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Abstract — The design and characterization of a low noise
amplifier optimized for the readout of microwave kinetic
inductance detectors is described. The work is first motivated
through a description of microwave kinetic inductance detectors
and a discussion of the requirements for the low-noise amplifiers
employed for readout of these devices. Next, the design of a
two-stage silicon germanium cryogenic integrated circuit low
noise amplifier is presented. The small-signal and large-signal
characteristics of the fabricated amplifier are then measured. It
is shown that, at a physical temperature of 16 K, the amplifier
achieves a gain of greater than 30 dB and an average noise
temperature of 3.3 K over the 0.4–1.2 GHz frequency band while
dissipating less than 7 mW. Moreover, the wideband compression
characteristics are measured it is found that the linearity of the
amplifier is sufficient to support frequency domain multiplexed
readout of more than 500 detectors.

Keywords — Silicon Germanium, Cryogenic Low Noise
Amplifier, Microwave Kinetic Inductance Detector

I. INTRODUCTION

Terahertz microwave kinetic inductance detectors
(MKIDs) [1] have become popular for use in astronomical
applications due to their low noise effective power (NEP)
values (e.g., < 0.4 aW/

√
Hz at 850 GHz [2] and 1.54 THz [3])

and the relative ease of their readout in comparison to
transition edge sensors. An MKID is a planar device that
consists of a superconducting resonator, weakly coupled to
a transmission line, as shown schematically in Fig. 1. The
resonator is typically realized using thin-film superconducting
materials and may be implemented with distributed [1] or
lumped-element structures [4]. In either case, an MKID is
designed to leverage the dependence of a superconductor’s
kinetic inductance on the density of Cooper pairs in the
material; that is, when photons with sufficient energy are
absorbed by the superconducting film, they break Cooper
pairs, thereby modulating the kinetic inductance, leading
to a detectable shift in the series resonant frequency of
the coupled MKID (f0 ≈ 1/2π

√
LK (CC + CR)). The

minimum frequency of a photon that can be detected
using this technique is determined by the gap energy
of the superconducting film (∆) and is approximated
as fMIN = 2∆/h ≈ TC (73.5 GHz/K), where h is
Planck’s constant and TC is the critical temperature of
the superconducting film. As such, THz MKIDs typically
employ superconducting materials such as Al and TiN, which
have critical temperatures in the range of 1–3 K, and the
devices are usually cooled to the 100 mK range.

Measured quality factors for MKIDs that are capacitively
coupled to a transmission line are on the order of 15,000 [5],

RFIN RFOUT

CC

CRLK

hf

Fig. 1. Schematic diagram of a single MKID. The kinetic inductance (LK) is
modulated by photon flux, resulting in a shift in the series resonant frequency
of the coupled MKID, as observed from the transmission line.

meaning that the fractional frequency range over which any
single MKID interacts with the transmission line is well below
0.1%. As the relative value of f0 can be engineered by varying
the relative size of CC and/or CR, it is feasible to couple
hundreds or even thousands of MKIDs, each with a unique
value of CC + CR, to a single microwave line.

Readout of the power detected by each pixel can be
accomplished using the approach shown in Fig. 2. The readout
line is excited by a comb of probe tones, each tuned to
the nominal resonant frequency of one of the MKIDs. As
the signals pass through the readout line, the readout tones
will be modulated due to power dependent frequency shifts
in the resonant frequency of the associated MKID. After
significant amplification, the amplitude and phase information
corresponding to the power absorbed by each MKID is
recovered through homodyne detection. Since the information
in such a system is carried in the modulation applied to probe
tones, SNR is maximized when one uses the strongest possible
tones (limited by the power level at which the microwave
excitation breaks Cooper pairs [6]). Typical readout tones are
in the 1 pW range and, while the phase of each tone can
be randomized, the peak to average ratio of the aggregate
waveform used to read-out a large MKID array can be well
above 10 dB. The cryogenic low noise amplifier (LNA) used
for readout must be able to handle such excursions.

In this paper, we present the design and characterization of
a SiGe integrated circuit cryogenic LNA that is optimized for
integration into a MKID camera that is under currently under
development. The final instrument will contain more than
6,000 pixels spread between the 125–170 GHz, 195–245 GHz,
and 245–310 GHz bands. We begin by describing the
requirements and explaining our design choices. Next we
present detailed measurement results. We show that the
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Fig. 2. Block diagram of a typical MKID readout system. The MKID array is excited with a multi-tone stimulus containing one tone per detector. The detectors
modulate the tones as their frequencies change in response to incident photons. This modulation is detected using homodyne detection (common LO not shown).

amplifier achieves excellent noise performance while meeting
the linearity requirements for multiplexed MKID readout.

