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C ti l SQUID d t b   di tl  l d fl  l k d l  (FLL)Conventional SQUID read-out by a directly coupled flux locked loop (FLL)
IB amplifier integrator

δV VFLL

Vo

Φext

ΦFB

VFLL

ΦFB = VFLLMFB/RFB

RFB
MFB

Slew rate is proportional to Distance of 1 m between SQUID and FLL 
electronics limits the bandwith to 20 MHz

Dynamic range is practically 
SQUID voltage swing and 
unity gain bandwidth of the 
amplifier.

electronics limits the bandwith to 20 MHz
Drung D and Mück M 2004 “SQUID electronics” SQUID 
Handbook, ed Clarke J and Braginski A I (Weinheim: 
WILEY-VCH)

limited by the current noise 
contribution of RFB.
 ΦFB,max < 1000 Φ0

Cryogenic low noise amplification of the SQUID signal by a SQIF.

--
Sticky Note
The slide shows a conventional readout of a SQUID by a Flux Locked Loop (FLL). This readout suffers of 3 limitations. First, the maximum slew rate is limited. It is proportional to the unity-gain bandwidth of the amplifier and to the voltage swing of the SQUID. Second, the dynamic range is limited by the current noise contribution of the feedback resistor. The equation on the right of the picture shows that the feedback flux can be increased by reducing the feedback resistance RFB, but this unfortunately increases the thermal current noise of this resistor, which is detected by the SQUID. So, the maximum feedback flux is typically limited to be less than 1000 F0. The third limitation concerns the bandwidth. Usually, the distance between the SQUID and the FLL electronics is on the order of 1 m. This causes a delay in signal propagation and thus leads to a bandwidth limitation of about 20 MHz.In this work, a way is shown to principally overcome these limitations by cryogenic amplification of the SQUID signal with a SQIF.
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What is a SQIF (Superconducting Quantum Interference Filter)?What is a SQIF (Superconducting Quantum Interference Filter)?

VI

N: number of SQUIDs in 
the SQIF connected in 

VIB

series:

voltage swing: ~ N
voltage noise: ~Ng 

flux noise: ~ 1/N
low noise amplifier

distribution of SQUID unique major

BBB=0 B=0

distribution of SQUID 
inductivities: 50..200 pH

unique major
Peak @ B=0 

--
Sticky Note
A SQIF is a series or parallel connection of SQUIDs with different loop sizes. So every SQUID has a different periodicity in its voltage-flux characteristic. The superposition of these characteristics results in a characteristic with a unique major peak near zero magnetic field. The resulting voltage swing of a series SQIF consisting of N SQUIDs is proportional to N. The voltage noise instead adds incoherently. It is proportional to N1/2. This leads to a flux noise proportional to N-1/2.  Because of that, SQIF is a low noise amplifier.
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Dc SQUID SQIF system for use with FLL electronicsDc SQUID SQIF system for use with FLL electronics

IB1 IB2IOFFS

SQUID SQIF

Dc SQUID-SQIF system for use with FLL electronicsDc SQUID-SQIF system for use with FLL electronics

Idea: 
Low-noise amplification of the SQUID signal at the IB1
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--
Sticky Note
The top diagram shows the two-stage setup in its first mode of operation. This mode intends to amplify the SQUID signal up to the millivolt range to increase the slew rate of the flux locked loop. The SQIF is insensitive to homogeneous external magnetic fields, because it is designed gradiometric. Thus, it can be considered as a current sensor that amplifies the SQUID signal coupled into the input coil L2. The operating point of amplification can be tuned to the centre of the SQIF slope by adjusting the offset current IOFFS (lower left plot).The lower right plot shows the amplified and SQUID-like signal with a voltage swing of about 3 mV.
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Dc SQUID SQIF system with on chip feedbackDc SQUID SQIF system with on chip feedbackDc SQUID-SQIF system with on-chip feedbackDc SQUID-SQIF system with on-chip feedback

Feedback circuit is included on-chip:
 Linearised hysteretic V-Φ characteristic with jumps and Φ0-periodicity

