
52	  		  	 August 20211527-3342/21©2021IEEE

S
ince the conception of radio astronomy [1], 
researchers have been striving to develop a 
“zero-noise” broadband receiver. Although 
this goal has remained elusive, the pursuit 
of it has led to numerous low-noise cir-

cuit innovations [2], [3]. Perhaps the most notable of 
these innovations are cryogenic low-noise amplifiers 
(cryo-LNAs) [3]–[6] as this technology has been able 
to achieve the lowest noise levels to date. While ref-
erences to cryogenic amplifiers in the literature date 
back to the early 1950s [7], they are still a subject of 
much interest among researchers. Cryo-LNAs were 
initially conceived of to address challenges in the 
fields of space exploration [8], [9] and radio astronomy 
[10]. More recently, researchers in other fields have be-
come interested in “zero-noise” receivers, making this 
a topic of widespread interest among RF and micro-
wave engineers.

Over the last several decades, cryo-LNAs have been 
incorporated into radio astronomy telescopes to enhance 
their sensitivity [3]–[6]. While conventional telescopes 
are designed to have a single receiver for each antenna, 
antenna arrays use multiple receivers to increase the 
survey speeds [11], [12]. Given the interest in faster sur-
veys, antenna arrays are expanding considerably the 
range of applications for cryo-LNAs. Cryo-LNAs are 
also required for telescopes employing highly sensi-
tive microwave kinetic inductance detectors [13], [14]. 
In addition to their radio astronomy applications, cryo-
LNAs are also commonly utilized in high-performance 
communication links, such as those used in satellites 
[15]. More recently, the development of quantum com-
puters has drastically increased interest in utilizing 
cryo-LNAs to move room-temperature electronics 
closer to qubits to reduce the thermal load in dilution 
cryostats, which arises because of the interconnects to 
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room-temperature electronics [16]–[20]. This increased 
interest in cryo-LNAs is reflected in the growing num-
ber of related publications that have been appearing in 
the literature, as illustrated in Figures 1 and 2.

The Importance of Cryo-LNAs

For Radio Telescopes
Maximizing radio telescope sensitivity allows astrono-
mers and astrophysicists to look deeper into space and 
further back in time. A radio telescope sensitivity is 
proportional to / ,A Teff sys  where Aeff  is the effective col-
lecting area of the telescope and Tsys  is the system noise 
temperature. Given the significant physical and budget-
ary constraints associated with increasing ,Aeff  efforts 
to increase sensitivity have primarily concentrated on 
decreasing .Tsys  However, the system noise temperature, 

,Tsys  is limited by the front-end LNA noise temperature, 
.TLNA  Despite efforts to reduce TLNA  without resorting 

to cryogenic cooling for telescopes with a large number 
of receivers [22]–[28], cryogenic cooling is still primarily 
used [3], [6], [29]–[32]. Although there are a number of 
well-documented design methods that use LNA noise 
parameters to reduce ,TLNA  they are difficult to imple-
ment at cryogenic temperatures because of the limited 
availability of cryogenic-noise-parameter measurement 
equipment. This is an important limitation as the noise 
parameters of the devices at cryogenic temperatures and 
various biases are required for optimum designs.

For Quantum Computers
The advent of spin-electron and transmon qubits [33], 
[34] has initiated a push to develop fully integrated 
quantum processors in silicon technologies [16]–[19]. 
To avoid thermal disturbances and decoherence, quan-
tum processors are designed to operate at tempera-
tures below 25 mK; however, they are still prone to 
errors and may require many hundreds of qubits for 
each error-corrected qubit [16], [35]. Such large num-
bers of qubits will require highly integrated, cryogeni-
cally cooled readout and control circuitry located near 
the qubit devices as this will help to reduce thermal 
load from the interconnects on dilution cryostats and 
also minimize readout noise [16]–[19]. Since this read-
out circuitry contains low-power and very-low-noise 
cryo-LNAs, these LNAs must be carefully modeled [36] 
and verified to ensure the best performance possible.

Cryogenic Noise-Parameter Measurements
Noise parameters model the effect of signal-source 
impedance on the circuit noise temperature. Unlike 
noise temperatures/factors, which pertain only to a 
certain signal-source impedance, noise parameters 
provide the most comprehensive picture of LNA noise 
properties and insights into the reduction of LNA noise. 

