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We report on the design and performance of our second-generation 32-channel time-division
multiplexer developed for the readout of large-format arrays of superconducting transition-edge
sensors. We present design issues and measurement results on its gain, bandwidth, noise, and cross
talk. In particular, we discuss noise performance at low frequency, important for long uninterrupted
submillimeter/far-infrared observations, and present a scheme for mitigation of low-frequency
noise. Also, results are presented on the decoupling of the input circuit from the first-stage feedback
signal by means of a balanced superconducting quantum interference device pair. Finally, the first
results of multiplexing several input channels in a switched, digital flux-lock loop are shown.
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I. INTRODUCTION rate and dynamic range requirements for TES x-ray micro-
calorimeters as developed, for example, for NASA's Constel-

The excellent performance of optical-to-x-ray micro- lation X mission. This mission requires a combination of low

calorimeters and far-infrared-to-submillimeter bolometers,nput noise, high bandwidth and operation in flux-lock-loop

making use of superconducting-to-normal phase-transitiofFLL) mode. In contrast, the observation of submillimeter/

thermometers, generally called transition-edge sensorisfrared radiation from the sky with a TES bolometer array

(TES), has led to demands for large arrays for applications asequires very low low-frequency noise, thereby extending

diverse as materials analysis and astronomy. The low noiséhe period of uninterrupted observation. Most of these crite-

low power, and low input impedance of superconductingria will be addressed in this article.

guantum interference devic€SQUIDS make them the pre-

amplifier of choice for TES devices. Due to the constraints

on wiring and circuit complexity, multiplexed readout !l. MULTIPLEXER DESIGN

schemes are required to instrument large-format arrays. Both

time-division multiplexing(TDM) (Ref. 1) and frequency-

division multiplexing (FDM) (Ref. 2 are presently under

devel_opment. The trgdeoffs between those wo a_pproacher}grent circuit architecture. Our first-generation eight-channel
are discussed extensively elsewh&féiere, we describe the TDM has now been used in a submillimeter instrument. Fl-

develspment of afTDM CII’CUItf. S , BRE, recently tested at the Caltech Submillimeter
The TDM performance of a TES sensor array is gOV'Observator)? Although the first-generation design worked

erned by 3 sever.all criFer[a, discussgd 'in more qetailsatisfactorily, it suffered from limitations in scalabilify.
elsewheré:® Nyquist's criterion for multiplexing many pix- The second-generation 32-channel multiplexer chip rep-

els with fast signals, as would occur in an optical or X-ray oqants one column of a N array readout. Its design is
TES microcalorimeter array, asks for high sample rate an(g.hown in Fig. 1. Most of the symbols used throughout this
large system bandwidth. Multiplexiny channels increases 5 icie are defined in this design section and Fig. 1. The
the multiplexer(MUX) noise bandwidth, so the MUX noise ,peviations. and M are reserved for self-inductance and
level has to ba/N times smaller than for readout electronics mutual inductance, respectively. The second-generation
of a single pixel to match the noise levels at the output. This,yx consists of two stages fabricated on one silicon chip
so-called multiplex disadvantage requires a low input noisg,,q gn off-chip third stage. This arrangement allows for op-
level for the MUX. The strongest constraint is set by the slewWgration of the first two stages near the TES at base tempera-
ture and the third stage at 4 K. The first stage contains 32
a0n leave from the Space Research Organization Netherlands, Sorbonni#®iput SQUIDs(SQJ) including input coils {y;), address
laan 2, 3584 CA Utrecht, The Netherlands. resistors RADDRESQ! output transformer§TR), and a com-

b) - ; . : ) )
2r;nlsave from the Physikalische Technische Bundesanstalt, Berlin, GermOn feedbackFB1) line. The second stage includes a trans-

The design of a second-generation 32-channel MUX, the
subject of this article, builds upon the experience accumu-
lated with an earlier eight-channel devicehat used a dif-

9Electronic mail: irvin@boulder.nist.gov former loop (TL) common to the 32 input SQUIDs, which
9Also at: Astronomy Technology Center, Edinburgh, UK. are coupled to that loop by means of the output transformers.
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FB1 L FB2 I, FBg, We have developed a series-address multiplexer archi-
RADDRESST\ LI(IANIJ tecture. To facilitate comprehension of this scheme, a two-
i dimensional schematic is shown in Fig. 2. In this approach,

™ 2 5§ ) address currentd {ppres9 are applied sequentially to turn
LTNI SFBI L[N2 @ [FBSA

on one row at a time. In the “on” row the SQ1s, each
shunted with a resistoR,ppress Of 1 (), are connected in
‘ series. The increase of the bias resif®@ppressabove 100

