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Certain applications such us cmon detectors require radio frequency (rj) amplifiers uuli noisi 
temperatures ut// below I k litis need cannot be met with current semiconductor amph/icis which 
have minimum noise temperatures of 2 oi 3 K even when tooled to liquid helium temperatures or 
below I unci noise Icmpetalutes can be obtained by using a dc SQUID us an rf amplifier II e ha\e 
curried out experiments using a dc SQUID to amplify rf signals that were coupled to one end of the 
microstrip which is formed bv the input coil of the SQUID and the SQUID washer We achieved gams 
of up to 20 dl) in the fiequenes range of 100 MHz to 900 MHz With a bath temperature of 4 2 K and a 
loom temperature post-amplifier the system noise temperature ranged from 0 5 K ± 0 3k at <S0 \IH: 
to 3 0 K ± 0 7 K at 500 MHz Particularly at frequencies above 350 MHz hosvever the measured 
noise temperature svas determined bv the noise of the semiconductor post-amplifier (I sx SOK) rather 
than the SQUID When sic cooled the SQUID down to I H K and used a cooled posl-amplifiei 
consisting of a helero-fteld effect tiansistor (IITEl) with a noise temperature of 12 K we measured a 
ssstcm noise lemperaiuie of I) 3 k ± 0 15 Kat 250 MHz and 0 25 K t 0 15 k at 365 Mil: 

1. I n t r o d u c t i o n 

Experiments in fundamental physics, such as axion detectors [1] or gravitational wa\e detectors 
require pre-amplifiers with ever-increasing sensitivity DC Superconducting Quantum lnleileience 
Devices (SQUIDs) arc promising as sensors to meet these requirements While coiuentional 
SQUIDs can icadih be used lor gravitational wave detectors, this is not the case lor an a\ion 
detector, because ol the high operating Irequency, typically 0 5 - 1 GHz 

Up to now rl amplifiers have virtually always involved semiconductors as active elements 
Recently their noise temperatures have been substantially reduced by the use ot hctcro-lield eliect 
transistors (lIFETs sometimes also called high electron mobility transistors or IlLMIs) Noise 
temperatures ol about 2 K can be achieved with these devices in the 100 MHz region [2] when the 
amplifier is cooled to liquid helium temperatures Cooling the amplifier to still lower tempeiatures 
does not reduce the noise temperature lurthcr because ot intrinsic noise sources in the 111 I I 
Oenerallv speaking, the minimum noise temperature is achieved with the amplifier at about 10 K It 
is also questionable whether the channel of the HTET can be cooled to, say, 4 K because ol the 
relatively large power dissipation Although it seems possible to achieve lower noise temperatures 
by using pseudomorphic HI ETs with even smaller gate lengths than currently employed, theie may 
be problems ot electrical instability It turns out that because of the high transit frequency of these 
HFETs, several tens to hundreds of GHz, coupling the input of the HFET to a lower frequency 
matching circuit can cause self-oscillations at very high frequencies These oscillations usually 
increase the noise temperature of the amplifier without affecting the gam very much, so that in 



normal operation it is difficult to determine whether the increased noise is caused by the signal 
source or by the amplifier itself 

At least at frequencies of several hundred MHz, better results can be obtained by using a dc SQUID 
as an rf amplifier Tor this device the noise temperature continues to decrease linearly with the bath 
temperature as it is lowered to about 0 1 K [3] This is because the power dissipation in the SQUID 
is orders ot magnitude lower than tor a HrET, and because the only intrinsic noise source at 
frequencies above a few hertz is Nvquist noise in the shunts of the junctions 

