Module 4: Frequency Domain Signal Processing
and Analysis

1. Need for Frequency Domain Analysis

Many physical processes in civil engineering—such as vibrations of bridges, dynamic loads on
buildings, and environmental signals—generate data that vary over time. While time-domain
analysis tells how a quantity changes, frequency domain analysis reveals the underlying
periodicities, resonance, and energy distribution across different frequencies.

Why Analyze in Frequency Domain?

¢ Identify Dominant Frequencies: Determine which frequencies are present—critical for
detecting structural resonances or faults.

¢ Detect Hidden Patterns: Uncover regularities not obvious in the time domain (e.g., cyclic
loading, periodic faults).

¢ Noise Characterization & Reduction: Separate and filter noise components based on
frequency.

o System Diagnostics: Diagnose issues such as loose bolts, cracks, or machinery
malfunctions by analyzing spectral sighatures.

e Combine Signals: Comparing and combining data sets in the same frequency band can
improve detection and insight.

2. Principles of Frequency Domain Analysis

Frequency analysis involves transforming time-varying sensor data into a spectrum, showing
how signal energy is distributed across frequencies.

Key Concepts

¢ Signal: A function describing how a physical quantity varies over time (e.g., acceleration,
strain).

e Spectrum: The representation of signal energy (or amplitude) versus frequency.

e Fourier Transform: Mathematical operation to convert time-domain signals to frequency
domain.



3. Drawing Physical Conclusions from Frequency Analysis

¢ Structural Health Monitoring: Resonant frequency shifts can indicate changes in stiffness
or damage in a structure.

e Seismic Analysis: Frequency spectra help differentiate between ground motion types and
structural response.

¢ Vibration Diagnosis: Peaks in frequency spectra reveal operation speeds, defects, or
unbalanced loads in machinery.

¢ Environmental Monitoring: Analysis of rainfall, wind, or temperature data identifies
dominant cycles (e.g., diurnal, seasonal).

4. Combining Signals for Deeper Insight

¢ Cross-Spectral Analysis: Compare signals from different sensors (e.g., input and output
acceleration) to determine transfer functions or coherence.

¢ Averaging & Filtering: Combine repeated event signals to enhance signal-to-noise,
revealing subtle phenomena.

¢ Modal Analysis: Combine spatially separated sensors to map vibration modes in structures.

5. Fundamental Concepts in Frequency Domain Signal Processing

Concept Meaning
Frequency (Hz) Number of cycles per second in a periodic signal
Amplitude Spectrum Magnitude of different frequency components in signal
Phase Spectrum Information about phase shifts at each frequency
Power Spectral Density (PSD) Distribution of power per unit frequency
Bandwidth The frequency range of interest or significant signal energy
Filters Tools that allow/block certain frequency bands (low/high/band)

6. Fourier Transform and FFT

Fourier Transform
e Decomposes any time-varying signal into a sum (or continuous combination) of sine and
cosine waves.

e Continuous Fourier Transform:
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Where $ X(f) $ is the frequency-domain representation.



Discrete Fourier Transform (DFT) and FFT

For digital signals (sampled at intervals), use DFT:
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Fast Fourier Transform (FFT): An efficient algorithm to compute the DFT, critical for
practical spectrum analysis of large datasets.

7. Example Problems and Applications

a) Noise Reduction with Filters

Objective: Remove unwanted frequency components (e.g., electrical noise) from sensor
data.

Method: Use digital filters (e.g., low-pass, high-pass, band-pass) to isolate desired
frequency bands.

Example: A strain signal contaminated with 60 Hz power line interference can be cleaned
using a notch filter at 60 Hz.

b) Leakage

Definition: When signal frequencies do not exactly match FFT bin centers, energy "leaks"
into adjacent frequency bins, smearing the spectrum.

Why It Matters: Reduces the resolution and accuracy of frequency analysis; can
misrepresent true peaks.

Mitigation: Apply windowing functions (e.g., Hanning, Hamming) to the time data before
FFT.

c) Frequency Resolution

Explanation: Resolution is the smallest frequency difference that can be reliably
distinguished in the spectrum.

Formula: $ Frequency Resolution = \frac{Sampling Rate}{N} $, where $ N $ is the number
of data points.

Implications: Longer observation times (more data points) give better frequency resolution.

8. Table: Common Frequency Domain Terms

Term Description Typical Use
FFT Rapid transform algorithm for spectrum Vibration, seismic, SHM analysis
Filter Removes unwanted frequencies Noise reduction, band isolation
Windowing Reduces spectral leakage Accurate spectral estimation

Resolution Ability to distinguish close frequencies Modal, machinery diagnostics



Term Description Typical Use

Power Spectrum Energy distribution by frequency Damage detection in structures

9. Conclusion

Frequency domain analysis, using tools like the Fourier Transform and FFT, is essential for
engineering insight into physical phenomena from sensor data. It enables noise reduction, fault
detection, and deep understanding of dynamic behavior—critical for design, monitoring, and
maintenance in civil engineering.



