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AbstractJ A 6 mm x 6 mm chip comprising two identical dc attain low noise temperature of the system and efficiently
SQUID based amplifiers (SQAs) has been designed, fabricatedreduce the noise influence of a post-stage HEMT-amplifier.
and tested as atwo-stage RF amplifier in a frequency range To overcome these problem we have used the two-stage
3.5-4.0 GHz. Each SQA consists of a double washer type d‘bonfiguration. Two identical single-stageSQAs are
SQUID with novel integrated input resonant circuit. The connected by the quarter-wave @Ocoplanar line which

reflection coefficient of both input and output of the SQA has K fi d t f bet ¢ ¢
been measured in the two-stage configuration. To avoid SQAWor S as anrt iImpedance transformer between two stages

saturation at the wide band noise tests a tunable 40 MHz band- Within the frequency band 3.5-4.0 GHz. The design of the
pass YIG-filter has been used. The following parameters of the interconnecting line allows us to measuBQAs either
two-stage SQA have been measured at the 3.65 GHz: gain ofeparately or in the two-stage connection. The equivalent
(17.5%1) dB, 3 dB bandwidth of about 250 MHz, and noise diagram of the two-stage balanc8@A with the novel input
temperature (4.@0.5) K what corresponds to intrinsic flux resonant circuit is shown in the Fig. 1. The main parameters
noise $'* = 0.6 udoHz"? and energy sensitivitye; = 75# (7.80 of the SQA are listed in the Table 1.
10%J/Hz). If the measured RF mismatch between the The single-stage of SQA is consists of the double washer
input/output of SQA and source signal/post-amplifier is taken gD which has two square holes of the same size formed
into account a gain of (20.51.5) dB and noise temperature as "~ 30m wide strip of the top electrode film crossing the
low as (2.%1.0) K (intrinsic flux noise S~ “= 0.4udHZ .
energy sensitivitye, = 47 %) can be estimated. washer (691m_>< 150um) patterned in the bottom electrode,
as shown in Fig. 2. The two parts of the washer are connected
INTRODUCTION in parallel to form a simple gradiometer in order to minimize

The dc SQUID based RF amplifier (SQA) is advantageo@@ external interference. Two shunted micron-size NbAIO
for integration with a SIS mixer and a flux-flow oscillatoNP SIS tunnel junctions are placed at the ends of then80
(FFO) to complete a fully superconducting submm wavide strip; this strip is also used as an integrated control line
receiver [1]. This is due to its low noise, low powerl* CL) for the magnetic bias of the SQUID. The input coil

consumption and excellent compatibility with both the SIS
mixer and the FFO. It has been shown that RF amplifi
based on dc SQUID can realize power gain up to 20 dE
frequencies of about 100 MHZ2]. Recently the RF amplifiers |
based on niobium dc SQUIDs with a noise temperature I
(3.0£0.7) K at 500 MHz (at an operating temperature :
4.2 K) have been demonstrated; the gain was typically 18 |
[3]. A noise temperature as low as (G:@5.5) K has been :
achieved at 1.8 K. This is optimistic result for developing |
RF dc SQUID as intermediate frequency amplifier takil I
into account the linear decreasing of the noise tempera :
with the bath temperature up to about 0.14( We have |
recently developed an advanced design of SQA :
|
|
|
|
|
|
|
|
|
|
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considerably higher frequency of about 4 GHz [5], [6]. Tt
paper presents the recent results for two-stage 4 GHz S %

which demonstrate its feasibility as an intermedic
frequency amplifier for a submm wave integrated recei
[7]. The SQA seems espally attractive for an Imaging
Array Receiver.
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II. SQA DeSIGN ANDMAIN PARAMETERS.
Output coplanar
line 50Q

The design of the integrated S-band SQA which is ba
on the lumped element approach has been publis
elsewhere [5], [6]. It was showf®], [6] that a single-stage
SQA has rhatively low gain[110 dB; that is not sufficient to
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TABLE 1
MAIN PARAMETERS OF TWO-STAGE SQA #2_4(2)

