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The landscape of modern telecommunications, aerospace, and defense electronics is inextricably linked to the 

precision of Radio Frequency (RF) and microwave engineering. As frequencies climb into the millimeter-wave 

(mmWave) spectrum and bandwidth requirements expand, the complexity of circuit design necessitates advanced 

Electronic Design Automation (EDA) tools. Among these, Keysight PathWave Advanced Design System (ADS)

stands as the industry benchmark. This article provides an exhaustive analysis of RF design methodologies,

focusing on the pedagogical framework established by Ali A. Behagi's "100 ADS Design Examples" and the

technical implementation of these concepts within the PathWave environment.

The Critical Role of EDA in Modern RF Engineering

In the early days of RF design, engineers relied heavily on empirical methods, manual Smith Chart calculations, 

and iterative prototyping. Today, the PathWave Advanced Design Systemintegrates a multi-domain simulation

environment that allows for the co-design of ICs, packages, and boards. The significance of using a structured

approach—such as the 100 design examples provided by Behagi—cannot be overstated. These examples bridge

the gap between abstract electromagnetic theory and practical, manufacturable hardware.

Technical design in the microwave regime differs fundamentally from low-frequency analog design due to the 

wavelength-to-component size ratio. When the physical dimensions of a circuit component approach a

significant fraction of the signal wavelength, lumped element approximations (resistors, capacitors, inductors) fail.

At this point, distributed element theory, governed by Maxwell’s equations and transmission line theory, must be

employed. PathWave ADS provides the mathematical engines required to solve these complex equations in both

time and frequency domains.

Theoretical Framework: Transmission Lines and Distributed Elements

One of the core pillars of the "100 ADS Design Examples" is the mastery of Transmission Line Components. In

microwave circuits, every trace on a Printed Circuit Board (PCB) acts as a transmission line with specific

characteristic impedance (Z €), propagation constant (;2’Â��æB�VÆV7G ical length (;‚’à

Microstrip and Stripline Geometry

Microstrip lines are the most common transmission line structures used in RF design due to their ease of 

fabrication on PCB surfaces. However, they are dispersive and prone to radiation losses at higher frequencies. 

Stripline, which is sandwiched between two ground planes, offers better EMI shielding but requires more complex 

manufacturing. PathWave ADS uses LineCalc, a built-in utility, to synthesize physical dimensions from electrical

specifications, accounting for dielectric constant (;W"’Â�Æ÷72�F�ævVçB�‡F�â�´), and conductor thickness.

The Smith Chart and Impedance Matching

Impedance matching is the process of ensuring maximum power transfer and minimum reflection between a 

source and a load. In the context of Behagi's design examples, users are taught to utilize the Smith Chart Utility 



within ADS to design matching networks (L-networks, Pi-networks, and T-networks). Mastering these 

transformations is essential for optimizing the Voltage Standing Wave Ratio (VSWR)and maintaining system

stability.

Technical Analysis of ADS Simulation Domains

PathWave ADS is not a single simulator but a suite of engines designed for specific physical phenomena. To

effectively utilize the 100 design examples, an engineer must understand when and why to use each simulation

domain.

1. S-Parameter Simulation (Linear Analysis)

Scattering parameters (S-parameters) are the language of microwave engineering. Unlike Y or Z parameters, S-

parameters are measured using traveling waves, which is more practical at high frequencies where open and short

circuits are difficult to maintain. The ADS S-parameter simulator characterizes gain, return loss, and phase shift. It

is the primary tool for designing filters, couplers, and small-signal amplifiers.

2. Harmonic Balance (Non-Linear Analysis)

Harmonic Balance (HB) is a frequency-domain analysis technique used for simulating non-linear circuits like power 

amplifiers (PAs), mixers, and oscillators. It assumes the solution can be represented by a finite sum of harmonics. 

This is critical for calculating 1-dB Compression Points (P1dB) and Third-Order Intercept Points (IP3), which

define the linearity and dynamic range of a system.

3. Transient and Circuit Envelope Simulation

While HB handles steady-state non-linearity, Transient Simulation provides time-domain analysis for pulsed RF 

signals or high-speed digital switching. Circuit Envelopesimulation is a hybrid approach that tracks the modulation

envelope of a high-frequency carrier, making it indispensable for modern digitally modulated signals like QAM or

OFDM used in 5G and Wi-Fi 6.

4. Ptolemy (System-Level Simulation)

ADS Ptolemy is a digital signal processing (DSP) simulation engine that allows for the co-simulation of analog RF 

front-ends with digital baseband algorithms. This enables engineers to measure Error Vector Magnitude (EVM) 

and Adjacent Channel Leakage Ratio (ACLR), which are standard metrics for communication system

performance.

Comparative Analysis of Simulation Methodologies

The following table illustrates the application of various ADS simulation engines as presented in the design

examples framework:



Simulation Domain Primary Use Case Analysis Type Key Metrics

S-Parameter Filter and Matching 
Networks

Linear / Frequency Domain S11, S21, Group Delay, 
VSWR

Harmonic Balance Power Amplifiers, Mixers Non-linear / Frequency 
Domain

IP3, P1dB, Harmonic 
Distortion

Transient Switching, Pulsed RF Non-linear / Time Domain Rise/Fall Time, Eye 
Diagrams

Circuit Envelope Modulated Signals (LTE, 
5G)

Hybrid / Envelope Tracking EVM, ACLR, BER

Ptolemy End-to-End System Design Data Flow / System Level Throughput, Signal 
Constellation

Advanced Modeling: SDD, FDD, and Verilog-A

A significant portion of the technical depth in ADS comes from its ability to handle custom models. The design 

examples often leverage Symbolically Defined Devices (SDD) and Frequency-Domain Devices (FDD). These

allow engineers to define component behavior using mathematical equations rather than physical topologies.

