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Abstract—The Simons Observatory (SO) is a new suite of
cosmic microwave background telescopes in the Chilean Atacama
Desert with an extensive science program spanning cosmology,
Galactic and extragalactic astrophysics, and particle physics.
SO will survey the millimeter-wave sky over a wide range
of angular scales using six spectral bands across three types
of dichroic, polarization-sensitive transition-edge sensor (TES)
detector modules: Low-Frequency (LF) modules with bandpasses
centered near 30 and 40 GHz, Mid-Frequency (MF) modules
near 90 and 150 GHz, and Ultra-High-Frequency (UHF) modules
near 220 and 280 GHz. Twenty-five UHF detector modules,
each containing 1720 optically-coupled TESs connected to mi-
crowave SQUID multiplexing readout, have now been produced.
This work summarizes the pre-deployment characterization of
these detector modules in laboratory cryostats. Across all UHF
modules, we find an average operable TES yield of 83%,
equating to over 36,000 devices tested. The distributions of (220,
280) GHz saturation powers have medians of (24, 26) pW, near
the centers of their target ranges. For both bands, the median
optical efficiency is 0.6, the median effective time constant is
0.4 ms, and the median dark noise-equivalent power (NEP) is
∼40 aW/

√
Hz. The expected photon NEPs at (220, 280) GHz

are (64, 99) aW/
√
Hz, indicating these detectors will achieve

background-limited performance on the sky. Thirty-nine UHF
and MF detector modules are currently operating in fielded
SO instruments, which are transitioning from the commissioning
stage to full science observations.

Index Terms—CMB, TES, bolometer, instrumentation.

I. INTRODUCTION

THE Simons Observatory (SO) is a new cosmic microwave
background project sited in the Atacama Desert at an

elevation of 5200 m, with a current instrument suite of
three 0.42 m-diameter small-aperture telescopes (SATs) and
one 6 m-primary large-aperture telescope (LAT). The science
program of SO is broad, spanning cosmology, Galactic and
extragalactic astrophysics, and particle physics. The LAT will
conduct a wide-field survey, mapping over 70% of the sky
with arcminute resolution, while the SATs will focus on a

D. Dutcher, Y. Seino, R. F. Sonka, S. Staggs, Y. Wang, and K. Zheng
conducted this work with the Department of Physics, Princeton University,
Princeton, NJ 08544 USA (email: ddutcher@princeton.edu). R. F. Sonka is
now with the Astrophysics Science Division, NASA Goddard Space Flight
Center, Greenbelt, MD 20771 USA. Y. Wang is now with the Department
of Physics, Cornell University, Ithaca, NY, 14853, USA. P. Dow and B.
R. Johnson are with the Department of Astronomy, University of Virginia,
Charlottesville, VA 22904 USA. S. M. Duff, J. Hubmayr, M. J. Link and T. J.
Lucas are with the Quantum Sensors Division, National Institute of Standards
and Technology, Boulder, CO 80305 USA. S. W. Henderson is with the Kavli
Institute for Particle Astrophysics and Cosmology, Stanford, CA 94305 USA
and also with SLAC National Accelerator Laboratory, Menlo Park, CA 94025
USA. M. D. Niemack is with the Department of Physics and also with the
Department of Astronomy, Cornell University, Ithaca, NY, 14853, USA.

smaller sky area for a targeted search for the signature of
cosmic inflation [1], [2].

SO will observe across six spectral bands centered approxi-
mately at (30, 40, 90, 150, 220, 280) GHz. This spectral cover-
age is achieved by using three types of dichroic, polarization-
sensitive transition-edge sensor (TES) detector arrays: Low-
Frequency (LF) arrays at 30/40 GHz, Mid-Frequency (MF)
at 90/150 GHz, and Ultra-High-Frequency (UHF)1 arrays at
220/280 GHz. The detector arrays are combined with optical
coupling elements and multiplexing circuitry to form inte-
grated detector modules. Each SAT is populated with seven
detector modules, while the LAT can accommodate up to 39
modules.

The pre-deployment characterization of 26 MF detector
modules is reported on in [4], while the design and testing
of the first prototype UHF detector module can be found in
[5]. Here, we summarize the laboratory characterization of
25 production-design UHF detector modules, from which 19
will be selected for installation into SO instruments. Thirteen
UHF modules have already been deployed to the field in one
SAT and the LAT, and an additional six modules will soon be
installed in the LAT as part of the Advanced SO upgrade [2].

