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Ari Kilpelä, Riku Pennala, and Juha Kostamovaara

2203 Digital signal processor-based dc superconducting quantum interference device
controller

Inseob Hahn and Mark Weilert

2207 Novel optical sensor for the measurement of surface texture
Paolo Tomassini, Luigi Rovati, Giovanna Sansoni, and Franco Docchio

2214 A gas gun for plane and shear loading of inert and explosive targets
N. K. Bourne and G. S. Stevens

NOTES

2219 Adaptive notch filter-based signal processing method and system for vortex
flowmeters

Ke-Jun Xu, An-Min Wang, and Xun-Hong Lv

2221 Ultracompact autocorrelator for femtosecond laser pulses
Piotr Wasylczyk

2224 Telecentric viewing system for light collection from a z-pinch plasma
D. J. Den Hartog and R. P. Golingo

2226 NEW PRODUCTS

2231 CUMULATIVE AUTHOR INDEX

A10 Rev. Sci. Instrum., Vol. 72, No. 4, April 2001

A publication of the American Institute of Physics, Suite 1NO1, 2 Huntington Quadrangle, Melville, NY 11747-4502

getpdf?KEY=RSINAK&cvips=RSINAK000072000004002186000001
getpdf?KEY=RSINAK&cvips=RSINAK000072000004002191000001
getpdf?KEY=RSINAK&cvips=RSINAK000072000004002197000001
getpdf?KEY=RSINAK&cvips=RSINAK000072000004002203000001
getpdf?KEY=RSINAK&cvips=RSINAK000072000004002207000001
getpdf?KEY=RSINAK&cvips=RSINAK000072000004002214000001
getpdf?KEY=RSINAK&cvips=RSINAK000072000004002219000001
getpdf?KEY=RSINAK&cvips=RSINAK000072000004002221000001
getpdf?KEY=RSINAK&cvips=RSINAK000072000004002224000001
getpdf?KEY=RSINAK&cvips=RSINAK000072000004002226000001


Digital signal processor-based dc superconducting quantum interference
device controller

Inseob Hahna) and Mark Weilert
Jet Propulsion Laboratory, California Institute of Technology, Pasadena, California 91109-8099

~Received 24 October 2000; accepted for publication 2 January 2001!

We report on the design and evaluation of a convenient digital signal processor-based~DSP!
controller for a dc superconducting quantum interference device~SQUID!. Program algorithms for
the DSP conveniently replace major functions of an analog flux-locked loop: current bias,
modulation signal, demodulation, filtering, integration, feedback, and reset. For the controller
described here, the entire system was built using commercially available electronics and sensor units
with the addition of a simple operational amplifier circuit for the required gain. The noise level of
the nonoptimized dc SQUID controller system at 1 Hz was;50mF0 /AHz. Application of the
system was demonstrated as a readout system for a low-temperature magnetic susceptibility
thermometer that required flux counting. ©2001 American Institute of Physics.
@DOI: 10.1063/1.1350646#

I. INTRODUCTION

The superconducting quantum interference device
~SQUID! and its associated controller have been used in
many applications requiring measurements of magnetic-flux
changes.1 A signal from a transducer is coupled to a SQUID
sensor at low temperature and a room-temperature flux-
locked-loop~FLL! circuit generates a feedback to the sensor
to compensate the signal, resulting in operation in a constant
flux condition. A typical controller is this FLL mode, and its
design is implemented by an analog circuit. The fundamental
functions of the FLL are modulation of the flux at the
SQUID, lock-in detection of the signal generated by the
SQUID, integration of the detected signal, filtering, and feed-
back. Although conceptually these functions can be easily
replaced by a digital signal processor~DSP! and its software,
implementation of a DSP-based controller has been rare.2

One of the main advantages of using a DSP system to control
a SQUID is its convenient manipulations of digitized signals
without using additional hardware instruments. For instance,
the analog integrator and its reset circuit can be easily imple-
mented by a few lines of code. Fast Fourier transformation,
or digital filtering of the signal can be performed in real time.
Despite the distinct advantages of digital signal processing
over an analog circuit in general, its application to a SQUID
system is rare due to the fact that the DSP system generally
requires extra effort to develop. Our objective here is to dem-
onstrate the ease of developing such a controller, and to dis-
play some of its advantages.

