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We present measurements of an amplifier operating at 3.8 GHz with 150 MHz of bandwidth based

on the microstrip input-coil resonance of a dc superconducting quantum interference device

(SQUID) with submicron Josephson junctions. The noise temperature is measured using two

methods: comparing the signal-to-noise ratio of the system with and without the SQUID in the

amplifier chain, and using a modified Y-factor technique where calibrated narrowband noise is

mixed up to the SQUID amplifier operating frequency. With the SQUID cooled to 0.35 K, we

observe a minimum system noise temperature of 0:55 6 0:13 K, dominated by the contribution from

the SQUID amplifier. VC 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4742164]

Superconducting circuits coupled to microwave cavities

have provided a valuable architecture for studying quantum

mechanics using macroscopic systems where electronic circuit

degrees of freedom are treated as quantum variables.1 The

small signals characteristic of these systems have driven sub-

stantial interest in amplifiers with near quantum-limited noise

performance that operate in the microwave frequency range.

There have been many recent advances in Josephson-based

amplifiers including superconducting undulatory galvanome-

ters (SLUGs)2 and Josephson parametric amplifiers.3 Micro-

strip superconducting quantum interference device amplifiers4

(MSAs) based on resonant microstrip input coils have recently

demonstrated their utility in qubit measurement—an MSA

was used to perform dispersive readout of a flux qubit.5 A

scheme to perform a quantum non-demolition like measure-

ment of a flux qubit using an MSA has also been proposed.6

Microstrip superconducting quantum interference device

(SQUID) amplifiers employ a dc SQUID washer inductively

coupled to a k=2 resonant transmission line that serves as the

device input coil.7 Signals are driven between one end of the

coil and ground, where the other end of the coil is left unter-

minated and the SQUID washer is typically grounded. The

stripline mode between the input coil and the washer allows

oscillatory signals to propagate with a resonant enhancement

of the current flowing through the coil when the signal fre-

quency is near the standing-wave resonance set by the length

of the coil. MSAs operated at low temperatures are capable

of achieving low noise temperatures and have demonstrated

near quantum-limited noise performance at 500 MHz.8 More

recently, an alternative configuration with a small-area

SQUID coupled to a quarter-wave resonator in a lumped-

element configuration was shown to operate as an amplifier

in the gigahertz range.9

The operating frequency of an MSA is determined by

the electrical length of the input coil. Thus, to make these

devices operate at higher frequency, the input coil must be

shortened. However, this reduces the mutual inductance and

hence reduces the gain of the amplifier.10 In a previous let-

ter,11 we reported a scheme to enhance the gain of MSAs by

replacing the large area junctions common to most micro-

strip SQUID amplifiers with submicron shadow-evaporated

Al� AlOx � Al Josephson junctions. By reducing the junc-

tion area, the capacitance C associated with that area is also

reduced allowing the use of large shunt resistors R while

keeping the SQUID response single valued. The gain G of an

MSA is proportional to M2
i V2

U, where Mi is the mutual in-

ductance between the input coil and the SQUID washer and

VU is the flux-to-voltage transfer coefficient, which can be

approximated as R=LSQ, where LSQ is the SQUID self-

inductance. Thus, larger shunt resistors increase VU while

maintaining a nonhysteretic device (bc � 2pI0R2C=U0 < 1,

where I0 is the junction critical current and U0 � h=2e). This

enhancement of VU offsets the reduction in Mi from shorten-

ing the input coil. In this Letter, we report an alternative

design of the MSA input coil and washer. This design, com-

bined with our technique to boost the gain, results in an

MSA operating at 3.8 GHz with 17 dB of gain and a

150 MHz bandwidth. In addition, we characterize the system

noise temperature and demonstrate a substantial reduction

compared to a conventional cryogenic HEMT amplifier

alone.

