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Introduction

• Hearing connects with the environment, communication and sustains cognitive and 

emotional well-being.

• In numbers, 466 million people worldwide live with disabling hearing loss (WHO) and 

projected to reach 700 million by 2050.

• Despite technological transformation from simple analogue amplifiers to digital 

biomedical system – many users struggle in noise and reverberant environments.

• The striking inconsistency is the lack of clear or better hearing.

• The need of the hour is to bridge the gap between the hearing loss management with the 

technological solutions available. 
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Problem Statement

• Real-world listening is dynamic — heads turn, speakers shift, rooms reverberate.

• Most binaural beamformers are designed for fixed acoustic scenes, making them fragile 

in practice.

• As a result, noise suppression improves, but spatial cues collapse, and speech becomes 

unnatural.

• This gap creates an opportunity to seek for spatially guided, interference-aware method 

that adapts gracefully to motion and uncertainty.
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Defining the Contribution

The thesis is an application and evaluation of existing mathematical 

frameworks rather than a fundamental derivation of new physics 

through which the proposed model namely ROI enhanced BMWF-IR 

model is formulated and here is how it behaves. 
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Signal Generation & Digital Constraints 
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Sampling Frequency: 16 kHz. 
Processing Domain: STFT 
using 512-point analysis 
windows (32 ms). 
Windowing: 50% overlap (hop 
size of 256 samples). 

Acoustic Resolution: 31.25 Hz frequency 
resolution. 
Constraint: Parameters are strictly bound to 
mimic the low-latency requirements of 
wearable hearing aids
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• Applied Frameworks: Evaluation of 
established spatial and spectral 
mathematical models.

• The Proposed Solution: 
Formulation of the ROI-enhanced 
BMWF-IR architecture.

• Real-World Focus: Observation 
and validation of acoustic 
behavior under geometric 
uncertainty.

Bridging Theory and Practice
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Signal Generation & Processing 
Framework

1

1. TF Transform

Microphone signals 

mapped to STFT 

domain (32ms 

windows).

2. Spatial Est.

Relative Transfer 

Functions (RTFs) 

extracted via 

eigenvalue 

decomposition.

4. Spectral Refine

Multichannel Wiener 

post-filter suppresses 

residual noise.

5. Synthesis

Cleaned STFT 

coefficients converted 

back via overlap-add.

3. Hybrid Filter

ROI constraint 

preserves target; 

spatial nulls reject 

interferers.
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1. Time-Frequency Transformation:

Segmentation and STFT conversion of raw 

microphone signals. 

2.Spatial Statistics:

Estimation of Relative Transfer Functions 

(RTFs) via covariance eigenvalue decomposition. 

3. Spatial Filtering:

Implementation of distortionless constraints, 

Regional (ROI) buffering, and interference nulling.

4. Spectral Post-Filtering:

Application of multichannel Wiener filtering to address 

residual diffuse noise.
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Processing Framework: Algorithmic Implementation

5.Signal Synthesis:

Inverse STFT overlap-add synthesis to generate the final 

binaural evaluation output. 
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Target Cancellation:

Classical methods assume flawless geometry. If the steering vector ෠𝜃 is slightly wrong, the beamformer views 

the true target speech as interference and actively suppresses it. 
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RTF :

By dividing the absolute streering vector by ear-specific references, by maintaining the natural Interaural 

Time and Level Differences (ITD/ILD) are mathematically preserved.
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Joint spatial-spectral control

phase
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Blending the live, erratic microphone data (95%) with our geometric safety buffer (5%). This creates a 

hybrid spatial understanding that adapts to the room to mitigate target attenuation during head motion.
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I : M x M Identity matrix

The projection matrix removes the interferer’s exact subspace from covariance matrix, creating a 

spatial null over the interference source.
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The Stabilizer

δ is a microscopic artificial noise floor (e.g., 10⁻⁶). By shifting eigenvalues away from zero, it ensures the matrix 

never becomes perfectly flat/singular, ensuring computational stability during matrix inversion.
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The proposed Architecture. A dual-stage mechanism that controls 
interference, tolerates head motion, and preserves binaural cues while 

maintaining stability.
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EVALUATION METRICS
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• Platform: 6-mic SPEAR array 
(f = 16 kHz,  8 ms latency.