The conventional dc SQUID amplifier [4,5] consists of two resistively shunted Josephson (unctions 
incorporated into a square washer of inductance L over which is deposited an n-turn 
superconducting input coil with inductance L, = n L [6] The SQUID is current- and flux-biased so 
that the flux to voltage transfer function Vo=3V/3<l> |S close to a maximum A signal current 1, in 
the input coil generates a flux M,I, in the SQUID and an output voltage V0 = M.I.Vcj, across it, M, is 
the mutual inductance between the input coil and the SQUID Unfortunately, the conventional flux 
locked loop operation ol the SQUID, which is used to linearize its transfer function cannot be 
realized for the required high frequency operation This means that the amplitude of the input signal 
is limited to currents which produce flux changes in the SQUID of less than about Or/4 
Fortunately, in most high frequency applications the integrated input signal amplitude is much less 
than Cy4 If a SQUID with a flux noise of 10'' <iyVHz is used, one can still achieve a dynamic 
range of nearly 120 dtWlIz Larger flux changes, caused, for example, by 50 or 60 Hz fields can 
easih be compensated by operating the SQUID m a slow flux locked loop, which maintains the flux 
bias at odd multiples of <IV4 

Using a SQUID amplifier with an input circuit tuned to 91 MHz, Hilbert and Clarke |4] aclncsed a 
gain ot about 18 dB and a noise temperature of about 1 5 K for a bath temperature ot 4 2 k Above 
100 MH/ however parasitic capacitance Cp between the input coil of inductance L, and the SQUID 
produced self-resonances [7] and severely reduced the gain I he L,Cp-parallel resonance can be 
moved to higher frequencies bv reducing the number of turns, reducing their width or increasing the 
thickness ot the insulating layer separating the coil from the SQUID However, reducing the number 
ot turns may reduce the mutual inductance between the coil and the SQUID to a value that is too 
small to produce a satisfactory gam For the same reason the size of the SQUID hole should be 
made as large as possible (for example, 200 mm x 200 mm) 

Takami et al [8] have described a SQUID amplifier in which the input circuit was tuned to the 
desired resonant frequency by adiusting the thickness of the insulating layer between the SQUID 
and coil, thus varying the parasitic capacitance To match the high resistance of the parallel L ,C,, 
circuit to the 50 Q signal source, the signal was coupled to the coil by a small (3 pi-) capacitor 1 his 
scheme leads to a relatively high quality factor Q of the L,CP circuit, a high input current at the 
resonant frequency and thus a high gam They measured gains of up to 23 dB at 150 MHz, and a 
noise temperature of about 0 7 K for a bath temperature of 4 2 K. Unfortunately, the high Q ol the 
resonant circuit decreases the bandwidth to about 1 % of the operating frequency, which for most 
applications is much too small Increasing the bandwidth by decreasing the Q decreases the gain 
Nevertheless, for narrow band applications such as NMR, this coupling scheme provides a high 
gain, low noise amplifier for frequencies of up to 200 MHz 



If operation at higher frequencies is required, the parasitic capacitance either has to be reduced or its 
influence removed with a icsonance technique Reducing the capacitance can be achieved bv 
placing the input coil inside the SQUID hole Because of the decreased coupling between coil and 
SQUID however the gam is quite small Tarasov el al [9] have made a SQUID amplifier in this 
wav and reported gains of 8 dB at 700 MHz and a noise temperature of about I 5 K In an 
alternative design, Prokopenko ct al [10] used a SQUID amplifier with a series resonant input 
circuit to achieve a gain of 10 dB at 3 8 GHz and a noise temperature of 5 K. 

2. A S Q U I D ampl i f i e r with m i c r o s t r i p i n p u t coup l ing 

An alternative wav of achieving high gams and low noise temperatures at high frequencies is to take 
advantage ot the parasitic capacitance, rather than to reduce it We have developed a new 
configuration in which the input coil is used as a microstrip resonator The input signal is no longer 
coupled to the two ends ol the input coil, but rather between one end of the coil and the SQUID 
loop, which acts as a ground plane tor the coil The microstrip resonator is thus formed by the 
inductance of the input coil and its ground plane and the capacitance between them In this 
configuration the parasitic capacitance no longer prevents currents from flowing through the coil 

