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Introduction

Since the advent of Network Synthesis Theory at the turn of the last century, filter designers have been
developing ever more sophisticated solutions to translate polynomial transfer functions into working,
physical components. The body of knowledge for lumped components is well established in the famous
Big Red Filter Bible, “Microwave Filters, Impedance Matching Networks, and Coupling Structures,” by
Matthaei, Young and Jones, and for distributed components in James Hong’s, “Microwave Filters for
RF/Microwave Applications.” This knowledge combined with the availability of advanced software tools for
filter synthesis and the commercialization of computerized full field solution algorithms such as the
Method of Moments (MoM) and the Finite Element Method (FEM) have given designers a powerful toolkit
to realize both known and arbitrary topologies.

Even given the maturity of the theory and state of the art in filter synthesis and simulation software,
simulation results are still generally taken with a measure of caution. One of the most significant design
challenges remains achieving agreement between simulation and working design in a timely fashion.
Depending on the technology being used, it's not unusual for designers to cycle through multiple design
and manufacturing spins before results meet the desired performance. This process adds substantial time
and cost to the design cycle and directly affects time to revenue.

Setting up a truly accurate simulation requires capturing every physical parameter that may affect real-
world filter performance. Designers need to consider a daunting variety of factors. Some questions that
must be considered include:

e Has the simulation model been parameterized to account for the real-world variables and operating
conditions that affect the physical implementation?

o What kind of interpolation should be used between frequency points?

e Does the 3D model capture the physical manifestation of a given structure?

¢ Is the meshing different in different frequency bands?

e |s skin depth accounted for correctly within the simulation tool for lower frequency bands?

e |s the substrate dispersive, and if so what are its dispersion curves?

e Have effective conductivity and the conductor’s surface roughness models been accounted for?

Mini-Circuits’ LTCC design group has spent years addressing these questions and many others. The
reality of traditional simulations is that in the past, material impacts have not been well enough understood
to account for all the real-world effects on performance. Therefore, a deeper understanding was
necessary to eliminate superfluous manufacturing spins and meet performance requirements on the first
try. By combining hundreds of different test structures, extensive material characterization and modelling,
novel design workflows, and home-brewed algorithms, Mini-Circuits has been able to transfer the trial and
error from production runs at the fab to the simulation phase early in the design process. These
innovations have enabled us to consistently achieve first-spin success on LTCC filters and other
components beyond 50 GHz.
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This article will explore some of the specific challenges of simulating LTCC structures. The design
workflow will be described and case studies provided to demonstrate first-spin fidelity between simulation
and measurement. Finally, extensions will be discussed for other exploratory filter topologies at high
frequencies as well as for other products and technologies.

Material Characterization and Modelling

Mini-Circuits typically combines two common simulation techniques to predict the RF performance of
passive devices prior to their fabrication, each with its own pros and cons. The Method of Moments (MoM)
technique works by meshing the conductive metallizations within the structure. This method is fast to
perform and iterate and is useful for structures with low port count and low ratio of metallization to
substrate. It is mostly limited to 2D surfaces, however, and assumes substrates extend infinitely in space,
so it doesn’t provide a true substrate truncated 3D model.

The Finite Element Method (FEM) of simulation provides a true 3D model that allows us to truncate
volumes. This is a frequency based method that works by meshing the substrate structures rather than
the conductors. FEM simulations better capture the coupling and parasitic effects through the substrate as
well as the effects of truncating the 3D structure, all of which are absent in MoM. The drawback is that
FEM simulations are typically slower to implement.

The FEM approach is more accurate for LTCC filters where the signal travels in a 3D fashion through a
monolithic structure. Ideally, the characteristics of that structure would be uniform. However, in reality,
LTCC structures consist of multiple layers of ceramic and conductive material with dispersive and
anisotropic behavior. A true 3D characterization of the material is therefore required to account for the
non-linear behavior of signals traveling through a structure with these properties.

