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Abstract -- The performance of a de-SQUID SQUID and the accuracy of measurementsare the
magnetometerdrivenbybothanalogelectronicsand key to this technology, and have attracted
digital signal processors are investigated and considerableefforts in research. Along with these
comparedfor biomagnetic applications. Low-noise concerns, an ideal SQUID magnetometer should
(< 5 I_@o/_/Hzat 1 Hz) de-SQUIDswere fabricated also possessa wide dynamicrange anda large slew
by Conductus, Inc. using the all-refractory rate. In the conventional SQUID readout
Nb/AI/AI203/Nb process on silicon substrateswith electronics,a flux-locked loop (FLL) configuration
on-chip modulation coils and integral washer is the most popularone being accepted. Althoughthe slew rate increases with the modulation
damping resistors. A second-ordergradiometerwas frequency,fm, of the FLL, the noise bandwidthand
magneticallycoupled to the inputcoil of the SQUID
to maximize the detected signal strength. The the probabilityof spurious unlocking both arealso
readout of this SQUID gradiometer was achieved increased. For a SQUID with extremely low
using a conventional flux-locked loop (FLL) circuit intrinsic noise operated in an unshieldedenvironment,the overall performanceof a SQUIDto provide a linearized voltage output that was
proportionalto the flux applied to the SQUID. A magnetometer for a given fm is eventually
shielded cylinder was constructed to house the determined by the loop sensitivity and bandwidth
magnetometer to reduce ambient field noise. To that havelimits imposedby the impedancematching
realize the digital feedbackloop, the analog FLL is network between SQUID and the preamplifier of
replaced except for the preamplifier by a digital FLL. These issues thus call for a need to explore
signal processing boardwith dual 16-bit A/D and alternativeelectronicschemes [3].
D/A converters. This approach shows several A conventionalFLL block diagramis shown in
advantages over the analog scheme including Fig. 1, where functionsenclosed in the dashed box
operational flexibility, cost reduction,and possibly, are implementeddigitally in the presentwork. We
the enhancementof dynamicranges and slew rates, have set up a Nb de-SQUID magnetometercoupled

with a second-ordergradiometer. This system has
been tested for its performance, and the

I. INTRODUCTION experimental results have been compared between
the analog electronicsand a digital signal processor

Magnetic techniques have been applied widely incorporated in the FLL. The loop gain, time
to study a variety of biological effects. Most constant, modulationflux size andfrequencycan be
biomagnetic applications, such as quantification of easily changed via software in the DSP method
human iron storage levels in the liver and which offers flexibility not obtained in the analog
magnetocardiogram for the diagnosis of heart scheme. In addition, DSP also allows us to
function [1, 2], employ the Superconducting implementdataacquisition. Underthese conditions,
QUantum Interference Device (SQUID) the flux-versus-voltagecharacteristicsand the noise
magnetometer as a sensor instrumentto either map spectraof SQUIDoperatedin FLL mode havebeen
the local susceptibility variationsof tissues or detect measured. Because the sensitivity of this
the very weak biomagnetic field (in the range of magnetometeris not limited by the intrinsic noise of
femtotesla to picotesla). For such an approach, the SQUID sensor but by the ambient noise, a
techniques to enhance the field sensitivity of shielded cylinderwith a lid has been constructedto
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The SQUID is mounted in a Nb can housed in a
probe, and the eight leads from the SQUID chip to

_.q/__//,__ - I _" readout are rf-shielded. The input contacts of thet'T"_"',_ i [--'-'1 I'_ i SQUID are either shorted by a piece of Nb wire for
testing or connectedto a balanced second-order

_i L_.. 7 i- gradiometer that is insensitive to both homogeneous
u,a,t,m,\_\L_.__.l : r _N4za,- , v, fields and to uniform field gradients. When\ i _'r/°'m'_ i connected, a closed superconducting circuit of Nb. i t

- _ .._ wire is formed which has the detection coil as
primary and the SQUID on-chip input coil as

Fig. 1. A block diagram of the conventional flux- secondary. Although the gradiometer provides
locked loop (FLL) configuration. The dashed line discrimination against distant noise sources in favor
shows the components to be implemented digitally, of nearby signals of interest, it also reduces the

signal energy coupled to the SQUID. The
house the magnetometer to check the maximum arrangement of our complete SQUID system is
field sensitivity, shown in Fig. 2, in which the SQUID sensor and the

gradiometer are maintained at 4.2 K in a bath of
liquid helium kept in a superinsulated fiber-glass

