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Lightweight, space efficient low-pass radio-frequency interference filter
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Extremely lightweight and space efficient low-pass radio-frequency interferéRE® filter
modules have been developed and tested for use with bolometric detectors. These filters are based
on the compactness of a surface mount electro-magnetic interference chip filter. We have produced
densely packed modules containing 21 filtered lines, which weigh 60 g, with dimensions of 38

X 36X11 mm. These modules provide greater than 20 dB attenuation over the entire frequency
range teste¢60 MHz—10 GHz while providing over 60 dB attenuation for frequencies greater than

4.5 GHz. The filters suppress rf voltage noise and prevent radiation from RFI on the lines from
entering the detector environment and heating up the bolometers. Modules have been used on
bolometric detector systems containing as many as 16 RFlI filtered bolomete200®American

Institute of Physics.[DOI: 10.1063/1.1502019

I. INTRODUCTION In future satellite missions such as the Planck-high fre-
quency instrumentHFI1)® and the spectral and photometric
Bolometric detectors are extremely sensitive to thermalmaging receivekSPIRB,® there will be a need for combin-
variations caused by power fluctuations. One source of thesag the two constraints of compactness and higher frequency
fluctuations is radio-frequency interferend&®Fl) from  attenuation in RFI filters. Our anticipation of this need has
sources that couple through the wires into the cryostat, whichrompted the development of prototype filter modules for
normally forms a Faraday cage. Thorough filtering of theseuse on ground based bolometric receiVidslatrod and the
lines at the outer wall of the cryostat can provide adequatarcminute cosmology bolometer array receit@CBAR)®].
suppression to reduce the RFI to below the noise level of thén this article we report the results of our work.
detectors. Since the signals carried on the readout lines are
near dc(usually less than 1 kHz a simple low-pass filter || RF| FILTER MODULE DESIGN
suffices for this purpose. A previous device developed by ) )
Freundet al, for the Infrared Telescope in Space, addressed ~Compactness can be achieved with the use of surface
constraints on compactness and suppressed noise by 80 gEunt devices. A Murata surface mount electro-magnetic
from 5-20 MHz* This filter module used single element inductance(EMI) chip f”t?rg provides a space efficient RFI
surface mounLC filters packed densely on printed circuit filter. In contrastl tolthe single eIemehC filters used in the
boards, which were then stacked for maximum density in 4 réundet al.design, the Murata filters are lumped elements
rf-tight box. Radiative coupling between the input and outputthat house an entire filter within a single device of dimen-
ends of the filters caused a loss of attenuation at higher fresions 4.5¢1.6X1.25 mm. The equivalent circuiFig. 1) is
quencies. This did not pose a problem since these devic&m"ar_ '_[0 a simple pi filter. H(_)wever, a varistor is used_as the
were to be used in an environment with low levels of trans-capacitive element of the filter for the added function of
mitted power above 20 MHz. surge suppression. Structurally similar to capacitors, varis-
Recently, increased use of higher frequency communical©rs contain grains of ZnCa ceramig between their conduc-
tion systems has imposed a requirement of added high frd0rs instead of a dielectric. Figure 2 shows the manufactur-
quency rejection for RFI filters. Due to weaker constraints orf'S Specifications for the insertion loss of these Murata
the size and weight of instruments that operate from suborilters. _ _ o
bital platforms, the filters used for the SUZIEand To prevent degradation of high frequency attenuation in
BOOMERan@ bolometric instruments were simply long OUr quules by ra(_jlatlve coupling between_ input and output
lengths of stripline cables potted in cast Ecco$erh mate-  lines, it was decided that the Murata filters should be
rial that dissipates rf energy by resistive losses in tiny graingnounted in a firewall that split a rf-tight box into two Fara-
of suspended magnetically permeable conductors. These filay cavities. For added high frequency attenuation, we filled