While these two approaches are powerful, in the past they were incapable by themselves of achieving
close agreement between simulation and measurement, and multiple design spins were still required.
This limitation necessitated a deeper understanding of the material structure for its contributions to the
real-world performance of the device. Mini-Circuits has gone through the painstaking effort of
characterizing the material properties of substrates and conductive elements used in LTCC products up to
the millimeter wave range. This required the use of hundreds of test structures, including single- and
multi-modal resonator topologies, waveguide resonators, and lumped capacitor and inductor structures
among others. A proprietary algorithm was developed just to analyze the volume of test data from our
measurement workflow.
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Figure 1: (a) LTCC panel with test coupons. (b) Diagram of measurement setup with RF probes. (c) 3D model of ring resonator (top
and bottom layers hidden). (d) Ring resonator: E-Field plot of 7 harmonic. (e) Ring resonator: E-Field plot of 7 harmonic.

After two years of intensive effort building and characterizing test coupons and then modelling the
measured performance into our simulation tools across broad bandwidths, Mini-Circuits has amassed
what we believe is the one of the most advanced understandings of LTCC technology in the industry. Our
efforts have included characterization and modelling of the material properties of all elements used not
only in our LTCC product line, but also in semiconductor products and other technologies as well. We now
have high confidence in our material models which, combined with our suite of design tools and novel
design flow, has enabled us to achieve first spin success on component designs up to 50 GHz.

This capability is unique in the industry. It enables Mini-Circuits to develop and release standard parts to
our catalog at a faster rate, which supports the needs of customers with high volume requirements. It also
enables us to develop highly customized solutions for customers in more specialized applications with
very fast turnaround. In all cases, it translates to lower development time and cost and faster time to
market.

Multi-Physics Workflow

Our comprehensive material modelling combined with state-of-the-art design and simulation tools has
allowed us to innovate a novel, multi-physics simulation workflow. A multi-physics simulation incorporates
multiple simulators, each working within a particular domain: electromagnetic, structural, and thermal. The
individual simulators use each other’s results as a component of their own simulation setups. For
example, electrical simulation results from Ansys’ High Frequency Structure Simulator (HFSS®) are
employed to define spatially-varying heat generation in a thermal simulation. The computed temperature
rise is then employed in turn to compute deformation of the model geometry.
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This initial simulation series often results in performance that does not meet the specified design
requirements, so the effects of thermal and mechanical analysis are fed back into the MoM and FEM
engines to compensate for the effects of the thermal impact. This iterative process is completed as many
times as necessary to achieve the desired performance. In a traditional design cycle, a prototype would
be fabricated after the first round of simulations, tested in the lab, and then redesigned and fabricated
again. Our workflow moves that trial and error to the front of the design cycle, avoiding multiple rounds of
fabrication and testing in the lab.
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Figure 2: Multi-physics workflow incorporating electromagnetic, thermal and structural simulations.

Consider for example a customer requirement for a part that can handle 4W of RF input power.
Traditionally, the part would be designed and an evaluation run fabricated. The parts would be soldered to
evaluation boards and processed through burn-in test. If the part then burns out at 3W, because LTCC
products are monolithic, it wouldn’t’ be practical to find the point of failure through destructive physical
analysis. The part would therefore need to be redesigned. By contrast, with a multi-physics simulation
workflow, we are able to accurately and reliably evaluate power handling priorto the first build of the
device, saving time, cost, and no small measure of frustration.

Advantages of this workflow include:

e QGreater insight into the power handling of a model under diverse operating conditions
(DC, RF, and transient)

o Realistic assessment and optimization of thermal impact on RF performance and reliability

e Forecasting of mechanical integrity of terminals in the presence of CTE mismatches

e Optimization of the physical structures to reduce size
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Figure 3: Simulations in multi-physics workflow: (a) EM simulation mesh used to determine heat generation as an input to the
thermal simulator. (b) FEM thermal/mechanical simulation mesh. (c) Thermal simulation results showing temperature distribution. (d))
Mechanical stresses after physical deformation is computed from the thermal results.

Examples of Simulation vs. Measurement

Figure 4 shows a plot of S21 for an LTCC bandpass filter from a standard simulation model, Mini-Circuits’
advanced material simulation model, and actual measured performance. The pink plot represents the
simulation results without the material knowledge we’ve modelled into newer simulations. Note the
disparity between this simulation and the measured performance. The red line represents Mini-Circuits’
new simulation workflow incorporating all the material characterization and modelling we’'ve conducted.
Note that this simulation tracks the measured filter performance very closely across the full measured
range.
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Figure 4: Standard simulation and MCL material simulation vs. measured S21 performance of an L TCC bandpass filter after first
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Sspin manufacturing run.

