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Abstract—The BICEP Array (BA) is the latest in the BI-
CEP/Keck series of experiments that aim to measure the polar-
ization of the cosmic microwave background (CMB) with small
aperture polarimeters located at the South Pole. To constrain the
frequency response of these receivers, each detector is serially
coupled to a band-pass filter (BPF). The electric circuits of
these BPFs utilize series and shunt capacitors as well as series
inductors, but critically do not include shunt inductors which
simplifies fabrication. The filters are designed and simulated with
Sonnet, and optimized for noise by considering loading from the
atmosphere and the CMB. Multiple 220 GHz detector modules
have had their frequency response measured at the South Pole.
The 270 GHz detector modules have recently begun testing in
a lab setting, and their performance in a BA receiver will be
measured this winter.

Index Terms—BICEP Array, Bandpass Filters.

I. INTRODUCTION

The BICEP Array (BA) is the latest in the BICEP/Keck
series of experiments that aim to measure the polarization of
the cosmic microwave background (CMB) with small aperture
polarimeters located at the South Pole [1]. These polarization
measurements will allow for new constraints on the physics
of cosmic inflation [2]–[5]. BA is a collection of BICEP3-
style receivers [6]–[8]. As of September 2025, there are two
completed BA receivers: one observing at 30/40 GHz and one
at 150 GHz, and there is one partially completed receiver
observing at 220/270 GHz. The 150 GHz receiver is most
sensitive to the CMB, while the 30/40 GHz and 220/270
GHz receivers are useful for constraining foregrounds [9]. The
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30/40 GHz receiver constrains synchrotron radiation and the
220/270 GHz receiver constrains polarized dust.

The BA detectors are transition edge sensors (TES), which
utilize the steep temperature versus resistance property of
superconductors to function as highly sensitive bolometers.
A detector module consists of 648 TESs and a full receiver
focal plane houses 12 modules, resulting in tens of thousands
of detectors across the full experiment. Each TES is serially
coupled to a band-pass filter (BPF) to define the frequency
response of the detectors. This work details the design, opti-
mization, and performance of these BPFs.

II. DESIGN

The BPFs used in the 220 and 270 GHz BA modules are
based on the work of Galbraith and Rebeiz [10], which details
how a standard passband filter can be transformed into a series
of pi networks of capacitors and inductors. The design process
begins with a set of ideal circuit element values for an equal-
ripple 3-pole low-pass filter with 0.5 dB of ripple. We use
values found in table 8.4 of Microwave Engineering by Pozar
[11] and then convert them into values for a BPF as described
in chapter 8 of the same text. We then transform the circuit
into a pi-network circuit, and tune the response by tuning the
circuit element values. This pi-network design utilizes series
and shunt capacitors as well as series inductors, but no shunt
inductors. This is one of the main motivations of this design
as shunt inductors are more difficult to consistently fabricate.
This style of filter has been shown to work in SPT-3G and
Simons Observatory [12], [13].

This filter design is electrically similar to the T-network
designs used in BICEP3, BICEP2, and Keck Array [14], [15].
The T-network design is also realized without shunt inductors,
the main advantage of the pi-network over the T-network is
that we have found it easier to fabricate the optimal values for
the circuit elements with the pi-network.

Another popular filter option is the resonant stub filter,
which uses quarter-wave sections of transmission lines, such as
in ACTpol [16]. The primary reason we prefer the pi-network
design is that in this design the inductance and capacitance
values are primarily determined by lithographic geometry,
more so than in the quarter-wave stubs which are sensitive
to impurities in the film [17].

A circuit diagram of the pi-network filter design is shown
in Fig. 1, it is a third order-filter.

Fig. 1. A circuit diagram of the pi-network BPF design. L is a series inductor,
C1 is the outer shunt capacitor, C2 is the series capacitor, and C3 is the inner
shunt capacitor.

The filter is made with Nb microstrip, separated from a Nb
ground plane by a layer of SiO2. The inductors (L in Fig.
1) are realized as short sections of high impedance line with

a cut out in the ground plane beneath them. The structure is
essentially a co-planar waveguide with the central line offset
from the ground plane. Such a transmission line will have an
inductance given by

L =
Zl

v
(1)

Here Z is the impedance, l is the length of the line, and v is
the wave speed in the microstrip line. The key here is that the
inductance can be tuned by making the line shorter or longer.