ters were bulky and heavy, but were reported to provide sigth® cavities with Eccosorb. .
nificant attenuation above a few GRz. Preliminary testing was necessary to confirm that the

loss characteristics of the Murata filters did not change ap-
o) _ o . o et ed preciably at cryogenic temperatures. These were carried out
ectronic mail: jleong@jeans.ifa.hawaii.edu ; 4 ;
PCurrent address: NASA Infrared Telescope Facility, Institute for As- using a rf tlght_ box \_Nlth bayo_net nava_l COﬂDGCt((BNC)
tronomy, University of Hawaii, 2680 Woodlawn Drive, Honolulu, Preakouts. A_smgle filter was 'nsert_ed in a firewall placed
Hawaii 96822. across the middle of the box and silver epoxy was used to
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FIG. 1. Equivalent circuit for the varistor filter used in the low-pass RFI cast Eccosorb and sealed with silver epoxy.
filter modules.

Kapton ribbon deposited with gold traces rather than point-
create rf seals while providing electrical connection betweerl0-Point wiring. Figure 3 shows a picture of a 25-channel
the box, firewall, and ground plane of the filter. Connectionmodule at this stage of the assembly.
between the BNC connectors and the filter terminals were After sealing the insides up with silver epoxy, both cavi-
made with insulated copper wire. Before closing up the box!ies were potted in cast Eccosorb and the module was sealed
the two cavities were stuffed with foam EccosdfThe  Up. Table | summarizes the dimensions and performance
measurements were made using a sweep osciitatith a rf characteristics of our modules in comparison to the Freund
plug-int2 in conjunction with a spectrum analyZérFilter €t al. modules.
performance was tested at 77 K by submersing the entire box
in liquid nitrogen. We determined that this configuration lll. TEST SETUP
ac_hieved the specified insertion_loss of the Murata filters Before measuring the transmission spectra of the RFI
(Fig. 2 and that there was negligible degradation of pencor'l‘ilter modules, each module was thermally shocked once by
mance at .77 K. . . submersing them in liquid nitrogen then warming to room

Following these tests, we de3|gne_d our .R'.:I filter m.Od'temperature. Checks for dc continuity and shorts between
ules to be multichannel versions of this preliminary device.

. neighboring lines, as well as to ground, were carried out
Cannon micra® metal shell connectot$ were used as g 9 9

. . I .., using a Fluke multimeter. Continuity failures were extremel
breakouts because of their compact size and ability to W'thfare?l in 120 times. y y
stand extremely low temperatures. These were mounted on All the measurements of transmission spectra that we

e|Fher efr_1ds OTI an ?]Il;rr]m?um casing ;j_eS|g|n?_d tobh;)Id antﬂll\/'vill discuss in the remainder of this article were carried out
minum hirewall such that maximum rt insulation between e, , o 59_cpannel modules, or modified versions using the

input and output cavmes_ could be achieved once silver ePiame housing geometry and connectors, with a network
oxy was applied. The filters were arranged in two rows

. . 4 analyzert® Three channels were chosen for testiftg/o
through the firewall. This allowed connections to be made y (ty

. . . neighboring channels in the middle and one off to the side,
between the connectors and the filter terminals by using Il in the same row within a filter moduleTo couple high

frequency power through the RFI filter modules, between the

0 ' ' ' ' | input and output arms of the network analyzer, sub-miniature
. A (SMA) connectors were used for the three breakouts from
Al 1 each microB connector because of their low reflection co-
& ~20r . efficient (or voltage standing wave raji@t these frequen-
© o .
c \\ .
'§ R J TABLE I. The physical and performance characteristics of the low-pass RFI
‘E —40F S . filter modules described in this article in comparison to the Freemal.
2 L . . filters.
o N
L A ] Characteristic 21-channel RFI35-channel Freundt al.
-60 RN . filter module filter module
. , , , | Dimensions 38x36x 11 76X 26X 207
0.0 0.2 0.4 0.6 0.8 1.0 lengthx widthx height (mm)
frequency (GHz) Mass(g) 60 Not reported
Stop bandMHz) 4500-10 000 5-15
FIG. 2. Murata’s specifications for the insertion loss of their surface mountMaximum attenuatiorfdB)  >75 >80