I or the case in which the impedance Zs ot the source coupled to one end of the microstrip is laiger 
than its characteristic impedance / „ and the other end of the input coil is left open, the lundamental 
resonance occurs when the length f of the microstrip is equal to one-half the wavelength ol the rf 
signal In this mode the microstiip icsonator is analogous to a parallel tuned circuit and neglecting 
losses in the microstrip and the SQUID one calculates a quality factor Q = 7t/,/2Z() [II] At the 
resonant fiequenc\ the current led into the icsonator is amplified by Q, producing a magnetic flux 
that is coupled into the SQUID via a mutual inductance M, = a(LLs) vvheie we assume I s to be 
the microstiip inductance and a the coupling coefficient One selects the icsonant liequencv bv 
choosing the length of the coil appiopnately I he quality factor Q, which determines the bandwidth 
of the amplifier can be varied bv selecting the characteristic impedance of the microstiip that is b\ 
choosing an appropriate width ot the turns of the coil and thickness and dielectric constant of the 
insulating layer between the coil and SQUID One has to keep in mind, however that reducing Q 
will increase the bandwidth and lower the gain, since the resonant current amplification is 
proportional to Q 

We estimate the parameters lor the microstrip using formulas for the linear case [12], although we 
note that crosstalk between turns and the presence ot the SQUID hole may have a substantial 
influence With this proviso we estimate the inductance L0 and capacitance C() per unit length lor 
typical SQUID geometries and materials to be L0 = u,0(d+2A.)/w « 200 nH/m and Q, - ti„w/d * 
1 nI7m, here A. « 150 nm is the penetration depth for sputtered niobium films and i « 9 is the 
dielectric constant for Si films Ihus the characteristic impedance for a typical input coil is 
La = (Lo/C„)"2 = I 5 Q and the propagation velocity c = (L0C0) ' ~ 0 25 c0, where c„ - 3x10 m/s 
In this simplistic model, the lundamental resonance of the microstrip resonator occurs it a 
Ircqucncv U2t which is approximately 500 MHz for a typical SQUID having an input coil with 
about 40 turns When the microstrip resonator is coupled to a 50 Q signal source the corresponding 
Q of the resonator is expected to be Q = nZ,/2Z0 =» 5, so that the -3 dB bandwidth is about 20 % of 
the operating frequency 



3. Measurement configuration 

We have fabricated and operated a number ot such SQUID amplifiers We used conventional 
square-washer SQUIDs in our experiments, with inner and outer dimensions ot 0 2 mm x 0 2 mm 
and 1 mm x 1mm, the 31-turn input coil had a width of 5 mm and a length I = 71 mm The SQUID 
loop and input coil were fabricated from niobium films and separated by a silicon film with a 
thickness d = 400 nm The estimated inductance of the SQUID was 320 pH, leading to the estimated 
salues L, = 300 nH and M, = 10 nil The critical current and shunt resistance per junction were 
typically 5 uA and 10 Q, and the maximum value of V$ was about 60 mVAt>0 At 4 2 K. the white 
flux noise at low frequencies (10 Hz) was typically 2 5xl06 ct>„/VHz We note that in this 
(conventional) SQUID configuration virtually the entire length of the input coil overlays the washer 
which is at a uniform rf potential 
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T/i; / ( newt used to determine the gam of the microstrip SQUID svhich is shown svith counler-elccliode 
grounded In is the current bias and 1^ pi ovules the flux bias 