: Raus m(), typically used to voltage bias SQUIDs, results in im-
provements of the first-stage power consumption, reduces
the Johnson current—noise contribution of the bias resistor,
and improves the switch-off time constant of the first stage at
the expense of a reduction of the first-stage gain. The output
current of the first stage is inductively coupled to a common
transformer loop by means of an output transformer in the
bias-resistor arm of the first-stage circuitry. This arm is cho-
sen since it has a lower dc current than does the SQUID arm.
The transformer design is a tradeoff between first-stage gain

. and signal bandwidth.
3 The transformer loop is a closed stripline containing 32
secondary transformer coils and one input coil to the second-

dOOT HANAMOASN VUL

stage SQUID. To optimize the signal-to-noise ratio of the TL
the total self-inductance of the secondary transformer coils

FIG. 1. MUX architecture_. Only one cc_)Iumn is shown. An addmasse_nt 33L1g is designed to equal the self-inductaricg, of the
switches on one row of first-stage series-connected SQUIDs at a time. An d-st SOUID i t coil. O fthe i tt f
address resistorRy,=1 (2, shunts each first-stage SQUID. The current second-stage SQ Input coll. One ot the input transtorm-

through the address resistor arm runs also through a transformer coil, co@r'S iS not coupled to a first-stage SQUID and can be used
pling the signal to a transformer loop, common to all first-stage SQUIDs inyijth an external current source for system testing. The
one column. The transformer loop is coupled to a second-stage SQUID b _ ; ; —
its input coil. Each second stage SQUID is voltage-bia&ghs=90 m(}, §i(.:ond stagehSQUID I.S voltage bllased "‘%A.Sh 90 m
and its output current is fed into the input coil of a current-biased series—T |'S SQUID has a COI('FBZ) coup ed'to It with a wiring
array SQUID capable of carrying the voltage signal to room-temperaturedption for two, four, or eight turns that is used to set a dc flux
low-noise electronics. The series-array SQUID is not a part of the MUX-pjas offset for the second-stage SQUID. In order to optimize
chip. the bandwidth of the second-stage bias circuit, a one-turn
input coil series-array SQUID with a small inductance
The TL is coupled to the second-stage SQUENR2. A third Linsa=~ 74 nH is used. The series-array SQUID, which is not
stage series-array SQUIBA), which is not part of the a part of the MUX chip, is current biased, and the feedback
MUX chip, buffers the signal to the room-temperature elec-coil with inductance_pgs, is used to set a dc flux bias offset.

Rown

tronics. SQ2 could also be a series-array SQUID, allowing direct
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G DUMMY

FIG. 3. Balanced SQUID-pair is designed to eliminate coupling between
the common feedback line per column and the first-stage SQUID input
circuits. The double feedback circuit has two coils, wound in opposite di- ] )
rections, thereby canceling the action of the feedback line on the input. Oniff!G. 4. Micrograph of part of the 32-channel MUX. The top row of coils

one of the SQUIDs will be switched on-and-off during multiplexing. A are the transformers, coupling signals from the first-stage SQUIDs into the

dummy SQUID is implemented to match all inductances as closely as post0Ommon transformer loop. The second and third row contains first-stage
sible. input SQUIDs, each channel consisting of a pair. The coil on the far left of

the middle row is the second-stage SQUID, while the coil directly above it
) ) ) is the extra transformer. The pitch between each successive first-stage
coupling to room-temperature electronics. This arrangemergQuib pair, alternatively on the second and third row, is 5&0.

would result in a simplified two-stage MUX. However, our

existing series-array SQUIDs dissipates up @\ when  attached at the end of the probe. The bias and signal connec-
optimally biased. This power may be too high to place at thgjons to this PC board are made by means of flexible cables
base temperature of some cryostats. The second-stageroom temperature. Each has eight microstrip lines. A high
SQUID can also be eliminated by carrying the superconductpermeabi”ty metal cylinder magnetically shields the PC
ing transformer loop all the way to the series-array SQUID alyyard and MUX chip. The third-stage series-array SQUID is

4 K. We have chosen the more complex three-stage desigghjelded by its own high permeability metal and supercon-
because it circumvents wiring, EMI, power dissipation, andyycting shield.

shielding issues.