PARAMETRS: MEASURED VALUES

1. SQUID inductance dga L1soa= L250a= 70 pH

2. Coupling coefficient k k?=0.6

3. Area of SIS junction 0.8 - 1.2um?

4. Capacitance of SIS junction Csis= 0.1 pF

5. Critical currentd 11c= 24 YA, 12c= 26A

6. Mc Cumber paramet@e Bc=0.1

7. Inductance paramet@r BL=1

8. Shunt resistancesfper SIS junction Rsh=8Q

9. Time constant of SQUID T = LsoaRen= 10" sec

10. Inductance of input coildei. Llcor=L2corL =3 nH

11. Input capacitance's; C.., G Ci1=C,=C3=C, =1 pF

12. Size of two-stage SQA chip 6 mmx 6 mm

13. Central operating frequengy f f.=3.7 GHz

14. Dynamic resistanceyop. point) R1~23Q, R24=21Q

15. Bias voltage at the operational point V1g=37UV,V2s =35uV

16. Power Gain of single-stage SQA Gl(max)= 10.5:1.0 dB

17. Power Gain of two-stage SQA G2(max)=17.5:1.0 dB
Fig. 2. Photograph of the central part of the single-stage balanced SQA. TH as. No?se Temperature of single-stage SQ4 Tn(min) =12+0.5 K
resonant input coil consists of two parts connected in series. The tuningt9: Noise Temperature of two-stage SQA Tn(min)=4.0t0.5 K
capacitor€C1 andC2 (partly seen at the top and the bottom) are connected 20. Intrinsic flux noise of two-stage SQA So¥4(min) = 0.6uPHZ 2
to the centers of the input coils. The wide wiring film (in the center of the|21 . Intrinsic energy sensitivity &(min) = 754
photograph) is cqnnectlpg the two SQUID loops via the two SIS junctl'ons oftwo-stage SQA (7.810% J/Hz)
shunted by Ti strips resistoRs,. The SQA output lines are connected via -
coplanar lines (low-pass filters, see Fig. 1). 22. Frequency bandwidth of two-stage SQA Af|zqs = 250 MHz

consists of two identical series connected four-turn sectiond he coolable 3 - 6 GHz HEMT amplifier was situated in
that are positioned inside the corresponding holes in the liquid He (30 dB, Tis about 50 K referred to the SQA
washer and placed-planewith thewasher This makes the output, see Fig. 4). The additional room temperature FET
parasitic capacitance much smaller than the junctigfmplifier (25 dB) is used in front of the spectrum analyzer
capacitance. The planar resonant flux transformer provid#3-8563A. The combination of a solid state noise source
efficient coupling over a wide bandwidtt §%) with low (Tns = 2.010°K at 4.0 GHz[9]) and the precise step
mutual inductance between the coils. attenuator was used to supply the well calibrated signal. It
The capacitors £ G, are chosen to tune the resonance bﬁS been found in [5] that effects of saturation and direct
the input coil leoy. at the signal frequency# 3.7 GHz. The detection can change the I-V curve of the SQA. avoid
inductance of the SQUID washer is presented &y.LThe these effects the tunable 40 MHz band-pass YIG-filter was
Nb-AIO,-Nb SIS tunnel junctions of the SQUID are shunte¢ped. To reduce the influence of the room temperature noise
by the low inductive resistors,4R The resistors, R, (aboutat the input of the SQA, theasnless steel cable was followed
500Q each) are used to prevent the leak ofrfrsignal. Two by 20 dB attenuator placed at 4.2 K. The losses in the
coplanar low-pass filters with a cut-off frequency of aboiffput/output cables were carefully measured by replacing the
50 GHz are used to transmit tde bias and the signalJf SQA with anrf connection.
but prevent the Josephson currept>ft, from leaking out of
the SQUID. These filters are also transforming the relatively
low output impedance of the SQUID (see Table 1) into about 0 100 200
50Q. The resistor R = 0.1-1Q is used to prevent the flux a0l
trapping in the loop of the output circuit. This specific
configuration of the output circuit is designed to cancel the
possible signal leakage from the input of the SQA. We call
this Balanced Output SQUID Amplifier. The fabrication
procedure of the SQA is based on our standard NR-NI©
process currently used for production of integrated circuits
with micron-size SIS junctions[,18].
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I1l. EXPERIMENTAL SET-UP. 0 100 200

The experiments were performed with the sample placed at Voltage ( pV)
a holder inside a liquiHe cryostat shielded by two external
p-metal cans. The typical dc |-V curvesSDA are presented
in Fig. 3 at the different dc magnetic bias. Fig. 3. Typical SQA IVCs at the different dc magnetic bias.
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Fig.4. Noise Temperature of the system: two-stage SQA + HEMT amplifieﬁig-s- Noise temperature and gain of the two-stage SQA measured for the input
measured at four different values of the input signal. The noise temperat§i@nal temperature of 6.75 K. The error bar for the data are 0.5 K and >..0 dB,
of the system without the SQA is shown by the solid line. correspondingly.

The experimentally measured input reflectionS@A at
the best operation point occurmore than one. In the
The noise temperature and gain of the system has besfarencg1]] it has been shown that the curré(w) around
evaluated via hot/cold response read by the spectrtihre SQUID loop induces a voltaggdV;J(«) into the input
analyzer. The value of the background noise applied to tieuit, whereM; - mutual inductance between input coil and
input of SQA (the “cold” signal) was tated as (5.76 SQUID loop. The part of amplified signal is coupling back
0.25) K for cold attenuator of 20 dB and the step attenuaitoto the input circuit, and we may measure the back reaction
set at 110 dB. Several different settings of the step attenudaoger than the signal applied to the input of the SQA.
have been used to check the linearity of the two-stage SQAIN order to realize whether our test procedure is correct, the
The set of curves presenting the formally evaluated noiseasurements of the input reflection at the different bias
figure of the system is shown in Fig. 4. These curves wardtages, butwith the same Rhave been performed. Two
measured at four different settings of the step attenuator B&0-gain bias voltages of $ and 80uV (closer to the R
26, 24 and 19 dB that corresponds to the “hot” signal levelrefjion) have been selected. The input reflection coefficient of
6.0, 6.75, 7.5 and 11.0 KQ.25 K). such “inactive” point with the samegRvas used for the
The measured noise temperature of the HEMT-amplifieirther estimation of the “real” input reflection of the SQA
referred to the output of the SQA is also shown in Fig. 4 byiased at its “active” point. The correction to the SQA input
solid line. To extract the gain of the SQA, we used welleflection gives a maximum available gain of 20.5 dB and the
known equation for cascaded amplifiers: noise temperature as low as 2.5 K for the two-stage SQA as it
o is shown in Fig. 7.