II. SYSTEM CONSIDERATIONS AND AMPLIFIER DESIGN

The primary considerations that must be taken into
account in specifying a cryogenic LNA for MKID readout
are (1) the required probe signal power and frequency band,
(2) the impact of LNA noise on overall sensitivity, (3)
the available power budget, and (4) the system complexity
associated with biasing the cryogenic LNAs. In the case of the
camera currently under development, the 6,000 pixels will be
interfaced to using a total of 13 readout lines, each operating
in the 0.5–1 GHz frequency range. As such, thirteen amplifiers
are required and we target a frequency band of 0.4–1.2 GHz
to provide margin. The number of detectors coupled to each
readout line varies from 450 to 601, so we consider the larger
number in setting the linearity requirement. Since the detectors
are fabricated out of TiN, the power of each probe tone is
assumed to be −90 dBm [7], corresponding to a worst case
average power of about −62 dBm. Thus, the amplifiers should
remain linear with input powers in this range.

The second consideration is noise performance. Assuming
the amplifier is high gain (i.e., > 30 dB), its noise contribution
will dominate the noise of the overall receiver. It can be shown
that the microwave receiver chain contributes a fractional
frequency noise of approximately

√
kTe/Pprobe/QC (units:

1/
√

Hz), where Te is the amplifier noise temperature, Pprobe
is the microwave probe tone power, and QC is the coupling
quality factor [5]. While the relative impact of this noise
depends strongly on the responsivity of the MKID, we
aim to minimize this effect by realizing an amplifier with
a noise temperature below 4 K. Such noise performance
has previously been demonstrated using SiGe BiCMOS
technologies [8], [9].

The power consumption of each amplifier is less
constrained as the heat-lift of a typical commercial
closed-cycle refrigerator operating at 4 K is on the order of
1 W [10]. Nonetheless, in anticipation of larger-scale arrays,
we target a power consumption of less than 7 mW to keep the
aggregate DC power consumption around 90 mW.

Finally, we consider the complexity associated with
biasing of the amplifier array. The most straightforward
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Fig. 3. Schematic of integrated circuit, showing details of the off-chip
matching and bias networks.

Table 1. Model parameters extracted at a physical temperature of 18 K.
WE=0.13 µm, JC1,2=0.46, 0.58 mA/µm2. A standard hybrid-π model
topology has been used [12].

LE RB RE RC CCB CCS CBE gm τ β
µm Ω Ω Ω fF fF fF S pS -
80 0.75 0.12 0.65 190 60 436 0.4 0.45 4.6e4
40 1.5 0.24 1.3 95 30 232 0.25 0.47 3.9e4

approach is to employ self-biasing, which has the advantage
that it makes single-supply operation feasible. However,
there is a significant mismatch between the voltage required
at the base (≈1.05 V at 16 K) and that required at the
collector (≈300 mV at 16 K) of an HBT operated at cryogenic
temperatures [11]. As such, we have avoided this approach and
opted for independent control of each base voltage. To ease the
challenge of generating and distributing a large number of bias
voltages to the 13 amplfiers, we have designed a servo-bias
system to maintain constant collector current while operating
from a low collector supply voltage. The bias circuitry is
further described in Section III.

A two-stage integrated circuit amplifier was designed
using small-signal models extracted at a physical temperature
of 15 K for HBTs from the ST BiCMOS9MW technology
platform. A schematic diagram of the designed amplifier
appears in Fig. 3. The current density of Q1 was set
to approximately 0.48 mA/µm2 to minimize TMIN in the



0.4–1.2GHzfrequencyrangeandthetransistorperipherywas
setto8×10µm×0.13µm,tobringtheoptimumgenerator
resistanceattheupperpartofthebandnear50Ω.Theemitter
degenerationinductanceandtheL-Rnetworkloadingthe
first-stagetransistorweredesignedtobringthereal-partof
theinputresistanceclosetothatofΓOPT.Whileitisfeasible
torealizehighperformancecryogeniclownoiseamplifiers
withon-chipinputmatchingnetworks,herewechosetousean
off-chipinputmatchingnetworktoenablere-tuningasneeded.
Theinputmatchingnetworkconsistsofathird-orderladder
network,whichhasbeenoptimizedasatrade-offbetween
noiseandpowermatchingoverthe0.4–1.2GHzfrequency
range.Thesecond-stagewasdesignedtoflattenthegainand
provideanoutputmatch.Thesecond-stagetransistorwassized
as4×10µm×0.13µmandbiasedatacurrentdensityof
approximately0.58mA/µm2.Theoutputmatchingnetwork
employsresistivepaddingtoachieveabroadbandimpedance
matchto50Ω.Simulationsoftheamplifierwerecarried-out
usingtheHBTmodelparametersprovidedinTable1and
predictS11<−7dB,S22<−13,S21>30,andTe<4over
theentire0.4–1.2GHzfrequencyrange.