Devices are fabricated at the 100 mm wafer level on

thermally oxidized silicon wafers. The SQUID loop is

formed by a large Al washer that also serves as a ground

plane for the microstrip input coil (Fig. 1). The SQUID

inductance, estimated to be LSQ ¼ 90 pH, is formed by a

2 lm� 310 lm slit in the SQUID washer. The input coil is

formed by depositing Al into a lift-off photoresist mask on

top of 150 nm of PECVD deposited SiO2 over the ground

plane, which provides dielectric insulation between the input

coil and ground. The length of the input coil is defined by an

on-chip coupling capacitor estimated to be Cc � 0:3 pF cou-

pling the coil to the input contact pad. For a small inductance

washer with only a slit to form the SQUID loop, we employ

a “racetrack” input coil geometry to provide an enhanced

mutual inductance between the input coil and SQUID washer

for a given coil length when compared with a more tradi-

tional spiral input coil. The mutual inductance between the

input coil and SQUID washer is Mi � naLSQ where n is the

number of turns of the coil and a is the fraction of the totala)bplourde@phy.syr.edu.
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slit length enclosed by the center turn of the input coil.12 For

a given coil length, the racetrack geometry leads to a greater

a when compared to a more conventional spiral input coil.

Although the number of turns is less than in the spiral geom-

etry, the larger a results in an enhancement of mutual induct-

ance Mi � 0:5 nH for a 2 lm linewidth coil and 2 lm

spacing between each of its 8 turns.

With the exception of the junction electrodes, all layers

are patterned photolithographically. The tunnel junctions are

patterned with electron-beam lithography and formed using

a standard double-angle shadow evaporation technique.13

Based on various process calibrations and room-temperature

characterization of the device, we estimate a critical current

per junction of 3:5 lA and a resistance per shunt of 63 X.

The device was mounted to a custom microwave board

with multiple short Al wirebonds connecting the input/output

pads to copper traces on the board that interface with coaxial

cables through microwave connectors to carry signals to and

from the device. The SQUID washer was wirebonded to the

ground of the microwave board around its perimeter to pro-

vide a low-impedance path to ground. The device was

enclosed in an Al box that contained a wire-wound coil for

flux biasing the SQUID. The SQUID was current biased

through a microwave bias-T separated from the output of the

device by a 2 dB attenuator for impedance matching. The

bias current and flux bias for the SQUID were supplied with

batteries and the lines were passed through cryogenic Cu-

powder filters.

Cryogenic measurements were performed on a Janis
3He refrigerator at a base temperature of 0.35 K. Device

gain was determined by measuring the transmission, jS21j,
using a vector network analyzer to supply a weak drive

(–125 dBm at the MSA input). The drive signal was sent

down a coaxial cable with 10 dB of attenuation at 4 K and

30 dB at 0.35 K at the input of the MSA. The signal from the

MSA was carried to the first stage of amplification, a

CITCRYO1-12 A HEMT amplifier mounted on the 4 K plate

of the refrigerator, through a superconducting niobium

coaxial cable. A room-temperature microwave amplifier was

used to boost the signal further. Gain measurements were

performed at the optimum flux and current bias points, and a

maximum gain of 17 dB was observed at a frequency of

3.8 GHz (Fig. 2) relative to a system baseline measured on a

separate cooldown. The structure in our measurement of

gain versus frequency (Fig. 2) indicates that there is likely a

moderate impedance mismatch between our MSA and the

signal cables, particularly for frequencies below the input

coil resonance. The origin of this frequency dependence of

the mismatch is not known. We note that a detailed charac-

terization of the MSA input impedance could be performed

in future experiments with a different measurement setup

following techniques similar to those described in Refs. 9

and 14. However, such a characterization is beyond the

scope of our present work. The gain was measured as a func-

tion of drive power and the 1 dB compression point of the de-

vice was observed to be –117 dBm at the input of the MSA

[Fig. 2 (inset)]. The small initial increase in gain at low input

powers may be related to the presence of resonant structure

on the VU for MSAs with tightly coupled coils11 where a par-

ticular input signal strength could optimize the sampling of

steep regions of the VU response.

Noise properties of the amplifier chain were measured

using two methods: comparing the signal-to-noise ratio

(SNR) with and without the MSA in the measurement chain,

and using a modified narrow-band Y-factor measurement

technique. For a given single-tone microwave drive incident

on the measurement chain, the SNR was measured at the out-

put of the system. This measurement was performed in two

cooldowns, one with the MSA in the measurement circuit

and one without the MSA. This SNR-ratio technique is sensi-

tive to any impedance mismatches between the MSA and the

input and output circuitry, therefore it provides an upper

bound on the noise temperature of our system. Comparing

the SNR of these two measurements at 4 GHz yields a maxi-

mum SNR increase of 7.2 dB with the MSA in the circuit.

