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Abstract

Time-division multiplexing is the readout architecture of choice for many ground
and space experiments, as it is a very mature technology with proven outstanding
low-frequency noise stability, which represents a central challenge in multiplex-
ing. Once fully populated, each of the two BICEP Array high-frequency receivers,
observing at 150 GHz and 220/270 GHz, will have 7776 TES detectors tiled on the
focal plane. The constraints set by these two receivers required a redesign of the
warm readout electronics. The new version of the standard multichannel electron-
ics, developed and built at the University of British Columbia, is presented here for
the first time. BICEP Array operates time-division multiplexing readout technology
to the limits of its capabilities in terms of multiplexing rate, noise and cross talk,
and applies them in rigorously demanding scientific application requiring extreme
noise performance and systematic error control. Future experiments like CMB-S4
plan to use TES bolometers with time-division/SQUID-based readout for an even
larger number of detectors.
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1 Introduction

In the time-division multiplexing (TDM) readout scheme, each superconducting
bolometer is inductively coupled to a SQUID amplifier. The detectors are grouped
by rows and columns, and the signal is read out from all columns simultaneously,
turning on one row at a time. Because the SQUID’s response is intrinsically non-
linear, a feedback loop is used to calculate the correct flux to be sent to the SQUID
feedback to compensate for changes in detector current and keep the amplification in
a linear regime. This feedback current is also recorded as “signal.” The multichannel
electronics (MCE) system, developed and built at the University of British Colum-
bia, supplies the bias current needed to keep the TES detectors in transition, controls
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Fig. 1 Sub-Kelvin stages of the BICEP Array 150GHz cryostat, showing the high density of readout
cables that must go from 0.25 K to 4 K with TDM readout. The same number of cables runs from 4K to
300K in the lower part of the cryostat not visible in this picture

Fig.2 Three double MCEs mounted on the deployed BICEP Array 150GHz receiver at the south pole

the multiplexer and SQUID amplifiers and reads the signal from a 41 X 32 element
array [6, 9].

The total number of detectors that can be read out with TDM is limited by the
thermal load induced by cables running from 250mK to 300K (Fig. 1), and the
volume available to fit readout cables inside the cryostat and to fit warm electron-
ics in the cryostat mount (Fig. 1). To address the latter problem, the BICEP Array
(BA) two high-frequency receivers use a new version of the MCE, the double MCE
(DMCE), that can read out a matrix of 41 rows x 64 columns [8]. Time-division
multiplexing is the baseline technology for CMB-S4 [1, 5] (Fig. 2).
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2 Detector Modules

The detector formats set up the requirements for the TDM readout electronics.
The detectors used in BICEP Array are photon-noise-limited transition edge
superconducting (TES) bolometers [4]. The pixel count in BA detector tiles is
limited by the receiver frequency (see Table 1). The two BA high-frequency
receivers, observing at 150GHz and 220/270GHz, share the same detector count
and detector distribution on a tile, which is a 18x18 pixel tile, for a total of 324
pixels, or 648 detectors.

Detector tiles are included into a modular architecture which is shared between
all the BA receivers [3]. Each module hosts SQUID chips for multiplexing, which
interface with the detector tile through an interface PCB, to which they are indi-
vidually wire-bonded. The number of wire bonds required is one of the challeng-
ing factors in using TDM for high-density pixel arrays (Fig. 3). All the SQUID
chips (MUX and Nyquist) are made at NIST.

In 8 of the detectors in the matrix, the TES antenna is not connected, mak-
ing these detectors sensitive to thermal drifts, RFI and direct island stimulation
only. Two other pixels are occupied by loss test devices, where the incoming
power is split equally between two paths, one of which has a lossy meander of
known length. These two devices are used to estimate the signal loss through the
feedline.