The shunt capacitors (C1 and C3 in Fig. 1) are parallel plate
capacitors with the ground plane serving as one of the plates.
There are two shunt capacitor types used in the design, one
inner and one outer as shown in Fig. 1. The capacitance is a
function of the area of the plate, so we have the length and
width to use as tuners.

The series capacitors (C2 in Fig. 1) are also parallel plate,
with a carved-out section of the ground plane serving as one
of the plates. This is done to keep fabrication simple as it
allows us to create the whole filter with two Nb films. The
gap in the ground plane around the lower plate can produce
parasitic inductance, so we keep it as small as we can reliably
fabricate. In practice, we can also compensate by lowering the
inductance of the series inductors. The upper plate is split in
half to minimize RF vias.

The filters are designed and simulated with Sonnet, the
simulation geometries are shown below in Fig. 2 and an SEM
image of a fabricated 220 GHz filter is shown in Fig. 3.

Fig. 2. The 220 GHz (top) and 270 GHz (bottom) filter designs in Sonnet
for simulation. The green is the ground plane, and the blue is the microstrip
layer. The gray area is where the ground plane is cut out. The circuit elements
are labeled as in Fig. 1, and the lengths of the filters are also denoted.

Fig. 3. An SEM image a of fabricated 220 GHz filter.
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Fig. 4. The simulated S11 and S12 curves for the 220 GHz (top) and 270
GHz (bottom) filters. The in band ripple does not exceed 0.5 dB as denoted
by the dashed green line. The half power points at -3 dB are also noted.

The dielectric layer stack used for Sonnet simulations from
the bottom up is 400 microns of silicon, 1 micron of silicon
nitride, 0.3 microns of SiO2, and then 400 microns of vacuum
on top. The relative permittivity values used are 11.9 for
the silicon, 7.5 for the silicon nitride, and 4.0 for the SiO2,
and all the dielectrics are assumed to have no loss. The
Niobium ground plane sits on top of the silicon nitride, and the
microstrip layer sits above the SiO2. The niobium is assumed
to be a lossless conductor, and it is given a surface inductance
of 0.1 pH/sq to simulate kinetic inductance. The simulated
S11 and S12 of the filters along with the half power points
are shown in Fig. 4.

The 3-pole response is apparent for the 220 GHz filter,

for the 270 GHz filter the two higher frequency poles are
overlapping. Both filters achieve reflection (S11) less than -10
dB across the band. Compared to the initial 0.5 dB equal-
ripple circuit parameters, we note that neither the circuit
transformation nor filter optimizations pushed the ripple in the
passband (S12) beyond 0.5 dB, with the maximum deviation
from 0 db in the passband being 0.18 for the 220 GHz filter
and 0.34 for the 270 GHz filter. The motivation for the chosen
band properties are discussed in the following section.

III. OPTIMIZATION

The filters are noise optimized by considering the noise
equivalent temperature (NET) from the loading of a model
atmosphere and the CMB, as a function of the filter response.
The NET is calculated as follows, we start by defining the
optical power from both sources:

Qcmb =

∫
dν ηtelescope

(
hν

excmb − 1

)
(1− ηatm)S(ν) (2)

Qatm =

∫
dν ηtelescope

(
hν

exatm − 1

)
S(ν) (3)

with

xcmb ≡ hν

kBTcmb
, xatm ≡ hν

kBTsky
, Tsky = ηatm(ν)Tatm

where Tsky is the brightness temperature in Kelvin, ηatm(ν) is
the atmospheric efficiency (or 1− atmospheric transmission),
and S(ν) is the filter power efficiency (analogous to |S21|2),
and taking Tcmb = 2.7K, Tatm = 250K, ηtelescope = 0.5.
The integrals in equations 2 and 3 run over all frequencies but
are negligible outside the relevant frequencies governed by
the source temperatures Tcmb and Tatm and by S(ν). From
equation 3 onwards, we assume the Rayleigh-Jeans limit. Then
we calculate NEP as

NEP2 = 2h⟨ν⟩Qtot +
2Qtot

2

∆ν
(4)

with

⟨ν⟩ ≡
∫
S(ν)νdν∫
S(ν)dν

,∆ν ≡
(∫

S(ν)dν
)2∫

S(ν)2dν
(5)

and Qtot being the sum of Qcmb and Qatm. Then we convert
to NET as

NET = NEP

(
dQCMB

dT

)−1

(6)

Here looking at QCMB and not Qtot for the conversion
derivative so that we can express NET in thermodynamic CMB
units.