Another design issue is the coupling between the com-
mon first-stage feedback coil and the SQ1 input coil. When V- PERFORMANCE DATA AND INTERPRETATION
feedback current is applied to flux lock the on SQUID, cur-A. Dc parameters

rents are .|nduced in the input coils an_d consequently " the The SQUIDs used have a flux-focusing washer electri-
bias circuits of all the other detectors in that column. Since

the currents induced in the detector bias circuits have a finitCaIIy isolated from the SQUID. Although this design reduces

. . . e coupling efficiency to the device it tends to result in less
decay time, these induced currents result in cross talk be- o : - .
: fesonancé Resonance damping is also obtained via intracoil
tween each on-channel and all the off-channels in one col; . . 0 .
! . . ._damping resistor®;;,” which are not shown in Fig. 1. In
umn (see Sec. IVE In this second-generation design, this . : .
oo . . . order to increase the chance for nonresonant operation of this
coupling is reduced by connecting the TES to the input coil UX chip the intracoil damping resistances for the first pro
of two input SQUIDs with oppositely wound feedback coils P ping P

as shown in Fig. 3. Only one SQUID of the pair is turned on.(iUCtIOn batch were chosen = conservatively, i.d%c
: . =30mQ/turn. Some measured and calculated parameters
A dummy SQUID structure is used for coupling of the sec-

ond counterwound coil in order to match the mutual induc—for the SQUIDs on this multiplexer chip are given in Table I.
tances as closely as possible. The calculated valges are shown_wnhm parentheses. .
Although SQ1 is almost identical to SQ2, differences in
the maximum current modulatiohl ., the transfer coeffi-
cientl4=(01/9®), and the dynamic resistané®yy at the
operation point, arise due to different bias conditions. Setting
The MUX chip has been made using a standard proceshe bias current for the maximum current modulatibly,,,
for dc SQUID fabrication at NIS¥Typical performance fig- and the flux bias for the middle of the-® curve, we get the
ures for those SQUIDs are reported elsewliéfeln brief,  range ofi ;, andRpyy given in Table I. The two values fdg,
we use Nb/AIQ/Nb trilayer Josephson junctions, PdAu re- originate from a difference in the positive and negative
sistors, SiQ interlayers, and Nb wiring. The typical induc- slopes of the measurdd-® curves. The total power con-
tance of a single SQUID iksg~18 pH, the maximum criti-  sumption of the first stage at the optimum bias point for SQ1
cal current 2.=100uA, and the resistance of the shunt is 2.0 nW for SQ1 itself and 0.4 nW fdRappress. FOr the
resistors iRg,=1 ). Figure 4 is a photograph of part of the second stage, the breakdown is 0.9 nW for SQ2 itself and 0.7
32-channel multiplexer chip. nW for Rgjas . The total power consumption per column of 4
Most of the measurements reported in this article werenW is close to a typical TES power consumption for 32
performed using a dip probeia 4 K helium dewar. The pixels of 0.8 nW. The measured mutual inductances are con-
MUX chip is clamped and bonded onto a PC board, which issistent with 9 pH per turn, so this value is also used to cal-

FEEDBACK

IIl. MULTIPLEXER MANUFACTURING AND
EXPERIMENTAL SETUP
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TABLE I. Dc parameters of SQ1, SQ2, TR, and SA.

2l Al may lo Rovn Power Mt Mra Lin

(nA)  (uA) (wA D) (9) (nW) (LA Do) (LA D) (nH)
SQ1 102 34 94 0r118 1.4-16 2.4 6.5 75.7 1367
sQ2 117 60 116 or 182  3.0-6.0 1.6 (15.3 44.1 (8.0
TR (0.59 74 (73
SA 153  ~1000 (213.7 213.7 74

culateMy,. The value measured foM g, is smaller, i.e., resistors on the input coil,;. Using the calculated
5.9 pH per turn, due to screening by the transformer loop, asmductance of 67 nH for the SQUID pair, this pole
explained below. For the self-inductances of the SQUID infrequency equals 4.4 MHz. The other is due to the bias
put coils, only the value fot y; of SQ1 can be measured circuit of the first-stage SQUID i.e., [(Rpyn
directly. The other values are calculated on the basis of self+ Rappresd//Ricoint)/27Lint, With Ricpint=10(2, the
inductances measured for 19- and 50-turn input coils on @ntracoil damping resistance on the transformer coil. Use of
similar SQUID. Those data can be fitted using a washer inTable | gives a pole frequency at 4.2—4.4 MHz.
ductance of 26.7 pH and a stray inductance of 0.22 nH/mm, The flux generated in the second-stage SQUID by a first-
as expected for the stripline cdil.The large difference be- stage output currenityyr, coupled by means of the trans-
tween the washer inductance and mutual inductance per tuformer, is given by
is due to the floating washer geometry. The large discrepancy
between the measured and calculated inductapgefor the IPsq2 )= MinTMinz )
double first-stage SQUID 35-turn input coil is assumed to  dlour Lr(w)
originate from stray inductances off-chip. : S . . .

