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MMIC Filters’ Time Has Come

Doug Jorgesen and Christopher Marki
Marki Microwave, Morgan Hill, Calif.

The outstanding fabrication tolerances and scalability of IC processes have made MMICs the
technology of choice for nearly all planar microwave components, including amplifiers, mixers,
switches, oscillators—even fully integrated transceivers. However, fixed filters have been
untouched by the MMIC revolution due to outdated assumptions about performance and
availability. In this article, we examine the filter landscape and explain why MMIC should be the
technology platform of choice for many filter applications.

F consumer markets have rapidly

evolved over the last 10 to 15 years

to offer enhanced data rates and

connectivity while also supporting
ever-increasing numbers of users and con-
nected devices. A similar market evolution is
taking place in the aerospace and defense,
test and measurement and “new space”
markets, where increased amounts of high
frequency content are being processed and
manipulated across significantly more us-
ers. Next-generation systems will increas-
ingly support multichannel, multiband and
multiple emitter architectures to improve
performance and offer the ability to enable
multipurpose missions, at the expense of a
massive increase in overall channel count
and total bandwidth. These channel counts
are supported by high speed data convert-
ers, which enable high instantaneous band-
width for both traditional super heterodyne
and direct conversion receivers. The effect of
increasing analog-to-digital converter (ADC)
bandwidth is illustrated in Figure 1, which
shows the changing filter requirements as
more signal processing is performed digi-

tally. Increasing ADC sampling rates enables
narrowband filters to be implemented digi-
tally, but the increasing channel count makes
filter size more critical. These trends place
incredible strain on the physical packaging
of a particular solution, with the expectation
that more channels and processing power
be supported within the same, or some-
times smaller, footprints.

To support higher channel density, com-
ponent solutions have generally followed an
evolution that emphasizes smaller size and
higher frequency. Additionally, many system
blocks and sub-blocks have been combined
through the development of single chip in-
tegrated solutions (typically Si ICs), through
the novel packaging of multiple chips within
a single package (called multi-chip modules)
or through some combination of both Si and
non-Si ICs inside the same package (usually
referred to as "heterogeneous integration”).
No doubt these trends will continue for the
foreseeable future, and innovations will be
necessary to further reduce the physical size
of high frequency hardware.

Filters are commonly used to provide
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A Fig. 2 Performance metrics of a microwave filter.

channel or band selection and to
clean up the spurious and unwanted
signals or noise present in an analog
signal chain. When it comes to min-
iaturization and improved channel
density, filters are problematic be-
cause they consume much of a sys-
tem'’s overall footprint. Given their
ubiquity, it is curious to consider
why filters remain the least evolved
block in the system diagram. They
often lack tunability or reconfigu-
rability, they are rarely integrated
into a larger function block or pack-
age, they take up massive amounts
of area and volume, they are sus-
ceptible to process variation caus-
ing lot-to-lot variability and they are
often designed “in-house”—taking
up valuable RF design resources.

rejection and high
power. As con-
verter bandwidths
increase and more signal process-
ing is performed digitally, less signal
processing is required in the analog
domain. Less processing means
fewer converter stages—therefore,
fewer spurs spaced farther apart.
Some filter metrics, such as inser-
tion loss for channel selection filters
will always be important, but size,
scalability and development time
are becoming more dominant con-
cerns for system architects.

A key challenge for high per-
formance systems is that filters are
typically custom designs based on
the system frequency plan or some
unique coexistence requirements.
This creates a challenge when build-
ing a business case for low volume

opportunities because costs can-
not be offset by multiple custom-
ers. Further, filters are often needed
immediately, as they are added or
changed to solve a specific issue
arising during development. This
makes a rapid, reasonably priced,
first-pass design success approach
essential to solving a particular cus-
tom filter request.

Considering the above, we con-
tend that future competitive filter
technologies must satisfy the fol-
lowing critical metrics:

e Extremely small—at least 2x
smaller than existing solutions
and the smaller the better

* Rapid development cycle with
modest cost and a first-pass suc-
cess design flow

* Scalable, highly repeatable man-
ufacturing approach

* Acceptable performance trad-
eoffs among insertion loss, filter
order, rejection skirt, etc. to en-
able size reduction to meet the
system need

* Operation from low GHz to >100
GHz to support all high frequen-
cy needs and preferably in a sur-
face-mount package.

