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Abstract  A 6 mm x 6 mm chip comprising two identical dc
SQUID based amplifiers (SQAs) has been designed, fabricated
and tested as a two-stage RF amplifier in a frequency range
3.5-4.0 GHz. Each SQA consists of a double washer type dc
SQUID with novel integrated input resonant circuit. The
reflection coefficient of both input and output of the SQA has
been measured in the two-stage configuration. To avoid SQA
saturation at the wide band noise tests a tunable 40 MHz band-
pass YIG-filter has been used. The following parameters of the
two-stage SQA have been measured at the 3.65 GHz: gain of
(17.5±1) dB, 3 dB bandwidth of about 250 MHz, and noise
temperature (4.0±0.5) K what corresponds to intrinsic flux
noise SΦ

1/2
  ≈ 0.6 µΦ0Hz-1/2 and energy sensitivity εi  ≈ 75 XX (7.8⋅

10-33 J/Hz). If the measured RF mismatch between the
input/output of SQA and source signal/post-amplifier is taken
into account a gain of (20.5±1.5) dB and noise temperature as
low as (2.5±1.0) K (intrinsic flux noise SΦ

1/2 ≈ 0.4µΦ0Hz-1/2,
energy sensitivity εi  ≈ 47 XX) can be estimated.

INTRODUCTION

The dc SQUID based RF amplifier (SQA) is advantageous
for integration with a SIS mixer and a flux-flow oscillator
(FFO) to complete a fully superconducting submm wave
receiver [1]. This is due to its low noise, low power
consumption and excellent compatibility with both the SIS
mixer and the FFO. It has been shown that RF amplifiers
based on dc SQUID can realize power gain up to 20 dB at
frequencies of about 100 MHz [2]. Recently the RF amplifiers
based on niobium dc SQUIDs with a noise temperature of
(3.0±0.7) K at 500 MHz (at an operating temperature of
4.2 K) have been demonstrated; the gain was typically 18 dB
[3]. A noise temperature as low as (0.25±0.15) K has been
achieved at 1.8 K. This is optimistic result for developing of
RF dc SQUID as intermediate frequency amplifier taking
into account the linear decreasing of the noise temperature
with the bath temperature up to about 0.1 K [4]. We have
recently developed an advanced design of SQA for
considerably higher frequency of about 4 GHz [5], [6]. This
paper presents the recent results for two-stage 4 GHz SQA,
which demonstrate its feasibility as an intermediate
frequency amplifier for a submm wave integrated receiver
[7]. The SQA seems especially attractive for an Imaging
Array Receiver.

II.  SQA DESIGN AND MAIN PARAMETERS.

The design of the integrated S-band SQA which is based
on the lumped element approach has been published
elsewhere [5], [6]. It was shown [5], [6] that a single-stage
SQA has relatively low gain ∼10 dB; that is not sufficient to
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attain low noise temperature of the system and efficiently
reduce the noise influence of a post-stage HEMT-amplifier.
To overcome these problem we have used the two-stage
configuration. Two identical single-stage SQAs are
connected by the quarter-wave 50 Ω coplanar line which
works as an rf impedance transformer between two stages
within the frequency band 3.5-4.0 GHz. The design of the
interconnecting line allows us to measure SQAs either
separately or in the two-stage connection. The equivalent
diagram of the two-stage balanced SQA with the novel input
resonant circuit is shown in the Fig. 1. The main parameters
of the SQA are listed in the Table 1.

The single-stage of SQA is consists of the double washer
SQUID which has two square holes of the same size formed
by a 30 µm wide strip of the top electrode film crossing the
washer (60 µm × 150 µm) patterned in the bottom electrode,
as shown in Fig. 2. The two parts of the washer are connected
in parallel to form a simple gradiometer in order to minimize
an external interference. Two shunted micron-size Nb-AlOx-
Nb SIS tunnel junctions are placed at the ends of the 30 µm
wide strip; this strip is also used as an integrated control line
(± CL) for the magnetic bias of the SQUID. The input coil

Fig. 1. Equivalent diagram of the two-stage S-band balanced SQA integrated
in one chip. It consists of two identical single-stage SQAs connected by
quarter-wave length 50 Ω coplanar line.
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consists of two identical series connected four-turn sections
that are positioned inside the corresponding holes in the
washer and placed in-plane with the washer. This makes the
parasitic capacitance much smaller than the junction
capacitance. The planar resonant flux transformer provides
efficient coupling over a wide bandwidth (> 5%) with low
mutual inductance between the coils.

