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Circuit Modeling for Electromagnetic Compatibility: Insights from the
SCITech Series

In today’s interconnected world, every electronic device—from smartphones and wearable gadgets to industrial
automation systems—must coexist without generating or succumbing to unwanted electromagnetic disturbances.
This delicate balance is governed by the science of electromagnetic compatibility (EMC). At the heart of designing
robust, compliant systems lies circuit modeling for electromagnetic compatibility. The SCITech Series on
electromagnetic compatibility provides a comprehensive framework for engineers and designers to master this
essential discipline. This article delves deep into the principles, methodologies, and practical applications of circuit
modeling within the EMC context, drawing on the rich resources and case studies presented in the SCITech Series.

Understanding Electromagnetic Compatibility

Electromagnetic compatibility is the ability of electrical and electronic equipment to operate as intended in its
electromagnetic environment without causing or experiencing unacceptable interference. EMC is a two way street:
equipment must be both immune to external electromagnetic fields and non intrusive to other devices. The two
primary facets of EMC are:

¢ Electromagnetic Interference (EMI) — unwanted disturbances that affect the performance of nearby equipment.
» Electromagnetic Immunity — the ability of a device to withstand external electromagnetic disturbances.

Designers must anticipate both aspects early in the development cycle. Circuit modeling provides the predictive
power needed to evaluate EMI generation, propagation paths, and susceptibility before hardware prototypes are
built.

The Role of Circuit Modeling in EMC

Traditional analog or digital circuit simulation tools focus on signal integrity, timing, and power consumption.
However, when EMC becomes a design constraint, these tools are insufficient on their own. Circuit modeling for
electromagnetic compatibility extends conventional simulation by incorporating:

» **Electromagnetic field solvers** — to capture radiation, diffraction, and wave propagation.

e **Equivalent circuit representations** — of antennas, cables, and shielding structures.

¢ **Coupling mechanisms** — such as mutual inductance, capacitance, and conductive paths.

e **Environmental context** — including enclosure geometry, grounding schemes, and nearby equipment.

By integrating these aspects, engineers can predict how a device will behave under real world electromagnetic
conditions, identify weak points, and iterate designs more efficiently.

Foundations of Circuit Modeling for EMC

Electromagnetic phenomena are governed by Maxwell's equations. In circuit modeling, we often reduce the
problem to a set of ordinary differential equations (ODEs) that can be solved numerically. Two common
discretization approaches are:



1. Finite Element Method (FEM) — subdivides the space into elements and solves for field variables. FEM
excels in complex geometries and inhomogeneous materials.

2. Method of Moments (MoM) — solves integral equations for current distributions on surfaces, ideal for antenna
and radiated EMI analysis.

Instead of full wave simulation, designers often use equivalent circuits that approximate electromagnetic behavior
with lumped elements:

e Transmission line models for cables and traces.
¢ Inductive and capacitive coupling models for adjacent conductors.
¢ Resonant circuit models for antennas and parasitic resonances.

These simplified models enable quick parametric sweeps and integration into standard SPICE environments.

Hybrid methods combine full wave solvers with circuit models. For example, an antenna can be represented by an
equivalent impedance, while the surrounding PCB traces are simulated using SPICE. This approach balances
accuracy and computational efficiency.

Key Components in EMC Circuit Modeling

High speed digital signals and high current power rails are prime sources of EMI. Modeling these components
involves:

* **Impedance extraction** — determining trace impedance for signal integrity and EMI prediction.

» **Decoupling capacitor placement** — optimizing placement to minimize loop area and reduce radiated
emissions.

e **Ground plane analysis** — evaluating ground return paths and potential ground bounce.

Cables act as transmission lines that can transmit or radiate EMI. Accurate modeling requires:

e **Characteristic impedance calculations** — ensuring proper termination.
* **Shielding effectiveness** — assessing how well a cable’s shield attenuates external fields.
e **Connector parasitics** — including inductance and capacitance that affect high frequency performance.

Enclosures provide mechanical protection and electromagnetic shielding. Circuit modeling must capture:

« **Shielding effectiveness (SE)** — the attenuation of external fields, often expressed in decibels (dB).
e **Gaps and seams** — potential leakage paths that compromise SE.
« **Grounding schemes** — ensuring that the enclosure is properly bonded to the device’s ground.

Any component that radiates electromagnetic energy—intentionally or unintentionally—must be modeled. This

includes:

e **|ntentional antennas** — ensuring compliance with regulatory limits.

e **Parasitic radiators** — such as traces or components that inadvertently act as antennas.

« **Radiation patterns** — evaluating directionality and potential interference with nearby devices.
Practical Steps for EMC Circuit Modeling

1. Define the EMC Objectives

Identify regulatory standards (e.g., FCC Part 15, CISPR 22).
2. Determine the critical frequency bands for both emission and susceptibility.
3. Set performance targets for immunity levels.

¢ Acquire schematic diagrams, PCB layouts, and mechanical drawings.



« Document component values, trace geometries, and enclosure dimensions.

e Choose a full wave solver (e.g., CST, HFSS) for radiated EMI.
e Use SPICE or equivalent for circuit level analysis.
e Consider hybrid tools that integrate both domains.

* Model traces as distributed transmission lines.
¢ Represent connectors with inductance and capacitance.
* Model shielding with a series of resistors and capacitors to simulate attenuation.

* Sweep key parameters such as trace width, spacing, and decoupling capacitor values.
¢ Analyze the impact on emission spectra and immunity levels.

« Build a prototype and conduct EMC tests in an anechoic chamber.
¢ Compare measured spectra with simulation results.
« lterate the model to refine accuracy.

¢ Prepare a report highlighting critical emission sources and mitigation strategies.
¢ Include design changes such as shielding enhancements, trace rerouting, or component selection.
¢ Maintain traceability between simulation results and final design.

Case Study: Applying SCITech Series Principles to a Smart Home Hub

Let's walk through a real world example where circuit modeling for EMC was critical in designing a smart home hub
that must meet stringent FCC and CE regulations.

The hub integrates Wi Fi, Bluetooth, Zigbee, and a 5G module. It also hosts a 2.4 GHz RFID reader and a 5 V DC
power supply. The device is housed in a polycarbonate enclosure with a metal shield.

¢ High frequency Wi Fi and 5G modules generate significant radiated EMI.

« Bluetooth and Zigbee operate in overlapping bands, risking mutual interference.
The RFID reader can be susceptible to strong external fields.

¢ The enclosure must provide adequate shielding while maintaining heat dissipation.

1. Radiation Modeling

Used HFSS to model the Wi Fi and 5G antennas, extracting S parameters and radiation patterns.
2. Created equivalent impedance models for integration into the SPICE netlist.

» Modeled high speed traces as 50 /;' O-7&+7G ip lines.
e Implemented decoupling capacitor placement based on loop area minimization.

¢ Simulated the metal shield as a 0.5 /mm thick copper layer with 5 /mm gaps at the seams.
e Calculated shielding effectiveness across 10 /MHz to 6 /GHz.

¢ Simulated the RFID reader’s immunity to external fields up to 10 /V/m.
e Implemented a worst case scenario with a nearby 5G base station.
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