COMPARING FILTER
TECHNOLOGIES

No one filter technology is ide-
al for all applications, and no one
performance metric defines a filter
technology (see Figure 2). Perform-
ing a general comparison of filter
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TABLE 1
COMPARISON OF COMMON FILTER TECHNOLOGIES
(1 = Worst, 5 = Best)

Technology MMIC Thin Film Laminate Cavity Lumped
Size 5 3 2 1 2
Power Handling 2 2 4 5 3
Performance
<10 GHz 3 3 3 5 5
10 - 20 GHz 3 3 4 5 2
20 - 50 GHz 4 3 3 4 1
50 - >100 GHz 4 N/A N/A 3 1
Q Factor 2 3 3 5 4
Practical Filter 2 3 4 5 3
Order (< 9th Order) | (< 11th Order) | (<15th Order)

Narrowband > 8 >6 >5 Any Any
Limit (%

Bandwidth)

Transmission 3 2 2 5 4
Zeros

Cost Per Design 2 3 5 3 5
Cost For 4 2 5 1 5
Multiple

Designs

Yield 5 3 3 3

ASP Scaling 5 3 4 2

Capable 1-> 100 GHz 1-40 GHz 1-40 GHz 0.1-40 DC-20
Frequencies GHz GHz
Best-Suited 6 GHz — 5-20 GHz 5-20 GHz 1-20 DC -6 GHz
Frequencies mmWave GHz

Simulated 5 4 3 3 3

vs. Measured

Accuracy

technologies is complicated be-
cause a filter design can be a trad-
eoff among many parameters. While
Q is important for a given design,
there is no single figure of merit to
predict how well a filter technology
will meet a specification.

At a basic level, the Q of the
resonator and the order of the fil-
ter are the most important factors
determining the center frequency
insertion loss and rejection slope.
However, a typical filter spec is de-
fined by insertion loss across the
passband instead of at the center
frequency and rejection at a particu-
lar frequency instead of a rejection
slope. To meet a real filter specifica-
tion requires the design pay careful
attention to the insertion loss at the
edge of the passband and the rejec-
tion close to the passband. There-
fore, comparing different filter tech-
nologies requires comparison of not
only the available Q and realizable

filter order, but also the flexibility to
implement different design tech-
niques, including agreement with
simulation.

Common filter technologies used
today include acoustic wave filters,
cavity filters, lumped element fil-
ters and planar filters. In traditional
space constrained, “low frequency”
environments such as handsets, Wi-
Fi and many other consumer prod-
ucts, surface acoustic wave and bulk
acoustic wave filters are extensively
used. They offer superb rejection,
low loss and small form factor but
are limited to ~1 W power handling
and frequencies below ~8 GHz for
applications that drive significant
volume. For lower volume appli-
cations with more available board
space, a lumped element filter can
offer low cost and good perfor-
mance below 6 GHz but has poor
performance at microwave frequen-
cies.

On the other end of the spec-
trum, cavity filters provide the ulti-
mate in rejection with very low loss
and high power handling at micro-
wave frequencies but are physically
large, require hand tuning and are
costly at any volume. These are
used broadly in high-power com-
munications systems such as macro
base stations for cellular networks.
Between these extremes in size
and cost is the class of filter that
Marki and our customers use most
frequently: planar circuit filters. Pla-
nar circuit filters implemented in
MMIC technology offer an excel-
lent tradeoff between electrical per-
formance, size, development time,
development cost and unit cost for
broadband microwave systems (see
Table 1 for a comparison of five fil-
ter technologies). Marki is not tied
to any fabrication technology, as
we have the capability to design on
laminate, thin film—ceramic, glass,
sapphire and other exotic materi-
als—or GaAs, what we call “MMIC
filters.” While not traditionally con-
sidered for filter fabrication, MMIC
offers the best combination of per-
formance, cost and consistency.