The signals from the multiplexed first-stage SQUIDs areTh|s relation is in accordance with relatigh), which con-

coupled to the transformer loop by means of a 20:1 trans:a "> the low-frequency valuer (0) for the transformer

. . . loop inductance. If one of the first-stage SQUIDs is on, and
former. By applying an input curredtl r to the spare input | o i the intracoil damping resistors on the transform-
transformer and measuring the flux chadg® s,, we mea- 9 9 ping

sured a transfeh | |\t /AP gq,=105uA/ P . Simple consid- ers, we have
erations lead to Lt (@) =[Lin2+33(LtrstRAYH LTRC)]
Al /AP goe=Lr/(MintMin2), @) (0l wq)?K?
whereLt, is the inductance of the transformer lodg,yr is TRCm' ©)

the mutual inductance of the transformer, avigy, is the
mutual inductance between SQ2 and its input coil. Sincerhe self-inductancé , contains not onlyL,y,, Ltre, and
SQ2 is very similar to SQ1 and other NIST SQUIDS We L 1zgrray, the first term on the right side of the equation, but
calculateM 5 to be 15.3uA/®g, so thatLr /Mr=6.9.  also the influence of screening by 31 first-stage off-SQUID
The transformer has a square hole of size110um, an  bias circuits, containind. =74 nH andRappress=1 Q,

input coil with n=20 turns, and an output coil of=1 turn.  where w;=Rappress/Lint @and k equals the coupling con-
Assuming perfect couplingM 1 is calculated to be 3.5 stant of the transformer coils. At frequencies well above
nH* which results in a value fotr =23.9nH. Another ,/27=2.15MHz, the inductance of the transformer loop
approach to obtaifLy is to add the estimated inductances should decrease by Bizc=5.3nH. This results in an in-

for all the elements, i.e., 8 nH fdry, (Table ), and 0.47 nH  crease of the high-frequency transformer signal transfer. The
for each of the 3B, each consisting of a coupled induc- second stage contains two more poles. The first is due to the
tance Ltrc=0.17nH and a stray inductanckrgrstray  intracoil damping resistors on the input and feedback coils of
=0.3nH. The self-inductance of the stripline common trans-SQ2. Assuming perfect coupling between both coils we cal-
former loop itself can be neglected, given its width of 20 culate a pole frequency of 5.3 MHz. The other pole is due to
um. So the total calculated inductantg, =L\, +33Ltgr  the bias circuit of SQ2 and has a frequency [0Rpyy
=235nH is consistent with the measurement 0f+Rgas)//Ricpsal/2mLnsa. With the values in Table | and
Al\nT/APsqg,. The data show thaty,#33L1gr, SO there an intracoil damping resistd®,cpsa=50Q on the input coil
remains some room for optimization of the system signal-toof the series-array SQUID the pole frequency ranges be-

noise ratio and bandwidth. tween 6.3 and 11.7 MHz.
The calculated value df =73 nH is consistent with The measurement of the frequency-response function of
direct measurement. the MUX using the feedback coil of the second SQUID as an

input is another way to characterize screening by the trans-
former loop. In this case, the frequency response decreases

for higher frequencies as shown by
The frequency response of the MUX can be described by
a multiplication of the various poles in the system. The first ~ ¢Psq2

. . ; . . ——(w)=M
stage contains two poles. One is due to the intracoil damping  dlgg (@) FB2

B. Frequency response and bandwidth

I(CI—INZ

1= Lr(w)

, 4
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-15 shapes of both frequency response curves, 9 nH has to be
[ e screened out of the transformer loop, instead of the expected
20 sail,, ‘\ 5.7 nH due to the screening action by the 32 first-stage off-
I P ] SQUIDs. The pole frequency fitted for the screening, 2.2
25 “4\ MHz, agrees with the predictions. To fit the above data, the
_’g a0 N | two second-stage poles discussed above also have to be fit-
= | >, ] ted. The fits result in a pole at 5.3 and 8 MHz, in agreement
A TN with those calculated.
g SQ2 L ey, ] The frequency-response fit for a signal input at the input
S 40 I coil of the first-stage SQUID uses the SQ2 response model
= L T éaz L! “w%;?; - for input at the transformer as described above, and multi-
-45 N plies this with two additional poles at 4.4 and 5.6 MHz. The
— P Y N poles are calculated to be at 4.4 and 4.2—4.4 MHz. There-
50 SAL R fore, the pole due to first-stage intracoil damping is at a
Pa— , - s 4 s frequency equal to or larger than 4.4 MHz, which means that

(1) the calculated value fdt,y;, 67 nH, is correct, an¢?)

the high measured inductance fof;; , 130 nH(see Table)l,

FIG. 5. Frequency response for the various MUX stages. All measurementmust be due largely to excess stray inductance in the mea-

have been_taken in open Ioop using a ne?w_ork analyzer. The parameters usgg“.ement_

for the various fits are described in detail in the text. The total 3 dB bandwidth of the system, obtained by
multiplication of the various poles, is slightly larger than 3

wherek, is the coupling constant between input and feedMHz. Since the bandwidth for multiplexing, defined by the

back coils of SQ2, and is expected to be close toll{)(w)  on-and-off switching of first-stage SQUIDs, doesn't depend

is the impedance of the transformer loop given by relationpn the pole of the input circuit, the bandwidth for multiplex-

