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Abstract

The field of electromagnetics started with Maxwell’s genius. Widespread use of numerical solutions to Maxwell’s equations waited for the advent of inexpensive and powerful desktop computing. Today, numerical electromagnetics is considered a necessary part of nearly all high frequency design. Multiple EM tools are required in order to efficiently solve a broad spectrum of problems. Even just within the field of planar circuits, two main tools (open and shielded environment) are needed. Since no one vendor can supply all required tools, inter-operability is rapidly becoming an overwhelming issue. There was considerable research in numerical electromagnetics in the 1980s, sometimes even with limited commercial distribution. Examples include the Numerical Electromagnetics Code (NEC) and (related in name only) MiniNEC, both for analysis of wire antennas. LINMIC, written by Rolf Jansen, incorporated a planar method of moments analysis as part of a larger microwave circuit analysis tool. The first planar method of moments tool to see widespread promotion was EMSim, developed by Y.L. Chow and distributed by EEsof from 1989-1993. Sonnet started wide distribution later in 1989. This was quickly followed byHP (now Agilent Technology) High-Frequency Structure Simulator (HFSS), a volume-meshing, finite-element code developed by Ansoft. It was intended for arbitrary structures but was also promoted for planar circuits. The final entry in the early planar market was Compact Explorer, whose distribution was terminated shortly after Ansoft acquired Compact. There was also a substantial amount of research published in this period that influenced but did not directly see commercialization. 
Today, a more common view is that no single EM tool can solve all problems; an informed designer must select the appropriate tool for the appropriate problem. Two misconceptions, still seen today, are that EM analysis cannot be trusted and that EM analysis is the ultimate truth. Today, all commercial tools have at least reasonable reliability; however, no EM tool should be trusted completely. A skilled designer always looks at EM results with a healthy skepticism; like a good jet fighter pilot, every high-frequency designer needs to know the limits of the tools, otherwise they might crash and burn.

1. General 

1) Terms

* CAD (Computer Aided Design)
This term is commonly known (called) as ‘A certain kind of design using computer’. It usually called “Drawing tool for circuit board layout or dimension of structure” Originally CAD was called for the tool of drawing without simulation or analysis concept but many users usually goes by the simulation tool. In the strict means of the word, we can say some drawing tools such as AutoCAD, Pads, or Pro-engineer/I-DEAS.
* CAE (Computer Aided Engineering)

Actually CAE is more accurate when you mentioned for engineering tool including the fuction of solver. CAE pointedly called for the tool of drawing and special analysis fuction built in solver. But this term is not commonly used. 
* EDA (Electronic Design Automation)

This is more general term for CAE tool used in electronics design. EDA is usually called for the electronic tool which is possible to make design before production and guess the future results.
All these terms of CAD/CAE/EDA are usually called just “tool”. 
2) Three step structure of tool

Most of engineering tools are composed of pre-processor for drawing, solver for analysis and post-processor for results. Most of RF tools also have same structures and it will be sold one package or separate. Usually pre-processor part is option.
The main part of tool is solver. Some of small/medium size company usually selling their own solver including other company’s pre/post-processor because the function of pre/post-processor is nearly the same. But sometime it will be conflict and un-compatible. 

A. Pre-Processor

It is part for the input of design parameter. In case of circuit tool, you can make circuit diagram. You can also make 2D and 3D drawing depends on the tool. Pre-processor will make text structure from the user’s input to calculate parameter in solver. If you know algorithm how to input your parameter to solver, you don’t need pre-processor for the simulation.
Practically, pre-processor will make you more convenient to input parameter using GUI function. Especially for 2.5D/3D tool, it is really difficult to make coordinates and drawing pictures without pre-processor. Nowadays pre-processor is very important for 2.5D, 3D field tool  because 2.5D/3D tool also provide to specify the material properties and boundary conditions as well as drawing pictures. 
For 3D tool, you can also use professional 3D CAD drawings such as I-DEAS or ACIS and input 3D drawing to the solver. That’s why pre-processor usually separate with solver part. 

B. Solver

This is main part and high-technical solution for simulation. This part is to make analytical algorithm which is generally programmed by C++ S/W. After receiving the input file from pre-processor, solver will analyze drawing and make text or 2 binary file for sending to post-processor. Most of time will be spent in this processing. 