For our measured HEMT noise temperature of 3.1 K, this

maximum SNR increase corresponds to a system noise tem-

perature of 0.59 K with the MSA in the measurement chain.

We measured the SNR with the MSA included in the circuit

FIG. 1. (a) False-color optical micrograph of coupling capacitor (red), (b)

input coil (green), and (c) Pd shunt resistors (yellow) at scale specified in

(b). (d) Closeup optical micrograph of junction and shunt region. (e) Scan-

ning electron micrograph of Josephson junctions.

FIG. 2. Device gain as a function of frequency biased for maximum gain.

(Inset) Maximum device gain as a function of drive power.
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over the full frequency span in Fig. 4(b), however the HEMT

SNR was only measured at 4.0 GHz. Thus, for our analysis,

we assumed the gain and noise of the HEMT to be constant

over the frequency span of Fig. 4(b). The error bars on the

SNR-ratio points were estimated from the small expected

variation in these quantities based on the HEMT data sheet.

We performed an alternative investigation of the system

noise using a modified narrowband Y-factor measurement.

Instead of using the Johnson-Nyquist noise of a temperature-

controlled resistor as a signal source as in a conventional

Y-factor measurement, noise from room-temperature ampli-

fiers was used to drive the device. Two SR560 amplifiers

were terminated at their input with broadband 50 X loads

and were low-pass filtered at 300 kHz. These noise signals

were mixed up to the operating frequency of the MSA with

an I-Q mixer where the local oscillator was provided by a

microwave generator and each noise source was connected

to the I or Q port. Simply injecting amplified thermal noise

across the MSA bandwidth would exceed the dynamic range

of the MSA for relatively weak noise powers. Instead, by

supplying noise over only a narrow bandwidth centered at a

frequency of interest in the MSA operating range, it is possi-

ble to vary the injected noise power over a much larger

range, making an extraction of the amplifier noise feasible.

The injected noise power was controlled with a variable

attenuator between the signal source and the input at the top

of the refrigerator. For each setting of the attenuator, the

narrow-band noise signal was calibrated at the output of the

directional coupler (Fig. 3) by directly measuring the power

spectrum of the noise using a spectrum analyzer. Taking into

account the loss between the point of calibration and the

input of the MSA, in a given resolution bandwidth, the meas-

ured noise power was related to the Johnson-Nyquist noise

of a matched resistive load at a temperature Tef f at the input

of the MSA. Varying the noise power at the input of the

MSA is analogous to changing the temperature of a resistive

load, the technique common to traditional Y-factor measure-

ments, but difficult to implement for a cryogenic amplifier.

A second microwave generator was used to produce a cali-

bration tone, displaced from the center frequency of the

noise signal by 1 MHz, and this was combined with the noise

signal through a directional coupler (Fig. 3). The peak height

of this tone was used to monitor the gain of the device during

the measurement. Although this technique presents many

advantages to a traditional Y-factor measurement, it depends

on the accuracy of the calibration of the total loss of the drive

line. We estimate a systematic uncertainty of 61 dB on this

calibration based on a variety of room-temperature and cryo-

genic measurements of individual microwave components.

This systematic uncertainty is accounted for with error bars

with upper and lower limits set by the calculated noise tem-

perature for a given input Tef f with 61 dB of extra loss on

the drive line.

For a given center frequency of the input noise, the Tef f

corresponding to several noise powers was calculated. This

noise was then used to drive the amplifier chain, and the

system output noise power was measured. This modified

Y-factor measurement technique was implemented to per-

form a noise temperature measurement of a known quantity,

our HEMT amplifier (with the MSA removed from the cir-

cuit), as a proof-of-principle demonstration. The acquired

data are plotted on a log-log scale and the offset and slope of

the data are fit and plotted independently, and the system

noise temperature occurs at the intersection of these two

lines. The offset and slope of the data are combined and plot-

ted as a single line to fit the data. The result of this measure-

ment [Fig. 4(a)] yields a system noise temperature of 3.1 K,

which was in agreement with the HEMT data sheet provided

by the manufacturer. In a subsequent cooldown, the system

noise temperature was again measured, but now with the

MSA in the measurement circuit. With the MSA biased for

maximum gain, a minimum system noise temperature of

0:55 6 0:13 K was observed at a frequency of 3.8 GHz [Fig.