(3). However, since this frequency response is measured Witihg will be slightly larger than the system bandwidth.
all first-stage SQUIDs turned off, the last term in E§)

should have a prefactor of 32 instead of 31. C. White noise

The frequency response for various stages of the MUX
is measured with a network analyzer. For these measure- The contribution of the SQUID noise itself could be as
ments, the output of the series-array SQUID is ac coupled tpw a

Frequency(MHz)

the network.anallyzer with 50 .inpu.t impedgnce. The data \/S<DSQ: J18gTLZ/Ry~0.3 ,u(bol\/H—z. (5)
and respective fits are shown in Fig. 5, while the calculated o ) . .
and fitted pole frequencies are summarized in Table Il. ~ Other sources of noise in the system are intracoil damping

The frequency response of the series-array SQUID cafesistors on the input and feedback coils of SQ1 and SQ2 as
be fit as a one-pole low-pass filter with a corner frequency ofvell as on the transformer coils, and the 32 address resistors
13 MHz. This roll-off is consistent with alRC—time con- ©Of 1  each in the first stage. The noise of the intracoll
stant caused by the dynamic resistance of the SQUID arra§f@mping resistors is given )7

Rpyn=~120-15Q) and the measured capacitance of about 4kgTh
100 pF of the wiring fron 4 K to room temperature. The VSpi-c= R—-Ml’ (6)
intrinsic bandwidth of the SQUID array is at least 100 MHz. ic

The frequency response of the second MUX stage hawith n the number of coil turnsR;. the intracoil damping
been measured at two different inputs, i.e., the feedback coiksistance per turn, and,;Mhe mutual inductance of one turn
of SQ2 and the additional transformer input into the trans-of the coil to the SQUIDR;;=30m() per turn for the SQ1
former loop. The spectra of those two frequency responseasnd SQ2 input and feedback coils. The noise of the intracoil
are distinctly different. The transfer function for the SQ?2 resistors on the input and feedback coils of SQ2 is reduced
feedback coil input decreases for higher frequencies, whilelue to screening by the common transformer loop. In the
the one measured for the input at the transformer loop inease of good coupling between feedback and input coil, the
creases with higher frequencidsee Fig. 5. Fitting the screening equals (1L, /Ly.)=0.66. All calculated values
second-stage data we find that the amplitude difference bexre summarized in Table Ill.
tween the two different spectra is consistent with the mea- To transfer the second-stage noise contributions to the
sured dc values in Table I. In order to obtain good fits to thanput of the first stage the values given in the third column of

TABLE IlI. Pole frequenciesMHz) for the first two stages of the MUX.

Bias circuit, Bias circuit,
Intracoil damping, first-stage Intracoil damping, second-stage
first-stage SQUID SQUID second-stage SQUID SQUID
Fitted to data 4.4 or 5.6 5.6 0r44 5.3 8.0
Calculated 4.4 4.2-4.4 53 6.3-11.7
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w

TABLE lll. Calculated MUX noise sources at 4 K.

Z 10
First-stage noise Second-stage noise g
Contributing item (u®,/\HZ) (u®,/\HZ) S
5 107k TES noise level
SQUID noise 0.3 0.3 ~
SQUID intracoil 2.31 (1.85) 1.25%0.96 Jé‘
damping resistors & .
Address resistors N.A. 0.81 8 10
Transformer intracoil N.A. 0.25 —
damping resistors g
Total 2.33(1.8 1.54(1.3 8 0
(1.87 (1.32 8 10°k SQ1-DS
w2
[9)
8]
Table Il have to be divided by the first-to-second stage gain, 2 10" :
1

which equals 1.80.1. The total calculated noise for both 10" 10° 10
stages transferred to the input of the first-stage is equal to Frequency (Hz)
2.79+0.09u®y/\Hz.

White-noise levels have been measured with a spectrurAiG. 6. Low-frequency noise spectra density of the MUX as derived from

ana|yzer_ Measurements were performed at several stages tRg multiplexed data set shown in Fig. 7. Both the spectra before and after
“dark” SQUID correction are shown. Also shown is the calculated detector

the MUX, while operating SUb,Sequently the vgrlous stages Moise spectral density matched to the MUX noise for multiplexing 32 chan-
FLL mode. The measured noise levels given in Table 1V areels.