C. Post-Processor

After receiving all analysis results, solver will show you data sheet and plot on the screen as well as 2D/3D picture. Post-processor of circuit tool is much simpler than 2.5D/3D tool because it can show just graph only instead of complex 2D/3D graphic. 
2. Historical Background

Agilent Technology (former Hewlett-Packard) is the giant company for measurement instrument and their software. Agilent ADS still widely used in the world but this is really expensive than any other software. 1990s Ansoft merged compact, BMT, PNC and developed competitive simulation tools start from Harmonica till HFSS. Nowadays Ansoft provide all kinds of solution regarding RF circuit, system, modeling, 2.5D/3D, SI, EM and so on… Specially, FEM Solbver, Ansoft HFSS is still absolutely world best seller for 3D field simulation in the world market. Ansoft Ensemble called standard of patch antenna is still world best for 2.5D field simulation.
In the low cost market, Eagelware Genesys is mostly popular for RF tool. Genesys have all the function of RF circuit tool even if the price is lower than others. Specially Genesys can analyze and make layout filter structure automatically within 10 seconds because this software was made by former filter designer. Similar level of circuit tool, Optotek MMICAD is also good tool but upgrade is too late compare to Eagleware. 
One remarkable thing is APLAC made in Finland. This tool is only popular in European country. APLAC is mixed simulator of system + RF circuit + numerical calculation + FDTD. Still interface is not comfortable but an instruction is rather easy. World best mobile device company, NOKIA is a great user of APLAC and APLAC still keep low price
Recently, a significant RF tool is CST Microwave Studio (MWS). It make up for the weak points in FEM / FDTD tool and is automated for variable control, parameterized, optimization. MWS also need minimum system source and make SPICE + field simulation + LC extraction. In the specification of 3D tool, Microwave Studio is leading software and have user friendly GUI. CST is not a new company. They made MAFIA which is high level simulator and developed MWS using FIM+PBA algorism showing stable performance.
In case of Circuit tool, we can look at AWR Microwave Office. AWR (Applied Wave Reserch) have some engineer who was working for HP and Compct. It looks like same with ADS or Harmonica but some of the concept of interface is noticeable.

3. Present Planar tools

All of today’s commercial planar tools can be divided into two groups: shielded and open. Shielded environment tools analyze planar circuits in an enclosing rectangular box. These tools include Sonnet, AWR EMSight, and 4.6 Microwave Simulation 53 Eagleware EMPOWER. Open environment tools have dielectric substrates going to infinity in all horizontal directions. These tools include Agilent Momentum, Zeland IE3D, and Ansoft Designer. Both approaches involve trade offs. The informed designer can select the appropriate tool based on design requirements. The trade offs stem from how the Green’s function, used to fill the moment matrix, is calculated. In shielded environment tools, the Green’s function is just a sum of sines and cosines. This sum is calculated very efficiently by the fast Fourier transform (FFT). The Green’s function is integrated four times to calculate each subsection-to-subsection coupling to fill the N × N moment matrix. One two-dimensional (2-D) integration is over the x-y area of the subsection with current on it. This calculates the electric field generated by the current. A second 2-D integration is over the subsection being coupled to. This yields the total induced voltage. This 4-D integration is repeated for every element in the matrix. With the shielded Green’s function, integration is easy; each term is a just a sine or cosine. 

4. Classification of Microwave Simulation

A. Circuit simulation

* Features

- Simple calculation circuit analysis based on node iteration.

- Calculation time is much faster than 2.5D/3D.

- The function of tuning, optimization, and yield is well developed using quick calculation and s-parameter extraction.

- There are two method; linear analysis using phase analysis and non-linear analysis using harmonic balance.

* Trend

- Recently, only studying for speed and interface improvement is progressed because it’s been developed long time for analysis function.

- High performance and price: Agilent ADS

- Medium class: Ansoft Serenade and Designer

- Economic version: Eagleware Genesys

* Main Application

- RF lumped circuit using R, L, C, FET, and Diode and so on…

- Microstrip active and passive circuit

- RFIC/MMIC high frequency device.

B. 2.5D field simulation

* Features

- 2.5D means that combination between 2D planar structure and vertical structure

- Possible for layer upon layer structure analysis but not 3D.

- Easy to analyze Microstrip/Strip line and general electronic circuit

- Support variable layout interfaces.

- MoM(Method of Moment): transfer integral/differential term of Maxwell equation to constant in 3D FEM

* Trend

- There is theoretical limitation of MOM method.