A planar filter consists of a dielec-
tric substrate with metal printed on
top. The metal is patterned to elec-
tromagnetically couple resonators
to yield a desired response. How
this is done is the subject of count-
less textbooks and publications and
is beyond the scope of this article.
For an excellent overview of planar
filter design, we recommend “Mi-
crostrip  Filters for RF/Microwave
Applications” by Jia-Sheng Hong.
The art of planar filter design in-
volves the careful choice of filter
topology, resonator, circuit layout,
optimization and tuning. A vast
number of techniques are available
to a filter designer; quickly narrow-
ing the scope of options to compro-
mise between size and performance
is critical. While it takes only minutes
to determine the best filter topol-
ogy for a specification, it can often
take several days of modeling and
simulation to arrive at the final solu-
tion.

The design of a typical distribut-
ed planar filter is similar for the vari-
ous fabrication methods (i.e., lami-
nate, thin film including ceramic,
glass, more exotics and MMIC) and
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largely requires the same software

tools. Critical differences between

the planar filter manufacturing
methods include:

* Some fabrication processes sup-
port lumped and semi-lumped
inductors and capacitors. The
availability of these components
impacts the variety of filter to-
pologies that can be realized and
strongly influences the achiev-
able size.

e The dielectric and metal mate-
rial properties and thicknesses
vary among the processes. They
are critical for determining the
minimum size of a filter design
and also dictate the available
Q-factor and overall size of each
resonator.

e The tolerances of the manufac-
turing processes can vary wildly.
The tighter the tolerance, the
better the filter repeatability from
unit to unit and lot to lot. Tighter
tolerance enables superior de-
sign flow for matching simulation
and measurement—critical for
first-pass design success.

MMIC FILTERS VS. LAMINATE

It is common practice to print fil-
ters in-situ on the circuit board that
holds all the other components in
an RF system. This do-it-yourself ap-
proach may seem practical and low-
cost, but it introduces hidden costs
and risks to system performance.
These include:

Repeatability risk — While lami-
nate filters are straightforward to
design, the realistic manufacturing
of laminate boards, especially multi-
layer RF boards, is subject to routine
variation in etching and lamination
thickness. The typical etching toler-
ance of a laminate board is 25 ypm,
which translates to dimensional
variation that will detune the filter.
In some designs, errors of 2 to 3
percent in resonator frequency or
coupling factor can be very prob-
lematic, and a poorly controlled
laminate process can easily exceed
10 percent dimensional error in cer-
tain circumstances. A typical MMIC
technology is two orders of mag-
nitude more accurate with line and
space accuracy measured in frac-
tions of microns.

In-situ performance risk — The
performance of a laminate filter is

known to vary but, unlike a MMIC
filter, it cannot be tested prior to
assembly. A system must be com-
pletely assembled and found to
fail a spec before the underperfor-
mance of the in-situ filter can be
identified. This introduces signifi-
cant cost and risk to a production
design, as a completed board may
be as expensive as 100 discrete fil-
ters.

Size risk — Due to the ~4x higher
dielectric of GaAs compared to the
most common laminates and the
fine tolerance of MMIC fabrication,
a MMIC filter can be significantly
smaller than an equivalent laminate
filter. Any system revisions are easier
to absorb with a small footprint.

Design flow risk — MMIC filters
use a very well-vetted design flow,
with first-pass success the standard
expectation. The time to a success-
ful design is understood and can be
planned with confidence. A lami-
nate design done in-house may or
may not meet the schedule.

MMIC VS. THIN FILM

On the surface, a MMIC filter and
a thin film filter appear similar: both
are surface mountable with stan-
dard pick and place machines and
reflow ovens. Both offer the ability
to test and guarantee performance.
Both are smaller than a laminate fil-
ter. The advantages of a MMIC filter
over thin film are subtle and involve
the manufacturing process used to
create each type:

Size — While both are small, a
MMIC filter can be 10x smaller than
an equivalent thin film filter due to

Repeatability — The GaAs sub-
strate material used to fabricate
MMICs is a very tightly controlled
single crystal produced in high vol-
ume. The dielectric constant and
thickness are nearly identical from
wafer to wafer. MMIC processing
tolerances are exceptional—mea-
sured in fractions of a micron—ow-
ing to the decades of knowledge in
the semiconductor manufacturing
industry. Thin film circuit fabrication
is a boutique technology under-
stood by only a few domestic firms,
and their manufacturing processes
are not well controlled in compari-
son to ICs. To illustrate the repeat-
ability of MMIC filters, Figure 3
shows the variation in the insertion
loss of a sample of filters from a pro-
duction lot of over 8000 filters.