In this work, we present a simple DSP-based SQUID
controller system utilizing a commercially available analog-
to-digital–digital-to-analog~A/D–D/A! data acquisition PC
board with a DSP. We demonstrate the easy application of
this controller by applying it to magnetic susceptibility ther-
mometry in a low-temperature physics experiment. To in-

crease the range of the temperature measurements the system
is configured to count~up/down! large numbers of flux
changes as well. Our DSP SQUID controller simply elimi-
nates the need of an extra computer-interfaced counter circuit
~or separate counter software!. A low-temperature experi-
ment often requires a temperature controller using a propor-
tional gain and integration@proportional–integral~PI!# of an
error signal. We have also successfully combined a simple
software PI temperature controller together with the DSP
SQUID controller. We emphasize that here we wish to dem-
onstrate the application of a readily available DSP-based PC
board with little care given to optimize noise levels and other
performance measures.

II. DSP AND FLUX-LOCKED LOOP

The dc SQUID sensor has two Josephson junctions in
parallel on a superconducting ring. With constant bias cur-
rent to the ring, as the total magnetic flux applied to the
SQUID ring increases, the voltage across the Josephson
junction oscillates with a periodicity of a single flux quan-
tum, F052310215Wb. The FLL for an analog SQUID
electronics system maintains the SQUID at constant voltage
~flux! on the steepest slope of theV–F curve. To minimize
the effects of low-frequency readout noise and of drift asso-
ciated with current bias, ac modulation~square or sine wave!
at a frequency of 200–500 kHz plus dc feedback is normally
applied to the SQUID. In an analog FLL circuit there are
many important functions:~1! impedance matching~trans-
formers!, ~2! preampifier,~3! variable-gain amplifier,~4! os-
cillator for the modulation,~5! demodulator,~6! integrator
and reset, and~7! low-pass filter. Although there are many
parameters which can limit the sensitivity, a carefully de-
signed analog controller can achieve a level of overall noise
that is dominated by the intrinsic SQUID noise.3 Our goal in
this work is to replace functions~4!–~7! listed above using a
commercial A/D and D/A data acquisition PC board with a
DSP.a!Electronic mail: hahn@squid.jpl.nasa.gov
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In this work, we have used a dc thin-film SQUID sensor
and its preamplifier from Quantum Design Inc.4 The preamp
gain is approximately 400, and the sensor and the input to
the preamp are impedance matched using a pair of trans-
formers optimized for the 500 kHz modulation signal of the
Quantum Design controller. It is possible to optimize the
design for the lower frequency~;25 kHz! of the modulation
signal employed here, and build the preamp circuit to maxi-
mize the signal for this DSP FLL. However, at this time we
tried to use readily available instruments and components to
reduce the testing time and for more flexibility in experimen-
tal arrangements. Figure 1 shows a block schematic of the
system.

The DSP board we have used is commercial hardware
from Innovative Integration, Inc.5 The board was built
around the Texas Instruments TMS320C32 digital signal
processor capable of up to 30 megainstructions per second
~MIPS! ~60 MHz clock! performance. The board has a PCI
bus interface, memory~512 kWords of program, 256
kWords of data!, an input/output~I/O! port and several ana-
log I/O lines. The analog input section features four channels
of 16 bit, 100 kHz A/D~Burr–Brown ADS7805!. Each chan-
nel employs an antialias filter with 50 kHz passband. The
board also is equipped with four independent channels of
200 kHz, 16 bit D/A~Analog Devices AD669!.

We have built a very simple amplifier in a break-out box
to increase the gain of the system using an operation ampli-
fier ~Analog Devices AMP01! such that a change of one flux
quantum at the SQUID input corresponds to nearly full scale
~610 V! of the 16 bit A/D. In the break-out box we have
current-limiting resistors for feedback and modulation sig-
nals. Otherwise, there are no custom-built electronics in this
controller system. In this early developmental work we have
not emphasized improved shielding and isolation to reduce
the computer noise coupled to the SQUID system, for in-
stance, by using optoisolation between analog and digital
circuits.

Figure 2 shows more details of the DSP FLL functions.
The shaded region represents the program running on the
DSP. The maximum frequency of the modulation signal was
limited by the speed of the A/D and D/A devices. We have
generated a look-up table representing the modulation func-
tion ~reference signal!, and a D/A converts values of the
function into an analog signal. This modulation signal is ap-
plied directly to the SQUID modulation coil through an elec-
tromagnetic interference~EMI! filter and a current-limiting
resistor in the break-out box. The resistor value was experi-

mentally chosen such that the maximum amplitude of the
modulation signal~610 V! corresponds to a single flux
quanta in the SQUID sensor. We have used a sine wave with
a frequency of 25 kHz. We expect that a higher modulation
frequency will produce an improved signal-to-noise ratio
~SNR! because the signal is ac-coupled to the preamp
through transformers optimized for higher frequencies.