Thus, their measurement is critical for radio astronomy, 
quantum computing, and other applications. Noise 
parameters include the minimum noise temperature, 

,Tmin  the noise resistance, ,Rn  and the optimum com-
plex reflection coefficient or admittance, optC  or ,Yopt  
for minimum noise. While noise-parameter measure-
ments have been utilized for many decades [37], the 
measurement and use of cryogenic noise parameters 
are still relatively uncommon, and only a few methods 
have been previously described in the literature (e.g., 
[5] and [38]–[45]). This article reviews the cryo-LNA 
noise-parameter measurement techniques that have 
been reported, and it highlights a recent method based 

Year

0
2
4
6
8

10
12
14
16
18

O
cc

ur
re

nc
es

20
03

20
05

20
07

20
09

20
11

20
13

20
15

20
17

20
19

Figure 1. A histogram of the cryo-LNAs published since 
2000 [21]. 
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Figure 2. Noise temperature versus frequency of cryo-
LNAs published since 2000 [21]. The brighter markers of 
larger size indicate newer designs. 

The development of quantum 
computers has drastically increased 
interest in utilizing cryo-LNAs to 
move room-temperature electronics 
closer to qubits to reduce the 
thermal load in dilution cryostats.
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on a commercial impedance generator. To this end, we 
present the measurement results of a cryo-LNA that 
will be used in the Advanced L-band Phased Array 
Camera for Arecibo (ALPACA) [11], which is currently 
being developed at Cornell University, Brigham Young 
University, and the Arecibo Observatory. 

Noise Measurement at Cryogenic 
Temperatures
Before reviewing the various methods of measuring 
noise parameters at cryogenic temperatures, it would 
be useful to provide an overview of the unique difficul-
ties associated with measuring the scattering parameters 
(S-parameters) and noise of a device under test (DUT) 
at cryogenic temperatures. These difficulties mainly 
arise because of differences in the DUT and measure-
ment equipment ambient temperatures, the lengthy 
DUT cooling cycles, and the inability to reconfigure 
the measurement system without warming it to room 
temperature. Addressing these difficulties is critical 
as they can all limit the accuracy and feasibility of 
the measurements.

Measurement Time
Acquiring noise measurements at cryogenic tempera-
tures takes substantially longer than at room tempera-
tures because of the need for lengthy cooling cycles 
between measurements. Indeed, it is not uncommon 
for a typical cryogenic noise-parameter measurement 
to take three to five days. Thus, the number of cooling 
cycles is a significant factor when choosing a measure-
ment method. Aside from cooling, noise-power spec-
trum measurements and the amount of noise averaging 
may also significantly influence the measurement dura-
tion at both cryogenic and room temperatures.

DUT Interconnects
In a noise-parameter measurement system, various 
passive elements are used to interface the DUT to the 
measurement equipment. However, these elements 
are not part of the DUT and should be de-embedded 
from the measurements. De-embedding passive ele-
ments under thermal equilibrium requires a knowl-
edge of their S-parameters (or available gain) and 
physical temperatures. By contrast, de-embedding 

passive elements that experience temperature gradi-
ents and that are not under thermal equilibrium is 
more troublesome. These elements are typically asso-
ciated with the coaxial interconnects that are required 
to interface the DUT inside of the cryostat with the 
room-temperature measurement equipment outside 
of the cryostat. These interconnects are commonly 
made from stainless steel coaxial cables to reduce 
their thermal conductivity and thermal gradients, but 
this comes at the cost of higher loss and a higher noise 
contribution. Since these interconnects are not at ther-
mal equilibrium, a knowledge of their available gains 
and physical temperatures is inadequate for estimat-
ing their noise contribution. The bounds on the noise 
temperature, ,Tic  of an interconnect having an avail-
able gain Gic

av  are expressed as

	
G G

T T T1 1 1 1cryo
ic
av ic amb

ic
av# #- -c cm m� (1)

where Tamb  is the ambient temperature and Tcryo  is the 
temperature inside the cryostat. While G 1ic

av =  is desir-
able, coaxial cables with a high available gain also have 
low thermal resistance, which leads to higher temper-
atures inside the cryostat. Most of the noise-parameter 
measurement methods reviewed in this article incor-
porate different approaches to either eliminating the 
need for interconnects, particularly the interconnect at 
the DUT input, or modeling them and correcting for 
their noise.

Thermal Loading
The power consumption inside the cryostat and the 
bias and control leads contribute to thermal load-
ing and increased temperature of the DUT. While 
the use of multiple temperature sensors would pro-
vide a good picture of the temperatures at different 
locations within the cryostat, incorporating more 
than a couple necessitates more leads, which may 
increase the temperature of the parts inside the 
cryostat. Thus, the use of multiple sensors requires 
special considerations.