tabulated for FLL operation at a particular stage. The contri-
bution of the third-stage noise and preamplifier noise to the,, itia| noise measurements at 180 mK give a noise level
previous stages of the MUX can be neglected. The measur 0_70Mq)0/\/H—Z_
first-stage noise is, however, clearly affected by the noise at
the second stage.
Two different noise levels are measured for variousD. Low-frequency noise
SQ1s on and the second-stage in FLL, because the SQ1s are A typical low-frequency noise spectrum for the MUX
biased alternately on the positive and negative slopes of thePﬁeasured in the experimental setup described above is
|- curve, an unintentional_ feat_ure of the present design. shown in Fig. 6. The corner frequency of the excess noise is
Given the data summarized in Table [V and the knowl-p,q 19 Hz, and the noise spectral density of the low-
edge ofl g (Table D for the first-stage _SQUIDS' we can ex- frequency part scales closer td4than 1f. The measured
tract the white-noise levels for the different SQUID stages w-frequency spectrum cannot be accounted for by the low-
from the measurements. The first-stage noise level derive equency noise of the SQUIDs themselves, as confirmed by
equals 1.8% 0'10'“(1)0/‘/'_'_2’ while the measured noise for separate measurements on similar SQLJIDs in a well-
the second stage equals ?’300/\/'_'_2' shielded, low-noise setup. So the measured low-frequency
Both levels are significant smaller than the calculated,yise is caused primarily by system aspects, such as thermo-
values given in Table Ill. The discrepancy can be resolved byecyric voltages, electromagnetic interference from external

simply fitting the data, which gives an effective intra-Coil g5 \rces pias source instability, electronics instability and
resistor of 47 rfd/turn instead of the assumed 3AMturn. - ooc instability, which can be largely eliminated by a

The resulting calculated npise levels, now in agreement With. o reful system design.

the meas_urements_, are given between parentheses in Table ap active technique for the reduction of a major part of

I, _The higher res!stance _cannot l?e attnb_uted to_ the shee[he low-frequency system noise is chopping. MUX system
reS|sta_nce of the film forming the intra-coil damping resis-1 ¢ oise could be eliminated by square-wave chopping the
tors, since the measurement of an on-wafer test StruCtUFEg ias between positive and negative values. Another way
confirms the intra-coil resistance of 30(n of chopping is by reading a “dark” first-stage SQUID in

Cooling_ to 100_ mK should reduces the non'SQUlDevery multiplex cycle ofN rows. A “dark” SQUID (DS) is a
Johnson noise contributions to 0,88/ Hz. Based on ex- first-stage SQUID not connected to a detector. In Fig. 7 the

perience so far with cooling individual SQUIDs the total jynact of this method on multiplexed data is shown. In this
MUX noise is expected to become0.5u®,/\Hz at 100 case, the noise data of only two first-stage SQUIDs are read
out by means of multiplexing. The low-pass filtered signal of

TABLE IV. Measured MUX white-noise levels. the DS is used to correct the data of the other SQUID. This

: : differencing method should remove low-frequency common-

First stage Second stage  Third stage L . . .

(S0 (502 (SA) modg noise in the tvvp channels, including noise added after
SQUIDs switched on  in FLL in ELL in ELL the signals are multiplexed together. As a result, the low-
frequency noise and discrete disturbances in the corrected
SA+SO2 1,304,/ Fiz SQ1 are re_duced_. The noise spectral density of the corrected
SA+SQ2+SQ11 2.37udo/Fiz  2.17uD, ) VFz data(see Fig. 6 still has a corner_frequency of 10 Hz, as for
SA+SQ2+SQ12 2.58ud,/\Hz the uncorrected data, but the noise spectral density spectrum
now scales as 1/

—_
(=

SA 0.1u®,/\Hz
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0.15 - . - - - r FLL feedback level during multiplexing are governed by that
o SQ1_1 time constant.
E 011 In addition to switching the FLL levels, multiplexing
E_ "DARK" SQUIL involves the successive on-and-off switching of first-stage
% fl A SQUIDs. The measured time constant for that switching pro-
= 0.05 B ! i cess is aboutre=60ns for switch-on and+,=90ns for
< LOW-PASS FILTERED D switch-off. The switch-on time is consistent with the mea-
g ol ) . ", sured bandwidth of the system. The switch-off time is longer,
> SQ1-DS because as soon as the first stage SQUID becomes supercon-
§ -0.05 NN bl ki ducting, the characteristic/R time constant of the SQ1 bias
é" ) ‘ ; circuit decreases from 4.3 to 2.0 MHz.