The next step in the DSP code was to acquire numbers
from the A/D representing the amplified SQUID output volt-
age. To demodulate the continuous-time signal, two numbers
~modulation and signal! were synchronously multiplied, then
digitally filtered. A simple infinite impulse response~IIR!
single-pole, low-pass filter was implemented to suppress har-
monics of the modulation frequency in the mixed signal. The
filter coefficient was initially chosen such that the cutoff fre-
quency is about 100 samples~10 ms per sample!. The inte-
gration of the signal was done by a simple accumulation with
a scale factor which effectively determines the integrator
time constant. The resulting integrated number was then con-
verted to an analog signal~D/A! and fed back to the SQUID
sensor through an EMI filter and a feedback resistor in the
break-out box. The feedback resistor~;MV! was chosen
such that a change of flux by a single flux quantum at the
SQUID input corresponds to approximately 1/2 full scale of
the D/A range. The reset of the integrator to a null value was
simply done by twoif statements. The set point of the reset
was chosen to generate a jump of voltage corresponding to
one flux quantum after the reset. Counting the reset events to
obtain the net flux change is done by simple addition and
subtraction of these jumps~61! within the reset code. Al-
though it is not shown in Fig. 2, a dc bias current for the
SQUID sensor was also digitally generated using a D/A. The
dc bias current is adjusted to maximize the SQUID transfer
function ~see Fig. 3!.

The DSP FLL program~schematically shown in Fig. 2!
was written using theANSI-C language and a host computer
~Windows-based PC!, and was compiled using the Texas In-
struments C33/C43 C compiler. The compiled FLL pro-
gram was dumped into DSP memory via the PCI bus inter-
face using a PC program provided with the board. Data
exchange between the PC processor and the DSP was done
using a shared memory buffer on the DSP board accessed

FIG. 1. Block schematic diagram of the DSP-based SQUID controller. The
system was built around commercial units~Refs. 4 and 5! indicated as shade
except for the break-out box with a home-built amplifier.

FIG. 2. Schematic diagram of the DSP FLL. The functions inside the dashed
box are implemented in DSP programs.

2204 Rev. Sci. Instrum., Vol. 72, No. 4, April 2001 I. Hahn and M. Weilert

Downloaded 20 Aug 2003 to 137.78.111.43. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/rsio/rsicr.jsp



with a simple dynamic-link library~DLL ! routine. This DLL
function was then called in a program written inLabVIEW

~Ref. 6! running on the host computer for the graphical user
interface and data storage.

III. TEST RESULTS AND DISCUSSION

Figure 3 shows a typical demodulator signal as a func-
tion of flux through the SQUID ring. The demodulator signal
is the analog conversion of the IIR filtered numbers~band-
width ;160 Hz! in Fig. 2. A signal varying linearly in time
~a ramp! was applied to the input coil of the SQUID sensor
for the measurement. The bias current is tuned to maximize
the amplitude of the sine wave. The flux-locked loop oper-
ates at the steepest slope of the transfer function,dV/dF;
610V/F0 . The flux noise of the dc SQUID~with shorted
input! was measured both using the DSP controller system
and a commercial SQUID controller system. The noise of the
DSP controller system and that of the commercial system7 is,
typically, ;50mF0 /AHz, and 2mF0 /AHz at 1 Hz, respec-
tively.

The DSP system as implemented here shows higher
noise than a commercial analog controller system. However,
the commercial preamp circuit and SQUID was designed for
the modulation frequency of 500 kHz, while our current
modulation frequency was practically limited to 25 kHz
~four points using the 100 kHz D/A!. Since the SQUID sen-
sor was coupled to the preamp through transformers, we ex-
pect that a higher frequency would produce a better SNR.
Broadband noise would also be aliased below the Nyquist
frequency~50 kHz!, resulting in more noise. However, the
DSP data acquisition board has a built-in antialias filter
which should minimize the aliasing effect. The theoretical
maximum slew rate of the DSP FLL can be estimated from
the maximum flux error signal and the sample rate. The
maximum flux error signal must be less thanF0/4, and the
maximum slew rate~SR! is given by