Noise-Temperature Measurements
Noise-parameter measurements rely on noise-temper-
ature (noise-figure) measurements. Typically, noise-
temperature measurements of a room-temperature 
DUT are conducted using the Y-factor method [46] or 
the cold method (see “An Introduction to Noise-Tem-
perature Measurements”), requiring a noise source 
that is connected directly to the DUT input and serves 
as a calibrated noise-temperature standard. Com-
monly, the manufacturer-supplied excess noise ratio 
(ENR) specifies the noise-source noise temperature 
(see “The Definition of ENR”). Unfortunately, this 

Acquiring noise measurements 
at cryogenic temperatures takes 
substantially longer than at room 
temperatures because of the need 
for lengthy cooling cycles between 
measurements.
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approach is not currently tenable for cryogenic DUTs 
because of the unavailability of commercial cryogenic 
noise sources. Aside from developing custom-made 
noise sources [45], there are two methods (and vari-
ants) of measuring cryogenic noise temperatures: the 
cold-source method [42], [47] and the cold-attenuator 
method [42], [48].

The Cold-Source Method
A simplified block diagram of the cold-source method 
is shown in Figure 3. This method requires a measure-
ment of the termination temperature, ,Tterm  and two RF 
measurements: the S-parameters of the DUT, ,SDUT  and 
the DUT output noise power spectrum, ,Nout  with the 
DUT being driven by the termination. Nout  is measured 

An Introduction to Noise-Temperature 
Measurements
Often circuits need to be measured to characterize 
the amount of noise they add to incoming signals 
and the effect of the noise on the signal-to-noise 
ratio (SNR). The degradation of output SNR ( )SNRout  
relative to the input SNR ( )SNRin  is denoted as the 
noise factor ./F SNR SNRin out/  Depending on the 
application, the noise factor is also represented as 
the noise figure, ( ),log F10NF 10=  or as the noise 
temperature, ( ),FT T 10= -  where T 290 K0 =  is the 
reference temperature. The noise temperature is a 
useful parameter for very-low-noise amplifiers (or 
cryo-LNAs) because the units of noise factors and 
noise figures tend to obscure variations in very-low-
noise temperatures, where even a difference of 1 K 
can be significant. Conventional measurements of 
noise factors include the Y-factor method and the cold 
method [S1].

To measure the noise factor with the Y-factor 
method, a noise source is connected to the input of 
the DUT, and a calibrated receiver is connected at the 
output of the DUT. As the noise source is switched 
from on and off, it produces noise power densities of 
N kTh h=  and N kT ,c c=  respectively, where Th  and Tc  
are the noise temperatures of the noise source and 
k is Boltzmann’s constant. The receiver measures the 
DUT output noise-power spectral densities Nhot  and 
Ncold  corresponding to the noise-source states. The 

noise temperature and available gain of the linear DUT 
are calculated as

	 T Y
T YT

1DUT
h c=
-
+ � (S1)

and

	 ,G N N
N N

av
h c

hot cold=
-
- � (S2)

where

	 .N
NY

cold

hot/ � (S3)

To measure the noise factor with the cold-source 
method, first the S-parameters of the DUT are 
measured with a vector network analyzer (VNA), and 
the transducer gain, ,GT  is calculated. Then a 50-X 
termination is connected to the input of the DUT, 
and a calibrated receiver is connected at its output 
to measure the output noise power spectral density, 

.Nout The noise temperature is then found from

	 ,T
kG
N T

T
DUT

out
term= - � (S4)

where Tterm  is the physical temperature of the 
termination.

References
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doi: 10.1109/MMM.2010.937715.

The Definition of ENR
There is an inconsistency when it comes to the 
definition of ENR. Some authors define ENR as 

( )/ ,T T TENR 0 0h
ns= -  where T h

ns  is the temperature of 
the noise source in the on (hot) state, and ,T 290 K0 =  
whereas some definitions use ( )/ .T T TENR 0h

ns
c
ns= -  

The former definition does not explicitly take 
into account the effect of ambient temperature 
variations on .T h

ns  While either definition can be 
used, in this article and all analyses within, the latter 
definition is adopted as it is consistent with both 

the recommended definition and the one used in 
commercial noise-figure analyzers [S2], [S3], and it 
is the ENR supplied with the noise source used in 
measurements. 
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using a calibrated receiver, which can be either a spec-
trum analyzer, a noise-figure analyzer, or a radiometer, 
while SDUT  is measured using a vector network ana-
lyzer (VNA). Tterm  is measured using a diode tempera-
ture sensor. The direct implementation of this method 

requires two cooling cycles to complete the two RF mea-
surements. The use of an RF switch inside the cryostat 
(Figure 4) enables the measurements to be completed in 
a single cooling cycle, provided the VNA has been cali-
brated at the DUT input plane (see “VNA Calibration 

at Cryogenic Temperatures”). 
These measured quantities 
are then used to calculate the 
noise temperature:

