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Superconducting multiplexer for arrays of transition edge sensors
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We report the design and testing of an analog superconducting time-division multiplexer to
instrument large format arrays of low-temperature bolometers and microcalorimeters. The circuit is
designed to multiplex an array of superconducting quantum interference devices, thereby
simplifying wiring and room temperature electronics. We have fabricated a prototye 8
multiplexer chip and show a switching rate of 1 MHz. We calculate that-@322array or larger is
feasible. ©1999 American Institute of Physids$S0003-695(99)00826-§

We describe an analog superconducting circuit to multi+ately, a slight reduction from th2N wires needed to bias
plex (MUX) the superconducting quantum interference deindependently instrumented SQUIDs.
vice (SQUID) readout of large format arrays of transition- The number of bias current wires can be further reduced
edge sensors and present the multiplexed readout of eighy placing M single-column multiplexers in parallel and
SQUID channels with a first-generation multiplexer chip.turning each row of SQUIDs on with common bias lines
Arrays of cryogenic x-ray microcalorimetérand infrared  (Fig. 2). In this circuit, the bias voltage is applied in parallel
bolometers® are now being used for astronomical measure+o the SQUIDs in each row. This bias voltage is converted to
ments. The success of these instruments has created a negedias current by a resistor placed at each SQUID. In this
for larger arrays with multiplexed readout. In addition, cryo-way an array oNxXM SQUIDs can be wired wit@M output
genic calorimeters and bolometers based on transition eddeads,2M feedback leads, antl+1 bias, or “address,”
sensors(TES) coupled to SQUIDs show promise of faster lines. If the circuit is grounded cold, onlyl output leadsM
and more sensitive single-pixel performatce. feedback leads, and+ 1 address lines must be connected to

A transition edge sensdifES) consists of a supercon- foom temperature.
ducting thin film which is voltage-biased into the narrow In this multiplexing scheme, all the TESs remain on con-
temperature region of the transition between the supercoriinuously. Since the current through each TES is sampled, it
ducting and normal states. Photons incident on the TES inhust be averagetow-pass filteregibefore the SQUID am-
crease the temperature and, therefore, the electrical resiglifier to prevent loss of informatioridegradation of the
tance of the film. With the voltage across the film held fixed,Signal-to-noise ratipin the signal bandwidth. This averaging
the absorption of photons decreases the electrical currerl® acqomphshed by a one-pole onv-pas_s filter formed by the
which is then measured using a SQUID. loop inductancel and the dynamic resistand®;gg of the

A SQUID current amplifier consists of a SQUID and an TES. The loop inductance consists of the input inductance of

input coil which converts an applied current to a magnetich® SQUID, the inductance of an optional additional “Ny-
coil Lyyg, and the stray inductance. The Ny-

flux, which in turn causes the SQUID voltage output to vary.duist filter” 1€ S
The nonlinear response of the SQUID is usually linearizedISt frequency of the sampling is chosen to be far enough

by applying a feedback flux. Each SQUID current amplifieraboye_ the.desired_sig.nal bandwidth and low-pass filter that
has eight terminals: two for the input coil used to apply thenegllglble information is lost.
signal flux, two for the SQUID bias current, two for the

output voltage, and two for the coil used to apply the feed- Column Flux Bias
back flux [Fig. 1(a)]. When multiple channels are instru- (a) Feedback (b) | Column Output
mented, the number of wires that connect to room tempera- Flux —e Addr. 1
ture can become prohibitive. . Lin Leg
The number of wires to room temperature can be signifi- input SQUID Output Addr. 2
. : Voltage r.
cantly reduced by connecting the outputs of many SQUIDs Coil . . Ly Leg
in series, and turning on the SQUIDs one at a time to time- SQUID Bias
Lo . . . Lin L., Current Addr. 3
division multiplex the input signals. For a&x1 column of FB !
SQUIDs, the number of output voltage wires thus can be .
reduced to two per columfFig. 1(b)]. Since only one g Addr. N
IN Lrs

SQUID is on at a time, the feedback leads for the column of
SQUIDs can also be connected in series, reducing them to . b—'_.Addr' N+1
two per column. Thé&N X1 MUX is designed witiN+ 1 bias '

current wires so that the SQUIDs can be turned on separIG. 1. (a) Wiring diagram for a single SQUID. Six connections to room
temperature are required for bias, readout, and feedifhckiagram forN
SQUIDs connected in series with each SQUID turned on by a pair of ad-
¥Electronic mail: jamesch@boulder.nist.gov dress lines. Wire count to room temperaturdNis 5.
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FIG. 2. Wiring diagram for additional columns of the multiplexgwo

columns shown With common SQUID bias lines to each column, only FIG. 4. Output waveform of a8 SQUID MUX column operated at 1

2M+N+1 leads to room temperature are requiredNbx N SQUIDs. MHz. After a ~0.5 us switching transient, the SQUID signal is stable for
~0.5 us and measured.