Advantages: 
- No FLL electronics neededNo FLL electronics needed
- Short feedback path reduces signal propagation delay  enhanced bandwidth
- Fast intrinsic “reset”  practically unlimited dynamic range
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--
Sticky Note
With the second mode of operation, we want to overcome the limitations in bandwidth and dynamic range. This can be achieved by relocating the feedback loop into the cryogenic region onto the chip. The on-chip feedback is realized by an additional feedback resistor RFB and a feedback coil LFB, so that a part of the SQIF bias current is fed back as flux ΦFB into the input stage dc SQUID. Like in a conventional FLL, the feedback flux ΦFB compensates external flux modulations Φext, so that modulations of the total flux in the SQUID loop ΦT = Φext + ΦFB are reduced and the V-Φext characteristic is linearized. If ΦT exceeds the range of stability (negative feedback), the two-stage setup jumps to the next stable operating point as shown in the picture on the right. A jump corresponds to a flux change of 1 Φ0, because the Φ0 periodicity of the SQUID characteristic remains preserved. The bandwidth of this setup is significantly increased compared to a conventional FLL because of the short feedback path and the consequently negligible signal propagation delay. For the same reasons, the time constant of a jump is usually much smaller than the time constant of the measured magnetic field. Thus, the jumps can be considered as fast intrinsic resets which provide a practically unlimited dynamic range because they can easily be distinguished from the measurement signal and corrected by post-processing.Details of the post-processing step will be discussed later.  
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On chip feedback decreases the transfer function V V/ΦOn chip feedback decreases the transfer function V V/ΦOn-chip feedback decreases the transfer function VV/ΦOn-chip feedback decreases the transfer function VV/Φ

The output voltage swing is reduced by shunting the SQIF with RFB
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--
Sticky Note
The main disadvantage of the on-chip feedback is the decrease of the flux-to-voltage transfer function due to two reasons:The first reason is the shunting of the SQIF with the feedback resistor, which causes the voltage swing to decrease. The diagram on the left shows the voltage swings DU and DUFB of the setup that correspond to the cases RFB = ∞ and RFB = 300 W, respectively.The decrease in voltage swing can be understood with the help of the equivalent circuit diagram on the right. The feedback resistor RFB and the dynamic resistance of the SQIF Rdyn,2 form a voltage divider, given by: RFB/(RFB+ Rdyn,2).
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On chip feedback decreases the transfer function V V/ΦOn chip feedback decreases the transfer function V V/ΦOn-chip feedback decreases the transfer function VV/ΦOn-chip feedback decreases the transfer function VV/Φ
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Conclusions:
• General compromise between feedback strength  (linearisation) and transfer function VΦ,FB

• Contribution of amplifier voltage noise increases with decreasing transfer function
 VΦ (and thus the voltage swing of the SQIF) should be maximized

--
Sticky Note
The second reason of the decrease is the feedback itself. The two stage system can be schematically reduced to a flux amplifier with open loop gain b. In this work, b is usually in the order of 10.The equations of the feedback flux for the open and closed loop case are given on the left. The output voltage is proportional to the feedback flux and thus further reduced by the factor of 1/(1+b) if the on-chip feedback is applied. Thus, a general compromise between linearity and the transfer function has to be found. If the transfer function VΦ,FB is too small, the voltage noise of the room temperature amplifier can become dominant. To avoid this, the voltage swing of the SQIF should be increased.
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How to increase the voltage swing of the SQIF?How to increase the voltage swing of the SQIF?How to increase the voltage swing of the SQIF?How to increase the voltage swing of the SQIF?

SQUID parameters with C= L=1:p C L

usable voltage swing
Josephson
junction

intrinsic flux noise

energy resolution

S i l t i i f J h

Sub-micron cross-type Josephon tunnel junctions
exhibit a significant lower (parasitic) junction

it C Scanning electron microscope image of a Josephson
tunnel junction with an area of (0.6x0.6) µm².

capacitance C.
Anders S, Schmelz M, Fritzsch L, Stolz R, Zakosarenko V, Schönau T and Meyer
H-G 2009 Supercond. Sci. Technol. 22 064012

SQ SQImplement the dc SQUID-SQIF setup in this technology.

--
Sticky Note
It is well-known from theory, that in the case of bC = 1 and bL = 1, the voltage swing, energy resolution and intrinsic flux noise of a SQUID can be expressed by the equations in the frame. Here, bC = 2pICR2C/Φ0 is the McCumber parameter of one Josephson junction and bL = 2pICL/Φ0 is the screening parameter of the SQUID.The equations in the frame show that the general SQUID performance increases if the junction capacitance is reduced. Our group showed in recent publications, that this can be achieved with cross-type junctions as depicted in the SEM image on the right. The cross-type technology is advantageous over the window-type technology because the junction area is defined by the overlap region of the strip lines. Idle regions are not necessary and thus, parasitic capacitances are minimized. A minimal junction size of 0.6 x 0.6 µm² could be achieved, which was limited by the lithographic process.The implementation of the two-stage setup with cross-type junctions promises a general increase in system performance but especially improves the voltage swing of the SQIF.
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Overview of new class of magnetometer SQUIDsOverview of new class of magnetometer SQUIDsOverview of new class of magnetometer-SQUIDsOverview of new class of magnetometer-SQUIDs

