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Discussion
The previously submitted R4-101750 [5] and R4-102649 [6] presented the challenges on the receiver operation, the requirements on the filter and the assumptions on the maximum allowable interference at UE antenna in Band 12. This contribution presents an article from Rayspan Corporation
. The article is prepared for 3GPP RAN4 upon the request by Huawei to provide information on the filters technologies suitable to Band 12 and the other bands with similar challenges.
Basically, the article presents the following topics:

1) The current state of process and temperature drift compensation,
2) The use of 1 MHz as bandgap to compensate remaining temperature drift,

3) The improvement of a sharpness by a novel architecture in electro-acoustics,

4) The possible advantages of the new architecture in terms of die size and therefore cost.
The article is attached in PDF form below.
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Abstract — This paper covers past and present improvements of the frequency characteristics of
acoustic wave filters in order to demonstrate that the technology is ready to tackle the toughest
problems, such as an extremely narrow bandgap between the passband and stopbands of front-end RF
filters. Rayspan novel filter architectures suggest not only the feasibility of the filters under high
frequency-related demands, but also a shift in paradigm where highest electromechanical coupling
constant (K%ff) and best Insertion Loss is traded off for a rather more appealing set of features: wider
passband, sharper filter corners and lower cost. Cost is the direct consequence of economies of scale:
smaller and fewer number of resonators make up filter allowing denser spectrum coverage. In the most
demanding markets, such as Band XII, and the other bands with similar challenges, it is the difference
between having the solution or reducing the performance expectations by relaxing core RF
specifications.

. INTRODUCTION

Microwave passive filters are facing ever tougher specifications due to a spectrum that gets more and more
crowded. They do need to use the technologies with the highest quality factors (500 and up) when narrow
bandgaps, usually much less than the filter passband itself, are part of the specifications. Fortunately, these
technologies also offer a tighter frequency control than the ones with lower quality factor (25-100) offered by
IPD on Glass or Silicon, ceramic (LTCC/HTCC), and organic (MLO/TCOL) technologies. Frequency control is
aiming at reducing a combination of drifts due to process and temperature. The total drift and the rejection
sharpness of a filter amount to the minimum frequency space needed to go from the passband to the
stopband. The said frequency interval must be smaller than the bandgaps required for the safe operation of
the up-and-coming 3G or 4G bands. In the extreme case of Band Xll DL operation facing Block E interferers,
this bandgap does not even exist! What can be done? From a filter design perspective, minimizing the drift
and maximizing corner sharpness of a filter's rejection curve are imperative. The former is architecture and
technology independent, calling for a 1MHz bandgap at 700MHz; the latter can be improved by using a novel
acoustic wave filter architecture.

Existing architecture (ladder/lattice filters):

- Filter design rules dictated by K’eff. Bandwidth limited by Keff. All due to the presence of the anti-
resonance.

- High bandwidth and sharp rejection are mutually exclusive for given filter order.
Rayspan novel architecture:

- Frequency behavior is K?eff independent. No anti-resonance in filter design allowing us to borrow
polynomial modeling and coupling matrix theory used in electromagnetic filters (waveguide, coaxial, etc...)

- Chebychev rejection (optimum filter order) and Group Delay Equalization are possible
- Temperature Compensated Band Xl DL Filters with 10dB Suppression of Block E can be implemented.
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II. PROCESS DRIFT

Frequency trimming is used to correct for manufacturing tolerances. lon-beam etching scans a wafer and
adjusts the frequency behavior of the resonators which were previously probed region by region for better
throughput. Because it is compatible with photo-resist technology, a lithography defined process could also
trim individual resonators to adjust the shape of the filters. Knowing how much of the top layer needs to be
removed is not a simple problem. A linear problem, neglecting metal, loading or mirror thicknesses, would
lead to a thickness sensitivity (frequency error per nm) proportional to the square of the resonator’s
resonance frequency; therefore, knowing how much piezoelectric layer to remove is trivial. The non-linear
problem calls for experience on how each layer thickness is distributed over a wafer and leads to a rule of
thumb: the frequency error is proportional to frequency and is +/-600ppm based on the available BAW
foundry data.