Broad bandwidth coupling of the SQUID output to room
temperature amplifiers can be achieved by connecting eageries-array SQUID input coil inductankg,=6 or 600nH.
multiplexed first-stage SQUID column to a series combina-  In order to test the functionality of the prototype chip,
tion of a load resistoR pap and the input coil of a second- we cooled it h a 4 K dip probe with all wires(input, bias,
stage 100-SQUID series arrélyig. 3).° The load resistor is and feedbackcarried to room temperature. Signal generators
made larger than the dynamic resistance of the SQUID swere used to apply input signals and the circuit was operated
that the loop current through a series-array input coil and thén open-loop mode without feedback. Figure 4 shows the
“off” SQUIDs remain well below the SQUID critical cur- output waveform of the X8 multiplexer operated at a 1
rent for any applied flux. MHz switching rate. As the address voltage is switched from

A prototype chip was fabricated to test the multiplexing one first-stage SQUID to the next, a transient signal occurs.
circuit in Fig. 3. It consists of an>81 array of input SQUIDs The transient in the circuit decays in about @$to a level
with outputs connected in series and coupled to the input ot which measurements can be taken. The time constant
an on-chip series array. Different values Rroap andLga Lsa/Rioap fundamentally limits the time constant of the
are selected using on-chip wirebonds. The flux noise of thénput SQUID signal to be read out by the series array. For
first-stage SQUID referenced to its input coil is measured tghe data shown in Fig. 4, we have chodeg=6 nH and
be 1.2u¢y/HzY2 at 0.3 K and 2.5u¢y/HzY? at 4 K where R oap=10 Q so thatLga/R oap~1 ns, which is much
¢, equalsh/2e The SQUIDs have a normalized capacitancefaster than the observed settling time. The transient time ap-
B.=0.3, normalized inductancg, =1, critical current 100 pears to be similar for the different channels and to be domi-
uA, SQUID loop inductancelsoup=20 pH, and 0.50  nated by parasitic elements in the circuit, probably associated
junction shunt resistors. Other circuit parameters used for theith the row address lines.
8x 1 chip were the mutual inductance of the input coil to the  Figure 5 shows eight independent input channels multi-
first stageM =425 pH (;y~ 150 nH), a mutual inductance plexed at 500 kHz. The eight input signals are 1 and 2 kHz
of 19 pH between the feedback coil and the first stagesine waves with different amplitudes and direct-currein
SQUID. Selectable parameteR oap=1.55 or 10, and  offsets, each coupled into a different SQUID channel. Here,
we selected_g4=600 nH and R oap=1.55 (). Figure %a)
plots the data obtained by averaging the output of the series-
array SQUID during the interval after the active SQUID
channel had settled. Figurdl® is the same data after they
have been demultiplexed in software.

In the future, the SQUID multiplexer will be operated
with a computer-controlled flux-locking scheme for the first-
stage SQUIDs. Each time a first-stage SQUID is switched
on, its output voltage is digitized, neglecting the transient
signal. At the next cycle through that SQUID, the feedback
error signal is corrected by the integrated error signal from
the previous measurement cycle to provide flux locking.

To instrument an array of TES devices, the SQUID
MUX must operate without degrading the detector sensitiv-
ity. First, in order to avoid the degradation of detector sen-
FIG. 3. Circuit diagram for a SQUID column connected to TES devices andsmvIty due to ampllfler noise, the current noise of the first-