We used the circuit shown in 1 lg 1 to measure the gain of our microstrip SQUID amplifier I he 
current and flux biases were supplied by batteries that could be floated relative to the system 
ground I he flux was generated by a copper coil It was necessary to use a cold attenuator of about 
20 dB to prevent noise produced by the room temperature signal generator from saturating the 
SQUID The attenuator also presented an impedance of 50 Q. to both the input coaxial line and the 
microstrip I his impedance matching largely eliminated standing waves on the coaxial line It also 
helped to minimize errors in the measured gain due to impedance mismatch Tor the same reasons, a 
cold 5 dB attenuator coupled the output of the SQUID to a low noise (80 K) preamplifier at room 
temperature The gam of the system excluding the SQUID was calibrated by disconnecting the 
SQUID and connecting together the input and output attenuators All measurements of the gam ot 
the SQUID amplifier were referred to the baseline so obtained 

4. Gain Measurements 

Since the conventional washer SQUID is an asymmetric device (the two Josephson junctions are 
situated close together rather than on opposite sides of the SQUID loop), one can either ground the 
washer or ground the counter electrode close to the Josephson junctions Using the washer as 
ground plane tor the input coil suggests one should ground the washer However, it is also possible 



to ground the counter electrode and have the washer at output potential In this case, depending on 
the sign of V$, one can obtain either a negative or positive feedback from the output to the input 
This is shown in Fig 2, where we plot the measured gain of a SQUID amplifier with a 6-turn input 
coil as a function ot frequency The input signal was connected between the innermost turn ot the 
coil and ground When we grounded the washer, we measured a gain of about 14 dB at 635 MHz, 
with a Q ot about 10 On the other hand, when we grounded the counter electrode of the junctions 
and allowed the square washer to float at output potential, for the sign of the transfer function which 
we denote as V(6 the gam increased to 18 dB at 620 MHz and the Q increased to about 31 
Conversely, for the other sign ot the transfer function, V 0 , the gain is greatly diminished with no 
evidence of a resonance 
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/ ig 2 Gain vs frequency for microstrip SQUID svith a 6-turn input coil and signal applied to innermost 
turn Data are for V,^ and V^ with counter electrode grounded, and for K(l) with washer grounded 

To achieve the maximum possible gain, we mostly operated our SQUID amplifiers with the counter 
electrode grounded and the washer at output potential. When we measured the gain as a function of 
frequency, for SQUIDs with 31-turn coils with a total length of 71 mm we obtained a resonant 
frequency of about 200 MHz (see Fig 3) The signal was connected between the innermost turn ol 
the input coil and ground, and the outermost turn was left open To achieve higher resonant 
frequencies, and thus higher gains at higher frequencies, we progressively shortened the length of 
the coil 

As is shown in Fig 3, a coil length of 33 mm results in a resonant frequency of 310 MHz, and a 
7 mm long coil yields a maximum gain at 620 MHz The measured resonant frequencies are 
significantly lower than we expect from our a priori predictions In Fig 4 we plot the resonant 
frequencies vs the coil length together with the fitted curve [1 49xl0 4 / (^ + 16)] MHz, where I is in 
millimeters Ihere are two reasons lor the deviation from the predicted behavior Fust there is a 
non-negligible parasitic inductance trom the wiring between the cold attenuator and the coil, which 
consists of five 4-mm long wires in parallel bonded to a 3-mm long niobium line on the SQUID 
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Fig 3 Gam vs frequency for four coils on the same SQUID with signal applied lo the innermost turn Data 
are for counter electrode grounded and V^ 

I his wiring increases the electrical length ol the microstrip resonator and thus decreases us resonant 
frcquencv In addition both the SQUID hole and crosstalk between turns influence the inductance 
per unit length ot the coil lo investigate these mechanisms we made a 195 1 scale model ol the 
SQUID with a 31-turn input coil patterned on one side of a printed circuit board and a square 
washer containing a slit on the icvcrse side With the hole in the washer and the slit covered with a 
copper sheet the resonant frequencies of the coil, and of cut segments of the coil weie m good 
agreement with our estimates When we removed the copper sheet, however, the resonant trequcnev 
tor the fundamental X/2 mode diopped bv a lactor of about 3 The scale model also exhibited 
dispersion, since the higher order icsonances were not affected by the presence or absence ol the 
copper shec" 
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fig 4 Resonant frequencies for the four lengths of microstrip shown in I ig 3 fitted curve is 
[I ■19x10' / ft + 16)] MHz where f is ill millimeters 