	 ,T kG
N TDUT

out
term

T
= - � (2)

where Nout  is expressed in 
units of watts per Hertz, k is 
Boltzmann’s constant, and GT  
is the transducer gain of the 
DUT, which is calculated from 

,SDUT  Since the uncertainty in 
Nout  can be reduced via lon-
ger averaging, the accuracy 
of this noise temperature will 
largely depend on the accu-
racy of the measurements of 
the S-parameters and the ter-
mination temperature.

The Cold-Attenuator 
Method
A block diagram of the required 
measurement setup is shown 
in Figure 5. In this method, 
the DUT is placed in the cryo-
stat with an attenuator at its 
input, and an interconnect 
inside the cryostat is connect
ed to a noise source outside 
the cryostat. The output noise-
power spectra, Nhot  and ,Ncold  
are then measured with the 
noise source in the on (hot) 
and off (cold) states, respec-
tively. This method enables 
both of these measurements 
to be completed in a single 
cooling cycle and also allows 
both the DUT noise tempera-
ture and the transducer gain to 
be determined using standard 
Y-factor noise-measurement 
procedures [46]. An attenu-
ator is also implemented to 
reduce the large errors in 
noise levels at the DUT input 
caused by uncertainties in the 
noise-source ENR [49] and the 
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Figure 3. A block diagram of the cold-source method: (a) S-parameter measurement and 
(b) noise-power measurement.
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temperature gradients in the input coaxial cable. The 
noise temperature of the DUT is found via

	 ,YTT Y
T

1DUT
h c=
-
-

� (3)

where Th  ( )Tc  is the noise temperature at the DUT 
input with the noise source on (off), and /Y N Nhot cold/  
is the Y-factor as measured by the receiver. Th and Tc 
are functions of the noise source ENR, the gain of the 
input interconnect, ,Gic

av  and the available gain of the 
attenuator, ,Gatt

av  are derived as

	 T T T G G G T1h h
ns

ic ic
av

att
av

att
av

cryo= + + -^ ^h h6 @ � (4)

and

	 ,T T T G G G T1c c
ns

ic ic
av

att
av

att
av

cryo= + + -^ ^h h6 @ � (5)

where Tic  is the noise temperature of the input intercon-
nect, which is assumed to be at the midpoint of Tamb and 

.Tcryo  In terms of the noise temperatures, /Y T Th DUT= +^ h  
T Tc DUT+^ h is dependent on the ratio of two noise-power 

measurements, which is typically accurate. Therefore, 
in this measurement, the accuracy of the measure-
ment for TDUT  depends mainly on the accuracy of the 
noise-source ENR and the uncertainty in ,Tic  which is 
reduced when the attenuator Gatt

av  is small (i.e., a large 
attenuator). However, Gatt

av  cannot be made arbitrarily 
small, as this would result in Y 1.  and an increased 
sensitivity of (3). As such, a 15- to 20-dB attenuator is 
typically used to make Th  comparable to TDUT  [42]. In 
addition to the previous measurements, this method 
requires a knowledge of the S-parameters of the atten-
uator and the input interconnect.

Discussion
When a switch is used in the cold-source method, the 
number of cooling cycles for both methods is the same; 
however, the cold-source method requires one less 
noise-power spectrum measurement. In addition, in 
the cold-source method, the 
S-parameters of the DUT are 
determined in the same cool-
ing cycle as the noise measure-
ments. However, by contrast, 
only the available gain is mea-
sured in the cold-attenuator 
method, with an additional 
cooling cycle being required 
for the S-parameter measure-
ment unless a switch is used 
to bypass the attenuator. Fur-
thermore, the cold-source 
method does not depend on 
the estimate of Tic  and the 

noise-source ENR uncertainty. Instead, the accuracy of 
the cold-source method is reliant on the accurate mea-
surement of the physical temperature of the termina-
tion. The advantage of the cold-attenuator method is 
its reliance on noise-power ratios rather than absolute 
noise powers. With respect to the calibration proce-
dure, both methods require the same number of cool-
ing cycles because the cold-attenuator method requires 
the attenuator S-parameters.