Rayspan is working on the proof of concept at 700MHz through prototype production. The literature has some
examples dealing with BAW resonators close to 2GHz [1].

. TEMPERATURE DRIFT

Once again, the method is substantially similar for all kinds of acoustic wave resonators; silicon dioxide, a
material with the rare property of having a positive temperature coefficient of frequency (TCF), is used to
offset the negative TCF of the other materials to end up with a TCF that is mainly due to manufacturing
variations over a full wafer. The temperature compensated stack will have a degraded effective electro-
acoustic coupling coefficient; for BAW filters it could be as low as 4%, which is a serious limitation as will be
seen later. The temperature compensated acoustic stack will also have lower quality factors, but subtle tricks
to mitigate these issues exist at the expense of more manufacturing steps [2].

If we take this compensated TCF to be +/-1ppm/K, and the filter we design must operate over a temperature
interval of 100 degrees, the resulting drift is +/-100ppm and the overall process plus temperature drift is
+/-700ppm. For a Band Xll filter operating in the lower 700MHz region, this represents a “dead region” of
+/-500kHz. Since 500kHz and 1MHz represent 8% and 16% of the 6MHz Block E band (722-728MHz)
respectively, an ideal Band XII DL filter, whose lower edge is located 500kHz inside Block E to guarantee that
the passband will not get clipped at extremely low temperatures, will have 10.8dB and 7.8dB worst case
suppressions of Block E at room temperature and high temperature respectively. Ideal filters are not available
though, and much lower suppressions depending on corner sharpness can be expected. While the filtering
community is trying its best to deal with very narrow bandgaps, the extreme case of having no bandgap at all
needs a little bit of attention from the regulation bodies to provide 1MHz of relief so that filters with excellent
corner sharpness can provide 10dB suppression of the adjacent band.

Suppression of a given frequency band is here defined as: fg )
[Isau (£ af
10.log(-2
o)

IV. CORNER SHARPNESS AND BANDWIDTH LIMITATIONS

The acoustic wave or all kinds of electromechanical filters designed so far have not followed the same design
methods as purely electromagnetic filters (ceramic, organic, waveguide, coaxial) because the building block
of the resulting filter — the resonator — is not the same. The acoustic wave filter architectures known to date
are the ladder and lattice filters. They are designed around the fact that an electromechanical resonator has
got two resonances: a series resonance and an anti-resonance. The two architectures have their own pro’s
and con’s, but they have something in common: the effective electro-acoustic (piezoelectric, piezomagnetic,
etc..) coupling constant, which determines the separation between the two resonances of a single resonator,
limits the bandwidth. K?eff will have different values depending on the type of acoustic resonator and the
materials used; the fractional bandwidth (FBW, the ratio passband over center frequency) limitation for ladder
filters is: FBW <= K’eff / 2.
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Take the example of a ladder filter: series and shunt resonators have a resonance acting as a zero of
transmission while the other resonance defines more or less the passband edge. This means that the corner
sharpness of such architecture, for a given filter order (number of resonators), is devoid of flexibility. The
sharpness of the rejection curve and the bandwidth are dictated by the separation of the two resonances, but
one feature contradicts the other.

Series BAW Resonators

5, (dB)
Impedance IZ1 (dBY)

Figure 1: Depicts ladder (left) and lattice (right) architectures and frequency response. Both architectures can
be single-ended or differential (mirror image for the ladder topology)

According to the acoustic wave community, this limitation will exist as long as the resonators are connected
electrically [3]. According to another paper [4], the anti-resonance, or the existence of the anti-resonance
capacitor, that separates electromechanical resonator models from electromagnetic resonator models is the
reason why the traditional filter design methods by Rhodes, Cameron, Hunter, Amari, or Matthaei,Young and
Jones cannot be used. It means that the polynomial description of S-parameters, and the coupling matrix
tools cannot serve the electromechanical/electro-acoustic community. The Generalized Chebyshev filter
would be welcome. For a given filter order, it is the filter with the sharpest rejection, while also allowing the
arbitrary placement of finite transmission zeros or group delay equalization (ladder were rigid at dealing with
amplitude, phase is even worse). We could have the lowest filter order for a same rejection, allowing us to
save space by using fewer resonators.