SRmax5
F0f G

4
,

wheref is the sampling frequency units of samples per sec-
ond andG is the gain factor~always less than 1! used in the
numerical integration of the error signal.G determines how
fast the maximum error signal can be compensated within
one sampling cycle, i.e., it is related to the integration time in

the analog integrator circuit. In an ideal noiseless situation
the factorG can be 1, meaning the system can integrate the
error signal in one sample interval. Thus, the slew rate limit
of the system can go up to 25 000F0 /s using the A/D sam-
pling frequency of 100 kHz in the ideal case. Other factors
that limit the slew rate of the system are the D/A output slew
rate, the A/D delay, the SQUID and preamp slew rates, and
the execution time of the DSP FLL algorithm. We have es-
timated these factors are negligible compared to the A/D
sampling time limit. However, in the real system unavoid-
able noise should be filtered from the error signal. This filter
practically limits the slew rate of our system to roughly
100– 200F0 /s. The bandwidth of the system~;160 Hz!
was effectively determined by the IIR low-pass filter coeffi-
cient described in the previous section. The low cutoff fre-
quency was needed to eliminate the noise in the error signal,
which caused the DSP FLL frequently to unlock. By improv-
ing the EMI suppression, we expect that the bandwidth can
be further increased. Although the current system has not
been optimized for high-frequency applications, its perfor-
mance is adequate for many low-frequency applications, for
example, for a low-temperature magnetic susceptibility ther-
mometer.

High-resolution thermometers~HRTs! were developed
by many groups8–12 to study phase transitions in helium at
low temperatures. The basic principle of operation is based
upon the strong temperature dependence of the magnetiza-
tion of a paramagnetic salt near its ferromagnetic transition
in a magnetic field. The magnetization of the sample is mea-
sured by the SQUID magnetometer. The temperature resolu-
tion of typical dry~not immersed in liquid helium! HRTs are
better than 1029 K near 2 K. The ultimate performance of
this type of thermometry is limited by fluctuations in the
temperature transducer itself, not by the SQUID readout
noise. For instance, the present DSP FLL noise limit of
;50mF0 /AHz would still achieve the typical temperature
noise of 10211K/AHz at 1 Hz near 2 K, assuming the tem-
perature transducer sensitivity of 5F0 /mK. To increase the
dynamic range of the temperature measurement, the flux-
counting scheme has been traditionally used in HRT systems
to track larger flux changes. In the case of the DSP FLL
described here, it is trivial to implement the flux counter.

We have used the DSP FLL system in a HRT system. A
HRT was installed on a thermal stage with a liquid-helium
sample cell ~;5 cc liquid helium! inside of a low-
temperature cryostat. The absolute temperature of the stage
was monitored by a calibrated germanium resistance ther-
mometer. The thermometer system will be described in detail
elsewhere.13 Figure 4 shows the magnetization change of the
paramagnetic salt (GdCl3) as a function of temperature. Dur-
ing the measurement the reset behavior of the system was
monitored using an oscilloscope. The FLL became unstable
when the single flux quantum reset occurred faster than
;120 Hz. This is consistent with the IIR filter cutoff fre-
quency. Although this slew rate limit can be easily increased
by using a faster A/D and D/A, typical low-temperature ex-
periments using nano-Kelvin resolution thermometer would

FIG. 3. Demodulator output vs applied flux. Many commercial SQUID
electronics also provide this type of detector signal as an output of the unit
in a diagnostic mode.
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not require a temperature sweep much faster than the limit
~;0.2 K/h!.

We have also implemented a proportional-integral tem-
perature controller within the DSP program. The combined
feedback and flux-count numbers were used as the input sig-
nal to the PI algorithm. The output of the PI calculation was
then converted to an analog signal using a second D/A on the
board. The analog signal was used to drive a heater at the
thermal stage. The thermal stage was successfully controlled
to better than nano-Kelvin stability near 2.1 K using the soft-
ware PI controller.

In summary, we have developed a DSP-based dc SQUID
controller using a commercial data acquisition PC board with
a built-in DSP. The performance of the DSP FLL can be
improved by using faster A/D and D/A, and by implement-
ing more careful EMI shielding and isolation. Without any
effort to develop an optimal instrument, the integrated sys-
tem using commercial units was successfully used for low-
temperature magnetic susceptibility thermometry. Adding
more functions~e.g., a temperature controller! to the system

was demonstrated to be extremely easy and flexible. It is also
possible to operate many SQUID channels using a single
DSP and multiplexed A/Ds and D/As.
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