Scalability — Closely related to
repeatability is scalability. Wafers for
GaAs can be larger than thin film—
they are usually 6 in. for GaAs MMIC
versus 2 in. for thin film—and they
can be run in larger lots through the
factory. For these reasons, MMIC
filters can easily and quickly scale
to millions of units. By contrast,
the thin film industry has consoli-
dated in recent years, partly forced
by persistent capacity constraints.
Thin film providers often struggle to
meet volume needs.

Cost — For a single design, a
MMIC is more expensive. For mul-
tiple designs—typically four or
more—MMIC designs have cost
parity with thin film and can even be
lower cost. MMIC manufacturing is
well suited for multi-project wafers,
meaning many designs can be run
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A Fig. 4 Comparison of simulated and measured responses for four filter designs, each 3.1 mm x 3.1 mm or smaller and fitting in a

5 x 5 QFN package.

on the same mask, and once a design is in production,
the repeatability and scalability translate to a massive
cost advantage. As a rule of thumb, cost savings can be
achieved with MMIC filters once volumes exceed hun-
dreds of pieces.

High Frequency Performance — The fine lines and
gaps of MMIC lithography and the relatively thin sub-
states support MMIC filters easily covering frequencies
beyond 100 GHz. Thin film filters struggle in perfor-
mance and consistency above 20 GHz.

Integration — A MMIC filter can be integrated di-
rectly with another MMIC function such as an amplifier
or switch. It can easily be co-packaged into a standard
surface-mount package or multi-chip module.

THE PROMISE OF MMIC FILTERS

Figure 4 shows the performance of four recent
MMIC filters developed at Marki, demonstrating the
agreement between the simulation and measurement.
The simulations are the original design files, with no
tuning to match experimental results. The four filters
range from four to eight orders and employ different to-
pologies. Owing to the novel capabilities of the MMIC

process, some of these filters use lumped elements to
enable topologies that cannot be fabricated as thin film
or laminate circuits.

Lumped and quasi-lumped topologies offer several
benefits including filter miniaturization and re-entrant
mode mitigation. For example, the MFB-7950 response
shows the re-entrant mode is well beyond 3fo, a char-
acteristic advantage of the loaded resonator technique.
The fine geometric features available with the process
enable precise tuning and optimization of features, such
as transmission zeros via cross-coupling of resonators.

These results in Figure 4 show near-perfect match
between simulation and measurement. This is the most
important feature. By developing the design flow and
optimization procedure over several years, Marki has
shown that it is possible to quickly and accurately arrive
at a design that will be reproduced by the foundry. First-
pass design success means the development cycle is as
short as possible: New designs can be turned in days,
followed by fabrication and packaging lead times of 10
to 14 weeks, on average. This puts the MMIC develop-
ment cycle in line with traditional manufacturers, albeit
with significantly better first-pass confidence that “you
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measure what you simulate.”
Historically, semiconductor tech-
nology was not considered viable
for a high mix of highly customized
filters manufactured in low volume.
It was widely assumed that the up-
front costs of MMIC development
negated the lower per-unit cost in
production. We have discovered
that a well-crafted MMIC design
flow achieves first-pass success and

the approach is cost-effective for
custom filters, as long as the up-
front costs are shared across multi-
ple designs. Trends toward smaller
form factor, higher volume, higher
frequency filter requirements pro-
vide further incentive for custom
MMIC filter solutions. MMIC filter
technology offers a lower risk path
to first-pass design success com-
pared to incumbent technologies.

Marki has demonstrated competi-
tive filter performance at a fraction
of the size of competing technolo-
gies, with improvements in perfor-
mance and size ongoing. Enabled
by advanced design and process
improvements, the dream of best-
in-class, rapidly designed, small
form factor MMIC filters has be-
come a reality. B