EMI chip filters (solid line) and the transmission spectrum obtained from
our preliminary testingdashed ling aSee Ref. 20.
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cies. For the same reason, the arms of the network analyz o ' ' ' '
each terminated in an SMA connector. Due to the difficulty
of providing adequate shielding for these breakout cables b _,4[ .
conventional methods, radiative coupling between the inpua
and output cables was prevented by housing them within a2
aluminum testing module with a firewall where the filter §
module was mounted, which isolated the cables from eac-g
other by enclosing them within separate Faraday cavities. g
Care was taken during the design and construction of thi
test module to ensure that we allowed for the ability to rea- [
sonably subtract the effects of this test module as a baselir _gg
from our observed data. This was accomplished by requiring [
that the two micrd® connectors on the breakout cables 0 2 4 6 8
could be mated at the firewall. The use of foam Eccosorb tc frequency (GHz)
fill the space within the cavities of the testing module was
required for the purpose of suppressing resonances that e
isted in this “baseline” setup, but not when the RFI filter
module was inserted. Because these resonances were 1
eliminated entirely, we were careful when interpreting thea
transmission spectrum of the filter modules over frequencie2
in which small resonances in the baseline occurred—an illu g
sion of lower attenuation over these frequencies is created.% _
Measurements of the filter performance at cryogenicg
temperatures were carried out by submersing the entire te<=
setup in liquid nitrogen.

IV. RESULTS AND PERFORMANCE 0.0 05 0 15

Figure 4a) shows the observed transmission spectrum, frequency (GHz)

using the above setup after subtraction of the baseline spegiG. 4. (a) Normalized transmission spectra of a single channel on a 21-
trum, of a single channel on one of the 21-channel RFI filterchannel RFI filter module at 30@olid line) and 77 K(dashed ling (b) 300
modules at the two temperatures, 300 and 77 K. We see thétspectrum from(a) over the lower freque_nqie(solid line) in corr_1parison
this channel provides at least 20 dB of attenuation over the th the spectrum obtained from our prefiminary testigshed fin
entire frequency range. Attenuation of less than 20 dB is only
observed over frequencies where the baseline contained a The effects on filter response caused by potting the cavi-
resonance. Above about 4.5 GHz, the filter response hases of the modules in cast Eccosorb were isolated by mea-
dropped to below- 70 dB where it appears to be dominated suring the transmission spectrum both before and after the
by the noise floor of the network analyzer. Except for thepotting. For this purpose a module was constructed which
understandable difference of increased resonances, usuatinly contained three filters all in the same row. We see from
occurring when resonant cavities are cooled, the filter perforFig. 5a) that upon potting with Eccosorb, the attenuation
mance at cryogenic temperatur@y K) appears to be very suffered very slightly at lower frequencies while providing
similar. increased high frequency suppression. It is clear from these
The crosstalk at low frequencigsip to 800 Hz was  tests that the Eccosorb is not the cause of the discrepancy
measured using a network signal analy?eks a check, the mentioned above. We also conducted the same tests on a
transmission spectrum of each channel was measured amndbodule containing two filters, which did not use the Kapton
found to produce negligible attenuation. The crosstalk beribbon for connection$Fig. 5(b)]. Rather, insulated copper
tween nearest channels in a single row was found to be wire provided the connections needed using Styéastin-
negligible, —50 dB, over most of this frequency band. sulate any other exposed conductdfiter terminals and
Although this module provides sufficient suppression forconnector solder cupsThese tests reveal that using wires
preventing bolometer heating on the Polatron and ACBAR, anstead of the Kapton ribbofwhich allows the Eccosorb to
close inspection of the transmission spectrum below 2 GHzgompletely surround the conductpediminates the degrada-
in comparison to the results from our preliminary testingtion at lower frequencies by extending the added high fre-
[Fig. 4(b)] reveals that it may be possible to make improve-quency suppression to these frequencies.
ments to our RFI filter modules. We observed considerable Crosstalk between channels occurs when multiple filters
degradation in attenuation between 10 and 40 dB in thisre placed into the same module. From a comparison of the
frequency band. This inconsistency prompted a more thorperformance of the module used to test the effects of the
ough investigation to isolate the effects caused by varioug&ccosorb with our original module, we see some improve-
elements within the modules, in hopes of identifying the ori-ment by reducing the number of filters, eliminating the sec-
gin of this discrepancy. ond row. We have reason to believe that it is the crosstalk
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FIG. 5. (a) Normalized transmission spectra of a single channel in a module