Gsoa= [(NzNa)/(Tr-Te)J [(N2 =N )/ (Th -Te ), @) It should be mentioned that the nonlinearity effect is
whereN;, N, are the power levels at the output of the systetigarly seen even for rather small input signals (Fig. 4). To
SQA+HEMT that correspond to the input signalsTgf T,. investigate the nature of the nonlinearity we applied to the
The second set of valuds’, N," are measured at, T, with input of SQA the signals from two synthesizers with closely
the HEMT amplifier only. The gain and the noisépaced frequencies, both within the frequency band of the
temperature of the experiment8QA for T,=6.75 K are
shown in Fig. 5 as a function of the frequency. The gain up to

IV. EXPERIMENTAL RESULTSAND DISCUSSION.

17.5dB and a noise temperature as low as 4.0 K were 10 10
realized for a two-stag€QA. The 3 dB gain bandwidth of 08 os
the SQA was d¢Bnated as 250 MHz. = ; ié%ﬂ o '
To realize the ultimate (best possible) performance of the § e . / 2N P 06
SQA, the reflection at input/output ports of the real device is § A a—tt D/D_é:é’
of great interest. The test signal was applied from synthesizer 2 44— o _a oo 04
HP 8673A via directional coupler (-16 dB}0] which was 2 _ T e
connected directly to the appropriate port of 8@A. The £ 02{ o Refiection atet;:mReN ’ 0.2
HEMT amplifier was connected to the “reflection” port of the _““_ Re"““‘"” atthe Output
cold directional coupler. This measuring configuration °-°3_5 26 a7 3?3 39 4_8-0
prevents the possible influence of input noise of the HEMT Frequency,  (GHz)

amplifier &50 K) to the SQUID. The input and output

reflection coefficients have been measured for two-stage SQA

at three different values alc bias of the first—stage SQUID Fig. 6. The reflection coefficients of two-stage of the SQA: reflection at the input
and for the samec bias of the second stage SQUID Thﬁin the point with the sameyRs in the operational point, at the input in the region

- . ) “close to R; reflection at the output.
experimental data are shown in Fig. 6.



16.1dB and 10.3dB - for two-stage SQA amplifier. The

f 25 25 evaluation of the dynamic range for single- and two-stage
- o SQA is in good quditative agreement with experimental
s 20 — e 0=0=0 20

< s E\{ 2 data.

§ 15 / 15 o To increase the dynamic range of SQA, it seems

e D/C/ t\ < reasonable to work-out a technique analogous to the Flux-
& 10Dy e SQUID Amplifier (SQA) Gain AN 55110 & Locked Loop (FLL) as it has been demonstrated dor

2 \_°_SQA oise Temperawre P o SQUID-magnetometer in [12]
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S . - e . V. CONCLUSIONS.
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The experimental study of a two-stage S-band amplifier
based on dc SQUID have been performed in order to estimate
its feasibility for use as an IF amplifier in a low noise SIS
Fig. 7. Noise temperature and gain of the two-stage SQA evaluated for KREeIver. The StUdy hag shown encouraging results with t.he
input signal temperature of 6.75 K with taking into account the mismatgood consistency of design and measured data. The following
between the input/output of SQA and source signal/post-amplifier. The erﬁarameters of the real two-stage SQA have been measured:
bars for the data are 1.0 K and 1.5 dB, corresponding! . .

P ay noise temperature about 4.0K, gain 17.5dB and 3 dB

bandwidth of about 250 MHz at center frequency of

SQA. We have observed the linear transfer of the spectrymgs GHz. The results of this preliminary study seem quite
by SQA within its frequency range as shown in Fig. 8. encouraging for future investigations of th8QA for
One can see the absence of harmonics at differefjg@gration with a SIS mixer andFFO in a fully

frequencies (i, + mif;) that point out to linear conversiongyperconducting sub-mm wave receiver.
of spectrum by SQA. The nature of the nonlinearity can be
described in terms of the nonlinear flux-to-voltage transfer
function similarly to the usual low frequency SQUID used in _ N
a magnetometer. [1] V.P. Koshelgts, S.V. Shitov, L.V. Filippenko, AM. Bgryshev,
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