III.RESULTS

Thelownoiseamplifier wasfabricatedusingtheST
BiCMOS9MWtechnologyplatform.Thechipwaspackaged
inahousingforcharacterization,(seeFig.4).Theinput
matchingnetwork wasrealizedusingair-coreinductors
and wirebondable silicon metal-insulator-semiconductor
capacitors.The1nFbypasscapacitorsinFig.3wererealized
using wirebondablehigh-densitysilicon MOScapacitors,
whichcanbeseeninFig.4.Inadditiontotheamplifier
module,acustomroom-temperaturebiasboardwasdesigned
andfabricated.Thisboardfunctionstoprovideregulated
voltagesforthecollectorswhileservoingthebasevoltages
forconstantcollectorcurrents.Whilethisisnotnecessaryfor
theoperationofasingleamplifier,asdescribedinSectionII
suchastandalonebiasnetworkisessentialfromasystem
perspective.
After assembly,the amplifier was mountedin a

closed-cyclecryostatforcharacterizationata physical
temperatureof16K.Thesemeasurementswerecarried-outin
atwo-channelcryostat,withonechannelusedforscattering
parameters measurementsandthesecondusedforcold
attenuator[13]basednoisemeasurements.Theamplifierwas
biasedatVC1 =0.85V, IC1 =4.8mA, VC2 =0.85V,
andIC2=3mA.Theresultsofthesemeasurementsappear
along withsimulationresultsinFig.5. Thegainand
noiseperformanceaggreesquitewellwithsimulation.The
amplifierhasagaingreaterthan30dBoverthe0.4–1.2GHz
freqnecyrangeanditsaveragenoisetemperatureoverthe
0.5–1GHzand0.4–1.2GHzfrequencyrangeis3.1Kand
3.3K,respectively.The measuredinputandoutputreturn
lossesdiffersomefromsimulation,whichmaybeexplained
bythedifferenceinreferenceplane,asthe measurement
includedlongcoaxialcableswithinthecryostat.Nonetheless,

Fig.4.PhotographsofthemoduleandwirebondedIC.Thechipdimensions
are1.1mm×

 

 

 

 
 

 
 

˘ ˘

1.2mm.

Fig.5. Measurementresultsataphysicaltemperatureof16K.Thebiaspoint
forthesemeasurementswasVCC1=VCC2=0.85V,ICC1=4.8mA,and
ICC2=3mA.(a)Gain,(b)NoiseTemprature,(c)S11,and(d)S22.Solidlines
aremeasurementdatawhereasdashedlinesaresimulation.

themeasuredinputandoutputreturnlossesarebelievedtobe
sufficientforthisapplication.
Next,wemeasuredthecompressioncharacteristicsofthe

devicetoevaluateitssuitabilityforuseinamultiplexedMKID
readoutsystem.Thesemeasurementswerecarried-outusing
thetestsetupshowninFig.6,withbothCWandmulti-tone
stimuli.Forthe multi-tone measurement, weemployeda
frequencycombconsistingof560sinusoidaltonesspanning
thefrequencyrangeof0.4–0.85GHz,asshowninFig.7.This
frequencyrangewaschosentoalignwiththefiltersshown
inFig.6.ResultsoftheCWcompression measurements
arecomparedtothoseofthe multi-tone measurementin
Fig.8forabiaspointofVCC1 =0.7V,ICC1 =4.8mA,
VCC2=0.5V,andICC2=3mA(PDC=4.9mW).Inallcases,
theinput-referred1dBcompressionpointwasfoundtobe
greaterthan−53dBm.Basedontheseresults,itappearsthat
theamplifiershouldbeabletoamplifytherequiredspectrum
withoutintroducingsignificantdistortion.
TheamplifieriscomparedtootherrecentSiGecryogenic

integratedcircuitLNAsinTable2.Whilethebandwidthofthe
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Fig.6. Testsetupusedtocharacterizecompressioncharacteristicsofthe
LNA.ForCWmeasurements,thearbitrarywaveformgeneratorwasreplaced
byaCWgenerator.

        

 

       

 

 

 

 

Fig.7. Spectrumofmulti-tonestimulus.Thesignalconsistsof560evenly
spacedtonesspanningthefrequencyrangeof0.4–0.85GHz.

Fig.8. MeasuredcompressioncharacteristicsforaCW(Blue=0.4GHzand
green=0.85GHz)andamulti-tonestimulus(Black).Theupperx-axisscale
correspondstotheinputpowerper-toneforthemulti-tonestimulus,whichis
expectedtobe≤−90dBmfortheactualsystem.

reportedamplifierislowerthantheotherexamples,itoffersan
excellentcombinationoflownoise,highgain,andmoderate
powerconsumption.

IV.CONCLUSION

Acryogeniclownoiseamplifieroptimizedforthereadout
of multiplexed MKIDarrayshasbeenpresentedandthe
measuredresultsconfirmthatthedevicemeetsthesystem
specificationsrequiredbyanMKIDcamerathatiscurrently
indevelopment.Futureworkshouldinvolvecharacterization

Table2. Comparisonwithstate-of-the-artSiGecryogenicLNAsICs.

Reference Frequency Te(Avg) PDC Gain Ta

- GHz ◦K mW dB ◦K

[14] 0.1-5 5 20 30 15

[9] 0.3-3 2.8 32 22 16

[15] 0.3-5 12 2 15 4

[15] 0.3-8 9 8.2 18 19

This Work 0.4-1.2 3.3 6.6 30 16

oftheamplifierwithanMKIDarrayaswellasintegrationof
afullamplifierarrayintothecompleteinstrument.
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