constructed to illuminate the effects of the Eccosorb befsedid line) and G, 6. (a) Normalized transmission spectrum of the channel in a module
after (dashed ling potting; (b) same as in(@ but for a module in which  ¢ontaining only a single filter constructed to eliminate the crosgtedkid
connections were made with insulated copper wire rather than the Kaptofne), in comparison with the spectrum obtained from our preliminary testing
ribbon. (dashed ling (b) unnormalized transmission spectra of the same channel in
(a) before(dashed ling and after(solid line) adding a second filter to the
module in order to illuminate the crosstalk problem, along with the cross

that is the cause of the discrepancy. To test this hypothesigansmission between the two channelstted line.
we constructed a module containing a single filter, which
eliminated the crosstalkbetween channelswith connec- We have simulated the equivalent circuit incorporating a
tions made from insulated copper wire rather than the Kapsimple model for crosstalk via capacitive coupling. For our
ton. From the transmission spectrum of the single channel igircuit simulation, we use a program callegsimMoa®® The
this module compared to our preliminary test resQifgg.  equivalent circuit used for our chip filters was the same one
6(a)], we see that aside from resonances, these two spectshown in Fig. 1 where we obtained the capacitance value
agree reasonably. We conclude that the discrepancy is due fimm the Murata specification sheet and varied the induc-
crosstalk. tances so that the transmission spectra would match the
To test this further we constructed a simple module withspecified insertion los$Fig. 2). Figure 7 is the simulated
two filters using point to point soldering rather than the Kap-version of Fig. §b) where we have assumed that capacitive
ton ribbon. Transmission spectra were recorded as well asoupling between two filter circuits is responsible for the
spectra of the crosstalk for these two channels. Figiog¢ 6 crosstalk. We notice that this idealized simulation reproduces
shows unnormalized spectra of a single channel in this modhe low frequency characteristic of the crosstalk where a
ule compared to the corresponding channel before adding treharp increase in cross transmission forces the attenuation of
second filter as well as the crosstalk between the two charthe filter to degrade, forming a spike near the cutoff fre-
nels. We find that the crosstalk increases dramatically arounguency.
the lowest frequency in which the two unnormalized trans-  Although these tests have revealed only a slight degra-
mission spectra diverge and contains many of the same chadation in attenuation for this case of minimal crosstdio
acteristics that appear in the spectrum taken with the doubleiron-neighboring filters it is plausible that the crosstalk is
filter module, especially the ones that are not present in thgreatly increased by the 21 filters and the conductor geom-
spectrum from the single-filter module. This information pro- etry existing in our original modules. Rather than two widely
vides added support to our conclusions about the crosstalk agparated wires, our original modules used the Kapton rib-
it causes the attenuation to degradeie to radiative cou- bon, which contained parallel traces that were very closely
pling). spaced, especially for those on opposite sides of the Kapton
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FIG. 7. Simulated transmission spectra of a filter wihlid line) and with- FIG. 9. Normalized transmission spectrum of a single channel in a 21-
out (dashedl capacitive coupling to another filter, along with the simulated channel RFI filter modulésolid line) in comparison to the results on filter
cross transmission between the two filtédstted ling. Circuit simulations performance obtained by Freued al. (dashed ling

were carried out witlRFsimMeausing the equivalent circuit shown in Fig. 1 as

the filter.