What we bring to the electro-acoustic world is well-known to the electromagnetic resonator filtering
community; it is the use of an architecture that is canonical and easy to design. Dealing with the anti-
resonance so as to use electromechanical building blocks is the novel step that we brought forward to bridge
the gap between these worlds.

Using the new acoustic wave architecture, we can design Generalized Chebychev filters with very strong
corner sharpness, and no more bandwidth limitations, no more frequency-related dependence on KZeff!
What we definitely improve are the FREQUENCY CHARACTERISTICS OF THE ACOUSTIC WAVE FILTER.

The maximum FBW of a BAW ladder filter compensated in temperature (assuming the compensation degrade
K?eff down to 4%) is 2% whereas the FBW of both the Uplink and Downlink Band Xil filters is 2.5%.

The corner sharpness of a low loss, cost competitive BAW ladder filter is very poor. The first 2-3MHz adjacent
to the passband exhibit a very weak roll-off, preventing the design of the Band XII Downlink filter with 10dB
suppression of Block E.

While some core RF specifications can be relaxed or debated within the greater picture of a link budget, the
existence of extremely narrow bandgaps precludes the use of filters without the frequency control and
sharpness features. So far, frequency characteristics facing such tight requirements prove more important
than ease of manufacturing or insertion loss during the customer specification stage.
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V. BAND XIll FILTER EXAMPLES AND OPERATING REGIONS

We designed BAW filters at 2.4GHz and 700MHz wusing the new architecture for the
electromechanical/piezoelectric community. After obtaining the lumped element values for the series
branches of the electromechanical resonators, we can decide based on flexibility, scaling techniques and/or
the geometrlcal shapes of the resonators in which area-over-perimeter region we wish to operate. We can
plot K?eff, Qs,Qp (the quality factors of the two resonances) Versus area-over- perimeter; then we notice that
the maxima do not take place in the same regions. A very high K eff will occur for high area-over-perimeter
values (large resonators). Ladder and lattice, which are tied by Keff if the bandwidth requirements are
demanding, must use large resonators. Our new architecture with the step we took to deal with the anti-
resonance, allows us to focus only on Qs. Maximum values of Qs occur for rather small resonator sizes,
allowing us not only to use fewer resonators than ladder/lattice architectures, but also to use smaller
resonators. Since the novel architecture requires smaller resonators, the resulting BAW filters are prone to be
more competitive than SAW filters in pricing as well as achieved performance. At lower frequencies,
resonators sizes follow a 1/f* for BAW ladder filters, increasing cost. At higher frequencies, the lithography to
print fine IDT fingers is prohibitive.

The order of each Band Xl filter we designed is roughly half of the number of resonators used in commercial
BAW ladder filters. The tradeoffs of this novel architecture is that we need to use almost as many different
resonance frequencies as there are resonators, increasing the number of masks/process steps when building
the filters. Both resonances may occur in the passband (in ladder architectures, remember that one
resonance defines a transmission zero) which means that some added midband loss may exist. Moreover,
dealing with the anti-resonance requires a circuit that has its own loss contribution. The newfound frequency
characteristics, with a square passband as large as needed for today’s wireless standards outweigh these
issues and the architecture used is the enabler for filter with very narrow bandgaps, whether its input and
output are single-ended or differential.
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Figure 2: Resonator properties:Keff and Qs relative values vs area-over-perimeter (left). Ladder/lattice must
operate where K?eff is high, novel architecture focuses on high Qs. Fourth-order equiripple Band XII DL Filter
simulation (S21dB vs frequency) with 10dB Block E suppression (green) and good Uplink attenuation (right)
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