4(a)]. For the same bias conditions used for the noise

FIG. 4. (a) Power measured at the output of the measurement chain as a

function of input noise Tef f for the HEMT amplifier alone (open diamonds)

and with the MSA included (circles). Data are fit to a line (red), and the sys-

tem noise temperature corresponds to the intersection of the fit offset (hori-

zontal line) and slope (dashed line). (b) System noise temperature at bath

temperature of 0.35 K as a function of frequency. Blue circles correspond to

SNR-ratio measurements and open red squares were measured using the

modified Y-factor technique. (c) System noise temperature at a frequency of

3.83 GHz as a function of bath temperature measured using the modified

Y-factor technique.

FIG. 3. Schematic of modified narrowband Y-factor noise temperature mea-

surement circuit. Dashed red line indicates signal path for calibration

measurement.
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temperature measurement at 3.8 GHz, the system noise tem-

perature was measured as a function of frequency indicating

the minimum system noise occurred near the maximum gain

of the MSA [Fig 4(b)].

The noise properties of SQUID amplifiers have been

studied extensively with numerical simulations.15–18 For

sufficiently high frequencies, the noise floor of a SQUID am-

plifier is dominated by Johnson-Nyquist noise of the resistive

shunts, and thus scales with the electron temperature in the

shunts. For a tuned SQUID amplifier operating at x0 with

optimal noise matching to the source impedance, the noise

temperature is expected to scale as Topt
N / ðx0=VUÞT. We

studied the temperature dependence of the noise of our MSA

at 3.83 GHz by varying the bath temperature over nearly a

200 mK range [Fig. 4(c)]. No significant variation of TN was

observed, suggesting that the electrons over this temperature

range were not equilibrated to the bath temperature.

When power is dissipated in a small normal metal vol-

ume at low temperatures, electrons can be driven far out of

equilibrium with the phonon bath, thus leading to elevated

electron temperatures.19 This hot electron effect is character-

ized by an electron temperature given by Te ¼ ðP=ðRXÞ
þT5

phÞ
1=5

, where P is the power dissipated in the shunts,

R ¼ ð1:2 6 0:4Þ � 109 Wm�3K�5 is the electron-phonon

coupling constant for Pd,20 the phonon temperature Tph

� 0:35 K is approximated as the bath temperature, and X
¼ 12 lm3 is the effective volume of our shunts. This vol-

ume includes an extra portion of Pd beyond the attachment

point to the SQUID and thus does not contribute to the

shunt resistance value. The effective volume of this extra

Pd is limited by the electron thermal relaxation length that

is estimated to be 30 lm.21 Following this analysis, for a

dissipated power of 1 nW, typical for the operating point

of our MSA, the electron temperature is estimated to be

0.6 K. Thus, these hot electron effects likely limit the noise

temperature of our MSA as the shunts are significantly

hotter than the bath. This also suggests that the electron

temperature could be reduced by the addition of more

effective metallic cooling volumes for the shunts, thus fur-

ther improving the noise performance of the MSA.

In conclusion, we have fabricated a microstrip SQUID

amplifier that operates at 3.8 GHz with 17 dB of gain and a

bandwidth of 150 MHz. The system noise temperature was

measured to be 0:55 6 0:13K at 3.8 GHz and a bath tempera-

ture of 0.35 K. The noise temperature is constant for bath

temperatures up to 0.55 K suggesting that the noise tempera-

ture is limited by electrons above the bath temperature in the

shunt resistors, consistent with our estimate of the electron

temperature for the power levels dissipated in the SQUID.

We estimate the contribution to the system noise from the

HEMT to be only a small fraction of the system noise tem-

perature, �0:12 K, thus reducing the temperature of the hot

electrons in the shunt resistors should have a substantial

impact on the system noise temperature.
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