Review of Noise-Parameter 
Measurement Methods
To measure the noise parameters, the noise tempera-
tures of the LNA are measured for at least four different 

VNA Calibration at Cryogenic 
Temperatures
In theory, a VNA can be calibrated to the ends 
of the input and output coaxial cables that are 
located at cryogenic temperatures by using any 
standard calibration methods (e.g., thru-reflect-line, 
short-open-load-thru, and so on); however, this 
calibration process takes a significant amount of 
time (three to four cooling cycles). Additionally, as 
open and short standards have different thermal 
conductivities to the cold head (low conductivity 
for open and high conductivity for short standards), 
they may affect the temperature of the coaxial cables 
and introduce measurement uncertainty. Because of 
the duration of the cooling cycles, it is more practical 
to use a two-tier calibration method: the VNA is 
calibrated to the external coaxial cable RF connectors; 
then, the S-parameters of the coaxial cables are 
determined using, for example, a fixture removal 
measurement, which is available in most modern 
network analyzers. Consequently, all S-parameter 
measurements of cryo-LNAs require a postprocessing 
step of de-embedding the coaxial cables.
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Figure 5. A block diagram of the cold-attenuator method. Atten.: Attenuator.
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signal-source impedances [50]–[59]. At room tempera-
ture, these impedances are commonly generated with 
mechanical impedance tuners. However, such tuners 
are much too large to fit in cryostats, and placing them 
outside the cryostat restricts measurements because of 
the unknown noise contribution from the cryogenic-to-
room-temperature interconnect, whose loss also restricts 
the attainable impedances. When measuring the noise 
parameters, there are four unknowns: ,Tmin  ,Rn  ,R outC" ,  
and ;I outC" ,  therefore, at least four measurements are 
needed. They are described in the following sections.

Calibration
Regardless of the method, the system must be cali-
brated (see “VNA Calibration at Cryogenic Tempera-
tures”). Since, a cooling cycle is typically required for 
each such measurement, this process is rather time con-
suming. However, once the VNA has been calibrated, 
it is able to retain its calibration for multiple measure-
ment cycles because of the relatively fixed nature of the 
components in the cryostat.

Additionally, all methods require the calibration of the 
receiver that is used for the noise-power measurements. 
This receiver calibration should be performed at the DUT 

output plane using one of the noise-parameter measure-
ment methods discussed in the subsequent subsections. 
If the DUT exhibits a large gain, the receiver calibration 
can be simplified by performing it at room temperature. 
If the DUT output impedance remains near 50 Ω for dif-
ferent tuner states, the receiver noise temperature can be 
used instead of its noise parameters.

Impedance Tuner External to Cryostat
A block diagram of the measurement setup required 
for this method is shown in Figure 6. In this method, a 
tuner located outside of the cryostat [40], [43], [44] is used 
to generate a minimum of four impedance states at the 
DUT input. Noise-power measurements at each tuner 
state can then be used to extract noise parameters, fol-
lowing, for example, methods detailed in [50]–[59]. How-
ever, unlike the case of the room-temperature methods, 
the noise temperature Tic  contributed by the coaxial cable 
between the tuner and the DUT is unknown and must be 
de-embedded. Prior studies have employed a few differ-
ent techniques to account for this noise. In the work of 
Rolfes et al. [43], the temperature of the interconnect was 
assumed to be midway between the ambient and cryo-
genic temperatures, and the interconnect was treated as a 

passive network at this temper-
ature in thermal equilibrium. 
Unfortunately, this approach 
can result in very large uncer-
tainties in measurements. By 
contrast, in 1994 Escotte et  al. 
[40] used measurements of an 
additional mismatched passive 
DUT to determine the noise 
contribution of this intercon-
nect. More recently, a numerical 
model of the interconnect noise 
temperature was proposed by 
Colangeli et al. [60].

