Chapter 8: Signal Processing in Mixed Signal Systems

8.1 Introduction

Signal processing lies at the core of mixed signal systems. After analog signals are digitized by
ADCs, they are processed using digital signal processing (DSP) techniques to extract
information, remove noise, compress data, or perform control operations. In some systems,
signals are filtered or modified before being converted back to analog via DACs.

This chapter provides an overview of commonly used signal processing techniques in mixed
signal environments and presents real-world case studies to illustrate their practical importance.

8.2 Common Signal Processing Techniques in Mixed Signal Systems
e Filtering

e Analog Domain: Low-pass, high-pass, band-pass, and notch filters implemented using
op-amps or passive networks.

e Digital Domain: FIR and IIR filters applied to sampled data streams to isolate or
suppress specific frequency components.

e Modulation and Demodulation

e Used in communication systems to encode digital data onto analog carriers (e.g., AM,
FM, QAM).

e Demodulation circuits recover digital data from received analog signals.

e Noise Reduction and Signal Enhancement

e Techniques like moving average, Kalman filters, and adaptive filtering remove unwanted
components while preserving the desired signal.

e Useful in ECG systems, speech enhancement, and sensor fusion.

e Analog Preprocessing



e Signal conditioning includes amplification, level shifting, and anti-aliasing filters to
prepare signals for ADC input.
e Digital Compression

e Algorithms such as p-law, A-law, and delta encoding compress digital signals for storage
or transmission.

e Applied after ADC conversion in audio, video, and sensor networks.

e Control and Feedback Processing

e PID and fuzzy controllers use digitized sensor inputs to regulate actuators in industrial
and embedded systems.

e Often implemented on microcontrollers or DSPs.

8.3 Signal Flow in a Typical Mixed Signal System

Sensor (Analog Signal) — Analog Signal Conditioning — ADC — Digital Signal Processing —
DAC (if needed) — Analog Output or Actuation

Each block in this flow requires proper timing, precision, and matching to maintain data integrity
and system performance.

8.4 Real-World Case Studies

Case Study 1: Biomedical Signal Processing — ECG Monitoring
Application: Heart rate and rhythm detection in wearable ECG devices.
Signal Processing Highlights:

e Analog front-end filters and amplifies microvolt-level ECG signals.

e ADC digitizes the signal (12—16 bits, 250—1000 samples/sec).



e Digital filters remove baseline wander and power line interference (50/60 Hz).
e Peak detection algorithms extract QRS complex for heart rate analysis.

e Anomaly detection triggers alerts for arrhythmia or tachycardia.

Outcome: Accurate and real-time monitoring of cardiac signals with minimal hardware and low
power consumption.

Case Study 2: Industrial Motor Control System
Application: Controlling motor speed and torque in factory automation.
Signal Processing Highlights:

e ADC samples current and voltage feedback from motor windings.
e DSP executes control algorithms like Field-Oriented Control (FOC).
e Filters and observers (e.g., Pl, Kalman) ensure stability and noise rejection.

e DAC generates analog control signals for PWM or driver stages.

Outcome: Precise and responsive control of motor dynamics, reduced mechanical wear, and
optimized energy usage.

Case Study 3: Software-Defined Radio (SDR)
Application: Flexible wireless transceiver systems.
Signal Processing Highlights:

e Wideband analog RF front-end downconverts signal.
e High-speed ADC samples intermediate frequency (IF) or baseband signal.
e Digital filtering, downsampling, demodulation, and decoding in software.

e DAC reconstructs modulated signal for transmission.



Outcome: Reconfigurable radio platforms supporting multiple protocols (e.g., LTE, Wi-Fi, 5G)
with a single hardware interface.

Case Study 4: Smart Audio Devices
Application: Voice assistants and smart speakers.
Signal Processing Highlights:

e ADC digitizes microphone input.
e DSP applies echo cancellation, beamforming, and noise suppression.
e Wake word detection and speech recognition processing follow.

e DAC outputs high-fidelity audio to speaker drivers.

Outcome: Seamless voice interaction, low latency, and enhanced audio clarity in consumer
electronics.

8.5 Hardware vs. Software Implementation of Signal Processing

Aspect Analog Hardware Digital Processing (DSP)
Flexibility Low High (reconfigurable)
Precision Susceptible to noise/drift  High accuracy with quantization
Complexity Simple filters Advanced algorithms possible
Power Consumption Generally lower Optimized in modern low-power DSPs

Area and Integration Discrete or custom layout Easily integrated in SoCs

8.6 Conclusion

Signal processing is the functional backbone of most mixed signal systems. It enables
intelligent, efficient, and accurate interaction with real-world signals across diverse
applications—from health monitoring to smart communication. Understanding how and where to
apply analog and digital signal processing techniques is crucial to designing effective mixed
signal circuits.
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