou et al. 95’, Ward et al. 96’)

• Direct optimization schemes (Zhu et al. 11’, 
Crocco et al. 11’, Zhao et al. 13’)

• FIR based beamformers (Parra 06’, Yan 11’)

• And more…



Constant beamwidth circular 
arrays - Motivation

• Existing methods result with FI 
beampattern, but:

• Most solutions are for 1D linear array 
geometry

• Require at lot of physical hardware →
Higher cost

• Computationally complex

• Sensitive to model mismatches



Constant beamwidth circular arrays - Motivation

• In 3D applications, the circular geometry is preferable:

✓360 azimuthal coverage

✓Identifying the elevation angle

✓Symmetrical with no edge elements (easily steerable)

✓Superior performance and lower sensitivity



Research objective

• Constant beamwidth beamformer

• Concentric ring array (CRA) 
geometry

• Low resources in a physical set-up

• Focus on the elevation direction



Problem 
Formulation



Problem formulation

• 𝑀 rings,  𝑁𝑚 sensors

• Joint weight value 𝐻𝑚(𝑓)

• The weight vector applied on ring 𝑚 at frequency 𝑓:

• The weight vector of the entire array:

• The steering vector of the 𝑚𝑡ℎ ring:

• The array beampattern:  



Proposed 
solutions



3 design methods

• Various solutions based on the degree-of-freedom

• Constant elevation beamwidth beamformers:
• Window-based beamformer, on a set of rings

• Optimized weights for maximal directivity factor, on a set of equally spaced rings

• Sparse optimization design to select ring locations and optimal weights



Window-based 
Constant Beamwidth 

CRA



Theoretical  Justification

• Basic concept: gradually eliminate outer rings

• Theoretical justification – the beampattern of a 
plain piston

• Goal: constant 𝒇𝑹

𝑓

𝑅 𝜃𝐵𝑊



Frequency boundaries

• The discrete ring response

Lowest frequency → all rings effective Highest frequency → only inner ring



The attenuation coefficients
• Repeat the process for all 𝑀 array constellations

• For each frequency 𝑓 ∈ [𝑓𝐿, 𝑓𝐻] the attenuation value of the outer ring is calculated in exact form

𝑓 ∈ [𝑓6, 𝑓5]𝑓 = 𝑓6 𝑓5 < 𝑓



Constant beamwidth beampattern



Lower frequency modification
• The original implementation includes the design low pass filters.

• Let’s look at the beampattern of a single ring: 

• The modification: start from all rings → start from outer ring



Modified beampattern in lower range

𝑓𝐿 = 1600[𝐻𝑧] 𝑓𝐿 = 940[𝐻𝑧]



Directivity index improvement

• In frequencies 𝑓 < 𝑓𝐿
𝑛𝑒𝑤, relax the beamwidth constraint

• Find the weight of the second-outer rings which maximizes the DI



Window-based 
beamformer –

Simulation results

• Compared the following:
1. Constant beamwidth ULA (Rosen et al.), of length 𝐿

= 50[𝑐𝑚] and 15 channels
2. A 6-ring CRA applied with the lowpass design 
3. A 6-ring CRA with the lower frequency beamwidth extension 
4. A 6-ring CRA with the directivity index improvement

Beamwidth consistency DI and WNG



Simulation 
Results (2)

• The suggested design 
supports different 
beamwidths



Constant-Beamwidth
Nonuniform CRAs



Nonuniform CRA - overview

• Main goal:
• Maximized DI

• Select ring locations

• Constant beamwidth

• Method:
• Solve for uniform array

• Define nonuniform problem

• Combine uniform solution → better performance



Some Notations
• Define a rigid grid of possible radii 𝒓 = [𝑟1, 𝑟2, … , 𝑟𝑁]

• Objective – find a set of M radii out of the possible N radii s.t. ∨ 𝑓

• The weight matrix of the CRA:



Problem constraints

• How can we enforce the selected radii on the weight matrix? 

• How can we specify the desired number of rings? 

• → Use a binary mask as additional optimization coefficient

Enforces weights to be different 
from null only for the selected rings

The number of rings is equal to M

Ring selection is consistent between frequencies



Problem constraints (2)

• Distortion-less response at the direction of interest:

• Ensure constant beamwidth at the desired 𝜃𝐵𝑊 :

• Summary:

✓ Select M rings

✓ Same rings for all frequencies

✓Distortion-less response

✓Attain beamwidth



The cost function

• Goal: Directivity index maximization

• Recall the DI definition:

Distortion-less response → Equals 1 

Maximal directivity 
index 

Minimal 
denominator



Cost function modification 

• If the ring spacing is pre-determined → Optimization per-frequency → possible superior performance 
in some frequencies

• Suggested solution: use the DI of the optimal uniform beamformer as a weighting factor 
1. Initialize array with M equally – spaced rings

2. Solve the incoherent optimization per frequency:

3. Calculate the DI of the optimized solution:

4. Use as weighting factor for the nonuniform cost:



The non-uniform optimization results



Performance analysis

𝑴 = 𝟓 𝑴 = 𝟒



Conclusions



Conclusions

• Constant elevation beamformers for CRAs:
• Less resources
• Lower computational complexity

• Window-based design:
• Gradual elimination of rings 
• Large frequency band
• Improved DI
• Enhanced performance compared to ULA of the same order

• Optimized non-uniform beamformer:
• New set of problem constraints and cost function
• Select both beamformer weights and ring locations
• Out-preforms the uniform CRA



Future research

• From planar array to spherical arrays (more degrees of freedom)

• Optimal sensor number and spacings

• Alternative cost functions for different performance measures

• Numerical methods to solve the optimization problem



Thank you!

Questions?