II. MODULE DESIGN

The SO UHF and MF detector modules share a common
design [6], [7], containing 430 feedhorn-coupled orthomode
transducers that each connect to four TES bolometers, cor-
responding to two orthogonal linear polarizations in two
frequency bands. Each module therefore has a total of 1720
antenna-coupled TESs, plus an additional 36 dark calibration
devices. A UHF detector module and aspects of a detector
wafer are depicted in Figure 1. Details on detector wafer
fabrication can be found in [8]. The TESs are read out through
a microwave SQUID multiplexing (µmux) [9] architecture, in
which each DC voltage-biased TES couples to an rf-SQUID,
which in turn is coupled to a GHz resonator. Probe tones
interrogate the resonators, which shift with incident sky signal.
The SO µmux circuit is operated with SLAC Microresonator
RF (SMuRF) warm readout electronics [10].

The rf-SQUIDs and resonators are fabricated on multiplexer
chips [11], with each chip containing 65 SQUID-coupled
channels and one “dark” resonator channel. To read out its
1756 TESs, each UHF and MF detector module uses two
RF readout chains, each spanning 4–6 GHz and containing

1“UHF” is used as opposed to “HF”, as the latter is used by the ACT
collaboration to refer to a combination of 150/230 GHz bands [3].
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Fig. 1. An assembled SO UHF detector module is shown in (a), containing a detector wafer, optical coupling components, and multiplexing circuitry. A
bare detector wafer is shown in (b)¸ with insets depicting a single pixel (c) and one TES bolometer (d).

14 daisy-chained multiplexer chips. To bias each TES to its
operating point in the superconducting transition, ∼130–170
TESs are wired in series and supplied a common DC bias, with
each detector module containing twelve such DC bias lines.
Each TES is wired in parallel with an Rsh ≈ 400 µΩ shunt
resistor. A DC/RF routing wafer houses the shunt resistors and
serves as the interface between the detector wafer, multiplexer
chips, and external connectors.

III. TESTING METHOD

The experimental setup and testing method are identical
to those employed in [4] and described in [12]. Before
coupling to a detector wafer, elements of the multiplexing
circuit are screened at NIST [13], [14] and Cornell, and
full multiplexing modules are assembled and cryogenically
tested at Princeton to evaluate their yield, resonator properties,
and readout noise-equivalent current (NEI) distributions. A
multiplexing module is then coupled to a detector wafer and
optical coupling components to form a detector module. Up to
three modules are installed in a dilution refrigerator cryostat
along with an adjustable-temperature black body source, or
“cold load.” One third of the detectors on each module are
exposed to the cold load, while the remaining two thirds are
masked. Masking a detector module serves multiple purposes:
it permits measurement of both dark and optical properties
of the detectors in a single cool down of the cryostat, limits
non-uniform illumination from the cold load, and provides a
means by which to separate the detectors’ optical response
to the cold load from their thermal response to a potentially
varying detector wafer temperature.

The principle method for taking TES data is to adjust
the input bias voltage while measuring the current through
the TES as it moves through its superconducting transition,
resulting in an I-V curve. Sets of I-V curves are taken as
the cryostat cold stage is ramped from 60 mK to 200 mK
and as the cold load is ramped from 9 K to 20 K; these sets
of data are then analyzed to produce measurements of TES
superconducting critical temperature Tc, normal resistance
RN , saturation power Psat,2 and optical efficiency ηopt. With
the TESs biased to fixed points in their transitions, square-
wave modulations are input on the TES bias lines, and the
detectors’ responses are analyzed to derive their effective time

constants τeff and responsivities, the latter of which are used
to calculate the detector noise-equivalent power (NEP).

IV. RESULTS

The detector module properties are summarized in Table I
and discussed below, following a description of the resonator
performance.

TABLE I
TES BOLOMETER PROPERTIES

Parameter 220 GHz 280 GHz
Yield 82%± 4% 83%± 3%
RN 7.7± 0.3 mΩ 7.7± 0.3 mΩ
Tc 163± 7 mK 163± 8 mK
Psat 24± 4 pW 26± 4 pW
NEPdark 39± 4 aW/

√
Hz 42± 7 aW/

√
Hz

τeff 0.42± 0.06 ms 0.40± 0.06 ms
ηopt 0.62± 0.05 0.63± 0.06
Note: Medians and median absolute deviations across TESs
on all 25 UHF modules. See text for parameter definitions.

A. Resonators

Across all 25 modules, an average of 98% of resonators
were identified in vector network analyzer transmission mea-
surements, with a minimum yield of 95%, corresponding to
two modules that each had one defective multiplexer chip
replaced with a through chip lacking resonators. Resonators
that are too close in frequency for SMuRF to simultaneously
operate (a soft cut on ∆f < 1.2 MHz and a hard cut on
∆f < 0.3 MHz) bring the average yield down to 90%,
and cuts on SQUID response amplitude and regularity further
decrease the average resonator channel yield to 86%.