- Only interface improvement is issue

- Ansoft Ensemble: enhanced MOM, layer upon layer structure analysis

- Easy to use and cheaper price than 3D tools.

- Used for simple structure such as microstrip or patch antenna
* Main Application

- Planar RF circuit using Midrostrip / Stripline 

- Patch antenna 

C. 3D field simulation

* Features

- Drawing 3D structure and calculate Maxwell equation of structure with numerical analysis. 

- In principle, any kinds of structure are possible to analyze.

- There are two series; Finite Element Method (FEM) and Finite difference method (FDM)
- Impossible to analyze non-linear structure such as FET or diode.

· Finite element method (FEM) is mathematically used for finding approximate solution of partial differential equations (PDE) as well as of integral equations such as the heat transport equation. The solution approach is based either on eliminating the differential equation completely (steady state problems), or rendering the PDE into an equivalent ordinary differential equation, which is then solved using standard techniques such as finite differences, etc. In solving partial differential equations, the primary challenge is to create an equation which approximates the equation to be studied, but which is numerically stable, meaning that errors in the input data and intermediate calculations do not accumulate and cause the resulting output to be meaningless. There are many ways of doing this, all with advantages and disadvantages. The Finite Element Method is a good choice for solving partial differential equations over complex domains (like cars and oil pipelines) or when the desired precision varies over the entire domain. For instance, in simulating the weather pattern on Earth, it is more important to have accurate predictions over land than over the wide-open sea, a demand that is achievable using the finite element method.
· Finite-difference time-domain (FDTD) is a popular computational electrodynamics modeling technique. It is considered easy to understand and easy to implement in software. Since it is a time-domain method, solutions can cover a wide frequency range with a single simulation run. The FDTD method belongs in the general class of differential time-domain numerical modeling methods. Maxwell's equations (in partial differential form) are modified to central-difference equations, discretized, and implemented in software. The equations are solved in a leapfrog manner: the electric field is solved at a given instant in time, then the magnetic field is solved at the next instant in time, and the process is repeated over and over again.

* Trend

- Many concern and studying is focused on new possibility of FDTD method.

- A new attempt to analyze active FET device using 3D field analysis is tried.

- ISE EMlab is possible for nonlinear field simulation of semiconductor structure without device modeling.

- A new numerical analysis has been studied such as Wavelet or Mode matching but still not developed for commercial product due to many realization problem.

* Main Application

- Waveguide filter, Combiner, Duplexer, Array antenna, Connector

- Chip antenna, Planar Inverted-F Antenna, Mono block duplexer, Chip filter, Chip inductor, RF switch
- Field analysis: EMI/EMC analysis, Scattering analysis, Signal Integration, crosstalk analysis

5. Field simulation
A. Mesh
* What is Mesh?

- Field Simulation directly analyzes Maxwell equation.

- That means it has to calculate filed in every parts of structure.

- To do like this, we need to divide structure by certain unit. That is called Mesh or Cell.
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Fig. 1 Concept of E, H vector calculation from mesh grid.
* Mesh class
- Orthogonal mesh (Linear mesh)
- Non-orthogonal mesh (Nonlinear mesh)
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Fig. 2 Orthogonal mesh (Linear)        Non-orthogonal mesh (Nonlinear)
Table 1. Comparison of Orthogonal mesh and Non-orthogonal mesh
	
	Orthogonal Mesh (Linear)
	Non-orthogonal Mesh
(Nonlinear)

	Speed
	very fast
	slow

	No. of Mesh
	large
	small

	Relative difficulty
	easy
	difficult

	Practical use of memory
	low
	high

	Efficiency
	low
	high

	Complexity
	Proportional to mesh
	increase geometrically

	Algorism
	FDTD, FIM, TLM, MoM…
	FEM, MoM, BEM…
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Fig. 3 Orthogonal mesh (FDTD / FIM)                Non-orthogonal mesh (FEM)
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Fig. 4 Time vs No. of mesh.
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Original                               Square Mesh Modeling
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Different space Mesh Modeling       Cross Mesh Modeling
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Conformal mapping               Conformal mapping - PBA
Fig. 5 Development of Mesh

B. Boundary condition
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Table 2. Application of boundary condition in 3D Field Simulator
	Boundary
	Features

	Electric Boundary = Electric Wall = Perfect E
	- Only penetrate H-filed
- Modeling for metallic plate

- total reflection

	Magnetic Boundary = Magnetic Wall = Perfect H
	- Only penetrate E-filed

- Modeling for hole

- total penetration

	Open Boundary (PML, Mur , 2 order ...) = ABC (Absorving BC)
	- Modeling for open space

- Absorb E-energy on the outer wall

- used for open structure such as antena


6. Circuit simulation

A. Linear / Nonlinear
* Linear Analysis

- Output signal is proportional to the input signal in circuit operation. 