• Phase 1 (Synthetic): Scenarios S1, S2, 
S3 

      (ranging from 0.2s to 0.6s).
• Phase 2 (Real-World Stress Test): 13 

SPEAR recordings subjected to -95° 
static failure and dynamic jitter.

Experimental Setup & Validation
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Phase 1:Baseline Acoustic Stress Tests (S1 ---> S3)
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• The Problem: Pure spatial beamformers fail in Scenario S3 because the 6-mic array cannot spatially 

cancel diffuse interference (WNG drops to 0.30 dB).

• The Solution: ROI-BMWF-IR successfully recovers +15.71 dB SNR by transferring the 

computational load to its bilateral Wiener spectral post-filter.
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Phase 1
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Phase 1
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Phase 1
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Phase 2
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Phase 2: The 3dB Breakdown Point- Quantifying Geometric Fragility

• Platform: 6-mic SPEAR array 
(f = 16 kHz,  8 ms latency.

• Phase 1 (Synthetic): Scenarios 
S1, S2, S3 

      (ranging from 0.2s to 0.6s).
• Phase 2 (Real-World Stress 

Test): 13 SPEAR recordings 
subjected to -95° static failure 
and dynamic jitter.
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Phase 2
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Phase 2
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Parameter Optimization: Engineering for Survival

INTERPOLATION (𝛼= 0.05):
• Relying 95% on live acoustic 

statistics and only 5% on geometric 
priors prevents spatial collapse 
without amplifying sensor noise.

DIAGONAL LOADING (𝛿 = 10−6)
• A microscopic regularization factor 

gently conditions the rank-deficient 
matrix. Pushing 𝛿 > 10−3 injects an 
artificial noise floor, mathematically 
shattering algorithmic stability and 
driving STOI down to 0.768.

METHODS
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Phase 2
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Phase 2

MVDR suffers spatial cancellation (flatline). BMWF exhibits high variance. The PROPOSED ROI method mitigates this 
signal loss, generating a more consistent distribution and a stable SNR safety floor.
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The Strategic Compromise:
The proposed method deliberately accepts a fractional increase in ILD error (volume variation) to stabilize the critical ITD (time 

delay). It reduces the phase variance of the standard BMWF, ensuring the wearer remains spatially oriented.
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Phase 2
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PROPOSED ROI: 
Speech Preserved

The proposed method is not merely a wider beam; it is a controlled robustness mechanism that trades 
marginal spatial selectivity for reliable target preservation and perceptual coherence under geometric 

uncertainty.
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Phase 2
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Phase 2
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Conclusion: The Real-World Motivation

Ms. Deborah Hemstreet

• The Daily Challenge: Background noise actively 

overwhelms targeted, face-to-face conversations.

• The User’s Vision: A system that detects physical 

attention and rigorously zeroes in on a single 

speaker's acoustic space.

• The Engineering Bridge: The proposed ROI-

BMWF-IR architecture provides the exact 

mathematical foundation required for this motion-

aware, interference-rejecting future.
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A Paradigm Shift in Binaural Hearing

What We Traded:
•Fractional reduction in peak SNR
•Slight elevation in high-frequency ILD error 
(~3.8 dB)

What We Gained
•Absolute temporal phase stimehimt 
stability (ITD)
•Continuous speech intelligibility (STOI ~ 
0.81)
•Elimination of catastrophic target 
cancellation

Flexible ROI Framework
• Mitigates catastrophic steering mismatch 

on 6-microphone spectacle arrays.

• Proves that geometric uncertainty must 
be explicitly modelled in wearable 
hearing aids.

• Prioritizes a safe, predictable, and 
uninterrupted listening experience in 
dynamic environments over maximizing 
static theoretical metrics.

27-07-2026 44



BINAURAL BEAMFORMING FOR HEARING AIDS  |  MSc Defense

Limitations & Future Trajectories

❖Implementation Architecture
➢Current: Offline STFT evaluation.
➢Future: Real-time, time-domain architectures.

❖Motion Dynamics & Tracking
➢Current: Static and synthetic mismatch testing.
➢Future: Continuous head tracking and adaptive ROIs.

❖Perceptual Validation
➢Current: Objective mathematical metrics (STOI, PESQ).
➢Future: Human-subject clinical trials (HASPI).
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