The detector module is composed of a layer stack that includes a quartz anti-
reflection (AR) coating tile, the detector wafer, the A/4 backshort, an A4K mag-
netic shield and two custom-designed PCBs. The module stack is housed in a
superconducting niobium and aluminum box that together with a high-y A4K
sheet inside the module is designed to achieve high magnetic shielding perfor-
mance [7]. The stack of layers inside each module is held together by custom-
designed beryllium—copper clips that apply the right amount of pressure to hold
the layers together.

Table 1 Detector count, MUX

X Receiver Number of Mux MCE Number
factor and readout electronics
needed for each of the four Observing Band  Detectors per Factor  Type of
BICEP Array ref:eivers. Readout (GHz) Module/Receiver MCEs
channels count for the three
TDM BICEP Array receivers at 30 32/192 33 Single 1
95 338/4,056 43 Single 3
150 648/7,776 41 Double 3
220 648/7,776 41 Double 3
270 648/7,776 41 Double

BA1 30/40 GHz receiver is split in 2 colors counting each as a 0.5
MCE
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Fig.3 A detector module with exposed MUX Nyquist PCB, fully populated with SQUID chips. The pic-
ture shows the high density of lines that are routed from the chips to the sides of the PCB. The number of
wire bonds is equally large. The PCB in the picture is about 6 inches in diagonal

3 Warm Readout Electronics

The multiplexing is controlled at room temperature by the MCE [6], based on a
modular architecture, where four different kind of cards are in charge of different
operations. The number of cards and MDM connectors in one MCE subrack var-
ies, and the required MCE version depends on the size of the array that needs to
be read out. For the BICEP Array 30/40GHz receiver, a standard MCE subrack is
used. A standard MCE includes one clock card, three bias cards and either two or
four readout cards.

For the BICEP Array 150GHz receiver, which incorporates ~ 8000 TESs in the
focal plane, a mechanical redesign was required to double the number of detectors
that a single MCE can read out. The DMCE includes two clock cards, two address
cards, eight readout cards and six bias cards. The signal is routed through ten 100
pins MDM connectors and to two bus backplanes and two instrument backplanes
(see Fig. 4). The MDM connectors are encapsuled in aluminum enclosures called
filter boxes. In order to increase the linear density of connectors, in the new version
of the MCEs, we rotated the filter boxes of 90 degrees with respect to the filter rail.
Making the filter rail shorter than the rest of the subrack was necessary in order to fit
the necessary 3 DMCE subracks on the bottom of the cryostat [Fig. 1].
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Fig.4 DMCE side which mates to the cryostat. The back cover is removed in this picture. The filter
boxes are inserted in a one piece aluminum block called filter rail, which is aligned to the cryostat
through two alignment pins. MDM connectors can be translated in the direction orthogonal to this page
turning a set of shafts, accessible from the opposite DMCE side with a torque wrench

The flexes that carry the signal from the MDM connector to the backplanes are
longer than in the previous version and need to be installed turning them in a spe-
cific twisted S shape before mating them to the 100 pins Hirose connectors on the
backplane. The two bus backplanes are powered independently by two power con-
nectors. The two power connectors are assembled together in an aluminum cassette
and can be mounted on either side panel of the subrack. In the DMCE, the fans are
automatically powered by these same harness that powers the backplanes, and are
turned on whenever the power it is connected.

The mating between each DMCE subrack and the cryostat is done at the bot-
tom of the cryostat, through a double density feedthrough flange. The two alignment
dowel pins at the extreme ends of the filter rail are mated to a pin and a slot on the
feedthrough flange side. In order for the mating to be successful, the two pieces of
each flange need to be aligned with high precision. To make sure that this is the
case, an alignment tool was built. The alignment tool is a single long piece of metal
that grabs the two half flanges’ pin holes and keeps the flanges aligned while they
get mounted to the cryostat.

Finally, the DMCE is attached to the cryostat through a long mounting flange
located on top of the filter rail and two mounting ears per side. A DMCE can read
out a matrix of 41 rows x 64 columns.