Figure 5 shows additional comparisons between Mini-Circuits’ advanced simulation results and measured
performance for a different LTCC bandpass filter model. Both S21 and S11 are shown, illustrating highly
accurate simulation results for both parameters. These cases are representative of the unique capability
to achieve close agreement between simulation results and measured performance after the first run from
the fab.

Insertion Loss Input Return Loss
0 0
-] :
-10— 10;
15— N
20— 20—_
25— ]
35 =
40— 40
-45— ]

S I e I N ) ) O mollll\éii\lllllilllugu\’_.
cCohbhonbhonoaonono D GonbLb6GEGELEGBG0GOMSE
Freq. (GHz) Freq. (GHz)

e Simulation Result

Lab Measurement
Figure 5: Advanced simulation of S21 and S11 of an LTCC bandpass filter model versus measured performance
after first spin.
Extensions

The learnings illustrated above were shown for LTCC filter designs utilizing lumped topologies, but the
same approach has broad applicability for exploratory filter topologies and other technologies as well.

The recent shift to applications at higher and higher frequencies has necessitated exploration of
distributed filter topologies. Genesys® offers filter synthesis for some of the known distributed topologies
but doesn’t include synthesis and optimization tools for filters derived from Coupled Matrix Filter Synthesis
Theory. At Mini-Circuits’ we’ve taken many concepts from the research literature and created our own
algorithm capable of synthesizing arbitrary distributed filter topologies based on our specs. We've also
created an optimization tool capable of producing simulated S-parameters and optimized dimensions on a
full 3D model.
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Figure 6: Simulated vs. measured performance of an L TCC combline bandpass filter after first spin.

We have extended the material simulations used for LTCC components to other technologies in our
portfolio including MMIC and stripline architectures. The same capability is also a vital element of our
active effort to develop advanced packaging solutions for surface-mount components on soft substrate up
to 55 GHz.

Conclusion

Single pass success has long been considered the Holy Grail in design workflows. The physically
complex nature of LTCC technology makes it particularly challenging to achieve agreement between
simulation and working design on the first try. By using extensive material characterization and modelling
together with advanced design tools, proprietary algorithms, and our novel design workflow, our
simulations now account for real-world effects on performance to the degree that we can consistently
achieve first-spin success in LTCC designs. Our capabilities in this area have helped us accelerate
standard and custom parts to reduce customers’ time to market. These innovations have also enabled us
to enhance existing LTCC filter designs, reducing size and improving rejection performance. The design
capability presented in this article extends to other technologies and innovations in high-frequency
packaging solutions. These extensions will be addressed in greater depth in subsequent papers.

Inquiries: apps@minicircuits.com
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IMPORTANT NOTICE
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This document is provided as an accommodation to Mini-Circuits customers in connection with Mini-Circuits parts only. In that regard, this document is for
informational and guideline purposes only. Mini-Circuits assumes no responsibility for errors or omissions in this document or for any information contained
herein.

Mini-Circuits may change this document or the Mini-Circuits parts referenced herein (collectively, the “Materials”) from time to time, without notice. Mini-Circuits
makes no commitment to update or correct any of the Materials, and Mini-Circuits shall have no responsibility whatsoever on account of any updates or
corrections to the Materials or Mini-Circuits’ failure to do so.

Mini-Circuits customers are solely responsible for the products, systems, and applications in which Mini-Circuits parts are incorporated or used. In that regard,
customers are responsible for consulting with their own engineers and other appropriate professionals who are familiar with the specific products and systems
into which Mini-Circuits’ parts are to be incorporated or used so that the proper selection, installation/integration, use and safeguards are made. Accordingly,
Mini-Circuits assumes no liability therefore.

In addition, your use of this document and the information contained herein is subject to Mini-Circuits’ standard terms of use, which are available at Mini-Circuits’
website at https://www.minicircuits.com/homepage/terms_of use.html.

Mini-Circuits and the Mini-Circuits logo are registered trademarks of Scientific Components Corporation d/b/a Mini-Circuits. All other third-party trademarks are
the property of their respective owners. A reference to any third-party trademark does not constitute or imply any endorsement, affiliation, sponsorship, or
recommendation: (i) by Mini-Circuits of such third-party’s products, services, processes, or other information; or (ii) by any such third-party of Mini-Circuits or its
products, services, processes, or other information.
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