Switching one SQUID off and the subsequent one on at
0.1 exactly the same time creates an output voltage overshoot at

0 100 200 300 400 3500 600 the start of each sampling period. This level is consistent
TIME (5) with the output voltage difference between the first stage
FIG. 7. Multiplexed noise data for two first-stage SQUIDs over a time SQUID in an on and off state, and the fact that the time
period of about 600s. Also an average of the “dark” SQUID signal obtainedconstants for on-and-off switching are different. The peak
by low-pass filtering is shown. The bottom curve shows data corrected bbutput voltage is equivalent to a O, signal at the first-
this average. A large fraction of the low-frequency noise and several specific . ith . . fall ti |
disturbances are removed. Stage mpu; with a 60 ns rise time and 90 ns fal time. Al-
though timing offsets between on-and-off switching of sub-
) ] ] _ sequent SQUIDs do significantly change this overshoot, the
For 32-channel multiplexing, the noise spectral dens'tysampling conditions do not seem to improve.
level of the TES sensor has to b; a factop3iove the At the start of each sample period, the output signal is
white-noise input level of the MUX.Using 8>3 ensures  gjjqwed to settle for a fixed period of time.y.before data
that the noise of the read out electronics is insignificant COMycquisition. Data acquisition occurs during the remaining
pared to the TES noise. The TES noise level is adjusted tgqion of the dwell time sy, . If the settling time is made
the MUX noise level by design of the mutual inductance OfIonger, the forward-nearest-neighbor cross talk is reduced,
the input coil and the bias resistance of the TES. The dept the noise bandwidth of the sample is increased. If the
signed TES noise spectral density level is shown in Fig. Gsystem is run open loop, the fraction of forward-nearest-
For this particular case, the frequencies at which the SensQfsighbor cross talk is
white noise and MUX low-frequency noise are equal
changes from 0.08 te-0.01 Hz when making use of the dark Tawellg~ Y Traig ¢
SQUID chopping technique. This is particularly important Tsettle @
for long uninterrupted observations of the submillimeter/far- [ 7dwel( 1 — g=U7rse)dt
infrared sky. We believe that with careful optimization of the settle
sy_stem th_e Iow-fr_e quency excess naise can be r_educed by Applying feedback significantly reduces crosstalk from
this technlque until it becomes limited only by the flrst-stagethe value in Eq(7) within the feedback bandwidth, but not at
SQUID noise. higher frequencies. Thus, E) places an upper limit on the
cross talk. Different applications can tolerate different
E Multivlex bandwidth and cross talk amounts of nearest-neighbor cross talk. In far-infrared bo-
- Mutiplex Wi lometer systems, nearest-neighbor optical cross talk can be
For several stages of the MUX, the small-signal stepwell above 10%. However, for x-ray spectrometers, the re-
response has been measured in order to estimate settliggirements can be much more stringent. As an example, if
times in the system. The measured time constants are in getle system is run at a line rate of 1 MSafg ;=1 ©S), a
eral consistent with the bandwidth measurements. The stegettle time of 600 ns is required to reduce the high-frequency
response time-for a signal at the input and feedback coil of forward-nearest-neighbor cross talk to belew0 dB. Cross
SQ1 is about 50-60 ns. So, settling times for switching thealk to distant pixels due to this effect is much smaller.

TABLE V. Cross-talk levels.

Item Attenuation(dB) with respect to signal input
From SQ1 inputs to SQ2 SQ11 SQ12 SQ13 SQ14
[SQ1s off —-52 dB —61 dB —74 dB —77 dB
From SQ1 neighbors to first Nearest-neighbor Next-nearest-
stage on-SQUID —-52 dB neighbor

—72 dB
From each SQ1 to all other —70 dB

SQ1s by common feedback
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In addition to the cross-talk mechanism discussed above,

several other sources of cross talk have been assessed and the2 e
measured levels are summarized in Table V. One source of <. il s
cross talk is that input signals to first-stage off-SQUIDs gen- 8 P~ P
erate a small output. This cross-talk source is strongest for E: ;-\ L~ .
SQ11 and becomes successively smaller for successive first- & hr” et ™

tage SQUIDs. This cross talk is due to inductive coupling @ AN > N =
stag o . . piing g wd N N N
between the input coils of the first-stage SQUIDs and the g A\/"\/’\ \/
input coil of SQ2. Another source of cross talk takes place @ >/ X -

between first-stage input signals and a neighboring on- g ‘\/ N D, \.
SQUID. We give the levels for the nearest neighbor and the & } \/ \\/
next-nearest neighbor of an active first-stage SQUID in Table 5.00 5.50 6.00 6.50 7.00 7.50

V. All of these cross-talk sources could be reduced by modi-
fying the geometry of the multiplexde.g., by increasing the
spacing between adjacent induchors FIG. 8. Functionality test of the SQUID MUX with digital feedback. Sine-

Fina”y, there is cross talk between a Signa| in each pierNz.’:We currents with frequencigs of 300 Hz-2.4 kHz and peak-to-p.eak am-
of the MUX to all the other pixels in one column due to the Plitudes corresponding to @, in the first-stage SQUIDs were applied to

. . .__.eight input coils. The dwell timerpyg , was 1.28us per channel. The

coupllng between the common f_eedbaCk line E'md the fIrStfjemultiplexed feedback signals are shown. The curves are vertically shifted
stage inputs. The FLL feedback signal to each first-stage orer clarity.