thicknesg0.127 mm. As a check, we measured the crosstalktectors. In addition to the 21-channel modules, we have also
of neighboring channels for our original modukig. 8 and  developed modules containing 15 and 25 filters. The 25-
found that over the lower-half of the measured frequencychannel modules have been used oe K stage of the
band, the cross transmission was comparable to, or great&dCBAR instrument at the South Pole and were reported to
than, the unnormalized transmission of a single chafeel  supply sufficient attenuation to prevent bolometer heating by
cluding the lowest frequenciesin the upper-half of the RFI in the field environment. As a comparison to the filters
band, the cross transmission is on average about 10 dB lowéeveloped by Freundt al, we plot the results observed by
than the single channel unnormalized transmission. Thesereundet al." along with our results on filter performance on
data can account for all of the observed discrepancy over thiée same grapkFig. 9). This illuminates our added concern
lower-half of the band while only partially accounting for it for providing a module with a rf-tight seal between the sepa-
in the upper-half of the band. However, noting that the traceate cavities.
separation for neighboring channels is an order of magnitude From these investigations, we are able to design near
larger than that of adjacent channels on opposite sides of thegptimal modules in future iterations. We have found that the
Kapton, the capacitive crosstalk between the latter paicapacitive crosstalk between lines is a major source of deg-
should account for the rest of the discrepancy at the higheiadation in the attenuation provided by our modules. One
frequencies. We, therefore, conclude that capacitive crosstagolution to reduce crosstalk is to print a ground strip along-
is the major source of the discrepancy observed between tiside each of the lines. This configuratistripline transmis-
cryostat RFlI module with 21 lines and the modules con-sion ling reduces crosstalk by effectively containing fields
structed with only a single filter. propagating along a line to within the boundary formed by
the ground strips. We have already conducted a preliminary
V. DISCUSSION test to verify the effectiveness of this procedure. A module
Our work has culminated in the implementation of a newwas constructed with two neighboring channels with connec-
generation of RFI filters suited for use with bolometric de-tions made with bare copper wire. After measuring the trans-
mission spectrum, two parallel ground wires were added on

° ' ' ' 1 either side of the paifone was not added between the two
i ] because of size constraintsThe unnormalized results are
—20T ] given in Fig. 10 where we see that the side effect is the
[} F 1 elimination of the spike near the cutoff frequency described
E P RN R ] above. Since this is the primary difference between the single
a N | Y A 1 filter and the coupled filter in our simulation, we conclude
€ [ RN , | that the stripline transmission line configuration is a promis-
g -sof / N ing modification to pursue.
L Y/ Potting the cavities of the module in cast Eccosorb pro-
—sol \ vides gxcellent high frequency suppression, pushing the at-
E tenuation below- 80 dB (the noise floor of the network ana-
0.6 0"5 njo lyzer). There is only a small loss of attenuation at low

FIG. 8. Unnormalized transmission spectra of both a single channel in

frequency (GHz)

frequencies in exchange for this large improvement. We can
improve the attenuation by using insulated wires for our con-

fections rather than the Kapton ribbon so that the Eccosorb

21-channel RFI filter modulésolid line) and the channel in the single-filter . .
module(dashed ling along with the cross transmission between neighbor-IS allowed to surround the full circumference of the conduc-

ing channels in the 21-channel modutiotted ling. tors. This substitution also has consequences for the crosstalk
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tances. Increasing the capacitance lowers the cutoff
frequency. In future work, we will use a variety of filters
with different capacitance values to optimize the design for a
given frequency regime.
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