Histograms of measured resonator properties across
∼45,000 resonators from all tested modules are shown in
Figure 2, both before and after coupling to detectors. The
target frequency spacing for the resonators is 1.8 MHz, which
corresponds to the peak of the distribution shown in the
rightmost panel of Figure 2, although a significant number
of resonators have smaller spacings. This results in the largest

2As in [4], we evaluate Psat at 50%RN , where Psat is the electrical
bias power required to bias a TES in its superconducting transition at a bath
temperature of 100 mK and zero optical loading.
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Fig. 2. Histograms of resonator internal quality factor Qi, bandwidth, and
frequency spacing across all 25 modules before (gray) and after (red) coupling
to detectors. Dashed black lines indicate parameter thresholds consulted during
multiplexer chip screening. When TESs are added to the circuit, the peak
of the Qi distribution shifts down by 9% and the peak of the bandwidth
distribution shifts up by 4%, while the frequency spacings do not change.

Fig. 3. Readout white noise level (NEI) plotted against internal quality
factor Qi for resonator channels across the 25 multiplexing modules. The
blue dashed line indicates the baseline target of 65 pA/

√
Hz, and the green

dot-dash line indicates the goal target of 45 pA/
√
Hz. The solid red line

marks Qi =50,000, a criterion consulted for accepting or rejecting sets of
multiplexer chips. The distribution of NEI values peaks at 35 pA/

√
Hz.

decrease in operable resonator channels discussed above. The
median bandwidth is ∼110 kHz, close to the target value of
100 kHz. The resonator internal quality factor Qi has the most
noticeable change when coupling to detectors, with the dis-
tribution narrowing and the median value shifting downward
from 1.30× 105 to 1.18× 105. A degradation in multiplexer
Qi after coupling to detectors has also been noted in a similar
design with a higher multiplexing factor of 1820 using a 4–
8 GHz readout bandwidth [15], although in that design the Qi

values nearly halved, causing a substantial increase in overall
noise level. The downward shift in Qi observed here is only
9% and has a negligible effect on noise performance.

The measured relation between resonator Qi and readout
noise is plotted in Figure 3. The criterion Qi > 50,000 was
consulted during NIST screening of multiplexer chips [13]
when determining to accept or reject whole multiplexer sets,
based on the poor noise performance of resonators falling
below this when operated with the full readout system. Ninety-
five percent of resonators meet this criterion. Although there
is a tail of high noise channels, the bulk of the readout noise
distribution is excellent, peaking at 35 pA/

√
Hz, with 87% of

channels below the baseline noise target of 65 pA/
√
Hz and

68% of channels below the goal noise target of 45 pA/
√
Hz.

The typical power-to-current responsivity of the UHF TESs
is sI = 4 µV−1, meaning these readout noise levels will

typically contribute 9 aW/
√
Hz to the total detector NEP.

B. TES Bolometer Properties
The yielded number of TESs per module is calculated as

the number of readout channels exhibiting well-behaved I-V
curves compared to the ideal total of 1756. Across all UHF
modules, the average operable TES yield is 83%, and the
minimum yield is 71%. In total, over 36,000 TESs have been
measured. At this stage, all modules meet the baseline yield
target of 70%, and all but six meet the goal yield of 80%.
While most of the losses originate in the multiplexing readout
as discussed above, there are additional losses from inoperable
TES bias lines caused by shorts on the DC/RF routing wafer;
six detector modules are missing one bias line (∼130–170
TESs) as a result of this.

Figure 4 shows the distributions of Tc and Psat across all
UHF modules, separated by detector wafer fabrication batch.
While the overall median Tc value is close to the target of
160 mK, there is batch-to-batch variation and an unexplained
tendency for Tc to rise within a given batch, sometimes
significantly, which can also be seen in the data of [4]. As
Tc is an important determining factor for the saturation power
of the detectors, the impact of this variation in Tc can be seen
in the Psat distributions in Figure 4. The saturation powers of
the detectors are targeted to be high enough to avoid saturating
under predicted typical observing conditions, while not being
too high so as to incur an excess noise penalty (see [16]
for details on the specification process for the SO detectors).
The optical loading is predicted as being roughly equal in the
220 GHz and 280 GHz bands, and so the target Psat ranges are
quite similar. The medians of the Psat distributions fall near the
middle of the target ranges, at (24, 26) pW for (220, 280) GHz,
respectively. Ninety-one percent of detectors have Psat above
the lower edge of the targeted range, with one module, “Uv55,”
having sufficiently low Psat values so as to be rejected for
saturation concerns. Seventy-seven percent of detectors have
Psat below the upper edge of the targeted range, although this
is a softer bound than the lower edge. Only module “Uv44”
has a high enough Psat to be rejected due to the resulting
high detector noise. Therefore 23 modules have Psat values
satisfying overall performance requirements, surpassing the 19
UHF modules required to populate the fielded instruments.