The observed reduction of the resonant frequency by a factor of three in the presence of the model 
SQUID hole and slit is in good agreement with our observation on the actual SQUID, where the 
icsonant frequency is three times lowei than our prediction tor a linear microstrip The SQUID hole 
and slit thus significantly slow the wave on the input coil This mechanism also has a non-negligible 
etfect on the characteristic impedance of the microstrip, which is now close to 50 Q rather than the 
predicted 15 Q 

5. Noise measurements 

We measured the noise temperature of a number of SQUID amplifiers As a noise source we used a 
64 Q surface mounted device (smd) resistor embedded in epoxy and connected via a piece ot 
stainless-steel coaxial cable to the input of the SQUID amplifier We could raise the temperature ol 
the resistor by passing a cunent through a length of manganin wire wound tightly around it This 
resistor acts as a white noise source ot well-defined noise power Results of noise measurements 
pertormed using this linear noise source should be more accurate than those using an avalanche 
diode or a SIS tunnel junction Since we expect our amplifiers to have low noise temperatures it is 
sufficient tor all measurements to raise the resistor temperature to about 10 K. By changing the 
temperature ot the 64 Q resistor between 4 2 K. and 10 K and noting the corresponding change in 
the system noise with a spectrum analyzer, we calculated the noise temperature ot the SQUID 
amplifier 
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Fig 5 Gam and noise temperature vs frequency for 11-turn SQUID 

Figure 5 shows the gain and noise temperature for a 11 -turn SQUID On resonance the gain is 
22 dB and the noise temperature IN = 0 9 K . ± 0 3 K We note that this is the overall system noise 
temperature, which includes a 0 4 K contribution of the room temperature post-amplifier As the 
trcquencv moves awav Irom resonance, the gain falls and the noise temperature increases, 
presumably due to the contribution from the post-amplifier 



For a device with a resonant frequency of 500 MHz and a gain of 17 dB, we measured a noise 
temperature o f 3 0 K ± 0 7 K including a contribution of about 1 5 K from the post-amplifier In 
order to reduce the noise contribution of the post-amplifier, we have built a single-stage amplifier 
using a HFET (Fujitsu I HX 13LG) which we operated at 4 2 K The lowest noise temperature we 
achieved with this amplifier was about 12 K Unfortunately, because of a high-Q resonant input 
matching network, the bandwidth over which we obtained the low noise temperature was only a few 
MHz We have measured two SQUID amplifiers using this post-amplifier one with a resonant 
frequency ot 250 MHz and a second with 365 MHz When we cooled the SQUIDs to about 1 8 K., 
the gam increased slightly, and we achieved a system noise temperature ot about 0 3K ± 0 1 K and 
0 25 K -t 0 1 K, respectively To our knowledge, these are the lowest noise temperatures achieved in 
this frequency range 

6. Conclusion 

We have demonstrated a novel SQUID amplifier in which the signal is coupled via a microstrip 
resonator For a bath temperature of 4 2 K and a room temperature post-amplifier, we achieved 
gains of about 20 dB and amplifier noise temperatures of between 0 5 K and 1 5 K for resonant 
frequencies of 100 MHz to 600 MHz I or a bath temperature of 1 8 K and a cooled post-amplifier 
the noise temperature was reduced to about 03 K Several questions remain, however about this 
mode of operation including the exact nature of the coupling between the microstrip and the 
SQUID, the way in which the SQUID inductance lowers the resonant tiequency ot the miciostrip 
and the details of the leedback mechanism when the counter electrode is grounded Finally, we 
anticipate that these SQUID amplifiers operated at dilution refrigerator temperatures with a second 
SQUID as a post-amplifier will be quantum limited 
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