SQUID will be seen by all the other pixels through this cou-

pling mechanism. The balanced SQUID pair at each inputsampled, digitized and averaged. The averaged signal is used
equipped with counterwound feedback coils, as discussef) caiculate a feedback signal by means of a Pl algorithm.
before, should_ largely rgduce this effect. Measurements showpis feedback signal is applied to the common first-stage
that the effective coupllrngFB_”\, between the feedback and feedback line FB1 at the subsequent dwell time of the first
input coil equals 1.810°%, considerably less than in the stage SQUID readout, i.e., the feedback to a particular first-
f|rSt-generat|0n MUX kFB—IN%O'G)' The Cross ta||Q(I)CT Stage SQU'D takes p|ace at the frame rate—Fﬂ_’(ME
induced in all pixels connected to the common feedback line- 1/N7pweLL, Which is a direct measure of the feedback
by the FLL action on a signal s in a certain pixel equals pangwidth. As an example, sine-wave currents with frequen-
AD 1/ AD = Kep (1 — e~ OWELL/TINY e~ U7in (8)  cies of 300 Hz—2.4 kHz and peak-to-peak amplitudes corre-
_ _ _ _ sponding to 2P in the first-stage SQUIDs were applied to
With 7qye the dwell time at one pixel andyy the effective  oiqpt gifferent input stages of the 32-channel multiplexer. A
time constant of the SQUID input and TES sensor bias Cirgell time ToweLL = 1.28us was chosen. The demultiplexed

cuit. Using the sampling frequency relation of Chervehak, signals of the 8 SQUID MUX channels are shown in Fig. 8.
one finds thatrpwg, L / 7n> 7/ yN with y>3 andN the num-

ber of pixels multiplexed in one column. If we take
= IN7pweLL andN =32 this cross talk is-70 dB, acceptable V- SUMMARY AND RECOMMENDATIONS

for most applications presently foreseen. Another effect of 5 second-generation TDM for 32 channels has been de-
the coupling between feedback agd input is that each sensg[gneq, fabricated, and tested. The system has a bandwidth of
gets a power input equal tdg.y)*/N Of the signal power  455r6ximately 3 MHz, and multiplexing of eight channels in
in any other of theN—1 pixels. FoN =32 this equals-100  gigital FLL up to a sample rate of 0.78 MSa/s has been
dB. ) o . . demonstrated. The system noise level at the input of the first
. The coupling of the bias line to thg input co!l of.the stage will be very close to 0&®,/\Hz at 100 mK. The
first-stage on-SQUID is not balanced, since the bias line tQystem is well suited for forthcoming submillimeter/far-
the dummy SQUID is not connected. Therefore, thej qared imaging bolometer arrays, such as SCUBA-2, as
switch-on of a SQUID generates screening currents in thge|| a5 for x-ray microcalorimeter arrays, such as the one for
input circuit equivalent to about 0@, for the present con-  ~gnstellation X.
figuration. Since the time constant of the input circuit  pajatively small improvements considered for future de-
coupled to a TES is much longer then the dwell time thisgigns arg(1) the reduction of the cross talk between the first
results in an offset for each pixel. As long as this offset is; 4 second stage by increase of the distance between SQ2
constant it is of little concern, and it should be possible toy, the first-stage input SQUIDS, af@) suppression of the
eliminate this effect in future designs. coupling between the bias line of each first-stage SQUID to
its input circuit by the implementation of a symmetrical bias
design.

More important, especially for x-ray microcalorimeter

The functionality of our SQUID MUX has been tested applications, is the increase of bandwidth. Within the present
using a digital FLL feedback (DFB) scheme, the character- architecture the bandwidth can be improved by a number of
istics of which will be discussed in a separate article. Inmeasures. Increase of the intracoil damping resistors on all
short, the DFB works as follows. During the dwell time SQUIDs by a factor of 4, almost certainly possible without
ToweLL Of a first-stage SQUID the MUX output signal is any penalty in SQUID-coil resonances, will move the poles

TIME (ms)

F. Multiplex examples
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caused by the coil self inductances and the coil damping Some scope also exists to reduce the input system noise.
resistors above 20 MHz. Modifications of the connections taEnhancement of gain between the first and second stage
the present series-array SQUID will enable reduction of thecould reduce the noise to about Quib,/\Hz at 100 mK.
input inductance by about a factor 2, moving the pole due tdReduction of the intracoil damping resistors as envisaged for
the dynamic resistance of SQ2 and the input self-inductancehe bandwidth might bring the noise down further.

of the SA to 15 MHz. Further increase in the bandwidth of

the coupling to the series-array SQUID could be made by

modification of the series-array design, for example the in-

troduction of a step-up transformer on the series-array inpuACKNOWLEDGMENTS
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