The capacitors C1, C2 are chosen to tune the resonance of
the input coil LCOIL at the signal frequency fs ≈ 3.7 GHz. The
inductance of the SQUID washer is presented by LSQA. The
Nb-AlOx-Nb SIS tunnel junctions of the SQUID are shunted
by the low inductive resistors, Rsh. The resistors, R, (about
500 Ω each) are used to prevent the leak of the rf signal. Two
coplanar low-pass filters with a cut-off frequency of about
50 GHz are used to transmit the dc bias and the signal (fs),
but prevent the Josephson current, fJ>>fs, from leaking out of
the SQUID. These filters are also transforming the relatively
low output impedance of the SQUID (see Table 1) into about
50 Ω. The resistor RBFQ = 0.1-1 Ω is used to prevent the flux
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 Nb-AlOx-Nb
process currently used for production of integrated circuits
with micron-size SIS junctions [7], [8].

III. EXPERIMENTAL SET-UP.

The experiments were performed with the sample placed at
a holder inside a liquid 4He cryostat shielded by two external 
µ-metal cans. The typical dc I-V curves of SQA are presented
in Fig. 3 at the different dc magnetic bias.

TABLE 1

MAIN PARAMETERS OF TWO-STAGE SQA #2_4(2)

PARAMETRS: MEASURED VALUES

1. SQUID inductance LSQA L1SQA ≈ L2SQA ≈ 70 pH
2. Coupling coefficient k2 k2 ≈ 0.6
3. Area of SIS junction 0.8 - 1.2 µm2

4. Capacitance of SIS junction CSIS ≈ 0.1 pF
5. Critical current IC I1C ≈ 24 µA, I2C ≈  26 µA

6. Mc Cumber parameter βC βC ≈ 0.1

7. Inductance parameter βL βL ≈ 1
8. Shunt resistance Rsh per SIS junction Rsh ≈ 8 Ω
9. Time constant of SQUID τ = LSQA/Rsh ≈ 10-11 sec
10. Inductance of input coil LCOIL L1COIL ≈ L2COIL  ≈ 3 nH
11. Input capacitance's  C1, ..., C4 C1=C2=C3=C4  ≈ 1 pF
12. Size of two-stage SQA chip 6 mm × 6 mm
13. Central  operating frequency fc fc ≈ 3.7 GHz
14. Dynamic resistance Rd (op. point) R1d≈ 23 Ω, R2d ≈ 21 Ω
15. Bias voltage at the operational point V1B ≈ 37 µV,V2B ≈ 35 µV
16. Power Gain of single-stage SQA G1(max) ≈ 10.5±1.0 dB
17. Power Gain of two-stage SQA G2(max)  ≈ 17.5±1.0 dB
18. Noise Temperature of single-stage SQA TN(min) ≈12±0.5 K
19. Noise Temperature of two-stage SQA TN(min) ≈ 4.0±0.5 K
20. Intrinsic flux noise of two-stage SQA SΦ1/2(min)  ≈ 0.6µΦ0Hz-1/2

21. Intrinsic energy sensitivity  
      of two-stage SQA

εi(min) ≈ 75 X
(7.8⋅10-33 J/Hz)

22. Frequency bandwidth of two-stage SQA ∆f|3dB ≈ 250 MHz

The coolable 3 - 6 GHz HEMT amplifier was situated in
the liquid He (30 dB, Tn is about 50 K referred to the SQA
output, see Fig. 4). The additional room temperature FET
amplifier (25 dB) is used in front of the spectrum analyzer
HP-8563A. The combination of a solid state noise source
(TNS ≈ 2.0⋅105 K at 4.0 GHz [9]) and the precise step
attenuator was used to supply the well calibrated signal. It
has been found in [5] that effects of saturation and direct
detection can change the I-V curve of the SQA. To avoid
these effects the tunable 40 MHz band-pass YIG-filter was
used. To reduce the influence of the room temperature noise
at the input of the SQA, the stainless steel cable was followed
by 20 dB attenuator placed at 4.2 K. The losses in the
input/output cables were carefully measured by replacing the
SQA with an rf connection.