ML2A ML2B ML4.5 ML7 ML12
Outer pickup 
coil dimension 2.0 mm 2.0 mm 4.5 mm 7.0 mm 12.2 mm

Loop number 8 4 8 10 12
1 / Aeff, meas 5.55 nT/Φ0 3.03 nT/Φ0 1.09 nT/Φ0 0.57 nT/Φ0 0.25 nT/Φ0

C 0.44 0.37 0.38 0.31 0.36
V 170 µV 145 µV 135 µV 110 µV 100 µVV 170 µV 145 µV 135 µV 110 µV 100 µV
Field resolution 3.5 fT/Hz1/2 4.5 fT/Hz1/2 1.6 fT/Hz1/2 0.7 fT/Hz1/2 0.33 fT/Hz1/2

Flux noise 0.63 µ0/Hz1/2 1.5 µ0/Hz1/2 1.1 µ0/Hz1/2 1.23 µ0/Hz1/2 1.34 µ0/Hz1/2

S h l  M  St l  R  Z k k  V  S hö  T  A d  S  F it h L  Mü k M d M  H G 2011 S d  S i  T h l  24 065009Schmelz M, Stolz R, Zakosarenko V, Schönau T, Anders S, Fritzsch L, Mück M and Meyer H-G 2011 Supercond. Sci. Technol. 24 065009

Advantages over window-type technology:
• Decreased flux noise
• Increased voltage swing
• Better field stability during cooldown and operation

--
Sticky Note
This slide presents an overview of the new class of SQUID magnetometers based on cross-type junctions. The most sensitive one is the ML12. It exhibits a white noise level of 0.33 fT/Hz1/2 and a voltage swing of about 100 µV.Generally, these magnetometers exhibit an increased voltage swing, decreased flux noise and a better field stability during cool down and operation compared to magnetometers realized in the window-type technology.
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Overview of new class of magnetometer SQUIDsOverview of new class of magnetometer SQUIDsOverview of new class of magnetometer-SQUIDsOverview of new class of magnetometer-SQUIDs

ML2A ML2B ML4.5 ML7 ML12
Outer pickup 
coil dimension 2.0 mm 2.0 mm 4.5 mm 7.0 mm 12.2 mm

Loop number 8 4 8 10 12
1 / Aeff, meas 5.55 nT/Φ0 3.03 nT/Φ0 1.09 nT/Φ0 0.57 nT/Φ0 0.25 nT/Φ0

C 0.44 0.37 0.38 0.31 0.36
V 170 µV 145 µV 135 µV 110 µV 100 µVV 170 µV 145 µV 135 µV 110 µV 100 µV
Field resolution 3.5 fT/Hz1/2 4.5 fT/Hz1/2 1.6 fT/Hz1/2 0.7 fT/Hz1/2 0.33 fT/Hz1/2

Flux noise 0.63 µ0/Hz1/2 1.5 µ0/Hz1/2 1.1 µ0/Hz1/2 1.23 µ0/Hz1/2 1.34 µ0/Hz1/2

S h l  M  St l  R  Z k k  V  S hö  T  A d  S  F it h L  Mü k M d M  H G 2011 S d  S i  T h l  24 065009Schmelz M, Stolz R, Zakosarenko V, Schönau T, Anders S, Fritzsch L, Mück M and Meyer H-G 2011 Supercond. Sci. Technol. 24 065009

Advantages over window-type technology:
• Decreased flux noise

Magnetometer with the lowest flux noise is 
chosen to better see the noise contributions of 

• Increased voltage swing
• Better field stability during cooldown and operation

chosen to better see the noise contributions of 
the second stage and the room temperature 
electronics!

--
Sticky Note
For first measurements we decided to use the magnetometer ML2A as the input stage, because it exhibits the lowest flux noise. This enables us to better see noise contributions of the SQIF and of the room temperature electronics.
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General design of the SQIFGeneral design of the SQIFGeneral design of the SQIFGeneral design of the SQIF

SQIF is realized as an on-chip parallel-series connection of 4x56 SQUIDs.p p
 Increased bias current modulation
 Feedback strength of  ≈ 10