H. EXPERIMENTAL dewar. The bottom turn of the detection coil of the
gradiometer is 12 mm away from the outer bottom

DC-SQUID sensors, which consist of two surface of the dewar taiL
identical weak links (i.e., the tunnel junctions) A dc bias current, Ib, was first adjusted and
symmetrically inserted in a superconducting ring of passed through the parallel connection of tunnel
inductance Ls [4], and analog readout electronics junctions to achieve the maximum signal-to-noise
are manufactured by Conductus [5]. SQUIDs are ratio (S/N) when the feedback loop was flux-locked.
fabricated by the all-refractory Nb/AI/AI203/Nb An ac flux of frequency at 64 kHz and amplitude of

process on 510-ttm thick silicon substrates with on- about 0.25 _o (= 2.07 x 10-15 Wb, the magnetic
chip modulation coils and integral washer damping [ !
resistors. The SQUID inductance (Ls) is 200 pH, Iksr

the critical current (Ic) is 15-25 IIA, the junction Sy_em
shunt resistance to prevent the nonhysteretic I-V

Sh/e/dedChamb_

behavior has a value of 6 t, and the junction

capacitance is 26 fF. The readoutmainly compri.se..s, m
a transformer-coupled low-noise preamplifier (with
a gain of 106 in the bandwidth from 30 kHz to 1
MHz), an oscillator that generates a 0-5 V square
wave of flux modulation frequency 64 kHz, and a
two-pole integrator (-3 dB at 10 kHz). The readout
controller can be set at either the open-loop or the ,,,
FLL mode. To linearize the transfer function, VO = , o_

(_V/_O)l, the SQUID is operated in the FLL mode, _p,t
which uses a flux driven from the output of the "7i

lock-in fed back to null the input flux [6]. The noise I " Se:ond.ord,,
spectra can be measured in this mode. For the Gmaome_
digital modulated flux-locked circuit, an 80-ns
AT&T WE DSP32C floating-point DSP processor -----"
with 200-kHz dual 16-bit A/D and D/A converters C]
is employed to drive the SQUID. The details of this

DSP board, the algorithm, and the equivalent circuit Fig. 2. The arrangementof SQUID magnetometer
components incorporated in the software are coupled with a second-ordergradiometer.
described elsewhere [3].
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flux quantum) was also a_lied to the SQUID. A
two-turn coil of 6.35 mm m diameterwound from
34 AWG Cu wire to a fiber-glassrod was used to
generate the desired magnetic fields. It was
powered by an HP 33!4A functiongenerator,and
was positioned at the dewaraxxswith a distanceof
8.9 mm from the tail outersurface. As the Cu coil
was excited, the associated magnetic field was
sensed by the gradiometerto induce a currentthat
was proportional to the instantaneousvalue of the
applied magnetic flux (d_a). This currentpassed
through the input coil and imposed a field on the
SQUID. The SQUID thenrespondedto this field,
and the voltage Vs across theSQUIDwas recorded,

which exhibited a periodicdependenceon Cba.To
reduce ambient field noise, a 39-in high shielded
cylinder (with an outer dimensionof 23 in) was
constructed which consisted of two concentric
shells, each comprising one layer of high-
permeability mumetal for magnetic shielding and
one aluminum.(type 5086)plate for eddy-current
shielding. Wnth this cylinder, the earth's steady Fig. 3. SQUIDresponsesto a 100 Hz, 10mV peak-
fields (at the latitude of about36")were reducedto to-peaksinusoidalwave in (a) analog and (b) DSP
2 nT and 100 nT for horizontal and vertical FLLmodes.
components, respectively.

both analog and DSP has a peak-to-peak value of
0.2 mV. Thiscorrespondsto a field strengthof 17.7

HI. RESULTS AND DISCUSSION pT (see Fig.. 4) sensed by the .pick-up coil.
However,takin_!nto account the nonse level of the

To measure the performance of the shielded system, the mmsmum field change that can be
cylinder, an HP 3582A spectrum analyzer is
employed to.record the noise of theSQUID .sy.stem detectedis 12.7 fr/_/Hz,and the sensitivity to field
in a bandwsdth of I kHz. As compared with the is about 10.1 nT/V. In the DSP setup, due to more
noise spectrum obtained in the open environment, .... _ _ _ ,,
the dominant 60-Hz componentand its harmonics _e
have been either eliminatedor significantlyreduced.
Because of this notable shielding property, the
following measurements have been performed _ _
inside the shielded cylinder. _ ez