Impedance Tuner 
Internal to Cryostat
Earlier works [5], [38], [39] avoided 
the need for an external imped-
ance tuner by placing a transistor 
under test within a custom-made 
amplifier that incorporated a tun-
able quarter-wave transmission 
line at the input to the transistor 
(Figure 7). The impedance of the 
transmission line was varied using 
a movable ground plane, thereby 
generating a set of impedances 
at the transistor input and per-
mitting the extraction of noise 
parameters using, for example, 
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Figure 6. A system block diagram for measuring cryogenic noise parameters with an 
impedance tuner at room temperature.
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Figure 7. A system block diagram for measuring cryogenic noise parameters with a 
custom-made impedance tuner inside the cryostat.
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the approach of Lane et al. [50]. The calibration included 
obtaining a measurement of the S-parameters of the 
tunable transmission line, with the transistor being 
replaced by a miniature coaxial probe. Since the noise 
source was located outside the cryostat in this method, 
the measurement results were subject to uncertainty 
because of the unknown noise temperature, .Tic  Further, 
it is not always feasible to develop a custom-made circuit 
with a tunable transmission line.

The Small-Signal Model Method
Methods of estimating transistor noise parameters using 
S-parameters, dc measurements, and noise parameters 
[41] or noise figures [30] have also been proposed. In the 
work of Laskar et al. [41], an external-to-cryostat tuner was  
used to extract the noise parameters of the transistor 
network that included an input interconnect. In this 
method, the transistor S-parameters and dc I–V curves 
are measured, and the physical and small-signal ele-
ment values are determined by fitting these measure-
ments to a circuit model. This method is commonly 
applied to high-electron mobility transistor (HEMT)-
based cryogenic LNAs whose noise behavior is repre-
sented using Pospieszalski’s noise model [61], wherein 
the transistor gate noise is modeled by assigning a 
temperature Tgate  to the gate resistance, and the drain 
noise is generated by assigning a temperature Tdrain  to 
the drain-source transconductance. Here, the measured 
S-parameters are used to determine all of the values of 
the small-signal elements, both internal and external to 
the transistor, using either algebraic techniques or least-
squares fitting. Since Tgate  is approximately equal to the 
transistor ambient temperature (i.e., T Tgate cryo.  for a 
cryocooled HEMT), the only unknown, ,Tdrain  is found 
via a 50-X  noise-temperature (noise-figure) measure-
ment [30]. The small-signal model of the transistor then 
allows for its noise parameters to be calculated. In the work 
of Laskar et al. [41], cryogenic noise parameters were pre-
dicted based on the extraction 
of the small-signal model and 
the noise parameters measured 
at the external tuner reference 
plane. Although these meth-
ods result in accurate estimates, 
they require a knowledge of the 
models for the devices; thus, 
these approaches are not readily 
applicable for unknown or new 
devices or for complex circuits.

Long-Line Method
Hu and Weinreb [42] and Rus-
sell and Weinreb [45] presented 
a noise-parameter measure-
ment method that uses a long 

transmission line with a rapidly varying impedance. A 
block diagram of the measurement setup required for this 
method is shown in Figure 8. In this method, the noise 
parameters are assumed to be constant over fixed fre-
quency windows. When the DUT input is terminated by a 
long mismatched transmission line, the DUT signal-source 
impedance varies rapidly, and consecutive frequency 
points in fixed windows can be used to solve for the noise 
parameters. The method presented by Russell and Wein-
reb [45] uses a cooled device, with the transmission lines 
and the noise source located in a single cryogenically 
cooled package. This method requires two noise-power 
spectrum measurements and three noise-power spec-
trum measurements for calibration. The noise-parameter 
measurements and calibration can each be completed in 
one cooling cycle. Since the required transmission-line 
length is dependent on the measurement frequency, the 
low-frequency measurement range is limited by the phys-
ical size of the cryostat and the amount of decorrelation 
experienced by the noise wave propagating through the 
input transmission lines [62].

An Automated Impedance Tuner  
Internal to the Cryostat
This method uses a commercial solid-state imped-
ance generator [63] that can be placed inside a cryostat, 

Long-Line Module

DUT

Cryostat

Receiver

Output
Interconnect

Temp. Sensor

Noise
Source

Figure 8. A block diagram of the long-line method of measuring cryogenic noise 
parameters. Temp.: Temperature.

Most of the noise-parameter 
measurement methods reviewed 
in this article incorporate different 
approaches to either eliminating 
the need for interconnects, 
particularly the interconnect at the 
DUT input, or modeling them and 
correcting for their noise.
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enabling the automation of noise-parameter methods. 
The impedance generator design is such that its real-
ized output impedances follow the impedance patterns 
identified in the work of Himmelfarb and Belostotski 
[55]; thereby, with appropriate scaling, it creates diago-
nally dominant matrices when used with the previ-
ously mentioned noise-parameter extraction method 
[50]. The rest of this article explains a typical measure-
ment, using this method, by way of an example mea-
surement of a radio astronomy cryo-LNA [67].