The atmosphere model used for the NET calculations rep-
resents a Mauna Kea atmosphere with a PWV of 0.30mm and
an altitude of 4,200 meters. The PWV level is comparable to
the South Pole and while the altitude is higher, this will not
change the spectral locations of atmospheric emission lines
which are the critical feature for optimizing the filter pass
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bands1. In line with our filter design, the filter model used is
an ideal 0.5 dB equal-ripple 3-pole Chebyshev filter.

The noise minimum is found through a simple grid search
over band center and bandwidth. In this section, the band
center is defined as halfway between the two half power points,
and bandwidth is the distance between the half power points.
This simple definition is suitable for the optimization process
as specifying a band center and bandwidth for a given filter
model completely defines the filter.

For 220 GHz, we try to get as close to the noise minimum as
possible. There is a limited precision with which we can tune
the band center and bandwidth as functions of the capacitors
and inductors. We arrive at a band center of 229 GHz and a
fractional bandwidth of 0.256 which achieves an NET of 187.9
µKcmb/

√
Hz which is within 1% of the grid search minimum

of 188.5.
For 270 GHz, equations 2 and 3 push the band center

and bandwidth to the low and high ends of the grid search,
respectively, because the atmosphere is less transparent around
this frequency compared to 220 GHz. We prefer to keep the
band center around 270 GHz as the free parameters of the dust
model used in the mainline BICEP analysis likelihood search
are better constrained with multiple frequency measurements
[1]. It is also difficult in practice to fabricate this type of filter
to have a fractional bandwidth much higher than 0.27. We
arrive at a band center of 271 GHz and a fractional bandwidth
of 0.273, which has an NET of 358.3 µKcmb/

√
Hz. This is

1.6 times higher than the grid search minimum of 223.8 but it
is more in line with our science goals for this receiver. Also,
the photon noise within the band defined by the filters is not
the dominant source of noise in the receiver, so a higher NET
filter does not result in a significant penalty for our science
results. NET color plots showing the filter specifications and
the NET minimum are shown in Fig. 5.

IV. PERFORMANCE

Three 220 GHz modules were installed at the South Pole
during the 2024-25 winter. Their spectral performance was
measured in-situ with a Martin–Puplett Fourier Transform
Spectrometer (FTS) [18]. We should note that the spectra
obtained from FTS measurements are not direct measurements
of the BPFs because the antenna also has a non-flat frequency
response. BA modules use dual-slot polarization antennas
which have a proven history of success for BICEP/Keck
experiments [14], [19]. We can measure the passband of the
antennas by looking at the FTS results of loss test detectors.
Each BA detector module has two pairs of loss test detectors,
which are detectors without a BPF. Their main purpose is to
measure loss in the Nb microstrip and for that it is preferable to
look at loss across all frequencies that the antenna is sensitive
to. The loss measurements are beyond the scope of this work,
but the lack of a BPF means the spectra measured from these
detectors is a measurement of the antenna bandpass as there
are no other optical or microstrip elements with a relevant

1The lower pressure at Mauna Kea does result in slightly smaller atmo-
spheric emission lines due to pressure broadening, but this effect is negligible
in optimizing the filter band.

Fig. 5. The 220GHz (top) and 270GHz (bottom) NET color plots for filter
optimization.

frequency response. From the three 220 GHz modules there
are seven out of twelve loss test detectors that yielded FTS
measurements serviceable for this analysis, the reported an-
tenna spectrum is the mean of these peak-normalized detector
spectra. The spectrum we will compare the FTS results of the
standard detectors with is product of the simulated filter and
the peak-normalized measured antenna. These three spectra
are shown together in Fig. 6.

When looking at FTS spectra, we employ a different def-
inition of band center and bandwidth than in Section III.
In general, FTS spectra will be less smooth and have more
features than model spectra so we use a definition that accounts
for these non-idealities. We employ a power weighted mean
definition for band center and a noise equivalent square band
(NESB) definition of bandwidth.

⟨ν⟩ ≡
∫
S(ν)νdν∫
S(ν)dν

(7)
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Fig. 6. The simulated BPF |S21|2 for 220 GHz (blue), antenna spectrum
from loss test detectors (orange), and antenna and filter product (green).