The high Psat values and fast thermal time constants (target
range 0.2 ms < τeff < 0.6 ms) of the UHF detectors limit
the region of the transition where the TESs can be operated
stably (see, e.g. [17] for a discussion). Figure 5 shows a
series of I-V curves from one detector on a high-Psat module
taken over a range of bath temperatures. At the coldest bath
temperature, when the electrical bias power on the TES (PTES)
is highest, this TES can only be lowered to 0.36RN before
the electrothermal feedback loop becomes unstable. If PTES

is lowered, either through raising the bath temperature or by
external optical loading, the TES can be operated at lower
points in the transition. Empirically, we observe this instability
across modules to disappear once PTES ≲ 15 pW, which
should be the case when operating on-sky for all but the
highest-Psat modules on the best-weather days. We therefore
do not expect this instability to degrade detector operability.
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Fig. 4. Distributions of TES critical temperature Tc and saturation power Psat. The top portion of each plot shows the distribution across all 25 modules.
The lower portions of the plots show the parameter distributions for individual detector modules, where boxes indicate quartiles, and whiskers indicate the
central 90% of the data. The shaded regions indicate the target Psat ranges. The modules are ordered with the newest detector wafers on top and the oldest
at bottom, with dashed lines separating fabrication batches.

Fig. 5. I-V and corresponding R-P curves as a function of bath temperature
for one TES with Tc = 172 mK on a high-Psat detector module. The curves
extend to the lowest RTES/RN value where the TES can be stably operated.

The noise-equivalent power (NEP) values for detectors
measured in the lab are shown in Figure 6, with the data
and target ranges both corresponding to masked detectors,
i.e. no photon-noise contribution. The desired upper bounds
on NEP are (53, 64) aW/

√
Hz at (220, 280) GHz, while the

medians of the measured distributions are (39, 42) aW/
√
Hz,

respectively. Approximately 89% of detectors have noise per-
formance better than requirements. Also plotted in Figure 6
are the expected photon noise contributions, which lie above
the main distribution of detector noise values, meaning the
detectors should achieve background-limited performance on
the sky.

The optical efficiencies of the detectors are plotted in Fig-
ure 7. The median (interquartile range) for the two observing
bands are 0.62 (0.57–0.67) for 220 GHz and 0.63 (0.54–0.68)
for 280 GHz. While there is not a strictly defined requirement
on detector optical efficiency itself, with the ultimate metric
coming from array-averaged noise-equivalent temperature val-
ues as measured on the sky, a value of ηopt ∼ 0.5 indicates

Fig. 6. Histograms of detector noise-equivalent power (NEP), measured
in-transition at 0.4RN–0.6RN with no optical loading. The shaded region
extends from zero to the calculated NEP level for detectors meeting baseline
parameter targets. The red lines indicate the predicted photon contributions
to NEP for detectors installed on the LAT.

adequate performance for the UHF detectors. This metric is
surpassed by (89%, 81%) of (220, 280) GHz detectors, and
overall UHF detector performance should exceed the baseline
projections in [1], [2].

There is a tail of low optical efficiency values similar to
that seen in the MF detector wafers [4]. Each UHF detector
module has an average of (4%, 10%) of (220, 280) GHz
detectors with ηopt < 0.4, although the module “Uv63” is
a clear outlier in this regard, with (35%, 57%) of detectors
below this threshold, respectively. These low efficiency tails
are known to be exacerbated by post-fabrication thermal re-
annealing of the detector wafer, a process used to raise the Tc

of the AlMn TESs [18] if the initial annealing step [8] did
not achieve a high-enough Tc, although the exact mechanism
by which optical efficiency is impacted by this is still under
investigation. Module “Uv63” contains the only UHF detector
wafer that required this processing step, explaining its outlier
status, and as a consequence it will not be deployed to the field.
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We will avoid re-annealing on any future detector wafers.

Fig. 7. Histograms of optical efficiency values across all modules. Only
one-third of each detector module is represented, as the other two-thirds are
masked during the measurement.

V. CONCLUSION

We have presented the pre-deployment laboratory character-
ization of 25 UHF detector modules for the Simons Observa-
tory, with over 36,000 TES devices tested. The modules meet
SO performance requirements for yield, optical efficiency, and
noise. The best-performing 19 modules will be installed into
SO telescopes in Chile: thirteen have already been deployed
across the LAT and UHF SAT, with another six modules soon
to be deployed in an upcoming upgrade to the LAT. All SO in-
struments have achieved first-light, and on-sky characterization
of the UHF and MF detector performance, including noise-
equivalent temperature values, will be addressed in upcoming
papers covering telescope commissioning.
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