An Example of Automated Cryogenic  
Noise-Parameter Measurement
In this example, the impedance generator (tuner) is 
placed in the cryostat at the input of the LNA. With 
just four operating states, the tuner realizes impedance 
constellations that, under a certain transformation, 
conform to the impedance regions identified by Him-
melfarb and Belostotski over the full measurement 
frequency range, thereby guaranteeing a diagonally 
dominant linear system of equations [55]. Figure 9 
shows the locations of the impedances generated by 

the tuner at different tempera-
tures over a 1–2-GHz frequency 
range as well as an example of the 
impedance regions A, B, C, and 
D. The shapes of these regions 
can be adjusted by changing the 
scaling factors (as shown in Fig-
ure 10 of [55]) to accommodate 
some impedances that appear 
slightly outside of the symmetri-
cal regions in Figure 9.

A block diagram of the mea-
surement system is shown in 
Figure 10. Note that this system 
employs the next-generation 
version of the impedance gener-
ator, which incorporates a tem-
perature sensor and a switch. 

As discussed previously, the switch reduces the 
number of required cooling cycles, while the 50-X  
termination and the temperature sensor enable 
cold-termination noise-temperature measurements. 
Both the S-parameters and the output noise-power 
spectra are measured by a VNA with a noise receiver. 
A photo of the inside of the measurement cryostat is 
shown in Figure 11.

After calibration, the following measurement steps 
are taken at each cryogenic temperature:

1) � Stabilize the cryostat to the desired temperature, 
and measure the physical temperature of the termi-
nation, ,Tterm  with the tuner temperature sensor.

2) � Set the tuner to the “THRU” state and measure the 
S-parameters of the DUT, .SDUT

0.
2

5.
0

Region D
296 K

20 K
75 K

Region B
Region A

Region C

Region D

Figure 9. The tuner impedance constellations in the 1– 
2-GHz range relative to one of many possible regions that 
guarantee a diagonally dominant linear system of equations.

50-Ω
Term. 

Tuner

DUT

Cryostat

VNA With Receiver 

Impedance
Generator

Temp.
Sensor

Stainless
Steel

Coaxial Cable

Input
Interconnect

Stainless
Steel

Coaxial Cable

Output
Interconnect

Figure 10. A block diagram of the measurement system with a tuner inside of the cryostat. 

Impedance
Tuner

ALPACA
LNA

Stainless Steel 
Coaxial Cables

dc Bias/Control

Figure 11. A photo of the tuner and DUT inside the cryostat. 
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3)	 Switch in the cold termination, cycle through the 
four tuner impedance states (identified as A, B, 
C, and D), and use the receiver to measure the 
corresponding output noise power spectra, :Ni  

, , , .i A B C D=

The measurement process is completely automated via 
a computer running MATLAB and is completed in one 
cooling cycle.

For each of the tuner-generated admittances, ,Yi  the 
DUT noise temperature, ,T ,iDUT  is expressed as 

	 ,
G G G

T N T T,
,

i
i

i

i
DUT

rec DUT
av av

PNA
term= - - � (6)

where Grec  is the receiver gain obtained during calibra-
tion, and G ,iDUT

av  is the DUT available gain for each state 
i. Equation (6) is related to the DUT noise param-
eters by

	 ,T T
Y

Y YT R
R, mini

n
i0

2
DUT

s,i
s, opt= + -" , � (7)

from which the noise parameters, ,Tmin  ,Rn  and Yopt  are 
found [50], [55].

Measurement of ALPACA LNA
The demonstration of the noise-parameter measure-
ment system was carried out using a 1–2-GHz radio 
astronomy cryo-LNA consuming 14 mW from a 1.6-V 
supply and designed for the ALPACA array [11]. The 
measured S-parameters are shown in Figure 12, and 
the measured noise parameters are shown in Figure 13 
with 2v  error bars.

While DUT measurements can be completed in one 
cooling cycle, each temperature/bias point requires ~10 h, 
largely because of the receiver bandwidth (0.8 MHz) and 
the 2,901 frequency points and 256 averages selected 
for each impedance state. It is possible to decrease 
the measurement time significantly by increasing the 
receiver bandwidth, but this increase may introduce 
measurement errors [62]. Furthermore, fewer frequency 
points would accelerate measurements until the cool-
ing cycle dominates.