IB2

chipsize: 2.5 x 2.5 mm²

1

2
L2 3

56

IB2

56

--
Sticky Note
The dynamic resistance Rdyn,2 of a single SQIF containing 56 SQUIDs in series is in the kW range and usually too large to achieve a feedback strength of b ≈ 10 (see equation for b on sheet 8).Thus, a parallel connection of four of such SQIFs was realized on the chip. This reduced the dynamic resistance by a factor of four but did not significantly influence the voltage swing of the resulting SQIF. A photo of the chip is shown on the right. The dimension of the chip is 2.5 X 2.5 mm2.
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Comparison of cross type and window type technologyComparison of cross type and window type technologyComparison of cross-type and window-type technologyComparison of cross-type and window-type technology
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--
Sticky Note
The characteristics of the SQIF and the two-stage setup without on-chip feedback are shown and compared for the two technologies. It can be seen, that the voltage swing could be increased by a factor of about 2.
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Noise considerationsNoise considerationsNoise considerationsNoise considerations

Flux noise of the Flux noise of the Flux noise of the 

Technology
Flux noise of the 

SQUID
[µ0/Hz1/2]

u o se o e
two-stage setup 

with  = 0 
[µ0/Hz1/2]

u o se o e
two-stage setup 

with  ≈ 10 
[µ0/Hz1/2]

Window-type 3.5 3.54 ≈ 8

Cross-type 0.63 3.5 to be done

value is too high!

M d i i i d t t h l fit t th ti l ti tiMeasured noise in window-type technology fits to theoretical estimations.
 Negligible noise contribution for  = 0
 Voltage noise of amplifier dominates for  ≈ 10 due to reduced transfer function

Unexpected high flux noise level for the two-stage setup with cross-type technology
 SQIF, electronics?

--
Sticky Note
In this table, the white noise level of the two-stage setup is compared for the two technologies. The measured noise for the window-type technology fits the theoretical estimations. Without the on-chip feedback (b = 0), the noise contribution of the second stage can be neglected, whereas it is drastically increased in the case of b ≈ 10 due to the voltage noise contribution of the room temperature amplifier.In the cross-type technology, the noise contribution of the second stage is larger than predicted by theory. Here, some further research has to be done.
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Post processingPost processingPost processingPost processing

• Elimination of jumps by post processing (jump detection by soft- or hardware)

--
Sticky Note
If the setup is used in the on-chip feedback mode, jumps occur in the raw data. These can be eliminated by post processing. The jump detection principally can be realized by soft- or hardware, but software jump detection is relatively slow because its speed is limited by the sampling rate of the A/D converter. For our first approach, we detected the jumps by software because it was easier to implement. According to theory (slide 6), the jump height is exactly 1 F0. After the jump correction, the original signal is well restored.
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Post processingPost processingPost processingPost processing

• Linearization by on-chip feedback only up to a certain quality / accuracy
 R d ti  f li iti  b  i  th  d t  th h  t f  f ti Reduction of nonlinearities by passing the data through a transfer function

Nonlinearities Deviation from the original signal

- raw
- post processed

--
Sticky Note
The feedback strength b of the on-chip feedback is small compared to the usual feedback strength of a room temperature FLL. Thus, relatively strong nonlinearities remain in the V-F characteristic, especially near the jumping regions.These nonlinearities can be reduced numerically during post processing by passing them through a transfer function. After this correction, the deviations from the original signal could be reduced to about 0.02 flux quanta.
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Application of the techniqueApplication of the techniqueApplication of the techniqueApplication of the technique

• 2-stage system is used as small signal amplifier in a readout system for radiation detectors,
 The Submillimeter APEX Bolometer Camera (SABOCA)  consisting of a 39 pixel array of  The Submillimeter APEX Bolometer Camera (SABOCA), consisting of a 39 pixel array of 

transition-edge sensors.

12m APEX radio telescope at the altitude of 5100m at  12m – APEX radio telescope at the altitude of 5100m at  
Chajnantor Atacama, Chile. http://www.mpifr-bonn.mpg.de/staff/gsiringo/saboca/

--
Sticky Note
The two-stage setup without the on-chip feedback is currently in application. It is used as a small signal amplifier for the read out of transition-edge sensors in the SABOCA camera (see ESNF paper ST3).
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ConclusionsConclusions
• Dc SQUID-SQIF sensor with a voltage swing of about 3 mV developed

• on-chip feedback possible

 avoids limitations (dynamic range, slew rate, bandwith) of a conventional FLL

• Noise can be theoretically estimated for the window-type technology but has to be 
further investigated for SQIFs based on cross-type junctions

A li ti  f th  t    ll i l lifi  i  d t t d t S b illi t  • Application of the system as a small signal amplifier is demonstrated at Submillimeter 
APEX Bolometer Camera SABOCA

OutlookOutlook
• Develop electronics for two-stage read-out & hardware jump detection• Develop electronics for two-stage read-out & hardware jump detection

• Use the setup as a magnetic field sensor for geophysical exploration
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Thank you for your attention!Thank you for your attention!