∆ν ≡
(∫

S(ν)dν
)2∫

S(ν)2dν
(8)

with S(ν) being the power response of the filter. The NESB
bandwidth is defined as the bandwidth of a square filter that
would have an equivalent signal-to-noise ratio as the given
filter. These definitions are identical to those in Equation 5
for calculating NET, the reason we describe the filters in
section III with the simple definitions is because Equations
7 and 8 are not invertible, i.e. we cannot plug in a band center
and bandwidth and get out a filter. These definitions are also
consistent with previous BICEP/Keck work [20].

The power-weighted band center of the 220 GHz antenna
and filter product is 231.2 GHz and the NESB fractional
bandwidth is 0.273. The mean passbands of all the working
detectors from FTS measurements are shown along with the
peak-normalized antenna-filter product in Fig. 7. There are six
mean passbands here corresponding to three modules and two
polarizations. The passbands are also peak-normalized.

Across the six populations shown in Fig. 7, we measured
a mean power-weighted band center of 235.6 GHz with a
mean standard deviation of 4.1 GHz, and a mean NESB
fractional bandwidth of 0.252 with a mean standard deviation
of 0.020, putting both of these values just over one standard
deviation from the expected values. The FTS measurement
yields for the six populations range from ∼54% to ∼81%, so
all populations have a representative sample. We do not note
any physical gradients in band center or bandwidth across any
of the modules.

One possible explanation for the discrepancy between the
predicted and measured responses is an inaccurate relative
permittivity or surface inductance parameter in the Sonnet
simulations. Another possibility is an inaccurate antenna mea-
surement given the low sample size of the loss test pixels. It

Fig. 7. The product of the measured antenna and simulated filter spectra
(black) and peak-normalized mean passbands of both polarizations for the
three deployed modules (colors).

is important to note that this discrepancy has no significant
impact on the ability of the 220 and 270 GHz BA receiver to
achieve its science goals.

As of September 2025, there have been no 270 GHz
modules deployed to the South Pole. One 270 GHz detector
module has been measured in lab but no loss test detector
spectra were measured, so we are unable to make an accurate
antenna measurement. The mean passbands are shown in Fig.
8. There is an optical metal-mesh low pass filter in the receiver
to prevent blue leaks which is relevant for the 270 GHz spectra
and also denoted in Fig. 8. This filter has a half power cutoff
frequency of 314 GHz.

For the 270 GHz module, we measured a mean power-
weighted band center of 274.0 GHz with a mean standard
deviation of 3.05 GHz, and a mean NESB fractional bandwidth
of 0.207 with a mean standard deviation of 0.022. We do not
have high quality loss test data currently so we are unable
to compare the measurements to expectation as with the 270
GHz measurements. The FTS measurement yield on the 270
GHz is lower at ∼35% due to yield issues with the 270 GHz
fabrication unrelated to the filters. We again do not note any
physical gradients in band center or bandwidth on the module.
Similar to the 220 GHz FTS results, these band passes are
adequate for the science goals of the receiver.

V. CONCLUSION

The BPFs used on the 220 GHz and 270 GHz BA receiver
use a 3-pole pi-network design that can be fabricated with
just two Nb films and without shunt inductors. The filters are
designed and simulated with Sonnet, and the band parameters
are selected with a noise optimization considering loading
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Fig. 8. The peak-normalized mean passbands of both polarizations for the
one module 270 GHz module measured in lab.

from the atmosphere and the CMB. Three 220 GHz detector
modules have been tested at the South Pole and one 270
GHz has been tested in lab. The 220 GHz expected spectrum,
which is the product of the simulated filter and the antenna
measurement from loss test pixels, is just outside one stan-
dard deviation from the FTS measurements in terms of both
power-weighted band center and NESB fractional bandwidth.
This discrepancy is potentially due to an inaccurate Sonnet
simulation parameter or an inaccurate antenna measurement. A
similar comparison cannot currently be made for the 270 GHz
spectra currently given the lack of an antenna measurement.
Both the 220 and 270 GHz FTS measurements show spectra
that will allow the 220 and 270 GHz receiver to achieve its
science goals. Future work will include comparing the 270
GHz FTS measurements to the expected spectrum, accounting
for the antenna bandpass as with 220 GHz.
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