To assess the accuracy of the results, a sensitivity anal-
ysis of (6) was conducted to determine each contribu-
tor to the overall uncertainty in the noise temperature. 
The contributors considered in the sensitivity analysis 
included the measurement equipment uncertainty, 
which was acquired from the data sheets [64], [65]; the 
calibration of the temperature sensor . ;1 0 33 Kv =^ h  
and the 1v  uncertainty in ,Scoax  which was estimated at 
0.033 dB and 3.33°.

Uncertainties in T ,iDUT  affect the accuracy of the 
noise parameters determined via (7). Since the sys-
tem of equations originating from (7) does not have a 
closed-form solution for the noise parameters, further 

analytic analysis of the uncertainty is difficult. Instead, 
following [54] and [66], MATLAB was used to complete 
a Monte Carlo analysis. The Monte Carlo simulation 
was run for 1,000 iterations to determine the uncer-
tainties of the noise parameters, which are shown with 
2v  error bars in Figure 13. For noise temperatures and 
minimum noise temperatures, the typical 1v  uncer-
tainty was %.101  The measured noise parameters had 
1v  measurement uncertainties of %101  for TLNA  and 

,Tmin  %41  ,Rn  %121  for ,optC  and 1 8° for .opt+C  
The measurements demonstrated a shift in optC  with 
temperature, a behavior that was invisible with the 
noise-temperature measurements only.

The Impact of Cryogenic Noise Parameters 
on Estimation of ALPACA Performance
This section demonstrates the usefulness of measured 
noise parameters by using them to update the mod-
eled performance of the ALPACA phased-array feed 
receiver. During the design of the array antenna feed, 
a simple set of LNA noise parameters was used. The 
simple LNA noise parameters, T 6 K,min =  Z 50 ,opt X=  
and .R 50 17 ,n X=  were based on a design model for the 
LNA. The previously determined LNA noise parame-
ters at the array design center frequency (1.5 GHz) were 

. ,T 8 2 Kmin =  . .Z j03 1 10 8 ,opt X= +  and . .R 0 14n X=  Rela-
tive to the simple LNA noise parameters, the measured 
LNA has a slightly higher minimum noise temperature 
and a poorer optimal source reflection coefficient as 

optC  ranges from –10 to –15 dB over the 1.3–1.7-GHz 
ALPACA operating bandwidth.

Figure 14 shows the system noise temperatures 
modeled for the simple LNA parameters as well as the 
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Figure 12. The S-parameters of the ALPACA LNA at 20, 
75, and 296 K.
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measured parameters. The system noise temperature 
budget at 1.5 GHz was .T 6 7 KLNA =  for the LNA noise 
temperature and 14.8  K for spillover noise, sky noise, 
and noise due to loss in the front end for the simple LNA 
noise parameters. For the measured LNA noise param-
eters, the noise temperature contributed by the LNA 
increased to 10.2 K. The modeled system noise tempera-
ture and spillover noise, which is a function of the LNA 
noise parameters through the array beam shape, were 

lower than expected for the ALPACA feed in situ. The 
model does not include noise resulting from a loss in 
the vacuum window covering the array or additional 
spillover noise caused by edge diffraction and other 
scattering effects. The array was designed using the 
optimistic noise model, as the objective function of the 
design was to emphasize aperture efficiency and active 
impedance matching. The unmodeled noise contribu-
tions are largely independent of the array design and 
were not required in the model used to optimize the 
design of the ALPACA array feed. From the updated 
noise budget based on the measured noise parameters, 
it is concluded that, despite the slightly higher than 
expected LNA Tmin  and poorer optimal source reflec-
tion coefficient, the feed should nearly meet the overall 
system design target of 25 K system noise temperature 
when integrated with cryogenic LNAs, particularly 
given the conservative estimates for spillover and loss 
noise included in the noise budget.

Aside from developing custom-
made noise sources, there are two 
methods (and variants) of measuring 
cryogenic noise temperatures: the 
cold-source method and the cold-
attenuator method.
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Conclusions 
This article provides a review of cryogenic noise-parame-
ter measurement methods and highlights a recently intro-
duced fully automated measurement solution. Under this 
new measurement approach, an impedance tuner is placed 
inside of the cryostat to permit the in situ measurement of 
noise parameters at different physical temperatures and 
different biases, thereby enabling the characterization and 
optimization of cryo-LNAs. An example measurement 
of ALPACA cryo-LNA noise parameters demonstrated 
the usefulness of cryogenic noise parameters in estimat-
ing the noise performance of the ALPACA antenna array. 
The characterization method described in this article is 
intended to support the increasing need for high-quality, 
low-noise amplifiers in many technological applications.
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