- Most of passive component have linear operation. 

- Phase analysis (= linear simulation = small signal): only need S-parameter data file from library or measurement. Real time tuning and variable optimization is possible.

* Non-linear Analysis

- Output signal is non-proportional to the input signal in circuit operation. 

- Saturated output results.

- Most of active component (diode, Transistor) has linear and non-linear operation area.

- Harmonic balance (= nonlinear simulation = large signal): need non-linear model library of active device. ADS or Serenade built in variable library 

- Device modeling: modeling of non-linear device.

- Examples

- MESFET / HEMT : Chalmers(angelov), Pedro, Curtice-Ettenberg cubic, Curtice quadratic,  IAF(Berroth), Materka-Kacprzak, Raytheon-Statz, Triquint(TOM-1 & TOM-2), Modified Curtice-cubic

- MOSFET : BSIM 3

- JFET : general-purpose N / P channel junction 

- BJT : NPN / PNP Gummel-Poon 

- HBT: NPN / PNP hetero-junction (Anholt)

B. Monte Carlo Simulation
- Approximate quantity calculation using random probability 
- Mainly used for Circuit simulation or System simulation
- An error of device is unpredictable random probability.
- If the results can be predicted by Monte Carlo simulation, we can find the device which can make serious effect in the circuit.

- Applicable for sensitivity analysis or design centering.

- Mostly used for communication system simulation because the channel of communication is the concept of random and usually used for the fuction of modulation and recovery of error in communication system.
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Fig. 6 Monte Carlo simulation of RF Low pass filter
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Fig. 7 A picture of Monte Carlo simulation menu.

7. Simulation tools (Commercial)

A. 3D field simulation

• Ansoft HFSS

• CST Microwave Studio

• FEMLAB EM Module

• Infolitca Fullwave

• Flomerics Micro-Strips

• Remcom XFDTD

• Zeland Fidelity

• SRAC COSMOS

• IES Singular

• IMST Empire

• VectorField CONCERTO

• MiGWASF-NET

• QWED QuickWave

• MiCIAN Microwave Wizard

• APLAC APLAC EM module

• Ansys Emag

• Fujitsu ACCUFIELD 2000

• Flomerics FLOEMC
B. 2.5D field simulation

• Ansoft Designer

• Agilent ADS Momentum

• Eagleware EM Power

• Sonnet emSuite

• Zeland IE 3D

• AWR EMSight

• IMST COPLAN

• JansenMicrowave SFPMIC
C. Circuit simulation

• Agilent ADS

• Ansoft Designer

• Eagelware Genesys

• AWR Microwave Office

• Optotek MMICAD

• JansenMicrowave LinMIC

• Xpedion GoldenGate

• APLAC APLAC

• IMST TOPAS

• Barnard Microsys. WaveMaker

• MEL S-NAP
8. Very Recent news

Priced comparably with typical circuit simulators, the Electromagnetic Design System (EMDS) from Agilent Technologies’ EEsof EDA group makes full 3D electromagnetic simulation accessible to all high-frequency designers. Prior to this release, high-end 3D EM simulators were much more expensive than common circuit simulation tools, so RF and microwave designers often skipped EM analysis and relied on "best guesses" instead, according to the company. EMDS allows analysis and visualization of EM effects that offer insight into the performance of high-frequency RF designs like component-level bond wires, connectors, packages, machined parts, and antennas. By using the tool before prototyping, designers can make decisions and adjustments that reduce or eliminate the need for costly design iterations. 

The first release of EMDS provides basic design-flow integration with Agilent’s Advanced Design System (ADS) allowing users to import layout designs from ADS into EMDS for full 3D analysis. Agilent plans to include increasing levels of integration with ADS and with the company’s Genesys environment. ADS offers front-to-back simulation and layout tools and instrument links for RF and microwave IC design. Genesys is an integrated EDA environment for RF and microwave applications. 

A free evaluation copy can be downloaded from www.agilent.com/find/eesof
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