Hl_,ure3 shows the responseof thede-SQUID toa 100 t_z, 10 mV peak-to-peaksinusoidalwave. As

can be seen, the SQUID outputvoltage in the analog _ m
case is twice that in the DSP case. Because the
equivalent circuit presentlybuilt in the DSP is not ot
exacd.y the same as the anal.og FLL, this, in turn,
may introduce distortion nn the phase and the oo
amplitude of the transmitted signals. Further o .e_ _ 0e _ 10
improvement in compensatingthiseffect is now in
progress. The weakest magneticfield that can be Time(second)
monitored by the SQUID system has also been
investigated. With a 10-kHzsamplingrate and the Fig. 4. The SQUID responses to various applied
low-frequency signal being averaged over 200 magneticfields(69.2 pT,28.3 pT, 21.1 pT,and 17.7
cycles, the lowest observable detected signal for pT) in theDSPFLLmode.
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coaxial cables being involved for communication, it voltage noise spectrum of the SQUID operated at
is more liable to external disturbance which can 4.2 K m flux-locked mode by analog electronics and

DSP, respectively. As can be seen, these two casescause magne.tic flux popping.
By applying a small l-Hz ac magnetic field via are very comparable, and at f > 2 Hz, Sv is in the

the two-turn Cu coil, the voltage noise density, Sv frequency-independent white noise region, whereas

(V/_/Hz), can be measured, and the flux noise below 2 Hz, l/f be{gsns to dominate over white
no.i_. The l/f. nosse, is generally believed to

density So (_o/_/Hz) can also be calculated by the ongmate from etther critical current fluctuations [7,

expression, SO = Sv/(av/a_)l. The noise 8] or the motion of magnetic vortices [9]. The
characteristics of the SQUID are usually measured equivalent flux noise is 2.5 I.t_o/_/H (3.3 $t_o/_/Hz)
with the bias current near the critical current where in the white noise and 4 I/_o/_/Hz (13 $t_o/_/Hz) at
(_)V/a_) is at its maximum. Figure 5 shows the 1 Hz for the case of analog (DSP) FLL. If the

SQUID input contacts are shorted, l/f corner
frequency shifts to 0.25 Hz.

The maximum ac sinusoidal field that does not
cause the SQUID magnetometer system to saturate
has been characterized for the analog case as
illustrated in Fig. 6, from which the maximum slew
rates are estimated to be 9 p,T/sec at I0 Hz and 40

lxT/sec at 100 Hz. In the DSP case, interference
caused by the use of coaxial cables has to be
eliminated before the same measurement is
performed. This goal is now being targeted in our
laboratory. For a constant applied magnetic field,
the bandwidth is investigated for the SQUID driven
by analog and DSP FLL modes, and the results are
compared in Fig. 7. The DSP FLL seems to show a
narrower bandwidth, but this does not imply a
poorer system. As we mentioned earlier, we have
not yet optimized the DSP scheme, and we believe
that there will be further improvement. The
dynamic range of the analog SQUID is in the order
of 106. Because the speed of A/D converters in
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Fig. 5. Voltage noise slx_trum at 4.2 K for a de-
SQUID with (a) analog and Co)DSP FLL, where x- Fig. 6. Maximum magnetic field that can be fed to
axis: 1 Hz/div and y-axis: 10dB/div, analog FLL without causing saturation problems.
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Fig. 7. A comparison of the bandwidth in the
SQUID system between analog and DSP FLL
modes.

IV. CONCLUSION

We have demonstrated that the conventional
analog flux-locked loop modulation, integration,
feedback, and detection used in dc-SQUIDs can be
implemented digitally by replacing the components
after the preamplifier in the analog scheme. The
frequency and phase response of the digital SQUID
can be adjusted without the selection of precision
components which provides us with more flexibility
than analog electronics. The possibility of single
DSP board to drive several SQUID sensors may
result in effective cost reduction. The DSP
approach also allows us to implement data
acquisition and adaptive noise reduction.
Simulation of noise characteristics of the complete
circuit with the SQUID parameters taken into
account is thus now underway such that the
sensitivity of digital SQUID can be enhanced.
Although our current DSP-SQUID results do not
show the performance better than that obtained in
the analog electronics, a further improvement, such
as the enhancement of' S/N ratio, slew rates, and
dynamic ranges, could be made if equivalent
circuits and operating points both are optimized.



m m