Fig. 2. Photograph of the central part of the single-stage balanced SQA. The
resonant input coil consists of two parts connected in series. The tuning
capacitors C1 and C2 (partly seen at the top and the bottom) are connected
to the centers of the input coils. The wide wiring film (in the center of the
photograph) is connecting the two SQUID loops via the two SIS junctions
shunted by Ti strips resistors Rsh. The SQA output lines are connected via
coplanar lines (low-pass filters, see Fig. 1).
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Fig. 3. Typical SQA IVCs at the different dc magnetic bias.
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IV. EXPERIMENTAL RESULTS AND DISCUSSION.

The noise temperature and gain of the system has been
evaluated via hot/cold response read by the spectrum
analyzer. The value of the background noise applied to the
input of SQA (the “cold” signal) was estimated as (5.75±
0.25) K for cold attenuator of 20 dB and the step attenuator
set at 110 dB. Several different settings of the step attenuator
have been used to check the linearity of the two-stage SQA.
The set of curves presenting the formally evaluated noise
figure of the system is shown in Fig. 4. These curves were
measured at four different settings of the step attenuator 30,
26, 24 and 19 dB that corresponds to the “hot” signal level of
6.0, 6.75, 7.5 and 11.0 K (±0.25 K).

The measured noise temperature of the HEMT-amplifier
referred to the output of the SQA is also shown in Fig. 4 by a
solid line. To extract the gain of the SQA, we used well-
known equation for cascaded amplifiers:

GSQA = [(N2-N1)/(Th-Tc)]/[(N2
′-N1

′)/(Th
′-Tc

′)],         (1)

where N1, N2  are the power levels at the output of the system
SQA+HEMT that correspond to the input signals of Tc, Th.
The second set of values N1

′, N2
′
′ are measured at Tc

′, Th
′ with

the HEMT amplifier only. The gain and the noise
temperature of the experimental SQA for Tin= 6.75 K are
shown in Fig. 5 as a function of the frequency. The gain up to
17.5 dB and a noise temperature as low as 4.0 K were
realized for a two-stage SQA. The 3 dB gain bandwidth of
the SQA was estimated as 250 MHz.

To realize the ultimate (best possible) performance of the
SQA, the reflection at input/output ports of the real device is
of great interest. The test signal was applied from synthesizer
HP 8673A via directional coupler (-16 dB) [10] which was
connected directly to the appropriate port of the SQA. The
HEMT amplifier was connected to the “reflection” port of the
cold directional coupler. This measuring configuration
prevents the possible influence of input noise of the HEMT
amplifier (≈50 K) to the SQUID. The input and output
reflection coefficients have been measured for two-stage SQA
at three different values of dc bias of the first-stage SQUID
and for the same dc bias of the second stage SQUID. The
experimental data are shown in Fig. 6.

The experimentally measured input reflection of SQA at
the best operation point occurs more than one. In the
reference [11] it has been shown that the current J(ω) around
the SQUID loop induces a voltage -jωMiJ(ω) into the input
circuit, where Mi - mutual inductance between input coil and
SQUID loop. The part of amplified signal is coupling back
into the input circuit, and we may measure the back reaction
larger than the signal applied to the input of the SQA.

In order to realize whether our test procedure is correct, the
measurements of the input reflection at the different bias
voltages, but with the same Rd have been performed. Two
zero-gain bias voltages of 50 µV and 80 µV (closer to the RN
region) have been selected. The input reflection coefficient of
such “inactive” point with the same Rd was used for the
further estimation of the “real” input reflection of the SQA
biased at its “active” point. The correction to the SQA input
reflection gives a maximum available gain of 20.5 dB and the
noise temperature as low as 2.5 K for the two-stage SQA as it
is shown in Fig. 7.