DMCESs come from a mostly mechanical redesign of the standard MCE subrack,
where we have not only made the crate smaller but also optimized the shape to fit a
set of three crates on a single cryostat. The DMCE backplane schematics are simi-
lar to the previous version, with small changes in the signal assignment. A further
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reduction in size would not be possible without a major electrical redesign and sig-
nal rerouting.

The DMCEs designed and built for the BA 150GHz receiver showed reliability
and high performance.

4 Multiplexing Rate

The time that we spend on each row when multiplexing, which we call row length,
needs to be tuned. Ideally we want to multiplex as fast as we can (i.e., making the
length of each row visit to be as short as possible), so as to limit the contribution to
total noise from SQUID aliased noise. However, in practice the multiplexing rate
is limited by the SQUID settling time. Measurements of the SQUID settling time
are acquired as part of the readout characterization process. The goal is to acquire
a direct measurement of the minimum time interval the electronics need to spend
on each. This parameter is extracted as the time that it takes for the SQ1 to go back
within some threshold of its final offset value, after which we established the SQUID
converges quickly to the final offset we are reading out. This data set is acquired
sampling at a frequency of f,,,, = SOMHz.

For the BICEP Array 150GHz receiver, measurements of the settling time show
that we can set the length of the row visit as short as ~ 1 us (see Figs. 5 and 6).

41 Readout Channels
Settling Time Measurements
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Fig.5 Time streams showing the SQUID behavior after switching to a new row, on the BA 150 GHz
receiver. These measurements were acquired as part of the BICEP Array 150GHz receiver readout
characterization. This plot shows time streams for all rows on one column overlapped. The data set was
acquired at a sampling frequency of fi,n, = S0MHz, switching between rows every 120 clock cycles
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Single Readout Channel
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Fig.6 A single time stream for one row in the column (that is one SQUID+TES pair) picked from the
ensemble in Fig. 5. Here is plotted the final offset level, the threshold used to extract the settling time
(offset + S0ADU) and the resulting settling time for this single readout channel

Additionally, for higher-frequency receivers the number of rows we want to mul-
tiplex MMUX factor) is higher (see Tab.1). In the BICEP Array 30/40GHz receiver,
we multiplex 33 rows, while in the 150GHz receiver we multiplex 41 rows.

The multiplexing rate is given by MUX rate = switch rate / number of rows,
where the switch rate is the frequency at which we switch between rows when mul-
tiplexing. If the number of multiplexed rows increases at constant switch rate, our
mux rate decreases and we pay a noise penalty from introducing extra aliased noise
into our data set.

As a matter of fact, we measured the 90th percentile of the SQUID settling time
to be 1.3us(65 clock cycles) in the BA 150GHz receiver and 2us (100 clock cycles)
in the BA 30/40GHz receiver. By increasing the switching rate accordingly, we
measured a ~ 10% improvement in noise equivalent temperature (NET) in the BA
150GHz receiver (see Fig. 7). This data set has been acquired by the fielded BA
150GHz receiver on sky.

5 Conclusion
Time-domain multiplexing is a mature and well-characterized technology, with

a noise performance that is suitable for high-demanding applications aiming to
set tight cosmological constraints[2]. In all BICEP/Keck telescopes, MCEs have
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NET vs mux rate
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Fig.7 Noise equivalent temperature (NET) as a function of switching rate, normalized to the value with
a 2us switching rate (100 clock cycles at SOMHz). As a function of the number of clock cycles, we wait
when switching rows. This data set was acquired with the fielded BICEP Array 150GHz receiver. This
data set shows that pushing down the row length from 100 to 65 results in a ~ 9% improvement in NET

been in charge of the time-domain multiplexing. The detector density in the
BICEP Array high-frequency receivers required a redesign of the readout elec-
tronics to double the number of channels that a single subrack can read out. The
double MCEs have been deployed to the south pole and used to characterize the
readout performance of the BICEP Array 150GHz receiver. For the BA 150GHz
receiver, we were able to increase our multiplexing rate by 35%, which resulted in
a 9% improvement in the detector NETSs.
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