read out by a 100 SQUID series array. A low pass filter at the SQUID inputStage SQUID referr_ed to the _inpUt coil must be much ?ma”er
is formed byL yyo+ Ly and the resistance of the TES sensor. than the current noise of a single TES. The detector is aver-
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" (a) ' (b) tance of the SQUID. Then, Ryes/(27Ly)=(3
PN +22)fres, and, substituting into Eq(l) we arrive at a
o,
0.6 # é ; E‘/\) \/\\’ condition that combines the noise requirements of the
Bl ud - 1 il i .
°n 'n SQUID and the stability requirements of the detector:
13 53 aad TAVAVAN
2100 %2 4\ kgTalL
Bl 4 Aot N Neosy = Bl a"Lsoui @
= B o’ s ot . ) MAX — :
z 04 Ligi: 2 Aty 3+2\2) wBSpfres
~ s te VR E/f'\
5 2 oSede ;; ' : . JA The final constraint on array design is that the frame rate
g- 02| e ;'." .; L s~ fame Must be fast enough to avoid aliasing high-frequency
o ¥ ‘-7 o ’ m . noise into the signal bandwidth. To avoid degradation of the
o 4
T : ? .:;:, ' N signal, we require thagf ,g=fnyg, Wherefyyo=2fqameis
0.0 ’jfﬂ ) -.:“_ . . the Nyquist frequency of the sampling ands determined
..’ A 2 ~ by the maximum acceptable detector sensitivity degradation
° é.f e o N due to aliased noise. We typically chooge3 in bolometers
+J 'a‘"-% % - so that the /R filter rolls off the detector noise by at least 10
—-0.2 ] I 1% ,'\... ."\. /‘\ . . B
: 0.5 1.0 1.5 F Y dB at the Nyquist frequency. For single-photon calorimeters,
Time (ms) 0.0 05 1.0 1.5 the randomness of photon arrival times introduces a signifi-

cant statistical component into the high frequency signal

FIG. 5. () Data collected from a8 SQUID MUX for 1.6 ms, operated in g0 04rym which must also be filtered above the Nyquist fre-
open loop mode at 500 kHz switching rate. Each dwell interval is repre-

sented by a single data point obtained by dropping the transient and aveHU€NCY, possibly r?qUiring/ to be significantly |arg?r- The
aging the remaining datéb) Same data and axes @ demultiplexed into  Nyquist frequency i yyo= Fsampid2N, whereF g mpeis the

e_ight ch_annels _'shovying the successful readout of independent 1 and 2 kHate at which the multiplexer circuit switches between adja-
signals in the eight input SQUIDs. cent pixels. Then, sincé g=(3+2+v2)fres, the required
sampling rate is
aged by thd /R low-pass filter at all times, but the first-stage
SQUID is operated with a duty cycle of only M/ Thus, the Fsampie= 27(3+2y2) freN. €)
effective bandwidth of the SQUID noise N times larger _ . . .
than that of the detector noise, so that the noise power of the Our initial design goal is a 3232 array with 32 readout .
SQUID must be at leastN times smaller. To avoid degra- channels. .We have demonst_rated smgle_TES bolometer pix-
dation of the signal, we require th& eg=8 NS souin elsdopgratmg §11T|—0.45 K, Wl\'ltgél garl]g\fvl'gtr\f\;ﬁ_lgoon
whereS res) is the power spectral densitSD of the cur- andnoise un“ﬁ)e&t p)(zwehr_ h 9% —20 pH z '—O l;r
rent noise of the TESS,squip) is the PSD of the current proiotype QU ) UX chip had souip=20 pH, «=0.3,
noise of the SQUID referred to the input of the input coil, Sp=(25u¢0/H2)* (operated at 4 K and we choose
and B limits detector sensitivity degradation by the SQUID '3_2.3' F“’”.".Eq-(z)' the SQUID sepsmwty and det.ector Stf}
readout to an acceptable level. We typically chogse3. bility conditions allow up to 325 p|xels to be multiplexed in
For a TES operated in the extreme negative electrothermzﬁaCh column, an order of magnitude larger than our design

feedback limit, the theoretical current noise spectral densit oal. For instrumenting a 3{82 array, we _have the flexibil-
S,(TES in the signal bandwidth i§I(TES)=8kBT/RTES:7 ty to place most of the filter inductance in an external Ny-

where kg is Boltzmann's constant, andT is the q;“titf';EErSLNY%rtzthesr tr&?go?fthetﬁQuéD' Tth|s de;;ouglmg
operating temperature of device. Furthei$ squip) ofthe and the SQ offers the advantage ot reducing

— Sy /(a’L yLsquip), Wherea is the coupling constant be- the effects of transients on the TES devices. Takihg32,

tween the input coil of the SQUID and the SQUID loop andtsh.e required samplinghrate is St Iea;t JSdEMm E.q' (3.)]' -
Sy is the PSD of the flux noise of the SQUID. Thus, the Ince our prototype chip can be switched faster, in principle,

maximum number of pixels which can be multiplexed is larger arrays can be instrumented.
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Nmax =

8kBTa2LSQUID
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