It should be mentioned that the nonlinearity effect is
clearly seen even for rather small input signals (Fig. 4). To
investigate the nature of the nonlinearity we applied to the
input of SQA the signals from two synthesizers with closely
spaced frequencies, both within the frequency band of the

Fig.5. Noise temperature and gain of the two-stage SQA measured  for the input
signal  temperature of 6.75 K. The error bar for  the data are 0.5 K and 1.0 dB,
correspondingly.

Fig. 6. The reflection coefficients of two-stage of the SQA: reflection at the input
in the point with the same Rd as in the operational point, at the input in the region
close to RN; reflection at the output.

3.5 3.6 3.7 3.8 3.9 4.0
0

10

20

30

40

50

60

0

10

20

30

40

50

60

 Tin  = 6.0 K
 Tin  = 6.75 K
 T

in
 = 7.5 K

 Tin  = 11.0 K
  Tn of HEMT

N
oi

se
 T

em
p

er
at

u
re

 o
f S

Q
A

+
H

E
M

T
 (

K
),

N
oi

se
 T

em
p

er
at

u
re

 o
f H

E
M

T
, (

K
)

Frequency, f (GHz)
3.5 3.6 3.7 3.8 3.9 4.0

0

5

10

15

20

25

0

5

10

15

20

25

S
Q

A
 G

a
in

, 
G

 (
d

B
) 

 SQUID Amplifier (SQA) Gain
 SQA Noise Temperature

S
Q

A
 N

o
is

e
 T

e
m

p
e

ra
tu

re
, 

 T
n

  
(K

)

Freq uenc y, f (GHz)

3.5 3.6 3.7 3.8 3.9 4.0
0.0

0.2

0.4

0.6

0.8

1.0

0.0

0.2

0.4

0.6

0.8

1.0

 Reflection at the same R
d

 Reflection at the  R N

 Reflection at the OutputR
e

fle
ct

io
n 

co
ef

fic
ie

nt

Frequency, f (GHz)

Fig.4. Noise Temperature of the system: two-stage SQA + HEMT amplifier,
measured at four different values of the input signal. The noise temperature
of the system without the SQA is shown by the solid line.



SQA. We have observed the linear transfer of the spectrum
by SQA within its frequency range as shown in Fig. 8.

One can see the absence of harmonics at difference
frequencies (n⋅fs1 ± m⋅fs2) that point out to linear conversion
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
a magnetometer.

The second stage of the SQA (SQA2) seems decreasing the
dynamic range of the whole SQA with factor proportional to
its gain G2. As it has been shown in reference [2], the
dynamic range D of tuned dc SQUID-based rf amplifier can
be evaluated as:

D ≈ ξ2QΦ0
2/LkB(T+TN),     (2)

 where ξΦ0 is the maximum rms. flux that can be applied to
the SQUID without introducing noticeable nonlinearity, ξ is
typically of the order of 0.1 for a single-stage amplifier and
10-1/(G1)1/2 for two-stage amplifier; Q is the quality factor, L
is inductance of the SQUID, T is the physical temperature, TN

is the noise temperature. We estimated the dynamic range
from this equation for a single-stage SQA is equal about

16.1 dB and 10.3 dB - for two-stage SQA amplifier. The
evaluation of the dynamic range for single- and two-stage
SQA is in good quantitative agreement with experimental
data.

To increase the dynamic range of rf SQA, it seems
reasonable to work-out a technique analogous to the Flux-
Locked Loop (FLL) as it has been demonstrated for dc
SQUID-magnetometer in [12].

V. CONCLUSIONS.

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
receiver. The study has shown encouraging results with the
good consistency of design and measured data. The following
parameters of the real two-stage SQA have been measured:
noise temperature about 4.0 K, gain 17.5 dB and 3 dB
bandwidth of about 250 MHz at center frequency of
3.65 GHz. The results of this preliminary study seem quite
encouraging for future investigations of the SQA for
integration with a SIS mixer and FFO in a fully
superconducting sub-mm wave receiver.
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Fig.8. Transfer of the Spectrum by SQA.

-50 -40 -30 -20 -10 0 10 20 30 40 50
-92

-88

-84

-80

-76

-72

-92

-88

-84

-80

-76

-72

Spectrum transfer of SQA

O
ut

pu
t P

ow
er

,  
(d

B
m

)

Central frequency  3.65 GHz, SPAN  100 kHz