•  SDD: Used to define multi-port non-linear devices in the time domain based on current and charge equations.

•  FDD: Allows for the definition of non-linear current and voltage relationships directly in the frequency domain.

•  Verilog-A: An industry-standard hardware description language for analog circuits, supported by ADS, 

enabling the implementation of high-level behavioral models for complex components like VCOs or PLLs.

Furthermore, X-parametersrepresent the next generation of S-parameters for non-linear components. They

capture the magnitude and phase of harmonics generated by non-linearities, providing a more accurate model for

power amplifier cascading than traditional S-parameters.

Practical Implementation: A Step-by-Step Design Workflow

Following the methodology found in Ali Behagi’s textbooks, a standard RF circuit design workflow in PathWave

ADS involves the following stages:

Step 1: Schematic Capture and Component Selection

Engineers begin by placing components from the ADS libraries. This includes Design Kits(PDKs) provided by

foundries (like TSMC, GlobalFoundries, or Qorvo) which contain accurate models for transistors, inductors, and

capacitors specific to their fabrication processes.

Step 2: Ideal Circuit Simulation

Initial simulations use ideal components to verify the design logic. For instance, in an amplifier design, one would 

first determine the Stability Circles to ensure the transistor does not oscillate under specific load conditions.

Step 3: Layout and Parasitic Extraction

Once the schematic is optimized, it is converted into a physical layout. This is where Electromagnetic (EM) Co-

simulation becomes vital. Using tools like Momentum (a 2.5D Method of Moments solver) or FEM(3D Finite

Element Method), ADS calculates the parasitic effects of the physical traces and vias.



Step 4: Optimization and Sensitivity Analysis

ADS provides powerful optimizers (Random, Gradient, Hybrid) that automatically adjust component values to meet 

specified goals, such as achieving a specific gain flatenss or noise figure. Monte Carlo Analysisis then used to

predict manufacturing yield by simulating the circuit with statistical variations in component tolerances.

Case Study: Overcoming Common Design Failure Modes

In the field of RF design, several common failure modes can be addressed through the systematic application of

the 100 design examples:

Issue 1: Unexpected Oscillations

Diagnosis: Poor grounding or excessive feedback in high-gain stages. ADS Solution:Perform a rigorous stability

analysis (Mu and Mu-Prime factors) across the entire frequency range, not just the operating band. Using the S-

parameter simulation domain to identify frequencies where the stability factor (K) is less than 1.

Issue 2: Thermal Drift and Power Slumping

Diagnosis: Increased junction temperature in power transistors leads to gain reduction. ADS Solution: Use 

Electro-Thermal Simulation. This integrates thermal solvers with circuit simulators to model how heat dissipation

affects electrical performance in real-time.

Issue 3: Convergence Errors in HB Simulation

Diagnosis: High-order non-linearities or sharp discontinuities in device models. ADS Solution:Adjust the number

of harmonics, use the "Source Stepping" algorithm, or increase the oversampling ratio to aid the mathematical

convergence of the Harmonic Balance engine.

Comparison of ADS Model Types

Selecting the right model type is crucial for balancing simulation speed and accuracy. The 100 design examples

introduce various modeling levels:



Model Type Complexity Accuracy Simulation Speed

Ideal/Lumped Low Low (Frequency Limited) Instantaneous

Physical/Transmission Line Medium High (for PCBs) Fast

S-Parameter File (.s2p) Fixed Very High (at measured 
points)

Fast

EM-Based Model High Highest (includes 
parasitics)

Slow (requires mesh)

X-Parameters High High (Non-linear) Medium

The Evolution of RF Education: From Theory to Workspace

The download of 100 ADS Workspaces (often packaged as .7zap files) represents a shift in engineering 

education. These workspaces are not merely static files; they are interactive labs. For example, a workspace 

focusing on LNA (Low Noise Amplifier) Designallows the user to see exactly how noise figure circles interact

with gain circles on the Smith Chart.

Ali Behagi’s approach emphasizes the "Hands-on Step-by-Step Solution" manual. This pedagogical style ensures 

that the user doesn't just see the result, but understands the optimization goals and controller settings required 

to reach that result. This is particularly important for complex simulations like Circuit Envelope, where setting the

correct time step and frequency span is the difference between a valid result and a numerical artifact.

Future Implications of PathWave ADS in RF Engineering

As we move toward 6G and sub-terahertz communications, the integration of Artificial Intelligence (AI) and 

Machine Learning (ML) into ADS is becoming a reality. Future iterations of these 100 design examples will likely 

include AI-driven synthesis, where the software suggests optimal topologies based on desired performance 

metrics. Furthermore, the integration of ADS with Keysight instrumentationallows for "Hardware-in-the-

Loop" (HIL) testing, where simulated data can be compared directly with real-time VNA (Vector Network Analyzer)

measurements.

In conclusion, mastering the 100 ADS design examples is not just about learning a software tool; it is about

developing an engineering intuition for the behavior of electromagnetic waves in complex circuits. By leveraging the

various simulation domains, from S-parameters to Harmonic Balance, and moving from ideal schematics to EM-

verified layouts, engineers can ensure their designs meet the rigorous demands of the modern RF industry. The

synergy between theoretical textbooks and the PathWave ADS ecosystem remains the most effective pathway for

professional development in the microwave and RF sector.
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